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Abstract

Alertness seems to influence selective attention processes underlying cognitive control in the flanker task, as indicated by
previous findings of larger congruency effects on alert trials (in which task stimuli are preceded by alerting cues) than on no-
alert trials. One hypothesis for the alerting—congruency interaction is that increased alertness promotes spatial grouping of the
target and distractors. In the present study, the author tested the spatial grouping hypothesis in three experiments in which the
spatial alignment (collinearity) of the target and distractors was manipulated. Reliable alerting—congruency interactions were
obtained, and congruency effects on response times were smaller for misaligned stimuli than for aligned stimuli in all experi-
ments. However, the alerting—congruency interactions were not consistently modulated by alignment, contrary to a prediction
derived from the spatial grouping hypothesis. The results suggest that spatial grouping is not a viable mechanism for explaining
the alerting—congruency interaction in the flanker task, helping to prune the space of theoretical possibilities for linking alertness

to cognitive control.
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The ability to focus attention on targets and ignore distractors
in the environment is an important but imperfect part of cog-
nitive control. It is important because selective attention filters
out irrelevant information that might impair cognitive process-
ing. It is imperfect because attentional selectivity is limited.
This limitation is evident in the flanker task (Eriksen &
Eriksen, 1974), in which identification of the central target
in a visual stimulus array is influenced by adjacent distractors.
Empirical findings (e.g., Gratton, Coles, & Donchin, 1992;
Heitz & Engle, 2007) and computational models (e.g.,
Cohen, Servan-Schreiber, & McClelland, 1992; White,
Ratcliff, & Starns, 2011) suggest that attentional focusing on
the target can be modulated, motivating the investigation of
factors that affect this process. In the present study, I investi-
gated how alertness might influence selective attention pro-
cesses underlying cognitive control in the flanker task.
Alertness refers to a temporary or sustained state of height-
ened sensitivity to stimulation (Posner, 2008). One way of
increasing alertness is to present a cue or warning signal in
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advance of the target stimulus, which often yields a general
improvement in performance (e.g., Posner & Boies, 1971).
However, a curious effect has been found when manipulating
alertness in the flanker task, as shown in variants of the
Attention Network Test (ANT; Fan, McCandliss, Sommer,
Raz, & Posner, 2002). On each trial of the ANT, subjects
perform a flanker task that involves making a spatially com-
patible response to the left/right direction of a central target
arrow flanked by distractor arrows. The distractors can be
associated with the same response as the target (congruent)
or the opposite response (incongruent). A common finding is
a congruency effect—longer response times (RTs) to incon-
gruent stimuli than to congruent stimuli—that is thought to
reflect a limitation of cognitive control in focusing attention
on the target and filtering out the distractors. When an alerting
cue is presented in advance of the arrow stimuli, RTs are
generally shorter on these alert trials than on no-alert trials,
indicating that a momentary increase in alertness facilitates
performance. Surprisingly, despite the overall performance
benefit of increased alertness, congruency effects are typically
larger on alert trials than on no-alert trials (e.g., Fan et al.,
2002; Redick & Engle, 2006; Schneider, 2018a, 2018b; for
overviews, see MacLeod et al., 2010; Nieuwenhuis & de
Kleijn, 2013). This alerting—congruency interaction suggests
that there is an intricate connection between alertness and
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cognitive control, and two lines of evidence implicate spatial
attention as a critical factor.

First, the alerting—congruency interaction is routinely
found in tasks that involve spatial separation of the target
and distractors, such as the flanker task or variants of the
ANT (e.g., Fan et al., 2002; MacLeod et al., 2010; Redick &
Engle, 2006; Schneider, 2018a, 201 8b).l In contrast, the inter-
action is often not found in tasks in which the target and
distractor features are spatially integrated, such as the color-
word Stroop task (Schneider, 2019; Soutschek, Miiller, &
Schubert, 2013; Weinbach & Henik, 2012).2 For example, in
a study by Weinbach and Henik (2012), subjects performed a
Stroop-like task that involved judging a target color (making a
left or right key-press response) while ignoring distractor ar-
rows. In one experiment, the target and distractor features
were spatially integrated by presenting colored arrows to sub-
jects, and no alerting—congruency interaction was found. In
another experiment, the target and distractor features were
spatially separated by presenting colored rectangles flanked
by arrows, and a reliable alerting—congruency interaction
was found. These results led the authors to conclude that “the
critical mechanism responsible for the appearance of the in-
teraction is modulation of spatial attention following alerting
cues” (Weinbach & Henik, 2012, p. 1537).

Second, the alerting—congruency interaction in the flanker
task with arrow stimuli appears to be modulated by spatial
variables, but not by nonspatial variables. In Schneider
(2018b), I manipulated the horizontal spacing (a spatial vari-
able) or color grouping (a nonspatial variable) of targets and
distractors in a variant of the ANT. Replicating previous stud-
ies of spacing effects in the flanker task (e.g., Eriksen &
Eriksen, 1974; Miller, 1991), congruency effects decreased
from narrow to wide spacing of stimuli. Interestingly, the
alerting—congruency interaction was present under narrow
spacing but absent under wide spacing, producing a signifi-
cant three-way interaction between spacing, alerting, and con-
gruency. Replicating previous studies of color-grouping ef-
fects in the flanker task (e.g., Baylis & Driver, 1992; Kramer
& Jacobson, 1991), congruency effects were smaller when

! There is some evidence that the occurrence of the alerting—congruency in-
teraction in the flanker task depends on the type of stimuli used (e.g., Fischer,
Plessow, & Kiesel, 2012; Seibold, 2018; for a summary and discussion, see
Schneider, 2019, pp. 133-134).

2 An exception seems to be the Simon task (for a review, see Lu & Proctor,
1995), which typically involves making a spatial response to a nonspatial
feature (e.g., color) of a stimulus presented at an irrelevant spatial location that
is either congruent or incongruent with the response. When alertness has been
manipulated in the Simon task, alerting—congruency interactions have been
found (Bockler, Alpay, & Stiirmer, 2011; Fischer, Plessow, & Kiesel, 2010;
Klein & Ivanoff, 2011; Soutschek et al., 2013). Considering that the distractor
feature in the Simon task is the spatial location of the stimulus, these findings
are consistent with my general point that spatial attention seems to be a critical
aspect of the link between alertness and cognitive control.

3 This finding was not replicated in a recent study from my laboratory (see
Experiment 8 in Schneider, 2019).

@ Springer

targets and distractors were different colors than when they
were the same color. However, the alerting—congruency inter-
action was unaffected by color grouping, being similar in
magnitude in the same-color and different-color conditions.

The results in Schneider (2018b) led me to propose a spa-
tial grouping hypothesis for the alerting—congruency interac-
tion. The hypothesis is a refinement of the global processing
hypothesis put forth by Weinbach and Henik (2011, 2012).
They suggested that increased alertness yields a bias toward
global processing of stimuli, such that attention is less local-
ized to the target and encompasses more distractors. The spa-
tial grouping hypothesis provides an underlying mechanism
for a global processing bias by assuming that increased alert-
ness promotes spatial grouping of the target and distractors
into a common object that can be selected by attention. In
the flanker task, where the instructions are to identify the
target and ignore the distractors, spatial grouping of stimuli
would impair discrimination between the target and distractors
because the latter would be attended and processed, resulting
in congruency effects (Logan, 1996). If increased alertness
makes spatial grouping more likely, then a larger congruency
effect would occur on alert trials than on no-alert trials, con-
sistent with the typical alerting—congruency interaction. In
contrast, manipulations that make spatial grouping less likely
should attenuate the alerting—congruency interaction, consis-
tent with what happened in Schneider (2018b) when stimulus
spacing was manipulated.

I proposed the spatial grouping hypothesis specifically to
explain the data in Schneider (2018b).* An important next step
is to test the hypothesis in new experiments, ideally by ma-
nipulating a variable that differs from stimulus spacing but is
still likely to influence spatial grouping. In the present study, I
tested the spatial grouping hypothesis by manipulating the
spatial alignment of the target and distractors in a variant of
the ANT. Subjects performed a flanker task that involved
making a spatially compatible key-press response to the left/
right direction of a central target arrow flanked by distractor
arrows. The distractors were associated with the same re-
sponse as the target (congruent) or the opposite response (in-
congruent). On no-alert trials, a variable fixation interval pre-
ceded the arrow stimuli. On alert trials, an alerting cue (a filled
square at the location of the forthcoming target arrow) was
presented briefly during the fixation interval, shortly before
the arrow stimuli. Potential alerting—congruency interactions
were assessed by comparing the congruency effects on alert
and no-alert trials.

Besides congruency and alerting, I manipulated the spatial
alignment (collinearity) of the target and distractors without

4 The spatial grouping hypothesis was developed in the context of the flanker
task, and it cannot explain why alerting—congruency interactions have been
found in the Simon task (see footnote 2), where spatial grouping would not be
expected to play a role in task performance.
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changing the horizontal spacing of the stimuli (see Fig. 1). In
aligned stimulus displays, the target and distractor arrows
were collinear because they were located at the same vertical
position onscreen, as in Schneider (2018b) and in previous
studies using the ANT. In misaligned stimulus displays, all
the distractor arrows were shifted up or down relative to the
target arrow, such that the distractors were collinear with each
other but not with the target. According to the Gestalt laws of
perceptual organization (for overviews, see Hartmann, 1935;
Palmer, 1999), stimuli that are similar in terms of spatial loca-
tion, orientation, color, size, or other properties are more likely
to be grouped together than are stimuli that are dissimilar.
Moreover, linearity has been identified as an emergent feature
in the visual system that can produce Gestalt-like grouping of
stimuli (Pomerantz & Portillo, 2011). Therefore, it seemed
reasonable to assume that the distractors were more likely to
be spatially grouped with the target when all the stimuli were
aligned (i.e., collinear) than when they were misaligned.
Applying the spatial grouping hypothesis to this context, I
predicted a three-way interaction between alignment, alerting,
and congruency, analogous to the three-way interaction be-
tween spacing, alerting, and congruency obtained in
Schneider (2018b). Specifically, if increased alertness makes
spatial grouping more likely, then a typical alerting—
congruency interaction (i.e., a larger congruency effect on
alert trials than on no-alert trials) should occur for aligned
stimuli, replicating previous results. In contrast, misaligning
the target and distractor arrows should make spatial grouping
of the stimuli less likely, mirroring the effect of wider spacing
of target and distractor arrows in Schneider (2018b). A de-
crease in spatial grouping due to misalignment should coun-
teract any increase in spatial grouping due to alerting, thereby
attenuating the alerting—congruency interaction. Thus, the pre-
dicted three-way interaction is that the difference in
Direction

Alignment Example Stimulus Display

Aligned - e e )y f—

Misaligned (59%)  Up -y,

Misaligned (118%) Up -

Down

—

Fig. 1 Example stimulus displays as a function of alignment. Stimuli
misaligned by 59% were used in Experiments 1 and 2, whereas stimuli
misaligned by 118% were used in Experiment 3. All experiments also
included aligned stimuli. All examples depict incongruent stimuli that
require right-button responses

congruency effects between alert and no-alert trials should
be smaller for misaligned stimuli than for aligned stimuli.’
This prediction was tested in the present experiments, which
were identical except for how the alignment manipulation was
implemented and the amount of misalignment (as a percent-
age of the arrow height). In Experiments 1 and 3, aligned and
misaligned stimuli were intermixed randomly within every
block of trials. In Experiment 2, the alignment manipulation
was blocked, such that aligned and misaligned stimuli were
presented in separate halves of the experiment. Stimuli were
misaligned by 59% in Experiments 1 and 2, whereas they
were misaligned by 118% in Experiment 3 (see Fig. 1).°

Experiment 1
Method

Subjects A total of 110 students from Purdue University par-
ticipated for course credit. The preregistered sample size was
determined from a simulation-based power analysis that indi-
cated 110 subjects would provide 85% power to detect a three-
way interaction between alignment, alerting, and congruency
on RTs that was approximately the same effect size (standard-
ized or not) as the three-way interaction between spacing,
alerting, and congruency on RTs obtained in Experiment 1
of Schneider (2018b). Data from two additional subjects were
excluded: One subject’s data were incomplete because of a
computer malfunction, and the other subject’s mean error rate
exceeded the preregistered criterion of 20%. All subjects in
the present study reported having normal or corrected-to-
normal vision.

Apparatus, task, and stimuli Computers controlled the display
of stimuli on monitors and the registration of responses from

> A reviewer wondered whether one might predict the opposite pattern—a
larger difference in congruency effects between alert and no-alert trials for
misaligned stimuli than for aligned stimuli. The reasoning was as follows: If
misaligning the stimuli reduces the likelihood of spatial grouping, then there is
more room for an increase in spatial grouping due to alerting. The result could
be an amplified alerting—congruency interaction for misaligned stimuli. The
same reasoning can be applied to the spacing manipulation in Schneider
(2018b), where wider spacing of stimuli should have reduced the likelihood
of spatial grouping. However, instead of the alerting—congruency interaction
being amplified under wider spacing, it was eliminated. This surprising result,
which was replicated in Schneider (2018b), provides an empirical basis for my
predicted three-way interaction in the present study.

6 Experiment 1 was a preregistered test of the spatial grouping hypothesis. The
protocol is publicly available (https://aspredicted.org/xSst2.pdf). Experiment 2
was not preregistered separately, but it adhered closely to the protocol for
Experiment 1. The “unpublished experiment” referenced in the protocol is
Experiment 1 of Schneider (2018b), which had not yet been published at the
time of preregistration. Experiment 3 was conducted in response to an issue
raised by a reviewer. It was a preregistered replication of Experiment 1, but
with a larger sample size and a greater amount of misalignment. The protocol
is publicly available (https://aspredicted.org/xy6je.pdf). This article includes
all the experiments that were conducted for the present study.
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Chronos devices (Psychology Software Tools, Inc.). Stimuli
were displayed in white on a black background at an uncon-
trolled viewing distance of approximately 50 cm. Responses
were made by pressing the leftmost and rightmost buttons on
the response device with the left and right index fingers,
respectively.

The task involved making a spatially compatible response
to identify the left/right direction of the central target arrow in
a stimulus display consisting of five arrows (see Fig. 1). The
target arrow was flanked horizontally by distractor arrows
(two on each side), all pointing in either the same direction
as the target (congruent) or in the opposite direction (incon-
gruent). Each arrow was 1.15° wide x 0.46° high. The hori-
zontal spacing of adjacent arrows was 0.11° (edge-to-edge
distance), which matches the narrow spacing in Schneider
(2018b). In aligned stimulus displays, all arrows were at the
same vertical position, forming a collinear arrangement. In
misaligned stimulus displays, all the distractor arrows were
shifted up or down by 0.27° (59% of the arrow height) relative
to the target arrow (see Fig. 1).

Procedure Subjects were tested individually after providing
informed consent for a study protocol approved by the
Purdue University Institutional Review Board. Instructions
were presented on-screen and were read aloud by the experi-
menter. Subjects were instructed to identify the direction of
the central arrow on each trial, ignoring the other arrows.
During the instructions, they completed eight example no-
alert trials (reflecting all combinations of congruency, align-
ment, and target direction) with accuracy feedback.
Afterward, they completed 13 blocks of 32 trials per block
without accuracy feedback, although they were encouraged
to respond quickly and accurately.

Each trial began with a fixation cross (0.23° x 0.23°) pre-
sented in the center of the screen. On no-alert trials, the fixa-
tion cross was replaced by an arrow stimulus display after a
randomly selected fixation interval of 900 ms; 1,300 ms;
1,700 ms; or 2,100 ms. Regardless of alignment condition,
the target arrow was always presented centrally, at the former
location of the fixation cross. The stimuli remained on-screen
until a response was registered, then the screen was cleared
immediately, and the fixation cross for the next trial appeared.
On alert trials, the procedure was identical, except that 500 ms
before the arrow stimulus display, an alerting cue (a filled
square; 0.46° x 0.46°) was presented centrally for 100 ms,
temporarily replacing the fixation cross.

Every possible combination of alerting, congruency, align-
ment, and target direction occurred equally often in random
order in each block. For half of the misaligned stimuli, the
distractor arrows were shifted up; for the other half, they were
shifted down. The form of misalignment was selected ran-
domly, but constrained such that all combinations of the other
variables occurred equally often with each form. The fixation
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intervals were randomized independently of the other vari-
ables, but constrained to occur equally often in each block.

Results

Data trimming and analysis followed the preregistered proto-
col. The first block of trials was excluded as practice. Trials
with RTs exceeding three standard deviations of the mean in
each condition for a given subject were excluded (1.7% of
trials). Error trials were excluded from the RT analysis. Mean
RTs and mean error rates appear as a function of alignment
(aligned or misaligned), alerting (no alert or alert), and congru-
ency (incongruent or congruent) in Table 1 and in Fig. 2. The
results of repeated-measures analyses of variance (ANOVAs)
with those variables as factors are summarized in Table 2. All
significant effects (o« = .05) are described below.

A limitation of the null hypothesis significance testing log-
ic underlying ANOVA is that a nonsignificant effect cannot be
interpreted as support for the absence of an effect (i.e., the null
hypothesis cannot be accepted). However, establishing the
absence of an effect can have important theoretical implica-
tions, especially in the case of the three-way interaction that is
critical for assessing the spatial grouping hypothesis in the
present study. For this reason, the ANOVAs are supplemented
by preregistered Bayes-factor analyses of the interactions
(scaled JZS Bayes factors with » = 1; Rouder, Speckman,
Sun, Morey, & Iverson, 2009), enabling me to quantify the
strength of evidence in favor of either the null hypothesis or
the alternative hypothesis for each interaction effect.
Following Schneider (2019), each Bayes factor (BF) is report-
ed with a subscript (null or alt) indicating the statistical hy-
pothesis (null or alternative) under which the data are more
likely. For example, BFy,,;; = 10 indicates that the data are 10
times more likely under the null hypothesis of no difference
than the alternative hypothesis of a difference, whereas BF ;=
5 indicates that the data are 5 times more likely under the
alternative hypothesis than the null hypothesis. Consistent
with recent proposals (Held & Ott, 2018; Schonbrodt &
Wagenmakers, 2018) and the categorization scheme used in

Table 1. Mean response times and mean error rates in Experiment 1

Alignment Alerting Congruency Response time (ms) Error rate (%)

Aligned No alert Incongruent 486 (69) 1.7 (2.8)
Congruent 440 (56) 0.6 (1.3)

Alert Incongruent 465 (57) 2.0 (2.8)

Congruent 413 (52) 04 (1.2)

Misaligned No alert Incongruent 476 (59) 2.7 (3.6)
Congruent 442 (57) 1.0 (1.7)

Alert Incongruent 458 (50) 3.8 (4.0)

Congruent 415 (55) 0.7 (1.8)

Note. Standard deviations appear in parentheses
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Fig. 2 Experiment 1 data. Mean response times and mean error rates
appear in the top-left and bottom-left panels, respectively, as a function
of alignment, alerting, and congruency. Congruency effects (performance
differences between incongruent and congruent trials) for response times

Schneider (2019), the numerical value of the Bayes factor can
be categorized in terms of strength of evidence as follows: 1 =
no evidence; 1-3 = weak evidence; 3—10 = moderate evi-
dence; 10-30 = strong evidence; 30-100 = very strong evi-
dence; and >100 = decisive evidence.

RTs Responses were slightly faster to misaligned stimuli
(mean RT of 448 ms) than to aligned stimuli (451 ms),

and error rates appear in the top-right and bottom-right panels, respective-
ly, as a function of alignment and alerting. Error bars represent 95%
confidence intervals (Masson & Loftus, 2003)

yielding a significant main effect of alignment. Responses
were faster on alert trials (438 ms) than on no-alert trials
(461 ms), yielding a significant main effect of alerting.
Responses were slower to incongruent stimuli (471 ms) than
to congruent stimuli (427 ms), yielding a significant main
effect of congruency. Two interactions were significant and
both reflected modulation of congruency effects (see Fig. 2).
First, there was an interaction between alignment and

Table 2. Summary of analyses of variance for Experiment 1
Effect Response time Error rate
F(1,109) MSE p My F(1,109) MSE p Ny

Alignment (L) 7.09 324 .009 .061 54.11 3 <.001 332
Alerting (A) 235.22 497 <.001 .683 2.64 6 107 .024
Congruency (C) 688.65 620 <.001 .863 76.52 10 <.001 412
LxA 71 211 401 .006 1.56 4 215 .014
LxC 23.89 300 <.001 180 16.95 4 <.001 135
AxC 8.06 365 .005 .069 17.99 3 <.001 142
LxAxC .52 218 474 .005 3.08 3 .082 .027

Note. Bolded numbers indicate effects that were significant (p < .05) in all experiments
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congruency, reflecting a smaller congruency effect for
misaligned stimuli (38 ms) than for aligned stimuli (50 ms),
BF .. = 3,377.2. Second, there was an interaction between
alerting and congruency, reflecting a larger congruency effect
on alert trials (48 ms) than on no-alert trials (40 ms), BF,;; =
3.6. The three-way interaction of alignment, alerting, and con-
gruency was nonsignificant, reflecting similar increases in
congruency effects from no-alert to alert trials for aligned
stimuli (6 ms) and for misaligned stimuli (9 ms), BF},,; = 10.3.

Error rates Responses were incorrect more often to misaligned
stimuli (mean error rate of 2.1%) than to aligned stimuli
(1.2%), yielding a significant main effect of alignment.
Responses were incorrect more often to incongruent stimuli
(2.6%) than to congruent stimuli (0.7%), yielding a significant
main effect of congruency. Two interactions were significant
and both reflected modulation of congruency effects (see Fig.
2). First, there was an interaction between alignment and con-
gruency, reflecting a larger congruency effect for misaligned
stimuli (2.4%) than for aligned stimuli (1.3%), BF,; = 185.6.
Second, there was an interaction between alerting and congru-
ency, reflecting a larger congruency effect on alert trials
(2.3%) than on no-alert trials (1.4%), BF,; = 290.0. The
three-way interaction of alignment, alerting, and congruency
was nonsignificant, although the increase in congruency ef-
fects from no-alert to alert trials was numerically smaller for
aligned stimuli (0.5%) than for misaligned stimuli (1.3%),
BF, null = 29

Discussion

The predicted three-way interaction derived from the spatial
grouping hypothesis was that the difference in congruency
effects between alert and no-alert trials would be smaller for
misaligned stimuli than for aligned stimuli. The results of
Experiment 1 do not match the prediction. The three-way
interaction between alignment, alerting, and congruency was
nonsignificant for RTs and error rates, supported by Bayes-
factor analyses favoring null interactions. Moreover, the data
pattern was numerically in the opposite direction, with the
difference in congruency effects between alert and no-alert
trials being numerically larger—not smalle—for misaligned
stimuli than for aligned stimuli (see Fig. 2).

Two other aspects of the data indicate that the null three-
way interactions were not due to ineffective manipulations.
First, there were significant alerting—congruency interactions
for both dependent measures, reflecting larger congruency
effects on alert trials than on no-alert trials (see Fig. 2), repli-
cating the results of previous studies (e.g., Fan et al., 2002;
MacLeod et al., 2010; Redick & Engle, 2006; Schneider,
2018a, 2018b). Second, there were significant alignment—
congruency interactions for both dependent measures, but
they reflected different data patterns: Congruency effects were
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smaller for misaligned stimuli than for aligned stimuli in the
RT data, whereas the opposite pattern was present in the error
data (see Fig. 2). However, alignment did not modulate the
alerting—congruency interaction, contrary to the prediction
from the spatial grouping hypothesis.

Before discussing the results further, I deemed it important
to try to replicate the findings from Experiment 1, for two
reasons. First, given that the null three-way interactions be-
tween alignment, alerting, and congruency were in stark con-
trast to what was predicted, it would be helpful to demonstrate
that the observed RT and error data patterns can be replicated
before drawing a strong conclusion about the viability of the
spatial grouping hypothesis. Second, even though the align-
ment manipulation affected behavior, its effects differed for
RTs and error rates: Performance was slightly faster and con-
gruency effects on RTs were smaller for misaligned stimuli
than for aligned stimuli, whereas performance was more error
prone and congruency effects on error rates were larger for
misaligned stimuli than for aligned stimuli (see Fig. 2). These
results raise the possibility that the alignment manipulation
induced a form of speed—accuracy trade-off, which is an issue
that warrants further investigation.

Experiment 2 was a replication of Experiment 1, but with
one primary change: Instead of aligned and misaligned stimuli
being intermixed randomly within every block of trials, they
were presented in separate halves of the experiment. The ra-
tionale behind blocking the alignment manipulation was that
if it induces a speed—accuracy trade-off, then the trade-off
should be accentuated when each alignment condition is ex-
perienced in isolation because subjects can maintain consis-
tent positions on their speed—accuracy trade-off functions for
several blocks of trials. Thus, there was a possibility that the
methodological change for Experiment 2 would lead to stron-
ger alignment effects than those observed in Experiment 1.

Experiment 2
Method

Subjects A total of 110 students from Purdue University par-
ticipated for course credit. None of them had participated in
Experiment 1. The sample size was determined in the same
manner as in Experiment 1. Data from two additional subjects
were excluded for exceeding preregistered criteria: One sub-
ject’s mean error rate exceeded 20%, and the other subject’s
mean RT exceeded four standard deviations of the group mean.

Apparatus, task, and stimuli These aspects of the experiment
were identical to those of Experiment 1.

Procedure The procedure was identical to that of Experiment
1, except for changes related to blocking of the alignment
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manipulation. Subjects completed 14 blocks of 32 trials per
block. For half of the subjects, the first seven blocks consisted
of aligned stimuli, and the last seven blocks consisted of
misaligned stimuli. For the other half of the subjects, the order
of the alignment conditions was reversed.

Results

Data trimming and analysis were identical to those of
Experiment 1 (2.0% of trials were RT outliers), except the first
block of each half was excluded as practice, to equate the
amount of practice in each alignment condition. Mean RTs
and mean error rates appear as a function of alignment,
alerting, and congruency in Table 3 and in Fig. 3. The results
of repeated-measures ANOVAs with those variables as factors
are summarized in Table 4.

RTs Responses were faster on alert trials (434 ms) than on no-
alert trials (457 ms), yielding a significant main effect of
alerting. Responses were slower to incongruent stimuli (468
ms) than to congruent stimuli (423 ms), yielding a significant
main effect of congruency. Two interactions were significant
and both reflected modulation of congruency effects (see Fig.
3). First, there was an interaction between alignment and con-
gruency, reflecting a smaller congruency effect for misaligned
stimuli (41 ms) than for aligned stimuli (50 ms), BF,; = 4.7.
Second, there was an interaction between alerting and congru-
ency, reflecting a larger congruency effect on alert trials (54
ms) than on no-alert trials (37 ms), BF,; = 2.8 x 10%. The
three-way interaction of alignment, alerting, and congruency
was nonsignificant, reflecting similar increases in congruency
effects from no-alert to alert trials for aligned stimuli (15 ms)
and for misaligned stimuli (17 ms), BF = 12.4.

Error rates Responses were incorrect more often to incongru-
ent stimuli (3.1%) than to congruent stimuli (0.6%), yielding a
significant main effect of congruency. Two interactions were
significant and both reflected modulation of congruency ef-
fects (see Fig. 3). First, there was an interaction between

Table 3. Mean response times and mean error rates in Experiment 2

Alignment Alerting Congruency Response time (ms) Error rate (%)

Aligned No alert Incongruent 480 (71) 2.6 (3.4)
Congruent 437 (57) 0.7 (1.6)

Alert Incongruent 464 (70) 3.1 (4.3)

Congruent 406 (51) 0.5 (1.1)

Misaligned No alert Incongruent 473 (52) 2.7 (3.5)
Congruent 440 (55) 0.9 (1.6)

Alert Incongruent 457 (47) 4.0 4.2)

Congruent 408 (50) 0.5 (1.1)

Note. Standard deviations appear in parentheses

alerting and congruency, reflecting a larger congruency effect
on alert trials (3.1%) than on no-alert trials (1.9%), BF,; =
91.8. Second, although the interaction between alignment
and congruency was nonsignificant, the three-way interaction
of alignment, alerting, and congruency was significant (see
Table 4), reflecting a smaller increase in congruency effects
from no-alert to alert trials for aligned stimuli (0.7%) than for
misaligned stimuli (1.7%), BF 1 = 1.6.

Discussion

The results of Experiment 2 replicate some of the key results
of Experiment 1 (compare Figs. 2 and 3) and do not match the
prediction derived from the spatial grouping hypothesis. The
predicted three-way interaction between alignment, alerting,
and congruency was nonsignificant for RTs, supported by a
Bayes-factor analysis favoring a null interaction (as in
Experiment 1). The interaction was significant for error rates,
but a Bayes-factor analysis did not indicate strong evidence
for or against an effect. Moreover, the error data pattern was in
the opposite direction of the prediction (but consistent with the
pattern in Experiment 1), with the difference in congruency
effects between alert and no-alert trials being larger—not
smaller—for misaligned stimuli than for aligned stimuli (see
Fig. 3).

Recall that the rationale for blocking the alignment manip-
ulation in Experiment 2 was that it should accentuate any
speed—accuracy trade-off induced by the manipulation. On
the one hand, the three-way interaction between alignment,
alerting, and congruency that was nonsignificant for error
rates in Experiment 1 was significant in Experiment 2 (in both
cases, though, Bayes-factor analyses weakly favored null in-
teractions). On the other hand, the significant but divergent
main effects of alignment on RTs and error rates in
Experiment 1 were both nonsignificant—but still in divergent
directions—in Experiment 2. The only effect involving align-
ment that was significant in both experiments was the interac-
tion between alignment and congruency on RTs (see Tables 2
and 4), reflecting a smaller congruency effect for misaligned
stimuli than for aligned stimuli. Thus, the evidence for an
alignment-related speed—accuracy trade-off seems somewhat
weak.

The replicated finding of significantly smaller congruency
effects on RTs for misaligned stimuli than for aligned stimuli
indicates that the alignment manipulation was effective in
influencing behavior. However, a reviewer noted that the
alignment effects were considerably weaker than the spacing
effects obtained by Schneider (2018b). More specifically,
standardized effect sizes for the interaction between alignment
and congruency on RTs (np2 =.180 and .073 in the present
Experiments 1 and 2, respectively) were smaller than those for
the interaction between spacing and congruency on RTs (np2 =
.680 and .653 in Experiments 1 and 4, respectively, of
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Fig. 3 Experiment 2 data. Mean response times and mean error rates
appear in the top-left and bottom-left panels, respectively, as a function
of alignment, alerting, and congruency. Congruency effects (performance
differences between incongruent and congruent trials) for response times

Schneider, 2018b). This raises the possibility that the align-
ment manipulation might have been adequate for modulating
congruency effects overall, but not potent enough for finer-
grained modulation of the alerting—congruency interaction.
Recall that the power analysis for Experiments 1 and 2 in-
volved the assumption that the alignment manipulation would
yield approximately the same effect size as the spacing ma-
nipulation. Given that this assumption appears to be invalid,

and error rates appear in the top-right and bottom-right panels, respective-
ly, as a function of alignment and alerting. Error bars represent 95%
confidence intervals (Masson & Loftus, 2003)

an implication is that the experiments might have lacked suf-
ficient power to detect the predicted three-way interaction be-
tween alignment, alerting, and congruency, despite having
much larger sample sizes (Ns = 110) than those typically ob-
tained for studies of the alerting—congruency interaction.

I conducted a third experiment to address this issue.
Experiment 3 was a preregistered replication of Experiment
1 (see footnote 6), but with two changes. First, I made the

Table 4. Summary of analyses of variance for Experiment 2
Effect Response time Error rate
F(1, 109) MSE P My F(1,109) MSE P Ny

Alignment (L) 23 3,948 631 .002 338 5 .069 .030
Alerting (A) 256.83 475 <.001 702 3.36 5 .070 .030
Congruency (C) 630.06 722 <.001 .853 90.67 15 <.001 454
LxA .07 178 791 .001 1.09 4 298 .010
LxC 8.64 607 .004 .073 1.86 5 175 .017
AxC 54.93 262 <.001 335 15.32 5 <.001 123
LxAxC 14 182 709 .001 437 3 .039 .039

Note. Bolded numbers indicate effects that were significant (p < .05) in all experiments
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alignment manipulation more potent by doubling the amount
of misalignment from 59% to 118% of the arrow height (see
Fig. 1). Note that any further increase in misalignment would
make the alignment manipulation more akin to a vertical spac-
ing manipulation, undermining my aforementioned goal of
testing the spatial grouping hypothesis by manipulating a var-
iable that differs from stimulus spacing. Second, I increased
the sample size from 110 to 150 subjects. The combination of
a stronger alignment manipulation and a larger sample size
should have increased the statistical power to detect any
three-way interaction between alignment, alerting, and con-
gruency. Moreover, Experiment 3 provided another opportu-
nity to replicate the data patterns observed in Experiments 1
and 2.

Experiment 3

Method

Subjects A total of 150 students from Purdue University par-
ticipated for course credit. None of them had participated in
Experiments 1 or 2. The preregistered sample size was chosen
to be larger than that of Experiment 1 while fitting logistical
and practical constraints on how many subjects could be run in
my laboratory in a timely manner. Data from three additional
subjects were excluded for exceeding a preregistered criterion:
their mean RTs exceeded four standard deviations of the group
mean.

Apparatus, task, and stimuli These aspects of the experiment
were identical to those of Experiment 1, except that in
misaligned stimulus displays, all the distractor arrows were
shifted up or down by 0.54° (118% of the arrow height) rela-
tive to the target arrow (see Fig. 1).

Procedure The procedure was identical to that of Experiment
1.

Results

Data trimming and analysis followed the preregistered proto-
col and were identical to those of Experiment 1 (1.7% of trials
were RT outliers). Mean RTs and mean error rates appear as a
function of alignment, alerting, and congruency in Table 5 and
in Fig. 4. The results of repeated-measures ANOVAs with
those variables as factors are summarized in Table 6.

RTs Responses were faster to misaligned stimuli (438 ms) than
to aligned stimuli (448 ms), yielding a significant main effect
of alignment. Responses were faster on alert trials (433 ms)
than on no-alert trials (453 ms), yielding a significant main
effect of alerting. Responses were slower to incongruent

Table 5. Mean response times and mean error rates in Experiment 3

Alignment Alerting Congruency Response time (ms) Etrror rate (%)

Aligned No alert Incongruent 481 (56) 2.6 (3.4)
Congruent 435 (53) 0.8 (1.5)

Alert Incongruent 465 (52) 2.4 (3.6)

Congruent 411 (49) 0.5(1.2)

Misaligned No alert Incongruent 463 (50) 3.1 (4.3)
Congruent 432 (51) 0.8 (1.4)

Alert Incongruent 449 (49) 3.54.2)

Congruent 408 (48) 0.5 (1.1)

Note. Standard deviations appear in parentheses

stimuli (465 ms) than to congruent stimuli (422 ms), yielding
a significant main effect of congruency. Two interactions were
significant and both reflected modulation of congruency ef-
fects (see Fig. 4). First, there was an interaction between align-
ment and congruency, reflecting a smaller congruency effect
for misaligned stimuli (36 ms) than for aligned stimuli (50
ms), BF,, = 9.1 x 10'2. Second, there was an interaction
between alerting and congruency, reflecting a larger congru-
ency effect on alert trials (48 ms) than on no-alert trials (39
ms), BF,;,=2.8 x 10°. The three-way interaction of alignment,
alerting, and congruency was nonsignificant, reflecting simi-
lar increases in congruency effects from no-alert to alert trials
for aligned stimuli (8 ms) and for misaligned stimuli (10 ms),
BF, null = 91 .

Error rates Responses were incorrect more often to misaligned
stimuli (2.0%) than to aligned stimuli (1.6%), yielding a sig-
nificant main effect of alignment. Responses were incorrect
more often to incongruent stimuli (2.9%) than to congruent
stimuli (0.7%), yielding a significant main effect of congruen-
cy. One interaction was significant and it reflected modulation
of congruency effects (see Fig. 4). There was an interaction
between alignment and congruency, reflecting a larger con-
gruency effect for misaligned stimuli (2.7%) than for aligned
stimuli (1.8%), BF,; = 125.6. The three-way interaction of
alignment, alerting, and congruency was nonsignificant, al-
though the increase in congruency effects from no-alert to
alert trials was numerically smaller for aligned stimuli
(0.1%) than for misaligned stimuli (0.7%), BF ;= 7.0.

Discussion

The results of Experiment 3 replicate some of the key results
of Experiments 1 and 2 (compare Figs. 2—4) and do not match
the prediction derived from the spatial grouping hypothesis.
The predicted three-way interaction between alignment,
alerting, and congruency was nonsignificant for RTs and error
rates, supported by Bayes-factor analyses favoring null inter-
actions. Moreover, the data pattern was numerically in the
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Fig. 4 Experiment 3 data. Mean response times and mean error rates
appear in the top-left and bottom-left panels, respectively, as a function
of alignment, alerting, and congruency. Congruency effects (performance
differences between incongruent and congruent trials) for response times

opposite direction, with the difference in congruency effects
between alert and no-alert trials being numerically larger—not
smaller—for misaligned stimuli than for aligned stimuli (see
Fig. 4).

Recall that the rationale for doubling the amount of mis-
alignment in Experiment 3 was that it should produce stronger
alignment effects than those obtained in previous experiments.

and error rates appear in the top-right and bottom-right panels, respective-
ly, as a function of alignment and alerting. Error bars represent 95%
confidence intervals (Masson & Loftus, 2003)

The standardized effect size for the interaction between align-
ment and congruency on RTs was indeed larger in Experiment
3 (np2 = .356) than in Experiments 1 and 2 (npz = .180 and
.073, respectively), suggesting that I succeeded in making the
alignment manipulation more potent. I acknowledge that the
alignment manipulation in Experiment 3 still did not yield
effect sizes as large as those produced by the spacing

Table 6. Summary of analyses of variance for Experiment 3
Effect Response time Error rate
F(1, 149) MSE p My F(1, 149) MSE p Ny

Alignment (L) 134.28 215 <.001 474 14.79 3 <.001 .090
Alerting (A) 366.68 326 <.001 11 .50 5 .480 .003
Congruency (C) 958.26 583 <.001 .865 94.65 16 <.001 388
LxA .83 131 .363 .006 2.51 3 115 .017
LxC 82.36 170 <.001 356 16.04 3 <.001 .097
AxC 39.94 157 <.001 211 2.75 5 .100 .018
LxAxC 1.08 122 .300 .007 1.60 4 .208 .011

Note. Bolded numbers indicate effects that were significant (p < .05) in all experiments
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manipulation in Schneider (2018b). Nevertheless, the combi-
nation of a strengthened alignment manipulation and an en-
larged sample size should have improved detection of any
three-way interaction between alignment, alerting, and con-
gruency in Experiment 3. The continued lack of evidence of
a three-way interaction in the predicted direction for both RTs
and error rates bolsters the case against the spatial grouping
hypothesis.

General discussion

Alertness seems to influence selective attention processes un-
derlying cognitive control in the flanker task, as indicated by
previous findings of larger congruency effects on alert trials
than on no-alert trials (e.g., Fan et al., 2002; MacLeod et al.,
2010; Redick & Engle, 2006; Schneider, 2018a, 2018b).
Weinbach and Henik (2011, 2012) suggested that increased
alertness yields a bias toward global processing of stimuli, and
Schneider (2018b) proposed spatial grouping as a mechanism
for a global processing bias. In the present study, I tested the
spatial grouping hypothesis by manipulating the spatial align-
ment (collinearity) of the target and distractors in a variant of
the ANT. I was interested in whether the predicted three-way
interaction between alignment, alerting, and congruency de-
rived from the hypothesis would receive empirical support.

I conducted three experiments that yielded similar data pat-
terns that did not match the prediction from the spatial group-
ing hypothesis. Instead of the predicted pattern—a smaller
difference in congruency effects between alert and no-alert
trials for misaligned stimuli than for aligned stimuli—I obtain-
ed the numerically opposite pattern in all the experiments (see
Figs. 2—4), which was significant only for error rates in
Experiment 2. Bayes-factor analyses favored null three-way
interactions, indicating that alignment does not modulate the
alerting—congruency interaction. These results are difficult to
reconcile with the spatial grouping hypothesis.

The only consistently reliable effect involving alignment
(see Tables 2, 4, and 6) was the finding of smaller congru-
ency effects on RTs for misaligned stimuli than for aligned
stimuli. This result fits well with previous findings of small-
er congruency effects from manipulations that disrupt per-
ceptual grouping of the target and distractors in the flanker
task (e.g., spacing: Eriksen & Eriksen, 1974; Miller, 1991;
color grouping: Baylis & Driver, 1992; Kramer & Jacobson,
1991; shape grouping: Luo & Proctor, 2016). The alerting
manipulation also had consistently reliable effects, yielding
overall speedups in performance and larger congruency ef-
fects on RTs and error rates for alert trials than for no-alert
trials, replicating previous findings (e.g., Fan et al., 2002;
MacLeod et al., 2010; Redick & Engle, 2006; Schneider,
2018a, 2018Db).

The present data lead me to conclude that spatial grouping
is not a viable mechanism for explaining the alerting—
congruency interaction in the flanker task (cf. Schneider,
2018b). This conclusion does not rule out Weinbach and
Henik’s (2011, 2012) hypothesis that increased alertness
yields a bias toward global processing of stimuli. Instead, it
motivates consideration of mechanisms other than spatial
grouping for producing a global processing bias.

Weinbach and Henik (2012; see also McConnell & Shore,
2011; Nieuwenhuis & de Kleijn, 2013) suggested that greater
alertness is associated with a more diffuse focus of attention,
which would allow more distractors to be attended and proc-
essed, resulting in larger congruency effects. However, two
lines of evidence are inconsistent with this idea. First, if atten-
tion is more diffuse on alert trials than on no-alert trials, then it
should counteract the effects of spacing the distractors farther
from the target in the flanker task, resulting in a larger
alerting—congruency interaction for widely spaced stimuli
than for narrowly spaced stimuli. Schneider (2018b) found
the opposite data pattern when spacing was manipulated in
two experiments. Second, it is known that probe stimulus
detection is progressively slower as the probe appears farther
from the focus of attention, reflecting an attentional gradient
that results in a V-shaped probe-RT function (LaBerge, 1983).
If attention is more diffuse on alert trials than on no-alert trials,
then the probe-RT function should be flatter for the former
than for the latter, but Seibold (2018) found no evidence of
any flattening in a series of experiments. Thus, recent findings
suggest that diffuse attention is unlikely to be the mechanism
underlying any global processing bias on alert trials.

Moreover, Weinbach and Henik (2014) provided evidence
against the idea of a global processing bias. They reported an
experiment in which the stimuli were large arrows composed
of several small arrows, and the left/right directions of the
large and small arrows were either congruent or incongruent.
In separate blocks, subjects identified the direction of either
the large arrow (global task) or the small arrows (local task),
with the stimuli preceded by alerting cues on 50% of the trials.
A key manipulation was whether the relevant or irrelevant
stimulus dimension was made more salient by blurring the
small arrows (to increase global salience) or presenting the
small arrows in different colors (to increase local salience).
For each task, a typical alerting—congruency interaction was
obtained when the irrelevant dimension was salient, whereas
the reverse interaction was obtained (and congruency effects
were much smaller overall) when the relevant dimension was
salient. These results led Weinbach and Henik to hypothesize
that increased alertness is associated with greater sensitivity to
salient information, giving rise to a typical alerting—
congruency interaction when distractors are salient.

The salience hypothesis can accommodate Schneider’s
(2018b) finding of no alerting—congruency interaction under
wide spacing of stimuli in the flanker task because one could
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argue that the distractors became less salient when they were
spaced farther from the target.” However, the hypothesis
seems inconsistent with Schneider’s (2018b) finding in three
experiments that presenting target and distractor arrows in
different colors—which should have made the distractors
more salient—reduced congruency effects without modulat-
ing the alerting—congruency interaction, which remained as
large as when the target and distractor arrows were the same
color. The hypothesis also seems inconsistent with the results
of the present study. One could argue that misaligning the
target and distractor arrows made the distractors more salient
because they were collinear with each other and not with the
target. However, misalignment reduced the congruency ef-
fects on RTs without modulating the alerting—congruency in-
teraction. Thus, it is unclear whether the salience hypothesis
can account for some recent findings, although it is important
to note that its application to different stimulus manipulations
depends on how salience is defined.

Alternative mechanisms and hypotheses relating alertness
to cognitive control also face difficulties in accounting for the
available data. Callejas and colleagues (Callejas, Lupiaiiez,
Funes, & Tudela, 2005; Callejas, Lupianez, & Tudela, 2004)
hypothesized that cognitive control is inhibited when alertness
is increased, but their inhibition hypothesis does not explain
why the alerting—congruency interaction is not always found
in the flanker task (see the wide-spacing data in Schneider,
2018b) or in some other tasks generally considered to involve
cognitive control, such as the color-word Stroop task
(Schneider, 2019; Soutschek et al., 2013; Weinbach &
Henik, 2012). Fischer et al. (2010, 2012) hypothesized that
increased alertness facilitates a direct route for response selec-
tion that involves well-learned stimulus—response associa-
tions, but this hypothesis also cannot accommodate null
alerting—congruency interactions in the color-word Stroop
task, where automatic processing of the irrelevant word
should be facilitated when alertness is increased. According
to the early onset hypothesis of Nieuwenhuis and de Kleijn
(2013), stimulus encoding is faster when subjects are more
alert, which then allows response selection to start while cog-
nitive control is weak because insufficient time has elapsed for
focusing attention. The link between alertness and stimulus
encoding is supported by empirical evidence (e.g., Rolke &
Hofmann, 2007; Seifried, Ulrich, Bausenhart, Rolke, &
Osman, 2010) and computational modeling work
(Bundesen, Vangkilde, & Habekost, 2015; Matthias et al.,
2010; Petersen, Petersen, Bundesen, Vangkilde, & Habekost,
2017), but the notion that cognitive control is weak because
attention is unfocused implies that attention is more diffuse (at
least initially) on alert trials than on no-alert trials, and I have
already summarized evidence that does not support that idea.

71 thank an anonymous reviewer for suggesting this interpretation.

@ Springer

At present, there does not appear to be a clear answer to the
question of what cognitive mechanism underlies the alerting—
congruency interaction in the flanker task. However, by di-
rectly testing a hypothesis for the interaction, the present study
contributes to the incremental progress that has been made in
pruning the space of theoretical possibilities. As discussed
earlier, recent studies by Seibold (2018) and Schneider
(2018b) indicate that increased alertness does not seem to be
associated with more diffuse attention, a conclusion that has
implications for the global processing and early onset hypoth-
eses (see also Weinbach & Henik, 2014). In the present study,
I manipulated stimulus alignment and provided evidence that
increased alertness does not seem to modulate spatial group-
ing of the target and distractors, ruling out a potential mecha-
nism for a global processing bias. Future studies in this vein
that test other mechanisms and hypotheses will likely provide
additional clues for solving the mystery of how alertness is
related to cognitive control.
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