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Our World is Built by Algorithms

What is Procedural Generation?




Algorithms for procedural generation
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Alstrares — Main goal af this paper is w0 explore in which
sitmations should some procedural algerithm be weed to
jpenerate a tree model. Each algarithm is modified so as to be
aldle penerate a tree model whose shape resembles the
required model. Space rIllnile.Iu algorithm, algorithm
using partiche Nows and algorith lating a Lind,
system are compared depending on a time needed Iua:nenl:
a tree with similar complexity. The voxelization procedure of
the model and ils application in this contexi is explained.
Method for generating a tree mesh an a graphics card wsing
Bézier's curves is presemied.

Keywords  ~  dree; generation;  space

procedual
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L INTRODUCTION

Madelling and animating trees for movies, computer
games and simulations are labour intensive work. Trees are
st commonly represented as static objects with minimal
imteraction with its surroundirgs. Main reasen is the sheer
comglexity of organic irees. Fully grown common oak can
exceed the height of 40m amd have more than 100,000
branches.

There are many commercially available toals which can
help with modelling the tree, but the process ks still time-
consuming. Procedural algesithis can mitigate the time
needed 10 create a desired wee model.

I this paper we have compared 3 algorithons. Every
algorithm as an Input geis vaxelized madel and as an output
produces same abstract tree data siructure. This data
structure is firther passed to graphics card which creates a
mesh for every branch.

Pracedural algorithas io some extent try to simulate the
real growth of a wee, but as there are many unkaown
variahles, it is hard to capiure the real world. We have
chosen to compare space colonisation algorithm, algorithm
usigg  particle  flow  and  algesithem  simelating  a
Lindenmayer system. Each one takes a different approach
to the same problem. Space colonisation simulales a
compedition for space. Farticle flow algorithm exploits
simdlarities. between branching strectures in trees and
trajectories. of particle simulations. L-system focuses
mainly on rules at which branching happens.
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Flgure 1. Rendered tree and Jts abstroct tree structure
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In this section we will present the process of
constructing a procedurally grown tree. Every algorithm is
parametrized with a desired tree-crown size and vosxelized
madel which we want to imitate.

host commen apesation while generating a tree model
with a desired shape s a test if some point i inside the
madel. While polygonal models for that operation have
linear time complexity propartional o the size of a model,
vexelized models have a constant time complexity. Main
disadvantage of using voxelized models ks a loss of
precision, but with wsing 256° voxels and trees having
irregular form there was no noticeable difference in a
genecated tree.

Models are voxelized with a wvariation of an algorithm
using ray casting presented in a [1] and Is described in the
mext section. Since the process of voxelization didn"t take
longes than a few seconds at the stare of & program, there
was 0 need for using a faster voxelization algorithm, like
e presented in [2].

Every tree generator produces a tree data siructure as
demonsirated on a figure (1), From the perspective of a red
branch, Blue branch is ivs child, yellow branch is its parent,
and green branch is its grandparent. Each node in a tree data
structiore stores {is lenmh and relative rotation 1o its parent
beanch. Main advantage with using absiract representation
is that it redusces data that needs to be transferred to graphics
card.

Ahstract iree structure is converied on a graphics card
1o a mesh which is further rendered in 2 OpenGL graphics
pipeline. This process is deseribed in section VIIL
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Abstract

Wi present a framework that allows quick and intuitive modeling of
lerrains usmg concepls mspired by hydrology, The terrain s gen-
erated from a simple imtial sketch, and its generation is controlled
Iy a few parameters. Our errain represemation is both analytic and
continuous and can be rendered by using varving levels of detail.
Thee terrain data are sosed in a novel data strocture: a construction
tree whose internal modes define o combination of operations, and
whise leaves represent terrain featares. The framework wees rivers
as modeling elements, and it first creates a hierarchical drainage
network that is represented as a geometre graph over & given iput
domain. The nevwork is then analyzed to constroct watersheds and
1o characterize the different types and rajectories of vers. The ter-
rain is finally generated by combining procedural terrain and river
patches with blending and carving operators.
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1 Introduction

Wirtual terrans have an important sole in computer graphics, and
their applications range from landscape design and flight stmulators
10 movies and computer games, A temain i3 the dominant visual
element of the scene, or it plays a central part in the application.

Researchers have made considerable progress toward developing
effichent methods for synthetic terrain generation,  Exisung wch-
migues can be roughly classified into procedural, physics-based, and
sketch- or example-based. Procedural methods, as well ag physics-
based algonthms, often lack controllability.  Sketch-based meth-
ods avolve manual editing thar can be tediows.  Example-based
algorithms are limited by the provided mput. Moreover, oaly the
physics-based algorithms provide results that are comrect from the
standpoant of gealogy. Probably the most important problem in ter-
rain generation for the feld of computer graphics is the absence of
algorithms thar would allow the guick generation of eontrollable,
and geologically relishle owpurs. A related problem is the sealabil-
iy of exigting algothims. The generated tereaing usually represent
only features of a single seale that are stored in a simple regular
hzight field that becomes the standard data representation in many
terrain-modeling systems. The height Geld is Later converted imo a
mesh suitable for fast visualization with varying levels of details.

A key observation when looking at real terrains 15 that their mor-
phologies are stuctured around rver metworks, Those networks
subdivide the erran mio visual and cleady defined areas. More-
over, the geometric and visual propertics of water-courses are
nearly independent of the ectonie strbutes and the climate [Ros-
genn 1994, and they look wdentical at different scales independent
of geolegical and climatic factors [Rodriguez-liurbe and Rinaldo
1997, Dodd and Rothman 2000]. The avers form a graph on the
terrain surface and partition it into parches.

We propose a novel procedural approach, using river netwaorks,
for terrain modeling. The user optionally defines the aver mouths
and sketches the most impomant rivers on the werrain, and our ap-
proach generates the complete rver network with the correspond-
ing terrain, as shown in Fig. 1. The wser can also control the mver
metwork and terrain generation with a set of infuitive parameters.
O imethod can repeesent large terrain models sith complex mver
networks and geomorphologically consistent patterms that conform
with observations from landscape and rver science and ver pro-
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Procedural Generation and Rendering of Realistic, Navigable
Forest Environments: An Open-Source Tool
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Figure 1: Sample image frames of scenes generated by the ool during muns configured with four different parameders seis.

Abstract

Simeletion of forest enviranments hos applications from ewteraipmerr and ar! creation o commercial and seientific maod
elling. Due fo the unigue features and Nghting in foresis, @ forest-speciic stmloior 15 desiralle, fowever many carrent for
st rimulators are praprietary or kighty bailered to a particulor application. Here we review several areas of procedural
peneration and rerdering specific do forest generation, and wtilise this do create a peneralited, open-sowce tosl for gemer
aring and readering wfenactive, realistic fovest sceaes. The system ases specialised Lesysiems o geaerale frees which ane
distributed wring an ecosystem sivalation algoritkon. The resaiiing scene v rendered wxing a deferred rerdenwg pipeline, @
Bien-Phong fighting madel with real-time Teaf fransparency and posi-proceseing ighting effects. The resull is a system that
achieves @ balance hetween high patiral realism and vissa! appeel, suitabie for tasks including reining compater visiom aigo
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il media generation. The rr,u,ln'lr arion gad suppeing confipacation fites con be fornd o

P/ github. com ForestGenerator.
CC8 nrlupls
= frodofogies — Comp graphics; Rendering; Mesh models:
1. Introduction The system takes a midkdbe-ground perspective between visual and

Procedural generation amd efficent rendening of vegetaison and
matural environmends 5 a grswing research area in both the en
ftertainment amd commercial industries. Whilst the former s ol
ten concermed with wisual atiractivensss and generation speed
[Marls, Ini20, Lan2i], the latler ofien focuses on neal-world accs
racy ardl generation Rexibility, for purposes such as epvironmental
forecast modelling or simulating real-world locatsns [HEAKDYE,
Kom3ih, Len20, Wirldy].

We here present an open-source Forest Generatar {available with
sumple configurations at [New22]) for procedurally generating and
rendering realisix forests which can be victually navigated in real
time, oo through asynchromms conpecixms with external softwane.
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real-warld scouracy, resulting in an approach that is ideal, for ex
amgple, far training the computer-vision systems of forest navigat
ing robots [HRS13. SMK"HL TGE).

The main conirbuties of this arbcle are teo-fold, Grely, a
brief meview of the existing approaches and lierature in several
aspects of frest generation and rendering (Section 2 )—inchsding
vegetalin generatvn, rendenng oplimisaiim, ecosysiem simula
tions and tree-specific illumiration—and seconcdly, the presenta
tion of 2 system for penerating and redering realistic forest en
viranments. Section 3 gives an averview of the sysiem architeciare
and control flow-——whech uses Lesystems for representing and gen
erating 2 wile rnge of iree types (Section 4), along with a tree
specific ecosystem simulation for realistic scene distributions | Sec

Tree Generation with
Different Algorithms

Terrain Generation with
Hydrology

Navigable Forest
Generation




ProcGen in the Industry
How can this research field be applied?
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The Challenge? Cities!

City generation is one of the most complex procedural tasks, requiring the integration of
multiple systems.

Terrain Generation |< :—

| HeightMaps | User-Designed

[ Terrain Model ] Terrain Map
Road Generation |< :_r_

[ Road Map ] User Road

| RoadModel | Modifications

Lot Subdivision |<
| _Property Plot Mep | User Lot
| PlotObjects | Modifications

Building Generation
| Building Models |

Facade Textures

Output
30 Model
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The Research Gap 2

e Over 1 billion people live in informal settlements (SDG 11)
e Existing procedural tools assume formal planning—grids, zoning, uniformity.
e They fundamentally fail to capture the organic, irregular, and emergent morphology of

slums.
e This creates a critical tooling void for urban planners, researchers, or modelers who may

work on these slums



The Research Gap 3

Below is a list of existing city generators. All of them focus on urban spaces and structured
spaces

O1 Tensor Fields for Roads 02 Fast Building Generation 03 Fully Fledged System
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Utilizes generative rule sets extensively.

Lacks a full framework for lower density
resulting in less finer user control

Focuses on bui|dini generation and keeps
city generation

a grid box-like street structure



Problem Statement

The current state-of-the-art in procedural urban generation cannot
realistically simulate slums.



Objectives

e To analyze and extract spatial and morphological patterns
from existing slum research and datasets.

e To design and implement a procedural generation system
that simulates slum-like settlement patterns using rule-
based logic.

e To enable user-defined spatial inputs (e.g., road networks,
barriers) as constraints within the generation process to
guide slum formation.

e To evaluate the realism and variability of generated
layouts against documented case studies or
morphological benchmarks.
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Research and Data Synthesis
Parameters were derived from a systematic analysis of 10 key academic studies as foundation

values for my model

Focus Areas: Building Density, Street Geometry, Clustering, and Textural Variability.
Methods Used: Object-Oriented Image Analysis (OOA), Satellite Imagery (Quickbird, IKONQOS),

SAR data, and Spatial Metrics

Morphological Category

Building & Footprint Density

Key Finding from Literature

* Very high density (Klotz et al.)

*Model Implementation*

* Cell Fill Probability: 65-85%

» Patch sizes: 0.25-198 ha (Wurm et al.)

* Voronoi Clustering: Log-normal distribution for patch
sizes

Street & Alley Geometry

* Irregular, organic patterns (Klotz, Kuffer)

» Organic Road Generation

* Narrow alleys: 0.5m - 1.5m wide (Wurm et al.)

 Alley Width Parameter: 0.5-1.5m

Patch Clustering Behavior

 High clustering (15-20%) (Klotz et al.)

* Cluster Density Parameter: 15-20%

» Aggregation within 10m (Gruebner et al.)

* Cluster Distance: 10m aggregation rule

 Lack of green space

* Minimal "Empty" Lots

Textural Variability

« High variability in roof types & materials (Klotz, Kuffer)

* Algorithm for Irregular Footprints

* Irregular building shapes

 Variable dimensions, angles, and fragmentation




Algorithm Design 1
(Outside of Prototyping)




Algorithm Design 2

The algorithm transforms simple points into complex, organic settlements through a multi-
stage spatial subdivision process. Illustrated through the Python prototype:

1.Input: User-defined Boundary & Parameters.

2.Seeding & Relaxation: Generate & relax points (Lloyd's
algorithm).

3.Voronoi Skeleton: Create the cellular structure.

4.Recursive Subdivision: Split cells into individual building
plots.

5.3D Mesh Generation: Extrude footprints into volumetric
buildings.

6.0utput: 3D Model ready for export.
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My Software

Instant Generation at Your Fingertips!

Basic-Mode Ul




Multiple Edit Modes

Advanced User Control Capabilities

19A97-ySIH

Boundary Mode Road Mode

19A87-MO

Seed Mode Circumcenter Mode



Demo Time!

Live Software Demonstration



Unit Testing

Unit Testing was validated through 25 suites covering the core modules. Rust’s built-in unit test
functionalities were used

running 25 tests

test test::boundary::tests::test_boundary_generator_placement_constraints

test test::boundary::tests::test_generate_boundary_generators_creates_points ..
test test::export::tests::test_mesh_creation

test test::export::tests::test_mesh_has_positions

test test::boundary::tests::test_generate_road_generators_creates_points ...
test test::boundary::tests::test_generate_road_generators_short_path

test test::boundary::tests::test_generate_boundary_polygon_minimum_vertices
test test::export::tests::test_mesh_has_indices

test test::expnrt::tests::test_mesh_vertex_cuunt

test test::boundary::tests::test_generate_boundary_polygon_creates_vertices -
test test::boundary::tests::test_generate_boundary_generators_empty_boundary ...
test tEEt::mEEhT:tests::test_empty_pulygon_haS_zeru_area -

test test::mesh::testgz:test_pnlygnn_area_calculatinn

test test::export::tests::test_export_header_format

test test::mesh::tests::test_polygon_centroid_calculation

test test::export::tests::test_obj_vertex_format

test test::mesh::tests::test_polygon_to_building_creates_3d_mesh ...

test test::mesh::tests::test_polygon_to_layer_zero_creates_mesh

test test::mesh::tests::test_polygon_to_layer_zero_empty_polygon ...

test test::voronoi::tests::test_point_in_polygon_inside ...

test test::voronoi::tests::test_point_in_polygon_on_edge ...

test test::voronoi::tests::test_point_in_polygon_outside ..

test test::voronoi::tests::test_voronoi_cells_have_minimum_points

test test::voronoi::tests::test_vpoly_creates_skeleton_data ...

test test::voronoi::tests::test_vpoly_handles_single_generator ...

test result: ; passed; © failed; © ignored; © measured; © filtered out; finished in 0.01s

D:\projects\rust\slum_gen_v3>|




Export and Integration

The system exports standard OBJ files, allowing for integration into industry-standard 3D
modeling tools and software (CAD-inclusive).

This means that models created with the software can directly be used!



3D renders of my models created
using Blender 4.1

Ll




Limitations
While technically complete and functional, this system in its current state serves as a

foundation for more sophisticated urban modeling tools.

1.Algorithm Refinement: Core Voronoi/
spacing logic can be optimized for more
better organic patterns and smoother
models

2.Simplified 3D Representation: Basic
building extrusions lack architectural
detail

3.Alley and Pathing: Due to how the
generation pipeline is structured, alleys
do not connect to each other




Future Work

Ways this software can be built upon/improved in future research or development

1.Advanced 3D Modeling
a.lmplement L-systems for detailed facades
and roof structures
b.Add procedural texturing for realistic
materials (corrugated metal, brick, etc.)
2.Intelligent Street Generation
a.lntegrate L-systems or tensor fields
b.Develop hierarchical road networks with
oroper pathfinding
3.Extended Feature Set (Parameters)
a.socio-economic data layers
b.environmental factors (drainage,

topography)




Conclusion

e A novel procedural generator for slums/informal settlements was
successfully developed

e |t fills a critical gap by simulating organic, high-density morphologies
Ignored by existing tools (non-grid structures)

e The system is technically robust, and can integrates with professional 3D
software workflows.

e This tool provides a valuable bridge for urban planning, research, and
visualization; providing a solid foundation for future work




Q&A

Queries regarding the work are
welcome
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