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Abstract In this paper, a unified control framework is proposed to investigate the multicase finite-time
stabilization of stochastic delayed memristor neural networks (SDMNNs). With this framework, stochastic
finite-time stabilization (SF'TS), stochastic fixed-time stabilization (SFXTS), and stochastic prescribed-time
stabilization (SPTS) of SDMNNs are achieved. Subsequently, unlike existing results, a bridge between the
proportional-integral (PI) control protocol and the SDMNN is established, allowing the system to perform
SFTS/SFXTS/SPTS without a separately designed controller. By appropriately adjusting the control factors
of the unified framework, appropriate time of settlement estimates is derived. Furthermore, the controller is
improved to the appropriate adaptive controller using the PI control protocol. The SFTS/SFXTS/SPTS of
the system are obtained, and the corresponding upper bounds for the estimation of the settling time functions
are acquired. Finally, the feasibility of the obtained theoretical results is demonstrated by two examples.
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1 Introduction

The memristor is a fundamental component of the implemented circuit that describes the interrelationship
between the circuit and the magnetic flux. The existence of memristors was predicted by Chua [1] in
1971, following the principle of completeness of combinations of circuit components. The existence of
memristors was first verified in 2008 by Hewlett-Packard’s labs when they appeared in nature, which
prompted widespread interest in the scientific field [2]. With the advancement of research, memristors
have the merits of nanoscale size, non-volatility, synapse-like properties, and low energy consumption.
Combining memristors with neural networks (NNs) has the potential for a profound impact in areas such
as image processing [3,4], pattern recognition [5,6], and associative memory [7,8]. As indicated by Guo et
al. [9], n-neuron cell memristor neural networks (MNNs) with time-varying delays dramatically expand
their balance number from 2" to 22"2+", which significantly increases memory storage capacity.
Simulating human synapses with memristors makes it possible to transmit information in a neuronal
system with stochastic probability, which is susceptible to external disturbances such as noise, which
deteriorate the system’s performance to the extent that it may render the system more unstable [10-14].
Accordingly, it is significant and challenging to study the dynamical behavior of stochastic memristor
neural networks (SMNNs) in synchronization [15-17], dissipative [18-20], and stability [21-23]. Ren et
al. [15] considered the problem of fixed-time synchronization of SMNNs using two different controllers.
Shen et al. [18] addressed the problem of dissipative synchronization control of Markovian jump MNNs
by factoring in time-varying delays and fragility when implementing gain-scheduling controllers. Chen
et al. [21] investigated the analysis and control of the global generalized exponential stability and global
finite-time stability of adaptive switching systems by establishing Lyapunov-based logical switching rules.

* Corresponding author (email: chenguici@wust.edu.cn)

(© Science China Press 2023 info.scichina.com  link.springer.com


http://crossmark.crossref.org/dialog/?doi=10.1007/s11432-022-3790-4&domain=pdf&date_stamp=2023-11-29
https://doi.org/10.1007/s11432-022-3790-4
info.scichina.com
link.springer.com
https://doi.org/10.1007/s11432-022-3790-4
https://doi.org/10.1007/s11432-022-3790-4

Wei F, et al. Sci China Inf Sci  December 2023 Vol. 66 222207:2

In practice-related situations, regarding the dynamical behavior of SMNNSs, one should focus on their
occurrence in finite-time. However, finite-time control theory still has certain weaknesses; see [24,25].
Existing finite-time control theories obtain settling time (ST) evaluations, which are always related to
the initial value, when the initial value is enormous or insignificant, the finite-time estimated by us loses
its practical value. To address this problem, Polyakov proposed a class of control algorithms that do not
depend on the original conditions to render an uncertain system globally finite-time stable, referred to as
fixed-time control [26]. Recently, researchers advanced prescribed-time control; see [27,28]. Prescribed-
time control is not associated with any control parameters; its ST is provided randomly, unlike fixed-time
control, which is constrained by the control parameters.

Notably, Refs. [29,30] investigated some similarities between the two types of controllers usually de-
signed by studies addressed finite-time and fixed-time control. To better control the cost economy, some
researchers have introduced a harmonized control framework to achieve finite- and fixed-time control
implemented by a system with adjusted control parameters [31,32]. Moreover, some studies gradually
imported the prescribed-time control to discuss the multicase finite-time control within a unified frame-
work; see [33,34].

However, most of the currently available control protocols use only ‘current’ feedback. For improving
the stability or consistency performance of NNs [35], utilizing ‘current’ feedback and integrating ‘past’
information and/or ‘future’ trends for stability and consistency protocols emerge as an influential theme
of research. The classical control theory literature [36] describes proportional-integral-derivative (PID)
control and its evolution as broadly available. In PID controllers, the proportional, integral, and differen-
tial terms represent the current feedback, past records, and prospective estimations of the system state,
respectively. However, PID control and its use for stabilization or consistency changes in control systems
have been neglected in the literature. Gu et al. [37] addressed the synchronization problem of nonlin-
ear dynamic complex networks with stochastic coupling for adaptive proportional-integral (PI) control.
Gu et al. [38] aimed to establish a connection between PID control protocols and the synchronization
of complex dynamical networks with directed topologies. Zhao et al. [39] attempted to address output
synchronization and H, output synchronization problems for multiple output coupled complex networks
with PD and PI controllers.

Despite the recent work on the finite-time stabilization of stochastic delayed memristor neural networks
(SDMNNSs), PID control and unified control frameworks implementing stochastic finite-time stabilization
(SFTS), stochastic fixed-time stabilization (SFXTS), and stochastic prescribed-time stabilization (SPTS)
control have not been considered. Consequently, designing PID control protocols to make SDMNN5 stable
by combining multicase finite-time control theory in a unified framework is challenging. This study
aims to combine PI control protocols and multicase finite-time control theory in a unified framework by
utilizing the tools of control theory [40], algebraic graph theory [41], and matrix theory [42] to enable the
stabilization of SDMNNs. The main contributions of the study are as follows.

(1) First, the corresponding linear matrix inequalities (LMIs) are derived by designing controllers that
combine PI control and multicase finite-time control in a unified framework to ensure that SDMNNs
achieve SE'TS, SFXTS, and SPTS.

(2) Subsequently, to reduce control costs, the controller is added as adaptive control under the PI
control protocol, and the appropriate updated control rules are designed to obtain the suitable conditions
expressed in the form of LMIs, which lead SDMNNs to achieve SETS, SFXTS, and SPTS.

(3) Finally, the proposed theoretical results are tested with two examples, which confirm that the
control gain of adaptive PI control is smaller than that without adaptive PI control, resulting in control
cost savings.

The remainder of this paper is structured as follows: Section 2 presents the model and network prepa-
ration. Section 3 introduces the implementation of SFTS, SFXTS, and SPTS for SDMNNs using PI
control and the adaptive PI control. Two simulation examples are presented in Section 4. Finally, the
conclusion is presented in Section 5.

2 Preliminaries and network model

In this section, we propose a mathematical model for SDMNNs and introduce some assumptions, defini-
tions, and lemmas.
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According to Kirchhoff’s current law, we considered a type of DMNNs:

n
Cixi(t) Z Wiij + Waij + 1:1£ xi(t) + Z sign,; Wiizg; (x; ()
= Z - 1)
+  sign,; Waijg; (Xj(t - ﬁ(t))) ;
j=1
where 4,7 =1,2,...,n, x;(t) is the capacitor voltage of C;, R; is the resistance of the resistor,

. o -1, i=y,

I CR
gj(+) is the activation function, and fz(t) is the time-varying delay. Wi, Wa;; are the memristance
between g;(x;(t)) and x;(t), g;(x;(t — h(t))) and x;(t — h(t)), respectively.
_ Define x(t) = (x1(t), x2(t), -, xa (D)™, 9(x(t)) = (91(xL(1)), 92(x2(t); - - -, gn (xn(t)))", and g(x(t —
h(t)) = (g1(x1(t — (1)), g2(x2(t — h(t))), .-, gn(xn(t — h(t))))T. Stochastic noise is unavoidable in

practical neural networks. The entire system (1) can then be reformulated by taking the shape of the
matrices as follows:

dx () = [~ AQ)X(E) + S()g(x(t) + Dlx(t = h#)g(x(t — h(t)))] dt
+ 6t X(8)d(),
where A(x(t)) = diag{ai(x1(t)), a2(x2(t), - -, an(xn (1))} With a:(xi(t)) > 0, 5(

D(x(t)) = dij(xj(t))nxn, h(t) is the time-varying delay and satisfies 0 < h(t) <
positive constants. The parameters related to the memristor state should satisfy

EIX

otelt = g [t +w g = {0 (OIS

si5 (x;(1)) =

Xi(t — h(t))‘ < T,

xi(t — ﬁ(t))‘ > T,

dij (Xj(t—il(t)))= C. i

where T; > 0 are switching jumps, and a;, a;, §ij,§i],d”,d” are known constants. § : Rt x R® — R"
denote the noise function matrix. w(t) = (w1 (t),wa(t),...,w,(t))T is a Brownian motion defined on
(Q, F, {Fi}t>0, P) satisfying E{dw(t)} = 0, E{dw(t)*} = dt. The initial values of the system (2) are
given by x;(t) = ¢i(t) € C([*ilv 0}, R).
Assumption 1. The neuron activation function g;(-) is bounded, and there exist positive number
lj,7=1,2,...,n, such that

|9j(a1) — gj(az)| < ljlar — ag
holds for all a;,as € R™, a; # as.

Assumption 2. The noise disturbance function §(¢, x(¢)) with §(0,0) = 0 satisfies the uniform Lipschitz
continuity conditions,

|67 (¢, x(£))o(t, x ()] < BxT ()x(t),
where 3 is a positive constant.

Assumption 3. By allowing 0 < ¢ < 1 and ® > 0, a continuous function g : [0,00) — [0, 00) with
9(0) > 0 exists for an arbitrary 0 < v < «, such that

gle) - gy <~ | " (g(s))2ds.
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Let Ei = max{ai,di}, a;, = min{ai,di}, gij = max{sij, gij}; §ij = min{sij,éij}, dij = max{dij,dij},
@i—a s, 55 Sij—58,; d;;+di dij—d

o . 5 b s ata; o, a. o o j 3 Yy _
d;; = min{d;j,dij}, 4; = Z5—, 4 = —5, 3 = g, Sy =~ dij = 5, dij = —

From differential inclusion theories and some interval matrix transformations, the SDMNNSs (2) can be
equivalently rewritten as

iJ

dy(t) = [— (A n GA®1(t)FA) X+ (s n Gs®2(t)Fs> g(x(®)

\ ) (3)
+ (D + GpOs(t)Fp ) glx(t — h(t)))] dt + 8(t, x())dw(2),

N

where A = diag{a1,a2,...,an}, S = (3ij)nxn, D = (dij )nxn, 7i € R™ denotes the column vector with the
ith elements to be 1 and others to be 0; G4 = diag(v/@171, - - -, Vényn), Fa = diag(v/a1y1, .., Vanyn) T,
GS = (V<§1171a"'7 Véln’)/la"'a VénIPYna"'a Vénn n)a FS - (V<§11717"'a Véln’yla"'a Vénlf}/na"'a

Vénn'Yn)T; Gp = ( d/11717---7 dln'Yla---a Cznl'an--v dnn'Yn)7 Fp = ( Cle'Yl;---v dln'Ylv---a
Vdn1Yn, s Vidpn )T, Ox(t) = {diag{d (1), ..., 08, (1), ..., 08 (t),...,08 (1)} : [0:;;(t)] < 1,N =1,2,

3}. Evidently, ©F ()Ox(t) < I
Subsequently, the stochastic nonlinear system of system (3) can be expressed as

dx(t) = g(t, x(£))dt + 6(¢, x(¢))dw(?), (4)
where w(t) is the Brownian motion and it is clearly E{dw(t)} = 0. .Z is an operator that is defined as

WEXD Ly, 1. (gt ()

2 (5)
+ %traee [5T(t,x(t)) <%€9XX?))) 5(@9(@))} ;

ZLV(t,x(t) =

where Vy (£, (1)) = (2X5x0) OVO(B) | OVU(B))T,

Definition 1. The system achieves multicase stochastic finite-time stability (MCSFTS) if both of the
following criteria are established:

(1) The initial value of the system (3) is probabilistically stochastic stable.

(ii) The initial value of the system (3) is stochastically finite-time (or fixed-time, or prescribed-time)
convergent if ST is correlated with initial conditions and controller factors (or with controller factors only,
or without respect to any initial conditions or controller factors other than ST) such that

lim E || x(t)|]* =

lim B[ ()]* = 0, (6)
and E || x()|> =0, for t > T.

Lemma 1 ([43]). If V(t,x(t)) : R™ — R" is a C-regular regarding x(t) : [0,+00) — R™ on arbitrary
tight interval in [0, +00) that is, it is also strictly continuous, such that

Q@M < Vx®) < Ux®ID,

ZV(x(t) < =PV (x(1)),

where (7 and (s are K, class functions and B is a positive real numbers with (e) > 0, for all e > 0 .
(i) If E{T}} = E{fOV(X(O)) ﬁde} is finite, the system (3) stabilizes stochastically at finite time and
the ST is E{T}}.

(ii) ¥ Ty = 0+°° %de is finite, the system (3) stabilizes stochastically at fixed time and the ST is T5.

Lemma 2 ([44]). If a Lyapunov function V (¢) : R" — RTU{0} is a positive radially unbounded function
that satisfies the following requirements:

LV(t) < —pV™(t) — V™ (1),
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where p, g > 0, and 0 < 11 < 1,72 > 1, hence, the initial value of the system (3) is probabilistically stable
at a fixed time, and the ST is

1—m

)" ()
£ + .
D I=-m mne-1

T

LV(1) <~ (V™ (1) + V™ (1))
§

where p,¢q > 0, and 0 < 71 < 1,72 > 1, hence, the initial value of the system (3) is probabilistically stable

at a prescribed time, and the ST is 7.

Moreover, if

Lemma 3 ([45]). Given y;, i =1,2,...,n,0 <n <1 and 12 > 1, the inequalities below are satisfied:
n n m n n 2
Sz (Xu) Sz (Su)
i=1 i=1 i=1 i=1

Lemma 4 (Schur complement [46]). If a symmetric matrix § = ST = [** i;z] is available, where

S11 € R™*", the below requirements are equivalent:
(1) S <0,
(2) S < 0, Soo — SgSilsm <0, and
(3) Soo < 0, S11 — 81285218?2 < 0.
Lemma 5 ([47]). For some matrices Q = Q", H, and E that satisfy

Q+ HOME +E"OT(t)H" <0,
if there exists £ > 0 with ©(¢)TO(¢) < I,

Q+¢'HHT + ¢ETE <.

3 Main results

3.1 Multicase stochastic finite-time stability with PI control

In this subsection, a control PI protocol (7) is designed to enable SDMNNs to achieve MCSFTS. The
control protocol is as follows:

Ut) = —Kpx(t) — ICFitSigH(X(t)NX(t”ir; Krixsign(x(£)x(®)]” .
(o) * ()

where Kp, Kgit, Krix, K1 are control strength matrices, M is a real matrix, the real number 9, v satisfies
¥, v > 0, and the sign (-) is the signum function.

Remark 1. In the controller U(t), Kp is employed to ensure that the current system reaches stability
in the Lyapunov sense, K eliminates the influence of the time-varying delay of the system, adjusting
Krix keeps the system (3) is SFTS, adjusting Kri; guarantees that the system is SFXTS, while adjusting
Krit, Krix to maintain the system is SPTS.

Remark 2. To further enhance the stability performance of SDMNNSs, the state variables are dependent
on ‘current’ feedback and correlated with ‘past’ information. Therefore, PI control strategies have at-
tracted considerable attention and an impressive number of research results have been published [37-39].
However, compared with the existing studies, most of the authors consider the coupling structure in the
network to implement the PI control strategy and have not considered constructing an integral inequality
to implement the PI control strategy. Therefore, it is fascinating to investigate the MCSFTS with PI
control protocols in this study.



Wei F, et al. Sci China Inf Sci  December 2023 Vol. 66 222207:6

Theorem 1. Given the conditions of Assumptions 1-3, if there exist some real matrices Yp, Yrig, a
symmetric positive matrix Z, and some scalars £; > 0,&s > 0,&3 > 0,&4 > 0,&5 > 0, the following LMI
holds:

=N 0 =
. — (1 - ﬁ*) ZT — 9V Es| <0, (8)
* * Ey

where

2 = —2Vp — 2AZ + GG + 6557 4+ £GsGE + &,DDT
+&GpGp + BZT + ZT + 2V,
=, =(ZF},ZL"Y, ZLFY,0,0),
=3 =(0,0,0,ZL", ZLTF}),
=By =diag(—& 1, =&, —& 1, —&40, —E&51).
Subsequently, the controller factors can be devised as Kp = YpZ ', Kpix = YeiZ 1, ICEiXICFiX >

0,KTK; > 0. Additionally, for the system (3) to achieve SFTS, SFXTS, or SPTS by the choice of
the controller (7) control factors, ST is estimated as follows:

1—9
SFTS : E{T}} < %,0 <9 < 1,Kpix = diag (0, ...,0),K; = diag (0, . ..,0),
—— ——

n n

- 19
SFTS : B{Tp} < 2= Z0O 2 ) o<y <1v=1,
1

—9
1—v —0
SFXTS : T3 < — (W““) (ﬁ+ﬁ),0<ﬂ<1,1/>1,
w1

(2n) "2 @

SPTS : Ty < Tpre,0 <V < 1,v > 1, Kpy = K:Fit%;’CFix = /CFix%,

where Tp,e < T3 is available at an arbitrary given time.

Remark 3. One of the main innovations of this paper is that the complexity of the Lyapunov function is
decreased by constructing the integral term corresponding to the controller gain Kg;; with Assumption 3
in the process of proving Theorem 1. Therefore, the inequality (8) can be calculated for the control
gain p and for the control gain Kpi;. In [31-34], the control gains of both i and Kpix were tuned
depending on the actual system to make the system achieve SFTS, SFXTS, and SPTS, respectively.
Therefore, it follows from Theorem 1 that the control gains Kgix and K; must be adjusted in a unified
control framework such that the system achieves MCSFTS and reduces the cost of some controls.

Remark 4. Theorem 1 achieved the MCSFTS of SDMNN in a new unified framework. By suitably
adjusting the controller parameters, the system (3) was implemented with SFTS (cf. E{T1} and E{T»}),
SFXTS (cf. T5), and SPTS (cf. Ty). Evidently, E{T1} and E{T2} are linked to the initial conditions
and the controller parameters, whereas T3 relies solely on the controller parameters, and T can be freely
prescribed.

Proof. The candidate for constructing the below Lyapunov-Krasovskii functional is

VIO = XM + [ 3T 6)M()d )

Subsequently, by employing the Ito-formula, we obtain the stochastic derivative of V (t) together with
the trajectories of system (3) as follows:

AV (t) = LV (t)dt + 2xT () MS(t, x(t))dw(t), (10)

where
2V (t) =2xT ()M [f (A + GA®1(t)FA) X(t) + (s n GSGQ(t)FS) g(x(8))

+ (D + GD®3(t)FD> g(x(t — h(t))) —I—U(t)} dt + trace [0 (¢, x(t)) M (11)

x 8 (6 x(0)]dt + X OMx(t) — (1= B*) XT(t = h) Mx(t = b)),
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From Assumption 1 and Lemma 5, we have

27 ()M ((5+ Gs©2(0)Fs ) g(x(1))) <€x™ (OMSSTMx(t) + & X (L Lx(1)

(12)
+&X (MGG Mx(t) + &5 X" (t) LT Fg FsLx(t),
2" ()M ((D+ GpOs(t)Fp ) g(x(t — h(1)))) <€x™ (MDD Mx(1)
+ & Tt — h(t)) L Lx(t — h(t)) (13)

+&x T () MGpGpMx(t)
+& X (t = h(t) LT FRFp Lx(t = h(t)).
From Assumption 2, we obtain
trace [0 (¢, x(£)) M3 (¢, x(1))] < Bx" ()M x(t). (14)

From Assumption 3, there exists a ® > 0. We give

2Ucrie (" (OMx(1) = XT(¢ ~ R()Mx(t — h(t))) < ~2Krie® /:E(t) (M) T as (15)
Therefore,
LV () XTOT1x () + X7 (E = b)) 22x(t — h(t)
~ 2| (TOMER®) 7+ (N OMKe(t) (16)
+ K; </t—;1<t) XT(S)MX(s)ds> - 2K:Fit¢./ﬁ—fz(t) (XT(S)MX(S))# as,
where

[ =—2MKp —2MA+ & MGAGIM + &7 FYFy + &MSS™M + 65 LT L + &M GsGEM
+ & LY FEFSL + ,MDDTM + &sMGpGEM + BM + M + 2M Ky,
Dog =— (1 =W YM 4+ &' LYL 4+ & ' LY FEFp L — 2M Ky,

From Schur’s lemma, inequality (8) is equivalent to pre- and post-multiplying the aforementioned
T'11,T9 by M = Z~! and we have

941 v41

(X" OMKrix(t) 2 + (X" () MKrixx(t)) 2

+ K (/t_;l(t) XT(S)Mx(s)ds>

Case 1: 0 <9 < 1, Kpix = diag (0,...,0), £; = diag (0,...,0). From Lemma 3, we obtain
N—— N——

n n

LV(t) < -2

14+v
2

T - 1o
—2ICFit(I)/ (XM (s)Mx(s)) 7 ds.
t—h(t)

149

2

/t (xT(s)Mx(s))lydw(/t XT(S)Mx(s)ds> , (18)

“Rh(t) —h(t)

Letting @ = min{p1, p2}, p1 = \/ Amin (K5 Krit), p2 = \/)\min((ICFitq))T(KFitq)))a we get

941

T 149
E{ZV(t)} < —-2F { (XT(t)M/CFitX(t)) P+ Kpin® /tﬁ(t) (XT(s)Mx(s))T ds}

1+9

< —2wE{V(t)}
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From Lemma 1, the system (3) is SFTS with a PI controller (7), and the ST is

BV ()}
P <=2y

Case2: 0 < ¥ <1, v=1. It has

9+1

E{ZV(t)} < - QE{ (T OMErax(®)) * + (X7 () MErixx(t))

+Kr </t XT(S)Mx(s)ds> + Kpitq)/t (XT(S)Mx(s))# ds} (20)

—h(t) —h(t)

< 2wE{V(H)} T —2mE{V(1)},

where w; = min{ps, p1}, p3 = \/Amin (KiiKrix), and ps = 1/ Amin (KFKr).

From Lemma 1, the system (3) is SFTS with a PI controller (7), and the ST is

In (1 + = B{V(x(0)}*F")
E{T5} < = .
{ 2} w1(1 — 19)
Case 3: 0 <9 <1, v >1. From Lemma 3, we deduce that
1+4+v
v+1 T 2 1—v 14+v
(X" (OMKrixx(t)) * +Kr / X' (s)Mx(s)ds > (2n)7 @V (). (21)
t—h(t)
Consequently,
9+1 v+4+1

E{LV(t)} < - 2E{ (X" ()M Kpicx (1))

T T 149 22
+Kr / x*(s)Mx(s)ds + ICFit(I)/ o (X"(s)Mx(s)) * ds (22)
t t—h(t)

—h(t)

< 2BV} —2020) T mE{V(t)}

From Lemma 1, the system (3) reaches the SFXTS with the PI controller (7), and the ST is

1-v
e 1 (2n) 2" =, “9< 1,1 >
3\(271)1;21/@1 w 1-’[9 v—1 '

Case4: 0 <V <1,v>1, Kpit = Kpit%, Krix = ’Cpix%, where 0 < Tpre < T3 is a constant that
can be prescribed randomly. Like Case 3, one has

E{ZV()} < —2TTPZ (wE{V(t)}# + (zn)l;z“le{V(t)}%“) . (23)

From Lemma 1, the system (3) reaches the SPTS with the PI controller (7), and the ST is

T4 < TPre .
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3.2 Multicase stochastic finite-time stability with adaptive PI control

In this subsection, we describe the design of an adaptive state feedback controller for the SDMNNs (3)
to enable the system to achieve MCSFTS. The aforementioned controller I(t) is designed as

Ut) = —Kp(t)x(t) — Krisign(x () Ix ()" — Krixsign(x(t))Ix(t)]”
T 1t+v 1
’Cl(ﬁ_g(t)x ( )MX(S)d ) 2 (W)’
where KCp(t) is the adaptive adjustment of the feedback gain, and the other parameters are defined using
the same controller (7). The updated law is presented,

(24)

dKp(t {X — Kysign(Kp(t) — Ko)|Kp(t) IC<>|19

- KgSlgn(ICp( ) — o) |KCp(t ) — Ko|"} dt. (25)

Remark 5. Typically, the calculated control gain of the feedback controller will be much larger than
the actual required control gain because of the conservative nature of the theory, while the adaptive
feedback controller can effectively avoid the inflated control gain and economize certain control costs.
Compared with the existing studies [15,30,45], most scholars only consider the adaptive control strategy
for proportional terms and have not considered the adaptive control strategy for PI terms. Therefore,
the designed adaptive PI control strategy has better applicability and comprehensiveness for handling
multicase stochastic finite-time stabilization of discontinuous SDMNNS.
Subsequently, the MCSFTS criterion is obtained by utilizing the adaptive controller.
Theorem 2. Given the conditions of Assumptions 1-3, if there exist some real matrices Yy, Yri;, a

symmetric positive matrix Z, and some scalars &1 > 0,83 > 0,&3 > 0,&4 > 0,& > 0, the following LMI
holds:

=9 0 S
. (1 - ﬁ*) ZT — 9V 3| <0, (26)
* * =y

where

ES =2Y, — 247 + £,GAG, + 6557 + &3GsGE + &,DDT
+&GpGh + BZ" + Z7 + 2V,
o =(ZF}, ZL* ZL FZ,0,0),
=(0,0,0,ZL", ZLTF}),
4 —dlag( &I, =& I, —&31, =841, —&5T).
Subsequently, the controller factors can be devised as Ko = Yo Z 71, Kpiy = Yrie Z 1, ICgiXICFix > 0, IC}VCI

>0, KI K; > 0, K] Ky > 0. Additionally, for the system (3) to achieve SFTS, SFXTS, or SPTS by the
choice of the controller (24) control parameters, ST is estimated as follows:

[I]

[1] [I]

1-9
SFTS : E{T\} < %,0 <9 < 1,Kpiy = diag (0, . ..,0),

———
n
K; =diag(0,...,0), Ko = diag(0,...,0),
N—— N——
SFTS : B{T,} < : 1+“lgjg<x;;>>>} ) o<d<ly=1,
1 9

1—v | bET
SFXTS : Ty < — (@")?wl) (ﬁ++),o<ﬁ<1,y>1,

(2n)"2 @ “

SPTS : Ty < Tore, 0 <0 < 1,0 > 1, Kpip = Kpie 70, Kiixe = K.

Remark 6. Theorem 2 differs from Theorem 1 in that the control gain Ky is restrained in inequality
(26), which is the control gain function Kp(t) approximation value while increasing the control gain K
and Ko for fine-tuning.
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Proof.  Selecting Lyapunov functional candidates

T

VO =X OMxO + [ X GMNES + (pl) )T M (Kp(t) ~ o). (27)

Following the identical line of Theorem 1 and computing the derivative of V(t) along system (3), we
obtain

LV () <X(O)TThx(t) + X" (t = h(t))Ta2x(t — (1))

941 v41

(X"OMKErix(®) * + (X" () MKrixx(t)) *

T
K ( L XT(S)MX(S)d5>

+2(Kp(t) — Ko)" MKp(t)
<TOTTx(®) + X7 (= h(t))Ta2x(t — h(t))

-2

14+v
2

T - 1o
—QICFit(I)/ (x"(s)Mx(s)) * ds
t—h(t)

9+1

= 2xT ()M (Kp(t) — Ko) x(t) — 2 l (X (O MKriex(t))

2

» " 1+
+ (XT(t)MICFixx(t)) 4+ Ky (/t XT(S)MX(S)dS>

T 149
— 2Kpi ® /t;;@ (XT(5)Mx(s)) 7 ds+2(Kp(t) — Ko)" M {xT(t)x(t)

— Kisign(Kp(t) — Ko)|Kp(t) — Ko|” — Kasign(Kp(t) — Ko)|Kp(t) — Ko|”}
XTI x(t) + X" (t = h(t))Taax(t — h(t))

V41 v+1

_2[(XT(t)MKFitX(t)) > (X" () MKrixx(t)) *

T
+;c,< / LY X(S)d8>

+2(Kp(t) — Ko)* M {Kysign(Kp(t) — Ko)| Kp(t) — Ko|”
— Kysign(Kp(t) — Ko)|Kp(t) — Kol }, (28)

14+v
2

where
I, =—2MKp(t) — 2M A+ EMGAGEM + 67 FYFa + &GMSS™™ + 6, LT L
+ &EMGsGEM + ¢ ' LY FEFs L + E,MDDY M + 6sMGpGHM + BM + M + 2M Ky,
IS, =—2MK, —2MA+ & MGAGEM + &7 FYFy + &MSS™ + 1L L
+ E&EMGsGEM + e LY FEFs L + E4MDDY™ M + &sMGpGHM + BM + M + 2M K.
From inequality (26), we deduce that

9+1 v+1

(X"(OMErix (1) > + (X () MErix (1))

+ K < / o XT(S)MX(S)d5>

+2(Kp(t) — Ko)" M {Kisign(Kp(t) — Ko)|Kp(t) — Kol
— KQSigIl(ICP(t) — ICQ)VCP(t) — IC<>|V}.

LV <2

14+v
2

T 1

_ QICFit(I)/t_;(t) (XT(s)MX(S))%ﬁ ds (29)
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Case 1: 0 < 9 < 1, Kyix = diag (0,...,0), £; = diag(0,...,0), Ko = diag(0,...,0). From Lemma 3,
N—— N——

—_———
n n n
we obtain

(Kp(t) = Ko)" M (Kisign(Kp(t) — Ko) [Kp(t) - Kol”)

; (30)
> Ky ((Kp(t) = Ko)" MIKR(t) - Ko

Letting @ = min{p1, p2, p1}, f1 = 1/ Amin (KlTKl), we get

941 149

T
E{LV(t)} <—-2FE { (XT(t)MICFitx(t)) 24+ ICpitCD/t - (XT(S)Mx(s))T ds

o
16 (0600) — KT MIGHO ) ) (1)

< 2BE{V(t)}

From Lemma 1, the system (3) is SFTS with the adaptive PI controller (24), and the ST is

E{V(x(0))} ="
E{Tl} < W

Case 2: 0 <9 <1, v=1.1t has

V41

E{2V ()} < —2B¢ (X" (OMKriex(t)) * + (x" () MKrixx(t))

T 149

R </t—}](t)x (S)MX(S)dS> +ICFit<I>/t_;l(t) (x"(s)Mx(s)) * ds
E

149

(Kp(t) = Ko) " MIKP() = Kol ) ™+ Ko ((Kp(t) — Ko) " MIKP() — Ko }

{Vi)y = -2 E{V(1)}, (32)

where @ = min{ps, ps, p2}, p2 = \/Amin (K3 K2).

From Lemma 1, the system (3) is SFTS with the adaptive PI controller (24), and the ST is

In(1 + 2 E{V(x(0))} =)
E{Ty} < =) :

Case 3: 0 <9 <1, v >1. From Lemma 3, we deduce the following:

14v

(T (OMErax(®) 4+ Ki < /t XT(s)Mx(s)ds>

—h(t)

1 (33)
+ 1 (e (1) = Ko)" MIKp(1) — Kal)

+v

> (2n) T e V() .

[
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Hence,

v+1 v+1

(OMKErix(t) > + (X" () MKpixx(t)) °

E{ZV()} < -2E

14+v

</T Mx(s )d) 2 +/cFitq>/tT~ (XT(S)MX(S))# ds
(

—h(t)

2

e MR~ o)+ K ((Ka(0) — Ko) T MICR() ) }

14+v

@wE{ —2(2n) T e E{V (1)}

(34)
From Lemma 1, the system (3) reaches the SFXTS with the adaptive PI controller (24), and the ST is

1-v
_ 1 (2n) 2" & “9< Lo, 1 >
PN en) S e @ -9 v—-1)°

Case4: 0 <9<, v>1, Kpyr = ICFltT , Krix = ICFIXT , where 0 < Tp.e < T3 is a constant that
can be prescribed randomly Like Case 3, one has

T
E{LV()} <—2-2
TPre

1—v 1+v
(FE{VO}* + @) F&EVH} ). (35)
From Lemma 1, the system (3) reaches SPTS with the adaptive PI controller (24), and the ST is

T4 < TPre .

4 Numerical simulations

In this section, two examples are presented to demonstrate the multicase stochastic finite-time stabiliza-
tion method for SDMNNS.

Example 1. Consider the SDMNNSs (3) with the following parameters:

Alx(t)) = lo bat)) 0 | 560 - [Z Eijﬁiii Z (i(m > alx(t) = [Zii Eﬁﬁm |
pue-y - [ T e | - [ i) .
where
wtny= (LD iy 0
b (1) = {;3 Sy () = { 008 il 1
e
ittt i) = {70 MO ey = { el RO
st NS 3t
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oo e

2(0)
(1) and x,(7)
[=)

-1.0 -0.5 0 0.5 1.0 15 2.0 0 10 20 30 40 50 60 70 80 90 100
70 1(s)

Figure 1 (Color online) The system (3) without the controller. (a) Phase plane diagram; (b) state trajectories diagram.

3 T T T T T (N — T T T T
2,0 ==, (0) () == (1) 10 ==, (0) 20 == ()
oL 9=0.6, K, =0 9=0.6, v=1 9=0.6, v=1.6 9=0.6, v=1.6, |
TX
}CFu:KFn T_m ?
TX
}Cle:KleT_M
N
=)
g
N »{T,}=1.7595
1 E{T,}=2.5523 _
—7-2.7313
. 7 -2.0 .
3 ! ! L ! ! ! L !
0 0.5 1 1.5 2 2.5 3 3.5 4 4.5 5

1(s)
Figure 2 (Color online) General diagram of state trajectories of the system (3) with the PI controller (7).

The time-varying delay was h(t) = (i) The noise function matrix is expressed as

14+eT
0.5x1(t)] 0 ]

&ux@ﬂ[ 0 05

Subsequently, we can obtain [y = Iy = 1, ® = I. The initial condition of the state trajectories is set as
x(s) = [1.5,—0.5]*, s € [-1,0]. Figure 1(a) shows state trajectories of the phase plane of the system (3),
which can be observed to generate chaos in the absence of a control condition. Figure 1(b) shows a graph
of the state trajectories of the system (3), which reveals that the system is oscillatory; that is, the system
(3) is unstable under uncontrolled application.

The feasible solution calculated by MATLAB toolbox according to LMI (8) is as follows:

)

l0.3201 0.0000]

0.0000 0.3080 0.0000 3.2468 —8.5454 34.5059 0.0000 0.7777

o _ | 217402 277452 [ 2.4200 0.0000 ~ [0.850.00 ~[o.0/25 00
"1 2266953 112.0334 |7 | 0.0000 2.5250 | 0.00 0.85 | 0.0 0.0/25]|’
§1 =8 =8 =& =& = 1.7094.

If the terms of Theorem 1 are satisfied, the system (3) achieves MCSFTS under the PI controller (7).
As shown in Figure 2, the state trajectories of the system (3) achieve MCSFTS with the PI controller (7)

[3.1239 0.0000

l 6.9592 8.5454] l0.7747 0.0000]
, IFit — )
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1.5 ® : —— : ‘ : ‘ ; 1.5 : : ‘ : ‘ ‘ ‘ ‘ ‘
a
10 — 200 — 2,0 | Lol ® 100 — 10 |
0.5 e 1 05 i
. E{T}=1.7595 8 E{T,}=2.5523
= = 0 -
e | X os ]
< o .
2 -1.0 1 g
< <
= -15L i = -1.0f 4
N 00 |oNas 1
—2.5¢ | 2.0 i
_30 L L L L L L L L 1 _25 1 L L L L L L L L
0 05 1015175520 25 3.0 35 40 45 50 0 05 1.0 1.5 20 2552330 35 40 45 50
t(s) 1(s)
1.5 . — , : : 1.5 : : : : : : : : :
© — 10— 0,0 (@ — 1) — 0,0
1.0 1 1.0 J
= 05 1 = i
= l 7,=2.7313 N 05
< 0 = =
£ [ —g 0 T=2
£ -05 1 =
N X 0.5 .
,]'0 L 4
15 | -1.0 1
2.0 1 . . . I . I . -1.5 - L L L L L I I
0 05 10 1.5 20 2731330 3.5 40 45 50 0 05 1.0 15 20 25 30 35 40 45 50
1(s) £(s)

diag(0,0), K; = diag(0,0); (b) SFTS with ¥ = 0.6, = 1; (c) SFXTS with ¥ = 0.6, = 1.6; (d) SPTS with ¥ = 0.6, = 1.6,
TPre =2.

Figure 3 (Color online) State trajectories of the system (3) with the PI controller (7). (a) SFTS with ¥ = 0.6, Kpix =

20 T T T T T T T T
e /(1) e (1) 2,0 2,0 2,0 2,0 7, 2,0
13 9-0.6, =1 9-0.6, v=1.6 9-0.6, v=1.6, ]
9=0.6, K, =0, K,=0 .
KR
1.0 i -
1.5 /Crn(:}CI-'ileic
0.5 1.01 _
N 0.57
o
g 0 - =
<
-0.5 —
E{T}=8.5162 <€
_10 =0 0.5 1.0 L5 E{T,}=9.0937 <& i
T=10.6952
15 T-10 - -
20 I I I I
0 2 4 6 8 10 12

1(s)

Figure 4 (Color online) General diagram of state trajectories of the system (3) with the adaptive PI controller (24).

under different conditions. For each specific condition discussed separately, each case achieves a specific
stability of the system (3), as shown in Figure 3.

Case 1: Choose ¥ = 0.6, Krix = [ oooe oooee |, Kr = [ooorr o220 ], From Theorem 1, the system (3)

achieves SFTS with the PI controller (7), and the ST E{T}} is 1.7595, as shown in Figure 3(a).

Case 2: Choose ¢ = 0.6, = 1. From Theorem 1, the system (3) achieves SFTS with the PI controller
(7), and the ST E{T»} is 2.5523, as shown in Figure 3(b).

Case 3: Choose ¥ = 0.6, = 1.6. From Theorem 1, the system (3) achieves SFXTS with the PI
controller (7), and the ST T3 is 2.7313, as shown in Figure 3(c).
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Table 1 Some upper bounds for the settling time functions

E{T:} E{T>} Ts Ty
Theorem 1 1.7595 2.5523 2.7313 2
Theorem 2 8.5162 9.0937 10.6952 10
1.5 T 120 . . .
Lol @ — %0 — 20 () — Ky ==Ky - ---
: ] 100+ = 1
0.5 I LT
- E{T}=8.5162 %, 80 -
S 0 < -7
N
60+ -
2 -05 Kl
<
S S 40
= -1.0 4 =
-15 1 200,
’
2.0 : ‘ ‘ : 0 ‘ ‘ ‘
5 8516210 15 20 25 30 0 10 15 20 25 30
t(s) 1(s)
1.5 : - 120 : T
10 (c) 20 _Xz(t), (d) P REEEE L,
. 100 ~ -
0.5 1 Ko == K00
< ET}=9.0937) §, 80F ]
I e/
£ 05 R
< S a0 ) ]
< —-1.0 SZE )
-1.5 20 -/ 4
1
20 ‘ ‘ ‘ 0 ‘
2 4 6 8 9.093710 12 0 4 6 8 10 12
1(s 1(s
L5 © ( ) . ® . o 120 ¢ o T F ) T
e —x) —2 R ity B R
1.0 1 100! — K, -~ K0 |
= 05 IS !
< T.=10.6952 o 80
= 0L E 5 1
g S 604
= -0.5 = I
3 ~ I
~ o o 407
-1.5 20 ¢
2.0 ‘ ‘ ‘ 0 ‘
2 4 6 8 10 10.6952 12 0 4 6 8 10 12
t(s) t(s)
1.5 : T T q 120 -
(2 — 00 — 1) (h) .
1.0 ] 100 -+~
05 / — K, (0 --K,0
. < '
g T=10 = 80
B 2
)
5 o5 ;] § oo
= = 1
< -10 g 40
-1.5 1 20 |
2.0 ‘ 0 | ‘
2 4 6 8 10 12 0 4 6 8 10 12
1(s) 1(s)
Figure 5 (Color online) State trajectories of the system (3) with the adaptive PI controller (24). (a) SFTS with ¢

0.6, Krix = diag(0,0), K; = diag(0,0), K2 = diag(0,0); (b) controller gain variable Kp(t) of (a); (c) SFTS with ¥ = 0.6,v = 1;
(d) controller gain variable Kp(t) of (c); (e¢) SFXTS with ¥ = 0.6, v = 1.6; (f) controller gain variable Kp (t)of (e); (g) SPTS with

Y = 0.6,v = 1.6, Tpre = 10; (h) controller gain variable Kp(t) of (g).

Case 4: Choose ¥ = 0.6,v = 1.6,Kprit = Kpgit
[2:2000 9-2999] % 1.3656. From Theorem 1, the system (3) achieves SPTS with the PI controller (7), and

0.0000 2.5000

the ST is Ty = Tpre = 2, as shown in Figure 3(d).

Example 2.

T35
Tore

=

2.4200 0.0000] X 13656,]CF1X _

0.0000 2.5250

T
Krix g2

pre

The system parameters in Example 2 are the same as those in Example 1, however, the
difference is that we improved the controller by imposing the adaptive PI control protocol (24) and (25).
Calculate the solution of LMI (26) using the MATLAB toolbox, and the feasible solutions are given
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below:

,_ [0320100000]  [3.12390.0000| | 6.9592 85454 [ 07747 0.0000
0.0000 0.3080 |’ 0.0000 3.2468 |’ —8.5454 34.5059 |’ 0.0000 0.7777 |’

| 21.7402 —27.7452 Co(l) — 0.0000 0.0000 21.7402 0.0000
¢ —26.6953 112.0334 | 0.0000 0.0000 0.0000 112.0334 |

2.4200 0.0000 0.25 0.00 0.0/0.5 0.0 0.5 0.0
Kri, = Kr = , Krix = / K1 =Ky = ;
0.0000 2.5250 0.00 0.25 0.0 0.0/0.5 0.0 0.5

1= == =¢§=1709%4.

If the terms of Theorem 2 are satisfied, the system (3) achieves MCSFTS by imposing an adaptive
PI controller (24). From Figure 4, the state trajectories of the system (3) achieve MCSFTS with the
adaptive PI controller (24) under different conditions. As shown in Figure 4, the system saves some
control costs under adaptive PI control, which leads to a larger estimated ST. For a comparison of the
ST for the two theorems, see Table 1. Specific conditions are detailed discussion below; see Figure 5.

. o ~__ [0.0000 0.0000 ~ [0.0000 0.0000 [ 0.0000 0.0000
Case 1: Choose ¥ = 0.6, Krix = [voooo voooo]’ Kr= [voooo voooo]’ Ky = [0,0000 voooo]' From Theorem 2,

the system (3) achieves SFTS with the adaptive PI controller (24), and the ST E{T}} is 8.5162, as shown
in Figure 5(a). The corresponding controller gain Kp(t) updating laws are illustrated in Figure 5(b).

Case 2: Choose ¥ = 0.6, = 1. From Theorem 2, the system (3) achieves SFTS with the adaptive PI
controller (24), and the ST E{T} is 9.0937, as shown in Figure 5(c). The corresponding controller gain
Kp(t) updating laws are illustrated in Figure 5(d).

Case 3: Choose ¥ = 0.6,v = 1.6. From Theorem 2, the system (3) achieves SFXTS with the adaptive
PI controller (24), and the ST T5 is 10.6952, as shown in Figure 5(e). The corresponding controller gain
Kp(t) updating laws are illustrated in Figure 5(f).

Case 4: Choose ¥ = 0.6, = 1.6,Kpix = Kpige- = [22200 2999] % 1.0695, Kpix = ’CFixTT—3 =

Tore 0.0000 2.5250 bre

[oo000 09999 ] % 1.0695. From Theorem 2, the system (3) achieves SPTS with the adaptive PI controller

0.0000 0.5000

(24), and the ST is Ty = Tpre = 10, as shown in Figure 5(g). The corresponding controller gain KCp(t)
updating laws are illustrated in Figure 5(h).

5 Conclusion

This paper discusses the multicase stochastic finite-time stabilizations of SDMNNSs in a unified control
framework. Subsequently, a controller with PI control protocol and a controller with adaptive PI con-
trol are designed. By tuning the controller factors, the SFTS, SFXTS, and SPTS of SDMNNs were
implemented to obtain the corresponding ST estimates. Finally, the reliability of the obtained results is
demonstrated using two examples, implicitly indicating that adaptive PI controllers can save on the cost
of control but lose some ST.
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