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Abstract

In this article, we survey the existing quantum physics related games and based
on them propose a definition for the concept of quantum games. We define
quantum games as any type of rule-based games that use the principles or ref-
erence the theory of quantum physics or quantum phenomena through any of
three proposed dimensions: the perceivable dimension of quantum physics, the
dimension of quantum technologies, and the dimension of scientific purposes
like citizen science or education. We also discuss the concept of quantum com-
puter games, games on quantum computers and discuss the definitions for the
concept of science games. At the same time, there are various games exploring
quantum physics and quantum computing through digital, analogue, and hybrid
means with diverse incentives driving their development. As interest in games
as educational tools for supporting quantum literacy grows, understanding the
diverse landscape of quantum games becomes increasingly important. We pro-
pose that three dimensions of quantum games identified in this article are used
for designing, analysing and defining the phenomenon of quantum games.
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1 Introduction

Digital games have become one of the most popular and widespread pastime activities,
but games and play have always accompanied us [1]. Games are played on different
devices and platforms: on computers, mobile phones, special gaming hardware, and
as physical pieces, such as board games and card games. Modes of games also vary
between social and solitary activities, even within a single game session. The phe-
nomenon of games is wide and a natural part of human history and also followed the
advancements of technology.

Today the development of technologies based on quantum physical phenomena,
quantum technologies, and in particular quantum computers is on its crest and games
have already been designed on them. So far over 300 games referencing quantum
physics have been created [2] and are drawing the attention of both academics and
quantum technology enthusiasts in general, but so far no suitable definition to encom-
pass the variety of quantum physics related games has emerged. Previous works have
touted the term ‘quantum games’ or ‘quantum computer games’, referring to com-
puter games, where “the rules are based on quantum principles and the games use
concepts as superposition, entanglement and the collapse of the wave function” [3]. In
this article we broaden and deepen the definition to include games that, for example,
run on a quantum computer as well as games that use quantum software, but might
still not fit this earlier definition. As a clarification, this paper does not discuss the
quantum extension of game theory known as quantum game theory [4, 5].

The ludosphere of quantum physics related games, meaning the realm of the games
and the design, players and culture around them [6], of can only be expected to
grow. Therefore a vocabulary is needed to discuss the elements of these games, their
use and development. In this paper we will examine the history of digital games
and quantum physics related games through the motivations for developing them
and take a closer look at how these games are referencing quantum physics. We are
exploring games that are inspired by quantum physics, games that teach the theory
of quantum mechanics, games that serve the study of quantum physics and games
that use quantum technologies in their implementation. In order to analyse, discuss,
and develop these games and to define quantum games we provide three aspects that
we call the dimensions of quantum games: 1) the perceivable dimension of quantum
physics, 2) the dimension of quantum technologies and 3) the dimension of scientific
purposes, like education and citizen science.

2 Digital Games and Game Definitions

In the multitude of games, digital games play a critical role in our culture today. The
early history of computer games dates as far back as the history of digital computers.
In 1950 one of the first games on computers was presented, when Bertie the Brain
was exhibited at the Canadian National Exhibition (see Figure la ). Its main purpose
was to demonstrate the use of vacuum tubes together with light bulbs, and it did it
by playing Tic-tac-toe. In 1951 Nimrod played the game Nim, again using vacuum
tubes and light bulbs. The purpose for developing these early games for computers
was more of an educational kind, as it illustrated the then seemingly strange idea of



programming principles and algorithms. In another implementation of Tic-tac-toe was
in 1952 at Cambridge University, where the research project OXO studied the human-
computer interaction again using vacuum tubes, but with an upgrade of cathode ray
displays (see Figure 1b ). The project aimed to demonstrate the capabilities of the
EDSAC computer (Electronic Delay Storage Automatic Calculator) [7].

The 1950s brought about yet more games and game-related projects for comput-
ers, such as the development of Al to play Checkers in The Samuel Checkers-playing
Program by Arthur Samuel, IBM Research [8]. These early games were mostly about
showcasing new technologies, educating people about them, or researching the capa-
bilities of the technology itself. Until the creation of Tennis for Two in 1958, games
for computers were not purely made for entertainment [9].

The value of digital entertainment started to emerge in 1962 when a game was
developed not only to test out MIT’s new PDP-1 computer and showcase its capa-
bilities, but also to attract the general audience. Moreover, this game was not an
implementation of an existing game, but a totally new game designed for the com-
puter itself. The game was called Spacewar!, a game of space battles (see Figure 1c).
Spacewar! was the first example of a game that showcased what computers can do for
games, which led to the evolution of digital games today.

(@) (b)

Fig. 1 (a) Life magazine photo of comedian Danny Kaye standing in front of Bertie the Brain at
the Canadian National Exhibition in 1950. (Bernard Hoffman 1950), (b) The game OXO on EDSAC
programmed by Alexander Shafto Douglas in 1952 (From the Gaming-History website ), (¢) Spacewar!
running on PDP-1 (Joi Ito 2007). Both Bertie the Brain and EDSAC demonstrated a game of Tic-tac-
toe against artificial intelligence and were developed mainly to demonstrate the newest advantages in
computer development. Spacewar! was a game developed specifically for PDP-1 and aimed at a new
level of entertainment to be displayed.

2.1 Defining games

Defining games and play is not straightforward and definitions of games are not
immutable. Since the formation of game studies as an academic discipline, there has
been a lot of attention towards the definition of games and play [10]. First academic
definitions for describing games can be said to have been developed in late 1930’s
[11], and the most referenced works from 1950’s and 1960’s [12, 13] have inspired the
modern game scholars to take their updated accounts on the “game definition game”
[14-16]. From these, some of the most influential game definitions list features, or



conditions, of what constitutes a game [11, 13, 14, 17-21]. From these a synthesis has
been presented in a popular game design book Rules of Play by Katie Salen and Eric
Zimmerman: “A game is a system in which players engage in an artificial conflict,
defined by rules, that results in a quantifiable outcome.” [22].

The so-called “classic game model”, that is focused on rule-based games, takes into
account the experience of the player in the definition: “A game is a rule-based sys-
tem with a variable and quantifiable outcome, where different outcomes are assigned
different values, the player exerts effort in order to influence the outcome, the player
feels emotionally attached to the outcome, and the consequences of the activity are
negotiable” [15]. We note that comprehensively defining what games are is not a
straightforward task and therefore games need to be defined continuously [23]. The
definition for quantum games derived in this paper is therefore to be designed in a
way that it would serve the multitude of game formats as widely as possible without
touching the definition of games as a phenomena. In addition, we hope our definition
also stands a purpose for other creations like quantum art in its many forms of com-
bining aspects of quantum physics with art, without touching the definitions of art
itself [24, 25].

2.2 Defining Science Games

As the discipline of game studies has matured, we have also developed more vocabulary
for different types of games. There are several academic subcategories for games. These
include, for example, leisure games, educational games and science games. Many if not
most games labelled as science games, or “science-based games”, are educational games
on natural sciences designed especially for kids [26-30]. But digital science games offer
a greater multitude of game formats and a categorisation of science games by the
different goals proposed for the player has been proposed [31]. These categories are
related to training, inquiry, professional simulations and epistemic games, embodied
system games and research collaboration games, such as citizen science games.

Gamification is the act of introducing playful, game-like elements into an origi-
nally non-game context like scientific research, as an example [32]. With gamification,
solving research problems that require numerous work hours at tasks like data pro-
cessing has been partly outsourced to citizen volunteers by the use of citizen science
games. In practice this means that these people are collecting, manipulating and
providing valuable data to support university-level research. Games have the prospect
of being used as tools for collecting data by providing an intuitive problem-solving
task directly connected to the model being researched. Games have been used to
harness the human skill of pattern recognition in citizen science projects focused
on, for example, protein folding for finding cures for certain diseases like in Foldit,
aligning multiple DNA sequences as in Phylo and other projects including FteRNA,
and Galazy Zoo with positive results [33-37].

To find a inclusive definition for science games, we follow the definition for a science
game jam event, which is “a game jam where the collaboration between game makers
and scientists is facilitated in order to produce games contributing to scientific work,



directly (such as helping to solve research questions) or indirectly (such as building
awareness or teaching a scientific topic).” [38]. We propose that similarly a science
game could refer to a game contributing to scientific work, directly (such as
helping to solve research questions) or indirectly (such as building aware-
ness, training or teaching a scientific topic). Games with a purpose of teaching
a scientific topic or training would still be included in the definition of science games
as a subgenre, but this way games like citizen science games could also be included
under the term science games in a concise way.

Science games are included within the broader context of serious games and
applied games. Games titled as serious games have been defined as games that are in
general designed for a particular purpose and are not just for entertainment [39, 40].
The academic focus has, again, been on educational games. Serious games have been
described as a genre that “explicitly focuses on education” and as “tools for the
development of creativity and innovation competences” [41, 42]. Yet, we want to
emphasise that this category also includes games focused on social impact, solving
research problems, educating the general public and training workers to perform
specific tasks, to give examples [43].

While defining the phenomenon of games is a challenge on a theoretical level, it
is challenging to also keep up with the multitude of play [6]. However, conceptual
tools, such as definitions, will help us improve our understanding of the expanded
field of games and play and offer valuable perspective in operationalising our research
questions. Therefore, it is important to continue to have the discussion about defining
games and especially to offer definitions for the types of games that are new and
emerging.

Fig. 2 Screenshots from game Quantum Break (Remedy Entertainment, Press kit). Quantum Break
is a science fiction action-adventure third-person shooter video game, where the protagonist is able
to control the flow of time. In Quantum Game the player solves puzzles introducing the basic actions
and logic of quantum optics equipment.

3 Quantum technologies

Quantum physics is a theory stemming from the need to describe the world at the
very smallest of scales. Quantum physics refers to the subatomic scales of the smallest
particles, atoms, electrons, protons and photons and describes fundamentally prob-
abilistic phenomena we are not able to witness in our everyday lives [44, 45]. Still,
without quantum physical phenomena we would not have lasers, transistors, super-
conducting materials and therefore novelties like the modern day tiny computers we



have in our mobile phones and smart watches.

The development of quantum technologies, technologies that rely on quantum phys-
ical phenomena like superposition and entanglement, has made its way from the labs
towards big markets by creating controllable devices that realise quantum phenom-
ena [46, 47]. Quantum superposition is a phenomenon, where a quantum mechanical
object is able to exhibit multiple states, or qualities simultaneously. Quantum entan-
glement describes the endogenous property of two or more quantum objects acting
inherently as a single whole as their measurement values implicate strong correlations.

A lot of recent attention in this area has focused specifically on quantum comput-
ers, computers whose computing power relies on these and other quantum physical
phenomena [48-52]. The basic units for a quantum computer are quantum bits, qubits.
Qubits work in a fundamentally different way than bits as it is possible to manipulate
and control their states and take advantage of properties like quantum entanglement
and quantum superposition in a computational process [53]. This is the peculiarity
and advantage of quantum computing.

It is possible to simulate quantum computing classically to an extent, but for
quantum computing on a large number of qubits a quantum computer is needed as the
required resources of classical nature grow exponentially with the number of qubits [54,
55]. Scalable and reliable quantum computers offer a considerable advantage over even
the most prominent supercomputers when it comes to specific problems like optimising
a route with several stops, efficient database searches or finding the correct structures
of proteins [56-58]. Quantum computing has prospects particularly in finance, drug
development, industrial optimisation problems, molecular biology and cryptography
[59-62].

4 Quantum Physics and Games

One of the earliest if not the first commercial game bearing the word “quantum” in its
title was called Quantum produced for Atari in 1982. In the game the player enters a
subatomic world to capture particles using the optical trackball included in the arcade
machine. Game Qver II, a space adventure -shooter by Dinamic Software from 1988
had a C64 release titled Quantum, but the name was the only connection the game
had to quantum physics. Most of the early games and other forms of entertainment,
including movies and series that referenced quantum physics, have mainly been using
the word ‘quantum’ to boost a sci-fi theme. One of the most pressing concerns is that
fiction related to quantum physics can be filled with misconceptions, and may often
create fantasy by replacing magic with ”"quantum” instead of looking deeper into the
theory. A little more recent commercial game referencing quantum physics, Quantum
Break, serves an exception, as in the development of the game the developers consulted
a quantum physicist (see Figure 2) [63, 64].

4.1 Simulating Quantum Behaviour

Notably, digital games offer greater potential for games than mere inspiration. Numer-
ically simulated quantum principles can be incorporated into the game mechanics,



and so allow people to interact with quantum phenomena rather than offer misleading
fiction. Interactive tools simulating and visualising quantum physical phenomena in
particular have taken advantage of this opportunity and have been used successfully
to strengthen the learning and mental model building process [65-67].

This brings us to one of the most popular reasons for building games for quantum
physics: education. Quantum mechanics is taught mostly in universities through books,
lectures and nowadays also through e-courses, but as we have no real-life reference
to quantum phenomena in our everyday lives, studying these abstract concepts often
result in adversities or even misconceptions [68-74]. Games may offer captivating ways
for introducing new concepts and teaching some basics on quantum mechanics, which
has inspired the development of educational games and learning platforms integrating
games with learning materials [30, 75-77]. Educational simulation tools have been
proven to be efficient for educational purposes [65, 66, 78-82] and for research settings
as shown by the Science at Home team with their study on the visualisation and
simulation tool Quantum Composer [83].
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Fig. 3 (a) An annotated interface of the Game mode of Quantum Moves 2 (Shaeema Zaman Ahmed
[84]), and (b) screenshots from meQuanics. On Quantum Moves 2 the player controls the position
of a wave-like potential confining a liquid-like quantum object and aims at moving this liquid to a
pointed position. In meQuanics the player solves puzzles consisting of complex knotlike structures.
Quantum Mowves 2 and meQuanics are citizen science games for quantum physical sciences.

Another motivation to incorporate numerical simulations of quantum physical
phenomena with games lie in the use of citizen science. Quantum physics related



games have been developed for data gathering and problem solving in quantum
sciences. Quantum Mowves, Alice Challenge and their successor Quantum Moves 2
[85—87] are citizen science games, where players find solutions meant to optimise a
certain quantum state-transfer process within the framework of quantum optimal
control [46, 88-91]. In Quantum Moves 2, for example, the player attempts to move
a 2-dimensional graph with a well-shaped confinement inside which the visualisation
of a numerical quantum simulation sloshes accordingly in a water-like manner (see
Figure 3a). This then responds to a procedure done with lasers in the laboratory.
Other research groups have also attempted testing the fundamental theory of quan-
tum information itself through a game called The Big Bell Test [92] and meQuanics
was developed in 2016 as a prototype citizen science game for optimising quantum
algorithms (see Figure 3b) [93, 94]. In the game the player aims at unravelling complex
knot-like structures according to the rules given in the game (see Figure 3b). Games
have also been developed to allow the public to design methods for quantum error
correction, simply by figuring out how to solve puzzles like in the game Decodoku [95].

Turning numerical quantum simulations into interactive visual tools have also been
made by, for example, the Spin Drops -project [96], the physical art piece Quantum
Garden and its descendants, the virtual reality simulation Quantum Playground and
the large-scale version of Quantum Garden, called Quantum Jungle [97-99]. The latter
three also incorporate gamified elements, like a set goal and a reward. User initiates
a numerical simulation of the probability distribution of a particle evolving through a
network as a colourful wave through the art piece and then tries to guess where the
particle ended up by touching the art piece. A colourful animation will reward the
success of the observer.

4.2 Games on Quantum Computers

With games, it was possible to explore the limits of early computers. Similar motiva-
tions have been behind the development of the first quantum computer games, games
on quantum computers. The desire to see what quantum computers are able to do and
to what extent has inspired academics[100, 101]. Actors like IBM Quantum, Google AT
as well as Microsoft, have developed low-level and easy to approach tutorials with play-
ful elements and even tutorials on developing games and other programs on quantum
computers [77, 102-104].

The first trials of games on quantum computers were made in 2017 on the first
publicly accessible IBM Quantum device, using the newly released system development
kit, the Project ). Adapted to suit the strength of the qubits available then, the game
Cat/Boz/Scissors, inspired by Rock-Paper-Scissors, was born as the very first game
running on a quantum computer [105]. This game is essentially the classic Rock-Paper-
Scissors, but with quantum-sourced randomness at use on the opponent side. It offers
the possibility of a winning tactic over the noise induced quantum sourced randomness
in the opponent’s moves.

A little later a multiplayer game called Quantum Battleship was developed also
on a quantum computer. It was able to embody decoherence affecting the quantum



phenomena of entanglement between two qubits, as the qubits used had a consider-
able amount of noise in them. Both these games were command line based games
and required a long wait on processing the moves because of the long queues on the
quantum computers.

Quantum Solitaire is an online card game connected to a quantum computer
developed using Unity. A quantum computer is able to create certain types of data
needed for the game beforehand, which therefore offered the possibility of developing
a quantum computer game that would be faster and more responsive. In Quantum
Solitaire, randomness is generated in a conventional way, but based on probabilities
calculated from a prototype quantum computer. So, though the game does not access
a quantum computer directly during gameplay, the play is governed by quantum
phenomena. In this game the mission is to collect all the possible red and black cards
from the deck using as few hands as possible. Here the player may use knowledge of
quantum mechanics to draw conclusions on which combinations of flipping the cards
up gives the best probabilities of success.

Educational games about quantum computers have accompanied the release of
the open access cloud services. In 2018 a two-player cooperative board game FEntan-
glion was created at IBM Research to introduce basic quantum computing concepts
[106]. The game is available open source and introduces the players to the various
aspects related to quantum computing as well as hardware and software components
of a quantum computer through a narrative situated in futuristic galactic adventure
[107]. The mobile game Hello Quantum was developed by a collaboration between
IBM Quantum and the University of Basel for teaching the logic behind quantum
computational operations through approachable puzzles. Educational materials,
titled as Hello Qiskit, with gamified elements was part of IBM Quantum’s interactive
textbook [30, 108].

Quantum computers have not only been used as hardware for games, but their
development and the advantages of quantum algorithms have also inspired level design
in games. Procedural map generation procedures that combine quantum computer-
generated randomness to algorithms have shown useful results [109, 110]. These proof-
of-principle methods are based on the idea, where quantum interference is used to
provide a unique effect on a blurring process. The idea was also generalised for the
use of procedural generation in music and art in addition to computer games [111].

4.3 The Rise of Quantum Game Development

Until 2014 quantum physics related games were produced mainly by research groups
mostly consisting of quantum physicists and experts. That year the first Quantum
Game Jam was organised and led to a series of 6 quantum themed game jam events
that brought together people both from the quantum physics research side and the
more professional game developer side [38]. In 2019 the event combined forces with
IBM Research in order to provide mentoring and a dedicated access to quantum com-
puters. Since then other actors like the Indian community for Quantum Computing,
Indi@, have organised quantum computing themed game jams and hackathons [112].



Like most game jams and hackathons, also Quantum Game Jams were forced to go
online like was the case in October 2021, when an online quantum game jam was
organised in collaboration with Aalto University, University of Turku and IGDA Fin-
land [113]. To date, there are at least 116 games from quantum physics themed game
jams, well over 30 quantum games from hackathons and university courses like the
Aalto Quantum Games course and many of them have either been developed using
the quantum computing software such as Qiskit offered by IBM Quantum or even use
actual quantum computers [2, 114]. Many of these game prototypes aim either at the
education on quantum physics related concepts of to serve as citizen science games.

The series of quantum game jams have not only given rise to a huge number of
game prototypes that relate to quantum physics, but have also provided ground for
commissioned artwork like the Quantum Garden and the VR-installation Quantum
Playground [97, 98, 115]. Furthermore, the development of quantum physics related
games has offered means for learning about quantum physics, quantum technologies
and quantum computing to the people creating these games.

5 Characterising the Dimensions of Quantum Games

Gordon & Gordon defined quantum computer games as “computer games where the
rules of the game are based on quantum principles, such as superposition, entanglement
and the collapse of the wave function” [3]. With this description they wanted to make
the distinction of their ‘quantum computer game’ called the Quantum Minesweeper
and computer games alike from quantum game theory, a formal mathematical theory
including quantum strategies to classical game theory [3, 116, 117]. This definition was
made to suit a specific educational tool and has since been cited as the definition for
quantum games. Also more recently the term quantum game has been referred to as
“computer (or video) games with one or more of the phenomena from quantum physics
embedded in their game mechanics” to describe a set of quantum physics related games
with educational purposes [30].

After the recent rise in the number of games that refer to or mirror quantum
physical phenomena in an inspirational way and in particular after the birth of games
running on quantum computers, these definitions are not enough. Quantum computers
not only offer a way to design circuits to test out game theoretic quantum strategies,
but have also more to offer for games. The connection of a game to quantum physics
can be complex and this paper aims to bring clarity to what quantum physics related
games are. Based on the examination on over 250 quantum physics related games
know to the authors at the time of analysis, we propose a three-dimensional way for
better defining and inspecting quantum games.

5.1 Methods

We are grounding our definition in the analysis of existing quantum physics related
games and to the years of experience the authors have in developing such games. The
collection of the games considered as the foundation for this analysis has been gathered
since 2019 by searching through academic journals related to quantum physics, serious
games on quantum physics, citizen science games on quantum physics and through
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events like the Quantum Game Jam [38, 113], IndiQ Quantum Game Jam and various
hackathons. The list has been openly available and open for suggestions and games
have been added to this list over the time of conducting this study starting from the
year 2019 [2].

Prior to writing this article, the authors had among themselves used individ-
ual ways to categorise quantum physics related games catering to their personal
objectives, such as, outreach and game research. In order to find a fluent way for
discussing the aspects of these games also from the view of game development, the
authors sought to look at the quantum physics related games known to them in order
to see what attributes were the most distinctive in them. The mission was to find
a comprehensive way to answer the following questions: Has a quantum computer
been used in developing the game or is a quantum computer being used for playing
the game? Have numerical simulations based on quantum mechanical calculus or
quantum computing software (like Qiskit from IBM, Q# by Microsoft or Cirq by
Google AI) been used? What has been the purpose for introducing quantum physics
to the game? How is quantum physics related to what is perceivable in the game?

For the purpose of this study a number of over 250 games were studied from the
List of Quantum Games [2]. In this list are all possible games that authors know being
related to quantum physics or referencing it. The games went through an analysis
consisting of the above questions. Whenever an aspect of the game was related to
quantum physics but could not be described by the use of the given table of questions,
a new column was added and the set of games was again viewed for possibly exhibiting
the same characteristic. As an example, whenever a new perceivable aspect, like a
visual simulation or the mention of a quantum physical phenomenon was noticed,
it was added as a new column to the test questions as a Yes/No type field; "Is a
term referencing to quantum physical phenomena mentioned in the story?” or ” Are
characters that are expressing simultaneous or coinciding movement or actions referred
to as ’entanglement’?” As the number of these aspects grew larger, also the grouping
of them was re-formed. As an example, the purposes of teaching different aspects of
quantum computing or quantum theory were grouped together under ”educational
purposes”.

Authors have taken the freedom to fill in this information for the games with no
documentation, in the cases where they have been in contact with the developers, been
themselves part of the development process, or otherwise acquired the information. In
the beginning of the analysis the concentration was on the aspects perceivable from the
game play experience, but it was acknowledged that the peripheral material related to
games (such as rule books, descriptions, release notes, press kits, development event
details etc.) are an essential part of the games themselves. In the cases where the
word "quantum” was used merely as a loose sci-fi reference, and no other relations to
quantum physics were found by the authors, these games got no markings on any of
the three aspects.

By the end of the analysis, three distinctive aspects were found to constitute a
quantum game. For a final testing the suitableness of these aspects, a simple Yes/No
table was conducted on the list of games to answer if a game coincided with the
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description of a particular set of aspects. (See Table 1 as an example of a couple of
games listed for testing the dimensions and A1 for more.) As no examples were found
of quantum physics related games that would not have at least one of these aspects
prominent, it was settled to propose these aspects as the dimensions of quantum
games.

Table 1 List of 6 example games out of the examined 250 games
characterised using the dimensions of quantum games. For each game listed
a Yes/No answer was marked down in order to indicate whether the game
possessed the qualities and characteristics described by the three dimensions
of quantum games; The perceivable dimension of quantum physics
(”Perceivable”), the dimension of quantum technologies (”Q. Tech”), and
the dimension of scientific purposes (”Sci purpose”). For the latter, the
different scientific purposes in the given examples are separately marked in
the parenthesis. ”Benchmarking” refers to benchmarking the early quantum

hardware.

’ Game Perceivable Q. Tech  Scientific purpose ‘
Quantum TigTaqToe Yes No Yes (Education)
Quantum Game Yes No Yes (Education)
Cat/Box/Scissors Yes Yes No
meQuanics Yes No Yes (Citizen Science)
Quantum Awesomeness  Yes Yes Yes (Benchmarking)
Quantum Break Yes No No
C.L.AY. No Yes No

5.2 The Three Dimensions of Quantum Games

Quantum physics can be incorporated into a game by using several different meth-
ods. Therefore, any definite categories may be too strict to open up all the possible
connections a game might have to quantum physics. Hence instead of providing strict
categories, the concept of dimensions of quantum games is suggested and used by the
authors. What became particularly clear and motivated the authors towards a broader
definition of quantum games was that there were now games that were deeply con-
nected to quantum physics by running on a quantum computer, though the rules of
the game might not have anything to do with quantum concepts. These games do not
in general fit the early definitions for either quantum games or science games.

In our study we have found that games may reference to or relate to quan-
tum physics, quantum technologies or quantum computing through three distinctive
aspects we call the dimensions of quantum games: the perceivable dimension of quan-
tum physics, the dimension of quantum technologies, and the dimension of scientific
purposes.

5.2.1 The Perceivable Dimension of Quantum Physics

In the perceivable dimension of quantum physics, “perceivable” refers to attain-
ing awareness of quantum physics through the various layers of the game piece. This
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includes, for instance, the graphical, narrative, and thematic elements of the game,
along with the mechanics and the rules of the game. The reference to quantum physics
in the game is perceivable by interacting with the game or with its peripheral material
(such as rule books, descriptions, etc.).

TiqTaqToe e
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START e - )
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e
<«

Fig. 4 Screenshots from the educational games (a) Quantum TigTaqToe and (b) Quantum Game. In
Quantum TiqTaqToe the basic rules of the classic Tic-Tac-Toe are enhanced with actions displaying
quantum mechanical phenomena. In Quantum Game the player solves puzzles introducing the basic
actions and logic of quantum optics equipment.

For a game to have a strong perceivable dimension of quantum physics would
mean that the game depicts reference to quantum physics in multiple, noticeable ways.
The game could, for instance, have a visual representation of a numerical simulation
written to inherit quantum mechanical behaviour like in the games Quantum Mowves 2
or like in Hamsterwave, where the probability distribution of a one-dimensional Bose-
Einstein condensate is portrayed as a moving wave that the player aims to reshape
in order to save a hamster sailing on that wave. Also, a game could have clear rules
based on quantum physical principles, like in the game Quantum TigTaqToe, which
combines dependencies of quantum mechanics with the classical game of Tic-Tac-Toe
and teaches the player about the logic behind them in its tutorial (see Figure 4a). As
another perceivable reference to quantum physics would be a game about a quantum
physics laboratory like in the game Quantum Game, where the player is able to test
out the behaviour of laser beams together with tools that bear resemblance to actual
equipment used in a quantum optics laboratory and depicts their actions in a correct
scientific manner (see Figure 4b). All the above mentioned games have a perceivable
dimension of quantum physics.
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Having a little less of a connection to quantum physics, but still being perceivable
in a game, are the examples, where elements of the gameplay have been inspired by
quantum physics. One such inspirational element present in some games is a character
that appears to be inherently connected with another character, thereby referencing
either the quantum mechanical phenomena of entanglement or quantum superposi-
tion. Games like Quantum Entanglement and Quantum Labyrinth depict this sort of
characteristic (see Figure 5). The shooter game Escape from Quantum Computer refers
to quantum physical phenomena and particles in multiple ways [118]. The narrative
situates the player inside a quantum computer, where the level design inspires from
the qubit alignment in the Almanden quantum computer by IBM. Additionally, some
of the actions of the character refer to tunnelling, but have no connection to actual
quantum tunnelling via a numerical simulation or by scientifically accurate means, but
strive to depict the phenomenon through an allegory. Having a low or disregarded per-
ceivable dimension of quantum physics in a game would mean that quantum physics
or quantum technologies are only used thematically; merely using concepts like tun-
nelling or superposition for naming characters or actions in the game without a more
meaningful connection to the theory of quantum physics.

(b)
Fig. 5 Screenshots from games (a) Quantum Entanglement, and (b) Quantum Labyrinth. Quantum
Entanglement is a two-player puzzle-adventure, where the player controls two characters, and can only

move one of them at a time. In Quantum Labyrinth the player characters are controlled simultaneously
in order to solve puzzles.

The strongest example of the perceivable dimension would be a game coinciding
with the definition for quantum games given by Gordon & Gordon, but slightly
broadened: In a game with a strongly perceivable dimension of quantum physics the
story-line, descriptions, rules, visuals and actions in the game have clear and correct
references to the theory and are based on actual quantum mechanical calculations.
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5.2.2 The Dimension of Quantum Technologies

We find it relevant to point out that the connection to quantum physics in a game does
not always have to be perceivable in order to be considered as a quantum game. A game
might not have a perceivable dimension of quantum physics, and yet simulate quantum
physical phenomena through quantum software developed with Qiskit, Cirq, Q# or
other quantum frameworks. A game without a perceivable dimension of quantum
physics might even run on a quantum computer. Therefore as the second dimension we
name the dimension of quantum technologies to captivate the usage of quantum
software or actual quantum hardware either during the gameplay itself, or during the
development of the game.

The first example of a game with a dimensionality of quantum technologies is the
first ever game running on an actual quantum computer, Cat/Boz/Scissors. The game
has a thematic reference to quantum physics through a commonly used Schrddinger’s
cat reference. This game was not only designed to be played on a quantum computer,
but also to invoke curiosity about the technology and methodology behind it. We want
to point out that this is a feature that will likely be shared by most games implemented
on quantum technologies in the coming years, before quantum computers can offer
games a definite and convenient advantage. It is for this reason that it can be expected
to be known to the player that a game uses quantum devices or quantum simulations,
and a possible motivation for playing.

Worth discussing are games like C.L.A.Y. from which a demo was released by
MiTale in 2021. In C.L.A.Y., the dynamics of the storyline of the game will lay heav-
ily upon emulation of interference effects on a quantum computer thereby shaping the
interactive storytelling experience (see Figure 6) [119]. The design of the environment
and some of the visual effects in the game are based on procedural generation sourc-
ing on quantum computer-generated randomness, but here are no visual references to
either quantum computing or quantum physics in the game itself nor is there a scien-
tific purpose behind developing this game. Through the strong dimension of quantum
technologies, this game is also to our knowledge the first ever commercial quantum
computer game.

Fig. 6 Screenshots from the game C.L.A.Y.. In the story-driven game C.L.A.Y. the storyline is
sourced from simulations of quantum devices.

5.2.3 The Dimension of Scientific Purposes

A game might have no visual or otherwise perceivable references to quantum physics,
nor run on a quantum computer, but still have a solid connection to quantum physics
through other means, such as by simulating a quantum mechanical phenomenon
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numerically. Examples of such games have been developed at the Quantum Game Jam
-events, where a special tool for calculating a numerical simulation of the dynamics of
a quantum mechanical particle through its time-dependent Schrédinger’s equation was
incorporated into games [38, 115]. Games like Quantum Sheep, Quantum Cabare, and
Quantum Fruit use this tool, though the connection is not necessarily explained nor
are there any clearly visible references to quantum physics in the games themselves.

The motivation for developing these games has been to develop prototypes of cit-
izen science games like the kinds of Quantum Moves 2 and meQuanics [94, 120].
Therefore, inspired by these we introduce a third layer characterising the dimension
of scientific purposes. In the context of quantum physics related games, the ref-
erence to science is of course specifically the science of studying quantum physics,
quantum technologies and quantum computing. Other scientific purposes include
serious game motivations like education, outreach and testing the capabilities or limi-
tations of a quantum computer like in the puzzle game Quantum Awesomeness [100].
An educational game like Quantum Game has the scientific purpose of educating
the player about quantum optics in scientifically accurate ways. Therefore, Quantum
Game fits also the dimension of scientific purposes.

Though some games might not have been successful in their original purpose as
serious games, we want to include them under the definition of quantum games through
this dimension. Therefore we define that if a game is intended to be an educational
game, a citizen science game, uses a tool designed for such games or otherwise has
a purpose towards a scientific use, it has a dimension of scientific purposes. One of
the strongest examples of a game with quantum physics related scientific purposes
is Quantum Moves 2, though it has not yet indisputably met its original purpose of
bringing better solutions to optimisation problems compared to algorithmic methods
[121, 122]. Similarly, an educational game with a focus on quantum literacy that had
proven to teach the player about quantum physics would have a strong dimension of
scientific purposes in addition to having a strong perceivable dimension of quantum
physics.

5.3 Definition of a Quantum Game

In our findings and discussion, we have the definition of quantum games boil down
to the following definition. In the context of video games, card and board games, or
other games, Quantum Games are games that reference the theory of quantum physics,
quantum technologies, or quantum computing through perceivable means, connect to
quantum physics through a scientific purpose or use quantum technologies. (See Table
2)

6 Discussion

Our characterisation of quantum games using the proposed dimensions is intended to
lay the groundwork for future research and the development of quantum games by
providing a wider understanding of how quantum games could be part of the ludo-
sphere of games. Future quantum game development may reveal more dimensionality
and varying needs for distinction. To give an example, games with a perceivable
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Table 2 The dimensions of quantum games with descriptions.

DIMENSIONS OF QUANTUM GAMES

Perceivable dimension of quantum games:
The reference to quantum physics in the game is perceivable by interacting with the game

or with its peripheral material (such as rule books, descriptions, etc.)

Dimension of quantum technologies:
The game incorporates usage of quantum software or quantum devices either during the

gameplay itself, or during the development of the game

Dimension of scientific purposes:

The game is intended to be an educational game, a citizen science game, uses a tool

designed for such games or otherwise has a purpose towards a scientific use

dimension of quantum physics could be further dissected into games with only inspi-
rational aspects of quantum physics, games where the visuals stem from numerical
simulations of quantum mechanical systems and games that include clear educational
aspects, if this was of importance to a specific aim. But most importantly, we hope
that our dimensions of quantum games will offer a tool for incorporating more or
deeper aspects of quantum physics into quantum game development by providing
clarity into the different ways a game may be a quantum game.

The three dimensions of quantum games become particularly interesting when
considering the games on the outlines of these dimensions. As an example the game
Quantum Break references quantum physics, but uses no quantum technologies in
the gameplay, nor does it have any motivations to be used for educational purposes
or for citizen science and does not fit the definition of a quantum game by Gordon
& Gordon (see Table 1). Still the core idea of Quantum Break and certain visual
elements of the game are deeply inspired by quantum physics and have been designed
together with a quantum physicist [64]. We may conclude that Quantum Break is
a quantum game through its carefully designed, perceivable elements of quantum
physics references. Certain games like Hopping Mode by PiCycle from 2014 were
developed at Quantum Game Jams have credited quantum physics researchers in the
development process, but no other concrete reference to quantum physics is to be
found related to the game [38].

It seems to be common for a quantum game to have a perceivable dimension.
Still, as we have seen, there are games that have no perceivable dimension but have
either the dimension of quantum technologies or the dimension of scientific purposes.
Out of all the studied quantum games that had both a scientific use and in addition
used quantum technologies, no example was found of a game without a perceivable
dimension of quantum physics. This is likely due to the fact that quantum technologies
are regarded as an interesting novel resource to use in games and are therefore also
heavily underlined, whenever used. In many cases, the idea of making a quantum
game is the very reason that these games were created. This causes a natural tendency
to prominently feature the quantum aspect of the game. Also, both using current
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prototype quantum technology or designing the game to be fit for a scientific purpose
introduce limitations on how the game is designed. If these limitations are noticeable
to the player, it will be obvious that there is something unique about the game. By
making the quantum aspect perceivable, a context is provided for the players to better
understand their experience. This discussion led the authors to converse the design of
such a game and play with the idea of what it would mean in practice for a game to
have both a dimension of quantum technologies and scientific use, but no perceivable
elements referring to quantum physics. The authors invite anyone to approach this
challenge.

We note here that the presented dimensions are welcomed to be used also in defin-
ing and exploring quantum art, quantum music, quantum performing arts or other
creations that reference quantum physics. We open the discussion also for other fields
of sciences through the presented structure of dimensions related to the perceivable
aspects, relations to scientific uses in the field and uses of possible technologies and
simulations central for each field of science. We propose games related to biology, to
astrophysics or cosmology, for example, could be characterised in this manner. We
also invite to study the possible further layers of the dimension of scientific purposes.
As for now, most serious quantum games are educational and only a few exist that
have citizen science related objectives behind them [84, 115], it did not yet make
sense to separate the different types of serious games like games for training or
citizen science, games to create awareness, games for education and outreach under
this dimension when considering quantum games. Still, we suspect that the future of
quantum games might require a revisit on this dimension. We propose that acknowl-
edging these further layers would rationalise and organise the design objectives and
the development of serious games.

As discussed in section 2, the development of games on early computers was mainly
motivated by outreach purposes. We have witnessed similar early steps behind the
development of quantum computer games as they have evolved from known, existing
games on quantum computers to the first prototypes designed for quantum computers
motivated by entertainment. Digital games have evolved enormously from the time of
Spacewar! and even motivated the further development of a variety of gaming hardware
and even pushed further the development of computers and their components. So
what is it that quantum technologies, or a quantum computer in particular, could
give to games? One such direction might be the vision behind the game C.L.A.Y.,
providing unique playing experiences through the use of quantum technologies (see
Figure 6). If the interaction between the player and a quantum computer could be
offered as an immediate, constant feedback loop, maybe the probabilistic nature of
quantum physical phenomena could offer unique feedback on each run of a game
[119]. First patent applications have been filed on methods using quantum computing
for team composition modelling in Multiplayer Online Battle Arenas (MOBA) [123].
Same companies provide online gambling games. The ethics on the use of quantum
computers for such purposes should be discussed openly.

A near-term lucrative use of quantum computers could be found in the study of pro-
cedural content generation (PCG). PCG is used for varying purposes in a great many
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games of different genres. This includes classical roguelikes and modern roguelites,
but also 4X strategy games such as the Civilization series, and sandbox games such
as Minecraft or No Man’s Sky. When designing a content generator, one faces a num-
ber of tradeoffs, where qualities such as controllability, speed, and robustness of the
generator are in partial conflict [124]. Content generators for large areas and complex
systems are therefore typically limited in ambition and/or expressivity. For example,
when generating a large open-world environment it becomes computationally infea-
sible to check for playability constraints that may emerge from paths being blocked,
materials inaccessible etc. Therefore, the PCG designer will typically limit the range
of what can be outputted by the generator so as to ensure its robustness, i.e. that
it never outputs game-breaking content. In this context, it might be possible to use
quantum computing to build content generators that are able to design larger and
more systematic content while retaining playability constraints. This would proba-
bly require encoding the dependencies between features in the content in such a way
that a quantum computer can resolve them. Many PCG problems could be posed as
constraint satisfaction problems, and solved using e.g. Answer Set Programming, or
evolutionary algorithms [125].

Much more is to investigate also about the possibilities with using quantum com-
puters as the source of the randomness in PCG. Random numbers play important
roles in cryptography, scientific and applied simulations, but also in creating an
immersive experience in games. Algorithmic-based, computer-generated randomness
is never truly random in the strict sense of the term and can eventually lead to
sequences appearing in the outcome, noticeable for a keen eye. Methods, where envi-
ronmental factors have been incorporated into the seed or into the steps of the random
number algorithms have been able to provide more than just pseudo-randomness,
but quantum computers may offer truly random numbers without extra trickery or
biassed outcomes because the outcome of a measurement in quantum physics is based
on a fundamentally random phenomena.

In our definition we did not separate the simulations of quantum technologies from
the usage of these technologies, but rather aligned them along the same dimension.
This is based on the reasoning that quantum computers are still at their early stages
and running programs on them results in some amount of error and quantum software
that simulates these devices calculate the same thing in the end and result in cleaner
outcomes in some types of encoding. The "deeper” end of this dimension is open for
debate and welcomes the use of quantum technologies in the future quantum games.
We expect that one day we do not even separate games and quantum games from each
other and see that games might have a possible quantum enhancement working on
them much like the way graphic cards evolved to be used as additional computational
resources.

For future work, a more thorough and systematic analysis of the collection of
quantum games and their dimensions should be addressed, in particular for the pur-
poses of education. Although the analysis of the selected games was deemed adequate
for the purpose of forming a suitable definition, a closer examination of them may
reveal more characteristics of the ludosphere of quantum games. There is also a lot of
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room for discussion when it comes to games that use well-defined numerical quantum
simulations or quantum technologies for the purpose of random number generators.
Do these games qualify as quantum games? We claim they do, when the usage can
be identified through any of the presented dimensions of quantum games. Moreover,
these specific examples underline the importance of familiarisation and education of
the teams developing quantum games. In order to develop more than just a fancy ran-
dom number generator, the development process requires expertise in both quantum
physics and game design [115].

7 Conclusion

In this article, we have defined quantum games through their characteristics. In our
model, quantum games are analysed and defined by a set of three dimensions described
as the perceivable dimension of quantum physics, the dimension of quantum technolo-
gies and the dimension of scientific purposes. A game may exhibit one or several of
these dimensions and therefore be called a quantum game. Our dimensions offer a
way to evaluate how a game may be thought of as a quantum game, and offers direc-
tions for designing a quantum game with a profound connection to quantum physics.
The number of quantum games is steadily growing as quantum computing takes steps
towards a playable future, and it is anticipated that quantum games will take further
forms - similar to the expansion of the general ludosphere of games.

In the paper we have also provided a clearer definition for the use of the word
”science games” as games that contribute to scientific work either directly or indirectly,
and defined quantum computer games as games playable on quantum computers.
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Appendix A The table of quantum dimensions of
the mentioned quantum games

Table A1 A complete table of quantum games mentioned in section 5 regarding the
dimensions of quantum games in order of reference. List of 16 example games out of
the examined 250 games characterised using the dimensions of quantum games. For
each game listed a Yes/No answer is marked down in order to indicate whether the
game possessed the qualities and characteristics described by the three dimensions of
quantum games; The perceivable dimension of quantum physics (”Perceivable”), the
dimension of quantum technologies (”Q Tech”), and the dimension of scientific
purposes (”Sci purpose”). For the latter, the purpose has been marked down separately
with "Edu” standing for educational purposes, ” Citizen Sci” for citizen science and
”Benchm” that the game has been designed for benchmarking quantum computers.

’ Game Perceivable  Q Tech  Sci purpose ‘
Quantum Moves 2 Yes No Yes (Citizen Sci)
Hamsterwave Yes No Yes (Citizen Sci)
Quantum TiqTaqToe Yes No Yes (Edu)
Quantum Game Yes No Yes (Edu)
Quantum Entanglement Yes No No
Quantum Labyrinth Yes No No
Escape from the Quantum Computer  Yes No No
Cat/Box/Scissors Yes Yes No
C.L.AY. No Yes No
Quantum Sheep No No Yes (Citizen Sci)
Quantum Cabare Yes No Yes (Citizen Sci)
Quantum Fruit No No Yes (Citizen Sci)
meQuanics Yes No Yes (Citizen Sci)
Quantum Awesomeness Yes Yes Yes (Benchm)
Quantum Break Yes No No
Hopping Mode No No Yes (Citizen Sci)
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