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Abstract
Visual working memory (VWM) resources are limited, placing constraints on how much visual information can be simulta-
neously retained. During visually guided activity, stored information can quickly become outdated, so updating mechanisms are
needed to ensure the contents of memory remain relevant to current task goals. In particular, successful deallocation of resources
from items that become obsolete is likely to be critical for maintaining the precision of those representations still in memory. The
experiments in this study involved presenting two memory arrays of coloured disks in sequence. The appearance of the second
array was a cue to replace, rehearse, or add a new colour to the colours in memory. We predicted that successful resource
reallocation should result in comparable recall precision when an item was replaced or rehearsed, owing to the removal of pre-
replacement features. In contrast, a failure to update WM should lead to comparable precision with a condition in which a new
colour was added to memory. We identified a very small proportion (∼5%) of trials in which participants incorrectly reported a
feature from the first array in place of its replacement in the second, which we interpreted as a failure to incorporate the
information from the second display into memory. Once these trials were discounted, precision estimates were consistent with
complete redistribution of resources in the case of updating a single item. We conclude that working memory can be efficiently
updated when previous information becomes obsolete, but that this is a demanding active process that occasionally fails.

Keywords Visual workingmemory . Short-termmemory .Memory updating . Resource reallocation . Intrusion error

Workingmemory is constrained in howmuch information can
be actively maintained at any given time, which in combina-
tion with its central role in supporting cognition means that
memory contents are continually in flux. Consider the task of
keeping a shopping list in memory while going to a store, then
receiving a call to buy apple juice instead of orange juice: This
requires discarding an irrelevant shopping item and
reallocating freed memory capacity to the new item.
Updating a spatial memory representation of nearby cars
while driving is another example, although one with less triv-
ial consequences of updating failure. It has been proposed that
solving such tasks requires updating mechanisms to ensure

memory resources are reorganized effectively and the contents
of memory remain relevant to current task goals (e.g.,
Oberauer, 2001, 2018). The efficiency of these mechanisms
may be crucial in dynamic environments where information
can quickly become obsolete.

In human vision, the limited capacity of working memory
has been observed as a decline in recall fidelity as the number
of items in memory increases (Bays & Husain, 2008; Fougnie
et al., 2012; Palmer, 1990; Schneegans et al., 2020; van den
Berg et al., 2012; Zhang & Luck, 2008). Successful
deallocation of resources from obsolete items is therefore like-
ly to be critical for maintaining the precision of task-relevant
representations, while storage of new information requires
resources to be reorganized. In retrospective cuing paradigms
(Griffin & Nobre, 2003; Landman et al., 2003; Maxcey-
Richard & Hollingworth, 2013; Pertzov et al., 2013; Souza,
Rerko, Lin, & Oberauer, 2014a), an informative spatial cue
presented during the delay interval directs attention toward an
item that is no longer visible. Despite the observer only having
access to the memory representation of the cued item, the
retro-cue nonetheless improves recall of that item relative to
noncued items. The exact mechanisms responsible for the
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retro-cue benefit are debated (Souza & Oberauer, 2016). One
recent study captured the effects of retro-cueing as an elevated
amplitude of activity for the cued item relative to noncued
items in a neural population representation (Bays & Taylor,
2018). The increased strength of signal may protect the cued
item representation in multiple ways: against passive loss of
precision over time due to diffusion of stored values
(Schneegans & Bays, 2018); against confusion with other
items in memory (Oberauer & Lin, 2017; Schneegans &
Bays, 2017); and against disruption by subsequent visual in-
put (Souza & Oberauer, 2016; Tabi et al., 2019).

Often, changes in the environment (e.g., when visiting
a store or driving a car) call for a rapid erasure of outdated
information. Such requirements may not be well served
by passive forms of information loss but instead require
active processes that selectively remove irrelevant repre-
sentations currently held in memory (e.g., Oberauer,
2001, 2018). This rapid erasure of outdated information
subsequently frees up memory resources for the remain-
ing task-relevant items (Souza, Rerko, & Oberauer,
2014b) and has been shown to attenuate the effect of load
on memory (Souza, Rerko, Lin, & Oberauer, 2014a). In
addition, several studies have demonstrated that individ-
uals can simply forget information they no longer need
when cued to do so (Williams & Woodman, 2012), to
the point that any information pertaining to the removed
items may become completely irretrievable (Williams
et al., 2013; see Lewis-Peacock et al., 2011, and Stokes,
2015, for alternative accounts). These findings motivated
the removal hypothesis of the retro-cue effect, which pro-
poses that uncued items are simply removed from memo-
ry when a highly predictive retro-cue indicates the to-be-
tested item (Souza & Oberauer, 2016).

The removal process itself is closely related to—and indeed
has been proposed as a component process of—a more gen-
eral cognitive mechanism referred to as memory updating
(Ecker, Oberauer, & Lewandowsky, 2014b; Kessler &
Meiran, 2006, 2008). Updating tasks typically require an ob-
server to replace existing memory representations when new
information becomes available. In effect, items at particular
spatial, or temporal, locations are overwritten and the observer
must keep track of only the most recently presented informa-
tion. In practice, this requires an obsolete item to be removed
(i.e., resources are deallocated from it), followed by encoding
of a new item (i.e., resources are allocated to it).

Ecker, Lewandowsky, and Oberauer (2014a) demonstrated
that a primary predictor of successful memory updating is the
ability to efficiently remove outdated information. Intuitively,
complete removal of obsolete items ought to facilitate the
successful encoding of new information to the same contex-
tual locations. Nevertheless, Ecker and colleagues argued that
removal of outdated items is not a particularly easy task in
contrast to studies that have claimed information can be

willfully discarded from memory (e.g., Williams et al.,
2013; Williams & Woodman, 2012). Notably, most research
on updating has used letter and digit stimuli within
recognition-based paradigms. Accordingly, the precision of
workingmemory has not beenmeasured in these tasks, raising
the possibility that items may have been degraded in fidelity
rather than fully removed.

Here we investigated how efficiently resources can be
deallocated from items that are no longer required, using a
modified analogue recall task (Prinzmetal et al., 1998;
Wilken & Ma, 2004). Our working hypothesis was that suc-
cessful deallocation of resources from an irrelevant item
would mean it no longer counted towards the “effective” set
size determining precision for the remaining items.
Specifically, successful updating was expected to result in
an enhancement of memory precision compared to a condition
where the amount of information that had to be stored in
memory was equal to the total number of presented relevant
and irrelevant objects. Conversely, a failure to fully withdraw
resources was expected to be seen as a precision cost to other
items compared to that ideal. In particular, following success-
ful object removal, the performance ought to be comparable to
the precision achieved with a set size equal to the number of
relevant items only.

Experiment 1

In our first experiment, we examined how well participants
could update the contents of VWM when presented with a
single additional piece of information. In particular, we were
interested in whether resources encoding a formerly task-
relevant item could be completely reallocated to a new item.
In this and subsequent experiments, all updated (i.e., replaced)
features became obsolete and were never tested.

Method

Participants A total of 12 participants (seven females, five
males; ages 21–45 years, M = 26.4, SD = 6.2) took part in
the study having provided informed consent in accordance
with the Declaration of Helsinki. Participants all had normal
or corrected-to-normal visual acuity and reported having nor-
mal colour vision.

Stimuli and apparatus Stimuli were presented on an LCD
monitor (45 cm × 28 cm) with a refresh rate of 60 Hz.
Participants were positioned 60 cm from the screen with their
head supported by a chin and forehead rest. Eye position was
monitored online at 1000 Hz using an infra-red eye tracker
(EyeLink 1000, SR Research). To establish fixation, we pre-
sented a central white fixation point (.25° radius) against a
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grey background. Study arrays consisted of coloured discs (1°
radius) that were randomly located at one of four equidistant
points around the circumference of an imaginary circle (6°
radius) centred on the fixation point, with a rotational offset
chosen randomly on each trial. Disc colour was determined by
randomly sampling from a colour wheel, defined by a circle in
CIELAB space with constant luminance (L*= 50), centre a* =
b* = 20, and radius of 60. Test arrays consisted of a circular
white annulus (1° radius) acting as a memory cue to indicate
the location of the item to be recalled, and a colour wheel (3°
radius) centred on the fixation point.

Procedure Following eye-tracker calibration, trials com-
menced with the presentation of a fixation point. Once a stable
fixation had been established within 2° of the fixation point,
the first study array was presented (1,000 ms). This array
always contained an initial set of three coloured discs.
Participants were instructed to commit each of the three items
to memory. A blank retention interval then followed (1,000
ms), after which participants were shown one of four types of
study arrays (1,000 ms; see Fig. 1).

In the No Update condition, the second array remained
blank and only required participants to maintain the original
three items in memory (Fig. 1, orange outline). Subsequently,
a target item was selected at random from the first sample
array. The purpose of introducing this condition was to ensure
that observers would encode first-array colours throughout the
experiment. Participants each completed a total of 54 No
Update trials.

In the Repeat condition, one randomly chosen item was
selected from the first array and presented again at the same
location (Fig. 1, purple outline). Although the second presen-
tation of the itemwas physically identical to the first, we could
not assume it coincided exactly with the colour in memory, so
participants were instructed on Repeat trials to remember the
most recently presented colour of the repeated item, while still
maintaining memories of each non-repeated item.

Participants completed a total of 72 Repeat trials, with each
location cued equally often (i.e., 24 trials for the repeated item
and 24 for each of the non-repeated items).

In the Replace condition, a disc with a new randomly cho-
sen colour, which we term the post-replacement stimulus, was
presented at the same location as one of the original three
items (Fig. 1, green outline). Participants were again
instructed to remember only the most recently presented col-
our and told that they would not be tested on the original
colour, which we define as the pre-replacement stimulus. As
a result, the Replace condition required the participant to up-
date a single item in memory while continuing to maintain
representations of the other two items from the first array.
Participants completed a total of 72 Replace trials, with each
location cued equally often (i.e., 24 trials for the replaced item
and 24 for each of the nonreplaced items).

Finally, in the New condition, a disc with a randomly cho-
sen colour was presented at a new array location that was
unoccupied in the first array (Fig. 1, blue outline). On these
trials participants were told to remember the fourth colour in
addition to the original three items. Participants completed a
total of 72 New trials, with each item cued equally often (i.e.,

No Update Repeat Replace

1000 ms

1000 ms

1000 ms

1000 ms

New

Time

Fig. 1 Procedure of Experiment 1. Note. After encoding an initial set of
three coloured items, observers were subsequently shown one of four
types of array: A No Update array (orange outline) contained no feature
information; a Repeat array (purple outline) contained a single repeated
item (here, the yellow disc); a Replace array (green outline) contained a
new colour replacing the one previously shown at the same location (here,

light blue replaces yellow); a New array contained a new colour at a
previously unoccupied location (here, the pink disc). After a delay, a
spatial cue was shown and the participant reported the corresponding
colour in memory by selection from a colour wheel. (Colour figure
online)
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18 trials for the item in the second array and 18 for each of the
three items in the first array).

In total, each participant completed 270 trials in a single 1-
hour session. To avoid any uncertainty over trial types, we
tested the potentially confusable Replace and Repeat condi-
tions in two separate blocks, giving participants instructions
applicable for each. One block randomly interleaved No
Update (27 trials), Replace (72 trials), and New (72 trials);
the other block interleaved No Update (27 trials) and Repeat
(72 trials). Block order was counterbalanced across partici-
pants. Eye tracking was used to monitor fixation. If gaze po-
sition deviated by more than 2 dva before onset of the re-
sponse cue, a message appeared on the screen, and the trial
was aborted and restarted with newly randomized colours later
in the same block.

Analysis

We measured recall error across each condition as the an-
gular deviation between the reported and target colours on
the colour wheel. The dispersion of recall errors, measured
as circular standard deviation, was used to estimate how
precisely items were retrieved from memory. We used
Bayesian statistics for evaluating the evidence for and
against our hypotheses, implemented in JASP (JASP
Team, 2020) using the default Jeffreys–Zellner–Siow prior
on effect sizes (Liang et al., 2008). The Bayes factor com-
pares the predictive adequacy of two competing hypothe-
ses (e.g., alternative and null) and quantifies the change in
belief that the data bring about for the hypotheses under
consideration (Wagenmakers et al., 2018). For example,
BF10 = 5 indicates that the data is five times more likely
to occur under the alternative than the null hypothesis.
Evidence for the null hypothesis is indicated by BF10 <
1, in which case the strength of evidence is indicated by
1/BF10. When presenting results from Bayesian ANOVAs
we report the overall evidence for an effect. This is derived
via Bayesian model averaging which averages over all can-
didate models that contain the effect of interest.

We examined effects of the similarity between pre- and
post-replacement items (in the Replace condition) by calculat-
ing recall variability as a function of the angular difference
between the colours on the colour wheel. We did this by first
pooling responses across observers (Fig. 2a, dark green
distribution, bottom panel) and then calculating the circular
standard deviation for 19 equally spaced colour distances,
based on overlapping bins with widths of 50°.

We additionally fit the three component mixture model to
the response distributions from each condition (Bays et al.,
2009). This model assumes a probabilistic mixture of re-
sponses distributed (a) around the target colour, (b) around
each of the other, nontarget colours presented on a trial, and
(c) uniformly on the colour wheel.

Owing to the small number of trials in individual con-
ditions at the participant level, we fit the model to pooled
participant data to obtain more reliable parameter esti-
mates. The mixture model estimates are based on maxi-
mum likelihood principles, meaning that this method re-
quires a sufficiently large number of observations to find
the true parameter values with arbitrary precision (i.e.,
consistency property). In particular, simulations conduct-
ed using the mixture model have shown that the obtained
number of trials at the participant level in Experiment 1
(i.e., <30 trials) is unlikely to provide reliable parameter
estimates (https://bayslab.com/toolbox/), making it
necessary to estimate parameters using pooled data.

To be sure of detecting all possible intrusion (swap) errors,
every colour presented on a trial was entered into the mixture
model, either as the target or as a nontarget. On Replace trials,
if the replaced itemwas cued (i.e., indicated for recall) then the
post-replacement colour was the target and the pre-
replacement colour was entered as a nontarget, while if one
of the other items was cued both pre- and post-replacement
colours were entered as non-targets. In the New condition, the
cued item was the target and the other three colours were
entered as nontargets, irrespective of the array in which they
were presented.

To distinguish between different kinds of intrusion error,
we first used the trial-by-trial probability weights from the
global mixture fit to classify as swap trials all trials where
the posterior probability for the nontarget component
exceeded target and uniform components. Having identified
these trials, we next inferred which nontarget colour was most
likely to have been reported in place of the target in each trial
by examining the absolute distances between the reported col-
our and each nontarget colour. Of particular importance, we
identified a pre-replacement intrusion as any swap trial on
which the pre-replacement colour was closest to the reported
colour.

Results

The updating task of Experiment 1 was designed to yield clear
quantitative predictions for the Replace condition. If the ob-
solete (pre-replacement) colour was efficiently removed from
memory, then the allocation of resources to items should be
the same as in the Repeat condition, with an effective set size
of three. On the other hand, if the obsolete colour could not be
removed and continued to occupy resources in the same way
as the other items, the allocation should be the same as in the
New condition, that is, an effective set size of four. Note that,
while both the No Update and Repeat conditions had an ef-
fective set size of three, the Repeat condition was designed to
match Replace also in the delays between stimulus presenta-
tion and cue.
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Our main results are plotted in Fig. 2, which shows the
pooled response distribution for each condition (Fig. 2a; top
row first array items; bottom row second array items), along
with the corresponding circular standard deviation estimates for
the second array probes only (Fig. 2b). To address our central
hypothesis we began by comparing recall precision between
the second array probe conditions, that is, when the new item
(New condition), repeated item (Repeat condition) or post-
replacement item (Replace condition) was indicated for report.
As the experiment was carefully designed to contrast the pre-
cision of second-array probes, precision differences for first-
array probes are consistent with multiple hypotheses, some of
them unrelated to memory updating. Therefore, their analysis is
provided in Supplementary Materials.

For this initial analysis, we found that recall variability was
greater for new items (dark blue bars) than for repeated items
(dark purple bars; δ = −1.20, 95% CI [−2.15, −0.34], BF10 =
10.07), but was similar in magnitude when compared to post-
replacement items (dark green bars; δ = −0.27, 95% CI
:[−1.00, 0.38], BF10 = 0.42). However, no conclusive differ-
ence could be detected between post-replacement and repeat-
ed items (δ = −0.53, 95% CI [−1.34, 0.18], BF10 = 0.94).

Because pre- and post-replacement colours were chosen
independently at random, on some proportion ofReplace trials
the replacement colour could have been very similar to the
colour it replaced. To examine the effect of this similarity
we plotted recall variability as a function of the angular dif-
ference between colours of pre- and post-replacement items.
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Fig. 2 Experiment 1 results. Note. a Participant pooled error
distributions. Lighter histograms reflect recall error for first array items,
darker histograms for second array items. b Corresponding circular
standard deviation for second array probes only. Bars denote
participant-averaged performance across each condition. The lighter
green bar indicates group performance following removal of pre-
replacement intrusions (as opposed to A). Error bars indicate ± 1 SEM.
c Circular SD as a function of distance between features values presented

at the replaced location. d Trial-by-trial response errors for recall of re-
placement item feature, plotted as a function of distance between feature
values presented at replacement location. Filled circles indicate all swap
errors (i.e., intrusion errors and conventional nontarget responses). e
Number of nontarget reports in the Replace condition. Filled bars denote
the number of pre-replacement intrusions. Unfilled bars are the number of
conventional nontarget reports. (Colour figure online)
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The result is plotted in Fig. 2c (filled circles). Group perfor-
mance in the Repeat condition is shown for comparison (pur-
ple region).

Values close to zero on the x -axis imply a high degree of
colour similarity between the first- and second-array items
presented at the replacement location. Perceptually, these in-
stances will mimic a Repeat trial and, indeed, recall variability
is very similar between the two conditions when colour sim-
ilarity is high. However, we observed a substantial increase in
variability when pre- and post-replacement items became
more dissimilar.

To investigate further, we plotted trial-by-trial responses
for each observer as a function of colour similarity between
pre- and post-replacement items (Fig. 2d). This revealed a
very clear explanation for why variability was greater for in-
creasingly dissimilar colours. Though the majority of re-
sponses were clustered around the (correct) post-replacement
colour, we observed a handful of errors that were displaced
along the negative diagonal, consistent with observers errone-
ously reporting the pre-replacement colour. This would tend
to inflate variability estimates when pooled with other trials.

Mixture model fits further confirmed this interpretation.
Our analysis identified a very small number of pre-
replacement intrusions (only 10 in total; 3.47% of Replace
trials on which the post-replacement item was probed), each
coinciding with one of the data points falling along the nega-
tive diagonal (indicated by filled circles). We also noted a
similar proportion of non-target reports on Replace trials
where one of the non-replacement items was probed (3.47%
of trials).

Critically, when we removed the 10 trials identified as pre-
replacement intrusions from analysis, we found post-
replacement recall variability to be approximately invariant
with colour distance (Fig. 2c, unfilled circles). There was
now strong evidence for a difference in precision between
post-replacement (Fig. 2b, lighter shaded bar) and new items
(Fig. 3; δ = −1.36, 95% CI :[−2.33, −0.31], BF10 = 19.5), and
no consistent difference from recall of repeated items (δ =
−0.04, 95% CI :[−0.73, 0.63], BF10 = 0.29).

Discussion

In the first experiment we successfully demonstrated that
working memory resources can be efficiently reallocated from
obsolete to relevant information. Critically, this was found
only after discounting a very small proportion of trials on
which observers failed to reallocate resources and reported
the to-be-replaced colour. Although recall performance was
overall worse on Replace than Repeat trials, an inspection of
the trial-by-trial data revealed that this decrement was fully
accounted for by a very small number of systematic failures
where individuals mistakenly reported a pre-replacement
stimulus feature. When influence of those trials was removed,

precision estimates were aligned with performance in the
Repeat condition where only three items were encoded into
memory.

The removal of intrusion errors should not be considered a
mere data cleaning procedure. Instead, there are two main
points to be taken regarding those errors.

First, the identification of intrusion errors allowed us to
uncover a specific way in which memory updating fails.
Second, despite their comparative infrequency, these intru-
sions had a profound influence on our measure of recall pre-
cision. Following their removal, we were able to assess how
efficient resource allocation was on the remaining majority of
trials.

Our results extend and clarify those of Kessler et al. (2015),
who reported advantageous change detection accuracy for re-
peated relative to updated items. Prior to the removal of intru-
sion errors, the results of our initial analysis revealed a similar
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pattern of data to that observed by Kessler et al. (2015). This
suggests that the accuracy cost for updated items observed in
that study may correspond to occasional intrusions of a pre-
replacement item, as we observed.

The absence of difference between Replace and Repeat
provides only partial evidence of successful resource re-
allocation. An equally important piece of evidence con-
sists of demonstrating that the cost of updating is smaller
than committing the additional item to memory. Such a
cost would occur if the obsolete information could not be
removed from memory and continued to occupy re-
sources, affecting the precision of relevant objects.
Although our initial analysis was ambiguous regarding
this cost, following the removal of intrusion errors we
found strong evidence that the precision cost of updating
an existing item was smaller than storing an additional
item. Together, comparisons of Replace with New and
Replace with Repeat provided converging evidence that
on the large majority (>95%) of trials, participants suc-
cessfully reallocated resources from the obsolete item to
its replacement.

It remains unclear exactly why individuals occasionally
failed to update their memories. One simple explanation is
that these errors reflect momentary confusion about the task
instructions: the subject may have temporarily forgotten
which items they were supposed to remember or mistaken a
Replace trial for a New trial. Another possibility is that replac-
ing only a subset of all encoded items is a cognitively more
challenging operation than simply replacing all items. For
example, Kessler and Meiran (2008) argued that “partial-set
updating”—that is, changes made to a subset of items inmem-
ory, requires a complex series of steps involving the
decoupling and substitution of individual item features within
each encoding context.

In comparison, “whole-set updating”—where all items in
memory are updated—is arguably a much simpler process. In
this case the entire contents of memory can be discarded and
completely new information encoded in its place. Because
whole-set updating does not require removal to proceed in
an item-wise fashion it is claimed to occur more quickly
(Kessler & Meiran, 2008). It is conceivable, then, that the rare
persistence of pre-replacement features in memory might be a
consequence of individual updating. To test this hypothesis,
the next experiment required observers to update the entire
contents of memory on some trials.

Experiment 2

To investigate whole-set updating of working memory, sec-
ond arrays in Experiment 2 contained three items instead of
just one (Fig. 4). In other respects the design was very similar
to Experiment 1.

Method

Participants A total of 12 new participants (12 females; ages
21–30 years,M = 25.1, SD = 3.4) took part in the study having
provided informed consent in accordance with the Declaration
of Helsinki. Participants all had normal or corrected-to-normal
visual acuity and reported having normal colour vision.

Procedure Study arrays again consisted of coloured discs (Fig.
4). The location of each coloured disc was chosen at random
from six equidistant locations positioned on an imaginary cir-
cle and rotated by a random offset from trial to trial. The No
Update condition (54 trials per participant) was identical to
Experiment 1. In the Repeat condition (72 trials), all three
items in the first array were presented again in the second
array. In the Replace condition (72 trials), three new coloured
discs were presented at the same locations as the original three
items. In this condition participants were instructed to remem-
ber the most recently presented colours and that the original
items would not be tested.

Finally, in theNew condition (72 trials), three new coloured
discs were presented at new array locations. On these trials
participants needed to encode the new items while continuing
to maintain the items in the first array. Targets were selected
from either array with equal frequency. Participants competed
a total of 270 trials in a single 1-hour session, with sessions
blocked in the same way described for Experiment 1.

Results

For our second experiment, the predictions are essentially the
same as Experiment 1: if observers can efficiently replace
obsolete items, then only three items should be represented
in memory in the Replace condition, making the effective set
size the same as in the Repeat condition. If the obsolete items
are not removed, the effective set size is six, matching theNew
condition.

The results are plotted in Fig. 5. Bayesian repeated-
measures t tests showed strong evidence for better perfor-
mance for repeated items than either post-replacement (δ =
−1, 95% CI [−1.77, −0.29], BF10 = 21.94), or new items (δ
= −1.6, 95%CI [−2.58, −0.69],BF10 = 422).When comparing
performance between post-replacement and new items, the
data moderately supported the null hypothesis of no difference
(δ = −0.13, 95% CI :[−0.65, 0.38],BF10 = 0.33). Accordingly,
preliminary analyses again suggested that observers were im-
perfectly removing pre-replacement features.

We next considered the extent to which pre-replacement
intrusions might have influenced this result. Despite asking
observers to globally update their memory representations,
our mixture analysis indicated that pre-replacement intrusions
occurred at a somewhat higher rate (6.02% of trials in the
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Replace condition) to the previous experiment. In addition, in
the Replace condition we also observed a number of within-
display swaps (3.94%)—that is, reporting a nontarget present-
ed in the second array.

Subsequent removal of pre-replacement intrusions pro-
duced some reduction in the variability estimate for post-
replacement features (Fig. 5, lighter green bar). Critically,
the corrected estimate yielded moderate evidence for better

No Update Repeat Replace

1000 ms

1000 ms

1000 ms

1000 ms

New

Time

Fig. 4 Procedure of Experiment 2. Note. After encoding an initial set of
three coloured items, observers were subsequently shown one of four
types of array: A No Update array contained no feature information; a
Repeat array contained three repeated items; a Replace array contained
three new colours replacing those previously shown at the same locations;

a New array contained three colours at previously unoccupied locations.
After a delay, a spatial cue was shown and the participant reported the
corresponding colour in memory by selection from a colour wheel.
(Colour figure online)
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recall of post-replacement than new items (δ = −0.67, 95% CI
[−1.33, −0.07], BF10 = 3.56) as well as weak evidence for
worse recall compared to repeated items (δ = −0.59, 95% CI
[−1.23, −0.01], BF10 = 2.32; Fig. 6).

Discussion

The primary purpose of our second experiment was to exam-
ine the possibility that partial-set updating was responsible for
updating failures in Experiment 1. In particular, ongoing
maintenance of part of the memory content might disrupt a
complex sequence of actions required for updating a single
item, resulting in the occasional updating failures. To address
this, we instead asked observers to globally update all items in
memory by presenting three entirely new items in the second
stimulus array. Specifically, to avoid any deleterious effects of

simultaneous memory maintenance on resource reallocation,
we asked observers to forget old items and encode new items
all at once. We nevertheless observed a similar rate of pre-
replacement intrusions between the two experiments. Whole-
set updating, then, had no appreciable effect upon how fre-
quently pre-replacement intrusions occurred. Despite the low
incidence of intrusions, they had a similarly deleterious effect
on variability estimates. Indeed, when removed from the
Replace condition data, the estimated variability was again
lower than the New condition, consistent with successful
deallocation of resources from obsolete items on the large
majority of trials, although the fact that variability did not fall
as low as the Repeat condition suggests a complete realloca-
tion of resources from all three pre-replacement items may not
have been achieved. Such partial resource reallocation is in
contrast with findings from Experiment 1 where memory pre-
cision in Replace and Repeat conditions coincided.

The comparable rates of pre-replacement intrusion in
Experiments 1 and 2 suggest that whole-set updating did not
benefit the removal of outdated information, as previously
suggested Kessler and Meiran (2008). This, along with ob-
served partial resource reallocation, raises the possibility that
resources can only be deallocated item-by-item. Theoretical
work by Ecker, Oberauer, and Lewandowsky (2014b) showed
that updating can be explained by a model that must first
decouple item-context bindings in an item-wise fashion, re-
gardless of number, before any items can be removed.

It has further been argued that item-wise removal requires
both time and effort (Fawcett & Taylor, 2008; Oberauer,
2001) to complete. Whereas it takes 50–100 ms to encode a
single item into memory (Bays et al., 2011; Vogel et al.,
2006), removal of the same amount of information is a com-
paratively slower process, estimated at 500–600 ms (Ecker,
Lewandowsky, & Oberauer, 2014a). Earlier work using word
lists has also provided estimates upward of two seconds for
the complete removal of three items (Oberauer, 2001).

If a similar amount of time is required for removal of three
visual features from working memory, this could explain why
we saw incomplete reallocation of resources in Experiment 2.
We examined this possibility in our third experiment.

Experiment 3

In this experiment we examined whether additional time
would allow for more complete removal of obsolete items
from memory. We used the same basic updating procedure
as before, but introduced a temporal manipulation intended to
provide more time to remove obsolete working memory con-
tents following the presentation of the second stimulus array.
If the removal of irrelevant items is a time-consuming process,
as previously suggested (e.g., Oberauer, 2001), allowing more
time should increase the frequency with which removal was
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or New (blue) condition, before (left) and after (right) removing intrusion
errors. Positive values indicate performance was better (lower variability)
in the Replace condition. Error bars indicate ±1 SEM. (Colour figure
online)
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successful and consequently reduce the frequency of intrusion
errors. As the main focus of this experiment was on intrusion
errors, we used only the Replace and New conditions.

Method

Participants A total of 12 new participants (seven females,
five males; ages 19–39 years, M = 27, SD = 5.4) took part in
the study having provided informed consent in accordance
with the Declaration of Helsinki. Participants all had normal
or corrected-to-normal visual acuity and reported having nor-
mal colour vision. We identified two participants, via the mix-
ture model analysis, that had misunderstood the task. These
individuals were found to have reported the pre-replacement
instead of the post-replacement colour on almost all trials in
the Replace condition. While this potentially indicates an in-
ability to update WM contents, we believe a more likely ex-
planation is that these observers misunderstood the task, since
the remaining observers across all experiments showed very
low or zero rate of intrusions. We therefore excluded these
participants from further analysis. Keeping them in the sample
would have led to the exclusion of the majority of their trials
as intrusion errors and not meaningfully changed the outcome
of the analysis.

Procedure The experiment consisted only of Replace andNew
conditions, which were identical to those in Experiment 2
(Fig. 4), except for a variable delay interval followed the offset

of the second array of 1, 2, or 4 seconds. Condition and delay
interval were randomly interleaved and participants complet-
ed two blocks of 144 trials in a single 1-hour session.

Results

The main results from Experiment 3 are plotted in Fig. 7. In
contrast to our previous two experiments, we found strong
evidence that observers recalled post-replacement items more
precisely then new items, even before accounting for pre-
replacement intrusions (2 × 3 Bayesian repeated-measures
ANOVA: BFInclusion = 7.13 × 105). We also found strong
evidence for an effect of delay (BFInclusion = 49.4), though
the effect appeared to be driven by poorer recall at the longest
delay interval (1 second vs. 2 second: BF10 = 0.24; 2 second
vs. 4 second: BF10 = 58.5). We found no evidence for an
interaction between condition and delay (BFInclusion = 0.27).

Our mixture analysis did not detect any pre-replacement
intrusions in the shortest delay interval. However, intrusion
rates in the Replace condition were comparable with previous
experiments for both the 2-second (5.63%) and 4-second
(6.88%) condition. The rates of other nontarget reports in the
same condition were also low but appeared to increase with
delay interval, and we found 0%, 3.96%, and 6.67% ofwithin-
array swap errors for one-second, two-second, and four-
second conditions, respectively.

Removal of pre-replacement intrusions reduced estimated
standard deviation in both the 2- and 4-s delay condition (Fig.
7b, lighter shaded bars) but the overall pattern of statistical
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results did not change (2 × 3 Bayesian repeated measures
ANOVA: memory condition BFInclusion = 1.31 × 108; delay
BFInclusion = 13.27; interaction BFInclusion = 1.29).

Discussion

Our third experiment investigated whether observers would
benefit from having more time to remove items from working
memory. We varied the delay interval between the offset of
the second array and the probe array to examine this possibil-
ity. We found that recall of replacement items was consistent-
ly better compared to the recall of new items across all delays,
even when the influence of pre-replacement intrusions was
left uncorrected. Nevertheless, these results largely discount
the conjecture that observers would benefit from more time to
remove information from memory. At the longest delay inter-
vals, pre-replacement intrusions continued to occur at a simi-
larly low rate to previous experiments. Once these intrusions
were removed, variability in the Replace condition was not
consistently influenced by delay interval.

General discussion

The present work explored whether observers could reallocate
their visual working memory resources to accommodate new
stimuli and remove obsolete information from memory. We
presented one or more new stimuli at previously occupied
locations to indicate to participants they should discard and
replace information in memory corresponding to those loca-
tions. When comparing conditions that were matched in the
timing and total number of items presented, the opportunity to
replace items was expected to reduce the number of items
maintained simultaneously in memory, resulting in more pre-
cise recall of the items remaining.

Across three experiments, our results indicated that indi-
viduals were able to update their working memories efficient-
ly on most trials, reallocating all or most of the resources
dedicated to obsolete items to store new information.
Importantly, we also observed resource reallocation occasion-
ally failing. Indeed, an important caveat is that the successful
updating was revealed only after discounting a very small
number of pre-replacement failures—that is, trials where a
participant was cued to report a replacement colour but report-
ed the original colour instead. Despite their infrequency, be-
cause responses on these trials were uniformly distributed
with respect to the target, their inclusion had a disproportion-
ate effect on variability estimates that tended to obscure the
benefit of successful replacement that occurred on the large
majority of trials.

In order to evaluate the success of memory updating, we
took advantage of the well-established set size effect on recall
precision. Optimally efficient memory updating would result

in an “effective set size” equal to the total number of relevant
items after presentation of the second array. Conversely, a
complete failure to discard obsolete objects would result in
an effective set size equal to the sum of both relevant and
irrelevant items. Therefore, a pattern of results indicating op-
timal memory updating would be signified by both a statistical
equivalence in performance to a memory condition with the
former set size and a statistical difference from a condition
with the latter set size. While theoretically equally important,
strong evidence as measured by the Bayes factor for the for-
mer result could be harder to achieve in practice than for the
latter result, given the asymmetry in how evidence for the null
(i.e., absence of difference) and alternative (i.e., difference)
accumulate (Keysers et al., 2020; Stefan et al., 2019).
Moreover, empirical patterns of recall precision might deviate
from this desirable pattern, indicating only partial resource
reallocation was achieved. While the results of Experiment 1
suggested complete memory removal is attainable, results of
Experiment 2 were more ambiguous, suggesting updating
may have been incomplete, either due to resources not being
completely withdrawn from the obsolete object or not success-
fully allocated to the relevant object.

We observed considerable consistency in intrusion rates
across our experiments, despite attempting to manipulate fac-
tors that could interfere with updating of memory. In our sec-
ond experiment we examined whether global replacement of
all items in memory was more efficient than replacing just one
(Kessler & Meiran, 2008), while our third experiment exam-
ined whether updating would benefit from more time to un-
bind obsolete items from their encoding context (Ecker,
Lewandowsky, & Oberauer, 2014a; Ecker, Oberauer, &
Lewandowsky, 2014b). The relative invariance of intrusion
rates across these experiments, and the similarity in recall
variability once intrusions were removed, suggests that neither
of these manipulations had a significant effect on updating
efficiency.

The delay manipulation in Experiment 3 was intended to
allow varying amounts of time for removal of obsolete infor-
mation before memory was probed. The hypothesis that pre-
replacement intrusions would become more infrequent with
delay time was not supported; however, one possible expla-
nation is that the disengagement of memory resources from
pre-replacement stimuli stopped once the second array
disappeared—that is, once there was no visible stimulus for
them to be reallocated to.

Although there would be no performance advantage to
retaining pre-replacement stimuli on Replace trials (reporting
them would be no better than guessing at random with respect
to the instructed task) we cannot rule this account out based on
our data. However, a recent study that tested whole-set
updating of location information provides some evidence
against this: Tabi et al. (2021) still observed intrusions of
pre-replacement locations despite a much longer post-
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replacement stimulus duration (4 s) than in our study, suggest-
ing prolonged exposure to replacement stimuli is not sufficient
to achieve complete removal. Another possible approach
would have been to cue items from the first array that were
going to be replaced at varying intervals before the second
array appeared (as in Ecker, Lewandowsky, & Oberauer,
2014a), which would manipulate the time available for remov-
al independently of encoding replacement information.

A simple explanation for the intrusion errors observed in
these experiments is that they reflect transient failures of vig-
ilance or attention to the stimuli during presentation of the
second array. If an observer did not store the new information
in the second array they would report a pre-replacement col-
our in response to the probe. Another possibility is that par-
ticipants occasionally mistook a Replace trial for a New trial,
and so intentionally retained the pre-replacement colours from
the first array in addition to the post-replacement colours.
However, we think this is unlikely: the unique locations used
for stimuli on a trial were all widely spaced, so we doubt the
location of a pre-replacement item in the first array would be
recalled so inaccurately as to mistake its replacement at the
same location in the second array for a new item at a different
location. Even if that mistake were to be made, to result in a
pre-replacement intrusion the participant would further have
to match the location of the probe to the (putatively)
misremembered pre-replacement location rather than to the
post-replacement location to which it actually corresponded.
We view this particular combination of individually improb-
able events as a less parsimonious explanation than occasional
lapses in encoding the second array.

Whatever the cause of the rare intrusions, our results high-
light the importance of identifying such contaminant re-
sponses, which can have a highly disproportionate influence
on variability estimates. In the present case, failing to account
for the possibility of pre-replacement intrusion would have led
us to almost exactly opposite conclusions to the ones we have
reached about the efficiency of updating. As we have empha-
sized previously (Taylor & Bays, 2018, 2020), mixture
models can be a useful statistical tool to de-noise data even
if mechanistic interpretations of the mixture components are
uncertain.

Although a large body of literature demonstrates that peo-
ple can deliberately erase memory content, understanding the
mechanisms by which this occurs has been challenging.
Results of studies conducted by Kessler and Meiran (2006,
2008) suggested that object removal involves “dismantling”
or “unbinding” the old representations. This idea was more
formally conceptualized and implemented in the SOB-CS
model of working memory complex span task (Ecker,
Lewandowsky, & Oberauer, 2014a; Oberauer et al., 2012),
but the logic applies to other WM tasks (Lewis-Peacock
et al., 2018). Here, active information removal is accom-
plished by breaking the association between the memory

content (e.g., colour) and its context (e.g., spatial position of
coloured disk). In particular, removing an object proceeds by
cueing the object with its location and then unlearning the
association between the object and its location. In SOB-CS
this unbinding process is implemented as Hebbian unlearning:
unlike Hebbian learning, which forms item-context binding,
unlearning simply removes previously formed associations.

Previous studies have provided complementary neuro-
physiological evidence for the processes supporting mem-
ory updating, specifically the removal of items from WM
and encoding of post-replacement items. Using multivar-
iate decoding of EEG (LaRocque et al., 2013) and fMRI
activity patterns (Lewis-Peacock et al., 2012) during WM
maintenance, previous studies have found that presenting
a cue indicating which item stored in memory is relevant
for the task leads to an attenuation of decoder evidence
for an uncued item relative to the cued item, consistent
with removal of irrelevant information. More recently,
this finding was extended by asking observers not only
to remove memory content, but to replace it with new
information (Kim et al., 2020). Similar to previous stud-
ies, the item’s neural representation declined to baseline
following the mid-trial instruction to replace that item
with a new one. Furthermore, the decline in decodability
for the pre-replacement item was accompanied by an in-
crease in classifier evidence for the post-replacement item.
Together, these studies provide evidence for neural
markers of WM content control mechanisms. Future re-
search could aim to identify a neural signature of the
occasional failures of resource reallocation that lead to
intrusions of pre-replacement items.

Research on WM updating has important implications for
understanding the etiology and symptoms of psychiatric dis-
orders. In particular, it has been shown that WM updating
deficits characterize many psychiatric disorders including de-
pression (Levens & Gotlib, 2010; Meiran et al., 2011), post-
traumatic stress disorder (Moores et al., 2008; Weber et al.,
2005), schizophrenia (Galletly et al., 2007; van Raalten et al.,
2008), and autism (Lieder et al., 2019). In those conditions, a
failure to update WM with new information can result in in-
trusive thoughts and perseverative, maladaptive behavior.
Better understanding the mechanisms of WM updating could
therefore aid in designing more focused interventions specif-
ically aimed at treating cognitive impairments in those psychi-
atric populations.

Taken together, our study provides evidence for efficient
updating of working memory. Despite rare failures to update,
our results clearly support the principle that observers can
reallocate VWM resources from obsolete memoranda in order
to maintain high precision representations of goal-relevant
items. Future work could explore how these mechanisms op-
erate in more naturalistic tasks and conditions requiring fre-
quent updating of memory content.
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