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There are more than 110,000 km of planned and operative High-Speed Rail (HSR) lines in the world. A
fundamental problem is to estimate the travel demand that uses HSR services. The paper considers models
simulating the run choice of users among existing alternatives travelling between a given origin-destination pair.
The research contribution concerns the proposal of a method for the identification of users from the observation
of day-to-day tickets evolution. Ticket evolution constitutes a big and innovative dataset for national trans-

portation system open to competition. The method is composed by two main parts. The former deals with the
building of the choice set of alternatives, analysing the series of services tickets, and ends with the identification
of user’s choices. The latter phase deals with the specification and calibration of a run choice model. The pro-
posed method has been tested on the relationship Rome-Milan (Italy), through the calibration of a disaggregated
run choice model belonging to the class of random utility models. The obtained results can be important because
give the possibility to update the model parameters from data obtained observing the ticket evolutions.

1. Introduction

High Speed Rail (HSR) lines generate effects on passengers’ travel
demand which are generally segmented into the three components:
diverted, from other modes or other rail services; induced, in terms of
trip frequency and destination generated by higher levels of service (e.g.
reduction of travel time) due to HSR; economy-based, in terms of trip
frequency and destination generated by the economy in the cities, or
areas, served by HSR (Ben-Akiva et al., 2010; Givoni and Dobruszkes,
2013; Cascetta and Coppola, 2014; Russo et al., 2023).

Several studies have been carried out on HSR demand models in the
scientific literature with the spread of HSR lines in the world. There was
a diffusion of studies on models for the estimation of diverted demand,
due to the attempt of capturing the demand diversion from the air mode
and conventional rail services, as the opening of HSR lines caused
competition in the inter-modal level (e.g., mode choice) and in intra-
modal levels (e.g., service, company and run choice) (Cascetta and
Coppola, 2012; Givoni and Dobruszkes, 2013).

The intercity travels for the HSR services (Di Gangi and Russo, 2023),
thus the different competition levels among the diverted component of
the demand are influenced by the fares’ structures. Therefore, the fare
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structures may be classified into static and dynamic over time. On one
hand, the static typology of fares is generally referred to the local rail
services and to the bus services. On the other hand, the dynamic fare
historically has characterized the air services and, in the last decades, it
has been adopted also in the High Speed Rail (HSR) ones (see, among the
others, Bergantino and Capozza, 2015; Malighetti et al., 2015; Russo
et al., 2024).

According to the above considerations, some crucial themes emerge
for the study of travel demand in the transport systems at national-scale
in presence of inter-modal and intra-modal competition. Inter-modal
competition has been the most studied in the literature and implies
the possibility of using different attributes, while intra-modal competi-
tion, less studied, mainly refers to attributes connected to fares and
departure times.

There are two important themes in intra-modal competition:

e The run choice model,
e The evolution of fares in the days before the trip.

The two themes are studied separately in the literature. The possi-
bility of using innovative methods for collecting data concerning the
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evolution of fares allows the two themes to be combined, providing a
decisive contribution to the development of sustainable transport pol-
icies in line with the goals and targets of Agenda 2030 (UN 2015, UN
2018). This, in order to allow the massive use of HSR systems which are
the most sustainable for intercity trips at a national scale in terms of
environmental (Dalkic et al., 2017; Tuchschmid, 2010; Baumeister,
2019; 11Sole240re, 2024), economic (Campos et al., 2009) and social
components (UIC, 2018).

The present work aims to put together the two above research lines
that until now have been developed independently: the development of
run choice models to estimate users’ behaviour in the choice of run in
the schedule-based intercity transport services (Cascetta et al., 1996;
Nuzzolo and Russo, 1998) and the analysis and estimation of dynamic
fare in the HSR and airline competition (Y.B. Xiao et al., 2008; Yao et al.,
2013; Bergantino and Capozza, 2015; Malighetti et al., 2015). Specif-
ically, the paper deals with models simulating choice behaviour of a HSR
run of users driven by the dynamic patterns of fares.

The research contribution concerns the definition of a framework for
the identification of users’ choice of the HSR run, as well as the devel-
opment of choice model in the above-mentioned dimension. The pro-
cedure is composed by two main phases. The former phase deals with
the building of the choice set of alternatives, analysing the patterns of
dynamic fares of HSR services, thus with the identification of user’s
choices. The latter phase deals with the specification, calibration and
validation of a run choice model. The proposed method has been tested
on the Rome-Milan city-pair (Italy).

The proposed method is innovative because it allows the run choice
models to be calibrated by means of data that are easy to obtain, inex-
pensive and continuously updateable; such as the traffic counts gener-
ally used for aggregate calibration.

The subsequent sections of the paper are organized in the following
way. Section 2 is composed by different paragraphs: a description of
discrete choice models and transport supply models with a literature
review about run choice models and an insight about the dynamic
structure of fare. Section 3 regards the specification of the proposed
procedure for the building of the choice set of alternatives and for the
identification of the user’s choice in the run dimension, as well as the
specification of the choice model. Section 4 contains the results of the
application of the method to the Rome-Milan section city-pair (Italy), as
test case. Specifically, it is described the process of identifying user
choices within the choice set through the proposed procedure. More-
over, the paper shows the results of the calibration of the specified run
choice model. Final section reports the conclusions of the research and
the future developments.

This work is aimed to support transport planners and decision-
makers to define sustainable transport policies in the evaluation of in-
vestment in HSR lines and services, by means of methodological and
modelling tools to assess the potential HSR travel demand.

2. Literature review

This section is organized into specific paragraphs. Paragraph 2.1
contains a description of the travel demand and transport supply
models. Paragraphs 2.2 concerns a literature review about the run
choice models. Paragraphs 2.3 present an insight about the character-
istics of fares in the intercity transport services. Paragraph 2.4 presents a
literature analysis of studies containing the results of models’ calibra-
tions from data not obtained from a direct survey.

2.1. Transport supply and travel demand models

The reference theoretical framework upon the present study relies on
the Transportation System Models (TSMs), based on the topological-
behavioural paradigm (Ben-Akiva et al., 1984; Orttzar and Will-
umsen, 2001; Cascetta, 2013).

Supply models estimate the performance of the transport
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infrastructures and services usually defined by means of (congested) cost
functions. They are classified according to different criteria. The first
criterion relies on the level of aggregation, identifying two approaches:
topological (or disaggregated) and aggregated. Topological approach
relies on network models, composed by links, nodes, and cost functions
(e.g. time-flow relationship). Aggregate approach estimates aggregate
performances (e.g. average travel time, average speed) as the effect of
the technological and functional dimensions of transport infrastructures.

Network models may be classified into (Nuzzolo et al., 2002; Cas-
cetta, 2013): synchronic, or static, models, and diachronic, or dynamic
models. Synchronic models have nodes with no specific temporal co-
ordinates, and the same node may be representative of events that
happen in different instants; this approach is generally used to represent
continuous services, where the services are available at every instant of
the time and at every point of the space (e.g. road private services).
Diachronic, or dynamic, models, have nodes with explicit temporal co-
ordinates, and each node is representative of an event that happen in a
precise instant; this approach is generally used to represent discontin-
uous services, where the services are available at some instants of the
time and in some points of the space (e.g. transit services).

As far as concerns the context of discontinuous services, two different
modelling approaches are present in the literature. Line-based supply
models are composed by two sub-models: the first is relative to the
representation of the services; the second is relative to the access/egress
network to/from the public transport system. Run-based supply models
represent the services in terms of runs. Each run can be described by
means of a sub-graph whose nodes represent the arrival and departure
times of the vehicles at stops and whose links represent the trips from
one stop to another or the dwelling at a given stop.

Travel demand models estimate the users’ behaviour, in terms of trip
choices, according to (congested) transport costs. Travel demand models
may be differently classified in the literature.

A first classification outlines the models in relation to the existing
variables (attributes), according to whether they relate to an aggregate
of users, aggregated models, or to a single user, disaggregated models
(Ben-Akiva et al., 1984; Orttizar and Willumsen, 2001; Cascetta, 2013).

o Aggregated models rely on traffic flow data on some selected links
(and nodes) of the network and they are commonly used due to the
availability of the data to calibrate and validate the models.

e Disaggregated models rely on data about revealed/stated prefer-
ences of (potential) users and have greater theoretical and opera-
tional complexities, also linked to the less availability about users’
choice behaviour.

A second classification leads to the segmentation of demand models
into three classes.

e Statistical-descriptive models estimate the levels of demand through
relationships with attributes belonging to the level-of-service and
socio-economic category;

e Time series models utilize the historical data recorded in order to

predict the demand flows, with fixed specifications;

Partial-share models simulate the user choice process through a

mechanism of partial sequential choices, or stages. The most com-

mon case is represented by multi-stage models, including generation,
distribution, time choice (arrival/departure), service choice, route
choice.

Partial-share disaggregated models are commonly used in the field of
transportation systems engineering. They can be based on the theory of
Random Utility (RU) (Ben-Akiva et al., 1984; Train, 2009; Ben-Akiva
et al., 2019), Fuzzy Utility (FU) (Russo, 1997; Quattrone and Vitetta,
2011), or Quantum Utility (QU) (Vitetta, 2016, 2025; Di Gangi and
Vitetta, 2021).

Commonly, the models vary in relation to the perceived utility
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function, by means of the different specifications among the various
levels of choice (hierarchical or factorial), as well as the random re-
siduals conduct towards two principal models types:

e models by choice probabilities specified in a closed form (e.g.,
Multinomial Logit, Nested Logit, ...)

e models with simulated choice probabilities (e.g. Probit, Mixed
Logit).

In the context of route choice, models rely on two main approaches:
the frequency-based approach and the schedule-based approach. The
run choice is discussed in the next section.

2.2. Run choice model

Two main approaches can be used in route choice modelling
(Nuzzolo et al., 2000; Cascetta, 2013; Russo and Vitetta, 2003): the
frequency-based approach and the schedule-based one. The
frequency-based approach considers services in terms of sets of runs
(lines). In this case line headways, or their inverse (the service fre-
quencies), are considered explicitly. Therefore, the calculation of attri-
butes users in relation to single runs is not possible. The schedule-based
approach refers to services in terms of runs using the vehicle
arrival-departure time. This approach allows us to take into account the
evolution in time of both supply and demand, as well as run loads and
level of service attributes.

The paragraph presents a brief literature review relative to run
choice models in the context of High Speed Rail (HSR) and air transport.
The research was carried out on the main scientific databases (e.g.
Scopus, ScienceDirect) and the selected publications, in some cases,
result to be more general respect to the issue proposed in this paper, thus
dealing with other choice dimensions than the run choice one. The pa-
pers described below are clustered into two main groups concerning: air
transport and High Speed Rail (HSR) (see Table 1).

On the HSR side, Nuzzolo et al. (2000) analysed the impacts of the
railway service characteristics, such as travel time, fares, timetable, on
the users’ choices in the dimensions of mode, service (fast or slow), class
(first or second) and run. The authors specified a choice model to
simulate users’ behaviour, in particular a nested-logit model, which
takes into account the access/egress from/to the terminals and the
desired departure/arrival times. The model has been calibrated with
data obtained from a survey performed on an Italian railway lines. Yao
and Morikawa (2005) modelled the intercity travel demand in Japan.
Users’ behaviour was analysed with discrete choice models, the
nested-logit model. The data were supplied by a survey and by aggregate
data. The model included the trip generation, the destination choice, the
mode and run choices. Cascetta and Coppola (2012) forecasted the

Table 1
Literature review on run choice models in air and HSR mode-services.
Paper Year HSR Air Country Choice System of
dimension models [Y/
N]
Nuzzolo 2000 x Italy Mode-service- Y
et al. class-run
Anderson 2003 X - Ticket N
and
Wilson
Yao and 2005 x Japan Mode-service- Y
Morikawa run
Espino et al. 2008 X Spain Ticket class N
Cascettaand 2012 x Italy Mode-service- Y
Coppola company-run
Jung and 2014 X South Mode-Service Y
Yoo Korea
Cascettaand 2016  x Italy Mode/service Y
Coppola
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passenger demand with a schedule-based assignment model considering
Italian HSR scenarios. The simulation was developed after the specifi-
cation and calibration of a nested logit model among the
mode-service-company-run levels. The model has been calibrated on the
base of the data provided by traffic count and RP/SP survey carried out
between the years 2009 and 2011, which take into account fares, travel
times, access/egress times, runs departure times, HSR company as main
attributes. The model was applied in an Italian case study on the
Rome-Milan and Rome-Naples relationships. Cascetta and Coppola
(2016) proposed a framework with the objective to predict passenger
flows on individual rail run by developing a system of models composed
by a national demand growth model, a multi-step demand model (gen-
eration/distribution/mode/service choice), and a stochastic assignment
model. A random utility model has been specified, in particular a
nested-logit model, for the choice dimensions of mode/service/class
run. The model was estimated on an Italian case study, in which there is
company competition in the context of High Speed Rail services.

On the air transport side, Anderson and Wilson (2003) explored the
context of users’ ticket purchase behaviour. The paper proposes a model
to simulate users’ choice probability in the case of reopening of a closed
fare class. The authors objective is to explore the travellers’ choices
between waiting before buying a ticket with the objective of a cheapest
fare occasion or purchasing a different type of ticket. Espino et al. (2008)
discuss and analyse the users’ willingness to pay for change ticket class
in the Spanish airline services, thus the travellers’ preferences in the case
of different service offered by companies. The authors calibrated a
multinomial logit and mixed-logit models with different configurations
of the systematic utility, which includes level of service variables, price,
penalty for ticket changes, service frequency, comfort, reliability and
socioeconomic variables. Jung and Yoo (2014) examined the
mode-service choice behaviour of travellers among low cost airlines, full
service airlines and High Speed Rail (HSR) services in the context of
domestic flights in South Korea. The companies’ competition was
simulated by specifying a multinomial logit and nested logit models,
where the utility was composed of socioeconomic and level of service
(fare, access time, frequency, travel time) variables.

2.3. Day-to-day ticket evolution in the intercity scheduled transport
services

Ticket may be characterized by a static or dynamic structure. The
static structure is typical associated to the regional and local rail
transport, whereas historically the dynamic structure of fares is associ-
ated to the airline services.

However, nowadays the High Speed Rail (HSR) services are also
characterised by the dynamic structure of fares. Hence, the dynamics
implies that the fares value change over time, caused by several factors
which could be classified into two groups respect to the travellers’
behaviour of buying tickets: exogenous factors and endogenous factors.
For instance, some endogenous factors are the time between the day of
ticket purchase and the trip day, the level of seats occupancy of the train,
while exogenous factors depend on HSR companies (pricing policy). In
the case of Italian HSR companies, exogenous factors are mainly con-
nected to the runs, the hour of the day and the day of the week, the
availability of the fare in the last days before the trip day (NTV, 2013;
Trenitalia, 2024).

More specifically, the travellers’ behaviour of buying tickets could be
different according to the typology of fare, which is typically associated
to different complementary services, and according to the typology of
user, which could be a business traveller (“time-based” behaviour) and a
non-business traveller (“price-based” behaviour) (Xiao et al., 2008). On
one hand, the time-based behaviour is supposed to choose the run
and/or the ticket on the basis of temporal attributes, such as the mini-
mum travel time, desired arrival/departure time. On the other hand, the
price-based behaviour is supposed to choose the run and/or the ticket
relying on the minimum ticket price available, thus on the minimum
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monetary cost.

As far as concern the above exogenous and endogenous factors, two
groups of fare patterns may be identified: the supply-based fare pattern
and the demand-based fare pattern.

As far as concerns the supply-based pattern, pricing strategies of
high-speed rail and airlines companies are based on revenue manage-
ment systems (see, among the others, McAfee and Te Velde, 2006; Tal-
luri and Van Ryzin, 2006). These systems categorize fares into different
booking classes, or fare buckets, and the availability of these classes is
dynamically modified according to algorithmic predictions of demand,
competitor pricing, overall seat occupancy reaching specific thresholds,
and the time remaining until departure.

An important element to remark in the demand-based pattern, is that
fare levels are on average lower where is present the competition among
mode-services. A recent study showed that, in Italian city-pairs con-
nections where there is no inter-modal competition (captive connec-
tions), an increase of 10 % in the airline modal share allowed companies
to fix fares 7.1 % higher than less captive city-pairs connections.
Moreover, the authors observed a J-shaped temporal patters of airline
fares for city-pairs connections where inter-modal competition is pre-
sent, while the patterns seemed monotonically increasing for more
captive city-pairs connections (Bergantino and Capozza, 2015; Maligh-
etti et al., 2015).

The demand-based group regards the services characterized by fares’
changes due to company (pricing policy) and to the traveller’s choice
behaviour. In other terms, the impact of the demand, for instance the
ticket purchasing behaviour contributes to modify the regular evolution
of the fare curves. Typically, a demand-based fare pattern may show an
evolution similar to the ones depicted in Figs. 1 and 2. The two figures
show the non-regular changes over time of the ticket fares. In this cases it
is possible to suppose that there is the decisive contribution of the travel
demand. Specifically, Fig. 1 shows the case of evolution of HSR fares for
one run and for different trip days; while Fig. 2 shows the case of evo-
lution of HSR fares over time considering three HSR runs for a given trip
day. The irregular variations of the value of the fares over time excludes
that the variations are due to a mere intervention of companies.
(Anderson and Wilson, 2003; Bergantino and Capozza, 2015; Malighetti
et al., 2015).

2.4. Data collection methods

An in-depth literature review has been carried out on studies that
consider an aggregate database given by traffic counts on the links of the
transport network. The technique of traffic counts is currently one of the
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advanced alternative data collection method compared to direct in-
terviews. The analysis of the literature aims to verify how the traffic
counts traditionally used for private modes at an urban scale, have been
spread in public transport systems at an extra-urban and national scales.

The analysis was developed on the basis of the technique called
Snowball Sampling (Goodman, 1961), hence starting from the scientific
databases: Scopus, Web of Science, Scholar. A total of 354 works were
identified and considering the simultaneous presence of works in
different databases the number of works was reduced to 163.

It was verified whether quantitative results of calibrations were re-
ported in each work, thus obtaining 60 works. Two classifications were
made on the 60 works.

1) Quantitative calibrations: 54 works aggregated and 6 works
disaggregated.

2) Case studies: 36 works in urban context and 24 works in extra-urban
context.

The combination of the above two classes leads to the following
results:

e 31 works of case studies in urban context and aggregated
calibrations;

e 23 works of case studies in extra-urban context and disaggregated
calibrations;

e 1 work of case studies in extra-urban context and disaggregated
calibrations;

e 4 works of case studies in urban context and disaggregated
calibrations.

A summary of the 4 works of interest concerning case studies in
urban contexts (Table 2) is reported below. The last right column of
Table 2 reports the publication that is the source of each publication
examined.

De Luca (2005) proposes a methodology which concerns a mixed
disaggregate/aggregate specification and calibration system of models,
with the aim of the simulation of the travel demand in relation to
different scenarios, in which several data types are combined with re-
sults in terms of demand models considered by the author cheap and
successful in the context of the simulation of the phenomenon consid-
ered. The proposed method has been tested in an Italian case study in an
urban context. Nuzzolo et al. (2013) concerns the evaluation of the
passengers on board for each surveyed vehicle, which has used the
transport system, in addition with the investigation of the using of
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Fig. 2. Pattern of demand-based fares: case of different runs for the same day of trip.

were presented in the field of run choice models to estimate users’
behaviour in the choice of run in the schedule-based intercity transport
services (air and HSR), while a more extended research is present in the

field of the analysis and estimation of fare evolution in the HSR system.

Table 2
Results of the Snowball Sampling procedure.
Title of the paper Author(s) Year Source
Demand modelling by combining De Luca S. 2005  Cascetta and
disaggregate and aggregate data: Russo, 1997
an application to a displacement
scenario for the Mount Vesuvius
area
STOP: A Short term Transit Nuzzolo A, Crisalli 2013 Russo and
Occupancy Prediction tool for U, Rosati L, Ibeas Vitetta
APTIS and real time transit A. (2011)
management systems
Integrated travel demand models Russo F, Chila G 2014  Russo and
for evacuations: a bridge between Vitetta
social science and engineering (2011)
Updating of travel behavior model Siripirote T, 2014  Cascetta and

parameters and estimation of
vehicle trip chain based on plate

Sumale A, Watling
DP, Shao H.

Russo, 1997

The present work aims to put together the two research lines using an
innovative method for collecting data about tickets evolution:

o the analysis and estimation of dynamic fares of HSR services;
e the development of run choice models to estimate users’ behaviour
in the choice of run in the schedule-based intercity transport service.

The paper deals with models simulating choice behaviour of a HSR
run of users according to dynamic patterns of fares. The research
contribution concerns the definition of a method for the identification of
users’ choice of the HSR run. The specification-calibration of a choice
model in the run dimension supports the validation of the proposed
method.

scanning

real-time information on users counts. The authors apply a specified
procedure, called Short-term Transit Occupancy Predictor tool (STOP)
in order to achieve the objective, as well as the method includes the
updating of the choice model parameters. Moreover, the method was
tested in a pilot case study in the Spanish country for an urban context.
Russo and Chila (2014) deals with the building of travel demand models
for risk scenarios, hence in particular for evacuations. It is proposed a
classification and a description of the different types of hazardous sce-
narios, in terms of effects, hence for the temporal evolution of the event.
It is analysed the behavior of the users by means of specification and
calibration of behavioral models, based on data provided by Stated
Preference (SP) surveys. The proposed method was tested in an urban
context in a municipality of the southern Italy. Siripirote et al. (2013)
proposes a work concerning a procedure for updating the parameters of
the behavioral model, characterized by several dimensions in terms of
choice levels, by means of a Maximum Likelihood (ML) method, as well
as the estimation of the trip chain of the vehicle, with data provided by
sensors embedded in the roads. The adopted solution algorithm is the
Expectation-Maximization (EM). The proposed solution has been tested
in a modified Sioux Falls network, thus an urban context.

2.5. Gaps in the literature and research contribution

The literature review shows that the two research lines considered in
this work until now have been developed independently. Few papers

3. Formulation of the proposed method
3.1. Definitions and general notation
Let’s:

e i, user

t, day of trip of user i

K, interval of days of ticket purchasing before t;

k € K, generic day of ticket purchasing; where k = 0 coincide with the
day t of travel (it is worth noting that k increases as the interval
between day of ticket purchasing k and day of trip t increases);

Ry, set of runs available at day k for travelling at day t;

r, I’, ’‘€Ry, available runs at day k (belonging to the set Ry)

G, maximum number of fare types (classes) for all runs and all
companies at day of trip t;

g, generic type (class) of fare g € G;

wi(r, g), fare of run r at day k for fare type (class) g;

WiI[R, G], matrix of fares, composed of a number of rows equal to the
number of runs, R, of all companies at day k, and a number of col-
umns equal to the total number of fares (classes) offered by all
companies.

AWK[R, G], matrix of fare differences, which has the same structure
of Wk[R, G] and where each element Awy(r, g) is obtained as dif-
ference between the value of the ticket at day k, wi(r, g), and the
value of the ticket at day k+1, wy1(r, g).
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o Ni =Y ; Ni(r), number of fare changes (mutations) associated to the
runs of choice set Ry in two consecutive days k+1 and k.

It is worth noting that complete formalization should be expressed
as:

e Ry should be expressed in complete form as Rf (set of runs), high-
lighting that day k refers to day of trip t; furthermore, considering
that for every day k the set of runs is always fixed in relation to day t,
the set can finally be represented as R;

e K should be expressed as K' highlighting that the set of runs refers to
day t

o k should be expressed as k', highlighting that the generic day k refers
to the day of trip t.

The superscript t is not reported below because in the formalizations
t is assumed to be fixed. The superscript t is inserted in the cases when it
is necessary to avoid doubts between the two different days of trip.

The following two paragraphs present the steps of the proposed
framework, which is composed of two parts (as depicted in Fig. 3a and
3b):

e identification of the chosen run (par. 3.2);
e run choice (par. 3.3).

3.2. Identification of the chosen run

This section presents the part of the proposed framework for iden-
tifying the run chosen by a user. The hypothesis considered is that the
users’ choice of run can be identified in relation to the day-to-day ticket
evolutions observed between two consecutive days, considering when
the user buys the ticket before the day of trip.

The ticket evolution is considered as the innovative data collection
because it has a huge quantity of information that needs specific
collection but gives the possibility to update the model in a cheap,
repeatable and easy way.

The first part of the framework is composed of the three following
steps (Fig. 3a):

o step 1. Ticket coding; where every fare structure of every company is
described by means of a vector;

e step 2. Day-to-day ticket costs’ evolution, where the day-to-day fare
mutations are compared;

o step 3. Identification of number of mutations for each run in each day
and association to each user’s choice.

Step 1. Ticket coding

In general, each company offers a fare structure which, in the
simplest (historical) form, is given by classes of progressive quality
where the price increases with the class improvement. The evolution of
transport mode-services allows to offer fare structures that depend on
multiple factors, Therefore, the traditional vector of classes may become
a two-dimensional, or a multi-dimensional, matrix. Every multi-
dimensional structure can however be reduced to a one-dimensional
vector for the generic run r that represents the fare for a set G of
different classes.

The output of the step 1 is a matrix fares Wy [R, G] with k € K (see
Table 3).

Step 2. Day-to-day ticket costs’ evolution
The day-to-day ticket costs’ evolution consists in building a new set

of matrices differences, evidencing all the modified data referring to the
day-to-day ticket series. The single matrix is given by:
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Step 1:
Matrix coding

v

Matrix of fares
Wi[R. G]

v

Step 2: Day-to-day ticket
costs evolution

v

Matrix of fare differences.
AW[R, G]

v

Step 3: Identification of
number of mutations

v

Number of fare changes
(mutations) Nk

v

Steps 4,5

Fig. 3a. Procedure for the identification of chosen run.

AW,[R, G| =W, [R, G| — W1 [R, G] )}

Obtained as difference between the matrix of ticket costs, Wi[R, G]
at day k and the matrix of ticket costs Wy 1[R, G] at previous day k+1.

The generic element of the above matrix AW[R, G] is obtained as
difference between the value of the ticket at day k, wi(r, g), and the
value of the ticket at day k+1, wy1(r, g).

Awk(r> g) = Wk (l‘, g) — Wi (r7 g) (2)
The output of the step 2 is a matrix fares AWy [R, G].

Step 3: Identification of number of mutations
The step regards the identification of the number of mutations, that

consists of counting the mutations, for each run r, in each day k. A ticket
mutation is associated to a ticket purchase of (at least) a single user.
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Steps 1, 2, 3

v

Step 4: Choice set
building

-

Choice set: I,

v

Step 5: model
specification. calibration

v

Calibrated parameters: B*

Fig. 3b. Procedure for the run choice.

Table 3
General matrix of fares: Wy[R, G].
g=1 g§=2 g§=3 g=4 §=G
r=1 wi(1,1) wi(1, 2) wi(1,3) wi(1,4) wi(1,G)
r wi(r,1) wi(1,2) wi(r,3) wi(r,4) wi(r,G)
r=R wk(R,1) wi(R,2) wk(R,3) wi(R,4) wi(R,G)

Once the matrix AWg[R, G] is calculated for V k € K, the identifi-
cation consists in the definition of W’ [R, G], which is a matrix of coded
changes obtained from the matrix AW[R, G].

Each element w’k(r, g) may assume the following values:

wi(r, g) = {07 irawing) =0 3
1, if Awy(r,g) #0

Assuming that fares evolve as a result of demand, the modification of
the fare level indicates that at least one traveller has bought that ticket.

According to the above hypothesis and given the matrices Wk(R, G)
V k € K, it is possible to evaluate the number of choices for every run,
which is equal to:

Ni(r) = Zw’k(r, g) C)]
3

with Ni(r), number of ticket changes associated to run r (€R) in two
consecutive days k+1 and k.

The sum of N(r) on all the runs provides the number of changes
associated to the runs of choice set R in two consecutive days k+1 and k,
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Ny, which is the output of the step 3:

Ny = ZNk(r) = ZZw’k(r, g) (5)
T r g

3.3. Run choice

This section presents the second part of the proposed framework
related to run choice, which is composed of the two following steps
(Fig. 3b):

Step 4: Choice set building;
Step 5: Run choice.

3.3.1. Choice set building

The simulation of choice set generation has been widely studied for
the path choice dimension. In this case, a choice set perception model
was proposed to build perceived path choice sets (formation level) and
to estimate the probability associated to each perceived path choice set
(extraction level). Paths belonging to the path choice set may be
generated with a mono-criterion approach, if users are supposed to
generate paths according to the same criterion, or multi-criteria
approach, if users are supposed to generate (one or more) paths for
each criterion considered. In general, according to Manski (1977), a
probability can be associated to each path choice set. The main papers
dealing with the above models are the following: Manski (1977);
Ben-Akiva et al. (1984); Russo and Vitetta (1995); Morikawa (1996);
Ben-Akiva et al. (2002); Cascetta et al. (2002).

The paper considers, as first case with the objective to validate the
proposed framework, the application of a mono-criterion approach
based on the minimum “distance” of a couple of early and late runs from
the Desired Arrival Time (DAT) of user at destination. Other single
criteria in the mono-criterion approach may be considered for the for-
mation of path choice set like the one consisting in the minimum price of
tickets. Moreover, a combination of the several criteria may be consid-
ered in a multi-criteria approach.

Given the generic run choice w’k(r, g) = 1, the choice set of the user
that chooses the run r in the day k is Iy,

The DAT is identified by assuming that the user has chosen the run
that minimizes the delay/advance respect to the DAT itself.

Considering a diachronic approach, if the time period considered is
sub-divided into intervals of the same width and the average point of the
time period is indicated with &,, the DAT of the user who has chosen the
run r is given by (see Fig. 4):

DAT =3, : min|t, — §,| 6)

where 7, is the expected arrival time of the run r that had the fare
mutations.

It is assumed that the choice set is composed by alternative runs
operated at day t, considering the price of tickets present at day k.

It is possible to build the choice set with different criteria. Among
them, the most interesting are the following:

a) the run r chosen by the user and the alternative one closest to DAT
are considered:
b) the runs inside the time period: Iy, = Ry.

A binomial choice model may be used by assuming the hypothesis a)
introduced above for the choice set. Given the expected arrival time of
the run r, 7, the two runs closest to §, are the following:

L. if the run r is in advance respect to the DAT, the alternative run, ray,
is the one delayed closest to the DAT;
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Legend

. Arrival time of the generic run

. Midpoint of the time slot

Runs belonging to choice set

------ Runs not belonging to the
choice set

Case I)
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Case II)

Fig. 4. Examples of runs that compose the choice set.

II. if the run r is delayed respect to the DAT, the alternative run, ray, is
the one in advance closest to the DAT.

3.3.2. Choice model

The choice models rely on random utility theory (Ben-Akiva and
Lerman, 1985; McFadden, 2001; Cascetta, 2013). The main assumption
is that a user i chooses a run r among the set of perceived alternatives Iy,
maximizing her/his associated perceived utility, Ul

As the utility, U, is a random variable, is it not possible to establish
with certainty which run is chosen by the user i. However, it is possible
to express the probability that the run r € Ii;, will be chosen by user i as
the probability, pl, that the perceived utility of run r, UL, is greater than
the perceived utility of every other run r’, Uy, with r, r’ € Ii;. Indicating
with p the vector of parameters it is possible to write:

p:(B) =Prob (U;(B) > Up.(B)) VI #r.r,r €l @)

Model (7) may be differently specified. The specification considered
here is the binomial Logit (descending from the generation of I,y ac-
cording to hypothesis a):

pi(B)=exp(Vi(B)) / (1 +exp(Vi(B)—Vi(B))r",r € Ly ©)
where:

Vi (B) = E[U;1/6 = BT e x

E[U!], expected value of utility associated to the run r by user i;
0, parameter of Logit model;

B, vector of parameters to be calibrated (or updated);

X, vector of attributes.

3.3.3. Likelihood function specification

The calibration allows to obtaining estimates of vector of parameters,
B, according to users’ choices. The method of parameter estimation used
is the Maximum Likelihood (ML), which provides the values of the un-
known parameters that maximize the probability of observing the users’
choices. The probability of observing the choices of a users’ sample, or
likelihood of the sample, depends on the choice model and on the
sampling strategy (Cascetta, 2013).

In the case of simple random sampling, the observations are statis-
tically independent and the probability, or likelihood, of observing the
set of choices of the users’ sample is given by the product of the prob-
abilities that each user i chooses the run r.

Since the probabilities pi(B) depend on the vector B, also the prob-
ability L of observing the entire sample is a function of the unknown
parameters:

L) = I p(8) )

The estimate of maximum likelihood, p*, of vector of parameters, f,

is obtained by means of eq. (7):

p* =maxL(p) = max' H Pi,(ﬁ) (1o

Different likelihood functions may be specified considering different
cases, as reported in the following.

e Likelihood function L for all days k € K

For the generic day k, recalling eq. (4) that defines the number of
mutations for each run r, the value of Ly is equal to:

L= [ [ ol an

reRy

where: py; is the probability of choosing the run r at day k.

In the general case of multiple runs chosen at day k, each run has
been chosen Ni(r) times, the Ly function for the day k is given by eq. (11)
and the overall L function, for all days k € K, is given by:

L=]Tt = [ I[P 12)

keK reRg

e Likelihood function L for each class of fare

Given a class of fare, g, chosen in a day k for travelling on the run r
and considering the set of alternatives composed of the different runs,
the specification of the likelihood function is:

Lie(8) = | [Pue(8) Vg : W(r,8) =1 (13)

8€G

The condition: w’(r,g) = 1 ensures that the considered probabilities,
pkr(g), are the ones associated to the observed runs chosen by the
travelers.

By aggregating for all runs r, the likelihood function becomes:

L= [Lu(8) = [[]IPw(s) a4

reRy reRy geG

Finally by considering all days k, the likelihood function is:

L=]]u = erK 111 px(e 15)

keK reRygeG

It is possible to consider other specifications of the likelihood func-
tion considering further cases. The first could be the case where the run
is given, r = r*, and the class of fare is variable. The second could be the
case where both run and class of the fare are variable. In a more general
way is possible to consider also the variation of day of trip t.

Fig. 5 summarizes the research contributions of the paper in the
process of choice set building and of the likelihood specification. The
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Section 3.2
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Section 3.3.1

d1 52

Section 3.3.3

Identification of number of
mutations
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Nk(r) (eq.5)

Identification of DAT: &,

DAT (eq.6)

Hypotheses on choice set
based on DAT

Two Allruns€ R

Likelihood function for the
generic day

L eq.(12)
L With no class of fare

L (eq.15)
With class of fare

Fig. 5. Building process of the choice set and of the likelihood function.

first contribution concerns the identification of number of mutations
described in section 3.2. The second contribution concerns the choice set
building based on DAT described in section 3.3.1. The third contribution
concerns the specification of the likelihood function described in section
3.3.3.

4. Results of proposed method

The method proposed in section 3 have been validated considering a
real experimental test site of HSR line existing along the Rome-Milan
pair.

The section is sub-divided into several paragraphs. Paragraph 4.1
summarizes the characteristics of the Rome-Milan HSR line. Paragraph
4.2 describes the application of the individual steps of the proposed
procedure. Paragraph 4.3 presents the results of the calibration of the
run choice model.

4.1. HSR line between the Rome-Milan pair (Italy) and survey on tickets
evolution

The HSR line between the Rome-Milan pair is the backbone of the
Italian HSR network. As far as concerns the supply, the line belongs to
traditional Basic Network for a short infrastructural stretch and belongs
to the High Speed/High Capacity Basic Network for the Florence-Milan
infrastructural stretch equipped with ERMTS system. The line has 447
km of length, and is completely electrified with double track (www.rfi.
it). The frequency of HSR services is currently 33 runs/day for Trenitalia
company and 32 runs/day for Nuovo Trasporto Viaggiatori - NTV
company.

As far as concerns the demand, it is estimated that during the decade
2012-2022 about 7 million passengers diverted from conventional
railway services to HSR services and that 19 million diverted from other
transport modes (private car, buses, and air) to HSR services, with 17
million generating this demand (Russo, 2021).

The survey was carried out by examining the tickets every day
available on the websites of Trenitalia (www.trenitalia.com), and of
Nuovo Trasporto Viaggiatori - NTV (www.italotreno.it), with the
exclusion of seasonal tickets. The survey period ranges from 2nd of
August 2023 to 8" of September 2023.

The survey was conducted every day k (e.g. August 2742023, etc.) on
ticket costs assuming two days of the trip t: t; = September 1st’ 2023 and
ty = September 8th’ 2023 (Fig. 6).

4.2. Identification of the chosen run
Stepl: Ticket coding
Let’s consider:
t = t; = September 1st 2023
K=K;=30 days
k+1 = 10 (August 23rd’ 2023) and k = 9 (August 24th’ 2023)
belonging to K.
The matrix coding is operated on an example of HSR fares and the

output is a vector for the two days of purchasing k = 10 and k = 9, as
shown in Table 4a and 4b.


http://www.rfi.it
http://www.rfi.it
http://www.trenitalia.com
http://www.italotreno.it
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August 2", 2023
(Starting day of the survey)

September 1%, 2023
(day of trip, t;)
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September 8, 2023
(day of trip, t2)

| >
>

[
K,

»
>

A

K

| t

v

A

Fig. 6. Survey periods (K) and days of trip (t).

Tab. 4a
Matrix Wy _ 19[r = r5,G = 15].
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
s 95 € 112 € 129 € 129 € 295 € 72,9 € 79,9 € 919 € 919 € - 549 € 57,9 € - - -
Tab. 4b
Matrix Wy _ o[r = r5,G = 15.
1 2 3 4 5 6 7 8 9 10 11 12 13 14 15
s 95 € 112 € 129 € 129 € 295 € 72,9 € 79,9 € 91,9 € 91,9 € - 54,9 € 61,9 € - - -

Step 2. Day-to-day ticket costs’ evolution

The matrix AWy _ ¢[rs, 15] is obtained from eq. (2): AWy _ 9[R, 15]
= Wg[rs, 15] - Wlo[rs, 15].

The analysed element that differ from day k+1 to day k is the
element positioned in g = 12.

Table 5 presents the value Awg(rs, 12) = wyg(rs, 12) - wy(rs, 12) =
61,9 € —57,9 € = 4,0 €.

Step 3: Identification of number of mutations

The matrix W’y _ ¢ is obtained from eq. (3) (see Table 5), where each
element wo(rs, 15) may assume the values ‘0’ or ‘1’. Table 6 presents the
matrix where w’g[rs, 12] = 1.

The individual mutation, reported in Table 6 and is clustered and
summed in relation to each day k and run r, obtaining the number of
mutations, Ny(r). Then, the mutations are summed for all runs r,
obtaining Nk, which is the output of the step 3.

Given five days considered {k =12,k =11,k=10,k =9,k =8} asa
subset of K, the number of mutations for each day k is calculated for four
days: {N12 = 0, N1; = 5, Njg = 11, Ng = 14}. The total number of
travelers identified in this example is N = 30. Table 7 contains the above
operations on N = 30.

4.3. Run choice model

4.3.1. Choice set building

The choice set building refers to the case I described in section 3.3.1
(Fig. 4), concerning the identification of the DAT, the calculation of the
penalty and the identification of the two runs that compose the choice
set.

The runs belonging to R are extracted among the runs present in the
timetable of runs supplied by the company Trenitalia with the following
characteristics:

Table 5
Matrix AWy _ o[rs, 15].

e runs operating along a given origin-destination pair: Rome-Milan
and vice versa;

e runs arriving at the station within a defined time window: 10:30 a.m.
- 1:00 p.m.;

e runs having one intermediate stop at most.

The first run composing the choice set is the one chosen by the uses,
r, which is the run where at least one fare change has been observed (see
Fig. 7). The time axis z is discretized into time intervals of 30 min (11:00;
11:30; 12:00; 12:30) and the &, are identified as the midpoints of each
time interval (8,.2 = 10:45; 8,.; = 11:15; §, = 11:45; 8,1 = 11:15; 5,2
= 12:45). Therefore, the DAT is identified for case I, as the point that
results from the calculation of the minimum distance between each §,
and the arrival time 1, of each run (eq. (6)). In the example presented,
the chosen run is r = 9618, with a corresponding 7,4 = 11:58, and the
resulting DAT is §, = 11:45. The value of penalty is A = |8, — T14| =
11:45-11:58 = 13 min. The second run belonging to the choice set is the
first one arriving at the station in advance with respect to the DAT and,
in this case, it is the run r = rg with 7,4 = 10:58. The choice set is I, = {r4,
1'6}.

4.3.2. Specification of run choice model and calculation of likelihood
The functional form of the model for the estimation of probability
that run r is chosen by a user is a binomial logit (eq. (8)).
Several specifications have been tested. The specification considered
is:

model1:V, =, w; +p, A, +B, T, VreR (16)

a7

model 2: V, = B, w; + B,Tr + Py Sr VreR

The attributes specified in the run choice model are described below:

run 1 2 3 4 5 6

8 9 10 11§12 413 14 15

Is o o0 0 0 0 O

0 0 0 O J40€j0 0 O
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Table 6
Matrix W’ _ 4[9620, 15].
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run 1 2 3 4 5 6

8 9 10 11§12 )13 14 15

s o 0 o0 o0 0 O 0O 00 O 1 J0 0 0
Table 7
Example of calculation of total number of identified travellers (N = 30).
k 12 11 10 9
r Niz(r) Nu(r) Nio(r) No(r)
T 0 2 4 4
&) 0 0 3 4
3 0 1 2 2
14 0 0 0 0
Ts 0 2 2 1
T6 0 0 0 0
r7 0 0 0 0
13 0 0 1 2
Nk N]z:O N11=5 N10=11 N9=]4 | 30 |

e w; [€], ticket cost associated to run r at day k and belonging to class g;

e A, =1, —8, [h] penalty defined as the time interval between the DAT
(or in general §, for the alternative run), and the arrival time of the
run r at the station t;

Tdep,r [h], on-board travel time from the origin to the
destination of the run r, calculated as the difference between arrival
time and departure time of run r at the departure/arrival railway
stations;

e s, number of intermediate stops of run r between the departure and
arrival railway stations.

o T, = Tarr,r -

Legend

. Arrival time of runr
. Midpoint of the time period

——— Runs belonging to the choice
set

=====: Runs not belonging to the
choice set

The descriptive analysis has been executed on data related to a
sample of N = 141 identified travellers extracted during a survey
executed in 2023. The results are presented in Table 8. The average on-
board travel time is T, = 3.33 [h], with a standard deviation of 0.26 [h].
The penalty, A; oscillates from —0.47 [h] to 0.25 [h]. The average value
of the fare, w, = 87.77 [€] with a standard deviation of 26.12 [€]. The
average value of intermediate stops s, = 0.69, with a standard deviation
of 0.46.

The framework has been validated by means of the parameters’
calibration of the systematic utilities specified in eqs. (16) and (17)

742=12:45

Tr5=12:2A

o

Oz+1=12:15

12:00

Tr4=11:58
= Penalty = |8 — Tra|
oz=11:45 _:|
(SZ:DAT
11:30
oz.1=1 1:15

11:00
T =10:58

0,.9-10:45

Case])

Fig. 7. Example of runs composing the choice set (Case I).
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Table 8

Descriptive analysis of attributes considered (total number of identified travellers: N = 141).
Attribute Symbol U.o.M. Range Min Max Avg S.D.
On-board travel time T h [0; +00] 2.98 3.98 3.33 0.36
Penalty A h [-00; +001 —0.47 0.25 -0.18 0.29
Ticket cost w € [0; + OO1 44.90 € 249.00 € 87.77 € 26.12 €
Intermediate stops s [0; 1] 0 1 0.69 0.46

U.0.M. = Unit of Measure; Avg = Average; S.D. = Standard Deviation.

Table 9
Results of the calibrated parameters.
Model Bw pr Ba Bs
1 Parameter —0.0242 —0.7188 —0.9304
(t-stud) (-1.0132) (-1.9632) (-1.0885)
2 Parameter —0.0327 -1.1391 —0.7743
(t-stud) (-1.1662) (-2.8773) (-2.5915)

considering a binomial logit (eq. (8)). The specification of the likelihood
function considered is reported in eq. (15).

Two models have been calibrated and the results are reported in
Table 9 in terms of average value of parameter and value of t-student, as
statistics to verify the significance of the value of parameter.

As far as concerns the calibrated parameters of the model 1, the ticket
cost parameter is By, = —0.0242 (t-value = —1.0132); the parameter
associated to the on-board travel time fr —0.7188 (t-value
—1.9632); whereas the penalty parameter is fao = -0.9304 (t-value =
—1.0885). The calibrated parameters of the model 2 present a parameter
of ticket cost By = —0.0327 (t-value = —1.1662), a parameter associated
to the on-board travel time: ft = —1.1391 (t-value = —2.8773); whereas
the intermediate stops parameter is fs = —0.7743 (t-value = —2.5915).
It is relevant to underline that all the calibrated parameters of the two
models, which are associated to level-of-service attributes, have a cor-
rect sign and the t-value in the parameter pr of the model 1 results to be
significant, as well as the parameters pr and s of the model 2.

5. Conclusions

After the diffusion of HSR lines in the world, many studies on
diverted demand were developed in the attempt of capturing the
diversion of passengers from the air mode and conventional rail services
towards HSR. In the context of diverted demand, fare structures of HSR
services play a key role in the competition among modes (inter-modal)
and services (intra-modal) in the intercity context.

There are two important research lines in the field of competition
among services: the development of run choice models to estimate users’
behaviour in the dimension of run choice in schedule-based intercity
transport services, and the analysis and estimation of dynamic fare in-
side the HSR and airline services.

The innovative method for collecting data through the observation of
fares allows to put together the two above research lines that until now
have been developed independently.

According to the above lacks in the literature, the research proposes
an original method for the identification of users’ behaviour in the
choice dimension of run from the observation of the day-to-day evolu-
tion of ticket costs. The method is composed by two main phases. The
former deals with the identification of user’s choices analysing the
evolution of the tickets costs. The latter phase deals with building of the
choice set of alternatives and with the specification, calibration and
validation of a run choice model.

The proposed method has been validated for the HSR services along
the relationship Rome-Milan (Italy), by means of the specification-
calibration-validation of a run choice model belonging to the class of
RUMs. The aim of the validation has been to verify the possibility to
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ground the proposed method into a specified and calibrated choice
model.

The method presents the following advantages and limitations.

The main advantages are reported below.

e The method ensures the identification of users’ choices without the
execution of direct surveys that are expensive in terms of time and
monetary cost.

The method supports the use of reverse assignment calibration ac-

cording to assigned distributions of available seats.

e The innovative data collection used allows to obtain a huge amount
of information that supports the method for the specification-
calibration-validation of choice models in the dimensions of run,
fare class, period of the day, origin-destination pair, and so on.

On the side of the limitations, the method does not provide in-
dications about the number of users that choose the run r at day k. This
information could be estimated on the basis of the allocation of available
seats on each run r for each type of ticket. In general, it can be assumed
that P, < P, is the total number of seats reserved for ticket cost w on a
run r, with P; seats capacity on a run r. The hypothesis on the identifi-
cation of the chosen run at day k derives from the analysis of the mu-
tation of ticket costs between k+1 and k.

The conclusion is that the method has some advantages that could
allow to obtain information about users’ behaviour by means of an
innovative data collection because of the huge amount of information
that gives the possibility to build and update a choice model in a cheap,
repeatable and easy way; and some limitations that need to be overcame
in the future; however, the first results reported in this study seem
encouraging.

As example, the method could be extended to other mode-services,
like the airline services, where companies need to evaluate ex-ante the
levels and classes of fares that will be purchased by potential demand (e.
g. before introducing a service along an origin-destination pair) in order
to compete with other companies (intra-modal competition) and with
other modes (inter-modal competition).
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