®

Check for
updates

A New Robust Stability Result
for Delayed Neural Networks

Ozlem Faydasicok!, Cemal Cicek!, and Sabri Arik?(=)

! Department of Mathematics, Istanbul University, Istanbul, Turkey
{kozlem,cicekc}@istanbul.edu.tr
2 Department of Computer Engineering,
Istanbul University-Cerrahpasa, Istanbul, Turkey
ariks@istanbul.edu.tr

Abstract. This work proposes a further improved global robust stabil-
ity condition for neural networks involving intervalized network param-
eters and including single time delay. For the sake of obtaining a new
robust stability condition, a new upper bound for the norm of the inter-
valized interconnection matrices is established. The homeomorphism
mapping and Lyapunov stability theorems are employed to derive the
proposed stability condition by making use of this upper bound norm.
The obtained result is applicable to all nondecreasing slope-bounded acti-
vation functions and imposes constraints on parameters of neural net-
work without involving time delay.
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1 Introduction

Analysis of various dynamics of neural networks has recently become an inter-
esting research topic due to their qualitative properties that are employed to
solve various practical real-word problems related to combinatorial optimization,
image processing and control systems. When solving these types of problems by
using neural networks, one needs to establish a neural system possessing a unique
and globally asymptotically stable equilibrium point. Thus, one needs to deal
with stability of neural networks. The fact that neurons implemented by ampli-
fiers usually have finite switching speeds will result in time delays, which may
have undesired affects on the dynamics of neural networks. Another problem is
that the parameters of neural systems may involve some uncertainties, which can
also have an affect on the equilibria of neural networks. Because of these reasons,
for a proper stability analysis, the time delay in the states and uncertainties in
the network parameters need to be included in the mathematical model of neu-
ral networks. That is to say, the key requirement would be the establishment of
robust stability of neural systems which also involve time delay. When review-
ing past literature, it can be realized that many researchers published useful
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robust stability criteria for delayed neural systems, (see references [1-19]). This
paper uses Lyapunov and Homeomorphic mapping theorems to derive a novel
condition for global robust asymptotic stability.

Notations: Let z = (21,22, ...,2,)T. We will use |z| = (Jz1], |22/, ., [2a])T -
For a given matrix E = (€;j)nxn, we will use |[E| = (|€j])nxn, and A, (E) will
represent the minimum eigenvalue of E. If of E = ET, E > 0 will show that F
is positive definite. E = (e;;)nxn IS nonnegative matrix if e;; > 0, Vi, j. Assume
that £ = (e;j)nxn and F' = (fij)nxn are nonnegative matrices. In this case,
E < F will denote that e;; < f;;,Vi,j. For the vector z, we will use the norm
|22 = 321, 22, and for F, we use ||E||z = [Amax(ET E)]'/2.

i=1 "4

2 Preliminaries

Consider the neural network of the mathematical form

dzi(t)
dt

= —ciwi(t) + Zaijfj(%‘(t)) + D b fixi(t—7) +un¥i (1)

j=1

in this above equation, a;; and b;; are interconnection parameters, ¢; are the
neurons charging rates, x;(t) represent state of neuron 4, the functions f;(-) are
the nonlinear activation functions, 7 represents the time delay, u; are the inputs.

Neural system (1) can be put into an equivalent system governed by the
differential equation:

(t) = —Cx(t) + Af(x(t)) + Bf(z(t — 7))+ u (2)

where C' = diag(c;), A = (aij)nxn, B = (bij)nxn, z(t) = (21(t), z2(t), ...,
wa ()", u = (ur,uz, oy un) ', f2() = (filei()), fa(22()), ooy fulza ()T
The functions f; possess the following properties:

filz) — in(f)

r—x

0<

<ki, Vi, Vo,7 € Ryx £ %

with k; being positive constants. The functions satisfying the above conditions
are denoted by f € K.

The matrices A = (a;;), B = (b;;) and C' = diag(c; > 0) in (1) are stated by
the following intervals:



A New Robust Stability Result for Delayed Neural Networks 345

We now introduce the following lemma which is of great importance to obtaining
our main result:

Lemma 1: Let D be a positive diagonal matrix with n diagonal entries, x be any
real vector having n elements, and consider any real n X n dimensional matrix
A = (ai;) with being intervalized as A < A < A. In this case, the following
inequality is satisfied:

eTATDAz < |2T|[|A*" DA*| + |A*T|DA, + A.TD|A*| + A.TDA,]|z|

in which A* =

Proof: If A € A, then, a;; can be written as

1 1 ..
ajj; = g(aij +a;;) + iaij(aij —a;;), —1<o0 <1,Vij.

Assume that A = (Gij)nxn is a real constant matrix and whose elements are

defined as a;; = %O’ij (@i; — gij). Then, A can be written as

1 -
A= 5(A+A)+A:A*+A
We can now express the following:
tTATDAz = 27(A* + A)TD(A* + A)z
= 2T(A""DA* + A*" DA+ ATDA* + ATDA)x
< |aT|A*"DA* + A*" DA+ ATDA* + ATDA||z|
< &7 || A*T DA*[2| + 27 || A*7 | DI A] ]
+]aT||AT|D|A*||z| + 7| AT|D| Al ||

Since |a;;| < 3(@;; — a;;), Vi, j, it follows that |A| < A,. Then, we obtain
2T ATDAz < |2T||A* T DA*||z| + |27 ||A*T|D| A, ||z|
+1a | AT DA ||2] + |« || AT DI A |2
= |2T|(|A*" DA + |A*T|DA, + A.TD|A*| + A,"DA,)|z|
Below are two lemmas and a fact that will be needed in the proofs:

Lemma 2 [1]: Let D be a positive diagonal matrix with n diagonal entries, x
be any real vector having n elements, and consider any real n x n dimensional

matrix A = (a;;) with being intervalized as A < A < A. In this case, the
following inequality is satisfied:

2T (DA + AT D)z < |27|S|z|
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where S = (s;;) such that s;; = 2d;a;; and si; = maz(|diai; + d;ag|, |dia;; +
dja;|) for i # j.

Lemma 3 [2]: Let the map H(y) € C° posses two properties: H(y) # H(z),
Yy # z and ||H(y)||—o0 as ||y||—oo0 with y € R™ and z € R™. Then, H(y) is
said to be homeomorphism of R".

Fact 1: If A = (a;;) and B = (b;;) satisfy (3), then, A and B have bounded
norms, i.e., we can find some positive real constants ¢ and ¢ satisfying the
following

[All2 <€ and [[Bls <e

3 Existence and Uniqueness Analysis

The following theorem presents the criterion which ensures that system (1) pos-
sesses a unique equilibrium point for each constant input:

Theorem 1: Let neuron activation functions belong K, and assume that the
uncertain network elements A, B and C are defined by (3). Then, delayed neural
network described by (1) possesses only one equilibrium point, if one can find a
matrix D = diag(d; > 0) satisfying the following condition

©=20DK'-D-5-Q>0

where K = diag(k; > 0), Q = B.” D|B*| + B." DB, + |B*" DB*| + |B*"|DB.,
S = (si;) is the matrix whose diagonal elements are defined by s;; = 2d;a;; and
off-diagonal elements are defined by s;; = max(|d;a;; + d;a;l, |dia;; + dja;l),
the matrix B* included in @ is defined as B* = (B + B) and the nonnegative
matrix B, included in @ is defined as B, = 5(B — B).

1
2

Proof: Consider the associated map H (x) representing neural network (2)
H(z)=—-Cx+ Af(z) + Bf(x) +u 4)

For every equilibrium point z* of (2), by definition of equilibrium equation, the
following must be satisfied

—Cz" + Af(z")+ Bf(z*)+u=0

Apparently, when a vector z satisfies H(x) = 0, it results in the fact that
H(x) = 0 also corresponds to the equilibrium points representing the solutions of
(2). Thus, by the virtue of Lemma 3, one can conclude that neural model (2) pos-
sesses only one equilibrium point for the constant v if H(x) fulfills conditions in
Lemma 3. For any randomly selected vectors x # y, using (4), we express

H(z) = H(y) = =C(z —y) + A(f(z) = f(y)) + B(f(z) = f())
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Let H(z,y) = H(x) — H(y) and f(z,y) = f(z) — f(y). Then, the previous
equation can be put in the form:

H(z,y) = —C(z —y) + Af(z,y) + Bf (z,y) ()
Since f € K, if x # y and f(z) = f(y), (5) yields
H(z,y) = —C(z —y)
in which C = diag(c; > 0). Therefore, x — y # 0 will ensure the condition that
H(xz,y) #0. For x —y # 0, f(x,y) # 0, and D = diag(d; > 0), multiplying (5)

by the nonzero vector 2f7 (z,y)D leads to

2f" (z,y)DH (z,y) = —2f" (z,y)DC(z — y)
+2f"(z,y)DAf (z,y)
+2f"(z,y)DBf(z,y)

The following can be written
2f"(z,y)DAf(z,y) = " (z,y)(DA+ ATD) f(z,y)

Thus, one would obtain

2f"(x,y) DH(z,y) = —2f" (z,y) DC(x — y)
+ (2, y)(DA+ AT D) f(x,y)
+f1(z,y)DBf(z,y) (6)

For activation functions in K, the following can be derived

—2fT(x,y)DC(x — ZQUZ ci(fi(zi) — filyi))(xi — yi)

<23 ) = fila)?
i=1 "
= —2fT(x,y)QDK_1f(x,y) (7)

Lemma 2 leads to

FT (@, y)(DA+ ATD) f(a,y) < |f7 (2, 9)|S|f(x,y)
It is worth noting that

2f"(x,y)DBf(z,y) < f"(z,y)Df(x,y) + fT (x,y) B"DBf(z,y)

—~
[0¢)
~~—

By using Lemma 1, one would get

@, y)B"DBf(z,y) < |f"(2,9)|Q|f(z,y)]
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Thus

2f"(x,y)DBf(x,y) < fT(z,y) Df (z,9) + | (z,9)Qlf (z,)| 9)
Using (7)—(9) in (6) will give the following
2f"(x,y)DH(z,y) < =2|f" (2, y)ICDK " |f(z,y)]

+ /(@ 9)|(S+ D+ Q)\f(z,y)l
= —‘f($,y)|T9|f(l‘,y)|

Since © > 0, one can observe that

2f"(z,y) DH(z,y) < =An(0)[|f(z,9)[I3 (10)

Obviously, f(z,y) # 0 with @ being positive definite, that is © > 0, (10)
leads to

2f"(x,y) DH(z,y) <0

where f(z,y) # 0 guarantees condition that H(z) # H(y) for all z # y.
Choosing y = 0, (10) will directly result in

2(f(x) = £(0)TD(H(z) = H(0)) < =An(O)[| f(2) = F(0)II3

It follows from the above inequality that

2(f(z) = £(0))" D(H (z) — H(0))| = X (O)]|f(2) = F(0)[I3

yielding
Am(O)[1f (=) — £(O)I3

2[[Dllso|1.f (z) = £(0)]oo
Using some basic properties of the vector norms, we can state

An(@) I @)z = 1 O]z = 2Dllse IHO)I 1)
(@)l > SIS

||H (z) — HO)||, >

Knowing that |[H(0)||1, ||D]|ec, and ||f(0)||2 have limited upper bounds will
enable us to conclude that ||H(x)|| — oo if ||z|| — co. Q.E.D.

4 Stability Analysis
Stability of neural network (1) will be studied in this section. If 2* is defined to

denote an equilibrium point of (1), then, by means of z(-) = x;(-) — x, neural
system (1) is replaced by a new model whose dynamics is governed by:

Zi(t) = —cizi(t) + Z aijgj(z;(t)) + Z bijgi(z;(t — 7)) (11)
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Note that g;(z;(:)) = fi(zi(-) + aF) — fi(x}). We can easily observe that the
functions g; belong to the class IC that is, g € K satisfying ¢;(0) = 0.
The vector-matrix form of neural system (11) is

2(t) = —C=(t) + Ag(z(t)) + Bg(z(t — 7)) (12)

In this new system, z(t) = (z1(t), 22(t), ..., 2, (t))?, and the new nonlinear output

functions state vector is g(=()) = (g1(21(-), g2(22(-)s - ga(2n())) 7
The stability result is given as follows:

Theorem 2: Let neuron activation functions belong K, and assume that the
uncertain network elements A, B and C are given by (3). Then, the origin of
delayed neural system described by (11) is globally asymptotically stable, if
one can find an appropriate matrix D = diag(d; > 0) satisfying the following
condition
©=20DK'-D-S8-Q>0

where K = diag(k; > 0), Q = B, D|B*| + B,” DB, + |B** DB*| + |B*"|DB.,,
S = (s;;) is the matrix whose diagonal elements are defined by s;; = 2d;a;; and
off-diagonal elements are defined by s;; = mam(\d a;j + djagl, |dia;; + djagl),

the matrix B* included in @ is defined as B* = (B + B) and the nonnegative
matrix B, included in @Q is defined as B, = Q(B B).

Proof: The Lyapunov functional to be exploited for the proof of this theorem
is chosen as:

n

z; (t)
VE0) = Y0 +2 [ dads)ds)

+ v/t_ 197 ((ONIQIg(=(C))Id¢ + & [ Nlg(=(C)II5dC

t—T1
where the d;, v and ¢ are constants. V (z(t)) is determined to be as
V(z(t)) = =227 (1)Cz(t) + 22T () Ag(2(t)) + 227 (t) Bg(z(t — 7))

)C=(
= 279" (2(£)) DC=(t) + 29" (2(t)) DAg((1))
+279" (2()) DBy (=(t - 7))

+9lg" (2(1)IQlg (1)) = 19" (2(t = 7))IQlg(=(t — 7))
+Ellg (=) = Ellg(=(t = T)I3 (13)

Let o = [|A|3]|C~ 1|2 and B = ||A||3]|C~1||2. We now observe the inequalities:
2T (1) Ag(=(t) — 2T (1)C=(t) < allg(=(t))13 (14)

2 (t)By(a(t — 1) = 2T ()C=(t) < g" (2(t — 7)) BTC7' Byg(2(t - 7))
< Bllg(=(t — 7))II3 (15)
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2797 (2(8)) DAg(=(t)) = 79" (2(t) (DA + AT D)g(x(t))

<Alg" (2())1S]g(2(t))| (16)
2vg" (2(t))DBg(z(t — 7)) < vg" (2(t)) Dg(=(t))
+79" (2(t = 7))B"DByg(2(t — 7))
< 9" (2(t))Dy(=(t))
+70g" (2(t = 7)[Qlg(z(t — 7)) (17)
— 279" (2(t))DC=(t) < —27g" (2(t))DCK ' g(2(t)) (18)

Inserting (14)—(18) into (13) yields

V(2(t) < allg(z))lI3 + By (2()g(=(1))
— 279" (2(t)) PCK ~"g(2(t)) + 9" (2(£))]S]g(=(2))]
+97 (2(8)) Pg(=(t)) + 19" (2(t = 7)IQlg(=(t — 7))
+719" (=(0)1Qlg(2(1)] = g™ (2(t = 7))IQlg(=(t — 7))l
+eEllg(z)3 — €llg(=(t — m))II3

Taking £ = 3 leads to
V(z(t) < (B +a
+9lg"
+9lg"

(ﬁ—i—oz
=(+a

Since © > 0, (19) gives

V(z(1) < = (PAm(©) = (B+ ) Dg(=()]3

g(z(0))1I5 — 279" (2(t)) DCK ~'g(=(t))

)S]g(z(t))| + vg" (2(t)) Dg(z(t))

lg(=())]

)3 —g" ) (DCK™ — D — S — Q)|g(2(t))]
2(t)3 = lg" (2(1))1O1g(=(1))] (19)

5%

g

Thus
(a+ )

7 An(©)

guarantees that V(z(t)) will have negative values Yg(z(t)) # 0, or equivalently
V(2(t)) < 0 when z(t) # 0.
Let g(z(t)) = 0. Taking z(t) # 0 leads to

V(z(t)) = 2T (t)Cz(t) + 22T (t)Bg(z(t — 7))
—g" (2(t = 7)[Qlg(2(t — 7)) = Ellg(=(t —7)II3

Then
=2 (t)C=(t) + 227 (1) By (2(t — 7)) < €[lg(=(t — 7))l
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leads to .
V(2(t) < T (H)Cx(1)

in which V (z(t)) < 0 Vz(t) # 0. Finally, g(z(t)) = z(t) = 0 leads to

V(z(1) < —€llg(=(t = 7))I13

Apparently, V(z(t)) < 0Vg(z(t—7)) # 0. Hence, V(2(t)) = 0 iff 2(t) = g(2(t)) =
g(2(t — 7)) = 0. This also means V(z(t)) < 0 when states and delayed states are
not equal to zero. The radially unboundedness the Lyapunov functional is to be
easily checked by proving V(z(t)) — oo when ||z(t)|| — oo. Q.E.D.

5 Conclusions

This work proposed a further improved condition for the robustness of neural net-
works involving intervalized network parameters and including single time delay.
For the sake of obtaining a new robust stability condition, a new upper bound
for the norm of the intervalized interconnection matrices has been established.
The homeomorphism mapping and Lyapunov stability theorems are employed
to derive the proposed stability condition by making use of this upper bound
norm. The obtained result is applicable to all nondecreasing slope-bounded acti-
vation functions and imposes constraints on parameters of neural network with-
out involving time delay.
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