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Abstract

Using the existing collected data from European and African countries, we present a
statistical analysis of forecast of the future number of daily deaths and infections up to
10 September 2020. We presented numerous statistical analyses of collected data
from both continents using numerous existing statistical theories. Our predictions
show the possibility of the second wave of spread in Europe in the worse scenario
and an exponential growth in the number of infections in Africa. The projection of
statistical analysis leads us to introducing an extended version of the
well-blancmange function to further capture the spread with fractal properties.

A mathematical model depicting the spread with nine sub-classes is considered, first
converted to a stochastic system, where the existence and uniqueness are presented.
Then the model is extended to the concept of nonlocal operators; due to
nonlinearity, a modified numerical scheme is suggested and used to present
numerical simulations. The suggested mathematical model is able to predict two to
three waves of the spread in the near future.

Keywords: Statistical analysis; Extended blancmange function; Stochastic model;
COVID-19 spread with waves; Modified numerical scheme

1 Introduction

Interdisciplinary research is the way forward for mankind to be in control of its environ-
ment. Of course they will not be able to have total control since the nature within which
they live is full of uncertainties, many complex phenomena that have not been yet under-
stood with the current collections of knowledge and technology. For example, we cannot
explicitly and confidently explain what is happening at the Bermuda Triangle, although
many studies have been done around this place, some believe it is a devil’s triangle. There
are many other natural occurrences that could not be explained so far with our knowledge.
But it has been proven that putting together several concepts from different academic
fields could provide better results. COVID-19 is an invisible enemy that left humans with
no choice than to put all their efforts from all backgrounds with the aim to protect the
survival of their kind. Many souls have been taken, many humans have been infected and

some recovered, but still the spread has not yet reached its peak in many countries. While
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in some countries the curve of daily new infected has nearly reached zero, in others the
spread is increasing exponentially. For some statistical analysis, we investigated daily cases
of infections and deaths due to the COVID-19 spread that occurred in 54 countries in the
European continent and 47 countries in the African continent from the beginning of the
outbreak to 15 June 2020. To do this, we used the available data on the website of the
World Health Organization (WHO) [1, 2]. Although mathematicians cannot provide vac-
cine or cure the disease in an infected person, they can use their mathematical tools to
foresee what could possibly happen in the near future with some limitations [3—14]. With
the new trend of spread, it is possible that the world will face a second wave of COVID-19
spread, this will be the aim of our work.

The paper is organized as follows. In Sect. 2, we present the definitions of differential
and integral operators where singular and nonsingular kernels are used. In Sect. 3, the pa-
rameter estimations are presented for the infected and deaths in Africa and Europe using
the Box—Jenkins model. In Sect. 4, the simulations for smoothing method for the infected
and deaths in Africa and Europe are presented. In Sect. 5, the predictions about the cases
of infections and deaths in Africa and Europe are provided. In Sect. 6, we give an analy-
sis of COVID-19 spread based on fractal interpolation and fractal dimension. In Sect. 7,
existence and uniqueness for a mathematical model with stochastic component are in-
vestigated. Also the numerical simulations for such a model are depicted. In Sect. 8, we
present a modified scheme based on the Newton polynomial. In Sect. 9, we provide nu-

merical solutions for the suggested COVID-19 model with different differential operators.

2 Differential and integral operators
In this section, we present some definitions of differential and integral operators with sin-
gular and nonsingular kernels. The fractional derivatives with power-law, exponential de-

cay, and Mittag-Leffler kernel are given as follows:

Definition 1

DEF(t) = / & f@e— e,

D) - “) / e -0 ar, 0

gBCD(txf(t) _ IiB(a)

irf(r)Eo, [-%(z— r)"‘j| dr.

The fractional integrals with power-law, exponential decay, and Mittag-Leffler kernel are

given as follows:

Cra _ 1 ! _ a-1
Ojtf(t)——r(a)/ (t—1)* f(r)dr,
CF B
I f(t)—M( )f() V@ )/f(f)df, (2)

AGIOE

o)+

a-1
AB() /(t ) f(r)dr.

AB(x )r
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The fractal-fractional derivatives with power-law kernel, exponential decay, and Mittag-
Leffler kernel are given as follows:

FFP . _ 1 i ! o\
DI = e g [ SO,

eyt ) - M) d‘; / () I:——(t—t):| dr, (3)
ity - 220 4 / (), [——(t r)“]dr,

where
df(t):]imf(t) f(tl)( - B). 4)

dth t—>t $2-B _

The fractal-fractional integrals with power-law, exponential decay, and Mittag-Leffler ker-
nel are as follows:

FFE o l-«a H-B o ! 1-8
£10)= M() 10+ s [ ©
EEM jorf —® a8 @ el 1
I f(t)— £7Pf(t) AB(O[)F(O[)/O (t—7)* e FPf(r)dr.

3 Box-Jenkin's model development
Autoregressive integrated moving average (ARIMA) approach suggested by Box and Jenk-
ins is one of the most powerful techniques used in time series analysis. The ARIMA model
is composed of three parts. First, the autoregressive part is a linear regression which has a
relation between past values and future values of data series; second, the integrated part
expresses how many times the data series has to be differenced to obtain a stationary se-
ries; and the last one is the moving average part which has a relation between past forecast
errors and future values of data series [14]. These processes can be presented by the mod-
els AR(p), MA(q), ARMA(p,q), and ARIMA(p,d, q). We should decide which model we
will choose for our data series. To do this, partial autocorrelation (PACF) and the auto-
correlation (ACF) are helpful to obtain parameters for the AR model and the MA model,
respectively.

Figures 1 and 2 depict graphs of autocorrelation functions for the infected and deaths
in Africa and Europe.

Now we introduce these models. Let Y; be the value of the time series at time ¢. Time
series as a p-order autoregressive process is as follows:

Yi=0+p1Yi1+@Yio+ -+ @Y p+ 6y (6)

which is shown as AR(p). Here, § and &, describe constant and error terms, respectively.

Time series as a gth degree of moving average process is given by

Yi=p+e+0181+ 6280+ + 0484, (7)

Page 3 of 107
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Figure 1 Autocorrelation function for the infected and deaths in Africa
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Figure 2 Autocorrelation function for the infected and deaths in Europe

which is shown as MA(q). The ARMA(p, q) expression is obtained as a combination of
AR(p) and MA(g) equations:

Y=+ Yii+@Yiot+ - +@pYip+e+0181+ 6280+ + 048 (8)

When the time series is not stationary, we take the difference d times to make it stationary.
The ARIMA(p, g) model is given by

(L—@il—@ol* =+ — P ) A%, =8 + &, + 01811 + Oogrn + -+ + 081 g. 9)

In the ARIMA technique, the model performance can be measured by using some cri-
teria, for instance, Akaike information criteria(AIC), Bayesian information criteria(BIC).
Here, we benefit from the Akaike information criteria given as follows:

AIC = —2log(l) + 2k, (10)
BIC = -2log(l) + klnn,

where [ states likelihood of the data, # is the number of data points, and k also defines

the intercept of the ARIMA model. The numerical simulation are depicted in Figs. 3, 4, 5
and 6.
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According to data series for the infected in Africa, we use the ARIMA(2,1,0) model

which is given by

(1—(pll—(p212)(1—l)Yt=C+8t. (11)
Here,

AIC = 1670.1734, (12)

BIC =1680.9388.

In Table 1, we give parameter estimation for infections in Africa.

According to data series for deaths in Africa, we use the AR(1) model which is given by
(1-@D)Yi=c+e. (13)
Here,

AIC =1056.6482, (14)

BIC =1064.7768.

In Table 2, we give parameter estimation for deaths in Africa.

Table 1 Model estimation for infections in Africa

Parameter Value Standard error TStatistic
Constant 89.2032 56.6511 1.5746
AR{1} -0.44796 0.099221 -4.5147
AR{2} -0.17789 0.068294 -2.6047
Variance 168,446.2911 12,738.3089 13.2236
Model Fit
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Figure 3 ARIMA model for the infected in Africa
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Table 2 Model estimation for deaths in Africa

Parameter Value Standard error TStatistic
Constant 12.581 6.0023 2.096
AR{1} 0.75094 0.082701 9.0802
Variance 694.3043 92.168 7.533
Model Fit
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Figure 4 AR model for deaths in Africa

Table 3 Model estimation for the infected in Europe

Parameter Value Standard error TStatistic
Constant 83.7826 118.7108 0.70577
AR{1} 0.3216 0.59303 0.5423
AR{2} 0.035772 0.16277 0.21977
MA{1} -0.53222 0.58359 -0.91197
Variance 7,214,609.9182 569,786.6944 12,6619

According to data series for the infected in Europe, we use the ARIMA(2,1,1) model
which is given by

(1—(pll—(pglz)(1—l)Yt =c+(1+01))s;. (15)
Here,

AIC = 2690.5358, (16)

BIC =2705.2796.

In Table 3, we give parameter estimation for the infected in Europe.

According to data series for deaths in Europe, we use the AR(1) model which is given by

Q-@D)Ys=c+e,. (17)

Page 6 of 107
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Figure 5 ARIMA model for the infected in Europe

Table 4 Model estimation for deaths in Europe

Parameter Value Standard error TStatistic
Constant 151.4852 163.967 0.92388
AR{1} 0.8865 0.041096 21.5714
Variance 460,062.22 27,485.093 16.7386
Model Fit
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Figure 6 AR model for deaths in Europe

Here,

AIC =1670.1734,

BIC =1680.9388.

In Table 4, we give parameter estimation for deaths in Europe.

(18)
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4 Brown'’s exponential smoothing method
Brown’s linear exponential smoothing is one type of double exponential smoothing based
on two different smoothed series. The formula is composed of an extrapolation of a line
through the two centers. The Brown exponential smoothing method is helpful to model
the time series having trend but no seasonality.

For non-adaptive Brown exponential smoothing, the procedure can be described as fol-
lows.

Firstly, we start with the following initialization:

1) So = uo,

2) Ty = uy,

3) ag =25y — Ty,
4) Fy =ag + by.

Then we have the following calculations:

1) Si=au+(1-a)Si1,

2) Ty=aS;+(1—a)T;,

3) a; =2S8; + T;63,

4) a(Se—T) = (1 - )by,

5) Fr1=as+by,
where 0 < @ < 1 is the smoothing factor. S; and T; are the simply smoothed value and
doubly smoothed value for the (¢ + 1)th time period, respectively. Also a; and b, describe
the intercept and the slope, respectively.

In Figs. 7, 8,9, and 10, we present the simulation for smoothing method for the infected
and deaths in Africa and Europe where the smoothing factor was chosen as « = 0.99.

5 Future prediction of daily new numbers of the infected and deaths: Africa
and Europe

With the collected data using some statistical formula, it is possible to predict what will

possibly happen in the near future. Having in mind what could possibly happen, several

measures could be taken to avoid the worst case scenario. In this section, with the data

collected for 101 countries from Africa (47) and Europe (54), we aim at presenting possible
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Figure 7 Exponential smoothing for the infected in Africa
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Figure 9 Exponential smoothing for the infected in Europe
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Figure 10 Exponential smoothing for deaths in Europe

scenarios or events that could be observed in the near future, the daily numbers of deaths
and infections. Numerical simulation are presented in Figs. 11, 12, 13 and 14-.
In Figs. 15, 16, 17, and 18, we present fitting with smoothing spline for the infected and

deaths in Africa and Europe.
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Prediction for Infected in Africa
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Figure 11 Prediction for the infected in Africa using Forecast Sheet
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Figure 12 Prediction for deaths in Africa using Forecast Sheet

6 An analysis of COVID-19 spread based on fractal interpolation and fractal
dimension
In this section, we present some information about fractal dimension, interpolation, and

blancmange curve.

6.1 Fractal dimension

Fractal dimensions enable us to compare fractals. Fractal dimensions are important be-
cause they can be defined in connection with real-world data, and they can be measured
approximately by means of experiments. These numbers allow us to compare sets in the

real world with the laboratory fractals.
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Figure 13 Prediction for the infected in Europe using Forecast Sheet
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Figure 14 Prediction for deaths in Europe using Forecast Sheet

Theorem (The box counting theorem) Let N,(A) be the number of boxes of side length

(1/2"). Then the fractal dimension D of A is given as [15]

(19)

6.2 Fractal interpolation

Euclidean geometry and calculus enable us to model using some lines and curves, the

shapes that we encounter in the nature [15, 16]. In this section, we present an interpolation

function which interpolates the data.
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Definition 2 An interpolation function f : [xp,xny] — R corresponding to the set of data
{(x;, F) e R?:i=0,1,2,...,N} [15]

flx)=F fori=1,2,...,N, (20)
where xg <X <Xy -+ <xn.

Let f : [xo,2x] — R denote the unique continuous function which is called a piece-
wise linear interpolation function. Also this function is linear on each of the subintervals
[xi-1,%;], and it is represented by

(% —xi-1)

f(x) =Fis (i —xi-1)

(Fi_Fi—l) forx e [xi,l,xi],i=1,2,...,N. (21)

We have the following transformation, which is iterated:

()2 0)6)- ()

When solving this system for ¢,, u,, v,,, and w,, in terms of the data and y,, we obtain the

following:
Xn —Xn-1
ty=——mm,
XN — X0
Fn - Fn—l Fn - FO
Uy = —Yn » (23)
XN — X0 XN — X0
XNXp-1 — X0Xn
Vp= —m8—,
XN — X0
xnFy1—xoF, xnFo —xoFy,
Wy = —Vn
XN — X0 XN — X0

where 0 <y, < 1 is called the scaling factor [15].

6.3 Blancmange curve
The blancmange function can be given as an example of fractal interpolation function,
and this function is defined by

3 S(sz), xe[0,1], (24)
n=0

where S(x) = min,,cz |x — m|, x € R.

However, many problems cannot be depicted when ¢ = 2 [16]. Then we discuss the lim-
itations of this blancmange; for example, ¢ can only go from 0 to 1, the periodic parameter
is 2. Therefore, we change 2 to ¢, where c is a real number from 1 to a. Therefore, in this
section, we extend the blancmange function to a large interval also with any given periodic
parameter. So, we have the following formula:

359 0, (25)

n
n=0 ¢



Atangana and igret Araz Advances in Difference Equations

(2021)

2021:57
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Blancmange Curve

T
4
3
2
1
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1

Figure 19 Blancmange function c =2

Blancmange Curve Blancmange Curve Blancmange Curve

09 NN 16 M;\'v ‘b& 4
08 // \ 14 PV \\.\ 35
o7 / 12 // W‘M\ ™ B
0s // \ Nty N W 25
Wil N b .
04 > /

/ o6 | 15
0s
=/ wlf ‘

/ |
01}/ 02 05

/‘ —=o0 o — .08 N — 0w

Figure 20 Blancmange function c=3.7

Blancmange Curve Blancmange Curve

0.7

0.6

0.5

0.4

0.3

0.2

0.1

—w=09

[—w=0s5

t t

0

0 L L
1611626 BEHHE B BE 176 BO DO

1611626 B HE 56 B 76 BE DEOM

Figure 21 Blancmange function c=1.3

where c is the real number. We now present the extended blancmange function for differ-
ent periodic parameters and different w.
The simulation are presented in Figs. 19, 20, 21, and 18.

7 Mathematical model for COVID-19 outbreak
We consider the following mathematical model of COVID-19 spread:

S=A- {6(t)(o:1+ w(BIp + yIa + 811r + S3I7) + y1 + /Ll)}S,

Page 14 of 107
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[=8)(al + W(BIp + yIa +81lg + $oI7))S — (6 + & + 4 + ),

Lo=E1— O+ p+x +p)la,

Ip=el—(n+¢+u)p,

Ie=nlp + 0Ly — (v+ £ + ), (26)
Iy = ply +vig— (0 + T + pa)lr,

R=H+@lp+ Iy +Elg + ol — (D + 101)R,

D: 7,

V: S+ PR— V.
The above model was suggested by Atangana and Seda, the model has a deterministic
character. In this section, we convert the model to a stochastic one by introducing the ef-
fect of environmental white noise. To achieve this, we reformulate the model by adding
the nonlinear perturbation into each equation of the system. The perturbation may de-
pend on square of the classes S, I, I4, Ip, Iz, IT, R, D, and V respectively. Here, we perturb

only the rate of each class. However, for the vaccine class, it will be perturbed by a natural
death rate.

For the class S(¢): -y — —y1 + (I111S + le)Bl(t),
Fortheclass I(¢): —A— —A + (T + sz)Bz(t),
For the class I4(t): -6 — —6 + (I13114 + H32)Bs(t),
Fortheclass Ip(t): -n— —n+ (Ilglp + H42)B4(t),
For the class Ip(t): —v— —v+ (IT511p + H52)B5(t),
For the class I7(t): -0 — —o + (g 7 + HGZ)B6(t):

For theclass R(t): —-® — —® + (IT1R + H72)B7(t)»

For the class D(¢): © — 7 no change,

For the class V(£): —u; — —puq + (g V + Hsz)Bs(t)-
Therefore, the associated stochastic model is given as follows:

ds =[A - {8@)(ed + w(BIp + yIs + 8ilg + 8ol7) + 1 + 1)} S] dt
+ (I111S + [112)S dB (2),

dal = [8(6) (el + w(BIp + yIa + 81Ig + 8207))S — (& + & + A + 1)l | dt
+ (Ma1d + Mo2)I dBy(2),

dly = [E1- (0 + p+ x + p1)la]dt + (Ta1y + T3p) 14 dBs(2),
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dlp = [el — (n + ¢ + pu1)Ip| dt + (MarIp + Map)Ip dBa(2), (27)
dlg = [nlp + 01y — (v + & + p1)Ig| dt + (s g + Msy)Ip dBs(t),

dlt = [l +vIg — (0 + T + wy)Ir ] dt + (T It + Hex)I7 dBs (1),

dR = [M + @Ip + xIs + EIg + oI7 — (D + p1)R] dt + (T7 R + T7)RdB;(t),

dav = [)/IS + ®R - M1V] dt + +(H7IV + H72)Vng(t)

In this conversion, the function B;(t) represents the standard Brownian motions valid
within the set of probability (€2, A4, {A;}i>0, P), where {A;};>¢ is filtration valid under the

condition described in [17]. Here, I1;je[1,2,345,67,8 are positive and are the intensities of

,,,,,,

the environmental random disturbance.

7.1 Existence and uniqueness
In this subsection, we present the existence and uniqueness of the system solutions of the
stochastic model. To achieve the existence and uniqueness, we convert the system into

Volterra type. But first we do the following for simplicity:

dS =Fi(t,S,1,14,Ip, I, I, R, V) dt + G1(¢,S) dB1 (t),

dl = F5(t,S,1,14,Ip, Iz, I, R, V) dt + Go(t, 1) dBs(2),

dly = F5(t,1,14) dt + Gs(¢t,14) dBs(2),

dlp = Fu(t, 1, Ip,) dt + Ga(t,Ip) dBa(2), (28)
dig = F5(t,14,1p,Ir) dt + Gs(t, Ir) dBs(2),

dlt = Fo(t, 14,1, IT) dt + Ge(t, I7) dBe(t),

dR = F;(t,1,14,1Ip,Iz,I7,R) dt + G7(t,R) dB;(t),

av = Fg(t, SR, V) dt + Gg(t, V) ng(t)

Therefore, converting to Volterra, we get

t t
S(t) = S(0) + / Fi(t,S,1, L, Ipy Iy I R, V) dt + / G1(r,5)dBi(2),
0 0
t t
I(t):1(0)+/ FZ(T,S,],IA,ID,IR,IT,R,V)df+/ GZ(T’I)dBZ(T);
0 0
t t
L) =140) + / Ey(t, 1,1y dr + / Ga(r, ) dBs(x),
0 0
t t
In(6) = Ip(0) + / Fye,1,Ip)dr + f Ga(t, In) dB4(2),
0 0

Ialt) = Ix(0) + /0 Fy(t, L Iy In) d + fo Gs(t, ) dBs (), (29)

t t
L0 = 1:(0) + / Fo(r I In I) d + f Go(tI7) dBq (),
0 0
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R(t) = R(O) + / F7(T’I:IArIDrIR’IT;R) dr + / G7(T’R) dB7(T)r
0 0

V() =V(0) + /th(t,S,R, V)dr + /tGg(r,S) dBg(t).
0 0

We present the existence and uniqueness of the stochastic system of COVID-19 model.

This will be achieved via the following theorem.

Theorem Assume that there exist positive constants K;, K; such that
() ) i
|Fi(x,£) = Fi(wir 8)|” < Kilx — ], (30)

|Giw, 1) - Gixi, )| < Kl —
(ii) V(x,t) € R® x [0, T]

|Eix, )|, |Gilx, O < K(1+ [x1%). (31)

’

Then there exists a unique solution X(t) € R® for our model and it belongs to M>([0, T],
RY).

The proof can be found in [17], but we have to verify (i) and (ii) for our system. Without
loss of generality, we start our investigation with functions F(¢, S, 1, 14, Ip, Iz, I, R, V) and
G1 (¢, S). For the function F, the proof will be performed for (¢, S). Thus

IF1(8,8) = Fy (8, S)|” = [8(8) (@l + w(BIp + y Iy + 811z + 820r) + 11 + 11 )(S = S)|*. (32)
We define the following norm:

¢l = sup |l (33)
te[0,T]

then

E1(S,8) = Fu(S1, 8)|* < sup |8 (el + w(BIp +y1a +8ig + 8217))(S = S1)[°
te[0,T]

< [|8@) (el + WBIp + yIa + 81lk + 8217)) |2, 1S - 1 2 (34)
< Ki|S-SiI*
and
|G1(S,8) - Gl(Sbt)’z = |(M11S + M12)S — (M1 Sy + 1_112)51‘2
= My (S* - S7) - I—112(5—51)|2
= (M1 (S+81) + 1_[12)2|5 -8
= (T3(S + 81) + 2TT11 1o (S + §1) + TT3,) 1S = S

= (IT3,(S* + 2881 + S7) + 2M 1 M1o(S + 81) + IT5,) IS = S1I* (35)
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2 SUP¢e(0,7] |S*(8)] + 28Up,o,7] IS SUP¢e[0,7] [S1(2)]
11
< + SUDPse(o, 7] |S3(2)]
+ 205y (supte[o_T] |S(8)] + supyeqo.g |Sl(t)|) + 112,
x S =81

< H%1(||52||oo+2||S||oo||sl||oo+”Sj”oo) S5,
+ 21111 M1 ISl 1S oo + H12

<K|S-Si%
where

Ky =13 (|s* ||OO +2[1SlloolIS1llos + || S ||oo) +2TT11 1o [1Slloo 1St ll o + T3,
=113, (ISllo + ||51||oo)2 + 21 12l loo 11 loe + T3,

Similarly,

Ky =113, (I ]|oo + ||11||oo) + 2101 T | oo M1 lloo + T35,

2
K = T3, (IZalloo + a1 lloo)” + 2TT31 a2 | La lloc a1 ll oo + T35,

2
+ 241 Tz 1 lloo M1 oo + T2,

(

(

4= T3, (Ipllso + 1Mp1loc)

5= 12 (R lloo + 11 lloo)” + 2Ts1 Mol Ik lloc 11 lloo + 1125,

6= 112, (Irlloo + 11 ll)” + 2Ms1 Meall 7 ll oo 171 lloo + T2,

7= 12, (IRlloo + [ Rulloc)” + 2T M2 [ Rl o [ Ry o + T12,,
(

2
Ks=T13, (Voo + 1 Villoo)” + 2Mgi Mo | Vlloo | Vi llow + g,
Also

|F2(1, 1) _FZ(Il’t)|2 = [8()aI —L) - (e +E+ 2+ /«Ll)(1—11)|2

|(8(t)or — (e +& + 2 + //,1))(1—11)|2

< sup |(8(®)or — (¢ + & + 2+ 1) | 1 = I ?
te[0,T]

< 8| |er = (& +& + 2+ )Pl - 1]

<Kl - L%,

where
K, = ”8(t)||oo’a —(e+&+21+ ,ul)‘z.
Also

2 2
|\F3(, ) = F3(Iap, 0)|" = [—(0 + p+ x + 1)U — La1)|
<2/O+p+x+ M1)|2|1A — Il
< Kslla = L P,
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where
K3:2|(9+,u+x+u1)|2. (41)
Similarly, we evaluate

|Fallp, ) — Fallp1, )] = I+ ¢ + 1 llp — Ipn (42)
< Kullp - I;m|%,
|Fs(Ur £) = Fs(Iri, 8)]” = v + & + pa Pl — I
<Ksllg - Ir |,
|FslUr, ) — Fs(Ur1,8)|" = lo + 7 + paPlg — I
< KglIt - I11l,
F(R,8) = Fy(Ry, )| = |® + [ |R— Ry |
<K7|R-Ry|,
|Fs(V, 1) — Fs(Vi, )" = la PIV - Vi 2
<Ks|V-Vi|*.
For both classes G; and F;, we have verified condition (i). Now we verify the second con-
dition.
IE1(S,8)|* = |A = 8()(al + w(BIp + y1a + 811k + 8a07) + y1 + 1) S|’
< |AS = 8(0)(al + W(BIp + y1a + 811 + 8o0r) + y1 + 1) S|’
< ISP|A = 8(0) (@l + w(Blp + yIs + il + 8:07) +y1 + 1) [
< (|S|2 + 1)|A - S(t)(al +w(BIp + yIs + 811g + 82I7) + 1 + ,ul)‘2 (43)
< (ISP +1)|A = 8(t)(al + W(BIp + y1s + 811 + 817) + y1 + ,u1)|2

< (ISP +1) sup |A=8(e) (@l + w(BIp + yLu + 811z + 8:17) + 11 + 11|
te[0,T]

< K'(IS1* +1),

where
K'= sup ‘A - 8(t)(a1 +wW(BIp + yIa + 811g + 82I7) + y1 + //4) ’2. (44)
tel0,T]
Then

|Gi(S,0) - Gl(sl,t)|2 = |(MuS+ 1—112)5‘2
<|My8%+ H1252|2

K (45)

< (Mg + H12)2|52

< (Ty; + My2)? sup |S?|SI
te[0,T]

Page 19 of 107
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< Iy + 1_112)2“52 ||oo(|S|2 + 1)

<K (ISP +1),
where
K = (T + )% . (46)
Similarly,

K = (My; + Mp,)? 17|

oo’

K = (31 + M32)? ||131|

0’

1_<4 = (Mg + H42)2 ||Ié|

K = (s + Msy)? 1z ., (47)

K= (Te1 + Me2)* || 17| o’

K’ = (I + M) IR ..

I_<8 = (Hgl + H32)2 || V2 ”oo

Also, we have

|Eo(L6)|* = [8()(W(BID + yIu + 811g + 8517))S + SIS — (6 + & + & + )|
<|8@)(W(BIp + y1s + 811 + 8207))S + 8(t)orS — (€ + & + A + o) | |
< (ISP +1) s[up]|8(t) (W(BIp + 14 + 81Ig + 8217))S + 8 (DS (48)

tel0, T

—(+E+r+ )|
<K*(IP +1),

‘FB(IA:t)|2 =|El-(O+n+x+ MI)IA‘2

< 61— O+ p+ x + )| 1al?

< (LulP+1) sup [E1- 0 +p+x +p1)|°

te[0,T]

<K*(lal* +1),

|2

|Falla, 0)|" = |eI - (n + ¢ + Ml)ID|2

<(p*+1) s[lépﬂ}el— +¢+ )|
tel0,

<K*(lp* +1),

|5, )] < (zl +1) sup |nlp+61s— (v+& +u1)|”
te[0,T]

<K°(l&* +1),
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|F6(ITrt)|2 < (7> +1) sup |uly +vig— (o + 7+ M1)|2
tel0,T]

<K°(|I* +1),

‘Fﬁ(IT, t)|2 < (|IT|2 +1) sup ‘MIA +tvlip—(oc+1+ ,ul)‘z
te(0,T]

<K°(lr* + 1),

|E(R, )| < (IRI> + 1) sup Al +@lIp + xIs +Elg + 0 Tp — (D + 11)[°
te[0,T]

<K’(IR]* +1).
Finally, we have

[Es(V, 0] < (IVI*+1) sup 1S+ OR— |
te[0,T]

<K(V]*+1).

Both G; and F; verify the second condition. Therefore, according to the above theorem,

the system has a unique system solution.

7.2 Numerical simulation for the stochastic model

Numerical solutions of the suggested stochastic model are presented in Figs. 22—25. The
numerical solution depicts the future stochastic behavior of the susceptible class, five sub-
classes of the infected population, the recovered class, the death class, and the vaccination

class. These are depicted in figures below.

8 Atangana-Seda modified scheme

The mathematical model considered in this work has the ability to depict two to three
waves of COVID-19 spread. The model is subjected to a system of initial conditions. Ad-
ditionally, the model is nonlinear, thus it is impossible to obtain exact solutions to the
system, thus numerical schemes are needed. We present a numerical scheme based on
the Newton polynomial [18]. However, one needs the initial condition and two additional
components for the scheme to be implemented. In this section, we present a modified ver-
sion that will not need the two additional components, and then the scheme will be used
later to provide numerical solutions for the suggested COVID-19 model with different
differential operators. We start with the classical case, the following is considered:

o _

dt —f(t’y(t))' (49)
Then

o i ) = S ™) + of () [ )

SRR ET A 3/ (bn-10 1o/ (") AL

To reduce these requirements, we proceed as follows:

n n—1

y -y

x5 =f(twy") = ¥ =y —f(tw)")AL (51)
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Figure 22 Stochastic behavior of S(t) and /(t) classes

On the other hand,

yn—l _yn—2 ~

A =f(tu-1,7""") (52)
or

Y=y = f (") AL (53)

=y = Atf (tn ") = Atf (tu-1, )" —f(t,,,y")At).
Replacing y"2 and y"~! with their values, we obtain
5
Y=Y S A ey = A (607") = A (61" = (8057) A)) (54)

4 23
— =f(tur, " = f (L y") AL) + —f (0, y") At.
s () A0) + 2107
The above does not need y' and y?, only the initial condition. With the Caputo—Fabrizio

derivative, we consider the following:

§EDYy(8) = £ (£:(2)). (55)
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Figure 23 Stochastic behavior of 4(t) and Ip(t) classes

From the definition of the Caputo—Fabrizio integral, we can reformulate the above equa-

tion as follows:

l-« a !
70 =50 = 5 (010) + 5 [ (et e

We have, at the point ¢,,1 = (n + 1)A¢,

L+l

Vi ), f(Ty(@)dr,

f( n+1’y(tn+1)) +

e =50 = 75

and at the point ¢, = nAt,

1- b
e =30 = 35 (0 3(0) + 31 fo F(ey(0) de.

Taking the difference of these equations, we can write the following:

Wtwr) = 3(6) = ]% [ (ta1s () — f (60 3(0))]

o tnel
m /tn f(r,y(r)) dt

(56)

(57)

(58)

(59)
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Figure 24 Stochastic behavior of /(1) and I7(t) classes

_ 1_—05 f(tn+1’y(tn) - Atf(tmy(t”)))
M(a) AU

12f (b2, y" = A (") = Atf (Ea1, 5" = f(t0, Y ) AL) At
— Y (a1, y" = f (L y) A AL

+ m
* + B (6, y") At

With the Caputo derivative, we write

¢ Dy y(®) =f(6,y(0)),

(60)
¥(0) = yo.
We convert the above into
1 t
7050 = s [ (o) e-oa (61)

At the point t,,,1 = (n + 1) At, we have the following:

er) =500 = o /0 F(od(@) s - 1) dir,
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Figure 25 Stochastic behavior of R(t) and V(t) classes

and we write

Htwen) = y(0)+—Z / £ 0) s - 07 .

After putting the Newton polynomial into the above equation, the above equation can be
written as follows:

yn+1 :yO + (At)a

n

Fap 20 lon 17 =)

AL & 3 |
* % ;[f(tiw/’ ) =f(5-277)]

» |:(n—j+1)°‘(n—j+3+2a):|

. . (62)
—(n-j)*(n—j+3+3a)

a(AD) N[ f(6,9) - 2f 1, YY)

T 2@ +3) ,Zz[ (2, }

2(n =) + (3a + 10)(n —j)
+20% + 9 + 12

2(n =) + (5a + 10)(n —j)
+60% +18a + 12

(n—j+1)*

—(n—j)~
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where

fl0y7) =f G0y - £(5,5)AL), (63)
S(6-277) =f (G2 = M (65:7) = AY (51,5 = (6,7) AL)).

With Atangana—Baleanu, we have

07CDEy() = f(5,y(2)),

(64)
¥(0) = yo.
We transform the above equation into
- - a-1

9O -3(0) = G (6300) + / F(0y@) (¢ -1 dr. (65)
At the point t,,,; = (n + 1) At, we have the following:

Wtw) =(0) = - B( )f(t y(0) (66)

o n+l el
+ AB(C()F(O() /(; f(t’y(r))(tn+l T) dt;

and we write

Hb) = 90) + = f (ty1,"") (67)

AB(a)
a-1
AB(a)F(a) Z /t (1, 9(0) b1 — 7).

After putting the Newton polynomial into the above equation, the above equation can be
written as follows:

1-
0 + IF(;X)f(tn-%-lry(tn) - Agf(ti’l’y(t”))) (68)

a(Ar) tia,y — Atf (8, 5)
T AB@)(a + 1) ;f ( - Atf(t1,y —f(t;,)/)At)>

x [(n=j+1)* = (n-j)*]
. ey Z S,y -f(6,9)A0
AB(@)I (@ +2) — 2,y — Atf(t5,) - Atf (K1, Y - f(4,Y) At))
o (m—j+1)*(n—j+3+2a)
—(n-j)*(n—-j+3+3a)

f(t]’ Zf(t] 11)/

2AB((XofArt(); +3) 4 Z ti2y = At (8, )
- Atf (i1, ¥ - f(5,)) At)
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e | 2(m= ) + (Ba +10)(n - )
(n=j+1) |: +202 + 9 + 12 :|

X

o | 201=))% + (5a +10)(n - ))
=) |: + 602+ 18a + 12 :|

With the Caputo—Fabrizio fractal-fractional derivative, we consider
oD y(e) = (6,5(0), (69)
¥(0) = yo.

Applying the associated integral operator with exponential kernel, we can reformulate
equation (69) as follows:

1- AP 1-B
0= 3200 (0) + s [ Festo)e P d, 70)
At the point t,,; = (n + 1)At,
_l-aag ot 1-p
Hew) = sttt te) + s [ f(ea)et e, 70

and at the point ¢, = nAt, we have

(t)—Ttl (0 + 310 / (t.9(0)) 7 dr. (72)

If we take the difference of these equations, we obtain the following equation:

n+1f(tn+1’y(tn+l))
73
[—tn P 6 y(5) } 7

y(th) y(tn)_ M)

L tnl 1-p
+M(a)/,;n f(oy(@) P dr.

For brevity, we consider

Hers) =306 = 3 S [F (613 (0nr) = E (e (6] (74)
. M‘Z‘a) :H F(z,3()) d,
where
F(t,y(0) =f(t,y(0) . (75)

We can rearrange the above scheme as follows:

i 1-a [P(tml,y(tn)—mf(tn,y(tn)))} 76

7T M) — F(tn, y(tn)
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S F(tn2,y" = Af (b0, y") = ALF (o1, y" = [t ¥") AD) At
— —2F(t, 1,y — f (it ) AE) AL
+ sy )00
+ ﬁF(tn,y )At
If we replace F(¢,y(t)) with its value, we can solve our equation numerically with the fol-
lowing scheme:

g 1-0 [ti:‘i’ﬂtm,y(tn)—Aa‘(tn,y(t,,»)} (77)

T M) —t P f (b y(8))

o t;q 2 152F(tn 2’_)/ - Atf(tnry Atf(tn 1,J/n _f( n’yn)At))At
* @ = 00 ey = f (6 ) A AL
+ 2oty At

With the Atangana—Baleanu fractal-fractional derivative, we write
5D y(0) = £ (£.(), (78)
¥(0) = yo.

Applying the new fractional integral with Mittag-Leffler kernel, we transform the above
equation into

y() = ¥(0) + 1 (2,5(0)) (79)

AB( )

L t _ ya-1_1-8
’ AB(a)T () A f(T’y(T))(t ) 1P 4r.

At the point t,,,1 = (1 + 1) At, we obtain the following:

y(tn+1) = J’(O) + IiB_(Z) ti:ff(tn+l7y(tn+l)) (80)
AB(O[)F( ) / n+l ‘L' y(T))(tn+1 — -L-)Otflrhﬁ dr.

For simplicity, we shall take

F(t,y(0)) =f(t,y(0))£ . (81)

We also have

y(tm—l) y(o) + ( n+1’y(tn+l)) (82)

AB( )

t/+l

AB(O{)F(O[) Z/ T Y t) (tn+1 - T)

Replacing them into the above equation and substituting F(¢, y(¢)) = f (¢, y(£))t'~#, we can
get the following numerical scheme:

1

Y = et (¥ 6u) (5
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a(Anr Z by — Atf (8, 9)
T AB@)T (o + 1) 4 ~ Atf(ti1, Y —f(t, ) AL)

x [(n—j+1)* = (n=-)"]

; ELF G,y —f(t,9)AD)

EOTeTT o gy A
=2 | TP At (4, —f () A

(m—j+1)*(n—-j+3+2a)
—(n=j)*(m-j+3+3a)

T e6,7)
Lo N =2y - f(6)AY
2AB(a)T(a + 3) = +t.l_ﬁf tia,y — Atf (8, 9) )
YRR (CRUIY

rj+ 1 |:2(n —j)? +2(3oz +10)(n - j)i|
+20° +9a + 12
X

o | 20— ) + (5a +10)(n - ))
_("_])[ +602 + 18 + 12 }

With the Caputo fractal-fractional derivative, we consider the following:

EEPDEPy(e) = £ (£,9(2)), (84)

¥(0) = yo.

Applying the new fractional integral with power-law kernel, we transform the above equa-

tion into

-1 1 -B
9O =50+ s / F(oy@) -0 7P dr. (85)

At the point t,,,1 = (n + 1) At, we obtain the following:

L+l

Y(tns1) =y(0) + —— T ), F(T.9(@) s — 1) TP dr. (86)
For simplicity, we shall take
E(ty(0) =f(65(6) £~ (87)

We also have

er) =0+ s )Z / F(t,5(0) (b — 0" . )
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Replacing them into the above equation and substituting F(¢,y(£)) = f(t, y(t))t'~#, we can
get the following numerical scheme:

n+l _ (At) Z ( 1 2»3/ A@f( J’l) ) (89)

Tla+1) Atf(t-1,Y —f(t,¥)A)
x [(n=j+1)* = (n-j)*]
(At)ot n tjl—_lﬁf(t/—l’yj _f(tj’yj)At)
"T@+2) > — i Ff tia,y = Atf (2, )
2| T S A o,y - £(5,9)A8)

y (m—j+1)*(n—j+3+2a)
—(n-j)*(m—j+3+3a)

Pa(t;,9)
L (e Z =267 f (51, ~f(,) AD)
2 +3) 5 i ( ti0,y — Atf(t;,5)
2\ - A (4o Y - f(5,) AD)
2(n =) + (3a + 10)(n —j)
+20% + 9 + 12

(n—j+1)* [

X
e | 201 = )% + (50 + 10)(n — )
—n-) [ + 602+ 18 + 12 }

Finally, we present the numerical scheme with fractal-fractional derivative with variable
order. We start with the Caputo—Fabrizio case:

5D N0 = £(6,5(0), (90)
¥(0) = yo.
The above equation can be reformulated as follows:

L2 ﬂ(t) 1)

y(t) = M(a) £ ‘S“[ Br(t)In

o [ AN EERTE
+M(a)/Of(t,y(r))[ﬁ/(r)ln(r)+ . ]T dr.

We write the above equation as follows:

2-B(tn+1) Btn+2)=Btus1) 2-B(tn+1)
l-a |t (—4lntn+ + = 2 (G, y(Eni)
twn) = ¥(t) = [ " @ o 92)

M(a) ‘n)( ﬂ(tml B(tn) Int, + 2- ﬂ tn) ) (s y(E))
tnsl

" M@) J,,

f(zy) |:,B/(1:)1n(r) N f(f)],zmr) .
For simplicity, we take

F(t,y(6) =f(6.5(2) [—ﬁ/(t) In(e) + 2%’3(”} 70, (93)
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and we have

Wewt) = 3(6) = jﬁ) [E(twensy(tn)) = E(tnry(0))] (94)

o tnsl
+M(a) /;n F(‘E,y(‘[))d‘[

If we do the same routine and replace F(t,y(£)) with its value, we have the following nu-

merical approximation:

ti;f(trul)(_ ﬁ(tmz)Af tn+1) In tn+l + 2- lf(t;Tl))
e () - A () o5
YT N e | 2P0 (Bl o) 1y 2P
X f (£, y(£n))
23 t;% ﬁ(tn)( (tn+1A);/3(tn) In L+ 2_[::[”))
x Bf(t,,y") At
4 Bltn-1) _ Bltn)—Btn-1) 2 Btn-1)
| e, rn_ll)
+ (a) Xf(tn—l’y _f( m}’ )At)

+ % 5 tn—Z)(_ ﬂ(tn—l)A—tﬂ(tn—Z) In Lo + Z—fn(fr;—z))

cap( by m ATy
12 - Atf(tu-1, " — f(tn, y") AL)

We deal with our problem involving the new constant fractional order and variable fractal

dimension

EEM DB ) - £ (2, 9(0)), (96)

y(O) = yO,

where the kernel is the Mittag-Leftler kernel. If we integrate the above equation with the
new integral operator including the Mittag-Leffler kernel, the above equation can be con-

verted to

l—a , 4, 2- B(t)
’0) = B(Z) £2P ’[—ﬂ/(t) In(f) + fﬂ}/(t,y(t))

o 4 o
BT J, SO o
2 - IB(T) ] T2_B(f

T

) dr.

X |:—,3/(T)ln(7,') +

At the point t,,,; = (1 + 1) At, we have the following:

y( 1) l-«a t2 —B(tys1) (_ /3(tn+2) - ﬁ(trHl) 2- :B(tn+1)>

Int,.1 +
AB(a) ™! At T

Xf(tn+17y(tn+l)) (98)
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tnsl -
" AT @ / YBI)UBED)

X [—ﬁf(r) In(7) + _f(r)]fzmr) dr.

For brevity, we consider

F(7,y(1)) :f(r,y(r))|: B/(t)In(t) + f( )i| 2-8(0), (99)

and we can write the following:

—& 2 g Bltus2) — Bltu1) 2 — B(tns1)
V(i) = AB( )t,,+1 (—T Ing, 1 + T) (100)
Xf(twrl’y(trul))

o " tj1 o
" AB@)T (@) ,22:/5 F(z,y(0))(tne1 =) dr.

One can replace the Newton polynomial in the above equation as follows. Thus, we have

the following scheme:

w1 o g, Blw2) = BlEnn) 2 — B(ty1)
YT ABa) (‘ VR R ) (101)
Xf(tm—l:y(trﬁl))
At)“ "
B

a(dt) ¢ ) )
" AR 2T -]

y (m—j+1)*(n—j+3+2a)
—(n=j))*(m-j+3+3a)

(AL)” . : . .
+ mg[ﬂ%)”) —2F(ti1,97") + F(42,5 )]

(i 1)" 2(n - ) + (3a + 10)(n —j)
/ +20% + 90 + 12

X
o | 20— ) + (5a +10)(n - ))
_(”_1)[ +602 + 18 + 12 }

Replacing the function G(¢,y(¢)) with its value, we can present the following scheme for

numerical solution of our equation:

yn+1 _ l-« t2 B(tns1) ( ﬂ(tmz) ﬁ(trul) 2_:3(tn+1))

= Int,4 +
AB(a) ™! At il fuet

X f(tns1 " +f (b ") At) (102)
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N

AB@)T (@ +1) & -2

j=2
ti—2’.)’j B Atf(t}’y]) . a _ _
Xf(‘ A (G-1,y —f(t;,y")At)> (0= 1% = (=]

2 — B(t-
N In t]'_z + 7;3( ! 2):|
j—2

2-B(4-1); BE)-BE-1) EUSY
6 1 #1 tj- t;i ]
3 ; x f(ti1,y —f(tw’)At
PG VPGB g 2By
AB(a)T (o + 2) = -2 At -2 52

Xf tj—Z!y] - Agf(tl’.)/)
- Atf(ti-1,Y - f(t,5) At)

» (m—j+1)*(mn—j+3+2a)
—-(n-)*m-j+3+3a)

B 2-B(5) - B ) B()) 2-B(t)
tj J [ 1+1 " 1n t] 2 J ]

e f
2/3! D BB 2-p(tj-1)
P —20 - POIPGD 1y, 4 ral
* AT @13 2 Z X flt 1,y S 1Y) AD)
2-B(tj-2) (¢-1)-B (- 2 (tji—2)

¥ -8
- Atf(t1,Y —f(;,9) AL)

S [2(;4 —j)? +2(3a +10)(n — j)i|
+2a” + 9 + 12
X

o | 20— ) + (5a +10)(n - ))
_(”_])[ +602 + 18 + 12 }

We deal with our problem involving the new constant fractional order and variable fractal

dimension
gFPD;r,ﬁ(t)y(t) = f(£,3(2), (103)
J’(O) = y();

where the kernel is the power-law kernel. If we integrate equation (103) with the new

integral operator including the power-law kernel, the above equation can be converted to

¥0) = ﬁ /0 ey f)“[—ﬂf(f)ln(r) 220 (’)]r““” dr. (104)

At the point t,,,1 = (n + 1) At, we have the following:

B L ty+1 B a-i
o) = 1 fo F(e3() Gt =) (105)

X [—,3/(1)111(1) + 2 _f(r)]rz_ﬂ(f) dr.
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For brevity, we consider

F(r,5(x)) =f(r,y(f))[ By In(x) + 2P )} 2-50) (106)
and we can write the following:
o) = s Z / E(2,5(0)) (b — 7). 107)
Thus, we have the following scheme:
w1 (A" & - e »
t= T+l ;F(tj,z,y’ 2)[(” —j+1)* = (n-j) ] (108)

(Aan* &

T ;[F(tifl'y"?l) —F(ti2,97)]
y (m—j+1)*(n—-j+3+2a)
—(n-j)*(n—-j+3+3a)

(Aar* &

e ,:ZZ[F(t”)/) ~2P(41,97) + F(52,772)]

+20% + 9 + 12

Py [2(;4 — )+ (5a + 10)(n - j):|

5mj e 1) [2(;1 —j)? + (Ba + 10)(n — j):|

X

+60%+ 18 + 12

Replacing the function G(¢, y(¢)) with its value, we can present the following scheme for

numerical solution of our equation:

el _ (At)a - t2 B( L 2)
Do +1) &~ 72
j=2

xf(
(A X f(ti-1,y = f () AL)
+ T+ Z 3 éi—zﬁ(tj—z)[_wl "
Xf tj,2,)/ - Atf(t];y]
- A (41, Y - f(6,9) AD)

y (m—j+1)*(n—j+3+2a)
—(m-)*(m-j+3+3a)

_Bta) - Bt 2) 2 - B(tji-2)
At N2t
]

tj—2’yj - A';f(tl’y])
Atf(t,q,yj —f(tj’J’j)At)

2-B(t-1)
ti -

) [(n—j+1)* = (n—j)"]

B()- 5(5 1) Int, ﬂ(tj-1)]

ti_1

NERUE)
t/'_2

(109)
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B - Blti1)-B) 2-B(ty)
t] ] [_ ] A7 7 l t tj ] ]
xf(tj,y’)At
2-B(t-1);  B(t)-BE-1) —Bt1)
(At)® n _Zti—l ' [-— At/ 1nt] 1t —i]
T @+3) 2 x f(ti1,y = f(t,5) A1)
=2 2-B(tj2) ) 2-Bltis)
+t12;2[_ﬁ(t,1Aﬁt,zlnt12 /:Zz]
sl 5 2y = Atf(5,5)
- Atf(ti1,y - f(t;,¥) At)

n2 .
(1—j+ 1) [2(n ) +2(3(x +10)(n —])j|
+20” +9a + 12
X

o | 20— ))* + (5a +10)(n - ))
—(n=)) |: + 602+ 18x + 12 :|

9 Application to COVID-19 model

In this section, using the suggested numerical scheme, we present its application to solve

the mathematical model of COVID-19 with possibility of waves. The numerical scheme

will be applied for all cases where the differential operators are with classical differential

operators, modern fractional differential operators, and variable orders, although only few

examples will be used for numerical simulations. Firstly, we shall use the Caputo—Fabrizio

fractional derivative

gFD‘;‘S =A- (3(t)(a1* +wBIj + ywl + woi I + w821§) +y+ Ml)S,

SEDUT = (8(8) (al* + wBLy + ywI + w1 + woI5))S — (e + & + A + 1)1,

§EDY Ly = 61— (0 + p+ x + ) lu,

6 DiIp=el = (n+g¢+pu)lp,
SEDYIg =nlp + 0Ly — (v + & + n)lr,
SEDY I = puly + vig — (0 + T + i),

SEDOR =0l + Ip + xIa + EIg + 0 Ir — (P + 1)R,
SFpeD = 1y,

SEDYV = 1S+ dR -y, V.
For simplicity, we rearrange the above equation as follows:

SEDeS = S*(t,S,1, 1L, Ip, I, I, R, D, V),
SEDYT = 1*(¢,8,1,1a, Ip, Iz, I, R, D, V),

DIy = I5(t, S, 1, Ia, Ip, Ix, IT, R, D, V),
SEDYIp = I5(t, 8,1, Ia, Ip, I, I, R, D, V),
SEDYIg = I3(t, S, 1,14, Ip, Ir, I, R, D, V),

SEDO Iy = Ii(t, 8,1, 1u, Ip, Ip, I7, R, D, V),

(110)

(111)
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gFD(:R = R*(ty S,I,IA,[D,[R,IT,R, D, v)1
gFD?D = D*(ty S,1, [A,ID)IR’IT:R;D’ V);

gFD?V = V*(t’ Syl,[A;ID;IR’IT)R;D’ V)'

Thus, we can have the following scheme for our model:

ta1, 8™+ AES™, " + AL, I + AT,
L—a | S*| I+ AtIN, I+ AR, It + A,
M(a) R + AtR™, D" + AtD™, V" + AtV"™

— S§*(t, S", 1", 15, I, I, I, R, D", V)

Sn+1 =S" 4+

BS* (b, S 1" 15, 15, I3, I, R", D", V) At
by, S — ALS™, 1" — A", I — ALY,

—3S* | Ih— ALY IE - AT - AL, | At
R" — AtR™,D" — AtD™, V" — AtV"™

v — by 2, " = ALS™ — ALSUD%, " — Af™ — ALI-V%,
M(a)
(n-1) (n-1)
I — AT — AL I8 — AU — A,
+ 28 I A - ALYV I — A - ASTYS,
R" — AtR™ — AtR"D*, D" — AtD"™ — AtD"1*,
V" — ALV - Apy D
Lar1, S + ALS™ T + AT I + AL,
ot _gn, Lo [T Iy A T+ AL I+ AT
M(a) R" + AtR™,D" + AtD™, V" + AtV"™
= I* (b0, S" 1", 1, I3, I, I, R, D", V)
BI* (b, S 1", I, I, I, I, R, D", V) At
ty, 8" — AES™, 1" — AtI™, I% — ALY,
— 3| In - AL I - AT - A, | At
R" — AtR™, D" — AtD™, V" — ALV
+ M(z ) tyo, 8" — ALS™ — ALST V% " — AT — ATV,
o
IF = At — AV, 18— AT — AUV,
S| I A - ATV 1 - A - Ay
R" — AR™ — AtR™-D%, D" — AtD"™ — AtDD*,
Vi — ALV — Apy D
tus1, 8"+ ALS™, I + AT, I + AL,
In+1 . l-«o IZ Ig+At g*,1£+At Ig*’lgl”"'At ;l”*’
A TFA

M() R" + AtR™,D" + AtD™, V" + AtV"™
= I (tn, S 1", I, I3, I, I, R, D", V)

(112)

At

(113)

At

(114)
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B (b, S I I, Iy, I, I, R, D", V') At
tn, 8" — AtS™, " — AtI™, I — ALY,

30| Iy - A I - AR I - A, | At
R" — AtR™, D" — AtD"™, V" — AtV"™
+ M(Z ) tuoz, 8" — ALS™ — AtSUD* I" — At — Al D%, )
o
I — AL — ALV, 10— A — AV,
w20 - A - ATV - At - AT, | At
R" — AtR™ — AtR"V*, D" — AtD™ — AtD-D*,
V= AtV — Apy D
tus1, S"+ ALS™, 1" + AL, I% + ALY,
o L—a | Iy I+ A, 10+ A I+ AT, (115)
M(«) R" + AtR™, D" + AtD™, V" + ALV"™
= Iy (bn, S" I I, I8, 17, I, R, D", V)
B (b, S I I, I8, 13, 17, R, D", V') At
by, S — ALS™, 1" — A", I — ALY,
=3Iy | I AL I - A I - A, | At
R" — AtR™,D" — AtD™, V" — AtV"™
- Ma bnogy S™ = AES™ — ALSUV*, [ — A" — ATV, ,
() I = A — ATV 1 - A - AT
A A A ’ ’
+ 30| - A - ATV - At - AdSTVY, | At
R" — AtR™ — AtR"D*, D" — AtD"™ — AtD"1*,
V- ALV - AV
Lae1, 8" + ALS™ " + AT I + AL,
el l-a | I} IR + AR I + AR I+ A, (116)
R TR
M(a) R" + AtR™,D" + AtD™, V" + AtV"™
= I (b, S" 1, 1, I3, I3, I, R, D", V)
B (b, S" 1" 1, I8, I, I3, R, D", V) At
ty, 8" — AES™, I" — AtI™, I — ALY,
— 3| In - AUy - AU - A, | At
R" — AtR™, D" — AtD"™, V" — AtV"™
+ M(Z ) by 2, " = ALS™ — ALS"V*, [ — AfI™ — AfV%, ,
o
17— At — AV, 18— AT — AR,
w2 - A - ATV I - A - ATV, | At
R — AtR™ — AtR(n_l)*,D" — AtD™ — AtD("_l)*,
Vi~ ALV — AV -Dx
tai1, S™ + AES™, " + AL, I + ALY,
oy L—o [ I5 | I+ A, I8+ A I+ AL, 117)
M(a) R" + AtR™, D" + AtD"™, V" + AtV"™

= I (b, S" I I, I, I, I, R, D", V)



Atangana and igret Araz Advances in Difference Equations (2021) 2021:57

B (b, S 1, 14, 15, I, I, R, D", V) At
by, S — ALS™, 1" — A", I% — ALY,

I — AT I8 — AL I — AT, | At
R" — AtR™,D" — AtD™, V" — AtV"™

4 rx
_§1T

y— b, S™ — AES™ — AESDE, 1 AT — ALY,
M(a) '
I — AL — ALV, 10— At — AV,
+ 20| - A - AUV I A - AHTTYY, | At
R" — AtR™ — AtRV1D%, D" — AtD™ — AtD"-D*,
V" — ALV — AtV -Dx
tus1, S" + ALS™, I + AL, I + AL,
prl gy L@ R Iy AT AU T+ AU 118)
M() R" + AtR™, D" + AtD™, V" + ALV"™
= R*(ty, S, 1", I}, I, I, 1%, R, D", V™)
LR (b, S 1", I, I, I3, I, R, D", V') At
ty, 8" — ALS™, I" — AtI™, I — AL,
-SRI - Al Iy - AT - A, | At
R" — AtR™,D" — AtD"™, V" — ALV"™
. o, S™ — ALS™ — ALSUV [ A — A0V,
M(a) ’
I — At — AV, 18— AT — AV,
+ SR - A - ATV - At - AdYTVY, | At
R" — AtR™ — AtR"D*, D" — AtD"™ — AtD"=1*,
V= AtV — Apy D
Lae1, S + ALS™, T + A I + AL,
ot _p, Lo | D I A I AL I+ A 119
=D"+ (119)
M(a) R" + AtR™,D" + AtD"™, V" + AtV"™
= D*(tn, 8", 1", I, I}, I, I, R, D", V)
BD*(t,, S", 1", 14, 15, I8, 12, R, D", V") At
ty, " — ALS™, I" — AtI"™, I — AL,
—3D* | I - ATy — AU TG - A, | At
R" — AtR™,D" — AtD"™, V" — AtV™*
.2 fa) S — ALS™ — ALSU-D%, [ _ AgI™ — AL,
M(a) ’
11— At — AT - A — AT
+ 2D - At - ATV - At - AT, | At
R — AtR™ — AtR("_l)*,Dn — AtD™ — AtD(”_l)*,
V" — AtV — AV D
tust, S+ ALS™, I + AL, I + ALIT,
oty L@ [ VI IR A T AT+ AU (120)
M() R" + AtR™,D" + AtD™, V" + AtV"™*

= V* (b, S" I I, I, I, I, R, D", V)
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BV*(ty, S 1" I, 15, I3, 17, R, D", V") At
ty, " — ALS™, I" — AtI™, I — AL,

—RVE | Ih— AL - AL TR - A, | At
R" — AtR™,D" — AtD™, V" — ALV"™

+ MO(‘ ) by S — ALS™ — AESUD, [t AP — ALY,
o
I — At — AV, 18— AT — AV,

SV I - AU - ATV A - ATV, | At
R" — AtR™ — AtR™D*, D" — AtD™ — AtD" %,
V7 — AFV™ — Ay D

With the Atangana—Baleanu fractional derivative, we can solve numerically our model as

follows:
. tue1, 8™+ AES™, I + AL, I + ALY,
-
el ms* IR + AR I + ARSI + A, (121)
R" + AtR™,D" + AtD™, V" + ALV"™
a(AL)~
+ —
AB(a)[(a + 1)
ti0, S — AtS* — AtSUV%, T — AtP* — AUV,
j ¢ G- i (-1
; L= At — At I - Aty - AT,
' ' (-1 ’ G-1)
X Y S| Ly- Aty - Ay V- Aty - A, | <
j=2 R — AtR* — AtRV*, D — AtD* — AtDU-D*,
VI— AtVF* — AtV U=
a(Ar)”
+ _—
AB(a)T(xx +2)
[ ti1,S — AtS*, I — AtD*, P, — AtD;,
S| I - AL, I, - Aty I — AtI,
R — AtR*, D) — AtD*, VI — AtVF*
‘ ti0, S — AtS* — AtSU=V%, T — AtD* — AUV, 5
X . . . . . . X
U ) (-Dx g ) (j-1)x
= I, — At - Aﬂé ) Iy — Aty — At[,a ),
j 3 i—1)% .j 3 i—1)%
-S| - Ay - Aty 7 - Aty - AT,
R — AtR* — AtRVV*, DV — AtD* — AtDUV%,
VIi— AtVI* — AtV U-D*

a(AD)”
" 2AB@) (o +3)
[ S, 5, 0,0, 1), I, I, R, DV, V)
ti1,S — AtS*, T — AtP*, I, — Atly,
—28* | I, - Atly, Iy - Atly, I — Aty R — AtR¥,
D — AtD*, VI — AtV
ti2, S — AtS* — AtSU=V*, I — AtD* — AtIV-D%) | x A,
=2 7= At — Al 1 - Aely - AT,
+8* | - Al — AalTV 1 - Ay — AT,
R — AtR* — AtRVD*, D/ — AtD* — AtDU~V%,
Vi — AtVI* — ApV U
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X b1, S" + ALS™, " + ALI™, I + AL,
-
e TBal | B AR L A I+ AT
o
R" + AtR™, D" + AtD™, V" + AtV™

a(Ar)®
B S —
AB(@)T(a +1)
tig, S — ALS* — AtSUD* I — Atl* — AtlG1),
. 1, - ady - a1, - Aty - A,
XD I Ip- Aty - Ady - Ay - ady, <
j=2 Rj — AtR/* _ AtRU*I)*,U _ Atl)/* _ AtD(jfl)*’
V] — At‘/]* — Atv(]_l)*

a(AL)®
+ e
AB(a)T (e +2)
i ti1,S — AtS*, I — AtD*, P, — AtD;,
' I - At Ly — Atly I — ALy,
R — AtR*, D) — AtD*, VI — AtV

- t]?Z;Sj - AtSJ* - Ats(]_l)*,ll — At]/* _ AtI(j_l)*, .
x ’ : : 4 | : §
= I— AtE — ATV 1 A - AaSTY",

Sl B SN N el RN, N
R — AtR* — AtRV-D* D — AtD* — AtDU-D*
Vi — AtVI* — AtV -1

a(Ar)”
+ _—
2AB(x) (o + 3)
[ I*(tjvS];IlylfqvlleljgtllT;R]7D7 V]) ) .
o ti1,5 — AtS*, T — AP, I, — Aty I, — At
Ip— Aty I — AtI, R — AtR*, D — AtD*, VI — AtVF*

n tig, S — ALS* — AtSUV*, I — Atl* — AplT71%,
X . ’ : 4 ‘ :
P AN AN’ s Rl (SN) (YN (i

+ | - At - AT — At - ATV,
R — AtR* — AtRV-D*, DV — AtD* — AtDU-D*,
VI — AtV* — Aty U-D*

X A,
bar, "+ AES™, I 4 ALI™, I + A,
el j}g‘(j)]j I8+ AT + AL I+ AL,
R + AtR™, D" + AtD™, V" + ALV™
a(AL)¥

T AB@(a+1)
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ti0,S — AtS* — AtSUV*, I — AtD* — AtIV-D,
; 1 - At - Ay 1 = Aty - At
30| I v v v R
2| R AtRF - AtRVV*, D — AtD™ — AtDIV*,
VI — AtVF* — A U-Dx*

a(Ar)®
" AB@)T(a +2)

ti1,S = AtS*, I — AtI*, P, — AtD,
j o jx o jx
L I, - Atly, Iy — Aty , I — At
R — AtR*, D — AtD*, VI — AtV
‘ ti2, S — AtS* — AtSUV*, T — AtD* — A0V,
j % (-1)% 4 jk (j—1)*
1@ - At]@ - AtIA ,Ij? - Atlj? - AtID ,
—r | L At - ALV P - At - AT
R — AtR* — AtRV-D* D/ — AtD* — AtDV-D*,
VI — AtVF* — AtV U-Dx

X X

5
)

a(AL)®
" 2AB@)T (o + 3)
Li(t, 9, 0,1, 1, I, I, R, D, V)
ti1, S — AtS*, U — AtI*, I, — AtIy,
2| 1) - A T — At T — AT,
R — AtR*, D — AtD*, VI — AtV7*
X b2, S = AtS* — AtSUV, T — Atl* — AtYD%\ | x A,

j=2 Ig - At[f: - At[X‘”*,Ig - Atlg - Aﬁg‘“*,
9l B RN N | Sl YN N
R — AtR* — ARV DJ — AtD* — AtDU-D*,
VIi— AtVF* — AtV U-D*
- b1, ST+ ALS™, " + AL™, T + AL,
1
(AR AB(O!)[E IN + A Iy + AR I + AT,

R” + AtR™,D" + AtD™, V" + AtV"™

a(Ar)”
NI s —
AB(@)I(x + 1)
9, S — ALS* — ALSU-V%, I — At — AUV,
’ ’ U=0= ' G-
u Ly = AL = A 0 = Ay = Atl
x DIy | L= Aty - AUV L - Aty - AadTY, | <
j=2 R — AtR* — AtR-D* DJ — AtD* — AtDU-D*,
Vi — ALV — AV =D
a(A)®
gt
AB(a)T (a +2)
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b1, 5 — ALS*, I — AtD*, T, — At
| 1 - A, L - At 1 - At
R — AtR*, D/ — AtD*, VI — AtV
“ b2, S — AtS* — AtSUV*, T — Ael* — AUV,
IQ - At]f: - At]j‘“*,lg - At]’; - Aﬁg‘“*,
~oy | - Ay - AHYV D - Al - AT,
R — AtR* — AtRV-V*, D/ — AtD™ — AtDUD*,
Vi — AtV — Aty U-D*

X X

~.
Il
~o

a(AL)®
" 2AB@)T (o + 3)

Ly(t, S, 0,0, 1, I, I R, D, V)
ti1,S — AtS*, T — AtP*, I, — AtIy,
205 | I — AL, T, - Aty I — AtL,
R — AtR*, D — AtD*, VI = AtV
X tji2, S — AtS* — AtSUV*, I — At — AtIVD%\ | x A,

j=2 1;1 - At]i:f - AtIX*”*,Ig - Atlg - Atlg*”*,
w15 | - Aty - Ay L - Aty - A,
R — AtR* — AtRU-V* D/ — AtD* — AtDU-D*,
i VI — ALVI* — AtV U-D |
) buets S" + ALS™, " + ALI™, I + LT,
1 -
i :AB(a)I; I+ AIE I+ AR, I8+ AL,

R" + AtR™,D" + AtD™, V" + AtV"™*

a(Ar)”
g
AB(o)T (¢ + 1)
tj—2;Sj - AtSj* — AtSU—l)*,]/ _ Atlj* _ AtIV—l)*,
. 1, - aet - a1 - sy - Al
0| - iy - gy - s - s, | <
j=2 R — AtR* — AtR(j_l)*,])i _ AtD* — AtD(j_l)*,
Vi — AtVI* — ApV U

a(AL)¥
T AB@)M(a +2)

ti1,S — AtS*, I — AtD*, P, — AtI;,
;| 1, - a1, — At 1L - A,
R — AtR*, D) — AtD*, VI — AtV7*

‘ ti0, S — AtS* — AtSUV%, T — AtP* — AUV, s
X

X ’ , ‘ ' ! :
= Io— AP — AUV P A - ATV,
R - AtR* - AtR(j_l)*,Dj — AtD* — AtD(j_l)*,
L VI — AtVF* — AtV D i
a(At)®

" 2AB@)T (@ + 3)
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L5(6,S, 0,0, Iy, Iy, Iy, R, D, V)
ti1,5 — AES*, I — AtD*, T, — ALY,
2| I, - At T - At T — ALY,
R — AtR*, D — AtD*, VI — AtVF*

X b2, — ALS* — ASUD*, T — Al* — AtITD%,\ | x A,
=2 - Aty - AT 0 - Ay - Aty

+ I | I- Adlly — A0V T — Ay — AT,
R — AtR* — AtRV-D* D/ — AtD* — AtDU-D*,
VI — AtVF* = AgYU-D*

tue, S" + ALS™, " + AHI™, I + AL,
L I+ AU IE + AT+ A,
R" + AtR™, D" + AtD™, V" + AtV"™

n+l _ l-«o
T~ AB(a)

a(Ar)”
+ R —
AB(a)T (o + 1)
ti2, S — AtS* — AtSUV%, T — AtD* — AUV,
. Ig - At[f: - At[j{‘”*,ljj - Atlg - Aﬂg‘”*,
S I ARV YN i ARV, (N7 i R
=2 R — AtR* — AtRY-D%, D — AtD* — AtDU-D*,
Vi — AtV — ALy U-Dx
a(AL)®
+ —
AB(o) (o +2)

ti1, S — AtS*, I — AtD*, T, — ALY,
L I = AR, T, - Aty I, — AtI,
R — AtR*, D) — AtD*, VI — AtVF*
‘ tia, S — AtS* — AtSUV%, T — AtD* — AUV,
I = At — ATV 1 - Ay - AT,
~i | L- Al - AdYV T — A - ATV,
R — AtR* — AtRY=V*, DV — AtD* — AtDUV%,
Vi — AtVF* — AtV UL

X X

S
-]

a(Ar)”
+ -
2AB(a)T (a + 3)
1;(t,-,S/‘,I/’,[Q,IQ,,IQ,I@R]‘,D{, v
ti1,S — AtS*, U — AtI*, I, — Aty
205 | I - At L — At T — AtLy,
R — AtR*, D) — AtD*, VI — AtV
x ti2, S — AtS* — AtSUV*, T — AtD* — ALUD%\ | x A,
j j (-1 i j j-1)
11} - At]@* — Atly 153 - Aﬂg — Aty 5
+ G| D At — AUV 1 AT - ATV,
R — AtR* — AtRY=D*, DV — AtD* — AtDU-V¥,
VI — AtV — ApV U

S
)
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b1, 8"+ ALS™, I + ALI™, I + ALTL*,

el _ l-o * n nx n nx n %
—A—B( )R ID+AtID,IR+AtIR A+ AL,
o
R" + AtR™,D" + AtD™, V" + AtV"™*
a(AD)”

T AB@T(@+1)

ti2, 8 — AtS* — AtSUTV*, I — AtP* — ATV,
" AN N N LN Ll
x Y R | Ly Atly - MUYV T - Ay - AdST, | x T
=2 | R~ AR — AtRV*, DI — AtD* — AtDUD*,
V] - At‘v/* _ Atv(]—l)*
a(Ar)*
+
AB(o)T(a +2)

ti1,S — AtS*, I — AtD*, P, — AtI;,
R | Iy— Atly, Iy — Atly, Iy — Aty
R — AtR*, D) — AtD*, VI — AtV
b2, 8 — AtS* — AtSU=V*, U — AtP* — AeIV-V%,

) = 0= Aty = AV 1 — Aty — A
—R | L— Ay - AdYTV - At - ALY,
R — AtR* — AtRVD*, DJ — AtD* — AtDU-D*,
VIi— AtV — AtV U-D*
a (A

+ _—
2AB(o)(a + 3)
R, 8,1, I, Ipy I Iy R, D, V)
ti1,S — AtS*, T — AtP*, T, — AtI),
—2R*| I, - At Iy — Atly I — AtT),
. R — AtR*, D) — AtD*, VI — AtV
x ti2, S — AtS* — AtSUTV*, I — AD* — ATV,
’ ' =D i ' G-1)
Iy — Aty — At 1, — Aty — At
] ' G-1)x i ' (-1)
+ R Iy— Atly — Al I — AtLy — At
R — AtR* — AtRY™V*, DV — AtD* — AtDU-V%,
Vi — AtV — Apy =D

~.
I
S

Lue1, S+ ALS™ I + AL T + AT,
-
:AB(a)D* IF + AT IR + AtIRF I7 + AT,
R" + AtR™,D" + AtD™, V" + AtV"™*

71+1

a(AL)~
T AB@T @+ 1)

X X

x A,
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ti2, S — AtS* — AtSU=V*, I — AtD* — AUV,
. 0= At — Al 1 - Ay — ATV,
x Y D*| - Atly — AUV I - Al - AdlT, | x T
=2 R — AtR* — AtRY-V*, D/ — AtD* — AtDU-V¥,
VIi— AtV — AtV U-D*
a(AL)~
+ _—
AB(@)I'(a +2)

ti1,S — AtS*, U — AtD*, I, — ALl
j i j* i
D* | I, - At), Iy — Atly I — Atly,
R — AtR*, D — AtD*, VI — AtVF*
‘ ti2, S — AtS* — AtSUV*, I — AtD* — AUV,

x ) ) . . . ; X 2
= 1 - Al = Ay 1 = Aty - At
—D*| L At - AUV At - ATV,
R — AtR* — AtRY=V*, DV — AtD* — AtDU-V¥,
i VI — AtVF* — ApV U ]
a(AL)~
+ —
2AB(a)T (a + 3)
D*(t;,5,0,L,,I,), I, I, R, DV, Vi) i
ti1,5 — AtS*, U — AtD*, I, — Atl),
—2D* | I — A, Iy — Atly I — Atly,
R R — AtR*, D) — AtD*, VI — AtV
x b2, S — AtS* — AtSUV*, U — AP* — AdVD%,\ | x A,

j=2 IQ - At]f: - At]j‘“*,lg - At]’; - Aﬁg‘”*,
+D* | - Ay - AT T — At — AdYTY,
R — AtR* — AtRU-V* DF — AgD* — AtDU-D*,
VI — AEVI* — AtV -1

bue1, S" + ALS™, I + A", I + AL,

R VY (I N o LRV
= AB(a) pt AUp,ip+ Al Ir+ ALy,
R" + AtR™,D" + AtD™, V" + AtV"™
a(A)*

T AB@T @+ 1)

ti0, S — AtS* — AtSUV*, T — AtD* — AUV,
., D= A — ATV, 1 — Al — AV,
Y V| Le-Adly - Ady L - Aty - Ay, | < T
=2 R — AtR* — AtRYV*, D) — AtD — AtDYV*,
Vi — AtVI* — AtV UDx
a(Ar)*
" AB(@)(@+2)
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where

a(At)

t1,5 — AtS*, I — AtD*, T, — AtI,
Vel 1= AT — At I — AT,
R — AtR*, D) — AtD*, VI — AtV7*
ti0,S — AtS* — AtSUV*, I — AtD* — AtIV-D,
j i G- i (-1
Ly — Aty — At "1, — Aty — AL,

~ Vi - adl - AalT 1 - At — AdUTV",

R — AtR* — AtRU-V* DJ — AgD* — AtDU-D*,
VIi— AtV — AtV U-D*

o

" 9AB@)T (a + 3)

V*(t, S, 0,1, 1, I, Iy, R, DV, V)
ti1,5 — AtS*, U — AtD*, I, — AtI),
—ov*| I - At T — At T — AL,
R — AtR*, D — AtD*, VI — AtV*

x ti0, S — AtS* — AtSUV%, T — AtP* — AUV,
' ‘ G-Dx ‘ G-1)

j=2 1;, - Atlg* — Aty Ig - At]’; — Aty 5

Ve | Lo— Al — AdYV 1 - Adly - ATV,
R — AtR* — AtRU-V* DF — AtD* — AtDV-D*,

VI — AtV — AtV U-D*
'(n i 2(n —j)* + (3a + 10)(n — j)
+ 202 + 9 + 12

2(n ) + (5a + 10)(n - j)
+ 602+ 18x + 12

_(i’l—j+l)“(n—j+3+2a) g
_—(”—]')D‘(Vl—/+3+3oz)]’ M= [0 —j+ 1= (=)},

X X

X A,

(122)
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With the Caputo fractional derivative, we can obtain the following:

n

n+l _ (At)a *
§ _F(a+1)ZS

Jj=2

n

(At)*
"Te+) 4

X %

X A,

n

(Ar)
In+1 — [*
MNo+1 ]:22

n

(Ap)®
" T+2)

~
I

b2, § — ALS* — AtSUV*, I — Atl* — AUV,
' i =D i j* (-1
L= Aty — At 0 — Aty — A,
j jok (—1)* 4 jox (j—1)=
Iy — Atly — Aty I — Aty — At} 7,
R — AtR* — AtRV=V*, DV — AtD* — AtDUV¥,

x I

- S§*

+ S*

VIi— AtV — AtV U-D*

t1,5 — ALS*, I — AtD*, T, — At
S| Iy - A, Iy — Atly Iy — Atly,
R — AtR*, D) — AtD*, VI — AtV
ti2, S — AtS* — AtSUV*, I — AtD* — AUV,
1@ - At[ﬁj - At]X‘”*,Ig - Atlg‘ - Aﬂg‘”*,
Iy = ATy — A% 1 — Al — AT,
R — AtR* — AtRV-D*, DV — AtD* — AtDU-D*,

(123)

VIi— AtVF* — AtV U-D*

5.9\ T o R DL V)
ti1,5 — AtS*, U — AtD*, I, — AtI),
I - At Iy — AL T — ALY,

R — AtR*, D) — AtD*, VI — AtV7*
b2, § — AtS* — AtSU=V*, I — AgP* — AUV,
J Jk (j—1)% 4f J% (j—1)*
Iy — At — AL, 1, - Aty — A,

j % (—-1)% 4f % (j—1)*
In— Atly — At I — Aty — At
R — AtR* — AtRV-D*, DV — AtD* — AtDU-D*,
Vi — AtV — AtV UD*

—28*

ti2, S — AtS* — AtSUV*, I — AtD* — AUV,

-

U
I -

AT — ATV I - Ay — ALY,

' (-1 i ‘ (-1)
Atly — Aty L — Aty — AT, | x 1T

R — AtR* — AtRU-D* DJ — AgD* — AtDU-D*,

_J*

| L — At Iy — Al I — ALy,

VI — AtVI* — ApVU-D*

t1,5 — AtS*, I — AtD*, T, — ALY,

R — AtR*, D — AtD*, VI — AtVF*
ti0, S — AtS* — AtSUV%, T — AtP* — AUV,
D= AtFE - ATV, 1 - Aelly — ALV,
J AN N | Skl RN N
R — AtR* — AtR-V*, D/ — AtD* — AtDU-D*,
VI — AtV — AtV D

X X
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(Ar)* &
+ —_—
2IN (o + 3) e
+I*
X A,
n+l _ (At)a
A T 1y A
INa+1) =
(At)” Z
o +2) =
- I
X %
2 (o + 3) 4
j=2
+1I;
X A,

ti0, S — AtS* — AtSUV%, T — AtP* — AUV,
j % (j=1)x 4f % (j—1)*

; Jg - Atlffl — Atly ,1}3 - Aﬂg - Aty

o - A - AtV B At - AETVY, | xT

R — AtR* — AtRU-D%, D — AtD* — AtDU~D,

(2021) 2021:57

1*(;:,,5/‘,11‘,12,1;'3,1;,19,131‘,17’, vy
ti1,5 — AtS*, U — AP, T, — Atly,
I — Aty Iy — Atly I — Atly,

R — AtR*, D) — AtD*, VI — AtV
ti2, S — AtS* — AtSUV*, T — AtD* — A0V,
j jok (j-1)% 4f jok (j—1)*

Iy — At — At 1 — ALy — A,

j ‘ G-1)% ' G-1)
In— Aty — At I — Aty — A,
R — AtR* — AtR-D*, DV — AtD* — AtDU-D*,
VI — AtVF* — AtV D

-2I*

VI — AtVI* — AgVU-Dx

ti1,S — AtS*, I — AtD*, I, — AtD),
L I, - At Iy — Aty , I — At
R — AtR*, D) — AtD*, VI — AtVF*
ti2, S — AtS* — AtSUV%, T — AtD* — AUV,
j % (j—1)x 4f % (j—1)*
L= ALy — At I — ATy — A,

j j (j-1)% 4 jok (j—1)*
In— Aty — AL I — ATy — At
R — AtR* — AtR-V*, D/ — AtD* — AtDV-D*,
VI — AtV — AtV

I:(t]; S]rllyl‘{q;I}D;Ié,I]T:R])D]) V]) )
ti1,S — AtS*, U — AtD*, I, — Aty
I — A, Iy — Atly, I — Atly,

R — AtR*, D) — AtD*, VI — AtV
ti2, S — AtS* — AtSUV%, T — AtD* — A0V,
j % (j—1)% 4f % (j—1)*
L= AL — At Iy — Aty — Ad,

j jx (-Dx i ' G-1)
Ip— Aty — At I — Aty — At 7,
R — AtR* — AtR-D*, DV — AtD* — AtDU-D*,
VI — AtV — ApV U

-1

ti0, S — AtS* — AtSUV*, T — AtD* — AUV,

n

(Ar)”

n+l _

-

e —_N"p | -
b F(oz+1)JZ=;D R

At = ATV T - ATy — AT,
At — ATV I - A - AT, | x T

R — AtR* — AtRV-V* D — AtD* — AtDU-V*,

VIi— ALV — AtV U=

Page 48 of 107



Atangana and igret Araz Advances in Difference Equations (2021) 2021:57 Page 49 of 107

i ti1,S — AtS*, I — AtD*, P, — AtD;,
| 1 - Al L - At 1 - At
R — AtR*, D — AtD*, VI — AtV*
“ b2, S — AtS* — AtSU=V*, I — AtP* — AUV,
IQ - At[j - AtIX_l)*,Ié, - Atlg‘ - Aﬂg‘“*,
~oy | - Aty - AHYV D - Al - AT,
R — AtR* — AtRV-D*, DV — AtD* — AtDU-D*,
Vi — AtV — AtV U-D*

X X

(Ag)*
+ S —
2T (o +3)
i L6, S, 0,1, 1, I, I, R, D, V)
o ti1,5 — AtS*, U — AP, I, — Aty I, — At
P\ = At I — AT} R — AtR*, D/ — AtD*, Vi — AtV
“ ti2, S — AtS* — AtSUV%, T — AtD* — AUV,
Ij:{ - Atlf: - Atl/({‘l)*,lg - Atlg‘ - Aﬂg‘“*,
8 N N (N (el AN BN
R — AtR* — AtRV-V%, D/ — AtD* — AtDV-D*,
VI — AtV — AtV UD*

5
)

X A,

ti0, S — AtS* — AtSUV*, T — AtD* — AUV,
D IQ - At]ﬁ‘ - At]ﬁf”*,]@ - Aﬂg - Aﬂg*”*,
e r ey Dk | e At - A p - - A, | <
j=2 R — AtR* — AtRY-V*, D/ — AtD* — AtDU-V¥,
Vi — AtVI* — AtV UD*

i ti1,S — AtS*, I — AtD*, P, — AtI;,
| I - AT — At T — AL,
R - AtR*, D/ — AtD*, VI = AtV*

(Ap) & ti0, S — AtS* — AtSUV%, T — AtP* — AUV,
"Tla+2) 4 I AT - ATV D - A - AdY,
~| L-adl - AdYV 1 - ATy - ATV,

R — AtR* — AtRU-D%, D/ — AtD* — AtDU~V,
Vi — AtV — AtV U-Dx

X X

~.
I
5]
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L5(t,9,0,L,, 1, Ly, T, R, D, V)
ti1,5 — AtS*, U — AP, T, — Atly,
2| I - At T, — At T - AL,
(A R — AtR*, D) — AtD*, VI — AtV
* e +3) 2 b2, S = ALS” - A;Sv—l>f,1/ — At - A;10—1>*,
2 D= AP — ATV 1 - Al — ALV,
| I Ay - AdTV 1 - A - ATV,
R — AtR* — AtR-D*, DV — AtD* — AtDU-D*,
VI — AtVF* — AtV D

n

~.
Il

X A,
b2, § — AtS* — AtSUV*, U — AgP* — ATV,
j i (-1 i i -1)
(A & Ly = A = Atly I — Aty = Aty
nl o TasD Son | L-ady - ady L - Ay - ATV, | x I
=2 R — AtR* — AtR-D*, D/ — AtD* — AtDU-D*,
Vi — ALV — Ay U=

i t 1,5 — AtS*, I — AtD*, T, — AtI,
| I - AdR, I - Aty I — At
R — AtR*, D) — AtD*, VI — AtVF*
‘ tia,S — ALS* — AtSU=V*, I — AtD* — AtIV-D*,
JQ - At]j‘ - At[X*I)*,Ig - Aﬂg‘ - Atlg*”*,
~ | - Atly - AV D - Al - A",
R — AtR* — AtRVV*, D — AtD* — AtDVV,
VI — AtVF* — ApV U

AL)*
+oz( ) X X

[N +2)

~.
Il
[~}

0 (6,8, 0,1, 1), Ly, I, R, D, V7
ti1,S = AtS*, I — AtD*, I, — AtD,
25| I - At L - Aty T — AtEy,
(A R — AtR*, D — AtD*, VI — AtVF*
e T ti 2,5 — AtS* — AtSUV%, [ — At — AtIU-D*,
2T (a +3) 4 : , S , .
=2 0y - Al - ATV 1 - Aty — At
T S N (N (el AN N
R — AtR* — AtRV-D%, D/ — AtD* — AtDV-D*,
Vi — AtV — Ay UL

X A,
ti0, S — AtS* — AtSUV*, T — AtD* — AUV,
. RN AN el (YN AN (e
) SR L- Aty - AdY E - Ay - ATV, | x T
J=2 R — AtR* — AtRVV*, D — AtD* — AtDUD*,

VIi— AtV — AtV U-D*
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n
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ti1,S — AtS*, I — AtD*, P, — AtD;, 7
Iy — A, Iy — Atly I — AtLy,

R — AtR*, D — AtD*, VI — AtV7*

b2, S — AtS* — AtSUV*, T — Ae* — AUV,

R*

(At)*
+ — . . . . . .
Pla+2) 5 1 - Aty - ad 1 - Ady - At
—R | D— Al — ATV - Al - ATV,
R = AtR* — AtRVD*, D — AtD* — AtDUD*,
VI— AtVI* — AtV U-D*
X X
RS0 LI o R0 VY)
i1, S = ALS*, 0 - Aflf*tlfq - A;Ig*,
—2R* | I, - A, I — Atly I — Atly,
Ape R - AtR*, D — AtD*, VI — AtVF*
t . . . . . .
(&) Z ti2, S — ALS* — AtSU=V*, I — AtD* — ATV,
Al i I — At — ALYV - A - AT
i s e ey
+R | Do Al — AUV At - ATV,
R — AtR* — AtRD*, D — AtD* — AtDU1*,
VI— AtVF* — AtV U-D*
X A,
tig, S — AtS* — AtSUV*, T — AtD* — AUV,
i j (-1 5 jok (j—=1)*
(A & 1;1 - Aug — Aty ,I’D - At[f? - Aty
D! = T+l 2l Y AN ANl RN, RN A
=2 R — AtR* — AtRU-D*, D/ — AtD* — AtDU-D*,
VI — AtVF* — ALY U-D*
I ti1,S — AtS*, I — AtI*, I, — AtD),
D*| I — AtI], Iy — Atly I — AtI,
R — AtR*, D) — AtD*, VI — AtVI*
o 2": ti2, S — AtS* — AtSUV%, I — AtD* — A0V,
[la+2) & I, - At - Atlg_l)*,lj? - Aty - At],g‘“*,
—D* | Ly A - ALV At - ATV,
R — AtR* — AtRV-D*, DV — AtD* — AtDU-D*,
VI — AtV — AtV U-Dx

X X
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n

(Ar)”

2T +3) &

~.

X A,

X X

n

(Ar)*

+ —_—
2M(a+3) 5

X A.

+D*

b2, S — AtS* — AtSUV*, U — AgP* — AUV,

(2021) 2021:57

D*(t,»,S/‘,I/,IQ,Ig,Ig,I”T,Rf,D{, vy
ti1, S — AtS*, U — AtD*, I, — Atly,
I — AtIE, Ty — Aty I, — AtI,

R — AtR*, D) — AtD*, VI — AtV
ti2, S — AtS* — AtSUV*, T — AtD* — A0V,
j jox (-1 4 jox (j—1)*

Ly — Aty — At 1 — Aty — A,
] ' (- i ‘ (-1)
Iy — Atly — At Iy — ATy — AtL) T,
R — AtR* — AtRY=V*, DV — AtD* — AtDU-V%,
VI — AtVF* — AtV U

-2D*

AV N sl (NN AN
Iy = ATy — A% 0 — Al — AT,
R — AtR* — AtRV-D*, DV — AtD* — AtDU-D*,
VI— AtV — AtV U-D*

x I

t1,5 — ALS*, I — AtI*, T, — At
I — Aty I — Aty I — Atly,

R — AtR*, D — AtD*, VI — AtV7*

ti2, S — AtS* — AtSUV*, I — AtD* — AtIV-D,

V*

0= A — ATV 1 — Aty — ATV,
Iy = ATy — A% 0 — Al — AT,
R — AtR* — AtRVD*, DV — AtD* — AtDU-D*,
Vi— ALV — Ary =D

—V*

v*(t,»,sf,If,Iﬁ\,Ig,Ije,ﬂT,R/’,D{,Vf') 4
ti1,S — AtS*, U — AtP*, I, — Atly,
I, — ATy, Iy — Aty I — AL,

R — AtR*, D) — AtD*, VI — AtV*
ti0, S — AtS* — AtSUV%, T — AtD* — AUV,
j j G- i j (-1)
L= Aty — AL 1 — Aty — A,

Jj jx (-1 4 jx (j—1)*
In— Atly — Al Ip — Aty — A7,
R — AtR* — AtR-D*, DV — AtD* — AtDU-D*,

-2V*

+ V*

VIi— AtV — AtV U-D*

Page 52 of 107

We now do the same routine for fractal-fractional derivatives. We start with the Caputo—

Fabrizio fractal-fractional derivative

(I):FED?S = S*(tl S: I,IA,ID,IR,[T,R,D, V);

gFED?I = I*(t;S;I;IA)ID)IR11T1R;D7 V))
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PFEDY Iy = (¢, S, 1, In, Ip, Ix, I7, R, D, V),

FEDIp = Iy(t, S, I, 1, Ip, Ix, I, R, D, V),

EEDY T = I5(t,S, 1, L, Ip, I, I7, R, D, V), (124)
EDY Ty = I6(t, S, 1,1n, Ip, Ip, I, R, D, V),

EEDYR = R*(¢,S, 1,14, Ip, Iz, I, R, D, V),

EEDYD = D*(t,S, 1,14, Ip, Iz, IT,R,D, V),

EED2Y = V*(t,S,1,14,Ip, Ir, I, R, D, V).

After applying the fractional integral with exponential kernel and putting the Newton
polynomial into these equations, we can solve our model as follows:

buet, " + ALS™, I + ALI™, I7 + AL,
l—a [ 6,08 | If+ AR I+ AP I+ AT,

n+1 — Sn n+1 (125)
M(a) R" + AtR™, D" + AtD™, V" + AtV"™
— t P S* (b, ", 1 1, I, I, 12, R, D, V)
o
" M@)

BP S (4, S 17 I, I, 1, I, RY, D, V) At
tu1, S" — AES™, " — AtI™, I} — AL,

S Tl I (SRNG ([N (S RN R DN
R" — AtR™, D" — AtD™, V" — AtV™

x tno, S" — AES™ — AtSUV*, [ — AT — AV, )

17— At — AV, 18— AT — AR,

+ e hs | A — ATV I - At - AdSTYY, | At

R" — ALR™ — AtR(n—l)*’Dn — AtD™ — AtD(n—l)*’
V" — AtV — AV -Dx

l-«
M(a)
R L1, 8"+ ALS™, " + ALI™, I + AtIV*, I + ALY,
MU\ AL I+ AU R+ AER™, D" + AtD™, V" + ALV
— t I (b, 70 00, I, I, 1, R, D, V)

=gy (126)

o
" M)

By P (b, " 17 1, I, I, 1, R, D", V) At
ty1,S" = ALS™, " — AtI™, I} — AL,

| I - A I - A - A, | At
R" = AtR™, D" — AtD"™, V" — AtV"™

x tn2,S" — ALS™ — AtSUV* " — AtI™ — ATV, )

I — A — AV, 1 — AT — ALY,

TRE Y ll B (BN, (LB | Gl N ) Lo L DN

R — AtR™ — AtR(”_l)*,D" — AtD™ — AtD(n_l)*,
V" — ALV — AV D
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buer, 8" + ALS™, I + AL, I + AL,

l—a [, 00| I+ At I+ AT T + AL, w27
M(a) R" + AtR™, D" + AtD™, V" + AtV
—t I (b, S7 1 I, I8, I, I, R, D, V)

B P, ST 17 1L I, I, I, R, D, V) At
ty1, 8" — ALS™, " — ALI™, I — AL,
“dp e - A - A - A, | At
R" — AtR™,D" — AtD™, V" — AtV"™*
tno, S — ALS™ — ALSUD*, [ — AT — ATV, ,
(n—-1)* (n-1)*
I — A — ALV 10— AL — AL,
Sohn | - Adp - AUV - At - AV,
R" — AtR™ — AtR™-D*, D" — AtD"™* — ArD"=1)*,
V" — AtV — AV D

tus1, S™ + ALS™, 1" + AL, I + AL,
R 60 | I+ A IR+ AL T+ AL, 028)
D —-°D
M(a) R" + AtR™, D" + AtD™, V" + AtV"™
— t P I (b, S, 17 I, I, 12, I, R, D, V)

B I (6, ST I I, I, I, R, D, V) At
ta1, 8" — ALS™, I — AtI™, I — ALT,
e I A I - AL T - A, | At
R" — AtR™,D" — AtD"™, V" — AtV"™
tng, 8" — ALS™ — ASUD* [ A" — AV, ,
(n-1) (n-1)
I — A — A5, 1) — AU — A,
300 - A - ATV - A - AdUTV, | At
R" — AtR™ — AtR"-V*, D" — AtD™ — AtD"=D*,
V7 — AtV — Ay D

bus1, S+ ALS™, I + AL, I + AL,
e, 1o t | I AR I AR T+ AL, 129)
R TR
M(a) R" + AtR™, D" + AtD"™, V" + AtV"™
—t P I (6, S 1 0, I8, I, I, R, DY, V)
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B I, S I I, I, I, I, R, D, V) At
ty1, 8" — ALS™, " — AtI™, I — AL,

Ao - Aup - Adp - A, | At
R — AtR™,D" — AtD™, V" — AtV"™

x tno, S" — ALS™ — ALSUV*, [ — AT — AV, ,

I — At — AV, 18— AT — ALV,

300 - A - AdUTV - A - ASTYY, | At

R" — AtR™ — AtR"-D%, D" — AtD™ — AtDD*,
V"= AtV — Apy D

Lue1, S + ALS™ T + AT I + AL,
l—a |00 | 15+ AR I+ A, I+ AL,
M(a) R" + AR™, D" + AtD"™, V" + AtV"™
— ty P (60, S, 17, 10, I8, I, I, R7, D, V)

(130)

By I, ST I I, 1, I, R, D, V) At
ty1, 8™ — ALS™, " — ALI™, T — ALII¥,

S| - A - A - A, | At
R" — AtR™,D" — AtD™, V" — AtV"™

x tuo, S" — AES™ — AtSUV* " At — APV, ,

I — A — AV 18— AT — AV,

3o - A — AUV - A - ATV, | At

R" — AtR™ — AtR"V*, D" — AtD"™ — AtD"~D*,
Vi — ALV — AV n-DE

Lue1, ST+ ALS™ T + AU T + AT,
EOR | DL AU IR+ AU I+ AL,

R gy LY e (131)
M(a) R" + AtR™,D" + AtD"™, V" + AtV
— tu PR (6, S, I, 10, I, I, I, R", D", V)
o
" M@)

B PR, S" 11, I, 1, I, R, D, V) At
ta1,S" — ALS™,I" — AtI™, I — ALY,
A0 TUR | I A I A I - AL, | At
R — AtR™, D" — AtD™, V" — AtV"™
x tuoz, 8" = ALS™ — AtSUD* I" — A" — ATV, )
(n-1) (n-1)
I — AU — A5, I — AU — A,
+ S0PR - A - AUV - A - AuSYY, | A
R" — AtR™ — AtR"V%, D" — AtD™ — AtD-D*,
V"= AtV — Apy D
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bue1, S" + ALS™, " + AHI™, I + AL,
Toa [ 0D" | I+ AL I+ AU, I0 + A,

D™l = pt g n+l (132)
M() R" + AtR™, D" + AtD™, V" + ALV
— tw P D* (b, S, 1", I, I, 12, I, R, D", V™)
o
+
M)

B0 DY 6, 5", 1", I I, I, T, R, DY, V) A
tar, S" = ALS™, " — Ad"™, I} — AL},

- étli’lgD* I — ALY IE— AT % — AL, At
R" = AtR™,D" — AtD™, V" — AtV"™*

x tyo, S — ALS™ — ALSUD*, [ — At — ATV, ’

1 Aty — Ay 1y - st - At

F oDt | I Ay - AV I - Ay - AdpT, | A

R" — AtR™ — AtRVD* D" — AtD™ — AtDUD*,
Vi — AtV — AV D

but, ST+ ALS™, " + AL™, T + AL,
Loa [ 0VE| I+ AT+ AL T + AL,

n+1

Vn+1 — Vn + (133)
M(a) R" + AtR™ D" + AtD™, V" + AtV
—t PV (6, S I I I, I, I, R, DV V)
o
+
M(x)

B V(L ST I I I8, I8 I, R, D, V) At

tuo1, 8" — ALS™,I" — ALI™, I — AL,
—dp vl - Al I A I - A, | At

R — AtR™, D" — AtD™, V" — AtV"™
x tyo, S — ALS™ — ALSUD*, [ — AT — ATV,

I — A — AV, 18— A — ALV,
AT B (BN (N | S SN N i WY
R" — AtR™ — AtRUD*, D" — AtD™ — AtDU=D*,
V" — AtV — AV D

For the Atangana—Baleanu fractal-fractional derivative, we can have the following numer-

ical scheme:

b, S™ + ALS™,I" + ALI™, I + AL,
-0 q1_
A5 )t;+fs* [+ At I8+ ALY, I+ AL, (134)
o
R" + AtR™,D" + AtD™, V" + AtV

n+l _

a(AL)®
T AB@)T(a +1)
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X
j=2

ti0,5 — ALS* — ALSUD*, I = At — AtIV-V*,
I— At — ATV P A - AV,
£3S | Iy- Aty - Ady L - Ay - ATV, | x I
R — AtR* — AtRD*, D — AtD* — AtDU=",
Vi— ALV — Aty U1

a(Ar)®

T AB@)T(a + 2)

5
)

ti1,S = AtS*, U — AtD*, I, — AtI;,
6L I - Al Iy - AtD, I — Atlf,
R — AtR*, D) — AtD*, VI — AtV
ti2, S — AtS* — AtSU=V*, I — AtD* — AUV,
j ] (j-1)x 4f % (j—1)*
1@ - Aﬂg — Aty ,1;.J - Atlj? - Aty
Sl (NG N el RN, (YN
R — AtR* — AtRY=V*, DV — AtD* — AtDUV¥,

Vi — AtVI* — AtV U-Dx

a(AL)~

" 2AB(@) M« + 3)

t]?‘ﬂs*(tj,sf,Ii,Ig,lg,Ig,ﬂT,Rf,D{, vy
ti1, S — AtS*, U — AtI*, I, — Atl),

—2t7 s | 1, — Aty - Aty I - At
R - AtR*, D — AtD*, VI — AtVH*

x b2, S — AtS* — AtSUV*, T — At — A0V,
j=2 Ig - At]f: - At[j‘”*,lg - Aﬁg - Aﬂg‘”*,
i 0S| B Aty - AUy D - Al - ATV,
R — AtR* — AtRU-V* DF — AfD* — AtDU-D*,
VI — AtV* — AtV U-D*
tue1, 8"+ ALS™, I + AL, T4 + ALY,
n+l _ -« 1-B % n nx n n n nx
= AB( )tmll Ip + At Iy + AR, I + At
o

R” + AtR™, D" + AtD™, V" + AtV"™

a(AL)¥

T AB@ (@ +1)

j=2

tio, S — AtS* — AtSUD%, T — AtD* — AUV,
Ii:\ - At[j‘ - At]j{f”*,[@ - Aﬂg‘ - Atlg*”*,
ST Lo— Aty - Ady L Ay - ATV, | x T
R — AtR* — AtRV-D* D — AtD* — AtDU-D*,
VI — AtV* — AtV U1

a(AL)®

T AB@)M(a +2)

X X

X A,

Page 57 of 107
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~.
Il
~o

—t | I— Al — AHYV D - Al - AT,

t 1,5 — AtS*, I — AtD*, T, — AtI,
L7 1, - Al I - At T - ALY,
R — AtR*, D) — AtD*, VI — AtV
ti2, S — AtS* — AtSUV*, T — AtD* — AUV,
j i G-Dx i i (j-1)
Iy — Aty - At 1, — Aty — A,
-2
R — AtR* — AtRVV*, D/ — AtD* — AtDVD,
Vi — AtV — Aty U-D*

a(AL)®
" 2AB@)T (o + 3)

~.
Il
~o

70 all I (RN NG sl YN YN

tjl”sl*(t,»,S",I/,Iﬁ,,I{),I};,I"T,R/’,D/:, Vi
ti1,5 — AtS*, U — AtP*, I, — Atly,
—267 01 1, - At I - Aty I - At
R — AtR*, D) — AtD*, VI — AtV
ti0, S — AtS* — AtSUV*, T — AtD* — AUV,
j ' (-1 i : (j-1)
L= Aty — AtL 7" I — AL — A,

R — AtR* — AtRV-D%, DV — AtD* — AtDU-D*,

VIi— AtV — AtV U=

buet, S" + ALS™, " + AHI™, I + LT,

J l-a tl—ﬂl* I% + AL T+ AL T + AL
AT AB(@) A pt AUp,p + Alp , Ip+ AT,

R" + AtR™,D" + AtD™, V" + AtV"™

a(AL)®
T AB@ (@ +1)

ti0, S — AtS* — AtSUV%, T — AtD* — AUV,
j jox (j-1) j jok (j—1)*
Iy — At - At 1, - Aty — A,

B ' : (-1 * (-1)
S| - Aty - At B - Aty - AT, | x T

n

1_

x )t
=

R — AtR* — AtRV-D* D/ — AtD* — AtDV-D*,
VI — AtVF* — ALy U-D*

a(AL)¥
T AB@)M(a +2)

t1,5 — AtS*, I — AtI*, T, — At
el | 1 - a1 - ady, 1 - A,
R — AtR*, D — AtD*, VI — AtVF*
tio, S — AtS* — AtSU=V%, T — AtD* — AUV,
’ ‘ -Dx ‘ G-1)
IQ - At]jj - AtIA' Ig - Aﬂg‘ - AtID "
S il I YN, (SRUN) La il RN AN
R — AtR* — AtRV-D* DJ — AtD* — AtDU-D*,
VI — AtV — AtV U-Dx

a(Ar)”
" 2AB@)T (@ + 3)

X X

X A,

X X

Page 58 of 107
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t}‘ﬁz;(tj,y‘,ﬂ,IQ,I;‘J,I;,I”T,RJ',D{, vy
ti1, S — AtS*, U — AtD*, T, — Atly,

—2 0I5 | I, - Aty Iy - At T - ALY,
R — AtR*, D) — AtD*, VI — AtV

X b2, S — ALS* — AtSUI*, U — A — AtUV%, | x A,
=2 L — Aty — AT - Aty - Aty

vt 70| L Addly - AV 1 - Al - A,
R — AtR* — AtRU-D* D/ — AtD* — AtDU-D*,
VI — AtVF* — AV U-D*

b1, S + AES™, " + ALT™, I + AL,
I+ AL I8 + AL T + AL,
R" + AtR™,D" + AtD"™, V" + AtV"™

n+l _ -« 1-B px

D - AB(O{) n+l1-D

a(AL)®
T AB@)T(a +1)

ti2, S — AtS* — AtSU=V*, I — AtD* — AUV,
. 0 - Aty = AV 1 - Al - AdY V",
SIS B YN YN, L RN, (N7 i R
=2 R — AtR* — AtRVV*, D — AtD* — AtDUD*,
VI — AtV — ApVU-D*

a(AL)®
T AB@)(a +2)

t1,S — AtS*, I — AtD*, P, — AtI;,
I o o y
Iy | Iy — AU I — Atly I — At
R — AtR*, D) — AtD*, VI — AtV
‘ ti2, S — AtS* — AtSU=V*, T — AtD* — A0V,
D= AP — ATV 1 - Ay — ATV,
7201 N AN, (YN el RN (YN
R — AtR* — AtRV-V*, D — AtD* — AtDV-1%,
VI — AtVF* — AtV U

X X

S
-]

a(Ar)”
" 2AB@) M« + 3)

L, S, 1,0, 0y, I, By, R, DV, V)

ti1,S — AtS*, U — AtI*, I, — Aty

—2 0I5 | I, - Aty Iy - Al I — At
R - AtR*, D — AtD*, VI — AtV
x ti2, S — AtS* — AtSUV%, T — AtD* — ALUD%\ | x A,

0y = Aty = AV 1 - Aty — AdY Y,

vt 715 | n- Aty — Ay VS 1 - Aty - AdT,
R — AtR* — AtRV-V*, D/ — AtD* — AtDV-D*,

VI — AtV — ApV U

S
)
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bust, S™ + ALS™, I + AL™, I + AL,

w1 _ 120 1p

1*
R AB(O[) n+1*R

I+ AL I+ AL, T+ AL,
R™ + AtR™, D" + AtD™, V" + AtV"™
a(Ar)”
+ —_—
AB(a)T(x + 1)

ti2, S — AtS* — AtSUV*, I — AtD* — AUV,
., L= Al — ATV, 1 — At - ATV,

Y EL | Lo- Aty - Ady L - Adly - ATV, | x T
j=2 R — AtR* — AtRYV*, DV — AtD* — AtDU-V%,
VIi— AtVF* — AtV U-D*
a(AL)®
+ e
AB(a)(a +2)
i t1,S — AtS*, I — AtD*, I, — AtD;,
| I - At Iy - Aty I - ALY,
R — AtR*, D) — AtD*, VI — AtV
L ti2, S — AtS* — AtSU=V*, I — AtD* — AUV, 5
X . . . . . . X
U U (-1 5 ) (i-1)*
= Ty = Atly = At 0 = Al = Aty
~5 | L - Aty - AdYT T Ay - ATV,
R — AtR* — AtRVD*, D/ — AtD* — AtDU~V,
VI — AtVF* — ApVU-Dx
a(Ar)”
+ _—
2AB(x) (o + 3)
i tjl’ﬁll’g(t,»,Sf,If,IL,Ig,Ié,I’AT,R”,Dfl, Vi i
ti1,5 — AtS*, T — AtP*, I, — AtIy,
—2 I 1, - Aty - Aty 1 - At
" R — AtR*, D) — AtD*, VI — AtV
X ti2, S — AtS* — AtSUV, U — AtP* — AtTVD%\ | x A,
j ' (-1 / G-1)
j=2 1@ - At]f; — Atly 1}, - Aﬁg‘ — At 5
e I T Ay - AdyY B Al - AT,
R — AtR* — AtR-D*, DV — AtD™* — AtDU-D*,
VIi— AtV — AtV U-Dx

bust, S+ ALS™, I 4 ALI™, I + AL
n+l _ l-«a tl—ﬂ *

P T | B AT AU I A
R" + AtR™, D" + AtD™, V" + ALV"™

a(AL)¥
T AB@ @+ 1)
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ti2, S — AtS* — AtSUV*, I — AtD* — A0V,

., IQ - Az]ﬁ" - Atlg‘”*,lg - Aﬂg‘ - Aﬂg‘”*,
<Y 6| L- Aty - AHYY B Addly - ATVt [ x T
j=2 R — AtR* — AtRU-V*, D/ — AtD* — AtDU-V¥,
VI — AtV — AtV
a(Ar)”
+ e —
AB(o)T (x + 2)
i ti1,S — AtS*, I — AtI* I, — At T
6L 1, - Aty Iy — Aty I — AtT),
R — AtR*, D) — AtD*, VI — AtV
‘ ti2, S — AtS* — AtSUV*, I — AtD* — AUV, 5
X . . . . . . X
U I (-1 4 J* (j=1)*
= Ly = AL} = Ay 1y = Al - Ay
~t | n- Aty - AUYV T - Al - AdSTY
R — AtR* — AtRV-D*, DV — AtD* — AtDU-D*,
i VI — ALVF* — AtV D ]
a(AL)®
+ S —
2AB(a)T (o + 3)
i 4 (6,8, 0,0y I, D I, R, DL V) |
ti1,S — AtS*, U — AtP*, T, — AtIy,
—o b |1, - Ay, 0 - At 1 - A,
, R — AtR*, D) — AtD*, VI — AtV
x b2, S — AtS* — AtSU=V*, U — AP* — AdVD%,\ | x A,
=2 IQ - At]f: - At]X‘”*,Ig - At]’; - Aﬁg‘“*,
R0 (3 I YN (YN el AN (RN) [
R — AtR* — AtRV-D*, DV — AtD* — AtDU-D*,

VIi— AtVI* — AtV U-D*

tus1, S" + AES™, I 4+ AL, I + AL,
n+l _ l-«a tl—ﬁR* T% + A T+ A T + AT
= AB(a) ! pt Aty Ip + A", It + Aty

R" + AtR™,D" + AtD™, V" + AtV"™

a(A)*
T AB@T(@+1)

ti0, S — AtS* — AtSUD%, T — AtD* — AUV,

., I— A — ATV, 1 — Al - ATV,
Y LSRN Ly— Atly - AUy D Ay - AddT, [ x T
j=2 R — AtR* — AtRV-V*, D — AtD* — AtDU-V*,
Vi— AtV — Aty D+
a(Ar)*

T AB@)T(@+2)
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i t 1,5 — AtS*, I — AtD*, T, — AtI,
LR I - Aty I — Aty I - At

R — AtR*, D/ — AtD*, Vi — AtVi*
" ti2, S — AtS* — AtSU=V%, I — At — AtIU-Dr,
) 0= Aty = AT 1 - Aty - AtV
~t R Ly - Aty — AU 1 - Addly - AbSTY

R — AtR* — AtRV-V*, DJ — AtD* — AtDU-D*,
Vi — AtV — Apy =D

X X

~.
Il
S

a(At)”
+ e —
2AB(@)(a + 3)
i 4 RS, 0, Ly I I Iy R, DL, V)
ti1,S — AtS*, U — AtD*, T, — Atly,
—26 PR | I, - Aty Iy - AtI, T - ALY,
R - AtR*, D/ — AtD*, Vi — AtV
ti0, S — AtS* — AtSUV%, T — AtP* — ALV | x A,

X
=2 Ig - At[i;k - At[jf“*,l}é - Aﬁg - Aﬂg*”*,
vt SR Lo— Aty — Ay L - At - A,
R — AtR* — AtRV-D%, DV — AtD* — AtDU-D*,
VIi— AtV — AtV U=
bus1, 8" + ALS™, I + ALI™, I + AL,
7+l _ - l—ﬁD* n nx N nx n 72
_AB(a)t’”l I+ A Ip + AR I + AT,
R" + AtR™, D" + AtD"™, V" + AtV"™
a(AL)~

+ _—
AB(a)(o + 1)
ti0, S — AtS* — AtSUV%, T — AtP* — AUV,
i % (j=1)% of % (j—1)*
1;, - Aﬁ; - AtIA ,15.J - At]i) - AtID ,
il B AN () Faal SN N R I 3
j=2 R — AtR* — AtRVD% DF — AgD* — AgDV-D*,
VI — AtVI* — ApVU-Dx

a(A)”
+ —
AB(a)T(xx +2)
i ti1,S — AtS*, I — AtD*, P, — AtI;,
- , o . ,
LD I, — At Iy — Aty I — AtI,
R — AtR*, D) — AtD*, VI — AtV
‘ ti0, S — AtS* — AtSUV%, T — AtP* — AUV,
X . . . . . .
I— A — ATV, 1 — Al — ATV,
~t D B Adly - AdY T B - Al - A",
R — AtR* — AtRU-D%, D/ — AtD* — AtDU~V%,
VI— AtV — AtV U-D*

X X

a(AD)”
T 2AB@)T (@ +3)
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i 5D (6,80, LI I Iy R, D V)
41,5 — AtS*, T — AtD*, I, — Atly,

~26 0D | I, - Atlly, Iy - AtD, T - AdLf,
R — AtR*, D) — AtD*, VI — AtV
b2, S — ALS* — AtSUV*, U — A — AtUD%, | x A,

=2 - Aty — A1 - Ay - Aty

vt D" | Lo— Atlly - Ay 1 - Aty - AL,
R — AtR* — AtRY=V*, DV — AtD* — AtDU-V%,

VI — AtVF* — ALV U

, bus1, S" + AES™, 1" 4 AL, I" + AL,

1 @ -

e By V| B I L A I A
R" + AtR™,D" + AtD™, V" + AtV"™

a(A)”
+ —
AB(a) (o + 1)
b2, § — AtS* — AtSU=V*, I — AtD* — ATV,
i % (j=1)x 4f % (j—1)*
L= ALy — At I — Aty — A,

n
XY EFVE| Lo- Aty - Ady 1 - Aty - A, | < T
j=2 R — AtR* — AtRV*, D — AtD* — AtDU-D*,
VI — AtV — AtV UD*
a(AL)~
+ —
AB(a) (o +2)
i ti1,5 — AES*, I — AtD*, T, — ALY,
LV I, - Al Iy - At T - ALY,
R — AtR*, D) — AtD*, VI — AtVF*
‘ ti0, S — AtS* — AtSUV%, T — AtP* — AUV, 5
S j ok (j-1) j jok (j—1)* S
= 1;4 - Aﬂg — Atly 153 - At[f? - Aty
~t SV Ly Aty - Ay - Aty — At
R — AtR* — AtRVV*, DV — AtD* — AtDUV%,
Vi — AtV — ALy U-Dx
a(AD)”

LG
2AB(c)I (e + 3)

i BV S0 L L T R DL V)
lf]‘_l,Sj - AtS]*;Ij - At[l*vl‘]A - At]zk’

~28 PV - AT - A B - A,
R — AtR*, D — AtD*, VI — AtVF*
b2, — ALS* — ASUD*, I — A — AtIUD%, | x AL

— i jx (G-1)* 4 j* (j-1)*

j=2 12 - Aﬂg - Al ,lj) - Aﬂ; - Adp

w3V Lo Aty - ATV 1 - Al - A"
R — AtR* — AtRI-D*, D — AtD* — AtDUD*,

VIi— AtVI* — AV U-D*
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For the power-law kernel, we can have the following:

gt _(ADT (135)
o +1)
ti2, S — AtS* — AtSUV*, I — AtD* — AUV,
j i -1 i i (j-1)x
., Ly — Aty — A1), 1, — Aty — AL,
Y 678 L-adly - Ady L - Ay - ATV, | x T
=2 R — AtR¥ — AtRU-D*, D — AtD* — AtDU-1*,
Vi — AtVF* — AV U
(Ar)”
+ —
o +2)
i ti1,S = AtS*, I — AtD* I, — AtI;,
s : o o N
LS| Ip - Atl, Iy — Aty I — Atl
R - AtR*, D — AtD*, VI — AtVH*
" ti0, S — AtS* — AtSU=V*, T — AtD* — AUV, .
X j % (G-1)% 4 % (j—1)* X
= Ig — At = AL I, - Aty — AT,
~t3S | Iy Aty - Aty V% 1 - Aty — At
R — AtR* — AtRY-V*, D/ — AtD™* — DYV,
VI — AtVI* — AtV
(Ar)”
+ —_—
2 (o + 3)
i S, 8, 1,1, I, Iy, I, R, DV, V) i
ti1,5 — AtS*, U — AtP*, I, — AtIy,
-2t 0S* | I - At Iy - Atly, I — AL,
; R — AtR*, D) — AtD*, VI — AtVI*
x ti2, S — AtS* — AtSUV%, T — AtD* — ALUD%)\ | x A,
j=2 ‘ j (-1 4 j (i-1)%
J Iy — At - At 1, - Aty — A7,
TRl I YN YN el AN (N)
R — AtR* — AtRV-D*, DJ — AtD* — AtDU-D*,
VI — AtV — AtV D
b2, S — AtS* — AtSUV*, T — At — AUV,
j i (-1 i i (j-1)¢
(B & Ly — At — At 1 — Aty — AL,
1_ 1-p ' : (-1 i : G-1)
e D7 all B ARV ARG el AN AN s S B b
j=2

R — AtR* — AfRV-D* D — AtD* — AtDU-D%,
Vi — AtV* — AV U-D*
(At)”
+ [ —
Mo +2)
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~.
U
N

(At)*

T (@ +3)

T T(a+1)

~t 31| Dy Aty - Ay V% I - Aty — At

vt 1| L Ay - AdYTY B Ay - ASTY",

t1,S = AtS*, I — AtD*, I, — AtD;,
g | 1, - Aty I - Aty T - A,
R — AtR*, D) — AtD*, VI — AtV
ti2, S — AtS* — AtSU=V*, I — AtD* — AUV,
0y - Aty = AV 1 - Aty — AtV

R — AtR* — AtRU-V* DF — AtD* — AtDU-D*,
VIi— AtV — AtV U-D*

P14, S, 0,1, I, I, I, R, DV, V)
ti1,5 — AtS*, U — AtP*, T, — Atly,
—2 1| I - At Iy Atl,, I — AL,
R — AtR*, D) — AtD*, VI — AtV
ti2, S — AtS* — AtSU=V*, I — AtD* — A0V,
' ' (-1 i : (j-1)
L= At — AL 1 — AL — A,

R — AtR* — AtRU-D* D/ — AtD* — AtDU-D*,
VI — AtV — AtV U-Dx

ti2, S — AtS* — AtSUV*, T — Ael* — AUV,
j % (j—1)% 4f jk (j—1)*
L= Aty — At 0 — Aty — A,

n
1 (At)a 1-8 i j (j-1) j j (j-1)
ot —— e ln | - ady - aay L - Al - A
j=2

(At)*
" o +2)

5
[ -]

(At)*

T r@+3)

R — AtR* — AtRD*, D — AtD* — AtDU1*,
Vi — AtVI* — Apy D

t1,5 — ALS*, I — AtD*, T, — At
LI I - Aty Iy - Atly, I — Al
R — AtR*, D) — AtD*, VI — AtV*
ti0, S — AtS* — AtSUV%, T — AtD* — AUV,
' ‘ (-1 i : G-1)
Iy — At - At 1, — Aty — AL,

Y720yl I AN, (SRN) Fa ) AN (N7

R — AtR* — AtRU-D* DJ — AD* — AtDU-D*,

VIi— AtV — AtV U-Dx

X X

X A,

x I

X X
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5
)

1-p
+, I3

n

1n+1 _ (At)a

il o
IMNa+1) =

(At~
"T@+2)

~.
Il
i~}

1-8
-t I

(Ar)®
T +3)

1-B
ti Ip

1-8
-2

-
o Ip

1-p
071

1-B
—271s

(2021) 2021:57

£, 9, 0,1, 1, I Iy, R, D, VT
t1,S = AtS*, I — AtD*, I, — AtD;,
- Aty Iy — Atly, I — AtIy,

R — AtR*, D) — AtD*, VI — AtV*
ti0, S — AtS* — AtSUV*, T — AtD* — AUV,
0= At — Al 1 - Aely - ATV,
Iy — AtF — ATV 1 - A — ASTY"
R — AtR* — AtRY-V*, D/ — AtD™* — AtDY~1%,
Vi — ALV — Agy =D

ti2, S — AtS* — AtSUV%, T — AtD* — AUV,

YN NN’ s El (SN N
Iy = ATy — A% 1 — Al — AT,
R — AtR¥ — AtRVV*, D — AtD* — AtDY=

VIi— AtV — AtV U-Dx

t1, 5 — AtS*, I — AtD*, T, — AtI,
I — Atly, Iy — Aty I — Atly,
R — AtR*, D) — AtD*, VI — AtV
tia,S — ALS* — AtSU=V*, I — AtD* — AtIV-D*,
j ] (j-1)x 4 ] (j—1)*
L= Aty — At 0 — Aty — A,
] ' (-1 i ' (-1)
Iy — Atly — At Iy — ATy — AtL ",
R — AtR* — AtRV-D*, D/ — AtD* — DUV,
VI — AtV — ApVU-D*

IS, 9,0, 1, 1, Iy I, R, D, V)
ti1, S — AtS*, U — AtI*, I, — Atly,
Iy — At Iy — Atly I — Atly,
R — AtR*, D) — AtD*, VI — AtV

ti2, S — AtS* — AtSUV%, T — AtD* — A0V,

P AP — ATV D - A — ALYV,
Iy = Al — A% 1 — Al — AT,
R — AtR* — AtR-V*, D/ — AtD* — AtDU-D*,
Vi AtV — Apy =D

*
’

X A,

x I

X X

X A,
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ti0,S — AtS* — AtSUV*, I — AtD* — AtIV-D,
(A I~ At - Aﬂf{j‘”*,[’é ~ Aty - Aﬂg‘”*,
= T+ AL | Lo-Addly - Ady L - Aty - Ay, | x T
= R — AtR* — AtRV-V%, D — AtD* — AtDU-1,
VIi— AtV — AtV U-D*

(At)
+ —_—
Mo +2)
app t,'_l,‘S/' - AtS/*,ﬂ — AtD%, T, - At I, — AL,
TR\ — At I — At R — AR, D) — AtD*, VI — AtV
; ti0, S — AtS* — AtSUV*, T — AtD* — AUV,
x D= A — ATV, I — Al — ATV,
j=2

~t | - Adly - AHYVY 1 - Aty - AdSTY
R — AtR* — AtRV-D%, D/ — AtD* — AtDU-D*,
VIi— AtV — AV U-Dx

X X
(At)*

b=t

2I'(a +3)

[ tjl_ﬂljg(i,‘,»,S/,If,IA,IZ,IQ,I"T,Rj,DI", vy i
i1, S = ALS*, I A?:If*flg - A;If,
—2 I | I - At Iy - Atly, I — AL,
Y R — AtRF, D — AtD*, VI — AtVF*

x b2, S — AtS* — AtSUV*, T — AtD* — AUD%\ | x A,

j i G- i -1)

=2 Iy = Al = Aty I = Atly = Al

a7 -3 I (RN NG il ARN) (YN A
R — AtR* — AtRV-D*, DJ — AtD™* — AtDU=D*,
VI — AtV — AtV U

ti0,S — ALS* — AtSU=V*, I — AtD* — AtIV-D*,
(B & JQ - Aﬂj‘ - At[j‘”*,lg - Atlg - Atlg‘”*,
I = e+ D D70 AN, (Nl (N N i S v
=2 R — AtR* — AtRU-D*, D/ — AtD* — AtDY~D*,
VIi— AtV — AtV U-D*

a(AL)®
"T@+2)
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~.
Il
~o

(2021) 2021:57

t1, 5 — AtS*, I — AtD*, T, — AtI,
I - At Iy — AL T — ALY,
R — AtR*, D) — AtD*, VI — AtV
ti0,S — AtS* — AtSUV*, I — AtD* — AtIV-D,
0= At — Al 1 - Aely - ATV,
J AN (N Sl YN RN s
R — AtR* — AtRV-D*, DV — AtD* — AtDU=D*,
VI — AtV — AtV U

1-B
(1

1-p
4 7n

(Ap)®
T (@ +3)

~.
Il
~o

Rn+l — (At)a

Mo +1)

50,90, L I I I, R, D V)
41,5 — AtS*, U — AtI*, I, — AtI),
I — Aty Iy — Aty I — Atly,

R — AtR*, D) — AtD*, VI — AtV/*
ti0, S — AtS* — AtSUV%, T — AtD* — AUV,
' ‘ =D : G-1)

Iy — At - AL 1, - Aty — At
' : (-1 ' G-1)
In— Aty — At I — Aty — At
R — AtR* — AtRU-D%, D/ — AtD* — AtDU~V%,
VI— AtV — AtV U-D*

1-p
~2 L

1-p
+4o 17

ti0, S — AtS* — AtSUV%, T — AtD* — A1V

; P At — ATV 1 - Al — ALYV,

1-p ' / G-+ / G-1)
Lo R To— Aty — At I = At — Ad] T,
j=2

(Ar)*
"T@+2)

~.
Il
[\

1-g
-t R*

(Ar)”
" 2 (o + 3)

1-B
t /R

VI— AtV — AtV U=

t 1,5 — AtS*, I — AtD*, I, — AtI;,
I, — ATy, Iy — Aty , Iy — AtLy,
R — AtR*, D) — AtD*, VI — AtV
ti0, S — AtS* — AtSUV*, I — At — AUV,
RN AN Rl (YN (N (e
j jok (j—1)x 4f ok (j—1)*
In— Atly — Al I — Aty — At
R — AtR* — AtRV-D*, D/ — AtD* — AtDU-1,
VIi— AtVF* — AtV U-D*

*
’

R — AtR* — AtRV-D* D — AtD* — AtDV~D*,
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X X

X A,

x IT

X X
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tjl_ﬁR*(t,',Sf,I/,Iﬁ,lg,lé,l’},R/,D/', vy
ti1,S — AtS*, U — AtD*, T, — Atly,
I — Aty Iy — Aty I — Atly,

~ 2t R
B R — AtR*, D) — AtD*, VI — AtV
x ti2, S — AtS* — AtSUV%, T — AtP* — ALUD%\ | x A,
=2 D= At — ATV 1 - Al — ATV,

AN’ (YN’ s Sl N W)
R — AtR* — AtRV-D*, DF — AtD* — AtDY1%,
VIi— AtV — AV U-Dx

+ tl}__zﬁ R*

ti2, S — AtS* — AtSU=V*, I — AtD* — AUV,
o AN YNyl (NN, RN
=Y 6D L- Ay - Ay L - Al - Al
= R — AtR* — AtRYV*, D/ — AtD* — AtDUV*,
Vi — AtV — Ay U

x I

ti1, 5 — AES*, I — AtD*, T, — ALY,
Iy, — Al Iy — Aty , I — AtLy,
R — AtR*, D — AtD*, VI — AtV
ti0, S — AtS* — AtSU=V%, T — AtD* — AUV, s
X

1-p
4D

D= A — ATV I - Al - ATV,
Iy — Aty — ATV 1 - el — AT,
R — AtR* — AtRU-D%, D/ — AtD* — AtDU~V%,
Vi— AtV — Apy =D

1-
~t7/ D"

(At)*
T @+3)

t/,l'ﬁD*(tj,Sf,I/,IA,IQ,IQ,I”T,RJ',D"‘, v
ti1,S — AtS*, U — AtD*, I, — Atly,
I — AU, Iy — Atly I — Atly,
B R — AtR*, D) — AtD*, VI — AtV
x ti2, S — AtS* — AtSUV*, I — AtD* — A0V,
j ok (j-1)% 4 ok (j—1)*
L= At — At 0y — Aty — Adp
] ' (=D i ' (-1)
Ip— Aty — At I — Aty — A,
R — AtR* — AtRY=V*, DV — AtD* — AtDU-V%,
VI — AtVF* — AtV U

1-B ryx
- 2’:/;1 D
X A,

+ t].l__z'S D*

ti2, S — AtS* — AtSUV*, T — AtD* — A0V,
., 1@ - AtIf: - Aﬂg‘“*,lg - Aﬂg‘ - Aﬁg‘“*,
- J /YN N’ Sl N N | PR v
R — AtR* — AtR-D%, DV — AtD* — AtDU-D*,
VI — AtV — ApV U
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(Ap)
+ S —
o +2)
ti1, 5 — ALS*, I — AtD*, T, — ALY,
eV - At I - Al T - At
R — AtR*, D) — AtD*, VI — AtV
- ti0, S — AtS* — AtSU=V%, T — AtP* — AUV,
X : . . . . .
= I = At — ATV, 1 — At - ATV,
~ Ve B Al - Aty B - At - AT,
R — AtR* — AtRU-V* DJ — AtD* — AtDV-D*,
VIi— AtVI* — ApVU-D*
(Ag)*
+ S —
2 (o + 3)

i 4 V6,8, 0,0 D I I, R,D, V)
ti1,S — AtS*, U — AtI*, I, — Aty

—26 Pve | I - At I - Aty I - At

" R — AtR*, D — AtD*, VI — AtVF*

x ti2, S — AtS* — AtSUV*, I — AtD* — AUV,
=2 7 - At — Al 1 - Aely - ATV,
TN Al I YN YN el ARYN) (RYN) L
R — AtR* — AtRV-V*, D — AtD* — AtDV-1%,
i VIi— AtV — AtV U-Dx
Now we apply

gFED?,B(t)S = S*(tr Sr Ir IA,ID,IR) IT; R,D, V),
§TEDYPOL = 1(¢, 8,1, 14, I, I, I, R, D, V),

gFED(Z,ﬁ(t)IA = Iz(t) S,[,[A,ID,IR,IT,R,D, V),
gFEDl:’ﬁ(t)ID = Ig(t) S)I)IAlele;IT:RyD; V)1
6DV Iy = (8, S, 1 La, I, I, Ir, R, D, V),
gFEDltx,ﬂ(t)IT = I’}k"(t’ S,I,IA,ID,IR,IT,R,D, V))
SPEDY PR = R*(t,5,1, 14, Ip, I, I, R, D, V),
gFED?,ﬁ(t)D =D" (tf S; 1’ IA; ID} IR; IT) R’Dr V);
FEEp@POy = v5(¢,8, 1,14, Ip, Ir, I7, R, D, V).
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X X

X A.

(136)

After applying the fractional integral with exponential kernel and putting the Newton
polynomial into these equations, we can solve our model as follows:

Sn+1 — Sn +

2-B(tp+ n+2)—P\ln+ 2- ntl)
t+/13( 1)(_/3(t 2)Af(t l)lnt,,+1+ B, 1))

n tnsl

tus1, S+ ALS™,I" + AL, I + ALY,
L—o | x S| Ih+ AtIN, I8+ At I + AL,
M(a) R" + AtR™, D" + AtD™, V" + AtV"*
- tz_ﬁ(t”)(_ﬂ(tnﬂA);ﬁ(tn) Int, + 2—/2q(tn))

S*(tw, S", 1", I, I, I, I3, R", D", V)

137)
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2—B(tn 1) =Bt 2-B(tn
%tn B( )(_ﬁ(t 1A)t/3(t)1nthr /fn(m)

x S§*(tn, S, I I, IS, IR, 1, R, D", V) At
2-B(tn- n)—P\tn— —P\tp—

_ %tn,f(t 1)(_/3(! )Aﬂt(t U In o+ 2 /fn(fl 1))

tu-1,S" — ALS™ " — AT — ALY,

x S| I — AU, I — AL T - AL, | At

a R" — AtR™,D" — AtD"™, V" — ALV
+ _ _ _ ’
M(a) ¥ %ti_g(tn-z)(_ ﬂ(tn—l)Af(tn—Z) Int, o+ 2 fn(f;_z))
bno, S — ALS™ — AtSUV It AT — AV,
17— At — AV 18— AT — AV,
xSt - A - AdYTV - At - AdSTY, | At
R" — AR™ — AtR"-D*, D" — AtD"™ — AtD"-V*,
V= AtV — Apy D
IVH—I =" + l-«a
M(x)

tz’ﬁ(tlﬂl) (_ ﬂ(trHZ)*ﬂ(trHl) ln t}'l+1 + 2-B(tus1) ) .

n+1 At tnsl
p b1, S" + ALS™, I + AL, I + AL I8 + AL,
X
X IR+ AR I+ AP, R + AtR™,D" + AtD™, V" + AtV™
2-B(tn n+1)—P\tn —Pln
-2 Bt )(_ﬁ(t IA)tﬂ(t ) Ing, + 2-B(4 ))

tn

I* (60, S 17 I, I, 03, I, R, D™, V™)

23 2-p(tn) (- Bltn1)=Bltn Z*ﬂ(tn))
2 At

tn
X I(ty, 8", 1", 2, I, I, I, R", D", V') At

2- ty— n)—, n— 2- n—1/
_ %tn—,ls( 1)(_/3(t )Aﬁt(t 1) Int, , + fn(fl 1))

b1, S" — ALS™, " — AtI™, I — AL,
x| 1= At I — AT - AT, | At

o R" — AtR™, D" — AtD™, V" — AtV™

2-B(tp- n—1)—P\ln— —P\n— ’
M(a) 15_2tn_§(t 2)(_ﬂ(t I)Af(t 2) Int, o+ 2 fn(fz 2))

byog, 8" — ALS™ — ALSUD* " AT — ATV,
I3 — ALy - A1 - At - AT,
x I* I} — At - At[}gn_l)*’# — AL - AtI(Tn—l)*’ At
R" — AtR"™ — AtR"=V*, D" — AtD"™ — AtD"=D*,
V= ALV = AV n-Dr

)lnt,,+

+

tZ—ﬂ(tml)(_ 5(tn+2)A_f(tn+l) It + Z—ﬂ(tml))

n+l tn+1l
bar1, S+ ALS™ T + AL I + AL,

L—o | xIi | I+ A, I8+ A I+ AT,

M(er) R" + AtR™ D" + AtD™, V" + AtV"
2-B(t, 1) 2-

_ 2P (B 1A)tﬂ(tn) Int, + ,fnun))

x I (tn, S", 1", 14, I, I, I3, R, D", V™)

I =1+
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2-B(tn n+1)=Ptn 2-B(tn
3 2910 last)-P) 1, | 20l

X Ity S", I, 1%, I, 2, I, R, D", V) At

4 2-B(tn-1) tn)—B(ty— 2Bty
3tn—ﬁ V- B( )Aﬁt( 1) Int, | + lfn(il 1))

by, S™ — ALS™, " — ALT™, I — AL,
I I — AU I — AU I — A, | At

il R" — AtR™,D" — AtD"™, V" — ALtV"™
+ ’
M(a) + BB Mlnt + 2l
ty2, S" — ALS™ — AtSUV, " — A" — ATV,
18— At — AHYTV 1 - A — ASTYY
X G A AR - At - A7, | A
R" — At n*_AtRn 1)= ,D _ AL n*—AtD(”’l)*’
VI — AtV — Atv(n—l)*
l-«
=1 )

2 Ly n+2)—P\Un+ 2-B(tn+ T
ler/13( 1)( B Z)Af(t 1) Int,. + fn(il 1))

- b1, S+ ALS™ I + AL I+ AL I + ALY,
X
X IR+ AU I+ AU, R™ + At LD+ ALD, VT ALV
_ t}%_ﬂ(tn)( ﬁ(tn+1) lnt + 2- ﬂ(tn))
X Ig(tn,S”,Jn,lg,zg,Ig,I;,R”,Dﬂ, V")

2—B(tn n+ n
%tn B( )(_ﬂ(f lA)ﬂ(t)lnt + /3n(’fn))

x IF (tn,S” 0I5 IR, I, R, D7, V™At
2 n— n)— H— — Hn—
gt Bt 1)( Bt )Aﬁt(t 1) Int, | + 2-B(¢ 1))

n-1 ty-1

b1, S" — ALS™, " — AtI™, I — LI,
x Iy | I A I — AL T - AT, | At

o R" — AtR™,D" — AtD™, V" — AtV"™
+ ’
M((X) + 1_521.3 213(tn 2)( ﬁ(tn—l)A_f(tn—Z) In tyo + 2- /3 tp— 2))

tyo, 8" — AES™ — ALSUDE, [ AT — AtI no1)x,
I — A — ATV 18— A — ASYS,
x| = A - AdYT 1 - A - AHUTVY, | At
R" — AtR™ — AtRV"D*, D" — AtD™ — AtDU=D,
Vi — ALV AV D

2- ty n n 2- n+l)
tn+}13 +1) (- B +2)Af tns1) Ipy el + B +1))

tnsl
bae1, 8™+ ALS™ T + AL TG + ALY
gt g, Yoo | XD\ I AU I+ A I+ ALY
ROTORT M(a) R + AtR™, D" + AtD™, V" + AtV"™

— tﬁ’/s(tn)(_ ﬂ(trulA) B(tn) Int, + 2- /?n(tn))

X I (tn, S" 1", 1%, I3, I3, I, R, D", V™)



Atangana and igret Araz Advances in Difference Equations (2021) 2021:57 Page 73 of 107

tn
X Ity S", I, I, I8, 12, 2, R, D", V) At

4 2-Btn-1) (_ Bltw)-B(tu-1) 2-B(ty-1)
=5t (R Ing, g + S0P

by, S™ — ALS™, " — ALT™, I — AL,
xIp | 1= At I - At I — A, | At
R" — AtR™,D" — AtD™, V" — AtV"™

2- | —-1)- . - .
M(a) n %tn_g(tn 2)(_ﬁ(tn 1)Af(tn 2) 1 tho+ 2 /fn(f; 2))

by, S — ALS™ — ASUUx [ AgpmE — AgDx)

2-B(tn n+1)=B(tn 2-B(tn
%tn B( )(_ﬁ(f 1A)t/3(t)1ntn+ ﬂ(f))

17— At — AV 18— AT — AV,

I — At — ALYV 10— A — ARV | A

R" — AtR™ — AtR(n—l)*’Dn — AtD"™* — AtD(n—l)*’
V= AtV — Apy D

*
x Iy

l-«o

M)

It =17+

2-B(tp+ n+2) " P\ln+ 2- n+l/
tn+,13( 1)(_ﬁ(t Z)Af(t 1) Int,. + lfn(fl 1))

. buet, S™+ ALS™, " + AL, I + AT, I8 + ALY,

X

x T\In+ AtI, I+ AL R™ + ALR™, D" + AtD™, V" + ALV
- ti_ﬁ(tn)(_ﬂ(tnﬂA);/S(tn) Int, + Z*frftn))

x L (b, ", 17, 10, 1, 1, I, R, D", V™) 4

2-B(tn e1)=Btn 2-
28 (2l Plae)=B0) 1y g 2Bl

tn
X Lty ™ 17, I, I, I, T2, R7, D7, V) At

4 2-B(ty-1) (tn)-B(tn-1) 2-B(tn-1)
=3y B g,y + 2PeL)

b1, S" — AES™, " — AtI™,I] — LI,
X I | I — AR I — AR I - A, | At
R" = AtR™, D" — AtD™, V" — AtV™

2-B(tp- n-1)—PIn- —Pn—
M(a) %tn_g(t 2)(_ﬂ(t I)Af(t 2) Int, 5+ 2 /fn(; 2))

tuog, S" — AES™ — ALSUD*, I — AT — AgI"1*,

+

I — At — AV, — AT — ALY,

I — At — AUV - A - AT | At

R" — AtR™ — AtR"-V*, D" — AtD"™ — AtDD*,
V" — ALV — AtV D

%
x It

ti;f(ttﬂl)(_ ﬂ(tn+2)A*tﬂ(tn+l) ln tn+l + Z*ﬁ(t;ﬂl))

tns1
. b1, S" + ALS™, " + ALI™, I + AL, I + AL,
X
x I+ AP I + At R + AtR™, D" + AtD™, V" + AtV"™
2- e1)— 2-B(tn
-t ﬂ(ln)(_ﬂ(t +1A)t/3(tn) Ing, + i(t ))

R*(t, S, 1", 1}, I, I, I}, R", D", V™)
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2-B(tn n+1)=B(tn 2-B(tn
2 200 (_ Blust)=P0) 1y g, 2Bl

X R*(t,, S", 1", I, I, I, I, R", D", V") At

4 2-B(tn-1) _ Bltn)—B(tn-1) 2-B(tu-1)
=3t (P In, + =)

b1, 8" — ALS™, I — AT, 1 — ALY,
X R* If — AR I — ARSI — AT, At
R" — AtR™,D" — AtD™, V" — AtV™
itZ—ﬂ(tn—z)(_ﬂ(tn-l)A—tﬂ(ln-z) Int, o+ Z—fn(i;;-z))

M(x) + 5k
bnog, S™ — AES™ — ALSUI%, [" — AT — Al

IZ — At X* _ At]i‘n_l)*,lg — At g* _ AtI(Dn_l)*,
xR - Ay - ATV I A Ay
R — AtR™ — AtR"-V*, D" — AtD™ — AtD"-1)%,
Vi ALV — Ay (=D

At

2-B(tn+ n+2) " P\tn+ 2- n+l/
tn+f( 1)(_/3(t 2)Af3(t 1) Int,. + /frfil 1))

D bue1, S+ ALS™ I + AL, T + AU I + AL,

X

X Ip + AL, I+ AU, R + AtR™, D" + AtD™, V" + AtV"™
) (LB 1y 2B )

x D* (b, S", 1" I3, I, 07, I, R, D", V™) i
2-ltn) )

tn

2-B(tn n+l)—
%tn B( )(_ﬁ(f 1A)t/3(fn) Int, +

x D*(t,, S”,I”,IX,IB,IE,I?,R”,D", V" At
Z*ﬂ(tn—l))

ty-1

2P (BBl g
tu1, S" — AES™, " — AtI™, I} — AL,

x D* | If— AR I — AR I — A, | At
R" — AtR™, D" — AtD™, V" — AtV™

2-B(tn- n—1)=P\ln— —Ply—
M() 3 22 (Bl Bld) 1y, o 2 Bllaa))

bnog, S" — ALS™ — ALSUD%, [" — AT — ATV,

1 -ty - sy - st - st

x D* | 1= A — ALY 1 - A - AETVY, | At
R" — AtR™ — AtR"=D*, D" — AtD"™ — ArD"=1%,
V" — ALV - AVt
1-—
Vn+1 V"4 M(a) (138)
o

2-p(ty n+2)—. —
tn+/f(t +1)(_ Bt +2)Af([n+1) In tyel + 2 }Z‘(in;l))

. b, S™ + ALS™,I" + AHI™, I + AtIT*, I% + ALIL,
X
x [+ At I+ AL, R + AtR™, D" + AtD™, V" + ALV™
2- 1) 2-
2P (Bl B) 1 | 2B

n

x V*(t,, S 1", 14, In, Iy, I}, R", D", V")
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2-B(tn n+1)=B(tn 2-B(tn
2 Ao Bleast) )y 2B

X R*(t,, S", 1", I, I, I, I, R", D", V") At

2-B(tn- n)—P\tn— 2- n—1)
_ %tn—f( 1)(_/3(! )Aﬂt(t 1) Int, | + /fn(fl 1))

t1, " — ALS™,I" — AHI™, T — A,
x VE| I — At I — AR - AT, | At

o R" — AtR™, D" — AtD™, V" — AtV"™
+
M(O{) + %tizg(tn—ﬂ(_ ﬂ(tn—l)A—f(tn—Z) Int,_o + 2-,‘21(?;—2))

bug, 8" — ALS™ — AtSUV*, " — AT — ATV,
17— At — AV 18— AT — AR,
x Ve = A — AUV - A - AT, | At
R" — AtR™ — AtR"-V* D" — AtD™ — AtDD*,
Vi — ALV - AV D

For the Atangana—Baleanu fractal-fractional derivative, we can have the following numer-

ical scheme:

S;q+1 _ 1 - t2*lg(tn+1) (_M lnt + M) (139)

" AB(a) ™! At ml tin

ber, ™+ AES™, 17 4 ALI™, I + AL,
xS Ih+ A IR + AR T+ AR,
R" + AtR™,D" + AtD™, V" + AtV"™

a(At) L\ 2 B0 (_ﬂ(tjl) - B(ti-2) Ing
t

" AB@ @+ D) &7 A "

Z—ﬂ(tjz))
+ 4

tio

ti0,S — AtS* — AtSUV*, I — AtD* — At1V-D,
Ig - At[ﬁ" - Aﬂj{f”*,[j;, - Aﬂg“ - Aﬂg*”*,
x S| - Atly — AHYV I - Al - AT, | x T
R — AtR* — AtRU-D* DJ — AgD* — AtDU-D*,
VIi— AtV — AtV U-D*
a(AL)®
+ e —
AB(e)T(a +2)

[~ tz_ﬂ(tj—l) Z—ﬂ(tj,l)) 1

j-1 ( At ) tji_1 )
ti, S — AtS*, U — AtI*, I, — Atly,

x §*| I - AR, I, - Aty I, — AtI,

R — AtR*, D — AtD*, Vi — AtVF*

n 2-Blti2) [ Bti-1)-B(tj2) 2-p(tj-2)
- tj—2 (_ At ln tj*z + tj,g

_B)-BG-1) In fo+

X X

5
5]

ti0, S — AtS* — AtSUV%, T — AtD* — AUV,
7= At — Al 1 - Ay — ATV,
x S| - At — ATV D - At - ATV,
R — AtR* — AtRYV*, DV — AtD* — AtDUV%,
Vi — AtV — ALV U-Dx
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a(Ar)”
+ -
2AB(a)T (o + 3)
B tf‘ﬂ(tj)(_ﬂ(tﬁl) B( t[ In t 2- ﬁ(tj)) N
I
x S*(, 5,7, L0, 1, I, R, D, V)
g PR g 2,
ZaE
t1,S — AtS*, I — AtD*, I, — AtI;,
x S| I, - AtE, I - Aty Ty - At
y . R — AtR*, D — AtD*, Vi — AtVF* A
2-Blti-2) , B(4i-1)-B( 2-B(tj-2) ’
j=2 +tj—212(_ llAtlzlt t,—;z)
ti0, S — AtS* — AtSUV%, T — AtD* — AUV,
I — Atl? - At ,153 — A - AT,
‘ : G-Dx o : (-1
X S| Iy— Aty - Atly I~ AtEy — At
R — AtR* — AtRV-V*, D) — AtD* — AtDV-V%,
VI— AtV — AtV U-Dx
[n+1 l-«o tfH/lS tnil) ﬁ(tn+2) ﬁ(th) In Nty + 2- ﬁ(tnﬂ)
AB(x) At n+l
tue1, 8™+ ALS™, I + AL, I + AtI"
XTI I5+ At In + AtIR*, 1% + A,
R" + AtR™,D" + AtD"™, V" + AtV"™
a(Ar)® - t2 Bt 2)< Bt 1) ,B(t; 2)1 fiyt 2—:3(t1‘—2))
" AB@) (@ + 1) < ! bio
ti0, S — AtS* — AtSUV*, T — AtD* — AUV,
j j (-1 (-1
1;1 - Aﬂ;“ — Atly ,119 - Aﬂg‘ — Atlp 5
x I | 1= Atly — AdY VI - Aely - AT, | x T
R — AtR* — AtRV-V*, D — AtD* — AtDU-1%,
VIi— AtV — AtV U-D*
a(AL)®
+ e —
AB(a)T(a +2)
sy )
t1,S - AtS*, 1 - Atp*,Ig YN
xI*| I - AR, Iy — Aty I — AtI,
R — AtR*, D — AtD*, VI — AtVF*
n 2-B(4-2) , B(t-1)-B(tj—2) 2-B(tj_2)
5 12/ ( J = /_]nt} + t]_; ) >
= b2, S — AtS* — AtSUV*, I — At — AUV,
j % (j—1)* * (j—1)*
Ig - Aﬂg — Aty ,1;.J - Atlj? - Ay
x| - Aty — A0 1 - At - AT,
R — AtR* — AtRV-V*, D/ — AtD* — AtDU=D*,
VIi— AtVI* — AtV U-D*
a(AL)~

" 2AB(@) M« + 3)
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B t]?_ﬁ(tj)(_ﬂ(t/+1 t/ l t ﬂ(t/))
1
X I*(t;, 8,0, 1, Iy, I, Iy, R, DV, V)
—2t2 ﬂtj 1)( ﬂ(t,) t} 1)1 t] L+ 2- Its(ti 1))
t1,5 - AtS/*,I/ At T, - AtE;,
xI* | I, - Atly, Iy — Atly , I — Atly,
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ti0, S — AtS* — AtSUV%, T — AtD* — AUV,
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R — AtR* — AtRU-V* DJ — AtD* — AtDU-D*,
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n+1 l-« 2-B(tn+1) ﬂ(tn+2) ﬁ(trul) 2- ﬁ(tnﬂ)
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AB(a) At Lnsl
tui1, S+ ALS™ I + AL, 1% + AT
X Iy | Ip+ A I + At IF + A,
R" + AtR™,D" + AtD™, V" + AtV"™
_a(AnT Z 2-B(tj_ 2)< tii1) — B(ti2) Int s+ 2—ﬂ(tj—2))
AB(oz)l"(ot +1) 4 At )
ti2, S — AtS* — AtSU=V*, T — AtD* — AUV,
1@ - Atlf;‘ - AtIXf1 ,1}) - At]’; - At],g*”*,
x| 1— adly — adl™, 10 - Aty - Aa0V*, | x 1T
R — AtR* — AtRV-D* D — AtD* — AtDU-D*,
VIi— AtV — AtV U-Dx
a(Ar)”
+ —_—
AB(a)T (x + 2)
B 2-B(t-1) , BE)-B(¢, 2-B(tj-1) N
£ j (_lilllnt Til).
41,5 — AtS*, T — AtD*, I, — AtIy,
x| I — At I, — AtIy, I, — At
R — AtR*, D — AtD*, VI — AtV7*
n _2BG) Bl-1)-Blt-2) 2 B(tj-2)
% t[‘—zv ( At 1 t t] 2 ) , X Z
= b2, 5 — AtS* — AtSUV*, I — At — AUV,
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a(AL)®

" 2AB(@)(a + 3)
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—2t2 Bt 1)( B(t)- ﬂt1 1) Int_y + 2- /f‘(tj—l))
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j jx 1 x5 i
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X A,

~.
Il
[ )

-2
ti2, S — AtS* — AtSUV%, T — AtD* — AUV,
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7 Int o+
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j_z' /-2 ) X X
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10 Numerical simulation
In this section, using the numerical solutions obtained in the previous section, we present
a numerical method for all cases. The numerical simulations are depicted for different

values of fractional order and fractal dimension as presented in Figs. 26—37.

FEMDOPS = A — (8(t)(l* + wBL + ywIs + w1 I + waly) + 1 + 101)S,
FEMp©FT = (8(e)(al* + wBI + ywl + wdi1 I + wrI3))S — (e + & + A + w1,
FEMDEP Ly = 61— (O + pw+ x + 1) la,

FEMDOP I, = eI — (5 + @ + 1),

<108

— (1)
e [A(t)
ID(t)
IR(t)
IT(Y)
R(t)

120

20

40 60 80 100

Time

140 160

Figure 26 Numerical visualization of COVID-19 model for & = 0.76
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Figure 27 Numerical visualization of COVID-19 model for o = 0.85

—(t)
m——IA(t)
ID(t)
IR(t)
IT(t)
R(t)

80 100 120 140 160

Figure 28 Numerical visualization of COVID-19 model for @ = 0.91

FEMDEP Ip = nlp + 01y — (v + & + 1)k, (141)
FEMDOT [ = pulg + vIg — (0 + T + )7,

FFMD“'tR:kI+§01 + xlq +EIg + ol — (D + )R

o Di DY Xl tsiRTOT H

FFM ~a,T
0 Dt D='[IT,

MDYV =91 S+ RV,
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Time

Figure 29 Numerical visualization of COVID-19 model for & = 0.76

20 40 60 80 100 120 140 160 180

20 40 60 80 100 120 140

Figure 30 Numerical visualization of COVID-19 model for & = 0.90, 8 = 0.85

where

do(1 - a,,)cos(—b%),() <t<ty
do,to<t<ty
8(t) = {di(1 —a,)cos(-b2), (<t <ty
di,tp<t<ts
dr(1—a;) cos(-b52),t > 13

(142)
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Figure 31 Numerical visualization of COVID-19 model for & = 0.95, 8 =0.95

100 150
Time

Figure 32 Numerical visualization of COVID-19 model for & = 0.72

Also, the initial conditions are

S(0) = 800,000, 1(0) =3, 14(0) =0, Ip(0) =0, Ix(0)=0, (143)

Ir(0) =0, R(0) =0, D(0) =0, V(0) =0.
Also, the parameters are chosen as follows:

A = 810,000, n=0.12, x =0.15, v=04, y =0.09, (144)
B =0.75, y1 =04, u1=0.3, ¢ =0.161, 7 =0.0199,

® =0.015, A =0.0345, ¢ =0.0345, 8, =0.5, & =0.015,
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Figure 33 Numerical visualization of COVID-19 model for o = 0.82
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Figure 34 Numerical visualization of COVID-19 model for & = 0.90

o =0.015, 80 =0.99, At =900, tp =30, 8, =04, w=04,
b=0.2, a,=0.1, a,=0.2, a; =0.3, do =0.02, d; =02,

dy =0.15.

11 Likelihood with hyper-Poisson distribution

Using the suggested numerical model, we obtain the approximate solution (S*(¢),1*(t),
(), 15(2), Iz (2), I;:(t), R* (), D*(¢), V*(t)). We are more interested in I*(¢), R*(t), and D*(¢)
and the approximate solution /, R, D because we have the collected data z}, 2%, z}, which
represent the number of infections, recovered, and deaths daily. We assume that such fol-
low hyper-Poisson distribution with parameters. The hyper-Poisson distribution is given
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Figure 35 Numerical visualization of COVID-19 model for o = 1
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1071 e | A ()
ID(t)
IR(t)
IT(t)
R(t)

50 100 150 200
Time

Figure 36 Numerical visualization of COVID-19 model for & = 0.89, 8 =0.85

as follows:

T'(B)

PX =k = T(k+ B)®(, B,1)

A>0,k=0,1,2,...,n, (145)

where

> (1)ak
(k!

(1, 8,4) = (Bl =B(B+1)--- (B +k) (146)
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Figure 37 Numerical visualization of COVID-19 model for & = 0.95, 8 =0.97

Qr with parameters ki, ko, k3

ki = Q117(¢),
ky = QuR*(t), (147)
k3 = Q3D*(¢t)

and

zj ~ HP(ky = QI*(t)),
2y ~ HP(ky = QR*(t)), (148)
zj, ~ HP (ks = Q3D*(t)).

Here, the parameters 1, Q5, and Q23 are a combination of collection accuracy and de-

tectability of infected, recovered, and dead. Thus the likelihood function is defined as fol-
lows:

L(k) = [ [ e(zi1k),

t=0

L(ky) = [ [ g(zk/k2), (149)

t=0

L(ks) = [ [ (zh/ks).

t=0

Thus

. D
Lki) = !_(! I(zh+ B)®(L,B,4)
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- T (B)A
Lk = H F(dy+ )DL, B, 1) (150)

T [(B)r"
L(ks) = g T'(z + B)D(L,B,1)

Without loss of generality, we consider L(k;):

K- I(B)A%
log L(ky) = ;:log NERWSETWRY (151)
= [logT(B) +z}log (") —log T (2 + B) — log (1, B, uI*)]
t=0
and
alogL(kl) 9 (T(z; + B))
_Zl g(Ql)+ZIOg1 ;W
~ a1 = (D + By
= V[[lOg(Ql) + IOg( )] - ; W (152)
B o L+ B
= nlog(uI*) - ; e p)
dlogLky)  I*7 = (1, B, Iy
or- T ; o (1, , 211" (153)
I (LBl
alogL(kl) _ tﬁl/ @(l,ﬂ,gll*)/
9, -rzZIQ—1 —n4¢(1,’3,911*) (154)
(LBl
e, Bl
< I(B)37%
L(ky) = ;log NERTIFWRY (155)
[logT'(B) + zxlog A —log T (25 + B) —log ®(1, B,1)],
t=0
BlogL(kz) o e (T2 + B
= Zlog(Qg) + Zlog R ;: m
B . = (D(zh + B))
= n[log(y) + log(R*)] - ; 71_(4 ) (156)

n F t
- ntog(r) - Y Y,

t=0
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dlog L(ky) , R 2L D(1, B, 2R*)
- - O = nZR_ —_ Z - @@ - -
IR R = O(1,B,2RY)

_ nzlt?& _ n(D(l’ﬁx QZR )/
R* ®(1, B, Q2R*)
dlog L(ky) Y D(1, B, QR*)/
— =My -n———
082 Q9 ®(1, B, Q22R*)
D(1, B, Q2R*)!
el s L i e
(1, B, 2,R*)
- I(B)A%

L(ks) = lo

’ 20: ST+ p)O(1, B,0)

’

’

= ) [logI'(B) +zjlog A —logT (25, + B) —log @(1, B, 1)),
=0
dlogL(ks) - o e (T +B)
97 = ;log(i};) + ;:log(D ) - ; T(z, +B)
~ . =~ (D(z, + B))
= n[log(Q3) +log(D*)] - 2 7},(253 y

n F t
= nlog(Q3D") - > %

t=0

dlog L(k3) . DY S (1, B,92D%)

_ = VIZD — Z -

AR* D+ = &(1,8,92D%)

. D*1 @1, 8,92D%)

=nzp -

D* ®(1, B, 23D%)

dlog L(ks3) , Qs/ ®(1, B, 23D*)r

— =My — N

EIoN Q3 (1, B, 23D*)
CD(17 :Br QSD*)/
-nN————.
D(1, B, 23D¥)

’

12 Likelihood with Weibull distribution
We will do the same routine for the Weibull distribution known as

k(a\*!
P(X:k)z—(—) exp(-r/a)f, ra>0k=0,1,2,...,1,
o \o

Q with parameters ki, ko, k3

ki = Q117(¢),

ko = QoR*(t),

k3 = Q3D*(t)
and

85 ~ W(k1 = 91]*(1’)),
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(157)

(158)

(159)

(160)

(161)

(162)

(163)

(164)
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82 ~ W(kz = QzR*(t)),

EtD ~ W(kg = QgD*(t))
Thus the likelihood function is given by
Lik) = [ W (e /k),
t=0

Liky) = [ [ W (ek/ks),
t=0

n

Liks) = [ [ W (eb/ks).

Thus

not eh-1

Lik) =12 (—) exp(—A/a)’r
o @\«
nogt eh-1

Ltks) =[] = (—) exp(—i/a)D
t=0

Without loss of generality, we consider L(k):

QI

n gt
log L(ky) = Zlog[—]<
pors a\ o

85—1 P
) exp(—Qll*/a)81:|

= [logef —loga + (g — 1) [log(211*) — log & | — &} (-1 /et) |

and

n n n

t
&/

dlog L(ky) ~

t t
ag; &

t=0 t=0 t=0

t
= n%/ + n[log(210%) —loga] + n(QuI*/a),
1

dlog L(ky) ; 1 & (=)
g0\ _ AT N Sttt
o e UT ; (—Qul*/a)
I (ultla)
t
= —1) g
n(er=1) 7 = ()
dlog L(ky) : Q7 (—=Q1I*/ar)r
————=n(gf-1)— -n———
an Ql (—91]*/01)
(—QuI* o)
=-nN-————70,
(—Qll*/()l)

L+ [log(uI*) —loga ] - ) (-Q1I*/a)

Page 102 of 107

(165)

(166)

(167)

(168)

(169)

(170)
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" b QoI \ R
1ogL(k2)=Zlog[z—R< ; ) exp(—QgR*/oz)gf]
=0

= [logeg, —loga + (e — 1) [log(Q2:R*) — logar] — ep(—2R*/ar) |

and

dlog L(k: Deht &
Ogit(Z) = glt + [log(QzR*) - loga] —
agR 0 ‘R 10 =0
t

= né + nlog(QuR*) —loga | + n(-QR*/a),
dlog L(k) P AR S (R )
ol —_1)— — Lnes
A LN ; (—HR* )
R*/ (=R /at)r
t
= S | P it
n(ee=1) 7w = (—R* )
dlogL(ky) _ (e 1) QR fay 175)
92, R —QR*ar)
(—QR* /)

T QR )

" t(QaD*\ D!
log L(k3) = Zlog[%( Z ) exp(—Q3D*/oz)€Bi|
£=0

n

(—QQR*/OI)

&

176)

= [loge}, —loga + (e, — 1)[log(Q3D*) —loga ] - ), (-23D*/et) |
and

dlogL(ks) el &

=+ log(23D*) —loga | —
oy e "L HBT) el
t

= ng—? + n[log(QgR*) - log(x] + l’l(—QsD*/a):
D

n

(-Q3D"/ax)

177)
dlog L(ks) ; DY &

(-QsD* /)y

= 1)) — 1

o U ; (—QD* ) (178)
D/

(—Q3D* )
—-n
D*

(-Q3D*/a)’
dlog L(ky) . Qs/ (-=23D* /)’
Ot _ et 1)

092

Qs (-Q3D%/a) (179)
(=Q3D* /o)

T s )

13 Likelihood with Mittag-Leffler distribution

Finally, we shall use the Mittag-Leffler distribution for similar processes. The Mittag-
Leffler distribution is defined by

)\’k
PX=k=——, 1>0,k=0,1,2,...,n, 180
X =) Tk + BEas() =~ " (180)

(172)

173)

(174)
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where

E,g(A) = _
#0)=2_ T (ak + B)

k=0
Q;, i =1,2,3 with parameters &y, ky, k3

ki = Q1I(¢),
ky = QuR*(t),

k3 = Q3D*(¢)
and

& ~ML(ky = QI (2)),
eh ~ ML(ky = Q:R*(2)),

&JD ~ ML(k3 = QgD*(t))

Thus the likelihood function is written as

Liky) = [ [ML(] k1),

t=0

Liky) = [ [ML(ek/ks),

t=0

L(ks) = [ [ML(e}/ks).

t=0

Thus

n

L) = [ o

o T(ael + B)Eqsp(h)’
n t
AR
Lk)=]— 22—,
(ke) H T(aeh + B)Eqp(2)
n )LgtD
L(ks) =
¥ AT (el + B)Ewp()
We write L(ky):
logL(ky) =1 o
ogLiky) = log T(ael + B)Eap(h)

n

= Z[gf log(211*) — log I (e} + B) —log Eq 5 (211%)]

t=0
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(182)

(183)

(184)

(185)

(186)
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and

n

8logL(k1) Zl 0(Q Zlog(l*) - (Tl + By
-0

~ T(ae;+p)
" (C(agt + B))
=n|log(2 log(I*)| - —_—
n[log(€2) +log(r*)] 2 T(asi+ ) (187)
n
(C(aet + B))
= nlog(.*) = Y ot TP
nlog(S.I%) ; (el s f)
alogL(/q) tl aﬁ(Qll )/
_ 188
aI* T Z Eo p(S211%) (188)
[* a,ﬁ(Qll*)/
=ngf— -n——-——-,
I* E,p(S211%)
log L(k Q1 Egp(uI*
og L(k1) ”151 1/ 0 B I*) (189)
082 Q2 Eop(211%)
Ea,ﬂ(Qll*)/
Eop(QI%)"
With the same routine,
n kgé
logL(ks) = Y log ————— (190)
g2 ; E T (@el + B)Eup(h)
= Z[efe log(1R*) —log T (aeh + B) — log Eqp(S2R")]
=0
and
810gL k) " (T (aek + B))
—_— = log(2 I R* —_—
Z og( 2)+Z og( ; et 7 B)
"\ (T (aek + B))
=n|log(R2 log(R*) | - _
n[ 0g(£2,) + log( )] ; F(ach+ f) (191)
i (Cagk + B
= nlog(S,R*) - —
( 2 ) ; [(aeh + )
dlog L(k R’ N Eyp(Q2R*
Og ( 2) :}’18;—/ _Z ,ﬂ( 2 )/ (192)
JR* R* -0 Ea,ﬁ(QZR*)
(R Eq p(S2,R*)
net— —n—r————,
R* Ea,,s(QzR*)
810gL(k2) _ ¢ Qz/ Ea,ﬁ(QzR*)/ (193)

=pet —— —p—- = °
09 RQ, T E, (R
Ea,ﬁ(QgR*)/
Ea,ﬁ(QZR*)
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and
n }LgtD
logL(ks) = ) lo (194)
gHtk ; ET(ael + B)Eap(h)
= Z[sg log(223D*) — log T (e}, + B) — log Eq 5(Q23D%) ]
t=0
and
dlogL(k)) - " (D(agh + B))
ISR N og(3) + Y log(DY) =Y 2 T
de! tz_(; Bidis ; g( ) — [(aeh + B)
n
(T (el + B))
= n[log(2s) + log(D")] - ¥ 2" 20
n[ 0g(23) + og( )] Flaeb+ ) (195)
t=0
n
(C(aely + B))
= nlog(QD*) = Y D TP
( 3 ) ; [(aeh + B)
dlog L(k D*1 N Eyp(Q23D*)
og (3):7183 _Z 8(R23D%) (196)
aD* D* = E,5(QsD")
¢ D*r Ea’ﬂ(QgD*)/
= nep, —_n—r
D* Eq 5(Q23D%)
dlog L(k Qi E,4(Q3D%)
og ( 3) ZI’IStD—l _n ,,3( 3 ) (197)
9923 Q1 E.p(Q3D¥)
Ea’ﬂ(QgD*)/
-,
Ea,ﬁ(QBD*)

14 Conclusion

Up to date humans have relied on forecasting with the aim to better control their world,
or at least to have an asymptotic idea of their future. They have many ways to achieve this,
one way is to use the deterministic approach and another is stochastic one. In this work,
we presented a comprehensive analysis ranging from stochastic, fractal to differentiation
with the aim to predict the future behavior of COVID-19 with cases studied in Africa and
Europe. With stochastic approach, we were able to detect a possibility of the second wave
of COVID-19 spread in Europe and in Africa, a continuous exponential growth could be
possible. We presented an extension of the blancmange function to capture more fractal
behaviors, and some examples were presented resembling the COVID-19 spread in vari-
ous countries in Africa and Europe. A complex and nonlinear mathematical model with
wave function was considered and solved numerically with a modified scheme.
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