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Abstract: Our ability to deal with external changes is determined by our collective willingness to transform and
adopt new technologies. These factors are driven by people’s opinion on the change itself and the proposed
policies. Humans constantly update their opinion by integrating new information they hear with their values,
which helps them make a judgement about that new information. Here, we create an agent-based model that
explicitly incorporates the concept of values to explore possible drivers of opinion dynamics. In the model, we
explore several factors and perform local and global sensitivity analysis to test their individual and interaction
effects. Wefind that consensus formation in the modelis mainly determined by factors related to (1) the amount
of stochasticity in the opinion updating procedure and (2) the relative ease with which old links are removed
and new links are created. Our results demonstrate how opinions and values may co-evolve. Furthermore, they
may help in understanding human responses to new policies such as covid-related restrictions or calls to shift
to a more plant-based diet.

Keywords: Opinion Dynamics, Polarization, Sensitivity Analysis, Uncertainty, Values

This article is part of a special section on "Opinion Dynamics: 20 years later", guest-editors: Guillaume
Deffuant, Andreas Flache, Rainer Hegselmann, & Michael Mas

Introduction

Our ability to deal with external changes such as climate change, pandemics, and geopolitical developments,
does not solely depend on the development of new technologies, but also on our collective ability to adopt
new technologies (Alkemade & de Coninck|2021). For decision makers this is an essential point: even if tech-
nologies potentially generate sufficient capability to deal with some external change, people have to adopt
these technologies (Schlueter et al.[2012). This adoption is subject to various socioeconomic and social re-
strictions and trade-offs, including households’ economic limitations and personal values (Schneider & Ingram
1990} [FeldmanHall & Shenhav|2019). An illustrative example is provided by the SARS-CoV-2 pandemic where
the existence of a vaccine (technology) does not imply that people are also willing to take the vaccine (human
behaviour) (Johnson et al.|[2020; Ebrahimi et al.[2021). Another example, related to food choice, happened
after publication of the EAT lancet report (Willett et al.|2019), describing the current state of scientific knowl-
edge on healthy diets within environmental limits. In the weeks after publication, two twitter trends emerged:
the hashtag #EATlancet welcomed the new insights, but was equally popular to the hashtag #yes2meat, which
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advocated for more meat consumption (Garcia et al.[2019). Webb et al.|(2020) states that "Achieving transfor-
mation will require a major shift in mindsets" (Webb et al.[2020, p.584). This raises the question why people
respond differently to new technologies, and if and how a shift in the common mindset can be achieved that
can then lead to mass adoption of new technology (so that people take the new vaccine, or adopt a new diet).

To explore the opinion forming process that might facilitate this social transformation, we first ask how individ-
uals might adapt their opinion when interacting with others. According to|Zaller|(1991), people continuously
adapt their opinions based on integrating new information they receive from the media and their peers, and
their values that help them make a judgement about this new information. Using the definition of|{Zaller|(1991),
we see ‘values’ as “any relatively stable, individual-level predisposition to accept or reject particular types of
arguments” (Zaller|1991) p.1216). Thus, we consider interests, occupation, party membership and religion as
examples of values that a person might have. Here, with the term values, we always mean the definition of
Zaller|(1991). In the English language, value can also refer to a numerical element (i.e. “the value for the pa-
rameteris 3”), but for clarity we will use the term number in those instances (i.e. “the number for the parameter
is 3”).

Models suggest that when it comes to dietary decisions, social norms in a group (closely related to the values of
the group) have a larger effect on switching to more plant-based diets than factual information about health,
sustainability and animal welfare (Eker et al.[2019). This is confirmed by empirical studies that show that people
do indeed adapt their opinion and behaviour towards the people around them. For example, people that dine
together adapt their food choice to match their dinner partner’s (Pachucki et al.[2011; Hermans et al.|[2012).
Therefore, explicitly incorporating values in opinion dynamics models and exploring how opinions and values
may co-evolve seems like an important step forward in understanding opinion dynamics. Here, we study a
simple opinion dynamics model that includes values and explore the drivers that may cause a community to
reach one out of three qualitatively different states that were identified by|Baron|(2021): The Consensus state,
the Co-existence state, and the Polarized state. In the consensus state, all agents have converged to one opinion.
In the coexistence state, all opinions exist in the network and thereis no clear clustering. Finally, in the polarized
state, the network has clustered in two or more distinct groups (see Figure.

In this article, we will first provide the theoretical background that creates the basis for our model. Next, we
describe our model based on the ODD protocol (Grimm et al.|2006) and describe the sensitivity tests that we
use to analyze the model. Next, we provide the results of the model verification and local and global sensitivity
analyses. Finally, we draw conclusions based on our results, discuss the implications of our findings and suggest
future avenues for research.
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Figure 1: The three distinct states we identify in our model. Nodes represent agents, the color of each node
represents an agent’s opinion, and edges represent the links between agents, i.e. who communicates with
whom. In the consensus state, the distribution of opinions has one peak and the variance is low, meaning that
most agents have converged to the same opinion. In the coexistence state, the distribution of opinions has one
peak but the variance is high, thus all opinions still persist in the network, and information can flow through
most parts of the network. In the polarized state, the network has split up in two (top) or more (bottom) different
communities that are hardly or not at all communicating with each other.
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Theoretical Background

The use of simple models for studying opinion dynamics has a long history (Flache et al.[2017) and has been
inspired by models from statistical physics (Castellano et al.|2009). The simplest example is probably the Ising
spin model, originally designed to describe the magnetization process in materials. In the Ising spin model,
different ‘cells’ are connected to each other on a regular grid. Every cell has either an up or adown configuration
(their spin). As time progresses, each cell tries to align its spin to its neighbors, leading to an ordered state with
high magnetization (either all cells are up or all cells are down). When the temperature increases, cells start to
flip up or down at random and the grid ends up in a disordered state (Wu et al.[1976). The same model has also
been used as an illustration of opinion dynamics, where the cells represent individuals (or agents), and their
spin is interpreted as an agent’s binary opinion (Castellano et al.[2009). The temperature parameter (T') then
relates to the amount of stochasticity in the opinion dynamics: when T is low agents only update their opinion
to align with their neighbors, and when T is high agents will change their opinion more randomly, for example,
because of external stimuli that the model does not take into account, like reading the news, or mood swings.

For some decision making processes, these binary opinion models are useful approximations. This becomes
especially fruitful when the opinion directly leads to a yes-or-no behaviour and the behaviour is the element
of interest. For example, an individual may choose to get either vaccinated or not, but it is not possible to
take half a vaccination. Other decision making processes however, require continuous opinion models (Flache
et al[2017). This relates for example to political left-wing right-wing choices (Deffuant et al.|2001), but also to
decisions about food intake where people may choose to live anywhere on the ‘flexitarianism’ gradient (Kemper
& White|2021), with a completely carnivorous or completely vegan lifestyle at the two extreme ends. Therefore,
various modeling studies explore the effects of continuous opinions on the opinion dynamics. In the model of
DeGroot|(1974) for example, agents can take on any opinion on a continuous scale between -1 and 1. Next, their
opiniondynamics are modeled by averaging between their own opinion and the opinion of their neighbors. If no
node (or group of nodes) is disconnected from the network, consensus is reached as time progresses (DeGroot
1974). One extension to this model, called bounded confidence models, includes only the opinions of neighbors
that are within a range r from one’s own opinion (Hegselmann & Krause2002). For small values of r, parts of the
network become disconnected and no consensus is reached. Thus, ignoring opinions that are too dissimilar to
one’s own opinion, allows for extreme opinions to persist (Deffuant et al.|2001; Hegselmann|2004). However,
if new individuals with an opinion somewhere in the middle of the two opinions appear, they can ‘pull’ both
extremes to the middle. Therefore, it seems that individuals with a nuanced opinion create cohesion, a result
thatis also found in simple models simulating decision making for gregarious animals, such as fish (Couzin et al.
2005).

One variation to the bounded confidence models are models where some individuals do not just ignore each
other, but are repulsed by each other (Flache et al.2017). Models that incorporate both repulsion (xenophobia)
as well as attraction (homophily) are known as negative influence models (Flache et al.[2017). Conceptually,
this repulsion can be a cause of cognitive dissonance (Festinger|1962) (i.e. “This person has such different val-
ues than | have, his/her opinion must be very different from mine”), or because of the need for people to belong
to well-defined groups, that have clear rules about who does and who does not belong to that group (Brewer
1991). By emphasizing the differences to other groups, the within-group sense of identity may be preserved
(Brewer|1991). A binary ABM that modeled within group attraction and between groups repulsion resulted in
polarized states that have maximized their difference in opinion (Macy et al.2003). A model where agents could
also take an ‘undecided’ opinion allowed for consensus to exist (Balenzuela et al.[2015), just like in continuous
bounded confidence models. In continuous models that include repulsion based on dissimilarity between in-
dividuals, both consensus states as well as polarized states into two or more groups can be observed (Jager &
Amblard|2005;/Salzarulo|2006).

Lastly, our model is inspired by a type of model where the repulsion is modeled dynamically and individually
for all agents, as for example done by|Huet & Deffuant|(2010). In their work, Huet & Deffuant|(2010) noted that
people may be attracted to an unlikely opinion, if that opinion comes from a group with whom they share values.
They built a model in which all agents had two continuous opinions, one on a main and one on a secondary
axis. If two agents’s opinions were similar on the main axis, then they would align their opinions on both axes.
However, if their opinions differed on the main axis, they would diverge their opinion on the secondary axis and
ignore each other on the main axis. In this way, polarization in secondary opinion would occur if agents differed
in their opinions on their main axes (depending on the threshold parameters).

Using the above mentioned models as inspiration, we created an ABM that helped us explore the effects of the
proposed drivers of opinion dynamics. We extend on these models to incorporate the concept of values and
continuous opinions to study opinion dynamics. Particularly, we explore the relationships between and the
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effects of three different types of variables: firstly the opinions (a fast changing element), secondly the values
(a slow changing element), and thirdly variability in personality traits (a static element). The values in our
model can be seen as the main opinion axis in the Huet & Deffuant|(2010) model. For all agents, their values
are slowly aligning with the values of their neighbors (like in the DeGroot (1974) model). This differs from the
Huet & Deffuant|/(2010) model because we never ignore neighbors. However, we work on a dynamical network,
so it is possible for agents to cut-off links to other agents (effectively ignoring them). In time, values converge
to one another for the parts of the network that are connected. Our opinion dynamics process works on top
of that. Agents adapt their opinion towards neighbors with similar values (attraction), but they will adapt their
opinion away from neighbors with a different value (repulsion). This step has a stochastic component: depend-
ing on the temperature of the system, agents may change their opinion at random. This stochasticity provides
an additional distinction between the slowly changing values that change in a deterministic way and the fast
changing opinions that may change in a stochastic way (i.e. opinions are more volatile than values). The dis-
tance in values where agents still align with their neighbors is similar to the r in bounded confidence models
from|Hegselmann & Krause|(2002) (indicating the maximum opinion distance that still leads to attraction, see
section 2.2), with two main differences: 1) In our model, r looks at the values of the neighbors instead of the
opinions, and 2) for neighbors whose value differs more than r, our agents actively move away, whereas in the
bounded confidence models they justignore this neighbor. Since this process is related to cognitive dissonance
(see Section 2.3), instead of r, we call this parameter ‘dist_cd’, indicating the distance of cognitive dissonance.
By incorporating some static personality traits, we are able to tune how heterogeneous our population is. The
traits that we implement are stubbornness (how likely it is that an agent will change his/her opinion) and per-
suasiveness (how much influence an agent has to change the opinion of others). When compared to the model
from|Huet & Deffuant (2010), our model has two main differences: 1) we simulate a dynamical network, mean-
ingthat links can be created and removed in time, and 2) our opinion updating procedure is stochastic so we can
explore the influence of noise on the system. An extensive description including an ODD protocol is provided in
the methods section of this paper.

We will use this model to determine which factors are the main drivers that push the system into either the
consensus, co-existence, or polarized state (see Figure[I) and to identify sources of uncertainty in opinion dy-
namics.

Methods

Model description

In this section, we describe our model using the ‘ODD’ (Overview, Design concepts & Details) protocol as pro-
posed in 2006 by|Grimm et al.|(2006) and updated in 2010 (Grimm et al.|2010).

1. Purpose The purpose of our model is ‘theoretical exploration’, i.e. to explore the relations between some
isolated and combined mechanisms and their implications in the opinion forming process (Edmonds
et al.|2019). The mechanisms of interest are the creation of new links (forming of new interactions), the
removal of old links (losing interactions), the slow change of values, and the effects of social influence on
opinion dynamics.

2. Entities, state variables & scales The main entities in our model are human agents. Every agent has
a number for their current opinion, their current value, and a static number for two personality traits,
namely stubbornness and the persuasiveness. Another important variable is the ‘temperature’ of the
system. This is a global parameter representing to what extent agents adapt their opinion to others. In
line with the Ising spin model, a high temperature indicates less matching to the neighbors and more
random fluctuations. We implement time in discrete steps. The time scale is arbitrary, as the importance
is the relative rates in which the opinions and values change and not their absolute rate. However, one full
simulation (2000 time steps) can be considered to model dynamics of processesin the order of magnitude
of years. A full list of input parameter is provided in Table[l] Default numbers are chosen in such a way
that at default settings, the three states (consensus, co-existence, and polarized, see Figure can all be
observed.
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Name Type Description j;i::r{\ic Range | Default

Global parameters

N int Number of agents in the network. static [0,inf] | 100
The distance in opinion where

dist_removelink* real agents will attempt to remove the static [0,2] 0.6
link.
The probability of removing a

prob_removelink*! real link if the distance inopinion is static [0,1] 0.1
larger than dist_removelink.

tries_createlink int UL AP EALISET fagent static [0,inf] | 10
may try to create a new link.

maxnb* int Maximum number of neighbors static [ON-1] | 10
that an agent may have.
The maximum distance in opinion

dist_createlink real where agents will attempt to create static [0,2] 0.1
alink.
The probability of creating a link

prob_createlink*! real if the distance is smaller than static [0,1] 0.1
dist_createlink.
The maximum number of agents

tries_valuechange int in an iteration that can update their static [0,inf] 10
value.
Rate in which the value of an agent

rate_valuechange real moves towards the average value static [0,1] 0.05
of its neighbors.

. . . | Number of agents that are allowed . .

tries_opinionchange* | int to update thgiropinion. static [0,inf] | 150

The distance in value below which
. . agents want to align their opinions .

dist_cd real and above which agents want to static [0.2] 1
maximize the difference in opinion.
Temperature parameter, determining

T real the likelihood that agents can change | static [0,inf] | 0.1
their opinion at random.

Agent specific parameters

opinion real An agent’s opinion. dynamic | [-1,1] random

value real An agent’s value. dynamic | [-1,1] random
The stubbornness of an agent, i.e.

stubbornness real how much its neighbors can influence | static [0,1] random
him/her.
The persuasiveness of an agent, i.e.

persuasiveness real how much he/she can influence static [0,1] random
his/her neighbors.
The neighbors that an agent has,

links binary | forall neighbors we storea 0 dynamic | [0,1] random
(no neighbor) or a 1 (neighbor).

Table 1: Input parameters needed to run the simulations. Parameters with an * are analyzed in the OFAT sensi-
tivity analysis.

YIn our simulations, we always put prob_createlink = prob_removelink and we name this variable
prob_changelink accordingly, thus prob_changelink = prob_createlink = prob_removelink, with the de-
fault number being 0.1.

3. Process overview and scheduling The model starts with an initial network with a set configuration
(see step 5: initialization). Then at each step in time, four submodules are executed. First, all agents
may remove links with neighbors whose opinions are dissimilar (distance larger than dist_removelink).
Secondly, all agents may create new links with agents who are similar to them (distance smaller than
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dist_createlink). Thirdly, a certain number of randomly picked agents may update their value to match
the value of their neighbors. Lastly, a certain number of randomly picked agents may update their opin-
ion based on their stubbornness (the more stubborn, the less likely they will change their opinion), their
neighbors values and opinions, and their neighbors persuasiveness (the higher the persuasiveness, the
more effect a neighbor has on an agent).

These modules are described in more detail in step 7 of the ODD protocol.
4. Design Concepts

4.1. Basic Principles In line with the model of|DeGroot|(1974), we assume opinions can be represented
on a continuous scale from -1 to 1. Opinions of -1 and 1 represent the extreme opinions, whereas
an opinion of 0 represents no preference for either side. Our network consists of bidirectional links
only, therefore if agent A is linked to agent B, agent B is linked to agent A as well. We do not allow
agentsto lose all connections and we set the maximum number of neighbors to maxnb, so allagents
have between 1 and maaxnb neighbors. The parameter maxnb is our model equivalent of ‘Dunbars
number’, which is the maximum number of close interactions a person can have (this is found to be
150 in the real world) (Dunbar|2010).

4.2. Emergence The distributions of values and opinions over time, as well as the network configura-
tions are emergent properties of the model.

4.3. Adaptation Agents remove and create new links in the network. Furthermore, they slowly change
their values to match their neighbor’s values. Last, they minimize their opinion distance to neigh-
bors with a similar value while maximizing their opinion distance to neighbors with a different value.

4.4. Objectives We model socialinfluence by letting agents adapt their opinions towards neighbors with
a similar value and away from neighbors with a different value. Agents enter this opinion updating
procedure with a probability of 1-stubbornness (i.e. stubborn agents never update their opinion,
unstubborn agents often update their opinion). Then, we allow agents to change their opinion,
which happens based on the values and opinions of their neighbors. All agents try to maximize
their opinion distance to neighbors with value distance (|value; — value;|) larger than dist_cd, and
minimize their opinion distance to neighbors with value distance smaller than dist_cd. Thus, when
agents are confronted with arguments that do not match their way of reasoning, i.e. their value,
they actually move away from the opinion they are hearing (Festinger|1962). We perform this min-
mizing/maximizing step by calculating the “imbalance” of the network (in Ising spin terminology
this is commonly referred to as the energy of the system). To calculate the imbalance, we first need
to know whether to minimize or to maximize the distance, so we calculate

valuesigns;j = —2  §(dist_cd — |value; — value;|) + 2, (1)

where valuesigns;; is the valuesign between agents i and j and 6(x) is the heaviside function which
is0ifz < 0andlifx > 0. valuesigns;; is 0 if the values of agent 7 and agent j have a distance
thatis smaller than dist_cd and 2 if their values have a distance that is larger than dist_cd. Next, the
total imbalance can be calculated as

N
1= E g |valuesigns;; — |opinions; — opinions,|| * persuasiveness;, (2)
i=1 j=1

where |opinions; — opinions;| is the distance of opinions between agents i and j. If the values of
the two agents vary more than dist_cd, valuesigns;; is 2. In this case |valuesigns,; — |opinions; —
opinions;|| is 0 when opinions; and opinions; are furthest away from each other (-1 and 1). When
the two values are within a range of dist_cd, valuesigns;; is zero. In this case, |valuesigns;; —
|opinions; — opinions;|| is 0 when opinions; = opinions,. Finally, the effect is multiplied by the
persuasiveness of agent j. Thus, agents with a high persuasiveness have a larger influence on the
opinion change than agents with a low persuasiveness.

Based on these calculations, when there is full consensus among neighbors, the imbalance is low,
while when there is disagreement between neighbors, the imbalance is high.

4.5. Learning Not applicable.
4.6. Prediction Not applicable.
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4.7. Sensing Agents change their opinions based on their own opinions, values, and stubbornness, and
the opinions, values, and persuasiveness of their neighbors. Thus they ‘sense’ this information
about themselves and about their neighbors. Furthermore, they may create links to non-neighbors
based on the opinions of these non-neighbors. Thus, they sense the opinions of all other agents.

4.8. Interaction Agents interact with their neighbors through bidirectional links. These links can be re-
moved or created in submodules 1 and 2 respectively. In these interactions they will align their
values and they might converge or diverge their opinions.

4.9. Stochasticity Stochasticity comes from multiple sources. Creating and removing links happens
with an initialized probability, entering the opinion-changing module happens with a probability
that depends on an agent’s stubbornness. Also, in line with the Ising model, agents may change
their opinion with a probability that depends on the ‘temperature’ (the higher the temperature, the
less they take their neighbors’ opinions into account). Last, in submodules 3 and 4 a predefined
number of agents is chosen at random to update their values and opinions.

4.10. Collectives Not applicable.

4.11. Observations The data that we collect from our model are 1) the opinions of all agents over time,
2) the values of all agents over time, and 3) the network over time. For computational efficiency, we
do not save all information, but instead we extract this information at the start and at the end of the
simulation. The simulation ends when it does not change for 200 iterations or after 2000 iterations.
We say the simulation is unchanged when the Wasserstein distance (also known as Earth Mover’s
distance) between consecutive distributions of opinions from the 100 agents is smaller than 0.003.

From the opinions of the agents, we calculate in which state the networks belongs: If the opinion
distribution has 1 peak and a low variance it belongs in the consensus state, of the opinion distri-
bution has 1 peak and a high variance it belongs in the co-existence state, and when the opinion
distribution has more than 2 peaks it belongs in the polarized state. This categorization of the opin-
ion distributions is further clarified and visualized in appendix A.

5. Initialization Before a simulation is run, all parameters need to be initialized. Default numbers are de-
picted in table[1] Furthermore, every agent is given a number for stubbornness, persuasiveness, opin-
ion, and value sampled from uniform distributions. Last, an initial network of links is created at random,
where the probability of forming a link between any two agents is set at 0.05 (leading to an average degree
of 5 links per agent when N = 100).

6. Input data Not applicable.

7. Submodules The four submodules as presented in step 3 are called consecutively and have been imple-
mented as follows:

7.1. Remove links For every agent, check the distance from the agent’s opinion towards the opinion
of all neighbors. If the distance in opinion is larger than dist_removelink, remove the link with a
probability of prob_removelink.

7.2. Create links For every agent with less than maxznb neighbors, pick another agent at random. If the
new agent has an opinion within a distance dist_createlink, create a new link with a probability of
prob_createlink. Repeat this procedure tries_createlink times per agent.

7.3. Update values For tries_valuechange agents, calculate their optimal value by averaging the value
of their neighbors. Take a step of rate_valuechange towards the optimal value.

7.4. Update opinions For tries_opinionchange agents, with a probability of 1 — stubbornness, create
a temporary new opinion new_op, drawn from a uniform distribution on [-1,1]. Then calculate the
total imbalance with the current opinion (I_old) and with the new opinion (I_new) with equation
Calculate AT as I_new —1I_old. If AI < 0,change the opinion of the agent to new_op. If AT > 0,
change the opinion of the agent to new_op with a probability of e=2!/7, We should point out three
features. Firstly, the new opinion is generated at random, so it does not necessarily lie in between
the opinions of the neighbors of the focal agent. The idea behind it is that people hear opionions
everywhere around them (i.e. tv, newspapers, commercials). In our model, this is represented by
the stochastic nature of the random choice of new_op. Whether the agents stick to this new opinion
is based on how it fits within the network. Thus, new_op is not created based on neighbors, but the
neighbors help decide whether or not the new_op stays. Itis a way of adding variability to the model
without having to implement additional details (such as tv or newspapers). Secondly, the role of
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the temperature parameter 7' is to determine the level of stochasticity. When T" = 0, only opinions
that lower the imbalance are accepted. As T  increases, opinions that increase the imbalance have
an increasing probability of acceptance as well. Thirdly, for ' # 0, the probability of accepting a
new_op thatincreases the imbalance, depends on how much itincreases the imbalance. Therefore,
when two agents already agree to a large extend, the probability of changing their opinion becomes
smaller.

The model is implemented in Python 3.8 by one of the authors and reviewed by another author to verify both
correctness and clarity. The code used for the analysis and a jupyter notebook with examples can be down-
loaded from: https://github.com/elsweinans/opinion_dynamics. For the figures in Appendix B a seed
is set so they are exactly replicable. The other simulations might differ slightly due to the random numbers
used, but can all be reproduced qualitatively with the provided code.

Model exploration

We test the model in three ways.

Firstly, we run all submodules in isolation of the other submodules to verify if the produced behaviour by each
submodule is as expected.

Secondly, we perform global sensitivity analysis to understand which input parameters influence the opinion
dynamics the most. We apply PAWN (Pianosi & Wagener|2018) as implemented in the SALib library (Herman
& Usher|[2017) to estimate the total importance of each input parameter. The data is generated using Latin
Hypercube Sampling (McKay|1992) through the Exploratory Modelling & Analysis Workbench (Kwakkel[2017).
The sensitivities are calculated over 10 000 samples (input parameter combinations), each with 10 replications
under random initial conditions. The probability of a certain network state across these 10 replications for each
sample is used as the dependent variable in the analysis. The resulting sensitivities are validated by verifying
their convergence (Sarrazin et al.|2016).

Thirdly, we perform one-factor at a time (OFAT) sensitivity analysis as recommended by|ten Broeke et al.[(2016)
(among others) to explore the effect of seven parameters in the model (tries_opinionchange, dist_cd,
dist_removelink, T, maxznband the combined set of prob_removelink and prob_createlink, marked with a *
in Table[I) on the probability of ending up in each of the three states of Figure[1} These parameters were chosen
based on the global sensitivity analysis, which indicated them as dominant drivers that determined the final
state of our simulations.

Results

Verification of individual submodules

We test the different submodules separately to (1) assess whether they behave as they should, and (2) deter-
mine, at a later stage, which submodule is responsible for which behaviour once all modules are included in
the model. Our results demonstrate that all modules behave as expected (see Appendix B for visualizations of
all verification steps and additional explanation).

Global sensitivity analysis

Our PAWN global sensitivity analysis reveals that 7" is the most important parameter in our model, strongly in-
fluencing the likelihood of occurrence of all three states. This parameter is especially powerful in distinguishing
the co-existence state from the consensus and polarized states (Table[2). Other parameters that are influential
are tries_opinionchange, dist_cd, dist_removelink, maxnb and prob_changelink (which determines both
prop_createlink and prob_removelink) (Table[2). These are also the parameters that we explore in more de-
tail in the OFAT sensitivity test in the next subsection.

The PAWN sensitivities describe total sensitivities. To explore whether the parameters work in isolation or if
there are second order interaction effects, we create pairplots based on the 10 000 samples. For every sam-
ple with 10 replicates, we calculate the probability of ending up in each of the three states. Most parame-
ters do not seem to have strong second order interaction effects (supplementary Figures [9}[11) with the ex-
ception of the parameters T' and maxnb. We find that for low numbers of T', the polarized state is the most
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likely state (Figure[11). As T increases, the consensus state becomes dominant (Figure[9). For even higher
numbers of T', the co-existence state becomes dominant (figure[10). The boundary for these switches lies at
higher numbers of T for increasing numbers of maxznb (and, less pronounced though, for decreasing numbers
of tries_opinionchange). The parameter prob_changelink seems important based on its occurrence (diago-
nal plot for prob_changelink in supplementary Figures[L0[11), but does not seem to have second order inter-
actions with the other parameters. For T', maxnb, and prob_changelink, we summarize this information for
the polarized state in Figure[2]

Higher order effects could be present as well, but cannot be revealed with the presented analysis. In our OFAT
analysis we explore this option further.

State
Parameter Consensus | Co-existence | Polarized
T 0.15 0.28 0.19
tries_opinionchange | 0.06 0.08 0.11
maxnb 0.09 0.13 0.09
prob_changelink 0.01 0.05 0.06
dist_removelink 0.05 0.04 0.05
dist_cd 0.04 0.02 0.04
dist_createlink 0.02 0.03 0.04
tries_createlink 0.01 0.03 0.04
rate_valuechange 0.01 0.03 0.03
tries_valuechange 0.01 0.02 0.02

Table 2: Total sensitivities based on PAWN global sensitivity analysis. Numbers can be interpreted as relative
importance of a parameter in determining whether a simulation ends up in a certain state. Parameters are
ordered based on their relative importance for the polarized state.
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Figure 2: Pairwise interaction plots for simulations to end up in the polarized state, depicting interactions be-
tween the parameters T', maxnb, and prob_changelink. We find an interaction effect between T" and maxnb.
Forincreasing T', the likelihood of ending up in the polarized state is reduced. As maxnb increases, the number
of T for which the polarized state disappears, increases as well.

OFAT sensitivity tests

To explore the extent to which the parameters tries_opinionchange, dist_cd, dist_removelink, T, maxnb
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and the combination of prop_createlink and prob_removelink affect the final configuration of the network
on which opinions and values co-evolve, we slowly change these parameters in a stepwise fashion and run 100
simulation for every parameter number. Then, we calculate the probability of the system to end up in each state

of Figure[1}

4.6 Wefind that at the low extreme end of tries_opinionchange, the network has the highest probability of ending
up in the co-existence state. As tries_opinionchange increases, the polarized state takes over. Then, from
tries_opinionchange = 50 onwards, we observe a steady increase of the consensus state. However, for all
numbers where tries_opinionchange > 1, the largest percentage of simulation is made up by the polarized
state. This means that for the default parameter settings, the network is most likely to end up in the polarized
state and although tries_opinionchange does affect the relative probabilities, the polarized state remains the
most likely final state of the network (Figure[3jp).

4.7 For low numbers of prop_createlink and prob_removelink (referred to as prob_changelink) the system is
most likely to end in the consensus state. As prop_changelink increases, the consensus state becomes less
likely to occur. For numbers of prob_changelink higher than 0.025, most simulations end up in the polarized
state, with a small fraction for the other two states throughout the tested range (Figure [3B). The probability
of removing or adding a link affects the final network configurations through the values. Because the values
between neighbors change very slowly, they only converge when two agents stay connected for a long time
(i.e. when prop_changelink is low).

4.8 For low numbers of dist_cd, the system is most likely to end up in the polarized state. For numbers of dist_cd
higher than 0.8, we observe a rise of the occurrence of the consensus state (Figure). For the maximum num-
ber of dist_cd, 2 (i.e. when values and cognitive dissonance do not play a role anymore), we find that our sim-
ulations are equally likely to end up in the consensus- and the polarized state (Figure[3(C).

4.9 Atthe low extreme end of dist_removelink, our model is most likely to end up in the co-existence state. Very
quickly however, the polarized state becomes dominant. At the lower end there is a small probability of the con-
sensus state, but for numbers of dist_removelink higher than 0.1 this state disappears. It reappears around
dist_removelink = 0.5, and after that, the consensus state becomes the most likely outcome of the simula-
tions (Figure[3P). To get a better understanding of the low end of this graph, we visualize a final network where
dist_removelink = 0 (supplementary Figure[13). We observe that in this situation, there are many agents with
only one neighbor. Furthermore, we repeat the dist_remouvelink OFAT, but now for dist_createlink = 0.6 (in-
stead of the default of 0.3). Here, we observe that the probability of consensusiis higher, this effect is particularly
strong for the left half of the OFAT plot (supplementary Figure[14).

4.10 Forlow numbers of T', the system is most likely to end up in the polarized state. As T" increases, the consensus
state appears. The probability of ending up in the consensus state peaks at 7' = 0.5. After this, the likelihood
of consensus decreases and the co-existence state becomes the most likely final state of the system (Figure[3E).
This confirms our observation from the global sensitivity test.

4.11  For low numbers of maxnb, our model is most likely to end up in the co-existence state. As maxnb increases,
the consensus and polarized states become more likely. The rise in polarization is more pronounced and for the
largest range of maxnb, the polarized state is the most likely final state of our model (Figure 3F). Our pairwise
plots from the global sensitivity tests suggest that the number of maxznb where co-existence disappears will be
higher when the parameter T increases.

4.12 We note that the OFAT analysis works as a sanity check for our PAWN sensitivity test: The OFAT plots can be
seen as transects along the default numbers in the two-parameter PAWN figures (Figure 2] and Figures[9}f11).
This is not a one-to-one relationship, because in the PAWN test the other parameters are chosen freely, thus
exploring the whole range of possible numbers, whereas in the OFAT plots the other parameters are fixed at
their default. Still, certain properties of our model are clearly visible in both PAWN and OFAT sensitivity tests,
demonstrating robust results. One clear illustration is the maxnb plot, where Figure[2illustrates how at 7" = 0.1
(default) the probability of the polarized state is low for maznb < 3 and becomes high for maznb > 3. This
result is replicated by the OFAT test for maxnb (Figure[3F). The comparison between PAWN and OFAT thus gives
additional insight in the non-linear effects that the parameters have on the model output.

4.13 Lastly, we test for three way interactions between the three mostimportant parameters (7', tries_opinionchange,
and maxznb) by repeating the OFAT analysis of maxznb for different combinations of T"and tries_opinionchange.
We observe that the highest probability of the consensus state is reached when all three parameters are at high
numbers, representing a three way interaction between the three variables (see: Appendix D).
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Figure 3: To identify nonlinear responses of the model, we slowly increased six different control parameters, one
factor at atime while all other parameters were set to their default number. For every number of the parameter,
we ran 100 simulations with randomly created initial conditions. These plots should be interpreted as follows:
If for a number of the control parameter we see that the probability of state from 0-0.5 is blue, the space from
0.5-0.8 is orange and the space from 0.8-1 is green, then for that parameter number there is a 0.5 probability of
ending up in the consensus state, a 0.3 probability of ending up in the co-existence state and a 0.2 probability
of ending up in the polarized state. Dashed lines indicate the default numbers. They serve as an additional
verification of the model: the probabilities of the states should be the same on each dashed line, as is the case
in these figures.

Discussion

Summary of results

In this paper we considered the co-evolution of values and opinions on a dynamical network. We constructed
an ABM derived on models from statistical physics, and expanded it to continuous opinions and included a
fast-changing (opinions), slow-changing (values), and static variable (personality traits) and a dynamical so-
cial network. Because the slow change of the values, they can only create convergence of opinions, when two
agents stay connected for a long time. As such, values strengthen the status quo of the network. In combina-
tion with the dynamic nature of our network, various outcomes may arise. Our results suggest that consensus
of opinions can happen, but that the full spectrum of opinions or even two or more distinct, stable opinions are
possible outcomes as well. Sensitivity analyses (based on PAWN & OFAT) were used to identify the main drivers
of opinion dynamics in our model. We found that in order to reach the consensus state, agents should 1) update
their opinion often (Figure), 2) do not often break links and create links to new agents (Figure), 3) adapt
their opinion to their neighbors regardless of their values (i.e. high dist_cd, Figure[3[C), 4) only remove links to
people that are very dissimilar to them (Figure[3D), and 5) preferably have some sources of information that
affect their opinions that our model does not take into account (i.e., intermediate stochasticity/T’, FigureE’E).
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Both the global sensitivity (PAWN) test and the OFAT test revealed that the parameter 7' is an important driver
of opinion dynamics. This parameter determines the level of stochasticity in the model, i.e. for high numbers
of T, agents will update their opinion at random, independent of the values of their neighbors, and for low
numbers of T', agents only update their opinion to better (dis)align with their neighbors, driven by the difference
in values between the agent and its neighbors. Counter intuitively, intermediate numbers of T" lead to a high
probability of the consensus state. This may be explained by the intermediate randomness, that can loosen
agents livingin abubble and lead them to reconnect to the social network and start adjusting their opinion. Very
high numbers for T" are not realistic, as humans are largely social animals where the social network will always
have some influence on opinion forming (Flache et al.2017). In addition, we find an interaction effect between
T and maxnb, being the maximum number of neighbors an agent may have. Specifically, for larger numbers of
maznb, a larger range of T" allows for the consensus state to occur (Figure[9). Although the parameter maanb
might not be tunable for policymakers, it can be monitored to assess it’s role in real world cases.

Comparison with previous studies

Our findings differ from previous modeling studies which demonstrated that models with central social influ-
ence processes yield a homogeneous opinion in the population (Flache et al.|2017). In our study some (synergy
between) the incorporated mechanisms circumvent the convergence to ahomogeneous network over time and
can lead to polarized communities. More specifically, in both the global sensitivity analysis as well as the OFAT
analysis, we see that the polarized state has the highest probability of occurrence for the largest range of the
tested parameters. Our model differs from previous models in several ways. One mechanism in our model that
was notimplemented in earlier models of opinion dynamics on a continuous scale (Hegselmann & Krause|2002,
2005) is the changing (i.e. removing and creating) of links. Our results confirm that when prob_changelink is
set to 0, i.e. the simulation develops on a static network, convergence is the most likely outcome of a simula-
tion (Figure[3B). When people change links more frequently (i.e. higher prob_changelink), the polarized state
becomes more dominant. Accordingly, when dist_remouvelink is high (indicating that only a few links are re-
moved), most simulations end up in the consensus state. When dist_removelink = 0, all links will be broken
off in each iteration. Since the module that creates links has a maximum number of times it may try to create a
new link (tries_createlink), the network has very few links in this scenario (supplementary Figure[13). There-
fore, opinions change more or less randomly and the coexistence state is the highest probable state. This is
quite similar to the situation when maxznb = 1. Of course, dist_removelink = 0 is a peculiar case, because in
every iteration, all links are removed. For small, but nonzero numbers for dist_removelink, we see a bump in
consensus. This bump can be explained as follows: When dist_createlink is small but nonzero, many links are
broken off in each iteration, which leads to the formation of new links in submodule 2 (the creation of new links).
In this way, two agents that are ‘drifting apart’ in opinions, can occasionally be pulled back together because
of the formation of a new link. If their values are sufficiently close together (closer than dist_cd), their opinions
will converge. Furthermore, because of trial and error, the network will occasionally find links that will not be
broken off that further allow for convergence of opinions. Because of this, some of the simulations end up in
a consensus state. Indeed, when we increase dist_createlink to 0.6 (instead of its default of 0.3), we observe
that the probability of consensus increases over the whole range (supplementary Figure [14), because agents
that are further diverged in opinions are reconnected, leading to convergence of opinions for those individuals
whose values are within a range of dist_cd from each other. Furthermore, when dist_createlink = 0.6 (as in
supplementary Figure[14), we do not see the co-existence peak at dist_removelink = 0. Because of the higher
probability of reconnecting, the network is not as sparse as in Figure[L3|and therefore agents influence each
other more and the probability of consensus increases.

Another factor in our model that is a likely candidate to be the cause of forming clusters is dist_cd, that affects
the opinion updating procedure based on the values of all agents. However, we see that even if this parameter
does not play a role in the network (when dist_cd = 2, the maximum distance that two opinions can have,
meaning that all agents want to align their opinion towards each other), the polarized state still occurs in about
half of the simulations. Thus, cognitive dissonance as modeled in our study is in itself not sufficient to explain
the abundance of polarized final states. In our model, the dynamic nature of the network is required to obtain
the high probabilities of polarization that we observe. An alternative way of obtaining polarization could be
to not work on a dynamic network, but stop updating values once they are too far apart, and keep diverging
opinions as long as the values are too far apart, as done by|Huet & Deffuant|(2010). In their model polarization
was strengthened, because if agents differed on their ‘main axis’ (similar to the values in our model), they would
continuously diverge their opinion on the ‘secondary axis’ (similar to the opinions in our model). Therefore
in their model, two polarized groups would continue to grow apart, whereas in our model these groups stop
influencing each other and less ‘extreme’ opinions are observed.
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In the sensitivity analysis we did not identify regions that guarantee the network will end up in the consensus
state. Moreover, regions with a guaranteed outcome seem rare, as for a fixed parameter setting, the network
can end up in different final configurations. In our model, we can estimate the probability for each final config-
uration based on the frequencies of occurrence but we cannot predict what will happen for a single simulation.
This result confirms findings from other studies on the uncertainties of opinion dynamics (Fung|2003; Katerelos
& Koulouris|2004). Thus, the results of an opinion forming process for real-world policies, where the drivers of
our model are accompanied by myriad other known and unknown drivers, will also be subject to uncertainties
that should be taken into account. Despite the high uncertainty in human responses to policy changes, tak-
ing into account human opinions and behaviour in the policy making process has proven worthwhile in several
case studies. For example, fishery management is dealing with a diverse stakeholder group that often responds
in unintended and unforeseen ways to new regulations (Fulton et al.|2011). An agent based model that was val-
idated by empirical data from tuna purse seine fisheries, confirmed that social processes are main drivers for
decision making of fishing companies. Explicitly incorporating these social factorsin models led to different pre-
dictions and policy suggestions (Libre et al.2015). Another example comes from farmers participation in water
quality trading. Research shows that many farmers are reluctant to join these water quality trading programs
because of distrust in administrators (Breetz et al.|2005). This explains why improving the financial incentives
to join these programs did not lead to the desired results, but involving trusted third parties did (Breetz et al.
2005). These examples demonstrate the usefulness of understanding human values and opinions when opti-
mizing strategies. Our study highlights possible sources of uncertainty in human opinions which could guide
decision makers in cases such as these two examples.

Limitations and ways forward

Our findings should be interpreted in the light of this specific model. Here we will summarize our model as-
sumptions and discuss ways to extend our simplistic model in future studies. First of all, some factors that are
known to affect opinion dynamics were not considered in our model. For example, agents may differ in reputa-
tion (vanVoorn et al.[2014), trust/mistrust (Adams et al.l2021;jvan Voorn et al.|2020), and hypocrisy (Gastner et al.
2019). The personality traits that we incorporated in our model were stubbornness (Yildiz et al.2013) and per-
suasiveness (Deffuant et al.2002). We considered those two traits simpler to interpret than the others because
they affect dynamics without having to give agents too much information about their surroundings. Indeed,
the only factors agents needed to know were the opinion, value and persuasiveness of their direct neighbors.
Giving them more global information is surely interesting, but complicates the dynamics up to a point that it
becomes difficult to explore the mechanisms in isolation. Hence, there is a need for a model that is sufficiently
simple to be comprehensible but that may serve as a baseline for more complicated future analyses. When
agents have more global information, another interesting direction is to give agents insights in the neighbors of
their neighbors. For example, agents might be affected by new links or severed links from their neighbors (i.e.
“the enemy of my friend is my enemy/the friend of my friend is my friend”) (Minh Pham et al.|2020).

Additionally, our model has three other simplifying assumptions. Firstly, we decided not to take into account ef-
fects of physical space. In our visualizations, the location of each agents does not have any meaning. If physical
space is taken into account, this can limit which agent can connect to which other agent and may thus influ-
ence cluster formation (Filatova et al.[2013). On the other hand, now that communication happens often via the
internet, geographical space is less important in opinion dynamics than it used to be in the past and might be
too restrictive ifincluded in a model. Secondly, as a first step of including values in an opinion dynamics model,
we reduced values to one single scalar, whereas it has been suggested that this is in fact a multifaceted concept
that should not be reduced (Schwartz|1994). The expansion of our model with a multivariate value vector may
widen the options for cognitive dissonance. For instance, agents might move away from neighbors who differ
on one value or only from agents that differ on all values. Furthermore, the prioritization of different values
might play a role in cluster formation (Arrow|1950). Thirdly, we always started our simulations with a random
network with uniform distributions for opinions, values, stubbornness and persuasiveness. Future work could
explore how different initial conditions may influence the different outcomes of our model. Furthermore, future
research can study the requirements of moving from one of the states to another state, for example by targeting
subsets of agents or by nudging all agents towards a certain opinion. Again, it is likely that values play a crucial
role when nudging a community from one state to another. For example, an Australian study showed that eat-
ing meat was perceived as masculine, and that this perception was stopping men from adopting a more plant
based diet (Bogueva et al.|2020). Once these perceptions (values) change, the network might reshuffle and find
a new equilibrium in another state.

Last, we want to stress that our model looks at opinion dynamics and not at behaviour dynamics. Policy makers
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are most likely interested in the latter. Opinions are drivers of behaviour, but their relationship is not necessarily
linear or the same for different individuals. Future research should investigate how opinion dynamics translates
to changes in behaviour. Particularly, in addition to modeling explorations, we would be interested in seeing
empirical studies that explore the relationship between opinions and behaviour. The current data explosion
from social media is one potential source that could shed light on this relationship.

Conclusion

In sum, the success of any policy change is determined by the support that it receives from a community. Even
though this support is unpredictable, we were able to detect patterns that make certain configurations more
likely than others. Our model illustrates the effect of several drivers of the opinion forming process, particu-
larly the number of people that change their opinion (tries_opinionchange), the probability of changing links
(prob_createlink and prob_removelink), the value distance for which agents will align their opinions to neigh-
bors (dist_cd), this maximum distance where agents remove links (dist_removelink), the maximum number of
neighbors (maxnb) and most importantly: the amount of stochasticity in the opinion updating procedure (7).
Furthermore, our results indicate a key role for values in the development of opinions on a dynamical network.
More precisely, if two agents stay connected for a long time, their values will slowly converge which will allow
them to also align their opinions. If, however, two agents start with their values far away from each other, their
opinions will also diverge before the link is broken off, which may aid in the formation of polarized opinions.
The incorporation of values allows for more possible outcomes of our simulations, as our results show that for
almost the full range of simulations, all states are possible outcomes of the simulations, indicating a highly un-
predictable and highly uncertain future. Nevertheless, we have identified explainable patterns and our results
can be used to create new and testable hypotheses. One example is that more stochasticity in the social influ-
ence process leads to less polarization (effect of the parameter T'). Lastly, our results help to determine sources
of uncertainty in human opinion dynamics. Thus, they can be used to help make sense of the complex human
responses to new policies, such as covid-related restrictions or calls to shift to a more plant-based diet.
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Appendix A: Opinion Distributions

We determine our states based on the distributions of opinions of the final states of the networks. For each
network of Figure[T} we provide an illustration of what the opinion distributions look like in Figure[4]
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Figure 4: opinion distributions for every network depicted in Figure

The distributions of Figure[dare created by using a kernel density estimate with a bandwith of 0.9 (using the kde
function from seaborn (Waskom|2021)). Next, we counted the peaks in the distributions using scipy’s find_peaks
function (Virtanen et al.|2020). We ignore peaks that are smaller than 1/10 of the highest peaks, so for the dis-
tributions for the consensus state in Figurethis leads to one peak. Next, we set the prominence of a peak to
0.1, as to not count all minor ‘wiggles’ in the distribution, thus leading to one peak for the bottom distribution
for the co-existence state in Figure[d] The distinction between the consensus and co-existence state was made
based on theirvariance: If the variance of the distribution was smaller than 0.05, the network was considered as
a consensus state, otherwise it was considered as a co-existence state network. These parameters were chosen
such that the three states were identifiable.

Note: This way of counting the number of peaks performs poorly in providing exact number of peaks when that
number is larger than 2 (i.e. the top distribution in the polarized state in Figurecounts two peaks, whereas
Figureclearly shows three clusters), but as the 3-cluster and 2-cluster networks are all in the polarized state,
this is not influencing our results.

Appendix B: Verification of Individual Submodules

Module 1: Remove links

We run module 1 in isolation by setting tries_createlink, tries_valuechange, and tries_opinionchange to
0. In this situation we expect that the only dynamics we observe is the removal of links of neighbors with an
opinion that differs more than dist_removelink. To test this effect, we set dist_removelink to 0.6 and to 0.25.
The first one is the default value in future simulations, the latter is an extreme value to see the effect in an
extreme case. Agents are never allowed to become completely disconnected, i.e. everybody should in the end
still be connected to at least one other agent. This module behaves as expected, as the only process we observe
is the removal of links (Figure.
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Figure 5: Exploration of module 1. (a) Initial network (random configuration), (b) the final network for
dist_removelink = 0.6 (default), and (c) the final network for dist_removelink = 0.25 (extreme case). Col-
ored nodes illustrate the opinions of agents.

Module 2: Create links

We run module 2 inisolation by setting prob_removelink, tries_valuechange, and tries_opinionchange to 0.
In this situation we expect that the only observed dynamics are the creation of new links between agents with
an opinion that differs no more than dist_createlink. To explore this effect, we set dist_createlink to 0.1 and
to 0.8. Thefirst oneis the default value in future simulations, the latter is an extreme value to observe the effect
of an extreme case. Agents should never have more neighbors than maznbwhich is set at 10 in the default case
and to 20 in the extreme case. The module behaves as expected, as the only process we observe is the creation
of links (Figure[6).

1.0

-0.5

-1.0 — -1.0

(a) final network default (b) final network extreme

Figure 6: Exploration of module 2. Initial network is the same as in figure [Fa. (a) the final network for
dist_createlinklink = 0.1 and maxnb = 10 (default), and (b) the final network for dist_createlinklink = 0.8
and maxnb = 20 (extreme case), where agents are more densely connected. Colored nodes represent the
opinions of the agents.

Module 3: Update values

We run module 3 in isolation by setting tries_createlink, prob_removelink, and tries_opinionchange to 0.
In this situation we expect that the only process we observe is that the values of agents converge, as all agents
adapt their values to be more in line with their neighbors. The network should not change, since no links are
formed or removed. We explore this behaviour in a network of 100 agents. The module behaves as expected,
as the links remain unchanged and the values converge towards each other (Figure[7).
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Figure 7: Exploration of module 3. (a) Initial network (random configuration), same as figure, but instead
of opinions, values are depicted here. (b) the same network at the final state, where values have started to
converge towards each other. Colored nodes illustrate the values of agents. Over time values converge to the
same number, as agents update their values in each time step to move closer to their neighbors’ value.

Module 4: Update opinions

We run module 4 in isolation by setting tries_createlink, prob_removelink, and tries_valuechange to 0. In
this situation, we expect the opinions to converge towards each other, if the temperature is suffiently low, stub-
borness is sufficiently low and persuasiveness is sufficiently high. Therefore, we explore this mechanism by
first setting T = 0.1, stubbornness = 0 for all agents and persuasiveness = 1 for all agents. Next we test
extreme values of these three parameters one factor at a time. Additionally, we explore the combined effect of
stubbornness and persuasiveness.

In the default situation, all opinions converge towards each other over time (Figure ). If we increase the
temperature T to 10, the opinions should remain random (i.e. people update their opinion every time with-
out taking their neighbors opinions into account) (Figure). If we implement cognitive dissonance by setting
dist_cd = 1 we observe stronger deviations away from the average opinion, as expected, since agents update
their opinion away from neighbors with a different value (Figure[8c). To explore the effects of stubbornness,
we set the stubbornness of 50 random agents to 1, to ensure the existence of several stubborn agents in our
network. Here, we expect that these 50 agents will not change their opinion, their extreme opinion might cre-
ate little bubbles around them as they can still influence their (unstubborn) neighbors. This is indeed what we
observein Figu re. To explore the effect of persuasiveness, we set the persuasiveness of 50 random agents to
0, to ensure the existence of some agents without any persuasiveness, i.e. whose opinion is not shared within
the network. We expect slower convergence. If there is an agent whose only neighbor is an unpersuasive one,
this agent will not be able to change its opinion. This is indeed what we observe in Figure[8. Last, we explore
the combined effects of stubbornness and persuasiveness. Here we expect little difference with the previous
two scenarios, although more deviations away from the average opinion are possible due to variations in stub-
bornness and persuasiveness. Also these synergies of the module behave as expected (Figure[8f).
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Figure 8: Exploration of module 4. Colored nodes represent opinions. All simulations start from the network
in Figure. (a) Final network when stubbornness of all agents is 0, persuasiveness of al agents is 1, dist_cd
is2and T = 0.1. (b) Same as (a), but with 7" = 10. (c) Same as (a), but with dist_cd = 1. (d) Same as (a),
but the stubbornness of 50 agents is set to 1. (e) Same as (a), but the persuasiveness of 50 agents is set to 0.
(f) A combination of ¢, d and e, meaning dist_cd = 1, stubbornness is for 50 agents randomly assigned from
a uniform distribution and for the 50 other agents set to 1, persuasiveness is also randomly assigned to 50
(independently chosen) random agents and for the other 50 agents is set to 0. Other parameters are the same
asin (a).
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® Appendix C: Pairwise Plots Visualizing Parameter Interactions
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Figure 9: For all 10,000 parameter sets in our global sensitivity analysis we ran 10 replications. Here, we depict
the probability of those replications ending up in the consensus state, for the most important parameters in
our model (based on Table2). These plots suggest there are some two-way interactions between T', maxnb
and tries_opinionchange, the three most important parameters in our model. It is possible that higher order
interaction effects exist, but they remain unrevealed with the current analysis.
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Figure 10: Same as Figure@ but for the co-existence state.
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Figure 11: Same as Figure[9] but for the polarized state.
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® Appendix D: Exploring 3D Interactions

tries_opinionchange = 50 tries_opinionchange = 150 tries_opinionchange = 450
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Figure 12: OFAT plot for maxnb for different combinations of tries_opinionchange and T to unravel possi-
ble 3D interactions between our three most important parameters, illustrating that a combined increase in
tries_opinionchange and T enhances the probability of ending up in the consensus state. Note that the mid-
dle panel is the same as Figure[3F.

® Appendix E: Exploring Mechanisms Behind the dist_removelink OFAT
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Figure 13: Example of a typical network at the end of a simulation for dist_removelink = 0, indicating that
most agents have only a few neighbors leading to a co-existence state.
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Figure 14: OFAT for dist_removelink, but with dist_creatlink = 0.6, instead of the default of 0.3, indicat-
ing that there is an increased probability for the consensus state when agents accept new links with agents
with opinions that are further away from their own opinion. This effect is strongest in the lower range of
dist_removelink, because dist_creatlink plays a larger role when agents have space left to fill with new neigh-
bors, which happens more often when they cut off links with their neighbors, which happens more often for low
numbers of dist_removelink.
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