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Abstract

The study of infectious diseases in humans has become increasingly important in public
health. This paper extends the SEIR model to include unreported COVID-19 cases (U)
and environmental white noise. Dynamic analysis is conducted based on the variation of
the environment. The ergodicity and stationary distribution criteria are discussed. Using a
Lyapunov function, we write down some sufficient conditions for disease extinction. With
different intensities of stochastic noises, we calculate the threshold of extinction for the
stochastic epidemic system. In order to control the spread of disease, the stochastic noise
plays an important role. A numerical simulation and a fit to real data have shown that
the model and theoretical results are valid.
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1 Introduction

In order to prevent the spread of this infectious disease in communities, immediate actions,
as well as intensive research, are necessary [1, 2]. On December 8, 2019, several Coronavirus
cases were reported in Wuhan, China. It was previously unknown that Coronaviruses could
infect humans. Even so, it has been found to cause widespread autoimmune reactions in some
patients for unknown reasons [3]. In addition to causing human-to-human infections, the virus
eventually caused a global pandemic. According to epidemiological studies [4], coughing or
sneezing is the main route of transmission for COVID-19.

Due to the fact that this pandemic was a new disease, its spread and mortality were un-
known, it also attracted the attention of researchers from a variety of fields. In order to figure
out the transmission dynamics of the disease and predict its development among different popu-
lations, epidemiologists, statisticians, and mathematicians developed models. Infectious disease
modeling plays a crucial role in disease control. Literature has described and investigated a va-
riety of epidemic models. In [5] the authors considered the dynamics of a SIR-based COVID-19
model with linear incidence rates, nonlinear removal rates, and public awareness. Ziren et al.
[6] presented an analysis of the SEIR model for spreading COVID-19 based on the unreported
infected population and dynamic parameters. Authors of [7] investigated SEIR epidemic models
with vaccination, time delays, and stochastic perturbations by including white noise in some
parameters.

H. Al-Mubaid, T. Aldwairi and O. Eulenstein (eds.), BICOB-2024 (EPiC Series in Computing, vol. 101),
pp. 11-24



COVID-19 Epidemic Model Including Unreported Cases and Stochastic Noise F. Rihan, H. Alsakaji

Furthermore, the transmission of COVID-19 is disturbed by various random factors in the
environment. A number of environmental factors influence the spread of the new strain of Coro-
navirus COVID-19 to humans, including humidity, precipitation, temperature, and awareness of
people. An increasing number of researches consider environmental noise and study stochastic
models for COVID-19 [8]. In fact, environment disturbances have an important effect on the
evolution of infectious diseases [9, 10], and Gaussian white noise is usually selected as an ap-
propriate representation of environmental fluctuations. There are different possible approaches
to include random effects in the model, both from a biological and from a mathematical per-
spective. For instance, Liu et al. [11] and Luo et al. [12] proved that a large disturbance of
white noise can lead infectious diseases to extinction. A large number of works indicate that
stochastic disturbance can suppress disease outbreak [13].

This study extends the analysis to the Susceptible-Exposed-Infectious-Unreported-Removed
(SEIUR) model for COVID-19 infectious diseases with stochastic perturbations and discusses
its qualitative behavior. The model is verified by curvetting or real observations in UAE, using
least-squares approach. In Section 2, we provide a stochastic mathematical model for COVID-
19 governed by the SEIUR model. In Section 3, we investigate the stochastic analysis for the
model with its qualitative behavior. The final section provides some numerical simulations and
concluding remarks.

2 The Model

Despite being applicable to most infectious diseases, SEIR has some shortcomings when applied
to COVID-19 data. COVID-19 can also be transmitted by those who are exposed to it. During
incubation, SEIR assumes that members of the £ compartment are infected but not infectious,
so-called unreported cases. This paper proposes a piecewise SEIUR model; Figure 1 illustrates
it. First, the model assumes that susceptible individuals are born at the rate n(S; F; I; U; R);
this rate is a function of the densities of susceptible, exposed, infected, unreported cases, and
recovered individuals. The proportion of exposure to infected is f € (0, 1), and the proportion
of exposed to unreported cases is (1 — f). The model is as follows:

%(f) — 1 — BS(DE(t) — uS(t)

dg_it) = BS(HE(t) — (o + p)E(t)

%?ZWE@—W+MM) @
%Et) —o(1— YE(t) — (v + WU (1)

dR;_it) =~(I(t)+ U(t)) — pR(t).

The parameters in (1) are summarized in Table 1.  We explore the qualitative behavior of

system (1) by studying the local stability of the disease-free equilibrium (DFE) and the endemic

equilibrium (EE). The DFE is & = (So, Eo, Iy, Up, Ro) = (ﬁ,0,0,0,0). However, the EE
Ro—1

U+”7 B = E[Ro —1], I* = Mj U* —

B B By + n)

. By using the next-generation matrix (NGM) [18], we

£* = (S*,E*, I*,U*, R*), where S* =

o —f)Ro—1)  p. _79(Ro — 1)
Bly+n) 7 By + n)
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Table 1: Description of model (1) parameters.

Parameters Description

rate of newborn in the population
contact/transmission rate

mortality rate

incubation period

the proportion of exposure to infected
the recovery rate

2 %9 T 3

Exposed
[E]

Removed
[R]

Figure 1: Scheme of SEIUR model (1).

BSo o Bn
o+p plo+p)

The transmission of diseases is disturbed by numerous random factors in the environment.
Taking this into thoughts empowers to show uncertainty into deterministic natural models to
uncover the natural inconstancy impact, whether it could be an environmental perturbation
in parameter or random noise within the differential systems. Therefore, we assume that the
stochastic perturbations are of the white noise type which are directly proportional to S(t),
E(t), I(t), U(t) and R(t) in model (1) respectively [15, 16]. Thus, we propose a stochastic
model of the following form

calculate the basic reproduction number Ry =

dS(t) = [n— BS()E(t) — pS(t)]dt + 1 SdWy

dE(t) = [BS)E(t) — (o 4+ w)E(t)]dt + o EdWo

dI(t) = [ofE(t) — (v + p)I(t)|dt + b3 IdW3 (2)
dU(t) = [o(1 = f)E(®) — (v + pU@)]dt + s UdWy

dR(t) = [y(I(t) + U(t)) — pR(t)]dt + 15 RAW:.

Subject to the following initial conditions:

Six)=¢x), EXx) =0GKX), I)=GaK), Uk =0ukXx), RX=GGKX). (3)

¢i(0) > 0 and ((x), ¢ = 1,...,5, are nonnegative continuous initial functions, where 1);, i =
1,...,5 are the intensities of white noise. W;(t), 7 = 1,...,5 stand for the independent Brownian
motions defined on a complete probability space (2, M, {M};>0, P) with a filtration {M;};>¢
satisfying the usual conditions.
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3 Main Results

Theorem 1. For any initial value (S(0), E(0),1(0),U(0), R(0)) € R?., there is a unique positive
solution (S(t), E(t),1(t),U(t), R(t)) for system (2) ont > 0 and the solution will remain in R,
with probability one.

Proof. Since the system coefficients (2) satisfy linear growth and Lipschitzian conditions we can
show that system (2) has a global positive solution. Therefore, we need to establish a Lyapunov
function, so we define

K(S,E,LUR) =K()=(S—1-8)+(E—1-WmE) +({I—1—-Inl)+(U—1-1n0)
+(R—1—-InR).

(4)
By Ito’s formula on K
dK(.) = LKdt + 11 (S — 1)dWi(t) + o (E — 1)dWa(t) + 13 (I — 1)dWs(t) )
+ ¥a(U = 1)dWy(t) + s (R — 1)dWs(1).
Such that
ElCzn—uS—%—l—ﬁE—uE—ﬁS—uI—UfTE—uU—o(l—f)—uR—%{
U U+ 93 + U5+ vE + U8
— 45 2
R +op+o+2v+ 5 (6)
2 2 2 2 2
§n+5u+a+2v+B(E—S)—u(S—l—E—f—I—i—U—i—R)—i—wl+w2+d;3+w4+w5

<H.

Such that H is a positive constant. Hence, LK is bounded. The rest of the proof is standard
[7], so it is omitted. O

In the next theorem, we focus on the existence of stationary distribution of model (2).
From biological point of view, stationary distribution can be assumed as a weak stability of
the system, in which the infection is persistent in the time mean sense. Let V (¢) is a regular
time-homogenous Markov process in R%, defined by the stochastic differential equation

d
AV (t) = g(V(£))dt + > fo(V () dW,(t). (7)

Such that, the diffusion matrix of the process V (¢) is

d
M(v) = (s55(0), <55 () = > i) 1 (v).
s=1

Lemma 1. [1/]. The Markov process V(t) has a unique ergodic stationary distribution 7(.) if
there exist a bounded domain N C R? with regular boundary A and

C1: there is a positive number M such that ijzl Gij (V)& > M|E)?v e N, € € RY.

C2: there exists a nonnegative C2-function D such that LD is negative for any R? \WNV.
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Assume that

< _ nByo*(l—f)
Ro=—%F>"- (8)
01092030405
2 2 2 2
Wherecfl:U—l—,u—l—%;cfzzﬂy—ku—l—%;cfg:’y—l—u—k%;a}:u—k%anda}-u—kﬁ

Theorem 2. If R§ > 1, then there exists a unique stationary distribution for system (2) and
it has the ergodic property.

Proof. To verify condition (C.1) of Lemma 1, the diffusion matrix of system (2) is given by

282 0 0 0 0
0 2E? 0 0 0
zZ=1|0 0 Y22 0 0 (9)
0 0 0 Q2U? 0
0 0 0 0  ¢ZR?

Apparently, the matrix Z is positive definite for any compact subset of R , so the condition
(C.1) in Lemma 1 holds.

To verify the second condition, we establish a C?—function D : Ri — R as follows:

D(S,E,ILUR)=F(—-InS—viInE—volnl —v3InU —yyInR)—InS—InE—-InR
(10)

1
+1—+9(S+E+I+U+R)9“:FD1+D2+D3.

Suchthatylzw szw ngwandmzw and 0 > 1

oi{o20304 01050304 01020504 01020302 ?

is a contant satisfying n — %(1/)1 Vo V 1bg V by V 1h5). In addition F' > 0 is a sufficiently large
number satisfying —FVU 4+ F; < —2, where ¥ = nyo?(-f) _ (1 + w;) > (0 and

01020304

1 0 2+ 2+ 2
Bi= s -l S@R VR vaR Ve veRE s o+ IEEEYS 4 )
(S,E,1,U,R)ER 4 2 2

1 0
By= s {nS+E+1+U+R — - s@ivedvedveived)
(8,E,I,U,R)ERS.

% (59“ L+ EOHL 4 peHL | ol +R9+1)}.

1 0
By= sup {—2lu— @iVl ved vyl vt + B 4 177 4 U 4+ ROV
(S,E,I,U,R)ER?.

1

0
= gl = 5@ Ve v v v e BT - o

Vi + Y3 + P2
4 S 2

+3u+o+

The function D S’, E, I ) is continuous and || (S, E, LU, R)|| = oo. Thus, it has a minimum
point (S(0), £(0),1(0 ) ( ), R(0)) in the interior ofR . Hence, we define D : RS — Ry as:

D = D(S,E,I,U,R) — D(5(0), E(0), (),U(O),R(O)),where (S,E,I,UR) € (p,p)x(;,p)x

(%,p) X (%,p) X (%, p) and p > 1 is a sufficiently large integer. Let D; = —InS —v1InE —
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volnl —v3InU — vy ln R, by applying It6’s formula to D1, we get

E 1-f)F
EDlZ—g—i-BE—i-u—mBS—i—l/l(o—i—u)—UNIf +u2(7+u)—w
T U 2 2 2 2 2
+V3(7+u)—y4( + )_i_ym_i_ﬁ_i_m%+V2¢3+V3¢4+V4¢5
R 2 2 2 2 2
¢2 w2 "/12 (11)
< =5YnByo2(1 = flrvavsva + p+ BE + o +vi(o + pt+ 2) + ey + i+ )
2 2 2(1 _ 2
TR S NS B i i U LYY N G Y )
2 2 01090304 2
Let Do = —InS —InF — In R, one can get
I+U 03+
uh:—g+ﬂE+m—ﬂS+@+uyfﬂR >+w1 % Vs (12)

Similarly, assume that D3 = 11@(‘9 +E+1+U+ R by Ité's formula, we have
LDs :(S+E+I+U+R)9[n—u(S+E+I+U+R)]+§(S+E+I+U+R)"*1
x [Y7S® + ¥3B? + 317 + YU + Y3 R?]
ﬂS+E+I+U+RVm—MS+E+I+U+Rﬂ+§@+E+I+U+RW“
X (Y7 V3 VI VRV p3)
gn(S+E+I+U+R)9—(S+E+I+U+R)"“(u—g(w§v¢§vw§vwiv¢§))

1 0
<E = Slu— 5@ ves vyl vl VYRS +E+I1+U+R)*
1 0
<E =Sl — 5@ ves vyl vyl VR)|(SOT + BT 4 10T 4 Ut 4 RO,

(13)

From equations (11-13), we obtain

LD < — FVU +2FBE — %[u - g(wf Vs Vs v v RSt + EOT 4 10T L pftt 4 RO

o 3 I 4U) | P 493+ R
S—|—3u BS+o 7 + 5 + E»
< — FU+2FBE — i[u - gwf VR Vs vl v + BT 4 17T 1 Ut 4 RO
1 0 1+U
- bR ved vt vedEt - Dy ps o - WD)
2 2 2
_~_¢1+7/;2+7/15_~_E2'
(14)
For € > 0, we define a bounded set
. 1 1 1 1 1
N:{(S,E,I,U,R)€R+:ESS§—,:e§E§—,:eﬁ[ﬁ—,:eSUS—,:e§R§—2}
€ € € € €
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From Lemma 1, we will verify that £LD < —1 for all (S, E,I,U, R) € R% \ N, = U2, N, where
M ={(S,E,[LUR)€R} :0< S <e}, No={(S,E,[LUR)ERS:0<E <¢},
N3 ={(S,E,[LUR) €R :0<I<eR>e}, Nu={(S,E,[LUR)€R}.:0<U <¢,R>e}
Ns ={(S,E,[,LUR) €RS :0< R< ¢, 1 > ¢}, /\/6:{(57E7I7U7R)€Ri:5>%}
N7:{(S7E7I7U7R)6R1:E>%}7 Ng:{(S7E7I7U7R)e]Ri:I>%}

No ={(S,E,ILUR) €R’. : U > %}7 Nio={(S,E,I,U,R) €R%. : R > }2}

(15)
Let
1 0
G =2FBE — Z[p— S (47 VY3 VY3 Vi v eR)|(ST + BPT 4+ 17T+ U+ RO "
16
1 0 2+ 2+ 2
= SRV RV VR VB sy o AT L,

e Case I: for any (S, E,I,U, R) € N1, we have

~ 1 0
LD < — L+ 2FBE — - S v Vi v ved)l(s"t + BT 17T L Ut 4 RO

1 0 I1+U
- SR v v v vedE 4 u - ps 4o - WD)
2 2 2
LT g g -Tig<,
2 S €
(17)
which is obtained as 0 < € < L.
G+1

e Case II: for any (S, E,I,U, R) € Ns, we have

M+%+%+

E
B) 2

- 1 0
LD <= FY+2FBE — 2~ g (Wi Vs Vs Vi Ve B +3u+ o+

< —FU+2FBE+Ey < —FU +2FBc+ By < —1.
(18)

since —FV + Fy < -2 and —FV 4+ 2FBe+ E; < —1.

e Case III: for any (S, F,I,U, R) € N3, one obtains

~ I 1 0
LD < - +2FBE - Z[n— 5 (0 Vi v i vl veR)i(stT + BUT 4 10T 4 U 4 RO

1 0
= gl = 5@ VSVl v veDIET 4 3u - 85 o ]

2 2 2
I
IO SN DN e L Ry s A P
2 R €
(19)

which is obtained as 0 < € < T the same manner we can prove Case IV.

G+1
17
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e Case V: for any (S, E,I,U, R) € N5, we get

LD <~ %f +2FBE — i[u - gwf Vs Vs ved v )80 + EOY 4 10T 4 U0t 4 RO

1 (7]
= = 5@ vl v vl V)BT 43y - BS o - 4
2 2 2
+W+Egs—%+gs—l7
(20)
which is obtained as 0 < e < ¢ L.
VG+1
e Case VI: for any (S, E,I,U, R) € N, we have
LD < _%59“ + E3 < B3 — %67(0“) < -1, (21)
[ 1/(6+1)
where 0 < € < [m} . Cases VII, VIII and IX are the same as Case VI.
3
e Case X: for any (S, E,I,U, R) € Nig, one obtains
LD < —%R"*l By < Ey— %6—2“’“) <1, (22)

M ]1/2(0+1)

where 0 < € S [m
3

Therefore, LD < —1 for all (S, E,I,U,R) € NX. The condition (C.2) of Lemma 1 holds.
According to Lemma 1, system (2) has a unique stationary distribution and it has the ergodic
property. The conclusion is confirmed. [l

Herein, we mainly discuss the extinction of the disease under some conditions. To begin
with, we present the following lemmas [17].

Lemma 2. Assume that (S(0),E(0),1(0),U(0),R(0)) is the initial value for the solution of the
model (2), then

lim &:O, lim @:O, lim M=O, lim M:O7 lim —=
t—oo t—oo t—oo t—oo ¢ t—oo

Lemma 3. Assume that 1 > £(¥3 V3 V3 Vi V2), where (S(t),E(t)I(t),R(t),V(t)) is the
solution of (2) with initial value (S(0),E(0),1(0),U(0),R(0)), we have

t t t

S(r)dW; E(r)dW- I(r)dW:
lim Jo S(r)dWi(r) ~ 0. lim Jo E(r)dWa(r) ~0, lim Jo 1(r)dWs(r) o,
t—00 t t—00 t t—00 t

Jo U(r)dwiu(r) Jy R(r)dWs(r) )
T T T T

lim 20T g gy 20T,
t—00 t t— 00 t

It is easy to compute that the deterministic system (1) admits a disease-free equilibrium
point. For the stochastic system (2), we obtain a sufficient condition on the extinction of disease
in the following theorem.

18
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Theorem 3. Let (S(t), E(t),I(t), ( ), R(t)) be a solution of system (2) with initial value (3).

If R§ = # <1 and p > (wl V3 Vb3 Vb3 vV 4h2), then the disease will tend to
plotpt 22 )

extinction with probability one, and the solution of system (2) satisfies: tlim S(t) = T and
— 00 /j,

tlggo E() = tlggo I(t) = tlggo ult) = tlggo E(t) = 0.

-

State Variables
State Variables

0.5

0 10 20 30 40 50 0 10 20 30 40 50

Time Time
Figure 2: Stationary distribution: the simulation of the path S(t), E(t), I(t),U(t), R(t) for model
(2) with ¢»; = 0.1, i = 1,...,5 (left); In the right banner, the intensities of white noise increased
toy¥; =0.2,i=1,...,5 for which the range of the stochastic perturbations increased. However,
the disease still persistent as R > 1.

Proof. By taking the integration of the first equation of system (2), we have

_ S(r
SO=5O) _, _ i) o) - 5oy + vy LD 24)
Therefore,
(5(0)) = 1[77 - pisn e - SO0, L SOWA)
" (25)
f r)dWi(r)  S(t)—S(0), n
Su u 0 ; - . ]._;+F1(t).
Here, lim; o, I'1(t) = 0. Using Ité's formula to the second equation of (2), we obtain:
dlog(E(t)) = (B5(t) = (o + p+ ﬁ))dt + 1hadWa(t). (26)
By taking the integrating of equation (26) from 0 to t, we have
O _ p(5(0) (0 4+ + L2y 4 L2020 log BO) 0
from (25) and (26), we get
Ing(t) SBQ+BF1() (O'—|—‘u,—|—1/;)—|—1/)2dW2()—|—E(O)
. t t (28)
= BZ (0 +p+ Vs )+ BT1() + Ta(t).
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Since lim;_,o0 I'2(t) = 0 and if R§ < 1, we have

. log E(t) 7 V3.
tli)rgof§ﬁ;—(0+u)::(U+u+72)(7€0—1)<0. (29)
Thus, lim;—, o E(t) = 0. One may integrate the third, fourth and fifth equations of system (2),
we have

01O _ a0 - -+ (0 + iy 2 1OD0)
U000 _ o1 - (50 - 1+ @) + w2 ZOM
RO RO 1)) +4(0(0) - () + 05 2 L)
Therefore,
<Hm=wvimbf@@»+%ﬁﬁvfwﬂm—I@;Jmﬁziﬁfg>+ﬁ@) (31)

As limy, oo T'3(t) = 0 and if R < 1; then lim;_,o I(t) = 0. In the same manner we can show
that lim; o U(t) = lim;_,oc R(t) = 0. Hence, we have

dSE)+E@)+It)+U@)+R(@)=[n—u(SE) + EX)+I(t)+U(t)+ R(t))]dt
+ 1S ()dWi(t) + o E(t)dW2(t) + ¢ (t)dWs (1) + 1halU(1)dWa(t) + ¢s R(t)dWs(1).

(32)

Thus, we can easily obtain
g$@@+E@+HU+MU+MM:g. (33)
O

4 Numerical Simulations and Concluding Remarks

We provide some numerical simulations for system (2), utilizing Milstein’s higher order method
[19], to illustrate the feasibility of our theoretical results. First, we examine the behavior of
the stochastic model (2) around £* with parameter values n = 0.4; 8 = 0.43905; pu = 0.275;
0=0.15 f=0.8;vy=05and ¢; =0.1,¢=1,...,5; such that Rj > 1, and its corresponding
deterministic model. Figure 2 shows the impact of increasing the intensities of white noise, for
the which range of the stochastic perturbations increased. However, the disease still persistent
as R§ > 1. Figures 3 and 4 illustrate the extinction criteria in two cases: namely when the
stochastic perturbations can eradicate the infectious disease such that R§ < 1; and the second
case when Ry < 1 such that the disease is wiped out in the deterministic model, apparently the
disease has decreased quickly with the increment of white noise intensity and they all eventually
be close to 0. Figure 5 shows the impact of the proportion of exposure to infected f, which
signifies that the number of Infected components increase as f increases (left); the the number
of unreported individuals decrease as f increases (right).
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Figure 3: Extinction: the simulation of the path S(t), E(t),I(t),U(t), R(t) for model (2) with
n =04; 8 =0.43905, u =0.275 0 =0.15, f =08, y=05and ¢, =03, ¢i=1,...,5 and
v; =0.1, ¢ =1,...,5; such that R§ < 1 < Ry, and its corresponding deterministic model. Which
illustrates the extinction of the disease when the white noise is relatively large, while the disease is
persistent in the undisturbed model.

To check the validity of system (1), we fitted real observations for the number of infected
cases of COVID-19 in the UAE from June 28, 2021 to August 10, 2021 using least square
approach ([7]). The objective function is defined by

5 M
Pp(c) = ZZW@J‘, c) = Xi|*hij. (34)
i=1 j=1
The variables S, E, I, U, R are represented by x%,i = 1,...,5; and model parameters are repre-

sented by c. Consequently, we examine the optimum parameter ¢ satisfying ®(¢) < min ®(c) =
(&
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Figure 4: Extinction: the simulation of the path S(t), E(t),I(t),U(t), R(t) for model (2) with
n = 04; 8 =0.43905; u = 0.4025; 0 = 0.15; f =0.8; vy =0.5and ¢»; = 0.1, e = 1,...,5; such
that R§ < Ro < 1, and its corresponding deterministic model. the disease vanishes in the stochastic
model more rapidly than the undisturbed model because of the effect of stochastic perturbations.

max £(c). Assume L£(c) is the likelihood function. As a result, estimating the parameters in
C

system (1) is assumed to be an optimization problem; observations is sized in ten thousand
increments. The estimated parameters, from the data given in [7], are B =0.99, 4 = 04,
6 = 0.6, so Ro=1.23> 1, see Figure 6.

We arrive at the following remarks.
Remark 1. According to Theorem 2, the disease will persist in the population (see, Figure
2). From the discussion above, we deduce that the epidemic disappears from the population if
the value of the noise is very large confirmed by Theorem 3, for which we deduce the threshold

parameter R§ = L which less than the reproduction number for the deterministic

w2
plo+p+ %)
model. Thus, we can classify the extinction into two cases; case one the infection persists in
the deterministic model when Ro > 1. However, the infection dies as in the stochastic model as
R§ < 1, (see Figure 3). Case two; the disease can decrease more rapidly with the increment of
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Figure 5: The impact of the proportion of exposure to infected f, which indicates that the number
of Infected individuals increase as f increases (left banner); the number of unreported individuals
decrease as f increases (right banner).
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Figure 6: Fitted curve of model (1) and the confirmed COVID-19 cases in the UAE, using least
square approach such that Rg =1.23 > 1

stochastic disturbance intensity when R§ < Ro < 1 (see Figure 4). And if the noise is relatively
weak, the pandemic persists.

Remark 2. SEIUR is a reliable model to use when dealing with COVID-19 data. The classical
SEIR model is extended here by including cases not officially reported in this study. With the
least-squares approach, the model is fitted to real observations in UAFE from June 2021 to August
2021. New sufficient conditions for the stability of disease-free and endemic steady states have
been derived.

The effects of environmental noise and more sophisticated models with time delay will be
studied in the future [20].
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