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Abstract 24 

In addition to processes associated with maintaining, manipulating, and updating to-be-25 

remembered information for ongoing cognition, some theories suggest that working memory 26 

(WM) also involves the active deletion of irrelevant information, including items that were 27 

retained in WM, but are no longer relevant for ongoing cognition. Considerable evidence 28 

provides support for an active deletion mechanism, particularly for categorical representations 29 

(Rose et al., 2016; Fulvio & Postle, 2020; but see Bae & Luck, 2017 for contradictory evidence 30 

with line orientations). On each trial of the current task, healthy young adults maintained two 31 

line orientations in visual WM, switched attention to maintaining and recalling the orientation 32 

cued first, and then switched to recall the item cued second, at which point the uncued 33 

orientation was no-longer-relevant on the trial. The results showed that the no-longer-relevant 34 

items exerted the strongest “repulsive” bias on participants’ recall of to-be-remembered items, 35 

directly contradicting the active deletion hypothesis. We suggest that visual WM binds features 36 

like line orientations into ensemble representations, and an irrelevant feature of a bound object 37 

cannot be actively deleted--it biases recall of the target feature via repulsion. Models of WM will 38 

need to be updated to explain this dynamic phenomenon.    39 
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Introduction 40 

Working memory (WM) is used to maintain and manipulate multiple items in mind over 41 

short periods of time while using those memory items to accomplish a goal (Baddeley, 2012). 42 

WM is implicated in most forms of higher-order cognition (Conway et al., 2012), so a great deal 43 

of research has attempted to elucidate the neurocognitive mechanisms that support WM 44 

(Oberauer et al., 2018). WM is tightly linked to the perception, attention, long-term memory, and 45 

action systems because of the need to encode, attend to, retrieve, and act on task-relevant items 46 

retained in WM (Cowan, 1998). Many theorists propose that, in addition to actively retaining 47 

goal-relevant information, WM also involves actively deleting information that is no longer 48 

relevant through a process that is distinct from forgetting1 (Hasher, Lustig, & Zacks, 2007; 49 

Lewis-Peacock, Kessler, & Oberauer, 2018; Oberauer, 2018). However, the existence and nature 50 

of this mechanism, and the extent to which it is under cognitive control, is under debate. This 51 

paper attempts to address this issue.  52 

Measuring the prioritization and deletion of items in WM with retrocue tasks 53 

Because performance worsens as the number of items held in WM increases, being cued 54 

to which item(s) will be tested is typically beneficial (Souza & Oberauer, 2016). Cueing provides 55 

advantages even when presented after items have been encoded (retrocues). In conditions with 56 

versus without retrocues, numerous studies have shown differences in behavior (accuracy, 57 

response times) and brain activity (EEG/ERP, MEG, fMRI) associated with cued versus uncued 58 

items (for a meta-analysis, see Wallis et al., 2015).  59 

 
1 There are many similar terms that have been used to describe this process including suppression, inhibition, 
deletion, removal, clearing, gating, interference resolution, etc. The extent to which these terms connote similar or 
different processes is unclear. Here we use the term 'active deletion' to refer to the general mechanism and discuss 
how clarification is needed. 
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Many theorists have concluded that these differences arise when internal attention selects 60 

and protects cued/relevant items against interference from other items in WM (Duarte et al., 61 

2013; Gunseli et al., 2015; Heuer & Schubö, 2016; Makovski, Sussman, & Jiang, 2008; Souza, 62 

Rerko, & Oberauer, 2016). Other theorists have posited that cueing benefits relevant items 63 

because controlled attentional processes can be strategically used to actively delete irrelevant 64 

items from WM (e.g., Lewis-Peacock et al., 2018). However, it is unclear whether cueing is 65 

beneficial because people selectively attend to and enhance the representation of relevant items, 66 

because people selectively delete irrelevant items, or both (Lintz & Johnson, 2021). This is 67 

particularly unclear with single retrocue tasks because only cued items are tested. Tasks with 68 

multiple retrocues are more revealing because memory for the initially uncued/irrelevant item 69 

can be assessed. If switching attention away from uncued item(s) to attend to a cued item 70 

involves actively deleting one or more no-longer-relevant-items from WM, then the deleted 71 

items should not affect WM performance.   72 

Using a two-item double-retrocue task, Rose et al. (2016) showed behavioral and neural 73 

evidence that supported the idea that no-longer relevant items were actively deleted from WM. 74 

When the two items (a face, word, or direction of motion) were initially presented and retained in 75 

WM, the category of both items could be decoded from fMRI or EEG. Following the first 76 

retrocue, neural representation of the uncued item dropped to baseline as if it were no longer “in 77 

WM”, but it could be reactivated by a single pulse of transcranial magnetic stimulation (TMS) 78 

applied to a category-selective region of posterior cortex, and this caused an increase in false 79 

alarms to recognition probes matching the uncued item. This suggested that UMIs were retained 80 

in an “activity-silent” manner via short-term synaptic plasticity mechanisms (Silvanto, 2017; 81 

Rose, 2020). Critically, following the second retrocue, which indicated that the uncued item was 82 



5 

no longer relevant on the trial, TMS could no longer reactivate and increase false alarm rates for 83 

the uncued (no-longer-relevant) item. This suggested that the retrocues served to update WM and 84 

that items in WM were deleted when they were no longer needed to carry out the task (for 85 

replications, see Wolff et al., 2017; Fulvio & Postle, 2020). 86 

Related research has also shown evidence of an active-deletion process that removes 87 

items cued as no longer relevant for WM storage (for review, see Lewis-Peacock et al., 2018). 88 

Despite evidence supporting the existence of a mechanism that helps to update the contents of 89 

WM to retain task-relevant items and limit interference from other items, it does not seem to 90 

always be utilized.  91 

Repulsion Effects  92 

Bae and Luck (2017) used a WM task similar to a double-retrocue task that required 93 

participants to recall two line orientations, which were presented at central fixation, in 94 

succession. The retrocue indicated which orientation to report first, and then which orientation to 95 

report second on each trial. Recall of both the first and second orientations were systematically 96 

biased away from (“repulsion”) the other nontarget orientation.2 This repulsion bias when 97 

recalling the second orientation is striking because the other orientation was no longer relevant to 98 

the task at the time of recall and should have been cleared from WM. That the no-longer-relevant 99 

item still biased recall of the second orientation contradicts the active-deletion hypothesis. In 100 

fact, bias from the nontarget was greater for the second than the first item recalled.  101 

The Present Study 102 

We attempted to replicate and extend this study by comparing how uncued (but 103 

potentially relevant) and “deleted” (no-longer-relevant) items bias recall of target items in WM. 104 

 
2 This repulsion phenomenon has also been shown to bias WM for faces (Mallett, Mummaneni, and Lewis-
Peackock, 2020), motion (Czoschke et al., 2019), and color (Golomb, 2015). 
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We designed a double-retrocue task and analysis plan that allowed the measurement of memory 105 

fidelity of items held in attended, unattended, or the putative “deleted” state, as well as the 106 

relative contributions of distinct sources of influence on their recall. Specifically, computational 107 

modeling separated memory errors into three categories: precision (defined as the standard 108 

deviation of errors), guess rate (defined as the likelihood that the participant had no memory 109 

trace for the target item), and swap error rate (defined as a response toward the memory item that 110 

was not cued for recall on that trial; also known as a binding error) (Peters et al., 2019).  111 

We predicted that, relative to recall of the item cued first (and recall of the same item on 112 

“stay” trials), switching to recall the initially uncued item would be associated with worse 113 

precision, a higher guess rate, and a higher swap error rate. With regards to potential biases on 114 

recall, if the no-longer-relevant item is deleted from WM, as is suggested by the active-deletion 115 

hypothesis, then there should only be bias from the uncued, nontarget item when recalling the 116 

first item--not the second item when the nontarget is no longer relevant on the trial. That is, we 117 

should fail to replicate Bae and Luck (2017). If, however, bias from no-longer-relevant items is 118 

observed, this would call into question the generalizability of the putative active-deletion 119 

mechanism, at least for WM precision of low-level visual features like line orientations.  120 

 121 

Methods 122 

Subjects 123 

A total of 41 subjects (14 Male, average age = 19.21; 27 Female, average age = 19.04) 124 

were recruited from the University of Notre Dame community to participate in the experiment. 125 

All subjects were between the ages of 18 and 35 and reported being right handed and having 126 

both normal color vision and normal or corrected-to-normal visual acuity. Subjects provided 127 
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informed consent in accordance with the Notre Dame IRB protocols and were remunerated with 128 

cash ($15/hour) or course credit (1 credit/hour) through the University’s SONA system. All 129 

blocks from participants in the sham rTMS condition (6 participants, approximately 46 blocks 130 

total) were included since these subjects did not undergo rTMS treatment; the rest of the subjects 131 

participated in a behavioral-only version of the experiment. Data from 6 subjects were not 132 

included (2 withdrew following the phosphene localization procedure, 1 was screened but never 133 

scheduled before COVID, data from the other 3 were lost due to technical errors), leaving a final 134 

total of 35 subjects whose data were analyzed. 135 

 136 

Materials 137 

Subjects were seated approximately 37 cm (n=19) or 57 cm (n=16) away from a 24-in 138 

ASUS computer monitor with 1920 x 1080 resolution and a 60 Hz refresh rate.3 The task and 139 

stimuli were generated and run in MATLAB (R2014a, MathWorks, Natick, MA) using the 140 

Psychophysics Toolbox Version 3 (Brainard, 1997; Pelli, 1997; Kleiner, Brainard, & Pelli, 2007; 141 

http://psychtoolbox.org/). Responses were given on the T9 number pad of a standard QWERTY 142 

keyboard.  143 

 144 

WM Task  145 

Stimulus details  146 

Central fixation was identified by a white circle with an outer radius of ¼ pixel and an 147 

inner radius of ⅛ pixel. The experimental stimuli consisted of two sine-wave gratings (i.e. Gabor 148 

 
3 The difference is due to a necessary change in the experiment room setup; note that the degree of visual angle at 
which stimuli were presented varied between subjects by design, see Stimulus Details, and did not interact with the 
effects of interest, see Data Quality Checks. 

http://psychtoolbox.org/
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patches) with a diameter of 2°, spatial frequency of 2 cycles/°, a phase of 0, and a Michelson 149 

contrast of 100%. The orientations were separated into 7 distinct orientation bins with centers of 150 

13°, 39°, 65°, 91°, 117°, 143°, and 169°. For a given trial, orientations were selected pseudo-151 

randomly from these bins with a jitter of ±5° (Samaha, Sprague, & Postle, 2016), and the two 152 

stimuli in a given trial varied by more than 10°.  153 

Location of stimulus presentation was matched to phosphene localizations acquired from 154 

subjects in an ongoing TMS study. Subjects in that study first underwent a phosphene 155 

localization and thresholding procedure in a dark room to determine if they could reliably see a 156 

circular shaped phosphene in the lower right visual field when holding central fixation from 157 

single pulses of TMS applied to left early visual cortex (V1/V2). If so, the TMS intensity at 158 

which a phosphene was induced in 5 out of 10 trials was determined following established 159 

procedures (Abrahamyan et al., 2011; Rademaker et al., 2017). Then TMS intensity was set to 160 

110% of the phosphene threshold, single-pulses were applied at the localized area, and, 161 

following each pulse, subjects were instructed to use the computer mouse to trace an outline of 162 

the perceived phosphene onto the black computer screen with a grey central fixation cross  using 163 

MATLAB PsychToolbox code. Following the drawing of at least 10 outlines, each outline was 164 

fit to an ellipse using  fitellipse function, the centroid of each ellipse was calculated, and the 165 

median centroid value (in X and Y screen pixel coordinates) was recorded. These coordinates 166 

were used to determine the location at which the center of the right gabor orientation patch was 167 

presented for the WM task. The left gabor patch was presented in the contralateral visual field 168 

from these coordinates. Therefore, stimuli locations are individually determined and unique for 169 

each subject in that rTMS study. For the purposes of this behavioral-only control experiment., 170 
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subjects were randomly matched to the stimuli locations determined for subjects who completed 171 

the phosphene localization task and the rTMS version of the experiment.  172 

The retrocues consisted of circular outlines surrounding the locations where the stimuli 173 

were presented. The cued item was outlined by a bold (.5°) white circle; the non-cued item was 174 

outlined by a non-bold (0.15)° light-grey circle. Presenting circles at the locations of both the 175 

cued and uncued item was necessary to avoid selectively “pinging” the cued with a visual 176 

impulse (Wolff et al., 2017). .  177 

Task Procedure 178 

 The flow of the experimental task is outlined in Figure 1. A white fixation circle was 179 

presented on a black screen at the beginning of each trial for 2 s and remained on the screen 180 

throughout stimulus and cue presentation. Gabor patches were presented for .2 s in the lower 181 

visual hemifield, one in the right hemifield and the other symmetrically mirrored in the left 182 

hemifield according to the locations determined by the phosphene localization procedure 183 

described in the preceding section (Median Degree of Visual Angle = 10.03; SD = 4.13). After a 184 

2 s delay, the first retrocue was presented for .5 s. A 2.5 s delay followed the cue before a 185 

random Gabor orientation was presented in the center of the screen. Subjects were instructed to 186 

rotate the orientation to match the orientation of the cued stimulus. Once the response was 187 

submitted, feedback was displayed at central fixation for 0.3s. A green cross indicated that the 188 

response was within 15° of the target, a yellow cross indicated that the response was between 15° 189 

and 30° of the target, and a red cross indicated that the response was greater than 30° away from 190 

the target. Following the first feedback, a second retrocue was displayed for .5 s. This retrocue 191 

could signal that either the same stimulus would be tested a second time (a “stay” trial) or that 192 

the originally uncued stimulus would be tested (a “switch” trial). Trials were balanced so that 193 
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there was an equal number of stay and switch trials in each block. A random Gabor patch was 194 

once again presented in the center of the screen after the 2.5 s delay, and subjects rotated the 195 

Gabor patch to match the stimulus cued by the second retrocue. Feedback was once again given 196 

following the second recall response. Each block consisted of 56 trials, and subjects completed 197 

2-3 blocks in each session.  198 

 199 

Figure 1: Illustrated task flow diagram. Gabor stimuli were briefly presented in the lower right and lower left 200 
visual hemifield. Following a delay, a bold white outline at the stimulus location served as the 100% valid retrocue. 201 
A random Gabor patch was presented at central fixation after another delay, and subjects were tasked with rotating 202 
the patch to match the cued orientation. Once their response was submitted, the task continued in one of two 203 
directions. Either the same stimulus was cued again for a second recall test (this is called a “stay” trial), or the 204 
originally uncued stimulus could be cued for the second recall test (a “switch” trial).  205 
 206 
Data Quality Checks 207 

To compare the precision of memory (measured as the standard deviation of errors) 208 

across the conditions, errors from each subject were calculated as the difference between the 209 

target orientation and the response orientation (Figure 2). For each recall condition per subject, 210 

the errors were converted to z-scores using the zscore function in MATLAB, and any z-score 211 

greater than 3 or less than -3 was removed from the data set. Since these responses were 212 

significant outliers, they likely reflect cases in which participants had no memory representation 213 

for the target item and resorted to guessing. Therefore, removing these responses before analysis 214 

enabled us to get a more accurate measure of memory precision. A total of 1.3% responses were 215 

removed (212 out of a total of 15,770 responses), and no more than 14 trials were removed from 216 

any recall condition for an individual subject. The boxplot function in R Studio was then used 217 
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across all subjects to determine any outliers in the dataset; two subjects were determined to be 218 

outliers and removed from the error analysis comparing behavioral performance across recall 219 

conditions. Thus, data from 33 subjects were used in the behavioral analyses. 220 

For the mixture model analyses, all trials for the remaining subjects were included 221 

because the models attempt to separate errors by different parameters so are able to account for 222 

outliers. One subject had an implausible recall 2 switch precision parameter (3.27E+28), 223 

suggesting that the mixture model failed to fit the data. Therefore, parameter values for this 224 

subject were not included in the group level analysis, leaving data from 32 subjects to be 225 

included in the mixture model analyses.4  226 

 227 
Figure 2. The frequency of recall errors and the standard deviation (memory precision) in degrees relative to the 228 
target orientation for each condition (recall 1, recall 2 stay, and recall 2 switch) for all trials and all subjects. 229 
Memory precision was similar for recall 1 and recall 2 stay trials, while recall 2 switch trials were less precise. Note 230 
that, by design, recall 1 had twice as many trials as recall 2 stay and recall 2 switch trials; also note the lack of any 231 
systematic bias to the left (negative degrees) or right (positive degrees) of the target orientation. 232 
 233 

 
4 A mixed-design ANOVA showed that the interaction between performance on the three recall conditions  and 
viewing distance was not significant (F(2,62) = 0.71, p = 0.50). Moreover, the correlations between performance and 
degrees of visual angle were not significant for any of the three recall conditions, rs = 0.05, 0.04, and 0.05, 
respectively,  ps > 0.25.  
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 234 

Data Analysis  235 

Errors were calculated by taking the difference between the target orientation and the 236 

response orientation. The difference between the nontarget orientation (i.e. the uncued 237 

orientation) and the response was also calculated for the mixture modeling to determine the 238 

influence that the nontarget orientation may have had on the response. To ensure a normal 239 

distribution of recall errors for each condition, a log10 transformation was used, and Shapiro-240 

Wilks tests confirmed normality (ps > 0.1442). Analysis was conducted in R Studio. 241 

The calculated, non-transformed error scores were used to perform mixture model 242 

analyses in MATLAB (R2016b, MathWorks, Natick, MA) using the MemToolbox (Suchow, 243 

Brady, Fougnie, & Alvarez, 2013; memtoolbox.org; Bays, Catalao, & Husain, 2009; Bays & 244 

Taylor, 2018; Peters et al., 2019; Zhang & Luck, 2008)). The models served as a means to 245 

parameterize memory precision and the proportion of responses in which the participant likely 246 

guessed or committed a binding error. We plotted the response errors centered around the target 247 

response of 0 error. Two different models were utilized: the Standard Mixture Model and the 248 

Swap Model. The Standard Mixture Model, based on Zhang and Luck (2008), used the distance 249 

of a response from the target value to determine the probability that the error of that response 250 

reflects either the precision (reflected by the standard deviation, SD) of the subject’s memory for 251 

the target item or the probability that the response was a random guess (reflected by the uniform 252 

distribution called the guess rate, or g parameter). This model uses the following equation when 253 

fitting the data:  254 

 𝜌(𝜃̂)  =  (1 − 𝛾)𝜙𝛿(𝜃̂ − 𝜃) + 
𝛾

2𝜋
 .    (1) 255 
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𝜃 serves as the target value (in radians),  serves as the response value, 𝛾 serves as the frequency 256 

of random guesses, and 𝜙𝜎 serves as the circular analogue of the Von Mises distribution (mean = 257 

0, standard deviation = 𝜎, Bays et al., 2009). 258 

The Swap Model includes the same precision and guess rate parameters as well as a third 259 

parameter, the swap error rate, which reflects the probability that a response reflects a memory 260 

for the nontarget item. In other words, the swap error rate indicates the probability that a 261 

participant submitted a response that reflects a memory of the uncued item rather than the cued 262 

item by taking into account the accuracy of any given response relative to the nontarget item. 263 

The Swap Model is described by the equation:  264 

𝜌(𝜃̂)  =  (1 − 𝛾 − 𝛽)𝜙𝛿(𝜃̂ − 𝜃) + 
𝛾

2𝜋
 + (

𝛽

𝑚
) ∑ 𝜙𝛿

𝑚
𝑖 (𝜃̂ − 𝜃𝑖

∗)  (2) 265 

𝛽 serves as the probability of a swap error and {𝜃1*,𝜃2*,...𝜃m*} are the m nontarget line 266 

orientation values. (Bays et al., 2009). 267 

The responses for each recall condition (recall 1, recall 2 stay, and recall 2 switch) were 268 

modeled separately for each subject. This allowed investigation of how memory changed when 269 

items were switched from an unprioritized state to a prioritized state within subjects. The fits of 270 

each model were compared using the Akaike Information Criterion (AIC). R Studio was used to 271 

perform all of the statistical tests on the model parameters and comparisons. T-tests comparing 272 

the three conditions were corrected for multiple comparisons with the Bonferroni correction 273 

resulting in a critical value of p = 0.0167).  274 

 We conducted analyses to test the influence of the nontarget distractor item on target 275 

responses across the three recall conditions. We included all trials in this analysis but removed 276 

the data of the two subjects previously deemed outliers for the average accuracy analysis since 277 

the same independent variable was used. The error for a trial was given a negative or positive 278 
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value based on whether the response was between the target and nontarget item (and thus the 279 

error was committed toward the nontarget, ‘attraction’) or whether the target was between the 280 

response and the nontarget (meaning that the error was committed away from the nontarget, 281 

‘repulsion’) respectively. Shapiro-Wilkes tests confirmed that the response errors for each recall 282 

condition were normally distributed (p =0.70, p =0.35, and p =0.28, respectively). Finally, two 283 

ANOVAs were run in R studio to determine the relationship among response bias, recall 284 

condition, and distance between the target and nontarget line orientations between recall 1 and 285 

recall 2 stay trials and between recall 1 and recall 2 switch trials.  286 

 287 

Results 288 

To determine the consequences of holding information in an unprioritized state, we 289 

compared the average absolute value of the recall error across the three recall conditions (recall 290 

1, recall 2 stay, and recall 2 switch). Recall error was higher on recall 2 switch trials (mean = 291 

22.7, SD = 8.06) than on both recall 1 trials (mean = 14.2, SD = 5.19; t(32) = -14.68, p < .001) 292 

and recall 2 stay trials (mean = 14.6, SD = 5.77; t(32) = -13.50, p < .001), but there was no 293 

difference between recall 1 trials and recall 2 stay trials (t(32) = -0.69, p = 0.50) (Supplemental 294 

Figure 1). These results support our hypotheses that shifting a memory item into an unattended 295 

state weakened the fidelity of memory for that item compared to items maintained in an attended 296 

state. We then ran mixture model analyses (see Methods) on the data in order to better 297 

understand the source(s) of the performance differences.  298 

 299 

Mixture Modeling 300 

Model Preference  301 
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We first compared the two mixture models to determine which of the models was a better 302 

fit to the data. We performed a Wilcoxon signed rank test on the difference in the AIC values 303 

between the Standard Mixture Model and the Swap Model for all subjects (as in Bays & Taylor, 304 

2018). As a whole, the Swap Model was preferred over the Standard Mixture Model for all three 305 

recall conditions: recall 1 (Mean Difference = 15.33, p < .001); recall 2 stay (Mean Difference = 306 

6.77, p < .01); and recall 2 switch (Mean Difference = 9.45, p < .01).  307 

 308 
Parameter Differences  309 

The main purpose of this study was to elucidate the consequences of shifting visual WM 310 

items out of and back into the focus of attention, and if the no-longer relevant item biased recall 311 

of the target item. To determine what effects, if any, the shifting of attention has on memory, we 312 

compared the error parameters from the Swap Model across the three recall conditions (recall 1, 313 

recall 2 stay, and recall 2 switch). Three Bonferroni corrected two-tailed paired t-tests were 314 

performed for each parameter to compare all three recall conditions.  315 

Precision. As predicted, there was a statistically significant decline in the precision 316 

parameter between recall 2 switch trials and both recall 1 trials (t(31) = -5.64,  p < .01) and recall 317 

2 stay trials (t(31) = -5.61,  p < .01). There was no significant difference in the precision 318 

parameter between recall 1 trials and recall 2 stay trials (t(31) = -0.70, p = 0.49, Figure 3).  319 

Guess Rate. The guess rate was higher for recall 2 switch trials than both recall 1 trials 320 

(t(31) = -7.34,  p < .001) and recall 2 stay trials (t(31) = -5.26,  p < .001), and there was no 321 

difference between recall 1 and recall 2 stay trials (t(31) = -1.94, p = 0.06, Figure 3).  322 

Swap Error Rate. As predicted, the swap error rate was higher for recall 2 switch trials 323 

than both recall 1 trials (one-tailed, t(31) = -6.25,  p < .01) and recall 2 stay trials (one-tailed, 324 
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t(31) = -4.83,  p < .017), and there was no difference in swap error rate between recall 1 and 325 

recall 2 stay trials (two-tailed, t(31) = -2.18, p = 0.04, Figure 3).  326 

 327 
Figure 3: Average Swap Model parameter values. (a) The average precision parameter for the three recall 328 
conditions with lower values indicating better precision. Memory was less precise for recall 2 switch trials compared 329 
to both recall 1 and recall 2 stay trials. (b) The average guess rate and average swap error rate parameters for the  330 
three recall conditions. Both the average guess rate and average swap error rates were higher for recall 2 switch 331 
trials compared to both recall 1 and recall 2 stay trials. Error bars reflect 1 standard error of the mean and * reflects a 332 
statistically significant difference with p < 0.001.  333 
 334 

Overall, these data support our hypotheses that holding an item in a deprioritized state 335 

results in worse memory fidelity for that item and also increases the commission of swap errors.  336 

 337 

Nontarget Bias Analysis: Repulsion Effects 338 

 To elucidate the source of the differences between the recall conditions we investigated 339 

the role the nontarget played in biasing response errors and how this bias changed across the 340 

recall conditions. We performed Bonferroni-corrected paired t-tests on the average error with 341 

bias across the three recall conditions. Recall 2 switch trials exhibited greater repulsion than both 342 

recall 1 and recall 2 stay trials (t(32) = 3.52, p < 0.005) and recall 2 stay (t(32) = 3.00, p < 0.01, 343 

respectively), while no difference in bias existed between recall 1 and recall 2 stay trials (t(32) = 344 

0.15, p = 0.88) (Supplemental Figure 2).  345 
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 As in Bae and Luck (2017), we calculated the amount of bias as a function of the 346 

difference between the target and nontarget orientations. Trials were binned around three 347 

orientation differences centered at 22.5, 45, and 67.5 degrees of difference between the target 348 

and nontarget stimuli.5 We compared the bias in response error for the three bins for the three 349 

recall conditions with ANOVAs and Bonferroni-corrected paired t-tests. There were significant 350 

effects of bin for each recall condition (Fs(2,64) > 4.88, ps < 0.05), but the amount of bias was 351 

larger on recall 2 switch trials than both recall 1 and recall 2 stay trials (Fs(2,64) = 8.22, ps < 352 

0.001), and there was no difference between recall 1 and recall 2 stay trials (Figure 4). The 353 

amount of bias between recall conditions was not significant when there were large (~67.5 354 

degrees) differences between the target and non-target (ps > .45), but it was significant for 355 

smaller differences (ps = .0026 and .0053 for the 45 degree bin for recall 2 switch vs. recall 1 and 356 

recall 2 stay, respectively, and .0177 and .0179 for the 22.5 degree bin, though the difference 357 

failed to survive Bonferroni correction of .0167 for the latter bin). 358 

 
5 Bae and Luck (2017) presented unidirectional line orientations with the potential for 180 degrees of difference 
between the two stimuli. However, in this experiment we presented bidirectional line orientations, so the greatest 
possible difference between target and nontarget was 90 degrees. Therefore, our replication was limited to trials in 
which the difference between target and nontarget was less than or equal to 90 degrees. 
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 359 
Figure 4: Average response error bias as a function of distance between orientation stimuli. Response errors 360 
were calculated as the degree of difference from the target orientation towards (negative) or away from (positive) the 361 
nontarget item, and the average response bias across participants was plotted for each recall condition. Bins were 362 
created using trials in which the difference between the stimuli were ± 7 degrees from 23, 45, and 68 degrees, 363 
respectively. There was no difference in bias between recall 1 and recall 2 stay trials, but there was a significant 364 
difference in bias between recall 1 and recall 2 stay trials. There was also a significant difference in bias across the 365 
bins for all three recall conditions. Error bars reflect 1 standard error of the mean. 366 
 367 

Discussion 368 

Compared to actively maintaining and recalling a cued item in WM, passively retaining 369 

and then returning an uncued item back into focal attention resulted in decreases in recall 370 

precision, and increases in the probability that the participant guessed or recalled the nontarget 371 

item. These findings are consistent with hypotheses that internal attention can select one of 372 

multiple items in WM to prioritize its retention and recall over other items, and that items 373 

dropped from focal attention can be passively retained and reactivated when needed, via error-374 

prone retrieval processes (see also LaRocque et al., 2015; Peters et al., 2019).  375 
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 The key finding is that, contrary to the hypothesis that items in WM that are no-longer-376 

relevant for ongoing behavior are actively deleted from WM, these no-longer-relevant items 377 

persisted and biased recall of the target item held in focal attention, especially when the target 378 

and no-longer-relevant items were similar to one another. Moreover, recall 1 trials showed the 379 

same amount of bias as recall 2 stay trials and less bias than recall 2 switch trials, which 380 

contradicts the expected pattern based on the active-deletion hypothesis. Following the second 381 

retrocue, the uncued item was no longer relevant and, therefore, should have been deleted from 382 

WM and resulted in less bias for responses on recall 2 stay and recall 2 switch trials. The present 383 

results, which replicate and extend those reported by Bae and Luck (2017), suggest that no-384 

longer-relevant items were not deleted from WM following the second retrocue.  385 

The results converge with those of Bae and Luck (2017) despite important differences 386 

between the experimental paradigms. Stimuli were presented sequentially at central fixation in 387 

that study whereas stimuli were presented simultaneously in the lower left and right hemifields in 388 

the present study. These are not trivial methodological differences. There was considerably more 389 

overlap in the cortical areas that processed the visual stimuli in Bae and Luck’s experiment than 390 

ours, so it was plausible that there would be stronger modulation of local cortical circuits (via 391 

lateral inhibition) that repulsed the memory representations of the stimuli in their experiment 392 

than ours (Scotti et al., 2021). Sequentially presenting the stimuli at the same location could have 393 

resulted in substantial bias from lateral inhibition because the memory representation for the 394 

second item could have included relative information (e.g. x degrees clockwise/counterclockwise 395 

from the first stimulus). Also, in their sequential report paradigm, both items were always tested, 396 

the order of recall was determined by the first retrocue, and the second item was recalled 397 

immediately following the first item. The short interval between recalling the first and second 398 
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item could have caused more bias from the first item on the second item than with our paradigm. 399 

In our paradigm, the item to be recalled second was unknown until the second cue appeared, 400 

which was several seconds after recalling the first item (a much longer period than in Bae & 401 

Luck’s paradigm). Nevertheless, the data from both studies showed strikingly similar evidence 402 

that items that should have been deleted from WM can bias retrieval of a target item in WM, 403 

directly contradicting the active-deletion hypothesis, and diverging from evidence supporting the 404 

notion that no-longer-relevant items do not influence retrieval of target items in WM (i.e., Rose 405 

et al., 2016; Fulvio & Postle, 2020).  406 

One possible explanation for this pattern of results is that, when trying to remember two 407 

line orientations, participants may have encoded the two distinct orientations as an ‘ensemble 408 

representation’. As Bae and Luck suggested, participants could bind the two distinct orientation 409 

objects into one ensemble representation, with both orientations bound together as an angle or 410 

clock hands, for example. Anecdotal evidence from post-experimental debriefing of our 411 

participants supports this interpretation. Although the two gabor orientations were presented 412 

separately in the lower left and right hemifields, most participants reported encoding the two as 413 

an angle by projecting the lines out to their intersecting point. Encoding the two objects as a 414 

bound angle changes the nature by which the no-longer-relevant item can be deleted and may 415 

prevent the uncued item from dropping from focal attention compared to paradigms with more 416 

distinct (e.g., categorical) stimuli, such as a face paired with a word or direction of motion, as in 417 

Rose et al. (2016) (see also, Fulvio & Postle, 2020). If two stimuli retained in WM are bound or 418 

“chunked” into a single object, then it may not be possible to fully delete the no-longer-relevant 419 

item from WM following the second retrocue. 420 
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The differences between the categorical vs. bound nature of the representations can 421 

explain the differences between the results reported here (and in Bae & Luck, 2017) and those 422 

from Rose et al. (2016) and Fulvio & Postle (2020). Those studies 1) required participants to 423 

encode items from distinct categories that were spatially separated during encoding, and 2) tested 424 

WM with recognition probes from the same category as the cued item. The stimuli were also 425 

trial-unique, meaning that they were never repeated, so the match/nonmatch recognition 426 

decisions could likely be made based on the strength of a familiarity signal resulting from a 427 

template-matching process (Clark & Gronlund, 1996; Wickelgren & Norman, 1966; Yonelinas, 428 

1994). In contrast, the present experiment required participants to encode two low-level visual 429 

features (line orientations) that could be bound into a unitary object.  430 

 Nevertheless, clarifying the exact source of the differences in results is an important 431 

direction for future research examining the dynamics of WM. A limitation of this study is that no 432 

neuroimaging or neurostimulation methods were used to indirectly “observe” the activation 433 

status of items held in WM (Lee & Baker, 2016; Rose et al., 2016). Having participants perform 434 

a visual WM double retrocue task with concurrent neuroimaging and neurostimulation, and 435 

associating neural data with potential biases from irrelevant items, could help reveal the nature of 436 

the representations that are retained in WM, including their activation state and the extent to 437 

which target and irrelevant features may be bound as ensembles. Our approach in analyzing bias 438 

from no longer relevant items can serve as a guide for studies attempting to elucidate the nature 439 

of WM representations and how they are influenced by other items in memory. 440 

 441 

 442 

  443 
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Supplemental Materials 554 

 555 

Supplemental Figure 1: Average absolute value of recall error by recall condition. Recall error was 556 
calculated as the difference between the response orientation and the target orientation. Recall error was 557 
significantly worse for recall 2 switch trials compared to both recall 1 trials and recall 2 stay trials, 558 
indicating a loss in memory fidelity for items shifted to the unattended state. Error bars reflect 1 standard 559 
error of the mean, and * reflects a statistically significant difference with p < 0.001. 560 
 561 
 562 

 563 

Supplemental Figure 2: Average absolute value of recall error relative to the nontarget by recall 564 
condition. The absolute value of the distance between the response and the uncued, nontarget item was 565 
calculated and averaged across all subjects for responses in each recall condition. Responses on recall 2 566 
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switch trials were further away from the nontarget compared to both recall 1 and recall 2 stay trials (both 567 
ps < 0.01). This trend suggests that some factor or factors influence responses on recall 2 switch trials 568 
more than on the other two trial conditions. * reflects statistically significant differences.   569 
 570 
 571 

 572 

Supplemental Figure 3: Average response error bias from the nontarget item for each trial 573 
condition. Responses were calculated based on whether errors were committed closer to (less than 0) or 574 
away from (greater than 0) the orientation of the nontarget item and averaged for each trial condition. 575 
While all trial conditions exhibited a net repulsive bias away from the nontarget item, this repulsion was 576 
greater on recall 2 switch trials than both recall 1 and recall 2 stay trials (both ps < 0.001). Error bars 577 
reflect 1 SEM and * indicate statistically significant differences.  578 


