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Prioritization Sharpens Working Memories but Does Not Protect Them

From Distraction

Ziyao Zhang and Jarrod A. Lewis-Peacock
Department of Psychology, University of Texas at Austin

Perceptual distraction distorts visual working memory representations. Previous research has shown that
memory responses are systematically biased toward visual distractors that are similar to the memoranda.
However, it remains unclear whether the prioritization of one working memory representation over
another reduces the impact of perceptual distractors. In five behavioral experiments, we used different
forms of retrospective cues (indicating the likelihood of testing each item and/or the reward for respond-
ing correctly to each item) to manipulate the prioritization of items in working memory before visual
distraction. We examined the effects of distraction with nonparametric analyses and a novel distractor
intrusion model. We found that memory responses were more precise (lower absolute response errors
and stronger memory signals) for items that were prioritized. However, these prioritized items were not
immune to distraction, and their memory responses were biased toward the visual distractors to the
same degree as were unprioritized items. Our findings demonstrate that the benefits associated with pri-
oritization in working memory do not include protection from distraction biases.
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model

Visual working memory closely interacts with visual perception
to influence behaviors. The sensory recruitment account posits
these two processes are interdependent, such that information in
working memory is represented in early visual cortices that are
also actively involved in visual perception (D’Esposito, 2007;
D’Esposito & Postle, 2015; Harrison & Tong, 2009; Pasternak &
Greenlee, 2005; Postle, 2006, 2015; Serences et al., 2009). Work-
ing memory contents can alter visual perception and bias visual
attention (Carlisle et al., 2011; Kang et al., 2011; Kiyonaga &
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Egner, 2013; Olivers et al., 2006; Soto et al., 2008; Teng & Kra-
vitz, 2019). Reciprocally, visual perception of distracting stimuli
during maintenance detrimentally distorts working memory repre-
sentations (Lorenc et al., 2018; Mallett et al., 2020; Rademaker
et al., 2015; Teng & Kravitz, 2019; Van der Stigchel et al., 2007)
and disrupts working memory task performance (Allen & Ueno,
2018; Hitch et al., 2018; Hu et al., 2014; Marini et al., 2017;
Nemes et al., 2012; Wildegger et al., 2015). When perceptual dis-
tractors are from the same feature space as memoranda, memory
errors can show an attraction bias toward perceptual distractors,
which might be dependent on the similarity between maintained
information and distracting information (Lorenc et al., 2018; Mal-
lett et al., 2020; Rademaker et al., 2015; Teng & Kravitz, 2019;
Van der Stigchel et al., 2007). This finding has been replicated
with simplistic features, such as colors, locations, and orientations,
as well as complex stimuli, such as faces.

How information is maintained in working memory modulates
its representational fidelity and its interaction with perceptual
processes (Muhle-Karbe et al., 2021; Olivers et al., 2011; Stokes
et al., 2020). Research over the past decade has suggested that in-
formation can be coded into working memory in different repre-
sentational formats depending on its prioritization status. Studies
using retro-cues to indicate the relevance (i.e., the likelihood of
being tested) of working memory representations have shown that
prioritized (i.e., task-relevant) representations are maintained via
active coding with an observable and sustained neural signature.
In contrast, unprioritized representations that are less relevant to
the current task can be supported through distinct “activity-silent”
mechanisms that do not require persistent neural activity (LaRoc-
que et al., 2014, 2013; Lewis-Peacock et al., 2012; Myers et al.,
2017; Rose et al., 2016; Stokes, 2015; Wolff et al., 2017). Such a
distinction in coding formats between prioritized and unprioritized
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PRIORITIZATION EFFECT ON PERCEPTUAL INTERFERENCE

items might lead to differences in representation fidelity and how they
interact with ongoing visual processes. It has been well established
that the retention of prioritized representations is improved compared
with unprioritized representations or neutral trials without retro-cues
(retro-cue benefits; Griffin & Nobre, 2003; Lepsien et al., 2005; Rerko
& Oberauer, 2013; van Moorselaar et al., 2015; for a review, see
Souza & Oberauer, 2016). Prioritized (putatively active) represen-
tations can effectively guide perceptual decisions and cause shifts
in external attention whereas unprioritized (putatively silent) repre-
sentations have weaker and sometimes null effects on perceptual
processes (Fritsche & de Lange, 2019; Mallett & Lewis-Peacock,
2018; Muhle-Karbe et al., 2021; Olivers et al., 2011; Stokes et al.,
2020; van Loon et al., 2017; van Moorselaar et al., 2014; Wolff
et al., 2017). The differential effects of prioritized and unprioritized
working memory representations on visual processes suggest that a
prioritization manipulation in working memory should moderate
the interaction between working memory and visual perception.

However, it is unclear whether the prioritization of working
memories provides protection against disruption from the percep-
tion of task-irrelevant information (perceptual interference effect).
One group of studies examined the perceptual interference effect
of distractors on visual working memory by inserting either a task-
irrelevant mask or a secondary task during the maintenance phase
of the primary memory task, but found mixed results. Some evi-
dence has shown that prioritized memory representations are more
resistant to interference from intervening visual masks (Makovski
et al., 2008; Schneider et al., 2017; van Moorselaar et al., 2015),
or an intervening secondary task (Makovski & Pertzov, 2015) com-
pared with conditions where no item was prioritized in working mem-
ory, suggesting that prioritization could protect working memory
representations from external distractions (Makovski & Pertzov, 2015;
van Moorselaar et al., 2015). Others have shown that intervening tasks
disrupted memory performance for prioritized and unprioritized repre-
sentations to a similar degree (Hollingworth & Maxcey-Richard, 2013;
Rerko et al., 2014).

Another group of studies examined the perceptual interference
effect of visual distractor stimuli that are from the same feature
space as the memoranda. Following the serial presentation of mul-
tiple memory items, the presentation of a visual distractor stimulus
disrupted participants’ memory performance. This disruption was
greatest for the final (most recent) memory item, which was pre-
sumed to be prioritized over the earlier items in the list, suggesting
that, contrary to prior accounts (Makovski & Pertzov, 2015; van
Moorselaar et al., 2015), prioritized items may be particularly vul-
nerable to visual distraction (Hitch et al., 2018; Hu et al., 2014).
Additionally, prioritized items that were associated with higher
reward (more “points” earned for a correct response) also had
larger distraction costs compared with unprioritized items that
were associated with lower reward (Allen & Ueno, 2018, Experi-
ments 2, 3, and 4; Hitch et al., 2018; but see Allen & Ueno, 2018,
Experiment 1). In related work, prioritized working memory items
that were probed in a change detection task during maintenance
had larger interference costs later on, compared with unprioritized
items that were not probed, in a subsequent memory recall test
(Shepherdson, 2021). A recent functional magnetic resonance imag-
ing (fMRI) study from our lab provided evidence consistent with this
idea that higher priority items in working memory are more vulnera-
ble to distraction. We found that lower priority working memory rep-
resentations of faces and scenes in the ventral temporal cortex
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recovered better from a distracting perceptual task compared with
higher priority representations (Mallett & Lewis-Peacock, 2019). To-
gether, convergent evidence suggests that prioritized representations
in working memory, which are presumably coded in an active format,
are particularly vulnerable to visual distractors compared with
unprioritized representations, which are presumably coded in a pas-
sive format (for review see Lorenc et al., 2021).

In summary, prior studies examining perceptual interference
effects could be generally separated into three camps: studies that
support the protection hypothesis such that prioritization protects
working memories from distraction (Makovski et al., 2008;
Makovski & Pertzov, 2015; Schneider et al., 2017; van Moorselaar
et al., 2015), studies that support the vulnerability hypothesis that
prioritization renders working memories more vulnerable to dis-
traction (Allen & Ueno, 2018, Experiments 2, 3, and 4; Hitch
et al., 2018; Hu et al., 2014; Mallett & Lewis-Peacock, 2019), and
studies that support the null hypothesis that prioritization does not
moderate the vulnerabilities of working memories to distraction
(Hollingworth & Maxcey-Richard, 2013; Rerko et al., 2014).

The discrepancies in existing results might be largely driven by
differences in task designs. To reconcile those findings, it becomes
important and necessary to systematically manipulate those task
factors that could potentially modulate the perceptual interference
effect of visual distraction. Upon reviewing prior studies, we iso-
lated two main factors that could contribute to those discrepant
findings: (a) the format of the retro-cue and (b) the format of the
visual distraction. Most prior studies that support the vulnerability
hypothesis used reward-based retro-cues (Allen & Ueno, 2018,
Experiments 2, 3, and 4; Hitch et al., 2018; Hu et al., 2014). How-
ever, the effects of reward retro-cues and relevance retro-cues on
distractibility have never been assessed in the same task paradigm.
Thus, it remains unclear whether such findings could be generalized
to relevance retro-cues, especially given that reward retro-cues and
relevance retro-cues might lead to independent prioritization opera-
tions (Atkinson et al., 2018). Additionally, prior studies either stick
to a passive viewing task or an active secondary task to induce the
interference effect, but the two forms of visual distraction have
never been assessed in the same experiment; thus, making it unclear
whether they have differential effects on working memory.

In the current study, we investigated how visual distractors
impact prioritized and unprioritized working memories. Across
five experiments, we systematically manipulated the type of retro-
cue (reward vs. relevance) and the type of distractor (passive vs.
active) to directly contrast the three hypotheses regarding the per-
ceptual interference effect. We adopted a delayed-estimation task
with a method-of-adjustment response to directly measure partici-
pants’ memory response errors (Mallett et al., 2020; Ma et al.,
2014; Wilken & Ma, 2004; Zhang & Luck, 2008). Prior studies
mainly measured the decline in recall accuracy in distraction trials
as an indication of the perceptual interference effect. However,
this measurement might not be sensitive enough to capture the
subtle effect of distraction. Visual distractions could lead to sys-
tematic biases in participants’ memory responses, without increas-
ing memory errors in general (Rademaker et al., 2015). Those
subtle differences in distraction effects could hold the key to
unlock the mechanisms that underlie the perceptual interference
effect. Based on findings that when a single representation is main-
tained in working memory, the intervening visual distractor leads
to memory representations and memory responses being attracted
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toward the distractor (Lorenc et al., 2018; Mallett et al., 2020;
Rademaker et al., 2015; Teng & Kravitz, 2019; Van der Stigchel
et al., 2007), we hypothesized that working memory representa-
tions should be generally biased toward visual distractors. If the
protection hypothesis is true, we would expect to see memory
responses for prioritized representations are unbiased or less bi-
ased compared with unprioritized representations (Figure 1a). If
the vulnerability hypothesis is true, we would expect to see that
the attraction bias toward distractor was enhanced in memory
responses for prioritized items compared with unprioritized items
(Figure 1b). Finally, If the null hypothesis is true then we expect
to find prioritized and unprioritized representations are similarly
vulnerable to distractions (Figure 1c).

Method

Participants

For the five main experiments, participants were recruited
through Prolific. Demographic information was collected via free
response boxes that were displayed at the beginning of the experi-
ment. In total, 240 adults participated in the study (30 in Experi-
ment 1, 50 in each of Experiments 2—4, 60 in Experiment 5; Age:
M =27.6, SD = 9.3; 88 women, 152 men). All experiments lasted
approximately 70 min. Participants were provided online consent
in redcap and received $12/h in compensation. Ten participants
were replaced in Experiment 5 because of a failure to comply with
task instructions. For the control experiment, 27 participants were
recruited from the undergraduate participant pool at the University
of Texas at Austin (Age: M = 19.5, SD = 1.4, 10 no reports; 18
women, 8 men, 1 no report). Participants were provided online
consent and received course credits in compensation.

Stimuli

Memory items were identical for all experiments. They were ran-
domly selected from a continuous face space consisting of 80 gray-
scale three-dimensional (3D) face images that varied along the
dimensions of age and sex (Lorenc et al., 2014). Distances between
faces were converted to a 360° for interpretability (distance between
two faces = 4.5°). Relevance cues were dark gray wheels (25.5,
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25.5,25.5). Reward cues were white numbers (255, 255, 255). Stim-
uli were presented in a gray background (127.5, 127.5, 127.5). Stim-
uli were presented using Pavlovia for online participants, and
Stimuli were presented with Psychopy for in-person participants.

Procedure

In all experiments, participants performed a delayed-estimation
task with a method of adjustment response (see Figure 2).

Experiment 1: Load 2, Relevance Cue, and Passive Distraction

After a practice block of 24 trials, participants completed 10 ex-
perimental blocks, including 80 distraction absent trials and 160
distraction present trials. Each trial started with a central fixation
(0.5 s, r = 20 pixels). Then two memory faces were presented (2 s,
w = 330 pixels) at the left and right side of the screen, 300 pixels
away from the center of the screen. The two memory faces were
approximately 157.5° (34-36 faces) away from each other. After
the encoding phase, a relevance cue was presented to be concentric
to one of the memory faces (3 s, r of inner circle = 230 pixels, r of
outer circle = 280 pixels). The relevance cue indicated that the
cued face would highly likely be tested at the end of trial (on 75%
of trials). In distraction-present trials, after the relevance cue, one
distracting face would be presented at the center of the screen (1.5 s,
w = 330 pixels). The distracting face was clockwise (50% of trials)
or counterclockwise of the tested face by approximately 67.5° (14—
16 faces). Participants were instructed to ignore the distracting face
while maintaining fixation. In distraction-absent trials, a fixation
circle was presented instead. After a short delay (1 s), a response
wheel was presented to be concentric to the tested face. In 75% of
trials, the tested face was the cued face. In the other 25% of trials,
the tested face was the uncued face. Participants first clicked on a
question mark that was centric to the response wheel to start the
response phase. During the response phase (=30 s), a face (w = 330
pixels) that was centric to the response wheel morphed continuously
as the cursor moved around the wheel. The orientation of the face
space was rotated randomly along the wheel in each trial, and the
morphable face was not presented until the cursor made contact with
the wheel. Following response via mouse click, feedback was pro-
vided, with a green indicator of the correct location of the tested
item on the response wheel (0.5 s). Trials ended with a 1 s blank
ITI. Blocks were separated by a 15 s break.

(a) Protection hypothesis: prioritized representations have high memory fidelity (sharp not fuzzy) and are pro-

tected from visual distraction (vertical not tilted). (b) Vulnerability hypothesis: prioritized representations have high
memory fidelity but are vulnerable to visual distraction. (c) Null hypothesis: prioritized representations have high mem-

ory fidelity, but are similarly vulnerable to visual distraction as unprioritized representations. See the online article for

the color version of this figure.
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Figure 2
Lllustrations of Experimental Procedures for Experiments 1-5
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Experiment 2: Load 3, Relevance Cue, and Passive Distraction

To investigate the potential effects of working memory load on
the perceptual interference effect, we increased the memory load
from two items to three items. The increase in memory load should
make the strategy of actively maintaining all presented items less
likely and should encourage participants to prioritize cued items, as
the practical benefits of prioritization were enhanced. The cue valid-
ity was increased from 75% to 80%. In order for participants to
have sufficient encoding time, The duration of the encoding phase
was increased to 4 s. The three memory faces were approximately
121.5° (26-28 faces) away from each other. To create an empirical
baseline condition for potential prioritization effects in Experiment
2, we included 15% no-cue trials to replace the no-distractor trials
from Experiment 1. In no-cue trials, no prioritization effect should
be expected. This change was also applied to Experiments 3-5. In
the other 85% of trials, we provided relevance cues. In 80% of rele-
vance-cue trials, the tested face was the cued face. In the other 20%
of relevance-cue trials, the tested face was one of the two uncued
faces. In no-cue trials, the three memory faces were equally likely
to be tested. Finally, participants completed eight experimental
blocks of 24 trials after a practice block. All other experimental
designs were the same as Experiment 1.

Distraction

Exp 1-4:
Passive

Exp 5:
Active

0.75s 05s

2.0 s Max

Experiment 3: Load 3, Reward Cue, and Passive Distraction

To generalize our findings in Experiments 1 and 2 to other pri-
oritization manipulations, in Experiment 3, the relevance manipu-
lation was replaced by a reward manipulation. After the encoding
phase, three numbers were presented at the locations of memory
faces, indicating reward points associated with each of the mem-
ory faces. In 85% of trials, there were unequal reward where one
memory face was associated with eight reward points, whereas the
remaining two faces were associated with one reward point. Based
on prior literature, the difference in reward points would create a
difference in prioritization status such that the face associated with
eight reward points would be prioritized above the faces associated
with only one reward point. The remaining 15% of trials had equal
reward where all three faces were associated with one reward
point, so they should have similar prioritization status. During the
memory test, all three faces had equal probabilities of being tested,
regardless of how many reward points they were associated with.
During ITIs, participants received feedback about the reward
points they have earned in a trial. During breaks, participants
received feedback about overall reward points they have earned
and the potential maximum. Participants were instructed to work
on maximizing their reward points. Finally, participants completed
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eight experimental blocks of 24 trials after a practice block. All
other experimental designs were the same as Experiment 1.

Experiment 4: Load 3, Relevance and Reward Cue, and
Passive Distraction

Prior research has shown that reward and relevance retro-cues can
produce additive benefits in recall responses (Atkinson et al., 2018).
To further enhance potential prioritization effects and examine its
potential interaction on distraction protection, in Experiment 4, we
combined the relevance manipulation with the reward manipulation.
In 85% of trials, one memory face was associated with both a rele-
vance cue and a high reward of 8 points, whereas the two remaining
faces were associated with only a low reward of one point. In 15% of
trials, no relevance cue was presented, and all memory faces were
associated with one reward point. During the memory test, in 80% of
relevance cue trials, the tested face was the cued face. In the other
20% of relevance cue trials, the tested face was one of the two
uncued faces. In no relevance cue trials, the three memory faces were
equally likely to be tested. Finally, participants completed eight ex-
perimental blocks of 24 trials after a practice block. All other experi-
mental designs were the same as Experiment 1.

Experiment 5: Load 3, Relevance and Reward Cue, and
Active Distraction

To generalize our findings to other forms of visual distractions
and test how working memory copes with interrupting tasks that are
more engaging, in Experiment 5, the passive viewing of a distracting
face was replaced by an active delay match-to-sample task. Follow-
ing retro-cues, an initial distracting face was presented for 0.75 s.
After a short delay of 0.5 s, a test distracting face was presented for
2 s. Participants needed to determine whether the test distracting
face was different from the initial distracting face and report by
pressing the left or right arrow keys on the keyboard to indicate the
same or different judgments. In 50% of trials, the test distracting
face was 99° (21-23 faces) away from the initial distracting face,
whereas in the other 50% of trials, the test distracting face was iden-
tical to the initial distracting face. Finally, participants completed
eight experimental blocks of 24 trials after a practice block. All other
experimental designs were the same as Experiment 4.

Control Experiment: Load 1, No Cue, and No Distraction

The control experiment was conducted to derive the psychologi-
cal scaling function for the Target Confusability Competition
(TCC) model. Participants completed eight blocks of 24 trials.
Each trial started with a central fixation (0.5 s). Then one memory
face was presented (1 s, w = 10°) at the center of the screen. After
a brief delay (1 s), participants reported the memory face with the
continuous response wheel. Trials ended with a 1 s blank ITI.

Analysis
Nonparametric Analysis

Memory errors were computed as the difference between the
response and the tested face in the continuous face space (as in
Mallett et al., 2020). Absolute memory errors were extracted and
averaged for each participant. To quantify biases, absolute memory
errors were assigned with a positive sign if they were in the same
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direction as distracting faces, but were assigned with a negative sign
if they were in the opposite direction as distracting faces. The
response bias was computed by averaging signed errors. A positive
bias (attraction bias) indicates that participants’ responses were bi-
ased toward the distracting faces, whereas a negative bias (repulsion
bias) indicates that participants’ responses were biased away from
the distracting faces. To evaluate the presence of response biases, we
performed one-sample ¢ tests against zero for each of the tested item
conditions. To compare biases between different tested item condi-
tions, we performed repeated-measures analysis of variances
(ANOVAs). All statistical tests were two-tailed. Sidak corrections
were applied for multiple comparisons, and corrected p values were
reported. For each experiment, we removed participants whose mean
absolute memory errors were beyond 1.5 SDs from the group mean,
and whose mean biases were larger than 50°. Those participant rejec-
tion procedures were used to remove participants who might not fol-
low the task instruction in our online experimental settings. We
removed participants who had fewer than 15 trials in any of the ex-
perimental conditions. In Experiment 5 specifically, we also removed
participants whose accuracy in the distracting task was below 1.5
SDs from the mean (Experiment 1: N = 9, Experiment 2: N = 15,
Experiment 3: N = 12, Experiment 4: N = 8, Experiment 5: N = 15).

TCC Model With Signal Intrusion

We adopted a revised version of target confusibility competition
model (TCC) to better quantify memory strength of targets and
intruded signal strength of distractors. The distractor signal intru-
sion model is primarily based on recent evidence that error distri-
bution from continuous reports can be quantified by a single
parameter of memory strength (target d’) when the shape of the
memory signal is fixed by psychological similarity function of the
feature space (For full description of the TCC model, see Schurgin
et al., 2020). Based on the sensory recruitment hypothesis and
associated findings that working memory representations overlap
with sensory representations (D’Esposito, 2007; D’Esposito &
Postle, 2015; Harrison & Tong, 2009; Pasternak & Greenlee,
2005; Postle, 2006, 2015; Serences et al., 2009), we added a dis-
tractor signal in the original TCC model to induce interference
between target and distractor signals (see Figure 3b). We made the
assumption that the distractor signal should be determined by the
same similarity scaling function as the target signal when they
are from the same feature space. Therefore, in our distractor signal
intrusion model, there is one parameter of target d’ to quantify
strength of target signal, and one parameter of distractor d’ to
quantity strength of distractor signal. The original TCC model uti-
lizes a psychological similarity function (Laplace distribution)
generated from similarity judgment responses to describe the prob-
abilistic memory signal (Schurgin et al., 2020). However, recent
modeling comparisons across multiple studies have shown that
TCC models with a von Mises distribution as the signal function
have superior fits to error distributions compared with the original
TCC model that used a Laplace distribution (Oberauer, 2021).
Therefore, we replaced the psychological similarity function (Lap-
lace distribution) with a von Mises distribution with a parameter k
to describe the activation function of both the memory signal and
the distractor signal in the current model. The parameter & (con-
centration of the signal) is determined by the property of the fea-
ture space should not be varied by subjects. Consistent with this
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Figure 3
(a) Target Confusability Competition (TCC) Model
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(a) Psychological scaling function estimated from the control experiment. (b). Illustration of the signal component of the Target Confusability

Competition (TCC) model. The transformation from signal function to response distribution is based on the signal detection rule. In a given trial, the face that
has the strongest familiarity signal (green circle) is selected as the target face based on the distractor intrusion model. Face stimuli was adapted from “Expertise
for upright faces improves the precision but not the capacity of visual working memory,” by E. S. Lorenc, M. S. Pratte, C.F. Angeloni, & F. Tong, 2014,
Attention, Perception & Psychophysics, 76(7), 1977. Copyright 2014 by Psychonomic Society, Inc. Adapted with permission. See the online article for the color

version of this figure.

argument, recent model comparisons showed parameter k can be
fixed across experimental conditions (Oberauer, 2021; Schurgin
et al., 2020). Therefore, we created a TCC model with only the tar-
get signal component to fit to the group data from the control
experiment without cues or visual distractions, and estimated the
parameter k. We fixed the parameter k for all models we applied
here (see Figure 3a for the scaling function, k = 1.383).

Based on this distractor signal intrusion model, on each trial, the
to-be-remembered face is boosted by a familiarity signal (target
d"), and the similarity signal decreases roughly exponentially as a
function of distance in the face space (Fechner’s law). Therefore,
faces that were close to the to-be-remembered one get larger
boosts in familiarity signals compared with faces that were further
away. Similarly, due to the overlap between sensory representa-
tions of distractions and working memory representations, the dis-
tracting face also gets a boost in familiarity signals (distractor d’),
which decreases along the face distance axis as do the target sig-
nals. Therefore, in the model, the familiarity signal that guides
reports is a combination of a weighted target signal and a weighted
distractor signal. Finally, familiarity signals are corrupted by ran-
dom noise. Formally, the distractor signal intrusion model can be
described by the following equations.

_, exp(kcos(x — 0))

T(x) =dj 2l () ey
D) = Pt —0) @
S = T(x) +D(x) 3)

Here x is the potential feature value of the activation functions
T(x) and D(x). T is the activation function of the target signal, and
D is the activation function of the distractor signal. Both signal
functions are von-Mises distribution functions with the mean 0
(6 = 0 in error distributions) and concentration k. These functions

are multiplied by signal strength d’. The final signal is the sum of
target and distractors signals.

r = arg max(S+ ¢€), with & ~ N(0,1) 4

Noise was drawn from a standard normal distribution and added
to the signal. Then the signal distribution was transformed into a
response distribution via a signal-detection rule. That is, in a given
trial, the face that has the strongest “memory + noise” signal will
be selected as the final response .

Model fitting was performed with MemToolbox (Suchow et al.,
2013) and custom MATLAB scripts. The distractor signal intrusion
model was fitted separately to the group data from each of the experi-
ments to derive estimation of the two parameters, target d’ and dis-
tractor d’. For each model fit, we used the 15,000 postconvergence
samples to calculate the 95% credible interval (CI). The 95% CI indi-
cates that the true parameter value has a 95% probability to be within
this interval. To compare posteriors between conditions, we com-
pute differences between posterior samples and then calculate the
95% CI. Credible differences between conditions are found when
the 95% CI of the difference posterior does not overlap with zero.

Model Parameter Recovery

Data simulations were performed with MemToolbox (Suchow
et al., 2013) and custom MATLAB scripts. We used the estimated
probabilistic signal (von Mises distribution, k = 1.383) to construct
memory and distractor signals. Both memory d’ and d’ distractor
d' were randomly sampled between 0 and 1.5 with a step of .1 for
each simulation. For each target-distractor distance between 10°
and 180° with a step of 10°, we randomly sampled d’s 1,000 times.
For each of the 1,000 simulations, we simulated 1,000 trials of
data. We then fit the simulated data back to a TCC model with sig-
nal intrusion and estimated both the target and distractor d’. Biases
in parameter recovery were computed as the differences between
the recovered parameters and the true parameters.
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Results

Absolute Memory Errors

The absolute memory errors across all experiments are shown in
Figure 4. Retro-cue benefits were consistently found in all experi-
ments except for Experiment 3 where the reward manipulation was
employed. Specifically, in Experiment 1, absolute memory errors
were smaller for prioritized items compared with unprioritized
items, leading to a main effect of tested item in a repeated-measures
ANOVA with factors of distraction (distraction-present trials, dis-
traction-absent trials), and tested target (prioritized item, unpriori-
tized item), F(1, 21) = 6.00, p = .023, ”f]; =.22. No significant main
effects of distraction or interactions were found. In Experiment 2, a
main effect of tested item was found, F(2, 68) = 4.34, p = .017,
'r]lf =.11. Follow-up 7 tests revealed that absolute memory errors for
prioritized items were smaller compared with unprioritized items,
1(34) = —2.41, p = .063, d = .41. Absolute memory errors for neu-
tral control items were also smaller compared with unprioritized
items, #(34) = —2.32, p = .078, d = .39. In Experiment 3, no main
effect of the tested item was found, F(2, 74) = 2.04, p = .137. In
Experiment 4, a main effect of tested item was found, F(2, 82) =
12.90, p < .001, ng = .24. Absolute memory errors for prioritized
items were smaller compared with unprioritized items or neutral
controls, #(41) = —4.82, p < .001, d = .74; t(41) = —2.71, p = .029,
d = .42. Absolute memory errors for neutral controls were also
smaller compared with unprioritized items, #(41) = —2.52, p = .046,
d =.39. Similarly, in Experiment 5, a main effect of tested item was
found, F(2, 68) = 18.54, p < .001, ”ﬂ; = .35. Absolute memory
errors for prioritized items were smaller compared with unpriori-
tized items or neutral controls, #(34) = —4.94, p < .001, d = .83;

ZHANG AND LEWIS-PEACOCK

1(34) = —2.93, p = .018, d = .50. Absolute memory errors for neu-
tral controls were also smaller compared with unprioritized items,
1(34)=—4.19,p < .001,d = .71.

Memory Biases

The memory bias results across all experiments are shown in
Figure 5. Significant attraction biases were consistently found in dis-
traction present trials for prioritized targets, Experiment 1: M = 4.1,
#(21) =2.58, p = .017, d = .55; Experiment 2: M = 7.6, #(34) = 3.75,
p < .001, d = .63; Experiment 3: M = 3.9, #37) = 2.32, p = .026,
d = .38; Experiment 4: M = 3.6, #(41) = 5.65, p < .001, d = .87;
Experiment 5: M = 11.6, #(34) = 10.37, p < .001, d = 1.75. For
unprioritized items, significant attraction biases were found in
Experiments 1, 2, 3, and 5, Experiment 1: M =8.4,#21)=4.17,p <
.001, d = .89; Experiment 2: M = 4.8, #(34) =2.19, p = .035, d = .37;
Experiment 3: M = 3.2, 1(37) = 2.29, p = .028, d = .37; Experiment
4: M =3.0, 1(41) = 1.62, p = .112, d = .25; Experiment 5: M = 7.0,
1(34) = 2.77, p = .009, d = .47. For neutral control items, we found
significant attraction biases in Experiments 2 and 5, and marginally
significant attraction biases in Experiments 3 and 4, Experiment 2:
M = 9.1, 1(34) = 3.15, p = .003, d = .53; Experiment 3: M = 3.7,
t(37) = 1.73, p = .092, d = .28; Experiment 4: M = 3.0, #(41) = 1.92,
p =.062, d = 30; Experiment 5: M = 10.3, #(34) = 3.88, p < .001,
d = .66.

Averaged memory biases across five experiments were com-
puted. Significant attraction biases were found for all prioritized,
unprioritized, and neutral targets, prioritized: #(171) = 8.98, p <
.001, d = .68; unprioritized, #(171) = 5.38, p < .001, d = .41; neu-
tral, 1(149) = 5.40, p < .001, d = .44.

Figure 4
Absolute Memory Errors From Distraction Trials in All Five Experiments
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Memory Biases From Distraction Trials in All Five Experiments
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* indicates that p < .05.

To compare differences in memory biases between tested targets,
in Experiment 1, a repeated-measures ANOVA was conducted with
factors of distraction (distraction present trials, distraction absent
trials), and tested target (prioritized item, unprioritized item). Larger
attraction biases were found in distraction present trials compared
with distraction absent trials, leading to a main effect of distraction,
F(1,21) = 11.20, p = .003, ; = .34. No main effects of tested items
or interactions were found. In Experiment 2-5, repeated measures
ANOVA were conducted with a factor of tested target (prioritized
item, unprioritized item, and neutral item). No significant main
effects were found, suggesting that distraction led to similar level of
attraction biases for working memory representations regardless of
its prioritization status. Specifically, there were similar biases in
memory reports for prioritized items and neutral trials (Experiment
2: 1(34) = =747, p = .843, BFy; = 4.255; Experiment 3: #(37) =
.088, p =.999, BF,; = 5.714; Experiment 4: #(41) = .389, p = .973,
BFy, = 5.587; Experiment 5: #(34) = .489, p = .948, BF;, = 4.926).
There were similar biases in memory reports for unprioritized items
and neutral trials (Experiment 2: #(34) = —1.577, p = .328, BFy, =
1.792; Experiment 3: #(37) = —.238, p = .993, BF,, = 5.587;
Experiment 4: #(41) = —.001, p = 1.000, BF,; = 5.988; Experiment
5:1(34) = —.967, p = .713, BF,; = 3.584). Finally, there were simi-
lar biases in memory reports for prioritized and unprioritized items
across experiments (Experiment 1: #21) = —2.27, p = .067, BF, =
.550; Experiment 2: #(34) = 1.41, p = .422, BF,, = 2.222; Experi-
ment 3: #37) = .467, p = .955, BFy; = 5.181; Experiment 4: #(41) =
322, p =.749, BF,, = 5.714; Experiment 5: #(34) = 1.779, p = .232,
BFy, = 1.335). Bayes factors for the null hypothesis (BF,) between
one and three indicate anecdotal evidence, while factors between
three and 10 are considered moderate evidence for the null

** indicates that p < .01.

##* indicates that p < .001.

hypothesis. To increase the statistical power to detect potential dif-
ferences in biases between conditions, we combined data from
Experiments 2, 4, and 5 where we found reliable retro-cue benefits
in absolute errors and investigated the effect of prioritization on
biases. However, there was still no significant main effect of test
item in biases, Experiments 2, 4, and 5: F(2, 214) = 1.814, p = .168,
ns = .02, BF;, = 5.846. There were similar biases in responses for
prioritized and neutral items, #(109) = —.22, p = .994, BF,, = 9.259;
similar biases in responses for unprioritized and neutral items,
#(109) = —1.49, p = .361, BF,; = 3.226; and similar biases in
responses for prioritized and unprioritized items, #(109) = —1.63,
p =.287, BF, =2.638.

Separable Retro-Cue Effects in Absolute Errors and
Biases

To better visualize retro-cue effects, the differences between pri-
oritized and unprioritized items (i.e., the retro-cue benefit) in both
absolute errors and biases were computed (see Figure 6). This analy-
sis highlights the separable retro-cue effects. Relevance retro-cues
consistently led to smaller absolute errors for prioritized items com-
pared with unprioritized items even in the face of visual distractions,
suggesting working memory prioritization survived through visual
distractions. Internal attention was shifted to cued items and sharp-
ened cued representations (Griffin & Nobre, 2003; Landman et al.,
2003; Lepsien et al., 2005; Rerko & Oberauer, 2013; for a review,
see Souza & Oberauer, 2016; ). However, no significant retro-cue
effects were found in bias measurements, suggesting that prioritiza-
tion did not render working memory representations particularly re-
sistant or vulnerable to visual distractions.
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Figure 6
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Retro-Cue Benefits in Absolute Errors but Not in Bias Measurements
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Ruling out Alternative Strategies

In all our experiments, the distance between distracting faces and
tested faces were fixed. This leads to the possibility that participants
could learn to use the distractor information to inform their
responses, such as selecting a target face that is nearby the distract-
ing face. If participants were indeed using this strategy, we would
expect that their responses would be centered around the distractor
faces, which would lead to large mean biases. Our rejections of sub-
jects whose mean bias was larger than 50 degrees should help reject
participants who may have adopted this strategy, because distrac-
tors were 67.5 degrees away from the tested item. If this strategy
was being used by the remaining participants, it likely would have
developed across the experiment, and we would expect to see larger
distractor biases in the second half of trials compared with the first half
of trials. To test this idea, we split trials into first and second halves
and examined the potential evolution of biases. Repeated-measures
ANOVAs with factors of tested item (prioritized, unprioritized, and
neutral) and trial order (first half, second half) were conducted.
Across experiments, we did not find any differences in biases
between the first and second half of trials. Experiment 1: F(1, 21) =
.00, p =.969, Tl; = .00, BFy; = 4.484; Experiment 2: F(1, 34) = 1.80,
p=.189, ”qg = .05, BFy; = 2.427; Experiment 3: F(1,37)=141,p =
243, = .04, BF,; = 2.985. Experiment 4: F(1, 41) = .12, p = 729,
ng = .00, BFy; = 5.650; Experiment 5: F(1, 34) = .71, p = .888, ng =
.00, BF, = 5.464. No significant interactions between the tested item
and the trial order were found. These results indicate that there were
no systematic differences in biases between the first and second half
of trials and it is unlikely that participants adopted a distractor-
anchoring response strategy.

##% indicates that p < .001.

Model Parameter Recovery

Both target d’ and distractor d’ that were recovered from the
model were almost perfectly correlated with simulated values (see
Figure 7a, r = .99, p < .001; r = .99, p < .001), indicating that the
model reliably recovered these key simulated parameters. Further-
more, there was no significant correlation between the two recovered
parameters, suggesting there was no systematic tradeoffs between
these parameters in the model, r = —.01, p = .249. Finally, there
were no systematic biases in either of the two recovered parameters
(see Figure 7b).

Target Memory Strength

Maximum a posteriori (MAP) and 95% CI of posterior distribu-
tions were reported in Table 1. Relevance retro-cues consistently
led to strengthened memory signals for prioritized items compared
with unprioritized items (Experiment 1, Difference CI [.160,
.324]; Experiment 2, Difference CI [.095, .267]). Memory signals
for unprioritized items were weakened compared with the neutral
condition (Experiment 2, Difference CI [—.020, —.254]). How-
ever, no credible difference was found between the prioritized
condition and neutral condition, Difference CI [—.051, .138].

Similarly, reward retro-cues led to strengthened memory signals
for prioritized items compared with unprioritized items (Experi-
ment 3, Difference CI [.037, .157]). However, no credible differ-
ence was found between the prioritized condition and the neutral
condition (Experiment 3, Difference CI [—.037, .139]), or between
the neutral condition and the unprioritized condition (Experiment
3, Difference CI: [—.031, .124]).
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Model Parameter Recovery
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Table 1

Target d'

Relevance and reward cue

Reward cue

Relevance cue

Experiment 5

Experiment 4

Experiment 3

Experiment 2

Experiment 1

UP

UP

UP

UP

UP

0.799
[0.721, 0.881]

1.164 0.973
[0.902, 1.054]

[1.119, 1.213]

0.987
[0.926, 1.064]

1.163

[1.105, 1.230]

1.343
[1.315, 1.379]

0.938
[0.906, 0.978]

1.120 1.067 0.942 1.041 0.980
[0.917, 1.054]

0.892

1.141

MAP
CI

[1.077, 1.162]  [0.989, 1.162] [0.864, 1.014]  [0.993, 1.097]

[0.830,0.966]

[1.095, 1.176]

MAP

with unprioritized items.

prioritized; N = neutral; NP = unprioritized. Cuing consistently led to stronger memory signals for prioritized items compared

maximum a posteriori; CI = 95% credible interval; P

Note.
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Combined retro-cues (relevance and reward cue) led to strength-
ened memory signals for cued items compared with either the
unprioritized condition (see Figure 8a, Experiment 4, Difference
CI [.285, .426]; Experiment 5, Difference CI [.272, .454]) or the
neutral condition (Experiment 4, Difference CI [.109, .247];
Experiment 5, Difference CI [.096, .274]). Additionally, Memory
signals for unprioritized items were weakened compared with the
neutral condition (Experiment 4, Difference CI [—.087, —.272];
Experiment 5, Difference CI [—.069, —.294]).

Distractor Signal Strength

To ensure the intrusion model is sensitive to changes in distractor
strength, we compared distractor d’ between Experiment 4 where
distractions were passively viewed and Experiment 5 where distrac-
tions were actively maintained in working memory. All other
aspects of designs were consistent, so any changes in distractor d’
between the two experiments should be attributed to changes in vis-
ual distractions. We found that active distractions consistently led
to larger distractor d’ compared with passive distractions across pri-
oritization conditions (see Figure 8b; Prioritized: Difference CI
[.104, .210]; Unprioritized: Difference CI [.071, .266]; No cue: Dif-
ference CI [.003, .216]), demonstrating that the distractor intrusion
model was sensitive to distractor strength changes. However, across
experiments, we did not find any evidence that distractor strength
was modulated by prioritization (see Table 2). In other words, intru-
sions of distractions were similarly strong for the prioritized condi-
tion, unprioritized condition, and neutral condition.

Discussion

We examined the distractibility of goal-directed behaviors by
systematically manipulating the prioritization of goal-relevant
items in working memory and the nature of goal-irrelevant visual
distraction. We consistently found that memory responses were
systematically biased toward distractors for both prioritized and
unprioritized representations. The finding of attraction bias toward
distractors in memory responses is consistent with prior studies
using a single memorandum (Lorenc et al., 2018; Mallett et al.,
2020; Nemes et al., 2012; Rademaker et al., 2015). Here we show
that when multiple memory items are maintained, they are biased
toward visual distractors, similar to when only one item is main-
tained. Moreover, we found that prioritization of these memoranda
does not reduce or enhance distraction biases, even when rele-
vance and reward cues were combined to produce robust retro-cue
benefits. Similarly, the distractor-intrusion model, based on the
TCC model of Schurgin et al. (2020) showed that distractor
strength was equally strong for prioritized, unprioritized, and neu-
tral items. This finding is unlikely to be driven by the model being
insensitive to distraction effects, because the model correctly asso-
ciated active distraction (in Experiment 5) with stronger distractor
intrusions compared with passive distraction (in Experiment 4).
Together, these results suggest that prioritization improves the pre-
cision of memory reports, but does not modulate the vulnerability
of working memories to distractions.

Relevance cues improved memory retention for cued items in
the face of distractions, whereas reward cues did not. Following
relevance retro-cues, absolute memory errors were reduced for pri-
oritized items compared with unprioritized items. This effect was
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Target Memory Strength and Distractor Strength From Experiments 4 and 5
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(a) Cuing led to strengthened memory signals for prioritized faces compared with both unprioritized faces

and the neutral condition in both experiments. (b) Active distractions led to stronger distractor signal strength in
Experiment 5 compared with passive distractions in Experiment 4. However, distractor signal strength was indistin-
guishable for prioritized, unprioritized, and neutral conditions across experiments. See the online article for the

color version of this figure.

confirmed by a distractor-intrusion model that identified a signifi-
cant increase in target memory strength for prioritized versus
unprioritized items. This finding replicates many prior studies
showing recall benefits of retro-cuing (Griffin & Nobre, 2003;
Landman et al., 2003; Makovski & Pertzov, 2015; Matsukura et al.,
2007; Maxcey-Richard & Hollingworth, 2013; Pertzov et al., 2013;
Rerko & Oberauer, 2013; van Moorselaar et al., 2015; for a review,
see Souza & Oberauer, 2016). Our replication of retro-cue benefits
following either passive or active visual distraction is consistent
with prior research showing that the impact of prioritization in
working memory is generally resistant to distraction and may not
require sustained attention to achieve (Hollingworth & Maxcey-
Richard, 2013; Rerko et al., 2014; Zokaei et al., 2014). Our results
also suggest that prioritization based on reward cues could be mech-
anistically different from prioritization based on relevance cues.
When reward cues were used for prioritization, we found no evi-
dence of retro-cue benefits in absolute errors, but there was a small
increase in target memory strength for prioritized items as estimated
by the distractor-intrusion model. Following reward cues, it is likely
that inhibiting the processing of the intervening visual distractors
consumed executive control resources that were otherwise being
used to maintain prioritization; thus, leading to the elimination of any
retro-cue benefits. The mechanisms of prioritization for reward cues
and for relevance cues may be independent of each other (Atkinson
et al., 2018) and their combination may provide additive retro-cue
benefits. When providing a retro-cue that conveys both reward and
relevance information, we found a significant improvement in memory

for prioritized items, while memory for unprioritized items was weak-
ened compared with uncued items.

Altogether, our findings from absolute error measurements, dis-
traction bias measurements, and modeling are most consistent with
the null hypothesis model of prioritization and distraction as shown
in Figure 1C. Prioritization sharpens (or preserves the sharpness of)
the representation of cued items compared with uncued items, but it
does not alter the vulnerability of cued items to visual distractions.
Across five experiments, memory bias analyses consistently found
that memory responses were attracted toward visual distractors,
regardless of the prioritization status of the tested item. Similarly,
distractor strength estimates from the distractor-intrusion model did
not reveal any systematic effects of prioritization.

Our findings are inconsistent with a group of studies showing
that the disruptive effect of a visual distractor was enhanced for
prioritized representations compared with unprioritized representa-
tions (Allen & Ueno, 2018, Experiments 2, 3, and 4; Hitch et al.,
2018; Hu et al., 2014). There are several major design differences
between our studies and theirs that might account for this inconsis-
tency. In our study, we focused on memory bias as a key indicator
for the impact of distraction on working memory. Although we
found similar biases for prioritized and unprioritized items, it is
possible that distraction impacted these items in other ways that
were independent of memory biases. For example, prior studies
supporting the vulnerability hypothesis used a combination of se-
rial presentation of stimuli (including suffix) and a delayed match
paradigm, which are likely to induce swap errors (i.e., to mistake
one of untested items or even the distractor for the target item).
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They suggest, instead, that silent memories are not any less vulnera-
ble to distraction than are active memories. Conversely, active
memories are not any more protected from distraction than are
silent memories. Our results are also inconsistent with the protec-
tion hypothesis of prioritization and distraction (Figure 1A).

Our findings are consistent with the null hypothesis of prioritiza-
tion and distraction, however, whereby the prioritization status of
a working memory item does not impact its vulnerability to dis-
traction (Figure 1C). The null results might be driven by the fact
that visual perception of distractors lead to disruptions in both per-
sistent neural activity and in synaptic weights in visual cortices,
which could disrupt both active and silent representations, respec-
tively. Alternatively, control processes that are typically associated
with prioritization, such as top—down inhibition and distraction fil-
tering might protect actively coded representations that are vulner-
able to visual distractions (de Vries et al., 2019; Hermann et al.,
2021; Suzuki & Gottlieb, 2013; for review, see Lorenc et al.,
2021). In other words, the protection effects from control proc-
esses might cancel out the vulnerability effects from active coding
(for detailed discussion, see Lorenc et al., 2021). One major limi-
tation in our study is that we have no evidence showing that priori-
tized representations were indeed actively coded and unprioritized
representations were silently coded, although prioritization statuses
are closely related to these coding schemes. In addition, we have no
evidence showing that control mechanisms are similarly or differ-
ently engaged for the maintenance of prioritized versus unprioritized
memories. Future research should investigate how prioritization and
control interact with the perception of distractors.

In the literature, mixed results have been found regarding the
effect of prioritization on the sensory interference effect. Such
mixed effects can be driven by differences in task designs. Here
we summarized two factors that might contribute to the mixed
results and should be further investigated in future research. Most
prior research showing prioritized information is more vulnerable
to perceptual distractors had subjects prioritize multiple items
(Allen & Ueno, 2018, Experiments 2, 3, and 4; Hitch et al., 2018;
Hu et al., 2014). When multiple items need to be prioritized, there
is a potential competition for limited control resources between
prioritized information. It might be the competition between pri-
oritized information or the dilution of limited cognitive resources
that render prioritized information less protected. Future research
is needed to look into this possibility. Additionally, the effect of
prioritization on perceptual interference might be dependent on the
characteristics of the distractor information. Feature similarity
between the distractor and working memory contents might be one
critical characteristic. When only one item needs to be maintained in
working memory, the similarity of the distractor to the memory item
can produce differential interference effects on multiple forms of mem-
ory errors, including memory biases, reduction of memory precision,
and increases in guess responses (Gresch et al., 2021; Nemes et al.,
2011, 2012; Rademaker et al., 2015; Sun et al., 2017). However, it
remains unclear whether prioritization would interact differently with
distractors that varied in the level of similarity with the targets.

It has been a lingering question how to separate perceptual in-
terference from other memory errors in participants’ memory
reports. Our development of the signal intrusion model, together
with some recent modeling work (Dubé et al., 2014; Fukuda et al.,
2022; Rademaker et al., 2015; Sun et al., 2017) have provided ten-
tative solutions for this question, with different assumptions of
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mechanisms underlying the perceptual interference effect. Specifi-
cally, research that used revised mixture models (Rademaker
et al., 2015; Sun et al., 2017) to separate memory biases, swap
errors, and guesses implicitly assumed that perceptual distractions
have multiple separable effects on memory reports. In contrast,
research that used signal integration or averaging models (Dubé
et al., 2014; Fukuda et al., 2022) such as our signal intrusion
model assumed that the perceptual interference effect is driven by
a unified mechanism of intermingling the target signal with the
distractor signal during memory reports. Based on this assumption,
swap errors and biases are simply caused by differences in the dis-
tractor signal strength. When the distractor signal is strong, mem-
ory responses are attracted toward distractions to a large degree,
and those large biased responses are more likely to be classified as
swap errors in the mixture model. When the distractor signal is
weak, memory responses are attracted toward distractions to a
small degree, and those minorly biased responses are more likely
to be captured as memory biases instead of swap errors by the
mixture model. To differentiate the two groups of models, it is
necessary to elucidate mechanisms underlying seemingly different
forms of errors caused by perceptual distractions, including biases,
swap errors to distractions and guesses.

Despite our finding that memory responses were systematically,
albeit subtly, biased toward visual distractors, we acknowledge that
neither the passive perception of nor active engagement with dis-
tractors led to catastrophic memory impairment. This is consistent
with repeated observations that working memory is quite robust to
distractions. Recent neuroimaging work has proposed a variety of
potential mechanisms supporting working memory maintenance
against distraction (Bettencourt & Xu, 2016; Hallenbeck et al.,
2021; Lorenc et al., 2018; Rademaker et al., 2019). Working mem-
ory representations of visual information can be decoded in both
early visual cortex as well as in parietal regions, and such a parallel
coding scheme could protect maintained representations from per-
ception-related disruptions in the visual cortex (Bettencourt & Xu,
2016; Lorenc et al., 2018). Additionally, working memory repre-
sentations have been shown to coexist with perceptual representa-
tion of distractors in early visual cortex (Hallenbeck et al., 2021;
Rademaker et al., 2019), and if temporarily disrupted, they can
quickly and effectively recover (Hakim et al., 2020, 2021; Hallen-
beck et al., 2021; Mallett & Lewis-Peacock, 2019).

Conclusions

In summary, the current study demonstrates that prioritization
of a working memory item neither helps nor hurts its vulnerability
to distraction. Prioritization does strengthen memory signals for
prioritized items (i.e., it produces a canonical “retro-cue benefit”),
but it does not provide any greater (or lesser) protection for these
items against distraction.
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