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Abstract

Transportation networks, from bicycle paths to buses and railways, are the backbone of urban
mobility. In large metropolitan areas, the integration of different transport modes has become
crucial to guarantee the fast and sustainable flow of people. Using a network science approach,
multimodal transport systems can be described as multilayer networks, where the networks
associated to different transport modes are not considered in isolation, but as a set of inter-
connected layers. Despite the importance of multimodality in modern cities, a unified view of the
topic is currently missing. Here, we provide a comprehensive overview of the emerging research
areas of multilayer transport networks and multimodal urban mobility, focusing on contributions
from the interdisciplinary fields of complex systems, urban data science, and science of cities. First,
we present an introduction to the mathematical framework of multilayer networks. We apply it to
survey models of multimodal infrastructures, as well as measures used for quantifying multimodality,
and related empirical findings. We review modeling approaches and observational evidence in
multimodal mobility and public transport system dynamics, focusing on integrated real-world
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mobility patterns, where individuals navigate urban systems using different transport modes. We
then provide a survey of freely available datasets on multimodal infrastructure and mobility, and a
list of open-source tools for their analyses. Finally, we conclude with an outlook on open research
questions and promising directions for future research.

Keywords
human mobility, multilayer networks, transport networks, complex systems, urban data science,
science of cities

Introduction

Urban mobility takes place across a range of transport modes. The most basic mode is walking,
allowing individuals to cover short distances. With the historic growth of cities and transport
technologies, new forms of mobility have emerged that are able to cover larger distances, keeping
the growing city a coherent unit: from horsecar, bicycle, streetcar, to rail, bus, and automobile. These
different modes of transport fulfill different roles that cater to the heterogeneity of urban trips which
unfold across a range of different spatial scales, from individual buildings to city blocks, neigh-
borhoods, up to large urban agglomerations (Alessandretti et al., 2020; Batty, 2006). Due to their
heavy-tailed distribution (Alessandretti et al., 2017; Brockmann et al., 2006; Gonzalez et al., 2008;
Song et al., 2010), the majority of urban trips are short and can therefore be taken by foot (Varga
et al., 2016). The second largest fraction of trips is medium distance optimally taken by bicycle or
bus. Finally, the smallest fraction of urban trips is long distance, for which travel via metro/rail or via
car is reasonable (Varga et al., 2016). It is therefore important for any large enough city to have a
balanced mix of modes that reflects the distribution of how far its citizens need to move. The
multimodality perspective has an application in long-term transportation system analysis planning
and design, allowing engineers and planners to analyze strategies for multimodal urban mobility at
different scales (Arentze and Molin, 2013; Arentze and Timmermans, 2004; Fu and Lam, 2014;
Loder et al., 2019, 2022).

The subject of this review, multimodal mobility (or combined mobility), is then the idea to
combine multiple modes in one trip. On one hand, this is happening naturally just by the existence of
multiple modes—for example, a trip with a bus includes walking to and from a bus station. On the
other hand, multimodal mobility can also be intentionally designed, such as bicycletrains (Geurs
et al., 2016) or shared mobility solutions to the last mile problem (Shaheen and Chan, 2016). Given
the different ranges, densities, and frequencies of transport modes, their combination can thus be
advantageous. This is the potential of multimodal mobility: Combining multiple transport
modes promises to offer the benefits of all modes while avoiding their weaknesses. A mul-
timodal transportation system offers this benefit by connecting different transportation modes
through interfaces (e.g., stations) that facilitate transfers between the distinct services (Van Nes,
2002).

Potential and challenges of multimodal mobility

The biggest potential of multimodal mobility is to improve urban sustainability through the
combination of sustainable forms of transport, especially with complementary reach such as bi-
cycles and trains (Rietveld, 2000), to make the whole system more sustainable, that is, able to last for
a long time. The incorporation of unsustainable forms of transport into multimodal trips, such as
automobile transport, together with mass transit—for example, in a first-last mile scenario—could
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yield a more sustainable transport system under certain conditions but has to be assessed carefully
(Hoehne and Chester, 2017). The potential of multimodal mobility therefore lies in creating an
interplay between different modes that is more effective than a single mode alone, and in a direct or
indirect reduction of unsustainable transport modes. In particular, with the growth of cities, it has
become clear that the monolithic focus on cars that has emerged in the 20th century, together with a
car-centric approach of transport planning to minimize travel time for individual motorized
transport, is unsustainable (Banister, 2005). The economic burden of automobility alone is € 500
billion yearly in the EU while walking and cycling provides a yearly benefit to society worth € 90
billion due to positive health effects (Gossling et al., 2019). From this perspective, sustainable urban
transport development therefore views mobility as a means to provide people social access to the
city rather than an optimized traffic flow for vehicles. In this modern view, all transport modes co-
exist in a hierarchy that prioritizes walking, cycling, and transit over other forms of transport
(Banister, 2005; Gossling, 2016). This co-existence naturally provides opportunities for combi-
nations. However, designing a well-functioning multimodal transport system comes with
challenges.

Apart from deep political challenges related to car dependence (Mattioli et al., 2020), each mode
of transport has its own underlying infrastructure network and schedule of operation that has unique
structural and dynamical properties depending on its function. An example of this structural
complexity is provided in Figure 1 showing the interconnected transport system of Manhattan given
by the interplay of a pedestrian, a bicycle, an underground, and a car network, characterized by
different size, connectivity, and velocity. Considering individual transport, the network of pe-
destrian sidewalks and walking areas must be at least as dense as the bicycle network, as almost
every location in the city should be reachable by walking but not necessarily by bicycle. Similarly,
considering mass transit, a bus network will generally be more dense and more frequently operated
than an urban rail network which serves larger distances.

The new multimodal nature of large cities raises further planning challenges. From the traveler’s
view, choosing convenient travel solutions within multimodal systems requires to process large
amounts of information (Gallotti et al., 2016b). From the transport provider’s perspective, mul-
timodal systems are more difficult to manage, due to the large number of aspects that have to be
taken into account in order to achieve synchronization between different agencies and modes
(Barthelemy, 2016). In practice, these difficulties have created novel business opportunities for both
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Figure 1. Multiplex network representation of Manhattan, New York City, with four layers of transport
infrastructure (pedestrian paths, bicycle paths, rail lines, and streets), with data from OpenStreetMap
(OpenStreetMap contributors, 2017b). (Right) Network information for each layer, number of nodes, links,
and average degree (k). Figure adapted from Natera Orozco et al. (2020b).
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proprietary and public stakeholders, for example, mobile phone applications for multimodal urban
mobility (Willing et al., 2017), and a plethora of research questions which are the subject of this
review.

Aim and structure of this review

The primary aim of this article is to offer a comprehensive review of multimodal transportation and
mobility research focusing on recent approaches from complexity science. Within this framework, a
city is understood as a complex system (Batty, 2013; Lobo et al., 2020), and its transport infra-
structures, such as streets, sidewalks, bicycle lanes, and public transport, are modeled as networks
(Barthelemy, 2011). The field of Network Science has extensively studied such spatial networks,
first from a single-layer and more recently with a multilayer perspective, with special attention to
transportation networks (Barthelemy, 2011; Ding et al., 2019; Lin and Ban, 2013), focusing on
topological properties (Barthelemy, 2011; Batty, 2008; Barthelemy and Flammini, 2008; Boeing,
2020; Cardillo et al., 2006; Jiang and Claramunt, 2004; Louf and Barthelemy, 2014; Strano et al.,
2013), centrality metrics (Boeing, 2018; Crucitti et al., 2008; Kirkley et al., 2018), and growth
processes (Makse et al., 1995; Strano et al., 2012; Szell et al., 2022). Other topics include the impact
of the street networks on pedestrian volume (Hajrasouliha and Yin, 2015), accessibility and vitality
of cities (Biazzo et al., 2019; De Nadai et al., 2016; Natera Orozco et al., 2019), and resilience of
transportation networks (Baggag et al., 2018; Ferretti et al., 2019; Natera Orozco et al., 2020a).
These recent approaches can be seen as the beginning of emerging fields like a Science of Cities or
Urban Data Science which exploit new large-scale urban datasets with quantitative tools from
physics, geoinformatics, and data/network science (Batty, 2013; Resch and Szell, 2019).

In this review, we survey the literature on urban multimodal mobility and on urban transportation
infrastructure as multilayer networks. Here, we focus on the primal approach to networks (Porta
et al., 2006) where streets and mobility infrastructure constitute the network links, and intersections
(bus stops, subway stations, etc.) constitute the nodes of the network. Other approaches such as
space syntax are not common in complexity science.

The remainder of this review is arranged as follows. Section 1 introduces the mathematical
concept of multilayer networks. In Section 2, we discuss research on urban transport infrastructures,
including their empirical characterization (see Subsection 2.2) and theoretical modeling (see
Subsection 2.1) as multilayer networks. In Section 3, we instead focus on mobility and navigation
across these multimodal systems. In Section 4, we cover the relevant open datasets and the main
software tools which can be used to analyze multimodal transportation systems. We conclude with
an outlook and a summary of open questions for the research community in Section 5.

Multilayer networks: a framework for multimodality

Over the last decades, networks have emerged as a versatile tool to understand, map, and visualize
the interconnected architecture of a wide range of complex systems (Albert and Barabasi, 2002;
Bocecaletti et al., 2006; Dorogovtsev and Mendes, 2002; Newman, 2003), in particular spatially
embedded ones (Barthelemy, 2011, 2018). Formally, a network, or graph, G = (N, £) consists of a
set of nodes A/, and a second set £ of edges, describing connections among unordered pairs of
elements of the first set. This information can be stored into an adjacency matrix A = {a;;}, where i =
1, ..., N are the nodes, and a; = 1 if there is a link between nodes i and j, a; = 0. In transportation
systems (Lin and Ban, 2013), nodes can represent the stations of a network and links direct
connections between them. There are two approaches for constructing network links (Barthelemy,
2011): in the first one, known as L-space representation, two nodes are connected if they are
consecutive stops in a given transportation route; in the second one, known as P-space
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representation, two nodes are connected if there is at least one transportation route between them.
The adjacency matrix can also include weights W= {w;;}, where w;; are positive real numbers, for
instance, describing the strength of the connection between two nodes. For spatial systems, weights
are often taken as the reciprocal of the distance between two nodes or the time it takes to travel from
one to another, that is, w; = d;; or w; = t;;.

More recently, network scientists have put effort into characterizing the structure of systems
which are formed by different interconnected networks. Such interconnected structures are natural
for transportation systems. Think, for instance, of the largest transportation hubs in worldwide cities,
where stations are routinely served by bus, underground, and railway infrastructures. Indeed, most
urban transportation systems systemically rely on the interplay between different means of
transportation. These systems can be conveniently described by multiplex or multilayer networks. In
multilayer networks, links of different types, describing, for instance, different transportation
infrastructures (e.g., subway lines, bus routes, or bicycle lanes), are embedded into different layers.
Each layera, a=1, ..., M, is described by an adjacency matrix W' = {wl[;‘] }. In a multimodal urban
transportation network with three mobility infrastructure layers, o = 1 can represent the bus network,
o = 2 the underground network, and a = 3 the urban railway network, for example. The full
transportation system M can be described as M = {Wm, oo WM }.Nodesi=1, ..., N are labeled
in the same order in all networks and represent locations (e.g., bus stops, intersections, and subway
stations).

In the case of transportation networks, simply identifying nodes of different networks as the same
station might not always provide the most complete description of the multimodal network. Take,
for instance, the largest stations in mega-cities, like King’s Cross—St Pancras in London, Grand
Central Station in New York, or Honggiao transportation hub in Shanghai. All of these are identified
by a unique location (node index) i across the different transportation layers. Yet, switching from
one mean of transportation to another within the same station might require a non-negligible fraction
of time and effort, given the complexity and size of the overall infrastructure. For this reason, it is
often relevant to complement the description of the intra-layer connections present in the system,
with inter-layer links associated to the cost, spatial distance, or time required to switch layers. Inter-
layer links between layers a and £ at a node i can be encoded through the inter-layer matrix
C; = {c,[»aﬁ ] }, and all such inter-layer connections can be stored in the vector C = Cj, ..., Cy. In this
case, the full multiplex structure of the system is described by taking into account both intra-layer
and inter-layer connectivity, hence M = (W, C).

Multilayer networks are a natural framework for multimodal transport networks. Indeed, the
concept of multilayer networks in the transportation engineering field goes back to the 1970s when
Dafermos (1972) proposed a formulation for the traffic assignment problem for multiclass-user
networks. Since then, the term “multilayer” has been interchangeably used with “multiclass,”
“multimodal,” and “multiuser.” Shortly after, Sheffi (1978) proposed the notion of “hypernetwork”
that was later redefined as “supernetwork” (Sheffi, 1985), in which decision-making can be modeled
as a route selection over a multilayer or multimodal network. In the field of network science, one of
the pioneering works introducing the framework and concept of “layered complex networks”
(Kurant and Thiran, 2006b) explicitly focuses on the case of transportation systems, where a first
layer encodes the physical infrastructure of the system, and the second one describes the flows on
such infrastructure. Other early works on the topic also dealt with interconnected systems at the
worldwide level, focusing on different modes of transport such as the multiplex airline networks
(Cardillo et al., 2013). Noticeably, multimodal infrastructures seem to possess exclusive charac-
teristics different from other multilayer networks. For instance, when tools to assess the redundancy
of the different layers are considered, transportation networks are often found to be irreducible (De
Domenico et al., 2015). Differently from many biological systems, where layers often duplicate
information to guarantee the interconnected system a high level of robustness, the layers of
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multiplex transportation systems are purposedly engineered to be different in order to maximize
efficiency (Latora and Marchiori, 2001). As a byproduct of this feature, multimodal systems are also
often highly fragile (Buldyrev et al., 2010) and sensitive to disruptions or failures (De Domenico
et al., 2014). For the reader interested in further material on the topic, we refer to the early reviews
(Boccaletti et al., 2014; Kivela et al., 2014) and textbook (Bianconi, 2018) covering the field. Aleta
and Moreno (2019) provide a more recent eye-bird view of the field. A thorough review of the
measures and models used to analyze such systems can be found in Battiston et al. (2017), whereas
De Domenico et al. (2016) give a theoretical overview of spreading and diffusive processes on such
systems. In the following sections of this review, we focus on findings of more direct relevance to
the research community working with multimodal transportation and urban mobility. The division
of related research across these two themes is not meant to be rigid but rather serves as an indication
of the core topic treated in the different works.

Multimodal infrastructures

As cities grow and add different transportation modes, understanding the transportation infra-
structure and its interconnected nature is crucial to capture patterns of urban mobility. Since the
1950s, fields ranging from Architecture to Urbanism and Transport Planning have grown a large
body of literature studying the structure of cities and their transport systems. With the growth of the
Complex Systems and Network Science fields, new models have been developed to study the
complexity behind urban systems, and specifically mobility infrastructure. Modeling infrastructures
is of great importance for understanding how urban systems work, and for the design of new
sustainable mobility options.

In the following, we describe recent findings related to how layers of multimodal transport
networks are coupled and grow. First, we review the main models developed in the area of complex
systems for urban transportation. Then, we describe empirical findings related to the transport
infrastructures.

Modeling multimodal infrastructures

The design of efficient single-layer transportation networks is a classical problem in the domain of
transport optimization (see for example the comprehensive review by Farahani et al. (2013)). The
design of multimodal transportation network, instead, has been less studied (Farahani et al., 2013).
Multimodality brings new challenges to the transportation network design problem, including issues
related to the integration of the street network with public transit and active transportation networks
(walking and cycling networks) in which travelers can choose to take multiple modes for a single
journey (Huang et al., 2018; Zhang et al., 2014). In this section, we describe complex systems
approaches for modeling multimodal transport systems. A first line of research has dealt with the
representation of transport systems as networks, a second one with the generation of synthetic
networks (both static and dynamic). In the following, we review the advancements in these areas.

Representation of public transport systems. How many layers should one consider when modeling
transport system as a multilayer networks? A widely used approach considers each bus/train/metro
line in the public transport system as a different layer, to account for the transfer time between lines
(Alessandretti et al., 2016; Aleta et al., 2017). A different approach considers only few layers, for
example, a two-layer system capturing the public and private transport networks Gil (2014), or
several layers capturing the different transport modes (bus/metro/train) (De Domenico et al., 2014;
Strano et al., 2015). For example, Gil (2014) proposed to model the infrastructure of a city as a
combination of two layers (the street network and the public transport network), that connect areas
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with various land uses. Using open data from OpenStreetMap, this framework enabled the authors
to study the accessibility of different areas in the Randstad city-region in the Netherlands. Using
network centrality measures, such as closeness and betweenness centralities, the authors showed
that betweenness centrality in the public transportation layer can be a good indicator of passenger
flows.

Aleta et al. (2017) proposed a systematic comparison of the two approaches above. In their work,
the authors investigated the public transport systems of nine European cities. The first approach,
where each line is considered as a separate layer, enabled the authors to focus on some structural
features such as the overlapping degree (sum of the node’s degree in all layers (Battiston et al.,
2014)). Instead, the so-called superlayer approach, where each transport mode is considered as a
separate layer, Aleta et al. (2017) showed that—surprisingly—the nodes with the highest over-
lapping degree are not necessarily the ones participating in the highest number of layers. Indeed,
some transportation modes (and in particular the bus layer) have a tendency for hubs which might be
disconnected to the other transportation modes, leading to high overlapping degree but low
multilayer participation across different transport modes. The prevalence of such hubs is relevant
when considering the robustness of the whole system. As the study highlights, it is often easier to
move a bus stop to a street nearby, even if it is a local hub where multiple lines stop, than solving a
disruption in a subway station. In conclusion, the study revealed that the two approaches are useful
and complementary to extract information about the functioning of transportation systems and
assess their vulnerabilities.

Static toy models. A second area of research focused on the generation of synthetic transport
networks using simple static network models. Gao et al. (2017) proposed to couple a configuration
model with power-law degree distribution to model high-speed layers with an Erd6s—Rényi random
network model for low-speed layers (Newman, 2018). Zhuo et al. (2011) proposed to couple
Barabasi—Albert (Barabasi and Albert, 1999) and Erdos—Rényi networks (Newman, 2018) as
prototypical models for multimodal networks with two layers. These approaches, however, did not
directly account for the fact that networks representing transport infrastructures such as streets and
rails must be planar, for example, they can be drawn in the plane in such a way that its edges do not
intersect (Barthelemy, 2011).

A typical approach to model networks embedded in space is to consider 2d regular lattices
(Barthelemy, 2011; Du et al., 2016). Du et al. (2016) proposed a two-layer model consisting of a
lower-speed layer, modeled as a lattice, and a higher speed layer, modeled as a Barabasi—Albert
(Barabasi and Albert, 1999) network (see more details about this study in Section 2.2). Morris and
Barthelemy (2012), instead, proposed to use the Delaunay triangulation, which is a prototypical
planar network (Barthelemy, 2011). Their model coupled different transport modes, according to the
following rules. First, N nodes are placed at random within the unit circle, mimicking a spatial
configuration typical of many cities, and are connected by a Delaunay triangulation. Second, to
simulate another transport mode, a second layer is generated by drawing a subset of the previously
generated nodes and a second Delaunay triangulation. Finally, the two layers are coupled with inter-
layer links when a node is present in both layers. Using this toy model and a simulated Origin—
Destination matrix, Morris and Barthelemy (2012) investigated how fragile the network is to
changes in supply and demand. They found that increasing travel speed in one layer tends to
concentrate trips in the fastest layer and also produces congestion in the nodes where is possible to
change transport mode. These works revealed that simple spatial network models provide a useful
tool for understanding real-world systems.

Non-static models. It is important to note that cities and their transportation systems are not static in
time. This means new transport modes may be introduced or extended, such as when new bus/
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subway stops are added. Recently, to plan for open streets during the COVID-19 pandemic, Rhoads
et al. (2020) proposed an investigation of the relation between streets and sidewalks. First, the
authors used percolation theory to examine whether the sidewalk infrastructure in cities can
withstand the tight pandemic social distancing. They then proposed an algorithm that takes into
consideration both the sidewalk and street layers while improving the sidewalk connectivity.
Despite spatial constraints, Rhoads et al. (2020) showed that it is possible to widen the sidewalks
and improve the pedestrian connectivity with a minimum loss in the road network. In a similar
fashion, Szell et al. (2022) explored different growth strategies for retrofitting streets to bicycle
networks. Exploring the topological limitations of various bicycle network growth processes, Szell
et al. (2022) found initially decreasing returns on investment until a critical threshold, posing
fundamental consequences to sustainable urban planning: Cities must invest into bicycle networks
with the right growth strategy, and persistently, to surpass a critical mass. Decreased directness for
automobile traffic due to bicycle network growth was found which is a desirable effect from the
perspective of urban sustainability and livability. Finally, Vybornova et al. (2022) developed a
procedure based on a multiplex network approach between streets and protected bicycle infra-
structure to define and prioritize gaps in bicycle networks.

The models discussed in this section show how the multilayer network framework has been used
to investigate the structure, function, and vulnerabilities of a complex transportation system. In the
next section, we cover some measures to quantify the multiplexity of these structures and their
interconnections.

Characterizing multimodal infrastructures

The empirical study of urban transportation infrastructure has revealed some of the structural
properties of specific transport networks (Barthelemy, 2011). But how to quantify the effectiveness
of their interconnections? In this section, we describe a number of measures that have been used to
capture the multiplexity of multimodal infrastructures, such as the importance of different nodes, the
system’s resilience, and the similarity between layers.

Overlap census. Urban transportation networks present different degrees of multimodality and
integration. How can we quantify such differences? The overlap census proposed by Natera Orozco
et al. (2020b) is a method that helps to answer this question. Taking the multimodal mobility
network of a city as an input, this measure calculates the fraction of nodes that are active in different
multiplex configurations (Figure 2(a)). Given a multiplex transport network with M layers, the
overlap census is formally defined as a vector with (2*) — 1 components, where each component
stores the fraction of nodes that are reached by a given subset of the existing transport modes. For
example, one component stores the fraction of nodes reachable by foot and bicycle but not by car
and another stores the fraction of nodes that can be reached using any of the available transport
modes (Figure 2(b) and (c)). Using the proposed metric, Natera Orozco et al. (2020b) investigated
the different transportation profile of 15 cities around the world, covering cities in multiple de-
velopment stages, from Amsterdam and Copenhagen to Beihai or Detroit. By clustering together
similar profiles, six clusters were identified which quantitatively capture different levels of de-
velopment and sustainability.

The overlap census was not the first measure to compare similarities between multiplex networks
and layers. Indeed, similar approaches were developed for multiplex networks more in general. For
a detailed view, see Nicosia and Latora (2015) who proposed measures capturing nontrivial
correlations in multiplex networks and models to reproduce those correlations. More recently,
Brodka et al. (2018) also presented an overview of different metrics to compute similarities between
layers in multiplex networks.
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Figure 2. Structural measures of multimodality. (a) Schematic of a city’s multiplex transportation network.
The information of the different layers is integrated in the overlap census (b). We show the case of
Amsterdam (b, mostly active in non-motorized layers) versus Los Angeles and Bogota (c). Spatial distribution
of betweenness centrality in New York. In (d), we show only the street layer. The subway layer is added in (e),
showing a reallocation of centralities from avenues to metro stations. (f) Superlayer interdependency for
multiple transportation networks. The metro layer comprises of most shortest paths in the system, making
such transportation layer the most beneficial for high interdependence. Figures adapted from Natera Orozco
et al. (2020b); Strano et al. (2015); Aleta et al. (2017).

Paths. At a more global scale, multimodality is often associated with the ability of an agent to
navigate the system by using the available transportation modes. Journey or route planning in a
multimodal setting refers to finding the shortest route in a multilayer network when multiple
transportation modes such as private car, public transit, walking, and cycling are combined in a
single and integrated journey (Botea et al., 2013; Zografos and Androutsopoulos, 2008). For this
reason, the navigation of an agent in a transportation network can be measured through the available
types of paths.

The literature on multimodal route planning has been mostly built around static multilayer
networks with no time-dependent characteristics (Bast et al., 2016). Thus, a first possibility is to
consider the quickest path, neglecting transfer and waiting times between transportation modes.
This path is computed using the fastest speed associated to the edges, assuming a perfect syn-
chronization between the different transportation modes. This is analogous to finding the shortest
path between i and j in an aggregated weighted-single-layer network, where the weight describing
the time to travel between two nodes is the minimum among those offered by the different
transportation options.

Yet, this approach often falls short in capturing real patterns of mobility. Indeed, transportation
networks also have a temporal dimension that has to be taken into consideration. In order to find a
path that allows for a change between two or more different transportation options, we must find a
time-respecting path (Gallotti and Barthelemy, 2014), defined as the shortest path between nodes i
and j that considers the departures and arrivals constraints given by timetables. In order to find such
time-respecting paths, Huang et al. (2019) proposed a time-expanded model to account for the
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dynamic nature of route planning in a multimodal network with fixed public transit and dynamic
ridesharing vehicles. However, a comprehensive route planning algorithm that simultaneously
considers multiple transportation modes in a truly time-dependent network is missing. Existing
commercial algorithms are limited in their multimodality, as, for example, they often do not make it
possible to choose multiple transport modes (e.g., bike and bus together, to find the best multimodal
route with these two modes combined). Furthermore, for multimodal transportation networks, the
walking transfer time between modes has to be taken into account when computing time-respecting
paths.

Besides time constraints, in order to find a viable path between i and j, the logic of the proposed
sequence of modes has to be assessed (Battista et al., 1996; Lozano and Storchi, 2001). For instance,
in some cases, a path composed by subway-bus-subway-car-subway might solve the shortest path,
but the presence of private transportation (car) as an intermediate option makes it an “illogical path”
and thus an unlikely choice for a user. The validity of transportation sequences can in general be
formalized in terms of cost associated to change of transportation mode.

Finding viable paths is one of the most important problems in urban transportation, as it has the
potential to help users finding the most efficient paths in the city. Lozano and Storchi (2001) have
proposed an efficient algorithm to find such paths when the agent establishes her limitations on the
number of modal transfers.

The contribution of the different layers of a multiplex networks to shortest paths might be very
unequal (Aleta et al., 2017). For instance, the rail systems (trams and subway) contribute to most of
the shortest paths in a city, connecting distant points at a greater velocity and in straighter routes than
bus or other transport modes. However, such layers have only few stations. Slower and more local
transport modes often serve a complementary role, offering a deeper coverage of the city. This
interplay between different and complementary transport modes has a direct impact on the con-
gestion and shortest paths availability in the system (Morris and Barthelemy, 2012; Solé-Ribalta
et al., 2016).

Spatial outreach. The availability of different transportation modes, such as subways or tramways,
affects how easily it is to reach certain locations in the city. A way to measure this effect is to quantify
the associated spatial outreach (Strano et al., 2015). The spatial outreach can be computed as the
average distance from node i to all other nodes in the same layer « that are reachable within a given
travel cost 7. Mathematically, it is defined as follows

Li(i) = Nl > i) (1

(T) j|'[rv! (i,j) <t

where d,(i, j) is the distance between nodes i and j and N(z) is the number of nodes reachable on the
multilayer network within a travel cost z.

Strano et al. (2015) modified the average speed (traversal time of a link) in the layers of multiplex
systems to measure their effects on the corresponding travel outreach. Strano et al. (2015) found that
when the metro speed increases compared to the street layer speed, a clear area of high-outreach
nodes emerges in the city center and around the nodes that have connections to the high-speed layer.
In other words, as the velocity in layer f increases, the nodes that are closer to the interchange nodes
in layer o improve their accessibility, implying that a person can efficiently travel from this area to
faraway places. This concept of travel outreach is similar to that of isochrones which quantify the
accessible area from a given point within a certain time threshold, for example: What is the area that
a user can reach traveling x minutes, in any direction, from a given point? Biazzo et al. (2019) used
this approach to measure accessibility in different urban areas computing the isochrones as a
combination of public transit and pedestrian infrastructure. With this method, scores were obtained
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that capture how well a city is served by the public transit and how accessible a specific area is to the
rest of the city.

Betweenness centrality and interdependence. The relevance of the nodes in a network is characterized
by centrality scores. Additional to single-layer networks, in multiplex networks, the overall
centrality of a location or station also depends on the interplay of the different transportation options.

The simplest way to define the centrality of a node is to measure its degree or the number of
locations directly connected to it. Such a measure, however, is not so relevant for systems embedded
in space due to spatial constraints. For example, the number of possible connections of a given node
(intersection) in the street layer is highly constrained by the physical space, as a single intersection
can only have a limited number of intersecting streets/sidewalks. For this reason, other centralities
than degree are typically used to assess the relevance of a location. One of such measures is the
betweenness centrality (Freeman, 1977), measuring the number of shortest paths passing via a given
node. This measure is also called “load” and can be seen as the simplest proxy for traffic flow in the
system as it assumes uniform demand between each pair of nodes (McDaniel et al., 2014). In the
absence of explicit mobility data, betweenness centrality can be used as a proxy to assess the areas at
risk to become overcrowded and to identify potential bottlenecks in the system.

In multiplex networks, shortest paths go from one node to another and able to pass through two or
more layers. This effect can be quantified by measuring the interdependence of a given node i as
LN

P =
N_ljiio-i/.

@

where y; is the number of shortest paths between i and j that use edges in two or more layers, and o;;
is the total number of shortest paths between i and j (Battiston et al., 2014; Morris and Barthelemy,
2012; Strano et al., 2015). Node interdependence takes values in [0, 1], with values close to 1
associated to a high coupling of the layers, while values close to 0 mean that most of the paths from
that node to other nodes go through just one layer. By taking the average over all nodes A= 1/N > _;
A;, 1t is possible to obtain a single score for the whole system.

This interdependence measure can be modified to obtain a score for a specific layer (Aleta et al.,

2017). Then the layer interdependence for layer a is defined as

_ iV
ZiZi#jl/’ij

where yj; describes the number of shortest paths between nodes i and j using two or more layers and
such that at least one of them corresponds to layer o.

When applying this measure to multimodal transport networks, Aleta et al. (2017) found that the
metro and tram layers play an important role in concentrating shortest paths, a direct consequence of
Morris and Barthelemy (2012) and Solé-Ribalta et al. (2016) (Figure 2(f)). For Madrid, Aleta et al.
(2017) found that more than 40% of the trips have at least one link in the metro layer, even if the
metro layer has only 241 nodes while the bus layer has 4590 nodes.

As cities grow and new lines and transport modes are added into the mobility system, new
interconnections between layers appear, changing the betweenness of the different nodes. Ding et al.
(2018) studied how centralities evolved when the rail network of Kuala Lumpur grew from a tree-
like structure to a more complex one. Their findings suggest that, as the network grows, the average
shortest path in the multilayer network can decrease dramatically, especially as new nodes are able
to serve as interchange between layers, thus enabling new shortest paths along the system.

A )
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The results from Ding et al. (2018) are in line with previous findings by Strano et al. (2015) on
how the subway layer affect the distribution of nodes centrality in London and New York. Strano
et al. (2015) show that the introduction of new interconnected layers affects the congestion of the
street layer. In fact, the presence of the subway layer allows to move traffic from internal routes and
bridges to the terminal points of the subway system (Figure 2(e)), which might be used as in-
terchange locations for suburban flows into the city center. Theoretical work by Solé-Ribalta et al.,
2016 confirms that one of the main drivers affecting traffic dynamics and congestion in multimodal
transport networks is the interchange from the least to the most efficient layers. In their work, Solé-
Ribalta et al., 2016 leverage multilayer betweenness centrality to prove analytically that the
structure of the multilayer networks can induce congestion; as the different layers start to get
connected, the most efficient layers concentrate a large portion of starting and ending routes.

Resilience. Evaluating the robustness of a transport system under failures is an important task with
practical implications in urban planning. Notably, multimodality significantly improves the re-
silience of transportation systems (De Domenico et al., 2014).

In a single-layer network, the disruption of an infrastructure, that is, the removal of a link, can
make a station or a part of the city disconnected. For example, imagine a transit station in a single-
layer network: If the links connecting the station with the rest of the system are removed, the station
is inaccessible. However, if such a station is part of a multimodal transportation network, it could
still be accessed through other layers. To measure the impact of multimodality on resilience, De
Domenico et al. (2014) used random walks (see Section 3.1) to mimic trips among locations and
investigated the coverage time in the London’s transportation system under different scenarios,
showing that the interconnected nature of the different transport modes dramatically enhances the
overall system resilience to failure compared with the single layers. A similar approach was
followed by Baggag et al. (2018), where the coverage time of random walks was used to measure the
robustness of the multimodal transportation networks of Paris, London, New York, and Chicago. To
mimic realistic trips, Baggag et al. introduced several constrains on the complexity of the trips, for
instance, limiting the maximum number of transport mode changes. More recently, Ferretti et al.
(2019) used the multiplex framework to model Singapore’s public transportation infrastructure and
test its resilience against floods in the city in different scenarios, finding that the system is extremely
resilient as it faces the first significant disruption only after the removal of 50% of it edges.

Multimodal mobility

Understanding travel is paramount for a range of applications, including planning transportation
(Patriksson, 2015) and designing urban spaces. Starting from the 1950s, a large body of literature in
the fields of Geography and Transportation has studied how people move and use transportation
technology. In recent years, the scientific understanding of human mobility has dramatically
improved, also due to the widespread diffusion of mobile phone devices and other positioning
technologies, which allowed to gather large-scale geo-localized datasets of human movements and
develop realistic behavioral models. Concurrently, these developments had benefited by the growth
of the fields of Complex Systems and Network Science, which brought together ideal tools to study
interconnected systems. For a comprehensive review of the recent literature stream of Human
Mobility, see (Barbosa et al., 2018). Despite recent advancements, our understanding of multimodal
mobility in urban systems remains limited, also due to the difficulties related to collecting com-
prehensive, high-resolution and high-quality behavioral data across multiple transportation mo-
dalities. Data collected from smartphones are widely used to study other aspects of human mobility
but often suffer from limitations that hinder the study of multimodal mobility and routing. These
limitations include poor spatial resolution, limited sampling frequency, and lack of labeled data to
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identify transport modality. For these reasons, behavioral data collected from phones have been little
used to study routing and multimodal mobility.

In this section, we review the scientific literature on multimodal mobility. In Section 3.1, we
briefly summarize existing models, focusing on latest advances driven by the Complex Systems
literature. In Section 3.2, we review measures and empirical findings, with a focus on recent studies
based on passively collected data sources.

Modeling multimodal mobility

Modeling travel in a multimodal system involves understanding how individuals make decisions in
a constantly changing complex environment. The most common family of models for travel demand
in the Geography and Transportation literature are the four-step models proposing that each trip
results from four decisions(McNally, 2000): (1) whether to make a trip or not, (2) where to go, (3)
which mode to use, and (4) which path to take. For simplicity, these steps have been largely
considered as independent, sequential choices and correspond to four modeling steps: trip gen-
eration, trip distribution, mode choice, and route assignment. See the review of McNally (2000) for
a comprehensive overview about this modeling approach.

In recent years, the field of Complex Systems has modeled travel behavior on multiplex networks
using different approaches that we briefly review in this section. Complex Systems research has
proposed novel individual (Alessandretti et al., 2020; Gonzalez et al., 2008; Jiang et al., 2016;
Schneider et al., 2013; Song et al., 2010) and collective (Schlapfer et al., 2021; Simini et al., 2012;
Szell et al., 2012) models that capture well the first two aspects of travel behavior: trip generation
and trip distribution. In this review, we will focus largely on the last two of the four modeling steps,
mode choice, and route assignment, because they are the most relevant in the framework of
multimodality. It is important to remark that, also due to the lack of empirical data on the
mechanisms driving human navigation, many models rely on simplistic assumptions, for example,
that individuals are rational, homogeneous, or have unlimited knowledge. Research based on novel
data sources will be key to develop mobility models on multilayer networks that include realistic
elements such as limited knowledge and cognitive limitations (Manley and Cheng, 2018).

Random walks. The random walk is one of the most fundamental dynamic processes that have been
widely studied in the Complex Systems literature as a prototypical model for numerous phenomena
occurring upon networks, including human mobility. Importantly, in contrast to widely used models
that assume individuals with global knowledge of the system thus choosing shortest routes
(Wardrop, 1952), random walks assume that agents are only aware of the local connectivity at each
node. A random walk on a graph is defined by a walker that, located on a given node i at time #, hops
to a random nearest neighbor node ; at time ¢ + 1. In the case of multilayer networks, the walk
between nodes and layers can be described with four transition rules accounting for all possibilities
(De Domenico et al., 2014): (i) P* is the probability for staying in the same node i and layer «; (ii)
Pj* is the probability of moving from node i to j in the same layer a; (iil) P is the probability of
staylng in the same node i while changing to layer f; and (iv) P is the probablhty of moving from
node i to j and from layer a to f, in the same time step. These probabilities depend on the strength of
the links between nodes and layers, for example, the frequency of vehicles and the cost associated to
switching layers.

Despite their simple formulation, random walks provide fundamental insights to many types of
diffusion processes on networks and allow to measure a network’s dynamical functionality. For
example, random walk processes were used to measure the navigability of multiplex networks (De
Domenico et al., 2014). To this end, one can measure the coverage of the multiplex network p(%),
defined as the average fraction of distinct nodes visited by a random walker in a time shorter than ¢



14 EPB: Urban Analytics and City Science 0(0)

(assuming that walks started from any other node in the network), and describing the efficiency of a
random walk in the network exploration

p)=1-— % > " 6.,(0)exp[— P;(0)PE]] 4)

ij=1

where P,(0) is the supravector of probabilities at time ¢ = 0, the matrix IP accounts for the probability
to reach each node through any path of length 1, 2, ..., or ¢+ 1, and Ej is a supra-canonical vector
allowing to compact the notation. De Domenico et al. (2014) provided an alternative representation
of equation (4), building upon the eigendecomposition of the supra-Laplacian. De Domenico et al.
(2014) showed that the ability to explore a multilayer network is influenced by different factors,
including the topological structure of each layer and the strength of inter-layer connections and the
exploration strategy. Further, they showed that the multilayer system is more resilient to random
failures than its individual layers separately because interconnected networks introduce additional
paths from apparently isolated parts of single layers and thus enhance the resilience to random
failures.

Random walks have further been used to assign a measure of importance to each node in each
layer, by measuring the asymptotic probability of finding a random walker at a particular node-layer
as time goes to infinity, the so-called occupation centrality (Solé-Ribalta et al., 2016). Solé-Ribalta
et al. (2016) provided analytical expressions for the occupation centrality in the case of multilayer
networks.

Travel time minimization approaches. At the other end of the spectrum, agents are assumed to have
global (or nearly global) knowledge of the system. This is one of the most widely used approaches in
the transportation literature, rooted in Wardop’s user equilibrium principle (Wardrop, 1952) for
traffic assignment. Under the user equilibrium principle, in a congested system, all agents choose the
best route, for example, no user may lower his transportation cost through unilateral action. Uchida
et al. (2005); Zhou et al. (2008); Verbas et al. (2015) are among many of the studies that proposed
formulations and solution algorithms for traffic assignment under user equilibrium in a multimodal
system.

Complex Systems research has developed models where agents aim at minimizing their in-
dividual travel times in congested (Bassolas et al., 2020; Colak et al., 2016; Manfredi et al., 2018;
Solé-Ribalta et al., 2016; Tan et al., 2014) or uncongested (Du et al., 2014, 2016) networks.

Bassolas et al. (2020) developed an agent-based models describing mobility of individuals
through a multilayer transportation system with limited capacity. The routing protocol used by
individuals for planning is adaptive with local information. In the absence of congestion, individuals
follow the temporal optimal path of the static multilayer network calculated by the Dijkstra al-
gorithm. Ifthere are line changes, Bassolas et al. (2020) estimate besides the change walking penalty
an additional waiting time of half the new line period (the real waiting time will be given by the
vehicles location in the line when the individual arrives at the stop). An individual’s route is only
recalculated when a congested node, whose queue is larger than the vehicle’s capacity, is reached.
The work investigates analytically (for simple networks) and via numeric simulations the robustness
of the network to exceptional events which give rise to congestion, such as demonstration concerts
or sport events. The study revealed that the delay suffered by travelers as a function of the number of
individuals participating in a large-scale event obeys scaling relations. The exponents describing
these relations can be directly connected to the number and line types crossing close to the event
location. The study suggested a viable way to identify the weakest and strongest locations in cities
for organizing massive events.
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Similarly, Manfredi et al. (2018) introduced a limit to the nodes capacity of storing and pro-
cessing the agents. This limitation triggers temporary faults in the system affecting the routing of
agents that look for uncongested paths.

Importantly, the assumption that individuals have global knowledge of the system and minimize
travel time contrast recent findings in spatial cognition, showing that human spatial knowledge and
navigation ability is limited (Bongiorno et al., 2021; Gallotti et al., 2016b). For example, a recent
study on pedestrian navigation made clear that path choices seem to be affected by the orientation of
street segments along the route (Bongiorno et al., 2021). Recent modeling approaches for single-
layer networks (Manley and Cheng, 2018) incorporate these ideas in routing models where agents
are characterized by bounded knowledge and limited rationality. Further research will be necessary
to develop realistic multilayer routing models accounting for the limits of spatial cognition.

Characterizing multimodal mobility

Traditionally, multimodal mobility models are calibrated using data from travel surveys (Arentze
and Molin, 2013). Studies based on survey data have provided insights into how multimodal
travelers value aspects such as the different travel time components (in-vehicle time, walk time,
access time, wait time, etc.), service quality, travel costs, and heterogeneities across socio-
demographic groups (Arentze and Molin, 2013). Due to the high costs associated with data
collection and inherent biases in self-reported data, these studies suffer of limitations, including
small sample sizes, data inaccuracy, and incompleteness (Chen et al., 2016; Zannat and Choudhury,
2019). Covering empirical results from travel surveys is outside the scope of this review, and we
refer the reader to Arentze and Molin (2013) for a comprehensive introduction to the topic.

In recent years, the empirical research on Human Mobility has taken new directions. A growing
body of literature has focused on quantitative descriptions of human movements from large,
automatically collected data sources, such as mobile phone records, travel cards, and GPS traces
(Barbosa et al., 2018). In this section, we give an overview of recent empirical findings which
focused on two important aspects: (1) the dynamics of public transport systems, whose study was
driven by the availability of public transport data such as schedules and positions of stop and
stations, and pioneered by Kurant and Thiran (2006a), and (2) individual multimodal behavior
driven by the availability of data collected using “smart travel cards” and GPS data. These aspects
are closely interrelated but capture different properties, with the former focusing on infrastructural
and the latter on behavioral properties.

Public transport system dynamics

Over the last decade, the availability of detailed public transport schedules shared by public
transport companies (see also Section 4) has allowed to better estimate travel times and characterize
transport systems.

Efficiency. To satisfy the demand of large number of individuals while reducing energy and costs,
multilayer transport systems must achieve high efficiency. One aspect concerns the synchronization
between the network layers because the more the layers are synchronized, the less the users have to
wait for vehicles. The synchronization inefficiency d(i, j) (Barthelemy, 2016; Gallotti and
Barthelemy, 2014) for nodes i and j can be measured as the ratio of the time-respecting travel
time 7,(i, j), which accounts for walking and waiting times and the fact that the speed of vehicles
varies during the day, and the minimal travel time z,,(i, j), assuming that vehicles travel at their
maximum speed and that transfers are instantaneous
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Using the synchronization inefficiency, Gallotti and Barthelemy (2014) showed that, on average
in the UK, 23% of travel time is lost in connections for trips with more than one mode. Interestingly,
across several urban transport system in the UK, the synchronization efficiency d(i, j) obeys the
same scaling relation with the path length 4, /)
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with v = 0.5 and where 6,,,, and J,,;, are the maximum and minimum values of (i, j) for a given
urban transport system (Figure 3(a)).

Further, Gallotti and Barthelemy (2014) have shown that the average synchronization ineffi-
ciency o for a given urban system follows

0(i,) = Oppin + (6)

o~Q* (7

where () is the total number of stop-events per hour (e.g., the number of times a vehicle stops) and u
= 0.3 £0.1 (Figure 3(b)).

Other studies focused on the efficiency in terms of ability to satisfy users demand. Alessandretti
et al. (2016) introduced a method based on non-negative matrix factorization to compare the
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Figure 3. Characterizing public transport system dynamics. Efficiency (a) The synchronization efficiency d(j, j)
between two nodes i and j against the path length (i, j) for different public transport systems in the UK. (b)
The average synchronization efficiency J against the total number of stop-events per hour ) (e.g., the number
of times a vehicle stops) for different public transport systems in the UK (blue circles). The red line
corresponds to d ~ ) *, with 1« = 0.3. Navigability. (c) The cumulative distributions of the information S(i,

j) needed to travel between source i and target j for the multilayer public transport networks of NYC, Paris,
and Tokyo (solid lines). Most of the trips require more information than the cognitive limit S, = 8.1 (dashed
line) found for single-layer systems. Congestion. The construction of a planned metro system in the city of
Riyadh impacts congestion: (d) The probability distribution of travel times for different values of the ratio f
between the travel speeds of the street layer (car) and the planned metro layer. (e) Heatmap displaying the
congestion impact A;y (Where i are origins and j are destinations) aggregated over destinations j. The
aggregates A, can be interpreted as the expected impact of removing one driver who works at a given location
from the streets. Results are shown in the absence of a metro system (left) and when the speed ratio = 0.0l
(right). Figures adapted from Gallotti and Barthelemy (2014), Gallotti et al. (2016b), Chodrow et al. (2016).
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network of commuting flows and the public transport network. This methodology, applied to
various public transport systems in France, showed that, while in Paris, the transportation system
meets the overall demands, it does not in smaller cities where people prefer to use a car despite
having access to fast public transportation. Sui et al. (2019) proposed three topological metrics to
quantify the interaction between public transport network and passenger flow and applied it to study
differences between the cities of Chengdu and Qingdao in China. Holleczek et al. (2014) used data
mining approaches to compare the use of public and private transportation and identify the existence
of weak transportation connections. Bergermann and Stoll (2021) used multiplex matrix function-
based centrality measures in order to assess the importance of bus stops and lines in the multiplex
public transport network of multiple German cities.

Congestion. Congestion can dramatically alter travel time estimates for routes that use popular
network links in an urban system, but adding network layers in a multilayer transport system can
help reduce global congestion (Chodrow et al., 2016), while at the same time can induce local
congestion in the layer that concentrates the majority of shortest paths (Solé-Ribalta et al., 2016).
Given a network with edges e and flows j,, one can quantify the total time lost in congestion as

Tc(.]) = Zie(tz - te(je)) (8)

ecl

where j is the vector of flows whose eth element is the flow along edge e, # is the free flow time on
edge e (in the absence of congestion), and #.(j.) is the congested travel time in the presence of flow j.
This measure can be used to analyze the impact of changes in flow along a route. The quantity

Ay = —VI.(j) - ¢ ©

where p is a path and e, is the vector whose eth component is 1 if e € p and quantifies the impact of
removing a single unit of flow from p on the global congestion function 7,.. Chodrow et al. (2016)
quantified how the creation of a planned metro network in Riyadh would affect congestion, by
quantifying the change A, as a function of the speed ratio between the street and metro systems

B=ve/Vm (10)

The authors showed that, as the subway speed increases, the global congestion is reduced but
increases locally close to key metro station (Figure 3(d) and (¢)).

Navigability. As cities and their transportation systems become increasingly complex and multi-
modal, it is important to quantify our difficulty navigating in them. It has been shown that multilayer
transport system are characterized by limited navigability, implying that finding one’s way is
cognitively challenging (Gallotti et al., 2016b). To quantify the difficulty of navigating between two
nodes s and ¢ in a network, one can compute the total information value of knowing any of the
shortest paths to reach ¢ from s

S(s—1) = —log, Y Plp(s,1)] (1

{p(s.0)}

where p(s, ) is the set of shortest paths between s and ¢ (note that there can be more than one with the
same length) and P[p(s, £)] is the probability to follow path p(s, £), making the right choice at each
intersection along the path (Rosvall et al., 2005)
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Gallotti et al. (2016b) quantified the amount of information an individual needs to travel along
the shortest path between any given pair of metro stations, in the single-layer metro networks for 15
large cities. They found that this information has an upper bound of the order of 8 bits, corre-
sponding to approximately 250 connections between different routes. Further, studying several
among the largest multilayer transport networks (metro/buses/light rail), Gallotti et al. (2016b)
showed that the amount of information necessary to know to travel between any two points exceeds
the identified cognitive limit of 8 bits in 80% the cases, suggesting multilayer networks are too
complex for individuals to navigate easily (Figure 3(c)).

Individual multimodal behavior

In recent years, data collected via smart travel cards has dramatically improved our ability to
characterize multimodal behavior in urban transport systems, overcoming some of the limitations
related to collecting and analyzing survey data (Chen et al., 2016; Zannat and Choudhury, 2019).
Smart-card automated fare collection systems allow passengers to make journeys involving dif-
ferent transport modes using magnetic cards and automatic gate machines. As these systems identify
and store the location and time where individuals board and, in some cases, exit public transport,
they collect accurate descriptions of individual travel (Pelletier et al., 2011). Concurrently, ad-
vancements were made possible by the development of methodologies allowing to identify typical
travel patterns (Ma et al., 2013).

Route choices. Smart-card data has allowed to quantify how individuals navigate multilayer net-
works. One of the key findings is that individuals do not choose optimal paths (those with shortest
travel time), especially when the system is congested. Focusing on the bus and subway trips of 2.4
million passengers in Shenzen (China), Zheng et al. (2018) studied the coupling (see equation (2))
between the bus and subway layers. In contrast to previous studies (Strano et al., 2015), Zheng et al.
(2018) characterized the coupling 4 using passenger behavior rather than structural properties of the
multilayer network. Under their definition, the coupling between layers is the fraction of multimodal
trips actually undertaken by passengers, rather than the fraction of multimodal shortest paths (see
equation (2)). The authors find that this “behavioral” coupling correlates weakly with the empirical
speed ratio measured between the two layers over time (Figure 4(a)), implying that passengers
choose unimodal trips even when multimodal trips may be preferred because one of the two layers is
congested. This finding highlights that the speed ratio of different network layers, which was
regarded as a key factor in determining coupling strength (Chodrow et al., 2016; Strano et al., 2015),
may have a negligible effect on travelers’ route selections, possibly because passengers do not have
a full view of the status of traffic. Instead, Zheng et al. (2018) showed that the coupling between
layers is generated by long-distance trips originating from nodes served by a single transport layer
(Figure 4(b)—(d)).

Power-law distribution of displacements. The availability of large-scale data sources has revealed that
individual mobility patterns display universal properties. One key finding is that the distribution
P(Ar) describing the probability of traveling a given distance Ar is characterized by a power-law tail
P(AF) ~Ar P with 1 < S <2 (Barbosa et al., 2018; Gonzalez et al., 2008) (Figure 4(e)). This finding
is consistent across a range of studies that used different data sources, see Alessandretti et al. (2017)
for an extensive review. It was recently shown that these observed scaling properties result from the
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Figure 4. Characterizing individual multimodal behavior. Route choices. The average coupling (1)

between the bus and metro layers of the public transport system in Shenzen engendered by passengers trips.
The quantity is plotted against the speed ratio between the layers (8™™) (a), the average trip distance (d"™)
(b), and the fraction of trips originating from nodes serviced by only one mode (p"™) (c). All quantities are
normalized. The Pearson correlation PCC (reported in each subplots) is significantly positive in subplots (b)
and (c), but not in (a), revealing that the coupling between layers is generated by the long-distance trips
originating from single-mode nodes but does not increase with the speed ratio between the layers. In (d), we
show the fraction of multimodal trips against the trip distance |, for trips originating from single-mode nodes
(“ordinary zones,” blue dots) and transfer nodes (“transfer zones,” red dots). Power-law distribution of
displacements. (e) Probability density function P(Ar) of travel distances obtained for two large-scale mobile
phone datasets DI and D2. The solid line indicates a truncated power-law fit P(Ar) ~Ar~”. Zhao etal. (2015)
showed that the distribution of travel distances is best described by lognormal distributions for single-mode
trips by car (f), foot (g), metro (h), and bicycle (i) and suggest that power-law distributions of travel distances
may result from the aggregation of different transport modalities. Figures adapted from Zheng et al. (2018);
Gonzalez et al. (2008); Zhao et al. (2015).

aggregation of movements within and across characteristic spatial scales, corresponding to the sizes
of buildings, neighborhoods, cities, and regions (Alessandretti et al., 2020). Further, the emergence
of scaling properties was associated to the use of multimodal transportation: Zhao et al. (2015) used
GPS data to show that mobility using a single mode can be approximated by a lognormal dis-
tribution, but the mixture of the distributions associated with each modality generates a power-law
(Figure 4(f)—(1)); Gallotti et al. (2016a) found that a simple model where individual trajectories are
subject to changes in velocity generates a distribution of displacements with a power-law tail. In
fact, individuals using multimodal infrastructure are subject to drastic changes in velocity. Varga
etal. (2016) showed that the travel speed v increases with travel distance according to the power-law
functional form v ~ r* where a = 0.5. This dependence is due to the hierarchical structure of
transportation systems and the fact that waiting-times (parking, take-off, landing, etc.) decrease as a
function of trip distance. More recently, Mizzi et al. (2021) developed a survival dynamical model
based on three observables associated to three time scales of the model: the time cost, the con-
venience time, and the typical time. Mizzi et al. found that the model is able to reproduce the
statistical behavior of the travel time distributions.

Open data and tools

Together with other fields, urban and transportation science are becoming more open, increasingly
relying on datasets and computational tools freely available to the scientific community. In this
section, we highlight some of these openly available datasets and computational resource developed
for the analysis of multimodal transport networks.
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Data

During the last years, new datasets have been made publicly available either from the public sector
or from crowd-sourced data, allowing to go beyond simulations and synthetic data to understand
how urban dynamics and mobility unfold, providing a better picture of the world. Along this section,
we will showcase different data sources useful for the study of multimodal mobility from different
perspectives: first by focusing on static data from transport infrastructure, then we will show the
availability and use of dynamical datasets, and finally dedicated multimodal datasets.

Infrastructure data. In the last years, the study of transportation networks has benefited from the
development of OpenStreetMap (OpenStreetMap contributors, 2017b), an open-source collabo-
rative project focused on collecting and sharing worldwide high-quality spatial data (Barbosa et al.,
2018; Ferster et al., 2019; Haklay, 2010; Girres and Touya, 2010). Data extracted from Open-
StreetMap allows to build and analyze several transportation networks, of which the most common
are single-layer street networks (Boeing, 2020, 2021).

However, the data available at OpenStreetMap is also useful to extract information about
multiple infrastructures, including transportation systems, such as subways and railways. All such
data can be combined to build multimodal transport networks. One example of the use of different
OpenStreetMap datasets is the work by Gil (2015) where data from multiple transport infra-
structures were used to build a multiplex network for the Randstad region of the Netherlands linking
the layers through the intersections between transport modes. More recently, Natera Orozco (2019)
followed the same approach to analyze the multiplex transport of 15 cities in different development
stages, including London, Los Angeles, and Mexico City.

As useful as the infrastructure of transport networks can be it comes with a drawback, it only
encodes the physical and static elements of multimodal mobility. In order to capture how people
actually move in a city, it is necessary to use dynamical data. In the next sections, we cover different
datasets that allows researchers to build and analyze dynamics on top of multimodal transport
networks.

Dynamical data. The transportation network of a city also encodes temporal dimensions, such as
how people move in the city, or what is the frequency of buses, tramways, and subways. These
temporal components are of great value to understand the mobility system and interactions. One
possible way to capture such dynamics is the use of transportation timetables; an example of this
method is the work by Gallotti and Barthelemy (2015) who constructed and shared the temporal
network of public transport in Great Britain. This is a large dataset, where links, associated to flows
from one location to another, only exist at specific times. Link information has to be properly
combined to compute travel time from origin and destination, highlighting the importance of
synchronization of the different transportation models. An interesting feature of this dataset is that it
not only contains the public transport layers of several cities but also connections among them, for
instance, through coaches, planes, and ferries operating at the national level. Having these different
levels of transport information allows researchers to move through different scales and study the
interplay between different mobility options in the national, regional, and local levels.

In general, the use of timetables and transit feeds has been enabling researchers to capture with
increasing accuracy the dynamics of public transportation systems. A large collection of GTFS
feeds in multiple locations has been collected and made freely available as a webpage and API
(OpenMobilityData, 2015). These datasets include stops, routes, and timetables of public transport
in multiple cities and providers from 667 locations around the world. As shown by Aleta et al.
(2017), these data can be used to analyze the public transportation as a multiplex network, con-
sidering each bus line and/or transport provider as one layer and making inter-layer connections
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every time bus lines share a bus stop. Using data from GTFS feeds, Kujala et al. (2018) built and
published a collection of 25 urban public transport networks covering cities from North America,
Europe, and Oceania. This dataset is peculiar as it also includes the pedestrian layer of the cities, and
public transport is further differentiated across the different public transport modes.

Public transport data and GTFS feeds provide researcher with the opportunity to improve the
study of multimodal transportation, coupling the dynamics of different public transit modes together
with the physical infrastructure. A further step is the use of data that contains multimodal mobility
by users, either by aggregating users between areas or by identifying unique multimodal mobility
patterns.

Multimodal data. A recent dataset published by Tenkanen and Toivonen (2020) contains aggregated
multimodal trips information for the Helsinki region in Finland. This dataset includes multiple
transport modes, such as walking, cycling, and public transportation options. To calculate the travel
times, Tenkanen and Toivonen (2020) use a door-to-door principle. This means that travel time and
distance are calculated considering every step of a journey, including walking legs and transfers
between vehicles. An important feature of this dataset is the inclusion of travel time matrices for
three distinct years, 2013, 2015, and 2018. This is a rare occasion to compare how travel times
changed over the years, allowing a characterization of the evolution of human mobility.

Concerning mobility, the Geolife dataset (Zheng et al., 2011) consists of GPS trajectories
collected by Microsoft Research Asia for 178 users in a period of over 4 years (from April 2007 to
October 2011). 69 users labeled their trajectories with the corresponding transportation mode, such
as driving, taking a bus, riding a bicycle, and walking. As such, the GeoLife data has allowed to
investigate mobility behaviors using different transport modes (Zhao et al., 2015).

The data described above are freely available and represent an opportunity for further data-driven
investigations of multimodal transportation networks. We note that individual-level mobility data is
highly sensitive and often cannot be shared to protect the privacy of the study participants
(Alessandretti et al., 2020; Gallotti et al., 2016a; Gonzalez et al., 2008; Zheng et al., 2018).

Tools

Over the years, computational tools have become more and more important for studying urban
systems, and in particular transportation networks. For an overview of the available tools in
geographic analysis in transport planning, see Lovelace (2021). Here, we focus on open-source
tools, as they allow fully reproducible research or analysis.

In the union of the “Networks” and “Transport” spheres, there is a plethora of tools specialized on
various purposes, including network analysis (single-layer or multilayer), routing and access
(unimodal or multimodal), or mobility analysis. We attempted a visual classification in Figure 5. The
classification is not straightforward; for example, OSMnx includes routing capabilities. However,
we aimed to place each tool in a category that reflects its main focus, strength, or use case. Therefore,
we placed OSMnx at the intersection of networks and mobility and not under routing/access as that is
not its main focus.

Transport tools. We first describe the most general tools for mobility and transport network analysis,
on the right side of the “Transport” category in Figure 5.

To work with public transportation data Google (2018) developed transitfeed, a Python library to
parse, validate and build GTFS files. This tool is particularly useful to those interested in the
manipulation of the raw data. However, to convert the data into a network, some additional steps are
needed, such as using Peartree (see below).
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Figure 5. Overview of the main open-source analysis tools related to networks and transport. There are
several network and multilayer network-focused tools, and there are several transport or mobility-focused
tools. Further, some tools focus on routing or access. Some tools have multiple capabilities (e.g., OSMnx can
do routing), but we attempted to place each tool in the intersection of categories that best represents their
main focus or use case.

Movingpandas, developed by Graser (2019), is a Python package that provides trajectory data
structures and functions for the analysis and visualization of mobility data. In a similar sense, and
also developed in Python, scikit-mobility (Pappalardo et al., 2021) is a library that implements a
framework for analyzing statistical patterns and modeling mobility, including functions for esti-
mating movement between zones using spatial interaction models and tools to assess privacy risks
related to the analysis of mobility datasets.

Network tools. In this section, we cover the most general network analysis tools on the top left side of
the “Networks” category in Figure 5.

Multiple tools allow to work with graphs. A few examples of freely available software packages
and tools are Networkx by Hagberg et al. (2008), igraph by Csadi and Nepusz (2006), and graph-
tool by Peixoto (2014). These tools are freely available and constantly updated over time relying on
contributions from an engaged community. Although these tools serve a general purpose, they can
also be used for the study of transportation networks.

Transport network tools. In this section, we cover the most general intersection between the
“Networks” and “Transport” categories, that is, the top part in Figure 5.

Multiple tools were developed to obtain data on transportation and multimodal infrastructures.
One of the best known is OSMnx (Boeing, 2017), a Python package that downloads street networks
from OpenStreetMap into Python objects. OSMnx can further be used to download other trans-
portation networks, and build its multimodal transport networks.

Another reliable Python library to read data from OpenStreetMap and extract transportation
networks is Pyrosm (Tenkanen, 2020). Differently from OSMnx, Pyrosm reads the data directly
from OpenStreetMap’s Protocol Buffer Format files (*.osm.pbf), while OSMnx downloads the data
from the Overpass API (OpenStreetMap contributors, 2017a). For this reason, Pyrosm is a par-
ticularly good alternative when working with large urban areas, states, and even countries, while
OSMnx typically offers a more precise way to collect data from specific points in a city.

Finally, an alternative to transitfeed’s functionality of reading GTFS feeds is Peartree (Butts,
2021), a Python library allowing to convert GTFS feed schedules into the corresponding directed
network graph.
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Multilayer network tools. In this section, we cover the general multilayer network analysis tools, that
is, the left part of the “Multilayer” category in Figure 5.

The so far mentioned tools were not built specifically with the purpose to work with multilayer
networks. To cover this need, specific libraries have been developed. A first example is muxViz by
De Domenico et al., 2015, a stand-alone front-end tool which allows the computation of several
multilayer measures, from centrality to community detection. MuxViz is also an advanced visu-
alization tool, providing an effective way to display edge-colored multigraph or multislice networks.

Several software options are available in Python, often built on top of NetworkX. A library
originally designed for the study of multilayer networks, that can be easily adapted to multimodal
networks, is MAMMULT by Nicosia and Battiston (2015). This library contains a collection of
algorithms to analyze and model multilayer networks. The functions included in the collection cover
a wide range of applications from structural properties, such as node, edge, and layer basic
properties, to the analysis of dynamics on multilayer networks, such as random walks.

Another example is multiNetX by Kouvaris et al. (2015). This library extends Networkx allowing
the creation of undirected weighted and unweighted multilayer networks from NetworkX objects.
Once the multilayer networks are built, the library focuses on the spectral properties of the cor-
responding adjacency or Laplacian matrices. Such tool also provides nice visualization tools
improving from NetworkX, allowing the user to better visualize multilayer dynamics through
coloring the nodes and links over time.

A more recently developed Python library, not relying on NetworkX, is Pymnet (Kivela, 2018).
The package handles general multilayer networks, including multiplex networks with temporal
variables. For this reason, it is possible to use it for the analysis of multimodal urban transport
networks that incorporate transit schedules. This library also includes multiple network analysis
methods, transformations, and models to analyze and visualize multilayer networks. Another al-
ternative is the multinet library (Magnani et al., 2020), available both in Python and R. This package
provides tools to work with multilayer networks, including community detection and visualizations.
When visually working with multilayer networks, it is important to account for principles of
visualization and cognitive overload (Rossi and Magnani, 2015). Another option in R is multiplex
developed by Rivero Ostoic (2020). This library offers multiple functions to work with matricial
representations and visualization of multilayer networks.

Tools for routing or access on transport networks. In this section, we cover the remaining “Routing/
Access” category at the intersection of the “Networks” and “Transport” categories in Figure 5.

On one hand, there are established general, high-performance tools for unimodal routing such as
graphhopper (GraphHopper, 2022) and OSRM (OSRM, 2021). These tools are developed for
routing on one network type but could in principle be extended to multimodal routing. Explicit
multimodal routing is provided by OpenTripPlanner (OTP) (OTP, 2022) and R5 (Conway et al.,
2017). Both tools exist as fast R implementations, »57 (Pereira et al., 2021) and OTP for R (Morgan
etal., 2019). The R package dodgr (Padgham, 2019), thanks to an efficient algorithm for computing
distances between pairs of nodes in a street network, further enables the aggregation of flows on
network links, given as input a set of origin and destination points, a matrix of pairwise flow
densities, and the underlying street network.

Finally, several open-source packages focus on computing accessibility metrics, for example, the
ease by which people can reach points of interests, such as those offering employment, shopping,
medical care, or recreation (Rietveld, 2000). Pandana (Foti et al., 2012; Pandana, 2021) is a Python
library that enables to compute the accessibility of places by retrieving points of interest and street
network data from OpenStreetMap (OpenStreetMap contributors, 2017b) and by efficiently
computing shortest paths along the street network. Access (Saxon et al., 2021) is a Python library
that computes a wide range of spatial accessibility metrics given as input a set of origins and
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destinations, as well as travel times or distances between them. Built on top of Pandana, Ur-
banAccess (Blanchard and Waddell, 2017) integrates the creation of multimodal transport networks
(transit and pedestrian) using GTFS data and the computation of accessibility metrics. Similar
functionalities are offered in R by r5r (Pereira et al., 2021).

Complementary tools and future needs. The analysis tools discussed above are well complemented by
tools such as mapbox (Mapbox, 2021), carto (Carto, 2021), kepler.gl (kepler.gl contributors, 2021),
and studio unfolded (Unfolded, 2021), built on top of OpenStreetMap (OpenStreetMap
contributors, 2017b), which allow to create and share geospatial interactive web visualizations.
While these tools have not been designed to work specifically with networks, it is possible to
leverage their geospatial visualization capabilities to create appealing visualization of urban
systems.

Our survey on tools for Networks and Transport analysis in Figure 5 reveals a gap in the existing
open-source libraries landscape. On the one hand, established libraries for general multilayer
networks (e.g., MuxViz and MAMMULT) offer a wide range of functionalities related specifically to
the study of multilayers. For example, they enable to compute multilayer network metrics, cor-
relations across layers, and layer reducibility. These libraries can handle all multilayer networks
(including multilayer transport networks); however, they are not specifically designed for the
analysis of transport networks and might therefore be missing some transport-specific features. On
the other hand, at the intersection between “Multilayer” and “Transport” in Figure 5, tools focusing
on multimodal transport networks (UrbanAccess, r5r, etc.) currently serve a general routing or
access purpose and offer limited functionalities in regard to specific aspects of multimodality or the
structural/dynamic analysis of the underlying multilayer networks. With many of the surveyed tools
still at the experimental stage (version number 0.X) or under heavy development, the necessary
foundation for multimodal analysis tools simply has not been fully established yet. Given the
growing interest for multimodal and sustainable transport, we anticipate that new open-source
libraries will be built specifically for multimodal transport analysis.

Conclusions

In this review, we discussed the state-of-the-art in the field of multimodal mobility and multilayer
transport networks from a complexity science perspective, focusing on urban environments. On one
hand, we covered the science of the dynamics of mobility: How do people move? Which forms of
transportation do they use? How do they find their paths or switch between modes? On the other
hand, these dynamics take place on an underlying (infra)structure which can be well modeled by
multilayer networks. In this context, a number of mathematical metrics have been developed in
network science recently which allow the rigorous study of the topic. Parallel to the methodological
developments we have witnessed a spur of new computational tools—many of them open source—
and datasets which considerably facilitate and boost further research on the topic. Despite an
explosion in geospatial data collection, it is still relatively difficult to access spatio-temporally fine-
grained—and appropriately anonymized (De Montjoye et al., 2013)—mobility data openly. Such
high-quality data are in danger of being siloed in by commercial stakeholders, obstructing
transparent research on the topic. We must therefore push for the implementation of better systems
by governments, academia, and industry to recognize and promote efforts for making datasets and
tools openly available by and for researchers (Lovelace, 2021; Stodden et al., 2016).

The idea of analyzing individuals’ and collective travel patterns as a graph or network, in both
unimodal and multimodal travel context, is not new. The classical transportation network modeling
approaches such as traffic assignment focuses more on understanding the distribution of single class
or multi-class trips across links in a network and estimating link and path flows. These methods do
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not often take into account the physical and structural properties of the underlying transportation
network (e.g., betweenness centrality and node degree distribution), as well as the network dy-
namical functionality (e.g., random walk and diffusion processes). While complex network-driven
approaches mostly explore the structural properties of transportation networks and their dynamical
functionality from a statistical physics perspective. The integration of these two traditionally mostly
separated fields offers promising directions for measurement, modeling, and description of urban
travel behaviors and patterns. There is a growing number of studies that aim to connect the two fields
and provide new modeling approaches including understanding the macroscopic dynamics of
network traffic (Olmos et al., 2018), characterizing origin—destination travel demand as a graph
(Saberi et al., 2017), planning bicycle infrastructure with percolation theory (Olmos et al., 2020),
and analyzing congestion propagation as a reaction—diffusion system (Bellocchi and Geroliminis,
2020).

The existing research on multimodal travel based on passively collected data sources is far from
being comprehensive. Most empirical studies on multimodal behavior have focused on the use of
public transit, such that the interplay between public and forms of private transportation such as
walking, driving, and cycling has been poorly characterized. Studies focusing on public trans-
portation network are often based on public transport schedules instead of real-time data and thus
neglect important effects deriving from congestion. We anticipate that the increasing availability of
high-resolution GPS trajectories collected by individual mobile phones and sensors installed on
private and public transport vehicles (Barbosa et al., 2018) will be key to fill these gaps in the
literature. The continuous growth and developments of urban transport infrastructures is also raising
new research challenges. One critical issue relates to the modeling of shared mobility services, such
as shared bicycles and vehicles (Shaheen and Chan, 2016). Multimodal frameworks that integrate
shared services with traditional public and private transport infrastructures are becoming necessary
to ensure real-time and user-centered solutions for planning, forecasting, and managing services,
while increasing safety, reducing congestion and emissions.

Despite the currently exploding research on multimodal mobility, there exists a wide frontier of
topics to tackle and new approaches to explore. For instance, there is ample potential for future work
to develop growth models for multimodal infrastructures explicitly considering densification and
exploration, as previously done for street networks (Strano et al., 2012). An alternative view can be
obtained by investigating the optimal growth and design of the multiplex structure of the different
layers, as was done for the multilayer airline network composed by routes of different airline
companies (Santoro et al., 2018).

Important advances on multimodal mobility and transportation have been shown to be inter-
disciplinary and have clearly benefitted from the large variety of scientific fields and practices.
Indeed, synergies between disciplines such as urban planning, geoinformatics, computer science,
and physics have increased in the last few years, giving rise to new interdisciplinary approaches
such as a Science of Cities or Urban Data Science (Boeing et al., 2021; Resch and Szell, 2019). We
envision that research on multimodal mobility and transportation to maintain a highly interdis-
ciplinary character also in the future. For example, the study of human mobility has recently
benefited from novel scientific advances from other fields such as deep learning. Luca et al. (2020)
offers a comprehensive overview of the topic and its applications to human mobility, surveying data
sources, public datasets, and deep learning models, and we anticipate the possibility that this area
will soon make an impact in unveiling new features of multimodal mobility and transportation.

Finally, understanding multimodal mobility and its underlying infrastructure is of paramount
importance for developing sustainable urban transport, as it relies on the central role of public
transport modes. Indeed, studying multimodal mobility is one piece in the puzzle towards reversing
the global societal threat of climate change which is caused to a considerable extent by car-centric
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transport monocultures (Mattioli et al., 2020). For this reason, we hope that our review can serve as a
starting point to develop a more modern, sustainable, and integrated idea of mobility worldwide.

Acknowledgments

The authors would like to thank Riccardo Gallotti for useful feedback.

Author Contributions

L.A. and L.N. contributed equally to this work. F.B. coordinated the project. All authors contributed to the
organization and writing of the paper.

Declaration of conflicting interests

The author(s) declared no potential conflicts of interest with respect to the research, authorship, and/or
publication of this article.

Funding

The author(s) received no financial support for the research, authorship, and/or publication of this article.

Consent for publication

We confirm that the manuscript has been read and approved for submission by all the named authors.

References

Albert R and Barabasi A-L (2002) Statistical mechanics of complex networks. Reviews of modern physics
74(1): 47-97.

Alessandretti L, Aslak U and Lehmann S (2020) The scales of human mobility. Nature 587(7834): 402—407.

Alessandretti L, Karsai M and Gauvin L (2016) User-based representation of time-resolved multimodal public
transportation networks. Royal Society Open Science 3(7): 160156.

Alessandretti L, Sapiezynski P, Lehmann S, et al. (2017) Multi-scale spatio-temporal analysis of human
mobility. Plos One 12(2): ¢0171686.

Aleta A, Meloni S and Moreno Y (2017) A Multilayer perspective for the analysis of urban transportation
systems. Scientific Reports 7(1): 1-9.

Aleta A and Moreno Y (2019) Multilayer Networks in a Nutshell. Annual Review of Condensed Matter Physics
10(1): 45-62.
Arentze T and Timmermans H (2004) Multistate supernetwork approach to modelling multi-activity, mul-
timodal trip chains. International Journal of Geographical Information Science 18(7): 631-651.
Arentze TA and Molin EJ (2013) Travelers’ preferences in multimodal networks: design and results of a
comprehensive series of choice experiments. Transportation Research Part A: Policy and Practice 58:
15-28.

Baggag A, Abbar S, Zanouda T, et al. (2018) Resilience analytics: coverage and robustness in multi-modal
transportation networks. EPJ Data Science 7(1): 14.

Banister D (2005) Unsustainable transport: City transport in the New Century. London: Taylor & Francis.

Barabasi A-L and Albert R (1999) Emergence of scaling in random networks. Science 286(5439): 509-512.

Barbosa H, Barthelemy M, Ghoshal G, et al. (2018) Human mobility: models and applications. Physics Reports
734: 1-74.

Barthelemy M (2011) Spatial networks. Physics Reports 499(1-3): 1-101.

Barthelemy M (2016) The structure and dynamics of cities. Cambridge, England: Cambridge University Press.

Barthelemy M (2018) Morphogenesis of spatial networks. Cham: Springer.



Alessandretti et al. 27

Barthelemy M and Flammini A (2008) Modeling Urban street patterns. Physical Review Letters 100(13):
138702.

Bassolas A, Gallotti R, Lamanna F, et al. (2020) Scaling in the recovery of urban transportation systems from
massive events. Scientific Reports 10(1): 1-13.

Bast H, Delling D, Goldberg A, et al. (2016) Route planning in transportation networks. Algorithm Engi-
neering. Cham: Springer, 19-80.

Battista MG, Lucertini M and Simeone B (1996) Path composition and multiple choice in a bimodal
transportation network. volume 2: modelling transport systems. In: World transport research. Proceedings
ofthe 7th world conference on transport research world conference on transport research society, Sydney,
Australia,16-21, July , 1995.

Battiston F, Nicosia Vand Latora V (2014) Structural measures for multiplex networks. Physical Review E 89:
032804.

Battiston F, Nicosia V and Latora V (2017) The new challenges of multiplex networks: measures and models.
European Physical Journal: Special Topics 226(3): 401-416.

Batty M (2006) Hierarchy in cities and city systems. Hierarchy in natural and social sciences. Dordrecht:
Springer, 143-168.

Batty M (2008) The size, scale, and shape of cities. Science 319(5864): 769-771.

Batty M (2013) The new science of cities. Cambridge, MA: MIT Press.

Bellocchi L and Geroliminis N (2020) Unraveling reaction-diffusion-like dynamics in urban congestion
propagation: insights from a large-scale road network. Scientific Reports 10(1): 1-11.

Bergermann K and Stoll M (2021) Orientations and matrix function-based centralities in multiplex network
analysis of Urban public transport.

Bianconi G (2018) Multilayer networks: structure and function. Oxford. Oxford University Press.

Biazzo I, Monechi B and Loreto V (2019) General scores for accessibility and inequality measures in urban
areas. Royal Society Open Science 6(8): 190979.

Blanchard SD and Waddell P (2017) Urbanaccess: generalized methodology for measuring regional acces-
sibility with an integrated pedestrian and transit network. Transportation Research Record 2653(1):
35-44.

Boccaletti LV, Moreno Y, Chavez M, et al. (2006) Complex networks: structure and dynamics. Physics Reports
424(4): 175-308.

Boccaletti S, Bianconi G, Criado R, et al. (2014) The structure and dynamics of multilayer networks.

Boeing G (2017) OSMnx: new methods for acquiring, constructing, analyzing, and visualizing complex street
networks. Computers, Environment and Urban Systems 65: 126—139.

Boeing G (2018) Planarity and street network representation in Urban form analysis. Environment and
Planning B: Urban Analytics and City Science 47: 15.

Boeing G (2020) A multi-scale analysis of 27, 000 urban street networks: every us city, town, urbanized area,
and zillow neighborhood. Environment and Planning B: Urban Analytics and City Science 47(4):
590-608.

Boeing G (2021) Street network models and indicators for every Urban area in the world. Geographical
Analysis.

Boeing G, Batty M, Jiang S, et al. (2021) Urban analytics: history, trajectory, and critique. SocArXiv. May, 14.

Bongiorno C, Zhou Y, Kryven M, et al. (2021) Vector-based Pedestrian Navigation in Cities. arXiv preprint
arXiv:2103.07104.

Botea A, Nikolova E and Berlingerio M (2013) Multi-modal journey planning in the presence of uncertainty.
In: Twenty-third international conference on automated planning and scheduling, Rome, Italy, 10-14,
June, 2013.

Brockmann D, Hufnagel L and Geisel T (2006) The scaling laws of human travel. Nature 439(7075): 462—465.

Brodka P, Chmiel A, Magnani M, et al. (2018) Quantifying layer similarity in multiplex networks: a systematic
study. Royal Society Open Science 5(8): 171747.



28 EPB: Urban Analytics and City Science 0(0)

Buldyrev SV, Parshani R, Paul G, et al. (2010) Catastrophic cascade of failures in interdependent networks.
Nature 464(7291): 1025-1028.

Butts K (2021) Peartree. Peartree, V0.6.4. https://github.com/kuanb/peartree/releases/tag/0.6.4

Cardillo A, Gémez-Gardenes J, Zanin M, et al. (2013) Emergence of network features from multiplexity.
Scientific Reports 3(1): 1-6.

Cardillo A, Scellato S, Latora V, et al. (2006) Structural properties of planar graphs of urban street patterns.
Physical Review E 73(6): 1-7.

Carto (2021) CARTO. https://carto.com/

Chen C, Ma J, Susilo Y, et al. (2016) The promises of big data and small data for travel behavior (aka human
mobility) analysis. Transportation Research Part C: Emerging Technologies 68: 285-299.

Chodrow PS, Al-Awwad Z, Jiang S, et al. (2016) Demand and congestion in multiplex transportation networks.
Plos One 11(9): e0161738.

Colak S, Lima A and Gonzalez MC (2016) Understanding congested travel in urban areas. Nature Com-
munications 7(1): 1-8.

Conway MW, Byrd A and van der Linden M (2017) Evidence-based transit and land use sketch planning using
interactive accessibility methods on combined schedule and headway-based networks. Transportation
Research Record, 2653(1):45-53.

Crucitti P, Latora V and Porta S (2008) Centrality measures in spatial networks of Urban streets. Physical
Review E 73(3): 1-4.

Csadi G and Nepusz T (2006) Igraph. V0.8.3. https://igraph.org/

Dafermos SC (1972) The traffic assignment problem for multiclass-user transportation networks. Trans-
portation science 6(1): 73-87.

De Domenico M, Granell C, Porter MA, et al. (2016) The physics of spreading processes in multilayer
networks. Nature Physics 12(10): 901-906.

De Domenico M, Nicosia V, Arenas A, et al. (2015) Structural reducibility of multilayer networks. Nature
Communications 6(1): 1-9.

De Domenico M, Porter MA and Arenas A (2015) MuxViz: a tool for multilayer analysis and visualization of
networks. Journal of Complex Networks 3(2): 159-176.

De Domenico M, Solé-Ribalta A, Gémez S, et al. (2014) Navigability of interconnected networks under
random failures. Proceedings of the National Academy of Sciences 111(23): 8351-8356.

De Montjoye Y-A, Hidalgo CA, Verleysen M, et al. (2013) Unique in the crowd: the privacy bounds of human
mobility. Scientific Reports 3(1): 1-5.

De Nadai M, Staiano J, Larcher R, et al. (2016) The death and life of great italian cities: a mobile phone data
perspective. In: Proceedings of the 25th international conference on World Wide Web, WWW °16,
Montreal, Canada, 2016, Republic and Canton of Geneva, CHE. International World Wide Web Con-
ferences Steering Committee, pp. 413—423.

Ding R, Ujang N, bin Hamid H, et al. (2018) Detecting the urban traffic network structure dynamics through the
growth and analysis of multi-layer networks. Physica A: Statistical Mechanics and Its Applications 503:
800-817.

Ding R, Ujang N, Hamid HB, et al. (2019) Application of complex networks theory in urban traffic network
researches. Networks and Spatial Economics 19(4): 1281-1317.

Dorogovtsev SN and Mendes JFF (2002) Evolution of networks. Advances in Physics 51(4): 1079—1187.

Du W-B, Zhou X-L, Chen Z, et al. (2014) Traffic dynamics on coupled spatial networks. Chaos, Solitons &
Fractals 68: 72-77.

Du W-B, Zhou X-L, Jusup M, et al. (2016) Physics of transportation: towards optimal capacity using the
multilayer network framework. Scientific Reports 6(1): 1-8.

Farahani RZ, Miandoabchi E, Szeto WY, et al. (2013) A review of urban transportation network design
problems. European Journal of Operational Research 229(2): 281-302.


https://github.com/kuanb/peartree/releases/tag/0.6.4
https://carto.com/
https://igraph.org/

Alessandretti et al. 29

Ferretti M, Barlacchi G, Pappalardo L, et al. (2019) Weak nodes detection in urban transport systems: planning
for resilience in Singapore. In: Proceedings - 2018 IEEE 5th international conference on data science and
advanced analytics, DSAA 2018, Turin, Italy, 01-03 October 2018, pp. 472—480.

Ferster C, Fischer J, Manaugh K, et al. (2019) Using OpenStreetMap to inventory bicycle infrastructure: a
comparison with open data from cities. International Journal of Sustainable Transportation 14: 1-10.

Foti F, Waddell P and Luxen D (2012) A generalized computational framework for accessibility: from the
pedestrian to the metropolitan scale. In: Proceedings of the 4th TRB conference on innovations in travel
modeling. Transportation research board.

Freeman LC (1977) A set of measures of centrality based on betweenness. Sociometry 40(1): 35-41.

Fu X and Lam WH (2014) A network equilibrium approach for modelling activity-travel pattern scheduling
problems in multi-modal transit networks with uncertainty. Transportation 41: 37-55.

Gallotti R and Barthelemy M (2014) Anatomy and efficiency of urban multimodal mobility. Scientific Reports
4(1): 6911.

Gallotti R and Barthelemy M (2015) The multilayer temporal network of public transport in Great Britain.
Scientific Data 2: 140056.

Gallotti R, Bazzani A, Rambaldi S, et al. (2016a) A stochastic model of randomly accelerated walkers for
human mobility. Nature Communications 7(1): 1-7.

Gallotti R, Porter MA and Barthelemy M (2016b) Lost in transportation: information measures and cognitive
limits in multilayer navigation. Science Advances, 2(2):e1500445.

Gao L, Shu P, Tang M, et al. (2017) Comprehensive routing strategy on multilayer networks. arXiv preprint
arXiv:1701.05307.

Geurs KT, La Paix L and Van Weperen S (2016) A multi-modal network approach to model public transport
accessibility impacts of bicycle-train integration policies. European Transport Research Review 8(4):
1-15.

Gil J (2014) Analyzing the configuration of multimodal urban networks. Geographical Analysis 46(4):
368-391.

Gil J (2015) Building a multimodal urban network model using openstreetmap data for the analysis of
sustainable accessibility. In: Jokar Arsanjani J, Zipf A, Mooney P, et al. OpenStreetMap in GIScience:
Experiences, Research, and Applications. Cham. Springer International Publishing, 229-251.

Girres JF and Touya G (2010) Quality assessment of the french OpenStreetMap dataset. Transactions in GIS
14(4): 435-459.

Gonzalez MC, Hidalgo CA and Barabasi A-L (2008) Understanding individual human mobility patterns.
Nature 453(7196): 779-782.

Google (2018) transitfeed. V.1.2.16. https://github.com/google/transitfeed

Gossling S (2016) Urban transport justice. Journal of Transport Geography 54: 1-9.

Gossling S, Choi A, Dekker K, et al. (2019) The social cost of automobility, cycling and walking in the
European Union. Ecological Economics 158: 65-74.

GraphHopper (2022) GraphHopper. https://www.graphhopper.com/

Graser A (2019) Movingpandas: efficient structures for movement data in python. GIForum 1: 54-68.

Hagberg A, Schult D and Swart P (2008) Exploring network structure, dynamics, and function using networkx.
In: Proceedings of the 7th Python in science conference (SciPy2008), Pasadena, USA, 21, August, 2008,
pp. 11-15.

Hajrasouliha A and Yin L (2015) The impact of street network connectivity on pedestrian volume. Urban
Studies 52(13): 2483-2497.

Haklay M (2010) How good is volunteered geographical information? A comparative study of OpenStreetMap
and ordnance survey datasets. Environment and Planning B: Planning and Design 37(4): 682—703.

Hoehne CG and Chester MV (2017) Greenhouse gas and air quality effects of auto first-last mile use with
transit. Transportation Research Part D: Transport and Environment 53: 306-320.


https://github.com/google/transitfeed
https://www.graphhopper.com/

30 EPB: Urban Analytics and City Science 0(0)

Holleczek T, Yu L, Lee JK, et al (2014) Detecting weak public transport connections from cellphone and public
transport data. In: Proceedings of the 2014 international conference on big data science and computing,
Beijing, China, 4 - 7, August , 2014, pp. 1-8.

Huang D, Liu Z, Fu X, et al. (2018) Multimodal transit network design in a hub-and-spoke network framework.
Transportmetrica A: Transport Science 14(8): 706-735.

Huang H, Bucher D, Kissling J, et al. (2019) Multimodal route planning with public transport and carpooling.
IEEE Transactions on Intelligent Transportation Systems 20(9): 3513-3525.

Jiang B and Claramunt C (2004) Topological analysis of urban street networks. Environment and Planning B:
Planning and Design 31(1): 151-162.

Jiang S, Yang Y, Gupta S, et al. (2016) The timegeo modeling framework for urban mobility without travel
surveys. Proceedings of the National Academy of Sciences 113(37): ES370-E5378.

kepler.gl contributors (2021) Kepler.gl. Kepler, V2.5.1. https://github.com/keplergl/kepler.gl/releases/tag/v2.5.1

Kirkley A, Barbosa H, Barthelemy M, et al. (2018) From the betweenness centrality in street networks to
structural invariants in random planar graphs. Nature Communications 9(1): 2501.

Kiveld M (2018) Pymnet. GitHub Repository. https://github.com/bolozna/multilayer-networks-library

Kiveld M, Arenas A, Barthelemy M, et al. (2014) Multilayer networks. Journal of Complex Networks 2(3):
203-271.

Kouvaris NE, Hata S and Diaz-Guilera A (2015) Pattern formation in multiplex networks. Scientific Reports
5(1): 1-9.

Kujala R, Weckstrom C, Darst RK, et al. (2018) A collection of public transport network data sets for 25 cities.
Scientific Data 5(1): 1-14.

Kurant M and Thiran P (2006a) Extraction and analysis of traffic and topologies of transportation networks.
Physical Review E T4(3): 036114.

Kurant M and Thiran P (2006b) Layered complex networks. Physical Review Letters 96(13): 138701.

Latora V and Marchiori M (2001) Efficient behavior of small-world networks. Physical Review Letters 87(19):
198701.

Lin J and Ban Y (2013) Complex network topology of transportation systems. Transport Reviews 33(6):
658-685.

Lobo J, Alberti M, Allen-Dumas M, et al. (2020) Urban science: integrated theory from the first cities to
sustainable metropolises. Report Submitted to the NSF on the Present State and Future of Urban Science.
Chicago, IL: University of Chicago.: Manuseto Institute for Urban Innovation Research Paper.

Loder A, Bliemer MC and Axhausen KW (2022) Optimal pricing and investment in a multi-modal city —
introducing a macroscopic network design problem based on the mfd. Transportation Research Part A:
Policy and Practice 156: 113-132.

Loder A, Dakic I, Bressan L, et al. (2019) Capturing network properties with a functional form for the multi-
modal macroscopic fundamental diagram. Transportation Research Part B: Methodological 129: 1-19.

LoufR and Barthelemy M (2014) A typology of street patterns. Journal of the Royal Society, Interface 11(101):
20140924.

Lovelace R (2021) Open source tools for geographic analysis in transport planning. Journal of Geographical
Systems 23: 547-578.

Lozano A and Storchi G (2001) Shortest viable path algorithm in multimodal networks. Transportation
Research Part A: Policy and Practice 35(3): 225-241.

Luca M, Barlacchi G, Lepri B, et al. (2020) Deep learning for human mobility: a survey on data and models.

Ma X, Wu Y-J, Wang Y, et al. (2013) Mining smart card data for transit riders’ travel patterns. Transportation
Research Part C: Emerging Technologies 36: 1-12.

Magnani M, Rossi L and Vega D (2020) Multiplex network analysis with 1. Journal of Statistical Software.
Accepted for publication.

Makse HA, Havlin S and Stanley HE (1995) Modelling urban growth patterns. Nature 377(6550): 608—612.


https://github.com/keplergl/kepler.gl/releases/tag/v2.5.1
https://github.com/bolozna/multilayer-networks-library

Alessandretti et al. 31

Manfredi S, Di Tucci E and Latora V (2018) Mobility and congestion in dynamical multilayer networks with
finite storage capacity. Physical Review Letters 120(6): 068301.

Manley E and Cheng T (2018) Exploring the role of spatial cognition in predicting urban traffic flow through
agent-based modelling. Transportation Research Part A: Policy and Practice 109: 14-23.

Mapbox (2021) mapbox. https://www.mapbox.com/about/maps/

Mattioli G, Roberts C, Steinberger JK, et al. (2020) The political economy of car dependence: a systems of
provision approach. Energy Research & Social Science 66: 101486.

McDaniel S, Lowry MB and Dixon M (2014) Using origin—destination centrality to estimate directional bicycle
volumes. Transportation Research Record 2430(1): 12—19.

McNally MG (2000) The four step model. Handbook of Transport Modelling 1: 35—41.

Mizzi C, Fabbri A, Colombini G, et al. (2021) Universal properties of multimodal human mobility: a statistical
physics point of view.

Morgan M, Young M, Lovelace R, et al. (2019) OpenTripPlanner for R. Journal of Open Source Sofiware
4(44): 1926.

Morris RG and Barthelemy M (2012) Transport on coupled spatial networks. Physical Review Letters 109(12):
128703.

Natera Orozco LG (2019) Multiplex Urban Networks. Harvard Dataverse, V1. DOIL: 10.7910/DVN/GSOPCK

Natera Orozco LG, Battiston F, Iiliguez G, et al. (2020a) Data-driven strategies for optimal bicycle network
growth. Royal Society Open Science 7(12): 201130.

Natera Orozco LG, Battiston F, Iiliguez G, et al. (2020b) Extracting the multimodal fingerprint of urban
transportation networks. Transport Findings.

Natera Orozco LG, Deritei D, Vancso A, et al. (2019) Quantifying life quality as walkability on urban networks:
the case of budapest. In: Cherifi H, Gaito S, Mendes JF, et al. International Conference on Complex
Networks and Their Applications. Springer, 905-918.

Newman M (2018) Networks. Oxford University Press.

Newman MEJ (2003) The structure and function of complex networks. SIAM Review 45: 167-256.

Nicosia V and Battiston F (2015) Mammult: metrics and models for MULTilayer networks. GitHub repository.
https://github.com/KatolaZ/mammult

Nicosia Vand Latora V (2015) Measuring and modeling correlations in multiplex networks. Physical Review E
92(3): 032805.

Olmos LE, Colak S, Shafiei S, et al. (2018) Macroscopic dynamics and the collapse of urban traffic. Pro-
ceedings of the National Academy of Sciences 115(50): 12654-12661.

Olmos LE, Tadeo MS, Vlachogiannis D, et al. (2020) A data science framework for planning the growth of
bicycle infrastructures. Transportation Research Part C: Emerging Technologies 115: 102640.

OpenMobilityData (2015) Transit Feedes. https:/transitfeeds.com

OpenStreetMap contributors (2017a) Overpass API. https://overpass-api.de/

OpenStreetMap contributors (2017b) Planet dump. https://planet.osm.org. https://www.openstreetmap.org

OSRM (2021) Open Source Routing Machine. http://project-osrm.org/

OTP (2022) OpenTripPlanner. http://www.opentripplanner.org/

Padgham M (2019) Dodgr: An R Package for Network Flow Aggregation. Findings: 6945.

Pandana (2021) Pandana. V.0.6.1. https://github.com/UDST/pandana

Pappalardo L, Simini F, Barlacchi G, et al. (2021) Scikit-mobility: a python library for the analysis, generation
and risk assessment of mobility data.

Patriksson M (2015) The Traffic Assignment Problem: Models and Methods. Mineola, New York: Courier
Dover Publications.

Peixoto TP (2014) The Graph-Tool python Library. figshare.

Pelletier M-P, Trépanier M and Morency C (2011) Smart card data use in public transit: a literature review.
Transportation Research Part C: Emerging Technologies 19(4): 557-568.


https://www.mapbox.com/about/maps/
https://doi.org/10.7910/DVN/GSOPCK
https://github.com/KatolaZ/mammult
https://transitfeeds.com
https://overpass-api.de/
https://planet.osm.org
https://www.openstreetmap.org
http://project-osrm.org/
http://www.opentripplanner.org/
https://github.com/UDST/pandana

32 EPB: Urban Analytics and City Science 0(0)

Pereira RH, Saraiva M, Herszenhut D, et al. (2021) r5r: rapid realistic routing on multimodal transport networks
with RS in R. Findings: 21262.

Porta S, Crucitti P and Latora V (2006) The network analysis of urban streets: a primal approach. Environment
and Planning B: Planning and Design 33(5): 705-726.

Resch B and Szell M (2019) Human-centric data science for urban studies. ISPRS International Journal of
Geo-Information 8(12): 584.

Rhoads D, Solé-Ribalta A, Gonzalez MC, et al. (2020) Planning for sustainable open streets in pandemic cities.
arXiv preprint arXiv:2009.12548.

Rietveld P (2000) The accessibility of railway stations: the role of the bicycle in The Netherlands. Trans-
portation Research Part D: Transport and Environment 5(1): 71-75.

Rivero Ostoic JA (2020) Algebraic analysis of multiple social networks with multiplex. Journal of Statistical
Sofiware 92(11): 1-41.

Rossi L and Magnani M (2015) Towards effective visual analytics on multiplex and multilayer networks.
Chaos, Solitons & Fractals 72: 68-76.

Rosvall M, Trusina A, Minnhagen P, et al. (2005) Networks and cities: an information perspective. Physical
Review Letters 94(2): 028701.

Saberi M, Mahmassani HS, Brockmann D, et al. (2017) A complex network perspective for characterizing
urban travel demand patterns: graph theoretical analysis of large-scale origin—destination demand net-
works. Transportation 44(6): 1383-1402.

Santoro A, Latora V, Nicosia G, et al. (2018) Pareto optimality in multilayer network growth. Physical Review
Letters 121(12): 128302.

Saxon J, Koschinsky J, Acosta K, et al. (2021) An open software environment to make spatial access metrics
more accessible. Journal of Computational Social Science 5: 1-20.

Schldpfer M, Dong L, O’Keefee K, et al. (2021) The universal visitation law of human mobility. Nature
593(7860): 522-527.

Schneider CM, Belik V, Couronné T, et al. (2013) Unravelling daily human mobility motifs. Journal of The
Royal Society Interface 10(84): 20130246.

Shaheen S and Chan N (2016) Mobility and the sharing economy: potential to facilitate the first-and last-mile
public transit connections. Built Environment 42(4): 573-588.

Sheffi Y (1978) Transportation network equilibrium with discrete choice models. PhD Thesis, Civil Engi-
neering Department, Massachusetts Institute of Technology, Cambridge, MA.

Sheffi Y (1985) Urban Transportation Networks —- Equilibrium Analysis with Mathematical Programming
Methods. Englewood Cliffs, NJ: Prentice-Hall.

Simini F, Gonzalez MC, Maritan A, et al. (2012) A universal model for mobility and migration patterns. Nature
484(7392): 96-100.

Solé-Ribalta A, De Domenico M, Goémez S, et al. (2016) Random walk centrality in interconnected multilayer
networks. Physica D: Nonlinear Phenomena 323: 73-79.

Solé-Ribalta A, Gémez S and Arenas A (2016) Congestion induced by the structure of multiplex networks.
Physical Review Letters 116(10): 1-5.

Song C, Koren T, Wang P, et al. (2010) Modelling the scaling properties of human mobility. Nature Physics
6(10): 818-823.

Stodden V, McNutt M, Bailey DH, et al. (2016) Enhancing reproducibility for computational methods. Science
354(6317): 1240-1241.

Strano E, Nicosia V, Latora V, et al. (2012) Elementary processes governing the evolution of road networks.
Scientific Reports 2(1): 296.

Strano E, Shai S, Dobson S, et al. (2015) Multiplex networks in metropolitan areas: generic features and local
effects. Journal of the Royal Society, Interface 12(111): 20150651.

Strano E, Viana M, Costa LdF, et al. (2013) Urban street networks, a comparative analysis of ten European
cities. Environment and Planning B: Planning and Design 40(6): 1071-1086.



Alessandretti et al. 33

Sui Y, Shao F, Yu X, et al. (2019) Public transport network model based on layer operations. Physica A:
Statistical Mechanics and Its Applications 523: 984-995.

Szell M, Mimar S, Perlman T, et al. (2022) Growing urban bicycle networks. Scientific Reports 12: 6765.

Szell M, Sinatra R, Petri G, et al. (2012) Understanding mobility in a social petri dish. Scientific Reports 2: 457.

Tan F, Wu J, Xia Y, et al. (2014) Traffic congestion in interconnected complex networks. Physical Review E -
Statistical, Nonlinear, and Soft Matter Physics 89(6): 062813.

Tenkanen H (2020) pyrosm. V.0.5.0. https://github.com/HTenkanen/pyrosm

Tenkanen H and Toivonen T (2020) Longitudinal spatial dataset on travel times and distances by different travel
modes in Helsinki Region. Scientific Data 7(1): 1-15.

Uchida K, Sumalee A, Watling D, et al. (2005) Study on optimal frequency design problem for multimodal
network using probit-based user equilibrium assignment. Transportation Research Record 1923(1):
236-245.

Unfolded (2021) Unfolded Studio. https://studio.unfolded.ai/home

van Nes R (2002) Design of Multimodal Transport Networks. PhD Thesis, Civil Engineering. Delft Technical
University, Delft.

Varga L, Kovacs A, Toth G, et al. (2016) Further we travel the faster we go. Plos One 11(2): e0148913.

Verbas [0, Mahmassani HS and Hyland MF (2015) Dynamic assignment-simulation methodology for
multimodal urban transit networks. Transportation Research Record 2498(1): 64—74.

Vybornova A, Cunha T, Githnemann A, et al. (2022) Automated detection of missing links in bicycle networks.
Geographical Analysis (in print).

Wardrop JG (1952) Road paper. some theoretical aspects of road traffic research. Proceedings of the Institution
of Civil Engineers 1(3): 325-362.

Willing C, Brandt T and Neumann D (2017) Intermodal mobility. Business & Information Systems Engineering
59(3): 173-179.

Zannat KE and Choudhury CF (2019) Emerging big data sources for public transport planning: a systematic
review on current state of art and future research directions. Journal of the Indian Institute of Science 99:
1-19.

Zhang L, Yang H, Wu D, et al. (2014) Solving a discrete multimodal transportation network design problem.
Transportation Research Part C: Emerging Technologies 49: 73-86.

Zhao K, Musolesi M, Hui P, et al. (2015) Explaining the power-law distribution of human mobility through
transportationmodality decomposition. Scientific Reports 5(1): 1-7.

Zheng Y, Fu H, Xie X, et al. (2011) Geolife GPS Trajectory Dataset - User Guide, Geolife gps Trajectories 1. 1
edition. Geolife GPS Trajectories 1.1.

Zheng Z, Huang Z, Zhang F, et al. (2018) Understanding coupling dynamics of public transportation networks.
EPJ Data Science 7(1): 23.

Zhou X, Mahmassani HS and Zhang K (2008) Dynamic micro-assignment modeling approach for integrated
multimodal urban corridor management. Transportation Research Part C: Emerging Technologies 16(2):
167-186.

Zhuo Y, Peng Y, Liu C, et al. (2011) Traffic dynamics on layered complex networks. Physica A: Statistical
Mechanics and Its Applications 390(12): 2401-2407.

Zografos KG and Androutsopoulos KN (2008) Algorithms for itinerary planning in multimodal transportation
networks. /[EEE Transactions on Intelligent Transportation Systems 9(1): 175-184.


https://github.com/HTenkanen/pyrosm
https://studio.unfolded.ai/home

	Multimodal urban mobility and multilayer transport networks
	Introduction
	Potential and challenges of multimodal mobility
	Aim and structure of this review
	Multilayer networks: a framework for multimodality
	Multimodal infrastructures
	Modeling multimodal infrastructures
	Representation of public transport systems
	Static toy models
	Non-static models

	Characterizing multimodal infrastructures
	Overlap census
	Paths
	Spatial outreach
	Betweenness centrality and interdependence
	Resilience


	Multimodal mobility
	Modeling multimodal mobility
	Random walks
	Travel time minimization approaches

	Characterizing multimodal mobility
	Public transport system dynamics
	Efficiency
	Congestion
	Navigability

	Individual multimodal behavior
	Route choices
	Power-law distribution of displacements


	Open data and tools
	Data
	Infrastructure data
	Dynamical data
	Multimodal data

	Tools
	Transport tools
	Network tools
	Transport network tools
	Multilayer network tools
	Tools for routing or access on transport networks
	Complementary tools and future needs


	Conclusions
	Acknowledgments
	Author Contributions
	Declaration of conflicting interests
	Funding
	Consent for publication
	References


