Applied Mathematics and Computation 221 (2013) 111-120

Contents lists available at SciVerse ScienceDirect

Applied Mathematics and Computation

journal homepage: www.elsevier.com/locate/amc

Stability analysis of static recurrent neural networks with @ CrossMark
interval time-varying delay

Jian Sun ™, Jie Chen

School of Automation, Beijing Institute of Technology, Beijing 100081, China
Key Laboratory of Complex Systems Intelligent Control and Decision, Beijing Institute of Technology, Beijing 100081, China

ARTICLE INFO ABSTRACT

Keywords: The problem of stability analysis of static recurrent neural networks with interval time-
Delay-dependent stability varying delay is investigated in this paper. A new Lyapunov functional which contains
Interval time-varying delay some new double integral and triple integral terms are introduced. Information about

Static recurrent neural network

; o " the lower bound of the delay is fully used in the Lyapunov functional. Integral and double
Linear matrix inequality

integral terms in the derivative of the Lyapunov functional are divided into some parts to
get less conservative results. Some sufficient stability conditions are obtained in terms of
linear matrix inequality (LMI). Numerical examples are given to illustrate the effectiveness
of the proposed method.

© 2013 Elsevier Inc. All rights reserved.

1. Introduction

During past several decades, recurrent neural networks have been applied in many areas such as speech recognition,
handwriting recognition, optimization problem, model identification and automatic control [1,2]. Although neural networks
can be implemented by very large scale integrated circuits, there inevitably exist some delays in neural networks due to the
limitation of the speed of transmission and switching of signals. It is well known that time-delay is usually a cause of insta-
bility and oscillations of recurrent neural networks. Therefore, the problem of stability of recurrent neural networks with
time-delay is of importance in both theory and practice. Many results on this topic have been obtained which can be clas-
sified into delay-dependent ones and delay-independent ones. Since delay-dependent stability conditions are usually less
conservative than delay-independent ones, much attention has been put into developing some less conservative delay-
dependent stability conditions [3-24].

Neural networks can be classified into two categories, that is, static neural networks and local field networks. In static
neural networks, neuron states are chosen as basic variables. While in local field networks, local field states are chosen as
basic variables. It has been proved that these two kinds of neural networks are not always equivalent [25]. Compared with
rich results for local field networks, results for static neural networks are much more scare. To mention a few, stability of
static recurrent neural networks with constant time-delay was investigated in [26] where new delay-dependent stability cri-
teria were established in the terms of LMI using delay-partitioning approach and Finsler’s lemma. By introducing some slack
matrices, delay-dependent stability conditions for static recurrent neural networks with time-varying delay were obtained
and expressed as LMIs [27]. By constructing a new Lyapunov functional and using s-procedure, both delay-dependent and
delay-independent stability conditions were developed for static recurrent neural networks with interval time-varying de-
lays in [28]. Stability and dissipativity analysis of static neural networks were investigated in [29].
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In this paper, stability analysis problem of static recurrent neural networks with interval time-varying delays is investi-
gated. As mentioned in our previous works [32,33], information about the lower bound of time-varying delay should be ta-
ken into account when constructing a Lyapunov functional. Therefore, a new Lyapunov functional containing some new
double-integral terms and triple-integral terms is introduced. Information about the lower bound of delay is more suffi-
ciently used in the Lyapunov functional. Based on the new Lyapunov functional, some less conservative delay-dependent
stability conditions are derived. Numerical examples are given to confirm the effectiveness of the proposed method.

Notations. Throughout this paper, the superscripts ‘-1’ and ‘T stand for the inverse and transpose of a matrix, respectively;
R™ denotes an n-dimensional Euclidean space; R™" is the set of all m x n real matrices; P > 0 means that the matrix P is
symmetric positive definite; I is an appropriately dimensional identity matrix.

2. Problem formulation

Consider the following static recurrent neural network with interval time-varying delay:

u(t) = —Au(t) + g(Wu(t — d(t)) +J), (M
where u() = [y (uz(-)---u,(-)]" is the neuron state vector, A=diag{a;,ay,---,a,} with @ >0,i=1,2,---,n,
(Wu()) = (g, (W1u(-)g (Wau(-)) - - - go(Wau()]" is the neuron activation function. W = [WIW? ... W']" is the delayed con-
nection weight matrix. J = [j;,j,,---.j,)" is a constant input. d(t) is the time-varying delay and satisfies

hy <d(t) < hy (2)
and

d(t) < u, 3)
where 0 < h; < hy and yu are constants.

The following assumption is made in this paper.

Assumption 1. Each bounded neuron activation function, g;(-),i = 1,2, - -, n satisfies

b; < gi(s1) — &i(s2)

<l Vs1,8eR,s1#S,, i=1,2,---n, (4)
S1 =52

where b;, l;,i=1,2,---,n are known real constants.
Assumption 1 guarantees the existence of an equilibrium point of system (1) [30,31]. Denote that u* = [ujus - --u;] is the
equilibrium point. Using the transformation x(-) = u(-) — u*, system (1) can be converted to the following error system:

x(t) = —Ax(t) + f(Wx(t — d(t))), (3)
where  X(-) = [x1()X2()---X,()]" is the state vector, f(WxX(:)) = [fi (W1x(:))fa(Wax(-)) - fu(Wpx(-))]"  with
fFWx() =gW(x() +u*) +]) —g(Wu" +]). It is easy to see that fi(:),i =1,2,---,n, satisfies

biéwélh fi(0)=0, Vs;,s;e€R,s1#s;, i=12,---,n (6)
1— %2

The following integral inequalities are introduced in the following lemma which is important in the derivation of main
results.

Lemma 1 ([32,34]). For any constant matrix Z > 0 and scalars 0 < hy < hy, hi2 = hy — hy such that the following integrations are
well defined, then

(1) = [ @ (8)Zoo(s)ds < — g [ @7 (5)dSZ [7,) ox(s)ds,

hy - h1 — hl
/ / s)dsd < — = / / 5)dsdoz / / 5)dsdo.
t+0 h12 t+ t

3. Main results

In this section, some new delay-dependent stability criteria are derived by introducing a new Lyapunov functional and
using a new method to estimate the derivative of the Lyapunov functional.
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Denote  0(t) = col{x(t),x(t — d(t)),x(t — hy),x(t — hy), F(Wx(t)), f(Wx(t — d(t))), x(t — d(t)),%(t — hy),x(t — h), ff_h] x(s)ds
JS(Wx(t — hy)),f(Wx(t — hy))}. The following theorem presents a delay-dependent stability condition for system (5).

Theorem 2. For given scalars 0 < hy; < h, and p, system (5) is asymptotically stable for any time-varying delay satisfying (2), (3)
if there exist matrices P = [Py], o >0,Q = [Qj]5,5 = 0,Z = [Z;j]5,3 = 0,R= [Ry]5,5 = 0, X = [Xi],,, = 0,S=[Sy],., = O,
T

3x3 3x3 3x3 2x2 2x2

U, > 0,U, >0, nonnegative diagonal matrices K,T and A and any matrices M= [M{ Mg Mg]
T T T
N= [Nf NY Ng] JH= [H{ HY Hg] ,F= [Ff F} Fg] with appropriate dimensions such that the following LMIs holds:

A hpYy  —hoM fRE Ay

x —hppSit —hiSi 0 0
* * —h12522 0 0 | <O, (7)
* * * —%Uz 0

| * * * * -Y

(© huY, —hpN fE Ay
#  —h;pSi —hiS, 0 0
* * —h12522 0 0 < O, (8)
* * * —%Uz 0

| * * * * -Y

where
A =E + HE;,
© =E+FE — (B3 — E)Us(Es - B)',

By = —PnA—ATPy —Z1A —ATZ% — XA - hlATXL +Pia+ P¥4 +Z11 + hXn
- hlx22 —2U; — WTBKLW — WTLKBW,
1

—M; + Ny,

[1]

12

[1]

1
APy, + P+ Exzz + My — P4+ Pss,

—ATP13 +P§4 — Pi5 — Ny,
15 = —A"Zy3 + Z13 + WILK + W'BK — ATWTA,
16 = P11 +Z12 + hiXa2,

13

[1]

14

1] [1]

—(1 = w)Qq; — My — M3 + Ny + Nj — WTBTLW — W'LTBW,
23 :MZa

=—N,,

= —(1- Q3 — M} + N5 + W'LT + W'BT,

By = —(1-)Quy,

[r1 [1] [1]
N ]

[1]
&

— 1
B33 = —Poy — P§4 + Pys +P§5 —Z11 +Ri1 + hiaSii — h—]Xzz +Qu1,

- T T
E3q = —Pys — Py, + P3s,
- T
Eaq = —P35s — P35 — Ry,
- T T
=36 = P]z +M37

—_ T T
=46 :P13—N37
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Ess = Z33 — 2K,
Zss = 205 + AW,
Hes = —(1 — 1)Qa3 — 2T,
Eer = —(1 - 1)Q3s,
E77 = —(1—11)Qx,
Ei7 =Hps =Hys =E37 = Ey5 = Eg7 = E57 =0,
[ P12 P13 I'i3 0 0
0 0 0 0 0
I3 Py I3 Iy 0
I'= P£3 P33 —Ry» —P4T15 0 —Ri3 {,
0 0 0 0 0
0 0 P14 0 0
0 0 o o0 o0 |
T3 = —A"Pis+ Pas — thfz +h£U1,
1 1
I'31 = Py — Z12 + Riz + h12S12 + Qy2,
I'33 = —Pys + PZS +hl1X§2,
34 = —Z13 +Ri3 + Q43
Qq 0 Py, Qg 0
* —Ry, P34 0 —Ry3
Q—| x * 7%)(11 — % Uy 0 0 |,
* * * ~Z33+R33+Q33 0
* * * * —R33

2

h
Qi1 = —Zo +Rap + Qap + h12S2 +¥U27

Q4 = —Zy3 + Rz + Qas,
L=diag{l, b, -, L},
B:diag{b1,b2-,"',bn}7
Ac=]-A 00001 0O0O0O0O 0,
E,=[0 1 0000O0O0GO0TO0O0 O,

Es=[0 01 0000O0O0O0 0 0,
2

N h
Y =72 4+ Xy + h1252 +71U17
H:[HfH§OOOH§OOOOOO}

T

T

7

:[F{Fgoooﬂoooooo}

M:{M§M§000M§000000]

T
’
T
)

N:[N§N§000N§000000]

Proof. Construct the following Lyapunov functional

with
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n Wix(t)
Vi) = COPO + 23 [ fis)ds
i=1
ot—hy
Val(e) = [ EsQe(s)ds
Jt—d(t)
[
V3(x(t)) = /pm & (s)Z&(s)ds
t—hy
Vatx(0) = [ TsRe(s)ds
0 t
Vs(x(t)) = Khl /H()ZT(S)XZ(S)de&
—hy  pt—hy
V(x(t)) = / 2 (5)Sz(s)dsdo,
—hy t+0
0 0
Vi (x(t) = /h1 /0 / xT(s)U1x(s)dsdAdo,
- hy pt—hy
Vg(x(t)) = /412 /0 /t+i. T(s)Upx(s)dsdAdo,
where {(t) = col{X( ), X(t — hy),x(t — hy), [ 1, X()ds, fr hi } Z(s) = col{x(s),x(s)} and &(s) = coL1{x(s),x(s),f(Wx(s))}.
Taking the derivative of V(x(t )) along the trajectorles of system (5) yields
Vi (x(6)) = 27 (6)PL(E) + 2 " AWifi(Wix(6))xi(t) = 207 (E)PL(E) + 2fT (Wi (6)) AWK(t), (10)
i=1
Va(x(t)) = € (£ = h)QE(t — ) — (1 - d(6)) (¢ — d(E)Q&(t - d(1), (11)
V3(x(t)) = &"(t)Z&(t) — & (¢ — hi)Z&(t — h)), (12)
Va(x(t)) = €"(t — h)RE(t — hy) = &T(t — hy)RE(E — hy)), (13)
Vs (x(t)) = hiz" (H)Xz(t) — /[ 21 (s)Xz(s)ds, (14)
t—hy
. t—hy
Ve(x(t)) = h12" (t — hy)Sz(t — hy) — / 27 (s)Sz(s)ds
t—hy
t—h; t—d(t)
= hypZ"(t — hy)Sz(t — hy) — / Z7(5)Sz(s)ds — / Z(s)Sz(s)ds, (15)
t—d(t) t=hy
Vo (x(t)) = (t)Uqx(t) /h1 /HH s)U;x(s)dsdo, (16)
. h2 ~—hy ot—hy
Va(x(0) = 24 (¢~ h)Uas(e —ho) = [ [ (s Uak)dsdo
hy  Jt+0
hz —hy t—hy t—d(t
=TT hy)U(E — hy) - / B /Ho §)Unk(s)dsd — / . / A OUA(dsd
— (hy —d(b)) /r_h1 X (s)Uak(s)ds, (17)
t—d(t)
Similar to [35], the following equations hold:
20" ()M {x(t —hy) —x(t - d(t)) - /H]l k(s)ds} =0, (18)
t—d(t)
t—d(t)
20T(t)N{x(t —d(t)) —x(t — hy) — / k(s)ds} =0, (19)
t—hy
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2()T(t)H[(d(t) hy)x(t — hy) / s)ds — / " /HO dsdo}

ZHT(t)F{(hz—d(t))x(t—d(t) - /t (s - / h / o dsde} o,

where 0(t) = col{x(t),x(t — d(t)), f(Wx(t— d(t)))}.
From (6), for any K = diag{Ky,K3,---,Kx} = 0,T =diag{T, T, ---,Ta} = 0, the following inequalities hold

0< 2[ T(WK(L)) — xT(r)wTB} KILWx(t) — f(Wx(1))],

0 < 2[fT(W(t - d(t))) — ¥ (¢ — d(e) W'B|T x [LWX(t - d(t)) — f(WX(E — d(©)))],

From (10)-(23), one can obtain that

V(x(t)) < 28T (6)PL(E) + 2fT(Wx(£) AWK(E) — (1 — ()& (t — d(£))QE(t — d(t)) + & (6)Z&(1)
E(t—hy)(Z - R — Q)(t — hy)) + hi2" (6)Xz(t) — E7(t — hy)RE(E — hy)) + hypZ" (t — hy)Sz(t — hy)
2 2 t—d(t)

t t—hy
+%xT<t>u1x<r>+%ﬂ(r—h1>uzx<r—h1> / | (xels)ds - / Zsyszisids— [ (s

,hz

~hy  pt-hy t—d(t
/ / xT(s)U1x(s)dsdo — / / xT(s)Upx(s)dsdo — / / (s)Uax(s)dsd6
hy Jt+0 t+0 hy t+0

t—hy
~ (hy —d(t))/[ X7 (5)Uni(s)ds + 267 (¢ )M{x(thl) X(t d(t))f/ti

—d(t)

t—d(t)

+20"(ON [x(t —d(t)) —x(t—hy) — /

,hz

. t— /11 —hy
+20 (t)H[(d(t)h]) (t—hy) — / 5)ds — / /M dsdﬁ}

T
+20 (t)F{(hz—d(t))x(t—d(t) - / 5)ds — / . /M dsd@}

+ 2[ T(Wx(t)) — xT(t)WTB]K[LWx(r) — F(Wx(t))]

X(s)ds}

+ 2[ T(Wx(t — d(t))) — x(t — d(t))WTB] TILWx(t — d(t)) — f(WK(t — d(1)))].

Using Lemma 1, one can obtain

t ’[ -l t . t
- / Aol <~ / (5K /Fhlz<s)ds

/ / S)Urx(s)dsdo < — = / / (s)dsdoU, / / 5)dsdo
hy Jt+0 hy Jt+0 hy Jt+0
2 ot t
=-= (hle(t) - / X (s)ds) Ui (h]x(t) - / x(s)ds),
h Ji-ny Ji-hy

—(hy —d(t)) /t :(: K (s)Uk(s)ds < —w /[ N (s)dsUs /[ M s)ds,

12 —d(t) —d(1)
Denoting E; =[0 0 0 O I, itis easy to see that
t—hy . t—hy t—d(t) .
2 xT(s)dsE, P{(t) = 2 U xT(s)ds +/ xT(s)ds} E1P(t).
t—hy t=d(t) )

Clearly,

(24)

(25)

(26)

(27)

(28)
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t—hy . t—hy t—hy

2 / X' (5)dsEyPE () — 2607 ()H / x(s)ds — 207 OM [ x(s)ds

t—d(t) t—d(t) t—d(t)

< (d(t) — b)) (©) {Yl —M]S’l [Y] —M]Té(t) + /ttd(: 2" (5)Sz(s)ds, (29)
2 / N ($)dSEPE(E) — 207 (0)F / s)ds 207N [ %(s)ds

t—hy t—hy

< (hy — ()07 (1) [YZ —N]S’l [Yz —N]Té(t) + / thd( )zT(s)Sz(s)ds, (30)

(ha = d(£))” 5r

—207(t) F/hz /H s)dsdo < N 0" (HFU; ' FTo( /hz /H s)U,x(s)dsdo, (31)
oaT (d(f)*hl) T

20" (0)H / LO s)dsdo < LT g (e)hu, A / LO (5)Us(s)dsdo, (32)

From (24)-(32), after some simple mathematical manipulations, it can be obtained that

V(x(t)) < 0" ()24 (1) (33)
where Zy) = Z -+ (hy — d(t))FE, + (d(t) - hl)HEg hed®) (E; _ E,)Uy (E3 — )" +ATYA + (d(t) — hy) [rl - M] s [n —M}T+
(h —d(t))[Yz - ] xS [YZ _N} 4 (B dOF Fry FT+("“ U, HT.

It is clear that 07 (£)Z, d(e >@(t) is a convex quadratic function for d(t) since its second order derivative with respect to d(t) is
FU,'FT + HU;'HT > 0. Therefore, according to Lemma 1 in [36], 07 (t)Eq(0(t) < O is equivalent to

B lay—n, <0, (34)

B laey=n, < 0. (35)

Using Schur complement, (34), (35) is equivalent to (36), (37), respectively. Therefore, if (36), (37) are satisfied, system (5)
is asymptotically stable according to Lyapunov stability theory. O

Remark 3. By introducing a new Lyapunov functional (9), a less conservative stability condition is derived in Theorem 2. It

should be noted that Lyapunov functional (9) contains a new double integral term f fw’ Z"(s)Sz(s)dsd0 and a new triple

thy

integral term f Iy M s

T (s)Upx(s)dsd2d0. While in our previous work [33], a Lyapunov functlonal containing a double

integral term [ " o Ji.,7"(5)Sz(s)dsd0 and a triple integral term Soh, Y JE, X7 (s)Uxx(s)dsd2d6 was introduced. After a careful
comparison, we can see clearly that information about the lower bound of the time-varying delay d (t) are used in the inner
integral upper limits of the double integral term and the triple integral term in Lyapunov functional (9). More specifically, the

inner integral upper limits of ]:,?2‘ [;:1 Z"(s)Sz(s)dsdo is ‘t —hy’ but not ‘' and the integral upper limits of s and A of

f Iy o ptmgr (5)Uax(s)dsdAde are ‘t — hy’ and ‘—h;’ respectively but not ‘t’ and ‘0’. It is clear that information about the

Jt+4
lower bound of the time-varying delay d (t) are more sufficiently used in our Lyapunov functional. Therefore, Lyapunov func-
tional (9) may lead to less conservative results. In the next section, some numerical examples are given to confirm that
results in this paper are less conservative than some existing ones.

Remark 4. There will be some integral terms and double integral terms in the derivative of the Lyapunov functional (9) since
some double integral terms and triple integral terms are introduced in Lyapunov functional (9). For — [ hy Xz(s)ds and

f t[#f” (S)U2x(s)dsdo, after being divided into some parts as shown in (15) and (17), some free—welghmg matrices are

1ntroduced to estimate them. This is because that unlike the integral inequality method, free-weighing matrices method does

not enlarge —,’ffﬂ;é‘;) as —d(;);h' and consequently leads to less conservative results. While for — frihl Z'(s)Xz(s)ds and

- jf)hl ft‘% X7 (s)U1x(s)dsdo, the integral inequality method are used to cope with them. This is because the two terms only
involve information about the lower bound of time-varying delay d(t) and for such terms the integral inequality method
gives the same level performance as free-weighting matrices method but with less decision variables.

In some circumstances, the information about the derivative of the delay may not be available. For this case, the following
corollary can be obtained from Theorem 2 by setting Q = 0.
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Table 1
Upper bounds of the delay for different h; and p.
hy Methods n=0.3 n=0.5 n=0.9 4 unknown
0.1 Zuo et al. [28] 0.3900 0.2669 0.2668 0.2668
Wau et al. [29] 0.3912 0.2678 0.2677 0.2677
Our results 0.4249 03014 0.2857 0.2857
0.3 Zuo et al. [28] 0.4662 0.3996 0.3996 0.3996
Wau et al. [29] 0.4662 0.4007 0.4007 0.4007
Our results 0.5147 0.4134 0.4134 0.4134
0.5 Zuo et al. [28] 0.5640 0.5640 0.5640 0.5640
Wau et al. [29] 0.5643 0.5643 0.5643 0.5643
Our results 0.5743 0.5743 0.5743 0.5743
Table 2
Upper bounds of the delay for different 4 and h;.
hy Methods n=0.1 pn=0.2 n=03 n=09 ¢ unknown
0.1 Zuo et al. [28] 0.8402 0.6551 0.5493 0.3289 0.3289
Wau et al. [29] 0.8402 0.6551 0.5493 0.3338 0.3338
Our results 0.9282 0.7128 0.5891 0.3399 0.3399
0.5 Zuo et al. [28] 0.8402 0.6551 0.5880 0.5880 0.5880
Wau et al. [29] 0.8402 0.6551 0.5886 0.5885 0.5885
Our results 1.0497 0.7515 0.6021 0.6021 0.6021

Corollary 5. For given scalars 0 < h; < hy and p, system (5) is asymptotically stable for any time-varying delay satisfying (2) if

there exist matrices P = [Py]

T
negative diagonal matrices K,T and A and any matrices M = [MI M7 Mg] N= [Nf NI Ng] JH= {H{ HY Hg]

5x5 >

0.Z = [z;]

3x3

> 0,R = [Ry]

3x3

> 0, X = [Xi

2x2
T

T
F= [F{ F} Fg] with appropriate dimensions such that the following LMIs holds:

(A hpYr  —hpM

*  —h;pSi —hpSnp

* * —h1252

* * * —
L * * *
(6 huY,  —hoN

% —h1S11 —hiaSiz

* * —h125%»

* * * _
L * * *

f o Aly
0 0
0 0

Ly, 0
* -Y

p o Aly
2 c
0o 0
0o 0
Ly, 0
2 2
* -Y

>0.5=[5y

2x2

> 0,U; = 0,U; = 0, non-

T
’

(36)

37)

A and © can be obtained respectively from A and © by setting Q = 0 and the other symbols are the same as those defined in

Theorem 2.

4. Numerical examples

In this section, two numerical examples are given to illustrate the effectiveness of the proposed method, that is, the
method in this paper can yield less conservative results than some existing ones.

Example 1. Consider the following delayed static recurrent neural network with [26]

A = diag{7.021
~6.4993
W=
~0.6867

L = diag{l, L} = diag{1,1},

4,7.4367}

-12.0275

5.6614

B=0
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The objective is to calculate the upper bound of the delay for given ¢ and h;. Stability conditions proposed in this paper are
implemented on an Intel (R) Core (TM) i5 processor at 2.40 GHz using Matlab LMI toolbox and the computation time is about
30.5s. Both the results obtained in [28,29] and the results obtained using the method proposed in this paper are listed in
Table 1. It is clear that our results are significant better than those in [28,29], that is, much bigger upper bounds of the delay
can be obtained in this paper.

Example 2. Consider the following delayed static recurrent neural network with [28]

A = diag{7.3458,6.9987,5.5949}
13.6014 -2.9616 —0.6936

W=| 74736 216810 32100
07290 -2.6334 —20.1300

L = diag{h. 1} = diag{0.3680,0.1795,0.2876}, B =0,

)

Stability conditions proposed in this paper are implemented on an Intel (R) Core (TM) i5 processor at 2.40 GHz using Matlab
LMI toolbox and the computation time is about 74.5s. The corresponding upper bounds of the delay for various given u and
h; calculated by Theorem 2 and Corollary 5 are listed in Table 2. For the purpose of comparison, results in [28,29] are also
listed in Table 2. It is easy to see that our results are much less conservative than those in [28,29].

5. Conclusion

In this paper, the stability analysis problem of static recurrent neural networks with interval time-varying delay has been
investigated. A new augmented Lyapunov functional which fully uses the information about the lower bound of the delay
and contains some new double integral terms and triple-integral terms has been introduced. A new method to estimate
the derivative of the Lyapunov functional has been proposed and some less conservative stability criteria have been ob-
tained. Numerical examples have illustrated the effectiveness of the proposed method.
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