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ARTICLE INFO ABSTRACT

Keywords: This study tested how prompting learners to compare their drawings to instructional visuals affects their
Geneljative learning perceived and actual performance. Undergraduates (n = 116) created two drawings while studying a text on the
Drawing human circulatory system. Then they made a series of retrospective and prospective judgments of their drawing
;Zﬁiil;;?;on performance and prospective judgments of their comprehension. In a subsequent restudy phase, students were
Comprehension randomly assigned to either compare their drawings to instructional visuals (compare group; n = 56) or to

restudy the text and review their drawings without receiving instructional visuals (control group; n = 60), fol-
lowed by a series of new judgments of drawing and comprehension. All students then completed drawing and
comprehension post-tests. Results indicated that comparing one’s drawings to instructional visuals caused stu-
dents to become underconfident in the quality of their drawings (lower retrospective accuracy) and over-
confident in their future drawing performance (lower prospective accuracy). Exploratory analyses indicated that
the compare group tended to make surface-level (rather than conceptual) comparisons when processing the
provided visuals, such as attending to the aesthetic style or conventions used in the instructional visuals.
Furthermore, despite a strong link between drawing and comprehension performance, comparing drawings to
instructional visuals did not significantly affect students’ judgments of comprehension. These findings highlight
potential drawbacks of comparing generative drawings to instructional visuals in learning by drawing.

1. Introduction

Drawing can be an effective strategy for learning from science texts,
particularly among undergraduates (Ainsworth & Scheiter, 2021; Brod,
2021; Fiorella & Zhang, 2018). Indeed, several studies have found that
prompting students to generate drawings results in higher comprehen-
sion than only restudying or summarizing the text (e.g., Bobek &
Tversky, 2016; Leopold & Leutner, 2012). There is also emerging evi-
dence that drawing may provide metacognitive benefits (e.g., Fiorella &
Jaeger, 2023; Thiede et al., 2022; van de Pol et al., 2020)—that is, the
experience of drawing may help students become aware of what they do
or do not understand. However, drawing is not always effective (e.g.,
Leopold et al., 2009; see Fiorella and Zhang, 2018); students often
struggle to generate high-quality drawings and might not accurately
assess the quality of their understanding without instructional support.
One common form of drawing support is to prompt learners to compare
their drawings to ‘expert’ instructor-provided visuals (e.g., Van Meter,
2001; Schmeck et al., 2014), such as the types of instructional visuals

that students view in textbooks. On one hand, comparing generated and
provided instructional visuals may help students correct errors and form
more accurate judgments of their own drawing and comprehension
performance—what we refer to as the comparison facilitation hypothesis.
On the other hand, instructional visuals may interfere with the accuracy
of students’ metacognitive judgments, particularly if students focus on
irrelevant or surface-level comparisons that are not diagnostic of their
actual learning—what we refer to as the comparison interference hy-
pothesis. In the present study, we tested the potential facilitative or
detrimental effects of comparing learner-generated and provided
instructional visuals on students’ perceived and actual performance.

1.1. Using Instructor-Provided visuals to support Learner-Generated
drawings

According to generative learning theory (Fiorella, 2023; Fiorella &
Mayer, 2016; Wittrock, 1989), drawing supports comprehension by
encouraging learners to select relevant information from a lesson,
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organize it into a coherent structure, and integrate it with their existing
knowledge (see also Van Meter & Firetto, 2013). For example, when
creating a drawing from a text on the human circulatory system, learners
attempt to visually depict and label the key spatial relationships
described in the text—such as relationships among the four chambers of
the heart, the lungs, and the body—which in turn may help them
generate inferences about how the system works—such as the mecha-
nisms underlying systemic and pulmonary circulation. However, the
effectiveness of learning by drawing depends on managing several po-
tential boundary conditions (Brod, 2021; Fiorella & Zhang, 2018;
Leutner & Schmeck, 2022). Most notably, drawing can be cognitively
demanding and time consuming (e.g., Leutner et al., 2009; Van Meter,
2001; Zhang & Fiorella, 2021), and without appropriate background
knowledge or instructional support, students might struggle to (a)
generate high-quality drawings and/or (b) accurately self-evaluate the
quality of their drawings and comprehension. This is important because
the quality of students’ drawings during learning is generally predictive
of their performance on subsequent drawing and comprehension tests
(e.g., Schwamborn et al., 2010).

One common way to support learning by drawing is to provide
learners an opportunity to actively compare their own drawings to a
provided instructional visualization, which should help them detect and
correct potential knowledge gaps or misconceptions (Leutner &
Schmeck, 2022; Nicol, 2021; Zhang & Fiorella, 2023). For example,
upon studying a provided visual of the circulatory system, a student
might notice that they incorrectly represented the functions of the left
and right sides of the heart in their own drawing. Research suggests that,
in some cases, comparing one’s drawings to provided instructional vi-
suals can support comprehension better than either drawing without
comparing or only studying provided visuals. For example, early work
by Van Meter (2001) found that students prompted to compare their
drawings of the nervous system to expert instructor-provided visuals
exhibited better subsequent comprehension than students who only
created drawings or students who only studied provided visuals.
Furthermore, think aloud data indicated that students who compared
their drawings to the instructional visuals engaged in more self-
monitoring events, such as looking back to a previously read part of
the text or generating questions to oneself.

However, other work has produced null or even negative effects of
combining instructor-provided and learner-generated visuals. In a study
by Schwamborn and colleagues (2011), high school students learned
about the chemical processes of washing with soap and water from
either text only, provided instructional visuals, generated visuals, or
generated and provided visuals. Results indicated that instructional vi-
suals supported comprehension and drawing test performance, whereas
generated visuals only supported drawing test performance. There was
no evidence for an added benefit of pairing generated visuals with
instructional visuals, particularly for comprehension. Following a
similar design, Schmeck and colleagues (2014) found that generating
one’s own visuals enhanced comprehension test performance compared
to students who studied instructional visuals or who generated their own
visuals and received instructional visuals. Thus, in this case, instruc-
tional visuals appeared to interfere with comprehension performance
compared to only generating one’s own visuals.

Recent work by Zhang and Fiorella (2019, 2021) also highlights the
mixed effects of combining generated and instructional visuals. For
example, one study found that studying an instructional visual of the
circulatory system after creating one’s own drawing resulted in better
transfer compared to only studying instructional visuals (Zhang &
Fiorella, 2019). However, comparing to instructional visuals was not
significantly more effective for transfer than only generating visuals or
studying an instructional visual before drawing. In slight contrast, a
related subsequent study suggested that comparing to instructional vi-
suals enhanced the effectiveness of drawing versus either drawing
without comparing or drawing with only verbal forms of support (Zhang
& Fiorella, 2021).
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Taken together, the existing evidence suggests comparing one’s
drawings to instructional visuals can be an effective way to support
learning by drawing; however, in some cases, instructional visuals may
not boost and may even interfere with learning. One issue that has not
been examined in this prior research is the potential metacognitive effect
of comparing one’s drawings to instructional visuals. The metacognition
literature suggests the presence of instructional visuals can sometimes
interfere with students’ ability to make accurate judgments of their own
learning (e.g., Jaeger & Fiorella, 2023; Wiley, 2019), such as when
predicting how well one will perform on an upcoming test. Provided
instructional visuals might cause students to focus on superficial meta-
cognitive cues that are not diagnostic of their actual understanding, such
as the feeling of fluency or familiarity associated with viewing a pro-
fessional illustration. Indeed, studies suggest the presence of decorative
images can cause students to overestimate their learning (e.g., Cardwell
et al., 2017; lkeda et al.,, 2013), and other work suggests even
instructionally-relevant visuals can interfere with the accuracy of stu-
dents’ judgments (e.g., Jaeger & Fiorella, 2023; Serra & Dunloksy,
2010). Students make more accurate judgments when they focus on
conceptual cues present in the provided visuals, such as by using the
visual to self-explain and reflect on one’s understanding (e.g., Jaeger &
Fiorella, 2023; Jaeger & Wiley, 2014). However, comprehending
instructional visuals, particularly in science, can be cognitively
demanding for students (Cromley et al., 2010), as it requires mentally
representing complex spatiotemporal relationships depicted via
discipline-specific conventions (Gilbert, 2008; Hegarty et al., 1991;
Kozma, 2003; Novick, 2006).

In the context of learning by drawing, the effectiveness of comparing
drawings to instructional visuals depends on the extent to which stu-
dents productively compare the conceptual similarities and differences
between instructional visuals and their own drawings and revise their
knowledge accordingly. This is challenging because students’ drawings
will likely contain conceptual errors, as well as other differences from
conventional instructional visuals that are unrelated to the conceptual
fidelity of their drawing. For example, instructional visuals of the cir-
culatory system commonly follow conventions such as ‘flipping’ the
orientation of left and right sides of the heart, representing the heart’s
structures is three dimensions, or using red and blue to represent
oxygenated or deoxygenated blood, respectively. Other conventions are
more idiosyncratic across visuals, such as the precise relative size and
location of the heart, lungs, body, and blood vessels. Importantly, these
features are orthogonal to the conceptual fidelity of one’s drawing (e.g.,
Ainsworth, 2006; Butcher, 2006)—whether one’s drawing accurately
depicts the structures and relationships among the circulatory system (e.
g., showing that blood flows from the right ventricle to the lungs). Given
the ubiquity of instructional visuals in science education (e.g., in text-
books, lectures slides, instructional videos, simulations, etc.; Ainsworth,
2006), it is important to understand how these representations interact
with learner-generated visualizations, particularly how they affect stu-
dents’ metacognitive and learning outcomes.

If students focus primarily on differences between their drawings and
the provided visuals that are superficial and irrelevant to their under-
standing, they are unlikely to accurately assess and correct their un-
derstanding (e.g., Jaeger, Marzano, & Shipley, 2020). This is consistent
with the broader literature on feedback and learning from errors (Met-
calfe, 2017; Nicol, 2021; Shute, 2008). For example, Zhang and Fiorella
(2023) distinguish between surface errors and deep errors in their recent
model of learning from errors. According to their model, detecting and
correcting deep errors requires not only noticing that one’s response is
conceptually different from provided feedback but also actively self-
explaining why one’s response was wrong, which many learners may
not do spontaneously. The metacognition and instructional visuals lit-
eratures suggests learning from complex visuals is cognitively
demanding (Ainsworth, 2006; Cromley et al., 2010) and students might
be particularly inclined to focus on surface-level differences between
their drawings and provided visuals (i.e., surface errors), such as salient
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perceptual or aesthetic differences (e.g., differences in style or conven-
tions), which may lead to less accurate judgments of learning, and
potentially worse learning outcomes (e.g., see Bjork, Dunlosky, & Kor-
nell, 2013). Similarly, students might fixate on the perceived fluency
associated with aesthetic features of a provided visual, which may cause
students to be overconfident about their learning. In the present study,
we systematically address this issue by examining how comparing
generative drawings to instructional visuals affects students’ meta-
cognitive judgments and performance during learning by drawing. The
primary goal was to understand whether students use the instructional
visuals to accurately diagnose the conceptual quality of their drawings
and their understanding, or whether they fixate on superficial differ-
ences (such as style and conventions) between their drawings and the
instructional visuals.

2. The present study

The present study tested how comparing one’s drawings to instruc-
tional visuals affects students’ perceived and actual drawing and
comprehension performance. In an initial learning phase, un-
dergraduates created two drawings while learning from a text about the
human circulatory system. Then they made a series of initial judgments
of learning: retrospective and prospective judgments of their drawing
performance, as well as prospective judgments of their comprehension.’
In a subsequent restudy phase, students were randomly assigned to
restudy the text and compare their drawings to two instructional visuals
(compare group), or to only restudy the text and review their own
drawings (control group). The instructional visuals were designed to
match the content of the text and be representative of the types of visuals
commonly found in textbook chapters about the human circulatory
system. After the restudy phase, all students made a new series of
judgments of drawing and comprehension performance. In the test
phase, students completed post-tests assessing their drawing and
comprehension performance.

Our primary focus was to examine whether comparing one’s draw-
ings to representative instructional visuals affects the accuracy of stu-
dents’ judgments of drawing and comprehension. In line with prior
research, we determined judgment accuracy by calculating the differ-
ence between students’ perceived drawing or comprehension perfor-
mance and their actual drawing or comprehension performance (e.g.,
Griffin, Mielicki, & Wiley, 2019). Specifically, for each type of judgment,
we computed absolute accuracy (the absolute difference between
perceived and actual performance) and confidence bias (the signed dif-
ference between perceived and actual performance). Thus, absolute
accuracy reflects the degree of error in one’s judgments, whereas con-
fidence bias reflects the degree of overconfidence or underconfidence in
one’s judgments.

2.1. Hypotheses

We tested two competing hypotheses about the effects of comparing
drawings to provided visuals. According to the comparison facilitation
hypothesis, instructional visuals should help learners better detect and
correct conceptual errors in their drawings—such as incorrectly
depicting connections among the heart and lungs—thereby supporting
metacognitive and learning outcomes. That is, students who compare to
instructional visuals should exhibit more accurate retrospective and
prospective judgments of their drawing performance, and more accurate
prospective judgments of their comprehension. Comparing to

! Most prior metacognition research includes only prospective judgments,
such as predicting how well one will perform on a later test (e.g., Griffin et al.,
2019). We included retrospective judgments to additionally examine how
comparing one’s drawings to provided visuals affects the accuracy of students’
self-assessments of drawing quality.
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instructional visuals should also support better performance on the final
drawing and comprehension post-tests.

Alternatively, according to the comparison interference hypothesis,
instructional visuals may cause learners to focus on superficial differ-
ences in their drawings—such as differences in the aesthetics, style, or
conventions of the instructional visuals—thereby inhibiting meta-
cognitive and learning outcomes. That is, students who compare their
drawings to instructional visuals should exhibit less accurate retro-
spective and prospective judgments of their drawing performance, and
potentially, less accurate prospective judgments of comprehension.
Consequently, comparison to instructional visuals may also interfere
with performance on the final drawing and comprehension post-tests.

In line with prior research, we expected drawing performance during
learning to be positively associated with subsequent comprehension
post-test performance (e.g., Schwamborn et al., 2010). However, an
open question is whether comparing drawings to instructional visuals
has similar or unique effects on students’ drawing and comprehension
judgments. One possibility is that comparing to instructional visuals
primarily affects students’ retrospective and prospective drawing judg-
ments without affecting their prospective comprehension judgments.
Another possibility is that comparing one’s drawings to provided visuals
might inform students’ judgments of drawing and judgments of
comprehension. Addressing this issue will provide insight into whether
students use the perceived quality of their drawings as an indicator of
their level of comprehension.

3. Method
3.1. Participants and design

Participants were 120 undergraduates recruited from introductory
education or biology courses at a large southeastern university who
received course credit or a $20 gift card for completing the study. The
mean age of participants was 19.5 years (SD = 1.6), and there were 91
females, 25 males, and 4 reported other. The participants represented a
wide range of (intended) majors, but most were interested in fields
related to either education (30 %), STEM (22 %), or communications
sciences (17 %). None of the participants had completed a college-level
introductory biology course. Four participants were removed from the
analyses because of an experimenter error during data collection,
resulting in a final sample of 116. A post-hoc power analysis using
G*Power indicates that the study is highly powered (power = .89) for
detecting small effect sizes (f = .15) at alpha = .05.

Participants were randomly assigned to the compare group (n = 56)
or the control group (n = 60).” The groups did not significantly differ in
mean age, t(114) = 1.24, p = .218, or gender distribution, X2(2) =2.37,
p = .307. This study was approved by and conducted in accordance with
the ethical standards of the Institutional Review Board (IRB).

3.2. Transparency and open science

The materials, measures, and data for this study are publicly avail-
able via the Open Science Framework: https://osf.io/w3sqc/. The hy-
potheses for this study were not preregistered, though the study tests

2 This study also included an additional between-subjects manipulation
related to the instructions students received about the drawing activity at the
beginning of the experiment. Some students were prompted to use drawing as a
learning activity (i.e., the goal of drawing is to support comprehension),
whereas other students were prompted to use drawing as a metacognitive ac-
tivity (i.e., the goal of drawing is to make better judgments of one’s learning).
Analyses indicated that this subtle manipulation did not have statistically sig-
nificant effects on any of the judgment accuracy or performance measures.
Thus, to improve clarity in presenting the key findings from this study, we do
not include this factor in our analyses reported in the Results section.
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two competing hypotheses derived from prior research, as described
above.

3.3. Materials and measures

3.3.1. Text and drawing prompts

The learning materials consisted of a text about the human circula-
tory system and two drawing prompts. The text was adapted from Zhang
& Fiorella (2021) and consisted of 726 words broken into two main
parts. Part 1 described the path of blood flow through the circulatory.

system, and Part 2 described the path of blood flow through the
valves of the heart. The full text is presented in the Appendix A. For each
part, students were prompted to create a corresponding drawing on
paper: Drawing 1:“Use the paper in front of you to draw the path of
blood flow throughout the circulatory system. Label each of the key
parts,” Drawing 2: “Use the paper in front of you to draw the path of
blood flow through the valves of the heart. Label each of the key parts.”.

3.3.2. Instructional visuals

During the restudy phase of the experiment, participants assigned to
the compare group received the text again along with two instructional
visuals corresponding to each part of the lesson (Figs. 1 and 2, respec-
tively). The visuals were created specifically for this project by a pro-
fessional medical illustrator. The illustrator designed the visuals to
complement the content presented in the text and to follow common
instructional conventions for depicting the circulatory system: e.g., the
use of arrows to depict the path of blood flow, the use of red and blue to
represent oxygenated and deoxygenated blood, respectively, the ‘flip-
ped’ perspective of the left and right sides of the heart, and the relative
size of various structures, such as the location and size of the lungs. The
visuals were also designed to minimize extraneous features irrelevant to
the function of the circulatory system, such as excessive detail and re-
alism (e.g., Ainsworth, 2006; Butcher, 2006). Thus, the instructional
visuals are representative of the types of visuals that students would
study when learning about the circulatory system, such as in textbooks,
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lecture slides, or instructional videos. It is important to note that the
visuals were not designed to necessarily match the specific style and
conventions students might use to create drawings from the text. Based
on prior work, we anticipated the appearance of students’ drawings
would vary considerably across individuals (e.g., Zhang & Fiorella,
2021), as well as in comparison to the instructional visuals. Our primary
research question was whether students would effectively evaluate the
conceptual quality of their drawings compared to the instructional vi-
suals, despite other inevitable stylistic or perceptual differences.

3.4. Comparison to instructional visuals

Participants in the compare group were prompted to describe how
their drawings compared to the instructional visuals by typing into a text
box. Participants assigned to the control group restudied the text and
reviewed their drawings without receiving the instructional visuals.

As an exploratory measure, we used participants’ responses to the
comparison prompts to determine the types of comparisons students
made between their drawings and the instructional visuals. The explicit
goal of the study and the drawing task was for students to understand
how the circulatory system works. Thus, we first distinguished among
comparisons that reflected information that was relevant or irrelevant to
one’s conceptual understanding of the structures and functions of the
system. Relevant or conceptual comparisons included mentioning
structures or processes in one’s drawing that were correctly or incor-
rectly depicted or labeled, such as “I did not draw the lungs and the
various connections between the lung and heart such as the vena cavae
and pulmonary vein,” “My semilunar valves are in the wrong place,” or
“I did not draw the direction of the valves correctly.” Irrelevant or sur-
face-level comparisons included making vague statements that did not
specify a difference (e.g., “My drawing is quite different”), or
mentioning superficial differences in the aesthetic appearance, style, or
conventions of the instructional visual. For example, students might
mention that their drawing do not follow the same conventions for
representing the left and right side of the heart (“I also mixed the left and
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Fig. 1. Instructor-Provided Visualization of Circulatory System for the Compare Group.
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Fig. 2. Instructor-Provided Visualization of Heart’s Valves for the Compare Group.

right side up and switched them in my drawing™), that the relative size
or location of certain structures is different in their drawings (“I drew the
heart way too big™), that their drawings differ in their level of detail
(“My drawing is a lot simpler”) or that their drawings differ in their
aesthetic quality (“The sample drawing is a lot clearer than mine and
much easier to follow”). These differences in style or conventions are not
necessary for understanding the structure and function of the circulatory
system. That is, a student could ‘flip’ the right and left sides of the heart
in their drawing but still correctly depict their respective role in pul-
monary and systemic circulation. Similarly, students might depict the
lungs or the body in various shapes, sizes, or locations relative to the
heart, but these features are orthogonal to whether students accurately
depicted the connections among the heart, body, and lungs. Importantly,
our method of scoring the quality of participants’ drawings (described
below) focused only on whether students accurately depicted and
labeled the correct structures and connections of the circulatory system
described in the provided text—not whether they followed the same
stylistic conventions as the instructional visuals.

Two research assistants coded a subset (n = 33) of participants’ re-
sponses to the comparison prompts for conceptual and surface-level
comparisons. Inter-rater reliability between was high (ICCs > .84),
and so one rater scored all remaining responses. To provide further
insight into the comparison process, we also calculated the frequency of
specific types of surface-level differences that students might have
mentioned: (a) the use of color, (b) the left/right orientation of the heart,
(c) the dimensionality of the visuals (2D vs. 3D), (d) the relative size or
location of structures depicted in the visuals (e.g., the size or location of
the lungs), or (e) the level of detail presented in the visuals, and (f) the
number of visuals generated vs. provided.

3.4.1. Judgments of drawing

Participants made two types of judgments of drawing: retrospective
judgments and prospective judgments. For retrospective judgments,
participants responded to one prompt for each of their drawings: e.g.,
“For Drawing 1, you created a drawing of the path of blood flow through
the circulatory system. Your drawing will be scored based on how
complete and accurate it is. On a scale from 1 to 5, how complete and
accurate is your Drawing 1?” Participants responded on a scale from 1,
“very low completeness and accuracy,” to 5, “very high completeness

and accuracy.” For prospective judgments, participants responded to the
following prompt: “Later you will be asked to create new drawings of the
circulatory system. Your drawings will be scored based on how complete
and accurate they are. On a scale from 1 to 5, how complete and accurate
do you think your drawings will be?” Participants responded on a scale
from 1, “very low completeness and accuracy,” to 5, “very high
completeness and accuracy.”

3.4.2. Judgments of comprehension

Participants also made one additional prospective judgment
regarding their comprehension of the learning material. The prompt
asked students to predict their ability to explain the learning material:
“Later you will be asked to write an explanation of how the circulatory
system works. Your explanation will be scored based on how complete
and accurate it is. On a scale from 1 to 5, how complete and accurate do
you think your explanation will be?” Participants responded on a scale
from 1, “very low completeness and accuracy,” to 5, “very high
completeness and accuracy.”

3.4.3. Drawing performance

We used a lab-developed rubric to score the quality of students’ two
drawings during the learning phase and the final drawing test. The final
drawing test required participants to reproduce drawings 1 and 2
without access to the text or their original drawings. Participants
received one point for each component accurately situated and labeled
in their drawings, such as depicting the aorta coming out of the left
ventricle. All components included in the rubric were explicitly
described in the text. As mentioned above, participants were not graded
on whether they followed the specific style or conventions depicted in
the instructional visuals, such as the relative size, shape or location of
structures or the orientation of the left and right sides of the heart.
Drawing 1 was worth 16 possible points; drawing 2 was worth 5 possible
points. Two research assistants scored all drawings for 32 participants.
Inter-rater reliability was high (ICC’s > .80), and so the remaining
drawings were distributed between the two raters. Figs. 3 and 4 present
example participant drawings for drawings 1 and 2, respectively.

3.4.4. Comprehension performance
To assess comprehension, participants completed an explanation
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Fig. 3. Example Participant Drawing for Drawing 1.

test. The explanation test consisted of one free-response item: “Please
write an explanation of how the human circulatory system works. Your
explanation will be scored based on how complete and accurate it is.”
We scored students’ explanations using a lab-developed rubric. Partic-
ipants received one point for each component they included in their
explanation for a maximum of 33 possible points. For example, partic-
ipants received one point each for stating that systemic circulation
supplies oxygen-rich blood to the body or that blood is received through
the vena cavae. Two research assistants scored all explanation tests for
32 participants. Inter-rater reliability was high (ICC = .95), and so the
remaining explanation tests were distributed between the two raters. It
is important to note that to maximize sensitivity of the measure, our
rubric included all possible components from the text that students
could theoretically include in their explanations. We did not expect
participants to include all or even most of these components in their
response. Thus, this measure is designed to detect relative differences in
performance across groups rather than yield absolute percentage scores
that reflect their level of understanding.

3.4.5. Judgment accuracy

To determine the accuracy of participants’ drawing and compre-
hension judgments, we calculated the difference between their subjec-
tive judgments and their actual performance. For example, to calculate
the accuracy of students’ retrospective drawing judgments we computed
the difference between their retrospective judgments (on 1 to 5 scale)
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and their actual drawing performance during the learning phase (with
raw scores converted to a 1 to 5 scale®). We followed the same procedure
for prospective drawing judgment accuracy and prospective compre-
hension judgment accuracy. For all judgment types, we computed ab-
solute accuracy (i.e., the absolute difference between judgments and
performance) and confidence bias (i.e., the signed difference between
judgments and performance). Absolute accuracy indicates the degree of
accuracy, whereas confidence bias indicates the extent to which one is
overconfident or underconfident. Table 1 summarizes each of the
judgment accuracy measures for drawing and comprehension
performance.

3.4.6. Additional measures

We also included a brief demographics survey (e.g., age, gender), a
prior knowledge test, and a measure of spatial ability. The prior
knowledge test consisted of 6 short-answer items, each worth one point,
assessing background knowledge related to the circulatory system, e.g.,
“What is the major difference between arteries and veins?” Two raters
scored prior knowledge tests for 31 participants. Inter-rather reliability
was high (ICC = .93), and so one rater scored all remaining responses.
The measure of spatial ability was the Paper Folding Test, which consists
of 10 items requiring participants to imagine a paper being folded,
punched with a hole, and then reopened. Prior research indicates per-
formance on the Paper Folding Test is associated with one’s ability to
draw and comprehend science texts (Zhang and Fiorella, 2019; Jaeger
et al., 2018).

3.5. Procedure

Fig. 5 provides an overview of the experimental procedure. Upon
providing informed consent, participants completed the prior knowl-
edge test and received general instructions for the learning phase. All
participants were informed that the goal of the study was for them to
understand how the human circulatory system works and that the
drawing activity was intended to improve their understanding. During
the learning phase, all participants read the text on the circulatory
system, which contained prompts for them to create two drawings using
black pen on provided blank sheets of paper. Participants studied the
text and created drawings 1 and 2 at their own pace, and learning time
was recorded. The experimenter then collected participants’ drawings,
and participants made their initial judgments of learning: retrospective
and prospective judgments of drawing and prospective judgments of
comprehension.

Next, the experimenter handed back the participants’ drawings, and
participants completed the restudy phase, during which they were
randomly assigned to the compare group or the control group. The
compare group compared their drawings to the provided visuals; the
control group restudied the text and reviewed their drawings without
provided visuals. Both groups completed the restudy phase at their own
pace, and restudy time was recorded. Then the experimenter collected
participants’ drawings, and all participants made new retrospective and
prospective judgments of drawing, as well as new prospective judgments
of comprehension. After their new judgments, participants completed
the final drawing test (during which they recreated drawings 1 and 2
without the text), and the explanation test. Finally, participants
completed the Paper Folding Test and the brief demographics survey.
The entire experiment lasted approximately 60 min.

3 We used the following formula to rescale the raw scores: NewValue =
(((OldValue — OldMin) x (NewMax —NewMin)) / (OldMax — OldMin) + New-
Min. For example, a score of 6 out of 16 on drawing 1 converted to a 1 to 5 scale
would equal 2.5.
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Fig. 4. Example Participant Drawing for Drawing 2.

Table 1

Summary of Judgment Accuracy Measures.
Type Judgment Metrics
Retrospective Drawing 1 performance Absolute accuracy

Confidence bias
Absolute accuracy
Confidence bias

Drawing 2 performance

Prospective Drawing test performance Absolute accuracy
Confidence bias
Explanation test performance Absolute accuracy
Confidence bias
4. Results

4.1. Preliminary analyses

First, we tested whether the two groups significantly differed in prior
knowledge, spatial ability, time spent during the learning phase, or time
spent during the restudy phase. Independent samples t-tests revealed no
significant differences between groups for performance on the prior
knowledge test, t(114) = 0.29, p = .773, the Paper Folding Test, t(114)
= 1.64, p = .105, or for time spent during the learning phase, t(114) =

0.07, p = .948. The compare group spent significantly more time than
the control group in the restudy phase, t(114) = 3.92,p < .001,d =.73;
however, this was expected because the compare group required addi-
tional time to process and compare the provided visuals to their own
drawings.

4.2. Drawing and comprehension performance

Next, we examined whether comparing one’s drawings to provided
visuals affected students’ actual level of drawing and comprehension
performance. Drawing performance was assessed at two time points: the
learning phase and the final drawing post-test. Comprehension perfor-
mance was assessed via the explanation test.

4.2.1. Drawing performance

Table 2 presents descriptive statistics for students’ performance on
drawings 1 and 2 during the learning phase and the test phase. To test
whether comparing to provided visuals caused changes in actual
drawing performance, we used repeated measures ANOVA with group
(compare or control) as the between-subjects factor, time (learning
phase or test phase) as the within-subjects factor, and performance on
drawing 1 and 2 as dependent measures. Regarding change in perfor-
mance on drawing 1, the group by time interaction was not statistically



L. Fiorella et al.

Contemporary Educational Psychology 77 (2024) 102277

RESTUDY PHASE
Compare Group (n = 56)
Restudy text
LEARNING PHASE Compare drawings to provided visuals TEST PHASE
Make New JOLs
Study Text Drawing test

Create 2 Drawings
Make Initial JOLs

Control Group (n = 60)
Restudy text
Make New JOLs

Explanation test

Fig. 5. Overview of Experimental Procedure. Note: JOLs = Judgments of Learning: retrospective judgments of drawing and prospective judgments of drawing and

comprehension.

Table 2
Drawing Performance During Learning Phase and Test Phase.

Group Drawing 1 Performance Drawing 2 Performance
Learning Phase Test Phase Learning Phase Test Phase
M SD M SD M SD M SD

Compare 6.7 3.6 3.9 3.1 2.1 1.8 1.2 1.7

Control 7.6 4.0 5.3 4.0 2.2 1.9 1.9 1.8

Note. Drawing 1: maximum 16 points; Drawing 2: maximum 5 points.

significant, F(1, 114) = 0.41, p = .524, suggesting that both groups
showed a similar pattern of performance. Regarding change in perfor-
mance on drawing 2, there was a significant group by time interaction, F
(1,114) = 4.90, p = .029, partial > = .04, such that the compare group
showed a stronger decline in performance for drawing 2. There were also
significant main effects of time for both drawings (drawing 1: F(1,114)
= 61.59, p < .001, partial qz = .35; drawing 2: F(1,114) = 18.60,p <
.001, partial n% = .14), such that students generally performed worse on
the final test (when they did not have access to the text) than on their
initial drawings during the learning phase (when they did have access to
the text). There were not significant main effects of group for either
drawing (drawing 1: F(1,114) = 3.76, p = .055; drawing 2: F(1,114) =
1.65, p = .202). Overall, comparing one’s drawing to provided visuals
did not affect drawing performance on drawing 1, and it hindered per-
formance on drawing 2.

4.2.2. Comprehension performance

Levene’s test indicated unequal variances between groups on the
explanation test; thus, we conducted an independent-samples t-test
without assuming equal variances. The results indicated no significant
difference between the compare group (M = 5.5; SD = 4.4) and the
control group (M = 6.6; SD = 5.6) on the explanation test, t{(104.25) =
1.18,p = .243.

4.3. Accuracy of drawing and comprehension judgments

Our primary hypotheses concerned whether comparing one’s
drawings to provided instructional visuals changes the accuracy of stu-
dents’ judgments of comprehension and drawing.® The comparison
facilitation hypothesis posits that comparing generative drawings to
instructional visuals will increase judgment accuracy, whereas the
comparison interference hypothesis posits comparing to instructional

4 We focus here on the accuracy of students’ judgments (i.e., the difference
between students’ judgments and their actual performance) rather than the
overall magnitude of students’ judgments. For full reporting of the magnitude
of students’ judgments, please see the Supplemental Materials (Supplemental
Analysis #1).

visuals will decrease judgment accuracy. To test these competing hy-
potheses, we used repeated measures analysis of variance (ANOVA) with
group (compare or restudy) as the between-subjects factor, time
(learning phase or restudy phase) as the within-subjects factor, and the
accuracy of students’ retrospective drawing judgments, prospective
drawing judgments, and prospective comprehension judgments as
dependent variables. We tested for statistically significant group by time
interactions,” which would indicate a change in judgment accuracy after
comparing to provided visuals.

4.3.1. Accuracy of retrospective drawing judgments

Table 3 presents descriptive statistics for the accuracy of students’
retrospective judgments for drawings 1 and 2. Regarding absolute ac-
curacy, there were no significant group by time interactions for drawing
1, F(1,114) = 1.60, p = .209, or drawing 2, F(1,114) = 0.03, p = .865.
However, regarding confidence bias, there were large significant inter-
action effects for drawing 1, F(1,114) = 23.23, p < .001, partial nz =.17,
and drawing 2, F(1,114) = 20.78, p < .001, partial n2 =.15, such that the
compare group became more underconfident in their retrospective
judgments of drawing 1 and 2 (see Fig. 6). This pattern supports the
comparison interference hypothesis: participants who compared their
drawings to provided instructional visuals tended to rate their drawings
as lower quality than they actually were.

Table 3
Accuracy of Students’ Retrospective Judgments for Drawings 1 and 2.

Group Drawing 1 Absolute Accuracy Drawing 1 Confidence Bias
Learning Phase = Restudy Phase = Learning Phase  Restudy Phase
M SD M SD M SD M SD
Compare 0.76 0.5 090 0.7 0.14 0.9 —0.37 1.0
Control 1.02 0.7 099 0.7 -0.14 0.9 0.01 1.2
Drawing 2 Absolute Accuracy Drawing 2 Confidence Bias
Learning Phase ~ Restudy Phase  Learning Phase  Restudy Phase
Group M SD M SD M SD M SD
Compare  1.06 0.7 1.13 09 -0.10 1.3 -0.47 14
Control 1.02 0.7 1.07 0.7 -0.21 1.2 -0.04 1.3

Note. Absolute accuracy: values reflect absolute difference between perceived
score and actual score. Confidence bias: values reflect the signed difference
between perceived score and actual score (positive values reflect over-
confidence; negative values reflect underconfidence).

5 Given the design of the experiment, main effects of group and time are not
particularly informative. Thus, for clarity, we focus here on results concerning
group by time interaction effects. For full reporting of main effects of group and
time, please see the Supplemental Materials (Supplemental Analysis #2).
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Fig. 6. Accuracy of Students’ Retrospective Confidence Bias for Drawing 1 (left) and Drawing 2 (right). Note. Error bars represent standard error of the mean. Values

above 0 reflect overconfidence; values below 0 reflect underconfidence.

4.3.2. Accuracy of prospective drawing judgments

Table 4 presents descriptive statistics for the accuracy of students’
prospective judgments of drawing performance. Regarding absolute
accuracy, there was a significant group by time interaction, F(1,114) =
8.85, p = .004, partial 12 = .07, such that the compare group exhibited
significantly reduced absolute accuracy than the control group (i.e., they
showed a greater absolute degree of error in their judgments). Regarding
confidence bias, the group by time interaction was not statistically sig-
nificant, F(1,114) = 3.30, p = .072, partial 1]2 = .03; however, the
pattern suggests the compare group became relatively more over-
confident (i.e., they thought they would perform better than they did).
Overall, the results support the comparison interference hypothesis:
participants who compared their drawings to provided instructional
visuals were less accurate in their judgments of future drawing perfor-
mance, with a greater tendency toward overconfidence (see Fig. 7).

4.3.3. Accuracy of prospective comprehension judgments

Table 4 also presents descriptive statistics for the accuracy of stu-
dents’ prospective judgments for the explanation test. There were no
significant group by time interactions for absolute accuracy, F(1,114) =
0.03, p = .873, or confidence bias, F(1,114) = 0.82, p = .368. This
suggests that comparing one’s drawing to provided visuals did not affect
the accuracy of students’ judgments of comprehension.

4.4. Types of comparisons made among the compare group

Next, we explored the type of comparisons made by participants in

Table 4
Accuracy of Students’ Prospective Judgments of Drawing and Explanation Test
Performance.

Group Drawing Test: Drawing Test:

Absolute Accuracy Confidence Bias

Learning Phase  Restudy Phase  Learning Phase = Restudy Phase

M SD M SD M SD M SD
Compare  0.88 0.7 1.20 0.8 072 0.9 1.14 0.9
Control 093 0.7 090 0.7 033 1.1 051 1.0

Explanation Test: Explanation Test:

Absolute Accuracy Confidence Bias

Learning Phase ~ Restudy Phase = Learning Phase  Restudy Phase
Group M SD M SD M SD M SD
Compare 0.88 0.6 0.91 0.7 0.69 0.8 079 0.8
Control 1.05 0.7 1.10 0.7 0.65 1.1 0.86 1.0

Note. Absolute accuracy: values reflect absolute difference between perceived
score and actual score. Confidence bias: values reflect the signed difference
between perceived score and actual score (positive values reflect over-
confidence; negative values reflect underconfidence).

the compare group while processing the instructional visuals. Partici-
pants made a mean of 6.1 comparisons (SD = 1.6). A paired samples t-
tests indicated that participants made significantly more surface-level
comparisons (M = 3.5; SD = 1.9) than conceptual comparisons. (M =
2.6; SD = 1.7), t(59) = 2.27, p = .013, d = .29. However, the total
number of surface-level comparisons or conceptual comparisons (or the
proportion of conceptual to surface comparisons) did not significantly
correlate with any of the judgment accuracy measures, performance on
the final drawing test, or performance on the explanation test (all p’s >
.05). This suggests making more conceptual comparisons was generally
not associated with better metacognitive or learning outcomes (see
Discussion).

To provide further insight into the comparison process, we also
explored the frequency of six specific types of surface-level differences
that students might have mentioned (see Table 5): (a) the use of color,
(b) the left/right orientation of the heart, (c) the dimensionality of the
visuals (2D vs. 3D), (d) the relative size/location of the structures (e.g.,
the location/size of the lungs), (e) the level of detail presented in the
visuals, and (f) the number of visuals generated vs. provided. For
drawing 1, the most common surface-level differences included relative
size or location, left/right orientation, and level of detail. For drawing 2,
the most common surface-level differences were level of detail, relative
size or location, and number of drawings. Interestingly, students almost
never mentioned factors like the use of color or 3D in the instructional
visuals even though students’ drawings were all in black and white and
students overwhelmingly created their drawings in 2D. Overall, these
exploratory data help specify which surface-level differences between
their drawings and the instructional visuals were most salient to stu-
dents during the comparison process.

4.5. Correlations among drawing and comprehension performance

Finally, we examined the correlations among the drawing perfor-
mance measures and the explanation test. As expected, drawing per-
formance during the learning phase was positively associated with
drawing performance during the test phase (r = .65, p < .001).
Furthermore, in line with prior work, drawing quality during the
learning phase and the test phase were both positively associated with
performance on the explanation test (r = .39, p < .001 and r = .50, p <
.001, respectively). This is notable because, as reported above,
comparing to instructional visuals affected participants’ judgments of
drawing but did not affect their judgments of comprehension.

5. Discussion

Prior research suggests students need instructional support to expe-
rience the benefits of learning by drawing. One common form of
instructional support is to prompt students to compare their drawings to
instructional visuals, such as those created by textbook illustrators.
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mean. For absolute accuracy (left), greater values reflect worse accuracy. For confidence bias (right), greater values reflect higher overconfidence.

Table 5
Frequency of Different Types of Superficial Comparisons Between Generated
Drawings and Instructional Visuals Among the Compare Group.

Type of Superficial Difference % for Drawing 1 % for Drawing 2

Use of color 2% 2%
Left/right heart orientation 30 % 4%
Dimensionality (2D/3D) 0% 2%
Relative size/location 57 % 21 %
Level of detail 32% 34 %
Number of drawings 5% 20 %

Note: Percentage (%) is out of 56 total participants in the compare group.

While some prior studies have found benefits of comparing generative
drawings to instructional visuals, other studies have found null or even
negative effects. We hypothesized that these mixed findings may be
explained by how instructional visuals affect students’ metacognitive
judgments during learning. According to the comparison facilitation
hypothesis, instructional visuals should help students identify and cor-
rect knowledge gaps, thereby supporting higher judgment accuracy and
learning outcomes. In contrast, according to the comparison interfer-
ence hypothesis, instructional visuals may cause students to focus on
superficial metacognitive cues that lead to lower judgment accuracy and
learning outcomes. We tested these competing hypotheses by examining
how comparing generative and instructional visuals affects students’
perceived and actual drawing and comprehension performance. Spe-
cifically, we examined changes in the accuracy of students’ retrospective
and prospective judgments of drawing performance and students’ pro-
spective judgments of comprehension performance.

The results provide support for the comparison interference hy-
pothesis: comparing one’s drawings to instructional visuals generally led
to worse drawing judgment accuracy and performance. First, comparing
to instructional visuals caused students to make less accurate retrospec-
tive judgments about the quality of the drawings they created during the
learning phase. Specifically, the compare group exhibited relatively
more underconfidence: they perceived their drawings as lower quality
than they actually were. Second, comparing to instructional visuals
caused students to make less accurate prospective judgments about how
well they would create new drawings on the final drawing test. Specif-
ically, students in the compare group exhibited worse absolute accuracy,
with a trend towards overconfidence: they thought they would perform
better on the final drawing test than they actually did.

These findings suggest students in the compare group noticed dif-
ferences between their drawings and the instructional visuals but
focused on differences that were superficial or otherwise irrelevant to
their understanding, which may have interfered with their judgment
accuracy. Indeed, analysis of students’ responses to the comparison
prompts revealed that students generated significantly more irrelevant
or surface-level comparisons than relevant or conceptual comparisons.
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This is consistent with Zhang and Fiorella’s (2023) model of learning
from errors, which distinguishes between surface errors, requiring only
detection of salient differences between one’s responses and provided
reference information, and deep errors, which require actively self-
explaining why one’s responses are incorrect at a conceptual level.
Students noticed many surface-level differences, such as those related to
the specific style or conventions used in the instructional visuals (e.g.,
left/right orientation of the heart, relative size/location, level of detail),
which might have contributed to underconfidence in their retrospective
judgments of drawing quality. Having noticed these surface-level dif-
ferences, students might have subsequently been relatively over-
confident about their ability to create high-quality drawings on the
subsequent post-test.

It is important to note that the explanation provided above is inferred
from the pattern of students’ judgments, actual performance, and the
types of comparisons students made with the provided visuals. We did
not find a significant relationship between the type of comparisons
students made (surface level or conceptual) and their judgment accu-
racy. However, this may be due to several factors. First, judgment ac-
curacy was already relatively low among the students in the compare
group. Second, most participants made relatively few comparisons
overall and reported a mix of irrelevant surface-level errors as well as (to
a lesser extent) relevant conceptual errors. Thus, there may have been a
restriction of range in participants’ judgment accuracy and the quantity
and quality of comparisons they made, making it difficult to detect how
the use of different metacognitive cues relates to judgment accuracy.
Third, students might not reliably report all the differences they notice
between their drawings and the provided visuals, and further, the
comparisons they include might not represent the information they used
to make their judgments. For example, students might have used fea-
tures of the provided visuals, rather than comparisons with their own
drawings per se, to make their judgments. We relied on their responses
to the comparison prompts and did not explicitly ask students how they
made their retrospective or prospective judgments, though prior
research suggests that if we did, such self-reports might be unreliable (e.
g., Griffin et al., 2019). Finally, even the conceptual comparisons stu-
dents made may have been relatively superficial. That is, students might
have detected a conceptual error, but that does not necessarily mean they
understood and corrected the error by revising their existing knowledge
(Zhang & Fiorella, 2023). Overall, the provided visuals clearly interfered
with students’ retrospective and prospective drawing judgments, sug-
gesting students focused on features of the instructional visuals that
were not diagnostic of the conceptual fidelity of their drawings or their
understanding of the circulatory system.

Interestingly, while the instructional visuals negatively affected the
accuracy of students’ drawing judgments, they did not affect the accu-
racy of students’ prospective judgments of comprehension. In other
words, students apparently used information from the instructional vi-
suals to inform their drawing judgments but not their comprehension
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judgments (also see Jaeger & Fiorella, 2023). On one hand, this is not
surprising because students were explicitly asked to compare the pro-
vided visuals to their own drawings. On the other hand, this finding is
notable because it suggests that students did not view the perceived
quality of their drawings as a reflection of their comprehension, even
though, consistent with prior research (e.g., Fiorella & Kuhlmann, 2020;
Schwamborn et al., 2010), drawing quality and comprehension perfor-
mance were strongly correlated. Similar to the explanation above, one
possibility is that comparing their drawings to instructional visuals
caused students to focus on their perceived ability to reproduce the vi-
suals as presented (including irrelevant features of the visuals) rather
than their understanding of the underlying concepts conveyed in the
visuals. This was despite explicit instructions to participants that the
purpose of the study and the drawing task was to focus on one’s un-
derstanding of how the circulatory system works.

5.1. Practical implications

On a practical level, the findings provide implications for the effec-
tive implementation of learning by drawing. Most notably, the findings
suggest that instructors cannot assume students will productively
compare their drawings to conventional instructional visuals, even
when students are explicitly prompted to compare how their drawings
differ from them. In fact, this study suggested instructional visuals can
produce worse metacognitive and learning outcomes than not receiving
instructional visuals at all. This does not imply that instructors should
not provide visuals that students can use as feedback, but it suggests
students need even more explicit support to encourage them to detect
and correct the conceptual differences between their drawings and the
provided visuals. For example, instructors might need to direct students
to engage in comparison of specific conceptual errors in their drawings
or provide focused prompts that require students to self-explain their
errors (e.g., Jaeger et al., 2020). Students might also benefit from an
opportunity to revise their drawings based on the provided visuals (e.g.,
Van Meter, 2001) to ensure that they have corrected any errors, though
students still likely need support to ensure they focus on correcting
conceptual rather than surface-level errors.

Another practical consideration is the appearance and style of the
provided visuals. We used instructional visuals designed by a profes-
sional illustrator to have high conceptual fidelity and limit extraneous
details (e.g., see Butcher, 2006). These types of visuals are commonly
used in instructional materials such as textbooks and are typically
effective at supporting students’ understanding from text (e.g., see
Mayer & Fiorella, 2022). Nonetheless, results from the present study
suggest they also contain specific conventions of style that might
interfere with learning when integrated with learner-generated drawing
activities. Overall, this study highlights the potential downsides of
asking students to compare their own drawings to instructional visuals,
particularly because it may cause students to focus on superficial dif-
ferences between the two representations.

5.2. Limitations and future directions

One limitation of the study is that students were not given specific
instructions on how to compare their drawings to the instructional vi-
suals. Consequently, students might not have been aware that they
should focus on conceptual differences rather than superficial ones.
However, all students did receive explicit instructions that the goal of
the study and the drawing tasks was to improve their understanding of
how the circulatory system works. Furthermore, the prospective and
retrospective drawing judgment prompts explicitly asked students to
judge the quality of their drawings (retrospective) and their future
drawing performance (prospective) in terms of their drawings’
‘completeness and accuracy.” Finally, the instructional visuals were
representative of the types of visuals students would see in biology
textbooks. Thus, the drawing instructions and learning materials were
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authentic to how students typically learn about the circulatory system.
Nonetheless, as mentioned above, the results do indicate that students
focused on irrelevant features of the instructional visuals, suggesting
students need alternative or more explicit support to encourage pro-
ductive comparisons between their drawings and the provided visuals.
One direction for future research is to consider alternative formats of the
provided visuals that more closely match the style of student drawings.
Simplified or ‘layman’ style provided drawings might make it easier for
students to focus on the conceptual differences in their drawings.
However, this approach also has its challenges because there is consid-
erable within-student variability in the appearance of students’ draw-
ings. Thus, future research should also investigate whether additional
interventions, such as more focused prompts to compare or self-explain,
or a more targeted focus on comparing conceptual differences, would
facilitate rather than interfere with metacognitive and learning
outcomes.

Similarly, future research should examine how explicit support
during the drawing process interacts with the effects of comparing
generated and provided instructional visuals. One possibility is that
students in the present study created drawings that contained many
differences from the instructional visuals, including aesthetic and con-
ceptual differences. Consequently, students may have been over-
whelmed during the comparison process and primarily noticed the
salient surface-level differences. Providing students with scaffolding
during the drawing process, such as partially completed drawings (e.g.,
Jaeger et al., 2020; Schmeck et al., 2014), might ensure that students’
drawings look more perceptually and conceptually similar to the pro-
vided visuals, thereby facilitating the comparison process.

There were also some limitations associated with our implementa-
tion of the judgments of learning. First, students made retrospective
judgments about each of their drawings separately, but they made
prospective judgments about their final drawing performance in gen-
eral. Thus, we could not distinguish prospective judgment accuracy for
each of the two drawings separately. However, the pattern of retro-
spective judgments and actual drawing performance suggests that
comparing to instructional visuals had similar effects for both drawings.
Second, we did not counterbalance the different types of judgments of
learning, so students always made prospective judgments of drawing
before their judgments of comprehension. Thus, we cannot rule out that
making one judgment type affected subsequent judgments. However,
one notable result from the study is that comparison affected prospective
drawing judgment accuracy but not prospective comprehension judg-
ment accuracy, suggesting that students did distinguish between the
different types of judgments rather than make similar comprehension
judgments following their drawing judgments.

Future research should also consider other ways of measuring the
types of comparisons students make between their drawings and pro-
vided visuals. In the present study, participants typed their comparison
into a textbox. This method provided insight into the types of informa-
tion students focused on during the comparison process, but some types
of comparisons (particularly involving visual information) might be
challenging to communicate via text alone. A future study could video
record participants’ speech and gestures (e.g., pointing to specific ele-
ments of the generated or provided visual) to provide a more compre-
hensive understanding of what differences students focus on and where
they might need instructional support.

More broadly, this study should be extended with additional learning
materials, student populations, and within more authentic classroom
settings. In a laboratory context, students might not have been sulffi-
ciently motivated to invest the effort required to make deeper concep-
tual comparisons between their drawings and the provided visuals.
Furthermore, other research suggests drawing activities themselves
present unique cognitive, metacognitive, and motivational barriers (see
Fiorella, 2023), such as drawing requiring considerable time and effort,
students holding unproductive beliefs about the utility of drawing, and
drawing being relatively less effective with younger learners. Future
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research should systematically examine how individual student char-
acteristics such as age, prior knowledge, and motivation might moderate
how students respond to provided visual comparison tasks during
learning by drawing.
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Appendix A
Text on Human Circulatory System
The human circulatory system
Part 1

The heart consists of four chambers. On the top are the left atrium
and the right atrium. These chambers receive blood returning from the
body and the lungs. On the bottom are the left ventricle and right
ventricle. These chambers pump blood to the body and the lungs.

Although it is a single organ, the heart functions as a double pump.
The right side receives relatively oxygen-poor blood from the body
through the large superior and inferior venae cavae and pumps it out
through the pulmonary trunk. The pulmonary trunk splits into the right
and left pulmonary arteries, which carry blood to the lungs. Here, ox-
ygen is picked up and carbon dioxide is unloaded. Oxygen-rich blood
drains from the lungs and returns to the left side of the heart through the
pulmonary veins. This system of circulation, from the right side of the
heart to the lungs and back to the left side of the heart, is called the
pulmonary circulation. Its only function is to carry blood to the lungs for
gas exchange and then return it to the heart.

Blood that returns to the left side of the heart is pumped out into the
aorta. Systemic arteries branch out from the aorta to supply blood to all
body tissues. Oxygen-poor blood circulates from the tissues back to the
right atrium via the superior or inferior vena cava of the higher or lower
body. This second circuit, from the left side of the heart through the
body tissues and back to the right side of the heart, is called the systemic
circulation. It supplies oxygen- and nutrient-rich blood to all body
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organs. Because the left ventricle pumps blood into the systemic circu-
lation throughout the whole body, its walls are substantially thicker
than those of the right ventricle, and it is a much more powerful pump.

Inside the lungs are many tiny air sacs called alveoli which are
wrapped in a network of capillaries. As blood flows through the capil-
laries, differences in the concentrations of oxygen and carbon dioxide
cause these gases to move between the blood and alveoli. These gases
pass easily back and forth through the thin walls of the capillaries in the
lungs and the body. Oxygen levels are higher in the alveoli, which causes
oxygen molecules to diffuse across the membranes into the blood. In
contrast, carbon dioxide levels are higher in the blood, which causes
carbon dioxide molecules to diffuse from the capillaries into the alveoli.

Blood makes a complete circuit from the right side of the heart
through the lungs, back through the left side of the heart and out the
aorta every 2.5 s when a person is at rest. During exercise, the blood can
travel this short loop in about 1 s. The blood protein called hemoglobin
is largely responsible for how fast the exchange between oxygen and
carbon dioxide occurs. Each molecule of hemoglobin carries four mol-
ecules of oxygen to the tissues of the body and gives blood its bright red
color. As blood is drained of oxygen, the molecules of hemoglobin lose
their red stain and become purple or blue.

Part 2

The heart is equipped with four valves, which allow blood to flow in
only one direction through the heart chambers—from the atria through
the ventricles and out the arteries leaving the heart. The left and right
atrioventricular (AV) valves are located between the atrial and ven-
tricular chambers on each side. These valves prevent backflow into the
atria when the ventricles contract. When the heart is relaxed and blood
is passively filling its chambers, the AV-valve flaps hang limply into the
ventricles. As the ventricles contract, they press on the blood in their
chambers, and the pressure inside the ventricles begins to rise. This
forces the AV-valve flaps upward, closing the valves and preventing
backflow.

The semilunar valves guard the bases of the two large arteries leaving
the ventricles. When the ventricles contract and force blood out of the
heart, the valves are forced open and flatten against the walls of the
arteries. When the ventricles relax, the blood begins to flow backward
toward the heart, and the valves close to prevent blood from reentering
the heart. As the atrioventricular and semilunar valves open and close in
response to pressure changes in the heart, they force blood to continu-
ally move through the heart in one direction.

Appendix B. Supplementary data

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.cedpsych.2024.102277.
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