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ABSTRACT

Over the past decade, there has been an enormous upsurge in the use of educational apps in primary schools. However, few studies have examined
how children interact with these apps and how their interaction patterns relate to learning outcomes. An interaction pattern that is potentially
detrimental to learning is repeated mistakes, defined as making the same mistake more than once when answering a task. With interaction data from
an eight-week digital vocabulary intervention, we examined 1) whether the propensity to make repeated mistakes changes across app sessions, and
2) how repeated mistakes relate to children’s prior knowledge and their learning gains from the intervention. Our sample consisted of 363 Nor-
wegian second graders who worked with the vocabulary app in a randomized controlled trial. Using growth curve modeling and confirmatory factor
analyses, we found that the propensity to repeat mistakes remained stable over time. Furthermore, a structural equation model showed that repeated
mistakes related negatively to both pre-test and post-test scores. A substantial proportion of the total effect of prior knowledge on learning gains was
mediated by the propensity to repeat mistakes. Children who made more repeated mistakes had lower expected learning gains across all levels of
prior knowledge. We suggest that the propensity to repeat mistakes may pose a double threat to learning by diminishing exposure to relevant
content, and amplifying the exposure to incorrect input. Considering the stability of mistake repetition, it is crucial to identify students with a high
propensity to repeat mistakes and help them break the pattern to support learning. App developers can help this process by implementing automatic
detection and feedback.

1. Introduction

Recent years have seen an avalanche of educational apps designed for primary school children, coupled with a sharp increase in use
(e.g, Montazami et al., 2022). There is a critical need to examine how schoolchildren interact with these apps, and how their inter-
action patterns relate to their learning outcomes. In educational apps, children’s engagement with task content is critical to promote
learning. When children disengage from the content, they suspend the learning process. One pattern of disengagement shown to affect
learning negatively is gaming the system (Baker et al., 2004). This includes both guessing and hint abuse, behaviors that aim to
complete tasks without engaging with the content. While hint abuse is more system-dependent, as it requires a help function that
allows progression without solving tasks, guessing is more independent of individual system features.

Rapid guessing, i.e. providing a response in less time than it would take to read and understand a task, is frequently studied in the
context of assessments, where it poses a threat to the validity of test results by introducing construct-irrelevant variance to the test
scores (e.g. Wise, 2017). In assessment contexts, researchers typically use response time and accuracy to identify rapid guessing. This
approach is straightforward in traditional multiple-choice settings since only a single response is required. In educational apps,
however, the number and types of responses needed vary depending on the content and format of the tasks. Furthermore, guessing
might represent an appropriate solution strategy when tasks provide feedback on the correctness of responses, while giving little
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explicit instruction.

To learn from their guesses, however, children need to pay attention to the responses they choose and the feedback from the app.
When children fail to attend to their responses and the feedback they receive, they are more likely to repeat mistakes. We define
repeated mistakes as any erroneous answer given more than once within a task. Mistake repetition can potentially affect learning
negatively in at least two ways. First, it can signal a lack of attention to task content that means that children distance themselves from
the relevant input from the app. Second, repeated mistakes increase the exposure to incorrect input, potentially causing children to
learn the wrong thing (e.g., Plante & Gomez, 2018).

The present study examines repeated mistakes in the context of an eight-week app-based intervention designed to promote implicit
learning of morphological knowledge (Torkildsen et al., 2022). First, we examine whether the propensity to make repeated mistakes
changes across sessions in the app. Do some children, for example, make more repeated mistakes in later sessions than in earlier ones?
Considering the potential negative effects of repeated mistakes, it is important to know whether repeating mistakes is something
children do intermittently or whether the propensity to repeat mistakes remains stable over longer periods of time. Furthermore,
whether the propensity to repeat mistakes changes has implications for how we can assess its relations to other characteristics. If there
are specific patterns of change, these must be accounted for in analyses. Second, we investigate how repeated mistakes relate to
children’s prior knowledge of morphology and their learning outcomes, i.e. their improvement in morphological knowledge from
pre-test to post-test. To our knowledge, this is the first study to address whether children’s propensity to make repeated mistakes in
app-based language learning changes over time, and how it relates to learning outcomes.

1.1. Educational apps for language learning

Vocabulary is an important target for educational apps, as vocabulary knowledge is key to reading comprehension and educational
success in all school subjects (Ash & Baumann, 2017; Milton & Treffers-Daller, 2013). In line with this, the majority of educational apps
for language learning focus on vocabulary (Dehghanzadeh et al., 2021; Heil et al., 2016). However, vocabulary is difficult to teach due
to its vast problem space. Specifically, school texts may contain close to a hundred thousand different words, many with complex
meanings (Nagy & Anderson, 1984). Thus, vocabulary is often considered an unconstrained skill in the sense that interventions can
only cover small parts of the content space (Paris, 2005; Snow & Matthews, 2016). There is an acute need for teaching approaches that
promote generalization to untaught words, but this has proven difficult to obtain with traditional vocabulary instruction (Cervetti
et al., 2023).

Considering these issues relating to vocabulary interventions, it is problematic that many apps focus on vocabulary in isolation
(Heil et al., 2016). However, there is an increasing focus on teaching words in various contexts, through different modalities such as
listening, reading, writing and speech. A well known example is the Duolingo language app, where tasks range from recognizing
isolated words to highly contextualized dialogues, and responses are multimodal, e.g. selecting among response options, writing or
speaking (Freeman et al., 2023).

1.2. The role of feedback in educational apps

Feedback comes in many forms: positive feedback relating to correct answers and negative feedback in response to incorrect at-
tempts. It also varies in specificity and complexity (e.g., Nikolayev et al., 2021). Simple feedback includes verification and correction,
while complex feedback involves elaboration and scaffolding (Nicolayev et al., 2021; Tarning, 2018).

Verification is a non-specific form of feedback that simply shows whether an answer is correct (positive verification) or incorrect
(negative verification), while correction is a specific form of negative feedback where the indication of incorrectness is supplemented
by the provision of the correct one. Positive verification can also be supplemented by textual or verbal provision of the correct answer,
in which case it provides specific feedback (Callaghan & Reich, 2018; Nikolayev et al., 2021). In their review, Nikolayev et al. (2021)
found that 85% of the included apps provided positive, non-specific feedback, i.e. positive verification. Positive specific feedback,
highlighting the correct answer, was only included in 13% of the apps. Negative feedback showed similar trends with 49% including
negative verification and only 13% including correction (specific negative feedback).

According to Tarning (2018), verification feedback allows for trial-and-error strategies that can increase the propensity to game the
system, whereas corrective feedback does not allow for trial and error, hence eliminating gaming behavior. However, simply giving the
correct answer after an incorrect answer could just as easily lead children to select a random answer, knowing they will proceed in the
task anyway, which also constitutes a form of gaming the system. However, as noted by Tarning (2018), the effect of feedback depends
on the app design. Specifically, verification can be separated into low-cost, risky, and time-consuming trial-and-error. Low-cost tri-
al-and-error represents an “easy way out” and could promote gaming the system, whereas risky and time-consuming trial-and-error
incurs costs, e.g. in terms of points lost or inordinate amounts of time consumed. Thus, while low-cost trial-and-error can increase the
amount of gaming the system, risky and time-consuming trial-and-error is more likely to foster beneficial solution behaviors.

Related to feedback is the concept of rewards. Previous research has found that rewards designed to promote extrinsic motivation,
such as badges or score boards, can have a negative impact on intrinsic motivation (Deci et al., 2001; Glover, 2013). Deci et al. (2001)
argue that educational apps should foster intrinsic motivation, rather than focus on rewards for extrinsic motivation.

1.3. Morphological pathways to word knowledge

While an isolated focus on specific words is unlikely to lead to generalizable knowledge that will transfer to new words,
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morphological instruction is a promising approach. Morphology is a constrained area of language that can serve as a gateway to
unconstrained areas such as vocabulary and reading comprehension (Bratlie et al., 2022; Torkildsen et al., 2022). Morphemes, such as
co-in cooperate and -ist in guitarist, are the smallest meaning-bearing units of language. Since they occur in numerous combinations,
they provide generalizable knowledge that transfers to new contexts, e.g., untidy means not tidy, so unfair must mean not fair.

Research suggests that morphology affects word learning through three dimensions: morphological awareness, morphological
analysis, and morphological decoding (Levesque et al., 2021). Morphological awareness is the ability to consciously reflect on and
manipulate morphemes. Morphological analysis involves knowledge of morpheme meanings, whereas morphological decoding is
knowledge about the written forms of morphemes. While this theory is largely based on studies of the English language, there is
evidence of this structure in other languages, e.g., Norwegian (Kristensen et al., 2023). Levesque et al. (2021) suggest that the three
dimensions of morphological knowledge are reciprocally related. Thus, training one dimension can support development in the other
two. Furthermore, Torkildsen et al. (2022) found evidence that training mainly receptive skills (word reading and listening
comprehension) provided positive effects on expressive skills (word explanations and spelling). While morphological training can
contribute to generalized word knowledge, there is a lack of research on educational apps targeting morphology.

1.4. Implicit learning and educational language apps

A challenge in teaching language, and perhaps especially morphology, is that explicit instruction requires an elevated level of
metalinguistic competence from the learners; competence that may be beyond reach for children in early primary school. Some
morphemes are easy to explain, such as un-in unhappy, which reverses the meaning of the base word. Other affixes are more difficult to
explain explicitly. For example, in Norwegian, the affix -ende (-ing) in “flyende” (flying) changes the word class from verb to adjective.
Explicit teaching of such content is likely to be too difficult for younger primary school children who lack the prerequisite meta-
linguistic skills, e.g. explicit knowledge of word classes. Implicit learning offers a different approach where children acquire knowledge
of the patterns, forms, and meanings of morphemes without having to engage with metalinguistic descriptions and labels (e.g., Plante
& Gomez, 2018).

Theories of implicit statistical learning are based on our ability to register, segment and internalize patterns, or statistical regu-
larities, in our environment. Learning happens implicitly, i.e., there is no direct instruction involved. This ability has been examined in
the context of language acquisition, amongst other areas. Extant research provides evidence of implicit statistical language learning in
the first year of life (Saffran & Kirkham, 2018) and that this ability is sustained in adulthood (Saffran et al., 1997). The likelihood of
pattern learning and retention increases with the amount of input (Plante & Gomez, 2018), and the amount of input needed varies
among individuals. For example, Evans et al. (2009) found that children with developmental language disorders needed twice as much
input as typically developing children to learn patterns implicitly.

Additionally, the variability of the input also influences the learning process (Torkildsen et al., 2013). If the target of learning is
presented many times, with a high variability in non-target elements, the target becomes the most salient feature. For instance, if we
want to teach the prefix mis, we could teach a couple of words such as ‘misunderstand’ and ‘misuse’. However, the learner would likely
just retain the whole-word understanding of these two examples. If, on the other hand, we greatly increase the number of words
beginning with mis, the prefix becomes the most salient feature, e.g., mis means “wrong”. Torkildsen et al. (2013) found that as many as
24 different exemplars may be needed to support generalization of the target element.

Educational apps are well suited to deliver large amounts of tailored input with high variability. Tasks can be presented with a
minimum of explicit instructions or explanations, and immediate feedback facilitates learning by trial and error. Several educational
apps rely on implicit learning to some degree. For example, the Duolingo apps for language, literacy and math all rely on principles of
implicit statistical learning as a keystone in their design (Freeman et al., 2023).

Implicit learning relies on continued accumulation of input to identify regularities and statistical patterns. Thus, lapses of attention
may be detrimental for implicit learning. For example, Toro et al. (2005) found that implicit learning of speech segmentation is
affected by attention. Brosowsky et al. (2021), on the other hand, found that implicit learning in a serial reaction task using visual
stimuli did not depend on attention. It is possible that attention plays different roles in implicit learning depending on types of input, e.
g., auditory vs. visual stimuli, but this is not clear in the current literature.

Regardless of the role of attention, repeated mistakes can pose a hindrance to learning. If implicit learning happens without
attention, repeated mistakes will expose learners to more incorrect input. One of the input principles presented by Plante and Gomez
(2018) posits that all input is input in implicit learning. This means that incorrect input, if presented in large quantities, will lead to the
learning of incorrect patterns. Thus, repeated mistakes may lead children to learn wrong patterns instead of the intended ones.

1.5. Repeated mistakes in educational games and assessments

In the current study, we define repeated mistakes as incorrect responses given more than once within a task. While there is a lack of
studies investigating this construct, a previous study examined a related behavioral pattern. Hou (2015) investigated behavioral
patterns when university students played a science education game. One such pattern was to follow up on an incorrect response by
providing another incorrect response. Using cluster analysis, they identified three distinct clusters linked to students with low, me-
dium, or high levels of self-reported flow. The author defines flow as “... a person’s mental state when he is fully immersed in an
activity and filtering out irrelevant emotions” (p. 425). The low-flow group exhibited a lack of transitions from mistakes back to
analyzing the problem at hand, and they frequently followed one incorrect response with another. Furthermore, the low-flow group
was the only group where students repeatedly responded incorrectly. This indicates that the propensity to give incorrect responses
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repeatedly is associated with reduced levels of engagement and immersion. While Hou’s (2015) study concerns university students, it
seems likely that there is a similar association between disengagement and repetition of mistakes in younger learners as well.

Regarding the stability of the propensity to repeat mistakes, as well as relations to prior knowledge and learning, there is a lack of
studies targeting this construct specifically. Hence, for comparison, we present findings regarding other behaviors relating to disen-
gagement in the context of digital educational tools. In assessment settings, studies show that the frequency of rapid guessing increases
over time, both within and across tests (Demars, 2007; Lindner et al., 2019). On the other hand, affective states like boredom, which
are related to increases in gaming the system, are relatively persistent (Baker et al., 2010). While the study did not focus on the
persistence of gaming the system specifically, the persistence of the related affective state of boredom makes it likely that levels of
gaming the system are relatively stable over time, at least when students are bored. Regarding the propensity to repeat mistakes, it is
unclear whether it is stable like gaming the system, or liable to change similarly to rapid guessing.

Concerning the relation to prior knowledge and learning outcomes, higher levels of affective states and behaviors such as disen-
gagement and gaming the system have been associated with both lower levels prior knowledge and poorer learning outcomes. Baker
et al. (2004) found that gaming the system was negatively associated with both pre-test and post-test scores. There is also evidence of
long-term associations between gaming the system-behavior in intelligent tutoring systems and lower end-of-year grades (Pardos et al.,
2013). It is likely that the same is true for the propensity to repeat mistakes. In implicit learning, repeated mistakes pose a threat not
only by suspending the learning process, but also by increasing the exposure to incorrect information. If the students are exposed to
more incorrect answers than correct ones, the incorrect information may become the most salient feature of the task content. Hence,
when the children recall task content, the incorrect answers may overshadow the correct ones. Thus, there is a dual threat to learning,
where children may receive less exposure to correct input, while receiving an inordinate amount of exposure to incorrect input.

2. Current study

The overarching aim of the current study is to examine how persistently children repeat mistakes when working with educational
apps, and how the number of repeated mistakes relate to learning outcomes. More specifically, we exemplify the phenomenon using
data from a morphology-based app developed to increase children’s knowledge of both the meanings and written forms of morpho-
logically complex words. Previous studies show that detrimental behaviors such as rapid guessing and gaming the system differ in
persistence. While prior research suggests that rapid guessing increases both within and across tests, affective states associated with
gaming the system are more stable (Baker et al., 2010; Demars, 2007; Lindner et al., 2019). These findings, however, related to change
over relatively short time spans. In the current study, we examine children’s behavior over an eight-week intervention period.

The intervention was effective in improving school children’s word knowledge at the group level (Torkildsen et al., 2022) but
unstructured observations from the classroom suggested large individual differences in how children interacted with the app. Spe-
cifically, some children appeared to answer without paying any apparent attention to which response option they chose or the
feedback regarding the correctness of the response. This led to frequent repetitions of erroneous responses, indicating that the children
did not learn from their mistakes. Hence, we decided to examine the count of repeated mistakes as a negative indicator of learning.
Considering the findings from studies of rapid guessing (Demars, 2007; Lindner et al., 2019), we hypothesized that children might
grow tired of the app over time, and start repeating mistakes as a result of disengagement due to boredom or fatigue. However, the
propensity to repeat mistakes could also be more stable, as seems to be the case with gaming the system (e.g., Baker et al., 2010). Since
there are no studies on the persistence of repeated mistakes, we aimed to uncover whether this behavior changes over time.
Furthermore, it seemed likely that initial morphological knowledge affected the propensity to repeat mistakes and that the rates of
repeated mistakes throughout the intervention would affect the final learning outcomes. We examined these hypotheses through the
following research questions:

1. Does the propensity to repeat mistakes during an app-based language intervention change systematically over training sessions or
does it remain stable?

2. How do rates of repeated mistakes relate to initial morphological knowledge and the final learning outcomes after eight weeks of
using the app?

3. The morphology app

The app used in the present study was based on research regarding 1) how morphological knowledge supports word learning
(Bertram et al., 2000; Bowers & Kirby, 2010; Goodwin & Ahn, 2013) and 2) how variability in non-target elements can support implicit
language learning (Plante & Goémez, 2018; Torkildsen et al., 2013). Effects of working with the app for 8 weeks (40 sessions) were
tested in a trial where 717 children were randomized to receive either the morphological app or an active control condition (a
non-verbal mathematics app). Results showed robust generalization effects to untaught vocabulary containing trained morphemes.
These effects were equally large at post-test and at follow-up six months later (Torkildsen et al., 2022).

3.1. Gamification and storyline
The app includes elements of gamification to increase the motivation of children while working (Zainuddin et al., 2020). These

include elements targeting both intrinsic and extrinsic motivation. Extrinsic motivation is targeted through rewards, e.g. unlocking
new levels (sessions) and advancing the storyline. The main element targeting intrinsic motivation is the inclusion of a storyline to
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foster emotional and psychological engagement, as well as cognitive and behavioral involvement.

In the app, we follow the story of Morph, an alien training to become a spaceship captain. The first task given to the children is to
help Morph with his final exam. This provides a backdrop for the receptive test of morphological word knowledge which was
administered to the current sample before and immediately after the 8 weeks of training, as well as six months after the intervention.

Having passed his final exam and graduated as a captain, Morph embarks on his first journey. He soon encounters problems when
he runs out of fuel (stardust) and crash lands on Earth. Here, the children have to help Captain Morph collect stardust by solving
different tasks at different locations on the world map. Each completed session is marked by a flag raised at the session’s map location
and unlocks the next location on the map. In the cockpit of the spaceship, a stardust meter shows the current progress of fuel collection,
indicating the proportion of completed sessions. The story is told through short videos and animations which are embedded into the
children’s work sessions.

3.2. Session structure

The 40 app sessions are structured into eight week plans containing five sessions each, intended to be played every day from
Monday through Friday. The first four sessions in a week introduces new material (a new affix or compounding pattern), and the fifth
session is a consolidation session composed of a mix of tasks from the preceding four sessions. Each app session consists of 25 tasks
which all have to be completed before ending the session. The sessions are presented in a set order.

Following previous research on the effects of non-target variability on language learning and generalization, each morphological
learning target is presented in the context of at least 24 root words in the course of a session. For example, in the session focusing on the
affix -ist, children work with at least 24 different words ending in -ist, for example guitarist, activist, Buddhist, florist, receptionist,
journalist, and so forth.

3.3. User interface and feedback

Fig. 1 gives an overview of the app’s user interface. The app is developed for iPad. Users interact with the app through touch screen,
by selecting images, dragging and dropping items, drawing arrows and writing via keyboard (see section 3.4. and Fig. 2 for details).
There is audio support for all content in the app. Task instructions are read aloud when each screen is loaded and can be re-read by
pressing a button. All words and affixes that children interact with can be read aloud by pressing the word itself. In line with research
showing that variability in voices support retention of linguistic material (Richtsmeier et al., 2009), the app uses nine different voices,
two adult voices for instruction and seven child voices for the rest of the app content.

Tasks require children to find a varying number of correct answers, shown by the number of star outlines in the top right corner of
the screen (see Fig. 1). Every correct response gives immediate feedback through the filling-in of a star outline as well as the correct
option being displayed on screen (specific positive feedback). Every incorrect answer gives immediate feedback in that the chosen
response disappears and the incorrect response is reshuffled into the remaining response options (non-specific negative feedback). The

9:41 AM

Star Collector
(Right Answers)

Instructions Button
(Computer)

Scanner
(Task Container)

Location
Background

Stardust Progression
(Status of Session)

Fig. 1. User interface of the app.



J.K. Kristensen et al. Computers & Education 210 (2024) 104966

L p *
gradig

(greedy)

slgser
(wastes)

(spends) (overspends) (orders) (overfishes) (fixes) (giggles) (fishes)

« &

experienced over

{over)

®

(bite) (officer) (mouth) (tram) (structure)

Felix skulle bespke Mohammad i helga
(get) (Felix was going to visit Mohamad during the weekend.)

(never)
(over)\ overgi Han skulle natte

(surrender) (He was going to [overnatte = stay over])

(hold)

‘_,D )

(give)

(before) (outside) (over) (mis) ~ (after)
« <3

Fig. 2. Examples of the task types included in the analyses.

reshuffling of incorrect responses was implemented to discourage the type of gaming the system where children systematically try
responses until they find the correct ones without engaging with the content. Session progress, i.e. proportion of tasks completed, is
indicated by the stardust meter at the bottom of the screen. The main reward system is centered around progress, e.g. unlocking of new
map locations containing new sessions or “levels” and collecting stardust with the end goal of helping Morph return to his home planet,
rather than extrinsic rewards such as badges or scores.

3.4. Tasks

There are twelve different task types in the app (see Fig. 2 for task examples). Each session begins with two type 1 tasks and ends
with a type 12 task. The remaining 22 tasks in each session are presented in random order. In accordance with the principles of implicit
learning and high variability, all tasks require a certain number of correct answers before continuing on to the next task, and each task
must be solved to complete the session.

Here we focus on the seven task types included in our analyses (see section 4.3.1.). For a description of the remaining tasks, see
Torkildsen et al. (2022). In type 3 tasks (upper left panel of Fig. 2), the children are asked to sort words into two containers according to
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their meaning. In the example, the instruction is “Drag the words that fit with ‘spends’ to the red box, drag the words that fit with
‘overspends’ to the blue box.”. Task type 4 (upper right panel) presents two pictures with sentences describing the pictures. The
sentences are missing a word or morpheme, and the children are asked to drag the correct word/morpheme to the open box in the
sentences, e.g. “Drag the correct word to each sentence”.In type 6 tasks (middle left panel), the children are asked to draw an arrow
between two images and the words that best describe them: “Draw a line between corresponding words and pictures”. In task types 7
and 8 (middle right panel), the children build words by dragging morphemes to the empty boxes, with one empty box in type 8 and two
in type 7. The instruction for the example task is “Drag the parts that go together with ‘over’ to the empty space to form new words”.

In task type 9 (lower left panel) the children are instructed to “Draw a line between parts that can combine to form a word”. Finally,
task type 10 (lower right panel) consists of two related sentences, where the second is missing a morpheme. The children are asked to
“Drag the correct word part to the sentence”.

3.5. Limitations of the app

The app’s foundation in implicit learning provides a solid framework for learning, but also carries some limitations. To ensure that
all students receive the required exposure to learning targets and variability in non-target elements, all tasks and all sessions had to be
completed. This requirement, combined with the lack of information about the difficulty level of different linguistic items, prevented
adaption of task difficulty. Also relating to the implicit nature of the app, feedback had to be kept at a simple level. Elaborate feedback
would have required high levels of metalinguistic skills (e.g. explicit knowledge about word classes) for explanations to make sense.

4. Methods
4.1. Study design

The current study presents analyses of data collected in a larger project where we developed and evaluated a morphological app
(Torkildsen et al., 2022). Morphological knowledge was assessed at three time points: before the intervention (pre-test), within two
weeks after the intervention (post-test) and approximately 6-7 months after the intervention (follow-up). The present study uses data
from the pre-test and post-test. Additionally, we gathered process data from children’s interactions with the app. During the training
sessions, the app recorded information such as time stamps, which response options the children attempted, correctness of responses,
time between attempts, and use of audio support functions. In the current study, we use process data regarding which response options
the children chose to identify repeated mistakes.

The intervention originally spanned 40 sessions over an eight-week period. On average, the children completed 38.16 sessions (SD
= 5.05), with an average of 12 min and 49 s spent on each session (SD = 2 min and 17 s). However, the first two sessions were
introductory sessions with much easier content. Additionally, every fifth session was a consolidation session containing tasks from the
previous four sessions. Hence, we chose to omit these ten sessions from the analyses in the current study, retaining a total of 30
sessions.

4.2. Participants

The intervention study included 717 Norwegian second graders recruited from 12 schools in the eastern part of Norway. The
schools were recruited from areas with varying socioeconomic status and proportions of children with language minority backgrounds.
The children were randomly assigned to an experimental group working with the language app or an active control group working
with another educational app. In the current study, we analyze data from the language app, which constrains our sample to the
experimental group. This group originally consisted of 366 children (52.46 % girls, mean age 7.60). Twenty-six per cent of these
children had a language minority background, i.e. neither parent was a native speaker of a Scandinavian language. Six percent of the
children received some form of special education. Among the parents, 73% of mothers and 66% of fathers had a college or university
degree. Three of the children in the experimental group dropped out during the first week. Hence, our sample consists of the remaining
363 children.

4.3. Measures

4.3.1. Repeated mistakes

In all tasks, the children were required to find a given number of correct answers before proceeding to the next task. While each
correct answer was recorded and removed from the pool of response options, incorrect answers were reshuffled into the remaining
response options. Thus, the children could select any incorrect option several times during a task. To calculate the number of repeated
mistakes, we counted the number of erroneous responses given more than once in each task. Some task types do not allow for repeated
mistakes, or do not track them in sufficient detail. Hence, the current analyses are restricted to seven task types: 3, 4, 6, 7, 8,9 and 10
(see Fig. 2 for examples). In the type 3 task shown in the upper left panel of Fig. 2, the children are asked to sort words into boxes
according to their meanings. In this example, if a child tries to put “slgser” (wastes) into the wrong box (“forbruker”) three times during
the task, this counts as two repeated mistakes. Likewise, if a child puts “slgser” and “gradig” (greedy) into the “forbruker” box twice
each, this also counts as two repetitions. In the analyses, we use the mean number of repeated mistakes per task within each session as
observed variables.
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4.3.2. Test of receptive word knowledge

The test of receptive word knowledge measures children’s ability to understand morphologically complex words, i.e. words that
consist of two or more morphemes. The test was administered in the app, using a multiple-choice format. We used the binary item
scores of 26 items as indicator variables in the analyses. The test is a researcher-developed assessment, described in detail elsewhere
(Bratlie et al., 2022; Torkildsen et al., 2022). Kristensen et al. (2023) conducted an in-depth examination of the measurement prop-
erties of the test. Results indicated that it measures one dimension of morphological knowledge, namely (receptive) morphological
analysis, which is the ability to use meaning-based knowledge of affixes to find the meaning of morphologically complex words. This
supports the interpretation of test scores as indicators of meaning-based knowledge of morphologically complex words. Chronbach’s
alpha, estimated with the R package psych (Revelle, 2023), was 0.69 at pre-test and 0.82 at post-test. The increase in internal con-
sistency between time points is likely due to a decrease in guessing at post-test.

4.4. Analyses

Regarding the first research question, we hypothesized that the propensity to repeat mistakes would change over time. However,
we did not have specific hypotheses about the shape of the growth curve. Hence, we fit a nonlinear latent growth curve model to allow
for freely estimated growth curves. We also fit a unidimensional confirmatory factor analysis (CFA) model to evaluate the potential
stability of the construct over time (i.e., no systematic change).

To answer the second research question, we fit a structural equation model (SEM) where repeated mistakes mediated the relation
between receptive morphological knowledge at pre-test and post-test. As the pre-test and post-test are repeated measures, we tested for
longitudinal invariance. Our results suggested that there were five non-invariant items in the test (for details, see Appendix A). Hence,
we specified a partially invariant model where the parameters of these five items were allowed to vary freely. Furthermore, the model
specification depended on the results of RQ1. Should the evidence support repetition of mistakes as a state, we planned to extend the
growth curve model into a SEM with both of the latent variables, intercept and slope, as mediators. On the other hand, should the
evidence point to stability in the propensity to repeat mistakes, we planned to use the unidimensional representation of repeated
mistakes as mediator. This allowed us to investigate the relation between initial knowledge and the propensity to repeat mistakes, as
well as the relation between repeated mistakes and learning outcomes, while controlling for initial knowledge.

We conducted all analyses in R (R Core Team, 2021), using the package lavaan (Rosseel, 2012) for CFA and SEM analyses, and
psych (Revelle, 2023) for descriptive statistics. For the growth curve model and the unidimensional model of repeated mistakes, we
used full information maximum likelihood (FIML) estimation. Savalei and Bentler (2005) found that FIML estimation is robust for
highly nonnormal data (skewness [—3.03, 6.67], kurtosis [19.48, 328.81]), with 15% or 30% missing data per variable.

In our data, skewness ranged from —1.61 to 3.73, except for one variable with skewness 8.15. Kurtosis ranged from —2.01 to 64.63,
and the proportions of missing data ranged from 0% to 10.5%. As the rates of missing data and nonnormality were generally less severe
in our data than in the study by Savalei and Bentler (2005), we proceeded with this approach, using robust standard errors and scaled
test statistics. Since the items in the test of receptive word knowledge have binary scores, we used the diagonally weighted least squares
estimator (DWLS) and polyserial correlations for the mediation model (Olsson et al., 1982). To minimize the loss of information due to
missing responses, we based model estimation on pairwise information between variables.

5. Results

Table 1 shows the descriptive statistics for the total (raw) scores at pre-test and post-test, as well as the mean number of repeated
mistakes across sessions. There was a relatively small difference of approximately three points between pre-test and post-test means.
However, there was substantial variance in scores at both time points, with an even larger standard deviation at post-test. While the
mean number of repeated mistakes per task across sessions and participants is 18.12, the largest amount of repeated mistakes made
within a single task is 109. This highlights a substantial difference between children, and also between tasks for individual children.

Table 2 shows the correlations between pre-test, post-test and repeated mistakes. There is a strong positive correlation between pre-
test and post-test measures, while there are moderate to strong negative correlations between number of repeated mistakes and pre-/
post-test measures.

5.1. Propensity to repeat mistakes

Fig. 3 shows the observed individual growth curves. While there were peaks in some sessions, the overall trend appeared to be
stable over time. This was confirmed by the estimated latent growth curve model. The model fit the data well (32 = 620.077, df = 403,
p < 0.001, CFI = 0.952, TLI = 0.948, RMSEA = 0.043, SRMR = 0.050). Inspecting the factor loadings, however, we found that none of

Table 1
Descriptive statistics.
Mean SD Skewness Kurtosis Min/Max
1. Pre-test total score 17.88 5.33 0.64 0.36 5/38
2. Post-test total score 21.10 7.60 0.46 -0.57 7/41
3. Repeated mistakes 18.12 8.83 0.73 0.06 4.17/47.80
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Table 2
Correlations.
1. 2. 3.
1. Pre-test total score 1
2. Post-test total score 0.64 1
3. Repeated mistakes —0.55 —0.61 1

Note. All correlations are significant at p < 0.001.

the loadings on the slope factor were significant. This indicated that all the variance in the observed variables was explained by the
intercept factor. In essence, there was no evidence of systematic changes over time. This was further confirmed by the results of the
unidimensional CFA model, which showed acceptable fit to the data (XZ = 673.213, df = 405, p < 0.001, CFI = 0.938, TLI = 0.933,
RMSEA = 0.050, SRMR = 0.043).

5.2. Relation to prior knowledge and learning outcomes

The mediation model fit the data well (xz = 3705.167, df = 3224, p < 0.001, CFI = 0.960, TLI = 0.959, RMSEA = 0.020, SRMR =

0.068). Fig. 4 provides a path diagram showing the standardized regression coefficients.

Children’s receptive knowledge at pre-test was negatively associated with the propensity to repeat mistakes (B, = —0.741).

Repeated mistakes were also negatively associated with learning outcomes at post-test (B, = 0.285). The total effect of pre-test scores
on post-test scores was 0.806, however, a significant proportion was due to the indirect effect through repeated mistakes (8, * pp =

Repeated mistakes (mean)

3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24 25 26 27 28 29 30
Session number

Fig. 3. Observed individual growth curves.
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0.211, see Table 3).

To further illustrate how repeated mistakes mediated the relationship between pre-test and post-test, Fig. 5 shows the association
between pre-test and post-test scores divided amongst the children with mean repeated mistakes in the lower 50% of the sample, and
the children in the upper 50%. The regression lines show that the expected growth from pre-test to post-test was lower for the high
group across all values of pre-test scores. For example, an average child in the low repeated mistakes group with a pre-test score of 13
has an expected post-test score of 20. An average child in the high repeated mistakes group with a pre-test score of 13, however, has an
expected post-test score of 16. Thus, a pre-test score of 13 is associated with an expected seven-point increase in the low repeated
mistakes group and only a three-point increase in the high repeated mistakes group.

6. Discussion
6.1. Stability of repeated mistakes

In line with research on rapid guessing, we hypothesized that the propensity to repeat mistakes might change across the sessions,
for example as a result of disengagement due to fatigue (e.g. Lindner et al., 2019). Contrary to our hypothesis, however, the propensity
to repeat mistakes remained stable across the eight weeks of training sessions. Thus, mistake repetition resembles gaming the system
behavior in terms of persistence. While we implemented reshuffling of incorrect responses specifically to discourage systematic se-
lection of responses without engaging with the content, it is likely that some children still engaged in such behavior. Thus, it is possible
that repeated mistakes, at least in some cases, represents gaming the system “gone wrong”. Some sessions showed collective spikes of
increased repetition of mistakes, probably due to content-specific variation, e.g. difficulty. Yet the overall trend shows a striking
consistency, as evidenced by the non-significant loadings on the slope factor in the growth curve model, as well as the good fit of the
unidimensional model of repeated mistakes. This finding carries important implications for classroom practices. Since the propensity
to repeat mistakes seems to be stable over time, it is unlikely that it will change without some form of intervention. Hence, it becomes
important to identify children who are more likely to repeat mistakes and to examine how we might help them break this pattern.
While we cannot make any conclusive claims, it also seems likely that the propensity to repeat mistakes is a stable behavioral pattern
that affects learning contexts other than our language app. The negative associations with prior knowledge and learning outcomes,
discussed in the following sections, makes it imperative to find ways to ameliorate repetition of mistakes.

6.2. Prior knowledge and repeated mistakes

In line with previous research on gaming the system (Baker et al., 2004), there was a strong negative association between prior
knowledge and the propensity to repeat mistakes. This could indicate that children repeat mistakes more often when faced with tasks
that are difficult relative to the child’s current level of knowledge. The underlying mechanism is not entirely clear, however. Frus-
tration or boredom due to difficulties with understanding tasks can lead to disengagement. In such cases, children respond without
paying any attention to the responses they give. Along these lines, the lack of attention could explain the negative effect of repeated

Repeated
mistakes

B, =-0.741%** B, = -0.285**

= -

Receptive
T2

Receptive

=0.594%**
T1 Be

Fig. 4. Structural relation between pre-test and post-test, mediated by repeated mistakes
Note. The model is exemplified with three indicators per factor for readability. The Receptive factors have 26 indicators at each time point, with
correlated residuals between same items across time points. The repeated mistakes factor has 30 indicators. **p < 0.01, ***p < 0.001.
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Table 3
Direct and indirect effects on post-test scores of receptive word knowledge.
Estimate p-value

Ba —0.741 p < 0.001
Bb -0.285 p = 0.008
Be 0.594 p < 0.001
Indirect effect (B, * Bp) 0.211 p = 0.005
Total effect (B, * P + Bc) 0.806 p < 0.001

[72]

(0]

o

8 Group

w

7 = | ow
<

L =b= High
3

a

10 20 30

Pre-test scores
Fig. 5. Association between pre-test and post-test for high and low propensity groups.
Note. Scores are raw score sums at pre-test and post-test. Low group (circles and solid line) = children with mean repeated mistakes in the lower 50%
of the sample. High group (triangles and dotted line) = children in the upper 50%. Vertical/horizontal lines show expected post-test values given
pre-test values for each group.

mistakes on learning outcomes. Alternatively, higher ratios of repeated mistakes could be the result of misconceptions. It is conceivable
that children will be inclined to attempt an incorrect option more than once if they are convinced (wrongly) that the answer is correct.

6.3. Repeated mistakes and learning outcomes

Pre-test scores normally explain a large amount of the variance in post-test scores. This is also true in our results, where the total
effect of pre-test knowledge on post-test outcomes was 0.806. However, a substantial proportion of the total effect was due to the
mediation through repeated mistakes (, * pp = 0.211). As is shown in Fig. 5, the children who scored relatively high on the pre-test,
but made many repeated mistakes, showed less growth in the post-test measure compared to those who made fewer repeated mistakes.
Simultaneously, those who had lower scores on the pre-test, yet made fewer repeated mistakes, showed greater growth from the pre-
test to the post-test.

To exemplify a potential mechanism underlying this association to repeated mistakes, imagine a task where the child needs to find
two correct answers. In the process, the child responds incorrectly more than 100 times before selecting both of the correct answers.
The child is then exposed to an enormous proportion of incorrect input. Not only will this reduce the opportunities to learn the correct
pattern, it will also increase the probability of learning incorrect ones. Such extreme cases of more than 100 repeated mistakes within a
task, while rare, do occur in the data we analyzed. Considering a possible double threat to learning, i.e. less learning of correct patterns
combined with increased learning of incorrect ones, it is no wonder that the propensity to repeat mistakes is associated with poorer
learning outcomes.

11
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6.4. Implications and limitations

For research purposes, repeated mistakes can represent an important measure of fidelity, since children with a high propensity to
repeat mistakes do not use the app in the intended manner. Due to its negative effect on learning outcomes, repeated mistakes may act
as a confounding factor when assessing intervention effects. While it is not clear whether the negative effects on learning are due to
disengagement or retention of incorrect patterns, it is important to know whether children are behaving unexpectedly and how this
behavior relates to learning gains. Thus, when evaluating effects of app-based interventions, researchers should control for measures of
unintended behavior such as repeated mistakes. Examination of unintended behavior can elucidate the mechanisms which lead to
differences in learning gains. Future studies should thus examine whether children who repeat mistakes retain patterns learned from
incorrect input, for example, how repetition of specific mistakes relates to specific errors during post-tests.

The results of our analyses indicate that children’s propensity to repeat mistakes is relatively stable over time, thus resembling
gaming the system more than rapid guessing in this respect. Given the reshuffling of incorrect answers, it is likely that mistake
repetition in some cases represent an “unsuccessful” form of gaming the system. This is an area that needs further examination, for
example by having children complete some sessions with reshuffling and some without it. If repeated mistakes are indeed a form of
gaming the system, we would expect the children with high propensity to repeat mistakes to also exhibit higher levels of gaming the
system more generally.

Furthermore, given the negative impact of repeating mistakes, there is a need to intervene to help children interact with the app in
ways that are more constructive. This could be implemented as specific corrective feedback given to the children through the app.
While more elaborative feedback could also be beneficial, this is difficult to achieve without making excessive demands on the
children’s metalinguistic skills. Another possibility is to notify teachers when children repeat mistakes, e.g. through a dashboard
function, so that the teachers can intervene. Either way, future studies should consider how to break the negative interaction patterns.
A third possibility would be to mark or remove incorrect response options after they have been chosen once. This would, however,
open up for the systematic trial-and-error version of gaming the system.

To our knowledge, this study presents the first investigation of the characteristics of repeated mistakes and their relation to learning
outcomes in app-based learning. We modeled repeated mistakes as a unidimensional construct at the level of sessions, but it is possible
that different patterns of repetition represent different underlying constructs on the item level. For example, there may be differences
between repeating the same mistake four times and repeating four mistakes one time each. Differentiating between such patterns was
beyond the scope of the current study but should be addressed in future research. On a related note, the inclination to make repeated
mistakes was time-invariant across the sessions in the intervention, but we do not know if this was also the case within sessions. Future
research should examine whether children are more likely to repeat mistakes towards the end of a session, for example due to fatigue.
There is also a need for research on how characteristics of the child, task and session relate to the frequency of mistake repetition.
Understanding which children are more likely to repeat mistakes can help us provide the necessary support, whereas knowledge of
which tasks and sessions elicit more repeated mistakes can guide future app development.

7. Conclusion

This study investigated the propensity to repeat mistakes in app-based word learning. We examined whether the propensity
changes over time, and how it relates to prior knowledge and learning outcomes in an eight-week language intervention. Our results
show that the propensity to repeat mistakes was stable over time, and that children with lower levels of prior knowledge were likely to
make more repeated mistakes. Furthermore, a higher propensity to repeat mistakes was related to poorer learning outcomes. This
could constitute a dual threat to learning. On one hand, children who repeat more mistakes may not register which responses they
choose or whether or not their choices are correct. In this case, they will not learn from their mistakes, hence gaining less knowledge
from working with the app. On the other hand, following Plante and Gomez (2018), all input is input in implicit learning. This means
that children with a high propensity to repeat mistakes are exposed to inordinate amounts of incorrect input, making erroneous
patterns more salient than correct ones. In this case, they gain more incorrect knowledge from the app. Either way, it is unlikely that
the propensity to repeat mistakes is confined to a specific app. Thus, it is imperative to examine such behavior across different contexts,
and to find out which children are more likely to engage in it, as well as how we can help the children break such negative interaction
patterns.
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Appendix A

The participants completed the same test of receptive morphological knowledge at pre-test and post-test. Hence, we investigated
longitudinal measurement invariance to examine whether the test items measure the same construct at different time points. In the first
step, we compared a fully invariant model to a configural baseline model with no invariance restrictions. Since the item scores are
binary, we simultaneously restricted thresholds, intercepts, and factor loadings in the invariant model. The fully invariant model fit the
data significantly worse than the configural model (see Table A1). Thus, we proceeded to estimate separate models releasing re-
strictions on each item while keeping all other items invariant. Five items showed significant improvement of model fit when re-
strictions were released (p < 0.00192, using Bonferroni correction for testing 26 individual models). In the final step, we fit a model
where these five items were allowed to vary freely while keeping the restrictions on the remaining 21 items. Comparing this partially
invariant model to the configural model, the likelihood ratio test showed no significant difference between the models (Table Al).
Following these results, we used the partially invariant model when testing for mediating effects of repeated mistakes.

Table Al
Invariance tests for the longitudinal model of receptive morphological knowledge
¥ df Ay? Adf p
Baseline 1187.8 1247
Full invariance 1284.4 1271 62.622 24 <.001
Baseline 1187.8 1247
Partial invariance 1221.3 1261 17.010 14 0.256

The partially invariant longitudinal model for receptive morphological knowledge at pre-test and post-test fit the data well (y* = 1354.350,
df = 1261, p < 0.05, CFI = 0.963, TLI = 0.961, RMSEA = 0.014, SRMR = 0.080). The factors were highly correlated (r = 0.804, p < 0.001).
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