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ABSTRACT

Errors are inevitable in most learning contexts, but under the right conditions, they can be benefi-
cial for learning. Prior research indicates that generating and learning from errors can promote
retention of knowledge, higher-level learning, and self-regulation. The present review proposes an
integrated theoretical model to explain two major phases of learning from self-generated errors:
the Generating Errors (GE) phase, which contributes to learning via semantically related prior
knowledge activation, and the Detecting and Correcting Errors (DCE) phase, which contributes to
learning via self-explanation when processing and comparing one’s responses with provided refer-
ence information to promote high-quality internal feedback. Our model identifies general design
principles that support each phase based on prior empirical research. We conclude by identifying
research gaps and future directions regarding specific design features of the GE and DCE phases
and the role of students’ emotion, motivation, and individual differences in learning from errors.

Errors are behaviors or responses to learning tasks that are
different from learners’ subjective expectations or a pro-
vided, objective reference criterion (Simpson et al., 2020).
Conventional instruction typically aims to avoid or minim-
ize student errors. The rationale for this approach is that if
the goal is to achieve errorless performance, students should
learn in an errorless environment where only correct behav-
iors are encouraged, only correct information is presented,
and errors are ignored (Ausubel, 1968; Skinner, 1958;
Terrace, 1963). Although an error-prevention approach
might work well in some learning contexts, it has two major
limitations. First, it is impractical because errors are inevit-
able in most learning contexts: They are natural by-products
of attempting challenging learning tasks. Second, it is poten-
tially suboptimal because errors can provide valuable oppor-
tunities for learning, in line with constructivist or generative
views of learning. For example, in Piaget’s (1952) theory of
cognitive development, learning is triggered by a mental
state of disequilibrium, in which children get stuck or
experience contradictions (e.g., errors) in solving problems
as a result of insufficient or inaccurate knowledge. Children
resolve this disequilibrium by assimilating new knowledge
into their existing schema or accommodating conflicting
information. Similarly, VanLehn’s (1988) impasse-driven
learning theory proposed that when students get stuck in
problem-solving, they are more aware of their deficient
knowledge and motivated to resolve the impasse. Instruction
designed to help students overcome the impasse can update
students’ knowledge and improve learning. In short,

students are likely to make errors, and with proper support,
errors can catalyze new learning.

In this review, we explore existing theoretical and empir-
ical research concerning what and how students learn from
errors. Our goal is not to compare the effects of errorless
learning versus errorful learning. Rather, given the inevit-
ability of errors, we focus on how student errors can be
leveraged to maximize learning, whether errors are merely
permitted or actively promoted (Wong & Lim, 2019).
Although errors have the potential to initiate learning, many
students struggle to learn well from errors. Moreover, the
empirical research on errors is often disconnected and not
clearly
Therefore, the first goal of this review is to synthesize repre-
sentative research related to learning from errors in cogni-
tive psychology and educational psychology to understand
what and how students learn from errors. Specifically, we
focus on how making and correcting errors affect (a)
retention of knowledge, (b) higher-level learning, and (c)
self-regulatory knowledge and skills. The second goal is to
propose a theoretical model based on our synthesis of past
theories and empirical research to explain the process of
learning from errors. Then we use this model to derive two
principles on how to support students to learn from errors
by interpreting prior findings of instructional support for
learning from errors. Finally, we discuss knowns and
unknowns around the model to inform recommendations
for practice and future research.

situated within a common theoretical model.
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What and how do students learn from errors?
Learning from errors to improve retention of knowledge

Retention is the ability to reproduce information presented
during instruction at a later time (Anderson & Bloom,
2001). Retention alone is often considered lower-level rote
learning, yet it serves as an important precondition for
meaningful learning, which involves higher-order thinking
such as knowledge comprehension, application, and transfer.
Evidence that learning from errors improves retention of
knowledge mainly comes from memory research in cogni-
tive psychology, involving studies where students generate
errors before or after initial learning of the target knowledge
(i.e., in a pretest or a post-test). These studies mostly use
cued recall or cued recognition tasks to elicit students’ mem-
ory errors and measure learning. For instance, when using
simple word pairs as learning materials (e.g., pond-frog), a
cued recall task asks students to generate the target word to
a given cue word (e.g., pond - __ ), and learning is meas-
ured through the same cued recall task in a final test (e.g.,
Kornell et al, 2009, Exp 3-6). Alternatively, an error-
eliciting task may use questions as cues for retrieving factual
knowledge, such as trivia questions (e.g., “What is the only
word the raven says in Edgar Allen Poe’s poem ‘The
Raven’?”), and learning is measured through performance
on the same questions in a final test (e.g., Kornell et al,
2009, Exp 1-2).

It is well-established that successful retrieval of informa-
tion strengthens one’s memory and slows forgetting of the
retrieved information (i.e., the testing effect or retrieval-
based learning; Roediger & Karpicke, 2006). Surprisingly, a
growing body of memory research has shown that unsuccess-
ful retrieval of information (i.e., making memory errors) fol-
lowed by the target information as feedback also improves
memory of the target information (Metcalfe, 2017). For
example, research on the pretesting effect found that asking
students to generate answers to questions before knowing
anything about the questions (e.g., a pretest of the meaning
of Euskara nouns) significantly improved their memory for
the tested information, even though students’ answers in the
pretest were almost always wrong (Potts & Shanks, 2014).
Similarly, research on retrieval failure after initial learning of
target information showed that students retained more
information from the initial learning phase when they took
tests after learning and made memory errors followed by
correct answers as feedback, compared to taking tests and
then only restudying the information (e.g, Arnold &
McDermott, 2013a; Kornell & Vaughn, 2016). Moreover,
after receiving feedback, students are more likely to correct
errors in questions they rated with high confidence com-
pared to low-confidence errors (i.e., the hypercorrection
effect, Butterfield & Metcalfe, 2006).

How does learning from errors facilitate retention
of knowledge?

Theories of retrieval-based learning can be useful to explain
the mechanisms of learning from errors because memory

errors are synonymous with unsuccessful retrieval attempts.
Kornell et al. (2015) and Kornell and Vaughn (2016) pro-
posed a two-stage theoretical model to describe the process
of learning from retrieval. In stage 1, people engage in
retrieval attempts to search for the information they need to
complete a learning task. Once people identify and retrieve
the information as a response to the task, they enter stage 2
where people process the retrieved information (i.e., their
responses) and/or externally provided feedback. The post-
retrieval processing in stage 2 strengthens or weakens associ-
ations among cues in the task, retrieved responses, and
information in external feedback, depending on whether the
responses are consistent with the feedback. In this sense,
learning from errors is one special case of learning from
retrieval, in which one’s retrieved responses are inconsistent
with feedback. Prior research explaining how making errors
facilitates memory generally focuses on one of the two stages
of Kornell et al’s model: What happens during retrieval
(Stage 1) or what happens during post-retrieval processing
(Stage 2) (Zawadzka & Hanczakowski, 2019).

First, attempting to retrieve information from memory
(i.e., Stage 1) promotes active search or passive spreading
activation of semantic networks, thereby activating a set of
concepts associated with cues in a task. Even though one’s
final response is incorrect (i.e., people generate a memory
error), the underlying activation processes during retrieval
attempts create a fertile ground to facilitate the encoding of
correct answers in the subsequent feedback or learning
materials (e.g., the search set theory, Grimaldi & Karpicke,
2012; reconsolidation theory, Metcalfe & Xu, 2018; the elab-
orative retrieval theory, Carpenter, 2009; Richland et al,
2009). Accordingly, the retrieved erroneous information and
associations might be weakened while the correct informa-
tion and associations are strengthened. There is also evi-
dence that retrieval attempts can improve the structural
organization of previously learned knowledge, which is
another way to facilitate the encoding of information in sub-
sequent learning materials (Arnold & McDermott, 2013a).
Moreover, when taking a future test, one’s episodic memory
of generating and correcting errors can serve as additional
cues to improve retention performance (i.e., recursive
reminding theory, Metcalfe & Huelser, 2020).

Next, because retrieval is more effortful than passive
studying, retrieval attempts will increase one’s attention to
the information provided after retrieval, such as feedback or
other learning materials (i.e., Stage 2; Potts & Shanks, 2014;
Seabrooke, Mitchell, et al., 2019). This effect on attention is
especially salient in the pretesting effect using complex, edu-
cational learning materials: Students retain pretested infor-
mation better than untested information, suggesting that
pretests direct students’ attention to tested information in
the learning materials (Toftness et al,, 2018). In addition,
when people realize their retrieved responses are wrong, the
awareness of their knowledge deficiency can trigger emo-
tions such as surprise and curiosity, which further boost
attention and motivation to learn (Butterfield & Metcalfe,
2006; Carpenter & Toftness, 2017; Potts et al., 2019).



Additionally, recent research examined different measures
of memory and suggested more nuanced mechanisms
involved in the two stages, depending on how people’s
responses associate with cues in learning tasks as well as tar-
gets in provided feedback. For instance, measures of mem-
ory can be broken down into memory for targets only (in a
cued recognition task) and memory for cue-to-target associ-
ations (in a cued recall task). A series of studies by
Seabrooke, Mitchell, et al. (2019), Seabrooke, Hollins, et al.
(2019), Seabrooke et al. (2021) and Zawadzka and
Hanczakowski (2019) showed that generating errors helped
strengthen memory for cue-to-target associations when peo-
ple’s responses associated with both cues and targets, con-
sistent with findings in past research that generating errors
had benefits for related word pairs but not for unrelated
word pairs in cued recall tests (e.g., Grimaldi & Karpicke,
2012; Huelser & Metcalfe, 2012). In contrast, when people’s
responses were associated with cues but not targets or when
people’s responses were associated with neither cues nor tar-
gets, generating errors had an impact on memory for targets
only, consistent with findings in past research that generat-
ing errors had benefits for novel vocabulary learning in rec-
ognition tests (e.g., Potts & Shanks, 2014; Potts et al., 2019).
Furthermore, Clark et al. (2021) showed that error gener-
ation Dbenefited memory when people’s responses were
semantically associated with cues and/or targets but not
when their responses were phonologically associated with
cues and/or targets.

Taken together, these findings suggest that the semantic
relationship between errors and targets determines the
extent to which generating errors benefits memory. It seems
that both activation of semantic networks and increased
attention through motivation and/or emotion contribute to
memory for cue-to-target associations when people generate
errors semantically associated with targets. When people’s
errors are not semantically associated with targets, increased
attention through motivation and/or emotion can still con-
tribute to recall for targets only, but that attention is not
beneficial for building cue-to-target associations.

Learning from errors to improve higher-level learning

Learning from errors can also facilitate higher-level learning
such as conceptual understanding, knowledge application,
and transfer, which are often the primary goals of authentic
academic tasks (Anderson & Bloom, 2001). These learning
outcomes reflect the ability to apply one’s knowledge flex-
ibly, which is especially challenging in STEM education
(Clement, 2000; Fiorella & Mayer, 2016; Rittle-Johnson
et al,, 2001). Evidence of learning from errors facilitating
higher-level learning mostly comes from research in educa-
tional psychology (e.g., Loibl et al., 2017). Researchers typic-
ally use complex problem-solving tasks to elicit students’
errors and measure learning through tests of comprehen-
sion, knowledge application, conceptual understanding, and
knowledge transfer.

As in memory research, students can improve higher-
level learning by generating errors before or after initial
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learning of to-be-learned information. Research on problem-
solving before direct instruction (PS-I, Loibl et al., 2017)
suggests permitting or promoting errors during initial prob-
lem-solving can be superior for conceptual learning to the
traditional tell-and-practice (instruction-first, or I-PS)
method (e.g., Kapur, 2010, 2012, 2014; Kapur & Bielaczyc,
2012; Schwartz et al., 2011; for a review see Loibl et al,
2017). Generally, PS-I research includes studies of inventing
to prepare for future learning (Schwartz & Martin, 2004)
and productive failure (Kapur, 2016). Students may generate
errors in the inventing or problem-solving phase (i.e., the PS
phase) before formal instruction or in a practice session of
knowledge application during the formal instruction phase
(i.e., the I phase). However, PS-I researchers typically focus
on the benefits of students’ failure and errors in the PS
phase. Specifically, researchers of inventing to prepare for
future learning typically ask students to invent a method,
index, or formula and examine it with provided data before
instructions on relevant concepts and expert solutions
(Schwartz & Martin, 2004)." Similarly, productive failure
researchers provide students with challenging and rich prob-
lems that enable students to generate diverse representations
and solutions before instructions of canonical solutions and
relevant concepts (Kapur & Bielaczyc, 2012).

Another line of research focuses more on students’ errors
after initial learning in formal instructions. For example,
students can benefit from self-assessment/diagnosis activities
where they learn from errors by grading and reflecting on
their learning products, such as assignments, exams, or proj-
ects after class. Researchers generally define self-assessment
as one form of formative assessment to improve learning
through feedback generated from comparing one’s compe-
tency, learning process, or learning product to internal/
external standards (Andrade, 2018; Panadero et al., 2019).
Two recent reviews of self-assessment research showed that
self-assessment activities can improve students’ subsequent
academic performance including conceptual understanding,
knowledge application, and knowledge transfer (Andrade,
2019; Sanchez et al., 2017). Self-assessment researchers in
non-STEM education mainly use report writing, essay writ-
ing, and oral presentations to elicit students’ errors (e.g.,
Andrade et al., 2008), whereas self-assessment researchers in
STEM education mainly use problem-solving tasks (e.g.,
Safadi & Saadi, 2021). Problem-solving tasks typically
require students to apply what they know to solve familiar
or unfamiliar problems in multiple-choice questions, word
problems, computational problems, and/or open-ended con-
ceptual questions. A few studies also included drawing tasks
to elicit students’ errors, although tasks using visual repre-
sentations are relatively rare in research on learning from
errors (e.g., Jax et al., 2019; Loibl & Leuders, 2018, 2019;
Zamora et al, 2018a). Basic activities in self-assessment
include simply asking students to self-evaluate, grade, or

'Researchers of inventing to prepare for future learning put less emphasis on
students’ failure in inventing activities. In many studies that show advantages
of inventing before instruction, students performed quite well in the inventing
activities (e.g., Chin et al, 2016; Lamnina & Chase, 2019; Loehr et al., 2014;
Schalk et al., 2018).
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reflect on their works or performance, but students often
self-assess poorly and do not learn from errors (Andrade,
2019). Researchers agree that instructional support is neces-
sary for self-assessment to be accurate and effective to
improve learning (Andrade & Valtcheva, 2009; Brown &
Harris, 2013; Nicol & Macfarlane-Dick, 2006; Panadero
et al., 2017; Sanchez et al., 2017). Past research has found
effective support such as self-assessment training through
modeling (Kostons et al., 2012; Raaijmakers et al., 2018),
providing students with detailed/step-by-step reference crite-
ria (Panadero et al., 2013; Safadi & Saadi, 2021), and provid-
ing teachers’ feedback on students’ self-assessment (Andrade
et al., 2010).

How does learning from errors facilitate higher-
level learning?

A review of PS-I studies by Loibl et al. (2017) found three
major cognitive mechanisms of PS-I, which inform how
generating errors before formal instruction may facilitate
higher-level learning. First, exploratory activities before for-
mal instruction help students activate and differentiate their
prior knowledge to support knowledge integration during
subsequent instruction, even though students’ limited know-
ledge will lead them to errors in exploratory activities. For
example, productive failure studies have shown that students
generated diverse representations and solutions during
exploratory problem-solving before instruction. Although
students mostly failed to generate canonical solutions, there
was a significant positive correlation between the number of
solutions students generated and their conceptual under-
standing and transfer performance after instructions
(DeCaro & Rittle-Johnson, 2012; Kapur, 2012; Kapur &
Bielaczyc, 2012; Kapur, 2010).

Second, PS-I helps students become more aware of their
knowledge gaps. Loibl and Rummel (2014a) found that stu-
dents who solved problems before instruction perceived
more knowledge gaps than students who received instruc-
tion first. Such awareness and identification of knowledge
gaps is important because students need to realize flaws in
their knowledge and skills before they can repair them (Chi,
2000). Moreover, some PS-I design features can help
students identify knowledge gaps more accurately and effect-
ively, such as by using contrasting cases in the problem-
solving phase or building knowledge on students’ common
errors in the instruction phase (Loibl & Rummel, 2014b;
Roll et al., 2012).

Finally, carefully designed activities in PS-I direct stu-
dents’ attention to critical features of concepts, which enable
students to perform well in tests of conceptual understand-
ing and knowledge transfer. For instance, Schwartz et al.
(2004, 2011) found students who invented formulas using
contrasting cases recalled the deep structure of learning
materials better than students taught by the conventional
tell-and-practice method. Additionally, PS-I may benefit
learning through affective and motivational factors. Students
reported higher curiosity and tended to adopt mastery-
oriented learning goals in PS-I, which are important

predictors of academic performance (Belenky & Nokes-
Malach, 2012; Elliot, 1999; Glogger-Frey et al, 2015;
Lamnina & Chase, 2019; Loibl & Rummel, 2014b).

One can find similar explanations of learning from errors
in self-assessment research, in which students learn from
errors dfter instruction. Self-assessment may trigger students’
awareness of knowledge gaps, increase attention to the
knowledge presented in assessment criteria, and develop
positive motivational beliefs such as a growth mindset and
intrinsic motivation (Nicol & Macfarlane-Dick, 2006; Safadi,
2018; Sanchez et al,, 2017). Yan and Brown (2017) proposed
a model of students’ actions in self-assessment based on
interviews with undergraduate students. The model suggests
that self-assessment/evaluation encourages students to gener-
ate reflective self-feedback or internal feedback on their
understanding of content knowledge and self-regulatory
knowledge (Butler & Winne, 1995; Nicol, 2020). Specifically,
internal feedback consists of self-generated information
about one’s feelings, current knowledge, learning process,
and learning products based on how one’s performance
compares to some reference criteria, such as personal goals
or rubrics (Butler & Winne, 1995; Nicol, 2020). Students
can generate internal feedback on their understanding of
content knowledge as well as self-regulatory knowledge and
skills via a process of self-explaining, in which they fill
knowledge gaps and/or repair flaws in their mental models
(Butler & Winne, 1995; Chi, 2000; Nicol, 2020). Moreover,
internal feedback on self-regulatory knowledge and skills
(e.g., regulation of motivation, emotion, and learning strat-
egies) initiates a subsequent cycle of self-regulation to
improve learning by closing gaps between students’ current
performance and learning goals (Andrade, 2019; Andrade &
Valtcheva, 2009; Kostons et al.,, 2012; Panadero et al., 2019;
Panadero & Romero, 2014). Thus, internal feedback gener-
ated from self-assessment activities has the potential to
improve learning through a direct process of self-explaining
and/or an indirect process of self-regulation following
self-explaining.

External and internal feedback play distinct but comple-
mentary roles in learning from errors. On one hand, exter-
nal feedback is necessary to initiate learning from errors:
Only when students are aware of errors after receiving exter-
nal feedback can they learn from errors. On the other hand,
internal feedback is the proximate cause of learning from
errors, in line with the constructive view of feedback
(Carless, 2019; Mory, 2004; Nicol, 2020; Van der Kleij et al.,
2019). Importantly, regardless of the presence or absence of
external feedback, students continually generate internal
feedback to update their content knowledge and/or self-
regulatory knowledge and skills to improve future perform-
ance (Andrade, 2009; Brown & Harris, 2014; Butler &
Winne, 1995; Mory, 2004; Nicol, 2020).

Learning from errors to develop self-regulated learning
knowledge and skills

Beyond the learning of content knowledge, research suggests
that self-assessing and diagnosing one’s assignments, exams,



or projects based on provided reference information can
improve students’ self-regulated learning (SRL) knowledge
and skills (Butler & Winne, 1995). Although not equal to
self-assessment, learning from errors is an inherent self-
assessment/diagnosis context when students make errors in
their initial performance. Therefore, evidence from self-
assessment research on SRL naturally applies to the specific
context of learning from errors.

SRL is a cyclical process, in which students set goals and
make plans (i.e., forethought phase), metacognitively moni-
tor the progress and regulate their cognition, motivation,
and emotion (i.e., performance phase) and adjust knowledge
or behaviors based on self-evaluation (i.e., self-reflection
phase; Zimmerman, 2000). SRL knowledge and skills are not
only closely related to academic achievement in school but
also prepare students to become independent and lifelong
learners outside of school (Jansen et al, 2019; Wang &
Sperling, 2020). Panadero et al. (2017) reported in a meta-
analysis that self-assessment interventions with appropriate
instructional support had a positive effect on students’ SRL
knowledge and skills, as measured through questionnaires
and think-aloud protocols. For instance, Panadero et al.
(2012) counted the number of self-regulation propositions
in secondary school students’ think-aloud protocols when
students self-assessed their landscapes analysis report in a
Geography class. Self-regulation propositions included nega-
tive emotional self-regulations, planning, help-seeking, and
questions for clarification. They found that students who
self-assessed while using provided scripts and rubrics
expressed significantly more self-regulation propositions
compared with students who self-assessed without scripts.

Self-assessment can also improve more specific compo-
nents of SRL knowledge and skills, such as self-efficacy
motivational beliefs and self-monitoring metacognitive skills.
For example, undergraduate students who self-assessed their
learning by comparing project outcomes with provided cri-
teria and rating the amount of progress they have made
developing their computer skills reported significantly higher
self-efficacy after class than students who did not self-assess
their progress (Schunk & Ertmer, 1999). Furthermore, self-
monitoring involves retrospectively assessing how well one
performed on a task one just completed (i.e., self-assess-
ment) or predicting how well one will perform in similar
tasks in the future (i.e., judgments of learning). Researchers
calculate monitoring accuracy typically by comparing stu-
dents’ self-assessment and/or judgments of learning with
their actual task performance. Research has shown that self-
assessment interventions that provided students with object-
ive reference criteria (e.g., normative solutions, rubrics, or
scripts) or self-assessment training can improve students’
subsequent monitoring accuracy on new tasks (Baars et al.,
2014; Kostons et al., 2012; Sadler & Good, 2006; Zamora
et al., 2018b).” Research on monitoring accuracy assumes

Some studies in memory research found no benefits of learning from errors
on judgment accuracy (e.g., Huelser & Metcalfe, 2012; Potts & Shanks, 2014)
probably because self-assessment studies that reported judgment accuracy
benefits provided students with instructional support whereas memory studies
did not.
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that accurate self-monitoring is necessary for students to
effectively regulate subsequent learning, such as by selecting
which learning materials to restudy. However, there is little
systematic research to directly support this assumption
(Andrade, 2019; Rakovic et al., 2022).

How does learning from errors facilitate the
development of SRL knowledge and skills?

There is no existing theory to explain how learning from
errors might facilitate the development of SRL knowledge
and skills. However, the link between self-assessment and
SRL via internal feedback likely plays an important role
(Andrade, 2019; Yan & Brown, 2017). For example, when
students self-assess their performance against provided crite-
ria and detect performance gaps or errors, they generate
internal feedback to clarify learning goals, adjust their goals
as necessary, and process/internalize reference criteria, which
can facilitate the development of learning goals in similar
tasks and goal-setting skills. The comparison between stu-
dents’ performance and reference criteria also enables stu-
dents to generate internal feedback on their judgments of
learning or ability, which can improve their self-monitoring
accuracy through calibration. When students reflect on their
learning process that leads to errors during self-assessment,
they generate internal feedback on the effectiveness of their
learning strategies and change learning strategies to improve
performance based on self-analysis of errors, which can
enrich their knowledge about learning strategies. Therefore,
self-assessment contributes to SRL knowledge and skills
throughout the three phases of SRL suggested by most mod-
els: the preparatory phase, the performance phase, and the
appraisal phase (Panadero, 2017; Panadero et al., 2017).

There are other theoretical explanations of how learning
from errors through self-assessment might affect students’
SRL knowledge and skills. For instance, based on the self-
determination theory and mindset theory of motivation,
Sanchez et al. (2017) proposed that self-assessment affords a
sense of autonomy and emphasizes revision and progress so
that students might develop higher intrinsic motivation and
a growth mindset for learning. Moreover, self-assessment
interventions that include instructional guidance and train-
ing can improve students’ self-efficacy by increasing their
confidence in performing self-assessment as well as the tasks
being assessed (Panadero et al, 2017). Finally, self-assess-
ment makes the comparison process explicit and mindful,
which is critical for students to effectively learn from com-
parison and internal feedback (Gentner et al., 2003;
Nicol, 2020).

Synthesis of prior research

Taken together, students can learn from self-generated
errors before or after initial learning of target knowledge.’

3The current state of the evidence suggests the mechanisms proposed and
examined by past research may explain the process of learning from errors in
both contexts, which is the focus of our model. That said, it is still possible
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Table 1. What and how students learn from errors in prior research.

Learning goals Learning outcome measures Research topics

Common generating

errors tasks Mechanisms

Retention .
of knowledge

Pretesting effect
Post-test errors followed
by correct answers
Hypercorrection effect

Cued recall test (memory e

for cue-to-target .

associations)

e (Cued) Recognition test .
(memory for targets only)

Higher-level .
learning

Comprehension test .
Conceptual
understanding test
e Knowledge
application test
e Knowledge transfer test .

Problem-solving before
direct instruction (PS-I):
- Inventing to prepare
for learning
- Productive failure
Self-assessment

Questionnaire of self- e Self-assessment
regulated learning
knowledge and skills

e Think-aloud protocol

SRL knowledge .
and skills

e Before or after e Error generation activates and

initial learning reorganizes prior knowledge to prepare
e Cued recall task e.g., cued for subsequent information encoding.
recall word pairs, trivia e Awareness of errors/incompetency

increases/directs attention increases
motivation and triggers emotions such as
surprise or curiosity.

e When errors semantically associate with
targets, generating errors benefit
memory for cue-to-target associations;
when errors are not semantically
associated with targets, generating errors
benefit memory for targets only.

e Episodic memory of generating and

correcting errors serves as additional

memory cues.

Error generation activates and

differentiates prior knowledge to prepare

for subsequent information integration.

Awareness of errors/incompetency

increases/directs attention increases

motivation and triggers emotions such as
surprise or curiosity.

e Self-assessment directly affects learning

through internal feedback on content

knowledge and indirectly affects learning
through internal feedback on self-
regulated learning knowledge and skills.

Awareness of errors/explicit and mindful

comparison against reference information

encourages internal feedback generation
that updates SRL knowledge and skills.

Self-assessment affords a sense of

autonomy to increase intrinsic

motivation; self-assessment focuses on
learning progress to nurture a growth
mindset; self-assessment support
increases students’ confidence to improve
self-efficacy.

questions, etc.

e Before or after formal .
instruction

e Problem-solving task

e Inventing task .

e After formal instruction .
e Report writing, essay
writing, and oral
presentations
e Problem-solving task .

Depending on learning goals, learning from errors can facili-
tate retention of knowledge, higher-level learning, and the
development of SRL knowledge and skills, as summarized in
Table 1. Our synthesis of prior research identifies common
and unique mechanisms of learning from errors across sep-
arate lines of research that echo and complement
one another.

Two common mechanisms surfaced from all lines of
research. First, error generation prepares students for subse-
quent information encoding and integration by activating,
reorganizing, and differentiating students’ prior knowledge
(e.g., Arnold & McDermott, 2013b; Grimaldi & Karpicke,
2012; Loibl et al., 2017). Students must retrieve information
from prior knowledge to respond to a learning task, which
not only makes prior knowledge accessible but may also cre-
ate more organized knowledge structures. Thus, students are
more likely to better encode and integrate incoming infor-
mation with activated and organized prior knowledge.
Second, error detection encourages students to engage in
subsequent learning more actively by triggering students’
metacognitive awareness of knowledge deficiencies or

that the mechanisms operate uniquely when errors occur before vs. after
initial learning.

incompetence to increase motivation, direct attention, and
provoke positive emotions (e.g., Butterfield & Metcalfe,
2006; Loibl & Rummel, 2014b; Sanchez et al, 2017;
Seabrooke, Hollins, et al., 2019). Identifying knowledge gaps
after making errors may increase students’ motivation to
learn and provoke emotions such as surprise and curiosity,
resulting in higher subsequent engagement with the pro-
vided external feedback and the learning materials.
Furthermore, unique mechanisms identified in one area
of research may apply to other areas to provide complemen-
tary explanations. For example, memory research suggests
that when errors semantically associate with targets, generat-
ing errors benefits memory for cue-to-target associations
through both activation of prior knowledge and increased
attention, motivation, and/or positive emotions (e.g.,
Grimaldi & Karpicke, 2012; Huelser & Metcalfe, 2012).
When errors are not semantically associated with targets,
generating errors benefits memory for targets only through
increased attention, motivation, and/or positive emotions
(e.g., Clark et al,, 2021; Potts et al., 2019). Similar to mem-
ory research, PS-I and self-assessment research on higher-
level learning has equivalent components as “cue” and
“target”: Generating errors tasks in PS-I and self-assessment
research can be seen as groups of different cues; instructions
in PS-I research and provided reference criteria in



self-assessment research can be seen as groups of to-be-
learned targets. However, different from memory research,
measures of higher-level learning inherently require memory
for “cue-to-target associations” due to the complexity of
higher-level learning tasks. Therefore, the nuanced mecha-
nisms proposed in memory research can provide explana-
tions for finding no benefits of generating errors in higher-
level learning when students have too little prior knowledge
to generate meaningful responses semantically associated
with target knowledge (Loibl & Leuders, 2019).

Also, the central role of internal feedback emphasized by
self-assessment research can extend explanations of how
learning from errors affects retention of content knowledge
and higher-level learning. For instance, both memory
research and PS-I research explain learning from errors by
focusing on the benefits of generating errors, such as activat-
ing prior knowledge and triggering awareness of incompe-
tence to increase motivation or direct attention. However,
the two lines of research do not provide more detailed
explanations about what happens after generating errors.
According to self-assessment research, when comparing
erroneous responses with reference criteria, students gener-
ate internal feedback to update activated prior knowledge
and regulate motivation, emotion, and attention to facilitate
learning from errors (e.g., Andrade, 2019; Yan & Brown,
2017). Thus, the concept of internal feedback provides more
complete and detailed explanations about students’ learning
process after generating errors.

A theoretical model of learning from self-
generated errors

From our synthesis of prior research, we developed a theor-
etical model of how students learn from self-generated
errors to improve content knowledge as well as develop SRL
knowledge and skills. Our model not only covers common
mechanisms identified across separate lines of research but
also links and integrates unique mechanisms from different
research areas to provide a coherent and comprehensive pic-
ture of learning from errors.

In academic settings, students’ behaviors or responses are
partly guided by their underlying knowledge and under-
standing of situations in the moment. We define students’
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observable, erroneous behaviors or responses as the surface
error and their underlying knowledge that leads to their
erroneous behaviors or responses as the knowledge-based
deep error, similar to Reason’s (1990) taxonomy of errors.
For example, when a student fails to solve a physics prob-
lem, she may first notice that her responses (results and/or
solving processes) were different from the normative
answers provided in the textbook (i.e., surface error). If she
further reflected on her surface error, she may notice miss-
ing pieces and flaws in her knowledge or understanding of
some physics concepts applied in the problem (i.e., deep
error) that led to her erroneous responses. Each type of
error can happen naturally due to students’ deficient know-
ledge, or students can deliberately generate errors when they
know the correct answers (e.g., Wong & Lim, 2022). We
only consider natural errors resulting from students’ defi-
cient knowledge or skills in our model.

As shown in Figure 1, there are two major phases in stu-
dents’ learning from self-generated errors: the Generating
Errors (GE) phase and the Detecting & Correcting Errors
(DCE) phase. In the GE phase, students activate their prior
knowledge when they generate responses to a learning task.
Prior knowledge refers to any knowledge in long-term mem-
ory students bring with them to the learning task including
content knowledge as well as SRL knowledge. However, stu-
dents may or may not have prior content knowledge of
materials in GE tasks in some situations. Specifically, if the
GE phase happens before initial learning or formal instruc-
tions of target content knowledge, students may have little
(e.g., Loibl et al, 2017) or no prior content knowledge of
materials in the GE tasks (e.g., Potts & Shanks, 2014).
Nevertheless, students must activate other prior knowledge
to generate responses. Depending on how much/little prior
content knowledge students have, they may generate
responses that are or are not semantically associated with
target content knowledge. In research on higher-level learn-
ing, even when students have little prior content knowledge,
they may still be able to generate responses semantically
associated with target content knowledge due to rich cues
and the complexity of knowledge in higher-level learn-
ing tasks.

As mentioned above, prior knowledge includes not only
content knowledge, but also SRL knowledge such as goals,

Detecting & Correcting Error (DCE) - Deep

l Detecting & Correcting Error (DCE) - Surface

Response semantically

associated with

Prior content &
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Figure 1. A theoretical model of learning from self-generated errors.
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motivational beliefs, emotions, learning strategies, and meta-
cognitive knowledge and skills, all of which will influence
how students generate errors in the GE phase and learn
from errors in the DCE phase (Tulis et al, 2016). For
example, students’ motivation may have an impact on
whether their responses semantically associate with target
content knowledge: When students have difficulty generating
responses, lower-motivated students may not invest much
mental effort and thus, generate random guesses that are
not semantically associated with target content knowledge.
In contrast, higher-motivated students may try their best to
utilize relevant prior content knowledge and thus, generate
meaningful responses semantically associated with target
content knowledge. However, empirical research is needed
to directly test this hypothesis. Moreover, individual differ-
ences in motivation and beliefs about errors can lead to dif-
ferent self-regulation strategies for dealing with errors (e.g.,
Reindl et al., 2020; Tulis et al., 2018). For instance, students
who have a mastery goal orientation and positive beliefs that
errors are potential learning opportunities will effectively
regulate their negative emotions following errors through
mastery self-talk, focusing on mastery goals, and directing
their cognitive and metacognitive capabilities toward effect-
ive strategies to learn from errors. In contrast, students who
have a performance goal orientation and negative beliefs
about errors will ruminate about failure and worry about
the negative consequences of making errors instead of
directing their attention to learning from errors. Finally, the
effectiveness of students learning from errors also depends
on whether students have sufficient knowledge of effective
learning strategies and adequate skills of self-monitoring and
self-evaluation. In sum, students’ activated SRL knowledge
can influence their learning from errors.

In the DCE phase, students have access to subjective or
objective reference information. In this model, we only focus
on objective reference information provided by an external
agent (e.g., teacher, peer, book, computer, etc.). Thus, refer-
ence information refers to any externally provided informa-
tion following students’ responses (e.g., external feedback in
memory research, explicit instruction in PS-I research, and
reference criteria in self-assessment research). It should be
noted that external feedback is only one form of reference
information.

As shown in Figure 1, there are different learning paths
in the DCE phase. When students’ responses from the GE
phase are semantically associated with target content know-
ledge, comparing reference information to one’s responses
should at least trigger students’ awareness of surface errors,
enabling students to update initial responses by detecting
and correcting surface errors. Detecting and correcting deep
errors, however, depends on the quality of internal feedback
students generate when they make sense of reference infor-
mation and when they compare their responses with refer-
ence information. We propose that generating high-quality
internal feedback to reconstruct prior knowledge requires
students to self-explain when processing and comparing
with reference information (e.g., Loibl & Leuders, 2018,
2019). This conjecture aligns with theoretical and empirical

evidence from cognitive research on comparison and learn-
ing from performance errors. One key finding from research
on analogical comparison is that although making compari-
sons is fundamental to human thought, the comparison pro-
cess must be deliberate and effortful for it to serve as a
learning tool (Alfieri et al., 2013; Gentner et al., 2003; Hoyos
& Gentner, 2017). Moreover, computer simulation research
suggests that people avoid making the same errors (ie.,
errors are corrected) only when people specify faulty know-
ledge structures by explaining why their response is incor-
rect (Ohlsson, 1996).

When students’ responses are not semantically associated
with target content knowledge, comparing reference informa-
tion to one’s own responses will trigger students’ awareness of
surface errors to help them detect and correct surface errors.
However, self-explaining during such comparisons is unlikely
because no semantic relationships exist between students’
responses and target content knowledge, and students generate
self-explanations based on what they already know (Chi,
2000). This lack of self-explanation in processing and compar-
ing with reference information makes it difficult for students
to update prior content knowledge and SRL knowledge
because no relevant prior knowledge in long-term memory is
activated in the GE phase to facilitate knowledge integration.
This updating process, if it happens at all, requires students to
encode novel knowledge from scratch and has only limited
benefits on recognition memory for target knowledge (e.g.,
Clark et al., 2021; Potts et al., 2019).

The present model lays out the process of how students
can potentially learn from errors, but many students need
support during this process to learn well from errors. The
model implies that one can support students’ learning from
errors by designing effective learning tasks and activities in
the GE phase and/or DCE phase. For example, prior know-
ledge is always activated to some extent in the GE phase.
However, the design of GE tasks can affect what and how
students’ prior knowledge is activated and thus, whether stu-
dents’ responses semantically associate with target content
knowledge, which influences subsequent learning in the
DCE phase. Generating high-quality internal feedback is the
key component of the DCE phase. Learning materials and
activities in this phase can influence the quality of students’
internal feedback by affecting students’ processing of refer-
ence information as well as how they compare erroneous
responses and reference information. In the following sec-
tion, we present two fundamental principles for helping stu-
dents learn from errors based on our model. We illustrate
and validate the two principles through empirical evidence
from prior research, as summarized in Table 2.

Two principles to support students’ learning
from errors

Principle 1: The GE phase should align with learning
goals and support students to generate responses
semantically associated with target content knowledge

The purpose of the GE phase is to activate students’ defi-
cient prior knowledge when students generate erroneous



Table 2. Two principles to support students’ learning from errors.
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Principles

Recommended design in past research

Principle 1: The GE phase should align
with learning goals and support
students to generate responses
semantically associated with target
content knowledge. -

for invention)

When the GE phase happens before initial learning of target content knowledge:
- Increase the quantity and complexity of cues in memory questions in a pretest GE
task (e.g., multiple-choice questions with alternatives mentioned in the learning texts,
integrative factual questions combining facts across learning texts)
Design challenging yet feasible high-level learning GE tasks (e.g., tasks using abstract contrasting cases

- Provide guidance and practice opportunities for challenging GE tasks (e.g., guided inventing activities,
practice inventing activities in multiple sessions)
- Group students in GE tasks based on their abilities and knowledge to encourage effective collaboration
e When the GE phase happens after initial learning of target content knowledge:
- Encourage students to invest more retrieval effort (e.g., using short answer questions, embedding questions
in authentic contexts, repeated post-tests before studying feedback, delayed post-tests)

Principle 2: The DCE phase should help .
students self-explain to generate -
high-quality internal feedback when
processing and comparing with
reference information. -

worked examples)

The design of reference information:
Content: Provide informative or elaborative external feedback for post-test; Choose or combine different
forms of reference information as appropriate (e.g., rubrics, scripts, normative/expert solutions,

Presentation: Present only parts of correct answers for the pretest; Provide immediate feedback
e The design of learning activities:

- Teachers and students interpret or co-generate rubrics together before self-assessment

- Students observe teachers modeling the reflective comparison process

- Teachers lead discussions and/or design specific instructions on the reflective comparison process

- Teachers provide feedback on students’ self-assessment

- Teachers design self-regulation activities following self-assessment (e.g., select more problems to solve,
create action plans, rewrite the essay)

- Support students to apply effective learning strategies (e.g., self-testing after reading reference information,
self-explaining during reflective comparison

Note: GE: generating errors; DCE: detecting & correcting error.

responses to GE tasks, which lays the foundation for the
subsequent DCE phase. An important question is how to
activate students’ prior knowledge to facilitate learning from
errors. First, the design of GE tasks should align with spe-
cific learning goals. For example, to improve retention of
knowledge, GE tasks can simply involve questions and/or
activities that trigger the cognitive process of retrieval. To
improve higher-level learning of knowledge application and
transfer, GE tasks should require activating students’ con-
ceptual understanding and higher-order thinking through
problem-solving, inventing, report writing, etc. Beyond
learning goals, GE tasks should encourage and support stu-
dents to generate responses semantically associated with tar-
get content knowledge. This is important because our model
suggests that when students’ responses are not semantically
associated with target content knowledge, it is unlikely for
students to successfully update prior knowledge in the DCE
phase and thus, learn from errors.

When the GE phase happens before students’ initial
learning of target content knowledge, increasing the quantity
and complexity of cues in memory questions may help
broaden the benefits of pretesting to untested information
(Carpenter et al., 2018). For example, Little and Bjork
(2016) found that a pretest using multiple-choice questions
with incorrect alternatives mentioned in a subsequent text
facilitated students’ memory for both pretested and non-
pretested information in the text. In contrast, a pretest ask-
ing the same question in a short answer format had limited
memory benefits for pretested information only. A more
recent study by Hilaire et al. (2019) found that integrative
factual questions that required combining facts located
across a text improved memory for both pretested and non-
pretested information. However, when a pretest used factual
questions asking for an isolated fact stated in the text, there

was a limited beneficial effect of pretesting on tested
information.

Similarly, in higher-level learning tasks, students benefit
from challenging yet feasible tasks before any formal instruc-
tion of target content knowledge. These tasks encourage or
guide students to generate multiple solutions and represen-
tations by activating rich and relevant prior knowledge
(Kapur & Bielaczyc, 2012). For example, using contrasting
cases can help activate relevant prior knowledge by high-
lighting similarities and/or differences across cases and thus,
direct students’ attention to important features of problems
or concepts (Schwartz et al, 2011; Schwartz & Martin,
2004). Beneficial contrasting cases can differ in surface fea-
tures but share the same deep features of a complex concept
(e.g., Jacobson et al., 2020) or they can share the same cover
story or problem context but vary in deep features of a con-
cept (e.g., Holmes et al., 2014; Schwartz et al., 2011).

What students do with GE tasks also impacts learning
from errors. For instance, when using contrasting cases,
encouraging students to invent a single method or represen-
tation may improve learning better than asking students to
simply compare similarities and differences across cases, or
to self-explain contrasting cases without any invention (e.g.,
Chin et al.,, 2016; Schalk et al., 2018). Moreover, invention
activities work best with abstract contrasting cases that strip
away as many contextual details as possible (e.g., Schalk
et al., 2018). Finally, students may need guidance and prac-
tice with GE tasks. For instance, Holmes et al. (2014) guided
students by explicitly prompting them to compare pairs of
contrasting cases, explain their thoughts, and evaluate their
invention. Guided students were more likely to explore dif-
ferent solutions during the invention and sustained long-
term conceptual understanding than unguided students.
Also, when students had only one inventing phase, they
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might not benefit from inventing activities because they
were unfamiliar with the activities, which imposed a high
cognitive load. However, after students practiced inventing
activities in multiple inventing phases, they learned better
compared with studying worked examples (Glogger-Frey
et al., 2015).

Kapur and Bielaczyc (2012) also proposed other critical
features for designing students’ generation activities such as
grouping students based on their abilities and knowledge to
encourage effective collaboration (e.g, Westermann &
Rummel, 2012) as well as providing students with motiv-
ational and emotional support. All the designs discussed
above can encourage and support students to generate
responses semantically associated with target content know-
ledge. This is especially important when students have lim-
ited prior content knowledge before initial learning of target
content knowledge, in which students are more likely to
generate random guesses or irrelevant errors that are
unlikely to benefit learning.

When the GE phase happens after initial learning of tar-
get content knowledge, students’ responses should be
semantically associated with target content knowledge, yet
the more retrieval effort students invest in generating
responses, the better students learn from errors. For
example, a post-test with short answer questions and exter-
nal feedback appears to boost students’ retention of know-
ledge more than multiple-choice questions (e.g., Kang et al.,
2007). It can also be helpful to embed post-test questions in
an authentic context (e.g., Larsen et al., 2013). Other
memory research has explored the number and timing of
post-tests. Arnold and Mcdermott (2013b) showed that, after
initial learning of Russian-English word pairs, students who
were tested five times before restudying learned faster and
more effectively than students who were tested only once
before restudying, despite higher error rates in both condi-
tions. Similarly, inserting post-test questions with correct
answer feedback at different locations of a textbook chapter
resulted in better long-term retention of tested information
than putting all the same questions and correct answers at
the end of the chapter (Uner & Roediger, 2018). There is
also evidence that a longer delay between initial learning
and the post-test supported better long-term memory of
tested information than a shorter delay (Carpenter et al,
2009). All the GE tasks in these studies encouraged students
to invest retrieval effort to activate rich and related prior
knowledge as much as possible.

Principle 2: The DCE phase should help students self-
explain to generate high-quality internal feedback when
processing and comparing with reference information

According to our model, high-quality internal feedback dur-
ing the DCE phase determines what and how much students
learn from errors. The quality of internal feedback depends
on the design of reference information and students” engage-
ment with reference information, such as how students
make sense of reference information and how they compare
their responses with reference information. Regarding the

design of reference information, one should consider two
dimensions of design features: the content and the presenta-
tion of reference information.

The content of reference information should at least
include the correct/expert solutions or standards for students
to compare with their erroneous responses. Providing
explanations of correct answers or standards may yield add-
itional benefits in some learning contexts. For example,
much memory research has found external feedback that
included correct answers enhanced learning from errors bet-
ter than no feedback or corrective feedback that only con-
veyed whether a response was correct (e.g., Fazio et al.,
2010; Marsh & Eliseev, 2019; Metcalfe & Kornell, 2007;
Metcalfe, 2017; Vojdanoska et al., 2010; for an exception, see
Anderson & McDaniel, 2021). However, providing correct
answer feedback to a pretest can potentially hinder learning
because students may not pay attention to the subsequent
learning materials after knowing the correct answers (Sana
et al,, 2021). Moreover, for external feedback on post-tests,
there is evidence that, compared to corrective feedback, pro-
viding elaborative feedback, also called explanatory feedback,
of explaining correct or incorrect answers may further boost
students’ memory for tested knowledge (Enders et al., 2021).

Self-assessment research also found benefits of various
forms of reference information, such as rubrics, scripts, nor-
mative/expert solutions, and worked examples. Rubrics usu-
ally consist of a list of dimensions/goals of performance, a
scale (i.e., qualitative or quantitative) for grading different
levels of achievement in each dimension/goal, and a descrip-
tion for each achievement level. Scripts are metacognitive
prompts in the form of structured checklists, steps, or ques-
tions based on models of expert performance. Normative/
expert solutions are the final products that meet standards,
whereas worked examples not only show the final products
but also demonstrate the step-by-step process of performing
a learning task. On one hand, different forms of reference
information make them appropriate as self-assessment tools
for different learning tasks. Rubrics and scripts are more
appropriate and often used to help students self-assess open-
ended tasks such as essay writing (Andrade & Boulay, 2003),
oral presentations (Hafner & Hafner, 2003), or experiment
reports (Memis & Seven, 2015), whereas normative/expert
solutions and worked examples are more appropriate and
often used to help self-assess close-ended tasks such as prob-
lem-solving with a definite answer (Safadi, 2017a). On the
other hand, different forms of reference information can be
combined to complement each other. For instance, model
essays (i.e., normative/expert solutions) may serve as add-
itional examples to support students’ understanding of pro-
vided rubrics (e.g., Andrade et al., 2008, 2010). Rubrics can
also be integrated with worked examples to encourage stu-
dents to actively process worked examples by self-grading
their levels of proficiency on each step, which is more bene-
ficial for conceptual understanding than using worked exam-
ples alone (Safadi & Saadi, 2021).

The presentation of reference information also influences
learning from errors. For example, students may benefit
from external feedback presenting only parts of correct



answers. Finn and Metcalfe (2010) used scaffolded feedback
for a pretest that provided students with one letter of the
correct answer at a time until students could generate the
rest of the answer. They found that students in the scaf-
folded feedback condition retained more correct answers
than students who were provided with standard feedback
that showed full answers. However, other studies suggest
that when students generate errors in a post-test, scaffolded
feedback and standard feedback have similar effects on long-
term retention (Fiechter & Benjamin, 2019; Leggett et al.,
2019). Moreover, there might be an advantage of immediate
feedback over delayed feedback in short-term learning from
errors. For example, memory research on the learning of
word pairs showed that providing feedback immediately
after students’ errors improved retention more than delayed
feedback (Grimaldi & Karpicke, 2012; Hays et al., 2013).
Yet, the advantage of immediate over delayed feedback to
correct errors may diminish in a delayed test of long-term
retention (Butler et al., 2007; Smith & Kimball, 2010).

Even if reference information is well-designed in content
and presentation, generating high-quality internal feedback
via self-explaining requires a deep understanding of refer-
ence information as well as reflective comparisons between
erroneous responses and reference information. Instructors
can play an important role to support these processes. For
example, teachers and students interpreting or co-generating
rubrics together before self-assessment can help students
better process reference information to appreciate and
understand standards for learning tasks, and thus, improve
the learning of content knowledge (e.g., Andrade et al,
2008; Sadler & Good, 2006). Students can also learn how to
effectively self-assess in the DCE phase by observing a
model performing reflective comparison while thinking
aloud (e.g., Kostons et al., 2012; Raaijmakers et al., 2018).

Moreover, teachers can lead class discussions and design
specific instructions on reflective comparison with reference
information in the DCE phase (e.g., Loibl & Rummel,
2014a; Ross et al., 2002; Sadler & Good, 2006). For instance,
in addition to providing rubrics, Andrade et al. (2008, 2010)
guided students to underline key phrases in the rubrics and
mark sentences in their draft essays as evidence of meeting
standards in the underlined rubrics. If students failed to find
evidence in their draft essays that matched the rubrics, they
were further instructed to write a reminder to improve on
the final essay. Finally, teachers can provide feedback on
students’ self-assessment (e.g., Andrade et al, 2010) and
design follow-up self-regulation activities such as asking stu-
dents to select more problems to work on (Zamora et al.,
2018a), creating action plans for future learning (Ross &
Starling, 2008), or improving the first draft essay by writing
the essay again (Andrade et al., 2010). All these teachers’
supports encourage students to generate high-quality
internal feedback and provide subsequent opportunities for
students to act on their internal feedback.

Instead of relying on teachers, students can help them-
selves generate high-quality internal feedback by applying
effective learning strategies in the DCE phase. For example,
self-testing after reading reference information, even without
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any feedback, can be a promising learning strategy that pro-
tects against the return of errors by deeply processing exter-
nal feedback (e.g., Metcalfe & Miele, 2014). Another way to
support students to apply effective learning strategies is to
use self-explanation prompts. For instance, in a series of
studies by Safadi (2017a, 2017b, 2018), students compared
their problem-solving processes with worked examples.
Meanwhile, students were prompted to identify and circle
mistakes, correct mistakes by writing down the correct phys-
ics principles or laws, explain why their erroneous responses
are incorrect, and give advice to a friend to avoid the same
mistakes in the future. Results showed that students who
were prompted to self-explain performed significantly better
than unprompted students in conceptual understanding.

Future research directions

Designing the GE phase to activate and externalize
related prior knowledge

Prior studies have provided abundant evidence to show the
positive effects of activating rich and related prior know-
ledge in the GE phase on learning from errors. However,
past research mainly focused on examining GE tasks to
facilitate learning of content knowledge such as retention of
knowledge and higher-level learning. Although self-
assessment research has shown learning from errors can
facilitate the development of SRL knowledge and skills, no
research has investigated the effects of designing different
GE tasks to support this particular learning goal. This is
probably because SRL knowledge and skills are inherently
embedded in all learning tasks and self-assessment is itself
an SRL skill (Andrade, 2019; Butler & Winne, 1995;
Panadero et al., 2017). Nevertheless, future research on the
design of GE tasks specifically for activating SRL knowledge
and skills may be promising for developing training pro-
grams that help students become independent learners. For
instance, students are notorious for using ineffective cues or
strategies to make judgments of learning (Bjork et al., 2013).
One can design GE tasks to activate students’ prior know-
ledge of adopting ineffective cues or strategies to monitor
learning. Such knowledge activation might provide greater
opportunities for students to learn from the following refer-
ence information that presents SRL knowledge of effective
cues or strategies for accurate judgments of learning.

Also, SRL is a complex process involving different phases,
subphases, and numerous constructs. Learning from errors
may benefit different SRL constructs to a different extent.
More research is needed to clarify which specific SRL con-
structs benefit more or less from self-generated errors and
corresponding intricate mechanisms. In this future research,
it is important to examine different SRL constructs under
the same designs or implementations of experiments to
avoid confounding explanations. Additionally, the relation-
ship between learning content knowledge and improving
SRL knowledge and skills in the context of learning from
errors is unknown. Effective learning from errors in content
knowledge might be necessary for effective learning from
errors to improve SRL knowledge and skills. For example, a
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student who does not know what is wrong with their learn-
ing of a physics concept might not be able to detect what is
wrong with their previous learning strategies to study
the concept.

Moreover, when students have insufficient prior knowledge
to understand the GE tasks or generate meaningful responses
semantically related to the target content knowledge, they may
not learn from errors effectively (e.g., Loibl & Leuders, 2019;
Seabrooke et al., 2021). Future research should not only con-
sider designing effective GE tasks to activate rich and relevant
prior knowledge but also the moderating effect of different
levels of prior knowledge on learning from errors. A related
research gap is the potential moderating effect of prior know-
ledge on the quantity and quality of errors. Although past
research found a positive association between the number of
students’ erroneous solutions and learning (e.g., Kapur, 2012;
Kapur & Bielaczyc, 2012), a measure of the quality of stu-
dents’ errors might provide insights into how different levels
of prior knowledge influence learning from errors. For
instance, the semantic relationship between response and tar-
get content knowledge in our model can provide a starting
point to measure the quality of errors.

Finally, researchers should systematically investigate spe-
cific design features of GE tasks, such as the type or format
of questions in GE tasks and the timing or presentation of
GE tasks. Particularly, there is a lack of research on GE tasks
that elicit responses in multiple representations. Most GE
tasks in past research require responses in verbal representa-
tions. However, generating visual representations might have
unique benefits in activating and externalizing prior know-
ledge to facilitate learning from errors. For example, visual
representations such as drawings, concept/knowledge maps,
and graphic organizers represent information in a nonlinear,
spatial way, making the relationships among concepts per-
ceptually salient and transparent (Larkin & Simon, 1987).
Accordingly, research suggests learner-generated visual rep-
resentations can better reveal gaps and misconceptions in
students’ conceptual knowledge, facilitate comparisons
between correct and incorrect representations, and direct
students’ attention toward key features of concepts (Becker
et al., 2016; Bobek & Tversky, 2016; Horiguchi et al., 2014;
Loibl & Leuders, 2018; Ryan & Stieff, 2019; Valanides et al.,
2013; Van Meter & Riley, 1999). Therefore, future research
should test the effects of GE tasks that elicit responses in
multiple representations on students’ learning from errors,
especially for higher-level learning in STEM domains involv-
ing complex spatial relationships or interrelated ideas.

Designing the DCE phase to encourage deep processing
of and reflective comparison to reference information

First, there is limited research on how to present reference
information. To facilitate retention of knowledge through
learning from errors, more evidence is needed to confirm
the benefits of immediate feedback to post-tests after initial
learning of target knowledge. However, there have been
inconsistent definitions of ‘immediate’ or ‘delayed’ in
research on the timing of external feedback. In some studies,

the timing of feedback was relative to completing the entire
learning task, such as a whole test (e.g., Smith & Kimball,
2010), whereas in other studies the timing of feedback was
relative to each item of a test (e.g., Grimaldi & Karpicke,
2012). Thus, immediate feedback to a whole test in one
study could be delayed feedback to each test item in another
study. Such inconsistent use of terminology might be partly
responsible for mixed empirical findings regarding the opti-
mal timing of external feedback (Mason & Bruning, 2001;
Mory, 2004; Shute, 2008). Therefore, in future studies,
researchers should clarify and explicitly define the timing of
feedback under investigation. Beyond retention of know-
ledge, higher-level learning and SRL researchers should also
examine the optimal timing of reference information for
learning from errors in GE tasks before and after initial
learning of target knowledge.

In addition, more systematic research is needed on other
content- or presentation-related design features of reference
information. For example, multimedia and multiple repre-
sentations are widely used in academic learning materials.
Surprisingly, no research on students’ learning from errors
has systematically tested the effects of adding multiple repre-
sentations in reference information and applying multimedia
learning principles to present reference information that
contains visualizations or multiple representations, although
the multimedia learning effect and multimedia learning
principles have been investigated and well supported in vari-
ous learning contexts (Mayer, 2014; Mayer & Fiorella, 2022).
For instance, there is initial evidence that, after generating
drawings, students learned better by comparing their
inaccurate drawings with reference information in a visual
format than in a verbal format (Zhang & Fiorella, 2021).

Finally, in past research, teachers took the dominant roles
in instructional support in the DCE phase. There is a lack
of research on how to help students apply effective learning
strategies themselves in the DCE phase. Fiorella and Mayer
(2015, 2016) identified eight strategies intended to promote
generative learning by encouraging students to actively make
sense of to-be-learned information: summarizing, mapping,
drawing, imagining, self-testing, self-explaining, teaching,
and enacting. Few studies in memory research involve help-
ing students use generative strategies to actively process
external feedback or make reflective comparisons (e.g.,
Metcalfe & Miele, 2014), likely because the learning materi-
als are relatively straightforward to process or compare (e.g.,
word pairs, trivia questions, etc.). Yet the way students pro-
cess external feedback and compare their answers to external
feedback, even in simple materials, might influence their
retention of knowledge. Moreover, no research on higher-
level learning or SRL has examined the effects of generative
strategies on students’ processing of reference information
to learn from errors. Future research can also explore how
to measure the quality of students’ internal feedback by
examining their products of generative learning activities.
Generative activities such as self-explaining or drawing not
only promote deep learning but also enable students to
externalize their thinking in a verbal or visual format,



making it possible to examine the quality of students’
internal feedback.

The role of motivation and emotion in learning
from errors

Research on learning from self-generated errors should con-
sider both students’ cognitive/metacognitive processes and
emotional and motivational processes to gain a comprehen-
sive picture of the phenomenon (Tulis et al., 2016). In our
model, motivation and emotion are parts of SRL knowledge
and can influence and be influenced by learning from errors,
but these relations have only limited, and thus currently
insufficient, empirical evidence from prior studies. For
example, limited empirical studies in memory research
measured students’ motivation and emotion and reported
mixed evidence on whether generating errors indeed benefits
learning through increased motivation and positive emotions
(e.g., Griffiths & Higham, 2018; Seabrooke, Mitchell, et al.,
2019). There are also few findings in PS-I research showing
the positive effects of invention activities on students’ curi-
osity and goal orientation (e.g., Loibl & Rummel, 2014a;
Sinha et al., 2021). Only self-assessment research found rela-
tively strong evidence that students’ motivational beliefs of
self-efficacy can be improved by self-assessment with
instructional support (Panadero et al., 2017).

Overall, the existing empirical evidence suggests students’
motivation and emotion play an important role in the process
of learning from errors, yet more research is needed to estab-
lish specific mechanisms. Future work should not only con-
sider moderating and/or mediating the effects of motivational
beliefs and emotional states on learning from errors but also
how different experiences of learning from errors impact stu-
dents’ motivational beliefs and emotional states. For example,
it is unclear how students’ motivation and emotion might
influence the quality of their responses in the GE phase, which
can influence the subsequent DCE phase. Future research
should also explore additional motivational constructs (e.g.,
students’ self-expectancy and values, students’ mindset, etc.) as
well as emotional constructs (e.g., negative emotions related to
errors and failures) in the context of learning from errors.

More importantly, negative feelings are likely common
when students experience errors or failures in learning, but
students may not be able to manage negative emotions well
without support. Researchers have emphasized the significance
of a learning environment or classroom climate that embraces
errors/failures and provides metacognitive, motivational, and
emotional support (Hattie & Timperley, 2007; Henry et al,
2019; Kapur & Bielaczyc, 2012; Keith & Frese, 2005). A thor-
ough understanding of students’ motivation and emotion in
learning from errors will help future research develop and test
interventions for overcoming the negative effects of errors and
to optimize learning from errors. Our model can guide future
research to systematically examine the negative effects of errors
and relevant interventions by manipulating the design of learn-
ing tasks, reference information, and learning activities in the
GE and DCE phase.*
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Developmental differences and other individual
differences in learning from errors

Participants in past research on learning from errors ranged
widely from primary school students to undergraduates.
However, different ages of participants are not evenly dis-
tributed within different lines of research. Specifically, par-
ticipants in most memory research were undergraduate
students, whereas participants in most self-assessment
research were K-12 students. Only PS-I research has a rela-
tively balanced mix of students from both age ranges. The
lack of K-12 participants in memory research and the lack
of adult participants in self-assessment research make it dif-
ficult to generalize findings from the two lines of research.
Therefore, it is crucial for future research on learning from
errors in improving retention of knowledge and in self-
assessment to sample from a population of different ages.
Meanwhile, future research may consider systematically
investigating the moderating effect of developmental differ-
ences on learning from errors. Although we believe the two
general principles to support learning from errors should
work for students of different ages, some implementation
details might need to be adjusted for students with develop-
mental differences.

Besides developmental differences, the direct and indirect
influences of many other individual differences on learning
from errors are unclear. For example, students’ motivational
beliefs develop in different learning and socio-cultural con-
texts (Rosenzweig et al., 2021). As a result, students from
different learning communities, racial groups, genders, and
cultural environments can have different beliefs about errors
and react differently to making errors. Thus, these individual
differences will also have effects on students’ learning from
errors. In sum, future research should consider the influen-
ces of students’ developmental differences as well as many
other individual differences on learning from errors.

Conclusion

Making errors is a part of the learning process and provides
opportunities to improve learning and self-regulation. The
present review proposed a theoretical model to describe the
two major phases of learning from self-generated errors: The
Generating Errors (GE) phase contributes to learning by acti-
vating students’ deficient prior knowledge and the Detecting
and Correcting Errors (DCE) phase contributes to learning
through high-quality internal feedback. Corresponding to the
two phases, our model suggests two general principles to sup-
port learning from errors: (1) The GE phase should align with
learning goals and support students to generate responses
semantically associated with target content knowledge, and (2)
the DCE phase should help students self-explain to generate
high-quality internal feedback when processing and comparing
with reference information. Depending on specific learning
goals, prior studies provided empirical evidence for various

“Although our model focused on errors that happen naturally due to students’
deficient knowledge, deliberately generating errors when students know the

correct answers might be a way to overcome negative effects of errors on
emotion and motivation (Wong & Lim, 2022).
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implementations of the principles. Yet there are more
unknowns than knowns about how to utilize errors generated
by learners to optimize learning and self-regulation. Our
model provides an outline for future research to systematically
investigate the GE and DCE phases to uncover more specific
design features and mechanisms that explain and support stu-
dents’ learning from self-generated errors.
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