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Goals

* A preliminary analysis of the Spanish railway network is carried out in this research using graphs.

* |n this preliminary _stud_y, some topological properties of the Spanish railway sYstem were analysed (See Methodology Section
for details). The suitability of the Erdos Rényi model to reproduce the statistical properties of thé network was also studied.

As is well known, the Erddés Rényi model allows the generation of random graphs.

Background

* Network Theory has been utilised in the analysis of social networks (Barabasi, 2003), economic and financial systems (Kenett & Havlin,
2015), multigraph networks studies in different types of systems (Shafie, 2015), (Sumit et al., 2020), (Wang et al., 2020).

* There are also works related to the study of railway systems through Network Theory in several countries (Hernandez & Flores, 2022)
(Wang et al., 2020), (Ko & Prokhorchenko, 2013). There are analyses assessing the impact of new transportation modes on the use of
the railway system (Wiseman, 2019).

* There is research that studies the expansion of the Sfanish railway system and certain indicators referrintho improvements made to its
infrastructure (Esteban-Oliver & Marti-Henneberg, 2022), (Esteban-Oliver & Marti-Henneberg, 2024). The risk of accidents in the
network has also been examined (Mateos et al., 2016).

Information about the data used

The data sources used in the study were: Secretaria de Estado de Digitalizacion e Inteligencia Artificial del Ministerio para la
Transformacién Digital y de la Funcién Publica https://avance.digital.gob.es/es-es/Paginas/index.aspx. Horarios de alta
velocidad, larga distancia y media distancia. htips://datos.gob.es/es/catalogo/ea0003337-  horarios-de-alta-velocidad-larga-
distancia-y-media-distancia1. License: Creative Commons Attribution 4.0. License:
https://creativecommons.org/licenses/by/4.0/deed.es ES. Date of creation May 21, 2019 - 0:00 (UTC+02:00). Renfe Data.
Horarios de alta velocidad, larga distancia y media distancia. htips://data.renfe.com/es/dataset/horarios-de-alta-velocidad-larga-
distancia-y-media-distancia License: Creative Commons Attribution 4.0. License: htips://creativecommons.org/licenses/by/4.0/
Date of creation November 29, 2018. Last update of data November 8, 2024. Metadata last updated November 29, 2018.
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Methodology

* Python (Python, s. fa.), (IPython, s. fb.) language was used to process the data and to build a graph in which the nodes
are the stations and the links are the existing connections between them.

» Python package NetworkX (NetworkX developers, 2024), (Hagberg, et al., 2008) was utilised, which provides several
algorithms to stud.?/ networks. Specifically, we used those that made possible to calculate the following topological
atfributes of the railways system:

®* Betweenness,
Clustering coefficient,
Degree,
Eigenvector centrality,
Neighbors,
Pagerank,
Mean shortest path length,
Degree assortativity coefficient,
Number of connected components,
Global efficiency,
Local efficiency,
Number of bridges,
Number of maximal cliques,
Average communicability,
Number of nodes and links

The algorithm that implement the Erdos Rényi model was also utilised.
(see the References Section for more information on the research describing the methods).

» Gephi tool (Bastian et al., 2009) was used to plot the railways system graph.

« Rlanguage (R Core Team, 2021) was utilized to plot the distribution of some topological parameters (betweeness centrality,
clustering coefficient, degree, eigenvector centrality, neighbors and pagerank) by quartiles.

Note: See R and Python packages used in the References Section.



Results

Some topological attributes of the Spanish railway system
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Graph of the analysed network

Mean shortest path length:9.2490

Degree assortativity coefficient: 0.2473
Number of connected components: 1
Global efficiency: 0.1327

Local efficiency: 0.2656

Number of bridges: 74

Number of maximal cliques: 804

Average communicability: 2.3046 (£0.9598)
Number of nodes: 790

Number of links: 1,161
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Results (ll)

Betweenness centrality ‘ ‘ Clustering coefficient ‘ ‘ Degree
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‘ Eigenvector centrality ‘ ‘

Neighbors ‘ ‘ Pagerank
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Distribution of betweeness centrality, clustering coefficient,
degree, eigenvector centrality, neighbors and pagerank by
quartile
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Q1
Quartile

5 stations with the
higher betweenness:
Estacion de tren Pozuelo

5 stations with the
higher degree:
*  Estacion de tren Zaragoza- .

Delicias + Estacion de tren Penyaflor
»  Estacion de tren Madrid- » Estacion de tren Espinosa

Chamartin de Villagonzalo (apd)
. Estacién de tren Cordoba » Estacion de tren El Romeral
«  Estacién de tren Madrid-Puerta + Estacion de tren Puerto

de Atocha Escandoén

. Estacion de tren Ourense

116 stations show a clustering

5 stations with the
value equal to 1

higher eigenvector centrality:

+ Estacion de tren Zaragoza-Delicias

» Estacion de tren Madrid-Chamartin

» Estacion de tren Cérdoba

» Estacion de tren Madrid-Puerta de
Atocha

» Estacion de tren Ourense

5 stations with the higher number of Neighbors:

+ Estacion de tren Toledo

» Estacion de tren Guadalajara — Yebes

» Estacion de tren Villanueva de Cérdoba-Los
Pedroches

» Estacion de tren L'Hospitalet de Llobregat

» Estacién de tren EIl Prat Aeroport

5 station with the higher pagerank:

» Estacion de tren Zaragoza-Delicias

» Estacion de tren Madrid-Chamartin

» Estacion de tren Cérdoba

« Estacion de tren Madrid-Puerta de Atocha
» Estacion de tren Ourense



Results (lll)

Erdos Rényi model with probability=0.1 (Number of nodes: 790, Number of links: 31,101)

Standard
Deviation

Betweenness

Clustering
coefficient

Degree

Eigenvector
centrality

Neighbours

Pagerank

0.0019
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82.8333
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79.5870 0.8735
0.0013  0.0001

0.0011
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79
0.0354

79.5910
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Mean shortest path length: 1.9005

Degree assortativity coefficient: -0.0060
Number of connected components: 1
Global efficiency: 0.5498

Number of bridges: 0

Average communicability: 2.3046 (x 0.9598)



Results (I1V)

Erdds Rényi model with probability=0.5 (Number of nodes 790, Number of links 156,115)

Standard
Deviation

Betweenness 0.0008 0.0005 0.0006 0.0006 4.7702x1005
Clustering 0.5067 0.4955 0.5010 0.0015 0.5010
coefficient

Degree 449 348 395.2278 14.6015 395
Eigenvector 0.0404 0.0313 0.0356 0.0013 0.0356
centrality

Neighbors 397.3906 393.9976  395.7713 0.5221 395.7765
Pagerank 0.0014 0.0011 0.0013 gf5.2121x10' 0.0013

Mean shortest path length: 1.4991

Degree assortativity coefficient: -0.0086
Number of connected components: 1
Global efficiency: 0.7505

Number of bridges:0

Average communicability: 2.305 (£ 0.9598)



Conclusions

» Although further analysis is needed to fully characterize the network, the following conclusions were obtained:

The nodes with the highest degree centrality are those that exhibit the highest eigenvector and pagerank centralities.

The stations with the highest betweenness are not amoné; those with the highest degree centrality. However, these stations, being
relevant interconnection points, should be specially protected.

None of the stations with the highest degree centrality are among those with the highest average degree neighborhoods. Because of this,
a failure at these nodes could have a higher impact.

The network presents a deﬂree assortativity coefficient with a low positive value, which indicates that there is a certain tendency of the
nodes to connect others with analogous degrees.

Efficiencies show a value close to 0.5, which is a medium magnitude.
Most nodes exhibit an average clustering and an average degree centrality in the third quartile.

Tr%erel?re 804 subgraphs in which all stations are linked with all other. This is a magnitude 1.77 % higher than the number of nodes of the
network.

A model other than Erdés Rényi model seems to be necessary to reproduce the statistical properties of the network.

» A comparison of the topological properties shown by this network with those exhibited by other railway systems could be of interest in order to
detect characteristics that may be intrinsic to railway systems.

« A study relating topological parameters to other travel data (times, number of passengers, etc.) could help to understand the influence that
network topology may have on travel characteristics.

Next Steps

Study of models that could reproduce the main statistical properties of the network.
Analysis of railway networks in other countries in order to find commonalities and differences between them.
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