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Abstract: Vaccine hesitancy plays a key role in vaccine delay and refusal, but its measurement is still
a challenge due to multiple intricacies and uncertainties in factors. This paper attempts to tackle
this problem through fuzzy cognitive inference techniques. Firstly, we formulate a vaccine hesitancy
determinants matrix containing multi-level factors. Relations between factors are formulated through
group decision-making of domain experts, which results in a fuzzy cognitive map. The subjective
uncertainty of linguistic variables is expressed by fuzzy numbers. A double-weighted method is
designed to integrate the distinguished decisions, in which the subjective hesitancy is considered for
each decision. Next, three typical scenarios are constructed to identify key and sensitive factors under
different experimental conditions. The experimental results are further discussed, which enrich the
approaches of vaccine hesitancy estimation for the post-pandemic global recovery.
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1. Introduction

The global pandemic of COVID-19 (SARS-CoV-2) has been one of the most hazardous
public health emergencies over the past few years. A report from WHO shows that there
have been 544,324,069 confirmed cases as of 30 June 2022, including 6,332,963 deaths [1].
Though many resources have been devoted to epidemic prevention, such as respirator
masks, social distancing, physical quarantine, etc., the fast-evolving COVID-19 variants are
still a threat to the human race. Vaccination is considered one of the most essential ways
to prevent the pandemic [2]. Many vaccines have been tested, granted, and eventually
produced and delivered [3], such as the Moderna mRNA-1273 [4,5], Pfizer/BioNTech
BNT162b2 [6], and Janssen Ad26.COV2-S [7]. However, the newly emerged Omicron
variants show the sharpest growth rate over other variants of concern (VOA). For examples,
the original virus of COVID-19 is said to have an RO of 2.5, and the RO of the delta variant
(B.1.617.2) is up to 7, while the RO of omicron variants can be up to 10 as estimated
by the researchers in London School of Hygiene & Tropical Medicine [8]. Currently,
omicron has developed at least three sublineages (BA.1, BA.2, and BA.3) [9], which means
that the vaccine campaigns against COVID-19 cannot terminate soon [10,11]. A global
vaccination dataset published in Natural Human Behavior in June 2022 shows that the
global vaccination coverage with a complete initial protocol has reached 60.62%. The
vaccination rate is highly related to the level of regional economy, with 77.96% in middle-
and high-income countries, 54.27% in middle- and low-income countries, and 14.43% in
low-income countries [12]. Vaccine hesitancy plays a significant role in both the high-
income and low-income countries [12]. To improve the vaccination rate, it is necessary to
figure out key factors leading to vaccine hesitancy.

Existing studies of vaccine hesitancy can be divided into two categories. The first
category focuses on some macroscopic factors leading to vaccine hesitancy, such as the
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factors of socioeconomics [13], political policies [14], scientific cognitive attitudes [15], and
media environment [16]. These studies are usually based on some qualitative discussion
and empirical analysis [17]. These studies give insights into realistic problems and provide
instructive comments to some extent. Since these factors are not constructed mathematically,
their measurement is still a challenge. The second category focuses on the quantitative
analysis of factors influencing vaccine hesitancy. Questionnaires are the mostly commonly
seen method of investigation [18,19]. These studies provide experimental evidence of the
vaccine hesitancy happening in specific populations or regions [19], such as children and
adolescents [20-22]. However, a holistic view of the key factors of vaccine hesitancy and
the measurement of the factors’ relationships needs to be further studied. Luckily, the
organization “WHO EURO Vaccine Communications Working Group” has noticed this
problem, and therefore defined the vaccine hesitancy determinants matrix in 2015, which
illustrates the major 24 factors influencing vaccine hesitancy. However, the complex and
nonlinear relations among the 24 factors are hard to be defined by simple multi-variable
linear equations, as the boundaries among the values of factors are blurred. For example,
“media environment” can be assigned values within the range of {“low”, “middle”, “high”},
where the numerical range of “low” and “middle” is partly overlapped.

This study attempts to measure the nonlinear and uncertain relationships among
factors of vaccine hesitancy by incorporating fuzzy cognitive inference techniques. The
major contributions are as follows:

(1) Designing a double-weighted group decision-making strategy to measure nonlinear
correlations among factors of vaccine hesitancy determinants. Eight experts from
three professions (hospital, government, and academia) are invited to finish the
determinants matrix composed of the edges between a pair of factors. Features of
edges include information of sign, weight, and certainty of their decision. Two weights
are considered in integrating the decisions. The first level of weight concerns the
relationship strength decided by each expert, and the second level of weight concerns
the certainty degree of each decision. This strategy ensures an independent and
efficient group decision-making process.

(2) Inferring the state transition and interactive processes of factors through the fuzzy
cognitive map. In the process, the fuzzy number is used to describe the fuzzy language
of experts, with the trapezoidal fuzzy number of edge weights and the triangular
fuzzy number of the certainties. Finally, a decision matrix with 24 x 24 dimensions is
built to serve as the adjacent matrix of the fuzzy cognitive map.

(8) Three scenarios are designed to simulate government, propaganda, and medical sce-
narios. Simulation results help identify the sensitive factors under different scenarios
that need extra attention. An application case is conducted to demonstrate how the
system can work in reality.

This paper is organized as follows. Section 2 introduces related work. Section 3
elaborates on the data and method. The results are presented in Section 4. Section 5
provides an application case. The findings are discussed in Section 6. This paper is
concluded in Section 7.

2. Related Work
2.1. Vaccine Hesitancy

Vaccine hesitancy describes the delay of people in receiving or refusing vaccine in-
jections, even though the vaccination service is available [18]. Early in 2011, the World
Health Organization (WHO) proposed the 3Cs model of vaccine hesitancy, which contains
three kinds of factors (referring to confidence, complacency, and convenience) [23]. Later in
2015, WHO SAGE Group concluded the determinants of vaccine hesitancy and condensed
the “Vaccine hesitancy Determinants Matrix” based on the 3Cs model from three impact
scenarios: contextual, personal, and individual [18]. In 2019, the WHO ranked vaccine
hesitancy as one of the top 10 global health threats [24].
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From a macroscopic perspective, vaccine hesitancy—which involves complicated
factors in religious, cultural, political, economic, medical, and geographical areas—is a
complex social issue. First, as a political and economic issue, vaccine hesitancy is considered
a kind of disempowerment of the public sphere. Though modest economic incentives
can increase the vaccination rate [14], “vaccine nationalism” [25] still hinders a higher
vaccination rate due to realistic reasons (e.g., huge economic costs, unreasonable vaccination
policies, or unfair vaccine distribution) [16]. Second, improving public scientific knowledge
is vital in eliminating vaccine hesitancy. Existing studies have illustrated that people in
countries with good scientific trust hold better vaccine confidence [26]. Therefore, the
promotion of scientific awareness of the public contributes to the reduction of vaccine
hesitancy. Third, as a social identity issue, individuals with vaccine hesitancy have formed
a close circle with cultural identity in the cyber society [27], which may the biggest problem
in eliminating vaccine hesitancy.

From a microscopic perspective, studies related to vaccine hesitancy of COVID-19
can be summarized into two categories: empirical investigative studies and empirical
exploratory studies. Most empirical studies use questionnaires to investigate the public
attitude toward COVID-19 vaccines. Recently, a survey published in Nature [28] showed
that, though doctors are usually considered as the authority in vaccination promotion,
media reports give the false impression that there is widespread vaccine controversy in the
doctor community. Enhancing consensus in this community can help improve the public
trust level for vaccines. Furthermore, the vaccination rate among children also attracts much
attention. Existing studies show that the parents’ attitudes about children’s vaccination are
affected by complicated factors, including economic incentives, compensatory measures,
punishment regulations, et al. [22].

Some mathematical analyses on vaccine hesitancy have also been conducted during
the prevalence of COVID-19 [29], such as predicting epidemic spread effect through data
mining [30], analyzing the networked risks through propagation models [31,32], generating
non-pharmacological interventions through optimization methods [33], etc.

Overall, both qualitative and quantitative studies play an important role in studying
vaccine hesitancy. The qualitative studies are usually based on the methods of field research,
interviewing, discourse analysis, grounded theory, ethnography, etc., which inspire the
latter quantitative studies [34] or provide an in-depth discussion of the latter’s analysis
results. The quantitative studies are usually conducted based on questionnaire surveys,
regression analysis, factorial analysis, etc., which provide some measurable, educible,
and cumulative findings. In the context of global recovery, it is promising to combine
the two kinds of studies, so that vaccine hesitancy can be fully understood, measured,
and adjusted [35].

2.2. Fuzzy Cognitive Inference

Computing methods are critical tools in dealing with the complexity of infectious
disease dynamics [36,37]. However, most data in the medical field have the problems of
fuzziness and uncertainties [38], due to substantial individual differences (e.g., personal
health status, medical history, medical diagnosis, demographic characteristics, and other
standard medical information) [39] and measurement errors [38]. Likewise, vaccine hes-
itancy also involves huge uncertainties that are hard to be represented by quantitative
values, such as the measurement of social and religious culture, political and media envi-
ronment, historical and geographical information, etc. [40]. In many other research fields,
the fuzziness of data information is inevitably “neglected” [41], for example, neglecting the
interactions among multiple factors in the modeling process [42] and correcting the values
from the ambiguous details [43]. However, in healthcare decision support systems, the
ambiguous details cannot be simply ignored or corrected due to the precise requirements.
Instead, it requires a fuzzy modeling approach [44] to extract causal relationships from
fuzzy information.
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Fuzzy cognitive map (FCM), as a classical and powerful mathematical method for
fuzzy inference, can help extract the knowledge of experts from various fields. It has
been extensively applied in many fields (e.g., sociology [45], Bioinformatics [46], pattern
recognition [47], image processing, machine learning [48], medical diagnosis, and decision
support systems [49]) over the past few years. It facilitates the intuitive description of the
causal and interactive relationships among factors [50], and provides a measurement tool
for observing complex systems [51]. A successful FCM depends on two aspects: how well
the prior knowledge is collected and understood, and how well the fuzzy boundaries of
linguistic values are handled [52].

Regarding the FCM studies during COVID-19, most focus on the clinical diagnosis
of the epidemic or the supply chain of vaccines [43], for example, inferring whether a
suspected case is infected with the COVID-19 virus based on Advanced Fuzzy Cognitive
Map (AFCM) in state-space [53], simulating the propagation dynamics of the epidemic [38],
or predicting the spread of the virus [40,54]. Furthermore, in the field of the vaccine supply
chain, a modified fuzzy geometric mean (FGM) method was developed to determine the
selection of suitable alternative suppliers [54]. The Analytic Hierarchy and Processes (AHP)
technique with FCM was used to identify 13 factors that may affect the supply chain of
COVID-19 vaccines [55].

Though FCM has shown its value and potential in helping to prevent the prevalence
of COVID-19, there are still few studies investigating vaccine hesitancy, though it is a
promising direction for determining the key factors in vaccine hesitancy [56].

3. Data and Method
3.1. Fuzzy Cognitive Map of Vaccine Hesitancy

Fuzzy Cognitive Map (FCM), a map-based knowledge representation method [57],
was proposed by Kosko in 1986 [58]. It is a kind of soft computing method that is tolerant
of uncertainty and approximation. Notably, FCM follows the principles of fuzzy logic,
in which the values are ranged within a normalized scope, usually [0, 1] or [—1, +1] [59].
Compared to Boolean logic, fuzzy logic can express fuzzy concepts or relations in problems,
which is closer to human observation, reasoning, and decision-making [60,61]. In this
paper, FCM as one of the most typical fuzzy logic methods is adopted to bridge the
gap between the fuzzy knowledge and the quantitative expression of vaccine hesitancy.
It possesses advantages in three aspects: embodying the knowledge and experience of
experts in resolving problems, quantifying the fuzzy descriptions of linguistic variables,
and providing an explainable way for knowledge inference.

Figure 1 shows a typical case of FCM, where nodes represent concepts and edges
represent relationships among nodes. The weights of edges are determined by prior
knowledge, whose absolute values represent the strength of relationships, and plus-or-
minus signs denote the positive-or-negative effect of relationships. In this paper, vaccine
hesitancy is regarded as a complex dynamic system composed of multiple factors, in which
the factors are defined as conceptual nodes in the FCM of vaccine hesitancy, and the causal
effects among the factors are defined as edges. The FCM of vaccine hesitancy is defined as
below. Let C; represent the ith factor influencing vaccine hesitancy, in whichi =1,2,..., N.
The edges and weights of FCM are determined in a weighted matrix:

w11 .- - W1] W1n
W= wi1 - - - wij P (1)
WN1--- wn] Wnn NxN

where w;; > 0 means a positively correlated relationship between the conceptual nodes C;
and C;. Namely, an increased value of C; will lead to the increased value of C;. w;; <0,
means a negatively correlated relationship between the conceptual nodes C; and C;. w;; =0
means that there is no direct relationship between C; and C;.
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Figure 1. A case of fuzzy cognitive map.
At time ¢, for each node C;, its state can be changed by the following rule:
N
Ai(t+1) = f(kiAi(t) + k2 Y Aj(H)w)y) 2)

=Tt

where A;(-) is the node state whose value is within the range of [0, 1]. k; and k, are
parameters used to respectively measure the proportion of influences of the previous states
and all the connected nodes, whose values are set as 1 in this paper. f(+) is the threshold
function that generates the next state of nodes, formulated by the sigmoid function:

1

f(x)zm

®)
where A > 0 represents the steepness of the function, which is set to 0.5 in this paper. Some
initial values are assigned to the nodes, representing the initial states of nodes.

In the FCM model of vaccine hesitancy, the inference process can be triggered as
follows: (1) Generating the fuzzy cognitive map, whose weighted adjacent matrix is made
by the group decision of experts; (2) initializing the states of nodes, whose values are within
the range of [—1, 1] according to concrete scenarios; (3) inferencing the next state of nodes
through the rules of (2); and (4) analyzing the results of state transition.

3.2. Model Building

There are two methods to build FCM: the manual building method and the learning-
based building method. The former is to use expert knowledge and experience to build a
FCM. The latter is to carry out training using sample data to construct a model [59]. Vaccine
hesitancy, especially in the context of the COVID-19 pandemic, is a complex problem that
involves many areas of knowledge, including medicine, sociology, communication, politics,
and the management and distribution of vaccines during the vaccination process. It is more
suitable to invite experts from various fields to build FCM based on their knowledge and
experience. Accordingly, the FCM of vaccine hesitancy proposed in this paper is based on
the first kind of method.

In this section, a double-weighted group decision-making strategy is designed to
generate the weights of the fuzzy cognitive map of vaccine hesitancy. Eight experts were
invited to take part in the program. Two experts are governmental personnel of the
Chinese Center of Disease Control and Prevention, considering their experience in vaccine
distribution management; four experts are medical personnel of a public hospital with
a 3A-grade certification, owing to their actual vaccination management; two experts are
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professors who are employed at two well-known public universities specializing in the
subject of sociology and communication. The building process comprises four stages
as follows:

Step 1. Determine the nodes in the FCM. According to the above matrix of vaccine
hesitancy determinants, 24 determinants of vaccine hesitancy serve as all nodes of this
vaccine hesitancy FCM, as shown in Table 1. However, most of them are expressed in
conceptual explanation. Therefore, the quantitative expression of each factor is defined in
this paper, and the questionnaire design is conducted according to the matrix of vaccine
hesitancy determinants with concrete descriptions, as provided in the Supplementary
Materials section.

Table 1. Factors for vaccine hesitancy in the vaccine hesitancy determinants matrix.

Factors

Contextual factors
C1 Communication and media environment
C2 Opinion leader
C3 Historical influences
C4 Religion/culture
C5 Age structure
C6 Gender structure
C7 Socio-economic
C8 Politics/policies
C9 Geographic barriers
C10 Perception of the pharmaceutical industry
Individual and group factors
C11 Vaccine experience
C12 Healthy attitude
C13 Education level
C14 Trust in the healthcare system
C15 Risk-benefit ratio at cognitive level
C16 Social norms perception
Vaccine and vaccination factors
C17 Risk-benefit ratio at realistic level
C18 Popularity of vaccine science
C19 Mode of administration
C20 Level of mobilization for vaccination
C21 Reliability of vaccination
C22 Vaccination planning
(C23 Vaccination costs
C24 The strength of the medical staff’s recommendation

Step 2. Determine whether there is a causal relationship between nodes. As the nodes
in the FCM of vaccine hesitancy are determined, the next step is to examine whether there
is a causal relationship between the nodes. If there is a causal relationship, it is necessary
to examine whether the causal relationship is positive or negative. Subsequently, the
influence of the causal relationship between nodes should be considered, that is, strong
influence, medium influence, or weak influence. Lastly, this paper also considers the degree
of certainty of experts in the judgment process, i.e., whether the judgment result given in
the questionnaire is certain, generally certain, or not very certain. After the concepts in the
matrix of vaccine hesitancy determinants are fully explained to the experts, each of them is
required to fulfill a matrix-like form with 24 x 24 blanks (the questionnaire we designed).
Such a form is named “vaccine hesitancy determinants matrix”, where row indexes denote
source nodes and column indexes denote target nodes. Each blank should be filled with
three attribute values (corresponding to a;‘]« in (6)), respectively representing the sign of the
edge, the weight of the edge, and the certainty to the weight.

Step 3. Evaluate the influence of the causal relationship between nodes. For conve-
nience and efficiency, original decisions of experts are made in natural language. When
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integrating the decisions, these natural languages are transformed into fuzzy numbers to
facilitate computing. The signs of edges should be discussed by the experts again to form
a consensus. For each element in the form, all the weight values and certainty degrees
filled by experts are considered the weight of the edges, which is calculated using a double
weighting strategy. The normalized weight can be calculated using Equation (8).

Definition 1. Let (D, C, A) represent an information system for multi-attribute group decision
making. D is the set of decision makers, where each element is an independent expert denoted

as follows:
D= {dy,dy, ..., du} 4)

C is the set of concepts, where each concept in it represents a factor influencing vaccine hesitancy, as
expressed by
C:{Cl,CZ,...,CN} (5)

A is the set of decision matrixes. The decision matrix of the k™ expert is formulated by

k k k
) g @je.. Ay
_ |k I3 k
At = |aj ... ... Ay (6)
k k k
iy .-+ GiN--- ONN

where a;‘j = (03, (pfjl, p;‘jz, pgs, pifﬂ), (qul,quz,qfﬁ)) represents the correlation relationship be-

tween the two concepts c; and c]',of?j € {—1,0,+1} denotes the direction of the correlation between
cj and cj. The sign +1 indicates a positive correlation, and —1 indicates a negative correlation.
pi-‘]- = (pé‘jl, pi.‘jz, p{-‘]g, p;‘j4) denotes a trapezoidal fuzzy number, which describes the weight of the
relationship. qi.‘]. = (qfﬂ, qi.‘jz, qus) is a triangular fuzzy number describing the degree of certainty
of the experts in the decision-making process. The membership functions of the fuzzy numbers are
shown in Figure 2.

1.0f
0.8}
0.6f
04f
0.2}
01 02 0.3 04 05 06 0.7 08 09 1.0 01 02 03 04 05 06 07 08 09 10
(a) (b)

Figure 2. Membership function of linguistic variables. (a) For pf.‘].; (b) For qf‘]
Definition 2. Let ui«‘j denote the weight of certainty degree of the kth expert, which is calculated by

ko4 gk 4 gk
kT T 9t i

U 3 @)
Then, the normalized certainty weight for the expert is calculated by
k
u.
W= ®
Yy ulf.

=1
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Definition 3. The weight of edges provided by experts is represented by the trapezoidal fuzzy
number pi.‘]. = (pi?jl, pisz, Pi‘(ja' p{?j4), which is the first-level weight. The second-level weight ﬁi»‘j
describes the certainty degree of the kth expert. The final weight of edges in the FCM is formulated by
k k k k
_ LN Pin + Pip + Pz + Pija
W=yl = (o x Y2 (5 x (TR ) ©)

NxN

where 0;; = sgn( anj of.‘].), and sgn(-) denotes the symbolic function. The defuzzification of fuzzy
k=1

numbers is implem;nted by the arithmetic mean. ¢(-) is a threshold function, which assigns 0 to the
values less than 0.2.

Step 4. Generating the fuzzy cognitive map. After defuzzification and normalization,
the decisions in experts are integrated into a 24 x 24 matrix. This matrix is the adjacent
matrix of the FCM network.

4. Result
4.1. Network Analysis

The topology characteristics of FCM are shown in Table 2. The network, with 24 nodes
and 292 edges, contains a relatively high average clustering coefficient and a short average
path length, which conforms to the characteristics of the small-world network. Figure 3
shows the community structure of the network, where blue nodes denote contextual factors,
green nodes represent individual and group factors, and orange nodes represent the vaccine
as well as vaccination factors. The larger the node size, the higher the degree. From a
systemic perspective, there are dense edges among the three groups of factors. As factors in
different groups interact and communicate with each other frequently, the states of nodes
will quickly change over time.

Table 2. Topology characteristics of the FCM.

Name Value
Node 24
Edge 292
Network diameter 4
Network density 0.529
Average clustering coefficient 0.663
Average path length 1.514
cs
o7 (e
€6 | co
| c2 c"s & | €10
ca
S c2a |
| C22
c23
CTS c12 | [en c200 ' {(ic1en c21
c16 | c15 c18 c17

Figure 3. The illustration of the FCM network.
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Degree refers to the number of edges of one node in the network. A higher degree
value of a node indicates that it is closer to the center of the network and has a wider
range of influence. In a directed network, the degree equals the sum of the in-degree and
out-degree, the relationship between which in the FCM network is shown in Figure 4. Some
observations are as follows:

(1) Degree analysis. C19 (mode of administration) and C8 (politics/policies) are the
top two nodes with the highest degree value, both of which are macro-factors with
obvious social and political attributes. In contrast, nodes with smaller degree values
have obvious personal and environmental attributes, including C6 (gender structure),
C5 (age structure), and C9 (geographic barriers), indicating that these factors are not
easily influenced by the nodes in the network.

(2) Out-degree analysis. Remarkably, that the outdegree of the nodes C2 (opinion leaders),
C19 (mode of administration), C8 (politics/policies), C1 (communication and media
environment), and C7 (socio-economic) occupies more than 50% of their degrees in
total. These factors strongly correlate with other factors in the network and a stronger
ability to influence others.

(3) In-degree analysis. The node with the highest in-degree value is C17 (realistic level
risk-return ratio), followed by C14 (trust in the healthcare system), C16 (social norm
perception), C20 (level of mobilization for vaccination), and C24 (the strength of
medical staff’s recommendation). The in-degree of these nodes exceeds 50% of the
degree value, illustrating that the public perception of the risks of vaccination, social
perception, and trust in the medical system will be influenced by multiple factors.

C19
C"\%‘a 0 9

iy

€10 cg c8

Figure 4. Chord chart of the FCM network.

Betweenness centrality and closeness centrality are another two major metrics for
measuring the influence of nodes. As is shown in Table 3, (1) the node with the highest
value of intermediary centrality is C19 (mode of administration). Betweenness centrality
measurement of centrality of one node is based on shortest paths, which illustrates that the
administration mode has a strong ability to affect the social, economic, media, historical,
religious, and medical factors; meanwhile, a well-established administrative system is
an indispensable bridge for the effective implementation of the COVID-19 vaccination
program. (2) C6 (gender structure) is the node with the smallest closeness centrality in the
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entire network. The closeness centrality is focused on the average distance between a node
and all other nodes in the network. The smaller the closeness centrality, the more central
the node location.

Table 3. Node centrality analysis of the FCM network.

Node Degree Node In-Degree Node Out-Degree Node Bcezmi?llirt‘;ss Node (C:l(r)lstiglei:;
C19 335 Cc17 19 2 20 C19 42.72 Cé6 0.42
c8 34 Cl6 18 C19 18 C12 35.42 c23 0.49
Cl6 33 C20 18 Cc8 17 C2 30.71 C5 0.52
C20 33 C14 18 C1 15 C22 30.51 9 0.52
C14 32 C24 18 (64 15 C20 23.54 C3 0.59

Studies have shown that during the vaccination process, women, middle-aged and
young adults, and high-income people perceived a low risk of infection and showed
higher hesitancy to take the COVID-19 vaccine [62]. This result reminds us that, when
formulating policies to mitigate COVID-19 vaccine hesitancy, gender and target population
are important reference factors. Except for the target population, hierarchical development
by gender, age, and other demographic characteristics should be considered in the scientific
study in relation to COVID-19 vaccines, so as to generate the best prevention and mitigation
measures for vaccine hesitancy.

4.2. Simulations on Three Scenarios

The inference process of FCM can be considered as a process of answering some
questions. In FCM, the initial state of the nodes is equivalent to posing the following
question: if the event occurs, what will be the result? The output is the answer to the
question. The experiments in this subsection aim to identify the key factors affecting
vaccine hesitancy. Therefore, three experimental scenarios were set to explore the key
or sensitive factors under different conditions, including the government scenario, the
propaganda scenario, and the medical scenario. The three scenarios are introduced in
the following.

Government scenario: simulating the relevant administrative agencies such as local
governments and centers for disease control and prevention, etc. This scenario is focused on
the relevant factors referring to vaccination and vaccination programs, involving the follow-
ing factors: C8 (politics/policies), C19 (mode of administration), C20 (level of mobilization
for vaccination), and C22 (vaccination planning).

Propaganda scenario: Simulating the propaganda organizations engaged in propa-
ganda activities, such as state propaganda agencies, newspapers, radio and TV stations,
social media, etc. This scenario is focused on the propaganda effect of the relevant in-
formation, involving the following factors: C1 (communication and media environment),
C2 (opinion leaders), and C18 (popularity of vaccine science).

Medical scenario: Simulating the medical and health institutions or staff providing
healthcare or medical service to the public, such as physicians, pharmacists, examiners,
nurse practitioners, etc. These entities may affect the effectiveness of vaccination programs.
The scenario factors involve C10 (perception of the pharmaceutical industry), C14 (trust in
the healthcare system), C21 (reliability of vaccination), and C24 (the strength of the medical
staff’s recommendation).

To fully observe the FCM inference results, we set three levels of parameters: low (0.2),
medium (0.5), and high (0.8). Only the factor values under the corresponding scenarios are
changed. For most factors, a higher state value means a lower vaccine hesitancy, except
for C15 (risk—benefit ratio at cognitive level) and C17 (risk-benefit ratio at realistic level).
Furthermore, to compare the steady state of the system under different scenarios, a baseline
scenario was constructed by simply assigning all factors as 0.1. The simulation results
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of the baseline scenario show that after four iterations of FCM inference, the interactions
among the factors reach a steady state.

4.3. Experiment Result Analysis

The experimental results in the three scenarios are shown in Figure 5. The x-axis
represents the conceptual factors, excluding the factors belonging to the corresponding
scenario. The y-axis records the changing rate of the steady-state values of factors under
the corresponding scenario to the values under the baseline scenario.
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Figure 5. Experiment results. (a) Government scenario; (b) Propaganda scenario; (c) Medical scenario.
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(1) Government scenario

Factors of the government scenario have a relatively weak effect on other factors. Com-
pared to the baseline scenario, when the factors of the government scenario are assigned
with high-level values (factor values = 0.8), the most significantly affected factors are C3
(historical influences), reaching a steady state increased by 0.83%, and C4 (religion/culture),
increasing by 0.74%. When assigned with low-level values (factor values = 0.2), the steady-
state value of C3 increases by 0.18%, and that of C4 increases by 0.16%. Comparing the
two situations, C3 obtains an improvement of 0.65% in high-level settings than that in
low-level settings. C15 (risk-reward ratio at the cognitive level) obtains a reduction of
0.20% in the high-level settings and a reduction of 0.05% in poor conditions compared to
the baseline scenario. The value of C17 (realistic level risk-benefit ratio) obtains a reduction
of 0.05% in the high-level setting compared to the baseline scenario, and a reduction of
0.01% in the low-level setting. This illustrates that as the factors of the government scenario
are strengthened, public awareness of the risks of vaccination becomes clearer, and the
risk-benefit ratio gradually decreases.

(2) Propaganda scenario

The relevant factors in the propaganda scenario have a significant effect on public
sentiment towards vaccination. When in the propaganda scenario with the high-level
setting (factor values = 0.8), the steady-state value of C23 (vaccination costs) increases by
1.04% compared with that of the baseline scenario. The second is C3 (historical influences),
with an increase of 1.26%. Under the low-level setting (factor values = 0.2), an increase
of 0.22% is still obtained in the steady state of C23 (vaccination costs). Compared to the
government scenario, the propaganda scenario has a greater impact on C15 (risk-benefit
ratio at the cognitive level). Compared to the baseline condition, the steady state of C17
(risk-benefit ratio at the realistic level) decreases by 0.04% in the high-level setting and
0.01% in the low-level setting. These results suggest that disseminating information about
vaccines can reduce public vaccine hesitancy to some extent.

(3) Medical scenario

The relevant factors of the medical scenario show a wide influence on other factors.
In the high-level setting (factor values = 0.8), the steady-state values of C3 (historical
influences), C4 (religion/culture), C5 (age structure), C7 (socio-economic), C13 (education
level), C9 (mode of administration), and C23 (vaccination costs) reach an increase of 0.57%,
0.45%, 0.23%, 0.18%, 0.18%, 0.19%, and 0.6%, respectively. In comparison, the steady-state
value of C15 (risk-benefit ratio at the cognitive level) and C17 (risk-benefit ratio at the
realistic level) decrease by 0.12% and 0.03%, respectively. In the low-level setting, the
value of C3, C4, and C23 is increased by 0.11%, 0.09%, and 0.12% respectively; C5, C7, C9,
and C13 show the same increase of 0.04%; the values of C15 and C17 decrease by 0.04%
and 0.13%, respectively. These results show that, compared with government scenarios
and propaganda scenarios, the relevant factors in medical scenarios have a wider scope
of influence, which may influence not only some practical factors such as vaccination
costs, but also some objective factors such as age, socioeconomic, geographic barriers, and
education level.

In conclusion, the common sensitive factors of the three experimental scenarios are
C3 (historical influences), C4 (religion/culture), C23 (vaccination costs), C15 (risk-benefit
ratio at the cognitive level), and C17 (risk-benefit ratio at the realistic level). That is, when
the scenario factors change, these five factors show a larger range of fluctuations than the
others. Specifically, C3 (historical influences), C4 (religion/culture), and C23 (vaccination
costs) show positive responses, while C15 (risk-benefit ratio at the cognitive level) and C17
(risk—benefit ratio at the realistic level) show negative responses.

5. Application Case

An application case is demonstrated in this section to show how the FCM of vaccine
hesitancy is used in realistic situations. The initial value of nodes has been assigned
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based on the survey results provided by Liu et al. [63], who conducted a cross-national
survey to assess vaccine preferences and potential factors for vaccine acceptance in China
and the United States. The reasons for choosing these results have two aspects: the
conceptual factors for vaccine hesitancy in their survey are the same as those of FCM, and
the Propensity Score Matching (PSM) fits well with the questions on group decision in this
paper. Of note, the study of Liu et al. was based on partial population samples in the two
countries; whether their study reflects the overall situations is not the subject of this paper.
The purpose of this subsection is to provide a visible reference of how the FCM model of
vaccine hesitancy is applied to realistic situations.

According to the investigation results, we set the initial state value of the 24 factors
of FCM, whose results are shown in Table 4. With the inference of FCM, factors of both
China and the United States reach a stable state after six iterations. Overall, the vac-
cine/vaccination factors and the individual/group factors are changed more significantly
than the contextual factors. To observe the inference process more precisely, simulation
experiments based on the government, propaganda, and medical scenarios were conducted,
so as to help observe the key or sensitive factors.

Table 4. Case analysis model factor parameters.

Factors Parameters
C1 Communication and media environment 0.575
C2 Opinion leader 0.65
C3 Historical influences 0.2
C4 Religion/culture 0.365
C5 Age structure 0.95
C6 Gender structure 0.45
C7 Socio-economic 0.605
C8 Politics/policies 0.75
C9 Geographic barriers 0.1
C10 Perception of the pharmaceutical industry 0.65
C11 Vaccine experience 0.8
C12 Healthy attitude 0.655
C13 Education level 0.5
C14 Trust in the healthcare system 0.44
C15 Risk-reward ratio at the cognitive level 0.645
C16 Social norm perception 0.225
C17 Realistic level risk—return ratio 0.155
C18 Popularity of vaccine science 0.25
C19 Mode of administration 0.8
C20 Level of mobilization for vaccination 0.605
C21 Reliability of vaccination 0.505
C22 Vaccination planning 0.7
C23 Vaccination costs 0.295
C24 The strength of the medical staff’s recommendation 04

In the simulation setting of China, the sensitive factors in the three scenarios are C15
(risk-benefit ratio at the cognitive level) and C17 (risk—benefit ratio at the realistic level),
which have the largest fluctuation range. Figure 6a shows that the sensitive factors in the
government scenario are C21 (reliability of vaccination), C22 (vaccination planning), and
C23 (vaccination costs). The most sensitive factor in the propaganda scenario is C22 (vacci-
nation planning). In medical scenarios, the sensitive factors are C11 (vaccine experience),
C18 (popularity of vaccine science), and C23 (vaccination costs). To conclude, the public at-
titude to vaccination is closely related to political policies, media, and medical environment;
science cognition is the key to the successful implementation of vaccination programs.
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Figure 6. Analysis of sensitive Factors between China and the United States. (a) Sensitive factors in
the China environment propaganda; (b) Sensitive factors in the US environment propaganda.

In the simulation setting of the US, C15 (risk-benefit ratio at the cognitive level) and
C17 (risk-benefit ratio at the realistic level) are two common sensitive factors in all the three
scenarios. Figure 6b shows that the sensitive factors in the government and propaganda
scenarios are C18 (popularity of vaccine science) and C21 (reliability of vaccination), and
those in the medical scenarios are C11 (vaccine experience) and C19 (administrative style).
This illustrates that public trust in the government and medical systems is crucial in
weakening vaccine hesitancy.

Furthermore, experimental results show that C15 (risk-benefit ratio at the cognitive
level) and C17 (risk-benefit ratio at the realistic level) are common sensitive factors. In the
simulation settings of China, the changes of C11 (vaccine experience) and C22 (vaccination
planning) are significant. In the simulation settings of the United States, the change of C21
(reliability of vaccination) is significant. The differences may lie in cultural and political
aspects. People in China may be more concerned about the convenience and experience of
vaccine injection, while those in the US may focus more on vaccine industry chains and the
safety of vaccine infection.

6. Discussion

Incorporating the FCM inference technique, a variety of experiments were conducted
to test the common and sensitive factors for vaccine hesitancy in three different scenarios.
Some findings deserve further discussion.

(1) Microscopic, embodied factors impact vaccine hesitancy more than macroscopic
abstract factors. Specifically, compared to the macroscopic factors (C8, C19, and C20),
the microscopic factors (C21, C23, and C24) affect public behavior and attitude more. A
reasonable explanation concerning the macroscopic factors is that people can intuitively
perceive the risks and benefits based on microscopic factors and make further judgements.
The introspection of the massive propaganda about vaccine safety and efficacy is dominated
by governmental agencies and is insufficient to eliminate vaccine hesitancy. It also reflects
the gap between official perception and public perception. Therefore, it is imperative to take
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some other measures to decrease the temporal, spatial, social, and psychological distance
between the information senders and the receivers.

(2) The factor “Mode of administration” is a core factor in vaccine hesitancy. The
COVID-19 pandemic poses new challenges to the administration modes in global areas and
countries, including how to establish an effective infectious disease prevention and control
system on the premise of economic development, and how to upgrade the traditional
vaccination system based on digital techniques. It has been found, quite interestingly,
though the China and the United States have quite different mode of administration,
there is still a consensus in both countries: protecting the rights and interests of minority
groups, though China pays more attention to the digital dilemma brought by technological
development, while in the United States, racial equality and religious faith have gained
more attention.

(3) There are some common sensitive factors in vaccine hesitancy in the government,
propaganda, and medical scenarios. Experimental results show that C3 (historical in-
fluence), C4 (religion/culture), C15 (risk-reward ratio at the cognitive level), and C17
(risk-reward ratio at the realistic level) are common sensitive factors in all the three sce-
narios. This illustrates that a comprehensive effort contributes to a high vaccination rate.
Individually, it is imperative to understand that though some persons are reluctant, tar-
geted material assistance or spiritual care can be effective. Massive, diversified propaganda
strategies can help improve the crowd vaccination rate. In addition, a vaccine supply chain
conducted on a digital system may increase the sense of security.

(4) Sensitive factors identified in different scenarios (government, propaganda, medicine)
are different. Experiments show that most sensitive factors in government and propaganda
scenarios belong to contextual and individual/group factors. Sensitive factors in medical
scenarios are diversified. For example, C7 (socio-economic), C8 (political/policy), C9
(geographical barriers), and C23 (vaccination costs) are not easily affected by other factors.
However, these factors are more easily changed in the medical scenarios. Therefore, the
characteristics of specific scenarios should be considered in popularizing the vaccination
program. When in developing regions, the direct and effective measures may be reducing
the vaccination cost and increasing vaccine accessibility. In developed regions, it may be
helpful to reduce the vaccine hesitancy caused by misinformation.

7. Conclusions

In this paper, the nonlinear correlations within factors of vaccine hesitancy have been
quantified by incorporating fuzzy cognitive inference. A double-weighted group decision-
making method was firstly designed to integrate the independence of experts” decision-
making and the opinions given by the expert group. Secondly, a FCM inference process
was built to determine key factors in different scenarios, respectively the government, the
propaganda, and the medical scenario. This paper enriches approaches of vaccine hesitancy
estimation for the post-pandemic global recovery.

Table 5 lists the details about the concepts of this paper.
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Table 5. List of Concepts.

Soft computing

A set of computing techniques based on artificial intelligence (human-like decision making) and
natural selection [64].

Fuzzy logic

A form of many-valued logic in which the truth value of variables may be any real number
between [0, 1] or [—1, +1] [65].

Fuzzy numbers

A fuzzy number is a generalization of a regular, real number in the sense that it does not refer to
one single value, but rather to a connected set of possible values, where each possible value has its
own weight between 0 and 1 [66].

Fuzzy cognitive mapping (FCM)

A map-based knowledge representation method, with nodes representing concepts, and edges
representing causal relationships among concepts [58].

Vaccine hesitancy

The delay in acceptance or refusal of vaccines despite availability of vaccine service [18].

Group decision making

A method to achieve more effective and optimized solutions by integrating the opinions of
committees, teams, small groups, partnerships, or other collaborative social processes.

Contextual factors

The factors influencing vaccine hesitancy [18].

Individual and group factors

The influence of individual, group, social, peer environment, and other factors on vaccine hesitancy
[18].

Vaccine and vaccination Factors

Factors directly related to vaccines or directly related to vaccination [18].

Vaccine hesitancy determinants matrix

A matrix describing the crucial factors in vaccine hesitancy conceptually, proposed by the WHO
SAGE Working Group [18].
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