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Abstract

W Visual working memory (WM) extensively interacts with
visual perception. When information between the two pro-
cesses is in conflict, cognitive control can be recruited to effec-
tively mitigate the resultant interference. The current study
investigated the neural bases of the control of conflict
between visual WM and visual perception. We recorded the
EEG from 25 human participants (13 male) performing a dual
task combining visual WM and tilt discrimination, the latter
occurring during the WM delay. The congruity in orientation
between the memorandum and the discriminandum was
manipulated. Behavioral data were fitted to a reinforcement-
learning model of cognitive control to derive trial-wise esti-
mates of demand for preparatory and reflexive control, which
were then used for EEG analyses. The level of preparatory

INTRODUCTION

Holding task-relevant information in working memory
(WM) while simultaneously processing sensory input is
crucial for everyday tasks (e.g., Boettcher, Gresch, Nobre,
& van Ede, 2021; D’Esposito & Postle, 2015; Baddeley,
1992). This mental juggling act can be challenging when
the two types of information conflict (e.g., Lorenc, Mallett,
& Lewis-Peacock, 2021; Bae & Luck, 2019; Teng & Kravitz,
2019; Rademaker, Bloem, De Weerd, & Sack, 2015).
Although the interaction between WM and perception
may be obligatory (e.g., Fukuda et al., 2022; Teng & Postle,
2021, Ding, Paffen, Naber, & Van der Stigchel, 2019; Teng
& Kravitz, 2019; Kiyonaga & Egner, 2016; Rademaker et al.,
2015; Gayet, Paffen, & Van der Stigchel, 2013; Soto, Hodsoll,
Rotshtein, & Humphreys, 2008; Olivers, Meijer, & Theeuwes,
2006; Soto, Heinke, Humphreys, & Blanco, 2005), it is pos-
sible to mitigate interference between the two via the
application of cognitive control (e.g., Teng, Fulvio, Jiang,
& Postle, 2022; Kiyonaga & Egner, 2014; Kiyonaga, Egner,
& Soto, 2012; Carlisle & Woodman, 2011). Here, we seek
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control was associated with sustained frontal-midline theta
activity preceding trial onset, as well as with the strength of
the neural representation of the memorandum. Subsequently,
discriminandum onset triggered a control prediction error sig-
nal that was reflected in a left frontal positivity. On trials when
an incongruent discriminandum was not expected, reflexive
control that scaled with the prediction error acted to suppress
the neural representation of the discriminandum, producing
below-baseline decoding of the discriminandum that, in turn,
exerted a repulsive serial bias on WM recall on the subsequent
trial. These results illustrate the flexible recruitment of two
modes of control and how their dynamic interplay acts to mit-
igate interference between simultaneously processed percep-
tual and mnemonic representations. [l

to elucidate the EEG bases of the control of conflict
between WM and visual perception.

Cognitive control has been widely examined in tasks
that induce conflict between stimulus—response associa-
tions, which require response inhibition, involve error
processing, or impose a punishment (e.g., Egner, 2017;
Aron, 2007; Botvinick, Braver, Barch, Carter, & Cohen,
2001). The dual mechanisms of the control framework
(Braver, 2012) posits two distinct modes of cognitive con-
trol: proactive and reactive. Proactive control refers to the
anticipatory preparation of the system so as to prioritize
the processing of task-relevant information when conflict
is anticipated, whereas reactive control refers to the phasic
“after-the-fact” recruitment of control that is needed to
resolve an unexpected instance of conflict. One way to
manipulate proactive and reactive control experimentally
is to do so on the time scale of blocks of trials. For example,
in the color—word Stroop task (Stroop, 1935), proactive
control is associated with a sustained, elevated level of
attention toward task-relevant processing, as indicated
by reduced average Stroop interference during blocks
with a high proportion of incongruent trials (e.g., Braver,
Kizhner, Tang, Freund, & Etzel, 2021; Bugg, 2012). A way
to isolate the effects of reactive control, in contrast, is to

Journal of Cognitive Neuroscience XY, pp. 1-20
bttps://doi.org/10.1162/jocn_a_02310

u00l/Z91 10 1/10p/4Pd-8[olIE/UO0l NS NI joa.Ip//:dlY WO PapEO|

d'0LE£Z0 € Uo0l/08Y105Z/0LE20 €

MNSLXAX-NLVHIES VY VVVNIOMONAIATA=USHO} ESBIIP

Ldy €2 U0 0IAINS duljeNboep ‘UOSIPEIN ‘UISUOSIAA JO ANIsIaAUN AG 09~ AIAYEAIOH-0X88INIBIAALIZAAONAOBWNOHBHEEPPEAILB]


http://crossmark.crossref.org/dialog/?doi=10.1162/jocn_a_02310&domain=pdf&date_stamp=2025-2-6

manipulate the item-specific proportion congruency
within a block. A concrete example would be to construct
a block of trials such that although the words “red” and
“blue” occur the same number of times during the block,
instances of “red” appearing in an incongruent color are
higher than those of “blue” appearing in an incongruent
color. Within such a block, the cost of incongruity for a fre-
quently incongruent item is smaller than the cost of incon-
gruity for a frequently congruent item (cf. Gonthier et al.,
2016; Bugg, 2012; Bugg & Crump, 2012). This is inter-
preted as evidence that the proportion-congruency
manipulation affected the reactive control triggered by
the two types of items because at any given point within
the block, a participant cannot have predicted what would
be the next word and so cannot have engaged control
ahead of time. Rather, they can only do so upon presen-
tation of the stimulus. Neuroimaging studies indicate
that proactive control elicits elevated sustained activity
in lateral pFC (e.g., Braver, 2012; Burgess & Braver,
2010), whereas reactive control elicits transient activation
of lateral pFC (e.g., Burgess & Braver, 2010; Feredoes
et al., 2006) and ACC (e.g., Chiew & Braver, 2017; Brown
& Braver, 2005).

As summarized above, there is a rich theoretical frame-
work for a dual-mode construal of cognitive control.
Although that framework provides relevant context for
the present work, the present work is explicitly not draw-
ing on this framework. Rather, in this article, we will use
two different words—*“reflexive” and “preparatory”—in
an atheoretical, descriptive manner. We will use “reflex-
ive” as an adjective that describes a process that occurs as
short-latency reaction to an unexpected event that pre-
ceded it. We will use “preparatory” as an adjective to
describe a process that is carried out in advance of a
future event, so as to “be ready for it to-happen.” Impor-
tantly, although “reflexive” implies a response that is car-
ried out more or less instantaneously, “preparatory” does
not imply a particular latency, nor a duration. For exam-
ple, although saving money for retirement can be charac-
terized as a “preparatory” activity (one that spans
decades), so too can getting ready to slap when one next
hears the buzz of a pesky mosquito (a behavior that plays
out over seconds). Because these concepts can lend
themselves to misunderstanding, we elaborate on the
mosquito example with the intention of making very
clear how we will use these two words. If, while reading
abook, one hears a mosquito for the first time and imme-
diately slaps in the direction of the sound, this action
would be classified as “reflexive.” During the ensuing
few seconds, if one then sets the book in one’s lap and
holds perfectly still, so as to more accurately slap at the
mosquito when one next hears the buzz, this newly
adopted behavior would be classified as “preparatory”
(i.e., by holding still, one is preparing for the anticipated
return of the mosquito). At the risk of too strenuously
making this point, in this anecdote, the initial buzz-plus-slap
can be thought of as “trial n,” the ensuing wait as an
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intertrial interval, and the subsequent instance of being
buzzed as “trial z+1".

In addition to situations in which preparatory control is
seen to be elevated for an extended period (e.g., across
the duration of a block), an important point for the present
work is preparatory control can also be deployed over rel-
atively short time scales, as seen, for example, in trial-by-
trial adjustments of the level of preparatory control
(Braver, 2012). In the Stroop task, when the congruity of
the previous trial is independent from the current trial,
encountering incongruity between ink color and word
on the previous trial (henceforth, “trial 7—1") reduces
the cost to performance of incongruity on the current trial
(henceforth, “trial 72”), a phenomenon known as the con-
flict adaptation effect (Egner, 2017; Egner & Hirsch, 2005;
Weissman, Jiang, & Egner, 2014; Gratton, Coles, &
Donchin, 1992). From this, one can infer that the instance
of incongruity on trial z—1 recruits two control-related pro-
cesses: First, the detection of incongruity triggers control
to adjudicate the competition that exists at that moment
between color naming and word naming; second, the
level of control is increased in preparation for trial 7.
The former is considered reflexive control because its
recruitment is in reaction to the detection of conflict—this
just-detected conflict must be resolved to respond correctly
on the current trial. The latter is considered preparatory
control because it is recruited in anticipation of conflict that
has not yet occurred, but that may occur in the future (i.e.,
on trial 7). Evidence for frequent shifts of the level of pre-
paratory control can also be seen in trial-by-trial changes in
the level of activity in pFC in cued-task switching paradigms
(e.g., Savine & Braver, 2010).

In the present work, we do not take a theoretical stance
about whether proactive control deployed across different
spans of time may arise from the same or different mech-
anisms. Instead, we focus on dissociating the neural signa-
tures of preparatory and reflexive control mechanisms
using a model-based approach. We recorded the EEG
while participants performed a dual-task procedure that
combined WM for orientation of a Gabor patch (“memo-
randum”) with a clockwise—counterclockwise discrimi-
nation of a second Gabor patch (“discriminandum”)
presented during the WM delay, with the congruity of
the two key experimental manipulation (Figure 1A).
Although the WM and discrimination decisions were for-
mally independent, in practice, the two interacted, a sit-
uation for which one would expect the recruitment of
control. Just as the Stroop task requires controlling
interference between color naming and word reading,
our task requires controlling interference between rep-
resentations of WM and perceptual processing. When
these representations are incongruent, cognitive control
is required to prevent the discriminandum from interfer-
ing with the WM representation, and to prevent the mem-
orandum from biasing the perceptual discrimination.
Previous work has shown that these control demands
are behaviorally consequential: Incongruity between
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Figure 1. Task structure and the hypothesized interplay between preparatory and reflexive control. (A) Each trial started with a centrally presented
arrow cue that indicated which side of the screen to attend to for both memory and discrimination tasks. Participants first memorized the orientation
of a Gabor patch (“memorandum”), and then during the WM delay, they performed a speeded clockwise/counterclockwise tilt judgment on the
noise-covered Gabor patch (“discriminandum”). The orientation of the discriminandum was congruent (i.e., identical) with that of the memorandum
on half of the trials, and it was incongruent (i.e., differing by =30°, +60°, or 90°) with it on the other half of the trials. (B) Illustration of two
consecutive trials of the dual WM + discrimination task, with the orientation of the discriminandum incongruent with the memorandum on the
preceding trial illustrated (“22—1”) and congruent on current trial 7. (C) The dynamics of preparatory control across the two trials illustrated in B. In
the FCM, preparatory control is operationalized by the predicted conflict (/) parameter, and here, it is illustrated with gray shading. For the situation
illustrated here, the value of f preceding the onset of trial 72—1 is relatively low, and this persists at this level until it is updated by the control PE (D) that
is itself triggered by the onset of that trial’s discriminandum. Because the discriminandum on trial 72—1 is incongruent with the memorandum, the value
of f increases, and this elevated level of preparatory control persists until the onset of the discriminandum on trial 72. (D) The control PE on these
two trials. On each trial, upon discriminandum onset, a signed control PE signals the discrepancy between the current level of f and the observed
congruity (0, f,,). On trial 71, incongruity results in a positive control PE (because o,,_; takes a value of 1), whereas on trial 72, congruity results in a
negative control PE (because o,, takes a value of 0). The control PE has two functions. First, it is used to update f. Second, it triggers phasic reflexive
control. (E) The relatively large positive control PE on trial -1 triggers a relatively strong recruitment of reflexive control, whereas the negative
control PE on trial n results in no recruitment of reflexive control (note that the effects of the control PE are assumed to be task specific: In this task, an
incongruent discriminandum recruits reflexive suppression [so as to minimize interference with recall of the memorandum], but a congruent
discriminandum does not require the application of control). (F) Hypothesized decoding results of the discriminandum, plotted as pattern similarity
between the test orientation and representational templates from the training set. Note that, following the discrimination response, a representation
of the discriminandum is no longer needed. On trial 72-1, reflexive control is implemented as suppression of the neural representation of the
incongruent discriminandum. On trial 2, in the absence of reflexive control, the representation of the discriminandum gradually decays. See Figure 1-1
for a visual representation of trial-by-trial dynamics of parameter fits for 30 consecutive trials from a representative participant.

memorandum and discriminandum (i.e., different orien- adjustment of control: The level of predicted conflict is
tations) impairs both visual discrimination performance negatively related to the behavioral cost of memorandum-
and WM recall precision (Teng et al., 2022). Furthermore, discriminandum incongruity; unexpected incongruity
fits of these data to a reinforcement learning-based flexi- triggers reflexive suppression of the incongruent discri-
ble control model (FCM; Jiang, Beck, Heller, & Egner, minandum, such that it exerts a repulsive serial bias on

2015; Jiang, Heller, & Egner, 2014) illustrate the adaptive =~ WM recall on the subsequent trial, and it impairs
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subsequent processing around its featural value (Teng
et al., 2022). (Congruent discriminanda, in contrast, exert
the more commonly observed attractive serial bias, and
they enhance processing around its featural value.) In this
framework, we consider the effects of control to be “reflex-
ive” or “preparatory” based on their timing relative to the
event that triggered the recruitment of control (i.e., to the
onset of the discriminandum on trial 72-1). Specifically,
when the discriminandum on trial -1 is incongruent
(i.e., when it does not match the memorandum from trial
n—1), reflexive control is defined as the consequent differ-
ential processing of that discriminandum. The effects of
this reflexive control can be measured in the RT and accu-
racy of the discrimination response, the ERP that is time-
locked to the discriminandum, and in the bias exerted by
the discriminandum from trial z—1 on performance on trial
n. Preparatory control, in contrast, is operationally defined
as the anticipatory adjustments in control that influence
EEG activity during the intertrial interval (ITT) following
trial 721, as well as in behavioral and EEG/ERP correlates
of the processing of the memorandum on trial zz. Our goal
with the present work was to use fits of the FCM to behav-
ioral data from the WM + discrimination dual task (Teng
et al., 2022) to identify and distinguish EEG correlates of
preparatory and reflexive control processes recruited to
control WM-perception interactions.

METHODS
Participants

Twenty-five participants (12 female and 13 male, mean
age = 22.3 * 4.6) were recruited from the community of
the University of Wisconsin—-Madison in exchange for mon-
etary compensation. The sample size was determined
based on previous studies that investigated similar ERP
signatures of frontal midline theta power in the context
of cognitive control (e.g., Messel, Raud, Hoff, Stubberud,
& Huster, 2021; Whitehead, Ooi, Egner, & Woldorff, 2019;
Tollner etal., 2017; Cohen, 2016). All participants reported
being neurologically healthy, right-handed, and having
normal or corrected-to-normal visual acuity. The study
was approved by the University of Wisconsin—Madison
Health Sciences Institutional Review Board.

Stimuli and Procedure

The stimuli were created and presented using MATLAB
(The Mathworks) and the Psychtoolbox extension (Brainard,
1997). They were displayed on a 60 X 34 cm screen with a
refresh rate of 60 Hz. Participants viewed the stimuli from
a distance of approximately 58 cm in a dimly lit room.
The experiment had a dual-task structure: WM delayed
recall (a.k.a. “delayed estimation”) with an independent
perceptual discrimination occurring during the WM delay
period. The background was gray throughout the experi-
ment. Each trial began with a centrally presented left- or
right-pointing arrow (black, 0.8° X 0.8°), its direction
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indicating the side of screen to attend to for that trial. After
0.5 sec, two memoranda (Gabor patches: radius = 6°; con-
trast = 0.8; spatial frequency = 4 cycles/’; phase angle ran-
domized between 0° and 180°; 10° apart) were presented,
centered on the horizontal meridian, one on each side of a
white central fixation dot, for 0.5 sec. Participants were
instructed to memorize the orientation of the memoran-
dum that appeared on the cued side of the screen, but to
maintain central fixation. After a delay of 1 sec, two dis-
criminanda (Gabor patches, same properties as the mem-
oranda) appeared at the same two locations for 0.2 sec.
Participants were instructed to judge the tilt of the discri-
minandum on the cued side relative to vertical and indi-
cate their response by pressing, with fingers of the left
hand, the “E” key for a clockwise tilt and the “F” key for a
counterclockwise tilt. After the offset of the discriminanda
for 2.8 sec, a recall dial, displaying a randomly determined
orientation, appeared at the location of the cued memo-
randum, and participants were instructed to press, with
fingers of the right hand, the left and right arrow keys to
rotate the dial so as to replicate their memory of the ori-
entation of the. memorandum. The probe response win-
dow was 4 sec. An ITI of 3 sec separated each trial.

The direction of the cue was randomly determined on
each trial. The orientation of the memorandum was inde-
pendently selected, with replacement, from a fixed set of
sixvalues spaced by 30° (15°, 45°, 75°, 105°, 135°, and 165°)
with a jitter between 0° and 3° added. The congruity in ori-
entation between memorandum and discriminandum was
manipulated and counterbalanced across trials. On half of
the trials, the two orientations matched, whereas on the
other half, they were either =30°, =60°, or 90° apart. This
manipulation resulted in six orientation values for the dis-
criminandum, 15°, 45°, 75°, 105°, 135°, and 165°, the same
as the memorandum values. The memorandum had a
fixed contrast of 0.8. To enhance task engagement, the
contrast of the discriminandum was varied and counterba-
lanced among five levels, (0.09, 0.07, 0.32, and 0.6). Noise
was added to the discriminanda by replacing 30% of their
pixels with random luminance. The orientations of the
items in the uncued visual fields were also independently
selected from the same pool of orientations. Twenty-four
participants completed eight 60-trial blocks, and one par-
ticipant completed seven 60-trial blocks. Participants com-
pleted the experiment in one session.

Behavioral Analysis

Performance on the discrimination task was assessed via
RT and accuracy. Responses that were incorrect, or 3 SDs
above or below the mean RT, were excluded from the
RT analyses (approximately 3%). Note that, although we
assume that incongruity on trial z—1 triggers reflexive con-
trol of the processing of that trial’s incongruent discrimi-
nandum (Figure 1E), there is not clear evidence of the
effects of this control on discrimination performance on
that trial. Instead, evidence that the processing of the
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discriminandum on trial 7z—1 was influenced by reflexive
control can be seen in the bias that it exerts on WM recall
on trial 2 (Teng et al., 2022). We examined the influence of
congruity of trial 72—1 on RT and accuracy of WM recall on
trial 2. This analysis builds on a long history of past
research on conflict adaptation and sequential trial effects
that cognitive control can adapt dynamically based on
recent experiences of conflict (e.g., Braem et al., 2019;
Egner, 2017; Gratton et al., 1992).

WM performance was measured in terms of recall bias
and precision. Both within-trial and cross-trial effects were
analyzed.

Within-trial Effects

Bias. To assess within-trial recall bias, we computed the
mean signed error for each of the distance conditions
between the trial 7 memorandum and the trial 72 discrimi-
nandum. A positive value would indicate an attractive bias
of trial 7z recall toward trial 72’s discriminandum, whereas a
negative value would indicate a repulsive bias.

Precision. Within-trial precision was determined by sort-
ing trials based on the distance between the memoran-
dum and discriminandum on the current trial 7z, and the
inverse of the mean absolute error (precision = 1/[mean
absolute error]) was calculated for each distance
condition.

Cross-trial Effects

Cross-trial serial bias. We used serial bias to assess the
residual influence of the discriminandum under different
conditions (congruent vs. incongruent; whether its con-
gruity is consistent with predicted conflict or not). It is
known that visual perception and visual memory of a cur-
rent stimulus are influenced by previous stimuli, with the
direction of the bias being either attractive or repulsive.
Attractive serial bias has been observed when information
in WM decays passively (e.g., Shan & Postle, 2022) and is
often interpreted as the influence of previous trial deci-
sions on a postperceptual Bayesian decision process
(e.g., Bliss, Sun, & D’Esposito, 2017; Fischer & Whitney,
2014). And because sensory adaptation, in contrast, is
thought to generate repulsive biases (Pascucci et al., 2019),
the sign of the serial bias observed on a given trial is believed
to reflect which of these factors—adaptation-related repul-
sion versus decision-related attraction—is exerting more
influence. For example, the fact that attractive serial bias is
observed under conditions that encourage passive decay
from WM, but repulsive serial bias is observed under condi-
tions that encourage active removal of information from WM
(Shan & Postle, 2022), suggests a link between repulsive
bias and flexible control.

It is noteworthy that Teng and colleagues (2022)
reported repulsive bias for incongruent discriminanda
only when their incongruity was unexpected, and thus,

the conflict could only be resolved reactively. This bias
was not observed when the incongruity was expected
and thus could be managed with preparatory control.
We have speculated that reflexive control in this task con-
text may involve the active recruitment of perceptual
adaptation mechanisms so as to suppress the processing
of potentially interfering stimuli. In the present study,
using a task design similar to Teng and colleagues (2022),
we aimed to replicate the behavioral findings and test the
prediction that the repulsive serial bias observed with
unexpected incongruent discriminanda will be associated
with the suppression of their neural representations as
measured with EEG.

We performed cross-trial serial dependence analyses
with both model-free and model-based approaches. For
the model-free approach, we calculated the median error
(signed) for trials for which the relative distance between
the discriminandum from trial 7z—1 and the memorandum
from trial 7 ranged from 0 to =45° and subtracted that
from the median error on all trials within that range
(e.g., Teng et al., 2022; Samaha, Switzky, & Postle, 2019).

For the model-based analysis of serial dependence, we
employed the derivative of Gaussians procedure (Teng
et al., 2022; Samaha et al., 2019; Bliss et al., 2017; Fritsche,
Mostert, & de Lange, 2017): First, to prepare the data,
trials with absolute error larger than 45° were excluded
(to minimize influences from random guesses). Next, we
demeaned the data by subtracting the mean signed error
across all trials from each trial’s error for each participant
(to remove systematic response bias).

Subsequently, trials were sorted by the relative distance
between trial 72—1 discriminandum and trial 7 memoran-
dum. The data were smoothed by a 15-trial moving
median filter, following previous conventions (e.g., Teng
et al., 2022; Samaha et al., 2019). We then fit a
derivative-of-Gaussian (DoG) function (Bliss et al., 2017;
Fritsche et al., 2017; Fischer & Whitney, 2014) to the data:
y = xawece™ @)
in which x is the relative orientation of trial 7—1 discrimi-
nandum, a corresponds to the amplitude of the peaks of
the curve, w corresponds to the width of the curve, and ¢ is
a constant.

The DoG was fitted to the group-averaged data with two
free parameters, amplitude (a; allowed to vary between
—15° and 15°) and width (w; allowed to vary between
0.02 and 0.2). A positive amplitude indicates an attractive
serial bias; a negative amplitude indicates a repulsive serial
bias. Width (w) scales the width of the tuning. The statis-
tical significance of the DoG fits was determined with a
bootstrapping procedure (10,000 interactions) in which
we sampled 25 participants with replacement and fit the
DoG function to the group average data for each interac-
tion. This procedure resulted in 10,000 values of the ampli-
tude of the fit, and we compared this distribution against 0
to obtain the two-tailed p value.
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Cross-trial precision. To examine the influence of the
trial #—1 discriminandum on memory recall precision
on trial 7, trials were sorted based on the distance
between trial 72—1 discriminandum and trial 7z memoran-
dum, and precision calculated as the inverse of the mean
absolute error for each distance bin.

EEG Acquisition and Preprocessing

Sixty-three channels of EEG were recorded with BrainVision
Recorder using active Ag/AgCl electrodes feeding into an
ActiCHamp amplifier (Brainprodcuts GmbH). The elec-
trodes were placed in accordance with the extended Inter-
national 10-20 system. Impedances were kept below
25 kQ. The data were sampled at 1000 Hz. An electrode
placed on the forehead served as ground. All channels
were referenced online to channel Fpz and rereferenced
offline to the average of all electrodes.

Preprocessing and analysis of the data were completed
in MATLAB (2021, Mathworks Inc.) using custom routines
and functions from EEGLab (Delorme & Makeig, 2004)
and Fieldtrip (Oostenveld, Fries, Maris, & Schoffelen,
2011). The data were downsampled to 500 Hz and filtered
offline with a band-pass filter (0.1 Hz—100 Hz). Bad chan-
nels were identified by visual inspection and replaced via
the spherical spline interpolation method. The data
were epoched around the onset of the cue (—1000 to
1000 msec) and the onset of the discriminandum (=500
to 1000 msec). Epochs with amplitudes above a threshold
of = 100 pV were excluded from further analyses (M =
3.9%, SD = 3.17%). Artifacts related to eye blinks, horizon-
tal eye movements, and muscles were corrected using an
independent component analysis (M = 2.6 components,
SD = 1.1 components).

ERP

For ERP analyses, an additional low-pass filter (30 Hz,
second-order Butterworth) was applied to the prepro-
cessed data. The time window of interest was determined
to be —200 to 800 msec around the onset of the discri-
minandum, and the data were baseline corrected from
—200 to 0 msec.

Time—Frequency Analysis

The preprocessed data were decomposed with a complex
Morlet wavelet (1-35 Hz, 1-Hz frequency bins, 3—10 cycles;
Cohen, 2019) with a custom routine in the Fieldtrip tool-
box (Oostenveld, Fries, Maris, & Schoffelen, 2011). We
then downsampled the time—frequency results to 100 Hz
to increase processing efficiency for subsequent analyses.
The data were baseline corrected to the average of all trial
ITT in a condition-nonspecific way from the window from
—1000 to —800 msec relative to cue onset with the decibel
conversion. As a result, the baseline correction would not
affect the results of subsequent analyses, regardless of the

6  Journal of Cognitive Neuroscience

specific period chosen. (Note that, because of the anticipa-
tory nature of preparatory control, the time window of
interest began before the trial onset, i.e., at —800 msec.)

FcM

The levels of trial-wise preparatory and reflexive control
were quantified with the FCM (Jiang et al., 2014, 2015).
The FCM uses a reinforcement learning algorithm with a
flexible learning rate to account for the flexible adjustment
of control in a changing environment and provides trial-by-
trial estimates of level of demand for preparatory and for
reflexive control. It has been successfully applied to con-
flict adaptation tasks, such as a modified Stroop task (Jiang
et al., 2014), revealing an insula-frontostriatal network
involved in predicting and executing control (Jiang et al.,
2015). It has also been used to elucidate the role of lateral
pFC in anticipatory control, via its application to data from
an experiment applying TMS to this region (Muhle-Karbe,
Jiang, & Egner, 2018). Most recently, we have used the
FCM to investigate WM-perception interactions on a
behavioral task similar to the one presented here (Teng
et al., 2022).

Details of the model have been described previously in
Jiang and colleagues (2014, 2015), and its application a
concurrent WM—perception tasks has been outlined in
Teng and colleagues (2022). In summary, the model con-
sists of three key parameters: predicted level of conflict
(f), observed trial congruity (0), and a flexible learning
rate (o). The observed trial congruity (o) is a binary vari-
able (0 = congruent, 1 = incongruent) serving as the input
to the model, whereas the model provides trial-wise esti-
mates for the other two parameters. The model maintains
a joint probabilistic distribution of the predicted conflict
level (f) and the flexible learning rate («). f Represents
the model’s anticipation of the probability of the forth-
coming trial being incongruent (continuous, f € [0, 1]),
thereby operationalizing the level of demand for prepara-
tory control. The flexible learning rate (o) corresponds to
the model’s belief in the volatility in the environment and
was not included in our analyses because volatility was not
experimentally manipulated, and thus not within the
scope of our study, nor did it directly relate to our theoret-
ical framework. For each trial 7z, the model has made a pre-
diction of the level of conflict that will be present on that
trial (f,,) based on the joint distribution of fand «. As the
trial gets underway, the congruity between memorandum
and discriminandum (o,,) is observed, and the distribution
is updated based on a reinforcement learning rule: f;, 1
— [, + a X (0, — f,). Importantly, the “control predic-
tion error” (control PE) corresponding to the difference
between a trial’s predicted conflict f,, and its subsequently
observed congruity o,, (i.e., 0,, — f,,) has two roles: quan-
tifying the amount of reflexive control required by the dis-
criminandum (thereby triggering the recruitment of
reflexive control) and updating f,, (for the remainder of
trial,, and persisting across the ITI and into trial,, ;1 until
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it is updated by trial,, 4 1’s discriminandum). On incongru-
ent trials, a positive control PE is generated (between 0
and 1), and on congruent trials, a negative control PE is
generated (between —1 and 0). For analyses that com-
pared tertiles of trials of highest and lowest control PE,
trials were selected separately for congruent and incon-
gruent conditions. For incongruent trials, the tertile of
trials with the highest positive control PE values (largest
in absolute value) were selected, and for congruent trials,
the tertile of trials with the lowest negative control PE
values (largest in absolute value) were selected.

Figure Al provides a visual representation of trial-by-
trial fluctuation of parameter fits for 30 consecutive trials
from a representative participant. In addition, to demon-
strate that f integrates both recent (z—1) and distant
(before 7—1) trial history, we performed a regression anal-
ysis on fwith regressors of trial congruity from trials 72—3,
n—2, and n-1. The regression weights, shown in
Figure A2, indicate that f'is influenced by trial congruity
atleast three trials back, consistent with a preparatory con-
trol mechanism that integrates over recent experiences to
optimize performance.

We performed a general linear model analyses across
time and space to investigate the neural correlates of pre-
paratory and reflexive control in the EEG signals. For
reflexive control, because its implementation is hypothe-
sized to be effectively instantaneous, we reasoned that the
corresponding immediate, phasic responses evoked by
unexpected stimuli would be best captured through ERPs,
which offer finer-grained temporal resolution than do
spectral measures. To capture the stimulus-evoked effects
of the control PE, for each participant, we performed a
multiple regression on the voltage data for all time points
of interest within a window from —200 to 800 msec around
discriminandum onset at each electrode. Regressors
included f, magnitude of control PE (absolute value of
control PE), and congruity.

In contrast, shifts of preparatory control were expected
to persist through trials, likely to span from one trial to the
next (e.g., the level of preparatory control adjusted as a
result of an event during trial 7 will, by definition, persist
during the ITI and into the following trial.) Such extended
levels of “state” are better captured by spectral analyses.
To characterize the hypothesized sustained effect of pre-
paratory control, we first calculated narrowband theta-,
alpha-, and beta-band power by averaging across the fre-
quency intervals of 4-7 Hz, 8-13 Hz, and 14-30 Hz, respec-
tively. Then, we performed the same type of regression
analysis on the power of each frequency band for each
time point within a window from —1000 to 1000 msec
around trial onset at each electrode, with fas the regressor
of interest (combined with a constant term to form a gen-
eral linear model).

For the effects of reflexive control in the
discriminandum-locked ERP, significance testing was car-
ried out on the regression weights of f; control PE, and
congruity with comparisons against 0. For the effects of

preparatory control in theta power, we compared the
regression weights of f against 0. Multiple comparisons
were corrected for with a nonparametric cluster-based
permutation test across time points and channels
(10,000 permutations with the Monte Carlo method; Maris
& Oostenveld, 2007). First, adjacent data points (one data
point apart) and channels (a minimum of two required)
with a p value smaller than .05 (by two-tailed ¢ test) were
clustered together. Then, we used the maxsum method
(the sum of the ¢ values within each cluster) to determine
the cluster-level statistic and comparing it to the maxsum
of clusters identified in the null distribution obtained from
the 10,000 permutations. For the completeness of the
report, the same regression analysis was performed on
the averaged band power of theta, alpha, and beta fre-
quencies during the discriminandum phase.

Multivariate Decoding

Time-resolved multivariate decoding of the orientations of
the memorandum and the discriminandum was per-
formed on the voltage data of 17 posterior channels (P7,
P5, P3, P1, Pz, P4, PG, P8, PO7, PO3, POz, PO4, PO8, O1, Oz,
and 02), following Wolff, Jochim, Akytiirek, and Stokes
(2017) and Wolff, Ding, Myers, and Stokes (2015). The pre-
processed data were downsampled to 50 Hz to increase
computational efficiency. We decoded orientation using
Mahalanobis distance to compute the distances between
the orientation on a given trial and the full range of possi-
ble orientations. Decoding was performed separately and
independently for memorandum and discriminandum,
and for items presented to the left and right of fixation
within each participant. We used a leave-one-trial-out
cross-validation method to calculate the decodability of
the trial-wise orientation. For each time point of a given
trial, its activity pattern was compared with each of the
six orientation bins formed with the remainder of trials
(=75° —45°, —15°, 15° 45°, 75°). The Mahalanobis dis-
tance between the left-out trial and each orientation bin
was calculated with the covariance matrix from the training
trials using a shrinkage estimator. The number of trials for
each orientation bin was kept equal by randomly subsam-
pling to match the smallest number of condition-specific
trials. This procedure was repeated 100 times to obtain
reliable estimates.

For the visualization of tuning curves, the pairwise dis-
tances were mean-centered and the sign was reversed.
Thus, higher values indicate greater pattern similarity
between a pair of orientations and lower values indicate
less similarity between a pair. Decoding accuracy was cal-
culated as the slope of the tuning curves. Lastly, for signif-
icance testing, cluster-based signed permutation tests
were done in windows anchored to memorandum onset
(0-800 msec) and to discriminandum onset (0—800 msec),
with a cluster-forming and cluster-testing significance
threshold of 0.05. Time-resolved decoding values were
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smoothed with a Gaussian kernel (3 time points) for visu-
alization and statistical tests.

The decoding results were used to test two predictions
about the effects of control on stimulus representation.
First, to assess the possible influence of preparatory con-
trol on enhancing the processing of the memorandum, we
tested whether orientation decoding of the memorandum
was higher for the tertile of trials with the highest fthan the
tertile of trials with the lowest f (permutation procedure;
10,000 permutations).

Second, to test the prediction that incongruent discri-
minanda with high control PEs would elicit reflexive sup-
pression, we compared the averaged decoding accuracy of
the tertile of incongruent trials with the highest control PE
versus the tertile of incongruent trials with the lowest cor-
trol PE (each against zero, between the two; permutation
procedure; 10,000 permutations with cluster correction).
If unexpectedly incongruent discriminanda are indeed
suppressed, their neural representation should be mark-
edly different from those of the same stimuli on trials
when they serve as congruent discriminanda. To examine
this, we first constructed the representational profile for
the memorandum by training a decoding model on the
orientations of the memorandum. We then applied this
model to decode the orientations of the discriminandum.
During the testing phase, each test trial was labeled by the
orientation of the discriminandum and we computed the
neural distance between this test trial and the memoran-
dum profiles. If a discriminandum and a memorandum
share the same neural code, a discriminandum with a spe-
cific orientation (D1) would exhibit the closest distance to
the memorandum of the same orientation (M1) relative to
all other orientations (M2-M6) in the memorandum
space. Alternatively, if D1 is suppressed, its neural distance
to M1 would be the furthest relative to all other stimuli
M2-M6. Therefore, we predicted that incongruent discri-
minanda generating a high control PEs would reconstruct
an inversed similarity pattern for that required additional
involvement of reflexive control. Similar approaches have
been reported in previous studies (Zhang & Luo, 2023; Yu,
Teng, & Postle, 2020).

RESULTS
Within-trial Behavioral Results

Trials were sorted by the distance in orientation (0°, =30°,
+60°, and 90°) between the memorandum and the discri-
minandum within the same trial 7z. For memory precision,
a repeated-measures ANOVA revealed a main effect of ori-
entation distance on memory precision, F(3, 72) = 12.2,
b < .001. Further pairwise comparisons showed elevated
precision in the congruent condition (0° distance) rela-
tive to all three incongruent distances (=30°, =60°, and
90°; ps < .001, Bonferroni-corrected) and no differences
among the incongruent distances (all ps > .17). For bias in
memory recall, the main effect of orientation distance was

8  Journal of Cognitive Neuroscience

significant, F(3, 72) = 3.53, p = .019, with greater attrac-
tive bias in =30°condition than in the congruent condition
(0° distance; p = .02, Bonferroni-corrected).

Cross-trial Behavioral Results
Model-free Analyses, Visual Discrimination

We first performed model-free analyses to investigate
whether the congruity of trial #z—1 influenced visual dis-
crimination performance on trial 7z. The rationale was to
isolate preparatory control by examining how previous tri-
als influence current performance, reflecting ongoing
adjustments in cognitive strategy. Repeated-measures
ANOVAs with factors of trial 7—1 congruity and trial 7z con-
gruity were conducted on discrimination RT and discrim-
ination accuracy. For discrimination RT, we observed a
significant main effect of trial n—1 congruity, F(1, 24) =
4.68, p = .041, indicating that RT on trial 7z was faster follow-
ing a congruent trial 7—1 compared with an incongruent
trial 72—1. Neither the main effect of trial 2 congruity nor
the trial #—1 X trial » interaction reached significance
Fs < 0.26, ps > .61 (Figure 2A). In terms of discrimination
accuracy, the main effect of trial 7z congruity was significant,
F(1,24) = 8.00, p = .01, whereas the effect of trial z—1 con-
gruity was not, F(1, 24) < 0.001, p = .99. Furthermore, the
congruity effect on trial 72 (the difference between congru-
ent and incongruent condition) was reduced if trial 72—1 was
incongruent compared with when it was incongruent, as
indicated by a significant Trial -1 X Trial 7 interaction,
F(1,24) = 11.15, p = .003, a Gratton effect (Figure 24).

Model-free Analyses, WM Recall

Previous work with the dual-task procedure featured here
(Teng et al., 2022) and with a WM retrocuing task (Shan &
Postle, 2022) has provided evidence that when a stimulus
elicits vigorous reflexive control (e.g., an unexpected
incongruent discriminandum), it can exert a repulsive
serial bias, a reversal of sign of its influence when reflexive
control is not needed. To assess evidence for this phenom-
enon in the present experiment, trials were sorted by con-
gruity, and a Difference of Gaussians (DoG) fitting of the
bias was applied. Results indicated that although congru-
ent discriminanda on trial 7z2—1 exerted the expected attrac-
tive bias on WM recall on trial 7 (@ = 1.88°, p = .002, 95%
CI [0.94°, 2.70°], bootstrapped), incongruent discrimi-
nanda on trial #z—1 did not have a significant influence on
WM recall on trial 2 (@ = —0.61°, p = .10, 95% CI [—1.45°,
0.18°], bootstrapped). The amplitudes of the two curves
were significantly different from each other (p < .001,
bootstrapped; Figure 3A). (Note that we believe that the
oscillatory patterns observable in Figure 3A are due to
noise because there is no systematic variation in trial struc-
ture [i.e., memorandum orientations and distractor con-
gruity were randomly assigned from trial to trial]. Notably,
this pattern is absent in Figure 3B, which illustrates the
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Figure 2. Behavioral effects of
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900
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same data sorted in a different way and which is a direct
test our theoretical hypothesis.) Further analysis showed
no significant differences in serial bias across differing
levels of incongruity (£30°, £60°, and 90° difference),
validating the aggregation of those trials in subsequent
analyses. Note that for the attractive bias observed after
a congruent trial, one cannot disentangle the potential
influence of the memorandum from that of the discrimi-
nandum. We further assessed the serial bias of the previ-
ous trial’s memorandum on incongruent trials, which
revealed an attractive bias toward the previous trial’s
memorandum on incongruent trials (a = 2.02°, p <
.001, 95% CI [1.01°, 3.12°], bootstrapped).

Finally, precision in WM recall on trial 7z was influenced
by trial 7z congruity, F(1, 24) = 11.56, p < .001, but not by
trial -1 congruity, F(1, 24) = 3.78, p = .064, nor was the
interaction significant, F(1, 24) = 1.09, p = .31.

Model-based Assessment, Preparatory Control

We operationalized the level of preparatory control using
the f parameter (predicted conflict) from the FCM, which
was found to modulate performance in visual discrimina-
tion. Trials were sorted by f; and the tertile of trial with the
highest f and the tertile of trials with the lowest f were
selected for further analyses. First, repeated-measures
ANOVAs were conducted on discrimination RT and

discrimination accuracy on trial 7z, with factors of f from
trial 7 and congruity on trial 2. (This has the effect of asses-
sing the level of preparatory control that was present at the
onset of trial 72.) For discrimination RT, we observed a sig-
nificant main effect of £ F(1, 24) = 9.42, p = .005, and a
significant interaction between fand congruity, F(1, 24) =
7.24, p = .013. Specifically, trials that began with a higher f
exhibited a reduced congruity effect (Figure 2B). For dis-
crimination accuracy, we found a main effect of congruity,
F(1,24) = 7.61, p = .011, and a significant f X Congruity
interaction, F(1, 24) = 4.36, p = .048, reflecting the fact
that the congruity effect was absent in the presence of
high f (Figure 2B). For WM recall precision, only a sig-
nificant main effect of trial 7 congruity was observed,
F(1,24) = 46.20, p < .001 (for the other effects, Fs <
0.60, ps > .41).

Model-based Assessment, Reflexive Control

The model-free analyses indicated that, although the
delayed recall and visual discrimination elements of the
dual task are formally independent, they nonetheless
interact, in that incongruity between memorandum and
discriminandum worsens discrimination performance
and WM recall precision (replicating Teng et al., 2022). It
follows from this that the cognitive system may recruit
reflexive control in instances in which, when expected

Teng et al. 9
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Figure 3. Behavioral effects of conflict adaptation on WM recall. (A) Left-hand column: Serial dependence analysis of the influence of the trial 72—1
discriminandum on WM recall on trial 72. After trial 7z data were sorted as trial 7—1-congruent and trial z—1-incongruent, WM recall error on trial 7 was
plotted based on the relative orientation of the trial 72 discriminandum. Only the attractive serial bias exerted by congruent discriminanda was
statistically reliable. Right-hand column: WM recall precision on trial 7z plotted as a function of the relative angular distance from the discriminandum
on trial #—1, revealing that an orientation-dependent serial bias of the discriminandum was largely opposite as a function of congruity. (B) Influence
of the trial 71 discriminandum on WM recall on trial #z when trials are sorted by the control PE parameter from fits to the FCM. Left-hand column:
for the tertiles of congruent and incongruent discriminanda with the highest control PEs. Congruent discriminanda exerted an attractive bias

on WM recall on trial 72, and incongruent discriminanda exerted a repulsive bias on WM recall on trial 72. Right-hand column: For the tertiles of
congruent and incongruent discriminanda with the lowest control PE, neither congruent nor incongruent discriminanda exerted a significant serial

bias. * Indicates two-sided p < .05 against 0.

conflict (and, therefore, preparatory control) is low,
the discriminandum is (unexpectedly) incongruent with
the memorandum. This intuition is better captured by
the FCM than by the simple sorting of trials by congruity
(see the Model-free Analyses, WM Recall section, above)
because the control PE parameter factors is “the element
of surprise”: It is instances of discrepancy between
expected conflict and observed conflict that generate large
control PEs. Indeed, a prediction arising from Teng and
colleagues (2022) and tested here is that the control PE
recruits reflexive control, in a manner such that the mag-
nitude of the control PE predicts the amount of reflexive
control that is recruited.

For these analyses, trials were sorted by congruity and
by the amount of the control PE parameter. Whereas

10 Journal of Cognitive Neuroscience

congruent discriminanda eliciting high control PEs on
trial n—1 exerted the expected attractive bias on WM
recall on trial n (@ = 2.07°, p < .001, 95% CI [0.96°,
3.25°], bootstrapped), incongruent discriminanda elicit-
ing high control PEs on trial n—1 exerted a repulsive bias
on WM recall on trial # (a = —1.17°, p = .043, 95% CI
[—2.42°, —0.08°], bootstrapped), and the two curves dif-
fered significantly from each other (p = .002, boot-
strapped; Figure 3B, left column). For the tertile of trials
that were preceded by a trial with a congruent discrimi-
nandum that elicited a low control PE, the attractive
serial bias exerted by the congruent discriminandum only
trended toward significance (@ = 1.47°, p = .058, 95% CI
[0.16° 2.67°], bootstrapped), and for the tertile of trials
that were preceded by a trial with an incongruent
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discriminandum that elicited a low control PE, no serial
bias was evident (@ = —0.36°, p = .57, 95% CI [—1.28°,
0.68°], bootstrapped; Figure 3B, right column).

Results of the analysis of WM recall precision on trial 7
as a function of the relative angular distance from the dis-
criminandum on trial n—1 (Figure 3A; right column) are
consistent with the possibility that the reflexive control
triggered by an incongruent discriminandum results in
feature-specific suppression of the representation of that
discriminandum. Previous work has documented impair-
ments in performance when a suppressed feature reap-
pears as a visual search target (e.g., Gaspelin, Luck, & Kelley,
2015; Sawaki & Luck, 2010) or a WM sample (Teng et al.,
2022). Therefore, we examined whether the precision of
WM recall was modulated by the congruity of the discri-
minandum from the preceding trial in an orientation-
dependent manner. To do this, we first sorted trials by
congruity on trial 7—1 and then further divided them into
five bins according to the relative orientation difference
between the discriminandum from trial 72—1 and the mem-
orandum from trial 7z: —90° to —60°, —60° to —30°, 0° to 30°,
30° to 60°, and 60° to 90° (Figure 3A, right). For statistical
analysis, negative orientation distances were folded over
to the positive side to increase power, resulting in three
bins: 0° to =30°, =(30° to 60°), and =(60° to 90°). A
repeated-measures ANOVA with factors of trial 72 congruity
and orientation distance revealed a significant interaction
between the two factors, F(2, 48) = 6.04, p = .005. Post hoc
comparisons indicated that when a congruent discriminan-
dum was followed by a memorandum with a similar orien-
tation (within the 0° to £30° range) on the next trial 7z, the
recall precision of that memorandum was enhanced (p =
.04 compared with =[30° to 60°]; p = .019 compared with
+[60° to 90°], Bonferroni corrected). For an incongruent
discriminandum, in contrast, there was a trend suggesting
that recall precision was worse when the memorandum
from trial 7z was similar in orientation to the discriminan-
dum from trial 72—1, although none of the pairwise compar-
isons survived Bonferroni correction. Note that we did not
perform this orientation-dependent analysis in relation to
the FCM parameter estimates due to the limited number
of trials per bin (less than 20), which would yield unreliable
estimates of recall precision.

EEG Results

Preparatory Control Elevates Pretrial Theta-band
Power at Frontal Midline Electrodes and Enbances
WM Representation

Within the framework of the FCM, the level of preparatory
control (f) during performance of the WM + discrimina-
tion dual task is updated on each trial by the control PE
elicited by the discriminandum on trial z—1, and this
new level of f persists until it is updated by the control
PE on trial . Thus, it should manifest as a signal that
persists from shortly after the processing of the

discriminandum on trial zz—1 until it is updated by the cor-
trol PE triggered by the discriminandum on trial 7. To
search for a neural correlate of such a signal, we focused
on theta-band oscillations within a time window of interest
defined as —800 to 1000 msec relative to trial onset. The
data were baseline corrected from —1000 to —800 msec
relative to trial onset, and theta-band power was extracted
as the 4- to 7-Hz band-passed signal from all electrodes.
The time series signal was regressed against f, and the
resultant regressor weights run through a cluster-based
permutation test in 2-D (channel X time point). This anal-
ysis revealed a cluster of electrodes along the frontal mid-
line that exhibited significant regression weights for f. The
significant loading on frontal midline theta started to
emerge around —460 msec and lasted until —40 msec rel-
ative to the onset of the trial (Figure 4A-B, p = .03).
Figure 4C illustrates the spectral difference between the
tertile of trials with the highest fand the tertile of trials with
the lowest f at electrode Cz. (In addition, regression anal-
yses on alpha-band (8-13 Hz) and beta-band (14-30 Hz)
activities during ITT failed to identify any significant clus-
ters with significant correlation of predicted conflict /)

To investigate how the level of preparatory control may
influence WM processing, we conducted a multivariate
decoding analysis of the representation of the orientation
of the memorandum. On trials with high f; reliable decod-
ing of the memorandum emerged roughly 100 msec after
stimulus onset (p = .038, cluster corrected). On trials with
low f, however, above-baseline decoding did not emerge
until roughly 400 msec following stimulus onset (p = .050,
cluster corrected). Furthermore, decoding accuracy was
significantly higher on high ftrials compared with low f tri-
als during the early stages of memorandum presentation
(80-100 msec after memorandum onset, p = .039, cluster
corrected; Figure 5B and C).

The Interplay between Preparatory and Reflexive
Control during Perceptual Discrimination

Within the framework of the FCM, discriminandum onset
generates the binary value of observed trial congruity (0),
and the difference between o and f determines the sign
and amplitude of the resultant control PE, which, in turn,
triggers the engagement of the reflexive control that may
be needed to control the consequences of memorandum-
discriminandum congruity. Because the control PE is a
transient signal, we focused on discriminandum-locked
ERPs to examine these dynamics (—200 to 1000 msec rel-
ative to discriminandum onset; baseline corrected to
200 msec before discriminandum onset). Regression anal-
yses were performed with f; control PE, and trial congruity
as regressors against EEG voltage (i.e., the ERP), revealing
distinct timing and scalp topographies for each regressor
(Figure 6). Beginning with f, its influence emerged early
(152 to 256 msec after discriminandum onset, p = .03,
cluster corrected), with a significant cluster forming
around the central electrodes that showed increased
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Figure 4. Neural signature of
preparatory control — pretrial
theta power at frontal midline
electrodes scales with the level
of expected conflict. (A) Scalp
topography of regression
weights for the f parameter
from the FCM derived from the
regression analysis on theta-
band (4-7 Hz) activity. Top row:
200-msec windows of the

final second of ITI before onset
of trial 7z (with f having

been updated by the
discriminandum-triggered
control PE from trial n-1);
bottom row: 200-msec windows
of the first second of trial 72. (B)
Topography of the cluster of
electrodes with significant
correlation of f with theta-band
power between —460 msec and
—40 msec relative to trial onset.
(C) Time—frequency plot at
electrodes from the identified
cluster (Cz, C1, C2, FC1, CP1,
and CPz) showing an increase of
theta-band power before the
onset of the trial. The white
dashed outline indicates the
significant time points from the
cluster in B identified through the
cluster-based permutation test.

Figure 5. Influence of
preparatory control on the
neural representation of the
memorandum. (A) Time course
of memorandum decoding
averaged across all trials.
Similarity patterns (Mahalanobis
distance, sign-reversed) from a
single test trial to the training
template were mean-centered
and averaged for each angular
distance and time point.
Decoding was successful after
the onset of the memorandum
and the onset of the
discriminandum. Solid white
lines mark statistically
significant time periods (two-
tailed p < .05, cluster
corrected). (B) Average
similarity patterns for
memorandum orientation on
high f and low f trials. Whereas
on high f trials the
memorandum was quickly
decodable after its onset, on
low f trials, it was not decodable
until around 400 msec. Solid
white lines indicate statistically
significant time periods (against
zero; p < .05, cluster

corrected). The dashed white lines mark time points at which high and low f trials are statistically different. (C) Similarity patterns averaged over
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positivity with higher values of f (Figure 6A). The influence
of o was seen at posterior electrodes, with incongruent tri-
als displaying increased negativity from 444 to 800 msec
(p = .02, cluster corrected; Figure 6B). Finally the control
PE elicited a left frontal positivity from 420 to 742 msec
post discriminandum onset (p = .04, cluster corrected,;
Figure 6C), thereby appearing at a similar time as the effect
of 0. The right-hand column in Figure 6 illustrates the dif-
ference between the tertile of trials with the highest and
lowest f, congruent and incongruent trials, and the tertile
of trials with the highest and lowest control PE. These
results were consistent with the hypothesis that prepara-
tory control is engaged during the early processing of the
discriminandum, and the control PE emerges upon the
processing of discriminandum congruity. The same
regression analysis was performed against spectral power
and identified clusters of left anterior and of right posterior
electrodes whose activity was modulated by congruity.
These clusters showed increased theta-band power associ-
ated with incongruent stimuli 780-960 msec following the

discriminandum onset (p = .01, cluster-corrected;
Figure A3). None of the other effects were significant.

Neural Consequences of Reflexive Control

The behavioral data from this study and from Teng and
colleagues (2022) indicate that an incongruent discriminan-
dum impairs recall of the memorandum at the end of the
trial. We have previously hypothesized that the reflexive
control triggered by an unexpectedly incongruent discrimi-
nandum has the effect of suppressing its neural representa-
tion, so as to minimize its potential to disrupt WM recall
(Teng et al., 2022). One of the behavioral hallmarks of such
suppression may be the repulsive serial bias exerted by
incongruent discriminanda that generate high control PEs
(Figure 3; Teng et al., 2022), an effect that has also been
observed for items that are actively removed from WM
(Shan & Postle, 2022). Here, we assessed neural evidence
for suppression-by-reflexive control by examining the neu-
ral coding of discriminanda in different conditions.

A Discriminandum phase — effect of predicted conflict f — High f
Y = Low f
-200-0 msec 0-200 msec 200-400 msec  400-600 msec 600-800 msec 1
1 v /\N
-200 mseg 3 800 msec
-1
-1 -2
-3
B Discriminandum phase — effect of congrui-
== Congruent
-200-0 msec 0-200 msec 200-400 msec  400-600 msec 600-800 msec |JV4 — Incongruent
a &~ 0.5
) f 2 2
| ) tmx
\ \aﬁ" 05
uv -200 msec 800 nsec
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Figure 6. The interplay between preparatory and reflexive control during the discrimination task. (A) Left: scalp topography of regression weight for

predicted conflict (f). Discriminandum-locked ERP from a large cluster of central electrodes was sensitive to f from ~150-250 msec. Right: ERPs

plotted from Cz, composed of trials with the highest and lowest tertile of values of f. (B) Left: scalp topography of regression weight for congruity

between the memorandum and the discriminandum (o), revealing a cluster of posterior electrodes that was modulated by congruity beginning at
~450 msec after discriminandum onset. Right: ERPs plotted from Pz for congruent and incongruent trials. (C) Left: scalp topography of regression
weights for control PE, revealing a cluster of left-frontal electrodes that were significantly modulated by control PE from ~420-742 msec following

discriminandum onset. Right: ERPs plotted from F7 for the highest and lowest tertile of trials for control PE. Gray shaded areas indicate time points of

significant difference identified by the regression analysis (two-tailed p < .05, cluster-corrected). The timing of these effects is consistent with the
temporal dynamics hypothesized by the FCM: an early engagement of preparatory control ( f; because it was present at this level before
discriminandum onset), and subsequent comparison of observed conflict (0) against f to generate the control PE. (See Figures 6-1 for the regression
analysis performed on averaged band power of theta, alpha, and beta around the discriminandum onset.)
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Figure 7. Neural evidence of
reflexive suppression as a A
consequence of control
predictor error. (A) Time-
resolved decoding results for
the discriminandum. For high
control PE trials, congruent
discriminanda were represented
in the same active format as the
memoranda, whereas
incongruent discriminanda
were represented in a reversed
format, consistent with
suppression. Solid white lines
indicate significant decoding
(two-sided p < .005, cluster-
corrected); dashed white lines
demarcate the span of time
when the two differ significantly
(i.e., 200-480 msec relative to
discriminandum onset). (B)
Averaged similarity patterns
between 200 and 480 msec for
the four trial types.
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Figure 7A showed the similarity between the neural rep-
resentations of the discriminandum and the memoran-
dum. A congruent discriminandum with a high control
PE could be reliably decoded from the model trained on
memorandum orientations (280 to 480 msec relative to
discriminandum onset, two-sided p = .035, cluster-
corrected). Critically, the incongruent discriminandum
with a high control PE was associated with a “flipped” rep-
resentation where the similarity pattern had the lowest
value at the target orientation (360 to 460 msec relative
to discriminandum onset, two-sided p = .021, cluster-
corrected), suggesting that its neural representation was
flipped relative to its representation when the same orien-
tation served as a memorandum. The congruent and
incongruent discriminanda significantly differed from
each other during the discriminandum-locked time win-
dow of 200 to 480 msec. For low control PE trials, a brief
period of decodability of the congruent discriminandum
was observed at a later time point with a positive tuning
profile (640 to 700 msec, two-sided p = .048, cluster-
corrected). A further statistical comparison between high
and low control PE incongruent discriminanda revealed a
significant difference during the time window of 200 to
480 msec (two-sided p = .043, bootstrapped). Thus, when
testing with the model trained on memorandum orienta-
tions, incongruent discriminanda with the same orienta-
tion values were reconstructed differently depending on
whether their incongruity was expected or not. Figure 7B
depicts the tuning profiles for those four trial types dur-
ing the time window when congruent and incongruent
discriminanda on high control PE trials differed

14 Journal of Cognitive Neuroscience

significantly (200 to 480 msec). These findings align with
the behavioral serial dependence results and provide
direct neural evidence for the active involvement of
reflexive control, whereby incongruent perceptual input
is actively suppressed to resolve conflicts between it and
the contents of WM. In addition, we confirmed that ori-
entation values did not vary significantly across tertiles of
S and absolute control PE, indicating that these results
cannot be explained by systematic covariation between
orientation values and model parameters.

DISCUSSION

In this study, we investigated the role of two modes of
cognitive control in mitigating interference between per-
ception and WM. Although previous research has demon-
strated the engagement of control during WM—perception
interactions, here, we used model-based EEG to track the
temporal dynamics of these hypothetically distinct mech-
anisms, as well as their influence on perceptual and mne-
monic representations.

Our study successfully applied the FCM, originally
developed for conflict adaptation tasks that lack an explicit
demand on WM (e.g., the Stroop task), to tease apart pre-
paratory from reflexive control on a trial-by-trial basis. After
establishing that our behavioral results replicated the find-
ings from previous work (Teng et al., 2022)—that parameter
estimates from the FCM explain key effects of the control of
conflict on performance on the dual WM-plus-discrimination
task—we directly linked these parameter estimates to
EEG signals via multiple-regression analysis. First, we
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observed that theta-band power at frontal midline elec-
trodes closely tracked the level of preparatory control, a
signal that, updated by recent trial history, was most
prominent before trial onset. With the onset of the trial,
the effects of preparatory control were evident in the
neural reconstruction (i.e., the representational strength)
of the memorandum and in early components of the
discriminandum-locked ERP. Furthermore, EEG compo-
nents tracking the effect of congruity and the control PE
emerged around the same time, suggesting dynamic inter-
actions that give rise to reflexive control. Although
context-dependent shifts between proactive and reactive
control have been broadly established, studies have typi-
cally manipulated conflict either at the list-wise or at the
item-specific level to create task contexts that favor one
mode of control over the other (e.g., Braver et al., 2021,
Gonthier, Braver, & Bugg, 2016; Gonthier, Macnamara,
Chow, Conway, & Braver, 2016; Bugg & Hutchison,
2013; Braver, Paxton, Locke, & Barch, 2009). To our
knowledge, there has been only limited behavioral evi-
dence to date that examines the simultaneous engagement
of the two modes of control (Miki-Marttunen, Hagen, &
Espeseth, 2019). The results presented here provide a novel
demonstration of the concurrent recruitment of prepara-
tory and reflexive control at the single-trial level and illus-
trate how these two modes of control interact, engaging
distinct neural processes to minimize conflict-induced
interference.

In addition, we note that there is ongoing debate in the
literature about whether and how people generate expec-
tations about upcoming conflict in tasks with random trial
sequences. For example, some studies found evidence
suggesting people do not explicitly expect congruency
to repeat across consecutive trials (Duthoo et al.; 2014).
However, the presence of reliable conflict adaptation
effects even in tasks with 50% proportion congruency
(e.g., Weissman et al., 2014) indicates that control adjust-
ments occur regardless of explicit expectations. Indeed,
determining that a sequence is truly random would
require the system to first attempt to learn its temporal
statistics—the very process that would detect patterns if
they existed. Here, we provided further evidence that
the preparatory form of control can be engaged in the
absence of a predictable pattern or structure in congruity,
highlighting the participants’ flexible adjustment of con-
trol based on recent experiences.

The finding linking theta-band power at frontal midline
electrodes with the level of preparatory control is consis-
tent with the broader literature on cognitive control, and
one influential view is that “frontal-midline theta” (FM#)
represents the general need for and anticipation of the
need for control (e.g., Kaiser, Iliopoulos, Steinmassl, &
Schiitz-Bosbach, 2022; Messel et al., 2021; Cooper et al.,
2019; Kaiser, Simon, Sauseng, & Schiitz-Bosbach, 2019;
Chang, Chen, & Li, 2017; Cavanagh & Frank, 2014;
Cavanagh, Zambrano-Vazquez, & Allen, 2012). For exam-
ple, one recent study showed that in a conflict action

paradigm, presenting a predictive cue to indicate upcom-
ing conflict before the action signal led to increase in FM6
power during the preparation phase, indicating a role in
conflict preparation (Messel et al., 2021). Here, our results
showed that trial-by-trial levels of FM6 power fluctuated
with predicted need for the control of conflict in an antic-
ipatory fashion, before trial onset, thus providing addi-
tional support for the link between FM8 and anticipatory
control. Furthermore, FM6 has been studied primarily in
task contexts involving response conflict or response inhi-
bition (e.g., Messel et al., 2021; Chang et al., 2017). In the
present study, incongruity occurred at the level of stimu-
lus representation, putting the loci of conflict not on the
response but rather on the processes of perceptual deci-
sion making and WM recall. Our findings thus suggest that
FMS signaling may serve as a general mechanism for regu-
lating top—down bias on sensory and motor processing
networks, even in the absence of overt response conflict.
Interestingly, one of the EEG results presented here has
also provided evidence for a neural effect of preparatory
control for which we have not found a behavioral corre-
late. This relates to the fact that although WM recall accu-
racy suffers on incongruent trials, this effect does not
seem to be mediated by control (model-free: it is insensi-
tive to congruity on trial 7—1; model-based: it is insensitive
to /). Nonetheless, decoding of the memorandum is
stronger at high levels of f, an effect that would typically
be interpreted as evidence for stronger encoding into
WM. Although this requires further study, it is possible
that any control-related enhancement of encoding into
WM in this WM-plus-discrimination task is diluted by the
events that intervene between encoding and recall.
Turning to the control PE, our analyses identified a clus-
ter of left anterior electrodes for which voltage scaled pos-
itively with the magnitude of the control PE. This effect is
consistent with past research that has implicated lateral
pFC in conflict resolution (e.g., Burgess & Braver, 2010;
Feredoes et al., 2006) and in learning-dependent control
(Jiangetal., 2015). In a color-naming Stroop task that com-
pared the coding schemes in DLPFC and dorsomedial
frontal cortex (DMFC), DMFC was found to encode the
trial incongruity (control demand) and DLPFC both target
incongruity-related information. Importantly, stronger tar-
get coding in DLPFC was associated with a reduced Stroop
interference (Freund, Bugg, & Braver, 2021), consistent
with the proposed functionally dissociated roles of DMFC
in control demand monitoring and of DLPFC in control
implementation (Shenhav, Botvinick, & Cohen, 2013;
Braver & Cohen, 2000). For WM, conflict processing has
been studied extensively with a “recent-negative probes”
procedure that manipulates proactive interference from
previously encountered information (e.g., Jonides &
Nee, 2006; Jonides, Smith, Marshuetz, Koeppe, &
Reuter-Lorenz, 1998; Monsell, 1978). The common finding
with this procedure is that a probe that was not been a
member of the current trial’s memory set but was a mem-
ber of the previous trial’s memory set takes longer to reject
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and elicits increased activity in left inferior frontal gyrus
(IFG; e.g., Postle et al., 2004; Jonides et al., 1998). Further-
more, repetitive TMS applied to left IFG concurrent with
probe onset selectively exaggerates the RT cost associated
with recent-negative probes (Feredoes & Postle, 2009;
Feredoes et al., 20006).

In the context of the FCM, model-based analyses of neu-
roimaging data have shown that, in a modified Stroop task,
activity in left anterior insula and adjacent IFG is linked
both to the magnitude of the control PE and to the flexible
learning rate in the FCM that governs the amplitude of the
change to f'that is produced by a given value of the control
PE (i.e., the a parameter from the FCM, which we did not
manipulate in the present study; Jiang et al., 2015). Fur-
thermore, repetitive TMS of left lateral pFC eliminates
behavioral effects of phasic and tonic adaptation to
changes in the probability of incongruent trials, an effect
interpreted as a disruption of the processes by which the
control PE drives updates to f (phasic adaptation) and to «
(tonic adaptation; Muhle-Karbe et al., 2018). Thus, the
present results are consistent with the idea that the left
lateral pFC contributes to the processing of the control
PE that leads to flexible adjustments in the control of pre-
paratory control.

The present results also provide novel evidence about
mechanisms of reflexive control. Recall that the need for
reflexive control of incongruent discriminanda is illus-
trated by the fact that incongruity between memoranda
and discriminanda is associated with lower WM recall
precision. Behaviorally, the fact that discriminanda that
generate large control PEs also exert stronger serial
biases (Figure 3B) has been interpreted as evidence
for a role for the control PE in triggering reflexive control,
so as to minimize the interference from incongruent dis-
criminanda on recall of the memoranda (Teng et al.,
2022). Here, analyses of the concurrently recorded EEG
data provide neural evidence for this link: Multivariate
decoding of discriminanda from the EEG data reveals that,
on high control PE trials, the neural representations of
incongruent discriminanda are suppressed below base-
line, a presumed immediate response to conflict. This
finding confirms that the control PE is the primary driver
of reflexive control and its associated behavioral effects on
the subsequent trial. It further suggests a neural explana-
tion for why the serial bias exerted by an item from trial 72—1
on WM recall on trial 7z will be either repulsive or attractive
as a function of whether its representation needs to be
suppressed (Shan & Postle, 2022; Teng et al., 2022). It also
supports the interesting possibility that active suppression
may be a common mechanism that the visual system

16 Journal of Cognitive Neuroscience

employs to reduce interference from task-irrelevant infor-
mation in many contexts, including visual perception (e.g.,
Gaspelin et al., 2015) and visual WM (Shan & Postle, 2022;
Teng et al., 2022). Although model-based analyses impli-
cate the control PE as a signal that can trigger reflexive
control, understanding the source(s) of the reflexive con-
trol signal itself will require further work.

What is the nature of “preparatory control” and “reflex-
ive control” as operationalized by the f and control PE
parameters of the FCM? The fact that f predicts pretrial
frontal midline theta suggests similarities between “prepa-
ratory control” and the construct of anticipatory control
from, for example, Kaiser and colleagues (2019, 2022),
Messel and colleagues (2021), Cooper and colleagues
(2019), Chang and colleagues (2017), Cavanagh and
Frank (2014), and Cavanagh and colleagues (2012). In
the context of our dual task, the influence of preparatory
control on behavior was to implement conflict adaptation,
and its influence on EEG correlates was the strengthen the
encoding of the memorandum. The influence of reflexive
control on our dual task, as mentioned above, was seen in
the processing of the discriminandum: Its immediate
effect was to suppress the EEG representation of the dis-
criminandum, and its downstream effects on behavior
were seen in the orientation-specific disruption of recall
on the current trial and in the repulsive serial bias exerted
on recall on the subsequent trial. It is noteworthy that the
suppression effect in the EEG was not simply to weaken
the strength of the discriminandum but to actually trans-
form it into an inverted, or “negative,” version of itself.
Although this effect was only observable in the EEG while
the discriminandum was on the screen, a persistence of
this inversion could account for the orientation specificity
of the behavioral effects on recall.

To conclude, our results demonstrate the trial-by-trial
neural dynamics associated with the interplay between
the adaptive adjustment of preparatory control and the
recruitment of reflexive control in the control interference
between WM and perception. Future work is needed to
clarify points of commonality and of difference between
the well-established constructs of proactive and reactive
control as understood in the dual-processes framework
(e.g., Braver et al., 2009) and the preparatory and reflexive
processes studied here. In addition to the control signals
themselves, our results also characterized the conse-
quences of these control processes for the neural repre-
sentation of stimulus information in the visual system.
Understanding the neural dynamics of distinct control
mechanisms for conflict resolution is essential for gaining
insights into flexible and adaptive human behavior.
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APPENDICES

@ Observed incongruity (o; 1-incongruent; 0-congruent)
A Control prediction error (control PE)
¥ Predicted conflict (f)
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Figure Al. Parameter estimates for 30 consecutive trials from an example participant with the FCM. Purple circles: observed incongruity (0), with 1
representing incongruent and 0 representing congruent. Green asterisks: Predicted conflict f, larger values represent higher predicted conflict
(continuous value between 0 and 1). Yellow triangles: signed control prediction error (control PE; continuous value between —1 and 1), calculated as
the difference between the observed congruity and the predicted conflict (o —f). Note that with a series of consecutive congruent trials (e.g., Trials
147-152), there is a steady decrease of the parameter estimate of predicted conflict /. In addition, on those same consecutive trials with the same
congruity, because each one is “less surprising,” the value of the control PE gradually converges toward 0.

0.151

017

o
=]
51

Regression weights

trial n-1 trial n-2 trial n-3

Figure A2. To elucidate the influence of previous trials’ congruity on
the parameter estimate of predicted conflict f, we performed a
regression analysis on f with regressors of trial congruity on trials 723,
n-2, and n-1. In the figure, regression weights were plotted for the
three regressors. This demonstrates that fis influenced not only by the
most recent trial but also by trials that are farther out. Thus, f captures a
broader swath of task history, consistent with a preparatory control
mechanism that integrates recent experiences to optimize
performance.
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Discriminandum phase - effect of congruity on theta band activity
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Figure A3. Regression analysis was performed on averaged band power of theta, alpha, and beta around the discriminandum onset, with regressors
of f, absolute control PE, and congruity. Regression weights for trial congruity revealed two significant clusters, a left anterior cluster and a right
posterior cluster, that showed increased theta-band power with incongruent discriminanda than congruent ones. None of the other effects were

significant.
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