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Abstract
This dissertation delves into the burgeoning intersection of quantum computing and procedural terrain generation, a pivotal element in video game design. Traditional techniques like Perlin noise have long been staples for creating lifelike environments. However, the advent of quantum computing has the potential to revolutionize this process through novel algorithms capable of generating terrains with unique features. Through a comparative analysis, this study assesses the efficacy, distinctive characteristics, and practical viability of quantum approaches against classical methods. The results reveal the current limitations of quantum technology in practical applications, such as limited accessibility and consistency, but also underscore its promising potential. The dissertation concludes with recommendations for future research, emphasizing the development of quantum error correction techniques and the exploration of hybrid procedural generation methods.









[bookmark: _Toc1159560724][bookmark: _Toc2105238188]1 Introduction
Procedural terrain generation is a critical component in game development and simulation, traditionally relying on algorithms such as Perlin and Worley noise to create diverse and realistic landscapes. Recently, the emergence of quantum computing has introduced a new dimension to this domain, offering potential for novel approaches in noise map generation. This dissertation explores the use of quantum computing in this context, comparing its efficacy and unique characteristics against classical noise generation methods.

[bookmark: _Toc1821799521][bookmark: _Toc1325953205]1.1 Purpose of Study
Procedural terrain generation has long been a cornerstone in video game development, providing a way to create vast, detailed landscapes with minimal manual input. Classic techniques like Perlin noise, introduced by Ken Perlin in 1985 to generate lifelike textures (Perlin, 1985), and Worley noise, developed in 1996 for creating more structured, cell-like patterns (Worley, 1996), have shaped countless virtual worlds. These methods have been pivotal in popular games like "Minecraft," which relies on Perlin noise for its blocky yet organic landscapes, and "No Man's Sky," where Worley noise contributes to the game's procedurally generated planets and ecosystems. Beyond these, procedural generation extends to other algorithms and techniques that serve various aspects of terrain creation. For instance, Simplex noise, an improvement on Perlin noise developed by Ken Perlin in 2001, is optimized for higher-dimensional spaces, making it more suitable for complex animations and quicker calculations without sacrificing visual quality (Perlin, 2001). Additionally, fractal algorithms, which use recursive patterns to create detailed and infinitely varied terrains, are crucial in applications that require scalable and visually engaging terrains, such as flight simulators and large-scale open-world games.
[bookmark: _Int_ftxO6L1i]Quantum computing represents a transformative advancement in the field of computing, leveraging the unique principles of quantum mechanics to perform calculations at speeds unattainable by traditional computers. This technology diverged from classical computing theories discussed as early as the 1980s, which laid the groundwork for utilizing quantum phenomena in computational processes.
The core of quantum computing is the quantum bit, or qubit. Unlike classical bits, which are restricted to a state of either 0 or 1, qubits can exist simultaneously in multiple states through a phenomenon known as superposition. This allows a single qubit to represent multiple values at once, exponentially increasing the processing power of a quantum computer as more qubits are entangled together. Entanglement, another quintessential quantum property, enables qubits that are connected to each other to instantaneously affect one another, regardless of the physical distance between them. This interconnectedness allows quantum computers to solve complex problems much more efficiently than classical computers.
Quantum computers also employ quantum interference, which manipulates the probability amplitudes of qubit states to reinforce correct paths to a solution while canceling out incorrect ones. This capability is critical in optimizing computation and is particularly useful in areas such as cryptography, where quantum computers can factorize large numbers exponentially faster than classical computers, potentially breaking many of the cryptographic codes currently in use.
[bookmark: _Int_eZvLK25C]Furthermore, quantum computing has begun impacting fields like optimization, where it provides new methods to solve highly complex optimization problems by exploring a vast number of potential solutions simultaneously. In machine learning, quantum algorithms can process and analyze large datasets much faster than classical algorithms, offering potential breakthroughs in training models and uncovering patterns that are too complex for traditional computing methods to handle efficiently (Arute et al., 2019).
[bookmark: _Int_6u98vjXU]The unique nature of quantum computing, characterized by these properties—superposition, entanglement, and quantum interference—presents not only a shift in computational capability but also a paradigm shift in how data processing and problem-solving can be approached. This opens new avenues for research and applications that could revolutionize various scientific and technological fields.
[bookmark: _Int_RpeEQSZk]The purpose of this study is to delve into a potentially innovative application of quantum computing by examining its feasibility for procedural terrain generation, specifically in generating noise maps. This exploration is driven by the unique computational properties of quantum computers, such as superposition and entanglement, which might offer new methods in terrain generation that classical computing cannot achieve. By comparing the capabilities of quantum computing with traditional noise generation techniques, this dissertation aims to determine if quantum methods can provide distinct advantages or alternative approaches that enhance procedural terrain generation.

[bookmark: _Toc1870454815][bookmark: _Toc1569982080]1.2 Objectives
The first objective of this study is to explore current quantum algorithms and potentially develop a novel approach to generate a 2D noise map that can be utilized by a procedural terrain generator. This exploration will focus on adapting and testing quantum computing methods to create noise maps that are comparable in quality and detail to those produced by classical algorithms. The goal is to establish whether quantum computing can effectively produce the foundational noise maps needed for terrain generation, which has traditionally relied on classical computing techniques. By innovatively applying quantum computing to this aspect of game design, the study aims to bridge the gap between theoretical quantum applications and practical, real-world uses in procedural terrain generation.
The second objective is to conduct a comparative analysis of the outputs from quantum noise generation algorithms against traditional algorithms, specifically Perlin noise. This comparison will focus on the distinctiveness and potential utility of the results produced by quantum methods. By analyzing these differences, the study seeks to identify any unique advantages or properties of quantum-generated noise maps, such as increased complexity or more natural variability, that could enhance current procedural terrain generation methods. 
The third objective is to assess whether the unique characteristics of noise maps generated by quantum methods justify their use over classical methods in certain scenarios. This includes evaluating the practical implications of integrating quantum computing into existing procedural generation workflows and considering the cost-benefit ratio of adopting this recent technology. The goal is to determine if the benefits, such as potentially higher detail or naturally occurring noise, outweigh the current limitations and challenges associated with quantum computing technologies.

[bookmark: _Toc1249276334][bookmark: _Toc2137496897]1.3 Limitations
This research faces several limitations:
· Qubit Limitation and Technical Challenges: The effectiveness of quantum computing is currently curtailed by the limited number of qubits available on quantum machines. Most quantum processors accessible today have a small number of qubits, the highest one publicly accessible being 127, which limits the scale and complexity of the problems they can handle. Additionally, quantum systems suffer from high error rates due to qubit decoherence and operational errors during computation.
· Inconsistency Across Devices: Quantum computing technology is still in its infancy, and as a result, there is a considerable inconsistency in performance and capabilities across different quantum computing platforms. This variability can lead to challenges in reproducibility and reliability of computational results. For instance, an algorithm that functions optimally on one quantum system might not perform as well on another due to differences in hardware architecture, qubit quality, or error correction capabilities, complicating comparative analyses and benchmarking efforts. 
· Accessibility: Although some quantum computing resources are available publicly, often through cloud-based platforms, the access to these technologies is frequently limited. Free access to quantum computers is usually restricted in terms of the quantum devices, the runtime available, and the frequency of access. This limitation constrains the scope of experimentation and the depth of analysis possible, particularly for extensive testing or long-term studies, which are crucial for validating the robustness and practicality of quantum-generated noise maps in terrain generation.
· Novelty of Quantum Algorithms: Many of the quantum algorithms that could potentially be applied to terrain generation are still in their experimental or developmental stages. The field of quantum computing itself is rapidly evolving, with new theories and methods emerging regularly. However, the practical implementation and optimization of these algorithms for specific applications like noise map generation remain challenging.

[bookmark: _Toc1466616270][bookmark: _Toc961909300]1.4 Scope
The scope of this study is confined to the comparison of noise map generation techniques using the free and publicly available quantum computers and classical computing methods. The study will focus on procedural terrain generation, specifically evaluating how different noise mapping techniques influence the visual and structural qualities of generated terrains.









[bookmark: _Toc346871878][bookmark: _Toc262600868]2 Literature Review 
[bookmark: _Toc460142419][bookmark: _Toc754199872]2.1 Introduction 
This literature review delves into the transformative intersection of quantum computing with procedural terrain generation, a staple technique in video game development and simulation. This section embarks on a structured exploration of procedural generation methods, the innovative integration of quantum computing, and the potential practical applications within gaming contexts. Initially, it focuses on traditional and advanced procedural generation techniques, elucidating how algorithms such as Perlin noise and fractal-based methods contribute to creating dynamic, realistic landscapes. Subsequently, the review transitions into a detailed examination of quantum computing's role, emphasizing its foundational concepts like qubits and quantum gates and its potential to revolutionize computational methods in gaming. The final segments highlight the promising horizons of quantum-enhanced procedural generation, offering insights into ongoing research and experimental applications that harness quantum mechanics to elevate game design and interactivity. This comprehensive approach not only contextualizes the current landscape but also anticipates future trends and challenges at the junction of quantum technology and interactive media.
[bookmark: _Toc1330613521][bookmark: _Toc1968475339]2.2 Understanding procedural generation of terrain 
Procedural terrain generation leverages algorithms to autonomously create complex, realistic landscapes for video games and simulations. This method significantly reduces both storage requirements and manual input, making it highly efficient for large-scale environments. According to Rose and Bakaoukas (2020), the process involves the use of pseudo-random algorithms known as noise functions. These functions are critical in generating the 'noise' that forms the basis of terrain texturing and variability. The noise, while appearing random, possesses an underlying structure that makes it ideal for simulating natural phenomena like landscapes and textures.
The terrain generated through these algorithms can directly influence game dynamics by creating environments that players interact with dynamically. For example, heightmaps generated from noise functions provide a foundational layer where other environmental elements can be added, such as vegetation and water bodies, to enhance gameplay realism. The use of fractals, as described by Mandelbrot, is particularly notable in procedural generation for creating self-similar, infinite detail across different scales, which is quintessential in replicating the chaotic yet ordered nature of natural landscapes (Rose & Bakaoukas, 2020). 
[bookmark: _Toc1195234839][bookmark: _Toc1411104940]2.2.1 Procedural generation techniques 
[bookmark: _Int_VZdazSim]Advancements in procedural terrain generation have greatly diversified the techniques available beyond the traditional noise-based methods. A comprehensive review of these techniques emphasizes the integration of fractal algorithms, hybrid procedural methods, and the innovative use of evolutionary algorithms to create more complex and adaptable terrains in video games and simulations (Valencia-Rosado & Starostenko, 2019).
Fractal Algorithms and Hybrid Techniques 
[bookmark: _Int_lx3XrDlf]Fractal algorithms continue to be a staple in procedural terrain generation due to their ability to mimic the chaotic, yet self-similar patterns found in nature, such as coastlines and mountain ranges. These algorithms are particularly valued for their ability to generate infinite detail at various scales, which is crucial for creating expansive open-world environments in video games. The integration of fractal methods with other procedural techniques, such as noise functions and erosion simulations, forms the basis of hybrid techniques. These hybrids are capable of producing highly realistic terrains by combining the strengths of multiple procedural methods, thus allowing for a more controlled and detailed environment creation (Dorazio & Mould, 2020).
Evolutionary Algorithms in Terrain Generation 
Evolutionary Algorithms (EAs) represent a significant innovation in procedural terrain generation, as they introduce a methodological shift towards optimization and adaptability. EAs utilize principles of natural selection, such as mutation and crossover, to evolve terrain features that are optimized for specific environmental conditions or gameplay requirements. This approach not only enhances the realism and diversity of the terrain but also aligns with the dynamic needs of game development, where terrains must often be tailored to support various gameplay mechanics and narrative elements (Raffe, Zambetta, & Li, 2020).
[bookmark: _Toc23357975][bookmark: _Toc516969897]2.3 The use of quantum computing 
[bookmark: _Toc339872196][bookmark: _Toc694983487]2.3.1 Introduction to quantum computing 
[bookmark: _Int_3KoY86y0]Quantum computing introduces a paradigm shift in computational capabilities by exploiting the principles of quantum mechanics. At the heart of quantum computing are the concepts of superposition, entanglement, qubits, and quantum gates, each contributing uniquely to the potential power of quantum technologies.
The Qubit
	A qubit, or quantum bit, is the fundamental unit of information in quantum computing, analogous to the bit in classical computing. Unlike a classical bit, which can be either 0 or 1 at any given time, a qubit can exist in multiple states simultaneously due to the principle of superposition. This characteristic allows quantum computers to process complex calculations more efficiently by enabling a single qubit to perform multiple calculations at once.
[bookmark: _Int_EBBrU3HD]In quantum computing, qubits are described using two complex probability amplitudes representing states |0> and |1>, which denote the basic binary states similar to classical bits. However, quantum mechanics dictates that the sum of probabilities for all states must equal one, thus reducing the description to three real parameters. Furthermore, qubits are invariant under scaling by any real factor, a principle known as the global phase factor, which simplifies their description further to just two real parameters. This framework ensures that the measurable properties of qubits remain consistent, capturing their quantum state efficiently.
The physical realization of a qubit can be achieved through various quantum systems where quantum phenomena such as superposition and entanglement are observable. These systems include photons, electrons, atoms, or even artificial atoms like those created in superconducting materials. Each qubit can be manipulated through quantum gates, which are fundamental operations that change the state of qubits. This manipulation is akin to how logical gates are used in classical computing to perform operations on bits.
Furthermore, qubits require precise conditions to function as expected, such as extremely low temperatures or vacuum environments, to isolate them from any external interactions that might cause decoherence, which is a loss of quantum properties. The stability and quality of a qubit's quantum state are crucial for the accuracy and reliability of a quantum computer.
The quest to build more effective qubits is at the forefront of quantum computing research. As the field is still in its nascent stages, various materials and technologies are being explored to create stable and scalable qubits. For example, Microsoft is experimenting with topological qubits made from particles called anyons, which emerge from the interactions of electrons in a special kind of superconductor and are believed to be less prone to errors caused by disturbances in their environment. This approach could potentially lead to more robust quantum computers that are easier to scale (Microsoft, 2021).
On the other hand, IBM and other companies often utilize superconducting materials to create their qubits. These superconducting qubits use circuits made from materials that exhibit superconductivity at extremely low temperatures. The advantage of superconducting qubits lies in their easier integration with existing electronic technology and their proven scalability in systems like those already implemented by IBM in their quantum processors (IBM, 2021).
Quantum Gates
[bookmark: _Int_qV9LYsqL][bookmark: _Int_nkwFCagK] Quantum gates manipulate the state of qubits in a controlled manner, similar to logical gates in classical computing, but they operate under quantum mechanical laws. These gates are fundamental building blocks in the creation of quantum circuits, which perform the operations necessary to execute quantum algorithms. The precise control and manipulation of qubits via quantum gates are crucial for implementing algorithms like Shor's and Grover's, which can significantly outperform their classical counterparts (Cho et al., 2021).
· Controlled-NOT Gate 
A fundamental quantum gate is the Controlled-NOT (CNOT) gate, which entangles two qubits. This gate flips the state of the second (target) qubit only if the first (control) qubit is in state |1>. The CNOT gate is pivotal in creating entanglement between qubits, which is a key resource for quantum computing, allowing for the complex interdependence between qubits that gives quantum algorithms their power (Nielsen & Chuang, 2000).
· Hadamard Gate 
The Hadamard gate is one of the most important quantum gates, and it serves as the quantum equivalent to a coin flip for qubits. When applied to a qubit, the Hadamard gate transforms the qubit's state from a definite 0 or 1 to a balanced superposition of both states. If we represent the state |0> as a vector pointing upwards and |1> as a vector pointing downwards, the Hadamard gate places the qubit state directly between them. This creates an equal probability of measuring either state upon observation, crucial for algorithms that rely on probability and superposition (Nielsen & Chuang, 2000).
· Quantum Fourier Transform Gate 
The Quantum Fourier Transform (QFT) gate is a quantum version of the discrete Fourier transform, which can process quantum information exponentially faster than its classical counterpart. The QFT is used in several quantum algorithms, including Shor's algorithm for factoring large numbers. It works by transforming a quantum state into its frequency domain, which is a critical step in pattern recognition and the decomposition of waveforms, both of which are essential in advanced quantum computations (Nielsen & Chuang, 2000).
The complexity of quantum gates opens possibilities for quantum algorithms that are not possible with classical logic gates. As a result, quantum gates can implement operations that significantly outperform classical algorithms in certain computational tasks.
Quantum Superposition 
[bookmark: _Int_wiYx19MV][bookmark: _Int_U5Rrl665]Superposition allows a quantum bit (qubit) to exist in multiple states simultaneously. Unlike a classical bit, which is either 0 or 1, a qubit can be in any proportion of both |0> and |1> states at the same time. This property enables a quantum computer to hold and process a vast amount of data compared to classical computers. For instance, while a 2-bit register in a classical system can be in one of four possible configurations at any one time, a 2-qubit system can be in a superposition of all four states (|00>, |01>, |10>, |11>) simultaneously, greatly increasing the processing capability (Eckert & Zoller, 2021).
Quantum Entanglement 
Entanglement, also called “Spooky action at a distance” by Albert Einstein, is a phenomenon where pairs or groups of qubits become interconnected in such a way that the state of one (whether it is |0> or |1>) cannot be described independently of the state of the other, even when the particles are separated by large distances. This leads to highly correlated system behaviors that are pivotal for quantum computing, enabling complex computations that are not feasible with classical systems. Entangled qubits can be used to perform quantum teleportation or to build quantum gates that operate on multiple qubits, facilitating the execution of complex algorithms efficiently (Eckert & Zoller, 2021).
Challenges and Practical Implementations 
Despite the theoretical capabilities of quantum computing, practical implementations face numerous challenges. These include maintaining qubit coherence long enough to perform meaningful calculations and managing error rates in quantum gates. Current quantum computers operate in the Noisy Intermediate-Scale Quantum (NISQ) era, characterized by machines that have between 50 to a few hundred qubits. Researchers are actively exploring quantum error correction and fault-tolerant computing to overcome these hurdles and make quantum computing viable for everyday applications (Quantum Inspire, n.d.).

[bookmark: _Toc824124336][bookmark: _Toc288743023]2.3.2 Quantum computing algorithms 
A quantum algorithm consists of a series of quantum operations or steps that exploit the properties of quantum mechanics to perform a computation. These algorithms utilize quantum phenomena like superposition and entanglement to perform computations, enabling them to potentially solve certain problems much faster than their classical counterparts.
Quantum Teleportation 
[bookmark: _Int_scL9RHiC]Quantum teleportation is a technique for transferring quantum information from one location to another. In a paper by Joo et al. (2003), a novel approach to quantum teleportation using a W state is discussed. This method demonstrates that an unknown quantum state can be split between two parties and recovered with a certain probability, showcasing the intricate and non-classical nature of quantum information transfer.
Grover's Algorithm 
Grover's algorithm is a quantum search algorithm that provides a quadratic speedup over classical search algorithms. According to Mandviwalla, Ohshiro, and Ji (2018), Grover’s algorithm can theoretically achieve high accuracy in locating a specific item within an unsorted database. This paper also discusses the challenges of implementing Grover’s algorithm on early quantum computers like those provided by IBM, which provides a practical insight into the current capabilities and limitations of quantum hardware.
Shor's Algorithm 
Shor's algorithm is a quantum algorithm developed by Peter Shor that revolutionized the field of cryptography. Its ability to factor large integers exponentially faster than the best-known classical algorithms poses a significant threat to the security of public-key cryptographic systems. The algorithm employs the quantum Fourier transform to identify the periodicity inherent in the modular exponentiation function. This periodicity is key to determining the prime factors of a composite number efficiently. As outlined in the document "Quantum Computing and Shor’s Algorithm" by Hayward (2005), Shor's algorithm comprises a series of steps that begin with the creation of a superposition of states in a quantum register, followed by the quantum Fourier transform, and concludes with classical post-processing to determine the factors of the input number. The ability to factor large numbers efficiently has profound implications for current cryptographic protocols, which rely on the assumption that factoring is computationally infeasible for large integers.
[bookmark: _Toc433563874][bookmark: _Toc1424415817]2.3.3 Quantum computing in practice 
[bookmark: _Int_vlRyF5L1]Quantum computing has progressed from theoretical exploration to practical implementation, thanks largely to platforms that provide access to quantum processors and simulators. These platforms are crucial for researchers, developers, and enthusiasts who are looking to develop, test, and explore the applications of quantum computing.
IBM Qiskit
 IBM's Qiskit is an open-source framework that allows users to work with quantum computers at the level of circuits. IBM offers access to several quantum processors with different numbers of qubits, as well as a high-performance simulator through the IBM Quantum Experience. Qiskit is designed to be accessible, providing extensive documentation, tutorials, and a community-supported environment which makes it a popular choice for beginners and experienced users alike. IBM does not currently charge for access to its standard quantum machines, making it universally accessible, although priority access and advanced features are available through a paid tier for enterprises (IBM, 2021).
Amazon Braket 
[bookmark: _Int_Yk9BGoNv][bookmark: _Int_T5nVGBjW]Amazon Braket is a quantum computing service that facilitates the development of quantum algorithms, offering both quantum hardware and classical simulators. Amazon Braket provides access to quantum hardware from multiple providers, including D-Wave, IonQ, and Rigetti. This variety allows users to test different types of quantum technologies, from gate-based superconducting systems to quantum annealers. Braket integrates with other AWS services, providing a familiar environment for those already using the AWS ecosystem. The pricing for Amazon Braket is usage-based, which means users pay for the compute resources they use without upfront fees, making it flexible but potentially more expensive at scale compared to IBM’s offering (Amazon, 2021).
Microsoft Azure Quantum 
Microsoft’s Azure Quantum offers a unique approach by providing access not only to quantum computers but also to optimization solutions that can run on classical and quantum hardware. Microsoft partners with several leading quantum hardware manufacturers, including Honeywell and QCI, allowing users to access a range of technologies through a single platform. Azure Quantum emphasizes integrating quantum solutions with existing Azure services, which can simplify the deployment of hybrid quantum-classical applications. Like Amazon Braket, Azure Quantum operates on a pay-as-you-go model, which can be advantageous for businesses looking to scale operations based on demand (Microsoft, 2021).
Google Quantum AI 
Google Quantum AI focuses on advancing state-of-the-art quantum computing and developing tools that can eventually solve problems beyond the capabilities of classical machines. Google has made significant headlines with its claim of achieving quantum supremacy. The focus is currently more on research and less on providing broad access to its quantum processors. However, Google offers simulation tools and research collaborations through its Cirq framework, which is an open-source project for developing quantum circuits (Google, 2021).
In comparing these platforms, IBM Qiskit and Amazon Braket lead in terms of accessibility and community support, with extensive learning resources and a robust ecosystem. Microsoft Azure Quantum and Google Quantum AI are more research-oriented but offer unique advantages in integration with existing services and innovative quantum research, respectively. In terms of ease of use and quality of devices, all platforms offer high-quality options, but the real differentiator is often the specific quantum technology they support (superconducting qubits, trapped ions, etc.). Pricing varies significantly, with IBM offering limited free access to basic services, while Amazon and Microsoft use a pay-as-you-go model that might be more suitable for commercial applications requiring scalable resources.
These platforms play a pivotal role in transitioning quantum computing from a niche research topic to a mainstream technology with practical applications across industries.
[bookmark: _Toc408273815][bookmark: _Toc859368481]2.4 Quantum computing in video games 
Quantum computing could significantly transform the video game industry by improving different facets of game development and the overall gaming experience. Below are a few examples of fields where quantum computing might have an impact.
· Procedural Generation: Quantum algorithms could improve procedural generation, making it more efficient and capable of creating more complex and varied environments. This can lead to game worlds that are larger, more complex, and continuously evolving (Smith & Johnson, 2022).
· AI and NPC Behavior: Quantum computing could revolutionize non-player character (NPC) behavior, making AI within games more responsive and intelligent. NPCs could make decisions and react in more sophisticated, human-like ways.
· Physics Simulations: Enhanced physics simulations powered by quantum computing could provide a more realistic and immersive gaming experience, especially in genres that rely heavily on accurate physical interactions like racing games or flight simulators.
While these applications are currently theoretical and mostly explored in academic and research contexts, the pace of advancements in quantum technology suggests practical implementations might soon be feasible. As quantum hardware becomes more accessible and algorithms more sophisticated, the gaming industry could undergo significant changes in game development and interaction modalities.
[bookmark: _Toc252855921][bookmark: _Toc214815074]2.4.2 Quantum Game Jam 
[bookmark: _Int_anU50xM2]The Quantum Game Jam is an annual event that brings together game developers and quantum physicists to innovate within the gaming sector by leveraging quantum concepts. This collaborative platform focuses on crafting unique, quantum-inspired games, showcasing the blend of scientific principles with interactive entertainment. The event has seen significant participation, exemplifying the growing interest and potential of quantum technologies in enhancing game mechanics and experiences.
[bookmark: _Toc1276931963][bookmark: _Toc182179048]2.4.3 Quantum computing for procedural generation   
[bookmark: _Int_93Mhkxqc]Quantum procedural generation uses quantum computing principles to enhance the automated creation of game content. According to James Wootton in his journal “Procedural generation using quantum computation”, these are a few experimental applications:
· Quantum Blurring for Texture Generation: Leveraging quantum interference, this method provides a unique aesthetic to textures, different from classical computational techniques. It offers a new visual layer rooted in quantum mechanics.
· Map and Environment Creation: Applying quantum dynamics to procedural generation enables more complex and unpredictable environmental features, enhancing the realism and variability of game worlds.
· Optimization of Procedural Algorithms: Quantum computing can improve the efficiency of procedural generation algorithms, reducing the resources needed while maintaining high detail and variety.
· Interactivity and Adaptability: Quantum-enhanced procedural generation could dynamically adjust to player inputs, offering a more immersive and responsive gaming experience
These applications highlight the potential for quantum computing to revolutionize game development, particularly in creating more immersive and interactive environments.










[bookmark: _Toc1548469621][bookmark: _Toc706424162]3 Methodology
[bookmark: _Toc771842755][bookmark: _Toc790125400]3.1 Creation of a Procedural Noise Map Generator in Unity for Data Visualization
[bookmark: _Int_Syn4X2dj]In order to facilitate the visualization and analysis of data, I have made a procedural noise map generator in Unity. This generator serves the purpose of displaying the values inside the noise map in a color-coded manner, to better represent how it would look as 3-dimensional terrain.
[image: ]



Tool Design
The generator was designed as a versatile tool within Unity, capable of creating and displaying various noise maps. It utilizes Unity's powerful rendering capabilities to visualize these maps, providing immediate visual feedback on the effects of different noise parameters.


Script Functionality
The core functionality of the generator is managed through several scripts:
· MapGenerator.cs: This script handles the generation of noise maps. It includes parameters for adjusting noise complexity and scale, allowing for diverse terrain features.
[image: ]













· TextureGenerator.cs: Converts noise data into textures. This script takes the height map data and transforms it into a visual texture, which can be easily interpreted.
[image: ]
· MapDisplay.cs: Responsible for rendering the generated maps on the Unity UI. It takes the textures created by the TextureGenerator.cs and applies them to a mesh within the Unity scene, effectively displaying the terrain.
[image: ]
These scripts work together to allow users to generate and visualize terrain maps dynamically, adjusting parameters in real-time to see the effects immediately. This functionality is crucial for experimenting with different terrain generation techniques and directly comparing the output of classical and quantum-generated noise maps.
The integration of these scripts into the Unity engine provides a comprehensive tool for visualizing and comparing different procedural generation methods effectively. This setup not only facilitates an effective comparison between classical and quantum procedural techniques but also serves as an educational tool for understanding and improving procedural generation algorithms.

[bookmark: _Toc916337375][bookmark: _Toc905908978]3.2 Implementation of Perlin Noise Creation for Comparison
The implementation of Perlin noise in Unity is essential for generating realistic terrain as a baseline for comparison with quantum procedural methods. Perlin noise, a type of gradient noise developed by Ken Perlin, is widely used in graphics and game development for generating natural appearing textures and terrains.
Perlin Noise Script Functionality
The implementation involves a script named Noise.cs which dynamically generates a noise map based on several parameters. Here is a breakdown of its core functionality:
· Noise Generation: The script uses a pseudo-random number generator with a seed to maintain consistency. Perlin noise is calculated for each pixel in the map by iterating over its width and height, applying the noise function to generate values between -1 and 1.
· Octaves and Frequency: The script allows for multiple layers of noise to be combined by adjusting octaves. Each octave influences the detail level of the map, where higher octaves create finer details. Frequency controls the intervals at which points are sampled, higher frequency results in more rapid changes across the terrain.
· Persistence and Lacunarity: Persistence affects the amplitude of octaves, decreasing the influence of each subsequent octave on the overall noise. Lacunarity controls the frequency increase between octaves, providing a way to adjust the roughness of the generated terrain.
· Normalization: The generated noise values are normalized to ensure they fit within a specific range, making the output more predictable and easier to manage. This normalization can be local (based solely on the highest and lowest values found in the map) or global (based on theoretical maximum and minimum values).
· Offset and Scale: These parameters allow the user to pan over the noise map and zoom in or out, respectively. This is crucial for focusing on specific sections of a larger map or for adjusting the level of detail visible in a smaller section.
[image: ]
This script, integral to the procedural noise map generator in Unity, ensures that the terrain generation can be consistently replicated and adjusted according to the game development needs. It serves as a foundational comparison point for evaluating the effectiveness and visual quality of quantum-generated procedural maps.

[bookmark: _Toc1243087455][bookmark: _Toc1919583310]3.3 Quantum Circuits Development Environment Setup
The focus for my choice of quantum computing framework was on establishing a robust quantum computing environment for developing and testing quantum circuits using Qiskit. Qiskit, an open-source quantum computing framework developed by IBM, is chosen for its accessibility, comprehensive learning resources, ease of use, and the availability of free time-gated access to IBM’s quantum computers.
What is Qiskit?
[bookmark: _Int_rhzBVT1g]Qiskit is built around Python, making it highly accessible to researchers and developers familiar with this popular programming language. It allows users to create, simulate, and run quantum algorithms on actual quantum machines. The framework is designed to facilitate rapid development and testing of quantum algorithms, providing tools that integrate easily with existing Python libraries and environments.
Programming Environment: Jupyter Notebook
The choice of Jupyter Notebook as the programming environment is strategic for quantum development. Jupyter Notebooks support block-by-block code execution, which is invaluable for experimenting with quantum algorithms. This feature allows for incremental testing and adjustments without the need to re-run entire scripts, thereby enhancing productivity and learning. The interactive nature of Jupyter Notebooks makes them ideal for tutorial-based learning, as provided through IBM’s extensive resources on quantum computing and Qiskit.
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This setup not only supports the efficient exploration of quantum procedural noise map generation methods but also aligns with broader educational and developmental goals in quantum computing.

[bookmark: _Toc717149021][bookmark: _Toc424788813]3.4 Exploration of Different Quantum Procedural Noise Map Generation
[bookmark: _Int_dSkVYYLG]The main focus of experimentation was the exploration of various quantum algorithms and techniques for procedural noise map generation. Extensive experiments were conducted with different quantum circuits to evaluate their effectiveness and efficiency in generating usable noise maps. The techniques explored include:
[bookmark: _Toc811778582][bookmark: _Toc1355409207]3.4.1 Phase Shifts
In quantum computing, a phase shift refers to the modification of the phase angle of a qubit's state in the complex plane (z-axis on the Bloch sphere representation), which can significantly alter the resulting probability distributions observed upon measurement (Nielsen & Chuang, 2010). This manipulation is key in quantum algorithms to encode and process information in unique, quantum ways. Below are detailed descriptions of specific phase shift methods employed in the study:
Gradient Phase Shift
[image: ]
The “apply_gradient_phase” function implements a gradient phase shift where each qubit receives an incrementally increasing phase shift. This approach begins with a Quantum Fourier Transform (QFT) to transform the qubits into the frequency domain, followed by applying a linearly increasing phase (scaled by a factor of PI/64) to each qubit. This gradual phase shift aims to create a spectrum of phase alterations across the qubits, potentially influencing the generation of terrain features with varying scales and amplitudes.
Balanced Phase Shift
[image: ]
The apply_balanced_phase method applies a uniform phase increment across all qubits. After performing a Quantum Fourier Transform (QFT), each qubit is altered by applying a consistent phase shift, differing only between even and odd indexed qubits to introduce a subtle variation. This method is intended to produce a balanced, homogeneous modification across the noise map, potentially leading to more symmetrical and uniformly distributed terrain patterns.
Custom Phase Shift
[image: ]
Finally, the apply_custom_phase function explores a more randomized approach. After applying the Quantum Fourier Transform (QFT), it applies a phase shift that combines a base mathematical pattern with a random factor. This method is designed to investigate how randomness incorporated at the quantum level affects the procedural generation outcomes, potentially leading to highly irregular and novel terrain structures.
Each of these phase shift methods leverages the Quantum Fourier Transform's ability to translate quantum states into a form where phase manipulations have meaningful and varied impacts on the resulting noise maps. These experiments are crucial in exploring how quantum properties can be harnessed to enhance procedural generation techniques beyond classical capabilities.

[bookmark: _Toc1934345876][bookmark: _Toc1657880713]3.4.2 Quantum Walks
 	A quantum walk is the quantum counterpart to classical random walks, leveraging the principles of superposition and entanglement to explore multiple paths simultaneously. Quantum walks are employed in various computational algorithms to exploit their ability to cover large solution spaces efficiently.
[image: ]
In this implementation, a quantum walk is utilized to generate complex noise structures across terrain maps. The setup includes:
1. Initialization: All qubits, including position qubits for x and y coordinates, coin qubits for determining movement direction, and ancilla qubits for storing previous state information, are initialized in a superposition using the Hadamard gate.
2. Quantum Walk Steps: The walk is performed in both x and y dimensions, using controlled NOT gates that are dependent on coin qubits and influenced by the state stored in ancilla qubits. This conditional logic helps simulate the quantum walk's characteristic of taking multiple paths simultaneously.
3. Memory Effect via Ancillas: Ancilla qubits store information about past positions, introducing a memory effect to the walk. This memory is used to influence future steps, adding complexity and depth to the generated patterns.
4. Controlled Phase Rotations: Incremental phase rotations are applied based on the current step of the walk. These rotations are controlled by ancilla qubits, affecting the superposition state and thereby the interference pattern, which is crucial for generating rich and varied terrain features.
5. Measurement and Simulation: The position qubits are measured at the end of the quantum walk, and the resulting distribution of positions is used to generate the noise map. The simulation is performed on a quantum simulator to handle the computational requirements.
This approach leverages the unique capabilities of quantum computing to enhance the procedural generation of terrains, providing a method to potentially create more diverse and interesting patterns than classical algorithms alone could achieve.
Due to the limitations of the free access provided by IBM’s quantum computing services, much of the testing was conducted through simulations. However, some of the less computationally intensive algorithms were tested on actual quantum computers. These tests were crucial for observing the effects of real quantum noise, such as decoherence, and understanding how these effects could be harnessed or mitigated in procedural generation. This practical approach allowed for a hands-on evaluation of quantum technologies' potential and challenges in generating procedural terrains.
[bookmark: _Toc600985270][bookmark: _Toc1941765388]3.5 Improvement Trials of Found Quantum Procedural Noise Map Generation Techniques
[bookmark: _Toc909977966][bookmark: _Toc519900205]3.5.1 Visualization Technique
To quickly evaluate the effectiveness of various quantum noise patterns, a visualization technique was implemented. This method exposes the noise maps directly inside the jupyter notebook, enabling quick adjustments and optimization without delay. The noise maps were also saved as text files to be imported into the procedural noise map generator inside Unity for more accurate comparison.
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[bookmark: _Toc1058393689][bookmark: _Toc1183535083]3.5.2 Simulation Testing with Noise Model
As the research progressed, simulations that closely mimic the actual noise characteristics of quantum machines were essential. A noise model was incorporated to replicate real quantum machine disturbances, such as decoherence and operational errors, allowing for a more accurate assessment of how these algorithms would perform on actual quantum hardware.
[image: ]
Functionality of the Noise Model:
· Amplitude Damping Error: The model introduces an amplitude damping error with a specified probability (in this case, 0.1 or 10%). Amplitude damping is a type of quantum noise that models the loss of energy from a qubit to its environment, effectively simulating the qubit's transition from the excited state |1> to the ground state |0> with the given probability.
· Application to Qubits: This error is applied to each qubit within the circuit, specifically affecting the measurement process. By introducing errors during measurements, the simulation can emulate how actual quantum hardware would behave under similar conditions, providing a more realistic scenario for testing quantum algorithms.
· Noise Model Configuration: The noise model is configured to associate the damping error with the measurement operation for each qubit. This targeted application ensures that the noise impacts the qubits at a crucial stage of their use, reflecting more accurately the timing and impact of real quantum noise.
This methodical inclusion of quantum errors in the simulation helped understand the robustness of the quantum algorithms and circuits under realistic conditions, providing insights into potential improvements and adjustments needed for real quantum computer testing stage.
[bookmark: _Toc1639219657][bookmark: _Toc547520224]3.6.3 Overcoming Challenges with Real Quantum Computers
Testing quantum algorithms on real quantum computers presented significant challenges primarily due to inherent noise and error rates, which often degraded the quality of the generated noise maps. The Qiskit Sampler tool played a crucial role in this phase by facilitating error mitigation through advanced sampling techniques.
Procedurally generated map created using a quantum computer without using noise mitigation
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Qiskit Sampler: 
The Qiskit Sampler is used to execute quantum circuits on IBM's quantum computers with strategies that mitigate errors. It helps refine the outputs by sampling multiple executions and averaging the results, which can significantly reduce the noise impact.
Variability in Quantum Computer Output: 
To achieve a broader understanding and validation of the algorithms' effectiveness, tests were conducted on all available quantum computers provided by IBM. This extensive testing was crucial for assessing the robustness of the noise maps generated and for understanding how different hardware could affect the results.
[bookmark: _Int_UMQU5tFi]Different quantum computers exhibit varying levels of noise and operational characteristics, which influenced the output of the same algorithm across different machines. Each quantum computer, whether IBM Osaka, Brisbane, or Kyoto, required specific transpilation to optimize the algorithm's performance for that particular system's noise characteristics and available quantum gates.
[image: ] [image: ]
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This methodology ensured a thorough exploration of the capabilities and limitations of current quantum technology in procedural noise generation, highlighting the need for ongoing adjustments and optimizations in quantum algorithm design.







[bookmark: _Toc2006212624][bookmark: _Toc1415114465]4 Analysis of experiments
This chapter delves into an analytical comparison of terrain generation using classical and quantum computing methods. Classical computing, represented by Perlin noise, has long been the standard in the industry, celebrated for its efficiency and the realistic environments it can simulate. However, quantum computing introduces novel methods, like phase shifts and quantum walks, which have the potential to redefine the parameters of virtual landscapes. This chapter critically examines the efficiency of these quantum methods against the time-tested Perlin noise, investigates the unique characteristics of the terrains each method produces, and evaluates the viability of integrating quantum procedural techniques into current game development pipelines. The insights drawn from this analysis aim to contribute to the nascent yet rapidly evolving field of quantum computing applications in procedural terrain generation.
[bookmark: _Toc2013826919][bookmark: _Toc279206089]4.1 Efficiency Comparison of Classical and Quantum Procedural Terrain Generation
When assessing the efficiency of terrain generation methods, classical techniques like Perlin noise stand out for their optimization and swift performance on current computational hardware. Perlin noise algorithms have been fine-tuned over decades to produce seamless, natural-looking landscapes in a matter of seconds or minutes, even for expansive environments. This optimization ensures a streamlined workflow within game development, allowing designers to quickly iterate on terrain features.
In contrast, quantum procedural terrain generation is a burgeoning field, brimming with potential yet bounded by the infancy of its underlying technology. While quantum algorithms theoretically promise significant speed-ups for certain computational tasks, practical application is still hindered by several factors. Current quantum hardware faces limitations in qubit count, coherence times, and error rates, requiring extensive error correction protocols which add to the computational load.
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[bookmark: _Int_Acz9T3mU][bookmark: _Int_q2dLYapA]When it comes to the runtime efficiency of generating a standard 64x64 noise map, classical computing methods using Perlin noise deliver the output nearly instantaneously, highlighting the maturity and optimization of these algorithms for contemporary hardware. In contrast, the implementation of quantum procedural noise generation methods presents a more varied timeline. The execution times for phase shift algorithms on quantum computers, exclusive of queueing or setup times, range between 33 seconds and 1 minute 12 seconds. Quantum walks, which involve a different set of quantum operations, also display similar execution times varying from 33 seconds to 1 minute 2 seconds. These durations represent the quantum algorithm's runtime on the hardware itself and highlight the current performance gap compared to classical methods. As quantum technology advances, it is anticipated that these runtimes will decrease, but for the time being, they underline the nascent stage of quantum applications in procedural generation.
Additionally, the practicality of employing real quantum computers for terrain generation is significantly affected by accessibility. To run an algorithm on quantum hardware, researchers and developers must often wait in queues, with time-to-execution varying widely based on factors such as the demand for the machine and the number of qubits required. Wait times can range from 20 minutes to several hours, introducing a considerable bottleneck that can delay the iterative design process central to game development.
This reality poses a stark contrast to the near-instantaneous feedback afforded by classical computing methods, challenging the integration of quantum approaches into environments where rapid prototyping and testing are essential. Despite these challenges, the quantum approach to terrain generation is not without its merits, particularly for applications where the unique characteristics of quantum-generated patterns provide significant value. As quantum hardware continues to evolve, with improvements in stability, scalability, and accessibility, the efficiency of quantum terrain generation methods is expected to improve, potentially closing the gap with their classical counterparts.
[bookmark: _Toc1766535150][bookmark: _Toc971973674]4.2 Comparison of Unique Output Characteristics
Perlin Noise
 [image: ]
The Perlin Noise map is characterized by smooth gradients that are reminiscent of natural landscapes. This procedural technique generates terrain with a degree of randomness, but unlike quantum methods, it has a consistent structure that allows for repeatable patterns. The smoothness and predictability of the Perlin Noise output provide an ideal base for realistic environment creation in gaming and simulation, with variations that subtly suggest different natural features without abrupt transitions. This coherence makes Perlin Noise a preferred choice for creating environments that require a naturalistic look and feel.
Quantum Walk
[bookmark: _Int_EzYFROmh][image: ]
	The noise maps generated using a quantum walk showcases a distinct and non-uniform distribution of features, characterized by scattered clusters and streaks of varying colors. The patchiness reflects the probability distribution of the quantum walk, with brighter areas indicating higher probabilities and darker areas representing lower probabilities. This pattern is indicative of the quantum behavior of superposition and entanglement, where multiple states are explored simultaneously, leading to a complex and richly textured map. The stochastic nature of this map offers a stark contrast to the more predictable patterns of Perlin noise.









Phase Shift
[image: ]
The noise maps created by the phase shift algorithms demonstrate a structured randomness, distinct from both the organic smoothness of Perlin noise and the erratic nature of quantum walk-based maps. Phase shifts induce contrasts in the map, with some areas showing uniformity while others display significant variance. The result is a terrain with patterns that strike a balance between natural-looking landscapes and stylized, surreal terrains. This method, through its manipulation of quantum states, offers a novel approach to terrain generation that can be particularly advantageous for creating unique and varied virtual environments.
[bookmark: _Toc1280165094][bookmark: _Toc167505083]4.2 Comparison of Method Viability and Scalability
The pursuit of utilizing quantum computing for procedural terrain generation presents an exciting frontier with its distinct methods and the potential for groundbreaking features. However, the practical viability of these quantum methods compared to classical computing is currently challenged by several factors.
[bookmark: _Int_9h5ouKOZ]Firstly, access to quantum computers is considerably limited. Unlike classical computing resources that are readily available and scalable, quantum computing resources are restricted by the fewer number of quantum computers and their concentration in research institutions or with certain enterprises. This limited access is compounded by the high demand for these scarce resources, leading to inevitable queue times which can range from a short delay to several hours. Such variability introduces unpredictability in development cycles and can hinder rapid prototyping and iterative design processes.
The technology's infancy also means that quantum computing is yet to mature to the level of stability and reliability found in classical computing. Quantum devices vary significantly in terms of coherence times, error rates, and qubit counts, leading to inconsistency in performance. This variability can result in the need for algorithms to be tailored or transpiled for each specific quantum device, adding a layer of complexity to the development process.
Furthermore, the operational intricacies of quantum circuits and the necessity for error correction mechanisms add to the overhead. While these aspects are pivotal for harnessing the true power of quantum computing, they currently impose additional layers of complexity and computation, which can detract from the efficiency gains sought from quantum algorithms.
In contrast, classical computing methods like Perlin noise allow for a high degree of parameter modification, providing developers with extensive control over the procedural generation process. The immediate feedback loop afforded by classical computing means that changes can be made and reviewed in real-time, expediting the iterative development that is crucial for fine-tuning and perfecting game environments.
[bookmark: _Int_DQYcz2Po]The faster testing and iteration capabilities of classical methods mean that environments can be developed, tested, played, and reworked multiple times over a short period, which is essential for meeting project timelines and quality standards. The robustness and maturity of classical computing tools enable developers to create highly detailed and vast terrains with efficiency and precision, an aspect that quantum methods are currently unable to match.
In summary, while quantum methods for noise map generation provide unique and valuable outputs, their practical application within the terrain generation sphere is still hindered by the nascent stage of quantum technology, limited accessibility, device inconsistency, and significant queue times. As quantum technology continues to advance and overcome these early-stage challenges, it may become a more viable option for procedural terrain generation. Until then, the agility and reliability of classical computing methods remain the industry standard for the creation and development of virtual landscapes.



[bookmark: _Toc731888378][bookmark: _Toc413247181]5 Conclusion and recommendations for future work
In concluding this exploration of quantum computing’s role in procedural terrain generation, it is clear that while quantum methods offer unique attributes, they currently face practical challenges in implementation. The nascent nature of quantum technology, limited access, and variability in hardware performance make it less viable than classical methods for rapid and iterative development processes. Nonetheless, the potential for quantum computing to enhance terrain generation with its novel algorithms warrants further investigation.
Future research should focus on advancing quantum algorithms and their integration with gaming platforms. It is recommended to pursue the development of more sophisticated quantum error correction techniques, which will be crucial in minimizing the noise that affects quantum-generated terrains. Additionally, exploring hybrid methods that combine classical and quantum computing could provide a pathway to leverage the strengths of both domains.
As quantum hardware continues to evolve, with increased qubit counts and improved fidelity, it will become essential to reassess the viability of quantum procedural generation. Moreover, the gaming industry's interest in quantum computing should encourage collaboration across disciplines, harnessing insights from quantum physicists, game developers, and computational scientists to push the boundaries of what is possible in game design.
Emphasizing scalability, researchers should explore cloud-based quantum computing services that could democratize access to quantum resources. It is also recommended to monitor the developments in quantum computing services provided by companies like IBM, Google, and Microsoft, as these platforms may soon offer the necessary infrastructure to make quantum-enhanced gaming a reality.
In conclusion, while quantum computing's current application in procedural terrain generation remains limited, its future is promising. The unique characteristics of quantum-generated terrains, coupled with the rapid pace of technological advancements, suggest that quantum computing will play a significant role in the future of game development. The continued exploration of this field is not only warranted but essential for realizing the full potential of quantum contributions to procedural terrain generation and beyond.
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In [68]: | num_qubits = 12
grid_size = 2**(nun_qubits // 2)

# Create a quantum circuit
circuit - QuantumCircuit(num_qubits, num_qubits)

# Prepare the qubits in a superposition
for g in range(nun_qubits):
circuit.h(q)

# Apply complex phase variations
apply_balanced_phase(circuit, num_qubits)

amplitude_amplification(circuit, num_qubits)

circuit.measure(range(nun_qubits), range(num_qubits))

transpiled_circuit - transpile(circuit, backend=service.backend("ibm_osaka"))
transpiled_circuit2 - transpile(circuit, backend-service.backend("ibm_brisbane”))
transpiled_circuit3 - transpile(circuit, backend-service.backend("ibm_kyoto"))

In [72]: with Session(service, backend="ibm_osaka") as sessio
sampler - Sampler(session-session)

job = sampler.run(transpiled_circuit, shots-10246)

In [75]: with Session(service, backend="ibm_brisbane”) as session:
sampler - Sampler(session-session)

job2 = sampler.run(transpiled_circuit2, shots-16240)

In [73]: with Session(service, backend="ibm kyoto") as sessio
sampler - Sampler(session-session)

job3 = sampler.run(transpiled_circuit3, shots-16240)
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result = jobl.result()
counts_list = jobl.result().quasi_dists
counts - counts_list[6]

noise_map - np.zeros((grid_size, grid_size))

for outcome, count in counts.items():
X_pos = outcome % grid_size # First bits from the end (reversed)
y_pos = outcome // grid_size # Next set of bits
noise_map[x_pos, y_pos] += count

# Normalize the noise map
noise_map /- (noise_map.sun() / 512)

# Plot the noise map
plt. inshow(noise_map, cmap="viridis’, interpolation-nearest’)
plt.colorbar()

plt. title("Quantun Walk Noise Map Kyoto')

plt. shou()
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def apply_amplitude_damping(circuit, num_qubits):
noise_model - NoiseModel()
for q in range(nun_qubits):
# Apply damping error with a small probability
damping_error - amplitude_damping_error(e.1)
noise_model . add_quantum_error (damping_error, ['measure’], [q])

return noise_model
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# Paraneters

nun_steps = 32

grid_size - 64

bits_per_dimension = 6 # 3 qubits for each coordinate

# Additional qubits for storing previous state information (ancilla qubits)
nun_ancillas - 8

# Create the quantum circuit with position qubits, coin qubits, and ancilla qubits
circuit - QuantumCircuit(2 * bits_per_dimension + 2 + num_ancillas, 2 * bits_per_dimension)

# Initialize all qubits in superposition
for q in range(2 * bits_per_dimension + 2 + num_ancillas):
circuit.h(q)

ancilla_start_index = 2 * bits_per_dimension + 2 # Adjust based on your circuit Layout

# Quantun walk impLementation
for step in range(num_steps):
# Quantum walk in x and y dimensions
for q in range(bits_per_dimension)
x_target_qubit = 1+ q # Position qubits for x start immediately after the first coin qubit
y_target_qubit - bits_per_dimension + 2 + q # Position qubits for y start immediately after the second coin qubit

# Conditional NOT gates controlled by the coin and influenced by ancillas
circuit.ccx(e, ancilla_start_index, x_target_qubit) # Conditional on x-coin and first ancilla
circuit.ccx(bits_per_dimension + 1, ancilla_start_index + 1, y_target_qubit) # Conditional on y-coin and second ancilla

# Update ancillas based on current position to create memory effect
circuit.cx(x_target_qubit, ancilla start_index) # Update first ancilla with Latest x position
circuit.cx(y_target_qubit, ancilla start_index + 1) # Update second ancilla with Latest y position

# Controlled phase rotation to create dependency
for g in range(1, bits_per_dimension + 1):
circuit.cp(np.pi / 64 * step, ancilla_start_index, q)

ircuit.measure(range(1, 2 * bits_per_dimension + 1), range(2 * bits_per_dimension))
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2references.

MapData GenerateMapData(Vector2 centre) {
float[,] noiseMap;// = Noise.GeneratelioiseMap (mapChunkSize + 2, mapChunkSize + 2, seed, noiseScale, octaves, persistance, lacunarity, centre + offset, normalizeode);

i (false)
<

" noisstisp - Loadusprronrile("Assets/Maps/Quantum Noise Hap Quantum Walk Sherbrooke");

}

else

<

| noisetap - ioize. Generatelioisesp (spChunksize + 2, mapChunkSize + 2, seed, noiseScale, octaves, persistance, lacumarity, centre + offset, normalizerode);
¥

Color[] colourMap = new Color[mapChunkSize * mapChunksize];
for (int y = 05 y < mapChunkSize; y++) {
for (int x = 05 x < mapChunksize; x++)

{

J/5% (userallofs)
17 noiseaplx, y] = Mathf.Clanpo(noiseaplx, y] - fallofftap[x, y1);

float currentHeight = noiseMap [x, y1;
For (int i = 0; i < regions.Length; i+t)

€

[ if (currentheight >= regions[i].height)
€
| colourtap[y * mapChunkSize + x] = regions[4].colour;
3

else break;

return new MapData (noiseMap, colourMap);
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P Unity Script (L assetreference) | £ references
Jpublic class MapDisplay : MonoBehaviour {

public Renderer textureRender;
public MeshFilter meshFilter;
public MeshRenderer meshRenderer;

3reterences
public void DrawTexture(Texture2D texture) {

textureRender. sharedaterial .mainTexture = texture;

textureRender. transform. localScale = new Vector3 (texture.width, 1, texture.height);

i

Lreference.
public void Drawtesh(MeshData meshData, Texture2D texture) {

meshFilter. sharedesh = meshData.Createtiesh ()
meshRenderer. sharedHaterial .mainTexture = texture;
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def apply_custom_phase(circuit, num_qubits):
# Apply a Quantum Fourier Transform to create complex interference patterns
circuit.append(QFT (num_qubits, do_swaps-False), range(num_qubits))
# Apply phase rotations that depend on the position
for g in range(nun_qubits):
#circuit.p((np.pi / 4) * (2.7% ), q)
random_phase = np.randon.uniform(@, np.pi)
circuit.p((np.pi / 8) * (2 ** (q / 2)) + randon_phase, q)

# Apply inverse QFT to bring back to computational basis with modified amplitudes
circuit.append(QFT(num_qubits, do_swaps-False, inverse-True), range(num_qubits))
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Qiskit runtime usage: 1m 15s
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def apply_gradient_phase(circuit, num_qubits):
circuit.append(QFT (num_qubits, do_swaps-False), range(num_qubits))
for q in range(nun_qubits):
gradient_phase = np.pi / 64 * q # Gradually increasing phase
circuit.p(gradient_phase, q)
circuit.append(QFT(num_qubits, do_swapsFalse, inverse=True), range(num_qubits))





image9.png
def apply_balanced_phase(circuit, num_qubits):
# Apply a Quantum Fourier Transform
circuit.append(QFT (num_qubits, do_swaps-False), range(num_qubits))

# Uniform phase increment across all qubits
uniform_phase = np.pi / 8
for q in range(nun_qubits):
# Apply phase equally
circuit.p(uniform_phase * (q % 2), q)

# Apply inverse QFT
circuit.append(QFT (num_qubits, do_swaps-False, inverse-True), range(num_qubits))
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Qiskit runtime usage: 23s
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Jpublic static class TextureGenerator {

e

pubTic static Texture2D TextureFronColouriap(Color[] colourtap, int wideh, int height) {
Texture2d texture - new [exturezd (width, height);

texture. Filtertiode ~ Filtertode.point;

texture uraptiod ~ Textureiiraptode. Clamp;

texture.Setpixels (colourtisp);

texture.Apply ()3

return texture;

2reterences

public static Texture2D TextureFromHeightMap(float[,] heightMap) {
int width = heightiap.Getlength (2);

int height = heightMap.Getlength (1);

Color[] colourMap = new Color[width * height];
for (int y = 05 y < height; y+t) {

for (int x = 05 x < width; x++) {
colourtiap [y * width + x] = Color.Lerp (Color.black, Color.white, heightMap [x, y1);

return TextureFromColourtap (colourMap, width, height);
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