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Abstract: This paper focuses on numerical approximation of the basic reproduction number Ry,
which is the threshold defined by the spectral radius of the next-generation operator in epidemiology.
Generally speaking, R, cannot be explicitly calculated for most age-structured epidemic systems. In
this paper, for a deterministic age-structured epidemic system and its stochastic version, we discretize
a linear operator produced by the infective population with a theta scheme in a finite horizon, which
transforms the abstract problem into the problem of solving the positive dominant eigenvalue of the
next-generation matrix. This leads to a corresponding threshold R, ,,. Using the spectral approximation
theory, we obtain that Ry, — Ry as n — +oco. Some numerical simulations are provided to certify the
theoretical results.

Keywords: Numerical approximation; basic reproduction number; age-structure epidemic system;
spectral radius; theta scheme

1. Introduction

Many classical SIS (Susceptible-Infective-Susceptible) and SIRS (Susceptible-Infective-
Recovered-Susceptible) models have been developed to study disease outbreaks [1-5]. Since
certain diseases (e.g., childhood diseases) are age dependent, age-structured epidemic models have
attracted the attention of many scholars [6—11]. In [6], Busenberg found that a sharp threshold (defined
by the spectral radius of a positive linear operator) exists and can determine the global behavior of
an age-structured epidemic model. In [7], Cao investigated the existence and global stability of all
equilibria for an age-structured epidemic model with imperfect vaccination and relapse. It was found
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that, if the threshold is less than 1, the disease-free equilibrium is globally and asymptotically stable;
if the threshold is greater than 1, the endemic equilibrium is globally stable. In reference [9], by
discretizing the multigroup model, the authors transformed a PDE (Partial Differential Equations)
system into an ODE (Ordinary Differential Equations) system, and proved that the global asymptotic
stability of each equilibrium of the discretized system is completely determined by threshold Ry. The
threshold is defined as the basic reproduction number, which denotes the expected value of secondary
cases produced by infective individuals during the entire infectious period when the entire population
are susceptible [12].

As the threshold that controls disease outbreaks, R, plays an extremely important role in assessing
disease transmission trend and in reducing disease burden. However, for most age-structured epidemic
equations such as the system in [13], the basic reproduction number, Ry = fom k(o)e” fou”(”)d”%(l -

e "do fR P(w)dw, is merely a theoretical expression of the next generation operator, and is always
difficult to calculate. It is a common practice to use numerical approaches to approximate the threshold
value [10,14]. Since many widely used epidemic models do not satisfy the global Lipschitz coefficients
required for using the explicit Euler-Maruyama (EM) scheme, we propose the semi-implicit theta-
scheme [15, 16], which is known as the backward EM when 6 = 1, to approximate the exact basic
reproduction number. We also estimate the approximate error of the exact basic reproduction number
and the numerical threshold.

The novelty of this paper is that we use the theta scheme to discrete the linear operator produced
by the infective population in a finite dimensional horizon, so that we can find out the spectral radius,
which is the positive dominant eigenvalue of a nonnegative irreducible matrix defined by the next-
generation operator. Subsequently, based on the spectral approximation theory [17], we obtain the
threshold that converges to the exact basic reproduction number under a relatively weak condition (i.e.,
the compactness of the next-generation operator needs to be satisfied). These results are expected to
be useful for studying infectious diseases.

The rest of this paper is organized as follows: in Section 2, the theta scheme is constructed based
on the operator theory, and the scheme yields the numerical approximation of the basic reproduction
number for a deterministic and a stochastic age-structure epidemic system. Section 3 presented several
numerical simulations to illustrate the theoretical results. Concluding remarks are given in Section 4.

2. Numerical approximation for the basic reproduction number

2.1. Theta scheme approximation for the deterministic age-structured SIRS system

In this section, we first present the age-structured SIRS epidemic model developed by [11],

(a% + 36—0)5 (t,a) = —u(a)S (t,a) — A(a,)S (t,a) + y(a)R(t, a),
(2 + )I(1,a) = Aa,)S (t,a) — (u(a) + v(a) + 8(a)I(t, a),
2+ DR(t,a) = v(@)(t,a) - (u(a) + y(@)R(1, a),
St0)=A, te[0,+0), S(0,a)=So@), ac(,A)
1(t,0) =0, t€[0,+00), 1(0,a)=Iya), ac(0,A)

R(t,0) =0, t€[0,+0), R(0,a)=Ry(a), ac(0,A)

2.1
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where S (¢, a), I(t,a) and R(t, a) denote the density of susceptible, infective and recovered individuals
of age a at time ¢, respectively. Define the force of infectious A(a, t) by

A
Ala, 1) = f B(a, 0)I(o, Hdo.
0

The condition S (¢,0) = A means that the newborns are all susceptible, A is the recruitment rate of the
population. Sy(a), Iy(a) and Ry(a) € L'(0,A) for Ya € [0,A]. All parameters are positive and their
meanings are shown in Table 1.

Table 1. Meanings of all parameters.

Parameters Meanings

u(a) the natural mortality of the population
B(a, o) the age-dependent transmission coefficient
v(a) the rate of removed individuals who lose immunity returning to the susceptible class
A the maximum age
v(a) the natural recovery rate of the infective individuals
o(a) the disease inducing death rate

Let us consider system (2.1) on the Banach space X := L'(0,A) x L'(0,A) x L'(0,A). Let T be a
linear operator defined by

d
, 0@ (@) - Aa, 1 (a)
1p1(a) dwd(% )
Te(a) :=| Topa(a) |=| - ;a — (@) + v(a) + 5(@)px(a) |, (2.2)
Ts¢3(a) d
. D @) + v@esta)

p(a) = (¢1(a), pz(a), p3(a))"T € D(T), where the domain D(T) is given as
d
D(T):={p e X:¢; isabsolutely continuous on [0, A], d—go,- €X and ¢(0)=(0,0,0)7}.
a
The disease-free equilibrium of model (2.1) is E = (E%a), 0, E"(a)), where E"(a) = e~ J wo+yomdn_ang

E%a) = y(a)E"(a) fou ek Mo is the density of the susceptible population at age a in the disease-
free state. Then we define a nonlinear operator F : X — X by

Fipi(a) 71’4(0)603 (@)
Fo(a) = | Fapx(a) | =| E%a) [; Bla.0)ex(0)do |- (2.3)
F3p3(a) v(a)p,(a)

Let u(t) = (S(t,-),I(t,-).R(t,-))", together with (2.2) and (2.3), system (2.1) has been rewritten as the
following abstract Cauchy problem

%u(r) =Tu(t) + Fu(r), u(0)=uye€ X. 2.4)
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Next, we mainly consider the second equation of (2.1). By simple calculation, the positive inverse
(=T,)7! is defined as follows

(-T2 "pa(a) = f e TS, o)do, gy € Y = 11(0,A).
0

Then, according to [11], we can give the next generation operator K by

A 1%
Kpy(a) := Fo(=T2) " pa(a) = E%(a) fo B(a, 0) fog ¢~ b wmraamdn g (o3 andp.

Based on the definition in [12], the basic reproduction number Ry is defined as r(K), where r(K) is the
spectral radius of the operator K.

Since the form of () is abstract, we can not calculate R, explicitly. To avoid misunderstanding,
we let B = TQ,G = Fz, @y = he D(B),

d
D(B) :={h €Y :h isabsolutely continuous on [0, A], d—h €Y and 70)=0}.
a
Hence, we discretize the following system
d
EI(Z) =BIt)+GI(t), 10)=ILeY (2.5)
into a system of ordinary differential equations in Y, := R", n € N. Let Aa = A/n, a; := kAa,Bi; =
Blag, aj), e = plax), vi := v(ay) and 6, := 6(ax),k = 0,1,...,n,j = 1,2,...,n. Then the abstract
Cauchy system (2.5) is discretized as

%I(t) =B, I(t)+G,I(1), 100)=1 €Y, (2.6)

where /() and [ are n—column vectors, B, and G, are n—square matrices with the following form

—OM, — t 0 0
5 . ~——(1-0M, —6M, -+ 0
0 - (1=-OM,, -6M, -+ |
No[(1 = 0)Bo1 + 6B11]1Aa No[(1 = 0)Bor + 6B12]1Aa -+ No[(1 — 0)Bo, + OB1,]1Aa

G Ni[(1 = 0)B11 +0BxlAa  Ni[(1 —0)B12+662n]Aa -+ Nol(1 —6)B1, + 6B21Aa

)

Ny [(1 =011 + 0B lAa N, [(1 = O)Bu-12 + OB2]Aa--- Noi[(1 = )Bi1,n + 0B,m]Aa
where M; = ;i +vi+6,(i=1,--- ,n), Ny= (1-0)E? +0E? (i =0, ,n—1). The additional parameter

i+1
0 € [0, 1] allows us to control the implicitness of the numerical scheme [16], for technical reasons we
always require 6 > % Here we denote the next generation matrix K, := G,(—B,)~!, Ron :=r(K,) is the
threshold corresponding to Ry, and R, can be analyzed in a finite horizon. Since —B, is a nonsingular
M-matrix, and (-B,)~! is positive. Hence, from the Perron-Frobenius theorem [18], we know that

r(K,) is the positive dominant eigenvalue with algebraic multiplicity 1.
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We give two bounded linear operators # : ¥ — Y, and J : Y,, — Y as follows

L [% = —
{(Pnh)k =% [ hayda, k=0,1,---,n-1, he¥, 07

(Tuth)(@) = X150 Uik aan (@) & = W10, )T €Yy,

where k is the kth entry of a vector, T is the transpose of matrix , and X(4.q.,1(@) is the indicator

function which implies that
1’ ae (ak’ ak+l]9

Xapar1(@) = {

0, a¢(a a1l
From Section 4.1 in [19], we know that for all n € N, ||P,|| < 1 and ||/l < 1. We denote || - ||y, is the
norm in Y,, and

n—1
Wlly, = Aa )" Wads ¢ = W, tn,e- )T € Y, (2.8)
k=0

Next, we apply the spectral approximation theory to present the convergence theorem of the basic
reproduction number.
Theorem 2.1. Assuming that K is compact, if for any i € Y, lim |9, K.P.h — Khl|ly = 0O, then
n—+oo
Ron — Ro as n — +oo, preserving algebraic multiplicity 1.
Proof. 1t is easy to see K is strictly positive and irreducible, then from Theorem 3 in [20] and the

Krein-Rutman theorem in [21], yield that Ry = r(K) > 0 is the maximum eigenvalue of operator K.
By a simple calculation, the inverse matrix of —B,, is shown as follows

1
9M1+ﬁ 0 0
~D3((1-9)M - 1) 1 e 0
_ OMy+-L)(OMy+-L OMy+ 4
(=B = | M) T t (2.9)
CO™ IS A-OMi-50) 15 (G -(1-OM)
T, (OMi+ ) T} (OMi+35) oM+ 35 |
then we have
n—1

_ E°BAa AE'S 1
Kl = 16 -B,) Wl < Aa Y P E i, 6eiz 11,
k=0

n—1
v rd 2 Gy

where E° and 8 denote the upper bounds of E° and g, respectively. g, v and § denote the lower bounds
of i, v and 6, respectively. They are both finite positive.

In addition, we give the following assumption to make that K is compact.

Assumption 2.1. For any h > 0,

A
lim f |E%a + h)B(a + h,0) — E°(a)B(a,0)lda = 0  uniformly for o € R, (2.10)
-0 Jo
where E°B is extended by E°(a)B(a, 0) = 0 for any a,0 € (—00,0) U (A, co).
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The above assumption implies that the operator K keep the compactness [11, Assumption 4.4]. In
order to prove 7, K, P, converges to K point by point, we provide the following lemma.

Lemma 2.1. Forallh €Y, lim || 9,K,P.hi — Khlly =0
n—+oo
Proof. For any i € Y, we obtain

1T KouPult = Killy = 11.T2Gu(—By) "' Pult = G(=B) 'Rlly
< NTuGu(=B,) ' Pl = T,GuPu(—B) ' Hlly + |TuGPu(-B) "' — G(-=B) 'Ally
< WTAMNG (=B Pult = Pu(—=B) ' Hilly, + 1T,GPou(-B) "' i — G(-B)'hlly
< LI(-B,) Py — Pu(—B) ' lly, + 1T,GPu(—-B)"'h — G(-B) ' #lly.
(2.11)

Since ||.,]l < 1, and for any n € N, ||G,|| < AE°B, we have L = ||| ||G,|l = AE°B. Next we estimate
the first term in the right-hand of (2.11), then

(=B, Puh = (=B)"'P,lillx, =lI(=B,)"'Pu(=B)(=B) "' = (=B,)"'(=B,)Pu(~B) Hlly,
< N=B) " N IPu(=B)=B)"' Tt = (=B)Pu(~B) 'Tilly,
< AlPn(=B)¢ — (=B,)Pudlly,,

where ¢ := (—=B)™'% € D(B), and for any ¢ = (Y1, ¥, -+ ,,)T € Y,

n n—1
- 1
=B vlly, < Aa Y >l < Allgll,,
k=0

= 9(&+K+§)+ A
namely, ||(-B,)~!|| < A. From (2.7), we obtain

(=B, Pl = (=B)"' Pulilly,
<A[Pn(=B)p — (=B)Pnuélly,

n—1

<AAa Z

k=0

n¢

— O)(u(k) + v(k) + 6(k)) f “ Ha)da

<AAa Z ’A f ’ (/)(a) + (u(a) + v(a) + 6(a))¢(a)) Aa

AAWme——f¢@m Ok + 1) + vk + 1) + 5Kk + 1))
) : flea
P Aa
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where ay = a_; = 0. By the mean value theorem, we have

(=B~ Pl = (=B)"'P,lilly,

n-1 d
<AAG Y | = der) + (i) + V(i) + 0B = (1= O)(l) + v(K) + 5N (pr)
k=0

1
= 2gPEke1) = $(60)) — Oulk + 1) + vk + 1) + 6k + 1)$(Zr1)

@O n) + vG0) + 80P = () + v(K) + 6KN ()

<Ana’ \ (| 500 = -0t
k

+ ‘Q(N(k) +v(k) + 6(k)d(ox) — O(uk + 1) + v(k + 1) + 6(k + 1))p(Lis1)
n—1
<AAa Z |w(@.280) + w( + v + 6, Aa)w(d, Ad) + WO + v + 6), 2Aa)w(@., 2Aa) .
k=0

where w(f, r) denotes the modulus of continuity. We know that w(f, r) is defined by SUp,_y<, 1 (X) =
f ()| with the following property

w(f,r)—0, as r—0.
Hence, ||(-=B,)"'P,i— (—=B)"'P,|ly, — 0 holds. Then we consider the second term of (2.11) as follows
1T2GPu(—=B) "'t = G(—=B)'#lly = IIT,G,Pudp — Glly

”Z_lfﬂkn
k=0
"Zlfakﬂ

f [(1 - OE" + 0E"I[(1 - 0)8 + 816 (c)de]da

n j A
Z((1—9>E2+9E2+1>((1—9)ﬁk,-+9ﬁk+l,j) f oy - f E°(a)B(a, 0)¢(0)do|da
. -

0

n j
Z((l —O)E; + 0E,, )((1 - 0)By; + QIBkH,j)f 1 p(0)do
J=

i)
f Z f (1= 0P EYB; + (1 = G0 + 001 — OEL, By + PED, B,
k=0

—(1-6) EO,B +(1-0)0E"B + 6(1 — O)E°B + 62E°,8| |¢(Q)|dgda

._.

Z fﬂ f '(1 - 0)’w(E°, Aa)w(B, Aa) + (1 — 0)0w(E’, Aa)w(B, Aa)

+6(1 - H)a)(EO, Aa)w(B, Aa) + B w(E®, Aa)w(B, Aa)' 'qﬁ(g)'dgda

<AW(E’, Aa)w(B, Aa)liglly = 0 as n — +oo,
(2.12)

where w(E°, Aa) — 0(Aa — 0) and w(B, Aa) — 0(Aa — 0), respectively. Hence,
1T2GuPu(-B) "' = G(-B) 'hlly — 0.

Mathematical Biosciences and Engineering Volume 16, Issue 5, 4107-4121
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Combine the above discussion, we have lim ||, %, P.hi — Killy = 0.
n—+0o

By virtue of Assumption 2.1 and Lemma 2.1, we know that Theorem 2.1 holds. Namely, Ry, — Ro
as n — +oo, preserving algebraic multiplicity 1.

2.2. Theta scheme approximation for the stochastic age-structured SIRS system

4B where B, is a

I’
standard Brownian motion, o is the intensity of noise perturbation. Then, replace u(a) with u(a) — 0'%

in system (2.1), we can obtain a stochastic age-structured SIRS model

In this section, we seem the natural mortality u(a) as a random variable u(a) — o

(2 + H)S(t,a) = —u(@)S (t,a) — Aa,HS (t,a) + y(@R(t, a) + oS (t,a) 2,
(2 + D)I(t,a) = Aa, DS (t,a) — (u(a) + v(a) + 8(a)I(t,a) + o I(t,a) L,
(& + LIR(t,a) = (@)1, a) — (u(a) + y(@)R(t, a),

S(t,0)=A, te€[0,+), S(0,a)=Sya), ac(,A)

1(1,0) =0, te[0,+00), I(0,a) =Iy(a), ac€(0,A)

R(t,0) =0, te€[0,4), R(0,a)=Ry(a), acec(0,A).

(2.13)

Next, we analysis the stochastic basic reproduction number. In the same way, we take the infective
population of system (2.13) into account, and substitute S (¢, @) = E%(a) into it, we derive

{(a% + %)I(l, a) = E%a) fOA Bla,0)I(t,a)do — (u(a) + v(a) + d(a))I(t,a) + o(a)l(t, a)%, (2.14)

1(#,0) =0, te€[0,400), [1(0,a)=Ia), ac(0,A).

According to the general definition of the stochastic basic reproduction number, the following two
operators are defined on Y := L'(0,A)

d
{ﬂh(a) = —%h(a) — (u(a) + v(a) + o(a))h(a), (2.15)

Fh(a) = E%a)(1 - %) fOA Bla,0h(0)do, 1-% >0,

and
. ) d
D(A):={heY:h isabsolutely continuous on [0,A], d—h €Y and 70)=0}.
a
Using A and ¥ to rewrite (2.14) as
d
El(t) =Al)+FI(@), 10)=I,. (2.16)

Then we have .
(—,?l)_lh(a) = f e f;(ﬂ(n)+v(n)+6(n))d7lh(g)dg, hev
0

The next generation operator 7 is shown by
2 A .
Thia) = F(=A)" (@) = E@(1 - ) f Bla,0) f &b o) dpdo, T e ¥
0 0

Mathematical Biosciences and Engineering Volume 16, Issue 5, 4107-4121
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Samely, we define (7") as the basic reproduction number R of the stochastic system (2.13), and
Ry, := r(T) is the threshold corresponding to Ry.

Next, we discretize (2.16) in Y, := R", n € N. Then the system (2.16) is discretized into the
following equation

d
d_tl(t) =AJ)+F, A1), 10)=I€Y,, (2.17)
where A, is defined as the same as B, (A, := B,), and

Qol(1 = 0)Bor +OB111Aa -+ Qol(1 — O)Bo, + 6B1,1Aa
7—:’ = : . :

Qn—l[(1 - Q)ﬁn—l,l + Qﬁnl]Aa e Qn—l [(1 - e)ﬁn—l,n + Hﬂnn]Aa

1 2
where 0 € [.11. Qi = (1 - %)[(1 —O)E? + 0EY, |i=0.1,--- .n—1).

Theorem 2.2. From Theorem 2.1, we know that T is irreducible, compact and strictly positive. If
Um BT, TPl = Thlly = 0
forany h € Y, then
Ron = Ry as A — 0, preserving algebraic multiplicity 1,
where I, and P,, are defined as (2.7).

Proof. Obviously, Rj = r(7) > 0, and r(7) is the spectral radius of operator 7. We know that
(-A)"' = (-B,)™", and (-B,)! is given by (2.9). Then we have

2
1 E(1 = Z)BAa ni

_ 2
ITtblly, =IFu(—=AD) " Iy, < Aa V%
kzz(; Ou+y+9) kzz(;
2
AE'(1 - )B . 2
= = —.1 1] - —
Girr+9 Wly,  0€l5,11, 7 >0

where E' is the lower bound of E°.
Next, we verify that iir% ST 2 Pnh — T Hlly = 0. For any 7 € Y, we have

NI T Pult = T hlly
= | Fu(=An) " Pl = F(=A) " hlly
S NI Fu(=A) " Pult = T FuPu(=A) Ay + | TuFaPu(=A) "' = F(=A) ' hlly (2.18)
< NTlHIFll (=A™ Pt = Pou(=A) " Rlly, + IT 2 FuPu(=A) "0 = F(=A)'hlly
< AE°BI(=A,) ' Puli = Pu(=A) Hlly, + T FuPu(=A) "1 = F(=A) ' Tlly,
where the first term of (2.18)

(=A™ Pl = Pu(=A) ' lly, = I(=B,) ™' Puli = Pu(=B) ' Ailly,

Mathematical Biosciences and Engineering Volume 16, Issue 5, 4107-4121
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is similar to the first term in the right-hand of (2.11), so it is easy to see that
(=A™ Pkt = Pu(=A) ' lly, = 0.
Next we estimated the second term of (2.18). Let @ := (= A)~'% € D(A), we obtain
T FuPu(=A) " T = F (= A Tilly = \TuFuPrw = Faolly

At | 2 Jj A 2
Z f Z (1 - O£ + 6k, 1 - 5 f @) - fo E%a)(1 - 5)Bla. 0)w(e)do|da
-

fal\ﬂ

Z f (1= OE” + 0E)(1 - —)((1 - 0)8 + 6p)m(0)dolda
=1 vJ-1

2 J
Z((l — O)E] + 0], )(1 = Z)((1 = 0By, + 0Bie,) f @)
-

2n1

e+ J
<(1- —) Z f Z f ‘(1 — O EBi; + (1 — OOEBrsr; + 01 — OE,, By + O EL, Prarj
a j=1 Y1

— (1= 62E°8 + (1 — )BE"B + 6(1 — O)E°B + 9215%] ‘q’)(g)’dgda
2 n—1

s(l——)z f MZ f ‘ — 0 w(E®, Aa)w(B, Aa) + (1 — 0)0w(E®, Aa)w(B, Aa)
+6(1 = O)W(E®, Aa)w(B, Ad) + B w(E°, Ad)w (B, Aa)‘ ‘(ﬁ(g)‘d@da

2
<A(1 - %)w(EO, Aa)w(B, Aa)|lplly = 0 as n — +oo.
(2.19)

Thus, [| T, FnPu(—A) ' — F(=A)"'H|ly — 0 holds. Hence, we obtain the desired assertion.

In conclusion, Theorem 2.2 holds, which implies that R, — Rj as A — 0, preserving algebraic
multiplicity 1.

Remark 2.1. Compared with [10], our paper has two advantages:

o [10] employed a backward Euler method to approximate Ry, and obtain the numerical threshold
Ry — Ry as n — oo. In present paper, we propose a 6 method is know as the backward EM
when 0 = 1, and the explicit Euler-Maruyama(EM) scheme when 6 = 0. The 6 scheme has the
parameter 0, and different 0 values give different convergence rates. Therefore, we can use the 0
method to find the optimal convergence rate. And the backward Euler method is a special case
when 0 = 1 of our method. Our work provides an extension of [10].

e A deterministic age-structured epidemic model is discussed in [10], but in present paper, we
studied not only the deterministic system but also the stochastic age-structured epidemic model,
and the stochastic system is more practical.

Mathematical Biosciences and Engineering Volume 16, Issue 5, 4107-4121
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3. Numerical simulations

In this section, numerical examples are shown to verify our Theorems. In what follows, let A = 100,
u(a) = 0.2(1 + %) ( [13], see Fig. 1 (a)), y(a) =y = 0.25, v(a) = v = 0.1 and 6(a) = 6 = 0.05 (see

&3

a 4 at a @ —a(—2
[22]). Thus, E°(a) = y(a)E"(a) fo e # MW go = 0.25¢704% ma) fo o DG 0D gy - Based
on numerical integration for E%(a), we obtain Fig. 1 (b).

0.4 T T T T 0.18

0.38

0.36

0.341

0.32-

031

E (a)

Wa)

0.28

0.26

0.24

0.22-

0.2 . . . . . . .
0 20 40 60 80 100 0 20 40 60 80 100

Agea Agea

(a) The natural mortality u(a) (b) The density of the susceptible population of age a in a
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Figure 1. Parameters used in the numerical example.

In this example, we do not specify what kinds of influenza-like disease it is, and the value of R,
is in the range of 2-3 [23]. We assumption that the disease is more likely to transmission between
individuals with similar ages [10], then we let 5(a, 0) = kJ(a — o), where k = 200 and J(x) = 0.6(—x> +
100%) x 107° +0.001 is a normalized distance function. Thus, we can easily verify that Assumption 2.1
is true. Hence, Theorem 2.1 and 2.2 hold, which implies that R,, — %(Ran — R asn — +oo.

3.1. Numerical approximation of Ry, for the deterministic system

Let 6 = 0.5, and choose Ry 1000 = 2.57673470573749 =: R* as a reference value for R,. From Fig.
2 (a), we see that the threshold Ry, for the discretized system (2.6) respect to the reference value R* as
n increases. Further more, the error R* — Ry, converges to zero as n increases (see Fig. 2 (b)). In Fig.
3, we show the numerical simulations of Ry, at 6 = 0.5, 8 = 0.7 and 6 = 0.9, respectively. It is obvious
to see that the value of 8 has a certain impact on the convergence rate of R ,. The bigger value of 6, the
faster rate of convergence. This implies that the backward EM method would make the convergence
faster. Our paper verified the work of [10].
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Figure 2. Logarithmic plots of the threshold R, (a) and the error R* — Ry, with respect to
the reference value R* = 2.57673470573749 (b).
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Figure 3. Computer simulations of the threshold R, with different values of 6.

3.2. Numerical approximation of R, for the stochastic system

In this example, let o = 0.1, and we also choose Rg, 1000 X 2.56385103220880 =: R; as a reference
for Rj. Similarly, the threshold value R, for the discretized system (2.17) respect to the reference
value R; (see Fig. 4 (a)) and the error R} — Rg,n converges to zero as n increases (see Fig. 4 (b)). Fig.
5 (a) give a comparation for R, at o~ = 0.1, o = 0.5 and o = 0.8, respectively. We can see that the
intensity of environmental disturbance has a great influence on the threshold R . The higher value of
o, the smaller value of R(S)’n. This means that the intensity of environmental fluctuation can reduce the
threshold of disease outbreak, which may be a better measure to control disease outbreak. We show a
3D simulation of Rg’n corresponding to 6 € [0.5, 1] and o € [0, 1] in Fig. 5 (b), the effect of o on the
threshold Ry, with the change of 6 is further explained.
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Figure 4. Logarithmic plots of the threshold K|, (a) and the error R{ — R; , with respect to
the reference value R; = 2.56385103220880 (b).
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Figure 5. Computer simulations of the threshold R; , with different values of o~ (a) and the
3D simulation of Rg’n corresponding to 8 € [0.5, 1] and o € [0, 1] (b).

4. Concluding remarks

For the age-structure epidemic model, the basic reproduction number is defined as an integral and
difficult to be estimated. Hence, it is necessary to approximate it using numerical methods. This pa-
per investigates the numerical approximation of two basic reproduction numbers for deterministic and
stochastic age-structured epidemic systems, respectively. We use the theta scheme to discrete the infec-
tive population in a finite space, so that the two abstract basic reproduction numbers can be calculated
explicitly. Afterward, using the spectral approximation theory, we obtain the numerical threshold that
converges to the exact value as n increases. We also estimate the approximation error between the ex-
act basic reproduction number and its numerical approximation. Finally, several numerical simulations
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are shown to illustrate our theoretical results. The numerical results show that, for the deterministic
system, the convergence rate of Ry, is faster when 6 is bigger under the condition of 6 € [%, 1]. For
0 € [0, %], the proof of the pointwise convergence in Lemma 2.1 remains challenging, and is warranted
to be investigated in a future study. For the stochastic system, the appropriate noise intensity can reduce
the threshold of disease outbreak.
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