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ABSTRACT

From early in life, young children learn conventional information, including artifact uses
and formal systems like mathematics. Children’s active experience has long been considered
beneficial for learning (Piaget, 1953). However, for some types of learning, children require
instruction from an expert; instruction transmits information efficiently and may provide children
with all the information they need to learn (Kirschner et al., 2006). When children receive
instruction, does active experience improve their learning? Children may engage actively while
they are instructed, or children may actively explore new material before or after instruction.
Active experience can involve several features, including physical engagement with materials as
well as agency, which includes cognitive activities such as decision-making and hypothesis
generation. These aspects of experience could, in turn, have implications for several aspects of
learning, including mastery of taught information, generalization of learned rules or regularities
to new problems, and long-term memory for the taught material.

In this dissertation, I report six preregistered experiments that examine whether and how
active experience supports children’s learning of conventional information in instructed contexts.
In Chapter 2, I present two experiments investigating an early case of instructed learning, asking
whether active engagement during instruction enhances toddlers’ learning about assembling
simple toys. In a series of four experiments in Chapters 3 and 4, I turn my attention to older
children’s, and adults’, learning of a novel two-factor rule in a problem-solving game, asking
whether active exploration before or after instruction improves learning. I find that active
experience does not universally enhance learning. In some cases, however, active experience

improved particular learning outcomes: Guided active experience supported children’s long-term
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memory for taught information (Chapter 2) and active experience following instruction improved

children’s generalization of learned rules to new contexts (Chapters 3 and 4).
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Chapter 1: Introduction

In the field of developmental psychology, active experience has been described as central
for young children’s learning. This seminal idea was formulated by Piaget (1953, 1964) and
Montessori (1918), who described the fundamental contributions of active experience to
children’s conceptual development and learning. Active experience’s effects on learning are
evident across a range of approaches in the current literature, including work that stresses the
importance of hypothesis testing (Gopnik & Wellman, 2012), active explanation (Danovitch &
Mills, 2018), productive failure (DeCaro & Rittle-Johnson, 2012), and curiosity-based learning
(Gruber et al., 2019; Jirout & Klahr, 2012). This idea has also informed classroom curricula for
children, which highlight the benefits of children’s active engagement for learning (Lillard,
2016; Hmelo-Silver et al., 2007; Alfieri et al., 2011).

In contrast, in many situations, children can learn from instruction provided by
knowledgeable adults, without needing to discover the answers themselves. This phenomenon is
seen across studies on infants’ robust ability to learn by observing adult action demonstrations
(Meltzoft, 1988; Bauer, 1996; Fagard & Lockman, 2010) and research documenting the
importance of pedagogical instruction for supporting learning (Csibra & Gergely, 2009). Indeed,
classroom curricula that rely on instruction enhance students’ learning, often more effectively
than students’ unguided exploration of new materials (Kirschner et al., 2006; Stockard et al.,
2018; Mayer, 2004). Much of what children work on learning from a young age is conventional
information, such as learning about objects in children’s environments and formal systems like
mathematics (Keen, 2011; Tomasello, 2001). Conventional information can be challenging or
impossible for children to discover independently; instruction may be necessary for learning

(Mayer, 2004) or would at least make learning more efficient (Kirschner et al., 2006).
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In this dissertation, I ask whether children who receive instruction about conventional
information learn more effectively if they are actively engaged with the material to be learned.
Active experience involves multiple components which may support learning, including
physically engaging with the materials and acting with a sense of agency, which involves higher-
order cognitive processes such as hypotheses testing, decision making, and discovery. Children
can be active while receiving instruction, or children may actively explore the material to be
learned before or after instruction. In turn, learning can be measured in multiple ways including
learning of taught information, generalizing or applying learned information to new contexts, and
storing information in long-term memory.

Physical Activity

The most concrete property of active experience is its physicality. Physical activity
involves motor components (reaching, grasping), perceptual components (touch, visual
processing), and sensorimotor integration (integrating visual and motor cues; Rochat, 1989).
These perceptual and motor systems are coordinated with cognitive systems (Thelen, 2000)
including attention (Boudreau & Bushnell, 2000; Amso & Scerif, 2015), action planning
(McCarty et al., 1999; Barrett et al., 2007), and enacting motor commands (Trewartha et al.
2015). A number of theoretical perspectives on “embodied cognition” have suggested that bodily
engagement influences children’s thinking, learning, and remembering (Wilson, 2002; Adolph &
Joh, 2007; Kontra et al., 2012; Adams, 2010).

Some evidence suggests that physical activity affects children’s learning while children
receive instruction. Four-year-old children who took turns with an experimenter to perform
instructed actions learned and remembered the actions more accurately than actions performed

by either person separately (Sommerville & Hammond, 2007). However, beyond the work of
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Sommerville and Hammond (2007), research has yet to examine the potential effects of physical
activity on learning while children are instructed. Research with infants suggests that physical
activity can support conceptual learning (e.g., addition and subtraction: Lubin et al., 2015;
mental rotation: Mohring & Frick, 2013; rhythm: Phillips-Silver & Trainor, 2005; audiovisual
synchrony: Gerson et al., 2015; goal understanding: Sommerville et al., 2008). More research is
necessary to examine whether instructed, physically-active experience supports children’s
learning of taught information more effectively than comparable non-active experiences.
Agency

When children act on their environments, they often have agency over the actions they
perform: Children are “in the driver’s seat.” Acting with agency, or exploring, involves a number
of cognitive activities that might support learning. These activities include searching for
information in a goal-directed (Saylor & Ganea, 2018) or curiosity-driven way (Gruber et al.,
2019; Jirout & Klahr, 2012) to resolve information gaps (Sobel & Letourneau, 2018; Danovich
& Mills, 2018). Children choose what to learn (Lucca & Wilbourn, 2018; Begus et al., 2014) and
control the learning environment and the flow of information (Gureckis & Markant, 2012).
Children may also encounter failure (DeCaro & Rittle-Johnson, 2012) and make discoveries
(Dean & Kuhn, 2007). Indeed, control over the learning process is a central tenant of guided
play, or child-led activities with learning goals scaffolded by adults (Yu et al., 2018; Zosh et al.,
2018).

Specifically, some of the effects of agency on learning may be due to hypothesis testing
(Gopnik & Wellman, 2012). Children learn about cause and effect by performing actions and
observing other people perform actions. From a Bayesian perspective, children have a hypothesis

space, or set of priors, when they perform actions to generate causal evidence (Gopnik &
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Wellman, 2012). Children have different priors when they act as agents performing actions
versus situations where children watch other people perform actions (Schulz, Kushnir, &
Gopnik, 2007). This can make children’s own actions more effective for learning than receiving
expert instruction (Yang, 2017) because children weigh their own actions more heavily than
someone else’s actions, showing a “self-agency bias” (Kushnir et al., 2009). Indeed, when
children learned about an ambiguous causal system, they were more likely to believe that their
own actions, rather than someone else’s actions, caused the effects (Kushnir et al., 2009);
children rely on their own actions when learning.

Children’s active exploration during instruction has been found to support learning. Four-
to five-year-old children learned and remembered shape concepts more accurately after a guided
play activity compared to free play or direct instruction (Fisher et al., 2013). Adding a guided
play activity to a vocabulary lesson enhanced children’s vocabulary growth (Han et al., 2010).
Similarly, children learned more about how gears worked after their caregivers guided them to
explore a museum exhibit (Callanan et al., 2020). In classroom settings, guided play (Weisberg
et al., 2016), active exploration of materials (e.g., the Montessori method; Lillard, 2016), guided
discovery learning (Alfieri et al., 2011), and scaffolded, self-directed learning (Hmelo-Silver et
al., 2007) have been theorized to improve children’s learning.

However, relatively little research has examined whether children’s active exploration
before or after instruction similarly supports learning. One such study examined whether four-
year-old children learned the causal rules governing a light box when they explored before or
after seeing an experimenter’s demonstration (Sobel & Sommerville, 2010). Children who
explored before the demonstration learned the causal rules more effectively than those who

explored after instruction (Sobel & Sommerville, 2010). Exploring prior to receiving instructions
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allowed children to independently discover the information to be learned; indeed, preschoolers
who discovered causal information learned it effectively (Schulz, Gopnik, & Glymour, 2007).

In addition, exploring after instruction may also support young children’s learning.
Three- to-five-year-old children who explored a novel causal system (a box that could be
activated by certain blocks) after seeing a demonstration applied the causal rules to new blocks
more accurately than those who were instructed without an opportunity to explore (Sim et al.,
2017). Instruction can target children’s behavior towards specific actions (Bonawitz et al., 2011),
reducing the demands of unguided exploration (Sweller et al., 1998). However, more research is
needed in addition to that of Sobel and Sommerville (2010) and Sim and colleagues (2017) to
examine whether active exploration before or after instruction supports young children’s
learning.

Exploring before or after instruction has been found to improve older children’s learning
of academic topics in school settings. Second- to fourth-grade students who explored
mathematics equivalence problems prior to receiving instruction had better conceptual
understanding of mathematics equivalence than students who had been instructed before
exploring (DeCaro & Rittle-Johnson, 2012). Similar results were found when students learned
about variance (Kapur, 2012). Exploration before instruction can allow students to engage in
“productive failure,” where learners compare the errors they made while exploring to subsequent
instruction (Loibl & Rummel, 2013). In addition, while third- and fourth-grade students learned
the control-of-variables strategy to design science experiments from instruction better than
unguided exploration (Klahr & Nigam, 2004), when students had more time to explore, they

learned more effectively from exploration after instruction or exploration alone compared to



instruction alone (Dean & Kuhn, 2007). Additional research is needed to examine whether active
exploration before or after instruction supports learning in young children.
Learning Outcomes

Features of active experience, including physicality and agency, have been linked to
children’s learning. However, there are several ways to define learning; in addition to measuring
children’s learning of taught information, learning can also be measured as children’s ability to
generalize taught information to new contexts and store information in long-term memory. Much
of the research on young children’s active learning has measured how well children learned the
taught information (e.g., Sobel & Sommerville, 2010) without testing whether children could
apply what they had learned to new situations or remember learned information after a delay.

Generalization is considered a hallmark of effective learning; “generative learning”
involves transforming learned information into knowledge that children can apply to new
situations (Fiorella & Mayer, 2016). Rather than merely representing learned information,
generalization includes mental models, schemas (Fiorella & Mayer, 2016), and conceptual or
symbolic information (Bruner, 1966) that can be applied more broadly to new contexts. Active
experience has been theorized to support children’s generalization (Hmelo-Silver et al., 2007;
Alfieri et al., 2011).

In addition, studies rarely test children’s long-term memory for taught information.
Physically-active experience has been found to promote memory: The “motor-induced encoding
effect” proposes that the degree to which learners engage in motor planning and execution
affects the strength of encoded memories (Kinder & Buss, 2021). Indeed, when infants
performed actions, they remembered the actions for months (Bauer et al., 1994). Similarly,

children had better action recall after a 4-month delay for actions they had taken turns
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performing with a partner compared to actions performed separately by each person
(Sommerville & Hammond, 2007). In addition to testing children’s mastery of learned
information, testing children’s generalization and long-term memory can potentially reveal the
strength and lasting impacts of active experience on learning.
Dissertation Overview

In six preregistered studies in this dissertation, I address gaps in the prior literature
regarding the effects of active experience on learning in young children. In Chapter 2 (Studies 1
and 2), I ask whether the physical component of active experience supports children’s learning in
contexts where children receive instruction while they act. My prior research (Brezack et al.,
2021) began to answer this question. In Brezack et al. (2021), I examined how toddlers learned
to assemble novel toys through everyday instruction provided by their caregivers. Caregivers
first taught their toddlers to perform target actions to construct the toys. An experimenter who
was not present during the teaching phase then tested children on their action learning. Detailed
behavioral coding captured children’s active experience (child actions), observational experience
(caregiver actions), and caregiver instructions (speech, including directions and praise). I found
that while toddlers were instructed, those who were given more active experience performing the
actions demonstrated better learning. In contrast, viewing more caregiver action demonstrations
negatively related to children’s learning. Children were therefore central agents of their own
action learning as they received instruction.

However, the instructed experiences in Brezack et al. (2021) were a mix of opportunities
for children to be active and to observe their caregivers’ actions. In Chapter 2 (Studies 1 and 2)
of this dissertation, I follow up on the findings from Brezack et al. (2021) by testing whether

instruction that allowed children to be active in performing target actions supported children’s
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action learning more than instruction in which children observed a teacher perform the actions.
Children’s active experience was physical in nature: Children performed the actions themselves,
providing an embodied experience with the information to be learned. However, children’s
actions were heavily guided by an experimenter; children had little control over the order or
timing of their actions. I therefore tested whether instructed, physically-active experience
supported learning compared to a matched observational experience. In addition, I measured
learning in three ways: children’s mastery of the taught actions, generalization of taught actions
to new toys, and long-term memory for taught information.

In Chapters 3 and 4 (Studies 3, 4, 5, and 6), | ask whether children’s active exploration
before or after instruction affects learning. My colleagues and I began to answer this question in
another recent study (Radovanovic et al., in preparation) in which we examined whether 6-year-
old children who explored before receiving instruction learned more than children who received
instruction without opportunities to explore, or only explored without instruction. In a novel
problem-solving task (the Lock and Keys Task), children were tasked with determining the rule
that governed which keys would unlock a set of locks. After exploration and instruction,
instruction alone, or exploration alone, children were tested on their ability to unlock the locks as
a test of immediate learning and were also tested on their ability to generalize the rule to a novel
set of locks and keys. The results indicated that children learned best when they had been
instructed, regardless of whether or not they had also explored prior to the instructions.
Crucially, children who had explored prior to instruction generalized the rule more effectively
than children who had not explored before instruction. This suggested that active exploration

before instruction supported children’s generalization of the rule.



In Study 3 (Chapter 3) of this dissertation, I examined whether children who participated
in an online version of the problem-solving task would learn the rule under similar conditions as
children in the prior in-person study. As in Radovanovic et al. (in preparation), children either
explored before instruction, received instruction without exploring, or explored without
instruction. Those who actively explored did so separately from the instruction they received,
which allowed children to have agency over their actions. Children were then tested on their
immediate learning and generalization of the unlocking rule. In addition, in Study 4, I tested a
comparison sample of adult participants in the same task. I then compared the results from Study
3 to Radovanovic et al. (in preparation) to test whether the task context (in-person or online)
affected learning.

Several questions remained unanswered from Radovanovic et al. (in preparation) and
Studies 3 and 4, which I addressed in Chapter 4 (Studies 5 and 6). In particular, children in Study
3 explored prior to instruction; instruction followed by exploration might also promote learning.
In addition, to understand whether active experience improved learning compared to a matched
non-active experience, I implemented an observational learning comparison condition. There
were also methodological challenges that informed the design of the experiments in Chapter 4. |
carefully controlled the time during which children were exposed to the material to be learned
across conditions, and I implemented a stringent test phase to assess children’s learning. Study 5
tested these questions in children, and Study 6 tested a comparison sample of adults.

Across the six preregistered experiments presented in this dissertation (Table 1), children
learned new information from physically-active experience during instruction (Chapter 2) and
active exploration before or after instruction (Chapters 3 and 4). The effects of active experience

on learning were compared with observational experience (Chapter 2, Chapter 4). Children’s
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learning was measured as mastery of taught information (Chapters 2, 3, and 4), generalization to
new contexts (Chapters 2, 3, and 4), and long-term memory (Chapter 2). Given the learning
benefits of active experience that includes physical activity and agency, I hypothesized that

children would learn better from opportunities to be active compared to matched observational

experiences.
Type of activity — Physical activity Exploration Matched observational
(physical activity & agency) experience
Timing of activity |
Concurrent with . Chapter 2 o . Chapter 2 o
. . Learning, generalization, Learning, generalization,
instruction
memory memory

Chapter 3, Chapter 4

Before instruction . ..
Learning, generalization

. . Chapter 4 Chapter 4
After instruction . o . o
Learning, generalization Learning, generalization
Alone Chapter 3, Chapter 4
(no instruction) Learning, generalization

Table 1: Dissertation Chapters. Types of active experience (top), timing of active experience
relative to instruction (left), and comparison observational experience (right column) tested in
each chapter of this dissertation with learning outcomes italicized (cells).

This dissertation begins to tackle some of the questions at the heart of understanding
active experience’s effects on learning. In particular, I experimentally address different types of
active experience in different instructional contexts with multiple learning outcomes. The results
of this dissertation shed light on the types of active engagement that matter for learning, while
leaving open avenues for future research to continue examining how and why active experience

may support children’s learning in instructed contexts.
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Chapter 2: Toddlers’ Action Learning and Memory from Active and Observed Instruction

Children face the challenging task of learning the conventional actions of their culture.
Objects designed by people (artifacts) have associated conventional actions meant to be
performed on them (Legare, 2019; Tomasello, 1999). For example, keys are inserted into locks
and twisted to unlock doors, Velcro straps are pressed together keep children’s shoes on their
feet, and Mr. Potato Head’s arms are inserted into holes on his body to assemble him. Learning
to perform conventional actions appropriately is an important skill for development that is
unique to humans (Tomasello, 2001) and begins early in life (Keen, 2011). Children cannot learn
conventional actions without receiving some form of input from experts; without support,
children would not know which actions were culturally acceptable to perform with keys, Velcro
straps, or Mr. Potato Head’s arms. Children observe adults perform actions (Bandura, 1977;
Rogoft, 1990) or receive direct instruction (Vygotsky, 1980; Wood et al., 1976) to learn
conventional actions. Yet, children’s active experience has been theorized as central for learning
(Piaget, 1964). In the current studies, we evaluated whether, and how, active engagement may
support children’s learning about conventional actions from instruction.

Adults can support children’s conventional action learning by providing demonstrations
of appropriate actions. Children are facile imitators of adult action demonstrations from infancy
(Meltzoft, 1988). Nine-month-old infants imitate simple actions on objects (Meltzoff, 1988), and
twelve-month-old infants imitate two-step actions (Bauer, 1996). When learning conventional
actions, children cannot discover target actions without guidance; in these cases, viewing action
demonstrations supports learning better than independent, unguided child activity (Meltzoff,
1985; Fagard & Lockman, 2010). Indeed, sixteen-month-olds learned to use a new tool more

effectively by observing someone else than engaging in active training (Somogyi et al., 2015).
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Adult demonstrations can be pedagogical, where teachers intentionally teach children; pedagogy
been theorized as central for learning (Csibra & Gergely, 2009). However, children learn through
observing non-pedagogical demonstrations as well (Shneidman & Woodward, 2015; Gaskins &
Paradise, 2010). Whether models are provided intentionally or incidentally, children could learn
all the necessary information through observation alone. Is there an added learning benefit for
children to act during instruction?

Active experience has been proposed to be critical for young children’s learning (Piaget,
1964), and wide-ranging research has lent support to this idea. Active experience benefits
learning in contexts that involve instruction about abstract causal systems and mathematical
concepts: Actively engaging with new material prior to instruction supported 4-year-olds’
learning of causal systems (Sobel & Sommerville, 2010), second-fourth-graders’ math learning
(DeCaro & Rittle-Johnson, 2012), and fourth-graders’ science learning (Dean & Kuhn, 2007).
Similarly, caregivers who guided their children to actively explore a museum exhibit about gears
had children who learned more about the causal structure of gears (Callanan et al., 2020).
Consistent with these findings, curricula for preschoolers (Lillard, 2016) and elementary school
children (Hmelo-Silver et al., 2007) often feature child activity in a guided context.

Does active engagement benefit toddler’s learning of conventional actions? On the one
hand, infants’ and toddlers’ robust ability to imitate others’ actions, even after a considerable
delay (Bauer, 1996), indicates that active engagement may not be needed in this context. On the
other hand, the findings from older children’s causal and academic learning suggest that even
when instruction provides all the needed information, active engagement may boost learning.
Moreover, active engagement has been linked to cognitive development in uninstructed contexts

from early in infancy. Active experience with objects benefits infants’ object exploration
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(Needham et al., 2002), understanding of others’ actions (Gerson & Woodward,

2014; Sommerville et al., 2008; Sommerville et al., 2005), and knowledge of object properties
(Soska et al., 2010). Theories of embodied cognition propose that when children are actively
engaged with objects, their perceptual, motor, and cognitive systems are integrated: Children’s
actions on the environment support their cognition, and cognition supports future actions
(Wilson, 2002).

A recent study tested how toddlers’ active and observational experience supported
conventional action learning during everyday teaching interactions with caregivers (Brezack et
al., 2021). The conventional actions to be learned were novel assembly actions on toys, for
example, fitting pieces together to create an object. Having been told how the pieces should go
together, caregivers taught their two-year-old children to perform the target assembly actions in
whatever way caregivers wanted to. Then, toddlers were tested on their ability to perform the
target actions by an experimenter who was unaware of which of several toy sets children had
been taught. Results indicated that caregiver instructions benefitted learning; children did not
spontaneously discover the target actions without instruction. Even so, toddlers who performed
more actions during caregiver instruction demonstrated better action learning at test. In contrast,
when caregivers demonstrated more actions for their children, children did less well in the test
phase. Thus, children’s tendency to actively engage rather than simply view caregivers’
demonstrations was a positive predictor of learning.

These findings suggest that active experience may be key to toddlers’ learning about
conventional actions. However, the prior correlational study leaves open the possibility that the
relation between toddlers’ active engagement and their learning was due to another factor, rather

than reflecting the direct effect of active engagement on learning. It is possible that individual

13



differences in toddlers’ cognitive maturity drove both their engagement during instruction and
their ability to learn and remember the action sequences. Brezack et al. (2021) attempted to rule
out this explanation by controlling for children’s skills with objects, measured by their
propensity to assemble multi-piece toys for which no instruction had been provided. Children
who were better at spontaneously constructing toys learned more from their caregivers; even so,
controlling for children’s skills, those who were more active during instruction demonstrated
better learning. Still, an independent measure of children’s cognitive maturity would better
elucidate the roles of children’s developmental level and active experience in learning.

In the current study, we tested whether active experience per se supported action
learning, or whether children’s developmental level was more relevant. We used an experimental
teaching manipulation that controlled whether children were able to be active during instruction
to test whether active experience benefitted learning. In a within-subjects design, children were
introduced to target actions for which instruction was either active or observational. In the active
condition, children were coached to perform the target actions themselves; the teacher guided
children to perform the correct actions, but children learned via actively engaging in the actions
rather than by observing the adult’s actions. In the observational context, children saw the
teacher produce the actions, but they did not engage in the actions themselves. Both types of
instruction therefore allowed children access to the target actions to be learned but differed by
whether children performed or observed the actions. Following instruction, children’s learning
was assessed by an assistant who was unaware of the training configuration to which children
had been assigned. Children were also tested on their ability to generalize taught actions to novel
toys. In a follow-up study, we evaluated whether the instruction conditions led to differences in

children's long-term memory for the taught material.
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We used an independent measure of children’s developmental level to test whether
children with greater cognitive maturity learned more effectively from the instructions. We
assessed variation in children’s readiness to learn via the Bayley Scales of Infant and Toddler
Development, Cognition subscale (Bayley, 2006), which measured children’s cognitive and
motor performance on items similar to those learned from active and observational instructions
(e.g., assembling puzzles). The methods and analyses were preregistered (Study 1:

https://ost.io/y35dp/?view_only=e7261a7¢1460448ba8b1309falbf855a; Study 2:

https://ost.i0/k2sx9/?view_only=b6dac5e6e0374712b5fc7af48t8cb992). Videos and coding

manuals can be found in the Databrary video repository (http://doi.org/10.17910/b7.1328).

Study 1
Methods

Participants. 46 full-term toddlers exposed primarily to English participated (average
age = 23.4 months, range = 22.2 — 26.0 months; 21 male). Approximately half of the sample was
White (European or White American: 20, African American: 11, Asian: 2, Hispanic: 1, multiple
races: 12). The sample had generally high levels of maternal education (post-graduate degree:
22, bachelor’s degree: 12, some college: 8, associate’s degree: 2, did not report: 2). Six
additional children were excluded following preregistered criteria (hearing more than 25% of
another language at home: 3, prematurity: 1, refusal to perform actions during Active instruction:
2). The preregistered sample size was 48, but two children were excluded after data collection
was complete because they did not watch Observed instruction long enough (as preregistered)
for a final sample of 46.

Procedure. Children participated in a laboratory of a research university in a large

Midwestern city with a primary caregiver between May and October of 2019. Children were
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recruited from a database of families who had agreed to participate in research. The study had
three phases that were administered in a fixed order: Teaching, Test, and Cognition (Figure 1).
An additional phase in which caregivers taught their toddlers to assemble a toy occurred prior to
Teaching, but was not relevant to the research questions tested here. Children participated
individually in a quiet testing room with an experimenter and one of two trained assistants.
Caregivers sat behind toddlers, were instructed not to interfere. Caregivers also completed a
measure of children’s productive vocabulary (MacArthur Bates Communicative Development
Inventory, Level II; MCDI; Fenson et al., 2000). The session lasted approximately one hour.
Video was recorded simultaneously from four webcams and audio was recorded from one
webcam. Families were given $20 and children were given a t-shirt or book and a certificate for
participating.

Study 1 Study 2

Teaching Test Cognition Memory

Active Taught

One year
later

Generalization

bd %9

Figure 1: Study 1 and Study 2 Design. Toddlers were taught by the experimenter (Teaching):
After a Warm-Up, children were taught actions on two toys in different instruction styles: Active
and Observed (here: Active — Snowman, Observed — Cat). Children were then tested on their
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Figure 1: Study 1 and Study 2 Design (continued): learning of the toys taught in Teaching (here:
Active Taught — Snowman, Active Generalization — Scarecrow, Observed Taught — Cat,
Observed Generalization — Snowman). Toddlers then completed the Cognition Subscale of the
Bayley Scales of Infant and Toddler Development (Cognition; Bayley, 2006; e.g., shape puzzle,
peg board, ball puzzle). Study 2: Children participated in a memory task where they saw each
target toy from Study 1 with a matched foil (here: Active Taught — Snowman, foil — Clown;
Active Generalization — Scarecrow, foil — Cowboy; Observed Taught — Cat, foil — Fox; Observed
Generalization — Dog, foil — Panda).

Materials. Four novel toys were designed for the study, modeled after toys in Brezack et
al. (2021), each with associated target actions to be learned (Figure 2). Each toy had a base and
six pieces. Target actions (Action Types, 6 per toy) consisted of placing pieces onto the base to
assemble a final end state. For example, the Action Types for the Cat toy were ear 1, ear 2, eye 1,
eye 2, nose, and mouth. During Teaching, the experimenter taught children to perform target
actions to assemble one animal face toy (Cat or Dog) and one stacking figure toy (Snowman or
Scarecrow). Children were taught one pair of toys, either the Cat and Snowman (Pair 1) or the
Dog and Scarecrow (Pair 2). One toy in the pair was taught in an active context, and the other
was taught in an observational context (within-subjects).

Children were tested on all four toys at Test: the two toys taught by the experimenter
(Taught Toys; e.g., Pair 1: Cat and Snowman) and two toys matched to Taught Toys that were
not taught (Generalization Toys; e.g., Pair 2: Dog and Scarecrow). Actions were designed to
transfer between the two animal face toys (Cat and Dog) and between the two stacking figure
toys (Snowman and Scarecrow) such that at Test, action performance on the untaught toys
reflected children’s ability to generalize taught actions to parallel toys. For example, the Cat and
Dog had ears designed to be inserted into slots on the base, but the ears differed in color and
shape between toys. A set of four colorful foam blocks was used in the Warm-Up phase that

began Experimenter Teaching.
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Teaching. Teaching consisted of three parts: Warm-Up, Active, and Observed. The order
of Active and Observed instructions were counterbalanced across children. The Warm-Up
familiarized toddlers with the procedure later used during Active and Observed instructions:
Sometimes, the child performed actions (Active), and sometimes the experimenter performed
actions (Observed). During the Warm-Up, children built a block tower, then the experimenter
built the tower. This procedure was repeated (four sequences total: child, experimenter, child,
experimenter) to provide toddlers familiarity with performing actions on their turn and observing
actions on the experimenter’s turn.

During Active instruction, children were coached by the experimenter to perform a series
of target actions to assemble a toy. Prior to performing each action, the experimenter provided
instructions about how to perform the action with language and pointing. She then handed
toddlers the associated piece so they could perform the action (e.g., Cat: “First you do the ear.
The ear goes right here [point]. Can you do that?”’ [hand piece to child]). The experimenter
assisted children in performing the correct actions if necessary by repeating instructions or
pointing gestures, finishing children’s actions, adjusting placements, hovering pieces over their
correct locations, or briefly demonstrating actions. This process was repeated for each action in
the sequence in the same fixed order (e.g., Cat: ear 1, ear 2, eye 1, eye 2, nose, mouth).

During Observed instruction, toddlers learned the target actions on a different toy by
watching the experimenter perform the actions. As in the Active sessions, the experimenter
provided instructions for each action with language and pointing. However, the experimenter
then performed each action in the sequence (e.g., Cat: “First I’ll do the ear. The ear goes right
here [point]. I’ll do that.” [place piece in correct location]). The procedure was matched between

Active and Observed sessions; the only difference was the person performing the actions:
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Children performed target actions during Active sessions and the experimenter performed
actions during Observed sessions. Instruction order (Active or Observed first), taught toy pair
(Pair 1: Cat and Snowman, Pair 2: Dog and Scarecrow), and active toy (Cat or Dog active,
Snowman or Scarecrow active) were counterbalanced across children.

Test. Following Teaching, one of two trained assistants who was not present for
Teaching tested children on their target action performance. Toddlers were tested on the
caregiver-taught toy first (which was not relevant to the research questions presented here), then
the two Generalization Toys, and finally the two Taught Toys. Children’s action performance on
the toys they were taught during Teaching reflected their learning from instruction. Performance
on the matched, untaught Generalization toys reflected children’s action transfer skills. Children
were tested on each toy individually for up to two minutes or until children refused to continue
performing actions. The assistant remained neutral during Test and assisted only when necessary
to help children complete actions.

Cognitive Maturity. To test children’s cognitive maturity, the experimenter
administered the Bayley Scales of Infant and Toddler Development, Cognition Scale (Bayley,
2006) following standardized testing procedures. This subscale requires similar skills as those

needed to perform target actions in the study (e.g., simple puzzles, peg board).
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Figure 2: Study 1 Materials. Four toys with 6 novel target assembly actions (Action Types) used
in Teaching are shown. Two animal faces (Cat and Dog) and two stacking figures (Snowman and
Scarecrow). The experimenter taught one pair (Pair 1: Cat and Snowman or Pair 2: Dog and
Scarecrow). Each taught toy had a matched toy parallel in structure but with pieces that differed
in color, shape, and texture (Generalization: Cat - Dog, Snowman - Scarecrow). Toddlers were
tested on all toys at Test: two Taught Toys (from Active and Observed instruction) and two
matched, untaught Generalization Toys. Bases, Pieces, and Action Types (within each cell):
Each toy had a base (top left) onto which six pieces were placed (bottom). Six Action Types (top
right) were taught in a fixed order. Children were presented with the base and pieces in an
organized array during Teaching (bottom left) and in a shuffled array during Test (bottom right).
Coding

Coding was performed to answer two research questions. (1) Did Active or Observed
instruction differentially support action learning or generalization? To assess action learning
differences, Test sessions were coded for children’s ability to perform taught actions, generating
Test Scores for each toy. (2) Did individual differences in children’s cognitive maturity relate to
learning? Specifically, we examined children’s cognitive maturity as measured by the Bayley.

In addition, control measures were included to test whether session- or child-level
individual differences related to learning. Session Factors included the amount of time children
spent in each teaching session (Active and Observed). Child Factors included children’s age and

MCDI score. We also coded children’s engagement during Active and Observed instruction to

ensure that children performed actions accurately in Active instruction and were visually
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attentive to Observed instruction. In addition, we coded the assistance that the experimenter
provided to children during Active instruction. See Table 2 for all measures. Coders were trained
with manuals and practiced prior to performing final coding (Mangold Interact; Mangold, 2017).
One coder coded Caregiver Teaching and Test sessions and was blind to the toys taught in
Teaching. A second coder coded Teaching and was blind to children’s performance at Test.

Action Learning: Test. Children’s target action performance was coded during Test to
examine whether toddlers learned and generalized differently from Active and Observed
instructions. Children’s action attempts on each toy were coded by Action Type (e.g., Cat: eye 1,
eye 2, ear 1, ear 2, nose, mouth) and assigned a numerical score reflecting accuracy (maximum
score per action: 1). Because children often attempted actions more than once, children’s highest
scoring action attempt per Action Type was used to calculate Test Scores. For example, if a child
placed a Cat ear in the upper right corner of the base, that attempt would receive one full point.
However, if the child then placed the ear near the bottom of the base, the attempt would receive a
lower score (.2). The highest scoring attempt of each Action Type (e.g., the score of 1 rather than
.2 for the Cat ear) was averaged to generate a Test Score for each toy (maximum score: 1).
Children’s Active Taught Test Score and Observed Taught Test Score reflected learning from
Experimenter Teaching. Children’s scores on the generalization toys reflected their ability to
transfer actions learned in experimenter instruction to matched toys: Active Generalization Test
Score and Observed Generalization Test Score.

Cognitive Maturity: Bayley. Children’s cognitive maturity was measuring by scoring
children’s performance on the Cognition subscale of the Bayley. Children’s performance on the
Bayley Cognition Scale was scored following standardized scoring guidelines to generate an age-

normed Bayley score for each child.
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Engagement During Teaching. We coded children’s visual attention to ensure children
watched the Observed sessions for at least 80% of the demonstration. To measure visual
attention, we first coded the total time Active and Observed instructions lasted. Active Time and
Observed Time (included as Session Factors) were coded from the onset of experimenter speech
about the toy until the toy was taken away. Then, durations of time toddlers were looking away
from the demonstration (experimenter and toy) were coded. Observed Attention was calculated
as the proportion of time children were watching the instruction out of 1 (Observed Attention =
(Observed Time - look away time)/Observed Time).

Children’s actions were coded analogously to their actions during Test, but actions
performed during Active instruction reflected children’s practice with taught information, while
Test performance reflected learning. Analogous to Test Scores, each action was coded by Action
Type and accuracy with a maximum of one point per action. The highest scoring attempt of each
Action Type was averaged to yield a measure of Child Best Performance Score out of 1.
Actions were coded to ensure children reached at least .8, as preregistered. Each instance of
experimenter assistance necessary for children to perform taught actions was coded, including
repeating instructions or pointing gestures, assistance finishing children’s actions, adjusting
placements during or after children performed an action, hovering pieces over their correct
locations, or briefly demonstrating actions. The total number of times the experimenter assisted
children was counted per child for a measure of Experimenter Assistance.

Session and Child Factors. In addition to Active Time and Observed Time, Child
Factors were calculated to control for child-level individual differences that might relate to
learning, including children’s Age in months and the number of words caregivers reported

children said on the MCDI (a measure of productive vocabulary).
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Reliability Coding. Videos of 10 children (21.7%) were coded by a second coder. Each

measure was calculated for each child separately per coder and compared between coders to

calculate reliability (e.g., Taught Test Scores on each toy for each child were compared). Across

all measures, reliability was high: Test Scores: average ICC = 0.90, all p’s <.001, Teaching:

average ICC = 0.87, all p’s <.013, Session Factors: average ICC = 0.99, all p’s <.001.

Reliability could not be calculated for Child Best Performance Score because children were

coded as perfectly accurate by one coder; coding was 90% identical between coders.

Study Measure Description of Measure Mean (SD); range
Phase
. Visual attention (proportional): (Observed Time - .
Observed Attention look away time)/Observed Time .99 (.02); .90-1
Child Best . . . 37 of 46 children
Accuracy in attempting target actions
Teaching ~ Performance Score scored 1
Number of instances of experimenter assistance
Experimenter during Active sessions: repeating instructions or
. I o ; o 10.1 (5.5); 2-27
Assistance pointing, finishing an action, adjusting a placement,
briefly demonstrating an action
Active Taught Test ~ Active learning: Accuracy in target action
. . . .52 (.26); 0-1
Score performance on toy taught in Active session
Observed Taught Observational learning: Accuracy in target action 57(.27): 0-1
Test Score performance on toy taught in Observed session TS
Test Active Active generalization: Accuracy in target action
Generalization Test performance on toy matched to toy taught in Active .55 (.25); 0-.97
Score session
Observed Observational generalization: Accuracy in target
Generalization Test action performance on toy matched to toy taught in .55 (.28); .05-1
Score Observed session
Cognition  Bayley Cogmgve maturity; age-normed score on the Bayley 61.5 (5.9): 48-74
Cognition subscale
. Active Time Amount of time Active instruction lasted (seconds) 93.7 (17.0); 66.1-
Session 156.9
Factors Observed Time Amount of time Observed instruction lasted (seconds) ;2; (6.1); 61.3-
Child MCDI Productive vocabulary 40 (17.9); 5-77
Factors Age Child’s age at date of test (months) 234 (1.1);22.2-

26.0

Table 2: Study 1 Measures. Measures and descriptions of measures from Study 1 coded during
Teaching, Test, and Cognition. Additional measures included as Session and Child Factors.
Descriptive statistics are provided (mean, standard deviation, and range).
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Analysis

Inclusion Criteria. As preregistered, children included in analyses performed actions
with at least .8 accuracy during Active instruction (Child Best Performance Score) and visually
attended for at least 80% of the Observed Time (Observed Attention). All children were included
based on Child Best Performance Score. Data from two children were excluded for insufficient
Observed Attention (.58; .75), leaving 46 children for analysis. Three toddlers did not complete
the Bayley and were not included in analyses of the Bayley.

Analysis Strategy. The analyses were run to test whether active experience during
instruction or cognitive maturity related to children’s action learning from Active and Observed
instruction. The analyses were run as linear mixed-effects models with subjects as random
effects and the outcome as Test Score on the four experimenter-taught items (Active Taught Test
Score, Active Generalization Test Score, Observed Taught Test Score, Observed Generalization
Test Score) using the Ime4 package in R (Bates et al., 2015). Across measures, values more than
three standard deviations from the mean were excluded.

Results

Action Learning. Prior to testing whether learning differed by Active and Observed
instruction, we checked for effects of the items within each type of toy (animal faces and
stacking figures; scores did not differ: all p’s > 0.109). We next tested whether Session Factors
(Active Time: average = 95.7 seconds; Observed Time: average = 74.3 seconds; instruction
order: Active or Observed first; taught toy pair: Cat and Snowman or Dog and Scarecrow; and
active toy: Cat or Dog active, Snowman or Scarecrow active) or Child Factors (Age and MCDI:

average = 40) were related to Test Scores, combining two preregistered models. As
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preregistered, we included children’s cognitive maturity (Bayley score; average = 61.5) in this
model.

Bayley score was significantly related to Test Score (B = 0.02, SE =.01, p =.045); no
other Session or Child factors were related to learning (all p’s > .18; Experimenter Assistance
was also not significantly related to Active Taught Test Scores, p > .67). Individual differences
in children’s cognitive maturity related to learning: More advanced children performed better at
Test. Our main preregistered analysis examined whether children learned differently from Active
or Observed instruction, beyond variations in children’s cognitive maturity. A model was run
with Test Scores as the outcome, predicted by Instruction experience (Active and Observed),
Test Type (Taught and Generalization), and the interaction between Instruction experience and
Test Type, controlling for Bayley. Surprisingly, the main effects and interaction did not reach
significance (all ’s < 0.06, all p’s > .156; Figure 3A); children learned similarly from Active
and Observed instruction, and on Taught and Generalization items. Only Bayley scores
significantly related to learning ( = 0.02, SE =.01, p <.001).

We exploratorily tested whether learning from Active and Observed instruction differed
by performance on the Bayley. A model with Test Score predicted by Instruction experience
(Active and Observed), Bayley score, and their interaction revealed a marginal interaction
between Instruction experience and Bayley (f = 0.01, SE =.01, p = 0.083; Figure 3B) such that
toddlers with higher Bayley scores learned marginally more from Observed than Active
instruction. In sum, children’s cognitive maturity, not the opportunity to act during instruction,

supported children’s immediate action learning and generalization.

25



1.00

o
S
°

0o0
° oo
°
o0
o
o
°
e o
o @ ©
ow o )
o
°Fy Instruction
B Active
- Observed

Taught Generalization

A Test Type

o
3
o

Test Score
o
3

0.25

0.75

« Instruction

-~ Active
= Observed

Test Score
o
[é)]
o

0.25

0.00

50 55 60 65 70 75

B Bayley

Figure 3: Study 1 Test Scores from Active and Observed Instruction. (A) Bar graph showing
average Test Scores from Active and Observed instruction by Taught and Generalization test
types. Error bars: +/- 1 SE. (B) Scatterplot showing relation between Bayley scores and Test
Scores separated by Active and Observed instruction. Shaded areas represent 95% confidence

intervals.

Discussion

We tested whether active experience per se supported children’s action learning, or
children’s cognitive maturity was more relevant. Brezack et al. (2021) found that beyond
children’s skill levels, their propensity to actively engage with caregivers benefitted action
learning. Here, we used an independent measure of children’s cognitive maturity (the Bayley),
and found that developmental level, not active experience, supported learning. Children with

greater cognitive maturity demonstrated better learning regardless of instruction condition.
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While children learn effectively through viewing action demonstrations (Bauer, 1996),
active experience has been argued to be central for learning (Piaget, 1964) because it integrates
perceptual, motor, and cognitive systems (“embodied cognition”; Wilson, 2002). The neural
motor system (Marshall & Meltzoft, 2014) is also recruited to a greater extent for actively-
learned than observationally-learned information (James & Swain, 2011). Surprisingly, children
learned and generalized actions similarly from instruction that did and did not offer opportunities
to act. Children may have learned similarly from both contexts because they were efficient (e.g.,
Kirschner et al., 2006), targeted only the material to be learned, and were free from distractions.
It is possible that when information is presented in supportive contexts during short, information-
rich teaching sessions, instruction may support immediate learning regardless of the presence of
child activity. Both types of instruction also provided all the relevant information for learning,
potentially rendering active experience unnecessary.

While active experience did not improve immediate action learning or generalization, it is
possible that acting during instruction could affect children’s ability to retain taught information
over a longer period of time. Here, children were tested immediately after instruction. Testing
children’s memory after a delay could reveal underlying benefits of active experience. As with
immediate learning, children’s cognitive maturity could again support memory regardless of the
way information was originally taught. Alternatively, instruction that included opportunities for
children to be active could support children’s long-term memory. We therefore measured
children’s memory for information taught in Active and Observed contexts one year after

instruction to test whether active engagement benefitted children’s long-term memory.
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Study 2

Toddlers have the capacity for robust long-term memories: Young children remember
people for years (Lie & Newcombe, 1999). In particular, children have strong memory capacities
for actions. Infants as young as 6 months old remembered actions they were taught in a lab
setting (Barr et al., 1996). Young children’s action memory has been shown to persist for months
(Bauer et al., 1994) and up to a year after being taught new actions (McDonough & Mandler,
1994). Active experience may be particularly important for children’s long-term memory:
Eighteen-month-olds who practiced an action after seeing a demonstration remembered the
action after a six-week delay better than children who only observed the demonstration (Hayne et
al., 2003).

Active experience when learning similarly benefits adults’ memory. Adults had better
memory for actions they produced compared with actions they observed (Cohen, 1989; Nilsson,
2000). Adults also demonstrated better memory for object locations after performing self-
propelled reaching actions compared to robot-propelled reaches (Trewartha et al., 2014). This
suggests that initiating motor commands when acting may underlie active engagement’s memory
benefits. Physical activity also involves encoding sensorimotor associations, which can create
richer memories that are more likely to be recalled (Markant et al., 2016). We tested whether
children’s long-term memory was similarly enhanced by active compared to observational
instruction one year after children were instructed.

Methods

Participants. All 46 children were contacted to participate in the memory follow-up task,

and caregivers of 32 children agreed for their children to participate. Of those 32 children, 6

demonstrated a side bias and were excluded from analyses as preregistered. The final sample
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consisted of 26 children (12 male, Study 1 average age = 23.3 months, range = 22.2-25.3
months; Study 2 average age = 36.7 months, range = 33.8-40.6 months; time difference average
= 13.4 months, range = 10.4-17.0 months). Children’s ethnicity and maternal education were
similar to that of Study 1 (European or White American: 11, African American: 3, Asian
American: 2, Hispanic: 1, multiple races: 9; post-graduate degree: 18, bachelor’s degree: 5, some
college: 2, associate’s degree: 1).

Procedure. Children were tested on their memory for toys they had learned to assemble
one year after instruction. After providing informed consent, caregivers and children attended a
recorded Zoom session with a trained assistant. Data was collected between July and October of
2020. The study took approximately 10 minutes and families received a $5 gift card.

Materials. Computer-drawn versions of each experimenter-taught toy (target toys: Cat,
Dog, Snowman, Scarecrow) were created. A foil image was drawn to match each target toy; foils
were designed to be equally salient with structures similar to those of the target toys (Cat — Fox,
Dog — Panda, Snowman — Clown, Scarecrow — Cowboy; Figure 1). Each target toy and its
corresponding foil image were presented side-by-side in the same fixed order for all children,
target toy side counterbalanced. In addition, the Warm-Up toy and caregiver-taught toy were
drawn with foil images and were used to familiarize children with the procedure. Two practice
trials (orange circle and blue circle, yellow star and green heart) were used to prepare children
for the task. To remind children about their original lab visit, three images from children’s
sessions (caregiver and child, experimenter and child, assistant and child) were taken from the
video recordings.

Memory Task. Caregivers set up their computer screens so children could see only the

images that the assistant shared via screen sharing on Zoom. Caregivers hid the view of their
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own video to minimize distraction and were told not to intervene. The assistant administered two
practice trials (orange circle and blue circle: “Can you point to the blue circle?”; yellow star and
green heart: “What shape is this?”’) to encourage children to respond to questions either by
naming the item or by pointing. Then, the assistant showed children the pictures from their
original lab visit to remind them about the previous session (“A long time ago, you played with
toys with your mom and some friends! Here you are playing with your mom!”). Children then
saw the Warm-Up trial and the caregiver-taught toy trial as additional practice (e.g., “Did you
make a Tower or did you make a Castle?”).

Next, children saw the four Test Trials: Fox and Cat, Scarecrow and Cowboy, Dog and
Panda, and Clown and Snowman. On each trial, children were asked which toy they remembered
playing with (e.g., “Did you make a Fox or did you make a Cat?”’). When each toy was named, it
expanded slightly on the screen for emphasis, then returned to its original size. Children
responded by pointing to or labeling one of the two toys. Test Trials corresponded with toys
children had been previously taught: Active Taught Toy, Active Generalization Toy, Observed
Taught Toy, Observed Generalization Toy (toy assignment was counterbalanced across
participants in Study 1; Figure 1). Four additional trials were presented to make the game more
engaging: Clown and Scarecrow, Fox and Dog, Snowman and Cowboy, and Cat and Panda.
However, children’s memory for those additional trials could have been contaminated by their
responses to the four Test Trials; thus, only responses to the four Test Trials were analyzed.
Coding

Each session was coded for children’s forced-choice response to each item (correct:
selected the target toy, or incorrect: selected the foil image) based on the child’s verbal label,

point, or both. Each trial therefore received a Memory Score of 1 or 0: Active Taught Memory
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Score, Active Generalization Memory Score, Observed Taught Memory Score, and
Observed Generalization Memory Score.

Reliability. Videos of 6 children (23.1%) were double coded by another coder.
Reliability was high (23 out of 24 judgements were identical; 95.8% agreement).

Analysis

Inclusion Criteria. As preregistered, children needed to respond to at least two of the
four Test Trials to be included; all children did so. Six additional children demonstrated a side
bias on the four Test Trials (i.e., selected the image on right side of the screen on all four trials)
and were excluded from the analyses as preregistered for a final sample of 26 children.

Analysis Strategy. The analyses were run as logistic mixed-effects models with subjects
as random effects and the outcome of binary Memory Score for the four toys using the Ime4
package in R (GLMM; Bates et al., 2015).

Results

Session and Child Factors. First, preregistered control analyses were run to test whether
Memory Scores differed by session or child factors. Age during Study 1, the time difference
between studies, and gender were tested as predictors of Memory Score; no predictors reached
significance (all p’s >.219). Toy type (Cat, Dog, Snowman, Scarecrow) also did not
significantly relate to memory (all p’s > .316), and a chi-square test did not show a significant
difference in the distribution of toys previously taught in Active or Observed conditions (¥*(3) =
1.54, p = .673). Analyses were therefore collapsed across session and child factors.

Memory. To test whether children’s memory for toys differed by way the associated
actions had been originally instructed, a preregistered model was run with Memory Score per toy

as the outcome predicted by Instruction experience (Active and Observed), Test Type (Taught
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and Generalization), and their interaction, controlling for Bayley score (measured during Study
1). Children demonstrated significantly better memory for items learned through Active than
Observed instruction (Instruction experience: f = 1.65, SE =0.70, p = .017; exponentiated
coefficients: odds ratio of remembering a toy taught in Active compared to Observed condition =
5.23). Test Type, the interaction between Instruction experience and Test Type, and Bayley score
did not significantly relate to memory (all p’s > .131). Children therefore showed better memory
for actively-learned than observationally-learned toys. Children’s cognitive maturity previously
supported their immediate learning; in contrast, children’s maturity was not related to their
memory. Instead, the ability to be active during instruction supported children’s memory.

Since no difference between memory for Taught and Generalization measures emerged,
we exploratorily computed average Active Memory Scores and Observed Memory Scores across
Taught and Generalization items for each child and compared average memory scores to chance
(.5). Children’s average Active Memory Score was greater than chance (#25) = 2.85, p =.009, d
= 0.56), while average Observed Memory Score was not significantly different from chance
(#(25) =0, p = 1; Figure 4). Children therefore remembered the toys they had learned through
Active instruction, but did not recall those learned through Observed instruction. This was found
despite the fact that all children had experienced both instruction conditions originally — yet, only
instruction including active experience related to children’s memory. Of note, children’s learning
from Active and Observed instruction did not relate to memory: Test Scores from Study 1 were
not related to Memory Score (controlling for Bayley; B = -0.80, SE = 1.02, p = .435). In sum,
children recalled toys learned actively, but not observationally, one year after receiving
instruction in both conditions. Children’s cognitive maturity was not relevant for recall. Instead,

active experience appeared pivotal for long-term memory.
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Figure 4: Study 2 Memory for Active and Observed toys. Bar graph showing average Memory
Score for Active toys (across Taught and Generalization items) and average Memory Score for
Observed toys (across Taught and Generalization items). Chance is 0.5. Error bars: +/- 1
Standard Error. *p <.01.

Results Summary. Despite demonstrating equivalent immediate learning from
instruction where children acted and observed, children remembered actively- but not
observationally-taught toys one year after instruction. Children’s cognitive maturity, not the
ability to be active, were relevant for immediate learning. However, children’s maturity was
unrelated to their long-term memory. Instead, active experience during instruction supported
memory. Children remembered the toys they learned through instruction where they had been
active, but not through instruction where they had instead observed a teacher’s actions.
Instruction including opportunities for children to act benefitted children’s memory after a
considerable delay of one year.

Discussion

Brezack et al. (2021) found that during everyday interactions with caregivers, toddlers
who were active during instruction demonstrated better action learning. However, the prior
correlational study could not discern whether active experience per se benefitted learning, or

whether another factor (such as children’s cognitive maturity) was responsible for this relation.
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Results from the present study suggest that children’s developmental level certainly plays a role
in learning — cognitive maturity was the most influential predictor of immediate action learning
and generalization. However, beyond maturity, active experience itself was crucial for memory:
Children’s long-term memory for taught information was enhanced for information they had
learned through active compared to observational instruction. In sum, children’s developmental
level supported their ability to learn from instruction, but active experience played a critical role
in supporting children’s memory.

Active experience is thought to support learning and memory because physical activity
integrates perceptual and motor systems, which in turn support cognition (“embodied cognition’;
Wilson, 2002). Active experience also includes planning and executing actions (Barrett et al.,
2007), focusing attention on actions (Boudreau & Bushnell, 2000), and problem-solving,
remembering, and learning (Adolph & Joh, 2007). When children were physically active, as in
the active instruction condition, they integrated their perceptual, motor, and cognitive systems;
when children instead observed actions, their motor systems were not active in the same way as
when they were acting. We expected that this difference in physical activity would enhance
learning and memory from active compared to observational instruction.

Unexpectedly, despite the wealth of research on the benefits of active experience for
learning (e.g., Piaget, 1964), we found that children demonstrated equivalent immediate learning
from active and observational instruction. This could be because both teaching conditions were
highly supportive of learning. In this within-subjects design, children experienced active and
observational instruction on separate toys (with the instruction order counterbalanced). The
teaching conditions were carefully controlled and varied only by whether the child or the

experimenter performed the actions to be learned. The instructions were efficient (Kirschner et
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al., 2006), free from distractions, and contained all the information children needed to learn the
target actions. Children also generalized taught actions similarly following active and
observational instruction (similar to results from Wakefield et al., 2018). While there was
variability in children’s action learning, with some children learning the actions better than
others, this was due to children’s cognitive maturity rather than the instruction style in which the
actions were taught.

The instructions were also presented in a highly collaborative context. Children first
assembled a novel puzzle toy with their caregiver, and all children were active with their
caregivers. Children then engaged in a warm-up where the experimenter and child took turns
building a block tower. Children were then taught in active and observational styles. This
collaborative environment may have caused children to take an active stance when learning (i.e.,
mentally simulating actions; Knoblich & Sebanz, 2006), even when children were not physically
active. Indeed, prior research has shown that when children are in collaborative environments,
they may become confused about who performed actions and may overclaim another person’s
actions as their own (Sommerville & Hammond, 2007). Even implied active engagement,
induced by the presence of a person, supported children’s action recall (Howard et al., 2020).
Further, taking turns with a social partner enhanced infants’ (Meyer et al., 2022) and toddlers’
(Meyer et al., 2011) neural mirroring of observed actions. Children may have learned more than
expected from observational instruction because the collaborative environment caused children
to take an active stance when observing.

It is also possible that children’s active experience, while physically active, lacked key
aspects of active engagement that could have improved their learning. In the active condition, the

experimenter explained where each piece should be placed, handed children the piece, and
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guided children to perform each action correctly. Thus, children were physically active, but their
actions were constrained by the experimenter. Research with older children and adults has shown
that when learners can make decisions during active learning, such as by controlling the flow
information (Gureckis & Markant, 2012), making discoveries (Dean & Kuhn, 2007), and
encountering failure (DeCaro & Rittle-Johnson, 2012), learning is enhanced. Here, we
manipulated only physical activity to ensure that children had equal access to the actions to be
learned, providing a direct comparison of instruction contexts. Young children may learn more
effectively when active experience includes opportunities to make decisions.

However, despite learning equivalently from both conditions when tested immediately,
children’s long-term memory for taught toys was enhanced for toys they had learned actively
rather than observationally. This was found even though children had initially been taught in
both conditions with tightly matched instructions. In addition, toddlers had been tested on all
toys during the immediate test phase following instruction; children had therefore acted on every
toy, even those taught observationally, at minimum during test. Even so, children had better
memory for the toys that had initially been taught actively compared to observationally.

Why did physical activity during instruction specifically support children’s memory?
Sensorimotor encoding could have improved children’s memory for information they had
learned actively (Markant et al., 2016). Physical activity allows for the integration of visual and
manual information, as well as proprioceptive cues about body positions in space (Knoblich et
al., 2006), which contribute to rich multimodal representations of information (Rochat, 1989).
Encoding multiple cues during learning could provide stronger episodic representations of
performed actions compared to observed actions, which would be more likely to be stored and

recalled than information learned without sensorimotor integration (Markant et al., 2016). In
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addition, enacting motor commands could have similarly deepened mental representations of
learned information (Trewartha et al., 2014). The physical act of performing actions could
enhance memory due to deeper encoding while acting compared to observing.

In addition, physical activity could have guided children’s attention to relevant
information. Though children were visually attentive to both active and observed instructions,
during active instruction, children could have targeted their attention towards the specific toy
pieces they were manipulating and the actions they were performing. From early in life, infants
direct their attention towards stimuli selectively via their gaze and actions (Baek et al., 2020).
Focusing attention on manipulated objects supports children’s learning of object names (Periera
et al., 2009). Attention subsequently affects both short- and long-term memory (Amso & Scerif,
2015). Physical activity may have therefore targeted children’s attention towards self-performed
actions, supporting their memory for taught information (Markant et al., 2016); when actions
were viewed, children may not have focused their attention in the same targeted way.

Children learned to perform actions physically, but were tested on their ability to visually
recognize the structures they had built. Prior research suggests that information initially learned
via physical activity can contribute to visual recognition memory. When sensorimotor
information and coordinated muscle movements (Pouw et al., 2014) contribute to information
encoding, learners can mentally simulate actions and activate visual representations (Johnson et
al., 1989). Indeed, objects that adults manually explored were recalled one week later in a visual
recognition test, demonstrating “cross-modal object recognition” (Hutmacher & Kuhbandner,
2018). Further, adults who explored objects while looking at them (integrating sensory, motor,
and visual information) recalled the objects more accurately three weeks later than objects they

had only seen or only touched (Novak & Schwan, 2021).
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Why was there a disconnect between active experience’s effect on immediate learning
versus memory? This disconnect could be due to the type of information children were asked to
recall. One year after instruction, we asked children which items they remembered. In contrast,
other studies have tested children’s memory for actions (e.g., Sommerville & Hammond, 2007).
It is possible that different components of active engagement support learning and memory for
different types of information. Here, children engaged their motor systems by acting, which
supported their memory for items. Sommerville and Hammond (2007) found that children who
took an active stance while learning (overclaiming another’s actions as their own) had better
memory for actions. It is possible that item memory is specifically enhanced by physical activity,
while action memory is enhanced when children take an active stance during learning.
Alternatively, if we had tested children’s immediate learning of items or long-term memory for
actions, we may have found that physically-active experience supported item learning and action
memory; this is an area for continued research.

Of note, when toddlers were active during learning, they were active in the context of
instruction. A teacher guided children to the correct actions by providing prompts, corrections,
and demonstrations when children struggled. With the teacher’s guidance, almost all children
performed the taught actions with perfect accuracy. Children could not have learned through
completely unguided activity because they would not have known which actions were the
conventional, target actions to be learned. Instruction was therefore necessary for action learning.
All the relevant action information to be learned could be gained from observing the teacher’s
actions. Even so, in a situation where instruction was necessary for learning, guided active

experience supported children’s memory.
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Here, we used novel toys to induce familiar, playful learning environments, but active
experience may also be important for children’s memory when learning conventional actions on
real-world artifacts like utensils and tools. When caregivers or teachers teach children to use
artifacts in everyday contexts, providing children with opportunities to actively engage during
learning could similarly benefit their memory. Alternatively, in real-world learning, children’s
active experience may be discouraged to avoid costly mistakes (Gaskins & Paradise, 2010).
Future studies should address whether active experience during instruction benefits children’s
memory across more diverse contexts and cultures.

In sum, when children were instructed to perform novel conventional actions by acting
rather than observing actions, they had better long-term memory for the taught material.
Children’s cognitive maturity, not the instruction condition, affected their immediate learning:
Children who were more developmentally advanced learned more regardless of whether or not
they had been active during the learning process. Despite the role that children’s cognitive
development plays in immediate learning, active experience during instruction benefitted
children’s long-term memory. This may be due to sensorimotor encoding and focused attention
that occurs when children are actively engaged in learning. Instructions featuring opportunities

for children to act seem particularly important for supporting children’s memory.
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Chapter 3: Exploration and Instruction Support Children’s Rule-Learning in an Online
Problem-Solving Game

Children often encounter new learning challenges: for example, children learn to tie their
shoes and navigate tablet applications. These learning situations are examples of conventional
problems, which have been designed by adults in children’s culture. How do children learn these
conventional systems? Receiving instructions is an efficient way to learn (Kirschner et al., 2006).
For example, a caregiver may explicitly teach their child to tie their shoes. In contrast, children
may learn some conventional information by exploring independently (Piaget, 1953). For
example, a child may explore a tablet and learn to navigate to new applications without
instruction. But, it could be faster and more efficient for children to learn through instruction
because instruction provides children with all the relevant information they need to learn. In
situations where instruction can make learning more efficient, does independent exploration
benefit children’s learning? In addition, children often apply what they have learned to new
contexts: Shoe tying skills can be applied to tying knots with yarn, and tablet navigation skills
can be transferred to using computer programs. What roles do exploration and instruction play in
supporting children’s generalization of novel conventional information?

Instruction efficiently transfers information to children (Kirschner et al., 2006; Stockard
et al., 2018), and can support learning better than exploration, particularly when information is
difficult or impossible for children to figure out independently. Indeed, when students learned
logic puzzles and computer coding, instructions were more effective for learning than children’s
unguided exploration (Mayer, 2004). Similarly, when students in third and fourth grade learned
the control of variables strategy to design science experiments, children learned and generalized

the strategy better after receiving instruction than exploring (Klahr & Nigam, 2004). In
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particular, pedagogy, or child-directed instructions featuring cues to focus children’s attention on
relevant information, has been considered a key way children learn new information (Csibra &
Gergely, 2006; 2009). When children can learn all they need to know from instruction, is it
beneficial for children to explore?

Children’s active, exploratory experience has been theorized as central for learning
(Piaget, 1964). Active exploration allows children to make decisions (Gureckis & Markant,
2012), test hypotheses (Gopnik & Wellman, 2012), discover new information (Sobel &
Sommerville, 2010), control the learning environment (Begus et al., 2014), and focus children’s
attention on their actions (Markant et al., 2016). Exploration benefits young children’s
understanding of objects and novel causal systems. Indeed, preschoolers discovered more
functions of a novel object when their exploration was not constrained by instructions (Bonawitz
et al., 2011). Similarly, toddlers discovered which blocks activated a machine through
exploration (Sim & Xu, 2017) and 3-6-year-olds who systematically explored a gear exhibit had
better causal understanding of gear functionality (Callanan et al., 2020). Exploration may be
more effective than instruction in supporting learning if children are provided with sufficient
time to explore. Though children learned the control of variables strategy better from instruction
than exploration (Klahr & Nigam, 2004), when children were given more time to explore (6
months instead of one week), exploration supported learning more effectively than instruction
(Dean & Kuhn, 2007). Instruction can therefore support learning when information is
challenging to learn independently, but when children have sufficient time to explore and learn
from their own actions, exploration may be more effective for learning than instruction.

While instruction alone and exploration alone support learning in certain contexts,

combining exploration and instruction may be particularly beneficial. When children explore
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before receiving instruction, they gain information about the problem space and can focus their
attention on relevant features (Markant et al., 2016). Exploring prior to instruction has been
found to support children’s causal and academic learning. For example, preschoolers learned the
causal rules governing which buttons activated lights on a light box more effectively when they
explored prior to instruction rather than exploring after instruction (Sobel & Sommerville, 2010).
Exploring before instruction might also improve learning because children may encounter errors
that they can compare to later instruction. This “productive failure” supported school-aged
children’s learning of math equivalence (DeCaro & Rittle-Johnson, 2012) and variance (Kapur,
2014).

However, the contributions of exploration, instruction, and their combination for
children’s learning are relatively unstudied beyond causal reasoning and formal school subjects
like math and science. In addition, though generalization is an indicator of effective learning
(Fiorella & Mayer, 2016), it is rarely studied in young children (e.g., Sobel & Sommerville,
2010). Radovanovic and colleagues (in preparation) tested the contributions of exploration,
instruction, and exploration followed by instruction for 6-year-olds’ learning and generalization
in a novel problem-solving game: the Lock and Keys Task. Children’s goal in the task was to
figure out which keys unlocked a set of locks. There was a two-factor rule governing unlocking,
which children learned by exploring, receiving instruction, or both. Children were then tested on
their immediate learning and ability to generalize the rule to novel locks and keys. The results
showed that all instructed children (regardless of prior exploration) learned the rule. However,
exploring before instruction improved children’s generalization of the rule to new examples.
This study provided compelling evidence that exploring before receiving instruction can support

generalization more effectively than instruction alone or exploration alone.
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Study 3 replicated the design of Radovanovic et al. (in preparation) in an online
environment. The in-person Lock and Keys Task used in Radovanovic et al. (in preparation) was
motorically challenging: Some children struggled to unlock the locks with the keys. Shifting to
an online environment allowed children greater ease in unlocking locks by clicking and dragging
keys to locks. In addition, the locks and keys were complex stimuli with multiple sides and
physical properties to explore. The online version provided easier access to information relevant
for learning the unlocking rule. In addition, Radovanovic et al. (in preparation) measured
children’s exploration behaviors, which involved coding videos from the sessions. The online
format allowed children’s behaviors to be readily accessible from gameplay data generated after
each child participated, without the need for intensive video coding.

Study 3 tested whether 6-year-olds learned and generalize the unlocking rule from the
same three learning contexts as in Radovanovic et al. (in preparation): Exploration Then
Instruction, Instruction Alone, and Exploration Alone. Study 4 tested this same question with a
comparison sample of adult participants. We then compared the results of the prior in-person
study to the online study (In-Person versus Online). The methods and analyses of both studies
were preregistered (Study 3:

https://ost.io/n86k3/?view_only=784ddf8a19a54c88a382903edd1e4bSS; Study 4:

https://ost.i0/68q5v/?view_only=2a979518d52a433bab836ecfae59181b)

Study 3
Methods

Children participated in an online version of the Lock and Keys Task from Radovanovic
et al. (in preparation) to test whether exploration, instruction, or exploration then instruction

supported children’s rule learning and generalization. In the online problem-solving task, as in
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the in-person task, children learned to unlock locks using keys that followed a two-factor rule.
Children were not told the rule; instead, they figured out the rule by exploring, receiving
instruction, or both. Children’s immediate learning and generalization were then evaluated:
Children were tested on their ability to unlock the locks in a test phase. Then, children
participated in a generalization phase where they applied the rule to novel locks and keys.

Participants. 120 children (mean age = 6.4 years, range = 6.0-7.0 years; 59 male, 61
female) participated. Children were randomly assigned to one of three conditions with 40
children per condition: Exploration Then Instruction (mean age = 6.4 years; 19 male, 21 female),
Instruction Alone (mean age = 6.4 years; 20 male, 20 female), or Exploration Alone (mean age =
6.4 years; 20 male, 20 female). 11 additional children were tested by excluded due to
colorblindness (1; the task involved color matching), developmental delay (2), parental
interference (1), failure to complete the Lock and Keys Task (1), quitting and restarting the Lock
and Keys Task (1), or technological problems with the task (5). Participants were recruited from
a database of families who had volunteered to participate in research at a university in a large
Midwestern city. The majority of caregivers reported that their children were of European or
White-American descent (67; Asian or Asian-American: 18, Hispanic or Latino-American: 7,
African or African-American: 3, multiple races or ethnicities: 21, other: 1, did not report: 3).
Children’s primary caregivers were highly educated (post-graduate degree: 55, bachelor’s
degree: 46, some college: 11, associate’s degree: 3, high school: 1, other: 1, did not report: 3).
Data was collected between March 2021 and February 2022.

Procedure. Children were tested individually in a single synchronous Zoom session with
an experimenter that lasted approximately thirty minutes. Children participated in the online

Lock and Keys Task, then additional tasks were administered which were not central to the main
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research questions and are not reported here. Caregivers could choose to stay with their children
during the session, but were asked not to intervene. All participants were audio and video
recorded, and children’s computer screens were recorded as they participated in the Lock and
Keys Task. Prior to participating, caregivers provided informed consent online and completed a
background questionnaire about their children’s age, race or ethnicity, language exposure,
caregiver education, and whether their child had been diagnosed with colorblindness. At the
beginning of the study, caregivers and children provided verbal assent. Families received a $5
Amazon gift card and a virtual certificate to thank them for participating.

Lock and Keys Task. An online problem-solving task based on Radovanovic et al. (in
preparation) was programmed for the study in Unity. The game was hosted on a university-
maintained website and could be played on a laptop or desktop computer. To access the game,
participants navigated to the website and entered a Game ID, which loaded the game in their
assigned condition (Exploration Then Instruction, Instruction Alone, or Exploration Alone).
Gameplay data (all of children’s click, drag, and drop actions with associated timing
information) were tracked and automatically stored in text files on a university-maintained server
for analyses.

In the Lock and Keys Task, children saw four locks and 20 keys. The locks and keys
were digitally-edited photographs of the locks and keys in Radovanovic et al. (in preparation).
Each key had a colored drawing on the top (e.g., an orange lion) and keys had different shaped
tops. Locks were solid colors (blue, purple, green, orange) and had white stars on them, which
were irrelevant to the task. Each lock could be opened by a single key that followed a two-factor

rule: 1) the colored drawing on the key matched the color of the lock (color rule), and 2) the key
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had a circular top (shape rule). Children were not told the rule and learned them through the
game.

The Lock and Keys Task had five phases that varied between condition (Practice,
Exploration, Instruction, Test, and Generalization). All conditions began with the Practice phase.
The Exploration Then Instruction condition included Exploration, Instruction, Test, and
Generalization. The Instruction Alone condition included Instruction, Test, and Generalization.

The Exploration Alone condition included Test and Generalization (Figure 5).

Exploration Then Instruction Practice Exploration (2 min) Instruction (1 min) Test (4 min) Generalization
Instruction Alone Practice Instruction (1 min) Test (4 min) Generalization
Exploration Alone Practice Test (6 min) Generalization

aeeea’
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Figure 5: Study 3 Design. Children were assigned to participate in one of three conditions:
Exploration Then Instruction (phases: Exploration, Instruction, Test, Generalization), Instruction
Alone (phases: Instruction, Test, Generalization), or Exploration Alone (phases: Test,
Generalization). Time spent in each phase is listed with the phase. The image below each phase
shows how the locks and keys were arranged on the screen at the start of each phase. The image
for Generalization is an example of one of the six Generalization trials.

Practice. The Practice phase gave children experience with the game mechanics for
unlocking locks. Children saw one black lock with a red stripe at the top of the screen and a gray
key without an image on it at the bottom of the screen. Voiceover instructed children to use the
key to unlock the lock, while showing an animation of the key moving to and unlocking the lock:
“It’s your job to unlock the lock! Click the key [key highlighted]. Drag the key to the lock [key
moved to the lock]. Drop the key on the lock [lock highlighted as key stopped over the lock].

Look, the lock unlocked! [Key unlocked the lock with a clicking sound.] Now it’s your turn.” The
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practice key then moved back to its original position and children had two minutes to unlock the
lock. If children struggled to click and drag, the experimenter asked caregivers to teach their
children to click and drag. After the Practice phase, caregivers were told not to intervene. All
children unlocked the practice lock independently or with help from a caregiver.

When children moved their mouse over the key, yellow highlighting appeared around the
key. Then, the key could be clicked, dragged, and dropped anywhere on the screen. When the
key was dragged over the lock, the lock highlighted. When children dropped the key on the lock,
an animation showed the key upside down and moving under the lock. Then, the top latch of the
lock opened and a clicking sound played, followed by voiceover that said, “You unlocked the
lock!” The key then appeared in its original orientation under the lock (Figure 6).

Exploration. Children in the Exploration phase of the Exploration Then Instruction
condition had two minutes to explore the locks and keys. Children saw four locks at the top of
the screen and 20 keys at the bottom of the screen. Children heard voiceover that said, “Use the
keys [keys highlighted] to unlock the locks [locks highlighted].” Children could click, drag, and
drop the keys anywhere on the screen, though the locks remained stationary. Exploration ended
after all four locks were unlocked or after two minutes had elapsed, whichever occurred first.

As in Practice, keys highlighted when children moved their mouse over them and
children could click, drag, and drop the keys anywhere on the screen. If a key was dragged on
top of a lock, as in Practice, the lock’s outline highlighted in yellow. When a correct key (i.e.,
color-matched to the lock and round) was dropped on a lock, an animation showed the key
unlocking the lock with the same sound effect and voiceover as in Practice. When an incorrect
key (i.e., not color-matched to the lock or not round) was dropped on a lock, an animation

showed the key failing to unlock the lock: The key turned upside down and bounced under the
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lock three times while making a tapping sound. The key then sat under the lock in its original

orientation (identical to the end state of successful unlocking; see Figure 6).

Figure 6: Study 3 Unlocking Examples. (A) Images showing an example sequence of successful
unlocking (the round purple key is dropped on the purple lock): The key is selected (key is
highlighted) and dropped on a lock (lock is highlighted; 1), animation showed the lock unlocking
with unlocking sound (2), the key ends under the lock (3). This sequence also occurred during
Practice. (B) Images showing an example sequence of unsuccessful unlocking (the orange clover
key is dropped on the orange lock — it is color-matched but not round): The key is selected (key
is highlighted) and dragged over a lock (lock is highlighted; 1), animation shows the key
bouncing under the lock three times with a tapping sound (2), the key ends under the lock (3).
Instruction. The Instruction phase in the two conditions including Instruction
(Exploration Then Instruction and Instruction Alone) showed all four locks being unlocked by
the correct keys, giving children evidence about which keys would unlock the locks without
explicitly teaching children the color and shape rule. Children saw 20 keys at the bottom of the
screen with the four locks at the top. An animation showed each of the correct keys unlocking
each lock. Voiceover said, “Now I’ll show you how to unlock the locks!”” From left to right, each
lock was unlocked one at a time: The correct key slid on top of the corresponding lock and
unlocked the lock with the same animation and clicking sound as in Exploration. After the lock
unlocked, voiceover said, “Look, the lock unlocked!” Then, the key returned to its initial position

at the bottom of the screen. This process was repeated for each lock. The entire animation lasted

one minute. Clicking and dragging was disabled during this phase.
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Test. Following Instruction, children in the Exploration Then Instruction and Instruction
Alone conditions were tested on how well they had learned which keys unlocked the locks.
Children saw the four locks at the top of the screen the 20 keys at the bottom of the screen (with
key positions shuffled relative to Instruction). Children were given four minutes to independently
unlock the locks with the keys. The same gameplay mechanics in Exploration were used during
Test. Test ended after all four locks were unlocked or after four minutes elapsed, whichever
occurred first.

To assess learning from Exploration Alone, children in this condition proceeded directly
to the Test phase after Practice, during which they explored and attempted to unlock the locks.
Children in the Exploration Alone condition were given six minutes for Test rather than four to
act as a time control relative to the other conditions: Children in the Exploration Then Instruction
condition had 6 minutes of exposure to the locks and keys (two minutes of Exploration and four
minutes of Test), while children in Instruction Alone had only four minutes with the locks and
keys during Test.

Generalization. To measure how well children could apply the unlocking rule they had
learned to new examples, children in all conditions participated in the Generalization phase after
Test. On each of six trials, children saw an image of a novel lock at the top of the screen and four
novel keys at the bottom of the screen. One key was correct (color-matched to the lock and
round), a second key was color-matched but not round, a third key was round but not color-
matched, and a fourth key was neither round nor color-matched (locations randomized across
trials but fixed between participants). On each trial, children heard, “Which key [all keys

highlighted] would unlock the lock [lock highlighted]?” Children then dragged a key and
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dropped it on the lock (as in Exploration). However, no feedback was provided: The dropped key
remained on the lock for one second before moving on to the text trial.
Analysis

Measures were extracted from the gameplay data generated after each child participated.
The gameplay data included time-stamped information about the start and end time of each phase
and total game play. Within each phase, key movements and unlocking attempts (when keys
were dropped on locks) were tracked. Data were combined for all participants and organized in R
using the dplyr package (Wickham et al., 2018) to extract measures reflecting learning,
generalization, and behaviors of interest. See Table 3 for measures, definitions, and descriptive
statistics.

Test Performance. The number of locks unlocked out of four possible was
operationalized as children’s Test Performance. This measure reflected how well children
learned which keys unlocked the locks. For children in Exploration Alone, Test Performance
reflected the what children learned from exploring without prior exploration or instruction.

Generalization Performance. The number of correctly chosen keys (keys that were
color-matched and round) across 6 trials was counted for a measure of Generalization
Performance. In addition, Generalization Color Rule was calculated as the number of keys
children selected that matched the locks in color despite their shapes (i.e., the number of keys
that were correct plus the number of color-matched keys that were not round).

Test Success. Measures were extracted from children’s game play to examine whether
prior experience exploring or receiving instruction affected children’s ability to successfully
unlock the locks at Test. The total number of times children successfully unlocked locks was

counted (note that successes reflected the fofal number of successful unlocking instances,
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whereas Test Score was the number of locks out of four possible unlocked). The number of times
children failed to unlock locks was also counted (i.e., instances where children dropped incorrect
keys onto locks). The number of successes and failures were summed as a measure of Test Total

Attempts. Test Success Proportion was calculated as the number of total successes divided by the
number of Test Total Attempts, which reflected children’s success rate.

Test Failures. Children’s failed unlocking attempts at Test were categorized by the
evidence that the attempts could provide about the unlocking rule. Keys that were a different
color than the lock they were tested on were categorized as Incorrect Color Keys; failures with
these keys provides counterfactual evidence that could reveal the color rule. Keys that matched
the lock in color but were not round were counted as Correct Color Incorrect Shape Keys.
Failures with Correct Color Incorrect Shape Keys provided counterfactual evidence that could
reveal the shape rule. The proportion of attempts made with each type of key was calculated:
Incorrect Color Keys Proportion and Correct Color Incorrect Shape Keys Proportion.

Exploration Success. Analogous to behaviors measured at Test, exploration behaviors
were extracted from the Exploration phase of Exploration Then Instruction to compare behaviors
in the online game to the in-person findings from Radovanovic et al. (in preparation; In-Person
versus Online). Exploration Total Attempts was extracted and Exploration Success Proportion

was calculated.
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Phase Measure Definition Mean (SD); range
Exploration Total Total qumber of successful and failed 10.50 (4.77); 2-23
) Attempts unlocking attempts
Exploration* ) )
Exploration Success Number of successful unlocking attempts 28 (.26): 0-.80
Proportion divided by Total Exploration Attempts AR
Test Performance Number of locks unlocked (maximum 4) 3.45(1.17); 0-4
Test Total Attempts Total qumber of successful and failed 11.86 (8.80); 2-45
unlocking attempts
. Number of successful unlocking attempts )
et Test Success Proportion divided by Total Test Attempts A48 (.29); 0-1
Incorrect Color Kevs Number of incorrect unlocking attempts made
Proportion y with keys that did not match the lock in color .25 (.31); 0-1
P divided by Test Total Attempts
Number of incorrect unlocking attempts made
Correct Color Incorrect with keys that did match the lock in color but 27 (.23): 0-1
Shape Keys Proportion were not round divided by Test Total AT
Attempts
Generalization Generalization Number of correct keys (maximum: 6) 4.02 (1.61); 0-6
Performance

Generalization Color
Rule

Number of color-matched keys (maximum: 6)

5.76 (.50); 4-6

Table 3: Study 3 Measures. Measure calculated from gameplay data during each phase of the
study with associated definition. Descriptive statistics are provided across conditions (mean,
standard deviation, and range). *Measures from Exploration were used in the analyses
comparing the in-person study to Study 1.

Analysis Strategy. As preregistered, the analyses tested whether children who explored

or were instructed differed in their learning or generalization. The analyses were conducted with

linear regressions separately predicting Test Performance and Generalization Performance.

Predictors were planned contrasts that tested for an effect of Exploration (Exploration Then

Instruction: 1, Instruction Alone: -1, Exploration Alone: 0) and Instruction (Exploration Then

Instruction: 1, Instruction Alone: 1, Exploration Alone: -2). All proportion measures were

arcsine square-root transformed prior to the analyses.
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Results

Age (F(2,117) = 0.52, p = .597) and gender (male vs. female: y*(2) = 0.07, p = 0.970) did
not differ by condition. The analyses collapsed across these factors.

Test Performance. On average, children unlocked 3.5 out of 4 locks at Test. There was a
significant effect of Exploration on Test Performance such that children who explored prior to
instruction unlocked more locks at Test than those who did not explore ( =.263, SE =.129, p =
.044; no significant effect of Instruction: § =-0.01, SE = .075, p = .867; Figure 7A). Exploring
before receiving instruction increased the number of locks children unlocked at Test.

Generalization Performance. Children scored on average 4.0 out of 6 at Generalization.
Children in all conditions selected color-matched keys at above-chance levels (Generalization
Color Rule performance was significantly above chance (50%): all p’s <.001). Compared to the
stringent 50% chance level, children’s Generalization Performance was significantly above
chance in all conditions (all p’s <.01). There was no evidence of an effect of Exploration ( =
0.03, SE =0.18, p =.890) or Instruction (p = 0.16, SE =.10, p = .129) on Generalization
Performance (Figure 7B). Children in all conditions generalized the rule at above-chance levels.

Generalization Performance: Perfect Test. We then exploratorily analyzed
Generalization Performance for children who unlocked all four locks at Test (N =92, or 77% of
participants; no difference in number of participants by condition: Exploration Then Instruction:
33, Instruction Alone: 29; Exploration Alone: 30; ¥*(2) = 0.28, p = 0.868). Children’s
Generalization Performance was above chance in all conditions (50%: all p’s <.01). Among
children who had successfully demonstrated rule-learning at Test, there was a significant effect

of Instruction on Generalization Performance ( = 0.23, SE =0.11, p =.043; no effect of
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Exploration: B =-0.02, SE = 0.13, p =.917; Figure 7C). Children who had received instruction

generalized the rule more accurately than those who had only explored.

Generalization Performance Test Performance

Generalization Performance
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Figure 7: Study 3 Test and Generalization Performance. (A) Test Performance, (B)
Generalization Performance for the full sample, and (C) Generalization Performance only for
those who unlocked all locks at Test (perfect Test Performance). Generalization chance is 50%
(3). Error bars: +/- 1 Standard Error. *p <.05, **p < .01, ***p <.001.

We asked whether children who were more successful in their unlocking attempts during

exploration subsequently unlocked more locks during the Test phase. Indeed, children who had a

higher proportion of successful unlocking attempts during exploration unlocked more of the
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locks during Test (B = 1.01, SE =0.31, p =.003). However, it should be noted that most children
in this condition unlocked all four locks at Test (33 of 40 children).

We next asked whether instruction supported generalization by making children more
successful in their unlocking attempts during Test. Among children who unlocked all four locks
at Test, children who only explored made significantly more unlocking attempts compared to
children who were instructed (Total Attempts: B =-2.67, SE = 0.43, p <.001), but children who
were instructed were significantly more successful than children who only explored (3 =0.11,
SE =0.02, p <.001), and those who explored prior to instruction were marginally more
successful than those who were only instructed (B = 0.07, SE = 0.04, p = 0.09; Figure 8C). In
turn, children who were more successful scored higher at Generalization (f = 1.46, SE = 0.49, p
=.004; with added interactions: the relation was stronger for children who explored before
instruction; Exploration:  =1.35, SE =0.62, p =.031; no interaction with Instruction: B = 0.46,
SE = 0.56, p = .408; Figure 8A). Further, the effect of Instruction on Generalization was fully
mediated by children’s success at Test (average causal mediation effect: B =0.14, 95% CI [0.01,
0.29], p = .034; Figure 8B). Children who were instructed were more successful in their
unlocking attempts at Test, which supported generalization.

We then investigated the nature of children’s failed unlocking attempts to examine
whether children continued gathering evidence about the color and shape components of the rule
during Test. Among children who unlocked all four locks, children who only explored made
proportionally more attempts with Incorrect Color Keys than those who were instructed (B = -
0.17, SE =0.02, p <.001; no effect of Exploration: = 0.05, SE = 0.03, p =.141), suggesting
that when children only explored, they were gathering more evidence that would inform them

about the color part of the rule than instructed children. In contrast, children in Instruction Alone
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made proportionally more attempts with Correct Color Incorrect Shape Keys than those in
Exploration Then Instruction (f = -0.05, SE = 0.03, p =.001; no effect of Instruction: B < 0.01,
SE =0.02, p = .912; Figure 8C), suggesting that children who were instructed without prior
exploration tested more keys to disambiguate the shape part of the rule than those who explored
before instruction. In other words, exploring and receiving instruction led children to be the least
likely to gather evidence about color or shape; exploration and instruction led children to intuit

both parts of the unlocking rule better than those in other conditions.
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Figure 8: Study 3 Test Success, Generalization, and Attempts. For participants who scored
perfectly at Test: (A) relation between Test Success Proportion and Generalization Performance
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Figure 8: Study 3 Test Success, Generalization, and Attempts (continued): separated by
condition, (B) causal mediation model showing the effect of Instruction on Generalization
Performance via Test Success Proportion, and (C) Proportion of unlocking attempts that were
successful and failed (by failure type: Incorrect Color Keys and Correct Color Incorrect Shape
Keys). Shaded areas represent 95% confidence intervals. Error bars: +/- 1 Standard Error. *p <
.05, *¥*p <.01, ***p < .001.

Results Summary. In sum, exploration supported learning, and instruction supported
generalization. Children who explored before instruction were better able to unlock all four locks
at Test. In addition, for children who learned which keys unlocked the locks, instruction
supported generalized more than exploring alone. Instruction improved generalization by
increasing children’s success rate during the Test phase. In turn, more success was related to
better generalization performance. This relation was particularly strong for children who
explored before instruction. Thus, instruction improved the success of children’s subsequent
behaviors, which boosted their ability to generalize the unlocking rule.

Interestingly, children appeared to continue learning the unlocking rule during the Test
phase. Children had the best understanding of both parts of the rule after exploring and receiving
instruction; they rarely tested keys that would provide evidence to disambiguate the color or
shape parts of the rule. Children who were only instructed tested more color-matched keys that
were the wrong shape than those who had explored before instruction, suggesting that they had
intuited that color mattered for unlocking to some extent, but were still gathering evidence that
would disambiguate the shape part of the rule. In contrast, children who only explored tested all
the keys to provide evidence about both parts of the rule. In sum, instruction allowed children to

infer that color mattered for unlocking, and exploration before instruction additionally supported

children’s understanding about the shape part of the rule. Children engaged in targeted testing
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behaviors during the exploratory Test phase to disambiguate the parts of the rule they had not yet
learned, suggesting that children continued learning during the Test phase.
Study 4

In Study 4, a comparison sample of adults was tested on the same Lock and Keys Task as
children in Study 3 to examine whether adults learned and generalize the rule more effectively
after exploring, receiving instruction, or both.
Methods

Participants. Adults in the United States with an approval rating of at least 75% on
Amazon Mechanical Turk (MTurk) were eligible to participate in the study. 305 participants
were included in the analyses (mean age = 37.4 years, range = 20-77 years; 188 male, 115
female, 2 NA or other) with approximately 100 participants randomly assigned to the same three
conditions as in Study 1 (Exploration Then Instruction = 102, Instruction Alone = 102,
Exploration Alone = 101). The majority of participants were of European American descent
(196; 34 African or African-American, 27 Asian or Asian-American, 18 Native American, 17
Hispanic or Latino-American, 12 multiple races or ethnicities, 1 other) and held bachelor’s
degrees (163; 49 post-graduate degrees, 42 attended some college, 22 associate’s degrees, and 29
attended high school). All participants were fluent English speakers. Additional participants were
excluded because they were colorblind (25), were not fluent in English (4), or provided data that
were outliers (19; see Analysis). Data was collected in March and April of 2021.

Procedure. Eligible participants were directed to a Qualtrics survey with instructions that
asked them to use a desktop or laptop computer and turn their audio on. They were then
randomly assigned a Game ID that they entered into the game website, which loaded the Lock

and Keys Task in the correct condition. Participants then participated in the Lock and Keys Task
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identically to children in Study 3. At the end of the task, participants were given a code that they

entered into MTurk and the Qualtrics survey, which matched participants’ survey responses with

their gameplay data. Participants then answered questions about their age, gender, race or

ethnicity, education level, spoken languages, and whether they had been diagnosed with

colorblindness. Participants were provided $1.50 as compensation. The study took less than 10

minutes to complete.

Analysis

The same measures extracted from children’s data in Study 3 were extracted from adults’

gameplay data in Study 4: Test Performance, Generalization Performance, Generalization Color

Rule, Test Total Attempts, Test Success Proportion, and the proportion of failures performed

with each type of key at Test: Incorrect Color Keys Proportion and Incorrect Shape Keys

Proportion (Table 4).
Phase Measure Definition Mean (SD); range
Test Performance Number of locks unlocked (maximum: 4) 3.90 (.50); 0-4
Total Test Attempts Total number of successful and failed unlocking  13.10 (15.75); 1-

Test

Generalization

Test Success
Proportion

Incorrect Color Keys
Proportion

Correct Color
Incorrect Shape Keys
Proportion

attempts

Number of successful unlocking attempts
divided by Total Test Attempts

Number of incorrect unlocking attempts made
with keys that did not match the lock in color
divided by Test Total Attempts

Number of incorrect unlocking attempts made
with keys that did match the lock in color but
were not round divided by Test Total Attempts

86

.61 (31); 0-1

20 (.31), 0-1

.19 (.17), 0-.60

Generalization
Performance

Generalization Color
Rule

Number of correct keys (maximum: 6)

Number of color-matched keys (maximum: 6)

4.05 (1.79); 0-6

5.71 (.67); 0-6

Table 4: Study 4 Measures. Measure calculated from gameplay data during each phase of the
study with associated definition. Descriptive statistics are provided across conditions (mean,
standard deviation, and range).
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Outlier Detection. In addition to the final sample of 305, 19 participants were excluded
for contributing data that were outliers. Piloting revealed that adults’ game play was more
variable than children’s; some participants spent more time than expected on the task or clicked
and dragged many keys in each phase. We therefore extracted additional measures from adults’
gameplay to determine outliers, as preregistered. Specifically, we extracted time measures (Total
Time, Pause Time, and time in each phase of the game). During Exploration and Test, we also
extracted the number of keys participants clicked and dragged (Total Keys). Outliers (more than
3 standard deviations from the mean) were found in the following measures: Total Time (3),
Pause Time (8), and Generalization Time (3). Participants who clicked and dragged more than
100 Total Keys at Test (5) were excluded based on visual inspection of box plots.

Analysis Strategy. The preregistered analyses in Study 3 were conducted for Study 4.
The analyses tested whether exploration or instruction were related to adults’ learning or
generalization with linear regressions separately predicting Test Performance and Generalization
Performance from the planned contrasts of Exploration and Instruction. The proportion
measures were arcsine square-root transformed prior to the analyses.

Results

Age (F(2,302) =0.27, p = .761) and gender (male versus female: ¥*(2) = 0.73, p = 0.690)
did not differ significantly by condition. The analyses collapsed across these factors.

Test Performance. On average, adults unlocked 3.9 out of 4 locks at Test. All
participants except 16 unlocked all four locks at Test; with this limited variability in Test
Performance, it was unsurprising that no significant effects of Exploration (f = 0.02, SE = 0.03,

p = .483) or Instruction (B = 0.04, SE = 0.02, p = .060) emerged (Figure 9A).
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Generalization Performance. On average, adults scored 4.1 out of 6 during
Generalization. Adults in all conditions generalized at above-chance levels (Generalization Color
Rule: chance = 50%: all p’s <.001; with this chance level applied to Generalization
Performance, adults in all conditions performed above chance; all p’s <.01). Interestingly, there
was a significant effect of Instruction on Generalization Performance ( = 0.28, SE =0.07, p <
.001; no significant effect of Exploration: f =0.07, SE =0.12, p =.548; Figure 9B). Like
children, adults who were instructed generalized more accurately than those who only explored.

Generalization Performance: Perfect Test only. To parallel the analysis in Study 1,
adults’ Generalization Performance was analyzed within the subgroup of participants who
unlocked all four locks at Test. 289 participants unlocked all four locks at Test (95% of
participants), and performance in all conditions was above chance (50%: all p’s <.05). Similar
results emerged from this analysis as the analysis of the full dataset: Adults who were instructed
scored higher than those who only explored (f = 0.30, SE = 0.07, p <.0001; no significant effect
of Exploration: B =0.06, SE = 0.13, p =.617; Figure 9C). Adults, like children, better transferred

the unlocking rule to new contexts when they had received instruction.
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Figure 9: Study 4 Test and Generalization Performance. (A) Test Performance, (B)
Generalization Performance for the full sample, and (C) Generalization Performance for
participants who unlocked all locks at Test (perfect Test Performance). Generalization chance is
50% (3). Error bars: +/- 1 Standard Error. *p <.05, **p <.01, ***p <.001.

To understand why instruction supported Generalization, as in Study 3, we tested whether
participants who had received instruction were more successful in unlocking locks at Test than

those who were not instructed. Participants who only explored made more attempts to unlock the

locks than participants who received instruction (Instruction: f =-5.79, SE = 0.55, p <.001; no

Instruction Alone
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effect of Exploration: f =-0.73, SE = 0.95, p = .440). Participants who explored prior to
instruction were the most successful in their attempts (Exploration: B = 0.13, SE =0.03, p <
.001), and participants who only explored were the least successful (Instruction: B = 0.16, SE =
0.01, p <.001; Figure 10C). In turn, greater unlocking success was related to better
Generalization Performance (B = 1.44, SE = 0.23, p <.001), particularly for participants who
were instructed (B = 0.37, SE = 0.19, p = .050; no interaction with Exploration: B =-0.17, SE =
0.35, p = .627; Figure 10A). Further, more successful attempts at Test fully mediated the relation
between Instruction and Generalization Performance (B = 0.23, 95% CI1[0.14, 0.33], p <.001;
Figure 10B). As with children, instruction improved adults’ Test successes, which supported
Generalization Performance.

The types of failed unlocking attempts adults made at Test were similar to children’s
failures. Adults who only explored tested proportionally more Incorrect Color Keys than adults
who received instruction (B =-0.20, SE = 0.01, p <.001). Without instruction, adults were more
likely to gather evidence about the color and shape rule. In contrast, those who were instructed
without prior exploration tried proportionally more Correct Color Incorrect Shape Keys than
those who explored before instruction (f =-0.12, SE = 0.02, p <.001; Figure 10C). Adults who
were only instructed gathered evidence that would disambiguate the shape rule. When adults
explored before instruction, they were the most successful and tested the fewest incorrect keys,
indicating that they inferred both the color and shape parts of the rule more effectively than those

in the other conditions.
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Figure 10: Study 4 Test Success, Generalization, and Attempts. (A) Relation between Test
Success Proportion and Generalization Performance by condition, (B) causal mediation model
showing the effect of Instruction on Generalization Performance via Test Success Proportion,
and (C) proportion of unlocking attempts that were successful and failed (by failure type:
Incorrect Color Keys and Correct Color Incorrect Shape Keys). Shaded areas represent 95%
confidence intervals. Error bars: +/- 1 Standard Error.*p <.05, **p <.01, ***p < .001.

Results Summary. The results of Study 4 with adults parallels the findings from Study 3
with children. Like children, adults who were instructed generalized the rule more effectively
than those who only explored. The mechanism supporting the relation between instruction and

generalization was adults’ success at Test: Instructed adults were more successful in unlocking

the locks at Test, which in turn supported generalization. Further, adults’ unlocking failures at
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Test revealed that after exploring and receiving instruction, adults had the best sense of both
parts of the unlocking rule; they engaged in the least testing to disambiguate either part of the
rule. Instruction without exploration allowed adults to infer that color mattered for unlocking,
though they engaged in targeted testing that would provide evidence to disambiguate the shape
part of the rule. In contrast, those who only explored gathered evidence about both parts of the
rule.

Nearly all adults successfully unlocked all four locks during the Test phase; this ceiling-
level performance made it impossible to examine whether exploration or instruction affected
adults’ learning. Yet, adults who explored prior to instruction were more successful at Test,
failing least often with the wrong keys, than those who were only instructed; exploring prior to
receiving instruction improved adults’ performance. In sum, instruction supported adults’
successes, which in turn improved generalization, and we have some evidence that exploring
before instruction further improved adults’ understanding of the rule.

In-person versus Online

The results from Study 3 differ from the prior study conducted using an in-person version
of the Lock and Keys Task (Radovanovic et al., in preparation). We therefore compared the
findings of the in-person and online studies.

Methods

99 children (mean age = 6.5 years) participated in Radovanovic et al. (in preparation) in a
laboratory of a research university with an experimenter in one of three conditions: Exploration
Then Instruction (N = 39), Instruction Alone (N = 40), or Exploration Alone (N = 20). In the in-
person Lock and Keys Task, children saw four locks and 18 keys (Figure 11). All children

unlocked a practice lock first. Children in the Exploration Then Instruction condition then had
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two minutes to explore the locks and keys prior to receiving instruction. Children in Instruction
Alone proceeded directly to Instruction. During Instruction, the experimenter demonstrated
successfully unlocking the four locks. After Instruction, children in both conditions with
instruction participated in a four-minute Test phase during which they attempted to unlock the
locks. Children in the Exploration Alone condition participated in the Test phase only for six
minutes. Children in all conditions then participated in a six-trial Generalization phase where

children selected which of four of novel keys would unlock each novel lock.
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Figure 11: In-Person Study Materials. (A) Image taken from video-recorded in-person session:
Children were presented with a pile of keys and the four locks at the beginning of the
Exploration and Test phases. (B) Locks and keys from the live task with the correct key (round
and color-matched) on top of the lock it unlocked. (C) Example of one of six Generalization
trials.

Coding

As in Study 3, children’s Test Performance was the number of locks (out of four) that
children successfully unlocked during Test. Generalization Performance was the number of
correct keys children chose at Generalization across six trials, and Generalization Color Rule was
the number of color-matched keys children chose out of six. Failures to unlock locks were
difficult to discern in children’s behavior, so opportunities where unlocking attempts could occur
were identified. During Exploration and Test, the time children spent holding locks and keys was
coded. Overlapping time windows when children had a lock in one hand and key in the other

hand were extracted. The total number of overlapping lock and key times were counted and
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operationalized as Total Unlocking Attempts (for Exploration and Test). In addition, the total
number of times children unlocked locks was coded during Exploration and Test. Exploration
and Test Success Proportions were calculated by dividing the total number of locks unlocked by

the number of unlocking attempts during that phase (Table 5).

Phase Measure Definition Mean (SD); range
Exploration Total Number of overlapping instances when a lock 16.05 (8.39); 3-33
) Attempts and a key were held
Exploration ) )
Exploration Number of successful unlocking attempts 12 (17); 0-67
Success Proportion  divided by Total Exploration Attempts CeATe T
Test Performance Number of locks unlocked (maximum: 4) 3.25(1.29); 0-4
Test Total Test Attempts Number of overlapping instances when a lock 23.05 (21.81: 1-111
and a key were held
Test Success Number of successful unlocking attempts 31(.27): 0-1
Proportion divided by Total Test Attempts TN
Generalization Number of correct keys (maximum: 6) 3.16 (1.86); 0-6
Performance
Generalization o
Generalization

Color Rule Number of color-matched keys (maximum: 6)  5.80 (.45); 4-6

Table 5: In-Person Study Measures. Measure calculated from the in-person study during each
phase with associated definition. Descriptive statistics are provided across conditions (mean,
standard deviation, and range).
Analysis

Linear regressions were run separately predicting Test Performance and Generalization
Performance by study context (in-person or online), planned contrasts (Exploration and
Instruction), and the interaction between context and contrast. Proportions were arcsine square-
root transformed prior to the analyses.
Results

Test Performance. Radovanovic et al. (in preparation) found that children unlocked

more locks at Test when they received instruction. Online, those who explored unlocked more

locks at Test. Between study contexts, children unlocked more locks at Test online (mean = 3.5)
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than in-person (mean = 3.3; B = 0.38, SE = 0.16, p = .020). This effect was driven by the number
of locks children unlocked in the Exploration Alone condition: There was a significant
interaction between study context (in-person or online) and Instruction such that online, children
in the Exploration Alone condition unlocked more locks than children in the same condition in-
person (B =-0.47, SE=0.12, p <.001; Figure 12). In other words, without instruction or prior
exploratory experience, children were more successful in unlocking locks online than in-person.

Generalization Performance. Radovanovic et al. (in preparation) found that children
who explored generalized more accurately, whereas online, children who received instruction
generalized more accurately. Children generalizing the rule at higher rates online (mean = 4.02)
than in-person (mean = 3.2; B = 0.96, SE = 0.24, p < .001; Figure 12), though there was no

evidence of interactions between the study context and planned contrasts (p’s > .072).
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Figure 12: In-Person and Study 3 Test and Generalization Performance. (A) Test Performance by
study context and condition. (B) Generalization Performance by study context and condition.
Generalization chance is 50% (3). Error bars: +/- 1 Standard Error.*p < .05, **p < .01, ***p <
.001.
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Unlocking Attempts. To understand why children unlocked more locks online than in-
person, we compared children’s unlocking successes across contexts. During the Exploration
phase for children in the Exploration Then Instruction condition and the Test phase for those in
Exploration Alone, children made more attempts in-person than online (Exploration Then
Instruction: f =-5.55, SE = 1.53, p <.001; Exploration Alone:  =-33.6, SE =4.83, p <.001).
But, children were more successful in their attempts online than in-person (Exploration: online:
average = .28; live: average =.12; B = 0.16, SE = 0.05, p = .002; Exploration Alone: online:
average = .33; live: average =.09; B = 0.24, SE = 0.05, p <.001; Figure 13). Children were more
successful in unlocking locks independently online than in-person; this suggests that the

information value of exploring was higher online than in-person.
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Figure 13: In-Person and Study 3 Attempts and Success Proportion. (A) Exploration Total
Attempts by study context, (B) Exploration Success Proportion by study context, (C) Test Total
Attempts in the Exploration Alone condition by study context, and (D) Test Success Proportion
in the Exploration Alone condition by study context. Error bars: +/- 1 Standard Error.*p < .05,
*Ep <.01, ***p <.001.
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Results Summary. Online, children learned more when they explored and generalized
better after instruction. In person, children learned more following instruction and generalized
more accurately after exploration. This was likely because the information value of exploring
differed between contexts: Online, children unlocked more locks through independent
exploration and were more successful compared with children who participated in-person. This
suggests that children could gain more information from their actions online than in-person.
Discussion

Exploration and instruction together supported children’s and adults’ learning and
generalization of rule in an online problem-solving game. In Study 3, exploration improved
children’s learning, and in Studies 3 and 4, instruction improved children’s and adults’
generalization. Exploration improved children’s learning by allowing children to discover how to
unlock the locks independently. Instruction improved children’s and adults’ ability to
successfully unlock locks during the Test phase, and unlocking success in turn improved their
ability to apply what they had learned to new situations. For children and adults, independent
success guided by instruction was key for supporting generalization.

Exploration before instruction supported children’s learning. Children who were more
successful in unlocking locks as they explored demonstrated better test performance. This
suggests that children who figured out how to unlock more locks learned which keys unlocked
the locks. This finding aligns with work on discovery-based learning. Discovery has been
described as central for learning from exploration (Dean et al., 2007); self-discovered
information is recalled better than information told to learners (the “generation effect”; Slamecka
& Graf, 1978). In contrast, prior studies have found that when children explored before

instruction, they made mistakes that they could then compare to the instruction they received
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(e.g., DeCaro & Rittle-Johnson, 2012). However, “productive failure” did not drive the results of
the present study; instead, children who were more successful while exploring demonstrated
better understanding of the material to be learned.

During the test phase, learners who had explored prior to receiving instruction were the
most targeted in their unlocking attempts. Children and adults rarely tried incorrect keys,
suggesting that they did not need to continue gathering evidence to learn the unlocking rule.
Indeed, research suggests that exploring could give children an opportunity to examine the
problem space and engage in goal-directed searches for information (Saylor & Ganea, 2018).
Exploration likely allowed learners to attend to relevant information, which prepared them to
receive instruction (Markant et al., 2016) and subsequently achieve success at Test.

In Studies 3 and 4, children and adults who were instructed better generalized the
unlocking rule to novel locks and keys. After instruction, learners were more successful in their
unlocking attempts compared to those who only explored; this unlocking success supported
generalization, particularly for children who explored and were instructed, and for adults who
were instructed. Instruction therefore guided learners’ subsequent actions towards success.
Instruction has been shown to limit subsequent behavior; for example, children who were
instructed tended to perform instructed rather than novel actions (Bonawitz et al., 2011).
Instruction also reduces the demands of unguided exploration (Sweller et al., 1998).

Specifically, learners who were instructed (compared to those who only explored) were
less likely to try keys that did not match the locks in color. This suggests that after learners saw
the instructions, they inferred that the color of the keys was an important feature of the unlocking
rule. Children and adults then engaged in focused testing of color-matched keys. Testing color-

matched keys led learners to see the necessary contrastive information: Some color-matched
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keys unlocked the locks, but other color-matched keys did not unlock the locks. Contrasting
color-matched incorrect shape keys and color-matched round keys likely led to a full understand
of the unlocking rule: color-matched, round keys unlocked the locks.

Though the test phase was designed to measure how well children and adults had learned
which keys unlocked the locks, learners continued learning the unlocking rule during this phase.
Exploration and instruction appeared to support learning of both parts of the rule, but learners
who were only instructed continued testing keys that were the wrong shape. In contrast, those
who only explored tested incorrect-color and incorrect-shape keys, suggested that they used trial-
and-error to learn both parts of the rule during the Test phase. Since learners continued to engage
in hypothesis-drive testing at Test, this suggests that they were continuing to learn the rule.
In-person versus Online Results

Interestingly, exploration and instruction facilitated children’s learning and generalization
in different ways in-person (Radnovanovic et al., in preparation) than online (Study 3). In-
person, instruction supported children’s learning and exploration supported generalization. In
contrast, the opposite results were found online: Exploration supported learning, while
instruction enhanced generalization. The differences are likely due to how informative children’s
actions were in each context. Children’s actions yielded success more often online than in-
person, suggesting that children could gain more information from each action online than in-
person. When children’s actions were informative, children learned effectively when they had
more time to explore the material to be learned, likely because they could make discoveries. In
the in-person environment where children’s actions were less informative for discovering new

information, instruction improved their learning.
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The difference in information value of actions was likely due to high motor demands and
greater degrees of freedom in-person than online. Motorically, children often struggled to fit
keys into locks in-person. Though some children also struggled to click and drag online, each
unlocking attempt was more straightforward: Once children mastered clicking and dragging, they
could make many attempts using the same motor pattern. Such a pattern would have been more
challenging to master in-person when keys needed to be turned and positioned in one hand while
locks were simultaneously positioned at the correct angle in the other hand. In person, children
could examine the feel of the key shapes and teeth and examine both sides of the locks and keys.
Online, children saw a 2D representation of the materials: The colored images on the keys were
always facing the child, the locks could not be moved, and none of the materials could be
rotated, which reduced the degrees of freedom online.

However, these findings do suggest that in-person, children could potentially figure out
how to unlock the locks if they were given enough time or if the task complexity had been
reduced. In parallel, if the exploration time had been restricted online, fewer children would have
been able to unlock all the locks independently. Given enough time, few degrees of freedom, and
minimal task complexity, children could learn through independent exploration. If children
instead have limited time, higher task demands, and more degrees of freedom, they may fail to
learn through their own actions.

Limitations and Future Directions

This study has theoretical and practical limitations that are addressed in Chapter 4 (Study
5: children, Study 6: adults). Studies 3 and 4 in this chapter tested the effects of exploration prior
to instruction, but not instruction followed by exploration. Further, guided exploration could

support generalization because it is an active process, but it is unknown whether a comparable
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observational experience would be equally effective. Practically, learners in all conditions in this
chapter who were instructed also explored, minimally during the exploratory Test phase. Studies
5 and 6 in Chapter 4 tested exploration before and after instruction, and isolated active and
observational exploration experiences. Studies 5 and 6 also carefully controlled the amount of
time children were exposed to the locks and keys, and implemented a true test phase that did not
allow additional exploration.
Conclusion

Overall, the results of Studies 3 and 4 suggest that learners’ independent successes
improved learning and generalization. Children who successfully explored prior to instruction
learned more, and children and adults whose exploration was guided to success by instruction
generalized more accurately. Together, these studies suggest that situations that allow learners to
be independently successful can promote their learning of taught information and transfer of

learned material to new situations.
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Chapter 4: Revisiting Online Problem-Solving: Timing of Exploration and Instruction,
Active versus Observational Exploration

Chapter 3 provided evidence that exploration and instruction together supported learning
and generalization by increasing learners’ independent successes. In a problem space where
children’s actions were informative for discovery, children who had more time to explore the
problem learned the rule more effectively. Instruction also guided learners’ behaviors towards
success, which in turn supported information transfer. Yet, unanswered theoretical questions
remain from these findings regarding (1) the timing of exploration relative to instruction and (2)
active versus observational exploration. Additional practical issues also remained, including (3)
isolating exploration from instruction, (4) controlling exposure time to the material to be learned,
and (5) a true test phase. These theoretical and practical follow-up questions were addressed in
Study 5 with children and Study 6 with a comparison sample of adults.

Studies 3 and 4 tested whether exploration prior to instruction supported learning.
Exploration prior to instruction could give children an opportunity to examine the problem space
(Saylor & Ganea, 2018), develop and test hypotheses (Gopnik & Wellman, 2012), and attend to
relevant information (Markant et al., 2016) prior to receiving instruction. In contrast, exploration
after instruction could also support children’s learning. To maximize efficient learning in
classroom settings, some have argued that instruction should precede exploration (Kirschner et
al., 2006) so children do not have to generate problem-solving strategies themselves (Clark,
2009). Others similarly argued that children should see examples before exploring to focus
children’s attention, connect learning to prior knowledge, and enhance motivation (Savery &
Dufty, 2001). Instruction prior to exploration benefitted children’s learning of math equivalence

by providing conceptual information and activating common misconceptions (Fyfe et al., 2014).
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Instruction also narrowed children’s behavior during exploration (Bonawitz et al., 2011) and
reduced the demands on children’s exploration (Sweller et al., 1998). Study 5 therefore included
conditions where children explored before (Exploration Then Instruction) and after (Instruction
Then Exploration) instruction.

In addition, Studies 5 and 6 tested whether active or observational experience supported
learning and generalization. Active exploration could support learning outcomes because it
includes motor engagement (here, clicking and dragging), which provide the learner with an
embodied experience with the information to be learned (Wilson, 2002). Exploration also
includes cognitive components including decision-making (Markant et al., 2016), discovery
(Schulz, Gopnik, & Glymour, 2007), hypothesis testing (Gopnik & Wellman, 2012), choice
about what children learn (Begus et al., 2014; Lucca & Wilbourn, 2018), and control over the
flow of information (Markant et al., 2016). Active exploration is also rewarding (Gruber et al.,
2014). When learners explore actively, they are “in the driver’s seat,” which may enhance their
learning and generalization more than a comparable observational experience.

Still, some observational experiences engage children mentally in ways that might allow
children to feel as though they are in the driver’s seat even when they are not acting. When
observed actions were more relevant for children’s actions, the mirror neuron system was more
active (Meyer et al., 2022), which supported children’s action performance (Meyer et al., 2011).
Further, children who overclaimed someone else’s actions as their own (Sommerville &
Hammond, 2007) or saw a person present while learning (Howard et al., 2020) demonstrated
better action learning and memory. Observing another person’s exploration may allow children
to be “mentally active” if children feel that they are acting or if children recognize that the

observed actions are relevant for their own actions. To ensure children who only observed had
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access to the same information as children who explored, children in the observational condition
watched a video of another child’s exploration. This allowed children to receive the same
information as children who explored while varying only whether children actively generated or
observed that evidence.

In addition, Studies 3 and 4 did not disentangle the possible benefits of exploration from
instruction. All children who received instruction also explored, either prior to instruction or
during the exploratory Test phase. Results from the Exploration Alone condition in Study 3
suggested that children learned from exploration without prior instruction. However, when task
demands were higher and less information could be gained by exploring alone (in-person,
Radovanovic et al., in preparation), children did not learn or generalize at high rates. Thus,
sufficient exploration experience could support learning and generalization (e.g., Dean & Kuhn,
2007). Study 5 therefore included a condition where children received two opportunities to
actively explore (Double Explore). This condition was compared to the condition that lacked
exploration, and instead provided children with an opportunity to observe (Observation Then
Instruction). This allowed for a more controlled examination of the effects of exploration versus
instruction, and also tested whether active or observational exploration supported learning.

The learning conditions in Studies 3 and 4 also differed in the amount of time children
were provided with information about the locks and keys: Children in Exploration Then
Instruction had more time with the locks and keys than children in Instruction Alone. It is
possible that children in Study 3 were more successful at Test after exploring because they had
been given more time with the locks and keys. To equate exposure time, all children in Study 5
had three minutes with the locks and keys. In addition, the Test phase in Studies 3 and 4 was not

a stringent test of learning. The Test phase provided learners with feedback about correct and
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incorrect lock-key matches, allowing children to continue learning. Study 5 therefore
implemented a true test phase: Children had one chance to unlock each lock and were not given
feedback. After the true Test phase, children participated in the same Generalization phase as in
Study 3 to test how accurately they could apply the rule they had learned to new locks and keys.
Study 5 was conducted with 6-year-olds and the methods and analyses were preregistered

(https://osf.i0/tvih2/?view_only=e5f28c406a4048aba60ca658458e5a33). Study 6 was identical in

design to Study 5 and was conducted with a comparison sample of adults. The methods and
analyses of Study 6 were also preregistered

(https://osf.i0/2aw6c/?view_only=0f96b8c4e4364b7b82dba62985efbaba).

Study 5

This study tested whether timing of exploration relative to instruction affected learning or
generalization with two conditions: Exploration Then Instruction and Instruction Then
Exploration. We also tested whether active exploration or observational instruction supported
learning and generalization with two additional conditions: Double Explore and Observation
Then Instruction. All conditions equated the amount of time that children were exposed to the
locks and keys and tested children’s learning with a true Test phase, followed by a
Generalization phase.
Methods

Participants. 160 children (mean age = 6.3 years; 74 male, 86 female) participated.
Children were recruited from a database of families who volunteered to participate in research at
a university in a large Midwestern city (144) and from a local school affiliated with the
university (16). The age range was wider than in Study 3 (range = 5.4 - 7.5 years) so children in

kindergarteners and first grade at the school could participate. Children were primarily of
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European or White-American descent (87; Asian or Asian-American: 22, African or African-
American: 14, Hispanic or Latino-American: 13, multiple race or ethnicities: 17, other: 5, did not
report: 2) and primary caregivers were highly educated (post-graduate degree: 81, bachelor’s
degree: 60, some college: 9, associate’s degree: 6, high school: 2, did not report: 2). Children
were randomly assigned to one of four conditions with 40 children per condition: Exploration
Then Instruction (mean age = 6.2 years, 18 male, 22 female), Instruction Then Exploration
(mean age = 6.3 years, 19 male, 21 female), Double Explore (mean age = 6.4 years, 19 male, 21
female), or Observation Then Instruction (mean age = 6.5 years, 18 male, 22 female). Data was
collected in December of 2021 and January of 2022.

Additional children (54) were tested but excluded from analyses (39 database families, 15
school families; no difference by condition: Exploration Then Instruction: 12; Instruction Then
Exploration: 17; Double Explore: 10; Observation Then Instruction: 15; ¥*(3) = 2.15, p = 0.540)
following preregistered exclusion criteria. Children were excluded due to caregiver interference
(18; see Post-game Survey); failure to click and drag the practice key (8), quitting or restarting
the game (14), failure to see the video in the Observation Then Instruction due to internet
connection issues (6), caregiver failure to complete the Post-game Survey (1), colorblindness (4),
or exposure to less than 50% English (3).

Procedure. This study was conducted asynchronously without an experimenter present.
Families were recruited to participate via email. The email included a link to a Qualtrics survey
that guided them through the study. After providing consent online, caregivers read instructions
that asked them to have their child play the Lock and Keys Task independently on a laptop or
desktop computer with their computer audio turned on in a distraction-free area. Caregivers also

viewed instructions about optionally recording a video of the session using Zoom. Caregivers
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then followed a link to the Lock and Keys Task website and entered their child’s randomly-
assigned Game ID, which loaded the task in the correct condition. Children then participated in
the Lock and Keys Task. Finally, caregivers completed a survey about their child’s game play
(Post-game Survey) and provided background information (children’s age, race or ethnicity,
language exposure, caregiver education, and whether the child had been diagnosed with
colorblindness). Families received a $5 Amazon gift card to thank them for participating, and
received an additional $5 gift card if they submitted a video of the session.

Lock and Keys Task. The Lock and Keys Task was similar to that of Study 3. Children
first participated in the same Practice phase. Following Practice, children received three minutes
of exposure to the locks and keys that included exploring, seeing instruction, or both. Then,
children participated in a Test phase (which differed from that of Study 3) and a Generalization

phase (which was identical to that of Study 3; Figure 14).

Exploration Then Instruction Practice Exploration (2 min) Instruction (1 min) Test Generalization
Instruction Then Exploration Practice Instruction (1 min) Exploration (2 min) Test Generalization
Double Explore Practice Exploration (2 min) Exploration (1 min) Test Generalization
Observation Then Instruction Practice Observation (2 min) Instruction (1 min) Generalization

cenea|leaaa’|leceaa’lenan’ a °
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Figure 14: Study 5 Design. Children were assigned to participate in one of four conditions. Time
spent in each phase is listed with the phase. An image of the screen shows how the locks and
keys were arranged at the start of each phase. The image for Generalization is an example of one
of the six Generalization trials.
Exploration Then Instruction and Instruction Then Exploration. In the two conditions

including both exploration and instruction, children experienced two minutes of Exploration and

one minute of Instruction, identical to Study 3. These conditions differed only by the order in
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which the Exploration and Instruction phases were presented. Exploration Then Instruction
included Exploration followed by Instruction, while Instruction Then Exploration showed
Instruction followed by Exploration.

Double Explore. In the condition including only exploration, children were given two
minutes of Exploration identical to Study 3. Then, the keys reset: The keys slid back to their
original positions at the bottom of the screen. Children were given the same prompt that began
Exploration (“Use the keys [keys highlighted] to unlock the locks [locks highlighted]”). Children
then had one additional minute of Exploration. Resetting the keys allowed children a second
chance to unlock the locks from scratch, providing a double dose of exploration.

Observation Then Instruction. In this condition, children were randomly assigned to
watch one of four two-minute video of another child’s Exploration phase (Observation), then
watched the same one-minute Instruction demonstration as in Study 3. The Observation videos
were screen-recorded videos of children’s exploration from Study 3. In all videos, children saw
evidence that some keys unlocked the locks while others did not. Two of the videos provided
“better than average” evidence and two provided “excellent” evidence about which keys
unlocked the locks.

Data from the Exploration phase of Exploration Then Instruction and the first two
minutes of the Test phase in Exploration Alone in Study 3 were analyzed to identify “better than
average” and “excellent” videos (N = 50; data collection for Study 3 was partially complete at
the time of this analysis). On average, when exploring, children unlocked 2 different locks.
“Better than average” videos showed successful unlocking of 3 different locks, and “excellent”
videos showed all 4 locks unlocking (Table 6). Four videos with these features were selected

from the Exploration phase of the Exploration Then Instruction condition from children in Study
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3. The audio and timing of the videos was edited. At the beginning of the video, voiceover said,
“Watch the keys [keys highlighted] unlock the locks [locks highlighted].” When a key unlocked a
lock, the correct unlocking sound played and voiceover said, “Look, the lock unlocked!”” When
an incorrect key was tested on a lock, the incorrect tapping sound played. The two “excellent”
videos were also edited for timing: Freeze-frames were added between key movements to make

the videos two minutes long.

Total unlocking attempts ~ Unlocking Failures ~ Unlocking Successes

(number of locks) (number of locks) (number of locks)

Average
Performance 10.1(3.8) 7.8(3.0) 2321
Better than Video 1 13(4) 10 (4) 303)
average Video 2 13 (4) 104 1)

Video 3 7(4) 3(3) 4 (4)
Excellent

Video 4 9(4) 503) 4 (4)

Table 6: Study 5 Observation Videos. Table of descriptive statistics on the average exploration
performance (during the Exploration phase of Exploration Then Explore or the first two minutes
of Exploration Alone) for 50 participants in Study 1. “Better than average” and “excellent”
quality videos were identified from this average performance.

Test Phase. The Test phase differed from that of Study 3 to eliminate feedback and
opportunities for exploration. At the start of the Test phase, children saw four keys at the top of
the screen and 20 keys at the bottom of the screen, with the key positions shuffled relative to the
prior phase. There were four trials, one per lock (blue, purple, green, and orange). For the first
trial, voiceover asked, “Which key [all keys highlighted] would unlock the lock [blue lock
highlighted]?” Children then could click and drag keys, as in Exploration. However, only the
target lock (blue) highlighted when keys were hovered over it. When a key was dropped on the

blue lock, the key remained on top of the lock for one second (providing no feedback), then

returned to its previous position on the screen. Then, the Test phase proceeded to the next trial,
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during which the procedure was repeated (for the purple lock, green lock, and orange lock). All
children participated in the same Generalization phase as in Study 3 after completing Test.

Post-game Survey. After children participated in the Lock and Keys Task, a link
directed caregivers to complete a Post-game Survey. This survey asked about children’s
experience with the game to capture any help caregivers provided to children that would
invalidate children’s gameplay. Specifically, if caregivers performed all the clicking and
dragging for their child (N = 6; data had already been excluded for other reasons) or offered hints
about the unlocking rule (N = 18), their child’s data was excluded (see Figure 15). Caregivers
then provided information about children’s backgrounds (age, race or ethnicity, language

exposure, and colorblindness).

Was clicking and dragging the keys hard?
For my child, clicking and dragging was:
) Really easy: my child clicked and dragged the keys all on their own
) Hard at first: my child needed help clicking and dragging the keys at first until they got the hang of it
) Pretty hard the whole time: my child needed help clicking and dragging the keys throughout the game

l‘ ) Too hard: my child couldn't click and drag the keys at all on their own I

() Other (please explain)

There were rules for which keys unlocked the locks. These rules can be tricky even for adults to figure out! Was
learning the rules for unlocking the locks hard?

For my child, figuring out how to unlock the locks was:
() Really easy: my child figured out how to unlock the locks pretty quickly
) Somewhat easy: my child took some time to figure out how to unlock the locks

() Pretty challenging: my child struggled to figure out how to unlock the locks

*) Difficult: my child needed hints from me to figure out how to unlock the locks

) Too hard: my child needed me to show them how to unlock the locks

) Other (please explain) ‘
\

Figure 15: Study 5 Post-game Survey. For the first question about clicking and dragging,

children’s data were excluded if their parent answered, “Too hard: my child couldn’t click and

drag the keys at all on their own.” For the second question about caregiver hints, children’s data

were excluded if their parent answered “Difficult” or “Too hard” since both options indicated

that parents had provided their children with information about the unlocking rule.
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Analysis

Similar measures as in Study 3 were extracted from the gameplay files. Generalization
Performance and Generalization Color Rule were identical to Study 3. Exploration Total
Attempts, Exploration Success Proportion, and the proportion of exploration failures performed
with each key type (Incorrect Color Keys Proportion, Correct Color Incorrect Shape Keys
Proportion) were extracted from the following Exploration phases: two minutes of exploration in
the Exploration Then Instruction and Instruction Then Exploration conditions, and one minute of
exploration following exploration in Double Explore (i.e., the final minute of exploration after
the keys reset). The test score differed from that of Study 3: Test Performance was the number of

correctly chosen keys on the four test trials (maximum: 4). Test Color Rule was the total number

of color-matched keys children selected across the four trials (the correct keys plus color-

matched, incorrect shape keys; Table 7).

Phase Measure Definition Mean (SD); range
Exploration Total Total number of successful and failed unlocking 7.81 (3.75): 2-30
) Attempts attempts
Exploration* ) ) o
Exploration Success ~ Number of successful unlocking attempts divided 42 (31): 0-1
Proportion by Total Exploration Attempts AT
Incorrect Color Kevs Number of incorrect unlocking attempts made with
Pronortion Y keys that did not match the lock in color divided by .27 (.35); 0-1
P Exploration Total Attempts
Correct Color Number of incorrect unlocking attempts made with
Incorrect Shape Keys  keys that did match the lock in color but were not .31 (.25); 0-1
Proportion round divided by Exploration Total Attempts
Test Performance Number of correct keys (maximum: 4) 2.66 (1.19); 0-4
Test
Test Color Rule Number of color-matched keys (maximum: 4) 3.66 (.73); 0-4
Generalization Number of correctly chosen keys across 6 trials 3.82 (1.76); 0-6
Performance
Generalization

Generalization Color
Rule

Number of color-matched keys chosen across 6
trials

5.77 (.64); 2-6

Table 7: Study 5 Measures. Measure calculated from gameplay data during each phase of the
study with associated definition. Descriptive statistics are provided across conditions (mean,
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Table 7: Study 5 Measures (continued): standard deviation, and range). *Exploration Attempts
were extracted from the 2-minute Exploration phases in the Exploration Then Instruction and
Instruction Then Exploration conditions, and from the 1-minute Exploration phase following 2
minutes of exploration in the Double Explore condition.

Analysis Strategy. Four planned contrasts were preregistered to compare Test and
Generalization Performance by condition. Exploration tested whether children who only
explored would perform better than those who were only instructed: Double Explore (1) vs.
Observation Then Instruction (-1). Exploration Timing tested whether exploring before
instruction would improve performance relative to exploring after instruction: Exploration Then
Instruction (1) vs. Instruction Then Exploration (-1). Combination to Exploration tested
whether the combination of exploration and instruction would improve performance compared to
a double-dose of exploring: Exploration Then Instruction (1) and Instruction Then Exploration
(1) vs. Double Explore (-2). Combination to Instruction tested whether the combination of
exploration and instruction would be more effective than only observing: Exploration Then
Instruction (1) and Instruction Then Exploration (1) vs. Observation Then Instruction (-2). These
contrasts were run two separate models, each predicting Test and Generalization Performance:
Model 1: Exploration, Exploration Timing, and Combination to Exploration; Model 2:
Exploration, Exploration Timing, and Combination to Instruction. Proportion measures were
arcsine square-root transformed prior to the analyses.

Results

Age (F(3, 156) =2.22, p = .089) and gender (male versus female: ¥*(3) = 0.10, p = 0.992)

did not differ by condition. The analyses collapsed across these participant factors. The

distribution of participants who saw each Observation video did not significantly differ (video 1:

8, video 2: 9, video 3: 13, video 4: 10; x>(3) = 1.40, p = 0.706). Caregivers of 71 children (44%)
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submitted a video of their child’s session; there was no evidence that Test or Generalization
Performance differed by whether or not caregivers submitted a video (Test: B <0.01, SE =0.19,
p =.996; Generalization: B =0.03, SE =0.28, p = .919).

Test Performance. On average, children were correct on 2.7 out of four Test trials. No
planned contrasts significantly related to Test Performance (all p’s > .227; Figure 16A). Children
in all conditions performed significantly above chance in selecting the color-matched keys (Test
Color Rule, chance = 50%; all p’s <.0001). When this stringent chance measure was applied to
Test Performance, children in all conditions performed significantly above chance (all p’s <.01),
suggesting that children learned which keys unlocked the locks in all conditions. However, there
was no evidence that exploration, instruction, or their combination affected learning.

Generalization Performance. On average, children scored 3.8 out of six during
Generalization. Interestingly, Exploration Timing significantly related to Generalization
performance ( =-0.60, SE = 0.19, p =.002; Figure 16B): Children generalized the rule more
effectively if they explored affer instruction rather than before instruction. No other contrasts
reached significance (all p’s > .818). In addition, children in all conditions performed
significantly above chance in Generalization Color Rule (chance = 50%; all p’s <.0001).
However, when this stringent chance level was applied to Generalization Performance, children
in the Exploration Then Instruction condition did not perform significantly above chance (#(39) =
0.87, p = 0.387). Children in the other three conditions performed significantly above chance (p’s
<.01). This suggests that children who explored before receiving instruction did not generalize
the unlocking rule, while children in the other three conditions generalized the rule.

Exploratory analyses then tested whether Generalization Performance in any condition

differed from that of Instruction Then Exploration. As in the main analysis, children in the
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Instruction Then Exploration condition generalized more accurately than those in Exploration
Then Instruction (B =-1.20, SE = 0.38, p =.002). In addition, children in Instruction Then
Exploration generalized marginally better than those in Double Explore (f =-0.65, SE =0.38, p
=.093) and Observation Then Instruction (f =-0.68, SE = 0.38, p = .081). Thus, children who
explored after instruction generalized significantly better than those who explored before
instruction, and marginally better than those who consistently explored or were instructed.
Generalization Performance: Perfect Test. To parallel analyses from Study 3,
Generalization Performance was analyzed for the subsample of children who performed
perfectly at Test. This left a sample of 55 children (no difference by condition: Exploration Then
Instruction: 11, Instruction Then Exploration: 18, Double Explore: 14, Observe Instruct: 12;
v*(3) =2.09, p = 0.554). Of note, this Test phase was a true test and was therefore more
challenging than the Test phase in Study 1. Given this small sample, it is unsurprising that no

contrasts reached significance (all p’s > .245; Figure 16C).
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We next tested whether the difference in Generalization Performance between children

who explored before or after instruction was driven by children’s exploration success. Children

who explored before instruction made more attempts than those who explored after instruction

(Total Attempts: B =2.28, SE =0.75, p =.003); however, those who explored after instruction

were more successful than those who explored before (Proportion Successful Attempts: = -
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0.14, SE =0.04, p <.001; Figure 17D). In turn, higher proportions of success were related to
better Generalization Performance (f =2.10, SE =0.49, p <.001), particularly for children who
explored after instruction (B =-1.21, SE = 0.51, p = .021; Figure 17A). Further, the relation
between Exploration Timing and Generalization Performance was fully mediated by Exploration
Success Proportion (B =-0.27, 95% CI [-0.51, -0.08], p <.0001; Figure 17B). Children who
explored after instruction generalized better that those who explored before instruction because
they were more successful when they explored.

We also examined the nature of children’s unlocking failures during exploration. After
instruction, children specifically gathered information that would disambiguate the shape rule:
Compared to children who explored before instruction, children who explored after instruction
failed proportionally less with the Incorrect Color Keys (B =-0.16, SE = 0.04, p <.001) and
proportionally more with the Correct Color Incorrect Shape Keys (= 0.33, SE =0.05, p <.001;
Figure 17D). Children who explored without prior instruction gathered evidence to learn both
parts of the rule. In contrast, instruction targeted children’s exploration towards evidence that
would disambiguate the shape rule, suggested that children had learned the color rule by viewing
the instructions.

It is possible that instruction and exploration differentially affected children’s behavior
during the exploration that followed. We therefore compared attempts, successes, and failures
during exploration that followed instruction (Instruction Then Exploration) to exploration that
followed exploration (the second exploration phase of Double Explore). Children made more
attempts after instruction than after exploration ( =-1.88, SE = 0.46, p <.001), but children
were equally successful in their attempts (f = 0.12, SE =0.10, p =.215; Figure 17D). In turn,

greater success was related to better Generalization Performance (f = 1.72, SE = 0.41, p <.001).
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Interestingly, the relation between success and Generalization was stronger for children who
explored after instruction than those who explored after exploration (B =-1.83, SE = 0.86, p =
.038; Figure 17C). Children therefore reached similar levels of success following instruction and
exploration, but success was more relevant for generalization after instruction than after
exploration.

We also examined children’s failed attempts to unlock locks after instruction versus after
exploration. Children who explored after instruction (rather than after exploration) were less
likely to try Incorrect Color Keys (B =0.32, SE = 0.09, p <.001) and more likely to try Correct
Color Incorrect Shape Keys (B =-0.43, SE =0.07, p <.001; Figure 17D). Instruction was
therefore more effective than exploration in targeting children’s behavior towards color-matched
keys, suggesting that children had inferred that color mattered for unlocking more effectively

from instruction than prior exploration.
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Figure 17: Study 5 Exploration Success, Generalization, and Attempts (continued): Performance
by condition. (D) Proportion of unlocking attempts that were successful and failed (by failure
type: Incorrect Color Keys and Correct Color Incorrect Shape Keys). Shaded areas represent
95% confidence intervals. Error bars: +/- 1 Standard Error.*p <.05, **p <.01, ***p <.001.

Results Summary. While children in all conditions learned the taught information
equally well, children who explored after rather than before receiving instruction generalized the
rule more accurately. Instruction improved children’s success in unlocking the locks, which in
turn improved generalization. As in Chapter 3, guided exploration supported generalization.
Children who explored twice or were instructed twice generalized at levels between instructed
and uninstructed exploration. Interestingly, though prior instruction and exploration improved
children’s success rates similarly, instructed exploration success was more strongly related to
generalization than exploration-drive success. In addition, children inferred that color was
important for unlocking more effectively from instruction than from exploration: After
instruction (compared to after exploration), children engaged in more targeted trial-and-error
testing that would reveal evidence about the shape part of the unlocking rule.
Study 6

Study 6 was conducted with a comparison sample of adult participants on MTurk using
the same methods as Study 5. Adults participated in one of four conditions: Exploration Then
Instruction, Instruction Then Exploration, Double Explore, and Observation Then Instruction.
Methods

Participants. 426 participants were included in the analyses (mean age = 37.9 years,
range = 20-74 years, 248 male, 117 female, 1 NA or other) with approximately 100 per condition

(Exploration Then Instruction: 107; average age = 37.6 years, 57 male, 50 female; Instruction

Then Exploration: 94; average age = 39.5 years, 55 male, 39 female; Double Explore: 110;
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average age = 37.6 years; 69 male, 40 female, 1 NA or other; Observation Then Instruction: 115;
average age = 37.2 years, 67 male, 47 female). The majority of participates were European or
White-American (282; 46 Native American, 31 Hispanic or Latino-American, 29 African or
African-American, 24 Asian or Asian-American, 14 multiple races or ethnicities) and held a
bachelor’s degree (247; 62 post-graduate degree, 62 some college, 40 high school, 14 associate’s
degree, 1 other). Data was collected in December of 2021.

Data from 135 additional participants were excluded (colorblindness: 119, not fluent in
English: 16). 67 additional participants in the Observation Then Instruction condition were
excluded because the Observation video failed to load due to poor internet connection. Extra
participants were run in this condition to account for dropout. During the analysis, an additional
29 participants were excluded for contributing data that were outliers (as preregistered) and one
additional participant was excluded due to a technical error.

Procedure. As in Study 4, eligible participants were recruited through MTurk and
directed to a Qualtrics survey. Participants were told to use a laptop or desktop computer, turn on
the computer audio, and play the Lock and Keys Task on a different website. After participating,
adults entered a code into MTurk and the Qualtrics survey and were asked the same background
questions as in Study 2. Participants received $1.50 as compensation. The study took
approximately 10 minutes.

Analysis

The same measures as in Study 5 with children were extracted from adults’ gameplay
data: Test Performance, Test Color Rule, Generalization Performance, and Generalization Color
Rule. During the exploration phases of Exploration Then Instruction, Instruction Then

Exploration, and the second Exploration phase of Double Explore, Total Attempts were extracted
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and Proportion Unlocking Success, Incorrect Color Keys Proportion, and Correct Color Incorrect

Shape Keys Proportion were calculated (Table 8).

Outlier Detection. As in Study 4, adults’ game play was more variable that that of

children in Study 5. As preregistered, behavioral data were extracted and analyzed for the

presence of outliers: Total Time, Pause Time, time during each phase of the game, total keys

clicked and dragged during each phase of the game, and unlocking failures. 29 additional

participants were excluded for providing data that was 3 standard deviations from the mean of

Total Game Play Time (8), Total Pause Time (9), Test Time (3), Generalization Time (2), and

number of keys selected during Test (visual inspection of box plots: 7).

Phase Measure Definition Mean (SD); range
Exploration Total Total number of successful and failed )
Attempts unlocking attempts 9-19(7.22); 0-40
Exploration* Exploration Success Number of successful unlocking
prora attempts divided by Exploration Total .60 (.30); 0-1
Proportion
Attempts
Number of incorrect unlocking
Incorrect Color Keys  attempts made with keys that did not 21 (.32): 0-1
Proportion match the lock in color divided by D
Exploration Total Attempts
Number of incorrect unlocking
Correct Color . .
Incorrect Shape Keys attempts made with keys that did match 21 (.18): 0-1
Proportion the lock in color but were not round TS
P divided by Exploration Total Attempts
Test Performance Number of correct keys (maximum: 4)  2.68 (1.29); 0-4
Test
Test Color Rule Number of color-matched keys 3.66 (.78); 0-4
(maximum: 4)
Generalization Number of correct keys (maximum: 6)  4.17 (1.75); 0-6
o Performance
Generalization

Generalization Color
Rule

Number of color-matched keys
(maximum: 6)

5.76 (.64); 0-6

Table 8: Study 6 Measures. Measure calculated from gameplay data during each phase of the
study with associated definition. Descriptive statistics are provided across conditions (mean,
standard deviation, and range). *Exploration Attempts were extracted from the 2-minute
Exploration phases in the Exploration Then Instruction and Instruction Then Exploration
conditions, and from the 1-minute Exploration phase following 2 minutes of exploration in the
Double Explore condition.
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Analysis Strategy. As preregistered, the main analyses tested the same planned contrasts
as in Study 5 predicting Test Performance and Generalization Performance: Exploration,
Combination to Exploration, Combination to Instruction, and Exploration Timing. Two
models were run to test these contrasts (Model 1: Exploration, Combination to Exploration, and
Timing; Model 2: Exploration, Combination to Instruction, and Timing). All proportion
measures were arcsine square-root transformed prior to the analyses.

Results

Age (F(3, 421) =0.84, p = .473; 1 participant missing) and gender (male versus female:
v*(3) =2.24, p = 0.52; 1 participant missing) did not differ by condition. The analyses collapsed
across participant factors. To test whether there had been differential dropout from the
Observation Then Instruction condition relative to the other conditions due to internet failure,
participants’ background characteristics were tested by condition. Participants did not
significantly differ by race or ethnicity (White vs. non-White participants: y>(3) = 6.98, p =
0.072) or degree attainment (bachelor’s degree or higher versus less than a bachelor’s degree:
v*(3) = 6.37, p = .095). There was also no evidence of a difference in the number of participants
who saw each of the four Observation videos (video 1: 34, video 2: 24, video 3: 29, video 4: 28;
v’(3) =1.77, p = 0.623).

Test Performance. On average, participants scored 2.7 out of four at Test. No contrasts
reached significance in predicting Test Score (all p’s > .100). In addition, participants were
significantly above chance (Test Color Rule: chance = 50%; all p’s <.0001; 50% chance was
applied to Test Performance: all conditions were significantly above chance, all p’s <.0001;

Figure 18A). Like children, adults learned which keys unlocked the locks in all conditions.
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Generalization Performance. Participants scored on average 4.2 out of six in
Generalization. Unlike with children, no contrasts reached significance in predicting
Generalization Performance (p’s > .802). Participants in all conditions performed significantly
above chance as well (Generalization Color Rule: chance = 50%; all p’s <.0001; 50% chance
was applied to Generalization Performance: all conditions were above chance, all p’s <.0001;
Figure 18B). Adults generalized the rule at above-chance levels in all conditions, and prior
exploratory or instructional experience did not differentially affect generalization.

Generalization Performance: Perfect Test. As in prior analyses, Generalization
Performance was analyzed for the group of participants who scored perfectly at Test. 162
participants (38%), were included in this analysis (no difference by condition: Exploration Then
Instruction: 42, Instruction Then Exploration: 35, Double Exploration: 42, Observation Then
Instruction: 43; ¥*(3) = 1.01, p = .798). Within this subsample of participants who demonstrated
perfect rule-learning, participants in all conditions performed at above-chance levels (chance =
50%; all p’s <.0001). Interestingly, there was a significant effect of Combination to Explore
(Model 1: B =-0.17, SE = 0.09, p = .047) and a significant effect of Combination to Instruction
(Model 2: B =-0.17, SE = 0.09, p = .047; no other contrasts reached significance: p’s > .145;
Figure 18C). Those in the Double Explore condition demonstrated significantly better
Generalization Performance compared to those in either condition that combined exploration and
instruction. Similarly, those in the Observation Then Instruction condition scored higher in
Generalization compared to those in the combination conditions. Among adults who
demonstrated perfect test performance, those who experienced consistent exploration or

instruction generalized the rule most accurately.
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Figure 18: Study 6 Test and Generalization Performance. (A) Test Performance, (B)
Generalization Performance for the full sample, and (C) Generalization Performance for those
who scored perfectly at Test (perfect Test Performance). Generalization chance is 50% (3). Error
bars: +/- 1 Standard Error. *p <.05, **p <.01, ***p <.001.

Since adults generalized better after consistent exploration than combined exploration

and instruction, we compared exploration attempts, successes, and failures between conditions.

Among those who scored perfectly at Test, adults made more attempts to unlock the locks when

they explored before instruction compared to after exploration (f = 5.02, SE = 1.58, p <.001),

but there was no difference in the number of attempts between participants who explored after

97



instruction or exploration (B = 1.58, SE = 1.21, p =.196). Interestingly, those who explored after
exploration were the most successful (Exploration Then Instruction: § =-0.36, SE = 0.08, p <
.001; Instruction Then Exploration: B =-0.20, SE = 0.09, p = .024; Figure 19B). However,
exploration success was not significantly related to Generalization Performance (f = 0.16, SE =
0.27, p = .557; Figure 19A). The lack of a relation between exploration success and
generalization was likely due to limited variability in adults’ generalization; in this sample of
high-performing participants, most adults scored perfectly during Generalization.

We also examined the failures adults made as they explored. Exploration targted adults’
behaviors most: After exploration, adults tried proportionally fewer Incorrect Color Keys
(Exploration Then Instruction: § = 0.29, SE = 0.07, p <.001; no difference from Instruction Then
Exploration: p > .731) and fewer Correct Color Incorrect Shape Keys (Exploration Then
Instruction: = 0.15, SE = 0.06, p =.014; Instruction Then Exploration: § =0.18, SE = 0.06, p =
.005; Figure 19B). Two exploration experiences allowed adults to intuit both parts of the

unlocking rule more effectively than exploring before or after instruction.
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Figure 19: Study 6 Exploration Success and Attempts (Perfect Test Only). Among participants
who scored perfectly at Test: (A) Relation between Exploration Success Proportion and
Generalization Performance separated by condition and (B) proportion of unlocking attempts
that were successful and failed (by failure type: Incorrect Color Keys and Correct Color Incorrect
Shape Keys). Shaded areas represent 95% confidence intervals. Error bars: +/- 1 Standard Error.
*p <.05, *¥*p <.01, ***p <.001.

We additionally examined attempts, successes, and failures within the full sample of
participants. Adults made more attempts when exploring before instruction than after exploration
(B=6.32, SE =0.92, p <.001), but attempts were similar when participants explored after
instruction or exploration (B = 0.65, SE = 0.94, p = .489). Adults were more successful after
exploring than before instruction (f =-0.28, SE = 0.06, p <.001) but were similarly successful
after instruction and exploration ( = -0.042, SE = 0.06, p = .483; Figure 20B). In addition,

greater exploration success was positively related to Generalization (B = 1.43, SE=0.23,p <

.001; no interactions with Combination To Explore or Explore Time: p’s > .684; Figure 20A).
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Exploring after exploration targeted adults’ behaviors compared to those who explored
first (Exploration Then Instruction): After exploration, adults used proportionally fewer Incorrect
Color Keys (B =0.29, SE = 0.06, p <.001; no difference in Correct Color Incorrect Shape Keys:
p > .362). Interestingly, instruction targeted adults’ behavior more than prior exploration: After
instruction, adults tried proportionally fewer Incorrect Color Keys (marginal: f =-0.12, SE =
0.06, p =.059) and more Correct Color Incorrect Shape Keys (p =0.16, SE =0.04, p <.001;
Figure 20B) than those who explored after prior exploration. In the full sample of adults, like
children, instruction targeted exploration more effectively than prior exploration: Adults inferred

the color part of the rule more effectively from instruction than their own exploration.
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Figure 20: Study 6 Exploration Success and Attempts (Full Sample). (A) Relation between
Exploration Success Proportion and Generalization Performance and (B) proportion of unlocking
attempts that were successful and failed (by failure type: Incorrect Color Keys and Correct Color
Incorrect Shape Keys). Shaded areas represent 95% confidence intervals. Error bars: +/- 1
Standard Error. *p < .05, **p <.01, ***p <.001.
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Results Summary. Among the participants who scored perfectly at Test, adults
generalized the unlocking rule better after consistent exploratory or instructional experience
rather than combined exploratory and instructed experiences. Adults who explored after prior
exploration were more successful in unlocking locks than those who explored before or after
receiving instruction. Within this high-performing subgroup, exploration guided adults’ learning;
after exploring, adults were highly successful and rarely tried keys that were the wrong color or
shape. Skilled adults learned well from exploring because their successful exploration allowed
them to intuit both the color and shape parts of the rule. In addition, among adults who scored
perfectly at test, consistent observational experience was as effective as consistent exploratory
experience.

However, among adults with more varied learning outcomes (i.e., the full sample),
generalization did not differ by condition. Adults achieved similar exploration success after
instruction and after exploration. In turn, more successful exploration supported generalization
across conditions. Interestingly, instruction targeted adults’ exploration more effectively than
prior exploration. After instruction, adults focused their attempts on keys that were color-
matched, indicated that instruction allowed adults to infer the color part of the rule. However,
after adults explored, they tested keys that were the wrong color, suggesting that instruction
allowed adults to infer the color part of the rule more effectively than their own exploration.
Among adults of different skill levels, instructed exploration was more effective than consistent
exploratory experience for rule learning.

Discussion
Four preregistered studies tested whether exploration, instruction, or the combination of

exploration and instruction improved children’s and adult’s rule-learning and generalization in
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an online problem-solving task. Across the studies, learners tended to generalize best when they
explored after receiving instruction. Instruction targeted subsequent exploratory behaviors in
ways that allowed learners to disambiguate the rule governing the problem-solving system. In
turn, successful exploration supported generalization. Success achieved through guided
exploration was key for promoting generalization.

The most robust evidence of this effect was seen in Study 5. Children who explored after
rather than before instruction were more successful in their exploration, which in turn improved
children’s generalization. The results from Study 3 showed a similar effect: After instruction,
whether or not children had also explored before receiving instruction, children were more
successful in the exploratory Test phase. In turn, successful exploration improved generalization.
and these results were replicated in Study 4 with adults.

Did exploration success reflect what learners had already learned or did children and
adults learn more as they explored? Evidence that children and adults continued learning during
exploration comes from three sources: (1) Generalization performance across studies, (2) the
relations between exploration success and learning in conditions where learners explored first,
and (3) failed unlocking attempts when learners explored after instruction.

Comparing children’s generalization performance in the Exploration Then Instruction
conditions in Study 3 and Study 5 indicated that children generalized better when they had more
time to explore. In Study 3, children in the Exploration Then Instruction condition generalized at
above-chance levels. Children in this condition explored, received instruction, and then explored
again during the Test phase. In contrast, in Study 5, the Exploration Then Instruction condition
did not allow children an extra opportunity to explore after instruction (the test phase was a true

test without feedback); children in this condition did not generalize at above-chance levels. This
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suggests that when children had an extra chance to explore after receiving instruction in Study 3,
they generalized more accurately than children who did not explore after instruction in Study 5.
We can therefore conclude that additional learning occurred during the exploratory Test phase in
Study 3. However, it is possible that any additional experience would have supported
generalization. This possibility was addressed in Studies 5 and 6.

In conditions where learners explored first, there was also evidence that they learned by
exploring. In the Exploration Then Instruction condition in Study 3, children who explored more
successfully demonstrated greater learning at the Test phase. In addition, adults in Study 6 who
were perfectly accurate at Test were highly successful when they explored after prior
exploration, suggesting that they had learned both the color and shape components of the rule
through their first exploration phase. In the conditions where learners explored first, exploration
improved children’s learning and adults’ generalization.

Additionally, the types of errors learners made while exploring in the exploratory test
phase (Studies 3 and 4) and the exploration phases (Studies 5 and 6) demonstrated that children
and adults systematically tested specific keys while they explored. Though instruction led to the
most successful exploration, learners were not completely successful; specifically, after
instruction, children and adults tried correct keys and color-matched incorrect shape keys. In
contrast, learners who explored without prior instruction tried more keys that did not match the
locks in color. This suggested that without instruction, learners used trial and error to discover
both components of the unlocking rule. However, after instruction, learners focused their efforts
on testing the keys that matched the locks in color. Learners had therefore intuited that color

mattered from instruction but were still learning the shape rule through systematic exploration.
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These errors indicated that children and adults were engaging in hypothesis testing as
they explored (Gopnik & Wellman, 2012), which likely supported generalization. Children and
adults who explored first were unaware of the rule: Learners tested all types of keys, suggesting
that they began the study with a simple hypothesis: “some keys unlock the locks.” After
receiving instruction, learners’ hypothesis space was reduced. Instead of testing all the keys,
children and adults focused their testing behaviors on keys that matched the locks in color
(correct keys and correct color, incorrect shape keys). This suggests that instruction constrained
learners’ hypothesis spaces to: “color-matched keys unlock the locks.” However, the instructions
did not provide counterfactual evidence that some color-matched keys did not unlock the locks.
Children and adults systematically tested color-matched keys that were round, which generated
successes identical to the instructions, and color matched keys that were not round, which
generated the counterfactual evidence necessary to learn both components of the unlocking rule.
Children in Study 3 who explored and received instruction and adults who explored twice in
Study 6 were the most targeted in their testing behaviors, rarely trying keys that were incorrect.
This suggested that through exploration, instruction, and more exploration (children, Study 3)
and successful exploration alone (among high-performing adults, Study 6), learners had
developed an even more refined hypotheses: “color-matched round keys unlock the locks.”

Unlike prior research on the benefits of productive failure (e.g., DeCaro & Rittle-
Johnson, 2012), learners who failed /ess often more accurately applied the rule to new locks and
keys. More confirming rather than disconfirming evidence supported generalization. Success was
measured as a proportion of attempts; thus, the positive effect of success on generalization also

necessarily reflects a negative effect of failure on generalization. As such, learners who
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succeeded more and failed less generalized more accurately. It is possible that enacting the
material to be learned allowed learners to generalize the rule.

Instruction was crucial in guiding learners’ behaviors; instruction improved children’s
and adults’ exploration success. After instruction, learners explored during what can be
considered a “practice” phase: Learners saw a demonstration of the material to be learned, then
practiced enacting unlocking independently. Children and adults were successful after viewing
the instruction likely because instruction reduced the degrees of freedom in the problem, helping
learners narrow in on relevant information (i.e., the color rule) and ignore irrelevant information
(i.e., keys that did not match the locks in color). Guided discovery learning has been found to
improve students’ learning in classroom settings compared to fully guided or completely
unguided exploration (Alfieri et al., 2011). We found similar evidence on a smaller scale than
classroom lessons; exploration guided by instruction improved learning transfer.

Instruction can also help students develop appropriate problem-solving strategies, which
children might not generate independently (Klahr & Nigam, 2004; Mayer, 2004). A similar
process may have occurred in the present studies. The Lock and Keys Task was highly
constrained; the only possible actions were dragging and dropping keys onto locks. Even without
instruction, learners engaged in a basic problem-solving strategy of testing keys. However,
instruction guided learners to engage in specific forms of testing. When children explored
without prior guidance, they used some correct keys, but often tried keys that did not match the
locks in color. Receiving instruction allowed children to develop a more targeted problem-
solving strategy focused on learning which of the color-matched keys unlocked the locks.
Instruction targeted children’s existing problem-solving strategies towards actions that would

disambiguate the causal rule.
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Although children generalized significantly (Study 3) or marginally (Study 5) more
accurately from instructed exploration than exploration alone, children who only explored also
generalized the rule at above-chance levels. It is possible that if children were given additional
time to explore, they may have generalized at levels similar to those who received instructed
exploration. While these findings do not allow definitive conclusions, they suggest that given
sufficient time and multiple opportunities to explore “from scratch,” children may be able to
explore in ways that supported high levels of generalization. In these studies, when exploration
time was limited, instructed exploration supported rule-learning.

More advanced learners learned well from unguided exploration. Specifically, for the
high-performing adults in Study 6, two exploratory experiences supported generalization better
than combined exploratory and instructed experiences. This was likely due to the fact that adults’
exploration was highly successful; on average, adults’ success rate in the second exploration
phase of Double Explore was 87% (SD = 18%), while children’s success rate was on average
55% (SD = 35%). Since adults generated more successes than children, this likely caused adults
to generalize more accurately from two exploratory experiences. In contast, children and the
whole sample of adults benefitted most from guided exploration. Children and the entire adult
sample were equally successful after exploring and after instruction; the high-performing
subsample of adults were more successful after exploring than after instruction. More mature or
advanced learners may therefore learn from their own actions, while less advanced learners may
benefit from instructed exploration.

Learning from Observing
Interestingly, children who were instructed twice also generalized at above-chance levels,

though they performed marginally poorer than children who experienced guided exploration.
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This was surprising given the potential benefits of being “in the driver’s seat” while learning.
Though children in this condition could not make decisions, control the flow of their learning, or
test hypotheses (Markant et al., 2016), it is possible that children felt they were acting even when
they were only watching. All children participated in a practice phase before observing, which
made the actions they observed highly relevant for their own actions (Meyer et al., 2011). In
addition, the practice phase may have induced a collaborative context (Sommerville &
Hammond, 2007), which may have caused children to overclaim observed actions as their own.
It is possible that this observational context induced mental activity that improved children’s
ability to learn from watching.

Even if children were aware that they were watching rather than acting, children are
skilled in learning from observation. Children learn through viewing examples (Bandura, 1977)
that they can imitate (Tomasello, 2001), particularly when learning conventional information
(Bandura, 1993). Given the breadth of research on children’s robust ability to learn from
watching (e.g., Rogoff, 1990; Bauer, 1996), it is unsurprising that children could learn from
viewing videos of other children’s exploration. The high-performing subsample of adults also
generalized best from consistent observational (and consistent exploratory) activity. Children and
adults could have learned well by watching because the videos showed some of the most
successful examples of children’s exploration. We chose videos that were better than children’s
average exploration; learners saw three or four of the locks being unlocked successfully, and also
saw crucial counterfactual evidence that some keys did not unlock locks. Watching highly
successful exploration may be just as effective as exploring independently, particularly when
learners generated less successful exploration independently than the evidence they observed.

Still, informed exploration improved children’s generalization marginally more than observing,
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which provides some evidence that guided active exploration may support generalization more
than observation.

With the current study design, it is challenging to discern whether active or observational
exploration was more effective for generalization. To test this question, a new condition could be
run in place of Observation Then Instruction that would more closely match the Instruction the
Exploration condition: Instruction Then Observation. Comparing generalization from these
matched conditions would directly test whether active or observational exploration that followed
the instruction demonstration was more effective. It is possible that enacting the material to be
learned after instruction would support generalization more than observing another child’s
exploration after instruction. This direct comparison of instructed active versus observational
exploration is an area for continued research.

Learning Outcomes

All children learned which keys unlocked the locks, performing at above-chance levels in
all conditions in Study 5 and at high levels of success in Study 3 (though exploration prior to
instruction improved learning). Combining exploration and instruction, exploring alone, and
receiving instruction alone communicated the relevant information about the material to be
learned. Through acting, observing, and the combination of acting and observing, all children
successfully matched the keys that unlocked each lock. It is possible that a more challenging test
phase could have shown benefits of guided active experience for learning.

It would have been interesting to examine whether children could maintain the unlocking
rule in long-term memory months after learning. While two exploratory experiences and two
observational experiences yielded similar generalization, active exploration may have improved

children’s memory compared to observational experience. Indeed, we tested children’s memory
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for the color and shape rule three years after children participated in the in-person study
(Radovanovic et al., in preparation). However, no differences in memory for the rule were seen
between the three conditions. Three years was likely too long an interval over which to measure
memory; testing children’s memory a few months after participating in the online Locks and
Keys Task could be an interesting avenue for future research.
Limitations & Future Directions

Open questions remained from Chapter 3, which were addressed in Chapter 4. However,
additional questions remain from the findings of Studies 5 and 6. One area of future research is
to examine whether exploration could be guided in ways that would support generalization. Prior
research has shown that when children were provided with subtle hints about patterns in the
materials, they learned more about mathematics (one-to-one correspondence) by exploring
independently (Mix et al., 2011). In the Lock and Keys Task, the keys were arranged in a
pseudo-randomized order on the screen, but the paired color-matched keys could have been
sorted or highlighted to draw attention to the shape rule. Exploration could also be set up in ways
that limited the degrees of freedom in the problem. For example, children could see one lock at a
time with a limited set of keys to learn the rule in a more step-wise way. These manipulations
could help children learn more quickly through exploration and potentially experience less
failure and frustration. Guided exploration could even be more effective in improving
generalization than instructed exploration.

The instruction demonstration could also be manipulated in different ways to enhance
learning. Here, we simply showed each correct key unlocking its corresponding lock
accompanied by simple narration. However, in the prior in-person study (Radovanovic et al., in

preparation), the experimenter provided gestural cues indicating the color and shape rule. We ran
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a pilot study of adults who were tested identically to Study 4, but the Instructions included cues
that highlighted the color and shape rule. Adults who saw instructions including cues generalized
the rule better than those in Study 4 who did not see the cues. Future studies could manipulate
instruction cues to make the relevant information to be learned more or less apparent and
measure the effects of cues on learning and generalization.

The types of observational experiences children receive could also be addressed through
future research. It is possible that the Observation videos tested here supported learning because
the videos showed better-than-average exploration; we tested whether an accurate and
informative observational experience would be as effective as active experience in supporting
generalization. Ideally, a yoked design would be used where each child in the Observation
condition would watch another child’s exploration. This would better test whether exploration is
effective only when it is an active process or whether it could also be effective as an
observational experience. In addition, children may learn well from certain types of observed
videos. For example, videos that show clear hypothesis testing could have been more effective
for learning than watching a child explore who was less organized in their behavior.

Conclusion

In sum, exploration and instruction together promoted rule-learning in 6-year-olds and
comparison samples of adults. Across four preregistered studies, learners’ success during
exploration promoted rule generalization. Exploration success was most commonly supported by
instruction that targeted learners’ exploration towards relevant information. Learners engaged in
systematic hypothesis-testing to learn through instructed exploration. In turn, success during
exploration facilitated the transfer of learned material to new contexts. Exploration guided to

success by instruction was key for supporting children’s and adults’ rule generalization.
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Chapter 5: General Discussion

This dissertation addressed the research question: Does active experience support
children’s learning in instructed contexts? Across six preregistered studies presented in this
dissertation, the results demonstrated that active experience supported learning when children’s
activities were concurrently guided by a teacher or when active experience followed instruction.
Guided active experience supported young children’s learning of conventional actions and rule-
based systems. However, the ways that active experience, instruction, and learning were defined
affected the answers to this question.

In Chapter 2, toddlers were physically active during instruction. Children controlled their
actions by engaging in motor planning and action execution, but the order and timing of their
actions were guided by an experimenter, which limited children’s agency. The experimenter also
guided children to perform each action with high levels of accuracy, which did not allow
children to make errors. Physical-only active experience was compared with observational
experience, where children viewed the actions as the experimenter performed them. The results
from Study 1 showed that toddlers learned and generalized the taught actions from active and
observational instruction. But, in Study 2, children demonstrated better long-term memory for
the toys they had assembled through active experience compared to observational experience.
These results were particularly impressive since children’s memory was tested after a
considerable delay of one year.

In Chapters 3 and 4, 6-year-old children were not only physical agents in a problem-
solving task; children also had decision-making power over their own actions. In Studies 3 and 5,
children had opportunities to actively explore an online problem-solving task before or after

receiving instruction; i.e., children were not guided by instruction while they explored. Within an
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online environment where only certain actions were possible, children could explore to perform
actions in any sequence that they decided, allowing them to test hypotheses, make discoveries,
encounter failure, and use trial-and-error to learn the rules governing the system. In Study 3,
children learned the taught information when they had more time to explore independently. In
Studies 3 and 5, children who received instruction prior to exploring were the most successful in
their independent actions, which in turn supported generalization. Similar results were found in
comparison samples of adult in Studies 4 and 6.

In addition to manipulating the types of active engagement that children experienced and
the timing of activity relative to instruction, this dissertation tested different forms of learning.
Chapter 2 measured children’s immediate action learning, generalization, and long-term memory
for taught information. Chapters 3 and 4 measured children’s and adults’ rule-learning and
generalization. Interestingly, children learned and generalized taught actions equivalently from
active and observational instruction in Chapter 2, and children learned the unlocking rule
equivalently from nearly all active, instructed, and combined experiences in Chapters 3 and 4.
Active experience specifically enhanced long-term memory in Study 2, and guided active
experience improved generalization in Chapters 3 and 4.

Physical Activity

In Chapter 2, the mechanism supporting children’s learning was physical activity.
Children who performed the actions to be learned had better long-term memory for the structures
they had built compared to the structures they saw the experimenter build. The physical
component of active experience included sensorimotor integration (Rochat, 1989), action
planning (McCarty et al., 1999; Barrett et al., 2007), and attention to performed actions (Amso &

Scerif, 2015). These components contributed to an embodied learning experience (Wilson, 2002)
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that improved information encoding for storage in long-term memory (Kinder & Buss, 2020).
Importantly, though children did not have agency over the actions they performed, they still
planned and executed each action independently, which improved children’s memory.

In Chapters 3 and 4, children were active agents of their own learning. In that way,
children experienced embodied learning (Wilson, 2002), but they did not engage with physical
materials in the same way as toddlers in Chapter 2 or 6-year-old children in the prior in-person
version of the problem-solving task (Radovanovic et al., in preparation). Physical objects may
help or hinder learning depending on the information to be learned and the maturity level of the
learner. When children learn abstract concepts such as mathematics, physical manipulatives can
sometimes support learning (Laski et al., 2015), but in other cases, manipulatives may be
distracting (Bruner, 1966), particularly for younger learners (ages 3-6; Carbonneau et al., 2013).
Manipulatives can be used in specific ways to improve abstract learning (McNeil & Uttal, 2009),
but may hinder learning if the objects have features that do not align with the information to be
learned (Beilock & Goldin-Meadow, 2010).

In Chapter 2, toddlers learned which actions should be performed with physical objects;
their learning was relatively concrete and bounded to the materials with which they were
working. Yet, they effectively transferred the actions they had learned to similar toys comprised
of pieces of different colors and textures, suggesting that children had abstracted the actions they
had learned on the taught toys. The particular physical features of the taught items did not
impede children’s relatively close abstraction of learned information. In addition, children
remembered the goal states of the objects they had assembled one year later when tested with 2D

representations of the toys. This level of information transfer, from a 3D environment to a 2D
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representation, demonstrated that physical activity can have lasting effects on children’s visual
recognition memory.

In Chapters 3 and 4, children experienced a 2D online environment rather than a physical
environment. They learned about the particular lock-key matches but also generalized the
abstract unlocking rule to novel locks and keys. Children generalized the rule at higher levels in
the online environment than children had previously in the same task using physical locks and
keys (Radovanovic et al., in preparation). Perhaps acting in a less concrete system (online)
allowed children to abstract the rule more easily than when children acted in a physical
environment. The physical materials may have distracted children from learning the abstract rule.
In addition, the physical world has more degrees of freedom relative to an online environment. In
general, the material to be learned (concrete versus abstract information) affected the
environment in which that learning could occur best (physical versus online). Future research
should continue to investigate when physical materials or 2D virtual representations of materials
support different learning and transfer outcomes in learners of different ages.

Independent Success

Successful action performance supported children’s generalization in Chapters 3 and 4.
Children who achieved more successes than failures while attempting to unlock the locks
generalized the unlocking rule more accurately. This contrasts with literature on productive
failure (Loibl & Rummel, 2013), which suggests that when children make mistakes, they
compare errors to later instruction and learn more effectively. Instead, children who achieved
more successes when acting independently generalized the rule more accurately. The mistakes
that children did make when they explored suggested that children engaged in trial-and-error

hypothesis testing. Specifically, children who received instruction were the most directed in their
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hypothesis-testing behavior. In turn, successful hypothesis-testing improved children’s
generalization.

Children’s success rates supported generalization under the specific learning conditions
of the problem-solving task. Children had a limited amount of time to actively explore the
problem space; when learning time was limited, children learned best from successful active
experience guided by instruction. It is possible that when learners have more time to engage with
problems over the course of a classroom lesson or over weeks or months of learning, productive
failure and other methods such as discovery learning (Alfieri et al., 2011; Dean & Kuhn, 2007)
may be effective. The success of children’s actions also depends on how informative each action
was for learning. Informativeness depends on the constraints or degrees of freedom in the
problem space. The online environment had fewer degrees of freedom than the in-person Lock
and Keys Task, which made children’s actions highly informative for learning. In addition,
learners’ maturity levels affected their action successes. Indeed, adults in Study 6 were more
successful in unlocking the locks compared to children; more advanced learners may encounter
more success while acting, which can in turn support learning outcomes.

It is possible that performing actions successfully contributed to toddlers’ action learning
in Chapter 2 as well. All children were highly successful in performing taught actions under the
guidance of an experimenter. Indeed, prior research (Brezack et al., 2021) found that when
caregivers guided toddlers’ actions to be more successful, toddlers demonstrated better learning
of the taught actions. This suggests that the effect of active experience on memory in Chapter 2
might be due to children’s high levels of action success in addition to physical activity. To test
whether children’s successes while acting causally improved learning, children’s successes could

be directly manipulated. The constraints on the problem space could be changed to make
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children’s attempts more or less likely to yield success. For example, the actions children
performed could be made more or less physically challenging. This same question could be
addressed in the Lock and Keys Task; the mouse movements in the problem-solving game could
be slowed or made more effortful to examine whether action success directly supported learning.
The Role of Instruction

Across the chapters of this dissertation, different types of instruction were coupled with
children’s active engagement to support their learning. In Chapter 2, guidance was provided
concurrently with children’s actions: the experimenter instructed each action children performed.
In contrast, instruction was provided separately from active experience in Chapters 3 and 4:
Children saw an instructional demonstration before or after they had a chance to act
independently. Future research could examine whether instruction provided concurrently with or
separately from active engagement would be more supportive of children’s learning.
Importantly, the instructions in both the action learning task and the problem-solving task made
children’s independent actions more successful. Concurrent guidance ensured that nearly all
toddlers performed the taught actions perfectly in Chapter 2. After children viewed the
instructional demonstration in Chapters 3 and 4, their actions were more successful compared to
children’s actions prior to receiving instruction.

Is instruction necessary for learning? In Studies 3 and 5, given enough time, children
likely would have figured out how to unlock the locks in the problem-solving task. When
exploration time was limited, active experience guided by instruction supported generalization.
In contrast, toddlers likely would not have figured out the correct way to assemble the objects in
Chapter 2 without support. Prior research (Brezack et al., 2021) demonstrated that when children

were not instructed to act on similar toys, they rarely stumbled upon the correct actions
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independently. Conventional information, such as the correct uses for artifacts, can be
challenging or impossible for children to discover without guidance (Tomasello, 2001), and
conventional systems like mathematics could not be discovered without help. Indeed, when
infants are left to freely explore novel objects, observing another person’s actions supports action
learning more than unguided activity (Meltzoft, 1985; Fagard & Lockman, 2010; Somogyi et al.,
2015). Though children can and do learn well from observing, the results of Chapter 2 suggest
there may be a specific memory benefit associated with guided active experience. In contexts
where instruction was crucial (Chapter 2), or at least made learning more efficient (Chapters 3
and 4), there was still a role for children’s active experience in supporting their learning.

In addition, instruction content can support children’s learning of more complex systems.
For example, conceptual instructions about the equals sign provided prior to children’s
independent exploration improved their learning of math equivalence (Fyfe et al., 2014). In
Chapters 3 and 4, the instruction demonstrations were procedural rather than conceptual;
children were shown the locks unlocking, but were not explicitly told the rule. If children had
been told the rule with linguistic instructions (e.g., “There are two parts of the rule: The colors on
the keys have to match the locks and the keys have to be round”), children would surely have
learned the rule and would have likely generalized to new examples. In addition, children were
only shown successful unlocking; they were not shown the counterfactual evidence or the critical
key comparisons that would have disambiguated the unlocking rule. Such evidence would likely
also led to effective learning and generalization. Even so, it is possible that guided, successful
active experience would generate better learning than conceptual instructions or fully
disambiguating evidence. For example, successful active experience might support children’s

long-term memory more effectively than the clearest instructions.
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Learning from Observing

In this dissertation, active experience did not uniformly improve learning compared to
observational experience. In Study 1, toddlers learned and generalized taught actions just as
accurately from acting as they did from observing. In addition, children in Study 5 learned
equally well from a double-dose of activity as they did from overserving another child’s actions.
Why was observation in some cases as effective as active experience? All of the information
necessary to learn the taught material was provided in the matched observational conditions in
Chapter 2 and Chapter 4 as was present in the active conditions. It therefore makes sense that
children could glean the same information from watching as from doing. Active experience,
however, improved children’s memory (Study 2) and generalization (marginally, Study 5). It is
possible that active engagement during learning deepens what children learn or makes learning
“stick” over time.

It is also possible that children learned well from observing because they were mentally
active. In both the action learning (Chapter 2) and problem-solving (Chapters 3 and 4) studies,
children practiced performing actions that were similar to those they were later taught. Priming
children with an action improved their action memory (Howard et al., 2020). Practicing could
have also increased the relevance of the observed actions for children (Meyer et al., 2022; 2011)
since they likely assumed they would be performing those actions as well. Children may have
also interpreted the observational condition as collaborative. During the practice phase in Study
1, children took turns with the experimenter to build a block tower. Turn-taking could have
created a collaborative context in which children were more likely to overclaim observed actions
as their own (the “I did it” bias; Sommerville & Hammond, 2007). It was clearer in the

observation condition in the problem-solving task (Study 5) that children were not acting since
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they could see another child’s mouse moving on the screen. Even so, it is possible that children
felt as though they were collaborating with an invisible person as they watched another child’s
actions. Children may have even clicked and dragged along with the mouse on the screen, which
could have increased children’s mental activity and sense of collaboration.

To tease apart whether children were mentally engaged when observing, and whether
such mental engagement improved learning outcomes, future work could more directly
manipulate children’s mental activity. Children could observe actions in contexts that are more
or less collaborative, similar to work by Sommerville and Hammond (2007). In addition, future
research could continue to measure neural correlates of active engagement (the mirror neuron
system; Marshall & Meltzoft, 2014; theta oscillations; Begus & Bonawitz, 2020) to examine
whether more neural activity induced by different contexts improved children’s observational
learning (e.g., Meyer et al., 2022; 2011).

Limitations and Future Directions

One limitation of this dissertation is that we did not measure children’s long-term
memory in Chapters 3 and 4. We therefore do not know whether instructed exploration would
improve children’s memory relative to uninstructed exploration, two opportunities to explore, or
a matched observational experience. Instructed active experience improved generalization
relative to uninstructed active experience, but was only marginally better than two opportunities
to explore or observing another child’s exploration. Future research should continue measuring
varied learning outcomes, including long-term memory, to examine whether and how instructed
active experience improves learning.

In addition, the generalization measures used in these studies were relatively close levels

of transfer from the taught information. In Chapter 2, the generalization toys were highly similar
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to the taught toys. In Chapters 3 and 4, the unlocking rule was applied to novel locks that had
different colors than the taught locks. Further transfer could be measured with the types of tested
items, such as more dissimilar toys or locks and keys. Cross-modal generalization could also be
measured in future research. Toddlers in Study 1 were taught to perform actions on physical
objects, but their memory was tested with 2D images in Study 2. Children in the in-person
problem-solving task (Radovanovic et al., in preparation) learned to unlock physical locks, but
generalization was tested with 2D images. It would be interesting to examine whether the actions
children learned in Study 1 could be transferred to actions on digital representations of the
objects, or whether the rule learned online in Studies 3 and 5 could be transferred to physical
locks and keys.

The instructions in this dissertation were either offered concurrently with children’s
action (Chapter 2) or separately from children’s exploration (Chapters 3 and 4). Future studies
could manipulate the types of guidance offered before, after, and while children are actively
engaging with the information to be learned. For example, the action learning task could have
included separate verbal instructions before children performed actions, and the problem-solving
task could have included guidance responsive to children’s actions. As mentioned previously, the
content of the instructions can also influence children’s activity and learning. Linguistic
instructions that disambiguate the information to be learned could be equally or more effective
than children’s active experience, though more research is necessary to understand which
learning outcomes would be affected by different types of instruction. The effectiveness of
different forms of instruction also likely vary with children’s maturity; linguistic instructions

might be effective for 6-year-olds, but would be less effective for toddlers.
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Conclusion

Across six preregistered experiments, young children and adults learned novel
conventional information and rules through instruction that either concurrently guided their
activity, or instruction that preceded or followed exploration. In addition, different learning
outcomes were measured: children were tested on their learning of taught information,
generalization to new contexts, and long-term memory. The results showed that physically-active
experience guided by instruction supported toddlers’ memory. In contrast, successful active
exploration guided by prior instruction supported 6-year-old children’s rule generalization. In
sum, even when children were instructed, children’s active engagement with the conventional

information to be learned improved children’s learning outcomes.
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