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Abstract
Singleton distractors may inadvertently capture attention, interfering with the task 
at hand. The underlying neural mechanisms of how we prevent or handle distrac-
tor interference remain elusive. Here, we varied the type of salient distractor intro-
duced in a visual search task: the distractor could be defined in the same (shape) 
dimension as the target, a different (color) dimension, or a different (tactile) modal-
ity (intra- dimensional, cross- dimensional, and, respectively, cross- modal distractor, 
all matched for physical salience); and besides behavioral interference, we measured 
lateralized electrophysiological indicators of attentional selectivity (the N2pc, Ppc, 
PD, CCN/CCP, CDA, and cCDA). The results revealed the intra- dimensional distrac-
tor to produce the strongest reaction- time interference, associated with the smallest 
target- elicited N2pc. In contrast, the cross- dimensional and cross- modal distrac-
tors did not engender any significant interference, and the target- elicited N2pc was 
comparable to the condition in which the search display contained only the target 
singleton, thus ruling out early attentional capture. Moreover, the cross- modal dis-
tractor elicited a significant early CCN/CCP, but did not influence the target- elicited 
N2pc, suggesting that the tactile distractor is registered by the somatosensory system 
(rather than being proactively suppressed), without, however, engaging attention. 
Together, our findings indicate that, in contrast to distractors defined in the same 
dimension as the target, distractors singled out in a different dimension or modal-
ity can be effectively prevented to engage attention, consistent with dimension-  or 
modality- weighting accounts of attentional priority computation.
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1  |  INTRODUCTION

While engaged in a task, such as writing a manuscript, it is 
easy for our flow to be disrupted by a pop- out email alert 

or a vibrating phone. Controlling attention and handling 
distractor interference is not only practically important, 
but also has theoretical significance. Yet, the underly-
ing mechanisms remain controversial (for a review, see 
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Luck et al.,  2021). While preventing attentional capture 
by salient distractors is beneficial for goal- oriented target 
selection, the timing and operation of distractor suppres-
sion are still a topic of debate. Researchers advocating a 
bottom- up view posit that salient distractors inevitably 
capture attention early on Theeuwes  (1992, 2010), with 
distractor suppression coming into play only afterwards 
through reactive inhibition and attendant disengagement 
of attention from the distractor. In contrast, research-
ers emphasizing top- down processes argue that target- 
irrelevant features and/or dimensions can be proactively 
suppressed through top- down feature-  (Becker et al., 2010; 
Folk et al.,  1992; Leber & Egeth,  2006a), or dimension- 
based (Liesefeld, Liesefeld, & Müller,  2019; Liesefeld & 
Müller, 2020; Müller et al., 1995) stimulus set, preventing 
(or, at least, minimizing) attentional capture by salient 
distractors in the first instance (Gaspelin et al., 2015). In 
light of previous studies and, specifically, an explanatory 
framework developed in our previous work (which we will 
review next), the present study was designed to examine 
how efficiently we can handle salient but task- irrelevant 
distractors defined in a different stimulus modality to the 
target compared to distractors defined in the same modal-
ity, but in a different dimension and distractors defined in 
the same dimension as the target.

1.1 | Evidence for 
dimension-  and, respectively, 
modality- based distractor handling

To study distractor- handling mechanisms, a widely used 
scenario is the “additional- singleton” search task pio-
neered by Theeuwes  (1992, 2010). Typically in this task, 
participants search for and respond to a target defined 
by an odd- one- out (i.e., singleton) shape (e.g., a square) 
in an array of shape- homogeneous non- targets (e.g., cir-
cles), one of which is a color singleton (e.g., red, whereas 
the target and the other non- targets are all blue); and the 
(compound- task) response requires participants to dis-
cern the orientation of a small line segment inside the 
target shape. A ubiquitous finding (since Theeuwes' pio-
neering studies) has been that the presence (vs. absence) 
of a competing color singleton in the search array causes 
reaction- time (RT) interference, that is: it slows the RTs 
to the target, which has been attributed to the inadvert-
ent capture of attention by the additional color- singleton 
“distractor.” However, a plethora of studies have shown 
that this interference effect can be reduced if the distrac-
tor's defining feature (e.g., red) is fixed (e.g., Gaspelin 
et al.,  2015, 2017; Gaspelin & Luck,  2018c; Vatterott & 
Vecera, 2012), if the prevalence of distractors is high (e.g., 
Geyer et al., 2008; Müller et al., 2009; Won et al., 2019), 

or if the distractor occurs at a predictable display location 
(e.g., Allenmark et al., 2019; Ferrante et al., 2018; Goschy 
et al., 2014; Sauter et al., 2018; Wang & Theeuwes, 2018; 
Won et al., 2019; Zhang et al., 2019) –  arguing in favor of 
some form of proactive distractor suppression.

According to one particular account of distractor han-
dling, which we refer to as “dimension- weighting” ac-
count, it is important to consider the feature dimensions 
in which the distractor and the target are singled out to 
account for modulations of distractor interference. 
Originally, this account was developed to explain target 
selection (and its modulation by inter- trial “history”) in 
visual pop- out search (e.g., Found & Müller, 1996; Müller, 
Reimann, & Krummenacher, 2003). For instance, finding 
the same pop- out color- defined target (e.g., a red target 
among green distractors) was faster when it followed a 
color- defined target compared to an orientation- defined 
target; of note, while there was some small advantage for 
an exact (color) feature repetition, a feature change within 
the same dimension (e.g., from a blue to a red target) was 
less costly than a change across dimensions (e.g., from a 
right- tilted to a red target). Also, cueing on particular fea-
ture (e.g., red) to be most likely (79%) to be target defining 
on a given trial led to a search- RT advantage when the tar-
get actually defined by this feature (red); however, there 
was an advantage even when the target was defined by a 
different feature within the (implicitly) cued dimension 
(e.g., color: blue; 7% likely), compared to a feature in an 
(implicitly) uncued dimension (e.g., orientation: right-  or 
left- tilted; each 7% likely). Müller and his colleagues inter-
preted these predominantly dimension- based inter- trial 
and cueing effects (as well as cross- dimensional 
redundancy- gain effects; e.g., Krummenacher et al., 2001, 
2002) in terms of a hierarchical architecture where 
feature- contrast signals registered in the respective fea-
ture dimensions are integrated, across dimensions, by 
units in a search- guiding attentional priority map in a 
weighted fashion, with the integration weight of a given 
dimension determined by both inter- trial history and top- 
down set.1

 1While Liesefeld and Müller (2020) have drawn a strong distinction 
between priority- guided-  and feature- template- driven (i.e., in their 
terms, “clump- scanning”) search, in principle the DWA framework 
would allow for an element of feature- specificity in attentional selection 
over and above dimension- specificity, as observed by Found and 
Müller (1996) and Müller, Reimann, and Krummenacher (2003) 
especially for color- defined targets. For instance, entry- level coding of a 
particular target feature might be enhanced top- down (by setting up the 
appropriate template), giving this feature an edge. However, for 
attention to be allocated to the location of the target, its feature- contrast 
signal (even though top- down enhanced) would still be dimensionally 
weighted (with the same weight as for any other feature- contrast signal 
within the target dimension) at the integration stage: the search- 
guiding priority map.
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In subsequent work, this framework –  referred to as 
“dimension- weighting account” (DWA) of attentional- 
priority computation –  was applied to the handling of sa-
lient distractors. The hypothesis was that distractors 
singled out in another dimension to the target (cross- 
dimension distractors, e.g., a color distractor when search-
ing for an orientation target) can be “filtered out” relatively 
efficiently by globally down- weighting any feature- 
contrast signals emerging in the distractor dimension 
(while up- weighting signals emerging in the target dimen-
sion); however, dimension- based down- weighting does 
not work when the distractor is defined (by another fea-
ture) within the same dimension as the target (intra- 
dimension distractor), because, in this case, the 
down- weighting would compromise target detection: one 
cannot both down- weight and up- weight one- and- the- 
same dimension (see, e.g., Sauter et al., 2021, for a devel-
opment of this argument). Accordingly, distractor 
interference would be greater with intra-  as compared to 
cross- dimension distractors, even when both types of dis-
tractor are equated for bottom- up saliency. This prediction 
was borne out by a number of studies, including studies of 
statistical learning of distractor handling, using orienta-
tion-  (or shape- ) defined targets and color-  (or luminance- ) 
defined distractors (e.g., Goschy et al.,  2014; Liesefeld, 
Liesefeld, & Müller, 2019; Sauter et al., 2018, 2021; Won 
et al.,  2019; Zehetleitner et al.,  2012; Zhang et al.,  2019, 
2022). We attributed the interference reduction by cross- 
dimensional distractors to the operation of “dimension- 
based” suppression.2 Following Gaspelin and Luck (2018a, 
2018b), Won et al. (2019) referred to a similar effect pat-
tern (specifically, that participants showed comparable 
distractor interference when the distractor color was fixed 
vs. when it selected randomly on a trial from a set of up to 
196 colors) as “second- order feature suppression.”

An extension of the DWA is the “modality- weighting ac-
count” (MWA) proposed by Töllner et al. (2009) to account 
for performance in (pop- out) search scenarios with targets 
unpredictably defined in one of several stimulus modalities 
(e.g., vision and touch), rather than just in one of several 
dimensions within the same modality (e.g., vision: color 
and shape). The MWA postulates that, in such scenarios, 
attentional selection is governed by a multi- modal priority 

map which integrates the weighted outputs of modality- 
specific priority maps. While there is evidence for such an 
additional level in the computation of (multi- modal) atten-
tional priority (e.g., Nasemann et al.,  2023), this account 
too would predict that distractor signals emerging in a non- 
target modality can be (at least) as effectively suppressed –  
by modality- based down- weighting –  as distractors signals 
defined within the same modality but a different dimension 
to the target can be suppressed by dimension- based down- 
weighting. Thus, according to the DWA/MWA, an intra- 
dimension distractor should cause stronger interference 
(indicative of attentional capture) relative to both cross- 
dimension and cross- modality distractors, because they 
can be effectively suppressed or down- weighted through 
dimension-  or modality- based weight settings.

Note, though, that the results of a study by Gaspar and 
McDonald (2014) are seemingly at variance with the notion 
of dimension- based (and, by extension, “modality- based”) 
distractor suppression. Gaspar and McDonald compared 
three visual distractor conditions in separate experiments 
(with different participants). In Experiment 1, both the target 
and distractor singletons were color- defined and the distrac-
tor (red) was more salient (i.e., generated greater feature con-
trast) than the target (yellowish) relative to the (green) 
background elements. In Experiment 2, the distractor was 
defined in a different dimension (color) to the target (shape): 
the distractor was the same red element as in Experiment 1, 
while the target was an odd- one- out diamond among circular 
background elements (which previous research had shown to 
be less salient than a red color distractor). In Experiment 3, 
the two singletons were again both color- defined, but this 
time the target (red) was more salient than the distractor (yel-
lowish). Gaspar and McDonald examined both the pattern of 
RT distractor- interference effects under these conditions as 
well as electrophysiological markers indicative of the under-
lying dynamics, in particular, the so- called (lateralized) dis-
tractor positivity component (PD) of the event- related 
potential (ERP), which is taken to reflect processes of distrac-
tor suppression (see below for further details). Behaviorally, 
distractor RT interference turned out larger in Experiment 1 
than in Experiments 2 and 3.3 And electrophysiologically, lat-
eral distractors (with the target positioned on the vertical mid-
line) elicited a robust PD some 250– 300 ms post stimulus onset 
in Experiment 1, a smaller but significant PD in Experiment 2, 
and no PD in Experiment 3.

Taking the PD to reflect location- based distractor suppres-
sion, Gaspar and McDonald reasoned that the less salient 

 2There is a debate regarding the term “distractor suppression”: while 
some authors advocate confining the use of this term to situations in 
which a distractor (location) is “suppressed” below the distractor- absent 
baseline, most researchers use a laxer definition, namely, in terms of a 
“down- modulation” of the potential of a distractor to capture attention 
by pushing its activity toward the baseline (e.g., Ipata et al., 2006). 
According to the DWA, what is down- modulated is the multiplicative 
weight (>0) assigned to saliency, or “feature- contrast”, signals that arise 
in the distractor dimension, in the computation of the overall (i.e., 
supra- dimensional) attentional- priority map. Accordingly, we use 
“suppression” here in terms of “down- weighting.”

 3Overall RT interference was significant even in Experiment 3, and not 
significantly reduced compared to Experiment 2. The fact that even a 
distractor less salient than the target can cause interference is 
consistent with the stochastic “distractor- capture” model explicated by 
Zehetleitner et al. (2013).
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color distractor in Experiment 3 would not elicit a PD be-
cause there is little need for suppression to select the equally 
salient color target. And, to explain the reduced PD elicited 
by the same (red) color- defined distractor in Experiment 
2 versus Experiment 1, they conjectured that the target- 
defining dimension (shape) was selectively up- weighted 
in Experiment 2, reducing the saliency difference of the 
distractor relative to the target and thus the need to apply 
suppression to prevent attentional capture. In contrast, se-
lective up- weighting of the target dimension was not possi-
ble in Experiment 1, as both singletons were defined in the 
same dimension (color) –  resulting in a greater need to op-
erate suppression. Gaspar and McDonald (2014) preferred 
this (location- based) account to that of dimension- based 
distractor suppression, which –  they argued –  could not co-
herently explain the pattern of PD effects. In particular, if 
the latter account attributes the PD observed in Experiment 
2 to dimension- based distractor suppression, it “[cannot] 
provide a plausible account of the [larger] PD observed in 
Experiment 1 due to the within- dimension competition 
conditions” (p. 5663), under which dimension- based sup-
pression is not applicable by definition.

However, in our own electrophysiological work, we 
never considered the (relatively late) PD to reflect dimension- 
based suppression (which we conceive of as a proactive 
global “filtering” process), but instead to index reactive local 
suppression in case some proactive distractor- shielding 
mechanisms (such as, if applicable, the dimensional “filter” 
set) failed to prevent attentional capture (see, e.g., Liesefeld 
et al., 2017; 2019). Given that dimension- based suppression 
is applicable only when the distractor is defined in a differ-
ent dimension to the target, the same (physically salient) 
task- irrelevant singleton is more likely to capture attention 
when it is an intra-  rather than a cross- dimension distractor 
(e.g., Gaspar & McDonald, 2014; Liesefeld et al., 2019; see 
Sauter et al., 2021, for evidence from oculomotor capture). 
Accordingly, there is a greater need for reactive suppression 
in the intra- dimension condition, reflected in the larger PD. 
This is very similar to the account preferred by Gaspar and 
McDonald (2014), except that they assume that the reduced 
PD in their cross- dimension condition is owing to up- 
weighting of the target dimension –  rather than down- 
weighting of the distractor dimension.4

Computationally (in terms of RT modeling), it is 
hard to distinguish up- weighting of the target dimen-
sion from down- weighting of the distractor dimension 
(see, e.g., Liesefeld & Müller,  2021, Appendix  S4). In 
fact, to account for dimension- based inter- trial effects, 
Müller and colleagues (e.g., Found & Müller, 1996; 
Krummenacher et al., 2001, 2002; Müller, Reimann, & 
Krummenacher,  2003) proposed an automatic weight 
linkage between (currently) relevant and irrelevant di-
mensions, so that increasing the weight of one dimen-
sion is associated with a decrease of the weights for 
other dimensions (akin to the idea of weight normaliza-
tion, as assumed for instance in theories such a TVA; 
Bundesen, 1990).5 Experimentally, however, it is possi-
ble to render selective up- weighting of the target di-
mension in the cross- dimension distractor condition 
unlikely if the target is consistently defined in one 
(fixed) dimension while cross-  and intra- dimension dis-
tractors are occurring randomly intermixed across trials 
(rather than being presented in separate blocks or ex-
periments, as in the study of Gaspar & McDonald, 2014). 
In this case, one can assume that the same weighting is 
applied consistently across trials to the target dimen-
sion (while non- target dimensions, and perhaps modal-
ities, are down- weighted). Given this, any differential 
interference (and underlying electrophysiological) ef-
fects between cross-  and intra- dimension distractors 
would be attributable to differential handling of the two 
types of distractor (consistent with the DWA), rather 
than shifts in the “target” baseline. For this reason, we 
randomized the type of distractor in the present study.

In addition to intra-  and cross- dimension distractors, 
we also introduced a cross- modality distractor (as a third 
distractor type) to test the MWA. Evidence on the han-
dling of such distractors is scarce. In fact, we know of only 
one recent study, by Mandal and Liesefeld (2022), see also 
Mandal et al.  (2022), who examined the effects of cross- 
modality, auditory distractors on visual search. Based on 
four experiments, they concluded that “task- irrelevant 
auditory stimuli have no impact on the performance of 
a visual pop- out search” (p. 3887). While this would be 
consistent with the MWA, Mandal and Liesefeld did not 
compare the effects of cross- modal (auditory) and cross- 
dimension visual (color) distractors within the same ex-
periment, and they did not test an intra- dimension visual 
(orientation) distractor. Accordingly, we are not aware of 
any test of the full interference pattern predicted by the 
DWA/MWA.

 4We acknowledge that, here, we gloss over intricacies in Gaspar & 
McDonald's (2014) electrophysiological data that might not readily 
square with our account. However, at least with the intra- dimensional 
search scenario employed by (Liesefeld et al., 2017), we found a clear 
effect sequence with the (more salient) intra- dimension distractor first 
generating an N2pc, which was followed by (what we considered an 
active) PD, with the N2pc referenced to the (lass salient) target being 
delayed in the presence of a distractor. In a recent follow- on study that 
also included cross- dimension distractors, distractors produced a strong 
PD, but no N2pc and no significant delay in the target- referenced N2pc 
(Liesefeld et al., 2022).

 5Whether this fully captures the competitive weighting dynamics or 
whether the weights may also be modulated independently for a 
target-  and, respectively, a distractor- defining dimension (at least to 
some degree) remains an open issue.
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Given this, the present study was designed to exam-
ine the above, core prediction deriving from the DWA/
MWA by comparing the pattern of interference effects 
between visual intra- dimension (shape- defined), visual 
cross- dimension (color- defined), and tactile cross- modality 
distractors in visual search for a shape- defined target. In ad-
dition to examining the pattern of RT interference, in our 
critical Experiment 1, we also recorded the electroenceph-
alogram (EEG) during task performance and examined a 
number of lateralized event- related potentials (or event- 
related lateralizations, ERLs) that have been interpreted as 
brain signatures of attentional selection (including distrac-
tor “capture” and suppression) in visual and tactile search, 
in particular: the posterior- contralateral N2 (N2pc), the 
central contralateral negativity and positivity (CCN and 
CCP), the distractor positivity (PD), the target positivity 
posterior- contralateral (Ppc), and the (central, c) contralat-
eral delay activity (CDA/cCDA). –  Before briefly reviewing 
these ERLs and summarizing our hypotheses of how these 
components would turn out assuming dimension-  and 
modality- based distractor suppression, it is useful to take a 
look at our stimulus and task design, which constrains the 
ERL analyses we can perform to test our hypotheses.

1.2 | Stimulus and task design

The basic setup of collocated visual and tactile stimuli is 
illustrated in Figure  1. Of note, this setup was adopted 
from Töllner et al. (2009), who had devised it to examine 
for the processing of pop- out targets whose defining fea-
tures varied randomly (across trials) between the modali-
ties of vision (color) and touch (vibro- tactile frequency). 

In the present study, we used an updated version of that 
setup (extended to 10 locations) to examine the interfer-
ence effects of salient distractors defined by either shape 
(intra- dimension distractor) or color (cross- dimension 
distractor) or by vibro- tactile frequency (cross- modality 
distractor) in search for a visual, shape- defined target; in 
pilot experiments, we ensured that the three types of dis-
tractor were of comparable bottom- up saliency (for fur-
ther details, see Method section and Appendix S1).

Given that we introduced collocated visuo- tactile stimuli, 
our display arrays had to be arranged semi- linearly to place 
the stimulated fingers next to the visual items; this necessar-
ily meant that the targets and distractors appeared at varying 
distances from the central fixation marker. In this respect, 
our setup differs from the circular arrays (with fixed center- 
to- target and distractor distances) most commonly used in 
the extant literature (e.g., Theeuwes, 1992). However, given 
that we balanced the target and distractor eccentricities 
across trials, any “eccentricity” effects should not systemati-
cally influence our results. Of note, however, our semi- linear 
search arrays made it impossible to examine for lateralized 
target-  or distractor- referenced effects with a distractor or, 
respectively, target placed on the vertical midline (as is com-
mon in the relevant EEG literature; e.g., Dodwell et al., 2021; 
Hickey et al., 2009). Further, given the many relative place-
ments of the target and distractor that were possible in prin-
ciple in our semi- linear arrays (placement of the two stimuli 
at different eccentricities on either the same or on opposite 
sides), we limited these to arrangements with a target and 
distractor on opposite sides, to make the experiment man-
ageable in terms of the number of trials required for EEG 
analysis. Finally, instead of the most common compound- 
search task used in the extant literature (on which a target is 

F I G U R E  1  Schematic illustration of 
the experimental setup. Participants sat on 
a chair, with their fingers placed on tactile 
(solenoid) vibrators, watching the visual 
search array that consists of 10 items 
projected near the tips of their fingers 
and sensing the solenoid- generated 
vibrations below their fingertips. The 
task was to search a blue square among 
nine distractor items, and to report its 
presence or absence by stepping on the 
corresponding foot pedal. Each trial 
started with the presentation of a central 
fixation cross for 500 ms, followed by 
the search display (including the tactile 
stimuli) presented for 250 ms.
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present on every trial), we opted to use a “target- detection” 
task, which required the introduction of target- absent trials 
in addition to target- present trials. “Target- present/absent” 
responses have the advantage of being simpler, in terms of 
post- selective stimulus- analysis requirements, compared 
to compound- search tasks (which require a separable tar-
get feature from the search- critical feature to be extracted 
and translated into the appropriate response); and detection 
tasks permit examining the ERLs that are elicited when a 
lateralized target is presented in isolation (in the absence of 
a competing distractor) and, respectively, when a lateralized 
distractor is presented in isolation (in the absence of a target, 
on target- absent trials). This differs from the (hitherto) more 
standard (compound- task) task design (with circular arrays) 
in which the target-  and, respectively, distractor- referenced 
components are examined under conditions of stimulus 
competition; that is, even when the distractor appears on 
the vertical midline and the target lateralized, the distractor 
competes with the target, potentially impacting the electro-
physiological response.

1.3 | Electrophysiology of distractor 
handling and hypotheses

ERLs are the “difference waveforms” between, typically, 
posterior EEG activity contra-  and ipsilateral to the loca-
tion of the item of interest. The N2pc component is 
thought to be a critical neural signature of the lateralized 
allocation of visuo- spatial attention (e.g., Eimer,  1996; 
Luck, 2011; Luck & Hillyard, 1994; Sawaki & Luck, 2010, 
2014; Woodman & Luck, 1999, 2003): it is characterized by 
greater negativity contralateral to the attended stimulus 
(e.g., the target) compared to ipsilateral activity around 
150– 350 ms post stimulus onset. While being regarded, by 
most researchers, as an indicator of spatial attention shifts, 
Zivony et al.  (2018) have recently argued that the N2pc 
may instead reflect “processes that occur downstream 
from attentional shifting”, specifically: “… attentional en-
gagement, that is, spatially- specific transient attentional 
enhancement that promotes feature identification, bind-
ing and consolidation of the attended stimulus into work-
ing memory” (p. 160). In other words, the amplitude of 
the N2pc would scale with the attentional processing re-
sources allocated to, or engaged by, a particular stimulus.6 

Thus, if –  as hypothesized –  an intra- dimension distractor 
engages attention, it would interfere by reducing the re-
sources available for processing the target, which would 
be expressed in a reduction of the target- referenced N2pc 
amplitude in the presence of such a distractor. In contrast, 
if a cross- dimension or cross- modality distractor can be ef-
fectively suppressed (e.g., by rapidly acting, proactive pro-
cesses), it would not engage attention; accordingly, the 
target- referenced N2pc should be undiminished in the 
presence of such a distractor. Also, cross- dimension or 
cross- modality distractors should not elicit an (or, at most, 
elicit a reduced) N2pc on distractor- only trials –  in con-
trast to intra- dimension distractors, which cause interfer-
ence. In addition, given our visuo- tactile stimulus setup, 
we also examined the CCN (or N140cc): a lateralized neg-
ative deflection emerging around 140– 340 ms post stimu-
lus over central regions, which is thought to be related to 
tactile attention (Eimer et al., 2004; Eimer & Driver, 2000; 
Forster et al.,  2016; Töllner et al.,  2009). Thus, for our 
vibro- tactile (cross- modality) distractor, we expected that 
if it initially attracts attention without engaging it further, 
it should elicit a CCN, but not impact the visual- target- 
referenced N2pc.

Early contralateral positivities preceding the N2pc, 
such as the posterior contralateral positivity (Ppc) oc-
curring in the 100– 200- ms time window (e.g., Jannati 
et al., 2013; Leblanc et al., 2008), have also been observed 
in visual search studies. As the Ppc can be elicited by 
both target and non- target singletons, it has been taken 
to indicate an early, low- level sensory asymmetry (Luck 
& Hillyard,  1994) or, respectively, an “attend- to- me” 
signal (e.g., Jannati et al., 2013; McDonald et al., 2023; 
Sawaki & Luck, 2010; Stilwell et al., 2022). Another im-
portant ERL, proposed to be related to (visual) distractor 
suppression, is the (already mentioned) PD component: 
a positive deflection at electrodes over posterior cor-
tex contralateral to an item that is (to- be) ignored (e.g., 
Sawaki & Luck, 2010; Stilwell et al., 2022). Depending 
on when it occurs, distractor suppression would have 
a significant impact on the amplitude of the target- 
elicited N2pc. Salient distractor singletons may elicit 
both a PD and an N2pc, and in many cases, the N2pc has 
been reported to be followed by a PD component, which 
may reflect a “reactive” process of suppression invoked 
after attentional capture (e.g., Feldmann- Wüstefeld 
et al.,  2015; Feldmann- Wüstefeld & Schubö,  2013; 
Gaspar & McDonald, 2014; Hilimire & Corballis, 2014). 
Assuming that the dimensional weights are set “toni-
cally” (operating even in the absence of, i.e., prior to, 
stimulus presentation; see, e.g., Schledde et al.,  2017), 
there may be no PD at all for cross- dimension and 
cross- modality distractors (because they are filtered 
passively, rather than actively). Given the hierarchical 

 6This tallies with Zivony and Lamy's (2016, 2018) proposal that there is a 
qualitative difference between stimulus- driven and goal- driven 
attentional capture, with stimulus- driven capture involving the 
summoning of attention but not necessarily its engagement, while 
goal- driven capture involves both capture and engagement of attention. 
This idea is similar to Theeuwes's (2010) “rapid- attentional- 
disengagement” account, which proposes that while irrelevant distractors 
may capture attention initially, they can be quickly disengaged from.
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   | 7 of 30TSAI et al.

architecture of attentional- priority computation envis-
aged by the DWA/MWA, cross- dimension and cross- 
modality distractors may nevertheless engender a Ppc, 
that is, an early “attend- to- me” signal (e.g., Eimer, 1996; 
Jannati et al., 2013; Luck, 2011; Luck & Hillyard, 1994; 
McDonald et al.,  2023; Sawaki & Luck,  2010, 2014; 
Woodman & Luck, 1999, 2003) –  which is then, however, 
filtered out by dimension-  or modality- based down- 
weighting (see also Footnote 2).

Following the N2pc (and potentially a PD), the late 
CDA component (typically in the 400– 800- ms time win-
dow) is thought to reflect the processing of attention-
ally selected stimuli in visual working memory (vWM) 
(Chen et al., 2022; Mazza et al., 2007; Töllner et al., 2013; 
Vogel & Machizawa,  2004; Woodman & Vogel,  2008). 
Related to distractor suppression, its amplitude may 
reflect the processing resources available to decide 
whether any item represented in vWM is the searched- 
for target, rather than a task- irrelevant distractor, and 
then, accordingly, inform the response decision (in our 
task design: “target- present” vs. “- absent”). By including 
both distractor- only and target- only trials along with tri-
als on which both a target and a distractor are present 
on opposite sides (see task design above), we can exam-
ine the ensuing CDA for late, post- selective processing 
of the information represented in vWM. Specifically, 
we predict that in the target- only condition, the target 
will be fully represented in vWM, resulting in a signif-
icant target- elicited CDA. However, when there is an 
additional intra- dimension distractor in the display, the 
target may be selected for vWM along with the distrac-
tor (involving the concurrent “sharing” of processing 
resources) or either only the target or only the distrac-
tor is selected, whichever item wins the competition for 
selection on a trial; both possibilities would be expressed 
in a diminished target- referenced CDA, compared to the 
CDA elicited by the target on target- only trials. In con-
trast, if a cross- dimension or cross- modality distractor, 
as hypothesized, can be effectively prevented from being 
selected, it should not be represented in vWM and so 
not impact the target- referenced CDA. Additionally, ef-
fective suppression of a particular distractor type might 
also be evident in the distractor- referenced CDA on 
distractor- only trials.

To provide a brief preview, both the behavioral and 
the electrophysiological results of Experiment 1 turned 
out as predicted, in particular: while intra- dimension 
distractors caused significant RT interference, behavioral 
performance was little impacted by cross- dimension and 
cross- modality distractors (despite the three distractor 
types being equated for bottom- up saliency). The ERL 
analyses indicated that the two latter distractor types, 
but not the former, could be effectively “decoupled” from 

attentional selection and kept out of post- selective pro-
cessing in vWM.

However, even though in line with the predictions 
from the DWA/MWA, the results of Experiment 1 might 
be open to alternative interpretations, in particular: 
“search- mode” accounts of distractor interference (cf. 
Bacon & Egeth,  1994). The DWA/MWA assume that 
search performance is based on a standard “saliency- 
integration” architecture of (visual) search as specified 
in framework theories such as Guided Search (e.g., 
Wolfe,  2021): selection is driven by an attentional- 
priority map, and which stimuli achieve the highest 
activation at this stage is determined by feature-  and 
dimension-  (as well as modality- ) based biasing pro-
cesses. In this regard, the DWA is just a specification of 
the priority- computation processes in Guided Search. 
How “search- mode” accounts fit in this framework ar-
chitecture is less clear (and not our task to specify), but 
essentially they assume that search may operate, or be 
forced to operate, in either a “feature- search” mode –  in 
which at least cross- dimension distractors do not inter-
fere (or any kind of distractor that is featurally distinct 
from the search- critical target features); or search may 
operate in a “singleton- detection” mode (which would 
more closely resemble priority- driven search along the 
lines of GS), in which case all kinds of distractor can 
cause interference. To address an alternative account of 
our findings in Experiment 1 in terms of this dichotomy, 
we conducted two additional, purely behavioral exper-
iments (Experiments 2a and 2b), which manipulated 
potentially critical aspects of our original design that 
may have pushed our participants to adopt a particular 
search mode (in particular, “feature search”). The results 
indicated that our original findings (in Experiment 1) 
are not readily accountable in terms of “feature search.”

2  |  EXPERIMENT 1

2.1 | Method

2.1.1 | Participants

In total, 21 healthy participants, right- handed, (self- 
reported) normal color and somatosensory perception, 
none suffering from any neurological or psychiatric 
disorders, took part in Experiment 1 (10 women; mean 
age of 26.6, range 20 to 36 years). They signed informed 
consent prior to the experiment and were compen-
sated for their service at a rate of 9 Euro per hour. The 
sample size was estimated using G*Power software 
(Faul et al.,  2007), based on previous studies of cross- 
modal attentional control (Chen et al., 2022; Nasemann 
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8 of 30 |   TSAI et al.

et al., 2023) with relatively medium- to- large effect sizes 
(f: 0.3, alpha: 0.05, power: 0.85), yielding an optimal 
sample size of 20. The study was approved by the Ethics 
Board of the Faculty of Psychology and Educational 
Sciences, LMU Munich.

2.1.2 | Apparatus and stimuli

The experimental setup is illustrated in Figure  1. 
Participants sat comfortably in front of the visuo- tactile 
search display, with a viewing distance of approx. 55 cm 
to the central fixation marker, placing their fingertips 
softly on the top of the solenoid actuators. The stimuli 
were generated by a custom- made Matlab code (v. 2012) 
with the Psychtoolbox v. 308 (Kleiner et al., 2007). Visual 
and tactile stimuli were presented simultaneously during 
the search task. The visual items (each subtending 3.1° of 
visual angle, inter- item visual distance of approx. 3.9° on 
each side) were presented via a rear projector (Sharp XR- 
32X- L) onto a semi- transparent Plexiglas table (window 
size: 38.1° × 12.5°), oriented around 60° toward the partici-
pant. The tactile solenoids (Dancer Design), each of 1.8 cm 
in diameter, were placed directly below the visual items. 
The tactile vibrations were transmitted via a 10- channel 
amplifier to the solenoids. Among the stimuli, visual colors 
(blue, magenta) were kept isoluminant (36 cd/m2), and 
tactile amplitudes were aligned (40 or 100 Hz). The basic 
features (color, shape, luminance, and vibration intensity) 
were selected based on a series of pilot experiments (see 
Appendix S1), such that search for the odd- one- out target 
and distractor stimuli used in the main experiment were 
similarly competitive for attentional selection.

To mask noise generated from the tactile vibrations, 
participants wore headphones (Philips SHL4000, 30- mm 
speaker drive) playing pink background noise (65 dBA) 
during the stimulus presentation.

2.1.3 | Procedure and design

To ensure good tactile discrimination, participants had to 
pass a tactile training (on the first day) before entering the 
formal experiment with EEG recording (on the second 
day). During training, participants learnt to detect a 100- 
Hz tactile vibration as a pop- out target among homogene-
ous 40- Hz distractors, with the target appearing in 50% of 
trials. In more detail, a trial started with a fixation cross 
presented for 500 ms, followed by the multi- modal search 
display for 250 ms. The displays consisted of 10 blue disks 
and 10 collocated vibrations, the latter delivered to partici-
pants' finger tips. Participants had to indicate whether or 
not a high- frequency (100- Hz) target vibration was 

present among the non- target (40- Hz) vibrations, by step-
ping a respective foot pedal as fast and accurately as pos-
sible. One pedal was mapped to “target- present” and the 
other to “target- absent,” counterbalanced across partici-
pants. Participants performed at least eight training blocks 
of 100 trials each (50% target- present trials). The training 
session was terminated once participants achieved an ac-
curacy higher than 80% in the last four blocks. Otherwise, 
additional block(s) were added until the participant 
reached the accuracy criterion. All participants met the 
criterion after practicing 9.5 blocks on average (SD = 2.3 
blocks, range 8– 15 blocks).7

Prior to the formal experiment, participants received 
another two- block refresher tactile training, to ensure 
that they could perform the tactile search as accurately 
as the visual search. In the formal experiment, they had 
to discern the presence (vs. absence) of a blue square tar-
get, while ignoring any other “deviant” distractors (see 
Figure 2, the left panel). Each trial started with a 500- ms 
central fixation cross, followed by the visual search array 
and the tactile vibrations for 250 ms. Participants then had 
to respond as fast and accurately as possible whether or 
not a target was present in the display, by pressing one foot 
pedal for “target- present” or the other for “target- absent.” 
Following an incorrect response, participants received a 
warning beep (330 Hz, 300 ms) via the headphones. The 
next trial started after a random inter- trial interval of 
950– 1050 ms.

As already pointed out in the Introduction, we opted 
for a simple target (present/absent) detection task, rather 
than a compound- search task, which meant that we could 
also introduce a distractor- only (DO) condition alongside 
the target- only (TO) and target- plus- distractor (TD) condi-
tions (where, in the latter, the target and distractor always 
appeared on opposite sides of the display). Of theoretical 
interest, this design enabled us to compare performance 
in the target- only and distractor- only conditions (in which 
there was only one odd- one- out item and thus no compe-
tition for selection) to the respective target- distractor con-
ditions (in which there was competition).

The formal experiment consisted of 20 blocks, each 
of 90 trials, yielding a total of 1800 trials. Overall, there 
were 600 target- only trials (TO), 600 trials with both a 
target and a salient distractor, and 600 distractor- only tri-
als (yielding a 2:1 ratio of target- present to target- absent 

 7In the follow- up Experiment 2, we reduced the training to dozens of 
trials (see Experiment 2 below for details) and extended it to visual 
search, in order to balance participants' pre- experimental experience 
with the visual and vibro- tactile stimuli. The results of Experiment 2 
were essentially similar to those of Experiment 1, suggesting the long 
vibro- tactile training prior to Experiment 1 did not impact the way 
participants handled the various types of distractor.
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   | 9 of 30TSAI et al.

trials). The conditions were intermixed and random-
ized within a block. To counterbalance the left and right 
foot- pedal responses to target presence and absence, the 
response- to- pedal mapping was switched after complet-
ing 50% of the task (i.e., after the 10th block). Half of the 
participants started with pushing the left/right pedal for 
responding “target present/absent,” and vice versa for 
the other half. To become familiar with the new response 
mapping, participants underwent at least one 50- trial 
practice block before both the first and the 11th block of 
the task proper, aiming for an accuracy higher than 80% (if 
they failed reach this criterion, additional practice block 
had to be performed); the practice trials were not included 
in the formal analyses.

There were seven distractor conditions (Figure  2b), 
including (1) TO (“TO” meaning Target Only): a shape- 
defined target only (a blue square); (2) TD- Shape: a target 
and an intra- dimensional distractor (a blue triangle, dif-
fering from the non- targets in the shape dimension); (3) 
TD- Color: a target and a cross- dimensional distractor (a 
magenta circle, differing from the non- targets in the color 
dimension); (4) TD- Vibration: a target and a cross- modal 
distractor (a high- frequency vibration, differing in mo-
dality); (5) DO- Shape (“DO” meaning Distractor Only): 

target absence with an intra- dimensional distractor (a 
blue triangle); (6) DO- Color: target absence with a cross- 
dimensional distractor (a magenta circle); and (7) DO- 
Vibration: target absence with a cross- modal distractor 
(high- frequency vibration). In short, TD- Shape and DO- 
Shape trials included intra- dimension distractors, TD- 
Color and DO- Color trials cross- dimension distractors, 
and TD- Vibration and DO- Vibration trials cross- modal 
distractors.

2.1.4 | EEG recording and preprocessing

EEG data were continuously sampled at 1000 Hz using 
64 Ag/AgCl active electrodes (acti- CAP system; Brain 
Products Munich), connected to a BrainAmp Standard 
amplifier, with an active reference located at FCz. The 
EEG preprocessing was conducted with EEGLAB v2020 
(Delorme & Makeig, 2004).

In the offline data preprocessing, EEG data were re- 
referenced to mastoid channels (TP9 and TP10), downs-
ampled to 500 Hz, applied an independent component 
analysis (ICA, extended infomax, Bell & Sejnowski, 1995; 
Lee et al.,  1999) to remove vertical and horizontal eye 

F I G U R E  2  Types of search arrays used in Experiments 1 and 2. The target was a blue square across all experiments. The search arrays 
are grouped according to the response category: the upper panel were the target- present displays, and the lower panel the target- absent 
displays. There were three types of salient distractors: a shape- defined distractor (e.g., a blue triangle in Experiment 1 and a blue circle in 
Experiment 2b), a color- defined distractor (e.g., a red circle in Exp. 1 and 2a, a red triangle in Exp. 2b), and a vibro- tactile distractor (an odd- 
one- out, 100- Hz vibration, relative to the rest of the distractors receiving a homogeneous 40- Hz vibration). Those distractors are highlighted 
with an illustration- only dashed box. The target and the salient distractor could appear either on the left or the right side. When both were 
presented, they appeared on the opposite sides.
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movements artifacts (blinks and saccades). After the ICA 
artifact removal, the EEG data were filtered using a high- 
pass filter (1 Hz), followed by a low- pass filter (cut- off 
frequency 25 Hz), then epoched according to the seven 
distractor conditions with −1000 to 1000 ms segments, 
referenced to stimulus (target/distractor) onset. Then, 
we corrected the baseline of each trial with the range of 
−200 to 0 ms. Because we were interested in the event- 
related lateralizations (ERLs) induced by the lateral vi-
sual and tactile stimuli, we only selected the electrodes 
PO7, PO8, C3, and C4 for further analysis. Epoches were 
further rejected based on the following criteria: ampli-
tudes larger than ±60 μV, peak- to- peak activity >100 μV, 
and flatline activity within the time window from −200 
to 500 ms in each epoch. The average rejection rates were 
low overall, with 2.7% for TO (SD = 4.5%, max = 18.7%), 
2.1% for TD- shape (SD = 3.8%, max = 15.9%), 2.3% for TD- 
Color (SD = 4.3%, max = 17.4%), 2.5% for TD- Vibration 
(SD = 4.3%, max = 17.1%), DO- Shape was 2.1% (SD = 4.3%, 
max = 19.3%), 1.9% for DO- Color (SD = 4.3%, max = 19.6%) 
1.9% for DO- Vibration (SD = 4.6%, max = 20.8%).

2.1.5 | Statistical analysis

The statistical analyses of the behavioral data and the 
ERLs were performed using RStudio and JASP (2021, ver-
sion 0.15). We applied the two- sigma rule to exclude trials 
with extreme, “outlier” RTs: slow responses (>1.22 s) and 
fast guesses (<0.1 s, the lower- bound of the two- sigma was 
negative). This led to the elimination of some 2.5% of tri-
als, on average. Next, for both the RT and ERP analyses, 
trials were then sorted into the four target- present condi-
tions (TO, TD- Shape, TD- Color, and TD- Vibration) and 
the three target- absent conditions (DO- Shape, DO- Color, 
and DO- Vibration).

To examine the ERLs, the contralateral and ipsilateral 
EEG waves were referenced either to the target location 
(in the target- present conditions) or the distractor location 
(in the target- absent conditions). All difference waves pre-
sented herein are the respective contralateral minus ipsi-
lateral waves. Specifically, we were interested in the N2pc, 
CCP/CCN, CDA/cCDA, Ppc and PD components, that is, 
the differences of the event- related potentials (ERPs) con-
tralateral minus ipsilateral with reference to the location 
of the target (target- present conditions) and, respectively, 
the location of the distractor (target- absent conditions). 
The N2pc, Ppc, PD, and CDA components were calculated 
from the parieto- occipital electrodes PO7/PO8, and the 
CCP/CCN and cCDA components from the medial central 
electrodes C3/C4.

Following the standard approach (Luck, 2005), we ap-
plied the mean- amplitude method, averaging amplitudes 

within a given time window, for all ERL analyses, with the 
windows being 100– 200 ms for the Ppc; 200– 300 ms for the 
N2pc; 50– 250 ms for the CCP/CCN; and 300– 400 ms for 
the late PD. Recall that our task required a simple target- 
present/absent decision, which, at the post- selective stage, 
would only have involved checking whether any selected 
item was a target rather than a distractor, instead of ex-
traction some additional, response- relevant target attri-
bute as in the more frequently used “compound- search” 
tasks. Previous research has shown that (in contrast to 
early components such as the N2pc), the timing of late 
components varies depending on the complexity of the 
post- selective decisions required (Töllner et al.,  2012). 
Accordingly, the minimal demands imposed by our sim-
ple detection tasks on post- selective processing should 
have been reflected in the timing of the CDA. Empirically, 
in our ERL data, the main differences were seen to emerge 
in the time window between 300 and 500 ms (rather than 
the [400,800] ms window often seen in studies with 
compound- search tasks). So, we selected [400, 500] ms for 
the CDA and [300, 500] ms for the cCDA.

We performed repeated- measures analyses of vari-
ance (ANOVAs) on the behavioral RTs, error rates, and 
ERL components, with the factors of Target Presence 
and Distractor Type. For separate analyses of the target- 
present and target- absent conditions, we performed 
ANOVAs with the single factor Distractor Type (includ-
ing the TO condition as a factor level in target- present 
analyses). If necessary, we further conducted Bayesian 
repeated- measures ANOVAs to calculate the inclusion 
Bayes- Factor (BFincl) for accepting the null hypothesis. 
The inclusion Bayes- factor quantifies the change from 
the prior inclusion odds to the posterior inclusion odds, 
reflecting the evidence in the data for including a given 
factor. We also used Holm tests for subsequent multiple 
comparisons, and when required, we included the simple 
uncorrected Bayes Factor (BFU) based on the default sim-
ple t test with a Cauchy prior (0, r = 1∕

√

2) from JASP 
(Wagenmakers et al., 2017).

2.2 | Results

2.2.1 | Behavioral results

Figure  3a depicts the mean RTs for correct- response 
trials and the respective error rates for the (four) 
target- present and the (three) target- absent condi-
tions. Repeated- measures ANOVAs (Target (present, 
absent) × Distractor- Type (Shape, Color, Vibration)) 
revealed the two main effects and the interaction to 
be significant, for both the mean RT and the accuracy 
scores (see Table  1). RTs were significantly slower on 
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target- absent versus target- present trials –  a standard 
effect seen in visual search tasks (including search for 
pop- out targets). The error rates were also higher in 
the target- absent conditions (false- alarm rates). While 
being indicative of participants endeavoring to mini-
mize target- miss errors (by operating a bias toward re-
sponding “target- present”), this effect may partly also 
be owing to the high target prevalence (67%), induc-
ing more false- alarm responses on target- absent trials. 
The significant interactions in both RTs and error rates 
were mainly attributable to the condition with a shape- 
defined distractor. Post- hoc comparisons revealed the 
shape distractor to particularly slow RTs in the absence 
versus the presence of a target in the display (RT slowing 
on target- absent vs. - present trials: Shape 93 ms, Color 
66 ms, Vibration 78 ms): Shape versus Color (28 ms, 
p < .001), Shape versus Vibration (15 ms; p < .001), Color 
versus Vibration (5 ms, p = .060). The error rates showed 
a similar effect pattern: the false- alarm-  to miss- rate dif-
ference was numerically greater with a shape distractor 
in the display (difference = 3.8%) compared to a vibra-
tion distractor (difference = 2.2%) and, respectively, a 
color distractor (difference = 1.0%).

Focusing on the target- present trials and comparing 
the TO (baseline) condition against the three TD condi-
tions revealed a significant RT cost only for the TD- Shape 
condition (difference = 22 ms, p = .001), but not for the 
TD- Color (difference = 8 ms, p = .542) and TD- Vibration 
(difference = 6 ms, p = .542) conditions; this cost cannot be 
attributed to a difference in the error rates, which were 

comparable among all (i.e., the TO and the three TD) con-
ditions (p > .9).

A further analysis examining how distractor interfer-
ence –  or, respectively, participants' ability to handle dis-
tractors –  changes with experience revealed little evidence 
of participants learning to mitigate the interference caused 
by Shape distractors (especially on DO- Shape trials) with 
increasing time- on- task. In contrast, on distractor- only 
(DO) trials, the color and vibration distractors showed a 
decrease in interference over time- on- task. This suggests 
that while they may have caused some “distraction” early 
on during task performance, participants became more 
adept at handling these distractors through experience. 
(See Appendix S2 for details.)

Interim discussion of behavioral results
The fact that, in our detection task, the target- absent were 
generally slower than the target- present RTs is not sur-
prising: this target effect, is ubiquitously observed, even 
in pop- out detection tasks (e.g., Chun & Wolfe,  1996; 
Krummenacher et al.,  2002; Müller et al.,  1995), and it 
may have been exacerbated by the fact that target- present 
trials (2/3) were twice as likely than target- absent trials 
(1/3) in Experiment 1. Given that, in detection tasks, par-
ticipants strive to avoid target- miss errors, they tend to re-
spond target- absent only after a certain time has elapsed 
within which even the “slowest targets” have been expe-
rienced to emerge (i.e., the waiting time is set according 
to the distribution of task- relevant “target activity” sam-
pled on target- present trials). Evidence of this comes from 

F I G U R E  3  Mean RT (upper panel) and error rate (lower panel) as a function of the distractor type, separately for target- present (blue) 
and target- absent (gray) trials, separated for individual experiments. Error bars represent one standard error of the mean.
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an analysis of the singleton- only RTs as a function of the 
eccentricity of the target (see Appendix  S3): the further 
out a target was presented, the slower the detection RTs. 
Of note, though, the eccentricity gradient was relatively 
shallow, with a slowing of only some 4.0 ms per degree 
of visual angle. Interestingly, there was no such gradi-
ent for distractor- only trials (i.e., the function relating 
target- absent RTs to distractor eccentricity was flat). But 
the level of the target- absent RTs (i.e., the intercept of the 
function) was somewhat slower than the slowest target- 
present RTs, that is, the RTs to the most peripheral target. 
Of note, this (modestly) elevated level was specific to DO- 
Color and DO- Vibration distractors (the elevation disap-
peared when the target prevalence was reduced to 50% in 
Experiment 2, see Figure S3). With DO- Shape distractors 
being the only stimulus in the display, the level of target- 
absent RTs was greatly (rather only modestly) elevated, 
by some 68 ms relative to DO- Color and DO- Vibration 
distractors (even in Experiment 2b). This increase is in-
dicative of the additional time the slowest target signal 
takes to emerge when the distractor engages attentional 
resources. In contrast, the lower level with DO- Color and 
DO- Vibration distractors would reflect the additional time 
taken by the slowest target signal to emerge in the (near- )
absence of the distractor engaging attention.

This dynamics of decision making would explain why 
the shape distractor amplified the Target effect, that is: why 
the shape distractor caused some interference on target- 
present trials (on average, across the target- eccentricity 
conditions, around 25 ms compared to the TO- condition), 
but at least twice this effect on distractor- only target- 
absent trials (increase of at least 50 ms compared to the 
DO- Color condition). We take the difference to reflect the 
additional time required when the Shape distractor more 
or less fully engages attention on target- absent trials rela-
tive to when it engages only a fraction of the attentional 
resources (due to concurrent or statistical attention shar-
ing with the target) on target- present trials.

In contrast, Color and Vibration distractors caused 
no significant slow- down on target- present trials, that is, 
cross- dimension and cross- modal distractors did not reli-
ably compete with attentional selection of the target. This 
suggests that there was also relatively little extra cost, be-
yond the general response slowing, on target- absent trials, 
when the distractor faced no competition from a target.

2.2.2 | Electrophysiological results

In the ERL analysis, we were most interested in the N2pc 
and CCP/CCN components. The N2pc, derived from 
electrodes PO7/PO8, reflects visual attentional deploy-
ment; and the CCP, derived from C3/C4, reflects tactile T
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   | 13 of 30TSAI et al.

sensation. Given that the interpretation of the lateralized 
components depends on the reference –  target or, respec-
tively, distractor –  we partitioned the seven conditions into 
two categories: the target- present conditions, with the tar-
get as reference (TO, TD- Shape, TD- Color, TD- Vibration; 
see Figures 4 and 5), and the target- absent distractor- only 
conditions, with the distractor as reference (DO- Shape, 
DO- Color, DO- Vibration; see Figures 6 and 7), and report 
the results in separate subsections.

ERLs for the target- present conditions
Figure 4 depicts the contra-  and ipsilateral ERPs and their 
difference waveforms from PO7/PO8 and, respectively, 
C3/C4. As can be seen from the left panel, the difference 
waves reveal a prominent N2pc around 200– 300 ms post 
stimulus, followed by a CDA component around 400– 
500 ms. For the central electrodes C3/C4 (the right panel), 
difference waves show a prominent CCP component 

specifically for the TD- Vibration condition, followed by 
a cCDA component around 300– 500 ms. We conducted 
one- way (Distractor- Type) ANOVAs for mean amplitudes 
of individual components; the results are summarized in 
Table 2.

N2pc. The posterior N2pc is the key signature of lateralized 
attentional deployment. Figure  5a depicts the mean 
N2pc amplitudes for the four target- present conditions. 
The amplitudes differed significantly among distractor 
types (Table  2). Compared to the baseline target- only 
(TO) condition, the amplitude of the (target- referenced) 
N2pc was significantly reduced when a shape distractor 
(difference = 0.501 μV, p = .011, BFU = 3.721) on the side 
opposite to the target, but not when a color was presented 
(difference = 0.024 μV, p > .9, BFU = 0.232). This pattern 
suggests that the shape (i.e., intra- dimension) distractor 
diverted attention away from the target, whereas the color 

F I G U R E  4  ERPs elicited contra-  and ipsilateral to the target location for the four types of target- present trials (factor: Distractor Type) 
from electrodes PO7/PO8 (a) and, respectively, C3/C4 (b). Difference waves indicate contralateral minus ipsilateral waves, referenced to the 
target location/side (for the target- present trials), with distractors always appearing on the opposite side. 0 ms on the x- axis marks target/
distractor onset. The shaded area enveloping each waveform depicts the standard error of the mean.
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14 of 30 |   TSAI et al.

(i.e., cross- dimension) distractor was effectively kept out of 
the competition for selection. There was also a significant 
reduction of the N2pc mean amplitude with the vibrotactile 
(i.e., cross- modality) distractor (difference = 0.405 μV, 
p = .037, BFU = 22.5). However, considering the peak 
amplitude, there was no significant reduction in the (peak) 
amplitude of the N2pc in the TD- Vibration versus the TO 
condition (difference = 0.172 μV, p = .35, see Figure  4a). 
Accordingly, the reduction of the mean amplitude of the 
N2pc resulted from the constriction of its spread –  probably 
brought about by the propagation of CCP activity from the 
sensorimotor (C3/C4) to the occipital region (PO7/PO8), 
which distorted the forms of the Ppc and the N2pc. That is, 
the reduction in the mean amplitude of the N2pc is most 
likely attributable to the positive voltage spreading from 
the sensorimotor area, which exhibits early activation in 
response to the tactile distractor (see difference waves in 
Figure 4, and analysis of the CCP below).

CDA and cCDA. Figure  5b depicts the mean CDA 
amplitude for the four target- present conditions. 

Again, the significant difference (see Table  2) 
was mainly caused by the markedly reduced CDA 
amplitude in the TD- Shape condition relative to the 
TO condition (difference = 0.907 μV, p < .001), while 
there was no reduction of CDA in the TD- Color (p > .9, 
BFU = 0.245), and TD- Vibration (p > .9, BFU = 0.736). 
This pattern can be taken to suggest that the shape- 
target and the shape- distractor were competing 
equally for working- memory resources for the target 
identification in the TD- Shape condition, but not in 
the other conditions.

The cCDA (time window 300– 500 ms), depicted in 
Figure 5d, mimics the pattern of the CDA (Figure 5b): a 
significant main effect of Distractor Type (Table  2) was 
mainly caused by the amplitude being smallest in the 
TD- Shape (intra- dimension) condition, compared to the 
baseline target- only (TO) condition (difference = 1.810 μV, 
p < .001, BFU = 20.9); in contrast, there was no signif-
icant amplitude reduction in the TD- Color (p = .885, 
BFU = 0.375) and the TD- Vibration (p = .513, BFU = 11.0) 
condition relative to the TO baseline (the discrepancy 

F I G U R E  5  Amplitudes of the ERL components from PO7/PO8 and, respectively, C3/C4 on target- present trials, separately for the four 
distractor conditions. (a) N2pc amplitude within the 200– 300 ms time window. (b) CDA amplitude in the 400– 500 ms window. (c) CCP 
amplitude within the 50– 250 ms time window. (d) cCDA amplitude in the 300– 500 ms window. Error bars depict the standard error of the 
mean. Asterisks (*) indicate p < .05.
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   | 15 of 30TSAI et al.

between the Holm test and the Bayes factor is likely attrib-
utable to the latter being an uncorrected value).

CCP. The CCP from C3/C4, depicted in Figure 5c, reflects 
sensorimotor activity caused by the salient vibrotactile- 
distractor stimulation. As can be seen, when one salient, 
high- frequency vibration among other, low- frequency 
vibrations was delivered to participants' fingers, this TD- 
Vibration distractor elicited a CCP (Table 2). The post hoc tests 
confirmed the CCP amplitude was largest in TD- Vibration 
condition compared to the TO (difference = 1.021 μV, 
p < .001), TD- Shape (difference = 1.256 μV, p < .001), and 
TD- Color (difference = 1.044 μV, p < .001) conditions. The 
CCP amplitudes were comparable among the latter three 
conditions (ps > .137).

ERLs for the target- absent conditions
For the three target- absent conditions, we computed the 
ERLs relative to the distractor location. In addition to sub-
jecting them to Distractor- Type (DO- Shape, DO- Color, DO- 
Vibration) ANOVAs, we also examined their amplitude 

differences relative to the (target- referenced) TO condi-
tion, in which there was likewise only one singleton in 
the display (the target, rather than a distractor). The wave-
forms depicted in Figure 6 show the posterior contralateral 
negativity (N2pc) in the parietal- occipital area (PO7/PO8, 
Figure 6a) and, respectively, the central contralateral nega-
tivity (CCN) in the central area (C3/C4, Figure 6b). Note 
that the tactile CCN (DO- Vibration, negative values) here 
is opposite in polarity to the CCP described in the above 
analyses of the target- present conditions (TD- Vibration, 
positive values). Figure 7 presents the mean amplitudes of 
critical distractor- referenced ERL components: the N2pc, 
Ppc, late PD, CDA, cCDA, and CCN.

N2pc. As can be seen from Figure  7a, relative to the 
DO- Color condition, the N2pc amplitudes were more 
negative- going for the DO- Shape condition (−0.33 μV, 
p < .05) and the DO- Vibration condition (−0.37 μV, 
p < .01), accounting for the significant Distractor- Type 
effect (Table  2). This result pattern suggests that, in 
the absence of a target, more attentional resources 

F I G U R E  6  ERPs elicited contralateral and ipsilateral to the distractor location for the three types of target- absent trials (factor: 
Distractor Type) from electrodes PO7/PO8 (a) and, respectively, C3/C4 (b). Difference waves indicate contralateral minus ipsilateral waves, 
referenced to the distractor location/side (for the target- absent trials). 0 ms on the x- axis marks distractor onset. The shaded area enveloping 
each waveform depicts the standard error of the mean.
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were deployed to the shape –  and seemingly the 
vibration –  distractor than to the color distractor. The 
N2pc amplitude was also more negative- going in the 
TO condition (−0.711 μV, p < .001), without differing 
significantly from the DO- Shape and DO- Vibration 
conditions (ps > .059). Of note, the marked N2pc 
amplitude elicited by the vibration distractor is likely 
caused by the spreading of activity from the early 
lateralized sensorimotor response (CCP/CCN) generated 
by the vibrotactile stimulation (see Figures 5c and 7f). 
Accordingly, the lack of a reliable difference between the 
TO and DO- Shape conditions would indicate that the 
shape distractor engaged attention to a similar degree as 
the shape- defined target.

Ppc and PD. Figure  7b depicts the Ppc amplitudes 
in the parietal- occipital area (PO7/PO8). There was a 
significant Distractor- Type effect (Table 2), characterized 
by a distinct negativity with the vibrotactile distractor, 
as compared to the Shape and the Color distractors 
and the TO target (ps < .001). Both the Shape and Color 
distractors displayed positive- going deflections, which 
differed (marginally) significantly from zero (Shape: 
0.194 μV, p = .054; Color: 0.214 μV, p = .034). For TO 
targets, the amplitude was also significantly positive 
(0.451 μV, p < .001), though only numerically larger 
compared to those with the DO- Shape and DO- Color 

distractors (ps > .198). Given that the DO- Shape and 
DO- Color distractors show a similar positivity to that 
elicited by the TO target, it is unlikely that they reflect 
a specifically distractor- related process, that is, early 
(proactive) suppression of visual distractors; instead 
unless one assumes that the target is also suppressed.

We also looked for potential PD components in the three 
distractor- type conditions. As can be seen from Figure 7c, 
there was no evidence of a PD in any of the distractor- only 
conditions (Table  2): the mean amplitudes tended to be 
numerically negative (rather than positive), though none 
differed from zero (ps > .116).

CDA and cCDA. Figure  7d,e depict the mean 
amplitudes of the CDA for the three distractor- only 
conditions, along with the TO baseline condition, in 
the parietal- occipital region and, respectively, the mean 
cCDA amplitudes in the central region. As can be seen, 
the CDA and, in cCDA amplitudes were larger for the 
DO- Shape condition compared to DO- Color and DO- 
Vibration conditions. However, the main effect of 
Distractor Type turned out significant only for the cCDA, 
and not the CDA (see Table  2), with the cCDA effect 
largely due to the single large negative amplitude in the 
DO- Shape condition (−2.048 μV) versus the other DO 
conditions (ps < .007). Note, though, that all CDA and 
cCDA amplitudes were significantly negative (except 

F I G U R E  7  Amplitudes of the ERL components from PO7/PO8 and C3/C4 on target- absent trials, separately for the three distractor 
conditions; for reference and comparison, the ERLs are also depicted for the target- only (TO, light gray) condition, in which displays 
likewise contained only one singleton item, the target. (a) N2pc amplitude within the 200– 300 ms time window. (b) Ppc amplitude in the 
100– 200 ms time window. (c) PD amplitude in the 300– 400 ms time window. (d) CDA amplitude in the 400– 500 ms time window. (e) cCDA 
amplitude in the 300– 500 ms time window. (f) CCN amplitude in the 50– 250 ms time window. The error bars depict the standard error of the 
mean. Asterisks (*) indicate p < .05.
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that of the CDA in the DO- Vibration condition), but the 
amplitudes were significantly smaller even in the DO- 
Shape versus the target- only (TO) conditions. Overall, 
this pattern indicates that especially Shape- distractor 
singletons had gained access to the post- selective (vWM) 
processing stage, though their “representation” at this 
stage appeared to be less compared to that of target 
singletons.

CCN. Figure  7f depicts the CCN amplitudes in the 
central area (C3/C4) for the three distractor types, along 
with the amplitude for TO targets. As can be seen, the 
CCN amplitudes differed among three distractor types 
(Table  2): the DO- Vibration distractors elicited a strong 
negativity (−1.033 μV, p < .001), whereas the DO- Shape 
(0.278 μV) and DO- Color (0.270 μV) distractors showed a 
positive- going deflection (i.e., no “CCN”). For the latter two 
conditions, the amplitudes were comparable to the positive 
CCP component in the TO target condition (ps > .440). 
Thus, just like the CCP on target- present trials, the CCN in 
the DO- Vibration condition reflects sensorimotor activity 
solely driven by the salient vibrotactile distractor.

Comparisons among ERLs
One theoretically important issue relates why the dif-
ference in N2pc amplitude occurred among different 
distractor conditions. A significant reduction (it was 
approximately halved) was observed in the TD- Shape 
condition, where there was a shape distractor on the op-
posite side to the shape target, relative to the TO condi-
tion, where the shape target was the only singleton in 
the display (see Figure  5a). Given that the shape dis-
tractor also elicited an N2pc when presented alone (see 
Figure 7a), the diminished N2pc in the TD- Shape con-
dition can be attributed to the shape distractor drawing 
attention away from the shape target –  that is, in terms 
of Zivony et al.  (2018), the “attentional enhancement” 
of the distractor signal comes at the expense of the 
“enhancement” for the target signal, a process known 
as “normalization” (Louie et al.,  2013; Reynolds & 
Heeger, 2009). This trade- off could be either due to at-
tention being concurrently divided, or “shared,” in some 
ratio between the shape distractor and the shape target; 
or, alternatively, due to trial- wise statistical averaging, 
with attention being fully deployed to, or “captured” by, 
the target on some proportion of trials and to the distrac-
tor on the other trials. In an attempt to decide between 
these two alternatives, we split the TD- Shape trials into 
the fastest trials (the first 25% percentile of the RT dis-
tribution) and the slowest trials (the last 25% percen-
tile) and compared the corresponding (N2pc) difference 
waves (McDonald et al.,  2013). On fast- RT trials, one 
would expect that attention was immediately deployed to T
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the target, according to the discrete- attentional- capture 
account; in contrast, on slow- RT trials, attention would 
have been first deployed to the distractor, upon being dis-
engaged and re- allocated to the target. This would pre-
dict the target- referenced N2pc to emerge and/or peak 
earlier on fast-  relative to slow- RT trials. Alternatively, 
assuming a continuous “attention- sharing” account, the 
distribution of attentional resources between the target 
and Shape distractor may have been variable, in particu-
lar: relatively more resources may have been allocated to 
the target, and correspondingly less to the distractor, on 
fast-  versus slow- RTs trials, which would be expressed in 
an N2pc amplitude difference. However, as can be seen 
from Figure 8, there was neither an N2pc timing nor an 
amplitude difference between fast and slow trials: laten-
cies (fast vs. slow), 272 vs. 265 ms; amplitudes, −0.75 vs. 
−0.79 μV, ts (21) < 1.295, ps > .210. The lack of a timing 
difference would be more consistent with an attention- 
sharing account, and, consequently, the lack of an am-
plitude difference would argue in favor of a near- equal 
sharing of attentional resources between the target and 
Shape distractor on TD trials (for evidence that spatial 
attention may be divided between non- contiguous loca-
tions, see, e.g., the visuals steady- state evoked potential 
study of Müller, Malinowski, et al., 2003).

2.3 | Discussion

In Experiment 1, we systematically varied the salient 
distractors in a task requiring (present/absent) detection 
of a fixed odd- one- out target shape in a visuo- tactile dis-
play array. The target was a blue square, and non- targets 
were all blue circles except for, on 2/3 of the trials, one 
odd- one- out distractor, defined either by shape (intra- 
dimension distractor), color (cross- dimension distrac-
tor), or vibro- tactile frequency (cross- modal distractor). 

Behaviorally, the intra- dimension (shape) distractor 
interfered substantially with target detection, slowing 
responses; the cross- dimension (color) and cross- modal 
(vibro- tactile) distractors, by contrast, produced little 
RT interference (no discernible interference on target- 
present trials). Electrophysiologically, this pattern was 
mirrored in the N2pc and the CDA/cCDA components: 
the target- referenced N2pc, CDA, and cCDA amplitudes 
were reduced in the presence of an intra- dimension 
(TD- Shape) distractor, compared to the target- only 
(TO) condition, while cross- dimension (TD- Color) and 
cross- modality (TD- Vibration) distractors produced no 
or little reduction in those components (the small re-
duction of the N2pc in the TD- Vibration condition was 
likely caused by the spreading of activity from the earlier 
CCP). The comparable activities of the TD- Color and the 
TD- Vibration condition to the TO condition indicates 
that salient cross- dimension and cross- modality distrac-
tors can be relatively effectively suppressed (Sawaki & 
Luck, 2010).

When the search array contained just a distractor 
singleton (among the non- target items) and no target, 
only the intra- dimension distractor elicited a marked 
distractor- referenced N2pc and a marked cCDA. The 
cross- dimension distractor induced no N2pc; and the 
vibro- tactile distractor elicited a robust CCN, though only 
a numerical N2pc.

Overall, these behavioral and electrophysiological 
result patterns are consistent with the notion of di-
mension/modality weighting: Cross- dimension and 
cross- modality distractor can be effectively suppressed 
by dimension/modality- based down- weighting of their 
feature- contrast signals (as a result of which they influ-
ence the accrual of activity on the attentional- priority 
map only weakly), whereas intra- dimension distractors 
cannot be down- weighted as doing so would compro-
mise target detection. Consequently, intra- dimension 

F I G U R E  8  (a) Contralateral minus ipsilateral difference waves, referenced to the target- side, for the fastest- RT trials (blue) versus the 
slowest- RT trials (green), with the target- only (TO) baseline (dashed) for comparison. (b) Mean N2pc (peak) latencies and (c) N2pc (peak) 
amplitudes for the three conditions; error bars depict the standard error of the mean.
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distractors necessarily interfere more with target selec-
tion compared to cross- dimension and cross- modality 
distractors.

3  |  EXPERIMENT 2

However, rather than arguing in favor of the DWA/MWA, 
the strong interference caused by the intra- dimension trian-
gle distractor observed in Experiment 1 may be attributable 
to target- distractor feature similarity in the shape domain, 
as the triangle distractor and the square target shared some 
common features, such as the horizontal line forming the 
base of the two shapes and the presence of corner junctions 
(albeit of different angles) at its ends. Target- distractor fea-
ture similarity could have played a crucial role if participants 
operated in “feature- search” –  as opposed to “singleton- 
detection” –  mode (Bacon & Egeth,  1994; Liesefeld, 
Liesefeld, Pollmann, & Müller, 2019; Theeuwes et al., 2022), 
that is, if they set up a search template specifying the critical 
features distinguishing the target from the non- target (in-
cluding distractor) items. Thus, if observers did operate in 
feature- search mode but failed to tune the search template 
specifically to the “square” features of the target that distin-
guish it from the “triangle” distractor, the latter might have 
been selected inadvertently on some proportion of the trials, 
leading to interference. In contrast, the color and vibrotac-
tile distractors would have caused no interference because 
they shared no features with the target description –  thus 
explaining the effect pattern seen in Experiment 1. To rule 
out an account of our interference pattern in terms of target- 
distractor feature similarity, we conducted two behavioral 
control experiments, Experiments 2a and 2b. In Experiment 
2a, we simply omitted the intra- dimension (i.e., shape) dis-
tractor condition and added a pure target- absent condition 
(see middle panel in Figure 2 above) –  the response requir-
ing a target- present/absent decision. Given the lack of an 
intra- dimension distractor, observers would have had less 
incentive, or pressure, to adopt a feature- search mode, 
rather than a singleton- detection mode; accordingly, on 
search- mode accounts, the color and vibrotactile distrac-
tors would now be expected to have a greater potential to 
cause interference. In Experiment 2b, we re- introduced the 
intra- dimension (shape) distractor but made this a circle, 
which had no (horizontal base or line junction) features in 
common with the target square –  allowing the search tem-
plate to be tuned uniquely to all features defining the target. 
Thus, if the (circular) shape distractor, but not the color or 
vibrotactile distractor, produced significant interference in 
Experiment 2b, this would argue against target- distractor 
similarity being the cause of the pattern of interference ef-
fects (while further supporting the view that participants 
operated in singleton- detection mode). In addition to 

these critical manipulations in Experiments 2a and 2b, we 
equalized the ratio of target- present:- absent trials to 1:1, to 
examine how this would influence the effects on the target- 
absent RTs.

3.1 | Method

3.1.1 | Participants

In total, 36 healthy participants took part in the 
Experiments 2a and 2b (18 participants each, mean age of 
26.7 years, range 20– 37 years; 25 females, 11 males).

3.1.2 | Training

In Experiment 2, the training period was shortened com-
pared to Experiment 1. Following a block of 20 trials, we 
checked whether search accuracy had reached the crite-
rion of >80% correct responses. If so, the training stopped. 
Otherwise, another block of 20 trials was administered, 
and so forth. Participants reached the criterion with one 
or two blocks for visual target training and three to four 
blocks (maximum seven blocks) with tactile target train-
ing. Differing from practice in Experiment 1, participants 
trained the tactile search and visual search in separate 
blocks to promote a “singleton- detection” mode. In the 
tactile pop- out training, the target was the same high- 
frequency vibration among nine low- frequency vibra-
tions as in Experiment 1. In visual pop- out training, the 
displays were essentially also the same as in Experiment 
1, except that participants only practiced detecting a ma-
genta (“color- distractor”) circle and blue (“shape- target”) 
square in Experiment 2a (which did not include a shape 
distractor), and magenta (“color- distractor”) triangle and 
blue (“shape- target”) circle in Experiment 2b (because of 
the swapping of the non- target and target shapes relative 
to Experiment 1).

3.1.3 | Design

The design of Experiment 2a was essentially the same as 
that of Experiment 1, except for the following differences 
(see Figure  2): (1) the intra- dimension, shape- distractor 
conditions (TD- Shape, and DO- Shape) were omitted; (2) a 
pure target- distractor- absent condition (TD- Absent) was 
added; and (3) all six (randomly intermixed) conditions 
were each repeated 100 times, yielding a total of 600 trials 
performed in 10 blocks.

Experiment 2b introduced the following changes: (1) 
the non- target items (other than the salient distractor) were 
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blue triangles, instead of the blue circles in Experiment 
1; (2) the intra- dimension (shape) distractor was a blue 
circle, featurally dissimilar to the blue square target in 
Experiment 1; (3) a target- distractor- absent condition was 
added; and (4) there were 100 (randomly intermixed) tri-
als per each of the eight conditions, that is, 800 trials in 
total presented in 10 blocks.

3.2 | Results

Figure  3b,c show the mean RTs and error rates for 
Experiments 2a and 2b, respectively. The outcome of two- 
way repeated- measures ANOVAs with the factors Target 
and Distractor Type for RTs and Error rates are sum-
marized in Table  1. With the target prevalence of 50%, 
error rates were comparable between the target- present 
and - absent conditions, as well as among the different 
Distractor- Type conditions in both Experiments 2a and 2b. 
In Experiment 2b, the Distractor Type × Target interaction 
was significant, but the post hoc comparisons revealed 
no significant differences (ps > .174). Overall, the non- 
significant Target effects suggest that balancing the ratio 
of target- present to target- absent trials in Experiments 
2a and 2b removed the bias, evident in Experiment 1, to 
respond positively (i.e., produce an increased false- alarm 
rate) on target- absent trials.

Importantly, the pattern of RT effects in Experiments 
2a and 2b resemble the pattern obtained in Experiment 1 
(Figure 3). In particular, a significant slowing of RT was 
evident only when an intra- dimension, shape- defined dis-
tractor was present in the display, while RT performance 
was comparably uninfluenced by the presence of a cross- 
dimension, color- defined distractor or a cross- modality, 
vibrotactile distractor.

Specifically, in Experiment 2a, in which the intra- 
dimension Shape distractor was omitted, both main 
effects (Target, and Distractor Type) were significant, 
and the Distractor- Type × Target interaction was non- 
significant (Table  1). RTs were by some 20 ms faster 
when a target was present versus absent, exhibiting 
the typical Target effect. Further, RTs were somewhat 
slowed (12 ms, p < .01) by the presence versus absence 
of a distractor (either a Color or a Vibration singleton), 
without a difference between the two distractor types 
(p = .748).

In contrast, Experiment 2b showed a different pattern 
compared to Experiment 2a when the Shape distractor 
within the same dimension was included (Figure  3c). 
The Target effect increased to 32 ms (p = .002). And com-
pared to the distractor- absent condition, the shape distrac-
tor greatly slowed down responding, by 46 ms (p < .001), 
whereas the presence of a color (7 ms) or vibrotactile 

(8 ms) distractor had no significant impact (ps > .09). 
Thus, the significant Distractor Type × Target interaction 
was mainly caused by the intra- dimension Distractor 
condition.

A further analysis of singleton eccentricity effects 
(Appendix S3) revealed essentially a similar pattern to 
that seen in Experiment 1: there was an eccentricity ef-
fect only on target- present (i.e., TO) trials, but not on 
target- absent (i.e., DO) trials, with the RTs for the fastest 
distractor- only conditions (DO- Color and DO- Vibration) 
being similar to the slowest condition in the target- only 
condition (Figure  S3). This indicates that participants 
tended to respond “target- absent” only after sufficient 
time had elapsed to allow even the “slowest target” 
(had it been present) to be registered, in order to avoid 
missing a target. Again, as in Experiment 1, the intra- 
dimension DO- Shape distractor (in Experiment 2b) in-
duced a large additive RT cost relative to the DO- Color 
and DO- Vibration distractors, reflecting the additional 
waiting time required to allow a Shape target to be reg-
istered in the presence of a competing Shape distractor.

Further cross- experiment comparisons of the base-
line distractor- absent conditions (including that in 
Experiment 1) revealed the baseline RTs to differ sig-
nificantly among Experiments, F(2, 55) = 5.83, p = .005, 
�
2
p = 0.175. Responding was generally faster in Experiment 

1 versus Experiment 2b (81 ms, p = .004), but not com-
pared to Experiments 2a (difference = 26 ms, p = .85) 
or between Experiments 2a and 2b (difference = 55 ms, 
p = .1), likely attributable to the higher target prevalence 
in Experiment 1.

3.3 | Discussion

Experiment 2 replicated the pattern of distractor- 
interference pattern seen in Experiment 1: strong inter-
ference occurred only when an intra- dimension distractor 
was present, despite the intra- dimension (circle) distrac-
tor sharing no common features with the square target; 
in contrast, there was no (Experiment 2b) or a minor 
interference (Experiment 2a) with cross- dimension and 
cross- modality distractors. This suggests that the strong 
distractor interference resulting from the intra- dimension 
distractor cannot be explained by target- distractor simi-
larity in the shape dimension. By implication, it is more 
likely that participants performed the task in singleton- 
detection mode, and less likely that they operated in 
feature- search mode.

While an account of the selective interference by 
shape distractors in search for a shape target in terms of 
“feature- search” may be hard to rule out definitely, it is 
not immediately clear why a feature- search mode as 
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such would eliminate the interference from cross- 
dimension and cross- modality distractors.8 When con-
sidered in terms of a Guided- Search- type architecture of 
attentional priority computation and selection, “feature 
search” would mean the adoption of a strong top- down 
(template- based) enhancement of critical target features 
at the early, feature- coding level. In the bottom- up chain 
of priority computation, this would increase the feature- 
contrast signals generated by the target, giving them an 
edge in the competition for selection. It is not clear, 
however, why this would effectively prevent, say, irrele-
vant color signals from causing interference when 
searching for a shape feature target. Within the frame-
work of the DWA (Found & Müller,  1996; Liesefeld & 
Müller, 2019; Müller et al., 1995), the reason is the re-
duction of the integration weights (at the priority- map 
level) of any feature- contrast signals emerging in the 
color dimension –  and this down- weighting (in the com-
putation of priority signals) is separate from any top- 
down up- weighting of critical target features in 
entry- level feature coding.

Consistent with this notion is a pattern of findings 
reported by Zehetleitner et al.  (2012). In one task con-
dition, Zehetleitner et al. induced observers to operate a 
shape- feature search mode in phase 1 of the search task 
by making the display items shape- heterogenous (in the 
other condition, participants were induced to operate a 
singleton- detection mode). This was then followed by a 
second, test phase in which the shape target was a single-
ton presented among homogeneous non- target shapes. 
According to Leber and Egeth (2006a, 2006b), observers 
persist with the originally induced task set even though, 
in principle, either feature- search or singleton- detection 
mode would be feasible in phase 2. What Zehetleitner 
et al. (2012) found (in their Experiment 2) was that when 
a color distractor was introduced only in phase 2 (after 
observers had never encountered a distractor in phase 1), 

it caused significant interference even though observers 
could be assumed to still operate in feature- search mode 
(the interference effect was almost as marked as when 
observers had been induced to operate a singleton- 
detection mode in phase 1). Interference, in the feature- 
mode induction group, was reduced to non- significant 
levels (in both phase 1 and phase 2) only when observ-
ers were presented –  and so had to learn to deal –  with 
color distractors already in phase 1 (Experiment 1). This 
argues that the feature- search mode as such does not 
prevent interference from cross- dimension distractors; 
rather observers have to additionally develop some spe-
cial strategy that mitigates the intrusion of such distrac-
tors into the search –  such as “dimension weighting.”

Interestingly in this context, when an intra- dimension 
distractor (shape) could occur (in Experiment 2b), in-
terference by cross- dimension and cross- modality dis-
tractors was effectively reduced to the baseline level 
(indicative of near- perfect dimension/modality- based 
distractor filtering). In contrast, when there was no 
intra- dimension distractor (in Experiment 2a), cross- 
dimension and cross- modality distractors produced a 
modest interference effect of some 12 ms. Assuming 
that this is a reliable (i.e., in future work replicable) 
difference, it points to the presence of intra- dimension 
distractors influencing the degree to which distractor 
signals are down- weighted in non- target dimensions 
or modalities, perhaps because the possible presence 
(strongly interfering) intra- dimension distractors makes 
participants engage a greater degree of executive control 
generally (cf. Zehetleitner et al., 2012).

In any case, based on our behavioral control experi-
ments (Experiments 2a and 2b), the results of Experiment 
1 are difficult to explain in terms of a “feature- similarity” 
or “search- mode” account, and instead they are more con-
sistent with dimension-  and, respectively, modality- based 
distractor shielding.

4  |  GENERAL DISCUSSION

This present study was designed to compare and con-
trast the interference effects of three types of salient 
distractor in a shape- search scenario. The behavioral 
results revealed the presence of an intra- dimension 
(shape) distractor to cause strong RT interference, 
whereas cross- dimension (color) and cross- modality 
(vibrotactile) distractors interfered only little (if at 
all). Electrophysiologically, the presence of an intra- 
dimension distractor competing with the target reduced 
the target- referenced N2pc, CDA, and cCDA, whereas 
these ERLs were not significantly impacted by compet-
ing cross- dimension and cross- modality distractors. On 

 8This would also apply to an alternative account suggested to us by an 
anonymous reviewer, namely, that “attentional guidance might use a 
“quick and dirty” guidance process to first get attention to items that 
are “good enough,” followed by a more precise target template to select 
the target item (cf. Yu et al., 2022). In the current context, individuals 
might search for “shape- like stimuli, then restrict search to the 
“square,” while color and vibration provide minimal information 
concerning the target” (personal communication, March 16, 2023). 
While such a two- stage process this conceivable, two questions remain: 
The first is why attentional guidance would be, or have to be, set to any 
odd- one- out shape generally in the first stage when the shape target 
shows minimal or no feature overlap with the shape distractor (as in 
Experiment 1 and, especially, in Experiment 2b)? And, second, if 
specific- feature guidance is not possible at this stage, then how is 
guidance actually set to prioritize odd- one- out shape items generally, 
and not odd- one- out color and vibration items, unless one assumes that 
signals in these dimensions/modalities are differentially weighted?
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target- absent trials (in which distractor appeared on 
their own), the intra- dimension (shape) distractor elic-
ited a distractor- referenced N2pc and a cCDA –  a pattern 
not seen with the cross- dimension and cross- modality 
distractors. Together, these component differences indi-
cate that, in contrast to the color and vibration distrac-
tors, the shape distractor could not be effectively kept 
out of the search –  and, on distractor- only trials, it may 
even have been processed up to the level of response se-
lection (as suggested by the cCDA).

The vibrotactile distractor presented alone (DO condi-
tion) elicited a robust CCN that appeared to propagate to 
the occipital region, where it induced a numerical N2pc. 
Such a signal propagation was also evident on the target- 
present trials: a significantly CCP (a component equiva-
lent to CCN in the target- absent condition) propagated to 
the occipital region reducing the target- referenced N2pc.

Although visual –  Color and Shape –  distractors elic-
ited an early positivity (Ppc) on DO trials, this was com-
parable to the positivity elicited by the target on TO trials. 
This makes it unlikely that the early positivities on DO- 
Color and DO- Shape trials reflect a specifically distractor- 
related process. Instead, these positivities (including 
that elicited by the target) are more consistent with early 
“attend- to- me” signaling (Jannati et al., 2013; McDonald 
et al.,  2023) by any odd- one- out stimulus in the display 
(whether target or distractor).

Overall, this pattern of results is in accord with the di-
mension-  and modality- weighting accounts proposed by 
Müller and, respectively, Töllner and colleagues (Found & 
Müller, 1996; Liesefeld & Müller, 2019; Müller et al., 1995; 
Töllner et al., 2009). The intra- dimension shape distractor 
was handled least efficiently because its feature- contrast 
signal could not be selectively down- weighted without 
impacting the attentional priority of the shape- defined 
target. In contrast, it was possible to down- weight the 
non- target- dimension (color), which led to almost perfect 
performance when the distractor was color. The same was 
true for distractors defined in a different (the vibrotactile) 
modality. The vibrotactile distractor did cause some in-
terference on target- absent trials, but this may have been 
because the task required searching for a visual target and 
vibrotactile distractors were relatively rare compared to 
visual distractors.

4.1 | Dimension- based 
distractor handling

In the present study, the target- defining feature, a 
square shape, was known in advance. So, in principle, 
participants could use a feature- template- based strategy 
(Bacon & Egeth,  1994; Duncan & Humphreys,  1992; 

Folk et al., 1992; Wolfe & Horowitz, 2004) to top- down 
bias search toward the task- relevant features defin-
ing the square. If participants strictly operated such a 
feature- based top- down set, irrelevant (“triangle,” “ma-
genta,” and “high- frequency vibration”) features should 
have all been effectively kept out of the search, predict-
ing little difference among the different types of distrac-
tor. In theory, this would also have been the “optimal” 
strategy, given that the target never changed while the 
salient distractor was variable across trials. Yet, only 
intra- dimension, but not a cross- dimension or cross- 
modality, distractors interfered with detection of the 
shape- defined target, even when the feature overlap of 
the shape distractor with shape target was minimized 
in Experiment 2b. We take this to indicate that other 
mechanisms, in addition to any top- down feature- based 
biasing, must have come into play (potentially over and 
above any target- feature- based biasing), in particular: 
dimension-  and modality- based distractor- shielding 
mechanisms.

According to the dimension- weighting account 
(DWA, Found & Müller, 1996; Liesefeld & Müller, 2019) 
–  essentially a specification of the standard architecture 
of priority computation for search guidance –  it is not 
possible to set oneself for, or selectively “up- weight,” a 
specific target- defining feature (e.g., Square) without 
“up- weighting” the encompassing feature dimension (in 
the example, Shape/Form9). Accordingly, any feature- 
contrast signals within the target- defining dimension 
would be up- weighted in the computation of attentional 
priority –  which is why a shape distractor (such as a 
Triangle) is a strong competitor for the allocation of at-
tention. Further, according to the DWA, feature- contrast 
signals generated in other, task- irrelevant dimensions 
can be down- weighted –  which is why a distractor sin-
gled out in a non- target- defining dimension (such as 
Color) can be effectively kept out of the competition for 
selection.

One critical prediction of the DWA and, respec-
tively, its extension to an MWA is that dimension/
modality- based distractor suppression works only with 
cross- dimension/modality distractors, but not intra- 
dimension distractors (Liesefeld & Müller, 2019; Müller 
et al.,  1995; Zhang et al.,  2019) –  a pattern confirmed 

 9Whether “Shape/Form” constitutes a unitary “dimension” is 
questionable, given the many different types of shape features that are 
coded in early vision and are detected efficiently (including line 
junctions, including triple line junctions that the visual system 
interprets in terms of 3D shape; e.g., Enns & Rensink, 1990). This is 
why, in other work, we have referred to Shape/Form as a “domain” 
rather than a basic “dimension.” The only basic shape dimension that 
we used relatively systematically in previous DWA- related work is line 
“orientation” (e.g., Found & Müller, 1996).
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by our behavioral findings. Electrophysiologically, this 
pattern was mirrored in the early attention- allocation 
index N2pc: the target- elicited N2pc was prominent in 
the target- only (TO) condition, but significantly reduced 
when an intra- dimension (Shape) distractor competed 
with the target for the allocation of attention (TD- shape 
condition).

One consequence of the down- weighting of distrac-
tor signals is that they would engage attention generally 
less, regardless of whether or not a target is present in 
the display. To test this hypothesis, we compared the 
sum of the target- distractor (TD) and the distractor- only 
(DO) ERLs (owing to their opposite subtractions) to 
the Target- only (TO) ERL. We hypothesized that if at-
tentional engagement by the distractor is similar in the 
target- present and - absent conditions, the summed ERLs 
should be near- equal to the “fully- engaged” TO ERL, by 
“restoring” the attentional resources allocated to the dis-
tractor back to the target. This turned out to be true for 
the early N2pc component (see Appendix S4). Together 
with the analysis of the timing and amplitude of the 
N2pc on fast-  versus slow- RT trials (see Section  2.2.2), 
this suggests that the shape target and shape distractor 
engaged attention in near- equal portions on TD- Shape 
trials. In contrast, the target- elicited N2pc remained 
(nearly) unaffected when a cross- dimension (TD- Color) 
distractor appeared on the side opposite to the target, 
and cross- dimension (DO- Color) distractors presented 
alone failed to induce any significant N2pc. Also, no PD 
was observed for cross- dimension and cross- modality 
distractors. These patterns suggest that such distractors 
did not engage attention and so did not need to be re- 
actively suppressed.

The pattern of CDA effects mirrored that of the 
N2pc effects. In search tasks, the CDA can be taken to 
be indicative of post- selective item processing in (vi-
sual) working memory, that is, of the working- memory 
resources available to be committed to processing se-
lected items in order to accomplish the task at hand 
(Chen et al.,  2022; Töllner et al.,  2014, 2015; Wiegand 
et al., 2014; Zinchenko et al., 2020). As indicated by the 
N2pc effects, the intra- dimensional distractor engaged 
attention. That is, in the TD- Shape condition, it was se-
lected along with the target (evidenced by the reduced 
target- referenced N2pc amplitude compared to the TO 
condition), drawing processing resources away from 
the target at the post- selective stage –  the latter being 
reflected in the target- related CDA being reduced in the 
TD- Shape compared to the target- only (TO) condition. 
This pattern of CDA effects was seen for both electrode 
pair PO7/PO8 and, in particular, pair C3/C4 (i.e., the 
cCDA). In contrast, with TD- Color and TD- Vibration 
distractors competing with the target, the CDA and 

cCDA remained the same as in the TO baseline, indica-
tive of uncompromised post- selective processing of the 
shape target –  because color and vibro- tactile distractors 
were not attentionally selected (evidenced by the undi-
minished target- referenced N2pcs in the TD- Color and 
TD- Vibration conditions).

This pattern of behavioral and electrophysiological re-
sults is generally in line with the DWA and its extension, 
the MWA.

4.2 | Cross- modal distractor handling

The modality- weighting account (MWA, Töllner 
et al.,  2009) provides a simple extension of the 
dimension- weighting account (DWA) to multi- modal 
search scenarios, by assuming an additional “modal-
ity” layer (above a “dimension” layer) in priority com-
putation. This would allow the search- guidance system 
to effectively down- weight any feature- contrast signals 
generated by distractors in a non- target- defining modal-
ity (similar to signals in an irrelevant dimension within 
the target- defining modality), which is consistent with 
the behavioral data.

Interestingly, while the vibro- tactile distractor could 
be prevented from generating interference as well as 
the color distractor, electrophysiologically, it elicited a 
strong early CCN/CCP component in the sensorimotor 
region (C3/C4) on both target- present and - absent tri-
als, indicative of the registration of the tactile singleton 
by the system on both types of trial (recall that CCN 
is reversed in polarity to CCP because, in the target- 
absent conditions, the reference is the distractor, rather 
than the target, location). In the presence of a compet-
ing target (TD- Vibration condition), the vibro- tactile 
distractor significantly reduced the amplitude of the 
target- referenced N2pc relative to the target- only (TO) 
condition. While this reduction resembles that caused 
by the Shape distractor (TD- Shape condition), it is likely 
owing to the spreading of CCP- related activity from the 
sensorimotor (C3/C4) to the posterior (PO7/8) region, 
where it masks the target- elicited N2pc (though we can-
not rule out a reduction of target- elicited N2pc per se). 
This would imply that the distractor- elicited CCP re-
flects more the sensory registration of an odd- one- out 
touch signal in the sensorimotor region than the en-
gagement of attention (the latter should have adversely 
impacted detection of the shape target).

In any case, the lack of behavioral interference from 
our cross- modality, vibro- tactile distractors is consistent 
with a recent report by Mandal and Liesefeld (2022) that 
spatially localized auditory distractors failed to inter-
fere with visual search for a shape- defined target. Even 
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though space coding works fundamentally differently 
with auditory and somatosensory stimuli, in terms of 
the MWA these convergent findings would suggest that 
it is generally possible to keep distractors defined in ir-
relevant modalities out of attentional- priority computa-
tions. Note, however, that these findings do not argue 
strongly in favor of the extra, modality- specific level 
in the architecture of priority computation that is en-
visaged by the MWA: they might also be explained by 
a flatter, DWA- based architecture that assumes signal 
integration across a set of hierarchically equivalent “di-
mensions.” Further evidence would be needed to sup-
port the postulation of a modality- specific level, such 
as the gains produced by targets redundantly defined in 
different modalities (e.g., popping out by both shape and 
vibro- tactile feature contrast) exceeding those of tar-
gets redundantly defined within one modality (popping 
out by both shape and color contrast, see Nasemann 
et al., 2023).

4.3 | Implications for the  
“attentional- capture, rapid- disengagement”  
and “signal- suppression” accounts

Our findings cannot be easily squared with the idea 
that salient distractors invariably capture attention, 
upon which control is then exercised reactively, by 
rapid disengagement of attention from the distrac-
tor and re- orientation to the target (Theeuwes,  2010, 
2021). Of note, however, our distractors were equally 
(bottom- up) salient to the target, rather than more 
salient. Accordingly, according to a “probabilistic- 
capture” model (cf. Zehetleitner et al.,  2013), one 
would not have expected the distractors to capture at-
tention on all or the majority of trials, but rather only 
on a fraction closer to 50%. Also, in the early studies 
supporting pure saliency- driven attentional capture by 
color- defined distractors in search for a shape- defined 
target (Theeuwes, 1992, 2013), the non- distractor (i.e., 
target plus non- target) and distractor colors as well as 
the target and non- target (i.e., non- target plus distrac-
tor) shapes were randomly swapped across trials, which 
may have fostered a pure “singleton- detection” search 
mode (cf. Bacon & Egeth, 1994; Chang & Egeth, 2019; 
Gaspelin et al., 2015; Gaspelin & Luck, 2018a). In the 
present study, by contrast, the target shape (and color) 
were completely predictable, as were the distractor fea-
tures –  in principle allowing participants to top- down 
bias search toward the critical target feature by set-
ting up a positive (square- shape) target template, as 
well as against distractor features by setting up nega-
tive (triangle- shape, magenta- color, and 100- frequency 

tactile vibration) distractor templates. Although a 
feature- based search mode was thus possible, the fact 
that participants failed keep the Shape distractor out 
of the search would suggest that either they did not 
adopt such a search mode, or that –  contrary to the no-
tion of feature- based biasing of search (e.g., Bacon & 
Egeth, 1994; Chang & Egeth, 2019; Gaspelin et al., 2015; 
Gaspelin & Luck, 2018b) –  this mode was not effective 
in dealing with intra- dimension distractors (even when 
they were made maximally separable from the target in 
Experiment 2b).

Nevertheless, by permitting search to be feature- 
driven in principle, the present conditions may have 
been non- optimal to test a strong “attentional- capture, 
rapid- disengagement” account. However, this account 
would find it hard to explain why only the shape dis-
tractor caused significant interference (relative to the 
target- only baseline) at both the behavioral and electro-
physiological levels, but not the color and vibro- tactile 
distractors, even though the distractors were equated 
for bottom- up salience.10 Further, even when the Shape 
distractor engaged attention, we found no electrophysi-
ological evidence of a reactive suppression process, in 
particular: while the Shape distractor generated an 
N2pc (as can be inferred from the greatly diminished 
target- elicited N2pc on trials with a Shape distractor on 
the opposite side [TD- Shape trials]), this was not fol-
lowed by a PD –  a temporal sequence shown by Liesefeld 
et al.  (2017) to be diagnostic of post- capture distractor 
suppression to enable re- allocation of attention to the 
target location (in a similar, “shape- target, shape- 
distractor” search scenario; the present study; see also, 
e.g., Gaspar & McDonald, 2014), who found a robust PD 
in a “color- target, color- distractor” search task when 
the distractor was highly salient). Instead, the Shape 
distractor appeared to be processed in parallel with the 
target at the post- selective stage, that is, both were rep-
resented in vWM and perhaps compared in parallel to 
the target template (as evidenced by the reduced target- 
elicited CDA on TD- Shape trials). Possibly, though, the 
lack of a reactive, post- capture PD may be owing to the 
limited, 250- ms exposure duration of the search dis-
plays in the present study, which may have forced par-
ticipants to adopt a parallel, rather than a serial, 
attention- allocation strategy (Eimer & Grubert,  2014). 

 10Concerning the lack of an N2pc elicited by Color distractors, one 
attempt to explain this would be by assuming that attention was 
“shifted” to the Color distractor, but not “engaged” by it –  permitting 
attention to be rapidly re- oriented to the target on TD trials. While this 
could “rescue” the rapid- disengagement account, this explanation is 
virtually impossible to rule out (as, e.g., noted by Luck et al., 2021) and 
not compatible with the original rapid- disengagement account.
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Thus, even though our conditions may have been non- 
optimal for a strong test of the “attentional- capture, 
rapid- disengagement” account, both the behavioral and 
the electrophysiological results are at odds with it.

The same appears to apply to the “signal- suppression 
hypothesis” (Gaspelin et al., 2015; Gaspelin & Luck, 2018a, 
2018c). To explain the behavioral data, this account would 
have to assume that color and vibration distractors could 
be successfully suppressed proactively (perhaps by setting 
up negative templates for the respective color and vibro- 
tactile features), but not shape distractors. But then, pro-
ponents of this account would have to explain why it was 
not possible to suppress the latter type of distractor. For 
instance, why was it not possible to set up a negative tem-
plate for “triangle” shapes, even though triangles are sep-
arable from squares based on possessing unique (oblique) 
side orientations (Buetti et al., 2019; Grüner et al., 2021; 
Wolfe & Horowitz,  2004, 2017; Xu et al.,  2021). A likely 
explanation would have to involve assumptions similar to 
those central to the DWA/MWA, namely: the handling of 
intra- dimensional distractors is inherently more difficult 
than the handling of cross- dimension or cross- modal dis-
tractors. Of course, studies designed to test the signal- 
suppression hypothesis have typically used a (featurally, 
or at least dimensionally) fixed distractor type, rather 
than, as here, randomizing the distractor types across tri-
als –  and perhaps there is limit to the number of different 
distractors than can be effectively handled (e.g., maintain-
ing three, rather than just one or two, distractor templates 
may just not be possible). Thus, when confronted with too 
many distractor types, one has to select one or two –  and, 
for some structural reasons, the Shape distractor was not 
among those selected in the present study. This would go 
some way to account for our results. However, even in the 
two conditions in which the distractor could be effectively 
kept out of the search (evidenced by undiminished target- 
elicited N2pc amplitudes compared to the TO baseline), 
there was no evidence of an early, distractor- specific PD 
component,11 that is: successful proactive distractor sup-
pression was not associated with an ERP signature as-
sumed, by the signal- suppression hypothesis, to reflect the 
active prevention of the (mis- )allocation of attention to 
the distractor. We take this to suggest that no process po-
tentially reflected in the PD is strictly necessary for suc-
cessful pro- active distractor handling.

This is consistent with the DWA/MWA, which ex-
plain pro- active distractor suppression in terms of the 
tonic down- weighting of feature- contrast signals in task- 
irrelevant dimensions/modalities. As the weight settings 
persist across trials, any distractor signals are attenu-
ated at the dimension or, respectively, modality levels 
wherever they arise in the display (i.e., the attenuation 
works in a spatially global, rather than location- specific, 
manner), and the weight settings should be effective 
even in the absence of a search display (for neurophys-
iological evidence of target- dimension weighting in the 
absence of a stimulus, operating even prior to stimulus 
presentation, see, e.g., Schledde et al., 2017). As a result, 
they are not passed, or passed only in weakened form 
(e.g., Experiment 2a), to the cross- dimensional/−modal 
saliency- summation stage: the attentional priority map. 
Thus, pro- active suppression occurs by “passive” global 
filtering of distractor signals, and no “active,” location- 
specific suppression process needs to come into play to 
prevent an impending mis- allocation of attention to the 
distractor.

Of course, the present finding of effective pro- active 
suppression of cross- dimensional/−modal distractors 
does not exclude the possibility of (probabilistic) at-
tentional capture by cross- dimension/−modality dis-
tractors under other stimulus conditions, especially 
when the distractors are more salient than the target 
(see, e.g., Sauter et al.,  2021, for evidence from oculo-
motor capture), instead of being equally salient, as in 
the present study. The pattern of behavioral interference 
and PD effects reported by Gaspar and McDonald (2014) 
would be in line with this: As already outlined in the 
Introduction, they found a more salient distractor de-
fined within the same (color) dimension as the target to 
elicit a robust PD (Experiment 1), but not a less salient 
distractor (Experiment 3). In search for a shape target, 
a cross- dimension, color distractor (the same stimulus 
as in Experiment 1) also elicited a small yet significant 
PD (Experiment 2). In light of the present findings, we 
take this pattern to suggest that a PD may be observed 
even with cross- dimension (or cross- modality) distrac-
tors if they are sufficiently salient to survive dimension-  
(or modality- ) based down- weighting. As, for instance, 
Müller et al.  (2010) have argued, the (multiplicative) 
integration weights assigned to the feature- contrast sig-
nals within a given dimension must be larger than zero, 
to ensure that potentially survival- relevant odd- one- out 
stimuli in a currently task- irrelevant dimension can in-
terrupt ongoing processing and take control of action. 
Given this, there is a greater- than- zero probability that 
even relatively non- salient distractors will be selected 
first and need to be re- actively suppressed for attention 
to be re- oriented to the target.

 11Recall that, although we found an early positivity, this was not 
specifically related to the visual distractor: it was seen not only on 
DO- Shape and DO- Color trials, but also (and if, anything more 
prominently) on TO trials. Given this, it is unlikely to reflect a 
suppressive mechanism (unless one assumes that the target was 
suppressed, too).
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A different notion of proactive suppression to that as-
sumed by the DWA/MWA appears to be implied in the 
“signal- suppression hypothesis.” According to this ac-
count, distractors generate an “attend- to- me” signal, but 
the deployment of attention to the distractor location 
is prevented (or lessened) by the active intervention of 
some phasic, distractor- location- specific control process 
reflected in the Ppc. So, even though the process is pro- 
active, in the sense that it is set up in advance (perhaps 
driven by some distractor template maintained in work-
ing memory), it is re- active in the sense that it comes into 
play only once a distractor signal has been registered. In 
contrast, dimension/modality weighting is designed to 
prevent the “attend- to- me” signal of the distractor sig-
nal in the first instance. Thus, it remains that distractor 
suppression sometimes involves processes reflected in a 
PD (e.g., Gaspelin & Luck, 2018c; Luck et al., 2021), and 
sometimes processes that do not involve a PD (e.g., Gaspar 
& McDonald, 2014; van Moorselaar & Slagter, 2019; pres-
ent study). Given this, further work is needed to delineate 
the conditions under which distractor suppression works 
in one or the other mode.

4.4 | Conclusion

Using a multi- modal display design, the present study 
investigated the handling of salient but task- irrelevant 
distractors in a visual search task requiring detection 
of a shape- defined target. Three types (of bottom- up 
equally salient) of distractor were compared: a distractor 
defined within the same visual dimension as the target 
(Shape), a distractor defined in a different visual dimen-
sion (Color), and a distractor defined in a different mo-
dality (tactile Vibration frequency). We found only the 
intra- dimensional (Shape) distractor to generate signifi-
cant behavioral interference (even when it was featurally 
maximally dissimilar to the target), which went along 
with reduced target- elicited N2pc and CDA components. 
In contrast, these components were relatively intact in 
the presence of Color or Vibration distractors (with nei-
ther of these irrelevant pop- out stimuli being associated 
with an early, specifically distractor- related PD). The vi-
brotactile distractor was registered by the somatosensory 
system (evidenced by prominent CCN/CCP components), 
but, like the color distractor, did not appear to engage at-
tention (reflected in the N2pc) and impact post- selective 
target- identification and response- selection processes 
(reflected in the CDA). We take this pattern of behavio-
ral and electrophysiological effects to reflect constraints 
inherent in the computation of attentional priorities: only 
cross- dimension/−modality distractors, but not intra- 
dimension distractors, may be effectively filtered out by 

down- weighting their signals at the saliency- integration 
stage, the search- guiding priority map.
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