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Abstract
The use of mobile phone data provides new spatio‐temporal tools for improving urban planning, and
for reducing inefficiencies in present‐day urban systems. Data from mobile phones, originally
intended as a communication tool, are increasingly used as innovative tools in geography and social
sciences research. Empirical studies on complex city systems from human‐centred and urban
dynamics perspectives provide new insights to develop promising applications for supporting smart
city initiatives. This paper provides a comprehensive review and a typology of spatial studies on
mobile phone data, and highlights the applicability of such digital data to develop innovative
applications for enhanced urban management.
Keywords: Smart cities, Mobile phone data, Urban management

1. INTRODUCTION
1.1 Impact of ICT on cities
There is a vivid discussion in the literature concerning the impact of Information and Communication
Technologies (ICTs) on cities. Important contributions can be found in the seminal work of Graham
and Marvin (1996, 2001) on ‘Splintering Urbanism’; in Batty’s (1997) ideas on ‘Virtual Geography’;
and in Castells’s (1996) ‘Space of Flows’. All these studies share one common idea: “The city itself is
turning into a constellation of computers” (Batty, 1995, p. 155). But this observation is not yet the
end: it can be argued that, nowadays, computers have become mobilized and personalized. Sheller
(2004) argues that contemporary networked cities are made up by flows of people, vehicles, and
information. Data about such massive flows are difficult to collect, but are becoming increasingly
available for social science research, even on a real‐time basis (Shoval, 2007). Such data could enable
us to better ‘tune’ our cities, since most of their functions are being constantly monitored. Moreover,
the use of such data in urban analytics of high spatio‐temporal resolution has now actually become a
trend in various scientific fields including geography (Miller, 2010; Arribas‐Bel, 2014). The last two
observations show the potential of such ‘big data’ in urban planning and urban management,
encapsulated in the question: Can insights derived from research using such data help us to improve
our cities? This is the main research question of this paper.
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1.2 The role of time‐space information in geography
Several approaches can be employed to highlight or critically review the value of real‐time geography
in urban research (Tranos et al., 2012). For example, the basis of a critical urban‐political approach
rests on the general argument that the pervasive character of ICTs across different economic sectors
and urban environments supports the operation of the free market system at the global level (e.g.
Sassen, 1991). Advocates of critical geography may even argue that space has become dehumanized
and objectified (Graham, 1997). For instance, Soja (1989) highlights how, in the past, planning and
geography have understood space as a dead, fixed, immobile, and undialectic entity, which is based
on passive measurements instead of on actions and meanings. This creates the possibility of a new
dimension for Newtonian influenced approaches towards space and time. Massey (1992) criticizes
this research tradition by highlighting that space and time are conceptualized in classical physics as
independent objects: “Space is a passive arena, the setting for objects and their interaction".
Nonetheless, post‐modern urban theory argues that there is little gain by separating space and time.
On the contrary, there is only the joint effect of space‐time (Thrift, 1996). Parallel to the non‐linearity
and multiplicity of time, places are non‐contiguous, dissimilar, overlapping and dynamic entities
(Graham and Healey, 1997). Geography based on digital data, e.g. mobile phone data, may address
the above criticism of positivistic approaches to urban theory, as it enables the research community
to analyse and model the pulse of the city (Batty, 2010). Such approaches do not focus exclusively on
the physical form, but rather on human activity per se and its projection on cities. The underlying
assumption here is that cities are not represented as a static canvas of urban zones. Instead, such
research adopts a dynamic understanding of the urban environment, as manifested in numerous and
diverse individual urban lifestyles. Space is not separated by time; the domain of such geography is
the space‐time continuum.

1.3 The role of mobile phone data to facilitate smart city objectives
In general, space‐time data form a way to better understand the urban environment and its
dynamics. Such data can serve to reveal how we as citizens relate to our urban contexts. In this
sense, data analytics, usually enabled by data visualizations, can empower a city with knowledge and
intelligence by helping us to identify patterns and relationships, enabling citizens and city managers
with tools that support better decision making, discovery, exploration, and explanation of the city.
The changes that digital technology – including the mobile telephone – have introduced in cities are,
inter alia, reflected in a new faster pace of the urban lifestyle, and, in general, in a new and speedier
urban systems metabolism. The latter refers to a real‐time city which acts – and can be monitored –
instantaneously (Graham, 1997; Townsend, 2000). This new characteristic of temporal and spatial
responses from the standpoint of the urban user, which are then followed by reactions in terms of
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monitoring, creates a new exciting opportunity for urban planners and urban governance
institutions.
For every 100 inhabitants of many cities, there were more than 85 mobile phone subscriptions4 in
2011 (ITU, 2012). This remarkable increase (454 per cent in 2001‐2011) indicates that mobile phones
– including their broad communication options – have become an integral part of – and have
undoubtedly transformed – the everyday life of a great part of the earth’s population. Although this
is easily visible to every observer, there is also another reading of this phenomenon: a great part of
the earth’s population can be now used as agents for data collection for (nearly) real‐time, fine‐
grained spatial observations. In other words, what was initially introduced as an innovative mobile
communication tool has now been transformed into a tool for socio‐spatial research. And this is the
particular focus of this paper, which provides a review and builds a typology of the various studies
which utilize mobile phone data for spatial research in a smart city environment.

1.4 Aim and structure of the paper
The main objective of the present paper is to analyse, on the basis of an extensive literature review,
whether and how the use of mobile phone data can facilitate urban management and planning. In
other words, this paper aims to study whether and how research using fine‐grained data from mobile
phone operators can improve our cities. The starting point of this analysis is the ‘smart city’
framework, since the core of this concept is based on the interaction between ICT and urban space.
Therefore, in Section 2, we discuss different smart city perspectives. Section 3 is devoted to a
description of the nature of mobile phone data. Section 4 then focuses on the use of mobile phone
data for analysing human activity patterns. Section 5 provides a review of earlier urban studies based
on data from mobile phone operators. Section 6 follows with a concise but broad overview of the
applicability of such data, in order to develop a range of smart city applications to highlight different
urban management functions and their objectives. Finally, in Section 7, we discuss the contributions
and limitations of these data, and how they can contribute to urban management and planning,
while Section 8 concludes the paper.

2. A PANORAMA OF SMART CITY PERSPECTIVES
The increasing concentration of people in urban agglomerations calls for the design of new strategies
to maintain and improve a liveable, sustainable, accessible, and economically‐viable environment
and settlement pattern for citizens. The digital revolution has enabled cities and policy makers to
realise the link between ICTs and urban development. As a response, various marketing or
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theoretical conceptualisations have been introduced: wired cities (Dutton, 1987); technocities
(Downey and McGuigan, 1999); cyber cities (Graham and Marvin, 1999); creative cities (Florida,
2005); knowledge‐based cities (Carrillo, 2006); real‐time city (Townsend, 2000); WIKI cities (Calabrese
et al., 2007; Ratti et al., 2007b); digital cities (Komninos, 2008); live City (Resch et al., 2012);
networked cities (Castells, 1996); and sentient cities (Shepard, 2011). Despite this variance, the
concept of smart city (Mitchell, 2006; Giffinger et al., 2007) is the one which has gained the widest
recognition among practitioners and urban researchers (see Nijkamp, 2010, and Caragliu et al.,
2011). Various different definitions of, and perspectives on, smart cities can be found in the relevant
literature. For example, a technological innovation perspective (Komninos, 2006); an economic
perspective (Nijkamp and Kourtit, 2011); a monitoring perspective based on sensors (Giffinger et al.,
2007); and a networked perspective (Nijkamp, 2008; Tranos and Gertner, 2012).
In general, the term ‘smart city’ is a fuzzy concept which is not used consistently in the literature. For
the purpose of this paper, we use the definition of Giffinger et al. (2007) and Nijkamp and Kourtit
(2011): a city is smart when investments in human and social capital (smart people), traditional
transport (smart mobility), and modern digital infrastructure (ICTs) fuel sustainable economic growth
(smart economy) and a high quality of life (smart living), with a wise management of natural
resources (smart environment) through participatory governance (smart governance). In order for
cities to perform well on the above dimensions, for improvement there is a need for evidence‐based
planning, which will enable a better identification of problematic sectors (e.g. transport) and areas
(e.g. neighbourhoods) and a better allocation of resources. Such evidence‐based planning is in
desperate need of analytics and of relevant data to reveal caveats at a fine‐grained scale, both in
terms of space and time. A natural candidate, particularly in terms of its spatio‐temperal
characteristics, is the use of mobile phone data. In the next section, we describe the nature of such
data in greater detail.

3. MOBILE PHONE DATA
The use of mobile phone data is increasingly seen as a potential data source in order to develop new
urban applications to support the smart city objectives. Such data are relatively cheap for mobile
phone operators to collect because they are already produced for billing and network engineering
purposes (Wang et al., 2010). The most common format is the ‘Call Data Record’ (CDR), according to
which subscribers’ mobile phone activities are recorded each time a user uses a service. These
records provide a reasonably accurate method of sensing the activity and location of subscribers. The
set of fields typically contained in an individual CDR include: originating and destination encrypted
phone number; identifier of the sector that handled the mobile phones; the associated timestamp
(date and time) of the call or text message; and the duration of the call. The individual level of
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information enables the aggregation of CDRs at different spatial and temporal scales. From a
geographical point of view, several approaches exist in the literature in order to utilise the spatial
information of CDRs (see Figure 1). Aggregated CDRs can be represented as: 1) voronoi5 diagrams
constructed around cell towers (Candia et al., 2008; González et al., 2008; Kuusik et al., 2008; Song et
al., 2010a; Traag et al., 2011); or 2) best‐serving polygons using information from the mobile phone
providers for the actual serving zone of each tower; or 3) the product of rasterization proccess6
(Calabrese et al., 2007; Reades et al., 2009; Girardin et al., 2009a).
The main limitations of CDRs lie in their sparse temporal frequency (data are generated only when a
transaction occurs), and on their rather coarse spatial granularity, as locations are based on the
granularity of a cell tower (Becker et al. 2011). Apart from that, cell towers vary in density (urban vs.
rural), which affects estimates, and there are also some concerns regarding the privacy of the use of
such data (e.g. Ahas et al., 2007b). Despite these limitations, CDRs have become increasingly popular
in urban analysis over the last 5‐10 years, as will be illustrated in the next section, because of their
ability to provide space‐time information for individuals.

Figure 1a: Voronoi tessellation

Figure 1b: Best serving zones

Figure 1c: Rasterization

Source 1a and 1b: Calabrese (2011); 1c: Calabrese (2008).

4. ANALYSING HUMAN ACTIVITY PLACES AND MOBILITY PATTERNS
A sine qua non for understanding the dynamics of cities is to first understand and model human
activities. Data from mobile phone operators have played a pivotal role in such research. For
instance, Jiang et al. (2012) state that, in the literature, population is traditionally clustered into three
groups (workers, students, and non‐workers), and they provide temporal clusters based on different
activity types7. In a more detailed study, Jiang et al. (2011, 2012) find that the population can be
clustered into seven representative groups according to their activities during weekdays and
weekends. Becker et al. (2011) has identified seven cell phone usage patterns via clustering
techniques. However, in the literature, such findings are not compared or combined. Insightful
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knowledge of these population clusters and cell‐phone usage patterns, together with social
demographic information, can provide a new perspective for urban management by addressing
when, where, and how individuals interact with places in metropolitan areas (Jiang et al., 2011,
2012).
Moreover, the composition of social networks and human interactions is crucial not only for
understanding social activities, but also for travel patterns (Carrasco et al., 2006). To collect data on
social interactions, different traditional approaches can be used, such as observations, interviews and
diaries (Fu, 2007). Nevertheless, our knowledge of such complex relationships is limited. To gain new
insights into such phenomena, various studies have been based on mobile phone data. The
geographical analyses of social communities, based on network analysis, has been the subject matter
of various studies (e.g. González et al., 2006; Kwan, 2007; Schwanen and Kwan, 2008; Lambiotte et
al., 2008; Krings et al., 2009; Blondel et al., 2008, 2010; Eagle and Pentland, 2009; Eagle et al., 2009a;
Ratti et al., 2010; Expert et al., 2011; Onnela et al., 2007, 2010, 2011; Calabrese et al., 2011b). Such
studies have highlighted the interdependence of social and spatial contexts, and have resulted in the
identification of important activity places (e.g. home and workplaces), the capturing of individual
mobility patterns among these places, and in total, and at an aggregated level, the reproduction of
human densities in metropolitan areas.
Several scholars looked at mobile phone data to identify individual important activity places. These
are significant places in the environment that are commonly recognized and used as key components
of cognitive maps (Dijst, 1999) or are related to a person’s activities (e.g., home or work place)
(Golledge, 1990). The ultimate goal is to provide a clear picture of how groups of individuals interact
with different places at different time of day. Traditional, this was the field of urban planners and
social scientists. Recently it has attracted a more diverse body of researchers (Foth et al., 2012).
The meaning of important activity places is analyzed from different statistical approaches and data
sets: Paper based travel behaviour data (Flamm and Kaufmann, 2006); WiFi (Kang et al., 2004); GPS
(Zhou et al., 2007); GSM in combination with GPS (Nurmi and Koolwaaij, 2006; Nurmi and
Bhattacharya, 2008), and CDR’s (Ahas, 2006b, 2008b, 2010; Gonzáles et al., 2008; Bayir et al., 2010;
Isaacman et al., 2011a; Csáji et al., 2012; Ranjan et al., 2012). Place learning algorithms can be
divided into two classes: geometry and fingerprint. For an extensive review on different
methodological perspectives, we refer to Nurmi and Bhattacharya (2008) and Ahas et al. (2010).
Csáji et al. (2012) concluded that most people spend most of their time at a few locations8. Huang et
al. (2010) stated that these anchor points9 and the routes between them are of significant value to
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This has been confirmed in several mobile phone studies (e.g. Gonzáles et al., 2008; Bayir et al., 2010; Song et al., 2010a; Isaacman et al.,
2011; Ranjan et al., 2012)
e.g. regularly visited places, daily life centres, usual or important activity places, activity spaces of commuters (home or work place).
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effective network management, public transportation planning and city management. For a better
understanding of the effects of human movement, characterizing human mobility patterns is crucial
(Phithakkitnukoon et al., 2010, 2011). Time geography10 has been suggested as a potential
framework to analyze complex spatio‐temporal patterns of individual activities and interactions
(Shaw and Yu, 2009; Tian et al., 2010). Since 2006, a number of studies has been initiated to analyze
human mobility patterns (e.g. Eagle and Pentland, 2006; Mateos and Fisher, 2006; Shoval, 2007;
Gonzalez et al., 2008; Park et al., 2010; Song et al., 2010a, 2010b; Csáji et al., 2012; Hoteit et al.,
2014). For example, Gonzalez et al. (2008) conclude that human trajectories show a high degree of
temporal and spatial regularity, and follow simple reproducible patterns. This finding has been
confirmed by a study of Song et al. (2010a; 2010b). By measuring the entropy of each individual’s
trajectory, they find a 93 per cent potential predictability in user mobility. Most remarkable, despite
the significant differences in the travel patterns, they find a lack of variability in predictability, which
is largely independent of the distance users cover on a regular basis. Despite our deep‐rooted desire
for change and spontaneity, our daily mobility is, in fact, characterized by a deep‐rooted regularity.
They also conclude that the development of accurate predictive models of human mobility is a
scientifically grounded possibility.
However, the above discussed studies (using mobile phone data to capture human dynamics) are not
yet fully linked to the traditional methods related to social science of clustering daily patterns of
human activities in cities. Therefore, the rich information regarding activity categories and social
demographics of individuals should be incorporated in this work. Jiang et al. (2011, 2012) identified
this gap and highlight the advantages of such interdisciplinary approach. Further, detecting and
investigating locations and the mobility patterns between these locations, urban managers can
identify specific measures for upgrading accessibility, vital utilities, or attractiveness, so that social
cost is minimized (Um et al., 2009). This leads to the discussion to the potential of using data from
mobile operators in order to understand cities in a quantitative manner. As discussed earlier, this is a
prerequisite for planning a smart city.

5. EARLY URBAN STUDIES BASED ON MOBILE PHONE DATA
In the literature, we may identify three main pioneering groups which made a significant contribution
to the field of mobile phone data use in (early) urban studies: Barabási’s ‘Centre for complex network
research’11, Ratti’s team of the ‘MIT SENSEable City Lab’12, and Ahas ‘Mobility Lab’13 of the University
10

Time geography is a powerful conceptual framework for understanding human spatial behavior, in particular, constraints and trade‐offs
in the allocation of limited time among activities in space. Space‐time path is one of the most important concepts in time geography. It
traces the movement of an individual (Hägerstrand, 1967).
11
Centre for complex network research: http://barabasilab.com/
12
MIT SENSEable City Lab.: http://senseable.mit.edu
13
Mobility Lab: http://mobilitylab.ut.ee/eng/
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of Tartu. In 2005, Barabási (2005) and Vázquez et al. (2005) stated that: “The dynamics of many
social, technological and economic phenomena are driven by individual human actions, turning the
quantitative understanding of human behaviour into a central question of modern science”. The
team of Barabási initiated several pioneering studies on different research topics on network
complexity including human dynamics (Candia et al., 2008), human mobility patterns (Gonzáles et al.,
2008; Song et al., 2010a, 2010b), social networks (Onnela et al., 2007a, 2007b, 2010, 2011), public
safety (Madey et al., 2006, 2007; Bagrow et al., 2011), and the spreading patterns of mobile phone
viruses (Wang et al., 2009). Barabási (2009) stated that “we are at the threshold of understanding
complexity, based on the availability of large data sets” (Big Data). Knowledge gained from a social
network perspective could significantly contribute to utilize CDR’s for smart city objectives. However,
a complete theory of complexity does not yet exist (Barabási, 2007).
One of the first attempts from the MIT SENSEable City Lab to study cities using data from mobile
phone operators was applied in Graz and Milan (Ratti et al., 2005, 2007a; Pulselli et al., 2005, 2006).
In this research, the authors adopted a new approach to better understand the increasing complexity
of human settlements, not merely by observing their physical shapes, but also by sensing the citizens
using data from mobile phone operators. The aim of this study was to investigate human dynamics
by revealing the locations and intensities of urban activities, and to analyse mobility patterns. They
used Erlangs14 with a 1 hour time interval to illustrate the intensity of urban activities and its
evolution in space and time. The analysis resulted in spatio‐temperal signatures showing the
intensity of mobile phone traffic at a given position in time and space. Based on these first promising
results, they develop appropriate software as supporting tools for urban planning and urban
management in a smart city framework in the city of Rome. These tools provided exploratory
visualizations of various dimensions of cities from a dynamic perspective. Examples included the
illustration of spatio‐temporal patterns of mobile phone call intensity which, to a certain extent,
reflect population presence, crowd gatherings, attractiveness of landmarks, concentration of
(foreign) tourists, traffic flows, and the supply and the demand of public transportation in the space‐
time continuum (Ratti et al., 2006; Calabrese and Ratti, 2006; Reades et al., 2007, 2009; Calabrese et
al., 2011a). Several statistical methods were applied such as K‐means clustering to extract spatial
signatures with which to represent the city’s heartbeat.
Since 2005, the team from ‘Mobility Lab’ of the University of Tartu also significantly contributed to
this research field (e.g. Ahas and Mark, 2005; Pae et al., 2006; Ahas et al., 2007c). Examples of their
work includes studies on tourism (Ahas et al., 2006a, 2007a, 2007b, 2008a; Silm and Ahas, 2010;

14
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Kuusik et al. 2008, 2010), important activity places (Ahas et al., 2008b, 2010; Järv et al., 2014),
commuting patterns (Novák et al., 2013) and road traffic analysis (Järv et al., 2012).
Mobile phone data studies based on these space‐time typologies (Zandvliet and Dijst, 2006) can be
utilized in an urban policy framework which enables urban authorities to capture current trends and
to evaluate ‘on the fly’ whether existing conditions (e.g. mobile phone usage in a specific location)
deviate from the average conditions at a given time and in space. In other words, such tools can
facilitate the implementation of smart city objectives. The latter will explicitly be discussed in the
next section.

6. MOBILE PHONE DATA AND URBAN MANAGEMENT APPLICATIONS
Since 2005, several empirical studies have utilized data from mobile phone operators to gain insight
and knowledge into complex and rapidly changing spatial urban phenomena. In this section, we will
critically analyse several case studies and focus on how the use of mobile phone data can support
smart city objectives from the perspective of urban management. At the same time, this section
provides a preliminary taxonomy of such applications, which is tied to the core of the smart city
approach.

6.1. Smart mobility and transportation
Mobility and transportation are not only vital elements of cities, but also a key dimension in the
smart city agenda, as discussed above. Research which utilizes the breadth of data produced by
mobile phone operators can be a great opportunity to tackle specific issues (Steenbruggen et al.,
2013). Two such examples are discussed here.
Information regarding the demographics and origins of visitors in specific urban locations is usually
scarce if not totally absent. Such information, especially at a fine grained temporal and spatial scale,
can potentially play a pivotal role in managing resources and connectivity. Near real‐time information
from mobile phone data about population concentrations and, most importantly, about the origin of
these populations can be usefully combined with GPS data about the location of buses and taxis
(Calabrese et al., 2011a; Veloso et al., 2011; Kang et al., 2013). The matching of such data can
facilitate transport analysis, and enable operators to better tune – even on the fly – public
transportation within cities. In a different example, data from mobile phone operators can be used to
understand commuting patterns at a detailed temporal and spatial level. In particular, for a city with
a commercial district, understanding where workers live and work can help manage vehicular traffic
flows and plan public transportation services. For example, Becker et al. (2011, 2013) compared
commuting patterns in Morristown (a suburban city in the greater New York City Metropolitan Area)
using US Census data and data from CDRs. The results showed that data from mobile phone
operators can lead to the same outcomes as official data. Interestingly however, mobile phone data
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are produced continuously and enable the constant monitoring of commuting patterns, the
modelling of its fast and slow dynamics, and most importantly, the timely responses from the
planning authorities. On the contrary, census data are usually released once every decade.
Moreover, the costs of CDR data are minimal in comparison to the costs of organizing a census.

6.2. Smart economy
In a 24/7 culture, residents and visitors roam through metropolitan areas at all times and for
different reasons. Knowing where people cluster for social activities, and at what times, allows
business and cultural institutions to better target and price their outdoor advertising, as well as to
maximize their opening times and schedule of events. It is reasonable to assume that call activity in
commercial or business areas is an indicator for economic activity (de Jonge et al., 2012). However,
the call activity of a region during the week for residential, commercial, and business areas is
different. Deriving a classification from the call activity profile of a region may aid strategic planning
decisions related to land use, future investments, and business location strategies.
In addition, the tourism industry is, for most countries, another very important source of economic
growth. In the age of low‐cost flights, local authorities can never be certain about the quantity and
nationalities of tourists in town. Knowing more about the behavior of tourists is the starting point in
designing tourism and urban attractiveness policies (Kuusik et al., 2010; de Jonge et al., 2012). This is
not a trivial task, as their trip routes are difficult to predict, and the same applies to the length of
their stay, the actual places they visit, or the landmarks to which they are attracted. Data from
mobile phone operators can provide support towards this direction, as is illustrated by the relevant
literature. Calabrese et al. (2011a) have developed an illustrative application showing the density of
people using mobile phones at different historic attractions. Girardin et al. (2009b) identified the
spatial distributions of locals and foreign visitors to estimate their relative density in relation to some
specific locations.
Important activity places, urban activity destinations, and human travel patterns, all have a strong
relation with tourist mobility patterns. Human geographers have used such mobile positioning data
as a spatial distribution tool for monitoring the concentration of tourists in a certain area of
attraction (Ahas et al., 2006a, 2007a, 2007b, 2008a). For example, Kuusik et al. (2008, 2010) studied
repeated tourist visits at a country level (Estonia). Their study resulted in interesting estimations of
the number of visitors and visits, the (average) visit duration, the distribution of (repeating) visitors at
a country level, and the geographical distribution of repeat visits in the Estonian counties. Also
seasonal variability plays an important role in the place of residence and seasonal migration of
people and is strongly linked with tourism and holidays (Silm and Ahas, 2010). These types of
information can prove to be vital for more efficient tourism planning at different spatial scales.
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6.3. Public safety
City authorities regularly have to face the challenge of predicting population presence and the
movement of crowds for public safety reasons. Examples include big events such as sports events
and concerts, but also demonstrations and emergency situations. Data from mobile phone operators
can be employed for this purpose, and enable urban planners to conduct crowd modelling. In more
detail, crowd modelling is the basis for useful applications such as predicting the use of space,
preventing dangerous situations, or planning an emergency evacuation. The combination of crowd
management and modelling with data indicating mobile phone activity is a promising application for
the smart city framework. Calabrese et al. (2010) have analysed the relationship between individual
mobility traces extracted by data provided by mobile phone operators and social events. Anonymized
traces from the Boston Metropolitan Area were employed and juxtaposed with a number of selected
events that had happened in the city and which had attracted considerably sized crowds. The
outcome of this analysis showed a strong correlation between the origins of people attending an
event and the type of event. Apparently, such information is valuable in city management in order to
take decisions about crowd management before and after social events. In the same spirit, Traag et
al. (2011) focused on detecting unusually large social events based on a Bayesian location inference
framework15. The outcome of this study was a methodological framework for deciding who is
attending such events. Nevertheless, as they only used limited positional data from GSM antennas,
the validation of the results was rather difficult without additional information.
Although the estimation of population density in real‐time has always been a challenge in urban
management, it is remarkable that such studies are very rare. Csáji et al. (2012) has shown that there
is a strong relation between census data and estimates based on mobile phone data at a county level
(a correlation of 0.92). This indicates that it is possible to accurately estimate population size based
on mobile phone data at an aggregated level. However, as stated by Isaacman et al. (2012), urban
areas are characterized by a different population density during the course of a day. For instance,
residential areas are likely to be more populated at night‐time, though, in fact most inhabitants are
asleep, while commercial districts are more likely to be more populated during the daytime.
Therefore, temporal information needs to be included in such a modelling exercise. Girardin et al.
(2009b) estimated the relative density of locals and foreign visitors, but real‐time estimates of actual
numbers are missing. Frias‐Martinez et al. (2010, 2012) proposed a tool for using mobile phone data
for computing cost‐effective census maps from a socio‐economic perspective. Such a modelling
exercise could be extended to estimate real‐time population density.
15

In statistics, Bayesian inference is a method of inference in which Bayes' rule is used to update the probability estimate for a hypothesis
as additional evidence is learned.
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Also in the field of crisis management, there is a growing interest in using telecom data for crowd
management and anomaly detection. For instance, responses to a crisis require a high level of
preparedness, and the precise knowledge of how many people could be exposed in the incident area.
Currently‐used risk maps only provide a static picture of the exposure, since they are based on
information from the Census or other regular surveys. Different examples have been found in the
relevant literature regarding proactive crowd‐sourcing and the provision of timely information on the
status of a city or a region (Schoenharl et al., 2006; Madey et al., 2006, 2007; Pawling et al., 2007,
2008a, 2008b; Vaidyanathan et al., 2008; Vaidyanathan 2010; Vaidyanathan and Johnston, 2011). In
total, CDRs and data from mobile phone operators can be used as a valuable information source for
issuing early warning signals. Nevertheless, an inherent limitation of such data is the lack of
qualitative information regarding the nature and the cause of existing anomalies.
Moreover, the temporal breadth of such data enables the modelling of human behaviour when
exposed to rapidly changing or unfamiliar conditions (e.g. natural, technological, or societal disasters)
(Vespignani, 2009). Bagrow et al. (2011) explored the societal response to external perturbations to
identified real‐time changes in communication and mobility patterns due to different types of
emergency. They find that communication spikes accompanying emergencies are both spatially and
temporally localized.

6.4. Land‐use and sustainability
Information on land use and the dynamic nature of the way citizens use urban space is crucial for
urban planning and the sustainable development of cities (Pei et al., 2013). Land‐use types in urban
landscapes are not necessarily well‐defined in the sense that one specific area may have multiple
functions. In a case study on Madrid, Soto and Frias‐Martínez (2011) identified five clusters of actual
land use based on human behavior from CDRs using fuzzy‐c means. In another study in Boston, Toole
et al. (2012) used a random forest algorithm, which showed that mobile phone data are capable of
delivering useful information on actual land use that supplements zoning regulations.
One of the main objectives of smart cities is to create a sustainable environment with a wise
management of natural resources. Becker et al. (2013) analysed the combination of commuter
distance with the amount of carbon dioxide emitted in order to create carbon footprints. This
allowed the computation of the rough amount of carbon dioxide emitted per commuter and a new
tool to evaluate environmental impact and to improve transportation management. Mobile phone
data can, for example, also be used to estimate the relationship between population density and
energy consumption. This will provide new spatial tools to develop a more sustainable environment.
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7. DISCUSSION
Call detail records can serve a variety of functions. For instance, CDRs are essential for mobile phone
billing purposes, but also for legal and surveillance purposes. From an urban perspective, such data
are extremely useful, mainly because their high spatio‐temporal resolution and are gaining ground as
a tool to support smart city objectives. On basis of the above review, it can be concluded that data
from mobile phone operators are increasingly used as information carriers in urban analysis. We are
now, after 10 years of research, in a position to evaluate whether this strand of analysis has helped
us better understand and manage cities. The smart city framework has been used as a reference
point, because it provides the necessary theoretical justification for such an exercise.
The present review has highlighted the contribution of such data sources in achieving smart city
objectives. In a nutshell, it enables the identification, the analysis, the visualisation, and the
simulation of the heartbeat of the city in a way that no other secondary data source can do. Such
exercises, as highlighted previously, can result in prolific outcomes in the context of urban planning
and management. More specifically, such outcomes are related to: (a) mobility and transportation,
as CDRs enable a precise modelling of both elements at a very detailed temporal dimension, not just
as a snapshot, but instead, in a continuous manner; (b) the urban economy, as such data and related
analyses can support economic activity related to sectors such as tourism, retail and marketing; (c)
public safety, as modelling based on such data can radically enhance issues related to crowd and risk
management; and (d) land‐use planning, revealing the actual use of places, again in a temporally
continuous manner, and feeding back this knowledge in to urban planning.
On the basis of the extensive literature, we can make the following general observations:


Mobile phone data are a promising source to develop a wide range of smart city applications.
However, there are as yet only a few solid examples of using such data in real‐life urban
management.



CDRs are generated only when a transaction occurs, which makes it hard to define suitable
models for crowd control and to estimate the real‐time presence and movements of such
crowds. Nevertheless, such data offer an excellent addition to existing data sources.



The results show that anomalies in real‐world data can be detected, although, because of the
nature of CDRs, no conclusive causal inferences can be made.



Urban management applications need not only real‐time mobile phone data, but a full spectrum
of information sources – digital and analogue – that are needed for the effective governance of
urban systems.

In addition to clear obvious advantages of CDR, there are also some limitations. Firstly, CDRs are not
open source data. They are the property of telecom operators, and thus there is limited access for
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researchers. The availability of such data is usually regulated due to specific contracts with telecom
operators. Because there are only a limited number of telecom operators per country, it is not easy
for businesses to develop applications. City managers might be encouraged to be more active to
stimulate telecom providers to open their data for urban analysis and applications for cities. In
addition, telecom operators are very cautious in sharing CDRs due to privacy issues. Since such
records have the potential to reveal private, personal information, they are generally protected by
strict regulations. Legislators have addressed the use of personal information with various laws, a
situation which has implications for location and sensor services. For example, the EU Directive
95/46/EC provides the legal framework for the protection of individuals with regard to the processing
of personal data, while Directive 2002/58/EC addresses location privacy specifically, stating that
location data can be processed only after being anonymized or after having gained the consent of the
user, who should be perfectly informed of the use that will be made of their personal data.
Moreover, researchers have also identified conceptual limitations when using CDR data in urban
models. Isaacman et al. (2012), for example, has highlighted some issues which lack a realistic
approach to model human mobility, such as spatio‐temporal realism about population densities,
studying too small geographic areas, or models which aim to be universal, and thus do not adapt to
different geographic areas. Studies that investigate the characteristic spatio‐temporal pattern of the
collective human mobility from a more dynamic perspective, and make a comparison between
different urban environments, are very rare. For example, previous work has shown a significant
differences between cities (areas) along metrics such as: commute distances (Isaacman et al., 2010,
2011a, 2011b; Becker et al., 2013); commuting patterns (Amini et al., 2014) mobility patterns (Liu et
al., 2009; Isaacman et al. 2011b; Calabrese et al., 2011a; Kang et al., 2012; Tanahashi et al., 2012;
Amini et al., 2014); community structures (Eagle et al., 2009b; Amini et al., 2014), hotspots (Louail et
al., 2014), and population density (Martino et al., 2010; Becker et al., 2013; Csáji et al., 2012;
Isaacman et al., 2012; Sagle et al., 2012; Yuan and Raubal, 2012). The findings of such studies can be
helpful for policy makers in understanding the characteristics and dynamic nature of different urban
areas, as well as updating environmental and (public) transportation policies. Ranjan et al. (2012)
concluded that the nature of CDRs, which are sparse in time and space, may in some cases cause
biases in capturing the overall spatial‐temporal characteristics of demographic groups, when
studying population level inferences, which may exhibit variable mobility. Finally, Wesolowski et al.
(2013) have shown that, despite the bias introduced by differential phone ownership, mobility
patterns within particular regions are surprisingly robust across populations.
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8. CONCLUSIONS
As shown in this paper, a better understanding of how, where, and when people move on a daily
basis, especially in densely populated areas, could lead to improvements in urban planning,
transportation infrastructure design, and assessments of environmental impacts. A few years back,
Ahas and Mark (2005) predicted that geo‐located data from mobile phone operators would be
utilized in three areas in urban planning: namely, transportation, dynamics of urban space, and
marketing. This paper has indeed demonstrated the wide applicability of mobile phone data in
achieving smart city objectives. Nevertheless, such data cannot be approached as a panacea. The
complexity of urban environments calls for a combination of various and diverse data sources. In
such a framework, the wealth of data which remains hidden in the hard drives of various mobile
phone operators could be a useful addition to permanent efforts to make our cities smarter.
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