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Abstract. This paper presents an educational game, MentalMath, with the goal
of motivating its users to practice math by solving problems. It uses, besides
gamification, procedural content generation, which aims to increase the game’s
scenarios and problems diversity, tackling some gamification limitations. A pre-
liminary study was conducted with 40 students from a Brazilian school with
pre and post written tests, and gameplays data. The results demonstrated that
our tool aroused the volunteers’ interest in math, had a higher impact on the
ones which played for longer and imposed hard scenarios. We conclude that
MentalMath is a reliable tool to motivate children, that our study gave interest
insights on its usability and our approach innovates using procedural content
generation.

1. Introduction

According to the National Curricular Parameters of Brazil [Nacionais 1998], math edu-
cation is an important element in the citizens’ development. However, math is not only
focused on formulas, static and unquestionable concepts. Its focuses on the improvement
of social and cultural relationship, entrance to the labor market and social context. Fur-
thermore, we might state that brazilian elementary school faces difficulties, supported by
its 66° place in 70 countries analyzed on Programme for International Student Assessment
[Gurria 2016].

Despite the technology advance, it is notable that there are yet several aspects to
be investigated on the elementary school. One of them, is gamification, the use of game
elements in daily context [da Silva Marinho et al. 2016]. Its goal is to provide opportuni-
ties that aid to minimize motivation and engagement problems of the students. Note that
gamification does not seek to teach through games, but to use game mechanics as a way
to develop the student stimulation and involvement [Huang and Soman 2013]. It might be
argued that it offers a collaborative and playful dynamics, stimulate coordination skills,
concentration and logical reasoning. These are essential skills to the learning success, pri-
marily in exact sciences [da Rocha Seixas et al. 2014]. However, gamified tools yet have
the limitation of being repetitive and boring [Boulet 2016], which might be dealt using
Procedural Content Generation (PCG).

PCG aims to automatically generate an output [Linden et al. 2013], such as trees
(SpeedTree!), buildings [Rodrigues et al. 2015] or scenarios [Khalifa et al. 2016], where
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games has been one of its largest field of application and testbed [Hendrikx et al. 2013,
Carli et al. 2011]. One of the main characteristics of a PCG technique is to create di-
verse outputs, leading to a certain level of innovability at each time. Furthermore,
it might allow the user to influence its outputs through parameters or configurations
[Doran and Parberry 2010], biasing the outcomes towards the desired result. Examples
would be to define a difficulty level, the type of a tree or the number of scenarios to be
generated.

An implementation of a PCG technique into an application might be defined as
PCG-System (PCG-S) [Shaker et al. 2016]. Therefore, a PCG-S can be seen as a re-
source, which is a black box to the other systems that use it. For instance, the system
employed in MentalMath is a PCG-S. MentalMath is a gamified tool to motivate chil-
dren to practice math, through an adventure game which requires the player to solve a
math problem, in order to advance to the next level. This approach differs by its use of
PCG in an educational context, improving the diversity presented by the game, which
automatically creates its scenarios and math problems.

Thus, the main goal of this paper is to introduce MentalMath, its PCG-S and
to conduct a preliminary usability test, with the aim to identify its practical issues and
insights of its benefits. The remaining of this paper is arranged as follows. Sections 2.1
and 2.2 presents a background for Educational Games and PCG, respectively. Section 3
introduces the developed tool, followed by the materials and methods used to evaluate it,
described in Section 4. Finally, we demonstrate the achieved results and discuss them in
Section 5, and our conclusions in Section 6.

2. Related Work

This section presents relevant research related to the main topics of this paper. First, we
approach educational games used in different education subjects, and then some tech-
niques used to procedurally generate different types of content.

2.1. Educational Games

Educational Games (EG) might be applied in distinct levels of teaching, such as pre-
school, graduation and specialization [Savi and Ulbricht 2008]. It demonstrated to have
the ability to entertain people and encourage them to learn through interactive and dy-
namic environment [Hsiao 2007]. Furthermore, it provide interest and urge students with
challenges, curiosity and lucidity [Balasubramanian and Wilson 2007]. Among the EG
benefits, there are the motivating effect, facilitator of learning, development of cognitive
abilities and learning by discovery, which resulted in different advantages as a didactic
resource on the teaching practice [Savi and Ulbricht 2008]. Moreover, the main method-
ologies used to analyze these applications are based on questionnaires and evaluation pre
and post to the use [Almeida Ferreira et al. 2016].

In [Menezes and da Roza 2016] was developed an app with the goal of support-
ing the teaching and learning of mathematics in child education, testing it on the class-
room. The famous Angry Bird was used in [Moita et al. 2013] to aid with math concepts,
specifically of the ninth year of elementary school. Another solution is the Mathematics
[Aratjo et al. 2016], which assists on the teach of basic math knowledgment. It was ap-
plied to students of a public school and was argued that it promoted efficiency and ensured
a good learning.
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Other researchs [Farias et al. 2016, Toda et al. 2014, da Rocha Seixas et al. 2014,
Andrade and Canese 2013] introducing similar proposes, indicated the EG’s effectivity
to stimulate users engagement, presenting positive results. Although the advantages es-
tablished on the literature, [Boulet 2016] points out that tools which use gamification
concepts might suffer from the lack of interest or become annoying, after it is used for
a determined period of time. Yet, the author proposes that this could be solved creating
contexts closer to the tool’s target users. Given this appointment, we developed Mental-
Math as an adventure game to attract our target users, approximately 9-years-old children,
which uses PCG to tackle the disinterest increasing its diversity.

2.2. Procedural Content Generation

Rogue in 1980 (Troy and Wichman) was one of the first games to use PCG, where for
each play a new adventure was generated. Furthermore, nowaday games also used these
techniques, e.g. Grand Theft Auto IV (RockStar Games, 2008) and No Man’s Sky (Hello
Games, 2016), where different algorithms might be applied to procedurally generate a
content.

Grammars are used to obtain a restricted output, achieving this through ex-
plicit production rules [Font et al. 2016, Karavolos et al. 2015]. Another approach is the
Answer Set Programming (ASP) [Neufeld et al. 2015, Smith and Mateas 2011], which
allows the design to declare expected output’s features, and finds an output respect-
ing them. Search Based Algorithms (SBA) are commonly used to generate scenarios
[Togelius et al. 2011, Ashlock and McGuinness 2013], optimizing the generated content
towards the desired output.

There are other approaches to generate different types of contents, as presented
in [Hendrikx et al. 2013], where the authors survey algorithms for procedurally generate
contents specific to the game. However, both problems and scenarios generation presented
in this paper uses template based and constructive algorithms, respectively. The latter is
based on the one introduced in [Khalifa et al. 2016]. The first follows the notion of a
grammar, replacing elements.

3. MentalMath

This section presents MentalMath?, a game which aims to aid children to practice its math
skills. It was developed using Phaser?, a desktop and mobile HTMLS5 framework. Here,
we explain MentalMath functionalities and how it generates both its problems and sce-
narios. Figure 1 presents an example of scenario and problem, which is further explained.

Figure 1(a) demonstrates a randomly selected scenario highlighting each one of
the elements which might be present in it with a different letter. A is the player’s avatar,
which is able to shoot stars (B). Initially, the player has 20 shots and receives 3 more for
each enemy (C) killed or diamond (E) collected. In case a star collides with a enemy,
bird (D) or box (F) they are instantly killed. Boxes have the goal to hinder the avatar’s
movement through the scenario, since they do not kill him. At the same time, the player
might use these boxes to hide from enemies, but no from birds. Birds and diamonds do
not collide on boxes, allowing the birds to fly over it and kill the player and a box to hide

2game.rpbtecnologia.com.br
3phaser.io
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a diamond. Finally, at the screen’s top left (G) there is the game’s status, presenting how
many shots the player has (Tiros restantes) and its score (Pontuagdo).

Tiros restantes: 19 Tiros Restantes: 10
Pontuacao: 0 2 Pontuacgéao: 10

Se Mariana pagou 24
reais por 4 cadernos,
quanto custou cada
caderno?

(a) Scenario’s elements (b) Final challenge

Figure 1. MentalMath examples with increased letter’s size to favor the read.

In order to complete each level, the player has to collect every diamond in the
scenario, kill all enemies and correctly answer a challenge, presented after the previous
requirements are achieved. Furthermore, the avatar can not be touched by an enemy or
bird, which would instantly kill it and restart the game. Note that running out of shots
before killing every enemies also makes impossible to complete the level.

The player’s score starts at 0. If he misses an answer, we choose to use a small
decrease (-5), in order to do not discourage the player. Firing a correct shot on an enemy
positively rewards (5) the player, since it is a requirement to finish the level. However,
this reward is small compared to correctly answer the level’s final challenge, which is 100.
Furthermore, a negative reward of -20 is received when the player is killed.

The challenge presented at the end of each level is a math problem. These prob-
lems encompass basic operations (additions, subtractions, multiplications and divisions)
and number comparisons. Every problem used in MentalMath was extracted from As-
sessment of Process Learning (APL - Avaliacdo da Aprendizagem em Processo)*, an ele-
mentary education test of the state government of Sdo Paulo, Brazil. The APL was also de
database which we extracted the problems used as template for the game, and to evaluate
our approach (see Section 4).

3.1. Problems Generation

A template based generation was adopted to automatically create math problems at the
end of each level. Eight different problems were selected as templates, also from the
APL, having problems that address a specific type of operation and general ones. The
following list presents two examples translated from Portuguese:

e Help Rafaela to calculate the operation 154 + 49.
e [f Mariana paid 20 dollars for 4 notebooks, how much she will pay for 8 note-
books?

“npediadema.wordpress.com/documentos-orientadores-aap-10-bimestre-2016/
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Here our goal was not to generate the interpretation problem, but the calculation
problem. Following that, every problem was adapted in a way that its numbers can be
generated by an algorithm. Furthermore, in the case of our first example, previously pre-
sented, the operation to be done might also be algorithmically created. However, as in
our second example, some problems text requires that a specific operation is used. More-
over, besides the problem text, each template also carries other properties: an identifier;
the amount of numbers in that problem; an indicator if an operation must be generated; a
optional fixed operator for that problem; and the biggest number’s value allowed. Figure
1(b) demonstrates a generated problem, in Portuguese, as example.

The generation algorithm respect two specific rules, given the game’s main target
audience. One of them is that, in basic operations, the generated numbers aways appear
in decreasing order. This avoids single subtractions to have negative results and divisions
which lead to fractional numbers. The other one is that the dividend always must be
divisible by the divider, ensuring that all results will be integers. Furthermore, the applied
algorithm does not handle problems with different operations (e.g. 2 + 2 x 3), it only
handles multiples operations of the same type (e.g. 2 4+ 2 + 3).

3.2. Scenarios Generation

A constructive approach was utilized to generate MentalMath levels, which uses infor-
mation received from the problem to be solved at the end of the level as parameters.
Furthermore, the generation system persists other information about the gameplay to use
as generation parameters. For example, how many levels were already played is used to
determine the number of harmful elements will be created. In the scope of this paper,
we consider each time a level is played a gameplay. Moreover, each scenario is created
according to the steps described below.

1. Pre-processing: This step selects which problem will be this level’s final chal-
lenge and updates other generation parameters, such as the number of each harm-
ful elements to be created.

2. Add Avatar: This step places the player’s avatar at the scenario’s bottom left.
This is the only element which has a fixed position, in order to make easier for the
player to find it.

3. Add Diamonds: This step randomly places n diamonds. Here, n is determined by
an + ops, where an is the amount of numbers in the selected problem. ops is O if
that problem has a fixed operation and 1 otherwise.

4. Add Enemies and Boxes: This step randomly place enemies and boxes. Each
one of them respects a distance of at least 100 pixels, in both x and y coordinate,
of the avatar.

Despite the problem’s selection uses a Pseudo-Random Number Generator
(PRNG), after one of them is selected, it is stored in a used list, avoiding that the same
problem is selected during the levels’ progression. After this list contains all templates
or the game is restarted, it is restored. Moreover, the number of harmful elements is de-
termined by an initial parameter, set to 3 each time the game restarts, which we set to
increment after each level is finished. Nevertheless, birds are generated during the game
execution, aways being spawned on the right and moving to the left, with an x position
also determined by the PRNG. This approach avoids the absence of them in case a player
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takes too long to complete the level. Also, it maintains a certain level of challenge even if
the player kills every enemy before collecting all diamonds.

4. Materials and Methods

This section begins presenting how the process of data collection was conducted, and then
it describes the experiments performed. All data reported in this paper was collected by
a total of 40 students of the school Bom Pastor, in Quatigua, Parand, Brazil. These vol-
unteers are from the fourth year of elementary education, therefore, every step described
here had the school’s principal authorization and was supervised by the class’s teacher.
Moreover, no personal information about any student was exposed.

4.1. Data Collection

This process was accomplished through three steps in two different ways. The first and
last step gathered information through regular written tests. The second one used Men-
talMath gameplays to collect the following information: which question was presented at
the end of the level; how many levels was played until that point; whether the player died
or not in that gameplay; how much time the player took to finish the level; how much time
the player took to correctly answer the level’s challenge; how many times the player tried
an answer to the challenge; and how many shots the player fired.

4.2. Experiments

Two main experiments were conducted to evaluate MentalMath: a gameplays observation
and a written tests comparison based on [Almeida Ferreira et al. 2016]. These written
tests are similar to a regular school test, where the student answers questions, writing on
a piece of paper.

The gameplays observation had the participation of the entire sample. It was con-
ducted presenting MentalMath to small groups of volunteers and providing approximately
30 minutes for them to play, supervised by a research member, besides its teacher. This
research member was responsible for explaining how the game works, present the com-
mands used to play it and to answer any questions the students had during the experiment.
At each gameplay, the following features were collected: time spent playing the scenarios
and solving the challenges; the number of attempts to answer each problem; how many
shots were fired; and their score at the end of each one. Moreover, the data gathered here
were analyzed using the Turkey’s five number summary from [R Core Team 2014], which
presents the minimum, lower-hinge, median, upper hinge and maximum for a numeric set.
In addition, the mean was also analyzed.

A total of 29 volunteers from our sample were present in both applications of the
written tests, where the first was previously to the experiment described above and the
other after that. Both written tests are available for consultation®. Here was evaluated
if MentalMath application would enhance a class’ short-term performance, that played
for a longer time in comparison to another, on written tests. Thereby, regardless of the
student’s skills, we analyze how their performance changed, and not who achieved the
highest scores. It used this sample divided into two groups named X and Y, with a size

of 14 and 15, respectively. These groups follow the division of the school, which has

Shttps://drive.google.com/open?id=0B5DIMHOsMguK TmpNW VhRNkVNdEk
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two third year class. Group X played for 20 minutes on average, while the other played
for 40 minutes on average. This experiment was achieved using the Walch Two Sample
t-test, also from [R Core Team 2014]. Its parameters were the resultant vector from the
differences between scores of the second and first written tests for groups X and Y. Note
that here we are testing how much their scores, on the written tests, changed between the
pre and post test. Also, we used the default confidence level of 95%.

5. Results

The gameplays observation resulted in 1044 gameplays, achieving a total of 286 final
challenges answered. Therefore, only 27% of the gameplays reached the final challenge.
This result aroused two main insights. One is that the configuration we used on the sce-
narios generation created levels too hard for our sample. The second one is that the vol-
unteers had a short time between the moment they were presented to the tool and starting
to play. Therefore, this experiment allowed us to identify a flaw on our tool’s playability
according to our sample.

Although the majority of losses, over 16 hours were played on the scenarios and
5.8 hours spent answering the challenges. An average of 24,86 scenarios, during approx-
imately 55 seconds, was played by each player. Also, solving the final challenge took
approximately 73 seconds on average, and the number of shots fired in each gameplay
had an average of 7.67, as can be seen in Table 1. It presents the Tukey’s five number
summary and mean for the time volunteers spend playing the scenarios and solving the
challenges (both in seconds), the amount of shot they fired and their score at the end of
each gameplay. Nevertheless, since the number of elements in each scenario is aways
higher than 4, excluding the birds which might spawn unexpectedly, we argue that the
possibility of firing shots did not influence the students, once that this average is near to
the minimum required to complete the scenarios.

Table 1. This table presents the Tukey’s five number summary and means for four
gameplay attributes. Time playing and answering are both measured in seconds.

Attribute minimum | lower-hinge | median | upper-hinge | maximum | mean
Time playing 1,46 14,49 27,53 66,82 1979,27 55,24
Time solving 9,55 34,41 53,55 90,34 549,18 73,37
Shots 0 3 6 11 44 7,67

Sum Score -700 -110 90 437,5 2160 212,18

However, during the written tests was notable that the volunteers did not demon-
strate enthusiasm solving the theoretical activity. In addiction, most of them presented
mastery of math operations, however, could not apply this knowledge when they had to in-
terpret math problems. Counterwise, on the gameplays observation the volunteer’s behav-
ior showed their interest to participate. Also, the classe’s teachers stated that MentalMath
aroused interest in students which did not have it when the subject was math. Moreover,
the gameplays collection allowed to verify the volunteer’s engagement solving the prob-
lems, since the game enables them to explore, experiment and collaborate, presenting real-
time feedbacks and providing an environment free os risks. Nevertheless, this promoted
experimentation and exploration, stimulated the curiosity, learning by discovery and per-
severance to the users [Balasubramanian and Wilson 2007, Savi and Ulbricht 2008]. Fur-
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thermore, the PCG-S differs MentalMath from others gamified tools increasing its diver-
sity, automatically creating a new scenario and problem at each gameplay, tackling the
repetitive/boring characteristic of some gamified tools [Boulet 2016]. Hence, we argue
that our game demonstrated to be reliable motivating the practice of math.

Finally, the comparison of samples X and Y using the Two-Sided alternative of
t-test rejected the null hypothesis with a p-value < 0.05, confirming a difference in the
means of the volunteer’s performance. Also, we compared them with the Less alternative,
which led to a similar result, confirming a difference less than 0 between their means. Fi-
nally, using the alternative Greater, the test accepted the null hypothesis with a p-value of
0.98, confirming that X means was not greater than Y. These results allow us to argue that
the group Y, which were exposed to MentalMath for a longer time, achieved a higher in-
crease on the written tests. Thus, although the short period the students used MentalMath,
the group which played more achieved better results than the others.

6. Conclusion

This paper presented MentalMath, a gamified tool to motivate children to practice math.
It provides an adventure game based on scenarios, where at the end of each one the player
must solve a math problem to advance to the next scenario. Both game’s scenarios and
problems are procedurally generated in real time, using a constructive and template based
approach, respectively. We evaluated our approach with a preliminary usability test at
an elementary school from Brazil. The experiments were conducted with 40 volunteer
students of fourth year during a two-week period. These analysis was based on pre and
post use written tests, and data collected on gameplays.

The results demonstrated that the group which played the most had a higher in-
crease in its written test’s score. This suggest that using our tool for longer might improve
the user’s hability to solve the problems. Also, although the majority of losses while play-
ing, the experiments demonstrated that its use promoted enthusiasm for them to pratice
math, confirmed by the children’s teacher, which supervised the experiment. We also ar-
gue that MentalMath differs from others gamified tools by its use o PCG. This increased
its scenarios diversity, with a new level at each time it is played. Furthermore, automati-
cally generating math problems also required higher efforts from the players in their math
skills, despite our game only used 8 problem templates. Therefore, we conclude that
MentalMath achieved its main goal, demonstrating to be a reliable tool to motivate the
study of math.

As the main direction of future works we pretend to adapt our scenarios generation
approach, so that MentalMath provide easily gameplays, and thus, induce the player to
solve more math problems. Also, we suggest that the use of a system which dynamically
updates the game progression’s difficulty, rather than the pre-defined schema used in ours,
could tackle this problem in game time. Moreover, since we presented a preliminary eval-
uation over our approach, we pretend to perform further researchs with more volunteers
from different places, and a specific analyze over the effects of PCG on gamification. This
should give more concrete insights about which positive and negative effects both of them
might provide.
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