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Abstract r )

This study examines the balanced Maruyama with two step approximations of stochastic Hopfield neural networks
with delay. The main aim of this paper is to discover the conditions under which the exact solutions remain
stable for the balanced Maruyama with two-step approximations of stochastic delay Hopfield neural networks
(SDHNN). The semi-martingale theorem for convergence is used to demonstrate the almost sure exponential
stability of balanced Maruyama with two-step approximations of stochastic delay Hopfield networks. Additionally,
the numerical balanced Euler approximation’s stability conditions are compared. Our theoretical findings are
illustrated with numerical experiments.
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1. INTRODUCTION

Stochastic Hopfield neural networks are a subject of great interest among young researchers due to their diverse
range of applications, such as pattern recognition, classification, associative memory, optimization, signal and image
processing, and parallel computation. However, finding analytical solutions for stochastic differential equations are
often limited, and therefore, numerical methods are commonly used to handle them. In this context, the investigation
of the stability properties of numerical methods is essential.

Several studies have explored the stability properties of numerical methods for stochastic differential equations,
including mean square stability and almost sure exponential stability. The almost sure (a.s.) exponential stability
of numerical methods was investigated in [4]. Moreover, the stability analysis of numerical methods for SDE with a
delay term has been explored by many authors, including Cao et al. [3, 6], Higuchi [4], Liu et al. [7], Mao [8], Tan et
al. [12]. Such as, the exponential stability of SDHNN was examined in [13, 14], and the stability analysis using the
theorem of sem-imartingale convergence and Lyapunov function was explored in [5]. Blythe et al. in [1] initiated to
study the stability of stochastic neural networks. In subsequent studies [7, 11], the exponential mean-square stability
of numerical solutions for SDHNN was explored.

Furthermore, specific numerical methods have also been studied for their stability properties. Examples of these
investigations include the exploration of the exponential stability in mean square of two-step Maruyama methods for
SDEs with time delay in [3], and the study of asymptotic stability in mean square of two-step Maruyama methods for
nonlinear neutral SDEs with constant time delay in [6]. Additionally, [2] delved into the method of solutions using
linear multi-step Maruyama schemes.

The primary focus of this paper is to investigate the almost sure (a.s.) exponentially stable of balanced Maruyama
with two-step approximations for non-linear SDHNN. The goal is to determine the stability criteria for these methods
as applied to the mentioned networks. The paper consists of five sections, with the second section presenting the
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notations and stability conditions for analytical solutions. In section three, establishing the a.s exponential stability
for the balanced Maruyama with two-step approximations for these networks. Finally, numerical examples to validate
the theoretical findings.

2. MODEL EQUATIONS

Consider the stochastic Hopfield neural networks with delays of the form

dy(t) = [=Cy(t) + Af (y(t)) + Bg (u(t))] dt + o (y(t)) dW (t), t =0, 2.1)

y(t) = <), —7 <t <0. '
The number of neurons in the SDHNN, denoted by n > 1, is specified in the aforementioned system, under consideration
involves a state vector y(t) = [y1(t),...,yn(t)]T € R™, which corresponds to n neurons. The vector u(t) = [y (t —

1), ey Yn(t — 7,)]T. Additionally, the vector functions f(y(t)) = [fi(y1(t)), .., fa(yn(®))]T and g(u(t)) = [g1(yi(t —
71)); <oy G (Yn (t—72))]” represents the neuron activation functions y;(¢) is the state variable of the jth neuron at time ¢,
fj, and g; denote the output of the jth unit at time ¢ and t—7; respectively, and the diagonal matrix C' = (c1, ¢z, ..., ¢»)
has positive entries. In the given context, c; is a positive constant that denotes the speed at which the ¢th unit resets
its potential to the resting state when it is not connected to the network and is subjected to external stochastic
perturbations. The values a;; and b;; determine the influence of the jth unit on the 7th unit, while 7; is a non-negative
constant representing the transmission delay. The connection weight matrix A = (a;;)nxn and the discretely delayed
connection weight matrix B = (b;;j)nxn are also part of the system. The state vector y(t) satisfies y(¢) = ((¢) on
the initial segment [—7, 0], where ((¢) = [(1(t), ..., (u(t)]T is a given function in C([—7,0],R"), and 7 is the maximum
value of the delays. Finally, the diagonal matrix o(y(¢)) = (o1(y1(t)), ..., on(yn(t))) has ¢;(0) = 0, and the vector
W (t) = [Wi(t),..., Wn(t)]T € R™. o; are continuous functions. Let f; and g; be functions in C?(D;R)(.£?([0,T]; R)
and o; be in C (D;R) (%2 ([0,T]);R). Here C' (D;R) denotes the family of continuously I-times differentiable real-
valued function defined on D, while #! ([0, T];R) denotes the family of all real-valued measurable {.%,}-adapted
stochastic processes {f(t)},c(, ) such that fOT |f(t)|"dt < +o0. We put into practise the fundamental presumptions
assumptions to get our results in [10, 11].

(H1) f(0) =0, g(0) =0, and o(0) = 0.

(H2) Both f(x) and g(x) satisfy the Lipschitz condition. That is for each ¢ = 1,2,--- , n, there exist constants x; > 0,
pi > 0, such that

[fi(z) = fi(w)] < kilz—yl,
lgi(@) —gi(y)l < pile—yl,  Vo,yeR"™
(H3) o;(y) satisfies the Lipschitz condition, and there are non-negative constants p; such that
loi (y1) — 0i (y2)| < i lyr — vl

Definition 2.1. [8, 10] The incidental solution for equations (2.1) is said to be exponential stability with mean square
in case there is a combination constants A > 0,.JJ > 0 such that

Ely(t, QI < T e, t20,
Is true for every ¢ € C%, ([—7,0],R™). In this case

1
limsupyoo MEJy(t, () < —A.

Theorem 2.2. [11, 1] If (2.1) satisfies (H1)-(HS3), the following holds.
(H4) Fori=1,2,--- n,

n n n n n
—2¢i+ Y aijl 55+ [bigl oy + D lagil wi + > byl pi+ Y (ni;) <O,
j=1 j=1 j=1 j=1 j=1

Then (2.1) is exponentially stable in mean square.
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(HI5)

n n n n
D laigleg + D lbiglo; <D lagil v+ lbjil i
j=1 j=1 j=1 j=1
Theorem 2.3. [7, 10] Under the assumptions of hypotheses (H1)-(HS5), it can be concluded that the solution to

equation (2.1) exhibits exponential stability with almost sure.

Definition 2.4. [8] The incidental solution for equation (2.1) is said to be a.s. exponentially stable in case there is a
constant 1 > 0 such that

1
limsuptﬁoog In|y(t,¢)| < —n, almost surely
for any initial data ¢ € C}D([—T, 0], R™).

3. ALMOST SURE EXPONENTIAL STABILITY FOR BALANCED MARUYAMA WITH TWO-STEP METHODS

Our focus in this section is to examine the almost sure exponential stability properties of the balanced Maruyama
with two-step methods when applied to SDHNN as presented in equation (2.1). Using the balanced Maruyama with
two-step approximations on equation (2.1), we obtain

1 1
Z azh T = Z Br [—Czkfr + Af (zkfr) + Bg (zk*mfr)] A
r=—1 r=—1
1
+ Z’yr (0 (zk_r) AWk_T) + Bylz" — 2", k=1,2,--- N (3.1)
r=0

Here the n x n matrix B(z") is given by
By, = Bo(2")A + By (z") [AW})],

The matrices By and B; are referred to as control functions and are typically chosen as constants. These control
functions are generally represented as matrices and are uniformly bounded. It is important to note that specific
conditions, as defined in [9, 12], must be satisfied by these control functions. If the parameters of the balanced
Maruyama with two-step approximations are selected such that they satisfy the consistency condition.

1 1
Z ;= 0, 20_14+ay= Z ﬁjv a_1 =7, «O_1+ag=m7. <3'2)

j=-—1 j=—1
and

a1 =1, —-1<agy <0, Bo =1 =0, (3.3)
then we get

a1 = —1—ap, B_1 =2+ ao, v =1, 71 =1+ ag. (3.4)

Upcoming theorem, we utilize the approach outlined in [7] to examine the nature of the balanced Maruyama
with two-step approximations [2, 3] under the exponential stability with almost sure. However, when applying the
proof method described in [7, 9], our calculation results in a value that differs for 4 in the numerical section. Our
numerical analysis shows that the balanced Maruyama with two-step numerical approximations outperforms the two-
step Maruyama numerical approximations in terms of stability. With that being said, we will now provide the proof
of the almost sure stability of the two-step Maruyama methods for SDHNN.

(=)=
E)NE
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Theorem 3.1. Assuming that hypotheses (H1)-(H5) are satisfied, let v be a positive number determined by the
expression in question, vo > 0 is the number defined by equation (3.12), let v* be the maximum of v and o, and let
e € (0, 7—;) be an arbitrary value. Provided that A is less than a certain Ag, then for all finite-valued random variables
that are measurable with respect to %y, ((kA), k= —m,—m+1,—m+2,--- |0, the balanced Maruyama with two-step
approximations (3.2) are a.s. exponentially stable. In other words, we obtain:
Clegla|
limsup == < =3

+e  as. (3.5)

Proof. Expanding (3.1) and substituting in (3.3), we get
Zk-‘rl +O[0Zk _ (1 + ao)zk—l _ (2+Oé()) [_Czk‘-l-l 4 Af (Zk+1) +Bg (Zk—m+1)} A
+o (2°) AW* + (1 + ag)o (z"1) AWF ! + By (2" — 2").
Thus, we get
21+ (24 @0)CA+ Byl = (Br— ag)z" + (1 +ap)z" 1 + (2 + ag) [Af (zFT)] A
+(2+ ag)Bg (2" A+ 0 (2") AWF + (1 + ag)o (2°71) AWF=L. (3.6)
Utilizing the balanced Maruyama with two-step methods and under (H2) and (H3), we obtain:
2
[14 (2+ a)CA + By)? ‘zkﬂ‘ = <(Bk —a0)z" + (1 + )z ' + (24 ao) [Af (zkﬂ) + By (zkimﬂ)] A
+o (zk) AW* 4+ (1 4+ ao)o (zkil) AWP (By, — ap)z” + (1 + a0)z" !
+@etan) [af (#77) + Bg (27 )] Ao () AW 4 (1 aoo (27) At ),

k—1
z

2
= (B — a0)? 2] + (1 + o)’

’ + 2(Bi — ap)z" |:(1 + ao)zk_1:|
+2(Bk — ao)zk [(2 + o) [Af <Zk+l> + Bg (zkimJ’I)} A:|
+2(1 + ag)z" ! {(2 + ap) [Af (zkH) + Bg (zkfmﬂ)] A} + [(2 +ao)Af (zkH) A

F@ranar (#) ]+ (o () awty

+(1+ ao)? ((J‘ (zkil) AW’“I)2 + 2<(Bk —)z" + (1 +a0)z" ' + (24 o) [Af (zkﬂ)}
@t an) [Bo (#7750 (25) AW (14 oo (2571) aw)

2 2
< (Br — ao)? ’zk‘ + (1 +ao)? ‘z}“l’ + 2(Br — ao) ‘zk) (1+ o) ‘zk71’

+ 2(Br — ao) ‘zk‘ (24 ao)Ak ‘zkﬂ‘ A+ 2(Br — ao) ‘zk‘ (2+ a0)Bp ’zkimH’ A

+2(1+a0)|zk_1|(2+o¢0)14/§’zk+1 A+ 2(1 + a0)|z* 1 |(2 + a0) Bp [z A

2 2 2 2
+2(2+ a9)?A%K? ‘zkﬂ‘ A? +2(2+ ap)’B?p? ‘zk7m+l A 4 1P zk‘ . ‘AW’C’

+ (1 + o)y’ ‘ZIHF - ’AW’H‘Q + 2<(Bk —a0)z" + (1+a)z" " + (24 o) [Af (z’““)] A

+ (2 4+ ao) [Bg (zk_m+1)] Ao (Zk) AWF + (1 + ag)o (Zk_l) AVVk_1>7
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We rewrite above equation then we get,

(14 (24 ao)CA + By)? = (2+ ag)>A% (A% + ArBp) — (By + 1)(2 + ag) ArA | |2+

< (Br — ap)? |Zk‘2 + (1 + ap)? |Zk*1|2 + (Br — ao)(1 + ap) |Zk’2 + (Br — o) (1 + a) |Zk71’2
+(Br — ap) |zk|2 (2+ ap)ARA + (B — o) ’zk|2 (2+ ap)BpA + (B, — ap)(2 + ap)Bp |zk*m+1 |2 A
+(1 4 a0)| 2" 2(2 + a0) ARA + (1 + ag) |28 (2 + a0) BpA + (1 + ag) (2 + ag) Bp |28+ A
+(2+ ap)?ABrp |2F |2 A%+ (24 ag)?B?p? |2F ™! |2 A? 4 P |zk|2 A
+(1 4 )2 ‘Zk_l‘z A+ 2<(Bk —ap)z" + (1 +ag)z" 1 + (2 + ) [Af (zk"'l)] A

+(2+ ao) [Bg (2] Ao (2F) AWF + (1 + ag)o (271) AW’H>

< {(Bk —ap)? + (B, — o) (1 + ag) + (B, — )(2 + ag) AA + (By, — a)(2 4+ o) BpA + MQA} ’zk‘z

+{(1+ ap)®+ (Br — ) (1 + ag) + (1 4+ ) (2 + ag) ARA + (1 4 ) (2 + ) BpA + (1 + a) i A} |zk_1|2

+{(Br + 1)(2 4 a0) BpA + (2 + a0)?ABrpA? + (2 + )’ B?p* A} |z ! |2 A

+2<(Bk —ag)z" + (1+ag)z* ™" + (2+ ao) [Af (z7)] A+ (24 o) [Bg (2" "H)] A,
o (2) AW* + (1 + ag)o (2°77) AW’“—1>7
From equation (3.7) we get,

Qlz" 12 < {{(Bk —ap)? + (Br — ag)(1 + ag) + (B — ) (2 + ag) (A + Bp) A
+uP A} (2" + {(1 +a0)? + (B — ao)(1 + ag) + (1 + ao)(2 + ag) ArA
+(1+ @) (2 + ap)BpA + (1 + a0)2M2A}|zk_1|2 - {(Bk +1)(2 4 ap) BpA
+(2 4 ag)?ABrpA® + (2 + ao)2B2p2A2} |zF—m 2 4 mk] ,

where

(14 (24 a0)CA + By,)? — (24 ag)?A? (A%s® + AkBp) — (Bi + 1)(2 + ) ARA,

O
|

my = 2<(Bk —ap)z" + (14 a0)z" ' + (24 ao) [Af (z"T)] A+ (2 + o) [Bg (™) A,
o (2 AWF 4 (1 + ag)o (24) Awk1>.
For any constant C' > 1, we have

D(k+1)A|Zk+1‘2 _ DkA‘Zk|2 — D(k—l—l)A (|Zk+1‘2 _ ‘Zk|2) + (D(k+1)A _ DkA) |Zk|2

(=)=
E)NE
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By this fact and equation (3.8) give

0 [D(k+1)A|Zk+1‘2 _ DkA‘zkﬂ
< {(Bk — 040)2 + (Bk — 040)(1 + Oéo) + (Bk — ()40)(2 + Ozo)AliA + (Bk — 040)(2 + OéQ)BpA

+p*A? — QDA } DDA ZR2 {(1 + ag)? 4 (B — o) (1 + o) + (1 4+ a0) (2 + ag) AKA
+(1+ a9)(2 + o) BpA + (1 + a0)2/i2A}D(k+1)A|Zk_l2 + {(Bk +1)(2+ ag) BpA

+(2 + Oéo)zABHpA2 + (2 + a0)232p2A2}D(k+1)AZkm+1|2 + mkD(k+1)A.

Hence, we acquire

Q [DF4 2" ] <Q[|12°%] + {(Br — @0)® + (B — a0)(1 + ap) + (By, — a0)(2 + ap) AkA

+(By — ao)(2+a0)BpA+u2A— QD’A}ISD(SH)AWSF + {(1 +Oéo)2
+(Br —ap)(1+ag) + (1 +ap)(2+ ao)AmAS:—O(l + ap)(2 + ) BpA
+(1+ ao)2u2A} ki DEHDA |gs=112 4 {(Bk +1)(2 + ag) BpA
= k—1 k—1
(2 + )2 ABrpA2 + (2 + 040)2B2p2A2} ZD(S+1)A|Zsfm+1|2 T+ my ZD(5+1)A,
5=0 s=0

where Zﬁ;& DGTDAm, = M, is a martingale with My = 0. Note that

k—1 —1 k—1

ZD(5+1)A|zsfm+1 2 _ D(mfl)A Z D(S+1)A|Zs|2 + D(mfl)A ZD(5+1)A‘ZS|2

s=0 s=—m+1 s=0

k—1
_D(mfl)A Z D(S+1)A‘ZS|2,
s=k—m-+1
and

k—1 —1 k—1 k—1
ZD(5+1)A|Z371|2 _ DA Z D(s+1)A|zs|2 -I-DA ZD(S+1)|ZS|2 _ DA Z D(S+1)A|ZS|2.
s=0 s=—1 5=0 s=k—1
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Therefore, we have

Q [DkA|zk|2] <Q [|z0|2} + {(Bk —ap)? + (B, — ) (1 + ap) + (Br — a0)(2 + ap) ARA
+(Br — a0)(2 + ag) BpA + p*A — QDA } ki DDA 232 4 {(1 + ap)?
+(Br —ap)(1+ag) + (1 +ap)(2+ aO)AﬁAsj—O(l + ap)(2 + ag)BpA
+(1 +a0)2,u2A} % (DA _Zl D(s—‘rl)A'Zs‘Z +DA]§D(8+1)|Z3|2

. s=—1 s=0
-D* Y D(s+1)A|zS|2> + {(Bk — )24 ag)Bp + (1 + a)(2 4 ap)BpA
s=k—1
-1

+(2—|—0&0)2ABK,,0A2 + (2 + a0)232p2A2} > (D(m—l)A Z D(S+1)A‘ZS|2

s=—m+1
k-1 k-1
+D(m71)AZD(s+1)A|Zs|2 _ D(mfl)A Z D(s+1)A|Z52> + M.
s=0 s=k—m-+1

Thus, we get

Q [D*2|2"?] + {(1 +a0)? + (Br — o) (1 + ) + (14 a0)(2 4+ ap) AkA + (1 4 ap) (2 + o) BpA

k—1
+(1+ aoﬁﬁA} x (DA > D<S“)A|z8|2> + {(Bk — 0)(2 + a0)Bp + (1+ )
s=k—1
k—1
(2 + o) BpA + (2 + ap)*ABrpA? + (2 + aO)QBQpZAQ} X (D(m_l)A Z D(S+1)A|ZS|2)
s=k—m-+1
< Q[I2°] + {(Br — a0)? + (B — a0)(1 + ao) + (By — a)(2 + a0) AR + (B, — 20) (2 + o) BpA
k—1
+pPA = QDAY " DETDA | {(1 +a0)? + (Br — a0)(1 4 ap) + (1 4 ap)(2 + ag) ARA
s=0

1 k—1
+(14 ag)(2 + ag)BpA + (1 + ao)ﬂﬂA} X (DA > DETDAZ 2 4 DAY D<S+1>|z”>
s=—1 s=0

+{(Bk —ap)(2+ag)Bp + (1 + a)(2 + ag) BpA + (2 + )2 ABrpA? + (2 + a0)232p2A2}

—1 k—1
> (D(m—l)A Z D(s+1)A|Zs|2 + D(m—l)A ZD(5+1)A|ZS|2) + M.
s=—m+1 5=0
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Therefore, we have

Q [D*2 2" + {(1 + a0)? + (Br — a0) (14 ap) + (14 a0)(2 + ) ARA + (1 + o) (2 + ag) BpA

k—1
+(1+ a0)2u2A} X (DmA Z D(S+1)A|zs|2> + {(Bk — )2+ a9)Bp + (1 + o) (2 + o) BpA
s=k—1
k—1
+(2 +O¢0)2ABHpA2 + (2 + a0)232p2A2} ~ (D(m—l)A Z D(s+1)A|Zs|2) <Y,
s=k—m-+1
where

Y. = Q UZO|2] + {(Bk — Oé())2 + (Bk — ao)(l + Ozo) + (Bk — 040)(2 + Oéo)AFLA + (Bk — O[o)(2 + ao)BpA

k—1
+p’A = QDAY " DETIA 22 4 {(1 + a0)? + (Br — a0)(1 4 ap) + (14 ap)(2 + ag) ARA
s=0

—1 k—1
+(1+a0)(2+a0)BpA+(1+a0)2u2A} % <DA Z D(s+1)A|Zs|2+DAZD(3+1)|ZS2)
s=0

s=—1 =

+{(Bk —a0)(2 + ag) BpA + (14 a)(2 + ) BpA + (2 + ag)?ABrpA? + (2 + 040)232P2A2}

—1 k—1
~ (D(m—l)A Z D(S-H)A‘ZSF + D(m—l)AZD(s-‘rl)Alzs'Q) + M.

s=—m-+1 s=0
Let us consider the following function:

U(D) = {(Bx— )’ + (Bx—ao)(l+ )+ (Bi — a0)(2 + ap) ARA + (By, — a9)(2 + i) BpA
k—1
+pPA = QD A} " DETDA |02 4 {(1 +ap)? + (Br — a0)(1 4 ap) + (1 4 ao)(2 + ag) AKA
s=0

k—1
+(1 4 a0)(2+ a0) BpA + (1 + ao)QuzA} x (DA >_ Dty Iz5|2>
s=0

+{(Bk —ap)(2+ ag)BpA + (1 + ap) (2 + ag) BpA + (2 + ag)?ABrpA? + (2 + a0)232p2A2}
k—1
% <D(m1)A Z D(s+1)Azs|2> )
s=0
It is obvious that
\I/(D) = {(Bk — Oé())2 + (Bk — Oé())(l + Oéo) + (Bk — Ozo)(Q + Ozo)AKJA + (Bk — Olo)(2 + Oéo)BpA

+u*A - QD 2} D™ + {(1 + ) + (B — a0)(1 4 o) + (14 o) (2 + ) AkA
+(1+ @) (2 + ap)BpA + (1 + ao)zuzA}Dm + {(Bk +1)(2+ ag) BpA

+(2+ ap)?ABrpA? + (2 + ao)zBszAz}DmA.
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For any D > 1, it is evident that \III(D) is positive. Additionally,

U(1) = {(Be—a0)®+ (Br — ao)(1+ ag) + (Br — 0)(2 + ag) AKA + (B — ag) (2 + ag) BpA

#a20= Q)+ {14 a0) + (B — )1+ a0) + (1 + a0) 2+ a0) A
+(1 4 @0)(2 + ag) BpA + (1 + a0)2u2A} + {(B;c +1)(2+ ag)BpA

+(2 4 ap)*ABrpA? 4 (2 + Ozo)2B2p2A2}.
Therefore, we get

= {(2 +a0)? (A% + ABrp + B?p") — (2 + an)ZDQ] A?

+ [2(Bk +1)(2+ ag) [-C + Ak + Bp] + (1 + (1 + ap)?) /ﬂ] A.
Hence, we get

— {2(Bk +1)(2+ o) [-C + Ak + Bp] + (1 + (1 + ag)?) ;ﬂ}

e (2+a0)2[(An+Bp)2 - 02]

From our calculations, it follows that W(1) is negative. Thus, for any A < Ay, there exists a unique value of Dy such
that U(Dy) = 0. By selecting D = Dy, we get the following result:

Vi= Q[P+ {(1 +a0)® + (B — a0)(1 + ag) + (1 + a0)(2 + ap) ARA

—1
+(1+ ap) (2 + a0) BpA + <1+ao>2u2A} x (DA > D<S“>A|z“>

s=—1

+{(Bk +1)(2 + ag) BpA + (2 + ag)?ABrpA? + (2 + a0)232p2A2}

—1
% (D(m—l)A Z D(s+1)AZS|2> + M,.

s=—m-+1

Taking into account the initial value z* < oo it can be inferred from Lemma 2 in [10] that for D = Dy, the following
holds:

lim Y, < oo a.s.
k—o00

(=)=
E)NE
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As a result, we obtain.

IN

k—o0 k—o0

lim sup QDy|z" |2 lim sup [QD’O“AZH2 + {(1 +ag)? + (Br —ag)(1+ ag) + (14 ) (2 + ap) ARA

-1
+(1+ a0) (2 + a0) BpA + <1+ao>2u2A} x (DA > D“*“%“)

s=—1

+{(Bk +1)(2 + ag) BpA + (2 + ag)?ABrpA? + (2 + a0)232p2A2}

-1
% (D(m—l)A Z D(S+1)A|ZS|2):|

s=—m-+1
< lim Y, <00 as. (3.9)

k—o0

Since 7; can be expressed as 7; = m;A, we can conclude that

(B — ap)* 4 (Br — a0)(1 + a) + (Br — ) (2 + o) ARA + (B, — a)(2 + ap) BpA

+u?A - QDA + {(1 +ag)? + (Br — ) (1 + ag) + (1 + a)(2 + ap) AA
+(1 4+ ap)(2+ ag)BpA + (1 + aO)QuzA}DOA + {(Bk +1)(2 4 ag)BpA

+(2 4 ) ABrpA? + (2 + ao)ZBQpQAQ} (D(()m_l)A) =0. (3.10)

We define the constant D as D = e®.
U(p) = (Br—a)®+ (Bp—ao)(1+ag)+ (Br — a0)(2 4+ ap) AkA + (B — ) (2 + ag) BpA

+12A — Qe A + {(1 +a0)? + (Br — ap)(1 4+ ag) + (1 + ap)(2 + ap) AKA
+(1 4+ ap)(2+ ag)BpA + (1 + 040)2,uQA}e"”A + {(Bk + 1)(2+ ag) BpA

+(2+ ap)?ABrpA? + (2 + a0)232p2A2} (e(m_l)“”A).

Assuming ¢g = log (Do), for any A < Ay, from (3.10), we obtain that

\I/((po) = {(Bk — a0)2 + (Bk - 040)(1 + Oéo) + (Bk — Oéo)(2 + Oé())AKA + (Bk - Ozo)(? + OZ())BpA

1A — Qe oA e0B 4 {(1 4+ a0)? + (Br — a0)(1 4 ag) + (14 ao)(2 + ) AA
+(1 4 ag)(24 ap)BpA + (1+ ao)2u2A}62“"°A + {(Bk —ap)(2 + o) BpA +

(1+ap)(2+ o) BpA + (2 + ) ABrpA? + (2 + a0)232p2A2} (e“"”ﬂ) =0.

Noting that

lim (1+Bk) (1+0[0) e2polr +(1+Bk) (Bk —Olo) epos —Q
A—0 A
Then, we have

= 2300(1 + Bk)(Q + oo + Bk) + (2 + Olo) (AK} - QC)

lim W (o) = ((1+ By)(2+ ao) Bp) e
A—0

+(1+ By) (2+ ap) (po — 2C + 24k + Bp) + (1 + (1 + ag)?) 1. (3.11)
an
BE
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Let 7o be the unique positive root of equation (3.11). It follows from (3.11) that:

ilino ©®o = Y0- (3.12)

For any positive € € (O, %), let Ay be a value such that A < As. Then, we have v* > ¢ > 0, which implies that

wo > Yo — 2€ > " — 2e.
Therefore, by utilizing equation (3.9) and the definition of ¢g, it becomes apparent that

lim sup e#°4 |Zk‘2 < 0.

k—o0

Therefore, for any A < Ag = min {A1, Ay}, we get

I log|2"] _ o T Imost surel
1m su —_— s almost sure

Hence the proof is complete. O

4. NUMERICAL EXAMPLES

Example 4.1. Let us examine the subsequent SDHNN in the presence of a standard Brownian motion W (¢):

1 (3n)) =~ (o) e+ 4 (Hman) 8 (lnte o) e+ (ot awee )

Let f(z) =z, g(x) = sin(z). The case we are interested in is as follows:

o (8 8 )oa- (1 2= (5 2o ( Ly ).

It is obvious that k; = p; = 1, for j = 1,2. g1 = 1 and pa1 = v/5. So the conditions (H1)-(H3) are satisfied. Let

= & " = 17 ifi=1,
YSITIIRD SRS SUNNS SUNPEY st
j=1 J=1 J=1 J=1

In this example, the two-step Maruyama numerical approximations are a.s. exponential stable for all —1 < ag < 0
and A € (0,0.1). Let ap = —0.25 with 19 = 1.3751 and 799 = 1.0694, the Figure 1 is unstable. By Theorem 3.1, the
balanced Maruyama with two-step approximations are a.s. exponential stable for cg = —0.5 with ;9 = 1.3775 and
20 = 1.0751 (see Figure 2) is stable. Thus, we can verify the validity of Theorem 3.1 in this particular example.

5. CONCLUSION

The focus of this research is on the stability analysis of balanced Maruyama with two-step methods used in stochastic
delay Hopfield neural networks (SDHNN). Our findings show that these numerical schemes provide better stability
compared to earlier studies [10, 11]. We identify the step sizes that lead to almost sure exponential stability of
SDHNN solutions when using the balanced Maruyama with two-step methods. Our future research aims to extend
this investigation to more universal balanced Maruyama with two-step methods and also to balanced Maruyama with
multi-step methods.
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FIGURE 1. Two-step Maruyama numerical approximation is a.s. exponential unstable A = 0.2.
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FIGURE 2. balanced Maruyama with two-step approximation is a.s. exponential stable with control
function B,, = 10 and A =0.2 .
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