
How Availability Heuristic,
Confirmation Bias and Fear May Drive
Societal Polarisation: An Opinion
Dynamics Simulation of the Case of
COVID-19 Vaccination
Teng Li1,2 and Wander Jager3

1College of Economics and Management, Huazhong Agricultural University, No. 1 Shizishan
Street, Hongshan District, Wuhan 430070, China
2Department of Sociology, Interuniversity Center for Social Science Theory and
Methodology (ICS), University of Groningen, Grote Rozenstraat 31, Groningen, 9712 TG, The
Netherlands
3Groningen Center for Social Complexity Studies, University of Groningen, Hoendiepskade
23/24, Groningen 9718 BG, The Netherlands
Correspondence should be addressed to w.jager@rug.nl

Journal of Artificial Societies and Social Simulation 26(4) 2, 2023
Doi: 10.18564/jasss.5135 Url: http://jasss.soc.surrey.ac.uk/26/4/2.html

Received: 09-12-2022 Accepted: 11-05-2023 Published: 31-10-2023

Abstract: The stark contrast between different opinions on COVID-19 vaccination suggests that the underlying
opinion dynamics is a topic worth studying. Here we build a comprehensive agent-based model by incorpo-
rating fear into the HUMAT framework to study how the availability heuristic and confirmation bias influence
information processing and impact the opinion dynamics and vaccination rate in the case of the COVID-19 pan-
demic. Three scenarios are designed to explore the impact of the disease severity, confirmation bias, and au-
thorities on COVID-vaccination opinion polarisation and the vaccination rate. Main simulation results indicate
that: 1) Increased fear of disease raises the vaccination rate and accelerates people’s uptake of COVID vaccines.
2) Confirmation bias fuels opinion polarisation through the mechanism of information selection and improves
the satisfaction of different groups. 3) Opposing authorities and availability heuristic promote opinion polarisa-
tion, while more moderate authorities reduce polarisation but do not make it disappear. Implications of these
results are discussed for science communication related to complex societal problems.
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Introduction

1.1 Many difficult societal problems give rise to fears in people with respect to their own health and well-being and
that of their family or even the future of mankind and life on Earth in general. The loss of biodiversity, climate
change, nuclear power, migration and most lately the COVID-19 pandemic, are all examples of such societal
problems that are heavily debated in the media and on which also radical opposing opinions have been being
ventilated.

1.2 Without underestimating the seriousness and impact of these problems, it may well be that biases in perception
may give rise to fear and translate into very strong opinions, which contribute to polarisation in society, mak-
ing meaningful dialogue difficult. Such processes of polarisation may even jeopardise democratic institutions,
when large groups of people are not on speaking terms anymore.

1.3 In this paper, we will specifically focus on the opinion dynamics related to the COVID-19 outbreak, where strong
polarisation can be observed. For example, Bernacer et al. (2021) observed the polarisation of beliefs based on
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political ideology as a consequence of the COVID-19 pandemic. Much of the polarisation addresses the impor-
tance of supporting the mass vaccination program of the state to combat the spread of a feared disease, versus
the fear of side effects of an experimental vaccine that is forcefully administered by an untrustworthy state. In
this opinionated situation, the role of social media is undoubtedly critical (Stjernswärd & Glasdam 2021). The
perception of disease and health risks is influenced by the media (Clarke 2011; Lupton 2013), and especially on
social media people share, evaluate and even attack information provided by authorities, which is facilitated
by different perspectives amongst the authorities themselves.

1.4 The media played a critical role in the sharing of information on COVID-19. Not only do regular news media
succeed in getting readers and viewers by sharing “shocking news” (as an example, in the Netherlands a large
article with picture was published in a main newspaper on the fact that a former “strong man”-competitor was
not vaccinated and died from COVID-19 – Quekel 2021), but the algorithms operating on social media increas-
ingly share information that AI algorithms have identified as raising your emotions (e.g., McStay 2018). This
implies that information on shocking cases is functioning as click-baits in the media and can give a distorted
image of the actual situation (availability heuristic).

1.5 Wide attention in the media for infectious diseases leads to an overestimation of risks (Young et al. 2013) and
it seems clear that the enormous (social) media attention on COVID-19 has had an impact on risk perceptions.
For example, in the United States, a study showed that the risk of death in a COVID case was overestimated, as
the general public estimated that people under the age of 55 would account for 43% of deaths, while actually
it was only 7% (Ladapo et al. 2022). The availability heuristic (Tversky & Kahneman 1974) is a psychological
mechanism that explains how the reporting of incidents can result in an overestimation of the chances of such
incidents.

1.6 Very interestingly, the analysis of COVID-19 risk perception by Macdonald (2021) displays a bimodal distribution,
indicating that most people either have a low or high-risk perception of COVID-19 vaccination. This indicates
that a polarised risk perception has emerged. A survey conducted by Gallup (Gallup 2022) identifies an overesti-
mation of the perceived risks of COVID-19, with 92% overstating the risk of hospitalisation for the unvaccinated,
and 62% overstating the risk for the vaccinated. In the context of polarised perceptions, this study also iden-
tified different risk estimations between republicans (low risk) and democrats (high risk), which is in line with
Bernacer et al. (2021) concerning the observed polarisation of COVID-19 beliefs based on political ideology.

1.7 In the context of a population-wide vaccination program, we must realise that the perception of the risks can be
influenced by being vaccinated. The confirmation bias (Wason 1960) explains that people are biased towards
information that confirms their beliefs or behaviours, which comes in a variety of guises (Nickerson 1998). In
particular, with vaccination, this bias can be strong because one cannot un-vaccinate oneself, so it is likely that
information stressing the seriousness of the disease is accepted by vaccinated people, whereas information on
limited risks and side effects of vaccinations is neglected. In the context of mass vaccination, this may cause
polarisation between a large majority that has been/is in favour of vaccination versus a smaller group that is
hesitant about vaccination and has fears of possible side effects (e.g., myocarditis and heart-failure).

1.8 Both fears of the disease and fear of side effects may result in a tendency to listen more to authorities (experts,
politicians and opinion leaders having a large exposure), who are communicating through (social) media. As re-
ported by Bigo et al. (2021), government messages may play on people’s existential fear of death to make them
obey coercive measures. This fits with the idea of Agamben (1998) of ‘homo sacer’, where regimes lead people
like a herd by politics of fear. In the context of contagious disease, research on pandemic influenza recom-
mended interventions which highlight the risk posed by pandemic influenza while simultaneously advocating
vaccination to ameliorate this risk (Bish et al. 2011). With the outbreak of COVID-19, these insights were used in
communication campaigns that were designed to create fear in the population. Members of the Scientific Pan-
demic Influenza Group on Behaviour (SPI-B) later expressed their regret about using such unethical methods
used to control behaviour and considered these tactics to be totalitarian (The Telegraph 2021; Trimble 2021).

1.9 However, on social media, it is also easy to find alternative authorities with different perspectives on COVID-19
and vaccination, emphasising for example that the disease was not serious at all, and that the mRNA injections
imposed a serious health risk. Obviously, social media also offer a plethora of conspiracy theories, for example
creating fear of a genocide aimed at decimating the human population on Earth (e.g., COVID-19 Adverse Re-
actions Group on Facebook, or news on the conviction for genocide of the Canadian Prime Minister Trudeau,
Britain’s Queen Elizabeth, and Pope Francis over their support for COVID-19 vaccination). Because people like
confirming their existing fears and the associated best policies to reduce the observed risks, there is always a
possibility to find an authority that supports your position. Hence a person with a high fear of COVID-19 may
appreciate an authority that stresses a very stringent vaccination and social distancing policy, whereas a per-
son with a high fear of side effects of vaccinations may appreciate an authority that warns of side effects and

JASSS, 26(4) 2, 2023 http://jasss.soc.surrey.ac.uk/26/4/2.html Doi: 10.18564/jasss.5135



a mass vaccination strategy. This authority-following tendency in times of fear can further contribute to the
polarisation of opinions.

1.10 In this study, we would like to explore to what extent the availability heuristic, the confirmation bias, and the
role of authorities are on the polarisation of opinions on COVID-19. We hypothesise the effects of these fac-
tors contribute to a strengthening of polarisation processes. The results may be important to reflect on the
communication of scientific information on risks in societal problems to the wider population.

Conceptual Framework

HUMAT description

2.1 Agent-based modelling is gaining momentum in the social sciences as the necessary method for studying social
dynamics in many contexts. Whereas the early social simulation models were built using oversimplifications
concerning behavioural assumptions, increasingly social scientific and psychological theories are being used
for the implementation of more plausible agent rules (Jager 2021).

2.2 Often, many different theoretical perspectives are important in understanding the social dynamics of empirical
cases. For example, people have different needs, interests and perspectives, are more or less involved in top-
ics, may be more or less susceptible to norms and receptive to information from other people, and their actions
may be more or less publicly visible. This leaves the social simulator with a double challenge. First, formalising
verbal theories from the social sciences into computational agent rules confronts the modeller with difficult de-
cisions on the implementation of the causal mechanisms and the appropriate level of detail (see e.g., Schlüter
et al. 2017). Second, drivers and processes described in specific theories often have to be combined in studying
the socially complex dynamics of the phenomenon of interest.

2.3 For example, in the case of vaccination to protect against COVID-19, different drivers and processes play a role,
such as the fear of the disease and possible side effects of vaccination, personal values on vaccination, infor-
mation from different sources, normative influence from friends and family, trust in the government and other
sources of information. Different theories are relevant in developing a model capturing the social dynamics of
opinions on vaccination and the decision to get vaccinated or not. Whilst these two challenges of formalisation
and integration are not a focus in the regular social sciences, within the social simulation community there is an
increased demand for frameworks that formalise and integrate different mechanisms and processes to support
the development of social simulation models for various cases.

2.4 Within the context of the EU SMARTEES project, the HUMAT framework has been developed as a generic plat-
form that formalises and integrates different behavioural drivers and processes to support model development
and data collection for model parameterisation (Antosz et al. 2019). This HUMAT platform has now been used
to simulate a variety of empirical cases of social innovation, such as a referendum on closing a park for car traf-
fic, joining heat network projects, establishing local city blocks banning transit traffic and islands transitioning
towards sustainable energy.

2.5 The HUMAT socio-cognitive architecture (Antosz et al. 2019) constitutes artificial populations in which agents
have dynamic beliefs about how satisfying behavioural alternatives are for their needs and values and have
social networks to communicate with one another about these beliefs. The HUMAT framework represents so-
cial influence in the context of the (dis)satisfaction of different needs and values as motives for action. In this
case, an agent may, for example, fear the side effects of vaccination but experience normative pressure to get
vaccinated because the majority of their friends have been vaccinated. This results in an internal conflict, or
cognitive dissonance (Festinger 1954; Harmon-Jones & Harmon-Jones 2018). Multiple needs can be grouped
into three basic categories of (1) experiential needs related to short-term outcomes, (2) social needs related to
fitting in the group, and (3) values. Needs and values vary with respect to their importance to the individual.
Moreover, alternative choices differently satisfy those needs and values. For example, the agent in the example
before may experience more social satisfaction by complying with the group by getting vaccinated, but this may
go at the cost of fear of side effects.

2.6 As a consequence, the agent will experience cognitive dissonance in making this choice. From the perspec-
tive of that agent, the preferred alternative is internally inconsistent (has pros and cons), and the dissonant
state will inhibit action and motivate the agent to reduce the inconsistency: try to convince other agents in its
ego-network to change their minds. We introduce an important extension to the social theory of normative
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influence: the idea of a perceived local norm. This perceived local norm is the belief about what is the most fol-
lowed behaviour in one’s ego-network. It does not represent the global norm, which may differ. For example, a
local perceived norm may be that most people are not vaccinated, whilst the global majority are. HUMAT also
emphasises individual differences in sensitivity to social normative influence – agents vary with respect to the
importance of social need.

2.7 Depending on satisfaction of the social need, information exchange can take two forms: signalling and inquir-
ing. If the slightly preferred option is not popular enough among alters, the ego signals to his/her most gullible
alter with an opposite preference and tries to convince/inquire them to change their mind. For example, an
agent may try to convince others not to get vaccinated if it prefers to be unvaccinated itself. If the strategy of
signalling is not suitable to decrease the dissonance experienced by an agent, the agent chooses to inquire
about the slightly preferred option, in this case not taking the vaccination. When inquiring, agents can ask the
most persuasive alter in their social network for advice. Persuasiveness depends on the perception of the com-
municating agent as being trustworthy as an information source and is based on the similarity between the
communicating agents. Decisions on whether to adopt a certain behaviour result from a cumulative satisfac-
tion/dissatisfaction of needs/motives weighed by the importance of each of those needs/motives.

2.8 HUMAT offers a basic integrated framework and offers possibilities for extensions with e.g., emotional drivers
such as hope and fear, and heuristics in informational processing, such as availability heuristic or confirmation
bias, depending on the specific social dynamics being targeted. For an extensive description of the precise
formalisations of the generic HUMAT framework, we refer to Antosz et al. (2019).

Implementing fear, availability heuristic, and confirmation bias

2.9 HUMAT as a basic framework is flexible to incorporate additional components to describe the dynamic opinion
formation process. In the context of societal problems such as the COVID-19 situation, emotions like fear and
the role of authorities could be incorporated as relevant additions to the basic HUMAT architecture. Epstein
(2014) notes in Agent_Zero that fear as a neurocognitive concept consists of three parts – affective, cognitive,
and social components, which in combination define the agent’s behavioural disposition. In light of this de-
composition, an agent’s opinion depends on its perceived fear as well as its social links with others, such as
friends and authorities in our model. In the context of COVID-19, the fear of the virus and the fear of vaccines
can not only affect the psychological satisfaction of individuals, which translates into the experiential need in
terms of the HUMAT framework but trigger social processes and thus affect individuals’ social needs as well. On
the one hand, if one is more fearful of the vaccine than of the disease, then getting vaccinated will detriment its
experiential need. On the other hand, if most of one’s friends are fearful of COVID-19 vaccines, it is more socially
satisfactory to conform to the majority. As Epstein et al. (2008), Epstein et al. (2021) mentioned, the spread of
fear can be independent of the spread of disease. They even generated a pure fear epidemic with no underlying
disease in the model, which emphasises the characteristics of fear spreading among the population. To sim-
plify the model, we focused on investigating the role of pure fear of disease and vaccination in the absence of
actual disease transmission. Assuming a higher perceived disease severity leading to a higher fear of disease
and a lower fear of vaccination, we propose the first hypothesis as follows.

2.10 H1. Higher perceived disease severity leads to a higher vaccination rate.
2.11 Similarly, heuristics and biases of processing complex information should be added to the basic HUMAT model,

which is considered in our conceptual framework to make components more empirically grounded. As a sharing
platform, social media changes the proportion of scientific information relative to conspiracy narratives and
facilitates heuristics and biases in vaccination risk estimation (Meppelink et al. 2019; Luz et al. 2020), which also
makes it easy to get information from authorities such as experts or pseudo-experts that function as opinion
leaders.

2.12 We posit that confirmation bias as a general human cognitive disposition plays an active role in people’s COVID-
19 vaccination uptake. This confirmation bias implies that when people have taken a vaccination, they show
a tendency to reject information on the negative impacts of vaccination. Whereas this bias can also work in
the other direction, when non-vaccinated people reject information on the benefits of the vaccination, there is
a fundamental skewness, as non-vaccinated people always have the choice to get vaccinated, but vaccinated
people have no option to get un-vaccinated. As such, the confirmation bias is likely to be stronger in vaccinated
people, as they have no choice. The confirmation bias can be very strong, as people biased in this way can
hold a wrong, non-truth-convergent opinion (Kahan 2015) and can show a tendency to actively reject even ob-
jectively correct information (Sobkowicz 2018). The HUMAT model is expanded when inducing a confirmation
bias mechanism, that is, individuals tend to selectively collect or refine more information that really confirms
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their decision. In our model, the confirmation bias mechanism implies that vaccinated people are more likely to
accept information that justifies their choice and reject information about possible negative side effects of vac-
cination, which tends to reinforce the opinion polarisation between the vaccinated and unvaccinated groups.
The second hypothesis, therefore, focuses on the effect of confirmation bias on the opinion polarisation.

2.13 H2. Confirmation bias promotes opinion polarisation.
2.14 Authorities function as opinion leaders and play a critical role in shaping social attitudes (Katz 1957; Van Eck

et al. 2011), which has not yet been thoroughly studied in the field of epidemics and vaccination. Authorities are
often well connected to mass-media such as informational programs on television and newspapers, and spe-
cific informational channels such as YouTube, and can have a large base of followers on social media such as
Twitter, Weibo, Facebook, and Telegram. Being authorities in the social network, authorities have a larger num-
ber of connections than ordinary people, and as a result, are much more heard and can exert a much greater
influence upon others broadly. The often emotional tone of narratives from authorities is often louder online as
compared with more objective statistical data (Blumenthal-Barby & Krieger 2015). In most cases, individuals do
not need to work out opinions for themselves because their favourite authorities’ opinions are readily available.
This helps when an individual is confronted with oftentimes incongruent information from many sources which
requires some action, e.g., taking a vaccination (Rabin & Schrag 1999). However, the interactions between ordi-
nary individuals (imagine offline meeting with one’s friends or family members) as a source of social influence
are also very relevant and discussions on how to respond to the COVID-19 pandemic took place in families, at
work, choirs, sports clubs, places of worship and many other places where groups of people gathered. We in-
troduce the bias of availability heuristic, by which people give more weight to information from authorities,
especially the extreme authorities they are following in comparison to their private connections such as friends
or family members, to capture the extent to which individuals are impacted by authorities versus their local
interactions. We put out the following hypotheses to reflect the connection between the authority figure’s role
and the polarisation of opinions.

2.15 H3a. More moderate authorities lead to less polarisation.
2.16 H3b. The availability heuristic promotes polarisation.
2.17 We develop a conceptual framework that formalises the cognitive elements based on the HUMAT framework

into an agent-based model related to vaccination opinion formation and dynamics. Figure 1 summarises the
psychological components and behavioural processes at the individual level.
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Figure 1: A simplified illustration of the conceptual framework.

Contributions

2.18 Overall, we will build an integrated conceptual model that allows for simulating how psychological mechanisms
impact the opinion dynamics related to vaccination. The impact will be studied for the mechanisms separately
and in combination to understand the interaction between mechanisms. This model may contribute in several
aspects to our understanding of opinion dynamics in this domain. The key novelty of this work resides first
in the architecture of the model that we present. Our study uses the new HUMAT framework, which has been
developed as an integrative framework connecting different behavioural theories in a formal model. We show
how additional processes, that we identified as relevant in the case of opinion dynamics related to vaccina-
tion, can be implemented within this framework as “add-on modules”. Second, while most existing research
on COVID-19 focuses on the spread of the disease, little work has been done to investigate the social dynamics
related to the decision-making process of getting vaccinated or not. This model bridges the gap by looking into
the cognitive and social processes behind vaccination choice, as well as the mechanism of how disease severity
and fears will impact these processes and the resulting vaccination degree. Third, the results obtained with this
model relate the process of polarisation to the effect of fear and the functioning of biases. This is in our view
a new and relevant finding, as it also relates to polarisations happening in other domains where people can
be afraid for future developments. The consequences of these findings are relevant for the communication of
scientific findings to society, and demonstrate that fear-mongering, as discussed in the paper, may have desta-
bilising effects on society. Lastly, by applying the HUMAT framework to a concrete case of COVID vaccination,
we present an integrated dual-decision model that can be extended to other contexts.

The Model

3.1 The model description follows the ODD (Overview, Design concepts, Details) protocol for describing individual-
and agent-based models (Grimm et al. 2006), as updated by Grimm et al. (2020). The protocol helps to make
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model descriptions complete and accurate, as well as standardise descriptions for the benefit of users and re-
viewers. The model itself was implemented with NetLogo 6.0.4 (Wilensky 1999). A complete, detailed model
description following the ODD protocol is provided in Appendix 1.

3.2 The overall purpose of the model is to clarify the opinion dynamics of COVID-19 vaccination. Specifically, we
want to answer whether and how individual fears, biased information processing, and the role of authorities
contribute to opinion polarisation and vaccination rate.

Main elements

3.3 The main elements of the model are as follows: There are N susceptible individuals in a random network. The
average degree of networks, d, determines the number of friends who will influence an individual’s decision-
making process. A larger d indicates a denser network. There are Na authorities, who transmits information
as hubs in the model. Each authority is fully linked to all other individuals, and therefore, it has the potential
to influence the fear value of every individual. Each individual has two types of fear, the fear of side effects of
vaccination, Fv ∈ [0, 1], and the fear of disease, Fd ∈ [0, 1]. Individuals update their fears by interacting with
friends and authorities with whom they are connected. Interactions between individuals and authorities are
based on the principle of similarity and are implemented through social networks.

3.4 The network among individuals is structured following the spatial random graph algorithm (Wong et al. 2006).
The core idea is that an individual is more likely to form links with geographically nearby individuals than with
those who are farther away. At first, individuals disperse randomly in the world and then create numbers of
undirected links with close others based on the level of d, which takes the value 5 in our model. Figure 2 depicts
the basic social network structure. The total number of connections is determined by d × N, but the number
of each individual’s links is not necessarily d. In other words, the link amount can vary from individual to indi-
vidual. The linked individuals can be regarded as friends who can exert normative influence on each other. All
individuals are connected to all authorities by incoming links, which reflects that ordinary individuals “follow”
hubs and receive information from them, but not the other way around. However, authorities’ influence on
their followers is regulated by the weighted importance of the links between them, which is determined by the
similarity principle with respect to the fears of vaccines and disease. Lastly, all the links are dynamical in the
sense that the strength of a link depends on individuals having (dis)similar fears, and if they are very dissimilar,
the link can even be abandoned and rewired due to a social conflict.

Figure 2: A simplified illustration of network structure among individuals and authorities.
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3.5 One of the attributes of individuals is the availability heuristic, AvH, which measures how individuals process in-
formation from authorities. In our model, the AvH mechanism plays two roles. First, the higher the AvH value,
the more likely that an individual relies on information from authorities rather than from friends, especially
when the individual has high fears. In our model, such individuals preferentially communicate with authorities
that are most similar to them. Second, authorities holding extreme positions can often make the deepest and
most lasting impressions upon ordinary people. Therefore, in addition to the principle of similarity, we intro-
duce another rule: with a probability equal to AvH, individuals are influenced by extreme authorities, which
amplifies personal risk estimation. To sum up, on the one hand, AvH modulates the influence on individu-
als by authorities relative to friends. On the other hand, it modulates the influence on individuals by extreme
authorities relative to similar authorities.

3.6 Another attribute of individuals is called opinion, denoted as O ∈ [−1, 1], which is calculated according to
two kinds of fears. Positive or negative opinion values represent those for or against vaccination and absolute
opinion values indicate attitude strength.

3.7 Each individual can assume one of four states, denoted by yellow, red, green and white in the model, and be-
long to one of two groups, vaccinated and unvaccinated groups (Figure 3). In the beginning, all individuals
are not vaccinated. Then, with the elapse of time, some individuals’ satisfaction of vaccination exceeds the
threshold, thereby choosing to receive the injection. After that, their status change from vaccination? = f alse
to vaccination? = true, meanwhile, their colour changes from yellow to green. With a probability equivalent to
the incidence of side effects, the vaccinated population will change into white, with increased Fv and decreased
Fd. All individuals who do not receive vaccination have the same status, namely vaccination? = f alse. However,
we distinguish two kinds of individuals in this unvaccinated group. Some of them meet two conditions simul-
taneously, that is, not only their satisfaction of being not vaccinated (S uv) is above the threshold, but they also
hold extreme anti-vaccination attitudes (O < −0.8). We thus set their status as anti − vaccination? = true, and
change their colours from yellow to red, to directly observe the extent of polarisation. In short, yellow individu-
als may turn green or red; a minority of green individuals may turn white because of side-effects but can never
change into yellow or red; finally, the red individuals have the chance to convert into green ones. It should be
noted that all these status changes, except for those involved in side effects, do not change fears or opinions,
but help agents to better find similar others in their cognitive dissonance reduction behaviours. Although the
vaccinated group cannot unvaccinate themselves, nevertheless, possibly they can accept social influence and
become very negative toward vaccines (O < 0). On the other hand, it is also possible for the unvaccinated group
to become quite positive due to social influence (O > 0). More parameters used in our model are listed in Table
1.

Figure 3: The flowchart of four possible states of individuals in the model.
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Table 1: Parameters used in the model.
Parameter Description Dynamic Range
N The number of individuals No Natural number
Na The number of authorities No Natural number
d Network degree, describing the den-

sity of network connections
No Natural number

Fv The level of fear of vaccination Yes [0, 1]
Fd The level of fear of disease Yes [0, 1]
O The attitudes toward vaccination Yes [-1, 1]
µ Degree of change in opinion No [0, 1]
E Probability of interacting with others No [0, 1]
β Perceived disease severity No [0, 1]
S i probability of side effects in vacci-

nated individuals.
No [0, 1]

α The relative importance of fear of vac-
cines in the similarity function

No [0, 1]

Ie The importance of experiential needs No [0, 1]
Is The importance of social needs No [0, 1]
Iv The importance of value needs No [0, 1]
T Threshold of cognitive dissonance tol-

erance
No [0, 1]

AvH Level of availability heuristics No [0, 1]
vaccination? Vaccination status Yes True/false
anti − vaccination? Anti-vaccination status Yes True/false
CmB Switch on/off confirmation bias No True/false

Model flowchart

3.8 The flowchart of the vaccination decision-making process for an individual is shown in Figure 4. The main idea
is that the decision to get vaccinated or not depends not only on oneself, but also others, such as friends in your
social network and authorities with greater influence.

3.9 Individuals first modify their fears when interacting with others and form initial opinions on vaccination accord-
ingly. But whether to take action to vaccinate is ultimately determined by the overall satisfaction of the three
types of needs.

3.10 The update of satisfaction, the key adaptive process, is modelled according to the HUMAT framework (Antosz
et al. 2019). An update of experiential, social and value satisfactions depends on initial opinions generated from
fears, the vaccination level among friends and innate personality. Then individuals take the most satisfying
action.

3.11 The HUMAT framework regards cognitive dissonance as the motive for post-decision actions. In this model, we
assume that individuals hope to minimise their cognitive dissonance in making decisions. In addition, they
consider two kinds of dissonance-reduction strategies. First, individuals may signal their satisfaction with the
decision to their friends through the network, even with exaggeration, to persuade more people in their social
network to take the same actions. Second, individuals may adopt biased information processing methods,
including searching for information that supports their decisions and avoiding communication with those who
make different decisions by adjusting personal network structures. In particular, vaccinated individuals have a
larger motivation to act in a confirmation bias since they are unable to unvaccinate themselves.
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Figure 4: The flowchart of the decision-making process.

Simulation experiment

3.12 We present a series of simulation experiments to explore how social interactions between individuals and au-
thorities influence the vaccination rate and opinion dynamics. By varying parameters related to the agent’s
information processing (micro-level), such as the presence of the availability heuristic, the confirmation bias,
and the type of authority that the individual is following, we will observe the societal opinion dynamics (macro-
level) outcomes of our model including the obtained vaccination rate and the distribution of opinions.

3.13 Three scenarios are constructed to analyse the sensitivity of the opinion dynamics for different information
processing mechanisms, as shown in Table 2. The default settings of the model are as follows:

• There are 500 individuals and each of them has five friends on average (d = 5);

• Each of the three needs has equal importance;

• The model runs for 200 steps in each experiment.

3.14 A sample size of 500 individuals was used to explore the problem, as it provides sufficient representation, while
considering model running time constraints. More detailed settings of parameters are described in Appendix 1.
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Table 2: Scenario design.
Parameter Description Scenario 1 Scenario 2 Scenario 3
β Perceived disease severity (0, 1) 0.5 0.5
CmB Confirmation bias False True False
Na Type of authorities 0 0 [1, 5]
AvH Level of availability heuristic 0 0 [0, 1]

3.15 We conducted a sensitivity analysis for different importance of disease severity and the side effects of vacci-
nation in Scenario 1 to test H1. The importance of perceived disease severity was measured by β ∈ (0, 1).
If β > 0.5, individuals believe the disease is more dangerous than the possible side effects of vaccination. If
β < 0.5, they believe the opposite. If β = 0.5, the dangers are regarded as equal and their impacts on individ-
uals’ current decisions will be equal too. However, in the next step, individuals with high values of fear were
more likely to follow authorities, as described in Scenario 3. To simplify, we call β disease severity, but in fact it
measures the relative risk of disease and vaccine side effects. This parameter setting can help us to understand
the effect of changes in disease severity, as can be resulted from virus mutation. For example, when the virus
gets weaker, people were less scared of the disease than of the side effects of vaccinations.

3.16 In Scenario 2, we intended to find the impact of confirmation bias (CmB) and test H2. Confirmation bias implies
that after deciding to vaccinate or not, an agent tends to interact with those other agents who hold the same
position and avoid dissonant information from different others. In the model, this produced network dynam-
ics, as individuals may form new links with similar others and break links with different others. Confirmation
bias, for simplicity, was modelled as a binary in this study, although it could also be modelled differently (e.g.,
Vogrin et al. 2023). CmB was designed as a true/false parameter. When CmB = true, vaccinated individuals
will disconnect from random anti-vaccination friends and connect with a random vaccinated stranger and anti-
vaccination individuals will act just the opposite. However, when CmB = f alse, individuals will not alter their
network voluntarily or interact with others selectively.

3.17 Scenario 3 focused on the effect of authority, including the number/type of authorities (Na) and the influence of
authorities (AvH), which is related to H3a and H3b. The opinions of authorities are evenly distributed between
-1 and 1, or from extremely anti-vaccination to extremely pro-vaccination. Specifically, when there is only one
authority, its opinion is on either of the two extremes. When there are two authorities, they will stand opposite
at the two extremes. Otherwise, when there are more than two authorities, their opinions will distribute from
-1 to 1 at equal intervals. Therefore, a larger number of authorities, means there are more moderate opinions.
Table 3 shows the types and opinions of the authorities in this experimental design.

Table 3: Opinion distribution of different types of authorities.
Na 1 2 3 4 5
Opinions {−1} or {1} {−1, 1} {−1, 0, 1} {−1,−0.33, 0.33, 1} {−1,−0.5, 0, 0.5, 1}

3.18 Next, we were interested in the relationship between opinion dynamics and the influence the authorities ex-
erted on individuals, which is mediated by the availability heuristic (AvH). An important mechanism here is
about dynamics between availability heuristic, fears, and the tendency to follow an authority with a similar
(consonant) opinion. We assumed that, on the one hand, the more fearful agents were more likely to follow
authorities, as fear is a factor inducing obedience to authority (Jørgensen et al. 2021). Additionally, the prin-
ciple of similarity determines that everyone tends to agree and follow foremost the authority whose opinion
is closest to herself. On the other hand, (social) media tended to emphasise incidents, which may cause that
information from authorities may result in people over-emphasising the seriousness of the disease or side ef-
fects of the vaccine, which is significantly related to availability bias (Brezis et al. 2014). In our model, if AvH
was set to 0, interactions between authorities and individuals were totally neglected. At a higher level of AvH,
authorities, especially the extreme authorities, could exert more extensive influence on agents.

3.19 The output of the simulation experiments is the evolution of the vaccination rate, the distribution of opinions
regarding the risks of COVID and vaccination and group satisfaction. The vaccination rate is measured by the
proportion of vaccinated agents. Polarisation can be measured in a variety of ways. Inspired by the study of
Gestefeld et al. (2022), a graphical approach to the distribution of opinions was adopted to compare the de-
gree of polarisation according to the following principles. First, other things being equal, polarisation becomes
higher when the centre opinion loses people to the opposite extremes (Esteban & Ray 1994). In this situation,
a normal distribution of opinions indicates little polarisation while a bimodal distribution indicates a high po-
larisation. Second, polarisation increases as the distance between opinion peaks becomes larger in the sense
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of divergence. The average satisfaction of all members of each group was used as an indicator of the overall
satisfaction of vaccinated (S v) and unvaccinated groups (S uv).

Results

Scenario 1: The effect of disease severity

4.1 We first investigated whether changes in disease severity (β) affect vaccination rates and opinion dynamics.
We assumed that the greater the severity of the disease, the greater the likelihood that fear of the disease’s
health consequences outweighs fear of vaccination’s side effects. To reduce the influence of random factors
on the results, the experiment was repeated 20 times and the results were summarised by marking the 95%
confidence interval around the mean in Figure 5.

4.2 Figure 5 depicts the evolution of the vaccination rate for three disease severity levels (β = 0.3, 0.5, and 0.7).
It suggests that when the disease is more severe, the vaccination rate rises, consistent with H1. At a disease
severity of 0.7, approximately 90% of individuals choose to be vaccinated at some point, and the vaccination
process is relatively quick. A lower disease severity (β = 0.3) results in lower motivation for vaccination and a
lower vaccination rate (less than 60%). We ran the experiments whenβ varied from 0 to 1 to get a comprehensive
picture of the impact of β on vaccination degree. Figure 16 in Appendix 2 depicts a similar picture.

Figure 5: Average vaccination rate with 95% confidence intervals for low (β = 0.3), middle (β = 0.5), and high
(β = 0.7) disease severity levels. The analysis of variance reveals a statistically significant difference between
groups (p < 0.001). Parameter settings: CmB = f alse; Na = 0; AvH = 0.

4.3 Following that, we investigated the effect of disease severity on opinion distribution in a single run. Figure
6 shows that when β is extremely low (or extremely high), the majority of opinions gravitate toward the anti-
vaccination (or pro-vaccination) extreme. When the value of β was in the middle range, the severities of the
disease and vaccination are comparable, resulting in more diverse opinions.
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Figure 6: Distribution of opinions under different disease severity (β) in a typical run (time = 200). Parameter
settings: CmB = f alse; Na = 0; AvH = 0.

4.4 The satisfaction of the three types of needs in HUMAT was then examined for both vaccinated and unvaccinated
groups. Figure 7 shows that as β increases, the overall satisfaction of the vaccinated group (S v) rises while that
of the unvaccinated group (S uv) falls slightly. When β = 0.4, the two groups’ overall satisfaction is equal (see
the red dot on the black line, S v = S uv). When β < 0.4, the vaccinated group has lower overall satisfaction than
the unvaccinated group (S v < S uv); when β > 0.4, the result is reversed (S v > S uv).

4.5 Further examination of the contribution of the three needs to the overall satisfaction revealed that first, social
needs had the greatest impact on the satisfaction for both groups, particularly the unvaccinated group. Among
the three types of needs, social needs played the most important role not only in promoting vaccination for the
vaccinated group but in inhibiting vaccination for the unvaccinated group. This is because, as disease severity
increases, more people in their social networks were vaccinated (see Figure 5) and the unvaccinated individu-
als felt social pressure, which lowered their social satisfaction. Second, when β < 0.5, fear-based experiential
satisfaction had an inhibiting effect on S v. When β > 0.5, however, the effect is reversed. Experiential satisfac-
tion was always positive and higher than S uv, indicating that despite the increasing severity of the disease, the
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unvaccinated group’s fear of the disease is lower than their fear of the side effect of vaccination. However, as
social pressure for vaccination grows, their overall satisfaction decreased. Third, because one’s sense of value
is difficult to change, value-related parameters in our model were set to be stable. As a result, it is not surprising
that the value satisfaction did not change significantly with β.

Figure 7: Satisfaction of the vaccinated and unvaccinated groups at different levels of disease severity (β) (time =
200). Overall satisfaction is the weighted average of the other three satisfaction values. The overall satisfaction
of the two groups is equal when β = 0.4. Parameter settings: CmB = f alse; Na = 0; AvH = 0.

4.6 Another relevant question is how viral mutation affects opinion polarisation. We assumed that the virus was
weakened through mutation, leading to a reduction in an individual’s perceived fear of disease (β). Accordingly,
a supplementary experiment was conducted by setting disease severity to decrease over time. Figure 8 (left)
shows that when the disease severity decreases, the peak opinion gradually shifted from positive to negative,
with the level of polarisation first increasing and then decreasing. In contrast, Figure 8 (right) shows that the
opinion distribution consistently skews towards the negative end when disease severity is constant.

4.7 Looking at the curve of overall satisfaction in different groups in Figure 9, we found that the satisfaction of the
vaccinated group first increases briefly and then decreased over time, while the satisfaction of the unvaccinated
group increased slowly and eventually exceeded that of the vaccinated group.

Figure 8: Evolution of opinion distribution under decreasing disease severity and constant disease severity.
Parameter settings: CmB = f alse; Na = 0; AvH = 0.
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Figure 9: Overall satisfaction of the vaccinated and unvaccinated groups under decreasing disease severity. S v:
satisfaction of the vaccinated group; S uv: satisfaction of the unvaccinated group. Parameter settings: CmB =
f alse; Na = 0; AvH = 0.

Scenario 2: The effect of confirmation bias

4.8 To examine the effect of confirmation bias on vaccination rates, we compared biased individuals (CmB = true)
and unbiased individuals (CmB = f alse). The experiment was repeated 100 times, and the results from 200
steps using a 95% confidence interval are shown in Figure 10. It is clear that confirmation bias reduced vaccina-
tion rates. Without confirmation bias, the average vaccination rate was 87%, which is nearly 10% higher than
when confirmation bias was present.
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Figure 10: Vaccination rates with a 95% confidence interval over 100 independent simulation runs with and
without confirmation bias (CmB) (time = 200). Student’s t test shows a significance difference between two
groups (p < 0.001). The lower bound, first quartile, median, third quartile and upper bound are shown in
the boxplot. Unusual observations fall outside this range and are represented by a circle. Parameter settings:
β = 0.5; Na = 0; AvH = 0.

4.9 Figure 11 depicts the experimental results of the effect of CmB on opinion polarisation. When CmB = true,
opinions were more polarised in the end, whereas when CmB = f alse, the distribution of opinions was more
diverse, which supports H2. Confirmation bias, in particular, caused a greater proportion of moderate individu-
als to gravitate toward the opposite extremes, and the overall distance between opinion peaks was greater than
it would be without confirmation bias. Figure 17 depicts a 3D evolution diagram that allows us to fully observe
the process by which opinions evolve over time. Individuals’ opinions change from the initial random distri-
bution to the final state of polarisation with confirmation bias, confirming the promoting impact on opinion
distribution.
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Figure 11: Distribution of opinions with and without confirmation bias (CmB) in a typical run (time = 200).
Parameter settings: β = 0.5; Na = 0; AvH = 0.

4.10 Subsequently, we continued to investigate satisfaction in various groups. Figure 12 depicts the evolution of
overall satisfaction in the vaccinated (S v) and unvaccinated (S uv) groups in the presence or absence of CmB,
while Figure 13 depicts satisfaction on three needs in each case.

4.11 Figure 12 shows that the addition of CmB (green curve) increased overall satisfaction in both groups by about
20% when compared to a no-CmB situation (red curve). To some extent, this confirms that confirmation bias
actions do, as expected, reduce cognitive dissonance. Furthermore, by looking at the evolution of the satisfac-
tion of three needs in Figure 13, we can see that the increased overall satisfaction was primarily due to increased
social satisfaction. When CmB exists, individuals actively seek out and connect with other individuals who have
made similar decisions. As a result, neighbours became more similar than they were previously, better meeting
their social needs.

4.12 The vaccinated individuals with confirmation bias had the highest level of overall satisfaction, while the unvac-
cinated individuals with no confirmation bias had the lowest. We investigated the interesting results about the
satisfaction of experiential needs further because personal subjective satisfaction is probably a better indica-
tor of individual feelings than overall satisfaction. Because experiential satisfaction is derived from personal
fear of disease and fear of vaccine side effects, it more accurately reflects individuals’ subjective feelings and
initial opinions as individuals. For example, when the fear of side effects was higher, the vaccinated group’s ex-
periential satisfaction was lower; however, the unvaccinated group’s experiential satisfaction could be higher.
As shown in Figure 13, vaccinated agents’ experiential satisfaction decreased over time, implying that while
more people choose to be vaccinated, their personal satisfaction was, compared to unvaccinated individuals,
low. The unvaccinated group, on the other hand, had higher experiential satisfaction, indicating that they were
satisfied on a personal level despite high social pressure.
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Figure 12: Overall satisfaction of the vaccinated and unvaccinated groups with and without confirmation bias
(CmB) in a typical run. We represent vaccinated and unvaccinated groups with solid and dashed lines and con-
firmation bias with colour. Parameter settings: β = 0.5; Na = 0; AvH = 0.

Figure 13: Satisfaction of the vaccinated and unvaccinated groups with and without confirmation bias (CmB)
in a typical run. Overall satisfaction is the weighted average of the other three satisfaction values. Parameter
settings: β = 0.5; Na = 0; AvH = 0.

Scenario 3: The effect of authority

4.13 We introduced authorities in this scenario to investigate how they contributed to the opinion distribution. Our
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approach was to investigate the impact of authorities with heterogeneous positions, such as moderate or more
extreme positions, on opinion dynamics.

4.14 Figure 14 depicts the distribution of opinions under different numbers/types of authorities (Na) when AvH is
low (a) or high (b). Figure 14(a) shows a single anti-vaccine authority causes more polarisation than a single
pro-vaccine authority. When there was only one pro-vaccine authority, social opinions tended to focus on the
right end of the spectrum, indicating a pro-vaccination consensus. In contrast, if the only authority was of the
anti-vaccine type, while most agents end up with pro-vaccination opinions, there were a significant number
of anti-vaccine agents. When there are two authorities with strong and opposite opinions, the most polarised
opinions in the population emerge. While increasing the authority of moderate opinion, polarisation decreased,
which supports H3a.

4.15 Figure 14(b) shows the distribution of individual opinions as the value of AvH is increased. A comparison of
Figure 14(a) and (b) shows that a higher AvH promotes opinion polarisation when there are more moderate
authorities (Na = 5), which supports H3b. Heuristic information processing manifests itself in the sensitivity
to extreme opinions, as assumed in our model. The greater the AvH, the greater the influence of authorities,
particularly extreme authorities, on individuals, promoting opinion polarisation. To fully observe the process
by which opinions evolve with time, a 3D evolution diagram is presented in Figure 18.

Figure 14: Opinion distribution under different numbers/types of authorities (Na) when AvH is low (= 0.2) and
high (= 0.5). 1-pro means there is only one authority and opinion = 1; 1-anti means only one authority and
opinion = −1. Parameter settings: β = 0.5; CmB = f alse.

4.16 As the previous experiment (Figure 11) shows, confirmation bias promotes polarisation. Here, Figure 14 in-
dicates that moderate authorities tended to reduce polarisation compared with extreme ones. This raises a
question: to what extent does the number of moderate authorities offset or cancel out the effect of polarisation
caused by confirmation bias? With this in mind, we conducted an experiment with confirmation bias turned on
and the number of authorities (Na) gradually increased from 2 to 9. The result in Figure 15 shows that, as the
number of moderate authorities rises, polarisation becomes mild but still exists.
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Figure 15: Opinion distribution under different numbers/types of authorities (Na). Parameter settings: β = 0.5;
AvH = 0.2; CmB = f alse.

4.17 We demonstrate that more experiments are possible when considering, for example, the effectiveness of vac-
cines and the number of agents in our model. The scenarios we presented here serve primarily as proof of
concept. Supplementary experimental results are shown in Appendix 2.

Discussion and Conclusions

5.1 We investigated how fear, availability heuristics, the tendency to follow authorities, and confirmation bias,
which causes people to lean toward information that confirms their choice, affect the dynamics of opinion
about COVID-19 vaccination. The effects on vaccination rates were also investigated. We added mechanisms for
availability heuristics and confirmation bias, as well as a relationship between fear and obedience to authority,
to the HUMAT framework (Antosz et al. 2019).

5.2 The findings of our simulation study suggest that the empirical overestimation of risks of both COVID-19 and
the side effects of vaccination can be explained by the impact of fear on information processing and availability
heuristics. Furthermore, such mechanisms can contribute to social polarisation. Confirmation bias, for exam-
ple, was responsible for an unbalanced polarisation: while a majority group supports vaccination a minority
group strongly opposed it.

Scenarios and results

5.3 We simulated three scenarios to get a clear insight into how the implemented mechanisms affect the opinion
dynamics and degree of vaccination.

5.4 Scenario 1 investigated how the perceived severity of the disease affects the outcomes. This is practically sig-
nificant because the virus’s perceived danger varies as it evolves. According to intuition, as disease severity de-
creases, vaccination becomes less urgent and individuals tend to get vaccinated less. Furthermore, the results
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showed that as the virus mutates, the satisfaction of the vaccinated people eventually declines. This resembles
the observation that increasingly people report in (social) media to regret having been vaccinated.

5.5 Scenario 2 examines the effect of confirmation bias, as demonstrated by agents’ proclivity to avoid contradic-
tory information and seek supportive evidence to back up their decisions. This was accomplished in the model
through post-decision behavioural settings. Confirmation bias, it turned out, lowers vaccination rates while in-
creasing opinion polarisation. This could be attributed to the fact that as more people are vaccinated, the social
pressure to vaccinate grows stronger, but such a norm is constrained by confirmation bias, which encourages
individuals to adjust their network by connecting with similar others. As a result, segregation will most likely
establish and obstruct the further spread of vaccination as a social norm among unvaccinated groups. When
confirmation bias exists, the satisfaction of both vaccinated and unvaccinated groups increases significantly,
indicating that while confirmation bias improves personal satisfaction, it exacerbates societal opinion polari-
sation in society.

5.6 In Scenario 3, we introduced authorities to investigate their impact on the distribution of opinions. The level of
availability heuristic was used to calculate the frequency of individuals interacting with authorities at each step.
We discovered that when there were two authorities with opposing opinions, the individuals’ opinions were
most polarised. When more (moderate) authorities are added to the model, opinion polarisation decreases
but does not disappear. Furthermore, simulation results revealed that availability heuristic, regardless of the
number or type of authorities, promotes opinion polarisation.

5.7 When the availability heuristic, confirmation bias, and tendency to follow informative authorities interact in the
context of fear eliciting societal problems, the model exhibits complex social dynamics. The findings revealed
that sharing emotions and fear-inducing content on social media can exacerbate social division, and that risk
misperception is to blame for social polarisation.

Opinion and behaviour

5.8 We first identify fear as one of the key psychological drivers for opinion formation and dynamics by referring
to the Agent_Zero theory (Epstein 2014). According to the correlation between the media and COVID-19 risk
perception (Rivas et al. 2021), authorities influence people’s fears of disease and vaccines. We assumed that
individual opinions are formed directly from two types of fears: disease fear and vaccination fear. Our model
in particular, distinguishes between opinions and behaviour. The former are fear-related attitudes, while the
latter includes final vaccination decisions and decisions to reduce cognitive dissonance. Vaccination decisions
are influenced by overall satisfaction, whereas dissonance-reduction actions are motivated by confirmation
bias, which causes people to seek information that supports their decisions.

Implications for science communication

5.9 The results of the simulation experiments showed that due to biases there is a strong tendency towards ending
up in a polarised situation, and that opinion leaders play an important role in this process. The results also
demonstrated that having more opinion leaders with a moderate position reduces the polarisation in society.
Here, we wanted to remark that many media stimulated debate over complex matters, where often conflicting
perspectives are being debated, which emphasises the polarised perspectives. However, many complex soci-
etal problems are uncertain by nature and presenting a more nuanced perspective on such issues and stimulat-
ing a dialogue between people with different perspectives may contribute to a reduced polarisation in society
on complex problems. This raises questions on how science communications could be improved regarding the
communication of complex and uncertain societal problems.

Limitations and future work

5.10 Our model aims to explain the opinion dynamics and polarisation surrounding COVID-19 vaccination, and it is
adaptable to other social contexts such as public discussions on climate change, transitioning to a plant-based
diet, elections and opinions on conflict and war.

5.11 Unlike previous infectious disease models, we do not take virus spread or human immunity into account. In-
stead, we focused on the spread of fear of disease and fear of vaccines. Although it is a simplified model, more
mechanisms could be in the future. This model, for example, only considers one-time vaccination, but in prac-
tice, booster shots and multiple vaccinations are also common and these can be discussed further. In addition,
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the waning effectiveness of vaccines can also be an interesting question worth exploring. It may also be inter-
esting to couple the current model with an interdisciplinary policy model like ASSOCC (Dignum 2021) to explore
how policies might interfere with biased information processing.

5.12 Further research should consider how different policies affect opinion dynamics and vaccination rates in differ-
ent cultural settings. For example, more collectivistic (Eastern) cultures may react differently to certain policies
(e.g., authoritarian) and information than more individualistic (Western) cultures. Hofstede’s cultural dimen-
sions theory (Hofstede 1980) may be a useful extension here, particularly because it has been formalised in
agent-based models (Hofstede et al. 2012). Additionally, the model opens possibilities for exploring how peo-
ple respond to repeated vaccination schemes under changing virulence and vaccination side effects.
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Model Documentation

The model was implemented with NetLogo 6.0.4. The full code, model, and the ODD protocol are openly avail-
able on the CoMSES Computational Model Library at: https://www.comses.net/codebase-release/75c
c6242-a040-4dd3-b712-1085bad7ce45/.

Appendix 1: Agent-Based Model Applying the ODD Protocol

Overview of the model

Purpose

The purpose of the model is to demonstrate the fear-driven opinion dynamics of COVID-19 vaccination, espe-
cially how fears, cognitive biases, and the role of authorities contribute to the social polarisation and vaccina-
tion rate. For this, we develop an integrated model that comprises dynamic decision-making processes, such
as information exchange, fear formation, satisfaction evaluation, and dissonance reduction. Specifically, we
carry out simulation experiments to analyse three scenarios that are designed by different target mechanisms.
Scenario 1 analyses the mechanisms of disease severity, Scenario 2 focuses on the impact of confirmation
bias, and finally, Scenario 3 explores the role of authority.

Entities, state variables and scales

There are two types of individual-level entities. One is the susceptible individuals. Each individual is denoted
as ai. Individuals are characterised by a set of state variables: fear, needs, and cognitive biases. Fears, includ-
ing fear of vaccines (Fv(ai)) and fear of disease (Fd(ai)), are formed by risk information from authorities and
friends. Individuals will initially have a random fear value, and then be influenced by them in every interaction
with friends and authorities, eventually forming a new fear value. Fv(ai) ∈ [0, 1], indicates how much danger
ai would feel if vaccinated, and Fv(ai) = 0 represents ai doesn’t care about vaccine side effects at all, while
Fv(ai) = 1 means ai is extremely afraid of side effects of the vaccine. Similarly, fear of disease (Fd(ai)) describes
the risk-estimation for contracting COVID-19, which has the same formation mechanism as Fv(ai). In addition,
individual needs are also the key drivers of decision-making as per HUMAT (Antosz et al. 2019), providing a
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measure of decision satisfaction. Three categories of needs or values are considered in the model: experiential
needs (Nexp(ai)), social needs (Nsoc(ai)), and values (Nval(ai)). Correspondingly, three kinds of satisfaction
with a specific decision are calculated. An individual will act only when the satisfaction of action is sufficiently
great, that is, vaccination will occur when the overall satisfaction of three needs is greater than the threshold.
Cognitive biases in this model focus on the mechanisms of availability heuristics (AvH), which measure the
degree of influence by authorities on decision-making, and confirmation bias (CmB), which comes into play
after taking action to vaccinate or not vaccinate as a means of reducing cognitive dissonance. AvH is a contin-
uous variable between 0 and 1 and Con f irmation − bias? is set to a binary variable. Table 1 shows details of
parameters for individuals.
The other is the authorities, which act as hubs in the network. Each authority is denoted as hj, the authority
in the social network representing the authority with large influence through (social) media. These authorities
disseminate different risk information that evokes different fear of vaccines Fv(h j) and fear of disease Fd(h j)
among individuals, but their attitudes towards vaccines and diseases are relatively stable. Here the role of
authorities in social networks is similar to that of the fifth neighbour mentioned in Shibanai’s paper (Shibanai
et al. 2001), with a different chance of selection from other neighbours or friends at each step. The chance,
denoted as Ph, is controlled by the collective effect of the level of the availability heuristic (AvH) and total fears
of an individual, measuring the probability of interaction of individuals with the authorities. We set AvH to be
uniform but the total number of fears of an individual is dynamic. Therefore, we assume that agents can either
interact with authorities with a probability of Ph or with friends with a probability of (1 − Ph) in the network,
both of which are based on the similarity principle (Axelrod 1997).
The societal-level entities are links that describe the social interaction relationships among individuals and
relationships between individuals and authorities. How individuals interact with others depends on whom they
are connected with through the social network. Figure 2 is a simplified illustration of the network structure
that is to be used in this study to connect a large number of agents. Individuals in the model fully contact all
authorities by incoming links but contact limited other agents by undirected links. One state variable of links is
the weighted importance indicating the chance of agents to interact with each other. The weighted importance
is measured by the similarity principle with respect to fear of vaccines and fear of disease, assuming that the
more similar a pair of agents are, the more likely they are to influence each other. In our similarity function,
the greater the sum of the differences in two fears of a pair of agents, the lower the similarity calculated, and
therefore, the weighted importance of the link will be low, leading to a small probability of their interaction.
When the sum of the differences in two fears is 0, the weighted importance of the link equals 1, which means
the two agents will influence each other with a probability of 100%, but as they are already congruent with
each other, there is no room for further change. When the sum of the differences in two fears is 1, the weighted
importance is 0, indicating that the two agents will not influence each other although they are linked. One of
the dynamics of the model is that updating either of these fears creates a dynamic network.

Process overview and scheduling

When receiving the risk information of diseases and vaccines from authorities and linked agents, the agents
evaluate the information and estimate the risk with a certain degree of bias. Based on the HUMAT framework
(Antosz et al. 2019), the process of forming an opinion about vaccination and taking adaptive action can be
divided into the following stages and the basic structure of the decision-making flowchart is given in Figure 4.

Fear formation

The level of fear each individual has about vaccines and disease is related to the risk information they receive
from authorities and connected friends. For each step, the individual interacts with the authorities at a proba-
bility of Ph and with the friend at a probability of (1 − Ph).
Interact with authorities. There are different authorities with different opinions that will influence susceptible
individuals. When interacting with authorities rather than friends at this step, individuals decide which author-
ity to finally follow based on the similarity of the authority’s risk information to the individual’s risk perception.
An individual is more likely to listen to an authority who expresses a similar opinion than one who has a dis-
similar opinion. But this similarity is threatened by the availability heuristic, that is, the larger the availability
heuristic, the more affected by extreme authority than similarity authority.
Interact with friends. When an individual agent chooses to interact with friends, it will randomly select a friend
from its social network without the similarity principle. This is because we assume that there is an inherently
more consistent similarity between friends.
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Form an initial opinion on vaccination

When the two fears are updated, the opinion of vaccination can be formed accordingly. And vaccination opinion
is positively correlated with fear of disease and negatively correlated with fear of the vaccine. Here we also take
into account the role of virus severity on the relative weight of the two fears in opinion formation. We assume
that the more severe the disease, the higher the fear of the disease affects opinion formation, and the more
positive attitudes toward vaccination.

Satisfaction evaluation of three needs

The decision-making process will continue until action is taken to get vaccinated or not. Referring to the HU-
MAT framework (Antosz et al. 2019), the initial fear-driven opinion is related to the individual’s experiential
need Nexp(ai), that is, the degree to which the experiential needs are satisfied determines the attitudes toward
vaccination initially. But ultimately the behaviour of vaccination also depends on the satisfaction of the individ-
ual’s social need Nsoc(ai) and value needs Nval(ai). For example, individuals will also consider the opinions of
friends and whether vaccination is in line with their personal values. Actions could only be taken after compre-
hensive consideration of the satisfaction of all three needs. Once an agent individual evaluates the satisfaction
level of all available behavioural alternatives, it chooses the most satisfactory one.

Decision-making

Three types of decisions are taken into account by the model, including vaccination, against vaccination, and
hesitation. If getting vaccinated is unambiguously more satisfying than not vaccinating, the individual will vac-
cinate at this step, otherwise, if the vaccination is unambiguously less satisfying and the opinion is very negative
(opinion < −0.8), the individual will choose anti-vaccination. However, if these two alternatives are similarly
satisfactory, the individual will be hesitant and postpone the decision.

Dissonance reduction

No matter what decisions people make, they tend to take more effort to reduce the cognitive dissonance that
comes with the decision.
Signal and persuade others. One of the actions that require the least effort to reduce the dissonance is to
actively signal satisfaction with the decision to the outside (or inform others about the dissatisfaction of not
taking similar behaviour), which can be implemented in the model by convincing a friend to modify their fears
with a certain probability (10%, for instance).
Information selection. Here we consider the dissonance reduction strategies triggered by confirmation bias,
that is, whether individuals finally get vaccinated or not, they will try to find more supportive information to
confirm their decision. A strategy is to alter the current network to avoid discussion with those friends who act
differently and interact with others who have similar decisions. In the model, for the vaccinated individuals, if
the proportion of vaccinated agents around them is less than 50%, an existing link is randomly disconnected
and a link is established with one of the other vaccinated agents; the same is true for anti-vaccination agents.
Agents enter the next step in an updated state.

Design concepts

Basic principles: the basic principle of this model is the idea that it was designed to illustrate that opinion
polarisation is related to fears and biased information processing. Whether or not to get a COVID-19 vaccination
should be considered by each agent according to the overall satisfaction of experiential needs, social needs, and
values (Antosz et al. 2019). To make the final decision with the highest satisfaction and keep looking for more
supporting information to confirm this decision is critical for outcomes.
Emergence: the key outcomes of the model are opinion polarisation and vaccination rate, especially, what the
peaks are in these outcomes and how quickly to reach the peak. Satisfaction levels for different groups are also
exported to better understand vaccination rates and opinion polarisation. These outcomes emerge from how
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much fear of vaccines and fear of disease agents have and how they deal with risk information from authorities
and friends.
Heterogeneity: both authorities and susceptible individuals are heterogeneous, and their social networks and
opinions are dynamic. In particular, the cognitive dissonance reduction actions cause agents to keep modifying
their state valuables.
Adaptation: the main adaptive mechanism of individuals is from their confirmation bias: deciding whether
to get vaccinated and if so, signalling ego feelings to friends or contact more with others that make the same
decisions. And accordingly, individuals’ fears and satisfaction will update adaptively.
Objectives: agents decide whether to get vaccinated by an objective measure that represents the overall sat-
isfaction of three needs. Polarisation can be seen from the time evolution plot of opinions. Similarly, the ob-
jective measure used by the model to calculate the vaccination rate is the percentage of agents that have been
vaccinated.
Learning: in each step, an agent chooses an authority or friend to interact with. This is an adaptive behaviour
involving learning. After each step, agents update their fear of vaccination and fear of disease, which adjusts
the importance of connections with authorities and friends accordingly. For example, if the fear of vaccination
is much higher than the fear of disease at the current time step, then the agent is more likely to trust those
authorities who declare the vaccines are dangerous and interact more often with similar friends in the next
step.
Interaction: The asymmetric interaction between individuals and authorities is based on the similarity princi-
ple. These interactions will not only affect individuals’ attitudes towards vaccination, but also the strength of
connections between agents.
Stochasticity: two ways of stochasticity are implemented in the model. First, the model is initialised in such
a way that the level of fear of vaccine and fear of disease, the network structure, and the number of agents.
Second, interaction happens mainly based on the similarity effect but it is possible to select an agent randomly.
The purpose of stochasticity is to avoid the effect of the fixed start of a simulation on results and to increase the
variety of interactions.
Observation: summary statistics on vaccination rate and opinion distribution are recorded with time via plots
on the interface to show the dynamic evolution processes.

Details

Initialisation

The initial state of the model at the time t = 0 is a virtual world composed of two kinds of entities, individuals
and authorities, with random locations by default. Each individual’s state variables, such as fear of disease, fear
of vaccine, and availability heuristic, are initialised by drawing randomly from [0, 1]. The individual’s opinion is
initialised based on the existing fears, which represents the attitude towards the vaccination. Each individual
creates five links to other individuals who are closer to them, representing their friends. At the same time,
individuals are also linked to all authorities, indicating that everyone can receive information from authorities
on social media. The number of individuals, authorities, and friends can be adjusted to serve different research
purposes.
In order to examine the effects of different mechanisms, we implement different initialisation conditions for
some parameters in different scenarios. Scenario 1 explores how disease severity may influence the vaccination
rate and opinion polarisation by adjusting the value of β. In this scenario, we focus on social influence among
friend networks without authorities and biases, which is achieved by setting the number of authorities (Na)
to 0 and confirmation bias (CmB) to f alse. Scenario 2 intends to examine the impact of confirmation bias by
turning on this mechanism. Scenario 3, includes the influence of authorities in two ways: varying the value of
Na and adjusting AvH to understand their effects on outcomes. For example, when there are two authorities,
they will send opposite risk information about the disease and vaccine to individuals. When Na is more than 2,
their opinions follow a uniform distribution, which means more neutral information is introduced. The details
are shown in Table 4.
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Table 4: Initial model parameter settings.
Parameter Value
N 500
Na 0
D 5
M 0.15
E 0.15
Ie 0.5
Is 0.5
Iv 0.5
T 0.5
vaccination? False
anti − vaccination? False
S i 0.05
Re 0.1

Input data

The model does not use input data to represent time-varying processes.

Sub-models

Fear. Fears are related to the perceived health risk of getting the disease and the perceived risk of side effects
of the vaccine, both of which are associated with vaccination behaviour (Brewer et al. 2007; Epstein et al. 2021).
We consider two kinds of fears in this model that are related to Epstein’s Agent Zero (Epstein 2014) saying that
fear consists of three parts - affective, cognitive, and social components. Inspired by this theory, the affective
fear in our model is from the agent’s perceived risk estimation, the cognitive fear is influenced by authorities’
information sharing and the social component depends on the friends’ opinions.
An agent’s perceived fear comes from the initial random distribution and then adjusts the fear level through
interactions with authorities and friends.
The probability of contact with authorities is denoted by Ph, whereas contact with friends occurred at a proba-
bility of 1− Ph. Ph is a function of available heuristics, AvH, and total fears, Fv(ai)+ Fd(ai), simply expressed as
Equation 1.

Ph = f (AvH, (Fv(ai) + Fd(ai))) = AvH(Fv(ai) + Fd(ai))/2 (1)

Once interactions with authorities occurred in this step, the agents update their current fears following simi-
larity rules, that is, the more similar they are, the more likely they interact with each other. At the same time,
individuals choose the latter between the similarity authority and the extreme authority with the max probabil-
ity of AvH. For example, when interacting with authorities at this step, if AvH = 0.2, the individual will choose
extreme authority with a probability less than 0.2 and similar authority with a probability greater than 0.2. We
formalise the agent i’s perceived similarity with an authority h j as Equation 2:

S i,h j = 1 − (α|Fv(ai) − Fv(h j)|+(1 − α)|Fd(ai) − Fd(h j)|) (2)

Where S i,h j measures the similarity between individuals and authorities and represents the frequency of inter-
action with authorities. When agents contact authorities, they discuss over the fear of vaccine Fv and fear of
disease Fd. Here, the chances of discussing Fv depend on the relative importance of Fv, denoted by α. When
agent ai interacts with authority h j with a probability of S i,h j , the agent ai modifies its Fv (or Fd) to move closer
to the authority h j, but only if its Fv (or Fd) is sufficiently similar at the current step. Equation 3 represents the
updated fear value after interacting with authorities.

Fv,t+1(ai) = Fv,t(ai) + µ(Fv,t(h j) − Fv,t(ai)), i f |Fv,t(h j) − Fv,t(ai)|≤ ϵ (3)

If |Fv,t(h j) − Fv,t(ai)|> ϵ, then µ = 0. The parameter ϵ ∈ [0, 1] defines the agent’s tolerance of differences in
fears called confidence level (Hegselmann & Krause 2002). The parameter µ ∈ [0, 1] defines the intensity of the
change in fears during the interaction.
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Agents update their fears through contact with authorities as well as with friends in ego networks. We assume
agent ai selects any one of its friends with equal probability to exchange information and update fears in the
same manner as above shown in Equation 4.

Fv,t+1(ai) = Fv,t(ai) + µ(Fv,t(a j) − Fv,t(ai)), i f |Fv,t(a j) − Fv,t(ai)|> ϵ (4)

Opinion

Agent’s opinion is formed by two kinds of fears after they contact external authorities and agents. Specifically,
people who perceive as more likely to be harmed by the disease are more likely to be vaccinated (Tannenbaum
et al. 2015; Brewer et al. 2017), which is denoted by Equation 5.

O(ai) =
(βFd(ai) − (1 − β)Fv(ai))
(βFd(ai) + (1 − β)Fv(ai))

(5)

Where O(ai) ∈ [−1, 1] indicates the opinion towards the vaccination, which is positively affected by fear of
disease Fd(ai), and negatively affected by fear of vaccine Fv(ai). Here β represents the perceived severity of
the disease, meaning that the more severe the disease, the more positive attitudes toward vaccination. The
positive or negative sign of opinions represents either the agent tends to support or oppose vaccination, while
the absolute value of opinions indicates the strength of attitudes. Initially, since two types of fears are randomly
distributed among all agents, opinions are also randomly distributed. The basic interaction principle for the
above model is that updating these two fears of connecting agents as well as the relative importance of fears
would also produce opinion dynamics and a dynamically changing network, which in turn affects the frequency
of interaction.

Overall satisfaction

Experiential satisfaction refers to comfort and costs related to physical experience. When agents are fearful,
their experiential satisfaction decreases. In the model, if an agent chooses to vaccinate, its satisfaction of ex-
periential need VNexp(ai) is the normal distribution function of fear-driven opinion in Equation 6:

VNexp(ai) ∼ N(O(ai), σ2) (6)

If the agent chooses not to be vaccinated at the current step, the satisfaction of experiential need UVNexp(ai)
is the normal distribution function of (− opinion) in Equation 7:

UVNexp(ai) ∼ N(−O(ai), σ2) (7)

The agent’s value is set initially so that the percentage of the population, Re, is reluctant to be vaccinated for
multiple reasons, including religiosity, private experience, or natural factors such as gender, age, and ethnicity
(Troiano & Nardi 2021). So, the satisfaction of value needs to vaccinate VNval(ai) is the normal distribution
function of Re in Equation 8:

VNval(ai) ∼ N(Re, σ
2) (8)

The satisfaction of value need for not being vaccinated UVNval(ai) is the normal distribution function of −Re in
Equation 9:

UVNval(ai) ∼ N(−Re, σ
2) (9)

The satisfaction of social need refers to belongingness, relatedness (to feel close and accepted with important
others), and social safety. The social norm plays an important role in the model, the more friends in your net-
work are vaccinated, the stronger the norm will be to get vaccinated yourself. Thus, the social satisfaction to
vaccinate VNsoc(ai) is expressed by the comparative proportion of friends (v) in the network being vaccinated
in Equation 10:
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VNsoc(ai) ∼ N(v, σ2) (10)

The unvaccinated social satisfaction UVNsoc(ai) is expressed by the proportion of friends (uv) in the network
not being vaccinated in Equation 11:

UVNsoc(ai) ∼ N(uv, σ2) (11)

The overall satisfaction from a behavioural alternative is an additive function of the extent of need satisfaction
multiplied by the importance of a respective group of needs, shown in Equations 12 and 13:

S v(ai) =
(IeVNexp(ai) + IvVNval(ai) + IsVNsoc(ai))

(Ie + Is + Iv)
(12)

S uv(ai) =
(IeUVNexp(ai) + IvUVNval(ai) + IsUVNsoc(ai))

(Ie + Is + Iv)
(13)

Decisions

Based on the overall satisfaction of vaccination, individuals will choose the behaviour options that can better
satisfy them. There are three behaviour alternatives (B(ai)) in the model: vaccination, anti-vaccination, and
hesitation, which are determined by Equation 14.

B(ai) =


vaccination i f S v(ai) − S uv(ai) > T,
anti − vaccination i f S uv(ai) − S v(ai) > T & O(ai) < −0.8
hesitation else

(14)

where B(ai) is the behaviour alternative of agent i, T is the decision-making threshold and S (ai) is the overall
satisfaction for the specific behaviour.
If S v(ai) − S uv(ai) > T , agent ai chooses to get vaccinated, and some personal attributes change accordingly.
The colour of the agent turns green, and the fear of vaccine Fv(ai) is reduced. Since there is a certain incidence
of side effects, S i, fear of vaccine Fv(ai) rises dramatically once side effects occur for an agent and the colour
changes into white. One expectation here is that the higher the vaccination rate, the higher the number of
people with side effects.
If S uv(ai)−S v(ai) > T and opinion < −0.8, agent ai chooses to be anti-vaccinated. We set the decision of agents
who are not vaccinated and have an extreme opinion as anti-vaccination. Their colour turns red.
If |S v(ai) − S uv(ai)|≤ T or S uv(ai) − S v(ai) > T and opinion > −0.8, agent ai won’t decide at this step and will
go directly to the next step. When the satisfaction and dissatisfaction of a decision are similar, the threshold of
action T is used here to measure this similarity, and there is no advantage in taking or not taking a vaccine, so
the agent can only choose to hesitate with no state variables to change.

Appendix 2: Supplementary Experimental Results

Supplementary Scenario 1: The effect of disease severity

More comprehensively, Figure 16 confirms the positive impact of β on the vaccination rate. We found that when
β is less than 0.5, the vaccination rate rises at a slow pace. However, when β is over 0.5, the vaccination rate
increases fast to a high level.
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Figure 16: Vaccination rates under different disease severity, β varies from 0 to 1.

Supplementary Scenario 2: The effect of confirmation bias

Figure 17 shows that with confirmation bias, opinions are more highly polarised in the end than without confir-
mation bias. With confirmation bias, the frequency of median opinions has decreased significantly over time,
and the extreme opinions on both sides have increased. By contrast, the distribution of opinions is more diverse
without the confirmation bias mechanism.

Figure 17: Evolution of opinion distribution with and without confirmation bias (CmB).

Supplementary Scenario 3: The effect of authority

Here is an example, when Na = 5, to show the effect of AvH. Figure 18 illustrates the evolutionary process of
AvH promoting opinion polarisation. At first, opinions are distributed at random. However, as time passes, a
higher AvH causes more polarisation of opinion.
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Figure 18: Evolution of opinion distributions when AvH is low or high.

Supplementary experiment: The effect of the number of agents

Figure 19 depicts that when the number of agents is large (N = 1000), we can still conclude that confirmation
bias contributes to opinion polarisation. This shows that increasing the number of individuals in this model
has no substantial effect on the main results, therefore, we can say that N = 500 is adequate for simulations of
large populations.

Figure 19: Opinion distributions with and without CmB (N = 1000).
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