Proceedings of the 57th Hawaii International Conference on System Sciences | 2024

Educational Burst Games - A New Approach for Improving Learner
Proficiency

Ashish Amresh
Northern Arizona University
amresh@asu.edu

Vipin Verma
Arizona State University
vverma9 @asu.edu

Rahul Salla
Arizona State University
rahul.salla@asu.edu

Abstract

Learner proficiency in educational games has been a
well-researched area for the past decade. The majority
of methods use a quasi-mixed method approach that
includes some form of assessment of learning prior to,
during, and after the game has been played. During
gameplay, game-based assessment (GBA) can be used to
assess the learning imparted by the game to the students.
A common strategy for GBA has been to utilize surveys
and built-in quizzes to measure student learning during
gameplay. However, this impacts students’ attention
negatively as they need to change their attention from
gameplay to the assessment and back. Educational burst
games (EBG) are fast repetitive action-oriented games
that build player proficiency through repetitive gaming.
In this paper, we present the design of a math game that
follows EBG principles and evaluate the learning gains
via a small sample of students. Our findings indicate
that EBG works well in certain educational contexts
and can be further expanded to work well with real-time
GBA techniques.
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learning, game

1. Introduction

Educational games have evolved over the past
several decades from traditional board games to digital
interventions (Prensky, 2003) and newer ways to
utilize games in the classroom such as game-based
assessment continue to evolve. It is becoming
increasingly important for games to provide feedback to
learners and diagnostic information to teachers (Verma,
2021). Game-based learning (GBL) offers an interactive
environment for the students to learn in a fun and
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challenging way while keeping them engaged in the
learning process. Game-based assessment (GBA) offers
a way to assess them while they are interacting with the
game. GBA may consist of built-in quizzes and surveys
to assess students’ learning while they are playing
(Verma et al., 2020). However, such methods tend to
break the students’ attention from learning to complete
the assessment. The emerging area of stealth assessment
is a way to assess the learners while they are playing the
game without breaking their flow, eventually blurring
the lines between learning and assessment by integrating
them (Shute and Spector, 2008). It utilizes the data
generated during the gameplay to make inferences about
the student learning and performance at various grain
sizes. Further, it can be used to assess skills such
as creativity (Kim and Shute, 2015), systems thinking
(Shute, 2011), persistence (Ventura et al., 2014), and
other 21st century skills that are needed for success
today (Rotherham and Willingham, 2010). These skills
in general are hard to assess by traditional means of
assessment.

In an attempt to smoothly integrate video games into
the classroom, Del Blanco et al. (2012) suggested a
framework that designs games to be of short duration
which not only eases game development but also
analytics and maintenance. This framework when
combined with repetitive gameplay-based learning,
gives rise to the concept of “burst games” (Baron and
Amresh, 2015). Burst games are fast-paced repetitive
games that promote learning by doing while keeping
the cost of failure to a minimum, thereby lowering
frustration (Amresh et al., 2014). They consist of
quick “bursts” of gameplay instead of complex and
long play-through strategies, hence the name. Smaller
problems require less play time per attempt, and
therefore students can immediately incorporate the
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feedback that they received in their next play-through.
This prevents frustration and reinforces learning through
repetition (Amresh et al., 2014). On the other hand, long
play time followed by failure may lead to frustration
due to the high cost of failure. Smaller problem size
further allows ramping the difficulty gradually instead
of in big increments. The mapping of learning or
“increase in proficiency” can also be tied to how players
progress from one burst to another. This forms the
central idea behind the design of the mechanics and
the analytics presented in this paper. In this paper, we
present a burst game approach in conjunction with the
game “VectorUnknown” that was designed and tested
with students that may or may not have prior exposure
to linear algebra. The goal of the presented research is to
help instructors identify what strategies students might
be applying to solve mathematical problems presented
via a “burst game” format and be able to help address
gaps in learning based on this information.

2. Theoretical background

Evidence Centered Design (ECD) is an instructional
theory that assessments should be focused on
evidence-based arguments (Mislevy et al., 2003).
Recently research has combined ECD with GBL in
several studies to achieve learning gains including areas
such as elementary mathematics (Bang et al., 2023;
Liu and Moon, 2023). ECD posits that a student’s
understanding of the material can be measured by their
reaction to changes in observable variables. Making
these changes is something that EBG can do well as
dynamically changing the problem during learning is
easier with EBG than most traditional teaching methods.
The issue that arises with this is the need to ensure
that the change flows naturally within the game system
and does not break the player’s flow or distract from
the learning process (Shute and Spector, 2008). Here,
stealth assessment techniques can ensure that these
measurements do not require overt actions that remind
the player that they are currently being evaluated on
their understanding of the given topic. Many methods
of stealth assessment are also helpful in measuring
student reactions to unobservable variables as these are
harder to detect but also important to measure in order
to gauge student understanding (Mislevy et al., 2003).
Finally, it is important that the learning assessment be
well integrated into the game itself and not stand out as
a separate experience (Malone and Lepper, 2021). Not
only would that break student immersion, but games
that integrate the two are more effective teaching tools
and generally better liked by students.

2.1. Inquiry-Oriented Learning

Inquiry-Oriented Learning (IOL) encourages
students to engage directly with subject material by
asking them to apply it to solve questions proposed
by the educator (Kuster et al., 2018; Rasmussen and
Kwon, 2007). As such, many educators are now trying
to adjust their material to embrace this new format.
IOL works by encouraging educators to focus on
posing questions to their students to solve instead of
simply presenting information in a lecture. Because
students are required to utilize the material rather
than just attempting to memorize it, they are more
likely to retain the information. The challenge lies in
finding questions that adequately cover the material,
are solvable by students who are currently unfamiliar
with the topic (with some guidance from the educator),
and are interesting enough to actively engage students.
Even when the above challenges are addressed, a
question that often remains is whether the students are
actually applying the concepts and are able to accurately
demonstrate proficiency. This becomes proportionately
difficult in courses with large class sizes such as those
that teach introductory mathematics and is required by
multiple undergraduate majors.

College-level mathematics presents a bit of a
challenge to educational games. The game needs to be
technical enough to inform and test advanced topics,
yet interesting enough to engage college-age students
who are typically harder to interest in, in comparison to
younger age groups. Finding the right balance between
entertainment and educational technical content is
difficult and is still a topic of many studies (Egert and
Phelps, 2020; Wronowski et al.,, 2020). Combining
game-based learning (GBL) activities within a lecture
provides a pathway to the successful integration and
adoption of games in undergraduate settings.

2.2. Game-based inquiry-oriented linear
algebra

GBL provides an excellent format for IOL as a
game requires presenting players with a problem that
they interact with and solve, thereby matching the
foundations of IOL. Game-based learning and IOL also
align by placing emphasis on making these problems
“novel and ill-structured allowing for a challenging but
do-able problem-solving format” (Mauntel et al., 2019;
Zandieh, Plaxco, et al., 2018; Zandieh, Williams—Pierce,
et al., 2018). The digital format, usage of color,
light, sound, and rewards with a game design context
contribute to making a problem posed via GBL much
more interesting than one posed verbally or through
text. Additionally, the autonomy and casual atmosphere
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provided by games make it more comfortable for
students to truly engage with the material (Ren, 2019)
and eliminate the fear of failure.

Several mathematical educators and researchers
have been attempting to adapt IOL principles to the
subject of linear algebra (Andrews-Larson et al., 2017;
Haider and Andrews-Larson, 2022; Kuster et al., 2018;
Plaxco et al., 2018; Wawro et al.,, 2012). In order
to assist professors in implementing course material
meeting IOL requirements, researchers have established
a website to provide resources to set up an IOLA
(Inquiry-Oriented Linear Algebra) classroom (Wawro
et al, 2013). An IOLA classroom, as defined by
this source, fosters student mathematical inquiry via
“challenging problems that engage them in authentic
mathematical practices” and instructor inquiry through
consideration and discussion of student’s ideas and
thoughts (Wawro et al., 2013). The combination of
student and instructor consideration and questioning of
subject material helps to foster a more interactive and
experiential learning environment for students and as
such aligns IOLA with IOL practices.

3. Burst game design

VectorUnknown is a burst game designed to help
students gain a better understanding of linear algebra
with a focus on the topic of linear combinations of
vectors. VectorUnknown is presented in a 2D format
and is run through a web browser. Each level is designed
in a burst game format and takes only a few minutes
to complete. For this research, we used two specific
levels: 1) the player has guided information about the
problem to solve and 2) the guided information is no
longer available to the player. Data was collected
for all seven levels in the game but not analyzed for
this paper. Additional details are provided in Section
4. Vibrant colors, an interactive and intuitive user
interface (Figure 1), and a clear visual grid interface
are utilized to engage and help players gain a better
understanding of how exactly linear combinations work.
The game automatically tracks player data and decisions
and remotely publishes them on a cloud-hosted data set,
providing easily accessible information for educators
and researchers.

3.1. Burst games for data analytics

Yu et al. (2021) indicated that designing educational
games without an analytics component is detrimental
to achieving the desired learning outcomes. Recent
research in achieving effective game-based analytics
by combining data mining techniques is presented in
(Alonso-Fernandez et al., 2020; Cui et al., 2019;

Henderson et al., 2020; Nguyen et al., 2019). These
recent trends indicate a high degree of connectivity
between the game design, interaction, mechanics, and
the data used for developing the key features such as
learner models, stealth assessments, Bayesian networks,
and conducting the analysis. For classroom instruction,
where IOL pedagogy is applied, the key element is
to be able to rapidly gauge the degree of proficiency
among the students and be able to adapt the instruction
based on the result. Burst games are ideally suited to
follow traditional educational data mining approaches
such as click tracing and pattern matching and perform
a sequence pattern mining task by aggregating the data
across multiple bursts (Baker et al., 2010; Romero and
Ventura, 2020). While click tracing and sequential
pattern matching have been validated in prior work
to support learning (Salloum et al., 2020), their use
in educational games and specifically in the area of
game-based learning hasn’t been thoroughly tested. In
VectorUnknown we have integrated a simple sequential
pattern-based data mining method that aims to provide
additional insight into whether the player’s success
in the game was a result of applying mathematical
principles.

3.2. Game mechanics

VectorUnknown’s primary objective is to get the
player’s bunny character to a specified goal position.
This is done by dragging and dropping two vectors into
appropriate slots and then adjusting the vector’s scalars
to create a linear combination that can get the player
to the goal. The player is given a visual perspective
of the game scene via a bird’s eye view of a grid. In
level 1, players are shown a line as a guide (pink line in
Figure 1) to indicate the current output of their selected
linear combination. In level 2, this line is removed. A
typical play-through of levels 1 and 2 involves the player
starting the level, noting the goal position, trying out
combinations of vectors and scalars until a solution is
found, and then pressing the Go! button to begin the
movement. Thus a single play-though will take only a
few minutes, conforming to the burst game paradigm. If
the player reaches the goal position as a result of this
movement, then they win the level. The scalars that
manipulate the chosen vectors are handled via the “+”
and ““-” operators in the interface. The game tracks every
operation of the player including the selection of vectors
and the manipulation of scalars until they press Go! and
push that data for analysis.

The user interface displayed in Figure 1 features four
main sections of heads-up display (HUD). The first is
the mini-map, located in the upper left-hand corner of
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Figure 1. VectorUnknown Game Play.

the screen. This provides a top-down view of the game
scene that shows the X-Y axis in the 2D format that
students typically associate with linear algebra. In later
levels, players must collect a series of keys to ‘unlock’
the goal or are instead given multiple goals to move to
that follow a line. The lock and key levels force students
to make use of multiple linear combinations and to
understand how they will affect their position when they
are not conveniently on the origin. The levels with lines
of goals pass through the origin on some levels and stray
from it on others. The visibility of the goals also varies
with level. When the goals are invisible, the student
must use a symbolic statement of the line of goals in
order to know where to find them and make them appear.

To the right of the mini-map is the formula tab. This
section of the user interface provides two blank slots in
which vectors can be dropped as well as two numbers
with plus and minus buttons to generate the scalars the
player wishes to apply to their vectors. The sum of the
vectors is shown to the right of the equals sign, and the
Go! button allows the players to finalize their selection
to get the bunny character to begin moving down the
path of their chosen combination.

Directly below the formula tab is the game viewport.
This shows the game scene in 3D, with a rotational
camera controlled via the arrow keys. The player
character is represented by a polygonal bunny model
while the goal is represented by a basket of eggs
to reach. A 2D grid is clearly visible below the
player and the linear combination that they are currently
considering is represented by a red path. Guided lines in
pink are provided in level 1 for players to see the result
of their manipulation before pressing Go!. Green lines
provided in levels 1 and 2 represent paths the player
has taken after pressing Go! but has not reached the
goal. This section of the UI also includes a menu button
(shown with three lines in the lower right-hand corner)
that expands to provide functionality such as exiting or
restarting the level. A timer is in the upper right-hand

section of this viewport.

Finally, to the left of the game’s viewport is the
vector choices tab. This tab features 4 vector tiles
that can be placed in the formula tab. The player has
to decide which two vectors to select out of these 4
choices and place them in the formula tab. It also
indicates the player’s current position, the goal position,
and the attempts remaining. The goal position is simply
given in the point format seen in Figure 1. The
core gameplay loop is built around building a linear
combination. A failure to create the mathematically
correct one necessitates spending more time and making
more moves, resulting in a lower score. Level 1 displays
the path generated by the linear combination, giving
players who may have a difficult time picturing linear
combinations a nice visual reference to understand
the result of the calculation. Level 2 removes the
guide to ensure student understanding of the topic, by
challenging the students to use mental math as a strategy
instead of guess and check. Strategies are discussed in
detail in Section 4.

4. Experiment and observations

In order to test the effectiveness of VectorUnknown
in accomplishing its goals of helping students
understand the linear algebra topics of linear
combinations and span, a group of 10 students
was asked to play the game. A study conducted
by Darmayanti (2023) used a small sample size of
10 participants to gauge the critical thinking ability
in a mathematical crossword puzzle. Their results
suggested that the puzzle helped in improving the
critical thinking of students, however, their sample size
was backed up by by their mixed methods approach.
They used quantitative data to support the validity of
the results arising from the sample size. In another
study by Endress et al. (2022), they found that their
simulation game was effective in engaging students in
online lectures. However, their sample size was small
as well, consisting of 21 participants split over five
groups. We conducted this study to get answers about
the effectiveness of the EBG format in conjunction
with real-time data analytics that would help provide
support for conducting a larger study that involves a
mixed-method approach. The subjects for our study
were selected from the target demographic of college
students and were split into two even groups of five;
one group (Group 1) of students who had taken linear
algebra previously, and another (Group 2) that had not.
The use of students, both with and without knowledge
of the subject area provides insight into whether
knowledge of linear algebra affects their performance
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in the game. For example, if the students in the
group without linear algebra experience significantly
outperform their peers with experience, it suggests
that the game is not effectively testing linear algebra
topics and instead may be solvable with simple game
techniques such as guess-and-check. Each subject was
given a set of the same instructions to use to complete
their test. Subjects were given 15 minutes each to
make it through as many levels as they could before
time ran out, completing all 7 Levels in Easy mode
and then repeating in Medium difficulty and then Hard
as time permitted. Their gameplay was tracked by
VectorUnknown’s built-in data tracking. Players were
also given a survey after the game on what strategy they
employed to finish the levels and how engaged were
they while playing the game (See Tables 1 and 2 for
results).

In order to successfully make it through an entire
difficulty category, the player must complete all seven
levels, which go through four different game modes.
The first game mode tasks the player with simply using
a linear combination to reach a destination point (Levels
1-2). The second mode requires players to use several
combinations to reach several “key” points to unlock
the final goal point (Level 3). The third mode asks
them to move the bunny across a series of several goals
in a straight line, introducing the concept of span to
the game (Levels 4-5). Finally, the fourth mode is the
same as the third, except the goals are invisible, forcing
players to understand how to trace the line given in the
“goal position” section of the user interface without any
external visual aids (Levels 6-7).

4.1. Data analytics

A student can take any approach while navigating
their way through a given level. However, their next step
may or may not lead them toward the target position.
We devised an algorithm that utilizes the stealth data
from player interactions to predict if the step taken
was an ideal or a non-ideal step. We generated four
vectors as possible options. Of these four, two vectors
were linearly dependent on the other two. Therefore,
we presented two pairs of linearly dependent vectors.
Let’s say the two vectors were A =< n,m >
and B =< p,q >. Then their linearly dependent
counterparts were C' = kA and D = jB, Where
n,m,p,q, k,j are scalars. The target position was
generated so that it could be obtained by operating on
the two linearly independent vectors. The goal position
can be represented mathematically as xC + yD, where
x and c are scalars. Depending on the vectors and
scalars chosen by the student, their step could be ideal

or non-ideal. The step that they took could be non-ideal
for the following reasons:

e If the step involved two linearly dependent
vectors, i.e. choosing both A,C or B,D.

— A and C are chosen as vectors
— B and D are chosen as vectors

* If the scalar is chosen such that it takes them
away from the goal position. For example, if they
choose A as an option and its corresponding scalar
is adjusted in the direction opposite to where it
should go. If the sign of the scalar is opposite to
the sign of zk

— sign of vector A’s scalar is different from
sign of zk

— sign of vector B’s scalar is different from
sign of =

— sign of vector C’s scalar is different from
sign of yj

— sign of vector D’s scalar is different from
sign of y

This algorithm helps instructors determine whether
students are guessing their solutions or attempting to
cognitively use math while completing the levels. While
Level 1 provides guided lines, the expectation is that
students would easily correct their paths as soon as they
see the direction they are headed. Level 2 would limit
their guess and check abilities and they would have to
rely more on their mental math skills.

5. Results and Discussion

The average total number of levels completed by
the group of students who had taken linear algebra was
higher than that of the students who had not. As shown
in Table 1 and 2, experienced students completed 2.2
more levels on average than their peers from the other
experience group. However, the standard deviation was
also comparatively high as shown in Table 2. The table
also summarizes participant feedback regarding their
strategy (mathematical, guess & check, or a combination
of both), their opinion of the game’s helpfulness,
and their thoughts on how engaging the game is in
comparison to traditional math exercise formats. It is
to be noted that it was up to each student to determine
whether their strategy was mathematical. The answers
were based on a 5-point Likert scale where 5 was the
most helpful and 1 was the least.

While many of the inexperienced students were
able to complete most of the “Easy” difficulty levels
which only use simple vectors, they consistently stopped
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Table 1. Survey and gameplay results - part 1.

Participant Taken LA Highest
LA? Grade Difficulty

Group 1

A Yes 1 Med

B Yes 5 Hard

C Yes 5 Hard

D Yes 3 Easy

E Yes 5 Easy
Group 2

F No NA Med

G No NA Med

H No NA Easy

I No NA Easy

J No NA Med

progressing quickly once reaching the “Medium”
difficulty which utilizes more complicated vectors. This
explains why Group 2’s average total number of levels
completed was near 8, which is the first level of medium
difficulty.

Somewhat surprisingly, many participants who had
taken courses in the subject area previously did not
report using mathematics exclusively as they progressed
through the game. A significant portion of these students
reported using a guess & check or a combination of
mathematics and guess & check techniques instead.
This could be a result of game-playing instinct since
many of the subjects are likely to have been exposed to
video games that reward similar strategies in the past.
Additional research would be beneficial in accurately
determining the learning strategy employed by students
in EBG-based studies. It is also likely that the students
may be unknowingly using a mathematical approach
but categorizing it as guess and check. Many of
the non-experienced participants reported using guess
& check as their primary problem-solving technique,
which could be because they have no preexisting subject
knowledge to strategize with.

Students did report finding the game a more
engaging learning environment. Many students reported
finding the game at least somewhat more interesting
than traditional pen/paper math exercises. This could
be due to the significantly larger number of stimulating
elements in a game as opposed to traditional math
homework. Students who were in the more experienced
group reported a higher level of engagement than their
peers. This suggests that players who were already
more comfortable with the subject material had the spare
mental capacity to invest in the game itself as opposed to
the inexperienced players who had to invest themselves
into trying to understand unfamiliar mathematics in

Table 2. Survey and gameplay results - part 2.
Total

. . Choice Game

Participant Levels Type Ensagement
Completed P gag

Group 1
A 10 Combo 3
B 15 GC 5
C 18 Math 4
D 4 Math 5
E 5 Combo 5
Mean: 104 4.4
SD: 6.11 0.89
Median: 10 5
Group 2
F 11 GC 1
G 8 Combo 4
H 6 GC 4
I 7 Math 4
J 9 GC 5
Mean: 8.2 3.6
SD: 1.92 1.52
Median: 8 4

addition to understanding the game.

Students who applied primarily guess & check
techniques made it farther into the game on average
than students who primarily used mathematics. This
could be a result of the extra time it takes to add up
the linear combinations mentally and may also be a sign
that the game is testing a player’s skill at the game more
than their skills in mathematics. Additional research
is needed to study the relationship between gameplay
skills (purely the mechanics) and the learning strategies
used to complete EBGs.

For Level 1

H 8 12 s
Attempt Number

Figure 2. Percentage of non-ideal steps taken during
Level 1.

We applied our data mining algorithm for levels 1
and 2 in order to populate how students’ performance
progresses with an increased number of attempts with
each level. Figure 2 shows the percentage of non-ideal
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For Level 2

40-

Percent Non-ideal Steps

’ : ° />«nemmr\mmner15
Figure 3. Percentage of non-ideal steps taken during
Level 2.

steps taken in level 1 by the students on a repeat attempt.
When completing the levels, students were asked to
achieve a high score and they would repeat the level
till the desired score (based on a three-star *** rating
system) was achieved. 7 students attempted level 1
multiple times, indicating that 3 students achieved a
high score on the first attempt. For the burst game
design framework, it is important to track performance
over repeated attempts. It is also significant to track
it for underachieving players/learners and the study
provides the set-up and analysis to track and report
their progress and performance. Figure 3 shows the
percentage of non-ideal steps taken in level 2 by students
on a repeat attempt. For an instructor in an IOL setting,
performance analytics is critical as students could easily
achieve a three-star *** rating based on the guess and
check strategy. This could provide false indicators
from the game as it relates to student proficiency.
Having the ability to look at the ideal/non-ideal steps
provides additional data to structure the IOL session
appropriately.

The average trend from level 1 and level 2 graphs
indicates that the number of ideal steps taken by the
students increased while the number of non-ideal steps
decreased. These graphs suggest that repetition helped
these students in improving performance evidenced by
the increase in ideal step count and decrease in non-ideal
step count.

6. Conclusions and future work

This paper provides some important findings when
incorporating educational burst games for use within
classroom instruction. As is common with commercial
games chance, luck, and guesswork can lead to desirable
outcomes. Burst games by their nature are designed
to have an element of chance and this could misguide
the outcome as desirable from a learning proficiency
standpoint. Incorporating effective data mining
algorithms is critical to further validate the perceived

outcomes. Group 2 (the group who had not taken
courses on the topic) reported more widespread usage
of guess & check techniques, while at the same time
shorter completion times for the levels, suggesting that
the game could unintentionally miscategorize students
who lack proficiency. Even in Group 1 where there
was greater use of mental math as the strategy, there
was a higher percentage of non-ideal steps in earlier
attempts compared to later ones. This helps provide
support for the burst game method to be effective in
inquiry-oriented linear algebra instruction only when
effective data mining is combined with its use. Future
research includes building complementary instructional
support dashboards that embed the use of game-based
stealth assessment techniques (Verma et al., 2019) and
real-time visualization of student performance that can
help during classroom instruction. It should be noted
that this study used a very limited sample size as a
work-in-progress study to validate certain observations
and limitations encountered by the application of burst
games and further investigation especially classroom
observation and analysis is necessary before concretely
labeling the approach of pairing GBL and IOL as
friendly to use in undergraduate instructional settings.
As a next step, we intend to conduct a study with a large
set of students that represent multiple demographics
(having a prior background in linear algebra, pre-service
teachers, undergraduate majors, etc.) and apply a
mixed-method approach to empirically evaluate and
present our findings.
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