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Repeated exposure is assumed to promote long-term learning. This is demonstrated by the so-called
“Hebb-effect”: when short lists of verbal or spatial materials are presented sequentially for an immediate
serial recall test, recall improves with list repetition. This repetition benefit, however, is not ubiquitous.
Previous studies found little or no performance improvement for repetitions of visuospatial arrays (e.g.,
arrays of colored squares). Across eight experiments with college students and Prolific samples, we
investigated which factors promote visuospatial learning by testing all combinations of variables distin-
guishing between visual-array tasks (brief + simultaneous presentation + a single recognition test) and
tasks showing the Hebb effect (slow + sequential presentation + recall test probing all items).
Participants profited from repetitions when all items were tested with a recall procedure, but not if the
test consisted of recognition. Hence, the key to promote long-term learning is to recall all of the memo-

rized information over the short-term.
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How do we learn what is where around us? Learning of visuo-
spatial configurations arguably depends both on working memory
and long-term memory. Working memory stores the small subset
of information needed for ongoing processing. Long-term mem-
ory, conversely, holds representations for long periods of time.
Although distinct, working memory and long-term memory are
interlinked. For example, information attended to and retained lon-
ger in working memory is better recalled in long-term memory
(Hartshorne & Makovski, 2019; Loaiza & McCabe, 2012; Souza
& Oberauer, 2017; Zanto et al., 2016). Conversely, long-term
memory knowledge increases working memory performance:
memory span for words is larger than for nonwords (Hulme et al.,
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1991), and for familiar than unfamiliar visual items (Xie & Zhang,
2017; but see Wood & Simons, 2017).

One classical demonstration of the interdependency of working
memory and long-term memory is the Hebb-repetition effect
(Hebb, 1961): When a memory list is presented for serial recall,
performance is limited by working memory capacity. When one
list is repeated amid nonrepeated lists, recall of the repeated list
increases over about eight repetitions, but recall of nonrepeated
lists remain unchanged. Hence, as long-term memory traces accu-
mulate, serial-recall performance increases. This effect has been
replicated using verbal materials such as digits, letters, syllables,
or words (Hebb, 1961; Oberauer et al., 2015; Page & Norris,
2009; Szmalec et al., 2012) as well as visual stimuli such as faces
(Horton et al., 2008; Johnson et al., 2017; Johnson & Miles,
2019a, 2019b) and spatial locations (Couture & Tremblay, 2006;
Sukegawa et al., 2019; Tremblay & Saint-Aubin, 2009).

However, the repetition benefit is not ubiquitous. A few studies
have shown that repetitions do not promote learning of visuospa-
tial arrays (Fukuda & Vogel, 2019; Logie et al., 2009; Olson et al.,
2005; Olson & Jiang, 2004; Shimi & Logie, 2019). In visuospatial
array tasks, participants have to learn which visual features
appeared in which location. In this type of task, a visuospatial
array with multiple elements is presented simultaneously for
encoding, typically followed by a recognition test (change-detec-
tion) to probe memory. In Olson and Jiang (2004), change-detec-
tion of arrays of square locations did not improve over 24
repetitions. In Logie et al. (2009), change-detection of colored
shapes did not improve after the same array was repeated 60 times
in a row (with no other intervening arrays), and Shimi and Logie
(2019) observed only modest improvements after the same array
was repeated more than 30 times in a row. Fukuda and Vogel


https://orcid.org/0000-0002-1057-8426
https://osf.io/65bmd/
mailto:alessandra@fpce.up.pt
https://doi.org/10.1037/xge0001236

This document is copyrighted by the American Psychological Association or one of its allied publishers.

This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.

VISUOSPATIAL LONG-TERM LEARNING

(2019) repeated arrays of colored squares 30 times each, but per-
formance for repeated and novel unique arrays remained similar in
a final test implemented at the end of the study. These results sug-
gest that simple repetition is not enough to promote learning of
visuospatial arrays. Yet it is unclear what sets visuospatial mem-
ory apart from other studies that found credible learning for
repeated lists of verbal, visual, or even spatial information.

Why Do People Fail to Learn Visuospatial Arrays?

One possibility is that visuospatial arrays are genuinely difficult
to learn. Alternatively, some feature of the commonly used visuo-
spatial working memory tasks may either prevent learning, or the
use of acquired knowledge. This is likely given that there are
many procedural differences between the typical visuospatial
working memory tasks and the Hebb-repetition paradigm. Typical
visuospatial-arrays tasks comprise multiple items presented briefly
(e.g., 150 ms) at once, whereas the Hebb paradigm is a standard
serial-recall task: Memoranda are presented sequentially and
slowly (usually 1 s/item). Sequential presentation allows attention
to be focused on each element individually, and attended informa-
tion is better remembered (Craik et al., 1996). Moreover, the
slower presentation provides more time for consolidation (Ricker
et al., 2018), and it implies longer retention in working memory,
giving opportunity for maintenance processes to be applied on the
memoranda which in turn may facilitate transfer to long-term
memory (Hartshorne & Makovski, 2019). Another difference
refers to the memory test: A single item is tested in the visuospa-
tial tasks, typically with a recognition test, whereas all items are
recalled in forward order in the Hebb paradigm. Trying to retrieve
every element in turn may promote learning via the testing effect
(Roediger & Butler, 2011; Sutterer & Awh, 2016), as recall also
contributes to the Hebb effect (Cunningham et al., 1984; Oberauer
& Meyer, 2009).

So far, it is unclear which of these features are critical to yield
visual long-term memory learning. The study of Logie et al.
(2009) suggested that visuospatial learning occurs when recall is
verbal. This, however, leaves unclear what was the basis of the
learning—the visual arrays, or a list of verbal labels. Compared to
change-detection, Shimi and Logie (2019) observed steeper learn-
ing of a visuospatial array when features of all memory items were
reconstructed (i.e., selected from a set of visual features). The
many differences between the change-detection and the feature-
reconstruction tests, however, preclude conclusions about which
test characteristic(s) promote learning: It could be the switch from
change detection to reconstruction, the fact that all items were
tested in the reconstruction test, or the longer maintenance dura-
tion that the latter implies.

The Present Study

Inspired by the concept of metastudies (Baribault et al., 2018),
we initially designed five experiments consisting of a total of 10
conditions that systematically probed for the role of three variables
distinguishing between visuospatial-array and serial-recall tasks:
(a) mode of presentation (simultaneous in visuospatial tasks vs. se-
quential in Hebb tasks); (b) maintenance time in working memory
(fast presentation in visuospatial task vs. slow presentation in se-
rial recall tasks); and (c) features of the memory test (a single test
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with a potential change in a single item in visuospatial tasks vs. se-
rial recall of all items in Hebb tasks). Our approach was to test for
their joint roles by creating conditions covering most of their com-
binations to determine which constellations were critical to pro-
mote visuospatial learning.

We modeled our study on the typical Hebb paradigm which has
been the gold standard to demonstrate learning of repeatedly pre-
sented information. Therefore, in our studies we selected a single
visuospatial array to be repeated across several cycles (miniblocks
of three unique arrays + the repeated array), and we used a dis-
crete recall procedure to test memory. In all of our experiments,
participants learned arrays of colored squares presented scattered
across an invisible grid. They had to remember which color
appeared in which location. In our first series of experiments, par-
ticipants reconstructed the correct color by picking the remem-
bered color from a discrete set of nine possible colors. Hence our
testing procedure more closely aligned with that of Hebb tasks.

To foreshadow the results of our first set of studies (Experi-
ments 1-5), the most important determinant of learning was
whether a single item or all items were tested: Only the latter con-
dition consistently led to learning. Experiment 6 therefore focused
on that variable, providing a parametric variation of the number of
tests (one, three, or all six items), and demonstrates a gradual
increase of learning as more items are tested. Finally, with Experi-
ments 7 and 8 we address one outstanding difference between our
procedure and the one previously used in the literature, that is the
use of a recall test versus a recognition test. These studies show
that when arrays are tested through change detection, learning did
not occur even when we tested every single item of every array.

Experiments 1-5

We preregistered the research question, hypotheses, sample-size
determination, inclusion and exclusion criteria, and method of
Experiments 1-5 (https://osf.io/g3v7m).

Method
Participants

Experiments 1, 2, 4a, and 5 were conducted by undergraduate
students enrolled in an experimental-psychology class. Each team
of three students collected and analyzed data of 24 participants for
one experiment. Sample-size was based on the number each group
could reasonably recruit within the seminar time-frame. Our infer-
ences were based on Bayesian estimation, and our goal was to
have enough data to credibly estimate learning.

Experiments 1, 2, 4a, and 5 were conducted in a group lab with
four laptops arranged in a row with dividers between them. Partici-
pants sat at comfortable distance from the laptop (ca. 40 cm away
from the monitor). We replicated one experiment (Experiment 4b,
N = 27) in a standard laboratory setting with individual booths,
desktop computers (distance to the monitor ca. 54 cm), and an
experienced research assistant.” Similar results as in Experiment
4a were obtained, and hence their data was collapsed (total N =

We replicated this experiment as an initial analysis revealed
ambiguous results. Results split by experiment (4a and 4b) are presented in
the supplemental online materials.
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51). Furthermore, we ran one experiment in the laboratory
(Experiment 3) with the same set-up as in Experiment 4b.

Participants were between 18 and 35 years old, and had no self-
reported color blindness. They took part in only one experiment as
volunteers, either in exchange for course credit (Experiments 1, 2,
4a, and 5) or 15 CHF (Experiments 3 and 4b). Participants read
and signed an informed consent form before the experiment, and
they were debriefed at the end. The experimental protocol fol-
lowed the ethical guidelines of the Institutional Review Board and
did not require specific ethical approval.

Materials

Experiments 1 to 5 were programmed in MATLAB using
the Psychophysics Toolbox 3 (Brainard, 1997; Pelli, 1997).
All our experimental tasks are available in our OSF project
(https://osf.io/65bmd). Stimuli were modeled after Adam and
Vogel (2017): The memory array consisted of six colored
squares presented against a gray background (RGB 128 128
128). The squares (side = 60 pixels) appeared in a random
subset of cells of an invisible, centered 6 X 6 grid. Colors
were selected from nine values (RGB): white (255 255 255),
black (0 0 0), blue (0 0 255), cyan (0 255 255), green (0 255
0), yellow (255 255 0), orange (255 128 0), red (255 0 0), and
magenta (255 0 255).

For each participant, 154 unique memory arrays were cre-
ated with the following constraints: (a) the six stimuli had dif-
ferent colors and were separated by a distance of at least one
grid cell such that no colored squared touched another; and (b)
the whole array differed from all other arrays by at least two
color-location associations. Half of the arrays were assigned to
each within-subject condition. For each condition, one array
was repeated amid unique arrays, which only occurred once
in the experiment. Each condition consisted of 20 (Experi-
ments 1 and 5) or 24 (Experiments 2, 3, and 4) miniblocks of
four trials: The first three trials presented unique arrays, and
the fourth trial, the repeated array. This repetition schedule
(i.e., presentation of the repeated array after a constant number of
unique arrays) is frequently used in Hebb studies (Couture &
Tremblay, 2006; Cumming et al., 2003; Gagnon et al., 2005;
Oberauer et al., 2015; Oberauer & Meyer, 2009).

Procedure

The experiments were divided into a working memory phase
and a long-term memory test phase. The long-term memory
test phase was exploratory, and its results are presented in the
online supplemental materials in our OSF project (https://osf
.10/65bmd/).

Working Memory Phase. Each experiment had two work-
ing memory conditions (see Table 1, Column A) which were
completed in separate blocks. Block order was counterbal-
anced across participants. Conditions in each experiment dif-
fered in only one variable. Across all five experiments,
manipulations of three variables were implemented: (a) pre-
sentation mode (sequential vs. simultaneous); (b) total time in
working memory (fast: 1,200 ms vs. slow: 6,000 ms); and (c)
recall test (single-item, whole-report in random order, or
whole-report in forward order). Figure 1 illustrates the general
implementation of these manipulations.

Array X Block
15 [.06, .24]
28 [.19, .38]
.00 [—.10, .10]
.16 [.06, .26]
.08 [—.01, .19]
.16 [.07, .25]
.07 [-.01, .16]
21[.12,.32]
.10 [.04, .17]
.29 [.16, .43]
highest density interval. In (A), within-subject conditions contrasted in each experiment are printed in italics, bold. In (B) and (C), parameters that were credibly different from O are pre-

C. Model by condition

Array X Block X Condition
.07 [.04, .09]
.04 [.03, .06]
.10 [.07, .13]
15 [.08, .23]
.07 [.04, .10]

B. Full model

Array X Block
21113, .28]
.051.03,.07]
.06 [—.01, .13]
.07 [—-.01, .16]
1911, .27]

Test
Single-item report
Whole-report, Random
Single-item report
Whole-report, Random
Single-item report
Single-item report
Whole-report, Random
Whole-report, Random

Serial recall
Serial recall

A. Task parameters

Timing
Fast
Slow
Fast
Fast
Fast
Fast
Slow
Slow
Slow
Slow

Presentation
Sequential
Sequential
Sequential
Sequential
Simultaneous
Simultaneous
Simultaneous
Sequential
Simultaneous
Sequential

Overview of (A) the Conditions Implemented in Experiments 1-5, and the Main Parameter Estimates (Mean and 95% HDI) for the (B) Models Fitted to the Full Data of Each
HDI

Experiment, and (C) Fitted to the Data of Each of the 10 Conditions Separately

Table 1
sented in bold.

Exp.
Note.
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Figure 1
Hllustration of the Task Parameters Across the Different Experiments.
A
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Note. Panel A: Flow of events in the study phase for sequential and simultaneous arrays. During the blank

intervals, placeholders remained onscreen. In the actual task, the screen background was gray. Panel B indi-
cates the timings in effect in the conditions with fast and slow presentation rates (sequential presentation) or
fast and slow retention intervals (simultaneous conditions). Panel C illustrates the test procedures used for the
whole-report procedure either with serial- or random-ordered recall, and also the single-item report procedure.
The inset in Panel C shows the response grid used. After the selection of each element, the selected color was
displayed at the tested location. See the online article for the color version of this figure.

Each trial consisted of the presentation of a six-item array
(study phase) followed by a probed-recall test (test phase).
Trials were self-initiated with a mouse-button press. There-
after, six placeholders in dark gray (RGB 112 112 112)
appeared for 500 ms, indicating the locations of the upcoming
colors. Placeholders remained onscreen during the study and
test phases.

In the sequential conditions (Figure 1A), each memory item
was presented individually for 200 ms. In the fast conditions,
item offset was followed immediately by the next item. Given
that six items were presented, this represents a total duration
of the study phase of 1,200 ms (see Experiments 1 and 2). In

the slow conditions, an 800-ms blank screen was inserted
between items. This leads to a total duration of the study phase
of 6,000 ms (see Experiments 1, 4, and 5). In the simultaneous
conditions, all colors appeared together for 200 ms, followed
by a retention interval of 1,000 ms (fast condition, total study +
retention time = 1,200 ms; Experiment 3) or 5,800 ms (slow con-
dition, total study + retention time = 6,000 ms; Experiments 4
and 5).

Figure 1C illustrates the testing procedures. At test, a check-
erboard with nine colored squares (side = 20 pixels) arranged
in a 3 X 3 grid appeared at the tested location (see inset in
Figure 1C), and participants clicked on one of the colors. This
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color then appeared at the tested location, and it was replaced
by a gray square in subsequent checkerboards, impeding its
reuse in that trial. Participants could not correct their
responses after entered. In the whole-report procedure, all
memory items were tested either in the same order as presenta-
tion (Experiment 1) or in random order (Experiments 2, 3, and
5). In the single-item report procedure, a single randomly-
selected memory item was tested (Experiments, 2, 3, and 4).
The probability that each individual element was selected to
be tested was therefore one sixth in this type of test. Hence
over the repetitions, the same element would be repeatedly
tested only one sixth of the times (i.e., four times). After recall
was completed, visual feedback appeared for 1,500 ms: Cor-
rectly recalled colors remained onscreen, whereas incorrect
colors turned dark-gray. Afterward, a new self-initiated trial
started.

Long-Term Memory Test Phase. After completion of the
working memory phase, participants were presented with an
open-ended question inquiring whether they noticed something
special about the experiment, and they typed a response. This
was used to classify participants regarding their awareness of
the repeated arrays. Afterward, participants were informed
about the existence of the repeated arrays, and a recognition
test followed. Twelve arrays were presented one-by-one, and
participants indicated via keypress if this array was one of the
repeated arrays (left-arrow keypress) or not (right-arrow key-
press). The 12 arrays consisted of the two repeated arrays (one
from each condition), two unique arrays presented in the
course of the experiment, four completely new arrays, and
four intrusion arrays which were similar to the repeated array.
For each repeated array, one intrusion array differed from it in
only one color (intrusion-1 array) and the other intrusion array
differed from it in three colors (intrusion-3 array). This recog-
nition test served to indicate to which degree participants had
some long-term memory trace of the repeated array even if it
may have not been sufficiently precise or accessible to
increase performance in the working memory phase.

The results of the long-term memory phase are presented in the
online supplemental materials available at the OSF. Overall, about
half of the participants reported having noticed the repeated arrays.
For most experimental conditions, there was ambiguous evidence
that participants could distinguish the repeated arrays from new
arrays, even when there was credible learning on that condition.
We note that the retrospective nature of the report, and the fact
that we tested both learned arrays from the two experimental
blocks at the end of the entire experiment, limits the strength of
any conclusions that can be drawn from this exploratory analysis.

Data Analysis

We assessed learning rate as the increase of accuracy over mini-
blocks for each array-type (repeated vs. unique). We examined
whether accuracy for the repeated arrays increased above that for
unique arrays across miniblocks, and whether that effect depended
on the three variables manipulated: (a) presentation mode, (b) time
in working memory, and (c) recall test.

We modeled the data of each experiment with Bayesian hier-
archical generalized mixed models (BGLM) using the brms pack-
age (Biirkner, 2017) implemented in R (R Core Team, 2017). We
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modeled accuracy (n correct out of k responses) as a binomial dis-
tribution with a logit link-function using the following equations:

P(correct) = f(bo + by X block® + by X condition
+ b3 X block® x arrayType
+ by X block™ X condition

+ bs X block™ X arrayType X condition)

n ~ Binomial(k, P(correct))

Accuracy for repeated and unique arrays was predicted by mini-
block (referred to as block in the equation, which varied from
1-24) and the within-subject manipulation implemented across the
two experimental conditions. We also included the Block X
Array-Type and Block X Condition Two-Way interactions, and a
Block X Array-Type X Condition Three-Way interaction. A main
effect of array-type was not included in the model because
repeated and unique arrays were indistinguishable at the start of
each condition. Learning of the repeated array therefore could
only lead to an interaction of array-type with block. By omitting
the main effect of array-type we forced the effect of learning to be
fully captured by a single model parameter (i.e., the Array-Type X
Block interaction), thereby making the test more sensitive to detect
evidence for learning.

The block variable was entered in the model as a numeric pre-
dictor divided by its standard deviation to estimate its effect on the
standardized effect-size scale. The predictors array-type (-1 =
unique, 1 = repeated) and condition (-1 vs. 1) were contrast-coded.
Note that for each experiment, the variable condition represents a
different variable contrast (e.g., in Experiment 1 this represents the
manipulation of presentation rate—fast vs. slow; see Table 1, Col-
umn A). The increase over blocks was modeled with a power
function, with o determining the slope of change over miniblocks
(linear for oo = 1; decelerating for oo < 1; or accelerating for oo >
1). This gave the model maximal flexibility to represent a mono-
tonic learning curve. The models included random slopes for all
predictors and their two-way interactions. For Experiment 2, ran-
dom slopes for the two-way interactions led to bad convergence,
hence we removed them. Regression coefficients had weakly in-
formative Cauchy priors (location 0; scale .7), except the o param-
eter whose prior was a Gamma distribution (shape = 1; scale = 1).

Two parameters were of main interest: (a) the Block X Array-
Type interaction, indicating that repeated and unique arrays
diverged as repetitions accumulated, and (b) the Block X Condi-
tion X Array-Type interaction, indicating that learning differed
between the within-subject conditions.

To follow up on the three-way interactions, we also fitted mod-
els separately to each of the condition contrasted in an experiment
(i.e., presentation mode, time in working memory, or number of
items tested). For these models, the main interest was in the Block X
Array-Type interaction. It indicates whether in that particular condi-
tion, learning of the repeated array was credible. For the whole-
report condition of Experiment 2, the model with the power function
on block did not converge, so we fitted the model with a linear
learning curve (i.e., fixing o to 1).

Parameters were estimated with three Markov chain Monte
Carlo chains, each containing 1,000 warmup and 9,000 post-
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warm-up samples. The R-hat values for the parameters were below
1.05, indicating convergence. For inference, we took the mean of
the parameter posterior and its 95% highest density interval (HDI),
that is, the interval covering the credible parameter values given
the data. When the HDI did not include 0, it was considered credi-
bly different from O (Kruschke, 2013).

Results

Some conditions involved a single-item test for which perform-
ance could only be coded as correct or incorrect, hence for visual-
ization we aggregated performance over four miniblocks
(hereafter epoch). Figure 2 presents accuracy for the repeated and
unique arrays over epochs in each condition together with model
predictions (i.e., a posterior predictive check). As illustrated in the
figure, the model captured the data well.

Table 1 presents the posterior estimates of the main parameters
of interest for the models fitted to the data of both conditions of
each experiment (Column B), and fitted to the data of each within-
subject condition of that experiment separately (Column C). The
online supplemental materials present all parameter estimates. For
Experiments 1-5, the three-way interaction was credible, hence all
three manipulated variables—presentation mode, time in working
memory, and number of items tested—credibly affected the degree
of visuospatial learning. The sizes and implications of these
effects, however, differed. To identify which conditions produced
credible learning, we considered the Block X Array-Type interac-
tions for the models fitted to the data of each condition separately
(Table 1, Column C).

Experiment 1

This experiment comprised conditions most similar to the tradi-
tional Hebb paradigm (i.e., sequential presentation and serial
recall) with the only difference that we varied time in working
memory between conditions (fast vs. slow). The slow condition
represents the more typical scenario (Couture & Tremblay, 2006;
Tremblay & Saint-Aubin, 2009) in which ample time is provided
between the sequential presentation of the memoranda (i.e., with 1
s per item). The fast pace condition was introduced to match the
timing typically used in visuospatial array tasks, which usually
provide only a very brief interval for encoding. The slow presenta-
tion rate yielded better performance than the fast rate, replicating
the presentation rate effect (Ricker & Hardman, 2017; Souza &
Oberauer, 2018; Tan & Ward, 2008). Learning of the repeated
array occurred in both conditions (see Figure 2), as revealed by
their credible Array-Type X Block interactions (Table 1, Column
C). The three-way interaction (Table 1, Column B) was due to the
somewhat larger learning in the slow condition. This result indi-
cates that providing more time for consolidation in working mem-
ory (200 ms vs. 1,000 ms) improved performance overall, and
improved the learning of the repeated array; however, even with
the fast presentation rate, participants learned the repeated arrays.

Experiments 2 and 3

Experiments 2 and 3 contrasted the single-item versus whole-
report testing procedures in a within-subjects design. The two
experiments differed only regarding the mode of presentation of
the memoranda: Experiment 2 used sequential presentation,
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whereas Experiment 3 employed simultaneous presentation. In
both experiments, learning was not credible for the single-item
conditions, but occurred credibly in the whole-report conditions.
Accordingly, Table 1, Column C shows no credible Array-Type X
Block interactions in in the conditions with single-item tests, but
credible interactions in the whole-report conditions. The pres-
ence versus absence of learning as a function of the single-item
versus whole-report conditions, therefore, explains the credible
three-way interactions obtained for these two experiments
(Table 1, Column B).

Taking the results of Experiments 2 and 3 together, we can con-
clude that the mode of array presentation (sequential or simultane-
ous) was not critical for observing credible learning, as the same
pattern of results was observed in both experiments. The critical
variable to switch learning on and off was the number of elements
tested (i.e., all vs. one).

Experiments 4 and 5

Experiments 4 and 5 contrasted simultaneous versus sequential
presentation in a within-subjects design. The two experiments dif-
fered in terms of the type of memory test: Experiment 4 imple-
mented only single-item tests; Experiment 5 only whole-report
tests. In contrast to Experiments 2 and 3, Experiments 4 and 5
implemented a slow pace. In Experiment 4, only single-item tests
were implemented, and learning was not credible in the simultane-
ous condition, but was credible in the sequential condition. In
Experiment 5 all items were tested, and learning was credible in
both conditions. In light of the results of Experiments 2 and 3, the
lack of learning in one of the single-item conditions of Experiment
4, combined with the credible learning in both whole-report condi-
tions of Experiment 5, corroborates the relevance of the number of
elements tested for promoting learning. The only constellation in
which the single-item test did not prevent learning was when it was
combined with slow, sequential presentation of the memoranda.

Discussion

Across all five experiments—which implemented 10 different
combinations of the variables: (a) presentation mode, (b) time in
working memory, and (c) number of elements recalled—we
observed that the task parameter most critical to promote learning
of the visuospatial arrays was how many elements were tested
over the short-term. In all six conditions that involved whole-
report, credible learning of the repeated array was observed. This
was observed irrespective of the recall order being the same on
every trial (serial recall procedure in Experiment 1) or varying
randomly across trials (Experiments 2, 3, and 5). Hence, the
learning of the repeated arrays cannot be explained by assuming
that participants learned a motor sequence. Additionally, learning
did not depend on the other task parameters varied, namely pre-
sentation mode or timing. In contrast to the credible learning
observed in the whole-report conditions, three of the four condi-
tions in which single-item tests were implemented showed no
credible learning. Learning was only observed when the single-
item test was combined with sequential presentation and a slow
presentation rate.

It is worth noting that simultaneous condition of Experiment 3
is the one that most closely resembles the traditional visuospatial
working memory tasks: simultaneous array presentation for 200



This document is copyrighted by the American Psychological Association or one of its allied publishers.
This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.

3120

SOUZA AND OBERAUER

Figure 2
Accuracy (Proportion Correct) for the Repeated and Unique Arrays as a Function of Epoch in Each Condition of
Experiments 1-5

E1: Fast E1: Slow
Sequential, Whole Report, Serial Sequential, Whole Report, Senial
o | o |
© _| 0 -
o o
a—w -
w P - —a
o o 7
—-— " —8— -
o) - &
o o
o~ | N ]
2 —e— Repeated e
-#- Unique
o o J
o o
T T T T T T 2 | T T T
1 2 3 4 5 1 2 3 4 5
E2: Single-item E2: Whole Report E3: Single-item E3: Whole Report
Sequential, Fast, Random Sequential, Fast, Random Simultaneous, Fast, Random Simultaneous, Fast, Random
sl o | o | o |
© | o o ©
o o o o
>
o © ©w ©o ©
E &7 o 7 o 7 S
= n
Q Z s, - 3 s
2 4% 3 et o (ESIOWERE | ; ESseare
o~ o uf o~ o
o o o (=]
o - o o
o o o o
T T T T T T T T T T T T T 1 T T T T T T T T 1 T
1 2 8 4 & 6 1 2 8 4 6 86 1 2 3 4 b 8 1+ 2 3 4 58
E4: Simultaneous E4: Sequential E5: Simultaneous E5: Sequential
Slow, Single-Iltem Test Slow, Single-item Test Slow, Whole-Report, Random Slow, Whole-Report, Random
. S o 9l el
o | o o | © |
o o o o
- v S S
-
-
S S - S g { e
- ~ . o AR -l -
3w 3 3 B
N N D o N
o o o o
o | o | o o
o o o o
T 1 T ] 1 I T 1 I 1 I 1 I 1 I 1 T I I I I 1
1 2 3 4 5 6 1 2 3: 4 '§ 6 1 2 3 4 5 1 2 3 4 5

Note. E = experiment. The solid lines and dots show average proportion correct for the observed data. The small clouds of over-
laid dots present samples from the posterior-predictive distribution of the model fitted to the data of each experiment (i.e., poste-
rior predictive check), jittered slightly along the x-axis for visibility. Each epoch represents the average of four miniblocks
(consisting of four repeated and 12 unique arrays). See the online article for the color version of this figure.



This document is copyrighted by the American Psychological Association or one of its allied publishers.

This article is intended solely for the personal use of the individual user and is not to be disseminated broadly.

VISUOSPATIAL LONG-TERM LEARNING

ms, followed by a retention interval of 1,000 ms, and a single-item
test. In this set-up, we replicated the absence of learning previ-
ously reported in visuospatial tasks. Increasing the retention inter-
val in this set-up (simultaneous condition of Experiment 4) also
did not produce learning.

The results of these five experiments suggest that learning of
the repeated array is favored when all encoded items are recalled.
In this series of experiments, however, we only contrasted single-
item to whole-array report. If indeed the number of elements
retrieved 1is critical to promote learning, we should observe that
the learning rate is proportional to the number of elements tested.
Experiment 6 was designed to test this prediction.

Experiment 6

Experiment 6 was designed to examine the effect of the number
of elements tested on the degree of visuospatial learning in a more
fine-grained way. Participants were exposed to three conditions
that differed regarding the number of items tested: one, three, or
six. The one-test and six-tests conditions replicate the single-item
and whole-report conditions of Experiment 3. The three-tests con-
dition involved test of a random half of the items in the memory
array. If testing promotes learning, learning in the three-test condi-
tion should be intermediary between the one-test and six-tests
conditions.

Method
Participants, Design, and Procedure

We collected a new sample of 30 participants from the Univer-
sity of Zurich (same inclusion criterion as described for Experi-
ments 1-5). Data was collected by an experienced research
assistant in the laboratory setting, that is, in individual booths and
desktop computers, with monetary reimbursement for participation
(15 CHF).

The general experimental task in Experiment 6 was identical to
the one implemented in Experiment 3, that is, the memoranda
were presented simultaneously for 200 ms followed by a 1,000-ms
retention interval. We selected the task set-up of Experiment 3
because it implements parameters most similar to the ones used in
visuospatial working memory tasks (i.e., simultaneous, brief pre-
sentation of the memoranda followed by a short retention
interval).

The only difference between Experiment 6 and Experiment 3
pertains to the test phase. We implemented three within-subjects
conditions in which we varied how many items were tested: (a)
the one-test condition was exactly as the single-test condition of
Experiment 3 in which a single, random element of the array was
tested on each trial; (b) the six-tests condition was exactly as the
whole-report condition implemented in Experiment 3, that is, all
six studied items were tested in random order; finally, (c) the
three-tests condition consisted of the random test of three out of
the six studied items. Each condition was completed in one large
block in which one new repeated array was implemented for learn-
ing, following the same schedule as in Experiments 1-5 (every
fourth trial was a repetition). Participants completed 96 trials in
each condition (24 repetitions of Hebb array). The order of the
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conditions was counterbalanced across participants (i.e., Six possi-
ble different orders which were replicated 5 times).

Data Analysis

We submitted the data of Experiment 6 to a similar regression
model as in the previous experiments, with exception that we fixed
the alpha parameter to 1,'entering miniblock (aka block, standar-
dized) and array-type (contrasted coded as unique = —1; repeated =
1) as predictors of the proportion of correctly recalled colors. We
took two approaches: (a) we fitted the model to the data of each
condition separately. This allowed us to estimate whether there
was evidence for a credible learning of the repeated array in each
condition when considered alone. In this model, the main parame-
ter of interest is the Array-Type X Block interaction. (b) we fitted
the model to the data of two conditions at a time (1 vs. 3; 3 vs. 6; 1
vs. 6), entering the number of tested items as a third predictor. Of
interest in this model is the main effect of number of tested items,
the two-way interaction between Block X Array-Type, and the
three-way interaction between Block X Array-Type X n Tested.
This allowed us to assess whether there was credible evidence for
a difference in learning rate in the pairwise comparison of the
three within-subject conditions.

We fitted the models with three chains of 5,000 iterations, from
which the first 1,000 were discarded as burn-in. All models con-
verged (i.e., R-hat for all parameters was below 1.05).

Results

Figure 3 presents the proportion of correct responses for the
repeated and unique arrays over the epochs (i.e., the average of
four miniblocks) in each condition of Experiment 6. Table 2
presents the posterior of the parameters of interest to our research
questions for the models fitted to the data of each condition sepa-
rately (Table 2, Column B) and for the pairwise contrast between
conditions (Table 2, Column C). The posterior of all estimated pa-
rameters is available at the online supplemental materials (https://
osf.io/65bmd/).

Figure 3 shows that there was no credible learning when a sin-
gle element of the memory array was tested (one-test condition),
but learning was credible when multiple items were tested (three-
tests and six-tests). As shown in Table 2, Column B, the estimate
of the learning effect (Block X Array-Type interaction) was larger
in the whole-array test condition (six-tests) than when only half of
the array was tested (three-tests). The pairwise comparison of the
conditions (Table 2, Column C) revealed that the three-way inter-
action between Block X Array-Type X n Tested was only credible
for the contrast between the one-test versus six-tests conditions,
replicating Experiment 3. In the pairwise contrasts the three-tests
condition did not credibly differ from both the one-test and from
the six-tests condition.

Fitting of the exact same nonlinear model implemented across
Experiments 1-5 did not converge when used in Experiments 6, 7, and 8,
particularly when considering the pairwise contrast between conditions.
For the fitting of the data of individual conditions separately, the estimated
values for critical the Block X Array-Type interaction were very similar to
the one obtained with the model in which we dropped the alpha parameter
(see online supplemental materials).
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Figure 3
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Accuracy (Proportion Correct) for the Repeated and Unique Arrays as a Function of Epoch in

Each Within-Subject Condition of Experiment 6
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The solid lines and dots show the average proportion correct for the observed data. The small clouds of

overlaid dots present samples from the posterior-predictive distribution of the model fitted to the data of each
condition separately (i.e., posterior predictive check), jittered slightly along the x-axis for visibility. Each epoch
represents the average of four miniblocks (consisting of four repeated and 12 unique arrays). See the online ar-

ticle for the color version of this figure.

It is worth pointing out that when the three-tests condition was
contrasted with the one-test condition, the two-way interaction
between Block X Array-Type was not credible (see Table 2, Col-
umn C), but this interaction was credible when the three-tests con-
dition was compared to the six-tests condition. These results
further support the conclusion that learning in the three-tests con-
dition was intermediary between the one- and six-tests conditions.

Discussion

In Experiment 6, we varied the number of elements tested in a
more fine-grained matter than in Experiments 1-5. Our goal was to
assess whether testing only a subset of the array would produce
learning. When only half of the array was tested, participants showed
some evidence of learning. The estimated learning effect was, how-
ever, smaller than in the condition in which all items were tested.
Because learning in the three-tests condition was intermediary
between the one-test and the six-tests conditions, we could not credi-
bly differentiate the three-tests learning effect from both other condi-
tions. Overall these results are consistent with the hypothesis that
learning is proportional to the number of elements tested.

Experiment 7

In Experiments 1 to 6, we implemented a discrete color-recall
procedure to test memory. Previous studies of long-term learning

with the visuospatial-array task, however, used recognition tests
that presented a single-probe (Fukuda & Vogel, 2019; Olson &
Jiang, 2004) or the whole-array (Logie et al., 2009; Olson & Jiang,
2004; Shimi & Logie, 2019) at the test phase, and for which par-
ticipants were required to indicate whether or not it contained a
change. So far, it is unclear if our results replicate with the
change-detection task.

Accordingly, the goal of Experiment 7 was to assess the extent
in which testing multiple elements can promote learning when a
recognition test is used instead of a recall test. We compared the
effect of the number of tests in two versions of the change-detec-
tion paradigm: single-probe versus whole-array. Olson and Jiang
(2004) failed to observe learning of the repeated arrays irrespec-
tive of using a single-probe or whole-array to test memory. This
leads to the expectation that presenting a single-probe or the
whole-array at test will make no difference when a single element
is being tested, replicating our single-report conditions in Experi-
ments 1-6. Nevertheless, it is unclear whether testing all elements
of the array would boost learning in change-detection tasks akin to
what we observed for our discrete recall test, and whether the type
of probe array would matter. When the probe-display presents all
items (whole-array probe), participants are represented with an
entire array containing a change in relation to the encoded array in
50% of the trials. When the probe has six colors, participants may
also encode the probe colors to working memory. Because the
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Table 2

Overview of the Conditions Implemented in Experiments 6, 7, and 8 (Column A), and the Main Parameter Estimates (M and 95% HDI) for the Models Fitted to the Data of

Each Condition Separately (Column B), and to Data of Two Conditions at a Time (Column C)

C. Pairwise condition contrast

A. Task parameters

B. Condition
Array X Block

3-way
—.04 [-.09, .01]

Array X Block

Condition
.14 [.04, .24]

.10 [.04, .16]
—.04 [—.13, .06]

—.20 [-.30, —.09]
—.13[—.24, —.01]
—.01 [-.10, .08]

Contrast
1vs. 3
3vs. 6

Test

Presentation Timing

Cond

Exp.

.03 [—.02, .08]
.08 [.05, .11]

—.01 [-.10, .07]

Fast 1-item test

Simultaneous

.02 [-.01, .05]
.06[.01, .11]

.06 [.01, .11]

3-items test

Fast

Simultaneous

.05 [—.00, .09]
.01 [—.03, .05]
—.03[-.07,.02]

lvs. 6

.10 [.07, .14]

6-items test

Fast

Simultaneous

—.01[-.05,.03]

S1vs. Wi
S1vs. S6

.01 [-.05, .07]
.00 [—.05, .06]

.00 [—.03, .03]
.01 [—.02, .04]

.09 [.06, .12]

Single-probe/one-test

Simultaneous Fast

S1

.03 [-.01,.07]
.00 [—.02, .03]
.01 [—.03, .05]

Whole-array/one-test
Single-probe/six-tests

Simultaneous Fast

Wi

.01 [-.02, .03]
—.00 [—.04, .04]

S6 vs. W6

Simultaneous Fast

S6

w6

.06 [—.06, 18]

W1 vs. W6

Whole-array/six-tests

Fast

Simultaneous

Whole-report (six-tests)

Fast

Simultaneous
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HDI = highest density interval. In (A), conditions contrasted in each experiment are printed in italics. In (B) and (C), parameters that were credibly different from O are presented in bold. The

condition predictor reflects the effect of n tested in Experiment 6, and the effect of probe array in Experiment 7.

Note.

probe has some different colors compared to the memory array,
but it is similar to it otherwise, this may create substantial interfer-
ence. In a single-probe display, interference is arguably more lim-
ited because participants can focus on one element at a time.
Given these considerations, and the potential benefit of generaliz-
ing our conclusions across different task set-ups, we tested four
between-subjects conditions in Experiment 7 that crossed the type
of change-detection array (single-probe vs. whole-array) and the
number of elements tested in each trial (one-test vs. six-tests).

Due to the COVID-19 pandemic, we had to move our experi-
ment to an online format and collect data on Prolific. Online
data-collection, however, is limited by potential uncontrollable
distractions at home as well as the risk of connection failures,
and therefore we had to strive to keep our experiment brief. We
decided therefore to implement our manipulations across four
between-subjects conditions, with participants being randomly
assigned to: (a) single-probe/one-test; (b) single-probe/six-tests;
(c) whole-array/one-test; (d) whole-array/six-tests condition.
Assigning participants to a single condition allowed us to keep
our experiment lasting between 20 and 30 min.

Method
Participants

We recruited participants online via the Prolific platform. Par-
ticipants were English speakers, in the age range from 18 to 35
years, and with no self-reported color blindness. The study lasted
about 20 min, and participants were compensated with three Brit-
ish Pounds. Participants were randomly assigned to one of four
groups that differed regarding the test procedure: (a) single-probe/
one-test (S1), (b) single-probe/six-tests (S6), (c) whole-array/one-
test (W1), and (d) whole-array/six-tests (W6). We obtained valid
data of a total of N = 192 participants, of which n = 29 were
excluded due to low performance (i.e., performance one standard-
deviation below their group mean). Results do not differ if we
include all participants in the analysis. This left us with a final
sample size of N = 169. Table 3 shows the distribution of partici-
pants over the four different groups as well as the number of
exclusions in each group.

Design and Procedure

This experiment was programmed using lab.js (Henninger et al.,
2020) which provides an online builder (https:/labjs.felixhenninger
.com/) for programming experiments. The adaptation of the task for
running in lab.js, which uses HTML and Java-script, required some
small modifications. First, the size of the grid was slightly increased
from 6 X 6 to 7 X 7. This was implemented to increase the potential
pool of different arrays in the task. Second, the size of the squares
was reduced to 40 pixels. We expected participants to have smaller
screens (laptops) and hence we resized the squares and our grid to
compensate for that. Participants completed the experiment within
their own computers at an unknow viewing distance.

The design of Experiment 7 was equivalent to the one imple-
mented in Experiment 3 and 6: The memoranda were presented
simultaneously for 200 ms, followed by a 1,000-ms retention
interval, and finally the test phase (see Figure 4). The test phase
is what sets this experiment apart from the ones previously
described. Here we replaced the discrete color-recall task by a
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Table 3
Number of Participants in Each of the Four Groups in
Experiment 7

Type of array 1 test 6 tests

Single-probe n=40(7) n =46 (8)
Whole-array n=35(7) n=42(7)
Note. Numbers in parentheses indicate excluded participants due to low

performance.

recognition test requiring only a same or change response: Par-
ticipants were required to indicate if the probed color was the
same (right-arrow keypress) or changed (left-arrow keypress)
compared to the one that appeared in the same location in the
memory array.

The four experimental groups differed regarding two variables
(see Figure 4). The first one was the probe array configuration in
the test phase: this could consist either of (a) a local, single-probe
recognition test; or (b) a whole-array recognition test. The second
variable was the number of elements tested: one or six items.

In the single-probe test, the placeholders marking all memory
locations remained onscreen. Then a single location was filled
with a color, and a gray question-mark appeared inside this square.
Participants were instructed to judge if this probed color matched
the one presented in the same location in the memory array. In

Figure 4

SOUZA AND OBERAUER

50% of the trials, the probed color was a match. In the remaining
50% of the trials, the probed color was either a new color (25% tri-
als) or a color previously presented in another location in that
array (25% trials).

In the whole-array test, all memory locations were filled with
colors and appeared simultaneously onscreen. Although all loca-
tions were filled with color simultaneously, we asked participants
to make decisions regarding each color individually. Participants
were instructed to judge whether the colored square with a ques-
tion mark inside matched the one previously presented in that
location. Overall, there was a 50% chance that each color in the
whole-array matched the previously presented color. If the color
was a mismatch, it could either be a new color (25% chance) or a
color from another changed location in the array (25% chance).
Color repetitions were not allowed within the test array (as it was
the case for the memory array).

Different from our implementation, the whole-array probe is
more typically implemented without a local decision of change—
that is, participants have to indicate if any change occurred. Yet,
both of these versions have been used previously in studies show-
ing lack of learning of visuospatial arrays: Olson and Jiang (2004)
used a whole-array display with a local decision; Logie et al.
(2009) and Shimi and Logie (2019) used whole-array displays
with a global decision. We decided to use the local decision
because it enabled us to compare single versus multiple tests.

Hllustration of Memory Array and the Four Types of Recognition Tests Implemented Across the Four Between-

Subjects Conditions in Experiment 7
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See the online article for the color version of this figure.
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Regarding the number of tests, there either was one single ele-
ment tested from each array (one-test groups), or all elements
were tested in random order (six-tests groups). For the single-
probe/six-tests group, there was a 50% chance that each color
tested was a match or mismatch. The same constrains as
described for the generation of the whole-array test were imple-
mented in selecting the six probe-colors. For the whole-array/
six-tests group, the whole-array remained visible during the
test, and the question mark moved to each location in random
order until all items were probed. Note that the colors remained
the same in the test array from one probe to the next (i.e., only
the question mark moved places). There was no time-limit to
respond to each probe. After completing the test, an intertrial
interval of 1,000 ms followed. Then participants pressed the
spacebar to self-initiate a new trial. Unlike the previous experi-
ments, participants did not receive feedback regarding the accu-
racy of their responses. The implementation of the repeated and
unique arrays was exactly as described for the previous experi-
ments (i.e., a repetition every fourth trial).

Participants in the six-tests groups completed 24 mini-
blocks, including 24 repetitions of the repeated array, as in the
previous experiments. In the one-test groups, we doubled the
number of trials to keep the overall experiment duration simi-
lar across the four groups (48 miniblocks). This also gave us
the opportunity to assess whether more exposition to the Hebb
(repeated) array would improve learning when a single ele-
ment was tested.

Results

We fitted the same model used in Experiment 6 to the data of
Experiment 7. We fitted the data of each condition separately to
estimate the Array-Type X Block interaction (three chains; 5,000
iterations each with 1,000 regarded as burn-in). We also performed
condition contrasts by assessing the impact of type of probe array
while keeping the number of tests constant (S1 vs. W1; S6 vs.
W6) and the impact of the number of tests when keeping the type
of probe array constant (S1 vs. S6; W1 vs. W6). For the latter con-
trasts, we considered only data of the first 24 miniblocks to equate
the number of repetitions across the one- and six-tests groups. We
contrast coded the conditions (single-probe = —1, whole-array =
+1; and one-test = —1, six-tests = +1).

Figure 5 presents the results of Experiment 7. Overall accuracy
was around 65% in most conditions, except for somewhat higher
accuracy (ca. 70%) in single-probe/one-test condition. Hence, par-
ticipants were performing well above guessing level (which is .5
in a two-choice test) but below ceiling. Table 2, Column B
presents the posterior of the Array-Type X Block interaction when
we modeled the data of each condition separately. The posterior of
all parameters is presented in the online supplemental materials.
There was no evidence of learning in any of the four conditions:
The mean of the posteriors was close to 0 and extended symmetri-
cally around this value. We also contrasted conditions to each
other. The only credible effect of condition was found when con-
trasting the remaining conditions to the single-probe/one-test (S1)
condition because this condition produced better performance
overall. This result indicates that the single-probe/one-test condi-
tion reduced the amount of interference by showing only one color
at test, thereby producing better performance.
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Figure 5

Accuracy (Proportion Correct) for the Repeated and Unique
Arrays as a Function of Epoch in Each Between-Subject
Condition of Experiment 7
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Note. The solid lines and dots show the average proportion correct for
the observed data. The small clouds of overlaid dots present samples from
the posterior-predictive distribution of the model fitted to the data of each
condition separately (i.e., posterior predictive check), jittered slightly
along the x-axis for visibility. See the online article for the color version
of this figure.

We also explored whether there was any effect of repetition on
reaction time (RT). We selected only correct RTs (excluding
33.3% of the responses), and then applied two criteria to trim the
RTs. First, we took an absolute cut-off: We removed RTs faster
than 200 ms and slower than 6,000 ms. This resulted in the re-
moval of 1.3% of the correct RTs. Then we computed the mean
RT and SD per participant and design cell (consisting of the com-
bination of array-type and epoch), and excluded RTs more than
2.5 x SD above the mean. This resulted in the further exclusion of
2.66% of the remaining RTs. There was no evidence of a differ-
ence in RTs across epochs or array-type (see online supplemental
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materials). Hence, it is unlikely that speed-accuracy tradeoffs
could explain the lack of an effect of repetition in Experiment 7.

Discussion

Change-detection tasks are commonly used in visuospatial
working memory experiments. They require a decision regarding
whether or not the probe matches the item in the memory array.
This task has been used in previous studies to test for learning of
repeated arrays of visuospatial information (Fukuda & Vogel,
2019; Logie et al., 2009; Olson & Jiang, 2004). Here we imple-
mented four variants of the change-detection task and we failed to
observe learning even when all items of the memory array were
tested. Hence, the beneficial effect of the number of tests is only
observed in recall tasks. We conclude that it is not only the num-
ber of tests that limits learning of visuospatial information: Recog-
nition tests are also not conducive to promote learning.

Experiment 7 also serves as important point of replication of pre-
vious findings in the literature. Studies that failed to observe learn-
ing of repeated visuospatial arrays have used a range of different
methodologies that tend to depart from traditional implementations
of the Hebb paradigm (Fukuda & Vogel, 2019; Logie et al., 2009;
Olson & Jiang, 2004; Shimi & Logie, 2019). Here we implemented
two versions of the change-detection task (single-probe and whole-
array) and replicated the absence of learning of the repeated arrays
in a more standard Hebb set-up. This shows that this null finding is
robust across different task implementations.

Experiment 8

Experiment 7 showed no credible evidence of learning of the
repeated array irrespective of the type of probe array or the number of
elements tested. This suggests that recognition tests do not favor the
creation or use of the long-term memory traces of the repeated array.
There were, however, still some differences between Experiment 7
and the previous ones we reported that could explain their discrepant
results. First, Experiment 7 was conducted in an online set-up whereas
all other experiments were conducted in the laboratory. Second, partic-
ipants did not receive feedback for the responses in the change-detec-
tion task but they received visual feedback of the correctly recalled
colors in Experiments 1-6. To assess if any of these variables could
explain the lack of learning we observed with the change-detection
procedure, Experiment 8 replicated Experiment 7 substituting the
change-detection test for the whole-report test that always produced
learning in our previous experiments.

Method
Participants, Design, and Procedure

Experiment 8 replicated the set-up of Experiment 7: Participants
(N = 49) were recruited online via the Prolific platform using the
same selection criteria and payment schedule as in Experiment 7.
Individuals that took part in Experiment 7 were not allowed to
take part in this study. The task set-up was the same as in the sin-
gle-probe/six-tests group with the only difference that the recogni-
tion decision was replaced by the color-reproduction test used
previously (i.e., a Rubik’s cube with nine colors appeared at the
tested location). As in Experiment 7, participants did not receive
any feedback regarding the accuracy of the responses. There were
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24 miniblocks of four trials, with the first three trials consisting of
unique arrays, and the fourth of the repeated array.

Results and Discussion

Figure 6 presents the proportion of correct responses over epoch
for the unique and repeated arrays in Experiment 8. Table 2
presents the posterior of the Array-Type X Block interaction. Both
the visual inspection of Figure 6 and the posterior of the interac-
tion term between array-type and block indicate that there was
credible learning when all items were tested with a discrete recall
procedure even if this experiment was run online and even in the
absence of feedback for the correctly recalled colors. Hence, our
failure to observe credible learning in Experiment 7 cannot be
attributed to these two features.

In fact, performance in Experiment 8 is very similar to the one
observed in our other similar experiments that were run in the lab-
oratory, namely Experiment 3 and Experiment 6: Participants
could recall ca. 40% of the correct colors (2.4 colors on average).

Figure 6
Accuracy (Proportion Correct) for the Repeated and
Unique Arrays as a Function of Epoch in Experiment 8
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Note. The solid lines and dots show the average propor-

tion correct for the observed data. The small clouds of
overlaid dots present samples from the posterior-predictive
distribution of the model fitted to the data of each condi-
tion separately (i.e., posterior predictive check), jittered
slightly along the x-axis for visibility. See the online article
for the color version of this figure.
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The only difference is a slight decline of performance over blocks
(but note that the main effect of block was not credible—see
online supplemental materials). This suggests that the feedback
could help in sustaining motivation as the experiment progresses.
Yet, it does not seem critical to promote the learning of the
repeated arrays.

General Discussion

The Hebb effect has been taken as evidence that repetition pro-
motes learning: long-term traces of repeated lists gradually gain
strength, improving immediate serial recall. The generality of this
effect has been challenged by studies using visuospatial arrays that
failed to observe learning even after dozens of array repetitions.
Here we charted the conditions that facilitate or hinder visuospatial
learning. We systematically considered variables related to the
three main memory processes (i.e., encoding, maintenance, and re-
trieval) to assess what exactly influences visuospatial learning: (a)
to assess differences in encoding, we manipulated presentation
mode; (b) to assess differences in maintenance, we varied parame-
ters related to how long information had to be maintained in work-
ing memory prior to the test; and (c) to consider retrieval
mechanisms, we varied the number of elements tested and the test
procedure (i.e., recall vs. recognition). We will summarize our
findings and discuss their implications next.

Encoding: Assessing the Role of Presentation Mode

Visuospatial working memory tasks typically present all of the
memoranda simultaneously for encoding, whereas typical Hebb
tasks present the memoranda sequentially. Our first hypothesis
was that processes affecting the encoding of the memoranda could
potentially explain the absence of long-term learning of repeated
arrays in previous studies. Sequential presentation allows each
item to be attended without competition, which may facilitate its
consolidation in memory (Ricker & Cowan, 2014), creating a sta-
ble trace that could be more easily retrieved later. With simultane-
ous presentation, attention could be unevenly distributed among
the memoranda. If what is attended varies from one presentation
to the next, repetitions might go undetected, explaining the lack of
learning in previous visuospatial working memory tasks that used
simultaneous arrays. To assess this possibility, we examined
whether learning occurred for sequential (Experiments 1, 2, 4, and
5), and simultaneous arrays (Experiment 3, 4, 5, 6, 7, and 8). Our
results indicate that simultaneous presentation per se did not
hinder learning: the simultaneous conditions of Experiments 3 and
5 showed credible learning when all memoranda were tested. The
same result was replicated in Experiments 6 and 8. Yet it is worth
noting that sequential presentation may favor learning if items are
presented slowly even when a single element is tested (as observed
in Experiment 4).

These results challenge the hypothesis that sequential presenta-
tion is critical to the formation of long-term memory traces.
Hence, it is unlikely that changes in encoding strategy due to pre-
sentation mode could explain the lack of learning previously
reported. Simultaneous presentation has been taken as key feature
to favor encoding of visual information in a visual format, given
that sequential presentation could enable the recoding of the visual
information into a verbal format (Frick, 1985; Sense et al., 2016).
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Therefore, our findings also render it unlikely that recoding of the
presented elements into a verbal format is required to observe
learning of the repeated visuospatial arrays.

Maintenance: Assessing the Role of Time in
Working Memory

The next critical difference between Hebb tasks and visuospatial
working memory tasks refers to the presentation duration and
retention period. In Hebb studies, information is usually presented
sequentially and slowly (e.g., 1 s per item), such that memoranda
have to be maintained in working memory for longer periods. In
contrast, in visuospatial working memory tasks, the memoranda
are presented briefly (a few hundred milliseconds), and memory is
tested after a short interval (ca. 1 s). This means that information
is encoded and maintained for brief periods of time. Longer time
in working memory affords more opportunities for the contribu-
tion of maintenance processes which could favor the transfer of in-
formation from working memory to long-term memory, as
proposed by gateway models of the interplay between working
memory and long-term memory (Atkinson & Shiffrin, 1968;
Fukuda & Vogel, 2019).

To evaluate the contribution of time in working memory, half of
the conditions implemented across Experiments 1-5 involved
slow presentation (sequential arrays) or a long retention interval
(for simultaneous arrays), requiring longer working memory main-
tenance (five times longer than in the fast condition). The slower
presentation rate produced better performance overall, replicating
studies showing a beneficial effect of time for working memory
(Hartshorne & Makovski, 2019; Mizrak & Oberauer, 2021; Ricker
& Hardman, 2017; Souza et al., 2020; Souza & Oberauer, 2017,
2018, 2020; Tan & Ward, 2008). This benefit is evident in the
comparison of performance in the two within-subject conditions of
Experiment 1, but also by contrasting performance in Experiments
2 and the sequential conditions of Experiments 4 and 5, and
between performance in Experiment 3 and the simultaneous condi-
tions of Experiments 4 and 5.

Critical to the hypothesis that time in working memory favors
long-term learning, in Experiment 1 there was evidence for stron-
ger learning with a slower presentation rate. Furthermore, in
Experiment 4, the combination of a slower presentation rate and
the sequential presentation of the memoranda produced learning
even when a single element was tested—although single-item test-
ing was one of the key features preventing learning of the repeated
visuospatial arrays. One can also note from descriptive compari-
sons of the Block X Array-Type interactions in Tables 1 and 2,
that learning was stronger in conditions with sequential and slow
presentation of the memoranda in general (see Experiments 2, 4,
and 5) compared with all other experiment with fast presentation.
Hence, longer consolidation time for each memory item seems to
favor learning. That said, time in working memory was not a
major factor constraining learning: Learning was also observed in
the fast conditions where time was only 20% of that implemented
in the slow conditions. Our results therefore suggest that although
more time in working memory increases the rate of learning, fast
presentation rate does not prevent learning of visuospatial
information.

So, how was time used for improving learning? In the verbal
domain, previous studies found little support for the assumption
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that maintenance processes such as rehearsal and refreshing con-
tribute to the Hebb effect. Oberauer and Meyer (2009) compared
Hebb learning in conditions that implemented immediate serial
recall and when a delay of 9 s was imposed between list encoding
and recall. The assumption was that participants would attempt re-
hearsal of the memoranda during the delay, and if rehearsal boosts
learning, then better learning would occur in the delay condition.
That was not the case. This result also dovetails with studies show-
ing that Hebb learning is not affected by articulatory suppression,
which makes rehearsal virtually impossible (Hitch et al., 2009;
Page et al., 2006; but see Sjoblom & Hughes, 2020). Another can-
didate process that could be used to facilitate the transfer of infor-
mation from working memory to long-term memory is known as
attentional refreshing, which consists of the use of attention to
strengthen representations in working memory (Camos et al.,
2018). One way to disrupt refreshing is by imposing an attention-
ally-demanding distractor task in between encoding of the memo-
randa, as commonly done in complex span tasks. Oberauer et al.
(2015) compared learning of Hebb lists in simple span (aka the tra-
ditional Hebb task) and complex span trials. Although perform-
ance was generally lower in complex span than simple span,
learning rate was similar between tasks (see also Araya et al.,
2021). This result casts doubts regarding the use of attention-based
maintenance processes to strengthen list representation in long-
term memory. A final candidate is consolidation. Short-term con-
solidation involves the attention-based stabilization of the trace of
just-presented information (Ricker et al., 2018). Because consoli-
dation only operates on the last encoded information, it only bene-
fits memory when a delay is imposed directly after information is
encoded. In the present series of experiments, we observed bene-
fits of time for learning of repeated arrays only in conditions in
which time was added after encoding of each memory item—that
is, only in sequential conditions. Hence, it is possible that stronger
consolidation of the information indeed promoted learning. Fur-
ther studies will be needed to more clearly pinpoint how exactly
time may boost long-term learning of repeated arrays.

Retrieval: Number of Elements Retrieved and Testing
Procedure

The last mechanism we considered was retrieval, and how dif-
ferences in the testing procedure implemented in visuospatial tasks
may contribute to the lack of learning previously observed. The
most common means of assessing visuospatial working memory
has been with the use of change-detection tasks: A probe stimulus
is presented and participants have simply to indicate whether or
not it matches the memorized content. To avoid issues with output
interference, it has been common to test only a single element of
each memory array. This procedure differs in two regards from
traditional Hebb paradigms. First, it uses a recognition test instead
of recall and, second, a single response is required.

To start tackling these differences, we selected a discrete color
recall procedure and used it to assess the role of the number of ele-
ments tested. Across Experiments 1-8, we implemented five con-
ditions with single-item tests. In four of them, learning was not
credible (Experiments 2, 3, 4, and 6). Only one condition produced
learning: when the memoranda were presented sequentially and
slowly (Experiment 4). In contrast, the eight conditions that imple-
mented recall of all items (Experiments 1, 2, 3, 5, 6, and 8)
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produced credible learning irrespective of variations in presenta-
tion mode and time in working memory. Experiment 6 further sub-
stantiated this finding: we replicated Experiment 3 varying the
number of tests in a more fine-grained matter. We again observed
learning when more than one item was tested (three or six ele-
ments tested), yet learning was weaker in the three-tests condition.
Our results suggest that, with a discrete color reproduction test,
learning is hindered when only a single-element is tested in most
situations, but occurs robustly when all memoranda are tested.

Do our results generalize to a recognition procedure? In Experi-
ment 7, we assessed whether increasing the number of elements
tested would promote learning when memory was assessed with a
recognition test. With recognition, increasing the number of ele-
ments tested did not credibly produce learning of the repeated
arrays. The lack of learning was not due to low power: pooling the
data of groups exposed to a single-probe and whole-array display
(total N = 88) did not indicate evidence of learning (see contrast
S6 vs. W6 in Table 2). Hence simply requiring participants to rec-
ognize the presented information is not conducive to Hebb learn-
ing of visuospatial arrays.

Altogether our results suggest that the critical features to unlock
learning of repeated visuospatial information lies at the procedure
implemented at the retrieval stage: namely (a) how many elements
are tested and (b) whether participants need to recall the correct
element instead of simply recognizing it. Long-term memory
research has pointed to the importance of retrieval in forming sta-
ble traces (Roediger & Butler, 2011). Our findings demonstrate
that the number of elements tested and the type of test is crucial
also for visuospatial Hebb learning. Our results are in line with a
processing view of the link between working memory and long-
term memory (Craik & Lockhart, 1972).

One reason whole-array recall promotes learning could be that
it favors the build-up of stronger traces of the array as an inte-
grated configuration in long-term memory. When a single element
is tested, the tested color-position association is likely strength-
ened, but this is not enough to generate strong learning: In the
intervening unique arrays, new color-location recombinations cre-
ate interference, impeding learning over trials. By contrast, unified
representations of entire array configurations are unique, and these
traces gain strength for repeated arrays, outcompeting traces of the
unique arrays. This conclusion converges with insights from stud-
ies implying that individual item-position associations are not suf-
ficient to explain the Hebb effect (Cumming et al., 2003; Fastame
et al., 2005; Saito et al., 2020).

The role of recall for Hebb learning has been the focus of previ-
ous research on the verbal domain. Cohen and Johansson (1967)
observed that learning of lists of nine digits only occurred when
participants recalled the lists over the short-term but not when the
lists were encoded but not recalled. Oberauer and Meyer (2009)
observed learning of a repeated list of nine digits over 10 repeti-
tions in which the list was never recalled. Yet, Hebb learning of
not-recalled items was smaller than when the lists were recalled
after each presentation. These results suggest that recall also con-
tributes to the Hebb effect in the verbal domain. Overall, it is diffi-
cult to make firm comparisons between studies on the verbal and
visual domain given that we are not aware of studies with verbal
materials that used single-item tests, or recognition procedures.
Future studies may need to assess whether the testing procedure
also affects learning of verbal materials.
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We can only speculate on the reasons why recognition is less
suited to promote learning than recall. Several studies have sug-
gested that people encode information differently when they
expect a recall test versus a recognition test, leading to specific
processing modes (Carey & Lockhart, 1973; Duncan & Murdock,
2000; Schmidt, 1983; Tversky, 1973). Accordingly, it is possible
that the processing mode induced by the expectation of a recogni-
tion test may not be conducive for the creation of long-term mem-
ory traces of the memoranda. Recall has been assumed to involve
a more effortful search through memory. This could be due to
recall tests requiring a stronger reactivation of the cues associated
with the memory trace, whereas during the recognition test the cue
is already given, namely by the probe itself. The stronger cue-
based memory search induced by the repeated requirements of the
whole-array recall test may create the ideal conditions for the
strengthening of the traces of the retrieved representations, thereby
promoting learning. An alternative interpretation would be that
people do learn the repeated arrays in change detection, but the
recognition test is not sensitive to the acquired knowledge. Goecke
and Oberauer (2021) tested for this possibility. They trained par-
ticipants on three arrays of colored dots (labeled A, B, and C) until
memory performance was very high (>80% correct). Afterward,
participants did a change-detection task in which unique arrays
were intermixed with the trained arrays and no forewarning was
provided regarding the presentation of old arrays. Performance for
the trained arrays was superior to performance of nontrained
arrays. This indicates that if people build long-term memory repre-
sentations of the memory arrays, they use them to boost their per-
formance on change-detection tasks. In sum, their results together
with ours suggest that change-detection tasks hinder the learning
of the repeated arrays and not the display of the formed
knowledge.

Alternative Explanations: Output Interference

One possibility to explain the evidence of learning of the
repeated array in the whole-report conditions is that recall of all
items require participants to retrieve information in conditions of
output interference, that is, interference from preceding retrieval
attempts of other items. When a single item is tested, retrieval
occurs in the absence of output interference. Accumulation of out-
put interference might be a precondition to observe learning: Only
under this condition participants would bother to retrieve long-
term memory representations to support their working memory
performance. If this was the case, then it would indicate that par-
ticipants were learning the repeated arrays in the single-test condi-
tions, but retrieval of this information was not favored by the
testing procedure. To assess this possibility, we reanalyzed data of
our experiments considering only the first tested item in the
whole-report experiments. Given that the first response is free
from output interference, finding learning in this analysis would
rule out the hypothesis that output interference explains our find-
ings. Figures showing the data of each experiment are presented in
the online supplemental materials.® Table 4 presents the evidence
for better performance for repeated versus unique arrays in each
whole-report condition in Experiments 1-8 when considering only
the first output position, and aggregating across all trials.

The data of Experiment 1 is not very informative for this ques-
tion because it implements a serial recall test and hence the first
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recalled item was always the first presented item, which led to
near-ceiling performance (ca. 90% correct) in all conditions. Con-
sidering Experiments 2—8, we found general support for better per-
formance for the repeated arrays even when considering data of
only the first output position in four conditions (see Experiments
2, 6, and 8). In the remaining three conditions (Experiments 3 and
5) evidence was ambiguous. None of the experiments provided
evidence against better performance for the repeated arrays. Over-
all, our results are inconsistent with the assumption that the lack of
output interference in the single-item test prevents the manifesta-
tion of learning. Our results are more in line with the assumption
that learning of the repeated array itself is hindered in conditions
in which only a single element is tested.

Why Did Previous Studies Not Observe Learning of
Visuospatial Arrays?

Our investigation was motivated by several studies that found
no learning over many repetitions of visuospatial arrays. Our
results help to explain why. First, all previous experiments not
observing learning used a change-detection test, and the present
Experiment 7 confirms that there is no Hebb repetition learning
when visuospatial arrays are tested through change detection. Sec-
ond, as is typical for change detection, each trial involved only a
single memory test. Here we show that there is little, if any, Hebb
learning when there is only a single test of working memory for
each array.

Olson and Jiang (2004) suggested that the lack of learning of
the repeated visuospatial arrays in their study may be due to two
factors: (a) The precision of information in visuospatial working
memory may be higher than in visual long-term memory, which
may maintain only categorical information. Hence, information in
long-term memory would be perceived as less useful than the one
available in working memory. (b) Learning in the traditional Hebb
paradigm testing verbal materials may rely on verbal traces, and
hence cannot be generalized to visuospatial arrays. Here we dem-
onstrate that these two hypotheses are lacking: Visuospatial long-
term memory representations can be used to boost working mem-
ory performance provided that all items are recalled, and we
observe this type of learning even in conditions assumed to favor
the encoding of pure visual representations, namely simultaneous
presentation conditions with brief onscreen time and a short reten-
tion interval (Sense et al., 2016). Instead, we showed that the lack
of learning in their study is more likely explained by the type of
test used, namely recognition.

The two experiments that did observe learning of repeated
arrays at a rate comparable to the standard Hebb effect (Logie et
al., 2009, Experiment 3; Shimi & Logie, 2019, Experiment 2) both
tested working memory with a recall test. Shimi and Logie (2019)
tested all items, thereby creating the conditions that we identified
to be optimal for long-term learning. Logie et al. (2009) had peo-
ple recall only one item of each array and nevertheless found sub-
stantial learning, different from our findings. One reason for that
could be that in Experiment 3 of Logie et al. (2009), the same
array was repeated on every trial. This probably made the repeti-
tion more obvious than in our experiments, thereby facilitating

3 Data of Experiment 4 was not included because it only contained

single-item tests.
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Table 4

Evidence of Learning of the Repeated Arrays When Considering
Only the First Tested Position Across the Whole-Report
Conditions of All Reported Experiments

Exp. Presentation Timing Whole-report test BFig
1 Sequential Fast Serial recall 0.33
1 Sequential Slow Serial recall 0.42
2 Sequential Fast Random 6.29
3 Simultaneous Fast Random 2.05
5 Simultaneous Slow Random 0.90
5 Sequential Slow Random 1.93
6 Simultaneous Fast Random (3 tests) 18.7
6 Simultaneous Fast Random 2,850
8 Simultaneous Fast Random 1,862
Note. Substantial evidence (BF >3) is printed in bold.

learning even with a single test. Another possibility is that learning
was facilitated in their experiment because they had people recall
the tested item as a verbal description of its features. A possibility
to be explored in further studies is that the combination of a visual
representation created at encoding with a verbal representation
created at test boosts long-term learning.

The Mechanisms of Hebb Learning

What can we learn about learning from our results as well as
previous findings? Here we sketch a tentative mechanism of how
working memory contributes to long-term learning. Experiencing
multiple repetitions of the same memory set can lead to the acqui-
sition of two forms of long-term memory. One is a collection of
separate representations of each encounter, as is the default
assumption in exemplar models of memory. Separate representa-
tions of each event are necessary for episodic memory, which ena-
bles us to remember specific events. The other form of long-term
memory is a single representation of the repeated memory set that
is strengthened with every repetition. This kind of representation
is suited for semantic memory, which represents what is common
among multiple similar events, abstracting away their specifics
(McClelland et al., 1995). In line with the proposal that the Hebb
effect for verbal lists is a model for word-form learning (Szmalec
et al.,, 2009)—a form of knowledge—we assume that the Hebb
effect reflects the acquisition of semantic memory.

We assume that every time information is encoded into working
memory, a weak trace of that information is laid down in episodic
long-term memory as well. It could form the seed of a semantic-
memory representation if further encounters with the same infor-
mation further strengthen this representation, rather than just creat-
ing a new episodic representation. At this point we borrow an
assumption from REM.3 (Ensor et al., 2021), a version of the
REM (retrieving efficiently from memory) model (Shiffrin &
Steyvers, 1997): If a repeatedly encoded stimulus is recognized as
having been encoded before, then the memory trace of that earlier
encounter is strengthened. In the absence of recognition, however,
a new episodic memory trace is created. Forming separate traces
of the same stimulus can be beneficial for tests of episodic mem-
ory because it creates multiple chances of accessing at least one
trace of that stimulus (Ensor et al., 2021), but it is not a good basis
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for the acquisition of knowledge, and therefore not sufficient for
generating Hebb repetition learning.

Evidence for this set of assumptions comes from the finding
that people recognize repeated arrays in an explicit recognition
test at the end of the experiment, even when their change-detection
performance did not improve at all through the repetitions (Fukuda
& Vogel, 2019; Olson et al., 2005; Olson & Jiang, 2004). Evi-
dently, some episodic-memory trace was created for the arrays,
but it was not sufficient to cause Hebb learning.

Why then does testing memory through recall, and in particular
through tests of multiple array items, enable Hebb learning? We
consider two—not mutually exclusive—hypotheses. Both build on
the assumption that retrieval of information from long-term mem-
ory is controlled by a flexible gate that is opened only when the
person believes that long-term memory information is likely to be
helpful for the current task (Oberauer, 2009). This assumption is
supported by previous work on visual working memory, which
suggests that people draw on episodic memory representations to
help in a working memory test only if they find the information in
working memory insufficient (Oberauer et al., 2017). This is more
likely to be the case the harder the test—or at least, the harder the
person believes the test to be. We argue that people are more likely
to find the information in working memory insufficient in a recall
test than in change detection, and that likelihood increases with
tests of multiple items for two reasons: Each attempt to recall an
item from working memory is a new chance of experiencing fail-
ure. In addition, output interference makes each additional recall
attempt in a trial harder and harder. As a consequence, people are
more likely to try to access their episodic memory of the current
array in a recall test than in a change-detection test, and more so
the more items are tested.

Trying to draw on an episodic-memory representation of the
current array has two consequences. The first is that it creates an
opportunity for practicing retrieval of that representation, which
facilitates its subsequent retrieval. This makes it more likely that
the episodic representation will be retrieved when the same array
is repeated a few trials later, and hence, increases the chance of
recognition of the repeated array. The second consequence is that
an attempt to retrieve the episodic-memory trace of the current
array makes it more likely that an episodic-memory trace of a pre-
vious occurrence of the same array is retrieved, thereby enabling
recognition of the repeated array. Both causal routes increase the
probability of recognizing a repeated array as such, and thereby
increase the chance of cumulatively strengthening its representa-
tion in long-term memory, starting the trajectory toward the for-
mation of semantic memory.

Our proposal leads to the following prediction that could be
tested in future work: Other manipulations that make access to
representations in working memory more difficult—without at the
same time impairing encoding into episodic memory—should also
improve Hebb repetition learning. Examples of such manipula-
tions could be a longer retention interval (Pertzov et al., 2017) or a
distractor task requiring central attention in the retention interval
(Makovski et al., 2006; Souza & Oberauer, 2017).

Conclusion

Across eight experiments, we observed that people can learn
repeatedly encountered visuospatial arrays when they are required
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to recall all learned information. Characteristics of how working
memory is tested appear to be the strongest determinants of long-
term memory. We propose that more difficult tests lead people to
try more often to draw on episodic long-term memory in a work-
ing memory task, which creates opportunities for retrieval practice
and increases the probability of recognizing earlier occurrences of
arepeated set of items. This, in turn, makes cumulative learning of
repeated sets more likely.

Context of Research

Our research program examines the capacity limits of working
memory and how long-term memory can be used to alleviate the
burden on this capacity. We are looking at different paradigms
assessing the interplay of these two forms of memory, including
the use of strategies such as elaboration and chunking, as well as
Hebb learning. We were intrigued by the lack of learning of
repeated visuospatial arrays and how it defied the generalizability
of the classic Hebb-repetition effect. In one group meeting, we
listed all differences between studies showing the typical Hebb
effect, and studies in the visuospatial working memory literature
not finding any learning, and we made individual prior bets on
which factors were most likely to explain their divergent results.
We chose the within-subject manipulations of Experiments 1-5 to
maximize their expected information gain (variables with pooled
priors = .5). Experiments 6—8 were designed in response to
criticisms raised at discussion of the results of these initial experi-
ments. We continue to be intrigued by the conditions that favor
visuospatial learning. For example, we are currently investigating
whether single-item tests prevent learning, or just prevent people
from using it (Musfeld et al., 2021). We also started investigating
the role of awareness of the repetition for Hebb learning (Musfeld
et al., 2022). The present work contributes one piece to the puzzle
that permits to understand how information flows from working
memory to long-term memory and vice-versa. Yet, mapping
exactly how they interact remains a challenge for further empirical
and computational work.
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