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1 | INTRODUCTION

Deterministic disease propagation models, which provide a fruitful approach towards the study of various endemicity problems,
are of very diverse natures and degrees of accuracy. In their simplest iterations, they deal with unstructured populations and do
not account for the various sources of heterogeneity. For increased realism, however, one may structure the target population
according to age, degree of infectivity, contact patterns, risk behavior, or to other criteria quantifying the risk of acquiring or
transmitting the disease. This often leads to multicompartmental models, which describe the transition of an individual through
various disease-related stages. To account for the effects of spatial heterogeneity, one may also consider multicompartmental
structures in the framework of multigroup models, each compartment representing in this context a homogeneous population.

In most cases, use is made of at least 3 compartments, namely, the class of susceptible individuals (S), the class of infec-
tive individuals (), and the class of recovered individuals (R). It may be the case, although, that after an initial inoculation
of an individual with a relatively small number of pathogens, the level of infectivity is far too low for disease transmission,
despite of rapid pathogen reproduction, and remains so for a certain amount of time. To keep track of this category of subjects,
which are no longer susceptible, but also not yet infective, one needs to introduce the class of exposed (or latent) individ-
uals (E) as well. This latency phenomenon may happen for diseases such as influenza, measles, or tuberculosis, for which
subjects may become infected after an adequate contact with an infective individual without actually being infective dur-
ing a certain initial period. One should not confuse, however, latency and incubation. While the former represents the time
elapsed from the exposure to the acquisition of infectiousness, the latter designates the time elapsed from the exposure to the
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onset of symptoms, and an individual may be infective prior to the onset of symptoms. Prolonged latency between exposure
and infectiousness is a characteristic of tuberculosis, for instance, latent compartments being incorporated even in the earli-
est models of tuberculosis transmission.! Also, several models have included both fast and slow pathways from susceptible to
actively infected, with a proportion of exposed susceptibles progressing immediately to active infection or several sequential
latent compartments to simulate the increased risk of progression to active disease in the years immediately following initial
infection.??

As noted in Lloyd,* an accurate description of the distribution of the latent and infectious periods is an important step
towards the construction of an appropriate model. Assuming that the latency is exponentially distributed, the corresponding
disease propagation model is represented by a system of nonlinear ODEs. This assumption, however, is equivalent to the fact
that the chance of recovery within a given time interval is constant, regardless of the time since infection. This is sometimes
unrealistic, as observed through the statistical studies of the transmission dynamics of measles in small communities (see,
for instance, Lloyd* or Krylova and Earn®), the chance of recovery being initially small, but increasing over time and cor-
responding to a distribution of the infectious period, which is less dispersed than an exponential and more centered around
the mean. If, however, a general distribution is assumed for the latent period, then one obtains a delayed integro-differential
system.%” The most commonly used distributions of the latent period are the Gamma distribution, used, for instance, to model
the spread of avian influenza (H7N7) in chicken® and the log-normal distribution, used, for instance, to model the spread
of Ebola.’

Since the host population can be divided geographically into communities, cities, and countries, or epidemiologically, to
incorporate factors such as modes of transmission, contact patterns, and genetic susceptibility, a heterogeneous host population
can subsequently be divided into several homogeneous groups, the within-group dynamics and the mixing patterns being then
modeled separately. One of the earliest multigroup models was proposed by Lajmanovich and Yorke,'® who obtained a complete
characterization of an n-group SIS model with subpopulations of constant size from a stability viewpoint, proving the global
stability of a unique endemic equilibrium using a quadratic global Lyapunov functional. In this regard, proving the global
stability of the endemic equilibrium for multigroup models has always been a difficult undertaking, only recently a systematic
graph-theoretic approach to the construction of Lyapunov functional being devised by M.Y. Li and his coworkers.”!!"'> Under
this approach, the Lyapunov functional for the multigroup model is constructed as a linear combination of Lyapunov functionals
for each isolated group, assuming that they are stable in isolation, the coefficients being obtained by studying the properties of
the directed graph associated to the transmission matrix, so that a certain summation lemma holds true. The presence of the delay
caused by latency and the use of general (ie, nonfactorized) incidence functions are known then to cause further complications
(in fact, the latter does so even for single-group models). See also Muroya and Kuniya,'* Shu et al,'* Huang et al,”® Yuan et al,'®
Fall et al,'” and the references therein.

For diseases such as herpes, tuberculosis, or malaria, recovered hosts may experience a relapse of the disease due to an
incomplete or unsuccessful treatment, due to the emergence of drug resistance, or due to the reactivation of a latent infection
and then reenter the infective group. For herpes, it is known that an infective individual may experience bouts of relapse all
his life.'® Sometimes, relapses may be more severe than the initial infection, as it happens for varicella zoster virus. For this
virus, the initial infection, varicella, is usually benign, while the relapse (herpes zoster) may have life-altering neurological
complications. Also, it is common for tuberculosis patients to relapse during or after treatment, although it should be noted
that it is often difficult to distinguish between relapse (regrowth of the same strain of Mycobacterium tuberculosis that caused
the previous tuberculosis episode) and reinfection by a different strain. In this regard, epidemic models with relapse have been
investigated from a stability viewpoint in Moreira and Wang,'® Vargas de Le6n,”® Georgescu and Zhang,?' and Wang et al.”

Environmental noises may sometimes drastically limit the usefulness of deterministic epidemic models, being necessary to
consider the effect of stochastic perturbations, as done, for instance, in Beretta et al,”® Jiang et al,>* and Yuan et al.'® Particularly,
stochastic perturbations around the positive endemic equilibrium of epidemic models were considered in Carletti,” Beretta
et al,® and Ji et al.?®

In this paper, we introduce and analyze from a stability viewpoint a multigroup deterministic SEIRI epidemic model with
abstract nonlinear incidence and a general distributed time delay in which individuals may experience disease relapse, that is,
the return of signs and symptoms of a disease after a remission.?>?” We obtain the stability of the disease-free equilibrium and of
the endemic equilibrium in terms of a threshold parameter that governs not only the stability of the equilibria but also the very
existence of the endemic equilibrium, a certain inequality involving the nonlinear incidence function being also assumed. To
this purpose, we use Lyapunov functionals constructed ad hoc on the basis of the ones used for the corresponding single-group
model of Zhang et al.® Subsequently, we discuss the influence of stochastic perturbations of white noise type upon the stability
of the system, also by Lyapunov's second method. Finally, the applicability of our results is further investigated by means of
numerical simulations.



6256 Wl LEY ZHANG ET AL.

2 | THE MULTIGROUP DETERMINISTIC SEIRI EPIDEMIC MODEL AND ITS
ANALYSIS

2.1 | The model and its relevance

Let us denote by P(¢) the probability that, if alive, an individual remains in the exposed class ¢ time units after entering. By
obvious biological considerations, we may suppose that P satisfies the following biologically motivated assumptions

(P) P :[0,0) — [0, 1] is nonincreasing and piecewise continuous, possibly with finitely many jumps, and satisfying P(0+) =
1, lim~oP(1) = 0 and 0 < [, P(u)du < co.

Then —P’(¢) represents the removal rate from the exposed class to the infected class 7 units of time after being exposed.
Assuming that the force of infection is bilinear, f{S, I) = BSI, van den Driessche et al introduced and discussed in the paper®
the following SEIRI disease propagation model with relapse

& = = uS@) = PSI(D)

& = BSID) — HE® + B fy SEOIEe ™ =Dd,P(t — E)d,

G = =B Jy SO Dd,P(t — E)dE + SR(1) = (p + DI,
o =71() = (u+ SR

ey

In the above model 1, S, E, I, and R represent the (rescaled) sizes of the susceptible, exposed, infectious, and recovered popula-
tions, respectively, u is the birth (and death) rate, f is the transmission coefficient, y is the recover rate of infective individuals,
and ¢ is the relapse rate of recovered individuals, which subsequently return to the infective compartment, the integrals being
considered in the sense of Riemann-Stieltjes.

Model 1, using a general, unspecified form of P, encompasses several particular cases, with or without delay, which are
important on their own.

In the paper,*® Xu discussed a version of Equation 1, particularizing P(¢) as a step function, P(f) = 0’ ; S [TO’ 7l , and
replacing the incidence rate considered in van den Driessche et al?® with ratio-dependent incidence, in the form
as _ . _ _ BSWI®
a HTH 5@ SO+
dE _ pSWI(W) _ BSGu=(—7) _
Ja T sor  St-nHe-) HE(®D), )

di _ pSe-olt=e) _
s Se—oHe—n T 6R(t) — (u + I,

& =71 = (u + HRQ),

L

deriving conditions for the global stability of the endemic equilibrium and of the disease-free equilibrium in terms of a threshold
parameter via appropriately constructed Lyapunov functionals.

Motivated these results, we have considered in Zhang et al*® a general deterministic SEIRI model with an abstract nonlinear
incidence rate, a distributed latent period, and the relapse of recovered individuals, in the form

B = n(S©) - £(S@), (1)),

dt
L = FS@. 1) = pE@) =~ [} Q@ef (St = &)1 - &))de,
L = J Q@ (St — £).1( — &)dé — (u+y + (1) + 6R(2),

o =710 — (4 + HRW),

3

finding sufficient conditions for the global stability of equilibria, again by using Lyapunov functionals.

Generally, a multigroup model is formulated by dividing all individuals into # distinct groups, each representing a homoge-
neous subpopulation. For 1 < k < n, the kth group can be further partitioned into 4 compartments, S, Ey, I, and Ry, which
stand for susceptible, latent, infectious, and recovered populations in the kth group, respectively. Assuming that the incidence
of infection can be factorized as the product of 2 transmission functions, the contact function /;(S;) and the force of infec-
tion g, (), Shu et al** introduced and discussed the following multigroup SEIRI disease propagation model with relapse and
infinite delay
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B — e (Se) — 2 Aihe(Sk(e) I f@g e = v)dx,
J=

dt

n

) % = 21 Piihi(Sk(®)) [y £(0)giLi(t — D)dT — (df + ex) Ex(0), 4)

% = e Ex(t) — (di +r+ 91()]]((2‘),

d
B (1) AR, k=1,2,+ o

L

In the above, the kernel function f;(7) is used to express the variation of the infectivity according to the age of the infection 7.
Within the kth group, n; denotes the intrinsic growth rate of the susceptible compartment, f; is the coefficient of transmission
between compartments Sy and /;, and df , d]’c, and df are respective natural death rates of the individuals in compartments Ey,
I, and Ry. Also, in the same kth group, €, is the rate of progression from the compartment E; to the compartment I, 6y, is the
disease-induced death rate, and ry is the recovery rate of infectious individuals. Along the idea in Guo et al,!! global stability
of the endemic equilibrium is established by exploiting a graph-theoretical approach to the task of constructing Lyapunov
functionals.

In what follows, we shall consider first the following general deterministic multigroup SEIRI model with an abstract nonlinear
incidence rate, a distributed latent period and relapse of recovered individuals

-

B — e (See) - kai(sk(t)’lf(t))’

dt :
j=1

ddif = ka,(Sk(t) 1i(0) — mEi (1) — Z Jo Qu@e iy (St = &), Ii(t - £))dE,

&)

=

dt

%= Z Jo QO iy (Su(t = &), 1(t — £))dE — (i + 71+ QD) + SRy (1),
=i

dR,
U dr

=y k(1) — (up + SR (D), k=1,2,---,n.

This model is the multigroup version of the single-group one (Equation 3) discussed in our previous paper.?® In the above, within
the kth group, n,(Sy) is the recruitment rate of healthy individuals into the susceptible class, and 4, and a; are natural death rate
and the disease-induced death rate, respectively. Also, y, is the recovery rate of the infective population, and 6, is the relapse
rate of recovered individuals, which then became infectious again. The incidence functions fkj(Sk,Ij) are given in an abstract,
nonfactorized form, encompassing several classical situations, which shall be mentioned below. Here, / is the maximal length
of the latent period of any group, that is, the maximal time in which infected individuals become infectious and @ = —P,,
assuming implicitly that Py, the probability that an individual remains in the kth exposed class ¢ time units after entering, without
taking death into account, is piecewise C.
Throughout this paper, we shall use the following assumptions (i) to (v) fork,j = 1,2, ... ,n

(i) i is a continuous function on R*, and there exists a S > 0 such that n; (S?) = 0 and (n(Sk) — n(SY) ) (Sk — S9) < 0
for S; # S9.

(ii) fy; is a locally Lipschitz continuous function on R* X R* satisfying f;,(S, 0) = £,(0,1;) = 0

(iii) f;; is an increasing function of Sy for fixed I; and an increasing function of /; for fixed Sy. If the fixed variables are
nonzero, then the monotonicity is strict.

(iv) For any fixed Sg, ®;(Sk, [;) = fk’(sk L~ is a bounded and decreasing function of 1.

V) k(Se) = 11m1,__,0+ @,;(Sk, 1;) is a continuous function of Sy.
In particular, assumption (i) implies that each Sg, 1 < k < n, is unique. Let us note that, by (iv) and (v), the following
estimations for the nonlinear forces of infection f;(S, Z;) hold

S, 1) < kSl forall I; > 0. (6)

Also, ky; is increasing and has positive values for all 1 < k,j < n. Let us now discuss the biological motivations behind
assumptions (i) to (iv). Assumption (i) indicates that the growth rate of the susceptible hosts in the kth group is positive at
lower densities, while negative at higher densities beyond the threshold SQ. This assumption contributes towards a limitation
of the growth of the kth susceptible class, keeping its size under a maximal value S, and is satisfied by both the usual linear
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and logistic growth rates. The meaning of (ii) is that if there are no susceptibles in one group or no infectives in the other
group, then obviously, there is no disease transmission for the respective pathway. Also, (iii) describes the fact that increasing
the size of the susceptible or of the infective class increases the occurrence of new infections if the size of the other class is
kept constant. Assumption (iv) describes the fact that infection rate saturates as the size of the infective class grows larger,
while (v) states the fact that a small number of infectives introduced in a totally susceptible population will produce a certain
amount of new infections, which is larger if the initial population of susceptibles is larger. Also, if f;;'s factorize in the form
fkj(Sk, I;) = g, (Su)h;()), then (iv) is satisfied provided that 4; is concave down.

Remark 1. For example, for each group k, the set of growth functions ni(S) satisfying assumption (i) includes the linear growth
m(Sk) = A — pieSi,
where A is a positive constant, and the combination of the linear growth and the logistic growth

Sk

(i) = a(A — upSi) + C(rSk (1 - f) >

in which r is the intrinsic growth rate, K is the carrying capacity, a and § are positive constants.

Remark 2. Examples of incidence functions fi(Sk, I;) that satisfy assumptions (ii) to (v) and are in common use include the

S 1 S, I
Y PSil (see Abta et al’!), the standard

bilinear incidence, the saturated incidence s _
d+S+; L+a, Set+ay

the modified saturated incidence

S L . . ...
L inwhich As and Aj are positive constants, and ﬁSZI;](p >

incidence, and other common incidence functions such as ff ST
kTAs Li+A;

0,0<g<.

The initial conditions are given by

Sk(0) = @u(0),  Ex(0) = ou(0), L(0) = @3(0),
Ri(0) = par(0), 6 € [-h,0],

where @1k, Qo> P30 Par € C([—h, 0], R™), the Banach space of continuous functions mapping the interval [—#, 0] into R*,
endowed with the sup-norm, such that ¢ ;(0) > 0, @3;(0) > 0, k = 1,2, ... ,n. The existence and uniqueness of the solutions
of the systems (Equation 5) then follow from standard results in the theory of delay differential equations (see, for instance,
Kuang??).

2.2 | The well posedness of the system (Equation 5)

On the lines of lemmas 2.1 and 2.2 in Zhang et al*® (see also lemma 2.1 of van den Driessche® and proposition 3.1 of Shu et al'#),
it is possible to prove that our system (Equation 5) is well posed from a biological viewpoint, in the sense that its solutions are
posity-preserving and ultimately uniformly bounded, the w-limit sets being contained in the following bounded region

-
r= {(Sk,Ek,Ik,Rk)lossk <SU0<Si+Ec+ 1 +R < X1 Sksn},
dr

where, for each group &,

_ — . ni
ng = sup m(Sy) and dy =min < 4, —S .
0<S, <8 Sk

We further observe that the first, third, and fourth equations of the system (Equation 5) do not refer to the exposed class E,
which means that we could simplify the system (Equation 5) to the following lower-dimensional one
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n

= (S - 2 A (k0. 40
=
< % - Z1 foh Ou(&)e™ iy (St = &), Ii(t = ))& — (i + v + a)I(1) + 1 Ri(1), @)
=

T = (1) = (i + SOR(D).

Having established the biological well posedness of the multigroup model 5 (and, consequently, of its reduced version
[Equation 7]), we are now ready to discuss the existence and stability of the equilibria for the reduced system (Equation 7).
To this purpose, we shall use the graph-theoretical approach of Guo et al'''>* and construct Lyapunov functionals defined ad
hoc as linear combinations of Lyapunov functionals for each group in isolation. The stability results will be obtained in terms
of a threshold parameter, the basic reproduction number, defined using the next generation method of van den Driessche and
Watmough.3* We start with a brief matrix theory interlude.

2.3 | A summation lemma

To discuss the stability of the endemic equilibrium, we shall need a summation lemma that will prove useful when evaluating
the derivative of a Lyapunov functional along the solutions of Equation 5.

Let U = (uy), V = () be n X n matrices. We shall write U < Vif uy; < vy foralll <j,k <nand U < Vif U < Vand
U # V.If 0, < U, we shall say that U is nonnegative.

Given a nonnegative n X n matrix A = (ay;), the directed graph G(A) associated with A has vertices 1,2, ... , n, with a directed
arc (k, j) starting in vertex k and in vertex j if and only if a;; # 0. The directed graph G(A) is then said to be strongly connected
if any 2 distinct vertices can be joined by an oriented path. Under these circumstances, the matrix A is irreducible if and only if
the associated directed graph G(A) is strongly connected. Equivalently, a n X n matrix A, n > 2, is irreducible if for any proper
subset M of {1,2, ... ,n}, therearei € Mandj € {1,2, ... ,n} \ M such that a; # 0.

For a nonnegative n X n matrix A = (aj), n > 2, let

Zl#la” —day e —ap
L= _712 Z[ﬁlaﬂ o _C.an
—dip —dyy Z#nan[

be the Laplacian matrix of the directed graph G(A) associated with A, and let Cy; be the cofactor of the (k, j) entry of L. Let also
¢; = Cy. The following result then holds as a consequence of Kirchoff's matrix tree theorem (see Guo et al,** appendix 1, for
further details).

Lemma 1. Let ¢, 1 < k < n, defined as above. Then

Z Z crariGi(xy) = Z Z cxay Gi(x)),
k=1 j=1 k=1 j=1

where {Gi(xi)},_, is an arbitrary family of functions.

We shall now observed that the existence and stability of the equilibria are governed by the values of the basic reproduction
number, understood as a threshold parameter. As it is perhaps common, it will be determined that Equation 7 always has a
disease-free equilibrium, while the endemic equilibrium exists only in certain conditions. We start with the seemingly easier
tasks of discussing the stability of the disease-free equilibrium.

2.4 | The stability of the disease-free equilibrium

It is easy to see that, as a direct byproduct of (i), the system (Equation 7) always has a disease-free equilibrium E°,
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E’ = (59,0,0, ..., S7.0,0).
With a view to the next generation matrix approach formulated in van den Driessche and Watmough,* let us define

(' Qu@remede ) g (s?)

5.7
- Hic+ i+ o =
Hi+6; 1<k<n Hi+dy 1<k<n
< i<

(' ou@remede ) g (s2)

Ok

Moz =FV_1, M =

Wity t+a—

where

h
. 1)
= <</ Qk(é)ewidﬁ) Kkj(52)> , V= dlag(ﬂk et g — — > .
0 1@2 i+ 6k ) <

Subsequently, following the approach of van den Driessche and Watmough,** we may define the basic reproduction number
of Equation 7 as R = p(M?0), the spectral radius of the matrix M°. However, since p(F v = p(V_lF), it also follows that
R = p(M®). Note that MO is irreducible if and only if M is irreducible.

Let us also denote

S=(SI’S2’ 7Sn)’ SO=(S095(2)’ 752)7 I=(11912’ ’]n)9 R=(R1’R2’ 7Rn)'
Theorem 1. Assume that matrices M° and M(S) are irreducible.
(a) If R < 1, then the disease-free equilibrium E° is the unique equilibrium of Equation 7, and it is globally asymptotically

stable in T
(b) If R > 1, then the disease-free equilibrium E° is unstable.

Proof. (a) Let us suppose that E = (S, I, R) is an equilibrium of Equation 7. Define

(fo Qi(e” “Aédé)’(kj(SA) fkj(sA 1)

ki
M0k

, I #0

— _ _ Hytrtog—
M(S) = (M) 1<k<n, My =

1<j<n (' Qu@emeae i (s
S KK(Sk), 1 =
Hi+o)

MYt —

Since ky; is increasing with positive values on I' (in which § < s component-wise), it follows that O,, < H(S) < M on the
feasible domain T. Also, if S # S°, it follows that O, < m(S) < ./\70, and from corollaries 2.1.5 and 2.1.10 of Berman and
Plemmons,* one finds that p(ﬂ(S)) < p(ﬂo). Therefore, if R < 1, then p(H(S)) < 1, and the equation M(S)IT =17 has
only the trivial solution. This leads to R = 0 as well, and, combined with (i), to S = S°. It follows that Equation 7 admits only
the trivial equilibrium E°.

In the following, we shall consider the stability of E° in the compact, positively invariant set T. Since MO is nonnegative and
irreducible, it has a strictly positive left eigenvector (w;, s, ... ,®,) corresponding to the eigenvalue p(ﬂo), that is,

((Ul,wz, e ’w}’l)x/io = p(ﬁo)(wl’w27 e 9wl’l)-

We thereby construct the following candidate of a Lyapunov functional

n n h t
V() = ka[z / Qu(@)e™ < / fkj<sk<s),1j(s>>ds> de
k=1 j=170 1=¢

I+ Re ).
Z’ (k ﬂk+5k k>

in which
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_ i (Ui + 61)
(pic + v + ) (pi + 61) — Oy

Vk

The derivative of V along the solutions of Equation 7 reads then as

dv . o [
% = ka{ > /0 Q&)™ [ fig(Sk®), (1)) — fig(Si(t — :)J,-(r—e:))]df}
j=1

c dI (1) R0)
+ +
k;vk< dt Wi + 6 dt )

n n h
=Ywu) { / Q&)™ 4 [ fig(Si(1), lj(r»—fk,-<sk(r—¢>,1,-<t—:>>]d<:}
k=1 j=1 0

n h 5
+ 2 vk[; /0 O(E)e ML (St — &), Ii(t — E)E — (uy + 71 + @)y + Hk’f"éklk].

By direct computations, one obtains that

d n n h n 5
% =Y wu ]:Zl [ ( /O Qk@)e‘”kﬁdé)fk,-<Sk(z>,1,-<t>)] - ; vi [(yk + 7+ @) - "—”‘] I

pr Hi + 6k
From the assumptions (iv) and (v) together with Equation 6, it is observed that
S Sk, (D) < kg(SOL() < kg (S0) (o).

Consequently, one then obtains that

n n n )
d";i—t) < Z Vi [ 2 </0 Qk(f)e_ﬂk§d§> K (S9)1; — <Mk +yp o — K >Ik]

= Lo Mk + Ok

n n ([ EdE ) iy (S0)
- (/o' Qu@rersae) my(s)
S;Vk<ﬂk+7’k+a’k_ﬂk+5k> [] '_Ik]

: (%7
= (,le + Yk + ® ﬂk,ﬁ;k )

< (@10, @)IMT =11 = (p(M") - D@1, @, -, 0)I" 0.
Also, {E°} is the largest invariant set in

v
dt

{(S]ﬁlk’Rk)I O3k=1’2""’n}-

Finally, by applying the Lyapunov-LaSalle invariance principle, we obtain that E° is globally asymptotically stable. (b) IF R > 1
and I” # 0, we then have

(@1, @2, -, 0 )IMTT =T7] = (p(MP) = 1)(w1, @2, - - -, )T > 0.

By a continuity argument, one obtains that % > 0 in a vicinity of the disease-free equilibrium E°, which implies that E° is

unstable. O]
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2.5 | The existence and stability of the endemic equilibrium

It has already been seen in Theorem 1 that if R < 1, then the system (Equation 7) does not admit an endemic equilibrium. Let
us now focus on the case R > 1, in which, as previously mentioned, the disease-free equilibrium E° is unstable.

Using Theorem 8.2.4 of Kuang®? together with an argument similar to the one used in the proof of Proposition 3.3 of Li et al*®
(see also Liu et al,” section 5), one may prove that the system (Equation 7) is uniformly persistent.

As seen from corollary 2.8.8 in Bhatia and Szegé®® or Theorem D.3 in Smith and Waltman,* the uniform persistence of the
system (Equation 7) and the uniform boundedness of its solutions in I'? ensure the existence of a rest point, that is, of an endemic
equilibrium E”,

= (S0, 15 RS RS, - S I, RY).

We may now focus on the study of its stability. To this purpose, we shall use again the Lyapunov-LaSalle invariance principle,
after defining a suitable Lyapunov functional first.

Theorem 2. If R > 1 and

(H) Dy; <0, for all S, I, I; > 0, where
Dy = [‘ij(S:,I,fk)fkk(Sk,I:) — O St L)k (S5, 1) ] [fk; (e I ) (S 1) —ﬁcj(Sij)fkk(S,fJ:)],

then the endemic equilibrium E” is globally asymptotically stable in T.

Proof. Let us now denote

A= <ka (80.17) < / Qe mfd&)) s ®)

Igj<

and let vi = Cy, the cofactor of the (k,k)-entry of the Laplacian matrix of the directed graph G(A) associated with A, as
described in Section 2.3, so that

Z Z ViagGr(xx) = Z Z Viag G(x;), 9
=1 =1 =1 =1

for any arbitrary family of functions {Gy(x)},_,. The reason for this particular definition of Vi, and the choice of the family of
functions {Gy(x)}Y,_, will be made clear in the last few lines of this proof.
To prove the global stability of the endemic equilibrium E", let us construct a candidate of a Lyapunov functional W by

n

(OEWAAO) (10)

k=1
with

Wi(®) = Wi(t) + Wyt) + War (1) + Wy (D),

h S (1) fkk (S)F,I*)
_ — € o k> "k
Wi(0) = ( /0 (&)™ dé) <Sk(r> S; /S VD ds>,

Lt
W) = I(t) = [ = I¥ In @)
Ik
5k Rk(t)
Wai(t) = Ri() =R =R In—> ),
3k (1) #k+5k<k() k Rk>

Lol (Sk(s). (s)
Wa(t) = ) / l / Qk@e-”kﬁ<fk,-(Sk<s>,b<s>) ~fi(SiIF) = fig (S5, IF) 1 M)ds] dé.
j=170 1=¢

fig (Se-17)
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In other words, the Lyapunov functional W is a linear combination of Lyapunov functionals Wy, of the type used in our previous
paper® to discuss the stability of the corresponding single-group model considered therein. Note that each functional Wy refers
(functionally) only to the kth group and it is radially unbounded. The fourth component of Wi, Wy has as its exclusive role to
deal with the delay terms. Without delay, the functional Wy would be exactly the sum of Wy (which deals with the first class, the
susceptibles), Wy, (which deals with the second class, the infectives), and W3 (which deals with the third class, the recovered).
Computing the derivatives of Wi, War, Wik, and Wy with respect to t along the solutions of the system (Equation 7) yields

dWy() : fu(Si- 1) N, ‘
— < / Ox(&)e™" df)( 0. ne(Sk(2)) Zﬁ,<sk(r>,4<r>> :

j=1
dWau (D) _ <1 L

no b
—> < Z / Ou(&)e™ i (St = &), It — &))dE + SiRi(1) — (uye + oy + J/k)lk(t)>,
dt I.() =70

AW (t) o Ry

Cdt o+ <1 - R_()> (velic(t) = (usy. + SORK(D)),

dWa(®) _ e B _ o S (k= &), (e - 9)
— / Or(&)e™ [f/g(Sk(l) L) = fig (St = &), 1t = &) + fiy (S, IF) In [FAONI0)

By summing up the above equalities, we obtain, after some algebraic manipulations, the expression of the derivative of the
functional Wy, in the form

f S* I* n h f
L ( / 0 (é)e'”‘§d§> <1 - M) (S + Y ( / Qk(f)e_”k§d§> Sl L) o)
0

FuSu0.1) & IRCONA)
C h Lfig (St =&, =) fiy(Siut = &), It — &)
(S*. 17 e [ _ Y / InZ J d (11)
- 2 ~')/o Qe ( w0 sonm )¢
Lt g ) = 2 ()—LéR(t)+( o+l — 2 R—I(t)+5R*
Mk k Yk #k+5 k I() kN Hk k Yk llk+5kRk(t)k k

To apply Lyapunov-LaSalle invariance principle for the functional W, the sum of all W;'s, 1 < k < n, we need to further
manipulate the right-hand side of Equation 11 to obtain as many terms with negative signs as possible. The first step is the use
of the equilibrium conditions to rearrange the right-hand side of Equation 11. After that, we shall use monotonicity properties
and a certain algebraic inequality.

Let us denote

OkYk I . s B .
Ty =— + o +yr) — — ——OkRi(t) + (u + o + v} —+ rn+s R.
k (r + ax + 71) et o I(®) o (O + (i + o + 71) Tt 6 R (D) + 61

For the endemic equilibrium E~ to exist, one notes that the following equalities need to be satisfied

Z £ (S T7), (12)
n h
2 < Qk(f)e_”k5d5>ﬁcj(sz’lf) = (pr + vk + ap)l; — Ry, (13)
=1 N0
* Yk *
Rp =T (14)

Using the equilibrium relations 13 and 14, one notes that
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n

_ Lo o - . 4 o [~ RO R RO
Tk—;[ L r(S 1) /Qk@)e” dE + £y (S} T7) /Qk@e” d5]+6kR (r)( ro R RO T

(1 O\ [ o e W IS B A TN B 10
= <1 I >Z [fk] (Se- 1) / O(&)e™ df] SR (1) O \/Rk(t) I

J=1

2

(15)
Now, the second term is clearly negative, while the first one will be paired with another one in the right-hand side of Equation 11.
Substituting the expression of Ty given by Equation 15 back into Equation 11 gives

awie) _ (" fu(Sis 1) e ge) S8 L)
= ( /O Qu(©)e™ dé) <1— BEO.D k<Sk<t>)+Z( / Ou(&)e™ :) mﬁq Sk, 1)

c " Lfg($ct =9, =9)  fig(Silt = 9.4t = §)
(S, 17 —mé [ _ WY / InZ J d
- 2 ~')/o Qe ( o) eonm )*

(16)

2
L0\ ¥ - PP N B I O N R 10)
* <1 I; ) ]Z:, [f’" (5. 4) / Qe d‘f] WOV R VR0 I

To further rearrange the first term in the right-hand side of Equation 16 to obtain another term with negative sign out of it via
sign conditions on ny and fi, (assumptions (i) and (iii)), we use again the equilibrium condition 12. It follows that

de(r) e  fulSoR) e
( / Qu(&)e™* drf) <1 BEO.D (i (Se(6)) — i (S}))

. . . S*. I s
+ kaj(sz’]]*) </ Qk(é)e_"k5d§> lka(Sk(t)’IJ(t))ﬁCk( k k) 12 Ik_(t) _ ﬁck( k k) ]
j=1 ’ 0 TN

SO fo(ser) L Sa0.8)
d h (S =900 =) fylSutt = 8.1 = §)
(S, I —mé | _ &Y J InZ J d
- 2 f)/o Qe < roneLr) o eonm)®

2

. I Ri(o) RE ()
— &R (1) o) R \/m I

Now, the terms with uncertain signs in the above inequality are the second and the third one. We set our sights on the third.
We intend to use to our advantage the inequality

l—-x+Inx<0, forall x>0,
with equality if and only if x = 1. Let us define
F:(0,0) > (—00,0], F(x)=1-x+Inux.
Since

L (St = 9, 1t = ©) . lnfk,(sk(r -, L(t-8) L Lfig (Sk(t = &), it = &) i Lfi (Se(t = &), It = &)
I(Ofi(Sp. 1) Ji(Sk(®), (1) I (S 1) I (Sp. 1)
N If<z>fk,-(sz,1;) g sa-0e-0)\ O Fa(Se 1) L
Lfi(Sk(o), 1) IO (SE. 1) I S (S, I;(0))
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it follows that

AW ([ fu (S 1) .
— = < /0 Ou(E)e™" d.f) <1 W ACGNR) (n(Sk()) — nie (7))

n h
+ kaj(SzJ;) </ Qk(f)e_”k§d§>
J=1 0

[ESOsO S B) o AR o S
fkk(Sk(l)vI;:) fkj(SZ’I;k) I;: i (Sk(0), [Z) ];{k fkj(Sk(f)’ IJ(I))
" 0 I fig (St = &), 11 — £))
+ Y fa(se / Ox(&)eméF [ £ d¢
lefkj( k j) 0 KeJe < Ik(f)fkj(stI;)
2
. I R Ri L@
- 5kRk(I) Ik_(l‘) RZ - m IZ

It now only remains to establish the sign of the expression inside the square brackets, corresponding to the second term in the
above inequality, since the other terms are already negative. Let us denote

SO S L) ke RSpE) w0

T (SO So(ST) I RS0 R RS L0

Again, the main tool to establish the sign of Py is to use the negative sign of F. In fact, we shall try to isolate inside of Py as
many values of F as necessary, for suitable arguments. It follows that

S S0Ba S ) b0 fuSpR) L be Si(S6 D)
T SO Sy (S T) TR0 T S )
NN G O 0
I L 5 Iy

_ o PS8\ | S (S 8)  bw (50 S0 fuSio. 1)
RVIONA) fuSKD. L) fy(Se.17) L I fgSk0. L0 fir (S 1)

. <—II}E<[) o b0 1O Ij(t)>
k

A

_ s Juae(S5.1I7) /o) T (SpLF) - fulSkO. L)\ £ (Su). L) fiae(SETF) _Lo
S (S(®), 1) I fig(Se@, (0) fia (S5, 17) See(Sk(®), 1) fkj(Sz,I;‘) Ir
Lo WSHE) SO wo e L0 50
L fg(Se@, (D) fia (S2,1¥) Iy I I

o B Y (10 Jg(SeTF) - fuaSu(). 1)

0\ (S0, 1) ¥ Sk, 0) fi(SET7)

<I,~(t) S Sk 50 fu(Si I )( Jg(SeIF) - fuaSu(@). 1) _1>

5 ge(Spr) SaSo 1) ) \ FGa0.50) (S 17)

EONE T

+<_1k(r> RO Ij<t>>_

We are now left with 2 terms that still resist the sign analysis. The first one (the product of parantheses) will be discussed by
means of (H). Actually, this is the very (and only) reason why (H) is used. The second one (the one containing logarithms)
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will be analyzed by means of the summation lemma, Lemma 1, after all similar terms for each group are inserted back into
the derivative of W (at this moment, Py comes only from the derivative of Wy). The choice of A as given in Equation 8 is solely
motivated by the need to estimate the corresponding terms in the derivative of W.

By the definition of ®y;, it follows that

(1,-@) Sk, 50) fue(Sp 1) )( S (SpIF) - fuSe(0. 1) ~ 1)
I fy(Sp ) SwSc0.0) J\ Sk, L) fu (Sp. ;)
_ 1) (1 _ D©yy(Si0), () S (S5 1) > . ( ﬁV(SZ’I/’*) Ja(Si(®), I}) B 1>
I Oy (Sp. 1) FaS 0.1 )\ FScO L) fu(S7.17)
_ 50 1 1
I ‘I’kj(SZ,Ij*)fkk(sk(f),IZ)ﬁcj(Sk(l),Ij(l))fkk(SZ,IZ)

(@ (1 1 VakCSk0, 1) = PugSkO LYk (S5 17) ) (i (S5 7 ViSO ) = i Se [o0ia (S5 7))
L 1 1
T @y (SL Sk, I fi (SO LW i (1. T7)

kj+

It then follows that

de(t) 3 e _ Ju (S5 1F) e
T = ( / Ou(&)e™* dé) <1 SO0 ((Sk(®) — i (SE))
. S*’Ifk —Mké F
+j;fkj( k ,,) </0 Or(&)e §> <fkk(Sk(t) >
" h L f(Sp L) fuSo. 1)
(S, 1 ~méde | F k
+Z,fk,( ; ,)( /O Qe e:) ( T RS0 0 fu(SE)
n h
+ ) fi(Se.TY) < / Qk(:)e‘”k¢d§> Dy
j=1 0
n h
S Asr) < / S d§> <_1k(t) OGN Il(t)>
J=1 0 / i

I I
\ h Lfig (St = &), It = &))
+ 3 fo(sE T / 0@ éF (X ds
;ka( k J) 0 ke )e ( Ik(l‘)f}cj(S:,I‘;k)

2

LR | R L

RO o R VRO T

Now, all terms have been rearranged conveniently. Actually, all terms in the right-hand side of the above equality are known to
be negative, except for a single one (the one containing logarithms). This yields

z) NG )

] j

AW < - 1) _ (1) L I
d]; S;fkj(sk’l </ Ok(&)e ”k‘fdf)( kl* +1In kl;: +

Consequently, since
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aw() _ » deWk(t)7

dt ~ dt
it follows that
AW < noa i )
s ;FI (S5 T) < / 0u(©)e ukéd,,z) Gill) - ;;kak,—(s;, r) < /0 0u(&)e uk¢d§> G0,
with
Gilll) = —j—’; +In f_k

Using the notation given in Equation 8, this inequality may be restated as

dW(t) Z Z VikagGr(xi) — Z Z Viag Gj(x;).

k=1 j=

Now, because of Equation 9, the right-hand side of the above inequality is 0. Hence, dv:;( ) <0 forallt > 0, and the equality holds

only at the endemic equilibrium E*. By Lyapunov-LaSalle principle, E" is globally asymptotically stable in T, which completes
the proof. O

Remark 3. Note that if the nonlinear incidence function f;(Sk, 1)) factorizes as a product of functions depending upon a single
variable, in the form

S, 1) = gr(Shi)),

then (H) reduces to

hi(I*
< (1) h(1)> (h(l*)—h(l))
r
which holds true due to (iii) and (iv). Consequently, in this case (H) does not need to be assumed separately. However, if
Jii(Sk: I;) does not factorize in the above form, then (H) does not follow from the other assumptions. In this regard, although
it is somewhat symmetric (note that the second parenthesis in (H) is obtained from the first one by changing the ®'s into f's),
condition (H) involves both variables S and I in a nontrivial manner, as opposed to (iii) and (iv), which are single-variable
conditions. Some examples of incidence functions that do not factorize are the saturated incidence and the modified saturated
incidence mentioned in Remark 2.

3 | THE MULTIGROUP STOCHASTIC SEIRI EPIDEMIC MODEL AND ITS
ANALYSIS

3.1 | The model and its relevance

Apart from focusing on deterministic models, May also pointed out that environmental randomness plays an important role in
the evolution of populations.*’ To further this line of thought, many papers modeled environmental randomness by means of
using stochastic differential equations. In this regard, one of the interesting assumptions is that the environment noise affects
mainly the infection-related parameters (see previous studies** and the references therein). Since in our model, we use a
general incidence of infection, we thereby follow Carletti,> Beretta et al,”> and Ji et al*® and consider stochastic perturbations
of white noise type, which are directly proportional to distances between Sy, /i, Ry and the respective values of each component
of the equilibrium S’k, ik, f?k. Under these assumptions, the system (Equation 7) is then reduced to the following form
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dsy dB,
= m(Sy) — ka](Sk(f) L) + o1x(Sk — Sp) i s
j=1

d h _ &\ dBy,

d’k = 2 Jo! QU@ Ly (St = 0.1t — )dE — (ux + 72 + @(®) + 6R(0) + ol — )22, {an

dR, d

k= klk(o — (e + SORUD) + o3 (Re — ROZE,
in which By, By, and B3k, k = 1,2, ... ,n, are independent standard Brownian motions defined on a complete probablhty
space (Q,F,P) and cr represent the respectlve intensities of By, i = 1,2,3, k = 1,2, ... ,n. Here, the equilibrium E =
(S 1 11 Ry, LS, In, Rn) may be either the disease-free equilibrium E0 or the endemic equ111brium E".

Before starting to analyze the stochastic stability of the above-mentioned equilibria of Equation 17, we first introduce certain
prerequisite notions and results. Let us consider the n-dimensional stochastic functional differential equation

dX = (X, t)dt + g(X,.1)dB(r) (18)

with initial condition X(fy) = X, € C+([—h, 0], R"), the space of continuous functions from [—#, 0] to R” with norm ||y|| =
SUPge(_p01 W (O)].

Suppose that Equation 18 admits the trivial solution. Also, let C*! (]R" X[tg, 00); R+) be the family of all nonnegative functions
V(&, 1) defined on R" X [fy, 00), which are continuously differentiable, twice in X and once in . Define the differential operator
L associated with Equation 18 by

52

=§+Zf,<X(r D35 + 3 2[9 Xa=9.0)(xa-001) | 33w

Definition 1.

1. The trivial solution of Equation 18 is said to be stochastically stable or stable in probability if for every pair of € € (0, 1)
and r > 0, there exists a 6 = 6(e, r, ty) such that

P{IX(t10,X0)| <r forall t>21}>1—¢

whenever |Xy| < 5. Otherwise, the trivial solution of it is said to be stochastically unstable.
2. The trivial solution of Equation 18 is said to be stochastically asymptotically stable if it is stochastically stable and, moreover,
for every € € (0, 1), there exists a 6 = 6(¢, tp) such that

P{ lim X(1;19, X)) =0} > 1 —¢
t— o0
whenever |Xy| < 5.

Definition 2. A continuous nonnegative function V(X,t) is said to be decrescent if for some v € 9
VX, 1) < v(|X])

forall (X,1) € C+([—h, 0], R”) X [y, ), where 8 denotes the family of all continuous nondecreasing functions v: Rt — Rt
such that v(0) = 0 and v(s) > 0 if s > 0.

Lemma 2. If there exists a positive-definite decrescent function V(X, 1) € C*! (R” X [t9, 0); R+) such that LV (X, t) is negative
definite, then the trivial solution of Equation 18 is stochastically asymptotically stable.

3.2 | A stochastic stability analysis

In this section, we shall study the stochastic stability of E by constructing an appropriate Lyapunov functional. By applying the
variable change

=S8, w=h-L z=R—R,
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the system (Equation 17) can be restated as

( n

. . . . dB,,
% = e + ) — Z;fkj(xk + 86y + 1) + oun =k,
=
n
dy, h - S I
L5 = 3 o Que iy (ute = &) + 8.y = &) +;)ae
=1
. . dB
—(ue + 7 + @)k + L) + 82 (@) + Ri) + ooy =
J dB
{ % = }/yk —_ (//l + é)zk + 0-3ka73,('

19)

To obtain sufficient conditions for the stochastic stability of the null solution of the system (Equation 19), we shall consider its

linearization
d < < dB
N .
o = mSxe = X figy X = X fig Vi + ok
=1 =1
n
d h - dB
=L =3 [y Qu&e ”"‘f(ﬁ(jgkxk(f = &) + iy Vit — E))dE — (i + v + @)yx + ez + OUVK— s
j=1
L = yy, — 4B
o = Y= (87 + onz— s
. . . of: ,~ 2 of.. A~ ~ . .
in which we have used the notations fi;; = %(Sk, ;) and fij, = %(Sk, I;). We then obtain the following result.
; k J j

Theorem 3. If ny is differentiable and the following conditions hold

(i) oy < Tieafus, = 20,80 = T fuys
(ii) 03 <20+ o) + v = 6 = 2y | i, +fkji,-)( I Qk(g)e_”kfdé:)z — 2%

(iii) 63, < 2k + S — i
fork,j=1,2, ... ,n, then the null solution of Equation 20 is stochastically asymptotically stable.

Proof. Let us define
U=Ui+Up+Us, with Uy=)Yx, Uy= Y3 U= 2.
=1 k=1 k=1

It follows that

n n

n n
LU, =2 2 Xk lni(gk)xk - Zﬁ‘fﬁkxk - Zﬁ‘fi,-yj + Z o-lzkxi;
k=1 k=1

Jj=1 J=1

n n h n
LU, =2y [Z / Q&)™ (figy Xe(t — &) + fuj, yj(t — £))dE = (i + 7+ @)Ye + Grzi | + ) 0337
k=1 [j=170 ! k=1

n n
LU; =2 Z % [k = (e + 80z + Z O3k
k=1 k=1

We then have that

LU= ) x lzn;(ﬁk) -2 Z fijg, + afk] + ) v 20+ e+ a) o5 ] + ) 23 [20mk + 8) + 03]
k=1 j=1 k=1 k=1
n n n n h
—2 )" > S +2 ), ( / Ou(&)e™Exy(t — 5)d:> el
k=1 j=1 k=1 j=1 0

n n h n
+2 Z Z (/0 O(&)e™y;(t — §)d§> kakj,} +2 Z(ék + 71 )ViZk-
k=1 j=1 ' k=1

(20)
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o0 | WiILEY

It is obvious that
2

h h
2 ( / Ou(§)e éxy(t - §)d§> Viligs, < K1, )7+ %fé < / Ou(EeExy(t - 5)d5> :
0 ki k 0

2

h h
2 < /0 Qk(g*)e-”kfyj(r—é)d«f) Wi, < Ko, 37+ éf,j( /O Qk@)e-”ké‘yj(r—:)d:) :

in which K, Y and Ky, k,j = 1,2, ... ,n, are positive coefficients to be chosen later. We then obtain that

LU< Y x lzn;(sk) =2 fig,, + afk] + )07 l—z(uk +reta) toy+ Y K+ ) Ky + 6+ yk]
k=1 j=1 k=1

J=1 J=1

(/ Ox(&)e ™ xy(1 — f)d§>

+ ZZ]% [—2(/4k+5k)+0'§k+5k+]/k 22 Zﬁq’ Xryj + Z Z

k=1 k=1 j=1 k=1 j=1

n n f}(
+2) ( / Qu(&)e4y;(t — §)d§>

k=1 j=1

2

It follows from the integral form of the Cauchy-Schwarz inequality that

LU<) lzn;(ﬁk) -2 ) figy, + afk] + 2 ¥ l 2p + e+ a) + o5 + 2 K, + Z Ky + 8+ yk]
k=1 j=1 k=

Jj=1 j=1

n

+ ) 2 [<20m + 8 + 03 + S+ ] -2 Z kaj, X

k=1 k=1 j=1

n h h
+ZZ ( / Qk@e-*‘kfdf) ( / Qk(s)e-”kﬁxz(r—é)dé)

k=1 j=1 K,

+ Z K </ Oi(&)e” ”‘§d§> </ Ox(&)e¢ 2(;—§)d§>

k=1

Let
W=U+ U4,
Us :;Z‘ % ( / 0 ”kfde:> ( / e / 5 i(s)dsdg>
=1 J= ki 1—
n n f;czfi h ;
+ Z Z E (/ Qk(é)e_”kéaf) </ Qk(é)e_”ké/ yjz(s)dsdéj) .
k=1 j=1 ki 0 t—¢&
Then

j=1 J=1

h
i ( / Qk@e-ﬂkfd:)
1kj 0

n n n n n
LW<Y x lzn;(Sk) -2y figs, + afk] + )5 l—z(yk et @) +or + Y Ky + D Ky + 6+ yk]
k=1 j=1 k=1

2

+ 3 2 [<20u+ 80 + 0% + 5+ =2 Z ka], Xy + Z Zxk

k=1 k=1 j=1 k=1 j=

2

+ Z Zy ( / Qe ”Afd:)

k=1 j=
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h 2
( / Qk(§>e-”kfdé> +o7,
0

n n n n n f,2 h
ki, .
+ 07 [ — 2+ a) oy + Y K+ Y Ko St Y S D Kzlk </0 0i(&)e m-fdé)
k=1 =1 =1 =1 =1 B2

J=

Therefore,

n n n n ‘}(}(2
A I3
< 2 U _ . . k
LW < sz 2| 2niS0 -2 ,Z‘ figs, + ; figy + ,Z‘ 9

2

|

+

n

7 [<20m + 80 + 05, + S+ 7] -

h
Klkj =fk/§k (/ Qk(é)e_ﬂk§d§>
0

Lw <)« lzn,g(ka) = D fis + D, fig, + afk]
k=1 j=1 j=1

n n h 2 n
+) yZ{ — 2+ i+ @) + 05+ Y [(fk,,-gk +fl<j,~],)< / Qk(é)e‘”kfdaf) ] + O+ 1k +2 ) Sy }
k=1 j=1 0 j=1

k=1
Choose

2 2

h
. Koy =1y, </ Qk(i)eﬁ%dé) , kj=1,2,---,n
"\Jo

Hence,

+ )2 <20+ 8) + 0% + 6+
k=1

It now follows from conditions (i) to (iii) that LW is negative definite, which implies that Eis stochastically asymptotically stable.
O

4 | NUMERICAL SIMULATIONS AND CONCLUDING REMARKS

We first perform a numerical simulation of Equation 7 to illustrate our analytical results. For sexually transmitted diseases, it is
natural to consider separate male and female groups, respectively, which leads to the particular choice of n = 2 for our future
numerical considerations. We hereby consider the growth functions 7, (Sy) and the incidence functions fkj(Sk, I}),k,j = 1,2 being
particularized as

m(Sx) =3 =S, fii(Sk> 1)) = PriSed;-

Itis assumed that the maximal exposed period is 9 months (ie, 2 = 0.75 y). We take u; = 0.05, 6; = 0.45, 7, = 0.5, ay = 0.2, and
0 (&) = 2 exp(—2&). Furthermore, we choose that f;; = 0.002, f,, = 0.012, f,; = 0.001, and f,, = 0.001 and 61, = 0.7, 63 =
0.3, and o3, = 0.2, the concrete choices of parameter values being motivated by related investigations on sexually transmitted
diseases pursued in Yuan and Wang,* Blower et al,'® and van den Driessche et al.* Since R = 0.0766 < 1, the disease-free
equilibrium E° = (3,0,0, 3,0, 0) is then globally asymptotically stable. Figure 1 offers a comparative (superimposed) view of
the behavior of the susceptible population for the deterministic and stochastic models, respectively.

Letting f,; = 0.05, f, = 0.03, f,; = 0.03, f,, = 0.05, and a; = 0.05 and keeping the other parameter values unchanged,
we obtain that R = 1.2255 > 1, which implies that the endemic equilibrium

E* ~ (2.4481,2.8180,2.8180,2.4481,2.8180,2.8180)

of Equation 7 is globally asymptotically stable (note that (H) is satisfied if the incidence functions are all bilinear, since all
Dyj's are null). The convergence of S and Iy, kK = 1,2, to the respective components of E’ is illustrated in Figure 2 (for the
deterministic model) and Figure 3 (for the stochastic model), respectively.

In this paper, we investigate a multigroup disease propagation model with general incidence rates and distributed delay from
a stability viewpoint. It is determined that the stability results that were obtained for the single-group model discussed in
our previous paper?® carry out to the multigroup model. In other words, from a stability viewpoint, the heterogeneity of the
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Sk(t)(k=1,2)
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FIGURE 1 Time series graphs for the susceptible populations. The initial conditions: ¢;;(0) = ¢,3(0) = 1, ¢4(6) =0,
®21(0) = 93(0) = 0.1, p4(0) = 0,60 € [—h, 0] (blue solid curve: the deterministic model; red dashed curve: the stochastic model) [Colour figure

can be viewed at wileyonlinelibrary.com]
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FIGURE 2 Time series graphs for the susceptible and infective populations of the deterministic model. The initial conditions: (data 1)

©11(0) = ¢13(0) = 0.1, 914(0) = 0, 92, (0) = 923(0) = 0.2, 9p4(0) = 0; (data 2) ¢;;(0) = ¢13(0) = 0.5, 914,(0) =0,

©21(0) = @23(0) = 0.5, 924(0) = 0; (data 3) ¢,;(0) = ¢13(0) = 0.8, 914(0) = 0, ,(0) = P3(6) = 0.3, () = 0; (data 4)

@1100) = 91300) = 1, 914(0) =0, 95, (0) = 953(0) = 0.1, 0p4(8) = 0; (data 5) ¢, (0) = ¢13(0) = 1.5, 914(0) = 0, ,(0) = @3(0) = 2, pp4(0) = 0;

6 € [—h, 0] [Colour figure can be viewed at wileyonlinelibrary.com]
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FIGURE 3 Time series graphs for the susceptible and infective populations of the stochastic model. The initial conditions: (data 1)

@110) = 913(0) = 0.1, 914(0) = 0, @,,(0) = @23(0) = 0.2, 9,4(0) = 0; (data 2) @,(0) = @3(0) = 0.5, 914,(6) =0,

©21(0) = 923(6) = 0.5, 0,4(0) = 0; (data 3) 9,,(0) = 913(8) = 0.8,01,(8) = 0, 03, (8) = 923(60) = 0.3, 4(6) = 0; (data 4)

010) = 0138) = 1,0,4(0) = 0, 93, (8) = 93(6) = 0.1, 04(6) = 0; (data 5) @1,(6) = @13(0) = 1.5, 014(8) = 0, 9,(8) = ¢23(6) = 2, 94(6) = 0;
6 € [—h, 0] [Colour figure can be viewed at wileyonlinelibrary.com]

population, as expressed through the group structure, does not alter the qualitative behavior of a SEIRI model with general
incidence rates and distributed delay. To this purpose, the graph-theoretic approach that was devised in Guo et al'' to aid with
the construction of Lyapunov functionals for multigroup models is used.

It is then seen that neither the relapse phenomenon nor the group structure induce sustained oscillations by themselves, the
behavior of the multigroup model being completely characterized by a threshold parameter, the basic reproduction number,
provided that a certain sign condition that involves the nonlinear incidence function is also met. In this regard, multigroup
models provide a more accurate understanding of the ways in which a disease spreads through communities and global stability
results and, in conjunction with an explicit expression for the basic reproduction number, allow for the preparation of successful
measures to control the spread of the disease, designated to bring the basic reproduction number below unity. Our model is
appropriate to discuss the treatment of tuberculosis and of certainly sexually transmitted diseases such as herpes and gonorrhea,
which are prone to relapse and for which the partition of the population into specific groups can be done via the level of sexual
activity (core and noncore groups).

Multigroup models have also become a useful tool to characterize disease dynamics in urban environments, which are nat-
urally heterogeneous due to high population circulation. In this context, an explicit formula for the basic reproduction number
allows for an estimation for the level of behavioral change required to tame and control an epidemic via a reduction of the
contact patterns.

The fact that the nonlinear incidence functions are not necessarily assumed to factorize as products of functions depending
only on the sizes of the susceptible and infective classes, respectively, allows for the treatment of more general saturation
phenomena, modeled, for instance, by the saturated incidence and the modified saturated incidence nominated in Remark 2. The
group structure makes the estimation of the derivative of the Lyapunov functional significantly more involved. To this purpose,
a certain summation lemma derived from Kirchoff's matrix tree theorem is a key ingredient.
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Finally, under certain assumptions on the magnitude of environmental perturbations, the stochastic stability of the equilibria
is established, again via the use of Lyapunov functionals. It is to be noted that the choice of a Lyapunov functional may not be
unique. For instance, to study the stability of the endemic equilibrium, our choice of a Lyapunov functional, given in Equation 10
and motivated by the ones used in Zhang et al*®® and Georgescu and Zhang,?' contains the nonlinear incidence function only in
a single term of the nondelayed part (the S-term, as defined by Wy;). From this viewpoint, our Lyapunov functional aligns with
those used in Guo et al,''>% Li et al,” and Shu et al.'* However, in the Lyapunov functional used in Georgescu et al** (albeit for
a model without either delay or relapse), the nonlinear incidence function appears in both the S-term and the /-term (although
the model treated in the paper® is a predator-prey model, it is functionally equivalent to a SEI model), which may lead to the
possibility of using a different functional template for our multigroup model as well.

A related integro-differential multigroup STR model with nonlinear incidence rates and distributed relapse has been analyzed
in Wang et al.”> Our model considers an additional exposed class for each group and a distributed latency, rather than a distributed
relapse, as used in Wang et al,*> while using a linear relapse term. Also, we postulate the existence of a maximal length of the
exposed period, which leads to a transmission term consisting of an integral term over a finite interval, while in Wang et al,? the
infective periods were assumed to be exponentially distributed in each group. In Shu et al,'* the global stability of a multigroup
SEIR model with distributed delays and nonlinear transmission terms has been considered, assuming that the incidence terms
factorize and there is no relapse, while the multigroup SEIRI model discussed in Wang et al*® features factorized incidence terms
and linear growth terms for the susceptible classes, assuming also that the infective periods are exponentially distributed for each
group. Multigroup SEIR and SIR models that are subject to white noise perturbations were analyzed in Yuan et al,'® assuming
that the incidence terms are bilinear and the growth terms for the susceptible classes are linear. In the nonperturbed case, our
Theorem 2 extends their theorem 3.1, while in the stochastically perturbed case, our Theorem 3 is not directly comparable to
their theorem 3.4, because of the use of a different quadratic functional, which leads to the use of different inequalities involving
the intensities of Brownian motions as a priori assumptions. However, the quadratic functional used in the proof of Theorem 3
can be modified to have a similar form to the one used in the proof of Theorem 3.4 from Yuan et al'® so that, after a suitable
modification, Theorem 3 may encompass Theorem 3.4 from Yuan et al.'®
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