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A B S T R A C T   

People's daily movements, as aggregated in spatial units, shape mobility flows that can be modelled by geospatial 
networks. The structure of these networks both reflects and influences how cities are lived in, perceived and 
planned. In this study, location tracking data from mobile phones were used to investigate the functional and 
spatial structures of daily mobility networks and how these networks change as they grow in size. A case study 
was performed on 81 Spanish functional Urban Areas (FUAs). The results of this study show that the friction of 
the space and the average length of the aggregate daily mobility are constant and do not depend on the area and 
demographic size of the FUAs. The average length of the aggregate daily mobility is associated with the increase 
in complexity that occurs as mobility networks grow, which is reflected in an increase in the number of levels of 
interaction and the proportion of local flows that integrate adjacent spaces across different scales. The method 
used provides quantitative indicators that reveal the similarities and differences of daily mobility, as well as the 
interactions that occur in FUAs according to their size. This information is very useful in urban and mobility 
planning.   

1. Introduction 

Complexity and mobility are archetypal and interrelated properties of 
cities. Knowledge of these properties is essential to understand the 
evolution of and changes in urban spaces. Cities are characterized by 
multiple mobile entities, including objects, matter, energy, information, 
capital and living beings. The daily mobility of people is a high relevant 
social behaviour because it integrates the effects of various social 
practices –such as work, school, shopping, housing, leisure and other 
activities– with territorial factors and personal preferences (Jirón, 2009; 
Sheller & Urry, 2006; Urry, 2007). These factors together strongly shape 
the ways in which a city is perceived and lived in (Brickman, 2021; 
Fortunati & Taipale, 2017; Luille & di Virglio, 2021; Miralles-Guasch & 
Cebollada, 2009; Salazar, 2021). 

The daily journeys of people, grouped into spatial units, form com
plex networks of geographical nature. The configuration of these net
works is more influenced by the friction of space than the networks of 
other flows and is related to territorial accessibility and the decisions of 
individuals. For these reasons, urban daily mobility, especially spatial 

patterns, plays a fundamental role in the organization of contemporary 
urban life (Jirón & Imilán, 2018, p. 19) and is a key element in urban 
planning (Bertaud, 2004; Bertolini, 2012), especially regarding infra
structure, provision of services and the shaping of urban sustainability 
policies (Barbosa-Filho et al., 2017; Jacobs, 1961; Lyons, 2018; Vega- 
Pindado, 1970). 

Research on daily mobility has revealed valuable insights into the 
topological, spatial, and functional characteristics of these networks of 
human interaction. In particular, this has highlighted the effects of 
distance (as expressed in terms of separation between locations, travel 
cost or the effort expended in travelling) and other factors on people's 
mobility. However, difficulties persist in the representation, analysis 
and conceptualization of urban mobility (Batty, 2018). There is no 
complete understanding of several issues, as the morphology and 
structure of aggregate urban mobility networks or of how networks 
connect places into larger territories at various scales. In metropolitan 
spaces it is needed a better and coordinated transport and land-use 
planning, which would lead to a reduction of travel and transport 
needs, enhancing connectivity between urban, peri-urban and rural 
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areas, key issues to foster sustainable urban and mobility models in the 
context of the energy transition and climate adaption (United Nations, 
2017). This challenge becomes especially important in the planning of 
European metropolitan spaces such as functional urban areas, going 
beyond the classic administrative borders (European Commission, 
2019). 

This paper investigates changes in the topological, spatial, and 
functional properties of everyday mobility networks and their size in
creases in functional urban areas with very diverse sociodemographic 
characteristics. The aim of this study is to address, from a geographical 
perspective, questions such as the following: What are the differences 
and similarities among daily mobility networks of cities of different 
sizes? How are different spaces in cities reflected in aggregate mobility 
networks? Are there universal models for the daily mobility networks of 
cities converge that do not depend on the functional structure and dis
tribution of the city population? The study uses data from the aggregate 
daily mobility networks of 81 Functional Urban Areas (FUAs) in Spain 
that are analysed with concepts and methods situated at the intersection 
of spatial analysis and network analysis (Adams et al., 2012; 
Barthélemy, 2011, 2022). This study goes beyond the case studies where 
a single city or metropolitan area is analysed (Gadziński, 2018; Ming Yip 
et al., 2016), as well as other that include more cities but in a still limited 
number (Lee et al., 2018) or mobilities between cities tracked by mobile 
phone data (Marada et al., 2023) since it allows the identification and 
representation of the structure of mobility patterns in diverse functional 
urban areas. In this context, the urban spaces analysed respond to a wide 
diversity in their sociodemographic, geographical and functional char
acteristics, which allows providing an interesting study approach for the 
better understanding of daily mobility behaviours covering different 
urban contexts. 

The approach of this work differs from previous ones on the subject 
in two aspects: i) the topological, weighted and spatial structure of the 
aggregate network of everyday mobility is analysed, ii) these structures 
are differentiated according to the size of the FUAs. The results can be 
used in other international contexts at in-country level and, additionally, 
to support cross-country benchmarking studies. For example, the 
method could be useful for the design of urban and metropolitan 
mobility policies in the energy transition and climate adaption, among 
other examples as the Urban Agenda for the European Union intends for 
functional urban areas (European Commission, 2019). 

2. Literature review 

Urban mobility has long been studied using both qualitative and 
quantitative methods (Barbosa-Filho et al., 2017). This field has been 
enriched by the use of new-fangled approaches and data, especially 
those generated by the application of novel information technologies to 
the observation and management of people's movements (Cao et al., 
2021). Urban mobility is intrinsically dynamic, and its social and spatial 
patterns have been becoming increasingly complex, especially in large 
metropolitan areas (García-Palomares, 2008; Gutiérrez & García-Pal
omares, 2007). 

Studies carried out on spatial networks of the aggregate daily 
mobility in cities have revealed empirical regularities and become the 
subjects of theoretical debate. Particular attention has been paid to how 
mobility flows depend on the distance of trips (corresponding to the 
duration or cost). A certain degree of convergence has been found in the 
shape of the distributions of these distances in space and in time, 
showing that effect of the distance on reducing mobility flows. This ef
fect of spatial friction (distance-decay) on the mobility has mainly been 
estimated using exponential and potential models (Barbosa-Filho et al., 
2017; Barthélemy, 2011). The volume of inputs and outputs of mobility 
flows of the spatial units used in these studies was calculated for indi
vidual locations by using the opportunities, distance (Euclidean or as 
measured by the transport network) to other locations and other com
plementary variables as modelled by gravity, intervening opportunities 

and radiation models (Barbosa-Filho et al., 2017). Other investigations 
have revealed the heterogeneity of mobility flows (both individual and 
aggregate) that are associated with socioeconomic variables and the 
urban structure (Yang et al., 2019), the income level (Carra et al., 2016) 
or the centrality of the origin (regardless of whether the origin is a 
hotspot) and destination nodes of flows (Louail et al., 2015). 

Studies on transport and land use have shown that variations in the 
spatial patterns of daily mobility are related to properties of the urban 
structure and shape, such as land use patterns, the spatial distribution of 
the residential density, the location of employment centres and the size 
of cities (Bertaud, 2004; le Néchet, 2012; Rodrigue, 2020). 

In general, the morphology of spatial networks of the aggregate daily 
mobility reflects the cost imposed by the geographic space on the for
mation of long-distance connections. However, the morphology and 
structure of mobility networks have not been investigated to the same 
extent as daily mobility networks and the changes in these networks 
with increasing size of cities, a crucial challenge in urban and mobility 
planning. 

3. Modelling the daily urban mobility as a spatial network: 
context, theoretical framework and research questions 

3.1. The daily mobility in the context of cities 

Daily mobility patterns in cities evolve within the context of urban 
transformation. In general, there has been a notable increase in the 
physical and demographic dimensions of large cities and metropolitan 
areas since the end of the 20th century that has occurred in conjunction 
with transformations in the sociodemographic, spatial and functional 
structures of these cities, each with their own intensity and rhythm. 
Other components of the very widespread process of urban expansion 
with different degrees and forms of polycentrism include the gentrifi
cation of urban centres; the social, functional and morphological 
diversification of peripheral areas; the fragmentation of social and 
physical space; and the improvement in transportation networks. This 
trend has been verified for central and peripheral spaces (Angel et al., 
2016; McMillen & Smith, 2003) and is strongly manifested in North 
America (Muller, 1986) but is somewhat more subdued in Europe and 
Latin American countries (Escolano-Utrilla et al., 2015; Romein et al., 
2009). 

Mobility is the product of multiple transformations and factors in the 
urban expansion process (García-Palomares, 2008). One of the most 
notable transformations in cities is the great expansion and dispersion of 
peripheral spaces, which has increased distances between places on the 
periphery of cities (Gutiérrez & García-Palomares, 2007) and between 
these places and city centres. The emergence of new centralities and 
employment opportunities in peripheral areas has reduced daily travel 
to urban centres but has driven an increase in travel from central to 
peripheral spaces. Additionally, the modes and means of daily mobility 
in cities have been diversified, and different factors affect people's de
cisions to move. Notable factors include the cost of travel (Giuliano & 
Small, 1993), housing, land use and sociodemographic trends and 
characteristics of the population (Antipova et al., 2011; Cervero, 1989). 
In summary, the spatial patterns of urban daily mobility have evolved 
towards more complex shapes and structures, in accordance with the 
underlying social processes and urban forms. 

3.2. Modelling the aggregate daily urban mobility as a sociospatial 
network 

The daily mobility of cities is constituted by trips people make from 
their homes to places of activity (work, study, leisure and appointments) 
and back. These trips can have one or more purposes, and one person's 
choice of places of residence or work influences other people's choices in 
a variety of ways. This interaction between agents and places is the basis 
for modelling daily mobility as a network of nodes and links. Individual 
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displacements are aggregated into spatial units. The network nodes are 
designated as the centroids of these units, and the links (or edges) of the 
units represent the direction and volume of people flows between the 
nodes. Thus, the nodes, links and their attributes constitute the direct 
and weighted features of a daily mobility network. 

The nodes and the edges of a spatial network are located in 
geographical space, such that the cost of forming connections among 
nodes (in terms of time, resources, psychological factors and effort) 
depends on the friction of space (Adams et al., 2012; Barbosa-Filho et al., 
2017; Barthélemy, 2022). The constraints imposed by the geographical 
space in which spatial networks exist also affect the network topology, 
which is characterized by an excessive number of local connections 
relative to the number of long-distance connections. The principle of 
spatial autocorrelation of geographical phenomena, stated in the well- 
known “first law of geography” that “everything is related to every
thing else, but near things are more related than distant things” (Tobler, 
1970, p. 236), maintains that short-distance connections are more 
abundant than less frequent long-distance connections. Short-distance 
mobility between a residence and nearby (generally adjacent) loca
tions is the most frequent type of mobility and is characterized by dense, 
continuous and fairly regular networks. At the other extreme, long- 
distance travel is less frequent and is characterized by looser and 
discontinuous networks. Short-distance mobility flows are stronger than 
long-distance mobility flows. Consequently, spatial networks are char
acterized by their topology and the geographic locations of the nodes 
and edges (and their attributes). 

Granovetter's hypothesis of the strength of weak ties for social net
works (Granovetter, 1973) is that networks with abundant strong edges 
have strong local cohesion but weak global cohesion and that, in 
contrast, networks with frequent weak connections (weak edges) have 
relatively strong global cohesion and weak local cohesion. The strength 
of an edge is represented by the volume of the origin-destination flow. 
The magnitude of the origin-destination flow volume is distributed 
approximately continuously between the lowest and highest value. The 
first law of geography can be combined with Granovetter's hypothesis to 
explain the distributions of distances and the spatial and functional or
ganization of aggregate networks of the daily mobility: strong edges 
overlap and converge in strongly cohesive local spaces, whereas longer 
and weaker edges enable the creation of more expansive connections to 
remote spaces. 

In the context of everyday mobility networks, it follows from both 
theories that as flows between two spatial areas increase, neighbouring 
areas are more likely to have mutual flows as well, resulting in local 
clusters. Conversely, flows between very distant areas tend to be less 
frequent and less voluminous (weak ties). However, these flows unite 
the urban space as a whole, especially the labour market, allowing the 
urban space to function as a unit, 

3.3. Research questions 

The objective of this study was to determine the functional and 
spatial organization of daily mobility networks and how the network 
structure changes with increasing size. The following questions needed 
to be answered to achieve this objective: a) does the spatial distribution, 
magnitude and direction of trip lengths vary with the network size?; b) 
what is the structure of the connectivity of networks of different sizes, 
that is, how do flows of different lengths and magnitudes combine at 
different places? and c) in mobility networks of different sizes, how do 
clusters (or communities) at different levels (local, intermediate and 
global) emerge from connections of different intensities between places? 

These three questions are relevant in being related to significant 
properties of the organization and dynamics of daily mobility networks, 
as well as to the sustainability, efficiency and social aspects of cities. We 
used the daily mobility networks of 81 Spanish FUAs as a case study. The 
networks were classified by demographic size into three groups. 

Within the aforementioned context and theory, and as some research 

has shown, the city size is a variable that influences daily mobility 
patterns (Bertaud, 2004; le Néchet, 2012; Rodrigue, 2020). An increase 
in the average distance travelled is not accompanied by a proportional 
increase in the time spent travelling, which indicates there may be a 
“fixed budget” (for energy, time, cost and effort) for investment in daily 
mobility (Levinson & Wu, 2005). Based on these facts, we hypothesized 
that daily mobility networks become increasingly complex with growth, 
that is, adjacent spaces assemble at functional and spatial levels with 
different degrees of local and global connectivity. This strategy makes it 
possible to maintain the connectivity of an entire urban space without a 
significant increase in the average length of the mobility flows. How
ever, real networks, even those with similar sizes, exhibit varying de
grees of complexity depending on various geographical (population, 
area, density, etc.) and socioeconomic factors (transport modes, income 
level, etc.). 

Therefore, the per capita length of the daily mobility is expected to 
be similar for FUAs of different sizes, and the variation in the magnitude 
of this length from the average value should be highest for the smallest 
FUAs. The spatial distribution of the population, population density, 
surface area and other factors have a larger influence on FUAs with small 
populations than on those with large populations. 

The two main contributions of this study to the field are empirical 
and methodological in nature. First, spatial analysis and geosocial 
network modelling were combined to characterize the structure of daily 
mobility networks at meso and macro scales for application to spatial 
attributes. In particular, data on the location, magnitude and direction 
of mobility flows were used. Second, the formation process of residential 
mobility networks and changes in the network structure with size were 
determined in this study and were not investigated in detail in previous 
studies. 

4. Materials and methods 

4.1. Data and spatial units 

The basic mobility data used in this study express the number of 
people who travel daily from their homes to other places. These data are 
grouped into spatial units. Each unit is called an “INE mobility cell” and 
is the minimum spatial unit of information available for urban areas in 
Spain, that serves as a case study. Spanish cities have not been immune 
to the aforementioned changes. There is growing spatial dispersion of 
the urban fabric and population (Azcárate Luxána et al., 2010; de Miguel 
González, 2001) and a tendency towards fragmentation of locations and 
activities of the population (Gil-Alonso et al., 2020; Olazabal & Bellet, 
2019). This dispersion and fragmentation are related to changes in 
spatial patterns of daily mobility (Gutiérrez & García-Palomares, 2007; 
Gutiérrez-Puebla & García-Palomares, 2005), among other factors. 

The study period is one week of normal mobility (November 18 to 
21, 2019). This information was prepared and published by the Instituto 
Nacional de Estadística (Spanish Statistical Office) (INE, n.d.). Informa
tion on mobility was derived from the registry of location changes of a 
sample representing 78.7 % of mobile phones in Spain. 

Each mobility cell must contain >5000 registered inhabitants. A 
municipality that contains between 5000 and 50,000 inhabitants con
stitutes a mobility area. If a municipality has <5000 inhabitants, the 
inhabitants within that province are grouped into cells containing be
tween 5000 and 50,000 inhabitants. Cities with >50,000 inhabitants are 
disaggregated into neighbourhoods or districts containing >5000 in
habitants. A total of 3214 mobility cells were delimited in 2019 (Insti
tuto Nacional de Estadística, 2020). One mobile phone is assigned to the 
residence cell that was occupied for the longest time between 22:00 and 
06:00 h over the four observation days. The obtained information is 
contrasted with 60-day historical data. The destination mobility area is 
where the terminal was located for at least 4 h from 10:00 to 18:00 h for 
two of the four observation days. Destination areas also include resi
dences. The destination area cannot be identified for all cases using the 

S. Escolano-Utrilla et al.                                                                                                                                                                                                                       



Cities 145 (2024) 104731

4

aforementioned methods. The published flows are those of 25 people or 
more. 

The proposed method and units retain the daily mobility at a rela
tively fine resolution (mainly for travel to work or study) but do not 
retain the long-distance mobility, intraurban flows or micromobility. We 
use mobile phone movements as a general proxy for daily mobility 
(Calabrese et al., 2013; González et al., 2008). 

FUAs are urban entities within a city of generally >100,000 in
habitants and adjacent municipalities in which >15 % of the workforce 
travels to the main city (EUROSTAT, n.d.). This study was performed on 
81 FUAs delimited by EUROSTAT for Spain and the corresponding 
centres (core) (EUROSTAT, n.d.). The centre and the remainder of the 
territory of an FUA (henceforth referred to as the periphery) constituted 
the spatial units used to determine the direction of mobility flows. A 
mobility cell was assigned to an FUA if the centroid of the cell was 
located within the FUA boundary. A mobility cell for which the centroid 
lay outside the boundary of an FUA but part of the cell surface area 
intersected with the FUA boundary was manually added to the FUA. This 
procedure was used to identify 1803 mobility cells in the territories of 
Spanish FUAs. As functional units, FUAs are suitable for the study of 
daily mobility. The 81 FUAs were grouped by demographic size into 
three categories: large FUAs (containing between 500,000 and 7 million 
inhabitants; 13 FUAs), medium-sized FUAs (containing between 
100,000 and 500,000 inhabitants; 48 FUAs) and small FUAs (containing 
between 59,000 and 100,000 inhabitants; 20 FUAs). 

In addition to the total population and mobility data, the following 
socioeconomic data were obtained: personal income; activity rate; me
dian age of the population; proportion of travel by car, on foot and by 
public transport and the average duration of travel in the FUA. The 
aforementioned information was obtained for 2019, except for some 
movement variable values that were obtained for 2011 (INE). The 
average distance to the central business district (CBD) of the main city of 
each FUA was used as a measure of the spatial dispersion of the FUA 
population. 

The daily mobility, as measured by the described method, is higher 
in the FUAs than in the rest of Spain, that is eight out of ten of the 
investigated trips originate from or terminate in an FUA. The proportion 
of the national total of trips associated with FUAs is higher than that 
associated with the population or the surface area and shows the 
remarkable complexity and density of interactions in urban spaces 
(Table 1; Fig. 1). 

4.2. Analytical procedures 

To achieve the study objectives, these data were processed in three 
phases: a) sociospatial mobility networks were constructed for each 
FUA, b) several spatial and topological properties of the connectivity of 
mobility networks were analysed, and c) a random forest regression 
analysis was performed to correlate the mean distance of the flows of 

each FUA with various geographic and socioeconomic factors. 
First, the flow data were used to construct a matrix of the origin- 

destination flows among the 1803 mobility cells. The network nodes 
represented the mobility cells, and the location (the centroids of the 
sections) and edges of the cells represented the direction from the origin 
to the destination and the magnitude of the mobility between nodes. The 
obtained data were used to build 81 mobility networks (direct and 
weighted), that is, one network per FUA. 

To address the first question, the magnitude, length, and direction of 
mobility flows have been analysed. 

The trip length is a key variable for modelling human mobility and 
most frequently expressed as a Euclidean distance (Barbosa-Filho et al., 
2017). In this study, the mobility flow length was estimated as the 
Euclidean distance between the centroids (nodes) of different mobility 
cells. A potential function was used to vary the distribution of the 
mobility flow with the distance. The volume and direction of the 
mobility flows between the centre and periphery of the city were 
determined. The relationship between the length and flux of the 
mobility fluxes was fitted by a power-law function, the scale-free char
acteristics of which facilitated comparison of interaction networks of 
different sizes: 

P = d− β  

Ln(P) = − β • ln(d)

where P is the cumulative distribution of mobility flows, and β is the 
coefficient of distance decay (indicating the influence of the distance on 
the volume of flows between places). 

The range of displacement from a place at a given distance was 
described using the magnitude of the radius of gyration of a place (RGP, 
which is analogous to the radius of gyration of an individual), which was 
calculated as follows: 

RGPi =

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅

Σd2
ij*fij

/
Σfij

√

where RGPi is the radius of gyration of a place I, dij the Euclidean 
distance between the places i and j, and fij is the flow between the places i 
and j. 

To answer the second question, it is necessary to determine the mode 
of connection for each node with other nodes on local and global. The 
networks were analysed using a few topological global and local de
scriptors and the flow length. The density was used as the only global 
indicator to express the ratio of the number of network edges to the 
number of potential edges. 

The degree value was used as the local descriptor of each node and 
represented the total number of incoming and outgoing connections for 
the node. The weighted degree was used as the measure of the volume of 
the flows for each connection. The degree-based node distribution was 
used as an indicator of the network structure. 

We used the average neighbourhood connectivity of a node, which is 
defined as the average connectivity of all the nearest neighbours of a 
node n (Maslov & Sneppen, 2002) and calculated as follows: 

CN(k) = ΣqqP(q/k)

where P(q/k) is the conditional probability that a link belonging to a 
node with a connectivity k points to a node with a connectivity q. The 
distribution of C(k) over k is a measure of the assortativity when C(k) is an 
increasing (positive) function and of the disassortativity when C(k) is a 
decreasing (negative) function. The assortativity is the propensity of 
nodes of a certain degree to connect with nodes of a similar degree (hubs 
connect to hubs), and the disassortativity is the tendency of low-degree 
nodes to connect with high-degree nodes (Barrat et al., 2004). 

To complete the third question has been used the Infomap node 
clustering algorithm to identify functional groups (clusters, modules or 
communities), thereby revealing the network structure considering the 

Table 1 
General magnitude of the daily mobility in functional urban areas, 2019.  

General magnitude Spain FUA FUA/Spain 
(%) 

Total population (people) (000)  47,026  33,185  70.6 
Surface area (km2) (000)  505  130  25.8 
INE mobility cells  3,214  1,803  56.1 
Municipalities  8,198  3,027  36.9 
Number of people staying in a residence cell 

(000)  
19,297  12,105  62.7 

Total daily mobility between INE cells (000)  13,747  10,967  79.8 
Number of cells with a positive 

incoming–outgoing balance  
1,133  693  61.2 

Number of cells with a negative 
incoming–outgoing balance  

2,083  1,110  53.3 

Source: INE pilot study on mobility based on mobile phone positioning. 
Compiled by the authors. 
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hierarchical flows represented by connections (Rosvall et al., 2009). 
This method can be applied to directed networks and networks with 
weighted connections (mobility flows), can detect nested levels and the 
membership of nodes to various clusters and identify clusters of various 
configurations. Therefore, this method was highly suitable for applica
tion in this study considering the characteristics of the networks inves
tigated. The algorithm version implemented in the Community Detection 
module (Singhal et al., 2020) of the software Cytoscape 3.9 was used 
(Shannon et al., 2003). The parameter Markov time (0 < mt < 1) scales 
link flow to change the cost of moving between modules. A high value 
has been applied to this parameter (0.95) to hinder the formation of 
many small modules. 

The external-internal index (EIi) was used as a normalized indicator 
of the cohesion of a module. This index is the ratio of the mobility be
tween the cells of the same cluster (internal connections: I) and the 
mobility between cells that are not part of the same module (external 
connections: E). The EIi can be generalized to incorporate weights 
(mobility flows: w) of connections: 

EIi = (Ew − Iw)/(Ew + Iw)

The EIi index varies between − 1 and 1, where a value of − 1 indicates 
that all connections are internal (is an isolated group), a value of 1 in
dicates that all the edges are external, and a value of 0 indicates an equal 
number of internal and external edges (or equal internal and external 
flows). 

Finally, a random forest regression of several geographical factors of 
each FUA was applied against the average distance of the daily mobility, 

where this distance was considered a variable resulting from adjustment 
processes that was to minimize the cost, time or effort expended in 
making daily trips. 

Note that the type of data used in this study underestimate the daily 
mobility. In addition to possible technical and sampling errors, the 
method used does not retain displacements by multiple cells, move
ments for which stays in cells other than the home are less than 4 h in 
length, flows involving fewer than 25 people and internal mobility 
within individual cells. Thus, a medium-resolution image of the daily 
mobility structure is produced that is very useful for investigating the 
territorial aspects and planning of the daily mobility. 

ArcGIS Pro (ESRI) software was used to perform mapping of spatial 
data. A topological analysis of the networks was carried out using 
Cytoscape (Shannon et al., 2003), and the random regression forest 
analysis was carried out using Orange (Demsar et al., 2013). 

5. Results 

5.1. Properties of aggregate mobility flows: length, strength and direction 

For the spatial units used in this study, the average length of travel is 
9.5 km (8.2 km and 15.3 km for the centres and peripheries of the FUAs, 
respectively). However, travel varies considerably among FUAs (be
tween 2.2 and 35.1 km), mainly due to the different transport modes 
used and differences in the surface areas of the FUAs (Table 2). 

The behaviour of the daily mobility, as measured by the length of 
journeys, exhibits two structural characteristics in relation to the de
mographic size of the FUAs. 

Fig. 1. Location, population density, population size and levels of FUAs. 
Source: INE pilot study on mobility based on mobile phone positioning. Prepared by the authors. 
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First, the average length of the displacements is approximately 
constant, regardless of the population volume of an FUA. The variability 
in the displacement length is most pronounced for the small FUAs and 
decreases and eventually stabilizes as the FUA population increases 
(Fig. 2). 

Second, the most important characteristic of the flow distribution 
with the length is a long tail: 46 %, 38 % and 39 % of the large, medium 
and small FUAs have lengths below 5 km, respectively. By comparison, a 
larger proportion of flows have lengths below 10 km (70 %, 63 % and 75 
% for large, medium and small FUAs, respectively), that is, only a small 
proportion of the flows have large lengths. The decay-distance param
eter β is determined from a linear fit of the log-log distribution: β =
− 1.914, − 1.965 and − 1.843 (− 2.065 without outliers) for large, me
dium and small FUAs, respectively (the corresponding R-square values 
are 0.88, 0.91 and 0.84; Fig. 3). These parameter values are similar to 
those obtained by Yang et al. (2019) for Shenzhen (China) based on 
individual trip data (β = − 1.853), smaller than that (β = − 1.60) ob
tained for other compact cities, such as Harbin (China) (Gao et al., 
2013), and larger than those of other cities, such as Singapore (β = − 2.5) 
(Kang et al., 2013). These differences in β depend on the resolution of 
the spatial units used and reflect the difference in characteristics of 
urban spaces and modes of mobility. 

The balance and direction of the mobility were analysed considering 
two spatial units for the origin and destination of trips: the centre and the 
remainder of the FUA, i.e., the periphery. There were two notable and 
interrelated aspects of the global values of the balance and direction of 
mobility: the inhabitants of the centre had a higher mobility than those 
living at the periphery, especially for the large FUAs, indicating the 
importance of the centre as the main destination of flows (Table 3). 

There are clear spatial patterns in the distributions of the absolute 
and relative intensities of the mobility for the large FUAs: centre- 

periphery patterns are generally observed but there are no continuous 
peaks in the central and peripheral areas. Thus, the ratio between the 
number of people arriving in and leaving each mobility area is higher in 
the centres than in the peripheral areas, except for certain areas with 
high concentrations of jobs (hubs; Fig. 4). 

The composition of the flows based on their origin and destination in 
centres or peripheries is mainly related to the size, shape and location of 
the FUAs and can be categorized into three groups. The first group is 
formed by FUAs with centralized structures for which urban areas have 
pronounced functional monocentrism, such as Zaragoza, Malaga, 
Granada, Vitoria-Gasteiz and other cities in the peninsular centre and 
coastal areas. The second group is composed of large FUAs (such as 
Madrid, Barcelona, Valencia, Seville and Bilbao) and other smaller 
FUAs, for which the most highly weighted mobilities originate and end 
in FUA centres and the second most highly weighted mobilities originate 
and end in peripheral areas. This group reflects the considerable 
expansion of suburban spaces and the decentralization of activities. 
Finally, the third group exhibits a balanced mobility profile that is 
typical of a relatively small FUA located mainly in the peninsular centre 
(Fig. 4). 

The daily mobility flows between the FUAs and neighbouring terri
tories are also important. Approximately 315,000 people are directed 
from FUAs to other (generally adjacent) mobility areas (corresponding 
to 3.5 % of the total FUA mobility), and 395,000 people arrive from 
other areas to FUAs. These exchanges are especially intense (between 
10,000 and 20,000 people) for the FUAs of Barcelona, Valencia and 
Murcia. 

5.2. Topological and spatial properties of daily mobility networks 

Mobility networks are constituted by daily movements between 
places of origin and a destination. The morphology, functional and 
spatial organization of these networks express the levels and modes of 
territorial deployment of the daily mobility. The values of the global 
descriptors of the mobility networks (the number of nodes and edges and 
the proportion of connections) reflect differences between groups of 
FUAs that are related to the FUA demographic size and other factors 
(Table 4). The connectivity values of the mobility networks of the FUAs 
were used to characterize the topological and spatial organization of the 
connectivity, as detailed below. 

First, the mobility networks of the largest FUAs are larger than those 
of the medium and small FUAs, as expected. However, compared to the 

Table 2 
Average length (km) of mobility flows for FUAs.  

FUA size Core Periphery Average Minimum Maximum 

Large 7.4 15.5 10.2 6.8 13.4 
Medium 8.8 15.9 11.6 6.4 29.5 
Small (excluding 

three outliers) 
9.4 
(7.5) 

19.8 
(12.7) 

11.0 
(8.1) 

2.5 
(23.7) 

10.8 
(44.1) 

All FUAs 8.2 15.3 10.71   

Source: INE Pilot study on mobility based on mobile phone positioning. 
Compiled by the authors. 

Fig. 2. Relationship between the average length of the daily mobility and the FUA demographic size. 
Source: Prepared by the authors. 
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medium and small FUAs, the largest FUAs are denser and have a pro
portionally larger number of connections (Table 4). 

Second, the proportion of nodes with many connections is very low. 
The degree distribution decreases rapidly from 30 to 40 connections 
(Fig. 5a) as the number of incoming edges decreases. The outgoing links 
have a different distribution, which remains almost flat as the number of 
incoming edges increases up to 30–40 edges and then decreases slowly. 
The nodes with the most connections are found in the centres and urban 
peripheries. 

Third, as the number of incoming edges (in-degree) to a place (node) 
increase, there is an exponential decrease in the average mobility flow. 
The distributions of all the FUAs groups are similar: the highest flows 
have very similar average values up to an in-degree threshold of the 
nodes and then decrease quickly (Fig. 5b). 

Fourth, places have predominantly short RGPs. All groups of FUAs 
have similar RGP distributions: the most frequent RGP is the 5–10 km 
interval, corresponding to >35 % of all the RGPs, and the cumulative 
frequency of up to 10 km exceeds 80 % of all the RGPs. In addition, the 
average RGP for the large and medium FUAs decreases as new edges are 
added to a node up to a threshold, that is, nodes with many edges 
connect with other more distant nodes (Fig. 5c). 

Finally, the mobility networks of each group of FUAs exhibit a slight 
tendency overall towards assortativity, that is, nodes with many con
nections connect with other nodes with many connections (corre
sponding to hub-to-hub connections). However, the connectivity of the 
networks of the largest FUAs can be fitted by a positive composite 
function up to a value k (number of neighbours) and then decreases 
(Fig. 5d). 

Taken together, the properties mentioned above describe a contin
uous mobility network that is neither random nor hierarchical and has a 

fairly uniform density. Reciprocal connections in the network form 
preferentially among adjacent or nearby areas, where the highest flows 
often occur between neighbouring areas and fewer and weaker con
nections occur between places that are far from each other. 

5.3. Functional modules of networks: assembling adjacent territories 
across scales 

The composition of networks for modules or functional communities 
is one of the most outstanding aspects of how such complex networks 
function. Clusters of mobility areas emerge over an entire network that 
have mutual flows with considerably higher mutual intensities than 
those in other mobility areas. These clusters reflect how mobility net
works delineate the spaces of FUAs at nested levels of different scales 
(Table 5; Fig. 6). 

Global structures (Level 0) generally correspond to isolated FUAs that 
form a single area in which strong cohesion makes it impossible to 
identify clusters or modules. This phenomenon is observed for 15 small 
FUAs and one large FUA (Granada). 

Clusters can be differentiated in large FUAs or territories formed by 
several adjacent or very close FUAs: in FUAs with transition global-local 
structures, only one level of clusters can be distinguished, whereas in 
FUAs with complex global-local structures, clusters collapse at Levels 2 
and 3. These transition global-local structures are made up of small or 
medium-sized FUAs that are adjacent to or very close to each other, such 
as the coastal FUAs of Galicia, Asturias, the Canary Islands and in the 
inner Spanish mainland. Valencia is the only large FUA that forms this 
type of structure with nearby smaller FUAs. Complex global-local struc
tures emerge for large FUAs (such as Zaragoza) or in macro-areas formed 
by the agglomeration of FUAs of different sizes, that is, several FUAs 
around Madrid, Barcelona, Seville, cities in the Basque Country, Palma 
de Mallorca and the FUAs around Alicante and Murcia (Fig. 6). 

The identified clusters are characterized in terms of the mobility 
between modules and shape. The EI index indicates that practically half 
of the mobility flows of the Level 1 and 3 clusters occur within the spaces 
of the FUAs. By comparison, the intercluster mobility is more relevant 
for Level 2 complex global-local structures. Movements between clusters 
belonging to different FUAs are observed at all levels, because these 
FUAs are adjacent, very close or well-connected by high-speed rail 
networks or plane routes (Madrid and Seville; Madrid and Ciudad Real; 
Barcelona and Palma de Mallorca; Zaragoza and Tarragona; Arrecife and 
Santa Cruz de Tenerife, etc.). All the territories of the mobility clusters 
are made up of continuous and nonfragmented spaces, with irregular 

Fig. 3. Flow distribution with the length for FUAs, 2019. 
Source: Prepared by the authors. 

Table 3 
Direction of the daily mobility between the centre and periphery of the FUAs.  

FUA size Number of inhabitants (000) Direction of flows (%) (C: centre, P: 
periphery) 

Total Centre Periphery C to C C to P P to C P to P 

Large 21,464 16,591 4,873  78.4  5.6  8.1  8.0 
Medium 10,209 7,402 2,807  67.2  11.3  14.3  7.2 
Small 1,512 1,350 1,62  81.7  9.7  6.6  1.9 
All FUAs 33,185 25,343 7,842  75.2  7.4  9.9  7.5 

Source: INE Pilot study on mobility based on mobile phone positioning. 
Compiled by the authors. 
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shapes that sometimes lengthen following the configuration of the main 
infrastructure and transport services (for example, Paseo de la Cas
tellana in Madrid and other peripheral routes in the macroareas of 
Madrid, Barcelona and Valencia). The spatial continuity of these clusters 
reflects the weight of geographical factors, such as the distance and 
travel time (Fig. 7). 

5.4. The importance of sociogeographical factors in the configuration of 
daily mobility networks 

The absolute size of daily mobility networks and the connectivity 
patterns of the network nodes are influenced by the geographical and 
socioeconomic characteristics of the FUA space. To explore some of 
these relationships, a random forest regression analysis was performed 
using various parameters of the mobility networks as dependent vari
ables and social and geographic factors as independent variables. The 
results are summarized below (Table 6). 

• Multiple geographic and socioeconomic variables influence the ab
solute and relative sizes of daily mobility networks and the network 
connectivity, where the corresponding influence trends vary across 
FUAs.  

• The absolute size of a network, as measured by the number of edges 
or connections, depends primarily on the total population of an FUA, 
especially for small FUAs. As the FUA population increases, new 
nodes are added proportionally, whereas the number of absolute 
connections grows almost exponentially because each new node al
lows for more connections. The absolute size of a network is also 
related to the proportion of trips made on public transport and the 
average duration of travel to work mainly for the largest FUAs, such 
as Barcelona, Valencia, Seville and Zaragoza. 

Fig. 4. Relationship between the number of people arriving in and leaving mobility areas. 
Source: INE Pilot study on mobility based on mobile phone positioning. Prepared by the authors. 

Table 4 
General absolute size of daily mobility networks of FUAs.  

Descriptor All FUAs Large 
FUAs 

Medium 
FUAs 

Small 
FUAs 

Number of nodes  1,803  900  533  370 
Number of edges  47,915  37,216  9,521  1,178 
Density* (%)  1.5  4.6  3.3  0.9 
Number of people/edges  693  577  1,072  1,283 
Number of inhabitants 

(000)  
33,184  21,464  10,209  1,511 

Surface area (km2): total  76,681  30,385  39,752  6,544 
Minimum  20.9  847.9  203.7  20.9 
Maximum  13,589.3  13,589.3  790.9  931.1 

Density: Number of edges/number of edges required to connect a node with all 
other nodes (nodes*nodes-1). 
Source: INE Pilot study on mobility based on mobile phone positioning. 
Compiled by the authors. 
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• In general, the FUA demographic size influences the values of all the 
indexes, positively for the node connectivity and negatively for the 
network density. The FUA demographic size has a moderate impact 

(which can be positive or negative) on the average length of the 
mobility flows. The population density is the variable with the 
greatest influence on the average length of mobility flows: this in
fluence is positive for FUAs with low densities and irregular shapes 
(Cáceres, Mérida, Lorca and Cuenca) and negative for large FUAs 
(Barcelona) or very small FUAs (Ceuta, Melilla and La Línea). Modes 
of travel are also significantly associated with the network 
morphology: the higher the proportion of travel via public trans
portation is, the greater the number of edges, average edge flow size 
and number of edges per node (connectivity). A similar relationship 
is observed between the connectivity and time spent at the work
place. The effect of the central flow ratio on the average flow per 
edge is generally moderate but highly positive for small FUAs in 
which central movements predominate. Finally, the income level has 
a moderate effect on the mobility length: the higher the income level 
is, the lower the mobility length is. 

Other sociodemographic variables, such as the activity rate, median 
age of the population and proportion of travel by car, are not signifi
cantly correlated with any size or shape variable and the general char
acteristics of the mobility networks at the scales of both the FUA and 
mobility area. 

Fig. 5. From left to right and from upper to lower. A) Degree distribution of nodes. B) Relationship between the in-degree index and average edge mobility flow. C) 
Relationship between the out-degree index and the radius of gyration of a place (km). D) Relationship between the number of neighbours of a node and the average 
neighbourhood connectivity (k). 
Source: Prepared by the authors. 

Table 5 
Clusters and structure of daily mobility networks of Spanish FUAs.  

Type of 
structure of 
mobility 
network cluster 
level 

Number 
of 
clusters 

Number 
of FUAs 

Number of 
inhabitants 
(000) 

EI 
index 
(%) <
− 0.7 

EI 
index 
(%) >
0.2 

Global      
0  32  16  2,799  100.0  

Transition 
global-local      
1  71  30  8,875  49.3  2.8 

Complex 
global-local      
2  76  14  8,173  30.3  7.6 
3  10  21  13,338  50.0  10.0 

All FUAs  189  81  33,185   

Source: INE Pilot study on mobility based on mobile phone positioning. 
Compiled by the authors. 
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6. Discussion 

The results show that mobility networks can be used to model the 
spatial and functional characteristics of the daily mobility in Spanish 
FUAs, as a sociospatial practice. From a functional and spatial 
perspective, the topological and spatial configuration of these networks 
is related to the sociogeographical characteristics of the FUAs (the 
population, population density, modes of travel, income level, etc.) in a 
nonstationary but heterogeneous manner. This work provides a novelty 
regarding the method in its purpose since we use it to compare structures 
according to FUA sizes. The main processes and patterns that charac
terize the structure and growth of these networks are highlighted below. 

6.1. The emergence and growth of daily mobility networks 

The parameters that describe the structure of mobility networks 
indicate that the behaviour of mobility agents is the main process that 
determines the network configuration. The behaviour of mobility agents 
is represented by the total population, which tends to minimize the 
friction of the FUA space (in terms of the distance, cost or effort). This 
process is common to all FUAs and generates a mobility pattern formed 
by highly intense reciprocal movements between adjacent and nearby 
places, as well as other looser and weaker links with more distant places 
that are located mainly in the FUA centres and certain peripheral areas. 
Mobility networks grow by replication of this pattern with some adap
tations in new peripheral suburban development. This general process 

develops against a changing matrix of geographical, socioeconomic, 
cultural and urban factors, infrastructures and services that condition 
the patterns of daily mobility networks. 

The differences in the average length of mobility between urban 
centres and peripheries grow with the FUA demographic size. Com
muters residing in the centres travel approximately half the distance as 
those residing in the peripheries, especially for large FUAs. However, 
residents in the peripheries make similar journeys, regardless of the FUA 
size. In the FUA centres, the compactness of the urban fabric and exis
tence of multiple employment opportunities result in the generation of 
dense networks composed of short- and medium-length connections (the 
mobility cell with the largest number of connections corresponds to the 
Complutense University of Madrid in the centre of the city). We specu
late that frequent travel on foot and by public transport generates local 
spaces with strongly cohesive mobilities and forms conditioned by col
lective transport services. Additionally, distance has a preferential 
valuation over opportunities: the results show that the model of closest 
opportunities is followed (Carra et al., 2016). 

Compared to the FUA centres, in the FUA peripheral areas, the 
connections are usually longer, and the networks are less dense, 
although some flows are considerable. Notably, strong attractors that act 
as hubs, such as industrial parks, large facilities and commercial and 
services centres, are located at the peripheries of cities. Based on the 
spatial units used in this study, the following areas are identified as 
mobility destination centres: industrial parks in the peripheral areas of 
all FUAs; facilities such as universities, especially on campuses in 

Fig. 6. Structure of clusters of mobility cells. 
Source: Prepared by the authors. 
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peripheral areas (those in Madrid, Palma, Alicante, Huelva, Cáceres and 
Pamplona-Iruña) and large centres of commerce, recreation and ser
vices. The dispersion of facilities and services in urban peripheries is a 
shared feature in contemporary urban spaces on a global scale. The 
creation of new attractions in peripheral areas has increased flows be
tween these areas and decreased the distance travelled by the in
habitants of these areas. However, these advantages are eliminated to 
some extent by new movements from other urban spaces, as in the case 
of Zaragoza. Undoubtedly, these attractor centres provide services closer 
to those living in peripheral areas than the centres, but the strong 
cohesion between these attractors and the rest of the urban space makes 
it impossible to identify clusters of mobility areas in medium and small 
FUAs (Fig. 7). 

6.2. Functional modules integrated by adjacent spaces 

As the size of FUAs grows, the FUA structure increases in complexity, 
whereby the average lengths of mobility flows become similar and in
dependent of the FUA size. The main mechanism that enables networks 
in the FUA peripheries to grow without increasing the average length of 
the mobility flows consists of the creation of multiple nested functional 
levels of mobility that are composed of continuous and strongly cohesive 
mobility spaces (clusters or modules). Several mobility cells are assigned 
to two or more adjacent modules, in both the centres and peripheries of 
FUAs that are very close to each other, for example, Bilbao and 
Santander, as well as Galician FUAs and other FUAs on the Mediterra
nean coast. 

In the smallest FUAs (especially those with a large population 

dispersion, such as Cuenca and Santa Lucía de Tirajana), functional 
modules are not differentiated and the flows have a strong random 
component (Fig. 7), which increases the average mobility length. In 
large FUAs or adjacent FUAs that function as a unit, the flows are 
organized according to a monopolycentric model and the movements 
are simultaneous, radial, lateral in the peripheries and random (Bertaud, 
2004). These models suggest that people adopt strategies to reduce their 
travel distance to places of work, study, leisure and other activities. For 
example, people may change residences (individuals with higher 
average incomes reside closer to their destinations than those with lower 
average incomes) or public transportation routes and may change their 
employment and study locations to be closer to their residences. The 
internal flows of individual modules have larger volumes in global-local 
transition structures than in complex global-local structures (Table 5). 
These findings for Spanish cities are consistent with those found for 
other geographical contexts based on mobile phone data. People with 
low incomes travel larger distances on average than those with high 
incomes, as has been found for Latin American cities (Moya-Gómez 
et al., 2021) and Singapore (Xu et al., 2018). In this sense, the evidence 
found in the analysed context also coincides with others such as Hong 
Kong, where people from poor neighbourhoods tend to move to poor 
districts while richer people move to richer ones, therefore the pole may 
be mobile but interaction with other income groups may be limited 
(Ming Yip et al., 2016). However, there are some exceptions to this 
trend, such as in North American cities where spatial segregation of 
economic activities and residential areas results in long travel distances 
(Xu et al., 2018). These findings help in the planning of cohesive urban 
spaces that avoid segregation (United Nations, 2017). 

Fig. 7. Clusters of daily mobility in Spanish FUAs. 
Source: INE Pilot study on mobility based on mobile phone positioning Prepared by the authors. 
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The procedure applied in this study enabled the identification of 
modules of different FUAs (that were sometimes far from each other) 
connected by significant mobility flows. A preliminary analysis enabled 
the assessment of the role of large-volume transport infrastructure, in 
particular, high-speed rail, which is reshaping some Spanish metropol
itan spaces (Garmendia Antín et al., 2011; Ureña, 2005). 

Finally, the results for the distance and direction of mobility obtained 
in this study are not directly comparable to the results of other studies 
based on different spatial units but are consistent with those obtained by 
Gutiérrez and García-Palomares (2007): that is, centres remain impor
tant as origins and destinations, but as peripheral areas develop, 
mobility between peripheral sectors has been increasing, whereas the 
average flow length has not increased significantly. The relationships 
between the flow length and the origin and destination of flows in urban 
centres or peripheries and the demographic size determined in this study 
also agree with those obtained by Louail et al. (2015). 

7. Conclusions 

In this study, we analysed networks of daily mobility flows for 
Spanish FUAs. These networks were constructed by aggregating move
ments estimated from changes in mobile phone locations into medium- 
resolution spatial units. The findings of this study confirm already 
known general aspects of human mobility, such as the distance-decay 
property, and reveal new aspects of the functional and spatial configu
ration of mobility networks. The specific contributions of the research to 
the topic studied are the following:  

1. Weighted and spatial topological connectivity are related.  
2. The weights and distance of the flows show a long-tailed distribution: 

there is a large heterogeneity, more pronounced in the larger FUAs. 
The probability distribution of the flows fits a power-law 

distribution, which means that the everyday mobility network fol
lows a scale-free behaviour.  

3. Larger FUAs have more complex networks, with functional modules 
in all cases spatially continuous. In this sense, a counterintuitive fact 
has been verified: the average length of the aggregate daily mobility 
is constant, regardless of the FUA size. All the identified functional 
modules are spatially continuous, which demonstrates the strength 
of the spatial autocorrelation of the daily mobility. Likewise, all the 
mobilities are not completely contained in any of the identified 
modules. These result imply that a) no FUA is made up of functional 
units that are self-sufficient in terms of the mobility, that is, in all 
cases, the entire urban space consists of a unit of residence, activity 
locations and the mobility; b) optimization of the mobility, which is 
understood as a reduction in the aggregate length of mobility flows, 
is only possible by increasing the internal flow of each module, 
through decreasing the distances among the locations of residences, 
jobs and other activities.  

4. Variations in size and structure, as well as other characteristics of 
daily mobility, are related to demographic, socioeconomic and 
spatial factors. The configuration, shape and development of 
mobility networks, emerges from the aggregate and autonomous 
decisions of people to optimize the friction of the FUA space (in terms 
of the distance, time and cost of travel). Therefore, the total popu
lation, spatial distribution of residences and locations of places of 
activity govern the size and structure of mobility networks. In 
addition to this basic principle of social practice, the configuration of 
mobility networks is affected by other socioeconomic dimensions, 
such as transport modes, transit services, income levels and indi
vidual perceptions and preferences. In this sense, other international 
research has shown similar results, although this work has included a 
significantly greater number of urban areas with different 
characteristics. 

The aforementioned process generates mobility networks charac
terized by good local connections, in accordance with the first law of 
geography, and weaker global connections established through the 
longest flows, as maintained by the strength-of-weak-ties hypothesis and 
the first law of geography. Mobility networks grow via replication of this 
pattern, which also implies an increase in the network complexity. As 
networks grow, new functional modules are formed that operate at 
different scales and levels.  

5. The obtained results verify that, within the limitations of this study, 
the data used and analyses performed provide a reasonable picture of 
the daily mobility. The method used provides quantitative indicators 
that reveal the similarities and differences of daily mobility, as well 
as the interactions that occur in the FUAs according to their size. 

Finally, to deepen our understanding of this fundamental means of 
human interactions in cities, the relationship between the shape of 
mobility networks and the socioeconomic status of the residents of 
mobility areas should be investigated further. Specifically, the 
morphology of mobility networks for residents in mobility areas with 
different income levels should be compared, and the spatial location of 
nodes with the highest attraction in the main FUAs should be analysed. 
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Internacional (UGI) (Ed.), España, puente entre continentes. Aportación Española al 34.◦
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le Néchet, F. (2012). Urban spatial structure, daily mobility and energy consumption: A 
study of 34 European cities. Cybergeo, 580. https://doi.org/10.4000/ 
cybergeo.24966 

Lee, K.-S., Yu, S. Y., Eom, J. K., Song, J., & M., J. H.. (2018). Urban spatiotemporal 
analysis using mobile phone data: Case study of medium- and large-sized Korean 
cities. Habitat International, 73, 6–15. https://doi.org/10.1016/j. 
habitatint.2017.12.010 

Levinson, D., & Wu, Y. (2005). The rational locator reexamined: Are travel times still 
stable? Transportation, 32(2), 187–202. https://doi.org/10.1007/s11116-004-5507- 
4 

Louail, T., Lenormand, M., Picornell, M., Cantú, O. G., Herranz, R., Frias-Martinez, E., … 
Barthelemy, M. (2015). Uncovering the spatial structure of mobility networks. 
Nature Communications, 6, 6007. https://doi.org/10.1038/ncomms7007 

Luille, T., & Di Virglio, M. M. (2021). Mirar la vida urbana desde el caleidoscopio de las 
movilidades. Revista INVI, 36(102), 1–19. https://revistainvi.uchile.cl/index.php 
/INVI/article/view/64689. 

Lyons, G. (2018). Getting smart about urban mobility – Aligning the paradigms of smart 
and sustainable. Transportation Research Part A: Policy and Practice, 115, 4–14. 
https://doi.org/10.1016/j.tra.2016.12.001 

Marada, M., Zévl, J.-K., Petříček, J., & Blažek, V. (2023). Interurban mobility: Eurythmic 
relations among metropolitan cities monitored by mobile phone data. Applied 
Geography, 156, Article 102998. https://doi.org/10.1016/j.apgeog.2023.102998 

Maslov, S., & Sneppen, K. (2002). Specificity and stability in topology of protein 
networks. Science, 298(5569), 910–913. https://doi.org/10.1126/science.1065103 

McMillen, D. P., & Smith, S. C. (2003). The number of subcenters in large urban areas. 
Journal of Urban Economics, 53(3), 321–338. https://doi.org/10.1016/S0094-1190 
(03)00026-3 

S. Escolano-Utrilla et al.                                                                                                                                                                                                                       

https://doi.org/10.1016/j.socnet.2011.10.007
https://doi.org/10.1016/j.socnet.2011.10.007
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0010
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0010
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0010
https://doi.org/10.1016/j.apgeog.2011.02.001
https://doi.org/10.5944/etfvi.3.2010.2611
https://doi.org/10.5944/etfvi.3.2010.2611
https://doi.org/10.1016/j.physrep.2018.01.001
https://doi.org/10.1073/pnas.0400087101
https://doi.org/10.1073/pnas.0400087101
https://doi.org/10.1016/j.physrep.2010.11.002
https://doi.org/10.1016/j.physrep.2010.11.002
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0040
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0040
https://doi.org/10.1098/rstb.2017.0236
https://doi.org/10.1098/rstb.2017.0236
http://alain-bertaud.com/images/AB_The_spatial_organization_of_cities_Version_3.pdf
http://alain-bertaud.com/images/AB_The_spatial_organization_of_cities_Version_3.pdf
https://doi.org/10.1080/02513625.2012.702956
https://doi.org/10.1080/02513625.2012.702956
https://revistainvi.uchile.cl/index.php/INVI/article/view/63508/68234
https://revistainvi.uchile.cl/index.php/INVI/article/view/63508/68234
https://doi.org/10.1016/j.trc.2012.09.009
https://doi.org/10.1016/j.trc.2012.09.009
https://doi.org/10.1016/j.cities.2020.103077
https://doi.org/10.1098/rsif.2016.0306
https://doi.org/10.1080/01944368908976014
https://doi.org/10.1080/01944368908976014
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0085
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0085
https://doi.org/10.1080/00045608.2012.689236
https://doi.org/10.1080/00045608.2012.689236
https://doi.org/10.21138/bage.1897
https://ec.europa.eu/futurium/en/system/files/ged/urban_agenda_eu_en.pdf
https://ec.europa.eu/futurium/en/system/files/ged/urban_agenda_eu_en.pdf
https://doi.org/10.1080/01972243.2017.1354110
https://doi.org/10.1016/j.trc.2018.01.011
https://doi.org/10.1111/tgis.12042
https://doi.org/10.1111/tgis.12042
https://www.eure.cl/index.php/eure/issue/view/121
https://www.eure.cl/index.php/eure/article/view/23/510
https://www.eure.cl/index.php/eure/article/view/23/510
https://doi.org/10.7419/162.10.2020
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0135
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0135
https://doi.org/10.1038/nature06958
https://doi.org/10.1038/nature06958
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0145
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0145
https://doi.org/10.1016/j.jtrangeo.2006.01.002
https://doi.org/10.1016/j.jtrangeo.2006.01.002
https://revistas.ucm.es/index.php/AGUC/article/view/AGUC0505110331A/31014
https://revistas.ucm.es/index.php/AGUC/article/view/AGUC0505110331A/31014
https://ine.es/experimental/movilidad/experimental_em1.htm
https://ine.es/experimental/movilidad/experimental_em1.htm
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0170
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0175
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0175
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0175
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0180
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0180
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0180
http://refhub.elsevier.com/S0264-2751(23)00543-7/rf0180
https://doi.org/10.1145/2505821.2505826
https://doi.org/10.4000/cybergeo.24966
https://doi.org/10.4000/cybergeo.24966
https://doi.org/10.1016/j.habitatint.2017.12.010
https://doi.org/10.1016/j.habitatint.2017.12.010
https://doi.org/10.1007/s11116-004-5507-4
https://doi.org/10.1007/s11116-004-5507-4
https://doi.org/10.1038/ncomms7007
https://revistainvi.uchile.cl/index.php/INVI/article/view/64689
https://revistainvi.uchile.cl/index.php/INVI/article/view/64689
https://doi.org/10.1016/j.tra.2016.12.001
https://doi.org/10.1016/j.apgeog.2023.102998
https://doi.org/10.1126/science.1065103
https://doi.org/10.1016/S0094-1190(03)00026-3
https://doi.org/10.1016/S0094-1190(03)00026-3


Cities 145 (2024) 104731

14

Ming Yip, N., Forrest, R., & Xian, S. (2016). Exploring segregation and mobilities: 
Application of an activity tracking app on mobile phone. Cities, 59, 156–163. https:// 
doi.org/10.1016/j.cities.2016.02.003 
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