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Abstract We analyze spatially dependent functional data observed on a dense lattice
covering the metropolitan area of Milan; in each site of the lattice the average traffic
carried by a major mobile phone provider is measured over periods of 15 minutes
along a window of 14 days. These complex data are highly informative about popu-
lation mobility and residence which is relevant for urban planning and the efficient
design of service networks. The analysis is carried on by a suitable extension of the
Independent Component Analysis for spatially dependent functional data.
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1 Introduction and data description

Aim of this work is to understand if mobile traffic data can provide useful informa-
tion for investigating population mobility in highly-populated areas. In particular we
focus on the metropolitan area of Milan and center the analysis on Telecom Italia
data. For each pixel of the covered area we observe the Erlang every 15 minutes
for 14 days. The Erlang is a dimensionless unit calculated as the sum of the length
of every call in a given time interval divided by the length of the interval (i.e., 15
minutes). For each pixel and for each quarter of an hour, this measure represents
the average number of mobile phones simultaneously calling through the network,
that, as a first approximation, can be considered proportional to the number of active
people in that area at that time. The idea is to extract from this kind of data useful
information for Green Move (GM), an interdisciplinary research project financed by
Regione Lombardia involving different research groups at the Politecnico di Milano
and regarding the development of a vehicle sharing system based on the concept of
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“little, electric and shared vehicles”. Our contribution to the project is to provide
information about traffic flows and to find optimal places where to locate the dock-
ing stations of the system. The analyzed data describe a phenomenon in a 2D-space
at different instants of time. This may be represented by a surface varying along
time. To explore these spatial data we use an extension of Independent Component
Analysis (ICA) - traditionally used to analyze time signals - in order to decompose
the observed signal as a time-varying linear combination of a reduced number of
time-invariant basis surfaces. The idea is to associate basis elements to population
mobility and residence in order to provide relevant information for urban planning
and for the efficient design of service networks.

The covered area is a rectangular lattice of 44 x 48 pixels (232m x 309m
each) over the city of Milan. Temporal patterns associated to each pixel have been
smoothed using a Fourier basis assuming a seven days periodicity. Hence we an-
alyze a data matrix X € R”*" where p = 672 is the number of instants (every 15
minutes for seven days) and n = 2112 is the number of pixels in the region. The
purpose of the analysis is to represent X as the product of two matrices C € RP Xk
and § € R¥X”, where each row of S represents the evaluation in the n pixels of the
corresponding basis surface and the element ¢;; indicates the contribution of the j-th
surface at time i.

2 Independent Component Analysis

Independent Component Analysis, also known as blind source separation, has re-
ceived an increasing amount of attention from the signal-processing research com-
munity ([1]). We may define ICA by means of a statistical latent variables model.
Consider p random variables Xi,...,X, and assume that they are linear mixtures of
p latent independent components:

Xi=cnS1+...+cipSp (D)

for i = 1,..., p. In matrix form: X = CS, where X and S are random vectors in R”
and C is the R”* P matrix of the coefficients.

The basic ICA assumption is that the components S; are statistically indepen-
dent. This represent a fine-tuning of the well-known Principal Component Analysis
idea, that aims at decomposing the random variables X, ...,X,, into linear mixtures
of uncorrelated components. Indeed, PCA and ICA are meant to provide similar
decompositions if data are normally distributed. The coefficients ¢;; may be esti-
mated by minimizing some quantities related to statistical independence, like en-
tropy or mutual information. Entropy is a basic concept of information theory, usu-
ally interpreted as the degree of information carried by the distribution of a ran-
dom element. The entropy H of a random vector Y with density f is defined as
H = — [ f(y)log f(y)dy. Mutual information I between p scalar random variables
Y1,...,Yp isin turn defined as [ = Zf’zl H; — H where H; is the entropy of the random
variable Y;, while H is the entropy of the random vector (Y1,...,Y,). Mutual infor-
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mation is a natural measure of the dependence between random variables ([2]). In
fact, it is equivalent to the Kullback-Leibler divergence between the joint density f
and the product of its marginal densities. It is always non-negative, and zero if and
only if the variables are statistically independent. Mutual information is a common
criterion for finding the ICA transform. Set W = C~! and define the ICA of a ran-
dom vector X as S = WX, with W determined so that the mutual information of
the transformed components S; is minimized. The generalization to the case where
the number of independent components is less than the number of mixtures (i.e.,
when C is rectangular) is simple to implement, for instance projecting the data into
a subspace through PCA and then applying the ICA transform to the dimensionally-
reduced data.

3 Data analysis and future developments

We apply ICA to our spatio-temporal mobile-network data. In p = 672 different
time intervals we observe the surfaces xi.,...,x,. € R", where n is the number of
pixels covering the Milan area, each surface x;. representing the spatial distribution
of Erlang relative to time interval i. Then we look at these surfaces as linear combi-
nations of a certain number, say k < p, of latent independent basis surfaces. Hence
we represent:

Xiz = Ci181z+ o+ CiSkz 2

with i = 1,...,p and z = 1,...,n. The k columns of the matrix C € R?*¥ are the
temporal weight profiles of the & basis surfaces.

It is interesting to compare different ICA transforms obtained for different val-
ues of k. Indeed, some latent surfaces appear for almost every choice of k. Figure
(1) shows two estimated surfaces along with their temporal weight profiles, ob-
tained with k = 12. The first surface is indeed robust with respect to the choice of
the parameter k, and seems to represent the financial districts of Milan. Indeed, by
inspecting its temporal weight profile, it appears that this surface weights more dur-
ing the daily hours of working days than during the daily hours of weekend and it
is turned off at nights. The second surface appears only for higher values of k and
shows the high potential of the proposed exploratory method. Its temporal weight
profile is active only on Saturday daily hours and the highest values on the surface
correspond to the shopping districts of Milan. Hence the method is able to capture
the temporal dynamics of some social urban features precisely localized in space.
Within the GM project this information will help to localize specific urban areas that
would profit from a third generation car sharing system, it will permit to identify lo-
cations for docking stations and it will be instrumental for the design of specific
services offered to different communities (condo-sharing, firm-sharing, ...).

From the methodological point of view a deeper analysis is in order. One stimu-
lating aspect of the problem is the choice of & that allows the best representation of
the data. We are developing a hierarchical procedure where the choice of k is done
along a tree. The output is a tree representation of nested basis capturing higher res-
olution details of urban dynamics. Moreover we want to compare our analysis with
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those obtained through different approaches for similar problems, like Multivari-
ate Curve Resolution ([3]) or decomposition through treelets ([4]). Finally, spatial
dependence within each basis surface could be taken into account by introducing
a penalization in the objective function. This last extension may well provide the
main improvement in the proposed methodology.

A
(c) (d)

Fig. 1: Two basis surfaces (top) with their temporal profiles (bottom) obtained ap-
plying ICA with k=12. The first day is Wednesday. The first surface (on the left)
describes the financial districts of Milan. The second one (on the right) highlights
shopping districts.
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