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Visual working memory (VWM) is a store for temporary maintenance of visual information. It is often dis-
regarded, though, that information is typically stored to enable actions. Therefore, the context of these
actions is of great importance for how VWM is used. Here, we questioned whether the severity of the con-
sequence of an action might affect how well information is memorized, and how cautiously it is utilized. We
employed an (online) copying task, in which participants reproduced an example display comprised of six
items in a grid, using a pool of items. Crucially, we manipulated the severity of penalties: participants had to
wait 5 (high) or 0.5 (low error cost) s after an error. Additionally, we manipulated the accessibility of task-
relevant information (a well-studied manipulation in this paradigm): participants had to wait 5 (high) or 0.5
(low sampling cost) s to inspect the example. Our results show that with higher error cost the number of
inspections remained comparable, but the number of errors decreased. Furthermore, they show that with
higher sampling cost the number of inspections halved, and the number of errors increased. Thus, more
severe action consequences increase the reluctance to act on uncertain information in VWM, but do not
lead to more attempts to store information in VWM. We conclude that, in contrast to the effect of the acces-
sibility of information, action consequences do not affect howwell information is memorized, but affect how
cautiously this stored information is utilized.
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We humans, such as many other species, make extensive use of our
sight to guide our actions. The sight has enabled us to successfully
approach food and to avoid predators, lest we would become food.
Therefore, vision has become one of our most important senses for
survival. Yet, our sight has limitations as well: we cannot—in one
glance—perceive our complete surroundings. Luckily, we can turn
our head and shift our gaze with great precision to see more of our
environment. With every shift of gaze and attention toward new infor-
mation, though, we may also lose sight of relevant visual information
currently in view. To deal with this limitation, we have a cognitive
system in place, called visual working memory (VWM), that is
able to temporarily store visual information from our environment
(Baddeley & Hitch, 1974). To illustrate, imagine you are about to
pick some berries from a bush, but before doing so check behind
your back to ensure there is no predator in sight. It would be very use-
ful to maintain a visual image of the bush in your mind’s eye as you
look out for the predator (to avoid having to start your search from
scratch, each time you look over your shoulder). Having a memory
of the appearance and locations of the berries will save time and effort

in finding them, and thus enable easy picking. VWM takes care of
this: it can maintain relevant visual information to enable future
actions. Shortly maintaining action-relevant visual features around
us is therefore commonplace in daily life. While many aspects of
VWM have been studied in the past five decades, one aspect has
received relatively little attention: namely the potential consequences
of the action. To illustrate, imagine not picking berries, but hunting
mushrooms. A novice mushroom hunter will likely have a guidebook
to counsel when in doubt. The mushroom hunter must ensure that the
mushroom in their hand looks identical to the one they have seen in
the book, or else it might be their last mushroom hunt. Compare
that to the situation of a (less adventurous) person who must find an
exotic mushroom in the supermarket, of which they received a picture
on their phone. The worst that can happen there is a ruined meal. The
central question here is whether action-relevant information is memo-
rized better or used more cautiously when the consequences of the
actions are more severe.

In the last few decades, many studies have focused on the format
in which information is stored in VWM (Luck & Vogel, 1997;
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Ma et al., 2014; Schurgin et al., 2020). Fewer studies have investi-
gated the influence of the context in which information is put into
memory and subsequently utilized from memory. In this latter cate-
gory, Ballard et al. (1995), Draschkow et al. (2021), Sahakian et al.
(2023), and Somai et al. (2020) have investigated how the accessibil-
ity of information determines howmuch of what is memorized is put
to use. These studies showed that when accessing relevant informa-
tion is relatively easy, only a little information from VWM is used
before referring to the available information. However, when access
to information is made more difficult, information storage increases.
Recently, we showed that while little information was utilized from
VWM, some information in VWM remained unused (Sahakian
et al., 2023). Moreover, we showed that the increase in the amount
of information utilized (when access became harder) is a conse-
quence of both memorizing more information, and utilizing a larger
portion of the (otherwise residual unused) information in VWM. The
latter strategy can be interpreted as a more liberal tendency to try out
actions, even if the actions are based on uncertain information.
Indeed, relying on uncertain information in memory can be an effi-
cient strategy when retrieving information from the external world
is hard. But there are limitations to such a strategy: actions based
on weak memories will inevitably be wrong more often. In our previ-
ous work, incorrect actions had negligible consequences—incorrect
actions were immediately and automatically undone. Negligible con-
sequences make acting upon weak memories (i.e., educated guessing
rather than confident actions) an attractive strategy. In many situations
(such as hunting mushrooms in a forest), however, acting upon weak
memories is not desirable. In situations where one cannot afford to err,
memory-guided behavior will likely be adapted to minimize errors.
But how is memory-guided behavior adapted? Our aim in the current
study was to investigate what strategy changes occur when adverse
consequences are tied to incorrect actions.
Many studies have confirmed that working memory performance

can be improved when there is an incentive to do so. For instance,
visual information is memorized better if it is more likely to be probed
(Gorgoraptis et al., 2011; Klyszejko et al., 2014). Likewise, studies
have shown that visual information which is associated with higher
rewards receives more cognitive resources and is memorized better
(Cho et al., 2022; Klyszejko et al., 2014; van den Berg & Ma,
2018; but see van den Berg et al., 2023). Thus, the consequences of
actions that are based on VWM content (e.g., correctly reporting
the memorized item) seem to influence howwell information is mem-
orized or recalled. Yet, to the best of our knowledge, no studies have
investigated the effects of the consequences of actions in the context of
naturalistic VWM tasks. Specifically, we mean VWM tasks in which
relevant visual information remains available for reinspection, and the
information is memorized to enable meaningful actions (not merely to
be recalled on request). In the present study, we manipulate the con-
sequences of actions, to investigate how the cost of making an error
affects VWM-guided behavior. To do so, we build on our previous
study (Sahakian et al., 2023), which had proved fruitful in revealing
strategies of memory use in different contexts. The paradigm in ques-
tion is a copying task: a task in which an arrangement of items (typ-
ically called the “Model”) must be recreated elsewhere using a pool of
items. Critically, the arrangement of items remains available for
inspection throughout the task. Participants recreate the “Model” in
an initially empty area called the “Workspace,” by picking up items
from the “Resources” (a pool of items) and placing the items in the
correct position in the “Workspace” until the “Model” is perfectly

copied. Tracking for how long and how often participants inspect
the “Model,” or how many correct and incorrect item placements fol-
low each inspection, gives insights into to use of VWM. In our previ-
ous study, we manipulated the cost to inspect the Model. The cost
could be low (i.e., easy to reach the Model for inspection) or high
(i.e., hard to reach the Model for inspection). We observed several
strategy changes between these conditions. When the accessibility
of relevant information was worse, participants (re)inspected it less
often, but for a longer duration and they were able to correctly
apply more information after each inspection. These findings were
robust within our study (Sahakian et al., 2023) and in the three
other studies with a comparable paradigm and manipulation
(Ballard et al., 1995; Draschkow et al., 2021; Somai et al., 2020).
Our study also revealed that when the accessibility of information
was worse, participants made more errors, which we interpreted as
an increased tendency to use relatively uncertain VWM content
(e.g., deciding to place an item in the workspace, despite doubts
about the item’s identity or location). Our key question is whether
this tendency to place uncertain VWM content will persist when the
consequence of making errors becomes more severe. The well-
established paradigm of the copying task allows us to answer these
questions.

In the current study, wewere mainly interested in strategy changes
in the use of VWM caused by more severe consequences for incor-
rect actions. To this aim, we employed a copying task paradigm
hosted on the internet. The primary manipulation was that of the
severity of the punishment for incorrect actions: a short or long
wait time after an erroneous placement. The secondary manipulation
was that of the accessibility of the “Model”: a short or long wait time
before the Model can be inspected. We included the accessibility
manipulation as a reference, since we know from previous studies
what effects to expect. Our main outcome measures of interest
were the amount of information loaded up into VWM with each
inspection, and the amount of information used from VWM with
each inspection. Based on findings from previous studies, we
expected that the amount of information loaded up into VWM and
used from VWM would be larger when accessibility of the
“Model” was worse. Regarding the severity of punishments for
incorrect actions, we expected that more information would be
loaded up into VWM when punishments were severe to minimize
the risk of making an error. Furthermore, we expected that less infor-
mation (i.e., only very certain information) would be used from
VWM when punishments were severe, again to minimize the risk
of errors. To preface the main findings of the current study: (a) We
replicate the findings of previous studies regarding the manipulation
of accessibility of information: there was more information loaded
up into VWM and more information used from VWM when the
accessibility of the “Model” was worse. (b) We find, however, no
evidence that more information was loaded into VWM when the
severity of punishments for errors was higher. (c) We show that
there was indeed less information used from VWM when the
severity of punishments for errors was higher. In sum, it seems
that when the consequences of incorrect actions become more
severe, humans do not necessarily try to memorize more (or better)
but only become more cautious in what memories they rely on for
action. Evidently, VWM-guided behavior in naturalistic contexts
is affected by various factors in various ways. Put in a different
way: humans adapt the use of VWM in various ways to best suit
the current demands.

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

th
e
A
m
er
ic
an

P
sy
ch
ol
og
ic
al
A
ss
oc
ia
tio

n
or

on
e
of

its
al
lie
d
pu
bl
is
he
rs
.

T
hi
s
ar
tic
le
is
in
te
nd
ed

so
le
ly

fo
r
th
e
pe
rs
on
al
us
e
of

th
e
in
di
vi
du
al
us
er

an
d
is
no
t
to

be
di
ss
em

in
at
ed

br
oa
dl
y.

ACTION CONSEQUENCES GUIDE THE USE OF VWM 5



Method

Participants

We recruited participants via Prolific (www.prolific.co), a platform
for recruiting participants for online studies. Using Prolific’s screening
tool, we made our study available to participants who (a) had normal
or corrected-to-normal vision, (b) were fluent in English, (c) had an
approval rate higher of at least 95%, and (d) had not taken part in stud-
ies (with similar tasks) we had run via Prolific.We aimed to include 25
participants per between-observer condition (there were four experi-
mental conditions), based on a power analysis using data from a pre-
vious copying task study (see Supplemental Material 1 in the online
supplemental material). As participants conducted the online study
in parallel and allocation to experimental conditions was randomized,
we ended up including a few more participants than 25 in some con-
ditions. A total of 110 participants completed the study. We excluded
six of them, who indicated that they had used an aid to complete
the task (e.g., made a photograph of the stimuli they had to remember).
In total, we included 104 participants for the formal analyses.
The experiment was designed and conducted in compliance with
the Declaration of Helsinki, and it was approved by the Ethics
Committee of the Faculty of Social and Behavioural Sciences of
Utrecht University. The approval is filed under 21-0297. All partici-
pants gave informed consent before beginning the online study.
Upon successful completion of the experiment, participants were
rewarded with 3.75 GBP.

Apparatus and Stimuli

The experiment was scripted using the JavaScript libraries
jsPsych (Version 7.3.0; de Leeuw, 2015) and Fabric.js (Version

5.2.4; fabricjs.com). We used the web service Gorilla to build and
host the online experiment (Anwyl-Irvine et al., 2020).

We enabled the option on Prolific to make the study only available
to participants on a desktop device (i.e., a laptop or a personal com-
puter). Still, displays of varying types and sizes will most likely have
been used. We tried to keep the size of the experiment display cons-
tant across participants by implementing a calibration procedure
before the task: participants held a standard-sized (credit) card
against their monitor and resized a displayed rectangle to match
the card. If the instructions were followed correctly, the experiment
display would be contained in a light gray rectangle 25 cm wide×
8.5 cm high, on a white background (see Figure 2). After size cali-
bration, the items were 1 cm× 1 cm in size.

The items used here were the same as used in previous experiments
in our lab (Sahakian et al., 2023). The 20 shapes of (the polygons in)
the items were adapted from stimuli used by Arnoult (1956). The 20
colors were selected from the HSLuv color space (https://www.hsluv
.org). Specifically, we selected 20 perceptually equidistant hues (start-
ing at a hue value of 3.59°, and adding 17.95° to get the next hue
value) on the color wheel, with the saturation set to 89.1% and lumi-
nance to 64.35% (see Figure 1). We assume that there was a range of
different monitor types, screen configurations, and room lighting con-
ditions across participants. Thus, each participant will probably have
been presented with slightly different colors.

Procedure

After giving informed consent and going through instructions and
practice trials, participants started the main task, which consisted of
24 experimental trials. Participants took about a minute to complete
each trial. The goal in every trial was to recreate an arrangement of
six items in a 4× 4 grid, called the Model grid. Participants did this

Figure 1
The Twenty Shapes and Twenty Colors That Were Combined to Create the Stimuli in the Experiment

Note. Given 20 shapes and 20 colors, we could create 400 unique stimuli. For each trial, a random selection (without replacement) of four shapes and four
colors was used to create 16 unique stimuli (with the additional restriction that no two neighboring colors were ever selected). From this pool of 16 stimuli, six
were randomly selected (with replacement), and randomly positioned in the Model grid for each trial. See the online article for the color version of this figure.
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Figure 2
Overview of a Trial

A

B

C

Note. There were three relevant 4× 4 grids. From left to right they are the Model, Workspace, and Resource grid. The Model needs to be recreated in the
Workspace using the items from the Resource. Panel A shows the task view when items are being placed from the Resource in the Workspace. When placing
items the Model is covered. Panel B shows the task view when the Model is open (after clicking and holding the cover for either 0.5 or 5 s). While the Model is
open, the Workspace and Resources are covered. Panel C shows the task view after an item is placed incorrectly in the workspace, which results in all grids
being covered. After clicking and holding the Workspace grid (for either 0.5 or 5 s), the covers are opened and the view switches to the view in Panel A. The
horizontal white bars would shrink in width and disappear in 0.5 or 5 s (depending on the condition) to visually convey how long to hold the cursor on the grid.
See the online article for the color version of this figure.
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by dragging and dropping items from the Resource grid onto the
Workspace grid (see Figure 2). Once the six items were correctly
placed in the Workspace, the trial was finished and the participant
could move on to the next trial.
For each trial, a random sample of four different shapes and a ran-

dom sample of four different colors (with the restriction that no
neighboring colors were chosen) were used to generate 16 unique
items. These 16 items comprised the Resource grid. The Model
grid in the trials was created by selecting six items (with replace-
ment) from the Resource grid, and placing them in six different loca-
tions. Selecting items with replacement entailed that the same item
might have occurred more than once in a Model grid.
The cost of sampling was manipulated by imposing a long or short

wait time to reveal the Model grid. During the task, the Model grid
was completely covered by a dark gray square. To inspect theModel,
the cover could be lifted by clicking and holding the cursor on it (for
0.5 s in the low sampling cost condition and 5 s in the high sampling
cost condition). After the Model was uncovered, it stayed uncovered
until the cursor was moved away from the Model grid. The cost of
making an error was manipulated in a similar way. After an incorrect
placement was made, all grids (Model, Workspace, and Resource)
were covered by dark gray squares. Specifically, each time an item
was released on a cell of the Workspace grid in which it did not
belong, all grids were immediately covered. The incorrectly placed
item was directly put back in the Resource grid. Only after clicking
and holding the cursor on the workspace grid cover (for 0.5 s in the
low error cost function and 5 s in the high error cost condition), all
covers were removed and the task could be resumed.

Experimental Design

The main factors of interest were the cost of errors and the cost of
sampling.Wemanipulated both the cost of sampling (high or low) and
the cost of errors (high or low) between participants, in a full factorial
design. Each participant was assigned to one of the four conditions
(e.g., low sampling cost and high error cost) and completed all 24 tri-
als in this one condition. We opted for a between-participant design
for two reasons. First, participants would be more likely to settle on
a consistent copying strategy within a given condition, when not hav-
ing to switch between blocks of varying error cost and sampling cost.
Second, condition order effects might be asymmetrical: An unpub-
lished analysis of a pilot study shows that the effects of sampling
cost and error cost are strongly depend on condition order; specifi-
cally, participants are more reluctant to change strategies when costs
decrease between blocks, and are more willing to change strategies
when costs increase between conditions. The only other factors vary-
ing between participants were the selection of (the shapes and colors
of) the items for the Resource grid and the layout of the Model grids.
These factors were not balanced between participants, but were gen-
erated randomly on a trial-by-trial basis.

Analysis

We conducted the statistical analyses using Bayesian statistics
with the Jeffreys’s Amazing Statistics Program (JASP) software
using the default priors wherever relevant for conducting Bayesian
statistics, and always setting the seed value to 1 for reproducibility
(JASP Team, 2023). We conform to the labels suggested by Kass
and Raftery (1995) for the interpretation of Bayes factors.

Our main analyses were Bayesian analyses of variance and for all
of them, we performed an analysis of effects across matched models
(Mathôt, 2017). This analysis compares models that contain the
effect in question to equivalent models stripped of the effect.
Here, the inclusion Bayes factor (BFincl) reflects the amount of evi-
dence specifically for the (main or interaction) effect in question,
compared to the absence thereof.

Measures

The current task is open-ended in nature. Participants are free to copy
the items in the way they wish (e.g., in any order, with as many Model
inspections and incorrect placements as needed). Therefore a large
number of measures could be obtained. To keep the current article
streamlined, we focus on and report three direct outcome measures
and two derived measures. We believe these measures give the neces-
sary insight into the behavior and are essential to answer the questions
in the current study. The three direct outcome measures were:

• Number of inspections: The number of times a participant
inspected the Model grid in each trial.

• Duration of an inspection: The time for which the Model
remained uncovered (a proxy for how long it was looked at).

• Number of errors: The number of times an item was placed
incorrectly (note that accidentally placing an item on top of
another item or outside of the grid did not constitute an error).

In the supplements (see Supplemental Material 2 in the online
supplemental material), we also included the analysis of a fourth
measure, namely the building duration: the time participants took
to pick up and place items in the Workspace grid (excluding any
wait times).

The two derived measures were:

• First correct streak: This is the number of consecutive correct
placements immediately after an inspection and before the
next inspection. This measure is used as a proxy for the
amount of information that was maintained in VWM (i.e.,
amount of information soaked up).

• Subsequent attempts: This is the number of placement
attempts after the first correct streak and before the next
inspection. This measure is used as a proxy for the willingness
to utilize information fromVWM (i.e., the amount of informa-
tion squeezed out). Note that the “squeeze” and “soak” mea-
sures are effectively independent.

For an elaborate discussion on why our two indirect measures are
better proxies for the amount of information memorized, and the
amount of information utilized from VWM than the total number
of correct placements and the total number of errors per inspection,
we refer to our previous work using the same paradigm (Sahakian
et al., 2023).

Results

Number of Inspections

The analysis of effects showed decisive evidence (BFincl=
1.33× 1010) in favor of the main effect of sampling cost (see
Figure 3). This means that participants inspected the Model less
often when sampling was more costly. However, there was no con-
clusive evidence (BFincl= 0.67) in favor of the main effect of error
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cost. This suggests that we cannot make claims based on the data on
whether or not the cost of making errors affected the number of
inspections. Finally, there was also no conclusive evidence
(BFincl= 0.50) in favor of an interaction effect between sampling
and error cost. This means that the data do not allow us to tell
whether the cost of sampling affects the cost of errors (or vice versa).

Duration of an Inspection

The analysis of effects showed decisive evidence (BFincl=
1.09× 109) in favor of the main effect of sampling cost (see
Figure 3). This implies that when sampling was costly, participants
inspected the Model for longer. Furthermore, we found no conclusive
evidence (BFincl= 0.43) in favor of the main effect of error cost. This
means that the data do not allow claims about the effect of the cost of
errors on the inspection duration. Finally, we found substantial evi-
dence (BFincl= 0.30) against an interaction effect between the effects
of sampling and error cost. This means that the effects of sampling
cost and error cost do not influence each other.

Number of Errors

The analysis of effects showed decisive evidence (BFincl= 3,816)
in favor of the main effect of sampling cost (see Figure 3). This
implies that when sampling was costly, more errors were made.
Furthermore, we found strong evidence (BFincl= 48) in favor of
the main effect of error cost. This means that when errors were
costly, participants made fewer errors. Lastly, we did not find
conclusive evidence (BFincl= 0.84) for an interaction effect between
the effects of sampling and error cost. Inconclusive evidence here
means that the data do not warrant claims about whether an interac-
tion between error cost and sampling cost is present or not.

First Correct Streak (Soak)

The analysis of effects showed decisive evidence (BFincl=
1.45× 108) in favor of the main effect of sampling cost on the length

of the first correct streak of placements (see Figure 4). This means
that when sampling was costly, participants had more consecutive
correct placements after an inspection. We interpret this finding as
participants memorizing more information per inspection when
inspections were costly. We found substantial evidence (BFincl=
0.24) against the main effect of error cost on the length of the first
correct streak of placements. This means that participants had the
same number of consecutive correct placements after an inspection
in the low- and high-error-cost conditions. This demonstrates that
participants memorized the same amount of information per inspec-
tion regardless of the severity of punishments. Finally, there was no
conclusive evidence (BFincl= 2.44) in favor of (or against) an inter-
action effect between sampling cost and error cost on the length of
the streak of correct placements.

Subsequent Attempts (Squeeze)

The analysis of effects showed decisive evidence (BFincl=
5.82× 106) for the main effect of sampling cost on the number of
placing attempts after the first correct streak (see Figure 4). This
means that when inspections are costlier, participants keep attempt-
ing to place items for longer. We interpret this finding to mean
that when information is hard to access, participants utilize more
content from their memory. Furthermore, we found strong evidence
(BFincl= 88) for the main effect of error cost on the number of plac-
ing attempts after the first correct streak. When errors are costlier,
participants have fewer placement attempts after the first streak of
correct placements. We interpret this as a decreased tendency to uti-
lize information from working memory. Lastly, there was no conclu-
sive evidence (BFincl= 2.09) for or against again an interaction
effect between sampling cost and error cost.

Discussion

In the current study, we sought to understand what influence the
consequences of actions have on the way we memorize and use

Figure 3
The Three Direct Outcome Measures Across the Four (2 Sampling Cost× 2 Error Cost) Between-Observer Conditions
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Note. On the left, the mean number of Model inspections per trial is shown. More inspections per trial suggest that fewer items per inspection were mem-
orized, as there were always six items to be copied in a trial. In the middle, the mean durations ofModel inspections are shown. Longer inspection times suggest
more effort is put into memorizing information. On the right, the number of errors per trial is shown. More errors suggest attempts to place items are based
increasingly on less certain information (i.e., a more liberal tendency to utilize uncertain information). In all plots, the bars represent group means, the gray dots
represent individual participants’means, and the error bars represent (bootstrapped) 95% confidence intervals. See the online article for the color version of this
figure.
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visual information. We employed a copying task in which partici-
pants had to recreate an arrangement of items as shown in an exam-
ple. This example always remained available for reinspection. Such
a paradigm allowed us to investigate the memorization and use of
visual information in a task context which naturally engages visual
working memory (VWM; Ballard et al., 1995; Draschkow et al.,
2021; Sahakian et al., 2023; Somai et al., 2020). One typical finding,
across all studies using such a paradigm, is that observers use
more information from VWM when task-relevant information
becomes harder to access: Observers look at the “Model” less
often but for a longer time, and place more items after each inspec-
tion. The accessibility manipulation in the current study—which
we included as a reference—yielded the same result. The novel
manipulation in the current study was the extent to which incorrect
actions (e.g., placing an item in an incorrect location) were penal-
ized. We found that when incorrect actions were penalized more,
participants did not memorize the required information better.
Instead, their actions became more cautious. They only attempted
to put information to use of which they were very certain that it
would be correct.
The current findings fit well within the theoretical model we have

proposed in a previous article (Sahakian et al., 2023). In this model,
the information in VWM is represented as a (multidimensional)
landscape in feature space, where the height of the landscape cor-
responds to the certainty of information. (see Figure 5 for a visual-
ization with two feature dimensions). Figures that require more
than three dimensions are hard to visualize (in a static figure and

in one’s mind), so in Figure 5 only the color and one-dimensional
location are used to create a feature space. But conceptually this
feature space can be extended with more spatial dimensions and
visual feature dimensions. For example, a high peak in feature
space around “coordinate” (third row, second column, square,
red) implies that you are very certain that on the spatial location
(third row, second column) there is a square-shaped item that is red.
To this landscape of certainty over feature space, we add a so-called
“Action Threshold.” This action threshold represents the minimum
amount of certainty about an item that will lead to an action (rather
than a reinspection). If the certainty peak in feature space at (third
row, second column, square, red) rises above the threshold an action
will follow: a red square will be placed at (third row, second column)
in the workspace. How high (or low) the threshold is set depends on
the context of the task. A high threshold entails that only very certain
information is used. A low threshold entails that even uncertain infor-
mation will be put to use. Our results suggest that with higher error
costs, the certainty of the memory content (the landscape) remains
comparable, but the “Action threshold” is increased. Thus, only the
most certain pieces of information from memory are used, while the
uncertain ones (below the “Action threshold”) are left untouched. In
essence, this theoretical model combines the continuous nature of
working memory content (Bays, 2018; Ma et al., 2014; Schurgin
et al., 2020; but see Zhang & Luck, 2008), with the concept of a cri-
terion from signal detection theory (SDT; Banks, 1970; Pastore &
Scheirer, 1974). To elaborate on the parallel between our model and
SDT, the representational strength in our model (i.e., the certainty

Figure 4
The Two Derived Outcome Measures Across the Four (2 Sampling Cost× 2 Error Cost)
Between-Observer Conditions
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Note. On the left, the mean length of the first correct streaks is shown (the “soak” measure). As visu-
alized above the figure title, this is the number of successive correct placements immediately after a
Model inspection (the eye icon). We take this as a proxy for how much information is memorized (or
soaked in VWM). Being able to correctly place many items without errors suggests a strong memory
of the Model. On the right, the mean number of attempts after the first correct streak is shown (the
“squeeze” measure). These are all remaining attempts (correct or erroneous) before the next Model
inspection (the eye icon). We take this measure as a proxy for the willingness to utilize information
(or squeezed out of VWM). Attempting to place more items (even after making an error) suggests a
stronger tendency to utilize any (even uncertain) information that is in VWM, accepting the risk of mak-
ing more errors. In all plots, the bars represent group means, the gray dots represent individual partici-
pants’ means, and the error bars represent (bootstrapped) 95% confidence intervals. VWM= visual
working memory. See the online article for the color version of this figure.
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of memory content) can be thought of as the sensitivity in SDT terms;
while the “Action Threshold” in our model (i.e., the required certainty
to act) can be thought of as the criterion in SDT terms. Themarriage of
continuous resource models of VWM and SDT constitutes a powerful
model to describe how and when memories are put into action.
Therefore, it lends itself to exploring the strong links between (visual)
working memory and action: an idea which has received much atten-
tion in recent years (Heuer et al., 2020; Olivers & Roelfsema, 2020;
van Ede, 2020; van Ede et al., 2019).
Interestingly, our results show that the amount of memorized

information is unaffected by the severity of action consequences.
Nevertheless, it is possible that with other design choices (e.g.,
with more severe consequences, more participants, or more trials
per participants), we would have found an effect of error cost on
the amount of information that is memorized. Other studies have
shown reward-based effects on VWM performance (Cho et al.,
2022; Klyszejko et al., 2014; van den Berg & Ma, 2018), which
means that in certain situations humans can indeed memorize infor-
mation better. Regardless, the key point here is the relative difference
in effect size (expressed as the partial η2) between employed strate-
gies. When punishments are more severe, there is a large decrease in
utilization: h2

p = 0.131 (i.e., only the very certain memory content is

used); but a negligible change in memorization: h2
p = 0.004 (i.e.,

the total amount of memory content barely changes). A similar
point can be made for the relative difference of effect size on mem-
ory content between the two equally severe cost manipulations.
While a higher sampling cost—which was a 5 (vs. 0.5) s wait to
inspect the Model—results in a large change in the amount of mem-
ory content (h2

p = 0.362); a higher error cost—which was again a 5
(vs. 0.5) s wait after an error—barely changes the amount of encoded
information (as stated before h2

p = 0.004). Even if an experiment
with enough participants and very severe consequences would pro-
duce a (small) effect of error cost on how much is memorized, it
would not change our conclusion that observers—by a huge margin—
choose to act more cautiously rather than to memorize more infor-
mation. Therefore, we argue that our interpretation of the data is
warranted in light of these stark differences in effect sizes. Thus,
put in context, more severe consequences of incorrect actions lead
to more cautious actions, rather than leading to memorizing more
information.

As we mentioned in the previous paragraph and the introductory
paragraph, there is quite some literature showing that VWM perfor-
mance is better when observers are incentivized to perform better.
Increased performance has been found for items that are associated

Figure 5
Three-Dimensional Visualization of the Theoretical Model We Use to Describe VWM Use,
Based on Certainty of Information and an “Action Threshold”

Certainty of 
memory content

High

Low

L1 L2 L3 L4 L5

Presented stimulus

Ensuing action

Certainty landscape

L1 L2 L3 L4 L5

Note. This model dictates how information in mind will be put to use given the memory content and a
context-dependent threshold. The presented stimulus has items comprised of two feature dimensions: 1D
space (locations L1–L5) and color (red–pink). After an inspection of the stimulus, the memory represen-
tation can be visualized by a certainty level on the 2D feature space. On the right in the figure, there is a
high peak at (L5, pink) suggesting high certainty that there is a pink item at L5. Peaks can be narrow in
one dimension, but a bit wider in the other: the leftmost green peak in the figure is narrow in the color
dimension but a bit wider in the spatial dimension suggesting: “There is a certainly orange item, some-
where around L4.” The central green peak suggests: “At L2 there is some blueish item.” As these three
peaks rise above the “Action threshold,” they are put to use. Note that while the left and right green peaks
resulted in a correct placement, the central peak—which had enough certainty to rise above the threshold
and thus be acted on—resulted in an incorrect action: the color should have been turquoise. Finally, note
that there is a small peak on the left below the “Action threshold,” suggesting “There might be some
orange–red item around L1 or L2.” As this peak does not rise above the current threshold it is not put
to use now. After the next inspection in which the item at L1 is inspected better, this peak might
rise above the threshold can be acted on. VWM= visual working memory; 1D = one-dimensional;
2D = two-dimensional. See the online article for the color version of this figure .
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with higher rewards or punishments (Cho et al., 2022; Klyszejko
et al., 2014; van den Berg & Ma, 2018) or higher probability to be
probed (Gorgoraptis et al., 2011; Yoo et al., 2018). At first sight,
this body of literature might seem at odds with the findings of the
present study, as we show that items are not memorized better
when errors are punished harder. However, our study differs in a cru-
cial aspect from these studies: in the current paradigm there are two
possible strategy changes a participant could adopt in order to avoid
punishments. First, such as in all referenced studies, observers could
selectively memorize prioritized items better. Second, in contrast to
other studies (in which selectively memorizing items better was the
only option), the current paradigm also offered a second option:
observers could alter their decision criterion, and choose to not
use their VWM content, but rather reinspect the relevant informa-
tion. In doing so punishments could be avoided by acting only on
the memory content with strong representations, which decreased
the chance of making an error. Interestingly, we find that (when
given the option) observers highly favor the second strategy: acting
more cautiously, versus the first: memorizing more (or better). This
finding shows the importance of considering what options to change
one’s strategy are available. Depending on the context, some strategy
changes are favored over other strategy changes.
To conclude, in the current study, we investigated how the

severity of the consequences of incorrect actions affected the way
humans approach a task that naturally engages working memory.
Much like in everyday life, task-relevant information remained
externally available for reinspection. As such, participants had to
continuously decide whether to act on the information they currently
had in memory or to refresh their memory by reinspecting the exter-
nal world. When we introduced adverse consequences for incorrect
actions, we observed a striking change of strategy: instead of mem-
orizing the task-relevant information better, participants rather chose
to act more cautiously and only rely on their best memory represen-
tations. So, where does this leave the mushroom hunter? Our find-
ings suggest that a novice mushroom hunter will return from the
forest with fewer mushrooms: only the ones of which he was certain
that they were safe. The person who went grocery shopping, in con-
trast, will return from the supermarket with many mushrooms, hop-
ing that one of them is the mushroom he needed. With this study, we
highlight the importance of investigation working memory in light
of broader and more naturalistic task contexts. Doing so will yield
deeper insights and a more applicable understanding of working
memory.
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