Educational Psychology Review (2023) 35:11
https://doi.org/10.1007/510648-023-09745-1

META-ANALYSIS

®

Check for
updates

A Meta-analysis of the Worked Examples Effect
on Mathematics Performance

Christina Areizaga Barbieri' © - Dana Miller-Cotto®® - Sarah N. Clerjuste’
Kamal Chawla’

Accepted: 13 January 2023
©The Author(s), under exclusive licence to Springer Science+Business Media, LLC, part of Springer Nature
2023

Abstract

The current meta-analysis quantifies the average effect of worked examples on
mathematics performance from elementary grades to postsecondary settings and to
assess what moderates this effect. Though thousands of worked examples studies
have been conducted to date, a corresponding meta-analysis has yet to be published.
Exclusionary coding was conducted on 8033 abstracts from published and grey lit-
erature to yield a sample of high quality experimental and quasi-experimental work.
This search yielded 43 articles reporting on 55 studies and 181 effect sizes. Using
robust variance estimation (RVE) to account for clustered effect sizes, the average
effect size of worked examples on mathematics performance outcomes was medium
with g=0.48 and p=0.01. Moderators assessed included example type (correct vs.
incorrect examples alone or in combination with correct examples), pairing with
self-explanation prompts, and timing of administration (i.e., practice vs. skill acqui-
sition). The inclusion of self-explanation prompts significantly moderated the effect
of examples yielding a negative effect in comparison to worked examples condi-
tions that did not include self-explanation prompts. Worked examples studies that
used correct examples alone yielded larger effect sizes than those that used incorrect
examples alone or correct examples in combination with incorrect examples. The
worked examples effect yields a medium effect on mathematics outcomes whether
used for practice or initial skill acquisition. Correct examples are particularly ben-
eficial for learning overall, and pairing examples with self-explanation prompts
may not be a fruitful design modification. Theoretical and practical implications are
discussed.
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In 2019, only 41% of eighth graders in the USA scored at or above proficient in
mathematics (National Assessment for Educational Progress, NAEP 2020). Profi-
ciency rates for the lowest performers showed significant declines since the 2017
National Assessment for Educational Progress (NAEP, 2020). Failure to develop
foundational mathematics skills in the elementary and middle grades prevents col-
lege success (NMAP, 2008) and the pursuit of STEM careers (Shapka et al., 2006).
Limitations in mathematics success can limit one’s career opportunities (Sadler &
Tai, 2007) and overall quality of life. Struggles with mathematics are not limited
to the middle grades or the USA but are wide-ranging and international. For exam-
ple, according to the 2019 Trends in International Mathematics and Science Study
(TIMSS) results, only seven of the 58 countries assessed scored at the High bench-
mark and one at the Advanced benchmark on the 4th-grade mathematics achieve-
ment measure. The remaining 50 countries, which includes the USA, scored at either
the Intermediate or Low benchmarks. Thus, it is crucial to identify strategies that
improve mathematics learning that could be easily implemented in classroom set-
tings across the globe. Research in educational psychology has revealed many useful
instructional strategies to support mathematics learning with varying degrees of suc-
cess (Booth et al., 2017, for a review). One such strategy that has been heavily stud-
ied internationally within the domain of mathematics learning is the use of worked
examples (i.e., worked-out problem solutions). These are implemented by replacing
some or all problem-solving practice with worked examples to study, and examples
are sometimes paired with similar practice problems. Despite their widespread use,
a meta-analysis on the worked examples effect on mathematics learning has yet to
be published. Considering this, we conducted a meta-analytic review to examine the
overall effect of worked examples on mathematics performance to understand the
varying magnitude of its overall effect across studies.

Background

Originating with a classic study by Sweller and Cooper (1985), the worked exam-
ples effect suggests that having learners study worked-out problem solutions is more
effective for learning than problem-solving practice alone in terms of reducing prob-
lem-solving errors and increasing performance on mathematics assessments. This
seminal work served as a springboard for thousands of new studies on the worked
examples effect (Booth et al., 2015a; Renkl, 2014; for reviews) with examinations
of the effects of a wide range of variations (e.g., Sweller, 2012). These variations
include but are not limited to type (e.g., correct, incorrect, faded), usage (e.g., ini-
tial knowledge acquisition vs. practice after instruction), delivery format (e.g., paper
tasks, computerized), and target content (e.g., mathematics, engineering).

Despite the large body of work conducted on worked examples suggesting their
use in classrooms, a 2007 Institute of Education Sciences’ (IES) Practice Guide
concluded that there was only moderate evidence that interleaving worked exam-
ples and problem-solving was effective for learning (Pashler et al., 2007). Most of
the work cited in this guide was conducted in the mathematics domain, though sci-
ence and computer engineering studies were also represented. It is important to note
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that, although the IES practice guides are funded by the US Department of Educa-
tion, the studies within the guides are conducted internationally. Thus, although the
recommendations are geared towards US practitioners and policy-makers, they can
also be treated as general recommendations for classrooms globally. Recommenda-
tions in these guides led to practical implications with some curriculum developers
incorporating examples into their curricula or standards (see CCSS-M, 2010 for an
example).

Meanwhile, researchers continue to work on improving the effectiveness of
worked examples by focusing on design aspects as well as how examples are used.
In the fourteen years that followed the 2007 IES Practice Guide, research on worked
examples yields over 18,000 results in a Google Scholar search, relative to about
16,000 results from 1985 to 2007 (at the time of writing) from studies around the
world. Most of this work is relevant to mathematics learning as mathematics is a
well-structured domain reliant on learning successful problem-solving strategies and
procedures. In 2012 and in 2015, IES published two more Practice Guides focused
specifically on mathematics learning. The first focused on Grades 4 through 8 dur-
ing which the primary focus is arithmetic with some pre-algebraic content and the
second focused on teaching algebra in particular. Both guides point to worked exam-
ples as effective instructional tools for varying reasons and with varying levels of
supporting evidence. For example, the 2012 guide explains that there is moderate
evidence that supports “exposing students to multiple problem-solving strategies”
and “helping students recognize and articulate mathematical concepts and nota-
tion” using worked examples. More recently, the 2015 guide suggests that there is
minimal evidence to support “using solved problems to engage students in analyz-
ing algebraic reasoning and strategies” through worked examples paired with prac-
tice problems, finding only three studies that supported this claim (i.e., Booth et al.,
2013; Carroll, 1994). These guides are useful for practitioners as they are written
for a lay audience and with direct recommendations for practice. Yet, they are lim-
ited in that they do not provide a statistical quantification of such effects and use a
more descriptive approach to summarize the quality of findings. Further, they focus
primarily on supporting rather than conflicting evidence. Some reviews have also
been published attempting to summarize the general effects of worked examples
along with their variations (e.g., Booth et al., 2015a; Renkl, 2014). Still, despite this
large body of work that has great variability in findings and practical implications
for mathematics learning, a meta-analysis on the worked examples effect on math-
ematics learning has yet to be published. In light of this, we conducted a meta-ana-
lytic review to more conclusively quantify the overall effect of worked examples on
mathematics performance across a wider age span of learners and to examine poten-
tial explanatory variables of the variability in such effects.

Theoretical Underpinnings
The worked examples effect is considered a prototypic example of cognitive load

theory (CLT; Sweller, 1988). CLT explains that humans’ cognitive capacity is
limited in what it can process and traditional problem-solving practice (i.e., rote
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practice of a learned procedure) overloads that capacity for a novice learner, leav-
ing insufficient room for the proper acquisition and development of new knowl-
edge structures or schemata. When practicing new material, learners may study
worked examples—problems shown with fully worked out solutions—prior
to attempting to solve a similar problem. While students study these examples,
they are not required to generate random processes to solve the problem shown
or attend to irrelevant features. Instead, they can devote their cognitive effort to
studying only the relevant aspects for solving the problem and the correct process
to acquire and develop schemata for the problem-type studied (Sweller, 2006).
The belief is that, after studying multiple worked examples, the student can
extract the features of or principle for solving a problem that are common to other
problems of that type, to assist in avoiding cognitive overload, leading to automa-
tion of problem-solving in that domain.

Earlier interpretations of CLT suggested that when individuals are solving
a problem, much of their cognitive effort is devoted to a mean-ends analysis,
or the current problem state (the problem) and the goal state (the solution).
This process, particularly for novice learners, imposes greater cognitive load,
which prevents the learner from solving the problem or gaining any additional
knowledge. CLT suggests, in an effort to remedy this problem, that instructional
designs should limit splitting cognitive resources during the learning phase
and the problem-solving phase simultaneously (Renkl & Atkinson, 2010). The
simultaneous focus would place extreme demands on cognitive processes and
inhibit learning. To that end, worked examples allow the learner to focus on
learning without the need to problem solve. Renkl (2014) presents a thorough
overview of the theory of example-based learning.

The use of worked examples in improving learning in mathematics, in particular,
has been supported to varying degrees in laboratory studies and classroom studies
(see Booth et al., 2015a for a review specific to STEM learning). Prior work has
shown that implementing worked examples increased learning in classroom work
(Carroll, 1994) and, in some cases, through homework assignments (Miller-Cotto
& Auxter, 2019; Ward & Sweller, 1990) in well-structured areas such as mathemat-
ics (Rittle-Johnson & Star, 2007; Zhu & Simon, 1987). Benefits of studying worked
examples include improving students’ ability to solve problems that are very similar
to those they studied (Trafton & Reiser, 1993) as well as more difficult problems
than those studied (e.g., Catrambone, 1996, 1998). Some studies have found that
studying worked examples reduces learning time compared to more problem-solv-
ing practice (e.g., Schwonke et al., 2009) or increased learning in the same amount
of time (e.g., Atkinson et al., 2003). Benefits of worked examples have been found
in short-term classroom studies (e.g., Carroll, 1994) as well as longer-term studies
both in traditional classrooms (e.g., Booth et al., 2015b) and computerized learn-
ing environments (e.g., Schwonke et al., 2007). Worked examples have also been
used to promote flexibility in problem-solving by having students compare a pair
of worked examples demonstrating the same problem solved in two different ways
(Rittle-Johnson & Star, 2007; Star & Rittle-Johnson, 2009). Due to this great vari-
ation in the literature, we focus our meta-analytic review broadly on varying study
environments (e.g., laboratory and classroom studies), with varying mathematics
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performance measures (e.g., percent accuracy on a test, number of errors made dur-
ing problem-solving), and in varying modalities (e.g., paper-and-pencil tasks, com-
puterized tutors).

Variations in Design and Use

Although some concrete recommendations have been made regarding the design of
examples (e.g., Atkinson et al., 2000), their design and use vary extensively across
studies along with the study design itself. Thus, summarizing the overall effective-
ness of examples, as well as what explains variability in effects, is challenging.
Booth et al. (2015a) review the literature on the effect of the worked examples on
STEM learning more broadly but also highlight studies on the variants of worked
examples that could be employed to yield different effects. For example, they sum-
marize the usage of self-explanation prompts in supporting learning from worked
examples as well as the use of both correct and incorrect examples to varying effects.
Another common variation across studies is whether worked examples are used to
help students practice skills learned previously in instruction or used to introduce
learners to new information or content. Though there are many other variations that
have been tested across laboratory and classroom studies as well as in the implemen-
tation of worked examples, we focus our attention on these three variations as they
are most prevalent in the included studies.

Worked Example Correctness

Worked examples are frequently presented as having been completed by a fictional
student and paired with a similar practice problem (e.g., McGinn et al., 2015). Most
commonly, worked examples show a correctly worked-out solution. However, incor-
rectly worked-out solutions are also used and thought to draw students’ attention to
the underlying principle that makes a solution incorrect and refine problem-solving.
Incorrect examples, either alone or in combination with correct examples, have been
found to reduce misconceptions (Durkin & Rittle-Johnson, 2012) and promote learn-
ing concepts and procedures (Adams et al., 2014; Booth et al., 2015b). Incorrect
worked examples are often used in combination with correct examples. For instance,
Grofle and Renkl (2007) studied the effects of a combination of correct and incorrect
examples compared to correct examples only. They found that students with high
prior knowledge benefitted more from a combination of correct and incorrect exam-
ples, whereas those with low prior knowledge benefitted from the correct examples
only materials. Durkin and Rittle-Johnson (2012) found that a comparison of cor-
rect and incorrect examples reduced misconceptions, increased discussion of correct
concepts, and improved students’ procedural skill and conceptual understanding of
decimal magnitude compared to comparison of correct examples but only at delayed
posttest. Booth et al. (2015b) found that a combination of correct and incorrect
examples improved students’ conceptual algebra knowledge more than traditional
problem-solving practice at posttest. Adams et al. (2014) compared the effects of
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incorrect examples focused on place value to problem-solving in a computerized
tutor and found that incorrect examples were more effective than problem-solving
alone. Barbieri and Booth (2020) found that incorrect examples were more effec-
tive at improving equation-solving abilities than a problem-solving control, while
two variations of correct examples did not outperform the control on this measure.
However, all three example conditions outperformed the problem-solving control on
a conceptually-based algebra measure with equal magnitude regardless of example-
type. Findings from the above studies suggest that the combination of incorrect and
correct examples produces improved performance on outcomes but there is clearly
variability in results. The comparison of effects between correct worked examples
and incorrect examples (either alone or in combination with correct examples) is
one of the most studied example features in the literature. Yet results are still incon-
clusive on which is more effective overall. Thus, one important moderator of the
worked example effect that we examine is example correctness, comparing effect
sizes from correct example conditions to those that used incorrect examples either
alone or in combination with correct examples.

Worked Examples Paired with Self-Explanation Prompts

Worked examples are often paired with self-explanation prompts. These are typi-
cally written prompts that ask students to explain a strategy or concept displayed in
a worked example. Some work suggests that self-explanations increase the effective-
ness of worked examples (Berthold et al., 2009; Catrambone & Yuasa, 2006; Renkl
et al., 1998). Self-explanation prompts are suggested to work because they force
learners to make their knowledge explicit by generating and integrating new knowl-
edge with prior knowledge (Chi, 2013). A recent meta-analysis found that prompting
learners to self-explain leads to small to moderate effects depending upon the math-
ematics outcome type (e.g., procedural knowledge, conceptual knowledge, transfer)
immediately after intervention (Rittle-Johnson et al., 2017). However, this meta-
analysis examined effect sizes for self-explanation prompts in general within a range
of instructional contexts, not solely those paired with worked examples. Huang and
Reiser (2012) found that studying worked examples paired with self-explanation
prompts was more beneficial for learning than studying worked examples alone or
with instructional explanations provided. Yet not all work within the worked exam-
ples literature supports their inclusion. For example, Barbieri et al. (2019) found that
worked examples paired with self-explanation prompts were more effective than
worked examples alone and as effective as those paired with visual signaling cues
overall. However, when these two features were combined (self-explanation prompts
plus visual signaling cues), there was no benefit over worked examples alone. The
authors explain that this combination may provoke a redundancy effect, in which
the learner is being presented with the same or similar information in two differ-
ent forms leading to lowered effectiveness or even deleterious effects compared
to effects of either feature alone. Further, students who displayed high prevalence
of misconceptions at the start of the study benefitted more from worked examples
supplemented with visual signaling cues than worked examples supplemented with
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explanation prompts or worked examples alone. Thus, though explanation prompts
are generally viewed as a helpful and now almost standard addition to examples,
there is still variability in their effectiveness. As such, we examine the inclusion of
self-explanation prompts with worked examples as a moderator.

Timing of Implementation and Learner Prior Knowledge

An important consideration examined in prior research on worked examples is the
timing of implementation during phases of learning. Two phase models related to
learning from worked examples vary in how they describe the nature and progres-
sion of specific phases of skill acquisition along with how examples should be used
(Anderson et al., 1997; VanLehn, 1996). However, both support the reliance on
examples in the earlier stages of skill acquisition with the goal that they then be
faded out and replaced with practice problems. In both phase models, the goal is
for learners to rely upon examples to initially acquire and/or refine information on
procedures and then to use these examples as a guide during practice until they are
no longer needed because they are stored in long-term memory for future reference.

Thus, some research on the worked examples effect uses worked examples
to introduce new content and assist learners in developing new schemata within a
domain. However, other work uses worked examples after initial instruction as a form
of practice with a goal of further refining and strengthening existing schemata. More
specifically, consideration of the interaction between learners’ prior knowledge and
the effectiveness of examples is one of the most heavily studied topics within exam-
ple-based research. The expertise-reversal effect highlights the importance of these
considerations. As learners increase in expertise, instructional procedures or strate-
gies designed to support novices become less effective and eventually even coun-
terproductive which leads to negative or adverse effects on learning (Kalyuga et al.,
2003, 2012). This has been suggested of the worked examples effect in particular in
that replacing some practice problems with worked examples is more effective than
problem-solving alone in the early stages of skill acquisition. Yet, as knowledge and
expertise increase, practicing problem-solving can be more effective than studying
examples (Sweller et al., 2019).

Though some work does support this general expertise-reversal effect within the
worked examples literature, the relationship is not always apparent. Findings vary in
both the presence of any effect as well as its direction and which learners benefit. For
example, though Kalyuga et al. (2003) did demonstrate this effect, Carroll (1994)
demonstrated the worked examples effect with both low and high achievers. Booth
et al. (2015b) found that a combination of correct and incorrect examples was more
effective for algebra learning than a problem-solving control for students with low
prior algebra knowledge. Heemsoth and Heinze (2014) found that students with high
prior knowledge who studied incorrect examples outperformed those who studied
correct examples in fraction multiplication and division. Barbieri and Booth (2016)
compared incorrect examples to correct examples and a problem-solving control
and found that incorrect examples were more beneficial than correct examples or
the problem-solving control but only for students with low prior algebra knowledge.
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Yet Adams et al. (2014) found incorrect examples equally beneficial for those with
low and high prior knowledge compared to a problem-solving control. One method
for considering learner expertise is determining at which point examples are being
introduced to learners and whether variations in the timing of their introduction
yield variations in effect. That is, we can consider whether learners are being asked
to study examples at the introduction of a new topic or whether examples are being
used as a form of practice after instruction. Another way to quantify a potential
expertise-reversal effect is to test aptitude-by-treatment interactions. Indeed, several
studies take this approach (e.g., Barbieri & Booth, 2016; Booth et al., 2015b). In the
current study, we consider the timing of implementation of examples (i.e., the gen-
eral phase of skill acquisition) as one potential moderator of the effect. That is, we
determine whether examples were used to introduce a new topic or for practice after
instruction and assess these factors as statistical moderators.

We also consider the role of prior knowledge using a more descriptive approach
by providing a summary of findings from the included studies that specifically
address aptitude-by-treatment interactions. Due to the lack of standardized measures
of prior knowledge across the included studies as well as a lack of any measure of
prior knowledge (e.g., pretest only administered in 45% of the included effect sizes)
across many of the included studies, we focus on this component of our analysis
with a more qualitative description. Only twelve of the included manuscripts test for
such interactions, and the conclusions made by such studies are considered in the
results section.

Overview of the Current Study

Beyond the discrepant findings related to the potential moderators reviewed, one
challenge in summarizing the effects of worked examples is that most research con-
ducted on worked examples either lacks a control group entirely or the compari-
son group is another type of worked examples condition that tests a variation in the
design rather than an overall effect of example (e.g., Barbieri et al., 2019). Though
these types of studies are important for learning about the effects of variations in
design as well as the underlying learning processes occurring during example-based
learning, they do not allow easy conclusions to be made about general worked exam-
ples effects. That is, the lack of random assignment and a control group that does not
include worked examples as part of the manipulation make it difficult to easily deter-
mine causality or make generalized claims about the body of work conducted to
date. The goal of the current meta-analysis is to understand and quantify the overall
effect of worked examples on mathematics performance in grade school and post-
secondary settings and to assess what accounts for differences in this overall effect
compared to a non-worked example-based control (e.g., a business-as-usual control
or a problem-solving control). We include worked examples of instructional manip-
ulations that are implemented with whole classrooms or individually as well as
using paper-and-pencil tasks, textbooks, or computerized tutors. A major aim of this
meta-analysis is to learn from only rigorous studies on the worked examples effect,
focusing on experimental and quasi-experimental designs that have an appropriate
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control group (i.e., one that did not use examples) so that we may estimate the aver-
age effect and also gain insights into key aspects of these instructional materials
that support mathematics performance. We assess moderators of the example effect
across experimental and quasi-experimental studies on mathematics performance
measures using meta-regression. We examine three potential moderators for which
variations are most prevalent in the included studies: correctness of example, inclu-
sion of self-explanation prompts with examples, and timing of implementation (i.e.,
whether examples were used during the introduction of a new topic or for practice
after initial instruction). It is important to note that the experimental manipulation
in these studies is specific to example or control condition, but not necessarily to
the moderators examined (i.e., example correctness, inclusion of self-explanation
prompts, or timing of administration). That is, some included studies experimentally
manipulated the moderators assessed such as Barbieri and Booth (2016) who manip-
ulated correctness by including an incorrect only, correct only, and problem-solving
control. Yet this was not the case for all studies coded on that particular factor. For
example, we see that McLaren et al., 2015 had only an incorrect condition vs. a
problem-solving control. The same limitation holds for the other two moderators
assessed. Thus, results from moderator analyses are descriptive rather than causal.
To reduce publication bias, we review both published and grey literature.

Methods
Inclusion and Exclusion Criteria

We include studies conducted globally with participants ranging from elementary
age to adulthood. This global search included published journal articles and grey
literature including dissertations. However, to ensure the project team could code all
necessary components for analyses, only studies written in English were included.

Our research questions provided the basis for inclusion and exclusion criteria, as
well as.

the foundation for the coding and analysis of studies. We followed proce-
dures in accordance with PICOS (PICOS: Participants, Intervention, Compari-
son, Outcome, Setting; Higgins & Green, 2013), endorsed by the Cochrane
Collaboration, to demonstrate our target populations, types of interventions,
comparison groups, outcomes, and settings of interest. Our target population
was any student of mathematics learning from elementary age (kindergarten)
through adulthood. The type of intervention we focused on was any worked
examples material focused on mathematics skills. The comparison groups we
focus on are worked examples for the treatment and any control group that
does not include worked examples. This included a business-as-usual control
or problem-solving control. Outcome measures targeted were any measures of
mathematics performance including accuracy or errors made during problem-
solving. The target settings were either laboratory or classroom studies. To
align with our proposed PICOS framework, we used the exclusionary criteria
described below:
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1. The study is not in English: Studies that were not originally written in English
were excluded during the first round of screening to ensure that the team could
properly code the studies.

2. The study is not a worked examples study: Studies that did not include a worked
examples manipulation.

3. Target content other than mathematics: Studies that were based on topics other
than mathematics (e.g., chemistry, biology). Studies focused on statistics learn-
ing were excluded if their primary focus was on learning to conduct statistical
analyses within software (e.g., running analyses in SPSS) or coding (e.g., writing
R-script) rather than understanding and/or being able to calculate the underlying
computations of an analysis (e.g., calculating measures of central tendency).

4. No mathematics performance measure: Studies that did not include a continu-
ous mathematics performance measure (e.g., outcomes such as reaction time or
surveys).

5. Qualitative study: Studies that did not provide any quantitative data (i.e., studies
that relied on qualitative rather than statistical analyses).

6. No control group: Studies that did not have a control group which did not include
worked examples. That is, some studies examined variations in worked examples,
and so each condition included examples. To isolate the effects of worked exam-
ples, a non-worked examples control group is needed.

7. Random assignment not used: To ensure high study quality and increase our
confidence in causal inferences made from our findings, we excluded all studies
that did not use random assignment to condition either at the student or class-
room level. This ensured that we only yielded experimental or quasi-experimental
studies. If a study did not use random assignment but explained their assignment
mechanism, we retained that study as quasi-experimental. This only occurred in
two of the studies we included to be further described in the results section.

8. Worked examples used collaboratively: Studies that did not test the individual
effects of worked examples in math, but instead tested the effects of worked
examples when worked on collaboratively. Our unit of analysis is at the level of
the student rather than groups of students.

Next, the two primary coders reviewed forward and backward citations for the
included studies yielded from the primary searches using Google Scholar. The
process for screening forward citations included searching each included arti-
cle in Google Scholar and then clicking the “cited by” link to view all sources
in Google Scholar that cited that particular article. Then, these abstracts were
screened using the same aforementioned exclusionary criteria. That is, coders
screened the abstracts of all manuscripts that cited any of the aforementioned
studies coded for inclusion. Forward citation yielded one article appropriate for
inclusion. The process for screening backwards citations included screening the
abstracts of all of the cited articles listed in the reference sections of the included
manuscripts. Backward citation review yielded four articles appropriate for inclu-
sion. Numbers corresponding to each step in this exclusionary process are dis-
played in the flowchart in Fig. 1.

@ Springer



Educational Psychology Review (2023) 35:11 Page110f33 11

Total searches

Articles from Psyclinfo,

) . Forward Citation Other Grey Literature
7 ERIC.nd Webiof D|ss§rtatton (1), Backwards (i.e., unpublished, under
Science database search Screening (6726) Citations (& ;
(1297) itations (4) review) (5)

Total Screened (8033)

‘ ]

Included Articles (56 full g— Excluded Articles (1251)

text reviewed)

and Dissertations (6726)

Databases
(128)

Databases
(13)

Exclusionary Criteria- No Control,
No math outcome, No worked
examples, Qualitative, Target content
other than math, Authors not reached,

Unique Included Articles (43) Non-parametric test, Language other
| Total Included Studies (55) than English and worked examples
Total Effect Sizes (181) used collaboratively

Fig. 1 Literature search and the process of inclusion and exclusion

Literature Search Procedure

The sample for the current meta-analysis includes worked examples studies that
target mathematics learning. We performed an initial systematic search of ERIC,
PsycINFO, ProQuest Dissertations, and Theses Global to identify all potentially rel-
evant studies. We used the following search terms: worked examples AND math/
mathematics; erroneous examples AND math/mathematics; incorrect examples
AND math/mathematics; and faded worked examples AND math/mathematics.
The ERIC and PsycINFO searches yielded an initial result of 763 items with 128
duplicates, while the ProQuest Dissertations and Theses Global yielded an initial
result of 6726. Additional search processes for relevant literature included hand-
searched reference sections (backward citations) of included articles, forward cita-
tions of included articles, and invitations for grey literature (i.e., unpublished) on
an academic listserv (i.e., COGDEVSOC) and through Twitter. A second round of
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searches was conducted to add an additional database—Web of Science—and to add
search terms. The additional pairs of search terms were chosen to ensure a broader
definition of mathematics and included: worked examples AND statistics; errone-
ous examples AND statistics; incorrect examples AND statistics; and faded worked
examples AND statistics. In this second round of searches, these terms were also
searched in the databases used in the initial search (ERIC, PsycInfo, ProQuest Dis-
sertations, and Theses Global) in addition to Web of Science. This second round
yielded 534 abstracts to be screened. Figure 1 below provides a detailed flowchart of
the included and excluded studies in the meta-analysis.

Exclusionary Coding

Exclusionary coding was completed by a team of coders using a combination of
excel and Abstrackr (Wallace et al., 2012). Titles and abstracts were screened first. If
the coder could not easily make an exclusionary decision based on the abstract, then
the manuscript or dissertation itself was reviewed. After initial coding exclusion by
one coder, another team member then re-coded for exclusion to ensure agreement.
That is, all articles were screened for exclusion twice by two separate coders. Any
discrepancies were resolved via discussion until the team reached 100% agreement
on exclusion coding.

Data Extraction

Once the team agreed upon the articles for inclusion, coders began the data extrac-
tion phase. In this phase, each of the coders reviewed and extracted necessary infor-
mation and data from each of the included articles. Information/data captured from
each article included the means, standard deviations, and sample sizes that cor-
responded to each posttest given. We also coded for outcome type (e.g., accuracy
on mathematics problem-solving measures, number of errors made on a measure),
the students’ grade (or age), how and by whom the study was administered (e.g.,
researcher, teacher, computerized tutor), the content targeted in the study (e.g., alge-
bra, geometry), and the type of worked examples presented in the study (e.g., correct
examples, incorrect examples). Additionally, we coded for whether worked exam-
ples were presented to students alone or paired with a practice problem. Finally,
we coded for whether or not worked examples were paired with self-explanation
prompts and whether worked examples were implemented during initial skill acqui-
sition or for practice. All articles were coded by two independent coders. Initial per-
cent agreement ranged from 91.40 to 100.00% depending on the particular source of
data being coded (e.g., posttest means and standard deviations, sample sizes). Any
discrepancies were resolved via discussion until the team reached 100% agreement
on data extraction.

If any information needed to compute effect sizes was missing, authors were
contacted via email to provide the relevant information. First authors who did not
respond were contacted again a few weeks later with a second request. After the
second request with no reply, a co-author was contacted. If there was still no reply at
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this point, then the article was excluded from the analysis. Two articles that were ini-
tially coded as include had to be coded as exclude due to missing descriptive statis-
tics and unresponsive authors. This process yielded a final 43 total articles available
for inclusion. Table 1 below provides key extracted information from the included
articles.

Moderators

Some of the descriptive codes were then used to create dummy codes for moderator
analyses described next. As aligned with our research questions, we assessed exam-
ple type (correct vs. incorrect examples either alone or in combination with cor-
rect examples), self-explanation prompts (worked examples paired with explanation
prompts or not), and phase of use (worked examples used during initial skill acquisi-
tion or practice after instruction). Moderators were chosen because they have been
suggested in prior research to alter the effects of worked examples (e.g., incorrect
examples; Barbieri & Booth, 2020) on learning.

One moderator of interest was prior knowledge. However, not all of the included
studies used a pretest measure, and those that did include a measure did not always
use a pretest identical to the corresponding posttest. Measures of prior knowledge
that were included also necessarily varied across studies. Additionally, at the time of
writing, there is no agreed upon method for statistically summarizing the effects of
interaction terms across studies. Attempting to do so would not be feasible consider-
ing the great range in the number and types of conditions being assessed within each
study and within each set of analyses as well as the variability in outcome measures.
Thus, we take a descriptive approach to synthesizing findings from the literature that
correspond to aptitude-by-treatment interactions. Specifically, two coders descrip-
tively coded or summarized findings from the twelve manuscripts that tested apti-
tude-by-treatment interactions. Coders then compared these notes for consistency
and summarized them for presentation in the results section.

Effect Size Calculations and Sampling Error Variance

Given our interest in the overall effect of an intervention, worked examples, on
mathematics performance with a small sample of studies, we used the standardized
mean difference, Hedge’s g, as our effect size. Using the mean, standard deviation,
and sample size of both the treatment and comparison/control group, we calculated
Hedges’ g on 181 effect sizes. The formula for Hedge’s g is a proportion of the dif-
ference of the means over the pooled and weighted standard deviation (Hedges,
1981). The formula is as follows is as follows:

Ml _M2

£3
SDpooled

Hedges’'g =

Many of the articles and studies included in the current meta-analysis presented
more than one effect size. Thus, we used Robust Variance Estimation (RVE) to
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account for the nesting of effect sizes within manuscripts when calculating the aver-
age effect size. RVE uses variation in the effect sizes within the dataset to estimate
standard errors rather than assuming variance from a model (Hedges et al., 2010).
We report a random-effects model as we expect effect sizes for worked examples to
vary across studies. A multivariate meta-analysis allowed us to account for depend-
ency of multiple outcomes or subgroups within a particular article.

Heterogeneity

To measure heterogeneity in effect sizes, we calculated the I? statistic. The > sta-
tistic describes the percentage of variation among studies that is due to true hetero-
geneity rather than sampling error or chance (Higgins & Thompson, 2002; Higgins
et al., 2003). Cochran’s Q is the traditional measure of heterogeneity that is calcu-
lated as the weighted sum of squared differences between individual study effects
and the pooled effect across studies, with the weights determined by the pooling
method. When the number of studies is small, as in most (and our) meta-analyses,
Q has low power to detect heterogeneity (Gavaghan et al., 2000). Unlike Q, /2 is not
constrained by the number of studies included. The formula for /7 is as follows:

_©-d
0

where Q is the chi-squared statistic and df is its degrees of freedom (Higgins &
Thompson, 2002; Higgins et al., 2003).

I’ x 100

Results
Study Descriptors

We included 43 articles that examined the worked example effect. The 43 articles
reported a total of 55 studies which included a total of 181 effect sizes across all
studies. Study descriptors with associated codes are in Table 1. Of these 55 studies,
two used quasi-experimental methods. These two studies were presented in Carroll
(1994) and van Loon-Hillen et al. (2012). Rather than using true random assign-
ment, Carroll (1994) used matching by pretest scores to assign students to condi-
tion. Van Loon-Hillen et al. (2012) referred to their study as quasi-experimental,
but did not explain why they chose that designation. They do state that they chose
one classroom for the experimental condition and the other for the control, but no
further rationale was provided. The remaining 53 studies used random assignment
to condition. Also, 35 articles included studies which used correct worked exam-
ples. Thirteen articles included studies which used incorrect examples and three
included comparison conditions. Six articles included studies that used faded exam-
ple conditions. Most studies were conducted on middle school mathematics students
and beyond, with only five studies conducted at the elementary school level. As
such, most of the content targeted was either algebra or geometry. About half of
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the articles (23) were reports of studies conducted within the US and the remaining
(20) conducted in countries outside of the USA (e.g., Germany, China, Australia).
Teacher-administered studies were most common with twenty-two articles report-
ing on such studies. Eleven of the articles included researcher-administered studies,
and ten reported on those administered within a computerized tutor (some multi-
study articles reported more than one administration type). The majority of studies
reported included performance outcomes measured by percent accuracy with just
three articles reporting on problem-solving errors. Most notably, only four articles
were published by or before 2007, which is the year that IES published its practice
guide suggesting worked examples as a moderately effective tool for learning. The
current analyses will serve to update our knowledge on the worked examples effect
on mathematics learning, which has both practical and theoretical implications.

The Worked Example Effect on Mathematics Outcomes

To synthesize the 181 effect sizes across the 55 studies included, we examined the
overall effect of the worked examples manipulations across studies. We yielded neg-
ative effect sizes for three articles (i.e., Barbieri et al., 2021; Carroll, 1994; Reed
et al., 2013) that included number of problem-solving errors or misconceptions as
outcomes which represented a benefit of worked examples over the control (i.e., less
errors is an improvement). Thus, signs were reversed in these cases to represent the
benefit or improvement. After this reversal, effect sizes ranged from —0.88 to 4.66.
There were 38 effect sizes in the negative direction, four effect sizes with a value of
zero and 139 in the positive direction. The average effect size was g=0.48 within our
robust variance estimation (RVE) model with a 95% CI from 0.36 to 0.60, p=0.01,
72=0.5854. According to Cohen’s standards, worked examples have a medium effect
on mathematics outcomes. Significant heterogeneity was also detected, with 1> =
93.72%. Effect sizes are displayed in the forest plot in Fig. 2.

Publication Bias

We examined potential publication bias through a series of publication bias tests.
The funnel plot, illustrated in Fig. 3, indicates the relationship between study size
and effect size. Here, study size refers to the standard error of the effect estimate
and serves as a measure of study precision. Tests of funnel plot asymmetry examine
whether the relationship between effect sizes and study size is greater than chance
(i.e., that larger studies have markedly larger effect sizes). Inspection of the contour-
enhanced funnel plots (see Fig. 3) demonstrated a relatively symmetric shape around
the mean. To resolve any uncertainty, Egger’s test was then used to examine the
potential asymmetry of the funnel plot. Results of the Egger’s test indicated a signif-
icant intercept, B= —0.45, z=5.87, 95% CI [-0.78,—-0.12], p<0.0001, suggesting
publication bias. However, subsequent trim-and-fill analyses showed that the effect
of worked examples on mathematics performance would still be positive and signifi-
cantly different from zero after adjusting for publication bias (g=0.44, SE=0.06,
95% CI [0.32, 0.56], p=0.0001. Finally, the fail-safe N test using the Rosenberg
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Fig. 3 Funnel plot of standard error by effect sizes

approach indicated that 13,915 studies would be needed to reverse the positive, sig-
nificant effect size observed in the current study. Thus, no further publication bias
tests were conducted.

Moderator Results

We examined three sets of moderators to determine what may explain some of the
heterogeneity in effect sizes. Moderator model 1 examined example type by includ-
ing a single dummy code for effect sizes from correct examples manipulations
(1 =correct examples; 0=incorrect examples) either alone or in combination with
correct examples. Correct examples alone was the most common example-type with
n=139 effect sizes reflecting the effect of correct example conditions. The remain-
ing 42 effect sizes corresponded to either incorrect examples alone (n=14) or in
combination with correct examples (n=28). Moderator model 2 examined the inclu-
sion of self-explanation prompts as a potential moderator. That is, a dummy code
was created for effect sizes from example-based conditions that paired examples
with self-explanation prompts. The referent in this model is effect sizes from exam-
ple-based conditions that did not include self-explanation prompts. The majority of
effect sizes were from worked examples conditions without self-explanation prompts
(n=124) with n=57 effect sizes using self-explanation prompts along with exam-
ples. The third moderator model examined timing of administration as a potential
moderator of effect sizes. One dummy code was created for effect sizes from studies
that used worked examples for practice. The referent group was studies that used
worked examples in the initial stages of skill acquisition as this was the larger of the
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two groups. That is, n=99 effect sizes corresponded to worked examples conditions
that were used in the initial stages of skill acquisition and n =282 effect sizes corre-
sponded to the use of worked examples for practice after instruction. Table 2 below
presents findings from these models which show that although the example effect
did not vary by timing of administration (f= —0.15; p=0.38), it did indeed vary
by correctness and whether examples were paired with explanation prompts. More
specifically, correct worked examples (B =0.26; p=0.03) had a significant positive
impact on the worked examples effect, and example-based conditions paired with
self-explanation prompts had a significant negative impact on the worked examples
effect, with (= —0.24, p=0.04).

The Role of Prior Knowledge in the Worked Examples Effect

Of the 43 manuscripts included in the current meta-analysis, twelve of them tested
aptitude-by-treatment interactions. Each of these studies included an assessment of
whether worked examples conditions varied in effectiveness for those with vary-
ing levels of prior knowledge. The nature of the worked examples as well as the
comparison group varied by study. Some studies included several worked examples
conditions, whereas others tested only one. Target content of examples also varied
greatly as well as outcome measure. Thus, we approach the presentation of this sum-
mary descriptively rather than statistically.

Of the twelve manuscripts that assessed aptitude-by-treatment interactions, two
did not yield any significant interaction (i.e., Carroll, 1994; McLaren et al., 2015).
The remaining ten manuscripts present at least one significant interaction. Six of
the twelve manuscripts focus on algebra learning with the remaining focusing on
other areas of mathematics such as geometry and rational number knowledge. Of the
twelve manuscripts, four manuscripts use correct examples only. Two of these four
focus on faded examples and self-explanation prompts as key design features (i.e.,
Miller-Cotto, 2017; Miller-Cotto & Auxter, 2019). The remaining eight manuscripts
include worked examples conditions that present incorrect worked examples either
alone or in combination with correct examples. We summarize the findings below.

Four manuscripts found that the effectiveness of varying forms of worked exam-
ples did not vary based on prior knowledge or achievement (i.e., Carroll, 1994;
McLaren et al., 2015; Miller-Cotto, 2017; Miller-Cotto & Auxter, 2019). These

Table 2 Moderator models of effects of worked examples on mathematics

Example type model Self-explanation model Practice model

Moderators B SE p i SE p B SE p

Correct examples 0.26*  0.10 0.027 - - - - - -

Paired with self- - - - -0.24*  0.11 0.042 - - -
explanation
prompts

Used for practice - - - - - -0.15 0.16 0.378

“p<0.05 level
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particular studies used a variety of example types including correct examples (i.e.,
Carroll, 1994), faded examples with and without self-explanation prompts (i.e.,
Miller-Cotto, 2017; Miller-Cotto & Auxter, 2019), and incorrect examples (i.e.,
McLaren et al., 2015) across a range of mathematics topics (e.g., geometry, algebra,
rational number knowledge).

However, eight manuscripts did indeed find that the effectiveness of examples
varied by prior knowledge. Yet the direction of these effects varied. Three studies
found particular benefits for those with high prior knowledge in the domain (i.e.,
Bokosmaty et al., 2015; Fitzsimmons et al., 2021; Hartmann et al., 2021), but this
was specific to example type in the study by Bokosmaty and colleagues. That is,
Bokosmaty and colleagues found that expert geometry learners benefitted more from
an example condition with step guidance, whereas novice learners benefitted more
from an example condition with both step and theorem guidance. Fitzsimmons et al.
(2021) found that participants with high prior knowledge (i.e., those more accurate
in their number line estimations at pretest) benefitted more from correct examples
paired with feedback than incorrect examples or a problem-solving control. These
findings are in contrast with Hartmann et al. (2021) who found that students with
high prior knowledge benefitted more from an incorrect worked examples condition
than a problem-solving control condition. Both Fitzsimmons et al. (2021) and Hart-
mann et al. (2021) are in contrast with findings from the remaining five studies. A
series of studies by Booth, Barbieri, and colleagues all found particular benefits for
those with low prior knowledge (i.e., Barbieri & Booth, 2016, 2020; Barbieri et al.,
2022; Booth et al., 2015b, ¢). What these five studies have in common is that the
example conditions included incorrect examples either alone or in combination with
correct examples.

These results suggest that although several studies support the notion that worked
examples conditions that incorporate incorrect examples either alone or in combina-
tion with correct examples is particularly beneficial for those with low prior knowl-
edge in the target content (e.g., Barbieri & Booth, 2016, 2020; Barbieri & Devlin,
under review; Booth et al., 2015b, 2015¢), this finding is in no way conclusive. Sev-
eral studies that include incorrect examples in some form do not find them to be
especially beneficial for those with low prior knowledge (i.e., Fitzsimmons et al.,
2021; Hartmann et al., 2021; McLaren et al., 2015).

Discussion

Worked examples have a positive and moderate effect on students’ mathematics
learning across the school years. Learners who study worked examples improve
almost half of a standard deviation (g=0.48) in their mathematics performance
compared to those who do not. Only four of the 43 articles reviewed were pub-
lished by 2007 when the IES published a report claiming moderate evidence to
support interleaving problem-solving practice with worked examples. Our results
confirm and extend these findings as well as those reviewed in Booth et al.
(2015a). A potential explanation for these findings has been posed in prior litera-
ture on worked examples: that studying worked-out problem solutions encourage
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learners to devote their cognitive efforts to studying the relevant features and pro-
cesses of solving the problem eventually leading to the development of schemata
for that problem-type which improves later performance on similar problems
(Sweller, 2012). Problem-solving alone is not as effective in accomplishing this
goal.

As evidenced by our heterogeneity index, we observed a significant amount of
variation in the effect sizes across studies in the current review. To address these,
we examined two moderators based on cognitive load theory (Sweller, 2012): self-
explanation and use (practice or acquisition). We examined one additional moder-
ator: correctness of example. We explained some of this heterogeneity using two
significant moderators, self-explanation prompts (p= —0.24) and correct examples
(B=0.26), both with small-medium effect sizes but one in the negative direction and
the other in the positive. That is, though correct examples seem to be more effective
than incorrect examples alone or in combination with correct examples, example
conditions (across type) that include self-explanation prompts seem to be less effec-
tive than example conditions without self-explanation prompts.

The findings related to self-explanation prompts are somewhat surprising as
some prior work that estimates the effect of self-explanation prompts suggests them
as a useful addition to example-based materials. For example, both Barbieri et al.
(2019) and Huang and Reiser (2012) experimentally assessed the effect of adding
self-explanation prompts to example-based materials and found benefits to such an
addition in comparison to examples alone. One possible explanation for the nega-
tive overall moderation by self-explanation could be that the efficacy of self-expla-
nation prompts may vary depending on the type of prompt used (Dunlosky et al.,
2013). For example, Kuhn and Katz (2009) asked students to engage in generated
self-explanations that asked students to make claims about the causes of earthquakes
and compared performance of these students to those who were not prompted.
Results suggested that children prompted to self-explain performed worse than those
without prompting. They explain that self-explanations were often not high quality
which may suggest that children were unable to integrate novel information with
prior beliefs, suggesting a role of prior knowledge. Though this example is outside
of the mathematics domain, these findings point to potential explanations for the
negative impact that explanation prompts had on the overall example effect size.
High-quality self-explanations that are associated with strong learning outcomes
often include principles (i.e., citing an underlying rule for why an answer must be
accurate; Renkl, 2002); poor self-explanations—which do not include much detail,
do not attempt to anticipate upcoming steps in a problem, or fail to demonstrate a
clear understanding of the goal of a problem—are associated with worse learning
(Matthews & Rittle-Johnson, 2009). Thus, it could be likely that prompts vary in the
quality of the self-explanations evoked which then leads to varying effectiveness of
their use. Additionally, in some instances, when combining self-explanation prompts
with other design features, if the information is duplicated, this may create a redun-
dancy effect as well (e.g., Barbieri et al., 2019; Sweller, 2012). Unfortunately, at the
time of writing, most articles we reviewed did not provide many details about the
types of self-explanation prompts included, preventing us from further coding the
types of self-explanation prompts. This may be a fruitful area for future research:
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differentiating between the features of prompts that make them more or less effec-
tive for student learning.

It is important to note that findings from moderator analyses are not causal pri-
marily because we estimate the effect of these moderators by collapsing across
worked examples conditions that may or may not be isolating effects of such fea-
tures. For example, in some studies, the worked examples condition with self-expla-
nation prompts is the only example condition in that particular study, with the com-
parison being the control group (e.g., often problem-solving alone). Thus, we are
generally comparing effect sizes of worked examples conditions with self-explana-
tion prompts to worked examples conditions without prompts across studies, rather
than within study, and this type of comparison does not involve a crucial feature
for making causal claims: random assignment to condition. Further, a larger propor-
tion of effect sizes corresponded to worked examples conditions without explana-
tion prompts (69%) versus with prompts (31%) making the comparison somewhat
unbalanced. The same cautionary note applies to findings related to the correctness
of example and the practice vs. acquisition results. That is, though example type was
often experimentally manipulated within studies (e.g., Adams et al., 2014; Barbieri
& Booth, 2020), not all studies used included in the moderator analyses for correct
examples do so. Further, the majority of effect sizes related to correct example con-
ditions (77%) compared to incorrect examples alone or in combination with correct
examples (23%).

Relatedly, we were limited in some example types we had planned to assess sepa-
rately (e.g., incorrect examples alone vs. in combination with correct examples;
faded worked examples) and thus needed to collapse down to two types (i.e., correct
examples only vs. incorrect either alone or in combination with correct examples). If
a larger mass of studies is conducted on each of these example types, separate esti-
mates of these effects may be calculated and compared more confidently in future
work. Further, timing of administration was also not experimentally manipulated in
any of the included studies, with the assessed worked examples condition in each
study either used for practice or skill acquisition but not with a comparison of these
two modes of use assessed within a single study. It may be the case that the reason
for using worked examples, whether it is for practice or skill acquisition, matters less
than the design features used in combination with worked examples. Still, experi-
mental work is needed to causally assess the potential differences that may result
from varying use of examples.

The findings related to correctness of example are somewhat surprising as much
work examining the difference between the effectiveness of correct and incorrect
examples either does not find a difference (e.g., Barbieri & Booth, 2016) or finds a
benefit of incorrect examples (e.g., Barbieri & Booth, 2020). However, as our syn-
thesis on the aptitude-by-treatment interactions revealed, the main effect of correct-
ness collapsed across levels of prior knowledge may vary substantially from their
effectiveness once we take into account learner prior knowledge in the estimates.
Findings from this synthesis indicated a wide range of scenarios. Strong conclusions
cannot be made due to the small number of studies that tested aptitude-by-treatment
interactions but also due to the variations in example conditions assessed. Two gen-
eral conclusions may be suggested from this synthesis. First, based on findings from
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two studies, faded examples do not seem to vary by prior knowledge. Second, based
on findings from five studies, incorrect examples either alone or in combination with
correct examples may be particularly beneficial for students with low prior knowl-
edge. However, two studies did not find this same pattern of results.

It is possible, however, that correct examples are indeed more beneficial overall
(as suggested by the current results) but that incorrect examples alone or in combi-
nation with correct examples may be more effective for those with low prior knowl-
edge. It is also possible that these overall effects could vary depending on our out-
come of interest. As the main goal of using worked examples is typically to build
learners’ schemata for more successful problem-solving which could then be dis-
played most directly on a performance measure (e.g., the types of posttests often
used in such studies), it is possible that correct examples may help learners reach
this goal more effectively than incorrect examples. That is, if the outcome we are
using is general performance on a problem-solving task, it is understandable that a
series of correct worked examples may help support building and refinement of cor-
rect problem-solving strategies to a greater degree than incorrect examples alone or
in combination with correct examples. However, it is quite possible that if we alter
the outcome of interest to something like reduction of misconception strength or
increases in learners’ negative knowledge (e.g., knowing what doesn’t work, what
not to do, etc.; Gartmeier et al., 2008), we may find either no difference between
examples of varying correctness or a greater effect of incorrect examples. However,
the vast majority of manuscripts (i.e., 93%) included in the current estimation of
the average effect of examples used performance measures with percent accuracy
as their sole target outcome. Thus, conclusions on the effects of example type (e.g.,
varying by correctness) on other forms of important mathematical skills are not pos-
sible with the current data. Further work is needed to make stronger conclusions
about the role of prior knowledge in the effectiveness of varying example types as
well as the effect of examples on varying outcome types.

Strengths and Limitations

The current meta-analysis has several methodological strengths of note. First,
to enhance the strength of our causal inference our exclusionary criteria ensured,
we only assessed experimental or quasi-experimental studies. This search yielded
a majority of experimental studies with only two of the 43 articles included being
quasi-experimental. We are also confident that our search process yielded all rel-
evant studies (written in English), as the number of abstracts screened from grey
literature was substantially greater than those published, reviewing 6726 disserta-
tion abstracts and approximately 1300 published works. We yielded a large number
of effect sizes (i.e., 181) across 55 studies within 43 articles. Finally, we employ
robust variance estimation to appropriately handle the nesting of effect sizes. This
is particularly important since many of the studies in the worked example literature
tend to be nested within research groups as well. This technique allows us to further
isolate such effects that may be relying on the same research teams.
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Despite these strengths, the current analysis has several weaknesses in addi-
tion to the limitations already noted about moderator analyses. For example,
some study characteristics we had hoped to quantify were not possible due to
limitations in reporting details. We had hoped to quantify the potential effect
of prior knowledge on worked examples. Unfortunately, this was difficult for
two reasons. First, the variability in pretests made it difficult to compare these
across studies. Second, the total number of studies that used a pretest, that num-
ber being the minority of total studies, was challenging. Such an analysis is a
problem with meta-analysis as a statistical technique more generally. Thus, we
were only able to provide a descriptive synthesis of these findings. Further,
though we had initially hoped to assess whether the dosage of worked examples
moderated their effect, we were unable to do so as most articles lacked specific
measurements of time to incorporate into our coding and analysis. There is great
variability in the likely dosage of worked examples within our sample of stud-
ies, ranging from less than one class period (e.g.,~25 min) to examples admin-
istered throughout the academic year. Those that did report a general timing or
dosage of examples reported a low dosage of examples (e.g., one class period or
a handful of class periods). It is likely that a greater dosage of examples would
yield a larger effect. More specific reporting would assist in the future analysis
of the impact of dosage on the worked example effect. It is possible that with
the Open Science movement gaining popularity that more materials will become
available for such coding purposes.

Finally, a limitation of the current review is that approximately half of the studies
included in this meta-analysis were conducted in the USA. Though we did not inten-
tionally exclude international studies, one of our exclusionary criteria was that the
study is written in English to allow us to extract data from the manuscripts. Thus,
most of our work is from the USA and English-speaking countries. This is a limita-
tion of the process inherent when dealing with language barriers and can potentially
be improved upon in future work by multilingual research teams.

Implications for Theory and Practice

Cognitive load theory acknowledges that there are several aspects of problems
that may increase their difficulty: presentation (e.g., side-by-side for comparison
vs. one at a time), element interactivity (i.e., the number of elements in a given
problem), and low learner expertise or prior knowledge. Here, we examined two
relevant moderators to cognitive load theory: the inclusion of self-explanation
prompts and whether worked examples were used for practice or skill acquisition.
For self-explanation prompts, more research providing direction on designing
effective self-explanation prompts and in which forms they can be effective based
on cognitive load theory would make a significant contribution to the literature.
Future work experimentally manipulating correctness type may help to clarify
findings related to the correctness moderator. This work may support the usage of
correct examples alone compared to incorrect examples alone or in combination
with correct examples when the target outcome is problem-solving accuracy in
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particular. Cognitive load theory does not currently support strong conclusions as
to why learning from correct examples might be more favorable for students than
incorrect examples. Future theoretical work on CLT should consider this feature
as well as whether recommendations of CLT in relation to correctness of example
may vary by learner expertise and target outcome.

The current meta-analysis provides additional evidence that worked exam-
ples alone or paired with similar practice problems remain a beneficial tool for
teaching mathematics across a wide range of mathematics domains, though it is
important to note that most manuscripts (60%) are related to algebra or geom-
etry. More widespread use of worked examples in mathematics classrooms as
well as professional development for teachers in how to create and use their
own worked examples based on their students’ needs may be a fruitful practi-
cal next step. It is important to note that the current findings are specific to the
domain of mathematics. Worked examples are also examined in other STEM-
related academic domains such as engineering and computer science though
these are fewer in number than studies focused on mathematics learning. Future
work may examine the average effect of examples in other domains to make
practical recommendations and theoretical distinctions in effects of example.

Conclusions

The current meta-analysis confirms that studying worked examples alone or
paired with similar practice problems are moderately effective at improving
learners’ mathematics performance across the school years, compared to solving
practice problems alone. Most manuscripts reviewed in our meta-analysis were
conducted in schools (91%) rather than laboratories (7%), although some were
pull-out studies (26%) and others were situated in the classroom context (65%).
This was not a formal exclusionary criterion but just a natural result of the search.
However, this feature increases the ecological validity of our findings making
them particularly applicable to the classroom. These study features and findings
suggest that worked examples in their various forms are a useful and effective
tool to implement in mathematics classrooms, with some forms (i.e., correct
examples) being potentially more effective than others (e.g., incorrect examples)
and some supplemental features (i.e., self-explanation prompts) being not neces-
sary or even detrimental to their effectiveness of student performance. In a school
content area that is often approached with great difficulty by so many learners,
it is imperative that we carefully consider research findings when making sug-
gestions to practitioners on tools to use to support learning. The current meta-
analysis is a necessary step in consolidating the immense amount of research on
the topic with the goal of providing more conclusive suggestions to practitioners
on use of examples to support their students’ mathematics performance.
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