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Abstract
Task-irrelevant sounds that are semantically congruent with the target can facilitate
performance in visual search tasks, resulting in faster search times. In three
experiments, we tested the underlying processes of this effect. Participants were
presented with auditory primes that were semantically congruent, neutral, or
incongruent to the visual search target, and importantly, we varied the set size of the
search displays. According to seminal accounts of semantic priming, priming effects
can be explained by processes not related to search (i.e., facilitation of target encoding;
McNamara, 2013), which would predict a priming effect that is independent of set size.
Alternatively, we tested if auditory priming can serve as a source of guidance for visual
attention toward the primed target (i.e., in terms of altering attention-directing priorities;
Wolfe, 2021), as indexed by higher search efficiency with congruent priming.
Experiment 1 found that auditory color word primes resulted in faster responses and,
importantly, flatter search slopes for congruent compared to incongruent color targets,
indicating more efficient search. As with many naturalistic search behaviors, we used
multiple-target search. Experiment 2 replicated the findings of Experiment 1 with a
reduced target set. Experiment 3 extended these findings to complex audio-visual
objects. Our results provide direct evidence that cross-modal priming can guide visual
selective attention, as reflected by enhanced visual search efficiency.
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Public Significance Statement

Sounds can be beneficial when searching for a visual object if they are meaningfully re-
lated to the object we are looking for. Our study investigated the basic cognitive mecha-
nisms of this effect. We tested if target-congruent sounds can guide visual attention, or
if they provide benefits related to target identification, but unrelated to search. Search-
ing for the target became more efficient when the task-irrelevant sound denoted the tar-
get, rather than a potential but absent target. This result supports that congruent sounds
guide visual attention. The findings contribute to our understanding of how auditory

warning signals influence visual search behavior.
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Semantically congruent auditory primes enhance visual search efficiency:
Direct evidence by varying set size

In natural environments, the human cognitive system permanently receives and
integrates information from different senses. Since visual and auditory information
often occur together in our natural surroundings, it is particularly likely that visual and
auditory information are processed and integrated cross-modally. While initially
somewhat neglected by cognitive research, cross-modal information processing has
received increasing attention over recent decades, whereby its distinctive features
compared to unimodal information processing are becoming more and more apparent
(e.g., Calvert et al., 2004; Driver & Spence, 1998; Spence et al., 2009). For example,
converging multisensory information is readily integrated at multiple stages of
information processing, leading to marked performance benefits that cannot be
explained by a simple accumulation of the effects of each modality (e.g., De Gelder &
Bertelson, 2003; Giard & Peronnet, 1999; Talsma et al., 2010). In addition, the specific
characteristics of each modality could lead to benefits by increasing the strength and
reliability of the converging information. For example, due to the unique characteristics
of auditory perception, such as its near omnidirectional character, sounds might be
highly effective in conveying critical information when the visual environment is
complex and cluttered (e.g., Fernandez-Duque & Posner, 1997).

Since semantic information is represented primarily in the visual and auditory
domains, one obvious research question concerns the potential of auditory stimuli to
facilitate the processing of semantically congruent visual stimuli. There are now many
studies showing facilitated processing of visual stimuli if their presentation is

accompanied by a semantically congruent auditory stimulus (e.g., Chen & Spence,
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2011, 2013, 2018a, 2018b; Holcomb & Anderson, 1993; Tabossi, 1996). These studies
have used variants of the well-known semantic priming paradigm, which was
established in the visual domain (for reviews, see McNamara, 2005, 2013). Typical
semantic priming studies present the target stimulus at a central, predetermined and
therefore attended location. Priming effects (i.e., semantically related primes lead to
faster responses to the target and/or less errors compared to unrelated primes) are then
explained by facilitation of target encoding. To illustrate, the most prominent
explanation (Collins & Loftus, 1975) assumes that the prime activates its mental
representation, which in turn pre-activates the mental representation of the congruent
target through a process of “spreading activation”. Hence, the attended target stimulus is
more easily encoded (for detailed discussion, see McNamara, 2005, 2013).

However, in contrast to the well-established paradigm with predefined and thus
attended target location (see e.g., Chen & Spence, 2011, 2013, 2018a, 2018b; for cross-
modal studies), several cross-modal priming studies are characterized by uncertainty of
the target location within a cluttered visual context. Thus, the target is embedded in a set
of distractors (e.g., lordanescu et al., 2008, 2010, 2011; Mahr & Wentura, 2014, 2018).
Although this setting may seem odd in the context of the predominantly unimodal
research on semantic interactions, it is consistent with natural audio-visual information
processing. When searching for (often multiple or broadly defined) targets in complex
visual scenes, the salient, near omnidirectional auditory input could effectively inform
the visual system about meaningfully related, potentially relevant items. Obviously, the
involved processes might also differ between these settings.

When the target is embedded in a complex visual scene, a visual search process

takes place before elaborate target encoding can proceed. Drawing from the established



Cross-modal enhancement of search efficiency 7

guided search model of selective visual attention (Wolfe, 2021), various sources of
guidance inform the search process, including not only bottom-up physical salience but
also current selection goals, prior information (e.g., selection history), values, and
learned regularities of the visual scene. Visual working memory or long-term memory is
thought to mediate these latter influences (Wolfe, 2021). The weighted average of the
various contributions is integrated into a representation of the attention-directing
priorities of the visual scene, the priority map. Based on this model, attention is guided,
covertly or overtly, to the item or location with the highest activity on the priority map.
The representation of attentional priorities is dynamic, thus, current attention-guiding
influences update the priority map constantly (e.g., Wolfe, 1994, 2021).

One prominent source of attentional guidance is the current selection goal.
Specifically, this involves attentional guidance based on the mental representation of the
target-defining features, often referred to as the attentional template (e.g., Duncan &
Humphreys, 1989) or guiding template in the terminology of guided search (Wolfe,
2021). It is assumed that this source of guidance is exerted dominantly via working
memory (e.g., Grubert & Eimer, 2018; Kerzel & Witzel, 2019; Olivers et al., 2011), and
it has a direct influence on the priority map (Wolfe, 2021). According to the guided
search model, further sources of guidance (e.g., repetition priming; Kristjansson &
Johannesson, 2014) can implicitly influence the prioritization of target features in the
guiding template (Wolfe, 2021). In a similar vein, auditory semantic priming might also
be considered as a source of guidance for visual attention toward the primed target,
tentatively, by affecting the guiding template of the search process. Consequently, the
target-congruent information conveyed by sounds may alter the distribution of

activation in the priority map in favor of the primed target, enhancing its visual salience.
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But how could the semantic information provided by sounds affect the priority map of
visual attention?

The "good-enough" principle of attentional guidance (Yu et al., 2023; see also
Wolfe, 2021) stands for the notion that visual attentional guidance is based on a
"coarse" representational quality of the target-defining features, that is "good enough"
for rapid localization of potential targets. These representations serve as the basis for
sensory gain modulation, thereby influencing activation of the priority map (Wolfe,
2021). Despite extensive research, the features that can be represented in guiding
templates are still not sufficiently specified, especially in the context of realistic search
displays. Color, shape, and orientation properties, and low-spatial-frequency
information are candidates regarding guidance to complex objects (Alexander et al.,
2019; Wolfe, 2021; Zhang & Li, 2020; see also Van Moorselaar & Theeuwes, 2023, for
proposing object-based attentional prioritization). Importantly, there is evidence that
guiding templates can be set up based on complex semantic information: For example,
when searching for semantic categories, they can represent the typical features of these
categories (e.g., Maxfield et al., 2014; Yu et al., 2016). Moreover, guiding templates
can be influenced by the semantic context, such as complex scene information. For
example, visual search for the semantic category "bottle" will be guided by the object
features that characterize a beer bottle when primed with an image of a bar scene before
the search display, and by those of a baby bottle when primed with an image of a baby's
room (Robbins & Hout, 2020). On a similar vein, auditory semantic priming may act as
a source of guidance for visual attention by facilitating sensory gain for a primed

feature, when it is sufficient to define a target, or, in the case of priming of object
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representations, for a coarse representation of the primed target object's features, similar
to search based on word cues or categories.

After a rapid localization of a potential target candidate, a more elaborate
processing follows that enables item identification, which informs the decision if the
selected item matches a target representation (Wolfe, 2021; Yu et al., 2023). Therefore,
after selection has occurred, there is room for a possible facilitation by semantic priming
in terms of spreading activation processes (e.g., McNamara, 2013) to support
identification of the item. The decision whether the identified item is a target is based
on a more veridical target representation than the information used for guidance (i.e.,
"target template" of the activated long-term memory in the terminology of guided
search; Wolfe, 2021).

In the present study, we target possible underlying processes of cross-modal
semantic priming in visual search tasks. Specifically, based on seminal accounts of
semantic priming, a performance advantage by congruent (as opposed to incongruent)
priming can be explained by better accessibility of semantic information during target
processing (e.g., McNamara, 2013), implying that primes exert an influence on
processes following selection (i.e., target identification, target-match decision). In
contrast, we propose that a facilitation that is directly related to attentional guidance
might also be involved: Cross-modal semantic priming might serve as a source of
guidance for visual attentional selection in favor of the primed target (see, Wolfe, 2021).
That is, an auditory prime might increase the relative salience of the congruent target in
the cluttered visual context, so that attention can be more efficiently directed to it.

Importantly, these two accounts can be tested in our cross-modal visual search

experiments via variation of the number of elements on the search display, that is, the
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set size. In basic visual search tasks, the set size is systematically related to the reaction
time: The time required to find the target increases (typically) linearly with increasing
set size (e.g. Wolfe, 2014). A robust, well-replicated marker of search efficiency is the
gradient of the search slope, that is, the increase in reaction time per additional
distractor item (e.g., Wolfe, 1998, 2021; Wolfe & Horowitz, 2017)—the flatter the
slope, the more efficient the search. Thus, if cross-modal priming involves guiding of
visual attention, one would expect more efficient search, that is, flatter slopes with
congruent compared to incongruent priming. Remarkably, as indicated by our review of
cross-modal priming studies involving visual search (i.e., uncertainty of the target
location) in the following section, studies with set size variation are lacking so far.
Thus, the aim of the present study was to test directly, by varying the set size, if cross-
modal semantic priming leads to more efficient search in case of prime-target
congruence.
Cross-modal semantic priming in a search context

Without addressing the involved processes directly, there are several studies
providing hints that auditory semantic priming of visual search might not only facilitate
processes not related to search, such as encoding facilitation of the target object, but
also increase visual search efficiency. By using naturalistic sounds as primes, studies by
Iordanescu et al. (Iordanescu et al., 2008, 2010, 2011; see also Zweig et al., 2015;
Salverda & Altmann, 2011; and Huettig & Altmann, 2005) investigated cross-modal

semantic priming in a visual search context.! For example, Iordanescu et al. (2008)

' Of note, cross-modal exogenous cuing is also a task that includes uncertainty regarding the spatial
location of the relevant stimuli, but presenting a very limited visual display. Using this task, the study of
Mastroberardino et al. (2015) found limited evidence for cross-modal semantic congruency effect. There
was a significant effect of semantic congruency only when using a difficult perceptual discrimination task
and when presenting target displays with two items. However, there was no effect of semantic
congruency when only one target item was presented.
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presented four pictures of objects in each trial. The target object (e.g., a cat) that had to
be located in the current trial was announced as a spoken denotation at the beginning of
each trial (i.e., about 1 second before the search display). Synchronously to the search
display, a complex, naturalistic sound was presented that was either a characteristic
sound of the target object (e.g., a “meow”) or not. It was indeed found that target-related
sounds sped up responses. lordanescu et al. (2010) conceptually replicated this effect
with saccadic search times as the dependent variable. Kvasova et al. (2019) extended
the findings for a complex search task that resembles dynamic, naturalistic scenes:
Target-congruent auditory primes (again, naturalistic sounds) reduced response times
compared to control conditions. Taken together, Iordanescu et al. (2008, 2010, 2011)
and Kvasova et al. (2019) discuss their results in the context of attentional facilitation
by congruent priming: Specifically, cross-modal interactions in object processing might
increase the visual salience of the target object. Without testing the influence of primes
on the efficiency of search processes, however, the processes involved are unclear: They
might include improved search efficiency in a cluttered visual context, or they might be
limited to post-search processes, in particular, facilitating the encoding of an attended
item and/or reducing the time taken to accept or reject an item as target.

Since semantic priming by naturalistic sounds may involve somewhat different
mechanisms than priming by spoken words (e.g., Chen & Spence, 2018b; however, see
also lordanescu et al., 2011, for comparable auditory—visual congruency effects for
these types of stimuli), studies with spoken word primes are more directly relevant to
the present context. Nevertheless, even in this line of research no variation in set size
has been used. For example, Mahr and Wentura (2014; Exp. 3) instructed participants to

make target absent/present decision for briefly presented visual search displays of



Cross-modal enhancement of search efficiency 12

colored circles. Participants had to indicate whether one of the four possible target
colors (blue, green, red, yellow) was present. The target circle (if present) was presented
at a random location in a ring-like arrangement along with seven other circles, colored
in heterogeneous non-target colors. In the majority of trials, visual displays were
preceded by an auditory prime, thus, a spoken word naming one of the target colors, or
a neutral word. Importantly, the prime was not predictive of the actual target color (i.e.,
primes and targets were varied orthogonally). Discrimination sensitivity was
significantly increased in the congruent condition compared to incongruent, neutral, or
no-prime conditions. As mentioned above, there was no variation of set size to test the
process of this performance facilitation. Furthermore, Mahr and Wentura (2018; Exp. 2
and 3) extended these findings to an applied context: Participants took part in a
simulated driving task with target symbols (e.g., a traffic light symbol) appearing on
overhead gantry signs. As in Mahr and Wentura (2014), there were four different
possible targets, but on each trial, only one target was presented at one of four possible
locations, together with three distractors. Before target onset, spoken primes named one
of the four possible targets (e.g., “traffic light”). These spoken denotations were
uncorrelated with the identity of the target that followed them. Participants had to
categorize the color of the target. Auditory primes that named the target facilitated
response times compared to incongruent and neutral primes. Interestingly, congruently
(vs. incongruently) primed targets were not only associated with lower mean RTs, but
also lower mean SDs of raw RTs. While the results (similar to those of Mahr &
Wentura, 2014) are discussed in the context of enhanced target processing by congruent
priming, the pattern of results also fits the assumption that congruent priming might

increase search efficiency, as inefficient search is characterized by large variability in
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the number of search steps required to find the target. Again, there was no variation in
set size to test this hypothesis.

Furthermore, a potentially relevant difference between the experiments of Mahr and
Wentura (2014, 2018), on the one hand, and the line of research of Iordanescu et al.
(Iordanescu et al., 2008, 2010, 2011) and Kvasova et al. (2019), on the other hand,
concerns the search process involved in the task. In particular, the latter line of studies
announced the target of the current trial (i.e., as spoken or written denotation) selected
from a large set of potential targets shortly before the auditory prime was presented
(Iordanescu et al., 2008, 2010, 2011; Kvasova et al., 2019; see also Knoeferle et al.,
2016). Since the specific target of the current trial was clearly defined, the involved
process can be interpreted as single-target search. However, this single-target approach
had a potentially problematic aspect: As a new attentional template had to be set up for
each search trial, the auditory primes may have already influenced this process, making
it difficult to accurately gauge the underlying processes. Thus, in line with the
experiments by Mahr and Wentura (2014; 2018), we decided to adopt a task involving
multiple-target search. As with many naturalistic search behaviors, this setting involves
a small set of potential targets and requires participants to maintain the possible target
items across multiple search trials.

Altough the mentioned studies of basic attentional research did not vary set size
within an experiment, there is a related study that gives further hints for facilitation of
search efficiency by cross-modal priming: Knoeferle et al. (2016) used the paradigm
developed by lordanescu et al. (2008) in an applied setting with a set size variation
between participants. In their Experiment 4B, participants’ task was to search for a

specific product in one versus three rows of six products on an Amazon-style product
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selection page. The authors found significant facilitation of RTs for the product primed
by a characteristic sound only in the condition with three rows—a result that can be
interpreted, with some caution, as increased search efficiency. However, due to the
applied research question and the goal of the study to test the influence of “visual load”
on priming of product search (i.e., one versus three rows of products were introduced as
low versus high visual load conditions, respectively; see e.g., Lavie, 2010), it was not
the intention of the authors to mimic a typical visual search experiment. Hence, the
experiment was a single-trial study to resemble a realistic online shopping context,
making it difficult to relate the results to typical visual search research.

In sum, several studies have integrated visual search with a cross-modal semantic
priming design, and they suggest that priming effects may arise, at least partly, from
increased search efficiency. However, none of the studies in basic visual search research
has included a variation of set size to test this assumption directly. Apart from studies
using variants of semantic priming in a visual search task, some other paradigms have
provided further hints that auditory primes may affect visual search processes. These
studies are discussed below.

Further insights from related paradigms
Cross-modal response competition paradigms and perceptual load

A number of studies have used cross-modal response-competition paradigms?
with visual targets and auditory flankers (e.g., Mahr & Wentura, 2014, Exp. 1 and 2;
Mahr & Wentura, 2018, Exp. 1; Tellinghuisen & Nowak, 2003; Tellinghuisen et al.,

2016). These studies found large congruency effects; that is, responses were faster if the

2 We use “response-competition paradigm” here as an umbrella term for flanker (Eriksen & Eriksen,
1974) and Stroop tasks (Stroop, 1935); these paradigms share the characteristic that distractor information
(i.e., the flanker stimulus or the irrelevant color word) is either compatible or incompatible with the
required target response.



Cross-modal enhancement of search efficiency 15

auditory flanker matched the visual target compared to incongruent pairings. Of course,
flanker effects are usually interpreted in terms of response facilitation/interference due
to a response-relevant feature overlap between flanker and target, therefore, it is not
straightforward to conclude if the experiments involved other than solely response-
based effects. Of most relevance, in some of these studies (Tellinghuisen & Nowak,
2003; Tellinghuisen, et al., 2016; Mahr & Wentura, 2014), the response-competition
task was combined with a perceptual load manipulation (Lavie, 1995, 2005). For
example, in Mahr and Wentura (2014), participants were presented with the colored
target circle in a ring-like arrangement including seven other circles colored in either
different non-target colors (i.e., high perceptual load) or gray (i.e., low perceptual load).
This load manipulation might be compared to a visual search manipulation with set size
=1 (low load, because of the uniformly grey circles) versus set size = 8 (high load).
Thus, with some caution, the increase of the response-compatibility effect in high load
condition might be interpreted as hints for increased search efficiency by congruent
priming.
Cross-modal correspondence and the pip-and-pop effect

On a related note, Klapetek et al. (2012) investigated the influence of a natural
cross-modal correspondence (see Spence, 2011, for a review) between primes and
targets on visual search processes. It is an established effect in cross-modal attention
that sounds can facilitate visual search due to temporal coincidence: When a visual
target has unique dynamics compared to the distractors and a sound is synchronized to
this change, visual search efficiency is enhanced (i.e., “pip-and-pop effect”, Van der
Burg et al., 2008). Klapetek et al. (2012) tested this effect with varying brightness (light

vs. dark) as the dynamics, and most importantly, they tested whether this effect was
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enhanced by a cross-modal correspondence with the pitch of an irrelevant tone. Hence,
the authors presented congruent (i.e., the low-pitch/high-pitch beep synchronized with
the darker/brighter target) and incongruent pairings (i.e., the reversed assignment).
There were no congruency effects with trial-by-trial variation of congruency. When
congruency was varied block-wise, mean response times were lower for congruent
blocks; however, search efficiency was not affected by congruency.
Real-time influence of spoken instructions on visual search

A further line of research provided evidence that task-relevant verbal information
can have an immediate, real-time influence on visual search processes (e.g., Reali et al.,
20006; Spivey et al., 2001). In the study of Spivey et al. (2001), simple bar stimuli served
as targets with certain color by orientation conjunctions, among distractors with
different color by orientation conjunctions. Participants received spoken instructions
simultaneously with the visual search display; they denoted the first, then the second
feature that identified the target (e.g., “Is there a red vertical?”’). Incremental processing
of spoken instructions resulted in more efficient search than might have been expected
given the difficulty of the conjunction search. This suggests that participants were able
to rapidly use the consecutively presented feature adjectives, resulting in two
consecutive but more efficient search processes. While this research demonstrated that
target-relevant spoken and visual information can be rapidly integrated during visual
search, evidently, the auditory information is used strategically here since it specifies
the target of the current trial. Therefore, this instance of search facilitation can be clearly
delineated from task-irrelevant influences on search.

In sum, studies using other paradigms than semantic priming can provide some

hints with regard to our hypothesis of increased search efficiency by congruent auditory
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primes: The studies using response-competition paradigms (e.g., Mahr & Wentura,
2014; Tellinghuisen & Nowak, 2003) suggest an affirmative answer regarding the
involvement of search facilitation. However, the interpretation of a perceptual-load
manipulation as a set-size variation is only post-hoc, and the response-competition
design is not optimal for studying visual search processes due to an assumed
predominance of response-related processes in this task. Furthermore, the exploration of
whether cross-modal correspondences increase search efficiency in the pip-&-pop
paradigm (Klapetek et al., 2012) yielded a negative answer. Again, these results should
be interpreted with caution in the present context, as the task arguably involves different
processes. Finally, studies of linguistically mediated search (e.g., Spivey et al., 2001)
suggest a positive answer, demonstrating that target-relevant spoken and visual
information can be rapidly integrated during visual search, at least when linguistic
information is used strategically.
The present study

The present study aimed to directly test the underlying processes of cross-modal
semantic priming in a visual search task. To this end, we implemented visual search
experiments accompanied by auditory priming, in which the set size of the search
displays was varied. Therefore, we presented visual search displays with varying
number of items and spoken word primes that were semantically congruent, incongruent
or neutral to the search target. The primes contained no spatial information (i.e., they
were presented centrally on each trial) and they were non-predictive in the sense that
primes and targets were combined orthogonally, so that they did not provide any
predictive information about the identity of the target on a given trial. Moreover, the

primes were not response-related, as the participants' task was to categorize a visual
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feature of the target that is varied orthogonally to the priming. We tested the
involvement of search facilitation, first, by using simple search displays characteristic of
basic visual search research (Experiments 1 and 2). Second, we tested if the assumed
involvement of search facilitation extends to more complex audio-visual objects that
have relevance to search behavior in real life (Experiment 3).

Specifically, in Experiments 1 and 2, we used a perceptual feature to define the
targets, thus, participants had to search for circles with colors from a predefined target
color set. Non-targets were circles with heterogonous colors that were not part of the
target set (Figure A1 of the Appendix, see also Mahr & Wentura, 2014). Participants
were presented with search displays of set size 2, 8, or 16. In all trials, there was one
circle with a target color. Auditory primes (i.e., spoken color words) accompanied the
visual presentation. The task was to classify a wedge-shaped gap in the target circle as
facing up or down (see Figure 1), thus, response-priming processes can be ruled out.
Similar to many naturalistic search behaviors, we used a task with multiple-target search
(see also Mahr & Wentura, 2014, 2018). While Experiment 1 featured four potential
targets, Experiment 2 featured a reduced set of two potential targets, thus, reduced
cognitive load. Furthermore, Experiment 3 aimed to test our hypothesis with
perceptually and semantically more complex stimuli that have more relevance to real-
life search processes. Specifically, we presented automotive symbols as targets (e.g.,
traffic light) and distractors (i.e., heterogeneous automotive symbols; see Figure 4),
while spoken denotations of potential targets served as primes (see also Mahr &
Wentura, 2018). That is, targets were not defined by a simple perceptual feature but by
their semantic meaning. Again, we varied the size of the search displays between 2, 8

and 16 items. To rule out response-priming processes, the task of the participants was to
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categorize the orientation of the target symbol as left or right. Hence, we were able to
test whether the hypothesis about facilitation of visual search by cross-modal priming
generalizes to complex cross-modal object representations.

Overall, we expected priming effect, thus, faster target responses with congruent
versus incongruent primes. Furthermore, we expected slower response times with
increasing set size: Although targets in Experiments 1 and 2 were defined by a single
feature, we expected a linear relationship between search times and set size given the
highly heterogonous non-target colors (e.g., Duncan, 1989; Nagy & Sanchez, 1990).
Most importantly, we aimed to test if search slopes are flatter for congruent compared to
incongruent trials, thus, if congruent primes are associated with more efficient search.
The prevailing account of semantic priming effects, that is, encoding facilitation of the
attended target (e.g., McNamara, 2005, 2013) predicts a priming effect regardless of the
set size. However, if auditory priming serves as a source of guidance for visual attention
(i.e., in terms of biasing the priority map of the visual scene in favor of the congruent
target; see Wolfe, 2021), flatter search slopes are expected with congruent compared to
incongruent priming.

Following Mahr and Wentura (2014, 2018), we used time-compressed auditory
stimuli, which allow implementation of presentation times and prime-target stimulus
onset asynchronies (SOAs) that are typical of visual priming studies (i.e., in the present
study: SOAs of 90 and 100 ms), and therefore increase the comparability of these lines
of research. While time-compressed auditory stimuli allow for nearly immediate effects
on visual search, previous results have shown that compression itself or the degree of
compression has no influence on semantic congruency effects as long as the primes are

clearly understandable (Mahr & Wentura, 2014, 2018). As all possible prime-target
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combinations were presented equally often, primes were entirely non-predictive
regarding the identity of the actual target. Note that demonstrating cross-modal priming
effects with brief prime durations and prime-target SOAs, and with non-predictive
primes would support “automaticity” of the involved processes in the sense of their
speed and involuntariness (e.g., Moors, 2016). We thus regard these features as
strengths of the present design.

Experiment 1
Method
Transparency and Openness

The experiment was preregistered at https://aspredicted.org/blind.php?x=hc26eS5.

In the present study, there were some minor deviations from the preregistrations. We list
and explain them in Table A2 of the Appendix. For all experiments, we report details on
the determination of sample size as well as all data exclusions, manipulations, and all
measures in the study. The data and materials for all experiments are available at

https://osf.i0/gse53/?view only=e98681d7e2184d74al8e4eb66ddatb64bce.

Participants

We based power calculations on the effect sizes found by Mahr and Wentura
(2014). In Experiment 1, this effect size was dz = .67; in Experiment 2, it was dz = .61.
Since we reduced the number of trials (from 300 to 240) and changed the task, we

reduced the expected effect size to dz = .50 (i.e., medium effect as defined by Cohen,


https://aspredicted.org/blind.php?x=hc26e5
https://osf.io/qse53/?view_only=e98681d7e2f84d74a18e4e66ddaf64bc
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1988). To detect an effect of this size with power 1 — B =.95 (o = .05, one-tailed?), a
sample size of N =45 is needed.

Forty-five students (29 women, 16 men) from Saarland University took part in the
experiment in exchange for 4 Euro. The median age was 24 years (range 18 to 33). All
participants were native speakers of German and had self-reported normal hearing and
normal or corrected-to-normal vision. The data of five further participants were
discarded because error rates exceeded the pre-registered criterion (three interquartile
ranges above the third quartile with respect to the sample distribution; far out values as
defined by Tukey, 1977).

Design and Statistical Analyses

The experiment used a 3 (prime-target relation: congruent, incongruent, neutral) x
3 (set size: 2, 8, 16 stimuli) within-participants design—although technically, the
congruency factor was implemented by fully crossing auditory prime (red, green, blue,
yellow, neutral) and visual target (red, green, blue, yellow) factors. Thus, prime and
target features were uncorrelated, resulting in auditory priming without contingency
(i.e., there was no benefit in expecting the primed color).

In line with our preregistration, we tested our hypotheses by a 3 (prime-target
relation: neutral vs. congruent vs. incongruent) X 3 (set size: 2 vs. 8 vs. 16) multivariate
analysis of variance (MANOVA) for repeated measures (e.g., Dien & Santuzzi, 2005;
O’Brien & Kaiser, 1985). Additionally to the tests that include the factor of prime-target
relation (i.e., with df = 2), we report the results for the contrast between congruent and

incongruent conditions, thus, the contrast that is most central regarding our hypotheses

3 One-tailed interpretation because of the expected positive congruency effect on RTs, thus, faster
responses in trials with congruent priming compared to trials with incongruent priming.
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(see also Mahr & Wentura, 2014, 2018). The set size factor was transformed into linear
and quadratic trends: The linear trend is of main interest, since we expect a linear
relationship between set size and search RTs.*

To test the influence of priming on search slopes more directly, as preregistered,
we report linear mixed model (LMM) analyses, which account for the hierarchical
structure of the data, in which trials (level 1) are nested within participants (level 2).
Specifically, we analyzed RTs as a function of priming condition (coded as +1
congruent, -1 incongruent), set size (i.e., 2 / 8 / 16), and their interaction. The weight for
display size plus the weight for the interaction is the search slope for congruent trials;
the weight for display size minus the weight for the interaction is the search slope for
incongruent trials. The test for the interaction is the test for differences in search slopes.
Material

Each target display contained two, eight, or sixteen visual stimuli presented in
random locations of a 4 x 4 matrix (18.5 x 18.5 cm, approx. 18.5 x 18.5 ° visual angle)
on a black background (see Figure I). Each circle spanned 3.6° (diameter 73 pixels =
3.6 cm). One of these visual stimuli was the target and therefore appeared in one of the
four target colors (i.e., blue, green, yellow, red; see Figure Al of the Appendix). The
filler items were presented in different non-target colors, randomly chosen from 16 filler
colors that were clearly distinguishable from the target colors (see Figure AI). All

circles had a gap in one of six positions, three in the upper part of the stimulus (-45°, 0°,

4 The multivariate approach to the repeated measures analysis transforms a tripartite factor into a
vector of two orthogonal contrast variables (see, e.g., Dien & Santuzzi, 2005). For the prime-target
relationship, the first contrast was chosen a priori as the contrast between congruent and incongruent trials
(i.e., the most relevant comparison). Consequently, the second contrast compared the average across
congruent and incongruent trials with the neutral trials. Obviously, this contrast is of little interest in the
present study. For the set size factor, we used polynomial contrasts. Of course, in the case of three levels,
the linear trend is simply the comparison of the first level with the last level, whereas the quadratic trend
refers to the comparison of the middle level with the average of the first and second level.
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45° with reference to the 12 o’clock position) and three in the lower part (-45°, 0°, 45°
with reference to the 6 o’clock position).

We used the auditory word stimuli of Mahr and Wentura (2014), that is, time-
compressed sound files (with 120 ms duration, compression to 30% of their original
length; thus, the primes of Exp. 3, and the medium compression rate of Exp.1-2 in Mahr
& Wentura, 2014) of the German one-syllable words for red (“rot”, [ro:t]), green
(“griin”, [gry:n]), blue (“blau”, [blav]), and yellow (“gelb”, [g €lp]). Neutral primes
were also chosen from a set of four possible stimuli (see Mahr & Wentura, 2014, Exp.
2): Four one-syllable non-words served as neutral prime set (“liez”, [li:ts], “tdn”, [te:n],
“nux” [nuks], and “toff” [toef]).> The sounds were presented over closed-ear
headphones (model AKG K511) and ranged in sound pressure level from 68 to 72 dB
SPL. The 30%-compression files were clearly understandable (i.e., identification
accuracy was about 100%, as reported by Mahr & Wentura, 2014).

Procedure

Participants were individually seated in front of a 17-inch monitor (100 Hz refresh
rate, resolution 640 x 480 pixels) controlled by a personal computer in a sound-proof
testing booth with dimmed light. Viewing distance was about 60 cm. The experiment
was controlled by E-prime software (E-prime 2.0). On each trial, participants had to
search for the target color and categorize the target-gap location as up or down by

pressing a corresponding key (keys F and J on a standard QWERTZ keyboard;

5 We decided to present varying neutral stimuli instead of one constant neutral word in order to keep
the neutral condition consistent with the congruent and incongruent conditions in this respect. However,
regarding the response competition setting, previous results showed that the use of a single versus varying
neutral primes has little relevance for the influence of primes and its division into costs and benefits
(Mahr & Wentura, 2014).
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assignment counterbalanced). Participants were informed that the auditory words were
not predictive to the target.

To start each trial, participants pressed the space bar. On each trial, following a
1,000 ms blank (black) screen, a white fixation cross appeared for 500 ms, followed by
a blank screen without sound for approx. 390 ms (there was a slight jitter due to the
subsequent audio file loading). The auditory prime commenced during the presentation
of the blank screen and was followed by the target screen with a SOA of 90 ms. The
target screen was presented until a response was given (see Figure 1).

Participants completed two practice phases. After being presented with all color
circles (i.e., the target and distractor circles), participants first completed 24 single-item
trials, in which they simply had to indicate whether a circle had a target color or not. If
necessary, this phase was repeated until participants reached at least 90% accuracy.
Then, they proceeded to a further practice block of 30 trials, in which the main
experiment was practiced (i.e., a sub-sample of the full design was shown, with the
different factors balanced). Feedback was given on each trial.

Afterwards, participants completed two experimental blocks of 120 trials each,
composed of 24 neutral, 24 congruent, and 72 incongruent trials, randomly intermixed.
The trial list was balanced with regard to the four colors (i.e., each of the 20 possible
prime-target combinations was presented six times; two times in each set size condition:
one time with an "up" gap, one time with a "down" gap). Within the "up" and "down"
gap conditions, it was randomized whether the -45°, 0°, or 45° position of the gap was
used in a given trial (see Materials). The gaps of the distractors were randomly drawn
from the six possible realizations. Four warm-up-trials preceded each block (not

included in the analyses). The experiment took approximately 25 minutes.
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Results

All effects referred to as statistically significant throughout the text are associated
with p values below .05, two-tailed, except for the congruency effect that is tested one-
tailed (i.e., because of the expected positive congruency effect on RTs, thus, faster
responses in trials with congruent priming compared to trials with incongruent priming;
see Preregistration). We report all measures, manipulations, and exclusions in all
experiments of the study.

Error rate was 8.3% (SD = 10.1%). Trials with RTs below 150 ms or RTs that
were greater than 1.5 interquartile ranges above the third quartile with respect to the
individual distribution of RTs in the respective set size condition were discarded
(Tukey, 1977); this led to exclusion of 5.0% of trials. Mean RTs and error rates are
reported in Table I (see also Figure 2).

Repeated Measures MANOV A

To test our hypotheses, we conducted a 3 (prime-target relation: neutral vs.
congruent vs. incongruent) X 3 (set size: 2 vs. 8 vs. 16) MANOVA for repeated
measures (e.g., Dien & Santuzzi, 2005; O’Brien & Kaiser, 1985). As expected, the
analysis revealed a significant main effect of priming, F(2,43) = 15.45, p <.001, np> =
418. The a priori contrast of main interest, congruent versus incongruent trials, revealed
a significant difference, F(1,44) = 30.87, p <.001, np,> = .412. As expected, responses in
congruent trials were faster than responses in incongruent trials (see Table 1 and Figure
2). The main effect of set size was significant as well, F(2,43) = 120.38, p <.001, n,* =
.848. As expected, this effect was due to a linear trend, F(1,44) = 214.04, p < .001, 1> =
.829, with slower responses for larger displays. The quadratic trend was not significant,

F(1,44)=2.47,p =123, 1,> = .053.
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Most importantly, there was a significant interaction of priming and set size,
F(4,41)=17.21, p <.001, 1> = .413. This interaction is exclusively due to the interac-
tion of the congruent versus incongruent contrast of priming and the linear trend of set
size, F(1,44) = 19.18, p < .001, n,> = .304 (Fs < 2.86, ps > .098, for the further interac-
tion contrasts). As can be seen in Figure 2, the effect of set size is reduced in congruent
trials compared to incongruent trials, providing evidence for our search efficiency hy-
pothesis.

Although each priming effect for the three set sizes was significant, they increased
in terms of mean RT-difference and effect size with increasing set size: for set size = 2,
H(44)=1.91, p=.032, dz = 0.28; for set size = 8, #(44) = 3.93, p <.001, dz = 0.59; for
set size = 16, #(44) = 5.14, p <.001, dz= 0.77. This result already indicates that the in-
crease in priming with set size is not simply a scaling phenomenon (i.e., that a larger
RT-difference is an artefact of generally slower responses at larger set sizes). To com-
pletely rule out this possibility, however, we calculated priming differences as a propor-
tion of base RT (i.e., RTs for neutral priming for a given set size). These relativized
priming scores were 2.2% (SE = 1.2%), 6.2% (SE = 1.6%), and 12.9% (SE = 2.1%) for
set sizes 2, 8, and 16, respectively. The linear increase was significant, F(1,44) = 18.50,
p <.001, ny* = .296. In addition, difference scores for benefits (neutral — congruent RT)
and costs (incongruent — neutral RT) are reported for all set sizes in Table 1. Descrip-
tively, the benefits outweigh the costs for smaller set sizes, while they were more bal-
anced at the largest set size. Indeed, benefits were significant for each set size condi-
tions, #(44) =2.05, p = .046, dz = 0.31, for set size 2; #(44) =3.71, p <.001, dz = 0.55,
for set size 8; and #44) =2.75, p =.009, dz = 0.41, for set size 16. In contrast, costs

were significant only for the largest set size, #44) =4.93, p <.001, dz = 0.73; whereas
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1(44)=-0.57, p = .570, dz= 0.09; and #44) = 0.42, p = .678, dz = 0.06, for set sizes 2
and 8, respectively.

On error rates, a 3 (prime-target relation) x 3 (set size) MANOVA for repeated
measures revealed no significant overall effects, F(2,43) = 2.38, p = .105, 1> = .100 for
priming, F' <1 for set size main effect and the interaction. There were numerically more
errors in the incongruent condition compared to the congruent condition (see Table 1),
mirroring the RT priming effect, but this was non-significant, F(1,44) = 3.35, p = .074,
Ny’ = .071. Numerically, the priming effects also increased from low set size to large set
size; the corresponding interaction contrast (i.e., congruent vs. incongruent X linear
trend) was, however, not significant, F(1,44) = 1.53, p = .223, 1> = .034 (F < 1 for con-
gruent vs. incongruent X quadratic trend). In sum, there were no indications of a speed-
accuracy tradeoff with regard to the RT effects.

Linear Mixed Model Analyses

In order to test the influence of priming on the search slopes, we used LMM
analysis (using ImerTest package, Kuznetsova, et al., 2017; Bates, et al., 2015): We
analyzed RTs as a function of priming condition (coded as +1 congruent, -1
incongruent), set size (i.e., 2/ 8 / 16), and their interaction. We fitted the maximal
model including the full variance-covariance structure of random effects (see e.g., Barr
et al., 2013). Thus, we allowed random intercepts and slopes for participants. Set size
had a weight of b =28.3 ms (SE = 1.7 ms), #(43.71) = 16.65, p <.001, indicating that
with each additional element in the display, search RTs increased by 28 ms. The

interaction of set size and priming was significant as well, » = -4.9 ms (SE = 1.2 ms),
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#(48.36) =4.17, p <.001. Slopes were flatter for congruent (b = 23.4 ms) than for
incongruent pairs (b = 33.2 ms).°
Discussion

Experiment 1 provided direct evidence that cross-modal semantic priming
influences search efficiency, indicating that auditory primes can guide visual search
processes. We found not only a congruency effect by auditory primes (i.e., faster RTs in
congruent as compared with incongruent trials), but also that this congruency effect
increased with increasing set size. Accordingly, the corresponding LMM analyses
showed that the search slope was significantly flatter in case of congruent priming
compared to incongruent priming. Thus, these results have important implications
regarding the involved processes: The evidence that semantically congruent auditory
primes can increase the efficiency of visual search indicates that the processes involved
are not limited to facilitation of target encoding, which is assumed to be the dominant
process of semantic priming without spatial uncertainty of the target (e.g., McNamara,
2005, 2013). Instead, this pattern of results is consistent with the assumption that
auditory primes facilitate the guidance of attentional selection in favor of the primed
target, tentatively, by increasing activity on the priority map for the features of that
target by sensory gain modulation (see, e.g., Yu et al., 2023; Wolfe, 2021).

The cost and benefit calculation yielded a dominance of benefits in smaller set
sizes (i.e., thereby replicating the results of Mahr & Wentura, 2014), while benefits and

costs were balanced at the largest set size (see Table I). Thus, facilitation appears to be

® A more complex analysis including the neutral trials (with two contrast codes for priming and therefore
two interaction terms) yielded almost the same result for the interaction contrast of congruent vs.
incongruent with set size, b = -4.9 ms (SE = 1.2 ms), #(47.9) = 4.15, p <.001, and, as expected, a non-
significant result for the interaction contrast of neutral vs. congruent/incongruent with set size, b = -0.8
ms (SE = 1.1 ms), #(133.2) =0.71, p = 475.



Cross-modal enhancement of search efficiency 29

the main component of the priming effect for less difficult search, whereas for more
complex searches, in which bottom-up target information decreases, prioritization of the
incongruently primed target is associated with increasing costs. Cost-benefit analyses
should be taken, however, with a grain of salt, because the choice of type of a neutral
baseline condition may affect the interpretation of these results (see Mahr & Wentura,
2014, for a detailed discussion).

In order to manipulate the semantic congruency between primes and targets, we
presented a target set of four potential targets. Thus, the task required participants to
maintain four possible target items in working memory and use these representations to
guide visual attention. Although real-life search behavior is often characterized by
searching for multiple potential targets, visual search experiments most often examine
search processes for a single target, requiring participants to use a single attentional
template. Recent research has shown that there is a potential cost to using multiple
attentional templates compared to single-target search. Specifically, there is evidence of
costs to both maintaining the mental representations of multiple search targets and to
selecting multiple targets; furthermore, these costs increase with increasing target set
(e.g., Ort & Olivers, 2020). Importantly, searching for multiple potential targets in the
present experiment may have contributed not only to a less efficient visual search in
general, but also to the occurrence of the congruency effect by auditory primes. This is
because an increase in cognitive load, typically operationalized as working memory
load, can increase the influence of task-irrelevant stimuli in visual search tasks by
impeding inhibitory processes (e.g., Burnham, 2010; Lavie, 2010; Murphy et al., 2016).
As indicated by abundant empirical evidence (for reviews, see Lavie, 2010; Murphy et

al., 2016), the increased demand on executive control processes under high (versus low)
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working memory load can lead to reduced inhibition of the influence of goal-irrelevant
items on task-relevant processes. Because in our task the auditory primes were not
predictive of the target identity, moreover, participants were informed about this, prime
information was completely task-irrelevant (i.e., irrelevant regarding the current task
goals). Hence, it can be argued that the working memory load of maintaining a
relatively large target set might have potentiated the influence of auditory primes by
hindering the suppression of the task-irrelevant prime information. In line with this
argumentation, previous research investigating overt attentional orienting by using eye-
tracking (Belke et al., 2008) showed that working memory load (i.e., maintaining task-
unrelated items in working memory) during visual search can lead to increased
interference from visual distractors that are semantically related to the target. It should
be noted, however, that this relation was found in terms of post-search processes, as
reflected by increased viewing time of the semantically related distractors and also of
the target under high (versus no) cognitive load. The authors interpreted this result as
cognitive load influencing the process of rejecting or accepting an item as a target. In
contrast, working memory load did not affect the initial fixations to the semantically
related distractors.

Given this argumentation, it is important to test the observed cross-modal
facilitation without the cognitive load of maintaining four items in working memory
simultaneously. Therefore, we reduced the set of potential targets to the smallest set that
allows for the manipulation of semantic congruency in the present setting, that is, to two
potential targets. Using simple stimuli, that is, target colors, there is evidence that dual-
target search may allow attention to be directed by multiple attentional templates

without considerable costs (Kerzel & Witzel, 2019).



Cross-modal enhancement of search efficiency 31

In the following, we pursued two goals: First, as outlined above, we aimed to test
whether the influence of auditory primes on visual search processes holds when
working memory load is reduced (Experiment 2). Second, we aimed to test if this search
efficiency hypothesis holds for a setting that is more relevant to real-world search
behavior, thus, when attentional sets contain perceptually and semantically complex
object representations (Experiment 3). Because the data collections of these experiments
were conducted during the COVID-19 pandemic, recruiting a sufficient sample size was
not realistic using the approach that is typical of cognitive psychology, thus, testing a
moderate to high number of participants (e.g., N = 45; see the power calculation of
Experiment 2) in a moderate number of trials per participant and condition (i.e.,
typically 10-100; Rouder & Haaf, 2018; in the present Experiment 1, there were 16
congruent and 48 incongruent trials in each set size condition). Since power is derived
from both the number of participants and the number of repeated measurements per
participant and condition, under certain assumptions, the number of observations can be
distributed among participants and trials without compromising power (e.g., Rouder &
Haaf, 2018; see Brysbaert & Stevens, 2018, for simulation studies; see also Smith and
Little, 2018, for simulations studies using a small-N approach to test individual-level
effects with high power). We decided to compensate for the reduction in the number of
participants by increasing the number of trials that was presented to each participant,
and to test the feasibility of this approach beforehand. Therefore, we aimed to replicate
the results of Experiment 1 using a small-N design (regarding typical semantic priming,
see Miller, 2023, that indicates the feasibility of this approach). Hence, we conducted an
exact replication of Experiment 1, except that we used a small-N strategy, that is, we

collected a comparable total number of observations per condition as in Experiment 1,
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but with N = 6 participants. We report the replication of Experiment 1 (Experiment 1R
in the remainder) as well as a more detailed discussion on this topic in the Appendix. In
a nutshell, this experiment replicated the facilitation of search efficiency by congruent
priming using a small-N approach. The most central result, the interaction between
congruent versus incongruent priming and set size (linear contrast) was associated with
a large effect size (see Appendix).

Experiment 2

To exclude the possibility that the observed effects are restricted to high working
memory load, the relevant target set was reduced to two items in Experiment 2; in each
task block, the two relevant target colors were chosen from the set of four target color
(i.e., blue, green, yellow, red). In six experimental blocks, all possible pairs of these
four colors were presented in random order. We again varied display size. Materials and
task were identical to those used in Experiment 1 (and in its small-N replication).

Overall, we expected a significant priming effect, thus, faster responses in trials
with congruent priming compared to trials with incongruent priming across display size
conditions. Furthermore, we tested whether RTs overall would increase with increasing
display size when using a reduced target set (i.e., indication of serial search processes);
and, importantly, if priming effects would increase with increasing display size,
indicating more efficient search with congruent priming.

In addition, since Experiment 2 had an identical design to Experiment 1R (see
Appendix), except for the manipulation of the potential target set, and both used a small-
N approach, we examined possible differences between these experiments in terms of
search efficiency and the influence of primes on RTs and search slopes. To address

these questions, we added combined analyses across Experiment 1R and the present
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Experiment 2, including experiment (i.e., using 4 vs. 2 potential targets, respectively) as
a between-participants factor to our preregistered analyses.
Method

The experiment was preregistered (https://aspredicted.org/FLD_867). We

followed our preregistered procedure with the following main exception (for minor
points, see Table A2): As preregistration took place before and data collection took
place during the COVID-19 pandemic, in order to reach the number of observations
specified in the preregistration, we compensated for a reduction in the number of
participants by increased number of trials per participant (for more details, see Appendix
and the Participants section).
Participants

For power calculations, we oriented ourselves on the results of Experiment 1: The
overall priming effect (i.e., congruent versus incongruent comparison as the contrast of
main interest) was associated with dz = 0.83; and the interaction between priming
(congruent versus incongruent) and set size (linear contrast) was associated with dz =
0.65. The latter interaction contrast tests for the central hypothesis: an enhancement of
the priming effect with increasing display size. Since we changed the task (i.e., reduced

target set), we reduced the expected effect size for the interaction to dz = 0.50. To detect
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an effect of dz = 0.5 with f = .95 (a. = .05, one-tailed), a sample size of at least N =45 is
needed with one run of the experimental procedure per participant (see Preregistration).

Such a proceeding (i.e., N = 45 with 432 trials per participant: the experiment
featured now six blocks in order to present each possible combinations of the target
colors; see Procedure) would have yielded a total number of observations of 19440.

We decided to adopt a small-N approach (i.e., to compensate for the reduction in
the number of participants by increasing the number of trials per participant), hence, we
decided for the sample size of N = 12 participants in a testing procedure that comprised
3456 trials per participant. The testing procedure was realized in two testing sessions on
two consecutive days. Each testing session consisted of four runs of the complete
experimental procedure (i.e., 432 trials each). The procedure resulted in a total number
of 41472 observations for the sample.

The final sample size was N = 13, as due to a misunderstanding of experimenters
when carrying out the data collection, two participants completed only one half of the
testing sessions (i.e., both participants worked through four runs of the experimental
procedure on one day each). These two data sets were included in the final sample;
therefore, the total number of observations was the same as the a priori planned total
number of observations for N =12. (Excluding these participants from the analyses
yielded essentially the same results as reported below.) Participants were 13 students (7
women, 6 men) from Saarland University, who took part in the experiment for 50 Euro.

The median age was 23 years (ranged 20 to 30). All participants were native speakers of
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German and had self-reported normal hearing and normal or corrected-to-normal vision.
Data from none of the participants met the preregistered criteria for outlier exclusion.
Design and Statistical Analyses

Experiment 2 followed a 3 (prime-target relation: congruent, incongruent, neutral)
x 3 (set size: 2, 8, 16 stimuli) design, with all factors manipulated within participants.
Technically, the congruency factor was realized by a 3 (auditory prime type: color 1,
color 2, neutral) x 2 (visual target type: color 1, color 2) design, in which color 1 and
color 2 denotes the two target colors of the current task block. Primes and targets were
thus uncorrelated, resulting in auditory priming without contingency.

In line with Experiment 1 and the preregistration, we conducted a 3 (prime-target
relation: neutral vs. congruent vs. incongruent) X 3 (set size: 2 vs. 8 vs. 16) MANOVA
for repeated measures, and we a priori focused on the contrast between congruent and
incongruent conditions regarding priming. We expected a linear relationship between
set size and search RTs (i.e., the linear trend of set size was of main interest).
Furthermore, to test the influence of priming on search slopes more directly, as
preregistered, we report linear mixed model (LMM) analyses: We again analyzed RTs
as a function of priming condition (i.e., congruent / incongruent), set size (i.e., 2/ 8/
16), and their interaction.

In addition to the preregistered analyses, we compared the present experiment
with Experiment 1R in terms of the main analyses. Specifically, first, we conducted a 3
(prime-target relation: neutral vs. congruent vs. incongruent) x 3 (set size: 2 vs. 8 vs.
16) x 2 (experiment: Experiment 1R vs. Experiment 2) MANOVA for repeated
measures with prime-target relation and set size as within-participants factors and

experiment as between-participants factor. Second, we added experiment (i.e.,
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corresponding to a target set of 2 vs. 4) to our main LMM analysis testing the effect of
congruent versus incongruent priming on search slopes.
Material and Procedure

Materials were the same as in Experiment 1. The experimental procedure was
identical to Experiment 1, with the following exceptions: The relevant target set size
was reduced to two items; in each task block (i.e., 72 trials), the two relevant target
colors were chosen from the set of four target color (i.e., blue, green, yellow, red). As in
Experiment 1R with a small-N approach (see Appendix), each participant was tested in
two testing sessions that took place on two consecutive days. Each testing session
consisted of four runs of the experimental procedure (i.e., 432 trials each). All possible
pairings of the four target colors used in Experiment 1 were presented in random order
in the six blocks of the experimental procedure. As in Experiment 1, participants
completed two practice phases: After being presented with all color circles, participants
first indicated whether a circle had a target color or not. Then, they proceeded to a
further practice block of 36 trials, in which the experimental task was practiced. This
practice block featured a random pair of the four possible target colors as targets.
Afterwards, participants completed six experimental blocks of 72 trials each, composed
of 24 neutral, 24 congruent, and 24 incongruent trials, randomly intermixed. Each of the
6 possible prime-target combinations was presented twelve times: four times in each set
size condition, and twice with an "up" gap, twice with a "down" gap. All other details of
the procedure were the same as in Experiment 1. One experimental procedure took
approximately 35 minutes, one testing session (i.e., four runs of the experimental

procedure) took about three hours including the mandatory short breaks between the
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experimental runs (i.e., approx. 5 minute each) and a 30 minute break after the first two
runs.
Results

Error rate was 3.1% (SD = 1.9%). Trials with RTs that were greater than 1.5
interquartile ranges above the third quartile with respect to the individual distribution of
RTs in each set size condition were discarded (Tukey, 1977); this led to exclusion of
4.5% of trials. There were no RTs below 150 ms (i.e., preparatory responses). Mean
RTs and error rates are reported in 7able 2 (see also Figure 3).
Repeated Measures MANOV A

The 3 (prime-target relation: neutral vs. congruent vs. incongruent) x 3 (set size: 2
vs. 8 vs. 16) MANOVA for repeated measures (e.g., Dien & Santuzzi, 2005; O’Brien &
Kaiser, 1985) revealed a significant main effect of prime-target relation, F(2,11) =5.97,
p=.018, np> = .521. Importantly, the congruency effect (i.e., congruent vs. incongruent
trials) was significant, F(1,12) = 12.98, p = .004, n,> = .520. Responses in congruent
trials were faster than responses in incongruent trials (see Table 2 and Figure 3). The
main effect of set size was significant, F(2,11) = 138.93, p <.001, ny*> = .962. As
expected, search RTs were longer with larger search displays, indicating serial search
processes, F(1,12) =254.60, p < .001, np> = .955, for the linear trend. (F[1,12] =4.57, p
=.054, np? = .276, for the quadratic trend of set size.) The overall interaction between
prime-target relation, including the neutral condition, and set size was not significant,
F(4,9)=1.78, p = 217, np?> = .442. Importantly, the interaction between congruent
versus incongruent priming and the linear trend of set size was significant, F(1,12) =

7.49, p = .018, np> = .384. (For all other interaction contrasts, F's < 2.16, ps >.167).
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Thus, the influence of set size on search RTs was reduced in congruent trials compared
to incongruent trials (see Figure 3).

In each set size, the congruency effects were significant, for set size 2, #(12) =
3.13, p=.004, dz = 0.87; for set size 8, #(12) = 3.89, p = .001, dz = 1.08; for set size 16,
t(12) =3.12, p = .004, dz = 0.87. Furthermore, priming differences (i.e., difference be-
tween congruent vs. incongruent trials) as a proportion of base RT (i.e., RTs for neutral
priming for a given set size) increased with increasing set size, F(1,12) = 6.98, p =.021,
Ny’ = .368; these relative priming differences were 1.2% (SE = 0.4%); 2.1% (SE =
0.5%); and 4.1% (SE = 1.3%) for set size 2, 8, and 16, respectively.

Difference scores for benefits (see Table 2) were significant for set sizes 2 and 16,
#(12)=2.58, p=.024, dz=0.72; and #(12) = 2.24, p = .045, dz = 0.62, respectively;
while it missed significance for set size 8, #(12) = 1.66, p = .124, dz = 0.46. Costs were
not significant for the lowest set size, #(12) = 1.52, p = .153, dz = 0.42; while significant
for set size 8 and 16, #(12) =2.50, p = .028, dz=0.69, and #12) =2.78, p = .017, dz =
0.77, respectively.

For the error rates, the corresponding analysis revealed no significant effects, F's <
1.28, ps > .345. The congruency effect was also not significant, F(1,12) =0.02, p =
901, np*> = .001; nor was its interaction with the linear trend of set size, F(1,12) = 2.20,
p=.164,m,*> = .155 (see also Table 2).

Linear Mixed Model Analyses

To corroborate the MANOVA analyses, we tested the search efficiency
hypothesis using LMM-approach: RTs (of correct responses; outliers discarded; see
above) were analyzed as a function of the priming condition (coded as +1 congruent, -1

incongruent), set size (i.e., 2 / 8 /16), and their interaction by using LMM analysis
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(ImerTest package, Kuznetsova et al., 2017; Bates, et al., 2015). We again fitted the
maximal model (e.g., Barr et al., 2013). In this random slopes model, set size had a
weight of b = 12.5 ms (SE = 0.8 ms), #(11.99) = 15.47, p <.001, indicating that with
each additional element, search RTs increased by 12.5 ms. The interaction of set size
and priming was significant as well, b =-0.8 ms (SE = 0.3 ms), #(10.88) =2.65, p =
.023. Slopes were thus flatter for congruent (b = 11.7 ms) than for incongruent pairs (b
=13.3 ms).”
Across-Experiments Analyses

Repeated Measures MANOVA. We conducted a 3 (prime-target relation: neutral
vs. congruent vs. incongruent) X 3 (set size: 2 vs. 8 vs. 16) x 2 (experiment: Experiment
IR vs. Experiment 2) MANOVA for repeated measures on RTs with prime-target
relation and set size as within-participants factors and experiment as between-
participants factor. The factor Experiment 1R versus Experiment 2 correspond to a
comparison of target set of 4 versus 2, respectively. The results of this analysis are
reported in Table 3. Overall, the results on the combined data from the two experiments
corroborate the results of the individual experiments (see Effects across Exp. IR and 2
in Table 3; as an exception, the interaction between congruent versus incongruent
priming and the quadratic trend of set size also reached significance in this analysis,
indicating that the congruency effect at medium set size was not exactly the average of
the congruency effects at small and large set sizes). In general, RTs did not differ

between experiments (F[1,17] = 2.77, p = .114, n,* = .140). Of particular importance,

7 The more complex analysis including the neutral trials (with two contrast codes for priming and
two interaction terms), again, supported the pattern of results reported in the main text: The interaction
contrast of congruent vs. incongruent priming with set size was significant, b = -0.8 ms (SE = 0.3 ms),
#(10.79) = 2.61, p = .025. The interaction contrast of neutral vs. congruent/incongruent priming with set
size was non-significant, b = 0.0 ms (SE = 0.2 ms), #(13.32) = 0.02, p = .983.
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we report in Table 3 the comparisons between Experiments 1R and 2 regarding each
effect (i.e., the interactions including the experiment factor). Looking at the most
important comparisons, the experiments did not differ significantly with respect to
priming, the interaction of congruent versus incongruent priming and experiment also
missed significance. Search was more efficient in Experiment 2 (see Table A1 and
Table 2), as indicated by the significant interaction of the linear trend of set size and
experiment. Importantly, the interaction between congruent versus incongruent priming
and the linear trend of set size was significantly moderated by the experiment. Thus, the
effect of set size was reduced more by congruent (versus incongruent) priming in
Experiment 1R than in Experiment 2 (see Table AI and Table 2).

Linear Mixed Model Analyses. To address between-experiment differences
regarding search slopes more directly, we included experiment as a further predictor in
the main LMM analysis reported above. Thus, RTs were analyzed as a function of the
priming condition (coded as +1 congruent; -1 incongruent), set size (i.e., 2/ 8 /16), and
experiment (Experiment 1R was coded as -1; Experiment 2 was coded as +1), including
all two-way and the three-way interaction terms. Across the two experiments, set size
had a weight of » = 15.0 ms (SE = 1.0 ms), #17.15) = 15.32, p <.001. The interaction of
set size and experiment was significant, b = -2.4 ms (SE = 1.0 ms), #(17.15) =-2.46,p =
.025. RTs increased 4.8 ms less for each additional item in the display in Experiment 2
than in Experiment 1R, indicating more efficient search. Across experiments, the
interaction of set size and priming was significant, b = -1.4 ms (SE = 0.3 ms), #(21.28) =
-4.75, p < .001. This interaction was moderated by experiment, b = 0.6 ms (SE = 0.3
ms), #(21.28) =2.13, p = .045, indicating greater influence of priming on search slopes

in Experiment 1R compared to Experiment 2.
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Discussion

Experiment 2 successfully replicated the essential findings of Experiment 1:
Search slopes were significantly flatter when the primes were congruent to the target
compared to incongruent trials. Furthermore, as expected, Experiment 2 with two
potential targets was indeed associated with more efficient visual search than
Experiment 1R, which also used a comparable small-N approach, and required
participants to keep four attentional templates active in working memory. While in
Experiment 2 the RT-increase was 12.5 ms per additional item, in Experiment 1R,
search RTs increased by 17.4 ms with each additional item. Regarding the influence of
primes, priming differences (also as a proportion of base RT) were numerically larger
when using a larger target set (see Experiment 1 and Experiment 1R) than in
Experiment 2. However, the comparison of the priming differences between Experiment
IR and Experiment 2 missed significance. By using a smaller target set in the present
experiment, the influence of primes on search efficiency was significantly reduced
compared to Experiment 1R. Thus, on the one hand the result fit to the critical argument
that the pattern found in Experiment 1 might be partly due to the increased demand on
executive control processes by maintaining a larger target set.

On the other hand, however, we were able to replicate the decisive pattern
(increased priming with increased set size) with the small target set. The priming effects
were significant in each set size condition in Experiment 2, and the priming differences
increased with increasing set size (in contrast to Experiment 1, the effect size of the
priming differences did not increase from set size 8 to 16, but relative priming
differences as a proportion of base RT increased with increasing set size). These results

were corroborated by the LMM analysis, indicating more efficient search with
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congruent compared to incongruent priming. Thus, even with a reduced target set and
thereby more efficient search, there was a significant influence of primes, moreover,
this influence increased with increasing set size, albeit to a lesser extent than when
using a larger target set.

To conclude, while it is possible that the working memory load of maintaining a
relatively large target set contributed to the influence of non-predictive primes, the
search efficiency hypothesis of cross-modal priming was supported even with a
markedly reduced target set. Thereby, Experiment 2 showed clear evidence for the
influence of cross-modal semantic priming on visual search efficiency with a reduced
working memory load. Taken together, while the results of three experiments (i.e.,
including the Experiment 1R, see Appendix) shows that the guidance of visual attention
by auditory primes can be involved in cross-modal semantic congruency effects, it
remains to be investigated whether this process is restricted to simple perceptual
features or represents a general mechanism of audio-visual information processing.
Therefore, Experiment 3 tested whether the search efficiency hypothesis also holds for
more complex visual search environments in which attentional templates contain
perceptually and semantically complex object representations.

Experiment 3
While in Experiments 1 and 2 a simple perceptual feature defined the potential
targets, in Experiment 3 we used complex warning icons from the automotive context as
potential targets (see also Mahr & Wentura, 2018). Target symbols (e.g., ambulance,
tractor) were defined by their semantic meaning, while they were perceptually similar to
each other and to the distractors (e.g., train, bicycle, see Figure 4). Accordingly,

Experiment 3 had two important novel aspects: First, participants had to search for
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complex objects defined by multiple perceptual and semantic features. In this regard,
the primes did not directly address a perceptual feature by naming a potential target
color, but they contained object-level semantic information. Therefore, we were able to
test whether our hypothesis about facilitation of search efficiency involved in cross-
modal priming generalizes to complex object representations. Second, as we presented
warning symbols relevant to an automotive context, we were able to test the search
efficiency hypothesis in a setting where it is of utmost practical importance. If
semantically related auditory primes not only facilitate the processing of visual objects
when they are attended, but also influence attentional guidance toward them, this would
mean that auditory semantic cues could be used as efficient warning signals in critical
traffic situations where the relevant objects are initially unattended. To apply the
hypothesized process to a driving scenario, one might ask the question: would, for
example, a spoken warning "Children!" increase attentional priority and thereby relative
salience of initially unattended children on the road?

Specifically, Experiment 3 presented auditory primes (i.e., spoken denotations of
automotive symbols) that could be semantically congruent, incongruent, or neutral to
the automotive symbols being searched. In line with Experiments 1 and 2, auditory
primes were again non-predictive with regard to the target identity (i.e., primes naming
a potential target and targets were uncorrelated). The target symbols were presented in
context with irrelevant symbols, and importantly, we again varied the size of these
search displays to test the influence of priming on visual search slopes. Furthermore, as
in Experiment 2, we again wanted to use low working memory load; thus, the relevant
target set was two items. We expected that RTs overall would increase with increasing

display size, as an indication of serial search processes. If the facilitation of search
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efficiency by auditory primes represents a semantic object-based interaction, we would
expect not only a significant priming effect, but also that priming effects would increase
with increasing display size. As the design of Experiment 3 was dominantly based on
the design of Experiment 2, with the main difference being the complexity of the
stimulus material (i.e., corresponding to feature- versus object-based search)®, we also
examined possible differences between these experiments in terms of search efficiency
and the influence of primes on RTs and search slopes.

Method

The experiment was preregistered at https://aspredicted.org/blind.php?x=vh99jg.

Participants

For power calculations, we oriented ourselves on the results of Experiment 1°:
The effect of main interest, the interaction between congruent versus incongruent
priming and the linear contrast of set size was associated with dz = 0.65. As we changed
the task, used a target set with two targets, and presented more complex stimulus
material, we reduced the expected effect size to dz = 0.50 (i.e., a medium effect
according to Cohen, 1988). To detect an effect of this size with f =.95 (o =.05), a
sample size of at least N = 54 is needed, assuming 240 observations per participant as in
Experiment 1. We again used a small-N approach: We compensated for a reduction in

the number of participants with increased number of trials per participant (see Appendix

8 Of course, there were other minor differences between Experiment 2 and Experiment 3 that were
related to the complexity of the material (oriented on Experiment 1 of Mahr and Wentura, 2018, using
automotive symbols). These minor differences were: (1) the primes in Experiment 3 had a longer duration
of 350 ms (vs. 120 ms in Experiment 2); (2) these more complex primes had a lower degree of
compression (i.e., compression to 50% vs. 30% of the original duration in Experiments 3 and 2,
respectively); (3) Experiment 3 had a slightly longer SOA of 100 ms (vs. 90 ms in Experiment 2);
furthermore, (4) Experiment 2 used four possible neutral primes (see also Footnote 5), whereas
Experiment 3 used one invariant neutral prime.

9 We oriented ourselves on the results of Experiment 1 because data collection of Experiment 2 had
not been completed at the time of the preregistration of Experiment 3.
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and Experiment 2). With N = 54 and 240 observations per participant, the total number
of observations would have been 12960. We a priori decided to recruit N =12
participants, with each participant taking part in two sessions, with a total of six runs of
the experimental procedure of 432 trials each (i.e., as in Experiment 2, one experimental
procedure comprised six blocks due to the balancing of the two possible targets out of
the pool of four). The procedure resulted in a total number of 31104 observations in the
sample, and 3456 observations per experimental condition (see Preregistration).

Participants were twelve students (10 women, 2 men) from Saarland University,
who took part in the experiment in exchange for 55 Euro. The median age was 24 years
(ranged 18 to 27). All were native speakers of German and had self-reported normal
hearing and normal or corrected-to-normal vision. Data from none of the participants
met the preregistered criteria for outlier exclusion.

Design and Statistical Analyses

The study featured a 3 (prime-target relation: congruent, incongruent, neutral) x 3
(set size: 2, 8, 16) repeated measures design. The congruency factor was technically
realized in a 3 (prime: symbol 1, symbol 2, neutral) x 2 (target: symbol 1, symbol 2)
sub-design, in which symbol 1-2 denotes the target set of the actual block. Thus, primes
and targets were uncorrelated, resulting in auditory priming without contingency (i.e.,
1/3 congruent trials).

As in Experiments 1 and 2, we first report the results of a 3 (prime-target relation:
neutral vs. congruent vs. incongruent) X 3 (set size: 2 vs. 8 vs. 16) MANOVA for
repeated measures. As in the previous experiments, the contrast between congruent and
incongruent conditions regarding priming and the linear trend of set size were of main

interest. Then, as preregistered, we report the LMM analysis testing the influence of
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priming on search slopes. Please note that our preregistration focused solely on LMM
analyses to test the corresponding hypotheses; we first report the MANOVA analysis to
increase comparability with the results of Experiments 1 and 2 (see Table A2).

In addition to our preregistered analyses, we compared the present experiment
with Experiment 2 to test for possible differences regarding the complexity of the
stimulus material. Specifically, first, we conducted a 3 (prime-target relation: neutral vs.
congruent vs. incongruent) x 3 (set size: 2 vs. 8 vs. 16) x 2 (experiment: Experiment 2
vs. 3) MANOVA for repeated measures with prime-target relation and set size as
within-participants factors and experiment as between-participants factor. Second, we
added experiment to our main LMM analysis (i.e., testing the effect of congruent versus
incongruent priming on search slopes). The factor Experiment 2 versus 3 dominantly
correspond to feature- versus object-based search, respectively, both with two potential
targets.

Material

Each target display contained two, eight, or sixteen symbols presented in random
locations of a 4 % 4 matrix (18.5 x 18.5 cm, approx. 18.5 x 18.5 ° visual angle; see
Figure 4). Each symbol was drawn in black to avoid orientating on color features.
Symbols were centered on a white square background with the size of approx. 3.6 x 3.6
cm (i.e., 73 x 73 pixels on the screen). Each search display contained one of the two
possible target symbols of the block (throughout the experiment, we presented four
possible target symbols; i.e., traffic light, children, ambulance, tractor; adapted from
Mahr and Wentura, 2018, with minor adjustments to allow left and right alignments).
Furthermore, depending on the display size condition, each display featured one, seven,

or fifteen distractors. Distractors were randomly selected from a set of 16 symbols
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representing relevant objects in the driving context (e.g. roadwork, bicycle, barrier, gas
station; see Figure A2). Distractor symbols were clearly distinguishable from the target
symbols. For each target and distractor symbol, there was a version that faced to the
left, and one that faced to the right as the task-relevant feature (see Figure A2).

Four German two-syllable spoken denotations of the target symbols (“traffic
light”/” Ampel”; “children”/’Kinder”; “ambulance”/”Notarzt”; “tractor”/”Traktor”) and
the word “object” (“Objekt”; i.e., the neutral condition) were presented as auditory
primes (adapted from Mahr & Wentura, 2018). Auditory primes were presented time-
compressed to 50% of their original duration, i.e., to 350 ms duration (see Mahr and
Wentura, 2018), to allow for presentation with a brief SOA. The sounds were presented
with closed over-ear headphones (AKG K511) at a sound pressure level of 65 to 71 dB
SPL.

Procedure

As in Experiment 1R and in Experiment 2, each participant was tested in two
testing sessions that took place on two days. Each testing session consisted of three runs
of the complete experimental procedure (i.e., 432 trials each, divided into six task
blocks). Between the runs of the experimental procedure, participants were instructed to
take a break of at least twenty minutes. In each task block, the two relevant target
symbols were selected from a set of four possible target symbols. All possible pairings
of the four target symbols were presented in random order in the six blocks of the
experimental procedure.

Experimental procedure followed the procedure of Experiment 2, with the
following exceptions: (1) the present experiment used automotive symbols presented in

grayscale as targets and distractors instead of color feature (and accordingly, spoken
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denotations of the target symbols as primes); (2) we changed the task to categorization
of the target symbol’s orientation as facing to the left or to the right by pressing an
assigned key (keys "D" and "L" on a standard QWERTZ keyboard for left and right
alignment, respectively); (3) prime duration and prime-target SOA were identical to the
Stroop-like experiment of Mahr and Wentura (2018; Experiment 1) using automotive
symbols. On each trial, following a 1,000 ms blank white screen, a black fixation cross
appeared for 500 ms. Thereafter, a blank screen was presented without sound for 250
ms. The 350 ms long auditory presentation started during the presentation of this blank
screen and was followed by the target screen with a SOA of 100 ms (see Figure 4, for
the illustration of a trial).
Results

Error trials were excluded from the RT-analyses (2.4% of the trials). Trials with
RTs below 150 ms (i.e., preparatory responses) and with RTs that were greater than 1.5
interquartile ranges above the third quartile with respect to the individual distribution of
RTs in each set size condition were discarded (Tukey, 1977); this led to exclusion of
6.9% of trials. Mean RTs and error rates are reported in Table 3 (see also Figure 5).
Repeated Measures MANOV A
The 3 (prime-target relation: neutral vs. congruent vs. incongruent) x 3 (set size: 2 vs. 8
vs. 16) MANOVA for repeated measures revealed a significant main effect of prime-
target relation, F(2,10) = 26.89, p < .001, n,*> = .843. As expected, there was a
significant congruency effect, F(1,11) = 50.33, p <.001, ny> = .821. The main effect of
set size was also significant, F(2,10) = 120.16, p < .001, n,> = .960, as was the linear

trend of set size, F(1,11) =233.10, p <.001, n,*> = .955, indicating serial search

processes (while F[1,11]=3.26, p =.098, 1> = .229, for the quadratic trend). The
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interaction between prime-target relation and set size was also significant, F(4,8) =
10.85, p = .003, 1p> = .844. Importantly, there was a significant interaction between
congruent versus incongruent priming and the linear trend of set size, F(1,11)=13.11, p
=.004, np> = .544 (Fs < 1, for the other interaction contrasts).

In each set size condition, the congruency effects were significant; ps < .001 (see
Table 4 for the priming effects). As expected, priming differences as a proportion of
base RT (i.e., relative to the neutral condition of the corresponding set size) increased
with increasing set size, F(1,11) = 6.32, p = .029, n,*> = .365; the relative priming differ-
ences were 4.5% (SE = 0.5%); 6.2% (SE = 0.9%); and 8.0% (SE = 1.6%) for set size 2,
8 and 16, respectively. Descriptively, the benefits and costs were balanced for each set
sizes (see Table 3). Accordingly, benefits and costs were significant for each set size
conditions; ps < .001 for benefits, while ts > 2.92, and ps <.014 for costs.

For the error rates, the corresponding analysis revealed a significant main effect of
set size, F(2,10) = 4.53, p = .040, n,> = .475; and a significant linear trend, F(1,11) =
8.03, p = .016, np> = .422. This effect reflects more errors with smaller set size
conditions (see Table 4). Except for the effect of set size, there were no further
significant effects, F < 1, for the main effect of priming; and F(4,8) = 3.28, p = .072, 1p°
=.621, for the interaction. The congruency effect was also not significant, F(1,11) =
0.53, p = .480, 1p> = .046; similarly to the interaction between prime-target congruency
and the linear trend of set size, F(1,11) =4.17, p = .066, n,*> = .275. Thus, there was an
indication for speed-accuracy-tradeoff regarding set size (i.e., set sizes with shorter RTs
were also associated with somewhat more errors); however, accuracies were still very
high in all set size conditions (i.e., 97.0%; 97.7%; and 98.1% for set size 2, 8, and 16,

respectively). With respect to priming, there was no speed-accuracy-tradeoft.
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Linear Mixed Model Analyses

RTs (of correct responses, outliers discarded) were analyzed as a function of the
priming condition (coded +1 congruent, -1 incongruent), set size, and their interaction
by using LMM analysis (ImerTest package, Kuznetsova et al., 2017, Bates, et al., 2015).
To test the influence of priming on search slopes, we again fitted the maximal model. In
this random slopes model, set size had a weight of 5 =27.3 ms (SE = 1.8 ms), #(10.99) =
14.81, p <.001. Thus, search RTs increased with each additional element by 27.3 ms.
As hypothesized, priming had an influence on the visual search slopes, b = -1.7 ms (SE
=0.5ms), #12.31) =-3.17, p = .008, with RTs increasing 3.4 ms less in congruent trials
than in incongruent trials for each additional symbol in the display.!°
Across-Experiments Analyses

Repeated Measures MANOVA. We conducted a 3 (prime-target relation: neutral
vs. congruent vs. incongruent) X 3 (set size: 2 vs. 8 vs. 16) x 2 (experiment: Experiment
2 vs. Experiment 3) MANOVA for repeated measures on RTs with prime-target relation
and set size as within-participants factors and experiment as between-participants factor.
The results are reported in Table 5. In general, the comparisons without the experiment
factor are consistent with the results of the individual experiments (see Effects across
Exp. 2 and 3 in Table 5). As expected, RTs were slower in Experiment 3 when complex
stimuli were presented (F1,23] = 10.88, p = .003, n,> = .321). The comparisons
between Experiments 2 and 3 regarding each effect (i.e., the interactions including the

experiment factor) are also reported in 7able 5. To reiterate the most important results,

10 The more complex analysis including the neutral trials, again, supported the pattern of results
reported in the main text: The interaction contrast of congruent vs. incongruent priming with set size was
significant, b = -1.7 ms (SE = 0.5 ms), #(12.33) =-3.18, p = .008. The interaction contrast of neutral vs.
congruent/incongruent priming with set size was non-significant, » = -0.2 ms (SE = 0.4 ms), #18.62) = -
0.41, p =.690.
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there was a significant interaction between the congruent versus incongruent contrast of
priming and experiment, priming differences were significantly larger in Experiment 3
than in Experiment 2 (see Table 2 and Table 3). As expected, search processes were
more efficient in Experiment 2 than in Experiment 3, as indicated by the significant
interaction of the linear trend of set size and experiment. (The interaction between the
quadratic trend of set size and experiment also reached significance, indicating a
slightly different relation of the mean RTs at the medium set size to the mean RTs at the
small and large set sizes in the two experiments, see Figure 3 and Figure 5.) However,
the interaction between congruent versus incongruent priming, the linear trend of set
size and experiment did not reach significance.

Linear Mixed Model Analyses. RTs were analyzed in an LMM analysis as a
function of priming condition (coded as +1 congruent; -1 incongruent), set size (i.e., 2 /
8 /16), and experiment (Experiment 2 was coded as +1; Experiment 3 was coded as -1),
including all interaction terms. Across the two experiments, set size had a weight of b =
19.9 ms (SE = 1.0 ms), #22.92) = 20.38, p <.001. Consistent with the results of the
individual experiments, the interaction of set size and priming was significant, b =-1.3
ms (SE = 0.3 ms), #(23.20) = -4.28, p < .001. Furthermore, the interaction of set size and
experiment was significant, b =-7.4 ms (SE = 1.0 ms), #(22.92) =-7.53, p <.001. Thus,
when complex objects were presented, RTs increased by 14.8 ms more for each
additional item in the display than when simple stimuli were presented. Consistent with
the MANOVA results, the interaction between set size and priming was not further

moderated by the experiment, » = 0.4 ms (SE = 0.3 ms), #(23.20) = 1.50, p = .148.
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Discussion

In accordance with the results of Experiments 1 and 2, a significant congruency
effect emerged in Experiment 3, and importantly, congruent priming resulted in flatter
search slopes compared to incongruent priming, indicating more efficient search. As
expected, the presentation of complex visual objects generally led to less efficient visual
search compared to the use of simple color features. Moreover, we found a greater
influence of primes with more complex material, as reflected in larger priming
differences in Experiment 3 compared to Experiment 2, while the between-experiments
comparison regarding the influence of primes on search efficiency did not reach
significance.

Thus, Experiment 3 demonstrated that facilitation of search efficiency involved in
cross-modal priming is not limited to simple information such as colors and their
spoken denotations. Rather, the present results indicate that this mechanism is also
applicable to search tasks in which the target is defined by several perceptual and
semantic features, and the primes refer to semantic objects. There is evidence that
attentional templates that guide selection can be established based on and influenced by
object- and category-level semantic information (e.g., Yu et al., 2016). The present
results indicate that object-level auditory information could be used as a source of
guidance for visual attention. Overall, these findings are promising as they suggest that
cross-modal influence on attentional guidance is effective on complex object
representations, representing an important step toward testing this process with regard
to real-world search behavior. Furthermore, Experiment 3 used the smallest target set
that allows our manipulation of semantic congruency, thus, two possible targets.

Together with the results of Experiment 2, Experiment 3 supports the claim that the
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working memory load of searching for four possible targets is not a necessary condition
for auditory priming to influence search processes.
General Discussion

While several lines of evidence indicates that task-irrelevant sounds can improve
performance in visual search tasks when they are semantically congruent (as opposed to
incongruent) to the target (e.g., lordanescu et al., 2008; Mahr & Wentura, 2014, 2018),
the underlying processes remained elusive. In the present series of experiments, varying
set size of the search displays allowed us to test the involvement of the following
proposed processes: First, a performance advantage with congruent sounds might be
attributed to a general mechanism proposed for semantic priming in settings with
attended targets, namely facilitation of target encoding (e.g., McNamara, 2013), leading
to improved target identification. Second, beyond facilitation of post-search processes,
we proposed that cross-modal priming might be considered a source of guidance for
selective visual attention (i.e., in terms of the guided search framework; Wolfe, 1994,
2021). Thus, we hypothesized that auditory primes would enhance search efficiency via
guidance of attention. Thus, we proposed that cross-modal priming could be considered
a source of guidance for selective visual attention (i.e., in terms of the guided search
framework; Wolfe, 1994, 2021). Taken together, the present study provides direct
evidence that semantically congruent auditory primes increase visual search efficiency:
Specifically, four experiments (including Experiment 1R; see Appendix) provided
evidence for cross-modal enhancement of search efficiency by congruent priming, that
is, flatter search slope for congruent compared to incongruent trials. This effect emerged
despite the varying cognitive load of maintaining four (Experiments 1 and 1R) or two

(Experiments 2 and 3) potential targets throughout the task. Furthermore, while
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Experiments 1(R) and 2 used a simple feature to define targets, Experiment 3 showed
that this effect generalizes to complex audio-visual object representations.

This pattern of findings is only explainable under the assumption of an additional
process beyond the predominantly assumed target encoding facilitation explanation;
namely, when the target location is uncertain, auditory primes act as a source of
guidance for selective visual attention. Thus, the present findings are consistent with the
notion that auditory semantic priming can alter the activation of the priority map in
favor of the primed target (see, e.g., Wolfe, 2021), enhancing its visual salience. By
which mechanism can cross-modal priming alter activation of the priority map and what
role can multiple-target search play in this process? Tentatively, cross-modal semantic
priming might increase activation of the priority map in favor of the primed target by
affecting the representation of the guiding template, similar to what has been proposed
for other sources of attentional guidance (e.g., for repetition priming; see, Wolfe, 2021).
Thereby, the observed results can be related to recent (unimodal) visual search research
for multiple targets (for a review, see Ort & Olivers, 2020). Dominantly this research is
focused on search for a small set of targets — small enough to assume their storage in
working memory (but see, e.g., Drew et al., 2017, for multiple-target search with large
sets). Since there were only two to four possible target items in our experiments, it is
likely that the relevant target items were actively maintained in working memory as
well (Cowan, 2001)."! As the target features remained constant during the task

(Experiment 1) or during a task block (Experiments 2-3), long-term memory might also

"' We acknowledge that on average the capacity for simple colors is estimated to be in the range of only
three to four items by using the change-detection paradigm with changing colors from trial to trial (Luck
& Vogel, 1997, 2013; Vogel & Awh, 2008). Nevertheless, given the present conditions (i.e., permanent
usage of the same target items in an extended period) it seems plausible to assume storage of up to four
1tems.
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contribute to the representation of attentional templates. However, in case of multiple
target search, there is evidence that the role of working memory remains present even
when target features are held constant for an extended period (Grubert et al., 2016).

As a possible mechanism, the auditory primes in the present study might exert
their influence on attentional guidance by (relatively) prioritizing a search template (i.e.,
guiding template in the terminology of Wolfe, 2021) corresponding to the primed item.
Such an interpretation would be consistent with the two currently predominant
frameworks on the role of working memory in attentional guidance. Specifically, there
is a current debate in this field on whether multiple target representations held in
working memory can guide attention simultaneously (e.g., Bahle et al., 2020; Beck et
al., 2012; Kerzel & Witzel, 2019) or whether only a single item at a given point in time
has this attention-guiding capacity (e.g., Olivers et al., 2011). The latter position refers
to theories of working memory (Garavan, 1998; McElree, 2006; Nee & Jonides, 2011;
Oberauer, 2002; Olivers et al., 2011) claiming that although working memory may hold
active several items, only a single item can directly influence perception and the
deployment of attention (i.e., the “focus of attention”; Oberauer, 2002). It has been
shown that this prioritized item has the potential to guide visual attention by increasing
visual sensitivity for the corresponding visual stimulus (Desimone & Duncan, 1995;
Olivers et al., 2006). The prioritized working memory item can thus be regarded as an
active template that directly resonates with corresponding visual input (Olivers et al.,
2011). In contrast, the multiple-item-template hypothesis assumes that, at least under
certain conditions (e.g., using simple features), more than a single attentional template
can be established and guide search processes (e.g., Kerzel & Witzel, 2019).

Importantly, theoretical and empirical work supporting this notion do allow for graded
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activity levels of the search templates guiding selection (Bahle et al. 2020; see also
Kerzel & Witzel, 2019) and therefore for differences in search performance between
them (e.g., to account for switch costs, that is, slower responses if the target in trial n is
different from the target in trial n-1; Ort et al., 2017).

Applied to the present context, congruent auditory priming might bring the
corresponding working memory item into the prioritized status (i.e., “focus of
attention”), thereby allowing that item to guide visual attention (e.g. Olivers et al.,
2011). Alternatively, from the perspective of a genuine multiple-target search with a
potential asymmetry in the activation of multiple attentional templates (e.g., Bahle et al.
2020), the congruent prime might simply cause an increased activity level of the
corresponding item (instead of the all-or-none change of status). For either rationale, we
would expect search for the (relatively) prioritized item to be more efficient. Because
our experiments were not designed to decide the debate between these two frameworks,
we acknowledge the ambiguity of our results in this regard.

The results of the neutral priming condition compared to the congruent and
incongruent conditions may give further hints on the underlying mechanisms. With
exception of Experiment 1(R), we found an approximately balanced distribution of the
congruency effect into costs and benefits (see Figures 2, 3, and 5). These results fit with
a guidance of visual search by the primed and therefore prioritized target: It has
beneficial effects in the congruent case in terms of search efficiency. However, it also
has detrimental effects for those targets that do not correspond with the currently
prioritized item, as we found costs associated with incongruent trials. It is up to further
research to explore whether there is genuine inhibition of the non-prioritized working

memory items or whether the detrimental effect is a by-product of the prioritization of
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the primed item (e.g., focusing on a distractor that has some similarity with the
prioritized item). The former assumption certainly fits better to the single-item-template
hypothesis (Olivers et al., 2011); the latter is compatible with both the single-item-
template and the multiple-item-template hypotheses (Beck et al., 2012). As said, the
balanced distribution of costs and benefits does not hold for the smaller set sizes of
Experiment 1 (see Figure 2) and for the larger set sizes of Experiment 1R (see Table
AI). We will return to this point below. However, the interpretation of the cost-benefit
results should be treated with some caution, as the choice of neutral baseline condition
may affect the interpretation of these difference scores (for a discussion regarding the
response competition setting, see, e.g., MacLeod, 1991; see also Mahr & Wentura,
2014).

In all experiments, the search processes were inefficient, as indicated by the
large influence of set size on search times. First, this is evidently related to the highly
heterogeneous distractor items and, second, to the cost of keeping multiple attentional
templates active. Consistent with this, Experiment 2 with a reduced target set was
indeed associated with more efficient visual search than Experiment 1R (i.e., the small-
N replication of Experiment 1 that can be directly compared with Experiment 2).
Regarding the general influence of primes, priming differences were numerically larger
with a larger target set of four than a smaller set of two potential targets; however, the
comparison between experiments just failed to be significant. The difference between
the search slopes for congruent versus incongruent priming was significantly larger
when using a larger target set. Thus, with the larger target set, there was an increased
influence of primes on search efficiency. This finding is consistent with two different

theoretical assumptions. First, it may be related to a higher working memory load with a
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larger set of potential targets, which could lead to a reduced inhibition of the influence
of task-irrelevant stimuli in general (e.g., Lavie, 2010). Indeed, this possibility was the
reason for conducting Experiment 2: We wanted to test whether the influence of
auditory primes on search efficiency holds even with a considerably lower working
memory load. Now, that we see that the difference between Experiment 1R and
Experiment 2 is only a gradual one with respect to the most important result (i.e., the
interaction between congruent versus incongruent priming and the linear trend of set
size), we should note that, second, this finding is also consistent with our general
theoretical assumption that auditory priming could bring the corresponding working
memory item into a (relatively) prioritized state. If we would simply assume that in a
neutral context (i.e., in the present setting, in the neutral priming condition) it is at
random which one of the possible targets is in a prioritized state, and that target-related
primes would always bring the corresponding item into a prioritized state, then in the
four-target setting (i.e., Experiment 1R), the congruent condition, associated with a
100% congruency between the prioritized item and the presented target, would stand in
contrast to a 25% congruency in the neutral condition. However, in the two-target
setting (i.e., Experiment 2), this would be 100% congruency in the congruent condition
versus 50% congruency in the neutral condition. Thus, the benefit component of
priming would be increased in the four-target condition. Thus, our theoretical
assumption provides a plausible alternative, especially considering the numerical pattern
(i.e., the benefit component was descriptively larger in Experiment 1R compared to
Experiment 2 at the larger set sizes, see Table A1 and Table 2). However, this

assumption needs to be corroborated by future research.
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Furthermore, multiple target search is suggested to involve a further process not
yet discussed: An internal search process of target templates (i.e., veridical target
representations in the activated long-term memory; Wolfe, 2021) that serves to decide
whether the selected item matches a possible target (e.g., Cunningham & Wolfe, 2014;
Wolfe, 2012). Several lines of evidence indicate that semantic and further contextual
influences can affect the memory search process. These include the categorical status of
items (e.g., Cunningham & Wolfe, 2014; Shang et al., 2024), evidence for the influence
of contextual cues that signal which memory set is currently relevant (e.g., Boettcher et
al., 2013; see Boettcher et al., 2018, for evidence restricted to the setting where the
relevant set remains constant for several trials), or spatial and temporal associations that
can help to facilitate the visual and memory search process (e.g., Wiegand et al., 2021,
2024). It is up to further research to determine if cross-modal semantic priming may
also influence memory search by increasing the accessibility of the primed target
template.!? This process would lead to more efficient memory search on congruent
trials, because the most active target template already matches the target. Note,
however, that this process would not explain an increased influence of primes on search
efficiency with a larger target set, as it would predict a benefit that is independent of set
size: For non-match decisions for the selected distractors, it would make no systematic
difference whether the target-congruent or an incongruent target template is in a
prioritized state.

Similar to Experiment 2, Experiment 3 also used a target set of two, but it used
complex visual objects as targets and object-level semantic information as primes. This

experiment replicated our main finding: Priming effects increased significantly with set

12 We thank a Iris Wiegand for providing us with this suggestion.
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size, indicating increased search efficacy by congruent priming. Thus, this effect
occurred even though the facilitation of guidance could not be based on a well-defined
perceptual feature, but rather on object-level auditory information. As discussed above,
auditory primes may influence attentional guidance by (relatively) prioritizing the
search template that corresponds to the primed item, thereby enhancing its visual
salience. Given the growing empirical evidence (e.g., Robbins & Hout, 2020; Yu, et al.,
2016) and theoretical considerations (e.g., Yu et al., 2023) suggesting that search
templates guiding selection can be derived from and shaped by complex semantic
information, it seems reasonable to assume that both feature- and object-level semantic
primes can exert their influence by facilitating sensory gain, either for a specific feature
or for a coarse representation of the primed object’s features.

As shown by the comparison of Experiments 2 and 3, the use of more complex
stimuli led, as expected, to a generally less efficient visual search and also to a greater
influence of primes. The latter was indicated by larger priming differences for object
search than for color search, while the difference in facilitation of search efficiency did
not reach significance. It is an intriguing question for future research to corroborate this
exploratory analysis and to test whether the relative contribution of semantic priming to
guidance and post-search processes (e.g., target encoding, memory search) differs
between feature- and object-level semantic primes.

In addition, there are three other noteworthy aspects of our study: First, primes
influenced search processes even when they were presented briefly (i.e., time-
compressed) with short SOAs and had no predictive information about the subsequent
target, supporting the notion that the influence of primes is "automatic" in nature (i.e.,

fast, non-strategic). Second, in three experiments, we successfully adapted a small-N
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approach in which a large number of observations were produced by a relatively small
number of participants. This approach might be fruitful for further research
investigating perceptual and attentional effects that are expected to exhibit low
interindividual variance and are little influenced by practice (e.g., Miller, 2023). Third,
while Experiments 1 and 2 demonstrated facilitation of visual search efficiency when
using simple stimuli, by using perceptually similar automotive symbols as targets and
their spoken denotations as primes, Experiment 3 extended these findings to more
complex audio-visual object representations. The results of Experiment 3 indicate that
visual search facilitation by cross-modal priming is also applicable to search tasks in
which the attentional template contains several perceptual and semantic features.
Furthermore, these results have potential practical relevance: They suggest that speech
warnings may be particularly useful in helping drivers to detect a relevant object (e.g., a
potential hazard) in highly complex visual environments, where their visual attention is
not initially focused on that object. It is up to future research to investigate whether
cross-modal semantic priming may add benefit to the direct spatial information that
might be provided by such a warning system. The fact that facilitation of visual search
occurred with short, compressed auditory primes that preceded visual displays with
brief SOA, and furthermore that this effect occurred even though attentive listening to
the primes would not benefit the participants (i.e., primes and targets were
uncorrelated), supports the notion that auditory warnings have the potential to
"automatically" influence the deployment of visual attention. Thus, these results could
provide an important basis for testing the role of speech warnings in guidance of visual
attention in more realistic settings, such as dynamic driving simulations. Of course,

further research should determine whether the effect is restricted to a limited set of
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possible targets or whether it is generalizable to large potential target pools (i.e., as in a
complex driving environment).
Constraints on Generality of the Findings

The participants in our study were students at Saarland University, Germany, and
therefore human. As our theoretical considerations and hypotheses relate to general
human cognitive processes, this gave us the opportunity to test and possibly falsify our
claims. This statement should not be confused with a claim that our results generalize to
other human subpopulations.

Regarding the complexity of the stimuli, while Experiment 3 extended the
findings to automobile symbols and their spoken denotations, future research should test
the search efficiency hypothesis for more complex stimuli and real-world search
behaviors. On a related note, it remains to be explored whether cross-modal semantic
priming during visual search entails comparable processes when spoken primes naming
simple features, objects, categories or characteristic sounds are used as primes. In
addition, using more levels of set size may further help to corroborate the underlying
relationship between priming and set size. Furthermore, as discussed earlier, further
research is necessary to investigate the underlying mechanisms by which auditory
primes exert their attention-guiding effect in the context of multiple-target search.
Conclusions

To conclude, while previous studies using cross-modal semantic priming of visual
targets in distractor arrays have suggested that congruent (as opposed to incongruent)
primes can enhance search efficiency, our study provided a test of this assumed
underlying process. We showed that cross-modal priming leads to more efficient search,

as indicated by flatter search slopes for congruent compared to incongruent trials. This
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finding is consistent with a shift in attentional prioritization in favor of the primed item,
contributing to attentional guidance. This effect appeared to be robust across varying
stimulus complexity and different levels of cognitive load, suggesting that it represents
a general mechanism of audio-visual information processing. While further research
should elucidate the exact mechanism by which auditory primes can influence
attentional guidance in the context of multiple-target search, the present study represents
an important step towards revealing the underlying processes, also of potential

relevance to real-world applications.
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Tables
Table 1. Mean RTs (in ms) and error rates (in %) as a function of set size and semantic congruency

conditions in Experiment 1; priming effects (PE), costs, and benefits (SE in parentheses)

Semantic congruency condition

Set Size  Neutral Congr. Incongr. PE Benefit Cost
RT
2 734 709 727 18  (10) 25 (12) -6 (11)
8 918 863 923 60 (15) 55 (15) 5 (13)
16 1111 1036 1191 155  (30) 75 (27) 80  (16)
Error rates
2 7.8 7.6 8.6 1.0 (1.2) 0.1 (1.6) 08 (1.2)
8 6.8 7.2 8.6 1.4 (1.5 -04 (14 1.8 (1.0)
16 8.3 6.4 9.4 3.0 (L.3) 1.9 (1.3) 1.1 (L.1)

Note. PE = RTincongruent - RTcongruent; Benefit = RTheutral — RTcongruent; Cost = RTincongruent -
RTneutral
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Table 2. Mean RTs (in ms) and error rates (in %) as a function of set size and semantic con-

gruency conditions in Experiment 2; priming effects (PE), costs, and benefits (SE in parenthe-

ses)
Semantic congruency condition
Set
Size Neutral Congr. Incongr. PE Benefit Cost
RT
2 526 522 529 7 (2 4 () 3 (2)
8 618 612 625 13 3) 6 (3 7 3)
16 703 688 718 30 (10) 15 (7) 15 (5)
Error rates
2 3.1 2.7 3.1 04 (0.5 04 (03) 0.0 (0.3
8 34 34 3.2 -0.2 (0.5 0.0 (04 -02 (0.3)
16 3.4 3.1 2.8 -0.3 (03) 03 (0.3) -0.6 (04)

Note. PE = RTincongruent - RTcongruent; Benefit = RTneutral — RTcongruent; Cost = RTincongruent -
RTheutral
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Table 3. Results of the 3 (prime-target relation: neutral vs. congruent vs. incongruent) x 3 (set size: 2 vs. 8 vs. 16) x 2 (experiment: Experiment 1R

vs. Experiment 2) MANOVA for repeated measures on RTs with prime-target relation and set size as within-participants factors and experiment as

between-participants factor. We report the respective a priori planned contrasts below each main effect and interaction. Effects across Exp. IR and 2

refers to the respective comparisons without the experiment factor, while Comparison between Exp. IR and 2 refers to the respective comparisons

including experiment factor.

Effects across Exp. 1R and 2

Comparison between Exp. 1R and 2

F df p np F df p npy

prime-target relation 16.02 2,16 <.001 .667 2.34 2,16 128 227
congruent vs. incongruent 33.81 1,17 <.001 .665 4.34 1,17 .053 203

neutral vs. congruent & incongruent 1.56 1,17 229 .084 1.89 1,17 187 .100

set size 160.47 2,16 <.001 953 5.17 2,16 .019 392
linear trend 249.01 1,17 <.001 936 7.44 1,17 .014 304
quadratic trend 2.90 1,17 .107 .146 0.25 1,17 .626 .014
prime-target relation X set size 6.28 4,14 .004 .642 1.63 4,14 223 317
. x linear trend 27.86 1,17 <.001 621 5.27 1,17 .035 237

congruent vs. fncongruent x quadratic trend 6.73 1,17 .019 283 0.75 1,17 400 .042

neutral vs. x linear trend 3.10 1,17 .096 154 3.37 1,17 .084 166
congruent & incongruent x quadratic trend 0.15 1,17 701 .009 0.02 1,17 898  .001
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Table 4. Mean RTs (in ms) and error rates (in %) as a function of set size and semantic con-

gruency conditions in Experiment 3; priming effects (PE), costs, and benefits (SE in parenthe-

ses).
Semantic congruency condition
Set
Size Neutral Congr. Incongr. PE Benefit Cost
RT
2 533 519 543 24 (3) 14 (2 10 (2)
8 711 690 734 4 (7 21 5) 24 4
16 913 878 949 71 (14) 34 (7) 36 (13)
Error rates
2 2.8 2.9 3.2 0.3 (04 -01 (04 04 (03
8 2.1 2.6 2.2 -04 (03) -0.5 (0.3) 0.1 (0.3
16 2.0 2.1 1.5 -0.6 (04) -0.1 (0.3) -0.5 (0.3)

Note. PE = RTincongruent - RTcongruent; Benefit = RTneutral — RTcongruent; Cost = RTincongruent -
RTheutral
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Table 5. Results of the 3 (prime-target relation: neutral vs. congruent vs. incongruent) x 3 (set size: 2 vs. 8 vs. 16) x 2 (experiment: Experiment 2 vs.

Experiment 3) MANOVA for repeated measures on RTs with prime-target relation and set size as within-participants factors and experiment as

between-participants factor. We report the respective a priori planned contrasts below each main effect and interaction. Effects across Exp. 2 and 3

refers to the respective comparisons without the experiment factor, while Comparison between Exp. 2 and 3 refers to the respective comparisons

including experiment factor.

Effects across Exp. 2 and 3

Comparison between Exp. 2 and 3

F df p ny’ F df p u's

prime-target relation 33.33 2,22 <.001 752 7.67 2,22 .003 411
congruent vs. incongruent 63.65 1,23 <.001 735 14.34 1,23 <.001 384

neutral vs. congruent & incongruent 0.01 1,23 938 .000 0.01 1,23 .930 .000

set size 244.88 2,22 <.001 957 28.60 2,22 <.001 722
linear trend 440.60 1,23 <.001 950 59.02 1,23 <.001 720
quadratic trend 1.32 1,23 262 .054 5.90 1,23 .023 204
prime-target relation X set size 9.37 4,20 <.001 .652 2.11 4,20 118 297
. x linear trend 21.14 1,23 <.001 479 2.55 1,23 124 .100

congruent vs. fncongruent x quadratic trend 1.11 1,23 302 .046 0.08 1,23 781 .003

neutral vs. x linear trend 0.25 1,23 .619 011 0.17 1,23 .687 .007
congruent & incongruent x quadratic trend 0.36 1,23 553 016 0.07 1,23 796 .003
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Figures

Figure 1. Trial sequence of Experiments 1 and 2 (not drawn to scale; example:
incongruent trial; set size 8). The prime word (here: “red”) was presented via
headphones 90 ms prior to the visual target (here: yellow). In Experiment 1, participants
had to search for four potential target colors in each block. In Experiment 2, the set of
relevant target colors was reduced to two colors in each block. The possible target and
non-target colors are depicted in Figure A1. The correct response in this example is

“up” (because the gap is in the upper part of the yellow circle).

1000 ms

Task:

90 ms target gap up/down?

prime-target

SOA until
response
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Figure 2. Mean RTs as a function of set size and priming condition in Experiment 1.

Error bars are 95% within-subject confidence intervals (Jarmasz & Hollands, 2009) for

the 2 (priming condition: congruent vs. incongruent) x 3 (set size) interaction effect.
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Figure 3. Mean RTs as a function of set size and type of priming in Experiment 2. Error

bars are 95% within-subject confidence intervals (Jarmasz & Hollands, 2009) for the 2

(priming condition: congruent vs. incongruent) x 3 (set size) interaction effect.
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Figure 4. Trial sequence of Experiment 3 (not drawn to scale; example: congruent trial;
set size 8). The prime word (here: “ambulance’) was presented via headphones 100 ms
prior to the visual target. In each block, two symbols from the possible four target

stimuli were presented as potential targets. The correct response in this example is “left”

(i.e., the symbol of the ambulance is facing to the left).
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Figure 5. Mean RTs as a function of set size and type of priming in Experiment 3. Error

bars are 95% within-subject confidence intervals (Jarmasz & Hollands, 2009) for the 2

(priming condition: congruent vs. incongruent) x 3 (set size) interaction effect.
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Appendix
Figure A1. Visual stimuli used in Experiments 1 and 2. In Experiment 1, participants
had to search for the four potential target colors in each block. In Experiment 2, the set
of relevant target colors was reduced to two colors. In each block, the two relevant

target colors were selected from the set of the four depicted target colors.

Target stimuli

Distractor stimuli
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Figure A2. Visual stimuli used in Experiment 3. In each block, two symbols from the
possible four target stimuli were presented as potential targets. Sixteen further symbols
served as distractor stimuli. For each target and distractor symbol, there was a version

that faced to the left, and one that faced to the right.
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Experiment 1R — Replication of Experiment 1 using a small-/V approach

Because the data collection of Experiment 2 was conducted during the COVID-19
pandemic, recruiting a sufficient sample size was not realistic using a typical testing
approach (i.e., in the present case: recruitment of N =45 and presenting 432 trials for
each participant; see power calculation of Experiment 2). Since power is derived from
both the number of participants and the number of repeated measurements per
participant and condition, under certain assumptions, the number of observations can be
distributed among participants and trials without compromising power (e.g., Rouder &
Haaf, 2018; Brysbaert & Stevens, 2018). Of course, the following assumptions must be
met for adopting a small-N approach, in which a large number of observations is
produced by a relatively small number of participants: (1) The effect is stable over a
large sequence of trials; (2) the effect is rather homogeneous across participants
(Brysbaert & Stevens, 2018). Furthermore, Rouder and Haaf (2018) suggested that
decreasing the sample size can be plausibly compensated by increasing the number of
trials with little or no loss of power in the case of most RT-based cognitive effects, as
also demonstrated by their simulations (see also the simulation studies of Brysbaert &
Stevens, 2018, supporting this notion). While this discussion is gaining increasing
attention, there is also growing evidence that paints a broader picture about the
feasibility and limitations of this approach. By selecting subsets of participants and
trials from large real datasets, Miller (2023) has demonstrated that a simple trade-off
between the number of participants and the number of trials per participant has its
limitations regarding many RT-based effects, for which the effect size typically
decreases and the standard error of the effect increases with practice (e.g., word/non-

word effect in lexical decision tasks; e.g., Hutchiton et al. 2013). Importantly, with
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regard to the semantic priming effect, the study of Miller (2023) found no evidence of
such a limitation when the reduced sample size was compensated by an increased
number of trials. To test the feasibility of this approach with respect to semantic priming
of visual search processes, we wanted to replicate the results of Experiment 1 using a
small-N design. Therefore, the present experiment was intended to be an exact
replication of Experiment 1, except for adapting this strategy.

Method

Participants

Participants were 6 students (5 women, 1 men) from Saarland University, who
took part in the experiment in exchange for 50 Euro. The median age was 23 years
(ranged 21 to 26). All were native speakers of German and had self-reported normal
hearing and normal or corrected-to-normal vision.

Experiment 1 had 240 trials per participant and found an effect size of dz = 0.65
for the most important effect, the interaction between the congruent versus incongruent
priming conditions and the linear trend of set size. To detect an effect of dz = 0.65 with
B=.95 (o= .05, one-tailed) a sample size of N = 28 is needed. Thus, replicating the
effect with N =28 would yield a total number of observations of 6720. In the present
study, N = 6 participants were recruited and they worked through a total number of
1920 trials each, resulting a total number of 11520 observations for the sample.
Design, Materials, Procedure

Materials, experimental procedure, design, data preparation, and exclusion criteria
were identical to that of Experiment 1; except that each participant participated in eight
runs of the experimental procedure of Experiment 1 (i.e., 240 trials each). Specifically,

each participant was tested in two testing sessions that took place on two consecutive
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days or on two days with a day apart. Each testing session consisted of four runs of the
procedure of Experiment 1.
Results

RTs of correct responses (mean error rate was 4.2%) were analyzed after outliers
were discarded using the same criteria as in Experiment 1; this led to the exclusion of
4.9% of trials. Mean RTs and ERs as well as the difference scores of priming, benefits
and costs for all set sizes are reported in Table Al.
Repeated Measures MANOV A
In line with the analysis of Experiment 1, we analyzed RTs in a 3 (prime-target relation:
neutral vs. congruent vs. incongruent) X 3 (set size: 2 vs. 8 vs. 16) MANOVA for
repeated measures (e.g., Dien & Santuzzi, 2005; O’Brien & Kaiser, 1985). We a priori
focused on the contrast between congruent and incongruent conditions regarding the
prime-target relation (see above; see also Mahr & Wentura, 2014, 2018), and, as we
expected a linear relationship between set size and search RTs, the linear trend is a
priori defined as the effect of main interest regarding set size.

The overall main effect of priming was significant, F(2,4) = 8.24, p = .038, > =
.805. The contrast of congruent vs. incongruent trials was also significant, F(1,5) =
16.72, p = .009, np> = .770, as expected, with faster responses in congruent trials than in
incongruent trials (see Table AI). The main effect of set size was significant,
F(2,4)=35.42, p = .003, 1p> = .947. Search RTs increased with increasing display size,
F(1,5) =58.80, p <.001, np> = .922. (As expected, the quadratic trend was not signifi-
cant, /' < 1.) The interaction between prime-target relation (i.e., including the neutral
condition) and set size was not significant, F(4,2) = 1.98, p = .363, np> = .798. Im-

portantly, replicating the facilitation of visual search by congruent priming, there was a
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significant interaction between the congruent versus incongruent priming and the linear
trend of set size, F(1,5) = 18.29, p = .008, n,*> = .785. (Other interaction contrasts were
not significant, F[1,5] = 5.70, p = .063, np> = .533, for the interaction of congruent vs.
incongruent priming and the quadratic trend of set size, all other F's <2.28, ps >.191.).
Descriptively, mean RTs were shorter in the present experiment compared to Ex-
periment 1 in each set size condition; this may reflect practice effects on the task during
the long test session (see Table I and Table A1.). Accordingly, the mean error rate in the
present experiment was also numerically lower (4.2%) than in Experiment 1 (8.3%).
Consistent with the lower mean RTs, the mean RT-differences between incongruent and
congruent conditions were also numerically smaller for all set sizes compared to Experi-
ment 1 (see Table I and Table AI). However, each congruency effect was significantly
different from zero, except in the smallest set size, which missed the conventional sig-
nificance level; #(5) = 1.72, p = .073, dz= 0.70 for set size = 2; #(5) = 4.05, p = .005, dz
= 1.66 for set size = 8; #(5) =2.47, p=.028, dz = 1.01 for set size = 16. Priming differ-
ences as a proportion of base RT (i.e., RTs for neutral priming for a given set size) were
1.8% (SE = 1.1%), 3.9% (SE = 0.8%), and 8.0% (SE = 1.2%) for set sizes 2, 8, and 16,
respectively. (Thus, numerically somewhat reduced compared to Experiment 1: 2.2%,
6.2%, and 12.9% for set sizes 2, 8, and 16, respectively.) Importantly, these relativized
priming scores showed a significant linear increase with set size, F(1,5) =19.50, p =
.007, np> = .796. (See Table A1 also for the difference scores of benefits and costs; ben-
efits were significant only for the largest set size, #[5] = 3.05, p =.028, dz = 1.25; while
ts < 1.91, ps >.114, for the lower set sizes. Costs were not significant for any of the set

size conditions, #s < 2.41, ps >.060.)
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For error rates, the corresponding MANOVA for repeated measures revealed no
significant effects, F's < 1.57, ps > .313. For the contrasts of interest, the congruency
effect was not significant, F(1,5) = 0.87, p =.395, n,> = .148, nor was the interaction
between congruent vs. incongruent trials and the linear trend of set size, F(1,5) = 0.00, p
=957, np> = .001. Thus, there was no evidence for a speed-accuracy tradeoff regarding
the RT-effects (see also Table Al).

Linear Mixed Model Analyses

We again used linear mixed model approach to test if search slopes are moderated
by the semantic congruency of the primes. RTs were analyzed as a function of the
priming condition (coded +1 congruent, -1 incongruent; i.e., the neutral condition was
discarded from the main analyses), set size (i.e., 2 / 8 /16), and their interaction
(ImerTest package, Kuznetsova, et al., 2017; Bates, et al., 2015). We again fitted the
maximal model (e.g., Barr et al., 2013). In this random slopes model, set size had a
weight of b =17.4 ms (SE = 2.3 ms), #(5.00) = 7.42, p < .001, indicating that with each
additional element, search RTs increased by 17 ms. Importantly, the interaction of set
size and priming was significant as well, b =- 2.1 ms (SE = 0.6 ms), #(7.21)=3.25,p =
.013, indicating that search slopes differ for the two priming conditions: Slopes were
flatter for congruent (b = 15.3 ms) than for incongruent trials (b = 19.5 ms).'?
Discussion

The present experiment was intended to replicate the results of Experiment 1,

importantly, by using an alternative testing approach of compensating for a lower

13 The analysis including the neutral trials (with two contrast codes for priming and thus two
interaction terms) yielded essentially the same results: A significant interaction contrast of congruent vs.
incongruent priming with set size, b =-2.1 ms (SE = 0.7 ms), #7.02) = 3.21, p = .015; while the
interaction contrast of neutral vs. congruent/incongruent priming with set size was non-significant, b =
0.8 ms (SE = 0.8 ms), #9.46) = 1.12, p = .289.



Cross-modal enhancement of search efficiency 95

number of participants by a substantially higher number of trials per participant (see
Brysbaert & Stevens, 2018; Rouder & Haaf, 2018). To sum up, this experiment
replicated the main results of Experiment 1; that is, it revealed a significant reduction of
the search slopes with congruent compared with incongruent priming.

In the present experiment, participants showed descriptively a better visual search
performance compared to Experiment 1: Both mean RTs and errors were numerically
smaller than in Experiment 1. In addition, search slopes were numerically less steep in
the present experiment (with each additional item, search RTs increased by 17 ms in the
replication of Experiment 1, whereas by 28 ms in Experiment 1). This may be due to the
fact that participants had the opportunity to practice the task over a large number of
trials, and may also be related to the characteristics of the sample (i.e., a lab experiment
with two sessions of three hours net time each might attract different persons than a
short experiment of less than 30 minutes).

The descriptively more efficient search is consistent with the numerically smaller
priming effects in the present experiment (also as a proportion of base RT). However,
priming differences (also relative to the base RT) increased with set size in the present
experiment (in contrast to Experiment 1, the effect size of the priming differences did
not increase from set size 8 to 16), and importantly, search slopes were also
significantly flatter for congruent than for incongruent trials. In general, the replication
of Experiment 1 provided further evidence for the search facilitation hypothesis with a
much smaller number of participants and increased number of trials, opening the way

for testing our further research questions by using this approach.
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Table AI. Mean RTs (in ms) and error rates (in %) as a function of set size and semantic

congruency conditions in the replication of Experiment 1 (Experiment 1R) using a small-N

approach; priming effects (PE), costs, and benefits (SE in parentheses)

Semantic congruency condition

Set
Size Neutral Congr. Incongr. PE Benefit Cost
RT
2 558 556 566 10 (6) 2 (% 7 (6)
8 696 677 705 28 (8) 19 (10) 9 4)
16 821 772 840 68 (15) 49 (16) 19 (12)
Error rates
2 4.4 4.4 4.8 04 (0.6) 0.0 (1.2) 04 (0.9
8 4.2 4.1 4.5 04 (1.0) 0.1 (0.6) 03 (0.8)
16 3.5 34 3.7 03 (1.0) 0.1 (1.1) 02 (1.0)

Note. PE = RTincongruent - RTcongruent; Benefit = RTneutral — RTcongruent; Cost = RTincongruent -

RTneutral
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Table A2. Deviations from the preregistrations and their reasons.

Exp. Preregistration Deviation Reason
1-2 Error trials and RT outlier trials (i.e., RTs that We specified that we would discard RTs that It is common practice to remove RTs that
were 1.5 interquartile ranges above the third quar- were 1.5 interquartile ranges above the third quar- are too fast to be interpreted as valid re-
tile or below the first quartile, respectively, with tile or below the first quartile (Tukey, 1977). sponses in the task (i.e., preparatory re-
respect to the individual distribution; Tukey, There were no such outliers at the lower end of sponses). Inclusion of these trials had no
1977) will be discarded. the individual distributions. However, we re- meaningful impact on results.
moved RTs below 150 ms (i.e., preparatory re-
sponses), which we forgot to mention in the pre-
registration. Specifically, 0.2% of all trials were
excluded in Exp. 1. We also checked for prepara-
tory responses in Exp. 2, there were no RTs be-
low 150 ms.
1-2-3 Error trials and RT outlier trials (i.e., RTs that Due to the marked differences between set sizes As can be readily seen, our preregistered

were 1.5 interquartile ranges above the third quar-
tile or below the first quartile, respectively, with
respect to the individual distribution; Tukey,
1977) will be discarded.

in terms of mean RTs and dispersion of RTs (see
Tables 1, 3 and 4), the preregistered procedure re-
sulted in unevenly distributed exclusion of trials
in the three set size conditions. Therefore, we cor-
rected our exclusion criterion: We excluded RT
outliers that were 1.5 interquartile ranges above
the third quartile of the individual RT-distribution
within each set size condition. In detail, the % of
trials that were excluded using our corrected vs.
preregistered [in brackets] exclusion criteria are:

Exp. 1:
e Set size 2: 1.5% [vs. 0.3%] of trials
o Set size 8: 1.8% [vs. 1.5%] of trials
o Setsize 16: 1.7% [vs. 4.9%] of trials

Exp. 2:
o Set size 2: 3.8% [vs. 0.8%] of trials

criterion for identifying RT outliers that did
not consider set size was flawed and re-
sulted in a disproportionate exclusion of tri-
als with respect to this condition (e.g., in
Exp. 3, exclusion of up to nearly one-fifth of
the trials in the largest set size condition
while only 3.1% of trials in set size 2). We
corrected this error for all experiments dur-
ing our data processing.
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o Set size 8: 4.7% [vs. 4.3%] of trials
o Set size 16: 5.0% [vs. 11.0%] of trials

Exp. 3:
o Set size 2: 5.8% [vs. 3.1%] of trials
o Setsize 8: 7.3% [vs. 6.4%] of trials
o Setsize 16: 7.6% [vs. 19.7%)] of trials

Since we initially excluded RT outliers in Exp. 1
according to our preregistered criterion, the effect
sizes we oriented ourselves for the sample size
planning of Exp. 2 and 3 are consistent with the
results of this initial analysis. As to be expected,
after correcting for this mistake in the exclusion
criterion, the corresponding effect sizes are nu-
merically larger (i.e., in Exp.1, dz=0.56 and dz =
0.65 for the interaction between congruency and
the linear contrast of set size using the preregis-
tered and the corrected outlier criterion, respec-
tively). Since we decided to orient ourselves on a
reduced effect size of dz =0.50 (i.e., a medium
effect according to Cohen, 1988), this numerical
discrepancy did not affect the actual determina-
tion of sample size.

To detect an effect of dz = 0.5 with power 1-beta
=.95 (alpha = .05, one-tailed) a sample size of N
=45 is needed.

The total number of observations with N =45 and
one experimental procedure (i.e., 432 trials) for
each participant would have resulted in 19440 ob-
servations.

We decided for the sample size of N = 12 partici-
pants, and in order to compensate for the reduc-
tion in the number of participants we increased
the number of trials for each participant (i.e.,
3456 trials), which resulted in 41472 observa-
tions.

As data collection took place during the
COVID-19 pandemic, recruitment of the
number of participants that was set in the
Preregistration was not feasible. Therefore,
we adopted a small-N approach, in which
we compensated for a reduction in the num-
ber of participants by increased number of
trials per participant (see main text; see also
e.g., Brysbaert & Stevens, 2018). To test the
feasibility of this approach for the present
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research, we conducted a replication of Exp.
1 using this approach (see Appendix).

A multilevel linear model will be fitted to the data
(level 1 = trials, level 2 = participants). [...]

To test for Hypothesis 1 [i.e., RTs increase with
increasing set size], the prediction of RTs through
the set size factor will be evaluated. A significant
main effect of set size with a positive regression
weight would confirm Hypothesis 1 (RT set size 2
< RT set size 8 <RT set size 16).

To test for Hypothesis 2 [i.e., congruency effect],
it will be evaluated if prime-target congruency is a
significant predictor for RTs. A negative regres-
sion weight would be expected to confirm Hypoth-
esis 2 (RTcongruent < RTincongruent). [...]

To test for Hypothesis 3 [i.e., the congruency ef-
fect stated in Hypothesis 2 increases with increas-
ing set sizes], the interaction term of prime-target
congruency and set size is of relevance. To con-
firm Hypothesis 3 a significant interaction with a
negative regression weight is expected.

To be consistent with the report of the results in
Experiments 1 and 2, the test of Hypothesis 1
(i.e., congruency effect) was performed using re-
peated measures MANOVA. Furthermore, addi-
tionally to the preregistered LMM analyses, we
report tests of Hypotheses 2 and 3 using repeated
measures MANOVA.

Testing Hypothesis 1 using LMM approach
yielded consistent results with the MANOVA
analysis reported in the main text. Specifically, to
test the congruency effect using LMM approach,
only the main effects of prime-target congruency
and set size were included. The factor set size
was centered at the set size of 8, so that the main
effect of congruency can be interpreted as prim-
ing effect at set size 8. The random slopes model
had the better fit to the data compared to the ran-
dom intercepts model, ¥2(5) =333.39, p <.001.
Corroborating the results of the analyses reported
in the main text, there was a priming effect of 46
ms (with a display size of 8), b =-23 ms
(SE=3.3ms), #11.04)=-7.10, p <.001.

We reported the MANOVA analysis for Hy-
pothesis 1 and additionally to the LMM
analysis for Hypotheses 2 and 3 to increase
comparability with the results of Experi-
ments | and 2.




