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Abstract

We present an approach to procedural generation of ‘pseudo infi-
nite’ virtual cities in real-time. The cities contain geometrically
varied buildings that are generated as needed. The building gen-
eration parameters are created by a pseudo random number gener-
ator, seeded with an integer derived from the building’s position.
The varied building geometries are extruded from a set of floor
plans. The floor plans for each building are created by combin-
ing randomly generated polygons in an iterative process. A display
list caching and frustum filling approach manages the generation of
buildings and the use of system resources. This approach has been
implemented on commodity PC hardware, resulting in interactive
frame rates.

CR Categories: I.3.5 [Computational Geometry and Object Mod-
elling]: Geometric algorithms—; E.1 [Data Structures]: Lists,
Trees; G.3 [Probability and Statistics]: Random number generation;
I.3.7 [Three-Dimensional Graphics and Realism]: Virtual reality
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1 Introduction

This work is motivated by the desire to generate visually interest-
ing virtual cities with highly diverse and complex buildings that
are composed of simpler elements. A generated virtual city can be
freely explored from a first person perspective. It is self-contained
and neither imports nor exports geometry.

A procedural generation approach is used to create these virtual
cities. Pseudo random numbers in combination with algorithms
generate a variety of buildings and streets that create the impres-
sion of a city. To increase diversity, individual buildings are gener-
ated on the fly as they are encountered by the user. As a result the
city expands to an extent that would require a ‘lifetime’ to explore,
which we term pseudo infinite.

Procedural generation techniques are widely used in computer
graphics to model systems of high complexity. Many of these tech-
niques target the generation of natural phenomena in high complex-
ity and detail to achieve realistic results. Procedural generation can

be computationally intensive and is not commonly used in real-time
systems to generate entire virtual worlds. However, advancements
in processing speed and graphics hardware make it now possible
to procedurally generate three-dimensional models in real-time on
commodity hardware.

Procedural geometry generated on the fly cannot be prepro-
cessed for performance by the same methods used for static ge-
ometry. To achieve stable frame rates and smooth, coherent naviga-
tion our approach uses view frustum filling and cached display lists.
View frustum filling determines which geometry to draw on the
screen. Display list caching manages the generation of the three-
dimensional content and frees resources no longer in use.

Real-time procedural generation has great potential for applica-
tions in education, architecture, simulation, entertainment or the
playful pursuit of interesting imagery. Virtual worlds that are proce-
durally generated have desirable characteristics such as high degree
of visual variety, flexibility and pseudo infinite extent.

This paper is divided into six sections: Section 2 provides an
overview of related work. Section 3 discusses procedural genera-
tion of floor plans and buildings as well as techniques such as view
frustum filling and hashing to generate and display virtual cities
in real-time. Section 4 provides an overview of OpenGL display
lists and how they are used for geometry caching. Section 5 dis-
cusses the test results of experiments regarding the performance of
city generation, building generation and LRU (least recently used)
caching. Concluding remarks and areas of further work follow in
Section 6.

2 Related Work

Procedural generation has a long tradition in the field of computer
graphics. Techniques include noise [Perlin 1985], fractals [Mandel-
brot 1977], L-systems [Prusinkiewicz et al. 1990] and shape gram-
mars [Stiny 1975]. These techniques are common components of
systems that generate entities such as clouds [Pallister 2000], trees
[Oppenheimer 1986] and other natural phenomena.

Macri and Pallister [Macri and Pallister 2000] describe the pro-
cedural generation of a three-dimensional landscape with trees and
clouds, all based on Perlin noise [Perlin 1985]. Their prototype
demonstrates a procedurally generated terrain with trees and two
dimensional cloud layer. The terrain can be freely explored on the
horizontal plane in real-time and expands around the user’s point of
view.

A system called ‘CityEngine’ [Parish and Mueller 2001] uses ex-
tended L-systems to generate entire city models. The system uses
a hierarchical set of rules to generate street patterns and buildings.
The ‘CityEngine’ does not support the generation of building ge-
ometries in real-time, but facilitates VRML export functionality.

‘The Other Manhattan Project’ [Yap et al. 2001] describes tools
for automatic generation of ‘Manhattan like’ cities based on statis-
tical parameters.
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Figure 1: Real-time procedural virtual city

Semi-automated systems to reconstruct the interior of buildings
from two dimensional architectural floor plans have been proposed
[So et al. 1998]. Common tasks of wall extrusion, object mapping,
and ceiling and floor reconstruction are automated, but still rely on
user input. The end result is a three-dimensional model that can be
exported to VRML.

Lecky-Thompson [Lecky-Thompson 2001] explains the princi-
ples of seeded random number generation in relation to procedural
content generation of ‘infinite’ computer game worlds. The princi-
ples are discussed in terms of two-dimensional examples.

Alexander [Alexander et al. 1977] describes construction pat-
terns for the methodical creation of interior and exterior design of
cities, buildings, streets and gardens in various levels of detail. Al-
though these patterns are not organized in a format that can be
directly utilized by computer software, they do provide a useful
guideline to identify significant parameters that govern the visual
appearance of objects and structures.

3 Procedural City Generation

We present a system that generates pseudo infinite virtual cities
which can be interactively explored from a first person perspective.
An example of one of our cities is given in Figure 1. All geomet-
rical components of the city are generated as they are encountered
by the user. The shape of a building is determined by its location.
If the user returns to a particular location the same buildings will
be present. Only buildings and streets which surround the view-
point are generated and stored in memory. Accordingly, buildings
that drop out of the viewing range are deleted and the memory re-
claimed. As a result, the amount of information stored in memory
remains roughly constant, even though the virtual city has no ap-
parent boundaries and can be explored to a pseudo infinite extent.
A similar approach for landscapes has been outlined by Maurice
Danaher [Danaher 2002].

3.1 View Frustum Filling

Real-time 3D applications often use view frustum clipping algo-
rithms to constrain rendering to geometry visible from a particular
viewpoint. In the context here the problem is formulated differently.
Our aim is to fill the view frustum with procedural geometry rather
than cull hidden, existing geometry.

We use the term view frustum filling to describe the restriction
of procedural generation to parts of the virtual world located within
the camera’s view. In our example of a virtual city, view frustum
filling is implemented to determine the visibility of virtual world
objects before generation.

The approach to view frustum filling we have used is to divide
the terrain into square cells on a 2D grid. Each cell represents a
proxy for its procedurally generated content. The cells are arranged
in square loops around the camera’s position located at the cen-
ter. Cells are tested for potential visibility before their content is
generated and drawn. Each cell in our virtual city contains either
buildings or streets.

The potential visibility of a cell is determined by the angle be-
tween the cell and viewing direction, as well as the distance from
the camera. In our implementation only the content of cells located
within a 120◦ viewing angle and a distance of loops× cellsize are
considered visible. Figure 2 shows the visible cells in the viewing
area from a bird’s eye view.

Figure 2: View frustum filling
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