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Abstract

We present a simulation system that can simulate a three-dimensional urban model over time. The main novelty of
our approach is that we do not rely on land-use simulation on a regular grid, but instead build a complete and in-
herently geometric simulation that includes exact parcel boundaries, streets of arbitrary orientation, street widths,
3D street geometry, building footprints, and 3D building envelopes. The second novelty is the fast simulation time
and user interaction at interactive speed of about 1 second per time step.

Categories and Subject Descriptors (according to ACM CCS): Computer Graphics [1.3.5]: Computational Geometry
and Object Modeling—Computer Graphics [1.3.7]: Three-Dimensional Graphics and Realism—Simulation and

Modeling [1.6.3]: Applications—

1. Introduction

In this paper we tackle a new interdisciplinary research
problem that has a significant geometric modeling com-
ponent: geometric urban simulation. While urban simula-
tion has been investigated for many years, even state-of-
the-art micro-simulation systems such as UrbanSim [Wad02,
WBN*03] do not simulate detailed geometric aspects. In-
stead, they use regular grids as spatial data structure. Each
grid cell represents a collection of households and busi-
nesses, but no geometry is simulated. We aim at includ-
ing detailed urban geometry in an urban simulation, such
as exact parcel boundaries, streets of arbitrary orientation,
street widths, 3D street geometry, building footprints, and
3D building envelopes. This will allow us to create 4D cities
i.e. interactive three-dimensional urban environments that
change over time. An example is shown in figure 1.

Our system was motivated by three applications of 4D
cities. The most important application is the creation of dy-
namic content for interactive entertainment, especially for
the emerging 3D Web. For example, metaverses such as Sec-
ond Life and massive multi player games such as World of
Warcraft all are experimenting with the inclusion of dynamic
contents. The second application is educational gaming to
teach students about sustainability in urban systems simi-
lar to the famous simulation SimCity. We can enrich vir-
tual worlds by simulating time-depended phenomena such
as urban growth, transitions in land use, changes in build-
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ing density, changes in the wealth and cleanliness of urban
neighborhoods, and changes due to transportation policies or
infrastructure. The third application is to make urban simula-
tion more comprehensible by visualizing alternative futures
of urban environments.

We believe that the best approach to tackle the problem is
to make the simulation inherently geometric. We therefore
create an urban simulation system by integrating geometric
rules and decisions for street expansion, traffic computation,
land use simulation, lot subdivision, and building envelope
construction. Our solution focuses on quickly recreating ur-
ban patterns such that medium size cities can be generated
interactively (which is significantly faster than existing sim-
ulations). Please note that we limit the scope of this paper
to show how to use urban simulation as an efficient model-
ing tool for computer graphics. The question that we try to
answer is how to model the three-dimensional geometry of
urban environments as it changes over time. Only in future
work we want to evaluate how urban planning applications
can benefit from our faster and more detailed simulation.

The main contributions of our work are: (1) We extend
previous procedural urban modeling methods in computer
graphics by modeling cities over time. Instead of creating a
single static city, we can create a sequence of urban config-
urations. (2) We are the first to propose an urban simulation
system that includes realistic geometric configurations that
are not forced into a regular grid. This leads to a significant
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Figure 11: Based on the land use type and price of a lot
we can compute the final building envelope. Here, the colors
indicate the land use types and one square corresponds to
5x5 meters.

of the existing building and the price of a potential new
building lot[i].price. We model a substitution probability
Psub(lot[i]) = fi(lot]i].age) + fo(Aprice) using user selected
functions f| and f, (see previous section) and compute ac-
tual replacements via sampling.

6. Results

The goal of this section is to evaluate 1) simulation speed, 2)
realism by comparing to a real environment, and 3) model-
ing expressiveness by demonstrating the simulation of time-
dependent phenomena.

Speed: We recorded the speed as a function of the number
of streets for the simulation shown in figure 4 on a 2Ghz PC.
The final city has 3005 streets and the total simulation time
is 58.3 seconds (see figure 12).

Figure 12: For each simulation step of a growing city we
show the computation speed. On the x-axis we list the num-
ber of streets in the city at a given simulation step and on the
y-axis the simulation time in milliseconds for traffic simula-
tion, land use simulation, and total simulation time.

Realism: We conducted this test to evaluate the similarity
of our land use patterns to real data from Las Vegas. This test
should demonstrate that our simulation framework is flexible
and can be configured to produce realistic growth patterns.
We chose Las Vegas because it is one of the fastest grow-
ing cities in recent times and the growth is well documented.

We started with an old map from year 1950 of Las Vegas and
continued to simulate growth for 25 years and compared it
to the real land use data (see figure 13). The result has an ex-
tent of 20 square kilometers. Our simulation was designed in
about two hours by experimentally tuning parameters. Dur-
ing the simulation, we only made two interactive changes:
After 10 years of development, we moved the city center
in South direction and added two growth centers to invoke
the elliptic East-West development. We implemented a ver-
sion of Wei et al.’s texture similarity metric [WHZ"08] for
a quantitative comparison of the simulation image /S to the
ground truth image GT. Both images use integer values to
encode different land uses. For each pixel in /S we construct
an n X n pixel neighborhood and find the most similar neigh-
borhood in GT. To compare two neighborhoods we compute
the percentage of identical values:

Similarity(X,Z) =Y (sim(xp,zp))/NumPixelsInX (12)

peX
1 nxn
sim(xp,zp) = P Y (i) == zp(i)) (13)
i=1

where X and Y are the images that should be compared, p is
apixel in X, xp a pixel neighborhood around p, z), is the best
matching neighborhood for xj, in Y, and == compares to
values and returns 1 if they are identical (O otherwise). Intu-
itively Sim measures the average similarity of two images. In
table 4 we show the results for computing Similariy(1S,GT)
and Similarity(GT,IS).

neighborhood size 4 8 12 16 25

Similarity(IS, GT) 0.99 093 0.87 0.82 0.74
Similarity(GT,IS) 098 092 086 08 0.72

Table 4: The average similarity of the simulated city com-
pared with the ground truth data. The best possible value is
1.0 which indicated 100% similarity. We used textures of size
238 x 178 for the comparison.

Time-dependent Phenomena: The most important time-
dependent phenomenon is urban growth. We show an ex-
ample of a fictional European city in figure 1 and show the
screen shots from our interactive simulation environment
rendered in real-time. Figure 15 completes this series and
shows a final close-up view of the same city. We simulated
Las Vegas (figure 13) as an example of urban growth in a
Western American city. In figure 14 we show two tempo-
ral phenomena on a small scale. On the left we show how
lower density residential buildings are replaced by higher
density residential ones. On the right we show a transition
of a city based on sustainable development. A third transi-
tion is shown in the additional material from a residential
area to a commercial one.

Editing: The fast simulation speed allows us to integrate
user interaction with simulation. For example, our frame-
work allows the user to change and insert streets and to
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