2014 International Joint Conference on Neural Networks (IJCNN)
July 6-11, 2014, Beijing, China

Stability of Hopfield Neural Networks with Event-triggered
Feedbacks

Xinlei Yi, Wenlian Lu and Tianping Chen

Abstract— This paper investigates the convergence of Hop-
field neural networks with an event-triggered rule to reduce the
frequency of the neuron output feedbacks. The output feedback
of each neuron is based on the outputs of its neighbours at
its latest triggering time and the next triggering time of this
neuron is determined by a criterion based on its neighborhood
information as well. It is proved that the Hopfield neural
networks are completely stable under this event-triggered rule.
The main technique of proof is to prove the finiteness of
trajectory length by the Lojasiewicz inequality. The realization
of this event-triggered rule is verified by the exclusion of Zeno
behaviors. Numerical examples are provided to illustrate the
theoretical results and present the goal-seeking capability of
the networks. Our result can be easily extended to a large class
of neural networks.

I. INTRODUCTION

N [1] and [2], the author presented the famous Hopfield
neural network model and its applications, where the
continuous-time Hopfield network is described by

Cii(t) = =28 + 31 wijy; (t) + 0
yi(t) = gi(Niwi(t)), i=1,---,m

with each activation function g;(-) being a sigmoidal func-
tion and symmetric weight condition (w;; = wj; for all
t,7 = 1,---,m). This model has a great variety of ap-
plications: for example, it can be used to search for the
local minimum points and values of the quadratic objective
function St Y77, wiyiy; over the discrete set {0,1}™
[3]-[5]. Particulary, this model can be applied for solving
the traveling-sales problem [6]. From the analysis in [5],
we know that as \; goes to infinity and 6; is sufficiently
small, the limit of the trajectory of (1) is located sufficiently
near one of the local minimum points. Thus the study of the
trajectory convergence (or stability) of the Hopfield neural
network is a fundamental issue.

Over the past several decades, many researchers inves-
tigated stability of all kinds of (Hopfield) neural networks
(see [7]-[11] and references therein). In several papers, the
linearization technique and the classical LaSalle approach
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were used to prove the stability. However, these approaches
would be invalid when the system had non-isolated equilibri-
um points (e.g., a manifold of equilibria) [12]. A new concept
“absolute stability” was proposed in [4], [12], [14] to show
that each trajectory of the neural network is convergent with
any parameters and activation functions satisfying certain
conditions. In these papers, the authors proved the absolute
stability by proving the finiteness of the trajectory length.
This idea was proposed in an earlier important paper [8].
The significant contributions of these works lie in that the
stability analysis does not need any information of equilibria
or even uniqueness/countableness of the equilibria. The key
step of this proof is employing the celebrated Lojasiewicz
inequality [15]-[16].

However, in the model, simultaneous outputs are used as
feedbacks all the time, which is cost in practice for networks
with a large number of neurons. In recent years, with the
development of sensing, communications, and computing
equipment, the concept of event-triggered control [17]-[23]
and self-triggered control [24]-[27] have been proposed.
The remarkable advantage of these two kinds of control
techniques is that the frequency of feedbacks information
exchange is significantly reduced.

In this paper, motivated by this idea, we investigate
stability of Hopfield neural networks with event-triggered
feedbacks. The stability we considered here is completely
stable (see Definition 1). We present an event-triggered rule
to reduce the frequency of the neuron output feedbacks. At
each neuron, the output feedback is based on the outputs
of its neighbours at its latest triggering time and the next
triggering time of this neuron is determined by a criterion
based on its neighborhood information as well. We prove
that the Hopfield neural networks are completely stable
under this event-triggered rule. The main technique used
is using Lojasiewicz inequality to prove the finiteness of
trajectory length. Then we prove that the event-triggered rule
is realizable by the exclusion of Zeno behaviors. The event-
triggered rule is distributed, i.e., each neuron only needs the
information of its neighbors and itself, and asynchronous,
i.e., all the neurons are not required to be triggered in
a synchronous way, and independent to each other, i.e.
triggering of an neuron will not affect or be affected by
triggering of other neurons. It should be emphasized that
our result can be easily extended to a large class of neural
networks. For example, the standard cellular networks [28]-
[29].

The paper is organized as follows: in Section II, the
problem formulation and preliminaries are given; in Section



III, the stability of Hopfield neural networks with event-
triggered feedback is discussed; in Section IV, examples with
numerical simulation are provided to show the effectiveness
of the theoretical results and illustrate its application; the
paper is concluded in Section V.

Notions: R™ denotes m-dimensional real space. The notation
|I-|| represents the Euclidean norm for vectors or the induced
2-norm for matrices, and ||z|| = max;|x;| for & € R™.
B,.(z9) = {xr € R™ : ||z — x| < r} stands for the ball
with center xg € R™ and radius » > 0. For a function
F(z) : R™ — R, VF(z) means the gradient of F'(x).
For a set @ C R™ and a point zy € R™, dist(zg,Q) =
inf,cq ||zo — y|| indicates the distance from z to Q.

II. PROBLEM FORMULATION AND PRELIMINARIES

In this section, the neural network model considered in this
paper is introduced, and some related definitions, concepts
and lemmas are given.

A. Problem formulation

Consider a continuous-time Hopfield neural network with
discontinuous output feedbacks as follows

Cii(t) = 1“11%( Li(t)) +0;
yi(t) = gi(/\ixz‘(t)% i=1,--,m

where x;(t) represents the state of the neuron ¢ at time ¢ > 0;
W = [w;;] is the synaptic symmetric interconnection matrix,
i.e., Wi = Wyji for all i,j = 1,"' ,m; 0 = [91,"- ,Hm]T
is the biasing input vector; C; > 0 and R; > 0 are
neuron self-inhibition coefficients; \; is scale factor; each
input-output activation function g¢;(-) is a sigmoid function:
gi(s) = 1/(1 + exp(—s)). The strict increasing triggering
event time sequence {t; }72, (to be defined) are neuron-wise
and t] = 0, for all j € Z with Z = {1,--- ,m}. At each ¢,
each agent j pulls its neighbours with respect to an identical
time point t?c]-(t) with k;(t) = argmax {t], <t}.

In order to design the appropriate triggering times, we
define the state measurement error as:

2)

t) =D wiyys(th) — Y wisy; (t) 3)
j=1 =1
for t € [ti,t )., k 0,1,2,..., and i = 1,---,m.
Let C = diag[Ch,-- ,C’m], R = dzag[Rl, ,Rm],
A= dlag[)\l, ’ 7>‘m]’ g(z/) = [91(171),'“ ,gm(xm)]T,
Dg(z) = diaglg,(z1), -+ , g (Tm)] with z € R™, e(t) =
lex(t), -+ em(®)] T, (t )= a1 (t), - wm (1)
Denote
o) = =28 1S i, ) + 61
) J=1

Let £(a(t)) = [fi((t), - » fm(x(t))]T. For zo € R™, we

regard x( as a constant function, thus f;(zo) and f(z¢) are
well defined.
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B. preliminaries

In this paper, we consider the completely stable (or con-
vergence) system (2). Denote the set of equilibrium points
for (2) as

S={reR™: f(z)=0}

Definition 1: [30] System (2) is said to be completely
stable (or convergence) if for any trajectory x(t) of (2), there
exists g € S such that

tlg(r)lo x(t) = xo.

Next we will show that all solutions for (2) are bounded,
and there exists at least one equilibrium point.

Property 1: For any given triggering event time sequence
{t};, i€Z, k=1,2,---}, any initial condition in R™, there
exists a unique solution for the piece-wise Cauchy problem
(2), and the solution is bounded for all £ > 0.

Proof: (a) For any given {ti} ordered as 0 1 <
ty < +-- <t < --- (same items in {t} treat as one).
It is clear that in [t17t2], there exists a unique solution of
(2) for any initial condition z(¢;) € R™ (existence and
uniqueness theorem [31]). Thus, we can regard z(t5) as the
initial condition for next interval [ts,¢3]. By induction, we
can conclude that there exists a unique solution for the piece-
wise Cauchy problem (2).

(b) 'Since 0 < g;(s) < 1 for all s € R, then there exists
M7 > 0 such that

x;(t) (1)

Thus for any given ¢, there exists ro > 0 such that
fi(z()) < —e0, Vai(t) > 1o
fi(z(t)) > eo, Vai(t) < —ro,

for all + € Z. Thus

=M < fi(z(t) < - + M.

C={zeR™: |z, <ro}

is positively invariant. Moreover, if 2:(0) ¢ C, x(t) will enters
C in finite time. This implies that all solutions for (2) are
eventually confined in C, hence they are bounded on ¢ €
[0, 4+00).

Obviously, S also is the equilibrium points set for the
following continuous-time Hopfield neural network with
continuous inputs

Ciitg(t) = =52 + 37, wijy; (1) + 6
yl(t) = gz()\zxz(t))a 1= 17 Y
Thus from [12], we have

Property 2: For the equilibrium points set S, the follow-
ings statements hold:

m

1) § is not empty;

2) there exists 1 > 0 such that S((R™ \ B,,(0)) = 0.

I'The proof of this part comes from [12] with minor modifications.



We consider the following candidate Lyapunov (or energy)
function from [2]:

_Zm: {A;R

gt(/\ wt)
: / g; ' (s)ds — 0igi(Nis)

- % > Wijgi(AiCCi)gj()‘jxj)] : )
j=1

A function L : R™ — R is said to be a strict Lyapunov
function for (2), if L € C*(R™), and the derivative of L
along trajectories of (2), L(x(t)), satisfies L(z) < 0 for z €
R™ and L(a:) <0 forxz ¢S (see [12]).

The following inequality, named Lojasiewicz inequality
[15], will play an essential role in the proof our main result.

Lemma 1: Consider a function F(z) : B C R™ —
R, which is analytic in the open set B. Suppose that the
following set

Sy ={reB: VF(z)=0}

is not empty. Then, for any zy € Sy, there exist constants
r(zp) > 0 and 0 < v(zp) < 1, such that

IVF(z)ll2 > |F(z) — F(zo)|"@)

for x € By(4y)(20).
Let x(t), t € [0, +00), be some trajectory of (2). For any
t > 0, the length of x(¢) on [0,¢) is given by

t
oy = / lé(s) ds.

Significant contributions of [8] lies in that one can prove
the existence of equilibrium and its stability (convergence of
the trajectory) simultaneously by proving the finiteness of
the length. This idea was also used in [12] to discuss global
stability of analytic neural networks.

III. CONTINUOUS MONITORING

We consider the case of symmetric case, i.e., w;; = Wj;
for all 7,7 € Z. The main result on complete stability for
the neural network model (2) is presented in the following
theorem.

Theorem 1: Set ti, 41 as the time point such that for any
fixed v € (0,1)

m m
kp1 = max {T >t Zwijyj(tz) _ Zwijyj(t)‘
s j=1
x(t) m - |
SV‘_;%Z_F;CUUZJJ“Z)“‘@Z, Vte[t;ﬁT]}

®)

Then, system (2) is completely stable.

Proof: The main techniques of the proof come from [12]
with some modifications.
Firstly, we will prove following claim.

Claim 1: The L(x) in (4) is a strict Lyapunov function
for (2).
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Note, for any point x € R™
0
311

L()

—— Nz hig' (Nixi) — Oihig’ (M)

)\R

m

— > wiigi(Aa) g (Nias)

Jj=1

1
=— Aig’()\il'i){ 7 —x; +0; + Zw”gj (A xj)]
J=1
== Xig'(Nizi) fi(z).
Thus, for any trajectories z(t) of (2)?

0
5 L)

(6)

i(t) +0; + Zwijyj(t)]

— —)\ig'()\ifﬂi(t»[_ ix ;

R;
= —Xig' (Nizi(t)) [fi(w(t)) - 61'(?5)} : )

Then, the time derivative of L(x(t)) along (2) is

=3 g b
- Z

From (5) and (8), and noting g;(s) is strict monotone
increasing, we have

o Ozt {ﬁ(())ei(t)}ﬁ(w(t» ®)

) ©))

and Vx ¢ S, there exits ig € Z such that f; (x) # 0. Thus
L(x) < 0. This completes the proof of of Claim 1.
Secondly, similar to [12], we have following result.

Claim 2: (Property 4 in [12]) There exist a finite number
mo > 1 of different energy levels L;, j = 1,2,---,my,
such that each set of equilibrium points

Sj:{.Z‘ESZ L(Z‘)ZLJ}

j=1,2,---,mg, is not empty.
Without loss of generality, assume that the energy levels
Lj, j=1,2,--- ,mgare ordered as L1 > Ly > --- > L.

2Equation (6) represents the normal partial derivative of the function
L : R™ — R in (4) and in order to avoid ambiguity, we point out that
fie) = —F- + STt wijgi(Niwi) + 05, for all ¢ € Z. Equation (7)
represents the 1partial derivative of the function L along trajectories of (2).



Thus there exists v > 0 such that L; > L; 4 + 2+, for any
j=1,2,--- ,mg— 1. For any given € > 0, define

I ={z e R : dist(z,S;) <€}
and
K, :Fjﬂ{x eR™: L(z) € [Lj — v, L; +V]}-

Claim 3: (Property 5 in [12]) For j = 1,2,--- ;mo — 1,
IC; is a compact set and IC; (S = S;.
Thirdly, we will prove following claim.

Claim 4: For any trajectory z(t) of (2) and any given ¢y >
0, suppose z(to) € K;\S for some j € {1,2,--- ,mq}, then
there exist a constant ¢; > 0 and v; € (0, 1) such that

| (a(to))] .
Tty = @@t = Lsl™. (10)

In order to avoid ambiguity, we point out that f;(x (o))

w(tl
7%+21 Lwijy;(t k(fo))+02’ for all 7 € Z.

From (7) and (5), we have
9 /
e Lalto)| = | Ot [ Fata) — ()|
< |+ Dhig Oiilto)) (i) A1)
Let
b — i . 1 0
TR T A )
Thus,
1f (z(to)) ]l = ;[ V Lz (to))]]-
Additionally, letting
& = min[min (1 —v) = ¢ (\iz;)] > 0,

i€l xek; Cl

from (5) and (9), we have
|[L(x(t0))] = & f(x(to))1*-

By the same arguments as in the proof of Lemma 2 in [12],
we can complete the proof of Claim 4.
Fourthly, like [12], we can prove that the length of z(¢) on
[0, 4+00) is finite.

Claim 5: (Theorem 3 in [12]) For any trajectories x(t) of
(2) has finite length on [0, +00), i.e
+oo t

li(s)llds = tim_ [ [la(s)lds < +oo.

Finally, by the same argument as theOproof of Theorem 1
in [12], we can prove that for any trajectories 2(t) of (2),
there exists lims, 1o x(t) = 21 = constant, where x; is
an equilibrium point of (2).

Next we will prove that the above event-triggered rule
(5) is realizable, i.e., the inter-event times (the time length
between two continuous triggering times), are lower bounded
away from zero, which is also known as not exhibiting Zeno
behavior [32]. This is proven in the following theorem:

Theorem 2: For the event-triggered rule in Theorem 1 and
any initial condition of each neuron, at any time ¢ > 0 there

lo,400) =
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exists at least one neuron j; for which the next inter-event
time is strictly positive.

Proof: The main techniques of the proof in this part
come from [17] with some modifications. We will show that
there exists at least one neuron such that its next inter-event
interval is bounded from below by a certain time 7 > 0.
Denoting

j1 = argrnax + Zw”y] tl )+ 0;].

Thus 1
|Cjy &5, ()] = ﬁllCﬂi(t)IL

In addition,

> ns(th) = Y- i8] = s < e,

So
lei(t)]

Cj1 ‘jjjr (ﬁ)| h

Jale(t)]
= ca]

lle(®1l .
cz@)”

We can calculate the time derivative of T

d Jle@®I
dt[Ca(o)]|

_ @I [=9@®)] _ le@lllC2®)] T CE(t)
Cle@®iczOl ICOIPICE)]
_[e®)]" [-WADg(Ax(t))i(t)]
le@IlICE(@)]l
_ le@lliCca@®)] " C[-C~ R~ (t)]
[Ce(@)[IP[[Ca(2)]]
le()]l
[Cz()]]
Where ki = mar cp 4o0)[[WADg(Az(7))|| <
=[C7'R.
V1a comparison principle, we have H%’a')‘” < ¢(t, o),

where ¢(t, ¢g) is the solution of following differential equa-
tion

<ki+ kaietn

TIWA,

(Z)(ta ¢)O) = ¢O

Hence the inter-event times of agent v;, are bounded from
below by the time 7p which satisfies ¢(7p,0) = \/% We
can calculate 7p as follows.

) /TD
[,
/0 kot + k1 0

{ifzk2¢+k1

which yields
(12)

This completes the proof.

Remark 1: Here we should point out that although for
some neurons the next inter-event time may infinite, from
the proof process of Theorem 1, we still can conclude that



the Hopfield neural networks are completely stable under the
event-triggered rule (5).

Remark 2: As the discussion in [21], since larger 7p
implies less control updating times, a larger 7p implies that
less resources are needed for the equipment, like embedded
microprocessors, to communicate between neurons. On the
other hand, a smaller L(x(t)) means a faster convergence
speed. We know from (12) that 7p is increasing with respect
to . Then a larger ~ leads to less control updating times for
each neuron, while a smaller v leads to bigger low bound
of the system convergence rate according to (9). It should
be emphasized that we can not say a smaller v leads to
faster convergence according to (9). Therefore, the protocol
designer should choose a proper «y for a compromise between
control actuation times and system convergence rate.

IV. EXAMPLES

In this section, three numerical examples are given to
demonstrate the effectiveness of the presented results and
their application.

Example 1, consider a 2-dimension Hopfield neural network

with
1 2 -1
Al
The initial value of each neuron is randomly selected within

the interval [—1, 1] in our simulations. Figure 1 shows that
the state x(t) converges to v = [2.7072, —1.6021] T.

C:R:A:hez{

0 5 10 15 20 25 30

Fig. 1.
0.99.

Convergence of z(t) with (0) = [~0.6802,0.4267]T and v =

Then, the parameter y takes different values while adopt-
ing the triggered principles provided in Theorem 1 and the
corresponding simulation results are listed in Table I. The T}
in the table denotes the first time when ||z (¢) —v|| < 0.0001,
which can be seen as an index representing the convergence
speed of the event-triggered rule. All the data in this table
are the averages over 50 overlaps. It can be seen that all
the actual minimum inter-event times are greater than the
corresponding 7p calculated by (12). The minimum value of
event interval and the actual number of event decreases with
respect to 7, and 77 increases with respect to 7, which are
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consistent with the theoretical analysis. The 7, in the table
represents the minimum value of the length of event interval.
The N,, in the table stand for number of event times.

TABLE I
SIMULATION RESULTS WITH DIFFERENT 7 UNDER THE TRIGGERED
PRINCIPLE IN THEOREM 1.

2l ™D Tm Nm Ty
0.1 | 0.0901 | 0.6072 | 42.10 | 31.6612
0.2 | 0.1727 | 0.8920 | 26.90 | 32.5330
0.3 | 0.2491 | 1.0560 | 21.16 | 32.8354
0.4 | 0.3200 | 1.1643 | 17.92 | 33.0597
0.5 | 0.3862 | 1.2014 | 15.58 | 33.0533
0.6 | 0.4483 | 1.2020 | 14.48 | 33.2765
0.7 | 0.5068 | 1.2018 | 12.70 | 33.4677
0.8 | 0.5620 | 1.2028 | 13.22 | 33.4744
0.9 | 0.6144 | 1.2043 | 12.76 | 33.4854

Noting the definition of (4), if we choose ||| sufficient
small and let \; — +oo for all 7 € Z, then

m 1 m
L(z) ~ =) 5 > wijgi(Niri)g; (M),
=1 =1

Next, as an application of our result, we will give two
simple examples of seeking local minimum point of quadrat-
ic polynomial H(y) = %lyTWy. As an illustration, we
still consider 2-dimension problem. To minimize H(y) =
SHwi1y? + wa2y3 + wiayryo] over {0,1}2. Denote §(A) =
limy, o g(A(t)), where x(t) is the trajectory of (2). Thus
g(A) is the local minimum point of H(y) if |6 sufficient
small and \; — +oo for all 7 € Z.

Example 2, let
Figure 2 shows that the terminal limit §(A) converge to a
local minimum point [1,0]" as \; — +oo for all i € Z.

1.5
—0.2

-0.2

CRIQ7W|: 11

0.6

0.5

0.4

03r

Y2

0.2r

01

0.7 0.8 0.9 1 1.1
y|

. .
0.5 0.6

Fig. 2. The limits 5(A) converge to a local minimum point [1,0]T. We
select 6 = [0.001, 0.001}T, v = 0.99, and random initial data within the
interval [—5, 5]. A1 = A2 are select from 0.01 to 100.

Example 3, let

1.0965
—1.0787

—1.0787

C=R=5L W= 1.2535 |



Obviously, the objective function has two local minimum
points: [1,0]" and [0,1]". Figure 3 shows that the terminal
limit (A) converge to such two local minimum points as
i = 4oo for all i € 7.

1t e —
08t E
06t i
= )
04t —
02t E
of °
0 02 0.4 06 08 1

Y4

Fig. 3. The limits 7(A) converge to two local minimum points [1,0]T
and [0,1] 7. We select = [0.001,0.001] T, v = 0.99, and random initial
data z(0) within the interval [—5,5]. Ay = A2 are select from 0.01 to 100.

V. CONCLUSION

In this paper, an event-triggered output feedback rule for
Hopfield neural network with symmetric synaptic neuron
interconnection matrix is proposed. It is proved that the
Hopfield neural network is completely stable under this
event-triggered rule, and that Zeno behavior can be excluded.
In addition, this event-triggered rule is not only distributed
and asynchronous but also independent. As a result, the
information exchange frequency among all neurons can be
significantly reduced. It should be point out that the main
technique to prove the absolute stability in main result is
finite-length of trajectory, and the core of the proof of
finite-length of trajectory is the L.ojasiewicz inequality [12].
Three numerical examples are given to demonstrate the
effectiveness of the presented results and their application.
Our future work will include the self-triggered formulation
and event-triggered stability of other more general systems.
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