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Abstract
Recent research has suggested that humans can assert control over the precision of working memory (WM) items. However, the
mechanisms that enable this control are unclear. While some studies suggest that internal attention improves precision, it may not
be the only factor, as previous work also demonstrated that WM storage is disentangled from attention. To test whether there is a
precision control mechanism beyond internal attention, we contrasted internal attention and precision requirements within the
same trial in three experiments. In every trial, participants memorized two items briefly. Before the test, a retro-cue indicated
which item would be tested first, thus should be attended. Importantly, we encouraged participants to store the unattended item
with higher precision by testing it using more similar lure colors at the probe display. Accuracy was analyzed on a small
proportion of trials where the target-lure similarity, hence the task difficulty, was equal for attended and unattended items.
Experiments 2 and 3 controlled for output interference by the first test and involuntary precision boost by the retro-cue,
respectively. In all experiments, the unattended item had lower accuracy than the attended item, suggesting that individuals were
not able to remember it more precisely than the attended item. Thus, we conclude that there is no precision control mechanism
beyond internal attention, highlighting the close relationship between attentional and qualitative prioritization within WM. We
discuss the important implications of these findings for our understanding of the fundamentals ofWMandWM-driven behaviors.
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Introduction

Visual working memory (VWM) is the mental workspace for
the maintenance and manipulation of visual information. One
considerable line of research regarding VWM is on the limited
capacity of this system (Luck & Vogel, 2013). While earlier
research focused on the number of items that can be main-
tained in VWM (Cowan, 2001; Luck & Vogel, 1997), recent
work began to also investigate the precision of these items
(Bays et al., 2009; Bays & Husain, 2008; Fougnie et al.,
2016; Klyszejko et al., 2014; Zhang & Luck, 2008). These
studies have shown that participants can voluntarily adjust the

precision of VWM items according to task demands
(Machizawa et al., 2012). Moreover, they have indicated that
precision is higher for attended compared to unattended items
(Bays et al., 2009; Gunseli et al., 2015; Klyszejko et al., 2014;
van Moorselaar et al., 2015). Together, these findings suggest
that attending to VWM items boosts their precision.

Although previous literature observed a close relationship
between internal attention and precision, it is possible that
precision is not a direct consequence of directed internal at-
tention. There are two lines of argument to support this claim.
First, manipulations of internal attention also encourage
higher precision. For example, items that are cued are usually
more likely to be tested, thus they benefit more from higher
precision representations. Thus, participants in previous stud-
ies might have boosted memory representations via cognitive
mechanisms such as working memory (WM) slots or re-
sources (Bays & Husain, 2008; Zhang & Luck, 2008), which,
in theory, can be allocated independently of internal attention.
Second, several recent studies have indeed demonstrated a
dissociation between storage and internal attention in WM
(Günseli et al., 2019; Gunseli et al., 2015; Hakim et al.,
2019; van Driel et al., 2017), suggesting that internal attention
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can be dissociated frommaintenance. Taken together, whether
precision is a direct consequence of internal attention or can be
adjusted independently remains unknown. Given the impor-
tance of WM for other cognitive functions (Fukuda et al.,
2010; Unsworth et al., 2014), mental health (Christopher &
MacDonald, 2005; Fleming et al., 1997; Pan et al., 2011), and
behavioral guidance (Olivers et al., 2011; Soto et al., 2008;
Woodman & Chun, 2006), understanding the fundamentals of
WM is essential.

To explore a mechanism of precision control in WM be-
yond internal attention, the present study attempted to manip-
ulate precision independently of internal attention.
Experiment 1 tried to accomplish this with task difficulty
and test order. In every trial, participants had to keep two
colors in mind, and a retro-cue indicated which color was
going to be tested first, hence, manipulating internal attention
(Ester et al., 2018; Griffin & Nobre, 2003; Günseli et al.,
2019; Lepsien & Nobre, 2007). Importantly, we encouraged
participants to remember the unattended color with higher
precision by setting a higher similarity between the lure colors
and the target color in the memory test for the uncued color
(Machizawa et al., 2012). We further incentivized remember-
ing the unattended color with higher precision by explicitly
instructing individuals to do so, providing verbal reminders if
their performance for the uncued item was worse than the
cued item, and by providing reward for correct responses for
the uncued item, as informed by unpublished work in our lab.
The manipulation of precision (task difficulty) was applied
simultaneously with and against the manipulation of internal
attention (test order) to prevent the alternative explanation that
the precision demand was fulfilled via internal attention. To
control for the effects of perceptual and output interference
caused by the first memory test, Experiment 2 reversed the
order of the memory test in some trials. That is, in some trials,
the item instructed to be stored with high precision was tested
first. This way, we could evaluate the effects of precision
manipulations in the absence of output interference by the first
test. In Experiment 3, cued items were those that were tested
second and required higher precision. By doing so, we evalu-
ated whether retro-cue prevents participants from employing
their VWM resources according to the task demands due to
the automatic use of the retro-cue for prioritization in WM
(Berryhill et al., 2012; Schmidt et al., 2002). Lastly,
Experiment 4 provided a manipulation check for the task dif-
ficulty procedure used in Experiments 1, 2, and 3.

Comprehending the relationship between precision and at-
tention in VWM can inform our understanding of the re-
sources of WM. Although WM capacity is limited, what ex-
actly is limited remains unclear. Most research states or im-
plies that WM resources are either equivalent to or distributed
via attention, suggesting that attention constitutes the limita-
tion in WM (Awh & Jonides, 2001; Bays & Husain, 2008;
Emrich et al., 2017; Kiyonaga & Egner, 2013; van den Berg

et al., 2012). This predicts that the control of precision is a
direct consequence of attention. On the other hand, some
research argues that attention and WM resources do not
completely overlap and that there are independent pro-
cesses for controlling the storage of WM items beyond
internal attention (Fougnie & Marois, 2006; Rerko &
Oberauer, 2013). Given this dissociation between storage
and attention, the precision of stored information may be
controlled by a mechanism that does not include attention.
Instead, storage-related WM resources may be responsible
for adjusting precision hypothetically independently of
the allocation of internal attention. Our study provides a
venue to test these predictions and contribute to our un-
derstanding of the mnemonic units in WM.

The demarcation of precision and attention is not only
important for our understanding of the mechanisms of
WM storage, but also has implications for behavioral
guidance by VWM. VWM has the capacity to bias visual
attention such that the stimuli that match WM contents
capture attention (Downing, 2000; Soto et al., 2005;
Wolfe, 2007). However, there is an ongoing debate re-
garding the determining factor of guidance of external
attention by a VWM item. While traditionally it has been
suggested that internal attention dictates whether a VWM
item will bias attention by assigning that item the status of
an attentional template (Hollingworth & Hwang, 2013;
Olivers et al., 2011), a recent theory challenged this tem-
plate theory and argued that the precision of the items
accounts for guidance without requiring the notion of a
template status (Williams et al., 2022). What makes this a
persisting debate is the aforementioned close relationship
between internal attention and precision (Bays et al.,
2009; Klyszejko et al., 2014). The present study creates
a path to discover if this debate can be ultimately resolved
by manipulating precision in opposition to internal
attention.1

To summarize, through creating opposing internal attention
and precision requirements, the present study attempted to
explore whether precision is a direct outcome of internal at-
tention or can be adjusted via a separate control mechanism.
The findings highlight and contribute to our understanding of
an overlooked gap in the nature of WM resources that carries
implications for the debates surrounding behavioral guidance
by VWM.

1 In line with this, the second goal of the present study was to investigate the
unique role of internal attention in guiding attention beyond its precision. To
do so, our experiments also included a search task that contained memory-
matching distractors. However, in follow-up experiments, we found that our
search task did not reveal the well-established WM-driven involuntary atten-
tional guidance even when there was only one item in WM. This was most
likely due to the stimuli used in the search display being open instead of full
circles (Olivers, 2009). Thus, our studywas not fit to assess external attentional
guidance. As a result, we will not discuss the results of the visual search task.
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Method

Participants

All participants were Sabanci University students who re-
ceived course credit in return for their participation. In
Experiment 1, 13 (age range: 19–23 years, mean: 21.62 years;
11 female), in Experiment 2, 10 (age range: 19–24 years,
mean: 20.8 years; six female), in Experiment 3, 16 (age range:
20–24 years, mean: 21.44 years; 14 female), and in in
Experiment 4, 20 (age range: 18–26 years, mean: 21.2 years;
17 female) participants were recruited. None of the partici-
pants reported neuropsychological disorders or color blind-
ness. Although exclusion criteria of 40% accuracy for the
memory test (chance level = 33%) and 55% accuracy for the
search task (chance level = 50%) were set, none of the partic-
ipants were below these criteria. The experiments were ap-
proved by the Sabanci University Research Ethics
Committee (SUREC) and were carried out according to the
principles of the Declaration of Helsinki. Participants signed a
consent form before the experiment.

Stimuli

Experiments 1, 2, and 3 were created using the PsychoPy
toolbox (Peirce et al., 2019) in order to carry out the experi-
ment online through internet browsers. Therefore, there was a
variance in the screen properties as people used their personal
computers to perform the experiment. Experiment 4 was cre-
ated with the Psychophysics Toolbox (Brainard, 1997; Pelli,
1997) onMatlab. Participants were instructed to remain seated
60 cm away from the screen. The background color was gray
(hue saturation value - HSV: [0, 0, .5]). Filled colored circles
(diameter 0.8°)2 were used as memory items. A fixation cross
remained at the center of the screen throughout the trial. The
fixation cross and all the texts (instructions and feedback)
were black (HSV: [0, 0, 0]). On the memory display, two
memory items were placed on the left and right sides of the
fixation. A triangle (width 0.3°) was used as the retro-cue and
shown slightly above the fixation. During the search task,
eight lines were distributed evenly around the center. While
the distractors were either horizontal or vertical, the target line
was tilted 10°. During the memory test screen, three alterna-
tives were located 0.8° above the fixation and were 0.5° apart.
Memory item colors were picked randomly from among 360
different hues, all of which had the same saturation (.7) and
value (.7) in the HSV model. The lure colors on the memory

test screen had a hue difference of 28° on the easy, 38° on the
medium, and 48° on the difficult condition.

Experiment 1

Procedure

Figure 1 depicts an example trial flow. Each trial started with
the presentation of two random (controlled for a within-trial
difference of at least 150° and between-trial difference of at
least 45°)memory items for 400ms. Then, a blank screen for a
retention interval of 800 ms was shown. Following this, a
retro-cue randomly pointed to one of the memory item posi-
tions, indicating the first item to be tested. After another re-
tention interval of 1,400 ms, the memory test was probed in
70% of the total trials, and the search task was probed in the
remaining 30%.

During the memory test, participants were first asked to
choose the cued color among three alternatives. After the
response, participants were asked to pick the uncued color
among three alternatives. They used “J,” “K,” or “L” keys
to pick the left, middle, or right option, respectively.
Critically, participants were instructed that the first test would
be easy, and the second test would be difficult due to the
similarity of the lure colors to the correct color on the test
display. However, in 25% of these memory trials, both tests
were set to medium difficulty to have comparison trials where
both the first and the second tests can be evaluated without
the test difficulty confound. For both memory tests and the
search task, participants had 2,000 ms to respond. After their
response to the second memory test or the search task, they
received feedback for their accuracy. Additionally, partici-
pants were also instructed that memory tests would be
rewarded with points. The first test would be rewarded 2
points while the second test would be rewarded 10 points to
assist the difficulty manipulation and encourage participants
to remember the uncued item with higher precision. The
points received during a trial were shown on the feedback
screen. If participants were able to respond to both the first
and the second test accurately, the feedback screen displayed
an image of US banknotes for additional motivation, though
no actual payment was made and participants were aware of
this. The search task was not rewarded. To further support the
difficulty and reward manipulation, after every five medium
difficulty trials, participants received a warning on the feed-
back screen if they performed worse for the uncued item than
the cued item based on these last five medium difficulty trials.
The feedback screen lasted for 300 ms unless participants
received this warning or failed to respond within the time
limit, in which case the time window was extended to 1,000
ms. Including the feedback, the inter-trial interval lasted
1,500 ms.

2 Due to lack of control over the visual angles during these online experiments
(Experiments 1, 2, and 3), approximate visual angles are provided in reference
to a typical 15.6-in. screen laptop with 1,920 × 1,080 resolution.
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During the search task, participants were asked to find the
tilted line among horizontal and vertical distractors and report
whether the tilt is toward left or right by pressing “J” or “L” for
left tilt or right tilt, respectively. Critically, in every search
trial, one of the distractors was colored. In half of these search
trials, the colored line matched the cued item, template-match
condition, and in the other half, the colored line matched the
uncued item, accessory-match condition. These trials would
allow us to observe attentional guidance by different represen-
tations in WM via slower reaction times (RTs) due to the
distractor matching memory contents.

Participants performed 12 practice trials prior to the main
experiment. Participants had to repeat the practice phase if
they could not perform above chance level for either
the memory or the search tasks (Experiment 1: minimum rep-
etitions = 1, maximum repetitions = 7, median = 1.5;
Experiment 2: min = 1, max = 3, median = 1.5; Experiment
3: min: 1, max, 7, median = 2). The main experiment had 560
trials in total, 392 of which were memory trials and 168 of
which were search task trials. Out of 392 memory trials, there
were 98 medium-difficulty trials.

Results

The accuracies for medium difficulty first and second test
results are shown in Fig. 2A. Accuracies for the memory tests

were calculated as the percentage of correct answers in medi-
um difficulty trials (this applies to the following experiments
as well). A paired-samples t-test was conducted to compare
first and second memory test performances. Accuracy for the
first test (M = 94.94, SD = 2.4) was higher than the second test
(M = 73.6, SD = 10.4). The difference, 21.35 (95% CI [15.33,
27.36]; Cohen’s d = 2.14), was significant according to the
paired-samples t-test, t(12) = 7.73, p < .001. A Bayesian
paired-samples t-test produced BF10 = 3812.305.

Discussion

Experiment 1 demonstrated that participants performed better
for the cued item (first memory test) than the uncued item
(second memory test) in medium trials despite the task re-
quirements and instructions demanding the opposite. The re-
sults might indicate that precision is the direct consequence of
internal attention since attending to one item made it impossi-
ble to maintain another item with higher precision. However,
the perceptual and output interference from the first memory
test potentially disrupts the precision of the uncued item, cre-
ating an alternative explanation for the lower precision in the
second memory test. To assess the item precisions without
these interferences, we designed Experiment 2, which re-
verses the order of memory tests in a minority of the trials.
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Fig. 1 Example trial flow. Note. Depiction of a sample trial flow from
Experiment 1. Two colored circles appeared on the memory display, and
a retro-cue pointed to the location of one of the colors after a short reten-
tion interval to indicate the first test target. Following another retention
interval, in 70% of the trials, the cued item was probed. Then, the second

memory test appeared for the uncued color. In the remaining 30% of the
trials, the search task was presented. After the response in either task, a
feedback screen displayed accuracies. For memory trials, the feedback
screen also included the earned points
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Experiment 2

Procedure

To free the precision assessment in the second memory test
from the perceptual and output interference from the first test,
we made the retro-cue probabilistic in Experiment 2.
Experiment 2 had three main differences compared to
Experiment 1. First, to create trials where the assessment of
the cued item did not interfere with the assessment of the
uncued item, retro-cue validity was reduced from 100% to
75%. In 25% of the trials, participants were given the memory
tests in reverse order, uncued item first and cued item second.
As in Experiment 1, to preserve statistical power, these
reverse-order trials were also set as the medium difficulty
trials, as they were the trials analyzed to compare cued and
uncued item precisions. Second, because retro-cue was not
deterministic anymore, during the test screens, a white circle
indicated the item that was currently being tested by showing
up at the positionwhere that item appeared during the memory
display. Lastly, to increase the statistical power and prevent
fatigue, the search task was not included.

Results

Accuracies are plotted in Fig. 2B. Accuracy for the second
tested cued item memory test (M = 82.33, SD = 8.34)
was higher than the first tested uncued item memory

test (M = 64.42, SD = 13.52). The difference, 17.92 (95%
CI [12.16, 23.68]; Cohen’s d = 2.23), was significant, t(9) =
7.04, p < .001. Furthermore, BF10 = 436.724 was acquired
according to a Bayesian paired-samples t-test.

Discussion

Experiment 2 showed that the second tested cued item, which
was subject to perceptual and output interference, had better
precision compared to the first tested uncued item, which was
free from interference. This finding is in parallel with
Experiment 1 and suggests that internal attention is the mech-
anism that controls precision, because while subject to inter-
ference, the attended item had higher precision compared to
the unattended item that was tested without interference.
Therefore, Experiment 2 suggests that perceptual and output
interference does not provide an alternative explanation for
the Experiment 1 results that displayed lower precision for
the unattended but incentivized item compared to the
attended item. Besides interference, retro-cue manipula-
tion might also provide an alternative explanation. It was
shown that retro-cue effects on precision are, at least
partially, automatic (Berryhill et al., 2012; Schmidt
et al., 2002). Based on this, retro-cue effects might be
too strong on WM such that it prevents maintenance of
the unattended item. Thus, Experiment 3 reversed the
function of the retro-cue to control for the automatic
effects of the retro-cue.
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To evaluate the effects of not experiencing perceptual and
output interference costs for uncued items, we compared ac-
curacy in this condition to that in Experiment 1. There was no
significant difference even though numerically the accuracy
was lower in Experiment 2 where interference was absent.
This counterintuitive trend could reflect either individual dif-
ferences across experiments or performing the reverse order
test infrequently (25% of trials). In other words, in Experiment
1, participants knew which item they would be tested for,
whereas in Experiment 2, the test order was uncertain. The
lack of certainty in test order could have been detrimental for
performance.

Experiment 3

Procedure

Experiment 3 was identical to Experiment 1 except for only
one aspect. In this experiment, the function of the retro-cue
was reversed such that it pointed to the item that was going to
be tested second and was going to require high precision,
rather than pointing to the first tested (attended) item.
Participants were informed about this prior to the experiment.

Results

The accuracies are shown in Fig. 2C. The average accuracy
was higher for the attended item (M = 81.08, SD = 9.65)
compared to the unattended item (M = 74.24, SD = 9.051),
t(15) = 2.88, p = .011, (95% CI of the difference = [1.77,
11.9]; Cohen’s d = 0.72). Additionally, a Bayesian paired-
samples t-test yielded BF10 = 4.876.

Discussion

Experiment 3 reversed the function of the retro-cue to control
for the automatic retro-cue effects that might have biased pre-
cision control mechanisms in favor of the cued item. The
results replicated the findings in Experiment 1 and 2, as the
accuracy was higher for the attended (this time uncued) item.
Thus, Experiment 3 suggests that storing an unattended item
with higher precision than the attended item is not possible,
despite task demands, reward, and feedback encouraging it to
be stored more precisely.

However, although we see that the results are, on average, in
line with the previous two experiments, we do not see the exact
participant-level consistency in the data. While all participants
showed the same pattern in Experiments 1 and 2, in Experiment
3, four out of 16 participants did not display the average pattern
that all the experiments showed. This deviation could be due to
misunderstood instructions that led participants to think they
should direct their internal attention to the second tested item

pointed by the cue rather than the first tested item. Alternatively,
as previously suggested, retro-cues may create a strong automat-
ic prioritization bias (Berryhill et al., 2012; Schmidt et al., 2002)
that might make it harder to allocate attention to the item oppo-
site to it, at least for some individuals. Despite possibly reflecting
a weaker effect – which we did not confirm via a between-
subjects comparison due to the low number of participants in
each experiment – Experiment 3 replicated the pattern of the
previous two experiments: accuracy was higher for the attended
item. Thus, we conclude that precision cannot be adjusted via a
mechanism beyond internal attention.

Experiment 4

Procedure

In this experiment, different from the previous three experi-
ments, only one of the items was tested in each trial and the
cue showed which item would be tested with a difficult test if
it was tested. The item to be tested and the item that the cue
pointed to was picked randomly in every trial. Participants
were instructed that the cue informs which item will be tested
with a difficult test but not if it will be tested. The test difficulty
manipulation was the same as the previous experiments. If the
cued item was tested, the alternatives were more similar to the
item and if the uncued item was tested, the alternatives were
less similar. Again, on 25% of these trials, intermediate diffi-
culty was used to make a fair comparison between the cued
and the uncued item.

Results

Accuracy (Fig. 3A) was higher for the cued item (M = 66.89,
SD = 7.14) compared to the uncued item (M = 70.34, SD =
6.68), t(19) = 2.43, p = 0.0253, (95% CI of the difference =
[0.47, 6.41]; Cohen’s d = 0.54). A Bayesian paired-samples t-
test provided BF10 = 2.39.

Discussion

Experiment 4 was carried out to ensure that the lure-target
similarity manipulation was able to encourage participants
to adjust the precision of the items in WM. Participants
were more accurate for the item that was going to be tested
with a difficult test compared to the item that was uncued.
Based on this result, we conclude that this manipulation is
indeed able to encourage participants to remember the item
that will be tested in a higher target-lure similarity with
higher precision. In line with this conclusion, the easy
and hard trials of all four experiments also demonstrate that
higher target-lure similarity results in lower accuracy for
the items. These trials are plotted in Fig. 4.
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Aggregate analysis

To increase our power, we combined data from Experiments
1, 2, and 3 and ran the same tests that were run for each
experiment individually. For these 39 participants, The
average accuracy was significantly higher for the
attended item (M = 86.02, SD = 9.81) compared to the unat-
tended item (M = 71.51, SD = 11.3), t(38) = 8.07, p < .001.;
95% CI of the difference = [10.87, 18.16]; Cohen’s d = 1.29).
The Bayesian paired-samples t-test provided extremely strong
evidence in favor of the hypothesis that accuracy was higher
for the attended item (BF10 > 12300000). Moreover, 35 out of
39 participants had higher accuracy for the attended item.
Thus, we claim that our effect is robust and reliable.

We ran a post hoc power analysis to estimate the acquired
statistical power of this aggregate analysis. We used the
G*Power software (Faul et al., 2009) with α = .02, two-tailed,
sample size 39, and we chose the smallest effect size we ac-
quired across experiments (Experiment 3: Cohen’s d = 0.72).
The statistical power of this aggregate analysis was 97.8%,
which suggests that our study, across three experiments, had
a high power to test our hypothesis.

Is there a weak precision control mechanism that
partially counteracts the effects of internal attention
in experiments 1–3?

Even though the results of Experiments 1, 2, and 3 point to
internal attention as the only precision control mechanism, there
is a possibility that task difficulty does influence precision

independently of internal attention. Our results can also be ex-
plained by two distinct sources of precision boost, internal atten-
tion and a separate precision control mechanism, if they can act
simultaneously and the effect of internal attention is larger than
the separate control mechanism. To evaluate this possibility, we
compared the accuracy difference between the cued and the
uncued items across Experiments 2 and 4 (Fig. 3B).
Experiment 2 was chosen as the comparison experiment because
it also involves an uncertainty in the test order. If the task diffi-
culty can control precision independently of internal attention,
Experiment 2 should have a smaller cued and uncued item dif-
ference compared to Experiment 4, as Experiment 2 has two
opposing mechanisms counteracting each other. In contrast to
this prediction, the cued and uncued item difference in
Experiment 2 (M = 17.92, SD = 8.05) was significantly larger
than the cued and uncued difference in Experiment 4 (M = 3.44,
SD = 6.34) according to an independent-samples t-test, t(28) =
2.43 , p < .001.; 95% CI of the difference = [8.98, 19.98];
Cohen’s d = 2.09). A Bayesian independent-samples t-test pro-
duced BF10 = 1517.43.

Rather than having a smaller difference, Experiment 2 had
a substantially higher difference compared to Experiment 4.
Therefore, this provides evidence that precision control is es-
tablished via internal attention and not controlled by an inde-
pendent mechanism. The cued-uncued difference in
Experiment 4 being smaller than in Experiment 2 could be
due to difficulty not being as critical as test order for partici-
pants. Consequently, participants could have deployed less
attention to the cued item when the cue informs only about
the difficulty and not the order.

A B

Fig. 3 Memory test accuracy results. Note. Violin plots for memory test
accuracies in medium difficulty trials in Experiments 4 (A). Error bars
represent one standard error normalized for within-subjects variance.

Violin plots for the comparison of the accuracy differences in
Experiments 2 and 4 (B). Error bars represent one standard error of
between-subjects variance
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General discussion

We investigated the existence of a precision control mecha-
nism beyond internal attention in three experiments. The ex-
periments aimed to contrast – within the same trial – internal
attention, directed via a retro-cue, and precision demands ad-
justed via target-lure similarity in a three-alternative forced-
choice task. In three experiments, we found that the internally
attended item had higher precision despite encouraging par-
ticipants to store the unattended item with higher precision via

task demands (i.e., the higher similarity between the memory
and lure colors), instructions, feedback, and reward. This re-
sult held despite controlling for the perceptual and output in-
terference on the unattended item (Experiment 2) and auto-
matic retro-cue effects on the attended item (Experiment 3).
When not counteracted by attention, expectation of higher
task-lure similarity did result in higher precision, suggesting
that our task difficulty manipulation was effective as long as it
did not have to counteract internal attention (Experiment 4).
Our results reflect the dominance of internal attention in

A B

Attended
Unattended

C

Chance Level

D

Fig. 4 Memory test accuracies for the easy and hard difficulty trials. Note. Violin plots for memory test accuracies in easy and hard difficulty trials in
Experiments 1 (A), 2 (B), 3 (C), and 4 (D). Error bars represent one standard error of between-subjects variance
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controlling the precisions of items in WM and suggest that
internal attention is the sole control mechanism of WM
precision.

In this study, we tested a voluntary control mechanism of
precision beyond internal attention. The lack of a voluntary
control mechanism does not preclude the possibility of other,
indirect factors that affect WM precision. However, we argue
that internal attention may account for most of the other fac-
tors claimed to affect WM precision. First, while it may be
possible that physical properties of stimuli and statistical reg-
ularities that signal importance of given items or locations
(e.g., being often tested or rewarded) can determine which
item will be encoded or remembered with higher precision,
previous studies have found that these factors typically deter-
mine the probability of remembering these items and not their
precision (Ravizza et al., 2021; Umemoto et al., 2010). Thus,
implicit importance signals may be specific to all-or-none
storage probabilities and not the quality of the stored items.
Second, factors such as memory load (Zhang & Luck, 2008),
delay duration (Pertzov et al., 2017), and perceptual interfer-
ence (Makovski & Pertzov, 2015; van Moorselaar et al.,
2015), which have been found to influence precision, may
do so through their influence on the distribution of internal
attention. For example, less attention can be devoted to a giv-
en item with increasing memory load, when attention is di-
rected to distracting stimuli, and to other external stimuli and
internal thoughts with increasing retention intervals. That is,
attention can be the moderator of all the other factors that are
known to influence precision except factors that determine the
availability of sensory input such as masking during encoding.
Future work is needed to isolate the role of attention from
these other factors in determining the precision of WM repre-
sentations. In line with this, our claim does not argue that the
previous manipulations of task difficulty (Machizawa et al.,
2012) to influence precision were ineffective. Rather we argue
that the difficulty requirement may have influenced precision
via internal attention. Taken together, the scope of our claims
in this study covers top-down and retrospective mechanisms
for controlling precision in WM.

Although we claim that internal attention is the only predictor
of precision in WM, it is important to note that precision can be
higher for currently unattended but previously well-learned in-
formation. Previous studies have shown that repeatedly remem-
bering the same information results in its handoff to long-term
memory (Carlisle & Woodman, 2011; Gunseli et al., 2016;
Gunseli, Meeter, et al., 2014a; Gunseli, Olivers, et al., 2014b;
Reinhart et al., 2014). However, the precision of information
increases despite this handoff being associated with less atten-
tion (Reinhart &Woodman, 2014; Serin&Günseli, in prep; van
Moorselaar et al., 2016). In line with this, while we propose that
internal attention is themain predictor of precision inWMacross
items of similar familiarity, previously represented information
can be stored with high precision despite receiving little internal

attention in a given instance. Arguably, this is due to having
devoted sufficient internal attention to this information in the
past. To better isolate the unique role of each, future studies will
need to explore the distinct contributions of internal attention
distributed in a given moment and the cumulative internal atten-
tion devoted in the past for determining WM precision.

Our conclusion that internal attention is the sole control
mechanism of precision in WM is in line with the neural
underpinnings of attention. Attention has been shown to be
associated with regulatory feedback from higher-order regions
to early sensory areas (Buschman & Miller, 2007; Martin
et al., 2019; Moore & Armstrong, 2003). Such regulatory
activity may determine how precisely each item will be rep-
resented by affecting the neural characteristics such as the
extent to which neural populations represent information
(Ester et al., 2016), the neural gain or tuning (Itthipuripat
et al., 2014; Kanwisher & Wojciulik, 2000; Scolari et al.,
2012; Sprague et al., 2015), and connectivity across regions
(Al-Aidroos et al., 2012; Parks & Madden, 2013; Saproo &
Serences, 2014). Although some of these attentional modulato-
ry effects have been found in the perceptual domain, given the
similarities of attention directed in the external world and inter-
nally in WM (Griffin & Nobre, 2003), it is likely that similar
neuromodulatory effects of attention apply within WM.

Our interpretation of the results is based on intense testing of
the hypothesis that precision and internal attention in WM are
separable. It might be the case that there is a mechanism that
controls precision in WM beyond internal attention, but it is, at
least with our manipulations, unable to surpass the effects of
internal attention. In other words, our design and criteria may
not have been sensitive enough to observe this other mecha-
nism. In line with this argument, recent work demonstrated that
neural measures of WM activity and internal attention do not
completely overlap (Günseli et al., 2019; Gunseli et al., 2015;
Hakim et al., 2019; van Driel et al., 2017). Thus, there might be
a WM control mechanism that operates independently of inter-
nal attention. Nevertheless, based on higher memory perfor-
mance for the attended item, we can conclude that attention is
the strongest determinant of precision.

Our findings inform the recent debate regarding what en-
ables WM items to guide external attention. The traditional
view held that internal attention creates an attentional tem-
plate, and this template enables guidance by WM (Carlisle
et al., 2011; Hollingworth & Hwang, 2013; Olivers et al.,
2006, 2011; van Moorselaar et al., 2014). But a recent work
proposed that precision of items enable them to guide atten-
tion and that the template concept is redundant (Williams
et al., 2022). Considering our findings, it is possible that the
debate stems from the inseparability of internal attention and
precision in WM. If internal attention and precision are inte-
gral in WM, as our findings suggest, this would explain why
there is a debate between internal attention and precision in
WM-guided attention literature.
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Recent work has questioned the dissociation between ac-
cessibility and precision of representations (Schurgin et al.,
2020). The study has argued that a model with a single mem-
ory strength parameter can explain more variance of error in a
continuous report task. Moreover, in the present study, we did
not use a continuous report task to assess precision by fitting
the distribution of errors in a mixture model (Zhang & Luck,
2008). Instead, we used accuracy in a three-alternative forced-
choice task to draw conclusions regarding precision.
Consequently, a higher probability of storage, instead of
higher precision may have accounted for the higher accuracy
for attended items. While we suggest that our conclusions are
indirectly supported by the neurological and behavioral evi-
dence that favors the distinction between accessibility and
precision (Bays et al., 2009; Berens et al., 2020; Fan &
Turk-Browne, 2013; Richter et al., 2016), and evidence that
shows target-lure similarity affects the quality of items (Kim
&Yassa, 2013;Motley&Kirwan, 2012), it is possible that the
claimed effects of internal attention on precision may instead
reflect the effects of attention on other aspects of memories.
However, we believe that our findings are informative for
“precisionless” models of WM. If higher accuracy in our task
reflects higher memory strength or likelihood of storage, our
results would suggest that these memory aspects are deter-
mined by internal attention even when they are contrasted
by task demands, instructions, and reward. Thus, regardless
of the assumptions regarding the existence of precision, our
results highlight the close relationship between internal
attention and WM storage.

Although our study dovetails with a range of studies that
demonstrate the role of attention for storage inWM, we do not
suggest that attention should be equated to storage in WM.
Recently, Günseli et al. (2019) have shown that directing at-
tention away from a WM item does not immediately result in
the loss of this item. Specifically, by using contralateral alpha
suppression and contralateral delay activity as indices of spa-
tial attention and storage of items in WM (Hakim et al., 2019;
Machizawa et al., 2012), Günseli et al. (2019) showed that an
item’s probability of test determines whether it will be unat-
tended and discarded from WM (low probability of being
tested), or unattended but will be retained (relatively higher
probability of being tested). Thus, we propose that attention is
beneficial for the storage of information in WM, but it is not
necessary for keeping information available, at least within the
range of a few hundred milliseconds.

In summary, this study searched for a precision control
mechanism beyond internal attention. In three experiments,
despite encouraging the storage of an unattended item with
higher precision than the attended one, the attended item was
remembered better. Thus, we conclude that internal attention
is the only control mechanism of WM precision. This finding
contributes to the fundamentals of WM representations and
the relationship between attention and WM.

Acknowledgements We would like to thank Günseli Lab research assis-
tants Nidanur Günay, Pelin Akbaş, Nilay Rodoplu, and Yaren Kaynar for
their contributions to data collection.

Funding This work was funded by a grant from the Scientific and
Technological Research Institution of Turkey (Tübitak) awarded to
Eren Günseli (grant number: 122K290).

Data availability The experiments were not preregistered. The data and
analysis scripts are accessible via the Open Science Framework at: https://
osf.io/7bfqz/?view_only=84d81a3d1b4c4cab96250de7ed7e873a.

Declarations

Conflicts of interest We have no known conflicts of interest to disclose.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing, adap-
tation, distribution and reproduction in any medium or format, as long as
you give appropriate credit to the original author(s) and the source, pro-
vide a link to the Creative Commons licence, and indicate if changes were
made. The images or other third party material in this article are included
in the article's Creative Commons licence, unless indicated otherwise in a
credit line to the material. If material is not included in the article's
Creative Commons licence and your intended use is not permitted by
statutory regulation or exceeds the permitted use, you will need to obtain
permission directly from the copyright holder. To view a copy of this
licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Al-Aidroos, N., Said, C. P., & Turk-Browne, N. B. (2012). Top-down
attention switches coupling between low-level and high-level areas
of human visual cortex. Proceedings of the National Academy of
Sciences, 109(36), 14675–14680. https://doi.org/10.1073/pnas.
1202095109

Awh, E., & Jonides, J. (2001). Overlapping mechanisms of attention and
spatial working memory. Trends in Cognitive Sciences, 5(3), 119–
126. https://doi.org/10.1016/S1364-6613(00)01593-X

Bays, P. M., Catalao, R. F. G., & Husain, M. (2009). The precision of
visual working memory is set by allocation of a shared resource.
Journal of Vision, 9(10), 7–7. https://doi.org/10.1167/9.10.7

Bays, P. M., & Husain, M. (2008). Dynamic shifts of limited working
memory resources in human vision. Science, 321(5890), 851–854.
https://doi.org/10.1126/science.1158023

Berens, S. C., Richards, B. A., & Horner, A. J. (2020). Dissociating memory
accessibility and precision in forgetting. Nature Human Behaviour,
4(8), 866–877. https://doi.org/10.1038/s41562-020-0888-8

Berryhill, M. E., Richmond, L. L., Shay, C. S., & Olson, I. R. (2012).
Shifting attention among working memory representations: Testing
Cue type, awareness, and strategic control. Quarterly Journal of
Experimental Psychology, 65(3), 426–438. https://doi.org/10.1080/
17470218.2011.604786

Brainard, D. H. (1997). The psychophysics toolbox. Spatial Vision,
10(4), 433–436.

Buschman, T. J., &Miller, E. K. (2007). Top-down versus bottom-up control
of attention in the prefrontal and posterior parietal cortices. Science,
315(5820), 1860–1862. https://doi.org/10.1126/science.1138071

Carlisle, N. B., Arita, J. T., Pardo, D., & Woodman, G. F. (2011).
Attentional templates in visual working memory. Journal of

1384 Attention, Perception, & Psychophysics (2023) 85:1375–1386

https://osf.io/7bfqz/?view_only=84d81a3d1b4c4cab96250de7ed7e873a
https://osf.io/7bfqz/?view_only=84d81a3d1b4c4cab96250de7ed7e873a
https://doi.org/10.1073/pnas.1202095109
https://doi.org/10.1073/pnas.1202095109
https://doi.org/10.1016/S1364-6613(00)01593-X
https://doi.org/10.1167/9.10.7
https://doi.org/10.1126/science.1158023
https://doi.org/10.1038/s41562-020-0888-8
https://doi.org/10.1080/17470218.2011.604786
https://doi.org/10.1080/17470218.2011.604786
https://doi.org/10.1126/science.1138071


Neuroscience, 31(25), 9315–9322. https://doi.org/10.1523/
JNEUROSCI.1097-11.2011

Carlisle, N. B., & Woodman, G. F. (2011). Automatic and strategic ef-
fects in the guidance of attention by working memory representa-
tions. Acta Psychologica, 137(2), 217–225. https://doi.org/10.1016/
j.actpsy.2010.06.012

Christopher, G., & MacDonald, J. (2005). The impact of clinical depres-
sion on working memory. Cognitive Neuropsychiatry, 10(5), 379–
399. https://doi.org/10.1080/13546800444000128

Cowan, N. (2001). The magical number 4 in short-term memory: A
reconsideration of mental storage capacity. Behavioral and Brain
Sc i ence s , 24 ( 1 ) , 87–114 . h t t p s : / / do i . o r g / 10 . 1017 /
S0140525X01003922

Downing, P. E. (2000). Interactions between visual working memory and
selective attention. Psychological Science, 11(6), 467–473. https://
doi.org/10.1111/1467-9280.00290

Emrich, S.M., Lockhart, H. A., &Al-Aidroos, N. (2017). Attentionmediates
the flexible allocation of visual working memory resources. Journal of
Experimental Psychology: Human Perception and Performance, 43(7),
1454–1465. https://doi.org/10.1037/xhp0000398

Ester, E. F., Nouri, A., & Rodriguez, L. (2018). Retrospective cues mit-
igate information loss in human cortex during working memory
storage. The Journal of Neuroscience, 38(40), 8538–8548. https://
doi.org/10.1523/JNEUROSCI.1566-18.2018

Ester, E. F., Sutterer, D. W., Serences, J. T., & Awh, E. (2016). Feature-
selective attentional modulations in human Frontoparietal cortex.
Journal of Neuroscience, 36(31), 8188–8199. https://doi.org/10.
1523/JNEUROSCI.3935-15.2016

Fan, J. E., & Turk-Browne, N. B. (2013). Internal attention to features in
visual short-termmemory guides object learning.Cognition, 129(2),
292–308. https://doi.org/10.1016/j.cognition.2013.06.007

Faul, F., Erdfelder, E., Buchner, A., & Lang, A.-G. (2009). Statistical
power analyses using G*power 3.1: Tests for correlation and regres-
sion analyses. Behavior Research Methods, 41(4), 1149–1160.
https://doi.org/10.3758/BRM.41.4.1149

Fleming, K., Goldberg, T. E., Binks, S., Randolph, C., Gold, J. M., &
Weinberger, D. R. (1997). Visuospatial working memory in patients
with schizophrenia. Biological Psychiatry, 41(1), 43–49. https://doi.
org/10.1016/S0006-3223(96)00263-6

Fougnie, D., Cormiea, S.M., Kanabar, A., &Alvarez, G. A. (2016). Strategic
trade-offs between quantity and quality in working memory. Journal of
Experimental Psychology: Human Perception and Performance, 42(8),
1231–1240. https://doi.org/10.1037/xhp0000211

Fougnie, D., & Marois, R. (2006). Distinct capacity limits for attention
and working memory: Evidence from attentive tracking and visual
working memory paradigms. Psychological Science, 17(6), 526–
534. https://doi.org/10.1111/j.1467-9280.2006.01739.x

Fukuda, K., Awh, E., & Vogel, E. K. (2010). Discrete capacity limits in
visual working memory. Current Opinion in Neurobiology, 20(2),
177–182. https://doi.org/10.1016/j.conb.2010.03.005

Griffin, I. C., & Nobre, A. C. (2003). Orienting attention to locations in
internal representations. Journal of Cognitive Neuroscience, 15(8),
1176–1194. https://doi.org/10.1162/089892903322598139

Günseli, E., Fahrenfort, J. J., van Moorselaar, D., Daoultzis, K. C.,
Meeter, M., & Olivers, C. N. L. (2019). EEG dynamics reveal a
dissociation between storage and selective attention within working
memory. Scientific Reports, 9(1), 13499. https://doi.org/10.1038/
s41598-019-49577-0

Gunseli, E., Meeter, M., & Olivers, C. N. L. (2014a). Is a search template
an ordinary working memory? Comparing electrophysiological
markers of working memory maintenance for visual search and rec-
ognition. Neuropsychologia, 60, 29–38. https://doi.org/10.1016/j.
neuropsychologia.2014.05.012

Gunseli, E., Olivers, C. N. L., & Meeter, M. (2014b). Effects of search
difficulty on the selection, maintenance, and learning of attentional

templates. Journal of Cognitive Neuroscience, 26(9), 2042–2054.
https://doi.org/10.1162/jocn_a_00600

Gunseli, E., Olivers, C. N. L., & Meeter, M. (2016). Task-irrelevant
memories rapidly gain attentional control with learning. Journal of
Experimental Psychology: Human Perception and Performance,
42(3), 354–362. https://doi.org/10.1037/xhp0000134

Gunseli, E., van Moorselaar, D., Meeter, M., & Olivers, C. N. L. (2015).
The reliability of retro-cues determines the fate of noncued visual
working memory representations. Psychonomic Bulletin & Review,
22(5), 1334–1341. https://doi.org/10.3758/s13423-014-0796-x

Hakim, N., Adam, K. C. S., Gunseli, E., Awh, E., & Vogel, E. K. (2019).
Dissecting the neural focus of attention reveals distinct processes for
spatial attention and object-based storage in visual working memo-
ry. Psychological Science, 30(4), 526–540. https://doi.org/10.1177/
0956797619830384

Hollingworth, A., & Hwang, S. (2013). The relationship between visual
working memory and attention: Retention of precise colour information
in the absence of effects on perceptual selection. Philosophical
Transactions of the Royal Society of London. Series B, Biological
Sciences, 368(1628), 20130061. https://doi.org/10.1098/rstb.2013.0061

Itthipuripat, S., Garcia, J. O., Rungratsameetaweemana, N., Sprague, T.
C., & Serences, J. T. (2014). Changing the spatial scope of attention
alters patterns of neural gain in human cortex. Journal of
Neuroscience, 34(1), 112–123. https://doi.org/10.1523/
JNEUROSCI.3943-13.2014

Kanwisher, N., & Wojciulik, E. (2000). Visual attention: Insights from
brain imaging. Nature Reviews Neuroscience, 1(2), 91–100. https://
doi.org/10.1038/35039043

Kim, J., & Yassa, M. A. (2013). Assessing recollection and familiarity of
similar lures in a behavioral pattern separation task. Hippocampus,
23(4), 287–294. https://doi.org/10.1002/hipo.22087

Kiyonaga, A., & Egner, T. (2013).Workingmemory as internal attention:
Toward an integrative account of internal and external selection
processes. Psychonomic Bulletin & Review, 20(2), 228–242.
https://doi.org/10.3758/s13423-012-0359-y

Klyszejko, Z., Rahmati, M., & Curtis, C. E. (2014). Attentional priority
determines working memory precision. Vision Research, 105, 70–
76. https://doi.org/https://doi.org/10.1016/j.visres.2014.09.002

Lepsien, J., & Nobre, A. C. (2007). Attentional modulation of object
representations in working memory. Cerebral Cortex, 17(9),
2072–2083. https://doi.org/https://doi.org/10.1093/cercor/bhl116

Luck, S. J., & Vogel, E. K. (1997). The capacity of visual working
memory for features and conjunctions. Nature, 390(6657), 279–
281. https://doi.org/10.1038/36846

Luck, S. J., & Vogel, E. K. (2013). Visual working memory capacity:
From psychophysics and neurobiology to individual differences.
Trends in Cognitive Sciences, 17(8), 391–400. https://doi.org/10.
1016/j.tics.2013.06.006

Machizawa, M. G., Goh, C. C. W., & Driver, J. (2012). Human visual
short-term memory precision can be varied at will when the number
of retained items is low. Psychological Science, 23(6), 554–559.
https://doi.org/10.1177/0956797611431988

Makovski, T., & Pertzov, Y. (2015). Attention and memory protection:
Interactions between retrospective attention cueing and interference.
Quarterly Journal of Experimental Psychology, 68(9), 1735–1743.
https://doi.org/10.1080/17470218.2015.1049623

Martin, A. B., Yang, X., Saalmann, Y. B., Wang, L., Shestyuk, A., Lin, J. J.,
Parvizi, J., Knight, R. T., &Kastner, S. (2019). Temporal dynamics and
response modulation across the human visual system in a spatial atten-
tion task: An ECoG study. The Journal of Neuroscience, 39(2), 333–
352. https://doi.org/10.1523/JNEUROSCI.1889-18.2018

Moore, T., & Armstrong, K. M. (2003). Selective gating of visual signals
by microstimulation of frontal cortex. Nature, 421(6921), 370–373.
https://doi.org/10.1038/nature01341

Motley, S. E., & Kirwan, C. B. (2012). A parametric investigation of
pattern separation processes in the medial temporal lobe. The

1385Attention, Perception, & Psychophysics (2023) 85:1375–1386

https://doi.org/10.1523/JNEUROSCI.1097-11.2011
https://doi.org/10.1523/JNEUROSCI.1097-11.2011
https://doi.org/10.1016/j.actpsy.2010.06.012
https://doi.org/10.1016/j.actpsy.2010.06.012
https://doi.org/10.1080/13546800444000128
https://doi.org/10.1017/S0140525X01003922
https://doi.org/10.1017/S0140525X01003922
https://doi.org/10.1111/1467-9280.00290
https://doi.org/10.1111/1467-9280.00290
https://doi.org/10.1037/xhp0000398
https://doi.org/10.1523/JNEUROSCI.1566-18.2018
https://doi.org/10.1523/JNEUROSCI.1566-18.2018
https://doi.org/10.1523/JNEUROSCI.3935-15.2016
https://doi.org/10.1523/JNEUROSCI.3935-15.2016
https://doi.org/10.1016/j.cognition.2013.06.007
https://doi.org/10.3758/BRM.41.4.1149
https://doi.org/10.1016/S0006-3223(96)00263-6
https://doi.org/10.1016/S0006-3223(96)00263-6
https://doi.org/10.1037/xhp0000211
https://doi.org/10.1111/j.1467-9280.2006.01739.x
https://doi.org/10.1016/j.conb.2010.03.005
https://doi.org/10.1162/089892903322598139
https://doi.org/10.1038/s41598-019-49577-0
https://doi.org/10.1038/s41598-019-49577-0
https://doi.org/10.1016/j.neuropsychologia.2014.05.012
https://doi.org/10.1016/j.neuropsychologia.2014.05.012
https://doi.org/10.1162/jocn_a_00600
https://doi.org/10.1037/xhp0000134
https://doi.org/10.3758/s13423-014-0796-x
https://doi.org/10.1177/0956797619830384
https://doi.org/10.1177/0956797619830384
https://doi.org/10.1098/rstb.2013.0061
https://doi.org/10.1523/JNEUROSCI.3943-13.2014
https://doi.org/10.1523/JNEUROSCI.3943-13.2014
https://doi.org/10.1038/35039043
https://doi.org/10.1038/35039043
https://doi.org/10.1002/hipo.22087
https://doi.org/10.3758/s13423-012-0359-y
https://doi.org/10.1016/j.visres.2014.09.002
https://doi.org/10.1093/cercor/bhl116
https://doi.org/10.1038/36846
https://doi.org/10.1016/j.tics.2013.06.006
https://doi.org/10.1016/j.tics.2013.06.006
https://doi.org/10.1177/0956797611431988
https://doi.org/10.1080/17470218.2015.1049623
https://doi.org/10.1523/JNEUROSCI.1889-18.2018
https://doi.org/10.1038/nature01341


Journal of Neuroscience: The Official Journal of the Society for
Neuroscience, 32(38), 13076–13085. https://doi.org/10.1523/
JNEUROSCI.5920-11.2012

Olivers, C. N. L. (2009). What drives memory-driven attentional capture?
The effects of memory type, display type, and search type. Journal
of Experimental Psychology: Human Perception and Performance,
35(5), 1275–1291. https://doi.org/10.1037/a0013896

Olivers, C. N. L., Meijer, F., & Theeuwes, J. (2006). Feature-based mem-
ory-driven attentional capture: Visual working memory content af-
fects visual attention. Journal of Experimental Psychology: Human
Perception and Performance, 32(5), 1243–1265. https://doi.org/10.
1037/0096-1523.32.5.1243

Olivers, C. N. L., Peters, J., Houtkamp, R., & Roelfsema, P. R. (2011).
Different states in visual working memory: When it guides attention
and when it does not. Trends in Cognit ive Sciences,
S1364661311000854. https://doi.org/10.1016/j.tics.2011.05.004

Pan, Y.-J., Hsieh, M. H., & Liu, S.-K. (2011). Visuospatial working
memory deficits in remitted patients with bipolar disorder:
Susceptibility to the effects of GABAergic agonists: Spatial working
memory in bipolar disorder. Bipolar Disorders, 13(4), 365–376.
https://doi.org/10.1111/j.1399-5618.2011.00931.x

Parks, E. L., & Madden, D. J. (2013). Brain connectivity and visual
attention. Brain Connectivity, 3(4), 317–338. https://doi.org/10.
1089/brain.2012.0139

Peirce, J., Gray, J. R., Simpson, S., MacAskill, M., Höchenberger, R.,
Sogo, H., Kastman, E., & Lindeløv, J. K. (2019). PsychoPy2:
Experiments in behavior made easy. Behavior Research Methods,
51(1), 195–203. https://doi.org/10.3758/s13428-018-01193-y

Pelli, D. G. (1997). The VideoToolbox software for visual psychophysics:
Transforming numbers into movies. Spatial Vision, 10(4), 437–442.

Pertzov, Y., Manohar, S., & Husain, M. (2017). Rapid forgetting results
from competition over time between items in visual working mem-
ory. Journal of Experimental Psychology: Learning, Memory, and
Cognition, 43(4), 528–536. https://doi.org/10.1037/xlm0000328

Ravizza, S. M., Pleskac, T. J., & Liu, T. (2021). Working memory prior-
itization: Goal-driven attention, physical salience, and implicit learn-
ing. Journal of Memory and Language, 121, 104287. https://doi.
org/10.1016/j.jml.2021.104287

Reinhart, R. M. G., Carlisle, N. B., & Woodman, G. F. (2014). Visual
working memory gives up attentional control early in learning:
Ruling out interhemispheric cancellation: CDA reductions during
learning. Psychophysiology, 51(8), 800–804. https://doi.org/10.
1111/psyp.12217

Reinhart, R.M. G., &Woodman, G. F. (2014). High stakes trigger the use
of multiple memories to enhance the control of attention. Cerebral
Cortex, 24(8), 2022–2035. https://doi.org/10.1093/cercor/bht057

Rerko, L., & Oberauer, K. (2013). Focused, unfocused, and defocused
information in working memory. Journal of Experimental
Psychology: Learning, Memory, and Cognition, 39(4), 1075–
1096. https://doi.org/10.1037/a0031172

Richter, F. R., Cooper, R. A., Bays, P. M., & Simons, J. S. (2016).
Distinct neural mechanisms underlie the success, precision, and viv-
idness of episodic memory. ELife, 5, e18260. https://doi.org/10.
7554/eLife.18260

Saproo, S., & Serences, J. T. (2014). Attention improves transfer of motion
information between V1 and MT. Journal of Neuroscience, 34(10),
3586–3596. https://doi.org/10.1523/JNEUROSCI.3484-13.2014

Schmidt, B. K., Vogel, E. K., Woodman, G. F., & Luck, S. J. (2002).
Voluntary and automatic attentional control of visual workingmem-
ory. Perception & Psychophysics, 64(5), 754–763. https://doi.org/
10.3758/BF03194742

Schurgin, M. W., Wixted, J. T., & Brady, T. F. (2020). Psychophysical
scaling reveals a unified theory of visual memory strength. Nature

Human Behaviour, 4(11), 1156–1172. https://doi.org/10.1038/
s41562-020-00938-0

Scolari, M., Byers, A., & Serences, J. T. (2012). Optimal deployment of
attentional gain during fine discriminations. Journal of
Neuroscience, 32(22), 7723–7733. https://doi.org/10.1523/
JNEUROSCI.5558-11.2012

Soto, D., Heinke, D., Humphreys, G. W., & Blanco, M. J. (2005). Early,
involuntary top-down guidance of attention from working memory.
Journal of Experimental Psychology: Human Perception and
Performance, 31(2), 248–261. https://doi.org/10.1037/0096-1523.31.2.
248

Soto, D., Hodsoll, J., Rotshtein, P., & Humphreys, G. W. (2008). Automatic
guidance of attention from working memory. Trends in Cognitive
Sciences, 12(9), 342–348. https://doi.org/10.1016/j.tics.2008.05.007

Sprague, T. C., Saproo, S., & Serences, J. T. (2015). Visual attention
mitigates information loss in small- and large-scale neural codes.
Trends in Cognitive Sciences, 19(4), 215–226. https://doi.org/10.
1016/j.tics.2015.02.005

Umemoto, A., Scolari, M., Vogel, E. K., & Awh, E. (2010). Statistical learn-
ing induces discrete shifts in the allocation of working memory re-
sources. Journal of Experimental Psychology: Human Perception and
Performance, 36(6), 1419–1429. https://doi.org/10.1037/a0019324

Unsworth, N., Fukuda, K., Awh, E., & Vogel, E. K. (2014). Working
memory and fluid intelligence: Capacity, attention control, and sec-
ondary memory retrieval. Cognitive Psychology, 71, 1–26. https://
doi.org/10.1016/j.cogpsych.2014.01.003

van den Berg, R., Shin, H., Chou, W.-C., George, R., & Ma, W. J. (2012).
Variability in encoding precision accounts for visual short-termmemory
limitations. Proceedings of the National Academy of Sciences, 109(22),
8780–8785. https://doi.org/10.1073/pnas.1117465109

van Driel, J., Gunseli, E., Meeter, M., & Olivers, C. N. L. (2017). Local
and interregional alpha EEG dynamics dissociate between memory
for search and memory for recognition.NeuroImage, 149, 114–128.
https://doi.org/10.1016/j.neuroimage.2017.01.031

van Moorselaar, D., Gunseli, E., Theeuwes, J., Olivers, N. L., & C.
(2015). The time course of protecting a visual memory representa-
tion from perceptual interference. Frontiers in Human
Neuroscience, 8. https://doi.org/10.3389/fnhum.2014.01053

van Moorselaar, D., Theeuwes, J., & Olivers, C. N. L. (2014). In compe-
tition for the attentional template: Can multiple items within visual
working memory guide attention? Journal of Experimental
Psychology: Human Perception and Performance, 40(4), 1450–
1464. https://doi.org/10.1037/a0036229

van Moorselaar, D., Theeuwes, J., & Olivers, C. N. L. (2016). Learning
changes the attentional status of prospective memories.
Psychonomic Bulletin & Review, 23(5), 1483–1490. https://doi.
org/10.3758/s13423-016-1008-7

Williams, J. R., Brady, T. F., & Störmer, V. S. (2022). Guidance of
attention by workingmemory is a matter of representational fidelity.
Journal of Experimental Psychology: Human Perception and
Performance, 48(3), 202–231. https://doi.org/10.1037/xhp0000985

Wolfe, J. M. (2007). Guided search 4.0. In W. D. Gray (Ed.), Integrated
models of cognitive systems (pp. 99–119). Oxford University Press.
https://doi.org/10.1093/acprof:oso/9780195189193.003.0008

Woodman, G. F., & Chun, M. M. (2006). The role of working memory
and long-term memory in visual search. Visual Cognition, 14(4–8),
808–830. https://doi.org/10.1080/13506280500197397

Zhang, W., & Luck, S. J. (2008). Discrete fixed-resolution representa-
tions in visual working memory. Nature, 453(7192), 233–235.
https://doi.org/10.1038/nature06860

Publisher’s note Springer Nature remains neutral with regard to jurisdic-
tional claims in published maps and institutional affiliations.

1386 Attention, Perception, & Psychophysics (2023) 85:1375–1386

https://doi.org/10.1523/JNEUROSCI.5920-11.2012
https://doi.org/10.1523/JNEUROSCI.5920-11.2012
https://doi.org/10.1037/a0013896
https://doi.org/10.1037/0096-1523.32.5.1243
https://doi.org/10.1037/0096-1523.32.5.1243
https://doi.org/10.1016/j.tics.2011.05.004
https://doi.org/10.1111/j.1399-5618.2011.00931.x
https://doi.org/10.1089/brain.2012.0139
https://doi.org/10.1089/brain.2012.0139
https://doi.org/10.3758/s13428-018-01193-y
https://doi.org/10.1037/xlm0000328
https://doi.org/10.1016/j.jml.2021.104287
https://doi.org/10.1016/j.jml.2021.104287
https://doi.org/10.1111/psyp.12217
https://doi.org/10.1111/psyp.12217
https://doi.org/10.1093/cercor/bht057
https://doi.org/10.1037/a0031172
https://doi.org/10.7554/eLife.18260
https://doi.org/10.7554/eLife.18260
https://doi.org/10.1523/JNEUROSCI.3484-13.2014
https://doi.org/10.3758/BF03194742
https://doi.org/10.3758/BF03194742
https://doi.org/10.1038/s41562-020-00938-0
https://doi.org/10.1038/s41562-020-00938-0
https://doi.org/10.1523/JNEUROSCI.5558-11.2012
https://doi.org/10.1523/JNEUROSCI.5558-11.2012
https://doi.org/10.1037/0096-1523.31.2.248
https://doi.org/10.1037/0096-1523.31.2.248
https://doi.org/10.1016/j.tics.2008.05.007
https://doi.org/10.1016/j.tics.2015.02.005
https://doi.org/10.1016/j.tics.2015.02.005
https://doi.org/10.1037/a0019324
https://doi.org/10.1016/j.cogpsych.2014.01.003
https://doi.org/10.1016/j.cogpsych.2014.01.003
https://doi.org/10.1073/pnas.1117465109
https://doi.org/10.1016/j.neuroimage.2017.01.031
https://doi.org/10.3389/fnhum.2014.01053
https://doi.org/10.1037/a0036229
https://doi.org/10.3758/s13423-016-1008-7
https://doi.org/10.3758/s13423-016-1008-7
https://doi.org/10.1037/xhp0000985
https://doi.org/10.1093/acprof:oso/9780195189193.003.0008
https://doi.org/10.1080/13506280500197397
https://doi.org/10.1038/nature06860

	Internal attention is the only retroactive mechanism for controlling precision in working memory
	Abstract
	Introduction
	Method
	Participants
	Stimuli

	Experiment 1
	Procedure
	Results
	Discussion

	Experiment 2
	Procedure
	Results
	Discussion

	Experiment 3
	Procedure
	Results
	Discussion

	Experiment 4
	Procedure
	Results
	Discussion
	Aggregate analysis
	Is there a weak precision control mechanism that partially counteracts the effects of internal attention in experiments 1–3?

	General discussion
	References


