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Abstract: In this paper, with the quaternion number and time-varying coefficients introduced into
traditional BAMNNS, the model of quaternion-valued BAMNNSs are formulated. For the first time,
fixed-time stabilization of time-varying quaternion-valued BAMNNSs is investigated. A novel fixed-
time control method is adopted, in which the choice of the Lyapunov function is more general than
in most previous results. To cope with the noncommutativity of the quaternion multiplication, two
different fixed-time control methods are provided, a decomposition method and a non-decomposition
method. Furthermore, to reduce the control strength and improve control efficiency, an adaptive
fixed-time control strategy is proposed. Lastly, numerical examples are presented to demonstrate the
effectiveness of the theoretical results.
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1. Introduction

Quaternion is a hypercomplex extended from real and complex numbers, which was first
introduced by W. R. Hamilton in 1843 [1]. A famous characteristic of quaternion numbers is that the
commutativity law no longer holds for its multiplication. In the past decades, quaternion-valued
neural networks (QVNNs) have become a hot topic in research due to its strong ability to cope with
high-dimensional data [2]. QVNNs are extended from real-valued NNs (RVNNs) and
complex-valued NNs (CVNNs). The state value, connection weights, and activations of QVNNs are
all taken values in the quaternion area. Compared with CVNNs and RVNNs, QVNNs improve the
computation speed substantially and have great potential in high-dimensional data processing, attitude
control [3], computer graphics [4, 5], image compression [6], and optimization [7]. Recently, some
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results on the dynamical property of QVNNSs have been reported [8—15]. Q. Song and X. Chen [11]
investigate the multi-stability of delayed QVNNSs with a decomposition of the state space. In [14],
sufficient conditions for the global yu-stability were derived by using the decomposition technique and
quaternion linear matrix inequality (LMI). The state estimation issue of QVNNs was considered
in [13], in which some criteria are achieved via quaternion LMI. Till now, the investigation on
stabilization of QVNNSs are still very few.

The BAMNN:Ss is a famous network model, which was first introduced by Kosko in 1987 [16, 17].
By iterations of backward and forward information flows between two layers, this network owns the
ability of information association and information memory. BAMNNs have broad applications in
various areas including associative memory, pattern recognition and automatic control. Moreover, the
research of BAMNNS has received broad interests, in particular, various kinds of dynamical behaviors
of this type of network have been investigated extensively, such as exponential stability,
synchronization, Lagrange stability, dissipativity, and etc. [18-22]. However, to our best knowledge,
the study on the dynamics of BAMNNSs has been mainly concentrated on the real and complex field,
corresponding results on the quaternion field has not appeared yet. Due to the abundant dynamical
behavior of QVNNs and BAMNNS, our research is novel and has a promising application prospect.
On the other hand, most of the previous literatures on BAMNNs and QVNNs only consider constant
connection weights. In fact, due to the existence of external disturbances and uncertainty, the
time-varying parameters are more reasonable than constant coefficients and can better adapt to the
real-world systems.

Stability and stabilization are important topics in the study of network systems, which have been
widely applied to various fields, such as associative memory, optimization, and pattern recognition [23—
31]. So far, the traditional stabilization control has been focused on the case that the convergence time
tends to infinity. However, in many practical applications, the state trajectories are required to converge
to zero in finite time. To meet with this need, the concept of finite-time stability (FT'S) was proposed.
The finite-time control does not only reduce the convergence time effectively but also improve the
robustness of the system [25-27]. Unfortunately, the settling time of finite-time control relies on the
initial state of a system, which may be unavailable in many engineering processes. To overcome
this limitation, the fixed-time control was introduced. As a special case of FTS, the settling time of
fixed-time stability can be estimated even without the initial information. This is a quite meaningful
advantage and due to this reason, the fixed-time control has become a hot topic [28-31]. Furthermore,
to reduce the high control strength and save energy, the adaptive control strategy is proposed in this
paper. By designing proper adaptive laws, the control gains are increasing according to the adaptive
laws [32-36]. Therefore, adaptive control can be applied even when the accurate information of the
system parameters is unavailable. To our best knowledge, the adaptive fixed-time control method has
not been applied to quaternion systems yet.

The purpose of this paper is to explore the fixed-time stabilization of quaternion-valued BAMNNSs
with time-varying coefficients. The main novelty of this paper is as follows.

1) It is the first time that the quaternion and time-varying coefficients are introduced into BAMNN:Ss.
The new network model is more general than previous suggested ones and can arouse a more complex
dynamical behavior.

2) A novel fixed-time convergence method is adopted to deal with the stabilization problem, the
traditional fixed-time technique is a particular case of our method.
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3) To overcome the noncommutativity of quaternion, two different methods are proposed, 1.e., a
decomposition and a non-decomposition method.

4) For the first time, the adaptive control strategy is applied to the fixed-time stabilization of
QVNNs, which can reduce the control strength effectively and avoid the computation of control gains.

The contents of our paper is as follows. In chapter 2, the BAM OVNNs model is introduced. The
main theorem are given in chapter 3. In chapter 4, simulations are given to demonstrate the correctness
of our results. Lastly, conclusion is derived in chapter 5.

Notations. In this work, R,C and Q denote the real field, complex field, and quaternion field,

respectively. For any vector y = (1, ,xn) € R", it is noted that [y| = (1], -, x.)?. The 1-

vector norm of y is defined as [[x|l = 2 |x,|. For any vector x,y € R", x < y means that x; < y; for
q=1

i =1,---,n. For any vector x € Q, |x| denote the modulus of x. Ya,b € R, a /\ b denotes the minimum

of a and b, a \/ b represents the maximum of a and b.
2. Preliminaries and model formulation

Quaternions are a kind of hypercomplex, which are an extension of complex numbers. A quaternion
y € Q can be described as

y =y iy j+ 5k,
where y®,y/,y/, yK € R, the imaginary parts i, j, k obey the Hamilton rule:
P=p=kr=—1,ij=—ji=k,
jk = —kj =i ki = —ik = J.

For any quaternion g = g® + ¢'i + ¢’ j + g¥k, the conjugate of ¢ is denoted by ¢* = ¢* — ¢'i — ¢’ j — g%k.
The modulus of ¢ is defined as

lql = Na'q = V@ + (@' + (@) + ().
For any two quaternions y = yX + y/i + y/j + y’k and z = 2% + 7i + 7/ j + zXk, addition is defined as
y+z=Y++ 0"+ D)+ +7)j+ F + )k
Based on the Hamilton rule, the product of any two quaternion numbers is defined as
vz =R =y — 2 — YK ZK) 4 R+ y R K — K )i
+ (yRZJ + yJZR + yKZI _ y[ZK)j + (yRZK + yKZR + ylZJ _ ij[)k.

With the introduction of time-varying coefficients and quaternion into traditional BAMNNSs, the model
of time-varying quaternion-valued BAMNN:S is introduced as follows:

dx,(1)
dt

== cp(0%,(0) + D @D L0400 + " by fyg(t = T1(0) + wp(1) + (1)

q=1 g=1
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dy (t) n ~ n B
T == Ay D+ a8, (5p(0) + D byt = TaO) + D) + vy (2.D)
p=1 p=1
where p = 1,2,--+ ,n,q = 1,2,--+ ,m; x,(1),y,(t) € Q represent the state value of the pth neuron in

the Fx-field and the gth neuron in the Fy-field, respectively. c¢,(7), d,(t) € R are the time-varying self-
feedback coeflicients; f,(y,()), g,(x,(-)) : QO — Q denote the activation functions of the gth neuron
from the Fy-field and the pth neuron from the Fx-field, respectively. a,,(1), b, (), agp(1), qu(t) € Q
represent the time-varying connection weights. 7,(¢), 7,(¢) are time-varying delays. w,(),&,(t) € Q are
bounded external disturbances satisfying that |w,(1)| < ©,, |£,()] < éq. u,(1), v4(1) are the control input
vectors.

d
2(;) = = C(Ox(0) + AO (D) + B = 71(1) + w(®) + u(®)

d nd ~

% = — D()y(1) + A(0) f(x(2)) + B()g(x(t — T2(1))) + £(t) + V(1) (2.2)

where A(7) = (apq(t))nxm,B(t) = (bpq(t))nxm’g(t) = (Zlqp(t))mxna E(t) = (qu(t))mxrr

Assumption 1. Suppose that the quaternion-valued activation function f(x(t)) € Q™, g(x(t)) € Q" can
be expressed as

F(@) =fFR@) + 1 @i+ (@) + R @)k
g(x(1) =g (" (1) + g' ' (0)i + &' (X' (1)) + g* (& (1)k
where f*(x"(t)) € R",g"(X"(t)) e R",n =R,1,J, K.

Remark 1. In fact, Assumption 1 is quite restrictive because not every quaternion activation function
can be explicitly expressed as real and imaginary parts. There are still a large number of quaternion
functions that do not satisfy this condition. Moreover, there is a more general assumption as follows:

F) =R, 2, X7 )+ F1OR X, X, xR
+ 1R X X x4 FRGER R X Ok
g(x) =g® (R X X, ) + g R X X
+ g/ R, X X j+ g5 OR X X )k
However, this assumption may cause complex computation in our analysis process. Furthermore, it can
be extended by Assumption 1 without difficulty. Thus, we take Assumption 1 in our later discussion.

Based on the above assumptions, now we separate the QVNNSs (2.2) into RVNNSs. Let
x(t) = xR + ix' @) + jx' @) + kxX(0),
y() =y (@) + iy (0 + jy’ (@) + ky¥ (@)

According to the quaternion multiplication rule, the quaternion system (2.2) can be decomposed into
four real-valued NNs

d R
xdt(t) = — CROXR() + AR FROR@®) = AO L' @) = AT (D) F (v (1)
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= AR RO @) + BYOfFOR (@ = 1)) = B'Of' (1 = (1))
= B/ () f' (X (t = (1)) = BX (D) f* 5 (2 = 7)) + (1) + u(0),

1
PO < 0 + AR + A% 0 @) - AKO 0 1)

+ AT O GE D) + B'ORORE - @) + BROF Ot — (1))
- BX0f/ (X't — 7)) + B O 0%t - 7(0)) + o () + u' (1),
= - C/Ox'(t) + AT () FROR (D)) + AKX O ') + AR 1 (1)
—A'O X% ®) + B’ OFOR @ - @) + BX () 1Ot - 1(1))
+ BRt) 1 (X (t — 7)) - B' ) XKt — 7(0)) + ' (D) + u’ (),
= - CEXxX @) + A fROR(0) - A/ @) 1O @) + A f1 (1)

+ A fEOR @) + BYO L0 (2 = 7(0)) = B' (0 f1( (1 = 7(1))
+ B/ (0 f (x'(t = 7)) + B* O X1t = (1) + 0" (1) + uF (@),

dx’ (1)
dt

dxX (1)
dt

R
dydz( D~ — DR () + A0 (@) - Ay () - A (g (P (1)
— A (Dg" (R (1) + B (08"t - 71)) - Bl (g (6 (1 - 7(1))
- B/ (g’ (&' (r - 7(0)) = B*0)g" (x" (1 — (1)) + £¥ (1) + V(1)
i
d};;l‘) - _ Dl(t)yl(t) + AI(I)gR()f(t)) + AR(t)gI(xI(Z‘)) _ A‘K(t)gj(x](t))

+ AN (0)g" () + B'(0g" (x" (1 — 7(0))) + BX (g (x' (1 — 7(1)))
- BY (g’ (X (t = 1)) + B/ (Dg" (x" (t = 7(0)) + £'(1) + V(1)

dy’ (1)
dr

== D'y’ (1 + A (0g" (" () + A¥ (g’ (¥ (1) + A"(Dg” (x" (1)

— Al0g" (" (1) + B/ (0g" (6" (1 — (1)) + B (g (x'(r — 7(1)))
+ B (g’ (x'(t = 7(0)) = B'(0g" (x" (1 — (1)) + €' (1) + v/ (1)

dyX (1)

= DXk (1) + AX(1)g* (R (1) — A (1)g' (X' (1)) + A'(Dg” (' (1))

+ A% (0)g" (X (1) + BX (" (X" (1 — 7(1))) - B/ (Dg' (¥ (t = 7(1)))
+ B'(0g’ (¥ (1 — (1)) + B (0g" (x*(t = 7(1))) + €5 (1) +vE (@) (2.3)

Let
X0 = O 0" A0, 0N e RY,
Y0 = 60" Y Oy O,y ") e R,
then the compact form of system (2.3) is derived

WO _ _ X0y + A OF Y1) + BOFX @~ 11(0) + 0 (1) + UG,

d%) ) ) 2.4)
o DY (1) + A" (G(X(1)) + B*(H)G(X(t — 12(1)) + E() + V (1),
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where X(1) = (@7, x0T, @), XX € R*™ Y(@) = OF@O)", YO,y @),y ") € R,
C* () = diag(CR(t),Cl(r),C’(1), CK(1)) € R*™ D*(t) = diag(DR(t), D'(t), D’(t), DK(t)) € R¥m<4m,

F(X(0) = SRR, f1E @), /@), R @))T € R,
GX(t — (1) = @'CR@E — )", g' (X't — TN, g’ (X't — ()T, XX - 7)) e R™,
Uty = diagluR@),u’ (), u’ (1), uk@)} ¢ R™ V() = diag(VR (), V() v/ (), VK (1)} € R,

w* (1) = (W (1), W' (1), 0 (0), WK ()T € RY, E(1) = (€°(1), E'(), &' (1), £ ()" € R

ARG —Al(r) -A'(t) -AK@)

A = Al(ny  AR@) -A%@) Al@)
T | A AK@) ARG -Al®)
AKX —Al() Al AR
BR(t) -Bl(t) -B'(t) —-BXK@)

B() = B'(ty B -BX1) B
| B’® BX@®) BRG®) -B
BX(t) -B’(t) B'(t) BR@)
ARty -Al(r) -A'(t) -AK@)

io = | A0 A0 -4 A0
Al AK@) AR -Alp)

AKX =A@ Al AR@)
BRt) -B'(ty -B/(r) -BX()

DI DR _pK »J

Ba) = B'(ry B“(t) -B"(t) B(»)

B'(t)y BX(@) BR@) -B'©)
BX@t) -B't)y Bty BR@

Assumption 2. Suppose that there exist positive diagonal matrices L, € R"™*" L, € R*>*" such that
the real-valued functions F(-), G(-) satisfy the following conditions

IF(Y) - F(Y) < LilY - Y,
IG(X) - G(X)| < LolX - X,
where X,X € R*,Y,Y € R* and
X = X=X = Xl Xan — XD,
Y =Y =(Y, = Yl Ve, — Yy, D
IF(Y) = F(Y)| = (IF (Y1) = F1(YD],|F2(Y2) = Fa(Y,)l,
co o N FanYam) = Fan(Yy,)D,
IG(X) = GX)| = (IG1(X)) = G (XD, 1G2(X2) = Go(X),
s G an(Xan) = GanX D

Moreover, F(0) = G(0) = 0.
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Remark 2. For later discussion, we make the following notations: L, = diag(Ly1,Lia, -+, Liam),
L, = diag(Ly\, Ly, -+ , Ly 4,). Note that, according to the boundedness of disturbances w,(1),&,(1) €
0, w,(1),&,(t) € R are also bounded.

Definition 1. For the initial value x(ty), y(ty) of system (2.2), if there exists a constant T (x(ty), y(ty)) > 0
such that

lim  |x(O)]+[x@®)| =0

1=T (x(10).y(10))

XDl + y(@] = 0,1 > T (x(10), y(10))- (2.5

Then, the system (2.2) is said to be finite-time stabilized to the origin, T (x(ty), y(ty)) is called the settling
time.

Definition 2. System (2.2) can reach fixed-time stabilization if the conditions in Definition 1 hold and
the settling time T (x(ty), y(ty)) has an upper-bound T,.x. The number T, is not dependent on initial
condition of the system. That is, T (x(ty), y(ty)) < Tmax> VX(%o), y(ty) € Q".

Lemma 1. [30] Assume that the function V(-) : R* — R, | {0} is continuous radically bounded and if
there exists an indefinite function q,(t) and a nonpositive function q,(t) such that

V(t) < qi(£)V(t) + qo(£) V(1) for t € [ty, +0) (2.6)

for some 0 < a < 1,8 > 1 and q,(t), q,(¢) satisfy that

! !
f gy (s)ds < N, f q1($)ds < =yt — 1) + M, 2.7)
fo 1)
and
!
f qa2(s)ds < —ys(t — ty) + M, (2.8)

fo

forall t > ty, where g7 (s) = q1(s) \/ 0, q;(s) = qi1(s) A 0 and N, M;,y;(i = 1,2) are positive constants.
Then, V(t) = 0 for all t > Tyax, and the settling time is

T - (1-a)N+M)+1 +(B—1)(N+M2)+1
max =0 yi(1—a) y,(8-1)

Proof. The proof can be referred to [30].

Lemma 2. For constants x,--- ,x, > 0,0 < p < 1,q > 1, the following condition holds.

n n n

Z x> (i x)’, Z x! > nl_q(z x)e. (2.9)
i=1 i=1

i=1 i=1

Lemma 3. For any a,b € Q, the following inequalities hold.

a-b+b -a<d -a+b -b=la?+ b
a -b+b"-a<2alb|.
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3. Main results

In this section, we aim to derive the criteria for fixed-time stabilization of quaternion-valued
BAMNNSs (2.1). Due to the equivalence between QVNNSs (2.1) and RVNNs (2.4), we now focus on
the fixed-time stabilization of RVNNSs (2.4) instead of QVNNSs (2.1). The state-feedback controller for
RVNNSs (2.4) is chosen as follows

U@t = - KX - I(0)sgn(X (1)) — AS GNX (@)X (1 — 72(1)]
+p(S GNXD)X(D)* + oS GN(X(O)X (1)
V(D) = -00Y (1) - T()sgn(Y(1)) = EOSGNY )Y (2 - 7:(1))|

+p(DSGNY ()Y (D) + (DS GN(Y ()Y (1)), (3.1)
where 0 < a < 1,B > 1, sgnX@®) = (sgn(X\(t),---,sgnXs(®)T € R*,
sgn(Y (1)) = (sgn(Y1(1), -+, sgn(Yanm(D)" € R,
SGNX(1) = diag(sgn(X,()), sgn(Xa()), -+ - , sgn(Xau(1))) € Riwcén,

SGN(Y(t)) = diag(sgn(Y1(1)),--- , sgn(Yan(1))) € R™ ™ |Y(D)|* = (Vi) ,|Yau(®I")" € R™,
IXOF = (XiOF, 1 X(0P, -, X (OF) € R,

The matrices K(®) = diag(K(1), K>(1), -+ , K4n(2)) € Rimxén.
() = diagTy(1),T2(0),- -, T4(®) € R¥™*, A@1) = diag(Ai(t), Ax(0), -, Ag(1)) € R™,
O@1) = diag(®(1),0(1),- - ,Ou,(1)) € R™ Y1) = diag(V1(0), -+, Can()) € R™,
E(t) = diag(Z((1), -+, E4n(t)) € R¥™4" are control gain matrices to be determined. p(f),o(t) € R are
control gains to be decided.

Theorem 1. Under the Assumption 1 and 2, if the control gains K,(t),I' (1), A,(1), ©,4(1), (1), (1)
satisfy the following conditions

4m 4n
Kp() = =Cp(0) + D lag,(0lLap, Oyt) = =Di(6) + ) las, (DILag,

q=1 p=1
4m 4n

Ap() 2 Y 1B, OlLap, )2 Y B, OlLige Ty(0) 2 DL Ty(t) > |y (o) (3.2)
g=1 p=1

where p =1,--- ,4n,q = 1,--- ,4m, and there exist positive constants N, My, M,, 1, y> such that
! !
f pr(s)ds < N,f p (s)ds < —y1(t — 1p) + My,
t 1o

f o(s)ds < —ya(t — to) + M. (3.3)

fo

Then, system (2.4) can be stabilized in fixed-time under controller (3.1). Equivalently, the quaternion-
valued BAMNNS (2.1) can be stabilized in fixed-time.

Proof. Choosing the Lyapunov functional as below

V() = IXOlh + YDl
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Computing its derivative along trajectories (2.4), we have

av
% =sgn” (XON-C"(OX() + A"OF(Y(1) + B (OF(Y(t = 71(1) + w'(1) + U (1))
* sgnT<Y(r>){ D'OY () + A (GX@) + B (OGX(t = 12(0) + £'(5) + V(1))
4n  4m 4n  4m
<- Z CrOX, O+ D" > s OILigl Yo+ D > by (DILagl Yyt = T1(2))] + Z @) (®)
1 1 1 1
Zm in p4m q4n _
- Z DO, O+ > > N, OILaplXp 0+ Y > 15, (DMLaplX, (¢ = T2(0)]
1 1 =1 p=1
o 4n 4n ! ’ 4m
- Z €5(0] - Z Ky 01X, (0 = Y Tp0) = > Ay@IX,(t = 1a0) = Y Oy(0)]Y (1)
g=1 p=1 p=1 p=1 g=1
4m 4m 4n 4m
= D L) = D EOIY (= Ti@)] +p(0) D XD +p() D Yyl
gq=1 q=1 p=1 g=1

4n 4m
+0(0 ) IX,0F + o) ) 1Y, 0

p=1 g=1

Thus, we get

dv
(” Z( Cy(0) + Z 1@, (Do = K (O)X, (0] + Z( ~Dj(1) + Z @, (DILig = Og(DIY (1)
1 1 1

dm  4n " zn 4m _ "
+ 215 OIL1g = EgONYy(t = T + D10 1By, (OILay = ApONX,(t = T2(0))

=1 p=1 =1 g=1

(ilm ’ 4m 4n 4n ’ !
- Z €] - Z Ty(0) + Z @) (D] - Z L))

4m

+ (" (D) +p (O Z X, ()" + Z Y, ()1} + o) Z X, () + Z Y, (0F) (3.4)

According to Lemma 2 and condition (3.2), we have

dV()

<(p* () +p (r)){z X, ()" + Z Y, ()"} + g(r){z X, (O + Z ¥, (0P}

p=1 q=1 p=1 q=1

<p"(D)(dn + 4m>1-“{Z X, (1)) + Z Y, ()" +p‘<r>{Z X, (1)) + Z ¥, (1)
p=1 g=1 p=1 gq=1

4n 4m
+oO@n +4m)' P 1X, 01+ ) 1Y,
p=1 gq=1
={p"(O)@n + 4m)"" + p~(OIV (@) + o(t)(4n + 4m) PVF(1) (3.5)
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According to Lemma 1, the fixed-time stabilization of system (2.4) can be reached via controller (3.1).
Furthermore, the settling time is estimated as

T =1+ (1 —a){@n +4m)'""°N + M} + 1
1l —a)
N B-Di{dn+ Am)'=ON + (4n + 4m)' PM,) + 1
(4n +4m)'By,(B - 1)

The proof is completed.

Remark 3. Recently, most of the existing studies on QVNNs [21-26] are mainly focused on a model
with constant parameters. However, since the external disturbances widely exist, the time-varying
coefficients considered in this paper are more reasonable, which makes the QVNNs model more
general and it can be better applied to real world.  Furthermore, the traditional fixed-time
convergence approach requires the derivative of the Lyapunov functional to be indefinite, which is a
significant limitation. Thus, the novel fixed-time convergence method is required to deal with this
issue.

Remark 4. Note that Theorem 1 only focuses on the situation that the activation functions and
connection weights can be decomposed into real numbers. In this way, the difficulty caused by
noncommutativity of quaternion numbers are overcome. Unfortunately, in practical engineering
systems, there are large number of quaternion-valued activations that can not be expressed explicitly
by real and imaginary parts, which can cause the invalidity of Theorem 1. Thus, it gives us the
motivation to develop a non-decomposition method for quaternion-valued BAMNNS.

Next, we will derive non-decomposition fixed-time stabilization criteria for system (2.1).

Assumption 3. Suppose that there exist positive constants 1,4, l,, such that the activation functions
14(), 8,() € O satisfy the following conditions

/o) = foO < hglx =y, g=1,---,m
lgp(X) =gy < bplx =y, p=1,--- ,n.
Furthermore, f,(0) = g,(0) = 0, where x,y € Q.

The state-feedback controller for system (2.1) is designed as follows

1 xp(1) 1 1 lx,(t — T2(0)?
_ Ekp(t)lxp(t)l - Eep(t)xp(t) — E/lp(f)wxp(f)
wn={ p %0 o0 %O
P + 2 on + 5 —pr(l)ll‘ﬁ’lf lx,(0)] # 0
0,if x, ()] = 0,
1y 1 1 Iyt =)
- EYq(t) |yq(t)| - Edq(t)yq(t) - Eﬂq(t)qu(t)
vy =1 p@) Y1) o) yu1) . (3.6)
q + 7—|yq(l‘)|l_a + 7 Iyq(t)ll‘ﬁ’ if |yq(t)| #0
0,if |y, (1)l = 0,

where 0 < a < 1,8 > 1, and k,(1),0,(1), 1,(1), y,(1), 64(1), y(t) € R are control gains to be determined.
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Theorem 2. Under Assumption 3, if the control gains ky(1),0,(1), A,(1), y4(1), 04(1), u,(t) satisfy the

following conditions
04(1) = =2d,(1) + Zn: Lop(lagp (1)) + 1bgp(1)]) + Zn: Liglapg (D],
p=1 p=1
O0p(1) 2 =2¢,(1) + Zm: Lig(lapg(Dl + 1bpg(D]) + Zm: byplagp(0)l,
q=1 q=1
02 2, 7,02 2% 402 S bylby®l w2 Y byl
g=1 p=1
and there exist positive constants N, My, M, v, vy, such that

1 1
f p*(s)ds < N,f p(8)ds < —=yi(t = 1o) + M,
o fo

f Q(S)dS < _72(f - l()) + M,.

fo

Then, the fixed-time stabilization of system (2.1) can be achieved under controller (3.6).

Proof. Choosing the Lyapunov functional as below

n

V() = ) 50x,(0) + Y i(0yg(0)
g=1

p=1

Computing the derivative along trajectories (2.1), we have

dv C N
dit) = D5 O%(0) + 5, 05,0) + 3 V0340 + 50y (0
p=1 4=

< D GO0 + D gD F04(0) + D b fy (gt = T1(0) + (1) + 1y (1)
p=1 q=1 q=1

(3.7)

(3.8)

+ D 1=y O0x,(0) + D @D F,040) + D by fyg(t = T1(0) + (1) + 1, (D} x,(1)
p=1 q=1 g=1

+ D O=dy 0y () + D dgp (D5 (0) + ) Bp()g,(p(t = Ta(0) + £,(1) + vy(D)
g=1 p=1 p=1

F 3 dy O3y + Y B0, 1) + Y Byy1), (3, = T2(1))
q=1 p=1 p=1

+ &) + vy (D (D).

From the feedback controller (3.6), we yield

X, (Duy (1) + u,(1)x,(1)

(3.9)
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xp(1) X, (t = T2 (D)

1
p(DXp(1) = 5 A,(1)

ey 1
=25, (=5 k(7" WOl 2 R xp(1)
1 xp( ) 1 P(t)
+ ip(t)lxp(t)ll‘“ + EQU)I)C,,(Z)II"E}

= — kp(DIx, ()] = B, (DD = ApOx,(t = T2 + p(D)]x, (D)™ + 2(D)]x, (DOF!

YOV (1) + v (D), (1)
() 1 1 Iyt =mi)

ooy 1
=2yq(t){——7q(t)|q( )I 504(yq(1) = SHq(8) P Yq(0)
L Y 1 Yq(1)
()I (DI ()Iyq(t)ll !

= = 7,(Oy, (O = 5,y (O = gDyt — Ti@)F + pOlyOI + 0Dy, ()P

According to Lemma 3, we get

n

D x5 (w0 + wyx,(0) < |xp(r>||wp(t)| <2 Z ERG

p=1
D €D + £y} < Z yg(OlE, D] < 2 Z gDy,
q=1 g=1 g=1

D X 0ap O £,040) + £ GgO)ap, (1)x,(0))

p=1 g=1

< 2ap @l Olhglyg I < Y " liglang Ol OF + 1x, ()P,

p=1 g=1 p=1 g=1

Z Z 5 (Obpg (D f; 0t =TI + D D" Fr(g(t = Ti(E)B, (Dx,(1)

p=1 p=1 g=1

LiglbpgOl(1yg(r = Te ()P + 1, ()
g=1

N

Y018, (x,(1) + &5 (xp (D), (1)) < Lplag, DIy OF + 1x,(OF),

(3.10)

(3.11)

(3.12)

(3.13)

(3.14)

(3.15)

(3.16)

Yy 0bgp(1)8(x, (1 = T2(1)) + g, (xp(t = To(ON)B;,(1)yy (1) < Loplbgy DIy + (2 = T2(0)F)  (3.17)

Combining the above inequalities, we have

d V(t)

< Z ~2¢,(1) + Z hy(lapg ()] + by () + Z Lplagy ()] = 0,()Hx, (1)

g=1

+ =24, (1) + Z gy (D] + by (D)) + Z igltpg (0] = 6,y (D
p=1 p=1

q=1
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+ D020, — kOl (0] + Y (28, = 7, )}y, 0)
g=1

1

S|
1l

M=

# D Dglbpg 1 = gyt = 7@ + D 1Y bplbgp(0)] = Oyt = T2
qg=1 p=1 p=1 g=1
+pMD) eI + 3 IO + oD 1P + ) P}, (3.18)
p=1 g=1 p=1 g=1

According to Lemma 2 and the condition in (3.7), we get

v : N Y y
T <o+ O IO + D )+ 000 o0 + ) ™)
=1 =1 p=l =1

<p" O +m) T OF + D v OPFE +p 00 I OF + ) lng0PYF
p=1 g=1 p=1 g=1

Fom+m > InF + )y, 0P
p=1 g=1

=" O +m)F +p (VO F + @+ m) T oV(H)'T . (3.19)

Thus, the fixed-time stabilization of system (2.1) can be achieved under feedback controller (3.6).
Furthermore, the settling time is estimated as
(1—a)(n+m)="N+ M) +1 L B+ m)' =N+ (n+m)F M) + 1

T x =lp + =
" 7 -a) (n+m)Ty2(B - 1)

(3.20)

The proof is completed.

Remark 5. In most of the existing literature on the stability of NNs [22-25], the derivative of the
Lyapunov functions are required to be negative definite, which is a strong limitation in practical use.
Compared with that, since p(t) can be chosen as positive value, the derivative of the Lyapunov function
in this work may not be negative definite. Thus, our result can be applied to a broader engineering
area since the limitation of traditional Lyapunov functions are relaxed here.

Remark 6. The model proposed in this work combines both the characteristics of QVNNs and
BAMNNSs. As we know, the BAMNNs have a great information association and information memory
ability. On the other hand, the imaginary parts of the quaternion neuron can better describe the
human visual neuron cells and deal with multidimensional data more efficiently. Based on these
strong engineering background, the BAM QVNNs model has a good application prospect and
deserves further investigation.

It is well known that an adaptive control strategy can greatly reduce the control strength. In the
following, we further investigate the fixed-time stabilization via an adaptive method. The update law
for the adaptive parameters in controller (3.6) is

. 1 a+l |
kp(1) = L, O + (5) > p(D)lkp (1) = KpI" sgnkep(r) = k) + (E)ﬁTQ(l)lkp(t) ~ kP sgn(k, (1) = k),
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0y0) = O + ()% 90,1 ~ 6,1 s8n(8,(0) = 6,) + (5% €016, (1) ~ 6, s, 6,),
10 = eyt = O + ()% p0A(0) = " sgn(A,(0) = 4,)
+ ()% 00,0 ~ A, Psgn( (1)~ 1),
140 = byl + ()% P00 = 74l 5800 = ) + ()% 00ly0) = o sgnCryd) ~ ¥,
5y(0) = g0 + (5 0I5, D) ~ 6, s8n(6,(0) = 5,) + (3)'% 00N0,(0) — 3, 'sen(6,) ~ 3,),
) = gt = TP + ()% 0l ~ 1l s2n(ug (1) — )
+ () 00lg0) ~ st )~ ) (3.21)

where p = 1,--- ,n,g=1,--- ,m, 0 <a < 1,> 1. k,,0,,4,,7,, 94, 14, are positive constants to be
determined.

Assumption 4. Suppose that the time-varying coefficients a,q(t), b,,(t), apy(1), qu(t) are bounded,

cp(1),d,(1) are lower bounded. i.e., there exist positive constants a%, bglq, %,b%, cp,dg1 such that
M M M
g (D < @, 1byg(D] < DY, 1apg(0)] < @, B (0] < DM, cpt) > ¢, and dy(1) > d™

Theorem 3. Under Assumption 3 and 4, if the condition (3.8) in Theorem 2 holds. Then, the fixed-time
stabilization of system (2.1) can be achieved under controller (3.6) and adaptive law (3.21).

Proof. Considering the Lyapunov functional as below
V() = Vi(t) + V()

and

n

Vi) = D x5 0x,(0) + D ¥ 0yg()
1

p= g=1
1 1 & 1 < 1 &
Va() =5 :1< o) = k) + 5 Z(e,,(n ~0,7 + 5 ;up(t) — 7+ 5 ;m@ — )
1 & 1 &
+3 Z(éqm ~ 6,7 + 5 Z (1) = pg)? (3.22)
q=1 q=1

where the parameters are

= —Zd;n +lep( +bM)+leqapq,
p=1

= =27 + Z Lig(ay, + b)) + Z Ly,
g=1
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kp = 200, Yg = 2t = Y L, Ay = > LB (3.23)
p=1 g=1

Calculating the derivative of V,(7), we get

dV(1)

= Zn)(kpm — k(1) + zn]wpm — 0,)0,(1) + iup(r) = A,
* me YY) + Z(a (1) = 8,)0,(1) + Z;wqm Habtg(1)
q= q=
= Z(k,,(t) o)l (1)) + Z(e,,m = 0, (0 + pra) = Iyt
p= p=
* Z;(%,(t) — Yyl + zm;(éq(r) = 6)lyg(OF + zm;ouqa) — p)lyg(t)P
= = =

« 1 atl
+p() ) (DT U0 = "™+ 16,(0) = 6,7 +12,(8) = 4,
=1

“ 1 a+l
(1) D3 0 = 7ol 418,00 = 6,1+ lag0) = gy
g=1

1 g
+0(1) Z(E)%{Ikp(t) — kP +10,(0) = 0, + [,() — 4,
=1
- 1 +1
+0(0) ) ()T ) = Vo™ 16,0 = 6, + g (0) ) (3.24)

Combining (3.24) with (3.19) in Theorem 2, and applying Assumption 3, we have

& k() — k,|? .u 7] —0,1> . A -,
<p(t) Z{|xp(t)|d+1 + (M)z + (W)z + (W)Ml}
p=1

2(1+l 6t 62a+l t_ 2a+l
I)/q() Y4l T (I () I)f (I,uq( )2 Hql 2

dVv(t)

+p(0) ) {lyg (O + (
g=1

- ky(t) = kpl> g 10,(6) = O, s |A,(8) = A, par
+o(h) Z“Xp(f)lﬁﬂ " (w)ﬁz 4 (M)ﬁz " (M)Bz}

2 Y — 1 g
b’q() Yl )l% +(|5q(t) O] )ﬁ% +(M)BT} (3.25)

5+1
* g(r)z [ygOF !+ ( . .

g=1
According to Lemma 2, we yield

dV(t)

<{(4n + 4m)FTap+(t) + p—(t)}Vl%I @+ (4n+ 4141)%Q(I)V2[%1 ) (3.26)
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Based on above discussion, system (2.1) can be stabilized with the fixed-time controller (3.6) and the
adaptive law (3.21). According to Lemma 1, the settling time can be estimated as

I s (1 — @)((@n + 4m)' =N + M,) + 1
vi(l —a)
, B=Didn+ 4m) N + (dn + 4m) T M) + 1
(n+4m) = y2(B - 1)

(3.27)

Remark 7. In many previous studies on NNs [21-25], the time-varying delays are assumed to be
bounded or derivative bounded. Compared with that, the time-varying delays t,(t), T2(t) considered in
our paper do not have such restrictions. The basic assumption 1(t) < 1,7(t) < 1 is removed. Thus, the
network model proposed in this work is more general and our research is very meaningful.

Remark 8. In Theorem 2 and 3, the QVNNs is coped with its quaternion form without a decomposition.
Therefore, it can be used to deal with the activations or connection weights that cannot be explicitly
expressed as real and imaginary parts, which make our results more general and promising for real
applications. However, a disadvantage of this approach is that the Hamilton rule has not been fully
taken into consideration, thus the effect of the sign of each real and imaginary parts are neglected.
Hence, both decomposition and non-decomposition method are proposed in our work.

Remark 9. In [11-15], the dynamical behaviors of NNs are investigated by linear feedback control.
The drawback of traditional feedback control is that the control gains must be maximal. Compared with
that, by applying the adaptive method in this work, the control strength can be effectively decreased.
Another advantage is that we even do not need to calculate the exact value of control gains, which is
quite meaningful in real applications.

4. Numerical examples

To verify the effectiveness of our theoretical results, some simulation examples are presented.
Firstly, we consider the simulation of Theorem 1.

Example 1. Consider the following time-varying BAM QVNNs

d 2 2
x;(t) = —cp(D)x, (1) + Z Apg(D f(Vg(D) + Z Doy (D f, 3yt = T1(1))) + W, (8) + (1)
q=1 g=1
Dl __y Y 2 b 4.1
dr g(Dyq(t) + ; agp(1)gp(xp(1) + ; (D8, (1 = T2(1))) + &,(1) + v, (1) (4.1)
where di(t) = dy(t) = 2+ |costl,ci(f) = c(t) = 1 + |sint], w,(t) = sin(),&,(r) = —cos(r). The

transmission delay is T\(t) = 0.5sin(¢) + 0.5, 7,(¢) = 0.5cos(¢) + 0.5. The time-varying connection
weights are given as below.

1 N 1 - 1 - 1 k. bo(0) sint+ fitsing. i+ sint
i , = —— +cost-i+sint-
T+ T40 14 Tx10 M / 1+ Vi

k
1+1¢
AIMS Mathematics Volume 5, Issue 4, 3089-3110.
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sin ¢

1+ Vt

1 . 1 - . cost . . .
Ggp(t) = cost + i k, bq,,(t):s1nt+1—+t-z+smt-1+

+ j +
1+1¢ 1+ \/;] 1+1¢
The activation functions are chosen as

fa(xg(0) = = 0.8 sin(xs (1)) + 0.6 cos(x, (1))i — 0.8 cos(x) (1)) j + 0.6 sin(xs (D))}, q = 1,2.

gp(xp(1)) = = 0.5sin(xf(1)) + 0.5 cos(x),(1))i — 0.5 cos(x; (1)) j + 0.5 sin(xy (D))}, p = 1,2.

Based  on the  above  conditions, it is not difficult to check  that
L, = diag(0.8,0.8,0.6,0.6,0.8,0.8,0.6,0.6), L, = diag(0.5,0.5,0.5,0.5,0.5,0.5,0.5,0.5). Thus, the
conditions in Assumption 1, 2 are satisfied. Applying the quaternion decomposition, the real-valued
compact system is achieved as

—d}gt) =—C'OX®) + A*OF Y (@) + BOFXY (- 1,(0)) + 0 () + U(@),

4.2)
dY ~ 3
—dit) = - D*()Y(1) + A*()G(X(1)) + B* (1)G(X(t — T2(1))) + E°(1) + V(@).

The feedback controller is in the following form

U@t = - KX — I(0)sgn(X (1)) — ADS GNX (@)X (1 — 72(1))|
+p(NS GNXD)X(D)I" +o(DS GN(XO)IX ()P,
V(D) == 0(0)Y (1) = T(1)sgn(Y (@) = E(OSGNY )Y (1 — 7,1(1))]
+p(MS GNY(O)IY (D) + oS GN(Y (D)X (1)’ (4.3)

where K, (1) = 7 —|sint], I',(1) = 1, A, (1) = 8, O,() = 10.8 — |cost|, T (1) = 1, E,(1) = 12.8,
po(t) = 1:—12 — £l cost|,o(t) = —t|sint|. It can be checked that

4m 4n
K1) 2 =Cy(0) + . |5, (0lLap, O() 2 =Di1) + ¥ I, (D)ILig,
q=1 p=1

4m 4n
Ap(®) = Y 1B Oy, Eg(t) = Y 1b3(DlLigs Tp(t) > 1Dl To(t) = (D),
g=1 p=1

f pf(s)ds <N, f p (8)ds < —y(t —ty) + My, f o(8)ds < —y,(t —ty) + M, “4.4)

to

Therefore, K,(1), T'p(1), Ap(2), O, (1), E,(1), Y, (¢) satisfy condition (3.2), and p(1), o(t) satisfy condition
(3.8) with N = %,yl = %7(, M, =1y, = ‘3—‘7r, M, = 2. Thus, the conditions in Theorem 1 are satisfied
so that system (4.2) can be stabilized with fixed-time controller (4.3). Choosing 10 initial values in the
interval [-0.5,0.5], it is depicted in Figures 1—4 that each imaginary part of system (4.1) will converge
to zero with fixed-time controller (4.3). Thus, the correctness of Theorem 1 is verified.
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Figure 1. The state trajectories of x(2), xX(2), y*(2), y%(¢) of system (4.1) under controller

(4.3).
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Xy

- - 40
x50 ||
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v, ||

o 2 4 6 8 10
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Figure 2. The state trajectories of x/(7), x5(r), y!(r), y5(r) of system (4.1) under controller

4.3).
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Figure 3. The state trajectories of x{(¢), x;(1),y](?), y;(¢) of system (4.1) under controller
4.3).

FACRA0)

6 8 10
t

Figure 4. The state trajectories of xX(2), x5 (¢), yX(r), y5 (¢) of system (4.1) under controller
4.3).
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Next, we consider the Theorem 3.

Example 2. Consider system (4.1) under the adaptive controller (3.6) and the adaptive law (3.21) in
Theorem 3. According to the condition in Example 1, the time-varying coefficients are satisfied that
|apq(t)| < Cl%] =2, |bpq(t)| < b%] =2, |Elqp(t)| < 513/117 =2, |bqp(t)| < bg/ll, =2, Cp(t) > C? =1, dq(t) > dZ1 =
2, 1, =0.8, I, =0.5. The parameters are chosen as

8= =2y + Y by(@y + by + > Lgahh = 3.2,
p=1 p=I

0, = =2c) + > Lglay, + bM) + > byalh = 6.4,

g=1 g=1
k, =20, =2,y,=2&, =2,
po= Y by =32,0,= > h,bl =2 (4.5)
p=1 g=1

Thus, the conditions in Theorem 3 are satisfied. Take 10 initial random values in the interval
[-0.8,0.8], Figures 5-8 describe the state trajectories of xf(t), x{ (1), x{ (1), x{{(t), yg(t), yé(t), yé(t),
y§ (t) of system (4.1) under the adaptive controller (3.6), respectively. According to our numerical
results, the fixed-time stabilization of system (4.1) can be achieved with the adaptive controller (3.6)
and the adaptive law (3.21). Thus, the effectiveness of Theorem 3 is verified.

XFoyRo

0 2 4 6 8 10
t

Figure 5. The state trajectories of x¥(r), x5(2), y*(), y5(¢) of system (4.1) under adaptive
strategy.

0.8

06} o x:l(t) H
%0

Y0 H

v, ||

041

Xy

o 2 4 6 8 10
t

Figure 6. The state trajectories of x!(), x3(2), yi(¢), y4(¢) of system (4.1) under adaptive
strategy.
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Figure 7. The state trajectories of x{(),x;(t), y](t),y3(r) of system (4.1) under adaptive
strategy.

| -
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50|

0 2 4 6 8 10
t

Figure 8. The state trajectories of xX(7), xX (), y¥ (1), yX () of system (4.1) under adaptive
strategy.

5. Conclusion

In this paper, the traditional BAMNNS has been extended to quaternion area. A newly fixed-time
convergence theory is employed to solve the fixed-time stabilization of time-varying BAM QVNNgs,
which has a great advantage compared with traditional fixed-time control methods. Due to the non-
commutativity feature of quaternions, two different control approaches are proposed, a decomposition
and a non-decomposition method. Moreover, with the designing of an adaptive controller and an update
law, an adaptive control strategy is proposed to reduce the control cost and improve the efficiency.
Lastly, numerical examples are given to verify our results.

Our future research will focus on these directions: 1) The dynamical behavior of stochastic QVNN:Ss,
2) The basin stability of QVNNS.
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