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Executing a plan is a dynamic process that requires co-
ordination between accessing the relevant knowledge or
memories required for the plan and the executive control
systems that allow one to apply that knowledge to carry
out the relevant steps in the required order. Take the ex-
ample of making a peanut butter and jelly sandwich. To
accomplish this goal, one must first retrieve the relevant
knowledge (e.g., the ingredients in the sandwich, where
the ingredients are located in the kitchen), and then plan
the steps needed to use that knowledge (e.g., take out the
ingredients, place a slice of bread on a plate, and put pea-
nut butter on the bread). Critically, the steps of the plan
must be accomplished in a specific order for the end goal
to be reached; spreading peanut butter on a plate and
then putting the bread on top does not result in a sand-
wich. If the plan is executed correctly, using the relevant
knowledge and applying that knowledge in the correct
order, the goal will be achieved, and one can eat one's
peanut butter and jelly sandwich. This is an example of
memory-guided planning (Blankenship & Kibbe, 2019),
which involves coordination between both memory re-
trieval (ingredients needed, order in which the ingredi-
ents need to be assembled) and planning (how to execute
the steps to put the sandwich together).

While the cognitive systems required for memory-
guided planning emerge early in life, including explicit
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The ability to use knowledge to guide the completion of goals is a critical cognitive
skill, but 3-year-olds struggle to complete goals that require multiple steps. This
study asked whether 3-year-olds could benefit from “plan chunking” to complete
multistep goals. Thirty-two U.S. children (range=35.75-46.59 months; 18 girls; 9
white, 3 mixed race, 20 unknown; tested between July 2020 and April 2021) were
asked to complete “treasure maps,” retrieving four colored map pieces by pressing
specific buttons on a “rainbow box.” Children completed more of the four-step
sequence correctly when the steps were presented in a way that encouraged
chunking the steps into pairs. These findings suggest a potential mechanism
supporting memory-guided planning abilities in early childhood.

memory (Bauer et al., 1999; Hayne & Herbert, 2004;
Richmond & Nelson, 2009; Rovee-Collier et al., 1980),
episodic memory (Drummey & Newcombe, 2002;
Hayne & Imuta, 2011; King & Markant, 2022; Scarf
et al., 2013), and executive control (Espy, 1997; Rajan
et al., 2014; Rajan & Bell, 2015; Willoughby et al., 2012),
young children often struggle to carry out plans that
require drawing on relevant memories to complete
multiple steps (Atance & Jackson, 2009; Prabhakar &
Ghetti, 2020; Prabhakar & Hudson, 2014; Suddendorf
et al., 2011). Blankenship and Kibbe (2019) found
that the primary limiting factor on young children's
memory-guided planning abilities was the ability to
execute a multiple-step plan in the correct sequence.
In their task, 3-year-olds were asked to retrieve beads
from drawers in a box in a fixed order by interacting
with unique action objects on the box. To succeed,
children had to recall which relevant actions to take to
open the drawers (memory retrieval) and then produce
the actions in the correct order (planning). They found
that while 3-year-olds could retrieve the relevant mem-
ories required for the different steps of the plan, they
were only able to execute the actions in the correct order
for plans requiring up to two steps (see also Prabhakar
and Hudson (2014) who observed a similar two-step
limit in a semantic memory-guided planning task in
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3-year-olds). By age 4, children were able to effectively
carry out plans requiring four steps.

While previous work has hypothesized that the shift
between 3 and 4 years is driven primarily by the develop-
ment of future-oriented thinking and planning abilities
(Atance & O'Neill, 2005; Gott & Lah, 2014), Blankenship
and Kibbe (2019) speculated that 3-year-old children's
difficulty carrying out multiple-step memory-guided
plans could be due to limitations on working memory.
Children may have difficulty keeping track of the rel-
evant steps in the correct order, and/or keeping track
of which steps have already been completed, because
their working memory is extremely limited (to about
two items reliably stored in working memory at once;
Kibbe & Applin, 2022; Simmering, 2012). If true, this
would suggest that 3-year-old children may have the
competence for coordinating memory and planning to
complete complex goals with multiple steps, but that this
competence may be masked by limitations on working
memory, limitations which subsequently ease with devel-
opment (to about a more adult-like ~4 items by age 5;
Cheng & Kibbe, 2022; Simmering, 2012).

Young children benefit when to-be-remembered in-
formation is grouped or organized (Cowan et al., 2010;
Kibbe & Feigenson, 2014; Miller, 1956; Solopchuk
et al., 2016). For example, when four objects are
shown grouped into pairs based on spatial proximity
or shared perceptual features, infants, children, and
adults remember more objects in working memory
compared to when these cues are absent (Feigenson &
Halberda, 2004; Rosenberg & Feigenson, 2013; Jiménez
et al., 2011; Kibbe & Feigenson, 2016). This process,
known as “chunking,” can effectively help infants and
children expand their otherwise extremely limited
working memory capacities.

Furthermore, 3-year-olds benefit from experience
that allows them to group actions into subgoals. In an
imitation task, Loucks et al. (2017) showed 3-year-olds
a series of novel actions that were either grouped into
separate subgoals or interleaved between different sub-
goals. Children were then asked to imitate the actions.
Critically, prior to test, one group of children was ex-
posed to the steps of one of the subgoals while another
group of children was exposed to unrelated steps. They
found children who were previously exposed to the goal
structure of one of the subgoals performed better in the
interleaved condition than those who were not, suggest-
ing that 3-year-olds were able to reorganize the steps of
the higher level goal into subgoals when learning to imi-
tate the actions of an adult.

In this study, we asked whether 3-year-old chil-
dren could use “plan chunking” to help them complete
multiple-step memory-guided plans. We created a novel
online task in which we asked children to help a monkey
character complete “treasure maps” by retrieving red
and blue treasure map pieces from a cartoon “rainbow
treasure box.” The treasure box had two perceptually

distinct buttons on its top that, when “pressed,” caused
the box to produce different color map pieces (red or
blue). During test trials, children were shown incomplete
maps and were asked to retrieve four map pieces in a
fixed order to complete the maps. Crucially, the incom-
plete map remained visible during each test trial, so that
children did not have to hold the required sequence in
working memory, but children were not able to see which
map pieces they had already retrieved. This meant that
children had to maintain their place in the planning se-
quence by keeping track of which actions they had al-
ready taken and which actions they still needed to take.
Thus, the task required memory retrieval (which button
should be pressed to retrieve a particular color), plan-
ning (when should each button be pressed to achieve
the goal), and plan maintenance (keeping track of one's
place in the sequence).

We manipulated whether the four steps were presented
in color-matched pairs (e.g., retrieve red, red, blue, blue),
promoting chunking, or in color alternating pairs (e.g.,
retrieve red, blue, red, blue), which does not typically
promote chunking in young children (e.g., Feigenson &
Halberda, 2008; Kibbe & Feigenson, 2016). We measured
children's ability to retrieve the correct colors within
each pair in the correct order, and the kinds of errors
children made when they did not do so. We reasoned
that, if 3-year-olds are given cues that would allow them
to meaningfully group the steps of a multiple-step plan,
they may be able to carry out more complex, multiple-
step plans to completion than they otherwise could in the
absence of such grouping cues.

METHOD
Participants

Thirty-two  3-year-old children (M =42.12months,
range=35.75-46.59 months; 18 girls) participated online
via Zoom. Sample size was determined prior to data col-
lection based on similar studies with this age range (e.g.,
Blankenship & Kibbe, 2019; see also Loucks et al., 2017).
Children were recruited from the greater Boston area
through recruitment events, online ads, and word of
mouth. Of the 32 children tested, caregivers of 12 chil-
dren responded to our demographic questionnaire, with
nine identified as White (of whom one was identified as
Hispanic or Latinx) and the remaining three identified
as mixed race by their caregivers. All caregivers who
responded to the questionnaire self-reported that they
had completed either a high school (n=1) or college de-
gree (n=11). An additional 14 children were tested but
excluded from analyses due to technical errors (n=38),
unclear responses (n=1), or refusal to complete the task
(n=5). All study procedures were approved by the Boston
University Charles River Campus Institutional Review
Board (protocol #3594E). Data were collected between
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July 2020 and April 2021. All participants received a $10
Amazon gift card.

Stimuli

Due to the COVID-19 pandemic, all participants com-
pleted the study via teleconference using the Zoom plat-
form. Participants were seated approximately 25 inches
from the screen to allow the experimenter to observe
their pointing behaviors, and all completed the study
using a laptop or desktop computer. Stimuli consisted
of cartoon images of a rainbow-colored rectangular
box, treasure maps, a treasure chest, and a monkey
with a pirate hat (Figure 1). All stimuli were presented
in Microsoft PowerPoint. The experimenter could in-
teract with elements within the PowerPoint slides using
animations and slide anchoring. Full stimuli and coun-
terbalancing details are available at https://osf.io/dexat/
view_only=e300a8beb2654e¢69af22172fde519143

Procedure
Online experiment setup and calibration

The experimenter greeted the child and caregiver in the
Zoom session. The experimenter then shared their screen
and instructed parents on how to arrange the video panel
so that the session was open in a full screen, the car-
egiver's camera view was hidden, and the experimenter's
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video was visible in the top center of the screen. All
Zoom sessions were recorded for subsequent coding.

Children then completed a pointing calibration.
Children were shown two stars, one red and one blue,
which appeared in positions that would be relevant in
the experiment, and were asked to point to each one (i.e.,
“Can you point to the red star?”). When children pointed
to a star, the experimenter triggered an animation of the
star moving side to side. This calibration allowed us to
get a sense of individual children's pointing behaviors
in relation to their own screens, which we used to aid
in later coding of where children pointed to the screen
during the experiment.

The experiment then consisted of three phases: an
Encoding phase, a Task Introduction phase, and a Test
phase (Figure 1).

Encoding phase

In the Encoding phase, children formed the memories
they would later need to use during the Application and
Test phases. A schematic of the Encoding phase is shown
in Figure 1, left panel. First, the experimenter told chil-
dren that the goal of the game was to help Monkey fin-
ish her treasure maps and find her treasure. Children
were then shown a treasure map that Monkey needed to
complete. The first map had a single red or blue (order
counterbalanced) outline of a square. Children were
then told that Monkey needed that color map piece to
finish the map and find her treasure. The experimenter

then a blue piece

to finish her
map.”

first? Is there
anything else, or
is that it?”

Encoding Task Introduction Test
¥ 3
' 2 O] | - : :
e | t ' A1
—— — -
0 0
=3l =l mmm— hpe o |
(=1 ] O | — s
=
4 “Monkey needs  “Which button ' 4
_ a red/blue piece should I push to get _
ﬁ to finish her  a red/blue piece for “
B map.” Monkey?” e = (1
o1 [E]
1 13
“ urhi il ————ig “Monkey needs a ”Which button
‘Monkey needs a This button 8 [[ l D | e
red/blue piece to makes a LA [EE | (blue, and then red, sfwu?ld I push
finish her map.” red/blue piece!” J and then blue, and f/rst: Is there
- M M then red OR red, and anything else, or
8 [,r _[ @ R — then red, and then is that it?”
Tt 58] blue, and then blue)
“Monkey needs a  “Which button prece f: 5/ ms h her
red/blue and should I push P-

FIGURE 1

included both Alternating (top) and Chunking (bottom) trials.

Example trials from Encoding (left panel), Task Introduction (middle panel), and Test (right panel) phases. The Test phase
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then showed children a rainbow box with two different
colored (tan and silver) buttons on its top and a square
black “opening” at its bottom. Children were told that
the box made red and blue treasure map pieces. The
incomplete map was then displayed underneath the
box and the experimenter told children, “Remember,
Monkey needs a red piece to finish her treasure map.”

The experimenter proceeded to demonstrate how
the box produced a red map piece (Video SI). She told
children “I'm going to show you which of these but-
tons to push to make a red treasure map piece to finish
Monkey's Treasure Map! Watch this!” The experimenter
then clicked the button (whether the tan or silver button
produced the red piece was counterbalanced across chil-
dren). The slide was animated so the button appeared
to move down when “pressed” by the mouse cursor, and
the red treasure map piece appeared in the “opening” of
the box. The experimenter then said, “Wow! This button
(hovering over button pushed) made a red piece come
out! Let's finish Monkey's treasure map.” Next, children
saw the images of Monkey, the incomplete map, and the
treasure chest, and saw an animation of the red piece
move over the red outlined square on the map, after
which the treasure chest opened.

This procedure was then repeated for the other but-
ton/color map piece association (“Monkey needs a blue
piece to finish her treasure map and find her treasure”).
At the end of the Encoding phase, children had observed
which button caused the rainbow box to produce which
piece, and how these pieces could be used to complete
“treasure maps.”

Task Introduction phase

In the Task Introduction phase, children got practice ap-
plying what they learned in the Encoding phase to com-
plete simple plans (see schematic, Figure 1).

First, children got experience selecting buttons and
completing one-step treasure maps. The experimenter
first displayed another treasure map with one red or blue
(counterbalanced) outlined square (see Video S2 for an
example of a one-step red piece trial). Children were told,
“Monkey needs a red piece to finish her treasure map
and find her treasure.” Children then saw the same rain-
bow box from the Encoding phase, with the incomplete
treasure map underneath, and were asked to point to the
button that made the map piece needed to complete the
map: “See Monkey's treasure map. Which button should
I push to make a red piece for Monkey? Can you point
and show me?” The incomplete map was always visible
while children made their response, just as in later Test
trials (see below). After children gave their response, the
experimenter clicked on the chosen button and the as-
sociated map piece appeared in the opening. If the child
chose the correct button, the experimenter said “Great!
Pushing this button (hovering cursor over button) made

a red piece come out (hovering over map piece). Let's fin-
ish Monkey's treasure map!” The experimenter then ad-
vanced to an animated slide where the red piece moved
onto the map and the treasure chest opened. If the child
chose incorrectly, the experimenter said “No, this button
(hovering cursor over button) made a blue piece come
out (hovering over map piece), but we need a red piece
to finish the map see (hovering cursor over map at bot-
tom). Let's try again!” Children were then prompted to
try again (“See Monkey's treasure map. Monkey needs
a red piece to finish her treasure map and find her trea-
sure.”’). Once children successfully selected the correct
button, the experimenter repeated the procedure for
the other button/color map piece association (“Monkey
needs a blue piece to finish her treasure map and find
her treasure.”). Children were given a maximum of four
repeat attempts per button/color map piece association,
but no children exceeded that criterion. Twenty-five chil-
dren responded correctly on both trials on the first try,
six repeated one trial, and one repeated both trials.
Next, children were introduced to how the Test tri-
als would proceed, but with simpler multiple step plans
and corrective feedback throughout (see Video S3 for
an example trial). The experimenter showed children a
map with two colored outlined squares “Monkey's next
treasure map needs more than one piece, see how there
is a red square and then a blue square. That means that
Monkey needs a red piece first [black arrow appeared
under red piece] and then a blue piece [black arrow ap-
peared under blue piece] to finish her treasure map and
find her treasure.” Children then saw a new slide with
the rainbow box and the incomplete treasure map under-
neath, again visible throughout. The experimenter said,
“See Monkey's Treasure Map (hovering cursor around
map)? Which button should I push first?”” Once the child
responded, the experimenter clicked on the button they
chose and the associated color map piece appeared in
the box's opening. If children chose correctly, the exper-
imenter said, “Great! Pushing this button (hovering cur-
sor over button) makes a red piece come out (hovering
over map piece).” The piece then vanished, and the ex-
perimenter proceeded to prompt children to retrieve the
next color piece by saying, “Is there anything else, or is
that it?” If the child chose incorrectly for either piece in
the sequence, the color piece they selected appeared and
the experimenter said, “No, this button (hovering cursor
over button) made a blue/red piece (hovering cursor over
map piece), but we need a red/blue piece to finish the
map see (hovering cursor around map)? Let's try again!”
Children were then prompted to select again. The prompt
depended on where the child was in the sequence when
the mistake was made. If they incorrectly guessed the
first step, the experimenter said “Which button should
I push first?” and if they incorrectly guessed the second
step, the experimenter said “Is there anything else, or is
that it?” Children also were corrected if they incorrectly
said the map was completed with a single piece (“No,
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remember you got the red/blue piece but we still need
the blue/red piece). Which button should I push? Can
you show me?” or if they attempted to make additional
responses beyond two pieces (“No, this button made a
red/blue piece but we already have all the pieces. We
finished the map!”). Once children selected the correct
second action, and indicated that the map was complete,
the experimenter advanced to the next slide and showed
children the correct pieces completing the treasure map.
Thus, children did not see the completed treasure map
until they had selected both pieces.

Children completed a total of two two-step Task
Introduction trials. In one of the trials, children al-
ways completed a map that needed two pieces of the
same color (e.g., a red piece and another red piece). In
the other trial, children always completed a map that
needed two pieces of different colors (e.g., a red piece
and a blue piece). Which colors appeared on the trials
(red/red or blue/blue, red/blue or blue/red) and the order
in which the trials were completed were counterbalanced
across children. Children were given a maximum of four
attempts per step to succeed, but none of the children
exceeded four attempts. Across the two practice trials,
14 children needed one additional attempt, 10 children
needed two additional attempts, and one child needed
four additional attempts across the two actions. There
was no difference in the total number of attempts needed
for alternating (19 total additional attempts) or chunking
(19 total additional attempts) two-step Task Introduction
trials.

Test phase

In the critical Test trials, children were asked to com-
plete four-step maps. A schematic of the Test trials is
shown in Figure 1. Children were again told they would
be helping Monkey finish her treasure maps, but that
this time the maps would need more pieces (see Video S4
for a demo of this introduction and a four-step alternat-
ing Test trial). The experimenter then showed children a
map with four outlined squares (two red and two blue).
The experimenter then named each color square in the
order that they needed to be retrieved (e.g., “Monkey
needs a blue piece then a red piece then a blue piece and
then a red piece to finish her treasure map and find her
treasure”; black arrows appeared under each square).
Children were then shown a slide with the rainbow box
in the middle and the incomplete map at the bottom, and
were asked to select a button (“Which button should I
push first?”). Once the child selected a button, the ex-
perimenter clicked on the button and the associated
color map piece appeared in the opening where it was
visible for approximately 2s, and then was removed by
the experimenter. The experimenter then said, “Is there
anything else, or is that it?” Children were not given
any feedback regarding the accuracy of their responses:
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the experimenter continued to prompt children until
children said they were done retrieving pieces. Once
children indicated they were done selecting pieces, the
experimenter said, “Great, [ am going to hide Monkey's
treasure map for now, but I will let you know if she found
her treasure when we are done. Let's try another one!”
and then proceeded to the next trial. Thus, children did
not get any feedback about whether they had selected the
correct sequence on any of the Test trials. At the end of
the experiment, children were shown a slide depicting
Monkey surrounded by four open treasure chests, and
were given positive feedback (“Thank you for helping
Monkey find her treasure! You did a great job!”).

Crucially, on each trial, children did not have to hold
the map sequence itself in working memory, since they
could view the entire incomplete map at the bottom of
the screen. We chose to make the map visible throughout
in order to disentangle the working memory required to
maintain one's position in one's action plan (our primary
interest) from working memory required to store the
map sequence. Thus, our task design meant that children
did not have to expend working memory to remember
the full sequence. Children also could not view the pieces
they had already selected, since each piece vanished
after it was retrieved from the box. Instead, children had
to use working memory to keep track of where they were
in the sequence as they retrieved each piece, and execute
the correct series of actions accordingly.

Children completed a total of four Test trials. Half
of the trials were Chunking trials, in which the colors
were presented in pairs of the same color (Red, Red,
Blue, Blue; or Blue, Blue, Red Red). The other half of
trials were Alternating trials, in which the colors were
presented in pairs of alternating colors (Red, Blue, Red,
Blue; Blue, Red, Blue Red). The order of presentation of
Chunking and Alternating trials was counterbalanced
across participants (either Chunking, Alternating,
Alternating, Chunking or Alternating, Chunking,
Chunking, Alternating).

We coded which button children pointed to when
prompted to choose an action. The directions of chil-
dren's points were first coded by the experimenter, and
were then coded by a second independent observer.
Inter-rater reliability was high (Kappa=.92).

RESULTS

On each trial, children were asked to complete four-step
plans consisting of pairs of either chunked (e.g., red, red,
blue, blue) or alternating (e.g., red, blue, red, blue) steps.
We were therefore interested in children's success at ex-
ecuting the steps within each pair, and how their per-
formance differs when the steps were presented in a way
that encourages chunking compared to an alternating
pattern. We defined “successful” execution of each pair
of steps as completing both steps in the pair in the correct
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order. For example, if a trial consisted of the steps red,
red, blue, blue, and a child responded with red, red, red,
blue, they would be coded as succeeding on the first pair
and failing on the second pair. This allowed us to exam-
ine how the plan pattern (chunked versus alternating) im-
pacted 3-year-olds' ability to execute multiple-step plans,
with a particular interest in children's performance on the
second pair, since previous work showed that 3-year-olds
can complete two-step plans successfully (Blankenship
& Kibbe, 2019; Prabhakar & Hudson, 2014). A figure of
children's performance on each individual action within
each pair can be found in the Supplement (Figure S1).

Three trials were not included in analyses: one child
completed only the first two trials (one Alternating and
one Chunking trial) and declined to respond on the re-
maining two trials, and one child completed the first
three trials (two Alternating and one Chunking trial) but
was not able to complete the final trial due to a techni-
cal issue. The analyses were conducted on 125 remaining
trials.

Prior to data collection, we predicted that children in
the chunking condition would be able to complete more
steps in the correct order within each pair than children
in the alternating condition. Therefore, we conducted
confirmatory analyses on children's performance within
each pair on Chunking and Alternating trials. We did
not have a priori hypotheses related to the types of errors
children would make when they responded incorrectly,
nor whether there would be differences in error types
across the two conditions, so our analyses on children's
errors were exploratory. Data are available at https://

Overall Performance

k3]
g
S
|S)
c
2
=
5 0.5
s ~
a ~‘s\
c \~+
5 . | S —
i
>

0

First Pair Second Pair
Chunking

=== Alternating

osf.io/dexat/?view_only=e300a8beb2654e69af22172fd
e519143

We ran a generalized linear mixed model on chil-
dren's mean proportion correct with Trial Type
(Chunking or Alternating) and Trial Pair (Ist or 2nd)
as fixed effects and Participant as a random effect.
This revealed no main effect of Trial Type (X*=.85,
p=.356), a significant main effect of Trial Pair
(X*=9.43, p=.002) and a significant Trial Type X Trial
Pair interaction (X*>=5.60, p=.018). These results are
illustrated in Figure 2, left panel. Children performed
similarly in the first trial pair in both Chunking and
Alternating trials (paired samples #(31)=—.19, p =.851,
95% CI [-.38 .31]), but performed significantly better in
the second trial pair when the sequence was chunked
compared with the alternating sequence (paired sam-
ples 1(31)=2.06, p =.048, 95% CI [.004, .72]), suggesting
that chunking helped children sustain their perfor-
mance beyond two steps.

We also conducted a series of planned one-sample
t-tests to compare children's mean proportion correct
across the first and second pairs in each sequence in
Chunking and Alternating trials to children's expected
performance if they were choosing the buttons at ran-
dom (chance=.5x.5=.25). When the steps in the se-
quence were chunked, children were significantly above
chance for both the first (M =.44, 1(31)=2.55, p=.016)
and second (M = .41, ¢(31)=2.27, p=.031) pairs in the se-
quence. When the steps were alternating, children were
significantly above chance for the first pair (M= .45,
t(31)=2.81, p=.008), but were not different from chance
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FIGURE 2 Left panel: Children's mean proportion correct for the first and second pairs in the sequence in both Chunking and Alternating
trials. The legend shows two example treasure maps of the four possible maps that children were asked to complete. The horizontal dashed line
represents chance-level performance. Right top panel: The total number of actions children took on each trial (regardless of whether the actions
were correct or incorrect). Right bottom panel: Response dependence between the first and second pairs in the sequence in both Chunking and

Alternating trials.
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for the second pair in the sequence (M =.27, 1(31)=.25,
p=.807). See Figure 2, left panel.

We next took a finer-grained look at children's pat-
terns of responses in the task, with particular interest in
the kinds of errors children made. We first looked at the
total number of actions children took on each trial before
indicating they were done retrieving map pieces (regard-
less of whether those actions were correct or incorrect).
Children stopped after four actions on 49% of the trials,
with the remaining 51% of trials distributed between 1
and 10 actions, and there was no significant difference
between the number of actions taken on Chunking and
Alternating trials (paired samples #(61)=.363, p=.718),
Figure 3, top right panel.

Next, we investigated dependence between children's
responses in the first and second pairs in the sequence.
Children's accuracy at completing the sequence in the
first trial pair was significantly correlated with their ac-
curacy at completing the sequence in the second trial pair
in both the Chunking (r=.87, p<.001) and Alternating
conditions (r=.62, p<.00l), controlling for trial. As
Figure 2, bottom right panel, illustrates, children most
frequently responded correctly in both pairs or incor-
rectly in both pairs. To investigate differences in re-
sponse dependence between Chunking and Alternating
conditions, we compared the frequency with which chil-
dren responded correctly on both pairs, incorrectly on
both pairs, or correctly in the first pair and incorrectly
in the second pair (we did not include responding incor-
rectly in the first pair and correctly in the second pair,
as this pattern occurred too infrequently, see Figure 2,
bottom right panel). We found that the frequency of
these responses was different between Chunking and
Alternating conditions (X*=6.99, p=.030); children
more frequently responded correctly in both pairs in the
Chunking condition, and children more frequently re-
sponded correctly in the first pair and incorrectly in the
second pair in the Alternating condition.

Finally, we examined the kinds of errors children
made when they failed to execute the steps in each pair
in the sequence in the correct order. Within each pair, we

Types of Errors
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FIGURE 3 Proportion of different types of errors children made
in the in the first and second pairs in the sequence in both Chunking
and Alternating trials.
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found that the errors children made could be uniquely
categorized as one of three possible types of errors: chil-
dren either failed to take the correct number of actions
within each pair (i.e., taking 1 or 0 actions instead of 2),
or children took two actions but with the wrong “pat-
tern” (e.g., on an Alternating trial, selecting [red, red]
instead of [red, blue]; on a Chunking trial, selecting [red,
blue] instead of [red, red]), or children used the correct
“pattern” but committed “swap errors” within the pat-
tern (e.g., on an Alternating trial, selecting [blue, red] in-
stead of [red, blue]; on a Chunking trial, selecting [blue,
blue] instead of [red, red]). On a small subset of trials (23
of 125 trials (18%), see Figure 3), children continued to
retrieve color pieces beyond four. For the vast majority of
these trials (seven Chunking trials, 11 Alternating trials),
children had already made one or more errors in the se-
quence; there were only five trials (three Chunking, two
Alternating) in which children continued taking actions
after they had produced the correct four-step sequence.

The distribution of these errors is shown in Figure 3.
While children made slightly more “swap errors” in
Alternating compared to Chunking trials, there were
no significant differences between the distributions of
errors across the different trial types in either the first
trial pair (X?=2.92, p=.232) or the second trial pair
(X?=.58, p=.746). Combined with the above results,
these results suggest that, while children made more er-
rors in Alternating trials compared with Chunking trials
in the second trial pair (see Figure 2), the types of errors
children made were not significantly impacted by the
presentation of the sequence. The implications of these
results are discussed below.

DISCUSSION

Previous work suggested that children younger than
4years struggle with multi-step memory-guided plan-
ning. Although they can retrieve the relevant knowledge
they need to complete a sequence of steps from memory,
they have difficulty planning and executing those steps
(see, e.g., Blankenship & Kibbe, 2019, 2022; Prabhakar
& Hudson, 2014), which has led to the suggestion that
memory-guided planning competence develops between
the ages of 3 and 4 (see, e.g., Atance & O'Neill, 2005;
Blankenship & Kibbe, 2019; Prabhakar & Ghetti, 2020;
Russell et al., 2010). We found that, when the necessary
steps of a multistep plan were presented in a way that
encouraged chunking, 3-year-olds were able to complete
four-step plans at above-chance levels. When chunking
cues were absent, 3-year-olds were only able to reliably
complete two steps of the four-step sequence, similar to
previous work (Blankenship & Kibbe, 2019; Prabhakar
& Hudson, 2014).

The current results suggest one potential explanation
for why memory-guided planning is more difficult for
younger children. Planning and executing an ordered
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sequence requires children to maintain multiple sub-
goals, retrieve the relevant long-term memories, and
then engage in the appropriate actions in the correct
order. This places a great deal of demand on a still-
developing working memory system. Importantly, in
our task, children did not have to maintain the entire se-
quence in working memory, since it was always visible on
the bottom of the screen. The chunking cues were there-
fore not needed to aid in storing the sequence in working
memory, but instead in keeping track of their position
in the action sequence (what they have done, what they
still need to do) as they took actions to retrieve specific
pieces—at each step, children had to recall which color
was needed, which button produced that color, and take
the correct action to select the button. This meant that
we could examine the impact of chunking cues on chil-
dren's ability to execute a sequence of planned actions
without placing additional burden on children's working
memory by also asking them to store the sequence. Our
results suggest that 3-year-olds may struggle with plan-
ning because they have a difficult time maintaining the
order of subgoals within the sequence, or keeping track
of where they currently are in the sequence as they com-
plete each subgoal. Plan chunking may therefore ease
working memory load by allowing children to group to-
gether subgoals, thus improving children's ability to exe-
cute multiple-step plans.

Children's pattern of errors also hints at how plan
chunking may be supporting children's memory-guided
planning abilities. In both Chunking and Alternating
conditions, children most frequently retrieved four total
pieces, suggesting that in both conditions children were
able to keep track of the how many actions they had taken
and how many actions they should take. However, in the
Chunking condition compared with the Alternating con-
dition, children were more likely to take all four actions
in the correct order, and were less likely to make an error
on the second pair of actions in the sequence after suc-
cessfully completing the first pair of actions in the se-
quence, compared to the Alternating condition. These
results suggest that children were able to use the chunk-
ing cues to help them keep track of which actions they
had taken and which actions they should take. When
children did lose track of which actions they should take,
they made similar types of errors across both conditions,
suggesting the possibility that once children lost track of
which actions they took, they no longer benefitted from
the chunking cues.

Our results suggest that younger children may be
more competent planners than previously thought, but
that their competence may be masked by working mem-
ory limitations that make it difficult for them to main-
tain their place in a sequence of actions. We suggest that
working memory development may be a key factor (but
not likely the only factor; see e.g., Gott & Lah, 2014;
Prabhakar & Ghetti, 2020; Schacter et al., 2017) driving
the development of memory-guided planning abilities

and potentially supporting other types of sequence-based
actions (including imitation; Loucks et al., 2017). This hy-
pothesis leads to several predictions that should be inves-
tigated in future research. For example, if plan chunking
supports children's working memory for their position in
a planned action sequence, then reducing working mem-
ory demands further (by, e.g., showing children which ac-
tions they have already taken) should decrease the benefit
of plan chunking. We could also expect to see a reduc-
tion in the benefits of plan chunking (at least for plans
like those tested here) as children age and their working
memory capacity increases. Furthermore, the extent to
which children benefit from plan chunking may be lim-
ited by the extent to which chunking benefits children's
static working memory storage for sets of items. Here,
we showed children two sets of two steps presented in
symmetrical chunks, but young children are less likely to
benefit from chunking cues when chunks include more
individuals than children's working memory capacity
(e.g., three individuals; Rosenberg & Feigenson, 2013).
Yet, some previous work suggests that 3-year-olds may be
able to group three actions together when imitating a goal
that requires all three actions (Loucks et al., 2017). Future
work would investigate how plan chunking may be dis-
tinct from working memory for static arrays.

Relatedly, future work should also examine the role of
attentional control on memory-guided planning across
development. Attentional control has been associated
with individual differences in both working (Unsworth
et al, 2021) and episodic memory (Blankenship
et al., 2015), and therefore is likely critical for success-
ful memory-guided planning, which relies on both types
of memory. It is possible that the ability to take advan-
tage of plan chunking cues may be moderated by atten-
tional control, such that children with lower attentional
control could benefit more from plan chunking. Future
work will aim to better understand the role of individual
differences in executive functions and working memory
during memory-guided planning.

The current study has some limitations. Due to the
ongoing COVID-19 pandemic, the study was conducted
online via Zoom. While previous work has shown that
in-person and online studies produce similar results in
both infants and young children (Cheng & Kibbe, 2022;
Scottetal., 2017; but see also Lapidow et al., 2021, for fur-
ther considerations), and while our results dovetail with
similar in-person studies (Blankenship & Kibbe, 2019;
Prabhakar & Hudson, 2014), our task was novel, and
further work is needed to examine the extent to which
plan chunking impacts memory-guided planning abil-
ities in different contexts. We also chose to focus on
3-year-olds, since previous work has shown that this is
a developmentally critical period for memory-guided
planning abilities. It is currently unknown when in
development children may begin to benefit from plan
chunking, or the extent to which plan chunking contin-
ues to support memory-guided planning beyond age 3.
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Future work would investigate these questions. Finally,
it is unclear to what extent having an end-goal of “com-
pleting a treasure map” impacted children's ability to
take advantage of chunking cues to complete the se-
quence. It is possible that framing the task as having a
larger goal prompted children to attend to and track the
subgoals (which made chunking easier). However, it is
also possible that children may take advantage of struc-
ture when taking multiple sequential actions any time
that structure is present, even if the action steps are not
embedded in a larger goal structure. Further work is
needed to examine these possibilities.
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