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The global analysis of a spatio-temporal fractional order SEIR infection epidemic model
is studied and analyzed in this paper. The dynamics of the infection is described by
four partial differential equations with a fractional derivative order and with diffusion.
The equations of our model describe the evolution of the susceptible, the exposed, the
infected and the recovered individuals with taking into account the spatial diffusion for
each compartment. At first, we will prove the existence and uniqueness of the solution
using the results of the fixed point theorem, and the equilibrium points are established
and presented according to Ry. Next, the bornitude and the positivity of the solutions
of the proposed model are established. Using the Lyapunov direct method it has been
proved that the global stability of the each equilibrium depends mainly on the basic
reproduction number Ry. Finally, numerical simulations are performed to validate the
theoretical results.

Keywords: global stability; time-fractional; reaction-diffusion systems; spatiotemporal
SEIR epidemic model; basic reproduction number.
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1. Introduction

Humain population have known several dangerous epidemics and pandemics. According to the world
health organization, the infectious diseases have caused more than 17 million deaths each year [1-3].
Mathematical modeling has produced good results to apprehend those infectious disease. The first
mathematical model of the infectious diseases spread is formulated and analyzed by Daniel Bernoulli
in 1760 [4]. This model has a principal objective to evaluate the effectiveness of the variolation of the
susceptible against smallpox. In 1911, Roland Ross was preoccupied with studying the dynamics of
malaria, he managed to develop differential equations that model the spread of malaria. Drawing on
the ideas of Roland Ross, Kermack and McKrndrick in 1927 proposed the classic model SIR [5] which
represents three classes (compartments), class S for healthy individuals, class I for infected individuals
and class R for recovered ones. An extension of SIR models was set up based on the remark that for
certain diseases, a certain part of the infected population does not present any symptoms, which gave
rise to the SEIR model, with E represents the exposed individuals [6-8].

Most of the classical models take into account only the temporal variable ¢ [9-12]. However, the
time ¢ is not the only variable that influences the infection propagation. For this reason, many authors
consider also the propagation according to the space x |7,13]. The optimal control of a spatio-temp SIR
model with diffusion is studied in [14]. The numerical study of an SIR epidemic model with diffusion
is studied in [15]. An asymptotic study of SIR reaction—diffusion model with a linear source is fulfilled
in [16].

For several problems, the state of the system always depends on its history. Since the derivative of
fractional order has an interesting property called memory effect, modeling with fractional derivative
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becomes essential. The fractional derivative enlarged the region of stability of dynamical systems, it
turned out that many phenomena in different fields can be described very successfully by models using
differential equations of fractional order [17-19].

Dynamical analysis of a delayed fractional-order SIR model with saturated incidence and treatment
functions is studied in [20]. Later, the fractional order SIR model with generalized incidence rate is
studied in [21]. The global analysis of a time fractional order spatio-temporal SIR model is studied in
a recent work [22]. The authors of the latter work have proposed the following model:

§DS(t,x) = A\sAS(t,z) + A — BS(t,2)I(t,x) — (u+71) S(t,z),
SDLI(t,x) = A AI(t, x) + BS(t,2)I(t,z) — (u +v3)I(t, ), (1)
§D¢R(t,x) = ArRAR(t,x) + 71 S(t, x) + 3l (t, z) — pR(t,z),

with § D¢ is the time fractional derivative of order a in the sense of Caputo with 0 < a < 1.

The birth rate of the susceptible is denoted A, § is the infection rate, v, is the recovery rate of
the susceptible, 73 is the recovery rate of the infected individuals and p is the natural mortality. The
positive constants Ag, A\; and \i are the diffusion coefficients of the susceptible, the infected and the
recovered, respectively.

In most diseases, after the initial incubation, the host remains in a latent phase before becoming
infectious, and this period may not be negligible compared to the infectious period. Therefore, it makes
sense to add a new compartment of the exposed to the epidemiological model. Hence, we will add this
new compartment to the previous work. In this work, we propose an SEIR diffusion model with the
fractional derivative:

6 DiS(x,t) = AsAS(w,t) + A = BS(x, )1 (w,1) — (u + 1) S (2, 1),

6 DR E(a,t) = ApAI(x,t) + BS(x, )1 (x,t) — (n+ k +72) E(x, 1), @)
§DI(x,t) = A\ AI(z,t) + kE(x,t) — (u +v3)I(2,1),

6 D R(x,t) = ARAR(z,t) + 115 (2, 1) + 72 B(z, 1) + 731 (2, ) — pR(x,t).

The new parameters of our suggested model are as follows. The diffusion coefficient of the new exposed
class F is given by Ag, k is the rate that exposed become infectious and =5 is the recovery rate for the
exposed individuals. The transfer diagram of the infection dynamics is given in Fig. 1.

i

Fig. 1. The transfer diagram of the spatio-temporal model SEIR.
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For biological reasons, we must choose the initial conditions as positive functions
S(z,0) =Sy, E(x,0)=FEy, I(x,0)=1Iy and R(z,0) =Ry, x €. (3)
Where (2 is a bounded domain in R™ with smooth boundary 9f). The normal derivatives of the class
S, E, I and R at the boundary of € are zero, which means biologically that the population remain
inside the boundary.
0S(x,t)  OE(x,t) 0I(x,t) OR(w,t)
o v v v
with % denotes the outward normal derivative on 0f2.
This document is organized as follows. First, we present the necessary Definitions and Lemmas in
the next section. In Section 3, we will give the result of existence and state the equilibria. The global

stability is given Section 4. Section 5 is devoted to different numerical simulations. We conclude in the
last section.

=0, (z,t) €892 x[0,T), (4)

2. Preliminaries

We first present Green’s formula [23]:

Theorem 1. Let Q be a domain of R? or R®, and n(x) its exterior normal. Let u and v be two
regular functions, w a field of vectors defined on §2. So,

/ divwdzr = / w-ndo  (divergence formula) ,
Q o0N

/(Au)v dx = —/ Vu - Vudz +/ %v do  (Green formula).
Q Q [2/9]

Definition 1. The Mittag—Leffler function, E,(z), is given as

o0 k

z
Ey(z2) =Y ——F——— 0 C
o(2) k_OI‘(k:oz—l—l)’ @a>D 2€

with
“+o00
I(x) :/ e "Lt
0
is the Gamma function

Definition 2 (Riemann—Liouville fractional integral [24,25]). Let f be a function such that
f € LY(RY), the fractional Riemann-Liouville integral, with o > 0 of f is

1°f(t) = /O ﬁ(t 9o f(s) ds.

Definition 3 (The derivative of fractional order in the sense of Caputo [25]). Let a > 0,
and let n € N check n—1 < a < n. The Caputo fractional derivative of order . applied to the function
f € C™(]0,+0),R) is given by

1 AR
C na n—a nyn
DYf(t)=1""D"f(t) = d
0 tf() f() F(?’L—OZ)/O (t—s)o““l_" S
WithD:%.
Forn =1, we have 0 < a < 1, so, we have

C na _ 1 ¢ f/(S) S
0810 =, o

LaSalle’s principle of invariance is a widely used tool to study the asymptotic behavior of solutions
of differential equations, see 26, 27].
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Theorem 2 (LaSalle’s principle of invariance). Let z* be an equilibrium point of a Cauchy
problem. The equilibrium x* is asymptotically stable if there exists a continuous function V defined
on a neighborhood U C R™ of * with values in R, differentiable on U\{z*} such that:

i) V(z*) =0 and V(z) > 0 if v # z*.
ii) V<0onU\{z"}.
iii) The set S = x € U/V(x) = 0 does not contain any trajectory of the system other than x(t) = z*.

3. Existence result and the equilibria

3.1. Existence result
Let X = C(Q,R) where X* is a Banach space with the usual norms. We set J = (S, E, I, R), Jy =
(So, Eo, Iy, Ro), A = (As, Ag, A1, A7) and let A be the linear diffusion operator
A:D(A) c X 5 X1 AT = MAT = (A\sAS,A\gAE, \;AILARAR), V.J € D(A),
where
oJ
4 —_
£ ov
Consider the function f defined by f: [0, 7] x X* + X*, with
ft, (@) = f(I1) = (L(I@), (I (@), f5(T (1)), fa(I (1)),

D(A):{J6X4:AJG = QOa for auxeasz}.

N(J(#) = A= BS(E,x)I(t,x) — (p+7)S(t @),

£ (1)) = BS(ta) (t,2) — (n + k + 1) Bt ) 5
f3(J () = kE(t, z) — (n+v3) (£, 2),

f4('](t)) = 715(t7 :I") + /72E(t7 :I") + /731(757 33‘) - MR(t7 33‘),

we can rewrite the model (2)—(3) in the following expression:

OCD?J:AJ+JC(J(ZL/))7 (6)
J(0) = Jo,
with J = (S,E,[, R) and Jy = (S(),EQ, Iy, R())
The proposition (3.3) in [28] allows to show the existence, uniqueness and non-negativity of the
solutions of the problem (6).

Proposition 11. Let 0 < a < 1, for JY € D(A), the problem (6) has a unique positive solution
J € C([0,T]; X*) with

J(t) = / o (0)Q (1°0) JOd6 + F(1),
0
and
t 0o
FO =a [ [ 6= 10a0)Q (¢t - 1°0) 1(r) db dr
0 JO
() is a probability density function defined on (0, c0).

Proof. It is clear that f is continuous and Lipschitzian, and A a linear operator defined on set D(A) C
X* dances without itself so according to [28] there is a unique positive solution to the problem (6). m

It remains to show that the solution is bounded. Biologically we have S, F, I and R are positive
functions on T' = Q X [0, +00] we also have

N(a, 1) = / (. 1) + Bz, ) + I(z, 1) + R(x, )] dz.
Q
The fractional derivative of order « in the sense of Caputo:

§DENGt) = [ [§DRS(0) +§DFE(.t) +§ DfI(a,t) + § DY Rl )] da
Q
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- / (AsAS(2, 1) + ApAE(z,£) + A\ ALz, 1) + AgAR(x, 1)) da
Q

+ [ (A= BS(.01(t:2) = (u+1)S(a,t) + A (. .1)
—(p+k+7)E(,t) + kE(x,t) — (n+y3)I(2,t) + 11.5(z,1)
+ v E(x,t) + 3l (z,t) — pR(z,t)] dx.
According to Green’s formula and the initial conditions, we have
/ (AsAS(z,t) + ApAE(x,t) + A AI(z,t) + ARAR(2, 1)) dz = 0,
then !
SDEN (x,t) = /Q [A = u(S(z,t) + E(z,t) + I(z,t) + R(z,t))]dw
= A[|Q[| = pN(z,1).
Applying the Laplace transformation one can get:
N(t) = NOJEa(-%) + 1 (1~ Eal—pt"))
since 0 < E, <1, so
N(H) <N+,
then, the functions S, E, I and R are bounded. g

3.2. The equilbria

Before giving the different equilibria of our problem, we will calculate the basic reproduction number.
Indeed, this number is known as the expected average number of new cases of infection, generated by
an average infectious individual (during its period of infectivity), in a population consisting entirely
of susceptible. To calculate the basic reproduction rate, we will apply the method given by Van Den
Driessche and Watmough in [29]:

To determine Rg, we are just need two classes F and I:

gD?E(ﬂj, t) = )\EAE(x7 t) + 55(337 t)](l’, t) - (:u +k+ /72)E(337 t)7
§DEI(z,t) = A\ AL(z,t) + kE(z,t) — (1 +v3)(2,1).
We have Rg = p(FV~!) (p is the spectral radius) with

BA
F: O [t and V:<M+k+/}/2 0 )7
0 0 —k w3

1 BAk BA
thus V™1 = ( potk b (1) ) and FV~!= ( () (k) (tas)  (atn) (pts) ) .
(utk+y2)(utys)  wtos 0 0

The characteristic polynomial of the matrix FV~! is given by

BAK >
PX)=-X -X),
< Qu+wxu+k+wxu+%>
then
_ BAk
Ro = p(FV~ 1) =
0= PV ) = Tt e )
hence finally,
R BAK
T ) k) (s
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Now, we calculate the equilibria. As it is well known X™* is an equilibrium point of (6) if f(X™*) = 0,

S1(J(t)) =0,
£2((1)) =, .
f3(J(t)) =0,
fa(J(t)) =0,
then
A= BS(z, t)I(z,t) — (w+m)S(z,t) =0,
58 (2, )1 (e,t) — (K + 72) Bl £) =0, .
k‘E(l’,t) - (:u +’73)I($7t) =0,
nS(x,t) + v E(x,t) + v3I(x,t) — pR(x,t).
So,
A
Bl +p+n
ST — (u+k+72)(u+’m)[:07
g P, g 9)
k )
R ’YlSJr’YzEJr’YgI.
I

We have in the second equation of the system (9 “+k++)(“+73)) =0.

1 (s
HIfI=0 then according to the third equatlon of (9) we have E = 0, and the first equation of
5= then we obtain the infection-free

(9) gives S = m + o then the last equation gives: R = %
equilibrium given by

. A Ay
Er=(54,0,0,R with S = and R=————.
r =15 /) p+m (e + 1)
ii) Now if I # 0 then (55 — W) = 0, then
. (k4 (p+s) A . ABk
S* = = , with Ro= ,
Bk Ro(p+m) "7 )kt )+ )

according to the first equation of (8):

A
I A= (u+m)s A- (b + 7)) "o 1= 7
— _ - _

BS* p Ro(u+71) Ro(p+71)

)

therefore
(Ro—D(p+m)

I =
B

From equation 3 of (9):

= W) e () Ro—Dlptm) - (Ro— DA

ke k B " Ro(u+k+n3)’
and finally,
R — M S* + v Ex + v31*
M )
then the equilibrium point with infection is given by
A —1
Ro(p+m) 3
* = (Ro — 1A and R* — 715*+72E*+73]*'
Ro(p+ k + 3) "
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4. Global stability analysis

Noting that the first three equations do not depend on the bucket R(x,t) and are then decoupled with
the last system equation (2). Our attention is therefore focused on the analysis of the following reduced
system: for all (z,t) € Q x [0, +o0],

§DYS(x,t) = AgAS(x,t) + A — BS(x, )1 (x,t) — (u+11)S(x, 1),
SDI(x,t) = \fAI(z,t) + kE(x,t) — (1 + v3) (2, t).
First of all, we have the following lemma.

Lemma 1 (Lemma 3.1 in [30]). Let ¥ be a positive function defined by ¥(y) = y — In(y) — 1,
y > 0 and y(t) € R+* is a continuous differentiable function for all a € [0, 1] and t > ty,

¢ pe [y*\lf <yy(t)>] < <1 - ;ét)> CDey(t), ye R

The demonstration is well detailed in [30].
First, we discuss the global stability of the infection-free equilibrium &; and the immune-free infec-
tion equilibrium &£*.

Theorem 3. IfRg <1 then the infection-free equilibrium &y is globally asymptotically stable.

Proof. Let V be the positive function defined by

_ Sy S(z,t) 1 1 ) _
V(z,t) —/Q [ . v < ST ) + E\I/E(x,t) + k[(x,t)} dx, with e¢=p+k+ .
It is clear that

V(&) = 0.

The fractional derivative of order « in the sense of Caputo of V is given by

o S S(x,t 1 1

Sf
We apply the results of Lemma 1 and we obtain:

ng‘ (x,t) < / <<1 — %) §DES(x,t) + § DYE(2,t) + ng‘I(t,@) dx
Zz,

) (A — BS(x.t)I (1) — (1 +wl>s<x,t>>} da

/ [ BS(x, )1 (2,t) — E(:p,t)+E(a:,t)—(M—;’Y?’)I(x,t)} dz
/ ( S(x,t) + /\EAE(a: D+ k/\IAI(:c t)) dx
/ ?(i(f) t)dx.

According to Green’s formula and the boundary conditions, we have

/ (AsAS(z,t) + AgAE(x,t) + A\fAI(z,t)) dz =0,
Q

Sy ”vs z, t H
/Q)\SS(x’t)AS( AsS /
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Hence,
€ DoV (a, t) < ——)\ S / HVS:” t ” 2 U +/ [iﬁsf— (“;73)} I(z,t)dx
Q
AS;
# [ St - s+ St )|
since A = (1 + 71)5y,
ASy (1 +m)S7
A= (p+m)S(,t) - Swo " (1 +m)Sp = (n+7)Sr — (0 +7)S(z,t) — “S@o T (1 +7)Sy
_ B 2 o2y Htm
= (2Sf5(x,t) S(z,t) Sf) S )
(S(z,t) = 5y)°
_ A Sy vapdil
Ro(p+k+ +7: kA
We have 55y = RUtHRRlIE) and Ro = Gty 50
1 (1 +13) [ BA ,H»yg]
ZBSI(x,t) — ~—LL (5, t) = - I(z,t
B S (T e s R R
k
= Ro— 1) I(z,t
,U+"Y3( 0 ) (‘Tv )7
S0, finally
HVS u+71/(5(w,t)—5f)2 k /
¢ DeV(a,t) ——/\S d Ro—1) [ I(z,t)dz.
(1) / e Jo S x+#+73( 0o~ 1) Q (. £)dx

If Ry <1 then §{ DfV(x,t) < O
If ¢DfV(x,t)=0 soo S=S5;, E=0 and I=0,

{(S,E,I) e R} : { DV (z,t) = 0} = {&}.
Then according to the principle of LaSalle invariance if Rg < 1 then &f is globally asymptotically
stable. ]

Theorem 4. The equilibrium point £* is globally asymptotically stable if Rg > 1.

Proof. Consider the positive function defined by

wr [(S(z,t) v ((E(x,t) pr+k+y o (I(x,t)
= Y E*v 'y .
Vi(z,t) /Q [S ( o > + ( T + ? T dx
According to Lemma 1 the fractional derivative of V;(t) is verified:
S* E*
s < [ [(1-% ) oesn + (1- 2 ) foreen

k I
+w <1—7> CpeI(a, )] dz

S*
</9<1—§> (AsAS + A — BST — (1 +n)S) dz

Jr/ <1_ E_*> (AEAE + BSI — (u+ k +v)E) dx
Q

E
k r
+ W/ <1 _ 7) (VAT + kE — (4 +3)]) do
Q
/ [ASAS FABAE + AAT — )\35*% _a E*% SV A
Q
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*

S
+/ {A—BSI— (/Hrfyl)S—AF + BS*T + (+71)S™
Q

*

E
+BSI = (u+k+7)E = BSI—o + (u+k+2)E

(1 + k4 72) (1 +73)
k E—
+(u+k+7) A

(b +k+ ’]iz)(u +73) I*] .

According to Green’s formula and the boundary conditions,

I*
[=(p+k+y)EFpde

+

/ (AsAS(z,t) + AeAE(x,t) + A\fAI(z,t)) dz =0,
Q

and

AS(z, t) VS (1))
_ it St WY=\ 0 g, <
/Q/\SS S(w.t) / AgS S(w.1)2 dx <0,

AB(t) AVE@ )
_ <
e Ty = e e <O

AI(z,t) IVI(2,t)]
— M T* de = — MNP ——dx < 0.
/QI It / S (P Pl

Since A = (i +71)S* + (n+ k +72)E* and £ = £433 thus

§D0 < [ [t + Gt kB = e s - ok on) &
Q

S* E*
Fut)ST = (p k) B+ BT = ST + (k4 2) E
T E I
—(ptk+n)E 5~ (tk+m)E §T+(u+k+’yz)
VS| AVE(? Avp?
E I .
~AsS G A - AT | do
Since, fS*I = (u+ k + v2)E* II*, then

E I
§ DfVi (2, 1) <—/ <)\sS*HVSH e IVEE I*HV ” )dw
Q

S2 E?

. s s . s+ SIE* EI
+ (u+m)S /Q<2_§_§>d:n+(u+k+72)E /Q<3_F_W_IE*>W'

Since the arithmetic mean is always less than the geometric mean then:

S S*
2—— —— <0,
S* S
and
4 S SIE BI'_
S EI*S* [E*
Therefore

6 DiVi(,t) <0,
after a simple calculation we can conclude that if ng‘Vl (t) =0,s0, S =S5* E=FE*and I = I*, thus
{(S,E,I) e RY: §DfVy (2, t) = 0} = {€*}.
So, according to the principle of LaSalle invariance if Ry > 1 then £* is globally asymptotically
stable. ]
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5. Numerical simulations

In this section, we present the results of numerical simulations to validate the theoretical results of
the previous section. We used the finite difference numerical method with the Euler scheme for the
approximation of the diffusion expression. And Euler’s fractional method as mentioned in explains [31,
32] for the fractional derivative of order « in Caputo’s sense. We have used the one-dimensional interval
0 < x < L and the time 0 < ¢t < T with L = 4, and T = 200. The initial conditions were chosen as
constants. We used an explicit numerical method with the space step h, = 0.01 and the time step
h: = 0.1. The program was implemented with Matlab.

ey 20
100, 190
t

Fig. 2. The dynamics of classes S, I and R showing the stability of the free equilibrium ;.

Figure 2 shows the dynamics of classes S, F, I and R for the following parameters o = 0.6, A = 10,
w=0.02, 5 =0.00001, k = 0.00053, \g¢ = 0.01, A\g = 0.01, \; =0.01, Agp = 0.01, v; = 0.01, 7» = 0.01
and v3 = 0.01. With these parameters, we have the basic reproduction rate is Rg = 0.00192888 < 1
and we observe the convergence toward the free equilibrium £ = (333.33,0,0,166.66). So, according
to Theorem 3 we have £ is globally asymptotically stable, which means that the spatio-temporal
dynamics converges towards £;.

800 160 ) 400~ 800
= ] F e e ~
600- . «~ 140 + 300 -~

& 20 400
N

"~ 200-

200~ i
150~
109 § S, g e :
e o0 e P S
150 2 =TT 200 T2 e e T 450 200
T o w9 :

PRNESES ol S
PRr ) 7 PR 7 P 50

Fig. 3. The dynamics of classes S, F/, I and R showing the stability of the endemic equilibrium £*.

Figure 3 shows the dynamics of classes S, F, I and R for the following parameters o = 0.6, A = 15,
w=0.01, 3 =0.0001, £k = 0.053, A\g¢ = 0.01, A\g = 0.01, A\; = 0.01, Ag = 0.01, v; = 0.01, v = 0.01, and
v3 = 0.01. With these parameters, we have Ry = 2.7226 > 1 and we observe the convergence toward
the endemic equilibrium £* = (275.471, 130, 344.520, 750). So, according to Theorem 4, we therefore
have £* is globally asymptotically stable, which means biologically that the infection persists.

6. Conclusion

In this work, we have presented and studied an epidemic model SEIR described by differential equations
with diffusion and a fractional derivative of order a. We have taken into account the presence of the
exposed class F and the propagation according to the space x. First, we have demonstrated the
existence, uniqueness, positivity and boundness of the solution of the proposed dynamic model. Then,
we have determined the basic reproduction number Ry. After presenting two equilibrium points of
the model as a function of basic reproduction number Ry, we have proved the global stability of the
disease-free equilibrium £y when Rg < 1, which means the extinction of the disease. However, when
Ro > 1, the endemic equilibrium £* is globally asymptotically stable, which means biologically that the
disease persists. The paper ends with some numerical simulations to validate the founded theoretical
results.
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MnobanbHa guHamika npoctopoBo-4acoBoi mogeni SEIR
ApoboBoro nopsigky

Bynkaiua C.', Ayrani K.1, Ta6ir }0.2, Janane JIx.>

L Ta6opamopia mamemamusu, indopmamury ma 3acmocynrie, Parysvmem nayk i mexnorozit Moxammedia,
Vuisepcumem Xacana II Kacabaanku, PO Box 146, Moxammedia, Mapoxko
2 Jlabopamopis LRPFG, ENCG Kacabaanku, Yrisepcumem Xacana II, Kacabaarxa, Mapoxko
3 Jlabopamopis cucmem, MOOeMOEAHHA MaA GHAAIZY OAA NIOMPUMEL NPUTHAMMA PiLleN,
Hauionanavra wronra npuksadnur nayx, Iepwuii ynisepcumem Xacana, Beppewud, Mapoxko

V 1iit cTaTTi JOCTIKEHO Ta TPOaHaIi30BaHO IJI00AILHIN aHAJI3 TPOCTOPOBO-YACOBOI MO-
e emigemil indexkii SEIR apobosoro nopsiaky. Juramika indekii onucyerbes 9oTupma
JudepeHIiaJbHIMI PIBHIHHAMI B 9aCTUHHUX MOXITHUX 3 JTPOOOBUM IMOPSIIKOM ITOXiTHOT
Ta 3 qudy3siero. PiBHAHHS HAIITOT MOJIEJI ONUCYIOTH €BOJIIOIHIO CIIPUNHSIT/INBUX, BUSBJICHUX,
iHdiKOBaHUX 1 OyKABIIUX OCIO 3 ypaxyBaHHIM IPOCTOPOBOI Mudy3il /st KOXKHOIO KOM-
naprmenty. Crio9aTKy JIOBEJEHO iCHYBAHHSI Ta €IUHICTH PO3B’SI3KY, BUKOPUCTOBYIOYH pe-
3yJIbTATH TEOPEMU PO HEPYXOMY TOYKY, & TOYKHU PIBHOBAI'M BCTAHOBJIEHI Ta IIPEJCTABIIEH]
BimmoBigHO 110 Rg. Jai BcTaHOBIEHO 0OMEXKEHICTD 1 TO3UTUBHICTD PO3B’sI3KiB 3AIIPOIIOHO-
BaHOI MOJesI. 3a JOIMOMOTrOI0 IPsAMOro Meroxay JIsmyHoBa Oysio qOBeneHO, M0 TyiobaibHa
CTIWKICTh KOXKHOI PIBHOBAI'W 3aJI€2KUTh IT'OJIOBHIM YUHOM BiJI OCHOBHOI'O YHCJIa BiJITBOPEH-
e Rg. Haperrri, uncenbae MOeII0BaHHS BUKOHYETHCS JJIs HiATBEP/IZKEHHS TEOPETHIHIX
pe3y/IbTaTiB.

Knrouosi cnoBa: 2a06aavha cmitixicms; wacosa dpobosicms; peakyitino—dudysiting cuc-
memu; NPoCcMmopoeo-4acosa enidemivna modeav SEIR; ocnosnuti penpodykuitinul napa-
Mmemp.
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