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ARTICLE INFO ABSTRACT

This paper investigates whether active control of study leads to enhanced learning in 5- to 11-year-old children.
In Experiments 1 and 2, participants played a simple memory game with the instruction to try to remember and
later recognize a set of 64 objects. In Experiment 3, the goal was to learn the French names for the same objects.
For half of the materials presented, participants could decide the order and pacing of study (Active condition).
For the other half, they passively observed the study decisions of a previous participant (Yoked condition).
Recognition memory was more accurate for objects studied in the active as compared to the yoked condition.
However, the active learning advantage was relatively small among 5-year-olds and increased with age, be-
coming comparable to adults’ by age 8. Our results show that the ability to actively control study develops
during early childhood and results in memory benefits that last over a week-long delay. We discuss possible
interpretations for the observed developmental change, as well as the implications of these results for educa-
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tional implementations.

1. Introduction

Educators frequently argue that self-directed, active learning situa-
tions foster better and deeper learning (Bruner, Jolly, & Sylva, 1976;
Kuhn & Kaplan, 2000; Montessori, 1912/1964; Piaget, 1930). Although
this idea involves a number of interrelated issues, like motivation or
deeper processing, many argue that giving students some degree of
independent, volitional control during learning is itself beneficial (Chi,
2009; Gureckis & Markant, 2012; Markant, Ruggeri, Gureckis, & Xu,
2016). An important role for experimental psychology is to assess if and
how these bedrock educational principles align with what we know
about the basic mechanisms of learning and memory. Indeed, recent
studies with adults have shown that minimal forms of volitional control
(specifically, allowing learners to select the order and pacing of study)
lead to memory improvements compared to situations lacking this
control (Harman, Humphrey, & Goodale, 1999; Voss, Galvan, &
Gonsalves, 2011; Voss, Gonsalves, Federmeier, Tranel, & Cohen, 2011;
Voss, Warren, et al.,, 2011; Liu, Ward, & Markall, 2007; Markant,
DuBrow, Davachi, & Gureckis, 2014; Meijer & Van der Lubbe, 2011;
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Plancher, Barra, Orriols, & Piolino, 2013).

While interesting, it is unclear how these adult findings might in-
form educational policies that seek to help developing learners. Self-
directed learning requires the coordination of a range of cognitive
processes, including decision making, exploration, metacognition, at-
tention, and memory, all of which are subject to critical developmental
changes (Kachergis, Rhodes, & Gureckis, 2017). In light of this, one
possibility is that only mature learners can effectively leverage self-di-
rected learning. This paper presents a series of experiments designed to
trace the emergence and developmental trajectory of self-directed
learning as a successful learning modality for children.

1.1. Development of active learning and metamemory

Earlier work suggested that children do not select the most in-
formative evidence to explore until late primary school age (Chen &
Klahr, 1999; Kuhn & Brannock, 1977). However, more recent research
suggests that children are effective and adaptive active learners from a
very early age (Ruggeri, Sim, & Xu, 2017), although the informativeness
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of their learning strategies undergoes a large developmental change from
age 4 to adulthood (see Ruggeri & Feufel, 2015; Ruggeri & Lombrozo,
2015; Ruggeri, Lombrozo, Griffiths, & Xu, 2016). It is not yet fully un-
derstood which factors drive developmental changes in active learning
effectiveness, how they interact with each other, or how their relative
importance changes at different developmental stages. Potential factors
include verbal skills, conceptual knowledge, executive functions, formal
education, and socioeconomic status (SES). In particular, the effective-
ness of active learning strategies is expected to heavily depend on chil-
dren’s metacognitive abilities. Metamemory (the ability to introspect on
the accuracy of one’s memories) has been shown to impact the im-
plementation of appropriate memory strategies in both adults (Hutchens
et al., 2012) and children (Geurten, Catale, & Meulemans, 2015;
Grammer, Purtell, Coffman, & Ornstein, 2011). Metamemory monitoring
improves considerably over the elementary school years (Roebers, 2017),
with older children’s confidence judgments showing greater discrimina-
tion between accurate and inaccurate memories than younger children’s
(Fandakova, Shing, & Lindenberger, 2013; Ghetti, Castelli, & Lyons,
2009; Ghetti, Mirandola, Angelini, Cornoldi, & Ciaramelli, 2011). Pre-
vious work also suggests that the ability to allocate study time based on
the difficulty or familiarity of the materials develops across childhood
(Metcalfe, 2002; Metcalfe & Finn, 2013a). For example, early studies
found that older (10- and 12-year-olds), but not younger children (6- and
8-year-olds) spent significantly more time learning unrelated, difficult
picture pairs (e.g., frog-book) than related, easy pairs (e.g., bat-ball;
Dufresne & Kobasigawa, 1988, 1989). Along the same lines, Lockl and
Schneider (2003) found that both first and third graders were able to
differentiate between easy and difficult picture pairs, but only third
graders adjusted their study time accordingly.

These work suggests that the ability to actively organize study be-
havior strategically and effectively emerges over early childhood, and
develops across the lifespan. However, a more relevant question for
educators is not whether children are sensitive or aware of their own
memory abilities, but whether allowing children to control their own
learning process would lead to learning advantages. To this end, merely
studying the development of metamemory skills and strategies is not
enough. Instead, it is crucial to investigate whether and how active
control as a learning modality is beneficial for children as compared to
more passive forms of instruction.

1.2. Benefits of active learning on memory

Previous research with adults has investigated the benefits of active
learning by using memory tasks. For example, Voss and colleagues
(Voss, Galvan, et al., 2011; Voss, Gonsalves, et al., 2011; Voss, Warren,
et al., 2011) presented adult participants with a set of objects arranged
on a grid, with only one object visible at a time through a moving
window, and asked them to memorize as many objects as possible.
Participants alternated between active study blocks, in which they
controlled the study sequence and timing by deciding how to move the
window, and “yoked” study blocks, in which they observed the study
sequence that a previous participant had generated in an active study
block. By matching the content experienced during study across con-
ditions, yoked designs isolate the effects of active control on learning
and memory. These studies have found robust benefits of active control
of study on object recognition, meaning that participants were more
accurate at recognizing objects that had been actively studied as com-
pared to those studied in the yoked condition. This advantage has been
found to persist a week after the initial study session (Voss, Gonsalves,
et al., 2011). Similar results have been obtained with a variety of re-
lated tasks and materials (Harman et al., 1999; Liu et al., 2007; Markant
et al., 2014; Meijer & Van der Lubbe, 2011; Plancher et al., 2013), and
with both younger and older adults (Brandstatt & Voss, 2014).

These studies further revealed that the benefits of active study de-
pended on how participants explored the objects. Voss, Galvan, et al.
(2011) found that objects studied for longer durations were more likely
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to be recognized in the active, but not in the yoked, condition (although
yoked observers seem to benefit from additional study time when cued
to the locations of new stimuli, see Markant et al., 2014). Moreover,
revisiting objects within a short period of time also led to better
memory performance among younger adults (Brandstatt & Voss, 2014;
Voss, Galvan, et al., 2011), but only following active study. Interest-
ingly, the same search pattern was less common among older adults and
did not lead to the benefits from active study observed in younger
adults (Brandstatt & Voss, 2014). With this type of learning task, it is
possible to investigate the link between the search strategies generated
during active study (including the sequencing of items and allocation of
study time) and the resulting benefits over passive observation of the
same information.

A few recent studies have shown that active control can facilitate
learning in children as well. For example, Sim, Tanner, Alpert, and Xu
(2015) found that 7-year-olds learned categorical rules more effectively
when they were free to decide what information to gather, as compared
to yoked observations. Active control has also been shown to lead to
memory improvements for children in spatial navigation tasks
(Feldman & Acredolo, 1979; McComas, Dulberg, & Latter, 1997; Poag,
Cohen, & Weatherford, 1983) and when learning novel object-word
pairings (Partridge, Mcgovern, Yung, & Kidd, 2015). Although these
results suggest that active control would enhance children’s episodic
memory, it is an open question at what age this benefit would emerge
and how it would develop across childhood. Do these advantages reflect
developmental progress along the way to adult competence, or a robust
and universal advantage of self-directed learning?

The present paper compares the effects of active and yoked study on
5- to 11-year-old children’s learning. Experiment 1 replicates the design
from previous adult studies (Markant et al., 2014; Voss, Gonsalves,
et al., 2011). Experiment 2 and Experiment 3 replicate and extend the
results from Experiment 1, exploring the cognitive and metacognitive
factors that might impact the benefit of active control of study. In
particular, Experiment 2 investigates the effect of differential pre-ex-
posure on children’s studying strategies (mimicing the easy-hard ma-
nipulations of the metamemory literature). Experiment 3 explores the
effect of active study in a paired associate learning task in which chil-
dren had to learn the French names for the same objects used in Ex-
periments 1 and 2, additionally controlling for children’s working
memory as a possible moderator for the advantage of active learning.

2. Experiment 1
2.1. Participants

Participants in Experiment 1 were 51 5- to 8-year-old children (24
female, My, = 82.59 months; SD = 13.72 months; range: 60 to
105 months) tested in the laboratory and recruited from Berkeley,
California and surrounding communities. Nine participants (18%) did
not return for the retest session, but the data from their first test session
were included in the analyses. The mean interval between first and
second sessions was 8.3days (SD = 2.63 days; range: 5 to 15 days).
Sample size was determined based on previous active learning studies
with adults (see Markant et al., 2014) and children (Metcalfe & Finn,
2013a; Partridge et al., 2015; Ruggeri & Lombrozo, 2015; Ruggeri et al.,
2016). Before the children participated in the study, written informed
consent was obtained from participants’ parents and the local ethical
review board at the University of California, Berkeley approved the
study protocol (#2010-03-1013). Children received a small present to
thank them for their participation.

2.2. Materials
The stimuli set consisted of 200 line drawings of the most frequent

objects mentioned by 2- to 5-year-old children in their everyday con-
versations with adults, as recorded by the CHILDES corpus (Child
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Language Data Exchange System; MacWhinney and Snow, 1985). We
further ensured that children from all countries (Germany, Italy, and
the U.S.) recognized and were familiar with the stimuli by asking them,
at the end of the recognition task, if there were any objects among those
presented they did not recognize and know the name of. Participants
across all countries successfully recognized all the stimuli used. To
minimize perceptual differences, all objects were re-drawn using the
same stroke, color palette and coloring style. Eight of the 200 drawings
were used as training stimuli for the familiarization trials and 192
drawings were used as stimuli for the first and second experimental
sessions (see Fig. S1 of the Supplementary Online Materials, SOM). The
experimental materials were presented on a 9.7” iPad touchscreen
using custom software.

2.3. Design and procedure

Children were tested individually using a simple memory game. In
the game, children were presented with a grid of objects and asked to
remember as many of the presented objects as possible. The design and
procedure were modeled after Experiment 2 in Markant et al. (2014),
with modifications aimed at making it more suitable for children (in-
cluding fewer study rounds, fewer objects to be studied and shorter
study duration per round).

2.3.1. Familiarization

Participants were first presented with two familiarization trials
aimed at introducing the goal of the game, the study procedures, and
making children comfortable using the touchscreen. During each fa-
miliarization trial, children were presented with four objects arranged
in a 2 x 2 grid. The objects were shown on the screen for two seconds
before disappearing under occluders (same as for the main experi-
mental session, see Fig. 1, top). Participants were instructed that the
goal of the game was to remember all the objects presented on the
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screen. The first familiarization trial introduced the study procedure of
the active blocks. Participants were told that in some rounds they could
decide which occluder button to touch in order to view the object
hidden beneath. After a touch, a red frame appeared for 500 ms, fol-
lowed by the removal of the occluder that revealed the hidden object.
Children were instructed that, before studying another object, they had
to touch the object currently displayed once more to make it disappear
behind the occluder. The experimenter modeled the touching actions
while explaining the procedure. Children then had the opportunity to
practice the active study procedure. If necessary, the experimenter
provided feedback and repeated the instructions (e.g., “remember, you
have to touch the object again to make it disappear, before you can
study another object”). Once children were familiar with the active
study procedure, they moved on to the second familiarization trial,
which introduced children to the study procedure of the yoked blocks.
They were told that in other rounds the game would decide what ob-
jects they would see and for how long. Children were then presented
with a randomly generated study sequence. As in the active blocks, a
red frame preceded each object for 500 ms so that children had time to
allocate their attention to the new study location before the object
appeared. To keep engagement and attention level comparable to the
active blocks, during yoked blocks children were asked to touch the
objects as soon as they appeared, although this touch had no effect on
the display. There were no time constraints for the familiarization trials.

2.3.2. Study phase

The main experimental session consisted of two active and two
yoked study blocks (four blocks total), presented in alternating order
(i.e., active, yoked, active, yoked). The active block was always pre-
sented first, so that children’s initial active study pattern would not be
influenced by the study pattern observed in the yoked blocks. Each
study block presented children with 16 objects arranged in a 4 X 4 grid.
All 16 objects were visible on the screen for 2 s at the beginning of each

Fig. 1. Procedure used in Experiments 1
and 2. Top: Each study round began with
all objects displayed for two seconds. After
the objects disappeared, participants either
selected a location to study (Active condi-
tion), causing a red frame to appear, fol-
lowed by the object, or touched the location
where the object appeared (Yoked condi-
tion), preceded by a red frame. Bottom left:
During each test block, participants selected
the objects that they recognized from the
study phase. Bottom right: Spatial re-
cognition test (Experiment 2 only). For ob-
jects that were recognized, participants
judged whether they were presented on the
test grid in the same location as where they
had appeared during study.

Spatial recall - Is this object
in same location?
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Table 1
Estimated effects from logistic regression model of recognition responses to
studied items.

Experiment 1 Experiment 2

(Intercept) 1.12 (0.12) 1.24 (0.15)**"
Age 0.06 (0.10) 0.69 (0.13)""
Condition [yoked] —0.28 (0.08)""" -0.68 (0.09)""
Test [retest] —0.48 (0.09)" —0.66 (0.10)
Study duration 0.45 (0.08)" 0.72 (0.09)*
No. visits 0.29 (0.08)"" —0.05 (0.08)
FA rate 0.16 (0.05)" 0.33 (0.07)""
Half [second] —0.03 (0.06) 0.20 (0.07)"
Age X Condition [yoked] —0.22 (0.06)"" -0.28 (0.07)""
Age X Test [retest] 0.27 (0.06)" 0.16 (0.07)
Condition [yoked] X Test[retest] —-0.01 (0.12) 0.04 (0.13)
Condition [yoked] X Study duration —0.13 (0.10) —0.30 (0.11)*"
Condition [yoked] X No. visits —0.02 (0.10) 0.40 (0.10)"""
Marginal R? 0.12 0.22
Conditional R? 0.27 0.40

* p <0.05.

** p <0.01.

** p < 0.001.

study block, before disappearing under occluders (see Fig. 1, top).
Across the four blocks, children were asked to memorize 64 objects (see
Materials section and Fig. S1 of the SOM). In the active blocks, children
had 90 s to select and study the objects in order to memorize them. In
the yoked blocks, children were presented with the 90-s study sequence
(i.e., same objects and pacing) of one of the previous participants’ ac-
tive learning blocks. In between blocks, there was a 20-s break in which
children were briefly reminded of the study procedure for the next
block.

2.3.3. Test phase

The study phase was immediately followed by a test phase con-
sisting of 8 blocks. In each test block, 16 objects were again presented in
a4 x 4 grid (see see Fig. 1, bottom left). Across the 8 test blocks, 64 of
the objects had appeared during the study phase (old objects) and 64
were objects that were not presented during study (new objects). The
number of old objects from active and yoked blocks randomly varied
across test blocks (active: M = 4.23, SD = 2.16; yoked:
M = 4.3, SD = 2.25). All objects were displayed in random locations on
the grid.

For each block, children were asked to indicate the objects they had
studied earlier by touching them on the screen. Selected objects were
framed in red to help participants keep track of the objects selected as
recognized. Children could deselect any of the previously selected ob-
jects by touching them again on the screen and making the red frame
disappear. After selecting all the objects they recognized from the study
phase, children were prompted to touch a button to proceed to the next
test block. Children were not given any feedback about their perfor-
mance during or after the test phase.

About one week later, children returned to the lab for a second
session, in which they were asked to complete 8 new test blocks. The 64
objects studied in the first session were randomly mixed with 64 new
objects (i.e., objects that were not used during the first experimental
session, neither as study nor as test objects). The testing procedure was
identical to the test phase from the first experimental session.

2.4. Results
The database containing the raw data for all the three Experiments

included in this manuscript is archived in a public repository, linked in
the Supplementary Online Materials (Database: Ruggeri, Markant,
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Gureckis, Bretzke, & Xu, 2019).

2.4.1. Recognition of studied objects

Mixed effects logistic regression was used to model recognition re-
sponses (“old” versus “new”) for objects presented during the study
phase. All mixed effects models were fit using the Ime4 library in R
(Bates, Méchler, Bolker, & Walker, 2014). A separate analysis of false
alarms, that is, the number of objects marked as recognized at test that
had not been presented during the study blocks, is presented in the
Section S1 of the SOM. This analysis showed that the rate of false
alarms was relatively low (M = .09, SD = .09) and did not differ as a
function of condition or age.

The model included fixed effects for age (continuous), study con-
dition (active vs. yoked), half (first two active/yoked study blocks vs.
second two active/yoked study blocks), and testing session (test vs.
retest) as well as pairwise interactions between age, condition, and
testing session. The number of false alarms was included as a fixed
effect to control for participants’ overall tendency to respond “old” in
each testing session. Random effects terms were included for partici-
pants and items (Baayen, Davidson, & Bates, 2008; Jaeger, 2008). Two
additional predictors were included to assess item-level effects of study
behavior: cumulative study duration (i.e., the total amount of time a
certain object was studied) and number of visits (i.e., the number of
times the object was visited). Finally, we included terms for the inter-
action between each study behavior measure and study condition, to
assess whether the effects of increased study duration or number of
visits differed under active and yoked study blocks. Study duration,
number of visits, and false alarm rates were square-root transformed to
correct for positive skew. Non-categorical predictors were scaled and
centered prior to model fitting.

The parameters of the fitted model are shown in Table 1. Contrast-
based hypothesis tests were conducted using the multcomp R library
(Hothorn, Bretz, & Westfall, 2008). Effect sizes and 95% confidence
intervals for significant effects are reported in terms of relative odds
ratio (OR) which indicate the multiplicative change in the odds of re-
cognizing a studied object that is associated with a unit change in a
given predictor. A 95% confidence interval that excludes OR =1 in-
dicates a significant effect. Additional model comparisons were con-
ducted to assess whether the distance between the location in which the
objects were presented on the study grid and their location on the test
grid impacted recognition accuracy, but including distance as a pre-
dictor did not improve the fit of the model (x2(1) = .11, p = .74).

Recognition accuracy was higher for objects studied in the active
condition in both test (Active: M =.70,SD = .16; Yoked:
M = .67, SD = .16;0R = 1.32[1.12, 1.56]) and retest (Active:
M = .61, SD = .17; Yoked: M = .57, SD = .17;0R = 1.34[1.12, 1.59]).
Recognition accuracy declined significantly from test to retest in both
the active (OR = .62 [.52, .74]) and yoked condition (OR = .61 [.52, .73)).

There was no overall effect of age on recognition
(OR = 1.06 [.87, 1.30]), but there were significant age X condition
(OR = .80[.71, .91]) and age X testing session (OR = 1.31[1.16, 1.49])
interactions: The positive effect of active study was larger for older
children, and the decrease in performance in the retest was smaller for
older children (see Fig. 2A). Fig. 2B shows the within-subjects differ-
ence in recognition for active study and yoked study as a function of
age. Although absolute levels of performance in both conditions
changed from test to retest, the enhancement from active study was
relatively consistent across the two sessions. Table 2 shows descriptive
statistics for accuracy based on a median split on age.

The fitted model was used to contrast the predicted effects of study
condition at ages 6 and 8 (approximately equal to the 25% and 75%
quartiles of the age distribution, respectively). At age 6, there was no
difference in recognition for objects studied in active versus yoked
conditions, for neither the test (OR = 1.12[.93, 1.35]) nor the retest
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Fig. 2. Recognition accuracy for studied objects in Experiments 1 and 2. Individual points represent participants, solid line is fitted regression line, and shaded
regions indicate 95% confidence intervals calculated through parametric bootstrapping. A, C: Recognition of objects studied in active (red) and yoked (blue)
conditions as a function of age. B, D: Within-subjects difference between active and yoked recognition as a function of age. Dashed lines indicate no difference
between study conditions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

sessions (OR = 1.13 [.93, 1.37]). At age 8, actively studied objects were
more likely to be recognized than yoked objects in both the test
(OR = 1.66 [1.35, 2.05]) and retest sessions (OR = 1.68 [1.35, 2.10]). This
2-years age difference was associated with a significant increase in the
magnitude of the advantage from active study (OR = 1.49 [1.19, 1.85]).

Study behavior at the object level had a strong impact on recogni-
tion performance in both study conditions. Objects were more likely to
be recognized when studied for a longer duration in both the active
(OR = 1.56 [1.34, 1.82]) and yoked (OR = 1.38 [1.21, 1.57]) conditions. In
addition, objects were more likely to be recognized when visited more

Table 2

Accuracy (Mean and SD) by study condition and test session (based on median split on age).

frequently for both the active (OR = 1.34[1.15, 1.57]) and the yoked
(OR = 1.31 [1.14, 1.51]) conditions. Thus, additional study effort, either
measured as number of visits or time spent studying an object, led to
improved recognition memory regardless of condition.

2.4.2. Study behavior in the active study blocks

Participants studied an average of 30.7 (SD = 2.72) of the 32 objects
presented (96%) during the active study blocks. In addition to the ob-
ject-level study behavior presented above, we examined how partici-
pants explored the grid during active blocks and whether their search

Active Yoked Active ~ Yoked
Experiment 1
Younger (age < 7 years) Test 0.69 (0.16) 0.69 (0.14) —0.004 (0.15)
Retest 0.54 (0.15) 0.52 (0.18) 0.02 (0.12)
Older (age > 7 years) Test 0.73 (0.16) 0.64 (0.16) 0.09 (0.15)
Retest 0.68 (0.17) 0.61 (0.17) 0.07 (0.10)
Experiment 2
Younger (age < 6.75 years) Test 0.59 (0.21) 0.56 (0.22) 0.03 (0.14)
Retest 0.44 (0.23) 0.37 (0.20) 0.07 (0.19)
Older (age > 6.75 years) Test 0.83 (0.13) 0.67 (0.17) 0.16 (0.16)
Retest 0.76 (0.18) 0.62 (0.21) 0.13 (0.18)

86



A. Ruggeri et al.

Cognition 186 (2019) 82-94

Table 3
Analysis of study behavior during active blocks.
First block Second block Block Age Block X Age
M(SD) M(SD) F p F P F p
Visitation rate
Exp 1 1.90 (0.52) 2.32 (0.63) 49.4 < 0.001" 4.90 0.03" 0.14 0.71
Exp 2 2.14 (0.56) 2.42 (0.51) 17.2 < 0.001" 2.28 0.14 0.07 0.79
Exp 3 1.31 (0.47) 1.44 (0.47) 8.65 < 0.01" 20. < 0.001" 1.32 0.25
Movement distance
Exp 1 1.43 (0.23) 1.38 (0.24) 1.56 0.22 3.06 0.09 0.38 0.54
Exp 2 1.34 (0.20) 1.38 (0.21) 2.98 0.09 8.04 0.01* 0.87 0.34
Exp 3 1.47 (0.18) 1.49 (0.15) 0.22 0.64 0.37 0.54 0. 0.98
Sequence entropy
Exp 1 1.54 (0.44) 1.61 (0.49) 0.92 0.34 3.30 0.08 2.77 0.10
Exp 2 1.38 (0.50) 1.35 (0.46) 0.11 0.73 3.33 0.07 2.44 0.12
Exp 3 1.15 (0.55) 1.29 (0.61) 3.19 0.08 5.99 0.02" 0.22 0.64

Note: The denominator degrees of freedom for the F tests were 49 (Experiment 1), 47 (Experiment 2), and 67 (Experiment 3). * p < 0.05, ** p < 0.01.

strategies were related to overall performance in the recognition test.
We used the following measures to assess exploration behavior: (1) the
visitation rate, i.e. the number of visits per object,’ averaged across all
objects within a block; (2) mean movement distance between con-
secutive objects (i.e., how far the participants moved to select the next
object, measured in euclidean distance); and (3) sequence entropy, a
measure of how systematically participants explored the grid. Sequence
entropy was calculated as follows. For each block, a 4 x 4 transition
matrix was constructed to represent all possible transitions from the
object currently studied (positioned at the top left corner of the matrix)
to different locations in the grid, such that all transitions were in the
positive x and y directions. We then measured the proportion of tran-
sitions that occurred in each observed study sequence and calculated
the Shannon entropy (Shannon, 1948) of this distribution. For example,
if a participant repeatedly selected the same object to study for an
entire block, sequence entropy would be zero; if she followed a con-
sistent search pattern (e.g., always moving left-to-right within each
row), sequence entropy would be relatively low; if new locations were
chosen at random, sequence entropy would be high (with a maximum
value of 2.77 nats if all transitions were made with equal frequency).

First, we ran two-way ANOVAs to assess the impact of task ex-
perience (i.e., first or second active learning block) and age on each
search measure (Table 3). The analyses revealed an increase in average
number of visits per object from the first to the second active block, and
a positive main effect of age, such that older children had a higher
visitation rate. There were no other differences in movement distance
or sequence entropy.

Second, we modeled the effects of each search measure on re-
cognition performance (proportion of objects that were correctly re-
cognized) using mixed effects logistic regression. In addition to pre-
dictors for condition, age, and test session, the model included
predictors for three measures of aggregate study behavior: visitation
rate, movement distance, and sequence entropy. Additional predictors
were included to test for interactions between each measure and study
condition. Random intercept terms were included for participants. The
parameters of the fitted models are shown in Table 4. There were no
effects of visitation rate (Active: (OR = .98][.88,1.09]; Yoked:
OR = 1.03[.93, 1.15)) or sequence entropy (Active:
(OR = .1.03 [.94, 1.13]; Yoked: OR = .96 [.87, 1.06]). Average movement
distance had no effect in the active condition (OR = .95 [.85, 1.06]), but

!We also examined the total number of study episodes and the median
duration of study episodes (averaged across objects). However, because these
measures were strongly correlated with the average number of visits, we do not
report them here.
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had a significant negative effect in the yoked condition
(OR = .87[.78, .96]): yoked performance decreased when observing
study sequences that involved many transitions between distant loca-
tions in the grid.

Finally, we examined whether the within-subjects difference be-
tween active and yoked study was attributable to differences in study
behavior between participants and the partners to whom they were
yoked. For instance, a child who implements a very systematic search
strategy in her own active blocks might have difficulty when following
more random search sequences generated by her partner. This model
included as predictors the between-subjects differences in the average
number of visits, movement distance, and sequence entropy. The ana-
lysis showed no relationships between these predictors and the ob-
served differences between active and yoked conditions (all ps > .05).

3. Experiment 2

In Experiment 2 we replicate and extend Experiment 1 in two sig-
nificant ways. First, we introduce a pre-exposure manipulation to in-
vestigate whether the advantage of active control for memory depends
on the efficacy of children’s metamemory. At the beginning of each
block, some objects were displayed on the screen for a longer time as
compared to others, before disappearing under the occluders. If chil-
dren recognize that they had less time to study the short-exposure ob-
jects, they may strategically devote more of their study effort to these
objects.

Second, we introduce an explicit spatial memory test to assess if
active control also improves spatial memory. Voss, Warren, et al.
(2011), Voss, Galvan, et al. (2011), Voss, Gonsalves, et al. (2011) found
that, following active study, adult participants were better able to recall
the locations on the grid where objects had been presented during study
(but see Markant et al., 2014; Brandstatt & Voss, 2014, for variable
evidence on this effect).

3.1. Participants

Participants in Experiment 2 were 48 4- to 10-year-old children (30
female, Mg = 84.53 months; SD = 18.87 months; range: 56 to
126 months) recruited from a day care center in Livorno, Italy. Eight
participants (16%) did not return for the retest, but the data from the
first test session were included in the analyses. The mean interval be-
tween first and second sessions was 5.9 days (SD = 2.6 days; range: 3 to
9days). As in Experiment 1, written informed consent was obtained
from participants’ parents and the ethical review board at the Max
Planck Institute for Human Development in Berlin approved the study
protocol for the project "Active Learning and Memory.” Children
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Table 4
Estimated effects of search behavior on test performance.
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Experiment 1

Experiment 2 Experiment 3

1.13 (0.13)™ -0.29 (0.05)"
0.70 (0.13)™" 0.18 (0.06)"
—0.56 (0.08)"" —0.18 (0.06)’
—0.56 (0.09)
0.31 (0.06)"

0.15 (0.05)""
—0.16 (0.06) 0.07 (0.06)
—0.16 (0.06) 0.08 (0.05)
—0.03 (0.06) —0.05 (0.05)
-0.30 (0.07)" 0.07 (0.07)
0.14 (0.07)
0.00 (0.12)
0.23 (0.08)"" —0.06 (0.08)
0.16 (0.09) —0.04 (0.07)
0.12 (0.09) —0.04 (0.07)
0.14 0.03
0.27 0.05

Intercept 0.99 (0.10)
Age 0.14 (0.12)
Condition [yoked] —0.28 (0.08)""
Test [retest] —0.36 (0.09)
False alarms 0.14 (0.04)
Working memory

Visitation rate —0.02 (0.05)
Sequence entropy 0.03 (0.05)
Movement distance —0.06 (0.06)
Age X Condition [yoked] -0.29 (0.08)""
Age X Test [retest] 0.30 (0.07)"
Condition [yoked] X Test [retest] —0.03 (0.11)
Condition [yoked] X Visitation rate 0.05 (0.07)
Condition [yoked] X Sequence entropy —0.07 (0.07)
Condition [yoked] X Movement distance —0.09 (0.08)
Marginal R? 0.03

Conditional R? 0.12

* p < 0.05.

* p < 0.01.

* p < 0.001.

received a small present as compensation for their participation.

3.2. Materials, design and procedure

The materials used in Experiment 2 were identical to those used in
Experiment 1. The design and procedures of Experiment 2 were the
same as in Experiment 1, with two crucial differences: First, during the
study phase we manipulated children’s pre-exposure to the 16 objects
presented on the grid. The study grid was subdivided into three regions:
a corner quadrant comprised of 4 objects; an inner border comprised of
5 objects immediately adjacent to the corner region; and an outer
border including the remaining 7 objects. At the beginning of each
study block, all objects were displayed, then the corner quadrant was
occluded after 2s, the inner border was occluded after 4s, and the outer
border region was occluded after 6s. Once all objects were occluded,
the study phase continued following the same procedure as in
Experiment 1.

Second, we added a test of spatial memory for those objects that
participants recognized from the study phase. After participants se-
lected the objects they recognized, they were asked whether each object
was currently in the same position on the grid as where it had appeared
during the study phase (see Fig. 1, bottom right). As in Experiment 1,
after about one week participants were tested in a second session, in
which they were asked to complete 8 new test blocks.

3.3. Results

3.3.1. Recognition of studied objects

Recognition responses to studied objects were modeled using the
same method as in Experiment 1 (see Table 1 for the parameters of the
fitted model). False alarm rates were again relatively low
(M = .08, SD = .15). False alarms increased from the test to the retest,
but there were no effects of age or condition (see Section S1 of the
SOM).

Recognition accuracy was higher for objects studied in active blocks
in both the test (Active: M= .71, SD = .21; Yoked:
M = .61, SD = 21;0R = 1.98 [1.66, 2.37]) and the retest (Active:
M = 61, SD = .26; Yoked: M =.50, SD = .25;0R = 1.91 [1.58, 2.31])
sessions. Recognition accuracy declined from the test to the retest for
both the active (OR = .52[43,.63]) and the yoked conditions
(OR = .54 [.45, .64]).

There was a positive overall effect of age on recognition
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(OR = 2.00 [1.54, 2.60]) and a positive age X testing session interaction
(OR = 1.17 [1.02, 1.34]), such that the decline in performance in the
retest was smaller for older children (Fig. 2C). In addition, there was a
negative age X condition interaction (OR = 0.76 [0.66, 0.87]), such that
the positive effect of active study was larger for older children (Fig. 2D).
Table 2 reports descriptive statistics for recognition accuracy based on a
median split on age. We again used the fitted model to contrast the
predicted effects of study condition at ages 6 and 8. Recognition ac-
curacy was higher for actively studied objects at both age 6 (test:
OR = 1.63[1.34, 1.97]; retest: OR = 1.57[1.28, 1.93]) and age 8 (test:
OR = 2.33[1.90, 2.87]; retest: OR = 2.25[1.83, 2.78]). This 2-year age
difference was associated with a significant increase in the advantage
from active study (OR = 1.43 [1.20, 1.71]).

Objects studied for longer duration were more likely to be re-
cognized in both the active (OR = 2.06[1.75,2.44]) and yoked
(OR = 1.53[1.34, 1.76]) conditions. There was no effect of the number of
visits in the active condition (OR = 0.95[.82, 1.10]), but there was a
significant interaction between condition and number of visits, such
that increased visits to an object had a positive effect on recognition for
objects studied in the yoked (OR = 1.41[1.23,1.62]) condition.
Including the distance between the study location and location on the
test grid did not improve the fit of the model (¥%(1) <. 01, p = .98).

3.3.2. Spatial recall of correctly recognized objects

Mixed effects logistic regression was used to analyze the accuracy of
participants’ spatial judgments regarding the locations of correctly re-
cognized objects. In the spatial recall test, participants judged whether
an object appeared in the same or different location as in the study
phase. Random effects terms were included for participants and items.
The same set of predictors used to model recognition responses was
included here. In addition, the model included a predictor for the ob-
ject’s true location relative to its location in the study phase (same vs.
different), and the interactions of the location with age, condition, and
test session. The coefficients of the fitted model are shown in Table 5.

Accuracy for objects appearing in the same location as during study
was high (M = .90, SD = .17). However, spatial accuracy was sig-
nificantly lower for objects that were in different locations at test as
compared to the study phase (M = .23, SD = .29;0R = .03 [.02, .04]).
There was no effect of age on accuracy for objects that appeared in the
same location (OR = .93 [.73, 1.18]), but spatial recognition accuracy for
objects that appeared in different locations increased with age
(OR = 1.77 [1.42, 2.18)).
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Table 5
Estimated effects from logistic regression model of spatial recall test for cor-
rectly recognized items.

Experiment 2

(Intercept) 2.20 (0.15)"
Age —0.08 (0.12)
Location [diff] —3.53 (0.16)"""
Condition [yoked] 0.07 (0.18)
Test [retest] —0.20 (0.18)
No. visits 0.24 (0.10)"
Study duration —-0.10 (0.07)
Age X Condition —0.07 (0.10)
Age X Test [retest] —-0.19 (0.10)
Age X Location [diff] 0.64 (0.10)""
Location [diff] X Condition [yoked] —0.04 (0.20)
Location [diff] X Test [retest] —0.14 (0.20)
Condition [yoked] X Test [retest] —0.10 (0.19)
Condition [yoked] X No. visits —-0.23 (0.14)
Condition [yoked] X Study duration 0.23 (0.11)*
Marginal R? 0.48
Conditional R? 0.51

**p < 0.01.
* p <0.05.
™ p < 0.001.

There were no effects of testing session (OR = .81 [.57, 1.15]), study
condition (OR = 1.06 [.74, 1.51]) or condition X age interaction
(OR = .94 [.77, 1.13]) on spatial accuracy. Finally, there was a positive
effect of the number of visits on spatial accuracy in the active condition
(OR = 1.28[1.06, 1.55]), but not in the yoked condition
(OR = 1.01 [.83, 1.23]). Total study duration did not affect accuracy in
either the active (OR = .90[.77,1.05]) or yoked conditions
(OR = 1.13 [.96, 1.34]).

3.3.3. Study behavior in active study blocks

Participants studied an average of 31 (SD = 2.2) of the 32 objects
(97%) during the active study blocks. We examined study behavior
across the two active blocks using the same measures and analyses
described in Experiment 1 (see Table 3). The visitation rate increased
from the first block to the second block. In addition, movement distance
increased with age such that older children tended to transition to
objects that were more distant in the grid.

We modeled the effects of each search measure on recognition
performance (proportion of studied objects that were correctly re-
cognized) using the same mixed effects logistic regression described in
Experiment 1 (see Table 4). Increased visitation rate led to lower
overall accuracy in the active condition (OR = .85 [.76, .95]), but had no
effect in the yoked condition (OR = 1.07 [.97, 1.19]). Increased sequence
entropy also led to lower overall accuracy in the active condition
(OR = .85[.75,.97]) but had no effect in the yoked condition
(OR = 1.00 [.89, 1.12]). Thus, active participants who followed more
systematic search patterns and who had a lower overall rate of visits
tended to have higher recognition performance. However, these effects
were isolated to the active condition and had no corresponding impact
on yoked performance. There were no effects of movement distance in
the active (OR = .97 [.86, 1.10]) or yoked (OR = 1.10[.98, 1.23]) condi-
tions. We examined whether the within-subjects difference between
active and yoked conditions was attributable to differences in search
behavior between participants and the partners they were yoked to.
This model included as predictors for the between-subjects differences
the average number of visits, movement distance, and sequence en-
tropy. The analysis showed again no relationships between these pre-
dictors and the observed advantage for active study (all ps > .05).

Finally, we investigated whether participants allocated study effort
(i.e., more frequent visits) to objects depending on how long they were
pre-exposed at the beginning of the study blocks, and whether this pre-
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exposure had an impact on recognition accuracy. We first used ordinal
logistic regression to model the relative proportion of visits to
Tpre = 2, 4, and 6 s objects. Then, to assess any effects of pre-exposure
on recognition, we refitted the model described in Experiment 1 with
additional predictors for pre-exposure time. We found no notable ef-
fects of pre-exposure time, age or condition. Details of the model and
results can be found in Section 2 of the SOM.

4. Experiment 3

In Experiment 3, we examine the benefits of active control in a task
similar to that used in Experiments 1 and 2, but modified to be more
similar to the learning situations children encounter in school. Instead
of being tasked with simply remembering a set of objects, children had
to learn the French names of the same objects given in Experiments 1
and 2. In addition, in Experiment 3, we explore how the benefit of
active learning is linked to the development of other cognitive resources
such as executive function and working memory (Roebers, 2017). It is
well documented that between five and seven years of age children
undergo a dramatic improvement on tasks that measure the ability to
control attention and other aspects of behavior. To explore the degree
to which individual differences in executive function mediate the ad-
vantage of self-directed learning, children were administered a working
memory task, the animal sorting task, that has been shown to correlate
with reasoning skills, perceptual abilities and primary memory (Kray &
Lindenberger, 2000). Our basic hypothesis was that individual differ-
ences in working memory may mediate the magnitude of the active
learning advantage. Along this line, a recent study suggested that the
relationship between children’s developmental stage and their internal
memory strategy knowledge may be partially mediated by working
memory skills (Geurten, Catale, & Meulemans, 2016).

4.1. Participants

Because Experiment 3 required children to be able to read the
presented French names, participants were slightly older than those
recruited in the previous experiments. Participants were 72 6- to 11-
year-old children (39 female, M,z = 10535 months; SD = 15.61
months; range: 78 to 135 months) tested at the Museum of Natural
History and at the FEZ Alice museum for children, in Berlin, Germany.
Three additional participants were excluded due to incomplete test
sessions, ten because they were studying French at school or already
knew some French words, one due to an ASD diagnosis that was not
disclosed before the experiment started. As in the other experiments,
written informed consent was obtained from participants’ parents and
the local ethical review board at the Max Planck Institute for Human
Development in Berlin approved the study protocol for the project
”Active Learning and Memory.” Children received a small present as
compensation for their participation.

4.2. Materials and procedure

The materials used in Experiment 3 were identical to those used in
Experiment 1 and 2. However, instead of being tasked with re-
membering as many of the presented objects as possible, children had
to learn their French names. In both the familiarization and the study
phase, the objects were arranged in a 2 X 2 (familiarization) or in a
4 X 4 (study) matrix, as in the previous experiments, but they did not
disappear under occluders (see Fig. 3, top left). When children touched
each object’s button, the object’s French label appeared, preceded by
the appearance of a blue frame for 500 ms (see Fig. 3, top right).
Children were instructed that, before seeing the label of another object,
they had to touch the label currently displayed a second time so it
would be covered by the corresponding object. There was no initial pre-
exposure of the object labels.

The test phase consisted of a cued recall test for all 64 objects from
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Fig. 3. Top: The objects were displayed on
the screen, arranged on a 4 X 4 grid. The
participant either selected a location to
study (Active condition), causing a blue
frame to appear, followed by the object’s
French label, or touched the location where
the object label appeared (Yoked condition),
anticipated by a blue frame. Bottom: During
each recognition test block, participants se-
lected among four possible alternatives the
label matching the object presented.

Learning : Which one is the French name of this object?

X

bouton  cheval  mouche tortue
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the study phase, presented in random order. On each test trial, an object
was presented together with four French labels, approximately matched
for word length (see Fig. 3, bottom), among which children had to se-
lect the correct one. All the presented words (both targets and dis-
tractors) were part of the learning set.

Because children were initially tested in museums, we attempted at
retesting children online: A week after the museum testing session, their
parents were sent a personalized link via email and children were asked
to complete the retest phase by selecting, among four possible candi-
dates, the correct french label for the 64 objects studied in the first
testing session. Instructions were provided in the text of the email to
remind parents and children of the procedure. Despite the several re-
minders sent to parents, less than 50% of the participants completed the
online retest session. Of those who did, the retest was completed be-
tween 7 and 18 days after the first testing session (M = 13.8 days; SD =
7.2 days), an extremely wide range. We therefore excluded the retest
data from the analyses.

At the end of the first test session, children were administered the
Animal Sorting task (Kray & Lindenberger, 2000) as a measure of
working memory capacity. Participants were first asked to sort nine
cards, each representing a different animal (e.g., flea, ant, snail, mouse,
hamster, cat, horse, elephant, whale), according to their realistic body
size (smallest to biggest). The experimenter then read aloud to the child
a list of animals (increasing across trials from three to eight animals;
e.g., "mouse, horse, flea”), and the child was asked to repeat the ani-
mals listed by sorting them in order of their body size (e.g., “flea,
mouse, horse”). The experimenter interrupted the task after two con-
secutive unsuccessful trials.

4.3. Results

4.3.1. Working memory
The Animal Sorting task was scored by counting the number of
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correct trials before the task was interrupted (i.e., before two con-
secutive wrong trials). The mean WM score was 6.61 (SD = 2.1). WM
was positively correlated with age, n = 69, r = .31, p = .008.

4.3.2. Cued recall

Fig. 4A shows cued recall accuracy in the active and yoked condi-
tions as a function of age. Fig. 4B shows the within-subjects difference
between active and yoked performance by participant. Mixed effects
logistic regression was used to model responses (“correct” versus “in-
correct”) for the object labels selected during test blocks. The accuracy
of cued recall responses (correct vs. incorrect) for items that appeared
during study blocks were analyzed using mixed effects logistic regres-
sion. Random effects terms were included for participants and items.
The model included fixed effects for age (continuous), study condition
(active vs. yoked) and testing session (test vs. retest), as well as the
interactions between age, condition, and testing session. The model
included the number of total visits and cumulative study duration (both
square root transformed) as measures of search effort per item, as well
as the interaction of each measure with condition. Lastly, performance
on the working memory test was included as a fixed effect. Non-cate-
gorical predictors were scaled and centered prior to model fitting. The
parameters of the fitted model are shown in Table 6.

Recall accuracy was higher for objects studied in the active condi-
tion than the yoked condition in the first test session (Active:
M = 43, SD = 13; Yoked: M = .39, SD = .13;0R = 1.21 [1.06, 1.37]).
There was an overall positive effect of age on performance
(OR = 1.21 [1.07, 1.37]), but no significant interaction between age and
condition (OR = 1.05[.92, 1.20]). Additionally, we found that perfor-
mance in the working memory task was positively related to recall
accuracy (OR = 1.18[1.07, 1.30]). Additional model comparisons
showed that the fit of the model did not improve when including a
predictor for the interaction between working memory and condition
(x?(1) = 2.71, p = .10) or the interaction between working memory and
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Fig. 4. Cued recall test for the objects studied
in Experiment 3. Individual points represent
test participants, solid line is fitted regression

line, and shaded regions indicate 95% con-
+ fidence intervals calculated through para-
081 o X X metric bootstrapping. A: Recall of labels for
) objects studied in active (red) and yoked
e 0.2 % % X XX X (blue) conditions as a function of age. B:
g X x < Within-subjects difference between active
© X x X and yoked recall as a function of age. Dashed
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Table 6 in Experiment 1 (see Table 4), but the analysis revealed no significant

Estimated effects from logistic regression model of cued recall in Experiment 3.

Experiment 3

(Intercept) -0.35 (0.09)"
Condition [yoked] —0.19 (0.07)*"
Age 0.19 (0.06)""
Working memory 0.16 (0.05)"
Half [second] 0.10 (0.07)
Study duration 0.00 (0.05)
No. visits 0.21 (0.06)"
Condition [yoked] X Age 0.05 (0.07)
Condition [yoked] X Study duration 0.07 (0.08)
Condition [yoked] X No. visits —0.04 (0.08)
Marginal R? 0.04
Conditional R? 0.13

*p < 0.05.
** p < 0.01.
* p < 0.001.

age (¥*(1) = .29, p = .59).

Object-level study behavior impacted recall performance in a si-
milar manner for both study conditions. Object labels were more likely
to be correctly identified when objects were visited more frequently in
both the active (OR = 1.22[1.10, 1.38]) and yoked
(OR = 1.19[1.07, 1.32]) conditions. There was no effect of total study
duration on recall performance in either condition (Active:
OR = 1.00 [.90, 1.11], Yoked: OR = 1.07 [.96, 1.20]).

4.3.3. Study behavior in active study blocks

During active blocks, participants studied an average of 30.7
(SD = 2.9) of the 32 labels presented (96%). The visitation rate in-
creased from the first to the second active block (Table 3). There were
positive main effects of age such that older children visited objects more
frequently and had less systematic search patterns (i.e., with higher
sequence entropy). There were no differences in movement distance
between blocks or as a function of age.

Finally, we modeled the effects of average number of visits, move-
ment distance and sequence entropy on the accuracy of cued recall of
studied objects using the same mixed effects linear regression described
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effects.

5. General discussion

The present experiments investigated whether active control over
study leads to advantages in memory encoding and learning across
childhood. We found that episodic memory (Experiments 1 and 2) and
word learning (Experiment 3) is more accurate for objects/labels stu-
died in an active as compared to a yoked condition, where participants
merely observed the active study pattern of a previous participant. This
comparison carefully controls for content and timing of study materials,
isolating the effects of active control on learning. Notably, the ad-
vantage from active study was not transitory: Despite the expected
performance decline between test and retest, we found that the benefit
of active control persisted in the delayed retest, several days after the
initial study session. This lends crucial evidence that active control
improves long-term retention, a principal educational aim of self-di-
rected learning.

For older children the magnitude of the active study advantage for
recognition accuracy (Exp. 1: 7.5%; Exp 2: 15%) and word learning
(Exp. 3: 4%) was comparable to effects seen in adults (6% to 10%; see
Markant et al., 2014). While these effects may seem modest, a 5-10%
improvement in retention could be practically important when played
out across an entire curriculum.

5.1. Factors driving the emergence of the active learning advantage

Critically, our results show that the advantage from active control
emerges around age six and continues to improve into late childhood.
Identifying those factors mediating the benefits of active control
(Markant et al., 2016) and understanding the mechanisms underlying
the development of the active advantage for episodic memory is an
important goal for future work.

The later emergence of the benefit for active learning may be linked
to the development of cognitive resources, including processes related
to executive functioning and self-regulation (Roebers, 2017). Remark-
able improvements can be observed in children’s cognitive abilities
during the so-called “five-to-seven year shift”, particularly in their
ability to exert control over their attention and behavior (i.e., executive
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functioning). Indeed, the results of Experiment 3 showed that working
memory increased with age and was associated with improved learning
in the word learning task. However, individual differences in WM could
not account for the gap between active and yoked performance.

In addition to general improvements in executive function, it is
crucial to investigate further how the advantage from active learning
depends on children’s developing metacognitive abilities. Indeed, our
results are consistent with other findings documenting a developmental
shift at age 6 years in the ability to control study. For example, Destan,
Hembacher, Ghetti, and Roebers (2014) tasked 5- to 7-year-olds to
learn the meanings of 16 Japanese characters. Children first learned the
meaning of each character during a fixed-length encoding phase and
were asked to provide a judgment of learning for each character, that is,
to answer how sure they were that they will remember the meaning of
that particular character later on, on a scale from 0 (very unsure) to 4
(very sure). Children were then given the opportunity to study the
meaning of the characters again for as long as they liked and had to
complete a recognition test, where they had to pick the correct meaning
for each of the studied characters out of three options. Children were
finally asked to provide a confidence judgment for each response on a
four-point scale. Although all children gave significantly higher con-
fidence judgments for correct answers, suggesting that 5-year-olds have
already developed robust metacognitive monitoring skills, only 6- and
7-year-olds differentially allocated more study time on more uncertain
items (as assessed by their own judgments of learning ratings). Metcalfe
and Finn (2013b) reported a similar distinction between monitoring
and control, such that both third- and fifth-graders could accurately
monitor their uncertainty but only fifth-graders would use their judg-
ments of learning to guide study.

The emergence of an advantage of active control at age six may also
reflect the transition to formal schooling. In a recent longitudinal study,
Brod, Bunge, and Shing (2017) followed 5-year-olds born close to the
official school-entry cutoff date who did or did not enter school that
year. Children who entered school showed bigger improvements in
accuracy on an EF test as compared to those who stayed in kinder-
garten. This behavioral improvement correlated with an increase in
activation of right posterior parietal cortex, involved in sustained at-
tention, suggesting that formal schooling may be shaping brain me-
chanisms underlying cognitive improvements. The entrance age for
school in the US, Italy and Germany is approximately 6 years. To dis-
entangle the extent to which the benefit of active learning is driven by
brain and cognitive maturation versus exposure to formal schooling,
future research might replicate our design in a Western country where
children enter school at age five (e.g., UK, Ireland or Australia) or seven
(e.g., Bulgaria, Croatia or Finland), or implement a design similar to
Brod et al.’s (2017).

The effect of active learning was robust across different types of
tasks and even populations of learners of different nationalities. It
would be interesting to extend our design to other active learning tasks
(e.g., question-asking or spatial exploration tasks) to further probe the
robustness of the active learning advantage, and to investigate whether
such benefits have different onsets across tasks depending on their
developmental requirements. For example, the benefits of active
learning in spatial exploration may already be evident in younger
children, whereas the advantage of active learning in a 20-questions
game might depend on vocabulary or cognitive skills acquired only
later in development (Ruggeri & Lombrozo, 2015; Ruggeri et al., 2016).
In addition, although the cross-cultural robustness observed in our ex-
periments is surprising considering that the American, Italian and
German school systems differ substantially in terms of curricula,
classroom policies and size, time spent at school, grading and testing
methods, it would be important to replicate our design in a non-western
country, to further explore the extent to which active learning and its
advantage over more passive forms of instruction might be culturally
mediated.
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5.2. The value of active control: Adaptive search vs. agency

Our experimental approach allows a more fine-grained analysis of
behavior that connects the way children study with their later memory
accuracy. In our experiments, some aspects of search behavior had
consistent relationships to memory performance. In particular, allo-
cating greater study effort, either in terms of number of visits to an
object or the total duration spent studying an object, led to more ac-
curate recognition (Experiments 1 and 2), spatial recall (Experiment 2),
and cued recall (Experiment 3).

We also found evidence that children change their active study
strategies across blocks, favoring a faster pace and more revisits per
object, and that older children tended to visit objects more frequently
than younger children. This is inverse to the trend observed by
Brandstatt and Voss (2014) with older adults revisiting objects less
often. This suggests that general age-related memory differences might
result partly from different strategies for controlling the study experi-
ence. We did not find evidence that children allocated study time de-
pending on how long they were pre-exposed to the objects to be stu-
died. This lack of strategy change may be due to the fact that we gave
them a relatively long time for studying the objects (i.e., 90 s), such that
there was enough time to visit and revisit all the objects in the array. It
is possible that if children had less study time available (e.g., 30 s), they
would devote more study time on the short pre-exposure objects.

The results from Experiment 2 offer some clues about the relation-
ship between exploration in the active condition and recognition per-
formance. Performance was higher among participants with lower
visitation rates and lower sequence entropy, consistent with more
regular search patterns. However, these results should be interpreted
with caution, given that the same pattern was not observed in
Experiment 1. In addition, older children in Experiment 3 had higher
performance despite a tendency toward higher visitation rates and se-
quence entropy. Further work is necessary to establish how differences
in search behavior relate to performance in these tasks. Importantly,
however, we found that differences in search behavior within acti-
ve-yoked pairs of participants did not predict the advantage of active
control of study. This result speaks to one of the crucial questions left
open from previous studies: The benefit of active control of study is not
explained by a mismatch of expected versus actual study patterns in the
yoked condition. That is, participants did not perform worse in the
yoked condition just because they were tuned to the same study pattern
they had implemented in the active condition.

Thus, while suggestive, differences in search behavior alone cannot
explain the differences between active and yoked study across all three
studies, including its developmental emergence. Indeed, the results
largely support the conclusion that additional study benefited both
conditions, indicating that yoked observers still had better memory for
items that were revisited often or studied longer, in contrast to the
results of Voss, Galvan, et al. (2011) and Voss, Warren, et al. (2011)and
aligned with the results of (Markant et al., 2014).

These findings suggest that the ability to adaptively control study is
subject to developmental changes. Although we did not separately
measure metacognitive monitoring and control of study, this is con-
sistent with the work described above, showing that effective control
emerges later in development than accurate monitoring. However,
there is another possibility unaccounted for in the present study: that
the mere opportunity to exert control improves performance, in-
dependently of any changes in metacognitive processing or search be-
havior. Feelings of agency in other contexts has been shown to enhance
motivation (Bandura, 1993; Cordova & Lepper, 1996; Leotti & Delgado,
2011; Perlmuter & Monty, 1977), episodic memory (Murty, DuBrow, &
Davachi, 2015) and learning (Cordova & Lepper, 1996). Agency beliefs
are also changing during this period of development and begin to
predict cognitive performance between 2nd and 4th grade (Chapman,
Skinner, & Baltes, 1990). Further work is needed to disentangle how
perceived agency and its consequences underlie the advantage from
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active control of study. In this sense, implementing more fine-grained
methodologies to investigate children’s search strategies, such as eye-
tracking or neuroimaging techniques, could offer further insights.
Moreover, future work should examine more thoroughly the role of
motivational aspects on the emergence of the active learning benefit for
memory encoding, and on active learning effectiveness more generally.
Along these lines, recent research suggests that introducing difficulties
(e.g., self-testing) into the learning process can affect learning and
memory in desirable ways (Schmidt and Bjork, 1992; Bjork, 1994).
Active control might be one of those desirable difficulties, leading to
superior long-term retention compared to other, supposedly less ef-
fortful or cognitively stimulating learning activities. At the same time,
the desirability of such difficulty might be mediated by age and in-
dividual differences in general motivation to learn (e.g., curiosity),
cognitive abilities and ability to cope with more stressful situations.

5.3. Conclusions

In this paper we demonstrated that active control of study leads to
robust and long-lasting advantages in memory encoding, and that these
advantages translate into enhanced learning of educationally relevant
materials. One major lesson from these results is that self-directed
learning may benefit older more than younger children, although it is
still an open question the extent to which different factors impact the
later emergence of this advantage (e.g., the necessary cognitive ma-
chinery for coordinating active information acquisition and learning;
transition to formal schooling; motivation). By examining the basic
learning and memory consequences of volitional control across child-
hood, these findings have general implications for informing educa-
tional practice and pave the way for developing more individualized
school interventions.
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