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Abstract—In this work, we present a particle-based SEIR
epidemic simulator as a tool to assess the impact of dif-
ferent vaccination strategies on viral propagation and to
model sterilizing and effective immunization outcomes. The
simulator includes modules to support contact tracing of
the interactions amongst individuals and epidemiological
testing of the general population. The particles are dis-
tinguished by age to represent more accurately the infec-
tion and mortality rates. The tool can be calibrated by re-
gion of interest and for different vaccination strategies to
enable locality-sensitive virus mitigation policy measures
and resource allocation. Moreover, the vaccination policy
can be simulated based on the prioritization of certain
age groups or randomly vaccinating individuals across all
age groups. The results based on the experience of the
province of Lecco, ltaly, indicate that the simulator can
evaluate vaccination strategies in a way that incorporates
local circumstances of viral propagation and demographic
susceptibilities. Further, the simulator accounts for model-
ing the distinction between sterilizing immunization, where
immunized people are no longer contagious, and effective
immunization, where the individuals can transmit the virus
even after getting immunized. The parametric simulation
results showed that the sterilizing-age-based vaccination
scenario results in the least number of deaths. Further-
more, it revealed that older people should be vaccinated
first to decrease the overall mortality rate. Also, the results
showed that as the vaccination rate increases, the mortality
rate between the scenarios shrinks.

Index Terms—Particle-based epidemic simulator, vacci-
nation, sterilizing immunization, effective immunization,
epidemic contact tracing, vaccination simulator, SEIR
model, COVID-19.

|. INTRODUCTION

HE scope and scale of the COVID-19 epidemic are un-
precedented in modern times. As a novel coronavirus with
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a high rate of propagation, its emergence caught the world
unprepared, with little or no natural immunity amongst the pop-
ulation, and no existing effective vaccine. The impact has been
staggering, in both social and economic terms. The global health
toll to date (March 2021) is in excess of 120 million confirmed
cases and more than 2.7 million deaths [1], exhausting healthcare
systems and presenting significant concern about long-term
health impact even for those who experienced mild cases. Initial
attempts to control the spread have damaged national economies
and disrupted global trade, thus exposing the vulnerabilities of
existing systems, and serving to erode public confidence in and
adherence to government efforts to bring the situation under
control.

The main first-line methods used by governments to sup-
press the spread and mitigate the impact consisted primarily
of non-pharmaceutical interventions (NPIs) such as social dis-
tancing, the use of masks, the restriction (or even closure) of
non-essential businesses, the widespread adoption of remote-
work policies, an abrupt transition to online education, and on
occasion, the imposition of more severe physical quarantine
restrictions.

However, the widespread and uneven implementation of
NPIs caused significant social disruption and negative economic
outcomes. At the moment, it became imperative to consider
the full range of intervention strategies, in order to identify
the optimal combination of NPIs to maximize benefits while
minimizing negative repercussions. To these ends, a number
of epidemic simulators were developed (compartmental, agent-
based, and particle-based) to assess the effectiveness of avail-
able measures, and to consider the trade-offs associated with
the governmental policies and resulting economic and social
impact [2]-[10].

The recent emergence of vaccines is a welcome develop-
ment, as it introduced more effective pharmaceutical responses
to the policy mix. The vaccine-based approach is expected
to become the dominant strategy, gradually diminishing the
reliance on the NPIs and their associated disruptions. Vac-
cines such as Pfizer-BioNTech COVID-19, Moderna COVID-
19, Sputnik V completed their clinical studies and received
regulatory approval for public use in many countries [11]-[13].
Initial results indicate high efficacy rates for these vaccines,
usually above 90%, after the two-shot individual regimen is
administered.

The effective large-scale deployment of the vaccines can
significantly increase the percentage of the population exhibiting
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alevel of immunity to the virus. Combined with those previously
infected, and thus possessing a degree of natural immunity,
it now becomes feasible for communities to achieve levels of
immunity sufficient to be described as “herd immunity,” which is
considered the surest way to suppress the epidemic, ongoing, and
to protect the most vulnerable groups of the society [14], [15].
Herd immunity is achieved when the pool of those remaining
vulnerable to infection is sufficiently small as to reduce the prop-
agation rate (R-nought) well below the threshold value of 1, at
which point the virus gradually diminishes naturally, and thereby
reduce the risk of infection for those who cannot be vaccinated
(e.g., children and people with certain medical conditions) [14].
Although herd immunity can be attained through both natural
exposure to the infection and vaccination of the individuals, the
latter is preferred since it results in fewer deaths and minimizes
the pressure on the healthcare system [15].

The vaccines for COVID-19 were developed at an accelerated
pace, much faster than usual, in a race against time. The type and
duration of immunization that they can provide against SARS-
CoV-2 are still unknown [16]. Vaccine developers aspire to
achieve the outcome of “sterilizing immunization,” which stops
the reproduction of the virus in the body such that the person
can no longer become contagious, though sterilizing immunity
has rarely been achieved [7], [16]. In most cases, a vaccine
primarily prevents the development of severe symptoms upon
exposure, while the patient may remain contagious; we describe
this as “effective immunity”. To emphasize the point, attaining
effective immunity does not imply that further transmission of
the disease by the vaccinated individual is prevented [17]. Thus,
the type of immunization achieved by vaccination needs to be
evaluated, as well as the transmission rate, to assess the course of
the different vaccination strategies, which requires monitoring
and observation over time. Furthermore, whether the vaccination
reduces the severe cases or transmission rates of the infection is
critical in determining the optimal vaccination strategy [18].

Even with a high number of daily vaccines per thousand
people and efficient distribution it will take considerable time
to achieve herd immunity levels, likely extending into 2022
and beyond. This puts additional concerns on the new variants
arising with time for which the existing vaccines might not be as
effective as for the existing variants [19]. Thus, it is imperative to
devise vaccination strategies that optimize the desired outcomes
for the short- and middle-term and do so in a manner that is
responsive to local conditions. Operational challenges such as
production bottlenecks, logistics, storage requirements as well
as accurate categorization of vaccination priority groups and
economic issues are critical. The situation is compounded by the
fact that many of the most prominent vaccines require a second
dose to achieve the desired level of immunity, a requirement
that adds additional burdens of record-keeping and follow-up to
ensure timely delivery of the second dose [20].

Beyond the medical and logistical challenges, there is the
issue of public sentiment regarding vaccines. Vaccine misin-
formation has spread widely in an online environment that is
largely unregulated. Thus, informing and educating the public
is crucial to achieving the desired high rates of vaccination
among the population. Several surveys have been conducted to

investigate the public perception of vaccination. For example,
vaccine hesitancy was reported as 64%, 67%, and 75% in the
United Kingdom [21], the United States [22], and Israel [23],
respectively. However, the vaccine acceptance rate is much
higher among high-risk groups such as the elderly and healthcare
workers. Moreover, compulsory vaccination might reduce the
vaccine uptake, while other factors such as vaccination cost
and vaccine efficacy might considerably influence the vaccine
uptake rates [18]. In this context, epidemic modeling is essential
to generate accurate estimates and develop optimized strategies
taking into account the aforementioned conditions.

In our earlier work, we developed a particle-based COVID-
19 susceptible-exposed-infectious-recovered (SEIR) simulator
with modules for contact tracing and epidemiological testing [4].
The simulator was successfully used to model the epidemic
spread under different rates of testing and contact tracing of
infected people at the individual level. In this work, we extend
this simulator by adding a vaccination module with modes for
both effective and sterilizing immunization. The tool can be
used to simulate age-based vaccination strategies as well as
randomized vaccination of the population. This enables us to
observe the relation between vaccination rates and population
prioritization, and monitor the progression of overall vaccination
strategies.

The rest of the paper is structured as follows: Section II
presents the review of the works on vaccination simulators and
highlights the comparative novelty of our work. Section III gives
an overview of the particle-based model, the methodology of
the particle-based SEIR simulator, and the vaccination module.
Simulations for a validation scenario and different vaccination
strategies are provided in Section IV. The results are evaluated
and discussed in Section V and Section VI concludes the paper
with directions for future works.

Il. RELATED WORK

The COVID-19 vaccine rollout has begun, representing a
historic milestone but simultaneously generating considerable
debate regarding strategy and how best to achieve the desired
goals. The circumstances demonstrate the acute need for an
effective COVID-19 vaccination simulator as a tool to model
varying scenarios, and thereby contribute to the development,
deployment, and ongoing review of vaccination rollout strate-
gies. The need for ongoing review is emphasized, due to the
uncertainties in the transmission parameters, longevity of the
immunity, and immunity type after vaccination. Given this mo-
tivation and purpose, researchers are actively working on the
development of various simulators that can be used to model
vaccination strategies for COVID-19 [5]-[10].

Agent-based COVID-19 simulators have been proposed
in [5], [9], [24]. [5] uses SIR model and divides the population
based on age groups. Each agent is assigned an arbitrary schedule
covering different locations such as school, home, and work that
have different transmission intensity. The model is initialized
with different ratios of recovered to susceptible individuals,
where the recovered portion represents both recovered and
vaccinated populations. Based on different initial vaccinated
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portions of the population, the future course of the epidemic can
be predicted, along with an analysis of the vaccination coverage
required to achieve herd immunity.

In [22], the SEIR model with the vaccination module was
presented where the population was divided into three cate-
gories representing different health states associated with the
socio-economic classes of society. The authors considered two
vaccination strategies: random vaccination of all three groups
and prioritization of the second and third categories that repre-
sent mild and severe medical conditions. Patel ef al. created an
agent-based SEIR model where agents were differentiated by
age which was linked to the mortality and hospitalization rates,
respectively [24]. The authors introduced different vaccination
coverage with various efficiencies. The vaccinated agents were
moved to the recovered state which modeled the sterilizing
immunization case. COVID-19 simulators based on compart-
mental models were also developed [20, 23, 25]. Researchers
created a SimCOVID tool that used compartmental SIR, SEIR,
and SEIRD compartmental models [23]. The authors used the
sigmoid function to smooth the output of a fine-tuned model that
was based on the daily registered COVID-19 cases.

Maclntyre et al. [6] presented a deterministic compartmental
SEIR model that also divides the population based on age in
order to model infection spread and vaccination strategies; this
model assumed two-stage vaccination. The age range of the
population was considered to be from 0 to 80 years old, and
this was split into 16 five-year groups. Age groups were used
to account for varying rates of transmission across the groups.
Different vaccine efficacy rates were simulated to analyze the
coverage required to achieve herd immunity. In this model, only
susceptible and pre-symptomatic individuals were vaccinated.

Another research group developed an SIR compartmental
model for simulating vaccination strategies. This simulator as-
sumed a sterilizing immunity after one-dose vaccination, which
implies no virus reproduction and transmission [25]. It is not
clear yet whether sterilizing immunity will be obtained, as
mentioned earlier [7]. The model incorporated both dead and
recovered individuals in the removed state. The authors per-
formed simulations for different rates of vaccine efficacy with a
constant vaccination rate.

Our work is unique in that it enables simulation of both effec-
tive and sterilizing immunity obtained after vaccination, using
either a one or two-shot delivery. In addition, our particle-based
SEIR simulator can model the effects of multiple strategies
(contact tracing, testing, and vaccination) concurrently. The
target population can be restricted by age groups to enable
prioritization based on the considered scenario. Each vaccination
module can be run in two modes: age-based and randomized
vaccination of the population. Furthermore, the tool considers
vaccination of the recovered, exposed and infected (representing
asymptomatic cases) along with the susceptible which more
accurately imitates the real scenario. Therefore, by varying the
aforementioned parameters the relation between target popula-
tion, vaccination immunization type and vaccination rate can
be analyzed. The strategies can be examined on a more granular
basis, by region, considering the three main aspects of decreasing
total mortality, minimizing pressure on the healthcare system,
and resources available for vaccination [8]. These three criteria

TABLE |
PARTICLE MODEL PARAMETERS AND THEIR DEFINITIONS
Parameter Description
X Position of the particle
v Velocity of the particle
e Epidemic status of the particle
t Elapsed time at the present epidemic state
a Presence of contact tracing application
ts COVID-19 test status
ag Age group of the particle
Vs Vaccination status

can be evaluated in our simulator by selecting the strategy,
vaccination mode, and daily vaccination rate.

[ll. METHODOLOGY

This work is an extension of prior work on particle-based
simulator with contact tracing and testing modules. Thus, the
methodology will cover the particle model, with a description
of the SEIR simulator, and the vaccination module. The reader
is referred to [4] for detailed descriptions of the contact tracing
and random testing modules.

A. Particle Model

In our simulator, each individual is modeled as a particle p
which is represented as a vector:

p= x,v,e,t,a,ts,ag,vs} . (1)

The definition of each element in this vector is provided in
Table L.

The motion and interaction of the particle are modelled on
a two-dimensional map. At the start, the velocity and position
values of all n particles are initialized based on the constraints
—Umaz < Vij < Umae and —1 < x;; <1, where 7 = 1,..., n is
particle number and j = 1, 2 refers to the two dimensions of
the map. The position and velocity of the particles are stored in
the matrices X € R"*2 and V' € R"*2, respectively. At every
iteration k (1 < k < T/At) of the simulation, where At is the
sampling rate and 7" is the duration of the simulation, the velocity
matrix is changed as:

V. = Vi1 + A(R,, — 0.5) 2)

where A can be referred as the momentum that controls the veloc-
ity change, and R,. € R™*? is a matrix of uniformly distributed
random numbers in the range from O to 1. The velocity is zeroed
for the particles at rest in quarantined, isolated, severely infected
and dead states, or when it goes over v,,,,.. Normalization in
the range of [—0.5, 0.5] is applied to the R, matrix to provide
velocity updates with zero bias.

Using the velocity terms from (2), the position of the particles
are updated at each iteration as:

X, = Xpo1 + VAL

o= Jri izl <1 3)
7 —x;j, otherwise.
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Fig. 1.

Particles are assigned an age group, ag, which enable differ-
entiation of disease severity based on the age pyramid of the
population of interest.

B. Particle-Based SEIR Simulator Model

As illustrated in Fig. 1, our particle-based SEIR simulator has
four superstates: Susceptible (S¥), Exposed (E®), Infected (I%)
and Recovered (R?®). The Exposed superstate (E®) consists of
two states: Exposed (E) and Quarantined (Q), and the latter
one has True (T'Q) and False Quarantined (FQ) sub-states.
The Infected superstate (I®) accommodates Infected (I), Isolated
(Iso) and Severely Infected (SI) states, with the Isolated (Iso)
state that has True (TTso) and False Isolated (FIso) sub-states.
The last superstate, Recovered (R?) has the Vaccination Immu-
nized (VI) and Recovery Immunized (RI) states. Vaccination
Immunized state and the vaccination module is explained in
detail in Section III-C. The list of parameters of the simulator
are listed in Table II.

Initially, a certain number of particles n. are chosen randomly
and sent to the Exposed state, to seed the epidemic spread,
and the rest are in the Susceptible (S®) superstate. Susceptible
particles become exposed when they come in proximity to the
particles spreading the infection (E, TQ, I, ST and TIso) closer
than a predefined contact threshold x4, distance; this proximity
threshold is parameterized, and can be adjusted. The contagious
particles spreading the infection vary in their transmission prob-
ability rates (ranging from O to 1) that are defined as €z in
case of exposed particles, €4y, for for TQ and TIso, €4, for
SI, respectively. After the period ¢.,,, exposed particles move
to the Infected state. In the Infected state, a certain proportion

J_‘ Vi ift .=t . -
VACCINATION mi e M sterilizing
| | ift =t vaccination
yimZ vac “im2
RECOVERED
EXPOSED INFECTED —
Vaccination
t> teXp t> tmf Immunized
> SUSCEPTIBLE —  Exposed Infected -----7------ i e —
symptom onset 5 ‘
l | sir H
T T 1
N [ ' sir (effect. !
. / immunized) R sl —
= CONTACT TRACING 7 | Immunized
~ |
= i
Quarantined . '
\\ t>t F t>it.
| True 1 < " L True | inf
Quarantined sXptom onset Isolated E -
[|"Sir (effect.
L | False | False | immunized)
Quarantined ||} Isolated E " Yinor
: : ymar
! RANDOM TESTING '
i ) Severely |
ESt Infected !
i exp !
; >t

The state chart of the particle-based SEIR epidemic simulator with effective and sterilizing vaccination.

TABLE Il
LIST OF SIMULATION PARAMETERS AND THEIR DESCRIPTIONS
Parameter | Description
n Total number of particles
ne Initial number of exposed particles
T Simulation length in days
Xthr Minimum distance to transmit the disease
Vinax Maximum allowed speed of particles
A Speed gain
sir Daily rate of Infected/Isolated particles getting Severely In-
fected
Ymor Severely Infected to Dead transition probability
€oxp Transmission probability of Exposed
€4ua Transmission probability of Quarantined
€50y Transmission probability of Severely Infected
texp Exposure period in days
tinf Infection period in days
B Ratio of the population using a contact tracing app
0 Number of daily tests per thousand people
sn Sensitivity of tests
sp Specificity of tests
Yim1 First dose vaccination efficacy
Yim2 Second dose vaccination efficacy
tyac Time of the first vaccination shot
tima First dose immunization period
tim2 Second dose immunization period
) Number of daily vaccines per thousand people
Sirey Daily rate of Effective Immunized particles in the In-
fected/Isolated getting Severely Infected

of particles transition to the Severely Infected state depending
on the age-based sir parameter and the rest recover after the
infection period t;,, y is over. Among severely infected particles,
some of them become deceased and others recover according to
the mortality rate v,,0r--
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C. Vaccination Modules

For our simulator, we developed a vaccination module with
two post-vaccination immunization modes, to model sterilizing
and effective immunity. As mentioned earlier, sterilizing im-
munity implies no further transmission of the virus to other
individuals while the effective immunity obtained after vacci-
nation reduces the probability of severe infection that might
cause mortality. In either case, the vaccination can be modeled
as either one shot or in two stages with a period in between,
to account for the practice of two-dose COVID-19 vaccination.
Accordingto [11]-[13], the vaccine efficacy is determined by the
number of doses administered and time after the vaccination. In
our simulator, the vaccinated particles do not get additional doses
after the second dose. In each of the modes, vaccination can be
performed according to two strategies: random vaccination and
age-based vaccination. In the random vaccination case, the age
differences of the particles are not considered. In the age-based
case the model takes into account particle age, in accordance
with the stated strategy, e.g. the oldest particles are vaccinated
first.

1) Sterilizing Vaccination: In case of sterilizing vaccination,
particles in the Exposed, Infected, Recovery Immunized, and
Susceptible states are vaccinated according to the number of
daily vaccines per thousand people ). The vaccinated susceptible
particles, that did not contact with the contagious particles, tran-
sition to the Vaccination Immunized state according to the first
dose vaccination efficacy ;,,1 when the immunization period
tim1 is reached. Subsequently, when modeling the administra-
tion of the second-dose, the rest of the vaccinated susceptible
particles transition to the Vaccination Immunized state based on
the second dose vaccination efficacy +;,,2 when the vaccination
time reaches immunization time ¢;,,,5. The remaining vaccinated
particles do not gain immunity and continue with the regular
flow of the simulation. The vaccination immunized particles
are considered to achieve sterilizing immunity, thus, do not
get infected and transmit the virus when they come in contact
with the contagious particles. Susceptible particles, that were
not immunized after the first dose, may get exposed before
getting the second dose. In this case, they further transition
according to the SEIR model states. Similarly, particles that
did not transition to the Vaccination Immunized state after ¢;,,,2
(the second dose) remain in the Susceptible state. For exposed,
infected and recovered particles, the vaccination is considered to
be wasted. Exposed and infected particles have the virus in their
organism and, therefore, continue transitioning according to the
SEIR states until recovery or death. As for recovery immunized
particles, they remain in the Recovered state.

2) Effective Vaccination: In the effective vaccination case,
there is no Vaccination Immunized state in the Recovered su-
perstate. Therefore, the susceptible particles immunized by the
vaccine are designated as vaccination immunized, but they may
still get infected with less probability of transitioning to Severely
Infected sub-state (an asymptomatic or mild case of COVID-19).
Similar to the sterilizing vaccination case, susceptible, exposed,
infected and recovered particles get vaccinated. For the exposed,
infected and recovered particles the vaccination is wasted, same
as in the sterilizing vaccination. As for the susceptible particles,

TABLE IlI
POPULATION PYRAMID AND AGE-BASED EPIDEMIC FATALITY RATE OF
PROVINCE OF LECCO, ITALY

Age Age Population | Population | Case Fatality
Group | Interval (%) Rate (%) [26]
1 0-9 28,403 8.4 0
2 10-19 32,682 9.7 0.01
3 20-29 33,613 10.0 0.03
4 30-39 37,921 11.2 0.08
5 40-49 48,520 14.4 0.15
6 50-59 51,366 15.2 0.6
7 60-69 43,717 13.0 2.2
8 70-79 28,055 8.3 5.1
9 80+ 32,811 9.7 9.35

if they develop immunity either after the first or second dose
(tim1 and t;,,2, respectively), their probability to get severely
infected reduces to sir.,. If they don’t develop immunity and
become exposed to the disease, they transition to the Severely
Infected sub-state with sir rate. Effective immunized particles,
which get infected and eventually recover, transition to the
Recovery Immunized state.

D. Simulator Implementation

We implemented our particle-based COVID-19 simulator
with vaccination, contact tracing, and testing modules in MAT-
LAB R2020. The source code is available on GitHub' under MIT
license. In addition, we provide the Python implementation of
the simulator. All the simulations presented in the results section
were performed in MATLAB.

IV. SIMULATIONS AND RESULTS
A. Validation Scenario for the Province of Lecco, Italy

In our previous work [4], we simulated the COVID-19 epi-
demic in the province of Lecco, Italy. We chose this region as it
was an epicenter of the COVID-19 outbreak in Italy, for which
comprehensive epidemic data is available, dating from February
24,2020, shared by the Italian government [27].

In addition to the vaccination module, our enhanced simulator
features age-based differentiation of the particles. Therefore,
we first performed model calibration and validation of our new
simulator based on the statistics for the province of Lecco.
We set the number of particles to 337,087 according to the
demographic statistics [26]. We started the simulation from
January 1, 2020 with ten initial exposed particles. The model was
configured for a 361 d period up to the start of vaccination in the
province. The particles were randomly assigned to age groups
according to the population pyramid presented in Table III. We
set the age-based daily rate of infected/isolated particles getting
severely infected, sir, equal to the age-based COVID-19 case
fatality rates for Lombardy region as given in the Table III; we
made this assumption as the province of Lecco is within the
Lombardy region and the case fatality rates at the province level
were not available. Age-based sir enabled us to differentiate

![Onlne]. Available: https:/github.com/IS2Al/Particle-Based-COVID19-
Simulator
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TABLE IV than the simulation results, which is in agreement with the sero-
MaJOR EVENTS AND NPIs 'Né‘;ggﬁlg?&;’]’NCE DURING THE COVID-19 prevalence survey conducted by the local government [29]. The
implementation dates of major NPIs in Table IV are indicated
Day Date Event with dashed vertical lines along with the respective days for this
0 1/1/2020 Start of the simulation. calibration model. The total deaths according to the simulation
55 | 24/2/2020 The COVID-19 data repository and actual statistics for the period of interest are 797 and 830,
was launched [27]. respectively.
71 11/3/2020 Lockdown in the province.
Bars, restaurants are closed.
82 22/3/2020 Factories a.nd all nonessential B. Vaccination Strategies
productions are closed.
124 | 4/5/2020 Easing lockdown between the regions. We initialized the simulations for different vaccination strate-
154 | 3/6/2020 Unrestricted travel is allowed. gies with the epidemic state reached in the end of the calibration
162 | 11/6/2020 Internatlonalhﬂlghts in Milan are resumed. simulation described in the Section IV-A.
197 | 15/7/2020 International borders are closed. .. . .
o We used the results of clinical studies of vaccines from
Restrictions are back. i T
356 | 14/09/2020 Schools are opened. Pfizer-BioNTech a.nd Moderna as parameters for the vaccination
290 | 17/10/2020 Hybrid teaching in school. module. The vaccines have age restriction of 18 and 16 a old,
Food service restrictions. respectively. Since the age pyramid for the province of Lecco
298 | 25/10/2020 Nationwide restrictions. was available as per the age interval presented in Table III, we
Night-time curfew [31]. considered vaccination of age groups 3-9, i.e., 20 years old and
326 | 23/11/2020 Lombardy still in red zone. b Two d idered witha 21 di linb
337 | 3/1372020 Classified as very high risk region. above. Two doses are considere witha interval in between.
Strict regime until 15 January [32]. The vaccine efficacy was set to v;,,,1 = 52% after ¢;,,,; = 12 days
361 | 27/12/2020 | Start of vaccination. End of the simulation. from the first vaccination date [11]. According to [11], [12],
seven days after the second dose the vaccine efficacy reached
TABLE V 95%. We assume that particles that took the first dose will take
SIMULATION PARAMETERS FOR LECCO, ITALY the second dose too. Therefore, we used Vimo = 95% at time

D) RO o B 5 Geegom [ o7 | = timo = 28 da.ys from the first vaccination da}te. '

0.02 (0-55) 0 (1) In subsection III-C1 and III-C2, we described the differences
0.012 [55-71) 0.01 (2) : : : e : .
0.006 [711.82) 003 () in the 1mplemeqt§1t{0n of thfa stfarlhzlng anq effective vaccina
0.004 [82-154) | 0.002 (0-55) 8.6¢-5 (0-154) 0.08 (4) 0.95 | 0.99 tions. In the sterilizing vaccination, the particles are sent to the
0.02 [154-200) | 0.0012 [55-71) | 6.9¢-5 [154-200) 0.15 (5) - :

0007 [200.256) | 00006 J1.82) | 8605 [200361] 06 () Vacc.mathn Immunized st.ate.based on th.e params:ter§ of the
0.012 [256-290) | 0.0004 [82-154) 22(7) vaccine given above. While in the effective vaccination, the
gﬁ&;é%%i?% 0002 [154-365) ois ((89>) immunization of particles implies a decrease in the daily rate of
0.007 [337-361] effective immunized particles in the Infected or Isolated states

i = o e Do I getting severely infected to sire,. Since the vaccine efficacy in

the probability of a particle becoming severely infected, which
results in higher mortality. As for the daily testing parameter 6,
we used the daily tests per 1000 people based on the official
statistics [28]. The [ parameter that is used for contact tracing
was set to zero. In order to fine tune the parameters, we utilized
the timeline of official governmental policies in the region (see
Table IV). To imitate the lockdown, quarantine and lift up of
certain restrictions, we decreased and increased the maximum
allowed velocity of the particles v,,,,, and momentum X accord-
ing the epidemic timeline. The rest of the calibrated parameters
are summarized in Table V.

Figure 2 shows the calibration results for the province of
Lecco, Italy. We observe the first epidemic peak from mid-March
2020 till the end of May 2020 followed by stabilization of
the epidemic. We notice the epidemic surge starting from the
end of September 2020, that was presumably triggered after
the transition of education from online to hybrid format, which
presumably increased social interaction amongst the students.
The calibration simulation validates that our simulator can ac-
curately replicate the effects of governmental policies on the
epidemic dynamics of a certain region. As shown in the figure,
the reported total of confirmed cases is around six times smaller

the real world requires time to observe, we assumed sir, to be
5% of the baseline sir listed in Table V.

To analyze the effects of different strategies, we performed 32
simulations which consist of the combinations of four different
numbers of daily vaccines per thousand people (¢ = 2, 4, 6,
8), four different cases (effective-age-based and effective-all,
sterilizing-age-based and sterilizing-all), and two target popu-
lations (age groups 3-9 and 3-7). In case of the vaccination for
target population for age groups 3-7, age groups 8 and 9 follow
the normal SEIR transitions. To see the effect of vaccination,
we performed additional base scenario without vaccination. To
account for the stochastic nature of the simulator, for each
scenario, we performed five simulations with the average of the
results presented in Figs. 3, 4, 5, and 6. According to the official
statistics, the daily vaccines per thousand people varies from
zero to eleven by March 23, 2021. For example, the vaccination
is being implemented at highest rates in Israel, United Arab
Emirates, Chile, United Kingdom and United States (¢ = 11,
8, 5, 5 and 4, respectively), whereas other countries have rates
less than one [28]. Since the statistics is provided as average for
the whole country, the vaccination rates might differ in regions.
Therefore, we considered ¥ = 2, 4, 6, 8 in this paper.

We provide a video as a supplementary material which shows
simulations for four scenarios with ¢ = 2: 1) sterilizing-all,
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Fig. 2.

The results of the model calibration for the province of Lecco, Italy. The days of governmental policies are shown as vertical dashed lines

and enumerated starting with the calibration start date (see Table IV). The upper plot shows epidemic states reported and simulated total cases
versus time. The bottom plot shows the reported and simulation deaths as well as the dynamics of severely infected versus time.
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Fig. 3.

Comparative plots of four vaccination scenarios across the age group 3-9. The daily rate of vaccination per thousand people is 2. The

target population for vaccination - age groups 3-9. Plots illustrate the transition of the best case across age groups: age-based vaccination is most
optimal for groups 8 and 9. For age group 7 and below sterilizing-age-based and sterilizing-all scenarios result in similar numbers while the gap
between the effective-age-based and effective-all cases increases with the ascending age group.

2) sterilizing-age-based, 3) effective-all, and 4) effective-age-
based. These clips demonstrate the dynamics of the epidemic
and the effects of different vaccination cases on a 2D map by
age groups.

Figures 3 and 4 show the total deaths and deaths by age
group for different strategies and target population at ¢ = 2.
We observe that the sterilizing age-based vaccination provided

lowest deaths followed by the sterilizing-all, 1,702 and 1,797,
respectively. The effective-age-based vaccination also resulted
in numbers close to the sterilizing-all (1,979 deaths). As we
started vaccinating the most vulnerable group (from oldest) first
which after immunization have considerably lower probability
to get severely infected and deceased, the number of deaths
was very small compared to the effective-all case with 3,371
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Fig. 4. Comparative plots of four vaccination scenarios across the age groups 3-7. The daily rate of vaccination per thousand people is 2. The

target population for vaccination is the age groups 3-7. The exclusion of the age groups 8 and 9 clearly illustrates a similar trend for groups 7 and
below as in Fig. 3. Age groups 8 and 9 show that the sterilizing immunity of the rest of the populations has a substantial potential to achieve herd
immunity and results in much smaller death numbers compared to the effective case.
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Fig.5. Comparative plots of deaths for different vaccination rates and target populations by four different scenarios: Effective-age-based, Effective-
all, Sterilizing-age-based, and Sterilizing all. Effective vaccination cases clearly illustrate the effect of the restriction of the vaccination to certain age
groups. The difference between the strategies is negligible in case age groups 8 and 9 are excluded from the vaccination. In the sterilizing scenario,
the difference between the random-all and age-based vaccination decreases as the vaccination rate increases. The effect of the herd immunity can
be seen in the sterilizing-all plots, where the numbers of deaths are much smaller compared to the effective-all cases.

deaths. The same trend is observed in Fig. 4, except in this case
we vaccinated age groups 3-7, which illustrates less difference
between no vaccine scenario, effective-all and effective-age-
based as most of the deaths come from age groups 8-9. As
we restrict the vaccination to age groups 3-7, the sterilizing-all
and sterilizing-age-based resulted in similar numbers of deaths,
1,795 and 1,912, respectively.

The effectiveness of different strategies for each vaccination
rate 9 can be observed from Fig. 6. At lower ¥, the difference
between the effective and sterilizing vaccination cases is rela-
tively large, but as the number of daily vaccines per thousand
people increases the difference narrows.

The comparison of different vaccination rates for each strat-
egy is illustrated on Fig. 5. For the sterilizing vaccination case,
we did not include the scenario with no vaccine in the plot due to
large difference (for better visualization). Effective vaccination
shows a clear difference between the death numbers for two
cases (age groups 3-7 and 3-9) compared to the sterilizing vacci-
nation. A considerable difference is observed between the ¥ =2

and ¥ = 4, respectively. The nonlinear relationship between the
vaccination rate and decrease in mortality is noted. This gives
an intuition to find an optimal number of daily vaccines per
thousand people for certain population as a trade-off between
the vaccination supply, number of deaths, pressure on healthcare
and definition of priority groups.

V. DISCUSSION

The COVID-19 virus and subsequent mitigation efforts have
incurred significant social and economic damage, which could
continue for some time to come. The initial response to the virus
consisted primarily of NPIs, such as social distancing, masks,
and varying degrees of social “lockdowns”. These measures
were often successful, for short intervals, but when relaxed (or
ignored) the epidemic resurged with exponential growth rates.

The emergence of vaccines has introduced a new critical
challenge: the need for a customized strategy to achieve pop-
ulation immunization. It is not possible to vaccinate all people
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Comparative plots of age-based and random-all effective and sterilizing vaccination scenarios for different target populations by daily

vaccination rates per thousand people = 2, 4, 6, and 8. For smaller vaccination rates the epidemic dynamics are highly sensitive to the vaccination
scenario and immunization type. For the effective case, it is critical to vaccinate first the most vulnerable portion of the population.

at once, given the bottlenecks of vaccine approvals, production,
procurement, distribution, storage, dissemination, and monitor-
ing. The situation is exacerbated by the exhausted state of the
existing healthcare systems, and the need to balance competing
objectives to achieve the desired goals.

Thus, it is necessary to identify the policy goals, and establish
priority vaccination groups, in an effort to maximize the social
and economic benefit, or at least, to reduce the worst-case
outcomes.

The formation of vaccination priority groups also includes
practical considerations such as the ability to acquire and admin-
ister the vaccinations, and whether there is a strong healthcare
infrastructure, sufficient funding and a system for vaccination
monitoring [8]. The common strategies are aimed to reduce the
mortality, decrease the pressure on the healthcare, and minimize
the infection spread over a specific period of time [5].

The vaccination rate is another critical parameter that de-
termines the effectiveness of random or age-based vaccination
strategies. According to several studies [5], [6], age-based vac-
cination is the most optimal solution to minimize the number of
deaths in case of low vaccination rate which is consistent with
the performed simulation results. Whereas for medium or fast
vaccination rates, random vaccination might be preferable, as
the younger generations can spread the infection widely until
vaccinated and therefore result in an overload of the healthcare
system.

If we examine each age group separately (see Fig. 3), we
observe that for age groups 8-9 it is the sterilizing-age-based
and effective-age-based cases that result in the fewest deaths, as
in this case we prioritize vaccination of the high-risk elderly.
As we descend down the age groups, however, we observe
that the sterilizing-all and sterilizing-age-based cases produce
the fewest death outcomes. Furthermore, across the age groups
we see the change of order of different cases: the age-based
vaccination strategies result in fewer deaths for older groups
and random all strategy becomes more preferable as we descent
down the age groups.

When vaccination is restricted to certain age groups,
sterilizing-age-based and sterilizing-all results in very close
deaths numbers for age groups excluded from the target vac-
cination (see Fig. 4). Similarly, effective-age-based yields the
deaths number close to effective-all and no vaccination scenarios
for excluded age-groups.

If we examine each case separately (see Fig. 5, we see that in
effective-age-based and effective-all cases there is a clear offset
between the strategies: vaccination of age groups 3-7 and 3-9.
Whereas in the sterilizing vaccination case due to the condition
that immunized particles do not further transmit the infection,
we see that sterilizing immunity of the younger population helps
to slow down the infection spread.

We see in Fig. 6 that as the vaccination rate increases, the
difference in target population does not result in a big difference
between the sterilizing-all and sterilizing-age-based strategies.
Therefore, provided sufficient vaccine doses are available, the
prioritization of certain population groups is not of critical
importance and it is thus preferred to randomly vaccinate
all population above the age of 19. But for effective immu-
nization case, vaccinating the most vulnerable groups first is
essential.

Table VI shows that, when we restrict the vaccination to age
groups 3-7, the number of deaths is high since most of the deaths
are from the oldest age groups 8-9, whom we are excluding from
vaccination in this case. Furthermore, the increase in vaccination
rate does not result in a dramatic decrease of the mortality (3,539
and 3,916 deaths at ©9 = 2 and 3,433 and 3,429 at v = 8 for
effective-age-based and effective-all cases). The vaccination and
following immunization of the other particles do not result in
considerable decrease in deaths because effective immunized
particles are considered to be able to transmit the virus. Now,
if we consider the results of the sterilizing case, the increase in
the daily vaccines per thousand people results in a dramatic
decrease of deaths for both age group cases 3-9 and 3-7 as
immunized particles are no longer getting infected and transmit
the infection (age groups 3-9: 1,702 and 1,797 at ¢ = 2 and 933
and 1,009 at ¥ = 8 for sterilizing-age-based and sterilizing-all
cases, respectively; age groups 3-9: 1,795 and 1,913 at ¥ = 2
and 1,059 and 1,052 at ¢ = 8 for sterilizing-age-based and
sterilizing-all cases, respectively).

Based on the deaths obtained for the model of province of
Lecco, we see a dramatic decrease in mortality between J = 2
and ¥ = 4 (see Table VI). Further, as we increase the daily
vaccines per thousand people the decrease in the number of
deaths slows down. This may imply that considering the specific
parameter used to make analysis for province of Lecco, Italy, the
optimal vaccination rate in case of limited vaccine supply might
lie somewhere between ¢ = 2 and ¥ = 4.
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TABLE VI
DEATHS BY AGE-GROUP FOR 32 DIFFERENT SCENARIOS FOR THE PROVINCE OF LECCO, ITALY
Daily vaccination rate for 1000 people 0 = 2, Age groups 3-9
Strategy [20-29) | [30-39) | [40-49) | [50-59) | [60-69) | [70-79) | [80+) | Total
Effective-age-based 14 33 82 302 571 397 557 | 1959
Effective-all 10 25 57 248 715 855 1458 | 3371
Sterilizing-age-based 9 17.4 394 165 381 300 418 | 1702
Sterilizing-all 7 14 31 142 381 448 771 1797
Daily vaccination rate for 1000 people ¥ = 2, Age groups 3-7
Effective-age-based 14 28 66 157 279 1134 1867 | 3539
Effective-all 12 23 56 217 644 1094 1867 | 3916
Sterilizing-age-based 9 13 33 114 236 524 1861 | 1795
Sterilizing-all 8 10 31 127 366 504 864 | 1913
Daily vaccination rate for 1000 people & = 4, Age groups 3-9
Effective-age-based 13 29 60 164 318 323 541 1453
Effective-all 9 17 44 169 537 619 1051 | 2453
Sterilizing-age-based 7 10 21 94 247 253 388 | 1021
Sterilizing-all 6 7 23 87 274 301 513 | 1214
Daily vaccination rate for 1000 people ¥ = 4, Age groups 3-7
Effective-age-based 10 19 34 92 261 1106 1844 | 3418
Effective-all 8 12 35 138 420 1100 1854 | 3572
Sterilizing-age-based 6 7 22 76 214 348 573 1288
Sterilizing-all 7 8 20 137 257 347 574 | 1288
Daily vaccination rate for 1000 people ¥ = 6, Age groups 3-9
Effective-age-based 11 19 35 104 287 313 533 | 1307
Effective-all 8 11 31 119 382 438 760 | 1752
Sterilizing-age-based 7 7 21 78 232 232 378 959
Sterilizing-all 7 6 18 77 245 258 458 | 1071
Daily vaccination rate for 1000 people ¥ = 6, Age groups 3-7
Effective-age-based 8 12 24 90 267 1093 1845 | 3345
Effective-all 6 9 22 99 316 1100 1101 | 3476
Sterilizing-age-based 7 7 19 77 212 290 492 | 1297
Sterilizing-all 6 6 18 77 329 288 402 | 1128
Daily vaccination rate for 1000 people 0 = 8, Age groups 3-9
Effective-age-based 9 12 25 95 273 307 526 | 1253
Effective-all 8 10 23 102 315 384 661 1506
Sterilizing-age-based 7 7 18 77 218 227 378 933
Sterilizing-all 6 6 17 73 232 246 426 | 1009
Daily vaccination rate for 1000 people 0 = 8, Age groups 3-7
Effective-age-based 7 9 22 87 260 1101 1869 | 3433
Effective-all 6 9 24 95 294 1120 1878 | 3429
Sterilizing-age-based 5 9 16 69 207 1119 1877 | 1059
Sterilizing-all 5 6 16 74 226 267 463 | 1052

Based on the results, itis evident that simulation across arange
of possible vaccination scenarios, incorporating local demo-
graphics and propagation trends, can be an important component
in the development of an optimal vaccination strategy, on a
national or regional basis.

VI. CONCLUSION

We have developed an SEIR particle-based epidemic simula-
tor to facilitate the analysis of effective and sterilizing vaccina-
tion. The particles are distinguished by age, which is a critical
feature due to the demographic variability of population sus-
ceptibility and outcomes. Thus, the model can more accurately
represent the impact of government policies and vaccination
strategies based on the profiles of the population.

In the development of epidemic suppression and mitigation
strategies it is imperative to define the primary goals. For exam-
ple, to determine whether the immediate objective is to reduce
the mortality rate, or to slow the spread of infection, or to reduce
the impact on the healthcare system. The identification of the
goal(s) will help determine the most effective combination of
methods, both non-pharmaceutical (lockdowns, masks, distanc-
ing, etc.) and pharmaceutical (vaccinations and testing).

As an illustrative case, we performed simulations for the
Lecco province of Italy to demonstrate how the methods chosen
can influence the outcomes. We calibrated the model based on
the reported data, using the actual timeline of the governmental
policies, and then applied both age-based and random-all vac-
cination simulations across a range of population groups with
varying rates of vaccination.



KARABAY et al.: VACCINATION SIMULATOR FOR COVID-19: EFFECTIVE AND STERILIZING IMMUNIZATION CASES

4327

According to the obtained results, at lower vaccination rates
the epidemic outcome is very sensitive to the selected vac-
cination strategy and type of resulting immunization. As an
example, it is possible to substantially reduce overall mortality
using an age-based vaccination strategy, though by prioritizing
older people it leads to an increase in rates of infection amongst
younger (unvaccinated) people, thus illustrating the tradeoffs
involved in achieving policy goals. Overall, the best performance
was achieved in the scenario of age-based vaccination yielding
sterilizing immunity; the outcome of real-world vaccination will
likely be found somewhere on the continuum between the two
extremes, effective and the sterilizing immunization.

The type of vaccination immunity in the case of COVID-
19 is still unknown, thus, the conditions necessary to achieve
herd immunity are difficult to reliably establish at this time. The
complexities with vaccine supply, economic disparities across
and within countries, and the wide variability in the adoption
and effective observance of NPIs may delay the achievement of
practical herd immunity, on both a global and localized basis.
Under these circumstances, this vaccination simulation tool can
provide an effective way to model and consider the outcome of
various scenarios, based on the desired goals, with the ability
to incorporate updated actual data in near-real-time to provide
ongoing assessment of strategies and projected outcomes.

The simulator could be enhanced by including additional
factors in the particle contact component, such as physical
location and age differentiation of social interaction and its
impact on the transmission rate attribute of a simulator particle.
While these factors could probably increase the sensitivity of the
simulator, it would make the parameterization of the simulator
more challenging.
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