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Items stored in visual working memory often differ in priority. Typically, observers will shift their internal
attention toward items that are relevant for impending behavior and away from those that may become
relevant later. These distinct states of priority are theorized to influence bidirectional interactions between
memoranda and new visual inputs by modulating their susceptibility to retroactive and proactive report
biases, respectively. However, prior research has produced limited and conflicting evidence on this topic
due to reliance on inconsistent retrodictive cues (retro-cues) that incentivize memory prioritization. To
address this, we used a double-serial retro-cue paradigm that incentivized the complete prioritization of one
of two unfamiliar shape memoranda for use in a comparison with a perceptual probe before a second,
independent cue instructed observers to report one of their two memories (Experiments 1–2) or the
perceptual probe itself (Experiment 2). We found that observers reported robust retroactive and proactive
biases, but that only retroactive biases were modulated by prioritization. Reports of prioritized memories
were more precise and contained smaller attractive biases toward the probe than unprioritized memories,
whereas probe reports were biased comparably toward each. These findings reveal an asymmetrical effect of
prioritization on the reciprocal interactions between new and existing visual representations.

Public Significance Statement
Memories are not simply stored in mind; they are used in everyday behavior. During such use, humans
will often shift their attention between different memoranda in accordance with their current task goal,
prioritizing some memories over others. At the same time, memories are known to interact with new
visual inputs coming in from the surrounding world, producing biases in what we report having seen
then and now. In the present study, we show that these report biases vary unevenly based on which
memories are prioritized at the time. While reports of prioritized memories tend to show less bias toward
visual inputs than those of unprioritized memories, reports of visual inputs tend to be biased by
memories equally regardless of priority. These findings suggest that attending to a memory during
behavior may help protect it against interference but may not strongly change its proactive influence on
new visual representations.

Keywords: memory prioritization, perceptual comparisons, memory bias, serial dependence, memory
reactivation
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Humans are capable of maintaining information about a small
number of visual stimuli within their visual working memory
(VWM) system for use in ongoing behavior (Adam et al., 2017;
Awh et al., 2007; Bays & Husain, 2008; van den Berg et al., 2012;
Wilken &Ma, 2004;W. Zhang & Luck, 2008). During such use, the
priority of stored items is subject to change based on their relevance
to ongoing behavior. For example, when searching for a pair of
friends in a crowded shopping mall, you may prioritize looking for
one friend over another when you hear the sound of their voice close
by. In this situation, the sound of your friend’s voice serves as a
retrodictive cue (or retro-cue) about the relevance of their memory
representation for completing your task relative to the friend that you
did not hear. In order to implement this state of prioritization,
prominent theory and empirical evidence suggest that observers
shift their internal focus of attention (FOA) to the cued represen-
tation, which imparts an enhanced state of accessibility and pre-
cision (Griffin & Nobre, 2003; Nobre & Stokes, 2019; Oberauer &
Hein, 2012; Olivers et al., 2011; Souza & Oberauer, 2016). Upon
doing so, other unprioritized memoranda are subsequently stored
outside the FOA, either in a separate state of VWM (e.g., region of
direct access) or in long-term memory (e.g., activated long-term
memory; Oberauer, 2002, 2007, 2009).
In the brain, prioritized representations tend to remain decodable

from their sustained activity across the cortex, including in sensory
regions that are responsible for processing new visual inputs
(LaRocque et al., 2013, 2017; Lewis-Peacock et al., 2012; Sprague
et al., 2016). By contrast, neural activity tied to unprioritized re-
presentations is significantly reduced or eliminated, suggesting
reliance on a different type of storage mechanism instead (e.g.,
transient synaptic weighting; Mongillo et al., 2008; Rose et al.,
2016; Wolff et al., 2017; but see also Barbosa et al., 2020;
Christophel et al., 2018; Iamshchinina et al., 2021; Wan et al., 2020;
Yu et al., 2020). From a theoretical perspective, these distinct states
of representation may help to facilitate perceptual comparisons
between prioritized memories and new visual inputs, as this re-
presents a ubiquitous demand across visual cognition, including
when searching for friends in a crowd (Adam et al., 2022; Olivers &
Roelfsema, 2020; Rademaker et al., 2019; Xu, 2020).
Different neural codes may also imply that memories interact

differently with visual inputs based on their behavioral priority. New
and existing visual representations are known to interact in a
bidirectional manner, often producing retroactive and proactive
biases in their respective behavioral reports that are thought to
indicate subtle interference between their representations. In the
retroactive direction, encountering a new percept during VWM
maintenance tends to produce a reliable attraction bias in observers’
subsequent memory reports (e.g., Huang & Sekuler, 2010; Mallett et
al., 2020; Teng & Kravitz, 2019; Van der Stigchel et al., 2007;
Wildegger et al., 2015), especially when the percept is relevant to
ongoing behavior (e.g., Rademaker et al., 2015; Saito et al., 2022,
2024). In the proactive direction, observers’ reports of new visual
inputs show similar biases with respect to the existing contents of
VWM (e.g., Kang et al., 2011; Teng &Kravitz, 2019). Interestingly,
these proactive biases can arise even whenmemoranda are no longer
relevant to ongoing behavior. For example, memory reports on a
given trial tend to show attractive biases toward memoranda from
the immediately preceding trial (Barbosa & Compte, 2020; Fischer
& Whitney, 2014; Kiyonaga et al., 2017; Liberman et al., 2014).
Findings of this kind have led to considerable debate regarding the

exact nature and time course of these bidirectional interactions. At
present, it remains unknown whether these biases occur at the level
of the sensory representations, the decisions that observers make
about the representations, or some combination of the two
(Hajonides et al., 2023; Kiyonaga et al., 2017; Lorenc et al., 2018;
Manassi et al., 2023; Moon & Kwon, 2022; Rademaker et al., 2019;
Saito et al., 2023; Sheehan & Serences, 2022).

Despite this clear evidence of both retroactive and proactive
biases in behavior, it is unclear how memory priority modulates
these interactions. In the retroactive direction, prioritization effects
are highly inconsistent and have led to competing theories of how
attention modulates perceptual interference in memory. On the one
hand, some studies suggest that prioritization confers modest
protection of memory against retroactive interference by new visual
inputs (Barth & Schneider, 2018; Makovski & Pertzov, 2015;
Makovski & Jiang, 2007; Schneider et al., 2017; Souza et al., 2016;
van Moorselaar et al., 2015). For example, when cueing which of
multiple memoranda is to be reported at the end of a trial with
absolute certainty (i.e., 100% cue validity), the cued item becomes
more resistant to interference by task-irrelevant visual distraction.
This set of findings has been viewed as supporting a protective
attention account of prioritization (Oberauer, 2002; Oberauer & Lin,
2017). On the other hand, other studies have suggested an opposite
effect of prioritization on retroactive interference. In these studies,
cueing which of multiple memoranda is most likely to be reported at
the end of the trial (i.e., <100% cue validity; Z. Zhang & Lewis-
Peacock, 2023a, 2023b) or whose report is worth the most reward
(Allen & Ueno, 2018; Hitch et al., 2018; Hu et al., 2014, 2016)
eliminates or reverses the protective benefits of the FOA. In
response, some have proposed a protective dormancy account of
prioritization instead, where unprioritized memories are better at
avoiding interactions with new visual inputs by virtue of their
unique storage state in the brain that is less sensory-specific than
prioritized memories (Lorenc et al., 2021; Z. Zhang & Lewis-
Peacock, 2023a, 2023b). While some of the inconsistency between
these accounts can be attributed to a historical reliance on insensitive
measures of interference, such as recognition or recall accuracy
(Allen & Ueno, 2018; Hu et al., 2014, 2016; Makovski et al., 2008;
Makovski & Jiang, 2007), conflicting patterns have also been
observed among studies that employ more sensitive continuous
measures as well (Barth & Schneider, 2018; Schneider et al.,
2017; van Moorselaar et al., 2015; Z. Zhang & Lewis-Peacock,
2023a, 2023b).

In the proactive direction, studies of memory prioritization are
not as much inconsistent as they are lacking. For the most part,
researchers have focused exclusively on measuring attentional
guidance by prioritized and unprioritized memoranda in the context
of visual search. These studies suggest that while prioritized
memories are capable of guiding attention toward matching visual
inputs, guidance by unprioritized memories is typically transient and
less reliable (Greene et al., 2015; Mallett & Lewis-Peacock, 2018;
Olivers et al., 2011; Ort et al., 2018, 2019; Ort & Olivers, 2020; van
Loon et al., 2017; but see also Bahle et al., 2020; Beck et al., 2012).
On the one hand, these adjacent findings suggest that the priority of a
memory can indeed influence how visual inputs are processed. On
the other hand, because these studies do not prompt observers to
report those visual inputs, their findings can only speak to the effect
of prioritization on attentional allocation and not to how those
attended contents are represented. In order to provide a more
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comprehensive theoretical account of the bidirectional interactions
between new and existing visual representations, it is necessary to
characterize how the accuracy of new representations changes based
on the priority of the memory that interacts with them.
Here, we considered the possibility that interactions between new

and existing visual representations depend upon the nature of the
retro-cues that incentivize prioritization. For the protective attention
account, one could argue that the protective benefits of the FOA are
contingent upon dropping uncued items fromVWM in response to a
100% valid cue (Kuo et al., 2012; Lorenc et al., 2021; Schneider et
al., 2017; Souza et al., 2014; M. Williams & Woodman, 2012),
making it unclear whether prioritization can mitigate retroactive
interference when unprioritized memoranda must still be main-
tained. While the use of a graded certainty cue by proponents of the
protective dormancy account helps to address this set size dis-
crepancy, graded cueing may change how observers implement
prioritization. For example, when cueing the relevance (or reward)
of a memory with 80% certainty (or value), observers may attempt to
allocate their attention proportionately by shifting their FOA
between cued and uncued items (Gould et al., 2011; Gunseli et al.,
2015; Wang & van Ede, 2025; M. Williams & Woodman, 2012).
While an attentional bias of this kind may be sufficient to produce
differences in the precision of cued and uncued memory reports
(e.g., Gunseli et al., 2015; Makovski & Pertzov, 2015; Z. Zhang &
Lewis-Peacock, 2023a, 2023b), protective benefits may require
fully committing attentional resources to only one item. These
systematic differences in cueing between studies represent a sig-
nificant barrier to resolving the theoretical debate described above,
as no study to our knowledge has been able to successfully control
for both cue validity and memory set size within a single paradigm.
To try and address these discrepancies, we conducted a pair of

experiments using a double-serial retro-cue paradigm that incen-
tivized the complete prioritization of one memory item without the
ability to drop the other from VWM (e.g., Lewis-Peacock et al.,
2012; Rose et al., 2016). On each trial, observers were asked to
encode a pair of unfamiliar shapes into VWM in anticipation of a
subsequent memory report. During maintenance, observers were
retro-cued to compare one of these two memoranda to a novel probe
stimulus in order to satisfy a similarity judgment. By implementing
demands for an explicit comparison, the first priority cue is nec-
essarily rendered 100% valid, and observers’ ability to easily shift
their attention between memoranda is constrained. From here, we
then presented a second retro-cue that instructed observers to report
one of the two memoranda from a continuous wheel. Because this
second retro-cue was independent of the first, observers were not
able to simply drop the first uncued item fromVWM. To address the
existing knowledge gap surrounding proactive interactions, we
conducted a follow-up experiment using a modified version of the
task where observers were sometimes cued to report the features of
the probe stimulus itself immediately after the perceptual com-
parison. This allowed us to characterize proactive biases in the
incoming probe while also testing for replication of the retroactive
biases observed in the first experiment.
In the retroactive direction, we found that prioritizing a memory

item was associated with more precise memory reports and smaller
attractive report biases compared to unprioritized maintenance.
When we attempted to parse the nature of these report biases using
computational mixture modeling (Schurgin et al., 2020; J. R.
Williams et al., 2022), we found that prioritization was associated

with smaller representational shifts of the memory toward the probe
and fewer misreports of the probe itself (i.e., swap errors), sug-
gesting a reduction in both modest and catastrophic forms of
interference during usage. By contrast, in the proactive direction, we
found that observers’ reports of the probe were attracted toward
prioritized and unprioritized memoranda with comparable magni-
tude. These findings suggest that the FOA is capable of providing
modest protection of memoranda against retroactive interference by
new visual inputs during usage, consistent with the protective
attention account, but that this protective benefit does not extend
proactively to the inputs themselves. In our discussion, we speculate
that this asymmetric influence of prioritization across retroactive and
proactive interactions may reflect an important distinction between
the functional memory states that are conferred by attentional
selection and the corresponding representational states of those
memories in the brain (Stokes et al., 2020; Sutterer et al., 2019).

Experiment 1

Method

Transparency and Openness

We report how we determined our sample size, all data exclusions,
all manipulations, and all measures in the study. The data and analysis
scripts are available on the Open Science Framework (https://osf.io/
9qzw7/). All analyses were conducted using MATLAB, Version
R2020a (The MathWorks Inc., 2020), and the Psychophysics
Toolbox extension, Version 3.0.16 (Kleiner et al., 2007). This
study’s design and analyses were not preregistered.

Participants

All participants in the experiment were undergraduate students at
the University of Toronto Mississauga that reported normal or
corrected-to-normal visual acuity and color vision. Each participant
provided informed consent in accordance with the procedures
approved by the research ethics board at the University of Toronto.

We conducted a series of planned t tests to compare the report
biases induced by performing perceptual comparisons between new
and existing visual representations. Previous studies investigating
these effects report large effect sizes (i.e., Cohen’s d > 0.8, Fukuda
et al., 2022; Saito et al., 2022, 2024). However, because we were
interested here in the additional modulations that are introduced by
memory prioritization, we chose to rely on a more conservative
estimate of effect size (i.e., Cohen’s d = 0.5). A power calculation
performed with an α level of .05 and statistical power of 0.8
indicated that we would need at least 34 participants to obtain such
an effect (Faul et al., 2007).

Participants were recruited on a weekly basis until the sample size
exceeded the minimum number identified by our power analysis.
This resulted in the recruitment of 51 participants. Each participant
reported their demographic information in a response window that
appeared before the start of the experimental script. For gender
identity, participants selected between male, female, and prefer not
to answer. Participants submitted their age in years. Information
about racial and ethnic identity was not collected. One participant
was excluded for not following instructions during the first block of
the task. Two participants were excluded for poor overall perfor-
mance on the task, as indicated by a mean absolute report error in the
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baseline condition that was >2.5 SD above the mean of the group.
Data collected from the remaining 48 participants were submitted to
analysis. Among this remaining sample, 35 participants reported
their gender as female and 11 as male and one chose not to report.
The mean age of the sample was 19.13 years.

Apparatus and Stimuli

Participants completed the experiment remotely using a personal
desktop or laptop computer. To ensure that experimental conditions
were satisfactory, completion of all task procedures was monitored
by researchers in real-time using Zoom video conference software
(Zoom Video Communications, Inc, 2016). All stimuli were gen-
erated and presented in Inquisit 6 (Millisecond Software LLC,
2016), which was run locally on each participant’s computer. Given
that participants’ viewing distance could not be tightly controlled
using an online procedure, we fit all presented stimuli to a square
whose size was fixed proportionately to the vertical axis of the
monitor (see below).
We used a continuous shape space whose circular visual simi-

larity has been empirically validated (Li et al., 2020). We opted to
use this feature space because it does not contain any prototypical
shapes (e.g., triangles, squares) that could allow observers to easily
rely on verbalization or long-term categorical knowledge when
performing the task. The target and probe items for each trial were
sampled from 360 shapes within this stimulus set. Target shapes

were positioned at 30% and 70% of the horizontal axis of the
monitor (i.e., 20% from screen center), respectively, and the probe
shape was positioned at 50% of the horizontal axis (i.e., at screen
center). The shape wheel consisted of 12 equidistant shape ex-
emplars presented in a circular arrangement with a radius set to 40%
of the vertical axis of the monitor. The size of each exemplar shape
on the wheel was fixed at 8% of the vertical axis. The retro-cues
were sized at 5% of the vertical axis and positioned at 40% of the
vertical axis (i.e., 10% above screen center).

Procedure

Percentages reported in parentheses below indicate the proportion
of trials comprised by a given condition.

Participants performed eight blocks of 36 trials (Figure 1A). Each
trial began with two target shapes presented on the left and right
sides of a centrally presented fixation cross for 800 ms. Participants
were instructed to remember both of the targets as precisely as
possible for the remainder of the trial. One of the targets was
randomly sampled from the feature space, while the other target was
sampled ±135° (67%) or 180° (33%) away from it (Figure 1B). The
direction of offset was counterbalanced between clockwise and
counterclockwise. The distant separation between targets was im-
plemented to minimize their confusability during encoding and
retention (e.g., Bae & Luck, 2017; Chunharas et al., 2022; Scotti et
al., 2021). Separate analyses yielded moderate evidence that
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Figure 1
Double-Serial Retro-Cue Paradigm With Target and Probe Sampling

(A)

(B)

Note. (A) The trial procedure for the experimental condition in the paradigm. After encoding two target items into memory simultaneously, a retro-cue
indicates to participants which of the two targets is to be prioritized for use in an impending perceptual comparison. During the comparison, a probe stimulus is
presented, and participants judge its similarity to the cued target. Immediately afterward, a second retro-cue informs participants which of the two targets is to be
reported from memory. On some trials, the prioritized target is cued for report (repeat cue, top panel); on others, the unprioritized target is cued (switch cue,
bottom panel). The participant then completes the trial by selecting the second cued target from a continuous wheel and indicating their confidence in this
report. The “+” symbols used in the stimulus durations are synonymous with “followed by.” (B) Sampling combinations for the target stimuli (left) and probe
stimulus (right) for each trial. The stimulus highlighted in the box and connected by a solid line is used as the prioritized target in (A).
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interitem biases between targets in the baseline condition were
indeed negligible, repeat: t(47) = −1.15, p = .257, Cohen’s d =
−0.17, BF01 = 3.44; switch: t(47) = −0.76, p = .453, Cohen’s d =
−0.11, BF01 = 4.87. This distant sampling procedure may have
also incentivized the use of verbal labels for the targets, which
could have produced categorical report biases (G.-Y. Bae et al.,
2015; Garside et al., 2025) and changes in report precision and
forgetting (Chung et al., 2024; Overkott & Souza, 2022; Souza et
al., 2021). However, because our sampling of the target and probe
stimuli was independent of any underlying categorical structure
in the stimulus space, any systematic contributions of verbal
labeling to performance were assumed to be significantly reduced
or eliminated when measuring errors relative to the probe (see the
Behavioral Analysis section).
Five hundred milliseconds after the offset of the targets, a retro-

cue pointing to the left or right side of the screen was presented
above the centrally presented fixation cross for 400 ms. Participants
were instructed to shift their internal FOA toward the target
representation that was presented on the side of the screen indicated
by the retro-cue. The direction of the retro-cue was randomly as-
signed. Eight hundred milliseconds after the offset of the first retro-
cue, a probe shape was presented at the center of the screen for 2,800
ms (67%). The probe was sampled ±45° away from one of the two
targets in a counterbalanced manner (Figure 1B). Below the
probe, two response buttons labeled “similar” and “dissimilar,”
respectively, were presented horizontally to one another and
connected by a line. Participants were instructed to compare the
probe to the cued target and report whether the probe was similar
or dissimilar to the target by clicking on the response button of
choice with the cursor. The similarity judgment was subjective,
and participants were not provided any specific instruction about
how they should determine the similarity between the target and
probe. Once participants reported their similarity judgment, the
probe and response buttons were removed from the screen, and
the remainder of the comparison period was filled by a blank
delay. On a subset of trials in each block (33%), the probe was not
presented during the judgment period, and participants did not
need to make any response. We refer to this subset of trials as
baseline trials.
At the completion of the judgment period, a second retro-cue

pointing to the left or right side of the screen was presented above the
centrally presented fixation cross for 400 ms. Participants were
instructed to shift their internal FOA toward the target representation
that was presented on the side of the screen indicated by the retro-
cue. The second retro-cue was counterbalanced to cue the same
target as the first retro-cue (i.e., repeat trial, 50%) or the opposite
target (i.e., switch trial, 50%).
Eight hundred milliseconds after the offset of the second retro-

cue, a continuous shape wheel was presented. The wheel was
randomly rotated every trial to prevent participants from recoding
the target shapes into locations on the wheel. Participants were
instructed to report the second cued target from the wheel by moving
the cursor to the part of the wheel where the remembered target was
located and clicking on that part of the wheel. Once the cursor
touched the wheel, a report probe was presented at the center of
the screen that matched the stimulus value at the cursor location. The
report probe updated continuously as the participant moved the
cursor along the wheel to inform participants of the exact stimulus
value that the cursor was placed on. Once participants clicked on

the wheel, the wheel was removed from the screen and the report
probe remained. Below the report probe, three response buttons
labeled “High,” “Low,” and “No,” respectively, were presented
horizontally to one another, connected by a line. Participants were
instructed to indicate how confident they were that their selection
matched the second cued target by clicking the response button of
choice. The accuracy of the memory and confidence reports was
emphasized and was therefore performed without an imposed
time limit.

To summarize, the task included two conditions—a target
report following perceptual comparison (33% repeat cue, 33%
switch cue) and a baseline target report with no probe presented
(16.67% repeat cue, 16.67% switch cue). On trials where a probe
was presented, it was always ±45° from one of the two targets,
meaning it could fall at four possible distances from the to-be-
reported target: ±45° (33%), ±90° (11%), ±135° (11%), or 180°
(11%; Figure 1B).

Behavioral Analysis

For each trial, we computed the error in the memory report by
subtracting the degree value of the memory report in the circular
feature space from that of the target item that was presented
originally to report. To provide directional information about the
report error relative to the probe, we aligned the report errors across
trials such that positive error values indicated report errors in the
direction of the probe (i.e., signed report errors). To quantify the
magnitude of any systematic biases in participants’memory reports,
we computed the circular mean signed report error within the
condition of interest. Note that this report bias could not be com-
puted in the baseline condition due to the lack of an interfering probe
being presented. In principle, this lack of a bias baseline prevents us
from determining the directionality of any bias differences between
prioritized and unprioritized memories. Therefore, any modulation
in bias determined with this procedure is conservatively referred to
as “protection” without any further specification of directional
change. Report precision was calculated by computing the circular
standard deviation of the raw (i.e., unsigned) report errors within the
baseline condition.

To maximize power in our analyses, we report the results across
all trials. When we constrained our analyses to only include trials
where participants reported being highly confident in their memory
report, the results were nearly identical (see the Supplemental
Materials).

We report both frequentist (i.e., t values) and Bayesian (i.e.,
Bayes factors) statistics to allow for providing evidence in favor of
null differences between conditions. Two-tailed t tests were em-
ployed to evaluate the statistical significance of any observed biases,
as well as any differences in bias magnitude or report precision
between conditions. The sign of the t statistic was used to determine
the directionality of any differences that reached statistical signif-
icance. BF01 indicates evidence in favor of the null hypothesis, and
BF10 indicates evidence in favor of the alternative hypothesis. To
ensure that our results were not unduly influenced by any remaining
outliers, we screened all of our dependent measures for values that
were at least 3 SD above or below the mean. None of the results
containing outliers were changed by including or excluding these
outliers. Therefore, we report our results with the outliers included
and flagged in the figures. In the Supplemental Materials, we include
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a table comparing the Bayes factors reported in our analyses when
outliers are included versus excluded.

Modeling Analysis

To characterize any observed systematicity in participants’ signed
report errors, we constructed and fit a computational mixture
model using MemToolbox (Suchow et al., 2013) that allows for
interference by nontarget stimuli. The model is an extension of the
target confusability competition (TCC) model proposed by
Schurgin et al. (2020) fit with additional parameters that quantify
the magnitude of representational shifts in the target, as well as the
frequency of trials where observers misreport the probe during
target reports (i.e., swap errors). We provide a brief description of
the model and its construction below.

TCC Model

The TCC model is a signal detection model that accounts for
variability in continuous report data by incorporating information
about the global similarity structure within the stimulus space. The
model assumes that encoding a target stimulus briefly enhances the
familiarity of that target value in memory. However, unlike classic
signal detection models, which assume that only the familiarity of
the target is enhanced (Macmillan & Creelman, 2005), the TCC
model assumes that this familiarity signal propagates to neighboring
nontargets in the stimulus space as well. This spread in famil-
iarity is assumed to follow a fixed psychophysical similarity
function that is approximately exponential in shape when
averaged across stimuli (Nosofsky, 1992; Shepard, 1987) and
is able to be mapped using an independent perceptual task
(Schurgin et al., 2020). When prompted to report a target value
from memory, the model assumes that the observer selects the
stimulus value that appears maximally familiar to them at that
time. Due to noise that is accumulated during encoding and
maintenance, nontarget values occasionally appear more familiar
to the observer than the actual target value. As a result, memory
reports tend to cluster around the location of the true target value
across trials but are imperfect, nonetheless. This model has been
shown to closely fit the data from a wide array of continuous
report tasks, including those containing nontarget interference,
and outperform most conventional models of VWM (Schurgin et
al., 2020; J. R. Williams et al., 2022, 2023). For example, recent
parameter recovery simulations showed that TCC is more robust
against variations in memory strength and interstimulus distance
when estimating swap errors, while other alternative models
elicit pronounced skewing in their respective estimates (J. R.
Williams et al., 2023).
When formalized, the model assumes that continuous reports

along a circular wheel are equivalent to 360-alternative forced-
choice tasks, where each stimulus value that occupies 1° of the
wheel represents a choice. Given the distance, x, of a particular
stimulus value from the target in the stimulus space, we let f(x)
represent how psychophysically similar the stimulus is to the en-
coded target and let d′ represent the strength of the target in memory.
From here, we let vector (X−179, … , X180) represent the target
distribution where each value in the vector is a normal random value
with mean dx = d′ × f(x) and unit variance. Thus, the value reported
by the observer, r, is as follows:

r ∼ argmaxðX−179, : : : ,X180Þ: (1)

TCC Swap + Shift Model

To introduce the possibility of representational shifts and prob-
abilistic swap errors to the TCC model, we adopted the TCC-swap
model proposed by J. R. Williams et al. (2022) and appended an
additional parameter that allows for shifting of the target value in the
stimulus space. We refer to this as the TCC-swap + shift (TCC-SS)
model. Unlike the original TCC model, which assumes that ob-
servers’ reports are always based on similarity to the target, the
TCC-SS model assumes that reports are sometimes based upon
similarity to a nontarget—in this case, the probe. Therefore, the
model is formalized to include separate familiarity distributions for
the target and the probe with a parameter that determines which of
the two distributions that the report will be drawn from. To account
for systematic shifts in the target representation, the model allows
for a global shift in the target familiarity distribution toward or away
from the probe in the stimulus space.

Given the distances, x and y, of a particular stimulus value
from the target and probe, respectively, we let f(x) represent
similarity to the target and let g(y) represent similarity to the
probe. We then let the normal random vector (X−179, … , X180)
represent the target distribution with means dx = d′T × f(x + θ)
and unit variance and let (Y−179, … , Y180) represent the probe
distribution with means dy = d′P × g(y) and unit variance. θ
represents the mean of the target similarity function, which is set
in terms of degrees offset from the true target value. In the case
where there is no shifting in the target distribution, θ is 0. We let
β represent the rate of swap errors. Thus, responses are modeled
as follows:

ω ∼ BernoulliðβÞ: (2)

r ∼ ω × argmaxðY−179, : : : , Y180Þ
+ ð1 − ωÞ × argmaxðX−179, : : : ,X180Þ: (3)

The model freely estimates four of the above parameters (i.e.,
θ, β, d′T, d′P) using a maximum likelihood estimation procedure
(Dempster et al., 1977). During parameter search, θ was allowed to
vary from −180° to 180° in increments of 1°, β was allowed to vary
from 0 (i.e., 0% swap rate) to 1 (i.e., 100% swap rate) in increments
of 0.02, and both d′were allowed to vary from 0 to 4.5 in increments
of 0.05. Note that the inclusion of separate d′ parameters for the
target and probe represents a departure from the original TCC-swap
model, which uses a single d′ to scale both distributions identically.
This modification was intended to account for the sequential pre-
sentation of the target and the probe, as well as the unique task
demands tied to each of them, which may have produced differences
in their respective strength. Psychophysical similarity was set by a
function mapped to the circular shape space by Robinson and Brady
(2023) using perceptual matching data.

Results

Before measuring the retroactive influence of the probe on the
remembered targets, we first sought to determine whether par-
ticipants used the retro-cues reliably to prioritize their memories.
As aforementioned, a common behavioral signature of attentional
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prioritization in memory is more precise reporting of prioritized
memories than unprioritized memories (Gunseli et al., 2015;
Pertzov et al., 2013; Souza & Oberauer, 2016; vanMoorselaar et al.,
2015; Z. Zhang & Lewis-Peacock, 2023a, 2023b). Thus, we began
by measuring the precision of target reports in the baseline con-
dition, where no probe was presented during maintenance. In doing
so, we found that memory reports of prioritized targets were more
precise than those of unprioritized memories (Figure 2), t(47) =
6.91, p< .001, Cohen’s d= 1.00, BF10= 1.12× 106, consistent with
previous research. This confirmed that participants prioritized their
memories in accordance with the instructional retro-cues.
Having verified participants’ use of the retro-cues, we thenmoved

to characterize the retroactive influence of the probe on the reported
target. We started by assessing how the physical similarity between
the target and probe influenced the degree of interactions between
them. To do this, we separated trials based on the probe’s distance
from the reported target in the stimulus space and measured the
report bias. We grouped the probes into close (45°) and far (90°,
135°) distance bins to better balance the number of trials in our
comparisons (see the Procedure section), and we removed probes
that were sampled 180° opposite of the reported target since we
could not recover information about the direction of report errors
relative to the probe on these trials.
We found that memory reports were systematically biased toward

the probe when it was close to the target (Figure 3A), M = 6.91°,
t(47) = 11.23, p < .001, Cohen’s d = 1.62, BF10 = 1.03 × 1012,
with moderate evidence that they were not biased when the probe
was far (Figure 3A),M = 0.61°, t(47) = 0.86, p = .392, Cohen’s d =
0.12, BF01 = 4.49; even when we separated the 90°, M = −0.03°,
t(47) = −0.03, p = .974, Cohen’s d > −0.01, BF01 = 6.37; and 135°
conditions, M = 1.30°, t(47) = 1.58, p = .120, Cohen’s d = 0.23,

BF01 = 1.99. When compared, we found that these reliable report
biases in the close probe condition were significantly larger than
those in the far probe condition as well (Figure 3A), t(47)= 7.58, p<
.001, Cohen’s d = 1.09, BF10 = 1.02 × 107. This modulation in
report bias magnitude is consistent with the known nonlinear effects
of physical similarity between stimuli in which biases increase from
small to moderate distances (e.g., <75°; Rademaker et al., 2015;
Teng & Kravitz, 2019) before plateauing and returning to baseline
with increasing dissimilarity, as they did here (e.g., Mallett et al.,
2020; Nemes et al., 2011, 2012; Saito et al., 2022; see also Lorenc et
al., 2021). To then determine the effect of memory prioritization on
these interactions, we separated trials in the close probe condition
based on the priority of the reported target at the time of the
perceptual comparison. In doing so, we found a significant report
bias for both prioritized (Figure 3B),M = 5.18°, t(47) = 9.55, p <
.001, Cohen’s d = 1.38, BF10 = 6.08 × 109, and unprioritized
memories (Figure 3B), M = 9.00°, t(47) = 6.79, p < .001,
Cohen’s d = 0.98, BF10 = 7.75 × 105, the prior of which was
driven almost exclusively by probes that were perceived as
similar to the target (see the Supplemental Materials). However,
we found moderate evidence that the report bias for prioritized
memories was significantly smaller than that for unprioritized
memories (Figure 3B), t(47) = −2.68, p = .010, Cohen’s d =
−0.39, BF10 = 3.78. These findings suggest that featural simi-
larity alone was sufficient to produce a reliable bias in observers’
memory reports, but that this bias was attenuated when the
memory was prioritized.

To infer the underlying source of these behavioral report biases,
we fit a computational mixture model to the data that is capable of
parsing different sources of systematic error (see the Modeling
Analysis section). As shown in Figure 4A, systematic biases in
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Figure 2
Enhanced Report Precision Following Prioritization

Note. Distributions (left) and standard deviations (right) of raw report errors in the baseline condition for
prioritized and unprioritized memories. For illustration purposes, we plotted the proportion of errors for a given
offset in the distribution by calculating the mean response proportion across a 30° window centered at the offset
value. The vertical black dashed line indicates the location of the target zero-centered across trials. Shaded
regions around the mean line indicate within-subject standard errors. Colored circles in the bar plot indicate the
standard deviation for a single participant. Error bars indicate within-subject standard errors. See the online
article for the color version of this figure.
*** p < .001.

PRIORITY CHANGES INTERACTIONS WITH VISUAL INPUTS 7

https://doi.org/10.1037/xge0001813.supp


continuous reports are known to stem from shifts in the target
representation and from probabilistic misreports of the nontarget
probe (i.e., swap errors). Importantly, these distinct sources of
systematic error reflect different degrees of interaction between new
and existing visual representations. Unlike representational shifts,
where participants maintain correspondence with stimulus-specific
information about the target stimulus, swap errors reflect a more
catastrophic form of interference where participants are assumed to
lose correspondence with the target and report information that is
independent (Mallett et al., 2022; Pratte, 2019). Compared to pri-
oritized memoranda, unprioritized memories may be susceptible to

larger representational shifts, more frequent swap errors, or some
combination of the two.

Upon fitting the model to the data, we found evidence for rep-
resentational shifting and swap errors in both prioritized and un-
prioritized memoranda (see Figure 4B and 4C). Critically, the model
identified anecdotal evidence that prioritized memoranda were
associated with smaller representational shifts (Figure 4C), t(47) =
−2.23, p = .031, Cohen’s d = −0.32, BF10 = 1.47, and strong
evidence that they were associated with less frequent swap errors
(Figure 4C), t(47) = −3.26, p = .002, Cohen’s d = −0.47, BF10 =
1.49 × 10, compared to unprioritized memoranda. Indeed, while
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Figure 3
Effect of Probe Distance and Memory Prioritization on Report Bias

(A)

(B)

Note. Signed report error distributions for (A) close and far probe trials collapsed across cueing conditions and for
(B) prioritized and unprioritized memories within the close probe condition. For illustration purposes, we plotted
the proportion of errors for a given signed offset by calculating the mean response proportion across a 30° window
centered at the offset value. The vertical dashed lines indicate the location of the target zero-centered across trials and the
location of the close probe in (B). Shaded regions around the mean line indicate within-subject standard errors. Bar plots to
the right of the distributions show the mean signed report error in each condition. Colored circles indicate the mean error
for a single participant. Colored “+” symbols indicate outliers. Error bars indicate within-subject standard errors. ns = not
significant. See the online article for the color version of this figure.
* p < .05. *** p < .001.
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reductions in representational shifting were relatively small in
magnitude (prioritized: M = 3.90°, unprioritized: M = 5.32°, dif-
ference:M = 1.42°), the incidence of swap errors was nearly halved
by prioritization (prioritized: M = 5.06% trials, unprioritized: M =
9.57% trials, difference: M = 4.51%). These modeling results, in
conjunction with behavior, suggest that attention does confer
protective benefits to memory in cases of complete prioritization and
that this is true even when observers are unable to drop unprioritized
memoranda from VWM.

Discussion

In Experiment 1, we used a double-serial retro-cue paradigm to
address several gaps in previous literature regarding the effect of
memory prioritization on retroactive interactions between new and
existing visual representations. In particular, we used a combination
of two independent retro-cues and a task-relevant perceptual
comparison to incentivize the complete prioritization (and de-
prioritization) of memoranda while prohibiting the ability to drop
items from VWM. In doing so, we found that prioritized memories
were reported more precisely and showed weaker report biases
toward new visual inputs compared to unprioritized memories.
Using modeling, we show that these weaker report biases following
prioritization may be underpinned by a combination of weaker
representational shifts and fewer swap errors. These results
support a longstanding protective attentional account of priori-
tization (Oberauer, 2002; Oberauer & Lin, 2017) and qualify
recent protective dormancy hypotheses by limiting their scope
only to circumstances where priority is uncertain (Lorenc et al.,
2021; Z. Zhang & Lewis-Peacock, 2023a, 2023b). In Experiment

2, we sought to provide a more comprehensive account of the
interactions between new and existing visual representations
during prioritization by appending a measure of proactive report
bias to the current paradigm.

Experiment 2

Method

Transparency and Openness

Same as Experiment 1.

Participants

All participants in the experiment were undergraduate students at
the University of Toronto Mississauga that reported normal or
corrected-to-normal visual acuity and color vision. Each participant
provided informed consent in accordance with the procedures
approved by the research ethics board at the University of Toronto.

Participants were recruited on a weekly basis until the sample size
exceeded the minimum number identified by the power analysis
performed in Experiment 1 (n = 34). This resulted in the recruitment
of 40 participants. Each participant reported their demographic
information in a response window that appeared before the start of
the experimental script. For gender identity, participants selected
between male, female, and prefer not to answer. Participants sub-
mitted their age in years. Information about racial and ethnic identity
was not collected. One participant was excluded for failing to
complete at least 90% of the similarity judgments. Two participants
were excluded for poor overall performance on the task, as indicated
by a mean absolute report error in the baseline condition that
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Figure 4
Model Evidence for Smaller Shifts and Less Frequent Swap Errors With Prioritization
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Note. (A) Schematics illustrating changes in the visual form of observers’ report error distributions when contaminated by representational shifts and swap
errors. When the target is shifted, the distribution exhibits a global shift away from the location of the target toward (or away from) the nontarget probe.When a
swap error occurs, observers misreport the features of the nontarget probe instead of the target during memory reporting. If swap errors occur with enough
frequency, misreports of the probe begin to produce a second mode in the distribution. (B) Signed report error distribution for prioritized and unprioritized
memories within the close probe condition. To better illustrate any bimodality resulting from swap errors, we plotted the proportion of responses for a given
signed offset by calculating the mean response proportion across a 6° window centered at the offset value. The vertical dashed lines indicate the location of the
target zero-centered across trials and the location of the probe, respectively. Shaded regions around the mean lines indicate within-subject standard errors. (C)
Bar plots depicting estimates of representational shift (left) and swap error frequency (right) from the target confusability competition-swap + shift model.
Colored circles indicate the mean estimate for a single participant. Colored “+” symbols indicate outliers. Error bars indicate within-subject standard errors. See
the online article for the color version of this figure.
* p < .05. ** p < .01.
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was >2.5 SD above the mean of the group. One participant was
excluded for failing to report the probe stimulus reliably when
cued, as indicated by a mean absolute report error on probe report
trials that was >2.5 SD above the mean of the group. Data
collected from the remaining 36 participants were submitted to
analysis. Among this remaining sample, 27 participants reported
their gender as female and nine as male. The mean age of the
sample was 19.00 years.

Apparatus and Stimuli

Identical to Experiment 1.

Procedure

The task procedure in Experiment 2 is shown in Figure 5. It was
similar to that of Experiment 1, with the following exceptions:

1. The possible interitem distance of 180° between targets
was removed, meaning that the distance between targets
was always fixed to ±135° and counterbalanced in the
clockwise and counterclockwise directions.

2. Due to the above change in target sampling, the possible
probe distance of ±135° from one of the targets was
eliminated.

3. To ensure that none of the findings in Experiment 1 could
be attributed to variability in the duration of the probe
stimulus, which was set to offset at the time of the
similarity judgment, the probe in Experiment 2 remained
onscreen for the entire 2,800-ms presentation period
regardless of response.

4. On 25% of trials, participants were prompted to report the
probe rather than one of the targets (Figure 5). The probe
report was designed with two goals in mind. First, we
wanted to ensure that the probe stimulus was presented for
the same duration across trials untethered to the duration of
the report. Second, we wanted to minimize the time that
participants held the probe in VWM, since this could
evoke additional interactions between the target and probe
that were not the focus of the present study (e.g.,
maintenance repulsion; Bae & Luck, 2017; Chunharas et
al., 2022; Scotti et al., 2021). To do this, we presented the
probe stimulus for the same duration specified above (i.e.,
2,800 ms) and then cued the probe report by presenting the
shape wheel immediately at the time of probe offset
without a second retro-cue. Note that removing the probe
stimulus before the report forced observers to recall the
probe representation frommind, thus making it impossible
to determine whether any reported biases emerged at the
time of perception or postperceptually. Therefore, biases
in the probe report are conservatively referred to as
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Figure 5
Double-Serial Retro-Cue Paradigm With Target and Probe Reporting
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Until Response
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Until Response

Target Report

Probe Report

Note. The trial procedure for the experimental conditions in the paradigm. After encoding two target items into memory simultaneously, a retro-cue indicates
to participants which of the two targets is to be prioritized for use in an impending perceptual comparison. During the comparison, a probe stimulus is presented,
and participants judge its similarity to the cued target. In 75% of trials, a second retro-cue informs participants which of the two targets is to be reported from
memory (Target Report, top row). In the remainder of trials, the continuous wheel immediately onsets after the probe, which cues participants to report the
probe instead (Probe Report, bottom row). In each type of trial, the participant selects the cued item from the wheel with the mouse. The “+” symbols used in the
stimulus durations are synonymous with “followed by.”
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proactive report biases without any further specification of
their timing.

5. Given that the results of Experiment 1 were preserved
regardless of observers’ confidence in their memory report
(see the Supplemental Materials), the confidence report
was removed.

To summarize, the task included three conditions—target report
following perceptual comparison (25% repeat cue, 25% switch cue),
probe report following perceptual comparison (25%), and target
report with no probe presented (12.5% repeat cue, 12.5% switch
cue). On trials where a probe was presented, it was always ±45°
from one of the two targets, meaning it could fall at three possible
distances from the to-be-reported target: ±45° (37.5%), ±90°
(18.75%), and 180° (18.75%).

Behavioral Analysis

To ensure once again that our results were not unduly influenced
by any remaining outliers, we screened all of our dependent
measures for values that were at least 3 SD above or below the mean.
None of the results containing outliers were changed by including or
excluding these outliers, except for one comparison where the
outlier was removed and explicitly noted by a footnote. All other
results are reported with outliers included and flagged in the figures.
In the Supplemental Materials, we include a table comparing the
Bayes factors reported in our analyses when these outliers are
included versus excluded.

Modeling Analysis

Identical to Experiment 1.

Results

We began by measuring the precision of the observer’s target
reports in the baseline condition to confirm their reliable use of the
retro-cues to prioritize their memories. In doing so, we again found
that memory reports of prioritized targets were more precise than
those of unprioritized targets (Figure 6), t(35) = −4.90, p < .001,
Cohen’s d = −0.82, BF10 = 9.93 × 102. From here, we then sought
to determine whether the retroactive interactions between the target
and probe that were observed in Experiment 1 were observed again
in Experiment 2. We again separated trials based on the probe’s
distance from the reported target in the stimulus space and measured
the report bias. As before, we found that memory reports were
systematically biased toward the probe when it was close to the
target (Figure 7A), t(35) = 10.54, p< .001, Cohen’s d = 1.76, BF10=
4.02× 109, with moderate evidence that they were not when the probe
was further away (Figure 7A), t(35) = −1.08, p = .286, Cohen’s d =
−0.18, BF01 = 3.25. When directly compared, report biases observed
in the close probe condition were significantly larger than those in the
far probe condition, t(35) = 6.70, p < .001, Cohen’s d = 1.12, BF10=
1.58 × 105. When we separated trials in the close probe condition
based on the priority of the reported target at the time of the perceptual
comparison, we found a significant report bias in both prioritized
(Figure 7B), t(35) = 7.60, p < .001, Cohen’s d = 1.27, BF10= 1.93 ×
106, and unprioritized memories (Figure 7B), t(35) = 9.32, p < .001,
Cohen’s d = 1.55, BF10 = 1.89 × 108, the prior of which was again
driven almost exclusively by probes that were perceived as similar
to the target (see the Supplemental Materials). However, as in
Experiment 1, the report bias for prioritized memories was signifi-
cantly smaller than that for unprioritizedmemories, t(35)=−4.08, p<
.001, Cohen’s d = −0.68, BF10= 1.09 × 102. When fit with the TCC-
SS model, we found strong evidence that prioritized memories were

T
hi
s
do
cu
m
en
t
is
co
py
ri
gh
te
d
by

th
e
A
m
er
ic
an

P
sy
ch
ol
og
ic
al

A
ss
oc
ia
tio

n
or

on
e
of

its
al
lie
d
pu
bl
is
he
rs
.

T
hi
s
ar
tic
le

is
in
te
nd
ed

so
le
ly

fo
r
th
e
pe
rs
on
al

us
e
of

th
e
in
di
vi
du
al

us
er

an
d
is
no
t
to

be
di
ss
em

in
at
ed

br
oa
dl
y.

Figure 6
Replication of Enhanced Report Precision Following Prioritization
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Note. Distributions (left) and standard deviations (right) of raw report errors in the baseline condition for
prioritized and unprioritized memories. For illustration purposes, we plotted the proportion of errors for a
given offset in the distribution by calculating the mean response proportion across a 30° window centered at
the offset value. The vertical black dashed line indicates the location of the target zero-centered across trials.
Shaded regions around the mean line indicate within-subject standard errors. Colored circles in the bar plot
indicate the standard deviation for a single participant. Error bars indicate within-subject standard errors. See
the online article for the color version of this figure.
*** p < .001.
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associated with smaller representational shifts (Figure 8), t(35) =
−3.88, p < .001, Cohen’s d = −0.65, BF10 = 6.61 × 10, and less
frequent swap errors (Figure 8), t(34) = −3.61, p < .001, Cohen’s d =
−0.61, BF01= 3.24 × 10,1 than unprioritized memories. These model
findings, in conjunction with behavior, replicate the retroactive in-
teractions observed in Experiment 1.
We then moved to characterize the proactive interactions between

memories and new visual inputs by measuring systematic biases in
observers’ reports of the probe. Much like the retroactive biases
observed in target reports, we found that probe reports were biased
toward targets that were prioritized (Figure 9A), t(35)= 5.05, p< .001,
Cohen’s d= 0.84, BF10= 1.53× 103, and those that were unprioritized
(Figure 9A), t(35) = 3.29, p = .002, Cohen’s d = 0.55, BF10 = 1.50 ×
10. However, unlike retroactive biases, we found moderate evidence

that proactive report biases were comparable between prioritized and
unprioritized memories, t(35) = 1.03, p = .311, Cohen’s d = 0.17, BF

01 = 3.43, suggesting that memory priority did not meaningfully
modulate their magnitude. To rule out the trivial possibility that
observers might have frequently misreported the prioritized target
instead of the probe because theywere unsure if a second retro-cuewas
presented, we fit the TCC-SS model (see Figure 9B). In doing so, we
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Figure 7
Replication of Retroactive Report Bias Based on Probe Distance and Memory Prioritization
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Note. Signed report error distributions for (A) close and far probe trials collapsed across cueing conditions and for (B)
prioritized and unprioritized memories within the close probe condition. For illustration purposes, we plotted the
proportion of errors for a given signed offset by calculating themean response proportion across a 30° window centered
at the offset value. The vertical dashed lines indicate the location of the target zero-centered across trials and the
location of the close probe in (B). Shaded regions around the mean line indicate within-subject standard errors. Bar
plots to the right of the distributions show the mean signed report error in each condition. Colored circles indicate the
mean error for a single participant. Colored “+” symbols indicate outliers. Error bars indicate within-subject standard
errors. ns = not significant. See the online article for the color version of this figure.
*** p < .001.

1 Outlier screening identified one participant with an extremely high swap
rate in the prioritized condition (=63% of trials, z = 4.43) that was not
detected by our baseline screening procedure. When appended to the data,
this outlier was extreme enough to mask the clear difference in swap rate
between prioritized and unprioritized targets, t(35) = −1.92, p = .063,
Cohen’s d = −0.32, BF01 = 1.08. As such, this outlier was removed from the
comparison reported in the main text.
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found moderate evidence that report biases toward prioritized and
unprioritized targetswere underpinned by comparable representational
shifts, t(35) = −0.83, p = .415, Cohen’s d = −0.14, BF01 = 4.07, and
comparable swap error rates, t(35)= 0.44, p= .665, Cohen’s d= 0.07,

BF01 = 5.11. These findings suggest that prioritized and unprioritized
memories exerted a comparable proactive influence on observers’
reports of the incoming probe despite clear differences in their
respective susceptibility to retroactive interactions by that probe.
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Figure 8
Replication of Smaller Retroactive Shifts and Less Frequent Swap Errors With Prioritization
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Note. (A) Signed report error distribution for prioritized and unprioritized memories within the close probe condition. To better illustrate any
bimodality resulting from swap errors, we plotted the proportion of responses for a given signed offset by calculating the mean response proportion
across a 6° window centered at the offset value. The vertical dashed lines indicate the location of the target zero-centered across trials and the location of
the probe, respectively. Shaded regions around the mean lines indicate within-subject standard errors. (B) Bar plots depicting estimates of
representational shifting (left) and swap error frequency (right) from the target confusability competition-swap + shift model. Colored circles indicate
the mean estimate for a single participant. Colored “+” symbols indicate outliers. Error bars indicate within-subject standard errors. One outlier in the
prioritized swap rate condition did not fit in the figure (=0.63). See the online article for the color version of this figure.
*** p < .001.

Figure 9
Model Evidence for Comparable Proactive Interactions Regardless of Memory Priority
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Note. (A) Signed report error distributions for probes within the close target condition separated by prioritized and unprioritized targets. To better
illustrate any bimodality resulting from swap errors, we plotted the proportion of responses for a given signed offset by calculating the mean response
proportion across a 6° window centered at the offset value. The vertical dashed lines indicate the location of the probe zero-centered across trials and the
location of the target, respectively. Shaded regions around the mean lines indicate within-subject standard errors. Bar plots to the right of the
distributions show the mean signed report error in each condition. Colored circles indicate the mean error for a single participant. Error bars indicate
within-subject standard errors. (B) Bar plots depicting estimates of representational shifting (left) and swap error frequency (right) from the target
confusability competition-swap + shift model. Colored circles indicate the mean estimate for a single participant. Colored “+” symbols indicate
outliers. Error bars indicate within-subject standard errors. ns = not significant. See the online article for the color version of this figure.
*** p < .001.

PRIORITY CHANGES INTERACTIONS WITH VISUAL INPUTS 13



General Discussion

Research suggests that memories and new visual inputs interact
bidirectionally, producing retroactive and proactive biases in their
respective behavioral reports (Barbosa & Compte, 2020; Fischer &
Whitney, 2014; Kiyonaga et al., 2017; Liberman et al., 2014;Mallett
et al., 2020; Rademaker et al., 2015; Saito et al., 2022; Teng &
Kravitz, 2019). In this study, we sought to characterize how these
interactions change when memories are prioritized for use in
behavior. We found that prioritization modulated retroactive in-
teractions between memories and a perceptual probe but not their
proactive interactions. Behavioral reports of prioritized memories
were more precise and contained smaller attractive biases toward the
probe than those of unprioritized memories, but behavioral reports
of the probe were biased comparably toward each of them. These
findings corroborate a modest protective role of attention over
memory (Oberauer, 2002; Oberauer & Lin, 2017) and elucidate a
clear behavioral asymmetry in the reciprocal interactions between
new and existing visual representations.
Previous studies have found inconsistent evidence regarding the

effects of prioritization on retroactive interference. Some suggest
that prioritized memories are partially shielded against interactions
with visual inputs via top–down attention (Barth & Schneider, 2018;
Makovski & Jiang, 2007; Makovski & Pertzov, 2015; Schneider et
al., 2017; Souza et al., 2016; van Moorselaar et al., 2015), while
others suggest that unprioritized memories are more likely to evade
interactions with new visual inputs by relying on a separate neural
substrate (Allen & Ueno, 2018; Hitch et al., 2018; Hu et al., 2014,
2016; Lorenc et al., 2021; Z. Zhang & Lewis-Peacock, 2023a,
2023b). While some of these inconsistencies can be attributed to
differences in report procedures between studies (e.g., discrete
recognition vs. continuous recall), we focused here on systematic
differences in the types of retro-cues that were used to incentivize
memory prioritization. Those cues demonstrating a protective
benefit were often fully valid but may have allowed observers to
discard unprioritized memories from mind (Kuo et al., 2012; Lorenc
et al., 2021; Schneider et al., 2017; Souza et al., 2014; M. Williams
& Woodman, 2012), while those cues demonstrating susceptibility
were often uncertain and may have influenced the reliability of
prioritization (Gould et al., 2011; Gunseli et al., 2015; Wang & van
Ede, 2025; M. Williams & Woodman, 2012). By using a double-
serial retro-cue paradigm in the present study that incentivized the
complete prioritization of one memory item for use in an explicit
comparison, we provide a potential resolution to these conflicting
findings. First, we show that, when prioritized with complete cer-
tainty, prioritized memoranda are indeed relatively shielded against
perceptual interference compared to unprioritized memoranda,
consistent with protective attentional accounts (Oberauer & Lin,
2017). Second, because observers were unable to simply discard the
unprioritized target from VWM, we confirm that these protective
benefits are not attributable to changes in memory set size, as they
occur even when unprioritized memoranda continue to be
maintained.
By comparison, we found that probe reports were comparably

biased toward prioritized and unprioritized memoranda, suggesting
that proactive interactions were not strongly influenced by memory
priority. To find an asymmetrical effect of memory priority across
retroactive and proactive report biases is somewhat surprising, given
that these biases are assumed to occur during a common set of

reciprocal interactions between new and existing visual re-
presentations. We speculate that this asymmetry could reflect a
distinction between the functional memory states that are conferred
by behavioral relevance (Cowan, 2001; Oberauer, 2002) and their
corresponding neural states of representation (for a detailed theo-
retical perspective, see Stokes et al., 2020). In the last decade,
researchers have hypothesized about several different mechanisms
in the brain that might be capable of implementing functionally
“active” (i.e., prioritized) representations that guide ongoing pro-
cessing and functionally “latent” (i.e., unprioritized) representations
that are stored but unengaging (e.g., Christophel et al., 2018;
LaRocque et al., 2013; Lewis-Peacock et al., 2012; Panichello &
Buschman, 2021; Spaak et al., 2017). Some accounts propose a
dichotomous mapping of these functional states to two qualitatively
distinct mechanisms, such as recurrent neural firing and transient
synaptic plasticity (Barak & Tsodyks, 2014; Mongillo et al., 2008),
while others assert a single mechanism where functional states are
marked by differing levels of neural activation instead (Barbosa et
al., 2020; Schneegans & Bays, 2017). Most tests of these accounts
have relied on neural evidence collected from tasks where observers
shift their memories between active and latent functional states
using top–down attentional selection. For example, in one of the first
studies demonstrating correspondence between functional and
neural states, the researchers trained a multivariate classifier to
decode the category of stimuli stored in VWM while observers
completed a double-serial retro-cue paradigm (Lewis-Peacock et al.,
2012). Unlike the present study, the targets on each trial were drawn
from distinct categories (e.g., words vs. oriented lines) and used in
recognition judgments with probes that were identical or highly
dissimilar. Prior to the first retro-cue, both memories elicited sus-
tained, decodable activity, consistent with an active neural mech-
anism. When the first retro-cue instructed observers to prioritize one
of the two memoranda, the prioritized memory remained decodable,
but decoding of the unprioritized item dropped to chance, sug-
gesting that it was no longer represented by the same active
mechanism. Critically, however, when the second retro-cue then
instructed observers to shift the unprioritized item back into a
prioritized state, decoding of the previously unprioritized item was
restored, suggesting that the item was maintained by a more latent
neural mechanism before returning to an active neural state. In this
example, and others like it, functional and neural states are yoked
together by design, perhaps leading to the assumption that the two
states are synonymous, such that an active neural state is universally
indicative of an active functional state, and vice versa.

However, if functional and neural states do not share a perfect
correspondence and are only partially dependent upon one another,
this could help to explain the findings in the present study. When
selected by internal attention, prioritized memories were able to be
used in explicit comparisons and interact with new visual inputs,
suggesting that they were active in both function and representation,
consistent with previous studies. By contrast, unprioritized mem-
ories were not used in behavior, suggesting functional latency, yet
still interacted with new visual inputs. One possibility is that these
unprioritized representations were initially latent across both states
but were reactivated at the neural level—perhaps involuntarily—by
featural overlap with the probe. Indeed, previous research has
already shown that latent neural representations can be reactivated
by featural overlap with a cue (Printzlau et al., 2022; van Ede et al.,
2020) and by other less specific forms of exogenous stimulation,
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such as impulses coming from magnetic stimulation (Rose et al.,
2016) and irrelevant visual masks (Wolff et al., 2017). Once re-
activated, these unprioritized memories may have interacted with
new visual inputs in a manner unimpeded by the protective effects of
top–down attention, resulting in retroactive report biases that were
larger than those observed in prioritized memories. At the same
time, because attentional allocation toward the perceptual probe was
unrelated to attentional allocation within memory, an active neural
state shared across prioritized and unprioritized memories may have
produced comparable proactive report biases. That being said,
observers’ reports of the probe did appear slightly more precise
when the probe was closer to the prioritized item than the un-
prioritized item (see Figure 9A), suggesting that preactivation of the
prioritized item might have conferred a proactive boost in probe
processing that was analogous to the probe’s reactivation of the
unprioritized target (Gayet et al., 2017; Serences, 2016).
A second, nonexclusive possibility is that differences in retro-

active and proactive report biases emerged after interference had
ended. In our modeling analyses, a significant amount of the
modulation in retroactive report bias was explained by more fre-
quent swap errors during reports of unprioritized memoranda.
Unlike representational shifts, where observers’ reports of the target
are slightly contaminated, swap errors are assumed to reflect lost
correspondence with the target entirely (Mallett et al., 2022; Pratte,
2019). Recent evidence from nonhuman primates suggests that this
lost correspondence occurs primarily when observers incorrectly
select information from VWM for reports (Alleman et al., 2024).
This could imply that swap errors in the present study emerged after
the second retro-cue when observers attempted to reorient their
attention to the unprioritized target. However, this would not
guarantee that retroactive interactions were comparable at the time
of interference, as the model also concluded that unprioritized
memories exhibited larger representational shifts as well, whichmay
have occurred at the time of the comparison.
Some of the ostensible contradictions between the present

findings and extant literature may also be aptly explained by
assuming only partial dependence between functional and neural
states. For example, the finding that unprioritized memoranda
produce proactive biases in reports of new visual inputs appears
inconsistent with the finding that they do not produce reliable
attentional guidance during search (Greene et al., 2015; Mallett &
Lewis-Peacock, 2018; Olivers et al., 2011; Ort et al., 2018, 2019;
Ort & Olivers, 2020; van Loon et al., 2017; but see also Bahle et al.,
2020; Beck et al., 2012). However, if one assumes that an un-
prioritized item can be reactivated at the neural level without
obligatory functional reactivation (e.g., via reflexive reorienting of
attention), then it is perfectly conceivable that unprioritized re-
presentations can sometimes produce report biases despite not
automatically guiding search. In cases where unprioritized memories
are less likely to be reactivated at the neural level, such as when visual
inputs are highly dissimilar or successfully ignored (Rademaker et al.,
2015; Saito et al., 2022; Teng&Kravitz, 2019), then the memorymay
not interact with new visual inputs at all, resulting in patterns of
behavior that are more consistent with the protective dormancy
hypothesis. To arbitrate among this myriad of hypotheses, which are
speculative at present, future research should consider pairing the
valid cue manipulation used here with a neuroimaging technique to
extract direct measures of neural states during memory prioritization
and interference.

Constraints on Generality

The goal of the present study was to provide a generalized
understanding of how the deployment of internal attention mod-
ulates interactions between new and existing visual representations.
We report the findings from behavioral tasks performed by
undergraduate students from a reputable Canadian university whose
cognitive abilities were likely higher than that of the average
population. The observed range of performance may therefore be
partially constrained by the nature of the sample and less repre-
sentative of the variability present in less educated populations and
in older adults. For example, due to age-related declines in both
attention and working memory (Hasher & Zacks, 1988; Naveh-
Benjamin & Cowan, 2023; Peich et al., 2013; Salthouse, 2016), we
might expect that overall performance on these tasks will be worse
across conditions in older adults. However, because our conclusions
primarily rest upon the differences in performance between con-
ditions for a given individual, we expect that the patterns critical to
our research question would still hold (e.g., differences in report bias
between prioritized vs. unprioritized memoranda). Future work
should consider incorporating a more diverse sample of participants
to demonstrate this generalizability more explicitly.

Conclusion

In the present study, we combined a double-serial retro-cue
paradigmwith explicit perceptual comparisons to examine the effect
of memory prioritization on well-established interactions between
new and existing visual representations. In doing so, we found
evidence for an asymmetric pattern in observers’ behavioral reports.
In the retroactive direction, reports of prioritized memories were
more precise and exhibited smaller attractive biases toward per-
ceptual inputs than unprioritized memories, consistent with a pro-
tective role of internal attention. Conversely, in the proactive
direction, reports of the perceptual probe showed comparable biases
toward prioritized and unprioritized memoranda. We speculate that
these findings, and those reported previously, can be accounted for
by a theoretical framework that assumes only partial dependence
between functional memory states that are conferred by top–down
control and their concomitant neural states.
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