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Summary

As sensory beings, we are often inundated with a multitude of stimuli, each one vying for our
attention all at once. Navigating this requires us to continuously discern and prioritize the most significant
stimuli while simultaneously filtering out the irrelevant ones — and is therefore a significant challenge. This
ongoing task of selective attention, though complex, is an essential part of our daily lives. Fortunately, our
attentional system is aided by a powerful preattentional guidance mechanism that helps prioritize
locations/objects for attentional allocation depending on various bottom-up (stimulus driven factors, e.g.,
stimulus salience) and top-down (user-driven factors e.g., task goals) guidance factors. Likely as a side effect
of this, if an irrelevant stimulus (which is presented concurrent to a target) is highly salient, our attention
can sometimes be misguided, causing it to be misallocated towards the irrelevant stimulus instead of the

target (attentional capture) — thereby, causing distraction.

Distraction by salient events is a widespread phenomenon. In everyday life, an unexpected loud
ringtone or a sudden flicker of light can often interfere with our current behavioral goals and cause
distraction. While such interference has been extensively studied using visual distractors, auditory
distractors also present a similar challenge. This thesis therefore aims to explore auditory distractions in
search scenarios, building on the extensive literature on visual distraction. To this end, two broad scenarios
of auditory distraction are investigated: (a) cross-modal auditory distraction during visual search, covered
in Chapters 2.1 and 2.2, and (b) unimodal auditory distraction, i.e., auditory distraction during auditory

search, discussed in Chapter 2.3.

Chapter 2.1 investigates the impact of an irrelevant auditory stimulus on the performance of a visual
search task. To our surprise, there was no effect of the auditory distractor on the performance of the visual
search task observed through a series of experiments. The visual search performance remained robust

against auditory distraction even when the auditory distractor was presented as a rare oddball stimulus or



had a temporal advantage. Only when the auditory modality was made globally relevant (while maintaining
its irrelevance to the visual search task) by introducing a simple additional auditory task, significant cross-
modal distraction was observed. This indicates that our attentional system can effectively block auditory

stimuli from interfering with visual search, provided the auditory modality remains completely irrelevant.

Chapter 2.2 extends Chapter 2.1’s findings by exploring the effect of auditory distractors on visual
search tasks at varying levels of difficulty. Consistent with Study 1, irrelevant auditory distractors did not
affect performance across any difficulty level. Consequently, as observed in Chapter 2.1, the introduction
of a secondary auditory task (which made the auditory modality globally relevant) resulted in significant

interference from auditory distractors.

Chapter 2.3 explores auditory distraction during auditory search, focusing on the dynamics of spatial
auditory attention using the N2ac component as an ERP marker of an attention allocation towards an
auditory stimulus. The study demonstrates that a salient auditory distractor causes attentional capture,
that is, attention being misallocated towards the distractor instead of the target. Conversely, a less salient
distractor does not capture attention but still delays response times. This research provides comprehensive
ERP evidence for the spatio-temporal dynamics of attentional capture in the auditory modality, paralleling
similar findings in the visual modality. Additionally, it distinguishes between two types of auditory

distraction: those with and without attentional capture.
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1. General Introduction

In an era marked by the omnipresence of digital technologies and the consequent surge in
information flow — distraction seems to be an increasingly pervasive phenomenon. Urban life, in particular,
is characterized by a constant bombardment of stimuli, be they from advertisements, traffic signs, or city
noises. Further exacerbating this situation is the ubiquity of smartphones, social media, and notifications
— to the extent that some might call this the “age of distraction” (e.g., Crawford, 2015). For instance, while
writing this very thesis, I've been interrupted more times than I'd like to admit, by notifications the likes of
"World's laziest cat refuses to move for vacuum" — a scenario which | am sure many of my peers will
sympathize with. Whether | have been successful in maintaining my focus on writing (by ignoring these
distractions) is a different story. Nevertheless, the ubiquitous presence of distraction in our surrounding

makes the scientific inquiry into distraction relevant, now more than ever!

Of course, the example above is quite complex and influenced by several external factors: such as,
the time of day it is (late evening writing sessions might seem more prone to distraction than early morning
ones), the length of time since the last break, how important the notification is, etc. While it is important
to study these more naturalistic scenarios, it becomes challenging to control for multiple factors
influencing the same phenomenon. Therefore, it is often easier to begin investigations with as few
confounding variables as possible, starting with simpler situations and gradually building up to more
complex ones. In fact, scientists across fields of study employ this reductionist approach (P. W. Anderson,
1972; Nagel, 1961) — breaking down complex phenomena into simpler components to understand their
fundamental principles. For instance, only when the ionic mechanisms underlying action potentials in
neurons were uncovered by Hodgkin & Huxley (1952) could we understand signal transmission in neurons;
similarly, Maxwell’s equations (Maxwell, 1865) unifying electricity and magnetism paved the way for the

development of technologies such as radio and telecommunications. The study of distraction has similarly



been carried out following this reductionist approach — focusing to first understand how attention and

distraction works for simple stimuli before delving into more complex, naturalistic settings.

By no means, is the study of distraction a new phenomenon. Ancient philosophers, including
Aristotle, pondered on the nature of attention and its limitations, laying the groundwork for future
exploration (see Fiecconi, 2021 for a discussion on this). In the 19th century, the advent of experimental
psychology saw pioneers like Wilhelm Wundt and William James delving into the mechanisms of attention
and distraction. James's influential work, "The Principles of Psychology," highlighted the fluctuating nature
of human attention and its susceptibility to external stimuli (James, 1890). Later, in the 1950s Broadbent’s
filter theory provided a systematic model for understanding selective attention (Broadbent, 1958).
However, we still have much to learn about attention and distraction, and distraction remains an active
subject of inquiry in the neural and psychological sciences (for example, see Gaspelin et al., 2023; Lavie,

2005, 2010; Wetzel & Schroger, 2014; Wostmann et al., 2022).

Therefore, in this thesis, | attempt to contribute (although comparable to a mere drop in the ocean)
to our understanding of distraction — focusing particularly on auditory distraction. The studies conducted
here explore auditory distraction informed through the extensive literature on visual distraction. Through
three studies, | explore two types of auditory distraction: (a) cross-modal auditory distraction, where
auditory distractors are presented concurrent to a visual search target (Chapters 2.1 and 2.2), and (b)
unimodal auditory distraction, where auditory distractors are presented alongside an auditory search

target (Chapter 2.3).



1.1 Selective Attention

Our senses are constantly hit with a flood of stimuli, all vying for attention at the same time. It is
impossible to process all this information simultaneously, so we only focus on a select few stimuli at any
given moment. The cognitive process involved in selecting and focusing on the most important subset of
stimuli for enhanced processing and extraction of information — while filtering out the rest, is known as
selective attention (Wolfe, 2021). This ability is crucial for everyday functioning. It helps us manage daily

activities without sensory overload by prioritizing the stimuli most relevant for immediate processing.

Selective attention has been extensively studied within the visual domain; however, it is not just
limited to visual stimuli. Rather, it operates across various sensory modalities, allowing individuals to
concentrate on specific inputs — be they visual, auditory, tactile, or olfactory — while simultaneously
ignoring irrelevant data. Take, for instance, a driver navigating heavy traffic. They employ visual selective
attention to remain focused on the road and relevant signals, ignoring distractions such as roadside
billboards. Simultaneously, their auditory selective attention monitors critical sounds like sirens from
ambulances, while tuning out less relevant noises like conversations from pedestrians, or music from
surrounding vehicles. Likewise, tactile selective attention allows them to notice a slight tap on the shoulder
from a passenger, while ignoring less important tactile sensations, like the feel of the seatbelt against their

shoulder.

1.1.1 Attention in search

Searching is a frequent activity in our daily lives, even though we do not necessarily realize it. For
example, consider the simple task of trying to find a specific green highlighter on your office desk — this
activity forms an instance of visual search. Typically, searching involves actively looking for specific
information, items, or locations; and attention plays a crucial role in the search process. In fact, attention
is the key mechanism that helps identify the search target, even when it is fully visible among a field of

non-targets (Wolfe, 2010). Therefore, unsurprisingly search tasks are heavily employed in studying
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attention in the laboratory. In these paradigms, participants generally look for a target stimulus presented
among a set of non-target stimuli, which are either presented simultaneously (as in the additional-
singleton paradigm), or sequentially (as in the rapid serial visual presentation RSVP paradigm). These tasks
often replicate the information overload found in real-world scenarios and are particularly useful for
studying how attention filters out irrelevant information by focusing on relevant details; thereby,

minimizing interference during the search process (Luck & Vecera, 2002).

Visual search paradigms are the most common form of search task employed to study selective
attention (Mdller & Krummenacher, 2006). Typically, visual-search displays comprise of a target stimulus
presented amongst several irrelevant stimuli (Liesefeld et al., 2024). Participants search for the target and
their performances — mainly reaction times (RTs) and accuracies are recorded. Visual search can be
characterized as efficient or inefficient based on search slopes. Efficient searches occur when the search
times remains constant regardless of the number of stimuli in the display (set size). This typically happens
when the target is highly salient and pops-out from the non-targets, so adding more non-targets does not
cause additional interference. Conversely, in inefficient searches, the time required to find the target

increases as the number of stimuli in the display grows.

1.1.2 Guided search: How does ‘selection’ in selective attention work?

As Wolfe (2021) points out, the selection process in attention is rarely random. Instead, attention is
believed to be guided by various sources of information toward a select subset of items, thereby preventing
sensory overload during the search process (Wolfe & Horowitz, 2017). In other words, in a search scenario,
several preattentive features guide the allocation of attention toward specific items or locations, that are
then selected. This forms the basic premise of the Guided Search model (Wolfe, 1994, 2021) — currently

the most widely accepted and successful framework for understanding visual search.



There are two broad sources of guidance: bottom-up (salience-driven) and top-down (goal- or
experience-driven). Bottom-up or stimulus driven features are considered to be a potent form of guidance,
where stimulus salience (defined by local feature contrast) drives attentional priority — for example, a red
apple stands out amongst many green apples, and thereby has a higher priority for attentional allocation.
Top-down guidance, on the other hand, is any form of guidance which is user-driven — such as, task goals,
prior experiences, etc. Beyond task goals, reward/value (B. A. Anderson et al., 2011), prior selection history
(Awh et al., 2012), and scene structure (Draschkow & VG, 2017) can also guide attention and can be
considered as forms of top-down guidance (although these are sometimes characterized as distinct forms
of guidance beyond top-down and bottom-up guidance, see Wolfe, 2021; Wolfe & Horowitz, 2017).
Together, these various sources of information are integrated to guide attention in an informed manner

during visual search.

1.1.3 Priority maps: How are the various forms of guidance integrated for attention allocation?

The information from the various sources of guidance, as described in the previous section, are
integrated into an attentional priority map (Duncan & Humphreys, 1989; Fecteau & Munoz, 2006; Liesefeld
& Miiller, 2021; Wolfe, 1994, 2021) in a weighted manner. This priority map — a conceptual (Wolfe, 1994,
2021), computational (Itti & Koch, 2001), and neural (Li, 2002) framework — represents the spatial
distribution of attentional priority in a visual scene. The activations within this map indicate the ‘priority’
of each location for attention. Attention is guided in this priority map according to a winner-take-all
mechanism (Koch & Ullman, 1985) towards its highest peak of activation —i.e., attention is allocated to the

most active location of the map (Wolfe, 2021).

In its classical conception, the priority map was thought to emerge from a weighted integration of
both bottom-up (stimulus-driven) properties and top-down (user-driven) influences within a visual scene.
The bottom-up component is often represented by a salience map (Itti & Koch, 2001), which highlights the

most salient or noticeable elements of the scene. This salience map is then further shaped by top-down
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factors such as task goals, motivation, and other user-driven considerations, creating an internal priority

map.

Some models, such as the Dimension Weighting Account (DWA; Found & Miiller, 1996; Liesefeld &
Miller, 2019), propose a hierarchy of maps known as dimensional maps (Liesefeld et al., 2024; Liesefeld,
Liesefeld, Pollmann, et al., 2019). The dimensional maps are considered intermediate levels where
location-based salience information in each dimension (e.g., orientation, or color) are represented. These
saliency signals are then integrated in the master priority map as a weighted sum of the activations from
the dimensional maps. While the activations of the individual dimension maps are influenced by bottom-
up salience, the weights with which the dimension maps are integrated into the priority map is thought to
be influenced by top-down guidance information, such as task goals and experience (Liesefeld & Miiller,
2021). Ultimately, these diverse sources of information (be they from salience maps, or dimensional maps)
are effectively combined in the integrated priority map (the master map) to guide attention within the

visual field.



1.2 Attentional guidance vs. misguidance (attentional capture)

Selecting and attending to the most important stimuli amongst multiple simultaneous stimuli
presents a significant computational challenge (Bronkhorst, 2000; Tsotsos, 1990) — such that we cannot
process all the information presented to us at a given time. Consequently, due to the limitations of our
information processing capacity, crucial information is given priority for attentional processing. The
preattentive priority map represents this prioritization of stimuli for attentional allocation and is influenced
by several guidance factors (see Chapter 1.1.2). Ultimately, selective attention is guided towards specific

locations or stimuli effectively solving the problem of “Where/What to attend next?”.

While efficient in most scenarios, attention is sometimes misguided towards a salient-but-irrelevant
stimulus — which is not the intended target. This misallocation of attention is known as attentional capture.
The impact of attentional capture is evident through increased reaction times and/or error rates, leading
to a noticeable decline in search performance. Attentional capture primarily occurs due to heightened
priority activations triggered by bottom-up salience signals in the priority map. Bottom-up salience causes
the salient-but-irrelevant (distractor) stimuli to ‘pop-out’ of the display — thereby, misguiding (or, capturing)
attention towards itself. However, this type of (mis-)guidance is rather short lived and transient (but see
Constant & Liesefeld, 2023) in the dynamic and changing priority map (Donk & van Zoest, 2008), which
quickly adjusts and reorients attention back to the correct target instead of getting stuck at the high

salience distractor.

1.2.1 Irrelevant stimuli: Distractor interference vs. search facilitation
The relevance of a stimulus is often described by its contribution to achieving the main task goal.
Therefore, an irrelevant stimulus is one whose processing does not contribute in achieving this goal (see

Liesefeld et al., 2024). That is, an irrelevant stimulus in a search display is everything but the target.



The irrelevant stimulus may or may not have any effect on the performance of the search task. When
the (unique) irrelevant stimulus (salient or otherwise) can potentially decrease the performance of the task
with its presence (by slowing down search speed, decreasing accuracy, or both), it is known as the
distractor (Liesefeld et al., 2024). Thus, a distractor is any irrelevant stimuli which has the potential to lure
away attention from the target causing a decrease in performance; or in other words interfering with the

search for the target.

An irrelevant stimulus can also result in a reduction of search time for a target when presented with
a statistical regularity (to form a context) compared to when presented without such regularities. For
example, in the contextual cueing paradigm (Chun & Jiang, 1998) the irrelevant stimulus in the displays
(also sometimes called as the distractors/non-targets in the literature) guides attention towards the target,
resulting in response to target faster (i.e., reduced interference) when the displays are repeated, compared
to novel displays. Finally, an irrelevant stimulus can have no effect on the search performance — for
example, in Fig. 1c the vertical bars (non-targets) have no effect on the search performance, i.e., finding
the tilted bar. No matter how many more identical vertical bars we add to the display, it would not have
effect on the performance for finding the target, since the target will always ‘pop-out’ of the display.
Sometimes, even the (unique/salient) distractor might not have any effect on the search performance in
certain scenarios. For example, when a distractor is presented with 100% probability in each trial of a
detection task (where the response is to determine whether the target is absent or present) the distractor
does not cause any interference (Chan & Hayward, 2009; Kumada, 1999; Zehetleitner et al., 2009).
However, this is not the case for a compound task, where a participant responds on a certain feature of
the target (e.g., in Fig. 1a to determine if the bar inside the green diamond is horizontal or vertical;
Theeuwes, 1992). Similarly, a distractor presented from another modality, like an irrelevant auditory
stimulus, also shows no effect on the performance of a visual search task (see Chapter 2.1 and 2.2; Mandal

et al., 2024a).
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Figure 1. lllustration of four variants of the additional-singleton paradigm. In each variant, participants
perform a visual search task to identify a target (which is also a singleton i.e., differing in a target-defining
feature from the standard non targets, see Liesefeld et al., 2024 for a definition of the term) presented
amongst several non-targets. In a selected percentage of the trials, an additional singleton (differing in a
non-target defining feature, may also be salient) — also known as the distractor is presented. The
performance of the search task is decreased in the presence of the distractor compared to its absence. Using
this same basic principle many different search displays can be constructed as illustrated above. (a).
Reconstructed from display as used in McDonald et al. (2013), (b). Reconstructed from display as used in
Kiss et al. (2012), and (c). Reconstructed from display as used in Liesefeld et al. (2017). (d). Reconstructed
from display as used in Hickey et al. (2009).



1.2.2 Distraction: attentional capture vs. filtering costs

Distraction has been extensively investigated in the visual modality using the additional-singleton
paradigm (Theeuwes, 1991, 1992). In this paradigm, participants are asked to locate a distinct target among
several irrelevant non-targets (for example, identifying a green diamond target among multiple green
circular non-targets). In some trials, an irrelevant stimulus is made particularly salient (such as a red circle,
serving as the singleton distractor, see examples of some variants of the paradigm in Figure 1), which
subsequently delays the response to the target (Chelazzi et al., 2019; Liesefeld & Miiller, 2019; Theeuwes,
2010). This impairment of the search performance due to the irrelevant singleton is referred to as

distraction.

When targets and distractors are presented concurrently in a search display, there is competition for
attention allocation between them. Depending on whether the target or the distractor wins the
competition for the attention allocation — distraction can be categorized as two specific types: attentional
capture, or filtering cost. Attentional capture occurs when the distractor wins the competition for attention,
and as a result attention is misallocated towards the distractor instead of the target. This type of scenario
often arises when the distractor’s relative salience is higher than that of the target’s, leading to a higher
activation in the priority map. In this case, there are two peaks of activation at the priority map, however,
the peak for the distractor is higher than that of the target. Thus, attention is allocated towards the
distractor — which happens to be the highest peak in this case. Filtering cost (also known as non-spatial
filtering costs; Becker, 2007), on the other hand, is the scenario when the distractor fails to win the
competition, yet it delays attention towards the target. This scenario generally occurs when the priority of
the distractor is lower relative to that of the target — either due to its lower relative salience, or due to
other factors induced by the task, e.g., distractor spatial statistical learning (Liesefeld & Miiller, 2021). Here

again, there are two peaks of activation at the priority map, however, now the peak for the distractor is
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relatively lower than that of the target, and the attention (although, still delayed) is allocated to the target

without going towards the distractor.

Both these types of distraction typically result in delayed response when the distractor is present
compared to its absence. Although, attentional capture typically produces a larger behavioral cost (given
that in this case, attention is first allocated towards the distractor and only later reallocated towards the
target) compared to filtering-costs (where the delay is caused due to resolution of the competition
between the two peaks in the priority map); it is not possible to distinguish between these two types of
distraction simply by looking at behavioral performances. In the visual modality, the N2pc component (an
ERP component indexing the allocation of visual-spatial attention; Constant et al., 2023; Eimer, 1996, 2014)
has been instrumental in uncovering the differences in distraction caused by attentional capture and

filtering cost (Liesefeld et al., 2017, 2022; Liesefeld & Miiller, 2019).

In theory, a specific sequence of events orchestrates the spatio-temporal dynamics involved in the
events of attentional capture and filtering-costs. The concept of attentional capture refers to a process
where attention is initially drawn to a salient distractor, which is then redirected towards the intended
target. This process of shifting attention suggests that the distractor’s presence delays the attention
allocation towards the target compared to scenarios without distractors. The expected spatio-temporal
patterns forecast a specific N2pc pattern (see Figure 2a) for attentional capture: (a) the detection of a
distractor N2pc indicating the shift of attention to the distractor, (b) a delay in the emergence of the target
N2pc when a distractor is present compared to when it is absent, and (c) a comparative delay in the target
N2pc relative to that of the distractor N2pc (Liesefeld & Miiller, 2019). The sequence of events governing
filtering-costs (see Figure 2b) is quite similar to those of attentional capture, with the notable difference
being the absence of a distractor N2pc (as noted in Point (a) above). Moreover, the delay observed in the
target N2pc when a distractor is present versus its absence (Point (b)) is considerably less pronounced than

in cases of attentional capture.
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Distraction has primarily been explored through the visual modality using visual search paradigms,

but it is equally relevant in the auditory modality. By employing an auditory search task—modeled after

the additional-singleton task used in visual searches (also refer to the task employed in Hickey et al., 2009;

see Fig. 1d) — we have recently shown, for the first time, that both forms of distraction (namely, attentional

capture and filtering cost) also occur in the auditory modality (see Chapter 2.3; Mandal et al., 2024b).

Attentional capture

Target attended
(distractor absent)

Distractor
attended

Filtering cost

Target attended
(distractor absent)

——

Target attended
(distractor present)

Distractor not
attended

——-
time

Target attended
(distractor present)

Figure 2. Series of events defining attentional capture and filtering-costs. (a). The temporal dynamics
governing attentional capture. Most notably, here we first observe an early attentional allocation towards
the distractor. Attention is then reallocated to the target after a delay. There is also a significant delay of
attention allocation to the target in the presence of a distractor compared to its absence. (b). The temporal
dynamics governing filtering-cost. Here, unlike attentional capture here the distractor is not attended. There
is still a delay in attentional allocation towards the target in the presence of distractor compared to its
absence. However, this delay is of a magnitude lower than that observed for attentional capture.
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1.3 Attention in the auditory and visual modality.

Just as in the visual modality, attention in the auditory modality also involves selectively focusing on
specific stimuli while filtering out irrelevant information. Although similar in their purpose (i.e., filtering
out irrelevant information to focus on the most relevant stimuli), visual and auditory attention differ
significantly in how they process and prioritize sensory information. These differences are the reflection of
the unique strengths and constraints of each modality. Vision and audition are typically known to be spatial
and temporal senses, respectively (Kubovy, 1988). Thus, visual attention is predominantly spatial, enabling
us to focus on specific location within the visual field accurately and effortlessly. This spatial aspect of visual
attention is thought to be highly developed due to the retinotopically structured organization of visual
information on the retina and its subsequent cortical processing (Carrasco, 2011). In contrast, auditory
attention is primarily temporal, excelling in processing information over time, such as distinguishing
between different sounds in a conversation or tracking changes in auditory stimuli (Shinn-Cunningham,
2008). Auditory attention can also operate effectively in environments where visual attention is limited,
such as in darkness or when the visual field is obstructed. Additionally, while visual attention benefits from
clear and stable spatial cues, auditory attention often relies on temporal cues and can manage overlapping
sounds through mechanisms like stream segregation (Bregman, 1990). These differences underscore the

complementary roles of auditory and visual attention in navigating complex environments.

Although the auditory modality is comparatively weaker than the visual modality in terms of spatial
acuity and localization accuracy, it is still capable of sound localization. It achieves this through indirect
cues (Blauert, 1996; van der Heijden et al., 2019) such as (a) interaural level difference (ILD), which is the
difference in sound intensity reaching each ear, making a sound from the left side appear louder in the left
ear than in the right; (b) interaural time difference (ITD), which is the difference in the time it takes for
sound to reach both ears, with a sound from the left reaching the left ear faster than the right; and (c)

spectral cues, which are primarily used to determine the vertical elevation of the sound. Thus, despite its
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relative weakness, the auditory modality localizes sounds and can effectively allocate spatial attention to

the location of auditory stimuli (see Chapter 2.3; Mandal et al., 2024b).

1.3.1 Visual and Auditory search

Search tasks are vital for studying attention (as highlighted in Chapter 1.1.1). While predominantly
used in visual studies, these tasks are also crucial for examining auditory attention. Given the constraints
of spatial auditory attention (see Chapter 1.3), auditory search tasks often involve identifying a target sound
within a rapid sequence of non-target sounds. This paradigm is known as rapid serial auditory presentation
(RSAP). For instance, Dalton & Lavie (2004) utilized this paradigm by presenting four sounds in rapid
succession, where the goal was to detect the target sound among homogeneous non-targets. Occasionally,
a salient deviant distractor was included in the sequence, which caused interference in terms of delaying
responses to the target. This auditory task bears some resemblance to the visual additional singleton
paradigm, where participants search for a target among non-targets and experience disruption from a
deviant singleton. However, a key difference lies in the presentation of stimuli: in auditory search tasks,

sounds are presented sequentially, unlike the concurrent presentation in visual tasks.

Handling multiple concurrent sounds presents a significant challenge in the auditory modality as the
auditory system finds it difficult to spatially separate more than a few concurrent sounds, particularly when
these sounds are abstract and similar (Bregman, 1990). This issue is also pertinent with simultaneous
speech, which often has very similar spectral profiles, making it tough to differentiate and isolate specific
targets. Thus, developing an auditory paradigm analogous to visual search tasks — where a target is
embedded among multiple non-target stimuli — has proven to be quite difficult. Consequently, studying
auditory attention in the presence of concurrent auditory stimuli has been limited by this factor. The few
studies which have used concurrent auditory stimuli from different locations have limited the number of

stimuli presented together, while additionally making sure that the target sounds are somehow detectable
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— either by presenting the target at an amplitude higher than that of the non-target (Addleman & Jiang,

2019), or spectrally sparse speech signals (e.g., Ihlefeld & Shinn-Cunningham, 2008).

1.3.2 Can theories of visual attention be extended to auditory attention?

In daily life, people are constantly affected by a combination of sensory inputs from different
modalities. Yet, most studies on attentional competition between two stimuli have primarily focused on
visual stimuli. Experimental evidence suggests that different sensory modalities can interact to influence
attentional allocation. It is then likely that a stimulus from auditory modality can affect the visual priority
map, for instance, an irrelevant sound can draw visual attention towards itself (Driver & Spence, 1998;
Hillyard et al., 2016; Spence & Driver, 1997). Another example of interaction between auditory and visual
modalities is the "pip-and-pop" effect (Van der Burg et al., 2008), where a diotic sound (which is often
referred to as non-spatial or spatially unspecific) makes an otherwise inefficient (and hence difficult) visual
search task more efficient (by drawing attention to the visual target’s location, even though the sound in
itself is non-spatial). Such improvements in search efficiency, often measured by the slope of the set-size
effect, are a key indicator of the involvement of the priority map.

Similar to how visual attentional guidance is depicted in a priority map, auditory attention can also
be represented in a priority map. While the foundational concept of the priority map stays consistent,
auditory priority maps also incorporate frequency and temporal dimensions (Kaya & Elhilali, 2012; Kayser
et al.,, 2005) along with spatial characteristics (Golob et al., 2017). This emphasizes the vital role of
spectrotemporal properties in auditory attention. Additionally, beyond modality-specific priority maps,
such as those for visual or auditory inputs, hierarchical models like the modality-weighting account
(Nasemann et al., 2023; Tollner et al., 2009) suggest the existence of a master supramodal priority map.
This model, an extension of the dimension-weighting account (see Chapter 1.1.3), proposes that priority

activations from all sensory modalities are integrated into this single overarching priority map.

15



In summary, the presence of auditory and supramodal priority maps indicates that, similar to how
an irrelevant visual distraction can activate the visual priority map, an irrelevant auditory distraction can
not only impact attention within the auditory priority map but can also influence the visual priority map.
This points to the possibility of adapting existing theories of visual attention to include not only cross-modal
attentional interactions between auditory and visual stimuli (see Chapter 2.1 and 2.2), but also potentially

apply these theories to the auditory modality (see Chapter 2.3).
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2. Cumulative Thesis

The following sections contains three original studies which are peer-reviewed, and published articles

(Chapter 2.1, Chapter 2.2, and Chapter 2.3).
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2.1 The surprising robustness of visual search against concurrent auditory distraction

This manuscript has been published as:
Copyright © 2024 by American Psychological Association. Reproduced with permission.

Mandal, A., Liesefeld, A. M., & Liesefeld, H. R. (2024). The surprising robustness of visual search against
concurrent auditory distraction. Journal of Experimental Psychology: Human Perception and Performance,

50(1), 99-118. https://doi.org/10.1037/xhp0001168
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writing—original draft (supporting), and writing—review and editing (supporting).
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The Surprising Robustness of Visual Search Against
Concurrent Auditory Distraction

Ananya Mandal" 2, Anna M. Liesefeld!, and Heinrich R. Liesefeld” 3
! General and Experimental Psychology, Ludwig-Maximilians-Universitit Munich
2 Graduate School for Systemic Neurosciences, LMU Munich
3 Department of Psychology, Universitit Bremen

People often complain about distraction by irrelevant sounds that reportedly hamper performance on concur-
rent visual tasks demanding the allocation of focused attention toward relevant stimuli, such as processing
street signs during driving. To study this everyday issue experimentally, we devised a cross-modal distraction
paradigm, inspired by a standard visual-distraction paradigm (additional-singleton paradigm) that is highly sen-
sitive to measure interference on the allocation of attention. In a visual-search pop-out task, participants
reported whether a salient target (a tilted bar) was present or absent, while a completely irrelevant, but salient
auditory distractor accompanied some trials. To our surprise, the results revealed no notable distraction on
visual-search performance (controlled for speed-accuracy tradeoffs). Reliable auditory distraction failed to
occur even when the distractor was a (highly salient) auditory oddball or was additionally presented with a
temporal advantage of 300 ms. However, when the auditory modality was made relevant globally while main-
taining its irrelevance to the visual-search task, we finally observed the expected interference effect.

Public Significance Statement

Distraction by irrelevant sounds while looking for relevant visual information (visual search) is a common
experience, but little is known regarding the conditions under which such distraction occurs (or does not
occur). The present study demonstrates that visual search is robust to distraction by irrelevant auditory stim-
uli unless observers have to additionally monitor information from the auditory modality for a secondary
task, indicating that our attentional system can block auditory stimuli from interfering with visual search as
long as the auditory modality is completely irrelevant. By inducing auditory distraction on visual search,
our experimental design opens new avenues for research on the nature and handling of auditory interfer-
ence that links more closely with the vast scientific literature on visual distraction.

Keywords: visual search, auditory distraction, additional-singleton paradigm, cross-modal distraction,

auditory oddball

Supplemental materials: https://doi.org/10.1037/xhp0001168.supp

Distraction by salient events is a ubiquitous phenomenon: in daily
life, a loud sound or bright flash that is completely irrelevant to
behavioral goals is often perceived as distracting. More specifically,
people feel that allocating spatial attention to a task-relevant stimulus
can be hampered by a concurrent irrelevant event. For example, a
loud sound from the back of the car might cause the driver to unno-
ticingly pass by a street sign. Such interference with concurrent

attention allocations has been extensively studied during visual
search, mainly using the additional-singleton paradigm (Theeuwes,
1991, 1992). Typically, participants search for a pop-out target in
an array of irrelevant nontargets (e.g., a green target diamond
among several green nontarget circles). Visual pop-out search is a
laboratory equivalent to common everyday activities involving selec-
tion among multiple concurrently presented stimuli such as watching
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out for street signs, your friend at the main station, or berries to pick
(Wolfe, 2021). In some trials of the additional-singleton paradigm,
one irrelevant stimulus is rendered salient (e.g., a red circle—the sin-
gleton distractor) and therefore delays responding to the target
(Chelazzi et al., 2019; Liesefeld & Miiller, 2019; Theeuwes, 2010).

The additional-singleton paradigm has proven to be highly sensitive
to measure interference by visual distractors. For example, it has been
shown that a salient visual distractor causes interference even if partici-
pants are almost certain that it will occur on a given trial (Moher et al.,
2011) and if it is presented on the majority of trials (e.g., Liesefeld et al.,
2022). Interference is even caused by distractors presented outside of the
visual-search array (Forster & Lavie, 2008a, 2008b) or at task-irrelevant
locations at the same eccentricity as the target (Di Caro et al., 2019).
Thus, top-down influences such as the observer’s goals and knowledge
or expectations and experiences (often referred to as selection history)
cannot fully overrule (even if often attenuate; e.g., Liesefeld & Miiller,
2019; Theeuwes et al., 2022) pure bottom-up distractor salience.

To provide some context for readers outside the visual-search
community, we briefly outline Guided Search (Wolfe, 1994,
2021), the currently most popular and successful framework to
understand visual search, because we will introduce the present
study and interpret its results from this perspective. The core idea
of Guided Search is that search is, well, guided by a spatial mental
representation coding for the potential relevance of stimuli. This rep-
resentation is most commonly referred to as a priority map (Awh et
al., 2012; Bisley & Mirpour, 2019; Fecteau & Munoz, 2006;
Liesefeld et al., 2023; Luck et al., 2021). Guidance means that spatial
attention does not visit each individual stimulus, but only those that
are represented by a high activation on the priority map. Thus, based
on a preprocessing of (almost) all incoming sensory information in
parallel, the priority map is a powerful tool to inform the allocation
of spatial attention to only a selected set of stimuli for more in-depth
processing. Thus, the priority-map concept explains the stunning
ability to efficiently select potentially relevant stimuli for an atten-
tion allocation without first attending to each individual stimulus.
In typical pop-out search tasks, the target produces a high peak on
the map so that it is reliably the first stimulus selected for further pro-
cessing (henceforth: attended). Phenomenologically, such a target
“pops out” of the search display. As the target determines the
response, response times are unaffected by the number of concur-
rently presented stimuli in the search display (set size). This is typ-
ically shown by confirming that the linear function relating set
size to response times has a zero slope (i.e., the search slope is
flat; but see Liesefeld & Miiller, 2020; Townsend, 1972).

The core bottom-up influence on the priority map (and thus on the
allocation of spatial attention) is salience. Much like “attention”
itself (see Chun et al., 2011), the term “salience” has many different
meanings in everyday language and in various research communi-
ties. The conception of salience we adopt here (in line with the
visual-search community; Liesefeld et al., 2023) is that of local fea-
ture contrast (Liesefeld et al., 2016; Nothdurft, 1993): a stimulus is
salient if one or more of certain of its features differs sufficiently
from the respective feature(s) of the stimuli surrounding it (for a
comprehensive list of relevant features for the visual domain, see
Wolfe & Horowitz, 2017). Therefore, a red tomato among green
tomatoes is salient and easily found whereas the same red tomato
among other red tomatoes is not. A stimulus presented in isolation
is salient by virtue of differing in multiple of these features from
the background (e.g., Constant & Liesefeld, 2021, Experiment 3).
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From multiple theoretical perspectives, it is crucial that the search
target is salient if the goal is to examine distraction and we designed
all experiments of the current study as pop-out searches accordingly.
Following our proposal of two qualitatively different search modes
(Liesefeld & Miiller, 2020), we have argued that the priority map
is used only if it is useful, namely when the target is salient enough
to guide attention. Otherwise, observers will engage in a piecemeal
processing of the search display that is not guided by priority (clump
scanning; Liesefeld & Miiller, 2023; Liesefeld et al., 2021).
Similarly, Bacon and Egeth (1994; see also Leber & Egeth, 2006)
have proposed that only when the target is salient (they usually
refer to it being a singleton, but see Liesefeld et al., 2023, for a dif-
ferentiation of salience and singleton status) do observers look for
salience signals (in the common community lingo: they have an
attentional set for salience or they employ singleton-detection
mode). Otherwise, observers look for specific target features
(feature-search mode) and therefore a distractor with different fea-
tures—even if highly salient—will not interfere. While rejecting
the notion of search modes, Theeuwes (2023) argues that if the target
is not salient, observers will shrink their attentional window to
increase the signal-to-noise ratio. As a side effect, it is unlikely
that a distractor falls within a small attentional window, so that the
distractor cannot usually exert its potential to interfere (see also
Theeuwes, 1992, 2004). Perceptual load theory makes a similar pre-
diction from another perspective: distractors are processed only
under low perceptual load (Lavie, 2005). Notably, searching for a
unique target feature among homogenous nontargets (as in the stan-
dard additional-singleton paradigm employed here) is usually clas-
sified as low in perceptual load, whereas inefficient search tasks
(Wolfe, 1998; such as conjunction search, Treisman & Gelade,
1980, or search among heterogenous nontargets, Duncan &
Humphreys, 1989) are classified as high in perceptual load (Lavie,
2005). High-perceptual-load search tasks have been shown to be
unaffected by distractors (Forster & Lavie, 2008a, 2008b). Thus,
from these various theoretical perspectives, employing a salient tar-
get is crucial to examine distraction in visual search (but see Stilwell
& Gaspelin, 2021, for an alternative view).

According to Guided-Search-based theories of distractor handling
(e.g., Liesefeld & Miiller, 2019, 2021), a salient distractor can cause
interference either because it wins the competition against the salient
target and is consequently attended first (attentional capture; note that
this term is used differently in the auditory-distraction community as
detailed in the General Discussion) or because it renders it harder for
the target to win the competition, effectively delaying an attention allo-
cation toward the target ([nonspatial] filtering costs, Folk & Remington,
2008; Kahneman et al., 1983; Wykowska & Schubg, 2011). From the
perspective of attentional-engagement theory (Desimone & Duncan,
1995; Duncan & Humphreys, 1989), concurrently presented distractor
and target in the additional-singleton paradigm enter a competition for
attention that is (ideally) biased in favor of the target (Kerzel & Huynh
Cong, 2022; Leonard, 2021; Wolfe, 2021; Zehetleitner et al., 2013). Itis
this competition for focused attention between concurrently presented
stimuli that we are interested in here.

Most research on the competition for focused attention between
two salient objects focuses on the visual modality. In daily life, how-
ever, people are constantly influenced by inputs from multiple
modalities and inputs from different modalities strongly interact,
including distraction across sensory modalities as in the introductory
street sign example above. In fact, experimental studies have
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VISUAL SEARCH IS ROBUST TO AUDITORY DISTRACTION

demonstrated cross-modal interactions on attention allocations,
where an irrelevant sound draws visual attention (Driver &
Spence, 1998; Hillyard et al., 2016; Spence & Driver, 1997) or
eases search for an otherwise hard-to-find visual target flickering
in sync with the sound (the “pip-and-pop” effect; Van der Burg et
al., 2008). In fact, according to a recently proposed distinction
between peripheral and central sensation, the clearly peripheral
sense of audition (along with peripheral vision and in contrast to
foveal vision) should be especially relevant for guiding attention
(Zhaoping, 2023). However, to our knowledge, interference by audi-
tory distractors on concurrent visual pop-out search (i.e., comparable
to the classical additional-singleton paradigm) has never been exam-
ined under controlled laboratory conditions. To fill this gap and
establish a link between the two rich scientific literatures on visual
and auditory distraction, here we investigate the effect of a salient,
task-irrelevant auditory distractor on the performance of visual pop-
out search using a cross-modal distraction paradigm inspired by the
additional-singleton paradigm (Figure 1).

Previous reports of interference by salient auditory distractors do
not require the attentional selection among concurrently presented
stimuli. For example, Dalton and Lavie (2004) presented four sounds
in rapid succession (rapid serial auditory presentation). The task was
to identify the target sound defined by frequency, intensity, or duration
among a group of homogeneous nontarget sounds. On some trials, the
sequence contained another deviating sound and this salient distractor
indeed caused interference in terms of delaying target responses.
Dalton and Spence (2007) extended this paradigm to study cross-
modal distraction and found similar results for an auditory distractor
during rapid serial visual presentation. Another line of evidence for
cross-modal orienting of attention comes from a body of literature
that uses the cross-modal cueing paradigm: based on the purely visual
spatial-cueing paradigm by Folk et al. (1992), participants were pre-
sented with a task-irrelevant audio-visual spatial cue prior to perform-
ing a visual search task (Matusz & Eimer, 2011). Attentional capture
by this cue is inferred from a boost in response speed when the audio-
visual cue is presented at the target location (valid cue) compared to
when only the visual cue is presented. Unlike the additional-singleton
paradigm, in both rapid serial presentation and spatial cueing, target
and distractor are not in direct competition, because they are presented
at different time points.

From a guided-search perspective is notable that in most auditory-
distraction studies, including the present one, the potentially distract-
ing sound was presented via headphones without any spatialization
(diotic presentation, Best et al., 2020). It is unclear where on the pri-
ority map such a sound is located. If listeners are asked to locate a
diotic sound, they most often respond that it is inside their head.
As the concept of a priority map has emerged from research on
visual attention, this map is typically pictured as a single visual
plane within observers’ field of view. This is misleading because
visuospatial attention can be allocated to different depth planes
(Nakayama & Silverman, 1986) and is not limited only to the ocu-
lomotor range (Hanning et al., 2019). It therefore does appear possi-
ble that a location inside the head is represented on the priority map.
Alternatively, a diotic sound is often described as “nonspatial” or
“spatially nonspecific,” potentially implying that it is everywhere
and nowhere at the same time. In any case, it is well established
that diotic sounds can affect priority computations in visual search.
Van der Burg et al. (2008) employed an inefficient search task with
independently flickering stimuli, the target was found efficiently
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when a diotic sound synchronized with the target flicker was played
(pip-and-pop effect). That an inefficient search task, that is, a task
that becomes harder as the number of search stimuli increases (pos-
itive search slope), becomes efficient, that is the number of search
stimuli plays no or only a minor role for performance (flat search
slope) is usually interpreted as the target obtaining a boost in priority
(by the diotic sound). Thus, a diotic sound can affect the priority map
that is relevant for finding a visual-search target.

Even more extensive evidence that diotic auditory distractors can
potentially interfere with the processing of visually presented stimuli
comes from serial-recall working memory tasks (for a review, see
Hughes, 2014). In these tasks, participants are to remember a series
of visually presented stimuli (typically verbal material such as
words, letters, or digits) for a later ordered recall and the presentation
of task-irrelevant sounds during the encoding phase results in
reduced recall performance (irrelevant-sound effect). Hence, our
expectation that the auditory distractor would cause interference in
terms of performance costs in the visual-search task was reinforced
in light of previous evidence that auditory distractors can cause inter-
ference on other visual tasks and that, more generally, auditory and
visual attention interact (see Spence, 2010, for a review).

Despite this theoretical possibility and the related empirical
evidence, it remains unknown whether a diotic auditory distractor
does indeed enter the competition for focused visual attention
against a concurrently presented visual-search target and there-
fore causes interference. Can people completely ignore a salient
diotic sound during search for a salient visual target stimulus,
or does an irrelevant-but-salient diotic sound hamper the alloca-
tion of spatial attention to a concurrently presented relevant visual
stimulus?

Experiment 1
Method
Participants

To determine the appropriate sample size, we used Liesefeld et al.
(2019), after which the present study was modeled, as our starting
point. We base our sample-size planning on Liesefeld et al. (2019)
because this study uses a pop-out search task to investigate distractor
interference between same-dimension and different-dimension dis-
tractors. The current study provides an extension to this by studying
different-modality distractors in the same visual search scenario.
Liesefeld et al.’s study consisted of two experiments, with 12 partic-
ipants each. In particular, their participants also searched for a 12°
tilted target bar presented among vertical nontarget bars arranged
in concentric circles. Effect sizes (on reaction times, RTs) were
lower for the (also more comparable) different-dimension distractors
and we thus base our power analyses on these. Based on the effect
sizes observed by Liesefeld et al. (2019) in the different-dimension
distractor condition for the luminance-target group (d, = 1.70) and
the orientation-target group (d,= 1.44), we determined that to
achieve a statistical power of 1 —B=.95 at oo =.05, two-tailed,
the required sample size is n =7 and n = 9, respectively (calculated
using G*Power Version 3.1.9.7; Faul et al., 2009). We further con-
sulted another study (Liesefeld & Miiller, 2021) that also employed a
comparable design—but with a relatively large sample size (47 par-
ticipants in Experiment 2)—providing for more stable effect-size
estimates. Based on the effect size observed for the different-
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Figure 1
Hllustration of Search Displays in Experiments 1 (a, b, ¢, d) and 2 (e, f)
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Note. Participants were asked to report whether the target singleton (a 12°-tilted bar) was present or absent
among a dense array of nontargets (vertical bars). An additional salient auditory singleton was presented in
some trials. (a—d) All four possible conditions for Experiment 1. (e, f) Two example conditions for
Experiment 2. Please visit www.doi.org/10.6084/m9.figshare.24174018, for example, trials from each of
the experiments. Note that the pink-noise auditory distractor used in Experiment 1 served as the accessory
stimulus in Experiment 2, where a metronome tick took on the role of the auditory distractor.

dimensional distractor condition in Experiment 2 (d, = 1.01) and the Thus, 16 participants took part in Experiment 1 (median age:
same parameters as above, we calculated the required sample size to 28 years; range: 19-44 years; eight female). In all experiments, par-
be n = 15. To be on the safe side, we base the sample size for all the ticipants reported normal hearing and normal or corrected-to-normal
experiments in the current study on this latter estimate. For counter- vision. Written informed consent was obtained from all the partici-
balancing responses among participants, we increased that number pants, and they received course credit or were paid for their parti-
to n =16 in all experiments of the present study. cipation. No participant had to be excluded from the analysis
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(all average error rates below 15%). Procedures were approved by the
ethics committee of the Department of Psychology and Pedagogics
at Ludwig-Maximilians-Universitdt Munich.

Constraints on Generality Statement

Our samples were mostly composed of European, South Asian,
and East Asian young adults residing in Munich, Germany. Given
that our task is not tied to any origin-specific behavior (such as read-
ing direction), we do not think that the geographic origin of our par-
ticipants would influence the present results. However, our results
might not be generalizable to all people, especially not to those
with severe attentional deficits. Moreover, the results might apply
only to tasks where it is a reasonable strategy to look for salience sig-
nals (see Liesefeld et al., 2021; Liesefeld & Miiller, 2023).
Additionally, the age of the participants can influence the impact
of auditory oddballs (as employed in Experiments 4 and 5) on the
performance of visual tasks (e.g., Leiva et al., 2015).

Stimuli and Design

Stimulus presentation and response collection were controlled
using PsychoPy (Peirce et al., 2019). Search displays were presented
on a monitor (screen resolution: 1,680 x 1,050 pixels, refresh rate:
60 Hz) at a viewing distance of 70 cm. Search arrays consisted of
36 grey bars (1.35° x 0.25° in size) presented on a black back-
ground (see Figure 1). The bars were arranged in three concentric
rings (radii of 2.1°, 4.2°, and 6.3°) around a central fixation cross
(0.5° x 0.5°). Half of the trials consisted of vertically oriented
bars only (target-absent condition). On the other half of the trials,
one target bar was tilted 12° to the right' (target-present condition).

Along with the presentation of the bars, an irrelevant auditory
stimulus (distractor) was randomly presented in half of the trials
(distractor-present condition), with no distractor presented in the
remaining half (distractor-absent condition). The distractor was a
pink noise (high pass filtered at 200 Hz) that was presented binau-
rally (diotic) using headphones (Sennheiser HD 600, Sennheiser,
Wedemark, Germany) at 70-72 dB(A) sound pressure level (SPL),
measured at the eardrum, using the miniDSP Earphone Audio
Response System device (miniDSP, Hong Kong, China). Pink
noise is considered to be relatively potent at causing interference
(Marsh et al., 2020, p. 354). The study thus consisted of a 2 (target
present vs. target absent) x 2 (distractor present vs. distractor
absent) design. The experiment was divided into 15 blocks, with
96 trials in each block. Data from the first block were excluded
from all analyses to eliminate any learning effect. Thus, results are
based on 1,344 trials in total, with 336 trials in each of the four
conditions.

Procedure

The search displays remained on the screen until participants
made their response, or until the response deadline of 4,000 ms.
For trials with auditory distractors, the sound was played from dis-
play onset to display offset, so that it was present for the same dura-
tion as a visual distractor in the standard additional-singleton
paradigm would. The task was to respond whether the 12°-tilted tar-
get bar was present or absent in each trial. In line with the standard
additional-singleton paradigm, participants were instructed to try
and ignore the distractors that were presented. The occurrence of
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the distractors was temporally unpredictable in all the tasks, because
of the (a) randomization of trials and (b) variable intertrial interval.
Responses were given on a keyboard using the left and right index
fingers (counterbalanced across participants) and triggered display
offset. If the trial response was incorrect or delayed, the central fix-
ation cross turned red or blue, respectively, for 1,000 ms. For correct
trials, no feedback was provided, and the program directly proceeded
with the intertrial-interval preceding the next trial (i.e., without an
extra 1,000-ms delay). Trials were separated by an interstimulus
interval of variable duration between 800 and 1,200 ms, during
which only the fixation cross was presented on the screen.
Participants were instructed to respond accurately and as quickly
as possible.

Analyses

Below we report analyses on median correct RTs and error rates.
As we observed telltale signs of condition-specific speed-accuracy
tradeoffs (SAT) in these performance measures (Heitz, 2014), we
additionally report, and eventually base most major conclusions
on, a measure that combines RTs and the percentage of correct
responses (often also referred to as “percent correct” [PC] or “accu-
racies”; i.e., l—error rates) into a combined performance measure
termed balanced integration score (BIS) that has been shown to be
largely unaffected by SATs (Liesefeld et al., 2015; Liesefeld &
Janczyk, 2019, 2023). This measure first standardizes (z-transforms)
the raw performance measures by subtracting their respective overall
mean and dividing by the respective standard deviation across the
relevant design cells (here: 16 participants x 2 distractor presence =
32 median RTs and PCs for most of the analyses presented here).
These standardized performance measures are combined into one
score per design cell (BIS = za.c — zrT; S€e, €.g2., Equation (4) in
Liesefeld & Janczyk, 2019) so that negative BIS values indicate
lesser than average performance and positive BIS values indicate
greater than average performance in the respective design cell. By
design, this measure gives equal weight to both performance mea-
sures (Appendix B in Liesefeld & Janczyk, 2019) and extensive sim-
ulations have shown that it controls for variations in SAT while
retaining “true” effects such as differences in actual performance.

As we were interested in whether an auditory distractor interferes
with visual search, the reported analyses focus on the effect of dis-
tractor presence. Pairwise comparisons between distractor-absent
and distractor-present conditions were performed using Wilcoxon
signed-rank test (two-tailed comparisons). The nonparametric
Wilcoxon signed-rank test was used instead of the Student ¢ test
since some of our data violated the assumption of normality that is
a prerequisite for this parametric test (see Supplement Il in the online
supplemental materials for the results of the test for normality, and
the results of Student 7 tests for the comparisons which do not violate
the assumption of normality). Effect size is reported using rank-
biserial correlation (r), where r =1 refers to perfect rank ordering,
that is, an =1 means that the effect was present and in the same
direction for each individual participant. Consequently, we also
report the mean (M) and median values (Mdn) per condition with

" Note that the target in all subsequent experiments was tilted 12° to the
left. Tilt direction does not affect target salience (or task difficulty) in our dis-
plays, since the local feature contrast of the target remains the same (Liesefeld
et al., 2016).
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the respective median absolute deviation (MAD: a measure of dis-
persion). Results graphs show the means (of individual participants’
medians) and within-participant confidence intervals (Cousineau
& O’Brien, 2014). Additionally, we report Bayes factors (BFs),
for the Bayesian Wilcoxon signed-rank test (result based on data
augmentation algorithm with five chains of 10,000 iterations), quan-
tifying evidence for the alternative over the null hypothesis (BF,).
BFs were calculated using the standard Jeffreys-Zellner-Siow
Cauchy prior with a scale factor of r= \/2/2, To classify the
strengths of evidence through the BFs, we used Jeffreys’s criterion
(van Doorn et al., 2021)—which states that for the alternative
hypothesis, BFs between 1 and 3 are weak evidence, BFs between
3 and 10 are moderate evidence, and BFs greater than 10 are strong
evidence. Following these criteria, 1/3 (=0.33) < BF;( <1 is con-
sidered weak evidence for the null hypothesis, 1/10 (=0.10) <
BF,o < 1/3 (=0.33) is considered moderate evidence for the null
hypothesis, and BF,o < 1/10 (=0.10) is considered strong evidence
for the null hypothesis. All analyses were performed using JASP
Version 0.16.4 (JASP Team, 2021) and using custom scripts in
Matlab.

Transparency and Openness

The anonymized raw data, the analysis script in Matlab and the
analysis files from JASP are available on Open Science Framework
(http:/www.doi.org/10.17605/OSF.IO/C7K3J). The data for all the
experiments were collected between August 2021 and June 2022 in
Munich, Germany.

Results

Correct responses were significantly faster (see Figure 2a) on
distractor-present (M =564 ms, Mdn + MAD = 530 + 37 ms) com-
pared to distractor-absent trials (M =587 ms, Mdn + MAD =
545 + 39 ms), W=5.00, p<.001, r=-.926, BF,(=430.65.
Error rates showed no significant difference between distractor-present
M =3.59%, Mdn + MAD =2.31 + 0.82%) and distractor-absent
trials (M =2.84%, Mdn + MAD =2.08 + 1.41%), W=93.00,
p =.065, r=.550, BF;p = 1.56. Although nonsignificant, the direc-
tion of the distractor effect on error rates is intriguing and might poten-
tially explain the counterintuitive finding that distractor presence
speeds rather than slows responses. Distractor presence seems to con-
currently decrease RTs and increase error rates, indicating an effect on
the SAT rather than an effect on performance (Heitz, 2014).
Discounting this interpretation based on the nonsignificant test on
error rates would be an instance of accepting the null hypothesis,
which is not supported by the inconclusive BF.

Rather than glossing over the error pattern, we combined speed
and accuracy to control for SATs by calculating the BIS introduced
in the analysis section above. Comparing BIS between distractor-
present (M = —0.04, Mdn + MAD = 0.42 + 0.44) and distractor-
absent trials (M =0.04, Mdn + MAD =0.30 + 0.41), revealed
moderate evidence for the absence of a distractor effect
(Figure 2b), W="74.00, p =.782, r =.088, BF,, = 0.26.

Discussion

Based on the extensive literature on visual distraction and on
cross-modal interactions, we had expected visual-search perfor-
mance to be impeded when an auditory distractor was presented
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with a visual-search display (Chelazzi et al., 2019; Liesefeld &
Miiller, 2019; Theeuwes, 2010). To our surprise, we observed a
significant decrease rather than the expected increase in RTs.
Error rates increased slightly on distractor-present trials, but this
effect did not reach statistical significance. This would typically
be interpreted as evidence that the auditory “distractor” facilitated
search performance. However, ignoring the effect on error rates
because it is nonsignificant would be an instance of accepting
the null hypothesis which is not supported by frequentist statistics
(p values) and the respective BF was highly inconclusive. In fact,
controlling for condition-specific SAT using a combined perfor-
mance measure (BIS) indicated that the auditory distractor had
no effect on overall visual-search performance. Similar results
are sometimes discussed as “criterion shifts” (Spence & Driver,
1997).

In the broader cognitive-science community, a salient task-irrelevant
stimulus presented in a task-irrelevant sensory modality (such as our
auditory distractor) with close temporal proximity to an imperative
stimulus (our search display or the target within it) is known as acces-
sory stimulus. These accessory stimuli are typically completely unin-
formative and task-irrelevant and are known to induce speeded
responses to stimuli in the target sensory modality—often without a
significant change in error rates (e.g., Bernstein et al., 1969; Hackley
& Valle-Inclan, 1999; Jepma et al., 2009)* compared to when the stim-
ulus in the target sensory modality is presented alone. As SAT effects
induced by accessory stimuli—as in the current experiment—have
been reported as well (Low et al., 1996; Posner et al., 1973), we feel
that the effect of distractor-presence observed in Experiment 1 is
best interpreted as an accessory-stimulus effect (see the General
Discussion section for more detail).

Experiment 2

In Experiment 1, the auditory distractor sped up responses, which
might be interpreted as the auditory “distractor” acting as an acces-
sory stimulus (Hackley & Valle-Incldn, 1999; Jepma et al., 2009) as
detailed above. It appears possible that this speed-up had overshad-
owed any interference effect, which is typically observed in RTs. To
eliminate this potential difference between distractor-present and
distractor-absent trials, we played the pink-noise sound (the potential
accessory stimulus) on every trial. Another salient and clearly distin-
guishable sound (metronome tick) served as a distractor in half of the
trials. If the auditory distractor in Experiment 1 had acted as an
accessory stimulus, then the observed effect on the SAT (the
accessory-stimulus effect) should occur on all trials in Experiment
2, so that the comparison between distractor-present trials (two
sounds) and distractor-absent trials (one sound) should now reveal
an interference effect (if existent).

Method

Sixteen participants participated in Experiment 2 (median age:
24 years; range: 19-43 years; 13 female). Experiment 2 was identi-
cal to Experiment 1, except that an auditory stimulus (pink noise at
75 dB(A)—same stimulus as in Experiment 1, just a little louder)
was present in all the trials and served as the accessory stimulus.

2 We thank Daniel Bratzke and Markus Janczyk for making us aware of
this literature.
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Figure 2
Results for Experiment 1 (a, b) and Experiment 2 (c, d)
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(a, ) Mean (average across participants) of median RTs and error rates. (b, d) BIS, a combined performance measure. Error bars represent 95% within-

participant confidence intervals. RTs = reaction times; BIS = balanced integration score. See the online article for the color version of this figure.

An additional auditory stimulus (metronome tick—generated using
Audacity, with tempo of 300 beats/min at 75 dB(A)) was presented
along with the visual-search display in half of the trials (distractor-
present condition; see Figure le) and, thus, served as the auditory
distractor in Experiment 2.

Results

This design produced no significant change in RTs (Figure 2c) for
distractor-present trials (M = 559 ms, Mdn + MAD = 553 + 57 ms)
compared to distractor-absent trials (M = 555 ms, Mdn + MAD =
546 + 52 ms), W=99.00, p=.117, r= .46, BF;,=0.99. Even
though the evidence for the absence of an effect in terms of the
BF is indecisive, the direction of the effect (slower RTs on dis-
tractor-present trials) indicates the successful elimination of the
accessory-stimulus effect by the auditory distractor, as observed
in Experiment 1. Error rates also showed no significant difference
when the distractor was present (M =2.92%, Mdn + MAD =

25

2.23 + 1.41%) compared to when it was absent (M =3.06%,
Mdn + MAD =2.38 £+ 1.79%), W=61.00, p =.744, r = —.103,
BF;o = 0.28. Additionally, the comparison of BIS for distractor-
present (M = —0.004, Mdn + MAD = 0.09 + 0.842) and distractor-
absent trials (M =0.004, Mdn + MAD =0.13 + 0.78) showed
no significant change in performance (Figure 2d) because of the dis-
tractor, W= 60.00, p =.706, r = —.12, BF;; = 0.27. Rather, the BF
again provides moderate evidence for the absence of a distractor
effect.

Discussion

The result pattern of Experiment 2 indicates that presenting a
sound on each trial successfully eliminated the confound with the
accessory-stimulus effect. That is, presenting an auditory distractor
no longer results in an effect on participants’ SAT. Even without
this confound, we do not observe any sign of interference by the
auditory distractor.
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Experiment 3

One reason for not observing interference by an auditory distrac-
tor in Experiments 1 and 2 might be that neither of the employed dis-
tractors was salient enough. We chose the distractor stimuli so that
they appeared salient to us, and we played them relatively loud
(7075 dB(A)—similar to the sound level of a classical vacuum
cleaner measured in the free field at 1 m distance), but maybe this
was not yet enough to render them more salient than the visual target
stimulus. While even visual stimuli less salient than the target are
known to produce interference effects (Gaspar & McDonald, 2014;
Zehetleitner et al., 2013), the potentially low salience remains a
valid critique of our findings.

A common approach to render an auditory stimulus salient is to
present it as an oddball within a stream of homogenous nontargets.
It has been shown that such auditory oddball stimuli are processed
against the observers’ will, even if they are engaged in taxing visual
tasks (Escera et al., 1998; Parmentier, 2016). Thus, if visual search
can in principle be hampered by auditory distraction, an auditory
oddball should produce this effect. Furthermore, visual distractors
interfere more strongly when presented only rarely, likely because
participants have less incentive to suppress them and less opportu-
nity to adapt to them (Geyer et al., 2008; Miiller et al., 2009; Won
et al., 2019). Thus, by presenting an auditory oddball stimulus on
a low percentage of trials, we should dramatically increase the like-
lihood of observing auditory distractor interference with visual-
search performance, if it exists at all.

Method

Sixteen participants took part in Experiment 3 (median age: 26 years;
range: 21-39 years; 10 female). Three participants (two female) who
participated in Experiment 1 also participated in Experiment 3.

The visual search task was almost identical to the previous experi-
ments but was accompanied by a sequence of auditory stimuli consist-
ing of 50 ms of pink noise (high pass filtered at 200 Hz, with 5 ms rise
and fall, presented at 75 dB(A) SPL) repeated every 1,000 ms (see
Figure 3) and the on- and offsets of the visual-search displays were
synchronized to this 1 Hz auditory rhythm, so that, deviating from
the preceding experiments, display offset was not triggered by the
response. Hence, the visual search display was presented until the
1-s cycle in which the response was given was completed (e.g., if
the response in a trial was at 1.5-s, the visual display was presented
until 2-s), or until the response deadline of 4-s as in the previous
experiments. The intertrial interval lasted either 1, 2, or 3 1-s cycles.
Twenty-five percent of the trials started with a (subjectively quite
annoying) sawtooth tone (deviant)—generated at 500 Hz, 50 ms dura-
tion with 5 ms rise and fall, presented at 75 dB(A) SPL replacing
8.23 + 1.57% (Mdn + range; min. = 6.73%) of the pink noise stan-
dard stimuli. This deviant (oddball) tone served as the auditory dis-
tractor in Experiments 3 and 4, whereas pink noise (similar to the
distractor in Experiment 1 and the accessory stimulus in Experiment 2)
now acted as the standard tone in an oddball sequence. Two trials
with deviant tones (distractors) were never presented one after the
other to further increase the oddball effect. The experiment consisted
of 15 blocks of 96 trials each. At the beginning of each block, at least
four trials did not contain a distractor. Note that because of the ran-
domized trial sequence and the variable intertrial interval (1-3 1-s
cycles), distractor presentation was temporally unpredictable as in
all other experiments reported here.
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Results

Still, there was no significant change in RTs (Figure 4a) when the
distractor was present (M = 671 ms, Mdn + MAD = 621 + 63 ms)
compared to when it was absent (M =680 ms, Mdn + MAD =
633 + 54 ms), W=38.00, p = .130, r = —.44, BF, = 0.67. No sig-
nificant change in error rates was observed between distractor-present
(M =2.89%, Mdn + MAD = 2.68 + 1.64%) and distractor-absent
trials (M =2.57%, Mdn + MAD =2.53 + .85%), W=78.50,
p =.605, r=.15, BF;, = 0.30. Additionally, BIS showed no change
in performance (Figure 4b) between distractor-present (M = —0.07,
Mdn + MAD =0.05 + 1.04) and distractor-absent trials (M =
0.07, Mdn + MAD = —0.14 £+ 0.92), W=64.00, p=.860, r=
—.06, BF;(=0.27. Once again, the BF for BIS indicates moderate
evidence for the absence of a distractor effect.

Discussion

In Experiment 3, we used a rare auditory oddball distractor (~8% of
deviants in a steady auditory sequence) and presented this distractor
on only 25% of all visual-search trials. Despite the use of these two
established experimental techniques to render the auditory distractor
more distracting, it still did not notably interfere with visual search.

Experiment 4

As a last attempt to induce auditory distraction in the additional-
singleton paradigm, we allotted a temporal processing advantage to
the rare oddball distractor by presenting it before the search-display
onset. Most of the earlier works on the audio-visual oddball paradigm
(Escera et al., 1998, 2001, 2002, 2003) presented the auditory stimuli
300 ms prior to the visual stimuli and indeed observed interference
on the discrimination of a single visual stimulus. Hence, Experiment
4 was identical to Experiment 3, except that we introduced a temporal
difference of 300 ms between the auditory and visual stimulus
(onset-to-onset), providing the distractor with a temporal advantage to
see whether this renders it potent enough to interfere with visual search.

Method

Sixteen participants took part in Experiment 4 (median age:
25 years; range: 2141 years; 11 female). Experiment 4 was identical
to Experiment 3, except that synchronization of search-display onset
to the ongoing auditory stream was changed so that at the beginning
of each trial, the 50-ms auditory stimulus preceded the visual search
displays by 300 ms instead of occurring simultaneously.

Results

As in Experiment 1, we observed a significant decrease in RTs (by
27 ms; Figure 4c) when the distractor was present (M = 626 ms,
Mdn + MAD = 564 + 44 ms) compared to distractor-absent trials
(M = 654 ms, Mdn + MAD =587 + 49 ms), W=0.00, p <.001,

3 Given that participants were fully informed about the presence of distract-
ing sounds and that they are supposed to ignore these as well as due to the
extensive training they received before starting with the main task, we do
not believe that participating in multiple studies had any effect on distractor
handling. Nevertheless, we also re-ran the analyses in this and all following
experiments with those participants excluded. None of these re-analyses indi-
cated a different pattern of effects than those reported here. See Supplement I
in the online supplemental materials for details.
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Figure 3
Exemplary Distractor-Present Trial in Experiments 3 and 4 Using the Auditory Oddball Paradigm
RESPONSE
Auditory stimuli
presented every 1000 - . .
ms cycle Oddball Stimuli Wait till 1000-ms

cycle completes Standard Stimuli

O — \
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Experiment 4 I . ‘ . ‘
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Visual Search Display presented for 1 to 4 cycles of 1000 ms Inter-trial Interval of 1, 2 or 3 cycles of 1000 ms

Note. The oddball was always synchronized with search-display onset (occurring at the same time, Experiment 3, or 300 ms earlier, Experiment 4) and
served as the salient distractor occurring on 25% of the search trials, whereas the standard stimulus was also synchronized with display onset but was also
played at other (regularly spaced) times during a trial. See the online article for the color version of this figure.

r=—1.00, BF;o=2,053.55. Error rates showed a nonsignificant display onset and not during the intertrial interval. This renders an
increase on distractor-present (M =2.51%, Mdn + MAD = interpretation in terms of an alerting signal more likely (Matthias
1.79 + 0.89%) compared to distractor-absent trials (M =2.06%, et al.,, 2010; Posner et al., 1973; Posner & Petersen, 1990; see
Mdn + MAD =1.49 4+ 0.50%), W=89.00, p=.106, r=.48, General Discussion for details). Interesting as this speculation

BF,p=1.35. This pattern of results again indicates a distractor- might be, our main goal was to examine whether an auditory distrac-
presence effect on the SAT. Indeed, the BIS did not show any signif- tor can interfere with visual-search performance. Results from
icant difference in performance (Figure 4d) between the distractor- Experiment 4 demonstrate that even a rare oddball stimulus with a

present (M= —0.09, Mdn + MAD =0.21 + 0.93) and the temporal processing advantage does not reliably interfere with
distractor-absent trials (M =0.09, Mdn + MAD = 0.48 + 0.83), visual-search performance.
W=61.00, p=.744, r=—.10, BF;, =0.31.

Accumulated Evidence for the Null Hypothesis

Discussion
Across multiple experiments, we failed to observe interference by
As a final attempt to demonstrate interference by an auditory dis- auditory distractors on overall visual-search performance, with each
tractor on visual search, Experiment 4 endowed a 300-ms head start additional experiment strengthening the case for the absence of an
to the rarely presented (25% of trials) oddball distractor (~8% of interference effect. Here, we analyze the accumulated evidence for
sounds) employed in Experiment 3. Despite all these measures,  the null hypothesis (BF,;) over the four experiments with auditory
the distractor still did not cause any notable interference. distractors (Experiments 1-4) by performing pairwise comparison
Intriguingly, the effect on the SAT observed in Experiment 1 that of the BIS for distractor-present and distractor-absent conditions
we eliminated in Experiment 2 by presenting a sound on all trials, with the standard deviations used in the calculation of BIS calculated
and which was also not observed in the highly similar Experiment across all experiments. We obtain a BF;o = 6.90 for the Bayesian
3, reemerged here. In Experiment 1, we interpreted this pattern as Wilcoxon signed-rank test, which once again indicates moderate
an accessory-stimulus effect, which is an automatic reaction to a evidence for the null hypothesis.

salient stimulus in a task-irrelevant modality. We were not surprised
that this effect did not occur in Experiment 3, because there as well,

! | Experiment 5
we presented a sound (standard or deviant) on every trial. However,

the same is true for Experiment 4. Note though that here, the presen- The preceding experiments show that auditory distractors do not
tation of the deviant (the auditory distractor) was predictive of the interfere with the allocation of focused attention. This stands in
upcoming search display, because it would only occur before search- sharp contrast to decades of observing interference by visual
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Figure 4
Results for Experiments 3 (a, b) and 4 (c, d)
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(a, ¢) Mean (averaged across participants) of median RTs and error rates. (b, d) BIS, a combined performance measure. Error bars represent 95%

within-participant confidence intervals. RTs = reaction times; BIS = balanced integration score. See the online article for the color version of this figure.

distractors in the additional-singleton paradigm and to our expecta-
tions based on previous work with cross-modal effects on attention
and experiences in daily life. However, not only were the distractors
irrelevant to the task, but also sound, in general, was irrelevant dur-
ing the whole testing session. In real life, this hardly ever occurs
because survival heavily depends on attending to alarming sounds
(such as acoustic warnings or approaching predators). Also note
that, in the standard additional-singleton paradigm, the distractor
modality is always relevant, because both target and distractor are
from the same (visual) modality. To test this explanation of our
results, we made the auditory modality relevant while maintaining
its irrelevance to the visual-search task. In particular, we introduced
an additional task of counting the occurrence of a, sparsely presented
counting sound. Trials with a counting sound (and no distractor;
~4.7% of trials) were entered into the random sequence of
distractor-present and distractor-absent trials to ensure that the audi-
tory modality is globally being attended to. Thus, the main search
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task remained the same as before, with the auditory distractor still
fully irrelevant. The extra trials with the to-be-counted sound were
excluded from the analysis.

In Experiment 5a, we finally observe an interference effect
because of the auditory distractor. To establish that this effect is
robust, especially after repeating evidence for the absence of dis-
traction from four experiments, we replicated Experiment Sa with
a new set of participants (Experiment 5b). To make full use of
these data (N =2 x 16 = 32) and to quantify the accumulated evi-
dence, we additionally report the BFs for the combined data set
(BFT?)mbi“ed).

Method

Experiment 5a

Sixteen participants took part in Experiment 5a (median age:
26 years; range: 22-38 years; 7 female). Two participants (one
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female) participated in Experiment 1, one participant (female) par-
ticipated in Experiment 3 and one participant (female) participated
in Experiment 4 earlier. The design was identical to Experiment 1,
except that a few additional trials (ranging from 3 to 6 in number)
were presented in each block—which contained a sound different
from the auditory distractor that had to be counted. These additional
trials never contained a distractor. Thus, each block now consisted of
96 + x trials, with x being the number of trials with the counting
sound and ranging from 3 to 6. As in Experiment 1, we ran 15 blocks
of trials with the first block being a (nonanalyzed) practice phase.
For half of the participants the auditory distractor was a high-
frequency tone (520 Hz pure-tone presented at ~75 dB(A))—
instead of a pink noise (as in Experiment 1)—with the counting
sound being a low-frequency tone (440 Hz pure-tone presented at
~75 dB(A)). For the remaining participants, the auditory distractor
was the low-frequency tone, with the counting sound being the high-
frequency tone. Along with the visual-search task, participants were
asked to count the number of times the additional sound (counting
sound) was presented and report this number at the end of each
block.

Experiment 5b

Experiment 5b is an exact replication of Experiment 5a with a new
set of 16 participants (median age: 27 years; range: 21-44 years; 10
female). Two participants (1 female) participated in Experiment 1,
one participant (female) participated in Experiment 2, and one par-
ticipant (female) participated in Experiment 3 earlier.

Results

Experiment 5a

To ensure that we analyzed only periods where participants actually
attended to the auditory modality, only trials from the blocks with cor-
rect answers for the counting task were used (12.37 blocks on average
across participants, with the participant performing worst on the count-
ing task contributing nine blocks and five participants without any
counting errors contributing all 14 blocks). We analyzed only trials
without a counting sound, which were comparable to Experiment
1. Contrary to Experiment 1, there was no significant change in RTs
for distractor-present trials (M =592 ms, Mdn + MAD =579 +
65 ms) compared to distractor-absent trials (M = 584 ms, Mdn +
MAD =581 + 56 ms), W=83.00, p=.464, r= .22, BF;;=0.42
and error rates significantly increased (Figure 5a) on distractor-present
(M =2.87%,Mdn + MAD = 2.46 + 0.57%) compared to distractor-
absent trials (M =2.19%, Mdn + MAD =2.25 + 0.89%), W=
109.00, p =.034, r=.60, BF o= 3.85. Most importantly, the BIS
revealed a significant decrease in performance (Figure 5b) when the
distractor was present (M = —.28, Mdn + MAD = —.12 + 0.88)
compared to when it was absent (M = .28, Mdn + MAD = .39 +
1.22), W=121.00, p = .013, r = —.69, BF,o = 10.60.

Experiment 5b

Experiment 5b fully replicates the pattern of results observed in
Experiment Sa. For the trials in blocks with a correct counting response
(11.81 blocks on average across participants, min = 10, max = 14 [for
three participants]), there was no significant change in RTs for
distractor-present  trials (M =593 ms, Mdn + MAD =559 +
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62 ms) compared to distractor-absent trials (M =597 ms, Mdn +
MAD =572 + 57 ms), W=46.00, p=.274, r=-.32, BF =
0.43. Error rates showed a significant increase (Figure Sc) on distractor-
present (M =4.01%, Mdn + MAD =3.42 + 1.68%) compared
to distractor-absent trials (M = 2.87%, Mdn + MAD =2.35 +
1.32%), W=117.00, p=.009, r= .72, BF,o=12.05. Here again,
BIS revealed a significant decrease in performance (Figure 5d) when
the distractor was present (M = —.23, Mdn + MAD =0.32 + 0.84)
compared to when it was absent (M = .23, Mdn + MAD = 0.54 +
0.86), W=122.00, p =.016, r= —.68, BF, = 8.48.

The combined data set revealed moderate evidence for the null
hypothesis for RTs, BFSg™ ¢ = 0.19, and strong evidence for the
alternative hypothesis for error rates, BF;O™*d = 144.32, and
BIS, BF;gmhined = 327.21.

Discussion

Experiment 5 finally reveals an interference effect on visual-
search performance because of the auditory distractor. Note that,
since the design was similar to that of Experiment 1, the well-
established accessory-stimulus effect (Hackley & Valle-Inclén,
1999; Jepma et al., 2009) should have resulted in a decrease in
RTs when the auditory distractor was present (as observed in
Experiment 1). However, we do not observe any significant effect
on RTs in Experiments 5a and 5b individually and even moderate
evidence in favor of the absence of such an effect in the data
combined across both experiments. This indicates that the
accessory-stimulus effect (which speeds up responses) and the
interference effect (which slows down responses) cancel each
other. Consequently, there is no observable difference in RTs.
Fortunately, BIS allows to analyze performance corrected for
condition-specific SATs and demonstrates that, in contrast to
Experiment 1, the distractor now reliably produced interference.

Hence, BIS (and error rates) finally demonstrate a significant
decrease in performance because of the presence of the auditory dis-
tractor that emerges only when the auditory modality is globally
being attended to. Taking the results of the current experiment in
the context of the previous experiments, it looks like there exists
an attentional mechanism which allows ignoring the auditory dis-
tractors completely during visual search.

Robustness to the Choice of Priors for BFs

To check for the robustness of the results to the choice of the pri-
ors, we conducted a sensitivity analysis for the effect of distractor
presence on BIS for all experiments. Table 1 shows the resulting
BFs, obtained from the Bayesian Wilcoxon signed-rank test,
under three different choices of diffused priors (as recommended
by Depaoli et al., 2020; Kruschke, 2021, in the absence of an
informed prior). The first choice, which was also used in the
tests reported throughout the article, was the default prior in
JASP, which is a standard Jeffreys-Zellner-Siow Cauchy prior
with the scale factor (r) of 0.707 (=«/§/2). The second prior we
used is a wide prior with r=1.0 (recommended as default by
Rouder et al., 2009), and the third prior is an ultrawide prior with
r=1.4. The choice of the wide and ultrawide priors is as recom-
mended by JASP as robustness checks. The BFs in Table 1 do
not vary drastically, demonstrating that our conclusions do not
depend on the choice of priors.
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Figure 5
Results From Experiment 5a (a, b) and Experiment 5b (c, d)
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(a, ¢) Mean (average across participants) of median reaction and error rates. (b, d) BIS, a combined performance measure. Error bars represent 95%

within-participant confidence intervals. BIS = balanced integration score. See the online article for the color version of this figure.

General Discussion

In a series of experiments, we tried extensively to induce interfer-
ence by an auditory distractor on visual search. No notable distraction
was observed when sound was globally irrelevant (Experiments 1 and
2), even when the distractor was presented as a rare oddball stimulus
(Experiment 3) or, additionally, with a temporal advantage of 300 ms
(Experiment 4). However, once we made the auditory modality glob-
ally relevant (while maintaining its irrelevance to the visual-search
task; Experiment 5), we finally observed significant distraction with
decreased performance on distractor-present compared to distractor-
absent trials.

The visual-attention literature typically differentiates two classes
of distractor interference: attentional capture and (nonspatial) filter-
ing costs. “Attentional capture” refers to the phenomenon that
focused attention is initially drawn to the distractor and can only
afterward move on to the search target (Liesefeld & Miiller, 2019;
Liesefeld et al., 2023; Theeuwes, 2010; see below for other uses
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of the term “attentional capture” in the auditory-distraction litera-
ture). There is an ongoing debate on whether behavioral distractor-
interference effects in visual search must necessarily reflect atten-
tional capture, or alternatively, can (also) be interpreted as delayed
attention allocation to the target for other reasons (“nonspatial filter-
ing costs”; Becker, 2007; Liesefeld et al., 2019). In terms of biased
competition, the latter would reflect that the distractor entered but did
not win the competition for attention, so that it does not actually
draw attention. For example, the competitor might hamper attending
the target because it produces another peak on the priority map (see
Introduction) and this ambiguity needs to be resolved before focused
attention can be allocated to the target. Obviously, in Experiments
1-4, neither form of distraction—attentional capture or nonspatial
filtering costs—was induced by an auditory distractor when sound
was globally irrelevant. Based on our broader theoretical position
(see below), we tend to believe that the interference observed in
Experiment 5 reflects (nonspatial) filtering costs, because even
visual distractors do not typically produce attentional capture in
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BF's in Favor of the Presence (BF ;o, Alternative Hypothesis) or Absence (BFy;, Null
Hypothesis) of the Effect of Distractor-Presence on BIS With Three Different Choices

of Prior Widths (tscq1)

Fscale
Experiment Favored hypothesis 0.707 1.0 1.4
1 Null 3.81 3.79 3.78
2 Null 3.76 3.79 3.75
3 Null 3.67 3.68 3.67
4 Null 3.21 3.20 3.21
1, 2, 3, and 4 (accumulated evidence) Null 6.90 6.88 6.89
Sa Alternative 10.60 10.28 9.16
5b Alternative 8.48 8.32 8.68
5a and 5b (accumulated evidence) Alternative 327.21 327.97 352.52

Note.
BIS = balanced integration score.

comparable visual searches and interference effects of the magnitude
observed here typically go along with evidence for successfully pre-
vented attentional capture (Liesefeld et al., 2017, 2019, 2023).
However, more direct markers of attention allocation (e.g., eye
movements or electrophysiology) are needed to substantiate this
claim (see Liesefeld & Miiller, 2019). For the present purposes, it
suffices to recognize that (any form of) auditory distraction on visual
search occurs only if sound is globally relevant.

A trivial explanation for our failure to observe distraction in
Experiments 1—4 could be that our distractors were (still) not salient
enough. However, a sound presented in isolation (our distractor in
Experiment 1) is highly salient according to the definition of salience
commonly accepted in research on visual search and detailed in the
introduction (high local feature contrast) and a particularly high dis-
tractor salience is not even required to observe (some) interference in
the additional-singleton paradigm (Zehetleitner et al., 2013).
Furthermore, theories on auditory salience consider sounds with
gaps and/or when presented on top of background noise
(Experiment 2) as salient (Kayser et al., 2005). Additionally, oddball
stimuli (Experiments 3 and 4) are known to be particularly attention
grabbing (Escera et al., 1998, 2002). One could certainly further
increase the distractor’s salience, for example, by increasing its loud-
ness until it must attract attention; as expressed in the popular quote
by Sully “One would like to know the fortunate (or unfortunate) man
who could receive a box on the ear and not attend to it” (Sully, 1892,
p. 146). Still, short of harming the ear, our results show that auditory
distractors do not interfere with visual search when the auditory
modality is irrelevant. Actually, our study seems to provide an
appropriate response to Sully’s implied riddle: if the sound (or the
box) harms the ear, the respective modality arguably becomes rele-
vant to the receiver and is therefore attended.

How can we reconcile our findings with the observation that “as
any parent can attest, their visual attention to the stimuli beyond
the windshield can be disrupted if their attention is captured by the
auditory signals from the back seat of the car” (Wolfe, 2021)?
Given that the auditory signals in this example are emitted from
the parents’ children, we would argue that—in contrast to the
completely uninformative distractors used in the present study—
they are never fully task-irrelevant (with the long-term goal of rais-
ing happy children in mind). Furthermore, even if the parents could
convince themselves that sounds emitted from their children are
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BFs are calculated using the Bayesian Wilcoxon signed-rank test. BF = Bayes factor;

temporarily irrelevant (because they sit safely in their seats), they
would probably still not want to ignore the auditory modality
completely, because it also informs their task of steering their vehi-
cle. As demonstrated in Experiment 5, the global relevance of audi-
tory stimuli would suffice to hamper full suppression of distracting
sound from the back of the car. More generally, whenever sound
might signal reward or danger (Folyi et al, 2016; Kim &
Anderson, 2021; Kim et al., 2022)—which are inevitably relevant
to human survival—it obviously is always a bad idea to completely
ignore salient sounds globally. Nevertheless, our cognitive machin-
ery seems to have this extreme option in store for focusing on other
modalities when needed.

Current-day examples where ignoring sounds globally is advanta-
geous include cognitively demanding tasks in safe environments
such as participating in a psychological experiment or working on
a train or airplane. Now that we have developed a laboratory task
that can in principle induce auditory distraction of concurrent visual
search (Experiment 5), future research can start examining (a) under
which conditions sound can be blocked globally and (b) how more
selective distractor handling is possible, for example, by adapting to
statistical regularities (Ferrante et al., 2018; Goschy et al., 2014;
Sauter et al., 2018; Wang & Theeuwes, 2018) or by adapting to
the specific relationship between the counting sound and the audi-
tory distractor (e.g., in terms of similarity, feature dimension, or rel-
ative salience; see Gaspar & McDonald, 2014; Liesefeld et al., 2019,
2022; van Zoest & Donk, 2004).

It is important to keep in mind, though, that any predictions
regarding auditory distraction that are derived from research on
visual distraction are necessarily highly speculative, because of the
many glaring differences between the two modalities. Here, we
will highlight only two of these that appear of special importance
for the present study. First, it is currently impossible to equate the
salience of visual and auditory stimuli, as there is not even an estab-
lished method to equate salience across different visual dimensions
(for promising approaches, see Nothdurft, 2000; Zehetleitner et al.,
2013). Any differences between distractors from different modalities
can therefore always be explained by hypothetical differences in sali-
ence. This is part of the reason why the present study used various
different distractor sounds, focusing on sounds that are thought to
be highly salient (see above). Second, space plays a fundamentally
different role for audition than it does for vision. Whereas visual
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stimuli are necessarily perceived to occupy a specific location, the
location of auditory stimuli is generally more ambiguous so that a
listener can easily be misled about it (spatial ventriloquism effect;
Chen & Vroomen, 2013) or even perceive sounds as “nonspatial”
(Van der Burg et al., 2008). At the very least, the spatial resolution
of audition is much poorer than that of vision. One implication for
research on auditory distraction of visual search is that it is hard to
control where even a sound emitted from a specific position in
space (e.g., a loudspeaker installed inside the screen) is perceived
as being emitted from. Given the typical visual-search displays,
the spatial resolution of audition is simply insufficient to tell whether
a sound comes from the target versus any of the nontarget stimuli in
the display or even from outside of the visual display. This stands in
sharp contrast to visual distractors in the additional-singleton para-
digm, which are typically presented within the search array at a
potential target location, but not at the location of the current-trial
target (see Supplement III in the online supplemental materials for
an example of an additional-singleton experiment that is closely
modeled after the present study design). Thus, it is unclear whether
space-based suppression mechanisms (e.g., Gaspelin & Luck, 2018;
Liesefeld & Miiller, 2021; Liesefeld et al., 2017) can be applied to
auditory distractors at all and whether an auditory distractor falls
within or outside of the hypothetical spatial “attentional window”
(e.g., Theeuwes, 2004). This difference between audition and vision
is particularly important for the present line of research, because one
could explain the absence of interference in Experiments 1-4 by
suppression/ignoring the perceived location of the diotic sound (if
it has a location at all, see Introduction section). If the counting
sound in Experiment 5 was perceived as being emitted from the
same location as the auditory distractor, it rendered this location rel-
evant for the additional counting task and this might be the reason
why participants were unable to suppress it. We find this explanation
unlikely for two reasons: (a) in other studies using visual distractors,
even distractors at completely irrelevant locations (e.g., Di Caro et
al., 2019; Forster & Lavie, 2008a, 2008b) or at suppressed locations
(Ferrante et al., 2018; Sauter et al., 2018; Wang & Theeuwes, 2018)
have produced at least some interference, indicating that spatial sup-
pression is never complete and we should have observed at least
some interference in Experiments 1—4. (b) The low spatial resolution
of audition renders it implausible that spatial suppression mecha-
nisms are particularly effective, because much larger areas of
space would need to be suppressed in order to prevent the spatially
unspecific auditory stimuli from evading this suppression. Still, this
theoretical possibility needs to be tested in future research, because
spatial suppression of auditory distractors might turn out to be more
rather than less efficient or auditory distractors might never become
quite as salient as visual distractors and are therefore easier to sup-
press spatially.

Auditory Distraction in Other Paradigms

As auditory distraction on visual search has—to our knowledge—
never been systematically examined before, in the following, we aim
to relate our findings to effects of irrelevant auditory stimuli in sev-
eral other, rather disparate, research traditions. First, our results seem
to directly contradict studies showing that spoken distractor letters
can affect search for visual target letters (Tellinghuisen & Nowak,
2003), and spoken distractor color words can affect search for col-
ored shapes (Matusz et al., 2015). However, the relevant “modality”
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in these studies might be letters and colors in a more abstract categor-
ical rather than a visual sense and it is the specific category (rather
than the presentation domain) that enables distraction. Thus, the
robustness of visual search against auditory distraction observed
here might be purely sensory while another route of interference is
opened when the visual target and the auditory distractor (some-
times) share categorical features. Other everyday experiences
might be explained by this assumption (i.e., that cross-modal inter-
ference is more dependent on the content rather than on the modal-
ity): it is hard to focus on reading or writing a text when people are
chatting in the same room. Relatedly, even visually presented verbal
material (e.g., letters or digits) might engage the auditory system
(Baddeley, 2012), thus potentially enabling auditory distraction as
observed in our Experiment 5.

Second, a large share of research on auditory distraction more gen-
erally, employs tasks with serial presentation of memoranda that
have to be recalled in the correct order. Results from this task are
often explained by the duplex-mechanism account (Hughes,
2014). According to this influential theoretical stance, there are
two general types of distraction. Sounds can either cause distraction
when they share a relevant feature with the focal task—
interference-by-process—or when the sound draws (nonspatial)
attention away from the focal task—attentional capture. One well-
established instance of interference-by-process occurs when back-
ground sounds that repeatedly change over time (changing-state
sounds) impair serial recall of visually presented stimuli (typically
letters or words; irrelevant sound effect; e.g., Colle & Welsh,
1976; Jones et al., 1992; Salamé & Baddeley, 1982). It is assumed
that the successive changes in sound give rise to cues pertaining to
the order of sound, which in turn interferes with the rehearsing of
the visually presented memoranda for later serial recall (Jones &
Macken, 1993). Notably, serial recall is typically not affected by oth-
erwise similar nonchanging (“steady-state”) sounds, which would
not produce any ordering cues that might interfere with the serial
recall. Hughes (2014) distinguishes interference-by-process from
another form of distraction which is termed as “attentional capture.”
In contrast to the visual-distraction community (see above), Hughes
conceives of attentional capture as a withdrawal of processing
resources from the current task. One might argue that processing
the auditory distractor in Experiment 5 shares processes with pro-
cessing stimuli on the (secondary) counting task. However, as
there is no apparent reason to believe that processing of our auditory
distractor shares any specific processes with processing of the visual
target in the main task, the interference we observed there would
probably be classified as “attentional capture” in the duplex-
mechanism account (recall again that the meaning of the term differs
across research communities).

SAT Effect as an Index of Distractor Processing

Although they did not hamper target processing, the distractor
sounds in Experiments 1 and 4 were processed, as evidenced by a
significant reduction of RTs. This effect alone would typically be
interpreted as evidence of counterintuitive search facilitation by
these distractors. However, BIS results suggested differently—
with no significant increase or decrease in actual performance
because of the distractor sounds (i.e., they did not distract). Rather
the pattern of results in RTs, error rates and BIS taken together indi-
cates that the distractors affected the SAT: processing (of the target)


https://doi.org/10.1037/xhp0001168.supp

on or one of its allied publishers.
d is not to be disseminated broadly.

use of the individ

y the American Psychological Asso

pyrighted b

7]
)
[=W
Q
<
=]
el
1
>
2L
o
)
=
]
2
)
=
=]
2
=2

This document is cor

2
=

VISUAL SEARCH IS ROBUST TO AUDITORY DISTRACTION

was speeded at the cost of higher error rates. Similar effects on the
SAT by irrelevant spatial sounds (noninformative cues) have been
observed before and these have been interpreted in terms of signal-
detection theory as “criterion shifts” (Spence & Driver, 1997). In
current models of decision making, SATs are typically thought to
affect the decision threshold (Liesefeld & Janczyk, 2019, 2023;
Ratcliff & McKoon, 2008; but see Lerche & Voss, 2018), whereas
true distraction would affect either the nondecision time (when pro-
cessing of the target starts) or the rate of evidence accumulation (how
fast the target is processed). Either of the latter two is affected (in
addition) when we make the auditory modality relevant in
Experiment 5, where BIS indicates a significant decrease in perfor-
mance because of the distractor’s presence. Thus a methodological
lesson that can be learned from the current study is that interpreting
results of RTs and error rates individually—without considering a
performance measure that is relatively insensitive to SATs, like the
BIS (Liesefeld & Janczyk, 2019, 2023)—can lead to erroneous
conclusions.

Of importance from a cognitive perspective, the observed SAT
effect indicates that sounds in these experiments were processed to
a certain degree. Thus, the absence of interference by our auditory
distractors is not because of the sound not being processed, but rather
must be explained by a mechanism that shields the allocation of
focused attention from being hampered by this irrelevant informa-
tion as long as the auditory modality is completely irrelevant (we
will speculate on this mechanism further below). Here, we can
only speculate on the nature of this unexpected SAT effect by relat-
ing it to other phenomena known from other strands of research. Two
(potentially related) phenomena known as alerting- (or warning-)
signal and accessory-stimulus effect, respectively, seem to be rele-
vant in this regard (although these are sometimes equated, see
Low et al., 1996). An alerting signal is a stimulus that is informative
with regard to the imminent onset of the task-relevant stimuli. It is
supposed to bring the attentional system into a readied state and
therefore improve performance (e.g., Matthias et al., 2010). While
an alerting stimulus is typically played in advance, an accessory
stimulus is a salient-but-irrelevant stimulus that is presented together
with an “imperative” stimulus (i.e., a stimulus requiring a response)
from another modality. Response times (and sometimes also propor-
tion of correct responses) are decreased when an accessory stimulus
is present. This effect seems to be particularly strong for visual
imperative (task-relevant) stimuli combined with auditory accessory
(task-irrelevant) stimuli as in the present study (Hackley & Valle-
Inclén, 1999; Jepma et al., 2009).

In Experiment 4, the auditory distractor was presented before
display onset and was always followed by a search display, so
that the former can be said to be informative of the latter.
Therefore, this distractor might have acted as an alerting signal.
In Experiment 1, by contrast, the auditory distractor was presented
concurrently with the visual-search display and is, thus, more
readily interpreted as an accessory stimulus. Thus, it appears pos-
sible that different phenomena explain the similar-looking SAT
effects in the two experiments. Alternatively, one could argue
that the onset of a sound is detected slightly earlier than the
onset of a visual search display (given that RTs for auditory stimuli
are typically 20-60 ms shorter than for visual stimuli; Lewald &
Guski, 2003; Shelton & Kumar, 2010—Ilikely as a result of faster
transduction time in the inner ear compared to the retina;
Recanzone, 2009; Stein & Meredith, 1993). Therefore, the
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concurrently presented auditory distractor in Experiment 1
might have acted as a warning signal as well: the attentional sys-
tem was readied slightly earlier on trials compared to trials without
a distractor. If that is the case, it becomes difficult to distinguish
warning-signal and accessory-stimulus effects.

Several explanations for the accessory-stimulus effect have been
brought forward (see Jepma et al., 2009, for a concise summary)
and these might apply to the warning-signal effect as well.
According to the energy integration hypothesis, the irrelevant stim-
ulus increases the perceived intensity of the task-relevant stimulus
(Stein et al., 1996). As in the present case, this would also increase
the perceived intensity of the nontargets surrounding the target, the
guidance toward the target would not improve, and we therefore
think that this is unlikely to be the correct account for our findings.
Alternatively, the accessory stimulus might affect parameters of
evidence integration or motor execution. In terms of the drift-
diffusion model (Ratcliff, 1978; Ratcliff et al., 2016), these param-
eters would be the drift rate (speed of information uptake), the deci-
sion threshold (amount of information needed to make a decision),
or the nondecision time (all processes unrelated to the decision
proper, including the motor response), respectively. Given that
changes in the threshold parameter yield SAT effects (e.g.,
Liesefeld & Janczyk, 2019, 2023), our data seem to be most parsi-
moniously explained by an accessory-stimulus effect on the deci-
sion threshold.

In a study quite similar to ours, Gao et al. (2021) obtained a dif-
ferent pattern of results. Participants were asked to find a target
defined by a vertical or horizontal line segment among distractors
tilted to the left and to the right. Target and distractors were enclosed
by white circles. A diotic auditory stimulus accompanied half of the
trials and was presented with the onset of the visual display. They
also did not observe any effect of the auditory stimulus on visual
search performance and, in contrast to our results, they did not
even observe the SAT effect discussed in the preceding paragraphs.
This discrepancy might be explained by considering that they
observed a significant set-size effect, indicating inefficient search
(likely because of their use of heterogeneous distractors, namely dif-
ferent tilt directions; Duncan & Humphreys, 1989). As detailed in
the introduction, there is reason to believe that in order to examine
interference by a salient distractor it is important to use an efficient
search task.

Theoretical Implications for Theories of Visual Search

If sounds were processed, but do not interfere, some attentional
mechanism at a relatively late processing stage (Deutsch &
Deutsch, 1963) must have prevented interference in the present
study. To understand what attentional mechanism this might be,
it is useful to consider the massive knowledge base on visual dis-
traction. Using the N2pc component of the event-related potential
as a marker of covert shifts of attention (Constant et al., 2023;
Eimer, 2014), Liesefeld et al. (2017) have shown that a distractor
standing out in the same dimension as the search target (orienta-
tion) reliably captures attention (see also Liesefeld et al., 2019;
Sauter et al., 2021, for respective behavioral and eye-movement
evidence). This was the case even though the distractor feature
was predictable and categorically different from the target feature
(e.g., left- vs. right-tilted), and the distractor occurred with high
prevalence (2/3rds of all trials). By contrast, when a predictable
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salient distractor stands out in a different feature dimension (e.g., a
color distractor during search for an orientation target), it does not
usually capture attention (while still producing behavioral interfer-
ence; Jannati et al., 2013; Liesefeld et al., 2019, 2023). This dis-
crepancy is predicted by the long-standing dimension weighting
account (Found & Miiller, 1996; Liesefeld & Miiller, 2019): during
integration on a search-guiding priority map, saliency signals from
the distractor dimension are down-weighted with respect to those
from the target dimension (see Liesefeld & Miiller, 2021, for com-
putational details), so that, after this integration of bottom-up (sali-
ency) and top-down (dimension weighting) influences, the target
achieves the highest priority. Such a differential weighting is not
possible for same-dimension distractors, so that initial attention
allocations in such situations are exclusively determined by sali-
ency (see also, van Heusden et al., 2022; Van Zoest & Donk,
2008).

On that background, it appears that relative down-weighting of
salience signals emitted by auditory distractors during search for a
visual target is highly efficient: even though they do not capture
attention, down-weighted visual distractors usually produce residual
interference as measurable via RTs (see Liesefeld et al., 2019, 2023),
which, compared to same-dimension distraction, is reduced by an
order of magnitude. Across four experiments (Experiments 1-4),
we here did not even observe this residual interference, indicating
that the down-weighting of different-modality distractors is even
more efficient than the down-weighting of different-dimension dis-
tractors. This would be predicted by an extension of the dimension-
weighting account, the modality-weighting account (Nasemann et
al., 2023; Tollner et al., 2009). A recent study by Tsai et al.
(2023) has provided evidence toward this prediction for tactile dis-
tractors. Comparable to our study, they also show an absence of
interference effects of their tactile distractors on visual search, indi-
cating a down-weighting of the tactile modality. Conversely, when
we made the auditory modality relevant in Experiment 5—by intro-
ducing the additional counting task—its priority (and thus the
modality weight) increased because of the top-down demand of
the additional task. Thus, we argue, the global relevance of the audi-
tory modality prevents the (full) down-weighting of salience signals
emitted from the auditory distractor, resulting in a performance cost
because of the auditory distractor.

Such (full) down-weighting of the auditory modality can be
thought of as an attentional barrier for the auditory system, which
might help guard us against interference by auditory information if
need be. Not all our senses are equipped with a physical barrier to
filter out all information from a specific modality when one wishes
to focus fully on another modality—Ilike the eyelids are for the
eye. The presence of eyelids is highly efficient to guard us against
the entirety of visual information if need be—and focus on what is
important to us in that moment (e.g., listening to music or meditat-
ing). By shielding cognitive mechanisms involved in the allocation
of attention from auditory distraction, this attentional barrier in the
auditory modality can potentially save us from drowning in the
sea of irrelevant sounds we are confronted with in our everyday
life. As this barrier would fulfill a similar function as the eyelids
do for the visual modality, but only attentionally, we call this pro-
posed mechanism the Attentional Earlid. Shutting or opening this
attentional earlid might be voluntary (goal-driven) or it might
emerge as a consequence of experience with the task (selection his-
tory; Awh et al., 2012).
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Here, we present the results of Experiment 3, 5a and 5b without the data of the participants who took

part in a previous experiment.
Experiment 3

Here again (n = 13), there was no significant change in RTs when the distractor was present (M = 694
ms, Mdn + MAD =633 + 89 ms) compared to when it was absent (M =701 ms, Mdn + MAD = 666 + 87 ms),
W = 32.00, p = .376, r = -.29, BF;o = 0.39. No significant change in error rates was observed between
distractor-present (M =3.09 %, Mdn + MAD = 3.27 + 2.38 %) and distractor-absent trials (M = 2.57 %, Mdn
+ MAD =2.49 + 1.38 %), W = 62.50, p = .249, r = .37, BF;c = 0.51. Additionally, BIS showed no change in
performance between distractor-present (M = -0.12, Mdn + MAD = -0.10 + 0.96) and distractor-absent
trials (M =0.12, Mdn + MAD =-0.05 £ 0.91), W =32.00, p =.376, r =-.29, Bfio = 0.43.

Experiment 5a

There was no significant change in RTs (n = 12) when the distractor was present (M = 600 ms, Mdn *
MAD =579 = 75 ms) compared to when it was absent (M = 589 ms, Mdn + MAD =573 + 66 ms), W = 56.00,
p=.204, r= .44, BF,o = 0.84. No significant change in error rates was observed between distractor-present
(M =2.61%, Mdn + MAD = 2.27 + 0.46 %) and distractor-absent trials (M = 1.99 %, Mdn + MAD = 1.76 +
0.86 %), W =63.00, p =.064, r = .61, BF;o = 1.99. However, as expected BIS showed a significant change in
performance between distractor-present (M = -0.28, Mdn + MAD = -0.23 + 1.10) and distractor-absent
trials (M = 0.28, Mdn + MAD =-0.65 + 1.01), W=9.00, p =.016, r =-.77, BF10 = 7.99.

Experiment 5b

Again, there was no significant change in RTs (n = 11) when the distractor was present (M = 585 ms,
Mdn + MAD = 554 + 57 ms) compared to when it was absent (M = 589 ms, Mdn + MAD = 559 + 44 ms), W
=23.00, p =.413, r =-.30, BFio = 0.38. There was a significant increase in error rates for distractor-present
(M=4.09 %, Mdn + MAD = 3.47 + 1.19 %) compared to distractor-absent trials (M = 2.64 %, Mdn + MAD =
1.76 £1.44 %), W=62.00, p=.007, r = .88, BF1c = 20.56. Again, as expected BIS showed a significant change
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in performance between distractor-present (M =-0.31, Mdn + MAD = -0.13 £ 1.32) and distractor-absent

trials (M = 0.31, Mdn £ MAD = 0.94 + 0.76), W =3.00, p = .005, r = -.91, BF;o = 35.04.
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Figure S1. Results for Exp. 3, 5a and 5b without the participants who took part in a previous experiment.
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Here, we report the results of the test for Normality (Shapiro-Wilk test) for all comparisons. Consequently,
we report the results for Student t tests for the comparisons which do not violate the assumption of
Normality. All these t tests confirm the statistical decision reached from the Wilcoxon tests reported in the

manuscript. Note: significant result in the Shapiro-Wilk test indicates deviation from Normality.
Experiment 1

The difference between the distractor-present and the distractor-absent condition violates the
assumption of Normality as tested using the Shapiro-Wilk test for the RTs (W = .82, p = .006), error rates
(W=.75, p<.001) and the BIS (W =.76, p < .001).

Experiment 2

The difference in RTs between the distractor-present and the distractor absent condition violate the
assumption of Normality (W = .85, p =.013). The difference in error rates does not violate the assumption
of Normality (W = .90, p = .093), and the t test does not show any significant change in the error rates,
t(15) = -0.54, p = .598, d, = -0.14. The difference in BIS does not violate the assumption of Normality (W =
.97, p = .874), and the t test does not show any significant change in BIS, (15) =-0.07, p = .706, d, = -0.02.

Experiment 3

The difference in RTs does not violate the assumption of Normality (W = .90, p = .086), the t test does
not show any significant change in the RTs, t(15) =-1.62, p =.126, d, = -0.405. The difference in error rates
similarly does not violate the assumption of Normality (W = .91, p = .116), and the t test does not show
any significant change in the error rates, t(15) = 0.73, p = .479, d, = 0.18. Similarly, the difference in BIS
does not violate the assumption of Normality (W = .93, p = .208), and the t test does not show any

significant change in BIS, t =-0.49, p = .628, d, =-0.12.
Experiment 4

The difference in RTs between the distractor-present and the distractor-absent condition violates the
assumption of Normality (W = .75, p < .001). And so do the differences in error rates (W = .86, p = .021)
and the BIS (W = .87, p =.025).
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Experiment 5a

The difference in RTs violates the assumption of Normality (W = .84, p = .011). The difference in error
rates does not violate the assumption of Normality (W = .97, p = .830), and the t test shows a significant
increase in the error rates for the distractor-present condition, t(15) = 2.29, p = .037, d, = 0.57. The
difference in BIS does not violate the assumption of Normality (W = .97, p =.810), and the t test shows a

significant decrease in BIS for the distractor-present condition, t(15) =-3.09, p =.007, d,=-0.77.
Experiment 5b

The difference in RTs does not violate the assumption of Normality (W = .93, p =.266), and the t test
does not show any significant change in the RTs, t(15) =-0.73, p = .476, d, = -0.18. The difference in error
rates similarly does not violate the assumption of Normality (W = .93, p = .224), the t test shows a
significant increase in the error rates for the distractor-present condition, t(15) = 3.19, p =.006, d, = 0.80.
The difference in BIS does not violate the assumption of Normality (W= .91, p =.120), and the t test shows

a significant decrease in BIS for the distractor-present condition, t(15) =-3.37, p =.004, d, = -0.84.

Supplement -l
Supplementary Experiment — with visual distractor

A critique might come up with a trivial explanation for not observing distractor interference in
Experiments 1 to 4, namely that our task design is not suited to measure the consequences of interference,
or our analyses are not sensitive enough to detect it. There have been reports of contrasting evidence
about the interference effect in visual-search tasks comparable to ours (reporting whether a target is
present or absent; Chan & Hayward, 2009; Kumada, 1999). Zehetleitner et al. (2009) pointed out that the
absence of distractor effects in these studies was probably due to the distractors being highly predictive,
occurring on 100% of trials in distractor-present blocks. Indeed, intermixing distractor-present and
distractor-absent trials (with 50% distractor prevalence) as in the current study resulted in reliable
interference effects in Zehetleitner et al. (2009). Also note that our Experiment 5 demonstrates that our
task is sensitive to measure interference effects. Nevertheless to resolve any doubt that the specific visual-
search task employed here might be unsuited to resolve any interference effects, we ran a control
experiment replacing the auditory distractor with a commonly used visual distractor: a salient red stimulus

(Jannati et al., 2013; Liesefeld et al., 2022; Theeuwes, 1991, 1992).
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Methods

Sixteen participants performed the experiment (median age: 25.5 years; range: 18 - 33 years; 8
females). The search displays and the general design of the experiment was similar to Experiment 1, except
that the auditory distractor was replaced by a visual distractor, by drawing one of the nontarget bars in
red (see Fig. S2a). No auditory stimuli were presented in this experiment. To avoid any biases regarding
the processing of colored stimuli, the feedback for incorrect trials was a cross sign (X) presented for 1000
ms signifying ‘wrong’, whereas the feedback for the delayed response was a drawing of an hourglass

presented for 1000 ms, instead of the fixation cross turning red and blue (see Exp. 1), respectively.
Results

As expected, the salient visual distractor significantly increased RTs (by 14 ms; see Fig. S2) for
distractor-present (M = 593 ms, Mdn + MAD =596 + 75 ms) compared to distractor-absent trials (M =579
ms, Mdn + MAD = 580 + 68 ms), W = 136.00, p < .001, r = 1.00, BF;o = 2500.21. Error rates showed no
significant difference between distractor-present (M =2.91 %, Mdn + MAD = 2.16 £ 1.05 %) and distractor-
absent trials (M = 2.43 %, Mdn + MAD =2.31 +1.04 %), W = 84.00, p = .182, r = .40, BF;, = 0.73. Crucially,
BIS showed a significant decrease in performance when the distractor was present (M =-0.21, Mdn + MAD
=-0.15 + 1.01) compared to when the distractor was absent (M = 0.21, Mdn + MAD = 0.13 £ .0.82), W =
25.00, p =.025, r =-.63, BFi0 = 5.49.

Discussion

By demonstrating reliable distractor-presence effects on visual-search performance, this experiment
confirms that the specific visual-search task used here is suitable to measure distractor interference.
Hence, we can exclude the possibility that the absence of interference by an auditory distractor in Exps. 1
to 4 are due to any idiosyncrasies of the incorporated visual-search task. Furthermore, this shows that our
sample size and analysis protocol is suitable to detect even relatively small interference effects in the order
of 14 ms (see Liesefeld et al., 2019, for comparison). Any interference below this low magnitude would

likely have little practical relevance and would not be perceived subjectively as distracting.
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44



2.2 Auditory distractors are processed but do not interfere with visual search of any difficulty

when sound is irrelevant.
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ABSTRACT

People often report being distracted during their visual tasks, such as monitoring the road ahead,
by task-irrelevant sounds, for example, a baby crying on the backseat. When we first tried to study
the effect of auditory distraction on visual-search performance in the laboratory using the highly
sensitive additional-singleton paradigm - to our surprise — several types of auditory distractors
reliably failed to cause any substantial interference. We explained these findings with a
powerful attentional filtering mechanism that can shield visual search from interference by
irrelevant sounds. In the present study, we examine conditions under which this mechanism
might break down as suggested by insights from research on auditory distraction. It has been
shown that whether an auditory distractor causes interference often hinges on the difficulty of
the employed task. However, across three levels of search-task difficulty, we here reliably
replicate the pattern we had observed before: At each difficulty level of Experiment 1, an
unpredictably presented auditory distractor was processed to some extent (as indicated by an
effect on the speed-accuracy tradeoff) but did not interfere with overall search performance.
The same distractor reliably impeded search performance when the attentional shielding
mechanism was experimentally disabled by a secondary task in Experiment 2.

KEYWORDS

Visual search; auditory
distraction; selective
attention; perceptual load;
task difficulty

Have you ever been annoyed by an occasional sound? ~ Figure 1(c)). In this paradigm, interference is

Especially when people try to focus on an attention-
demanding task such as driving under bad viewing
conditions or playing a challenging video game,
they often request silence to avoid auditory distrac-
tion. Trying to examine this phenomenon in the lab-
oratory by adapting a standard visual-distraction
paradigm to study auditory distraction, we recently
found - to our surprise — that an auditory distractor
does not affect how well participants perform a
visual-search task of medium difficulty. In particular,
in a modification of the classical additional-singleton
paradigm (Liesefeld et al., 2019; Theeuwes, 1991; for
examples, see Figure 1(a) and (b)), we asked partici-
pants to indicate whether a 12°-tilted target bar was
present in an array of irrelevant vertical bars and on
half of the trials these search displays were
accompanied by a salient-but-irrelevant sound (see

measured as distractor-presence costs in terms of
reduced visual-search performance on distractor-
present compared to distractor-absent trials (see Lie-
sefeld et al., 2024, for definitions of terms).

Across multiple experiments using different dis-
tractor sounds and techniques to increase the disrup-
tive potential of these sounds, we did not observe any
distractor-presence costs (Mandal et al., 2024). Even
rare auditory oddballs, which are considered to be
highly distracting (Escera et al., 1998, 2002), did not
interfere with visual search. They did not distract
even though they occurred on only 25% of trials (cf.
Mdiller et al., 2009) and even when they were pre-
sented 300 ms before the search display (i.e., being
endowed with a temporal processing advantage).
This consistent failure to observe distraction was sur-
prising to us, because an extensive research tradition
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Figure 1. The additional-singleton paradigm. (a) In the standard additional-singleton paradigm (e.g., McDonald et al., 2013) partici-
pants look for a shape singleton (the diamond) and report the orientation of the bar inside. (b) In the adapted version employed by
Mandal et al. (2024) participants indicate whether a target singleton (the 12°-tilted bar) is present or absent among a dense array of
nontargets (vertical bars). In (a) and (b) an additional salient visual singleton (the red distractor) causes interference as indicated by
distractor-presence costs. (c) All four possible combinations of target and auditory-distractor presence employed in Mandal et al.
(2024) and in the current study. (d) The present study manipulates search difficulty across blocks by employing targets that are
tilted by either 3°, 12°, or 45°. Please visit https:/figshare.com/s/469e9f33b943e892e734 for example trials from each block.
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on visual distraction had shown that all kinds of salient
visual distractors reliably produce such costs in the
additional-singleton paradigm (for reviews, see Che-
lazzi et al., 2019; Liesefeld & Miller, 2019; Theeuwes,
2010). In fact, visual distractors interfere with visual
search even if conditions are ideal to prepare against
these distractors, namely if they occur on the majority
of trials (Geyer et al., 2008; Moher et al, 2011) and
stand out in a different visual feature dimension than
the target (Liesefeld et al, 2019, 2022; Liesefeld &
Miiller, 2019). Only when Mandal et al. (2024) made
the auditory modality task-relevant by introducing a
secondary auditory task, they observed interference
by an auditory distractor on the primary visual-search
task. We interpreted this pattern of results as indicating
that, as long as the auditory modality is completely
irrelevant’, people are able to block it from interfering
with visual search, much as if they had shut their
“attentional earlid.”

The concept of the “attentional earlid” (Mandal
et al., 2024) serves as a metaphor for an attentional
shielding mechanism within the auditory system. This
envisioned mechanism helps protect against
unwanted auditory interference and focus on non-
auditory tasks when needed, much like how eyelids
can physically block out most of the visual input, allow-
ing us to focus on non-visual tasks. The “attentional
earlid” is speculated to function as an attentional
barrier and helps in preventing irrelevant auditory
stimuli from interfering with non-auditory tasks. This
attentional barrier can either be kept opened or
closed (much like the eyelids) depending on current
behavioural goals and task requirements (e.g., see
Experiment 5 of Mandal et al.,, 2024 and Experiment
2 in present study) — which either allows potentially
distracting auditory stimuli to pass through, or not.

Based on the unexpected results from Mandal et al.
(2024), we became interested in what it takes to break
through the attentional shielding mechanism, or under
which conditions it lets information through despite
the auditory modality being irrelevant. The extensive
literature on auditory distraction might provide clues
as to why our observers were able to resist auditory
distraction during visual search, although this research
tradition typically employs quite different tasks, with
serial-recall of (visually or auditorily presented) verbal
material being most common (e.g., Alikadic & Roer,
2022; Kaiser et al., 2021; Kattner & Bryce, 2022; Marsh
et al.,, 2020; Wostmann & Obleser, 2016).
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According to the duplex-mechanism account of
auditory distraction (Hughes, 2014), distractors hold
the potential to impede task performance when
they share certain features with task-relevant stimuli
(interference-by-process) or when they possess atten-
tion-diverting power. Distractors possess this power
either by virtue of their content (e.g., your own
name; specific attentional capture) or because they
violate expectations (e.g., an oddball in a sequence
of standards; aspecific attentional capture). In classic
visual-distraction paradigms, the distractor-defining
feature is rather abstract and, most importantly,
differs from the target-defining feature. Therefore,
according to Hughes' (2014) classification, this para-
digm does not typically induce interference-by-
process or, respectively, specific attentional capture.
Aiming to bridge the gap between the visual-distrac-
tion and the auditory-distraction literature, we
decided to employ a sine-wave tone with no
meaning attached to it as an auditory distractor.
Thus, what Mandal et al. (2024) have observed with
the auditory modality being relevant was “aspecific
attentional capture,” which can be avoided by
greater task engagement according to the duplex-
mechanism account. It seems possible that task
engagement in Mandal et al. (2024) was relatively
high and that chances to observe attentional capture
would increase as the visual-search task becomes
easier. The search task employed by Mandal et al.
was already fairly easy (searching a 12°tilted target
among vertical bars, see Figure 1(a)), but further
increasing the target-nontarget contrast would make
it even easier (Liesefeld et al., 2016), and would thus
potentially sufficiently reduce task engagement to
observe distraction without making the auditory
modality relevant by a secondary auditory task.

Similarly, Perceptual-Load Theory (Lavie, 1995, 2005;
Lavie & Tsal, 1994) suggests that distraction occurs for
efficient searches (low perceptual load), but not for
inefficient searches (high perceptual load). Under
high perceptual load, attentional resource is depleted
so that none is left for processing the distractor. In
fact, even an entirely irrelevant visual distractor pre-
sented outside the search array causes interference
under low load (Forster & Lavie, 2008a, 2008b). Per-
ceptual load in one modality can also affect proces-
sing of stimuli in a different modality. Importantly,
interference due to auditory distractors is reduced
for visual tasks with high perceptual load compared
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to tasks with low perceptual load (Tellinghuisen &
Nowak, 2003). Similarly, Raveh and Lavie (2015)
found that high perceptual load in the visual modality
can reduce detection sensitivity for auditory stimuli
(inattentional deafness). As demonstrated by Liesefeld
et al. (2016), search for a tilted target is efficient (as
indicated by the absence of set-size effects) for
target contrasts above 6-10°. Still, maybe search for
a 12°-contrast target in Mandal et al. (2024) was not
yet easy enough to count as low in perceptual load.
Thus, just like the duplex-mechanism account of audi-
tory distraction seems to suggest, Perceptual-Load
Theory might also predict that auditory distraction
can be observed in an even easier visual-search task.

Then again, most studies in the context of Percep-
tual-Load Theory do not actually examine whether a
distractor impedes overall (search) performance.
That is, these studies do not typically compare distrac-
tor-present against distractor-absent trials, which is
the main comparison of interest in the additional-sin-
gleton task (see above; see Forster & Lavie, 2008b, for
an exception and discussion of this point). Instead of
examining whether the distractor causes interference,
this research tradition typically focuses on empirical
markers indicating that it is processed. Based on the
classical Eriksen Flanker Task (Eriksen & Eriksen,
1974), this is typically tested by comparing distractors
that are congruent vs. incongruent with the respect-
ive reported target feature (for a review, see Lavie &
Tsal, 1994). If a congruency effect is observed, this
indicates that the distractor was processed. It is not
possible to examine congruency effects in the
Mandal et al. (2024) task, because we purposefully
avoided to employ modality-independent features
(e.g.,, meaning such as letter identity, which might
yield interference-by-process, see Hughes, 2014)
that could be shared between the visual-search
target and the auditory distractor.

However, an aspect of our findings might provide a
leverage point to examine whether the distractor was
processed. In particular, even though actual search
performance was unaffected by the distractor sound
in Mandal et al. (2024), the sound did affect partici-
pants’ speed-accuracy tradeoff (SAT). That is, when
the auditory distractor was present, responses
became faster and error rates increased (the typical
SAT-effect pattern, Heitz, 2014) compared to when
the distractor was absent. A combined performance
measure controlling for SAT effects (the Balanced
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Integration Score, BIS; Liesefeld & Janczyk, 2019,
2023) was unaffected by distractor presence, indicat-
ing that the RT and error-rate pattern is best
explained as a SAT effect. If we take this SAT effect
as a marker of distractor processing, this would
resolve the conundrum from the perspective of Per-
ceptual Load Theory: The efficient search for a 12°-
contrast target produces low perceptual load and
therefore the distractor was processed. To explain
from this perspective why Mandal et al. (2024) did
not observe distractor-presence costs, one only
needs to additionally assume that processing a dis-
tractor does not inevitably yield interference. If that
is the correct explanation for our previous findings,
we would expect the SAT effect to vanish when we
increase perceptual load by employing an inefficient
visual-search task. Indeed, Gao et al. (2021) employed
an inefficient visual-search task (as indicated by an
effect of set size) and their participants’ search per-
formance was completely unaffected by an auditory
distractor.

In contrast to all these tentative predictions from
current theories on auditory distraction, Experiment 1
shows no impedance of task performance by distractor
presence at various levels of search difficulty and the
SAT effect was present throughout, thus fully replicat-
ing the results of Mandal et al. (2024) multiple times.
This was the case for all examined target tilts of 3° (ineffi-
cient search), 12° (intermediate difficulty in the efficient-
search range), and 45° (very easy, efficient search; see
Figure 1(d) and Liesefeld et al.,, 2016). Thus, as implied
by our proposal of an “attentional earlid,” participants
can block auditory distraction from interfering with
visual search of any difficulty. Experiment 2 demon-
strates that the employed distractor can indeed cause
interference when the auditory modality becomes rel-
evant due to a secondary task, which in our interpret-
ation means that the “attentional earlid” has to remain
open in order to accomplish that task.

Experiment 1
Methods

Participants

Our power calculations were based on Experiment 5
of Mandal et al. (2024), where we had observed audi-
tory distraction in almost exactly the task design used
here. The only difference is that in Experiment 1 we



do not employ a secondary counting task, which
Mandal et al. had used to make the auditory modality
relevant (see Experiment 2 for details). We refrained
from using such a secondary task, because we
wanted to see whether auditory distractors can
cause interference under variations of task difficulty
when the auditory modality is completely irrelevant.
Our power analysis is based on the size of the distrac-
tor-effect on BIS, which was our main performance
measure in that previous study and here. Across the
two replications reported by Mandal et al., the
smaller effect size was d, = —0.78. To achieve a statisti-
cal power of 1 - B=.80 at a=.05, two-tailed, the
required sample size is n=15 (calculated using
G*power v3.1.9.7; Faul et al., 2009).

In total, 20 participants at Witten/Herdecke Univer-
sity took part in the experiment. They reported
normal hearing and normal or corrected-to-normal
vision. Written informed consent was obtained from
all participants, and they received course credit or
were paid for their participation. This type of study
falls under the umbrella ethic approval for research
involving human participants given by Witten/Her-
decke University. For two participants, none or incom-
plete data were stored, so that our final sample
consisted of n=18 participants. We did not record
any demographic information, but participants were
recruited from the standard psychology-student
population.

Stimuli and design
Stimulus presentation and response collection was
controlled using PsychoPy (Peirce et al, 2019).
Search displays were presented on a monitor
(screen resolution: 1680 x 1050 pixels, refresh rate:
60 Hz) at a viewing distance of 70 cm. Exactly as in
Mandal et al. (2024), search arrays consisted of 36
grey bars (1.35 x 0.25 of visual angle in size) presented
on a black background (see Figure 1). The bars were
arranged in three concentric rings (radii of 2.1, 4.2,
and 6.3) around a central fixation cross (0.5 x 0.5).
On half of the trials, search displays consisted of ver-
tically oriented bars only (target-absent condition).
On the other half of the trials, one target bar was
tilted 3°, 12, or 45° to the left (target-present condition).
Along with the presentation of the bars, an irrele-
vant auditory stimulus (distractor) was randomly pre-
sented in half of the trials (distractor-present
condition), with no sound presented in the remaining
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half (distractor-absent condition). The distractor was a
440 Hz sine tone that was presented binaurally using
beyerdynamic DT 100 headphones at 51 dB(A) SPL,
measured using a Briiel & Kjeer handheld type 2250
analyzer. We used an artificial ear made of Styrofoam
and rubber bands to couple the handheld analyzer to
the headphones. The experiment was divided into 18
blocks, with 96 trials in each block. Across blocks, we
manipulated search difficulty by adapting the tilt of
the target bar from 3° (difficult) to 12° (medium) to
45° (easy). Difficulty was randomized across blocks
with 6 blocks per difficulty level and each block
being preceded by a 10-trial non-analyzed practice
phase to accustom participants to the respective
target tilt. Thus, results are based on 1728 trials in
total, with 144 trials in each cell of the 3 (search
difficulty) x 2 (target presence)x 2 (distractor pres-
ence) design. As our analyses combine data across
target presence, we achieve highly precise perform-
ance estimates based on a relatively high number of
288 trials per relevant condition (Baker et al., 2021).

Procedure

The search displays remained on the screen until par-
ticipants made their response, or until the response
deadline of 4000 ms. For trials with auditory distractors,
the sound was played from display onset to display
offset. The task was to respond whether the tilted
target bar was present or absent in each trial.
Responses were given on a keyboard using the left
and right index fingers (counterbalanced across partici-
pants) and triggered visual display and sound offset. If
the response was incorrect or delayed, the central
fixation cross turned red or blue, respectively, for
1000 ms. The trials were separated by an interstimulus
interval of randomly jittered duration between 800 and
1200 ms, during which only the fixation cross was pre-
sented on the screen. Participants were instructed to
respond accurately and as quickly as possible.

Analyses

As we were interested in whether an auditory distrac-
tor interferes with visual search, the reported analyses
focus on the effect of distractor presence. As perform-
ance measures, we extracted median correct reaction
times (RTs), error rates and Balanced Integration
Scores (BIS, Liesefeld & Janczyk, 2019, 2023). Pairwise
comparisons between distractor-absent and distrac-
tor-present conditions were performed on these
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aggregate measures using Wilcoxon signed-rank test
(two-tailed comparisons). Consequently, we also
report the mean (M) and median values (Mdn) per
condition with the respective MAD (Median Absolute
Deviation: a measure of dispersion). Results graphs
nevertheless show the more commonly employed
means and within-participant confidence intervals
(Cousineau & O’Brien, 2014). Additionally, we report
Bayes factors (BFs), for the Bayesian Wilcoxon
signed-rank test (result based on data augmentation
algorithm with 5 chains of 10,000 iterations), quantify-
ing evidence for the alternative over the null hypoth-
esis (BFy). BFs were calculated using the standard JZS
prior with a scale factor of r=14/2/2. To classify the
strengths of evidence through the Bayes Factors, we
used Jeffreys's criterion (van Doorn et al, 2021) -
which states that for the alternative hypothesis, BFs
between 1 and 3 are weak evidence, BFs between 3
and 10 are moderate evidence, and BFs greater than
10 are strong evidence. Following these criteria, BF;q
between 1 and 1/3 (= 0.33) is considered weak evi-
dence for the null hypothesis, BF,o between 1/3 and
1/10 is considered as moderate evidence for the null
hypothesis, and BF,o below 1/10 (= 0.10) is con-
sidered strong evidence for the null hypothesis. All
analyses were performed using JASP v0.16.4 (JASP
Team, 2021) and using custom scripts in Matlab.

Results

Replicating Mandal et al. (2024) correct responses
were significantly faster on distractor-present (M=
1029 ms, Mdn = MAD = 1030 £ 198 ms) compared to
distractor-absent trials (M =1080 ms, Mdn + MAD =
1093 £230 ms), W=14.00, p<.001, r=-.84, BF,=
148.35, for the 3°-target-contrast condition (see
Figure 2(a)). That is, instead of interfering, the distrac-
tor increased response speed. The results were similar
for the 12°-target-contrast condition (Figure 2(c)) with
responses being significantly faster on distractor-
present (M =599 ms, Mdn + MAD = 596 + 44 ms) com-
pared to distractor-absent trials (M =614 ms, Mdn +
MAD =613 £ 44 ms), W=24.00, p=.006, r=-.72, BFy,
=24.34. Finally, the 45°-target-contrast condition
(Figure 2(e)) also showed a significant decrease in
RTs with the distractor-present (M =542 ms, Mdn +
MAD =538 +56 ms) compared to distractor-absent
trials (M =559 ms, Mdn+ MAD=545+51 ms), W=
24.00, p =.006, r=-.72, BF;, = 22.26.
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As in most experiments of Mandal et al. (2024),
there was a difference in error rates for the 3°-target
condition when the distractor was present (M=
19.54%, Mdn + MAD =16.56 +9.04%) compared to
when the distractor was absent (M =19.11%, Mdn £
MAD =15.10 £ 8.71%) - which would indicate some
interference. However, this difference was not signifi-
cant, W=107.00, p=.369, r=.25, BF,, =0.30. By con-
trast, the difference in error rates for the 12°-target
condition between distractor-present (M =5.32%,
Mdn + MAD=5.04 +2.08%) and distractor-absent
trials (M = 3.63%, Mdn = MAD = 2.09 + 1.05%), was sig-
nificant, W=144.00, p=.012, r=.68, BF,,=15.19.
Similarly, the 45°-target condition showed a signifi-
cant difference in the error rates when the distractor
was present (M =4.77%, Mdn + MAD =3.99 + 1.56%)
compared to when the distractor was absent
(M=3.44%, Mdn+MAD=2.62+1.22%), W=132.50,
p=.043, r=.55, BF,, =2.83.

To sum up, in all difficulty (target-tilt) conditions,
the presence of an auditory distractor speeds up
responses at the cost of increased error rates. As
already argued in Mandal et al. (2024), interpreting
the non-significance of the error-rate effect in the 3°
condition as evidence for the absence of an effect
would amount to accepting the null hypothesis,
which is not supported by frequentist tests (p
values). However, in contrast to Mandal et al. (2024),
the Bayes factor for the distractor-effect on error
rates this time provided moderate evidence for the
null hypothesis in the 3°-target condition (BFy; =
3.28), strong evidence for the alternative in the 12°-
target condition (BFo=15.19) and weak evidence
for the alternative in the 45°-target condition (BF;q
= 2.83; although the frequentist test was still signifi-
cant, p =.043, except if corrected for multiple com-
parisons). Especially the significant error-rate effect
for 12° targets confirms that we had correctly inter-
preted the pattern of decreased response times and
(non-significantly) increased error rates in Mandal
et al. (2024) as a speed-accuracy tradeoff (SAT).

Thus, following Mandal et al. (2024), we combined
speed and accuracy to control for speed-accuracy
tradeoffs by calculating the Balanced Integration Score
(BIS; Liesefeld et al., 2015; Liesefeld & Janczyk, 2019,
2023) based on aggregated data per 18 participant X
2 distractor-presence cell, separately for each task
difficulty. A negative BIS indicates a lesser than
average performance and a positive BIS indicates a
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Figure 2. Visual-search performance for blocks with 3° - (a, b), 12° - (c, d), and 45° - (e, f) tilted targets. (a, ¢, €) Average median
reaction times and error rates. (b, d, f) Balanced Integration Score (BIS). Error bars represent 95% within-participant confidence inter-
vals. The lines connecting the distractor absent and distractor present conditions (a, ¢, d) are not supposed to imply that there are an
infinite number of (potential) measurements in between the two conditions. Rather, for easy visual comparisons of the patterns across
panels and figures, here and in Figure 3 the lines’ direction of tilt can be used as a visual guide to distinguish which condition has a
higher/lower value for the RTs and error rates. n.s. p > .05, *p <.05, **p <.01, ***p < .001.

greater than average performance. Analyses on BIS  contrast conditions, but weak evidence for the

(Figure 2(b, d, f)) did not provide evidence for or  absence of an effect for the 45° target-contrast con-
against any distractor effect for the 3° and 12° target-  dition (Table 1).
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Figure 3. Visual-search performance for blocks with 3° - (a, b), 12° - (c, d), and 45° — (e, f) tilted targets in Experiment 2. (3, ¢, €)
Average median reaction times and error rates. (b, d, f) Balanced Integration Score (BIS). Error bars represent 95% within-participant
confidence intervals. n.s. p > .05, *p < .05, **p <.01, ***p < .001.

Table 1. Effects of distractor presence on combined performance (BIS) in the three target-contrast conditions in Experiment 1

Distractor-present Distractor-absent
Contrast M Mdn MAD M Mdn MAD w p r BF1
3° 0.05 0.27 0.69 —0.05 0.03 0.76 122.00 119 43 0.80
12° —-0.10 0.29 0.99 0.10 0.44 0.90 52.00 154 -39 0.67
45° —-0.09 0.03 0.69 0.09 0.07 0.89 72.00 .580 -16 030
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Experiment 2

A trivial explanation for the absence of interference
effects in Experiment 1 would be that the distractor
does not have the potential to interfere. The distractor
might just not be potent enough or interference
might be too short-lived to affect visual search. Con-
sequently, Experiment 2 was designed to demon-
strate that the employed distractor can in principle
cause interference in our visual-search task. This was
achieved by using the approach of Mandal et al.s
(2024) Experiment 5. In particular, we required the
participants to process auditory stimuli by adding a
secondary task involving the counting of a sound
that was clearly distinguishable from the distractor
sound. In terms of our “attentional earlid” interpret-
ation, this means that task demands caused the
“attentional earlid” to remain open. We kept the
search-difficulty manipulation to explore whether
this would modulate the anticipated interference
effect.

Methods

In Experiment 2 we made the auditory modality gen-
erally relevant, by employing the same procedure as
used in Experiment 5 of Mandal et al. (2024). Conse-
quently, along with the visual stimuli and the irrele-
vant auditory distractor (440 Hz tone; presented in
half of the trials as in Experiment 1), a counting
sound (520 Hz sine tone) was presented in a few
additional trials (ranging from 3 to 6 in number). Par-
ticipants were instructed to count the number of
times the counting sound was presented in each
block and report this number at the end of the
block. The counting sound (520 Hz sine tone) is
easily distinguishable from the auditory distractor
(440 Hz sine tone) and the additional trials (with the
counting sound) never contained the auditory dis-
tractor and did not contribute to our visual-search
performance measures (RT, error rate, and BIS). Every-
thing else was kept similar to Experiment 1, including
the task-difficulty manipulation. The sound stimuli
(auditory distractor and counting sound) were pre-
sented via headphones (Sennheiser HD 600, Sennhei-
ser, Wedemark, Germany) at ~50-52 dB(A) SPL
measured at the eardrum, using the miniDSP Ear-
phone Audio Response System device (miniDSP,
Hong Kong, China). Each block in the Experiment
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consisted of 96 + x trials, with x being the number
of trials with the counting sound and ranging from
3 to 6. These additional trials with the counting
sound were excluded from the main analysis. Report-
ing the wrong counting number would indicate that
the participants did not pay attention to the auditory
modality and we consequently remove these blocks
from the analysis. If more than 2 blocks out of the 6
blocks for any search-task-difficulty level had to be
excluded based on this criterion, the whole data set
was removed from the analysis.

In total, 20 participants at Ludwig-Maximilians-Uni-
versitat Munich (LMU) took part in Experiment 2. They
reported normal hearing and normal or corrected-to-
normal vision. Written informed consent was
obtained from all participants, and they received
course credit or were paid for their participation. Pro-
cedures were approved by the ethics committee of
the Department of Psychology and Pedagogics at
LMU. Three participants had to be excluded as their
counting responses (at the end of each block) were
incorrect in more than 2 out of 6 blocks in at least
one search-task-difficulty level. Thus, our final
sample consisted of n=17 participants. The exper-
iment was preregistered, and the preregistration file
is available at: https://osf.io/gbtx8.

Results

We did not observe a significant difference in RTs in
the 3°-target condition (see Figure 3(a)) for distrac-
tor-present (M=1391 ms, Mdn+MAD=1381+317
ms) compared to distractor-absent trials (M= 1431
ms, Mdn+MAD=1381+234 ms), W=39.00, p
=.080, r=-.49, BF,,=1.63. The results were similar
for the 12°-target condition (Figure 3(c)), with no sig-
nificant differences for distractor-present (M = 627 ms,
Mdn £ MAD =606 £ 50 ms) compared to distractor-
absent trials (M=616 ms, Mdn + MAD =589 + 50
ms), W=117.00, p=.057, r=.53, BF,,=2.26. Finally,
for the 45°-target condition (Figure 3(e)), we observed
a significant increase in RT for distractor-present (M =
569 ms, Mdn + MAD =555 = 17 ms) compared to dis-
tractor-absent trials (M =551 ms, Mdn + MAD =555
+49 ms), W=128.00, p=.013, r=.67, BF,,=11.52.
Contrary to Experiment 1, there was a significant
difference in error rates for the 3°-target condition
when the distractor was present (M =13.23%, Mdn
+ MAD =14.93 +3.47%) compared to when it was
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absent (M =10.71%, Mdn + MAD =11.81 +2.78%), W
=145.00, p <.001, r=.89, BF,,=188.69. By contrast,
in the 12°-target condition there was no significant
difference in the error rate between distractor-
present (M=3.09%, Mdn + MAD =1.25 £ 0.90%) and
distractor-absent trials (M=2.13%, Mdn+MAD=
1.56 + 0.87%), W=91.00, p=.245, r=.34, BF,,=0.58;
in the 45°-target condition no significant difference
was observed either between distractor-present (M
=2.40%, Mdn +MAD =2.08 + 1.56%) and distractor-
absent trials (M =2.27%, Mdn + MAD =1.56 + 1.15%),
W =46.00, p =1.000, r=.01, BF;,,=0.26.

Following the same procedure as used in Exper-
iment 1 we calculated the BIS in order to control for
variation in speed-accuracy tradeoff. Here, perform-
ance significantly decreased in the presence of the
auditory distractor (M =-0.19, Mdn £+ MAD =—-0.29 +
0.94) compared to the distractor’'s absence (M=0.19,
Mdn £ MAD =0.21 £0.87), W=18.00, p=.004, r=-.77,
BF,,=37.71 in the 3°target condition (Figure 3(b)).
This distraction effect in the overall search perform-
ance was also observed in the 12°-target condition
(Figure 3(d), also see Experiment 5 of Mandal et al.,
2024) where the performance was significantly lower
for distractor-present (M =—0.20, Mdn + MAD = —0.12
+0.53) compared to distractor-absent trials (M =0.20,
Mdn + MAD =0.19 £ 0.54), W=29.00, p=.023, r=-.62,
BFi,=4.92. However, for the 45°target condition
(Figure 3(f)) the BIS difference between distractor-
present (M=-0.14, Mdn + MAD= - 0.11 £0.42) and
distractor-absent trials (M =0.14, Mdn + MAD =0.01 +
0.68) was in the anticipated direction but not signifi-
cant, W=49.00, p=.207, r=-36, BF,=0.72. Thus
overall, the results indicate that our distractor has the
potential to distract as demonstrated in two out of
the three examined conditions.

To directly test whether search difficulty modulates
the distractor effect on the BIS we ran pair-wise com-
parisons on the differences between the distractor-
present and distractor-absent condition for each level
of difficulty reported above. There was no significant
difference in distractor interference between any pair
of difficulty conditions: 3° target (M =-0.38, Mdn +
MAD =—0.28 +£0.26) vs. 12° target (M =—-0.40, Mdn +

MAD=-0.15+0.20), W=63.00, p=.548, r=-0.18,
BF,,=0.27; 12° target vs. 45° target (M =—0.27, Mdn +
MAD=-0.19+041), W=70.00, p=.782, r=-0.09,

BF,, =0.29; 3° target vs. 45°-target, W=68.00, p=.712,
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Discussion

After visual search of intermediate difficulty had
turned out to be surprisingly robust against auditory
distraction (Mandal et al., 2024), we here made
another attempt to induce such distraction by manip-
ulating task difficulty. In previous studies with
different focal tasks, task-difficulty was an important
determinant of cross-modal auditory distraction
(Halin et al., 2014; Hughes et al., 2013; Sérqvist et al.,
2012; Sorqvist & Marsh, 2015). Consequently, the
aim of the present study was to see whether auditory
distractors might interfere with visual search at other
levels of search difficulty. This was clearly not the case
in Experiment 1: Counterintuitively, the presence of
an auditory distractor, improved visual-search per-
formance in terms of reaction times. A beneficial
effect of task-irrelevant information seems somewhat
unusual at first, but similar effects have been reported
in the literature. Visual localization of a target stimulus
is faster when the auditory distractor is semantically
consistent (e.g., a meow sound when searching for
the image of a cat) compared to a quiet control con-
dition (lordanescu et al., 2008; see also lordanescu
et al, 2010) and a non-spatial sound can increase
search efficiency for an otherwise hard-to-find
visual-search target if sound and target flicker syn-
chronously (Van der Burg et al., 2008). However, just
as in the comparable Experiment 1 of Mandal et al.
(2024) this improvement was in the present study
(more or less) balanced by a corresponding worsen-
ing in terms of error rates - a typical effect on the
speed-accuracy tradeoff (SAT; Heitz, 2014). Even
though there was some variation and statistical
uncertainty across difficulty levels regarding the
effect on error rates and on an SAT-insensitive com-
bined performance measure (BIS, Liesefeld &
Janczyk, 2019, 2023), the overall results pattern
clearly does not provide any indication for interfer-
ence by the auditory distractor.

When we started this project, we were somewhat
confident that we would observe auditory distraction,
because the employed additional-singleton task has
proven highly sensitive for measuring distraction in
visual search (for reviews, see, e.g., Anderson et al,,
2021; Chelazzi et al, 2019; Theeuwes et al., 2022).
Our task would mimic everyday situations in which
people often feel distracted by sounds, such as
when a parent working from home tries to focus on



their computer screen, while the children are playing
in the adjacent room. To our surprise, the only con-
dition under which we could observe auditory distrac-
tion in visual search until now, is when we made the
auditory modality relevant by a secondary task. This
dependence of interference by an auditory distractor
in visual search was replicated in the present study. In
particular, Experiment 2 showed that when an audi-
tory secondary task renders the auditory modality rel-
evant in general, the same auditory distractor causes
interference. Mandal et al. (2024) have interpreted
this pattern as indication that a highly effective atten-
tional mechanism exists that is able to block out audi-
tory interference. They called this mechanism the
“attentional earlid.” According to our speculations,
this mechanism acts like a very strong filter that sup-
presses (and maybe also distorts) input from the audi-
tory modality whenever this modality is irrelevant. At
which level of the processing hierarchy this filter takes
effect needs to be examined in future research. The
present study indicates that this filter is effective
under any level of visual-search task difficulty.

There might be other types of auditory distractors
that are able to break through the “attentional earlid.”
For example, future research might find that highly
meaningful stimuli, such as your own name, or even
more salient sounds can cross that barrier (e.g.,
Liang et al., 2022). Another potential factor would
be the complexity of the distractor material. A
common finding in the auditory distraction literature
is that the disruptive effect of a sequence increases
with its acoustic complexity (Bell et al., 2019; Jones
et al., 1993; Schlittmeier et al., 2008). In the present
study and others that failed to find an effect of audi-
tory distraction in visual search (Mandal et al., 2024;
Wood et al.,, 2006), simple sounds such as sine-tones
or white noise were presented. In future studies, the
complexity of the auditory distractor material could
be manipulated experimentally or auditory distractors
could be used that have been shown to be particu-
larly attention-grabbing (Kattner & Ellermeier, 2018;
Perham et al., 2023; RGer et al, 2013, 2017, 2019,
2022; Vachon et al.,, 2020). We deliberately chose an
abstract auditory distractor, because it is the auditory
equivalent to abstract visual distractors commonly
employed in research on visual distraction and there-
fore better serves to build a bridge between these
two largely disconnected lines of research. In prin-
ciple, however, the sine-tone used in the present
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study does hold the potential to interfere with
visual search as demonstrated in Experiment 2 (see
also Experiment 5 of Mandal et al., 2024). The same
tone causes interference in the same visual-search
task when a secondary auditory task makes the audi-
tory modality relevant globally while maintaining its
irrelevance for the visual-search task itself.

Although they do not produce the anticipated dis-
tractor-presence costs on overall visual-search per-
formance, the auditory distractors in our Experiment
1 were also not fully ignored either. Rather, across
the multiple experiments of Mandal et al. (2024) and
the three tasks-difficulty conditions of the present
study, we reliably observe evidence that the auditory
distractor speeds up responses. To have such an
effect, it must be processed to a certain degree.
That this behavioural marker of distractor processing
was observed even in an inefficient search task (3°-
target contrast), contradicts the predictions that we
had made based on Perceptual Load Theory (Lavie,
2005). This finding also conflicts with that of an
earlier study by Gao et al. (2021), where the auditory
distractor had no effect on an inefficient visual-
search task. Gao et al.’s study differs from ours not
only in the distractor used, but also in how the
search task was rendered inefficient (low target-con-
trast here and heterogenous distractors in their
study; see Duncan & Humphreys, 1989). Future
research will tell which of these differences between
studies determines whether an auditory distractor is
processed during visual search.

Mandal et al. (2024) have speculated that their
auditory distractor might have acted as a warning
signal or as an accessory stimulus to explain the
effect on the SAT. Warning signals provided prior to
a task-relevant event are supposed to put the obser-
ver in a heightened (alerted) state, ready to perform
a task (Posner, 2008). This seems counterintuitive at
first, because in the present experiments the onset
of the auditory distractor did not precede the visual-
search display, but rather coincided with its presen-
tation. However, auditory stimuli are known to be pro-
cessed faster than visual stimuli (Jose & Gideon
Praveen, 2010; Lewald & Guski, 2003; Stein & Mere-
dith, 1993) and might therefore exert an alerting
effect on visual search. Another line of research indi-
cates that playing any sound at the same time as
the presentation of a to-be-processed visual stimulus
speeds responses and this phenomenon has been



12 A. MANDAL ET AL.

termed the accessory-stimulus effect (e.g., Jepma et al.,
2009). In fact, accessory-stimulus effects on the SAT
as observed in our studies (faster, but more error-
prone responding) have been reported for other
tasks before (Low et al., 1996; Posner et al., 1973).
Thus, we currently assume that due to the functioning
of the “attentional earlid,” irrelevant sounds cannot
exert their potential to interfere and instead
act as an accessory stimulus to affect the SAT.
More research is needed to more firmly relate these
phenomena.

Our study was motivated by findings from the
auditory-distraction literature indicating that task
difficulty has an effect on whether an auditory distrac-
tor causes interference (for an authoritative review,
see Hughes, 2014). Neither did we find any interfer-
ence at any task-difficulty level in Experiment 1, nor
did task-difficulty significantly modulate the interfer-
ence effect in Experiment 2. The largest effect size
for comparisons of task difficulty in Experiment 2
was an r=-0.18 for the comparison of 3° vs. 12°,
which could be interpreted as high vs. low perceptual
load based on the results of Liesefeld et al. (2016). In
contrast to the predictions we had derived from the
duplex-mechanism account of auditory distraction
(Hughes, 2014) and Perceptual-Load Theory (Lavie,
1995, 2005; Lavie & Tsal, 1994), interference was
somewhat higher in the harder 3°-target task in
terms of medians. However, the comparison was not
significant, and it (slightly) pointed into the opposite
direction for means, so that there is no firm basis to
interpret differences in interference across task-
difficulty conditions in the present study and our
interpretations instead focus on the presence vs.
absence of interference effects within each task-
difficulty condition.

Obviously, there is a multitude of differences
between the tasks traditionally used in research on
auditory distraction and the additional-singleton
task employed here, so that any comparisons
between our studies and this literature should be
done only with much caution. Serial recall of (some-
times visually presented) memoranda is probably
the most common task to study auditory distraction
(e.g., Alikadic & Roer, 2022; Marsh et al., 2020). Some
researchers have also used a rapid-serial-auditory-
presentation (RSAP) paradigm (Dalton & Lavie, 2004;
Dalton & Spence, 2007) which is also interpreted as
a search situation. Maybe a crucial difference is
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that, in these paradigms, stimuli are presented
sequentially, whereas in a typical visual-search task
all stimuli are presented concurrently. In fact, it is
the direct competition between multiple concurrently
presented stimuli that is of core interest for theories of
visual search (e.g., Duncan & Humphreys, 1989; Wolfe,
2021). Furthermore, even if relevant stimuli in
research on auditory distraction are sometimes visu-
ally presented, these are often verbalizable material
(such as words, digits, or letters). Our hunch is that
- in line with classic theories of working memory
(Baddeley, 2012; Baddeley & Hitch, 1974) - it makes
a difference whether participants are to process
such verbalizable material vs. engaging in a task
that, like visual search, does obviously not benefit
from verbalization. It will be interesting to see
whether verbalizable visual material in the primary
visual-search or a secondary task (which might
engage the “phonological loop” in Baddeley’s
model), will cause the “attentional earlid” to open
just as the auditive counting task employed in our
Experiment 2 did.

Generally, there are obvious differences between
audition and vision that render it difficult to
compare results across the two modalities. For
example, while visual stimuli are perceived to
occupy specific locations, the perception of spatial
positions of auditory stimuli is more ambiguous -
with sounds’ location being potentially misled by
visual information (spatial ventriloquism effect; Chen
& Vroomen, 2013), or sounds even being perceived
as “non-spatial” (Van der Burg et al., 2008). Clearly,
the spatial resolution of sounds is much poorer com-
pared to that of visual stimuli. Consequently, space-
based suppression mechanisms that are effective
against visual distraction (Chelazzi et al., 2019; Gaspe-
lin & Luck, 2018; Liesefeld et al., 2017; Liesefeld &
Mdiller, 2021; Theeuwes et al., 2022) may not effec-
tively apply to auditory distractors, because it is less
evident whether a sound comes from the location
of the target, non-target, or even from outside of
the visual-search display (see Mandal et al., 2024 for
a more detailed discussion).

Future research may investigate how more selec-
tive distractor handling can be achieved by manipu-
lating the relationships between the auditory
distractor on the one hand and the visual-search
target or the counting sound on the other hand.
Dalton and Spence (2007), for example, found



increased distraction if the auditory distractor and the
visual target stood out in the same feature dimension
(duration) compared to different feature dimensions.
Indeed, the dimensional relationship between target
and distractor has a strong impact within the visual
domain (e.g., Gaspar & McDonald, 2014; Liesefeld
et al., 2019, 2022).

Our findings are in line with the Modality-Weighting
Account (Nasemann et al,, 2023; Téllner et al.,, 2009),
an extension of the well-established Dimension-
Weighting Account of various visual-search phenom-
ena (Found & Miller, 1996; Krummenacher &
Mueller, 2012; Liesefeld et al., 2019). It proposes that
weights are assigned to perceptual input from
different modalities in a way that sensory input
from a relevant modality receives increased priority.
The Modality-Weighting Account has not yet been
applied to distraction, but dimensional weighting is
known to play an important role in the handling of
visual distractors by enhancing target and/or redu-
cing distractor processing (Liesefeld et al., 2019,
2022; Liesefeld & Miller, 2019, 2021). Strikingly, the
complete absence of distractor interference that we
interpret as an “attentional earlid” would mean that
modality weights can go down to zero, thus effec-
tively avoiding any attentional interference by
signals from the respective modality. Such extreme
down-weighting of task-irrelevant/-interfering dimen-
sions within the visual modality seems to occur only if
there is a high incentive and much opportunity to
adapt to the distractor, because the distractor is pre-
sented on a huge majority (~80%) of trials (Geyer
et al., 2008; Muller et al., 2009; Zehetleitner et al.,
2009; see also Liang et al, 2022, for compatible
findings of distractor prevalence in the auditory
modality). With fewer distractors (50% or even up to
66%, Liesefeld et al., 2022), it is probably not worth
the effort or impossible (due to lack of opportunity
to adapt) to fully down-weight the distractor dimen-
sion within the visual modality. By contrast, the
shielding mechanism studied here seems in full
effect already with distractors occurring on as few
as 25% of trials in Mandal et al. (2024)’s Experiments
3 and 4. From this perspective, the present study
demonstrates that signals from the auditory modality
can be down-weighted to (almost) zero, that is in our
interpretation, the “attentional earlid” can remain
firmly closed, across various levels of difficulty of the
visual-search task.
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Note

1. More precisely, "the auditory modality is irrelevant" here
means that there was no information arriving through
the auditory modality that was needed or helpful to
solve the current experimental task (see the Stimuli
section in Liesefeld et al. (2024), for a more detailed ter-
minological treatment of irrelevance in the context of an
experimental task).
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Supplementary Materials

Auditory distractors are processed but do not interfere with visual search of any difficulty
when sound is irrelevant.

Increasing task-difficulty decreases performance.
Experiment 1

To check whether our manipulation of task difficulty was effective, we compared RTs and error rates
(averaged across distractor conditions) between the different levels of complexity (target contrast). In line
with Liesefeld et al. (2016), overall task performance improved with higher target contrast. In particular,
we observed a significant decrease in RTs (by 445 ms) from 3°-target trials (M = 1052 ms, Mdn + MAD =
1058 + 200 ms) to 12°-target trials (M = 608 ms, Mdn + MAD = 607 + 43 ms) W = 165.00, p < .001, r = .93,
BFio = 849.09, and (by 56 ms) from 12°-target trials to 45°-target trials (M = 551 ms, Mdn + MAD = 540 +
49 ms), W =171.00, p < .001, r = 1.00, BF;o = 5481.81. Error rates were significantly higher for 3°-target
trials (M =19.33 %, Mdn + MAD = 16.49 + 9.36 %) compared to 12°-target (M = 4.48 %, Mdn + MAD = 3.13
+1.39 %), W=168.00, p<.001, r=.97, BF,c = 584.81. However, there was no significant difference in error
rates when comparing 12°-target to 45°-target trials (M =4.10 %, Mdn + MAD =3.39 £ 1.56 %), W=101.00,
p=.513,r=.18, BFio = 0.36.

Additionally, BIS (recalculated for each pairwise comparison of task difficulty levels i.e., BIS calculated
for 3°-target vs. 12°-target and same for 12°-target and 45°-target) revealed a significant increase in
performance for the 12°-target (M = 1.22, Mdn + MAD = 1.34 £ 0.17) compared to the 3°-target (M =-1.22,
Mdn £ MAD =-1.12 + 0.84), W = 0.00, p <.001, r = -1.00, BFio = 3224.18, along with a significant increase
in performance for the 45°-target (M = 0.50, Mdn + MAD = 0.57 + 0.73) compared to the 12°-target (M = -
0.50, Mdn + MAD =0.01 + 0.86), W =0.00, p < .001, r = -1.00, BF;c = 13032.53. Thus, confirming that the
overall search performance indeed improved with decreases in task-difficulty (as manipulated using target

contrast).
Experiment 2

As in Exp. 1, here again we check whether there the task-difficulty manipulation was effective. Hence,
just as we did in Exp. 1, we compared RTs and error rates (averaged across distractor conditions) between
the different levels of complexity (target contrast). In line with Exp. 1, and Liesefeld et al. (2016), we

observe that the overall task performance improved with higher target contrast (i.e., with decreased task
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difficulty). In particular, we observe that there is a significant decrease in RT for the 12°-target (M = 623
ms, Mdn + MAD =589 + 51 ms) by 795 ms compared to the 3°-target (M = 1418 ms, Mdn + MAD = 1381
259 ms), W =153.00, p < .001, r = 1.00, BF;, = 2945.56, and for the 45°-target (M = 558 ms, Mdn + MAD =
555 + 35 ms) by 64 ms compared to the 12°-target, W =153.00, p < .001, r = 1.00, BF:c = 1764.50. Error
rates were significantly higher for 3°- target trials (M = 11.97 %, Mdn + MAD = 13.77 + 3.55 %) compared
to 12°-target (M = 2.61 %, Mdn + MAD = 1.39 £ 0.87 %), W = 153.00, p < .001, r = 1.00, BF;o = 2369.31.
However, just as also observed in Exp. 1, there was no significant difference in error rates when comparing
12°-target to 45°-target trials (M = 2.33 %, Mdn + MAD = 1.46 + 1.04 %), W =97.00, p = .141, r = .43, BFyo
=0.63.

Further, comparison of BIS between the task difficulties reveals that the overall performance of the
3°-target (M =-1.54, Mdn + MAD = -1.52 + 0.71) was indeed worse than that of the 12°-target (M = 1.54,
Mdn + MAD =1.64 +0.23), W =0.00, p <.001, r =-1.00, BF;, = 5414.56. Similarly, the performance of the
12°-target (M =-0.36, Mdn + MAD =-0.34 + 0.37) was worse than the 45°-target (M = 0.36, Mdn + MAD =
0.39+0.33), W=5.00, p<.001, r =-0.94, BF,o = 223.73. Thereby, further confirming that the visual search

performance indeed decreases as the task-difficulty increases.
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2.3 Tracking the misallocation and reallocation of spatial attention toward auditory stimuli.
This manuscript has been published as:
Mandal, A, Liesefeld, A. M., & Liesefeld, H. R. (2024). Tracking the misallocation and reallocation of

spatial attention toward auditory stimuli. Journal of Neuroscience, 44(30).
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Behavioral/Cognitive

Tracking the Misallocation and Reallocation of Spatial
Attention toward Auditory Stimuli

Ananya Mandal,”> Anna M. Liesefeld,' and ““Heinrich R. Liesefeld*’
'General and Experimental Psychology, Ludwig-Maximilians-Universitit Munich, Munich 80802, Germany, “Graduate School for Systemic
Neurosciences, Ludwig-Maximilians-Universitit Munich, Planegg 82152, Germany, and *Department of Psychology, Universitit Bremen, Bremen 28359,
Germany

Completely ignoring a salient distractor presented concurrently with a target is difficult, and sometimes attention is involuntarily
attracted to the distractor’s location (attentional capture). Employing the N2ac component as a marker of attention allocation toward
sounds, in this study we investigate the spatiotemporal dynamics of auditory attention across two experiments. Human participants
(male and female) performed an auditory search task, where the target was accompanied by a distractor in two-third of the trials. For
a distractor more salient than the target (Experiment 1), we observe not only a distractor N2ac (indicating attentional capture) but
the full chain of attentional dynamics implied by the notion of attentional capture, namely, (1) the distractor captures attention
before the target is attended, (2) allocation of attention to the target is delayed by distractor presence, and (3) the target is attended
after the distractor. Conversely, for a distractor less salient than the target (Experiment 2), although responses were delayed, no
attentional capture was observed. Together, these findings reveal two types of spatial attentional dynamics in the auditory modality
(distraction with and without attentional capture).

Key words: auditory attention capture; auditory distraction; auditory search; ERP component latency; N2ac; selective attention

\

Oftentimes, we find it hard to avoid attending to a salient sound that distracts us from our current tasks. Although a common
everyday experience, little is known about how spatial distraction unfolds at the neural level in the auditory modality. Using
electrophysiological markers of attention allocations, we report comprehensive evidence of spatial attentional capture by a
salient auditory distractor, indicating that attention is first misallocated to the distractor and only afterward reallocated
toward the target. Similar patterns were observed earlier only in vision, and their discovery in the auditory modality indicates
toward the existence of domain-general spatial attentional dynamics consistent across sensory modalities. We also demon-
strate that only a distractor more salient than the target reliably captures attention. )

(S

Introduction studied in vision, this “problem” of involuntary attentional capture
is also relevant for audition. Consider a typical office scenario from
an auditory perspective—the sounds from mouse clicks or key-
board typing by a busy coworker, grinding of the coffee machine,

Significance Statement

People are constantly bombarded with a wide range of sensory
experiences. To select and attend the important ones among mul-
tiple simultaneous stimuli is a massive computational challenge X X
(Tsotsos, 1990; Bronkhorst, 2000). Likely as a side effect of these footsteps of someone walking by, or even the fan noise of an over-

highly efficient selection mechanisms (Liesefeld et al., 2021), atten- heated computer. All these Soun‘_is are perceived simultanequsly
tion is sometimes misallocated toward a salient-but-irrelevant and emerge from various locations—although people actively

stimulus—leading to behavioral costs. Although almost exclusively ~ P2Y attention to.only a small. sul?set of them. A knock on the
office door (a salient event which is relevant to the office worker)

would immediately draw attention to the door. However, if a bird
e ' pecked on the window or a coworker accidentally dropped their
Author contributions: A.M., AM.L., and H.R.L. designed research; A.M. performed research; A.M. analyzed data; . . .
AM. and HRL wrote the paper. coffee mug (an irrelevant-but-salient event), it would also capture
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and its Neural Basis.” There is little research on such spatial attentional capture
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involuntarily captures attention under certain conditions
(Hickey et al., 2006; Kiss et al.,, 2012; Burra and Kerzel, 2013;
Gaspar et al., 2016; Liesefeld et al., 2022). To study the attentional
dynamics involved in visual attentional capture, the N2pc com-
ponent of the event-related potential (ERP) has proven highly
useful. The N2pc component is a transient negative increase in
activity over posterior electrode sites contralateral to the attended
stimulus—and it is often used as a marker of spatial attention
allocations (Eimer, 1996, 2014; Constant et al., 2023). It has
been used to measure the timing of attention allocations
(Tollner et al., 2011; Grubert and Eimer, 2016) and, in particular,
to uncover the temporal dynamics of attentional capture by
salient visual distractors (Liesefeld et al., 2017, 2022; Liesefeld
and Miiller, 2019). Strictly speaking, the notion of attentional
capture implies a series of events, involving the initial misalloca-
tion of attention to the salient distractor followed by reallocating
attention toward the target. The notion of sequential attention
allocations also implies that the presence of distractors delays
attention allocation to the target compared with when the dis-
tractor is absent. These spatiotemporal dynamics predict a very
specific N2pc pattern: (1) the occurrence of a distractor N2pc,
reflecting attentional capture by the distractor, (2) a delay in tar-
get N2pc when the distractor is present compared with distractor
absence, and (3) a delay in target N2pc compared with the dis-
tractor N2pc (Liesefeld and Miiller, 2019).

There is evidence of an auditory analog to the N2pc which has
been termed N2ac (Gamble and Luck, 2011). The N2ac compo-
nent is also a transient negative potential contralateral to the
location of an attended stimulus, but it is elicited by auditory sti-
muli and observed at more anterior electrode sites. This compo-
nent is thought to be functionally similar to the N2pc component
(Gamble and Woldorff, 2015; Lewald and Getzmann, 2015; Klatt
et al., 2018). Thus, if it is possible to induce auditory attentional
capture, we should be able to conceptually replicate the above-
described pattern of spatiotemporal dynamics that has been
taken as indicative of visual attentional capture. This would allow
to further validate the functional interpretation of the N2ac com-
ponent and to prove the existence of spatial attentional capture in
the auditory domain. Most importantly, demonstrating such a
relatively complex pattern of spatiotemporal attentional dynam-
ics for the auditory modality in light of previous research in
vision would be a strong evidence for more fundamental,
modality-overarching principles of spatial dynamics of atten-
tional (mis)allocation.

Experiment 1

Materials and methods

In order to build a basic auditory search scene that would allow to
disentangle various attentional dynamics, we adapted the design
of Hickey et al. (2009). This design provides several advantages
for our purposes. Hickey et al. used a visual-search display
with two objects (a square and a line), one stimulus being defined
as the target while the other served as the distractor. Participants
were asked to report on a feature of the target (e.g., whether the
square target was a square or diamond—when the square is
rotated 90°—or if the line target was a small or big line). Such
tasks in which the target is defined by one feature (e.g., its shape)
and participants are to report one of its features (e.g., its size) are
called discrimination, categorization, or compound search tasks
(Liesefeld et al., 2024) and are commonly employed in the
additional-singleton paradigm (Theeuwes, 1991). Notably, by
placing one stimulus on the midline and the other lateralized,

67

Mandal et al. e Attentional Capture in Auditory Search

Hickey et al. were able to disentangle attentional dynamics
related to the respective lateralized stimulus, namely, either the
target or the distractor, in the presence of the midline stimulus.
Just as the N2pc studied in Hickey et al., the N2ac employed
here is a component emerging contralateral to the attended sti-
mulus, and stimuli on the midline consequently cannot elicit
such lateralized activity. The additional advantage of the
Hickey et al. (2009) design for our study is that only very few sti-
muli were presented simultaneously (also see Eimer, 1996;
Hilimire et al., 2012). Presenting many identical (nontarget) sti-
muli simultaneously (as would be the default for visual-search
studies) is not feasible for studies using spatial sounds, because
the auditory system cannot spatially segregate more than a few
concurrently presented sounds, in particular if these stimuli are
quite abstract and similar (Bregman, 1990), like those employed
in typical visual-search displays.

On this background, the auditory scene employed in the pre-
sent study consisted of just two clearly distinguishable sounds
(sine waves vs square-tone bursts)—where the instructions
defined one as the target and the other as the distractor.
Participants were required to report on each trial whether the tar-
get stimulus was of high frequency or low frequency indicated
through pressing either of two keys.

Participants. Sixteen participants took part in Experiment 1
(median age, 26 years; range, 23-38 years; nine males). This sam-
ple size is in the upper range of previous N2pc and N2ac studies
and sufficient to detect effects of size d,=0.75 and above, with a
probability of 1—f=0.80 (a=0.05, two-tailed). In both the
experiments, participants reported normal hearing. Written
informed consent was obtained from all the participants, and
they received course credit or were paid for their participation.
No participant had to be excluded. Procedures were approved
by the ethics committee of the Department of Psychology and
Pedagogics at Ludwig-Maximilians-Universitdt Munich.

Experimental design. Stimulus presentation and response
collection were controlled using PsychoPy (Peirce et al., 2019).
The auditory search stimuli were presented using three studio
sound monitors (Genelec 8020D, Genelec) that were placed in
the frontal field (Fig. 1a). One sound monitor was placed directly
in front of the participants at 0° angle, while the other two sound
monitors were at ~40° to the left and right, respectively, at
110 cm from the participants. The sound monitors were visible
to participants throughout the experiment. Participants were
asked to rest their head on a chinrest throughout the experiment
such that there are minimal head movements and distance of the
head from the sound source is kept constant.

On each trial, either one (distractor-absent condition;
target-only) or two (distractor-present condition) sounds were
presented from different locations. The target sounds were sine-
wave tones of either 440 Hz or 470 Hz. Participants’ task was to
indicate whether the target was the high-frequency (i.e., the
470 Hz) or the low-frequency (the 440 Hz) tone in each trial.
In distractor-present trials, an additional sound, from a different
location than the target was presented. The distractor sounds
were square-tone bursts (comprising of three 50 ms bursts sepa-
rated by 50 ms of silence; see Fig. 1b for a visual representation of
the stimuli’s waveforms), which could either be of low frequency
(410 Hz) or of high frequency (500 Hz). The temporal gaps in the
distractor sounds render them more salient than the continuous
sine-wave targets (Kayser et al., 2005). Both the distractor and the
target sounds were presented for 250 ms at ~70 dB(A) SPL,
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Auditory search scene. a, Setup for the auditory search. b, Representation of the waveform of the two kinds of sounds used. ¢, Distractor-midline/target-lateral condition.
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d, Distractor-lateral/target-midline condition. e, Distractor-absent/target-lateral condition. f, Both-lateral condition.

measured at the eardrum, using the miniDSP EARS device
(miniDSP). Participants were instructed to maintain eye fixation
at a fixation cross presented on a monitor in front of them while
performing the task. The monitor was placed such that it was
below the sound monitor at 0° and did not obstruct the sound
from it. Participants had to respond within 3,000 ms after the
onset of the sound (response deadline). In case of incorrect or
delayed responses, the fixation cross changed to red or blue for
1,000 ms, respectively. No feedback was provided for correct
responses. The intertrial interval was jittered between 800 and
1,200 ms.

The main part of the experiment consisted of 20 blocks of 108
trials each (2,160 trials in total), with 720 distractor-absent trials
and 1,440 distractor-present trials. An additional practice block
was provided at the beginning of the experiment, which consisted
of 108 unanalyzed trials.

The experiments were designed to isolate attentional process-
ing of target and distractor through lateralized ERPs—specifically
the N2ac component (Gamble and Luck, 2011). The design fol-
lows a similar logic as used to dissect the attentional dynamics
of target and distractor processing in visual search using the
N2pc component (Liesefeld et al, 2022). The distractor-
midline/target-lateral condition (Fig. 1¢) contained a lateralized
target with a distractor on the midline and served to isolate
target-related activity. The distractor-lateral/target-midline con-
dition (Fig. 1d) contained a lateralized distractor with a target on
the midline and served to isolate distractor-related activity. The
distractor-absent/target-lateral condition (Fig. le) contained
only a lateralized target without a distractor and served as a base-
line for target-related activity in the absence of a distractor.
Finally, in the both-lateral condition, the distractor was pre-
sented on one and the target on the other side (Fig. 1f). Within
each block, all display configurations as well as frequency of
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distractor and target were completely balanced and randomized
in distractor-present trials, which were randomly intermixed
with distractor-absent trials in which target frequency was
balanced and randomized as well.

Electrophysiological recording and analysis. The EEG was
recorded via 60 preamplified Ag/AgCl electrodes positioned
according to the international 10-10 system. Horizontal ocular
artifacts were monitored via two additional electrodes on the outer
canthi of both eyes. All impedances were kept below 15 kQ. Signals
were amplified (250 Hz low-pass filter, 10s time constant;
BrainAmp DC, Brain Products) and sampled at 1,000 Hz. EEG
data were processed with custom-written MATLAB scripts using
functions from EEGLAB v2023.0 (Delorme and Makeig, 2004)
and ERPLAB v10.0 (Lopez-Calderon and Luck, 2014) and the
“latency.m” function (Liesefeld, 2018).

Signals were rereferenced off-line to the average of both mas-
toids. A 0.5 Hz high-pass and a 40 Hz low-pass FIR filter
(EEGLAB default) were applied, after which independent com-
ponent analysis was run on the signal. The independent compo-
nents were classified using the ICLabel v1.4 (Pion-Tonachini
et al,, 2019) tool within EEGLAB, and components representing
blinks or horizontal eye movements (prob. >80%) or muscle arti-
facts (prob. >90%) were then removed from the continuous EEG
data (resulting in the removal of M=3.94, min=2, max=10
components in Experiment 1 and M =4.88, min=1, max=9
components in Experiment 2). After this, the data were seg-
mented into epochs from —200 to 800 ms relative to the search-
stimuli onset and baseline-corrected relative to the prestimulus
interval. The trials with artifacts in the analyzed channels
(FC5/6; voltage steps larger than 50 iV per sampling point, activ-
ity changes <0.5 uV within a 500 ms time window, or absolute
amplitude exceeding +80 pV; equal to M=0.37%, min=0%
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and max=3.61% of trials in Experiment 1 and M=2.85%,
min = 0% and max = 17.23% of trials in Experiment 2) or incor-
rect responses were excluded (at least 367 trials remaining per
individual in each condition after trial exclusion). The electrode
positions FC5/6 were chosen (instead of the anterior electrode
cluster used in Gamble and Luck, 2011) as the N2ac has been
found to be the most prominent at these locations in previous
research (Lewald and Getzmann, 2015; Lewald et al., 2016).

In order to determine the analysis window for the component
of interest, the on- and offsets of the strongest component of the
respective polarity were identified as the time points where the
ERP in the grand-average (GA) difference wave crossed 30% of
the component’s peak amplitude (detected in the time window
of 0-700 ms after the stimulus onset). The 50% area latency
was used for the component latency estimation, where the com-
ponent area was bounded by the ERP, a threshold set at 30% of
the respective component’s peak amplitude searched in a com-
mon time window encompassing GA on- and offsets of all ana-
lyzed components. Here and in previous work (Liesefeld et al.,
2017, 2022; Liesefeld, 2018), we chose 50% area latency as our
latency measure since it is more robust than other latency mea-
sures and approximates the median of the distribution of compo-
nent latencies across trials (Luck, 2005; Liesefeld, 2018). Peak
latency approximates a mode of the distribution, whereas per-
cent-amplitude (onset) latency is biased toward the earliest
latencies, and both earliest trials and the mode are arguably
less representative of the latency distribution than the median
(Rousselet and Wilcox, 2020). Both alternative measures are
more prone to noise than 50% area latency, and therefore we
employ a jackknife procedure (Smulders, 2010) when we calcu-
late them for comparison. We report and interpret these alterna-
tive latency measures, i.e., jackknifed 50% amplitude (onset)
latency and jackknifed peak latency, whenever at least one of
their results are in conflict with results from our preferred 50%
area latency.

Statistical analyses. For amplitudes, we report pperm and
Ppermad; Values obtained from two permutation methods mod-
eled after Sawaki et al. (2012). The procedure followed for pperm
is the same as that used in Liesefeld et al. (2022). For each of the
10,000 permutations, #ny and ny trials were randomly assigned
from the respective display configuration to the left and right
ERP. Here, n; and ny represent the number of trials that went
into the respective original individual ERPs after any trial rejec-
tion. The GA waveform was built from these, and the signed area
amplitude (average of amplitudes in the predicted direction
across the analysis window) was extracted in the time range of
0-500 ms (fixed across participants and conditions). This is
100 ms longer than that employed by Liesefeld et al. (2022;
who used a 100-500 ms time window) to encompass potential
earlier components which might occur due to the higher process-
ing speed of the auditory modality (Stein and Meredith, 1993).
For ppermadj We used the same procedure as pper except that
the analysis time range was individually adjusted to each compo-
nent. In particular, comparable to the nonpermutation ampli-
tude analysis in Liesefeld et al. (2017, 2022), we calculated the
amplitude for each permutation from a 30 ms time window cen-
tered around the respective component’s 50% area latency in the
GA waveform in each run. Thus, this analysis time window was
fixed across participants for a particular component (and run)
but varied across components (and runs). The pperm and
Ppermad; Values indicate the proportion of runs in the random
permutation that yielded an amplitude larger than or equal to
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that of the correct assignment of left and right trials for the anal-
ysis. In other words, pperm and ppermagj can be interpreted as the
probability of observing a value larger or equal to the observed
amplitude merely due to random fluctuations. While robust for
ERP waveforms containing a single component, pperms Type II
error rate (false negatives) might be inflated by an additional
component of opposite polarity within the analysis time window
(e.g., two N2pcs for stimuli on different sides in the both-lateral
condition). Maybe the signed-amplitude measure of a consider-
able number of random permutations will be affected by the
component of opposite polarity and thereby inflate the propor-
tion of runs with a larger amplitude. Conversely, any component
of the same amplitude would inflate p,erms Type I error rate (false
positives), because with a broad time window, it will be counted
into the signed-amplitude measure of the targeted component.
Our new ppermadj» by focusing on individualized (comparatively
smaller) time windows, eliminates the need for a fixed broad time
window encompassing all components that causes these prob-
lems. This permutation approach still ensures the desired Type
I error rate (5%), which might even be more closely met than
with pperm in situations with multiple components of the same
sign. Some of these advantages of our new method are exem-
plified on the present data in the analyses below.

Pairwise comparisons between distractor-absent and
distractor-present conditions for median-correct reaction times
(RTs) and error rates were performed using Wilcoxon
signed-rank tests (two-tailed comparisons). Result graphs show
the mean of medians and within-participant confidence intervals
(Cousineau and O’Brien, 2014). Additionally, we report Bayes
factors (BFs), for the Bayesian Wilcoxon signed-rank test (result
based on data augmentation algorithm with five chains of 10,000
iterations), quantifying evidence for the alternative over the null
hypothesis (BF1). BFs were calculated using the standard JZS
Cauchy prior with a scale factor of r= \/ 2/2. To classify the
strengths of evidence through the BFs, we used Jeffreys’s criterion
(van Doorn et al., 2021)—which states that for the alternative
hypothesis, BFs between 1 and 3 are weak evidence, BFs between
3 and 10 are moderate evidence, and BFs greater than 10 are
strong evidence. Following these criteria, 1/3 (=0.33) <BF (<1
is considered weak evidence for the null hypothesis, 1/10
(=0.10) < BF,5 < 1/3 (=0.33) is considered as moderate evidence
for the null hypothesis, and BF;,<1/10 (=0.10) is considered
strong evidence for the null hypothesis. Accordingly, all
within-experiment latency differences in the ERP components
were compared using frequentist and Bayesian Wilcoxon
signed-rank tests (two-tailed comparisons), while for cross-
experiment comparisons, frequentist and Bayesian Mann-
Whitney U tests were used. All analyses were performed using
JASP v0.17.2 (JASP Team, 2023) and using custom scripts in
MATLAB. The processed data, analysis scripts, and results are
available on OSF (https://doi.org/10.17605/OSF.I0/QR86K).

Results

Distractor interference on behavior

Compared to distractor-absent trials (M =526 ms; Mdn + MAD =
516 + 73 ms), distractor presence (M =585 ms; Mdn + MAD =573
+87 ms) significantly delayed responses by 59 ms; W=136.00;
p <0.001; r=1.00; BF;(=2,582.80. The r=1.00 means that each
individual participant was delayed by distractor presence.
The error rates for the distractor-present trials (M =9.3%;
Mdn + MAD =8.55+4.45%) were also significantly higher (by
3.17%) than those for the distractor-absent trials (M =6.13%;
Mdn + MAD =594+3.92%); W=121.00; p=0.004; r=0.78;
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BFy = 32.61. Thus, overall, we observe a significant distractor
interference effect in both RTs and error rates (Fig. 2a).

Distractor presence delays attention allocation toward the target
As expected, spatial attention was (eventually) directed to the loca-
tion of the target irrespective of whether the distractor was present
or absent. This was evidenced by the N2ac component which was
observed for the target in both the distractor-absent (pperm < 0.001;
Ppermadj < 0.001) and the distractor-midline (pperm < 0.001; ppermadj
<0.001) condition (Fig. 3a). Importantly, distractor presence
(M = 250.63 ms; Mdn + MAD =250.5 + 16 ms) delayed the target
N2ac by 46.56 ms (W=117.5; p=0.011; r=0.73; BF;(=5.56)
compared with distractor absence (M =204.06 ms; Mdn + MAD =
206.5+25.5 ms). This pattern of results indicates that the salient
distractor indeed delayed the allocation of attention to the target.
Such delay in attention allocation to the target due to a distractor
is well documented in visual search using the N2pc component
(Liesefeld et al., 2017, 2022). This delay is comparable with that
induced by visual distractors in Liesefeld et al. (2017), 59 ms, and
Liesefeld et al. (2022), 70-88 ms.

Attentional capture by a salient distractor: distractor N2ac

The interference due to the distractor (as observed through the
behavioral results and the delay in target N2ac due to distractor
presence) could be due to the distractor entering the competition
for attention and either winning this competition—thereby
capturing attention or (barely) failing to win the competition
and only delaying the attention toward the target—“nonspatial
filtering costs” (Becker, 2007; Liesefeld et al., 2019). If attention
is indeed captured by the salient distractor, then we should
observe a significant N2ac toward the lateral distractor. To
resolve for this, we analyzed the distractor-lateral/target-midline
condition and observed a significant N2ac (pperm =0.025;
Ppermadj <0.001) for the distractor (Fig. 3a), thus indicating
that the distractor indeed captured attention.

Attention shifts from distractor to the target

As a final criterion to consider the observed interference as
attentional capture, we predicted that spatial attention as indi-
cated by the N2ac first goes to the distractor and only afterward
moves on to the target (Liesefeld and Miiller, 2019). To examine
this, we compared the distractor N2ac latency in the distractor-
lateral/target-midline condition to the latency of the N2ac in
the distractor-midline/target-lateral condition. Indeed, the N2ac
toward the distractor (M =128.19 ms; Mdn + MAD =135 + 12 ms)
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was 122.44 ms earlier than the N2ac toward the target
(M =250.50 ms; Mdn+ MAD =250.63+ 16 ms); W=136.00;
p <0.001; r=1.00; BF;(=3,241.99 (Fig. 3a).

Another (independent) way to test for this attention shift is
possible with data from the both-lateral condition (Fig. 44; plot-
ted and analyzed relative to the target side). There, we should
observe an N2ac first toward the distractor followed by an
N2ac toward the target in the same difference wave. In a differ-
ence wave calculated with respect to the target, the former should
show up as a positivity, because the distractor is opposite to the
target. Indeed, there was first a pronounced positivity, indicating
an N2ac toward the distractor, which was followed by a negativ-
ity, N2ac toward the target (Fig. 4a). This switch in polarity of the
N2ac closely resembles the N2pc polarity flip reported first by
Hickey et al. (2006; but see McDonald et al., 2013) and later
demonstrated more robustly by Liesefeld et al. (2017). For
research on visual attentional capture, this flip has been of high
theoretical significance (Theeuwes, 2010). While both N2ac
components observed here were significant with our new method
(Ppermagj <0.001), only the target N2ac (pperm <0.001), but not
the distractor N2ac (pperm =0.061), was significant with the
more common approach.

This exemplifies the advantages of our improved permutation
approach when components of opposing sign occur within the
same ERP: (1) from the midline conditions, we know that there
is a distractor N2ac preceding the target N2ac, and (2) from the
composite ERP (see the next section), we know that two compo-
nents together (but with opposite sign) produce the characteristic
pattern observed in the both-lateral condition. Thus, not observ-
ing a significant distractor N2ac in the latter condition must be a
false negative due to a limitation of pperm. We assume that the
smaller positivity (distractor N2ac) is missed, because the analy-
sis window also includes the target N2ac, which is larger and
therefore dominates the outcome of pyem (see Materials and
Methods). By contrast, pyermaq; @voids this problem by taking a
smaller time window targeted at the component of interest,
which is less likely to be confounded with other components.

In any case, both sets of findings (midline vs both-lateralized
conditions) clearly indicate that attention shifts from the distrac-
tor to the target. The estimated time required to shift attention
from one sound to the other (122.44 ms) is within the estimates
for the time required for relocating attention in visual search
(100-150 ms; Woodman and Luck, 2003) and is close to the esti-
mates empirically observed for visual targets and distractors by
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rates in Experiment 2. Error bars represent 95% within-participant confidence intervals. “*p > 0.05; **p < 0.01; ***p < 0.001.
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the N2ac component, while the bottom panels show the respective scalp topography of the contralateral minus ipsilateral waveforms at each electrode location calculated for 50 ms time
windows from 0 to 700 ms. Vertical dashed lines in the ERPs (top panels) indicate mean 50% area latencies. A smoothing filter (Savitzky—Golay filter; order, 3; frame length, 51) was applied

to this and subsequent waveforms before visualization to improve the visibility of effects.

Liesefeld et al. (2017), 100 ms, and Liesefeld et al. (2022),
99-119 ms.

Lateralized ERPs sum up arithmetically

Presenting one stimulus in a lateral position along with another
stimulus on the midline serves to isolate the attentional dynamics
related to the lateral stimulus in the presence of the other stimu-
lus. If this logic holds, the ERP for displays with the target on one
and the distractor on the other side (both-lateral) should simply
be the difference between the two midline conditions (Gaspar
and McDonald, 2014; Liesefeld et al., 2017). Figure 4a shows
this difference (composite ERP) plotted along with the actually
observed both-lateral ERP. To quantify the obvious overlap
between these two waveforms, we correlated both GA ERPs
across the (characteristic) time window of 0-500 ms after the sti-
mulus onset. The obtained R*>=0.80 confirms a strong overlap
between the observed and composite ERP. The validity of this
approach is further confirmed by the close resemblance of the
scalp topography for the observed and composite ERPs
(Fig. 4a, bottom panel).

Experiment 2

Materials and methods

One possible critique of the findings in Experiment 1 could be
that, although completely in line with attentional capture, the
N2ac pattern observed is due to low-level sensory imbalances
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caused by the presentation of a stimulus in one auditory hemifi-
eld and not due to attentional processes. To rule out this possibil-
ity and to also examine distractor interference without
attentional capture (filtering costs), we performed a control
experiment where we swap the roles of the target and the distrac-
tor from Experiment 1 (Gaspar and McDonald, 2014; Barras and
Kerzel, 2017; Gaspelin et al., 2023). If the N2ac pattern observed
in Experiment 1 was due to sensory imbalances in the auditory
hemifield, we would expect to observe the exact same pattern
in Experiment 2. If, however, the N2ac in Experiment 1 really
indicates attentional capture, we should not replicate it when
switching target and distractor identities. This is because the
square-tone bursts employed as a distractor in Experiment 1
and as a target in Experiment 2 are much more salient than the
sine-wave sounds, such that it should be much easier to select
the target and to ignore the distractor (Zehetleitner et al., 2013;
Gaspar and McDonald, 2014) in this experiment.

A new sample of 16 participants (median age, 24 years; range,
19-44 years; eight males) took part in Experiment 2. The general
setup and the task design were similar to that of Experiment 1,
except that the target- and distractor-defining features were
swapped (while the reported features, i.e., the base frequencies,
remained the same). That is, the target was now a square-tone
burst (three 50 ms tone burst separated by 50 ms silence in
between) of either 440 Hz (low frequency) or 470 Hz (high fre-
quency). The distractors were continuous sine tones of either
410 Hz (low frequency) or 500 Hz (high frequency). Both the
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Figure 4.  Observed and composite ERP for both-lateral conditions plotted relative to the target side for Experiment 1 (a) and Experiment 2 (b). Composite ERPs for both-lateral conditions were
constructed by subtracting the distractor-lateral/target-midline condition from the distractor-midline/target-lateral condition. Top panel shows different waves, and bottom panel shows the
corresponding topoplots. Interestingly, the composite ERPs seem to accentuate the patterns replicated in the actual both-lateral ERPs, which might indicate that they extract the underlying

signals more accurately.

target and distractor were presented for 250 ms as in Experiment 1.
Here again, participants were instructed to report whether the tar-
get was of high frequency or low frequency. Importantly, the
switch of target- and distractor-defining features was supposed
to render the target more salient than the distractor.

Results

Distractor interference on behavior

Responses on distractor-present trials (M =529 ms; Mdn + MAD =
500+ 61 ms) were significantly delayed (by 14 ms; Fig. 2b) com-
pared with distractor-absent trials (M =515 ms; Mdn+MAD =
497 + 66 ms); W=130.00; p <0.001; r=0.91; BF,o=362.14. Error
rates showed no significant difference (Fig. 2b) between distractor-
present (M =2.42%; Mdn + MAD =1.32 + 0.76%) and distractor-
absent trials (M =2.5%; Mdn + MAD = 1.74 + 1.04%); W = 38.00;
p=0.222; r=—0.37; BF;(=0.48.

Delay in attention allocation to the target due to distractor
presence?

As in Experiment 1, here also attention was allocated to the target
location—as indicated by an N2ac component that occurred
when the distractor was present (Pperm < 0.001; ppermag; < 0.001)
or absent (Pperm<0.001; Ppermagj<0.001). According to our
50% area latency measure, there was a delay of 17.69 ms
(W =96.50; p=0.041; r=0.61, BF,,=3.45) for the target N2ac
(Fig. 3b) when the distractor was present (M =189.94;
Mdn + MAD =179.0 + 24.5) compared with when the distractor
was absent (M=172.25; Mdn+ MAD =169.5+11). This delay
was significantly smaller than that observed for Experiment 1
(difference in delay between Experiments 1 and 2; M =28.88 ms;
U = 189.50; p=0.021; r=0.48; BF;, = 1.46).

Although significant when using our preferred 50% area
latency measure, this effect is not so clearly discernable from
the respective ERP waveforms (Fig. 3b). Furthermore, subse-
quent investigation of other latency measures revealed that while
jackknifed 50% amplitude (onset) latency confirms this result
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(p < 0.001), the jackknifed peak latency (p =0.388) did not repli-
cate this effect for Experiment 2. No such dependency of results
on the choice of latency measure was observed in Experiment 1,
for which the latency differences are also visually more evident
(Fig. 3a). Thus, latency effects in Experiment 2 depend on the
choice of latency measure and should be interpreted accordingly.
In particular, readers not (yet) convinced that 50% area latency
represents the distribution of single-trial component latencies
best (see Materials and Methods) or believe that this particular
latency measure is biased in some other way can still safely inter-
pret the latency effects reported for Experiment 1, but not those
for Experiment 2.

No evidence for attentional capture by the distractor: absence of
distractor N2ac

Unlike in Experiment 1, where the distractor clearly captured
attention as indicated by a distractor N2ac, in Experiment 2,
we do not observe a statistically reliable N2ac to the distractor
(Pperm = 0.306; ppermad;j = 0.577; Fig. 3b). Note that the nonsignifi-
cant Ppermadj value here demonstrates that the new method does
not have a highly inflated Type 1 error probability. The absence
of a distractor N2ac is further confirmed by the absence of a pos-
itivity preceding the target N2ac in the observed and composite
waveform of the both-lateral condition (which again showed a
strong overlap; R* = 0.80; Fig. 4b). In the absence of electrophys-
iological evidence for attentional capture by the less salient
distractor, the distractor-presence effect on behavior (and
potentially on the target N2ac latency) is best interpreted as non-
spatial filtering costs (in contrast to attentional capture in
Experiment 1).

N2ac latency as measure of relative salience?

As discussed earlier, the N2ac component is believed to be the
auditory analog of the lateralized N2pc component (sometimes
also referred to as PCN; Tollner et al., 2008). Stimulus salience
is known to modulate the latency of the N2pc component elicited
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by a visual-search target, such that with increasing salience N2pc
latency decreases (T6llner et al., 2011). To get a first impression
of whether N2ac latency might also reflect relative salience, we
compared distractor-absent target N2ac latencies across the
two experiments since the square-tone burst (target in
Experiment 2) is more salient than the sine tone (target in
Experiment 1). As expected, in the distractor-absent/
target-lateral condition, we indeed see a significant decrease in
the target N2ac latency (Fig. 5) by 31.81 ms for Experiment 2
(more salient target) compared with that of Experiment 1 (less
salient target; U= 195.00; p =0.012; r=0.52; BF ;= 1.96).

This result, however, also hinges on the validity of our pre-
ferred 50% area latency measure. Visual inspection of the respec-
tive difference waves (Fig. 5) might not be fully convincing, and
other latency measures such as the jackknifed onset (p =0.203) or
peak latency (p =0.955) do not confirm this latency difference—
indicating that the earlier N2acs and the mode of the N2ac dis-
tribution are not affected by our salience manipulation.
Alternatively, the failure to observe a significant effect in the
alternative latency measures might be due to their lower reliabil-
ity (Luck, 2005; Liesefeld, 2018). Nevertheless, in light of these
discrepancies, further research, ideally employing a within-
participant design along the lines of Tollner et al. (2011), is
needed to substantiate the sensitivity of N2ac latency for differ-
ences in salience.

Discussion

The present study investigated the dynamics of spatial attention
in auditory search using the N2ac component. In Experiment 1,
an auditory distractor of higher salience than the target captured

+0.5 pV A1

-0.5 v

4.0 v+

mmm Experiment 1
=== Experiment 2

0.5

-0.5

I I I I I 1 I 1
700 ms

Figure 5.  N2ac latency might indicate relative salience of stimuli. The target N2ac 50%
area latency when the distractor is absent decreases for Experiment 2 compared with that
for Experiment 1, indicating an increased relative salience of the target stimuli in
Experiment 2 (square-tone bursts) compared with those in Experiment 1 (sine tones).
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spatial attention as indicated by an N2ac to the distractor. After
this initial misallocation, attention was reallocated to the target as
indicated by an ensuing target N2ac, which was delayed com-
pared with a distractor-absent condition. This signature N2ac
pattern is the most comprehensive ERP evidence for attentional
capture, as explained by Liesefeld and Miiller (2019). In contrast,
an auditory distractor less salient than the target in Experiment 2
failed to capture attention, although it still delayed responses
(and maybe attention allocation toward the target), a phenome-
non that is described as nonspatial filtering costs in visual search.
This is the first report of both these attentional phenomena in the
auditory domain.

Indication of a domain-general attention allocation
mechanism

The N2pc component has been extensively studied in visual
search over the last decades and has been established as a marker
for the spatial allocation of attention in vision (Luck and
Hillyard, 1994; Eimer, 1996, 2014; Constant et al., 2023).
Similar lateralized ERP components have been discovered for
other modalities, such as the N2ac component (Gamble and
Luck, 2011) for audition (which we study here) and the N2cc
component (Katus and Eimer, 2019; Tsai et al., 2023) for touch.
Both components are believed to be functional analogs of the
N2pc component in their respective sensory modalities and are
used to index spatial allocation of attention.

The temporal dynamics of misallocation and consequent real-
location of spatial attention due to salient distractors has been
earlier demonstrated only in vision through the N2pc component
(Liesefeld et al., 2017, 2022). That the N2ac component indicates
similar attentional dynamics for audition not only strengthens
the functional interpretation of the N2ac component as an audi-
tory analog to the N2pc component but also points toward the
existence of domain-general spatiotemporal attentional dynam-
ics—indicating a more fundamental principle of attentional mis-
allocation and reallocation across all sensory modalities (see also
Shinn-Cunningham, 2008 for a related discussion).

Differences in spatial attentional allocation for detection and
discrimination tasks

In the original N2ac study (Gamble and Luck, 2011), the target
N2ac emerged only when the target was accompanied by a dis-
tractor, whereas it emerged with and without a concurrently pre-
sented distractor in the present study (Fig. 3). This discrepancy is
likely due to differences in the task designs employed in the two
studies. Gamble and Luck (2011) employed a detection task,
wherein participants were tasked with determining presence or
absence of the target in each trial. In contrast, we employed a dis-
crimination task, which involves the differentiation of a specific
target feature (reported feature). It is well established that detec-
tion tasks impose comparatively lower attentional demands com-
pared with discrimination tasks (Lavie, 2005) and that detection
might occur in a preattentive manner (Treisman and Gelade,
1980; Luck et al., 1997). In scenarios involving target detection,
an exhaustive focal-attentional engagement with the target
stimuli might not be obligatory, particularly when the salience
of the target is high (which is the case for the targets in
Gamble and Luck, 2011). Instead, target presence can in principle
be deduced from an inhomogeneity on the priority map induced
by a salience signal emitted from the target (Miiller et al., 2004;
Liesefeld et al., 2016). This signal can inform the correct response
without necessitating spatial attentional allocation and thus with-
out eliciting an N2ac. Only when there are competing salience



Mandal et al. e Attentional Capture in Auditory Search

signals in search-detection tasks focal-attentional analysis might
be required for confirming target presence (Hoffman, 1979). In
contrast, discrimination of the target’s reported feature (high vs
low frequency in our case) in search-discrimination tasks might
make a spatial shift of attention toward the target mandatory,
yielding a pronounced N2ac component even in the absence of
any competing stimulus.

Absence of distractor suppression (Pp) component

Along with the target N2pc component, Hickey et al. (2009)
observed a Pp component—reflecting inhibition of the salient
visual distractor (see Gaspelin et al., 2023 for a comprehensive
review). Given the similarity of our design with Hickey et al.
(2009), except for the modality difference, one could expect to
observe signatures of spatial suppression in the distractor-
lateral/target-midline condition. Such a P component (termed
Pap) has been recently reported for auditory distractors in the
time range of 100-300 ms at a set of electrodes close to site
FC5/6 analyzed here (Lunn et al.,, 2023). In this study, attention
was not captured (no distractor N2ac), so that the Pp would be
interpreted as proactive or stimulus-triggered suppression
(Liesefeld et al., 2024) that potentially serves to avoid attentional
capture (Gaspelin and Luck, 2018, 2019). When attention is cap-
tured—as was the case in our Experiment 1—such a Pp should
only occur after the distractor N2ac, indicating reactive suppres-
sion (Gaspelin et al., 2023; Liesefeld et al., 2024), comparable to
what has been observed in visual search (Liesefeld et al., 2017,
2022; Liesefeld and Miiller, 2019).

From Figure 3, we observe some positivities contralateral to
the distractor occurring in a time range of 300-600 ms in both
Experiments 1 and 2. However, these positivities emerge at a
time point when the target must already have been found and
thus too late to be of functional significance for auditory search.
Furthermore, their topography does not conform with that of the
P4p observed by Lunn et al. (2023). Rather, topoplots in Figure 3
indicate a prominent positivity over posterior electrodes in this
time range in most conditions. Interestingly, a similar posterior
contralateral positivity for auditory stimuli has also been
observed in comparable previous studies (Gamble and Luck,
2011; Gamble and Woldorff, 2015; Lewald et al., 2016) and has
been tentatively interpreted as a shift in visual attention following
the auditory attentional shift, reorientation of spatial attention to
a neutral position after target localization (Gamble and Luck,
2011; Gamble and Woldorff, 2015), or a posterior contralateral
version of the late positive component (Lewald et al., 2016).

Differences between audition and vision

To readers familiar with the physiology of the auditory system,
the observation of sound-induced lateralization might be some-
what bewildering. In contrast to the retinotopically organized
visual system or the somatotopically organized haptic system,
the auditory system only reconstructs the spatial source of a
sound via indirect cues such as the interaural level or time differ-
ences and is generally thought to be weakly lateralized. The
observed sound-induced ERP lateralization therefore indicates
that attention-induced lateralization might not depend on the
spatial organization of the underlying sensory system.

Gamble and Luck (2011) had argued that the lesser degree of
contralaterality of the auditory system compared with the visual
system might explain why the N2ac (here and in other studies) is
smaller in peak amplitude (0.5-1 uV) than the typical N2pc
(1-2 uV). Another reason for small peak amplitudes might be
that the N2acs observed so far are less tightly locked to the sound
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onset and therefore smeared out across time (therefore of lower
peak amplitude and longer in duration than the typical N2pc). In
fact, stretched-out N2pcs of smaller peak amplitude and higher
latency (i.e., smeared out N2pcs) have been observed when
they likely reflect the second attention allocation (Liesefeld
et al.,, 2017) or when the target is harder to find (To6llner et al.,
2011; Dowdall et al., 2012). In the present study, the N2acs in
Experiment 1 (where the target was relatively harder to find)
are also relatively less in peak amplitude and longer in duration
(i.e., more smeared) than those observed in Experiment 2 (where
the target was relatively easier to find), thus pointing toward sim-
ilar factors (in their respective modalities) influencing the ampli-
tude and duration of both the N2ac and N2pc components.

Also note that the N2ac seems to emerge earlier than the typical
N2pc. In the ERP graphs shown in Figure 3, for example, the N2ac
seems to emerge (onset) already at ~70 ms, whereas the typical
N2pc does not occur before ~130 ms [see Liesefeld et al. (2017,
2022) for examples from the same lab and Hickey et al. (2009)
for search displays of comparable complexity]. Similarly, while
the dynamics of N2ac and N2pc flip (in both-lateral condition)
are similar, the whole complex occurs earlier in audition compared
with that in vision (Hickey et al., 2006; Liesefeld et al., 2017, 2022).
In line with these observations, simple reaction times to auditory
stimuli are typically 20-60 ms shorter than to visual stimuli
(Lewald and Guski, 2003; Shelton and Kumar, 2010) which is likely
the result of faster physiological processing time in the auditory
system than the visual system (Stein and Meredith, 1993). In
fact, already the very first steps of perceptual processing (the trans-
duction process) are of a magnitude faster in audition compared
with that in vision (Recanzone, 2009). Thus, it is not surprising
that attentional dynamics also occur earlier when triggered by
auditory events compared with visual events. This would be the
case even if the attentional process itself is highly comparable or
even functionally identical.
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3. General Discussion

3.1 Summary of the studies

Study 1 (Chapter 2.1) explored the potential for auditory distractors to affect performance in a visual
search task (cross-modal distraction). Our initial experiments (Experiments 1 and 2) showed no significant
distraction when sounds were generally irrelevant. This lack of distraction persisted even when the sounds
were presented as a rare oddball stimulus (Experiment 3) or had a 300 ms temporal advantage (Experiment
4). However, a significant distraction effect emerged in Experiment 5 when the auditory modality was made
globally relevant through an additional simple auditory task — despite remaining irrelevant to the visual
search task. This additional auditory task effectively disabled the auditory attentional shielding mechanism,

leading to considerable cross-modal interference.

Study 2 (Chapter 2.2) builds on the findings from Study 1 by examining the potential for auditory
distractors to interfere with visual search tasks with different levels of difficulty. Consistently, across three
levels of search-task difficulty, we replicated the pattern observed in Study 1, showing no interference from
completely irrelevant auditory distractors. However, when the attentional shielding mechanism was
experimentally disabled by introducing a secondary task in Experiment 2, the same distractor significantly

hindered search performance.

Study 3 (Chapter 2.3) focused on the dynamics of spatial attention during auditory search, utilizing
the N2ac component. In the first experiment, an auditory distractor of higher salience than the target
captured spatial attention towards itself, as shown by an N2ac response to the distractor. This initial
misallocation was followed by a delayed N2ac response to the target, indicating that attention was
eventually redirected to the target, but later than in those conditions without the distractor. This pattern
is considered the most detailed ERP evidence for attentional capture (Liesefeld & Miiller, 2019) as

previously observed only in the visual modality (Liesefeld et al., 2017, 2022). Conversely, in the second
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experiment, a less salient auditory distractor did not capture attention but still caused delays in response
time and possibly in attention shifting to the target, similar to non-spatial filtering costs observed in visual
searches. This study is the first to document both of these attentional effects and their associated spatio-

temporal dynamics for the auditory modality.

3.1.1 The Attentional Earlid

In Studies 1 and 2, auditory distractions impacted visual search only when the auditory modality was
made globally relevant by introducing a secondary auditory task. This suggests that when auditory
information is entirely irrelevant—meaning no auditory input is needed or useful for completing any task
(Liesefeld et al., 2024) —people can effectively prevent auditory stimuli from interfering with visual search,
effectively as if they had closed their "attentional earlid". This concept of an “attentional earlid” (Mandal,
Liesefeld, et al., 2024a) refers to an attentional barrier within the auditory system, protecting against

unwanted auditory interference when necessary.

Unlike the eye, which has physical filter, the eyelids to block visual input and help focus on other
senses, most senses lack such a mechanism. Eyelids are highly efficient in shielding us from the entirety of
visual information if necessary — enabling concentration on non-visual activities like listening to music or
meditating. Just as eyelids can block out visual stimuli, the "attentional earlid" serves to block out irrelevant
auditory stimuli, helping to maintain focus on other tasks. This attentional barrier is not a physical one but
rather an attentional mechanism that filters out auditory distractions, potentially preventing us from being
overwhelmed by irrelevant sounds in daily life. For instance, in a busy office environment, the Attentional
Earlid would allow an individual to focus on reading a report despite the background noise of conversations
and ringing phones. Similarly, in a crowded café, it would help someone concentrate on their book or work
on their laptop, filtering out the surrounding clatter and chatter. This mechanism, akin to the function of
eyelids but on an attentional level, supports our ability to manage simultaneous input from several sensory

modalities and maintain focus in the face of potential distractions.
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Further, it suggests that our attentional system is highly adaptable, capable of dynamically adjusting
the prioritization of sensory inputs based on their relevance to the task at hand. The existence of the
Attentional Earlid also highlights the importance of stimuli relevance in determining whether a particular
sensory modality will interfere with another. Further research into the Attentional Earlid could explore its
underlying neural mechanisms and how it is influenced by factors such as individual differences in sensory

processing, and the nature of the auditory stimuli.

3.1.2 Common spatio-temporal dynamics for visual and auditory attention

In the field of visual search research, the N2pc component has long been recognized as a key
electrophysiological indicator of spatial attention allocation (Eimer, 1996; Luck & Hillyard, 1994). This
concept is not limited to vision alone, and similar lateralized ERP components have been identified in other
sensory modalities. For instance, the N2ac component for auditory spatial attention (Gamble & Luck,
2011), and the N2cc component (also known as CCN; Katus & Eimer, 2019) for tactile stimuli are considered
functionally analogous to the N2pc. These ERP components serve as markers for spatial attention allocation
within their respective sensory modalities. The presence of N2pc, N2ac, and N2cc components — each
representing spatial attention allocation through a transient negative increase in activation in electrodes
contralateral to the attended stimuli compared to ipsilateral stimuli — already hints towards a commonality
in the mechanism for spatial attentional allocation across different sensory modalities, despite the

differences in spatial processing of visual, auditory, and tactile stimuli.

The temporal dynamics of attention, particularly the processes of misallocation and subsequent
reallocation of attention caused by salient distractors i.e., events associated with attentional capture, have
been well documented in vision through the N2pc component (Liesefeld et al., 2017, 2022; Liesefeld &
Miller, 2019). Study 3 (Chapter 2.3) extends this to the auditory modality, where the N2ac reflects similar
attentional dynamics. This not only supports the interpretation of the N2ac as an auditory counterpart to

the N2pc but also points to a broader, domain-general principle governing spatio-temporal attentional
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dynamics, suggesting that the mechanisms underlying attentional shifts are consistent across different

sensory modalities.

The presence of analogous ERP components across various sensory modalities, each exhibiting
similar spatio-temporal dynamics for attentional shifts, indicate that the brain might employ a common
mechanism for managing spatial attention across visual, or auditory stimuli. This unified approach
highlights the fundamentals of spatial attentional processing that transcends individual sensory modalities,
pointing to a more integrated dynamic of how attention is allocated and reallocated in response to spatial

stimuli presented concurrently.

3.2 Methodological insights
3.2.1 Speed-accuracy trade-off (SAT) and Balanced Integration Score (BIS)

Despite not affecting target processing, the distractor sounds in Study 1 (Experiments 1 and 4) and
Study 2 (Experiment 1) led to significantly faster reaction times (RTs). This significant reduction in RTs
observed in the presence of distractor sounds might initially be misinterpreted as the distractors aiding in
faster response times — especially in light of non-significant effects on error rates. However, when
examining the Balanced Integration Score (BIS; Liesefeld & Janczyk, 2019, 2022) — a performance measure
which is relatively insensitive to speed-accuracy trade-offs, it became apparent that there was no
significant change in overall performance due to the sounds, suggesting they did not function as
distractions in the conventional sense. Instead, a combined analysis of RTs, error rates, and BIS provides a
clearer picture, indicating that the distractors influenced the speed-accuracy trade-off (SAT; Heitz, 2014).
Specifically, while response to target was quicker, it came at the expense of an increased error rate. This
highlights that the presence of distractor sounds did not improve overall task performance but rather
shifted the balance between speed and accuracy. Thus, while reaction times alone might suggest a
facilitation effect, the overall performance data reveals a more complex interaction where speed

improvements were counterbalanced by reduced accuracy.
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Further, the observed speed-accuracy trade-off (SAT) effect indicates that the auditory stimuli in
these experiments were indeed processed to some extent. Therefore, the lack of distraction observed in
these studies is not because the sounds were not processed. Instead, it points to the existence of a
(attentional) mechanism that prevents irrelevant auditory information from interfering with the task, as
long as the auditory modality is completely irrelevant (the Attentional Earlid, see Chapter 3.1.1). Overall,
an essential methodological insight from these studies is that interpreting RTs and error rates separately
can be misleading. It is crucial to consider a performance measure that is less sensitive to SATs, such as BIS,

to avoid drawing incorrect conclusions.

3.2.2 Modified non-parametric method for ERP: Permutation adjusted (Ppermadj)

ERP (Event-Related Potential) datasets are inherently complex due to their high temporal resolution
and the multiple of electrode sites involved in the measurements, capturing millisecond level changes in
brain activity with great detail. This complexity can provide valuable insights into brain activity but also
poses significant challenges for analysis and interpretation. The richness of the data, encompassing a vast
array of time points and electrode sites, coupled with the possibility of influence from other (non-task
related) brain activities such as mind-wandering, means that random variations can easily lead to
statistically significant results if inappropriate analyses are conducted. These variations often manifest at
certain time points and electrode sites, creating effects that appear noteworthy but are, in reality, spurious
or bogus (Luck & Gaspelin, 2017). This makes it easy to obtain significant results in ERP experiments, yet
difficult to discern which findings are genuine and replicable, as the data's inherent noise can be mistaken

for meaningful patterns (see Luck & Gaspelin, 2017 for a detailed discussion).

One frequently employed method for analyzing ERP data involves visually inspecting the Grand
Average (GA) waveform to determine the appropriate analysis time window. Subsequently, explicit
statistical analyses are typically conducted solely for the time points and electrode sites that exhibited

differences during this visual inspection. This technique introduces additional biases since eyeballing the
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GA waveform leads to multiple implicit comparisons (Luck, 2014; Luck & Gaspelin, 2017). To circumvent
this problem, it is generally recommended to perform the analysis for the ERP component within a pre-
determined time window, established prior to any visual inspection of the GA waveform. This approach
helps to minimize biases and ensures a more objective analysis, thereby enhancing the reliability and

validity of the findings.

However, using a pre-determined analysis time window is not always feasible. When there is
insufficient prior literature on the time window of an ERP component — such as for sufficiently novel ERP
studies — or when the ERP component varies widely over a broad range of time intervals, it becomes
challenging to define a time window in advance. For example, the Pp component can appear within a
considerably broad range of time windows (approximately 100 - 400 ms) depending on the task and stimuli
(see Figure 2 of Gaspelin et al., 2023, for a comprehensive overview of the variation in time window and
shape of the Pp component). For such ERP components, with a large range of time-window in which the
component occurs, some deflection (here positive deflection in the context of the Pp component) can be
expected in this window even in the absence of a consistent/true component. If a narrow measurement
window is chosen — based on the presence of a deflection in the observed GA waveformes, this could easily
be noise, leading to a biased but statistically significant effect even if no real effect exists. Conversely, using
a broad measurement window that includes the entire possible range of the ERP component latencies (for

Pp approximately 100 - 400 ms) would mix noise with the actual ERP effect, reducing statistical power.

To address this issue, Sawaki et al. (2012) developed a novel non-parametric permutation approach
to estimate the amplitude of an ERP component. This method involves measuring the signed area (e.g.,
positive for the Pp component and negative for the N2pc component) over a relatively long time-interval
in which the ERP component can occur (such as the 100 - 400 ms range for the Pp component, see above).
To account for the bias caused by only taking the signed area (as this would only include non-zero values

in the chosen direction), a distribution of noise using the noise from the actual data was constructed. To
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achieve this, the original dataset was repeatedly shuffled, and the signed area was calculated in each run
of the permutation, providing us with a distribution of signed area amplitudes of noise in the direction of
the ERP (positive for Pp, negative for N2pc or N2ac). This distribution was then used to estimate the
likelihood of whether the observed ERP’s signed area/amplitude was a result of random fluctuations in the
data rather than a real physiological response. This estimate of the likelihood (Pperm, also see Liesefeld et
al., 2022) indicate the proportion of runs in the random permutation that yielded an amplitude larger than
or equal to that of the correct assignment/real ERP. That is, this can be interpreted as the probability of
obtaining an amplitude equal to or greater than the observed value purely due to noise. Consequently,
depending on the chosen a-level (typically: .05), if the Pgerm value is less than a-level, it is interpreted as a

significant/true ERP component.

The Pperm method is generally robust for analyzing ERP waveforms containing a single component,
but it can face challenges when additional components of opposite polarity are present within the analysis
time window leading to an increased Type-Il error rate (false negatives). For instance, in scenarios like the
both-lateral condition (when a target and distractor is presented concurrently in opposite hemifields, see
Chapter 2.3), two N2acs can occur for stimuli on different sides one after the other (see Figure 4 in Chapter
2.3). In such cases, the presence of the opposite polarity component can skew the signed-amplitude
measured in many of the runs of the random permutations, artificially boosting the proportion of runs with
larger amplitudes. Similarly, when components of the same polarity are present one after the other, they
can increase the Type-l error rate (false positives), since their amplitudes may be counted within the broad

time window and affect the target component’s signed amplitude measure.

To tackle this problem, in Study 3 (Chapter 2.3, Mandal et al., 2024b) we propose a new modified
permutation method to calculate the Ppermadj. The procedure is similar to the computation of Pgerm in that
this measure is also computed using a non-parametric permutation approach, with the only difference

being that instead of using a broad time window, the analysis time window was specifically tailored to each
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individual component. Specifically, the amplitude in each run of the permutation was calculated from a 30-
ms time-window centered around the 50%-area latency of the component in the GA waveform. By using
individualized, smaller time windows rather than a broad, fixed time window that can potentially
encompass multiple subsequent components, the new measure helps to avoid the aforementioned
problems. Ppermag; still maintains the desired a-level (Type-I error rate) at 5%, and in scenarios with multiple
components of the same sign, it may even provide more accurate control over the error rate compared to

the original Pperm method.

The data presented in Study 3 (Chapter 2.3, Mandal et al., 2024b) nicely illustrates some of these
advantages of the Ppermagj Over the Pperm method. We observe an instance of this in the result for both-
lateral condition in Exp. 1 (Figure 4a in Chapter 2.3), where attention shifts from the distractor to the target
(both of which are on opposite sides). This results in a flip in polarity of the ERP for the distractor N2ac
(when the ERP waveform is calculated with respect to the target) — thereby, resulting in the target N2ac
(negative) and the distractor N2ac (positive) of opposite polarity. Consequently, as foreseen — informed
through the limitations of Perm, Wwe do not observe a significant distractor N2ac with the Pperm and it is only
revealed as a significant component through the Ppermadj. We know that the distractor N2ac exists/ is a real
component in this experiment, since (a) we clearly observed it in the distractor-lateral/target-midline
condition (Figure 3a in Chapter 2.3), and (b) the composite ERPs (Figure 4a in Chapter 2.3) reproduces the
characteristic pattern observed in both-lateral condition. This clearly demonstrates an instance where the
Type-ll error (false negatives) are increased due to the Pperm method in these scenarios and can be
circumvented by using the Pgermagi. That Type-| error rate (false positives) are not inflated in the Ppermag;
method, is demonstrated by the non-significance of a distractor N2ac in Experiment 2 (Figure 3b in Chapter
2.3) in both Pgermadj and Pperm — highlighting the absence of a distractor N2ac (which is indeed the case as
independently observed through the absence of a positivity in both the observed and composite waveform

of the both-lateral condition) in this experiment.
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3.3 Processing spatial stimuli in the visual and auditory modality

The way spatial information is processed in visual and auditory modalities differs fundamentally.
Vision is primarily spatial, while hearing is more temporally oriented (Kubovy, 1988). Visuo-spatial
information is processed directly through retinotopic mapping, where the position of an object is
represented based on its location on the retina. In contrast, sound localization relies on more indirect
methods, such as interpreting interaural time differences (ITD) and interaural level differences (ILD).
Despite these differences, humans can still localize sounds with considerable accuracy, particularly when
auditory stimuli are widely separated spatially. Spatial separation plays a crucial role in sound perception
as exemplified through studies showing that spatial separation of sound sources enhances the ability to
process individual sounds amidst multiple concurrent sounds (Kawashima & Sato, 2015). Additionally, the
human auditory cortex represents spatial separation between sounds, helping to segregate them into

distinct streams (Shiell et al., 2018).

Horizontal sound localization in humans primarily relies on the above mentioned interaural time and
level differences (ITD/ILD) — and an integrated form of these codes for sound laterality is retained in the
human auditory cortex (Edmonds & Krumbholz, 2014). The greater the spatial separation between sounds,
the more significant is the differences in ITD and ILD, leading to improved localization accuracy. Although
the visual modality can perceive spatial positions of stimuli even with minimal separation, the auditory
modality also does the job, but requires a larger degree of separation. In other words, the spatial acuity of

the visual system is higher compared to the auditory system (Callan et al., 2015; Recanzone, 2013).

Consequently, many studies presenting concurrent spatial auditory stimuli, including our Study 3,
present auditory stimuli with a higher angular separation between the auditory stimuli, than would be
typically for visual stimuli. In Study 3, we present the concurrent auditory stimuli with an angular difference
of ~40° instead of presenting stimuli with a separation of less than 10° —as is the case for most visual search

studies (also see Gamble & Luck, 2011; Lewald & Getzmann, 2015; Klatt et al., 2018 for comparable
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studies). This approach accommodates the lower spatial resolution of the auditory system compared to

the visual system, ensuring that the auditory stimuli are distinguishable and accurately localized.

3.4 Similarities in the visual and auditory attention

Despite involving different sensory modalities (with their respective strength and weaknesses as
discussed above) — auditory and visual attention share significant similarities in how they function and are
processed in the brain. A clear example of this (as discussed in Chapter 3.1.2) is the presence of ERP
markers that function similarly as index of visual and auditory spatial attention i.e., N2pc and N2ac
respectively — in spite of the obvious differences in how both the modalities process spatial stimuli (see
Chapter 3.3). Additionally, the mirroring of temporal dynamics of attention mis-allocation and reallocation
in the auditory modality (Chapter 2.3; Mandal et al., 2024b) to those only previously observed in the visual
modality (Liesefeld et al., 2017, 2022) further exposes the similarities in spatial attentional mechanisms

amongst the two modalities.

Similarities between auditory and visual attention are also observed in the forms of distraction
during the concurrent presentation of target and distractor stimuli. As already discussed in Chapter 1.2.2,
when target and distractor are presented simultaneously, they compete for attention. This competition can
lead to distraction either through attentional capture (where the distractor wins the competition, and
attention is misallocated towards the distractor), or filtering-cost (where the target wins but attentional
allocation towards the target is delayed none-the-less). Both types of distraction have been earlier
observed only in visual search (Becker, 2007; Liesefeld et al., 2017). The presence of these distinct forms
of distraction also in the auditory modality (Chapter 2.3; Mandal et al., 2024b) further evidences the

similarities between auditory and visual attention.

The ability to learn and utilize spatial regularities is another shared feature of auditory and visual

attention. Spatial probability learning, a phenomenon which can be thought of as a long-term effect of
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selection history (Addleman & Jiang, 2019a) — can help in guiding attention towards a (implicitly) learned
spatial region where a target is biased to occur more frequently. Such spatial probability learning has been
extensively studied in visual search (Ferrante et al., 2018; Jiang et al., 2013). However, a comparable effect
had been shown for auditory search by Addleman & Jiang (2019b), providing evidence for implicit spatial
attentional bias in the auditory modality through spatial probability learning. Their study shows that
participants can learn to allocate attention more efficiently to locations where targets are more likely to

appear, demonstrating the potential for learning spatial regularities also in the auditory modality.

That visual attentional mechanisms can be extended to auditory attention (see Chapter 1.3.2), or
auditory and visual attention might have some commonalities — are not a new concept. Indeed, Shinn-
Cunningham (2008) reviews several such commonalities observed in the visual and auditory object
perception in complex scene — indicating a similarity in attentional mechanisms in the two modalities.
Shinn-Cunningham further suggests that these similarities indeed indicate common neural mechanisms
controlling attention across modalities. Our findings in Study 3 provides empirical evidence towards this —
by highlighting the similarities in attentional dynamics, as observed in the brain for both visual and auditory

modalities.

3.5 Limitations and future directions
3.5.1 Study1and2

While the research presented in this thesis helps uncover important aspects of both cross-modal
and unimodal auditory attentional mechanisms, there still remains a few questions which future research
might help answer. In Studies 1 and 2, the introduction of an additional simple auditory task — the counting
of sounds in each block — revealed a cross-modal auditory distractor interference effect. This effect is
argued to result from the increased priority of the auditory modality due to the top-down demand of the

additional task. Consequently, the system is hindered from down-weighting inputs from the auditory
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modality (as seen in other experiments without the additional counting task) while integrating activations

in the master priority map.

However, an alternate (though perhaps unlikely) explanation could be that performing the additional
counting task induced interference due to the higher cognitive load of managing an additional task
alongside the main visual search task. In this regard, it must be noted that the additional counting sound
was (a) presented only sparsely in each block (between 3 to 6 times), and (b) was comparatively easier to
distinguish from the distractor sound. These factors rendered the counting task relatively easy to perform.
If the counting task itself caused the interference, the interference effect should have been visible only
when the counting sound was presented, rather than during the distractor sound as well. Additionally, if
the interference was indeed due to increased cognitive load, then increasing the difficulty of the main task
—thereby, increasing the cognitive load, would have resulted in an interference due to the distractor, even
in the experiment with the counting sound absent. However, we fail to observe any such distraction effect
by varying difficulty of the visual search task (see Exp. 1 in Chapter 2.2). Nevertheless, future research
might aim to disentangle these potential explanations by designing experiments that can isolate such
effects from those of top-down attentional demands in the experiment with the additional counting sound.
This will further help clarify the mechanisms underlying cross-modal auditory distractor interference and

contribute to a more comprehensive understanding.

Another factor worth exploring in future research is the relationship between the distractor sound
and the counting sound. Currently, both sounds are sine wave tones that differ only in their frequencies.
This could be interpreted as both sounds belonging to the same feature dimension — tone frequency
(comparable to a visual target being tilted 12-deg or 45-deg, thereby, belonging to the dimension
orientation in vision). It is possible that varying the sound properties so that the counting sound and the
distractor sound belong to different dimensions, or are very different from each other in general, could

increase or decrease the distraction effect.

87



3.5.2 Study 3

In Study 3, as an additional peripheral result, we see some evidence of the increase in latency of
N2ac with decrease in salience, just as previously observed for the visual N2pc component (Tollner et al.,
2011). To get these results, the distractor-absent conditions in both Experiments 1 and 2 were compared,
since the target in Experiment 1 was less salient than the target in Experiment 2. This resulted in an earlier
N2ac latency for Experiment 2 compared to Experiment 1. Consequently, this constitutes a between-
participant comparison for N2ac latency, which is generally not ideal. Thus, to have a robust comparison
of the sensitivity of the N2ac latency future research may be conducted which ideally employs a within-

participants design similar to the approach used by Tollner et al. (2011).

Another interesting observation from Study 3 is the presence of the late positivities over the
posterior electrodes after the time range of the N2acs. Previous comparable research has also reported
similar posterior contralateral positivities in response to auditory stimuli (Gamble & Luck, 2011; Gamble &
Woldorff, 2015; Lewald et al., 2016). Although, it is not completely clear what this represents, these late
positivities have been tentatively interpreted in various ways: such as, visual attentional shift following
auditory attention, or re-orientation of visuo-spatial attention after target detection (Gamble & Luck, 2011;
Gamble & Woldorff, 2015). Alternatively, they have been considered a posterior contralateral
manifestation of the late positive component (LPCpc; Lewald et al., 2016). Given the limited understanding

of this component's functionality, further research is necessary to gain more insight.
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