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This work proves the existence and multiplicity results of monotonic traveling
wave solutions for some lattice differential equations by using the monotone itera-
tion method. Our results include the model of cellular neural networks (CNN). In
addition to the monotonic traveling wave solutions, non-monotonic and oscillating
traveling wave solutions in the delay type of CNN are also obtained. � 2000
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I. INTRODUCTION

This work studies the existence and multiplicity of traveling wave solutions
of lattice differential equations. As generally considered, lattice differential
equations are infinite systems of ordinary differential equations on a spatial
lattice, such as the D-dimensional integer lattice ZD. Lattice differential equa-
tions arise from many system models such as in chemical reaction theory
[14, 24], biology [2, 3], image processing and pattern recognition [11, 13],
and material science [4].

An underlying motivation for studying the lattice differential equations is
the large array of a locally coupled first-order nonlinear dynamical system,
i.e., Cellular Neural Networks (CNN). Proposed by Chua and Yang [12, 13],
such an information processing system is occasionally referred to as CY-CNN.
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Indeed, cellular neural networks (CNN) without input terms are of the
form

dxi, j

dt
=&xi, j+z+ :

|k|�d, |l | �d

ak, l f (xi+k, j+l) (i, j) # Z2 (1.1)

or

dxi

dt
=&xi+z+ :

|l |�d

al f (x i+l) i # Z1. (1.2)

Here the nonlinearity f is an output function and a piecewise-linear func-
tion in CY-CNN. The quantity z is called a threshold or bias term and the
numbers ak, l can be arranged into the (2d+1)_(2d+1) matrix A which
is called a space-invariant template.

The study of traveling wave solutions can proceed as follows. Let % # R1

be given and consider solutions of (1.1) or (1.2) of the form

xi, j (t)=x(i cos %+ j sin %&ct) or xi (t)=x(i&ct) (1.3)

for some unknown function x: R1 � R1 and some unknown real number c.
A solution of the form (1.3) of system (1.1) or (1.2) is called a traveling
wave solution of (1.1) (or 1.2). By denoting s=i cos %+ j sin %&ct (or
s=i&ct), x and c satisfy the equation of the form

&cx$(s)=G(x(s+r0), x(s+r1), ..., x(s+rN)), (1.4)

where r0=0, ri are real numbers for i=1 to N.
If Eq. (1.4) depends on the past and future, i.e., if

rmin #min[ri]N
i=0<0<rmax #max[ri]N

i=0 , (1.5)

then (1.5) is called a mixed type. If rmin=0 or rmax=0, then (1.4) is called
an advance or delay type, respectively.

Previous studies [5, 34] have numerically observed traveling wave
solutions and mathematically proven them [1, 6, 26�28] in the case of the
discrete reaction�diffusion equation. Chow, Mallet-Paret, and Shen [9]
studied the existence and stability of traveling wave solutions in lattice
dynamical systems. In a related study Mallet-Paret [28] confirmed the
existence and uniqueness of a traveling wave which connects the two stable
states in bistable systems. Previous investigations of [28] and [35] provide
the basis for this study. Indeed, define 8(x) by

8(x)=G(x, x, ..., x), (1.6)

432 HSU AND LIN



and assume x0<x+ such that

8(x0)=8(x+)=0 and 8(x)>0 for x # (x0, x+). (1.7)

By assuming that G is quasi-monotone, i.e., G(u0 , u1 , ..., uN) is strictly
increasing in uj for 1� j�N, Wu and Zou [35] verified that a family of
monotone traveling wave solutions of (1.4) satisfies the boundary conditions

lim
s � &�

x(s)=x0 and lim
s � �

x(s)=x+. (1.8)

A monotonic iteration scheme is employed in [35]. Under certain conditions
on G, Wu and Zou constructed upper and lower solutions of (1.4), thereby
satisfying the boundary conditions in (1.8).

In this work, we first generalize the results in [35]. Indeed, we denote
the characteristic equation of (1.4) at x� by

2(_, c, x� )=&c_& :
N

j=0

�G
�uj

(x� ) e_rj. (1.9)

The assumptions needed for this mixed type problem are:

(G.1) Assume that �N
j=0 (�G��u j )(x0)>0.

(G.2) Assume that G is quasi-monotonic for uj , j�1, in [x0, x+]N+1,
i.e.,

�G
�uj

(u)>0, for u # [x0, x+]N+1, j�1.

(G.3) Assume that

G(u)� :
N

j=0

�G
�uj

(x0)(uj&x0) for u # [x0, x+]N+1.

The first main results are

Theorem 1.1. By assuming that rmin<0<rmax with (G.1), (G.2), and
(G.3) being held, c*�0 exists such that for any c<c* Eq. (1.4) has a non-
decreasing solution satisfying the boundary conditions (1.8). Herein, c* satisfies

2(_*, c*, x0)=0 and 2$(_*, c*, x0)=0 (1.10)

for some _*>0, where `` $ '' denotes the partial derivative of 2(_, c, x0) with
respect to _. Moreover, (_*, c*) is a unique solution of (1.10).
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With Condition (G.1) we can construct lower solutions. Condition (G.2)
ensures the validity of the monotone iteration scheme. Condition (G.3), a
global sublinearity of G at x0, allows us to construct an upper solution.
Notably, the condition (G.3) is much weaker than that in [35]. Condition
(G.3) holds in many models, such as in the reaction�diffusion equation
and CNN.

In Theorem 1.1, c* is the critical velocity which verifies the existence of
a monotonic traveling wave connecting x0 and x+. Furthermore, in the
delay case, our results indicate that (G.3) is redundant. Indeed, the following
results are obtained.

Theorem 1.2. Assume (G.1), (G.2), and that rmax=0. Then, for any c�0,
a non-decreasing solution of (1.4) satisfies the boundary conditions (1.8).

All general results of Theorems 1.1 and 1.2 can be applied to CNN,
enabling us to obtain monotone traveling waves. However, owing to the
simplicity of the piecewise-linear nonlinearity of CY-CNN, the solutions
can be obtained explicitly in the case of the delay or advance type. In
addition to monotone traveling waves, non-monotonic waves can also be
obtained in the case when G is quasi-monotone. Furthermore, overshoot
non-monotonic waves can be obtained in the case when G is not quasi-
monotone. Previous investigations have not rigorously proved these
non-monotonic waves.

The rest of this paper is organized as follows. Section 2 introduces a
novel monotone iteration scheme to construct upper and lower solutions of
(1.4). In Section 3 we prove the main theorems by using the monotone
iteration scheme. Section 4 applies the results in Section 3 to examine the
CNN problem and also obtains non-monotonic solutions when G is either
quasi-monotone or not quasi-monotone.

II. MONOTONE ITERATION SCHEME

In this section, we consider the differential equation (1.4) with

G(u)#G(u0 , u1 , ..., uN): RN+1 � R1

being a C2-function, c<0, and ri in R1 for i=0 to N. In general, the
smoothness of G can be relaxed, say G # C1, except at a finite set. Hereafter,
we assume (1.7) and that r0=0.

These conditions (1.7) occur quite frequently in many models, and the
two zeros of 8 correspond to the homogeneous steady states of (1.4). For
simplicity, we also denote x0=(x0, ..., x0) # RN+1, etc., when it does not
cause any confusion.
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This section largely focuses on obtaining monotonic traveling wave
solutions of (1.4). The method employed herein to study Eqs. (1.4) and
(1.8) is the well-known monotone iteration method. Importantly, the
characteristic equation of (1.4), which occurs with the linearization of (1.4)
about some trivial solutions, e.g. x0 and x+, must be considered.

Clearly, a pair of upper and lower solutions can be constructed accord-
ing to the roots of the characteristic equation of (1.4).

Herein, we denote the characteristic functions about x0 and x+ by
2(_, c, x0) and 2(_, c, x+) respectively, which are defined by

2(_, c, x0)=&c_& :
N

j=0

�G
�uj

(x0) e_rj (2.1)

and

2(_, c, x+)=&c_& :
N

j=0

�G
�uj

(x+) e_rj. (2.2)

Proving the existence of a traveling wave requires that G satisfies the
assumptions (G.1), (G.2), and (G.3).

We recall the definition of upper and lower solutions of (1.4).

Definition 2.1. A continuous function U: R1 � R1 is called an upper
solution of (1.4) if it is differentiable almost everywhere and satisfies

&cU$(s)�G(U(s+r0), ..., U(s+rN)). (2.3)

Similarly, the lower solution L(s) satisfies

&cL$(s)�G(L(s+r0), ..., L(s+rN)). (2.4)

To construct the upper and lower solutions of (1.4), we need some
properties of characteristic function 2(_, c, x0). Indeed, by differentiating
with respect to _, we have

�2(_, c, x0)
�_

=&c& :
N

j=1

�G
�uj

(x0) e_rj rj (2.5)

and

�2 2(_, c, x0)
�_2 =& :

N

j=1

�G
�uj

(x0) e_rj r2
j . (2.6)

According to (2.5) and (2.6), we have the following result.
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Lemma 2.2. By assuming that (G.1) and (G.2) hold, c*�0 exists such
that for any c<c*, _0(c)>0 and =0(c)>0 satisfy

2(_0, c, x0)=0

and

2(_0+=, c, x0)>0 for 0<=<=0 .

Proof. According to (G.2) and (2.6), 2(_, c, x0) is a concave function of
_. Hence, (G.1) implies that c*�0 exists such that for any c<c*, _0(c)>0
and =0(c)>0 satisfy the results. Therefore, the proof is complete.

In the following proposition, the construction of upper and lower
solutions in mixed type resembles that in [35]. The construction of the
lower solution in the delay case is new.

Proposition 2.3. (i) Under the assumptions of Theorem 1.1, for the
given positive numbers `, h, and =, define functions

U(s)={x+

x0+(x+&x0) e_0 s

if s�0,
if s�0,

(2.7)

and

L(s)={x0

x0+`(1&he=s) e_ 0 s

if s�s0 ,
if s�s0 ,

(2.8)

where s0<0 is such that he=s0=1. Then U(s) is an upper solution of (1.4),
and positive numbers h0 , `0 , and =0 in R1 exist such that if h>h0>1,
0<`<`0 , and 0<=<=0 , L(s) is a lower solution of (1.4).

(ii) Under the assumptions of Theorem 1.2, for given positive numbers
`, h, and =, we define the function

L� (s)={x0+`(1&he=s1 ) e_ 0s1

x0+`(1&he=s) e_ 0s

if s�s1 ,
if s�s1 ,

(2.9)

with s1=(1�=) ln(_0�h(_0+=))<0. Then, positive numbers h� 0 , �̀ 0 , and =~ 0
exist such that if h>h� 0>1, 0<`< �̀ 0 , and 0<=<=~ 0 , then L� (s) is a lower
solution of (1.4).

Proof. To demonstrate that U(s) is an upper solution, note that if s�0
then U$(s)=0, and by (G.2) we have

G(U(s+r0), ..., U(s+rN))�8(x+)=0.
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Hence,

&cU$(s)�G(U(s+r0), ..., U(s+rN)).

If s�0, according to the definition of U we have

U$(s)=_0(x+&x0) e_ 0s.

Now, applying (G.3), we have

G(U(s+r0), ..., U(s+rN))� :
N

j=0

�G
�uj

(x0)(U(s+rj)&x0),

� :
N

j=0

�G
�uj

(x0)(x+&x0) e_ 0 (s+rj ). (2.10)

Since

2(_0, c, x0)=&c_0& :
N

j=0

�G
�uj

(x0) e_ 0 rj,

(2.10) implies

&cU$(s)�G(U(s+r0), ..., U(s+rN)),

for s�0. Hence, U(s) is an upper solution of (1.4).
Next, we prove L is a lower solution. If s�s0 , we have L$(s)=0 and

(G.2) implies that

G(L(s+r0), ..., L(s+rN))�G(x0, ..., x0)=0.

Hence, for s�s0 ,

&cL$(s)�G(L(s+r0), ..., L(s+rN)).

If s�s0 , then from the definition of L we have

L$(s)=`(_0&h(_0+=) e=s) e_ 0s.

Now, applying Taylor's expansion of G about x0, if ` is small then we can
write

G(u0 , ..., uN)=8(x0)+ :
N

j=0

�G
�uj

(x0)(uj&x0)+Q(u&x0) (2.11)

for u in [x0, x+]N+1 and

|Q(u&x0)|�K0 |u&x0|2 for some K0�0. (2.12)
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Thus, by (2.11) and direct computation, we have

G(L(s+r0), ..., L(s+rn))+cL$(s)

=`e(_ 0+=)sh 2(_0+=, c, x0)+Q(L(s+r0)&x0, ..., L(s+rN)&x0).

(2.13)

From (2.12), the constant K>0 exists such that

|Q(L(s+r0)&x0, ..., L(s+rN)&x0)|�K`2e2_ 0s.

Since (G.1) holds and by Lemma 2.2 we know that there exists an =0>0
such that

2(_0+=, c, x0)>0 for 0<=<=0 ,

there exists an h0>1 such that if h>h0 , the right-hand side of (2.13) is
positive, i.e.,

&cL$(s)�G(L(s+r0), ..., L(s+rN)).

for s�s0 . Hence, L(s) is a lower solution of (1.4).
Finally, we show that L� (s) is a lower solution when rmax=0. First, we

choose positive numbers `, h, and = such that L(s) is a lower solution and
define L� (s) as in (2.9). Let L(s1) be the maximum of L(s) in R1, i.e.,

s1=
1
=

ln
_0

h(_0+=)
<0,

then L� $(s)=0 for s�s1 . From (G.1), we have

�G
�u0

(x0)+ :
n

j=1

�G
�uj

(x0) e_ 0rj>0,

and this implies

G(L� (s+r0), ..., L� (s+rN))

= :
N

j=0

�G
�uj

(x0)(L� (s+rj)&x0)+Q(L(s+r0)&x0, ..., L(s+rN)&x0)

�K� \ �G
�u0

(x0)+ :
N

j=1

�G
�uj

(x0) e_ 0rj+
>0,
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for some positive constant K� . Hence,

&cL� $(s)�G(L� (s+r0), ..., L� (s+rN)),

for s�s1 . If s<s1 , then by an argument similar to that used in proving
that L(s) is a lower solution we can also obtain

&cL� $(s)�G(L� (s+r0), ..., L� (s+rN)),

for s�s1 . By combining these results, L� (s) is a lower solution of (1.4).
The proof is complete.

After construction of upper and lower solutions of (1.4), using the quasi-
monotonicity of G, we present a novel monotone iteration scheme to
obtain the non-decreasing solutions of (1.4) and (1.8).

From (G.2), a +>0 exists such that the function H(u0 , ..., uN): RN+1 �
R1 defined by

H(u0 , ..., uN)=&
1
c

G(u0 , ..., uN)++u0 (2.14)

is monotonic in uj # [x0, x+] for each j�0. Thus we rewrite (1.4) as

x$(s)=H(x(s+r0), ..., x(s+rN))&+x(s). (2.15)

Then x(s) is easily verified to be a solution of (2.15) if and only if x(s)
satisfies

x(s)=e&+s |
s

&�
e +t H(x(t+r0), ..., x(t+rN)) dt. (2.16)

If we define the operator T by

(T.)(s)=e&+s |
s

&�
e +tH(x(t+r0), ..., x(t+rN)) dt, (2.17)

then by (2.16) the fixed point of T satisfies (2.15), and vice versa.
In the following, we apply the monotonic iteration method to find the

fixed point of T. Clearly, .(s) is an upper (lower) solution of (1.4) if and
only if

.(s)� (�) (T.)(s). (2.18)

Denote the set by

1� =[. | .: R1 � [x0, x+] and continuous]
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and the set of profiles by

1=[. # 1� | . is non-decreasing and satisfies (1.8)],

then T has the following properties on 1.

Lemma 2.4. Assume that (G.2) holds, then

(i) If .(s), .~ (s) # 1� and .(s)�.~ (s) for all s in R1, then

(T.)(s)�(T.~ )(s) for all s in R1.

(ii) If . is an upper (or lower) solution of (1.4), then (T.)(s) is also
an upper (or lower) solution of (1.4).

(iii) if . # 1 then (T.)(s) # 1, too.

Proof. Since H is non-decreasing, (i) follows. Next, assume that . is an
upper solution of (1.4). By (2.18) we have (T.)(s)�.(s) for all s in R1. By
(i), we obtain

T(T.)(s)�(T.)(s) for all s in R1.

Hence, (T.)(s) is also an upper solution of (1.4), and (ii) follows.
To prove (iii), note that H is non-decreasing. Hence, . # 1 obviously

implies that T. is also non-decreasing. To demonstrate that T. satisfies
(1.8), note that

H(x0)=+x0 and H(x+)=+x+.

Now, according to L'Hospital's rule, it is easy to verify that

lim
s � &�

(T.)(s)=x0 and lim
s � �

(T.)(s)=x+.

Hence, (T.)(s) lies in 1. The proof is complete.

III. PROOF OF THE MAIN THEOREMS

Proof of Theorem 1.1. By assuming that (G.1), (G.2), and (G.3) hold,
then by Proposition 2.3 U and L are the upper and lower solutions of (1.4),
respectively. For any positive integer n, define Un(s) and Ln(s) by

Un(s)=(T nU )(s) and Ln(s)=(T nL)(s), (3.1)
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with U0=U and L0=L. Then using (2.18) and Lemma 2.4, we have

x0� } } } �Un(s)� } } } �U1(s)�U(s)�x+.

According to Lebesgue's dominated convergence theorem, the limiting function
U

*
(s) defined by

U
*

(s)= lim
n � �

Un(s)

exists and is a fixed point of T. Moreover, U
*

(s) is non-decreasing and satisfies
(1.4). Therefore, it must be verified that U

*
(s) satisfies the boundary conditions

(1.8). However, L(s), constructed in (2.8), is a non-trivial lower solution. Since
U�L in R1, it is also easy to verify that Un�L for all n, hence U

*
�L. Since

Un is non-decreasing and satisfies (1.8), U
*

lies in 1 and is a non-decreasing
solution of (1.4) and (1.8).

It remains to show that c* satisfies (1.10). Since

2(0, c, x0)<0 and 2"(_, c, x0)<0,

it is clear that there are a unique c*<0 and _*>0 that satisfy (1.10).
Indeed, c* satisfies

c*=& :
N

j=1

�G
�u j

(x0) e_*rj rj (3.2)

with

_*=inf {_>0 } :
N

j=1

�G
�uj

(x0) e_ rj (_r j&1)>
�G
�u0

(x0)= . (3.3)

The proof is complete.

Remark 3.1. According to Theorem 1.1, the critical velocity c* exists,
thereby ensuring a monotone traveling wave solution connecting x0 and
x+ for any c # (&�, c*). When c=c*, it is not easy to construct the lower
solution as (2.8) to show the existence of a solution of (1.4) and (1.8).
However, we believe that such a solution exists. For example, in [38],
Zinner et al. studied the discrete Fisher equation and obtained the traveling
wave solutions when c�c*.

For another example, consider one-dimensional cellular neural networks
by

dxi

dt
=&xi+af (xi)+;f (xi+1) (3.4)
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with f (x)=( |x+1|&|x&1|)�2. Define L(s) by

L(s)={x0+$
x0+$e_*s

for s�0,
for s�0,

(3.5)

then L(s) is a lower solution of (3.4) when a+;&1>0 and $ is positive
and small enough. Hence, we have a traveling wave solution of (3.4) and
(1.8) when c=c*. In addition, the global structure of the traveling wave
solutions of (3.4) is completely classified in [19]. Of relevant interest is
whether or not a traveling wave of (1.4) exists which may be non-monotone
for c>c*.

Proof of Theorem 1.2. Since rmax=0, by (2.5) and (2.6), we have that
2(_, c, x0) is a concave function in _ and 2$(_, c, x0)>0 for any c<0.
Hence (G.1) holds for any c<0. Now from Proposition 2.3(ii), we know
that L� (s) is a lower solution of (1.4). If we denote L� n(s) by

L� n(s)=(T nL� )(s). (3.6)

with L� 0=L� and apply Lemma 2.4, we obtain

x0�L� 0(s)�L� 1(s)� } } } �L� n(s)� } } } �x+.

By the Lebesgue dominated convergence theorem again, the limiting
function L�

*
(s) defined by

L�
*

(s)= lim
n � �

L� n(s)

is the fixed point of T. It remains to be shown that L�
*

(s) satisfies the
boundary conditions. Clearly, L�

*
(s) is non-decreasing due to the monotonicity

of T. This is because we do not have a non-trivial upper solution as a barrier
function to separate L�

*
(s) from a trivial solution x+ ; to overcome this

difficulty, we need to show L�
*

(s) � x0 as s � &�. This can be achieved
inductively on L� n(s).

By (3.6), we have

L� n+1=e&+s |
s

�
e+tH(L� n(t+r0), ..., L� n(t+rN)) dt.

We begin with the study of L� 1(s) as s � &�. By (2.11), L� 1 can be written as

L� 1(s)=e&+s |
s

&�
e +t _&

1
c

:
N

j=0

�G
�u j

(x0)(L� (t+rj)&x0)++L� (t)

+Q(L� (t+r0)&x0, ..., L� (t+rN)&x0)& dt.
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As s tends to &�, we have

L� 1(s)=x0+`e_ 0s&`h \1&
2(_0+=, c, x0)

++_0+= + e(_ 0+=)s

+e&+s |
s

&�
e+tQ(L� (t+r0)&x0, ..., L� (t+rN)&x0)] dt. (3.7)

However, (2.12) implies that a positive constant K� exists such that

e&+s |
s

&�
e+tQ(L� (t+r0)&x0, ..., L� (t+rN)&x0) dt

�
K�

++2_0 e2_ 0s. (3.8)

Define ! and \ as

!=1&
2(_0+=, c, x0)

++_0+=
and \=

K�
++2_0 .

In addition, by combining (3.7) with (3.8), we have 0<!<1 and \< 1
2 , for

+ large enough. Hence, L� 1(s) can be written as

L� 1(s)=x0+`(1&!he=s) e_ 0s+r1(s),

where

r1(s)=e&+s |
s

&�
e +tQ(L� (t+r0)&x0, ..., L� (t+rN)&x0) dt

and

|r1(s)|�\e2_ 0s.

Let `�\, and by induction L� n(s) can be written as

L� n(s)=x0+`(1&!nhe=s) e_0s+rn(s) (3.9)

and

|rn(s)|�\e2_ 0s. (3.10)
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Hence, L� n and L�
*

tend to x0 as s tends to &�. Thus L�
*

is not the trivial
solution x+. Since L�

*
is monotonously increasing, according to (1.7), we

have

lim
s � �

L�
*

(s)=x+.

The proof is complete.

Remark 3.2. By using a comparison theorem obtained in [28], we can
prove that the monotone solution obtained in Theorems 1.1 and 1.2 is
unique for c # (&�, c*). We only sketch the proof in the following and
omit the details.

It is not difficult to prove that if x(s) is a monotonic solution of (1.4) and
(1.8) then we have x(s)=x0+O(e_ 0s), as s � &�. On the other hand, if
�N

j=0 (�G��uj )(x+)<0 then (1.4) satisfies the hyperbolicity at x+ ; see [27].
Hence, as in [27], we have x(s)=x0+O(e_+s), as s � �. Here _+<0 and
satisfies 2(_+, c, x+)=0. By an argument similar to that used in proving
Proposition 6.5 of [28], the uniqueness result follows.

IV. APPLICATIONS TO CNN

In this section, we initially apply the above results to obtain a monotonic
traveling wave solution in CNN. For a CY-CNN with delay or advance
type, we demonstrate that the solutions can be obtained explicitly. In
addition to the non-decreasing traveling waves, we obtain non-monotonic
traveling waves. The various results obtained for CY-CNN allow us to
study the general case of (1.4) even when G is not quasi-monotonic.

For simplicity we only study the one-dimensional CNN; the higher
dimensional cases can be treated analogously. Consider

dxi

dt
=&xi+z+:f (xi&1)+af (xi)+;f (xi+1) (4.1)

where z, :, a, and ; are constants. Here f is a non-decreasing continuous
function which is differentiable except for finite points. A typical case is

f (x)= f0(x)# 1
2 ( |x+1|&|x&1|). (4.2)

In this case, it is called CY-CNN. Assuming

xi (t)=x(i&ct)=.(s) for i # Z1, (4.3)
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where s=i&ct and .(s) is in C1(R1, R1), then .(s) satisfies

&c.$(s)=&.(s)+z+:f (.(s&1))+af (.(s))+;f (.(s+1)), (4.4)

and the boundary conditions are

lim
s � &�

.(s)=x0 and lim
s � �

.(s)=x+. (4.5)

Now,

8(x)=&x+z+(:+a+;) f (x). (4.6)

Assume that x0<x+ are the two zeros of 8(x) such that 8(x)>0 for
x # (x0, x+). For CY-CNN we have

x0=
&z

&1+a+:+;
and x+=z+a+:+;,

whenever a+:+;&1{0.
Applying Theorem 1.1, we obtain

Theorem 4.1. Suppose :, a, and ; are real numbers and f is a continuous
function differentiable except for finite points. If f $(x)�0, f $(x0) exists and
satisfies the conditions

(i) &1+(:+a+;) f $(x0)>0,

(ii) :>0 and ;>0,

(iii) f (x)� f (x0)+(:+a+;) f $(x0)(x&x0), for x in [x0, x+],

then c*<0 exists such that for each c<c* there is a non-decreasing solution
satisfying (4.4) and (4.5). Moreover, c* satisfies

&c*= f $(x0)(&:e&_*+;e_*) and

&c*_*=&1+ f $(x0)(a+:e&_*+;e_*)

for some _*>0.

Proof. It is easy to verify that the assumptions (i), (ii), and (iii) imply
(G.1), (G.2), and (G.3) with

2(_, c, x0)=&c_+1& f $(x0)(a+:e&_+;e_).

The following result immediately occurs. Therefore, the proof is complete.

In the following theorem, we observe whether the assumption (G.2) fails.
A traveling wave solution may exist which satisfies (4.5) which overshoots
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the steady state x+. For simplicity, we consider the delay type of CY-CNN,
i.e., ;=0. Now, the monotonic traveling wave can be solved explicitly.

Theorem 4.2 (Delay case of CY-CNN). Assume that ;=0 and f =f0 in
(4.2). If &1+:+a>0, then:

(i) If :>0, then for any c<c*, monotonic traveling wave solutions of
(4.1) and (4.5) exist.

(ii) If a>1, :<0 and we define c*=(ln(&:�a))&1, then for any
c�c*, monotonic traveling wave solutions of (4.1) and (4.5) exist.

(iii) If a>1, :<0, and c>c*, then a solution , of (4.1) and (4.5)
exists which has a single maximum. In this case, , is not monotonic.

Furthermore, in any case the solution ,(s) can be expressed as

x0+(1&x0) e_ 0s for s�0,

,(s)={x0+le_ 0s+al(1&e&$s)&
al$

_0+$
(e_ 0 s&e&$s) for s # [0, 1],

x++e&$(s&1)(,(1)&x+) for s # [1, �),

(4.7)

where l=1&x0, $=&1�c, x0=&z�(&1+a+:), x+=z+a+:, and
2(_0, c, x0)=0.

Proof. Since f is piecewise linear, the problems (4.4) and (4.5) can be
decomposed into the equations

&c,$(s)={
&,(s)+z+:,(s&1)+a,(s)
&,(s)+z+:,(s&1)+a,(s)
&,(s)+z+:,(s&1)+a
&,(s)+z+:+a

if s # (�, 1],
if s # [&1, 0],
if s # [0, 1],
if s # [0, �).

(4.8)

Herein, assume that ,(0)=1, ,(&�)=x0, and ,(�)=x+. Now, (4.8) can
be solved and the solution is given in (4.7). Since the proof is elementary
but lengthy, the detail is omitted. Therefore, the proof is complete.

Remark 4.3. In the case (iii) of Theorem 4.2, the assumption (G.2)
does not hold and the solution is now nonmonotonic, as shown in Fig. 1.

Remark 4.4. According to Theorem 4.2, a bifurcation diagram can be
drawn which exhibits how the monotonic traveling wave changes into a
non-monotonic traveling wave when : changes from positive to negative.
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FIGURE 1

Indeed, if we assume that a>1 and c<0 will be given fixed numbers, we
define :*(a, c) and c*(a) by

:*(a, c)=&ae1�c and c*(a)=ln
a&1

a
.

If c>c*(a) then the bifucation pictures with respect to : are given as
follows.

In Case (ii) of Fig. 2, the traveling wave solution ,(s) is equal to x+ for
s greater than some s*.

Finally, the oscillating traveling wave solution of CY-CNN is considered
as follows

Theorem 4.5. While considering (4.4) and (4.5) with ;=0, a solution
,osc(s) exists which is given by

,osc(s)={x0+le*s cos(&s)+me*s sin(&s)
x0+le*s cos(&s)+me*s sin(&s)+,� osc(s)

if s # (&�, 0],
if s # [0, 1],

(4.9)

FIG. 2. Bifurcation diagram.

447TRAVELING WAVES IN A DYNAMIC SYSTEM



FIG. 3. Oscillating wave.

where *>0, l and m are non-zero real numbers, and $=&1�c,

,� osc(s)=al&ale&$s&al$e&$sg(s)&am$e&$sv(s),

g(s)=
(*+$)(e(*+$) s cos(&s)&1)+&e(*+$) s sin(&s)

&2+(*+$)2 ,

v(s)=
(*+$) e(*+$) s sin(&s)&&(e(*+$) s cos(&s)&1)

&2+(*+$)2 ,

and 2(*+&i, c, x0)=0.

Proof. The proof of the theorem is the same as that used in proving
Theorem 4.2 by solving (4.8) with suitable l and m. Since the proof is
elementary but lengthy, the details are omitted here.

Example 4.6. Within a certain parameter range of a, :, z, and appropriate
choices of l and m, we can prove that ,osc satisfies lims � � ,osc(s)=x+. Here
is an example with the aid of numerical computation: If we choose a=200,
:=144.14?, z=0, &=1.1?, c=&17.3277, l=1, and m=0.2, then the oscillat-
ing wave ,osc(s) is given in Fig. 3.

ACKNOWLEDGMENTS

The authors thank Professors S.-N. Chow and J. Mallet-Paret for several interesting and
stimulating discussions with the second author when they attended a conference at Augas de
Lindoia, Brazil, Oct. 1996. We also thank J. Mallet-Paret for sending us his preprints [27, 28]
which were very helpful.

448 HSU AND LIN



REFERENCES

1. V. S. Afraimovich and V. I. Nekorin, Chaos of traveling waves in a discrete chain of
diffusively coupled maps, Internat. J. Bifurcation Chaos 4 (1994), 631�637.

2. J. Bell, Some threshold results for models of myelinated nerves, Math. Biosciences 54
(1981), 181�190.

3. J. Bell and C. Cosner, Threshold behavior and propagation for nonlinear differential�
difference systems motivated by modeling myelinated axons, Quart. Appl. Math. 42 (1984),
1�14.

4. J. W. Cahn, Theory of crystal growth and interface motion in crystalline materials, Acta
Metallurgica 8 (1960), 554�562.

5. J. W. Cahn, S.-N. Chow, and E. S. Van Vleck, Spatially discrete nonlinear diffusion
equations, Rocky Mountain J. Math. 25 (1995), 87�118.

6. J. W. Cahn, J. Mallet-Paret, and E. S. Van Vleck, Traveling wave solutions for systems
of ODE's on a two-dimensional spatial lattice, SIAM J. Appl. Math. 59 (1998), 455�
493.

7. S.-N. Chow, X. B. Lin, and J. Mallet-Paret, Transition layers for singular perturbed delay
differential equations with monotone nonlinearities, J. Dynam. Differential Equations 1
(1989), 3�43.

8. S.-N. Chow, J. Mallet-Paret, and E. S. Van Vleck, Pattern formation and spatial chaos in
spatially discrete evolution equations, Random Comput. Dynamics 4 (1996), 109�178.

9. S.-N. Chow, J. Mallet-Paret, and W. Shen, Traveling waves in lattice dynamical systems,
J. Differential Equations 149 (1998), 248�291.

10. S.-N. Chow and W. Shen, Stability and bifurcation of traveling wave solutions in coupled
map lattices, J. Dynamical Systems Appl. 4 (1995), 1�26.

11. L. O. Chua and T. Roska, The CNN paradigm, IEEE Trans. Circuits and Systems 40
(1993), 147�156.

12. L. O. Chua and L. Yang, Cellular neural networks: Theory, IEEE Trans. Circuits and
Systems 35 (1988), 1257�1272.

13. L. O. Chua and L. Yang, Cellular neural networks: Applications, IEEE Trans. Circuits
and Systems 35 (1988), 1273�1290.

14. T. Erneux and G. Nicolis, Propagation waves in discrete bistable reaction�diffusion
systems, Physica D 67 (1993), 237�244.

15. P. Fife and J. McLeod, The approach of solutions of nonlinear diffusion equations to
traveling front solutions, Arch. Rational Mech. Anal. 65 (1977), 333�361.

16. I. Gyori and G. Ladas, ``Oscillating Theory of Delay Differential Equations with
Applications,'' Oxford Univ. Press, Oxford, UK, 1991.

17. J. K. Hale and S. M. Verduyn Lunel, ``Introduction to Functional Differential Equations,''
Springer-Verlag, New York�Berlin, 1993.

18. D. Hankerson and B. Zinner, Wavefronts for cooperative tridigonal system of differential
equations, J. Dynam. Differential Equations 5 (1993), 359�373.

19. C.-H. Hsu and S. S. Lin, Traveling waves in cellular neural networks, Int. J. Bifurcation
and Chaos 9, No. 7 (1999), 1307�1319.

20. H. Hudson and B. Zinner, Existence of traveling waves for a generalized discrete Fisher's
equations, Comm. Appl. Nonlinear Anal. 1 (1994), 23�46.

21. J. Juang and S. S. Lin, Cellular neural networks: mosaic pattern and spatial chaos, SIAM
J. Appl. Math. (2000), 891�915.

22. J. Juang and S. S. Lin, Cellular neural networks: Defect pattern and spatial chaos,
preprint.

23. J. P. Keener, Propagation and its failure in coupled system of discrete excitable cells,
SIAM J. Appl. Math. 47 (1987), 556�572.

449TRAVELING WAVES IN A DYNAMIC SYSTEM



24. J. P. Laplante and T. Erneux, Propagation failure in arrays of coupled bistable chemical
reactors, J. Phys. Chem. 96 (1992), 4931�4934.

25. J. Mallet-Paret, Stability and oscillation in nonlinear cyclic systems, in ``Proceedings of
Dynamical Systems Conference, Harvey Mudd College, California, June 1994,'' World
Scientific, Singapore, to appear.

26. J. Mallet-Paret, Spatial patterns, spatial chaos, and traveling waves in lattice differential
equations, in ``Stochastic and Spatial Structures of Dynamical Systems'' (S. J. van Strien
and S. M. Verduyn Lunel, Eds.), pp. 105�129, North-Holland, Amsterdam, 1996.

27. J. Mallet-Paret, The Fredholm alternative for functional differential equations of mixed
type, J. Dynam. Differential Equations 11 (1999), 1�48.

28. J. Mallet-Paret, The global structure of traveling waves in spatial discrete dynamical
systems, J. Dynam. Differential Equations 11 (1999), 49�127.

29. J. Mallet-Paret and S.-N. Chow, Pattern formation and spatial chaos in lattice dynamical
systems, II, IEEE Trans. Circuits and Systems 42 (1995), 752�756.

30. J. Mallet-Paret and G. R. Sell, Systems of differential delay equations: Floquet multipliers
and discrete Lyapunov functions, J. Differential Equations 125 (1996), 385�440.

31. J. Mallet-Paret and G. R. Sell, The Poincare� �Bendixson theorem for monotone cyclic
feedback systems with delay, J. Differential Equations 125 (1996), 441�489.

32. W. Rudin, ``Real and Complex Analysis,'' McGraw�Hill, New York, 1987.
33. W. Shen, Lifted lattices, hyperbolic structures, and topological disorders in coupled map

lattices, SIAM J. Appl. Math. 56 (1996), 1379�1399.
34. P. Thiran, K. R. Crounse, L. O. Chua, and M. Hasler, Pattern formation properties of

autonomous cellular neural networks, IEEE Trans. Circuits and Systems 42 (1995),
757�774.

35. J. Wu and X. Zou, Asymptotical and periodic boundary value problems of mixed FDEs
and wave solutions of lattice differential equations, J. Differential Equations 135 (1997),
315�357.

36. B. Zinner, Stability of traveling wavefront solutions for the discrete Nagumo equation,
SIAM J. Math. Anal. 22, No. 4 (1991), 1016�1020.

37. B. Zinner, Existence of traveling wavefront solutions for discrete Nagumo equation,
J. Differential Equations 96 (1992), 1�27.

38. B. Zinner, G. Harris, and W. Hudson, Traveling wavefronts for the discrete Fisher's
equation, J. Differential Equations 105 (1993), 46�62.

450 HSU AND LIN


	I. INTRODUCTION 
	II. MONOTONE ITERATION SCHEME 
	III. PROOF OF THE MAIN THEOREMS 
	IV. APPLICATIONS TO CNN 
	FIGURE 1 
	FIG. 2 
	FIG. 3 

	ACKNOWLEDGMENTS 
	REFERENCES 

