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Abstract

In late 2019, the emergence of COVID-19 in Wuhan, China, led to the implementation of

stringent measures forming the zero-COVID policy aimed at eliminating transmission. Zero-

COVID policy basically aimed at completely eliminating the transmission of COVID-19.

However, the relaxation of this policy in late 2022 reportedly resulted in a rapid surge of

COVID-19 cases. The aim of this work is to investigate the factors contributing to this out-

break using a new SEIR-type epidemic model with time-dependent level of immunity. Our

model incorporates a time-dependent level of immunity considering vaccine doses adminis-

tered and time-post-vaccination dependent vaccine efficacy. We find that vaccine efficacy

plays a significant role in determining the outbreak size and maximum number of daily

infected. Additionally, our model considers under-reporting in daily cases and deaths,

revealing their combined effects on the outbreak magnitude. We also introduce a novel

Physics Informed Neural Networks (PINNs) approach which is extremely useful in estimat-

ing critical parameters and helps in evaluating the predictive capability of our model.

1 Introduction
COVID-19, caused by the novel coronavirus SARS-CoV-2, first emerged in Wuhan, Hubei

province, China, in late 2019. As the virus continued to spread, China implemented stringent

measures to control its transmission. Since then, China continued with the same methods,

making them part of its zero-COVID policy, even after the availability of vaccines. Zero-

COVID policy refers to an approach aimed at completely eliminating the transmission of

COVID-19 within a specific region or country. This approach typically involves strict mea-

sures such as extensive testing, contact tracing, quarantine, travel restrictions and lockdowns

to prevent the spread of the virus.
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The zero-COVID policy in China has both positive and negative aspects. It aims to control

the disease, protect public health, prevent healthcare system overload, and maintain economic

stability. However, it also leads to economic disruptions, social and mental health impacts,

potential human rights concerns, and faced challenges in feasibility and sustainability [1]. At

the end of 2022, when the zero-COVID policy was relaxed gradually in China, it faced a rapid

spread of the infection [2]. While we do not have access to official real-time data, there have

been reports in the media suggesting a significant increase in daily COVID-19 cases in China

after the relaxation of their zero-COVID policy [3–6]. According to these sources, the number

of cases has allegedly surged to the magnitude of approximately ten millions per day [3, 4].

This sudden surge in epidemic progression forced researchers to think about the possible rea-

sons behind it.

The implementation of a zero-COVID policy aims to eliminate the transmission of

COVID-19, resulting in fewer infections. However, this approach may limit the development

of acquired immunity in the population, leaving a significant portion susceptible to the infec-

tion. An increase in the total level of immunity within a population results in a reduction of

the proportion of individuals who are susceptible to the disease. The total level of immunity in

a population comes from two sources:

1. Vaccine induced immunity: Immunity obtained through vaccination of the individuals.

2. Acquired Immunity: ‘Acquired immunity’ refers to the adaptive immunity developed

within a recovered individual after recovery from the infection.

Since, zero-COVID policy resulted in a fewer infections, the contribution of the acquired

immunity in the total level of immunity is negligible. Consequently, the proportion of suscep-

tible individuals is comparatively high. The vaccine induced immunity is the major contribu-

tor to reduce the proportion of susceptible population. However, the waning of immunity can

increase the proportion of susceptibility over the time. This waning of immunity solely

depends upon the efficacy of the vaccine. In the context of COVID-19, the level of immunity

acquired through prior infection is long lasting compared to the immunity obtained through

vaccination.

Vaccine efficacy refers to the effectiveness of a vaccine in preventing a disease. It is typically

expressed as a percentage and represent the reduction in disease incidence among vaccinated

individuals compared to a similar group of unvaccinated individuals. In the context of

COVID-19, multiple vaccines have been developed in different countries by different manu-

facturers. Different COVID-19 vaccines employ different mechanisms to trigger an immune

response. For example, mRNA based vaccines, such as those developed by Pfizer-BioNTech

and Moderna, introduce genetic material into cells to produce viral proteins. In contrast, vec-

tor-based vaccines like the AstraZenca and Johnson & Johnson vaccines use weakened viruses

to deliver viral proteins. These variations in vaccine mechanisms can lead to different types of

vaccine efficacies [7, 8].

There were several domestic vaccine candidates in China, among which, most notably,

China used Sinopharm-Beijing, Sinopharm-Wuhan, Sinovac, CanSinoBio [1, 9, 10]. The effi-

cacies of these domestic vaccines are less as compared to other vaccines like Pfizer, Moderna,

Novavax etc. (see Fig 2 in [11]). Vaccine efficacy can also be a reason behind such a large epi-

demic peak in the beginning of 2023 in China. Vaccine efficacy, along with its long-lasting pro-

tection, plays a crucial role in shaping the course of a new outbreak. A highly effective vaccine

not only prevents infection and reduces illness, severity, but also provides durable immunity.

Long-lasting vaccine efficacy ensures that individuals remain protected against the disease for

an extended period, thereby contributing to the sustained control of the epidemic. By
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maintaining high level of immunity in the population, the vaccine helps prevent resurgence of

the virus.

Under-reporting in daily cases and death data refers to the situation where the actual num-

ber of cases or deaths due to the disease is higher than what is officially reported. Under-

reporting in daily cases and deaths in China has been a subject of concern and scrutiny, partic-

ularly, during disease outbreaks [12, 13]. This can have a significant impact on the progression

of an epidemic by influencing human behavior. When the true magnitude of an epidemic is

not accurately reflected in the official statistics, it can create a false perception of the severity of

the situation. This can lead to a sense of complacency or decreased vigilance among the popu-

lation, as individuals may underestimate the risk of infection and adopt less stringent preven-

tive measures. Consequently, under-reporting can result in increased transmission of the virus

as people may be less likely to adhere to essential precautions. This can further fuel the spread

of the epidemic. Accurate and transparent reporting of daily cases and deaths is crucial to

ensure that individuals maintain a realistic understanding of the situation, leading to appropri-

ate behavior that helps curb the transmission of the virus.

In our study, we aim to investigate the factors contributing to a large outbreak, such as the

one observed in China, in the beginning of 2023, and to achieve this, we develop a modified

SEIR epidemic model [14–16]. One of the important component of our SEIR-type model is

that the model incorporates a time-dependent level of immunity, considering both the number

of vaccine doses administered and the efficacy of the vaccine. Notably, we consider the vaccine

efficacy as a function of the time-post-vaccination because the efficacy is not same all the time

after vaccination.

Our computational results demonstrate that the post-vaccination dependent vaccine effi-

cacy plays a significant role in determining the size of the epidemic outbreak. Furthermore, we

enhance the precision of our model by integrating imitation dynamics into our framework.

These dynamics capture individuals’ behavior in switching strategies for reporting infections.

We also consider that the decision to switch reporting strategies may depend on the perception

of disease severity, which is influenced by available death data. Our modelling results reveal

that although under-reporting of deaths may not directly impact disease incidence, it can cre-

ate a false perception of reduced disease severity, leading to implicit under-reporting of daily

cases. The combined effects of under-reporting in daily cases and deaths can influence the

magnitude of the outbreak.

Along with new ideas on modeling, we also introduce neural network based approaches to

quantify parameters in the model learning from the data. Specifically, we use Physics Informed

Neural Networks (PINNs) approaches that have been applied to a variety of differential equa-

tions [17–19]. Building on this, we also delve into the development of an algorithm based on

PINNs in this work applied to the system of differential equations proposed. This algorithm

serves the purpose of estimating critical parameters that play a crucial role in understanding

the dynamics of the epidemic.

Approaches such as PINNs helps with the realization of the need for artificial intelligence

and machine learning (AI/ML) modeling platforms that facilitate discovery of novel biological

phenomena, rules, and theories. This work aligns with calls from funding agencies such as the

US National Science Foundation that promote the need for mathematical, computational, and

biological scientists to work together to develop MODels for Uncovering Rules and Unex-

pected Phenomena in Biological Systems (MODULUS (https://www.nsf.gov/pubs/2021/

nsf21069/nsf21069.jsp)) as well as incorporating human behavior in epidemiological models

(IHBEM (https://www.nsf.gov/pubs/2023/nsf23546/nsf23546.htm)).

The goals of our study can be summarized as follows:
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• Develop a new SEIR-type epidemic model with time-dependent level of immunity, consider-

ing vaccine doses administrated and the time-post-vaccination dependent vaccine efficacy,

• Analyze the significant role of time-post-vaccination dependent vaccine efficacy in deter-

mining the size of the outbreak,

• Explore the explicit and implicit effects of the under-reporting in daily cases and deaths on

the magnitude of the outbreak and,

• Apply a predictive algorithm to estimate important parameters for understanding the epi-

demic progression.

The content of the paper is as follows. We discuss the data sources, model formulation and

calculate the basic epidemic quantities of the model in section (2). In section (3), we introduce

under-reporting in infected and death in the model formulation. Parameter estimation using

Physics Informed Neural Networks (PINNs) is discussed in section (4). Computational results

are discussed in section (5).

2 Materials andmethods

2.1 Data sources

We first describe the data sources utilized in our current study. To examine the vaccination

administration in China, we collected the time-series data of vaccination in China, from [10].

The trend in vaccination coverage can be visualized from the Fig 1. Furthermore, to support

our modelling results, we gathered data from a secondary source [11], which presents a com-

parative analysis of vaccine efficacies. The visual representation of these comparisons, dis-

played in Fig 2, provides valuable insights into the relative effectiveness of different vaccines.

Moreover, we used some reliable parameter values associated to our modelling, available in

some sources, as referenced in Table 1.

Note that, some of the parameters in Table 1 can be obtained from reliable sources, but, to

the best of our knowledge, the rest of the parameters in Table 1 are not available in the exist-

ing literature, in the context of COVID-19 in China after the relaxation of the zero-COVID

Fig 1. Real data of vaccination in China [10]. (a) Cumulative vaccination data V(t), (b) Daily vaccination data which approximately gives dV/dt.

https://doi.org/10.1371/journal.pone.0290368.g001
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policy. On the other hand, according to some sources [3, 4], after the relaxation of the zero-

COVID policy, the number of daily cases in China was in the magnitude of few millions per

day. Since, detailed time series data for COVID-19 in China is not available in the literature,

with the minimal information available at the sources [3, 4], we initially assumed some of the

parameter values which are not available in reliable sources, as indicated in Table 1. Assump-

tion of such parameter values is motivated by the daily number of cases obtained from our

model outcome reaches the magnitude of few millions per day (e.g., green curve in Figs 17(c)

and 18). However, later in this work, we employed a PINNs algorithm that helped to estimate

some of those parameters involved in our model, using the initial assumptions of the param-

eter values.

Fig 2. Comparison among the effectiveness of different vaccines ofCOVID-19. In China, mainly Sinopharm-Bejing,
Sinopharm-Wuhan, Sinovac, CanSinoBio vaccines were administrated (the red squares) [1, 9, 10]. This figure is taken
from [11].

https://doi.org/10.1371/journal.pone.0290368.g002

Table 1. Parameter values.

Parameters Description Value Units Source

N Total population 1.453 × 109 no. of people [20]

Transmission rate 11 day−1 —

σ Reciprocal of incubation period 1/4.35 day−1 [21]

r Rate at which exposed individuals become symptomatic 0.227 unit-less [22]

Relative transmission rate of asymptomatic infection 0.43 unit-less [23]

1 Rate of quarantine 0.001 day−1 —

2 Rate of hospitalization 0.0689 day−1 [24]

ξ Rate of hospitalization of quarantined 0.03 day−1 —

I Recovery rate of infected 0.9975 day−1 [25]

μI Death rate of infected 0.0025 day−1 [25]

A Recovery rate of asymptomatic 0.9975 day−1 —

H Recovery rate of hospitalized 0.9975 day−1 —

μH Death rate of hospitalized 0.0015 day−1 —

Q Recovery rate of quarantined 0.9975 day−1 —

V(t) Daily total vaccination data of China Fig 1 no. of people [10]

https://doi.org/10.1371/journal.pone.0290368.t001
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2.2 Model description

Let us suppose vaccination in China was started at time t = t0 = 0 and the zero-COVID policy

was relaxed from t = t1. Since there is negligible number of infection due to zero-COVID pol-

icy during the time interval [t0, t1], we neglect the acquired immunity due to infection,

whereas, during the same time interval, the level of immunity in the population increased due

to vaccination. Our main concern is to study the sudden large outbreak in a relatively shorter

period of time starting from t1 (i.e., the time when zero-COVID policy was relaxed), and we

assume that those who get recovered after time t1 do not become susceptible during our time

interval of study.

Here we consider following compartments: susceptible (S), exposed (E), asymptomatic (A),
infected (I), quarantined (Q), hospitalized (H), recovered (R) and deceased (D) with total pop-

ulation N is supposed to be a fixed constant.

Time dependent growth rates of each compartments, except S and D are given by

dE
dt

¼ bS
N
ðI þ aAÞ � sE ð1aÞ

dI
dt

¼ rsE� ðZ1 þ Z2 þ dI þ mIÞI ð1bÞ

dA
dt

¼ ð1� rÞsE� dAA ð1cÞ

dQ
dt

¼ Z1I � ðxþ dQÞQ ð1dÞ

dH
dt

¼ Z2I þ xQ� ðdH þ mHÞH ð1eÞ

dR
dt

¼ dII þ dAAþ dHH þ dQQ: ð1fÞ

Letm(t) denote the level of immunity due to vaccination given by

mðtÞ ¼ 1

N

Z t

0

fðt � ZÞV 0ðZÞdZ; ð2Þ

where V0( ) is nonnegative function which represents number of daily vaccinations and ϕ( )

is the efficacy of vaccine at the time-post-vaccination .Note.Here, the level of immunitym(t)
in Eq (2) is defined only in terms of the vaccine induced immunity. This definition ofm(t)
does not consider the acquired immunity developed within an individual after recovering

from the infection. This is because of the fact that there was negligible number of infection due

to zero-COVID policy.

Then the equation for susceptible can be written as:

SðtÞ ¼ N � ðEðtÞ þ IðtÞ þ AðtÞ þ QðtÞ þHðtÞ þ RðtÞ þ DðtÞ þ NmðtÞÞ: ð3Þ

A compartmental flow diagram of the model (1)-(3) is shown in Fig 3. Though the Eq (3)

determines S(t) in terms of all other compartments, this relation does not clearly explains how

the susceptible becomes exposed due to the interaction with the compartments I and A.
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Hence, we derive the governing differential equation for the S compartment which is deter-

mined by the interaction with the compartments I, A and the level of immunitym(t).
Differentiating both sides of the Eq (2) and using the Leibnitz rule for differentiation under

the integral sign, we get

dmðtÞ
dt

¼ 1

N
d
dt

Z t

0

�ðt � ZÞV 0ðZÞdZ

¼ 1

N

Z t

0

�0ðt � ZÞV 0ðZÞdZþ �ð0ÞV 0ðtÞ
� �

:

Assuming ϕ(0) = 0 we get

dmðtÞ
dt

¼ 1

N

Z t

0

�0ðt � ZÞV 0ðZÞdZ: ð4Þ

Now, differentiating (3) with respect to t and using the equations in system (1), we get,

dSðtÞ
dt

¼ � bS
N
ðI þ aAÞ � N

dmðtÞ
dt

: ð5Þ

Substituting the expression of dm/dt from (4) in (5), we get,

dSðtÞ
dt

¼ �bS
N
ðI þ aAÞ �

Z t

0

�0ðt � ZÞV 0ðZÞdZ: ð6Þ

The Eq (6) is the governing equation for the rate of change of the S compartment which

clearly explains how the rate of change of the S compartment depends on (i) the interaction of

the individuals in S compartment with the individuals in the compartments I, A, (ii) the vac-
cine efficacy function ϕ(t) and (iii) the number of vaccinated individuals V(t).

The growth rate of D(t) is given by

dD
dt

¼ mII þ mHH: ð7Þ

Fig 3. Compartmental flow diagram of the model (1).

https://doi.org/10.1371/journal.pone.0290368.g003
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Hence the full system can be written as follows:

dS
dt

¼ �bS
N
ðI þ aAÞ �

Z t

0

�0ðt � ZÞV 0ðZÞdZ ð8aÞ

dE
dt

¼ bS
N
ðI þ aAÞ � sE ð8bÞ

dI
dt

¼ rsE� ðZ1 þ Z2 þ dI þ mIÞI ð8cÞ

dA
dt

¼ ð1� rÞsE� dAA ð8dÞ

dQ
dt

¼ Z1I � ðxþ dQÞQ ð8eÞ

dH
dt

¼ Z2I þ xQ� ðdH þ mHÞH ð8fÞ

dR
dt

¼ dII þ dAAþ dHH þ dQQ ð8gÞ

dD
dt

¼ mII þ mHH: ð8hÞ

2.3 Positivity and boundedness of solution

We assume that the vaccine efficacy function ϕ(t) is zero at t = 0 and monotonically increases

up to t ¼ ~t , and after that it is monotonically decreasing. Under this assumption we have,

�0ðtÞ � 0 for 0 < t � ~t; and �0ðtÞ � 0 for t > ~t:

Also, we assume that when the number of susceptible is close to 0 then we can stop new vac-

cination. Without any loss of generality we suppose that t = t is the first time when S(t ) = 0.

Then from the epidemiological point of view, we assume

V 0ðtÞ ¼ 0; for t 2 ½maxf0; t � ~tg; t �: ð9Þ

Now, from (8a), we can write

dS
dt

¼ �bS
N
ðI þ aAÞ �

Z t

0

�0ðt � ZÞV 0ðZÞdZ

¼ �bS
N
ðI þ aAÞ �

Z t

0

�0ðZÞV 0ðt � ZÞdZ:

Evaluating dS
dt at t = t , we find,

dS
dt

���
t¼t

¼ �bSðt Þ
N

ðIðt Þ þ aAðt ÞÞ �
Z t

0

�0ðZÞV 0ðt � ZÞdZ

¼ �
Z t

0

�0ðZÞV 0ðt � ZÞdZ:

PLOS ONE Understanding the implications of under-reporting, vaccine efficiency and social behavior

PLOSONE | https://doi.org/10.1371/journal.pone.0290368 November 16, 2023 8 / 27



Now, if t < ~t then using (9) we get V0(t) = 0 when t 2 [0, t ]. Then we get

dS
dt

���
t¼t

¼ �
Z t

0

�0ðZÞV 0ðt � ZÞdZ ¼ 0: ð3Þ

If t � ~t then using (9) we get V0(t) = 0 when t 2 ½t � ~t; t �. Then we get

dS
dt

���
t¼t

¼ �
Z
0~t
�0ðZÞV 0ðt � ZÞdZ�

Z t

~t
�0ðZÞV 0ðt � ZÞdZ

¼ �
Z t

~t
�0ðZÞV 0ðt � ZÞdZ � 0;

since, ϕ0( )� 0 for ~t � Z � t , and V0( )� 0 for all � 0. Hence in both the cases we find,
dS
dt jt¼t � 0. This proves that if S(0)> 0, then S(t)� 0 for all t> 0. Now to prove the positivity

of the other compartments we follow the same approach as in [26]. Let

7
þ ¼ fðE; I;A;Q;H;R;DÞ 2 7 : E; I; A; Q; H; R; D � 0g

denote the non-negative cone of 7 and denote

XðtÞ ¼ ðEðtÞ; IðtÞ;AðtÞ;QðtÞ;HðtÞ;RðtÞ;DðtÞÞ 2 7
þ:

Then we have the following inequalities:

dE
dt

����
E¼0;XðtÞ2 7

þ

¼ bS
N
ðI þ aAÞ � 0;

dI
dt

����
I¼0;XðtÞ2 7

þ

¼ rsE � 0;

dA
dt

����
A¼0;XðtÞ2 7

þ

¼ ð1� rÞsE � 0;
dQ
dt

����
Q¼0;XðtÞ2 7

þ

¼ Z1I � 0;

dH
dt

����
H¼0;XðtÞ2 7

þ

¼ Z2I þ xQ � 0;
dR
dt

����
R¼0;XðtÞ2 7

þ

¼ dII þ dAAþ dHH þ dQQ � 0;

dD
dt

����
D¼0;XðtÞ2 7

þ

¼ mII þ mHH � 0:

This ensures that if we start with a non-negative initial condition then the system is invari-

ant in 7
þ: Now using the Eq (3) we can write,

0 � SðtÞ þ EðtÞ þ IðtÞ þ AðtÞ þ QðtÞ þHðtÞ þ RðtÞ þ DðtÞ � N;

for all time t� 0, which proves the boundedness of solution of the system (8).

2.4 Controlled reproduction number

In this article we are considering the situation not from the onset of epidemic progression

rather we are starting from an intermediate time point. Hence we will be interested on effective

reproduction number rather than so called basic reproduction number. Further, at the tar-

geted initial time the vaccination drive is already started and hence the obtained threshold will

be somewhat controlled reproduction number.
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Suppose vaccination in China was started at time t = t0 = 0 and the zero-COVID policy was

relaxed from t = t1, and since, in China there was negligible infection as compared to the total

population during [t0, t1], we neglect infections, recovery and death in the interval [t0, t1], and
we suppose the infection enters the population at time t = t1. Hence our interest is to determine

the reproduction number at time t = t1. Consider the equilibrium point (S(t1), 0, 0, 0, 0, 0, 0,
0). Now,

Sðt1Þ ¼ Nð1�mðt1ÞÞ ¼ N � R t1
0
�ðt1 � ZÞV 0ðZÞdZ:

We use the next generation matrix approach [27], to calculate the controlled reproduction

number the details of which is in Sec.7.

The controlled reproduction numberRc at time t = t1 is given by:

Rc ¼ bSðt1Þr
NðZ1 þ Z2 þ dI þ mIÞ

þ abð1� rÞSðt1Þ
dAN

¼ ð1�mðt1ÞÞ
br

Z1 þ Z2 þ dI þ mI
þ abð1� rÞ

dA

� �

¼ 1� 1

N

Z t1

0

�ðt1 � ZÞV 0ðZÞdZ
� �

br
Z1 þ Z2 þ dI þ mI

þ abð1� rÞ
dA

� �
:

ð10Þ

The above expression of the controlled reproduction number depends upon the vaccine

efficacy ϕ( ) and the daily number of vaccinations V0( ). This expression of reproduction

number suggests that a lower level of immunity at time t1 leads to larger value ofRc and conse-

quently a larger peak of epidemic.

3 Under-reporting in infected and in death: A reason for larger
epidemic peak
Under-reporting in infected is an important aspect that can significantly influence the spread

of epidemic. Here, by the term under-reporting in infected, we mean a subclass of the symp-

tomatic infected individuals where individuals do not move from the symptomatic infected

compartment to the quarantine or hospitalization. The symptoms onset of an infected individ-

ual is mainly determined by the total viral load in the upper respiratory track of an infected

individual. Asymptomatic individuals generally have lower viral loads [28–30] and conse-

quently the disease transmission rate is also smaller for them. Whereas, a symptomatic infected

has a higher viral load inside his/her body and consequently the transmission rate is higher for

them. Thus under-reporting in the symptomatic infected compartment can play a crucial role.

Since, the asymptomatic individuals do not develop any infection related symptoms, they

are not tested for the infection and their numbers remain unaccounted for in the official rec-

ords. In contrast, the complete reporting of symptomatic individuals can be made compulsory

but which is not the case for COVID-19 due to various reasons. One possible explanation for

under-reporting lies in the individual-level use of testing kits. In this scenario, individuals who

test positive may not be included in the reported data due to the lack of awareness of the indi-

viduals. Furthermore, symptomatic individuals, despite being conscious of their infectious-

ness, may not encourage reporting due to many reasons like, fear of social stigma and

discrimination, government policies etc. These factors collectively contribute to the challenge

of achieving complete reporting of symptomatic cases in the context of COVID-19. As a mat-

ter of fact, from the controlling perspectives, we consider under-reporting as an important fac-

tor which is defined as the proportion of symptomatic cases who were not reported to the

surveillance authority [31]. To account for under-reporting in symptomatic compartment, we
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introduce a new parameter u 2 (0, 1] representing a fraction of symptomatic cases that are

reported. Accordingly, I1(t) and I2(t) represent the reported and under reported infected com-

partments which are two sub-compartments of the symptomatic compartment I in system (8).

To be precise, I1 = urσE and I2 = (1 − u)rσE. In the presence of under-reporting, the growth

equations for I1 and I2 compartments are given by:

dI1
dt

¼ ursE� ðZ1 þ Z2 þ dI þ mIÞI1 ð11aÞ

dI2
dt

¼ ð1� uÞrsE� ðdI þ mIÞI2: ð11bÞ

The complete model with I1 and I2 compartments is described in (16) at Appendix. (7.2) in

S1 Appendix. In the complete model, the new parameter u is the relative transmission rate of

the under-reported compartment and all other parameters are same as described earlier for

the model (8).

3.1 Controlled reproduction number

Now, we find the controlled reproductive number for the under-reported system (see 16 in

Sec. 7). Consider the equilibrium point (S(t1), 0, 0, 0, 0, 0, 0, 0, 0). Now,

Sðt1Þ ¼ Nð1�mðt1ÞÞ ¼ N �
Z t1

0

�ðt1 � ZÞV 0ðZÞdZ:

We use the next generation matrix approach [27], to calculate the controlled reproduction

number. Details of the calculations are given in 7.2.

The reproduction number at time t = t1 is the spectral radius of the matrix FV−1 and is

given by:

R1
c ¼ bSðt1Þur

NðZ1 þ Z2 þ dI þ mIÞ
þ aubð1� uÞrSðt1Þ

dI þ mI
þ abð1� rÞSðt1Þ

dAN

¼ ð1�mðt1ÞÞ
bur

Z1 þ Z2 þ dI þ mI
þ aubð1� uÞr

dI þ mI
þ abð1� rÞ

dA

� �

¼ 1� 1

N

Z t1

0

�ðt1 � ZÞV 0ðZÞdZ
� �

bur
Z1 þ Z2 þ dI þ mI

þ aubð1� uÞr
dI þ mI

þ abð1� rÞ
dA

� �
:

Note: If u = 1, thenR1
c ¼ Rc, and for any u 2 (0, 1),R1

c � Rc. In Fig (4), a comparison

between the controlled reproduction numbers with under-reporting and without under-

reporting is shown. Note that u = 1 corresponds to the case of no under-reporting, and in that

case both the reproduction numbersR1
c andRc are equal. As the value of u decreases, the

reproduction numberR1
c increases (blue curve).

3.2 Imitation dynamics of under-reporting in infected

In the context of COVID-19 in China, when the zero-COVID policy was relaxed, then there

might be sudden significant changes in human behavior. Since, the govt. relaxed the restric-

tions and the BA.2 sub-variant of Omicron was comparatively less severe, people may be

inclined towards under-reporting. In addition to that, the imitation dynamics can also play a

crucial role in under-reporting. An individual who initially was inclined towards reporting,

may change his/her mind towards under-reporting when he/she finds people around him/her

who are inclined towards under-reporting, and vice-versa. Thus in more realistic scenario, the
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proportion of under-reporting can depend on the behaviors of individuals and one of the

important behavior is the imitation.

Under-reporting can be considered as a type of game dynamics, similar to the imitation

game. In the imitation game, individuals observe the behavior of their peers and adopt similar

strategies in order to achieve a certain outcome. Similarly, in situations where reporting is

required, individuals may observe the behavior of others and adopt similar strategies. The payoff

regarding the imitation game dynamics, represents the benefit or cost associated with a particu-

lar action or strategy, and the payoffs are typically taken as negative for the following reasons:

i. Reporting carries some cost: Reporting often involves some monetary cost, as well as the

time and effort required to be quarantined or hospitalized. This cost is typically reflected as

a negative payoff.

ii. Some people may perceive quarantine, a consequence of reporting, as an unpleasant experi-

ence, which may also be reflected as a negative payoff.

iii. The negative consequences of under-reporting: Under-reporting can result in negative con-

sequences, such as spreading the disease to others, severity of the infection and potentially

even death. These negative consequences are typically reflected as negative payoffs.

Suppose, −pr denotes the payoff related to reporting, where, pr accumulates some monetary

cost, as well as the time and effort required to be quarantined or hospitalized, and −pu is the
payoff related to under-reporting, where, pu is the perceived risk of suffering serious condi-

tions and sometimes death due to infection. These perceived risk (or cost) factors pr and pu
typically lie between 0 and 1 because they are usually expressed as the probabilities or percent-

ages, where, 0 represents no risk (or cost) and 1 represents highest possible risk (or cost). The

net payoff gain DP is defined by

DP ¼ �pr � ð�puÞ ¼ �pr þ pu:

Fig 4. The red and blue color correspond to the controlled reproduction numbers with under-reporting and
without under-reporting respectively. All other parameter values are same as in the green curves in Fig (17).

https://doi.org/10.1371/journal.pone.0290368.g004
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Then the human behavior based imitation dynamics of u is described by (following the der-
ivation by Bauch [32]):

du
dt
¼ cDPuð1� uÞ ¼ cð�pr þ puÞuð1� uÞ; ð12Þ

where, c is the imitation rate. It is important to mention here that the initial condition for u
lies between 0 and 1, i.e., 0� u(0)� 1.

Constant rate of under-reporting in infected. Note that, if the net payoff gain is zero,

i.e., DP ¼ 0, then
du
dt
¼ 0; which is the situation of constant rate of under-reporting.

4 Parameter estimation using physics informed neural networks
One of the challenges in using compartmental models with associated differential equation sys-

tem to describe the dynamics is the estimation of parameters for given data. Usually, parameters

may be estimated from observed patterns in the data, but transmission rates often have to be

computed using heuristic algorithms that are computationally or statistically motivated. In the

recent years, there have been new approaches withmachine learning to discover parameters [17].

One of these approaches includes Artificial Neural Networks (ANN) which are motivated by the

human neural system where each neuron is represented with a node, signals are inputs, and syn-

apse is represented as a function evaluation. Each neuron is connected to different neurons in

multiple layers, which leads to decrease the error using non-linear approximations. ANN have

been used in regression and classification tasks in the last few years. By adding the physics behind

the given problem, i.e., the system of equations, a new approach was proposed called Physics-

Informed Neural Networks or PINNs [18]. These neural networks encode model equations, like

Partial Differential Equations (PDEs), as a component of the neural network itself [33].

This approach aims to solve two main classes of problems: data-driven solution and data-
driven discovery of differential equations. It is a fast and mesh-free method. However, it is still

in early development but is starting to be applied to infectious diseases. Recently, Disease

Informed Neural Networks (DINNs) was proposed to leverage the hidden physics of infectious

diseases and infer the latent quantities of interest by approximating them using PINNs [19].

The neural network architecture for system (8a) and (8b) is showed in Fig 5.

For the function t! (S, E, I, A, Q,H, R, D), the system (8a)-(8h) corresponds to the follow-

ing residuals:

LS ¼ dS
dt
þ bS

N
ðI þ aAÞ þ

Z t

0

�0ðt � ZÞV 0ðZÞdZ;

LE ¼ dE
dt
� bS

N
ðI þ aAÞ þ sE;

LI ¼ dI
dt
� rsEþ ðZ1 þ Z2 þ dI þ mIÞI;

LA ¼ dA
dt
� ð1� rÞsEþ dAA;

LQ ¼ dQ
dt
� Z1I þ ðxþ dQÞQ;

LH ¼ dH
dt
� Z2I � xQþ ðdH þ mHÞH;

LR ¼ dR
dt
� dII � dAA� dHH � dQQ;

LD ¼ dD
dt
� mII � mHH:
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This neural network is trained using temporal data, which estimate the best values of the

model parameters without much prior information. Let the unknown solution be a vector of

eight components such that

uðt; lÞ ¼ ½Sðt; lÞ; Eðt; lÞ; Iðt; lÞ;Aðt; lÞ;Qðt; lÞ;Hðt; lÞ;Rðt; lÞ;Dðt; lÞ�>

where are the parameters related to the disease dynamics, and a known initial condition u
(0).

The training data has been discretized, as time {tj} and solution {uj}, where j = 0, 1, . . ., Ndata

such that t0 = 0 corresponds to an initial condition. The goal then is to train a neural network

with parameters ( >, θ>)> where θ is a concatenation of weights and biases for each artificial

neuron. The optimization process obtains a vector ðl̂>; ŷ>Þ> and an approximation ûjðl̂; ŷÞ
using the following loss function

Lðl̂; ŷÞ ¼ oodeLodeðl̂; ŷÞ þ oicLicðl̂; ŷÞ þ odataLdataðl̂; ŷÞ

where ωode, ωic and ωdata are the loss weights of the loss functions of the system of differential

equations, initial conditions and training data, respectively. While the overall loss function is

decomposed in other three parts, the loss function from the differential equation may be

expressed as:

Lodeðl̂; ŷÞ ¼ LSðl̂; ŷÞ þ LEðl̂; ŷÞ þ LIðl̂; ŷÞ þ LAðl̂; ŷÞ
þ LQðl̂; ŷÞ þ LHðl̂; ŷÞ þ LRðl̂; ŷÞ þ LDðl̂; ŷÞ:

The loss function corresponding to the data maybe expressed as:

Ldataðl̂; ŷÞ ¼
X8

i¼1

1

Ndata

XNdata

j¼1
ðuj

i � ûj
iðl̂; ŷÞÞ2:

Fig 5. Neural Network architecture for DINNs applied to system (8a)-(8h).

https://doi.org/10.1371/journal.pone.0290368.g005

PLOS ONE Understanding the implications of under-reporting, vaccine efficiency and social behavior

PLOSONE | https://doi.org/10.1371/journal.pone.0290368 November 16, 2023 14 / 27



The loss function corresponding to the initial condition may be expressed as:

Licðl̂; ŷÞ ¼
X8

i¼1
ðu0

i � û0
i ðl̂; ŷÞÞ2

where ui for i = 1, . . ., 8 corresponds to solution to each compartment in system (8a)–(8h), for

example, u1 corresponds to S, u2 corresponds to E and so on until u8 corresponds to D. Algo-
rithm 1 shows how to estimate u(t; ) and the parameters .

Algorithm 1: DINN algorithm.
. . .

^ l̂
l̂0 ŷ0

Lðl̂; ŷÞ

. . .

Lðl̂iter�1; ŷiter�1Þ

ŷiter�1
ŷiter

^iter l̂iter

^maxiter
l̂maxiter

For our computations, we first estimated,

dm
dt
¼ 1

N

Z t

0

�0ðt � ZÞV 0ðZÞdZ: ð13Þ

Specifically, we first estimated the best-fit sigmoid function for V( ) using the real-data for

vaccinations from Jan 2021 to Jan 2023 [10] given by:

~V ðtÞ ¼ v1 1� v2
v2 þ t4

� �

where v1 = 0.904733394 and v2 = 1.16081503 × 109. Fig 6 shows the fit for this function in com-

parison to the vaccination data and we use the derivative of the function in Eq (13).

We then calculated ϕ(t) using specific values of (b, c) = (0.231, 0.0084), for a particular

choice of the vaccine efficacy function ϕ(t) by the acquisition-fading kernel, as given in Eq

(14). From the explicit form that we obtain for ϕ(t), we compute ϕ0(t − ) to be used in Eq (13).

Once the integral in Eq (13) is numerically computed, this is explicitly used in solving the

system (8a)-(8h) using the DINNs approach explained earlier. The neural network was able to

learn the dynamics of the system (8a)-(8h) (see Fig 7).

As a first experiment, we fixed every parameter but we applied the framework only for esti-

mating , the rest of the parameters were fixed. Fig 8 shows the learning history of the DINNs

framework. For this experiment in particular we fixed = 11 and the approximation was

b̂ ¼ 10:6782, which means a relative error equals to 0.02924.

In order to study the robustness of the framework we have run the model 40 times. Fig 9

shows there is no a large variation of the error. Similarly, Fig 10 shows the average learning
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Fig 6. Proportion of population vaccinated and curve fitting.

https://doi.org/10.1371/journal.pone.0290368.g006

Fig 7. System (8a)-(8h) estimation using synthetic data, dots correspond to training data and lines correspond to
DINNs prediction.

https://doi.org/10.1371/journal.pone.0290368.g007

Fig 8. Learning history of parameter estimation (only ) of system (8) using DINNs.

https://doi.org/10.1371/journal.pone.0290368.g008
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history of with a 95% confidence interval corresponding to the 40 simulations. Since this

confidence interval is small we can support the robustness of this model as well.

4.1 Multi-parameter estimation

The predictive reliability of any inverse algorithm depends on its ability to apply the technique

to estimate multiple parameters. In traditional non-linear least-squares approaches, it is well

known that the approximations start to become worse when such optimization techniques try

to estimate more parameters. Here we apply the DINNs approach described in this article to

estimate more parameters next.

Fig 9. Box-plot (left) and violin-plot (right) of the relative error of estimation corresponding to 40 simulations.

https://doi.org/10.1371/journal.pone.0290368.g009

Fig 10. Mean learning history and its 95% confident interval of estimation corresponding to 40 simulations.

https://doi.org/10.1371/journal.pone.0290368.g010
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Specifically, we try to estimate two parameters, namely, and A, where data prediction is

similar to the first experiment. Fig 11 shows the learning history of these two parameters and

Table 2 summarizes predictions and relative errors.

The next experiment considered the under-reported scenario corresponding to system (16)

where we estimated , A and u. Fig 12 shows the learning history of these two parameters and

Table 3 summarizes predictions and relative errors.

Next, we used the same system (16) but now considering u as a function, as defined in Eq

(15) and pu(θ) = ρ(1 − θ). We ran a similar experiment to learn the parameters , A and θ. See
Fig (13) for parameter prediction history and Table 4 summarize parameters estimation with

its relative errors.

4.2 Influence of noise

To measure the robustness of our approach for the estimation approach to system (8), we per-

turb the data with different levels of noise (1%, 5% and 10%) on each compartment and then

estimate . Similar to the first estimation (single parameter) for studying robustness of the

framework, we ran 30 simulations of each noise level. Figs 14 and 15 are box-plots and violin-

plots of each noise level, showing what would be expected, this is, to increasing the noise

results also increase the relative error and its spread as well. The history learning (see Fig 16)

shows the same behavior, more noise increase the error and the confidence interval, but it is

proportional to the noise level added to the training data.

4.3 Influence of missing data

Another measurement of robustness of an optimization technique is how the method predicts

solutions when data is limited. In order to simulate it, we removed randomly 10%, 25% and

50% data points for the estimation of = 11 in the system of Eq (8). Table 5 shows that even

Fig 11. Learning history of parameter estimation ( and A) of system (8) using DINNs.

https://doi.org/10.1371/journal.pone.0290368.g011

Table 2. Parameter predictions and relative errors for system (8) using DINNs.

Real Predicted Rel. Error

11 10.7587 0.02193

A 0.9975 0.9915 0.00596

https://doi.org/10.1371/journal.pone.0290368.t002
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with increasing amount of missing data, the neural network method proposed herein, per-

forms very well.

5 Results and findings

5.1 Effect of vaccine efficacy on epidemic progression

In this subsection, we study the effect of the vaccine efficacy on the disease progression with

the help of numerical simulation. Here, we set t = 0 at the time when the vaccination started

i.e., 15 December, 2020 for China, and t1 is 1st November, 2022 (because the outbreak started

around the first week of November 2022, as per Worldometer data). The plot of V(t) for real
data of cumulative vaccination in China starting from 15 December, 2020 to 23 December,

2022 is shown in Fig 1.

Effect of ϕ( ) onRc. Here, we study the effect of vaccine efficacy on the controlled repro-

duction numberRc. Vaccine efficacy begins to rise shortly after vaccination, reaching its peak

after a few weeks (or months), and then it gradually declines over time-post-vaccination, due

to waning of immunity [34]. To represent this pattern of vaccine efficacy, we consider a partic-

ular choice of the vaccine efficacy function by the acquisition-fading kernel, given by

�ðtÞ ¼ Aðe�bt � e�ctÞ; ð14Þ

where, b is the fading rate, c is the acquisition rate, b 6¼ c, and A = 1/((c/b)(b/(b−c)) − (c/b)(c/(b−c))).
For this particular choice of ϕ, in Fig 17a, we plot the controlled reproduction numberRc as a

function of b and c. From Fig 17, we observe thatRc significantly depends upon the fading and

acquisition parameters b and c respectively.
Note. The value ofRc is significantly small in case of smaller values of both the fading and

acquisition parameters b and c respectively. Thus, a vaccine efficacy function with slow acqui-

sition and slow decaying nature, can effectively control the epidemic progression. If the vac-

cine efficacy rapidly decays (as in the green curve in Fig 17(b)), then theRc is very high

(around 5.25 for the green curve), whereas, if the vaccine efficacy decays slowly (as in the red

curve in Fig 17(b)), then theRc is significantly smaller (around 1.42 for the red curve).

Fig 12. Learning history of parameter estimation ( , A and u) of system (16) using DINNs.

https://doi.org/10.1371/journal.pone.0290368.g012

Table 3. Parameter predictions and relative errors for system (16) using DINNs.

Real Predicted Rel. Error

11 10.7269 0.02481

A 0.9975 0.9927 0.00472

u 0.5 0.5091 0.01825

https://doi.org/10.1371/journal.pone.0290368.t003
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Effect of ϕ( ) on daily cases. To numerically investigate the effect of vaccine efficacy and

its duration on the daily number of cases of the infection, we numerically simulate the model

(8) with parameter values given in Table 1, along with the efficacy function defined in (14).

The vaccination data V(t) is shown in Fig 1. The initial conditions are: S(t1) = N − 1, E(t1) = 0,

I(t1) = 1, A(t1) = 0, Q(t1) = 0,H(t1) = 0, R(t1) = 0 and D(t1) = 0, where t1 is 1st November, 2022

(as the outbreak started around the first week of November 2022, as per Worldometer data).

We assumed the value of = 11 to get the daily cases in the order of 107. We simulate the

model (8) with the vaccine efficacy function ϕ( ) (as in (14)) for the set of values of the acquisi-

tion and rate parameters as follows: (b, c) = (0.231, 0.0084), (0.061, 0.0033), (0.271, 0.0043),

and (0.1, 0.004), corresponding to the green, red, black and blue curves, respectively, in Fig

17a and 17b. The simulation results for the daily cases are shown in Fig 17c by respective colors

in Fig 17a and 17b. We observe that there is no outbreak corresponding to the red curves,

whereas, the green curves produce a very large peak of the outbreak. Thus, although the num-

ber of vaccinated individuals are same, the less efficacy of the vaccine (i.e., the efficacy is decay-

ing quickly) can lead to significantly different type of epidemic progression. In other words,

the less effectiveness of the vaccine may be one of the reasonable factor to have faster epidemic

growth and a large number of daily infected cases.

5.2 Under-reporting in death

Based upon the information available in various news media, there were under-reporting in

death in China [12, 13]. Although, the under-reporting in death has no direct impact on the

disease transmission, but it can indirectly influence the human behavior. If people receive sup-

pressed data of death, then based upon that suppressed data people may decide that the sever-

ity and mortality of the disease is less, and this decision has an impact on −pu (the payoff
related to under-reporting of infected). To capture this implicit influence of under-reporting

in death on the epidemic progression, we introduce another parameter θ 2 [0, 1], which repre-

sents the proportion of under-reporting in death. Since the perceived payoff related to under-

reporting of infected depends upon the information about the morbidity due to infection, we

Fig 13. Learning history of parameter estimation ( , A and θ) of system (16) and Eq (15) using DINNs.

https://doi.org/10.1371/journal.pone.0290368.g013

Table 4. Parameter predictions and relative errors for system (15) and (16) using DINNs.

Real Predicted Rel. Error

11 10.33896916 0.060093713

A 0.9975 0.979012692 0.018533643

θ 0.6 0.557463108 0.070894819

https://doi.org/10.1371/journal.pone.0290368.t004
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can assume that the payoff related to under-reporting of infected is a function of θ, i.e., −pu(θ).
Then the Eq (12) becomes:

du
dt
¼ cð�pr þ puðyÞÞuð1� uÞ: ð15Þ

In a particular we can choose

puðyÞ ¼ rð1� yÞ;

where, θ is the proportion of death that is suppressed, and consequently, the proportion of

reported information of death is (1 − θ). Just to explain, if θ = 1, which means all the deaths are

under reported, then people may receive the information that the disease related death rate is

Fig 14. Box-plot of the relative error of estimation corresponding to 30 simulations of each noise level (1%, 5%
and 10%).

https://doi.org/10.1371/journal.pone.0290368.g014

Fig 15. Violin-plot of the relative error of estimation corresponding to 30 simulations of each noise level (1%,
5% and 10%).

https://doi.org/10.1371/journal.pone.0290368.g015
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zero, then,

puðyÞ ¼ rð1� yÞ ¼ 0;

which implies from (15),

du
dt

¼ cð�pr þ puÞuð1� uÞ
¼ �cpruð1� uÞ:

This shows u is decreasing, which signifies the fact that people are becoming more inclined

due to under-reporting. Thus under-reporting in death as well as in infected can influence the

epidemic progression.

We explain the implicit effect of under-reporting in death in the decision making of indi-

viduals which has an impact on determining the size of the epidemic peak. We simulate system

(15) and (16) for three scenarios as follows:

i. Scenario-I: θ = 0.05, which means that only 5% data of death are under-reported or

suppressed.

ii. Scenario-II: θ = 0.6, which means that 60% data of death are under-reported or suppressed.

iii. Scenario-III: θ = 0.95, which means that 95% data of death are under-reported or

suppressed.

Fig 16. Mean learning history and its 95% confident interval of estimation corresponding to 30 simulations of
each noise level (1%, 5% and 10%).

https://doi.org/10.1371/journal.pone.0290368.g016

Table 5. = 11 estimation and relative errors for system (8) using DINNs with different percentage of missing
data.

Noise Predicted Rel. Error

10% 10.416714 0.053026

25% 10.738632 0.023761

50% 11.138561 0.012596

https://doi.org/10.1371/journal.pone.0290368.t005
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For these three possible scenarios, the simulated results for the daily cases are shown in

Fig 18, where, Scenario-I, Scenario-II, and Scenario-III correspond to the blue, green and

red curves respectively, in Fig 18. Although, the death data has no direct influence on disease

progression, still, Fig 18 shows that, the suppression of death data can influence the epidemic

progression implicitly through human behavior. In Fig 18, the red curve which correspond

to the suppression of 95% of the death data, gives a higher peak, whereas, the blue curve

which correspond to the suppression of only 5% of the death data can reduce the height of

the epidemic peak. In Fig 19, we plot the maximum of daily cases as a function of pr and θ,
which explains the effect of both pr and θ in determining the maximum height of the

epidemic.

Fig 17. (a) Plot of the controlled reproduction numberRc as a function of the fading rate b and the acquisition rate c as described in the formula (14);
(b) Plot of the acquisition-fading kernel type vaccine efficacy function ϕ(t) = A(e−bt − e−ct) (see, formula (14)) corresponding to different choice of b and
c as follows: (b, c) = (0.231, 0.0084) (green), (b, c) = (0.061, 0.0033) (red), (b, c) = (0.271, 0.0043) (black), (b, c) = (0.1, 0.004) (blue) and the
corresponding values ofRc are indicated by the dots of corresponding color in the panel (a); (c) The number of daily cases for different choice of (b, c)
are shown by corresponding colors.

https://doi.org/10.1371/journal.pone.0290368.g017

Fig 18. Daily cases for θ = 0.05 (blue), θ = 0.6 (green), θ = 0.95 (red).We assume that pu(θ) = ρ(1 − θ). The
parameter values are: u = 1.5, pr = 0.4, ρ = 0.9, c = 0.8, u(0) = 0.8, and all other parameters are same as before.

https://doi.org/10.1371/journal.pone.0290368.g018
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6 Discussion
In the late 2019, the novel coronavirus SARS-CoV-2 emerged in China and rapidly spread to

other parts of the world. To control the transmission of the disease, China implemented strict

measures through the zero-COVID policy. With positive intentions, zero-COVID policy

aimed to completely eliminate the transmission of COVID-19 in China. Apart from the social

and economic issues, another drawback of China’s zero-COVID policy was the low level of

immunity achieved due to negligible infection, which prevented the country from attaining

acquired immunity in its population [35]. This low immunity left a significant portion suscep-

tible to the virus, contributing to the subsequent surge in cases after policy relaxation. Towards

the end of 2022, China began gradually relaxing its zero-COVID policy and the reports in the

media suggested a subsequent rapid spread of epidemic [3–6].

Our study aims to investigate the factors contributing to a large outbreak observed in China

in the beginning of 2023. An SEIR-type epidemic model is developed that incorporates a time-

dependent level of immunity, taking into account the number of vaccine doses administered

and the efficacy of the vaccine.

The sudden outbreak following the relaxation of the zero-COVID policy in early November

2022 can be explained by the controlled reproduction number (Rc) at that time t = t1 (beginning
of the outbreak in early November 2022 in China). The expression ofRc in (10) shows thatRc

is inversely proportional to the level of immunitym(t). Without a zero-COVID policy and a sig-

nificant prior infection in the population, the level of immunity at time t1 would be as follows:

~mðt1Þ ¼ mðt1Þ þ
1

N

Z t1

0

cðt1 � ZÞR0ðZÞdZ > mðt1Þ;

where, ψ(ξ) is the efficacy of the acquired immunity which depends on the time-post-recovery ξ
and R0( ) is the daily new recovery at time . Consequently, the immunity level without the

zero-COVID policy ~mðt1Þ, would exceed the immunity level with the policym(t1). This would
lead to a comparatively lower value ofRc in case of no zero-COVID policy, which indicates a

lower peak of the outbreak. However, the use of acquired immunity of recovered to achieve

herd immunity in the population is advisable only when the infection is less fatal (e.g.,

Omicron).

Fig 19. Maximum of daily cases is plotted as a function of pr and θ.We assume that pu(θ) = ρ(1 − θ). The parameter
values are: u = 1.5, ρ = 0.9, c = 0.8, u(0) = 0.8, and all other parameters are same as before.

https://doi.org/10.1371/journal.pone.0290368.g019
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Immunity waning is an important factor which leads to a variation in the level of immunity

in the population and consequently it has a significant influence in the emergence of new out-

breaks. This immunity waning is considered in our definition ofm(t) (see formula (2)) by the

time post vaccination dependent vaccine efficacy. A vaccinated individuals do not immediately

reach maximum immunity after vaccination, but rather experience a gradual increase, peak,

and subsequent decrease in immunity. This variation is captured through acquisition fading

kernels in our model (see formula (14)).

The level of immunity in the population is also influenced by the dynamics of vaccination,

for which we directly utilize available data sources. Our approach avoids the introduction of

an additional compartment in the model to represent vaccination dynamics, simplifying the

model while still considering the impact of vaccination on immunity levels.

Additionally, our model incorporates the imitation dynamics of individuals switching strat-

egies based on net payoffs. Notably, our study explores the implicit effect of under-reporting

in death data on individuals’ decision-making processes. To the best of our knowledge, there is

no existing mathematical study that explicitly addresses this aspect, highlighting the novelty of

our research.

The modeling results of the study demonstrate that time-post-vaccination dependent vac-

cine efficacy plays a significant role in determining the size of the epidemic outbreak. Also,

this work describes the fact that accurate and transparent reporting of daily cases and deaths is

crucial to ensure individuals maintain a realistic understanding of the situation. In conclusion,

the study emphasizes the importance of considering time-dependent vaccine efficacy and

accurate reporting of daily cases and deaths in understanding and controlling the magnitude

of an outbreak. The findings highlight the need for highly effective vaccines with durable

immunity and transparent reporting systems to effectively combat the spread of COVID-19

and minimize the impact on public health and the economy. In addition, we introduce a novel

neural network-based algorithm, specifically a Physics Informed Neural Networks (PINNs), to

quantify parameters in the model by learning from the data. This algorithm aids in estimating

critical parameters that contribute to understanding the dynamics of the epidemic. We

strongly believe that this algorithm will help researchers to estimate many crucial parameters

effectively, by learning the data.

The model developed in this work is generic and can be used for other epidemic diseases, but

this model is based on several simplifying assumptions due to the lack of specific data. We

assumed equal effectiveness for all vaccine doses and did not differentiate between individuals

who received the first dose, second dose, or booster dose of the vaccine. Future research can

incorporate more accurate data on vaccine efficacy and distinguish between different vaccine

doses to calculate immunity levels more precisely. Furthermore, we assumed a homogeneous

population with similar immune status for each individual. However, factors such as age can

influence an individual’s immune status, and future investigations can extend the model to intro-

duce population heterogeneity through age-structured modeling. Regarding under-reporting,

we assumed that the payoff related to under-reporting in infections is a function of the propor-

tion of under-reporting in deaths, represented by pu(θ) = ρ(1 − θ), where θ represents the pro-
portion of under-reporting in deaths. Future studies can explore different choices of the function

pu(θ) to further analyze the impact of under-reporting on individuals’ decision-making.
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