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Resumen

En las etapas de planeacién y evaluaciéon de proyectos de
infraestructura es necesario manejar grandes cantidades
de informacién. Las ciudades son sistemas complejos
que deben ser modeladas para ser intervenidas. Estos
modelos permitirdn medir el impacto de los cambios de
infraestructura, simular escenarios hipotéticos y evaluar
resultados. Este articulo describe una metodologia para
generar automaticamente modelos espaciales urbanos
desde fuentes SIG. Un diagrama de Voronoi es usado
para dividir grandes regiones urbanas, y a continuacién
definir las zonas de interés. Finalmente, algunos ejemplos
de modelos de aplicacién son presentados, uno usado
para microsimulacién de trafico y el otro para simular
contaminacion atmosférica.

INTRODUCTION

The spatial data representation of urban systems is a useful
tool for the planning and evaluation stages of an infrastruc-
ture project; however, it presents several challenges. Such
models allow us to measure the impact of changes, simula-
ting hypothetic scenarios and evaluating results. Challenges
remain: the data may be heterogeneous, it may be unordered,
or may come from multiple sources. The classical Geogra-
phical Information Systems (GIS) approach uses layers as
data representation units; each layer is related to a subject,
and many layers can be overlapped to show a variety of sub-

Key words

Software development, Geographic Information Systems,
ground transportation-Planning-computer simulation, ur-
ban development.

Abstract

In the planning and evaluation stages of infrastructure
projects, it is necessary to manage huge quantities of in-
formation. Cities are very complex systems, which need
to be modeled when an intervention is required. Such
models allow us to measure the impact of infrastructure
changes, simulating hypothetic scenarios and evaluating
results. This paper describes a methodology for the auto-
matic generation of urban space models from GIS sour-
ces. A Voronoi diagram is used to partition large urban
regions and subsequently define zones of interest. Finally,
some examples of application models are presented, one
used for microsimulation of traffic and another for air po-
llution simulation.

jects. The classical approach offers overlapping layers for
the same space, though when a specific spatial partition is
required the data integration may not be that efficient if the-
re are many layers. We propose a data representation model
based on spatial partitions, which saves several complex fea-
tures from the specific urban space. Also the proposed data
model offers a hierarchical structure that may be easier to
understand than a classical approach.

This paper presents a methodology for the generation of
a spatial data model; and two implementations showing use
cases of the proposed model’s functionality. This paper is or-
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Figure 1. Data Processing Application Screenshot.

ganized in the following way: the first section reviews some
previous works in urban representation schemes. The second
section exposes the methodology for the construction of the
model. The third section shows an example of its implemen-
tation in an urban landscape and showcases two different
modeling applications using our methodology as a basis, an
urban traffic simulator and an urban air quality simulation.
Finally, some conclusions are presented.

RELATED WORK

Geographic Information Systems (GIS) have two types of ge-
neralizations: cartographical and model-based generalizations
[1]. The former is a constraint-based process used by carto-
graphers to reduce the complexity of maps in scale reduction
processes, whilst the latter is used in many application areas
for structuring elements for many other cartographic objects
[2]. Cartographical and model-based generalizations may be
combined in order to help cartographers and urban planners.
Some examples of this are shown in this section.

In [2], we present a model generalization approach, based
on a computational application of graph modeling principles,
which is a functional representation of a city based on a street
network and its main objective is retaining the main charac-
teristic elements of a given street network. Vertices represent
streets and edges represent intersections. The proposal is va-
lidated using a middle-sized Swedish city, Satra. CityGML is
an open data model for the representation of virtual 3D city
models [3] and is based on the Geography Markup Langua-
ge. CityGML is an international standard issued by the Open
Geospa- tial Consortium (OGC). It includes object semantics
added to the shape and graphical appearance of city models.
The semantic features include entities to support navigation,
tourism, environmental protection, architecture, and urban
planning.

MODEL AND DEFINITIONS

PARTITION OF THE URBAN SPACE FOR SCALABILITY
AND DISTRIBUTION

The following model proposal is made in order to achieve a
design of an urban space, supporting distribution and scalabi-
lity, allowing the development of a microsimulation capable of
handling entire cities or big portions of them depending on the
processing capacity available. Hence, the overall time for the
simulation depends on the most complex, and therefore more
computationally expensive partition of the region of interest.

Definition and Generation:

We chose road intersections as computational units of the
model, because it is precisely at such intersections that the
most complex mobility phenomena take place. For this rea-
son, the partition of the urban space is based on two-dimen-
sional points which represent each intersection in the road
network. A Voronoi diagram [4] is constructed based on these
points, generating a convex polygon around each intersec-
tion. Before building the polygon, clustering algorithms ba-
sed on the Euclidian distance may be applied to the intersec-
tion points, avoiding an excessive division of the urban space
(for example, a cloverleaf interchange). The area enclosed
by each polygon may be simulated in separated processors.
Fig. 1 shows the Voronoi polygons drawn over the GIS data.

Handling the Distribution Issues (shared regions):

In order to synchronize the results between distributed simu-
lations, a method of sharing information between neighbor
intersections is required. Therefore, shared regions have been
defined between every pair of adjacent polygons, and they
are calculated automatically in the data entry step.

There are two types of shared regions associated to a Voro-
noi polygon. The first is a subset of the polygon located near
to its boundaries. Changes on the variables inside this subset
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Figure 2. Urban Mobility Simulator. Voronoi Polygon and Shared Regions

must be replicated to the corresponding neighbor intersec-
tion. The second type is a region outside the polygon near to
its boundaries. This space is controlled by the neighbor po-
lygons and it must replicate the information of the neighbor
polygons. Fig. 2 illustrates the region encased in the Voronoi
polygon (dark grey) and the shared regions with neighbor
polygons (white).

The automatic generation of the shared regions is contro-
lled by a reference distance, which determines the size of
the shared regions. A group of parallel lines to the Voronoi
polygon at reference distance to each side of it defines a
corresponding enlarged, shared polygon. The intersections
between each neighbor enlarged polygon and the current po-
lygon define the first type shared regions. The intersections
between the current enlarged polygon and each neighbor po-
lygon define the second type ones.

URBAN MODEL: STRUCTURING THE VORONOI
PoLycoN

We propose three categories of elements for describing the
content of a polygon: zones, stretches networks and point
objects.

Zones:

A zone is a two-dimensional connected division of the Voro-
noi polygon, so it is not necessarily a convex polygon. Zones
represent abstractions on the urban space; they have special
characteristics which make them important to urban mode-
lers. Zones do not define partitions over the Voronoi polygon;
there are points in the polygon which do not belong to any
zone, and there are points which belong to multiple zones.
The sources for these zones are specific layers from GIS fi-
les that contain polygons or multi-polygons, and sometimes
lines or polylines; the sources also hold important features
such as cadastral registers. Next, we describe the principal
zone types:
» Block: Blocks are the smallest area surrounded by streets.
» Property (land lot): Properties are divisions of a block.
There may be buildings on them; GIS data contains the
height of buildings on each property, if there are any.
» Street: Streets are areas where vehicles may move. Streets
do not always belong to the road network.
» Sidewalk: Sidewalks is a pedestrian’s pathway located
along a street.
* Plaza (Town Square): Plazas are public open spaces,
where people may gather and interact.
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* Horizontal signs: The horizontal signs are two-dimensional
regions that affect the mobility of mobile actors from one
or more types. Generally they are marked on the pavement.

* Anomaly: Anomalies represent urban areas where order
has been broken. They may refer to, for example, structu-
ral damage on a street.

Stretches and Stretches Networks:

A stretch (also called segment) is a zone where mobile actors
may move. A stretch has a direction of movement, which in-
dicates the course of movement of mobile actors using the
stretch. A stretch may even have two directions of move-
ment, like a highway with more than two lanes.

A stretch network is a composition of stretches. Stretch
networks determine the movement space for mobile actors
(for example, automobile networks, pedestrian networks,
subway networks, etc.) Hence, a stretch network is also as-
sociated to a mobile actor type. The stretches data sources
are lines and polylines with direction of movement, common
nomenclature, number of lanes, etc.

Point Urban Objects:

A point urban object represents the space positioning of
an urban object of interest. Examples of objects of interest
which may be represented in this way are trees, street lamps,
utility poles or sculptures. However, we identified vertical
traffic signs as the most relevant point objects, because of
their influence on urban mobility. We identified two types of
such signs.

« Passive vertical signs: passive vertical signs do not chan-
ge over time. Examples of this kind of sign are warning
signs and restrictive signs.

« Active vertical signs: active vertical signs present a pro-
grammed behavior. Examples of this kind of signal are
traffic lights and railroad signs.

URBAN SPACE METHODOLOGY: IMPLEMENTATION
AND USAGE

FORMAL METHODOLOGY

Using the following process enables the creation of an urban
space model based on geographic information from a Geo-
graphic Information System (GIS). There are optional steps
because not all simulators need all the steps; however, many
simulations require discrete representations and/or shared
regions.

Function Definitions:

* degree(v): returns the degree of vertex v
* euclidDistance (p, p'.): returns the euclidean distance
between points p, and p



» isConvexPolygon(r): returns true if polygon r is convex,
false otherwise

» squareTiling(R?): defines a regular squared lattice parti-
tion over a plane region

» center (c): calculates the center of the square c

« distEPPol (p,pol): calculates the lowest distance between
a point and a the polygon.

Methodology:

I. Astretch is a straight segment on a road network.

II. Each road network stretch is represented by a line seg-
ment S, where is the segment set. Let points p, and p, be
end points of S,, then only two spatial dimensions will be
considered in their representation (latitude and longitude).

1L For (VS,, S, € S|(3p,lp,, € S, APy, €S)) four line seg-
ments will be created and added to S with end points S, :
(pAi’ pM)’ SBi:(pM’ Py ), SAj: (ij’ pM)’ SBj:(pM’ ij)' Then Si
and S; are eliminated from S, and any segment with the
same initial and end points is eliminated from S also.

VI. A planar graph Gv < A,V > is built, where V' = {v: (35, €
Slp,; = v VpBi=v)}and A = {a:(3S, € S{p,,, p,}=a)}.
Thus, (Wv € Videgree(v) > 0).

V. (Optional) A clustering algorithm is applied to V grou-
ping elements of V with elements of A in common and
with a small Euclidean distance. A geometric average
point is calculated for each group and it is added to V.
Then, the points of each group are eliminated from V.
The elements of A whose two vertices were eliminated
are also eliminated. The elements of A whose one vertex
was clustered, replace the vertex with the correspondent
average point.

VI. A partition over V is defined in the following way:

» End Points = {v:v € V A degree(v) =1}
* Unions = {v:v € V Adegree(v) =2}
+ Intersections = {v:v € V A degree(v) > 2}

VII. A Voronoi Diagram Vor(V) is built defining on the planar
graph V planar regions: R={r: (Vp € rlp € R? A (3v €
VI(Aw e VleuclidDistance(w,p) <euclidDistance(v,p))))}.
These regions are a partition over R? With such a de-
finition, we can assert the existence of two bijective
functions between elements from R and elements from
V, point(r)and region(v). Construction ensures (Vr €
RlisConvexPolygon(r)}, (Vr € R|(Aw e V|w #point(r) A
w € r)) and (Vr € R|(3p € r|(Ja € AlisNode(a,point(r))
Ap € a)V (Fa € Al-isNode(a,point(r))A p € a))).

VIII. A set of two-dimensional regions (zones) are created
over each element of R. This defines the function zones(r).
Zones are polygons where isConvexPolygon(zones) is
not always true. A zone is defined by a functional charac-
teristic of the city, for example blocks or parks. As such,
zones’ definitions could be expanded when a functional
characteristic of the city needs/wants to be exposed. Fur-
thermore, zones could overlap, so they are not a partition
over an element of R.
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IX. (Optional) Another partition is defined over R?. In this
case, it is a regular squared lattice defining C = {c : c €
squareTiling(R?)}. If the phenomenon of interest must be
modeled in three dimensions a cubic lattice can also be
defined.

X. (Optional) A partition over C is defined as follows: I =
{i: (Vc eilc e CA(Ir e Rlcenter(c) € r))}. Thus,
each element of I defines a discrete polygonal area rela-
ted to an element of R. This defines the bijective function
discretePolyg(r) that returns the corresponding element
from I.

XI. (Optional) Each element of C, from an I element re-
lated to a region r, is related to a set of elements of
zones(r). zones(c) = {z:(3r e R, i € I|z € zones(r) N i =
discretePolyg(r) A c € i A center(c) € z))}

XII. (Optional) Shared regions are generated as follows:

« E={e:(Vced|e
C A (3r e discretePolyg(r) V distEPPol(center(c),r) <
D))}. E is not a partition of C. Each element of E is a
discrete polygon related to an element of R. This defi-
nes the bijective function enlargedDiscretePolygon(r)
that returns the corresponding element from E.

 Taking two different elements, or R called r1 and r2,
two regions are defined between them as follows:

c:c € C A c e discretePolygon(r1)A
c € enlargedDiscretePolygon(r2) }
c:c € C A c e discretePolygon(r2)A

c € enlargedDiscretePolygon(rl) }

Sh1(rl,r2) = {

Sh2(r1,r2) = {

Hence, the first shared region defines elements of C that
belong to one polygonal region 1, but they must share
the information with another polygonal region r2. And
the second shared region defines elements of C that
despite belonging to another polygonal region r2, must
update their information to the region r1.

IMPLEMENTING THE MODEL

A sample application extracting the data required for our mo-
del was made using GIS data from the Colombian city of Bo-
gotd. The implementation was divided into three steps: data
entry, data processing and data persistence. The application
was developed using Java for the data entry and data proces-
sing steps and MySQL for the persistence step. A preliminary
step is required to guarantee the data quality and the conflic-
ting data points from the different data sources. To accom-
plishing this, interactive software tools were developed to
manually alter the GIS data.

The data entry step reads the GIS data containing the re-
quired information, using an open source GIS processing
API, GEOTOOLS [5]. GEOTOOLS opens GIS files and ma-
nipulates their data as a Java collection. After loading the re-
quired files, the data processing step transforms the original
GIS data to generate the nodes for creating the Voronoi dia-
gram and the zones are structured into Voronoi polygons and
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finally, specialized objects are created to contain the proces-
sed data. Some basic operations such as data format conver-
sions, concatenation, grouping or relating are necessary for
data processing. Fig. 1 shows the data processing application
in action, after dividing the urban space in Voronoi polygons.
Finally, in the data persistence step, the generated objects are
persisted using the DBMS MySQL.

USING THE MODEL: URBAN MOBILITY
MICROSIMULATION

We are developing an urban traffic microsimulator in order to
introduce psychological traits and other behavior patterns in
mobile agents; for example, motor vehicles and pedestrians.
Microsimulations are computationally expensive because
they simulate a great quantity of agents, so an adequate spa-
ce partitioning method is required for the distribution of each
space partition to available processors [6]. Therefore, our
urban model is useful for these kinds of simulations. Each
Voronoi polygon and its related agents may be processed by
a different CPU. Microsimulations involve dynamic elements
known as agents; each of these agent needs to know its po-
sition and its surroundings in order to calculate each step in
the simulation. To facilitate this a discrete Voroni polygon
is used which generates a series of equal-sized square par-
titions known as cells. Each cell contains information about
overlapping zones, signs and mobile actors. Fig. 3 shows
a Voronoi Polygon with information relating to blocks and
streets. It also shows the discrete partitioning in cells 0.5 me-
ters wide.

oy

Figure 3. Right, Urban Mobility Simulator. Left, Cell Partitioning.

Figure 4. Urban Air Quality Model, Voronoi
Polygon Rendered Buildings.

UsING THE MODEL: URBAN AIR QUALITY
MODELING

We are also developing an Air Quality Model (AQM), in
order to provide a Computer Fluid Dynamics infrastructu-
re based on the Lattice Boltzmann Method (LBM), to an air
quality simulator. The AQM needs information about the
land lots and the buildings on them, and the streets on each
Voronoi polygon, in order to feed the LBM with a group of
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solid obstacles which oppose the air flow. It is planned for the
AQM to be supplied with sources of pollutants from the urban
mobility simulator, using the automobile vehicle actors. Fig.
4 illustrates a Voronoi Polygon with rendered buildings from
the land lots data and air parcels over the streets space.

CONCLUSIONS

A methodology for generating an urban model based on spa-
tial partitions of existing GIS data was proposed in order to
support distributed applications, for example, micro simula-
tion-based models for urban phenomena.

The strategy of using intersections to systematically divide
the city GIS representation and the use of Voronoi diagrams
have offered good results. The geometric features of Voronoi
diagrams allow us to extend the model naturally in order to add
in concepts such as neighbor intersections and shared zones.

The presented implementation supports the construction
of models for distributed simulations. Two examples of such
simulations were presented: a microsimulation of urban mo-
bility phenomena and an air quality simulation. Whatever
potential this automatic approach may have, it also exposes
the need for interactive software tools that can help us com-
plete missing data from the GIS data frequently available in
developing countries.
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