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Abstract 
In this study, we investigate the dynamics of the COVID-19 epidemic in 
Northern Ireland from 1st March 2020 up to 25th December 2020, using sever-
al copies of a Susceptible-Exposed-Infectious-Recovered (SEIR) compartmental 
model, and compare it to a detailed publicly available dataset. We split the 
data into 10 time intervals and fit the models on the consecutive intervals to 
the cumulative number of confirmed positive cases on each interval. Using 
the fitted parameter estimates, we also provide estimates of the reproduction 
number. We also discuss the limitations and possible extensions of the em-
ployed model. 
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1. Introduction 

The coronavirus disease 2019 (COVID-19), caused by the severe acute respira-
tory syndrome coronavirus 2 (SARS-CoV-2), was early reported in China main-
land. In January 2020, the World Health Organization declared the outbreak a 
Public Health Emergency of International Concern [1], and a pandemic in March 
2020 [2]. At the time of this study, the number of confirmed cases was over 80 
million, and the disease caused more than 1.8 million deaths worldwide [3]. Since 
the early signs of the pandemic, despite the challenges posed by this unknown 
disease, see [4], several mathematical and statistical models of varying complex-
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ity have been built and used to predict the potential future development of the 
pandemic in many countries including China [5], United States [6], United 
Kingdom [7], Italy [8] [9], Spain [10], Germany [11], France [12], Ireland [13], 
Hungary [14], and Mexico [15]. Such models must be considered in local context 
taking into account the social, cultural, demographic, economic and other granu-
lar issues that differ between populations yet may dramatically influence the dy-
namics of any epidemic [16] [17]. 

The COVID-19 pandemic reached England around late January 2020, and 
about one month later, it was present in all the four regions of the United King-
dom (UK). The epidemic reached its first peak in the UK in April 2020, and 
since then various lockdown measures have been introduced and eased. The ra-
tionale behind these lockdown measures is to reduce the chances of introducing 
new infections from outside, to control the spread of the disease domestically 
and to reduce the pressure on the National Health Service. In the UK, although 
there is a nation-wide effort to mitigate the challenges posed by COVID-19, ma-
jor public services affected by the pandemic, including public health services and 
education, are the responsibility of the devolved administrations, namely Eng-
land, Scotland, Wales and Northern Ireland. This results in some variations in 
terms of public health policies, for example, the timing of the launch of test-and- 
trace strategies and the details of lockdown. This heterogeneity is confirmed not 
only by the distribution of the levels of the infection across the four regions of 
the UK but also by their own different roadmap for easing lockdown restrictions 
after the first wave of the pandemic. For example, England and Northern Ireland 
moved faster to open some businesses including non-essential retails and res-
taurants before Wales and Scotland. 

Our goal is to take advantage of the detailed publicly available datasets and to 
capture the history of the pandemic in Northern Ireland by fitting a compart-
mental model to empirical data. More specifically, we estimate the parameters of 
a system of ordinary differential equations so that its numerical solution for the 
cumulative positive cases will reflect the daily reported cumulative number of 
positive tests. The corresponding numerical solutions enable us not only to es-
timate the historical number of susceptible, exposed, infectious and recovered 
individuals but also to make some predictions of these numbers. Hence, the fit-
ted model can be used to monitor and assess the state of the epidemic, its future 
evolution as well as the impact of specified levels of intervention measures. To 
the best of our knowledge, this is the first research work assessing the course of 
the pandemic in Northern Ireland using tools from mathematical epidemiology.  

2. Materials and Methods 
2.1. Data  

In Northern Ireland (NI), the Department of Health (DoH) publishes daily up-
dates of COVID-19 related data [18]. Although the first reported case of COVID-19 
in NI dated from 11th January 2020, there are no other confirmed cases until 5th 
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March 2020. Hence, this study focuses on data from 1st March 2020 up to 25th De-
cember 2020. The rationale behind the choice of this time frame is that 1) either 
the case reported on 11th January 2020 had no effect on the course of the epi-
demic; 2) or there were some individuals, whose number will be estimated by the 
method describe in Section 3, already carrying the disease without symptoms 
hence being undetected before 1st March 2020; 3) new lockdown measures had 
been introduced on 26th December 2020; 4) data collection was less consistent 
between 26th December 2020 and 31st December 2020 5) no information is cur-
rently available on the effect of the new strains first detected in November 2020. 

This study is based on data sets from the aforementioned period, and in par-
ticular, the time series of the daily number of confirmed cases i.e., positive tests 
or the daily incidence of infection, Figure 1. However, the basic model, de-
scribed below, captures the number of infected at any given time 0t ≥ , i.e., the 
prevalence of infection. To overcome this issue, we generated the number of 
cumulative cases from our data set, and extended the basic model so that it pro-
vides the estimation of the cumulative cases at any given time 0t ≥ . Figure 2 
depicts the cumulative number of confirmed cases in Northern Ireland from 1st 
March 2020 to 25th December 2020. 

Furthermore, we divide the period from 1st March 2020 to 25th December 2020 
into 10 overlapping intervals , 0, ,9iT i = � , such that  
• the first 9 intervals, , ,, , 0, ,8i i l i rT t t i = =  �  with 1, ,i l i rt t+ = , have an equal 

length of 30 days; and  
• the last interval, 9 9, 9,,l rT t t =    with 9, 8,l rt t= , has a length of 39 days.  

 

 
Figure 1. Daily incidence of infection in Northern Ireland from 1st March 2020 to 25th 
December 2020 from [18]. 
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Figure 2. Cumulative number of reported positive tests in Northern Ireland from 1st 
March 2020 to 25th December 2020. 

 
As such, the first interval includes the period before the first nationwide 

lockdown was introduce in the UK on 27th March 2020. We let iD  denote the 
data from the ith interval iT . For the purpose of this study, the population size of 
Northern Ireland, N, was kept at the estimated value of 1,893,700 [19] with no 
incoming or outgoing travel. 

2.2. The Transmission Model  

Compartmental models have been used widely to model the dynamics of various 
infectious diseases [20] [21]. The most commonly used mathematical descrip-
tions in modelling the early phase of the outbreak of COVID-19 are variants of 
the SIR model derived in [22]. The SIR model assumes infectiousness imme-
diately after the exposure to the causative agent. However, early studies on epi-
demiological and clinical features of COVID-19 identified a significant incuba-
tion period of 6 days on average, see e.g. [23] [24]. Therefore, in this study, we 
use different SEIR models on the consecutive time intervals to approximate the 
course of the pandemic in Northern Ireland in 2020. This approach enables us to 
model the number of exposed, infected but not yet infectious, individuals in the 
population. It also enables to capture the continuous growth in the number of 
new cases when strict intervention measures reduce drastically the contact rate 
(or the transmission probability). This model does not include several other 
possible features such as asymptomatic infections, the presence of variants of the 
virus or vaccination. 

An SEIR model has four non-negative state variables, which are described in 
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Table 1, and the corresponding flow of the disease transmission is depicted in 
Figure 3.  

The disease is transmitted, at a rate 0β > , from an infectious individual to a 
susceptible one, who then becomes exposed. Individuals from compartment E  

move to compartment I at a rate 0a > , where 1
a

 is the average incubation pe-

riod. Subjects from compartment I progress to compartment R at a rate 0γ > , 

where 1
γ

 is the average duration of infection. Furthermore, we assume that the  

population size N is independent of time, and the exposure to the pathogen of-
fers immunity for the time period of the study. Notice that the model is without 
vital dynamics, that is we do not consider the effect of birth and death processes, 
hence N S E I R= + + + . Thus, the described flow of the disease transmission 
results in 

SIS
N

SIE aE
N

I aE I
R I

β

β

γ

γ

= −

= −

= −

=

�

�

�

�

                           (1) 

To approximate the dynamics of COVID-19 in NI in 2020, we use several 
copies of the model (1) with an additional non-negative variable ( )cI t . As 
mentioned in Section 0, the DoH provides the daily number of new COVID-19 
cases; however, the model (1) does not include a variable for such data. There-
fore, we introduce the non-negative variable ( ),c iI t , which represents the cu-
mulative number of infected individuals in the population at any time t in the 
interval , 0, ,9iT i = � . The variable ( ),c iI t  does not affect the transmission dy-
namics; its role is to capture the cumulative number of COVID-19 cases. 

To describe the dynamics of the outbreak, in each time interval  

, ,, , 0, ,9i i l i rT t t i = =  � , we consider the following model:  
 

Table 1. State variables. 

Variable Meaning 

S(t) The number of susceptible individuals at time t in the population. 

E(t) The number of exposed individuals at time t in the population. 

I(t) The number of infective individuals at time t in the population. 

R(t) The number of recovered individuals at time t in the population. 

 

 
Figure 3. Transmission diagram for the SEIR model. 
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with the following initial conditions 

( )
( )

( ) ( ) ( ) ( ) ( )( )

0 0 0 0 0
,

1 1, 1 1, 1 1, 1 1, , 1 1,

, , , ,

2, 2,0,0,0 , 0,

, , , , , 1 9.

i i i i c i

i i r i i r i i r i i r c i i r

S E I R I

N i

S t E t I t R t I t i− − − − − − − − − −

− == 
≤ ≤

  (3) 

Moreover, we assume that i i i iN S E I R= + + +  is independent of i, and the pa-
rameters of the model reflect introduced or relaxed measures instantaneously i.e., 
in contrast with the formulations in [25] [26], we do not assume the exponential 
decay from one parameter value to the other. The latter assumption is motivated 
by the implementation of COVID-19 related interventions in NI without any 
transition period; although we recognise that this is an approximation of the real 
world behaviour. The transitions between the time intervals, iT , are arbitrary 
and do not necessarily match the introduction and release of control measures. 

2.3. Basic Reproduction Number  

The basic reproduction number, 0 , is the most commonly used metric to 
characterize the early phase of a disease outbreak. It quantifies the transmissibil-
ity of the disease, and it can be defined as the mean number of secondary infec-
tions induced by an infectious individual in a completely susceptible population. 
In general, if 0 1>  an epidemic occurs, and the larger the values of 0  the 
more challenging to bring the outbreak under control. On the other hand, if 

0 1≤ , no epidemic occurs and the disease dies out. For the model (1), it can be 
shown that  

 0
β
γ

=                              (4) 

is a threshold number1, see [28]. Furthermore, when 0 1> , i.e. the occurrence 
of an outbreak, the system tends to a unique endemic equilibrium.  

For the model (2), we define  

 0, .i
i

i

β
γ

=                             (5) 

However, since we assume complete immunity, then in the subsequent time in-
tervals the population is not fully susceptible anymore. Therefore, in Section 12, 
we provide the so-called effective reproduction number defined as  

 

 

1Although the formulae for 0  of an SIR model and an SEIR model are the same, i.e. they have the 
same epidemiological interpretations, in the presence of incubation time, an SIR model underesti-
mates the reproductive number [27]. 
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 ( )
, 0, .t i i

S t
N

=                          (6) 

Note that, by using the data, ( )
0.9734

S t
N

≈  for 9,rt t= . 

2.4. Parameter Fitting  

To fit the model (2) to the data, we fit the model variables ,c iI  to the data iD , 
from the ith interval iT , as follows. For each time interval , 0, ,9iT i = � , numer-
ical solutions of the model (2) with initial condition (3) are generated while the 
corresponding nonlinear curve-fitting problem was solved in the least-squares 
sense. The ranges of these non-negative parameters ,i iaβ  and iγ , used in the 
fitting process, are given in Table 2. The choice of the interval of the average 
incubation period and recovery time (or the period of communicability) is 
consistent with other recent reports [23] [24] [29] [30] [31]. Also, the chosen 
upper bounds allow the algorithm to search parameter values in a relatively 
large range. The fitting process for each time interval iT  was initiated with 

1 5, 1 8i iaβ = =  and 19 100iγ =  for 0, ,9i = � . In addition, for 0i = , we 
used [ ]0

0 1 8,1 2E e e∈ −  to estimate the number of initially exposed yet not infec-
tious to generate the epidemic in NI. All the computations were made using 
Matlab [32] leveraging the functions ode23 and lsqcurvefit. 

3. Result 

Using our model, we present numerical solutions for the model (2) as well as the 
corresponding fitted parameters. Furthermore, we compare our estimates of 0  
with the estimates provided by the DoH [33]. 

3.1. Early Spread of the Disease Pre-Lockdown Period  

The DoH reported one positive test on 11th January 2020. However, there were 
no additional cases reported until 5th March 2020 when two positive tests were 
reported, and from this date onwards, the number of new cases were at least two. 
We started our data-fitting with parameters 0 0, aβ  and 0γ  as of 1st March 
2020, and we also fit 0

0E , the number of exposed at 0t = ; the initial guess for 
0
0E  was 2. 
The first interval, 0T , ends on 30th March 2020, i.e., three days after the UK 

nationwide lockdown measures were introduced. After fitting the model, the esti-
mated number of exposed individuals in this time interval, denoted 0

0E� , is about  
 
Table 2. Ranges of the parameters in the model (2), for 0, ,9i = � . 

Parameter Meaning Range 

iβ  Transmission rate 0 - 1 

1
ia−  Average incubation period (days) 2 - 20 

1
iγ
−  Average infectious period (days) 2 - 20 
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7.238, and the values of the corresponding fitted parameters are presented in the 
first row in Table 3. The component ,0cI  of the numerical solution of the model 
(2) in 0T , using the initial condition ( ) ( )0 0 0 0 0 0 0

0 0 0 0 ,0 0 0, , , , , ,0,0,0cS E I R I N E E= − � �  
and parameters from Table 3, is presented in Figure 4 along with the number of 
positive cases, 0D . Figure 5 shows components E, I and R for the numerical 
solutions of the model (2). In Figure 6, we present the course of the epidemic 
without lockdown (or any intervention), which results from computing the solu-
tion of (2) on 0T  using the parameters and the initial condition described above. 
 
Table 3. Model parameter estimates. 

i Days iβ�  ia�  iγ�  0,i  

0 1 - 30 0.5607 0.2902 0.1898 2.9539 

1 30 - 59 0.4842 0.2058 0.5000 0.9684 

2 59 - 88 0.4344 0.1880 0.5000 0.8688 

3 88 - 117 0.1999 0.0500 0.3803 0.5255 

4 117 - 146 0.0215 0.0500 0.0500 0.4297 

5 146 - 175 0.1487 0.2543 0.0500 2.9742 

6 175 - 204 0.1015 0.2020 0.0500 2.0298 

7 204 - 233 0.4950 0.1456 0.2973 1.6649 

8 233 - 262 0.3377 0.0759 0.5000 0.6753 

9 262 - 300 0.1441 0.0735 0.0782 1.8419 

 

 
Figure 4. The blue dotted curve is the ,0cI  component of the numerical solution of (2) 

with ( ) ( )0 0 0 0 0 0 0
0 0 0 0 ,0 0 0, , , , , ,0,0,0cS E I R I N E E= − � �  and parameters from Table 3, 0i = .  

The red dotted curve represents 0D .  
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Figure 5. Compartments E, I and R of the numerical solution of (2) with  

( ) ( )0 0 0 0 0 0 0
0 0 0 0 ,0 0 0, , , , , ,0,0,0cS E I R I N E E= − � �  and parameters from Table 3, 0i = . 

 

 

Figure 6. Numerical solution of (2) with ( ) ( )0 0 0 0 0 0 0
0 0 0 0 ,0 0 0, , , , , ,0,0,0cS E I R I N E E= − � �  and 

parameters from Table 3, 0i = , on [ ]0,300 . 

 
Notice that the value of 0,0  in Table 3 is in the range of early estimates by 

[34] [35] [36] 3.0 (1.5 - 4.5), 2.2 (1.4 - 3.9) and 2.68 (2.47 - 2.86), respectively. 
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However, there are larger estimates, for instance in [37], 0 5.7≈  (3.8 - 8.9). 
Moreover, for this time period, there is no 0  estimate available from the DoH 
[33]. 

3.2. Dynamics of First Wave of the Pandemic  

The first wave of the epidemic in NI is captured in the first 6 interval (~175 days) of 
the outbreak. Components iE , iI  and iR  of the numerical solutions of (2) for 

0, ,5i = � , with initial conditions ( ) ( )0 0 0 0 0 0 0
, 0 0, , , , , ,0,0,0 , 0i i i i c iS E I R I N E E i= − =� �  

and (3) when 0i > , are presented in Figure 7 and Figure 8. Between Day 30 
and Day 140, iE  is mainly decreasing and stays below its value on Day 29, 

( )29iE . Similarly, iI  starts to decrease from Day 30, but, in contrast to, iE  
starts to increase from day 117, and displaying a rapid growth from day 146. 
These changes in the course of the epidemic most probably related to the UK 
nationwide interventions introduced on Day 27 (27th March 2020) and gradually 
relaxed over the summer of 2020. Our numerical solutions suggest that these 
measures were very effective in slowing down the spread of the disease. Fur-
thermore, our solutions indicate that the number of exposed and infectious in-
dividuals started to increase sharply around day 145 (27th July 2020), i.e., about 
two months after the lockdown measures were eased in NI. During this period of 
175 days, 0, 1i < , as shown in Table 3 for the rows 1,2,3,4i =  (days 30 - 146). 
On the other hand, 1D

t <  for days 94 - 122, as shown in Table 4. Finally, no-
tice that ( )0,5 0,02.9742 2.9539= > =  ) is significantly larger than the ones 
given for the corresponding period in Table 4. 
 

 
Figure 7. Compartments iE , iI  and iR  of the numerical solutions of (2) for 0, ,5i = �  

with initial conditions ( ) ( )0 0 0 0 0 0 0
0 0 0 0 ,0 0 0, , , , , ,0,0,0 , 0cS E I R I N E E i= − =� �  and (3) when 0i > . 
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Figure 8. Compartments iE  and iI  of the numerical solutions of (2) for 0, ,5i = �  

with initial conditions ( ) ( )0 0 0 0 0 0 0
0 0 0 0 ,0 0 0, , , , , ,0,0,0 , 0cS E I R I N E E i= − =� �  and (3) when 0i > . 

 
Table 4. Weekly estimates of D

t  for the period of study, provided by the Department 
of Health of Northern Ireland. [33]. 

Day Date D
t  

87 26-05-2020 0.8 - 1.0 

94 02-06-2020 0.7 - 0.9 

101 09-06-2020 0.5 - 0.9 

108 16-06-2020 0.6 - 0.9 

115 23-06-2020 0.6 - 0.9 

122 30-06-2020 0.3 - 0.8 

129 07-07-2020 0.5 - 1.0 

136 14-07-2020 0.5 - 1.0 

143 21-07-2020 0.9 - 1.5 

150 28-07-2020 0.5 - 1.0 

157 04-08-2020 1.2 - 1.4 

164 11-08-2020 1.5 - 1.7 

171 18-08-2020 1.2 - 1.6 

178 25-08-2020 1.2 - 1.6 

185 01-09-2020 1.1 - 1.4 

192 08-09-2020 1.1 - 1.4 

201 17-09-2020 1.0 - 1.3 
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Continued 

206 22-09-2020 1.4 - 1.8 

213 29-09-2020 1.2 - 1.6 

220 06-10-2020 1.3 - 1.8 

227 13-10-2020 1.4 - 1.8 

234 20-10-2020 1.0 - 1.3 

241 27-10-2020 0.8 - 1.1 

248 03-11-2020 0.6 - 0.9 

255 10-11-2020 0.7 - 0.95 

262 17-11-2020 0.9 - 1.1 

269 24-11-2020 0.75 - 0.95 

276 01-12-2020 0.9 - 1.1 

283 08-12-2020 0.9 - 1.1 

290 15-12-2020 1.0 - 1.2 

297 22-12-2020 1.05 - 1.25 

3.3. Dynamics of the Epidemic during the Rest 2020  

We now focus on the later phase of the epidemic. In Table 3, we provide the fit-
ted parameter values and the estimates of 0,i  for the period of study, whereas 
for completeness, Table 4 presents the estimates of D

t  provided by the DoH 
of NI. To obtain numerical solutions of the model (2), we use the initial condi-
tions: ( ) ( )0 0 0 0 0 0 0

0 0 0 0 ,0 0 0, , , , , ,0,0,0cS E I R I N E E= − � �  for 0i = , and (3) for 0i > . 
The numerical solutions of the ,i cI  component of the model along with the cu-
mulative number of positives cases, iD , for 0, ,9i = � , are presented in Figure 
9. The dynamics of the components iE  and iI  of the numerical solutions of (2) 
for 0, ,9i = �  with initial conditions ( ) ( )0 0 0 0 0 0 0

0 0 0 0 ,0 0 0, , , , , ,0,0,0cS E I R I N E E= − � �  
for 0i = , and (3) for 0i >  are presented in Figure 10. The three components 

iE , iI  and iR  of the corresponding numerical solutions, are then depicted 
together in Figure 11, whereas the estimates of t  are shown in Figure 12. 

4. Discussion and Future Work  

The mathematical modelling of infectious disease spread can have significant 
utility in providing information and insights that can, if used carefully, facilitate 
decision making, the implementation of public health strategies as well as allow 
the use of scarce health care resources, [38] [39]. Criticism of modelling has been 
levelled, [40], but usually by those who have misunderstood the limitations of 
modelling: their value is not in long-term-prediction but rather for outlining 
potential near-future scenarios and how they may be altered by interventions. 
Clearly to be effective models need to be robust and tested against real word data. 
Moreover, it has become clear that the multidimensional differences between 
populations (economic, social, cultural, demographic etc) profoundly influence 
epidemic dynamics [16] [17]. Hence it is crucial, as we have done, to model in  
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Figure 9. The blue dots represent the ,0cI  component of the numerical solution of (2) 

with ( ) ( )0 0 0 0 0 0 0
0 0 0 0 ,0 0 0, , , , , ,0,0,0cS E I R I N E E= − � �  and parameters from Table 3; the red dots 

are values of iD , 0, ,9i = � . 

 

 
Figure 10. The iE  and iI  components of the numerical solution of (2) with  

( ) ( )0 0 0 0 0 0 0
0 0 0 0 ,0 0 0, , , , , ,0,0,0cS E I R I N E E= − � �  and parameters from Table 3 and dotted curve is 

0D , 0, ,9i = � .  
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Figure 11. The iE , iI  and iR  components of the numerical solution of (2) with 

( ) ( )0 0 0 0 0 0 0
0 0 0 0 ,0 0 0, , , , , ,0,0,0cS E I R I N E E= − � �  and parameters from Table 3, for 0, ,9i = � . 

 

 
Figure 12. t  using the estimates in Table 3. 

 
local settings. Northern Ireland is lucky in having a well-developed and robust 
system for data capture that we have taken advantage of. Using this we success-
fully fitted SEIR models without vital dynamics to COVID 19 data spanning the 
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first two waves of the epidemic. More specifically, we split the data into 10 time 
intervals, , 0, ,9iT i = � , and fitted the models to the cumulative number of con-
firmed positive cases on each interval, and the estimated parameters reflect 
changes in the level of lockdown measures. 

Our study clearly highlights the power of mathematical modelling of epidemi-
ological processes. For instance, by fitting only one variable, ,c iI , of a sequence 
of a relatively simple SEIR models to real data, we obtained information about spe-
cific features of the disease. For example, by using Table 3, we can estimate that the 
average incubation time is between 3.4459 and 20 days and that the average recov-
ery time is between 2 and 20 days. However, it is important to note that the men-
tioned extrema of these estimates, in particular for the infectious period, are the 
results of the enforced parameter bounds during the fitting process. Nevertheless, 
the values from these intervals are in good agreement with the widely accepted 
clinical properties of COVID-19 [34] [35] [36]. In addition, with our modelling 
approach, assuming only around 7 exposed but no symptomatic individuals at 
the beginning of the outbreak and clearly importing the disease, we were able to 
successfully reproduce numerically the evolution of the cumulative number of 
confirmed positive cases. This fact highlights the necessity of considering strict 
border control strategies in the case of an emerging pandemic [41], and the cru-
cial role of effective contract tracing methods. Furthermore, the modelling process 
gives information about variables, the level of exposed and infectious subpopula-
tions at any given time in our case, which are not or partially accessible by cur-
rent testing methods and strategies. For instance, despite the decreasing number 
of exposed and infectious individuals, our solutions estimates that, when the 
easing of the lockdown restrictions was announced, around day 80, the number 
of exposed and infectious individuals were about 260 and 101 respectively. Al-
though, our computed 0,i  for that and the following period, in agreement 
with D

t , is below 1 and shows decreasing tendency, shortly after the number 
of infectious individuals took an upward turn. This might suggest that the re-
production numbers on their own are not sufficient to assess the state of an on-
going pandemic, but in addition, one may wish to consider at least estimates of 
the number of active infectious individuals in the population. 

The vaccination campaign has already been started in NI on 8th December 
2020. When data for level of vaccination become available, we aim to update our 
model to investigate the effects of the campaign on the dynamics of the outbreak 
in NI. The minimum level of vaccination, with vaccine giving 100% immunity, 
to achieve herd immunity is  

 
0

11 ,ch = −


                            (7) 

provided 0 1R > , see [42]. Using 0,0  from Table 3, we obtain the following 
estimate of the herd immunity  

 
0,0

11 0.6615.ch = − =


                        (8) 
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Notice that  

 
0, ,9

1: max 1 0.4D
c Di

t

h
=

 
= − = 

 � 
                    (9) 

which is significantly lower than the estimate (70% - 80%) recently reported in 
the news, [43] 

As we mentioned in Section 2, there are many aspects of the disease one may 
wish to address, such as the level asymptomatic infective subpopulation that we 
currently do not capture. However, the employed model is not designed to cap-
ture this variable. In addition, the SEIR model does not reflect on the finer de-
tails of society and interactions therein. For instance, one can obtain a better 
picture of the disease spread by incorporating the age structure of the considered 
population and the various levels of interaction between the age groups. Also, 
during lockdown, various limitations on social interactions were introduced, and 
possible hubs of disease spread were retail units of essential items. To assess the 
effectiveness of interventions in this and similar sectors, one can build a model 
reflecting the features of relatively short, indoor mixings of various subpopula-
tions. In addition, in the case of a developing and ongoing epidemic, the eco-
nomic impact of imposed control measures should be considered. Metapopula-
tion models considering the spatial distribution and movement patterns within 
the population can be powerful tools in designing, implementing and updating 
movement restricting interventions affecting commuter networks vital to main-
taining a healthy economy even in the case of an epidemic. Furthermore, during 
the last week of December, the level of the rates of infection is less likely to be 
captured by the data due to changes in behaviour that can affect testing. In the 
week up to 4th January, there was a steep increase in the reported positive tests, 
which could result in increased hospital admissions. There was a steady increase 
in the reported positive cases despite the restriction measures introduced by the 
local authorities on 26th December 2020 to control the spread of the disease. This 
surge in the daily incidence of infection may be attributed to the new strain of 
COVID-19 also known as Variant of Concern (SARS-CoV-2 lineage B.1.1.7), 
detected in November 2020, or socializing or both. SARS-CoV-2 lineage B.1.1.7 
is rapidly spreading across England as well as the regions of the UK. In a recent 
study [44], the authors evaluated the relationship between the transmission and 
the frequency of SARS-CoV-2 lineage B.1.1.7 across regions in England over 
time and found a higher transmissibility compared to SARS-CoV-2. Modifica-
tions of the current model will address this as data become available. 

Despite its limitation, our model robustly captures the essential elements of 
the first 12 months of the NI COVID-19 epidemic and is a platform for further 
development. Developing further our model by considering additional features 
of the COVID-19 pandemic and the refined details of the population in NI, we 
aim at improving the quality of the parameter estimates and the details of in-
formation offered by compartmental modelling of the spread of communicable 
diseases.  
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5. Conclusion  

We successfully fitted several copies of a Susceptible-Exposed-Infectious-Recovered 
(SEIR) compartmental model on consecutive time intervals between 1st March 
2020 and 25th December 2020 to the cumulative number of confirmed positive 
cases of COVID-19 in Northern Ireland. We provided estimates of the basic re-
production number and the effective reproduction number. In addition, based 
on our parameter estimates, we discussed the required level of herd immunity to 
disrupt the chain of COVID-19 infection in Northern Ireland. 
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