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Categorization Templates Modulate Selective Attention

Alon Zivony and Martin Eimer
Department of Psychological Sciences, Birkbeck College, University of London

Many models of attention assume that categorization (the individuation of events based on the feature
dimension relevant for response selection) occurs only after an object has been selected and encoded in
working memory (WM). In contrast, we propose that the match between an item and the currently acti-
vated set of possible response features (categorization template) already modulates selective perceptual
processing prior to WM encoding. To test this proposal, we measured electrophysiological markers of
attentional engagement (N2pc components) and behavioral interference effects from posttarget distrac-
tors (PTDs) as a function of whether these distractors matched the categorization template. Participants
were presented with rapid serial visual presentations (RSVPs) of digits and letters and had to identify a
target indicated by a surrounding shape in these RSVP streams. Targets were drawn from a subset of
items within an alphanumeric category. Accuracy was highest when the PTD belonged to the irrelevant
alphanumeric category, lower when the PTD matched the target’s alphanumeric category but not the
categorization template, and lowest when the PTD matched the categorization template. On trials with
template-matching PTDs, target-elicited N2pc components were temporally extended, indicative of
additional attentional amplification triggered by these PTDs. We propose that this amplification pro-
duces increased competition between targets and PTDs, resulting in performance costs. These results
provide new evidence for the continuous nature of evidence accumulation and attentional modulations
during perceptual processing. They show that attentional selectivity is not exclusively mediated by

search templates, but that categorization templates also play an important and often overlooked role.

Public Significance Statement

The current study suggests that categorization (the process of classifying an object based on current
goals) modulates attention, thereby influencing which information will be encoded in working mem-
ory. This conclusion challenges long held assumption that categorization occurs only after an object
has been selected and encoded. It also broadens our definition of goal-directed attentional control to
include features that are relevant to the task but are inefficient in guiding attention.
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Success in everyday tasks—be it picking produce in the supermar-
ket, playing a video game, or obeying a street sign—depends on our
capability to process certain events while ignoring others. This selec-
tivity may feel effortless but in fact relies on complex computations
and reflects the contribution of multiple interdependent cognitive
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processes. Two processes have been particularly implicated by major
theories of attention (e.g., Broadbent, 1958; Bundesen & Habekost,
2008; Wolfe, 2021): Guidance, the process of assigning priority to
specific locations or to particular objects in the visual field, and cate-
gorization, the classification of sensory inputs as belonging to a spe-
cific currently relevant category. Both processes are critical for many
real-life situations. For example, when driving, attention is initially
guided by a speed-limit sign’s shape or color, but responding to the
specific instructions regarding the allowable driving speed requires
categorization. Both guidance and categorization can be controlled
by advance knowledge about what kind of information is relevant to
the task at hand (Bundesen & Habekost, 2008). Top-down guidance
is generally thought to operate on the basis of low-level features
(such as color or orientation, Wolfe & Horowitz, 2017) that differen-
tiate between potential targets and nontarget events. When known in
advance, these ‘selection features’ are maintained in working mem-
ory (WM) as search templates (Duncan & Humphreys, 1989). Top-
down categorization allows us to identify response-related attributes
(response features) at different levels, based on context (e.g., “50”
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can be categorized as a number, an even number, or a speed limit).
We refer to knowledge about task-relevant response features as cate-
gorization templates." In some tasks, there is no clear difference
between search templates and categorization templates (e.g., search-
ing for keys on a cluttered table), but in many cases (e.g., minding a
speed-limit sign) they represent different attributes of task-relevant
stimuli.

Given the importance of both search and categorization tem-
plates to successful goal-directed performance, a critical question
is in what way they affect perception and encoding. After decades
of research, we now know a great deal about the profound role of
search templates in promoting perceptual processing® (see Huynh
Cong & Kerzel, 2021, for a review). Events that match the search
template automatically guide attention and engage downstream
attentional processes (e.g., Folk et al., 1992; Zivony & Lamy,
2018), thereby greatly increasing the probability that task-relevant
events will be encoded in WM (see Zivony & Eimer, 2021a, for
review).

In contrast, much less is known about how and when categoriza-
tion templates affect processing. The purpose of this study is to
address this serious lack in our understanding of selectivity in
vision. Standard models of attention and perceptual decision mak-
ing ascribe no role for categorization in perceptual processing.
These models of attention often assume that categorization occurs
only after all relevant information has been perceptually processed
and encoded (e.g., Treisman, 1998; Wolfe, 2021). For example,
according to the highly popular guided search model (Wolfe,
2021), low-level features are initially registered automatically and
parallelly across the visual field. Attention is then guided toward
objects with features that match the search template, which are
then encoded in WM. Only at this stage are response features com-
pared against the categorization template, resulting in the classifi-
cation of an object as a target or a distractor (see Wolfe, 2021,
Figure 3). This sequence of guidance, selection, encoding, and clas-
sification is one of several aspects that Guided Search has retained
from Treisman’s original Feature Integration Theory (Treisman,
1998). Unlike standard models of attention, models of perceptual
decision making (e.g., Dosher & Lu, 2000; Nosofsky & Palmeri,
1997; Smith & Ratcliff, 2009) view categorization as the outcome
of a continuous evidence accumulation process. In these models,
attention enhances categorization by continuously improving the
quality of the signal (e.g., by reducing the signal-to-noise ratio).
However, and similar to models of attention, categorization is not
assumed to affect the evidence accumulation process on which it
relies. For example, Nosofsky and Palmeri (1997) postulated a con-
cept akin to categorization templates (termed “decisional selective
attention”) that speeds classification decisions by magnifying differ-
ences between stored exemplars of the to-be-categorized objects.
Importantly, this process was assumed to affect only postperceptual
processes, not the quality of the accumulated sensory evidence (see
also Nosofsky, 1998). Thus, in both types of models, objects that
match a categorization template do not have any privileged access
to postperceptual cognitive processes, such as encoding in WM.
Unlike objects that match a search template, there is no differentia-
tion between categorization-matching and nonmatching objects dur-
ing perceptual processing. A notable exception is the Theory of
Visual Attention (TVA; Bundesen & Habekost, 2008). TVA
assumes that categorization commences during perceptual process-
ing, in parallel with attentional guidance mechanisms mediated by
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search templates. In the neural implementation of TVA (NTVA;
Bundesen et al., 2005), search-matching objects are represented by
a larger number of activated neurons in the visual cortex, whereas
categorization-matching objects increase the activation rates of indi-
vidual neurons. As a result, guidance and categorization both modu-
late the likelihood that particular objects will cross the threshold for
encoding in WM.

One reason why it has been difficult to determine the exact role
of categorization in perceptual processing is that it is not straight-
forward to design studies that enable a clear separation of categori-
zation and guidance. This is illustrated by an experiment (Leblanc
et al., 2008, Experiment 2) where observers searched for a color-
defined target digit embedded in a rapid serial visual presentation
(RSVP) stream at fixation and reported its numerical value. Tar-
gets were preceded by a lateral distractor that could match the cur-
rent selection feature (i.e., the target color), the response feature
(i.e., another digit), or both. To test whether these distractors
attracted attention, N2pc components were measured during task
performance. The N2pc is an electrophysiological marker of the
allocation of attention to visual objects that is typically triggered
around 200 ms after stimulus onset and is assumed to reflect the
spatially selective modulation of perceptual processing in ventral
extrastriate visual cortex associated with attentional engagement
(Hopf et al., 2006; Kiss et al., 2008; Luck, 2012; Zivony et al.,
2018). Importantly, the N2pc emerges about 100—150 ms prior to
electrophysiological markers of WM encoding (McCollough et al.,
2007), indicating that it is associated with attentional processes
that occur before objects are encoded in WM (see also Jolicoeur
et al., 2008). Leblanc et al. (2008) found that target-color distrac-
tors triggered reliable N2pc components, indicative of attentional
guidance and engagement by the selection feature. However, and
critically, N2pc amplitudes were larger when these distractors
were digits than when they were letters, indicating that their match
with the categorization template also modulated attentional
processing.

On the face of it, this finding suggests that search and categori-
zation templates affect selective modulations of perceptual proc-
essing, prior to the encoding of visual objects in WM. However,
an alternative possibility is that the design of this experiment did
not allow for a dissociation between guidance and categorization.
Because only color differentiated between targets and distractors,
it is plausible to assume that the search template was exclusively
color-based. However, because the target was always a digit, it is
possible guidance was instead based on a conjunction between the

! Throughout the years, different names have been given to these two
types of selection processes. Guidance has also been termed “filtering” and
“prioritization.” Categorization has also been referred to as “pigeonholing,”
“recognition,” or “identification.” Search templates have been termed
“attentional templates,” “attentional sets,” or “target templates,” sometimes
without making explicit whether these refer to selection features or
response features (i.e., categorization templates). Categorization templates
are sometimes also termed “response sets.” For our present purposes,
categorization is conceptualized as the process that classifies specific
stimulus attributes as relevant or irrelevant for response choices in a
particular task context.

2 For the present purposes, we define perceptual processing as any
processes related to the detection and localisation of basic visual stimulus
features such as colour, shape, and orientation. At the neural level, it refers
to the activation and modulation of sensory representations in visual areas,
prior to WM encoding.
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target color and its alphanumeric category (e.g., red digit). In this
case, target-color digit distractors would be more likely to capture
attention than target-color letters owing to their greater match with
the search template (e.g., Duncan & Humphreys, 1989; Ludwig &
Gilchrist, 2003), resulting in larger N2pc components. According
to this interpretation, the response features used in Leblanc et al.
(2008) attracted attention because they were represented as part of
a single conjunctive (color/category) search template. This account
is compatible with Biased Competition models of attention (Desi-
mone & Duncan, 1995; Duncan, 2006), which assume that guid-
ance reflects the outcome of a multilayered competition between
visual objects in the visual field that can be biased simultaneously
by multiple top-down factors.

This argument illustrates that clear conclusions about the role of
categorization templates in selective attention cannot be obtained
under conditions where selection and response features may both
guide attention as part of a single target template. Similar argu-
ments can be made for visual search experiments where targets are
defined by a particular feature (e.g., color) and belong to a specific
category (e.g., digit). Thus, to be able to experimentally dissociate
guidance and categorization, it is critical to use designs where
response features cannot themselves affect attentional guidance
processes.

The Current Study

In this study, we aim to provide such a conclusive test of whether
categorization templates are associated with attentional modulations
of perceptual processing. A positive answer to this question would
have important implications for theories of attention, models of per-
ceptual decision making, and for future research in these fields.
First, it will suggest that the categorization process is not merely
based on prior evidence accumulation (Ratcliff et al., 2016) but
instead actively modulates evidence accumulation through atten-
tional enhancement of categorization-matching sensory input. Sec-
ond, it will expand our definition of goal-directed attentional
control to include response-related features, not exclusively target-
defining selection features. This broader definition could result in a
reassessment of how we manipulate response features in visual
search and RSVP tasks, because these features are not usually con-
sidered a potential source of attentional enhancement.

To meet the challenge of separating the effects of search and
categorization templates on attentional selectivity, we used a criti-
cal experimental manipulation in the present study. Unlike stand-
ard visual search paradigms where the selection feature and the
response feature appear at the same time and are part of the same
objects, we examined the effects of a response feature that
appeared after the object with attention-guiding selection feature.
Temporally separating selection and response features in this way
has several important advantages. First, because the selection fea-
ture already guides attention toward its location, any additional
modulation of visual processing triggered by the subsequent
response feature at the same location cannot be attributed to this
initial guidance process. Second, because this second object does
not contain the target-defining selection feature, it is unlikely to
capture attention, even if attention was guided by a single conjunc-
tive color/category search template. Third, as will be apparent
below, manipulating the response feature separately of the atten-
tion-guiding selection feature also allows to systematically
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examine and rule out any independent attentional guidance by the
response feature.

Procedures in the current experiments were similar to those
used in a recent study (Zivony & Eimer, 2020), where we used an
RSVP paradigm where the target was a digit indicated by a sur-
rounding shape, embedded among distractor digits and letters (see
Figure 1A and 1B). When the target was followed by a posttarget
distractor (PTD) that matched the target category (i.e., digit),
observers very often reported the identity of the PTD instead of
the target. Such distractor intrusion errors have been found in
numerous previous studies (see Zivony & Eimer, 2021a, for
review). Critically, when compared with trials where the PTD was
a letter (irrelevant PTD condition), a PTD digit also reduced the
accuracy of target reports on trials where this digit was not one of
the options in the response screen (unavailable intruder condition;
Figure 1C and 1D). This result is potentially important, because it
indicates that targets and PTD digits did not only interfere during
response selection (e.g., McCloskey & Zaragoza, 1985) but com-
peted for access to WM (see Zivony & Eimer, 2020, Experiment
4, for additional electrophysiological evidence). This suggests that
the processing of PTDs which match the categorization templates
(but not the search template) is facilitated prior to WM encoding.

To explain this pattern of results, we hypothesized that distrac-
tors which match only the categorization template (e.g., digits) but
not the search template do not themselves capture attention but do
extend the process of attentional enhancement that was initially
triggered by the target. Critically, this sustained enhancement,
should primarily facilitate the processing of the PTD, thereby
resulting in stronger perceptual competition with the target (Wyble
et al., 2009, 2011), and reducing the likelihood that the target will
be encoded (Zivony & Eimer, 2020).

However, although suggestive of selective perceptual process-
ing, the results from Zivony and Eimer (2020) do not provide a
direct link between categorization templates and modulations of
attention. The current experiments were designed to provide more
direct and conclusive evidence for such a link. First, we provide
evidence that interference by PTDs that match the categorization
template is associated with attentional enhancement. We present
N2pc components produced on trials with matching and irrelevant
PTDs in a reanalysis of a previously collected ERP dataset
(Experiment 1) to provide online electrophysiological support for
sustained enhancement of visual processing triggered by PTDs
that match the target category. Because the PTD was always pre-
ceded by a target, a target-induced N2pc component should ini-
tially be present and equal in size on both matching and irrelevant
PTD trials. Critically, a temporal extension of attentional engage-
ment processes by matching PTDs should result in larger N2pc
components relative to trials with irrelevant PTDs at a relatively
late point in time (reflecting the fact that PTDs always appeared
100 ms after the target). To anticipate the results, this prediction
was fully confirmed, thereby providing a clear link between
increased PTD interference and additional attentional enhance-
ment of the matching PTD. Next, in Experiments 2—4 we address
potential alternative hypotheses that might explain these results.
Specifically, we tested and rejected the possibility that PTD inter-
ference (Experiments 2 and 3) and the associated N2pc results
(Experiment 4) can be attributed to automatic prioritization and
attentional capture by matching PTDs.
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Figure 1
Hllustration of the Distractor Intrusion Paradigm and Results From Zivony and Eimer (2020)
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Note. From “Perceptual competition between targets and distractors determines working memory access and produces intrusion
errors in RSVP tasks,” by A. Zivony and M. Eimer, 2020, Journal of Experimental Psychology: Human Perception and
Performance, 46, pp. 1491-1497. Copyright 2020 by American Psychological Association. Adapted with permission. In this
example the target is a digit inside a circle. (A) The target appeared in positions 5—8 and was followed by three additional frames.
On a third of the trials, the target was followed by a posttarget distractor (PTD) that could not be reported (irrelevant). (B) On the
rest of the trials, the target was followed by a reportable PTD (matching). (C) On matching PTD trials, the response screen
included the potentially intruding PTD on half of the trials (available intruder) and did not include it on the rest (unavailable in-
truder). (D) Accuracy was lowest on intruder available trials, because observers often reported the PTD instead of the target
(intrusion responses). Accuracy on intruder unavailable trials was still lower than accuracy on nonmatching trials, suggesting that
the matching PTD prevented the target’s encoding on part of the trials. See the online article for the color version of this figure.
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Experiment 1

Method

All methods used in this experiment and subsequent experi-
ments were approved by the institution’s departmental ethical
guidelines committee at Birkbeck, University of London. All the
methods except for the new N2pc analysis were described in detail
in Zivony and Eimer (2021b, Experiment 1). For sake of com-
pleteness and readability, they are described in full here as well.

Participants

Participants were 23 (16 women) volunteers (Mg, = 29.43,
SD = 9.77) who participated for £25. All reported normal or cor-
rected-to-normal visual acuity.

Apparatus

Stimuli were presented on a 24-in. BenQ LED monitor (100 Hz;
1,920 X 1,080 screen resolution) attached to a SilverStone PC,
with participant viewing distance at approximately 80 cm. Manual
responses were registered via a standard computer keyboard.

Stimuli and Design

Participants had to report as accurately as possible the identity
of a digit (response feature) that appeared inside a prespecified
shape (circle or square; selection feature), by pressing the corre-
sponding keyboard button. These targets were presented unpre-
dictably in one of two RSVP streams on the left and right side.
Manual responses were executed without time pressure at the end
of each trial. The sequence of events is illustrated in Figure 1A.

Each trial began with the presentation of a fixation display (a gray
0.2° X 0.2° “4” sign at the center of the screen). Then, after 500
ms, two lateral RSVP streams including 8 to 11 frames appeared
along with the fixation cross. Each frame appeared for 50 ms, fol-
lowed by an ISI of 50 ms. The response screen was identical to the
fixation display and remained present until a response was regis-
tered. Following this response, a blank screen appeared for 800 ms
before a new trial started.

All stimuli in the RSVP streams were gray (CIE color coordi-
nates: .309/.332, luminance 46.6 cd/m?). Each frame consisted of
two alphanumeric characters (1.3° in height) appearing at a center-
to-center distance of 4.5° to the left and right of fixation. Letters in
each stream were randomly selected without replacement from a
23-letter set (all English alphabet letters, excluding I, X, and O),
with the sole restriction that the same letter could not appear in
both streams at the same time. Digits were selected without
replacement from a set of nine digits (1-9), except for the target
and the immediately following digit, which were selected from a
subset of six digits (2, 3, 4, 6, 7, 8). The target digit appeared with
equal probability and unpredictably in the Sth, 6th, 7th, or 8th
frame within the RSVP stream, either in the left or right RSVP
stream. This target frame contained one digit and one letter, which
appeared within two different outline shapes (square: 1.5° in side,
and circle: 1.68° in diameter, line width for both: 4 pixel). The
digit was always presented within the prespecified target shape
and the letter within the other shape. The frame immediately pre-
ceding the target frame always included two letters (to prevent any
pretarget intrusion errors). The earlier pretarget frames were
equally likely to contain two letters, or one digit and one letter
(with digit and letter location randomly selected for each frame).
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The target frame was always followed by two additional frames.
On 75% of all trials, the frame immediately following the target
contained a digit in the same location as the preceding target digit,
so that posttarget distractor (PTD) intrusion errors were possible
(Figure 1A). On the remaining 25% randomly intermixed trials,
this frame contained two letters (irrelevant PTD; Figure 1B). The
next two and final frames always included two letters.

The experiment included 10 practice trials followed by 600 ex-
perimental trials, divided into 50-trial blocks. For half the partici-
pants, the target-defining selection feature was the square for the
first six blocks and the circle for the rest. For the other half, this
order was reversed. Instructions about this shape change were given
before the beginning of the seventh block, followed by additional
five practice trials. Participants were allowed to take self-paced
breaks between blocks. They were informed that target digits were
equally likely to appear in the left or right RSVP stream, and that
task-irrelevant digits would appear prior to the target. This ensured
that attentional allocation processes would be guided by the selec-
tion feature (circle or square), rather than by alphanumerical cate-
gory (i.e., attending to the first digit in the stream).

EEG Recording

Electroencephalogram (EEG) was recorded with a BrainAmps
DC amplifier. EEG was DC-recorded from 27 scalp electrodes,
mounted on an elastic cap at sites Fpz, F7, F8, F3, F4, Fz, FCS5,
FCeo, T7, T8, C3, C4, Cz, CPS, CP6, P9, P10, P7, P8, P3, P4, Pz,
PO7, PO8, POY, PO10, and Oz. A 500-Hz sampling rate with a
40-Hz low-pass filter was applied. Channels were referenced
online to a left-earlobe electrode and rereferenced offline to an av-
erage of both earlobes. No other filters were applied after EEG ac-
quisition. Trials with eye blinks (exceeding =60 uV at Fpz),
horizontal eye movements (exceeding =30 nV in the HEOG chan-
nels), and muscle movement artifacts (exceeding =80 pV at all
other channels) were removed as artifacts. EEG was segmented
into epochs from 100 ms before to 500 ms after the onset of the
target frame, relative to a 100 ms prestimulus baseline.

ERP Analysis

N2pc Analysis. ERPs were computed separately for trials
where the PTD was irrelevant (letter) and for trials with matching
PTDs (digit). Averaged ERP waveforms were computed for trials
with a target in the left or right RSVP stream, and N2pc compo-
nents triggered by the target frame were computed by comparing
ERPs at electrodes PO7/PO8 contralateral and ipsilateral to the
location of the target, as is common in our lab (e.g., Berggren &
Eimer, 2019; Kiss et al., 2008; Zivony & Eimer, 2020, 2021b).
Unlike the analysis in Zivony and Eimer (2021b), all trials were
included in the calculation of these waveforms, regardless of the
participants’ response. The reason for this is that the N2pc onset
correlates with accuracy in this paradigm (Zivony & Eimer,
2021b). As accuracy rates differed substantially between trials
with irrelevant and matching PTDs (see Figure 1), including only
trials with correct responses might distort the time course of the
corresponding ERPs.?

We compared target-locked N2pcs on trials with irrelevant
PTDs versus matching PTDs. The N2pc is very often measured in
a single 100-ms time window, between 200 and 300 ms after the
target (e.g., Berggren & Eimer, 2019; Callahan-Flintoft et al.,
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2018; Luck, 2014; Kiss et al., 2008; Zivony & Eimer, 2020,
2021b, 2021c). However, we assumed that if the PTD (which
appears 100 ms after the target) would have any effect on the tar-
get-locked N2pc, it would be at a relatively late period and would
not affect the N2pc’s onset. Therefore, to isolate any activity asso-
ciated with the PTD, we compared the N2pc in two 100-ms time
windows, one for the rising flank of the N2pc and one for the de-
scending flank of the N2pc. The selection of the exact time win-
dows was based on the mean peak amplitude between the two trial
types (M = 272 ms), such that the early window ended with the
mean peak amplitude, and the late window started with the mean
peak amplitude. This analysis was preferable to a latency analysis
on the offset of the target-locked N2pc, because we did not have a
priori hypotheses whether the matching PTD would delay the
target-locked N2pc’s offset or generate unique N2pc-like activity—
two theoretically different options that might appear the same when
an average difference wave is calculated (Kappenman & Luck,
2012).

Residual Eye Movement Analysis. Although our exclusion
criteria for eye movements ensured that no large saccades affected
our results, it is possible that small but consistent eye movements
in the direction of a target may have been left in the data (Lins
et al.,, 1993). To check whether such residual eye movements
could have created any systematic N2pc differences between
matching and irrelevant PTD trials, we analyzed data from the two
HEOG electrodes ipsilateral and contralateral to the visual field
where the target appeared. We calculated the difference wave
between the ipsilateral and contralateral HEOG traces, such that a
positive deflection indicates a tendency for a small deviation of
eye gaze toward the target. We then examined whether averaged
HEOG difference waves differed between trials with irrelevant
PTDs and matching PTDs. This analysis, reported in the online
supplemental materials (Supplementary Analysis 2), suggested
that any residual eye gaze deviations remaining in the data were
very small, and did not contribute to the N2pc differences between
the different PTD conditions in any of the experiments reported
here.

Statistical Analysis

Since some tests reported here (and in the following experi-
ments) includes the interpretation of null results, and since the ab-
sence of a significant effect does not itself constitute evidence for
the null hypothesis, statistical tests with nonsignificant results
were supplemented with a corresponding calculation of a Bayes
Factor in favor of the null hypothesis (BFy). All tests were con-
ducted using JASP (0.16.0). Bayes Factors associated with a two-
way interaction were calculated by dividing two Bayes Factors: (i)
the Bayes Factor associated with the full model (including the
interaction and both main effects), and (ii) the Bayes Factor asso-
ciated with the model that includes only the two main effects
(Wagenmakers et al., 2018). Bayes Factors associated with a main

3 We note, however, that in all EEG experiments reported here, the main
result (i.e., difference between PTD types in the late time window) was
replicated even when only correct trials were included in the analysis. This
analysis required the removal of one participant from the analysis of
Experiment 5 and from the analysis of the supplementary experiment, as
these participants had too few trials (<50) per condition to calculate a
reliable N2pc.
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effect in a two-way design were isolated by dividing the model
with both main effects and the model with the irrelevant main
effect. Following Dienes and Mclatchie (2018), we consider a
BF to provide evidence for the null hypothesis if it smaller than
.33 (i.e., BFO1 > 3). Since we had no a-priori expectations regard-
ing these effects, we used default priors for all of these tests (r4 =
.5 for ANOVAs, Cauchy scale of .707 for planned comparisons).

Results

The average general EEG data loss due to artifacts was 11.5%
(8D = 9.9%). Figure 2A (left panels) shows the ERP waveforms
triggered by the target frame at electrodes PO7 and PO8 contralat-
eral and ipsilateral to the target, for trials where the target digit
was followed by a matching distractor (digit) and for those fol-
lowed by an irrelevant distractor (letter). The corresponding differ-
ence waves obtained by subtracting ipsilateral from contralateral
ERPs are shown in Figure 2B.

As can be seen from Figure 2B, there was little difference
between the two PTD types in the rising flanks of the N2pc. In con-
trast, on matching PTD trials, the negativity triggered by the target
was sustained for a longer period. To quantify this difference, we
calculated the mean amplitude of the ipsilateral-contralateral differ-
ence waveform in two 100-ms time windows, 170270 ms and
270-370 ms after the target, which were based on the average peak
of the two N2pc waveforms. Planned comparisons showed that the
difference between the two PTD types was significant in the 270-
370 time window, F(1, 22) = 39.95, p < .001, ‘r]Iz) = .64 but not in
the 170-270 time window, F < 1, BFy; =4.41.

Discussion

The results of Experiment 1 show that matching PTDs modu-
lated selective attentional processing, even though they appeared

Figure 2
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after the target. Starting from approximately 270 ms after target
onset (i.e., 170 ms after PTD onset), matching PTDs resulted in a
larger target-locked N2pc than irrelevant PTDs. As mentioned
above, the presence of the matching PTD is also associated with
lower accuracy of target reports (Zivony & Eimer, 2020, 2021c;
see Figure 1). The result of Experiment 1 therefore provides a
clear link between attentional enhancement and interference by the
matching PTD. Importantly, unlike previous studies (e.g., Leblanc
et al., 2008), the matching distractor did not contain the target-
defining selection feature, and the observed attentional modulation
can therefore not be attributed to guidance based on a single con-
junctive (shape/digit) search template.

In Experiment 1 (and in the experiments reported below), the
selection feature (the shape cue) and the response feature (the
identity of the target digit) belonged to different objects. It is there-
fore possible that the initial selection of the larger shape cue was
followed by a recalibration of the focus of attention, to zoom in
and localize the smaller target object. Due to such a delay in the
processing of digits and letters, only a matching digit PTD might
be registered as a potential target on a substantial number of trials,
resulting in a larger N2pc relative to trials with an irrelevant letter
PTD. To test this alternative account, we conducted a reanalysis of
Experiment 2 from Zivony and Eimer (2021b), which was equiva-
lent to Experiment 1 except that the target’s selection feature now
was its color and therefore part of the same object. The results of
Experiment 1 were fully replicated in this new analysis, as
reported in the online supplemental materials (see Supplementary
Analysis 2), with larger N2pc amplitudes during a late time win-
dow for trials with matching as compared with irrelevant PTDs.
This shows that these N2pc modulations are not the result of selec-
tion and response features being part of different objects.

The results of Experiment 1 are therefore compatible with the
notion that categorization-templates modulate selective attention dur-
ing perceptual processing. However, and importantly, there is an

Grand-Average Event-Related Potentials (ERPs) Waveforms on Electrodes PO7/POS8 Elicited in Experiment 1 by Target Frames,
Shown Separately for Matching PTD Trials (Red [Gray] Lines) and Irrelevant PTD Trials (Black Lines)

A
-8 uv

Irrelevant 2 matching

PTD PTD

8uv 8uv

Note.

B 170-270  270-370
contralateral 2.5 B = |rrelevant
n.s. xkk PTD
ipsilateral === matching
PTD

1uv

(A) Waveforms recorded at electrodes contralateral and ipsilateral to the target. (B) Difference waveforms obtained by subtracting ipsilateral

from contralateral ERPs. Two 100-ms windows around the peak of the N2pc are highlighted. Negative voltage is plotted upwards in this and all subse-
quent ERP graphs. PTD = posttarget distractor. See the online article for the color version of this figure.

w0k p < 001,
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alternative account that can potentially explain these results. In
Experiment 1, the set of possible target items included multiple dig-
its, to prevent attention from being guided by a particular
target-defining shape instead of the shape cue. Moreover, a few digit
distractors were always presented prior to the appearance of the tar-
get, to discourage the allocation of attention based on alphanumeric
category alone. Nevertheless, given that the RSVP streams included
mostly letters, it remains possible that participants may still have
used an attentional task set for digits. The discrimination between let-
ters and digits is believed to be made very early in the perceptual pro-
cess (Duncan, 1980; Taylor, 1978), and evidence from previous
N2pc studies shows that alphanumeric categories can rapidly guide
attention (Baier & Ansorge, 2019; Nako et al., 2014). In contrast to
complex shapes (such as specific letters), which are assumed to be
ineffective attributes for attentional guidance (Wolfe & Horowitz,
2017), alphanumeric categories may have a special status owing to
lifelong learning and usage. If objects that match the currently rele-
vant alphanumeric category had attracted attention, this would also
apply to matching PTD items and could therefore explain why the
presence of these items resulted in a larger N2pc amplitude in
Experiment 1. To test this alternative account, Experiments 2—4 were
conducted. In these experiments, possible target objects were no lon-
ger defined at the level of their alphanumerical category, but at a sub-
ordinate level, to prevent any guidance by overlearned category
membership. In other words, categorization (i.e., the discrimination
between relevant and irrelevant response features) in these experi-
ments was not based on the alphanumeric category of items, but
instead on whether they belonged to a specific subset of target digits
or target letters. This allowed us to examine whether behavioral inter-
ference effects (Experiment 2—3) and N2pc components (Experiment
4) produced by PTDs are modulated by their match with categoriza-
tion templates, even when response features are not defined at the
alphanumeric category level.

Experiment 2

The goal of Experiment 2 was to assess interference effects on tar-
get performance by matching and nonmatching PTDs when targets
were not defined by alphanumeric category. We used a variant of the
distractor intrusion paradigm shown in Figure 1, where the target in
the RSVP stream was again defined by a specific shape (selection fea-
ture). Critically, possible targets were now selected from a predefined
fixed subset of digits, so that categorization templates no longer
included all items within a particular alphanumerical category, but
only this arbitrarily defined subset. As before, we focused on interfer-
ence effects elicited by distractor items that immediately followed the
target at the same location (PTDs). Because of the new way of assign-
ing targets, we were now able to contrast the effects of three types of
PTDs: (a) items that were clearly irrelevant because they were outside
the alphanumeric category of targets (irrelevant PTDs); (b) items
within the alphanumeric target category but not part of the response
set, which did not match the categorization template (nonmatching
PTDs); and (c) items within the response set which matched the cate-
gorization template (matching PTD).* For example, when the target
was defined as part of the subset of digits “2,” “5” and “8,” letters
(e.g., “C”) were irrelevant PTDs, digits within the response set (e.g.,
“2”) were matching PTDs, and digits outside the response set (e.g.,
“7’) were nonmatching PTDs. If categorization templates affect atten-
tional selectivity, the processing of matching PTDs should be

ZIVONY AND EIMER

facilitated, so that they interfere more strongly with target process-
ing than irrelevant and nonmatching PTDs (¢ > b, ¢ > a). In con-
trast, if such attentional modulations are only elicited at the level of
alphanumeric categories, but not by categorization templates for
within-category response sets, interference should be larger for non-
matching PTDs than for irrelevant PTDs, but no difference should
be found between matching and nonmatching PTDs (c =b > a).

We predicted that matching PTDs would produce stronger inter-
ference effects than irrelevant PTDs, in line with our previous
results (Zivony & Eimer, 2020). The critical question was whether
matching PTDs would result in stronger interference than non-
matching PTDs. If categorization templates modulate selective
attention during perceptual processing, they should result in stron-
ger interference for matching as compared with nonmatching
PTDs. In contrast, if posttarget interference was solely contingent
on the PTD’s alphanumeric category, there should be no such dif-
ference between these two types of PTDs, which should both pro-
duce the same amount of interference relative to irrelevant PTDs.

A secondary goal of Experiment 2 was to examine whether interfer-
ence from matching PTDs depends on the set size of possible response
features. We assumed that, like search templates, categorization tem-
plates are actively maintained in WM. Given WM’s well known
capacity limitations (e.g., Cowan, 2001; Luck & Vogel, 1997), it is
possible that interference from matching distractors emerges only
when the possible number of targets does not overload WM. When
asked to maintain a number of possible targets that exceeds WM
capacity, observers may opt to include all possible digits (instead of
specific feature values) in categorization templates. For this reason,
Experiment 2 included two set size conditions: The target could be ei-
ther one of three possible targets or one of six possible targets (set size
3 vs. set size 6, see Figure 3B). If categorization templates are main-
tained in WM, attempting to maintain six discrete features should
exceed the maximum capacity of WM and limit their usefulness for
categorization. Consequently, the difference between matching PTDs
and nonmatching PTDs should be larger in set size 3 relative to set
size 6. Alternatively, if categorization templates are maintained in long
term memory (LTM; as suggested by Wolfe, 2012) which has no such
capacity limitations, the difference between three response features
and six response features should be inconsequential, and the same pat-
tern of interference should emerge for both set sizes.

Method
Sample Size Selection

Because this is the first study that compared between the effect
of matching PTDs and nonmatching PTDs on accuracy, we could
not conduct a power analysis based on previous results from

4 Because these PTD types were all defined with respect to categorization
templates, we use the abbreviated terms “matching” and ‘“nonmatching”
instead of the longer but more precise labels of “categorization-matching” and
“categorization-nonmatching.” Although matching and nonmatching imply an
all-or-none match, it is better to think of these conditions as representing
different degrees of compatibility with the categorization template. This is
because, on a given trial, participants could hypothetically complete the task
by using the alphanumeric category as a categorization template, even though
they were expected to use the information given to them about the relevant
response features. If participants cannot use the categorization template and
instead use the alphanumeric category 100% of the time, there should be no
difference between the matching and nonmatching conditions.
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Figure 3
Hllustration of the Stimulus Used in Experiment 2
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50ms Frame
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In this part of the experiment, the
target can be one of the following:
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Note. (A) In this example the target is the digit “5” inside a circle. (B) In half of the blocks, the target could
be one of three possible digits, whereas in the other half the target could be one of six possible digits. (C) At
the same location as the target, the immediately following frame either contained a letter (irrelevant) posttarget
distractor (PTD), a digit that’s part of the set of possible target’s (matching), or a digit that’s outside that set
(nonmatching). The response display always contained two options, none of which included the matching PTD.

similar experiments to justify our sample size. Therefore, we
treated Experiment 2 as an exploratory study. The results of this
study were then used to determine the appropriate sample size for
the following experiments. Nevertheless, we selected a sample
size sufficient to detect an effect as small as half of the difference
between accuracy in the irrelevant PTD and matching PTD condi-
tions (when the potentially intruding distractor was unavailable for
report), which in a previous study (Zivony & Eimer, 2020; Experi-
ment 2) yielded an effect size of d, = 1.31. A power analysis using
G*power (Faul et al., 2013) and an effect half of this size sug-
gested a minimum sample size of N = 16 is required to achieve
80% power. Owing to the Covid-19 pandemic, data collection
could not be done in a controlled lab setting. Therefore, we
expected a rejection rate of up to 33% and recruited a sample of
N=24.

Participants

Participants were 24 volunteers who participated for course
credits and conducted the experiment on their personal computers.
All reported normal or corrected-to-normal visual acuity. Five par-
ticipants were dropped from the sample: four for failing to adhere
to the instruction the finish the experiment in one sitting (i.e., they
took over an hour, whereas the average duration for finishing the
experiment was approximately 25 minutes), and another because
their refresh rate did not allow for the prespecified stimulus pre-
sentation duration (see below). The final sample included 21 vol-
unteers (14 women, M,,. = 32.1, SD = 13.23).

Apparatus

The experiment was conducted using participants’ individual
computers, who accessed and downloaded the experiment to via
E-Prime Go cloud service. Subjects were asked to sit approxi-
mately 60 cm from the screen (approximately an arms’ length), in

a quiet and distraction free environment, and complete the task in
one sitting within 35 minutes. Manual responses were given
through computer keyboards.

Stimuli and Design

The stimulus and design were identical to Experiment 1 except
for the following differences. All stimuli sizes were calculated in
visual angles based on the participants self-reported monitor size
(monitor sizes ranged from 14 to 27”) and an assumed distance
of 60 cm from the screen. If participants did not know their moni-
tor size, they were directed to a website that calculates it for them
(www.piliapp.com/actual-size/credit-card/). Targets were drawn
from a set of eight possible digits (2-9). Before the beginning of
each block, participants were told that throughout the block the
targets would be randomly drawn from a subset of three digits
(e.g., 2, 5, 8) or six digits (e.g., 2, 3, 5, 6, 8, 9; see Figure 3A).
These digits were randomly selected on every block. The set size
(3 vs. 6) alternated every block and the set size of the first block
was randomly selected for each participant. E-prime Go can col-
lect data about exact presentation times, which varied across dif-
ferent computers. This allowed us to reject trials where one of the
frames or one of the ISIs was shorter than 45 ms or longer than 55
ms. Participants were excluded if their monitor’s refresh rate could
not produce these stimulus durations or ISI durations (e.g., if their
monitor refresh rate was 50 Hz, were not included in the sample)
or if they had a rejection rate of more than 30% of trials owing to
frame and ISI durations. After the exclusion of a single participant,
the average rejection rate owing to frame rates issues was 2.5%.
On average, each frame appeared for 49.85 ms (SD = 1.12 ms),
followed by an ISI of 49.92 ms (SD = 1.82 ms).

All stimuli in the RSVP streams were gray (RGB values: 128,
128, 128), though the exact luminance could not be established.
All digits were selected without replacement from a set of eight
digits (2-9). On a third of all trials, the frame immediately
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following the target contained two letters, and therefore the PTD
in the location of the target was of a different alphanumeric cate-
gory (irrelevant PTD). On the rest of the trials, the PTD was
equally likely to be drawn from the subset of possible targets
(matching PTD), or from the digits that were not included in the
target set (nonmatching PTD). For example, when the target was
drawn from the possible set of 2, 5, and 8, a letter (e.g., “C”) that
follows the target would be a irrelevant PTD, a digit that is part of
the possible set of targets (e.g., “2”) is a matching PTD, and a digit
that is part of the possible set of targets (e.g., “7”) is a nonmatch-
ing PTD (see Figure 3C). Finally, at the end of each trial, the
response screen showed two digits from which participants had to
choose. One of these digits was the target, whereas the other was
randomly drawn from the set of possible targets, with the excep-
tion of the matching PTD. Distractor intrusion responses were
therefore impossible. The two response options were presented 1°
above fixation with an interitem distance of 5°, sorted from left to
right according to their numerical value (smallest digit on the left).
The response screen also included the text “press N and “press
M,” which appeared 0.5° below fixation and vertically aligned
with the two digits. These letters specified the response keys
assigned to each of the digits shown. Below the response display,
participants were presented with a reminder about the identity of
all the possible targets.

Unlike Experiment 1, the experiment included written instruc-
tions and a slow-motion demonstration of the RSVP stream. These
were followed by 10 practice trials which participants could repeat
if they wished, followed by 360 experimental trials, divided into
30-trial blocks. The selection feature remained the same through-
out the experiment. It was square for half the participants and was
circle for the rest.

Results

Mean accuracy of target reports as function of PTD type and
response set size are presented in Figure 4A. As can be seen from
this figure, accuracy on irrelevant PTD trials was higher than trials
with PTDs from the same alphanumeric category as the target (i.e.,
matching and nonmatching PTDs). Among these, matching PTDs
resulted in lower accuracy than nonmatching PTDs, suggesting that

Figure 4
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the interference by PTD digits was modulated by whether these dig-
its matched or did not match the categorization template. Both
effects emerged regardless of target set size. These observations
were confirmed with two repeated-measures ANOVAs. The first
analysis included alphanumeric category (digit vs. letter) and set
size (3 vs. 6) as factors. The second analysis focused only on digit
PTDs and included categorization group (matching vs. nonmatch-
ing) and set size as factors. The difference between trials with digit
and letter PTDs was significant, F(1, 18) = 70.79, p < .001, T],z, =
.80 (M =77.8% vs. M = 66.1%), and so was the difference between
matching and nonmatching PTD trials, F(1, 18) = 13.91, p = .002,
n,z, = .44 (M = 63.9% vs. 68.4%). The interaction between these
effects and set size were not significant (F < 1, BFy; = 2.86 and
F < 1, BFy, = 3.18, respectively), suggesting that they were not
modulated by the number of task-relevant response features
(although the Bayes Factor provided clear support only for the latter
analysis).

Discussion

Experiment 2 produced three clear findings. First, matching
PTDs interfered more strongly with target report accuracy than
irrelevant PTDs, thereby replicating the results reported in Zivony
and Eimer (2020). Second, matching PTDs also produced stronger
interference than nonmatching PTDs, even though both types of
distractors were from the same alphanumeric category. This is the
first direct evidence that posttarget interference stems, at least in
part, from the PTD’s match with the categorization template. It
also suggests that arbitrarily assigned response sets modulate
selective attention. Importantly, as matching PTDs were never
included in the response display, this interference cannot be attrib-
utable to competition during memory retrieval (McCloskey & Zar-
agoza, 1985) but is likely to be attributable to competition that
occurs prior to WM encoding (Zivony & Eimer, 2020).

A third finding was that accuracy was completely unaffected by
response set size. On the face of it, this finding suggests that the
categorization template was not maintained in capacity-limited
WM, but instead in capacity-unlimited LTM (e.g., Wolfe, 2012).
However, this conclusion may be premature. Because participants

Mean Accuracy (Thick Lines) and Results for Individual Participants (Thin Lines) as a Function of Posttarget Distractor
(PTD) Type and Response Set Size (3 Versus 6) in Experiments 2 (A), Experiment 3 (B), and Experiment 4 (C)
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Note. Error bars reflect one standard error. See the online article for the color version of this figure.
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had to identify target digits, which were limited to eight different
items (not including 0 and 1), maintaining a set of six digits could
have been achieved, for example, by maintaining an exclusionary
template of two digits that cannot be the target. In that case, nei-
ther set size 3, which relies on a positive template, nor the set
size 6, which relies on an exclusionary template, should exceed
the capacity limitation of WM. Experiment 3 was designed to
test this possibility, as well as to confirm the main result from
Experiment 2.

Experiment 3

In Experiment 3, we reversed the role of digits and letters, such
that targets were always letters, and digits were always nontargets.
As in Experiment 2, there were two response set sizes (3 and 6).
Given the larger number of possible letters, set size 6 can no lon-
ger be maintained in WM by adopting an exclusionary set. If cate-
gorization templates are stored in LTM, this fact should not play
any role and there should be no difference between the results of
this and the previous experiment. Alternatively, if categorization
templates are maintained in WM, the difference between matching
and nonmatching PTDs should be more pronounced for set size 3.

Method
Sample Size Selection

We based our sample size in Experiment 2 on the comparison in
accuracy between matching PTD and nonmatching PTD condi-
tions (nlz, = .44). Based on this effect, the minimal sample size to
achieve 80% power was found to be N = 14. To allow for a better
comparison with Experiment 2, we once again recruited 24
participants.

Participants

Participants were 24 volunteers who participated for course
credits and conducted the experiment on their personal computers.
All reported normal or corrected-to-normal visual acuity. Five

Figure 5

participants were removed from the sample for the following rea-
sons: one failed to adhere to the instruction to finish the experi-
ment in one uninterrupted session and four because their refresh
rate did not allow for the required stimulus presentation duration.
The final sample included 19 volunteers (16 women, M,z = 24.63,
SD =4.90).

Apparatus, Stimuli, and Design

The apparatus, stimuli, and design were identical to Experiment 1
except for the following changes (see Figure 5). Participants’ monitor
size ranged from 13" to 27”. After participant exclusion, only 0.2%
of trials were rejected owing to stimulus duration or ISI durations
below 45 ms or longer than 55 ms. The subset of potential targets for
a given block was now drawn from the set of 23-letters (i.e., all Eng-
lish alphabet letters, excluding I, X, and O). As such, irrelevant PTDs
were digits, whereas matching and nonmatching PTDs were letters
(Figure 5C). Accordingly, the target on a given block was either
drawn from a set of three letters or six letters. The digits in the stream
were randomly drawn with replacement from the set of possible dig-
its (2-9), with the exception that the same digit could not appear in
the same frame on both sides of the fixation or in the same location
for two consecutive frames.

Results

Mean accuracy as function of PTD type and response set size
are presented in Figure 4B. As in Experiment 1, accuracy rates
were higher on irrelevant PTD trials than on trials where the PTD
was a letter (i.e., matching and nonmatching PTDs), F(1, 18) =
20.59, p < .001, T],z, = .53 (M =74.8% vs. M = 68.4%), and this
effect was not modulated by set size, F < 1, BFy; = 2.28. This
result suggests that the effect of the PTD’s alphanumeric category
was not contingent on the number of possible response items. For
the two types of letter PTDs, accuracy was higher on nonmatching
PTD trials than matching PTD trials. Critically, and in contrast to
Experiment 2, this effect was present only in set size 3 (M = 71.0%
vs. M = 64.9%) and not in set size 6 (M = 68.9% vs. M = 68.8%),

Hllustration of the Stimulus in Experiment 3

A

50ms ISI
50ms Frame

target

response display

In this part of the experiment, the
target can be one of the following:

C F K

set-size 3 set-size 6
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press 6

Note. (A) In this example the target is the letter R inside a circle. (B) The target was
selected from a set of three possible letters on half the blocks and from a set of six possible
letters on the rest. (C) The posttarget distractor (PTD) was either irrelevant (e.g., the digit
“5"), matching (e.g., “C”), or nonmatching (e.g., “Y”).
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F(1, 18) = 12.85, p = .002, n]% = 45, and F < 1, BFy; = 4.10,
respectively. The difference between the two effects was confirmed
with a significant PTD type X set size interaction, F(1, 18) = 11.02,
p=.004, T],z, =.38.

Discussion

Experiment 3 replicated the results of Experiment 2 with letters
as targets: Stronger posttarget interference was produced by match-
ing PTDs relative to nonmatching PTDs. However, unlike Experi-
ment 2, this effect only emerged in set size 3 and not in set size 6.
Thus, at set size 6, which exceeds the usual limit of WM capacity
(Cowan, 2001; Luck & Vogel, 1997), target interference was not
affected by categorization templates but only by whether PTDs
matched the alphanumerical category of targets. This pattern of
results suggests that WM does play a role in the maintenance of
specific response features as categorization templates. The absence
of set size effect for digits in Experiment 2 might not reflect reli-
ance on LTM, but rather reliance on negative sets. Other memoriza-
tion strategies that are differentially applied to digits versus letters
may also account for the results of Experiment 2. In any case, the
set size effect found in Experiment 3 strongly suggests that PTD in-
terference effects are not exclusively mediated by LTM.

So far, we interpreted the pattern of posttarget interference
effects observed in Experiments 2 and 3 as evidence in favor of
the hypothesis that categorization templates modulate selective
attention. This interpretation is based on the assumption that atten-
tional enhancement of distractors increases their ability to interact
competitively with the target (Wyble et al., 2009; Zivony & Eimer,
2020), thereby reducing the likelihood that the target will be
encoded. However, given that Experiments 2 and 3 measured the
effects of PTD identity on target accuracy, they only provide indi-
rect evidence for modulations of attention by matching PTDs. The
goal of Experiment 4 was to obtain more direct evidence by meas-
uring electrophysiological correlates (N2pc components) of PTD
processing.

Experiment 4

So far, our results have shown that matching PTDs interfered
more strongly with target reports than nonmatching PTDs, even
though both types of distractors belonged to the same alphanu-
meric category. We interpreted this interference from posttarget
distractors as evidence that these distractors receive enhanced
attentional processing, which increases their ability to compete
with targets for encoding in WM (see also Zivony & Eimer, 2020,
2021a, 2021b). However, the presence of such behavioral interfer-
ence effects provides only indirect evidence that arbitrarily
assigned categorization templates produce attentional modulations
of perceptual processing. The goal of this final experiment was to
obtain more direct electrophysiological evidence for this claim by
measuring N2pc components. Experiment 1 has shown that matching
PTDs produced larger N2pcs than irrelevant PTDs, although this
may primarily reflect attentional capture by items that match the
alphanumeric category of the target, regardless of whether these
items are included in the current response set. In Experiment 4, we
tested whether N2pc amplitude differences also emerge between tri-
als with matching and nonmatching PTDs. We again assigned arbi-
trary subsets of letters as potential targets and contrasted N2pcs on

ZIVONY AND EIMER

trials with matching, nonmatching, and irrelevant PTDs. Because ac-
curacy on nonmatching PTD trials was consistently lower than accu-
racy on irrelevant PTD trials (Experiments 2 and 3), this should be
mirrored by larger N2pc amplitudes in the late time window with
nonmatching PTDs, indicating that sharing the alphanumeric cate-
gory of the target produces attentional amplification even when an
item does not match the current response set. The critical question
was whether similar N2pc amplitude differences would also be
observed between matching and nonmatching PTD trials. If the pat-
tern of behavioral interference effects observed in Experiments 2 and
3 was attributable to attentionally enhanced perceptual processing of
matching PTDs, these items should trigger larger N2pcs relative to
nonmatching PTDs.

A second and equally important goal of Experiment 4 was to test
an alternative interpretation of the results of Experiments 2 and 3.
Instead of assuming that attentional modulations triggered by PTDs
are the result of their match with a categorization template, these
modulations may instead be produced by multiple-feature atten-
tional guidance. Previous studies have found that search templates
can be set simultaneously for two target-defining features, as in
tasks where search targets can have one of two possible colours
(e.g., Beck et al., 2012; Grubert & Eimer, 2016; Irons et al., 2012;
Moore & Weissman, 2010). Given these results, it is at least con-
ceivable that in tasks where the target can be one of three possible
letters or digits, participants are able to activate search templates
that represent all of these three items. In this case, PTDs would
attract attention and interfere with target processing because they
match such a multiple-item search template, and there would be no
need to postulate a distinct categorization template. Furthermore,
because attentional guidance by multiple-feature templates gives
rise to N2pc components (Grubert & Eimer, 2016), this alternative
explanation would also be able to account for the presence of larger
N2pc amplitudes on trials with matching PTDs.

To test this alternative account, we also analyzed the processing of
distractors that appeared prior to the target frame (preTDs) in Experi-
ment 4. If participants had activated search templates for each of the
items included in the current response set, these items should attract
attention more strongly than items outside the response set, whenever
these items appear in the RSVP stream. As a result, matching preTDs
should produce reliable N2pc components, which should be larger
than any N2pc-like activity produced by nonmatching preTDs. In
addition, there should also be a differential behavioral effect. Previ-
ous studies have shown that attention-capturing distractors in RSVP
streams that appear prior to a target reduce target accuracy when the
temporal lag between distractor and target is between 200 and 500
ms (i.e., they result in an attentional blink: Folk et al., 2002; Leblanc
et al., 2008; Zivony & Lamy, 2014; Zivony et al., 2018). Therefore,
if the matching preTDs attract attention owing to their match with a
putative multiple-item search template, they should elicit a compara-
ble attentional blink relative to trials where the target is preceded
only by nonmatching distractors.

Method
Sample Size Selection

In Experiment 4, the effect of interest was the difference in
mean N2pc amplitude (in the late time window) between trials
with matching PTDs and those with nonmatching PTDs. We based
our sample size on the effect found in Experiment 1, where the
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N2pc postpeak amplitude was compared between trials with irrele-
vant PTDs and matching PTDs (ng = .64). Based on this effect

size, the minimal required sample size to achieve 80% power is
N = 8. However, because the difference between matching PTDs
and nonmatching PTDs was predicted to be smaller, we recruited
twice as many participants, which allowed for the detection of sub-
stantially smaller effect sizes. This sample size was also sufficient
to detect the difference between accuracy on matching PTD and
nonmatching PTD trials in set size 3, based on the effect found in
Experiment 3 (0} = .45).

Participants

Participants were 16 volunteers who participated for £25. All
reported normal or corrected-to-normal visual acuity. Two partici-
pants were excluded from analysis due to a rate of artifacts rejec-
tion that exceeded 50%. The final sample included 14 volunteers
(14 women, M,q. = 29.00, SD = 6.70).

Apparatus, Stimuli, and Design

The apparatus, stimuli, and design were identical to Experiment 3,
except for the following differences (see Figure 6A). The target was
always part of a subset of three letters that were randomly drawn on
each block. On irrelevant PTD trials and nonmatching PTD trials, tar-
gets were equally likely to be preceded by either a matching or a non-
matching pretarget distractor (preTD) that appeared either two or
three frames before the target. The location of this preTD in the left
or right RSVP stream was random and thus not predictive of the tar-
get’s location. These preTDs were included to test whether matching
preTDs captured attention and thus impaired target report accuracy.
On trials with a matching PTD, this preTD was always nonmatching,
to avoid that two items from the current response set were presented
on the same trial. The experiment included 10 practice trials, fol-
lowed by 600 experimental trials divided into 50-trial blocks.

EEG Recording and Data Analysis

EEG recording and data analysis were identical to those
described in Experiment 1, except for the following differences.
Owing to the COVID-19 pandemic, we adopted a protocol that

Figure 6
Example of the Stimulus Used in Experiment 4

set-size 3
only

response
display c R
Press 4 press 6

distractor
types 3 K

irrelevant matching

a

nonmatching

Note. The target was a letter within a predefined shape (e.g., circle) and
selected from a set of three possible letters (randomly drawn at the begin-
ning of each block). The posttarget distractor (PTD) was either irrelevant,
matching, or nonmatching. In addition, a distractor from the same alpha-
numeric category as the target (either matching or nonmatching) always
appeared two or three frames prior to the target (preTD).
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reduced the contact time between experimenter and participant in
the experiment room. Therefore, electrode impedance in all elec-
trodes was kept <10 kO (instead of <5 kO, which is standard in
our lab; see also Zivony & Eimer, 2021c¢). The target-locked N2pc
was calculated separately for trials where the PTD was irrelevant,
matching, and nonmatching. As in Experiment 1, we fitted two
100-ms time windows around the mean peak amplitude of the
waveforms to quantify the rising and descending flank of the
N2pc. Since the mean peak amplitude across the three trial types
was M = 300 ms, the early time window was set at 200-300 ms,
and the late time window was set to 300400 ms.’ The preTD-
locked N2pc was calculated using the same electrodes and method
as the target-locked N2pc, separately for trials where the preTD
was matching and nonmatching. Because the target always
appeared 200 or 300 ms after the preTD, and with equal probabil-
ity in the left or right RSVP stream, we did not expect any overlap
between the preTD-locked waveform and the target-locked wave-
form. To quantify any N2pcs produced by the preTDs, we meas-
ured the amplitude in a single 100 ms time window of the
contralateral-ipsilateral difference wave, between 200 and 300 ms
after the preTD (as is common in many N2pc experiments, e.g.,
Berggren & Eimer, 2019; Callahan-Flintoft et al., 2018; Luck,
2014; Kiss et al., 2008; Zivony & Eimer, 2020, 2021).

Results
Posttarget Distractor

Behavioral Results. Mean accuracy as function of PTD type is
presented in Figure 4C. As can be seen from this figure, the behav-
ioral results replicated those found for set size 3 in Experiment 3.
Accuracy rates were higher on trials where the PTD was irrelevant
(i.e., a digit) than on trials where the PTD was a letter (i.e., matching
and nonmatching PTDs), F(1, 13) = 94.15, p < .001, n,z, =.88 (M =
82.4% vs. M = 71.4%). Among trials with letter PTDs, accuracy
was higher for nonmatching than for matching PTDs, F(1, 13) =
8.89,p=.011, nf, =.41 (M ="73.4% vs. M = 69.4%).

Electrophysiological Results. The average general EEG data
loss due to artifacts was 13.1% (SD = 15.1%). Figure 7A shows
the ERP waveforms triggered by the target frame at electrodes
PO7 and POS contralateral and ipsilateral to the target, for trials
where the target digit was followed by an irrelevant, nonmatching,
or matching PTD. The corresponding difference waves obtained
by subtracting ipsilateral from contralateral ERPs are shown in
Figure 7B.

The main observation was that the N2pc had a larger amplitude
on matching PTD trials relative to both nonmatching and irrele-
vant PTD trials, and this difference was especially pronounced in
the late time window. This finding links the behavioral interfer-
ence effect produced by matching PTDs to an enhancement of
attentional processing of these items. Surprisingly, the N2pc gen-
erated on trials with irrelevant PTDs was nearly identical to the
N2pc on nonmatching PTD trials, and this was the case both in the
early and late time windows. A series of planned comparisons

5 As can be seen from Figure 7, the N2pc on matching PTD trials
returned to baseline levels by approximately 350 ms. All the results were
replicated when the late window was more narrowly defined as 300-350
ms after prePTD onset.
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Figure 7
Grand-Average Event-Related Potentials (ERPs) Waveforms on Electrodes PO7/
POS Elicited in Experiment 4 by Target Frames

A -8 WV 1 irrelevant PTD matching nonmatching === contralateral

PTD PTD === psilateral

8uv
B -2 pv target = jrrelevant PTD
N2pc = Matching PTD
Nonmatching PTD
WY,
MECAA, 3 —~
-10_3“' \V2 1 200 300 400 500

Note. (A) Waveforms recorded at electrodes contralateral and ipsilateral to the target. (B)
Difference waveforms obtained by subtracting ipsilateral from contralateral ERPs.
Waveforms are presented separately for irrelevant posttarget distractor (PTD) trials (black
lines), matching PTD trials (red [dark gray] lines), and nonmatching PTD trials (gray lines).
* p < .05, referring to the comparisons between matching PTDs versus irrelevant PTDs
and between matching PTDs versus nonmatching PTDs. See the online article for the color

version of this figure.

confirmed these observations. In the early time window, there was
no difference between the mean N2pc amplitude for any of the
three PTD types (all ps > .30). To inform our Bayesian analysis
for these null effects, we adjusted our priors based on the results
found in Experiment 1. This analysis provided support for the null
hypothesis in for all three comparisons, all BFy;s > 3.70). In the
late time window, the mean N2pc amplitude was larger on match-
ing PTD trials (M = —.57 puV) relative to both irrelevant PTD trials
(M = —.086 pnV) and nonmatching PTD trials (M = —.094 nVv),
#(13)=2.88, p=.013,d = .77, and 1(13) = 2.57, p = .023, d = .69,
respectively. In contrast, there was no difference between irrele-
vant and nonmatching PTD trials in the late time window, r < 1,
d = .04, BFy; = 3.67. A robustness check for the Bayesian analysis
indicated that support for the null hypothesis is maintained with a
tight prior of Cauchy scale of .55.

Pretarget Distractor

Behavioral Results. To examine whether matching preTDs
resulted in an attentional blink, we compared mean accuracy rates
on trials where the preTD (which appeared two or three frames
before the target) was matching versus nonmatching (see Figure
8A). Because matching preTDs were not presented on trials with
matching PTDs, we conducted this analysis only for trials with
nonmatching and irrelevant PTDs. Accuracy was entered to a
repeated-measures ANOVA with preTD type (matching vs. non-
matching) and PTD type (irrelevant vs. nonmatching) as independ-
ent variables. As expected, the main effect of PTD type was
significant, F(1, 13) = 38.39, p < .001, n; =.75. In contrast, there
was no main effect of preTD type, F < 1, BF, = 3.60, demon-
strating that target accuracy was unaffected by whether the preTD
was part of the current response set or not, M = 77.7% vs. M =
78.2%. The interaction between the two factors was also

nonsignificant, F(1, 13) =3.32, p = .09, nf, =.09, although support
for this null effect was inconclusive, BF; = 2.03.
Electrophysiological Results. Figure 8B shows the differ-
ence waves obtained by subtracting ipsilateral from contralateral
ERPs triggered by the preTD frame, for trials where the preTD
was matching and nonmatching. As can be seen from the figure,
both matching and nonmatching preTDs barely produced any neg-
ativity in the critical 200300 ms time window. Indeed, there was
no difference between the mean N2pc amplitude produced by the

Figure 8
Behavioral and Electrophysiological Results Associated With
Pretarget Distractors (preTD) in Experiment 4

A B
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Note. (A) Accuracy as a function of preTD type (matching vs. non-
matching) on irrelevant posttarget distractor (PTD) and nonmatching PTD
trials. (B) Grand-average event-related potentials (ERPs) difference wave-
forms on electrodes PO7/PO8 elicited by matching (red [dark gray] line)
and nonmatching (gray lines) preTDs, obtained by subtracting ipsilateral
from contralateral waveforms. See the online article for the color version
of this figure.
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two types of distractors (uv =.19 vs. v =.06), t < 1, BFy; =2.95,
and the mean amplitude for both types of distractors did not differ
reliably from 0, #(13) = —1.57, p = .92, d = .4, BFy; = 8.01, and
t < 1, BFy; = 5.54, respectively. However, given that the time
course of search template activation is sensitive to expectations
about the likely time point of target presentation (see Grubert &
Eimer, 2018), the absence of preTD N2pc components may be at-
tributable to the fact that some of these were presented prior to the
time window when targets could appear. To test this, we excluded
all preTDs that were presented within the first 400 ms after RSVP
onset and only retained those that appeared during the time win-
dow where a target could already be presented (i.e., 500 or 600 ms
after the RSVP onset). Again, there was no difference between
matching and nonmatching distractors, t < 1, BFy; = 3.70, and the
mean amplitude associated with both distractor types was not dif-
ferent from 0, ts < 1, BFy;s > 5.

Discussion

Experiment 4 confirmed the behavioral results from Experiment 3,
showing stronger interference on target report accuracy by matching
PTDs relative to both irrelevant and nonmatching PTDs. The N2pc
results confirmed and extended the findings from Experiment 1.
Again, there was a significant difference in mean N2pc amplitudes
between trials with matching and irrelevant PTDs, specifically during
the late time window. Critically, there was also a clear N2pc difter-
ence between matching and nonmatching PTD trials. During the late
time window, N2pc amplitudes were larger with matching as com-
pared with nonmatching PTDs. This observation is important,
because it provides direct electrophysiological evidence that categori-
zation templates can trigger attentional modulations of perceptual
processing. Such an attentional enhancement of categorization-
matching PTDs should increase their ability to compete with target
processing, as reflected by behavioral interference effects. However,
and notably, there were no N2pc amplitude differences between non-
matching and irrelevant PTDs in Experiment 4. This finding suggests
that N2pc amplitude modulations observed in Experiment 1 do not
reflect attentional capture by PTDs that match the target’s alphanu-
meric category but is instead the more specific result of a PTD being
part of the current response set. The absence of any N2pc differences
between nonmatching and irrelevant PTD trials is particularly sur-
prising because there were clear and pronounced differences in target
accuracy between these two types of trials. We return to this unex-
pected finding in the General Discussion.

In addition, Experiment 4 also provided clear evidence against
the alternative hypothesis that matching PTDs attracted attention
because observers maintained search templates for each of the
three possible target items included in the response set. If this has
been the case, these items should have modulated performance
and triggered N2pc components regardless of whether they
appeared after (PTDs) or preceded the target (preTDs). This was
clearly not the case. The presence of matching preTDs did not
reduce the accuracy of identifying a subsequent target relative to
nonmatching preTDs (i.e., they did not result in an attentional
blink; e.g., Folk et al., 2002; Zivony & Lamy, 2014). Furthermore,
matching preTDs did not result in any N2pc-like activity, even
when they appeared during the time window where a target could
already have been presented. The absence of any N2pc compo-
nents, which was substantiated by Bayesian analysis, demonstrate
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that matching preTDs did not capture attention. These results
strongly suggest that the behavioral and electrophysiological
effects observed for matching PTDs do indeed reflect the impact
of categorization templates that operate after attention has been
guided to a particular location.

General Discussion

Knowing which response features are relevant for an upcoming
task allows us to maintain them as categorization templates, which
promotes the accurate classification of relevant events in line with
task instructions. It is commonly assumed that the matching
between perceptual inputs and categorization templates occurs
only after WM encoding (e.g., Treisman, 1998; Wolfe, 2021) and
that this categorization process does not affect selective attention
(Dosher & Lu, 2000; Smith & Ratcliff, 2009). Contrary to these
assumptions, the current study provides conclusive evidence that
the processing of items which match a currently active categoriza-
tion template is selectively enhanced during relatively early stages
of perceptual processing, prior to WM encoding.

We focused on the processing of PTDs which contained a
response feature that either matched or mismatched with the catego-
rization template. Analogous to previous results (Zivony & Eimer,
2020), the presence of matching PTDs reduced target accuracy rela-
tive to PTDs that did not share the alphanumeric category of the tar-
gets (irrelevant PTDs), even though matching PTDs could never be
selected for report. Critically, matching PTDs also reduced target
accuracy relative to PTDs that matched the target’s alphanumeric
category but were not part of the response set (nonmatching PTDs;
Experiments 2—4). These findings indicate that a match with the cat-
egorization template increased the perceptual competition between
the PTD and the target, thereby affecting the likelihood that the tar-
get will be encoded in WM. This interference from matching PTDs
was stronger when the categorization template contained three rela-
tive to six items (Experiment 3). In a Supplementary experiment
(see the online supplemental materials), we also demonstrate that,
when PTDs were available for response selection, this set size effect
also modulated the likelihood that participants erroneously reported
matching PTDs instead of the target. These observations suggest
that categorization templates are maintained in WM rather than in a
capacity-unlimited long-term memory store.

Finally, in two ERP experiments (Experiments 1 and 4), we
found that the presence of matching PTDs modulated N2pc com-
ponents initially triggered by the target. During the later phase of
the N2pc, amplitudes were larger on trials where PTDs matched
the categorization template than on when they did not, even when
nonmatching PTDs shared the alphanumeric category of the target
(Experiment 4). Overall, these behavioral and ERP results strongly
suggest that categorization templates modulate relatively early
stages of visual processing prior to WM encoding. Items that
match such a template are selectively enhanced, and this enhance-
ment takes place after attention has already been guided toward its
location by the preceding selection feature.

As mentioned before, this conclusion is only valid if the
response features represented in categorization templates cannot
also be used as search templates to guide attention and trigger or
modulate the likelihood of attentional capture. Because the PTD
never contained the target-defining selection feature, it was
unlikely to capture attention, whether the search template was
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tuned to the selection feature alone (e.g., circle) or a conjunction
of both selection and response feature (e.g., digit inside a circle).
To avoid the possibility of automatic prioritization and attentional
capture by items that share their alphanumeric category with the
target, matching and nonmatching PTDs were drawn from the
same alphanumeric category in Experiments 2—4 (in contrast to
previous studies; Leblanc et al., 2008; Zivony & Eimer, 2020).
This ensured that any differences between these two PTD types
cannot be attributed to attentional capture associated with our life-
long practice in distinguishing letters and digits. Moreover,
because PTDs appeared after the target, after attention had already
been allocated to the target location, these differences can also not
be explained in terms of differences in attentional guidance (see
also Supplementary Analysis 2 in the online supplemental materi-
als). Finally, Experiment 4 demonstrated both behaviorally and
electrophysiologically that matching distractors which appeared
prior to the target did not attract attention. This is important,
because it demonstrates that observers did not use multiple search
templates for each of the items included in the response set. Ruling
out attentional capture and attentional guidance by search tem-
plates as being responsible for the selective enhancement of
matching PTDs strengthens our conclusion that these enhance-
ments are produced by categorization templates. This conclusion
is clearly incompatible with the assumption that categorization
templates do not affect selective attention or perceptual processing
(Dosher & Lu, 2000; Smith & Ratcliff, 2009; Treisman, 1998;
Wolfe, 2021). In contrast, it is consistent with the proposal by
NTVA (Bundesen et al., 2005) that selection and categorization
can act during visual-perceptual processing, with categorization
templates affecting neural firing rates of visual representation,
prior to the encoding of visual objects. However, our results also
suggest that categorization does not operate entirely in parallel
with selection. When search templates and categorization tem-
plates are separable, modulation of selective attention by items
that match the categorization template occurs only after search
templates have guided attention to a particular location, and only
at that location.

A Unified Framework for Categorization and Selective
Attention

How can the effects of categorization templates on attentional
processing demonstrated in this study be integrated into a more gen-
eral conceptual and neurocomputational framework for selective vis-
ual attention? Recently, we postulated the unified diachronic
account of selective attention (henceforth: the diachronic account;
Zivony & Eimer, 2021a). This account emphasizes the fact that
attentional selection does not take place at one specific temporally
discrete point, but that selectivity is a process that unfolds gradually
in real time. A critical part of the diachronic framework is the con-
cept of an attentional episode. Attentional episodes are triggered
once sufficient evidence has accumulated about the presence of task-
relevant features and objects (i.e., items that match the current search
template) at a specific location. During an attentional episode, the
activation states of all visual representations at that location are
amplified indiscriminately. Attentional episodes are regulated by
feedback connections between anterior areas involved in top-down
control such as the frontal eye fields (FEF) and the visual cortex.
The FEF are responsible for translating sensory information into
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goal-related signals (Ibos et al., 2013; Ogawa & Komatsu, 2006),
and an attentional episode is triggered only once the activation of
the goal-related signal reaches above threshold activation. At this
point, a feedback loop from the FEF and the visual cortex amplifies
processing at the target’s retinotopic coordinates for a period of
about 150 ms. During this period, the processing of all items at this
location is facilitated. At the electrophysiological level, the presence
of the attentional episode is reflected by the emergence of the N2pc
component (Purcell et al., 2013).

When applied to the current RSVP paradigm where targets are
followed by PTDs, the attentional episode coincides with the feed-
forward processing of the PTD, thereby strengthening the repre-
sentation of the PTD and increasing its perceptual competition
with the target. This explains why the competition between the tar-
get and the PTD is much stronger than the competition between
the target and pretarget distractors (e.g., Goodbourn & Holcombe,
2015). However, the amplification of processing during the atten-
tional episode is also modulated by continuous evidence accumu-
lation about the presence of task-relevant events (Reeves &
Sperling, 1986; Wyble et al., 2009). In our original postulation of
the diachronic account, we suggested that only an event’s match
with the search template can modulate the attentional episode
(Zivony & Eimer, 2021a). The results of the current study show
that this account is incomplete. The fact that PTDs that match the
categorization template produce stronger interference effects and
give rise to larger N2pc amplitudes shows that these templates
also affect processing during the attentional episode. Figure 9
illustrates how this feedback loop between frontal areas and the
visual cortex can result in stronger activation of sensory informa-
tion when both the selection feature and the response feature
match their respective templates. Further research is needed to
examine the hypothesis that the late N2pc activity associated with
matching PTDs is generated via the same neural mechanisms as
the early N2pc activity associated with the target.

A benefit of this neurally inspired framework is that it allows for a
generalization from the current RSVP experiments (where the selec-
tion feature and the critical response feature are separated in time) to
other related paradigms. First, although we ensured that response fea-
tures included in the categorization template do not also guide atten-
tion, it is plausible to assume (but will have to be demonstrated) that
other types of categorization templates (including those with features
that also facilitate attentional guidance) will modulate selective atten-
tion in a similar way. Second, because spatial certainty plays a mini-
mal role in the diachronic account other than expediating the
attentional episode (Zivony & Eimer, 2021a), our conclusions are
easy generalizable to paradigms where the location is known in
advance (such as single-stream RSVP paradigms, see Zivony &
Eimer, 2021c). Third, because categorization templates are assumed
to affect the recurrent processing of selected objects, regardless of
whether these objects are preceded or followed by other items, our
conclusions are generalizable to single-frame visual search para-
digms. The sensory representation of task-relevant search display
items remains activated in the visual cortex for several hundreds of
milliseconds, while these items are processed and encoded in WM
(Nieuwenstein & Wyble, 2014). Owing to recurrent amplification,
objects that contain both a search-matching feature and a categoriza-
tion-matching feature should be more strongly activated relative to
objects that only contains a search-matching feature (Aubin & Joli-
coeur, 2016; Drisdelle & Jolicoeur, 2018). Thus, although the
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Figure 9
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Hllustration of Cortical Processes Responsible for Attentional Modulations During Attentional Episodes
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Sensory signals are processed in the visual cortex and translated into task-related (i.e., template-matching) signals in the

frontal eye fields (FEF). Once activation reaches a critical threshold value, recurrent signals from the FEF to the visual cortex
trigger an attentional episode. In this example, observers have to identify a target digit inside a circle, embedded among other dig-
its and letters. Amplification is stronger when both the selection feature and the response feature match their respective templates

(search-matching and categorization-matching; left panel) relative to when only the selection feature does (right panel). See the

online article for the color version of this figure.

dissociation of search and categorization templates required experi-
mental manipulations that were not particularly ecologically valid
(i.e., the temporal separation of selection and response features), the
implications of our conclusions can be generalized to other more nat-
uralistic situations.

The model illustrated in Figure 9 does not account for the impor-
tant observation that a match with a categorization template modu-
lated the processing of items only when they appeared after the target
(matching PTDs) but not when they were presented earlier in the
RSVP stream (matching preTDs). A possible way to account for this
difference is to assume that prior to the start of an attentional episode,
search templates are held in an “active” state, whereas categorization
templates are held in an “accessory” state (Ort & Olivers, 2020).
Because templates in accessory states do not modulate perceptual
processing, categorization-matching events will not be able to capture
attention at the beginning of the trial. Once the selection feature is
detected and an attentional episode is triggered, search templates are
deactivated and categorization templates switch from an accessory to
an active state. As a result, response features that do not match the
activated categorization template will be tagged as irrelevant (e.g.,
Olivers & Meeter, 2008), whereas matching items will trigger addi-
tional amplification. A prediction that follows from this account is
that after the detection of a selection feature and the start of an atten-
tional episode, search templates should have a smaller impact on
selective processing than categorization templates. Initial evidence
for this hypothesis was found in two of our previous studies (Zivony
& Eimer, 2021b, Experiment 2; Zivony & Eimer, 2021c) where tar-
gets were colored digits among gray digits and letters and PTDs
could either be colored or gray digits. There were no N2pc differen-
ces between trials with coloured PTDs which matched the search
template and with gray PTDs which did not, indicating that these
templates did not modulate the processing of PTDs (see also Calla-
han-Flintoft et al., 2018, for similar results). This contrasts with the
effects of categorization templates on the N2pc elicited for matching
versus nonmatching PTDs observed in Experiments 1 and 4.

One result from the present study cannot be explained by the
account laid out so far. Nonmatching PTDs (items that matched the
target’s alphanumeric category but not the categorization template)

consistently caused stronger interference on target report accuracy
than irrelevant PTDs. This was confirmed when combining the be-
havioral results from set size 3 blocks in Experiments 2—4. Accuracy
was significantly lower on trials with nonmatching PTDs, M =
70.8% vs. M =77.8%, 1(52) = 6.20, p < .001, d = .85. This interfer-
ence effect demonstrates that the alphanumeric category of PTDs
was registered and substantially affected target processing and encod-
ing. However, there were no corresponding differences between the
N2pc elicited on trials with nonmatching versus irrelevant PTDs in
Experiment 4. The fact that these two N2pc components were virtu-
ally identical suggests that a match with the alphanumeric category
of the target did not modulate the processing of these PTDs during
the attentional episode. What other mechanisms could be responsible
for the clear behavioral interference effects produced by such a
match? It is possible that category membership affects access to WM
in a way that is not mediated by attentional episodes (see Callahan-
Flintoft et al., 2018, for a similar interpretation of accuracy differen-
ces without corresponding N2pc differences). According to this
account, whenever targets are exemplars of one alphanumeric cate-
gory, all items from that category are activated in long-term memory
(LTM), even when they do not belong to the current response set.
Because activated LTM representations are more likely to be
encoded in WM (Oberauer, 2009), nonmatching PTDs should be
more likely to be encoded than irrelevant PTDs and thus interfere
more with target reports, even though these two PTD types are not
processed differently during the attentional episode. Recently, we
found some evidence in favor of this account in a study where partic-
ipants had to identify an item defined by an enclosing shape in a sin-
gle RSVP stream presented at fixation (Zivony & Eimer, 2022). In
the first 19 trials, the target was always one of three possible letters.
In the 20th “surprise” trial, target category changed unexpectedly,
and this produced a clear drop in the probability that the new digit
target was reported correctly. This result shows that expectations
related to the category of a target can determine whether an object is
encoded or not, even when it is focally attended and does not com-
pete with other simultaneously presented objects.

Categorization may therefore affect processing and encoding at
various levels (Nosofsky & Palmeri, 1997; Nosofsky, 1998). At
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one level, currently active categorization templates affect percep-
tual processing via modulations of selective attention. At a second
level, the categorization template may also activate representations
of closely associated items (e.g., items that share a basic or super-
ordinate category, see Mack & Palmeri, 2011), which reduces the
evidence accumulation required for categorization and encoding
of matching perceptual inputs. Together, this account can provide
new insights to long-standing debates, such as disagreements
about the nature of lag-1 sparing, where the second of two targets
(T1 and T2) is protected from the attentional blink if it appears im-
mediately after the first (Visser et al., 1999). Although lag-1 spar-
ing has been reported in numerous studies, it is far from
ubiquitous. So far, different accounts have been unable to define
all necessary conditions that give rise to lag-1 sparing. One influ-
ential account (Olivers & Meeter, 2008) suggests that lag-1 spar-
ing occurs because, in the absence of intervening distractors, the
match between T2 and the target template results in the attentional
enhancement of T2 processing and its subsequent encoding. How-
ever, this account cannot explain why accuracy in reporting T2 is
high only when the categorization task remains the same between
the first and the second targets (Visser et al., 1999). For example,
in a study by Di Lollo et al. (2005), T1 was a letter and T2 was ei-
ther a digit or a letter. Accuracy in reporting T2 was high when it
was also a letter but dropped precipitously when T2 was a digit
(from 87.9% to 25.5%). Di Lollo et al. (2005) suggested that these
results reflect a failure of attentional selection, but later studies
provided evidence against this account (see Zivony & Eimer,
2021c; Zivony & Lamy, 2022). The current study suggests that
these switching costs may be linked to two different levels at
which categorization templates operate. On the one hand, they
may be produced because T2 is incompatible with the currently
active categorization template, thereby terminating additional
attentional enhancement. On the other hand, they may arise when
T2 does not match the alphanumeric category of T1, thereby
reducing the probability that T2 is encoded. The current perspec-
tive highlights the potential and previously overlooked roles of
categorization templates in producing perceptual effects that can-
not be fully accounted for by other attentional mechanisms.

Summary and Implications

Overall, the current study has provided new evidence that selec-
tive modulations of visual processing during attentional episodes
are not exclusively determined by guidance features held in search
templates, but that response features represented in categorization
templates also contribute independently to attentional amplifica-
tion. This amplification increases the likelihood that a target will
be encoded in WM but can also interfere with target encoding
when a distractor includes a task-relevant response feature. The
present findings have important implications for models of atten-
tion (Bundesen & Habekost, 2008; Treisman, 1998; Wolfe, 2021)
and models of perceptual decision making (Ratcliff et al., 2016).
Many of these models assume that categorization does not affect
attentional processes prior to the encoding of items in WM. This
assumption might reflect a lingering adherence to traditional linear
“box and arrow” conceptualizations of the relationship between
attention, perception, and object recognition in classic accounts
such as Feature Integration Theory (e.g., Treisman, 1998) as well
as in contemporary models of visual search (e.g., Wolfe, 2021;
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Figure 3). Even though it has long been recognized that visual
processing is not a serial feedforward process (e.g., Lamme &
Roelfsema, 2000), this insight has still not been fully integrated in
models of attention. This may explain why these models often
focus exclusively on guidance and rarely consider other factors
that modulate attentional selectivity. When “selection” is concep-
tualized as a discrete mechanism that separates preattentive and
attentive processing stages, it is tempting to assume that the selec-
tion process is exclusively controlled by search templates, and that
categorization templates only operate once an item has been
selected. Demonstrating that categorization templates operate in
tandem with ongoing attentional enhancement processes provides
evidence against such a discrete serial-stage account. Instead, it
suggests attentional selectivity is controlled by multiple parame-
ters and emerges gradually, which is in line with neurophysiologi-
cal evidence that selectivity is supported by recurrent feedback
loops between perceptual regions and higher-level attentional con-
trol areas (see Zivony & Eimer, 2021a, for a more detailed
account).

Finally, the current results also suggest that great care is
required when researchers manipulate response-related features in
experimental paradigms intended to study attentional mechanisms.
In many such experiments, targets are embedded among distrac-
tors that share one or more of the target’s dimensions. Although
differences between targets and distractors within the dimension
relevant for attentional guidance are usually carefully controlled,
researchers often neglect the response dimension, because it is
assumed to have little effect on attentional selectivity. Our results
show that response-relevant attributes of distractor objects can
have a substantial impact on selective visual processing and target
performance, which needs to be taken into account when interpret-
ing the results from such paradigms. The results also show that,
with care, the effect of categorization templates can be dissociated
from those of search templates, opening the door for further
research on how categorization affects selective visual processing
independently from attentional guidance.
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