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ABSTRACT

Pervasive large-scale infrastructures generate datasets that
contain human behavior information. In this context, cell
phones and cell phone networks, due to its pervasiveness,
can be considered sensors of human behavior and one of the
main elements that define our digital footprint. In this paper
we present a technique for the automatic identification and
classification of land uses from the information generated
by a cell-phone network infrastructure. Our approach first
computes the aggregated calling patterns of the antennas
of the network and, after that, finds the optimum cluster
distribution to automatically identify how citizens use the
different geographic regions within a city. We present and
validate our results using cell phone records collected for the
city of Madrid.

Categories and Subject Descriptors

H.4 [Information Systems Application]: Miscellaneous;
J.4 [Social and Behavioral Sciences]: Sociology—Smart
Cities, Urban Planning
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1. INTRODUCTION

With the increasing capabilities of mobile devices, indi-
viduals leave behind footprints of their interaction with the
urban environment. As a result, new research areas, such as
urban computing and smart cities, focus on improving the
quality of life in an urban environment by understanding
the city dynamics through the data provided by ubiquitous
technologies [6, 2].
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Traditionally, urban analysis and the study of urban envi-
ronments have used data obtained from surveys to charac-
terize specific geographical areas or the behavior of groups
of individuals. However, new data sources (including GPS,
bluetooth, WiFi hotspots, geo-tagged resources, etc.) are
becoming more relevant as traditional techniques face im-
portant limitations, mainly the complexity and cost of cap-
turing survey data. One of the new data sources relevant
for the study of urban environments are cell phone records,
as they contain a wide range of human dynamics informa-
tion (ranging from mobility, to social context and social net-
works) that can be used to characterize individuals or geo-
graphical areas.

In this paper we present an application of data mining
techniques to automatically identify the uses that individu-
als make of the different parts of a city using the information
contained in cell-phone records. Although our analysis fo-
cus on call-detail records the same methodology can be ap-
plied using other ubiquitous data sources such as geo-located
data provided by Flickr or twitter, or logs collected by any
location-based service. Our system is relevant for a vari-
ety of urban planning applications, mainly urban zoning. In
the context of urban planning, urban zoning is defined as
the designation of permitted uses of land based on mapped
zones which separate one set of land uses from another (for
example residential areas from industrial areas). One of the
main problems of zoning is to actually evaluate to which ex-
tent the areas are being used as required or planned, because
the collection of data has to be done on site. Our approach
allows to compare the planned used of a city with the ac-
tual use that citizens give to the different areas of the city
without the need of on-site data collection.

Some authors have already used cell phone traces to im-
plement urban analysis studies. Among others, Ratti et al.
[7] used aggregated cell-phone data to analyze urban plan-
ning in Milan, Eagle et al. [4] identified behavioral patterns
from the information captured by phones carrying logging
software, and in [1] the authors use bluetooth to characterize
pedestrian flow data. Previous work on the use of the cell
phone data for land use analysis is scarce, although some au-
thors have presented studies to solve related questions. For
example, [10] monitors the dynamics of Rome and obtains
clusters of geographical areas measuring cell phone towers
activity using Erlangs (being 1 Erlang 1 person using the
phone for 1 hour). Another study is described in [5], where
the authors analyze four different geographical spots at dif-
ferent times in Bangkok. Related to our work, Reades et
al. [9] used eigendecomposition to study the time structure,



finding correlations between the number of Erlangs and the
commercial activity of the area. To the best of our knowl-
edge though, no previous publications attempted to study
the problem of identifying and classifying the present land
uses of the entirety of two urban cities from a CDR dataset
with millions of interactions.

The paper is organized as follows: first we formally define
the problem and the basic elements of a cell phone network.
After that, we define the concept of land signature and de-
fine how to obtain it from the data captured by a cell phone
network. The following section, applying unsupervised clus-
tering, identifies the main land uses which are then vali-
dated using the city of Madrid. After that, the knowledge
extracted is used to automatically classify land uses in the
city of Barcelona. The paper finishes with future work.

2. PROBLEM DEFINITION

In order to automatically identify land use behaviors we
present a technique that makes use of the information ex-
tracted from cell phone networks. Cell phone networks are
built using base transceiver station (BTS) towers that are in
charge of communicating cell phones with the network. A
given geographical region will be serviced by a set of BTSs
BTS = {bts1,...,btsn}, each one characterized by its ge-
ographical coordinates (lat,lon). For simplicity, we assume
that the area of coverage of each BTS can be approximated
by a 2-dimensional non-overlapping polygon, and approxi-
mate it using Voronoi tessellation.

Call Detail Record (CDR) databases are populated when-
ever a mobile phone makes/receives a call or uses a service
(e.g. SMS, MMS). Hence, there is an entry for each inter-
action with the network, with its associated timestamp and
the BTS that handled it, which gives an indication of the ge-
ographical location of the mobile phone at a given moment
in time. Note that no information about the position of a
user within a cell is known. The set of fields typically con-
tained in a CDR include: (a) originating encrypted phone
number; (b) destination encrypted phone number; (c) iden-
tifier of the BTS that handled the originating phone number
(if available); (d) identifier of the BTS that handled the des-
tination phone number (if available); (e) date and time of
the call; and (f) duration of the call.

Using the information contained in a CDR database gen-
erated from the BTS towers that give coverage to a city,
we can characterize the use that citizens make of specific
urban areas. In order to do so, the city is initially divided
into the coverage areas defined by the Voronoi tessellation.
Each area is then characterized by the activity associated
to its corresponding BTS which is measured as the number
of calls per time unit. This measure will be the signature
of the BTS tower. Once all the signatures have been com-
puted, they are clustered and class representatives of the
land uses are identified. These representatives can also be
used to automatically classify land use in other cities.

The study we present has been done using CDR data col-
lected from the city of Madrid for a period of 1 moth, from
October 1st 2009 to October 31st 2009. The area covered
by the city is of 400 km?, with more than 3 million inhabi-
tants, and is served by 1100 towers that collected over 100
million interactions. Madrid will be used to identify and
characterize land uses, knowledge that then will be used to
automatically classify the land use for other cities.

3. OBTAINING LAND USE SIGNATURES
FROM CDR DATA

We define the activity of a BTS, and by extension of its
area of coverage, as the number of calls that are managed
by that BTS over a given period of time. The activity as-
sociated to each BT'S is represented as a matrix v, (d, 7),
with n € {1,..., N} being the BTS identifier, § € A =
{1,...,31} representing each day and 7 € {1,...,288} rep-
resenting each of the 5-minutes time slot of the day in which
the measure of the number of calls is taken.

The signature X,, of each bts,, is defined by different ag-
gregations of the information contained in the associated
activity matrix v,. Three types of aggregation have been
studied: (1) total aggregation; (2) weekday-weekend aggre-
gation and (3) daily aggregation. The total aggregation de-
fines the signature of each BTS as the average value of the
activities reported for each time slot 7 throughout all days
0. Thus, each element X, (7) is computed as
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It is well known that human dynamics are very different
between weekdays and weekend days [3], and those differ-
ences will translate into BTSs use. The weekday-weekend
representation aggregates the calling activities reported for
each time slot 7 for two different types of days: weekdays
(Monday through Friday, contained in 1) and weekend days
(Saturday and Sunday, contained in 22). The final signa-
ture is represented as the concatenation of both components
(represented as 4 ):
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where Q; C A, Q1 NQ2 =0 and Q1 UN2 = A.

Finally, the daily aggregation can be considered as an ex-
tension of the weekday-weekend aggregation, in which each
day of the week has its own component. Formally it is com-
puted with Equation (2) but considering Qq4ay with day €
{mon, tue, wed, thu, fri, sat, sun}. All signatures were nor-
malized before identifying land uses.

Figure 1 graphically presents three examples of each one
of the aggregation types. Figure 1(a) shows the typical curve
for total aggregation with one peak around 12AM and an-
other one at around 7PM. In this particular case because
the 12AM peak is smaller than the 7TPM peak the signal
probably represents a residential location where individu-
als come home after work. Figures 1(b) and (c) present the
same idea but concatenated 2 times and 7 times respectively
representing weekday-weekend and daily aggregations.

4. AUTOMATIC IDENTIFICATION
OF LAND USE

Once each area of coverage has been characterized with its
BTS signature, k-means was applied to identify land uses
considering the three aggregations presented in the previ-
ous section. Unsupervised clustering techniques require the
number of clusters to be known beforehand. In the case
of k-means, the different techniques used to determine an
optimum number of clusters are based on identifying the
clustering which results in compact clusters which are well
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Figure 1: (Example of (left) total,(center) weekday-weekend and (right) daily aggregation

separated. From the variety of techniques available (Davies-
Bouldin index, Dunn’s index, etc.), we have chosen the va-
lidity measure presented in [8] as it is shown to outperform
the previous techniques in a variety of applications. In this
case, the quality of the partition, measured by the cluster va-
lidity measure, is given by computing the ratio between the
inter-cluster and intra-cluster distances of the partition for
each one of the k values (number of clusters) run. An ideal
partition will minimize the intra-cluster distance and maxi-
mize the inter-cluster distance, therefore the best partition
will be that which minimizes the proposed measure. Given
the nature of the k-means algorithm, where every cluster is
defined by its centroid ¢;, the intra-cluster and inter-cluster
distances are formally defined as:

k
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where Cj; is the set of signatures that belong to the cluster
defined by centroid ¢;. Due to the stochastic nature of k-
means we executed the algorithm 500 times for each £ and
kept the results with better (minimum) validity values.

K-means clustering was implemented using two distance
measures: Euclidean and a Dynamic Time Warping (DTW)
based metric. DTW is specially useful when dealing with
signals that can have slight time shifts, but experimental
evidence showed that better index values were obtained with
the Euclidean distance. Also the computational cost was
considerably higher when using DTW.

5. CLUSTERING RESULTS

Clustering validity values were used to identify which com-
bination of distance metric, land signature and number of
clusters produced better results. Table 1 presents the min-
imum validity values when using k-means, with Euclidean
distance and the total, weekend-weekday and daily aggrega-
tion for k € {3,...,8}. In all cases the best value was ob-
tained when using the weekday-weekend aggregation. The
values of the clustering coefficients indicate that while the
total aggregation loses information (it has higher values in all
cases), the daily aggregation does not add any extra insight
when compared with the weekday-weekend representation
(index values are higher or similar). Within the weekday-
weekend representation the top two coefficients are obtained
for k = 3 and k = 5 respectively. The case k = 3 is ob-
vious as our signatures are characterized by two peaks at
each 24 hour period. Simplifying the interpretation, with
k = 3 we observe three differentiated land uses: (1) when

Number of clusters k&
3 4 5 6 7 8
Wkday-Wknd | 0.20 | 0.60 | 0.54 | 0.60 | 0.68 | 0.67
Daily 0.26 | 0.60 | 0.59 | 0.69 | 0.70 | 0.75
Total 0.30 | 0.84 | 0.80 | 0.81 | 0.84 | 0.85

Table 1: Cluster validity index

the first peak (12AM) is higher than the second one (7PM),
which will indicate an area with commercial and/or indus-
trial activity; (2) when the second peak is higher than the
fist peak (a residential area) and (3) when the two peaks
have the same height (a mixed used area). Nevertheless,
we are interested in identifying a variety of land uses apart
from the obvious ones identified by k = 3. The second case,
k = 5 is much more interesting, as intermediate land uses
are found. The rest of the paper focusses on analyzing the
clusters obtained with k-means, using Euclidean distance, a
weekday-weekend aggregation and k = 5.

Figure 2 presents the signatures of the class representa-
tives for the five land uses found. Obviously, these behav-
iors are heavily influenced by cultural characteristics, and
as such, although similar land uses could be identified for
other countries, the signatures would be shifted according
to cultural and social routines. Also, Madrid is a tradi-
tional European city in the sense that the old part of the
city concentrates commercial, office and residential areas,
which should difficult the identification of land uses. The
clusters are characterized by:

e Cluster 1: This cluster is characterized by the fact that
the activity takes place mainly during weekdays, espe-
cially in working hours, and weekend activity is almost
nonexistent. During weekdays the activity is heavily
focused between 10AM and 14PM and another peak of
activity between 16:00 and 19:00 hours. This cluster
shows a clear work related activity and the hypothesis
is that the BTS coverage areas included in this cluster
are used as industrial parks and/or office areas.

e Cluster 2: The second cluster probably represents a hy-
brid land use. During weekdays there is activity during
commercial hours, with two peaks of similar normal-
ized intensity (0.005 and 0.004) at around 12AM and
19PM. There is a relevant weekend activity although
of less intensity (both peaks at around 0.003). This
behavior could be considered commercial. The lesser
intensity of both peaks during weekends is probably
caused because shops in Spain are generally closed on
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Figure 2: From left to right and top to bottom, class representatives of cluster 1 through cluster 5 of the
land uses identified by k-means when using the weekday-weekend aggregation and Euclidean distance.

Sundays. Nevertheless, due to the mixed activities
that take place on the city, the signature could also
represent office and/or residential areas.

Cluster 3: The third cluster has two elements that
characterize its land use: (1) activity during weekdays
and weekends has the same relevance and (2) during
weekends there is a strong activity between 0AM and
5AM, indicating nightlife environments. The land use
derived from this behavior is of nightlife areas: restau-
rants, bars, etc. This cluster is a good example of why
the total aggregation produces worst coeflicient values
than weekday-weekend aggregation, as such differences
are lost in the aggregation process.

Cluster 4: This class representative shows that activity
during weekends is more than twice that of weekdays,
and that this activity is focused between 12PM and
5PM, i.e. during day light hours. This land use prob-
ably characterizes weekend leisure activities.

Cluster 5: This signature shows that activity dur-
ing weekdays and weekends is of the same magnitude.
During weekdays, the second peak of activity is of
higher magnitude than the morning peak, while during
weekends both peaks have the same magnitude. These
characteristics imply residential areas, where individ-
uals come back after work and stay during weekends.

6. VALIDATION

Ideally, any validation should be done using a ground
truth. Urban planning departments usually have some in-
formation available on urban land use. Nevertheless, in our
experience, the information available has the following char-
acteristics: (1) it is regarding how land use is planned not
on the actual use of the land, which is not necessarily the
same; and (2) urban planing focuses mainly on defining res-
idential and industrial areas, not the variety of uses we have

discovered. Considering the previous factors the validation
has been done using our expert knowledge of the city.
Figure 3 shows the geographical representation of clusters
1 through 4, in a map of Madrid. Generally speaking, the
city is contained inside two concentric ring roads (M-30 and
M-40). The area inside the M-30 (the smaller ring) contains
the city center as well as the main business, tourist and
commercial areas, all of them mixed with residential areas.
The area comprised between the M-30 and M-40 contains
mainly residential districts and industrial parks. Due to
space constraints cluster 5 has not been presented, although
it is geographically formed by the areas not included in the
previous clusters. The validation of each cluster consists on
checking to which extent the interpretation of the signatures
given in the previous section actually correlates with the
geographical location of the clusters. Our main findings are:

e Cluster 1 - Industrial Parks & Office Areas (Fig.3(a)):
The geographical areas included are mainly around
Castellana, which concentrates the main business areas
of the city (like AZCA). Also included are industrial
parks and office areas situated in the north and east of
the city (including both Telefonica campus, known as
Distrito C and Telefonica Research buildings), hospi-
tal complexes and some public buildings (such as the
Congress or the Chamartin Train Station). The as-
sumption made for this cluster seems to hold true, al-
though not only for offices and industrial areas but also
for hospital complexes and public buildings.

o Cluster 2 - Commercial Areas (Fig.3(b)): The areas
included in this cluster focus mainly around the Sala-
manca (marked with S), Chamartin (Ch) and Moncloa
(M) districts. These districts have a strong commer-
cial activity, but are also densely populated residential
areas. It also contains the university campus (which
includes residential areas for students), some Industrial
Parks (IP) with a strong commercial activity, and ar-



Figure 3: Geographical representation in a map of
Madrid of: (a) Cluster 1 (Industrial Park - Office
Areas), (b) Cluster 2 (Commercial-Residential), (c)
Cluster 3 (Nightlife) and (d) Cluster 4 (Leisure).

eas along the M40 probably caused by the traffic in
the road. Our hypothesis is partially validated as the
areas included are mainly commercial-residential.

e Cluster 8 - Nightlife areas (Fig.3(c)): The correspon-
dence in this case with nightlife areas is straightfor-
ward, as the main nightlife areas of the city are in-
cluded: Gran Via, Callao (C), Bilbao (B), Moncloa
(M), Alonso Martinez (AM), Huertas (H). Part of the
Campus, which contains a high concentration of dorms,
is included in this cluster. Also there is activity in Mer-
camadrid, the wholesale food market of the city, whose
activity takes place early in the morning, and as such
is clustered as a nightlife area.

o Cluster 4 - Leisure areas (Fig.3(d)): As in the pre-
vious case the behavior of this cluster is highly cor-
related with the geographical location of the cluster.
Good examples are parks (Casa de Campo), golf clubs
(GC), the Horse Racing Track (H), Plaza de Oriente,
El Prado Museum (including the botanical gardens)
and the flea market (which happens Sunday mornings).
Also included in this cluster are the grounds of the Ciu-
dad Deportiva del Real Madrid, where the team trains
in public, and part of the airport (terminals T1-T2-T3
and the Satellite terminal), indicating a strong activity
of these terminals during weekends.

e (Cluster 5 - Residential areas: The area covered by
this cluster accounts for approximately 60% of the ge-
ographical area. It is highly correlated with residential
areas, mainly in the south and west of the city.

We can conclude that the land use assumptions made in
the previous section with the cluster representatives are val-
idated because there is a strong correspondence between
those uses and the infrastructures included in the geograph-
ical representation of each cluster.

7. AUTOMATIC CLASSIFICATION OF
LAND USE

The knowledge provided by the class representatives can
be used to automatically classify the land use of other cities.
Given that k-means assigns every signature to the cluster
that minimizes the Euclidean distance to its centroid, the
natural classifier to build is one that assigns each signature
X, to the class that minimizes the Euclidean distance to its
class representative ¢;. Formally the class of a BTS signature
X, Yn, is defined as:

Yn = argmind(Xn, ¢;) (6)

Considering the inherent cultural factors captured by the
land uses identified, we tested the classifier using data from
Barcelona. The city contains around 900 BTSs in an area
of around 100 km?. Figure 4 presents the geographical ar-
eas classified in each one of the land uses identified. The
areas not present in any of those figures were classified as
residential. The Industrial Parks&Office Areas cluster in-
cludes the commercial part of the port and the port free zone
(ZonaFranca) and different areas around Diagonal avenue,
the main business area of the city where the main offices
are located. Hospital Complexes were also identified. The
second land use, commercial-residential includes more areas



Figure 4: Automatic classification of land use in
Barcelona: (a) Industrial Park - Office Areas, (b)
Commercial-Residential Areas, (c) Nightlife areas
and (d) Leisure activities.

around the Diagonal avenue, the recreational part of the
port and some industrial parks with commercial activity.
The land classified as Nightlife is present around the Port
Olimpic (with a high concentration of bars and nightclubs),
La Rambla (specially the part closest to the port), el Barri
Gotic and part of the University Campus. The leisure ar-
eas identified include the beaches (including Barceloneta),
the area around Parc Montjuic and the Ciutadela Gardens
(where the Zoo is located), the Guell park (not shown in
the map), and an area around the Sant Antoni market that
has an open market on Sundays. Also the Barcelona soccer
stadium (Nou Camp) is included under this land use.

8. CONCLUSIONSAND FUTURE WORK

We have presented a data mining approach to the prob-
lem of identifying land use. While traditional approaches are
based on questionnaires, which implies cost and time limita-
tions, our solution overcomes these problems and brings new
advantages like the capability of tracing land use evolution
over time or the ability to focus the study in a particular so-
cial background (elders, tourists, socio-economic levels, etc.).
Our approach is not intended to substitute traditional urban
analysis approaches but to complement and improve them.
For future work we plan to find other sources of informa-
tion to have an improved validation and to construct other
classifiers for land use detection.
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