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ABSTRACT
Educational games hold a great promise for STEM education for K-12 students and need to be carefully designed to
ensure that they are meeting educational objectives, providing immersive and entertaining experience. The paper
outlines theoretical underpinnings for an engaging 3D educational puzzle game for middle school students intended
to both serve for educational purpose, which is teaching mathematics, computing concepts, and algorithmic
thinking, and provide entertaining gameplay. To achieve the goal, we posit that the proposed game design will
facilitate flow experience, in which people are fully immersed in an activity at hand. The design is also enhanced by
an intelligent pedagogical agent, which student players will interact with and learn computational thinking from.
Finally, the game also aims to create a positive attitude change about STEM and computing subjects, which middle
school students, especially girls and minorities, perceive as a difficult subject, by fostering their self-efficacy in
STEM subjects.
Keywords: Computational Thinking, Gaming Software, Collaborative Learning, Deeper Learning
INTRODUCTION
Computing has been considered a new literacy, which is defined as “the ability to carefully read and write a
contemporary spoken language”, and a vital skill to make use of digital technology for one’s needs in the modern
world [1]. An algorithm is typically defined as “a method to solve a problem that consists of exactly defined
instructions” and algorithmic thinking, which is a core component of computing, is the ability to analyze a given
problem, find sequences of instructions to solve the given problem, and improve the efficiency of an algorithm [2].
This research project envisions creating a futuristic, interactive 3D game-based virtual learning environment (VLE),
in which students are completely engaged in learning challenging STEM and computing subjects, which are critical
for success in the 21st Century economy and changing society. The 3D game-based VLE will provide an immersive
3D educational puzzle game designed to engage K-12 students with algorithmic/ computational thinking [3, 2].
Despite the importance of computational thinking, discrete mathematics, computing, and algorithmic thinking
remain under-prioritized in K-12 education. Moreover, computing education faces problems with diversity.
According to a U.S. study on women in the workforce, 57% of professional occupations were held by women;
however, only 26% of professional computing occupations are held by women [4], and only 5% of the science and
engineering occupations are held by African-Americans [5]. In a south-eastern region of United States, where this
research project is being conducted, the population consists of 53% female, 53% African-American; and 25% of the
population fall below the poverty line. Females, African-Americans, and the poor – both urban and rural – are
demographics traditionally underrepresented in STEM and computing subjects. We believe that a proposed 3D
educational puzzle game, an engaging game designed around the theme of computational algorithms, is a tool to
foster appreciation for and interest in a broad array of STEM subjects in the region.
The project team, which has closely work with the school district of the region, will be able to bring together middle
and high school students, teachers, undergraduates, graduates, and higher education faculty in a series of formal and
informal information sessions to launch this project initiative. This will have the pragmatic effect that the project
team can receive direct feedback from the program’s users, thereby gaining valuable insights and inspiration. These
information and feedback sessions will also reach the student players at an emotional level, inspiring them to stay in
school and select STEM classes in high school and, potentially, continue to post-secondary education in a STEM
program of study. The quantitative analysis of the learning outcomes will be captured from the game server, helping
teachers identify areas where their students need more assistance and will enable the project leaders to evaluate and
modify the learning targets.
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Research shows that girls tend to pull away from STEM subjects – including computing disciplines – around middle
school, while rates of boys in these classes stay steady. There is evidence that girls exposed to very basic
programming concepts early in life are more likely to major in computing fields in college. That's why approaches
like Time Travelers’ Adventure, steeped in research on how to get and keep girls and other underrepresented
minorities in computer science class, have great potential [6]. The Bureau of Labor Statistics projects that computer
and mathematical occupations are expected to increase during 2012-2022 by 18%. More than half of available job
openings will occur in the information technology cluster, including programming and software development areas.
This change requires that the nation’s youth obtain specific skills and be provided opportunities to understand how
they can best be prepared for the changes in workforce skill requirements. Lack of STEM-related skills will
negatively impact women and minorities’ chances to compete for employment, wages, and leadership in all
professional fields [7]. Time Travelers’ Adventure is specifically designed for a game for girls and minorities, but
since our game has many game scenes, we will be able to adopt and evaluate gender-inclusive game design
principles [8, 9] and various design features for minorities [10], including African-Americans, in some of the scenes.
What makes the proposed game unique is that flow concept, which was put forward by a positive psychologist,
Mihaly Csikszentmihalyi [11, 12]. Intelligent game agents/tutors [13, 14, 15] will be integrated into the learning
software so that students can more effectively learn while being fully engaged and interacting with game agents.
Flow is the mental state of operation in which people fully immerse themselves in an activity and feel energized
focus and enjoy the activity [12, 16]. The proposed educational game will be designed to facilitate flow experience,
engagement, interaction, collaboration, and deeper learning in the classroom and informal settings.
Thus, our proposed game will provide students with positive reinforcement and measurable goals that come from a
stimulus-response interface. Using the computer program provides players/students with individualized instruction,
motivation, student engagement, self-paced learning and self-regulation. The design and nature of this project is to
foster individualized instruction, facilitate student freedom to maneuver around to engage in game tasks and
challenges, minimize or eliminate boredom, and increase rigor for high-achieving students. These goals will be
primarily pursued in the first phase of this research project which focuses on the game design. By collecting student
feedback via the pilot study, we would be able to enhance our learning game (the second phase of this research
project). Finally, processing collected data concerning the effectiveness of the proposed game would support
analytical inferences that are both research- and practice-oriented (the third phase of the research project). Since our
game will be deployed on a public game server, researchers from different disciplines including psychology,
education, and computer science, will be able to conduct various game analytics [17] by using players’ behavioral
data provided by our game server.
PRIOR RESEARCH
A number of studies have been conducted to determine the benefits of using games for informal learning and
transforming education [18, 19, 20, 21, 22]. Educational game researchers typically implement their games to
encourage problem-based, experiential, engaged, and situational learning and support deep learning by providing
immediate feedback, personalization, and challenge [20, 23, 22, 24]. While a number of researches show the
positive effects of educational games [25, 26, 27, 28, 29], some studies report neutral or little effect [29, 30, 31, 32,
33]. Therefore, we believe that much more study and research need to be done for effective design, implementation,
and usage of educational games.
Our proposed work will provide a contribution to this promising, but partially established field, by incorporating
immersive 3D virtual worlds and intelligent pedagogical agents with educational games and evaluating its
effectiveness using experimental design. 3D features [34, 35] and intelligent pedagogical agents [16, 36] have been
successfully used in a number of educational or learning games. However, most of them were 2D casual games or
implemented for different contexts and we found no game was developed as an immersive 3D adventure game with
intelligent agents and designed for the computing discipline.
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RESEARCH METHODOLOGY
Research Question and Research Model
The first phase of our project focuses on the design and development of the 3D adventure puzzle game, in which
players travel across different time periods using a time machine and solve a series of puzzles by programming the
movements of robots and collecting various game objects. The following research question will be investigated
early in the project.
Question 1 (Design Research): What is an effective design for a 3D educational puzzle game that aims to teach
challenging mathematics and computing concepts and foster algorithmic thinking in middle school students?
The second phase consists of the pilot study and consequent enhancement of the initial game design and the
development of the game server platform. The third phase is devoted to the evaluation of the enhanced game design
by analyzing player data collected from game server to find out whether or not and to what extent our game is
effective in fostering computational thinking and changing students’ attitudes towards computing discipline. The
following research question will be investigated in the phases focusing on game enhancement and data analytics.
Question 2 (Empirical Research): To what extent is a 3D puzzle game aimed at middle school students more
effective in teaching computing concepts and algorithmic thinking than a simple 2D casual puzzle game?
We hypothesize that a 3D adventure puzzle game designed for a flow experience and interaction with intelligent
agents is more effective since a flow game experience may positively affect deeper learning and interactive
gaming activities and stimulate both deeper learning and collaborative learning.
Figure 1 shows the model of our proposed study including constructs, types of learning, and learning outcomes.
Based on the model, we defined six hypotheses that we will investigate as part of answering Question 2.

	
  
Figure 1. Model of the Proposed Study
Flow and Deeper Learning Hypotheses
Csikszentmihalyi [12] defines flow as a mental state of complete absorption in what a person does [37, 38]. In the
flow state, a person is completely focused and motivated and enjoys the activity [38]. Moreover, emotions are not
just contained and channeled, but positive, energized, and aligned with the task at hand [37, 12]. According to
Csikszentmihalyi, people experience flow several cognitive components are present: (1) clear goals that, while
challenging, are still attainable, (2) strong concentration and focused attention, (3) intrinsically rewarding activity,
(4) feelings of serenity, (5) timelessness, (6) immediate feedback, (7) knowing that the task is doable, (8) feelings of
personal control over the situation and the outcome, (9) lack of awareness of physical needs, and (10) complete
focus on the activity itself [12, 39]. In learning contexts, students are optimally engaged when the level of challenge
is a good match for their skills and perceived challenges and skills are both high and in balance and when this
optimal learning environment are realized, students are fully immersed in the activity and the learning outcome is
maximized [40].
The William and Flora Hewlett Foundation [41, 42] defines deeper learning as “a set of competencies students must
master in order to develop a deep understanding of academic content and apply their knowledge to problems in the
classroom and on the job” [43]. It is a combination of (1) a deeper understanding of core academic content, (2) the
ability to apply that understanding to novel problems and situations, and (3) the development of a range of
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competencies, including soft skills and self-control [43]. Through deeper learning, students learn how to think
critically, collaborate, communicate effectively, direct their own learning, and obtain an academic mindset [42]. We
believe that the combination of immersive 3D virtual worlds, a series of challenging puzzles, and illustrative 3D
characters of famous scientists and mathematicians, which will be implemented in Time Travelers’ Adventure, is
likely to facilitate flow experience [37, 44] and thus students are fully absorbed in solving puzzles to have a deeper
understanding of computational mathematics and learn how to apply the understanding to new situations.
Hypothesis 1: The higher the degree of deeper learning, the higher the effects on computational thinking
(Hypothesis 1.1) and positive attitude toward computing subjects (Hypothesis 1.2).
Hypothesis 2: Flow experience has a more positive effect on deeper learning than no flow experience.
Interaction, Deeper Learning, and Collaborative Learning Hypotheses
Interactions with others can be such a powerful learning tool since real depth of understanding happens when the
learner can express the new learning themselves, either through discussions (interactions) or writing [45, 46]. In the
proposed game, there can be two types of interactions; interactions with artificial intelligent agents, which are
avatars of famous scientists and mathematicians, and interactions with other game players either in game or outside
game. People might think that interactions with other players inside or outside the game may have adverse effects
since players can simply let others know the answers to the puzzles. However, in the proposed game, puzzles in each
scene are randomly generated based on content generation algorithms [47, 48] and players will face different
puzzles. Therefore, players cannot help others by simply sharing their answers, but they will be able to help others
only if they completely understand mathematical concepts and the logic behind puzzles. This type of interaction
leads to deeper learning [41, 42].
Collaborative learning [49] occurs when two or more people learn or attempt to learn something together by using
one another’s knowledge or resources [50]. Gokhale [40] asserts that collaborative learning enhances critical
thinking since the active exchange of ideas within small groups not only increases interests, but also promotes
critical thinking and students are capable of performing at higher intellectual levels when asked to work in
collaborative situations than when asked to work individually [51]. Therefore, we believe that in the game
interactions with both intelligent agents and other players will facilitate collaborative learning, in which the active
exchange of knowledge can enhance computational thinking and increased interests among students will lead to
their attitude change toward computing discipline.
Hypothesis 3: The higher the collaborative learning, the higher the effects on computational thinking
(Hypothesis 3.1) and a positive attitude toward computing subjects (Hypothesis 3.2).
Hypothesis 4: Interaction has a more positive effect on deeper learning than no interaction.
Hypothesis 5: Interaction has a more positive effect on collaborative learning than no interaction.
Hypothesis 6: Interaction has a more positive effect on deeper learning in a collaborative setting than in an
individual one.
IMPLEMENTATION PLAN AND CONCLUSIONS
Project Objectives
In this project, the game will be developed iteratively with inputs from our target audiences, science and math
teachers at middle and high schools, undergraduate and college students, higher education math and science faculty,
and game design and development experts.
The game has the following intended learning outcomes:
1. Students should be able to demonstrate computational thinking in the context of the mathematics and
computing concepts taught in the game including Euler path, Cartesian plane, linear equations, pattern
recognition and vector arithmetic.
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2. Students should develop a positive attitude towards computing subjects and show more interest in exploring
and pursuing professional computing occupations.
The first objective, on computational thinking, is to help envision a future in which people acquire the modern day
computing skills to not only use but also understand and create the computer program for real-world problem
solving. By learning the necessary skills in an engaging, collaborative manner, we expect that students’ selfconfidence on learning underlying mathematics and computation concepts would increase, and this would make
them more motivated in engaging in computational techniques and practices. The second objective, on positive
attitude towards computing, is to help students identify what computational techniques could mean in their lives. We
expect that a positive attitude change would make students more interested in pursuing computational occupations
[52]. We believe that both objectives will help address the problem of underrepresentation of women and minorities
in computing.
Game Development
We envision a 3D virtual adventure puzzle game in which students can learn underlying computing concepts and
algorithmic thinking while enjoying game challenges and interacting with intelligent agents and collaborating with
other players in an informal setting. We chose a 3D adventure puzzle game because the 3D adventure game genre
tends to be both immersive and non-violent; and, puzzle games are appropriate to teach complicated algorithmic
thinking. Technically, we plan to use Unity 5 [53] as the main development tool since it allows us to design and
build fascinating, immersive 3D virtual worlds relatively easily and take advantage of various game development
assets, such as a physics engine, a dialogue system, myriad 3D models, and assorted textures and materials, made by
Unity Technologies and their community. In addition, Unity allows us to publish our game to various gaming
platforms including PC, Mac, Smartphones, tablet, game consoles, et al, which means we do not need to develop
different versions of this game for other platforms.
In the game, players first learn basic mathematics and computing concepts from intelligent agents, which will be
created as 3D avatars of famous scientists and mathematicians. Then the players are presented with procedurally
generated puzzle problems, thematically linked to the very scientists and mathematicians, and solve them by
programming a robot/spaceship or manipulating various game objects. As they progress through the game, they
learn more about how computer programming works and solve the broad array of challenging puzzles for which
algorithms can be used. At the same time, interacting with famous people from history helps players learn about the
history of computing and applied math, as well as identify with role models. Finally, as they make progress through
the game, players can customize their avatar and their robot to personalize and engage with the game.
When the game starts, players find themselves lost in time and an angel appears and informs them that players can
go back home after completing a series of missions. Then the angel gives a brief tutorial about how to complete each
mission. After completing the tutorial, players are guided to the first mission of the game. The “angel” gives hints or
guides when players are stuck. The game map presents time and space as a two-dimensional surface, and players can
click on different sections to visit when and where one of the historical characters lived – ancient Egypt, Victorian
England, pre-independence India, AD 2100, etc. Missions/problems are designed to have different levels of
difficulty and students will not be allowed access to different areas of the map until they have acquired knowledge in
required subjects.
The project team reviewed state’s Common Core Math Standards for middle and high schools and extracted a list of
topics related to computing, mathematics, computational thinking, and science. The following scenes are depict the
mathematics, computing concepts, and algorithmic thinking linked to famous scientists and mathematicians which
are featured in each mission in the game.
Leonhard Euler: The player will send a robot into a vortex of a hazardous area where it will gather various machine
parts at specified locations then exit the vortex before it closes. The object is to calculate the shortest Euler cycle to
visit all stops in the shortest time possible. The time limit could vary with difficulty level. This game scene
incorporates algorithms and discrete mathematics (Figure 2).
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Figure 2. Example Game Scene for Eulerian Cycle Puzzle
Grace Hopper: The player will shoot the moths on a Cartesian plane that threaten to short circuit the robot. Moths
will be located at a certain position on the plane. The player must pick the correct linear equation that will target the
moth. This game scene incorporates linear equations, slope and y-intercept (Figure 3).
Carl Friedrich Gauss: The player could be riding on a vehicle following a straight path and must intercept a train
or other vehicle on a straight path to collect a machine part. The player would use two linear equations that the
player must solve simultaneously so that they intercept the train. To increase the skill level quadratic equations
could be used. This game scene teaches how to solve equations (Figure 4).

Figure 3. Example Game Scene for Cartesian Plane Puzzle
Srinivasa Ramanujan: The player will guide the robot through traffic to find a machine part at a final
destination. The player will program the route by recognizing patterns in the street numbers. More difficult patterns
can be used for different skill levels. This game scene incorporates pattern recognition and arithmetic operations.

Figure 4. Example Scene for Quadratic Equation Puzzle
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Isaac Newton: The player will guide Isaac Newton as he pushes an apple tree through a maze. Once he has reached
the end of the maze he can plant the tree and receive a machine part. The player must use vectors to determine the
path of Isaac Newton. This game scene incorporates vectors and vector arithmetic. The above are only five of the
extracted topics and we plan to implements a total of 10 scenes in this project.
Evaluation
To achieve proposed learning outcomes, we will develop our game using an iterative agile development
methodology with two types of evaluations: a formative evaluation and a summative evaluation [54]. The purpose of
formative assessment is “to monitor student learning to provide ongoing feedback [54],” which will be iteratively
used by the project team to improve the design of the proposed game. This formative assessment will be used to
answer the first research question of this study. We will use this qualitative method to systematically analyze
outcomes of test sessions and outline recommendations for the next iteration.
The summative evaluation combines quantitative and qualitative analysis methods. It will be used to assess the
learning outcomes of the game by answering the second research question of the study. To answer the question, we
defined six hypotheses based on our research model (see Figure 1). To test our hypotheses, we will conduct an
independent factor analysis [18] with 3x2 factorial design. The independent variables (IVs) consists of Game Type
(2D simple puzzle game, 3D adventure puzzle game with no intelligent agents, and 3D adventure game with
intelligent agents) and Game Mode (single player and multiple players). This factorial design will allow us to
analyze the effects of both 3D graphics and intelligent agents. Participants will be randomly assigned to one of six
conditions.
Participants will play one of three versions of our proposed puzzle game: 2D and 3D versions without AI agents and
collaborative features or the 3D version with AI agents and collaborative features. The exact gameplay time will be
determined based on test sessions. Before and after playing, participants will take a form of the pre- and postquestionnaire and test. We will deploy games on the game server platform and integrate the questionnaire materials
into the games, therefore ensuring that the participants do not feel like they are part of an experiment but rather
participate in a fun and enjoyable activity. The pre-questionnaire will measure the background variables: basic
demographics and game attitudes. For measuring game attitude, we will incorporate the New Computer Game
Attitude Scale (CGAS) [19], a validated survey based on the original Computer Game Attitude Scale [20], which
was developed to evaluate middle school students’ attitudes toward educational computer games. The instrument
measures students’ opinions, feelings, and specific behaviors regarding the use of computer games.
The post-questionnaire will measure the following outcome variables: flow experience, deeper learning and game
experience. To measure flow experience, we plan to use the Experience Sampling Method (ESM) proposed by
Csikszentmihalyi [21, 22]. Rubrics for evaluating deeper learning will be developed by referring guidelines
published by SCOPE: Stanford Center for Opportunity Policy in Education [23] and Rand Corporation [24]. Game
experience involves students’ opinions on playing Time Travelers’ Adventure. We intend to use the Game
Experience Questionnaire (GEQ) [37, 25], which aims to capture the full spectrum of digital game experiences. The
comprehensive pre- and post-test will address students’ algorithmic/computational thinking. Previous studies on
algorithmic thinking that included objective tests showed the effectiveness of measuring change in students’
knowledge with software design scenarios [26]. Design scenarios present individual students with a short description
of a realistic design challenge and then ask them to describe how they would solve the problem [27, 28, 55, 29, 30,
31]. The tests are written with multiple choice (MC) questions, using guidelines for creating effective MC questions
[32, 33], and the content is examined by experts in computing discipline.
This research project will conduct two prototype tests and a full study along with formative and summative
evaluations to identify an effective design of a 3D educational puzzle game aimed at fostering computational
thinking. The two pilot tests and a full study will show whether a combination of an immersive 3D game world and
interactive intelligent pedagogical agents indeed increase deeper learning and collaborative learning and thus
computational thinking. Based on the test results, a 3D adventure puzzle game will be developed and deployed in a
public game server. Along with pilot tests and full study results, player data that can be collected from the game
server will allow the project team and other researchers to conduct various game analytics.
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CONCLUSIONS
STEM subjects including computation techniques are vital to the modern economy and society, yet women and
minorities, have been underrepresented in STEM fields. This research project proposal is designed to achieve an
early exposure to algorithmic thinking and computing through an innovative and engaging way. In the game, by
travelling through time to meet famous scientists and mathematicians, students can learn about computational
thinking while enjoying gameplay and customizing their avatars as a reward for successful problem solving, which
is the same psychological tool exploited by famous games like FarmVille.
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