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ABSTRACT

Deterministic models have played an important role in biology over
the past few centuries, and continue to play. However, there is a
need to introduce a random factor due to the nature of biological
processes, which led to the emergence of stochastic models. To
bridge the gap between deterministic and stochastic models, and in
appreciation of the huge efforts made in deterministic models,
which have played a fundamental role in understanding, predicting,
and controlling the transmission dynamics of infectious diseases,
this study aims to clarify a method for creating stochastic model for
one of most vital and recent deterministic, that is Covid-19 model
with two doses, which showed the effect of receiving both doses in
containing the disease. To achieve this goal, the deterministic model
was studied extensively before converting to corresponding
stochastic. The deterministic and stochastic systems were solved
numerically and represented using MATAB tools.

Keywords: Covid-19 deterministic model, stochastic model, next
generation matrix method (NGMM), The diffusion matrix G.
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1-Introduction:

More than 20 infectious agents have been identified as a result of
numerous disease outbreaks that have occurred worldwide over the
past 10 years, Communities are in chaos due to these infectious
diseases. Emerging infections in specific areas have the capacity to
spread quickly across national boundaries and pose a serious threat
to public health, Covid-19 is a clear example of this.[1]
SARS-CoV-2, a novel coronavirus that arose in Wuhan, China, at
the end of 2019, is the source of COVID-19 infections. Following
its worldwide spread, it resulted in an unprecedented pandemic
never before seen since the 1918 influenza pandemic (3-8). Sars-
Cov-2 is a highly transmissible virus that mostly spreads by droplets
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(reproduction number R,: 2-3). This means that one infected
individual has the potential to infect up to three more individuals.
[1-4]. People who have minor symptoms or no symptoms at all may
be the ones spreading the disease. Coronavirus infection is a
respiratory disease that infects multiple organs and tissues and sets
off a chain of events that affects the entire body [1,2]. On January
30, the World Health Organization deemed COVID-19 a public
health emergency of global significance, and on March 11, it was
deemed a pandemic. The terrible worldwide effects of the ongoing
COVID-19 pandemic serve as a warning about the potential dangers
of newly developing infectious illnesses. On April 04, 2022, there
have been 492,271,251 confirmed cases worldwide with 6,178,291
deaths and 427,442,919 recovered. These numbers are
exponentially growing day by day. On March, 07, 2023, there have
been 680,817,071 confirmed cases worldwide with 6,806,074
deaths and 653,716,966 recovered [3]. However, after strenuous
efforts of precautionary and medical processes that culminated in
discovery of vaccinations, the intensity of the epidemic began to
wane. In the last update on April 13, 2024, there have been
704,753,890 confirmed cases worldwide with 7,010,681 deaths and
675,619,811 recovered, according to the (worldometers.info)
website: ( https://www.worldometers.info/coronavirus/).

It took the scientific community a few weeks to define the epidemic
and identify the causal agent, as well as the creation of extremely
specialized diagnostic techniques. As for coronavirus (COVID-19),
there are no established therapies. Still, an enormous number of
investigation systems are being investigated.[1]. The World Health
Organization has started a global clinical study known as the
solidarity study in an attempt to aid in the search for a COVID-19
cure. A Covid-19 vaccination can prevent Covid-19 sickness, and
the hunt for a SARS-CoV-2 vaccine is a top priority. Getting
vaccinated can lessen the severity of disease, also advancement and
widespread accessibility of vaccines are necessary for the COVID-
19 epidemic to come to an end. For the pandemic's several waves,
there might not be a vaccination that works. Currently, while
awaiting the development of a vaccination that works, there is a
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significant, globally coordinated effort to create vaccines, mostly
through the Coalition for Epidemic Preparedness Innovations.
Vaccination has been an effective strategy in combating the spread
of infectious diseases, e.g., pertussis, measles, and influenza [5]. To
find out whether this disease will fade away after using these
vaccines, deterministic mathematical models have been created that
determine whether this disease will spread or fade away, because
mathematical models can be easily understood and give specific
results about the outbreak of the disease, however, as mentioned
earlier, there is a need to introduce a random factor(s) to reflect the
impact of fluctuating biological processes, which led to the
emergence of stochastic models. After several studies, it was found
that stochastic models give more accurate predictive results than
deterministic mathematical models [6]. So in this work, a stochastic
mathematical model for Covid-19 was formulated from the
deterministic model, in order to know the correct extension of
deterministic models to their stochastic counterparts, and to take
advantage of the enormous amount of deterministic models through
converting them stochastic models.

2- MATERIALS and METHODS

2.1 The deterministic model:

The model is divided into eight compartmental classes [7], namely,
susceptible (S), first dose vaccinated (V;), second dose vaccinated
(V,), exposed (E), asymptomatic (A), symptomatic (), hospitalized
(H), and recovery (R). The flowchart of the formulated model given
in Figure 1, shows the transition between the compartments.
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Figure 1. Flowchart of Covid 19 model

Therefore, the model is mathematically formulated as [8]

( §=A+0R—[ﬁs+l+u]5
d
=S —[(A—e)Bs+n+ulVy
%:U‘G—[(l—gz)ﬁs‘*‘w"‘ﬂ]Vz

& = BsS + (1= £)BsVy + (1 — £2)BsV, — (@ + W)E

d
4
Z—':=KaE—[g0+y+u]A

%z(l—K)aE+<pA—[lp+h+u+6]I

d—H—hI—[p+,u+6]

dat
L Z—fzyA+1/)I+pH+wV2—(a+u)R

Where, all the variables and parameters used in this model are
described in Table (1).
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Due to the size of the model, the next generation matrix method
(NGMM) will be used to calculate the basic reproduction number
(Ry), this method can be summarized [9-11] as follows:

Table (1) Detailed description of state variables and
relevantparameters of the proposed model

Variable

S
Vi(t)
V,(®)
E(t)
A(t)
I(t)
H(t)
R(t)

TS E=RexsEINoE N

Description
Susceptible
First dose vaccinated
Second dose vaccinated
Exposed
Asymptomatic
Symptomatic
Hospitalized
Recovered
Hospitalized Recovered Recruitment rate into susceptible
population
Rate of loss of immunity
Rate of transmission from S to E due to contact with A
Rate of transmission from S to due E to contact withl
= BaA + Bil
Rate of vaccinated with first dose
Natural human death rate
Efficacy of the first dose
Efficacy of the second dose
Rate of transmission fromV;to V,

Rate of transmission from V, to R
Progression rate from E to either A orl
Proportion of asymptomatic infectious people
Rate of transmission from A to |
Rate of recovery of the asymptomatic human population
Rate of recovery of the symptomatic population
Rate of transmission from | to treatment
Rate of death due to the COVID-19 disease
Rate of recovery due to treatment

1- Consider the infection subsystem, which contains only the
infected compartmental classes that is:
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dE
——=BsS+ (1 —e)BsVi + (1 — &)BsV, — (@ + WE

dt
dA
E=KaE—[<p+y+,u]A
%z(l—x)aE+<pA—[t/)+h+,u+6]I
dH
E=h1—[p+,u+6]

2- Decompose the Jacobian matrix of the infection subsystem
into two matrices, F andM whereF is the transmission
matrix, andis the transition matrix, that isF contains the
entries corresponding to transmission events, where an
epidemiological birth occurs, andM contains the entries
corresponding to all other changes of state (including death)

BsS + (1 — e)BsVy + (1 — &) BsV

— 0
F= 0

0

—(a+wE 1
kaE —[@ +y + ulA
1-rK)aE+@A—[Y+h+u+8]If
hl —[p + u+ 5]

The disease free equilibrium is:

DFE= (SoViVa0 0 0 0 0 0);
A

So =7 (2)
2 AN
Vio = ESO N (u+n)(u+l)/m @)
__n _.m

Va0 = utw Vio = o (u+m(u+d) “)
The Jacobian at decease free equilibrium
F =
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0
0
0

0 BaSo+ (1 —e)BaVio+ (1 —)BaVag BiSo + (1 —&)BiVig + (1 — €3)B,V500
0 0 0
0 0 0
0 0 0
—(a+p) 0 0 0
_ ka —[o +y +ul 0 0
1 -k)a ® —[p+h+pu+6] 0 '
0 0 h —[p+u+6]

Since the matrixF has three zero rows, the next generation matrix of
system (1) is taken by the spectral radiusk, of the NGM which in
this case reduces to single element, as follows:

K. = (-ETF)(M™E)
Where:E=(1 0 0 0)"

K= —(0 B4aSo+ (1 —&)BaVio + (1 — €2)BaV20B1So
+ (A —e)pVio+ (1 —&)BVa 0)

-1
a+u
—-ka
(a+w(p+y+u)
-1 (1-K)a kago

PY+h+u+s L at+u (a+wW)(p+y+u)

{ -1 (1-K)a kagp }{ —h }
Y+h+u+é L a+u (a+w)(p+y+w) p+u+é
Therefore, the basic reproduction number of the system is given by
[12]:
ka
Ry = [So + (1 —&)Vio + (1 — £2) V3] {ﬁA (m) +
Ny+r+p+&) @+ (@+y+w)’ )

3- Numerical Representation

To support the mathematical analysis of the proposed model, the
numerical simulations are carried out using MATLAP tools (see the
Appendix) to represent solutions of deterministic and stochastic
models shown in figure 2. and figure 3. respectively.
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transmission of Covid 19

14

Proportions

0 0.5 1 1.5 2 25
Time
Figure 2. Transmission of Covid 19,
0=02=031=04u=03,6 =1,1n=05¢ =1,
w=1lLa=1L,k=19=05y=1,¢y=1,h=186=1,p=0.6.

4- The stochastic model for system (1):
Rewrite the model as

(2= R — S — 1S — uS
av
d_tl =S — (1 —&)BsVy —nVy —ul;y
av.
d_tz =nVy — (1 — &)BsV, — 0V, — ul,
dE

—=LsS+ (1 —e)BsVi + (1 — &)BsV, — aE — pE
| aa 5)
— =kaE — pA —yA — uA

dat

2 = aF — kaE + @A — I — hl — ul — 61
& pr

dt

kijl—:f=yA+l,[)I+pH+wV2—UR—MR
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1- Probabilities associated with changes in the transmission of
Covid 19 model are calculated in Table (2).

Table (2).Probabilities associated with changes in the transmissionof
Covid 19 model

Changes,Ax; Probability,p;
(1,0,0,0,0,0,0,—1)* . oR At.
(—1,0,0,1,0,0,0,0)". BsS At.
(—1,1,0,0,0,0,0,0)". AS At.
(—1,0,0,0,0,0,0,0)*. (1S At.
(0,—1,0,1,0,0,0,0)*. (1 —&)BsVq At.
(0,—1,1,0,0,0,0,0)*. nV4 At.
(0,—1,0,0,0,0,0,0)*. (V4 At.
(0,0,—1,1,0,0,0,0)". (1 — £,)BsV, At.
(0,0,-1,0,0,0,0,1)*. wV, At.
(0,0,-1,0,0,0,0,0)* . 1V, At.
(0,0,0,—1,0,1,0,0)* . aEAt.
(0,0,0,—1,0,0,0,0)*. T EAE.
(0,0,0,0,1,—1,0,0)* . kaE At.
(0,0,0,0,—1,1,0,0)*. @A At.
(0,0,0,0,—1,0,0,1)*r. yA At.
(0,0,0,0,—1,0,0,0)*. TAAE.
(0,0,0,0,0,—1,0,1)*r. Pl At.
(0,0,0,0,0,—1,1,0)* . hI At.
(0,0,0,0,0,—1,0,0)*". ul At.
(0,0,0,0,0,—1,0,0)*. 81 At.

(0,0,0,0,0,0,0,1)*. pH At.
(0,0,0,0,0,0,0,—1)tr. R At.

2- The expectation E(Ax) = Y22, p;Ax; is 8 X 1 vector. To order
At, the expectation can be expressed as follows:
E(Ax) = Y22, pix; = p1Axy + poAx, + p3Axg + -+ prpxy,.
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0 o) [0

—(1—&)BsV;
(1 - gé)ﬁSVZ + 8 + + | —aE +

—
S OO OO

o OO
\
—
IS

N<C>C>
S—

~
|
=
~
I
7]
~

N

oz

0 0 0 0 0
(o (o) (o) (o) (o)
BN RN R RE AN
—u
i 0 i+| KaE i+|—<PAi+|—)/Ai+|—/lAi+
0 —kaE PA 0 0
Vo) Vo) e e ) o)
0 0 0 YA 0
0 0 0 0 0 0
/0\ 0 0 0 0\ 0
0 0 0 0 0 | 0
0 0 0 0 0 | 0
Y 0| 0
0 0 0
—uR

I k
0
OR — ¢S — AS — uS

AS — (1 = &))BsVy —nVy —uly

Vi — (1 = &)BsV, — wVy — ul,
S+ —-e)BsVy+ (1A —&,)BsV, —aE — uE

E(Ax) = Bs 1)PsV1 2)PsV2 AL,
(%) kaE — pA —yA— uA

aE — kaE + @A — Yl — hl — ul — 61

hi
YA+ Yl + pH + wV, — oR — uR

—
< I
~
S~—

=

~

o O

0

3- The diffusion matrix G of dimension 8 X 22 is:
G =
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0
VoR —+/ ﬁss—m—,/uS 0 0 0
0 0 Vas o V (1 = e)BsVi—V1i— Juv, 0
0 0 0 0 0 v, 0 VA —&2)BsV,
0 JBsS 0 0 VA—-e)BsVi o 0 (A —g)BsV,
0 "o 0 0 0 o 0 0
0 o o0 0 0 o 0 0
O o 0 0 0 o 0 0
—VeR o 0 O 0 0 0 0
0 o o0 0 0 00
0 o o0 0 0 8 8 0
_1/ O)VZ_ MVZ 0 0 0 0
0 o —VaE—JuE 0 9 _ 0 o
0 0 0 0 VkaE —VPA—\YA— [uA
0 0 VaE 0 —VkaE JpA O 0
0 o 0 0 0 o O o
0O 0o o0 o 0 0
0 o 0o o 0 O
0O 0o o0 o 0 0
0 0o o0 o 0 0
0O o o0 o 0 0
VWA= Jul 5T 9 0
0O var 0 O
JoI o o 0 JpH—yuR
4- we formulate the stochastic system as:
dXx(t) = f(X(0), t)dt + g(X(©), )dW (¢). (6)
Where:
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— dSt —
vy,
dv,,
dE E(AX)
dx(t) = tl, Xt,t=[—], X(t),t
©=| 4 | r&x.0 === sr@.0
dl,
dH,
| dR, |
[dW1(t) 1
| dWa (1) I
= Gand dW(t) =| |
lszz(t)J
Thus, the system takes the following form:
ds, OR—BS—AS—uS
dvy, AS— A —epBVi—nVy—uVy
dvs, nVi—A—-elBVo—wVo—ul,
dEt = ﬁ55+(1—€1)ﬁ5V1+(1—€2)35V2—(XE—[.1E dt +
dA; KkaE — pA—yA— A
dl; aE — kaE + @A — Pl — hl — ul — 81
dHt h]
dR; YA+l + pH + wV, — oR — uR
G
VoR —\/BsS—iS—\[us :
0 0 vas o —Vva- 81)B5V1 \/nVl 1/W1
0 0 0 0 m o —v@- Sz)ﬁsVZ
= 8 VBsS 8 8 VA - 51).35V1 0 8 V(1 —&)BsV;
0 0 0 0
0 o 0 O 0 o 0 0
0O o 0 O 0 o 0 0
—oR ¢ 0 0 0 0 0 0
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0
0 awy(t)

0 ( AW, (t) \‘
0 .
R . :
0

: )

\dwz'z(t)

dS; = (OR — BsS — AS — pS)dt +
VORAW, (t) — /BsSAW, (t) — VASAW;(t) — \/uSdW,(t)
avy, = (A8 — (1 —&)BsVy —nVy —puly) +

VASAW;(t) — /(1 — &) BsVadWs () — nVydWis(t) — \/uVy dW; (1)
avy, = V1 — (1 = &) BsVo — wV, — uV)dt +
IVidWe(8) = (1 = &) BsVod Wy () — \JwVdWs (t) — \[uVad Wy, (1)
dE; = (BsS + (1 — &)BsVy + (1 — &,)BsV, — aE — pE)dt +
VBsSAW, + (1 — &) BsVidWs + /(1 — ;) BsVodWg — VaEdWy; — JuE dW;,
dA; = (kaE — pA — yA — uA)dt +
ViaEdWis(t) — \/ﬂdWM(t) - \/V_AdWm(t) - \/#_AdWm(t) )
dl, = (@E — kaE + @A — Yl — hl — ul — §Ddt + VaEdW,,
—VKaEdWy3 + \[QAdW,, — \[PIdAW,; —VRIAW, g — Jul dW1oVST Wy,
dH, = (h1)dt + VRIdW;5(t)
dR; = (YA + I + pH + wV, — 6R — uR )dt +
VAW, () + JYIdW,; () + [pHAW,1 () + JwV,dWy(t) — VoRAW; (£) — \/uR dW,,(0)
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5- Numerical Representation
Dynamics of S, Vl, Vz’ E, A, I, H, and R with Stochastic Effects
16 T T T T
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Figure 3.Transmission of Covid 19,

0=02,,=03,1=04,4=03,6,=1,17n=05,6, =08,w =1,
a=1,xk=05¢=05y=1yY=05h=0546=1p=0.6.

The generated stochastic model helps to understand how infectious
disease spreads and show that spread can be unpredictable and
highly dependent on individual interactions, contributing to
informed decisions about public health measures.Rapid intervention
activities, social distancing and vaccinations can have a significant
impact in reducing the spread of the disease. By including stochastic
terms, the accuracy of deterministic model can be improved to be
more realistic in representing the complex dynamics of infection.

6- Conclusion:

The purpose of this research is to form stochastic mathematical
models suitable for the study of epidemiology, to clarify the effect
of adding random termsto deterministic models. It was concluded
that stochastic models give accurate results and good prediction
about the spread of diseases, as including random variables in
deterministic biological models helps us to produce improve
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judgment in fields such as biological sciences and medicine by
enhancing our knowledge of biological processes and their
interrelationships. Interest in mathematical models of epidemiology
has increased recently because of its health and economic
implications.

It has been shown that many useful properties of solutions for
epidemiology can be deduced using stochastic mathematical
models. In this work, a stochastic system was studied on some vital
mathematical models specialized in infectious diseases, which is
Covid-19. Learn how to create stochastic model for its counterpart
deterministic mode, and then solve these systems numerically and
also highlighted using MATLAB tools. It is found that stochastic
system gives greater accuracy and accurate prediction about the
spread of the disease.

Recommendations for Farther Studies

We recommend taking advantage of literature stochastic calculus,
in an attempt to study the stochastic model analytically, in future
studies, to clarify more characteristics of its solution to know the
conditions that guarantee disappearance of the epidemic.

References:

[1] Abdullah B. Balkhair. Covid _19 Pandemic A New Chapter in
the History of Infectious Diseases, Oman Medical, Vol. 35, No.
2:e123, April 2020

[2] Bruno Manta, Armen G. Sarkisian, Barbara Garcia-Fontana,
Vanesa Pereira-Prado, Pathophysiology of COVID-19,
Physiopathology Department, School of Dentistry, Universidad
de la Republica. Las Heras 1925, 11600, Montevideo, Uruguay.
brunomanta@odon.edu.uy ,DOI:
10.22592/0de2022n39e312.

[3] Chinta Sidharthan, Study highlights mental health benefits of
COVID-19 vaccination. Aug 29, 2024 News-Medical

https://www.news-medical.net/health/History-of-COVID-
19.aspx

18 Copyright © ISTJ Ak sine qolall (3 s
Ayl g o shell 40 sal) dlaall



International Science and Volume 35 Al s pohl W05 T
Technology Journal Part 1 sl

AN
il g gtall 4l Al October 2024 ) I S T 'J /\

22024/10 /24:fe s dsall o W dialy  a2024/9/26 fmb 488l adiad &

Imtrwaational beimrs mad Taviasiags demraal

[4] Victor Galaz et. al. Artificial Intelligence, Systemic Risks, and
Sustainability, Technology in Society. ELSEVIER, Vol. 67,
November 2021
https://www.sciencedirect.com/journal/technology-in-society

[5] Abdassalam B. H. Aldaikh, Tarig S. EImabrouk and Hanan Fuad
Layyas, Impact of Booster Dose Vaccine on the Optimal Control
of Covid-19: Mathematical Approach, Libyan Journal of Basic
Sciences (LJBS) Vol:20, No:2, P:26 - 50, April. (2023).

[6] Linda J.S Allen, An Introduction to Stochastic Processes with
Applications to Biology, Second Edition, CRC Press, 2010.

[7] Abdassalam B. H. Aldaikh, Mathematical Analysis of Covid-19
with Double Dose Vaccination and Treatment, Global Libyan
Journal, Vol: 59, P: 1-15 May. (2022).

[8] De la Sen, M.; Alonso-Quesada, S.; lbeas, A.; Nistal, R. 2021.
"On a Discrete SEIR Epidemic Model with Two-Doses Delayed
Feedback Vaccination Control on the Susceptible”. Vaccines 9,
398. https://doi.org/ 10.3390/vaccines 9040398.

[9] Diekmann, O., Heesterbeek, J. A. P., and M. G. Roberts, 2010.
"The construction of next-generation matrices for
compartmental epidemic models”, J. R. Soc. Interface. 7, 873—
885 doi:10.1098/rsif.2009.0386.

[10] Van den Driessche, P. & Watmough, J. 2002. "Reproduction
numbers and subthreshold endemic equilibria for
compartmental models of disease transmission". Math. Biosci.
180, 29-48. (doi:10.1016/S0025-5564(02) 00108-6)

[11] Diekmann, O., Heesterbeek, J. A. P. & Metz, J. A. J. 1990. "On
the definition and computation of the basic reproduction ratio in
models for infectious diseases in heterogeneous populations". J.
Math. Biol. 28, 365 —382. (doi:10.1007/BF00178324)

[12]Hanan Fuad Layyas, Abdassalam B.H. Aldaikh, 2023,
Mathematical Analysis of Covid-19 with Double Doses
Vaccination and Treatment, MSc. Dissertation, Omar Al-
Mukhtar University.

19 Copyright © ISTJ Ak sine qolall (3 s
Ayl g o shell 40 sal) dlaall



International Scienceand ~ VOlume 35 ) gy plall A3 i

Imtrwaational beimrs mad Taviasiags demraal

Temgyiourl Part 14 pgmeeg 2K

October 2024 s

22024/10 /24:fe s dsall o W dialy  a2024/9/26 fmb 488l adiad &

Appendix
6-1. Code of the transmission of Covid 19 (Deterministic model):

function simulate_SEIRAHVR
% Parameters
beta_S = 0.3; lambda =0.4; mu = 0.3;
eta = 0.5; omega = 1; alpha = 1;
kappa = 1; phi = 0.1; gamma = 1;
psi = 1; h = 1; delta = 1;
rho = 0.6; sigma = 0.2; epsilonl = 1;
epsilon2 = 1;

% Initial conditions

S0 =9; V1O =3; V20 =05

E0 = 10; AQ = 4; I0 = 6;

Ho = 8; RO = 5;

initial conditions = [S@, V1 @, V2_0, E@, Ao, I0, HO, RO];

% Time span
tspan = [0 2.5];

% Solve ODEs

[t, y] = oded5(@(t, y) odes(t, y, beta_S, lambda, mu, eta, omega, alpha,
kappa, phi, gamma, psi, h, delta, rho, sigma, epsilonl, epsilon2), tspan,
initial _conditions);

% Extract results

S =Y(:, 1);
V1 =y(:.v 2)5
V2 =y(:) 3)3
E=y(: 4);
A=y(:, 5);
I=y(:1 6);
H=y(:, 7);
R=y(:1 8);
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% Plot results

figure;

plot(t, S, '-b', 'DisplayName', 'S');
hold on;

plot(t, vi, '-g', 'DisplayName', 'V_1");
plot(t, v2, '-c', 'DisplayName', 'V_2");
plot(t, E, '-m', 'DisplayName', 'E');
plot(t, A, '-y', 'DisplayName', 'A");
plot(t, I, '-r', 'DisplayName', 'I');
plot(t, H, '-k', 'DisplayName', 'H");
plot(t, R, '--b', 'DisplayName', 'R');
xlabel('Time");

ylabel('Proportions');

title(' transmission of Covid 19 ');
legend;

grid on;

hold off;

function dydt =

odes(t, y, beta_S, lambda, mu, eta, omega, alpha, kappa,

phi, gamma, psi, h, delta, rho, sigma, epsilonl, epsilon2)

% State variables

S = y(1);
V1 = y(2);
V2 = y(3);
E =y(4);
A =y(5);
I=y(6);
H=y(7);
R =y(8);

% Differential equations

dS_dt = A + sigma * R - (beta_S + lambda + mu) * S;

dvi_dt = lambda * S - ((1 - epsilonl) * beta_S + eta + mu) * V1;
dv2_dt = eta * V1 - ((1 - epsilon2) * beta_S + omega + mu) * V2;
dE_dt = beta_S * S + (1 - epsilonl) * beta_S * V1 + (1 - epsilon2) *

beta_S * V2 - (alpha + mu) * E;

dA_dt = kappa * alpha * E - (phi + gamma + mu) * A;

dI_dt = (1 - kappa) * alpha * E + phi * A - (psi + h + mu + delta) *
I;

dH dt = h *I - (rho + mu + delta) * H;

dR_dt = gamma * A + psi * I + rho * H + omega * V2 - (sigma + mu) *
R;

% Return derivatives

dydt = [dS_dt; dvi_dt; dv2_dt; dE_dt; dA_dt; dI_dt; dH_dt; dR_dt];

end
end
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2. Code of the transmission of Covid 19 (Stochastic model):
function simulate_SEIRAHVR_SDE
% Parameters

beta_S = 0.3; lambda 0.4; mu = 0.3;

eta = 0.5; omega = 1; alpha = 1;
kappa = 0.5; phi = 0.5; gamma = 1;
psi = 0.5; h = 0.5; delta = 1;

rho = 0.6; sigma
epsilon2 = 1;

0.2; epsilonl = 0.8;

% Initial conditions
S0 =9; V1.0 = 3; V2.0 = 5;
EQO = 7; AQO = 4; 10 = 6;
HO = 8; RO = 7;
yo [se, Vi_e, V2_0o, E0, Ao, 10, HO, RO];

% Time span
tspan = [0 2.5];
dt = 0.01;
t = tspan(1l):dt:tspan(2);

% Number of time steps
num_steps = length(t);

% Preallocate arrays for results
y = zeros(num_steps, length(y®@));
y(1, :) = ye;

% Simulate SDEs using Euler-Maruyama method

for i = 1:num_steps-1

drift_term = sde_drift(y(i, :), beta_S, lambda, mu, eta,
omega, alpha, kappa, phi, gamma, psi, h, delta, rho,
sigma, epsilonl, epsilon2);

diffusion_term = sde_diffusion(y(i, :), beta_S, lambda,
mu, eta, omega, alpha, kappa, phi, gamma, psi, h, delta,
rho, sigma, epsilonl, epsilon2) * (sqrt(dt) * randn(8,

1));
y _next = y(i, :) + drift_term * dt + diffusion_term';

% Ensure no negative values and discard imaginary parts
y_next = max(real(y_next), 0);
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y(i+l, :) = y_next;
end

% Extract results

S =y(:, 1);
Vi =y(:, 2);
V2 = y(:, 3);
E =y(:) 4)3
A=y(:) 5)3
I=y(: 6);
H=y(:, 7);
R=y(:) 8)3

% Plot results

figure;
plot(t, S, '-b', 'DisplayName', 'S');
hold on;
plot(t, vi, '-g', 'DisplayName’, 'V_1");
plot(t, V2, '-c', 'DisplayName', 'V_2");
plot(t, E, '-m', 'DisplayName', 'E');
plot(t, A, '-y', 'DisplayName', 'A');
plot(t, I, '-r', 'DisplayName', 'I'");
plot(t, H, '-k', 'DisplayName', 'H");
plot(t, R, '--b', 'DisplayName', 'R');

xlabel('Time");
ylabel( 'Proportions');
title('Dynamics of S, V.1, V_2, E, A, I, H, and R with
Stochastic Effects');
legend;
grid on;
hold off;

function drift = sde_drift(y, beta_S, lambda, mu, eta,
omega, alpha, kappa, phi, gamma, psi, h, delta, rho,
sigma, epsilonl, epsilon2)
% State variables
S =y(1);
y(2);
y(3);
y(4);
y(5);
y(6);
y(7);
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R =y(8);
% Drift terms (deterministic part)
dS_dt = sigma * R - beta_S * S - lambda * S - mu * S;
dvl_dt = lambda * S - (1 - epsilonl) * beta_ S * V1
- eta * V1 - mu * Vi;
dv2_dt = eta * V1 - (1 - epsilon2) * beta_S * V2 -
omega * V2 - mu * V2;
dE_dt = beta_S * S + (1 - epsilonl) * beta S * V1 + (1 -
epsilon2) * beta_S * V2 - alpha * E - mu * E;
dA_dt = kappa * alpha * E - phi * A - gamma * A - mu * A;
dI_dt = (1 - kappa) * alpha * E + phi * A - psi * I - h *
I -mu*1I- delta * I;
dH_dt = h * I;
dR_dt = gamma * A + psi * I + rho * H + omega * V2 - sigma
*R - mu * R;

drift = [dS_dt; dvi_dt; dv2_dt; dE_dt; dA_dt;
dI_dt; dH_dt; dR_dt]';
end
function diffusion = sde_diffusion(y, beta_S, lambda, mu,
eta, omega, alpha, kappa, phi, gamma, psi, h, delta, rho,
sigma, epsilonl, epsilon2)
% State variables

S =y(1);
V1l = y(2);
V2 = y(3);
E =y(4);
A =y(5);
I=y(6);
H=y(7);
R =y(8);

% Diffusion terms (stochastic part)

diffusion = zeros(8, 8);
diffusion(1, 1) = sqrt(max(sigma * R, 0));
diffusion(2, 2) = sqrt(max(lambda * S, 9));
diffusion(3, 3) = sqrt(max(eta * Vi, 9));
diffusion(4, 4) = sqrt(max(beta_S * S, 9));
diffusion(5, 5) = sqrt(max(kappa * alpha * E, 9));
diffusion(6, 6) = sqrt(max((1 - kappa) * alpha * E, 9));
diffusion(7, 7) = sqrt(max(h * I, 0));
diffusion(8, 8) = sqrt(max(gamma * A, 9));
end
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