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This article provides evidence that refreshing, a hypothetical attention-based process operating in working memory
(WM), improves the accessibility of visual representations for recall. “Thinking of”, one of several concurrently active
representations, is assumed to refresh its trace in WM, protecting the representation from being forgotten. The link
between refreshing and WM performance, however, has only been tenuously supported by empirical evidence. Here,
we controlled which and how often individual items were refreshed in a color reconstruction task by presenting cues
prompting participants to think of specific WM items during the retention interval. We show that the frequency with
which an item is refreshed improves recall of this item from visual WM. Our study establishes a role of refreshing in
recall from visual WM and provides a new method for studying the impact of refreshing on the amount of information

we can keep accessible for ongoing cognition.
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Introduction

In most quotidian situations we have to maintain
information in mind (e.g., our schedule) to effi-
ciently perform an ongoing task (arrange new ap-
pointments). Working memory (WM) is the system
holding information accessible for ongoing cogni-
tive activity. How well information is maintained
in WM affects our ability to perform complex
tasks requiring multiples steps or multiple pieces
of information.!~

Many theories of WM include the assumption
that maintenance of information in WM is accom-
plished through rehearsal. Although verbal infor-
mation can be maintained by covert articulation
(articulatory rehearsal),*” it has been claimed that
other types of information are maintained through
a general, domain-free rehearsal process relying on
attention, termed refreshing.>” Refreshing is defined
as the act of turning one’s focus of attention to a rep-
resentation, thereby augmenting its accessibility in
WM.

Here, we test the conjecture that refreshing im-
proves the accessibility of representations in WM.

First, we review the findings used to link refreshing
to WM, demonstrating that the evidence for this re-
lationship is, at best, indirect. Next, we present the
results of experiments in which we controlled which
and how often items were refreshed in visual WM
in order to demonstrate that recall depends on the
frequency with which WM contents are refreshed.

Linking refreshing to WM performance

Evidence linking refreshing to WM comes primar-
ily from three sources: (1) manipulations assumed
to prevent refreshing; (2) instructions to engage in
refreshing; and (3) benefits of guiding attention by
cues.

Preventing refreshing

A commonly held view is that attention is a lim-
ited resource. Therefore, in order to refresh mem-
ory traces, attention cannot be simultaneously
engaged in other processing.® Consequently, re-
freshing would be prevented if responding to an
attention-demanding distractor task is required
during the retention interval (RI) of a WM task.
Increasing the time spent performing such tasks
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reduces the free time available for refreshing. The
ratio of time spent performing distractor tasks over
the total RI is referred to as the cognitive load. Nu-
merous experiments have shown that as cognitive
load increases, WM performance decreases.!' ™13 Al-
though this effect is consistent with a role of re-
freshing, it is also equally consistent with any other
hypothetical process that improves memory during
a free-time interval. For example, it has been pro-
posed that free time is used to remove distractor in-
formation from WM, thereby reducing interference
between relevant (e.g., memoranda) and irrelevant
information (e.g., distractors). This mechanism has
been implemented in a computational model that
reproduces the effect of cognitive load on memory,
which has served as a basis for assuming a role of
refreshing in preventing forgetting.'* Given the fact
that refreshing is only one of several possible mech-
anisms that could be invoked to account for the
benefit of increasing free time (i.e., reducing cogni-
tive load), it is important to seek for direct evidence
that refreshing contributes to WM performance.

Instructions to engage in refreshing
The first and most compelling evidence for refresh-
ing as a distinct mental operation comes from ex-
periments instructing participants to “think of” a
memory item: one item is indicated as the “think
of” target, and participants are asked to foreground
it in relation to other WM contents.” Refreshing
one category of items (e.g., scenes over faces) in-
creases brain activity in category-selective areas for
the refreshed items and decreases it for nonrefreshed
items.!>!® Moreover, refreshing-related brain activ-
ity is distinguishable from activity associated with
perceiving the item again,'” and from using ar-
ticulatory rehearsal to maintain it.'” In long-term
retention tests, refreshed items were better remem-
bered than items presented again for re-reading.'®'?
However, in all behavioral studies the instruction to
“think of” was accompanied by the instruction to
recall the refreshed item aloud, so that refreshing
was confounded with recall. The improved long-
term memory for the refreshed item therefore could
be an instance of the testing effect.2’ Moreover, no
published study so far has investigated the effect of
“think of” instructions on WM tests.

General refreshing instructions (“think of the list
items”) have also been compared to rehearsal in-
structions (“repeat the list silently to yourself”); and
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the findings indicate that refreshing (as opposed to
rehearsal) reduces participants’ reliance on phono-
logical representations.”'** These studies, however,
do not show that refreshing improves WM.

Cueing benefits

Attention can be guided to one WM item by pre-
senting a retrospective cue during the RI.>* Access to
the retro-cued item is faster and more accurate com-
pared to trials without retro-cues.?>>* This benefit is
consistent with arole of refreshing: focused items are
better retrieved from WM than nonfocused items.
At the same time, the retro-cue benefit is not com-
pelling evidence for a role of refreshing because it
is open to many explanations, not all of which are
compatible with the notion of refreshing.

Usually, retro-cues indicate with a high validity
(70-100%) the to-be tested item; and, by impli-
cation, which representations are less relevant (or
entirely irrelevant) and could be discarded from
WM. The retro-cue benefit therefore could come
about because people remove noncued items from
WM to reduce memory load. There is evidence that
removal contributes to the retro-cue benefit. 3
Other proposed explanations of the retro-cue ben-
efit include the assumption that a cued item is pri-
oritized for comparison to a test stimulus®® or that
the cued item is protected from interference aris-
ing from test stimuli.’~2%¢37 None of these mecha-
nisms would accomplish what refreshing is assumed
to do, namely to increase the memory strength of
each refreshed item, and to do so potentially for all
items in WM.

There is initial evidence that retro-cued items are
strengthened in WM. When participants see up to
three successive retro-cues (with the last cued item
being relevant for the test), memory is better for
items cued twice (sequence of cueing A-B-A) than
items cued once (sequence C-B-A).** These findings
provide a hint that focusing attention on an item
in WM strengthens its representation in a cumula-
tive fashion, so that when the same item is focused
on again later, further strengthening can build on
the effect of previous strengthening, precisely as as-
sumed in WM models that assume refreshing as a
maintenance mechanism.

Given that refreshing is only one of the possi-
ble contenders to explain cueing benefits, it is im-
portant to seek evidence that refreshing improves
performance in WM tasks independently of other
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Figure 1. Sequence and timing of events in experiment 1. In every trial, arrow cues were used to indicate which item participants
should refresh (or think of) at which point in time. There was no interval between presentations of successive cues. Note that two
successive cues always pointed to different items. Across the four cues, an item could be cued once or twice. Further procedural

details can be found in the Supporting Information.

processes such as removal, prioritization, or protec-
tion from interference.

This study

Here, we capitalized on the three sources of evidence
reviewed above to develop a method to directly link
refreshing and WM performance. First, we provided
free time for refreshing. Second, we instructed par-
ticipants to “think of” specific WM contents; and
third, we used (retro-)cues to guide which item was
refreshed at which point in time. Unlike traditional
retro-cues, our cues did not reliably indicate the
item to be tested. This reduces the incentive to re-
move noncued items from WM, and hence mini-
mizes the role of removal as an explanation of our

findings.

Experiment 1

The goal of this experiment was to test whether
items in visual WM that are refreshed more often
are recalled better.

Materials and methods. Participants performed
a continuous color reconstruction task.’®*
Figure 1 illustrates the sequence of events in each
trial (further details on the methodology can be
found in Supporting Information). Participants
were asked to memorize a set of six colors and to
indicate the color of a target item by clicking on a
color wheel at the end of a 2.5-s RI. To minimize
the contribution of verbal labeling to performance,
participants were asked to repeat the sequence
“der-die-das” aloud throughout the trial.

We inserted a refreshing manipulation during
the RI of this task: four central arrow cues were
presented sequentially. Participants were instructed
to think of the item each arrow pointed to and
were also instructed that the cues did not reli-
ably indicate the item to be tested at the end, but
they were urged that thinking of the cued item

was part of their main task. We will refer to the
presentation of each (retro-)cue as a refreshing
step.

There were five possible sequences of cues. The
letters ABCD represent four different randomly se-
lected memory items: the four arrows could point
to four different items (A-B-C-D), they could point
to two different items once and to a third item twice
(A-B-A-C; A-B-C-B; A-B-C-A), or to two different
items twice (A-B-A-B). Note that across two suces-
sive cues, different items were cued. Through these
five sequences, we manipulated the frequency with
which items were cued as the target of refreshing: 0,
1, or 2 times.

On average, each trial included three items that
were not cued (hereafter referred to as 0-refreshing
items), two items that were cued once (1-refreshing
items), and one item that was cued twice (2-
refreshing item). In an equal proportion of trials
(randomly intermixed), the target of recall was se-
lected tobe a 0-, 1-, or 2-refreshing item. Given these
constrains, each O-refreshing item had a chance
of 1/9 to be tested, each 1-refreshing items had a
1/6 chance, and each 2-refreshing item had a 1/3
chance to be tested. Therefore, our cues were not
totally unpredictive of the item to be tested, but
the validity of our cues (maximium 33% for twice-
refreshed items) was much lower than previously
used in retro-cue studies (approximately 67-100%
validity?#40-42),

Participants were split into two experiments
differing only with regard to the selection of
1-refreshing targets. In experiment 1A (n = 18), 1-
refreshing targets were selected from items refreshed
in cue positions 1 or 2; whereas in experiment 1B
(n = 20), 1-refreshing targets were selected from
items refreshed in positions 3 or 4. Participants were
not informed about these constrains. This control
is critical to test whether participants were able to
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Figure 2. Results of experiments 1A and 1B. Panel A shows the mean recall error as a function of the number of refreshing steps
(# refreshings). Panel B shows the mean recall error in reporting 2-refreshing targets that were last refreshed in cue positions 3 and

4. Error bars represent 95% within-subjects confidence intervals.®

focus attention on all cued items: if attention was
focused only on the last cued items, then 0- and 1-
refreshing targets should not differ from each other
in experiment 1A; whereas in experiment 1B, 1-
and 2-refreshing targets should not differ from each
other. In contrast, if participants used all refreshing
cues, and each refreshing step conferred a boost to
the refreshed item’s accessibility, then a monotonic
improvement in recall as a function of refreshing
frequency should be observed in both experiments
1A and 1B.

Data analysis. We computed the distance on the
color wheel between the color reported by the par-
ticipant and the target’s true color (ranging from
—180° to 180° hereafter referred to as deviation).
Our main dependent variable was the absolute value
of the deviation, which we will call recall error. We
focused our analyses on testing the effects of two
variables on recall error: (1) number of refresh-
ing steps directed to the target; and (2) experiment
(1A vs. 1B). We submitted our data to a Bayesian
analysis of variance (BANOVA),* using the
BayesFactor package** implemented in the R con-
sole.

The BANOVA computes the strength of the ev-
idence for the presence or absence of an effect by
comparing the likelihood of the data given several
linear models. Models can be specified to include or
omit the main effects and interactions between the
variables of interest (fixed effects), while taking into
account the effects of nuisance variables (random
effects; e.g., participant). The BANOVA computes
the likelihood of the data in light of one model—for

example, a Null model assuming that performance is
not affected by refreshing (M,)—in comparison to
an alternative model (e.g., a model including a main
effect of refreshing frequency (M;). The BANOVA
returns the ratio of the likelihoods of these models
(M;/My), which is the Bayes factor (BF). The BF
should be interpreted as the multiplicative factor by
which our ratio of prior beliefs in the two models
should be updated in light of the data. For exam-
ple, if the BF 5/, = 10, then the data are 10 times
more likely under the model that assumes an effect
of refreshing (M;) than the model omitting it (M),
and our ratio of prior beliefs in M; over M, should
be updated by a factor of 10 in favor of M;.

Results and discussion. Recall error decreased as
the frequency of refreshing steps directed to the tar-
getincreased (Fig. 2A). We entered the recall error in
each trial as the predicted variable in the BANOVA.
Refreshing frequency and experiment were used as
predictor variables. As shown in Table 1, the best
BANOVA model included the main effects of re-
freshing and experiment, but no interaction. The
absence of an interaction implies that the effect
of experiment reflects differences in overall perfor-
mance level across samples, but no difference in
the effect of refreshing frequency on performance.
Moreover, entering refreshing frequency as a linear
predictor in a regression model yielded a BFpinear/nun
of 1.30 x 10%%, showing a strong linear trend.

We also contrasted individual refreshing levels
with each other by replacing the three-level re-
freshing predictor in the BANOVA with alternative
predictors in which pairs of refreshing levels were set
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Table 1. Results of the BANOVA with the data of experiment 1

Refreshing predictor Fixed-effects model
Model ratio Ref. Exp. Ref. 4+ Exp. Ref. + Exp. + Ref. x Exp.
Standard three-level
[1] O-Ref # 1-Ref # 2-Ref
M/Null 1.07 x 10! 1050 1.15 x 10% 0.49 x 10"
Best M/M 1078 1.1 x 101 Best 239.2
Constrained predictors
[2] (0-Ref = 1-Ref) # 2-Ref
M/Null 9.2 x 10° 1055 0.99 x 10" 0.60 x 10'?
[1]/[2] 11.63 0.99 11.61 0.81
[3] 0-Ref # (1-Ref = 2-Ref)
M/Null 4.9 x 107 1051 0.53 x 10" 0.22 x 10"
[11/13] 2083 0.99 2169 222.7
[4] (0-Ref = 2-Ref) # 1-Ref
M/Null 0.026 1052 26.8 0.7
(1]/[4] 41 x 10" 0.99 4.29 x 10" 0.7 x 10"

Norte: All models include participant as a random effect. For tests of each refreshing predictor (1-4), the first row
presents the Bayes factor (BF) of each linear model (shown in different columns) over the Null model. For the three-
level predictor (1), the second row shows the BF of the best model (highest BF in relation to the Null) over the models
presented in different columns. For the constrained predictors (2—4), the second row shows the BF of the model using
the three-level predictor (1) over the model using the respective constrained predictor. M, model; Ref., refreshing

predictor (1-4); Exp., experiment 1A versus 1B.

to be equal (Table 1). Pairwise comparisons between
the three-level and the alternative predictors are ob-
tained by dividing the BF of the model using the
three-level predictor (over the Null) by the BF of the
model using the alternative predictor (also over the
Null). None of the models using a more constrained
predictor yielded a BF larger than the three-level pre-
dictor, the three-level predictor being preferred by a
factor of at least 11. Finally, we also compared recall
of 2-refreshing targets that were lastly refreshed in
positions 3 to those lastly refreshed in position 4
(Fig. 2B). The BF for this comparison favored the
Null for the main effect of last refreshing position
(BFNull/Last Cued = 16.7). Together, these findings rule
out the possibility that attention was focused exclu-
sively on the last cued item in the sequence, support-
ing instead the conclusion that participants followed
the “think of” instruction for all refreshing cues, and
each refreshing event improved the accessibility of
the refreshed item.

In sum, experiment 1 showed that recall error de-
creased monotonically as the number of refreshing
steps directed to the target increased from 0 to 1 and
from 1 to 2. Moreover, the absence of an interaction

with experiment shows that this effect was not in-
fluenced by where in the cue sequence an item was
refreshed.

Experiment 2

What are the consequences of refreshing a subset
of the items currently in WM? There are at least
three possible scenarios: (1) refreshing one item
strengthens the refreshed item above baseline with
no change for the non-refreshed items (net benefit
hypothesis); (2) the refreshed item is strengthened
at the expense of the non-refreshed items (benefit +
costs hypothesis); or (3) the refreshed item is main-
tained at the baseline level, whereas non-refreshed
items are weakened (owing to decay or interference;
net cost hypothesis).

The goal of experiment 2 was to contrast perfor-
mance in our refreshing condition to a condition
without the insertion of refreshing cues. Our rea-
soning was that by comparing performance for 0-
refreshing targets against this baseline, one could
reveal the fate of non-refreshed items in WM,
and hence the possible benefits and costs of re-
freshing. There is one complication in comparing
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performance across these conditions: it is usually as-
sumed that participants spontaneously refresh items
when time permits.®'*> Therefore, the absence of
a refreshing manipulation in the baseline does not
exclude the possibility that participants are refresh-
ing WM contents in an uncontrolled way. Conse-
quently, even if refreshing only yields a benefit, this
comparison would yield the appearance of a cost
because the 0-refreshing items would be refreshed
less than the average item in the baseline. To circum-
vent this difficulty we compared 0-refreshing targets
to recall in a baseline-short condition in which the
RI was equal to the time until presentation of the
first refreshing cue in our refreshing condition. This
comparison equates the unconstrained refreshing
time across conditions. If refreshing strengthens the
refreshed items without a cost for non-refreshed
items, then O-refreshing targets should be recalled
as well as targets in the baseline-short condition,
because both targets had the same opportunity for
being refreshed.

At the same time, the 0-refreshing targets from
the refreshing condition and the baseline-short tar-
gets differ in RI. We have investigated the effect of
RI on memory in the present paradigm and found
that it is best described as an effect of temporal
distinctiveness.*®

Therefore, we took special care to equate the
refreshing condition and the baseline-short condi-
tion with regard to temporal distinctiveness. Ac-
cording to temporal distinctiveness models, such
as SIMPLE,*’ events are discriminated in the psy-
chological dimension of time, which is logarithmi-
cally compressed. Therefore, as events recede back in
time, their relative distance from each other shrinks,
and they become less distinguishable. For example,
imagine two events A and B presented 1 s apart
from each other. If recall is 1 s after A, the proximity
of A and B on the psychological time dimension is
the time passed since A over the time passed since
B (i.e., 2 = 0.5). If recall is after 5 s, this ratio is
5/6 = 0.833. A higher ratio implies higher proxim-
ity in psychological time (other things being equal)
and hence higher confusability.*® This interference
model predicts that recall gets worse when the RI
is increased because the representation of the cur-
rent memory array becomes less distinct in time
from the representation of previous memory arrays.
At the same time, recall is predicted to get better
when the inter-trial interval (ITI) is increased be-

Refreshing working memory traces

cause it increases the separation of the trial events in
time.

In a test of the predictions of temporal distinc-
tiveness theories using the present visual WM task,
Souza and Oberauer*® showed that temporal dis-
tinctiveness affects memory performance. More-
over, performance was found to be constant across
different levels of RI (1 s vs. 3 s) when the relative
spacing of the trials (and hence temporal distinc-
tiveness) was held constant (see also Ref. 49). There-
fore, we selected the durations of our RIs and ITIs
in the refreshing and baseline conditions to match
trials with respect to temporal distinctiveness. This
control is important to enable comparisons of per-
formance between conditions with different Rls.
In particular, if refreshing improves memory with
no cost to non-refreshed items, we expect that 0-
refreshing targets (with RI = 3 s) are remembered as
well as targets in the baseline-short condition (with
RI = 1 s) when holding temporal distinctiveness
constant.

Materials and methods. A new sample of par-
ticipants (n = 24) completed two sessions. The re-
freshing session was similar to the one implemented
in experiment 1, with three exceptions. First, 1-
refreshing targets were selected from any cue po-
sition. Second, the pre-cue interval was increased to
1 s (total RI = 3 s); and third, the ITI was 7.5 s. The
baseline session was divided into the baseline-short
and the baseline-long conditions. In the baseline-
short condition, RI was 1 s (equal to the pre-cue
interval in the refreshing condition) and ITI was
1 s. In the baseline-long condition, RI was 3 s, and
ITI was 7.5 s. We varied RI and ITI in sync to hold
temporal distinctiveness of successive trials constant
across all conditions (see Supporting Information,
for further details).

Results and discussion. Recall error in the
baseline-long condition tended to be smaller than in
the baseline-short (Fig. 3). However, this difference
yielded a BFgrynun of 2.9, which is weak evidence
against the Null hypothesis. Given that in Souza
and Oberauer,*® this comparison yielded a BFgry/Nun
0f 0.04 (indicating that the null should be favored by
a factor of 25) and that the BF here only slightly fa-
vored the alternative hypothesis, we can assume that
our control of temporal distinctiveness was reason-
ably successful. Regarding the refreshing condition,
increasing the number of refreshing steps yielded
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Figure 3. Mean recall error in reporting the target item in the
baseline and refreshing conditions of experiment 2. Error bars
represent 95% within-subjects confidence intervals.®?

corresponding decreases in recall error: the BF of
the model including refreshing as a predictor ex-
ceeded the Null model by 8.1 x 10°, and the linear
regression yielded a BFyjpear/nu = 6.6 x 1082,

Critical to our question is the comparison of the
baseline-short condition to 0-refreshing targets: the
BF of this model was of 0.25, indicating that the
Null model should be preferred by a factor of 4.
This implies that recall of 0-refreshing targets was
comparable to recall of items from the baseline-
short condition, as expected from the net benefit
hypothesis.

Experiment 3

In the previous experiments, the frequency with
which an item was refreshed was slightly predictive
of the to-be-tested item: the probability of testing
0-, 1-, and 2-refreshing items in experiments 1 and
2 was 1/3 for each of these categories. Because on
average there was only one 2-refreshing item, but
two 1-refreshing items, and three 0-refreshing items
in each trial, the chance of the single 2-refreshing
item being tested was larger than that of any indi-
vidual 1-refreshing item, which was, in turn, larger
than the chance of any individual 0-refreshing item.
The goal of experiment 3 was to examine whether
totally nonpredictive cues can be used to guide the
pattern of refreshing.

Materials and methods. Participants (n = 28)
completed two sessions with the refreshing con-
dition. Critically, in this experiment, the target of
recall was randomly selected with equal probabil-
ity among the items in the memory array, so that
each item had a 1/6 chance of being tested. Because
on average there were three 0-refreshing items, two

Souza et al.

1-refreshing items, and one 2-refreshing item per
trial, the proportion of tests of the three refreshing
categories differed (3/6, 2/6,and 1/6, for the 0-, 1-, or
2-refreshing categories, respectively; see Supporting
Information, for further details).

Results and discussion. Recall error was slightly
reduced by increasing refreshing frequency (Fig. 4),
and the BANOVA yielded modest evidence in favor
of the main effect of refreshing on recall deviation,
BFgref/null = 4.6. A Bayesian regression with refresh-
ing frequency as a linear predictor yielded strong
evidence for the model with a linear effect of re-
freshing frequency, BFinear/Nunl = 8.4 x 1017,

To compare the effect of refreshing across all of
our experiments, we plotted the posterior distribu-
tion of the regression coefficients obtained in each
experiment (Fig. 5). Refreshing led to a smaller ben-
efit in experiment 3 than in the preceding experi-
ments, but the effect was clearly different from zero
and not unambiguously different from the distribu-
tion of effects obtained in the previous experiments.
Together, these findings show that cueing can be
used to motivate participants to selectively refresh
the cued items in WM. The extent to which this in-
struction is effective, however, might depend on the
subjective utility of refreshing some WM contents
more often than others.

General discussion

Refreshing has been proposed as a domain-general
maintenance mechanism in theories of WM.”*"!! So
far, a beneficial role of refreshing in WM has never
been empirically demonstrated. Our main goal in
this study was to examine whether refreshing of in-
dividual items improves recall of these items from
visual WM. We were successful at guiding the pat-
tern of refreshing during the RI, which allowed us
to demonstrate a monotonic improvement in re-
call performance as refreshing frequency increased.
Next, we will discuss potential challenges to our
findings, and draw out their implications.

The speed and the power of refreshing

Our study showed only a modest improvement in
recall performance owing to refreshing: recall im-
proved with each refreshing step, but even after two
refreshing steps, performance was far from perfect.
There are two reasons why this effect could be an
underestimation of the effectiveness of refreshing.
First, our cues were presented at a much slower rate
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Figure 4. Mean recall error in reporting the target item in ex-
periment 3. Error bars represent 95% within-subjects confidence
intervals.®?

(500 ms) than the assumed rate of refreshing (ap-
proximately 50 ms/item as estimated from set-size
slope functions®”). Therefore, it is possible that par-
ticipants have sneaked in some refreshing of non-
cued items during the RI (at 50 ms/item, refreshing
of all items would take only 300 ms). If participants
had refreshed the noncued items to some extent,
that would have worked against the effects that we
predicted and observed, because it would have di-
luted the difference in performance between targets
cued zero, one, or two times. That said, our finding
that 0-refreshing items were not remembered better
than items in the baseline-short condition (experi-
ment 2) speaks against the assumption that noncued
items have been refreshed in between refreshing the
cued items.

A second consideration to bear in mind is that
by using cues to guide refreshing, we are adding a
number of processes (e.g., perceiving and decod-
ing the cue, and orienting attention to an item) to
the total time of refreshing. Our choice of a rate
of 500 ms/item was based on experiments show-
ing that shorter times are less effective at producing
retro-cueing benefits.**! A substantial part of the
time needed to make use of a retro-cue, or a re-
freshing cue, might reflect the time to encode and
interpret the cue. If this is the case, cue-guided re-
freshing would be much slower, and hence less effi-
cient, than self-guided refreshing. To conclude, our
experiments provide a demonstration that refresh-
ing improves memory, but further work is needed to
obtain an estimate of the effectiveness of refreshing
when it is used spontaneously.

Refreshing working memory traces

The consequences of refreshing

Experiment 1 suggested that the frequency with
which an item is refreshed is more critical for yield-
ing a focusing benefit than the order in which re-
freshing is directed to an item (from cue 1 to 4).
Moreover, non-refreshed items were recalled as well
as items from the baseline-short condition (experi-
ment 2). These two findings suggest that refreshing
yields benefits for the refreshed items without costs
for non-refreshed items. This helps in ruling out
the possibility that our cueing procedure interfered
with memory, particularly with memory of noncued
items. More critically, the absence of a cost for non-
refreshed items is challenging for models that as-
sume that refreshing serves to restore decayed mem-
ory traces, because these models predict that non-
refreshed items become weaker over time.>!!13:4
Specifically, if non-refreshed items decayed over
time, whereas refreshed items were protected from
decay, we would expect that the 2-refreshing targets
should be recalled as well as targets in the baseline-
short condition, whereas 0-refreshing items should
be recalled worse, because they had more time to
decay.

One might argue that we are relying on a null
finding to claim that refreshing is beneficial. The
BF favoring the null model for the comparison of
O-refreshing targets to baseline-short targets was
only four and, hence, not very strong. Therefore,
our findings cannot be taken as strongly ruling
out the possibility of costs following refreshing (see
Refs. 40, 41, and 53). At the same time, positive
corroborating evidence for a beneficial effect of re-
freshing over and above maintaining items at their
original level of strength can be drawn from com-
paring the baseline-short condition to the recall of
2-refreshing targets. For this comparison, the BF =
2406 in favor of the alternative model, indicating
that recall of 2-refreshing targets was better than re-
call of items in the baseline-short condition. From
this result we can conclude with confidence that
refreshing items during the RI improves their acces-
sibility above baseline.

The demonstration of a beneficial effect of re-
freshing over and above maintenance has an im-
portant theoretical implication: the concept of
refreshing must be untied from the concept of
decay, because refreshing does more than protect-
ing representations from decay. For example, it is
possible that refreshing moves items forward in
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Effect of Refreshing

Figure 5. Posterior probability density of the effect of a re-
freshing step on recall error, as estimated from the Bayesian
regression analysis of the data from experiments 1A, 1B, 2, and
3. The 95% credible intervals for the effect in each experiment
are shown by the line bars under each curve. The refreshing
effect is negative because it reflects the extent by which recall
error is reduced when a refreshing step is directed to an item.

psychological time (i.e., closer to the time of test),
so that they gain in temporal distinctiveness relative
to non-refreshed items.*’ Alternatively, the bind-
ings between the refreshed item and its retrieval cue
might be strengthened by focused attention, thereby
facilitating retrieval.*#3? By directly controlling re-
freshing patterns as we did here, researchers have a
chance of contrasting predictions of these accounts,
and hence to find out how refreshing works.

Refreshing and retrieval

In this study, we disentangled refreshing from overt
recall. However, it is still possible that refreshed
items were covertly retrieved. It is difficult to rule
out this possibility, but we believe one finding makes
this explanation less plausible: refreshing one item
did not impair recall of non-refreshed items This
contrasts with what is known from the effects of re-
calling items from WM: recalling one item reduces
the accessibility of non-recalled items.*>**> That
said, it is possible that the beneficial effect of re-
freshing and the testing effect arise from partially
overlapping processes preceding retrieval.

Refreshing and the retro-cue benefit

Our demonstration of a refreshing benefit goes be-
yond previous demonstrations of a retro-cue benefit
in three regards. First, we show a beneficial effect of
focusing attention on an item in WM even when
subsequently other items are focused, demonstrat-
ing that the effect of refreshing outlasts the duration
for which an item is focused. Second, we show that
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multiple items can benefit from being refreshed one
after another; this benefit cannot be explained by
assuming that when one item is focused, all other
items are removed from WM; or that only the last
focused item is protected from interference from the
test situation. Third, we show a beneficial effect of
retro-cues, with a much lower predictive validity for
which item will be tested (at best 33%) than demon-
strations of the retro-cue effect (67% or more); and
we were able to obtain evidence for a beneficial effect
of refreshing even when completely nonpredictive
cues were used (experiment 3).

Which mnemonic parameter is affected

by refreshing?

We have demonstrated that refreshing reduces the
overall error in reporting the color of a target item.
Data from the color reconstruction task can be mod-
eled by a mixture model to extract information
about theoretical parameters related to the mainte-
nance of items in visual WM, such as the probability
that the target was available to be recalled, the preci-
sion with which the target’s feature is remembered,>*
and also the probability of transposition errors (i.e.,
recall of nontarget items).>* Given the popularity of
this approach, we modeled our data using mixture
models (Supporting Information). The mixture-
model analysis showed that the linear improvement
in performance as a function of refreshing is re-
flected in an increased probability of recalling the
target, but not on the precision with which this item
is remembered.

Recently, the mixture model has been criticized
with regard to how good a description it provides
of the data and how theoretically informative its pa-
rameters are.’®% Therefore, given the current de-
bate on how to best model responses in the color
reconstruction task, we abstain from making any
strong claims about how refreshing affects underly-
ing memory parameters.

Further implications

The manipulation of refreshing patterns can be a
tool not only to test predictions from WM mod-
els, but also to address more applied questions.
One such promising field relates to the investiga-
tion of WM deficits, which could arguably be re-
lated to the poor use of refreshing. For example,
it has been suggested that young children and old
adults do not benefit from refreshing opportunities
as much as young adults do,'#52°%°! this being one
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potential reason for their lower performance in WM
tasks. Controlling which and how often items are re-
freshed during the RI can serve to investigate to what
extent WM deficits can be attributed to deficits in
the effectiveness of refreshing.
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