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There is a tendency to think of the impact of educational technology in a vacuum. However, it is
likely that the instructional context in which educational technology is used affects student
learning. For instance, outcomes may differ when using educational technology in a classroom
versus at home, in a quiet versus noisy environment, or in a context where support is readily
available versus not available. The COVID-19 pandemic provided an unexpected opportunity to
explore this issue. Intending to explore how providing hints and feedback within a digital learning
game (Decimal Point) impacts mathematics learning, we instead found ourselves exploring a new
question: How did learning with the game differ between classrooms and at home? After two of
five middle schools had participated in our classroom experiment, we switched to at-home use of
the Internet-based game for the final three schools due to the pandemic. The different instruc-
tional settings led to significantly different completion rates, likely due to students in the class-
room (N = 151) being monitored by experimenters and teachers (completion rate of 88.8%),
while students at home (N = 126) were not monitored nor strictly required to finish (completion
rate of 56.5%). In addition, the two versions of the game, one that provided students with on-
request hints and error feedback (Hint condition) and one that did not (No-Hint condition), led
to different classroom versus at-home results. On the delayed posttest, students in the No-Hint
condition did significantly better in the classroom, while there was no significant difference
between conditions at home. In addition, students in the Hint condition used significantly more
hints in the classroom than they did at home. There was also a significant effect of gender in the
classroom, with female students out-performing male students on the immediate posttest, but
with no effect of gender remotely. We performed post-hoc analyses to better understand students’
learning processes and gameplay behaviors. In summary, our study clearly illustrates how
educational technology can be sensitive to instructional context, yet just cracks open the door to
much more research on this topic.

1. Introduction

The instructional context in which students learn can make a huge difference to their learning (Ferdig et al., 2020; Sadeghi, 2019;
Tessmer & Richey, 1997; Wang & Huang, 2018). Yet, the world of educational technology, both research and application, has been
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largely founded on and driven by cognitivist principles (Anderson et al., 1996), which posit that much of learning involves absorbing
“rules of the mind” (Anderson, 1993) that are free of context and can transfer to other contexts. Given this history and perspective on
learning, how context impacts learning with educational technology is not well understood and has been understudied (Wen et al.,
2021). In this work, we take a step toward correcting this shortcoming by explicitly investigating how context impacts student learning
with educational technology.

This research direction has recently taken on practical urgency and significance in education. Given the COVID-19 pandemic of
2020-2021 and the necessary shift from classroom to remote learning, there has been a huge spike in home use of educational
technology for learning (BrightBytes, 2020; Reich et al., 2020). Yet, the rapid shift to remote learning with technology has presented
clear challenges for students and teachers (Lockee, 2021; Means et al., 2021). For instance, up to a third of students report that they
sometimes or never have technical support for learning remotely and parents overestimate how often their children have a quiet place
to work on a computer at home (BrightBytes, 2020).

The pandemic provided us with a unique opportunity to explore this issue, comparing the use of educational technology in the
classroom to its use at home. We were conducting an experiment, and had already been in two K-12 schools, when the pandemic forced
students across the U.S. to continue learning from home. Thus, we conducted the study at the final three K-12 schools with students
working online at home. While unfortunate, this change in the study context provided us with the opportunity to contrast our primary
research question — “Do students who learn with a digital learning game benefit from on-demand hints and feedback versus no such
support?” — in a classroom versus at home.

The differences between classroom and at-home learning with educational technology are in many ways stark and clear. In the
typical K-12 classroom, a teacher acts as a guide and facilitator of learning when students use software to learn. Students are subject to
the expectations of the teacher. They are also under time pressure; classes are typically 40-90 min in length and occur at a specific time
of day. Teachers typically maintain a quiet environment in the classroom, and rules govern what students can do in a classroom, such
as when they can take breaks, whom they can sit next to, and whether there is any background noise. In contrast, at-home learning
leaves students much more on their own, with varied support from others, such as parents and teachers, for learning and technical
support. Also, the noise level in learning from home can vary dramatically, wholly dependent on each student’s particular home
environment. Students often can work when they want to at home, day or night, and for as long or as short as they would like. They are
also much less subject to rules, except perhaps those imposed by their parents, and those rules could be quite different from those of
teachers.

As mentioned, our original intent in this study was not to explore instructional context; rather, it was to investigate how adding on-
demand hints and feedback to a digital learning game, Decimal Point (Forlizzi et al., 2014; McLaren et al., 2017a), would impact
learning and engagement with the game. Note that it is not clear that adding scaffolding in the form of hints and feedback will improve
either learning or engagement. On one hand, the additional instructional support provided by hints and feedback might be expected to
help students better learn the domain content with a digital learning game, as has been shown in many intelligent tutoring systems,
across a variety of domains (see e.g., Ma et al., 2014; VanLehn, 2006, 2011; Xu et al., 2019), as well as in multi-media learning more
generally (Johnson & Priest, 2014, pp. 449-463). On the other hand, providing such support during gameplay might have the adverse
effect of dampening enthusiasm and engagement, reducing opportunities for self-explanation and other constructive knowledge
building processes, and thereby decreasing learning. While adding hints and feedback to digital learning games has been explored in
some past work (e.g., Burgers et al., 2015; Conati et al., 2013; Drey et al., 2020; Easterday et al., 2017; Lee & Chiou, 2020; Melero et al.,
2012; O’Rourke et al., 2014), the results have been mixed, not always leading to learning and engagement benefits and often focusing
more on how hints are perceived and used than whether they lead to learning.

Between our original study plan to explore on-demand hints and feedback in the context of the digital learning game and the
emergent issue of instructional context, our research questions in this study were:

RQ1. How does the instructional context (i.e., classroom versus remote learning) impact playing of the game and learning with respect to all of
the following research questions? As this research question emerged during the course of the study, we did not have any predictions for
how instructional context would impact RQ2 through RQ4. Instead, we viewed this as an exploratory research question that ultimately
became our most important question to answer.

RQ2. Do students who learn with a digital learning game benefit from on-demand hints and feedback (Hint condition) versus no such support
(No-Hint condition)? Due to the additional support students receive for learning in the Hint condition, as well as the evidence that such
support has helped students to learn with intelligent tutoring systems (Ma et al., 2014; VanLehn, 2006, 2011; Xu et al., 2019), we
predicted that students in the Hint condition would learn more than students in the No-Hint condition. On the other hand, this outcome
is far from assured, as adding hints to digital learning games has not always resulted in learning benefits (e.g., Moyer-Packenham et al.,
2019; O’Rourke et al., 2014).

RQ3. Do female or male students benefit more from the hints? Because we had previously identified a gender effect in our studies with
Decimal Point (Hou et al., 2020; McLaren et al., 2017b; Nguyen et al., under review), in which female students learned more from the
game than male students, we were interested in the question of what, if any, effect adding on-demand hints and feedback might have
on that difference. We expected that female and male students would equally benefit from the addition of hints and feedback, so we
predicted that there would be no learning differences between female and male students in their use of hints. In other words, we
predicted that female students would still benefit more from the game than male students, as in previous studies, and that hints would
help both genders, but that the difference between genders would remain the same.

RQ4. In the Hint condition, how do hint behaviors relate to prior knowledge and learning outcomes? Since higher achieving students also
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tend to be better self-regulated learners (SRL) than students with lower prior knowledge (Winne, 2015; Zimmerman, 1990), we
predicted that the students with higher prior knowledge would use hints more productively. Note that more productive hint behaviors
from students with higher prior knowledge is not guaranteed, given that students at any knowledge level may still abuse hints or
struggle to recognize when they need hints and when they are better off attempting a response without a hint.

2. Relevant past research
2.1. Instructional context: classroom versus at home

In our work, we define “instructional context” as the physical location and surroundings in which learning takes place, such as
classrooms, museums, workplaces, or homes, along with the resources that are typically available in such locations (e.g., people,
artifacts, books, online information). Definition is important, because “context” can also mean, for instance, historical period, social
relationships, cultural environment and activity (Dohn et al., 2018). Some have even defined it as the goals a student might have, such
as whether they intend to major in a particular topic or undertake a particular profession (Artino, 2009).

Perhaps the most extensive analysis of context comes from Tessmer and Richey (1997) who look at both the spatial (e.g., classroom
or workplace) and temporal (pretraining, training, posttraining) qualities of context in which learning occurs. They argue that “context
has a complex and powerful influence upon successful performance-based learning, and yet is largely ignored (or at the least deem-
phasized) in most current instructional design models” (Tessmer & Richey, 1997, p. 85). While this paper is now over two decades old,
its premise still stands: instructional context is important to learning but has been understudied. Undertaking such study is especially
valuable in the modern era of online learning, which takes place in a multitude of places: at home, in a coffee shop, on a bus or even in a
forest, in addition to traditional environments, such as the classroom.

Nevertheless, instructional context has not always factored into the cognitive models that inform the design of educational
technology (e.g., Anderson et al., 1996). In fact, there has been limited research regarding the efficacy of learning with educational
technology in the classroom versus at home (Wen et al., 2021). For instance, a meta-analysis of intelligent tutoring systems (ITSs) by
Steenbergen-Hu and Cooper (2013) identified studies of classroom ITS use and homework ITS use, with slightly larger effect sizes for
homework ITSs. However, only two of these studies looked at ITSs used at home to complete homework, and these focused exclusively
on homework use, meaning they didn’t test context as a moderator or statistically compare effect sizes for classroom versus home use.
Thus, while we may be able to conclude that ITSs can promote learning when used for assignments at home, the relative differences
between classroom and home use are not at all clear from these results. The few efforts in the direction of comparing classroom and
home use of educational technology include the work of Makransky et al. (2019), who directly compared classroom and home use of a
virtual reality science simulation and found no difference in students’ learning or motivation based on context, and Wen et al. (2021)
who reviewed prior studies of educational technology research outside the classroom in an effort to define the prerequisites for
home-based learning (contrasted with classroom learning).

2.2. Instructional context: the impact of the COVID-19 pandemic

More practically and more recently, there has been some examination of remote learning, due to the COVID-19 pandemic
(BrightBytes, 2020; Reich et al., 2020). In a survey of nearly 50,000 students, 11,889 teachers, 33,182 parents and 580 school
principals done by the International Society for Technology in Education (ISTE) and Brightbytes (BrightBytes, 2020) between April
and June of 2020 — during the first months of the pandemic - some clear differences were identified between students studying
remotely at home and in the classroom. For instance, only a very slim majority of students said they consistently receive the help they
need (52%), while 21% students said they “sometimes” or “never” receive teacher help. Despite students’ needs for guidance and
support typically varying with age, this is a significant contextual difference, particularly for students who struggle and need
encouragement to work regardless of whether they are using learning technology. Furthermore, 30% of students said they “sometimes”
or “never” had a quiet space to work, yet only 13% of parents said the same about their students. Although these results reflect families’
experiences with emergency remote education, rather than planned and well-structured remote teaching, they are still informative
regarding the types of challenges students commonly experience when completing work at home. Consistent with these findings, a
pre-pandemic comparison of students learning through in-person lectures versus attending the same lectures remotely online, indi-
cated that students learning remotely experienced significantly greater cognitive load, which can ultimately reduce learning outcomes
(Andersen & Makransky, 2021).

Another key issue that arose with at-home learning during COVID-19 was equitable access to technology. Nearly all U.S. state
agencies emphasized issues of equity with respect to access to online options and encouraged asynchronous over synchronous learning,
due to technology access constraints at home (Reich et al., 2020). While asynchronous learning certainly makes practical sense, given
the constraints, it would also make it difficult for teachers to monitor their students’ activity and provide the real-time guidance so
readily available in the classroom.

2.3. Use of hints in learning: with and without educational technology
Regarding our original research questions of hints versus no hints in the context of Decimal Point, there is substantial research

regarding feedback and support in learning more generally; that is, without technology. Hattie and Timperley (2007), in a classic and
thorough article about the value of feedback in learning without technology, determined that the type of feedback and the way it is
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given to learners can make a significant difference to learning. Their research, which cited a wide range of studies (e.g., Kluger &
DeNisi, 1996; Kulik & Kulik, 1988), revealed that immediate and delayed feedback vary on their beneficial effects based on the task
level; immediate feedback tends to lead to more benefits in task acquisition, while delayed feedback tends to better support strategy
learning. Both positive and negative feedback can have beneficial effects on learning, depending on whether that feedback is about the
task, processing the task, or self-regulation.

With respect to learning with technology, Koedinger and Aleven (2007, p. 239) raised and analyzed the important “assistance
dilemma” question: “How should learning environments balance information or assistance giving and withholding to achieve optimal
student learning?” They expanded on this question by pointing out that providing too much assistance could lead to the thrill of
(supported) success, but at the potential cost of shallow processing and not updating long-term memory, while too little assistance
could lead to independent success and engaging long-term memory, but at the potential cost of floundering and wasted time. They
reported on attempts to address this question in a variety of studies with cognitive tutors. This work was inspired by earlier research
with a geometry cognitive tutor in which they observed that students quite often don’t know when they need help, seeking help when
they don’t need it or not seeking help when they do need it (Aleven & Koedinger, 2000). Subsequently, this led to a line of research
with the Help Tutor, a computer-based meta-cognitive tutor designed to help students learn when to seek help (Aleven et al., 2016). The
Help Tutor gave in-context, real-time feedback on students’ help-seeking behavior, as they were learning with an intelligent tutoring
system. While this research resulted in students demonstrating better help-seeking behaviors, it did not lead to better learning out-
comes in the domain of geometry. In summation, while we have learned much about feedback in instruction, we still have not been
entirely successful in building learning technology that optimizes when and how to provide feedback to learners.

2.4. Use of hints in digital learning games

In the context of digital learning games, the picture is even murkier, with much less research on providing help to learners while
game playing and results that point in different directions. Digital learning games are a relatively nascent learning technology (Clark
et al., 2016; Mayer, 2014, 2019), with substantially less proven learning impacts than, for instance, intelligent tutoring systems (Ma
etal., 2014; VanLehn, 2006, 2011; Xu et al., 2019). Providing help in the context of games raises the question of whether the hoped for
flow (Czikszentmihalyi, 1990) and engagement (Bouvier et al., 2013) of learning games might be disrupted if help is inserted within
the games. Flow and engagement are, in fact, key reasons why digital learning games have been hyped as one of the most promising
computer-based methods to support learning (Gee, 2003; Prensky, 2006; Squire & Jenkins, 2003).

Yet, there has been some empirical research in adding hints to the context of digital learning games. For instance, O'Rourke et al.
(2014), in an experiment involving over 50,000 students with Refraction, a digital learning game about fractions, explored different
hint content (concrete versus abstract) and hint presentation (by level versus reward). In a 2 x 2 comparison of hint content and hint
presentation, plus a condition with no hints at all, they found that students in the no-hint condition learned more than students in any
of the other conditions. While their huge sample size is impressive, it is offset by shortcomings of the study: It had no pre or posttest,
relying solely on progress in the game as a learning metric, since students had to correctly solve problems to advance. Another po-
tential flaw to the approach of Refraction is that students would receive hints as rewards for success in the game, which seems counter
to a sound instructional approach of providing hints to the students who are less successful and more in need of help. Other studies of
hints used with digital learning games have focused more on whether students pay attention to and are engaged with hints than
whether they actually learn from the support. For instance, Conati et al. (2013) used eye tracking technology to capture student
attention to a digital learning game’s adaptive hints, which were both game generated (similar to the error messages of Decimal Point)
and on demand, and found that as the game proceeded, students paid less and less attention to the hints. Across three studies
comparing hints and no hints in puzzle-solving digital learning games, Melero et al. (2012) found that students who received hints said
the hints were helpful, and that many students in the non-hint conditions said they could have used help. In more recent work, Lee and
Chiou (2020) compared different types of hints — static, video, and multiple levels of static — in the context of Gidget, a digital learning
game for learning programming. In a study involving 150 students, they found that video hints both engaged students the most and
were most preferred. Yet, there was no evidence they actually used the hints to support their learning. In sum, these results suggest that
students often desire hints and perceive them as useful, but they may not pay careful attention to hints when they are available, which
could limit the potential learning benefits from hints.

Another investigation of help provided to students while learning with digital games is the Moyer-Packenham et al. (2019) study of
12 digital math learning games. They examined different game design features (e.g., hints, progressive levels, game efficiency) and
reported that games with hints were not more likely to lead to learning gains. However, this study was not an experimental study; it did
not compare an experimental hint condition with a no-hint control for any of the 12 games. Drey et al. (2020) is promising recent work
in which adaptive hints were inserted in the context of a virtual reality game, but also with no empirical results as of yet, either in
studying students’ affinity for hints or learning benefits.

The only experimental study of a digital learning game that, to our knowledge, actually demonstrated learning benefits with hints
and feedback was that done by Easterday et al. (2017). In a study involving 105 university students who played Policy World, a learning
game for learning policy argumentation, either with or without an underlying tutoring system that provided on-demand hints and
feedback, the students who played the game with the underlying tutor learned more. A path analysis supported the authors’ claim that
the feedback of the tutor led to better learning, which in turn increased students’ feelings of competence and interest. This is an
important finding, since it showed that a digital learning game supported with hints and feedback did not have to sacrifice engagement
to lead to learning.

Given the paucity of well-founded evidence about whether hints and feedback in the context of a digital learning game can lead to



B.M. McLaren et al. Computers & Education 178 (2022) 104366

learning — essentially one experimental study in which students without hints learned more than those provided with hints (O’Rourke
et al., 2014) and one study in which students without hints learned less than those provided with hints (Easterday et al., 2017) — we
decided to explore this issue in the context of Decimal Point, a digital learning game developed in our lab and for which we have run a
series of experiments. We now turn to a description of this game and how we enhanced it with hints.

3. Decimal Point

Decimal Point, depicted in Fig. 1, is a single-player game with an amusement park metaphor targeted at middle-school students
learning about decimal numbers (McLaren et al., 2017). The game has been used as a platform to explore a variety of key issues of
learning with digital learning games, such as student agency (Harpstead et al., 2019; Nguyen et al., 2018), order of gameplay (Wang
et al., 2019) and the tension between enjoyment and learning (Hou et al., 2020). Decimal Point runs on the Internet, within a standard
browser, and was developed using HTML/JavaScript and the Cognitive Tutor Authoring Tools (CTAT) (Aleven et al., 2016). The
materials have been deployed on a web-based learning management system, TutorShop (Aleven et al., 2009), which presents the
materials in a given sequence and logs all student actions. Decimal Point is composed of a series of “mini-games” (e.g., Enter if You Dare,
Space Raider, Castle Attack) within the larger amusement park game, as can be seen in Fig. 1.

Decimal Point presents students with 5 types of decimal problems, each corresponding to a different mini-game type: (1) ordering
decimals; (2) correctly placing decimals on a number line; (3) completing decimal sequences; (4) placing decimals in less-than and
greater-than “buckets” in comparison to a given decimal; and (5) adding decimals. Forty-eight decimal problems (two problems per 24
mini-games) have been implemented for the game. Figs. 2 and 3 show, respectively, two examples of Decimal Point mini-games: Castle
Attack, an ordering mini-game, and Capture the Ghost, a bucket mini-game.

The game problem types were developed through a review of the mathematics education literature on common decimal mis-
conceptions (Isotani et al., 2010; Stacey et al., 2001), as well as an analysis of the types of problems students currently encounter in
popular math curricula (e.g., Bell et al., 2012). For instance, the Castle Attack mini-game of Fig. 2 probes the misconception many
students have that “longer decimals are larger.” The student playing Castle Attack in Fig. 2 is, in fact, displaying that misconception in
their on-going solution. This type of problem is found in Everyday Mathematics, as well, i.e., “Order the following numbers from
smallest to greatest: 0.12, 0.05, 0.2, 0.78, 0.6, 0.043, 0.1” (Study Link 5.7).

Each item in Decimal Point has only one correct answer, and the player cannot advance until they have provided the correct answer.
Players also encounter problems in a pre-set order. For example, the student who is playing Decimal Point in Fig. 1 is about to play
Castle Attack, indicated by a pulsating circle around that game and the fact that all the circles indicating games before Castle Attack on
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Fig. 1. The main game map of Decimal Point.
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Attack and destroy the castles from smallest decimal to largest
decimal.

Smallest m m Largest

Fig. 2. “Castle Attack” one example of a mini-game in Decimal Point.

These numbers have the same value in the ones place (0), so look at
the tenths place. For example, is 0.213 larger or smaller than 0.51? @ @
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Fig. 3. “Capture the Ghost,” a second example of a mini-game in Decimal Point.
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the map are filled in.

Decimal Point has six characters that serve as guides and cheerleaders for the player throughout the game. These game elements
provide fantasy (Malone & Lepper, 1987), as well as giving the player a narrative context for why they are prompted to perform various
activities and problem solving. The interface and feedback design presents students with problem-solving activities embedded play-
fully in the mini-game context. Students are prompted by the characters to correct mistakes after an initial attempt within the game.

Decimal Point also has many of the basic game features outlined by Costello and Edmonds (2007), such as being low action,
non-competitive, and without a reward system. In fact, the Decimal Point mini-games are intentionally designed to be relatively simple.
The Clark et al. (2016) meta-analysis suggests that more complex game designs, with a wide range of solution paths, do not necessarily
equate to better learning outcomes, as both simple and complex game mechanics have led to positive learning effects. There may
actually be an important instructional design advantage to simplicity: avoiding distracting students with unnecessary decision-making
and seductive details (Harp & Mayer, 1998).

The study presented in this paper was designed to explore whether on-demand hints and error messages in the context of Decimal
Point would lead to better learning and engagement for students than the original version of the game that did not provide such
support. Thus, there were two study conditions:

1) The No-Hint condition in which students played the original version of the game that provided no hints and only correctness
feedback (i.e., turning correct answers green and incorrect answers red) within the individual mini-games, and

2) The Hint condition in which students played a version of the game that, in addition to correctness feedback, provided on-demand
hints and error messages on common student errors (i.e., when students entered a common error, based on a data analysis of past
game use, they received a message specifically addressing the error immediately after entering the incorrect response).

Fig. 2 shows an example of how an on-demand hint is requested (see the button in the middle, on the right). A hint is displayed after
the student selects the “Hint” button; see the hint in Fig. 3 (in the middle). After the “Hint” button is selected, the student can go
forward and backward through three levels of hints with “Previous” and “Next” buttons (see the buttons in the middle right of Fig. 3).
Fig. 3 also shows an example hint (i.e., “These numbers have the same value in the ones place (0), so look at the tenths place. For
example, is 0.213 larger or smaller than 0.51?%). There are three levels of hints for each problem: Level 1 hints are very general,
typically reminding the student of basic decimal knowledge (e.g., For the problem shown in Fig. 3 - “Compare digits in the same place
values of the decimal numbers, moving from the leftmost digit to the rightmost.“), Level 2 hints are somewhat more detailed

Table 1
Example Hint and Error Messages. There are three levels of hints per problem-solving step; we provide an example of all three levels for an Ordering
mini-game and examples of one level for the others.

Mini-game problem type

Hint examples

Error message example

Ordering

Number line

Complete Sequence

Buckets (less than/
greater than
comparisons)

Adding decimals

Level 1: Compare digits in the same place values of the decimal
numbers, moving from the leftmost digit to the rightmost.

Level 2: Since these numbers all have the same ones place (0),
compare the tenths place. Which has the smallest tenths place?
Level 3: 0.0234 has the smallest tenths place, followed by 0.14,
0.323, 0.4. (These are the three hint levels provided when the student
is given an ordering problem with the decimal numbers 0.14, 0.4,
0.0234, 0.323)

Level 2: If you divide the space between 0 and 1 into two pieces,
0.5 is at the end of the first piece. Is 0.456 smaller or larger than
0.5? (Level 2 hint when the student is given a number line problem to
place 0.456 on a numberline running -1.0 to 1.0)

Level 2: What's the change from 0.3 to 0.6? From 0.6 to 0.9?
(Level 2 hint when the student is asked to complete the sequence: 0.3,
06,09, __,_)

Level 1: Compare digits in the same place values of the decimal
numbers, moving from the leftmost digit to the rightmost. (Level
1 hint when the student is given a middle decimal number of 0.29 and
decimal numbers to place to the left and right of that number, smaller
and larger: 0.4, 0.101, 0.384, 0.299)

Level 1: Add the digits after the decimal place first, starting with
the digits on the far-right side and moving left. Add 0 + O first, 5
+ 95, and so on. (Level 1 hint when the student is given the addition
problem: 7.50 + 3.90)

Start by comparing the first digit to the right of the decimal point,
even if the digit is 0. (If the student orders the decimal numbers 0.14,
0.0234, 0.323, 0.4)

0.456 is greater than 0, so it goes to the right of 0. (If student clicks
to the left of 0, to where the decimal number would be negative)

Add the same place values and carry to the next place value to the
left. (If student types the next value of the sequence as follows: 0.3,
0.6, 0.9, _

0.12, )

The number of digits in a decimal number doesn’t tell you how
big it is. You should compare place value, moving left to right. (If
the student puts all shorter decimals in the left bucket (e.g., 0.4, and
all longer decimals in the right bucket, 0.101, 0.384, 0.299)

Please fill in the boxes to indicate where you are carrying (If the
student does not indicate the carry of “1” across the decimal point.)
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suggestions on how to think about and solve the given problem (e.g., For the problem in Fig. 3, what is shown - “These numbers have
the same value in the ones place (0), so look at the tenths place. For example, is 0.213 larger or smaller than 0.51?*), and Level 3 hints,
also called “bottom-out hints,” essentially provide the student with the answer (e.g., For the problem in Fig. 3 the bottom-out hint is
“0.213,0.341, 0.5 and 0.129 are less than 0.51, and 0.7 is greater than 0.51.%). Examples of hint and error messages for each of the five
problem types are shown in Table 1. The hints and error messages were developed by the authors, together with a mathematics ed-
ucation specialist.

4. Method
4.1. Participants and design

For the pre-COVID, classroom study period (February 3, 2020 through March 5, 2020), we assigned students to condition, Hint or
No-Hint, by class, due to concerns about students observing differences in the game within a classroom (i.e., students without hints
might notice their classmates receiving hints, and students with hints might share them with classmates not receiving hints). To
roughly balance prior knowledge between conditions, we asked teachers to characterize classes as low, medium, and high performers
and then did quasi-random condition assignments so that we had (close to) the same number of classes of each level within each
condition. Two schools with a total of 170 5th and 6th grade students participated in the study in classrooms. Five classes were
assigned to the Hint condition and five classes were assigned to the No-Hint condition. Of the 170 students, 18 (8 in the Hint condition
and 10 in the No-Hint condition) were excluded for failing to complete the materials (pretest, game, immediate posttest, or delayed
posttest) within the allotted time. One additional student in the Hint condition was excluded for performing more than three standard
deviations below the mean on the posttest and delayed posttest. Among the remaining 151 students (mean age 11.04, completion rate
of 88.8%), sixty-seven (67) students (31 female, 36 male) were assigned to the Hint condition and eighty-four (84) students (41 female,
43 male) were assigned to the No-Hint condition. For the remote portion of the study, when students were working from home due to
the COVID pandemic (April 13, 2020 through May 8, 2020), we randomly assigned students to condition, since there was no longer a
concern about students seeing one another’s work. Three schools with a total of 223 6th grade students participated in the study
remotely. Ninety-seven (97) students (51 in the Hint condition and 46 in the No-Hint condition) were excluded from analyses for failing
to complete the materials in the allotted time. Among the remaining 126 students (mean age 11.81, completion rate of 56.5%), sixty-
four (64) students (33 female, 31 male) were assigned to the Hint condition and sixty-two (62) students (31 female, 31 male) were
assigned to the No-Hint condition.

Table 2 shows the type of school, the number of participating students, and the completion rates of each school.

Students took a pretest, completed the intervention according to condition (i.e., played all of the mini-games in the order shown in
Fig. 1, with two problems per mini-game), took an immediate posttest, and, one week after completing the posttest, completed a
delayed posttest. Examples of the same mini-game from the Hint and No-Hint condition are shown in Figs. 4 and 5. The only differences
between the games were (1) students in the Hint condition were provided with a “Hint” button (such as shown in Fig. 2) that allowed
them to request on-demand hints and (2) common errors made by students elicited an error message, such as what appears in Fig. 6.

In the classroom version of the study, students worked during 45- to 55-min class periods for up to a full week on the pretest, game,
and immediate posttest. Students worked at their own pace and took between three and five days to complete the materials (see Results
for time on task by condition). Students logged out at the end of each class and, when logging back in the next time, were placed in the
materials wherever they stopped previously. A week after the immediate posttest, students took the delayed posttest within one class
period.

While playing the game in the classroom condition, students in the No-Hint condition were given the answer by experimenters if
they asked for help after they (a) made at least 5 mistakes and (b) worked for at least 5 min (a subtle indicator on the screen would alert
the experimenters that the student had met the (a) and (b) conditions and could thereby know whether they could provide help). This
was done to prevent students from getting stuck on a single problem. Students rarely met these criteria for assistance (10 or fewer

Table 2
Participating schools.
School Type of School N Dropped Completion Rate
Classroom School 1 (8 classes) Rural 116 10 (7 H, 3 NH; includes 1 outlier) 92.1%
School 2 (2 classes) Suburban 35 9 (2H,7NH) 79.5%
Totals 151 19 (9 H, 10 NH) 88.8%
Remote School 3 (3 classes) Suburban 39 11 (2 H, 9 NH) 78.0%
School 4 (4 classes) Suburban 55 24 (14 H, 10 NH) 69.6%
School 5 (7 classes) Urban 32 62 (35 H, 27 NH) 34.0%
Total (24 classes) 126 97 (51 H, 46 NH) 56.5%
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ESCAPE THE ALIENS

The evil beast Xigorath is coming! Unlock each door by completing the
number sequence, so you can get to the escape shuttle!

Find the last two numbers in the sequence.

First, figure out how much the numbers are changing.
~ ~
| -

ESCAPE SHUTTLE

f l I 1 [—
SECURITY GATE A
— = E =

Fig. 4. The “Escape the Aliens” mini-game in the Hint condition. Note the hint text shown in the yellow box and the “Previous” and “Next” buttons
used to navigate through hints.

ESCAPE THE ALIENS

The evil beast Xigorath is coming! Unlock each door by completing the
number sequence, so you can get to the escape shuttle!

Find the last two numbers in the sequence.

|y

ESCAPE SHUTTLE
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Fig. 5. The “Escape the Aliens” mini-game in the No-Hint condition, without any hint buttons.

instances total across the study).

In the remote version of the study, students had a lot more freedom regarding when to work and for how long. Students were given
a full week to complete the materials, completing as much, or as little, as they wanted to each day (see Results for time on task by
condition). As in the classroom version, when they logged out, their place would be saved, and they would begin from that spot in the
materials the next time they logged in. At the end of the week, the initial materials (i.e., pretest, game, and immediate posttest) were
locked and a week later the students were given a day to complete the online delayed posttest. Students who used the materials
remotely were asked not to use any other resources to help them (e.g., asking their parents, looking things up on the Internet, etc.), but
of course there was no way to monitor this activity, as there was in the classroom version of the study.

As a final note, during the pandemic, and in particular during the course of the at-home version of this study, people were in close to
a full lockdown, expected to wear masks in public, and some of our students likely contracted COVID-19. It was also the case that in the
spring of 2020, when this study was conducted, all schools were operating fully remotely.

4.2. Materials

A web-based learning environment was used to deploy all of the materials in this study, as well as to collect detailed data from the
use of the materials (Aleven et al., 2009). As mentioned above, the materials included three tests and the two game conditions.

Pretest, Inmediate Posttest, and Delayed Posttest: Each test, which was developed by math education experts and vetted over many
prior studies, consisted of 43 items. Most items were worth one point each, while some multi-part items were worth several points, for a
total of 52 points per test. The items were designed to probe for specific decimal misconceptions, and involved either the five decimal
skills targeted by the game (e.g., “Choose the largest of the following three numbers.__0.22, _0.31, _0.9”; “Write down the next item in
the following sequence. 0.3, 0.5, 0.7, 0.9, __”) or conceptual questions (e.g., “is a decimal number that starts with 0 smaller than 0?*;
“Is a longer decimal larger than a shorter decimal?”). Three test forms (A, B and C) that were isomorphic and positionally
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ESCAPE THE ALIENS

The evil beast Xigorath is coming! Unlock each door by completing the
number sequence, so you can get to the escape shuttle!

Find the last two numbers in the sequence.

~ @ -

ESCAPE SHUTTLE
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Add the same place
values and carry to the
next place value to the
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Fig. 6. Hint condition - The “Escape the Aliens” mini-game with an error message. Here a student makes a very common mistake.

counterbalanced across conditions were used.
5. Results

We report results according to each of our research questions. Since RQ1 examines the impact of context on all of the other research
questions, we report all results as a 2 x 2 (Classroom/Remote x Hint/No-Hint) analysis. We report effect sizes (1121, and ¢) for all main
effects, interactions, and planned comparisons, and we interpret effects as small when r]zp < .06 or ¢ = 0.1; medium when.06 < 1121, <
.14 or ¢ = 0.3; and large when nzp > .14 or ¢ = 0.5 (Cohen, 1988; Olejnik & Algina, 2000).

First, a chi-square analysis assessing completion rates, Classroom (88.8%) versus Remote (56.5%), revealed a significant difference,
X? (2, N=393) =51.3, p < .001, ¢ = 0.36, indicating that more students completed the materials in the classroom context. A 2 x 2
analysis of covariance (ANCOVA) comparing pretest scores by condition and Classroom/Remote context while controlling for school
indicated that students in the Hint condition performed significantly worse than students in the No-Hint condition, F (4, 272) = 7.50, p
=.007, ”zp = .027. Students also performed significantly better on the pretest during the remote learning period compared to the
classroom learning period, F (4, 272) = 104.39, p < .001, nzp =.28. There was no significant interaction, F (4, 273) = 0.94,p = .33, 112p
= .003. Given the differences in pretest scores across conditions, we control for pretest as a covariate or assess learning gains in all
analyses reported below.

Overall, students appeared to learn from the materials. A repeated-measures analysis of variance (ANOVA) indicated a significant,
large effect of test comparing students’ pretest and posttest scores, F (1, 276) = 159.00, p < .001, nzp =.37. There was also a large effect
comparing students pretest and delayed posttest scores, F (1, 276) = 149.09, p < .001, r]zp = .35. There was no significant difference
between posttest and delayed posttest scores, F (1, 276) = 0.05, p = .82, nzp < .001.

As a manipulation check, we compared combined error rates across the first opportunities of each of the five problem types across
conditions. If the hints were helpful for getting the correct answer, students in the Hint conditions would be expected to demonstrate
fewer errors on these first opportunities, regardless of whether they ultimately learned more in the Hint or No-Hint conditions. We
conducted a 2 x 2 ANCOVA testing the effect of hint condition and context on the sum of errors students made on their first encounters
with all five problem types, controlling for pretest and school. Results indicated a significant effect of hint condition, F (5, 271) =
23.25,p < .001, 1121, =.079, with students who received hints (M = 16.71, SD = 15.12) making roughly half as many errors as students
in the No-Hint condition (M = 32.27, SD = 43.46). There was no significant effect of context, F (5, 271) = 1.48,p = .23, ;121, =.005, but
there was a significant interaction, F (5, 271) = 10.03, p = .002, nzp = .036. Pairwise comparisons indicated a large effect among
students in the classroom context, F (3, 147) = 23.02, p < .001, nzp = .14, and a medium effect among students in the remote context, F
(3,122) =5.77,p = .018, nzp =.045. In both cases, students in the Hint conditions made significantly fewer errors than students in the
No-Hint conditions.

RQ1. How does the instructional context (i.e., classroom versus remote learning) impact playing of the game and learning with respect to all of
the following research questions?

10



B.M. McLaren et al. Computers & Education 178 (2022) 104366

Table 3
Mean scores on the pretest, immediate posttest, and delayed posttest, out of a possible 52 points, by condition and location.
N Condition Pretest Mean Posttest Mean Delayed Mean Pre-Post Gain Pre-Delayed Gain Time on game
(SD) (SD) (SD) (SD) (SD) (minutes)
Classroom 67 Hint 21.40 (10.05) 26.73 (10.24) 26.12 (10.29) 5.33 (6.38) 4.72 (7.30) 61.60 (21.26)
84 No-Hint 25.07 (10.32) 30.82 (9.54) 31.17 (9.84) 5.75 (6.74) 6.10 (6.50) 75.20 (44.46)
151 Total 23.44 (10.33) 29.01 (10.02) 28.93 (10.32) 5.56 (6.57) 5.48 (6.88) 69.16 (36.59)
Remote 64 Hint 32.69 (11.25) 37.09 (9.31) 38.00 (8.91) 4.41 (6.81) 5.31 (7.16) 53.21 (28.06)
62 No-Hint 34.02 (9.52) 38.39 (6.62) 37.94 (8.17) 4.37 (6.62) 3.92 (6.86) 58.61 (30.72)
126 Total 33.34 (10.42) 37.73 (8.09) 37.97 (8.52) 4.39 (6.69) 4.63 (7.02) 55.87 (29.40)

Given that this research question crosses with all of the other questions, we report our results regarding this question within each of
the research question subsections below.

RQ2. Do students in the Hint condition learn more than students in the No-Hint condition?

The mean scores on the pretest, immediate posttest, and delayed posttest by condition are shown in Table 3, along with gain scores
and time spent playing the game in minutes. A 2 x 2 analysis of covariance (ANCOVA) assessing effects of the two learning conditions
and Classroom versus Remote context on posttest performance and controlling for pretest and school indicated a marginally significant
effect of Hint condition, F (5, 271) = 3.17, p = .076, 1121, =.012, with students performing better in the No-Hint condition. Even when
controlling for the pretest and school, students performed significantly better during the remote learning period compared with the
classroom learning period, F (5, 271) = 13.04, p < .001, 112p =.046. There was no significant interaction, F (5, 271) = 0.83, p = .36, nzp
=.003.

A 2 x 2 ANCOVA assessing effects of condition and Classroom/Remote context on delayed posttest performance and controlling for
pretest and school indicated that there was no effect of learning condition, F(5, 271) = 2.26,p = .13, ;12p =.008. Even when controlling
for pretest and school, students performed significantly better during the Remote learning period compared with the Classroom
learning period, F(5, 271) = 18.40, p < .001, qu = .0264. There was also a significant interaction, F(5, 271) = 5.96, p = .015, 112p =
.022.

We conducted a pairwise comparison controlling for pretest and school to interpret the interaction (Fig. 7). Within the Classroom
group, there was an effect of hints, with students in the No-Hint condition performing significantly better on the delayed posttest than
students in the Hint condition, F(32, 147) = 6.46, p = .03612, nzp = .042. Within the Remote group, there was no effect of the Hint
condition on delayed posttest performance, F(3, 122) = 0.32, p = .57, nzp =.003.

A 2 x 2 ANCOVA comparing times spent playing the game and controlling for school and pretest showed a medium, significant
effect of learning condition, F(5, 271) =16.17,p < .001, r]zp =.056, with students in the Hint condition taking less time than students in
the No-Hint condition. There was no effect of context, F(5, 271) = 0.56, p = .45, nzp = .002. There was a marginally significant
interaction, F(5, 271) = 3.24, p = .073, nzp =.012.

To better understand how hint usage might have led to these results, we conducted analyses of hint use among students in the Hint
condition. Hint use was coded for each problem in the game on a scale from 0 to 3, with 0 meaning the student did not view any hints
for a particular problem and 3 meaning the student viewed all 3 hints. A one-way ANOVA comparing students’ total hint use in
Classroom versus Remote contexts indicated a significant effect, F(1, 130) = 19.08, p < .001, nzp = .13, with students in the Classroom
(M = 51.09, SD = 42.86) using significantly more hints than students in the Remote group (M = 21.94, SD = 32.80). In other words,
students in the Classroom Hint condition used significantly more hints yet had worse outcomes compared to the Classroom No-Hint
condition.

We also looked at learning curves for the various mini-game types (e.g., Buckets, Number Line). Learning curves provide an
indication of how quickly students reduce their errors given “opportunities” (i.e., mini-games) to solve different problem types. The Y-
axis of the curves in Figs. 8 and 9 show the number of students that made errors, at opportunity 1, 2, 3, and so forth, for two of the mini-

35 S

30 1

25
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15 ® No-Hint

Classroom Remote
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Fig. 7. Interaction effect at delayed posttest showing estimated marginal means controlling for pretest: No-Hint students performed significantly
better than the Hint students in the Classroom but not Remotely.
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Classroom setting (n = 151) Remote setting (n = 126)
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Fig. 8. Error count by opportunity in the Buckets mini-games.
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Fig. 9. Error count by opportunity in the Number Line mini-games.

games. Students in the No-Hint condition made more errors at early opportunities but the errors drop and the curves converge very
soon after the initial opportunities, suggesting that error rates between the two hint conditions became similar after a few opportu-
nities on each problem type. This pattern is consistent for all the mini-game types (see Appendix A).

In summary, our hypothesis that students who had access to hints and received feedback would learn more was not confirmed; in
the classroom, receiving hints and error messages was associated with worse performance. Learning curve analyses suggested that
while hints and error messages might reduce errors the first few times students encountered problem types, the accuracy benefits
appeared to wear off with increased opportunities.

RQ3. Do female or male students benefit more from the hints?

Consistent with prior work (Hou et al., 2020; McLaren et al., 2017b; Nguyen et al., under review), an ANCOVA assessing the effects
of gender on immediate posttest and controlling for pretest indicated a significant effect, F(2, 274) = 10.35, p = .001, nzp =.036, with
female students performing better than male students, as can be seen in Table 4. Similarly, there was a significant effect on delayed
posttest score controlling for pretest score, F(2, 274) = 10.25, p = .002, r]zp =.036, with female students performing better than male
students. Female students also spent significantly more time playing the game than male students, F(1, 275) = 5.95, p = .015, ;121, =
.021.

We examined potential interactions between gender and Hint condition using a series of 2 x 2 ANCOVAs controlling for pretest.
Results predicting immediate posttest indicated that there was a main effect of gender, F(4, 272) = 9.81, p = .002, nzp =.035. There
was no main effect of Hint condition, F(4, 272) = 1.46, p = .23, r]zp =.005, and no interaction, F(4, 272) = 2.49,p = .12, ;121, =.009.
Similarly, when predicting delayed posttest, there was a main effect of gender, F(4, 272) = 9.75, p = .002, ;72p = .035. There was no
main effect of Hint condition, F(4, 272) = 0.84, p = .36, 1121, = .003, and no interaction, F(4, 272) = 1.72, p = .19, qu =.006.

We also examined potential interactions between gender and Classroom/Remote context using a series of 2 x 2 ANCOVAs con-
trolling for pretest. Results predicting immediate posttest indicated that there was a main effect of gender, F(4, 272) = 8.83, p =.003,
”zp = .031, and a significant main effect of Classroom/Remote context, F(4, 272) = 5.36, p = .021, 172p = .019. There was also a
significant interaction, F(4, 272) = 4.42, p = .036, 172p = .016. We conducted a planned, pairwise comparison to interpret the

Table 4
Mean scores on the pretest, posttest, and delayed posttest by gender.
N Pretest Mean (SD)  Posttest Mean (SD)  Delayed Mean (SD)  Pre-Post Gain (SD)  Pre-Delayed Gain (SD)  Time on game (minutes)
Female 136  27.84 (11.35) 34.03 (9.18) 34.17 (9.81) 6.19 (6.91) 6.33 (6.90) 68.16 (38.12)
Male 141 28.05 (11.62) 31.96 (10.96) 31.95(11.13) 3.91 (6.18) 3.90 (6.80) 58.25 (29.03)

12



B.M. McLaren et al. Computers & Education 178 (2022) 104366

35 I = 1

30 X

25

20 & Female

15 & Male

10

Classroom Remote

Fig. 10. Interaction effect at immediate posttest showing estimated marginal means controlling for pretest: Female students performed significantly
better than male students in the Classroom but not Remotely.
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Fig. 11. Interaction at delayed posttest showing estimated marginal means controlling for pretest: Female students performed marginally better
than male students in the Classroom but not Remotely.

interaction. Within the classroom group, there was a significant effect of gender, with female students performing better on the im-
mediate posttest than male students, F(2, 148) = 13.96, p < .001, nZP =.086 (Fig. 10). However, within the remote group, there was no
effect of gender on posttest performance, F(2, 123) = 0.48, p = .49, nzp =.004.

When predicting delayed posttest, there was a main effect of gender, F(4, 272) = 8.86, p = .003, 112P =.032, and a main effect of
Classroom/Remote context, F(4, 272) = 5.87, p = .016, nzp =.021. There was a marginally significant interaction, F(4, 272) = 3.07, p
=.081, 112p = .011, again, with female students performing better than male students in the classroom (See Fig. 11).

In summary, our hypothesis about gender was confirmed. As in prior studies, female students overall benefited more from the game
than male students. In addition, access to hints and feedback equally impacted female and male students, as the gender effect remained
the same regardless of whether students were in the Hint or No-Hint condition. Yet we uncovered an interesting difference between the
classroom and remote versions of the study: In the classroom, female students benefited more from the game than males, as
demonstrated on the immediate posttest and in previous findings; yet, in the remote study female students did not perform better than
male students on the immediate posttest.

RQ4. In the Hint condition, how do hint behaviors relate to prior knowledge and learning outcomes?

In order to test our hypothesis that higher prior knowledge students would use hints more productively in the Decimal Point than
lower prior knowledge students and thereby have greater learning gains, we first needed to define what we mean by unproductive hint
use. Based on prior work regarding productive help-seeking behaviors (Roll et al., 2011), we broke it down into the following metrics
of hint use:

Metric 1: Using hints before making an attempt. While a student who is unsure of what to do should probably request help, it is also the
case that making an attempt at solving problems before requesting explanatory hints is likely to lead to better learning, even if the
student is unsure of how to proceed (Pressley et al., 1992).

Metric 2: Gaming the system by reading hints quickly. We assessed how often students hurriedly moved to the bottom-out hint, without
carefully reading each hint. This is hypothesized to be the more unproductive of the two hint behaviors we assessed, and one that
can reflect a host of negative affective states (e.g., confusion, frustration, cognitive disengagement; Baker, 2011; Baker et al., 2008).

To assess Metric 1 (“Using hints before making an attempt”), we analyzed how often students requested a hint before trying to solve
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Fig. 12. Plotting of prior knowledge (performance on pretest) versus hint usage before first attempt for the Classroom students.
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Fig. 13. Plotting of prior knowledge (performance on pretest) versus hint usage before first attempt for the Remote students.

mini-game problems. Specifically, we checked the number of mini-game instances in which students in the Hint condition asked for a
hint before their first attempt at solving a problem. Figs. 12 and 13 show the Classroom versus Remote context plotting of “hint before
first attempt™ against pretest scores for all of the students who had access to hints. As can be seen, the students who did better on the
pretest, in both the Classroom and Remote situations, tended to ask for fewer hints before making an attempt. This result is significant
for both the Classroom (r = —0.441, p < .001) and Remote (r = —0.436, p < .001) groups. A one-way ANCOVA comparing hint usage
before attempt in the classroom and at home and controlling for pretest was not significant, F(1, 128) = 0.04, p = .84. This suggests that
students did not tend to ask for more hints before making an attempt in one setting compared to the other (Classroom vs. Remote),
when controlling for prior knowledge.

To analyze Metric 2 (“Gaming the system by reading hints quickly”), we used reading time research to analyze the time it should take
students to read hints before moving to the next hint or trying to solve a problem. Using an average reading time of 4 words per second
(Just & Carpenter, 1987), we analyzed all hints requested by students, checking whether the time gap between one hint request and the
next was smaller than (hint word length/4) seconds (The average length of hints in the game is 18.64 words). Such an analysis un-
covers the number of times a student doesn’t read hints deliberately. Figs. 14 and 15 show the Classroom versus Remote context
plotting of “reading hints too quickly” against pretest scores for all of the students in the Hint condition. As can be seen, the students
who did better on the pretest, in both the Classroom and Remote situations, tended to less frequently read hints too quickly. This result
is significant for both the Classroom (r = —0.573, p < .001) and Remote (r = —0.538, p < .001) groups. A one-way ANCOVA comparing
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Fig. 14. Plotting of prior knowledge (performance on pretest) versus Read Hints too Quickly by the Classroom students.
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Fig. 15. Plotting of prior knowledge (performance on pretest) versus Read Hints too Quickly by the Remote students.

Table 5
Correlations between hint metrics and learning gains.
Pretest-to-Posttest Gain Pretest-to-Delayed Posttest Gain
Classroom context
Metric 1: Hint Before Attempt —0.37% —0.30"
Metric 2: Read Hints Too Quickly -0.35" -0.27°
Remote context
Metric 1: Hint Before Attempt —0.04 0.11
Metric 2: Read Hints Too Quickly —0.00 0.12

@ Indicates p significant after applying Benjamini-Hochberg correction for multiple comparisons where false discovery rate Q = .05
(Benjamini & Hochberg, 1995).

rates of reading hints too quickly in the classroom and at home, controlling for pretest, was not significant, F(1, 128) = 0.38, p = .54.
This suggests that students did not tend to read hints more quickly in one setting compared to the other (Classroom vs. Remote), when
controlling for prior knowledge.

To assess the relations between these hint use metrics and learning outcomes, we examined correlations between each hint
behavior and learning outcomes on the posttest and delayed posttest (Table 5). We used learning gains to account for prior knowledge
and assessed correlations separately for classroom and remote contexts. While both hint behaviors were significantly, negatively
correlated with learning gains in the classroom context, neither were significantly correlated with learning gains in the remote context.

In summary, our prediction that students with higher prior knowledge would use hints more productively (Metrics 1 and 2) was
confirmed. Additionally, our prediction that Metrics 1 and 2 represented unproductive learning behaviors (i.e., associated with worse
learning outcomes) was supported by results indicating significant, negative correlations with learning gains in the Classroom context.
In contrast, neither of the hint behaviors were associated with learning gains in the Remote context, which is consistent with the lack of
effect of Hint condition on learning in RQ2.

6. Discussion

While our original intent was to explore how on-demand hints and error messages help (or hurt) students in the context of a digital
learning Decimal Point, we ended up additionally exploring the critical question of how instructional context, in the form of working
with online materials in a classroom versus working with those same materials remotely at home, impacts students’ behavior and
learning. In the following we discuss these results and put forward possible explanations and suggestions for further investigation.

First, why did we see significantly different completion rates between classroom use (88.8%) and home use (56.5%)? This is likely
explained by the difference in the level of guidance between the classroom and home. Students in the classroom were monitored
closely by experimenters and teachers, including being prompted to continue working when they appeared disengaged and given
encouragement to finish their work. Conversely, students at home had no such guidance and encouragement, not only because their
teachers were not physically present with them as they worked, but also because the stresses of the COVID-19 situation necessitated
leniency in completing work at all three of the schools where students worked at home. Furthermore, the lack of expectation of
completing their work likely explains another result: Students who worked remotely learned significantly more than those who worked
in the classroom, even taking into account the pretest as a covariate. Since students were not monitored as closely in the Remote group
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and also not strictly required to complete the materials, many dropped out. As might be expected, the higher performing students were
more likely to persevere and complete all of the materials, as shown by the significantly higher pretest values in the Remote vs.
Classroom context. Thus, it is perhaps unsurprising that in the Remote study the students who stuck it out and completed everything
learned significantly more than students in the Classroom study.

Second, why did we see students in the No-Hint condition do better, in the classroom on the delayed posttest, than students in the
Hint condition? From a cognitive engagement (Chi & Wylie, 2014) and constructivist perspective (Applefield et al., 2001) this result
makes sense. We note that when we look at learning curves (Figs. 8 and 9, also Appendix A), students in the No-Hint condition initially
do a little worse than students in the Hint condition, i.e., they make more errors, but eventually the No-Hint condition students reduce
their errors to approximately the level of the Hint condition students and consequently perform better on the delayed posttest. In other
words, the No-Hint condition students’ knowledge appears to be more robust, as indicated by knowledge that transfers to the delayed
posttest (Barnett & Ceci, 2002), likely because constructing their own understanding involves deeper learning processes such as
knowledge retrieval, self-explanation, and knowledge revision that might be disrupted by overuse of hints in the Hint condition. The
idea that overusing hints might hurt robust learning is also supported by the result showing that students in the Remote Hint condition
used significantly fewer hints than students in the Classroom Hint condition and did not perform worse compared to the Remote
No-Hint condition. While it might be that students in the Remote context had less need for hints, given their higher pretest scores, they
nevertheless scored well below the maximum possible score on the pretest. Remote students in the Hint condition made significantly
fewer initial errors than students in the No-Hint condition, suggesting that hints were still useful to them. Our result is also in line with
the results of O’Rourke et al. (2014), in which gameplaying students in a no-hint condition learned more than gameplaying students in
four other hint conditions. This result also provides another data point for the assistance dilemma (Koedinger & Aleven, 2007):
Students in our particular Hint condition appear not to have struggled enough to learn.

Third, why did we get the result in which female students in the classroom performed significantly better on the immediate posttest
than male students in the classroom, yet there was no effect of gender remotely on immediate posttest performance? This effect was
primarily driven by the fact that girls’ performance appears to be approximately the same at home and in the classroom, while boys’
performance was much better at home compared to the classroom. These results in the classroom are consistent with girls’ general
tendency to outperform boys in classroom settings (Dwyer & Johnson, 1997; Entwisle et al., 1997), which has been attributed at least
in part to girls’ greater likelihood of holding mastery goals and less frequent behavioral disruptions (Kenney-Benson et al., 2006). It
may be that these effects are diminished at home, where students have more autonomy and can work outside of typical classroom
structures. Future work should further explore how girls’ and boys’ behaviors and affective experiences differ in the classroom context.

With respect to our research question about prior knowledge (RQ4: “In the Hint condition, how does students’ prior knowledge relate to
how they use the hints?*), we found that students with lower prior knowledge engaged in a number of negative hint use behaviors,
including asking for hints before making an attempt and moving to the next hint without taking enough time to read the previous hint.
In looking more closely at the students with lower prior knowledge, we saw that the students who took their time to read each hint and
attempted to solve the problem along the way also learned more in the Classroom context, as shown by the negative correlations
between unproductive hint behaviors and learning gains. In the Remote context, unproductive hint behaviors were not associated with
learning gains. Although students with lower prior knowledge appeared to engage in unproductive hint use as much in the Remote
context as in the Classroom context, as indicated by the lack of significant differences in behaviors across contexts when controlling for
pretest, there tended to be fewer students with lower prior knowledge in the Remote context. As a result, there may not have been
enough students engaging in high rates of unproductive behaviors to see a significant relation with learning outcomes. Since we didn’t
explicitly manipulate hint behaviors in our study, we can’t say whether these hint behaviors caused the better learning outcomes in the
classroom or whether it’s a reflection of something different about those students (i.e., that they are more engaged, more conscientious,
etc.). A future study could be designed to force students to follow positive hint behaviors (e.g., students can’t access the next hint until
10 seconds and 1 attempt after the previous hint) to see whether we can lift all learners up by encouraging fewer unproductive hint
behaviors. Such a study would shift the research question more to what happens with productive versus unproductive hint behaviors
rather than how prior knowledge relates to hint usage. Of course, a danger of implementing such an approach could be to frustrate non-
gaming students who don’t need such a time delay, so it may not necessarily promote positive hint behaviors. Attempts to implement
such an approach in other educational technology, for instance intelligent tutoring systems, have only been done with small sample
sizes and with indeterminate results (Murray & VanLehn, 2005).

Interestingly, as illustrated by the learning curves of Figs. 8 and 9, we found that while hints seem to be beneficial for the first
attempt made by students on individual problems, the No-Hint and Hint students eventually achieved similar error rates after the initial
few problems. Thus, contrary to our predictions, it doesn’t appear that hints had a positive effect. It turns out, at least in the case of
students in this study, that the additional support students received for learning in the Hint condition was not helpful; in fact, students
in the No-Hint condition in the classroom actually learned more than their fellow students who received hints. Instead, we may have
provided a too easy way to get answers and thus undermined their learning. It may also be that the utility of hints depends on students’
prior knowledge levels. If too little prior knowledge leads to unproductive hint use and a high level of prior knowledge makes hints
unnecessary, then students might benefit most from hints when they have a moderate level of prior knowledge.

In closing, we mention the limitations to this study and our findings. First, because we lost so many of the students who worked
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from home - likely losing more students with less motivation, prior knowledge, or family resources to support them through the
challenges of working remotely during the pandemic — we also lost the opportunity to see how the game and its hints might have
helped a more representative sample of students at home. Second, the low remote student participation, disruption of our classroom
data collection, and introduction of a second factor to the study reduced the statistical power to detect effects. Third, because the
“instructional context” aspect of the study was a reaction to the pandemic, rather than a planned situation, we were unable randomize
assignment to in-school and at-home use of the game. In particular, differences in the schools and students who completed the work in
the classroom vs. remotely could have impacted the results, though we have attempted to address these differences by controlling for
pretest and school. Relatedly, since the remote learning situation during the pandemic, and particularly the early months of full
lockdown, clearly differed from intentional, planned remote learning, we must be cautious about how these results would generalize to
intentional remote learning contexts.

7. Conclusions

Although we started this research as an exploration into an important, understudied topic — do hints and error feedback help in the
context of the digital learning game? — we fortuitously stumbled upon perhaps a more important topic during the course of the study:
How does the instructional context — classroom versus remote learning — impact learning with a digital learning game? The COVID-19
pandemic of 2020-2021 pushed this question on us. We were able to uncover some interesting differences between students working in
school versus at home, as well as with and without hints. First, we found that the different instructional settings led to significantly
different completion rates, likely due to the stricter control and supervision students received in the classroom. Second, the Hint and
No-Hint versions of the game led to different results in the classroom versus at-home. Students in the No-Hint condition performed
better in the classroom, while there was no difference between conditions at home. We speculate that this may have occurred because
the students who didn’t have hints struggled in a productive way, in line with cognitive engagement and constructivist theories, while
students who had hints in the classroom tended to use them in unproductive ways that may have disrupted engagement and knowledge
construction. In the remote condition, where students tended not to use hints unproductively, hints did not have the same detrimental
effect. Also, classroom students in the Hint condition used significantly more hints than the students at home in the Hint condition. This
indicates that a greater use of hints does not benefit the students. Finally, as we have seen in prior Decimal Point studies, we observed a
gender effect, specifically with female students outperforming male students in the classroom but not remotely. This may have been
due, at least in part, to prior research showing that female students often outperform male students in classroom contexts. These
findings both illuminate differences between learning in the classroom and at home and point to potential future work.
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Error count by opportunity in Bucket
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Error count by opportunity in Number_Line
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Error count by opportunity in Sequence
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