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Abstract: The path choice models play a key role in transportation engineering, especially when
coupled with an assignment procedure allowing link flows to be obtained. Their implementation
could be complex and resource-consuming. In particular, such a task consists of several stages,
including (1) the collection of a large set of data from surveys to infer users’ path choices and (2) the
definition of a model able to reproduce users’ choice behaviors. Nowadays, stage (1) can be improved
using floating car data (FCD), which allow one to obtain a reliable dataset of paths. In relation
to stage (2), different structures of models are available; however, a compromise has to be found
between the model’s ability to reproduce the observed paths (including the ability to forecast the
future path choices) and its applicability in real contexts (in addition to guaranteeing the robustness
of the assignment procedure). Therefore, the aim of this paper is to explore the opportunities offered
by FCD to calibrate a path/route choice model to be included in a general procedure for scenario
assessment. The proposed methodology is applied to passenger and freight transport case studies.
Significant results are obtained showing the opportunities offered by FCD in supporting path choice
simulation. Moreover, the characteristics of the model make it easily applicable and exportable to
other contexts.

Keywords: route choice models; path choice model; discrete choice model; random utility theory;
scenario assessment; freight transport; logit model; floating car data; path choice calibration

1. Introduction

In the last few years, in Europe, passengers and freight transport have increased: in
2019, approximately 83% of passengers moved by car and approximately 77% of freight
was transported by road [1]. A similar trend can be observed in Italy, where passenger
road transport represents approximately 81% of the sector [1] while freight road transport
represents around 62% [2]. The European Commission has adopted some policies to make
the transport field more sustainable [3], and then new scenarios were promoted, which
need to be assessed in order to evaluate the effects on the transport system ([4—6]).

The simulation of a transport system requires one to solve an assignment problem
deriving from the interaction between demand and supply [7]. In this task, the path/route
choice models play a key role, evaluating the route chosen by users in relation to the
perceived utility (generalized travel cost) and consequently influencing the road network
load. Itis also for this reason that research in route choice models is a topic that is extensively
discussed in the literature, to try to develop models that make it possible to reproduce the
choices made by users. In general, to capture the user perception in path/route choice,
the problem is often tackled by considering first the choice set generation (containing the
routes perceived by the user) and then route choice among the routes belonging to the
choice set [8]. This requires a database that compiles the users’ route choice preferences;
traditionally, a survey is designed to collect the desired data, with a high cost in terms of
time and resources and, often, the number of interviews is low and unreliable. However,
nowadays, the availability of floating car data (FCD) allows us to collect the data in a
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different way and, in the case of routes, make available some data (e.g., speed, stop time)
that are difficult to collect using traditional surveys. Furthermore, it is possible to ensure
the certainty of the routes followed by users (which can be visualized on a map).

Thus, the aim of this paper is to explore the opportunities offered by FCD to calibrate
a path/route choice model to be included in a general procedure for scenario assessment.

The rest of the paper is structured as follows. Section 2 presents a literature review on
route choice models. Section 3 reports the proposed method, by describing a general proce-
dure for scenario assessment and the approach for route choice simulation. In Section 4,
the results of the proposed procedure for model calibration are reported. Finally, Section 5
discusses the results obtained in terms of policy indications, while Section 6 draws conclu-
sions and considers the road ahead.

2. Literature Review

Several approaches have been developed over the years for route choice ([9,10]),
which can be classified into three main groups: random utility models (RUMs), fuzzy utility
models (FUMs), and quantum utility models (QUMs).

Focusing on RUMs, two further aspects can be considered: models with (e.g., multi-
nomial logit) or without (e.g., Probit and Gammit) a closed form for calculating choice
probabilities. The RUMs are among the most used models, because of their analytical
tractability. Regarding logit models [11], a weakness that must be underlined is the assump-
tion that the random residuals are independently and identically distributed (IIA property)
as Gumbel random variables with zero mean [7]. This implies the impossibility of consider-
ing the similarities between different routes [9]. To overcome the drawbacks of multinomial
logit, several types of models have been proposed [12]. Cascetta et al. [13] proposed a
modification in the utility function by introducing a commonality factor (C-Logit) able to
measure the overlap among the paths and reduce the utility of similar routes. Similarly,
Ben-Akiva and Bierlaire [14] proposed the path size logit; in this case, a correction term
was also introduced in the utility function. The cross nested logit ([15,16]) was also used
in route choice simulation, the basic assumption being that the nests coincide with the
road network links. The idea behind the paired combinatorial logit ([15,16]) is that the
routes are chosen by considering them as pairs; the route choice probability is the product
between the probability to choose a pair and the probability to choose the route within the
pair. Another way to overcome the IIA while maintaining the closed form in probability
calculation is to assume a distribution for random residuals that differs from Gumbel.
Castillo et al. [17] introduced the Weibit model by assuming that the random residuals are
distributed as Weibull variables. In contrast to the case of logit, in the Weibit model, the
variance is a function of the route cost, and this means that the route costs are independent.
However, as with logit, the Weibit model does not consider the route overlapping; thus,
some authors [18] developed C-Weibit by defining a commonality factor that reduces the
utility of similar routes. An alternative approach is to eliminate the calculation of the
probability in closed form and use a Probit [19] or a Gammit model [20] (these models
consider a covariance among routes).

The FUMs were introduced in route choice simulation to consider the uncertainty in the
choice by the users [21]. These models can be classified into two main groups [22]: models
based on fuzzy rules (e.g., [21,23]) and models based on assuming the path cost as the core
of a fuzzy number (e.g., [24,25]). Peeta and Yu [26] used fuzzy rules to simulate the en-route
driver behavior under real-time information. Arslan and Khisty [27] proposed a heuristic
approach by using a set of rules able to represent the decision-making process to estimate
the preference among the available routes. A choice function based on fuzzy preference was
proposed by Ridwan [28] that also considers the case in which the users do not maximize
their utility in route choice. The approach was tested in a traffic assignment framework.
Binetti et al. [29] proposed an approach where the imprecision in route cost perception
was modeled by means of some parameters for cost definition and route classification
(considering, in addition, the overlapping among different paths). A comparison between
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FUMs and RUMs is reported in [30], where the route choice model is defined as a three-level
model (route generation, route perception, and route choice). Hawas [31] developed an
approach to route choice simulation to capture the user’s capability to perceive the route
attributes and their variability. An analysis on the effects given by the implementation of
different route choice models based on random utility theory (logit, Probit, Weibit, and
Gammit) is reported in [32].

The QUMSs were recently applied in route choice simulation. The main idea is to
introduce an interference term that is added to the covariance. Vitetta [33] uses this
model to simulate different levels of perception of the users in the case in which pre-trip
choices are possible. The role of the interference term in route choice is further examined
in Di Gangi and Vitetta [34,35], where the route choice model is embedded inside an
assignment algorithm.

For calibration, the previous models require a set of data [7], which requires the
design and implementation of a highly resource-consuming survey [36]. Recent approaches
exploit the floating car data (FCD), particularly global positioning system (GPS) data,
to calibrate the route choice models [37-39]. The FCD allows one to evaluate the route
choice (e.g., whether the observed route is the shortest route) [40,41] and, in some studies,
it is used to investigate the traveler’s behavior [42—44]. The use of FCD was also applied to
other classes of users, such as taxi drivers [45], pedestrians [46], and bicyclists [47]. Some
preliminary steps may be required to use this type of data. For example, Marchal et al. [48]
and Bierlaire et al. [49] proposed a map matching algorithm to identify the routes followed
by users. The same problem is tackled in Du and Aultman-Hall [50] and in Chung and
Shalaby [51], which proposed some algorithms able to identify the routes and their origin
and destination.

Some authors in the literature proposed the calibration of route choice models by
using floating car data. While not exhaustive, below, some papers grouped by the type
of model calibrated are recalled. Bwambale and Choudhury [52] proposed a method for
analyzing the users’ route choice starting from phone tracking data and calibrated some
models based on the logit structure (multinomial, C-Logit, and path size). Freijinger and
Bierlaire [53] and Montini et al. [54] calibrated a path size logit model by using GPS data
relying on travel in an urban area. Similarly, Dhakar and Srinivasan [55] calibrated a path
size logit model from GPS data and considered different cases obtained by varying the size
of the choice set. Duncan et al. [56] and Hess et al. [57] proposed some modifications in the
path size logit model and evaluated them by using GPS data. Sobhani et al. [58] adapted
C-Logit to simulate the route choices of bicyclists, while Huang et al. [59] developed a
procedure for identifying routes through cell tower IDs.

The above literature review shows that a large amount of work has been carried out in
path choice modeling; however, further work needs to be performed in this field, especially
when data need to be collected for calibration. Given the desirability of a calibration proce-
dure that uses large and easy-to-obtain data, this paper presents a calibration procedure
that uses FCD.

3. Proposed Method
3.1. General Procedure

A general procedure for scenario assessment should be applied when, because of some
interventions, a transport system is subject to modifications. In the schematic approach
reported in Figure 1, a set of intervention hypotheses cause changes in the transport system:
in the simulation, this means a change in the supply model parameters that are the input
for the transport simulation model. Moreover, some exogenous scenario variables (in general,
context-dependent variables) can be considered as the input of the simulation model.
The transport simulation model (for freight and passengers) requires a demand model and a
supply model accompanied by a route choice model: in the specific case treated in this paper,
the demand model allows one to obtain the o-d matrices for passengers and freight, while
the combination between the supply model and the route choice model (see Section 3.2)
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gives as output the route choice probabilities. Then, the assignment model gives as output the
link flows. This allows one to calculate the performance and impacts of the scenario and their
evaluation allows (if it is the case) us to modify the initial hypotheses.

—F————— e — ——— = ——— — — — A
| Scenario assessment | (Passengers and freight) transport system simulation model
| |
| N Intervention Exogenous | Supplv model Route choice Demand model
| hypotheses scenario variables | PPy model
| |
I |
| | Route choice
: ! Supply model | probabilities

E parameters |
: PN J | /—¢_\

i T_ranqurt system l Assignment mode] |« o-d matrices
| ! simulation model
| |
] | !
I I A
| ! | Link flows
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| | impacts
- __ 1

Figure 1. Proposed method: general procedure.

3.2. Route Choice Probabilities

Focusing on the route choice probabilities, one possible procedure to evaluate them
starting from FCD is reported in Figure 2. The inputs are the FCD and the zoning of the
study area. They allow us to individuate the choice set (the assumption is that the choice set
is constituted by all observed routes in a considerable and long time period) for each origin—
destination pair (indicated with # in Figure 2) and for each type of vehicle. This procedure
has the advantage that by explicitly specifying the set of available routes, we can examine
actual used paths and reduce the computational time by not generating unrealistic routes.
The set of routes followed by users is the output of a matching procedure, able to associate
the GPS points with the road links. Figure 3a reports an example of matching among GPS
points and road links: only the points within a buffer around the link are considered in
the route analysis. This approach, suitable for extra-urban travel, must be improved in the
urban case, where the graph density makes it unreliable. Another issue to solve is related to
the origin—destination of the routes. According to the scope of this research (e.g., to avoid
the case in which the route/path investigated differs from the starting and/or ending links
due to different real starting/ending locations, albeit belonging to the same traffic zone),
for each origin—destination pair, close locations were considered. Moreover, the vehicle
travel time was obtained by comparing the arrival time and the departure time of each
vehicle, obtained via the timestamps associated with each GPS datum. The route travel
time was the average value, calculated on the basis of investigated vehicle trips and paying
the due to attention to possible outliers.

With a finite, known choice set, we can apply theoretically based corrections for route
overlapping, if needed. As shown in [60], the first step in route choice simulation is the
definition of the choice set S,,. Considering all the available routes between an origin and a
destination, they can be grouped into subsets (I;;) referring to a specific criterion (e.g., travel
time, travel distance). Two different cases can arise: only one subset (mono-set approach) or
more than one subset (multi-set approach). In both situations, an exhaustive or a selective
approach can be used to select the routes to place in the subset(s). The former considers
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all the available routes, and the latter considers only the routes that respect some rules.
With each choice set, we associate a probability (equal to one in the case of the mono-set
approach) that represents the probability that the user considers it in his/her choice. Once
the choice set has been identified, the probability of each element (route) in the choice set
can be calculated. Following Manski [8] and Quattrone and Vitetta [25], the probability of
choosing a route k can be evaluated as:

plk/Sn] = Z pulln/Snl - pulk/In]  Su # O
I,€S,
where:

o pu(I4/5y) is the conditioned probability to choose the subset I, belonging to S;;
o pu(k/Iy) is the conditioned probability to choose the route k belonging to I;;.

FCD Zoning
4 N\
> Choice set (Sn) 4J
(. w
Y S ,
A\ 4
4 Y
Model specification (Llk) [
(. J/
( ‘ N
Model calibration (/)
(. J

Route choice probabilities

Figure 2. Route choice probabilities: procedure.
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Figure 3. Example of link matching (a) and neighborhood at destination (b).
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The next step is the model specification (i.e., the definition of the functional form of the
model) by considering the available attributes for path k (X). This refers to the definition,
for each route k, of the utility Uy. Considering the random utility theory, the user associates
with each route k a perceived utility Uy as follows:

Uk=Vk+sk

where:

oV} is the systematic utility;
e ¢ isthe random residual.

The type of RUM used depends on the probability distribution of ¢. In this paper, the
focus is on multinomial logit (MNL). The use of this model is due to different considerations.
First, although there are more precise models (such as C-Logit or path size) that allow us to
better reproduce the route choice made by users, none of them are considered sufficiently
valid for the assignment [61], which is a relevant element in scenario assessment. Second,
the dataset used from calibration relies on the travel of vehicles (heavy goods vehicles
and private cars) at a regional level and, in most observed cases, the overlapping among
different routes is low. This implies that the i.i.d. property of multinomial logit can be
considered valid (no covariance between alternative routes).

Defining the systematic utility as [7]

Vi="BX,
and assuming I, = Sy, the route choice probability will be

hel,

The model calibration allows the parameter vector f associated with the attributes to be
estimated. The method used for calibration is the maximum likelihood (ML). Calibration
of the coefficients occurs through the maximization of natural logarithm of the likelihood
function, formed by the sum of the natural logarithm of the probability of the chosen
alternative (k') of each user i:

InL(B,6) =) In p'[K /1]

The last step in model calibration is the model validation, to establish the model’s
capability to reproduce the observed choices. The choice model is the output of a loop
procedure where the specification, calibration, and validation are repeated until a good
model (a model whose parameters have passed validation) is obtained.

4. Results

This section reports an application where a route choice model is estimated by using
a set of floating car data in two different case studies and two different study areas: case
study 1 relies considers the travels of a sample of goods freight vehicles (laden weight
greater than 18 tons) and the study area is the Veneto region (Northern Italy), while case
study 2 considers the travels of a sample of cars and the study area is the Lazio region
(Central Italy). In Section 4.1, we provide a brief presentation of the available data in
relation to the study area, while, in Section 4.2, the developed models are reported.

4.1. Study Areas and Available Data
4.1.1. Case Study 1: Veneto Region

This case study considers the calibration of a route choice model for freight vehicles,
considering as the study area the Veneto region. This Italian region has an area of approxi-
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mately 18,400 square kilometers, with around 5 million inhabitants and around 2.1 million
of employees. The study area consists of seven administrative zones and, for the purpose
of this work, was divided into 42 traffic zones (Figure 4). Some data on the movements of
heavy goods vehicles operating in the Veneto region were analyzed to identify the route
followed for each origin—destination pair. The database [62] consists of sixty working-day
observations, spread over six months (from January 2018 to June 2018). For each surveyed
vehicle, basic information on the vehicle (class, brand, model, gross weight) is available.
All trips undertaken can be identified by date (i.e., date and time are logged) and geograph-
ical location (i.e., latitude and longitude). In total, 5330 vehicles were analyzed, for a total of
9,071,331 trips in the observation period. The analysis of the trips allows the identification
of the origin and destination zones, and the route followed. Following the travel pattern
definition (as in [63,64]), the trips of the heavy goods vehicles in the sample can be assigned
to the case of single direct travel (i.e., if the same vehicle performs more than one trip in
the same day, each trip is independent of the previous one and does not influence the
next one).

Figure 4. Veneto region: study area and zoning.

To calibrate the route choice model, since the objective was to establish a model at a
regional level, all trips with a length greater than 50 km were selected. In the case of freight
vehicles, the database consisted of 59,226 trips performed by 3618 heavy goods vehicles.

Figure 5 shows an example of routes from origin 3 and destination 4. Note that the
number of vehicles following the same route can be more than one.
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Figure 5. Veneto data: example of routes.

4.1.2. Case Study 2: Lazio Region

This case study considers the calibration of a route choice model for cars, considering
as the study area the Lazio region. This Italian region has an area of approximately
17,240 square kilometers, around 5.7 million inhabitants, and around 2.3 million employees.
The study area consists of five administrative zones and, for the purpose of this work,
was divided into 456 traffic zones (Figure 6). The database consists of five working-day
observations in February 2017. For each surveyed vehicle, basic information on the vehicle
(class, brand, model) is available, similarly to the freight vehicles. In total, 49,105 vehicles
were analyzed for a total of 231,958 trips in the investigation period.

Figure 6. Lazio region: study area and zoning.

Figure 7 reports an example of two different routes from origin 380 and destination 236,
followed by different cars.
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Figure 7. Lazio data: example of routes.

4.2. Models

A route choice model (Section 2) requires the individuation of the choice set: this task
should be carried out by defining a set of criteria [23] and then finding the routes for each
criterion. The use of floating car data can help to simplify this aspect: the assumption is
that the choice set is constituted by all the observed routes followed by the vehicles in the
sample. Moreover, in choice set formation, the mono-set approach is used.

Aiming to develop an easy-to-apply route choice model, the attributes used in the
utility specification were those that would be available to any technician and were the most
relevant, as shown by the literature review in Section 2: the travel time (#), the toll costs
(cx), and the percentage of the route on the highway (/). Then, the systematic utility is

Vi =Byt + Blohy + Biyeck

where i indicates the type of vehicle (freight vehicle or car).

The calibrated parameters are reported in Table 1. All the calibrated parameters were
statistically significant and correct in signs. The value of time (VOT) for heavy goods
vehicles was approximately 24 €/h (similar to the ones reported in Stinson et al. [65] and
Nuzzolo et al. [66]), while the value of time for cars was approximately 10 €/h, similar
to the one reported in [7]. The statistic p? is, in value, similar to those reported in the
literature (e.g., see [13]). The %-of-right statistics revealed the good capacity of the models
to reproduce the observed choices.

Table 1. Calibrated parameters.

B1 B2 B3
[1/h] [1/€] [1/€]
. 4 Value —0.744 2.133 ~0.031
ea"gigloo s t-Student —3.51 3.70 —1.41
vehicies 0% =026 %-of-right = 84%
Value —12.84 ~1.345
Cars t-Student —2.16 —3.35

0% = 0.39 %-of-right = 92%

5. Discussion

This study approached the calibration of route choice models using floating car data.
Route choice model calibration is a topic generally treated in the literature from the point
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of view of the functional form (e.g., multinomial logit and its variants, Probit, others),
recognizing the importance of input data, obtained with ad-hoc surveys but often limited
in number. The floating car data allow us to overcome this aspect, but at the cost of losing
some socio-economic attributes of drivers, which can be obtained through interviews.

The results of this study deal with the problem of calibrating a route choice model
for a large-scale network where the overlapping issues can be neglected. The approach of
the paper was to first generate a choice set and use this choice set to estimate the model
parameters. In particular, the innovation derives from the exploitation of opportunities
offered by FCD (big data). According to the literature, the choice set generation method
proposed falls within the class of deterministic methods. The advantage of such a method
is that it can be applied for any network with existing resources. The case studies presented
also show how the multinomial logit model was adapted to model route choices for a large
problem, both for passengers and freight transport. This base formulation appears to have
significant explanatory power regarding how travelers perceive the alternative paths in a
road network.

In fact, the FCD used in this paper allowed us to estimate a route choice model for
two classes of vehicles, by considering the routes’ attributes in terms of monetary costs
and travel times. The analysis of the available FCD allowed us not only to obtain the route
attributes, but also to simplify some tasks with respect to the case where traditional surveys
were used. For example, with a traditional survey, the analyst has to reconstruct each route
from the answers of the users (eventually considering the reliability of the information),
while the FCD allows us to immediately visualize the followed route on a map (this also
affects the evaluation of the overlap among routes, helping the analyst in the choice of
the model’s functional form) and, in large-scale networks, to easily identify the road links
actually used.

The results obtained in this work, certainly improvable, indicate that FCD is a useful
approach for estimating route choice models, guaranteeing the feasibility of data collection
and their reliability.

6. Conclusions

In this paper, route model calibration was tackled by using as input floating car data.
The most used approaches in the literature for route choice calibration require a set of
surveys, which can be limited both in the quantity of collected data and data reliability.
Approaches using floating car data are increasing because of the ease of finding them
and the accuracy of the GPS features. The data used in the calibrations proposed in this
paper were related to two different study areas and to two classes of vehicles: freight
vehicles and cars. In the case of freight vehicles, a database containing trips related to more
than 5000 vehicles was considered. The observations (approximately 9 million trips) were
distributed in the first six months of 2017. Similarly, for the car database, the data were
related to approximately 49,000 cars for 232,000 trips in five days. The model calibration
followed two steps: the definition of the choice set and then the evaluation of the route
choice model. In relation to the choice set definition, the characteristics of floating car data
allowed us to simplify the procedure: in traditional approaches, the analyst must define
some criteria and make assumptions on the route choice made by users, whereas with this
type of data, it was possible to assume that the choice set was constituted by all observed
paths (this implies that the procedure of path generation is neglected).

The route choice models were estimated within the random utility theory, and
one model for freight vehicles and one for cars was obtained. The validation of the models
showed good values of statistics and reliable values of VOT.

Consequently, the objective of exploring the opportunities offered by FCD to calibrate
a route choice model has been achieved as follows:

e two sets of FCD have been analyzed in order to individuate the routes followed by
users and, consequently, to obtain a reasonable choice set to use in model calibration;
e two classes of route choice models have been calibrated, for cars and freight vehicles.
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The proposed procedure for route choice model calibration could be used in real
applications in order to reduce the workload due to traditional data collection and improve
the quality of the obtained models. Of course, this is achieved at the cost of neglecting
drivers’ preferences and attitudes.

Further developments could include the calibration of the models for other vehicle
classes (e.g., light and medium freight vehicles) and the comparison of the results of FCD
with those of traditional surveys.

Author Contributions: Conceptualization, A.C. and A.P.,; methodology, A.C. and A.P,; software, A.C.
and A.P; validation, A.C. and A.P,; formal analysis, A.C.; data curation, A.C. and A.P,; writing—
original draft preparation, A.P; writing—review and editing, A.C. and A.P,; supervision, A.C.
All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

Acknowledgments: The authors thank the Interporto of Padua and the Department of Civil, Envi-
ronmental, and Architectural Engineering at the University of Padua for the dataset sharing. The
authors wish to thank Annachiara Turrizziani for her support in collecting and analyzing freight
vehicle data, the anonymous reviewers for their suggestions, which were most useful in revising the
paper, and MDPI for APC funding.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Eurostat. Database—Eurostat. Available online: https:/ /ec.europa.eu/eurostat/data/database (accessed on 5 April 2022).

2. Istat. Statistiche Istat. Available online: http://dati.istat.it/ (accessed on 5 April 2022).

3. European Commission. Transport in the European Union Current Trends and Issues, Mobility and Transport. Available online:
https:/ /transport.ec.europa.eu/index_en (accessed on 5 April 2022).

4. Comi, A.; Polimeni, A.; Crisalli, U.; Nuzzolo, A. A methodology based on floating car data for the analysis of the potential
rail-road freight demand. Int. J. Transp. Econ. 2021, XLVIII, 3—4. [CrossRef]

5.  Crisalli, U.; Comi, A.; Rosati, L. A Methodology for the Assessment of Rail-road Freight Transport Policies. Procedia Soc. Behav.
Sci. 2013, 87, 292-305. [CrossRef]

6. Comi, A; Polimeni, A. Assessing the Potential of Short Sea Shipping and the Benefits in Terms of External Costs: Application to
the Mediterranean Basin. Sustainability 2020, 12, 5383. [CrossRef]

7. Cascetta, E. Transportation Systems Analysis: Models and Applications, 2nd ed.; Springer Optimization and its Applications; Springer:
New York, NY, USA, 2009; ISBN 978-0-387-75856-5.

8. Manski, C.E. The Structure of Random Utility Models. Theory Decis. 1977, 8, 229-254. [CrossRef]

9.  Prashker, ].N.; Bekhor, S. Route Choice Models Used in the Stochastic User Equilibrium Problem: A Review. Transp. Rev. 2004, 24,
437-463. [CrossRef]

10. Prato, C.G. Route Choice Modeling: Past, Present and Future Research Directions. J. Choice Model. 2009, 2, 65-100. [CrossRef]

11.  Luce, R.D. Individual Choice Behavior: A Theoretical Analysis; Wiley: New York, NY, USA, 1959.

12.  Ben-Akiva, M.E.; Ramming, M.S.; Bekhor, S. Route Choice Models. In Human Behaviour and Traffic Networks; Schreckenberg, M.,
Selten, R., Eds.; Springer: Berlin/Heidelberg, Germany, 2004; pp. 23—45.

13. Cascetta, E.; Nuzzolo, A.; Russo, F,; Vitetta, A. A Modified Logit Route Choice Model Overcoming Path Overlapping Problems.
Specification and Some Calibration Results for Interurban Networks. In Proceedings of the Thirteenth International Symposium
on Transportation and Traffic Theory, Lyon, France, 24-26 July 1996; pp. 697-711.

14. Ben-Akiva, M.; Bierlaire, M. Discrete Choice Methods and Their Applications to Short Term Travel Decisions. In Handbook of
Transportation Science; Hall, R W., Ed.; International Series in Operations Research & Management Science; Springer: Boston, MA,
USA, 1999; pp. 5-33, ISBN 978-1-4615-5203-1.

15.  Prashker, ].N.; Bekhor, S. Investigation of Stochastic Network Loading Procedures. Transp. Res. Rec. 1998, 1645, 94-102. [CrossRef]

16. Prashker, J.N.; Bekhor, S. Congestion, Stochastic, and Similarity Effects in Stochastic: User-Equilibrium Models. Transp. Res. Rec.
2000, 1733, 80-87. [CrossRef]

17. Castillo, E.; Menéndez, ]. M.; Jiménez, P,; Rivas, A. Closed Form Expressions for Choice Probabilities in the Weibull Case. Transp.

Res. Part B Methodol. 2008, 42, 373-380. [CrossRef]


https://ec.europa.eu/eurostat/data/database
http://dati.istat.it/
https://transport.ec.europa.eu/index_en
http://doi.org/10.19272/202106704002
http://doi.org/10.1016/j.sbspro.2013.10.611
http://doi.org/10.3390/su12135383
http://doi.org/10.1007/BF00133443
http://doi.org/10.1080/0144164042000181707
http://doi.org/10.1016/S1755-5345(13)70005-8
http://doi.org/10.3141/1645-12
http://doi.org/10.3141/1733-11
http://doi.org/10.1016/j.trb.2007.08.002

Forecasting 2022, 4 536

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.
34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Sharifi, M.S.; Chen, A.; Kitthamkesorn, S.; Song, Z. Link-Based Stochastic Loading Methods for Weibit Route Choice Model.
Transp. Res. Rec. 2015, 2497, 84-94. [CrossRef]

Sheffi, Y.; Powell, W. A Comparison of Stochastic and Deterministic Traffic Assignment over Congested Networks. Transp. Res.
Part B Methodol. 1981, 15, 53-64. [CrossRef]

Cantarella, G.; Binetti, M. Stochastic Assignment with Gammit Path Choice Models. In Transportation Planning; Applied
Optimization; Patriksson, M., Labbé, M., Eds.; Kluwer Academic Publishers: Dordrecht, The Netherlands, 2002; Volume 64,
pp- 53-67.

Teodorovic, D.; Kikuchi, S. Transportation Route Choice Model Using Fuzzy Inference Technique. In Proceedings of the First
International Symposium on Uncertainty Modeling and Analysis, College Park, MD, USA, 3-5 December 1990; pp. 140-145.
Henn, V. What Is the Meaning of Fuzzy Costs in Fuzzy Traffic Assignment Models? Transp. Res. Part C Emerg. Technol. 2005, 13,
107-119. [CrossRef]

Lotan, T.; Koutsopoulos, H.N. Models for Route Choice Behavior in the Presence of Information Using Concepts from Fuzzy Set
Theory and Approximate Reasoning. Transportation 1993, 20, 129-155. [CrossRef]

Henn, V.; Ottomanelli, M. Handling Uncertainty in Route Choice Models: From Probabilistic to Possibilistic Approaches. Eur. J.
Oper. Res. 2006, 175, 1526-1538. [CrossRef]

Quattrone, A ; Vitetta, A. Random and Fuzzy Utility Models for Road Route Choice. Transp. Res. Part E Logist. Transp. Rev. 2011,
47,1126-1139. [CrossRef]

Peeta, S.; Yu, ].W. A Hybrid Model for Driver Route Choice Incorporating En-Route Attributes and Real-Time Information Effects.
Netw. Spat. Econ. 2005, 5, 21-40. [CrossRef]

Arslan, T.; Khisty, ]. A Rational Approach to Handling Fuzzy Perceptions in Route Choice. Eur. J. Oper. Res. 2006, 168, 571-583.
[CrossRef]

Ridwan, M. Fuzzy Preference Based Traffic Assignment Problem. Transp. Res. Part C Emerg. Technol. 2004, 12, 209-233. [CrossRef]
Binetti, M.; De Mitri, M.; Ottomanelli, M. Analysis of Imprecise Perception in Route Choice Considering Fuzzy Costs. In Advanced
Concepts, Methodologies and Technologies for Transportation and Logistics; Zak, J., Hadas, Y., Rossi, R., Eds.; Springer International
Publishing: Cham, Switzerland, 2018; pp. 452-467.

De Maio, M.L,; Vitetta, A. Route Choice on Road Transport System: A Fuzzy Approach. J. Intell. Fuzzy Syst. 2015, 28, 2015-2027.
[CrossRef]

Hawas, Y.E. Development and Calibration of Route Choice Utility Models: Neuro-Fuzzy Approach. J. Transp. Eng. 2004, 130,
171-182. [CrossRef]

Di Gangi, M.; Polimeni, A. Path choice models in stochastic assignment: Implementation and comparative analysis. Front. Future
Transp. 2022, fothcoming.

Vitetta, A. A Quantum Utility Model for Route Choice in Transport Systems. Travel Behav. Soc. 2016, 3, 29-37. [CrossRef]

Di Gangi, M.; Vitetta, A. Quantum Utility and Random Utility Model for Path Choice Modelling: Specification and Aggregate
Calibration from Traffic Counts. . Choice Model. 2021, 40, 100290. [CrossRef]

Di Gangi, M.; Vitetta, A. Specification and Aggregate Calibration of a Quantum Route Choice Model from Traffic Counts.
In New Trends in Emerging Complex Real Life Problems; Daniele, P., Scrimali, L., Eds.; AIRO Springer Series; Springer International
Publishing: Cham, Switzerland, 2018; pp. 227-235, ISBN 978-3-030-00473-6.

Mahmassani, H.; Joseph, T.; Jou, R.C. Survey Approach for Study of Urban Commuter Choice Dynamics. Transp. Res. Rec. 1993,
1412, 80-89.

Bierlaire, M.; Frejinger, E. Route Choice Modeling with Network-Free Data. Transp. Res. Part C Emerg. Technol. 2008, 16, 187-198.
[CrossRef]

Battaglia, G.; Musolino, G.; Vitetta, A. Freight Demand Distribution in a Suburban Area: Calibration of an Acquisition Model
with Floating Car Data. ]. Adv. Transp. 2022, 2022, 1535090. [CrossRef]

Comi, A.; Russo, F. Emerging Information and Communications Technologies: The Challenges for the Dynamic Freight Manage-
ment in City Logistics. Front. Future Transp. 2022. [CrossRef]

Abu-Aisha, A.; Harfouche, R.; Katrakazas, C.; Antoniou, C. A New Methodology to Infer Travel Behavior Using Floating Car
Data. In Proceedings of the 2021 7th International Conference on Models and Technologies for Intelligent Transportation Systems
(MT-ITS), Heraklion, Greece, 16-17 June 2021; pp. 1-6.

Schlaich, J. Analyzing Route Choice Behavior with Mobile Phone Trajectories. Transp. Res. Rec. 2010, 2157, 78-85. [CrossRef]

Ta, N.; Zhao, Y.; Chai, Y. Built Environment, Peak Hours and Route Choice Efficiency: An Investigation of Commuting Efficiency
Using GPS Data. . Transp. Geogr. 2016, 57, 161-170. [CrossRef]

Arifin, Z.N.; Axhausen, K.W. Investigating Commute Mode and Route Choice Variabilities in Jakarta Using Multi-Day GPS Data.
Int. |. Technol. 2014, 3, 45-55.

Ramaekers, K.; Reumers, S.; Wets, G.; Cools, M. Modelling Route Choice Decisions of Car Travellers Using Combined GPS and
Diary Data. Netw. Spat. Econ. 2013, 13, 351-372. [CrossRef]

Duan, Z.; Wei, Y. Revealing Taxi Driver Route Choice Characteristics Based on GPS Data. In Proceedings of the 14th COTA
International Conference of Transportation Professionals, Changsha, China, 4-7 July 2014; pp. 565-573. [CrossRef]

Lue, G.; Miller, E.J. Estimating a Toronto Pedestrian Route Choice Model Using Smartphone GPS Data. Travel Behav. Soc. 2019, 14,
34-42. [CrossRef]


http://doi.org/10.3141/2497-09
http://doi.org/10.1016/0191-2615(81)90046-1
http://doi.org/10.1016/j.trc.2005.04.005
http://doi.org/10.1007/BF01307056
http://doi.org/10.1016/j.ejor.2005.02.026
http://doi.org/10.1016/j.tre.2011.04.007
http://doi.org/10.1007/s11067-005-6660-9
http://doi.org/10.1016/j.ejor.2004.04.043
http://doi.org/10.1016/j.trc.2004.07.003
http://doi.org/10.3233/IFS-141375
http://doi.org/10.1061/(ASCE)0733-947X(2004)130:2(171)
http://doi.org/10.1016/j.tbs.2015.07.003
http://doi.org/10.1016/j.jocm.2021.100290
http://doi.org/10.1016/j.trc.2007.07.007
http://doi.org/10.1155/2022/1535090
http://doi.org/10.3389/ffutr.2022.887307
http://doi.org/10.3141/2157-10
http://doi.org/10.1016/j.jtrangeo.2016.10.005
http://doi.org/10.1007/s11067-013-9184-8
http://doi.org/10.1061/9780784413623.055
http://doi.org/10.1016/j.tbs.2018.09.008

Forecasting 2022, 4 537

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Broach, J.; Dill, J.; Gliebe, J. Where Do Cyclists Ride? A Route Choice Model Developed with Revealed Preference GPS Data.
Transp. Res. Part A Policy Pract. 2012, 46, 1730-1740. [CrossRef]

Marchal, E; Hackney, J.; Axhausen, K.W. Efficient Map Matching of Large Global Positioning System Data Sets: Tests on
Speed-Monitoring Experiment in Ziirich. Transp. Res. Rec. 2005, 1935, 93-100. [CrossRef]

Bierlaire, M.; Chen, J.; Newman, J. A Probabilistic Map Matching Method for Smartphone GPS Data. Transp. Res. Part C Emerg.
Technol. 2013, 26, 78-98. [CrossRef]

Du, J.; Aultman-Hall, L. Increasing the Accuracy of Trip Rate Information from Passive Multi-Day GPS Travel Datasets: Automatic
Trip End Identification Issues. Transp. Res. Part A Policy Pract. 2007, 41, 220-232. [CrossRef]

Chung, E.H.; Shalaby, A. A Trip Reconstruction Tool for GPS-Based Personal Travel Surveys. Transp. Plan. Technol. 2005, 28,
381-401. [CrossRef]

Bwambale, A.; Choudhury, C.; Hess, S. Modelling Long-Distance Route Choice Using Mobile Phone Call Detail Record Data:
A Case Study of Senegal. Transp. A Transp. Sci. 2019, 15, 1543-1568. [CrossRef]

Frejinger, E.; Bierlaire, M. Capturing Correlation with Subnetworks in Route Choice Models. Transp. Res. Part B Methodol. 2007,
41, 363-378. [CrossRef]

Montini, L.; Antoniou, C.; Axhausen, K.W. Route and Mode Choice Models Using GPS Data. In Proceedings of the TRB 96th
Annual Meeting Compendium of Papers, Transportation Research Board, Washington, DC, USA, 8-12 January 2017; p. 17.
Dhakar, N.S.; Srinivasan, S. Route Choice Modeling Using GPS-Based Travel Surveys. Transp. Res. Rec. 2014, 2413, 65-73.
[CrossRef]

Duncan, L.C.; Watling, D.P,; Connors, R.D.; Rasmussen, T.K.; Nielsen, O.A. Path Size Logit Route Choice Models: Issues with
Current Models, a New Internally Consistent Approach, and Parameter Estimation on a Large-Scale Network with GPS Data.
Transp. Res. Part B Methodol. 2020, 135, 1-40. [CrossRef]

Hess, S.; Quddus, M.; Rieser-Schiissler, N.; Daly, A. Developing Advanced Route Choice Models for Heavy Goods Vehicles Using
GPS Data. Transp. Res. Part E Logist. Transp. Rev. 2015, 77, 29-44. [CrossRef]

Sobhani, A.; Aliabadi, H.A.; Farooq, B. Metropolis-Hasting Based Expanded Path Size Logit Model for Cyclists” Route Choice
Using GPS Data. Int. ]. Transp. Sci. Technol. 2019, 8, 161-175. [CrossRef]

Huang, Z.; Huang, Z.; Zheng, P.; Xu, W. Calibration of C-Logit-Based SUE Route Choice Model Using Mobile Phone Data.
Information 2018, 9, 115. [CrossRef]

Croce, A.I; Musolino, G.; Rindone, C.; Vitetta, A. Route and Path Choices of Freight Vehicles: A Case Study with Floating Car
Data. Sustainability 2020, 12, 8557. [CrossRef]

Gentile, G. New Formulations of the Stochastic User Equilibrium with Logit Route Choice as an Extension of the Deterministic
Model. Transp. Sci. 2018, 52, 1531-1547. [CrossRef]

Nuzzolo, A.; Comi, A.; Polimeni, A. Urban Freight Vehicle Flows: An Analysis of Freight Delivery Patterns through Floating Car
Data. Transp. Res. Procedia 2020, 47, 409-416. [CrossRef]

Ruan, M,; Lin, J.; Kawamura, K. Modeling Urban Commercial Vehicle Daily Tour Chaining. Transp. Res. Part E Logist. Transp. Rev.
2012, 48, 1169-1184. [CrossRef]

Comi, A.; Nuzzolo, A.; Polimeni, A. Aggregate Delivery Tour Modeling through AVM Data: Experimental Evidence for Light
Goods Vehicles. Transp. Lett. 2021, 13, 201-208. [CrossRef]

Stinson, M.; Pourabdollahi, Z.; Livshits, V.; Jeon, K.; Nippani, S.; Zhu, H. A Joint Model of Mode and Shipment Size Choice Using
the First Generation of Commodity Flow Survey Public Use Microdata. Int. J. Transp. Sci. Technol. 2017, 6, 330-343. [CrossRef]
Nuzzolo, A ; Crisalli, U.; Comi, A. An aggregate transport demand model for import and export flow simulation. Transport 2015,
30, 43-54. [CrossRef]


http://doi.org/10.1016/j.tra.2012.07.005
http://doi.org/10.1177/0361198105193500111
http://doi.org/10.1016/j.trc.2012.08.001
http://doi.org/10.1016/j.tra.2006.05.001
http://doi.org/10.1080/03081060500322599
http://doi.org/10.1080/23249935.2019.1611970
http://doi.org/10.1016/j.trb.2006.06.003
http://doi.org/10.3141/2413-07
http://doi.org/10.1016/j.trb.2020.02.006
http://doi.org/10.1016/j.tre.2015.01.010
http://doi.org/10.1016/j.ijtst.2018.11.002
http://doi.org/10.3390/info9050115
http://doi.org/10.3390/su12208557
http://doi.org/10.1287/trsc.2018.0839
http://doi.org/10.1016/j.trpro.2020.03.116
http://doi.org/10.1016/j.tre.2012.06.003
http://doi.org/10.1080/19427867.2020.1868178
http://doi.org/10.1016/j.ijtst.2017.08.002
http://doi.org/10.3846/16484142.2013.820215

	Introduction 
	Literature Review 
	Proposed Method 
	General Procedure 
	Route Choice Probabilities 

	Results 
	Study Areas and Available Data 
	Case Study 1: Veneto Region 
	Case Study 2: Lazio Region 

	Models 

	Discussion 
	Conclusions 
	References

