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This paper proposes a novel approach to support participatory decision-making processes
in the context of urban freight transport through the integration of discrete choice
modeling and agent-based modeling. The methodology is based on an innovative
multilayer network and opinion dynamics models and applied to the case study of
Rome’s limited traffic zone. Simulation results produce a ranking of plausible policies that
maximize consensus building while minimizing utility losses due to the negotiation pro-
cess. These results can be used to support real participatory decision-making processes
on freight-related policies accounting both for stakeholders’ heterogeneous preferences
and their interaction effects.

� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Urban freight transport (UFT) is a complex world characterized by multiple and conflicting interests. Policy-makers have
to deal with the three main actors in the supply chain, i.e. (1) shippers and producers who supply the goods, (2) receivers
representing the demand for goods and (3) transport providers, in charge of the transportation of the goods, as well as those
actors not directly involved with freight transport movements, but that can be indirectly affected by the decisions, i.e. res-
idents, tourists and visitors (MDS Transmodal, 2012). All of them can be considered UFT ‘‘stakeholders”, according to the
broad definition of Cascetta et al. (2015): ‘‘people and organizations who hold a stake in a particular issue, even though they
have no formal role in the decision-making process”. Public authorities should try to strike a balance between private and
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public objectives. This, in general, implies: maximizing freight distribution efficiency, minimizing the related negative exter-
nalities, and fostering city sustainability and livability.

The importance of adopting a participatory decision-making process is, nowadays, widely recognized. This entails a direct
involvement of all the interested actors during the definition of the policy measures to be implemented (Gatta and Marcucci,
2014; Quick, 2014; Cascetta et al., 2015). The whole living lab research stream is based on this assumption (Eriksson et al.,
2005; CITYLAB, 2015; Quak et al., 2016) and also supported by all the arguments related to the Sustainable Urban Mobility
Plans that the EU supports (Wefering et al., 2014).

Freight quality partnerships (FQPs) are effective means to involve local governments, freight operators, environmental
groups and other interested stakeholders when addressing specific freight transport-related problems. Several examples
of good practices can be cited in the UK (DfT, 2003). However, FQPs are not always easily implemented or capable of pro-
viding appropriate solutions to UFT problems, as Lindholm (2014) illustrates through examples of successes and failures.
Not only it is important to get an active and direct involvement of all the interested parties in the decision-making process,
one has also to find the most shared, and thus supported, policy emerging from a transparent deliberative process.

From a policy-maker’s perspective, considering inter-agent heterogeneity is fundamental to account for the impact each
policy component might have on specific agent behavior thus helping in taking better decisions (Taniguchi and Tamagawa,
2005). Besides, in a participatory decision-making process interaction among stakeholders through deliberation is funda-
mental to stimulate opinion exchanges towards a shared decision (Quick et al., 2015).

This paper jointly deals with inter-agent heterogeneity and stakeholders’ interacting behavior via a novel agent-specific
and dynamic modeling approach. The approach proposed integrates discrete choice modeling and agent-based modeling
with the intent of providing a useful tool capable of supporting participatory decision-making processes in the context of
UFT policy-making.

The remainder of the paper is organized as follows: Section 2 presents the research framework while Section 3 shows the
contribution of the paper to the existing literature; Section 4 describes the modeling approach used; Section 5 illustrates the
results of the agent-based simulations deriving policy implications and discussion; Section 6 concludes discussing future
research endeavors.
2. Research framework

Stakeholders response to policy change is a hotly debated topic. Models are widely used to test what-if scenarios and per-
form ex-ante evaluations of stakeholders’ behavior before implementing specific UFT policies (Taniguchi and Thompson,
2015). The majority of all decision problems in city logistics are multi-objective. Zhang et al. (2015) capture the conflicting
objectives of different stakeholders solving a bi-level optimization problem of a multi-actor, multi-commodity multimodal-
ity freight transport network. However, the strong need to include more stakeholder-related behavioral issues in city logis-
tics modeling has led to the development of many models aimed at describing, analyzing and predicting how a stakeholder
may respond to a given scenario. Hensher and Puckett (2005) propose a stated choice experiment to reveal the preferences of
interactive agents along the supply chain; Holguín-Veras (2008) discusses the necessary conditions required for receivers
and carriers to agree to perform off-hour deliveries, and the effectiveness of alternative policies to foster such change in com-
petitive markets; Marcucci and Gatta (2017) investigate the potential for off-hour deliveries in the city of Rome by exploring
retailers’ preferences inquiring their willingness to adopt specific prototypes; Nuzzolo and Comi (2014) propose a multi-
stage model aimed at investigating the relations among city logistics measures, agents and choice dimensions;
Stathopoulos et al. (2012) and Bjerkan et al. (2014) report the results of a survey about stakeholders’ preferences and stated
behaviors that would most likely be enacted if a given policy-mix were to be introduced to improve the current freight dis-
tribution scheme in Rome and Oslo respectively; Holguín-Veras et al. (2015) provide an economic interpretation of the inter-
actions among freight agents to predict their response to pricing and incentives measures; Marcucci et al. (2015) and Gatta
and Marcucci (2016b) use discrete choice models to analyze transport provider’s preferences for alternative parking policy
measures.

Nevertheless, some authors show that only few effective UFT measures are successfully implemented (Jones et al., 2009).
This is mostly due to the lack of knowledge characterizing many local authorities with respect to different carriers’ logistical
operations, and also to the unsatisfactory accounting of the interaction between local authorities and carriers (Quak, 2008).
Besides, the observed significant heterogeneity in stakeholders’ preferences reduces the chance of an overall policy accept-
ability (Gatta and Marcucci, 2014). In fact, asymmetric power relations among suppliers, carriers and receivers are often
detected and they are so strong that receiver-centered policies are more likely to produce successful behavioral changes with
respect to carrier-centered ones (Holguín-Veras et al., 2015).

Modeling should allow the exploration of the various interconnected decision-making processes and patterns character-
izing the different stakeholders in relation to regulations and policy measures tested. Gatta and Marcucci (2014) demon-
strate how an agent-specific knowledge of the effects each policy component produces can increase decision makers’
awareness thus helping taking better decisions.

Researchers have started exploring freight transport problems using agent-based models (ABMs), given their capability to
reproduce communities of heterogeneous autonomous agents, with certain properties and behaviors, interacting in a com-
mon environment via a set of relationships and methods of interaction (Macal and North, 2010). Davidsson et al. (2005)
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provide an extensive analysis of existing ABM approaches to transport logistics; they find ABMs to be very suitable for this
domain while acknowledging that their use at the strategic decision-making level seems under-researched. In the last few
years, ABM capability of capturing both individual stakeholders’ dynamic behavior as well of studying and understanding
their response to policy measures (Taniguchi et al., 2012) has been extensively exploited. ABMs can be used to represent
the diversity of roles and functions various actors play in the freight system and mimic how they interact through simulated
auctions of transport contracts (Roorda et al., 2010), resulting in the generation of tours (Liedtke, 2009). Tamagawa et al.
(2010) analyze the impact of pricing and incentives measures on vehicle routing and scheduling of several freight transport
actors in a test network. Holmgren et al. (2012) build an agent-based simulation both for impact assessment of transport-
related policy implementation and evaluation of different business strategies. van Duin et al. (2012) combine a multi-agent
modeling with vehicle routing incorporating a dynamic usage of urban distribution centers and responsive behavior of the
involved carriers. Anand et al. (2012) introduce a formal ontology, within the framework of ABM, aimed at systematically as
well comprehensively specifying the domain of city logistics in terms of the concepts involved along with their respective
relations.
3. Contribution to existing literature

Most of the modeling approaches to UFT literature examined so far focuses on evaluating policy measures’ impacts on
stakeholders’ behavior and, subsequently, triggering their reactions, assuming that a decision is unilaterally made by a public
authority.

The paper contributes to the existing literature by focusing on a possible inversion in the usually accepted sequence of
cause and effect relations. In other words, one should use a participatory approach also when modeling UFT policies,
whereby one simulates first and evaluates afterwards the impact a hypothesized stakeholders’ interaction might have on
the choice of a shared policy measure. A modeling approach for simulating stakeholder involvement in the decision-
making process can support the overall participation process, by providing an ex-ante evaluation of the acceptability of
the proposed policies, considering that involving from the outset those that will be bearing the final consequences helps
finding better solutions.

The proposed methodology aims at simulating stakeholders’ interaction in a participatory decision-making process about
UFT policies integrating ABM and DCM approaches. Discrete choice models (DCMs) are used to investigate stakeholders’
preference heterogeneity and forecast their individual choice behavior allowing for a policy acceptability analysis (Valeri
et al., 2016). Agent-based models (ABMs) are used to reproduce an opinion dynamics process where stakeholders interact
and modify their choices to find a shared solution.

The use of ABM in this context is novel also because it is linked to sound microeconomic theory: in fact, the results of a
DCM (i.e. agent-specific utility functions) are used as input to characterize the agents of the ABM model. This integrated
approach allows accounting for stakeholders’ effective preferences while reproducing their interaction in the decision-
making process.

The model is sensitive to individual agents’ attributes of convenience as expressed by the elements included in their util-
ity function, the influence they have in the decision-making and also to the type and level of interaction among the agents.
The approach proposed is used for short-term scenario analyses, where policy measures are predetermined and stakeholders
are well aware of the consequences the policies implemented will have on their own objectives.

The aim of the paper is twofold. It aims at understanding, from a public policy-maker’s perspective and before carrying
out the real participatory policy-making process: (i) how to find a balance between conflicting private interests using push
and pull measures, so to determine a subset of policy packages that would likely be accepted by stakeholders, and (ii) how to
structure an efficient involvement process considering the relationships and interactions among stakeholders.

The authors are not aware of any ABM attempt to simulate stakeholders’ interaction in a participatory city logistics
decision-making context with the intent of finding a shared decision with respect to alternative policy measures/mix.
4. Materials and methods

This paper uses an agent-specific approach to reproduce the stakeholder-driven decision-making process with respect to
UFT policy change analysis. Agent-specific results are derived from individual utility functions estimated via DCMs. An ABM
is implemented to simulate the opinion dynamics process on a multilayer network. The multilayer network approach is used
to reproduce the complexity of the decision-making process, with top-down and bottom-up phases and feedbacks. Next sub-
sections report the details of the materials and methods used.
4.1. Agent-specific utility functions for policy change

Data used in this study refers to a research study in the city of Rome (Italy) aimed at improving the efficiency of the urban
freight distribution system. The area investigated refers to the freight limited traffic zone characterized by an access fee and
time windows restrictions (Marcucci et al., 2013).
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Acknowledging that effective policy interventions are better promoted when local authorities are aware of stakeholders’
preferences and their contrasting objectives, a behaviorally consistent UFT policy evaluation is fundamental (Marcucci et al.,
2012). The agent-types considered are: (1) transport providers, representing the supply for urban distribution services; (2)
own-account operators, who are retailers that instead of buying transport services from third parties self-organize/produce
it; (3) retailers, who hire third parties to perform transportation services. The selection of these stakeholders’ types and the
exclusion, for example, of citizens and public administration reflects the specific research objective pursued that is, adopting
a private point of view, determining desirable operational levers for improving urban freight transport services.

Separate and joint stakeholder meetings are the basis for understanding stakeholders’ concerns about urban freight main
problems (Stathopoulos et al., 2011). Moreover, these meetings allow the identification of the most appropriate attributes
and levels to be used in the quantitative analysis.

Relevance, credibility and high level of shared support are the main criteria for attribute selection. In particular, policy
components, included in the choice tasks administered in the stated preference (SP) exercises, are defined on the basis
of: (1) number of loading/unloading bays (LUB); (2) probability of finding a loading/unloading bay free (PLUBF); (3) time
windows (TW); (4) entrance fee (EF). The latter has 5 levels while all the others 3. The minimum level for LUB and PLUBF
coincides with the current situation while EF has a symmetric range of variation with respect to the status quo. TW levels
are the same in terms of amount of hours of restricted access while differing for their specific distribution over the day. Attri-
butes and levels are specified as in Table 1. LUB, PLUBF and TW are the policy components that, thanks to preliminary focus
groups organized, are considered relevant by all the stakeholders involved, while EF represents the countervailing element
capable of creating realistic tradeoffs in the choice experiments administered. The relevance of loading/unloading bays
issues, in terms of both number and availability, is confirmed by the fact that the majority of freight operations in the city
of Rome are carried out outside dedicated loading/unloading areas. This hinders service efficiency. Notwithstanding the con-
struction of additional loading/unloading bays has been on the political agenda for decades, it has never materialized. Stake-
holder meetings confirm the crucial role played by these elements and indicate that there is more interest in policy outcomes
(probability of actually finding loading/unloading bays available) than in the instruments used to pursue them (e.g. increas-
ing the number of controls). Freight regulation in Rome already includes a time windows policy component (Nuzzolo and
Comi, 2015; Nuzzolo et al., 2016).

Data acquisition is based on a stakeholder-specific multi-stage efficient experimental design (Gatta and Marcucci, 2016a).
This approach, incorporating stakeholder-specific priors, guarantees a high quality data acquisition process and produces
benefits in terms of attribute significance and/or reduction in sample size needed. It is particularly appropriate in this com-
plex survey context, characterized by both difficult-to-involve interviewees, due to privacy concerns, and high opportunity
costs for face-to-face interviews. Additionally, the lack of prior information concerning the sensitivities of each stakeholder
type suggests adopting a gradual approach with progressive refinement of the experimental design used, incorporating a dif-
ferentiation of choice scenarios by agent-type, across several waves.

Starting from business addresses lists of companies present either in the limited traffic zone (4500 for retailers and own-
account) or in the Province of Rome (1100 for transport providers), a random sample is extracted and a total of 229 inter-
views1 are gathered, distributed as follows: 39% retailers; 32% own-account; 29% transport providers.

Ten choice sets are presented to respondents including three alternatives, two generic policy options plus the status quo
situation. The utility function for a generic agent (i) and a generic alternative (j) is reported below:
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DCMs, based on random utility maximization theory, are used to analyze choice data and estimate attribute coefficients.
Multinomial logit model is typically used notwithstanding its assumption of preference homogeneity across respondents.

The multinomial logit expression, assuming an independent and identically distributed (i.i.d.) Gumbel distribution for the
stochastic term, is:
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ough relatively small, the sample size is in line with the number of observations commonly acquired to get robust results. Moreover, thanks to the
tage efficient experimental design adopted, statistically significant parameter estimates are obtained and only a small effect on the standard errors of
fficients would be achieved if more data were acquired.



Table 1
Attributes and levels used in the experimental design (the attributes levels underlined represent the status quo situation).

Attribute Level and range Own-account Retailers Transport providers

N bays (LUB) 400, 800, 1200 U U U

P (%) bays free (PLUB) 10, 20, 30 U U U

Time window (TW) (1) 18–8 U

(2) 20–10/14–16
(3) 4–20

Annual entrance fee (EF) 200, 400, 600, 800, 1000 U U U
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The Latent Class model is more flexible and allows to treat preference heterogeneity assuming a discrete mixing distribution
of preference parameters. It makes use of two sub-models, one for class allocation, and one for within class choice. The
choice probability is the expected value, over classes, of the choice probability within each class, as analytically reported
below:
PiðjÞ ¼
XC
c¼1
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where qi denotes a set of observable characteristics that enter the model for class membership (e.g. socio-economic vari-
ables) and u0

c their relative parameters for class c. When no such covariates enter into the model, the only element used
for class allocation is the constant term.

An agent-specific approach is needed not only when acquiring data but also when estimating DCMs. Marcucci and Gatta
(2013), focusing on own-account operators, find that TW have a significant impact on their preferences, while this is not true
for the other two agent-types. Transport providers are more interested in LUB than PLUBF (Marcucci et al., 2015) while the
opposite is true for retailers (Marcucci and Gatta, 2014).

Preference heterogeneity is also relevant within a single agent category. Following Marcucci and Gatta (2012), where a
sophisticated approach for detecting heterogeneity is applied, Table 2 reports the results of latent class model estimations
for each agent category. Transport providers can be split into three classes having different preference structures, while
retailers and own-account operators are both characterized by two classes. Starting from the three models presented,
individual-specific posterior estimates of the coefficients are obtained by averaging class parameter estimates weighted
by person-specific conditional class probabilities. This represents a valuable input for ABMs, usually, not fed with sophisti-
cated agent-specific data accounting for personal heterogeneity in preferences.
4.2. Agent-based model of opinion dynamics for policy change

The proposed ABM aims at simulating multi-stakeholder decision-making processes about UFT policies. The paper
assumes that stakeholders cooperate in a participatory decision-making process aimed at consensus building through a cycle
of meetings where the policy measures are discussed and collectively deliberated so to balance conflicting interests. Each
simulation reproduces the decision between the status quo and a given policy measure. The modeling approach assumes that
stakeholders initially choose the policy they prefer according to the associated utility. Once the dynamic process starts, they
can modify their opinion depending on the interactions with other actors. Their willingness to change is increased by
repeated cycles of interactions. It expresses a cooperative attitude where a decrease in utility is accepted in exchange for
the higher goal of a collective interest towards a shared solution.

The model links stakeholders in a social network, where the nodes represent the agents and the links are the relationships
among them. The interaction process is simulated by means of an opinion dynamics model, reproducing the opinion flows
through the network of relationships.

Statistical physicists working on opinion dynamics aim at defining the opinion states of a population, and the elementary
processes that determine transitions between such states. The behavior of social agents is simplified with respect to reality,
but can be useful in understanding the conditions under which a social interaction can lead to consensus or emerging col-
lective phenomena. Opinion dynamics models have been largely used in the last years to capture the opinion evolution
within groups of agents both on regular and complex network topologies. A comprehensive review of the main models
and their usefulness can be found in Castellano et al. (2009). Besides, stakeholder engagement in transport decisions has
been studied via ABMs to simulate the opinion dynamics on stakeholder networks (Le Pira et al., 2015, 2016, 2017) proving
that interaction can be beneficial in finding a convergence of opinions in heterogeneous groups.

In the following subsections, the structure of the network chosen for the simulations is presented (Section 4.2.1) together
with a description of the main steps of the model (Section 4.2.2). The details of the routines of the model are given in
Appendix A.



Table 2
Latent class model estimations for each agent category.

Own-account Retailers Transport providers

Class 1 Class 2 Class 1 Class 2 Class 1 Class 2 Class 3

Attributes coeff t-stat coeff t-stat coeff t-stat coeff t-stat coeff t-stat coeff t-stat coeff t-stat

ASC_SQ �0.167 �1.335 �0.643 �3.763 �0.49 �3.747 �0.486 �2.518 �0.487 �1.44 �0.476 �1.202 �0.805 �2.934
LUB 0.0002 0.9318 �2E�04 �0.639 �4E�04 �1.229 0.0018 8.2995 0.0031 4.2739 0.0027 5.1348 0.0007 2.2203
PLUBF 0.0118 1.7858 0.0108 0.7936 0.001 0.0839 0.0712 7.0179 0.0973 2.8214 0.1077 6.9641 0.0178 0.564
EF �0.004 �12.83 �0.007 �9.004 �0.005 �12.58 �0.003 �6.46 �0.022 �7.811 �0.003 �4.294 �0.006 �7.699
TW1 �0.27 �2.663 �3.141 �9.097
TW2 �0.198 �2.417 0.7224 4.2583
TW3 0.4683 4.6263 2.4181 8.669

Model for classes
Intercept 0.2686 2.0729 �0.269 �2.073 0.0338 0.212 �0.034 �0.212 0.0983 0.5225 0.0875 0.2907 �0.186 �0.533

rho-sq. 0.376 0.397 0.576

TOP

MIDDLE

BOTTOM
“Interac�on” 
level

“Nego�a�on” 
level

“Decision” level

Fig. 1. Multiplex network of UFT stakeholders.
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4.2.1. The multilayer network approach
The participation process for UFT policy-making is described by means of a multilayer network, where each layer repre-

sents a different level of description and details of the process. Multilayer networks constitute more realistic graphs with
multiple interconnected levels, which generalize the single-level networks, allowing for a more realistic and effective rep-
resentation of complex phenomena (Boccaletti et al., 2014). In the case of socio-economic systems, such as decision-
making processes, a particular type of multilayer network should be used, the so called ‘‘multiplex” network, where each
node belongs to all the layers but the relationships among them can change within the layers.

The UFT policy-making problem involving heterogeneous stakeholders is represented as a multiplex network with three
layers whose structure is reported in Fig. 1:

– the bottom layer is the ‘‘interaction” level, where all the stakeholders are linked in ‘‘small world” networks with the other
members of the same category. The ‘‘small world” network is a typical social network characterized by high levels of com-
munication efficiency thanks to its structure of regular network ‘‘rewired” with some long-range links (Watts and
Strogatz, 1998); it has been chosen to represent the communication within each stakeholder category due to its similarity
with real social networks;

– the middle layer is the ‘‘negotiation” level, where an agent of each category acts as the spokesperson and is directly linked
with all the other members of the same category. The topology is a ‘‘star” network, with a hub directly linked with all the
other nodes; the ‘‘star” network represents quite well the meetings of trade unions and associations where the members
communicate their preferences to a delegate (e.g. Confcommercio, the Italian traders’ association or Federazione Auto-
trasportatori Italiani F.A.I., the Italian carriers’ association);

– the top layer is the ‘‘decision” level, where the spokespeople of the three categories are linked with each other and inter-
act supporting the opinion of their constituency. The topology is a ‘‘fully connected” network, representing a focus groups
where each delegate is in charge of representing the interests of her category in front of other delegates and they all dis-
cuss to find a shared decision.
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The agents are all active at the same time. Indeed, the interrelationship between the layers is guaranteed by the presence
of all nodes in the three layers. The structure of the network allows at the same time vertical bottom-up and top-down
feedbacks.

The next subsection describes how the model simulates the network dynamics.

4.2.2. Agent-based model description
The simulation model has been implemented and run using the NetLogo software environment (Wilensky, 1999), partic-

ularly suitable for ABMs. The model consists of several routines and can be described in two main steps: (1) setup of the
initial conditions and (2) opinion dynamics process. The details of the routines can be found in Appendix A, while a more
qualitative description is presented in what follows.

The stakeholder-agents pertain to three categories: retailers, transport providers and own-account providers. As dis-
cussed in Section 4.1, the choice of including only the private sector in the model is linked with the aim of the simulated
policy-making process, i.e. determining desirable operational levers for improving urban freight transport services. In this
respect, the policies simulated are not intended for citizens, but for the private sector. In a wider study, where sustainability
is the final aim, the public sector should also be considered along with other decision-making elements. Each agent is
endowed with an individual utility function in line with the econometric results previously obtained (Section 4.1). Other
three agents are created in the network as spokespeople for each category, representing the prevalent will of their respective
group. Each spokesperson would influence the others according to the influence of her category; in this respect, each of them
is endowed with an integer parameter Ic that reflects the ability to influence the other spokespeople in the negotiation pro-
cess. The agents are linked in the three layers according to the topologies described in Section 4.2.1 ("small world" networks
in the bottom layer, "stars" in the middle layer and a "fully connected" network in the top layer).

Each simulation reproduces the decision-making process between only two alternatives: status quo (SQ) and a given pol-
icy change (PC), characterized by different combinations of the attribute levels’ used in the experimental design (Section 4.1).
It is assumed that the agents, being involved in a participatory decision-making process aimed at consensus building, while
interacting will show a certain availability to change their opinion in order to find a shared solution. The agent-specific utility
functions are fundamental to characterize (1) agents’ initial preferences towards the two policies and (2) their willingness to
change opinions during the interaction process. Each agent initially chooses the policy (the status quo or a given policy
change) which produces the highest utility for her. The assumption of this deterministic – instead of probabilistic – choice
is reasonable since it only represents the initial opinion setup in the network that is likely to change during the simulation
thanks to repeated interactions. In this respect, each agent is endowed with a certain willingness to change (WTC) opinion,
which is a parameter chosen to reproduce the agents’ attitude to change mind, as a function of the utility associated with the
two policies. It should not be confused with the well-known econometric estimation of willingness to pay (Gatta et al., 2015).
In fact, WTC is not directly related to any monetary estimation. The higher the utility difference between the two alterna-
tives, the less the agent would be willing to change her opinion.2 In other words, according to the gap of utilities associated
with the two policies, she will be a ‘‘strong” or a ‘‘weak” supporter of her idea. In the following, we simply refer to a generic
agent as a ‘‘strong” or ‘‘weak” supporter, meaning that she has respectively a low or a high WTC.

The interaction process is cyclical and goes sequentially through the different layers: at the beginning of the simulation,
once each agent at the bottom layer has chosen the preferred policy (according to her utility function), in the middle layer
the spokesperson of each category collects the opinions of her group and assumes the one supported by the majority, accord-
ing to a majority rule (Galam, 2002). The spokespeople represent the will of their groups, so the strongest the supporters of a
group are, the least the spokesperson will be willing to change her opinion in front of the others. In this respect, at each step
each spokesperson is characterized by (1) the opinion of her group, (2) a certain WTC, dependent both on the average WTC
and on the degree of consensus inside her group and (3) a parameter reflecting the influence of her category with respect to
the others. At the top layer the opinion dynamics follows a pressure mechanism: each spokesperson ‘‘defends” the opinion of
her group in front of the other spokespeople by exerting a certain pressure, directly related to the influence of her category.
This negotiation can lead to a change in the opinion of some of them if they (i.e. the group they represent) are not ‘‘strong”
supporters. After this bottom-up dynamics, a top-down process ensues, where each spokesperson comes back to her group
(in the middle layer) and tries to convince the group about the result of the negotiation with the other spokespeople at the
top layer by exerting a pressure to change opinion. As a result, the agents with the same opinion of the spokesperson will
strengthen it, while the others will become ‘‘weaker” supporters and, possibly, change opinion. Finally, at the bottom layer,
each agent of a given group interacts with her neighbors (i.e. the directly linked agents) with the same pressure dynamics
described in the middle and top layer. The result of this interaction is a new configuration of opinions in the stakeholders’
networks. This bottom-up/top-down process goes on until a stationary state is reached, i.e. when there are no more opinion
changes in the networks: this can either mean that a total consensus is reached or that two categories (out of three) are
polarized towards the same policy. Fig. 2 reproduces the above-described opinion dynamics in 4 steps, considering a given
decision-making process between a generic policy A and B. To facilitate the reader’s comprehension, only a category (i.e.
2 Suppose that one has the possibility to choose between the perceived best policy and the perceived worst one (high utility difference): the preferred policy
will be strongly supported and the willingness to change it will be very low. On the contrary, if one could choose between two policies, which are quite the
same in terms of perceived utility, then it will be easier to change idea and switch the choice from the first best to the second best (low utility difference and
high WTC).



Fig. 2. Example of the 4-steps opinion dynamics process.
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retailers) is reproduced in the bottom and middle layers (while in the top layer the three categories are present at the same
time):

� Step 1: at a generic time t the agent i (indicated by the arrow) is a strong believer of policy A, as represented by the almost
black filling of her figure. In the bottom layer, she is linked to other 3 agents (i.e. neighbors) of the same category. Two of
them are supporters of policy B. At time t + 1, as a result of the interaction with the neighbors, agent i has been influenced
by the others and her belief becomes ‘‘weaker” than before. At the same time, in the middle layer, all the agents of the
category communicate their opinion to the spokesperson, that is neutral about the decision (shape with no filling) and
will assume the opinion of her group.

� Step 2: at time t + 2 the spokesperson (indicated by the arrow) assumes the opinion of the majority of her group (in this
case policy A), and she will support this opinion in front of the other spokespeople in the top layer. Her ability to support
the opinion depends on how strong or weak the belief of the majority of her group is (indicated in the figure by the filling
of the spokesperson).

� Step 3: at time t + 3, after negotiation, the spokespeople modify their opinion or, alternatively, reduce the strength of the
belief in their opinion (as in the case of retailers’ spokesperson). Then, at the middle layer, they will come back to their
respective groups trying to convince them of the opinion resulting from the negotiation with the other spokespeople.

� Step 4: at time t + 4, agent i shares the same opinion of the spokesperson, so she will become a ‘‘stronger” supporter.

The cyclic mechanism implemented in the proposed ABM reproduces quite well a participatory policy-making approach
where consensus building is the result not only of the negotiation among spokespeople, but also of subsequent interactions
with the groups they represent and opinion exchange flows inside the same groups. It is evident that this cyclic interaction
process, where agents simultaneously interact with all the other agents they are connected to, is simplified with respect to
the real stakeholder engagement. Further research will be developed to investigate alternative model assumptions. Never-
theless, the multilayer structure, the networks chosen and the opinion dynamics mechanism adopted are well suited to
reproduce a hierarchical process and investigate the consensus building dynamic formation.

Next section illustrates and discusses the results of the simulations. The outcomes of different simulation runs, starting
from the same initial conditions (i.e. multiple events), can differ to some extent since a random component is introduced in
the bottom layer. In fact, though the simulated networks are always small world topologies, the neighbors of each agent can
change at each simulation run according to a random rewiring of links and a random assignment of utility functions to the
agents. Averages over several runs will be therefore taken to improve the robustness of the results, which will be used to
derive some policy implications.
5. Simulation results, policy implications and discussion

Table 3 summarizes the policy changes to be compared with the status quo (SQ). The rationale behind the choices made is
the following: different scenarios for improving LTZ accessibility and usability conditions were considered by varying the
attributes’ levels used in the experimental design (Section 4.1), within the range defined by two extreme scenarios, i.e.
‘‘the worst case scenario” (WCS), where the entrance fee is maximized vis. a vis. the provision of no other improvements,
and ‘‘the best case scenario” (BCS), with maximum attribute improvements for the three categories vis. a vis. no increase
in the entrance fee.

Given the heterogeneity of the stakeholders involved, different scenarios more in line with one of the three categories are
tested. The a priori with respect to what each category likes best is derived from the extensive investigations performed by
Marcucci and Gatta (2013, 2014, 2016). In particular, according to the results of these previous works, transport providers in
Rome are more interested in the number of loading/unloading bays (LUB), therefore the ‘‘transport-provider-oriented sce-
nario” (TPS) considers the maximum increase in the LUB while keeping the other status quo conditions unchanged. Similarly,
‘‘retailer-oriented scenario” (RES) is the one where only the probability to find the bays free (PLUBF) is maximized, being the
most important point for them. Based on previous analysis, own-account members seem mostly interested in time windows
(TW), therefore ‘‘own-account-oriented scenario” (OAS) considers only a change in the time window attribute.

The increase in the entrance fee in these stakeholder-oriented scenarios is limited to 200 € (EF = 800 €), since simulations
with a higher entrance fee (1000 €) end with a total consensus towards status quo, suggesting that stakeholders are not will-
ing to pay this higher amount independently of the compensation that could be offered.
Table 3
Policy changes considered for simulations.

Attribute SQ WCS BCS TPS RES OAS 2BCS 3BCS WTPS

LUB (number) 400 400 1200 1200 400 400 1200 1200 795
PLUBF (%) 10 10 30 10 30 10 30 30 19.5
TW (level) (2) (1) (3) (2) (2) (3) (3) (3) (3)
EF (€) 600 1000 600 800 800 800 800 1000 766



Table 4
Description of the main components of the ABM, the data used for simulations and the model assumptions.

ABM component Description Data source Model assumptions

Agents Number and type 91 Retailers, 67 transport providers, 74
own-account, 3 spokespeople

SP survey (229) 3 spokespeople

Utility functions See Eq. (1) SP survey (229) Agent-specific DCM
Influence Integer number – Assumed only for spokespeople
Willingness to
change

See Eq. (5) and (6) in Appendix A – Based on utility functions

Environment Decision-making
structure

Multilayer network – Hierarchical multilayer decision-making
process (Boccaletti et al., 2014)

Policy simulated See Table 3 Scenarios from
SP survey

–

Interactions Agents’
relationships

Fully connected, star, small world networks – Prototypical social networks (Watts and
Strogatz, 1998)

Top-down opinion
dynamics

See Fig. 7 in Appendix A – Incremental pressure mechanism

Bottom-up
opinion dynamics

Majority rule – Majority model (Galam, 2002)

78 E. Marcucci et al. / Transportation Research Part E 103 (2017) 69–86
Three plausible scenarios are also considered: a ‘‘second-best case scenario” (2BCS), which is a second-best option, mean-
ing that the improvements considered in the BCS are counterbalanced by an increase in the entrance fee of 200 € (EF = 800 €)
(i.e. a push and pull measure); a ‘‘third-best case scenario” (3BCS) with a further increase in the entrance fee with respect to
the previous case (EF = 1000 €); a ‘‘willingness-to-pay-oriented scenario” (WTPS), deriving from considerations about agents’
heterogeneous willingness to pay, is also tested.

This last scenario is particularly interesting because it is based on the results of a previous study (Gatta and Marcucci
(2014). In particular, by using stakeholder-specific DCM the authors found that, under certain conditions, each stakeholder
category would have paid the same amount (166 €) to have an increase in the number of bays (+395), an increase in the prob-
ability to find them free (+9.5%) and a different time window (TW3). Starting from these considerations, WTPS is based on an
entrance fee of 766 €, 795 LUB, 19.5% PLUBF, TW3.

Table 4 summarizes the: (1) main ABM components, (2) data used for simulations and (3) model assumptions.
5.1. Simulation results

Results are expressed in terms of policy ranking based on a dynamic parameter that we called ‘‘global satisfaction”. At
time t, the global satisfaction SðtÞ is defined as the product between the degree of consensus CðtÞ and a (normalized) overall
utility3 uðtÞ, i.e.:
3 Not
(Section
SðtÞ ¼ CðtÞ � uðtÞ 2 ½0;1� ð4Þ
where CðtÞ ¼ agents of majority ðtÞ
total number of agents 2 ½0;1� is represented by the percentage of agents in favor of the majority policy and

uðtÞ ¼ jUðtÞ�Umin j
jUmax�Umin j 2 ½0;1� is the normalized overall utility. uðtÞ is equal to 1 if all the stakeholders can support their preferred

policy and, therefore, their utility would be maximized (UðtÞ ¼ Umax); on the other hand, it is equal to 0 if all the stakeholders
are willing to accept the least preferred policy and, therefore, their utility would be at its minimum (UðtÞ ¼ Umin).

Global satisfaction is an overall parameter that can be interpreted as a performance indicator of the interaction process,
i.e. an acceptability measure of the final result for the three categories.

Given the agent-specific approach adopted, the authors are aware that a relative satisfaction would be more appropriate
to take into account the heterogeneity of the stakeholders involved. In fact, political acceptability is a big concern for policy-
makers and the redistributive effects of policies among groups of citizens should be explicitly included, as citizen-candidate
game approaches assume (see for an example Marcucci et al., 2005). Nevertheless, at this stage of the research, a global sat-
isfaction parameter alone is assumed sufficient to describe our interactive participatory decision-making process. As visible
in Fig. 3, due to the interaction and the opinion change, the degree of consensus usually shows an increasing trend, while the
overall utility generally decreases. As a consequence, the global satisfaction SðtÞ, being the product of these two quantities,
initially increases in time, rapidly reaching a maximum, then slowly decreases. It is, therefore, possible to monitor and record
the maximum value reached, which expresses the optimal combination of consensus and utility during a single simulation
run. Results are averaged over 10 simulation runs to test their robustness.

Apart from the two baseline scenarios, i.e. BCS and WCS, whose results are trivial since they are, from the beginning,
respectively totally supported and totally rejected by all the agents, the other policies tested produce some interesting
e that the utility functions, consistently with the forecasting nature of the scenario analysis performed, include the deterministic component of Eq. (1)
4.1) based on the LC agent-specific coefficients.



Fig. 3. Plots of degree of consensus (a), overall utility (b) and global satisfaction (c) for own-account-oriented scenario (OAS) (one simulation run).
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results. The interaction process related to stakeholder-oriented policies (TPS, RES, OAS) always ends up with the majority in
favor of policy change (with respect to the status quo) with a partial or total consensus.

It is quite surprising that the policy which favors only own-account agents reaches a higher level of global satisfaction if
compared with the others; in fact, TPS and RES are good policies for both transport providers and retailers, while negatively
impact only own-account agents. This result can be explained by a general a priori tendency towards policy change and a
lower elasticity of own-account agents to pay more with respect to the other two categories.

2BCS and WTPS perform very well in terms of global satisfaction, the former being a package of measures that globally
improves LTZ accessibility with a slight increase in the entrance fee, and the latter representing an optimal combination of
measures that generates a balance in the willingness to pay of the different categories.

Results are quite different from 2BCS to 3BCS where the only difference is an additional increase in the entrance fee: when
the entrance fee is higher some simulations end with an opinion convergence towards the status quo, others towards policy
change. In this case it is not possible to produce any reliable prediction on the expected final outcome of the overall inter-
action process.

For the other cases, it is possible to provide a policy ranking based on global satisfaction (Table 5).
As noticed, 2BCS andWTPS are the best performing in terms of global satisfaction, while the stakeholder-oriented policies

show lower values. It could be argued that, even though 2BCS is more favorable than WTPS, the latter is the most likely
accepted scenario by all the stakeholders, being the ‘‘right” combination of attributes that satisfies all the three categories.

It is also interesting to consider the simulation time steps needed to reach the maximum satisfaction values (Fig. 4).
Even if simulation elapsed time does not have any precise contextual meaning, i.e. it is not a real time, it can still give an

idea of how much effort an interaction process would imply to reach a satisfactory level (in terms of tradeoff between con-
sensus and utility). In this respect, the high variability of the simulation time, which produces the high relative standard
deviation (see Table 5), is a consequence of the randomness introduced in the bottom layer, where both the neighbors of
the agents and their utility functions change at each simulation run. This, however, does not affect the final global satisfac-
tion value, confirming the robustness of the results.

There is a notable difference among the policies with respect to the time needed to reach the maximum global satisfac-
tion. For instance, the TPS policy shows at the beginning of the simulation the maximum global satisfaction and interaction
would lead to a loss of utility that is not compensated by the increase in the degree of consensus.



Table 5
Policy ranking based on global satisfaction (averaged over ten simulation runs) (RSD = Relative Standard Deviation).

Ranking PC vs SQ Global satisfaction
[0,1]

Time step Degree of
consensus [0,1]

Utility [0,1]

Mean RSD Mean RSD Mean RSD Mean RSD

1 2BCS 0.96 0.00 62 0.99 1.00 0.00 0.96 0.00
2 WTPS 0.95 0.00 28 0.57 1.00 0.00 0.95 0.00
3 OAS 0.85 0.02 6 0.31 0.87 0.03 0.98 0.00
4 RES 0.70 0.05 143 1.99 0.78 0.16 0.91 0.10
5 TPS 0.60 0.00 0a 0.00 0.60 0.00 1.00 0.00

A in this case global satisfaction always reaches its maximum value before the beginning of the interaction process, at t = 0.

0 0.2 0.4 0.6 0.8 1

2BCS

WTPS

OAS

RETS

TPS

Global sa�sfac�on -�me
global sa�sfac�on �me (normalized)

Fig. 4. Maximum global satisfaction per policy change and time needed to reach it (averaged over ten simulation runs).

Fig. 5. Plots of degree of consensus, utility and global satisfaction for RES in the case of final total consensus (a) and final partial consensus (b) on policy
change (one simulation run).
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On the contrary, the RES policy, on average, takes much more time and this is because in some cases the simulation ends
with a total consensus, in other cases with a partial one. While in the first case global satisfaction reaches its maximumwhen
all the nodes turn in favor of policy change, in the other case the maximum value is reached after few interaction steps
(Fig. 5) and further interaction leads to a lower degree of consensus. This result is a bit controversial because it implies that
an extended interaction can be both beneficial or detrimental with respect to global satisfaction, therefore suggesting that
one should not have an excessive number of meeting cycles since this could produce a divergence (instead of convergence) of
opinions. An excessive number of meetings could lead to group polarization rather than to group agreement.

The OAS policy shows good values of degree of consensus and overall utility, suggesting that it would be more globally
accepted with respect to the other two stakeholder-oriented policies.

In any case, if compared with the first two ranked policies in terms of entire interaction processes, they look quite differ-
ent, showing comparable values of maximum ‘‘global satisfaction” and ending the three of them with a total consensus, but
with a completely different loss of utility (much bigger for OAS than for 2BCS and WTPS) (Fig. 6). This supports the idea that
the first two policies should be preferred to the third one and confirms that simulation time can be used to infer how many
interactions steps are needed in real participation processes (e.g., how many meetings) to build consensus while guarantee-
ing a satisfactory level of stakeholder utility.



Fig. 6. Plots of degree of consensus, utility and global satisfaction for 2BCS (a), WTPS (b) and OAS (c) (one simulation run).
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5.2. Sensitivity analysis according to power relations among stakeholders

A sensitivity analysis was also performed to test the robustness of the results by changing the influences of the three
stakeholder categories. In absence of sound data, the authors drew on findings from previous studies on this topic. In par-
ticular, the work of Holguín-Veras et al. (2015) was taken as reference for the intensive discussion about power relations
among the different actors involved in the supply chain. According to Holguín-Veras et al. (2015) ‘‘understanding the behav-
ioral response of the freight carriers to pricing and incentives requires careful study of the interactions among the various
economic agents involved in supply chains”, considering suppliers, carriers and receivers as the main actors involved. In
our model we do not consider the behavior of suppliers since the decisions concern the last mile distribution, involving pre-
eminently carriers and receivers. Receivers decide when activities in the supply chain take place and they play a prominent
role being the generators of the demand for freight and of the freight traffic (Holguín-Veras et al., 2015). In this sense, it is
shown that the most efficient policy measures should target generators of the demand (i.e. retailers) and not the carriers.
Besides, a change that produces positive impacts on some agents and negative on others makes negotiation necessary while
the agents with the most clout (i.e. receivers) could manage to impose their preferred solution on the others. In this respect,
our analysis can be considered as an ex-ante assessment of the effect that an interaction might produce in the final decision
in a negotiation-like decision-making process. In our model, further complexity is added by the ‘‘hybrid” category of the
own-account operators that play the double role of carriers and receivers.

In absence of data and bearing in mind that, in general, retailers (i.e. receivers) are more influential than transport pro-
viders (i.e. carriers), we re-run simulations by varying the influence of the three categories. In particular, each set of simu-
lations considers one category 4 times more influential than the others. We tested the policies where at the beginning of the
simulation the spokesmen shared different opinions between each other. For this reason, WTPS and 2BCS are not reported
here, since the three spokesmen at time t = 0 were already polarized towards policy change and the results of the simulations
did not change. In particular, the stakeholder-oriented policies show some differences in results as reported in Table 6: if
retailers and transport providers are considered more influential, then policy change is the outcome of the simulations
for the three proposed scenarios. If own-account are the most influential, simulations terminate with the majority in favor
of status quo. These results can be ascribed to the reluctance of own-account towards any measure that foresees a compen-
sation of an additional fee that does not imply an improvement of what they consider important (e.g. number of bays and
probability of finding them free).

It is also interesting to test how stakeholders’ influence impacts on the final result of 3BCS, since the results of the sim-
ulations were not clear, as discussed in the previous section. Also in this case, own-account agents are the most reluctant to
pay an additional fee but, even when retailers are considered more influential, simulations end, in 60% of the events, in favor
of the status quo. The results significantly change if transport providers are considered more influential, with all the simu-
lations ending towards policy change.



Table 6
Results of the simulations (policy change – PC – or status quo – SQ) according to the different power relations (over ten simulation runs).

PC vs SQ RET max influence TP max influence OA max influence

OAS PC (10/10 events) PC (10/10 events) PC (10/10 events)
RES PC (10/10 events) PC (10/10 events) SQ (6/10 events)
TPS PC (10/10 events) PC (10/10 events) SQ (10/10 events)
3BCS SQ (6/10 events) PC (10/10 events) SQ (10/10 events)

Table 7
Comparison of different approaches to UFT decision-making (DM = decision-makers; Exp = experts; Sh = stakeholders).

Decision-making
approach

Actors involved Pros Cons Potential of
success

1 Traditional DM + Exp Time Unilateral decision-making –
2 Participatory DM + Exp + Sh Transparent process Time consuming and difficult to

perform
+

3 Participatory + DCM DM + Exp + Sh Transparent preference-driven process
based on sound microeconomic data

Effort for data acquisition ++

4 Participatory + ABM DM + Exp + Sh Transparent interaction-driven process
guided by simulations

Effort for model implementation ++

5 Participatory + ABM + DCM DM + Exp + Sh Transparent process guided by
sophisticated data on preferences and
simulations of interaction effects

Effort for data acquisition and model
implementation

+++
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According to the results of the simulations and to the a priori literature findings, it could be argued that 3BCS would not be
accepted by stakeholders since the most influential are against it. Besides, RES and TPS policies would not be accepted if
own-account had the maximum influence, while OAS would be accepted whatever the most influential category is. In con-
clusion, the sensitivity analysis performed mostly confirms the policy ranking of Table 5 and produces some insights on the
implication different power relations among the categories have on final results. This should be considered as a first step
towards a more detailed study investigating, in a more comprehensive and rigorous way, this important issue.4
5.3. Policy implications and discussion

Simulation results suggest some recommendations and policy implications.
In general, the simulated stakeholders accept all the scenarios of LTZ accessibility improvements if this involves only a

slight entrance fee increase, even if the improvements are oriented towards one of the three categories. When the entrance
fee is further increased, it is nearly impossible to reach a consensus on policy change, confirming that policy-makers should
not force restrictive measures (e.g., the entrance fees) if they are not enough counterbalanced by complementary incentives
(e.g., number of facilities). As expected, the best policy in terms of global satisfaction is the one that maximizes at the same
time the improvements for the three categories while slightly increasing the entrance fee. If we consider an excessive
entrance fee increase even in this ‘‘one scenario fits all”, simulations do not provide us with any precise suggestion since
the results are not clearly directed towards any policy change. Besides, by considering different influences for the three cat-
egories, their heterogeneity is further stressed and results can change. In general, receivers are more influential than carriers,
but if we consider transport providers more influential than both retailers and own-account, then the results of our simu-
lations show that the ‘‘one scenario fits all” with a higher increase of entrance fee would be accepted. This suggests that
in real processes policy-makers should recognize the heterogeneous influences of the categories, which surely have an
impact on the final decision. A package of measures that matches the heterogeneous willingness to pay of the categories
is, generally, a successful policy, well accepted by stakeholders, thanks to the balance between increase in the entrance
fee and improvements for all the stakeholders involved. This confirms that an agent-specific approach is necessary to find
an optimal solution accounting for different stakeholders’ preferences.

Table 7 summarizes the added value of the proposed modeling approach (5) for a well-thought participatory UFT
decision-making process with respect to other approaches: (1) traditional non-participatory unilateral decision-making pro-
cess; (2) transparent, but time consuming and difficult to perform, participatory process; (3) preference-driven participatory
approach guided by DCM; (4) interaction-driven participatory approach guided by ABM. The effort required by the inte-
grated approach (5), both for data acquisition and model implementation, is compensated by the potential success of the
participatory decision-making process, since scenario simulation results both produce information on specific subsets of pol-
icy packages that would probably be accepted by stakeholders and suggest how to structure an efficient involvement process
considering the relationships and interaction among stakeholders.
4 The authors are very thankful to one of the anonymous referees that raised this important issue.
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6. Conclusion

This paper presents an innovative approach based on a combination of DCMs and ABMs to reproduce and support par-
ticipatory decision-making processes about UFT policies. Agent-specific utility functions (from agent-specific DCM) have
been used to characterize stakeholders’ choices (i.e. retailers, transport providers and own account providers) and an
ABM has been developed to simulate the opinion dynamics process on a multilayer network. The multilayer approach
has been chosen since it is an innovative and more realistic way to model the policy-making process.

Simulations aimed at analyzing the interaction dynamics in a consensus building process about UFT policies. The case
study refers to a regulatory decision-making process in the LTZ in the city of Rome. Each simulation reproduced the decision
between the status quo and a policy change. Results show that interaction among stakeholders is beneficial in achieving con-
vergent opinions and providing a policy ranking based on the maximization of consensus building and the minimization of
utility losses. Some policy implications are discussed on the base of the results obtained. The different influence of stake-
holder categories is important in affecting decision-making process outcomes and should not be underestimated. A good pol-
icy is the one that provides a package of measures integrating the diverse stakeholders’ interests thus suggesting that an
agent-specific approach is fundamental to deal with the variety of interests involved in the UFT policy-making process.

Further research is needed to enhance the realism and accuracy of the model. Possible improvements relate to the: (1)
introduction of the public sector in the decision-making process (e.g. citizens and consumers), (2) explicit consideration
of the relationships among the different categories (e.g. based on contracts between retailers and transport providers or
social proximity) and of their influence in the decision-making process, (3) simulation of the choice between more than
two alternatives, (4) examination of results in terms of relative satisfaction per each category so to take into consideration
the political acceptability of policies related to specific groups of citizens, (5) validation of the main elements of the model
via observations or involving stakeholders in a participatory modeling approach (see e.g. Voinov and Bousquet, 2010; Anand
et al., 2016), (6) general relaxation of model assumptions considering, for example, different power between stakeholders.

In conclusion, the paper proves the effectiveness of an agent-specific dynamic approach to model participatory UFT
policy-making. A well-known methodology, i.e. DCM, is used to enrich an ABM, providing sophisticated data and attempting
an integration of the two approaches, which has not been investigated yet.
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Appendix A. ABM routines

A.1. Setup (t = 0)

At time t = 0 the multilayer network is created. The generic agent i can associate utility values to the two alternatives
according to her utility function. Subsequently, each agent will choose the policy which maximizes her utility and she is
endowed with a certain willingness to change ‘‘WTC” (wtci), considered as a function of the difference between the utility

associated with the two alternatives: status quo (Ui
sq) and policy change (Ui

pc):
wtciðt ¼ 0Þ ¼ 1� jUi
pc � Ui

sqj
jDUmaxj 2 ½0;1� ð5Þ
where DUmax represents the maximum difference of utility between the two alternatives. It is important to notice that DUmax

is, for each pairwise comparison between status quo and a policy change, the maximum value – associated with one agent in
the network – of difference between the utilities associated to the two simulated policies. It is here used as a normalization
parameter, so that the WTC of the node with the maximum difference would be 0 while, at least in principle, the WTC of an
agent with Usq � Upc would be nearly 1. The higher the utility difference between the two alternatives, the less the agent
would be willing to change her opinion. WTC is not linear, reflecting the fact that people are less likely to change opinion
when they move away from their comfort region. To give an example: suppose that, for a given scenario, the difference
of utilities between the two simulated policies for agent j is twice as much as that of agent i, respectively 8 and 4, while
DUmax (associated with another agent k) is 10. Then, wtci ¼ 0:6 while wtc j ¼ 0:2, meaning that agent i will be three times
more willing to change her opinion than agent j, proving that it is more probable to change opinion if the two policies
are very similar in terms of utility and much less probable when they are very different.
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A.2. Opinion dynamics (t > 0)

Once the initial conditions are set up, the simulation of the dynamic interaction can start. It goes forward through the
interplay between two distinct opinion dynamics (OD) processes, which act in sequence realizing a cyclic global process:
a bottom-up OD, in which the information flows from the bottom layer to the top one; and a top-down OD, in which the
information follows the inverse path, from the top to the bottom layer.

The bottom-up opinion dynamics is based on a majority rule (Galam, 2002): once all the agents at the bottom layer have
chosen the preferred policy, the generic spokesperson of the category c assumes, at the middle layer, the policy of the major-
ity of her group and she is also endowed with a certain WTC, which, contrary to the other agents, is not related to her utility,
since she has to represent interests of her group. In fact, it is assumed that spokespeople will be more willing to negotiate
with the others at the top level, and eventually to change opinion, if their group is ‘‘divided” between the two policies (mean-
ing that there is no clear majority) or if the group is, on average, very willing to change. Therefore, their WTC will depend
both on the average WTC of their group at time t (wtcc) and on the number of nodes supporting the non-preferred policy
at time t (%minority):
wtcspc ðtÞ ¼
j%minorityðtÞ þwtccðtÞj

2
2 ½0;1� ð6Þ
TOP-DOWN OPINION DYNAMICS 

time t+1

time t

YESNO

NOYES

Oi(t)=Oj(t) wtci+Δwtc ≥1
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wtci(t+1) =
= wtci(t)-Δwtc

wtci(t+1) =
= wtci(t)+Δwtc wtci(t+1)=wtci(t)

Fig. 7. Algorithm of the opinion dynamics model between any two agents i and j (OiðtÞ = opinion of agent i at time t).
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Fig. 8. Description of the main routines of the agent-based model (TP = transport providers; OA = own-account operators; RE = retailers).
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The top-down opinion dynamics is based on an incremental algorithm with thresholds that determine the opinion
change. At each time step t, the interaction between any two connected agents i and j occurs as follows: agent i receives
a given ‘‘pressure” from agent j in terms of increase of her WTC (þDwtc) if the opinion of j is different from that of i; vice
versa, i will strengthen her opinion by reducing her WTC (�Dwtc). In the next time step, the preferences of the agents are
updated: if the new WTC of agent i overcomes a threshold (wtciðt þ 1Þ P 1), then she will change opinion; otherwise, she
will maintain the same opinion of the previous step (Fig. 7).

This ‘‘pressure” mechanism acts in each one of the three layers, while the information goes from the top to the bottom:

1. at the top layer the spokespeople interact with each other by exerting a pressure that is related to the influence of the
category they represent (i.e. if retailers are more influential than transport providers, they will exert more pressure
towards the others); for this reason, in the top layer, we multiply the pressure Dwtcð� 10�1Þ by Ic and, based on the
received pressures, the spokespeople will maintain or change their opinions;

2. at the middle layer all the agents receive a pressure from the spokespeople and, according to it, they update their
opinions;

3. at the bottom layer the agents of each category interact with their neighbors (i.e. the directly linked nodes) and, eventu-
ally, update their opinions; in both the middle and the bottom layer we consider a smaller value for the pressure, i.e.
Dwtc � 10�2, reflecting the difference in the type of interaction with respect to the top layer.

After the top-down process, the agents communicate the updated majority preference established at the bottom layer to
the spokespeople, so that the bottom-up dynamics can be repeated again. This bottom-up/top-down process goes on until a
stationary state is reached, i.e. the stopping rule consists of no changes in the agents’ opinions to any further extent: this can
either mean that a total consensus is reached or that two categories (out of three) are polarized towards the same policy.

Fig. 8 summarizes the main routines of the model with the detail of the top-down/bottom-up process based on the opin-
ion dynamics (OD) mechanisms above described:
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