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Do examples of failure effectively prepare students
for learning from subsequent instruction?
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to observing failed problem-solving attempts prior to instruction. However, the
examples of failure used in these studies did not display the problem-solving-and-
failing process, which may have limited the preparatory effects. In this quasi-experi-
ment, we investigated whether observing someone else engaging in problem solving
can prepare students for instruction, and whether examples that show the problem-
solving-and -failing process are more effective than those that only show the
outcome of this process. We also explored whether the perceived model-observer
similarity had an impact on the effectiveness of observing examples of failure. The
results showed that observing examples effectively prepares students for learning
from instruction. However, observing the model's problem-solving-and-failing pro-
cess did not prepare students more effectively than merely looking at the outcome.

Studying examples were more effective if model-observer similarity was high.
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1 | INTRODUCTION

thematically related problem, attempting to solve the problem seems

to make them more receptive to the instruction (Loibl et al., 2017).

Research on the productive failure approach (PF; Kapur, 2012) has
shown that attempting and “failing” to solve a problem prior to instruc-
tion is more effective for improving students' conceptual knowledge
acquisition (i.e., their understanding of the deep features of a concept)
than a direct-instruction (DI) approach in which students first receive
instruction and then apply the learned problem-solving strategies
(Kapur, 2012). Moreover, this benefit seems to occur without hamper-
ing the acquisition of procedural knowledge, that is, the knowledge
regarding how to apply, for instance, a mathematical formula (for an
overview, see Loibl, Roll, & Rummel, 2017). This preparatory effect of
problem solving has been especially demonstrated for mathematics and
science education (Darabi, Arrington, & Sayilir, 2018).

Even if students who are engaged in problem-solving attempts

prior to instruction do not yet know the concept required to solve a

Research on PF explains this preparatory effect by means of prior
knowledge activation and awareness of knowledge gaps evoked through
attempting and failing to solve a problem prior to instruction (Loibl
et al., 2017). For instance, if students first activate prior knowledge
through problem-solving attempts, this should help them to cogni-
tively process the information about the targeted concept provided in
the subsequent instruction, that is, to organize and integrate the new
information with prior knowledge. In addition, it is assumed that the
PF approach enables students to develop an awareness of their
knowledge gaps (Loibl & Rummel, 2014a). If students initially fail and
become aware of their knowledge gaps, it might be easier for them to
identify, organize, and ultimately integrate the missing knowledge
which is subsequently imparted during instruction. Moreover,

reaching an impasse and becoming aware of knowledge gaps is
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assumed to make students more curious about how to solve the prob-
lem, consequently making them more motivated to learn from the
later instruction.

Nevertheless, despite studies showing that the PF approach is
more effective than DI, and some indications that the aforementioned
mechanisms might explain this effect (Loibl et al., 2017), it remains
unclear which preparatory activities during problem solving prior to
instruction indeed promote conceptual knowledge acquisition. It
seems reasonable to assume, however, that there may be alternative
ways to prepare students for instruction, for instance by having them
observe someone else engaging in problem-solving attempts, that is,
studying examples of failure. To investigate whether students need to
generate their own problem-solving attempts, Kapur (2014a, 2014b)
compared a PF condition to a “vicarious failure” (VF) condition, in
which students were prompted to assess failed solution attempts gen-
erated by other students before receiving instruction, as well as to a
DI condition. The results showed that students in the PF condition
outperformed those in the VF and DI conditions in a conceptual
knowledge post-test. Kapur (2014b) concluded that generating their
own solution attempts prepares students more effectively due to a
better activation of prior knowledge, as the vicarious experience of
failure was less effective than PF. However, students in the VF condi-
tion also outperformed students in the DI condition. Accordingly,
observing another student's outcomes of problem-solving attempts
seems to trigger at least some preparatory mechanisms similar to PF,
although not as effectively as PF.

A possible explanation for why VF was better than the DI control
condition, but not as effective as PF in Kapur's (2014a, 2014b) stud-
ies, might lie in the fact that only the outcome of the attempt, and not
the entire process was shown. Accordingly, students looked at final
solution attempts (i.e., problem-solving outcome), but without seeing
and hearing the actions and thoughts of the model as they unfolded
throughout the problem-solving process, that is, the model's intentions
or conclusions regarding the various steps in the process. Further-
more, as the examples used by Kapur (2014a, 2014b) were didacti-
cally prepared to make them more comprehensive, they appeared less
like authentic student examples. This lack of authenticity could have
decreased the observers' personal involvement (cf. Couzijn, 1999) and
their identification with the model, thus preventing them from
adopting the model's failure as their own and diminishing the success
of VF. In light of the literature on example-based and observational
learning, it seems reasonable to expect that the effectiveness of
observing examples of another student who is attempting and failing
to solve a problem would depend on, firstly, which parts of the
problem-solving process the observer has access to, and secondly, the
perceived model-observer similarity, that is, the extent to which
the observer identifies with the model whose solution attempts he or
she is studying. If examples from failing students indeed provide more
insight into the model's problem-solving process (i.e., by using video
modeling examples) and enable observers to identify with the PF
model more strongly, this might lead to a more effective activation of
the observer's own prior knowledge and a better awareness of his/her

own knowledge gaps. Accordingly, studying examples of failure should

be more effective than in Kapur's (2014a, 2014b) study. We will elab-
orate on these topics in the following two sections.

The present quasi-experimental study compares VF conditions in
which students either observed the process of another student engaged
in problem-solving attempts or only looked at the final outcome of the
model's problem-solving to a condition in which students were
instructed first (DI), that is, the standard control condition as used in
classical PF studies (e.g., Kapur, 2014a, 2014b; Loibl & Rummel, 20143,
2014b). We additionally explored the potential impact of model-
observer similarity. Besides contributing to research on the PF para-
digm, the present study also contributes to research on example-based
and observational learning. Research on example-based learning dem-
onstrates the beneficial effects of studying worked examples (i.e., of
the canonical solution or parts thereof) prior to instruction (for review,
see Van Gog, Rummel, & Renkl, 2019), and of studying erroneous
examples subsequent to instruction (e.g., Tsovaltzi, McLaren, Melis, &
Meyer, 2012). However, so far, it is unclear whether studying examples
of failure prior to receiving instruction can also be conducive to learning,

and if so, under which conditions.

2 | VIDEO MODELING EXAMPLES:
MAKING FAILURE OBSERVABLE

As mentioned above, Kapur (2014a, 2014b) converted original stu-
dent solutions into “well-designed” static worked examples. The VF
students in his study looked at “typical” problem-solving outcomes,
augmented with a brief description of what a solution was about, and
then had to evaluate whether the provided examples displayed good
or weak problem-solving attempts. Therefore, VF students did not

|u

observe the “natural” behavior as performed by another student dur-
ing the problem-solving process. This natural model behavior, which
can be made visible by using video modeling examples (for a discus-
sion of worked examples and modeling examples, see Van Gog &
Rummel, 2010; Van Gog et al., 2019) or auditory think-aloud record-
ings, might, however, have included parts of the problem-solving pro-
cess which make the PF approach effective for conceptual knowledge
acquisition.

Recordings of the problem-solving process of the model, for
instance, might reveal detailed information about how the model
explored and interpreted the problem-solving task. Importantly, think-
aloud recordings of the model's thoughts would make it more salient
to the observer why the model came up with a certain solution
attempt, accompanied by further descriptions. In other words, the
observer would have access to how the model used prior knowledge
to come up with a solution attempt, and this would help the observer
to activate his/her own prior knowledge as well. Furthermore,
experiencing incompetence or failure is assumed to be an essential
preparatory effect of engagement in problem solving prior to instruc-
tion. For instance, Loibl and Rummel (2015) found that students who
received instruction prior to problem solving overestimated their com-
petence after instruction. By contrast, students who engaged in

problem-solving attempts prior to instruction perceived a gain in
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competence from the preparation activity to instruction, acquired
more conceptual knowledge from the instruction, and assessed their
learning more accurately (Loibl & Rummel, 2015). Accordingly, existing
research on the PF paradigm suggests that the experience of failure,
that is, the perception of incompetence is a relevant preparatory
effect. It seems reasonable to assume that observing another student
engaged in problem-solving attempts would also trigger the experi-
ence of failure, however, it is unclear upon which criteria observers
assess their competence and experience failure when they are not
actually failing themselves.

If students attempt to solve a problem, which is completely unfa-
miliar to them, they will most likely have fewer objective criteria or
standards on hand to accurately assess problem-solving performance.
Students who engage in their own problem-solving attempts might
experience failure because they have the impression that they are
unable to solve the problem by means of their own prior knowledge
and abilities. In other words, they might detect flaws in their solution
attempts, making them aware of their knowledge gaps or incompe-
tence (Loibl & Rummel, 2014a). It stands to reason that students who
do not engage in problem solving themselves but observe problem-
solving attempts may likewise develop a better awareness of their
own knowledge gaps. They may identify with the model (vicarious
experience of failure) and—at least when they can observe the
process—they also observe how the model elaborates on flaws
(or strengths) of his or her solution attempts. In contrast, students
who are only provided with the finished solutions, without any further
process information, may not develop such awareness.

In conclusion, the lack of information about the problem-solving
process of the model in Kapur's studies (2014a, 2014b) might explain
why VF was less effective compared to PF, because the effectiveness
of observing someone else engaged in problem-solving attempts also
depends on the extent to which the model's failure whereas engaged
in problem solving is observable. By giving observers access to the
model's intentions, expectations, conclusions, and critical reflections,
video modeling examples might more effectively trigger observers'
own prior knowledge activation and awareness of knowledge gaps.
Thus, information about how the model actively explored the not-
yet-known concept might be the key for preparing students more
effectively for learning from instruction by means of examples of

failure.

3 | MODEL-OBSERVER SIMILARITY

Besides the observability of the problem-solving process, the charac-
teristics of the model, and especially the observer's perception of
these characteristics, might also influence the effectiveness of observ-
ing another student engaged in problem-solving attempts prior to
instruction. Research on observational learning has indicated that if
observers identify strongly with the model, they may be more likely to
see the model's failure as also applicable to themselves. According to
research on modeling, and in particular on model-observer similarity

(Schunk, 1987), “the greater the assumed similarity, the more

persuasive are the model's success and failures” (Bandura, 1994,
p. 81). If an observer feels that he/she is more competent than the
model, for instance, the observer may dismiss the model's failure as
irrelevant (i.e., “I would have done better”) and pay less attention to
the examples and subsequent instruction. Thus, regardless of how
good or bad the displayed solution attempts actually are, the per-
ceived similarities (high identification) or dissimilarities (low identifica-
tion) between the observer and the model may affect the observer's
experience of failure, how the observer elaborates on the model's
problem solving, and accordingly the preparatory effects by means of
observing.

However, model-observer similarity can occur on several dimen-
sions (e.g., competence, age, gender; Schunk, 1987) and findings on
the effects of model-observer similarity on students' learning are
mixed. With regard to model competence, studies on example-based
learning provide some evidence for this similarity assumption. For
instance, in the domain of argumentative writing, Braaksma,
Rijlaarsdam, and van den Bergh (2002) found that less competent
observers learned more from less competent models, and the same
applied to pairs with higher competence. This effect, however, was
not replicated for more creative writing tasks (Groenendijk, Janssen,
Rijlaarsdam, & van den Bergh, 2013). With respect to gender, studies
on observational learning found that children are more influenced by
same-sex models and that boys tend to learn more aggressive behav-
ior by observing aggressive male models than by observing aggressive
female models (Bandura, Ross, & Ross, 1963). Accordingly, an
observer with the same gender of the model may be more likely to
adopt the failure or success of the model for him/herself.
Hoogerheide, Loyens, and Van Gog (2016) and Hoogerheide, Loyens,
Jadi, Vrins, and Van Gog (2017), however, did not find evidence that
the effectiveness of learning from video modeling examples depends
on the model's and observer's gender when the content of the exam-
ples is otherwise completely identical, although students indeed per-
ceived higher model-observer similarity with same-gender models
(Hoogerheide et al., 2017).

In conclusion, although studies have vyielded mixed findings
regarding the impact of perceived model-observer similarity on stu-
dents' learning outcomes, it should be noted that in the context of the
PF approach, learning is assumed to take place not during the initial
problem-solving phase, but rather during the subsequent instruction
(Loibl et al., 2017). If experiencing failure by means of failed problem-
solving attempts explains preparatory effects of PF, it might be argued
that students who observe failed problem-solving attempts also need
to experience failure in order to be effectively prepared for the later
instruction. If observers perceive high model-observer similarity by
relying on model characteristics, such as competence beliefs or gender
(Schunk, 1987), they might be more likely to apply the model's failure
to themselves. To the best of our knowledge, there is no previous
research on the PF paradigm which explored potential effects of
model-observer similarities. However, such effects might partially
explain why the vicarious experience of failure in Kapur's studies
(2014a, 2014b) was less effective for conceptual knowledge acquisi-

tion compared to engaging in problem solving oneself.
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4 | PRESENTSTUDY AND HYPOTHESES

The present quasi-experimental study investigates under which condi-
tions observing examples of failing students (VF) effectively prepares
students for learning from subsequent instruction.! We compared VF
conditions in which students either observed the process of another
student engaged in problem-solving attempts (VF-process) or only
looked at the final outcome of the model's problem-solving (VF-out-
come). To explore the impact of model-observer similarity, we
implemented two further sub-groups in both VF conditions: same-gen-
der and cross-gender. In the same-gender condition, students studied
examples from a model with the same gender (high model-observer
similarity), whereas in the cross-gender condition, they studied exam-
ples of a model with the opposite gender (low model-observer similar-
ity). We used the gender to manipulate model-observer similarity
because it was the most salient model characteristic for students in
the two VF conditions. The model's gender was made salient by fre-
quently mentioning the fake name of the model while introducing the
task for VF (female: Anna; male: Tim; see also, Data S1, Appendix C).
Students in the VF-process condition were also able to identify the
gender by the model's voice. As used in existing studies on the PF
approach, we also implemented a DI condition to replicate Kapur's
(2014a, 2014b) finding that by observing examples of failure
(VF) effectively prepares students to acquire conceptual knowledge
from the later instruction. Importantly, existing studies on PF reported
beneficial effects on conceptual knowledge acquisition, while proce-
dural knowledge acquisition was not affected (e.g., Loibl & Rummel,
2014a). We therefore only expected effects on conceptual knowledge
acquisition, and not on procedural knowledge acquisition. We formu-

lated the following hypotheses:

Hypothesis 1 Findings by Kapur (2014a, 2014b) showed that VF out-
performed the DI approach, and we expected to replicate this
effect for both VF conditions. Accordingly, we hypothesized that
VF-process and VF-outcome would outperform DI on the concep-

tual knowledge post-test.

Hypothesis 2 We assumed that displaying the problem-solving process
to observing students would support them in activating own prior
knowledge and becoming aware of own knowledge gaps. Thus, we
expected that observing the problem-solving process by means of
modeling-examples (VF-process) would prepare students more
effectively compared to the condition in which students only
looked at the outcome of the model's problem solving (VF-out-
come). Note that the VF condition used by Kapur (2014a, 2014b)

is comparable to the VF-outcome condition in the present study.

Hypothesis 3 As awareness of knowledge gaps was highlighted as an
important mechanism to prepare students to benefit from the sub-
sequent instruction (Loibl & Rummel, 2014a), we expected that
mean differences between VF-process, VF-outcome and DI in the
self-reported awareness of knowledge gaps would be in line with

Hypotheses 1 and 2: we expected students in VF-process to

become more aware of their knowledge gaps than students in VF-
outcome and that students in both VF conditions would report

more awareness than students in DI.

Hypothesis 4 Additionally, in the VF-process and VF-outcome condi-
tions, we hypothesized that an higher identification with the
model, that is, a higher model-observer similarity, would be con-
ducive for the vicarious experience of failure. We expected that
students with same-gender models would perform better on the
conceptual knowledge post-test compared with students with
cross-gender models. As the model's gender was salient for both
VF conditions, we expected effects of perceived model-observer
similarity to be equally effective in VF-process and VF-outcome

conditions.
5 | METHODS
5.1 | Participants and design

We conducted a quasi-experimental study in a secondary school
(three classes) in Germany during regular mathematics lessons. The
initial sample consisted of N = 71 students, but 20 students (VF-pro-
cess: n = 9, VF-outcome: n = 6; DI: n = 5) did not complete all phases
of our study and thus had to be excluded from the analyses. The final
sample therefore comprised N = 51 students (24 female and 27 male;
age: M = 16.29, SD = 0.73). The three classes were randomly assigned
to DI (one class, n = 18) or VF (two classes, n = 33). Students from the
two VF classes were first pooled and then randomly assigned to the
VF-process (n = 15) or the VF-outcome (n = 18) condition. A power
analysis indicated that our sample size is sufficient to detect a large-
sized effect (f = 0.39, 1-p = .80; G-Power Analysis), which would be
sufficient to detect the effects reported by Kapur (2014a) for compar-
isons included in our hypotheses (e.g., VF > DI: Cohen's d = 0.80).

5.2 | Materials

5.2.1 | Problem-solving task

The problem-solving task used was adopted from Kapur (2014a,
2014b), and is the task most widely used in previous PF studies
(e.g., Kapur, 2014a; Loibl & Rummel, 2014a). It is a mathematical task
targeting the concept of variance (i.e., mean absolute deviation) using
a cover story about soccer: Learners were prompted to identify the
most consistent soccer players by studying a list of the number of
goals that three soccer players scored over a 10-year period. Students
who attempt to solve this problem normally produce solutions that
differ in how many of the following components of the canonical solu-
tion they cover (cf. Loibl & Rummel, 2014a): sum up deviations for all
data points to get a precise result, take absolute or squared devia-
tions, that is, positive values to prevent positive and negative devia-

tions from canceling each other out, take deviations from a fixed
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reference point (the mean) to avoid sequence effects, and divide by
the number of data points to account for sample size. Students in
both VF conditions were presented with the same problem (see Data
S1, Appendix B), but had access to the solution attempts generated by
another student. Students in the DI condition also worked on the
same mathematical problem, but after receiving instruction on the
canonical solution. As students in the DI condition have already been
taught about the canonical solution, they usually applied the canonical
solution and graphically represented the data of the three soccer

players (see Kapur, 2014a).

5.2.2 | Examples used in the VF conditions

In order to collect the material for the examples of failure in the VF
conditions, 24 students from another school (henceforth also referred
to as the “PF-model group”) attempted to find solutions for the math-
ematical problem (for a selection of exemplary solutions, see
Figure 1). These students generated their solutions on tablet PCs
while thinking aloud, and this process was audio- and video-recorded.
The examples contained differing numbers of solution attempts pres-
ented in clear handwriting. As shown in previous studies (e.g., Loibl &
Rummel, 2014b), none of the presented PF-models found the canoni-
cal solution. The solution attempts of the 24 PF-models were shown
to the students in the VF-process and VF-outcome conditions on tab-
let PCs. Thus, students in the two VF conditions did not produce their
own solution attempts, but instead studied the solutions of the PF-
model group. The two VF conditions differed regarding the informa-
tion to which students had access. Students in the example condition
with process information (VF-process) watched a video displaying the
model's problem-solving steps and were able to hear the model's
voice throughout the process. In contrast, students in the VF-
outcome condition were only shown pictures of the final state of the
model's solution attempts, without receiving the audio and video. In

both VF conditions, each solution attempt was presented for the

Solution A — Dot diagram & Distribution

Solution C — Year-on-Year Differences

same amount of time that the model had needed to produce the

attempt.

5.3 | Measures

5.3.1 | Mathematical ability and prior knowledge
(pre-test)

We measured the students' mathematical ability by asking them to
indicate their two most recent grades in mathematics. Therefore,
mathematical ability assessed a more overarching ability to solve
mathematical problems, as indicated by past academic achievements.
Students' prior knowledge was measured with a pre-test equivalent to
the one used by Loibl and Rummel (2014a, 2014b), with six items
(Cronbach's alpha = .11) asking students to interpret and draw graphs
(three points), apply their knowledge of descriptive statistics (mean
and range, three points), and to draw and interpret a boxplot (four
points). Within the pre-test, the students were also asked whether
they knew the canonical problem solution. Note that to avoid prepa-
ratory effects by means of prior knowledge activation, the pre-test
did not specifically test the concept of variance. Therefore, the pre-
test gauged relevant knowledge and a broad variety of related con-
cepts rather than specific knowledge about the targeted concept. This
might explain the low internal consistency, as the six items measured
different aspects of the students' prior knowledge and it cannot nec-

essarily be assumed that these aspects are highly correlated.

5.3.2 | Quantity and quality of solution attempts

To measure the quantity of student solutions generated in the PF-
model group, we counted the number of different solution attempts,

irrespective of their quality. To assess the quality of solution attempts,

we adopted a coding scheme from Loibl and Rummel (2014b): Each
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solution was further assigned to a score ranging from zero (none of
the canonical solution components included) to four (all of the four
canonical solution components included). To evaluate the overall qual-
ity of the solution attempts, we used the score of the one solution
with the highest number of components included. A second rater
coded all solution attempts generated by the 24 students of the PF-
model group. The inter-rater reliability assessed by the ICC (random,
absolute) was high for quantity, ICC = .94, 95% CI [.88, .98], and mod-
erate for quality ICC = .60, 95% Cl [.27, .80].

5.3.3 | Awareness of knowledge gaps

Students' self-reported awareness of knowledge gaps was measured
with items adopted from Loibl and Rummel (2014a) and Glogger-Frey,
Fleischer, Griiny, and Renkl (2015). Five items (Cronbach's alpha = .68)
required students to rate, on a 6-point Likert scale, to what extent
they perceived their own knowledge after problem solving
(or observing the model or looking at the model solutions, respec-
tively) as adequate. Some of the items asked about the produced or
observed solutions more directly (e.g., “the solutions seem to be
incomplete”). A high awareness of knowledge gaps was indicated if
students agreed with the statement that they did not know certain
things yet or had the impression of lacking knowledge. All five items
can be found in the supplementary materials (Data S1, Appendix F).

534 |
(post-test)

Conceptual and procedural knowledge

The post-test measured conceptual and procedural knowledge and
was congruent with the test used by Loibl and Rummel (2014a,
2014b). Four conceptual knowledge items (Cronbach's alpha = .44)
required students to explain graphical representations of the canonical
formula (two points), to sort data sets according to their distribution
(two points), and to identify and explain errors of typical student solu-
tions by relating them to the components of the canonical solutions
(three points). In addition, three procedural knowledge items
(Cronbach's alpha = .53) required students to procedurally apply the
canonical problem-solving procedure (i.e., mean absolute deviation) to
isomorphic problems (five points). A second rater coded 20% of the
conceptual knowledge post-tests. Inter-rater reliability assessed by
the ICC (random, absolute) was high for the entire scale, ICC = .97,
95% CI [.91, .99], as well as for each item. The post-test can be found
in the supplementary materials (Data S1, Appendix E). The low internal
consistency might be explained, firstly, by the low number of items,
and secondly, by the fact that each item for conceptual knowledge
requires students to apply their knowledge on different components
of the canonical solution. Even if linking all components would indicate
a high level of conceptual knowledge, a comprehensive understanding
of all components would rather not be expected, especially because
our results retrospectively indicate a high difficulty of the conceptual

knowledge items.

54 | Procedure

The study consisted of four phases: Pre-test, (observing) problem
solving, instruction, and post-test; the order of the (observing)
problem-solving and instruction phases depended on the assigned
condition (for an overview, see Figure 2). For all conditions the pre-
test (duration of 20 min) took place about one week before the learn-
ing phase. There was one day between the two parts of the learning
phase, that is, in the VF conditions students observed problem-solving
attempts and the next day received instruction, and in the DI condi-
tion students received instruction and the next day engaged in prob-
lem solving. The post-test directly followed the learning phase, that is,
in VF immediately after the instruction, in DI immediately after prob-
lem solving.

After completing the pre-test, students in the VF conditions
observed another student's work on the mathematical problem for
45 min. They either observed another student's process of being
engaged in problem-solving attempts (VF-process) or looked at the
outcomes of a PF-model's problem-solving attempts (VF-outcome).
These solution attempts came from the 24 PF-models. Students in the
PF-model group had been instructed to generate as many solution
attempts for the mathematical problem as possible. All of their solu-
tions (as well as their voices while thinking aloud) were recorded on
the tablet PCs, including any notes they made. Individual students
from the PF-model group were then yoked to one participant from
the VF-process condition and one participant from the VF-outcome
condition (who would observe that PF student's solution attempts).
Students in the VF-process and VF-outcome conditions were also
either yoked to a student with the same (n = 16; high model-observer
similarity) or opposite gender (n = 17; low model-observer similarity).
The yoking procedure was designed such that (a) the assigned models
had (as much as possible) similar mathematical abilities to the respec-
tive VF students and (b) the number of females and males (as well as
the mathematical ability) was balanced within the same- and cross-
gender subgroups. A detailed description of the yoking procedure can
be found in the supplementary materials (Data S1, Appendix A).

In the introduction to the experimental phase, students in the two
VF conditions were told that they were going to spend 45 min observ-
ing another student who was attempting to solve a problem. Students
did not receive any support or instruction on the target concept or
concerning relevant problem-solving strategies while working on the
mathematical problem-solving task. For students in both VF conditions
(and the PF-model group), this phase was followed by 45 min of
instruction about the canonical solution from the experimenter. This
instruction took place in the next mathematics lesson within one week,
was the same as that used in the study by Loibl and Rummel (2014a,
2014b) and explained the canonical solution by distinguishing it from
solution attempts which students typically produce.

In the DI condition, the students received this instruction first
and then worked on the same mathematical problem-solving task that
the VF students had observed (and the PF-model group had
attempted to solve). Finally, students in all conditions worked on a

30-minute post-test requiring them to apply (procedural knowledge)
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FIGURE 2 Experimental procedure
TABLE 1 Descriptive statistics
VF-process VF-outcome Total
(n =15) (n=18) DI (n = 18) PF-model (N=75)
Measures Points/scale M (SD) M (SD) M (SD) group (n = 24) M (SD)
Mathematical ability? Pre-test 1-6 3.13(1.33) 3.00(0.99) 3.11(0.83) 3.96 (0.74) 3.36 (1.03)
Prior knowledge Pre-test 0-10 4.27 (1.25) 3.47 (0.88) 3.81(0.75) 4.67 (1.64) 4.09 (1.29)
Knowledge gaps Phase 1 0-5 2.07 (0.72) 2.84 (1.04) 1.66 (0.74) 2.89(0.88) 2.42 (1.00)
Solution quantity Phase 1 4.27 (1.10) 4.44 (1.42) 2.44 (0.86) 4.54 (1.29) 3.96 (1.46)
Solution quality Phase 1 0-4 2.00(0.93) 1.78 (0.88) 3.89 (0.32) 1.83(0.96) 2.35(1.19)
Procedural knowledge Post-test 0-5 3.60 (1.56) 3.67 (1.50) 3.55(1.48) 4.10(1.29) 3.76 (1.44)
Conceptual knowledge Post-test  0-7 2.43(1.62) 1.94 (1.55) 0.67 (1.03) 3.23 (1.40) 2.15(1.69)

2ln Germany, ‘1’ represents the best grade while ‘6’ represents the worst grade.

represents the worst and ‘6’ the best grade.

and explain (conceptual knowledge) the canonical solution to isomor-

phic problems.

6 | RESULTS

Table 1 shows the descriptive statistics (for conceptual knowledge,
see also Figure 3). Further descriptive statistics as well as correlations
between all variables can be found in the supplementary mate-
rials (Data S1, Appendix D).

As expected, mathematical ability correlated positively with con-
ceptual knowledge acquisition, r(51) = .34, p = .013. Prior knowledge
did not significantly correlate with the students' conceptual knowl-
edge acquisition, r(51) = .18, p = .221. As revealed by two ANOVAs,
the VF-process, VF-outcome and DI conditions did not significantly
differ with regard to prior knowledge, F(2, 48) = 2.59, p = .072,

To facilitate interpretation, grades were reverse-coded so that ‘1’

np? = .10, or mathematical abilities, F(2, 48) = 0.08, p =.924, y,% = .003.
As the students' mathematical abilities significantly correlated with
their conceptual knowledge acquisition and there were no significant
differences between the conditions, mathematical ability was consid-
ered as covariate in the analyses on our hypotheses.

We defined a priori contrasts in an ANCOVA using mathematical
ability as covariate to test our hypotheses on conceptual knowledge
acquisition (Hypotheses 1 and 2). Overall, the ANCOVA revealed sig-
nificant differences between the VF-process, VF-outcome and the DI
conditions, F(2, 47) = 8.32, p = .001, npz = .26. Mathematical ability
had a significant impact on conceptual knowledge acquisition, F
(1,47) = 8.79,p = .005, y,% = .16.

Hypothesis 1 The first contrast tested the hypothesis that both VF con-
ditions (VF-process: weight of 1; VF-outcome: weight of 1) would
outperform the DI condition (weight of —2) on the conceptual
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knowledge post-test. In accordance with the findings of Kapur
(2014a, 2014b), students in both VF conditions performed better
on the conceptual knowledge post-test than did students who first
received instruction, F(1, 47) = 16.14, p < .001, 1% = .26.

Hypothesis 2 We further hypothesized that observing the problem-
solving process (VF-process: weight of 1) would prepare students
more effectively than the condition in which students only looked
at the outcome of the model's problem-solving (VF-outcome:
weight of —1). While the descriptive statistics were in the
expected direction, the second contrast showed that the differ-
ence between the VF-process and VF-outcome conditions was not
statistically significant, F(1, 47) = 0.37, p = .367, npz =.02.

Hypothesis 3 We hypothesized that the students' awareness of knowl-
edge gaps after observing examples of failure (VF) or receiving
instruction (DI) would be in accordance with Hypotheses 1 and 2.
Thus, we assumed that students in the VF-process condition
would become more aware of their knowledge gaps than students
in the VF-outcome condition and that both VF groups would
report more awareness than students who received direct instruc-
tion. To test these assumptions, an ANOVA was conducted using
the same a priori contrasts as defined for Hypotheses 1 and 2.
Overall, the ANOVA revealed significant differences between the
conditions regarding the self-reported awareness of knowledge
gaps, F(1, 48) = 8.94, p =.001, np2 =.27. In line with our expecta-
tion, students in both VF conditions showed greater awareness
after observing examples of failure than students in the DI condi-
tion, F(1, 48) = 10.21, p = .002, np2 = .18. In contrast to our
assumption, however, students in the VF-process condition
reported significantly less awareness of knowledge gaps than stu-
dents in the VF-outcome condition, F(1, 48) = 6.73, p = .013,
n,,z =.12. Overall, the self-reported awareness of knowledge gaps
did not significantly correlate with conceptual knowledge acquisi-
tion, r(51) = .12, p =.393.

Hypothesis 4 We hypothesized that VF-students who were assigned to
PF-models with the same gender (n = 16; high model-observer

PF-model group

similarity) would gain more conceptual knowledge compared to
students who were assigned to a model with the opposite gender
(n = 17; low model-observer similarity). We compared same- and
cross-gender yoked students in VF with a separate ANCOVA using
mathematical ability as covariate. The analysis revealed a signifi-
cant effect of mathematical ability on conceptual knowledge
acquisition, F(1, 30) = 8.72, p = .006, ﬂp2 =.23. In line with our
hypothesis, same-gender yoked students (M = 2.72; SD = 1.70)
outperformed cross-gender yoked students (M = 1.65; SD = 1.30)
in the conceptual knowledge post-test, F(1, 30) = 4.83, p = .036,
npz =.14. Thus, students in the two VF conditions performed bet-
ter on the conceptual knowledge post-test if they were more simi-
lar (in terms of gender) to the assigned model. Table 2 additionally
shows the descriptive statistics for the same- and cross-gender

subgroups.

7 | DISCUSSION
Previous research on the PF paradigm showed that generating solu-
tion attempts prepares students more productively for learning from
subsequent instruction compared to the vicarious experience of fail-
ure (Kapur, 2014a, 2014b). However, findings by Kapur (2014a,
2014b) also showed that studying examples of students who were
engaged in problem solving prior to instruction was more effective
compared to receiving instruction first (DI). We hypothesized that the
effectiveness of the vicarious experience of failure might depend on
the extent to which the problem-solving-and-failing process is shown
and on whether the observer is able to self-identify with the model
observed. We therefore investigated the effects of having access to
process information of the PF-model's problem-solving attempts (VF-
process), looking only at the finalized outcome of the model's problem
solving (VF-outcome), and observing a PF-model with the same or
opposite gender. Note that the PF-model was a student from the PF-
model group who was engaged in own problem-solving attempts.

Our findings are in accordance with Kapur's (2014a, 2014b) find-
ing that observing examples of failure (VF) can effectively prepare
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TABLE 2 Descriptive statistics

VF same-gender (n = 16) VF cross-gender (n = 17) Total (N = 33)

Measures Points/scale M (SD) M (SD) M (SD)

Mathematical ability Pre-test 1-6 3.09 (1.14) 3.03(1.17) 3.06 (1.14)
Prior knowledge Pre-test 0-10 3.50(0.91) 4.15 (1.23) 3.83(1.12)
Knowledge gaps Phase 1 0-5 2.36 (0.69) 2.61(1.20) 2.49 (0.98)
Solution quantity Phase 1 4.50 (1.41) 4.24 (1.15) 4.36 (1.27)
Solution quality Phase 1 0-4 1.88(0.89) 1.88 (0.93) 1.88 (0.89)
Procedural knowledge Post-test 0-5 3.75(1.71) 3.53(1.33) 3.64 (1.51)
Conceptual knowledge Post-test 0-7 2.72(1.70) 1.65 (1.30) 2.17 (1.58)

students for learning from instruction. As stated in Hypothesis 1, stu-
dents in the DI condition were less able to explain different compo-
nents of the canonical solution in the post-test (i.e., conceptual
knowledge) compared with students in the two VF conditions. Expan-
ding on existing studies on example-based learning, which have
already demonstrated the effective use of erroneous examples after
2014; Heemsoth & Heinze, 2014,

McLaren, Adams, & Mayer, 2015) and of worked examples before

instruction (e.g., Adams et al.,

instruction (Glogger-Frey et al., 2015; Likourezos & Kalyuga, 2017),
our results demonstrate that examples of failure can be conducive for
learning when studied prior to instruction.

Nevertheless, students who received direct instruction achieved
only M = 0.67 (SD = 1.03) points on the conceptual knowledge post-
test, and 11 out of 18 students achieved no points at all, calling the
effectiveness of the DI control condition into question. Receiving
direct instruction might have been too demanding for the students,
for instance because the allocated time was not sufficient to impart
the content without any preparation or introduction. Therefore,
beyond the comparison with a DI condition, a comparison of different
example-based conditions (e.g., showing an example of the correct
solution as compared to showing examples of failed solution attempts)
against each other and with problem-solving as preparatory activity
might constitute a better design for further investigating mechanisms
underlying the PF approach. An important advantage of example-
based control conditions lies in the fact that examples can be designed
in accordance with assumed preparatory effects. For instance, in
future research, giving students the opportunity to contrasting suc-
cessful and failing problem-solving behavior, or to compare a failing
model's “didactical” responses to failure (e.g., explicitly identifying
knowledge gaps) with their own or another students' responses to
failing attempts, might provide insights into the importance of failure
as a preparatory mechanism.

We argued that the effectiveness of the vicarious experience of
failure would depend on the extent to which the problem-solving
process is shown. Consequently, we hypothesized that the VF-
process condition would prepare students more effectively for the
later instruction compared to the condition in which students only
looked at the outcome of the model's problem-solving process
(Hypothesis 2). However, our data did not support this assumption.

While students in the VF-process condition seemed to outperform

those in the VF-outcome condition on the conceptual knowledge
post-test when looking at the descriptive statistics, this difference
was not statistically significant. As our sample size was only suffi-
cient to detect large effects, this may either reflect a power problem,
or it might be the case that effective prior knowledge activation does
not require students to experience the entire problem-solving pro-
cess. If students observe and understand the problem-solving
attempts, this might be sufficient for them to relate their own prior
knowledge to the model's solution attempts, and would help them to
elaborate more effectively on the content as taught during the sub-
sequent instruction. Future research with a larger sample size and
measures of prior knowledge activation might shed light on this
issue.

In addition, we assumed that the awareness of knowledge gaps
would explain how effectively students were prepared for the later
instruction (Hypothesis 3). When comparing both VF conditions to DI,
our data on the students' awareness of knowledge gaps were in line
with the students' conceptual knowledge acquisition. However, stu-
dents who looked only at the outcome of the problem-solving process
reported more awareness of knowledge gaps than did students in the
VF-process condition, but there were no significant differences in
how prepared students in both conditions were to acquire conceptual
knowledge from the instruction. If anything, the mean score in the
VF-process condition was slightly, though not significantly, higher.
One could argue though, that it is the awareness of knowledge gaps
as such, rather than the extent of awareness students rated here, that
explains the effectiveness of the PF approach. These findings add to
research on the PF approach, by showing that not only one's own
problem solving can effectively trigger an awareness of knowledge
gaps (cf. Loibl & Rummel, 2014a), but also observing examples of
failure.

Our findings further suggest that beneficial effects of observing
another student's problem-solving attempts depend on the extent to
which observing students can self-identify with the model. As stated
in Hypothesis 4, students who observed a same-gender model out-
performed students who observed a model of the opposite gender on
the conceptual knowledge post-test, possibly because they could
identify with the model's failure and thus paid more attention to the
model's solution attempts. These findings add to the literature on

model-observer similarity (e.g., Hoogerheide et al., 2017; Schunk,
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1987) and suggest that effects reported in this literature might also
apply in the context of PF. In order to manipulate model-observer simi-
larity we used gender as a salient attribute of the model. However, our
data do not reveal which specific model characteristics triggered
model-observer similarity. Further studies are needed to elucidate
which model characteristics indeed trigger the observer's perception of
similarity and which cognitive or motivational mechanisms are associ-
ated with the perception of model-observer similarity.

Taken together, our study provides important implications for fur-
ther research on the mechanisms underlying learning from failed solu-
tion attempts, particularly when using example-based boundary
conditions to investigate preparatory mechanisms of the PF approach.
The probably most important implication is that design principles of
examples of failure (e.g., problem-solving process or the observer's
perception of the model) potentially affect preparatory effects, and
example-based control conditions were more effective than the DI
control group. However, due to the relatively small sample size and
the quasi-experimental design of the study, our results need to be
replicated in order to draw more definitive conclusions. Moreover,
further studies need to experimentally compare example-based con-
trol conditions to a PF condition.

As a first step, our study indicated different ways in which
example-based conditions might be designed in order to investigate
preparatory effects by means of observing or problem-solving. Another
methodological implication for further studies refers to the question of
which examples are displayed to the students. In the present study, we
displayed all solution attempts generated by the PF-model group to the
students in VF. In contrast, Kapur (2014a, 2014b) used the same set of
examples for all students in VF. From a research perspective, the
yoking-procedure presented here has the advantage that any differ-
ences between PF and VF cannot have been caused by differences in
the number or kind of solution attempts generated/observed. For
instructional practice, however, it would be preferable to show only
those examples to the students of which the best possible effects could
be expected, but it is still unclear what number and kind of solution
attempts would prepare students best for later instruction. An impor-
tant direction for future research is, therefore, to explore what solution
attempts provide the most effective preparation.

If examples of failure effectively prepare students to learn from
later instruction, this also has important implications for instructional
practice. Firstly, it might relieve students of the cognitive demands
resulting from generating their own solution attempts (Van Gog et al.,
2019). Secondly, studying examples might be less time-consuming for
students than generating their own solution attempts, and this freed-
up capacity could be harnessed to stimulate learning by studying
examples of failure even further, for instance, by asking students to
self-explain the solution attempts (Renkl, 1997). Thirdly, not all stu-
dents are able to generate the high number of diverse solution
attempts necessary in order to be optimally prepared for learning from
instruction (Kapur & Bielaczyc, 2012), in which case studying exam-
ples of failure might be more effective. Beyond this, a study by Loibl
and Rummel (2014a) showed that the effectiveness of the later

instruction requires teachers to build on typical student solutions.

Teachers might be able to build on examples more effectively,
because examples are more predictable than problem-solving
attempts generated by students, and examples can be designed more
adaptively according to the teacher's intentions. Furthermore, exam-
ples might better address typical misconceptions of students, because
errors can be highlighted more explicitly, whereas students who fail in
problem-solving themselves might have difficulties in recognizing
whether their solutions are correct or incorrect. Studying examples of
others' failure might also be less frustrating than experiencing one's
own failure. In sum, investigating the extent to which examples of fail-
ure effectively prepare students for later instruction represents an

interesting avenue for further research and instructional practice.
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ENDNOTE

1 Note that we had originally intended to also compare these conditions
with the results of the PF condition, which was used to generate the
materials for the two VF conditions. However, as this condition differed
too much from the other conditions a priori we did not incorporate it in
the analyses and only report the descriptive statistics from this condition
(see Table 1 and Figure 3). A comparison of the PF-model group with
the remaining conditions (VF-process, VF-outcome and DI) could only
be interpreted to a very limited extent, because the PF-model group
(a) came from a different school, (b) participated during their free time
after class and not during regular lessons, (c) had significantly higher
mathematical abilities and prior knowledge and (d) were instructed to
think aloud while problem solving in order to produce the modeling
examples for VF-process, which could have improved their learning from
problem-solving and instruction (see Rittle-Johnson, 2006).
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