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Abstract

Although educational games have been used for a considerable time, their true potential for
enhancing achievement and motivation is still being explored. We argue in this paper that
we may get closer to realizing this potential if the theoretical underpinning of educational
games is improved. We developed a simple interactive math game based on insights from
cognitive load and game design theory, in which players solve mathematical problems
competitively and creatively. To investigate the effects of the game on achievement and
motivation, we ran an experiment with fifth- and sixth-grade students. Our results show
that students who played the game achieved better math results than those who did not.
We did not find any significant differences in math motivation. Another promising finding,
albeit beyond the scope of our hypotheses, relates to the potential effects of math games on
student behavior.

Keywords Game-based learning - Cognitive load - Elementary education - Mathematics

Introduction

Research into the effectiveness of games as a learning vehicle has a long history, especially
in the domain of mathematics (e.g., Kebritchi et al. 2010; Steiner and Kaufman 1969). In
a review by Randel et al. (1992) of the effectiveness of games for educational purposes,
math was the subject area where studies showed computer games to have the most posi-
tive impact. Similarly, in a recent meta-analysis by Wouters et al. (2013), computer-based
games were found to have a small positive effect (d=0.17) on mathematics learning. How-
ever, the findings have not been conclusive. For example, in a recent review of trends in
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serious gaming for education, Young et al. (2012) found little support for the educational
value of video games in math.

One of the reasons for inconclusive evidence on the achievement effects of mathematics
games is that the games are often not founded on established instructional theories (Kiili
et al. 2015). Decisions to use one particular game rather than others are often based on
intuitive assumptions by educators or parents. Games branded as “educational” or “seri-
ous” are assumed to have positive effects on motivation and achievement (Say and Bag
2017). However, such assumptions can mean that the full potential of educational games
may not be realized.

Following a different approach, we used principles from cognitive load theory (CLT)
(Paas and Sweller 2012; Sweller et al. 2011, 1998) to guide the design and development
of a mathematics game so that it would minimize the ineffective (i.e., extraneous) load and
maximize the effective (i.e., intrinsic) load on players’ working memory to enhance their
math achievement. This recommendation caused us to leave out some of the more “fun”
elements of games, such as advanced animation, which of course gave us a challenge in
terms of how to keep the game entertaining for the players (see Sects. 3 and 4). To address
this challenge, and to maintain a balance between achievement and intrinsic motivation, we
also incorporated recommendations from game design theory (GDT) (Annetta 2010; Dev-
lin 2011). While elements of the learning task that are designed to improve achievement
are focused on stimulating learners’ cognitive processes, elements that seek to increase
intrinsic motivation are focused on increasing learners’ willingness to invest more time
and cognitive resources in the task (Garris et al. 2002; Wouters et al. 2013). The game
we developed for this study includes clear instructions that provide not only descriptive
information but also a step-by-step visual explanation. More information on the design of
the game is given in Sect. 3. The central question we attempt to answer in our paper is: Can
we improve elementary students’ math achievement and math motivation by using a simple
computer game that we designed and built based on insights from CLT and GDT?

In an empirical study focused on students from the fifth and sixth grade, we hypoth-
esized that students who played the computer game during their math classes would show
higher achievement in math than those who followed the regular math lessons without the
game-based intervention. Also, we hypothesized that students who played the game during
lessons would demonstrate greater motivation to learn math than students who did not use
the game. To test our hypotheses, we created an interactive mathematics game (“MATHE-
RIAL”) for the last two grades of elementary education in the Netherlands.

Theory
Math games and elementary education

In a yearly survey by “Kennisnet” (2015), an IT services institute funded by the Minis-
try of Education, Culture and Science in the Netherlands, 65% of the teachers surveyed
said they used simulations and games in class either “sometimes,” “often,” or “very often.”
Although this finding shows that many teachers use games in class, it does not provide
any information regarding the games’ effectiveness in improving achievement or motiva-
tion. Teachers, parents, and students are subjected to marketing by game developers, all of
which claim to be the “game-changer” in digital education, but we argue there is a crucial
role for researchers in helping teachers and parents distinguish between fad and fact.
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Several studies have looked at the effects of using math games in elementary education.
Rieber (1996) proposed that introducing play into elementary education benefits learn-
ers’ individual achievement and their attitude to learning. Computer games, in particular,
have been shown to have positive effects on learners’ intellectual and social development
(Dempsey et al. 2002; Ke and Grabowski 2007). Ke and Grabowski (2007), for example,
undertook a study with 125 fifth graders using an experimental group and a control group
(game-playing versus non-playing) and found that those in the experimental group made
significantly better progress in math. An interesting nuance in this study is that learners
who played the game at an appropriate level of difficulty also showed positive changes
in attitude, while those who did not showed no change in attitude. This finding indicates
that using computer games in class should be done carefully and deliberately, informed
by intelligent design decisions, so as to provide a challenging gaming experience catering
to different skill levels. Kebritchi (2008) consolidates this idea by demonstrating how the
added value of computer games in elementary education is mediated by such factors as
training for teachers, trainers, and administrators. The author adds that, for technology such
as a computer game to have any positive results, a reliable and accessible IT infrastructure
needs to be available, and this is linked to the notion of a school’s IT provision. Games
that involve advanced animations and complex game play can place a significant burden
on the internet network and computer CPU, particularly for schools whose IT provision is
less advanced. This does not mean that these schools should not use educational computer
games. We argue that simple computer games based on recommendations from academic
research can still deliver benefits in terms of attitude and achievement, so there is no need
for students in schools with lower levels of IT provision to lose out.

If a shift is made to educational games with a stronger theoretical foundation this indi-
cates that academic experts have a vital role to play in game design and development.
Intricate game designs, however, require substantial development budgets, which are
often unavailable to elementary schools or educational researchers. We decided therefore
to experiment with game design driven by established educational theories. We followed
recommendations from cognitive load theory (Choi et al. 2014; Paas and Sweller 2012;
Sweller et al. 1998, 2019) to examine whether a simple game, designed specifically for
math development, could achieve the desired learning effect.

Cognitive load theory and math achievement

Cognitive load theory (CLT) revolves around optimizing learners’ cognitive load in order
to enhance learning performance (Sweller 1994). The central tenet of CLT is that individu-
als have a limited working memory (WM), which comprises components that process dif-
ferent types of information and which works in conjunction with an effectively unlimited
long-term memory. The load on working memory can be managed through instructional
design that uses different types of learning tasks and different types of information (text,
audio, animation, etc.). With regard to learning tasks, for example, studies have found that
worked examples impose a lower cognitive load and facilitates knowledge construction
and transfer performance better than actually solving the problems (i.e., worked example
effect; for a review see Renkl 2013). With regard to types of information, research into the
modality effect has shown that effective working memory capacity can be increased by
using both visual and auditory working memory rather than either of these two processors
alone (for a meta-analysis see Ginns 2005). The modality effect is based on the assumption
that working memory consists of two partially independent processors; one that is based
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on auditory working memory that deals with verbal materials and another that uses visual
working memory to deal with diagrammatic/pictorial information (e.g., Baddeley 1992).
Splitting the processing in this way (i.e., using both visual and auditory working memory)
means that if different types of information are used in combination—a picture plus narra-
tive text, for example—a larger reservoir of cognitive capacity can be drawn upon to pro-
cess that information, and this can have a positive effect on learning performance (Paas
et al. 2003).

An intriguing finding in CLT is that using animations in instructional design has some
negative effects, because dynamic visualizations such as animations are highly transitory.
This means that if information disappears from the screen as the animation progresses,
learners may be forced to process current information while also trying to remember pre-
vious information. Since working memory is limited in capacity (Cowan et al. 2015) and
time (Peterson and Peterson 1959), if learners are not given any additional instructional
support animations may therefore impose a high and unproductive load on their work-
ing memory, and this can have an adverse effect on learning (Ayres and Paas 2007a, b).
Research has shown that animations become more effective when the accompanying text
is spoken (e.g., Wouters et al. 2008a, b), when the animation is segmented (Spanjers et al.
2012), when cues are used to focus learners’ attention (e.g., De Koning et al. 2011), and
when learners can control the pace of the animation or replay certain sections (Hasler et al.
2007). These findings have important implications for contemporary games, which are
hard to imagine without animations.

Another relevant finding in CLT research is the worked-example effect, which holds
that, for novices, presenting full solutions to the problem (i.e., worked-out examples) that
they must study carefully leads to better learning than the conventional strategy of requir-
ing them to solve the problems (Sweller et al. 1998, 2019). CLT research has shown con-
vincingly that the means—ends problem-solving strategy typically used by novices to solve
conventional problems creates an unnecessary load on the working memory and interferes
with learning (Paas 1992; Sweller and Cooper 1985). The means—ends strategy uses up
considerable working memory capacity, because the learner must hold and process in
working memory a series of different things: the current problem, the goal to be achieved,
the relationships between them, any problem-solving operators that could reduce differ-
ences, and any sub-goals (Sweller et al. 2019). Using worked examples instead focuses
learners’ attention on the problem itself and the associated operators, thereby helping
the learner to use existing knowledge to solve the problem. In addition to CLT, we also
included suggestions from educational game design research (Annetta 2010; Annetta and
Holmes 2006) to achieve our objective of enhancing motivation in math.

Game design theory and math motivation

We developed MATHERIAL as a collaborative initiative in which researchers and edu-
cators teamed up with game developers to build educational games in different domains.
MATHERIAL is a two-player interactive math game in which players not only solve but
also create mathematical equations while competing in several parallel games. The game
was built in HTMLS5, using the JQuery Javascript library, and used a responsive website
design. This meant that the game could be accessed by students using any of the popular
smartphone, tablet, and desktop platforms.

The game starts with an invitation to watch a demo game, which explains the rules of
the game and shows how an optimal equation can be created (Wouters et al. 2008a, b).
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Fig. 2 Player has submitted a perfect equation

After the demo game, the player then either challenges another player or accepts a chal-
lenge. The player will also see a list of unfinished games if he/she has played before. Any
two-player game ends as soon as one of the players submits an incorrect equation, which
means the opponent wins the game. Players can invite classmates or peers from other
schools to compete and can have several games running simultaneously. A screenshot of
the player screen is shown in Figs. 1 and 2.

Figure 1 depicts the experimentation process during which players can move elements
and place them in different slots as long as they do not click the “submit” icon. Players
have a maximum of 180 s in which to do this. Figure 2 shows the screen that appears when
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Table 1 Character progress in

Points Status

game
0 NOOb de Newbie
1000 Abacus
2000 Solar-Powered Casio
5000 Texas Instrument
10,000 Wunderkind
20,000 Chang Tshang
40,000 Pythagoras
80,000 Archimedes
150,000 Fibonacci
300,000 Ramanujan
500,000 Omar Khayyam
750,000 Riemann
1,000,000 Andrew Wiles
2,000,000 Ibn Al-Haytham
3,000,000 Thales
5,000,000 Leibniz
7,000,000 Brahmagupta
10,000,000 Kolmogorov
13,000,000 John Von Neumann
16,000,000 Euler
20,000,000 Gauss
25,000,000 Euclid
30,000,000 Dr. Snuggles
40,000,000 El-Khwarizmi
50,000,000 Einstein

a player submits a perfect equation. Instead of presenting players with a traditional equa-
tion where they have to complete one side of the equation, we provide them with numbers
and operators. The players can use as many or as few slots as they want to create and solve
an equation. The more slots they use, the more points they earn, with bonus points being
given for a perfect equation. A perfect equation is one in which the player uses all the avail-
able elements to cover all the slots.

Annetta (2010) proposes several guiding principles for educational game design: iden-
tity, immersion, interactivity, increased complexity, informed teaching, and instruction.
Identity is the interface between the player and the game environment, and is often repre-
sented by an avatar representing the player’s character. It maintains the player’s interest in
the game. The programming of sophisticated avatars with advanced abilities was beyond
our financial capability, but we introduced player status development instead. Player status
development is a feature that involves a journey in which players shift from one character
to the next as their score increases (see Table 1).

As players accumulate more points, they reach different status levels, each associated
with a significant event or influential figure in math history. For example, with 80,000
points players reach the Archimedes of Syracuse character level, named after the math-
ematician who invented ... hydrostatics, a significant development in the history of
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mathematics. This adds an additional educational dimension to the game. We assumed it
would encourage competition and educate players in general math history. An example of
Archimedes status is depicted in Fig. 3.

As previously mentioned, we avoided animations to ensure that the game would draw
more on players’ working memory capacity and would thus help to improve their math
achievement. This made the concept of immersion for players difficult to achieve. Nonethe-
less, we expected that the competitive element of the game, particularly where players felt
a sense of rivalry or had similar levels of skill, would lead to some degree of immersion.

We made good use of the principle of interactivity, as players solved equations in two-
player battles while being invited by other challengers to take part in simultaneous games.
We also incorporated some interactivity between the player and the game. The initial visual
introduction of the game was a good example of this. Individuals could complete this intro-
ductory session at their own pace; i.e., they could click through pages and figures depend-
ing on whether they wanted to complete, repeat, or skip the instruction. The game also
provided feedback after every solution submitted. Admittedly, there was not much variety
in the range of feedback content, but there was at least a response from the game to indicate
whether the player had submitted an incorrect, correct, or perfect solution.

We took the principle of increased complexity into consideration by building in differ-
ent levels and increasing the number of elements at each level. At level 1, players were
expected to build and solve an equation using four elements. For each subsequent level, we
added two elements, which increased the challenge of the game. The highest level achieved
by players during the experiment was level 12, which included equations with 26 elements.

Using a simple database structure (see Fig. 4), we were able to record events such as
games won, games lost, character progression, level in current game, and whether the
player had submitted a perfect solution. We downloaded performance reports, which we
shared with the management of each participating school. The game’s database had a fea-
ture that enabled reports to be downloaded, but this was a manual process. It required an
administrator to log in, select the variables, and download the performance results. We
could download the cumulative data at any given point. After downloading a report, we
needed to organize it using spreadsheet software before sending it to each school. The abil-
ity to provide feedback through embedded assessment meets the principle of informed
teaching.
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m

+id INT(11)
 token VARCHAR(255)

 createdon TIMESTAMP
 lastactivity TIMESTAMP

< firstname VARCHAR(255)
 lastname VARCHAR(255)
 playername VARCHAR(255)
 playerbithdate DATE

% playergender ENUM(...)
 schoolname VARCHAR(45)
< schoollevel VARCHAR(45)
 email VARCHAR(255)

< active ENUM(0'1')

& encryptedpassword VARCHAR(255)

+ lightbulb_user_id INT(11)
 lastactivity TIMESTAMP
< math_status INT(11)
 gameswon INT(11)
 gamesiost INT(11)
 gamesresigned INT(11)

m

% value INT(11)
 statusname VARCHAR(255)

Indexes
value_UNIQUE
statusname_UNIQUE

|+ userd INT(11)
+ gameid INT(11)
 resigned ENUM(0'1)

| ia INT(11)
 start TIMESTAMP
| © end TIMESTAMP

initiator :

H . lovel INT(11)

& tum INT(11)
 lastturn INT(11)
 gamestate ENUM(...
| & initiator INT(11)

winner !

|
1) S iy iy .

<& winner INT(11)
< winner_informed ENUM('0',1)

~ |PRIMARY

Fig.4 Database structure for recording events and reporting results

Finally, the game also provided visual instruction to players by demonstrating the rules
(e.g., operator preference) and steps needed to create a perfect solution. Instead of present-
ing this instruction as textual information, we presented it in the form of a worked example
(i.e., demo game); this is as recommended by CLT research, which suggests that instruction
in the form of solved problems by experts is more effective than a trial-and-error approach.
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We did not assume players had not seen an operator preference before as we were dealing
with fifth- and sixth-grade students. Our goal was to improve the extent to which students
could apply this rule creatively using computer game play.

Overall, the general research question that guided our investigation was whether we
could improve achievement and motivation to learn math using a simple computer game
that we had designed and built specifically for this purpose, based on insights from CLT
and GDT. Because we had included CLT, we expected there to be a positive effect on stu-
dents’ math achievement. We initially asked schools to allow students from the experimen-
tal group to play for 30 min each school day during math class. Schools could not commit
to that, but they could commit to four days per week. We were allowed to introduce the
game in math class for 4 weeks, as the intervention required considerable resources from
the schools. Therefore,

Hypothesis 1 was: Students who have played the game for 2 h per week over a 4-week
period will achieve better math results than students who have not played the game.

Furthermore, although CLT research on animations and motivation is somewhat lim-
ited, we expected that avoiding complex animations would not necessarily decrease stu-
dents’ math motivation. Research has shown that in many cases animations are not seen as
more effective than static graphics (e.g., Hoeffler and Leutner 2007), nor as more motivat-
ing (Kim et al. 2007). Also, we expected that the recommendations we drew on from GDT
would enable us to make the learning experience more enjoyable.

Hypothesis 2 Students who have played the game for 2 h per week over a 4-week period
will report a higher level of motivation to learn math than students who have not played the
game.

Method
Participants and experiment implementation

We ran the experiment with five schools in different cities in the Netherlands (i.e., Breda,
Dordrecht, Maastricht, Rotterdam, and Schiedam). We had a total of 227 participants (101
males, 126 females), all from the fifth and sixth grade. The average age of the participants
was 11.28 years (SD=0.81). The experimental group comprised 115 students and the
control group 112 students. To have a similar number of fifth and sixth graders in both
the experimental and the control group, we asked each school to provide a control and an
experimental group from either the fifth or the sixth grade. We used a quasi-experimental
design in which the two groups within each school were randomly assigned to the treat-
ments. The ratio of males to females was 51:64 in the experimental group and 49:63 in
the control group. The ratio of fifth to sixth grade students was 72:43 in the experimental
condition and 38:74 in the control condition.

Before the experiment started, we gave presentations to teachers and students in each
school explaining the game play and the experimental design. Students in the experimental
group were instructed to play MATHERIAL for 2 h per week, spread over four days, over a
period of 4 weeks. Students in the control group followed the regular math lessons without
the intervention. After 4 weeks all students took a written test, with one part in which they

AECT @ Springer



A. Es-Sajjade, F. Paas

had to solve mathematical equations, and a second part in which they had to answer ques-
tions about their motivation to learn math. During the experiment, we visited the schools
several times and kept participants and teachers up to date regarding the scoreboard and
intermediate results. A Facebook page was created to provide information to teachers and
students from the participating schools. On this page, students were invited to share screen-
shots of their scores in the game. The Facebook page added an element of interactivity
at the level of the (student) player community. This was extremely useful as it allowed
students to learn from each other by sharing perfect solutions. Helping students to learn
from each other is one of the four meta-principles for fostering knowledge integration in
information and communications technology-mediated science (Annetta 2010; Linn 2004).

Data collection

We obtained demographical data on the participants before the start of the experiment in
order to create user accounts for the game. After participants had played the game for 4
weeks, we organized an assessment session with all of them. The first part of this assess-
ment was a written math test where we recorded the start and end time for each participant.
This test was designed to reflect the achievement hypothesis and required students to solve
fifteen traditional equations of the kind taught in math class, of varying lengths and levels
of difficulty. For each of the equations, between 1 and 8 points could be awarded, depend-
ing on the difficulty of the equation. The maximum score for this part of the test was 60
points.

The second part of the assessment focused on the motivation hypothesis. In this part,
we asked participants to answer 17 questions using a four-point Likert scale ranging from
1 (Never) to 4 (Always). A final score was calculated by summing the scores (maximum of
68) for each item. We adapted the instrument from the Dutch ‘Attitude towards Mathemat-
ics’ scale, designed by Martinot et al. (1988) (see also Vandecandelaere et al. 2012). This
scale measures the extent to which individuals enjoy learning mathematics. The instrument
proved sufficiently reliable, with a Cronbach’s alpha of 0.73.

To determine whether there were any differences in mathematical proficiency between
groups at the start of the study, we used the scores achieved by students in the mathemat-
ics section of a national test of educational achievement (CITO) administered in the fifth
grade. We converted scores to a scale of 0—100. In the Netherlands, this test is generally
used in the last phase of elementary school (when students are around the age of 12) to
determine what type of high school individual students should enter.

Results

Quantitative results

After 4 weeks of play, we collected the following score data which we summarize in
Table 2.

We removed students who did not play the game (N=25) and those who did not
attend the post-game test (N=8), leaving us with a final total of 115 students in the
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Table 2 Score range per school School ~ Grade Numberof Minscore Max score Score range

indica- students
tor

A 5 34 118 793,018 792,900
B 5 22 4468 243,053 238,585
C 5 17 0 1,245,399 1,245,399
C 6 24 0 163,894 163,894
D 6 15 13,188 470,784 457,596
E 6 11 75,429 401,734 326,305

experimental group. An independent samples t-test on the CITO test scores' revealed that
there was no difference in mathematical proficiency between those in the experimental
group (M=62.06, SD=16.77) and those in the control group (M =63.08, SD=18.36) (
1(68)=—0.238, p=0.81).

A one-way analysis of variance (ANOVA) was used to determine whether our interven-
tion had an effect on the math test results (achievement hypothesis) of those in the experi-
mental condition, on the time taken to complete the test (achievement hypothesis), and on
their motivation. Partial eta-squared was used to measure effect size, with 0.01, 0.06, and
0.14 being considered small, medium, and large respectively (Cohen 1988). To investigate
the effect on math achievement, we looked mainly at the number of points students had
accumulated after solving the 15 math equations. The lowest score achieved was 7, while
the highest was 59. In addition to looking at the test result, we were also interested in the
time students needed to complete the test as a secondary measure of achievement.

With regard to the test result, an ANOVA revealed that our intervention had worked,
(F(1, 226)=15.975, p<0.0005), and that the effect size was medium to large (partial eta
squared =0.066). Consistent with the first hypothesis, students who played the MATHE-
RIAL game scored higher on the math test (M =29.3, SD=11.6) than those who did not
(M=23.9, SD=9.3). With regard to the time (in seconds) needed to complete the math
test, an ANOVA did not reveal any effect from the intervention (F(1, 226)=3.175, p>0.05
(experimental condition, M =1119, SD =446, control condition, M=1015, SD =428)), and
the effect size was small (partial eta squared=0.014). With regard to motivation to learn
math, an ANOVA revealed no effect of the intervention (F(1, 226) =0.006, p > 0.93 (exper-
imental condition, M =38.75, SD =8.18, control condition, M =38.65, SD=9.76)), and the
effect size was very small (partial eta squared =0.0001).

Using games in math education can differentiate learning approaches

During our final presentations to participating schools, one of the schools shared with us
the case of a sixth-grade student whom they referred to as having behavioral challenges.
He had been in the experimental group of that particular school. The school’s management
was preparing to transfer him to a special needs education institute. During the experi-
ment, however, he was the most active player of the game in his school and ended up as the

! Due to privacy issues we were only able to obtain mathematical proficiency scores for a limited number
of children (i.e., experimental condition N=31, control condition N =39).
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second-best player across all five schools, which was recognized on the game’s Facebook
page. In the Facebook competition we compiled a top 10 of best players across the schools
and celebrated the winners by giving them special recognition and prizes. Positive changes
in this particular student’s behavior accompanied his outstanding performance in the game.
This development caused the school’s management to invite the education inspection
authority to demonstrate to them this student’s case. In an e-mail, the school’s Information
and Communication Technology Coordinator told us that:

His behavior changed from negative to very positive. He was smiling again, helpful,
and communicative with his classmates and teachers. His grades became better; he
was encouraged by his classmates to keep playing because he had achieved such a
high score in the game. We could see him shining and growing.

Although this finding was particularly exciting, a perhaps more important issue is
whether this student’s outstanding game performance should have come as a surprise. The
fact that the school invited the inspection authority to reconsider his case, indicates that the
event must have been unexpected. Although it is promising that our intervention brought
out the skills of this student, because it indicates that games can offer different approaches
to learning, this school should already have had mechanisms in place to bring out those
skills. The student’s different approach to learning may have been wrongly diagnosed as
“behavioral challenges,” leading to a perhaps unjust transfer to a school for special educa-
tional needs. We therefore encourage future research into other positive effects of games.
Additional studies could provide a better understanding of how educational games can help
schools to work with a broader range of learning approaches, which could help reveal the
potential in more students.

Discussion

We started this paper with the question: Can we improve elementary students’ math
achievement and math motivation by using a simple, educational theory-based computer
game? With limited resources, we built MATHERIAL, an interactive game in which fifth-
and sixth-grade students were invited to creatively solve math problems in an interactive
setting. As our guiding principles for game development, we drew on recommendations
from cognitive load theory (Paas and Sweller 2012; Sweller et al. 1998, 2011) and game
design theory (Annetta 2010; Devlin 2011).

The results of our study suggest that MATHERIAL players demonstrated higher math
achievement than their peers who did not play. This adds to the findings of other studies
that reported that computer games can have a positive effect on students’ performance in
math (Annetta et al. 2009; Harris et al. 2008; Ke and Grabowski 2007; Van Den Heu-
vel et al. 2013). Our contribution to this research is that educators do not always have to
resort to using expensive commercial games. Instead, we propose that simple computer
games, which are theoretically underpinned by principles, might also provide positive
effects in terms of math achievement. Future research using simple, purpose-built games in
other learning domains, e.g., literacy, could test whether these may have similar effects on
learner achievement.

Regarding our second hypothesis, even though we used insights from GDT, playing the
game did not seem to have any discernible effect on students’ motivation to learn math.
In commercial games, vivid animations and sophisticated scenarios are considered crucial
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to provide an entertaining experience. Although our game had neither of these, we still
expected it to have a positive effect on motivation because of the increasing levels of
complexity, the player’s journey through math history, and the social interaction between
the competitors (Annetta 2010; Devlin 2011). These factors did not, however, lead us to
observe any positive effects on students’ motivation. This could be because we incorpo-
rated into the game features that we believed would be entertaining but that proved not to
be so to students. Another reason could be the design of the questionnaire; i.e., perhaps the
questions were not appropriately framed to allow us to detect any effects on motivation.
The participants ranged in age between 9 and 13, and hence it is possible that some of them
did not understand the questions correctly.

We would welcome further research on how simple, scientifically validated games can
affect learner motivation. The availability of lower-cost and perhaps simpler computer
games might give more schools scope and incentive to introduce these learning tools,
which could reduce their dependence on the commercial computer game industry. This cre-
ates a win—win situation in which schools benefit by having access to effective educational
games, and researchers benefit by acquiring data for further research in this important area.
Independent game development by educators and researchers could also serve broader
societal interests, in that it could help to provide access to educational technology to as
many social groups as possible and could also seek to ensure that, where possible, students
are not excluded because their guardians cannot afford expensive game subscriptions.

We have experimented with various strategies for directly and indirectly regulating cog-
nitive load. Future studies could validate these design features intended to regulate cog-
nitive load, and explore possible interaction effects with other relevant variables such as
students’ prior math knowledge or language proficiency. It is challenging to regulate cogni-
tive load in practice and we therefore expect several game design iterations before an effec-
tive design will become available. We therefore strongly encourage future research using
MATHERIAL or similar games to build on the findings of this study.

Finally, although this was not within the scope of our hypotheses, our discovery of pos-
itive changes in the behavior of one sixth-grade student who played MATHERIAL was
inspiring and intriguing. Research has shown that instructors play a critical role in facili-
tating and optimizing the experience of educational technology for different approaches
to learning (Bunninga et al. 2010; Marco et al. 2013). If the student in our experiment
was indeed a special needs learner, then our finding would indicate a promising avenue
for future research on how educational games might affect the achievement and motivation
of special needs learners. Overall, this intriguing outcome gave additional meaning to this
research project, and we feel it is worth exploring on whether this finding is more widely
applicable.

We acknowledge that this study has some limitations. First, there was a clear imbalance
in composition between the experimental and control groups, as there were 72 fifth graders
in the experimental group and 74 sixth graders in the control group. In future studies, it will
be important to ensure that, if the game is being used with students from more than one
grade, the experimental and control groups are carefully balanced in terms of the grades.
Second, our study was based on an ecologically valid intervention as the game was played
in a classroom setting. However, we could not control how much time participants spent on
playing the game or on any other type of relevant practice, or how much time their teachers
spent discussing the game. As can be seen from Table 2, school C included students with a
score of 0; the fact that these students did not score any points seems to indicate they spent
little or no time on the game. Although these students were excluded from the experimen-
tal group, we cannot rule out other causal mechanisms for the current results. Concerning
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better control for time-on-task effects, in future research students or their guardians could
be asked to keep a diary in which they record how much time throughout the day was
exactly spent on playing the computer game.

A final limitation relates to the mathematical proficiency scores, which we could not get
for all participants, and the fact that, for some of the participants (i.e., sixth-grade), these
scores were already one year old. Although classes within schools were randomly assigned
to the experimental and control condition, we cannot say with confidence that the groups
started at the same level. Future research should use a pretest to determine the mathemati-
cal proficiency level of all participants at the start of the study.

Practical implications

Our findings have several implications for those involved in educational game develop-
ment. We categorize these implications into: (a) design decisions and consumer accept-
ance, (b) administrative issues, and (c) fit with the school curriculum.

First, regarding design decisions and consumer acceptance, we made a number of
assumptions, based on the theories we referred to in this study. The fact that we did not
find a positive effect on motivation could be due to our interpretation of how these theo-
ries would translate into educational game design. Academics should not base their game
design on theoretical principles alone. Collaborating more closely with educators, gaming
professionals, and students might result in a better outcome and a more entertaining experi-
ence for end-users. For example, our use of references to historical mathematical thinkers
may have been more exciting for us than for the end-users. We believe that we could have
prevented this and other issues by involving the end-users and their teachers much earlier
in in the development of the game. Nonetheless, after the experiment, we received sug-
gestions from students and teachers on how to improve the game. Future versions of the
game that include these features may be possible if we are able to attract funding for R&D.
Table 3 summarizes some of the features that students and teachers wanted to see in a
new version of the game. The original table is more extensive than the one presented here,
and this extract from it serves merely as illustrative evidence. The columns of Table 3 are
explained as follows:

— Number: a unique reference to the desired game feature.

— Requirement: a short label referring to the desired game feature.

— Description: a detailed description of the desired game feature.

— C/I/E: the area of the game that would include this feature. We identified three main
areas: Content relates to learning content, interface pertains to visual presentation, and
experience revolves around ease of use.

— MoSCoW prioritization: How important is it to add a particular feature? Must have,
Should have, Nice to have, or Will not have.

— Justification: an explanation for the chosen MoSCoW prioritization.

A second implication is that user administration needs to be thought through very
carefully. Registering and maintaining user accounts in the game’s system was labor-
intensive. We used a specific format of.csv files that were filled in by teachers who
sent them to us before we uploaded the new accounts to the system. It frequently
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happened that users lost their password or wanted to make changes to their username.
This required manual effort from the research team as students or teachers did not have
access to the user admin section of the system. Care should be taken to devise an effi-
cient process for user administration and it is important to set out clearly at the start
who is to be responsible for this. One suggestion might be to allocate an administrative
user account to each school. The school can then appoint one of its staff, either a teacher
or an administrator, to manage the user accounts for that school. Alternatively, the
researchers involved could ask one of their PhD students to take on this role in exchange
for data that they could use for a thesis.

Third, at times, we struggled with communication between team members. We mainly
worked virtually, with team members based in different geographical locations. We used
e-mail and online collaboration software to coordinate tasks and share ideas. These plat-
forms proved particularly useful for discussing suggestions on how to solve technical
issues or for making changes in the game’s graphical user interface. A disadvantage of
working virtually was the slow pace of action. We often had to wait for several days to
get a response to an urgent question, which in turn affected subsequent steps and actions.
This was particularly disadvantageous in the case of technical issues. An example was that,
in the first week, some students received the system message “we think you’re trying to
cheat,” although that was not the case. This feedback mechanism was built in to flag up
attempts to refresh the page and reset the timer, which would allow players more than the
maximum time to finish a game task. It took several days to solve this problem, which may
have adversely impacted learner motivation.

Another reason for the slow pace of action within the team was that the software devel-
opers were involved in several projects simultaneously. This research project was not
always their first priority as they also had to run a business, and we thus had to compete
for their attention. Working virtually was not the best way of developing this type of game.
Although it offered us flexibility in planning, dividing, and executing tasks, it reduced effi-
ciency, particularly in terms of communication and action.

A final implication centers on the fit with the school curriculum. Developing a game
that can be used across different school grades creates a challenge regarding how to achieve
such a fit. In our experiment we targeted two grades, where the students were focusing on
different mathematical topics at that particular time. An important question is: Should an
educational math game focus on fit with the school curriculum at all? We argue this does
not have to be a priority as a game should be complementary to activities at school, not
supplementary. If future projects were more concerned with fit with the school curriculum,
then we would recommend building a game that has a narrower focus in terms of the tar-
geted end-users and the point at which it is to be used. A game that is designed to be used
with one particular grade of students, and is introduced in the semester in which similar
topics are covered in the curriculum, could indeed offer an exciting area for future research.
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