s,

Y Livear and Wonliear \)@m&eﬁ& S’ oeN2ieaaler CoPyriant 2020

Volume 6, Number 2, 2020, 287-296

A DIFFERENTIAL EQUATION METHOD FOR SOLVING THE
VARIATIONAL INEQUALITY PROBLEM WITH THE
CYCLICALLY MONOTONE MAPPING

LI WANG, XINGXU CHEN, AND JUHE SUN

ABSTRACT. This paper presents a system of differential equations based on the
projection operator for solving the variational inequality problem with the cycli-
cally monotone mapping. Using an important inequality for the cyclically mono-
tone mapping, we prove that any accumulation point of the trajectory of the
differential equation system is a solution to the variational inequality problem.
Numerical experiments are reported to verify the effectiveness of the differential
equation approach for solving nonlinear convex programming problems whose
KKT mappings are cyclically monotone.

1. INTRODUCTION

We consider the variational inequality problem, denoted by VIP(Q, F), which
is to find a vector x* € € such that

(L1) (F(a*),y—a") 20, Vyeq,

where F': R — R" is a cyclically monotone mapping, €2 is a closed convex subset
of R™.

Various numerical methods have been explored for solving variational inequal-
ity problems, among them the Euclidean projector is undoubtedly one of the most
fundamental and useful mathematical tools. Some classical results using projection
operator for solving variational inequality problems can be found in [3]. It is worth
noting that Bingsheng He and his collaborators have studied convergence proper-
ties of various numerical algorithms for VIs by using properties of the projection
operator, for examples [6] and [7].

Applications of the differential equation methods to the nonlinear complemen-
tarity problems and the variational inequality problems can be found in [1], [2], [4],
[5] and [9]. Based on the projection characterization of solutions to variational in-
equality problems, Gao, Liao and Qi [4] presented a differential equation system for
solving variational inequality problems with linear and nonlinear constraints. Based
on a simple projection and contraction method, He and Yang [5] gave a differen-
tial equation system for solving asymmetric linear variational inequalities in which
the positive semidefiniteness of the asymmetric matrix is assumed. Based on an
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unconstrained reformulation, Liao, Qi and Qi [9] established a differential equation
system for solving nonlinear complementarity problems.

In this paper, based on the projection operator, we establish a system of dif-
ferential equations for solving the variational inequality problem (1.1). An impor-
tant inequality for the cyclically monotone mapping is established. By using this
inequality, we prove that the accumulation points of the trajectory of the differen-
tial equation system are the solutions to the variational inequality problem (1.1).
Note that the KKT system of a convex optimization problem consists of a cyclically
monotone mapping, we know that the method is applicable to convex programming.

The paper is organized as follows. The next section presents the system of differ-
ential equations based on the projection operator, and proves an important inequal-
ity and the convergence theorem for the differential equation approach. Section 3
reports the numerical experiments performed for nonlinear convex programming
problems whose KKT mappings are cyclically monotone. The transient behaviors
of the trajectories of the differential equation system for solving these problems are
illustrated.

2. A DIFFERENTIAL EQUATION SYSTEM

The projection operator to a convex set is quite useful in reformulating the vari-
ational inequality (1.1) as an equation. Let C' be a convex closed set, for every
x € R"™, there is a unique & in C such that

| — 2| = min{[lz —y[| | y € C}.

The point & is the projection of z onto C, denoted by Il¢(z). The projection
operator IIg : R" — C is well defined over R™ and it is a nonexpensive mapping.

Lemma 2.1 ([11]). Let H be a real Hilbert space and C C H be a closed convex
set. For a given z € H, u € C satisfies the inequality

(u—z,v—u) >0, Yved,
if and only if u — Ilo(2) = 0.

Therefore, from Lemma 2.1, the variational inequality problem (1.1) is equivalent
to finding a root of the following equation:

(2.1) P, (z) =gz — pF(x)) —x =0,

where > 0 and IIg(-) is the operator projection a vector onto the set €.
Next we recall the definition of cyclically monotone mapping.

Definition 2.2 ([8]). A mapping 7" : R" — R" is called cyclically monotone if one
has

(x1 — 0, T(20)) + (w2 — 21, T(21)) + -+ + (20 — Tn, T(x1)) <0

for any set of points {zg, z1,- -+, zm} C RN
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It is well known that f(x) is continuously differentiable and convex if and only if
F(z) = Vf(x) is cyclically monotone.

The following inequality plays an important role in demonstrating the conver-
gence theorem of the trajectory of the differential equation system.

Lemma 2.3. Suppose that F : R* — R" is cyclically monotone and Lipschitz
continuous with the constant L. Then the following inequality holds:

(2.2) <F($1) — F(:L‘g),l’g — £U1> S 2LH:L‘3 — 1‘2”2
for any x1, 2, x3 € N".

Proof. Since F' is a cyclically monotone mapping, we have for any x1,x2,x3 € R”
that

(2.3) (xg — 21, F(x1)) + (23 — xQ,F($2)> + <JJ1 — a3, F(x3)) <0
and
(2.4) <1‘3 — X9, F(.CCQ) - F(ZC;J,)) S 0.

Summing (2.3) and (2.4), we get that
(w2 —x1, F(11)) 4+ (23 — 22, F(22)) + (21 — 23, F (23)) + (03 — 72, F'(22) — F(23)) <0,
which means that
(w2 — @1, F(21)) + (w3 — 22, F(32)) + (21 — 32, F(3))
+(x2 — x3, F(23)) + (w3 — 29, F(22) — F(23)) <O0.
From the above inequality, we obtain that
(2.5) <$2 -, F(.%'l) — F(:L’3)> + 2<:L'3 — X9, F(wg) — F(x3)> <0.
Note that F' is Lipschitz continuous with the constant L. It follows from (2.5) that
<l‘2 — I, F(l‘l) — F(IE3)> S 2<IE2 — l‘g,F(l‘Q) — F(x3)>

< 2|2 — @sl|||F(z2) — F(xs)||

S 2L”$2 — $3H2.
This completes the proof. O

Now we construct a differential equation system based on the equation (2.1) as

follows.

(2.6) (Z% +x = g(z — pF(x)).

Note that Ilg is Lipschitz continuous when F' is Lipschitz continuous, the existence
and uniqueness of solutions for the differential equation system (2.6) can be easily
obtained from [13].
x
For simplicity, we denote = = T According to Lemma 2.1, the differential

equation system (2.6) can be equivalent to the variational inequality
(2.7) (T 4+ pF(x),y—x—x) >0, Vye.

Now we prove the convergence theorem of the trajectory x(t) of the differential
equation system (2.6).
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Theorem 2.4. Assume that the set of solutions to problem (1.1) is not empty, and

F is cyclically monotone and Lipschitz continuous with the constant L. Then for
1

any xg € R and 0 < p < —, the accumulation point of the trajectory x(t) of the

2L
differential equation system (2.6) is a solution to the variational inequality problem

(1.1).
Proof. Let x* be one of the solutions to problem (1.1). Setting y = #* in (2.7) and
y=x+ & in (1.1), we have
(#+ pF(x), 2" —2—x) >0
and
(F(z"), & +x—a*) > 0.

We sum the above two inequalities to obtain the following

(2.8) (# 4+ w(F(x) — F(z%)), 2" —& —x) > 0.
Using the inequality (2.2), we have
(2.9) (F(z) — F(z*),z* — z — &) < 2L||z||*.

Submitting (2.9) into (2.8), we get that
(0 —a* + &) — 2uL ] <0,
which implies that

d
(2.10) —— |z —2*|? + (1 —2ul)||z)? < 0.

It follows from 0 < p < o7 that 1 —2uL > 0. By integrating inequality (2.10) over
the range [to,t], we obtain that

1 . s 1 ]
(2.11) Sl =27+ (- QML)/ l#l[*dr < Sl — 2",
to
where g = z(tp). It follows from (2.11) that
(2.12) lz(t) — 2*||* < [|lzo — 2*||?
and
t

(2.13) |Z]|2dT < 00, t — 0.

to

The inequality (2.13) shows that there exists a subsequence {¢;} such that ||Z(t;)|| —
0,7 — oo. Otherwise, we assume that there exists an € > 0 such that ||| > ¢ for
all ¢ > t¢, then we obtain a contradiction with (2.13).

The inequality (2.12) shows that x(¢) is bounded, hence the subsequence {z(t;)}
is also bounded. We can choose a subsequence {x(t;;)} of the sequence {z(t;)} such
that there exists ' € R" and x(t;;) — 2',j — oo and ||&(t;;)|| — 0,5 — oo.

Let us consider the inequality (2.7) for z(#;;) and take the limit as j — oo, then
we have

(F(2'),y—2') >0, VyeQ,
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which implies that 2’ is the solution of the variational inequality problem (1.1).
This completes the proof. O

Remark 2.5. Under the certain condition, we can prove that the convergent sub-
sequence {x(t;;)} of the trajectory xz(t) of the differential equation system (2.6) is
exponential stable [10].

In fact, if there exist a > 0,w > 0 and ¢ > 0 such that

allzo — 2|

2.14 P(t;,) || >
(214) it I 2 S
and
200 — [1 — (ce “"5)?]
2.15 0 <
(2.15) <p< T
From the inequality (2.11), we have

1 %112 tij . 2 1 * |12

(2.16) le(ty) — 27| + (1 - 2uL) t 12 (t5;)[Pdr < Sllwo — ™%,
0

where x¢g = z(tp).
The inequality (2.14) means that

ti]. ) .
(1- QNL)/ l&(ti,) [IPdr > (1 = 2pL)allzo — «*||*.
t,

0

Submitting the above inequality into (2.16), we get that
(2.17) l(ti;) — 2| < [1 = 2(1 - 2uL)a] ||z — 2*|1%,
From the inequality (2.15) and (2.17), we deduce that
|2 (ti,) — a*|| < ce™"||zo — 2*|I,

which shows that the convergent subsequent {z(t;;)} of the trajectory x(t) of the
differential equation is exponential stable. Hence the conclusion of Theorem 2.4 has
guaranteed the stability of the convergent subsequence.

3. NUMERICAL RESULTS

In this section, we test four examples by our differential equation system (2.6).
For each test problem, we also compare the numerical performance of the proposed
differential equation system (2.6) from various initial points. The numerical imple-
mentation is coded by Matlab 7.8 running on a PC Intel Pentium IV of 2.93 GHz
CPU and the ordinary differential equation solver adopted is ode45, which uses an
Runge-Kutta (4,5) formula. The parameter is chosen as p = 0.03 in all examples.

Example 3.1 Consider the variational inequality problem

(3.1) (Dx +byy—x) >0, Vyec[-505*
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where D = and b = (—8,—6,—4,3)T. Its solution is z* =

— NN W
— O N
NN O N
SN = =

(-5/6,19/6,5, —5)1.

Figure 1 describes the convergence behaviors of the trajectory z(t) of the differen-
tial equation system (2.6) with nine random initial points converging to its solution
(—0.8333,3.1666, 4.9998, —5.0000)7".
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x1

Trajectories of x(t)

x4

L L L L L L L
0 20 40 60 80 100 120 140 160 180 200
Time(ms)

FIGURE 1. Transient behavior of z(t) of the differential equation
system (2.6) in Example 3.1 with nine random initial points

Example 3.2 Consider the following variational inequality problem
(32) (F(x),y —x) >0, VyeQ,
323 — 8
T — a3+ 73 + 3
—x2+m3+2m§—3
T4 + 223
{~1,0,—2,-8}" and b = {6,3,5,0}". Tts solution is 2* = (2,0,1,0)7.
The solution trajectory x(t) of the differential equation system (2.6) converging

to (2.0000, 0.0000, 1.0000, 0.0000)%" for the variational inequality problem (3.2) with
six random initial points are illustrated in Figure 2.

where F(x) = , QA ={z e |a<r<ba=

Example 3.3 Consider the nonlinear convex programming problem

min f(z) st x € R,
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FIGURE 2. Transient behavior of z(t) of the differential equation
system (2.6) in Example 3.2 with six random initial points

where f(z) = 23/2+23/2+23/24 23 /2 + 22 /2 +x1209232425 /50 —3w2 — 23+ 34/2.
Its optimal solution is z* = (0,3,1,0,0)7.

This problem can be transformed into the following nonlinear complementarity
problem

x1 + xox3z4ws /50
To + r1232475/50 — 3
(3.3) F(z) = x3 + 1220425 /50 — 1 )
x4 + x1297325/50 + 1/2
x5 + 1222324 /50
which have been considered in [12].
For the complementarity problem (3.3), Figure 3 describes the convergence behav-

iors of the trajectory x(t) of the differential equation system (2.6) with eight random
initial points converging to its solution (0.0000, 3.0000, 1.0000, 0.0000, 0.0000)7".

Example 3.4 Consider the nonlinear convex programming problem

5

min exp (Z(azz — i+ 2)2) st. xek?,
i=1
where K := {x € ®° | z,, > ||2!||}, 2 = (21,22, -+ ,2,_1) and || - || stands for the

Euclidean norm. Its optimal solution is 2* = (—1,0,1,2,3)7.
This problem can be transformed into the following variational inequality

(3.4) (F(x),y—xz) >0, VYye i3,
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FIGURE 3. Transient behavior of z(t) of the differential equation
system (2.6) in Example 3.3 with eight random initial points

r1+1
Z2
where F(z) = 2exp(30_ (zi —i+2)?) | 31
Ty — 2
Ty — 3
The solution trajectory z(t) of the differential equation system (2.6) converging to
(—1.0000, —0.0000, 1.0000, 1.9999,2.9999)” for the variational inequality problem
(3.4) with five random initial points are showed in Figure 4.

4. CONCLUSIONS

In this paper, we establish a system of differential equations based on the projec-
tion operator for solving the variational inequality problems with cyclically mono-
tone mappings. An important inequality is proved for the cyclically monotone
mapping based on which it proved that the accumulate points of the trajectory
of the differential equation system are the solutions to the variational inequality
problem.

However, we have a problem worth studying whether the method converges when
the mapping F' is only monotone rather than cyclically monotone.
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FIGURE 4. Transient behavior of z(t) of the differential equation
system (2.6) in Example 3.4 with five random initial points
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