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Abstract
To reduce the congestion and pollution in urban cities, the politi-
cal authorities encourage the modal shift from private cars in favor
of sustainable trip behaviors such as intermodality (through combi-
nations of private car and public transport). Coercive decisions such
as urban tolls are also an increasingly investigated solution. To avoid
the cost of toll taxes, agents thus select intermodal transportation
modes (private cars and public transport) by parking their vehicles
in park-and-ride (PR) facilities at the entrance to the area toll. This
paper proposes a methodology for an agent-based model (ABM), par-
ticularly a model called utility-based agent, to reproduce intermodal
trip behaviors in a city and to assess the impact of an urban toll.
In this context, we focus on multinomial logit models, coupled with
the agent-and-activity simulation tool MATSim, is used to determine
the modal choice for each agent. Based on open data (for European
Metropolis of Lille, MEL), the simulation shows that 20 e (21.75 $)
of toll tax is sufficient to reduce by 20% the use of private vehicles.

∗This paper is an extension of our work published to IEA/AIE’2022 [1].
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1 Introduction
One of the political authorities’ concerns nowadays is reducing transportation
systems’ negative externalities (e.g., traffic congestion, accidents, pollution).
These actors are increasingly looking at more sustainable transportation sys-
tems (e.g., bike and car sharing, carpooling, and intermodality) to offer
economical (for the customer) and ecological solutions. Most of the proposed
solutions aim to reduce the use of private cars (vehicles) (PV ) in favor of
soft and collective transportation modes – e.g., cycling, walking and public
transport (PT) [2]. These solutions consist in applying dissuasive measures
such as urban road tolls [3–5], low emission zones (LEZ) (also called clean
air zones) [6, 7], and encouraging the use of public transport by adjusting
the pricing system [8–10]. Urban road toll consists of making access to an
area chargeable and aims to reduce traffic congestion in the city, polution and
other traffic externalities. Moreover, to accelerate this modal shift (from PV to
sustainable transport modes), transport authorities are encouraged to signifi-
cantly develop intermodality systems through urban transport infrastructures
(e.g., park-and-ride facilities, multimodal 1 exchange hubs) to promote the
combination of private car and public transport [12].

Such various measures will help to change the travel behavior of individuals
towards more environmentally friendly transportation alternatives (e.g., com-
bination of individual modes and PT) leading to a new balance of transport
flows. Among the forms of intermodal practices, the combination of private
car and public transport remains particularly important [13]. This combina-
tion is generally done through park-and-ride (PR) facilities located near to
main PT stations/hubs.

In this context, the design and the assessment of intermodal policies a
priori are not always straightforward. In fact, cities adopting such measures
are often faced with these questions:
• What park-and-ride configurations (e.g., capacity, location, pricing) should

be put in place?
• What amount of urban toll tax is applied to achieve a given reduction in

private car use and over what perimeter?

To answer these questions, city authorities most often use transportation
modeling tools based on aggregated approaches, such as four-step models [14].
In these models, transport demand is estimated in four hierarchical steps: gen-
eration, distribution, modal choice and traffic assignment. Therefore, demand

1By definition, the multimodality refers to the availability of several possible transportation
modes (alternatives) for a given trip, while the intermodality is characterized as a combination
of these possibilities during the same trip [11].
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is represented in the form of Origin/Destination (O/D) matrices depending
on the transportation mode and the time. This approach, although allow-
ing to estimate mobility demand in an aggregate manner, remains less suited
to evaluating intermodality behavior and the impact of an urban toll pol-
icy. In fact, modeling intermodality requires taking into account the entire
daily chain of activities and travel of the individual to know which alter-
native would be more suitable [13, 15, 16]. Furthermore, the application of
urban tolls will generate dynamic and heterogeneous behaviors of individu-
als depending on their characteristics. Traditional models do not really enable
us to fully take into consideration the variability of individual behaviors and
their changes (for example, when faced with a new transport alternative or
mobility policy). Opposite to these models, more dis-aggregated approaches
such as agent-based models (ABM ) [17, 18] seem to be much more adapted
to the complex nature of intermodal transport systems and mobility measures
assessment [19–22]. ABM describes a system as a set of agents (active enti-
ties) interacting with each other; where each agent may be characterized by
its own behaviors, following decision-making processes. Thus, the global deci-
sions result from their cognitive processes. The agent perceives and acts on
its (local) environment, according to its own knowledge (e.g., public trans-
port schedules, knowledge of congested areas) and its own goals (i.e, activities
to perform). Their local decisions are based on utilities evaluating the differ-
ent transport modes. This naturally leads to consider the approach described
by the utility-based agent [23]. Hence, there is a natural relation between the
individuals (from a transportation system) and the agents (from our model).

In this paper, we present a realistic modeling of intermodal behavior based
on ABM in order to assess the effectiveness of an urban toll policy in reduc-
ing private car usage. Therefore, we propose a comprehensive methodology for
designing agents with such behaviors based-on discrete choice models. Within
this framework, we assume the availability of data for a given context. We
aim to explore novel discrete choice models, particularly based on multino-
mial logit models, to structure various transportation modes. Specifically, we
focus on the combination of PV and PT, including the park-and-ride facilities.
Different intermodal alternatives and the introduction of urban toll are eval-
uated by different utilities; agents can take their own decisions according to
their modal preferences (i.e., based on these utilities). To study these behav-
iors, the selected discrete mode choice model is subsequently implemented in
MATSim [24, 25], a multi-agent platform. Finally, the obtained framework
is applied at the perimeter of the European Metropolis of Lille (MEL 2) in
France.

The article is organized as follows. Section 2 presents a state of the art on
ABM approaches for intermodal behaviors. Section 3 describes our method-
ological approach for modeling utility-based intermodal behaviors of agents.
Then, Section 4 evaluates the obtained results based on the real data from the

2French acronym for Métropole Européenne de Lille.
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MEL and validates our approach. Section 5 discusses our study, and finally,
Section 6 concludes the paper and gives some perspectives.

2 Background
According to Brad Jones et al., the intermodality is “the shipment of cargo
and the movement of people involving more than one mode of transporta-
tion during a single, seamless journey” [11]. Thus, the intermodality requires
the transition (change) from one transportation mode (e.g., car) to another
(e.g., public transport, bus) during the same trip. The practice of intermodal-
ity has many benefits. From a macroscopic viewpoint, it is possible to reduce
the pollution (air, noise) and the congestion by the use of private cars [2].
From a individual viewpoint, the intermodality would offer practical alterna-
tives for traveling efficiently by combining, for example, walking, cycling or
scootering (over medium distances) and the vehicle (long distance) with pub-
lic transport [26]. However, from a practical viewpoint, the intermodality can
often be restrictive or inconvenient for the user, due to passages and wait-
ing times during the transfer from one transport mode to another one. It is
therefore essential to think carefully about the intermodal transport system
upstream in order to encourage users to adopt intermodal travel behaviors. To
achieve this, practitioners and policy-makers most often use traffic simulation
tools [27]. These computer tools offer different levels of modeling depending on
the degree of granularity required: macroscopic representing transport demand
in the form of aggregated flows (O/D matrices) [28, 29] and microscopic con-
sidering the demand in a disaggregated way where each individual is defined
(simulated) specifically [20, 21, 30]. All these approaches have their origins in
the traditional four-step model [14]:
• Generation evaluates the total number of trips in the study area for a given

temporal period (transport demand).
• Distribution finds a matrix based on Origin/Destination (O/D) for the dif-

ferent areas (areas producing different trips (e.g, home), and attractive areas
expressing the purposes for these trips (e.g, work, education, shopping and
leisure).

• Modal choice defines the choice among the different available transport
modes to perform the trip.

• Route assignment aims to determine the best routes to move the different
flows based on the capacity of the road network.

For microscopic approaches (notably agent-based), the first three steps serve as
input to carry out the final simulation. These approaches are distinguished by
their ability to model travel behaviors as realistically as possible (e.g., choice
of transportation mode, choice of route, driving) and traffic management (e.g.,
intersection, lane capacity). Therefore, these models are more appropriate than
the traditional method for studying the intermodality and evaluating mobility
policies.
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In ABM context, the transport demand is typically derived from synthetic
populations. A synthetic population generation [31–37] may be defined as a
process consisting in generating a realistic representation of an actual popu-
lation. For example, the following definition has been proposed by [38]: “The
creation of a synthetic population representing individuals and possibly house-
holds such that the synthetic population is - in all of its relevant statistical
properties - representative for a target population within a given geographical
and socio-demographic reference frame”. For agent-based transport modeling,
the synthetic population represents a collection of agents characterized by
some characteristics such as home location, age, gender, socio-professional cat-
egories, and ownership of transport materials (e.g., license, car, and public
transport ticket or pass). It also includes the chains of activities and trips
performed by the agents.

Although there are many simulation tools enabling multimodality [24, 39,
40], we found very few studies on the evaluation of intermodal travel behaviors
of individuals [7, 41–43]. The work carried out in [41] consists in analyzing from
the multi-agent perspective [24], the impact of new mobility services aiming to
promote the intermodality at the whole population. Their data are based on a
survey, focused on a sample (made up of 139 individuals) of this population in
Switzerland. The intermodal mode choice was designed through a multinomial
logit (MNL) applying to each possible intermodal stop. In terms of results,
this study revealed that a part of the population could be in favor of using the
mobility services offered by the project. Moreover, the proposed model being
too generic,does not take in consideration the complexity of the exchanges
during the modes combination – e.g., the use of park and ride (PR) facilities in
the combination PV+PT , between vehicle (PV ) and public transport (PT).

The first intermodal model considering the process of choosing the park
and ride in the PV+PT combination was proposed in [42]. A simple MNL
model was proposed to take into account this alternative. Based on this work,
a study on the evaluation of the driving restriction zone measure was carried
out in Paris, France [7]. Through the possibility of combining PV and PT
via PR facilities (often located outside the restriction zone), the study showed
that this combination was particularly interesting for the agents impacted by
this constraint. At the same time, another work introduced by [43], focused on
the combination of shared micro-mobility service (bike sharing) with public
transport as an access/egress mode in the San Francisco Bay Area. It showed
that such a combination can also increase the use of public transport.

The previous studies are often based on cities/regions with their own spe-
cific characteristics, and in a very empirical way. Thus, our study aims to
propose a data-based methodology for building intermodal behaviors for ABM
in face of an application of a coercive mobility policy directly on the transport
mode choice model. Therefore, it extends the approach on the intermodality
in two ways, essentially by i) the proposal of various discrete choice models
allowing to capture this alternative (behavior) better, and ii) the evaluation



Springer Nature 2021 LATEX template

6 Agent model based on intermodal behaviors for urban toll in Lille

of the impact of the application of a policy restricting the use of private cars
(particularly, the urban toll).

3 Methodology and utility-based intermodal
behaviors for ABM

This section presents our methodology for ABM (3.1). This methodology can
be defined by different steps: Analyzing the available data for ABM (3.2),
modeling intermodal behaviors (3.3), selecting the discrete choice models and
defining the utilities of the transport modes (3.4), and finally adapting the
data based models with an ABM platform. (3.5).

3.1 Methodology principle
The different previous studies did not really introduce a methodology for
modeling intermodal behaviors. Thus, we propose an approach as generic as
possible to be usable in other regions/countries. Figure 1 summarizes our
methodology for performing an agent-based intermodality simulation.

Problem
Definition

Data

Expert
Formulation

Discrete
Modal Choice
Specification

Model’s
Parameters
Estimation

Model
development

Household Activities

Persons Trips

Synthetic Population Generation + Transport Demand

PV PT

PR Station

Transport Supply

Car Bus

Metro Bike

Walk Train

etc.

Possible Modes

SI-MNL SI-NL

I-2NL I-CNL

Models

Parameter
Estimation
Software
(Biogeme)

βi1 , . . . , βik
Selected
Model

ABM
Platform
(MATSim)

Simulation &
Calibration

Application
of intermodal

policies

Fig. 1: Methodology for ABM transportation simulation

The main modeling steps are thus detailed below. The first step is the
problem definition and the different objectives aimed at. The designer can
thus study a given problem such as the modification of infrastructures (e.g.,
positioning of plug-in stations for electric vehicles) or the insertion of a new
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transport mode (e.g., the autonomous vehicles in mixed traffic, the intermodal-
ity). It is also possible to check their effects for a given locality (e.g., an area
of the city, a town, an agglomeration, or a region).

The second step focuses on the obtained data. Thus, we assume that the
mobility demand (data on the households, the persons, the activities and the
trips) and the transport supply are known for the studied area (for example,
PV and PT). Our approach requires different possible data sources (Cf. 3.2)
allowing the generation of synthetic populations.

The third step (the most difficult) focuses on the (possible) consideration of
experts formulation, and the specification based on the discrete modal choice.
Firstly, the analysis consists in combining the different alternative trans-
portation modes for the description of new intermodal alternatives (Cf. 3.3).
Secondly, it aims to select the intermodal alternative based on discrete mod-
els (the expert may thus propose and select a particular model among them).
In our context, we investigate four discrete models: e.g., SI-MNL or SI-NL.
These models are then processed by a parameter estimation software (e.g., Bio-
geme). Parameter values are thus determined for the various utilities required
to describe these discrete models (Cf. 3.4).

Finally, the last step consists of the implementation of the discrete models
into a ABM platform, (MATSim, Cf. 3.5). Realistic simulations allow data
scientists to reproduce the individual’s behaviors. They require an accurate
calibration and an analysis of the results for intermodalities policies, according
to the target application (our study is focused on the effects of urban toll).

3.2 Available data for ABM
As expected, ABM approaches require huge amounts of data to allow the
generation of a synthetic population. It is usually very difficult to obtain data
sources. A pre-processing to exploit consistent data remains often necessary
and requires additional works performed by the designer (modeler).

In France, the data sources are anonymized (ensuring the privacy of these
data) and are obtained from different databases [44]. In our case study,
they come from the population census and household travel (EMD, a french
acronym for Enquête Ménage Déplacement) surveys:
• The population census provides information on individuals’ socioeconomic

characteristics (e.g., age, socio-professional categories, and household).
These data characterize one-third (more exactly, 35%) of the french popu-
lation. Since it does not concern individuals’ travel preferences/habits and
mobility behaviors, the census does not provide enriched travel information,
but only the main activities (for example, work, leisure and education).

• EMD essentially focuses on mobility practices; and it is the unique survey
based on a census (around 0.8–2% of the population). The survey considers
the detailed reasons (primary and secondary activities), the number of trips,
the intermediate trips, and the transportation mode currently used. The
data also contain some main users’ socio-economic characteristics (e.g., age
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and gender), which are often used to establish public mobility policies. It is
the only source of data that provides information on intermodal practices.

Traditionally, travel surveys and the population census are the data used
for agent-based transport demands [30, 45]. In this goal, we assume that there
is a good understanding of the underlying structure of the studied population.
Ideally, such information should be collected from real data based on the habits
(or the preferences) of individuals. To our knowledge, there is no normalized
data for the population or the transport demand. The demand generation
should be built by the modeler, based on these available data. Some open-
source synthesizers for different case studies are available [46, 47]. Nevertheless,
efforts remain necessary to correspond to the studied area.

Regarding the modeling of the transport supply, the main data source
is OpenStreetMap (OSM ) 3 [48, 49]. OSM data (freely available) provide
mapping information (e.g., roads, trails, public transport lines and stations,
and buildings). Nonetheless, they give information of uneven quality (the data
being more or less detailed for a studied area). To complete the OSM data
for the creation of transport supply, one can use BD TOPO which includes
the main axes of the french road infrastructures, as well as secondary roads,
paths and surface information (e.g. parking). Finally, public transport (PT)
data is generally available in the standard GTFS 4 (General Transit Feed
Specification) format.

In the following, we only use the data sources such as population census
survey, EMD and OSM for the transport demand and the transport supply;
and we show that they are sufficient with regards to our objective. These data
sources allow to build intermodal behaviors for ABM approaches.

3.3 Modeling the behavior for intermodal alternatives
We propose to describe the main intermodal alternatives. We briefly list these
behaviors proposed in our study (3.3.1), and then we focus on the intermodal
alternative, between PV and PT (3.3.2).

3.3.1 Generalities on the intermodal behaviors
Figure 2 gives three simple examples illustrating agents’ daily activities chains
and the corresponding trips. Agents A and B are single-modal users: A mainly
uses PV ; while B is a PT user who also walks to perform its activities. Agent
C has a real intermodal behavior; it is the only one to combine PV and PT
to go shopping.

As above-mentioned, EMD is the only data source including intermodal
information. The data of this survey are grouped into four files specifically: the
household file (providing all household characteristics such as motorization,
location, and type of housing), person file (information on characteristics such

3https://www.openstreetmap.org/about
4https://gtfs.org/

https://www.openstreetmap.org/about
https://gtfs.org/
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xx - 8:00 9:00 - 12:00 12:15 - 13:45 14:00 - 18:00 18:20 - 19:00 19:20 - xx

xx - 13:45 14:00 - 18:00 18:20 - 20:30 21:00 - xx

xx - 10:00 10:45 - 11:30 12:15 - xx

Agent
C

Agent
B

Agent
A

+ +

Fig. 2: Examples illustrating agent’s trip behaviors according to the daily
activities chains

as age, occupation, and driver’s license ownership), trip and leg files (infor-
mation on the sequence of the transportation mode used, trip motivations,
departure time, and distance). It is possible to find the intermodal information
based on the two last files.

Note here that we consider, as an intermodal trip, the combination of
several mechanized transportation modes (vehicle, public transport, and bicy-
cle), even if some studies also consider the combination of walking (from a
certain distance or a walking time) and public transport, as an intermodal
practice [7, 50]. Thus, the combination of several public transport (PT) modes
(e.g., bus and metro during the same trip) is also an intermodal trip [13].

As already underlined previously, we currently focus on intermodal behav-
iors, combining public transport with other individual transportation modes
(PV and Bike). To rebuild these intermodal trips, we identify all trips by merg-
ing these two files trip and leg (a trip is composed by one or several legs). For
example, the agent performs one trip, including two legs (one performed by
PV and the second by PT). Thus, our model considers the following transport
modes [44]:
• All public transport modes (bus, subway, tramway, and train) are repre-

sented by a single PT mode. This aggregation of PT modes is needed
to enforce this alternative compared with the other transport modes (PV,
Walk, and Bike).

• The car mode, as the driver or a passenger, is considered as a private vehicle
(PV ). For example, a driver (or a passenger) taking a private vehicle, and
then a public transport will be considered as PV _driver+PT=PT+PV
(PV _passenger+PT=PT+PV , for a passenger).

• For the intermodal combinations with public transit, we consider all PT
transfers as unique during the trip. For example, a person taking a private
vehicle and then two public transportation modes will be considered as a
private vehicle and a public transport (PV+PT+PT=PT+PV ).
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• It is also assumed that we do not consider the intermodal behaviors that
are not representative, such as PV+Bike or PV+Bike+PT . We also do not
consider the combination of PT (PT+PT) modes in this study.

Now, we deal with the intermodal behavior combining private vehicles
(PV ) and public transport (PT). In the following, this alternative combining
these two transport modes will be designated by PV+PT .

3.3.2 Intermodal alternatives between PV and PT
Private car and public transport combination (PV+PT) must be done
through a dedicated infrastructure, particularly park-and-ride facilities (PR).
To make this possible combination, we propose two new intermodal modes,
which are called car_pt and pt_car (respectively for outward and return jour-
neys). Figure 3 illustrates our approach to enable intermodal travel combining
a private car (PV ) and a public transport (PT). In our illustration, the red
line represents the car_pt mode for the outward journey, and the blue line
corresponds to pt_car mode for the return.

10:00

10:45

12:15

Agent
C

10:20

11:30

11:55

Fig. 3: Illustration of intermodal behavior combining private car and public
transport.

The intermodal alternatives car_pt and pt_car are essentially character-
ized by two modes of transportation, namely private car (PV ) and public
transport (PT) to describe the two journeys. Actually, we assume that the
intermodal trips are made up of two journeys, whose origin is the home. The
destination can be any other activity such as going shopping, in the case of
the example shown in Figure 3. In addition, we adopt a tour-based approach
(unlike trip-based) to be able to take into account the constraints of modal
combination.

The alternative car_pt (shown schematically in red) is used for leaving
home with the car as a transportation mode to the parking (first leg). The
second leg is performed by public transport (e.g., bus, metro, tram, train)
from PR to the trip’s destination, specifically at the nearest station (agent
completes its trip by walking). The dual process for the return is similar by
using the alternative pt_car . The first leg is made by public transport from
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the previous destination to the same PR used on the outward journey. Finally,
the individuals return home using their car, which remains at PR.

The two transport modes car_pt and pt_car used to represent the inter-
modal alternatives of private car and public transport (PV+PT), have thus
the same characteristics.

3.4 Discrete choice models and utilities for considering
modal alternatives

Agents’ decision-making processes for selecting a transport mode require the
specification of models combining transport modes and the definition of their
utilities. Firstly, we present a brief description of discrete choice models. After-
wards, we propose discrete choice models based on multinomial logit (MNL)
models. After a brief description of the discrete models (3.4.1), we focus on
the intermodal alternative based on MNL models (3.4.2) and finally, on the
definition of utilities for the transport modes (3.4.3).

3.4.1 Discrete choice model description
The choice of transportation mode is essentially based on discrete choice mod-
els [14]. These models take the human dimension into account to describe,
explain, and predict choices between two or more alternatives discreet. For
a complete description to discrete choice models with simulations, the reader
can refer to the work proposed by [51].

Discrete choice models specify the probability of an individual to select
an alternative from a given set. This probability is a function of the observed
variables related to the alternatives and the individual. In general, discrete
choice models are based on the notion of random utility that an individual i
has for an alternative (a transport mode, in our case) m [52]. Let Ui,m and
Ui,n be the utilities perceived by i for m and n respectively, i will choose
m instead of n if and only if Ui,m > Ui,n. The random utility is a function
of explanatory variables observed by the researcher (modeler), composed of
the characteristics of the individual (e.g., socio-professional and age) and the
attributes of the alternative (e.g., travel time and transport cost) to which we
add an error term. Linearly, it is defined as follows:

Ui,m = β · zi,m + εim (1)

with :
• Ui,m defines a function in R ;
• zi,m is a vector corresponding to the observed explanatory variables;
• β is a vector corresponding to the coefficients (parameter values) of the

observed variables;
• εi,m is the error term that allows considering the random nature of

human behavior, the lack of more precise information in (individual)
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decision-making, and the unobservable attributes of the alternatives by the
modeler.

3.4.2 Intermodal choice based on MNL
To consider new intermodal alternatives in the modal choice, we use multi-
nomial logit models (MNL) which are the logit models with more than two
alternatives. These MNL models are based on one important property, namely
the Independence of Irrelevant Alternatives (IIA). These approaches, there-
fore, assume that the different alternatives are independent (no correlations
assumed between alternatives) [51]. This choice is also motivated by the
simplicity of their implementation [51, 53].

These models are used to define how agents choose the different transport
modes. They need to be structured to provide the best possible description of
users’ choices. We also study the need (or not) to nest the model and to break
up (or not) certain parameters/constants for the modes.

In our study, four discrete models (Figure 4) are proposed for considering
modal choices:

SI-MNL

PV PV passenger PV+PT PT (+Walk) Bike Walk

(a) SI-MNL

SI-NL

PV PV passenger PT

PV+PT PT (+Walk)

Bike Walk

(b) SI-NL

I-2NL

PV
PV alter-
natives

PV passenger PT

PV+PT PT (+Walk)

Bike Walk

(c) I-2NL

I-CNL

Individual
Modes

PV alter-
natives

PV Bike Walk PT PV passenger

PV+PT PT (+Walk)

(d) I-CNL

Fig. 4: Our four multinomial logit models (MNL) for the transportation modes
choices.

Simple Intermodal MNL (SI-MNL)
The SI-MNL (Figure 4a) structure was proposed by [42]. The modal alterna-
tives are independent (all the transportation modes are at the same level). This
model ensures that IIA, is checked; because there is no hierarchy between the
different modes. In this case, the probability for Agent i to choose, for example
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the private vehicle (PV ), among the transportation modes j is defined by:

Pi,PV =
eUi,PV∑
j e

Ui,j
(2)

Simple Intermodal nested logit (SI-NL)
SI-NL (Figure 4b) considers PT as the main mode with another mode (Bike,
PV ). It is a structure with a nest for considering PT . This hierarchical model
allows us to take into account changes in PT services, which is at the heart of
intermodal transport systems. It also assesses the impact of this offer on the
main secondary modes.

The nested logit models usually depend on how the nests are built (dif-
ferent nest structures will produce different results). In general, the choice of
nest is based on the alternatives that are potentially close or similar to allow
correlations between them. The nests are thus assumed to be independent
(uncorrelated).

The utility of an alternative (choice) in a nest (Branch) is defined by:
U(choice,Branch) = U(choice|Branch) + U(Branch), where U(Branch) is
a function of variables characteristic of the nest (e.g., price, comfort), and
U(choice|Branch) is a function of certain variables characteristic of the indi-
vidual (e.g., age) and the modal choice (e.g., travel time). Thus, the probability
of choosing an alternative in a nest is determined by the choice (alternative)
of this nest (or a branch), and is defined by a conditional probability. The esti-
mation of the choice in a nest requires two models: a model for branch (nest)
selection and another one for the choice, given the selection of the branch
(nest). For example for our model SI-NL, the probability of Agent i choosing
the alternative PV+PT is defined by:

Pi,PV+PT = Pi,(PV+PT)|PT × Pi,PT (3)
with:

Pi,(PV+PT)|PT =
e(Ui,PV+PT)/λPT

vi

Pi,PT =
eZPT·α · vλPT

i

eZPT·α · vλPT
i +

∑
j∈{PV,PV _passenger,Bike,Walk} e

Ui,j

assuming: vi = e(Ui,PV+PT)/λPT + e(Ui,PT+Walk)/λPT , the correlation within the
nest is equal to 1−λ with λ ∈]0, 1] (no correlation between nesting alternatives,
if λ = 1), ZPT is the vector associated to specific characteristics for the branch
(nest) PT , and α is a scaling factor assigned to the nest (generally equal to 1).

Although this second model is inspired by [53], we propose the utility
functions of the alternatives and the associated calculations (these functions
were not initially defined).
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Intermodal double nested logit (I-2NL)
I-2NL (Figure 4c) structure is inspired by the recommandations of [54] (the
utility functions were not yet defined). The structure consists of 2 nests: a nest
for PT, and an additional nest focusing on the alternatives to PV (designated
by alt_PV ). This second nest considers the relationship between the use of
private vehicles with the other modes.

This model looks at the relationship between the use of the private vehi-
cle with other modes, which could be considered as an alternative in this
case. The resulting model is more complex than the previous ones. According
to [54], the utility of the alt_PV nest is better understood by the modeler and
is made up of the utilities of modes (PV _passenger, PT , Bike, and Walk).
To calculate the choice probabilities, we start with the lowest nest. In this
way, the utility for the PT nest is determined like in the first model. Then,
alt_PV is estimated similarly, considering the utilities of other transport
modes. The probability of an agent i choosing PV+PT remains unchanged
(Cf. Equation 3). Finally, the probability of selecting the branch (nest) PT is
defined by the choice of alt_PV :

Pi,PT = Pi,PT|alt_PV × Pi,alt_PV (4)

with:
Pi,PT|alt_PV =

e(Ui,PT)/λalt_PV

v′i

Pi,alt_PV =
eZalt_PV ·α · (v′i)λalt_PV

eZalt_PV ·α · (v′i)λalt_PV + eUi,PV

where: v′i =
∑

j∈{PT,PV_passenger,Bike,Walk} e
(Ui,j)/λalt_PV .

Intermodal cross nested logit (I-CNL)
I-CNL (Figure 4d) with 3 nests, including (i) PV alternatives, (ii) individual
modes, and (iii) PT mode. The aim is to better address (by the designer)
the relationships between the different transportation modes (individual or
collective modes), as well as the consideration for PV alternatives.

The principle for calculating nest probabilities remains similar to other
nested models, proceeding step by step to calculate the probability at each
hierarchical level. The difficulty here concerns alternatives such as Bike and
Walk, belonging to two nests (individual modes and PV alternatives). For the
sake of conciseness, we do not detail the probability of choosing these nests.

To conclude, Table 1 summarizes the different proposed models. The two
last models (I-2NL and I-CNL) define a more complex hierarchical structure
involving several levels of nesting. Their implementations would require more
computing times, without the guarantee of being as much more efficient than
the two other models (SI-MNL and SI-NL).
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Table 1: Synthesis of discrete choice models
Model Taking into account

IIA
Number of Nesting Hierarchical

Level
SI-MNL Yes 0 Simple
SI-NL Between PT and other

modes
1 Medium

I-2NL All the modes 2 High
I-CNL All the modes 3 Very high

Following the creation of these models, we can now define the utility
functions for each alternative.

3.4.3 Definition of utilities for the transportation modes
The utility functions (called U) of the alternatives should therefore reflect the
characteristics of each transportation mode for the individual or the group of
individuals. In our context, the utility defines the decisions performed for their
travel behaviors (i.e., the choice of transportation modes). The agents select a
transportation mode or a combination of modes, maximizing their utility. The
modal choice can thus be easily taken into account by the agents. Through
an iterative approach, agents can thus learn from their activities (actions) to
change their choices.

The utility functions follow the recommendations proposed in [54]. These
functions are based on the observed explanatory variables from EMD. The
utility functions of the private car, public transit, and PV+PT are adapted
from [42, 44] by adding the processing on toll costs. Here, we focus on the inter-
modal alternative (the other modes such as Bike and Walk are not detailed).
The utility function (Equation 5) representing the intermodal alternative, is
based on PV and PT functions (Equations 6 and 7, respectively).

Ui,car_pt = βASC,car_pt + Ui,PV − βinV ehicleT ime,PV × θparkingSearchPenalty

−βaccessEgressWalkTime × θaccessEgressWalkTime + Ui,pt − βASC,PV − βASC,PT
(5)

Ui,PV = βASC,PV + βinV ehicleT ime,PV × xinV ehicleT ime,PV+

βinV ehicleT ime,PV × θparkingSearchPenalty

+βaccessEgressWalkTime × θaccessEgressWalkTime + βcost × xcost,PV

+βcost × toll_fee×
{
1 if if a part of trip is performed in the toll zone
0 else

(6)
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Ui,PT = βASC,PT + βinV ehicleT ime,PT × xinV ehicleT ime,PT

+βaccessEgressT ime,PT × xaccessEgressT ime,PT

+βnumberTransfers × xnumberTransfers

+βtransferT ime,PT × xtransferT ime,PT + βcost × xcost,PT

(7)

where:
• i corresponds to the individual/agent or group of individuals. Therefore, we

could define a utility function according to the specific characteristics of the
agent (or group) (e.g., age, gender, and socio-professional category).

• β are parameters (coefficients) of the model to be estimated. They determine
an alternative’s utility (value) for a given individual during the simulation.

• x are variables corresponding to the known individual’s characteristics (e.g.,
age, gender) and the alternative’s attributes (e.g., travel time, cost).

• ASC (Alternative Specific Constants) represent constants specific to alter-
natives, describing the variation of choice not explained exclusively by the
known attributes.

• toll_fee is an urban toll tax, and
• θ are calibration parameters to be adjusted manually during the simulation.

These parameters make it possible, for example, to consider the constraints
of use (search/cost for parking, for example) of the private car, which are
not provided in the travel survey data.

These utilities are used in the following to implement agents’ decision-
making with the two selected multinomial logit models: SI-MNL and SI-NL.

3.5 Implementation of our intermodal behaviors model
in MATSim

Combining activity-based and agent-based models effectively reproduces the
interactions between the agents during their daily activities [55]. Thus, indi-
viduals’ decision-making (modal choice) is modeled more explicitly. These
approaches make it possible to evaluate mobility policies more realistically. In
a previous study, seven most popular ABM simulators were compared [19],
and it was found that MATSim [24] and SUMO [39] are particularly useful for
examining mobility policies. Specifically, MATSim was found to be more suit-
able in replicating intermodal behaviors through an activity-based approach
and the description of utility for the agent’s decision-making process. We also
use eqasim, an adaptation of MATSim [25] focusing on the discrete mode
choice model.

The work presented in this paper is carried out using the multimodal
agent-and-activity-based simulation software MATSim (Multi-Agent Trans-
port Simulation) [24]. MATSim agents are driven by the desire to maximize
their utility, which are achieved by completing necessary daily activities (such
as work, education, leisure, and shopping) while minimizing the unproduc-
tive travel time. To reach this compromise, agents choose appropriate travel
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modes, routes, and departure times, and draw up a series of travel decisions
in each simulation/iteration. Then, they evaluate the resulting daily plan and
decide whether to keep it or make marginal changes at the next iteration,
using an evolutionary algorithm for plan mutations. Over time, agents opti-
mize their daily mobility plans, taking into account their individual constraints
and capabilities, as well as the competitive behavior from other agents.

The process is based on the following steps. Each agent has a daily plan of
trips and activities. The initial plans are then represented by an initial demand
related to the transport supply (e.g., the networks for the road network and
PT). After an evaluation of plans by a score based on the performed activities
and the utility provided by the transport mode. At each iteration, a subset of
agents can modify their plans to improve their score by changing either the
transport mode, the route or the departure time (re-planning), and thus have
the possibility to optimize their daily mobility plans.

In eqasim, the decision-making process, and particularly the modal choice is
replaced by a discrete choice module. Thus, the discrete choice module chooses
the mode(s) according to the approach used (trip-based, i.e., a single-mode
for each trip or tour-based, i.e., the chain of modes for the round trip). This
choice is also performed by considering some constraints to avoid generating
unrealistic combinations, such as using the car without a driving license. As
already underlined by [56], the parameters resulting from utility functions of
activities and trips are considered as a real challenge to calculate during the
calibration process.

In the MATSim current version, the routing for car trips is based on short-
est path algorithms such as Dijkstra; whereas public transport routing is based
on the dynamic programming connecting stations/stops and lines. Note also
that the intermodal routing combining PT and Walk is already predefined in
MATSim. For the alternative PV+PT , a new specific routing algorithm was
defined. The PV+PT trip routing algorithm is defined by four steps:

1. Find the PR closest to the agent’s home.
2. Calculate a route between home and PR using shortest path algorithms

included in MATSim.
3. Perform routing between PR and final destination using the public trans-

port routing module of MATSim.
4. The return to home follows the previous three steps in the opposite

direction.

Thus, this algorithm ensures that the same PR is used for both private car
and public transport during the trip.
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4 Our case study based on MEL data
This section provides general information on the study area, the European
Metropolis of Lille (France), MEL (4.1), a few details on the setup and param-
eters proposed for the experiments (4.2), and the results obtained during the
experiments (4.3).

4.1 Description of the MEL
MEL comprises 95 municipalities with 1.1 million inhabitants over an area
of 672 km2. Figure 5 provides an overview of the spatial distribution of pop-
ulations 5 and the car ownership (at least one vehicle) per household 6 for
the municipalities of the MEL. The population is gathered around the main
metropolis (Lille); while the rest is weakly populated. However, the opposite
phenomenon is observed concerning the number of cars per household. The
number of vehicles per household is higher in these peripheral areas, whereas
around 70% of households in the center own a private vehicle. The public
transport network includes two metro lines (43.6 km), two tram lines (22 km),
and around 90 bus lines. There are currently 12 PR facilities (approximately
5,000 parking spaces).

Lille

Loos

Halluin

Tourcoing

Wattrelos

Roubaix

Deûlémont

Herlies

Illies
Fretin

Spatial distribution of persons (2017)

227

117 705.5

235 184

Baisieux

Williems

Share of households with at least one car (2013)

57%

78%

99%

Lille
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Halluin

Tourcoing

Wattrelos

Roubaix

Deûlémont

Herlies

Illies
Fretin

Baisieux

Williems

Fig. 5: Spatial distribution of the population (left) and car ownership per
household (right) in the municipalities of MEL

We note a good heterogeneity within the population, with as many women
(52%) as men (48%). The distribution of individuals by age is fairly uniform
with a large percentage of young people, 20% are under 14 years old, 43%
between 15 and 44 years old, 18% are between 45 and 59 years old, and 19%
are over 60 years old. On the working side, 79% of individuals have an activity,
including 59% of workers. More than 70% of the professionals work outside
their municipality of domicile, leading to a high use of private cars (68%)
compared to other transportation modes. It is also noted that almost half of

5https://www.insee.fr/fr/statistiques/3698339#consulter
6https://www.data.gouv.fr/fr/datasets/taux-de-motorisation-des-menages/

https://www.insee.fr/fr/statistiques/3698339#consulter
https://www.data.gouv.fr/fr/datasets/taux-de-motorisation-des-menages/
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the people are probably concerned by a parking problem. Its crucial use for the
population, involving various problems (noise and air pollution for example),
makes our case study particularly interesting, to investigate mobility policies
aimed at reducing its usage.

MEL household-travel survey (EMD), carried out in 2016, was used in this
study. Globally, 9,479 persons belonging to 4,539 households (approximately
0.87% of the actual population) were interviewed about their trips performed
the day before. 24,629 were listed in this survey. More than half of all trips
(all purposes combined) are performed using a private car (57.9%), walking
comes second with nearly 30%, followed by public transport (PT) with 6.7%
and the bicycle which has less than 2% of modal share. Only 4% of trips are
intermodal (a combination of two more mechanized modes of transportation).
A public version of this survey is available on the open data site 7.

4.2 Experimental setup and parameters
To consider the experiments, it is necessary to calibrate and to determine the
setup (4.2.1) and parameters of the discrete choice models (4.2.2).

4.2.1 Experimental setup
The synthetic population generated in this study represents a sample of 20%
of the actual population, which corresponds to 225,240 agents with a total
of 746,318 trips. This sample is based on recent works about population
down-scaling [57] for multi-agent transport simulations. This choice is mainly
justified for reasons of computational cost and for obtaining exploitable simu-
lation times. For example, the computation time with such a population for a
simulation of 300 iterations on Intel Xeon CPU E5-2650 v4 2.2 GHz and 128
GB of RAM takes about 18 hours. The flow and storage capacities of the road
infrastructure are multiplied by 0.18 to consider the down-sampling of traffic
flow on the existing road network. The number of iterations is set to 100, and
20% of agents are allowed for re-planning (change of transportation mode).

In the following, we assume a toll area, which leads the individuals to use
public transport to enter the city. Figure 6 provides information on the area
and the geographical location where the urban toll is applied. The application
area (hatched in black line) is thus defined on the perimeter of the city of Lille,
avoiding to include the nearby park-and-ride facilities (see the symbol on the
figure). The urban toll application configuration is defined as follows:
• Application time: We apply the measure for the whole day.
• Price: We propose a variation of different amounts between 2 and 20 euros

to significantly reduce the modal share of vehicles (10− 30%).
• Who: the toll applies to all agents’ trips performed by a private car in the

toll area.

7https://opendata.lillemetropole.fr/explore/dataset/enquete-deplacement-2016/information/
?location=10,50.65641,3.03338&basemap=jawg.streets

https://opendata.lillemetropole.fr/explore/dataset/enquete-deplacement-2016/information /?location=10,50.65641,3.03338&basemap=jawg.streets
https://opendata.lillemetropole.fr/explore/dataset/enquete-deplacement-2016/information /?location=10,50.65641,3.03338&basemap=jawg.streets
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Fig. 6: Urban toll area (hatched in black line) in Lille of the MEL

• intermodality: We propose to study two typical cases, with or without the
PV+PT alternative to evaluate urban toll area (through the use of PRs).

4.2.2 Parameters estimation
The calibration step is adjusted for the different parameters of our discrete
choice models. The obtained results must be closed to the empirical (reference)
data (EMD 2016), in terms of modal alternatives and distance distribution.
In particular, we fit the parameters for PV+PT alternatives, as they are not
estimated in the discrete models. The calibration is also necessary, because
the real data on the use of park-and-ride facilities are lacking. Finally, we
set the capacity of the road infrastructure for different values to improve the
simulation results. The model is estimated with PandasBiogeme [58] (a version
of the open source package Biogeme, commonly used in transportation modes)
for estimating discrete choice models.

Table 2 summarizes the main characteristics of two models SI-MNL and
SI-NL (a prior description with a different sample size for SI-MNL model was
given in [1, 42, 44]). The total number of observations used for the estimation
is 4,771 (a third of the data from the MEL) taking into account a good repre-
sentation for each transportation mode. SI-NL as one additional parameter to
estimate than the first one (SI-MNL), corresponding to the nest of this logit
model (to take into account the combinations between PV and PT).

The convergence is the first indicator for evaluating discrete choice models.
A model converges when the values of different parameters do not change or
vary slightly before the end of the iterations defined by the selected software.
All the parameters of these two models could be estimated, confirming that
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the utility functions are well defined. Thus, the two models converge after 78
iterations.

Table 2: Characteristics of the models SI-MNL and SI-NL (based on Pandas-
Biogeme) - BFGS algorithm with trust region for simple bound constraints,
applied on 4771 samples (Excluded observations: 343)

Statistical Data SI-MNL SI-NL

Number of estimated parameters 13 14
Init log likelihood −6700.209 −6700.209

Final log likelihood −4138.308 −4138.307
Likelihood ratio test for the init. model 5123.803 5123.804

Rho-square for the init. model 0.382 0.382
Rho-square-bar for the init. model 0.38 0.38

Akaike Information Criterion 8302.615 8304.614
Bayesian Information Criterion 8386.729 8395.198

Final gradient norm 2.2345e− 02 6.7685
Bootstrapping time 0:11:01.052890 1:07:19.546332

Number of threads 4 4
Proportion analytical hessian 0.0% 0.0%

Relative projected gradient 2.247521e−6 3.161913e− 06
Number of iterations 78 78

Number of function evaluations 221 223
Number of gradient evaluations 72 73
Number of hessian evaluations 0.0 0.0

Cause of termination 2.2e−6 <= 6.1e−6 4.2e−6 <= 6.1e−6

Optimization time 0:00:01.795740 0:00:03.016882

The estimated models (SI-MNL and SI-NL) are statistically significant
(and are nearly similar). The decrease of the final value of the Final log Like-
hood (−4,138.308 for SI-MNL and −4,138.307 for SI-NL) compared to their
initial state (−6,700.209 for SI-MNL and SI-NL) shows the quality of the
obtained values for the parameters. The improvement in the log Likehood val-
ues for these two models shows that the explanatory variables introduced are
significant. In addition, estimated models are also confirmed by the rho square
equals to 0.382. This value shows an acceptable predictive quality for the two
models.

Our objective for obtaining significant parameters is crucial to better rep-
resent the real modal choice of individuals according to their characteristics
and the attributes of transport supply. Table 3 shows the estimated param-
eters of both models. To evaluate their values, we also consider their sign
(negative or positive) and the standard error. The coefficients of the explana-
tory variables (β and θ) determine the utility value for each alternative. For
example, the βcost is intuitively negative, thus reflecting a certain disutility
towards transport modes, whose a higher cost for the use of their vehicle.

There are deviations from the error values for some parameters, in par-
ticular the constants for the alternatives (βASC,PV, βASC,PT, βASC,Bike,
βASC,Walk). SI-NL thus presents higher standard errors (Rob. Std err.) for
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Table 3: Determination of estimated parameters for the two models, SI-MNL
and SI-NL (based on PandasBiogeme)

SI-MNL SI-NL
Parameters Value Rob. Std Rob. Std

err err

PV βASC,PV −2.69 0.272 −2.69 2.05

βinV ehicleTime,PV 0.00133[min−1] 0.00918 0.00134[min−1] 0.0101

PT

βASC,PT −3.83 0.272 −3.84 2.1

βinV ehicleTime,PT −0.000842[min−1] 0.00158 −0.000841[min−1] 0.00164

βaccessEgressTime,PT 0.0228[min−1] 0.0511 0.0227[min−1] 0.0511
βnumberTransfers −0.19 2.25 −0.205 2.25

βtransferTime,PT −0.907[min−1] 0.412 −0.936[min−1] 0.412

Bike
βASC,Bike −3.07 0.312 −3.07 2.07

βtravelTime,Bike −0.108[min−1] 0.0157 −0.108[min−1] 0.0145
βhighAge,Bike 0.00979 0.0049 0.00979 0.0049

Walk
βASC,Walk 0.218 0.274 0.217 2.05

βtravelTime,Walk −0.131[min−1] 0.00639 −0.131[min−1] 0.0068

Other βcost −0.0142[euro−1] 0.0459 −0.0142[euro−1] 0.046
βNest,PT − − 1 1.61
θparkingSearchPenalty 4 − 4 −
θaccessEgressWalkTime 4 − 4 −
θASC,car_pt 1.25 − 1.25 −

The calibration parameters (the three last rows of this table) are not among those to be
estimated by the model.

these parameters. These differences in values are mainly explained by the
nature of SI-NL model, which tries to take into account the relationships
between alternatives, while the SI-MNL assumes that there are no relation-
ships. Thus, SI-NL model would be less accurate in estimating the values of
these parameters compared to the SI-MNL. It should be noted at this level
that the estimation time (Bootstrapping time) of SI-NL parameters (more
than one hour of calculation) remains important compared to SI-MNL (11
minutes). Generally speaking, the standard errors are low, indicating a good
capacity to estimate the parameters’ values.

The analysis of the signs of the parameters’ values indicates a conformity
of the models to represent the behavior of individuals in their modal choice.
For example, the cost parameter has a negative effect on the choice process,
which is rather intuitive. The higher the cost of an alternative, the less interest
the individual will have in this alternative. Moreover, the parameters related
to the travel time of the alternatives, except for the car, have a negative sign.
This situation also expresses some reality, because the more time it takes to
travel by a transportation mode, the less likely it is to be used. The private
car remains a characteristic with regard to the comfort it would provide in
terms of the time spent on the trip. The number of transfers between public
transport systems is also seen as a limiting factor for the use of this mode,
while access and egress times (βaccessEgressT ime,pt) are not perceived as very
constraining.
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It should be noted here that the calibration parameters
(θparkingSearchPenalty

8, θaccessEgressWalkTime
9, and θcar_pt) are manually

estimated to adjust the simulation output. The values thus presented (except
for the constants of car_pt mode) have been adapted from a previous
study [25].

SI-NL with a PT nest aims at studying the correlation between the alterna-
tives, PV and PT . Regarding the value of the nest coefficient (βNest,PT = 1),
it turns out that these two alternatives are not really correlated. Therefore,
SI-MNL is well-suited to assess the choice of transportation mode, taking into
account the intermodal alternatives. More specifically, SI-MNL gives estimated
parameters statistically significant, except those related to the duration of time
spent for PV (βinV ehicleT ime,PV) and PT (βinV ehicleT ime,PT) and the time
to reach PT (βaccessEgressT ime,PT, βnumberTransfers,PT and βtransferT ime,PT,
with a p-value greater than 0.5.

To conclude, the two models based on these parameters can thus be used in
the simulation to infer the agents’ behaviors in terms of modal choice. These
two models could be defined for experimental evaluations; but, SI-NL requires
more computational times than SI-MNL for equivalent results. That is why, we
consider in the following, the parameters of SI-MNL for our experimentations.

4.3 Experimental Results
The experiments aim to evaluate our proposal concerning the previous parame-
ters for the utilities of different transportation modes (including the intermodal
alternatives, and in particular PV+PT) following SI-MNL. We also imple-
ment it within MATSim/eqasim framework. We show the results concerning
an urban toll (4.3.1) and we propose to apply our approach for a larger region
(4.3.2).

4.3.1 Impact of an area toll for the agents’ behaviors
Each agent estimates the utilities of the different transportation modes and
selects its behavior according to its preferences. Once again, it should be
remembered that we consider the various information concerning existing
infrastructures (including roads, park-and-ride facilities, etc.) and real user
behavior. Given the demand from different users characterized by agents and
the existing infrastructure, we can assess the benefits of proposing a toll area.
In addition, the cost of such a pricing system also needs to be estimated to
significantly reduce the use of PV (fixed to 20%). Finally, we would also like
to study the effects of the intermodal alternative PV+PT for this problem.

In this context, we perform different experiments by changing the ad-hoc
value of the toll tax, and we observe the agents’ global behavior. Thus, the

8θparkingSearchPenalty allows to take into account the effects of the search for a parking space
for the vehicle.

9θaccessEgressWalkTime captures the influence of walking time to go to the car and to the final
destination.
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idea is to check that the aggregation of individual behaviors leads to a con-
sistent overall behavior. Therefore, two situations need to be investigated for
the various agents to decide, depending on the estimated utilities. The selec-
tion of a transportation mode is performed according to their activities and
their estimated utilities: (i) without the consideration the intermodal behav-
ior PV+PT (case 1), (ii) with the consideration of the intermodal alternative
PV+PT (case 2). These two cases present the results obtained for the differ-
ent transportation modes (private car, public transport pt, bike, walk, other
passengers than the driver in a vehicle car_passenger, and the intermodal
alternative car_pt).

Figures 7, 8, 10, and 11 illustrate the global modal shares with/without a
toll area for the two cases (without/with the intermodal alternative) in MEL
and within the main town (Lille) where the toll is applied. We give the results
related to reference data (from EMD 2016), the simulation without toll area
(simulation base case), and the simulations obtained with toll area for different
toll taxes.

Thus, we can see the effect of the urban toll on the decrease of private
car use. Compared to the reference (base) situation, this reduction is 2%, 5%,
8%, 11%, 14%, 16%, 18%, and 19%, respectively, for taxes of 2.5, 5, 7.5, 10,
12.5, 15, 17.5 and 20 euros without considering the PV+PT alternative on the
scale of the entire metropolis (Figure 7). The reduction in car use is slightly
greater when considering the intermodal alternative with 5%, 9%, 12%, 15%,
18%, 19%, 20%, and 21% according to the toll taxe (Figure 8).

Fig. 7: Modal shares without the intermodal alternative within the MEL.

This exciting result shows that combining private car and public trans-
port makes individuals more likely to leave their cars and to switch to the
intermodal alternative. Without this alternative, the users prefer to pay the
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Fig. 8: Modal shares With considering the intermodal alternative PV+PT
within the MEL.

toll tax and continue to use their own vehicle. Another interesting observa-
tion concerns the reduction in private car use, which stabilizes at a fixed rate
regardless of toll increases. In fact, from 15 euros already, the reduction is not
really significant.

We find that a tax of 20 euros should be applied for reducing significantly
(fixed to 20%) the use of PV within the MEL. Considering this scenario and
without the PV+PT alternative, the reduction in private car use leads to
an increase of 62%, 24%, and 10% for public transport, cycling and walking,
respectively (Figure 7). For the PV+PT alternative scenario, the increase in
PT , cycling, and walking is 10%, 16%, and 20%, respectively. This reduction
results in an exponential increase of 244% in the modal share of the intermodal
alternative (Figure 8). Therefore, this trip opportunity is more useful than
PT , for the users.

Figure 9 provide additional information on the changing for the transport
modes, by considering the travel distance at the MEL-scale simulation with 20
euros for toll taxes. The reference situation (EMD 2016) is in black dotted line,
the simulation without road pricing in red color line and the toll application
scenario in blue line. Thus, users who abandon their cars for cycling and
walking are concerned about short-distance trips (less than 3 km). Meanwhile,
the intermodal alternative and public transport are preferred for medium (3–10
km) and long-distance (more than 10 km) trips (Figure 9b). Public transport
remains the privileged transport mode for medium and long distances without
this alternative (Figure 9a). The modal shift over short distances (less than
3 km) is not globally visible. A more detailed analysis on the scale of the city
of Lille (toll area) shows a better understanding of this behavior performed
by car within the town.

The various changes due to the application of urban tolls are more striking
in the perimeter of Lille (Figures 10, 11 and 12). We note a drop of 69% and
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(b) Case 2: With the intermodal alterna-
tive PV+PT

Fig. 9: Modal shares with/without a toll area (20 euros tax) within the MEL.

Fig. 10: Modal shares without the intermodal alternative within Lille.

72% for the use of private cars in favor to other alternative, when we applied a
tax of 20 euros in the cases 1 and 2, respectively (Figures 10 and 11). Compared
to the base situation, the modal share of PT , Walk, and Bike increase of 111%,
43%, and 118%, respectively in case without PV+PT alternative (Figures 10).
When considering the PV+PT alternative, the modal share of PT , Walk, Bike,
and PV+PT increase of 69%, 40%, 60%, and 514%, respectively (Figures 11).
The choice of the alternative to the private car concerning the travel distance,
in the case of the application of urban tolls, is more perceptible on a city scale.
The choice of walking and cycling for short distances is more outstanding. The
intermodal alternative (PV+PT) remains the more attractive transport mode
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Fig. 11: Modal shares With considering the intermodal alternative PV+PT
within Lille.

for the agents (users) in the case of urban toll applications. This combination
allows agents moving to Lille to park their cars in the PR facilities, and then
to take a public transport to enter the city. Thus, they avoid paying the toll
tax.
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Fig. 12: Modal shares with/without a toll area (20 euros tax within Lille).

This phenomenon is visible through the flow of cars at the PR near the
city’s entrance. Figure 13 gives an overview of this situation from 8:30 am.
The vehicles in red color are in a congestion situation. They move very slowly;
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those in yellow also circulate slower than when the traffic is fluid (the cars in
green). We can see clearly the impact of road pricing on the flow of cars within
the city of Lille (Figure 13b). The number of vehicles has dropped considerably
compared to the situation without an urban toll (Figure 13a).

(a) Traffic situation without urban toll. (b) Traffic situation with urban toll.

Fig. 13: Vehicles’ flow at PR located at the entrance to Lille

4.3.2 Extending the model for a larger region
Based on the estimated parameters of the MEL, we extend the framework to
a large region (Hauts-de-France). In fact, an important part of the daily trips
inside the area of the MEL involve an origin or a destination outside of this
area, i.e. the region. This region includes 5 departments (Aisne, Nord, Oise,
Pas-de-Calais, Somme) grouping 3,789 municipalities, with approximately 6
millions inhabitants 10. According to the travel survey from this region, more
than 14 million trips are recorded every year, including around 9 million
to Lille. The car (be driver or passenger) remains the main transportation
mode with 70% of modal shares, followed by the walking (22.5%), the public
transport (5%), the bike (2%) and the intermodal combination (1%).

Due to the constraints of computational times, the simulation is based on
a restriction of synthetic population, fixed to 10% of the actual population of
this region. As for the previous simulations on MEL, the urban toll is applied at
the entrance to Lille throughout the day, and a tax of 20 euros (hypothetical)
is applied for each entry into the toll area.

Figure 14 shows the results of the PV+PT alternative and the impact
of the congestion charge to Lille. Figure 14a gives an idea of the size of this
region compared to the MEL (green color) and to the area of application of
the urban toll within Lille (yellow color). Figure 14b presents the obtained
results for the modal shares. The dotted curve corresponds to the reference
situation, and the one in red color represents the modal shares of the calibrated
simulation (before the application of the urban toll). Finally, the curve in blue
color shows the new shares following the application of the congestion charge.
This figure shows that our model can simulate by extension a larger region

10https://www.prefectures-regions.gouv.fr/hauts-de-france/Region-et-institutions/
Portrait-de-la-region/Chiffres-cles/Chiffres-cles-de-la-region-Hauts-de-France

https://www.prefectures-regions.gouv.fr/hauts-de-france/Region-et-institutions/Portrait-de-la-region/Chiffres-cles/Chiffres-cles-de-la-region-Hauts-de-France
https://www.prefectures-regions.gouv.fr/hauts-de-france/Region-et-institutions/Portrait-de-la-region/Chiffres-cles/Chiffres-cles-de-la-region-Hauts-de-France
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Lille

MEL municpalities

Rest of the region
0 25 50km

(a) Maps of Lille, MEL, and the
Hauts-de-France region (source from
OSM). (b) Modal shares following the applica-

tion of the urban toll within Lille in the
Hauts-de-France region.

Fig. 14: Simulation results for a larger region, Hauts-de-France

for the different transport modes (including the intermodal alternative). As
expected, the urban toll application influences the agents’ travel behaviors. As
in the case of the MEL, this change is not really visible on a larger scale. On
the other hand, we note a similar reduction in car use in the toll area.

After selecting an efficient model (SI-MNL) for our purpose and deter-
mining its parameters, we propose to study the effectiveness of a tax to enter
the city center. We show that the tax should reach 20 euros to significantly
change the agents’ intermodal behaviors (around 20% and 70% in the whole
study zone and the toll area, respectively). Finally, we also briefly describe
a preliminary work that allows us to extend (with the same parameters) our
model for a larger region. These first results should be considered as proof of
concept. In fact, our objective is to show that modeling agents with activities
and utilities is a relevant proposal for addressing mobility (or intermodality)
policies at different scales. A coordinated policy should be applied to reduce
the use of private cars significantly. The framework thus proposed can, there-
fore, support a basis for studying the behaviors of users; for example, if a tax
is applied to a toll area, then we could characterize the effects on the cate-
gories of individuals or on the types of vehicles (diesel, electric, hybrid). The
following section deals with a discussion of our study.
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5 Discussion
The simulations based on our model require different consistent data sources.
We debate the introduction of other data sources, for example, based on sen-
sors (5.1). Then, the experiments based on an urban toll are also discussed
(5.2).

5.1 Other data sources
Our study is essentially based on data sources obtained from EMD and
population census. Although these data are rich, they have the disadvan-
tage of representing only a small population sample. On the other hand,
it is possible to collect data from sensors positioned on the infrastruc-
ture (radar) or circulating on the infrastructure (e.g., connected vehicles,
smartphones) [44, 59, 60].

Thereby, more and more authorities organizing mobility are deploying sen-
sors to control user access. Wi-Fi data are used, for example, to manage the
flow of public transport users [61]. The volume of captured data provides cru-
cial information for sizing the transport offer according to this demand (for
example, parking facilities for public transport, by validating tickets and cards
or capturing signals).

Personal mobility data can be even more massive, such as FCD (Floating
Car Data) or FMD (Floating Mobile Data) [62]. They are collected from cars
or phones [63] that send their positions (obtained from a GPS location or GSM
triangulation) to third parties (guidance service operators such as Waze or
Google Maps, mobile phone operators, car manufacturers) at regular intervals.

In theory, these floating data can provide better knowledge of the traffic
flows for different transportation modes (FCD for the vehicles and FMD for
the other modes) and better describe travels than the data from standard
surveys. Indeed, the information describing users’ travel routes is more recent
and accurate due to the frequently updated location system.

However, the main limitations for their use are firstly, the lack of contex-
tual information (e.g., used transportation modes, individual characteristics)
and secondly, access to raw data from providers. (e.g., mobile phone opera-
tors, Google) [64]. These data could also be useful for particular contexts: for
instance, the study of parking facilities in an urban context [44], or a better
understanding of the individuals’ trips within the toll area.

5.2 Study based on a toll area
There are mainly two ways to implement urban tolls: by cordon (it consists
of creating a cordon around a given zone and applying the toll to each finite
perimeter entry and/or exit) and by area (the toll is used as soon as a car
drives in the area concerned; the difference lies in the payment, performed
only once to circulate in the area and not at each passage of the cordon). The
road toll system studied in this work relates to an application by area on the
city of Lille and allows to reduce road traffic inside the town with a toll tax
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of 20 euros. More broadly, in the literature, different road pricing systems are
depending on the desired objective [65]:
• by distance: this type of toll consists of charging per distance traveled by

car. For example, for a 1 euro/km price, a driver who will do 25 km will pay
25 euros.

• by road section: in this case, it is a question of applying a particular charge
each time an area (regardless of its length) is crossed (e.g., tunnel and
bridge).

A similar method was applied to the city of Zurich (Switzerland) [66].
Unlike our approach based on the toll area, this study focused on using road
pricing through a cordon around the city. In addition, the toll is only applied
during peak hours (5:30–9:00 and 17:30–19:00) to enter and exit the city. The
authors carried out several simulations with different tax amounts of less than
5 euros to obtain a 20% reduction in automobile traffic in the city.

The difference in the tax value may be due to the infrastructures of the city
studied, but it also highlights the difficulty to model behaviors for artificially
simulated agents. From our point of view, a daily tax of 20 euros seems to
be expensive. Data-based model implies a certain inertia in the behaviors. It
does not permit huge changes at an individual scale (relocation, equipment
purchase, etc.).

Furthermore, our study considers a toll area, which leads individuals to
use public transport to enter the city. However, the cordon toll would be more
suitable if, for example, one seeks to avoid crossing an area by car to guide
them to the roads around the city. The drawback of the toll area compared to
the cordon is that the flow of cars crossing the area is not considered. However,
the main objective of the toll is to reduce or limit these types of trips in the
city by making bypass roads.

Another point not dealt with in this paper is the acceptability of such
measures by individuals depending in particular on their income [10, 67]. For
example, we have seen the gilets jaunes crisis, following the increase in fuel
taxes in France (2018). Therefore, it is essential to strike a balance between
the application of these measures and the categories of individuals.

6 Conclusion and Perspectives
The main objective of political decisions in the transportation systems is reduc-
ing the negative effects such as traffic congestion or pollution. The proposed
solutions consist in reducing the use of private car, and in proposing collec-
tive modes (public transport). Thus the authorities develop new intermodal
modes (combining for example, private vehicles and public transport) and/or
urban toll areas. However, these decisions may change the users’ behaviors. It
is, therefore, necessary to propose adapted approaches to reproduce and/or to
evaluate such decisions.
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Existing studies provide different models for addressing this need, ranging
from macroscopic to microscopic approaches. Macroscopic models are based
on aggregated data. They have the advantage of assessing situations where all
users exhibit average behavior. However, their dual disadvantage is that it is
difficult to design more specific behaviors. Opposite to these traditional mod-
els, the agent-based approach (ABM ) is particularly suitable for describing
more precisely these individual activities. Each agent can assess all trans-
portation modes according to its preferences and activities. Estimating the
different possibilities thus characterizes the ABM , which we refer to utility-
based agents. The problem then lies in generating a realistic population of
agents for a given application. We also highlighted the fact that only some
studies have been performed on intermodality.

In this paper, we proposed a general ABM approach of modeling individu-
als’ travel behaviors, in the context of modal choice (including the intermodal
alternative) and the application of urban tolls. The agents will be able to
estimate their utilities associated with different available modes, according to
their preferences and activities, and select the corresponding transportation
mode. Among the different intermodal possibilities, we focused on an inter-
modal alternative the most used, namely the combination between private car
and public transport.

We described a methodology consisting of different steps: (i) the objectives
to be achieved, (ii) the available data needed to generate a realistic population,
(iii) the specification (possibly with the help of experts) for the description
of different transport modes, including the intermodal alternative, (iv) the
presentation of utilities and selected discrete models, and (v) the choice of a
multi-agent platform to support our approach.

The first step was to clearly define the problem and the questions that the
designer might ask when modifying an infrastructure or introducing a new
mode of locomotion for users (e.g., autonomous vehicles in mixed traffic, posi-
tioning of plug-in stations for electric cars) and its effects on users’ behavior in
a given locality (e.g., an area of the city, a town, an agglomeration, a region).

The second step assumed the existence of different available data sources.
Thus, we distinguished between two types of data sources: those that could
be used for user demand and, therefore, for generating synthetic populations;
and those describing infrastructures. For user demand, we need data on house-
holds, users’ journeys, and their main activities. We showed that we used
data sources from the population census providing information on individu-
als’ socioeconomic characteristics (e.g., age, socio-professional categories, and
household) and describing their main activities (for example, work, leisure and
education) of users. It was also necessary to obtain data sources (from EMD),
essentially focusing on mobility practices. Concerning the transport supply,
we considered OpenStreetMap (OSM ) providing sufficient information (for
example, roads, public transport lines, and stations). This step involved for
maintaining the consistency of the anonymized data (In France, the data are
anonymized), detailed in [44].
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The third step focused on motivations for describing intermodal alterna-
tives. In this way, we addressed generalities about agents’ activities. The data
available on users’ activities made it necessary to suggest simplifying hypothe-
ses for using transportation modes. For a sequence of agent activities, we
have shown whether the transportaion mode is modal or intermodal. For the
intermodal alternative, we described two new transport modes (car_pt and
pt_car) while defining their usage constraints, intermodal routing through PR
facilities. Thus, we considered car_pt for the trips from the home with a car
to the parking and then from this parking to the destination by public trans-
port. The dual process for the return (i.e., from the destination to its home)
is considered similar by using the alternative pt_car .

The fourth step detailed how to combine the transportation modes and
the utilities. We naturally proposed multinomial logit (MNL) models. This
work described four discrete models (SI-MNL, SI-NL, I-2NL and I-CNL) for
organizing modal alternatives. The first is a simple MNL, while the last three-
models are based on nested structures. The two last models require more
important abstraction levels and higher computational times for determining
the different parameters of utilities. For the modal choice decision process,
two discrete models (SI-NL and SI-MNL) are thus kept for the experimenta-
tion. Finally, we also gave the utilities for the different modes, including the
intermodal alternative.

The fifth and final step presented our choice of a multi-agent platform
MATSim, often used in transportation applications. This platform has the
advantage of describing an activity-based model, as required in our context.
The decision process for each agent has thus been modified to consider the
utilities associated with the different transport modes. We also adapted this
platform to include the discrete choice model and various useful extensions (in
particular, the intermodal behaviors to reduce the private vehicle use).

Then, we applied this approach to validate intermodal alternatives and
assess the value of a city toll area and its pricing. The experiments are thus
carried out on the European Metropolis of Lille (MEL) data (1.1 million inhab-
itants). MEL is an agglomeration made up of 95 municipalities, within Lille is
the largest with 233,098 inhabitants. We have emphasized that this agglomer-
ation properly verifies our hypotheses: a very high usage of private vehicle by
users, despite an extensive infrastructure (a public transport network includ-
ing two metro lines, two tram lines, and 90 bus lines, and 12 PR facilities).
Due to the absence of data for the PRs, it was necessary to obtain simu-
lation results close to users of park-and-ride facilities (Cf. a previous study
previously described in [44]). The number of agents was based on 20% of the
actual population (746,318 trips) for two sufficient main reasons: the computa-
tional cost and the down-scaling for multi-agent transport simulations. In this
study, we assumed an urban toll area to enter the city (Lille), and investigated
the intermodal alternatives for significantly reducing the modal share of vehi-
cles. For the calibration, we adjusted the different parameters of our discrete
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choice models to the empirical (reference) data (EMD 2016). We used Pan-
dasBiogeme, for estimating these parameters of two discrete models (SI-NL
and SI-MNL). We showed that these two models are statistically significant
(and are nearly similar) and could be used for simulations. However, we also
underlined that SI-NL requires more computational times than SI-MNL, for
equivalent results. We therefore opted for SI-MNL for our experiments. The
proposed experiments thus included (or not) the intermodal alternative and
the variation of the urban toll tax (from 2.5 to 20 euros). These simulations
were very correct in terms of realism, reproducing the shares of individuals
practicing intermodality, for persons aged from 18 to 54 years. Our study
showed that with 20 euros as toll tax, it was possible to reduce personal car use
by 20% and 70% within MEL and Lille, respectively. We also briefly described
a preliminary work (by assuming that the behaviors for MEL remained true
for the global region) to extend our model for a larger region, Hauts-de-France
(3,789 municipalities, 6 millions inhabitants). Based on the same values for
the different variables, we showed (as expected) that the results required more
coordinated policies to reduce significantly the use of private vehicles.

Our study was essentially based on data sources obtained from EMD and
population census. Other data sources could be useful to improve the obtained
results. It would be possible to collect other data sources, for example, from
sensors positioned on the infrastructure (radar) or circulating on the infras-
tructure (e.g., connected vehicles, smartphones, sensors from PR). As part
of future work, we could also plan to extend our simulation framework to
other modal combinations such as bike or e-scooter (in particular, the shared
micro-mobility services) [68] and public transport, or even the use of taxis
or autonomous shuttles [69]. Finally, we would like to investigate other road
pricing systems (following the distance or the road section).
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