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Abstract

The COVID-19 pandemic in 2020 has impacted the world, affecting health, economy,
education, and social behaviour. Much concern was raised about the role of mobility
in the disease’s spread, with particular attention on public transport. Understanding
the relationship between mobility and the pandemic is key to developing effective public
health interventions and policy decisions. This thesis investigates the spatial relationship
between mobility and the evolution of COVID-19 in 2020, focusing on public railway
transport in Lombardia, Italy. The study uses two mobility datasets: one publicly avail-
able from Regione Lombardia Open Data Program and the other derived from data by
Trenord, a local railway operator. In this framework, a pipeline is developed to esti-
mate dynamical Origin-Destination matrices from Trenord tickets and passenger counts.
Global and local Moran indexes are then employed to explore the relationship between
a spatial description based on mobility and the mortality rates in 2020. This research
starts with the entire Lombardia region and then focuses on the provinces of Brescia,
Bergamo and Milano. Results indicate the virus’s spread is strongly linked to people’s
movements. Indeed, the mobility-based spatial weights could identify periods of posi-
tive spatial autocorrelation in the epidemic feature and larger clustered areas compared
to classical contiguity-based weights. However, no evidence suggests that public railway
transport played a more decisive role than overall mobility in epidemic diffusion. Indeed,
we never found a positive spatial autocorrelation with the railway mobility-based spatial

description in periods of no correlation with overall mobility.

Keywords: mobility, COVID-19, spatial analysis, trip distribution modelling
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Abstract in lingua italiana

La pandemia COVID-19 nel 2020 ha avuto un impatto significativo sul mondo, influen-
zando la salute, ’economia, l'istruzione e la socialita. Sono state sollevate molte preoccu-
pazioni sul ruolo della mobilita nella diffusione della malattia, con particolare attenzione
al trasporto pubblico. Comprendere la relazione tra mobilita e pandemia é fondamentale
per sviluppare interventi di salute pubblica e restrizioni efficaci. Questa tesi indaga la
relazione spaziale tra mobilita ed evoluzione della pandemia COVID-19 nel 2020, con-
centrandosi sul trasporto pubblico ferroviario in Lombardia, Italia. Lo studio utilizza
due set di dati sulla mobilita: uno disponibile pubblicamente dal Programma Open Data
di Regione Lombardia e l'altro derivato dai dati di Trenord, 'operatore ferroviario lo-
cale. In questo contesto, € stato sviluppato un processo per stimare matrici dinamiche
Origine-Destinazione a partire dai biglietti e dai conteggi dei passeggeri forniti da Trenord.
L’analisi degli indici di Moran globali e locali esplora la relazione tra una descrizione
spaziale basata sulla mobilita e i tassi di mortalita nel 2020. La ricerca parte dall’intera
regione Lombardia per poi concentrarsi sulle province di Brescia, Bergamo e Milano. I
risultati indicano che la diffusione del virus é fortemente legata agli spostamenti delle
persone. Infatti, i pesi spaziali basati sulla mobilita sono in grado di identificare periodi
di autocorrelazione spaziale positiva nella risposta epidemica e gruppi spaziali con sim-
ili valori dei tassi di mortalita piti ampi rispetto ai classici pesi basati sulla contiguita.
Tuttavia, nessuna evidenza suggerisce che il trasporto ferroviario pubblico abbia giocato
un ruolo piu decisivo della mobilita generale nella diffusione dell’epidemia. Infatti, non
abbiamo mai riscontrato un’autocorrelazione spaziale positiva con la descrizione spaziale
basata sulla mobilita ferroviaria in periodi di assenza di correlazione con la mobilita com-

plessiva.

Parole chiave: mobilita, COVID-19, analisi spaziale, modellizzazione della distribuzione

dei viaggi
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Introduction

Motivations

In the early months of 2020, COVID-19 swept the world, causing massive disruptive ef-
fects in our societies through loss of lives and measures taken to contain the virus. The
first cases were recorded in December 2019 in Wuhan [1], and later COVID-19 spread in
Italy, with the first cases detected in Lombardia in February 2020 [2]. The virus quickly
circulated throughout the country, and the government was forced to take drastic mea-
sures to slow its transmission. School and workplace closures, remote or online teaching,
working from home, cancellation of public events and restrictions on public gatherings
and meetings, stay-at-home orders, face coverings, restrictions on public transport, and

so on are examples of such strategies [3].

These measures resulted in a sharp reduction in people leaving their homes and travelling
within cities and across regions. As a result, travel demand fell, and the usage of private
vehicles and public transportation dropped dramatically [4]. Local public transit, in
particular, was much affected by restrictions, fear of the disease, and lifestyle changes in
working and studying habits. Businesses in the field suffered huge losses, reducing their
revenues by 50% in 2020 and 42% in 2021. The number of passengers transported has yet
to return to pre-pandemic levels in 2023, three years after the COVID-19 outbreak [5].

However, while there are multiple shreds of evidence about the role of mobility in the
spread of the disease, the public transport impact still has to be assessed as past research

came to different (and sometimes contrasting) conclusions [6, 7|.

Assessing the role of mobility on the disease’s spread is key to take active interventions in
future outbreaks, not only of COVID-19 but of other diseases and not be found unprepared
as in the past. In this framework, it is crucial to understand how mobility relates to
the epidemic phenomenon and how the restrictions have affected this relationship. The
hypothesis that public transport did not have such a prevalent role in epidemic diffusion
should be analysed in detail. If confirmed, it calls for a review of some restrictions on its

usage for future outbreaks. This could release businesses in the field of huge losses and
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encourage people not to fear this transportation method, associated with multiple benefits
both for the population (less traffic, less expensive, less stressful and safer compared to

travelling by private car) and for the planet (much less pollutant than private cars) [8].

This work is motivated as a part of the CHANCE project, specifically of the working
group devoted to evaluating the effects of health strategies for reducing SARS-CoV-2 risk,
aiming to predict the implications of possible future epidemics. Our goal is to assess the
role of mobility, particularly public railway mobility, in epidemic diffusion. A collaboration

with the railway company Trenord has provided some data about railway mobility.

Concerning the data provided by Trenord, we will develop a procedure to derive dy-
namical Origin-Destination (OD) matrices (i.e., matrices describing mobility in a trans-
portation network, whose cells ¢;; represent the number of trips starting from zone ¢ and
ending in zone j in a specific time frame) describing movements by train in the study area
by Trenord data. These data will be used to describe in detail the evolution of weekly
railway mobility flows in 8 months of 2020.

We will first analyse the relationship between mobility and the epidemic in the Lombardia
area, considering mobility data publicly available by Regione Lombardia and modelling
the epidemic response with death counts data by ISTAT. Then, we will repeat the spatial
analysis in a limited area partially covering the provinces of Brescia, Bergamo and Milano
(named BreBeMi for this reason) and assess the role of overall mobility (i.e., mobility by
all means of transportation) versus railway mobility, using static mobility data by Regione

Lombardia and the Trenord-derived dynamic railway mobility flows.
Our study aims to answer two research questions:
e (Q1: Can we establish a link between the evolution of the pandemic during 2020 and
mobility?

o ()2: Did railroad mobility play a relevant role in the pandemic diffusion compared
to other kinds of mobility?

Data related to the research

This dissertation studies the epidemic evolution of the pandemic in Italy, modelling it
with the death counts from all causes released by ISTAT [9], in analogy with what has
been done in other works, such as [10-12]. The disease’s spread is analysed together with
two kinds of mobility data provided by the Regione Lombardia Open Data Program and
by Trenord.
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Regione Lombardia Open Data Program

Regione Lombardia initiated its Open Data program in 2012, intending to promote trans-
parency and accountability by publicly making numerous datasets available. The program
aims to provide citizens, businesses, and government agencies with valuable information
for their queries. The program adheres to guidelines to ensure quality and regular data
updates. Moreover, Regione Lombardia offers the Open Data Lombardia portal to local

authorities free of charge for publishing their data [13].

Currently, the Open Data portal of Regione Lombardia is recognised as one of the primary
reference points in Italy, thanks to the number and quality of data displayed and, most
importantly, the advanced functions it offers to various users such as citizens, developers,

and researchers.

In addition to collecting datasets from approximately 200 local administrations, the por-
tal includes sections dedicated to specific entities such as the Municipality of Bergamo,
Municipality of Monza, Province of Monza and Brianza, Metropolitan City of Milan, and

an exclusive section for the Epidemiological Observatory of the Lombardy Region [14].

Trenord

Founded on May 3, 2011, by the two current shareholders, FNM and Trenitalia, Trenord
is among Europe’s most important local public rail transport companies, in terms of size

and service capillarity.

Operating on a 2,000-kilometer network that links 460 stations, Trenord runs over 2,170
trips daily, connecting Lombardia, seven neighbouring provinces (Alessandria, Novara,
Parma, Piacenza, Verbano-Cusio-Ossola, Vercelli, Verona), and Malpensa International

Airport via the Malpensa Express rail link.

In Lombardy, 77% of municipalities and 92% of citizens have a railway station within a
5-kilometre radius. Trenord here counts more than 550,000 passengers and 2,200 train
rides a day [15].

Thesis contributions

The contributions of this dissertation to the present literature regarding the relationship

between COVID-19 and mobility can be summarised as follows:

e This dissertation is the first study, to the best of our knowledge, exploring the
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spatial autocorrelation of an epidemic feature using a spatial description derived
from mobility in the form of mobility-based spatial weights. We use global and
local Moran indexes to identify periods of positive spatial autocorrelation in the
epidemic feature according to the mobility-based spatial description and to identify
locations showing clustered behaviour. We detail a procedure to reproduce the
spatial analysis and highlight the role of mobility in the epidemic spread. This
procedure is entirely general and could be applied to other kinds of areal epidemic

features and mobility data in the form of OD matrices in the future.

e This dissertation builds a detailed pipeline to estimate dynamical OD matrices for
a limited portion of the Trenord network, applying the Furness method for trip
distribution modelling starting from ticket data and passenger counts obtained by
the Automatic Passenger Counting system. This study introduces some novelties
compared to past works in trip distribution modelling, such as the conversion of
tickets and subscriptions into estimated trips, the development of a model to esti-
mate missing counter data, and the application of a procedure to correct zero values
in the seed matrices for the Furness algorithm. These innovations’ contribution to

the estimation pipeline is discussed together with the results of the procedure.

Thesis outline

The remainder of the thesis is organised as follows:

Chapter 1 - Timeline of the COVID-19 pandemic in Italy during 2020 sum-
marises the main events regarding the history of COVID-19 in Italy during 2020.

Chapter 2 - Literature Review analyses past research on the relationship between
COVID-19 spread and mobility.

Chapter 3 - Datasets on mobility and epidemic introduces the epidemiological and

mobility datasets used in the analysis.

Chapter 4 - Estimation of Trenord Origin-Destination Matrices presents the
theoretical notions behind the Furness method for trip distribution modelling. Then,
it defines and applies the pipeline to derive weekly OD matrices describing movements
by train in a limited portion of the Trenord network consisting of six train lines during
eight months of 2020. Finally, the estimated OD matrices are compared with the Regione
Lombardia mobility dataset.

Chapter 5 - Spatial Analysis of Mobility and Epidemics details some theoretical
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notions of spatial data analysis and defines the pipeline applied to analyse the relationship
between mobility and epidemic spread in the two areas considered in our work. Then, it
shows the results of the spatial analysis of mortality rates in the Lombardia area through
2020, based on the mobility flows described by the Regione Lombardia mobility dataset.
Next, it repeats the spatial analysis in the BreBeMi area, adopting a spatial granularity
induced by the distribution of stations in the territory. Overall mobility is compared with
railway mobility, first repeating the analysis with the Regione Lombardia mobility data
in the new area and then plugging the Trenord-derived data about real movements by

train in 2020 into the analysis.
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]_ ‘ Timeline of the COVID-19
pandemic in Italy during 2020

Given the nature of the study, we summarise the main events regarding the history of
COVID-19 in Italy during 2020, focusing on the Lombardia region. We describe the
outbreak of COVID-19 in the world, the evolution of the pandemic in Italy, and the
restrictions adopted by the Italian government, particularly concerning public transport
regulations. We will often refer to this brief history throughout the dissertation. The
account of the events is taken by [16] unless differently cited. Figure 1.1 shows the key
events in the COVID-19 outbreak in Italy in 2020, while Figure 1.2 displays the curves
describing new confirmed cases of COVID-19 and the number of deaths from all causes
during 2020.

JANUARY 30, FEBRUARY FEBRUARY MARCH APRIL MAY AUGUST
2020 3 20 9 26 17 12
——— — — — — — — #
WHO declares a  Etablishment of First case of ITALY enters into ITALY adopts a Phase 2: Gradual New relerence
global public the CTS coranavirus in nation-wide new monitoring reopening of the document:
health emergency ITALY lockdown mechanism country Elements of

Preparedness

OCTOBER NOVEMBER DECEMBER DECEMEER JANUARY13,
13 3 3 18 2021
5 -
The Government New lockdown Lockdown is New national The state of
introduces new based on level of partially released restrictive emergency is
measures against risk for each before the measures for the extended to April
second wave Region Christmas Christmas 30, 2021
holidays holidays

Figure 1.1: Timeline of the key events and restrictions in the COVID-19 pandemic in
Italy [17]

The history of the COVID-19 pandemic started in China: Chinese authorities reported
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New COVID-19 cases over 2020 Daily deaths in Italy over 2020
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(a) Daily number of new confirmed cases [18] (b) Daily number of deaths from all causes [9]

Figure 1.2: Evolution of the curves describing two epidemic indicators referring to COVID-
19 in Italy through 2020

to the WHO (World Health Organization) the emergence of several cases of a mysterious
pneumonia in December 2019. The epicentre was in Wuhan, a Chinese city of 11 million
inhabitants in Hubei province. On January 23, the first lockdown was put into place
in Wuhan, followed by other Chinese regions: people could not leave their homes unless
strictly necessary and had to wear masks when going out. This was the beginning of a
worldwide pandemic which would affect our societies for several years, causing the deaths
of more than 6 million people in the world [19] and restrictions adopted to contain the

virus causing permanent lifestyle changes [20].

1.1. First wave

February 2020 It did not take long before the first cases were detected in Italian citi-
zens: on February 21, a 38-year-old man tested positive at Codogno hospital, and within a
few hours, fourteen other people tested positive. On the same day, 200 km from Codogno,
the first Italian victim of COVID-19 died. The man was a 78-year-old who lived in Vo’
Euganeo, a city in the province of Padova. As a precautionary measure, the govern-
ment suspended all public gatherings and non-essential commercial activities and closed
workplaces, schools, and cultural places in ten municipalities in Lodi province, including
Codogno and in Vo’ Euganeo in Veneto. Furthermore, the government introduced the
first restrictions on public transport, closing the train stations of Codogno, Maleo, and

Casalpusterlengo [21].
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As the epidemic diffused outside the hotspots areas, mainly in Lombardia, but also in
Emilia-Romagna, Friuli-Venezia-Giulia, Veneto, Piemonte, and Liguria, restrictions were
put in place in these Italian regions. These restrictions included school and museum
closures, remote working, and the suspension of sports events. Moreover, all schools and

universities on the national territory were closed.

March 2020 In early March, a new COVID-19 hotspot emerged in the Val Seriana
area, affecting Alzano and Nembro municipalities significantly [22]. Despite this, the
red zone was not extended to include the area. It remains a contentious decision with
an ongoing investigation about its consequences on the area’s severe COVID-19 impact
in March 2020 [23|. Other research indicates that other regions, surrounding the town
of Orzinuovi in the Brescia province and the city of Cremona, were also experiencing

higher-than-average rates of positive cases during this period [24].

On March 8, Lombardia, along with some provinces of Emilia-Romagna, Veneto and
Piemonte, was declared a red zone with maximum mobility restrictions. People were
ordered to stay home; they could go out only for essential reasons like working or buying
groceries and had to fill out a form to declare why they were leaving their households.
The number of cases was rapidly increasing, particularly in the province of Bergamo. The
restrictions were later extended to the entire national territory. Trenord responded to the
new restrictions by reducing train rides by 8% in Lombardia, sanitising their trains, and

advising passengers to wear masks and gloves and maintain social distancing [25].

During this period, Lombardia’s railway mobility was significantly reduced, with an 85%
decrease in daily passengers. Trenord cut its daily train rides by 40% to accommodate

the new restrictions [26].

April 2020 On April 5, a significant milestone was reached as Italy reported a reduction
in COVID-19 patients in intensive care for the first time since the pandemic began. This

marked the beginning of the plateau phase of the epidemic.

After extending the lockdown period multiple times, citing its positive impact on slowing
the spread of the virus [27], Ttaly’s Prime Minister announced on April 26 that "phase
two" of living with the virus would begin on May 4. This meant that four million Italians
could return to work and people would be able to visit their relatives, signalling a slight

easing of the stringent restrictions that had been in place for weeks.

May and June 2020 The month of May marked the end of the national lockdown and
the beginning of a new phase in the fight against the virus. People gradually started to
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experience some of their old freedoms, starting on May 4.

Trenord announced the return of all suburban lines to 100% of their scheduled train
rides, while regional lines increased from 40% to 60%. Travelling by train was heavily
regulated: passengers had to wear masks and gloves, and only 50% of the seating capacity

was available to maintain a one-meter distance between all passengers |28, 29].

Restrictions were loosened further on May 18, which marked the end of the first lockdown.
Bars, restaurants, offices, and industries were allowed to reopen. People could move freely
within their region (but not yet cross regional boundaries) without filling out any form.
They were required to maintain a one-meter distance from each other and always wear

masks.

On June 11, the beginning of "phase three" was announced, and on June 15, playgrounds,
open-air cinemas, and theatres reopened, and people could travel freely throughout the

nation.

1.2. Second wave

During the summer, all epidemic indicators reached their minimum levels since February.
People resumed a life similar to before the pandemic, with only minor restrictions such

as wearing a mask in public places.

On September 14, schools reopened after their national closure on March 4. Following
the reopening of schools, Trenord decided that all its train lines (suburban and regional)
would resume 100% of their scheduled rides [30]. The government also mandated that all
public transportation operates at 80% of its total capacity, including seating and standing

places [31].

Around the middle of September, the pharmaceutical giant Pfizer announced that they
had successfully developed a COVID-19 vaccine that would be available on the market
before the end of 2020. However, at the same time, the infection curve was constantly

increasing all over Italy.

October 2020 By October 18, it was evident that Italy had entered the second wave

of the pandemic, as the infection curve was growing exponentially.

On October 19, new restrictions were introduced to reduce infections. People were strongly
advised not to invite more than six individuals into their homes at once, and bars and
restaurants had to close in the evenings. Certain sports activities were limited, and

celebrations were restricted to 30 people [32|. At first, no additional restrictions were
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placed on public transport. There was much concern about the potential for crowding on
buses, metros, and trains during this period, and their role in spreading infections was

discussed. Still, no definitive conclusions were reached [31].

On October 31, 31,758 daily new cases were reported, surpassing the maximum number
of cases registered in a single day during the first wave, which was 6,557 on March 21.
The situation was becoming increasingly critical, and new measures were necessary to

curb the spread of the virus.

November 2020 On November 4, a new decree was introduced in Italy, implementing
a three-tier system beginning on November 6. Italy was divided into yellow, orange, and
red zones, corresponding to the epidemic’s severity. The red zone experienced a lockdown
with measures slightly less stringent than the first one. Additionally, a curfew from 10
p.m. to 5 a.m. was imposed in all zones. Lombardia was designated as a red zone with
maximum restrictions from November 6 until November 29 [33, 34]. Due to the significant
mobility restrictions similar to those of the March-April lockdown, the red zone period
is often referred to as the second lockdown. Furthermore, public transport capacity is

reduced to 50% in all zones (yellow, orange, and red) [35].

On November 13, the infection peak was reached, with over 40,902 new cases reported.
After that, the red zones saw a decline in their epidemic indicators, leading to Lombardia

being declared an orange zone starting on November 29.

December 2020 On December 13, Lombardia moved to the yellow zone with minor
restrictions following further decreases in new infections. This marked the end of the
second wave period. However, on December 18, a decree was issued stating that the
holiday period would be subjected to red-zone restrictions throughout Italy to prevent a

rise in infections following Christmas and New Year’s Eve celebrations.

On December 21, the European Medicines Agency approved the vaccine for use in the

European Union, and Italy administered the first vaccines on December 27.

1.3. An outlook on 2021

In 2021, most of the Italian population received the vaccine, while new variants of COVID-
19 emerged, leading to further waves of infections in March and December. The three-tier
system was expanded to include a white zone with few restrictions and then cancelled in
the summer. After this, restrictions were mainly imposed on people who did not have the

!

"Green pass," a certificate of vaccination or immunity due to a past infection.
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2 Literature Review

Since the COVID-19 outbreak at the beginning of 2020, multiple studies have tried to
assess which relationship occurs between people’s mobility and the spread of the dis-
ease [6, 7, 10-12, 36-51]. Several nations imposed lockdowns and preventive measures
that significantly affected how people move. We can now evaluate the overall role of mo-
bility in the evolution of the epidemic, together with the restrictions’ impact, thanks to

the willingness of public and private companies to supply data describing mobility.

2.1. COVID-19 impact on mobility

Researchers worldwide have tried to assess the impact of the disease spread and the non-

pharmaceutical interventions (NPIs) put in place because of the virus [36-40].

In the United States, [36] quantitatively assesses the human mobility trend during COVID-
19 to reveal how much policies impacted human movement, finding that government
policies have little influence on it compared to the threat from the virus and the fear of
being infected. Similarly, [37] combines GPS data about the average distance travelled
by individuals at the country level with COVID-19 case data and estimates its impact on
the reduction in mobility. They find that a rise in the local infection rate is associated
with decreased mobility. Focusing on the Italian case, multiple studies were conducted:
[38] analyses Facebook Italian mobility data, assessing how the 2020 lockdown affected
the economy of municipalities, [39] considers the economic impact of the three-tier system
adopted in Italy since November 2020 using mobile operator data, and [40] makes use of
mobile positioning data to explain the impact of the restrictions on people’s mobility and

on the infection reproduction number R; over time.

2.2. Mobility impact on COVID-19

After establishing the pandemic’s strong influence on people’s movement, the following
question is to quantify the impact of mobility on the disease’s spread. More specifically,

we need to investigate which factors affected some epidemic indicators, such as the number
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of cumulated cases or the excess of mortality (i.e., the number of deaths from all causes
during a crisis above and beyond what we would have expected to see under normal con-
ditions [52]). A first hint of the spatial correlation of the pandemic in Ttaly is provided by
[10], which analyses the excess mortality in Italy, identifying spatial clusters characterised
by anomalous mortality compared to neighbouring territories. In the US, [41] finds a
strong correlation between the changes in mobility patterns, measured by phone mobility
data, and the decrease in COVID-19 growth rates, while [42] analyses the phenomenon
of urban-to-rural migration in the US following lockdown announcements, showing that

this migration possibly spread the disease faster in these areas.

[12]| analyses data shared by mobile network operators to assess the mobility impact on
the pandemic in France, Italy, and Spain. They consider the relationship between an
epidemic indicator (excess deaths for France and Italy) and mobility data in the form
of OD matrices provided by mobile operators. They choose to focus on mobility from a
territory considered the outbreak of the epidemic (Haut-Rhin in France and Lodi province
in Italy) to all the other departments or provinces in a few months of 2020 following the
initial pandemic. They find that mobility alone can explain up to 92% of the epidemic
variable associated with the initial spread of the disease in France and Italy. The findings
confirm the significant impact of mobility on COVID-19 spread. Another notable result
is the estimation of the lagged positive effect of reduced human mobility on the response

variable, which is around 14-20 days.

[11] considers the Italian provinces and employs OD matrices again to construct functional
curves describing mobility for each week of 2020 and 2021. A negative correlation is
found between the mobility curves and curves expressing epidemic indicators in the form
of mortality or infections. Similarly to the previous study, the temporal lag between the
reduction in mobility and the actual mitigation of the epidemic is computed, leading to
a result of 40 days (considering mortality concentration as the epidemic response). This
study expands the findings of [12| since it investigates a vast territory (all of Italy) and a

longer temporal span.

Other studies try to explain some data related to COVID-19 and the pandemic’s impact
on the economy, starting with mobility data. To cite only a few of them, [43] analyses the
effects of mobility contraction on furloughed workers and excess deaths in Italy, [44] uses
public mobility data provided by Google and Apple to show that there is an economet-
ric causality between some mobility indicators and pandemic ones in Turkey, as well as
[45] does with similar data for the whole Italian state, and [46] considering only Google
mobility data for Lombardy.



2| Literature Review 15

After establishing that mobility and the epidemic phenomenon are strongly tied together,
several studies apply different types of mobility data to infer COVID-19-related indica-
tors. |47| considers data about the regional road infrastructure of Germany and identifies
a negative association between the number of infected cases per capita and a metric mea-
suring accessibility by road infrastructure between regions. This negative association is
highly significant and robust to the addiction of potential confounding factors. Further-
more, the number of cases per capita is modelled considering the variation in mobility.
A significantly positive effect of accessibility on mobility was found, while the mobility

change negatively impacts the number of infected cases per capita.

[48] develops models to predict new cases of COVID-19 at county level in the US. The
predictive features considered are based on spatiotemporal lags of infectious rates, human
interactions, human mobility, and socioeconomic composition of counties. The final model
selected is compared with the COVID-19 Forecast Hub Baseline model and improves its

performance by 6.46% in the two-week and 20.22% in the four-week prediction horizon.

[49] is concerned with evaluating the set of restrictions to contain the spread of the disease.
It aims to develop a model to generate forecasts of COVID-19 cases through publicly
available data. The impact of NPIs is decomposed into two components: the behaviour
change associated with the NPI and the resulting change in infections related to behaviour
change. They develop two models: the behaviour model estimates how mobility in each
country changes in association with the employment of NPIs, while the infection model
considers the daily growth rate of infections as a function of human mobility. Considering
the behaviour model, they found evidence that lockdown policies are associated with a
substantial reduction in mobility, while considering the infection model, it was found
that mobility data alone are sufficiently meaningful to forecast COVID-19 infections 7-10
days ahead at all geographic scales considered. Models excluding mobility data perform

significantly worse, thus pointing to the leading role of mobility in forecasting.

[50] again employs mobility to model COVID-19 transmission to mainland China. A
novel method for constructing asymmetric spatial weights based on population flow mo-
bility data is proposed. These spatial weights are applied to a spatial econometric model,
considering cumulative confirmed cases of COVID-19 as the response. The model signifi-
cantly outperforms those using the traditional inverse distance weight matrix to describe

spatial dependence.

This summary aims to show some examples of significant works in this field of research,
considering studies employing statistical models. However, this does not exhaust the area:

much work was done in modelling COVID-19 through mobility data, using methods such
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as compartmental models [53, 54|, Hawkes process [55], neural networks [56], and much

more.

2.3. The role of public transport

After the epidemic outbreak, much concern was raised about the role of public transport in
the disease spread. In Italy, [5] reports that fear of pandemic diffusion on public transport
led to a reduction of 50% in its usage in 2020, 42% in 2021 and 21% in 2022, compared
to the 2019 levels.

The literature regarding this topic is narrow: [6] considers areas in England and Wales
and finds that local areas with a significant fraction of people using public transport have
more COVID-19 infections per 100,000 people. However, there is no consensus about
public transport positively affecting the spread of the epidemic. In Italy, [51] analyses
the relationship between the commuting network and the diffusion of COVID-19. This
work does not explicitly relate to public transport. Still, it addresses mobility data from
a new perspective compared to those presented previously in this chapter, considering the
impact of the commuting phenomenon. Data is taken from the 2011 ISTAT census in
the form of an OD matrix. Some metrics are defined, describing the commuting mobility
phenomenon. They also include other variables potentially correlated with the excess
of mortality (chosen as a target) and commuting patterns (such as but not limited to,
population density, the proportion of males and elderly people in the municipality, and
number of hospital beds). They build a fixed effects model and find that cities with
larger shares of population commuting from and to their borders for labour motives tend
to have higher excess mortality rates. However, [7] takes a step further, investigating
the association between transit usage and the diffusion of COVID-19 in Italy. They
estimate a fixed-effects and a quantile regression model, considering the excess of mortality
as the target variable and an index expressing the share of the total population who
moved daily by collective means of transport for labour or study. Again, they consider
some confounding factors, as in [51]. The critical finding is that none of the coefficients
associated with the variable expressing public transport usage is statistically significant.
At the same time, those related to internal and external commuting flows are positively

and strongly correlated with excess mortality.
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2.4. Summary

Much work was done considering the association between COVID-19 and human mobil-
ity. Several studies show how COVID-19 and the restrictions adopted to limit it greatly
influenced people’s movement, but also that mobility is a crucial factor in explaining
COVID-19-related variables: several kinds of models were built to explain and predict
targets related to COVID-19, such as the number of new or cumulated cases, the number
of per capita cases, or the excess of mortality in a specific territory considering various
mobility-related regressors. There is evidence of the high importance of these features in
predicting COVID-19. Another strand of research concerns the role of public transport:
the real impact of the mode of transportation on the COVID-19 spread is highly unknown.
Nevertheless, there is evidence in the literature that it may not have been as decisive as

thought in the first period of the epidemic.

Our goal is to deepen the investigation of the role of mobility in the pandemic’s spread,
analysing an areal epidemic indicator in a much finer spatial granularity than the regional
or provincial level often considered in the works presented in this Chapter. We will
compare two spatial descriptions of two territories (first the entire Lombardia region and
then a portion of it belonging to the provinces of Brescia, Bergamo and Milano), one based
on mobility and the other on contiguity to assess the impact of mobility on the epidemic
compared with a purely geographical description. While several works analysed spatial
autocorrelation in an epidemic feature through contiguity-based spatial weights [10, 11],
we found only another past work employing a mobility-based spatial description similar
to ours [50]. In that case, the spatial weights were used to build a spatial econometric
model for the diffusion of COVID-19 in China, while we will employ the mobility spatial

description to investigate spatial autocorrelation in an areal epidemic feature.

Concerning the role of public transport in the disease’s spread, we will focus on a spe-
cific kind of public transport, railway mobility. We will derive a dynamic representation
of movements by train in a limited area of Lombardia through a limited portion of the
Trenord railway network. These data will be employed to compare the spatial description
derived from overall mobility (as described by the Regione Lombardia mobility dataset)
with the dynamical one derived from public railway mobility and investigate spatial auto-
correlation in the epidemic indicator. While we showed some studies relating to the public
transport impact in this Chapter, we found no other works in past research investigating
public transport mobility in the form of OD matrices relating to different transportation

methods and their relationship with the pandemic.
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3 ‘ Datasets on mobility and
epidemic

This study aims to analyse how mobility flows affected the spread of COVID-19 in 2020.
Table 3.1 presents data used to reach this goal, divided into mobility and epidemic data,

described respectively in Section 3.1 and Section 3.2.

Type of data Description Source
Epidemic Death counts ISTAT [9]
Mobility OD matrix Regione Lombardia [57]
Mobility Ticket and counter data Trenord

Table 3.1: Data summary

First, we consider mobility flows in an average workday of 2020, provided by Regione Lom-
bardia (RL). These data cover the Lombardia area at a fine spatial granularity but do not
represent actual movements in 2020 since they are derived from projections and rescaling
of past data according to expected changes in mobility, like the opening of new highways.

We present the RL dataset and report an exploratory analysis in subsection 3.1.1.

Because of the limited mobility description of the RL data, we introduce real movements
only for a small area partially belonging to three provinces of Lombardia (Brescia, Berg-
amo and Milano) and construct real railway flows from the Trenord datasets presented
in subsection 3.1.2. We postpone the exploratory analysis to Section 4.2 to better under-

line some key points after the presentation of the theoretical framework of the analysis.

This kind of data also enables us to face our second research question, assessing the impact
of railway mobility on the epidemic compared to the overall mobility reported in the RL
data.

Lastly, the ISTAT road distance dataset described in subsection 3.1.3 is needed to match

every municipality to the closest station and assign the areal epidemic feature to the
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spatial granularity induced by stations.

Throughout the analysis, we will always model the epidemic response through death
counts data provided by ISTAT [9], introduced in subsection 3.1.2. We now describe

these datasets in detail.

3.1. Mobility data

3.1.1. Regione Lombardia Origin-Destination matrix

To model mobility in Lombardia, we use a dataset from Regione Lombardia describing
people’s average movements during a workday in 2020 [57]. These data were based on the
ISTAT survey of 2011, together with contributions from public and private companies [58].
Movements are described in the form of OD matrices produced for the years 2014, 2016
and 2020. The OD matrices produced after 2014 have been derived, based on the 2014
matrix, from projected changes in transportation networks and rescaling accounting for
changes in populations. Because of this, we will refer to this dataset with the term

"projected" to underline that it is based on data collected prior to 2020.

This dataset describes expected movements and was released in 2019; thus, it does not
account for the unexpected mobility changes caused by the COVID-19 pandemic in 2020.
Consequently, we must be careful in using this dataset to represent 2020 mobility. While
it is safe to assume that people moved as data portray in the first months of 2020,
the pandemic outbreak at the end of February and the first restrictions put into place

completely disrupted usual mobility trends, making the RL description likely unreliable.

The OD matrix estimates movements divided into origin, destination, time slot, reason
and means of transport (considering the predominant means if multiple have been em-
ployed for the trip). The matrix refers to an average workday in Lombardia and considers
1525 areas (1450 of which internal to Lombardia, while the others represent other neigh-
bouring Italian provinces, non-neighbouring Italian regions, neighbouring Swiss districts
and foreign countries). Data consider 8 means of transport (car driver, car passenger, pub-
lic transport by road, public transport by rail, motorcycle, bicycle, on foot and others)
and 5 reasons to move (work, study, occasional, business, return). The space granularity
mainly refers to municipalities, even if some small towns are aggregated, while some large
cities are distributed over multiple areas. For more information about the distribution

model applied by Regione Lombardia to construct the dataset, see [58|.

Concerning the preprocessing operations applied to the dataset, we aggregate the time
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slots since we do not want to consider them for further analysis. We compute the sum of all
the movements for every reason and means of transport and the sum considering only the
railway public transport since we want to compare overall mobility with railway mobility
in Chapter 5. We remove all the OD couples concerning areas outside of Lombardia
and aggregate the zones referring to disaggregated large municipalities. The final OD
matrix describes movements between 1360 zones referring to the 1504 municipalities in

Lombardia.

Exploratory analysis of Regione Lombardia mobility data

The OD matrix of Regione Lombardia contains information about projected movements
during an average workday in Lombardia for the year 2020. This matrix captures 9,229,377
trips taking place within Lombardia, with an average of 6,786 trips per zone (1360 zones)
and 0.92 daily movements per person (given the population of Lombardia in 2020 was
10,027,602 [59]).

Number of trips divided by reason Number of trips divided by means of transport

4e+061

3e+061 4e+06 Transport

Bicycle

Car driver
Business Car passenger
Occasional Motorcycle
Return On foot

Study Others

Work 2e+06 Railway public
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Trips
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Figure 3.1: Trips distributions in the RL OD matrix

Figure 3.1 displays the distribution of trips by reason and transportation used. The
principal reasons for travel are working or returning home, and most people use cars as
their primary mode of transport. Railway public transport, which we will focus on in this

work, is the fourth most used means of transport.

Figure 3.2 presents the number of inbound and outbound movements for each area, in-
dicating that major cities experience the highest number of inbound and outbound trips
due to their large populations. There are no visible differences between inbound and out-
bound trips: if there are many movements between areas ¢ and j, there will also be many

between j and .



22

3| Datasets on mobility and epidemic

Lastly, Figure 3.3 summarises the mobility network at the province level, highlighting

that most movements occur within the provinces. Apart from this, some territories are

more strongly connected than others, such as Milano with Monza, Lodi, Pavia, Bergamo,

Varese, and Bergamo with Brescia.
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Figure 3.2: Inbound and outbound movements in the RL OD matrix
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Figure 3.3: Movements in the RL OD matrix, divided by provinces
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3.1.2. Trenord data

Data provided by Trenord aim to model people’s movements by train during 8 months of
2020: from March to June and from September to December. We requested these months
to compare two periods (Spring and Fall-Winter), each made by two months without
restrictions due to COVID-19 and two months applying restrictions or lockdowns. We
have two datasets to model the phenomenon, one concerning tickets and the other about
flows of passengers boarding and dropping each train collected by the Automatic Passenger
Counting (APC) system. Data involve the six train lines shown in yellow in Figure 3.4
travelling between Bergamo, Brescia and Milano provinces. These provinces were selected
to compare territories where the epidemy spread at different speeds during 2020. Table 3.2

reports a summary of the six train lines involved in our study.

Linee

Servizio feroviario regionale
Regional railway

[y - A ﬁ
. « “
EP ///Jwg\\ N
VA% \\\\

/ =,
. =

TR

~

)
N

w
o} -
c

ke
O
Q

o

2
S

ke,

3
=1
([}

(1 5

9

i
>
(T}

(%2}

om—
ppas

Figure 3.4: Trenord map of services [60]. Lines belonging to the study are coloured in

yellow.
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Line Main stations

R1 Bergamo-Brescia

R2 Bergamo-Treviglio

R4 Brescia-Treviglio-Milano
R14 Bergamo-Carnate-Milano
RE2 Bergamo-Pioltello-Milano
REG6 Verona-Brescia-Milano

Table 3.2: Main stations of the Trenord lines involved in the study [61]

Ticket data

The ticket dataset reports tickets having origin or destination in one of the 46 stations

belonging to one of the six train lines involved in the study. We have data for the 8 months

cited above, plus two additional months (February and August 2020) where purchases for

weekly or monthly subscriptions in March or September have been made. Table 3.3

reports a description of the dataset’s variables.

Variable

Description

Destination code

Origin code
Date of emission

Product Type

Quantity

Code of the origin train station (e.g., S01529)

Code of the destination train station

format "MM/DD/YYYY hh:mm:ss" (e.g., 02/09/2020
11:51:19)

Ticket types are "Annual subscription", "Monthly subscrip-
tion", "Weekly subscription", "Other operator", "Ordinary
ticket", "Carnet", "Supplementary correction", "Special
rates initiative", "Malpensa Express", "Unpaid remains",

"Sanctions", "Supplements"

Table 3.3: Summary of variables in the Trenord ticket dataset

There are some missing ticket data to deal with in our analysis concerning two critical

cases:

e Tickets concerning couples of stations both internal to the Milan municipality do

not appear in the data, while we have data about tickets internal to other cities like

Bergamo or Treviglio.
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e Tickets with origin or destination in station Verona Porta Nuova are sold applying
an interregional rate that does not appear in Trenord data. Thus, we have no

information about tickets for passengers boarding or dropping in Verona.

Counter data

The counter dataset reports passengers boarded and dropped at each station for each
train ride belonging to one of the six train lines of the study during the 8 months. Data
are recorded through the APC system, installed on approximately 40% of the Trenord
fleet in 2021 [62].

Systems to effectively count the number of passengers on railway networks are crucial to
infer the characteristics of travel demand and to optimise the service, and their installation
on public services in recent times has been increasing [63]. APC systems count passengers
boarding and dropping the train through sensors placed on the train doors. There is an
error in accuracy in the passengers counting procedure, usually ranging from 5% to 10%.
To provide reliable estimates, the train must be equipped with sensors at every train door.
When the train is partially equipped (not less than 3/8 of the composition) by APC,
estimates are made. If this fails, estimates can be made by interpolations considering
the same train on the same day of the previous week for all the last four weeks. If this
estimate is not accurate enough, an average of the whole previous week’s working days is

computed, then using the last 30 days, and so on.
The dataset reports a status describing the outcome of the counting process:

e "_5": Ride with neither counters nor travel data. The ride has remained in status

"Scheduled".
e "-4": Ride cancelled at the end of the mission.
e "-3": Ride cancelled at the beginning of the mission.
e "-2": Ride completely cancelled.
e "-1": Ride with invalid data (nor APC system nor interpolations).
e "0": Ride wholly equipped with APC.

e "1": Ride not equipped with APC, whose passenger counts are estimated via inter-

polations.
e "2": Ride partially equipped (3/8 of the composition has the APC system).

e "3": Ride estimated due to on-board anomalies, ride wholly equipped with APC.
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e "4": Ride estimated due to on-board anomalies, ride partially equipped with APC.

e "5": No counters data received.

e "6": Ride with incorrect counters data.

States [0, 1,2, 3,4] provide valid data through equipped or partially equipped train rides

or interpolations. States [—5, —4, —3, —2] correspond to cancelled train rides and states

[—1,5, 6] correspond to missing data.

Table 3.4 reports a description of the dataset’s variables.

Variable

Description

Date

Day of the week

Train code

Train direction code

Line

Departure station
Arrival station
Scheduled departure
time

Scheduled arrival
time

Progressive index of
the stop station
Stop station code

Station entry time

Station entry delay

Station exit time

Scheduled departure date, format "MM/DD/YYYY hh:mm:ss"
(e.g., 02/09/2020 11:51:19)

"0" - Monday, "1" - Tuesday, "2" - Wednesday, "3" - Thursday,
"4" - Friday, "5" - Saturday, "6" - Sunday and holidays, “-1” -
race with invalid data (i.e., with status different from Completed
or Recalculated)

Train ride code (e.g., 10913)

Code describing the direction of the train on the line (e.g., DO17)

Code of the railway line (e.g., R1)

Code of the departure station (e.g., S01529)

Code of the arrival station (e.g., S01529)

Departure time of the train, format "MM/DD/YYYY hh:mm:ss"
(e.g., 02/09,/2020 11:51:19)

Arrival time of the train, format "MM/DD/YYYY hh:mm:ss"
(e.g., 02/09/2020 11:51:19)

Index describing the progressive order of stops in the line

Code of the stop station (e.g., S01529)

Date of arrival at the stop station, format "MM/DD/YYYY
hh:mm:ss" (e.g., 02/09/2020 11:51:19). The field is empty if the
stop station code coincides with the departure station code
Delay between scheduled and actual station entry time, expressed
in minutes

Date of departure from the stop
"MM/DD/YYYY hhmm:ss" (e.g., 02/09/2020 11:51:19).
The field is empty if the stop station code coincides with the

station,  format

arrival station code
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Variable Description
Station exit delay Delay between scheduled and actual station exit time, expressed
in minutes

Number of boarded
passengers

Number of dropped
passengers

Number of passengers
on board

Maximum number of

registered passengers

on board

Cancelled station True or False

Fleet code “0” - TSR, "1" - TAF, "2" - VIVALTO, "3" - MD, "4" - PR, "5"
- DP, "6" - CoradiaAeroportuali, "7" - CoradiaRegionali, "8" -
GTW, "20" - Caravaggio, "99" - Generic (Not specified fleet)

Number of train cars (Net of any Locomotive and GTW traction unit, cars for which

the number of seats offered is 0)
Total train capacity

APC system capacity

UDT 1list

APC system status Status describing the outcome of the APC counting process. Val-
ues are ||_5|l H_4|| "_3" ”_2" "_1” HOH Ul" ”2" "3" "4" "5”
"6"

Table 3.4: Summary of variables in the Trenord counter dataset

3.1.3. ISTAT road distance data

The ISTAT road distance dataset [64] is essential for our analysis to build a connection
between municipalities and stations, defining which cities refer to each station. This
dataset reports the road distances in meters and the drive times (in minutes) between
every couple of Italian municipalities. The distances were computed from geographical
computer systems and a commercial road graph. Every path’s length was calculated from
the city hall of the origin municipality to the city hall of the destination, considering ideal

traffic conditions and average travel speed for every arc constituting the road path.
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3.2. Epidemic data

As epidemiological source, we make use of the number of death counts from all causes of
people aged 70 or more years to model the epidemiological outcome. We decided to focus

on death counts for the reasons explained in [10].

Reports of the mortality data for years from 2011 to 2021 can be found in [9]. Moreover,
we considered only mortality of people aged 70 years or older since [10] shows that this
age class suffers from the greatest mortality risk when infected and can be used to model
spatial patterns and pandemic effects. We select only mortality data for people over 70

years old residing in Lombardy in the ISTAT dataset and aggregate it over a weekly basis.

3.3. Analysis summary

In the upcoming Chapters, we will develop and apply the statistical methodologies needed
to analyse the datasets described in this Chapter.

Firstly, we will define a pipeline to estimate dynamic OD matrices describing movements
by train in a limited area consisting of six train lines of the Trenord railway network
in 8 months of 2020. To achieve this, we will employ the ticket and counter datasets
provided by Trenord, described in subsection 3.1.2 and apply the Furness method for trip
distribution modelling which we will present in Chapter 4, together with the pipeline we

developed to address the estimation problem.

In Chapter 5, we will analyse the spatial autocorrelation of mortality rates (derived from
ISTAT death data described in section 3.2) through spatial descriptions defined from
mobility data. In order to achieve this, we will apply some methods of spatial data
analysis. This will include defining contiguity and mobility-based spatial weights, testing
for positive spatial autocorrelation through global Moran indexes, and assessing local
spatial autocorrelation by computing local Moran indexes. Initially, we will examine the
entire Lombardia region and investigate spatial autocorrelation in the mortality rates
within municipalities’ spatial granularity. To accomplish this, we will utilise the mobility
data released by Regione Lombardia presented in subsection 3.1.1. However, it is essential
to note that this dataset does not provide a reliable mobility description after the pandemic
outbreak at the end of February, as it is not estimated from data collected in 2020, but
derived from past data according to projections. Thus, we will supplement this static

mobility description with the dynamic Trenord OD matrices derived in Chapter 4.

Thanks to these dynamic data, we will repeat the spatial analysis in a limited area of
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Lombardia and spatial granularity defined by assigning every municipality to the closest
train station. We will use the ISTAT road distance dataset described in subsection 3.1.3
to match municipalities with the closest station. The OD matrices derived by Trenord
data will allow us to have a dynamic reliable description of mobility trends throughout
2020 and to assess in detail the role of a specific kind of public transport (public railway

transport) in the epidemic spread.

All of the analyses in this work are be carried out using the R software [65]. In particular,
we used package mipfp [66] to perform the Furness method and package spdep [67] for
spatial analysis. Regarding mortality data, we used some code developed by [10] for

preprocessing operations.

The code to reproduce the analyses presented in this thesis is available at https://gith

ub.com/GretaGalliani/spatial_analysis_mobility_pandemic.


https://github.com/GretaGalliani/spatial_analysis_mobility_pandemic
https://github.com/GretaGalliani/spatial_analysis_mobility_pandemic
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4: ‘ Estimation of Trenord
Origin-Destination Matrices

This Chapter describes the procedure to estimate OD matrices representing movements

by train in 8 months of 2020 through six train lines of the Trenord network.

More in detail, Section 4.1 recalls some theoretical notions about the Furness method in
trip distribution modelling and presents the four-step pipeline we developed to estimate
the OD matrices from the ticket and counter data described in Chapter 3. Section 4.2 ex-
plores the available data about railway mobility in the form of ticket and counter datasets
and highlights some criticalities. Section 4.3 presents the results obtained by applying the
pipeline developed to transform the initial data into 37 weekly OD matrices. Then, Sec-
tion 4.4 builds a spatial granularity matching municipalities with Trenord stations and
compares the RL and Trenord mobility data, assessing their relationship through 2020.
Finally, Section 4.5 discusses the results obtained and the criticalities in the estimation

procedure.

The estimated OD matrices represent actual railway mobility in 2020, as opposed to the
projected mobility (estimated from data prior to 2020) portrayed by the RL dataset. Both
the projected static RL OD matrix and the estimated dynamical Trenord OD matrices
derived in this Chapter will be used in the next Chapter to perform a spatial analysis of

the relationship between an epidemic indicator and mobility flows.

4.1. Methodology

In this Section, we present the theoretical properties of the Furness method of trip dis-
tribution modelling. Trip distribution modelling predicts the number of trips between
origins and destinations in a transportation network, and the Furness method [68], also
known as Iterative Proportional Fitting [69], is a technique used in this framework. It
is a widely used approach in transportation planning, and it has been applied in vari-

ous studies (such as [70, 71]) to develop transportation plans and evaluate the impact
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of transportation infrastructure projects. In our work, we employ the Furness method
to estimate actual trips by train that occurred in 8 months of 2020 in a limited area of
Lombardia. The results, in the form of dynamic OD matrices, will provide us with data
accurately describing weekly railway mobility in the area. The purpose of these dynamic
data is twofold: they describe actual mobility trends through 2020 and allow us to address
the role of a specific kind of public transport believed to be a primary carrier in epidemic
diffusion. The next Chapter will use this data to derive a spatial description based on
mobility flows and to assess the relationship between mortality rates and this spatial de-
scription. The Trenord dynamic OD matrices provide us with the only reliable mobility
representation following the epidemic outbreak, as the RL data can not be trusted to

describe real mobility flows after the end of February.

We now present the theoretical properties of the Furness method and then detail the

four-step pipeline we developed to derive the weekly OD matrices.

4.1.1. Furness method

We aim to estimate the number of trips for each couple of nodes likely to be made per
time unit. Fixing the time unit, we start with an origin and destination survey producing

a seed matrix. In our case, we derive the seed matrix from ticket data. This matrix has

the form
o >1kJ a1
th - tid @
by -+ by w

where ¢7; is the number of trips beginning in zone 7 and ending in zone j, I is the number
of zones where the trip can begin and J is the number of zones where the trip can end,
g = Z}]:1 t7; is the number of trips beginning in zone i, b; = Zi[:l t7; is the number of
trips ending at zone j and wu is the total number of trips. Since this matrix is generated
through a survey, its row and column totals ¢; and b; do not generally equal the estimates
of the trips starting and ending in each zone. Let estimates of the actual number of trips
beginning in each zone be py,...,pr and let aq,...,a; be the estimates for the number
of trips ending in each zone. In our application, we derive estimates of real trips from
counter data. The total number of trips beginning must equal the number of trips ending

such that

I J
Zpi:Zaj:v (4.1)
i=1 =1
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The trip distribution problem is to derive from matrix ¢;; a forecasting matrix ¢;; whose

row and column totals are respectively pi,...,pr and aq,...,ay:
tin -+ tu| m
tn -+ trgl pr
aq e aj v

To derive matrix ¢;;, we need to iteratively find constants by which to multiply the ele-

ments of the original matrix ;.

Furness method provides an answer to the trip distribution problem. At each passage, a
)

(n—

o 1) :
matrix t;; i;; by a suitable constant

xgl) . Thus

is obtained by multiplying the previous matrix ¢

1 _ (1)

tij = xij tij

(n) (n) ,(n—1)

tij =Ty b forn>1

(n)

ij

(k)

ti; = lim,, oo t;;” is the limiting matrix and lim,,_, szl Ty is the required multiplying

factor for ;.

We now report some theoretical results, whose proofs can be found in [68].

Theorem 4.1. Given
1. Any I X J matriz T*, all of whose elements t7; >0Vi=1,....,1Vj=1,...,J
2. Any set of numbers py,...,p; withp; >0Vi=1,...,1, and Zi]:ﬂ’i =0
3. Any set of numbers ay,...,a; witha; >0Vj=1,...,J, and Z;.Izlaj =0

Then there exists at most one I x J matriz T whose elements t;; satisfy:

J
tiy=p Vi=1,...,1 (4.2)

j=1

I
Ztij:aj \V/]:1,7J (43)

i=1

and

tij = ris;li; for some positive numbers ry,...,rr and si,...,5; and (4.4)

Vi=1,...,IVj=1,...J
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Theorem 4.2. Consider a matriz T, numbers py,...,pr, and ay,...,ay as in Theo-
rem 4.1. Define a sequence of matrices t§]), tg), ..., as follows (this is the Furness method
of iteration):
t(1) b
i %
Zk 1 tzk
(2n) a; (2n 1) f
» —_ orn>1
ij (2n—1) = 4.5
Zk 1 tk] ( )
(2n+1) Di (2n)
tij = I—(Zn)tU fOT n Z 1
k=1 tik
Then tl(-;n) tends to a limit as m — oo. Let lim,,_.o tgn) = to Then t% = t;;, where t;; is

the unique matriz defined by Equations (4.2) to (4.4) of Theorem 4.1. Hence the matriz

i always exists.

These two theorems are based on the assumption that the original matrix 7™ elements
are such that ¢7; > 0Vi € 1,...,1Vj €1,...,J, which is a sufficient condition for the
existence of matrix 7. However, we should take particular care when dealing with zero
cells as Furness method performs no adjustments for these entries: if ¢;; = 0, then ¢;; = 0.
Zero cells are thus interpreted as an impossibility of travel between the two zones. Another
assumption is p; > 0Vi € 1,..., ] and a; > 0Vj € 1,...,J. However, this assumption
causes no particular problems when removed since, in this case, the corresponding row or
column of matrix 7" will be empty, and Equation (4.5) will not be applied. Consequently,

no journeys would be expected to begin or end at that particular zone.

Since Furness method is an iterative method, an algorithm performs Equation (4.5) of The-
orem 4.2 iteratively until a number of maximum iterations is achieved or the following

stopping criterion is reached:

(n—1) (n)
tij — 1

max

<tol Vi=1,...,IVj=1,....J

Before applying the Furness algorithm, [72] proposes three statistics to perform a
test of coherency between the seed matrix 7 and the set of marginals M =
{pi,a; Vi=1,...,I1Vj=1,...,J}, whose null hypothesis can be informally expressed
as

Hy : data T™ agree with M Vs H, : data T™ do not agree with M

We apply the test based on the Wald statistic in our applications since it is the only

statistic able to handle matrices 7™ containing zero cells.

After computing 7', we can measure the concordance between the final matrix and the
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marginals py,...,pr and aq,...,a; calculating the margins error as the maximum devia-

tion between each generated and desired margins as

J
€row = MaxX |P; — E tij
K3
j=1
4.6
- (4.6)
€col = MAX (a; — E Lij
I i=1

Critical issues

Some literature exists on critical issues of the Furness method [73]. We describe the main

problems encountered in our application, proposing possible solutions.

Zero cell problem A consequence of the Furness method definition presented above is
that a zero cell in the seed matrix ¢;; will also be zero in the limit matrix ¢;;. However,
sometimes a zero value in the seed matrix is not associated with the impossibility of
travel between the two zones: a zero can also result from an incorrect estimation during
the survey. Therefore, some of these cells could not be actual zeroes. We should identify

and correct these entries. [73]| proposes two approaches when dealing with this problem:
1. Circumventing the occurrence of zeroes values
2. Replacing zeroes with suitably small values

The first approach is achieved via category aggregation or skipping the task of fitting
tables and applying a simulation-based method. We use the second approach, replacing
zero cells with a 1. However, it has been shown that this may severely bias zone tables
and does not necessarily improve the fit. Because of this, we apply an original approach,
performing a posteriori binomial test on the modified entry, testing the hypothesis
tii 1 tii 1
Hoi—]>— ) H12£<— (47)
pi Pi bi Pi
We aim to test if the a posteriori value ¢;; is significantly smaller than the a priori artificial
value ¢7; = 1. If we have statistical evidence that the value ¢;; is significantly smaller than

1, we report the cell value to zero and apply Furness again.

i)
False Discovery Rate controlling procedure [74| to reduce the number of false discoveries.

Since this binomial test has to be run for every cell originally zero in t}., we apply the

The level of significance is set at 0.05.
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Marginals consistency Another assumption is expressed in Equation (4.1), which
states that the total number of beginning trips should equal the total number of ending
trips. However, this assumption is violated in our application since marginals pq,...,ps
and ay,...,ay suffer from estimation errors. [66] provides a solution to overcome the

consistency assumption: when consistency is violated, we shift to probabilities, defining

i
71';;- = J -
Zij tij
Di
Di 4.8
ZZ‘ Di ( )
Oéj = aj

: : : . I J
This operation recovers consistency since » ;_, pi = > 5_; a; = 1. Then, Furness method

is performed, using 77; as seed matrix and py,...,pr and ay,...,a; as marginals. The
result is matrix m;; with ). ;mij = 1. Every cell defines the probability of a single trip
occurring from zone ¢ to zone j. To recover the OD matrix estimating the number of
actual trips between each couple of zones, we have to multiply matrix 7;; for the actual
number of total trips v. We can choose v either as the total number of beginning trips

Zle p; or the total number of ending trips Z}]=1 aj.

Integer conversion The matrix ¢;; entries have a natural interpretation as the number
of trips starting from zone ¢ and ending in zone j. As such, the cells should be integer
numbers, while Furness method outputs a matrix containing non-integer values. We
decide to apply integer conversion to the output matrix, aware that this approach has
disadvantages. Some of them are pointed out by [73], which discusses the drawbacks of
integer conversion regarding information discrimination: cells containing values of 0.501
are treated the same as cells containing 0.999 after this operation. Another question is
whether the seed t7; and marginals p; and a; should be integers. These values also have
a natural interpretation in terms of estimated trips for ¢;; and number of trips beginning
in zone ¢ for p; and ending in zone j for a;. The rounding choices will be described more
carefully in the next subsection since they are the natural consequence of the procedures

used to construct these quantities.

4.1.2. Pipeline to estimate Trenord Origin-Destination matrices

The theoretical framework described in subsection 4.1.1 will be employed to derive 37
weekly OD matrices describing movements by train through six train lines (connecting

46 stations) of the Trenord network in 8 months of 2020. The pipeline we built to reach
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this goal takes in input the ticket and counter datasets described in subsection 3.1.2 and

develops in the four steps shown in Figure 4.1.
1. Conversion of ticket data into seed OD
matrices

2. Counter data aggregation and
estimation of missing data

3. Aggregation of the Integrated
Subscriptions area
4. Application of Furness method

Figure 4.1: Pipeline to estimate the Trenord weekly OD matrices

This Section details every step of the procedure, highlighting the main issues encountered
and the solutions adopted. It is important to note that this process could be adapted
to other types of transportation networks, provided that we could derive a seed matrix
from ticket data, paid tolls or turnstile counts, and margin vectors from estimates of trips

beginning and ending in each zone.

Our pipeline introduces some novel features that differentiate it from previous work in

this field, whose contribution to our estimation process will be discussed in Section 4.5:

1. Our procedure converts ticket purchases into estimated trips with an origin and
a destination assigned to specific periods (weeks). The assumptions used in this
framework have been discussed with the data provider. Still, a sensitivity analysis
could be conducted in the future to assess the robustness of the final OD matrices

to the ticket assumptions.

2. We developed a model to estimate the number of passengers boarded and dropped

at each station in each week of the study, accounting for missing counter data.

3. We apply a correction of zero values in the seed matrices, which enables us to
allocate movements for OD paths where the ticket allocation process does not place
any trips. This procedure is essential to overcome the limitations of the translation

of tickets into estimated trips since we are dealing with significant uncertainties in
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allocating trips in each time period.

Data preparation

To prepare data for the application of the pipeline, we apply a time aggregation since
assumptions are needed to convert ticket data into movements, and we deemed daily
granularity too fine for our purposes. We aggregate our data into weeks starting Monday
and ending Sunday. Since our study includes eight months of 2020, as stated in subsec-
tion 3.1.2, we build 37 weekly OD matrices in the next steps of the pipeline. Four of them
(weeks 08, 26, 35 and 52 of the year, following the numbering according to which the first
day of the year belongs to week 00) contain data for a fraction of the seven days, namely
1, 2, 6 and 4 days. Figure 4.2 displays the correspondences between the 2020 calendar
and the weeks’ numbers w € W, highlighting the weeks belonging to the study period.

Considering tickets, we have data concerning February and August, where weekly and
monthly subscriptions for the first weeks and months of March and September have been
bought. Attribute Quantity in the ticket dataset can assume fractional values since rates
corresponding to tickets combined with ATM (the society responsible for public transport
in the Milan area) are reported as 0.5. We have no means of discovering how many tickets

of this kind were sold, so we resolve to ceil attribute Quantity.

Conversion of ticket data into seed OD matrices

First, we have to convert every record in the ticket data into one or more estimated trips
between stations, one being the origin and the other the destination. [75] provides rules for
each ticket and subscription. We introduced a list of assumptions about the relationship

between each record and estimated trips:

e Ordinary tickets, special rates initiatives, and additional exactions are translated as
0.5 trips between origin and destination and 0.5 between destination and origin by
the end of the corresponding week. This is because each ticket can be used in either
direction between the two stations for which it has been emitted, so we split the

number of trips evenly in the two directions.
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2020

JANUARY FEBRUARY
Mon Tue Wed Thu Fri Sat Sun Mon Tue Wed Thu Fri Sat Sun

1 2 3 |a]s 1 2
6 | 7|8 9 |10] 1|12 3| a|s |6 |7 ]8]09
13 |14 [ 15| 16 | 17 | 18 | 19 10 [ 11|12 [ 13| 14 [ 15| 16
20 | 21 [ 22 |23 |24 |25 | 26 17 | 18 | 19 | 20 [ 21 | 22 | 23
27 | 28 [ 29 | 30 | 31 24 [ 25 | 26 | 27 | 28 | 29

MAY JUNE

Mon Tue Wed Thu Fri Sat Sun Mon Tue Wed Thu Fri Sat Sun

Tue

SEPTEMBER
Wed Thu

Fri

Sat

Sun

Figure 4.2:

OCTOBER

Mon Tue Wed Thu

Fri

Sat

Sun

MARCH
Mon Tue Wed Thu

Fri

Sat

Sun

APRIL
Mon Tue Wed Thu

Fri

Sat

Sun

JULy
Mon Tue Wed Thu Fri Sat Sun
1 2|3 |4a]|s
6 | 7 8 | 9|10 |12
13 | 14 | 15 | 16 [ 17 | 18 | 19
20 | 21 [ 22 | 23 [ 24 | 25 | 26
27 [ 28 [ 29 | 30 | 31
NOVEMBER
Mon Tue Wed Thu Fri Sat Sun

AUGUST
Mon Tue Wed Thu Fri Sat Sun
1 2
3| 4|56 | 7] 8]o9
10 [ 1112 ] 13|14 |15 16
17 [ 18 | 19 | 20 | 21 | 22 | 23
24 | 25 | 26 | 27 | 28 | 29 | 30
31
DECEMBER
Mon Tue Wed Thu Fri Sat Sun

Weeks of the study in the 2020 calendar
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e For carnets, we randomly extract 5 days in the 30 days following the carnet’s pur-
chase. We suppose a round trip is made in the 5 days drawn and then aggregate
weekly. We chose the period of 30 days to extract the trips because it was previously

the validity period of the carnet, while now carnets do not have an expiration date.

e For weekly subscriptions, we suppose 5 round trips attributed to the current week if
the subscription is bought between Monday and Wednesday, to the following week
if the subscription is purchased between Thursday and Sunday.

e For monthly subscriptions, round trips are distributed into the month’s weeks start-

ing from the day of selling. The month of usage is the current month if the sub-

2nd

scription is bought before the 2 of the month or the following month if it is

purchased on the 22" or the days after. We suppose 5 round trips for full weeks
(i.e., entirely belonging to the subscription month). For partial weeks, we use the

correspondences specified in Table 4.1 by computing and rounding the proportion

5 round trips
7 days

on May 31 for June 2020, this subscription would be translated as 5 round trips for

x n partial days. For instance, if a monthly subscription was bought

weeks number 22, 23, 24 and 25 and one round trip for partial week 26 since only
two days of week 26 (from June 29 to July 5) belong to the month of June, after

which the monthly subscription expires.

Number of partial days Number of round trips

[ R R NS R
=W N NN = O

Table 4.1: Correspondences between partial week days and the number of round trips

estimated in the ticket OD matrix for monthly and yearly subscriptions

e For yearly subscriptions, we attribute 5 round trips to each complete week starting
from the day of purchasing and ending the last day of the 12* month after purchase,

applying the same convention to uncomplete weeks (if any) described in Table 4.1.

At the end of the process, the last passage is to put negative quantities to 0 as negative
amounts describe transfers and when transfers are more than the actual tickets, we assume

that the number of tickets estimated trips between those stations is 0.
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Applying these assumptions, we obtain 37 weekly OD matrices T**! describing the ticket-
estimated trips between each station. Because there is no distinction between ticket
direction (a ticket bought between stations ¢ and j can be used both to go from i to j
and from j to i), the matrices are symmetrical. The matrices contain fractional values,
but we do not round them since these values derive from the probability interpretation to
attribute single trips to the origin-destination path or to the destination-origin one with
a probability of 0.5.

Counter data aggregation and estimation of missing counter data

The second step of the estimation pipeline is to aggregate counter data and build margin
vectors describing the total number of boarded and dropped passengers for each couple

(i, w) of station ¢ € S and week w € W.

As explained in subsection 3.1.2, the APC system reports a status describing the outcome
of the counting process for each train ride. States [0, 1,2, 3,4] provide valid data through
equipped or partially equipped train rides or interpolations. States [—5, —4, —3, —2] cor-
respond to cancelled train rides and states [—1,5, 6] correspond to missing data. These
missing data must be estimated to model the number of people travelling weekly from

and to station 1.

First, we want to consider valid data (i.e., data from rides with APC states in [0, 1,2, 3,4]).
For each couple of station and week (i,w), we compute the partial number of boarded
and dropped passengers boarded_partiall[w] and dropped_partmll[w}, summing boarded
and dropped passengers considering valid train rides data registered in station i in the
days of week w. We also compute an index expressing how much the couple is covered by

counter data, defined as

w] _ #itrain rides having valid counters data}™

coverage; ]
#{total train rides};

(4.9)

[w]

i

]

coverage; ' ranges in the interval [0, 1], with coverage; ' = 1 indicating that every train

for the couple (7, w) has valid counter data, either from train rides wholly equipped with
[w]

APC or from interpolations. In contrast, coverage; ' = 0 corresponds to no valid counter

data for couple (7, w).
To estimate missing data, we developed the following procedure:

e For couples (i, w) having coveragegw] < 0.85 as defined by Equation (4.9), we defined
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a linear model

boardedgw] = P * n_total_traz’ns[w] + Ba,; * n_total_tick:ets_boardedgw}

(2

(4.10)

w

droppedgw] = 3, *n_total _trains, 4 Ba,i * n_total_tickets_droppedgw]

)

Where n_total_tz'ck:ets_boardedgw] = Z}]:1 t;[w], n_total_tickets_droppedg-w] =

ST t;[w} and n_total_tminsgw] is the number of trains that stopped at sta-
tion ¢ during week w (i.e., the sum of train rides having APC states in
[-1,0,1,2,3,4,5,6]). The ticket-derived seed-matrices T**! are symmetrical, thus
in our application n_tatal_t@'ckets_boardedgw] = n_total_tickets_droppedgw] Vi €
S, Yw € W. However, to generalise our process, we keep the distinction between
n_total_tick:ets_boardedgw] and n_total_tickets_droppedgw]. Notice that the no-
tation n_ total tickets refers to the number of trips estimated in the tickets’ conver-
sion process at the previous step and not to the number of tickets and subscriptions

purchased in station ¢ and week w.
The training of the model is performed by applying the reweighting defined by

n_total_tz’ckets_boardedgw] = n_total_tick;ets_boardedl[w} * coveragegw}
n_total_tick:ets_droppedgw] = n_total_tz’ck:ets_droppedgw] * covemgegw]
[w]

&

n_total trains; - =mn_valid_trains

boarded™ = partial _boarded."
dropped,gw] = partial _droppedgw}

[w]

We reweight the tickets and the number of trains using percentage coverage; ', and

use actual (not reweighted) data when making predictions considering the total
number of trains n_total_trainsgw]. This reweighting is needed since the outcome
of training data is partial: boarded_partialz[w] and dropped_partialz[w} account only
for boarded and dropped passengers of the trains having valid data, which are a

percentage covemgez[w] of total trains.

In the case of station Verona Porta Nuova, which has no ticket data, the model

assumes the form

boarded™ = By, xn_total_trains!

: (4.11)

= P * n_total_tramsiw}

[w

dropped
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Notice that we removed intercepts (3, ; in the models since intercepts were often neg-
ative and caused negative predictions of boardedgw] and droppedgw] in a considerable
number of cases. We observed that forcing intercepts at zero decreases the number
of negative predictions.

]

e For couples (i,w) having coverage; * > 0.85, we rescaled counter data as

partial _boardedgw]

[w]
coverage;

boarded™! =

(4.12)

partial *droppedgw}

[w]
coverage;

droppedgw] =

We decide to apply rescaling when coveragegw] > (.85 for two reasons:

1. Data having high coverage need only minor corrections in the number of es-

[w] _

timated passengers. The limit case is coverage; = = 1, corresponding to all

trains having valid data and no need to estimate via model. We decide not to

apply the prediction model when coveragegw] > 7, where 7 indicates a rescal-
[w]

ing threshold. In the case where 7 < coverage; ' < 1, the estimates for trains

having missing counter data come from the rescaling process defined in Equa-
tion (4.12).
2. When we experimented with not applying rescaling, we noticed that for high

]

values of coverage; ', the prediction model often gave estimates of boardedgw]

and droppedl[w} lower than the (partial) initial data partml_boardedgw] and
partial _droppedz[-w}. We thus decide to apply rescaling and tune threshold 7 to
minimise the problem described. The chosen threshold is 7 = 0.85.

ul

e For couples (i, w) of inactive stations having n_total trains; = 0, we set

boarded™) = 0
droppedgw] =0

Since no trains have stopped at station ¢ and week w, no passengers can board or

drop at that station, thus we force predictions to 0.

In the end, we round the final results since boardedl[w} and d'r’oppedgw] have a natural
interpretation as the number of boarded and dropped passengers for each week and station

and should therefore be integers.
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Aggregation of the Integrated Subscriptions area

Figure 4.3: Integrated Subscriptions area

After producing the two inputs needed to perform the Furness method (seed OD matrices
T*! from ticket data and margin vectors boardedgw] and droppedgw] from counter data),
we aggregate the Integrated Subscriptions area (IS area, see Figure 4.3), covering Milan

and Monza provinces. This choice is taken for two reasons:

e As can be seen from Figure 3.4, our study covers only a tiny fraction of the train
lines in this area. Every estimation of train movements in the area from our data will
be heavily underestimated, and this would lead to significant problems in the com-
putation of mobility-based spatial weights, where it is crucial to estimate correctly

the proportion of trips happening between every area of the study.

e Every OD matrix estimation will suffer from the missing ticket data internal to
Milan. This problem could be overcome in the application, as we will explain in
the next step of the pipeline. Still, another advantage of aggregating the IS area
is to resolve this matter without applying the correction of zero cells explained

in subsection 4.1.1.
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We thus deem our data insufficient to estimate movements internal to the IS area. We

can only assess trends between this area and stations external to it.

For this reason, our analysis from now on is conducted considering the IS area aggregated
into one point (identified by the name "IS area" in the analysis and graphs from now on).
Thus, the number of zones in our portion of the Trenord railway network where trips can
begin or end reduces from 46 (the initial stations) to 32 (31 stations and the aggregated

IS area).

Therefore, for every station belonging to the IS area (i.e., stations Arcore, Carnate Us-
mate, Cassano d’Adda, Melzo, Milano Centrale, Milano Greco Pirelli, Milano Lambrate,
Milano Porta Garibaldi, Milano Villapizzone, Monza, Pioltello Limito, Pozzuolo Marte-

sana, Sesto S. Giovanni, Trecella and Vignate), we compute

boarded[;g] = Z boardedgw]

1€lS

droppedIS = Z droppedz[w]

i€1S

DI

jeIS

t;gy] :E::t*hd
1€1S

Movements internal to the IS area are allowed in the IS aggregated case. Thus, the final

OD matrices will have tIS 15 7 0.

The aggregation of tickets generates entries t[lug 1s 7 0. These entries are partial estimates

and only represent a portion of the trips that occur within the IS area. The entries are
based on trips where both the origin and destination are within the IS area, with one
of the stations being located outside Milan. It is important to note that t%} 1s does not
include trips that both start and end within Milan. Despite its limitations, we will use
this entry as a starting point for the Furness method, since we are unable to provide a
precise estimate of the number of trips that originate and end within the IS area using

ticket data alone.

After this operation, we can estimate OD matrices thoroughly describing the railway
movements in the study area, except for movements between the IS area and station
Treviglio because they are connected by train lines RE2, RE6, R4, and suburban lines S5
and S6 (see Figure 3.4) about which we have no data. The estimated trips in this path

will thus suffer from some underestimation.
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Application of Furness method

[vw]
ij
week w from station ¢ to station j, we apply the Furness algorithm described in subsec-

To obtain the weekly OD matrices describing the number of trips ;. happening during

tion 4.1.1 separately to every one of the 37 weeks of the study. The ticket OD matrices
T*[*] are the seed matrices for the algorithm, while the margins are the vectors of boarded

passengers in station ¢ boardedgw] as pE“’] and the number of passengers dropped at station

e

. . [w] o . .
J during week w dropped;” as a; ", considering the IS area aggregated into a single zone.

Before applying the Furness algorithm, we check the concordance of each of the 37 seed
[

matrices tz}[w] with margin vectors piw] and ag»w] through the Wald test explained in subsec-
tion 4.1.1. The test’s null hypothesis is Hy : Seed matriz T* agrees with margins {p;, a; }.
Suppose we do not reject the null hypothesis. In that case, the assumptions we defined
in the ticket conversion procedure successfully obtained seed OD matrices coherent with

the number of total boarded and dropped passengers for each station and week.

Because of the estimation process and errors in the APC system, every week w € W has
S ph Z}]:1 agw]. This contradicts the assumption expressed by Equation (4.1). We
thus rescale tickets, boarded and dropped passengers, adopting the probability interpre-

tation defined by Equation (4.8), as

£l

Mol T
T Sepesty”
w boardedgw]
e > kes boarded.”
droppedg-w]

(4.13)

[w] _

! > kes dropped,[gw]

(07

After this operation Y, ¢ o) = D jes Oégw] =1Vwe W and 33, o ﬁj[w] =1VweW.
Then, Furness method is applied and the resulting matrix WZ[;U] has to be corrected as

follows
t?f] = 71'1[}1)] Z boarded."
kes
to recover the final matrix 7M. We could alternatively recover the final matrix by mul-

tiplying by the total number of dropped passengers in week w.

We also have to deal with the zero correction problem to apply the Furness method. Since
the ticket number is vastly underestimated compared to the number of actual passengers

travelling from and to each station, some couples of stations (i,7) might have a 0 in
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the ticket OD matrices t;;[w], but some movements have happened between them. Furness
cannot modify 0 entries, so we apply the procedure described in subsection 4.1.1 to correct

0 values. This procedure develops as follows:

1. We substitute every zero entry of the seed matrix tfj[w] with a 1, except for entries
t;ki[w} corresponding to couples of the same station. An exception is the IS area for

which t;[sw} g 7 0. This correction is applied before the rescaling described in Equa-
tion (4.13).

2. We apply Furness algorithm and round the resulting matrix 7.

3. We perform the binomial test described in Equation (4.7) for every cell which was
initially zero. The number of tests performed equals the number of zero cells (ex-

cluding the diagonal) of matrix t;}[w].

4. The p-values of all the binomial tests are corrected by applying the False Discovery

Rate controlling procedure.

5. We put ticket cells ¢7; for which we cannot reject the null hypothesis at level a = 0.05
to zero. These are the couples (i,j) which we suppose have no movements from ¢

to 7 during week w.

6. We perform Furness method again to adjust the corrected seed matrix to the margin
vectors.
We have some inactive stations ¢ with no trains in week w (n_total _tminsgw] = 0), thus

pEw] =0 and aEw] = 0. This does not cause problems in the application of Equation (4.5):
the equation will not be applied in such cases and these inactive stations will correspond
to an empty row and column in the final matrix 7*®!.

At the end of the procedure, we round the final matrix 7! since its entries t%}} have a

natural interpretation as the number of trips starting from station ¢ and ending in station

j during week w.

4.2. Exploratory analysis of Trenord data

We first present an exploratory analysis conducted on the two datasets provided by
Trenord, described in subsection 3.1.2 to highlight some criticalities in the data. Fig-
ure 4.4 displays the number of tickets purchased during the study period and the addi-
tional months of February and August, distinguishing ticket types.
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Number of purchased tickets stratified by types
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Tickets

Figure 4.4: Number of tickets purchased during the study period, stratified by types
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Figure 4.5: Number of trains per week, stratified by lines

We can notice that ordinary tickets are the most purchased kind of ticket, followed by
monthly and weekly subscriptions. Moreover, the purchases greatly decrease during the
lockdown period in March and April and then increase after the easing of some restrictions
on May 4. During the red zone or second lockdown period in November 2020, purchases

decrease again.
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Considering counter data, Figure 4.5 displays the number of trains analysed in our study.
The number of train rides reduces during the first lockdown period because of restrictions
to public transport. Indeed, Trenord cut the scheduled train rides by 40% [26], while the
second lockdown period saw a reduction of capacity by 50% [33], but little decrease in the

number of train rides.

We can notice that there are weeks when the number of trains is much smaller than other
weeks because we do not have full data describing all the 7 days of the week. These are
weeks number 08 (which is composed of just a day, March 1, since the previous days of
the week belong to February and have no counter data), 26 (composed of just two days,
June 29 and 30, since then June ends and July does not belong to our study period),
35 (composed by six days, September 1, 2, 3, 4, 5, and 6), and 52 (formed by 4 days,
December 28, 29, 39 and 31). Week 37 in September also has no trains for the R14 line.

Number of trains per week stratified by APC states

2000 A

1500 4

Status

Cancelled
1000 1

Trains

Missing data

Valid

500

Figure 4.6: Number of trains per week, stratified by counter states
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APC states distribution - R1 line
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Figure 4.7: APC states distribution in the six train lines
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Figure 4.6 displays the number of trains per week divided by counter states, grouped
into cancelled (APC states in [—5, —4, —3, —2|), missing (states [—1, 5, 6]) or valid (states
[0,1,2,3,4]). Most of our dataset consists of valid data, i.e., trains with a successful
counting process through equipped or partially equipped APC train rides or interpola-
tions. The first lockdown period shows more cancelled trains and trains having missing

counter data than the rest of the year, which we should deal with in our application.

Table 4.2 summarises the distribution of APC states in the dataset. States -4, -3, and 5

are not present in the dataset and are thus not considered in the analysis.

APC states Number of train rides
-5 38
-4 0
-3 0
-2 535
-1 169
0 560
1 10351
2 662
3 87
4 365
5 0
6 736

Table 4.2: APC states of the train rides of the study

Data concerns six train lines: R1, R2, R4, R14, RE2, and RE6. Figure 4.7 shows the

distribution of valid, missing, and cancelled data for each train line.
Lastly, Table 4.3 summarises the percentage of missing data between the six train lines.

Train rides with missing data are much more likely to happen during the lockdown pe-
riod. Moreover, lines R1, R2 and R14 have several weeks where no valid data has been

registered.
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R1 12.8%
R2 8.7%
R4 2.3%
R14 8.9%
RE2 12.6%
REG6 5.8%

Table 4.3: Percentage of missing counter data by line, excluding cancelled trains

Active stations during the study period

Albano S. Alessandro
Arcene

Arcore

Bergamo -

Bergamo Ospedale
Brescia

Calcio

Calusco

Carnate Usmate -
Cassano D'Adda
Chiari 4

Chiuduno -

Coccaglio q

Cologne -

Desenzano del Garda - Sirmione o
Grumello del Monte
Levate 4

Melzo 4

Milano Centrale 4
Milano Greco Pirelli
Milano Lambrate -
Milano Porta Garibaldi -
Milano Villapizzone
Montello Gorlago A
Monza

Morengo Bariano o
Ospitaletto Travagliato
Paderno Robbiate
Palazzolo sull'Oglio 4
Peschiera Del Garda o
Pioltello Limito
Ponte S. Pietro
Pozzuolo Martesana -
Romano -

Rovato

Seriate -

Sesto S. Giovanni A
Stezzano o

Terno

Trecella -

Treviglio

Treviglio Ovest -
Verdello Dalmine
Verona Porta Nuova -
Vidalengo -

Vignate o

Status

B oive
. Inactive

Station

Figure 4.8: Stations’ activity states in 2020

Considering stations, some of them had no train stopping there during certain weeks.
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Figure 4.8 shows the inactive stations. Station Bergamo Ospedale has been inactive
for most of 2020, and stations Cassano d’Adda, Melzo, Milano Villapizzone, Pozzuolo

Martesana, Trecella and Vignate also experience several weeks of inactivity.

Figure 4.9 displays the number of boarded and dropped passengers considering only valid

counters data.

Number of boarded passengers from valid counters data Number of dropped passengers from valid counters data

2e+05 2e+05

Passengers
Passengers

1e+05 1e+05

0e+00 0e+00

(a) Boarded passengers (b) Dropped passengers

Figure 4.9: Total number of valid boarded and dropped passengers per week

We notice that the number of boarded and dropped passengers decreases during the first
lockdown, then increases after the easing of the restrictions and slightly reduces during the
second lockdown. When looking at the graphs, remember that the first weeks of March
and September and the last of June and December are partial (they are not composed of

seven days of data) and should thus be interpreted carefully.

Finally, we notice that the number of partial boarded passengers summed for all stations
(which should theoretically be equal for every week) never equals the number of partial
boarded passengers summed for all stations. There is always a difference, with the number
of partial boarded passengers always greater than the number of partial dropped passen-
gers. Figure 4.10 shows the difference between the two quantities, which ranges from 22
to 686. This problem needs to be handled during the application of the Furness method,

since it contradicts the assumption in Equation (4.1).
We now recap some key points shown in the two datasets in this exploratory analysis:

e We have evidence of a strong decrease in purchased tickets, number of train rides

and number of passengers boarded and dropped during the first and (to a lesser
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Difference between total passengers boarded and dropped from valid counter data
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Figure 4.10: Difference between total passengers boarded and dropped from valid counter

data

extent) second lockdown period. Thus, we expect similar reductions of movements

in the estimated OD matrices in the same periods.

e Most of the counter dataset consists of valid data, but we have some missing data
distributed between the six train lines. Train rides with missing counter data are
more frequent during the first lockdown and a critical step of the pipeline is to

correct the partial passenger counts accounting for these missing data.

e The inactive stations of Figure 4.8 will correspond to no movements ending and
starting from these couples of station and week in the estimated OD matrices. This
point is underlined because of its consequences on the definition of the mobility-

based spatial description in the spatial analysis of Chapter 5.

4.3. Results

In this Section, we apply the methodology described in Section 4.1 to obtain 37 weekly OD
matrices describing movements through a limited portion of the Trenord railway network

covering six train lines in 8 months of 2020.

We recap briefly the procedure to obtain the weekly estimated OD matrices, and then

show results of its application for each step:

1. We convert ticket data into ticket-estimated OD matrices T**!, using various as-
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sumptions to convert each ticket type into one or more trips between couples of
stations (7, j) in a week w. We apply this process to each of the 46 stations S and
each of the 37 weeks W in the study.

2. We derive margin vectors that describe the total number of boarded (pgw]) and
dropped (agw]) passengers for each station ¢ € S and each week w € W. To obtain
these quantities, we aggregate the counter data for each train ride equipped with
APC systems or interpolations and then define a model to correct passenger counts

accounting for trains having missing counter data.
3. We aggregate the 15 stations of the IS area.

4. We perform the Furness algorithm, which takes the seed ticket matrix 7" and

the margin vectors p/) and a"’

Q %

w € W. Each cell tEj] of these matrices represents the number of trips by train from

as input to derive the final estimates 7! for every

station ¢ to station j during week w.

4.3.1. Conversion of ticket data into seed OD matrices

Applying the assumptions described in subsection 4.1.2, we obtain 37 ticket-estimated OD
matrices T**! describing movements estimated by tickets and subscriptions purchased in
2020. These matrices will be the input of the Furness method, which will correct them
by multiplying each cell for suitable values to make their rows and columns sum to the

number of boarded and dropped passengers.

Figure 4.11 reports an example of ticket matrix (7%°%) estimated by applying the as-
sumptions described. Notice the absence of any ticket-estimated trip to or from Verona
Porta Nuova and of tickets internal to Milan, which has stations Milano Lambrate, Mi-
lano Centrale, Milano Porta Garibaldi, Milano Villapizzone, Milano Greco Pirelli. The

emptiness of these cells is caused by the missing ticket data for these areas.

We detect many movements around stations Brescia, Treviglio, and Bergamo in each of
the 37 matrices, which are some of the busiest station in the network. Moreover, we
observe a strong decrease in all the cells during the first lockdown period and another

reduction during the second one.

4.3.2. Counter data aggregation and estimation of missing data

Figure 4.12 graphically recaps the procedure to estimate the margin vectors boardedgw]

and droppedgw] from partial counter data received from train rides with valid passengers
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Ticket OD matrix - week from 2020-03-02 to 2020-03-08

Verona Porta Nuova -
Peschiera del Garda -

Desenzano del Garda - Sirmione = .
Pozzuolo Martesana -

Brescia - [ ] . - .

Ospitaletto Travagliato -

Rovato -

Chiari -

Calcio -

Romano -

Morengo Bariano -

Vidalengo -
Treviglio - - .

Cassano D'Adda -

Trecella -

Melzo -

Vignate -

Pioltello Limito -

Milano Lambrate -

Milano Centrale - . . . Counts
Milano Porta Garibaldi - 1000
Milano Villapizzone -
Stezzano - I 750
Levate - 500
Arcene =
Treviglio Ovest - 250
Verdello Dalmine = .
Coccaglio - 0
Cologne -
Palazzolo sull'Oglio -
Grumello del Monte -
Chiuduno -
Montello Gorlago -
Albano S. Alessandro =
Seriate -
Bergamo Ospedale -
Bergamo- | | | | |
Ponte S. Pietro -
Carnate Usmate -
Arcore =
Terno - -
Calusco -
Paderno Robbiate -
Milano Greco Pirelli -
Sesto S. Giovanni -
Monza -

Start station

End station

Figure 4.11: Ticket matrix [09]

counts.

First, we comment the regression model expressed in Equation (4.10) and Equation (4.11).
The models achieve an R? which varies a lot between stations, as shown in Figure 4.13.
R? of the models (considering the reweighted training data) is 0.83 for the boarded passen-

]
)

gers model and 0.85 for the dropped passengers one. Thus, variables n_total trains
n_total_tz’ck:ets_boardediw] and n_total_tick:ets_droppedgw] are significant in explain-
ing the outcomes. Lines going from Brescia to Verona, from Bergamo to Brescia and from
Treviglio to Bergamo show high values of R2. At the same time, the coefficient lowers in
the area outside Bergamo covered by the R14 line as well as in the area from Treviglio to
Milan, where we can explain this behaviour in the fact that there exist other suburban
lines (S5 and S6) travelling from Treviglio to Milan for which passengers may have bought

tickets. We notice the strange case of stations Vidalengo and Chiari, which have a high
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n_total_trains™ = 0 : boarded)”' = 0

Forcing to zero dropped™ =0

coverage i[W] < 0.85: boarded™ = B, xn_total_trains™! +B,, * n_total_tickets_boarded™’

Linear regression droppedgw] = By * n_total_trainsi[w] +B4 * n_total_tickets_boarded!w]

partial_boarded™’

coveragel.[wl

B boarded™ =
coverage; - = 0.85:
partial_droppedl[w]

coveragei[w]

Rescaling dropped™ =

Figure 4.12: Estimation of boarded and dropped passengers for each week w € W and

station ¢ € S from partial counter data

R? for the model predicting boarded passengers but a much lower one for the dropped

passengers model.

Notice that tickets internal to the Milan municipality are not reported in our data. Thus,
stations in this area suffer from an underestimation in the number of trips estimated by
tickets. Because of this, estimates 5, and (3, are usually higher for these stations. The
same happens for stations on the REG6 line, like Peschiera del Garda or Desenzano del

Garda, to account for the missing tickets to and from Verona Porta Nuova.

We apply the model of Figure 4.13 to every station ¢ € S to estimate boardedgw] and
[w]

dropped;” w € W. Figure 4.14 shows an example of the result of the margins estimation

process in station Bergamo.

Applying the model choices described in subsection 4.1.2; the final prediction model shows

some desirable properties:

[w]

1. The model never predicts negative values for boarded; " or droppedgw].

2. The model is found to have the minimum number of underpredictions, i.e., couples
(i, w) where boardedgw] < partial_boardedgw] or droppedgw] < partial_droppedgw].
The tuning of the threshold 7 to apply rescaling or linear regression to the final

value of 7 = 0.85 has been critical in reducing this phenomenon.

3. The model can fill data for the lockdown period, where some stations have
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R? of the regression model predicting boarded passengers by station
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Figure 4.13: R? of the linear regression models estimating boarded and dropped passengers

by station

coverage[w] = 0 for several weeks. The predictions have a similar trend to other

i

stations having valid data for which rescaling is applied.

However, some issues in the missing data estimation process remain:

1.

There still are some stations showing underpredictions (boardedgw] <
partial_boardedgw] or dropped&w] < partml_droppedgw]). These stations are Vig-
nate, Cassano d’Adda, Melzo, Milano Centrale and Trecella. Figure 4.15 shows an
example concerning station Vignate. Luckily, this problem usually happens for sta-
tions moving only a small number of passengers, except for Milano Centrale. The
problem occurs more often in stations belonging to the Integrated Subscriptions area
covering Milan and Monza provinces, which are then aggregated in the next step of
the analysis (see subsection 4.1.2). We thus resolve to keep these underpredictions

since they would not decisively influence the next steps of the pipeline.
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2.

The model sometimes predicts a peak at the beginning of lockdown in cases where
coveragegw] < 0.85 and the regression model plugs in. These predictions are likely
caused by the number of trips estimated by tickets for these weeks, which remains
similar to those preceding the lockdown. It is plausible that these trips estimated
from tickets come from subscriptions bought before the beginning of the lockdown,

which have been purchased but seldom used. Figure 4.16 shows an example of this

problem in station Brescia. For stations with covemgez[w] > 0.85 in the period,
where the model does not plug in, we see that real data never show peaks and the
number of passengers radically drops at the beginning of the lockdown. We thus
suspect that the model provides inaccurate predictions, but we did not find a way to
solve this issue. 9 out of 46 stations show this behaviour: Arcore, Brescia, Calusco,
Carnate Usmate, Cassano d’Adda, Chiuduno, Montello Gorlago, Paderno Robbiate

and Rovato.

Bergamo - Passengers boarded Bergamo - Passengers dropped

250004

200004
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100004

50004

25000

20000
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100004

50004

Apr Jul Oct Jan Apr Jul Oct Jan

Type Model estimates Partial valid

Figure 4.14: Estimates of boarded and dropped passengers in Bergamo station. The

grap
and

represent weeks where coverage

h compares the model estimates (dark green) with the partial number of boarded

dropped passengers estimated by valid counter data (light green). Light green areas
[w]

i

< 0.85 and the regression model plugs in.
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Vignate - Passengers boarded Vignate - Passengers dropped
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Figure 4.15: Estimates of boarded and dropped passengers in Vignate station. The
graph compares the model estimates (dark green) with the partial number of boarded

and dropped passengers estimated by valid counter data (light green). Light green areas
[w]

represent weeks where coverage; ' < 0.85 and the regression model plugs in.
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Figure 4.16: Estimates of boarded and dropped passengers in Brescia station. The graph
compares the model estimates (dark green) with the partial number of boarded and

dropped passengers estimated by valid counter data (light green). Light green areas
[w]

represent weeks where coverage; ' < 0.85 and the regression model plugs in.

4.3.3. Aggregation of the IS area and application of Furness
method

After the conversion of tickets into seed OD matrices T**! and the estimation of margin

vectors describing the total number of boarded and dropped passengers boardedgw] as pgw]
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and dropped&w] as aﬁ“’] for each station ¢+ € S and week w € W, we aggregate the 15

stations of the IS area as described in subsection 4.1.2.

After the aggregation, we can proceed to derive the estimated OD matrices 7! describing
movements by train starting from station ¢ and ending in station j during week w.

Before applying the Furness algorithm, we check the concordance of each of the 37 seed

matrices t;[w] with margin vectors p"’

and agw] through the Wald test explained in subsec-
tion 4.1.1. The test’s null hypothesis is Hy : Seed matriz T* agrees with margins {p;, a; }.
We find no case where the null hypothesis could be rejected at any reasonable significance
level. We conclude that the seed matrices generated from tickets agree with the margins
vector derived by the model estimation from counter data. The test gives us evidence
of the validity of ticket translation into trips and the estimation of total boarded and
dropped passengers procedures. We can then proceed to merge the information through

the Furness method and obtain the estimated weekly OD matrices.

We report two examples of the final OD matrices: Figure 4.17 shows matrix T, while
Figure 4.18 shows matrix 7). We can notice how T4 (which describes a week during
the first lockdown period) contains many fewer movements than 7% which represents a
week at the end of September, a period with no mobility restrictions to limit COVID-19

spread.

First, we can notice that the final OD matrices are coherent with some reality-induced

principles:

1. We can see many movements around the major centres of Bergamo, Brescia, and IS

area.

2. Most movements for each station are directed to and from the IS area, with some
exceptions. This makes sense since the aggregated IS area has a number of total
movements which is more than four times greater than the second-most busy station,

which is Verona Porta Nuova.
3. Movements increase for stations belonging to the same train line.
4. Stations having two or three lines connecting them are even more strongly connected.
5. Mobility decreases during lockdowns.
6. Mobility resumes around mid-May after the end of the first lockdown.
7. Mobility increases after summer (around mid-September).

8. Mobility decreases again during the second lockdown and Christmas period.
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Furness estimated OD matrix - week from 2020-04-06 to 2020-04-12
IS area-| [ | [ | B B B

Verona Porta Nuova -
Peschiera del Garda-
Desenzano del Garda - Sirmione -
Brescia- .

Ospitaletto Travagliato -
Rovato -
Chiari-
Calcio-
Romano -
Morengo Bariano -
Vidalengo -
Treviglio -

Stezzano - Counts

H
2000
Levate -
Arcene- I 1500
Treviglio Ovest- 1000
Verdello Dalmine - .
Coccaglio-
Cologne -
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Figure 4.17: Furness estimated OD matrix 714

Moreover, we can measure the concordance between the final matrix t%{)] and the mar-

[w]

gins p and ol

J
between each generated and desired margins as in Equation (4.6). Notice that since the

, computing the margins errors €,,, and €., as the maximum deviation

final matrix is computed by multiplying the probability matrix WZ[;»U] for the total number

[w]

of boarded passengers, the row errors €rq, are much lower than the column errors ]

col

Thus, we should consider the row margin errors when judging the goodness of fit of the
procedure.

The row margin errors el are consistently low, as shown in Figure 4.19. This is evidence

that the margins of the estimated cells fit the actual margins pgw]. Additionally, we observe
[w]

that the margin errors €r0 are lower than when we experimented with not applying zero

corrections, which is evidence in favour of applying the procedure.
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Furness estimated OD matrix - week from 2020-09-21 to 2020-09-27
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Figure 4.18: Furness estimated OD matrix 713!

One of the main critical issues observed in the final matrices concern station Verona Porta
Nuova. This station is anomalous compared to all the others since we have no ticket data
to and from it. Thus, all the entries in the final OD matrices have to be estimated by
the zero correction procedure. Verona distributes its trips almost uniformly between all
stations (as seen in Figure 4.18). Moreover, some minor stations have many movements
toward Verona, even when Verona is quite far and does not belong to lines connecting these
stations to Verona. An example is station Cologne; see Figure 4.18. This behaviour leads
us to believe that movements to and from Verona may not represent actual movements
and that Verona should be interpreted carefully. However, this behaviour is unlikely to
affect the spatial analysis of the next Chapter since the trips to and from stations outside
of the Lombardia region (Verona Porta Nuova and Peschiera del Garda) will be excluded

from our analysis because of the impossibility of defining their attracted municipalities
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Figure 4.19: Histogram of row and column margin errors

(see subsection 4.4.1 for more details).

Another problem encountered during the application is the allocation of train journeys
between two stations not connected by a direct line, which require a train change. For
example, a journey from Monza to Seriate requires a train change, probably at Bergamo
station. In this case, the ticket purchased for the journey shows Monza as the origin station
and Seriate as the destination station. Still, the data from the passenger counters describe
the journey as one passenger boarding at Monza, one passenger disembarking at Bergamo,
one passenger boarding another train at Bergamo, and one passenger disembarking at
Seriate, resulting in a total of two passengers boarding and two passengers disembarking.
Due to this difference in the registration of the journey in the two datasets of tickets
and passenger counts, there will be undefined behaviour in the registration of journeys
with changes in the estimated OD matrices. Some of these journeys will be reported
as direct journeys (Monza-Seriate in our example), derived from the correction of the
ticket seed matrix. Others (we believe the majority) will be reported as separate journeys
(Monza-Bergamo and Bergamo-Seriate), causing an underestimation of direct journeys
with changes on the direct route. We have discussed possible solutions to this problem
and concluded that reporting the direct journey in the OD matrices would be challenging
due to the difficulty in identifying separate journeys in the counter data. It might be
feasible to disaggregate the tickets into different paths, reporting each journey with a
change as separate journeys in the matrices. However, one problem would be to identify
the station where the change is made accurately: for some routes, it is easy (from Monza
to Seriate, the change is most likely made at Bergamo), but for other routes, there are
multiple possible changes (for example, from Rovato to Levate, the change could be made

at Bergamo or Treviglio stations). The good news is that journeys with changes are likely
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a minority on networks such as ours, which cover long distances. Still, on short-distance
networks such as the suburban network around Milan, the problem could be significant

and require a deeper discussion.

4.4. Comparison between Regione Lombardia and

Trenord OD matrices

After estimating the 37 Trenord OD matrices describing movements by train in a limited
portion of the railway network, we want to investigate the relationship between the pro-
jected RL (described and explored in subsection 3.1.1) and the real Trenord data. To do
so, we first need to restrict the RL data to the railway transportation mode. We have
reason to believe that the majority of movements by train in the area happen through
the Trenord network, as few other public railway services are available in the area (some
exceptions are trips between major stations like Milan and Brescia, which could happen
through some train lines owned by Trenitalia or Italo). After that, we have to define a
common spatial granularity between the two datasets. Indeed, the Trenord OD matrices
represent trips starting and ending from each station of the six train lines involved in the
study. Thus, we have to define the area of influence of each station to assign the correct
areal epidemic feature in the next Chapter’s analysis. We aim to show differences and
similarities in the two datasets, which we will refer to in the next Chapter when we will
employ the two mobility datasets to analyse the relationship between mobility flows and

the epidemic indicator.

4.4.1. Aggregation of municipalities into station’s basins

To define the area of influence of each station, which we will refer to as "station’s basin"
going forward, we must determine the closest station for each municipality in Lombardia.
To accomplish this, we assign each town to a single station. While we recognise that
individuals residing in the same town may be closer to different stations depending on
their precise location of residence, we are constrained by the granularity of the epidemic

data, which is only available at the municipal level.

Thus, we need to perform an aggregation of stations belonging to the same municipalities.
There are two cases of cities having multiple stations in their territory, Bergamo (with
stations Bergamo and Bergamo Ospedale) and Treviglio (with stations Treviglio and
Treviglio Ovest). Movements starting from and ending in these stations are aggregated

into the two municipalities Bergamo and Treviglio, to obtain a correspondence with death
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counts data. Another case would be the city of Milan, but its stations have already been

aggregated into the IS area in subsection 4.1.2.

To assign each municipality to the nearest station, we employ the ISTAT road distance
dataset, described in subsection 3.1.3. This dataset provides information on the drive
distance in meters and minutes between each pair of Italian towns (from one city hall to
the other). Thus, we can only consider the distances between the city halls, which may
significantly differ from the distance between each city hall and the station. We assign

each municipality in Lombardia to the closest one having a Trenord station in its territory.

Furthermore, we encounter another limitation in this framework: while we have data on
every station in Lombardia, we do not have data on all the stations in the Veneto region
since the Trenord network only covers a limited number of stations in Veneto. Due to
this, we decide not to define the station’s basins for the two Veneto stations (Peschiera del

Garda and Verona Porta Nuova). We thus restrict our analysis to the Lombardia region.

Despite these limitations, we determine the closest station for every municipality in Lom-
bardia by identifying the station located in the town with the shortest road distance in
meters to the target one. We have to exclude the town of Campione d’Italia from our
analysis because the ISTAT road distance dataset contains no information about its dis-
tances to other cities. Additionally, the municipality of Monte Isola poses a challenge as
it is situated on an island and lacks data on road distances. We were able to derive this
missing information by calculating the distance by boat (5200 meters, 22 minutes [76]) to
reach the closest municipality on land, Sulzano, and then compute all the other distances

by adding the travel by boat to the road distances to and from Sulzano.

We select only municipalities whose closest station is one of the 42 stations in our study
area after excluding the two Veneto stations and aggregating Bergamo and Treviglio
stations. We further aggregate municipalities whose closer station belongs to one of the
15 stations of the IS area defined in subsection 4.1.2. Lastly, we exclude towns whose
travel time to the nearest station is greater than 30 minutes since we evaluate that people
travelling a considerable distance by car to get to the station are much more likely to use

the car for the whole trip instead of taking the train.

After the whole procedure, our study area (which we abbreviate as BreBeMi area for
brevity, keeping in mind that this area does not include the entire provinces of Milan,
Brescia and Bergamo and includes some municipalities of the provinces of Lecco and
Monza Brianza) consists of 261 towns referring to 28 station’s basins. The area has a
population of 3,294,217, a third of the Lombardia population. Figure 4.20 reports a map

of the area. Each station basin is identified by the name of the municipality containing
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Figure 4.20: Station’s basins map

the Trenord station (or stations) of reference, except for the aggregated IS area, identified

by the term "IS area".

Finally, when aggregating the RL mobility data at the station’s basins level, we deal
with another problem: The RL dataset has four areas derived from an aggregation of
municipalities where one of them has a station of the study area as station of reference
and the others do not. Because of the limited number of railway movements starting and
ending in these areas, we decide to refer the whole aggregate area to said station since it
would not significantly affect our analysis. The problematic areas are Casale Cremasco -
Vidolasco - Castel Gabbiano, with Castel Gabbiano having Morengo-Bariano as its station
of reference, Cortenuova - Parlasco - Taceno, with Cortenuova having station Romano
as its reference, Parzanica - Tavernola Bergamasca, with Tavernola Bergamasca having
station Grumello, and Val Brembilla - San Giovanni Bianco with San Giovanni Bianco

having station Ponte S. Pietro.

4.4.2. Comparison of mobility data through linear regression

models

Our goal is now to compare the static RL OD matrix (for railway mobility only) with the

corresponding dynamic OD matrix of Trenord, week by week. We exclude the four partial
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R? between dynamic Trenord data and Regione Lombardia data
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Figure 4.21: R? of the regression models built for comparing the mobility data

weeks of Trenord data (weeks 08, 26, 35 and 52) because of their incomplete representation

of mobility trends.

In this framework, we build 33 regression models (one for every Trenord OD matrix) with
the OD couples of the Trenord matrices as responses and the same OD couples of the RL
dataset as unique feature without intercepts. We analyse the R? and the coefficients of

the regression models.

When comparing the two kinds of mobility data, we must remember the different method-
ologies for estimating them. The Trenord OD matrices represent single trips by train in
the area during the study period. We underline again the problem in allocating the trips
requiring a change of train explained in subsection 4.3.3, which often causes single trips to
be represented as more than one movement in the matrices. On the contrary, the RL OD
matrix allocates a single trip for journeys having multiple means of transport, considering
the start of the journey as the origin, the end as the destination, and the prevalent means
of transportation. Thus, if a passenger takes the train but it is not the dominant means
of transport for the trip, the movement will not appear in the railway RL OD matrix.
Moreover, the railway transportation mode in the RL OD matrix reports data also about
other transportation methods other than trains, like streetcars. Another criticality is that
if a trip has origin (or destination) in the area of the study but destination (or origin)
outside of it, it does not appear in the processed railway RL OD matrix even if one of

the train lines involved in the study would be used for part of the trip. Finally, we must
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consider that there are weeks when some Trenord stations do not experience any move-
ments (the inactive stations of Figure 4.8). In these cases, we remove the station’s basins
both for the Trenord and RL data because comparing them is misleading, as these are

exceptional situations and do not reflect mobility changes.

R? coefficient Figure 4.21 represents the R? coefficients in the regression models. The
average value is 0.59, which shows the power of the RL mobility data in predicting the
Trenord movements. The coefficient varies in time during 2020. Particularly, R? is rela-
tively low just after the beginning of the first lockdown in the middle of March and after
the end of the lockdown in May, while it spikes in the period around Easter. During June,
R? increases. Considering the second part of the year, R? increases again in September
and October and stabilises during October and November, reaching values greater than
0.65. This hints at the fact that the projected RL OD matrix maintains a predictive
power for real movements after the mobility disruptions happened in 2020. More effort
should be put into investigating the mobility trends after the COVID-19 outbreak and
establishing if the RL OD matrix still retains some validity in its mobility description.

Coefficient between dynamic Trenord data and Regione Lombardia data

Coefficient

Figure 4.22: Coeflicient of the RL mobility feature in regression models built for comparing
the mobility data

Regression coefficients Figure 4.22 displays the estimated coefficients of the RL mo-
bility feature in the regression models. Since the RL OD matrix represents railway move-

ments of a single workday and the Trenord OD matrices refer to weeks, we would expect
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a coefficient greater than 5 between the RL data and the Trenord ones if mobility hap-
pened as expected. This never happens, probably because of the mobility changes due to
the COVID-19 outbreak starting in March, after which railway mobility never resumed
its full volume. However, we can observe a drop in the coefficient after the first week
of March. The coefficient remains under the value of 1 for the first lockdown period,
leading us to believe that movements by trains during this period were less than 20% of
the expected movements. Mobility by train starts to increase after the beginning of June
(sometime after the end of the lockdown), and the coefficient reaches a value close to 2
in the last week of June, which is still very far from the supposed pre-lockdown levels. In
September and October, we see much higher values for the coefficient as mobility increases
again after the Summer period, before the drop in values caused by the second wave and
consequent second lockdown in Lombardia starting at the beginning of November. The
mobility restrictions during the second lockdown were much less severe than those of the
first one. Indeed, the coefficient during the second lockdown assumes values around 1.5,
double those during the first lockdown. During December, when Lombardia was assigned
to the orange and then yellow zone in the three-tier system, we see a slight increase in

mobility following the end of the red-zone period.

Despite the significant differences in the two mobility descriptions, our analysis shows a
strong relationship between them. The results indicate that the RL OD matrix, which
represents railway movements of a single workday, has good predictive power for Trenord
movements, especially in the last part of the year. However, due to the COVID-19 out-
break in early March, the regression coefficients between the RL data and the Trenord
ones indicate reductions in mobility during the first and, to a lesser extent, the second
lockdown. It could be fascinating to explore how the static projected RL OD matrix
relates to the dynamic Trenord OD matrices describing mobility patterns in January and
February before the pandemic outbreak. We have no data of this kind at the time, but if
we could collect it, we could determine if there is a stronger correlation between the RL
and Trenord data, indicated by higher values of R?. We would also expect higher values
of the regression coefficients in this period since the mobility volume was undoubtedly
higher than in the rest of 2020.

To summarise, this analysis highlights the potential power of introducing the Trenord-
derived OD data in the analysis of next Chapter since these OD matrices provide a detailed
dynamic description of mobility through 2020. Indeed, they show the evolution of railway
mobility flows closely related to the pandemic waves period and restrictions put in place

because of the virus mentioned in Chapter 1.
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4.5. Discussion

This Chapter developed a procedure to estimate dynamic OD matrices describing move-

ments by train in a limited portion of the railway network.

Based on the Furness method, we built a general pipeline to reach the goal. The procedure
could be enlarged in the future to include the whole Trenord network or applied to other
kinds of transportation networks like metros, bus systems or other train services. The
main data we need to estimate the OD matrices are OD data about survey-estimated
trips in the network (in the form of tickets, turnstiles or tolls) and data about the number

of trips starting and ending in each node of the network for each time frame.

We mentioned in Section 4.1 that our procedure presents some innovations compared to
other works in trip distribution modelling. We now retrace the four steps of the pipeline
and justify these innovations’ contribution, supported by our results and by other analyses

not shown in Section 4.3:

1. Conversion of ticket data into seed OD matrices: The ticket dataset reports
data about different kinds of tickets and subscriptions, each with its own rules.
We defined some assumptions to convert each ticket type into one or more ticket-
estimated OD trips and derive ticket-estimated OD matrices, to be used as seeds
in the Furness method. The 37 seed OD matrices obtained from this procedure
show concordance with the margin vectors representing the number of boarded and
dropped passengers at each station each week, according to the Wald test described
in [66]. However, the estimation of seed OD matrices is not essential to apply
the Furness method: |[66] shows how the Furness algorithm could estimate OD
matrices without the seed, using a seed matrix of cells ¢;; = 1 V(i, j). We tried this
approach to assess the contribution of the ticket conversion step in the estimated
OD matrices. We observed that the estimated OD matrices T derived in the
artificial seed case do not experience more movements than average between couples
of stations near each other or connected by one or more direct train lines, opposite
to what it is plausible to expect. The contribution of the tickets conversion step
should be investigated more deeply, together with a sensitivity analysis to assess
the robustness of the final OD matrices after Furness to the parametric tickets’
assumptions. Still, we believe that this step strongly contributes to obtain OD

matrices closely describing real railway mobility.

2. Estimation of missing counter data: We developed a model to correct the num-

ber of total boarded and dropped passengers for each station and each week of the
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study, accounting for missing counter data. The model combines a linear regression
with estimated trips from ticket OD matrices and the number of trains stopping in
the stations as predictors and a rescaling procedure. It shows some desirable proper-
ties, never estimating negative values, limiting the number of underpredictions (i.e.,
predictions lower than the partial passengers’ number from the aggregation of valid
counter data) and estimating the counts for stations having no counter data for
an extended period, showing similar trends to the stations having accurate counter
data. Some issues in the predictions remain: five stations show underpredictions
and nine stations present a peak in estimated passengers at the beginning of the first
lockdown when the regression model plugs in, which we suspect does not describe
the actual passengers’ trend due to the number of estimated trips from tickets not
happened because of the lockdown. However, the model represents the optimal out-
come achievable given the available resources and constraints. Again, the Wald tests
confirm the validity of our estimation process, highlighting the agreement between
the ticket OD matrices and the margin vectors of boarded and dropped passengers

for all weeks.

. Aggregation of the IS area: Because we do not possess data about all the train

lines moving in the area and because of the absence of a considerable number of
tickets internal to the city of Milan, we aggregated the 15 stations of the IS area into
a single zone. This choice is taken primarily because of the impossibility of defining
accurate mobility flows for the area, which would influence the spatial analysis of
the epidemic phenomenon presented in the next Chapter. If we had data about all
the train lines moving in the area, we would have kept the stations separated and
proceeded with the Furness method. We experimented with producing the estimated
OD matrices while keeping the IS area disaggregated and came to sensible outcomes,
showing similar properties to the OD matrices estimated aggregating the area. Still,
we decided not to employ these matrices in the spatial analysis because of the sure

underestimation of movements by train in the area.

. Application of Furness method: Finally, we applied the Furness method to the

37 ticket-estimated seed OD matrices and margin vectors of boarded and dropped
passengers. We used a procedure to correct the cells having no estimated trips from
the ticket translation process. Indeed, because of the substantial underestimation in
the ticket dataset, an OD couple might have a 0 in the ticket-estimated OD matrix,
but trips have happened on the path. Since the Furness method cannot correct
0 values, we developed a procedure based on a posteriori binomial test to identify

cells showing evidence of no trips happening between the couple while fixing with
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positive values the other cells. Applying this procedure, we obtained matrices with
lower margin errors than without the correction of zero values. Moreover, thanks to
this procedure, we could estimate trip counts starting and ending in station Verona
Porta Nuova since the corresponding entries in the seed matrices are all zero due to

the missingness of ticket data.

Finally, we obtained 37 estimated OD matrices representing trips that happened in 37
weeks of 2020 between 32 sites of the Trenord network (31 stations and an aggregated area
representing the 15 stations of the IS area). The final estimated OD matrices after Furness
show coherency with some reality-induced principles, displaying many movements around
major centres and on paths belonging to the same train line, revealing decreasing trips
during the two lockdowns and increases in periods of lesser restrictions. The row margin
errors, which measure the concordance between the estimated matrices and the margin
vectors, were low (in the order of units) for all the matrices. Moreover, the iterative
method always reached convergence. In the absence of objects describing actual mobility
to compare with the derived OD matrices, the qualitative properties observed are the only
possible pieces of evidence showing us that the final OD matrices could actually describe

real railway mobility.

The main estimation issues concern station Verona Porta Nuova, caused by the absence
of tickets to and from this station and the estimation of trips requiring a change of train
discussed in subsection 4.3.3. While the first problem may be resolved by acquiring or
estimating data about the missing tickets, the second one has no obvious solution and

should be discussed more deeply in the case of future applications of the same pipeline.

After defining a common spatial granularity in the form of station’s basins, we compared
the Trenord dynamic OD matrices with the static RL matrix restricted to railway mobility
through linear regression models. Results show a strong relationship between the two
kinds of mobility data: the RL data have strong predictive power for the Trenord data,
higher in periods of no mobility restrictions, and the regression coefficients through time
show periods of lower mobility (during lockdowns) and periods of recovery, with railway
mobility never quite reaching the expected level before the COVID-19 outbreak. We could
interpret the similarity between the RL and Trenord-derived OD matrices as evidence of
the pipeline’s validity in estimating the Trenord matrices. Indeed, the two datasets are

closely related and more so in periods of no mobility restrictions.

This analysis also suggests the potential retaining of some validity of the RL projected
data after 2020 because of the predictive power shown for actual movements. We perform

the comparison only for the limited portion of Lombardia, referring to the six train lines
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of the Trenord network and for railway transportation. However, we suggest further

investigation into the relationship of the RL data with mobility after the pandemic.
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5 ‘ Spatial Analysis of Mobility
and Epidemics

This Chapter develops a pipeline to analyse the relationship between an areal epidemic
feature and a spatial description based on mobility flows, focusing on the role of railway
mobility in 2020.

More in detail, Section 5.1 recalls some theoretical notions of spatial data analysis, defin-
ing spatial weights and the role of global and local Moran indexes in assessing spatial
autocorrelation. Then, the Section presents the spatial analysis pipeline we developed to
analyse two areas (the Lombardia and the BreBeMi areas) considering various mobility
datasets. Section 5.2 applies the pipeline to the Lombardia area, considering the role of
overall mobility (i.e., mobility considering all reasons and means of transportation) in the
epidemic spread. Section 5.3 repeats the spatial analysis in the limited area and spatial
granularity induced by Trenord data, considering the static projected RL OD matrix and
the Trenord estimated OD matrices derived in Chapter 4 to adress the role of public rail-
way mobility and to dynamically describe mobility trends after the COVID-19 outbreak.
Finally, Section 5.4 discuess the results and answers the two research questions presented

in the Introduction of this thesis.

5.1. Methodology

The analysis developed in this Chapter is based on the theoretical framework of spatial
data analysis, a branch of statistics that deals with data analysis with a geographic or
spatial component. This data type often has unique patterns and relationships that cannot
be discovered through traditional statistical methods. A crucial aspect of spatial data
analysis is the definition of spatial weights, which quantify the relationship between each
data point and its neighbours. We can then assess spatial autocorrelation by computing
Moran’s index, both in its global and local form [77, 78]. The global Moran’s index
measures the overall spatial autocorrelation of a variable, meaning the degree to which

the values of a variable at one location are related to the values of the same feature in
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nearby areas. On the other hand, local Moran’s index measures the spatial autocorrelation
of a variable at each location. For a deeper understanding of these concepts, see |79,
Chapter 9| and [80].

In this Section, we define an areal epidemic indicator (subsection 5.1.1) and a spatial
description based on mobility flows (subsection 5.1.2). Then we explain how to assess
global and local spatial autocorrelation through global and local Moran indexes presented

respectively in subsection 5.1.3 and subsection 5.1.4.

After presenting the necessary theoretical notions, subsection 5.1.5 explains the procedure
adopted in analysing the two areas and the various mobility datasets employed in the

analysis.

5.1.1. Definition of an epidemic indicator

To perform the spatial analysis, we have to define an areal dynamic epidemic indicator
revealing the pandemic impact in each area. This epidemic indicator should not depend
on the area’s population and should adequately reflect fluctuations in mortality. For
these reasons, and based on the ISTAT death data described in Section 3.2, we define the
mortality index mﬁ“’] for each week w € [0, 52] of 2020 and each area of the spatial dataset
considered ¢ € I as:

fu] = idess deaths!!

! population;

(5.1)

The variable ml[w}

represents the sum of deaths of people aged over 70 years old in area ¢
between the current week w and a specific number of weeks before that week, w— slide+1.
We always consider the area’s population as of January 1, 2020, publicly available from
ISTAT [59]. Moreover, we must determine an appropriate value for the parameter slide
to ensure that mz[w] does not oscillate too much while still reflecting weekly fluctuations

in the mortality rate.

Handling the first and last weeks of the year with care is essential: week 0 includes the
final partial week (two days) of 2019, while week 52 contains the first three days of 2021.

Moreover, to calculate mg‘”}, we must sum the death counts of weeks [—1, 0], where week

w = —1 is the second-to-last week of 2019 (since the final week is included in week 0).

We take the opportunity to define here a useful notation applied through the rest of the
analysis: variables indicated with an apex in square brackets are variables calculated in

the time instance indicated in the square brackets, while the pedex refers to the area in
[w]
i

which the index is computed. The first example is m; ', the mortality index computed in
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area ¢ at week w.

5.1.2. Spatial weights matrices

Spatial weights quantify the relationship between each data point in a spatial dataset and
its neighbouring data points. To create the spatial weights associated with a dataset, we
must first define which relationships between observations are given a non-zero weight
and then assign weights to the identified neighbour links. The following steps of the
spatial analysis will highly depend on the weights structure. The object obtained from
the definition of spatial weights is a matrix ¢, with each element of the matrix ¢;; indicating
the strength of the relationship between two data points. Particularly, element ¢;; of the
matrix is the weight of area ¢ towards area j in the computation of spatial statistics.
When §;; = 0, area j is not a neighbour of area i. The relationship between data points
is usually symmetrical (6;; = ¢;;), but nothing prevents us from defining asymmetrical
spatial relationships. We define two descriptions of spatial relationships in our analysis,
one based on contiguity and the other on a spatial description derived from mobility. We
adopt the notation ¢ for the spatial weights matrix and ¢;; for single spatial weights, as
opposed to the traditional weight notation W and w;;. This choice has been taken because
we use the letter w to indicate the time (in weeks) at which every value will be computed

in the analysis and we wish to avoid notation confusion.

Contiguity-based spatial weights The first definition of spatial weights is based on
a purely geographical description and corresponds to the most common one. Two areas
are contiguous if they share a common border; in this case, we set ¢;; = 1. Contiguity can
be further distinguished between a rook and a queen criterion, in analogy to the moves
allowed for the such-named pieces on a chess board. Thus, the rook criterion defines
neighbours by having a shared edge between two spatial units, while the queen criterion
defines neighbours as spatial units sharing a common boundary or vertex. Therefore,
the neighbours’ number for the queen criterion is always at least as large as in the rook

criterion. We adopt the queen criterion in our analysis, thus defining the following

1 if area ¢ and area j share an edge or border
0 otherwise

Mobility-based spatial weights The second description of spatial relationships be-
tween two data points considers the mobility flows between the areas. Suppose we have

an OD matrix describing, for each ordered couple of areas (i, j), the number of movements
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t;; from i to j during a specific period. Then, we can define spatial weights in said period

as
tij

Zj;éi tij

The spatial weights are row-standardised, dividing ¢;; for the total number of outgoing

0ij = (5.3)

trips from ¢, ) i Lig- Notice that this definition is asymmetrical since usually ¢;; # ;.
This kind of spatial weights, as opposed to contiguity-based spatial weights, has rarely
been applied in past studies. An example can be found in [50], where spatial weights are
defined from mobility flows similarly and used to build a spatial econometric model for

the diffusion of COVID-19 in China.

5.1.3. Global spatial autocorrelation

After defining a spatial weight structure as a matrix §, we are ready to test for spatial
autocorrelation. The term spatial autocorrelation refers to the presence of systematic
spatial variation in a variable. A positive spatial autocorrelation indicates that adjacent
observations (where "adjacent" refers to the notion of neighbouring described by the
spatial weight structure) have similar values. In contrast, where adjacent observations

tend to have contrasting values, we have negative spatial autocorrelation [81].

Moran’s index [77] is one of the most commonly used indicators for spatial autocorrelation.
It is a cross-product statistic between a variable m and its spatial lag dm, where the
variable is expressed in deviations from the mean m; — m for observation in location 7. In
our case, the univariate features will always be the epidemic indicator in the form of the

mortality index defined in the previous subsection.

Given a spatial weights structure 6, Moran’s I statistic can be computed as

7 — n Z?:l Z?:l 8i5(m; —m)(m; —m)
So > e (M — m)?

(5.4)

where Sy = >, Z?Zl d;j. Spatial weights are often row-standardised, as the mobility-
based spatial weights presented in subsection 5.1.2, where Z?Zl d;j = 1 Vi such that
So =iy 251 0ij = >_i—; 1 = n, where n is the number of observations in the spatial

dataset. In this case, Moran’s I simplifies to

_ D it Z?:l dij(mi —m)(m; —m)
> e (M — m)?

Moran’s I ranges in the interval [—1, 1]. Values greater than 0 indicate evidence of positive

I (5.5)
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spatial autocorrelation in the data, values around 0 point to spatial randomness and

negative values are evidence of negative spatial autocorrelation.

Inference for Moran’s I is based on the null hypothesis of spatial randomness. Tests
rely on the assumption that the mean model removes systematic spatial patterning from
data. Moreover, the spatial weights used to compute the statistic should adequately
describe the process generating spatial autocorrelation. When testing, we always apply a

permutational approach. The null hypothesis is expressed in the tests as

Hy:1<0 VS Hi :1>0

Our analysis sets the significance level at 0.05, adjusting the p-values for multiple testing

when needed through the False Discovery Rate procedure [74].

5.1.4. Local spatial autocorrelation

The notion of global spatial autocorrelation presented in the subsection above describes
the global relationship between the values observed at a spatial location and its neigh-
bours, expressed by matrix . When the global tests reveal a significantly positive spatial
autocorrelation, they indicate a clustered spatial pattern. However, this clustered spatial
pattern does not point to the location of the clusters. To investigate this matter, the
global relationship can be broken down into its components to build localised tests to
detect spatial clusters - observations with very similar neighbours - and spatial outliers -

observations with very different neighbours.

In this framework, Anselin 78] defines the concept of local indicator of spatial association
(LISA). A LISA provides a statistic (together with its significance assessment) for each
location and establishes a proportional relationship between the sum of the local statistics
and the corresponding global statistics. Thus, a LISA can be derived from a global
spatial autocorrelation statistic. A global spatial autocorrelation statistic consists of a
combination of a measure of attribute similarity between a pair of observations f(m;, m;)

and an indicator of spatial similarity d;; in the form

Zzéijf(mi,mj)

i

The corresponding LISA for location ¢ has the form

Z%f(mz’,mj)
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As a result, the LISA counterpart of Moran’s I at location ¢ can be determined using the

following equation
n (m; —m) 3 i, 6ij(m; —m)

S_O Zzzl(mk —m)?

If row-standardised weights (S; = n) are used, the formula simplifies as in the case of

I =

global Moran’s statistics

(mq —m) 325, 6ij(my —m)

> iy (mi —m)?

However, in our application, we use the modified version of these formulas presented

L=

in [67], which considers that when we calculate I; for area i, we use data from the other

n — 1 observations. This modified formula is as follows

n—1(m; —m) 35 0;(m; —m)

So ZZ:1 (my, — m)?

I = (5.6)

The simplified formula for row-standardised weights is given by

_ = 1205, 0y(ms —m)(m; —m)

Ii n —
n > izt (mi —m)?

Once again, we have to assume that the global mean m adequately represents the variable

of interest m.

The local Moran’s I;’s value at location ¢ identifies i as part of a spatial cluster if I;
assumes positive values. On the contrary, location ¢ is a spatial outlier if I; is negative.
Significance can be tested again using methods based on permutations. In this case, it is
critical to overcome the normality assumption when computing significance because the
number of neighbours for each observation can be minimal, which may make adopting
the normality assumption problematic. The null hypothesis of the local tests is two-sided

since we are interested in detecting both positive and negative values:

H()Z[Z':O VS Hll—z#o

Assessing significance in and of itself is not that useful for the local Moran. The local
indication of significance is usually combined with the location of each observation in
the Moran scatterplot [82]. This plot represents the original variable with the mean
removed (m; — m) on the x-axis and the spatially lagged variable > 7 d;;(m; —m) on

the y-axis. The slope of the linear fit to the scatterplot equals global Moran’s /. Indeed,
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the simplified formula in Equation (5.5) turns out to be the slope of a regression of
> i1 0ij(m; —m) on (m; —m). Figure 5.1 shows an example of a Moran scatterplot.
This plot allows us to classify the nature of spatial autocorrelation into four categories.
Since the graph is centred on the mean, all points with values smaller than the mean m
have negative values on the x-axis and positive values if they are greater than m. We
refer to these values respectively as high and low, in the sense of higher and lower than
average. Similarly, we can classify the values for the spatial lag above and below the mean
as high and low. The scatterplot is then decomposed into four quadrants. The upper-
right and lower-left quadrants correspond with positive spatial autocorrelation (similar
values at neighbouring locations). We refer to them as respectively high-high and low-low
spatial autocorrelation. In contrast, the lower-right and upper-left quadrants correspond
to negative spatial autocorrelation (dissimilar values at neighbouring locations). We refer

to them as respectively high-low and low-high spatial autocorrelation.

Moran's I: 0.282
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Figure 5.1: Example of a Moran scatterplot for variable sale_price, taken from [80]

The classification of the spatial autocorrelation into four types can then be interpreted
together with the significance of each location’s local Moran’s [;. Significant locations
are high-high and low-low spatial clusters and high-low and low-high spatial outliers.
In a spatial cluster, the feature m; has a value which deviates (positively for high-high
or negatively for low-low) from the overall mean in the same direction as the average
behaviour of the neighbours of i. On the contrary, if location 7 is a spatial outlier,
m; deviates from the overall mean in the opposite direction as the average neighbours.
Again, our analysis considers a significance level of 0.05, adjusting for multiple testing

when needed.
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5.1.5. Spatial analysis pipeline

In the next Sections of this Chapter, we aim to analyse global and local spatial autocorre-
lation in a spatial univariate epidemic feature through spatial descriptions inferred from

mobility flows.

To reach our goal, we select a region divided into areas ¢ € [ and choose a time pe-
riod divided into weeks w € W. We then define the following steps to assess spatial

autocorrelation in an epidemic feature through mobility-based spatial descriptions:

1. We define an appropriate areal dynamic epidemic indicator mgw] based on mortality
data.

2. We infer a spatial description based on mobility flows in the form of spatial weights
matrices ¢;;. This spatial description can be static or dynamic in time. Its definition
is based on mobility data in the form of OD matrices. We also show a classical
spatial description in the form of contiguity spatial weights, which we will compare
to the mobility-based one in our analysis. When considering dynamic mobility-
based spatial weights, we have to explore possible lag values between the epidemic

indicator and the corresponding dynamic spatial weights.

3. We compute weekly global Moran indexes I, w € W, and test for positive global
spatial autocorrelation in the epidemic feature. Positive values of the indexes re-
veal a clustered tendency in the epidemic indicator, with nearby areas experiencing
similar values. The underlying hypothesis is that no positive spatial autocorrelation

would be revealed in the absence of an epidemic phenomenon.

4. Lastly, we compute weekly local Moran indexes IZ-[w], w € W, to detect spatial
clusters and outliers, i.e., observations with nearby areas having very similar or dis-
similar values of the epidemic indicator. In particular, spatial clusters with higher-
than-average values of the epidemic indicator reveal epidemic hotspots (areas of
elevated disease burden). The evolution in time of these areas could be studied

through the dynamic index.
This procedure is graphically summarised in Figure 5.2.
We apply the procedure to two regions:

1. Lombardia area: First, we conduct the spatial analysis on the entire Lombardia
region. We define mobility-based spatial weights using the RL OD matrix described
in subsection 3.1.1. This dataset covers a large region in fine spatial granularity.

For this reason, it is the first mobility dataset considered in our analysis. How-
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1 Define an areal epidemic indicator

2 Compute the spatial description based on mobility
flows associated with the epidemic indicator

3 Assess global spatial autocorrelation through
dynamic global Moran indexes

4 Investigate interesting areas through dynamic local
Moran indexes

Figure 5.2: Procedure to assess the spatial relationship between mobility flows and an

epidemic feature

ever, the dataset is static as it is derived from projections of data collected prior to
2020. Thus, it does not represent actual mobility in 2020 and we can hypothesise
that its description loses explanatory power after the mobility disruption follow-
ing the COVID-19 outbreak. We will apply the spatial analysis pipeline to the
mobility flows in the dataset considering overall mobility. Then, we compare the
results obtained with the same analysis considering spatial weights derived from a

geographical description based on contiguity.

2. BreBeMi area: After the first level of analysis, we want to deepen our under-
standing of the relationship between mobility and epidemic spread through dynamic
mobility representations. In this framework, we employ the weekly Trenord OD ma-
trices derived in Chapter 4. These matrices cover the area that we will abbreviate
with the name BreBeMi from now on for brevity since most of its territory belongs
to the provinces of Brescia, Bergamo and Milano, even if some municipalities in the
area find themselves in the Lecco and Monza Brianza provinces. The spatial gran-
ularity is the station’s basins defined in subsection 4.4.1. In this case, we compare
overall mobility with railway mobility to address the role of a particular kind of
public transport believed to be a primary carrier of epidemic diffusion and strongly

impacted by restrictions. Notably, we consider two mobility datasets:

(a) RL static OD matriz: First, we retrace the analysis of the RL dataset in the

new area and spatial granularity to compare the results with the ones obtained
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in the Lombardia area. We also compare mobility flows derived from overall
and railway mobility to introduce the role of railway mobility in the analysis

and later compare it with the Trenord data

(b) Trenord dynamic OD matrices: We add dynamic mobility-based spatial

weights describing railway mobility in the analysis. The description of actual
railway mobility overcomes the limitations of the projected RL mobility data,
allowing us to have a reliable description of the mobility changes in 2020 after
the COVID-19 outbreak. We can also assess in detail the role of public railway
transport. In this case, we have to explore lag values (in weeks) between the

mobility-based spatial weights and the epidemic indicator.

Figure 5.3 summarises the analysis of this Chapter. The light-blue boxes show the con-

sidered regions (Lombardia and BreBeMi), the green ones specify the mobility datasets

chosen for each area (together with the contiguity description adopted in the Lombar-

dia area), and the blue ones display the type of mobility considered (overall or railway

mobility) at each level.

Figure

RL OD matrix Overall mobility

Lombardia area

Spatial analysis

Overall mobility

RL OD matrix <
Railway mobility
Trenord OD [ Railway mobility
matrices

of mobility and
epidemics

BreBeMi area

5.3: Representation of the two areas considered in the spatial analysis, together

with the spatial mobility description adopted.

We can now proceed to apply the spatial analysis pipeline to all the areas and mobility

datasets explained in this subsection.
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5.2. Spatial analysis of the Lombardia area

This Section introduces the first application of the spatial analysis pipeline between epi-
demic and mobility data. We first focus on the Lombardia area to exploit the mobility
description of the RL dataset.

More in detail, subsection 5.2.1 explores the weekly mortality rates in the area through
2020 and subsection 5.2.2 investigates spatial association by comparing a spatial descrip-
tion based on the contiguity of investigated zones with the one derived from the static
projected RL mobility data. We first assess the presence of global spatial autocorrelation

and then detect interesting locations from an epidemic point of view.

The main goal of this Section is to establish whether there exists a link between the

evolution of the pandemic in 2020 and mobility.

5.2.1. Exploratory analysis of ISTAT death data

Based on the ISTAT death data described in Section 3.2, Figure 5.4 illustrates the weekly
death counts of people aged over 70 years old in Lombardia’s provinces. The curves’
evolution is closely related to the pandemic’s spread. All provinces show a peak in death
counts during the disease’s initial months, around May and April, with Brescia and Berg-
amo experiencing the sharpest rises. We can observe a second, less pronounced peak
during the second wave in November. This peak is more flattened for those provinces

strongly hit during the first period of the epidemic.

The population size of different areas heavily influences death counts. To account for this
impact, we defined the mortality rate expressed in Equation (5.1), selecting slide = 2 to
aggregate death counts in time. We justify the choice of this parameter in Appendix A
for reasons inferred from the spatial analysis results. Furthermore, to align the death
counts dataset with the OD matrix that represents projected movements for 2020 in
Lombardia (described in subsection 3.1.1), we have to aggregate some municipalities to
obtain matching spatial granularity. Specifically, we aggregate the 1504 municipalities in
Lombardia to recover the 1360 zones of the RL OD matrix.

We compute the mortality index m"! for every week of 2020 (w € [0,52]) and every area
identified by the OD matrix spatial granularity (i € [1,1360]). Figure 5.5 displays the

[w]

mortality rate m; ' computed in six weeks after the spatial aggregation:

e As expected, we can observe the impact of COVID-19 during the first wave in weeks

10 and 12 in March and April. During this period, we can notice a clear spatial
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Death counts over 2020, divided by provinces

Provinces
1500 4 Bergamo
—— Brescia
—— Como

—— Cremona
1000 4 — Lecco

— Lodi

— Mantova

Death counts

— Milano

500 —— Monza e della Brianza
Pavia
Sondrio

Varese

Figure 5.4: Death counts of people aged 70+ years during 2020, divided by provinces

This

identify with the first and second waves of the epidemic) where the mortality index m

]

trend in the mortality rate, with high values of m; ' in the areas surrounding Val

&

Seriana and Codogno in week 10 and an increase in m; ° in the Brescia province

starting from week 12.

Following the lockdown, which halted non-essential movements in Lombardia from
March 8 until May 18, the mortality index generally decreases throughout Lombar-

dia, as seen in week 16.

During the second half of the year, week 38, which falls in September before the
beginning of the second wave, displays a generally low mortality rate throughout

Lombardia, with no evident hotspots.

Week 44, during the second wave, shows a slight general increase in the mortality
rate but no areas with values much higher than the average, indicating homogeneity

in the disease spread.

Finally, week 50 shows the reduction in mortality following the introduction of the
three-tier system, which was implemented to restrict mobility during the second
wave. Lombardia was designated a red zone, with maximum restrictions, from
November 6 until November 29. This is the second lockdown period in the region.
exploratory analysis allows us to confirm that there are two periods (that we can

]

generally increased and then decreased sometime later, following the adoption of restric-
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tions and lockdowns. The first wave displays a diffusion of the epidemic starting from
some specific hotspots. In contrast, the epidemic follows a more spatially-homogeneous

diffusion during the second wave.
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Figure 5.5: Mortality index mk”] in Lombardia during some weeks of 2020
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5.2.2. Spatial analysis of Regione Lombardia mobility data

We will now investigate the relationship between the epidemic indicator mﬁ“’] defined
in subsection 5.1.1 and the spatial description derived from the RL mobility dataset in

the Lombardia area, applying the spatial analysis pipeline shown in Figure 5.2.

We define the two spatial weights detailed in subsection 5.1.2 using Equation (5.2)
and Equation (5.3), denoted as d¢ and dop, respectively. The former is based on contigu-
ity, while the latter is based on mobility, considering the overall movements in Lombardia
while disregarding internal area movements. There is a relationship between the two defi-
nitions, as a significant proportion of movements starting from a zone tends to be directed
towards contiguous areas. However, mobility-based weights expand the spatial descrip-
tion beyond contiguity and allow us to define a novel notion of nearness. According to
this new notion, two municipalities can be tightly related despite the distance between
them (think, for example, about the Milan metropolitan area, where many people travel

a considerable distance from and to Milan for work or study reasons every day).

We compute global and local Moran indexes of the mortality index ml[.w} for each week
of 2020 (w € [0,52]) and each of the 1360 areas under investigation (i € [1,1360]).
Moran indexes allow us to explore the relationship between mobility and the epidemic at

a granular level and shed light on potential spatial patterns and possible clusters. In this
case, the dynamicity of the analysis derives from the mortality index mgw], which evolves
during the year, while the spatial weights remain fixed. In Section 5.3, we will see another

case of the same analysis where the spatial weights vary in time.

Global Moran indexes

We compute global Moran indexes ! for each week of 2020, w € [0, 52], using Equa-
tion (5.4) and the methodology described in subsection 5.1.3. We test for positive spa-

tial autocorrelation of the epidemic indicator mE“’] for each week w € [0,52] using both
contiguity-based and mobility-based spatial weights. The municipality Campione d’Italia
is excluded from the contiguity-based analysis due to a lack of shared borders or vertices.
Still, we can define its neighbours using mobility-based weights. Moreover, we adopt the
same aggregation of municipalities into 1360 zones induced by the RL OD matrix when
computing the contiguity-based spatial weights to compare maps having the same spatial

granularity using the two spatial descriptions.

We compute the curves that display the global Moran indexes’ evolution for different
[w]

values of the slide variable used to calculate the mortality indexes m; ' in Equation (5.1).
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We select slide = 2 for reasons justified in Appendix A that we suggest reading after the

end of this Section. From now on, we always consider slide = 2 in the computation of

m[w]
7
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Figure 5.6: Global Moran indexes at Lombardia level based on RL mobility data

Figure 5.6 compares the global Moran indexes computed for each week and spatial weight
description. The red points on the graph indicate a significantly positive spatial autocor-
[w]

relation for the epidemic phenomenon described by m; ' in a given week (i.e., adjusted

p-values smaller than 0.05). The plot reveals several significant findings:

e During the epidemic outbreak period (March) and immediately after, the epidemic
phenomenon is strongly dependent on both spatial descriptions, with positive spatial
autocorrelation detected from week 9 (beginning on March 2) until week 19 (ending
on May 17).

e After May, both spatial descriptions do not reveal significantly positive spatial au-
tocorrelation in the mortality indexes. Notably, this coincides with the end of the
national lockdown on May 18, suggesting the effect of the substantial restrictions

during the lockdown period in removing the spatial pattern of mortality.

e Comparing the two spatial weights dc and dpp, we observe that the corresponding
Moran indexes are significantly greater than 0 in the same weeks during the first
wave. Both weights are almost equivalent in describing the epidemic phenomenon,
but the Moran indexes induced by contiguity weights are slightly greater than those
generated by mobility weights.
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e We do not detect spatial autocorrelation during the summer months by any in-
vestigated spatial description. In general, we found some weeks showing positive
spatial autocorrelation outside the two wave periods but never extended in time.
This confirms our initial hypothesis that no spatial autocorrelation is detected in

the absence of an epidemic phenomenon.

e Starting from week 44 (the first week of November, beginning on November 2), we
observe another period of positive spatial autocorrelation detected using the mobility
weights dpp that continues until the end of the year, during the second wave period.
We note a clear increase in the curve describing the evolution of the global Moran
index, albeit more oscillating and less evident than the one observed during the first
wave. This trend occurs despite the projected RL OD matrix no longer describing
mobility trends after March. However, the spatial weights defined from the RL
OD matrix significantly describe the epidemic phenomenon, indicating that the
projected movements still provide valuable insights into the actual mobility patterns.
This behaviour is consistent with the comparison between the static RL OD matrix
and the dynamic Trenord OD matrices estimated in Chapter 4, where Section 4.4
highlighted the strong relationship that occurs between the projected static RL data
and the dynamic Trenord ones estimated from data collected in 2020, suggesting
that the RL data retains some predictive power for real mobility and more so in
periods of no restrictions to limit the epidemic phenomenon. We suggest further
investigation into the relationship between the RL OD matrix and actual movements
in 2020.

e Considering contiguity weights d¢, we also notice some weeks showing positive spa-
tial autocorrelation towards the second wave period. However, the trend here is
more oscillating and does not show a clear peak compared to the mobility weights
dop. Thus, mobility weights reveal more about the epidemiological phenomenon

during the second wave than contiguity-based ones.

Local Moran indexes

After establishing the global trends of spatial autocorrelation in the epidemic phenomenon
during 2020, we aim to identify interesting areas for each week. Starting from the theo-
retical framework described in subsection 5.1.4, we compute the local Moran indexes Ii[w]
using Equation (5.6) for each week w € [0,52] and each area ¢ € [1,1360] of the RL OD
matrix. We assess the significance of each index using permutational tests and proceed

to identify interesting areas.
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We focus on identifying high-high spatial clusters because of their potential impact on the
spread of the pandemic. The epidemic heavily affected these areas, which show mortality
indexes higher than the average, with nearby areas also showing higher-than-average
mortality indexes. We investigate the characteristics of these areas and their association
with epidemic hotspots, as determined by two spatial descriptions: contiguity-based d¢
and mobility-based dpp. We highlight that the difference in the two spatial descriptions
stands in the definition of neighbouring areas and the weighting of such areas in the
computation of the spatially lagged values 6(m —m). Indeed, fixing an area ¢, weights d¢
identify as its neighbours the zones sharing a border or vertex with ¢ and weights each
zone equally. On the contrary, weights dpop do not limit the number of neighbours of @
(defined with all the areas with at least one person moving there from ) but weights the
importance of each neighbour according to the proportional mobility flow outgoing from
i

We underline that we could not conclude that one or the other spatial descriptions could
identify epidemic sources in the sense of places where the epidemic originated its spread.
We merely developed a tool to flag areas showing clustered values of the epidemic feature
according to different notions of nearness. However, more analyses should be conducted
to assess the role of the flagged areas in epidemic diffusion. We could elaborate on
this matter by analysing the time series of the epidemic feature for nearby areas, where
the term "nearby" has to be read together with the spatial description adopted. In
particular, we would choose high-high areas (identified in the local spatial analysis) and
nearby zones (looking for high values in the spatial weights) to identify anticipators in
the first time series for the second one. This procedure could compare notions of nearness
(mobility or contiguity-based, or even other notions not explored in this work) and assess
if one of them is firmly related to the evolution of the epidemic indicator. However,
previous studies discussed in Chapter 2 support a strong relationship between mobility and
epidemic spread, which implies that the high-high areas flagged according to the mobility-

based spatial description may have played a crucial role in the epidemic’s propagation.

Coming to our results, both the spatial weights definitions dc and dpp reveal extensive
high-high spatial clusters during the first wave. The spatial clusters are persistent in time
and found in some areas identified by other works, such as [10], to have been severely hit by
the epidemic. Figure 5.7 and Figure 5.8 show the evolution of the LISA maps from week
8 to week 13 (from February 24 to April 5, the period of the strongest epidemic spread).
Each row of the figures depicts the same week w € [8,13]. The left column represents
the indexes computed using contiguity-based spatial weights d-, while the right column

represents the same indexes calculated with mobility-based spatial weights dop.T
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Local Moran Index of week from 2020-02-24 to 2020-03-01 Local Moran Index of week from 2020-02-24 to 2020-03-01
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Figure 5.7: Spatial clusters and outliers identified by the local Moran indexes Ii[w] in

Lombardia
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Figure 5.8: Spatial clusters and outliers identified by the local Moran indexes IZ-[w] in

Lombardia
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The first thing we can notice is the evolution in time of the spatial clusters, looking at
both columns. We do not see any effect of the epidemic in week 8, but starting from week
9, we notice two red areas appearing on the maps. We can recognise the northern area
as the Val Seriana, containing Nembro and Alzano, and the southern area as Codogno
and its surroundings. The latter was the first area where the first case of COVID-19 was
found in Ttaly and the first area to be placed in the red zone on February 21 [2]|. Thus,
it makes sense that it would be the first area where the pandemic started to take its toll
on mortality. It is more interesting to notice (even if already established by past studies)
that the pandemic effect hit the mortality of the Val Seriana area at the same time as
the Codogno area. A third red area arises in the Brescia province starting from week
10. This area expands in the following weeks, while we see the Codogno area gradually
disappearing, showing the effect of the early restrictions applied there. From week 13
onwards, all the red areas shrink until their complete disappearance in the following

weeks.

The analysis’s second and most significant finding is that mobility-based spatial weights
identify larger spatial clusters than contiguity-based weights through local Moran indexes.
Indeed, throughout the studied period, except for week 8, the dop approach consistently

reveals larger red zones than the dc approach.

To further investigate the high-high areas detected by dpop but not do, we examine the
difference in the local Moran indexes ]i[w] values for areas with higher-than-average mor-
tality rates. For example, the city of Bergamo belongs to a high-high spatial cluster for
weeks 9 to 13 according to dpp but not according to dc. Thus, if we only consider the
14 towns sharing a border or vertex as Bergamo’s neighbours, we do not reveal Bergamo
as part of a spatial cluster. However, if we expand the number of Bergamo neighbours
and weight each neighbour’s contribution according to mobility flows, the area is part of

a spatial cluster for an extended period.

As stated before, the consequence of the epidemic in Bergamo (and other areas similarly
flagged as high-high through dop but not according to d¢) in neighbouring zones should
be investigated in detail. If the hypothesis that the disease spread in nearby areas through
mobility flows is confirmed, identifying high-high areas according to mobility-based spatial
weights could provide policymakers with a system to identify sources of the epidemic

phenomenon.

Considering the second wave period, we do not detect any area extended in space or
time experiencing consistently higher-than-average mortality index. However, we have

to remember the limited power of the RL OD matrix in describing mobility after the
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first months of 2020. Still, the global spatial analysis shows that there seem to be some
insights in the projected data about an association between mobility and epidemic during
the second wave. The fact that the contiguity-based spatial weights still fail to reveal
high-high areas suggests that the epidemic phenomenon could be homogeneous during
the second wave and no more characterised by hotspots. Coupling this finding with the
global spatial association, we acknowledge that similar mortality index values still tend

to be near each other, without particular locations showing a clustered spatial pattern.

To summarise the key findings of this Section, the analysis conducted in the Lombardia
area demonstrates the potential of mobility data in understanding spatial patterns of
mortality rates during the COVID-19 pandemic. The analysis found that mobility data
can be just as effective as contiguity-based spatial weights in identifying global spatial
autocorrelation during the first wave of the pandemic. In addition, mobility-based spatial
weights detected an epidemic phenomenon during the second wave, showing more weeks
with significantly positive spatial autocorrelation than contiguity-based spatial weights.
The study also revealed that when examining local spatial patterns, mobility data con-
sistently identified larger spatial clusters than contiguity-based methods. The findings
suggest that further investigation into mobility data is needed, considering dynamic mo-
bility data describing how mobility evolved throughout 2020 and its influence on the
epidemic phenomenon. This need motivated the development of the procedure to derive

dynamic OD matrices presented in Chapter 4.

5.3. Spatial analysis of the BreBeMi area

This Section reproduces the spatial analysis between epidemic and mobility data of Sec-
tion 5.2, introducing the real mobility data derived in Chapter 4 to overcome the limita-
tions of the projected Regione Lombardia data through dynamic OD matrices representing
actual weekly railway mobility in 8 months of 2020. We analyse the BreBeMi region, in-
duced by the available Trenord data, considering the spatial granularity defined by the

station’s basins derived in subsection 4.4.1.

More in detail, subsection 5.3.1 repeats the exploratory analysis of the mortality rates in
the newly defined area and spatial granularity, pointing out the evolution of COVID-19
in the area during the pandemic’s first and second wave periods. After this, subsec-
tion 5.3.2 reproduces the spatial analysis of the mortality rates using mobility-induced
spatial weights from the RL data in the BreBeMi area, comparing overall mobility with
railway mobility. This subsection is needed to connect Section 5.2 with the analysis of

the Trenord OD matrices and introduce the study of railway mobility. Finally, subsec-



5| Spatial Analysis of Mobility and Epidemics 97

tion 5.3.3 plugs the real Trenord mobility data into the spatial analysis pipeline to confirm
the previous findings through actual data and investigate the second wave period in detail,

for which we previously had no reliable mobility description.

This Section elaborates on the results obtained in Section 5.2, deepening our understand-
ing of the link between the evolution of the pandemic during 2020 and mobility and
developing the analysis to address the role of public railway transport in the pandemic

diffusion, compared to overall mobility.

5.3.1. Exploratory analysis of ISTAT death data at station’s

basins granularity

Death counts over 2020, divided by station's basins
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Figure 5.9: Death counts of people aged 70+ years during 2020, divided by station’s

basins

Figure 5.9 shows the weekly death counts of people aged over 70 years old in the BreBeMi
area at the station’s basins level. We can notice a peak in all the basins during the first
wave period, with peaks happening at different times. Indeed, the mortality rise in the
IS area happens some weeks later than the one in Bergamo. Basins Bergamo, Albano

S. Alessandro, Brescia and IS area experience the most significant increases in mortality



98 5| Spatial Analysis of Mobility and Epidemics

since they are the most populated basins. During the second wave, the figure allows us

to notice only the peak of the IS area.
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Figure 5.10: Mortality index m; ' in the BreBeMi area at station’s basins level during

some weeks of 2020

We compute the value of the mortality index mgw] defined in Equation (5.1) for each of
the 28 station’s basins and each week w of 2020, w € [0, 52]. We select again slide = 2 for
a temporal aggregation of the death counts, as was done in Section 5.2. We consider the
whole 52 weeks of year 2020 in the analysis of the RL data, while we select only 33 for

the Trenord analysis, excluding the partial weeks in Trenord data shown in Figure 4.2.

[w]

Figure 5.10 displays the mortality rate m, = computed for six different weeks at the sta-

tion’s basins level:

e As expected, we can observe the impact of COVID-19 during the first wave in weeks

10 and 12 in March and April. In particular, week 10 shows high values of mgw] for
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the basin of Albano S. Alessandro, which contains some municipalities of the Val

Seriana area, a zone known to be strongly hit by the disease.

e After some weeks, we can notice COVID-19 spread in week 12 in the whole Bergamo
province and also in some territories in the Brescia province, while the IS area
containing the Milan province, Brescia basin containing municipalities around the
city of Brescia and the Desenzano del Garda basin do not experience an equal

mortality rise.

e Following the first lockdown, the mortality index generally decreases in the area, as

seen in week 16.

e During the year’s second half, week 38 displays a generally low mortality rate

throughout the area, with no evident hotspots.

o Week 44, during the second wave, shows a slight general increase in the mortality

rate. The increase is slightly more evident in the IS area around Milan.

e Finally, week 50 shows a small reduction in mortality following the second lockdown

period, after the introduction of the three-tier system.

This exploratory analysis, similarly to the one in subsection 5.2.1, shows two periods (that

we can identify with the first and second waves of the epidemic) where the mortality

index mgw] generally increased and then decreased sometime later following the adoption
of restrictions. The first wave displays a stronger epidemic diffusion in some specific

locations, like Albano S. Alessandro basin.

In contrast, the epidemic follows a more spatially-homogeneous diffusion during the second
wave. Compared with the same exploratory analysis performed in the Lombardia area,
the second wave of the epidemic did not significantly affect the mortality rates in the
BreBeMi area, except for the territories around Milan. [10] also notices this behaviour
and hypothesises that the reason for the low mortality rates during the second wave
compared to other zones in Lombardia is that the pandemic stroke the Bergamo and
Brescia areas extremely strongly during the first wave. Thus, the second one was almost
imperceptible, presumably because the population at high risk had already significantly
shrunk, and survivors had developed natural immunity due to the large circulation of the

virus during the first wave.
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5.3.2. Spatial analysis of Regione Lombardia mobility data

We can now investigate the spatial relationship between the mortality index m?‘” and the

different mobility descriptions provided by the RL and Trenord data.

We first analyse the RL mobility data to reproduce the spatial analysis of Section 5.2 in
a different area and granularity, corresponding to that induced by real Trenord mobility
data. We then compare this analysis (based on projected data about overall and railway

mobility) with the real railway mobility analysis of subsection 5.3.3.

We do not consider contiguity-based spatial weights in this analysis (as we did in Sec-
tion 5.2) since the station’s basins’ granularity does not allow us to define such weights.
Indeed, most areas do not have a complete representation of all their neighbours, and
some areas (Brescia and Desenzano del Garda) have no neighbours at all. Instead, we
compare two types of mobility through mobility-based spatial weights: overall mobility
(i.e., mobility derived by the sum of single movements by all reasons and transportations)
and railway mobility (i.e., mobility derived by the sum of single movements by all rea-
sons, considering only railway transportation). We refer to the two spatial weights as dr
for overall mobility and dz for railway mobility. We aim to compare the two mobility

descriptions and assess their relationship differences with the epidemical phenomenon.

We compute global and local Moran indexes, following the pipeline described in subsec-
tion 5.1.5, considering the mortality index mE“’] for each of the 28 areas and the 52 weeks

] varies

of 2020. The two spatial weights, ér and Jg, are fixed in time, while the index mgw
weekly. We can compare the results with those obtained in the Lombardia area at mu-
nicipalities’ granularity in subsection 5.2.2, in which case we considered contiguity-based

spatial weights dc and overall mobility-based spatial weights dop, equivalent now to dr.

Global Moran indexes

We compute global Moran indexes Il for each week w € [0,52] of 2020, applying both
the spatial weights based on overall mobility d; and those generated by railway mobility
0r. We use the methodology described in subsection 5.1.3, testing for positive spatial

autocorrelation in each index generated by the two mobility descriptions.

Figure 5.11 displays the global Moran indexes computed using the spatial weights ér and

0gr. Red points indicate a significantly positive spatial autocorrelation for the epidemic
[w]

phenomenon described by m; " in the given week (i.e., adjusted p-values smaller than

0.05). The graph allows us to comment on some points:

e First, we compare the overall mobility weights 07 with the same weights dpp at the
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Figure 5.11: Global Moran indexes at BreBeMi level based on RL mobility data

Lombardia level in Figure 5.6. We can notice the much more oscillating trend and
the lower values the indexes assume at the BreBeMi level. There are many fewer
weeks where we can identify positive spatial autocorrelation in the epidemic phe-
nomenon. Regarding this, the limited area considered in this analysis (the BreBeMi
area, in contrast with the whole Lombardia area) and the wider spatial granularity
(station’s basins, as opposed to municipalities) undoubtedly play a role. Because
of the limited area, observing differences in the mortality indexes compared to the
average values is much more challenging. Moreover, the small number of areas

complicates assessing significance in the permutational tests.

e Nevertheless, it is still possible to sense a positive spatial autocorrelation during
the first wave period. We find evidence of that in both the spatial descriptions
07 and dpp. Thus, the epidemic phenomenon during the first wave is related to
the mobility description of the RL dataset, which represents mobility in an average
workday during the first months of 2020. We came to the same conclusion in the

analysis conducted at the Lombardia level.

e Again, as in the Lombardia level analysis, the positive spatial autocorrelation dis-
appears from data during the first lockdown period. We have evidence of the lock-
down’s effectiveness in breaking the connection between the epidemic spread and
mobility. In the BreBeMi level case, the hypothesis of spatial randomness can not
be refused starting from the last week of March (for weights dr). Positive spatial

autocorrelation disappears much earlier than what we observe at the Lombardia
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level, but still, we have to underline the role of the limited area and wider spatial

granularity in the analysis.

e In Section 5.2, we observed a period of positive spatial autocorrelation during the
second wave at the Lombardia level, even though the projected mobility derived
from the RL data is no more reliable after March 2020. In contrast, the second
wave period shows no positive spatial autocorrelation at the BreBeMi level. The
reason we do not observe the same behaviour here could be found in the exploratory
mortality analysis of subsection 5.3.1, where we noticed the little impact that the
second wave had on mortality in the territories of Bergamo and Brescia and the

homogeneity in the mortality indexes during this period.

e Comparing overall mobility described by d; with railway mobility as dg, the two
graphs show remarkably similar trends for the global Moran indexes I*). The tests
reveal two weeks of positive spatial autocorrelation for weights dr (weeks 10 and 11,
in March) and only one week for dr (week 10). There are no weeks when dr weights
show significantly positive spatial autocorrelation and dr weights do not, and this
is the first hint that railway mobility probably did not play a prevalent role in the

spread of the epidemic compared to overall mobility.

Local Moran indexes

While global Moran indexes allow us to identify periods of global trends of positive spatial

autocorrelation, we rely on local Moran indexes to investigate interesting areas showing
values of the mortality index mgw] similar or dissimilar to nearby locations. The term
"nearby" refers to the notion of nearness derived from the spatial weights d7 and Jg.
We compute the local Moran indexes [i[w] for every week w € [0,52] of 2020 and area
identified by the station’s basins ¢ € [1,28]. The theoretical framework can be found

in subsection 5.1.4. We assess the significance of each index using permutational tests.

We never reveal any significant area in the weeks of 2020 for each spatial description
adopted. This is the opposite of our findings in the spatial analysis at the Lombardia level,
which detected an extensive high-high spatial cluster in the Val Seriana area during the
first wave of 2020. We can also fathom the same high mortality region in the exploratory
mortality analysis in subsection 5.3.1. We can only guess two possible reasons for this

behaviour:

1. The local spatial pattern of the epidemic spread may have no link with the two
mobility descriptions. However, it is unlikely that the two phenomena are uncorre-

lated, as the analysis at the Lombardia level shows a strong relationship between
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them, individuating extensive epidemic hotspots in the Val Seriana area.

2. The absence of significant areas in the local spatial analysis may be imputed to the
extension and subdivision of the area considered. The variations of the mortality
indexes compared to the average weekly values are minimal because of the limited
extension of the area considered, where the indexes tend to rise and decrease to-

gether, and the small number of data areas (28 for each week). Moreover, even
[w]

local Moran index with respect to the other 27 areas through permutational tests is

when we observe values of m,; * higher than average, assessing the significance of the
challenging. This is likely the reason for the difficulties in detecting spatial clusters
and outliers at this level, which could only be overcome by expanding the analysis
area. The spatial granularity can not be reduced because we need to assign every
municipality to the station of reference to match the spatial analysis considering

Trenord mobility data, which can not be reproduced otherwise.

5.3.3. Spatial analysis of Trenord mobility data

Finally, we reproduce the spatial analysis of subsection 5.3.2 (same area and spatial gran-
ularity), plugging in the real railway movements estimated in Chapter 4. The description
of actual mobility overcomes the limitations of the projected RL mobility data, allowing
us to have a reliable description of the mobility changes in 2020 after the COVID-19

outbreak. We can also assess in detail the role of public railway transport.

In Chapter 4, we estimated 37 weekly OD matrices representing train journeys in the
study area during 8 months of 2020 (from March to June and September to Decem-
ber). We remove 4 of these weeks since they do not contain 7 days of data and use
the remaining 33 OD matrices to build railway mobility-based spatial weights 5%”] as
described in subsection 5.1.2; applying again Equation (5.3). Unlike the other mobility-
based spatial analysis of subsections 5.2.2 and 5.3.2, the mobility-based spatial weights
(5%"], w € W\{08,26,35,52} are dynamic and change weekly. Thus, we have two dynamic
levels in this final spatial analysis: the dynamicity of the mortality index mgw] and the

one of the spatial weights 5%”].

We hypothesise a lag between the mobility phenomenon and the consequence on mortality

rates, as was found in other works such as [11, 12]. We thus compute the global and
[w]

)

[w of the same week w

local Moran indexes 1! and Ii[w] selecting the mortality rates m
and considering spatial weights 52”_‘]}, where ¢ is the lag in weeks between the mobility
and epidemic effects. We vary ¢ € [0,10]. Values of [w — ¢] for (5%”7[1] can fall only in

W\{08,26, 35,52}, the set of weeks for which we have an estimated OD matrix from the
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Trenord network (see Figure 4.2 for a visual representation of W, excluding weeks 08, 26,
35 and 52). We define mortality rates mﬁ“’] for 2021 when needed, encoded by w > 52.
The inactive stations shown in Figure 4.8 must be ignored in the spatial analysis because

of the impossibility of defining their mobility-based spatial weights.

Global Moran indexes

We compute global Moran indexes 1! for each of the weeks [w — q] € W\{08,26, 35,52}
and each possible lag ¢ € [0,10]. We find a single case in which we have evidence of
positive spatial autocorrelation, corresponding to week of mortality index w = 11 and
lag ¢ = 2, associated with mobility weights (551. Fixing the same mobility weights 5%1
and varying the values of ¢ to study the effect on other mortality rates, no influence of
the same mobility weights on other weeks’ mortality rates is found through global Moran

indexes.
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Figure 5.12: Global Moran indexes at BreBeMi level based on Trenord mobility data,

comparing two values for the lag ¢ to define railway mobility-based spatial weights 5%‘}_‘1]

Figure 5.12 shows the evolution of the global Moran indexes choosing two different values
for the lag, ¢ = 2 or ¢ = 4. First, we want to compare the real railway mobility inducing
spatial weights 5%"_‘1] with the estimated railway mobility of the RL dataset inducing
weights dg, whose global Moran indexes are shown in Figure 5.11. The Trenord-induced
weights show more oscillations and lower values in the Moran indexes than the RL-induced

ones.

Considering the first wave period, we have to underline that the first available Trenord
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estimated OD matrix refers to the first week of March, the only one found significant
in the analysis (spatial weights (55]). This matrix describes the week from March 2 to
March 8, when the first Italian cases of COVID-19 had already been announced, and fear
of the virus was influencing people’s movements. We thus have reason to believe that
the influence of railway mobility on mortality rates during the first wave period should
be investigated considering February mobility, before the announcement of the COVID-
19 outbreak and the following mobility restrictions. Adding real mobility data for this
period is undoubtedly an important future development of this work. Still, our study
retains validity since we have no reason to believe that mobility in the first months of
2020 significantly differs from the projected RL data. In our analysis, we rely on the RL
mobility data to describe railway mobility in February, and the Trenord data provides

actual descriptions after that.

Putting together the two kinds of mobility data, we can conclude that there is a spatial
association between railway mobility and the epidemic phenomenon during the first wave
period. We find evidence of that in subsection 5.3.2, where we observe the influence of
RL projected railway mobility on the mortality rates during the second week of March.
Moreover, we also infer an effect of real railway mobility in the first week of March on the
mortality rates of the third week in this subsection. However, when considering the role
of railway mobility compared to overall mobility in the epidemic spread during the first
wave, as highlighted in subsection 5.3.2, we do not observe any evidence in favour of a
leading role in the diffusion of railway mobility compared to overall mobility. Indeed, we
found no weeks (here and in subsection 5.3.2) where railway mobility correlates with the

epidemic phenomenon and overall mobility contradicts this behaviour.

Coming to the analysis of the second wave period, we have no problem with missing mo-
bility data here since the outbreak of the second wave can be pinned on the September
and October period, and we have Trenord data from September to December. We must
underline that these data are the only reliable ones to describe actual mobility during the
second wave period in our study. We came to some conclusions using the projected RL
data in subsections 5.2.2 and 5.3.2, but we know we can not trust the RL mobility de-
scription after March. The Trenord data finally allow us an accurate mobility description

for this period.

No global Moran indexes show positive spatial autocorrelation in the second wave period:
plugging in real mobility data into the pipeline did not change the findings of the RL
data analysis in subsection 5.3.2. We remind again that the BreBeMi area, as shown in
the exploratory analysis of subsection 5.3.1, was essentially untouched in mortality during

the second wave period because of the strong impact experienced there during the first
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outbreak of the epidemic. This fact could explain the absence of positive spatial autocor-
relation in the second wave period, while we observed a global effect in the Lombardia

area considering the projected RL mobility data in subsection 5.2.2.

Local Moran indexes

We compute local Moran indexes [Z-[w] for each lag ¢ € [0,10], each w s.t. [w — q| €
W\{08,26,35,52} and each of the 28 station’s basins. We aim to detect interesting

2

locations showing values of the mortality index m; ' similar or dissimilar to nearby areas

in the sense of railway mobility-based weights (51[;"7%.

Local Moran indexes [ i[w} never reveal any significant areas for any value of ¢ € [0, 10] and
w s.t. [w—q] € W\{08,26,35,52}. We found the same behaviour in the analysis of the
RL projected data at the BreBeMi level of subsection 5.3.2. We can thus confirm and

expand the comments made for the RL mobility data case.

Considering the first wave period, we have to underline again that if a link between
railway mobility and the disease spread existed, it would need to be thoroughly researched
in the period where mobility happened without influence from events associated with
the epidemic spread. However, we can rely on the RL data to describe that period
(February) to complement the analysis. Despite the evident spatial pattern highlighted
in subsection 5.3.1, where we can see high values of the mortality indexes in some basins,
particularly in those belonging to the Bergamo province, the local spatial analysis reveals
no significant areas. Again, the same two hypotheses described before could explain this
behaviour. First, the absence of spatial outliers and clusters could be explained by the lack
of connection between railway mobility-based spatial weights and local spatial patterns
in the epidemic feature. Secondly, the limited extension and wide spatial granularity
of the BreBeMi area could make identifying interesting areas from permutational tests
challenging. We believe that the latter hypothesis is the most likely since the analysis at
the Lombardia level established a strong power of mobility weights in identifying spatial

clusters.

During the second wave period, the RL projected mobility data lose explanatory power,
but we have complete Trenord data about railway mobility. Considering the limitations of
the area and granularity, we can interpret the absence of interesting areas together with the
findings of subsection 5.2.2 at the Lombardia level. In that case, neither contiguity-based
spatial weights nor mobility-based ones (based on the unreliable mobility description of
RL data, which, however, could still identify global spatial autocorrelation in the epidemic

phenomenon of the second wave period) could recognise interesting areas in the form of
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the epidemic hotspots. This fact, coupled with the exploratory analysis of the mortality
rates of subsections 5.2.1 and 5.3.1, enforces the conviction that the epidemic phenomenon

developed homogeneously in the area during the second wave period.

Putting together the findings revealed by local and global Moran indexes in this subection
and subsection 5.3.2, no evidence of a prevalent role of public railway transport in epidemic
diffusion is found in the analysis. This does not allow us to conclude that public railway
transport did not play a role in this matter, but we can hypothesise that it configures
itself as a part of overall mobility, following the same trends. Thus, when overall mobility
shows a connection with the epidemic phenomenon, railway mobility does the same in its
framework, but we have no periods of a link between mobility and epidemic found only

in railway mobility.

5.4. Discussion and answer to the research questions

We now combine the points discussed in this Chapter to answer the two research questions,

discussing the implications and acknowledging the limitations of our work:

e ()1: Can we establish a link between the evolution of the pandemic during 2020 and
mobility?

e ()2: Did railroad mobility play a relevant role in the pandemic diffusion compared
to other kinds of mobility?

To address these questions, we investigated the link between epidemic and mobility data
selecting one epidemic indicator (mortality rates) and defining spatial weights from mobil-
ity data. These weights allow us to assess the relationship between their spatial description
and epidemic data through global and local Moran indexes. The epidemic indicator re-
mained fixed while we tried various mobility data to define spatial weights associated with
overall or railway mobility and mobility estimated according to data prior to 2020 (pro-
jected) or relating to actual movements in 2020 (real). Figure 5.2 presents our procedure
to analyse the relationship between mobility and epidemic spread, while Figure 5.3 shows

the different levels of analysis we explored.

We first conducted the spatial analysis in a wide area with fine spatial granularity (Lom-
bardia area) using projected mobility data from Regione Lombardia about overall mo-
bility. We then restricted the same research to the BreBeMi area to compare projected
and real mobility from Regione Lombardia and Trenord OD matrices. At this level, we
considered the role of public railway mobility, described by the RL and Trenord data,
compared with overall mobility through the RL data.
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5.4.1. Q1: Can we establish a link between the evolution of the
pandemic during 2020 and mobility?

Lombardia’s spatial analysis shows a strong link between mobility and epidemic phenom-
ena. The spatial mobility description provided by the RL data relates to the epidemic
phenomenon in both the first and (to a lesser extent) second wave periods, identifying
weeks of significantly positive spatial autocorrelation. Moreover, mobility-based spatial
weights identify larger high-high areas during the first wave period than contiguity-based
spatial weights. The role of the flagged high-high areas in epidemic diffusion should be
investigated more deeply, establishing if these areas were starting locations of the spread

through their outbound mobility flows.

From the analysis of the RL and Trenord-derived mobility data at the BreBeMi level, we
have evidence confirming the existence of a link between epidemic diffusion and mobility
in the first wave in the area. The connection is weaker than what we observed in the
Lombardia area, likely due to the limited area and wide spatial granularity we must
adopt for the analysis. Still, we can see evidence of positive spatial autocorrelation in the

first wave period by all the mobility-based spatial descriptions adopted.

All the spatial analyses highlight the role of the first national lockdown in breaking the
positive spatial autocorrelation. Indeed, the global Moran indexes decrease in this period.
After a while, no positive spatial autocorrelation is detected in the mortality rates: the
restrictions had a consequence in the spatial patterns of the mortality rates. Moreover,
the high-high areas flagged in the local spatial analysis disappears sometime after the
beginning of the first lockdown.

Concerning the second wave period, we should investigate the link between epidemic
and mobility more deeply. Even though the RL mobility data lose their reliability in
describing mobility trends after the COVID-19 outbreak, they still show some weeks of
positive spatial autocorrelation with no detected hotspots at the Lombardia level. This
may indicate a more homogenous diffusion trend than the first wave period, with similar
mortality rates in neighbouring areas, without particular locations showing values much

higher than average.

We did not find evidence supporting this interpretation in the spatial analysis of the
BreBeMi area by any mobility description, particularly the one derived from actual
Trenord data, the only mobility data we have representing real mobility trends for the
second wave period. Indeed, we did not detect any week of positive spatial autocorrela-

tion. Still, we have to underline that the second wave had little effect on mortality in the



5| Spatial Analysis of Mobility and Epidemics 109

BreBeMi area because of the strong impact on mortality suffered during the first wave
period. The analysis of the second wave period should be repeated in a larger region,

considering relevant mobility data derived from actual mobility flows.

5.4.2. Q2: Did railroad mobility play a relevant role in the pan-

demic diffusion compared to other kinds of mobility?

We assessed the role of railway mobility in the epidemic diffusion only in the BreBeMi area.
First, we considered the RL projected data, which contains overall and railway mobility
information. Then, we introduced the Trenord-derived data about actual movements by
train in 8 months of 2020.

Considering the global spatial analysis, we recognised the role of railway mobility in
describing the positive spatial autocorrelation in the mortality rates for a few weeks
belonging to the first wave period. Thus, a connection exists between this kind of mobility

and the epidemic phenomenon, as described by mortality rates.

However, no evidence was found of a prevalent role of railway mobility compared to overall
mobility. To come to this conclusion, we interpreted together the RL and Trenord-derived
mobility data since the Trenord analysis during the first wave period suffers from the lack
of data describing January and February’s mobility. Without dynamic OD matrices de-
scribing these months, we supplemented the railway description with the static projected
RL data. Indeed, we have no reason to believe that mobility in the first months of 2020
should differ from the RL data. Thus, we have a complete representation of railway mo-
bility to draw conclusions. The RL projected data individuates only one significant week
for railway mobility, which was one of the two weeks identified by overall mobility-based
spatial weights. The Trenord data allow us to highlight another week of positive spatial
autocorrelation according to railway mobility. Moreover, the global Moran indexes in-
duced by railway mobility (according to the two mobility descriptions) are always lower

than the ones computed considering overall mobility through the RL data.

Considering the second wave period, we observe no positive spatial autocorrelation by
either mobility description. Remarkably, the Trenord data provided us with the only reli-
able mobility representation for this period since the RL data provides a static projected
mobility description. Thus, in the BreBeMi area (which was lightly affected in the sec-
ond wave period), there is no evidence of positive spatial autocorrelation in the epidemic
phenomenon described by railway mobility. Still, the limited extension and wide gran-
ularity of the area analysed could make identifying spatial autocorrelation challenging.

The robustness of these findings should be confirmed considering a larger region.
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Railway mobility-based spatial weights identify no interesting areas in the BreBeMi area.
However, overall mobility still fails in detecting significant local Moran indexes, while
the same weights identified extensive high-high zones at the Lombardia level. Indeed, the
limited extension and wide spatial granularity probably caused this failure in the BreBeMi
area. Thus, we should investigate deeper the role of railway mobility compared to overall

mobility in detecting interesting areas.



111

Conclusion

This work was motivated by the interest in analysing mobility data to assess the role of
mobility in COVID-19 spread through 2020, focusing on evaluating if a particular kind of

public transport (public railway transport) had a prevalent role in the epidemic’s diffusion.

Achievements

To reach our research goal, we collected a mobility dataset (the RL OD matrix) describing
projected movements between municipalities in Lombardia, estimated from data collected
prior to 2020. This dataset was the starting point of our analysis. Still, we needed more
data dynamically describing mobility flows during 2020 to consider the impact that the
disease spread and restrictions adopted to contain it had on mobility, particularly on public
transport. We derived a representation of public railway mobility from data provided by

Trenord, the local railway company.

The need for mobility data accurately describing mobility flows in 2020 led us to develop
a procedure to estimate weekly OD matrices describing movements by train in the limited
portion of the Trenord network covered by the available data. Our estimation pipeline
presents some novelties compared to other works in trip distribution modelling to deal with
problems specific to the Trenord datasets, like estimating trips from tickets and correcting
passenger counts for train rides with missing data. The estimated Trenord OD matrices
obtained by applying the pipeline showed coherency with some reality-induced principles
and gave us qualitative evidence of their ability to represent actual mobility flows in 2020.
The estimation pipeline’s relevance goes beyond the scope of our research, as it could be
generalised and extended to the whole Trenord network or other transportation networks,
provided that we could derive seed OD matrices and estimates of trips beginning and
ending in each zone of the network. Comparison with the RL mobility data showed a

strong predictive power of the railway RL data in actual Trenord-derived data.

Regarding our research goal, the purpose of the Trenord-derived mobility data in this work
is twofold: they describe actual mobility trends through 2020 and allow us to address the

role of a specific kind of public transport believed to be a primary carrier in epidemic
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diffusion.

Coming to the analysis of the relationship between mobility and epidemics, we developed
a procedure to analyse spatial autocorrelation in an epidemic feature, mortality rates in
our case, through a spatial description based on mobility flows. To apply this procedure,
we need an areal indicator describing the epidemic outcomes and mobility data in the
form of OD matrices. In our work, we chose mortality rates as the epidemic indicator
and computed mobility-based spatial descriptions through the static RL OD matrix or
the dynamic Trenord ones. We considered two regions, first the entire Lombardia region

and then a limited area covered by the Trenord data, named BreBeMi area.

Results indicate a strong relationship between mobility and epidemic spread in Lombardia
through 2020. All mobility data considered always revealed periods of positive spatial
autocorrelation in the mortality rates. Moreover, the mobility-based spatial description
identified larger high-high spatial clusters in the Lombardia area during the first wave
period than the spatial description based on zones’ contiguity. These areas warrant further
investigation into their potential role in the epidemic’s spread. This first level of analysis
highlighted the link of mobility-based spatial weights to the epidemic phenomenon and

called for more insight into mobility trends.

Concerning the role of public railway transport, we investigated this aspect only in the
BreBeMi area to exploit the estimated dynamic Trenord data. We had to supplement the
description given by the Trenord data with the static RL data describing railway mobility
because we missed Trenord data for the months of January and February, which we believe
had the highest impact on the disease diffusion following the COVID-19 outbreak in the
area. We observed that railway mobility-based spatial weights could still identify some
weeks of positive spatial autocorrelation in the epidemic feature. On the other hand,
the identified period matched the period highlighted by the overall mobility description
and we never found positive spatial autocorrelation according to the railway mobility-
based spatial description in periods of no correlation with overall mobility. Moreover, the
global Moran indexes computed according to the railway mobility spatial description were

consistently lower than the ones computed according to overall mobility.

This thesis has shown the potential power spatial descriptions based on mobility could
have in identifying epidemic diffusion’s periods and hotspots. Concerning the role of public
transport, this work found no evidence to affirm that a particular kind of public transport
(railway mobility) played a prevalent role in the pandemic’s diffusion compared to overall
mobility. Further research is needed to assess if mobility-based spatial descriptions could

describe the epidemic diffusion’s dynamic considering different kinds of mobility. However,
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this analysis might be the starting point for developing decision tools for policymakers
having to take action to react to epidemic phenomena, supported by further research
about the role of mobility in spreading the disease. Moreover, if we could affirm that
public transport had no prevalent contribution to the epidemic’s spread, restrictions on
its usage for future outbreaks could be reviewed. This could release businesses in the field

of huge losses and encourage people not to fear this transportation method.

Future developments

While this work has made significant contributions to understanding the role of mobility in
epidemic diffusion, we acknowledge limitations to our analyses, paving the way for future

research. This Section will outline some potential future developments for our work.

First, even if past works show the representative power of the mortality rate of people aged
70 or more to describe the pandemic evolution during 2020, the spatial analysis pipeline
we developed is general. Thus, we could repeat the study considering different kinds of
areal epidemic data, like the rate of positive swabs, quarantined people or occupancy of
intensive care units to represent various aspects of the epidemic. Another point to consider
if we want to analyse the pandemic evolution through 2021 is that after the end of 2020,
epidemic waves show their effect on peak infection rates but hardly on mortality rates,
as shown in [11]. Because of this, it could make sense to repeat the spatial analysis with
a different epidemic indicator than the mortality rate when considering later epidemic

periods.

At the same time, we could also consider different mobility data in the spatial analysis
pipeline. Concerning this point, we underline that the estimation procedure we developed
to estimate movements by train in the Trenord network could be generalised to other
transportation networks, such as metro or bus systems or other train networks. Alter-
natively, we could extend the area of estimation to include the whole Trenord network
instead of a limited portion and repeat the spatial analysis with little effort. Another
future development we cited multiple times is the extension of the estimation of trips
by train in the BreBeMi area to include January and February railway mobility. This
extension could allow us to analyse actual movements by train in the spatial analysis
thoroughly. However, we expect to obtain mobility trends similar to those described by
the projected RL data, as we have no reason to believe that actual mobility should differ

from the projected description in this period.

In Chapter 5, we compared mobility-based spatial weights with contiguity-based ones in

the Lombardia area. We could extend the comparison to include distance-based weights,
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like inverse distance or distance bands. These weights could also add a layer to the analysis
of the BreBeMi area, for which we could not define contiguity-based spatial weights due

to the lack of complete representation of neighbours for the zones of the study.

Another strand of research could be assessing the mobility trends’ changes in Lombardia
and comparing them with the projected mobility description for 2020 released by RL Open
Data in 2019. We stated multiple times that we believe mobility has completely changed
since the epidemic. However, the comparison between railway mobility (as described by
the projected RL data and Trenord actual data) points to the predictive power of the
projected data for the Trenord-derived mobility trends. We investigated this matter only
for railway mobility in the BreBeMi area, but we could repeat and extend the comparative
analysis if we estimated other kinds of mobility data or the same data in other areas and
periods. Moreover, the mobility-based spatial weights derived from the projected RL
data could still identify positive spatial autocorrelation in the epidemic feature during the
second wave period, which hints again at the retention of validity of these data to provide

insights on mobility trends.

Finally, in Chapter 5, we declared that the larger high-high spatial clusters identified by
mobility weights called for further investigation into their role in epidemic diffusion. We
could elaborate on this matter by analysing the time series of the epidemic feature for
two nearby areas, according to the notion of nearness induced by mobility. In particular,
we would choose a high-high area (identified in the local spatial analysis) and another
nearby zone (looking for high values in the mobility-based spatial weights) to identify
anticipators in the first time series for the second one, applying time-series methods like
the Engle-Granger causality test [83]. Suppose we established that the first area influenced
the second one. In that case, we could go on to investigate their relationship through the

first outbreak and lockdown period to assess the role of lockdown on their connection.
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A. ‘ Appendix A

This Appendix aims to explain in detail our reasoning in selecting the time aggregation
(w]
i

needed to define the epidemic indicator m; ' on which we based the spatial analysis

of Chapter 5.
First, we recall the formula of the epidemic indicator used to model the epidemic response,
expressed in Equation (5.1):

[w] Zzz—slide—i-l deaths'gq]

m.. = -
population;

7

In the spatial analysis pipeline presented in Chapter 5 (see Figure 5.2 for a brief reminder
of the procedure), we compute global and local Moran indexes to assess global and local
spatial autocorrelation in the epidemic feature. We explore four values of the slide pa-
rameter which express the time aggregation of the mortality index, slide € [1,2,3, 4] and
motivate our reasons for selecting slide = 2. We conduct this analysis in the Lombardia
area in the same fashion of subsection 5.2.2. We consider mobility-based spatial weights
derived from the RL OD matrix.

The rationales which will guide us in the selection are the following:

e We want to select a slide large enough to smooth out weekly oscillations and high-

light longer-term trends in mortality and Moran indexes.

e We want to select a slide small enough to identify the earliest possible variations in

the mortality rates and Moran indexes.

We have to consider both the values of global and local Moran indexes in the selection.

A.1. Selection of the time aggregation parameter

Figure A.1 compares the global Moran indexes computed for every week of 2020, selecting
slide € [1,2,3,4].
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Figure A.1: Global Moran indexes at Lombardia level based on RL mobility data, com-

paring slide € [1,2, 3, 4]

We can immediately discard the value slide = 1 because of the lower values of the indexes

compared to the other cases and because of its limited power in revealing positive spatial
autocorrelation in the second wave period. On the other hand, global Moran indexes give

us no strong reason for selecting one of the other three possible slide values.

In the next pages, we display the LISA maps showing the interesting areas detected by
local Moran indexes, comparing slide € [1,2,3,4]. We show the maps for the weeks

corresponding to the first pandemic outbreak and the following lockdown period, w €
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[8,9,10,11,12,13]. The rows of the figures represent the same week on the same page,
while the columns compare different values of slide. In particular, Figure A.2 shows [i[w]
for w € [8,9,10] and slide € [1, 2], Figure A.3 shows Ii[w] for w € [8,9,10] and slide € [3,4],
Figure A.4 shows IZ-[w] for w € [11,12,13] and slide € [1,2], and lastly, Figure A.5 shows
1" for w € [11,12,13] and slide € [3, 4.

We make some comments which guide us to the choice of the final slide value:

e Indexes computed for slide = 1 reveal a much lower number of high-high areas than
the other cases. Thus, we judge that considering only one week in the computation
of the mortality index does not lead to an accurate representation of the clustered
spatial pattern. However, the slide = 1 value has already been judged unsatisfactory
in the analysis of the global Moran indexes. The only point in its favour is the fact
that it is the only index flagging two high-high areas in week 8, corresponding to

two territories in the immediate surroundings of Codogno.

e The slide = 2 case highlights the highest number of high-high areas in weeks 9 and
10. Starting from week 11, the areas corresponding to the surrounding of Codogno
disappear from the map while they remain significant for the slide = 3 and slide = 4

cases.

e Cases slide = 3 and slide = 4 are extremely similar. The only difference between
them is the lower value of high-high areas for the slide = 3 case in weeks 12 and 13,

compared to slide = 4.

Thus, we select slide = 2 for its power in detecting high-high areas at the earliest. The
fact that the Codogno area disappears from the maps earlier than the others areas is
coherent with the early restrictions adopted there, which caused reductions in mortality

rates before other zones.

However, a point in favour of the slide = 3 (or slide = 4) case is the higher global Moran
indexes detected during the second wave period compared to the slide = 2 value. Because
of this, we decided to make more precise comments on the comparison between global
Moran indexes computed according to mobility-based spatial weights or contiguity-based

ones in the next Section of this Appendix.
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Figure A.2: Spatial clusters and outliers identified by the local Moran indexes Ii[w] in

Lombardia, comparing slide € [1,2] and w € [8,9, 10]
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Figure A.3: Spatial clusters and outliers identified by the local Moran indexes IZ-[w] in

Lombardia, comparing slide € [3,4] and w € [8, 9, 10]
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Figure A.4: Spatial clusters and outliers identified by the local Moran indexes Ii[w] in
Lombardia, comparing slide € [1,2] and w € [11,12,13]
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Figure A.5: Spatial clusters and outliers identified by the local Moran indexes IZ-[w] in
Lombardia, comparing slide € [3,4] and w € [11,12,13]
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A.2. Discussion of the case slide =3
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Figure A.6: Global Moran indexes at Lombardia level based on RL mobility data and
aggregation of death counts into 2 weeks
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Figure A.7: Global Moran indexes at Lombardia level based on RL mobility data and
aggregation of death counts into 3 weeks

Figure A.6 displays the curves of global Moran indexes computed with slide = 2 according

to contiguity or mobility-based spatial weights, while Figure A.7 shows the same curves
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selecting slide = 3.

We can observe that there are no differences in the weeks’ positive spatial autocorrelation
detected during the first wave period according to the two values of slide. On the other
hand, aggregating the death counts data into three weeks recovers a higher number of

weeks showing positive spatial autocorrelation in the second wave period. Indeed, for
[w]
i

contiguity-based spatial description (as opposed to the 5 weeks identified with slide = 2)

values of m; ' computed choosing slide = 3, we observe 10 significant weeks for the
and 8 significant weeks for the mobility-base case (7 for the slide = 2 case). The first wave
period shows no major differences in the global Moran indexes, but selecting slide = 3
causes a significant delay in identifying interesting areas through local Moran indexes
during the first wave, which is why we decide not to proceed with the aggregation into
three weeks analysis. However, in case of future analysis, it could be worth exploring

further the role of the time aggregation parameter.
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