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Abstract

Many processes in automatic regulation, physics, mechanics, biology, economy, ecology etc. can be modelled by hereditary
equations (see, e.g. [1-6]). One of the main problems for the theory of stochastic hereditary equations and their applications is
connected with stability. Many stability results were obtained by the construction of appropriate Lyapunov functionals. In [7-
11], the procedure is proposed, allowing, in some sense, to formalize the algorithm of the corresponding Lyapunov functionals
construction for stochastic functional differential equations, for stochastic difference equations. In this paper, stability
conditions are obtained by using this procedure for the mathematical model of the spread of infections diseases with delays
influenced by stochastic perturbations. © 1998 IMACS/Elsevier Science B.V.
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1. Problem statement

Consider the mathematical model of the spread of infections diseases. Let S(¢) be the number of
members of a population susceptible to the disease, /(¢) be the number of infective members and R(f) be
the number of members who have been removed from the possibility of infection through full
immunity. Then the epidemic model can be described by the system [4,13]

h

$(1) = —Bs(0) / STt~ s)ds — uS() + b

0
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h

i) = 53(0) [ £(6)1(e = 5)ds (2 + (0 (1)
0

R() = N(1) - sR(1)

It is assumed that 3, b, A, uy, o, pz are positive constants, py=min(uy, fo, p43), f(s) is nonnegative
function, such that

h h
[f(s) ds =1, {sf(s) ds < oo

It is easy to see that positive point of equilibrium for system (1) is given by E.=(S", I', R"), where

AN b—mS s

S = r R* 2
ﬁ Y BS* Y /,LS ( )
provided that
A b

Remark that models of type (1) were considered in numerous papers [4,12,13]. A particular case of this
model with fixed delay was proposed first in [12]. The stability properties of the system (1) by
pwi=pr=u3=b=p were considered in [13].

Here we assume that stochastic perturbations are of white noise type, which are directly proportional
to distances S(z), I(t), R(¢) from values of S™, I', R, influence on the S(7),1(1), R(z), respectively. By this
way, the system (1) will be reduced to the form

h

$(t) = —3s(1) / F)I(E = s)ds — () + b + 01 (S(t) — S (1

h

i) = () / F)I(E =) ds — (2 + NI(E) + 02(1(2) — I )ia(t) )
0

R(t) = M(r) = psR(1) + 03(R(r) — Ry (1)

Here oy, 0,, 03 are constants, w(f), wx(?), ws(f) are independent from each other standard Wiener
processes [14].

Let us centre the system (4) on the positive equilibrium E, by the change of variables u;=S—S",
u,=I—I", us=R—R". By this way, we obtain

h h
ity = —(BI" + )y — BS" / Fls)ur(t — s)ds — fuy / F($)u(t = 5) ds + iy
0 0
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h h
iy, = Bl'u; — 85 ur + BS* /f(s)uz(t —s5)ds + Buy /f(s)uz(t — ) ds + opupwy, 5)
0 0

U3 = Aug — p3u3 + o3uzw3

It is easy to see that the stability of the system (4) equilibrium is equivalent to the stability of zero
solution of Eq. (5).

Below we will obtain the sufficient conditions for stability in a probability sense of zero solution of
system (5). Along with the system (5) we will consider the linear part of the system (5)

h
21 = —(BI' + )z — BS” /f(S)ZZ(t —8)ds + o1zwi
0

h
2= pBI'z1 — 88"z + BS* /f(s)zz(t —5)ds + 022003 (6)
0

23 = Azp — p3z3 + 03z23W3

and the auxiliary system without delays
Vi = = (B + w)y1 + o1y
V2 = BIy1 — BS"y2 + 02y2W2 (7)
V3 = Ay2 — pay3 + 03y3Wws

2. Definitions, auxiliary statements

Consider the stochastic differential equation [14]
dx(7) = a(t,x;)dr + b(t,x,)dw(t), xo=¢ € H. (8)

Let {€), o, P} be the probability space, {f,, £>0} be the family of o-algebras, f,co, H be the space of fy-

adapted functions p(s)€R", s<0, ||¢||, = sup,<ole(s)], ||g0||% = sup,.oM|¢(s)|*, M is the mathematical

expectation, x,=x(t+s), s<0, w(t) is m-dimensional fradapted Wiener process, n-dimensional vector

a(t, ¢) and nxm-dimensional matrix b(t, ) are defined by >0, p€H, a(t, 0)=0, b(z, 0)=0.
Generating operator L of Eq. (8) is defined [14] by formula

Mz,¢v(t + A, yt+A) - V(l‘, 90)
A

Here a scalar functional V(¢, ) is defined by >0, ¢€H and x(s) is the solution of Eq. (8) by s>t with
initial function x,=p€H.

Let us describe one class of functionals V(z, ¢) for which the operator L can be calculated in final
form. We reduce the arbitrary functional V(z, ), t>0, p€H, to the form V(¢, ©)=V(t, p(0), ©(s)), s<0

LV(Z‘, go) = lima_,o
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and define the function
Vo(t,x) =V(t,p) =V(t,x,) = V(t,x,x(t +5)), s<0, ¢ =x, x=¢(0)=x(t)

Let D be the class of functionals V(z, o) for which function V_(z, x) has two continuous derivations
with respect to x and one bounded derivative with respect to ¢ for almost all £>0. For functionals from D
the generating operator L of Eq. (8) is defined and is equal to

oV, (t, , oV, (t, 1 , 0*V,(t,
LV(t,x;) = Velt, ) +a (t,x,)% —i—ETr b (t,xt)#

8[ b(tvxt)

Definition 1 The zero solution of Eq. (8) is called mean square stable if for any e>0 there exists a 6>0
such that Mx(1)|* < e for any >0 provided that ||¢||? < 6.

Definition 2 The zero solution of Eq. (8) is called asymptotically mean square stable if it is mean
square stable and lim,_..M|x(r)|* = 0.

Definition 3 The zero solution of Eq. (8) is called stable in probability if for any ¢;>0 and €,>0 there
exists 6>0 such that solution x(r)=x(¢, ¢) of Eq. (8) satisfies

P{lx(t,p)| > €1} < &
for any initial function o€H such that P{|p| < 6} = 1. Here P{-} is the probability of the event
enclosed in braces.
Theorem 4 Let there exists the functional V(t, p)ED such that

aM(n)]* <MV(t,x) < ealxll,  MLV(t,x) < —e3Mlx(7)[?

¢;>0. Then the zero solution of Eq. (8) is asymptotically mean square stable.

Theorem 5 Let there exists the functional V(t, p)ED such that

el < V(t.x) < callullg, LV (1,x) <0
¢>0, for any function p€H such that P{|p| < 6} = 1, where 6>0 is sufficiently small. Then the zero
solution of Eq. (8) is stable in probability.

The proofs of these theorems can be found in [1,2].

By this way, the construction of stability conditions is reduced to construction of Lyapunov
functionals. Below we will use the general method of Lyapunov functionals construction [7-11]
allowing to obtain stability conditions immediately in terms of parameters of system under
consideration.

3. Formal description of the Lyapunov functional: construction procedure

Let us consider the stochastic differential equation of neutral type

d(x(r) — G(t,x,)) = a1 (t,x,)dt + ax(t,x,)d&(z), ¢>0, x(t) € R )
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Here x,=x(t+s), s<0, £(f)€R™ is a standard Wiener process, G(t,0)=a;(z, 0)=0, i=1, 2, functionals q;
are assumed satisfying usual conditions sufficient for the existence of the solution of Eq. (9) with initial
conditions xo=(s), where p€R" is a given function.

The problem is to construct stability conditions of the trivial solution with respect to the disturbances
of the initial condition. From Theorems 4 and 5, it follows that construction of the stability conditions
can be reduced to the construction of special Lyapunov functionals V(z, x,) satisfying the assumptions of
these theorems.

The proposed procedure of Lyapunov functionals construction consists of four steps.

1. Let us transform the Eq. (9) to the form
dz(t, 1) = (b1 (2, x(2)) + c1(t,x:))dt + (bo (1, x(1)) + €2 (2, x,) )dE(7) (10)

where z(%, x,) is some functional on x;, z(#, 0)=0, functionals b;, i=1, 2, depend on ¢ and x(¢) only and
do not depend on the previous values x(t-+s), s<0, of the solution, b,(¢, 0)=0.
2. Consider equation without memory

dy(r) = bi (2, y(1))dt + b2, y(1))d&(7) (11)

Let us assume that the zero solution of Eq. (11) is uniformly asymptotically mean square stable and
therefore there exists Lyapunov function v(z, y), for which the condition Lov(z,y) < —|y|* hold. Here
L is generating operator of Eq. (11).

3. We’ll construct the Lyapunov functional V(z, x,) in the form V=V,+V,. Let us replace argument y of
the function v(t, y) on the functional z(¢, x,) from left-hand part of Eq. (10). As a result we obtain the
main component V(z, x,)=v(t, z(t, x,)) of the functional V(, x;).

4. Usually the functional V; almost satisfies the requirements of stability theorem for Eq. (1). In order
that these conditions would be completely satisfied the auxiliary component V, can be easily chosen
by standard way.

Remark that the representation (10) is not unique. This fact allows using different representations (10)
to construct different Lyapunov functionals and as a result to get different sufficient stability conditions.
4. Main results

In this section, as a result we will obtain conditions of stability in probability for the zero solution of
nonlinear system (5). Preliminary to this, let us prove some auxiliary statements.

Lemma 6 Let be
o] <2u, 03 <2(m+N), 03 <2pus (12)
Then the zero solution of the system (7) is asymptotic mean square stable.

Proof Let us show that the function

v=pyl + 33+ +qn +32)’ (13)
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is Lyapunov function for the system (7) for some ¢ > 0 and p > 0. Let Ly be the generating
operator [14] of the system (7). Then

Lov = —2(pyr + q(yr +42)) (BT + p)yr + 26y + q(y1 + y2)) (T — S™y2)

+20°y3(Ay2 — pays) + (p+ q)otyr + (L + q)osys + poosy;

< =2p(BI" + Nl)y% —2q(vy1 + y2)(payr + BS™ya) + 281 y1y2 — 255*93
2\ (Y3 /P + py3) — 2033 + (0 + @)otyi + (1 + q)osys + pPo3y;
< yilp+q)(of —2m) + 3 ((1 + q) (05 — 2BS™) + pA)

+p°y5(pA — 23 + 03) + 2y192(BIF — q(pr + BS™))
Let be

pIr

q = m (14)

By this way we obtain

Lov < —yi(p+q) (2 — 07) — y3((1 + q)(28S* — 03) — pA) — p°y3(2us — 05 — pA)

Let us choose p such that

1 .
p < 5 min [(1+0)(265" — o3), 25 — o

From Eq.(12) it follows that there exists ¢ > 0 such that Lov < —c|y|?, where y = (y1, %2, 93). It
means (Theorem 4) that the zero solution of the system (7) is asymptotic mean square stable.
Lemma is proved.

Theorem 7 Let be

2 A
o7 < 21, <q<1“j;>

where q is described by Eq.(14). Then the zero solution of the system (6) is asymptotic mean
square stable.

) Ug < 2“3 (15)

Proof Following of the formal procedure of Lyapunov functionals construction we will construct
Lyapunov functional V' for the system (6) in the form V = Vj + V5, where V; is Lyapunov
function (13) for the auxiliary system (7) without delays:

Vi =pzi + 25 + %25 + (21 + 2)° (16)
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Let L; be the generating operator [14] of the system (6). Then

LiVi = =2(pz1 + q(z1 + 22))((BI" + p1)z1 + BS” /f(S)Zz(f —s)ds)
0
h

+26(z2+q(z1 +22)) Iz — '+ §° /f(s)zZ(t —s)ds) + 2p223()\z2 — 1323)
0
+(p+a)oiz + (1 +q)org; + P03z + 2qooziz < 5(p + 9) (07 = 2m) = 2pBI]

+23[(1+ q)(03 — 28S*) + pAl + p*25(03 — 23 + pA)
h

+ 22122(BI" + (0102 — iy — BS7)) 4 268 (22 — pz1) /f(S)Z2(t —5)ds
0

Using Eq. (14) we obtain

Livi < zq(0f = 2m1) + 23[(1 + g)(05 — 265*) + pA] +p2z§<02 —2p3 +pA)
h
+pBS* [z + | f()z5(t —5)ds)] + BS*[z5 + [ f(s)z5(t — 5)ds)]
J J

= z3lq(o] — 2m) + pBS*] + 3 [(1 + 9) (o3 258*)+pA+6S*]
h

P02 — 2+ pA) + B (1 +p) /f<s>z§<r—s>ds
0

Following [7-11] let us choose V, in the form

h t
=BS"(1+p) [ f(s) | z3(r)drds (17)
[o]

Using Eq. (15), for functional V=V,+4V, we obtain
LV < —z[q(2m — o) = pBS)] — 55[2488" — (1 + q)o3 — p(A + B57)]
— P52 — 03 — pA) (18)
From Eq. (15) it follows that there exists p>0 such that

qm —a1) 288" —(1+q)o} 2u3 — 03

p < min s R NS , \

Therefore, there exists ¢>0 such that L;V < —c|z!2, where z=(z;, 22, z3). It means (Theorem 4) that the
zero solution of the system (6) is asymptotic mean square stable. Theorem is proved.
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Remark 8 It is known [15] that if the initial nonlinear system has a nonlinearity order more than one,
then the conditions providing the asymptotic mean square stability of linear part of the initial system, in
the same time provide the stability in probability of the initial system. Let us show it for the system (5).

Theorem 9 Let the conditions of Theorem 7 hold. Then the zero solution of the system (5) is stable in
probability.

Proof Let L be the generating operator of the system (5). Consider the functional V=V,+4-V,, where V,
and V, are defined by Eq. (16) and Eq. (17), i.e.

h t
V = pud + 2 + p*i2 + q(uy + wy)* + 6S*(1 + p) /f(s)/u%(T)des
0 t—s

Then analogously to Eq. (18) we obtain

h h
LV = =2(puy + q(uy + uz)) | (B + py)uy + BS* /f(s)uz(t —s)ds + [u /f(s)uz(t —s)ds
0 0

h h
+206(uzr + q(uy + u2)) | I'uy — S*up + S* /f(s)uz(t—s) ds 4 uy /f(s)ug(t—s)ds
0 0

h
+2p%us(Auy — pzus) + (1 4 p)BS'u3 — (1 + p) 5S° /f(S)Mi(t —s5)ds + (p+ q)otu;
0

+ (1 + q)osu; + p*o3u3 + 2qo 1 0ouruy < —ui[q(2p — 07) — pBS”]

—u3[2qBS" — (1 + q)a3 — p(A + BS")] — PP (2p3 — 0% — pA)
h

+ 2Bu; (42 — pur) /f(sﬁlz(f —s)ds
0

Let us suppose that P{|ux(s)| < 6} = 1. Then

h
28lus (13 — puy) / F)uat — 5)ds| < BOGE(1 +2p) + 1)
0

Therefore,
LV < —ujlq(2p — o) — pBS* — B6(1 + 2p)] — u3[2gBS* — (1 + q)o3 — p(A + BS*) — 6]
— P u3(2u3 — 03 — pA)

Hence, for sufficiently small >0 we obtain LV<O0. It means (Theorem 5) that the zero solution of the
system (5) is stable in probability. Theorem is proved.
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