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1 Laboratory of Geographic Information Systems, Ecole Polytechnique Fédérale de
Lausanne (EPFL), 1015 Lausanne, Switzerland

2 Urban Design Studies Unit, Department of Architecture, University of Strathclyde,
131 Rottenrow, Glasgow, G4 ONG, United Kingdom

Abstract. This paper presents a methodology to compute an innovative
density indicator of spatial events. The methodology is based on a modi-
fied Kernel Density Estimator (KDE) that operates along road networks,
and named Network based Kernel Density Estimator (NetKDE). In this
research, retail and service economic activities are projected on the road
network whose edges are weighted by a set of centrality values calculated
with a Multiple Centrality Assessment (MCA). First, this paper calculate
a density indicator for the point pattern analysis on human activities in
a network constrained environment. Then, this indicator is modified to
evaluate network performance in term of centrality. The methodology is
applied to the city of Barcelona to explore the potential of the approach
on more than 11,000 network edges and 166,000 economic activities.

1 Introduction

Most of the conventional indicators and spatial interpolation techniques use Eu-
clidean distances for space characterization [21]. In the urban environment, these
approaches do not take into account the road network constraint and its influence
on the location of spatial events.

KDE is widely used as a spatial smoothing technique in many fields such as ge-
ography, epidemiology, criminology, demography, hydrology and others (Anselin
[1]; Borruso [4]). In a recent work, Porta et al. [18] extended the use of planar
KDE to examine whether the variation of street centralities was reflected in the
intensity of land uses. Recent developments of the same idea have stressed the
network constrained nature of some classes of point events such as crime occur-
rences or car accidents, therefore exploring the advantages of computing density
on the network (Network based Kernel Density Estimation, or NetKDE) rather
than in the planar space (see Ch. 1.3).

Like these recent works, this paper examines a network oriented approach to
density, but still operated over the 2D space, like the conventional Kernel Den-
sity. The research was carried out by computing NetKDE on two kinds of spatial
entities within the city of Barcelona: firstly, retails and services represented as
points; secondly, the road network represented as polylines weighted by a set of
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centrality values resulting from a Multiple Centrality Assessment (MCA) of the
same road network (see Ch.1.2).

This paper is divided in three parts. First, the theoretical background of
KDE, of network centrality and of the novel NetKDE is presented. Secondly, the
methodology to implement NetKDE is explained. And finally, the results of its
application to the city of Barcelona case study are presented and discussed.

1.1 Kernel Density Estimation

KDE is a statistical process used for spatial smoothing and/or spatial interpo-
lation [25]. This paper uses KDE to transform the road network MCA measures
and the distribution of activities to a common spatial unit (the raster grid).
This allows subsequent visual correlation analysis. It is also recognized that the
function of density is a means to present analysis and illustrations of complex
and technical data in a clear and understandable way to the non-mathematicians
[20].

KDE is a well known tool in urban studies. Anselin [1] used the KDE for
spatial analysis of crimes to visually simplify their location and to examine the
complex characteristics of criminal incidents. Gatrell [13,14] analyzed spatial
first-order variation in disease risk with kernel functions. Borruso [4] showed that
the KDE applied to an urban system (a density analysis of addresses) allowed
a better representation of the phenomenon. He also found out that KDE is less
sensitive to size, position and orientation than grid density estimation (GDE).
Thurstain-Goodwin and Unwin [22] applied KDE to zip codes data to obtain a
continuous surface of density. Associated with indicators of centrality, the kernel
density allowed calculation of a composite urban centrality indicator applicable
to cities.

KDE is a function balancing events accordingly to their distances and required
two parameters. The first is the bandwidth, which is the distance of influence.
The choice of the bandwidth has a great impact on the results, some authors
used a least-squares cross validation to select the bandwidth [19,24]. Others as
Brundson [5] proposed an adaptive KDE with a bandwidth changing accordingly
to the cloud of points structure. The second parameter is the weighting function
K, which is most often a normal function. Authors agreed that the choice of this
function is less critical than the choice of the bandwidth [13].

The technology development of the last decade results in new opportunities in
GIS research. Miller [15] pointed out that the hypothesis of a continuous space
is too strong for the analysis of events which take place in a one-dimensional
sub-space created by a network. Similarly, Batty [2] showed that GIS prevent
Euclidean space from being distorted by the constraint of the road network. He
also noted that though road network representation is no longer a challenge,
further developments on GIS have to take into account this constraint.

1.2 Network Centrality

The urban network has been the object of numerous studies. Its origins can
be traced back to Leonhard Euler’s solution of the Knigsberg bridges problem,
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after which the theory of graphs and complex network has been rapidly growing
(Euler [11]). Freeman [12] was one of the first researchers to define sets of indices
to measure how central is a node with respect to all others. Nowadays, because
of this virtually unlimited capacity to represent relationships in most diverse
real systems, networks are used in a variety of fields such as ecology, genetics,
epidemiology, physics, communications, computing, urban planning and many
others (Costa et al. [6]).

The specific category of geographical networks is characterized by nodes with
well defined coordinates in an embedded space, like street networks.The geography
of centrality on such networks has been explored by means of a Multiple Centrality
Assessment, as defined by Porta et al. [17]. The main characteristics of MCA are:
(1) a ’primal’ format for the street network; (2) a metric computation of distances
along the real street network; (3) an attribution to each street of diverse centrality
values (Crucitti et al. [7]). This paper presents only one of those computed indices,
namely betweenness centrality (BetC). BetC is based on the idea that a node is
more central when it is traversed by a larger number of shortest paths connecting
all couples of nodes in the network. BetC is defined as:

CB
i =

1
(N − 1)(N − 2)

∑

j,k∈N ;j �=k;j,k �=i

njk(i)
njk

(1)

where njk is the number of shortest paths between nodes j and k, and njk(i) is
the number of these shortest paths that contain node i.

1.3 Network Based Kernel Density Estimation

NetKDE use similar mathematical formula as KDE, but uses distances measured
along a network rather than Euclidean distances to compute density values.
NetKDE is applicable to polylines and points. Both are balanced by the distance
between an event and the point at which the density is estimated.

A study on road accidents demonstrated ”the risks of false positive detection
associated with the use of a statistic (K-function) designed for planar space to
analyze a network constrained phenomenon” [27].

Borruso [3] suggested an analysis of density in the space created from the
urban network. His network constrained density indicator, named NDE (Network
Density Estimation) was applied to the cities of Trieste (IT) and Swindon (UK)
for activities related to banks and insurances. He showed up that ”the difference
between the KDE and the NDE was not very high, but NDE seems to be more
proficient in highlighting linear clusters oriented along a street network”. Borruso
also pointed out that the NDE performed better than KDE for the identification
of linear patterns along the network. However, the calculated density does not
take into account a distance weigthing function such as that of standard KDE.

Xie and Yan [26] came back to an investigation of car accidents as a cham-
pion case of network constrained point events: they developed a methodology to
reduce the planar 2D KDE to a linear 1D measurement on the basis of a linear
unit of conventional length, or ”lixel”. This reduction however also reduced the
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real meaning of applying a kernel function, as a simple evaluation of the number
of events per linear unit provides far more precise results. Moreover, this study
concluded that planar 2D KDE overestimated density as compared with their
network KDE. While this conclusion is brought over figures, these are hardly
comparable being in different space units (respectively pixel and lixel).

Finally, Okabe [16] developed a KDE to estimate the density of points in a
network in order to detect traffic accident hot spots. Three kernel functions were
proposed, among which two were unbiased and successfully explained mathemat-
ical properties. These functions were implemented in a GIS and are available in
the SANET extension. Nevertheless, the calculated density values are attributes
of the edges and are not generalized to the entire area of the network.

The methodology of this paper, develop more further the one proposed by
Porta [18]. It calculates a NetKDE for both point and linear features. However,
the NetKDE operates by extending the bandwidth distance along the street
network rather than linearly across the space. This methodology is close to the
one used by Downs and Horner [9,10] in traffic accident and animal home range
analysis.

2 Methodology

The methodology developed has to deal with very large datasets and has to
produce results within reasonable laps of time (around a day for the proto-
type). Network calculations are time consuming. One simple way to increase the
efficiency of scripts is to store data in a specialized relational database man-
agement system (RDMS). A RDMS has optimized SQL tools and functions to
improve searching and editing of spatial elements and attributes. For the cur-
rent project, the standard ESRI shape files (.shp) were converted to a PostGIS
format (PostgreSQL) using the translating function shape2pgsql. The recovery
of spatial objects is made within PostGIS, external Python scripts are used for
different calculations, and interactions between data and scripts relied on the
Psycopg API. (Figure 1).

The implemented algorithm uses three main input files. The first one is the
road network with centrality values calculated by a MCA. This network has a
clean topology and each node has a unique identifier (ID). The second one is
constituted of the activities in the studied area, and the last one is the grid of
points used by the KDE and the NetKDE. The KDE of activities and the KDE of
edges centrality are calculated with ArcGIS. Secondly, on the basis of a PostGIS
database, different Python scripts project activities on network edges, compute
shortest path tree (SPT), and compute NetKDE of activities and NetKDE of
edge centrality. SPT is a set of connected road network edges that are accessible
from a specified location within a maximum trip cost. In our case, this cost is
the considered bandwidth. During the development of the methodology several
bandwidth have been used (100m, 200m, 400m). These choices were done in
respect with city’s human scale (walking space), computing resources and the
ratio between the raster grid resolution and the bandwidth.
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Fig. 1. Algorithm and interaction between the software

2.1 KDE Approach

A sliding window is used over the dataset to estimate the density of events. For
the KDE, this sliding window is defined by a 3D function to weight the events
according to their distance from the grid point for which the density is evaluated.
With xj being a location vector over the field R and x1 . . . xn the location vectors
of the n events, the intensity estimation f(xj) in xj is [20,13,14]:

f̂h(xj) =
n∑

i=1

1
h2

K(
xj − xi

h
) (2)

dij = xi − xj is the Euclidean distance between the grid point xj and the event
ni, h being the bandwidth. Actually, several kernel functions are implemented
in different GIS. ESRI ArcGIS Spatial Analyst module allows only one kernel
function for point and line density, known as quadratic or Epanechnikov [21]:

K(xi) = {
1
3π (1 − t2i )

2 if t2i < 1
0 otherwise (3)

with ti = dij/h.
The value at each point of the grid j at a distance dij of the event ni is obtained

from the sum of the individual kernel functions (K(xi)) of the points belonging
the bandwidth h. Any activity beyond the bandwidth h from the considered grid
point does not contribute to the summation. In case of weighted events, the weight
is used as a value of population. Namely, if a point has a value w, the algorithm
takes this point into account as if there are w points for this distance dij . The same
approach is applied to edges for which weight is a centrality value as does Porta
[18]. Figure 2 shows the Euclidean approach of KDE.
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Fig. 2. Kernel function of the Kernel Density estimation

2.2 NetKDE Approach

The NetKDE needs the distance between the grid points and the activities pro-
jected onto the road network. The edges of the road network are stored in a
database as polyline objects. The attributes of these edges are: From Node ID
(FN), To Node ID (TN), FN and TN coordinates, polyline length and centrality
values (Figure 1).

The second step of the methodology is to use the Dijkstra’s SPT algorithm
[8] to create trees of all accessible edges within a specified bandwidth from every
grid points (Figure 3). First, the grid points are projected to their nearest edge.

Fig. 3. Shortest Path Tree: The grid point and the activities are projected on the
nearest edge
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Then, the SPT are calculated from these projected points. All novel indexes
presented in this paper use this SPT.

To calculate the NetKDE, the Euclidean distances are replaced by distances
measured along the road network graph. For comparison purpose, the NetKDE
uses the same KDE formula than ArcGIS (Equation 3). Thus, the NetKDE of
activities is calculated with:

Knet(tnet,i) = {
1
3π (1 − t2net,i)

2 if t2net,i < 1
0 otherwise (4)

with tnet,i = dnet,ij/h and dnet,ij is the distance between the grid point xj and
the event ni measured along the network. Then, the NetKDE value in grid point
xj is:

NetKDE(xj) =
1

nh2

n∑

i=1

Knet(tnet,i) (5)

n is the number of events on the SPT for the bandwidth h. NetKDE of edges
centrality is calculated in the same way. The edge is reduced to his midpoint
and the centrality BetCi of the edge i is used as a value of population:

NetKDE(xj) =
1

h2
∑n

i=1 BetCi

n∑

i=1

Knet(tnet,i)BetCi (6)

This paper makes use of the Epanechnikov kernel function developped for event
in an Euclidean space. Nevertheless, for the NetKDE, this function is applied to
the events in the non-uniform space created from the SPTs. Our indicator has no
unit but refer more to a linear density index than a spatial density index. Okabe
[16] proposes kernel function developped for network based analysis. Figure 4
illustrates the NetKDE approach.

Fig. 4. Kernel function applied to the network approach, kernel function weights the
projected events using the distance measured along the network
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3 Barcelona Case Study

We applied in two-steps the methodology on the city of Barcelona. Firstly, the
methodology algorithms were tested and validated with a sample (500m X 500m)
of the Barcelona road network and economic activities and a 10m grid. For
this extract, calculation of the indexes takes less than one hour. Some
of the results from this first exercise are presented in this section. Secondly,
once the methodology has been fine tuned and proofed with the data sam-
ples, the KDE and NetKDE approaches were applied to the whole city. The
complete road network is characterized by 11,222 edges, there are more than
166,311 activities within an area of 92.65km2, and the 10m resolution raster
grid represents 1,890,000 grid points. Activities come from the the Agencia de
Ecologia Urbana database describing all the economical, public or associational
entities in 2002. For the entire data, the calculation takes approximately 2 days
with Intel(R) Core(TM)2 Quad CPU, Q950 @ 3.00GHz, 2.99Ghz, 7.83GB of
RAM.

3.1 Results Obtained with Data Samples

This section presents some of the results obtained with the city of Barcelona data
samples. Firstly, the KDE of activities and NetKDE of activities are presented.

Fig. 5. Kernel Density of activities, bandwidth = 100m, raster cell = 10m, black clus-
ters highlight high density of activities (red dots)
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Fig. 6. Network based Kernel Density of activities, bandwidth = 100m, raster cell =
10m, activities are projected on the network, black clusters highlight high NetKDE
density of activities

Secondly, the KDE of betweenness centrality and the NetKDE of betweenness
centrality are presented.

The figure 5 presents the KDE of activities with a bandwidth of 100m and
the figure 6 presents the NetKDE of activities with a bandwidth of 100m. The
results show that the NetKDE approach has a less important smoothing effect
than the KDE approach for the data samples. We discovered that NetKDE
bandwidths have to be larger than those of KDE to produce visual clusters of
comparable size; this is no surprise, as the same distance covers a smaller area
when extended along the network than when extended linearly as the radius
of a circle. Also, visual inspection of results from both approaches shows high
density clusters of activities approximately at the same locations. The NetKDE
approach is directly linked to the road network geometry and this explains some
of the irregular patterns.

The figure 7 presents the KDE of betweenness centrality with a bandwidth
of 100m and the figure 8 presents the NetKDE of betweenness centrality with
a bandwidth of 100m. For both figures, values of betweeness centrality are dis-
played from low centrality in red to high centrality in blue. The raster grid (10m
resolution) presents the values of KDE and NetKDE related to road network seg-
ment centrality. The density clusters is useful to identify clusters characterized
by high or low centrality.
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Fig. 7. Kernel Density of Betweenness centrality, bandwidth = 100m. BetC values are
calculated from the entire road network.

Fig. 8. Network based Density of Betweenness centrality, bandwidth = 100m. BetC
values are calculated from the entire road network.
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3.2 Preliminary Results for the Whole City of Barcelona

Figure 9 shows the Barcelona road network segments ranked by centrality val-
ues (Betweenness centrality), higher centrality values appearing in blue. Among
these high centrality segments, it is possible to identify the ”Avingunda Diag-
onal”. The particular implantation of this street, planned by Cerda’s master
plan, contrasts with the rest of the surrounding street patterns, and constitutes
a very convenient route in this part of the city. This explains probably its high
centrality value. A NetKDE with a 400m bandwidth has been applied to this
road network to get the figure 10 shown on the left. On the right, a KDE is
applied with a 100m bandwidth. The NetKDE allows characterization of each
10m raster grid point in regard with the surrounding edges centrality values.
Clusters resulting from the NetKDE conform to the distribution of the central-
ity values. Thus, segments highlighted by the global betweenness correspond to
regions with a high density indicator. The betweenness centrality highlights spe-
cific street areas of the Barcelona road network. Most of these areas correspond
to streets with a particular economic role in the city.

Fig. 9. High value in blue, low value in red: Network of Barcelona ranked by BetC
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Fig. 10. Density of BetC: High value in blue, low value in red: Left: NetKDE of BetC,
bandwidth = 400m, raster cell = 10m. Right: KDE of BetC, bandwidth = 100m,
raster cell = 10m.

4 Discussion

The goal of this research was to improve the analysis of the spatial density of
events in urban environment, taking into account network constrains. Firstly,
this paper analyzed the distribution of retails and services projected on the road
network. Secondly, it analyzed the distribution of edge centralities.

The NetKDE approach works on point events, like economic activities, and
linear features, like streets. Instead of calculating linear density of collapsed
point events on the network, NetKDE calculates spatial density. The NetKDE
approach uses bandwidth constrained by the network rather than Euclidean
bandwidth, like previous approaches. This reflects more adequately the reality
of urban mobility.

First results clearly highlight the high sensitivity of the methodology to cap-
ture high resolution density of retail activities and new possibilities to compare it
with the network segment density. Nevertheless, this methodology could already
be used in urban analysis for any other type of spatial events. Finally, we could
quote Tobler’s [23] first law of geography, ”everything is related to everything
else, but near things are more related than distant things” and add ”along the
street.”
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