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Children’s drawings of common object categories become dramatically more recognizable across childhood.
What are the major factors that drive developmental changes in children’s drawings? To what degree are
children’s drawings a product of their changing internal category representations versus limited by their
visuomotor abilities or their ability to recall the relevant visual information? To explore these questions,
we examined the degree to which developmental changes in drawing recognizability vary across different
drawing tasks that vary in memory demands (i.e., drawing from verbal vs. picture cues) and with children’s
shape-tracing abilities across two geographical locations (San Jose, United States, and Beijing, China). We
collected digital shape tracings and drawings of common object categories (e.g., cat, airplane) from 4- to
9-year-olds (N= 253). The developmental trajectory of drawing recognizability was remarkably similar
when children were asked to draw from pictures versus verbal cues and across these two geographical loca-
tions. In addition, our Beijing sample produced more recognizable drawings but showed similar tracing abil-
ities to children from San Jose. Overall, this work suggests that the developmental trajectory of children’s
drawings is remarkably consistent and not easily explainable by changes in visuomotor control or working
memory; instead, changes in children’s drawings over development may at least partly reflect changes in the
internal representations of object categories.

Public Significance Statement
The present study examined developmental changes in children’s drawings of common object categories
from 4 to 9 years of age. The findings suggest relative consistency in the developmental trajectory of
drawing recognizability across two different sites (San Jose, United States, and Beijing, China) and
two different drawing tasks (verbal vs. picture cues). The digital drawings and stroke-by-stroke records
are made available as a resource for future work.
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As humans, we have many powerful tools to externalize what we
perceive and know, including language and gesture. One tool that
has been especially transformative for human cognition and culture
is a graphical representation, which allows people to encode their
thoughts in a visible, durable format. Drawing is an important case
study in graphical representation, being a technique that dates back
60,000 years (Hoffmann et al., 2018), well before the emergence
of symbolic writing systems, and is practiced in many cultures.

In modern times, drawings are produced prolifically by children
from an early age and change dramatically and systematically across
childhood (Karmiloff-Smith, 1990; Kellogg, 1969): younger children
(4–5 years of age) tend to include fewer cues in their drawings to dif-
ferentiate between categories (e.g., child vs. man) than older children
(6–7 years of age), who enrich their drawings with more diagnostic
part (Sitton & Light, 1992) and relational (Light & Simmons, 1983)
information. What are the factors driving these dramatic changes in
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children’s drawings across development? Creating a drawing of even
the most familiar concept requires the complex integration of cogni-
tive, motoric, and memory abilities: in order to “draw a [rabbit],” chil-
dren have to access their mental representation of a “rabbit,”maintain
this information in memory, and then choose and produce the visual
features necessary to convey the identity of this category.
A common view is that these changes are driven primarily by

children’s increasing ability to plan and control their motor move-
ments (Freeman, 1987; Rehrig & Stromswold, 2018)—rather than
any changes in children’s internal representations of category infor-
mation. However, recent work has provided some evidence that
changes in children’s drawings also reflect changes in children’s
mental representations of visual concepts. In a large observational
data set, older children produced drawings of object categories that
were more diagnostic of the categories they were trying to depict
(Long et al., 2021). This result held even when accounting for differ-
ences in basic shape-tracing abilities and the amount of effort children
expended on individual drawings. Furthermore, older children also
reliedmore on these same diagnostic visual features when recognizing
other children’s drawings. Together, these results suggest that devel-
opmental change in these underlying conceptual representations
drives parallel changes in both children’s production and recognition
of drawings. Thus, changes in how well children can produce recog-
nizable drawings might not only reflect improvements in motor con-
trol (Akshoomoff & Stiles, 1995; Duval et al., 2015; Vinter &
Chartrel, 2008) but perhaps also changes in visual representations
(Dekker et al., 2011; Natu et al., 2016).
However, both motoric and visual accounts leave open the possi-

ble contribution of children’s evolving ability to retrieve and main-
tain relevant information about categories in working memory.
Children’s ability to access semantic knowledge about categories
and to maintain this information in mind when producing a drawing
likely changes across childhood as their working memory capacity
increases (Pailian et al., 2016). Here, we directly test the idea that
a principal reason younger children produce less recognizable draw-
ings is because they simply have more difficulty recalling the rele-
vant visual features of different categories: that is, when asked to
“draw a [rabbit],” they may struggle to conjure up the relevant visual
details and then hold in mind what rabbits tend to look like. On this
account, providing children with additional visual information about
different categories—for example, via canonical photographs of typ-
ical exemplars—could help them improve their drawings of these
categories, as it can with adults (Fan et al., 2018).
An alternative possibility is that memory constraints are not a major

factor that drives developmental changes in children’s drawings.
On this account, only older children (e.g., 7–9 years old) or adults
may be able to produce more recognizable drawings when provided
with canonical exemplars from different categories. Supporting this
account, prior work also suggests that younger children (e.g., 4–6
years of age) tend to draw what they know about objects rather than
integrate information in their immediate perceptual experience
(Luquet, 1927). For example, when asked to draw from observation,
younger children (e.g., 5- to 6-year-olds) tend to include features that
are not visible from their vantage point, yet are diagnostic of category
membership (e.g., a handle on a cup; Barrett & Light, 1976; Bremner
& Moore, 1984), and only omit these features later in development.
Similarly, preschoolers will often insist that their nearly identical
drawings of different concepts (e.g., balloon and person) unambigu-
ously refer to different things (Bloom & Markson, 1998).

To tease apart these alternatives, we investigated the development
of children’s ability to produce recognizable drawings of visual
concepts when children were provided with a verbal cue (“can you
draw a [rabbit]?”) versus when provided with a picture cue (“can
you draw this [rabbit] as it looks in the picture?”). On verbal-cue
trials, children thus must access their mental representation of a “rab-
bit” and choose the features necessary to convey that object’s identity.
Conversely, on picture-cue trials, children are explicitly asked to rely
on the visual features provided in a canonical photograph of each
object category. If younger children produce more recognizable draw-
ings on the picture versus verbal-cue conditions, this would support an
account where younger children’s drawings are limited by their ability
to recall and maintain information about what visual concepts tend to
look like. Conversely, if children’s drawings are equally recognizable
on picture versus verbal-cue conditions, this would support accounts
of developmental changes where memory constraints do not play a
major role.

To test the generality of our findings, we recruited children from two
sites in different countries—San Jose, United States, and Beijing,
China. Most empirical studies on children’s drawings have been con-
ducted exclusively on small samples of children from the United States
or Western Europe, limiting their generalizability. Furthermore, chil-
dren in different communities may receive varying degrees of guid-
ance when learning to draw (Huntsinger et al., 2011; Winner, 1989)
or acquire different visual conventions when producing drawings of
familiar concepts (Cohn, 2012; La Voy et al., 2001; Willats, 2006).
Both of these differences may influence the amount and kind of
semantic information that drawings generally contain. Here, our aim
was to measure developmental changes in the recognizability of child-
ren’s drawings across these two sites using the same experimental pro-
tocol, with the broader goal of laying the groundwork for more
comprehensive and controlled investigations of how environmental
factors influence the development of drawing production behavior.

In addition, we assessed the degree to which visuomotor develop-
ment accounts for observed developmental changes in drawing recog-
nizability. While it is uncontroversial that visuomotor control can
constrain how and what we can draw, little work has directly related
measures of visuomotor control to measures of drawing recognizabil-
ity (Long et al., 2021). To do so, wemeasured each child’s visuomotor
control via a shape-tracing task and related these measurements of
tracing accuracy to the recognizability of the drawings that each
child produced. As children who learn towrite Chinese are also learn-
ing to produce complex series of strokes to convey meaning via
characters in the Chinese language (McBride, 2016; McBride &
Wang, 2015), it is conceivable that visuomotor abilities differ across
children within sites, with children in Beijing having more intensive
experience producing complex orthographic shapes and showing
higher tracing scores (e.g., McBride-Chang et al., 2011), and that
any differences in drawing recognizability between sites would be
mediated by tracing ability.

In sum, in the current study, we collected shape tracings and dig-
ital drawings of visual concepts from 4- to 9-year-old children in
Beijing, China and San Jose, United States using both picture cues
and verbal cues. In doing so, we make three key contributions to
our understanding of the development of children’s drawings.
First, we replicate prior findings (Long et al., 2021) that the recogniz-
ability of children’s drawings increases steadily throughout this age
range (4–9 years). Second, we test the degree to which memory con-
straints might account for these developmental changes. In keeping
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with accounts of intellectual realism and against a large role of lim-
itations on memory, we predicted that only older children would be
able to use the visual information present in the canonical photo-
graphs to improve their drawings. Third, we test the generalizability
of our findings across two sites in different countries. We predicted
that we would see convergence in the development of drawing abil-
ities across both geographical sites, with older children becoming
progressively better at producing recognizable drawings. In addition,
we predicted that most of the variance across geographical sites in
drawing ability would be explainable by differences in visuomotor
control, operationalized as performance on a shape-tracing task;
these primary analyses were preregistered at https://osf.io/3nydc.

Method

Participants

Our goal was to recruit a broad sample of 4- to 9-year-old children
from our two different sites. Children were recruited from two local
children’s museums in Northern California (San Jose and Palo Alto)
and at preschool and elementary schools in Beijing; approximately
equal numbers of participants were recruited in Northern
California and the Beijing area. In order to facilitate recruiting in
the museum and school contexts, we did not collect other demo-
graphic variables other than age from the participants in this
study. However, children tested in Beijing were primarily from
schools located in middle-class neighborhoods; across prior studies
at these same museums in Northern California in our lab in the same
year, most children’s parents (.50%) reported having “some grad-
uate education” (see Hembacher & Frank, 2020 for detailed statistics
from a similar study at these same children’s museums).
We aimed to recruit 120 children after exclusions (i.e., 20 four-

year-olds, 20 five-year-olds, etc.) at each geographical site. In the
San Jose sample, 135 children participated in the experiment; six par-
ticipants were excluded, three for skipping more than six drawing tri-
als and three for scribbling three or more times in a row; these
exclusion criteria were specified before beginning data collection
(see preregistration). Six additional participants were tested, but
their data were not recorded due to a technical error, and two

participants never advanced past the practice trials, leading to a final
sample of 132 children. In the Beijing sample, 121 children partici-
pated; an additional eight participants were tested but their data
were not recorded due to a technical error with the remote database.
Two children who turned 10 years old between authorization at the
school and the date of testing (ages 10 years, 0 months and 10
years, 1 month) were accidentally tested and are thus included in
the 9-year-old age group. The number of participants included in
each age group at each site after exclusions is shown in Table B1 in
Appendix B (range 18–26); Children’s age (in years) was included
as a continuous numeric predictor in all analyses. On average, each
child contributed 11.46 drawings to the analysis (min= 6, max=
12). No additional demographic data were recorded about the partic-
ipants. This protocol was approved by both the Institutional Review
Board at Stanford University (43992, Development of Children’s
Drawing Abilities) and the Department of Psychology Ethics
Committee at Tsinghua University in Beijing, China.

Stimuli and Task Procedure

At the beginning of the session, a trained experimenter first told
each child, “After this game is over, someone is going to try to rec-
ognize what you were trying to draw. So, please draw so that some-
one else could guess what you were trying to draw.”A native English
speaker gave these instructions to the San Jose sample, and a native
Mandarin speaker gave a translation of these instructions to the
Beijing sample. Children were then seated in front of a touchscreen
tablet (iPad Pro 12.9′′) displayed horizontally in a child-safe case at
an angle during each drawing session. Children used their fingertips
to draw (with no restrictions on which hand/finger), strokes could not
be deleted once drawn, and children had to complete each trial
within 30 s. Following the initial instructions, children completed
two shape-tracing trials. Children first traced a square, then a more
complex shape (see shape in Figure 1), providing a baseline measure
of visuomotor control in the absence of memory demands. After
these tracing trials, children were asked to draw 12 familiar object
categories in a random order (see Figure 2; airplane, bike, bird,
car, cat, chair, cup, hat, house, rabbit, tree, and watch). Across tri-
als, we manipulated the type of cue (verbal vs. picture) children

Figure 1
Example Trials From the Tracing Assessment and TwoDrawing Tasks; Children Saw Instructions andWords in Either Mandarin or English

Note. See the online article for the color version of this figure.
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received before producing each drawing (Figure 1), providing a mea-
sure of the impact of reminding children of what typical exemplars of
each category looked like. Specifically, children first completed
six trials with one cue type, then switched to the other cue type.
The 12 categories were randomly assigned to each cue type for
each participant, and the order in which each cue type was used
was counterbalanced across children. On verbal-cue trials, children
viewed a short video clip in which an experimenter named the target
category: “What about a [cat]? can you draw a [cat]?”On picture-cue
trials, children viewed a photograph of a typical exemplar of the tar-
get category while listening to an audio clip of the same experimenter
who said, “What about this [cat]? can you draw the [cat] as it looks
in the picture?” These audio and video stimuli were recorded in
Mandarin with a native speaker for the Beijing sample. The photo-
graph then remained on the screen for the duration of the drawing
trial. On picture-cued trials, one of three photograph exemplars was
randomly sampled for each category for each participant. All experi-
mental code, videos, translations, and stimuli are available on the pub-
lic repository for this project (Long et al., 2023; https://osf.io/qxsgw/).

Measuring Drawing Effort Covariates

We recorded both the final drawings and the location of each
stroke in a digital format, allowing us to precisely measure several
different variables that provided proxies for the amount of effort chil-
dren invested in producing each drawing. Specifically, we measured
(a) the amount of time spent (i.e., end time of last stroke− start time
of first stroke), (b) the number of individual strokes drawn (i.e.,

detected automatically using our web application interface), and
(c) the average intensity of each drawing (i.e., proportion of non-
white pixels in the drawn image, reflecting the portion of drawing
canvas that was filled with “ink”).

Measuring Tracing Accuracy

We used a semiautomated procedure for evaluating how accu-
rately each child performed the tracing task that was validated
against empirical judgments of tracing quality, as in prior work
(Long et al., 2021), In brief, we decomposed tracing accuracy into
two components: a shape error component and a spatial error com-
ponent. Shape error reflects how closely the participant’s tracing
matched the contours of the target shape; the spatial error reflects
how closely the location, size, and orientation of the participant’s
tracing matched the target shape. These two error components
were computed automatically for each tracing and used to yield a
“tracing score” for each tracing that mirrors adult human judgments
of tracing quality (see Appendix A for details).

Measuring Drawing Recognizability

We measured the recognizability of each drawing via an online,
12-Alternative Forced Choice (12-AFC) categorization experi-
ment. Adult participants based in the United States were recruited
via Prolific for a 15-min experiment, compensated at $14/hr, and
asked to identify the category depicted in a random subset of
approximately 140 drawings. Each subset of drawings was
balanced with respect to age, category, and site, and each drawing

Figure 2
Randomly Sampled, Highly Recognizable Drawings for Each Task, Category, and Geographical Site Made by 6-Year-Old Children

Note. Drawings were randomly sampled. Drawings in Panel A are from the verbal-cue condition, and drawings in Panel B are from the picture-cue condition.
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was shown to 10 participants. Participants were shown these draw-
ings in a random sequence and asked, “what does this look like?”
Participants selected their responses from the set of 12 categories
and were encouraged to provide their best guess if they were
unsure. A catch trial was included to verify that participants
could accurately describe their goal in this task; no participants
were excluded for missing the catch trial. We then computed a rec-
ognition score for each drawing, reflecting the proportion of partic-
ipants who correctly identified the target category.1

Statistical Models

To evaluate our main hypotheses, we fit generalized linear mixed-
effects models to the human recognition scores to assess the factors
that influenced the recognizability of the drawings that children
produced. A first generalized linear mixed effect model was fit to the
recognizability scores for each drawing, including fixed effects of
children’s age (in years), geographical site (San Jose vs. Beijing),
and drawing task (verbal cue vs. picture cue) and the three-way inter-
action between these key variables.We initially planned to include ran-
dom slopes for the effect of drawing task on each child (as this varied
within-subjects), and random slopes for the effect of the full three-way
interactions between task, age, and site on each category. However,
models with this random-effects structure failed to converge, and the
reportedmodels use themaximal random-effects structure that did con-
verge, which included random slopes for the two-way interaction
between task and age on each category. The results of this model are
reported in Table 1.
In a secondary analysis, we investigated the degree to which any

of the above effects were mediated by children’s tracing abilities or
the amount of effort that children expended while drawings. We fit
the same model above with additional fixed-effects terms for each
child’s estimated tracing score (see Measuring Tracing Abilities),
the time that child spent drawing (in seconds), the amount of
“ink” used (i.e., percentage of nonwhite pixels in the drawn
image), and the number of strokes produced. These additional pre-
dictors were first z-scored before being included in the model.
Finally, we also assessed the degree to which tracing ability develop-
ment differed across geographical sites, where tracing scores were
modeled as a function of age (in years), site, and their interaction,
with the same random-effects structure as the first model. The results
of this model are reported in Table 2. This analysis plan was prereg-
istered at https://osf.io/3nydc, and data and analysis code are avail-
able at https://osf.io/qxsgw (Long et al., 2023).

Results

Confirmatory Analyses

Model 1: Main Experimental Contrasts

We found steady changes in the recognizability of children’s draw-
ings as a function of age (see Figure 3 and Table 1), replicating prior
work using the verbal-cue paradigm under less controlled settings
(Long et al., 2021). Moreover, we found that this age-related change
did not depend on the drawing task children completed: Children’s
drawings were just as recognizable when they were cued with a pho-
tograph (“draw this [rabbit] as it looks in the picture”) as when they
were cued with the category label (“can you draw a [rabbit]?”; see
Table 1, no fixed effect of drawing task, B=−0.16, SE= 0.26,
Z=−0.62, p= .53). While we initially thought that older children
might produce more recognizable drawings when cued with a photo-
graph of a highly prototypical exemplar, as adult participants do (Yang
& Fan, 2021), we did not find evidence of an interaction between age
and cue type (see Table 1, no interaction between fixed effects of age
and drawing task; p= .68). Unexpectedly, we did observe a fixed
effect of geographical site: children in Beijing, China produced draw-
ings that were more recognizable than did children in San Jose, United
States (see Table 1, B=−0.60, SE= 0.16, Z=−3.71, p, .01).

Model 2: Accounting for Tracing Abilities and Effort

To follow up on this effect of site, we tested two potential sources
of variation: visuomotor control and effort. Insofar as differences in
visuomotor control could explain differences between sites, we rea-
soned that this wouldmanifest as a difference in tracing ability across
sites that predicts variation in drawing recognizability. Inconsistent
with our hypotheses, we found that children across the two sites
were indistinguishable with respect to tracing ability on average
(no fixed effect of site on tracing scores; see all model coefficients
in Table 2; see all individual scores in Figure 4).

We then explored whether there were systematic differences in
effort between the two groups, as measured by the amount of time
each child spent producing their drawings and the number of strokes
drawn. Figure 5 shows three effort covariates—average intensity,
number of strokes used, and time spent drawing—measured for
each drawing as a function of children’s age, drawing task, and

Table 1
Model Coefficients From a Generalized Linear Mixed Model
Predicting the Recognizability of Each Drawing for the Main
Experimental Contrasts

Fixed effect Estimate SE z Pr(.|z|)

Intercept 1.99 0.16 12.17 ,.01
Task −0.16 0.26 −0.62 .53
Age 1.31 0.13 9.88 ,.01
Site −0.60 0.16 −3.71 ,.01
Task×Age −0.08 0.19 −0.41 .68
Task× Site 0.19 0.16 1.17 .24
Age× Site −0.15 0.16 −0.91 .36
Task×Age× Site −0.06 0.16 −0.38 .71

Table 2
Model Coefficients From a Linear Regression Predicting the
Average Tracing Score of Each Child as a Function of Their Age
and the Site at Which They Participated

Predictor Estimate SE t Pr(.|t|)

(Intercept) 2.73 0.07 41.30 .00
Age 0.46 0.07 7.01 ,.01
Site 0.03 0.10 0.28 .78
Age× Site −0.07 0.10 −0.78 .44

1While in our preregistration we had planned to use automated recognition
scores as our main dependent variable, we found that automated recognition
scores were only modestly correlated with human recognition (r= .4,
p, .001) and that descriptive plots of the automated recognition scores
revealed an overall difference between the two drawing tasks that was not evi-
dent in the human recognition data. To be conservative, we thus fit all of our
models to the human recognition data.
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geographical site; these covariates were somewhat correlated with
one another (see Table B3 in Appendix B) but not with tracing
ability. These exploratory analyses revealed that, overall, children
spent more time drawing when prompted with a picture cue than a
verbal cue, and that children in the Beijing group spent more time
on their drawings than their counterparts in San Jose (see
Figure 5; linear mixed effect model predicting drawing duration,
fixed effect of site, B=−0.71, SE= 0.07, df= 312.67, t=−10.02,
p, .001, Table B2 in Appendix B). The two other effort covariates

did not show systematic differences that would explain the site dif-
ferences: Children in San Jose used slightly more ink than children
in Beijing but used an equal number of strokes when producing
drawings.

If effort and/or tracing ability is sufficient to account for the differ-
ences between sites, we reasoned that we should no longer observe a
main effect of geographical site on drawing recognizability in an
expanded statistical model where we account for these covariates.
We thus then included children’s average tracing scores and effort
covariates measured for each drawing (average intensity, number of
strokes used, and time spent drawing) as fixed effects into a second
generalized linear mixed-effects model (see Statistical Models).
Instead, we still observed a significant effect of geographical site
(see Table 3, fixed effect of site, B=−0.80, SE= 0.16, Z=−5.04,
p, .01), even after having accounted for the effect of individual dif-
ferences in tracing ability as well as effort covariates for each drawing
that was produced. Nonetheless, children’s tracing abilities were
clearly related to the degree they were able to produce recognizable
drawings, the overall correlation between tracing score and average
drawing recognizability, r= .54, t(251)= 10.28, p, .01; see also
Table 3, fixed effect of tracing ability in expanded model. Together,
these results suggest that the site differences in the ability to produce
recognizable drawings are not explained by easily measurable differ-
ences in effort or tracing ability.

Exploratory Analyses

Item Effects. In a set of exploratory analyses, we examined how
the developmental trajectory for drawing recognizability varied across
the 12 object categories we included. For example, some object cate-
gories (e.g., cat) may be easier to draw than others (e.g., watch), result-
ing in shallower or steeper changes in recognizability over age.
However, we did not have strong hypotheses about how these trajec-
tories might additionally vary with geographical locations.

Figure 6 shows considerable variation in drawing recognizability
across the 12 categories as a function of geographical site and age.
For example, certain distinctions between similar categories (e.g.,
cats and rabbits) appeared more difficult to make, especially for youn-
ger children. In this data set, children in the Beijing group appeared
to produce more recognizable drawings of certain categories at all
ages—including airplanes, birds, and rabbits—while older children
in San Jose produced more recognizable drawings of bikes. As a
whole, these exploratory analyses provide some converging evidence
for systematic differences between object categories and geographical
sites. Yet, the interpretation of these item effects is quite complex:
children in different locations may spend more or less effort on differ-
ent categories, which could explain some portion of the measured dif-
ferences in drawing recognizability. Future work that systematically
explores variation across sites may shed light on the degree to
which these trends are systematic or dependent on the particular pop-
ulations tested and photograph exemplars that were used.

However, there are likely to be some differences that are left uncov-
ered by the present set of analyses. Figure 2 shows recognizable, ran-
domly sampled example drawings from 6-year-olds at each category,
site, and condition, highlighting potential differences between sites
and conditions that may not be captured by a simple 12-AFC recog-
nition metric. For example, some of the drawings made in the
picture-cued condition appear more similar to each other (and the pic-
ture cue) than drawings made in the verbal-cued condition. Future

Figure 3
Proportion of Drawings Recognized as a Function of the Age (in
Years) of the Child Who Completed Each Drawing, the
Geographical Site They Were Tested at (Beijing vs. San Jose),
and the Type of Drawing Task They Completed

Note. Individual data points represent drawings within each condition by
an individual participant and are slightly jittered. Error bars show boot-
strapped 95% confidence intervals. See the online article for the color ver-
sion of this figure.

Figure 4
Average Tracing Scores Across Age Group and Site
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Note. Each dot represents an average tracing score obtained for each par-
ticipant and are slightly jittered to show variation. Error bars represent
bootstrapped 95% confidence intervals. See the online article for the
color version of this figure.
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work that explores hypotheses about how these different tasks and
items interact to produce item trajectories will be helpful for under-
standing what drives variability in children’s drawing abilities.

General Discussion

Here we examined developmental change in children’s ability to
produce recognizable drawings of familiar visual concepts, and the
degree to which this ability is constrained by retrieval of diagnostic
attributes from memory. We manipulated memory demands by
either cueing children with a category label (“can you draw a
[cat]?”) or a color photo (“can you draw this [cat] as it looks in the
picture?”), and measured the recognizability of each drawing to
adult observers. To evaluate the generality of our findings, we
recruited two groups of children in different sites: San Jose,
United States and Beijing, China.
First, we found steady improvement in the recognizability of

children’s drawings from 4 to 9 years of age in both groups of

children, replicating prior work conducted in a field setting (Long
et al., 2021). As in prior work, we also found that these changes
in recognizability were not entirely explained by shape-tracing abil-
ities; we still found robust fixed effects of children’s age when
accounting for individual variation in tracing abilities and effort
expended on each drawing. Together with prior work, these findings
highlight that children’s drawing abilities change gradually through-
out middle childhood and raise new questions about the major fac-
tors that drive these systematic changes.

Second, inconsistent with our hypotheses, we did not find that the
recognizability of children’s drawings reliably differed between the
two drawing tasks. That is, providing children with reminders of
the visual features of each category and asking them to focus on
these details on picture-cued trials did not lead children to produce
drawings that were more recognizable. Thus, these results suggest
that younger children’s drawings of familiar visual concepts are
unlikely to be constrained by their ability to recall category-
diagnostic visual features when they are trying to draw them.
Futurework that systematically manipulates the kinds of visual infor-
mation that children are provided with (e.g., photographs vs. iconic
drawings) and the instructions that children receive will confirm the
generality of this finding.

We also discovered that drawing recognizability differed between
the geographical sites: children in the Beijing group produced more
recognizable drawings than those in the San Jose group. These intri-
guing group-level differences are consistent with a wide variety
of potential explanations. One possibility is that because children in
the Beijing group drew at their preschool and elementary schools,
whereas children in the San Jose group drew in a room at children’s
science museums, these two testing environments could have induced
motivational differences that affected how much effort children put
into their drawings. We did not collect additional demographic infor-
mation from our participants, and one of several possibilities is that
children in Beijing had different socioeconomic backgrounds that
led to higher motivation to produce accurate drawings. Indeed, chil-
dren in Beijing tookmore time on average to complete their drawings.
However, contrary to a strong version of this account, we found that

Figure 5
Effort Covariates Measured During the Drawing Task—Amount of Time Spent Drawing, Amount of “Ink”Used (i.e., Average Intensity), and
Number of Strokes Used—as Function of the Age Group of the Child Who Completed Each Drawing, the Geographical Site They Were
Tested at (San Jose vs. Beijing), and the Type of Drawing Task They Completed (Picture Cue vs. Verbal Cue)
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Note. Error bars show bootstrapped 95% confidence intervals. See the online article for the color version of this figure.

Table 3
Model Coefficients From a Generalized Linear Mixed Model
Predicting the Recognizability of Each Drawing as a Function the
Both the Main Experimental Contrasts (Task, Site, and Age) as
Well as Several Effort Covariates and Estimates of Children’s
Tracing Abilities

Fixed effect Estimate SE z Pr(.|z|)

Intercept 2.14 0.16 13.72 ,.01
Task −0.26 0.26 −0.98 .33
Age 1.01 0.14 7.31 ,.01
Site −0.80 0.16 −5.04 ,.01
Estimated tracing score 0.35 0.07 4.82 ,.01
Average intensity 0.06 0.02 2.47 .01
Draw duration −0.25 0.03 −7.58 ,.01
Number of strokes 0.33 0.03 10.99 ,.01
Task×Age −0.10 0.19 −0.54 .59
Task× Site 0.22 0.16 1.38 .17
Age× Site −0.04 0.16 −0.22 .82
Task×Age× Site −0.07 0.16 −0.43 .67
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the substantial individual variation in basic shape-tracing ability and
effort (as assessed via average intensity, time, and strokes spent
while drawing) was insufficient to account for differences in drawing
recognizability between groups.
What additional factors may explain the difference in drawing rec-

ognizability across sites? A second possibility is that the children who
are learning to produce the complex, visually demanding characters in
the Chinese language that have meaningful subparts (McBride, 2016;
McBride &Wang, 2015) may develop more sophisticated visuomotor
skills that are recruited while drawing. For example, the skills neces-
sary to generate, combine, and arrange multiple shape parts in specific
locations may be well practiced by children learning to produce
Chinese characters, and not well captured by the relatively simple
shape-tracing assessment that we used. Future work that measures
the development of writing, tracing, and drawing abilities within indi-
vidual children learning to write in different languages will be useful
for understanding the degree to which children’s writing and drawing
abilities scaffold each other more generally.
Finally, we also found that the groups differedwith respect towhich

visual concepts were easier for children to convey in their drawings,
perhaps reflecting different patterns of exposure to these concepts or
different amounts of practice drawing these visual concepts. Indeed,
another natural question for future work concerns the relationship
between the kind of experience children have with these visual con-
cepts and the way they produce drawings of them. For example, if
some children are exposed to a wide variety of illustrations of some
concepts but not others (e.g., in books or other media), they may
also be able to producemore recognizable drawings of those concepts.
Conversely, if some children spend more time drawing certain visual
concepts but not others (e.g., in school or at home), they may also be
better at recognizing graphical representations of them in other con-
texts, and perhaps explicitly identifying their diagnostic features.
Prior work has found that older children not only produce more rec-
ognizable drawings of object categories, but also tend to be better at
recognizing other children’s drawings (Long et al., 2021), providing
evidence that visual production and recognition abilities are related
throughout childhood at the group level. However, further investiga-
tion will be necessary for understanding what kinds of experience

are responsible for concurrent developmental changes in these two
behaviors at the individual level.

Thus, further systematic measurement of drawing behavior across a
wider variety of geographical, socioeconomic, and cultural contexts
will be crucial for producing more robust and precise estimates of
developmental variability, critical to strongly evaluate causal theories
of such variation (Amir & McAuliffe, 2020; Cao et al., 2022; Frank
et al., 2021).Without such data sets, it can be tempting to draw unwar-
ranted causal inferences about the impact of single demographic
covariates, such as nationality (Kuwabara & Smith, 2016; Winner,
1989). We have thus made our drawing data set publicly available
to contribute to this more cumulative effort and also to reduce barriers
to investigation of other aspects of these drawings other than their rec-
ognizability, such as which visual features children prioritized in their
drawings, the order in which they drew them, as well as variation in
visual style (Gernhardt et al., 2015; Senzaki et al., 2014).

Overall, our results thus suggest that children’s ability to convey
their knowledge about familiar visual concepts changes systemati-
cally with age across two different geographical contexts and is
unlikely to be constrained by limitations in children’s ability to
retrieve the relevant information associated with these concepts
and maintain this information in working memory. We propose
that further investigation into the factors that influence how children
learn to identify and combine the relevant diagnostic features of dif-
ferent visual concepts will further explain individual and age-related
variation in drawing abilities. More broadly, we believe that this
approach to concurrently quantifying multiple sources of variation
in the context of rich, naturalistic behaviors will lead to more robust
and unified theories of cognitive development.
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Appendix A

Tracing Score Calculation

To compute the tracing error components, we applied an image
registration algorithm, AirLab (Sandkühler et al., 2018), to align
each tracing to the target shape, yielding an affine transformation
matrix that minimized the pixel-wise correlation distance between
the aligned tracing, T, and the target shape,

S : LossNCC = −
∑

S · T −∑
E(S)E(T)

N
∑

Var(S)Var(T)
, (A1)

where N is the number of pixels in both images. The shape error was
defined by the final correlation distance between the aligned tracing
and the target shape. The spatial error was defined by the magnitude
of three distinct error terms: location, orientation, and size error,
derived by decomposing the affine transformation matrix above
into translation, rotation, and scaling components, respectively. In
sum, this procedure yielded four error values for each tracing: one

value representing the shape error (i.e., the pixel-wise correlation
distance) and three values representing the spatial error (i.e., magni-
tude of translation, rotation, scaling components).

We used the tracing quality ratings obtained in Long et al. (2021)
to assign weights to each of their error terms; adult observers (N=
70) rated 1,325 tracings (i.e., 50–80 tracings per shape per age) and
evaluated “how well the tracing matches the target shape and is
aligned to the position of the target shape” on a 5-point scale. An
ordinal regression mixed-effects model to predict these 5-point rat-
ings, which contained correlation distance, translation, rotation, scal-
ing, and shape identity (square vs. star) as predictors, with random
intercepts for rater. This model yielded parameter estimates that
could then be used to score each tracing in the data set; we averaged
scores for both shapes to yield a single tracing score for each
participant.
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Additional Analyses
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Table B1
Number of Participants Included in the Final Data Set Within Each
Combination of Site and Age Group

Age group Site Number of participants

4-year-olds Beijing 26
4-year-olds San Jose 20
5-year-olds Beijing 18
5-year-olds San Jose 20
6-year-olds Beijing 20
6-year-olds San Jose 21
7-year-olds Beijing 21
7-year-olds San Jose 20
8-year-olds Beijing 26
8-year-olds San Jose 20
9-year-olds Beijing 21
9-year-olds San Jose 20

Table B2
Model Coefficients From a Linear Mixed Model Predicting How
Long Children Spent on Each Drawing as a Function of Site
(Beijing vs. San Jose) and Drawing Condition

Predictor Estimate SE df t Pr(.|t|)

(Intercept) 0.64 0.13 20.95 4.98 .00
Site −0.71 0.07 312.67 −10.02 ,.01
Condition −0.31 0.03 2,640.23 −9.28 ,.01
Site×Condition 0.00 0.05 2,636.34 −0.09 .93

Table B3
Pearson’s Correlation Coefficients for All Effort Covariates
(Estimated for Each Drawing) and Tracing Scores (Estimated by
Each Participant)

Number
of strokes

Drawing
duration (s)

Mean
intensity

Average
tracing score

Number of strokes — .51 .50 .09
Drawing duration (s) .51 — .27 −.03
Mean intensity .50 .27 — −.01
Average tracing score .09 −.03 −.01 —
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