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ABSTRACT
Data structures and algorithms are core topics in Computer Science,
and they are essential for the development of efficient software.
However, data structures and algorithmic concepts are abstract and
difficult to relate to previous knowledge. From a constructivist point
of view, it is important that new experiences and information link to
previous knowledge in order to create new knowledge. This paper
presents work-in-progress on the development and evaluation of
a serious game for teaching Binary Search Trees (BST) called DS-
Hacker (Data Structure Hacker). DS-Hacker aims to introduce BST
concepts to college students by means of relating well-known game
elements with BST concepts.
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1 INTRODUCTION
Data structures and algorithms are core topics in Computer Science, 
and they are essential for the development of efficient software [25]. 
For this reason, software developers and computer scientists must 
possess a deep understanding of basic data structures and the im-
pact that they have on computational systems performance. As an 
example of their importance, data structures and algorithms are top-
ics included in the guidelines for undergraduate degree programs 
developed by the Association for Computing Machinery (ACM)
[15]. Typically, universities teach the first introductory data struc-
ture course in the second year of their undergraduate Computer 
Science programs [19].

While a deep understanding of data structures is considered foun-
dational knowledge, advanced data structures and their algorithms
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are difficult topics to grasp [3]. Data structures and algorithmic
concepts are abstract and difficult to relate to previous knowledge.
From a constructivist point of view, it is important that new ex-
periences and information link to previous knowledge in order
to create new knowledge [11]. Furthermore, it is necessary that
learners engage actively in the learning processes (active learning).
Traditional approaches such as master class are not enough. Ed-
ucators should provide experiences and environments where the
students can construct knowledge through reflection, critical think-
ing and their previous knowledge [11]. Therefore, learning tools
that help learners link new information with previous knowledge
in an active way may be a useful approach to teach topics like data
structures and their algorithms.

In view of the above, serious games have the potential to serve
as a learning tool that accomplishes both objectives: to link new
information with previous knowledge and to facilitate active learn-
ing. For instance, video games are quite popular among teenagers
and young adults, and video game genres such as casual, action,
adventure and role-playing games possess well-known game me-
chanics and environments. Additionally, well-crafted video games
promote active learning [10]. Usually, video games offer problems
in the form of challenges that require active engagement of the
player. Therefore, serious games may take advantage of these char-
acteristics in order to facilitate the association of new information
with previous knowledge and active learning.

This paper presents work-in-progress on the development and
evaluation of a serious game for teaching Binary Search Trees
(BST) called DS-Hacker (Data Structure Hacker). DS-Hacker aims
to introduce BST concepts to college students by means of relating
well-known game elements with BST concepts. These relations
are presented to the learner through analogies embedded in the
game. The rest of the article is organized as follows: In section 2,
we present a review of previous games that focus on data structure
learning. Then, section 3 describes the pedagogical theory on which
our approach is based. Next, section 4 presents a detailed description
of DS-Hacker. Finally, section 5 concludes this paper and discusses
future work.

2 RELATEDWORK
Serious games are becoming popular among researchers in the Com-
puter Science field. Many games for teaching coding and Computer
Science concepts have been created and evaluated. For instance,
Petri and von Wangenheim [23] performed a systematic literature
review and found 108 games and 117 evaluations. In another pub-
lication, Miljanovic and Bradbury [22] reviewed 49 programming
serious games and their evaluations. Despite the increasing number
of serious games that focus on computer science topics, a small

This work is licensed under a Creative Commons Attribution International 4.0 License.

https://doi.org/10.1145/3402942.3402999
https://doi.org/10.1145/3402942.3402999
https://doi.org/10.1145/3402942.3402999
https://creativecommons.org/licenses/by/4.0/


FDG ’20, September 15–18, 2020, Bugibba, Malta Alberto Rojas-Salazar and Mads Haahr

number of them target data structure topics [8, 22]. In this section,
we present some of the most relevant serious games for learning
data structures.

Among the reviewed games, the most popular data structure
is the stack, and a considerable number of titles aims to facilitate
learning of this data structure. For instance, Liu et al. [20] presented
a game called Star Chef in which the player controls a chef who
must attend to her clients following the stack principle: last in first
out (LIFO). Additionally, the game possesses more levels that focus
on other data structures such as queues and trees. Also targeting
the stack, Ismail et al. [13] reported Stack Em Up, a serious game
based on the Tower of Hanoi puzzle, and it provides three levels
of difficulty. Other games based on the Tower of Hanoi puzzle are
HTML5 Hanoi Tower [28] and the Hanoi Tower Game [6]. A more
sophisticated game that possesses a design similar to DS-Hacker
was reported by Dicheva et al. [7, 8]. The game, called the Stack
Game, is an isometric action-adventure game developed in Unity in
which the player takes the role of a robot that loses its spaceship
in an accident. The robot must return home by walking through
a path secured by locked gates. To unlock each gate, the player
must solve a set of puzzles where the player must apply concepts
related to stacks. Furthermore, the Stack Game has three levels, and
each level tackles a learning objective. In the first level, the player
learns the stack concepts. In the second, the player learns to use
stacks to solve problems. In the third level, the player learns the
implementation of the stack algorithms.

The linked list, another foundational data structure, is targeted
by a considerable number of titles. Shabanah et al. [26] reported a
prototype of serious game called Singly-Linked List. The aim of this
game is to build a chain of connected nodes using the principles
of the add and remove algorithms of the linked list. Costa et al. [6]
modified the popular mobile game Snake to teach about the linked
list’s add algorithm. Space Traveler [31] is a 2D shooter-coding game
where the player must code the missing sections of basic linked list
operations, such as the add and remove algorithms. Space Traveler
was designed to provide an environment where a student could
practice and visualize the Linked List operations. Finally, La Petite
Fee Cosmo is a 2D puzzle game developed by Kannappan et al. using
Unity [16]. Like Space Traveler, La Petite Fee Cosmo aims to help
players learn the algorithms for the basic linked list operations.

Regarding the tree data structure games, we found four games.
Elemental: The Recurrence [5] is a 3D puzzle-coding game that in-
tends to teach the recursive depth-first search (DFS) algorithm of a
binary tree. In the game, the player must guide Ele (a programable
avatar) through an environment that resembles a binary tree. To
achieve this objective, the player must code the missing sections
of the DFS algorithm. The second game we reviewed focuses on
Adelson-Velsky and Landis (AVL) trees, and it is an adaptation of
the classic game Mario [29]. The game has five levels, and each
level covers a different concept. The AVL tree concepts covered
by the game are the BST structure (level one), AVL tree rotations
(level two), the AVL tree search algorithm (level three), the add
algorithm (level four), and the delete algorithm (level five). The
third game reviewed also targets the AVL tree data structure, and it
is called the AVL Tree Game [27]. The AVL Tree Game is a mobile
puzzle game that intends to teach the AVL tree rotation and add
algorithms. Finally, Shabanah et al. [26] reported a game prototype

to teach the BST add algorithm. The game challenge is that the
player should build a BST as fast as possible with a given set of
nodes. Every time that the player adds a node in a correct place,
the score increases. If the player adds a node in a wrong position,
the score decreases.

Finally, some of the reviewed games are coding games that teach
how to solve complex problems using data structures. For instance,
Critical Mass [19] is a digital board game similar to Checkers or
Go. Unlike traditional board games, it is designed to be played by
an algorithm. In order to interact with the game, students should
develop a program capable of playing the game. Then, students
upload their code to a special website that allows them to challenge
other students’ programs. Critical Mass aims to motivate students
to practice topics such as regular arrays, two-dimensional arrays,
trees, and recursion. Similarly, Resource Craft [14] is a real-time
strategy game that requires students to program an algorithm that
plays the game. The objective of the game is to code an algorithm
that maximizes the collection of resources. While playing the game,
students practice the usage of arrays and dictionaries. Both Critical
Mass and Resource Craft require advanced programming skills.

As shown above, several serious games focus on data structures;
however, the reviewed works leave out aspects that are important to
serious games for learning. One of these aspects regards the learning
theories and pedagogical approaches that guide the learning process
used by the game. Most of the reviewed articles only brieflymention
learning principles to justify the learning process of their games.
In particular, the articles do not discuss the learning principles in
detail and also fail to explain how their games apply them. For
instance, [13, 20, 26, 28, 31] suggest that their games may increase
the motivation of the student, and consequently, their games may
increase the student’s engagement. However, these studies do not
report the type of motivation that they expect (for example, goal-
oriented motivation or task-oriented motivation), or how their
games increase motivation. Another area that could be improved
relates to the learning objectives that the player should achieve
when playing the game. For instance, with the exception of [7], none
of the reviewed articles explicitly state their learning objectives,
and they only briefly explain the overall learning aim of the game.
Finally, most of the reviewed games focus on basic data structures,
such as the linked list and the stacks. Only some studies focus on
more advanced trees and only one of these on BSTs, and this is
a prototype designed to test a game engine [26]. This situation
shows that there is a lack of research into serious games that target
more advanced data structures, such as different types of trees and
graphs.

Given the above, this article intends to improve the areas men-
tioned above and makes three contributions in the field of serious
games for learning data structures. First, we report on a serious
game that intends to teach Binary Search Trees to college students.
Second, we present a detailed description of how the player will
learn while playing the game and the learning theory and learning
principles that support the learning process utilized by the game.
Finally, we explicitly define the learning objective that the player
should achieve and the learning activities that the player must per-
form to achieve the learning objectives. The last two contributions
are crucial for any serious game or learning tool that intends to
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support formal education, since the learning objectives and activ-
ities facilitate the evaluation of the learning process by defining
how and what the player will learn. Furthermore, the learning ob-
jectives should guide the design and development of the knowledge
assessment. Additionally, in case that the game does not obtain
the expected results, it will be easier to determine the cause, e.g.,
whether the assessment tool is inadequate for the scope of the
game, or if the learning activities are not properly aligned with the
learning objectives.

3 PEDAGOGICAL APPROACH
Learning tools, such as serious games, should provide a means to
link new information and familiar knowledge in order to create
new knowledge. Additionally, learning tools should facilitate ac-
tive engagement and active learning. Both features are principles
of the constructivist paradigm. Constructivism suggests that hu-
man beings create and re-create their knowledge actively using
their previous experiences, mental structures, and beliefs [11]. This
means that educators cannot simply transfer the information to the
learners, and that the learners will not understand the transferred
information at the same level as the educator [11]. Instead, learners
must interpret and organize their learning experience in order to
create meaning and transform into knowledge.

Under the constructivist paradigm, Kolb’s Experiential Learning
Theory (KELT) [17, 18] suggests that experience plays a fundamen-
tal role in every learning process and that the learner should be in
the center of the learning system, and it is based on six principles
[17]:

1. Learning is a process.
2. Learning is re-learning.
3. “Learning requires the resolution of conflicts between dialec-

tically opposedmodes of adaptation to theworld” [[17]:1216].
These modes of adaptation are action/reflection and experi-
ence/abstraction.

4. Learning is a holistic process.
5. Learning is the result of transactions between the learner

and the environment.
6. Learning is a process of creation knowledge.
According to the KELT, learning occurs as cyclical or spiral

process where learners transform their experience into knowledge
(Figure 1). The learning cycle consists of four interrelated stages,
and ideally, the learner should pass through all the stages in order to
maximize the learning experience [18]. Simply put, the cycle works
like this: A learner experiences a concrete or immediate experience.
Then, the learner observes and reflects about it. Then, she integrates
her reflections with previous knowledge and beliefs and translates
those reflections into abstract concepts and theories. Finally, these
abstracts concepts can be used or tested in new applications that at
the same time will generate a new experience.

According to Whitton [30], video games may embody several
aspects of the KELT. In video games, learning is a cycle of probing
[10]. According to Gee, the player experiences the playable aspects
of the video game; then, the player reflects on her experience, and
then formulates theories and hypotheses from those experiences;
finally, the player probes the new ideas that will provide new ex-
periences. Another important characteristic is that video games

Figure 1: Experiential Learning Cycle [17]

allow learning of procedural knowledge [10]. Unlike other types
of learning experiences that only provide conceptual and reflected
knowledge, learning through video games can happen by means
of repetition of concrete experiences and active experimentation.
Finally, video games provide immediate feedback necessary for the
experiential learning cycle [30].

Additionally, our project uses analogies as a pedagogical ap-
proach to facilitate the construction of new knowledge. According
to Duit [9], analogies are comparisons of structures between two
domains; those structures must share symmetrical relations among
some of their components. In educational environments, analogies
are utilized extensively to create relations between non-intuitive
concepts and familiar concepts. For this reason, analogies are quite
popular in science education; a field of knowledge that possesses
many abstract and non-intuitive concepts.

Finally, some scholars [4, 21] suggest that a good pedagogical
design ensures consistency among the learning objectives, the learn-
ing activities, and the assessment. Furthermore, the objectives, ac-
tivities and assessment must be aligned with a learning theory. For
the design of DS-Hacker, we utilized the KELT; and for the formu-
lation of the learning objectives and activities, we used the revised
Bloom’s Taxonomy [2]. The alignment between learning objectives
and learning activities will be shown in the next section. However,
the assessment is beyond the scope of this work-in-progress paper.

4 DS-HACKER
DS-Hacker (Figure 2) is a PC game developed with Unity 3D and
designed to be played by college students. The game is a third person
3D action-adventure. The game’s aesthetics are sci-fi style, and its
story takes place in a distant future where a corrupt corporation
is harming the balance of society. In the game, the player takes on
the role of a robotic hacker who must traverse a maze composed of
rooms and extract information stored in each of the maze’s rooms.
A video file of the gameplay is available through the following
link (https://www.dropbox.com/s/8vavy0e7b9uywx6/DS-Hacker_
Level1%26Level2.mp4?dl=1).

The rationale for adapting the action-adventure genre is its flexi-
bility for teaching purposes and its popularity. The genre combines
game elements from the action genre and the adventure genre. For

https://www.dropbox.com/s/8vavy0e7b9uywx6/DS-Hacker_Level1%26Level2.mp4?dl=1)
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Figure 2: Screenshot of the first level of DS-Hacker.

instance, the action-adventure genre borrows the story-driven and
conceptual puzzle elements from the adventure genre, and it bor-
rows the physical challenges and fast pace from the action genre
[24]. These characteristics have the potential to deliver conceptual
and procedural knowledge. For instance, it is possible to introduce
and explain concepts and theory through the game story narrative.
Furthermore, the physical challenges and conceptual puzzles can
be used to create scenarios where the player can practice the con-
cepts delivered by the story. Finally, the action-adventure genre
is a well-known genre among teenagers and young adults, and it
is considered even more popular than the action and adventure
genres [1]. This characteristic may decrease the learning curve of
the game mechanics to potential players who are already familiar
to the genre.

Regarding the game design, DS-Hacker’s environment reflects
the structure of a BST. According to the game plot, a robotic hacker
controlled by the player must enter and traverse a maze called a
“Data System” (our game environment). Data Systems are places
where corporations hide and protect their information, and the
structure of these systems follow the same organization of well-
known data structures. In DS-Hacker, the Data System reflects the
structure of a BST. Therefore, many elements of the game environ-
ment represent the most important elements of the data structure.
For instance, in DS-Hacker the maze’s rooms represent the nodes;
the portals of each room represent the links that points to other
nodes; the room ID represents the comparable key; and the infor-
mation stored in each room represents the associated values of each
node. Furthermore, the rooms of the maze are organized following
the BST property.

The game story serves a major function because it delivers the
conceptual knowledge. The game story is delivered through a non-
player character (NPC) called Anonymous who always appears at
the beginning and end of each level. Anonymous introduces the
missions and the necessary BST concepts to accomplish them. In
order to facilitate the understanding of the BST concepts, Anony-
mous takes advantage of analogies between the game elements and
the BST elements. For example, in the first two levels, the NPC

informs the player about the relation between the game environ-
ment’s structure and the BST structure. In the last three levels,
Anonymous presents the relation between the game challenges
and the Get algorithms. We anticipate that analogies between BST
concepts and game elements may assist during the creation of new
knowledge.

Currently, DS-Hacker has five levels, and each level focuses on
different concepts of the BST data structure. Levels one and two
cover topics related to the basic structure of the BST, its properties,
and the structure of its nodes. Levels three, four and five cover topics
related to Get algorithm such as the sequence of the algorithm’s
steps and its outcomes. Furthermore, each level has a mission, and
each mission possesses one or more challenges. Missions embody
the learning activities that the player should perform. They provide
opportunities to apply the concepts given by Anonymous and to
experience the structure of the BST in a concrete manner. Table 1
presents the topics covered by the different levels, as well as the
learning objectives and the learning activities/missions that the
player must perform during a gaming session. The missions are
located under each learning objective.

5 ANALYSIS AND FUTUREWORK
DS-Hacker is a serious game that intends to teach BST by apply-
ing two principles. First, the game aims to link new information
with familiar knowledge. According to the constructivist paradigm,
this principle is crucial for creating new knowledge. To achieve
this objective, the game takes advantage of a well-known game
genre (action-adventure) in order to provide environments and
game mechanics that are familiar to learners. In the game, these
game elements are utilized to reflect the structure of the BST. Fur-
thermore, to facilitate the understanding of the relation of the two
domains (game elements and data structure concepts), DS-Hacker
utilizes analogies embedded in the game story. As shown above,
analogies are useful for teaching abstract concepts, such as data
structures, because they illustrate the relation between two sym-
metrical domains. We expect that by using these three approaches,
the learners may create links that will facilitate the understanding
of the BST concepts and the creation of new knowledge.
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Table 1: Levels, topic, learning objective (LOs) and learning activity (LAs).

Level Topics covered Learning Objective (LOs) and Learning Activities (LAs)

Level 1 Binary Search
Tree structure
and its nodes.

LO.1. Recognize the basic structure of the BST.
LA.1.1 The player must traverse all the rooms of the Data System and extract the information of each
chamber.
LA.1.2 The player must relate the structure of the environment and the BST structure.
LO.2. List the basic elements of a BST node.
LA.2.1 The player must listen and read the definitions of the node’s elements embedded on the game
story.
LA.2.2 The player must experience the game elements (e.g., the chambers’ IDs, the computer that
stores the associated values, the portals that points to other rooms, etc.) that reflect the BST elements.

LO.3. Recall the BST root node definition.
LA.3.1 The player must listen and read the definition of the root node embedded on the game story.
LA.3.2 The player must experience the game elements that represent the root node.

Level 2 Binary Search
Tree structure
and property.

LO.4. Recall the binary search tree property.
LA.4.1 The player must listen and read the definitions of the BST property.
LA.4.2 The player must remember the BST property through the relation between the environment
and the BST property.
LO.5. Distinguish a binary search tree from a binary tree.
LA.5.1 The player must listen and read the definitions of the binary tree.
LO.6. Apply the BST property to recognize a binary search tree.
LA.6.1 The player must apply the BST property to traverse the maze chambers without activating
the alarms.

Level 3 Binary Search
Tree Get
algorithm.

LO.7. Formulate the BST Get algorithm.
LA.7.1 The player must intuitively formulate the Get algorithm using the BST property to solve the
level mission.
LA.7.2 The player must apply the BST property to traverse the Data System without activating the
portal alarms.

Level 4
Level 5

Binary Search
Tree Get
algorithm: Search
hit and search
miss.

LO.8. Recall the Get algorithm.
LA.8.1 The player must listen and read the explanation of the pseudo code of the Get algorithm.
LO.9. Apply the Get algorithm.
LA 9.1 The player must apply the Get algorithm in order to complete the level mission.
LA 9.2 The player must apply the Get algorithm to traverse the Data System without activating the
portal alarms.
LO.10. Recognize the two possible outcomes after executing the Get algorithm
LA 10.1 At the end of the mission, the player must relate the outcome of the mission with one of the
two possible outcomes of the Get algorithm.

Second, DS-Hacker aims to promote active learning. To achieve
this, DS-Hacker is designed to offer a learning environment that
embodies Kolb’s experiential learning cycle. For instance, at the
beginning of each level, the game offers conceptual information to
the player. The player should use this information to plan a strategy
to solve the missions. Then, the player should execute the strategy
that will provide new experiences. Then, the player should consider
and rationalize these new experiences, restarting the cycle. We
anticipate that DS-Hacker ensures active learning by means of this
principle.

Finally, each level of the game embodies a set of learning objec-
tives with their respective learning activities. This characteristic
determines the learning scope of the game, and it will facilitate the
creation of the knowledge assessment tool.

Concerning the limitations, we foresee three major limitations.
First, the interactive elements of the game, such as the aesthetics,
the 3D game environment, the music and sound effects could be
a distraction that may affect the learning process of the player.
Interactive elementsmay increase engagement, but at the same time,
they can increase the cognitive load [12]. Second, even if the selected
game genre is popular, students who are not familiar with the genre,
or with PC games in general, can experience difficulties learning
the game controls and mechanics. Again, such characteristics may
impede the learning process. Finally, realistic 3D videogames like
DS-Hacker are computationally demanding. Therefore, students
playing on a computer that has insufficient CPU or GPU power
may experience a lag between the input system and the display
system. This may be frustrating for the player, which may decrease
the engagement and enjoyability of the game.
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As noted, the DS-Hacker project is a work in progress. Currently,
we are developing the assessment tools, and subsequently, we will
perform an evaluation in order to measure the learning gains and
the perceived engagement of the players. In addition, we will de-
velop new levels coveringmore BST operations, such as the in-order
traversal algorithm, and the add and remove operation.
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