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Abstract

In computer science, algorithms can be one of the most challenging concepts for
beginners to learn. One approach to teaching challenging concepts is the use of game-
based learning (GBL).

In this work, we investigate the use of game-based learning for teaching funda-
mental search and sort algorithms. Specifically, we created the Warehouse Escape
game.

To assess the knowledge improvements from playing Warehouse escape, we com-
pare playing the game to watching animations of the algorithms. We found that
those who played the game showed a significant improvement in learning outcomes
than those who watched the animations. Also, those who played the game did better
on conceptual questions.

Based on this work, the more “hands-on” approach of game-based learning is
more effective and engaging for learning algorithms than the more passive watching

of animations.
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Chapter 1

Introduction

Games for education are widely available on the web and mobile devices, but they
use basic programming or Computer Science (CS) terminology to teach algorithm
concepts. Having no prior knowledge of coding or such terminologies makes it more
di cult for the novice learner/student to understand the concepts [10, 13, 19]. Fur-
thermore, di erent games use di erent languages to teach CS concepts. Some of them
are C, Java, C++ and Python, all of which have di erent syntax. Therefore, a begin-
ner may nd it challenging to understand all the intricacies of a language; as a result,
they lose the motivation to learn.

Although algorithms are one of the fundamental concepts in programming, it can
be di cult for beginners to grasp the concept of algorithms. One of the reasons why
algorithms are di cult to understand is because they use abstract concepts. [19]. As
a result, they nd algorithms challenging to learn and feel demotivated. Game-based
learning (GBL) for algorithms can help understand the concepts, and applying them
can help to address this issue.

Teachers constantly seek ways to improve their methodology, facilitate student
learning, and keep students' attention. Byrne et al. concluded from their research that
animation helps students solve algorithms' procedural problems [4]. Other research
demonstrates that today's youth have more di culty concentrating than students a
few years ago. To elaborate on this statement, the researchers mentioned that students

today are so accustomed to distraction and bombardment with media images that
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they nd it harder to concentrate than students in the past [20]. Students may nd
visualizations, interactive animations, and educational games helpful in focusing their
attention on the visualized processes [9].

The growth of pervasive gameésas an industry and research eld shows that games
and game technologies have surpassed the traditional limitations of their medium. In
recent years, the term “gami cation' has emerged as a broader term to describe the use
of elements of video games (instead of traditional games) to improve user engagement
and experience with non-game services and applications [7].

In addition to entertainment, games can be used for educational purposes, learn-
ing, investigation, discovery, innovation, simulation of complex phenomena, and more.
It includes game-based learning, which utilizes di erent games for learning and ed-
ucational purposes. Students/learners gain knowledge and hands-on skills through
serious games (i.e. games designed for a primary purpose other than pure entertain-
ment) and exploration. In the context of game-based learning, edutainment refers to
learning that is primarily aimed at educating and partially entertaining [18].

Some universities o er courses related to serious games or gami cation, such as;
Massachusetts Institute of Technology's Computer Games and Simulations for Ed-
ucation and Exploration course [6], the University of Southern California's Game
Development course [8], and University of Pennsylvania's, Gami cation course [12].
In addition to courses, many universities o er master's degree programs in gami ca-
tion, such as Michigan State University, University of Barcelona, and University of
Technology Sydney [17].

Our proposed work, the \Warehouse Escape" game, has interactive screens, en-
abling players to learn searching and sorting algorithms by actually devising creative
solutions to the problems presented, allowing students to develop logical skills. In

particular, this game teaches the concepts of linear search, binary search, insertion

1A game that uses real-world locations in gameplay. For example, people interact with virtual
game characters in real-world locations using a mobile device.
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GAME SEARCH SORT Computational | ;>
Complexity
WAREHOUSE
ESCAPE v v v v
v’
SORTED X Basic Sort Basic X
Level
v’ v’
INTERACTIVE
ANIMATION Only Only X X
lllustrations | Illustrations
PROGRAM . )
WARS Basic Searchl Basic Sort X X
v
PACMAN BFS, DFS X X X
A*

Table 1.1: Warehouse Escape Vs Other Algorithm Teaching-Games

sort, selection sort, quicksort and merge sort. The player interactively walks through
these algorithms using operations such &elect, Compare, Swap, Mergand Divide
with the intent of teaching them the logic behind search and sort algorithms. The
game contains a quiz at the end of each level to assist the player in assessing their
mastery of knowledge about an algorithm. After completing the quiz and completing
all the tasks, two more quiz levels ask scenario-based questions to the player. The
game's output provides each algorithm's number of moves, swaps, and comparisons
to help the player think carefully about which search or sort to apply in di erent
situations.

This research uses a game-based learning approach to examine how e ective it is
to learn search and sort algorithms. To determine the e ectiveness of our approach,
we conducted a user study. The e ectiveness of Warehouse Escape will be determined
by comparing the level of knowledge of the subject before and after playing the game
or watching an animation.

Table 1.1 summarize the limitations of previous algorithm-teaching games and

our work.
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This research sets out to answer the following research questions:

RQ #1. Do the players' understanding of search and sort algorithms improve
after playing the game?

RQ #2: What is more e ective for learning algorithms, watching animations, or
playing warehouse escape?

RQ #3: Does playing the game help more with answering practical or conceptual
guestions than watching animations?

The contributions of this work are:
" A mobile game for teaching basic sort and search algorithms.

" A user study of the game comparing the use of the game to that of watching

algorithm animations.

" Results indicating that playing the game results in better learning outcomes

than watching algorithm animations.

The rest of this thesis proceeds as follows. The related work is described in Chapter
2. A detailed description of the \Warehouse Escape” game is provided in Chapter
3. In Chapter 4, the details of the user study are explained. Chapter 5 analyzes the
study results to provide answers to the research questions. Chapter 6 concludes this

work.



Chapter 2
Related Work

Several research works have been conducted regarding games to teach computer pro-
gramming, algorithms, and software engineering concepts.

The chapter begins with an overview of game-based learning and games for teach-
ing algorithms, followed by reviewing previous work produced for teaching computer

science concepts through games.

2.1 Game-based Learning

In recent years, a lot of work has been done on integrating game-based learn-
ing (GBL) in education. Game-based learning has been shown to result in a better
understanding of di cult concepts [13, 19, 10]. It has been shown that educational
computer games enhance the learning interest of the student and also increase their
motivation to study deeper concepts [13]. With the advancement of technology, the
traditional way of classroom teaching is slowly being replaced with e-learning and
electronics like smartphones, e-books, tablets, and laptops.

In recent years, the interest in edutainment ( any form of entertainment that is
educational, which means education through games) has increased. There have been
many research studies on the design and implementation of games for teaching the
concepts of Computer Science, including online and o ine games.

This section provides an overview of research work focusing on the teaching of

algorithms.
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2.2 Games for teaching Algorithms
2.2.1 Interactive Animation for Learning Sorting Algorithms

Interactive Animation for teaching and learning sorting algorithms [19] imple-
mented the idea of teaching algorithms through visualization and animation. The
focus was on two types of animations. The rst was the collection of card sorting
animations, and the second was the box sorting game. As shown in Figure?2tie
right-side of the gure shows the box sorting game while the left-side shows the card
sorting animation.

Card sorting animations contain ve animations of sorting algorithms: Simple
Exchange Sort, Bubble Sort, Insertion Sort, Minsort, and Maxsort. The task is to
sort the playing cards in ascending order. The box sorting animation is a simple
game where students are asked to sort three, ve, or seven boxes in ascending order.
The boxes have weight values hidden from the user, so the main goal is not to use
unnecessary comparisons and sort the boxes in ascending order.

This game aims not to teach coding but to teach the basic concepts behind sorting
algorithms. The evaluation of the results shows that the students recognized the
essential aspects and the di erence between sorting algorithms when they played
the card sorting animation game. Furthermore, it was found that the number of
unnecessary comparisons was also reduced after the students played the box sorting
game. The result shows that visualization has a signi cant impact on learning and
that game-based animations can be helpful in learning and teaching the concepts of

algorithms.

How Warehouse Escape is dierent: The Interactive Animation game teaches
the concepts of a simple exchange sort, such as the Bubble Sort, Insertion Sort,

MinSort and MaxSort. It does not let the player explore the techniques for sorting;

2lmages taken fromhttps://anim.ide.sk/sortingboxes.php and http://www.algoanim.ide.
sk/
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Figure 2.1: Animation for learning sorting algorithms

instead, it tells the step-by-step process to place the cards in sequence. Therefore,
this game does not teach the time complexity of sorting algorithms, as there is no log
or counter to check the number of moves played. Similarly, in the box sorting game,
players are asked to sort boxes according to their weight by comparing only two boxes
at a time. At the end of the game, players learn how to perform this task quickly,
but they do not have any competition or quiz to check if there is any better technique
than the one they performed in the game. The box sorting game also does not teach
computational complexity.

In the Warehouse Escape, players explore dierent options by comparing and
swapping. To gauge the student's understanding, there is a quiz after each task.
The easy and medium scenarios in the game enable a competitive environment, and
computational complexity is one of the objectives to learn in the Warehouse Escape.

All these features are missing in the Interactive Animation game.

2.2.2 Pacman
Pacman [10] is an educational gamgand it aims to assist and motivate students to
learn and deeply understand Computational Intelligence search algorithms. This game

provides an opportunity for the students to study and examine how search algorithms

3This is similar, but is not the same as the well-known arcade game.
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operate. The game has two modes: an \Educational Mode" and a \Playing Mode."
In \Educational mode", the student can select what type of algorithm they want to
learn. There is a textual description, a graphical data ow and pseudo-code.

The game o ers the student the opportunity to study the algorithm via visual-
izations. During visualization, Pacman can pause and ask the student what the next
algorithm step is. The student can tell the game by selecting the next grid position. In
the case of a correct answer, the game requests the student to justify their reasoning
by o ering a multiple-choice question.

Figure 2.2 shows the interface of the \Playing mode". The ghost is aiming to
reach the Pacman to end the game. The student can move the Pacman in the maze to
collect the dots and evade the ghosts and observe, while Pacman is moving, how the
ghost applies a speci ¢ algorithm. Students can complete maze levels and proceed to
the next ones that are more complex and challenging. Various levels are designed to
necessitate students to apply a speci ¢ search algorithm. Students are requested to
move the Pacman to reach the goal by moving Pacman based on a speci ¢ algorithm
that the level species. The ghost would move faster towards the Pacman if an
incorrect movement occurred. The student can only complete the level by correctly
applying the algorithm and moving Pacman towards the goal.

As the student proceeds to the next level, the game gets more complex (i.e. maze
characteristics increases, number of ghosts, goals to achieve, the complexity of the

algorithm, and the parameters requested from students to apply).

How Warehouse Escape is di erent: The Pacman game teaches heuristic search
algorithms such asBreath- rst search, Depth- rst search, and A* search (i.e. graph
traversal algorithms). In contrast, the Warehouse Escape is designed to teach simpler
search (i.e. linear and binary) and sort (i.e. bubble, insertion, selection, quick and

merge) algorithms.

4Image taken from [10]
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Figure 2.2: Pacman Educational Mode

2.2.3 Sorted

The objective of the Sorted game [13] is to facilitate a student-centred learning
environment. The game mechanics used in designing the game are adopted from
the execution processes of the sorting algorithms, including the objective of the algo-
rithm, sorting orders (ascending and descending order), sorting operations (compar-
ing and swapping), and the data structure (array). The player is assigned missions
to rearrange disorderly standing aliens using comparing, swapping, and movement
commands.

The game consists of the \Normal Mode" and \Simulation Mode." In \Normal
Mode", everything is already given. The student has to follow the instructions and
perform the task accordingly. It challenges the student with an adaptive di culty
level from easiest to hardest. The level of di culty is determined by the total number
of alien creatures generated. There are 15 levels, and each level contains two missions
asking the player to sort aliens either in ascending or descending order. To unlock

the next level, the player must nish at least one mission of the current level.
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The main screen of the game is shown in Figure 2.3b The players score when
they e ciently use comparing commands. There are three types of metal badges:
gold, silver, and bronze. It is possible to achieve a gold medal badge if the number of
times that comparison command is used is less than or equal to the total number of
comparisons of the three-comparison based sorting algorithm (i.e. Bubble, Selection,

and Insertion sort) that were executed on the same sequence of unsorted aliens.

(a) Simulation Mode (b) Sorted main screen

Figure 2.3: Game Sorted

The \Simulation Mode", as shown in Figure 2.3&, allows the players to customize
the parameters like number the of aliens, sorting order (ascending or descending or-
der) and seed number (a four-digit number that determines the characteristics of the

sequence of the aliens including their values and positions).

How Warehouse Escape is di erent: The game Sorted is about sorting disor-
derly standing aliens in ascending or descending order by applying sorting operations,
SWAP and COMPARE. The game's objective is to enable players to formulate their
comparison-based or non-comparison-based sorting algorithm. However, in Ware-
house Escape, players are instructed to apply a particular sort/ search algorithm and

after completing a task, the player takes a quiz that tells the player's progress.

SImage taken from [13]
SImage taken from [13]

10
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2.2.4 Map-Coloring Game

The Map-coloring game [11] teaches the basic concepts related to Constraint Sat-
isfaction (CS), arc-consistency algorithms (AC-3 algorithms) and their combination
with search algorithms (depth- rst search with backtracking).

In this game, a map consisting of several regions is given, and the player needs to
color each region of the map with one of a given set of colors so that no two adjacent
regions have the same color. Figure 2/4shows the result of a map-coloring problem.

The game has two modes: \Educational Mode" and \Fun Mode." In \Educational
Mode" the student can choose the number of colors and the complexity level of the
game. They can also use help features to play the game. Whereas in \Fun Mode",
the students can not select the di culty level, as the game has predetermined levels
to make the game more challenging. The game does not have any programming tasks,
but it is designed in a way that students learn the concept of Constraint Satisfaction

by completing the task according to the given constraint.

How Warehouse Escape is dierent: The Map-coloring game teaches how to
solve Constraint Satisfaction problems. It is not directly linked with search and
sorting algorithms, but a good search and sort technique can be helpful in solving
the Constraint Satisfaction problems. Like in the Map-coloring game, searching for
the best region for a color and then sorting the position of colored regions so that no

adjacent vertices have the same color is a possible solution strategy.

2.2.5 Program Wars

The game Program Wars (PW) [2] is a web-based card game [1] for teaching
concepts of programming and cybersecurity to beginners. It is a card game that
teaches instructions, variables, loops, methods, malware and hacking. It can be played

against a bot, or two human players can play each other.

“Image taken from [11]

11
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Figure 2.4. Map-coloring nal result

Figure 2.8 shows the interface of Program Wars, where a human player and a bot
are playing the game. The player has to reach a score limit before an opponent and

can win the game by applying good programming practices.

How Warehouse Escape is di erent: Program Wars teaches basic programming
concepts through an online card game. Although it has search and sort cards included
in the deck, it only teaches the e ect of search and sort algorithms. In PW, a search
card enables the player to search and pick any desired card from the deck and add
it to their hand, while a sort card helps to rearrange the top ve cards. In contrast,
players learn to implement di erent search and sort algorithms in the Warehouse

Escape. They also learn the time complexity of each algorithm.

8lmage downloaded fromhttps:/program-wars.firebaseapp.com/beginner in February 2021

12
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Figure 2.5: Program Wars interface

2.3 Games for Teaching Other CS Concepts

Board games are tabletop games where di erent pieces of the game are moved on
the board according to the set of prede ned rules of that particular game [3]. A few

board games are discussed below, which teach di erent computer science concepts.

2.3.1 Code Master

Code Master [5] is a single-player board game that teaches logical concepts of
programming, problem-solving, repeat statements (i.e. loops), conditional statements
(i.e. if-else), unidirectional and bi-directional graph edges, and writing and executing
a program. The game has 60 levels, with each level having six di erent patterns of
di culty from beginner and progressing through levels intermediate, advanced and
expert.

The game's goal is to program your avatar (i.e. the player) to collect crystals
(if any) and reach the exit portal. A player must nish the game within the limited
number of the moves given on the scroll guide. To write the program, a colored action
token (red, green, blue) and conditional tokens (for the advanced and expert levels)
are placed on the scroll guide to move the avatar across similar lines on the map to

reach the portal. Figure 2.6 shows a Code Master map, scroll guide, action tokens,
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conditional token, crystals, portal (blue) and avatar (red).

Code Master teaches the logical thinking used to solve problems. Along with
this, it introduces the concept of one-way and two-way paths (unidirectional and bi-
directional edges on a graph), loops (by repeated statements) and conditional tokens
(i.e. if-else statements). The player selects the scroll guide with an action token, and
then \executes" their program on the map. This improves the writing of code and

then simulates executing the code on a computer.

Figure 2.6: Board game Code Master

2.3.2 Potato Pirates

Potato Pirates [14] is a board game that teaches the basic concepts of computer
programming. After playing the game, a player becomes familiar with variables, if-else
statements, functions, for loops, while loops, nested loops, and switch-case statements.

Also, some surprise cards teach about cybersecurity threats. Figure 2.7a shows all of
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the cards, ships and a potato sack having a potato crew.

The game's goal is to gain all seven Potato King cards by drawing them from the
deck or eliminating the potato crew of other players so that their ship sinks and their
Potato King cards are seized. A player can win the game either by acquiring all of
the Potato King cards or being the last player sailing.

The deck has action, control, surprise and Potato King cards. A player can play
with action cards only, but to boost up the attack, control cards (i.e. loops and
conditionals) are used with action cards. The game teaches for-loops, while loops and
if-else statements by stacking the control and action cards. It also teaches the concept
of nested loops by stacking two for-loop cards with an action card or by stacking a

while card and a for-loop card with an action card, as shown in Figure 2.7b.

2.3.3 Robot Turtles

Robot Turtles [15] is a children's board game to teach how to write instructions
(i.e. code) and how to execute them. This game also teaches the concept of functions,
bugs and debugging.

The game consists of four robot turtle tiles in blue, green, pink and red colors.
Each robot turtle has an identical-colored matching jewel and matching bug card.
There are forty-four cards in the deck with eleven cards for each color (e.g. 11 blue
cards for the blue robot turtle). For complex levels, some obstacles are introduced in
the game (i.e. stone walls, ice walls and crates). To melt the ice wall, a laser card is
introduced. A function frog card is introduced in complex levels to represent a move
sequence (i.e. a function, procedure or method). Instead of using 3 or 4 cards for that
sequence, the player can use one function frog card.

The game's main objective is to move the robot turtle to its matching colored
jewel by using direction code cards (i.e. turn right, turn left and step forward code

cards). Placing the code cards in the correct order teaches the concept of writing a
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