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A B S T R A C T   

Quantum mechanics is a complex matter. Nonetheless, given the impending arrival of quantum computers and 
the necessity for quantum programming abilities, more students should get acquainted with this subject. We 
provide a game-based learning approach based on Tic-Tac-Toe in a quantum modified version as a result of our 
study. We created a prototype to demonstrate and evaluate our assumptions using the design science research 
technique. Qualitative user feedback provided us with vital insights and shown that this game-based method 
helps to cope with quantum physics in a fun way. A majority of those who took part in the study stated that their 
interest in the subject had increased. However, for novices, it is necessary to follow them during the initial period 
of their training. The comments were quite helpful in optimizing the prototype. We found that our strategy, 
which included the use of a virtual opponent as well as the presentation of extra information about the quantum 
circuit, was more effective in helping participants comprehend quantum physics than earlier Tic-Tac-Toe-based 
learning settings.   

1. Introduction 

Quantum mechanics is frequently referred to be a new sort of physics 
due to the fact that its physical rules are fundamentally different from 
those of classical physics [26]. Superposition, entanglement, and 
quantum teleportation all operate differently than we are accustomed to 
in our Newtonian world. Explanations such as Schrödingers cat [24] are 
difficult to imagine, and even Einstein struggled to describe this phe
nomenon, referring to entanglement as “spooky activity at a distance” 
[8,13]. 

Recent years have seen a tremendous growth in the amount of 
knowledge collected about the world of quantum mechanics. Nonethe
less, many people struggle to get started in quantum mechanics. For 
laypeople and even professional physicists, the concepts and their 
ramifications are difficult to grasp. With the growth of quantum com
puters, an increasing number of individuals are being compelled to deal 
with quantum computer programming, necessitating a working knowl
edge of quantum physics. This has been reported in various research 
papers, like [22,28], or [2]. 

Several attempts have previously been made to incorporate quantum 
logic and quantum circuits, which serve as the foundation for numerous 

quantum computers. Several of them make use of game theory and 
games to create a simple and appealing entry point, since they allow for 
a playful and practical approach [18,19,21,38]. Due to the enormous 
development and promise of this technology, it is becoming increasingly 
vital especially for young people to learn about quantum computing at 
an high-school age since they will be effected by this technology in 
future. It is critical for this generation in particular that the entrance 
point is intriguing and appealing. Nita et al. [29] argue that quantum 
literacy should be made more accessible to a broad group of learners. In 
their analysis of the secondary school quantum physics curricula of 15 
nations, Stadermann et al. [37] observed that quantum physics and 
quantum mechanics are being introduced earlier and earlier. They also 
see the opportunity to discuss this complex topic in “unusual” ways. 
“Perhaps kids who grow up playing quantum games will acquire a 
visceral understanding of quantum phenomena that our generation 
lacks.” [34] p.14. 

We propose a novel version of quantum Tic-Tac-Toe, as well as a 
learning environment that enables beginners to get an understanding of 
the behavior of individual quantum gates and their combinations in 
quantum circuits. The implications of quantum gate combinations 
become understandable when game tactics and move combinations are 

* Corresponding author. 
E-mail address: tim.weingaertner@hslu.ch (T. Weingärtner).   
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analyzed, as they are in chess. Exposure to these combinations repeat
edly fosters intuitive comprehension of particular quantum gates. 

We begin by introducing some essential concepts in quantum physics 
and quantum computing that will be discussed in the following section. 
Then, we review prior work on quantum Tic-Tac-Toe in order to create a 
baseline and classify our contribution. Following that, we will discuss 
our design science methodology and the prototype’s implementation. 
Our study has been confirmed through interviews with experts and high- 
school students. Finally, we recap and discuss our accomplishments and 
provide a brief outlook. 

1.1. Introduction to quantum mechanics and quantum computation 

Quantum mechanics emerged mostly in the first part of the twentieth 
century. It is concerned with the tiniest particles and their properties, as 
well as the physical objects and quantities of microphysics. Quantum 
mechanical particles are so little that they are inaccessible to human 
senses. Quantum systems cannot thus be seen, felt, or tasted. In partic
ular, quantum mechanics violates the conventional view that nature is 
always continually created and measurable. 

The concept of quantum computation was proposed by scientist 
Richard Feynman, who suggested that quantum mechanical problems 
may be solved by computers that use quantum mechanics’ principles. 
Additionally, the decreasing size of computer components has aided in 
the creation of quantum computers. It is foreseeable that there will be 
components the size of individual atoms. Here, conventional physics 
principles no longer apply, and one must engage in quantum mechanics. 
A detailed description of quantum computation, including a description 
of the physical principles, can be found in [26]. 

Due to quantum mechanics, the logic of ordinary computers that use 
boolean algebra cannot be applied to quantum computers. A conven
tional computer does calculations using bits, a logical, binary state with 
just two potential values. These variables can be classified as true or 
false, active or inactive. They are, however, most frequently expressed as 
1 or 0. In comparison, a quantum computer operates on the basis of so- 
called qubits (“quantum bits”). A qubit, unlike a conventional bit, does 
not adopt a single state of 1 or 0, but rather a linear combination of these 
states. This linear combination of states is also called “superposition”. 

Quantum gates are used as elementary operations on these qubits in 
some types of quantum computers. Unlike digital gates, quantum gates 
are not devices. They may be viewed as manipulations of a qubits’ state 
(spin). This procedure modifies the ground state of a qubit. To have a 
better understanding, it is necessary to be familiar with the following 
quantum gates: 

X gate: The Pauli X gate, or X gate, is a single-qubit gate, that 
operates on a single qubit (see Fig. 1). The X gate inverts the 
amplitude of the corresponding base state |0>or |1>to reverse the 
state vector of a qubit. As a result, the Pauli X gate is frequently 
referred to as a bit flip gate since it performs the same function as the 
NOT gate in classical logic gates. 
ID gate: The identity gate, abbreviated ID gate, operates on a single 
qubit and maintains the qubit is perspectice state, thereby preserving 
the spin. (see Fig. 2). 
Hadamard gate: The Hadamard gate, often known as the H gate, is 
also a single-qubit gate (see Fig. 3). The gate elevates the base state | 
0>or |1>into a superposition of the two potential states. The 
Hadamard gate is inverse to itself. As a result, it reverses itself when 
applied again. 

CNOT gate: The CNOT gate operates on two separate qubits, a 
control and a target qubit. When the qubits are in their base states of | 
0>or |1>, they act like conventional bits. The gate is quite easy and 
intuitive to grasp in this condition. When the base state of the first 
qubit is |1>, the CNOT gate executes a NOT operation on the second 
qubit (see Fig. 4). However, if the first qubit is base state is |0>, the 
base state of the second qubit remains unchanged. We employ the 
CNOT gate in conjunction with the superposition which is also 
known as Bell state (see Fig. 5). The Bell state will be explained later. 

A quantum circuit is a combination of different quantum gates 
applied in sequence. It can be considered as a kind of computer program 
describing various manipulations of basic states of different qubits. 

As previously stated, quantum mechanical phenomena are difficult 
to comprehend when seen through the lens of a Newtonian universe. As 
[22] and [28] indicate, this is especially true for STEM (Science, Tech
nology, Engineering, and Mathematics) education. The following three 
principles are of paramount importance: 

Superposition: the ability of a quantum particle to exist in two states 
simultaneously. 
Entanglement: is the phenomena in which distant components of a 
quantum system exhibit unexplained connections. In this scenario, 
the state of the other component is influenced by the state of one 
component. 
Collapse: The process through which a system’s quantum states are 
reduced to classical states. When we measure the quantum circuit 
and thereby decrease the system, collapses occur. It is important to 
recognize that the state of qubits can be determined solely by mea
surement. At this time, the state collapses into a base state of either | 
0> or |1>. The state of the qubit is destroyed during this operation 
and cannot be recovered unless by reapplying the quantum gates in 
the prior manner. 

Our learning environment intends to teach these principles in a 
playful way. 

Fig. 1. X gate.  

Fig. 2. ID gate.  

Fig. 3. Hadamard gate.  

Fig. 4. CNOT gate.  
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1.2. Related work 

Several research publications on teaching quantum mechanics uti
lizing a game-based and inquiry-based learning (IBL) method have been 
published in recent years. Nita et al. [28] [29] present Quantum Odys
sey, a puzzle based approach. They demonstrate that using puzzle games 
to illustrate physical events is particularly effective in explaining spe
cific physical phenomena. The research of [19] evaluates several games 
in quantum game jams. One important result is that time must be set 
aside to introduce certain quantum mechanics fundamentals. Another 
facet of the web-based game learning environment is discussed in [20], 
which focuses on the advantages of using such environments for online 
learning. Many children were compelled to learn online, especially 
during the COVID pandemic. Self-learning and inquiry-based learning 
are made possible by web-based games with single-player modes, which 
are well-suited to remote education. Perkowski and Liu [31] also em
phasizes the importance of this fact. Further suggestions for quantum 
mechanics learning games can be found in [3,5,6,11,30], or [4]. Some of 
the proposed learning environments, such as the VR learning area pre
sented in [14], are comprehensive, sophisticated, and not suitable for 
online learning. A comprehensive overview of available quantum games 
and learning tools can be found in [36]. Different levels of complexity 
and target groups are addressed. Nevertheless, there are only a few 
approaches for high school students, like [21]. 

1.2.1. Tic-Tac-Toe as learning game 
Games like Tic-Tac-Toe that are strategic but still simple to under

stand are ideally suited for online learning, and there have been various 
attempts to use this game to teach quantum mechanics. Tic-Tac-Toe is an 
ancient, basic game with origins dating all the way back to the 12th 
century BC. Without rotations and flips, there are just 5478 distinct 
game scenarios, which is a trivial amount of complexity in comparison 
to, say, chess. It is readily demonstrated that both players may force a 
draw, which rapidly renders the game “boring”. Our analysis of possible 
game types quickly led us to quantum Tic-Tac-Toe. This game, with its 
simple structure and high familiarity, provides the ideal environment to 
explain more complex mechanisms. Furthermore, the occupation of in
dividual field and the necessary strategic considerations accommodate 
the quantum mechanical processes. By introducing quantum movements 
into the regular game of Tic-Tac-Toe, individual players’ chances of 
victory can be increased through the use of specific quantum tactics. 
Thus, by incorporating quantum game theory, Tic-Tac-Toe is trans
formed into a strategically compelling game. 

Quantum Tic-Tac-Toe is played by players X and O on the same field 
as traditional Tic-Tac-Toe. Unlike classical Tic-Tac-Toe, quantum Tic- 
Tac-Toe employs quantum movements, which explains why quantum 
Tic-Tac-Toe retains features such as superposition, entanglement, and 
collapse. This distinguishes quantum Tic-Tac-Toe from classical Tic-Tac- 
Toe and complicates it, while also making it more intriguing. By playing 
quantum Tic-Tac-Toe, one is compelled to explore quantum mechanics 
and, as a result, learn the underlying mechanisms. 

1.2.2. Existing quantum Tic-Tac-Toe variants 
In 2002, Goff et al. [10] published the first version of quantum 

Tic-Tac-Toe. Their game was designed to assist students in transitioning 
from classical to quantum mechanical thinking. The study proposes a 
technique to understanding quantum mechanical processes using a 
game by introducing entanglement, cyclic entanglement, and collapse 
into a classical state. This original concept is not applicable to quantum 
computers or quantum gates, as in Goff’s concept the player can inter
actively control how a superposition collapses. Likewise, Persson and 
Waters [32] reported this issue. It is only a metaphor for the super
position, entanglement, and collapse phenomena. Their concept is 
certainly appealing to university-level students with prior expertise. It 
also offers very little guidance for inexperienced users. 

Recently, Knight and Qualls [18] conducted a pilot study incorpo
rating Tic-Tac-Toe into an online learning package. They used an 
implementation of the version of Goff et al. [10]. Although they have 
conducted a preliminary study with university students and created a 
rudimentary learning environment, their approach does not allow for 
independent learning by students or even high school students. In their 
outlook, they revealed that there is room for improvement in “how to 
best present the topics in educational-yet-entertaining manner”. In their 
games, there is a shortage of virtual opponents, such as AI-based players, 
who would aid in self-learning which is indicated by them. 

Nagy and Nagy [25] provide a revised definition of quantum 
Tic-Tac-Toe, as do Sagole et al. [35]. The purpose of [25] is to demon
strate that a quantum player may outsmart a classical adversary with a 
specified probability. They created their version for implementation on 
a quantum computer, where the initial setup of the board superpositions 
all fields using Hadamard gates (H gates). While the classical player may 
view only single fields, the quantum player can choose between obser
vation (measurement) of a field and entanglement through a CNOT 
operator. The introduction of superposition introduces a random aspect 
that, although beneficial for proving the quantum player’s advantage, 
complicates the explanation of the underlying quantum mechanical 
processes. Additionally, the game’s enjoyment is diminished, since the 
random impact tends to obstruct strategic considerations. Sagole et al. 
[35] modify this strategy significantly by putting the relevant qubit into 
a specified state upon measurement through an X gate or identity gate 
(collapsing). Additionally, they alter the entanglement in such a way 
that, depending on the control qubit is measuring, both qubits receive 
the same value. Thirdly, they enable both players to execute both con
ventional and quantum maneuvers. Both approaches address quantum 
game theory from a research standpoint and are not intended to be 
utilized in a classroom setting to teach students or high school students 
about quantum mechanical phenomena. 

We examined the versions of Nagy and Nagy [25] and Sagole et al. 
[35] in detail and implemented them as prototypes during our investi
gation. However, in the context of our attempt to showing quantum 
methods, these game variations have the critical disadvantage of relying 
heavily on Hadamard gates for initialization (H gates). This introduces 
an additional random element. In Nagy’s approach, the benefit of a 
quantum strategy may be proved, but not convincingly and accessible 
for high-school students. 

A recent study from Chiofalo et al. [7] used the implementation 
available on https://www.quantumtictactoe.com/(accessed-on-3-Jan 
uary-2023) described in [27] to analyse the learning and understand
ing of high-school students. The research was conducted with twenty 
students in 2022. The findings of this study are highly encouraging and 
consistent with our own. However, the used implementation of 
Tic-Tac-Toe does not create a connection between the taught concepts 
and a feasible implementation as a quantum circuit utilizing quantum 
gates. 

Table 1 shows a comparison of the existing quantum tic-tac-toe 
variants. Some of them vary significantly in their method of operation, 
implementation, and target audience. 

Fig. 5. Bell gate.  
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1.3. Research questions 

Quantum mechanics is difficult to comprehend yet crucial for high 
school students, according to Markus et al. [22], Nita et al. [28], and 
Angara et al. [1]. This importance is growing more and more with the 
stronger influence of quantum computers. The use of game-based 
learning environments is an excellent way to fill this void and instruct 
this difficult and dry subject matter. The literature review showed that 
existing game-based systems are still difficult to understand and very 
theoretical. There is a necessity for self-learning approaches that are 
simple and broadly available and give virtual opportunities, which is a 
vital component of online education. Our research focuses exactly on 
this topic. We derived the following research questions from the short
comings described in the literature. 

1.3.1. Research area 1: Implementation of a strategic, yet intuitive, game 
that enables quantum simulations on a modest computer. 

RQ1.1: Can the quantum Tic-Tac-Toe game be implemented as a simple 
web application without installation? 

This research question is inspired by the fact that several writers, 
such as Perkowski and Liu [31] and Li et al. [20], emphasize the 
significance of easy online access to learning games in an era where 
self-learning has become increasingly important. This research 
question is addressed by the prototype using a design science 
approach. 
RQ1.2: Can the quantum Tic-Tac-Toe game run on minimal infrastruc
ture or even a mobile device? 

In order to support all students and also to allow self-learning, the 
game should run on a minimal infrastructure. Angara et al. [1] 
mentioned this as a relevant aspect. This research question is also 
addressed by the prototype. 

1.3.2. Research area 2: Implementation of a virtual opponent, such as an AI 
(artificial intelligence) adversary, that employs a range of diverse tactics. 

Knight and Qualls [18] proposes in their perspective for future 
research that a virtual opponent might increase pupils’ motivation to 
play independently. This concept might also facilitate learning via in
quiry (IBL). 

RQ2.1: What algorithms should be used to implement a sophisticated yet 
efficient and resource-efficient adversary? 

Based on RQ1.1 and RQ1.2, all virtual opponents should be 
resource-efficient. At the same time, the complexity of the moves 
should be high enough to make the game fun. This research question 
is addressed by the literature review and the prototype using the 
design science approach. 
RQ2.2: How can the virtual opponent implement different strategies? 

[12] emphasizes the significance of creating many tactics during 
the computer game-based learning process. An artificial adversary 

should facilitate this procedure by offering varied strategies during 
the game. This research question is also addressed by the prototype. 

1.3.3. Research area 3: Design of a stimulating and encouraging learning 
environment that satisfies the above research areas. 

RQ3.1: Does the learning environment enable high school students to 
comprehend quantum mechanics more thoroughly? 

Quantum mechanics is a subject that must be taught in a manner 
that is both engaging and simple to comprehend, as stated in a 
number of publications noted in Section 1.2, like in [29]. The 
game-based method should facilitate this. This was verified with the 
help of user interviews. 
RQ3.2: How does a learning concept have to be structured so that the 
students get the greatest benefit from it? 

Gros [12] emphasizes the necessity of a concept of structured 
learning. She proposes four types of actions: exploration, reflection, 
activity, and discussion. The pedagogical approach is considered 
very relevant. Our learning concept was designed together with ex
perts and verified using expert and user interviews. 

2. Method 

2.1. Research method and procedure 

In our research, we used the design science research technique 
described in [15,17], and [33], a qualitative research approach. We 
defined the problem space with its involved players, organizational 
structures, and technology structures by assessing the target 
environment. 

As previously mentioned, quantum mechanics is a highly compli
cated subject that is also gaining growing importance. As quantum 
computers become increasingly relevant to specific sorts of issues, an 
increasing number of researchers are examining this area of application. 
The problem space of our research addresses mainly high-school stu
dents. Nevertheless, it is also applicable for other educational levels like 
university students or career changers, who already possess a basic 
understanding of quantum mechanics and wish to practice and develop 
it. Within the confines of this problem space, we specified the research 
questions (RQs) formulated in Section 1.3 that our artifacts will attempt 
to address. 

Starting with this baseline, we conducted a rigor cycle review of 
relevant work and prototyped the above-mentioned current solutions. 
We were able to more clearly identify current deficiencies and propose 
particular design suggestions as a result of this information. We 
conceived, developed, and tested our prototype iteratively throughout 
the design cycle. Each of the three iterations ended with a test. These 
testing comprised functional checks initially, followed by evaluations of 
the tactics used, and ultimately, user tests in conjunction with semi- 
structured interviews. To perform the survey in the form of in
terviews, the research questions have to be translated into interview 

Table 1 
Comparison of the main tic-tac-toe variants from the literature along with the solution presented in this paper.   

Goff [9] Nagy et al. [25] Sagole et al. [35] Chiofalo et al. [7] our solution 

Implementable as 
quantum circuit 

no yes yes no yes 

Quantum principles Superposition, 
entanglement, collapse 

Superposition, 
entanglement, collapse 

Superposition, 
entanglement, collapse 

Superposition, 
entanglement, collapse 

Superposition, 
entanglement, collapse 

Quantum gates none X, ID, CNOT X, ID, CNOT none X, ID, H, CNOT 
Preallocation of gates none H H none |1>
Aim of the solution Educate quantum 

principles 
Advantage of quantum 
player 

Show quantum strategies Educate quantum 
principles 

Educate quantum 
principles 

Target level University University University High school High school 
Quantum circuit no yes yes no yes 
Virtual opponent no no no yes yes 
Learning environment no no no no yes  
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questions. 
RQ1.1, RQ1.2, RQ2.1, and RQ2.2 will be addressed by the game 

prototype artifact, supported by literature review and user feedback, 
whilst RQ3.1 and RQ3.2 will be examined by user testing and 
interviews. 

2.2. Tic-Tac-Toe - concept of the learning environment 

We decided to utilize quantum Tic-Tac-Toe to demonstrate quantum 
mechanics in our learning environment. This is based on the literature 
research regarding quantum games and the in-depth evaluation of 
quantum Tic-Tac-Toe implementations described in 1.2. Playing is an 
important aspect in learning [16] and game theory is a serious discipline 
in economy and computer science [39]. As [23] stated, a game consists 
of “four defining traits: a goal, rules, a feedback system, and voluntary 
participation.” Tic-Tac-Toe was chosen since the goal and the rules are 
simple to understand and practically everyone has played it in its orig
inal form. One gets quick feedback and the learning environment was 
designed in such a way that the feedback is comprehensible. We are all 
aware that if we avoid making any serious errors, the game will conclude 
in a draw. However, as demonstrated in [10], the quantum version of 
Tic-Tac-Toe is far more difficult. Our setting is fundamentally different 
from that of [10], in that we do not attempt to demonstrate the effect of 
entanglement in a Tic-Tac-Toe analogy, but rather to establish a rela
tionship between quantum gates and move combinations in Tic-Tac-Toe. 
As a result, we provide the game board with the actual quantum circuit. 

In a 9-qubit quantum circuit, all movements on the Tic-Tac-Toe 
board are converted into logical quantum gates. Thus, each qubit cor
responds to one of the three fields on the 3x3 Tic-Tac-Toe board. The 
constraint to single movements per square, as used in classical Tic-Tac- 
Toe, permits quantum players to obtain an unfair advantage.2 This 
significantly reduces the game’s attractiveness. This resulted in the 
concept of permitting several movements inside a field. In our proto
type, we allow three moves on a single field before locking the field. 
Once a field is locked, no further moves may be done to it. 

We concentrated on four quantum motions that also serve as the 
most important quantum gates: 

Identity gate or ID gate, is a kind of gate that maintains the real 
state of a qubit. 
Pauli X gate or short X gate, which operates similarly to a classical 
NOT and inverts a qubit is status. 
Hadamard gate, which creates a superposition when given a qubit is 
base state. 
Quantum entanglement is achieved by employing the Bell state, 
which consists of two qubits and hence two fields on the Tic-Tac-Toe 
board. 

When these gates are combined, entirely unique states are created, 
which is critical when dealing with quantum computers. For instance, 
the combination of two Hadamard gates eliminates the need for a gate 
between them, as seen in Fig. 6. 

Additionally, knowing the so-called Bell state (see Fig. 7) is critical 
for analyzing quantum communication phenomena such as quantum 
teleportation. The Bell state is a synthesis of the H and CNOT gates. This 
unique type of entanglement between two qubits is characterized by the 
fact that both qubits always have the opposing spin. Einstein, Podolsky, 
and Rosen postulated the EPR effect in 1935, arguing that quantum 
entanglement violates the classical concept of local realism, which 
Einstein dubbed “spooky activity at a distance” in a famous statement. 

Another critical feature that has been carefully considered is the 

instant at which the quantum circuit is measured. The state of a qubit 
collapses into a classical state that corresponds to the measurement 
result when it is measured. Occasionally, the state of the qubit is said to 
be annihilated. The superposition is resolved to either |0>or |1>in the 
case of a Hadamard gate. Prior to the measurement, no statement con
cerning the result can be made. This inevitably indicates that no winner 
can be identified prior to the measurement. Thus, the time of mea
surement establishes the time limit for declaring a winner. We chose the 
time of measurement after all fields had been visited at least once after 
designing and testing many versions. This also adds a new dimension to 
the game, as players must select not only which move to apply to which 
field, but also whether to continue playing previously visited fields or to 
end the game by visiting the last field. 

Finally, we implemented an artificial adversary called a bot, which 
enables single players to compete against a virtual opponent. In com
parison to classical Tic-Tac-Toe, which has several implementations, the 
majority of which employ a MiniMax3 strategy, our quantum Tic-Tac- 
Toe is simply too complicated to make this possible. Particularly given 
that our learning environment should be accessible via a web browser. 
As a result, we developed a three-stage strategy inspired by chess. The 
game is separated into three stages: the opening, the middlegame, and 
the endgame. During the opening, fundamental moves (X gate or iden
tity gate) are employed, allowing for the use of the MiniMax algorithm 
with a depth of nine. The MiniMax algorithm was expanded to include 
all potential movements in the middlegame. Additionally, this stage 
contained entanglement maneuvers (Bell state). The depth has to be 
decreased to two with this huge rise in complexity. The endgame begins 
when three unvisited fields remain. Again, a depth of two is used, and all 
maneuvers except entanglement are employed. 

Unlike Nagy and Nagy [25] and Sagole et al. [35], we chose to 
pre-allocate the qubits with |1>by applying an X gate to all of the qubits. 
This provides a modest edge to player X (the starting player and the 
player for 1 in the fields). This advantage is intended, as this player is 
competing against an artificial opponent in a single player game. This is 
converted to a pre-allocation with |0>in expert mode to increase the 
difficulty of the game. 

2.3. Learning methodology 

As Gros [12] describes, a learning approach should be built around 
four distinct types of actions: exploration, reflection, activity, and con
versation. Our environment is primarily focused on the first two actions: 
exploration and reflection, but also encourages and supports the other 
two via extra linkages and the recording of gaming sessions for subse
quent study. 

The joy of play and competitiveness stimulate experimentation. The 
match versus an artificial opponent, in particular, adds excitement to the 
game. It encourages experimentation and trying. Due to the complexity 
of the game, it cannot be solved via simple trial and error. Therefore, the 
individual gates of the qubits must always be meticulously studied. The 

Fig. 6. Superposition.  

2 see German thesis: Weingärtner, M., 2021. Quantencomputer – Ein Spiel 
mit Qubits. Maturaarbeit, Kantonsschule Baden, https://digital- twin.ch/ 
quantum/Matura_Maurice_Weingaertner.pdf (accessed 17.1.2023) 

3 https://www.github.com/javacodingcommunity/TicTacToeAI-with-Min 
imax/blob/main/ticTacToeAI.py 
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player must mentally do the qubit measurement and determine which 
likelihood of achieving the desired result arises. By including tactical 
alternatives for each game circumstance, the many quantum effects may 
be discussed. 

The persistent depiction of the quantum circuit, as well as the 
tracking of the move history, aid in reflection. This enables a player to 
recreate a certain game or circumstance. It is important to remember 
that some gate configurations include a random component. As a result 
of this random component, restarting a game might result in different 
outcomes. 

2.4. Validation by using a prototype 

To demonstrate practicality and acquire insight on learning success, 
we created a prototype of the above-mentioned concept. As noted 
earlier, this prototype is designed to run on a web browser and is thus 
written in HTML and Javascript. The quantum circuits are implemented 
using the Quantum Circuit Simulator Library.4 This offers the necessary 
functionality as well as the ability to render a quantum circuit as a SVG 
picture (see Fig. 8). 

The web user interface is straightforward and consistent in its design. 
Its primary objective is a high degree of self-explanatory. In addition, a 
help page introduces the basic quantum concepts. Figures 8 and 9 depict 
an illustration of the prototype where Fig. 9 is the lower part of the game 
page. The main gaming area, which is shown in Fig. 8, consists of the 
following major components: the selection of movements (switch =
circled arrow, retain = arrow down, superposition = tilde, and entan
glement = dot and crossed circle), the control buttons to select the op
tion of using or not using the bot, the beginner or expert mode, and a 
new game, the Tic-Tac-Toe game board, and the corresponding quantum 
circuit. While playing versus the bot, a notice indicates the number of 
distinct versions it has attempted. 17,322 variants have been attempted 
in the game in Fig. 8. 

The moves of the players are indicated by symbols placed on the 
game board’s fields. Each participant is allocated a distinct color to 
distinguish their plays. This variety was created during the second 
improvement cycle. A playing field can be filled with no more than three 
movements. After this limit, the field becomes yellow and becomes 
unplayable (see Fig. 8, the top left field). Unplayed fields are denoted by 
a dark blue color and include the qubit number (in Fig. 8, the middle 
field, which is q4). The quantum circuit to the right of the game board is 
changed after each move to reflect the real game status. 

For educational purposes, the beginner mode displays gate combi
nations and tactical information in the lower portion of the user inter
face (see Fig. 9). Together with the player’s move history, this 
information may be used to analyze the player’s games and design a 
winning strategy. It also aids in the comprehension of quantum 
concepts. 

After experimenting with various different configurations, we settled 
on the following settings:  

1. Start of middlegame if five unvisited fields remain.  
2. Start of endgame if three unvisited fields remain.  
3. Depth of the MiniMax is set to two for the middlegame and 

endgame to ensure a reasonable performance.  
4. Moves per field is limited to three. Following this, the field is 

permanently set and cannot be altered. 

After each field is played, the qubits are measured to decide the 
winner. Player O receives |0> measurement results, whereas player X 
receives |1>. Only during this procedure are the qubits in superposition 
collapsed, allowing for the determination of a value. As with traditional 
Tic-Tac-Toe, the winner is determined by the appearance of three 
identical symbols in a row. It is irrelevant whether these three classical 
states occur in a row horizontally, vertically, or diagonally. Four distinct 
outcomes are possible:  

1. Player X possesses a row, but player O possesses none: This means 
that X has won.  

2. Player O possesses a row, but player X possesses none: Thus, O has 
won.  

3. Neither player has a row: The game is declared a draw.  
4. A novel scenario is for both players to have a row: This is also 

considered a draw. 

The following fictitious game sequence illustrates the course of the 
game depicted in Fig. 8 for illustrative purposes. This information is also 
available in the history section of Fig. 9. The setting is that the artificial 
opponent (the bot) is used and the game is in beginner mode. The fields 
are numbered 1 (top left) through 9 (lower right). 

Player 1, the user (black), begins on field 1 with a switch move. 
Player 2, the bot (white), positions a switch in field 2. Field 1 is marked 
with a retrain (identity gate) by player 1. Player 2 plays a switch in field 
3. Field 7 receives a superposition (H gate) from player 1. Player 2 makes 
use of an entanglement between fields 8 and 6 (CNOT). Player 1 likewise 
responds with an entanglement between fields 4 and 9 (CNOT). Player 2 
makes the third move on field 1 and freezes the field with a switch. 

If player 1 chooses a retain move in field 5 (middle field), then all 
fields will have been played and the quantum circuit will be measured. 

We refer to the prototype’s source code, which is made accessible to 
the public on Github5, for more clarification. 

2.5. Collecting data from interviews 

In order to demonstrate the usability of the prototype and answer 
RQ3.1 and RQ3.2 we conducted semi-structured interviews with three 
user groups and provided them with the creation of a prototype artifact. 
After a brief introduction that varied based on the user groups (see 
below), we encouraged the interview partners to test out the game and 
participate in multiple iterations. Our first user group, quantum mechanic 
specialists, we had not to explain the quantum mechanical theories and 

Fig. 7. Bell states.  

4 https://www.npmjs.com/package/quantum-circuit 

5 https://github.com/timweing/quantum_tic-tac-toe - a playable version is 
available on https://www.digital-twin.ch/quantum/ 
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quantum gates. The goal of the interviews with this group was to collect 
expert input on the implemented artifacts and iteratively enhance the 
prototype. The second user group, people with an academic background, 
was supposed to be a preliminary check on our assumptions and a 
feedback group on our interview questions. We provided them a brief 
overview of the game’s fundamental principles and use. Our target 
audience, high school students, were guided through the usage of the 
game and obtained an introduction into the quantum mechanical basics. 

These interviews were conducted to provide qualitative feedback on our 
prototype and to confirm or reject our hypotheses. 

Our major feedback group, high school students, were asked ques
tions regarding three sections: the game and the website, the game un
derstanding and enjoyment, and finally the added value generated. 
These sections are directly correlated to the research questions. The 
following questions have been asked: 

Fig. 8. Example of the prototype with the selection of the moves, the settings, the game field and the quantum circuit.  

Fig. 9. Lower part of the prototype with the analysis of gate combinations, a suggested tactics and the history of moves. The first two are only visible in begin
ners mode. 
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Questions regarding the game and the website 
Is the game easy to grasp, and are the descriptions adequate and 
clear? If not, then why? 
Are the game options obvious and relevant? If not, then why? 
What do you need in order to play the game? 
Questions concerning the enjoyment of the game 
Was it enjoyable to play? Why? 
Was the game too easy or too difficult? 
Were you able to defeat the bot, or did you lose at least once? 
Does the bot assist you in comprehending and considering various 
tactics? 
Is the display of qubits helpful in comprehending and considering a 
feasible tactic? 
Questions regarding the additional value 
Did the game help you understand quantum mechanics and quantum 
gates better? Why? 
What are your thoughts on incorporating the game in your classes? 
Would you want to continue playing it in future on your own? 

3. Results 

Our research resulted in the creation of a prototype and functional 
tests, as well as improvement cycles (see also appendix B). This proto
type served as the foundation for addressing each of the research 
questions. During the last iteration, we gathered some critical feedback 
from users, which we included into the final version of the prototype. 

Nine semi-structured interviews have been carried out with users 
from the described three groups. The following summarizes the major 
findings from those interviews: 

Description of the game: Particularly newcomers to the subject 
struggled with the brief presentation of the game and the funda
mentals of quantum computing. The description has been extended. 
A working knowledge of quantum computing is required, and we 
supplemented the literature. 
Complexity of the game: The game was assessed as difficult by all 
interview partners. This was the game’s goal: to encourage in-depth 
involvement with the subject. 
Fun to play: This question was addressed in a variety of ways. Users 
who invested more time and effort rated the game as more enjoyable 
than those who completed only two or three games. This is further 
reinforced by an interviewee’s comment that a deeper and longer 
connection with the game is a required condition. 
Helpfulness of the bot: The AI or bot was deemed beneficial by a 
majority of interview partners. According to others, the fact that the 
bot repeats some moves makes it simpler to learn from these 
outcomes. 
Visualization of quantum circuit: Additionally, the presentation of 
the quantum circuit was deemed beneficial if a longer engagement 
was approved. 
Use in guided learning or self-learning: A critical question was 
whether the game should be utilized for guided learning or self- 
learning. The majority of interviewees encouraged using the game 
in a guided learning setting, owing to the game’s intricacy and po
tential for frustration for new players. Following a guided phase, the 
second step was proposed to be self-learning. 

A quantitative analysis of the answers regarding to the enjoyment 
and added value of the game over all nine user interviews showed the 
following results: Seven enjoyed playing the game. Eight described the 
game as challenging but doable. Five indicated that the game helped 
them understand quantum mechanics and quantum gates better. Also 
five wished if such a game would be embedded in physics lessons. Six 
could imagine playing the game on their own outside of a lesson. 

In response to this feedback, we developed a learning concept for our 
application (see RQ 3.2):  

1. Explain the principles of quantum physics, including superposition, 
entanglement, and the Bell state, in addition to the fundamental 
quantum gates.  

2. Describe the quantum Tic-Tac-Toe game, its movements, beginner/ 
expert mode, and tools such as history, quantum circuit, and 
strategies.  

3. Allow students to play the game three times. Then, respond to any 
questions that emerged.  

4. Allow the students to play the game five times in a row in order to 
gain their unique experiences. Discuss issues regarding functioning 
and inquire about their strategies.  

5. Allow them to play alone and engage in regular group interactions. 

We assessed this concept favourably with two students. 

4. Discussion 

Based on the prototype, functional tests, and improvement cycles, we 
were able to show that the chosen technology and software libraries 
were able to construct a functional and reliable web-based application. 
Feedback from our user groups emphasizes this finding. 

How can the Tic-Tac-Toe game that is both strategic and easy to 
comprehend combine quantum computer simulations while operating 
on any infrastructure without requiring a substantial amount of instal
lation, processing power, or hardware? Research area 1 dealt with the 
question of the implementation of an intuitive quantum Tic-Tac-Toe 
game that includes quantum simulations on a computer. The two 
research questions can be answered in the following manner: 

RQ1.1: Can the quantum Tic-Tac-Toe game be implemented as a 
simple web application without installation? 

We demonstrated that this is achievable through the implementation of 
the prototype using a regular web browser. The used libraries allowed us to 
display the quantum circuit at any time and to add further information 
according to the course of the game. 
RQ1.2: Can the quantum Tic-Tac-Toe game run on minimal infra
structure or even a mobile device? 

The implemented prototype operates in a standard web browser. No 
specialized hardware is necessary. The simulation of the quantum circuit, 
the virtual opponent, and the visualization even run on a mobile device, 
despite the fact that the prototype is not yet suited for mobile display. 

Research area 2 focused on the virtual opponent implemented as an 
AI adversary. The two research questions in this area can be answered in 
the following manner: 

RQ2.1: What algorithms should be used to implement a sophisti
cated yet efficient and resource-efficient adversary? We utilized the 
MiniMax algorithms of varying depths and quantum moves to construct 
an effective yet formidable adversary. The operations are calculated in 
about 5 s, allowing for a fluid gaming. User feedback indicates that a 
virtual opponent offers several benefits. It was positively received by all of 
our participants. 
RQ2.2: How can the virtual opponent implement different strate
gies? The three-phase division of the game into opening, middlegame, and 
endgame, each with several move variants, enables the virtual opponent to 
respond quickly and intelligently to player actions. 

Finally, research area 3 examined how to construct an exciting and 
encouraging learning environment that fulfills the aforementioned 
research goals. 

RQ3.1: Does the learning environment enable high school students 
to comprehend quantum mechanics more thoroughly? Yes, the 
described quantum Tic-Tac-Toe game in combination with the developed 
learning concept helps to develop a simpler, playful learning approach for 
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quantum mechanics and quantum computing. The responses from our 
target audience demonstrated that the ideas of quantum mechanics could 
be presented in a more comprehensible manner, and many participants 
commented that they had a better understanding of concepts such as 
superposition as a consequence of playing the game. From the interviews, 
we can see that the students even attempted alternative strategies. 
RQ3.2: How does a learning concept have to be structured so that the 
students get the greatest benefit from it? A guided introduction by an 
expert or teacher is a requirement. The expert will explain the funda
mentals of quantum mechanics, demonstrate key features of the game, 
and support during the first game iterations in case of questions. From this 
point on, self-education is advised. Compared to existing approaches, our 
game is specifically designed to support high-school students during their 
learning experience. 

5. Conclusions, limitations and future research 

Our research demonstrates that combining our version of quantum 
Tic-Tac-Toe with supporting learning features such as displaying the 
quantum circuit, introducing a virtual opponent, and presenting more 
information based on the game scenario increases the appeal and 
attractiveness of quantum mechanics to students. We provided a 
learning concept to use our application in a lesson for high-school stu
dents. This increases the motivation for self-directed learning in a 
stimulating setting. The game facilitates learning by utilizing a light
hearted approach and engaging players via competitive play. Our pro
totype demonstrated that implementation is feasible and that it is well 
received by a varied set of interviewees. 

The user feedback also showed some limitations. In the beginning 
phases, it is crucial that learners not be left alone and that the game be 
utilized in conjunction with an introduction lesson. Students should be 
accompanied by an experienced person or given the opportunity to 
discuss thoughts in groups, especially during the initial period. Other
wise, the player’s displeasure is predestined. 

As a result, we recommend integrating the game into a guided 
learning environment. Our next efforts will be directed at promoting the 
prototype in as many learning environments as possible. Only with 
further feedback from various teachers and students is it feasible to 
develop an enhanced learning tool. Our goal is to provide as many 
novices as possible with a pleasant introduction to quantum mechanics 
and quantum computer programming. 
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Appendix A. User testimonials 

During the interviews, anonymity was assured for the interviewees. 
Nonetheless, we would like to provide some quotations and user testi
monials for our target audience below.  

• “The game itself is understandable. It took me a few tries to even 
understand what was happening, but over time I understood what 
was happening on the field. That doesn’t mean I always saw through 
whether I was in a good or bad position, though.” 

• “The game was not much fun in the first 2–3 rounds, because I un
derstood absolutely nothing despite the theory. With time, however, 

I was able to understand better and better what kind of condition the 
playing field was in. After this realization it was a lot of fun. Mean
while I have reached a point where I have always started a round to 
try something.”  

• “Yes, it was fun. The fact that there is the possibility to play with a 
bot made the game more fun than trying out the quantum gates in a 
quantum tic-tac-toe.”  

• “The game was a bit too complex, as the bot still defeated me even in 
Beginner mode after playing several times, which was a bit frus
trating. It would be good if there was a worse bot or a mode where 
you can see how the field is currently occupied (X or O).”  

• “For me the display of the qubits was understandable in any case. I 
used it mainly to check again how the sequence of the individual 
gates is and to understand in which state the field is.”  

• “I had a rough overview of quantum computing, but I didn’t know 
any specific gates and how they worked. With the game, I could 
directly look at the results of each gate and try around.”  

• “I can see using the app in class very well, especially since it is much 
more interactive than the classes we have today. It certainly would 
have helped with understanding quantum physics for the reason that 
we have also touched on the subject in class before.” 

Appendix B. Improvement cycles of the prototype 

B1. Improvement cycle 1 

The initial version of the game only supported two players. Through 
input from the experts and our own utilization, it became immediately 
apparent that a virtual opponent gave a decisive edge. This was later 
verified by several comments. 

B2. Improvement cycle 2 

The following modifications and enhancements were recommended 
by various specialists and academics:  

1. Different coloring of the fields depending on the turn of the two 
players.  

2. Performance improvement of the virtual opponent.  
3. Displaying the quantum circuit and the reference from each field to 

the corresponding qubit.  
4. Improvements to the description. 

B3. Improvement cycle 3 

The final improvement cycle included the following modifications 
and enhancements:  

1. Proposed strategies.  
2. Displaying the history.  
3. Introducing different levels of complexity 

Supplementary material 

Supplementary material associated with this article can be found, in 
the online version, at 10.1016/j.caeo.2023.100125. 
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