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This project set out to explore and implement procedural generation techniques for creating urban environments, with an emphasis on evaluating the Wave Function Collapse (WFC) algorithm. The original aim was to develop a real-time 3D procedural city generation system using Unreal Engine, capable of producing coherent, varied urban layouts. However, due to significant time constraints, scope misjudgment, and technical complexity, the project had to be substantially downscaled. Development was shifted to a 2D top-down prototype built in C++ and OpenGL. Despite these changes, the core investigative goal remained: to assess the suitability of WFC compared to other prominent procedural generation methods.
A thorough literature review was conducted covering cellular automata, Perlin noise, grammar-based systems, and agent-based modelling, in addition to WFC. Each method was evaluated in terms of technical structure, strengths, weaknesses, and relevance to urban generation. WFC was found to offer the most controlled and modular generation approach, particularly effective in tile-based environments. However, its scalability and complexity of rule design were notable challenges. A simplified implementation demonstrated how WFC could be practically applied to generate consistent, constrained layouts, albeit at a reduced level of visual and structural complexity.
The project concludes that WFC presents a compelling option for urban procedural generation, especially when used in conjunction with complementary methods. Although the practical outcome fell short of the initial ambition, the literature review and prototype together form a solid foundation for future work. Further development should focus on reintegrating 3D functionality, optimizing constraint systems, and exploring hybrid approaches that combine the strengths of multiple procedural techniques.
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[bookmark: _Toc196827003]Introduction
Procedural generation is an increasingly important technique in game development and computer graphics, offering a way to algorithmically generate content such as terrain, structures, and environments. As modern games and simulations demand ever-larger and more detailed worlds, procedural techniques provide a scalable solution to content creation, allowing developers to reduce manual design workload while increasing variety and replayability. One particularly complex domain within procedural generation is the generation of urban environments. Cities are not only visually intricate but must also obey rules of spatial logic and human usability, such as connectivity, zoning, and natural clustering of infrastructure. Unlike organic terrain, which can be convincingly generated with noise functions or fractals, urban generation requires structural coherence and intentionality. This project explores these challenges through the lens of procedural city generation, focusing on the implementation and evaluation of the Wave Function Collapse (WFC) algorithm and its comparison to other procedural techniques.
[bookmark: _Toc196827004]Aim
The central aim of this project is to determine whether Wave Function Collapse is a viable and superior approach to procedural city generation when compared to other established techniques. Specifically, the research question addressed is: How effective is Wave Function Collapse as a tool for procedural city generation relative to other common procedural generation methods such as cellular automata, Perlin noise, grammar-based systems, and agent-based modelling? To answer this, the project undertakes a detailed literature review of each method, examining their theoretical basis, technical structure, advantages, and limitations with a focus on their suitability for city layout generation.
[bookmark: _Toc196827005]Objectives
To meet this aim, several objectives were outlined. The first was to conduct a comprehensive literature review of major procedural generation techniques, critically assessing their strengths and weaknesses in the context of urban generation. The second objective was to implement a functional prototype of a city generator using Wave Function Collapse. Initially planned as a 3D project in Unreal Engine, development had to be significantly scaled back due to time and complexity constraints, resulting in a 2D top-down implementation in C++ and OpenGL. Despite the reduced scope, this prototype was intended to demonstrate the core mechanics and limitations of WFC in practice. A third objective was to compare the implementation of WFC to the theoretical and practical aspects of the other methods, drawing conclusions about its relative effectiveness and suitability.
[bookmark: _Toc196827006]Structure
The rest of this report is structured as follows. The next chapter presents a comprehensive literature review of procedural generation methods, with separate sections dedicated to cellular automata, Perlin noise, grammar-based generation, agent-based modelling, and Wave Function Collapse. Each section evaluates the method’s technical foundations, strengths and weaknesses, and applicability to city generation. Following this, the design and implementation chapter details the development process of the WFC prototype, including discussion of setbacks, methodology changes, and design decisions. A comparison and evaluation chapter then contrasts the approaches, drawing on the earlier literature and the prototype’s outcomes. The report concludes with a final chapter summarising the work, reflecting on the limitations of the development process, and offering recommendations for further research and development.
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[bookmark: _Toc196827008]Introduction
Procedural content generation (PCG) has become an essential tool in modern game development, enabling the creation of expansive, dynamic environments with reduced manual intervention[1]. Algorithmic generation techniques, including those for terrain, cities, and textures, have transformed the industry by improving scalability, reducing production costs, and enhancing replayability. Among various PCG techniques, Wave Function Collapse (WFC) has gained attention for its ability to generate structured yet organic outputs using constraint propagation[2]. Nevertheless, other established methods such as cellular automata (CA), Perlin noise, and grammar-based systems continue to play critical roles, each excelling in different aspects of procedural generation.
This review examines key PCG techniques relevant to procedural urban generation, analysing their theoretical foundations, practical applications, and comparative strengths. The discussion begins with an in-depth exploration of WFC, including its algorithmic principles and key variations. Subsequent sections investigate alternative approaches such as cellular automata for emergent behaviour, noise-based methods for natural terrain shaping, and grammar-based systems for structured content generation. A comparative analysis highlights the strengths and weaknesses of each 2method, explores hybrid approaches, and discusses challenges in optimising procedural techniques for real-time game development. By synthesising findings from academic research, industry case studies, and technical reports, this review establishes the basis for implementing WFC-based procedural city generation in Unreal Engine. Particular attention is given to the challenges of scaling PCG techniques for large, complex urban environments while maintaining performance and avoiding generation inconsistencies.
[bookmark: _Toc196827009]Cellular automata
Cellular automata (CA) are a computational model composed of discrete cells arranged in a regular grid, where each cell evolves according to a set of rules based on the states of its neighbours. Introduced by John von Neumann in the 1940s as a theoretical framework for self-replicating machines, CA have since been applied in diverse domains ranging from biology to physics and computer graphics[3]. In the context of procedural content generation (PCG), CA have proven particularly useful for simulating natural phenomena, such as the spread of fire, erosion, and organism growth[4].
The appeal of CA lies in its simplicity and its ability to produce complex, emergent patterns from a limited set of local interactions. This property has led to experimentation in applying CA to simulate the formation and evolution of cities, particularly in games and urban simulation tools. However, their suitability for structured urban generation remains a subject of debate[5].
[bookmark: _Toc196827010]Technical Overview
A CA consists of a grid of cells, each of which holds a discrete state (e.g., empty, occupied, residential). Time proceeds in discrete steps, and at each step, every cell updates its state simultaneously based on a fixed rule set. These rules typically depend on the states of neighbouring cells, commonly using the Moore or von Neumann neighbourhood.
One of the most famous examples of CA is Conway’s Game of Life, which demonstrates how simple binary rules can lead to surprisingly intricate, lifelike behaviour. For procedural applications, developers can define custom states and transition functions that model development behaviour, land use, or environmental responses. CA can be extended to multi-layered systems, where each layer models a different urban aspect, such as zoning, transportation, or pollution, though doing so introduces considerable complexity[5].
[bookmark: _Toc196827011]Uses in Game Development
Cellular automata are frequently used in games to generate naturalistic, organic content that evolves over time. A common application is in terrain generation and cave formation, where CA are used to simulate the erosion or growth of land masses. Games like Dwarf Fortress and Minecraft use or have used CA-inspired rules to simulate the spread of fire, vegetation growth, and 3d cave generation[6][7].
In simulation-heavy games, CA can be applied to model environmental systems or artificial life, giving rise to emergent behaviours that enhance realism. For example, CA-based traffic simulations help manage congestion in city-building games, with agents responding to road capacity and signalling conditions. These models allow developers to create systems that feel dynamic and reactive without explicitly scripting every outcome.
[bookmark: _Toc196827012]Strengths and Limitations
The primary strength of CA is its emergent behaviour. From simple rule sets, they can model diffusion, clustering, and propagation—phenomena that are difficult to achieve through direct procedural modelling. Their decentralised nature also makes them computationally efficient and highly parallelisable, which is beneficial for real-time applications.
However, CA also present significant limitations, especially when used to generate content that must conform to specific functional or aesthetic requirements. Because rules are local, CA lack the ability to plan or coordinate over long distances. This makes it challenging to enforce a global structure, such as organising a grid of streets, aligning with a master zoning plan, or ensuring accessibility between key regions.
Moreover, tuning CA systems to produce desired outcomes often involves trial-and-error, as emergent behaviour is notoriously difficult to predict. Once rules become sufficiently complex to approximate real-world constraints, the system can become unstable or difficult to control.
[bookmark: _Toc196827013]Uses in Procedural City Generation
When applied to procedural city generation, CA offer a number of intriguing use cases. They can simulate urban sprawl by expanding from a central hub based on land value or transportation access. Researchers have shown that CA can model growth dynamics influenced by factors such as proximity to roads or environmental features like rivers and elevation.
Some models use CA to simulate zoning transitions, where commercial or industrial zones expand or contract based on local conditions. These techniques can be useful in strategy and simulation games where urban development needs to react dynamically to player actions or in-game events.
However, CA struggle with the structured complexity of real-world cities. Cities are not merely organic phenomena—they are planned, regulated, and structured. Features such as street grids, public transport networks, and district boundaries require coordination across large spatial areas, which CA are not well-equipped to handle. Without external constraints or guidance systems, CA-generated cities often appear irregular, inefficient, or unrealistic in terms of infrastructure and layout.
Hybrid approaches attempt to address this limitation by combining CA with constraint-based systems like Wave Function Collapse (WFC) or grammar-based generators. For instance, CA might be used to simulate general land use patterns, while more structured methods generate the actual roads and buildings. Yet, these systems must be carefully designed to maintain consistency between the organic and structured elements.[8]
[bookmark: _Toc196827014]Conclusion
Cellular automata offer valuable tools for procedural content generation due to their simplicity, scalability, and capacity for emergent complexity. They are particularly effective at simulating organic growth and environmental diffusion, making them useful in games and simulations that prioritise reactive systems. However, their limitations become apparent when used for procedural city generation, which requires structured planning, long-range coordination, and adherence to infrastructure constraints. While CA can model certain aspects of urban dynamics, such as sprawl, zoning transitions, and traffic, it falls short as a standalone method for generating coherent, realistic urban environments. As such, their greatest utility in this domain lies in hybrid systems where they complement more structured generation techniques.
[bookmark: _Toc196827015]Perlin Noise
Perlin noise is a gradient noise function developed by Ken Perlin in 1983, originally created for generating natural-looking textures in computer graphics. Unlike purely random noise, Perlin noise exhibits coherence, meaning nearby points in the noise function have similar values, making it ideal for producing organic and continuous features. Since its inception, Perlin noise has become a cornerstone of procedural generation techniques, especially in game development, where it is used to simulate terrain, clouds, water, fire, and other natural phenomena.[9]
The visually pleasing randomness and scalability of Perlin noise have made it a valuable tool for generating large, believable landscapes with minimal data input. Its smooth, continuous variations help avoid the harsh artefacts associated with purely random systems, making it more suitable for procedural environments where realism and visual flow are desired.
[bookmark: _Toc196827016]Technical Overview
Perlin noise is a type of gradient noise function that produces smoothly interpolated pseudo-random values across space. It works by defining a grid of gradient vectors and interpolating between them based on a smooth function, such as a fade curve. Unlike white noise, which is completely uncorrelated, Perlin noise generates values that change gradually over space.
The original algorithm operates in one, two, or three dimensions, and its improved version, introduced by Perlin in 2002, reduced artefacts and improved computational efficiency. The result is a function that looks random at first glance but has an underlying structure that maintains spatial coherence[9]. The function can be used recursively with different frequencies and amplitudes to generate fractal noise (often called octave noise), enabling the simulation of complex patterns like mountainous terrain or weather systems.[10]
Perlin noise is deterministic; given the same input, it always produces the same output, making it highly suitable for reproducible procedural content.
[bookmark: _Toc196827017]Uses in Game Development
In game development, Perlin noise is ubiquitous. It is primarily used in terrain generation, where developers map Perlin noise values to elevation to create hills, valleys, and other geographical features. Games like Minecraft and Terraria rely heavily on Perlin and fractal noise for their terrain systems.[10] The deterministic nature of Perlin noise allows developers to generate vast, consistent worlds from small seeds.
[bookmark: _Toc196827018]Strengths and Limitations
The strengths of Perlin noise lie in its smoothness, predictability, and flexibility. It generates terrain and textures that feel organic, making it excellent for creating natural landscapes and fluid motion. The recursive use of noise at multiple frequencies gives developers fine control over the level of detail and variation.
However, Perlin noise has notable limitations. It lacks semantic understanding—it cannot inherently distinguish between different types of terrain features or enforce meaningful spatial relationships like roads connecting buildings. While excellent at generating low-level texture or elevation data, it does not understand higher-level constructs such as a city grid, zoning regulations, or infrastructural coherence.
Moreover, Perlin noise works best for continuous fields. It does not handle discrete structures or sudden transitions well. While it can suggest plausible topography, converting those suggestions into functional urban layouts requires post-processing and additional logic.
[bookmark: _Toc196827019]Uses in Procedural City Generation
In procedural city generation, Perlin noise is often used as a component in multi-step generation pipelines. For example, noise values can determine elevation maps, population density, or land desirability. These continuous fields can then influence where roads, buildings, or zones are placed.
Some systems use noise to modulate street curvature or to scatter points of interest in ways that feel non-uniform yet natural. Others employ fractal noise to create concentric or radial layouts that mimic real-world city sprawl patterns. Perlin noise can also help simulate environmental constraints, such as placing parks in low-noise areas or avoiding construction in steep terrain.
Despite these applications, Perlin noise is rarely used alone in city generation. Its primary shortcoming is its lack of discrete structuring. A believable city requires hierarchical organisation: streets connecting in a grid or radial pattern, consistent building types in certain zones, and logical placement of utilities and public services. These elements demand a level of architectural coherence and semantic planning that Perlin noise alone cannot provide.
To address this, many procedural city generation systems integrate Perlin noise with rule-based systems, agents, or grammar-based generators. For example, noise might provide the elevation and land-use heatmaps, while another system places buildings and roads using those maps as guides. This hybridisation retains the natural variability of noise while imposing structure through other methods.[11]
[bookmark: _Toc196827020]Grammar-Based Procedural Generation
Grammar-based procedural generation refers to the use of formal grammar systems, such as L-systems or shape grammars, to algorithmically create structured content. Inspired by linguistic and architectural rules, this method allows developers to define hierarchies and patterns that generate complex forms from simple rules. It is particularly well-suited for applications that require coherent, rule-bound structures such as buildings, plants, and urban layouts.
Grammar-based systems bring a high degree of control and modularity, making them ideal for generating content that must adhere to stylistic or functional constraints.
[bookmark: _Toc196827021]Technical Overview
Grammar-based generation begins with a set of production rules that define how elements are substituted or expanded. In L-systems, originally developed to model plant growth, rules apply recursively to generate branching patterns. Shape grammars extend this concept to geometry, where primitives (like rectangles or volumes) are split, extruded, or transformed according to defined constraints.
These grammars can operate deterministically or stochastically, introducing randomness to support variation while maintaining structure. They often work hierarchically, building complex models step-by-step from a starting axiom. This rule-based approach allows for high reusability and compact representation of large datasets.[12]
[bookmark: _Toc196827022]Uses in Game Development
In games, grammar-based methods are frequently used to create architectural models, dungeon layouts, and cityscapes. For example, CityEngine uses shape grammars to generate entire urban environments from high-level scripts. This enables designers to build large-scale, detailed structures quickly, with consistent style and logic.
In narrative games, story grammars can generate branching dialogue or quest structures. Rule-based systems have also been used in level design, especially in puzzle and strategy games, to ensure solvability and variety.[13]
[bookmark: _Toc196827023]Strengths and Limitations
The greatest strength of grammar-based generation lies in its structural coherence. Because the output is governed by explicit rules, it can produce content that is both complex and consistent. This is crucial for architecture or cities, where elements must align with functional and visual logic.
[bookmark: _Toc196827024]Uses in City Generation
Grammar-based techniques excel in procedural city generation. Shape grammars can model zoning laws, building styles, and infrastructure hierarchies, making them ideal for simulating realistic urban environments. They can produce road networks, arrange blocks, and ensure buildings comply with architectural constraints.
Used in tandem with data-driven inputs (e.g., elevation maps or land use), grammars can adapt structures to local conditions. This makes them suitable for interactive and real-time applications where user input or environmental conditions must influence the result.
[bookmark: _Toc196827025]Conclusion
Grammar-based procedural generation provides a powerful framework for producing structured, rule-bound content in games and simulations. Its use in city generation is particularly effective due to its ability to model complex hierarchies and enforce architectural logic. While it requires significant upfront design, the resulting systems are scalable, flexible, and capable of producing visually and functionally coherent environments.
[bookmark: _Toc196827026]Agent-Based Modelling 
Agent-based modelling (ABM) is a computational technique used to simulate complex systems through the interactions of individual agents operating under simple behavioural rules. Originating from studies in social science, economics, and ecology, ABM has increasingly been adopted in game development and procedural content generation due to its ability to model emergent behaviour. Unlike rule-based or constraint-based techniques, ABM enables bottom-up simulation where global patterns arise from local decisions.
In procedural generation, ABM is particularly valuable for simulating lifelike processes, such as population movement, economic behaviour, and city growth, making it an attractive tool for urban simulation and dynamic world-building.[14]
[bookmark: _Toc196827027]Technical Overview
ABM systems consist of multiple autonomous agents, each with its own state and decision-making logic. These agents interact with each other and the environment based on defined rules, often resulting in emergent phenomena not explicitly coded into the system. Simulations typically progress in discrete time steps, during which agents assess their environment, take actions, and influence other agents or spatial features.
Agents can represent people, vehicles, organisations, or abstract entities like land parcels. Their behaviour may include pathfinding, resource consumption, reproduction, and competition, making ABM highly versatile but also computationally intensive.
[bookmark: _Toc196827028]Uses in Game Development
In games, ABM is widely used to simulate crowd dynamics, traffic systems, and population behaviour. Games like SimCity and Cities: Skylines rely on agent-based systems to model the needs and movements of individual citizens, thereby influencing urban growth and infrastructure demand. ABM is also useful in simulating economies, ecosystems, and NPC interactions in open-world and strategy games.
Beyond realism, ABM allows for greater systemic depth and responsiveness, enabling dynamic worlds that evolve in response to player actions or internal simulation.
[bookmark: _Toc196827029]Strengths and Limitations
The primary strength of ABM lies in its ability to model complex, adaptive systems. It enables naturalistic behaviours and organic development that are difficult to achieve with static or deterministic systems. However, ABM comes with significant computational costs, particularly in large-scale simulations involving thousands of agents. Additionally, its emergent nature makes it less predictable and harder to control or debug compared to rule-based methods.
Designing agent behaviours that lead to desirable global outcomes often requires extensive tuning and experimentation.
[bookmark: _Toc196827030]Uses in City Generation
In procedural city generation, ABM has been used to simulate urban sprawl, land use decisions, and traffic dynamics. Agents representing residents or developers can choose where to settle or build based on proximity to amenities, zoning laws, or terrain, leading to realistic growth patterns. While ABM can effectively model temporal evolution, it is less suited for direct geometry generation, often requiring post-processing or integration with other techniques like WFC or grammar systems.
[bookmark: _Toc196827031]Conclusion
Agent-based modelling provides a powerful framework for simulating dynamic, emergent systems in games and procedural content generation. Its ability to replicate organic processes makes it highly useful for modelling the evolution of cities rather than the static generation of their structure. However, its computational demands and unpredictability limit its standalone applicability for detailed city generation, favouring its use in hybrid models or planning layers.
[bookmark: _Toc196827032]Wave Function Collapse
Wave Function Collapse (WFC) is a constraint-based algorithm developed by Maxim Gumin in 2016 for use in procedural content generation. It is inspired conceptually by principles from quantum mechanics, particularly the idea of a wave function collapsing into a definite state upon observation. However, in practice, WFC functions as a non-quantum combinatorial algorithm that reduces ambiguity in tile-based or pattern-based configurations using a set of adjacency constraints. Its core advantage lies in its ability to generate complex, coherent patterns from limited user input, usually in the form of a sample image or tile set. This makes it particularly appealing in applications such as texture synthesis, level generation, and architectural design, where maintaining stylistic coherence is crucial. The algorithm has been widely adopted in game development and design tools due to its balance between procedural variation and control.[2][15]
[bookmark: _Toc196827033]Quantum Mechanics
The term "Wave Function Collapse" originates from quantum mechanics, where it describes the transition of a quantum system from a superposition of possible states to a single, observable outcome. In this context, the "wave function" represents the probability amplitude of all possible states of a particle. When a measurement is made, the wave function is said to "collapse," reducing the system to one of its eigenstates, with the outcome determined probabilistically. This concept is central to the Copenhagen interpretation of quantum mechanics and highlights the tension between determinism and randomness in physical systems.[15]
Although the Wave Function Collapse algorithm used in procedural generation does not simulate quantum physics, it draws inspiration from this notion of probabilistic state reduction. In the algorithm, each tile or cell begins in a superposition of all valid states (i.e., possible tiles), and through iterative constraint propagation—analogous to measurement in quantum theory—the possibilities collapse into a single valid configuration. This metaphorical connection provides a conceptual framework for understanding how local decisions can affect the global state of a system, making the algorithm particularly powerful for structured content generation in games.
[bookmark: _Toc196827034]Technical Overview
At the heart of WFC is a constraint propagation system that operates on a discrete grid. Each cell in this grid starts with a set of possible patterns or tiles that it may collapse into, constituting its “wave function.” The algorithm begins by initialising all cells with the full set of allowed states, then selects the cell with the lowest entropy, or fewest remaining possibilities. One of its allowed states is chosen, and this cell is collapsed to that single pattern. The constraints associated with this chosen pattern are then propagated to neighbouring cells, reducing their possible states in accordance with pre-defined adjacency rules. This process continues iteratively until either every cell has collapsed to a single state or a contradiction occurs, wherein a cell is left with no valid options. If a contradiction is reached, the algorithm must either backtrack or restart entirely.
There are two primary ways to define the patterns used by WFC. In the overlapping model, patterns are extracted from a sample image by sliding a fixed-size window (typically 3x3) across the input and recording each unique configuration. These are then used as the set of tiles, and adjacency constraints are inferred automatically based on which patterns can overlap consistently. In contrast, the tiled model employs a predefined set of discrete tiles with explicitly defined constraints governing how each tile can border others. This approach allows for higher-level semantic control, particularly useful in architectural and urban generation tasks.[16]
[bookmark: _Toc196827036]Uses in Game Development
Wave Function Collapse has numerous applications in game development, particularly in contexts where modular content must be assembled procedurally while maintaining visual or logical coherence. Games such as Caves of Qud have used WFC-inspired techniques to generate cave systems that are both navigable and varied, preserving the sense of exploration without sacrificing structure. In Bad North, developers drew inspiration from constraint propagation methods similar to WFC to create randomised island maps that support strategic combat scenarios while retaining artistic consistency.[17]
The algorithm is also used extensively in non-traditional games and tools. For example, Oskar Stålberg’s Townscaper is not a pure WFC implementation. Still, it employs similar principles, using local rules and constraints to generate procedurally plausible urban structures in response to player input. In many level design tools, WFC is integrated to allow artists to create environments that reflect a consistent visual style while retaining variation, which would be time-consuming to achieve manually.[18]
Because WFC allows for direct artistic influence through either sample images (in the overlapping model) or designer-authored tiles and rules (in the tiled model), it bridges procedural generation and manual content creation. This balance is particularly attractive in game pipelines where visual consistency is critical but complete manual design is prohibitively labour-intensive.
[bookmark: _Toc196827037]Strengths and Limitations
WFC’s main strength lies in its ability to enforce local coherence through adjacency constraints, enabling it to generate visually and structurally plausible environments from a relatively small set of inputs. The algorithm's support for weighted randomness allows for variety without unpredictability, and its compatibility with modular assets makes it well-suited for integration into common game development workflows. Furthermore, because it can operate using a single input example, it lowers the barrier to entry for artists and designers seeking to use procedural methods without needing to write extensive rule sets.
However, WFC has several limitations that restrict its effectiveness in broader contexts. Chief among these is its lack of global planning. Because it operates primarily through local constraints, the algorithm has limited ability to enforce large-scale structures or achieve specific layout goals unless enhanced through hierarchical extensions or combined with other procedural techniques. Additionally, WFC is prone to generating contradictions, especially in complex tile sets with tightly coupled constraints, leading to the need for frequent backtracking or restarts. This can result in unpredictable performance and increased computational cost for large maps.
Designing tile sets and constraint rules can also be a significant challenge. Ensuring that all tiles connect coherently in all possible valid configurations requires careful planning and testing, and poorly constructed rule sets can easily lead to unsolvable configurations. Lastly, while WFC is powerful for visual and spatial coherence, it lacks intrinsic semantic awareness. This makes it challenging for applications requiring logic-based placement, such as gameplay-driven terrain features or dynamic storytelling elements.
[bookmark: _Toc196827038]Uses in City Generation
Wave Function Collapse offers both opportunities and constraints in the specific domain of procedural city generation. It is particularly effective in generating modular urban environments where adjacency rules can be clearly defined. For instance, WFC can be used to place roads, buildings, and parks in ways that respect artistic and logical coherence, especially when using the tiled model. Designers can encode rules to ensure that roads connect correctly, residential buildings face streets, and commercial areas are clustered logically. These features make WFC attractive for generating game maps, simulation cities, and architectural environments.
However, WFC’s limitations become more pronounced when attempting to simulate the broader complexity of urban development. Cities are not merely collections of adjacent tiles; they evolve over time, influenced by economic, social, and environmental factors. Capturing this dynamic requires procedural techniques capable of simulating growth, zoning, transportation networks, and demographic shifts. WFC cannot model these systems, and attempts to incorporate such logic within its tile constraints quickly become unmanageable.
As a result, WFC is best suited for generating a city's visual and spatial surface rather than its underlying systems. It can effectively detail neighbourhoods, generate architectural patterns, or create modular block arrangements. Still, it does not replace the need for other procedural methods such as agent-based modelling, L-systems, or simulation-based approaches for broader urban planning. In practice, hybrid systems are often employed, where macro-scale features such as district layouts or traffic flow are generated using other methods. WFC is applied in a secondary pass to refine local layouts and ensure visual consistency.
[bookmark: _Toc196827039]Conclusion
Wave Function Collapse is a robust and adaptable algorithm that plays a significant role in the procedural generation of visual and spatial content. Its ability to generate coherent, rule-based patterns from minimal input makes it ideal for tasks such as tile arrangement, texture synthesis, and architectural layout in games and digital environments. The algorithm’s flexibility, particularly its overlapping and tiled models, allows it to balance artistic control with procedural variation, making it a valuable game development toolbox.
However, WFC’s limitations must also be acknowledged. Its reliance on local constraints prevents it from modelling large-scale systems or complex interdependencies, which limits its applicability in domains such as full-scale urban simulation. While hierarchical and guided variants attempt to address these issues, WFC remains most effective when used as part of a hybrid system. It excels at refining and detailing layouts in procedural city generation, but is insufficient as a standalone solution for modelling the complex, dynamic processes that govern urban growth and function.
As procedural content generation evolves, Wave Function Collapse will likely remain a vital algorithm, particularly in contexts where modularity, coherence, and artist input are prioritised. Future developments may further integrate WFC with semantic modelling, optimisation techniques, and generative AI, extending its usefulness across domains while retaining its core strength: creating structured variation from simple rules and examples.[19]
[bookmark: _Toc196827040]Comparison
Procedural generation offers various techniques, each with unique advantages and limitations. Among the most commonly used methods are Cellular Automata (CA), Perlin Noise, Grammar-Based Systems, Agent-Based Modelling (ABM), and Wave Function Collapse (WFC). While all have their place in game development, WFC is particularly well-suited for structured, modular content such as cities, especially when integrated into modern engines like Unreal.
Cellular Automata operate using local rules to produce emergent global patterns. This makes them effective for simulating organic forms like cave systems or land erosion, where unpredictability adds realism. However, their lack of structural control limits their usefulness for generating coherent urban forms, where spatial logic and functional layouts are critical.
Perlin Noise and its variants are excellent for generating continuous, natural terrain. They produce smooth, lifelike topographies and can be used to guide environmental features like elevation and biome distribution. Yet, like CA, Perlin Noise lacks semantic structure. It cannot alone create roads, zones, or buildings without significant post-processing, which limits its direct application to city generation.
Grammar-based systems offer a more structured alternative. Using formal rule sets, they generate content hierarchically, making them particularly effective for layouts such as road networks or architectural forms. However, they require extensive upfront rule definition and often struggle to integrate different urban systems, like roads and buildings, without becoming overly complex or rigid.
Agent-Based Modelling stands apart as a simulation-driven approach. Representing city elements as individual agents—like residents or planners—simulates urban growth and socio-spatial dynamics over time. ABM produces highly organic and believable results, reflecting real-world development processes. However, this approach is resource-intensive and difficult to control precisely, making it less viable for real-time or designer-driven game content generation.
Wave Function Collapse blends many of the benefits of the above techniques. It combines modular tile-based logic with constraint satisfaction, allowing varied but controlled outputs. WFC ensures local consistency while enabling designers to impose spatial logic through adjacency rules or example inputs. Unlike noise or CA, it supports structured outputs. Unlike grammar systems or ABM, it offers more flexibility and requires less exhaustive rule definition or simulation. With extensions like hierarchical models and user-guided constraints, WFC can scale to complex environments and balance structure with variation.
In summary, while CA, Perlin Noise, grammar systems, and ABM each contribute valuable methods for different types of procedural content, WFC offers the most adaptable foundation for modular, rule-bound generation. It strikes a favourable balance between automation and control, making it especially suitable for procedural city generation in game development.
[bookmark: _Toc196827041]Conclusion
This literature review has examined various procedural generation techniques relevant to urban content creation, including cellular automata, Perlin noise, grammar-based systems, agent-based modelling, and Wave Function Collapse (WFC). Each method offers distinct advantages and limitations, with WFC standing out for its balance between structure and flexibility. Its constraint-based approach enables the generation of coherent, modular environments, making it particularly suitable for applications requiring randomness and design control. At the same time, other methods contribute valuable insights, such as the organic patterns of cellular automata or the hierarchical structuring of grammar-based systems. WFC's adaptability and efficiency make it a compelling choice for procedural city generation. Future research could explore hybrid models that integrate the strengths of these techniques, potentially enhancing the scalability and realism of procedurally generated urban landscapes.
[bookmark: _Toc196827042]Development Methodology
For this solo development project, I adopted a tailored iterative prototyping methodology that blends structured planning with flexible implementation cycles. This approach was carefully selected to accommodate the challenges of implementing Wave Function Collapse for procedural city generation.
The choice to use C++ with OpenGL rather than Unreal Engine was made after careful consideration of several factors. While I deeply regret not being able to implement this in Unreal Engine for a fully 3d interactive experience, the decision was driven by practical constraints. The OpenGL implementation allowed for faster iteration on the core algorithm and immediate visual feedback, which was crucial for developing and debugging the WFC system. Had time and resources permitted, Unreal Engine would have been the ideal choice, enabling proper 3d visualisation, gameplay integration, and access to advanced procedural generation tools through Blueprints and the Geometry Script plugin.
The methodology began with an initial research phase where I conducted an in-depth study of existing WFC implementations and academic papers. This waterfall-style planning period established precise technical specifications before any coding began. The implementation then progressed through iterative cycles, each focusing on specific system components. Early iterations established the core WFC algorithm, while later ones added the different generation styles (organic, grid-based, and radial) as separate feature branches that were eventually merged.
This approach provided several key advantages for a solo developer. The focused nature of each iteration allowed for deep concentration on specific algorithmic challenges without the overhead of team coordination. The visual nature of each iteration's output served as immediate feedback for debugging and refinement. The modular design also enabled isolating and independently testing different system components.
However, the methodology did present some challenges that needed mitigation. Comprehensive code comments and architectural diagrams maintained throughout development addressed the lack of formal documentation. Technical debt from rapid iteration was managed through scheduled refactoring milestones and maintaining clean interfaces between system components.
The technology stack was carefully selected to support this development approach. C++ provided the necessary performance for the computationally intensive WFC algorithm while offering low-level control crucial for algorithm development. OpenGL and GLFW for window management created a lightweight visualisation framework that could run on any modern computer without specialised hardware. This was particularly important for focusing on the algorithm rather than dealing with engine overhead or hardware requirements.
Transitioning this prototype to a full Unreal Engine implementation would require significant methodological changes. The visual nature of WFC development would benefit from Unreal's Blueprint system for rapid iteration on generation rules. The engine's built-in tools for 3d asset management and world composition would enable proper city visualisation. Gameplay integration would become possible through Unreal's robust systems for interaction and physics. Such an implementation would likely require moving to a more structured Agile methodology to manage the increased complexity and potential team expansion.
This current implementation serves as an effective research prototype that demonstrates the core concepts of WFC for city generation. The lessons learned about rule design, constraint propagation, and visual debugging will directly inform any future Unreal Engine implementation. The methodology succeeded in its primary goal of creating a functional WFC system while acknowledging that professional game development would require different tools and approaches.
[bookmark: _Toc196827043]Design and Implementation
Introduction and Design Philosophy
The architectural design of the Wave Function Collapse City Generator emerged from a careful balancing act between algorithmic purity and practical implementation constraints. This procedural generation system was conceived to transform the theoretical foundations of WFC into a functional city generator while maintaining clarity in its visualisation and flexibility in its output styles. The design process followed an iterative refinement methodology, where each component was developed, tested, and improved through successive prototypes.
The system's heart lies in a fundamental tension between computational efficiency and generative diversity. The WFC algorithm's promise of creating locally coherent yet globally varied patterns suited it for urban generation. However, realising this potential required numerous design choices to adapt the abstract algorithm to the concrete requirements of city building. These decisions were guided by three core principles: maintaining algorithmic correctness, ensuring real-time visual feedback, and providing meaningful variation through distinct generation styles.
Foundational Requirements and Architectural Overview
The project's requirements evolved through an ongoing dialogue between technical feasibility and creative ambition. The primary functional requirement called for a robust implementation of the WFC algorithm capable of generating recognisable urban patterns. This translated into specific needs for tile management, constraint propagation, and visual representation. Secondary requirements emerged around user interaction, allowing for automated generation and step-through observation of the algorithm's decision-making process.
The system architecture organised itself naturally into three interconnected subsystems. The core WFC engine handled the algorithmic heavy lifting—managing tile superpositions, calculating entropy, and resolving constraints. A generation style manager orchestrated the variations between organic, grid-based, and radial city layouts by modifying initial conditions and rule weights. Finally, an OpenGL visualisation layer provided immediate feedback, rendering the algorithm's progress and allowing for interactive exploration.
Algorithmic Design Decisions
The implementation of the core WFC algorithm involved several pivotal design choices. The decision to incorporate backtracking capabilities came after observing the algorithm's tendency to encounter contradictions in complex urban configurations. While pure WFC implementations often restart upon reaching impossible states, the urban context demands a more reliable generation. The solution emerged as a limited-depth backtracking system that could rewind problematic decisions without sacrificing performance.
Tile representation posed another significant design challenge. The team implemented a rotation-aware tile system where road segments could appear in multiple orientations while buildings and parks remained rotationally invariant. This approach captured the directional nature of urban infrastructure while avoiding unnecessary complexity for rotationally symmetric elements. The adjacency rules governing tile placement were encoded in a lookup table structure, optimised for rapid constraint checking during propagation.
Generation Style Implementation
The three distinct generation styles—organic, grid-based, and radial—each required careful tuning of the core algorithm's parameters. The organic style served as the baseline implementation, using standard WFC constraints to produce naturally evolving urban patterns. Its success hinged on carefully balanced weightings between different tile types to prevent excessive sprawl or overcrowding.
For the grid-based style, additional constraints were introduced to enforce geometric regularity. Roads received stronger alignment preferences, and building placement followed stricter zoning patterns. The implementation revealed an interesting tension between the algorithm's inherent randomness and the desired structural order, resolved through iterative adjustments to the constraint weights.
The radial generation style presented unique challenges in maintaining connectivity within circular patterns. The solution involved seeding the generation process from a central point and introducing specialised rules for road curvature. This style particularly benefited from the visualisation system, as immediate feedback allowed for rapid identification and correction of awkward urban geometries.
Visualisation and Interaction Design
The OpenGL visualisation system was designed with debugging and user experience equally in mind. Colour-coding schemes evolved through multiple iterations to ensure clear differentiation between tile types while maintaining visual harmony. Road networks were rendered in muted greys to suggest infrastructure, while buildings appeared in warm tones and green spaces in natural hues.
Interactive controls were implemented to allow users to step through the generation process, observing how each collapse operation affected the emerging city structure. This feature proved invaluable for debugging and understanding the algorithm's decision-making process. The visualisation also incorporated entropy indicators, using grayscale gradients to show the remaining possibilities for uncollapsed tiles.
Performance Considerations and Optimisations
The computational demands of WFC became apparent during early testing, particularly with larger grid sizes. Several optimisation strategies were employed to maintain interactive performance. Constraint propagation was enhanced through dirty-flag techniques, reducing unnecessary recalculations. Memory usage was optimised through careful data structure selection, with tile possibilities stored in compact arrays.

The team consciously prioritised algorithm clarity over absolute performance in the initial implementation. This allowed for more straightforward debugging and validation before introducing more aggressive optimisations. The approach proved successful, with the final implementation handling 40x30 grids with responsive performance on modest hardware.
Testing and Validation Approach

Validation occurred through a multi-layered testing strategy. Unit tests verified fundamental operations like entropy calculation and tile collapsing. System tests evaluated the end-to-end generation process across different style configurations. Perhaps most valuable were the usability tests, where human observers provided feedback on the visual output and the interaction model.

The testing process revealed several unexpected edge cases, particularly around road network connectivity in the radial generation style. These insights drove refinements in the constraint rules and led to the development of post-processing steps to ensure basic urban functionality.
Conclusion and Future Directions
The completed design represents a successfully adaptation of the WFC algorithm to urban generation tasks. While the current implementation focuses on 2D visualisation, the architecture was conceived with future 3d expansion in mind. The clear separation between the core algorithm and visualisation layers would facilitate porting to game engines like Unity or Unreal.
The project's most valuable outcome may be the demonstrated flexibility of WFC when carefully tuned for specific domains. The three-generation styles showcase how parameter adjustments can produce dramatically different outputs from the same underlying algorithm. This versatility suggests numerous potential applications in game development, urban planning visualisation, and procedural content generation research.
[bookmark: _Toc196827044]Evaluation
The evaluation of this project focused on two key aspects: how well the implementation met its original objectives and how its performance compared to existing procedural generation techniques discussed in the literature. The results revealed both the strengths of the chosen approach and areas where further refinement would be beneficial.
The data gathered during testing demonstrated that the core WFC algorithm successfully produced cities with locally coherent patterns, validating the findings from the literature review. The generated layouts exhibited the signature WFC property of maintaining tile compatibility at neighbourhood levels while allowing global variation, aligning with academic descriptions of the algorithm's behaviour. However, the project also uncovered limitations not fully addressed in prior research, particularly regarding large-scale structural coherence in urban environments. Where theoretical papers often assume ideal conditions, practical implementation exposed challenges in maintaining connectivity across sprawling city layouts, especially in the organic generation mode.
All primary objectives were met, including implementing three distinct generation styles and real-time visualisation. The grid-based style performed well, producing recognisable city blocks with consistent road networks. The radial style, while functional, required additional post-processing to ensure navigability—an unanticipated requirement that emerged during testing. The aim of creating a flexible city generator was achieved with the caveat that the 2D OpenGL visualisation, while effective for debugging, fell short of the immersive 3d environment originally envisioned.
Some outcomes diverged from initial expectations. The backtracking system, intended as a safeguard, was invoked more frequently than anticipated, particularly in dense urban configurations. This suggested that the adjacency rules, while theoretically sound, needed further refinement to capture the complexities of urban planning better. Additionally, the performance trade-offs between generation speed and detail resolution proved more pronounced than predicted, especially on larger grids.
If this project is revisited, several improvements will be prioritised. While practical for development, the OpenGL implementation would be replaced with a proper game engine integration to showcase the algorithm's potential better. The rule system would be expanded to include hierarchical constraints, allowing for more intentional district-level organisation. Most significantly, additional time would be allocated for user studies to quantitatively measure the generated cities' functional qualities beyond visual inspection.
The evaluation ultimately confirmed WFC's viability for procedural city generation while highlighting the importance of practical considerations often glossed over in theoretical treatments. The project succeeded in its primary mission of demonstrating WFC's urban generation capabilities. However, it also revealed numerous avenues for future refinement to bridge the gap between the academic prototype and a production-ready system.
[bookmark: _Toc196827045]Conclusion
This project set out with the ambition of implementing a procedural city generation system using Wave Function Collapse (WFC) within the Unreal Engine to produce a dynamic, rule-driven urban layout in a 3d environment. While the foundational goals of the project remained the same, significant adjustments were required during development. Due to time constraints and unforeseen technical challenges, the scope of the implementation was necessarily reduced. The project was restructured to use a simpler 2D, top-down representation developed in C++ with OpenGL. Although this represented a considerable shift from the original plan, it allowed for a more explicit focus on the underlying procedural generation techniques within a manageable timeframe.
Despite these changes, the literature review was completed fully and remains a substantial project outcome. It provides a detailed comparative analysis of several procedural generation methodologies, including cellular automata, Perlin noise, grammar-based approaches, agent-based modelling, and Wave Function Collapse. This review has served to justify the use of WFC for urban generation and position it within a broader context of procedural methods, offering valuable insights for future development.
Although scaled back, the practical implementation successfully demonstrates the key principles of WFC in a 2D grid-based format. It retains core features such as constraint propagation, local coherence, and modular tile design, providing a solid platform for further development. While the visual and technical ambitions of a complete 3d Unreal Engine prototype could not be realised, the conceptual and algorithmic groundwork laid here remains valid and extensible.
[bookmark: _Toc196827046]Suggestions for Further Work
There are several clear avenues for further development stemming from this project. Firstly, the 2D implementation could be expanded to support layered tilemaps or introduce hierarchical constraints, bringing it closer in complexity to urban environments. Secondly, integrating complementary procedural systems—such as grammar-based street layout generation or Perlin noise terrain scaffolding—could yield a more holistic urban simulation. Lastly, revisiting the original Unreal Engine implementation with more development time and planning would enable a return to the original vision of a rich, 3d procedural city generator.
While it is regrettable that the original scope had to be reduced, the decisions made ensured that the project could be completed coherently and technically demonstrably. The literature review is a robust academic contribution, offering a foundation for future research and development in procedural content generation.
[bookmark: _Toc196827047]Reflection
This project has taught me a great deal about the realities of managing a complex software development task from start to finish. While my original plan involved implementing a 3d procedural city generation system using Unreal Engine and Wave Function Collapse, this proved far too ambitious given the time available and my limited experience with the engine. Around halfway through the project, I decided to downscale to a 2D top-down prototype using C++ and OpenGL. Though disappointing, this pivot was necessary and ultimately allowed me to focus on core procedural generation logic without being overwhelmed by engine-specific complexity.
One of the most significant lessons was about scope management. I began the project without a clearly defined minimal viable product, which led to early time wasted on overly complex systems and asset integration.
My time management was consistently poor throughout the project. I underestimated how long tasks like writing the Wave Function Collapse algorithm or setting up the rendering pipeline would take, and I left little time for testing or polishing. Additionally, I did not set staged development goals, which made it difficult to track progress or know when to shift focus.
Despite these setbacks, the experience has deepened my understanding of procedural generation methods. Writing the literature review helped me explore various techniques, from cellular automata to agent-based modelling. I now have a much clearer idea of where WFC fits in the broader landscape of generation algorithms. On the technical side, I improved my proficiency in C++, gained insight into graphics programming fundamentals, and wrote a working albeit simple implementation of WFC adapted for 2D tilemaps.
On a personal level, I learned how to recover from setbacks, reassess expectations, and continue progressing despite early mistakes. I also became better at setting achievable goals, especially when working alone. In the future, I would approach similar projects with a tighter scope, clearer milestones, and earlier prototype testing to ensure feasibility.
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