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Abstract
This thesis introduces a cohesive system
for infinite, on-the-fly world generation in
Unreal Engine 5.5. We present a multi-
threaded C++ terrain generator lever-
aging custom noise functions to stream
diverse landscapes without main-thread
stalls. In parallel, we develop modu-
lar PCG Graphs for procedurally plac-
ing natural elements (biomes, vegetation)
and man-made structures (roads, fences,
buildings, villages). Custom Blueprint
and C++ nodes enable advanced filtering
criteria—such as biome rules—and the
combination of world partitioning with
background-task scheduling preserves con-
stant frame rates.

Keywords: procedural generation,
Unreal Engine 5.5, C++, terrain
generator, PCG Graph, infinite world,
biome, chunk

Supervisor: doc. Ing. Jiří Bittner,
Ph.D.
Technická 2,
166 27 Praha 6

Abstrakt
Tato práce představuje soudržný systém
pro nekonečnou generaci světů za běhu
v Unreal Engine 5.5. Předkládáme více-
vazebný C++ generátor terénu založený
na vlastních šumových funkcích, který do-
káže plynule streamovat různorodé kra-
jiny bez blokování hlavního vlákna. Sou-
časně jsme navrhli modulární PCG grafy
pro procedurální rozmístění přírodních
prvků (biomy, vegetace) a lidských staveb
(silnice, ploty, budovy, vesnice). Vlastní
Blueprint a C++ uzly umožňují pokročilé
filtrování dle biomu a díky dělení světa na
zóny a zpracování úloh v pozadí zachovává
systém konstantní snímkovou frekvenci.

Klíčová slova: procedurální generování,
Unreal Engine 5.5, C++, generátor
terénu, PCG graf, nekonečný svět,
biotopy, sekce

Překlad názvu: Procedurální vytváření
obsahu v Unreal Engine

vii



Contents
1 Introduction 1

2 Foundations and Design 3
2.1 Procedural Content Generation:

Concepts and Algorithms . . . . . . . . . 3
2.2 Related Work . . . . . . . . . . . . . . . . . 5
2.3 Project Architecture and Design . 5

2.3.1 Dual Visual Style . . . . . . . . . . . 6
2.3.2 Design Goal . . . . . . . . . . . . . . . . 6

3 Procedural Content Generation in
Unreal Engine 5 9
3.1 PCG Graph and Its Functionality 9

Basic Concept of Nodes . . . . . . . . . 10
3.1.1 Commonly Used Nodes . . . . . 10
Work�ow and Scene Integration . . 13
Subgraphs and Modular Design . . . 13
Di�erences Compared to Previous

Versions of Unreal Engine . . . . . . 14
Extending Logic and Implementing

Custom Features . . . . . . . . . . . . . . 15
3.2 Procedural Meshes and Grammar

in UE 5.5 . . . . . . . . . . . . . . . . . . . . . . 15
3.3 Optimization . . . . . . . . . . . . . . . . . 16

Summary of PCG Graph Bene�ts . 18
3.4 PCG Graphs in the Project . . . . 19

3.4.1 Forests, Meadows, and
Mountains . . . . . . . . . . . . . . . . . . . . 19

3.4.2 Roads and Urban Structures 30
3.4.3 Village Generator . . . . . . . . . . 35

4 Implementation 37
4.1 Landscape Materials and

Landscape Auto Materials . . . . . . . 37
4.1.1 Landscape Materials in

General . . . . . . . . . . . . . . . . . . . . . . 38
4.2 In�nite Procedurally Generated
World . . . . . . . . . . . . . . . . . . . . . . . . . 42
4.2.1 Generating and Computing

Terrain Data . . . . . . . . . . . . . . . . . . 43
4.2.2 Rendering Terrain with the

Procedural Mesh Component . . . 47
4.2.3 Rendering Terrain with Static

Meshes . . . . . . . . . . . . . . . . . . . . . . . 50
4.2.4 Rendering Terrain with Static

Meshes . . . . . . . . . . . . . . . . . . . . . . . 50
4.2.5 Dividing Terrain into Biomes 53

4.2.6 Auto-Material for Procedural
Terrain using UStaticMesh . . . . . . 61

4.2.7 Adapting PCG for a Fully
Procedural World . . . . . . . . . . . . . . 64

4.2.8 Results and Stylizations . . . . 67

5 Results 69
5.1 Procedural Content Generation . 69

5.1.1 Flora PCGs . . . . . . . . . . . . . . . 69
5.1.2 Infrastructure PCGs . . . . . . . . 70

5.2 World Generation . . . . . . . . . . . . . 71
5.2.1 Terrain Generation Results . . 71
5.2.2 Biome Results . . . . . . . . . . . . . 72

5.3 Performance . . . . . . . . . . . . . . . . . 75
5.3.1 Terrain Generation

Performance . . . . . . . . . . . . . . . . . . 75
5.3.2 PCG Performance . . . . . . . . . . 79

6 Conclusion 81
6.1 Key Contributions . . . . . . . . . . . . 81
6.2 Future Directions . . . . . . . . . . . . . 82

Bibliography 83

viii



Figures
2.1 Motivational demonstration of

PCG in a stylized �red� biome: (a)
begins with empty terrain, (b) adds
procedurally spawned vegetation, and
(c) completes the scene with cli�s,
trees, and bushes�all generated at
the click of a button using PCG. . . . 3

2.2 Inspirational open-world vistas
from Breath of the Wild, Genshin
Impact, Red Dead Redemption 2, and
Just Cause. . . . . . . . . . . . . . . . . . . . . . 7

3.1 Example of how to use the Surface
Sampler with di�erent input sources.
The node can accept either collision
data from World Ray Hit Query or
heightmap data from Get Landscape
Data. . . . . . . . . . . . . . . . . . . . . . . . . . . 11

3.2 Showcase of points being created
using di�erent samplers. . . . . . . . . . 11

3.3 Sequence of point manipulation
using PCG nodes: (a) grid and
duplication, grid of point is being
created around the central one, (b)
noise-based variation, (c)
density-based �ltering (shown in
grayscale). . . . . . . . . . . . . . . . . . . . . . 12

3.4 Showcase of points manipulation
using nodes in (a), (b) and (c). . . . 12

3.5 Example of points being moved,
projected to landscape, and �nally
used as spawning point for a branch
mesh. . . . . . . . . . . . . . . . . . . . . . . . . . 13

3.6 Example of complex PCG graph
used to generate plains: 3.16. . . . . . 14

3.7 Hierarchical generation with World
Partition: terrain is divided into
chunks of varying sizes that stream in
and out at di�erent distances (e.g.,
grass appears only near the camera). 17

3.8 Example of dividing the world into
multiple Grid Size layers for custom
render distances. Smaller grids result
in higher density and closer spawning,
while larger grids are used for distant,
low-detail elements. Enabled through
the World Partition system. . . . . . . 18

3.9 Showcase of entire grass logic . . . 20
3.10 Showcase of grass spawning in

scene . . . . . . . . . . . . . . . . . . . . . . . . . . 20
3.11 Showcase of �owers clusters being

spawned . . . . . . . . . . . . . . . . . . . . . . . 21
3.12 Showcase of �ower spawning

logic . . . . . . . . . . . . . . . . . . . . . . . . . . 21
3.13 Showcase of stones being spawn 22
3.14 Showcase of bush spawning logic 22
3.15 Showcase of bush . . . . . . . . . . . . 22
3.16 Final result of the Plains biome,

populated with grass, �owers, bushes,
and rocks. . . . . . . . . . . . . . . . . . . . . . 23

3.17 Tree layer example. . . . . . . . . . . 24
3.18 Grass and ferns in the forest

environment. . . . . . . . . . . . . . . . . . . . 24
3.19 Code snippet for spawning

grasss. . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.20 Sample logic for generating fallen

trees. . . . . . . . . . . . . . . . . . . . . . . . . . . 25
3.21 Fallen logs added to the forest. 26
3.22 Example blueprint for spawning

mushrooms. . . . . . . . . . . . . . . . . . . . . 26
3.23 In-game mushroom distribution

showcase. . . . . . . . . . . . . . . . . . . . . . . 27
3.24 Example of a complete forest

environment. . . . . . . . . . . . . . . . . . . . 27
3.25 Prede�ned attributes assigned to

points. . . . . . . . . . . . . . . . . . . . . . . . . 28
3.26 Example how to divide points

based on height with threshold being
5000 . . . . . . . . . . . . . . . . . . . . . . . . . . 28

3.27 Blueprint logic for converting an
up vector to density. . . . . . . . . . . . . 29

3.28 Visualization of steepness values
assigned to points. . . . . . . . . . . . . . . 29

3.29 PCG for mountains. . . . . . . . . . . 30
3.30 Example of editor only (a) and

PCG approach of creating roads (b). 32
3.31 Two examples of creating road

along spline using PCG. . . . . . . . . . 32
3.32 Showcase of fence being correctly

generated in (a) and problem of
aligning fances on (b). . . . . . . . . . . . 33

ix



3.33 Correct fence generation: (a) rails
spawned between matching sockets,
(b) rail pivot placement ensures
accurate positioning. . . . . . . . . . . . . 34

3.34 Showcase of fence being created
along spline . . . . . . . . . . . . . . . . . . . . 34

3.35 Geometry for irregular roof using
Straight Skeleton . . . . . . . . . . . . . . . 35

3.36 Simpli�ed walk-trough of main
steps in creating road points for a
village . . . . . . . . . . . . . . . . . . . . . . . . . 36

3.37 Final result of procedural Village 36

4.1 Example of wrong and good tiling
on grass texture. . . . . . . . . . . . . . . . . 39

4.2 Comparison of incorrect and
improved tiling. First illustrates
repetitive tiling, while second
presents the �nal result generated by
the code from Figure 4.4 and
Figure 4.3. . . . . . . . . . . . . . . . . . . . . . 40

4.3 Reducing texture repetition by
multiplying the base texture with
grayscale noise maps of di�erent
scales. . . . . . . . . . . . . . . . . . . . . . . . . . 40

4.4 Blending the base texture with a
color-variant version using a
noise-driven alpha. This interpolation
introduces large-scale variation and
helps to hide obvious tiling. . . . . . . 41

4.5 Example of the auto-material
usage in large landscape. . . . . . . . . . 42

4.6 How triangular polygons combine
to form the terrain mesh. . . . . . . . . 43

4.7 Vertices displaced along thez-axis
by noise functions. . . . . . . . . . . . . . . 44

4.8 Examples of di�erent noise types
used for terrain height. . . . . . . . . . . 46

4.9 Details panel for
AWorldGenerator, showing exposed
parameters. . . . . . . . . . . . . . . . . . . . . 49

4.10 Overview of biome partitioning:
distinct regions (Forest, Mountains,
Desert, Plains, Wetlands) highlight
visual variety, modular PCG logic,
modular terrain rules, and gameplay
mechanics. . . . . . . . . . . . . . . . . . . . . . 54

4.11 Showcases how terrain is
recursively split into �ve biomes . . 55

4.12 Example of abrupt seams between
biomes when no smoothing is
applied. . . . . . . . . . . . . . . . . . . . . . . . 57

4.13 Blending between biomes after
applying blending method . . . . . . . 58

4.14 Real-world biome distribution in
humidity�temperature space (after
Whittaker [26]). . . . . . . . . . . . . . . . . 59

4.15 2Ö2 HT-lookup mask. The
sample point at (0:5; 0:4) is the
center of a square of side-length 2B . 60

4.16 Example of texture palate. . . . . 62
4.17 Material Blueprint setup for

unpacking per-vertex texture
weights. . . . . . . . . . . . . . . . . . . . . . . . 63

4.18 Final terrain rendering showing
smooth, per-vertex blended
transitions between biomes and
elevation bands, driven entirely by
the custom VertexColor and
UV-packed weights. . . . . . . . . . . . . . 64

4.19 Core logic inside our new
BP_SplitPointsToBiomes node . . 66

4.20 Terrain is partitioned into
multiple sampling scales to optimize
detail and performance. . . . . . . . . . . 67

4.21 Final procedural world rendered
in two distinct visual styles. . . . . . . 68

5.1 Point out details for plains PCG
shown in 5.1a and Forest in 5.1b. . 70

5.2 Forest biome with trees,
undergrowth based on sun access,
fallen logs, mushrooms, small and
large rocks, and fallen branches. . . 70

5.3 Examples of infrastructure PCGs
for fences and roads. . . . . . . . . . . . . 70

5.4 Village PCG showcasing
procedural street networks and
building placement. . . . . . . . . . . . . . 71

5.5 High-detail terrain renderings for
two distinct biomes. . . . . . . . . . . . . . 72

5.6 Panoramic view of the procedurally
generated world, showcasing seamless
streaming and biome transitions. . 72

x



5.7 Comparison of Desert biome in
low-poly vs. photorealistic styles. . 73

5.8 Comparison of Red Forest
(low-poly) and Tundra (photoreal)
biomes. . . . . . . . . . . . . . . . . . . . . . . . . 73

5.9 Forest biome rendered in both
low-poly and photorealistic modes. 73

5.10 Plains biome comparison:
low-poly versus high-�delity
rendering. . . . . . . . . . . . . . . . . . . . . . . 74

5.11 Mountains biome shown in
low-poly and photorealistic styles. . 74

5.12 Desert Dunes biome rendered in
low-poly and photorealistic modes. 74

5.13 Chunk resolutions used in
performance tests. . . . . . . . . . . . . . . 76

5.14 Examples of world con�gurations
used in the build-time measurements.
Terrains (a)�(d) correspond to the
four test scenarios shown in
Table 5.1, in the same order. . . . . . 76

Tables
5.1 Average chunk build times for

ProceduralMesh vs. Generator across
four con�gurations (verts per chunk
Ö number of chunks). . . . . . . . . . . . 77

5.2 In the 20� 20 radius test, the
ProceduralMesh approach
(Procedural Mesh) ramps from 70
FPS up to 110 FPS within the �rst 5
s and then oscillates within ± 3 FPS
around that level, while the
Generator method (Static Mesh)
quickly stabilizes near 80 FPS with
minimal variation. . . . . . . . . . . . . . . 78

5.3 In the 5 � 5 radius scenario, the
ProceduralMesh component
(Procedural Mesh) climbs from 90
FPS to about 130 FPS in the �rst 5 s
and then �uctuates within ± 5 FPS,
while the Generator approach (Static
Mesh) gradually rises from 60 FPS to
108 FPS and maintains smooth
performance around that level. . . . 78

5.4 In the 8 � 8 radius test,
ProceduralMesh (Procedural Mesh)
ramps from 73 FPS to 122 FPS in
the �rst 4 s and then oscillates within
± 5 FPS around 125 FPS, while the
Generator (Static Mesh) maintains a
steady 90 FPS throughout. . . . . . . 79

xi





Chapter 1
Introduction

In recent years, the scale and ambition of game worlds have grown dramat-
ically. Open-world and live-service titles demand vast, varied landscapes
that remain engaging over hundreds of hours of play. Traditionally, such
environments required enormous manual e�ort from artists and level design-
ers�painstakingly placing each rock, tree, and building by hand. Procedural
Content Generation (PCG) o�ers a compelling alternative: algorithmic work-
�ows that can spawn terrain, vegetation, structures, and even entire cities
with minimal human intervention. By encoding rules and randomness into a
generation pipeline, developers can achieve both diversity and consistency at
a fraction of the cost.

The aim of this work is to explore and analyze the possibilities of PCG
in Unreal Engine 5 and subsequently create a functional prototype of a
procedurally generated in�nite world.

A key focus is to determine the feasibility of utilizing PCG in runtime
environments�where content must be generated on the �y as the player
moves�without introducing visible artifacts or stutters. Throughout this
work, we will measure performance and discuss trade-o�s between quality
and speed. The outcome is both a theoretical framework relating PCG theory
to UE5's toolset and a concrete prototype that demonstrates an end-to-end
pipeline for in�nite procedural worlds.
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Chapter 2
Foundations and Design

This chapter brings together the theoretical foundations of Procedural Content
Generation (PCG) with the design of our solution. We begin by reviewing
core PCG techniques and algorithms from the literature, then present the
high�level architecture and key components of our prototype.

(a) : Terrain before
PCG run.

(b) : Plants spawned
procedurally.

(c) : Cli�s, trees, and
bushes added.

Figure 2.1: Motivational demonstration of PCG in a stylized �red� biome: (a)
begins with empty terrain, (b) adds procedurally spawned vegetation, and (c)
completes the scene with cli�s, trees, and bushes�all generated at the click of a
button using PCG.

2.1 Procedural Content Generation: Concepts and
Algorithms

Procedural Content Generation (PCG) refers to the algorithmic creation of
game assets�terrain, vegetation, structures, levels�either at build time or
dynamically at runtime. Common methods include:

. Noise Functions: Perlin, Simplex, and Value noise generate smoothly
varying �elds used for terrain heightmaps, texture masks, and variation
in object placement. More discused later in 4.2.1.. Lindenmayer Systems (L-systems): L-systems are formal grammars
originally developed by Aristid Lindenmayer for modeling the growth
processes of plants and multicellular organisms. An L-system begins

3



2. Foundations and Design...............................
with an initial �axiom� string and applies production rules iteratively
to replace symbols, yielding complex, self-similar branching structures
such as trees, ferns, and coral. This approach underpins many proce-
dural botany algorithms and is explored in depth by Prusinkiewicz and
Lindenmayer [27].. Flow Fields: Flow �elds are continuous vector �elds that guide the
placement of paths, roads, rivers, or crowd movement by indicating a
preferred direction at each point in space. By sampling the �eld and
following the vectors, one can generate natural, winding trajectories that
mimic �uid dynamics or erosion patterns. A practical introduction to
�ow-�eld path�nding is provided by Patel [28].. Tile-based Rules: Tile-based methods use a set of discrete tiles and
metadata-driven adjacency constraints (e.g., Wang tiles) to assemble
large environments without visible seams or repetitive patterns. Each
tile encodes edge compatibility, and procedural assemblers select tiles
based on neighborhood rules. This technique was pioneered by Wang [30]
and later applied to texture synthesis and environment tiling by Cohen
et al. [31].. Shape Grammars: Shape grammars extend the idea of string grammars
to geometric forms: starting from an initial shape, production rules
replace shapes with arrangements of sub-shapes according to recursive
rules. This hierarchical rewriting process can generate architectural
elements�walls, windows, roofs�and complex procedural meshes. The
foundational work on shape grammars was published by Stiny and
Gips [32].. Cellular Automata: Cellular automata consist of regular grids of cells
that update their states simultaneously according to simple local rules
based on neighbor values. Despite their simplicity, they can produce
elaborate patterns used for cave and dungeon layouts, terrain erosion,
or vegetation spread. Wolfram's survey of cellular automata highlights
their complexity and applications [33], and they are often employed in
voxel-based cave generation systems [22].

Pragmatic Runtime Constraints. Generating tens of thousands of meshes
on the �y leaves no budget for heavy simulations or costly computations.
Instead, our system relies on lightweight, rule�based work�ows�chaining
simple sampling, �ltering, and transformation nodes, with Perlin-noise pertur-
bations�to introduce variation and break up repetition in both terrain and
object placement. While techniques such as L-systems, �ow �elds, tile-based
adjacency, shape grammars, and cellular automata o�er rich, biologically
inspired patterns, they were not directly implemented here; rather, their
core ideas motivated our streamlined PCG graphs, where basic operations
and sequenced noise applications deliver real-time performance alongside
believable procedural detail.

4



................................... 2.2. Related Work

2.2 Related Work

Below are additional noteworthy theses in related areas of procedural genera-
tion:

. Tile-based Procedural Generation (Rudolf Líbal, 2023): Analyzes
existing solutions for tile-based PCG, proposing a generic library that
supports multiple terrain layers, metadata-driven adjacency rules, and
weighted random tile selection using noise to minimize incompatible
placements [1].. Procedural Generation of Voxel Worlds (Luká² Hepner, 2021):
Develops a voxel rendering engine with deterministic noise-based terrain
and L-system vegetation placement, emphasizing reproducibility via �xed
seeds [2].. 3D Modeling and Visualization of Underground Structures
(Martin Hude£ek, 2021): Presents methods for creating and preserv-
ing accurate 3D models of underground spaces (e.g., the Johannes adit)
using mobile laser scanning and point-cloud processing in VR [3].. Procedural Terrain Generation Using GPU Acceleration (Jakub
Navrátil, 2016): Explores GPU-accelerated terrain generation with
CUDA-driven Perlin noise heightmaps, demonstrating performance im-
provements over CPU implementations [4].

2.3 Project Architecture and Design

The system design unfolds in two main phases, each focusing on building and
integrating core functionalities.

Phase 0: Conceptual Foundations of PCG. Before any implementation, we
establish the core concepts and work�ows of Procedural Content Generation
in UE5:

Phase 1: Component Development.. Environment: PCG Graphs for forests, meadows, and mountains and
more are created.. Infrastructure: PCG Graphs for roads, fences, houses, and villages are
created and discussed.. Procedural Material: A uni�ed landscape material blends texture
layers based on elevation, slope, curvature, and noise masks to produce
seamless, context-aware terrain texturing.

Note: A PCG Graph is an object that spawns meshes based on its node
logic.
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2. Foundations and Design...............................
Phase 2: Integration into In�nite World.. Terrain Streaming: A multithreaded C++ generator creates chunked

terrain and handles dynamic loading and unloading of chunks.. PCG Population: Terrain is being dynamically populated with meshes
using PCG Graphs at runtime.. Performance Tuning: Key parameters�chunk size, generation radius,
LOD thresholds�are adjusted to maintain consistent frame rates and
minimize runtime stalls.

Note: A chunk is a square section of terrain used to optimize loading and
processing.

2.3.1 Dual Visual Style

The prototype supports two distinct visual styles:. Low-Poly Style: Prioritizes minimal geometry and simple materials to
maximize performance on lower-end hardware, while maintaining clear,
stylized visuals.. Photorealistic Style: Employs high-resolution meshes, detailed PBR
materials, and advanced lighting to achieve cinematic-quality visuals.

This dual-mode design allows us to:. Evaluate how easily the system's graphical pipeline (terrain generation,
PCG Graphs, materials) adapts to di�erent art directions.. Measure performance di�erences�frame rates.. Provide �exibility for target platforms, enabling a single codebase to serve
both mobile/VR (low-poly) and AAA desktop/console (photorealistic)
builds.

These capabilities inform our performance tuning strategy and highlight
the modularity of the PCG pipeline.

2.3.2 Design Goal

The primary goal of our system is to generate rich, varied open-world en-
vironments in real time, while maintaining smooth, consistent performance
without frame-rate drops or loading hitches.
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