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General System of Nonconvex Variational
Inequalities and Parallel Projection Method

BALWANT SINGH THAKUR* AND SUJA VARGHESE

ABSTRACT. Using the prox-regularity notion, we introduce and study
a system of general nonconvex variational inequalities. Using the par-
allel projection technique, we suggest and analyze a three-step iterative
method for this system. We establish a convergence result for the pro-
posed iteration method. We obtain some known results as a particular
case.

1. INTRODUCTION AND PRELIMINARIES

General variational inequality was introduced and studies by Noor [9].
It was a significant generalization of the variational inequalities, which was
introduced and studied by Stampacchia [15] in 1964. The set involved in
the above studies are convex. For application point of view, getting convex
sets is itself is a difficult problem, most of the times the set involved is not
convex. To overcome the difficulty caused by the nonconvexity of the set,
Noor [12] considered uniformly prox-regular sets and introduced a new class
of variational inequality called the general nonconvex variational inequality.
The prox-regular sets are nonconvex and include the convex sets as special
cases; (see [4]).

In recent years several numerical method appeared for solving variational
inequalities. These includes projection method and their variant forms,
which was mainly due to Sibony [14]. Iterative schemes to solve noncon-
vex variational problems was studied by Bounkhel et al. [3|. The projection
method is an important technique for the approximate solvability of vari-
ational inequalities. The main limitation of projection method is that the
convergence analysis requires the restrictive condition that the operators
involved must be strongly monotone. This strict condition rule out many
applications of the projection method for a wide class of problems. Gabay
[5] and Tseng [16] used cocoercive operators for projection method. It is
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also found that two-step and three-step iteration method preform better
than one-step method, see [10, 11]. Now a days implementation of iterative
algorithms have mainly been implemented through computer systems and
we also have modern multiprocessor systems in which different processor
can work simultaneously. When we apply two/three step sequential itera-
tion process we use only one processor at a time, so fails to explore the full
capacity of multiprocessor. If we define parallel iterative algorithm, we can
compute all the steps simultaneously on different processors, and this will
take less computational time than the sequential iteration which uses only
one processor at a time; (see [1, 2, 6, 7| for details in parallel computation).

Let H be a real Hilbert space whose inner product and norm are de-
noted by (.,.) and ||.|| respectively. Let K be a nonempty subset of H.
We denote by d(., K) the usual distance function to the subset K, i.e.
d(z, K) = infyck ||z — y||. Now we recall some well-known definitions and
results of nonlinear convex analysis and nonsmooth analysis.

Definition 1.1. [4] Let x € H be a point not lying in K. Let y € K is
a point whose distance to z is minimal, i.e. d(x, K) = ||z — y||, then y is
called a closest point or a projection of x onto K. The set of all such closest
points is denoted by projg(x); that is,

projr(z) ={y € K : d(z, K) = [z —y|} .

Also, y € proji(z) if and only if {y} € K N B{x;|lz —y|/} and K N
B{z;||lz — y||} = 0. The vector z — y is called a proximal normal direction
to K at y. Any nonnegative multiple z = a(z — y), a > 0 of such a vector
is called a proximal normal to K at x. The set of all z obtainable in this
manner is turned as proximal normal cone to K at z and is denoted by
NP (z).

Definition 1.2 ([13]). The proximal normal cone to K at z € H is given
by
NY(z)={2€ H:3a>0; z € projx(z + az)}.
The proximal normal cone N%.(z) has the following characterization.

Lemma 1.3. [13, Proposition 1.5] Let K be a nonempty subset of H. Then
a vector z € NY-(x) if and only if there exists a constant o = a(z,z) > 0
such that
(zy—a)<aly—z| VyeK.
Clarke et al.[4] and Poliquin et al.[13] introduced and studied a new class
of nonconvex sets called uniformly prox-regular sets.

Definition 1.4. For a given r € (0,00], a subset K of H is said to be
uniformly prox-regular with respect to r ( or r—uniformly prox-regular) if
and only if, for all z € K and for all 0 # z € NE-(z), one has

1
i,y—x < — |ly—z|? for all y € K.
Izl r
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We use the convention that % = 0 when r = 4o00.

A closed subset of a Hilbert space is convex if and only if it is proximally
smooth of radius » > 0. Thus, in view of Definition 1.4, for the case of
r = 00, the notion of uniform prox-regularity and convexity of K coincide.
It is known that the class of uniformly prox-regular set is sufficiently large
to include the class of convex sets, p—convex sets, C'l'! submanifolds of
H, the images under a C1! diffeomorphism of convex sets and many other
nonconvex sets.

Now recall the well known proposition which summarizes some important
properties of the uniformly prox-regularity.

Lemma 1.5. Let K be nonempty closed subset of H, r € (0,00] and K, =
{r € H:d(z,K) <r}. If K is uniformly r—proz-reqular, then the following
holds:

(i) For all z € K, set proji(z) # 0.
(ii) For all s € (0,7), projg is Lipschitz continuous with constant -
on K.
(iii) The prozimal normal cone N%-(z) is closed as a set valued mapping.

Let H be a Hilbert space and K a closed convex subset of H. Consider
the following problem:
Find z*, y*, 2z* € K such that g(z*),g9(y*), 9(z*) € K,

(pT1(y™) +g(z*) — 9(y"), g(x) — g(=¥)) >0,
(1.1) (nTa(z") + g(y*) — 9(2%), 9(x) — g(y*)) >0,
(oT5(2") + g(2") — g(z7), 9(z) — g(z")) = 0,

for all x € K,g(x) € K, where g : H — H be a given mapping, T1,7>,T5 :
K — H are nonlinear operators and p,7,c are nonnegative real numbers.
We call problem (1.1) as system of general variational inequalities (SGVI).

By the definition of the Normal cone, we now reformulate (SGVI) as
follows :

0€pTi(y*) +g(z") — g(y") + Nk (9(=")),
(1.2) 0 € nTa(z") + g(y") — 9(=") + Nk (9(y")) ,
0 € oT3(z*) + g(z*) — g(z*) + Nk (g(z%)).

By replacing the usual normal cone by proximal normal cone, we now
introduce the generalized version of problem (1.2) which we call system of
nonconvex general variational inequalities (SNGVI).

Let H be a Hilbert space and K a uniformly r—prox-regular subset of H.
We will consider the following problem:
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Find z*, y*, 2z* € K such that g(z*), g(y*), g(z*) € K,

(1.3) 0€pTi(y*) + g(z") — g(y") + N (9(=")),
(1.4) 0 € nTa(z") + g(y*) — 9(z") + N (9(y")) ,
(1.5) 0€ aTs(z") + g(2%) — g(z") + Ng (9(2")) -

Lemma 1.6. Let K a uniformly r—proz-regular subset of H, then x*,y*, z* €
H with g(z*), g(y*), 9(z*) € K is a solution of (SNGVI) if and only if

g(z*) = projr(9(y*) — pT1(y"))
9(y") = projr(g(z*) — nTa(z")),
9(z") = projr(g(z*) — oTs(z")),

provided that

s s
0<p< ~ 0<n<
L+ [[Ta(y") 1+ (| To(2%) ||
S
0<o< —rr—r, s€(0,r).
1+ [|T5(z*) ||

Proof. Using (1.3), and the fact that projx = (I + Nf})_l, we have

0€pTi(y") +g(=*) — g(y*) + Ni (g(z™))
& g(y") — pTi(y") € g(z*) + Ni (9(2*)) = (I + Ni) (9(z*))
& g(x*) = projr (9(y*) — pT1(y")),

*

where [ is the identity mapping.
Similarly, using (1.4) and (1.5), we have

9(y") = projr (9(z%) — nTa(z"))
9(z") = projk (g(z*) — oTs(z")) .
This completes the proof. O

Lemma 1.6 implies that (SNGVI) is equivalent to the fixed point problem.
This alternative equivalent formulation is very useful from the numerical
point of view. This fixed point formulation suggest the following iteration
method to solve (SNGVI)

g (xry1) = projr (9(ye) — pT1(yk)) »
(1.6) 9 (Yrt1) = projr (9(z) —nTa(2k))
9 (ze41) = projr (9(zr) — oT3(xy)) -

where p, 7,0 are positive reals, satisfying certain conditions.
We now recall some definition, which will be used in the main result.
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Definition 1.7. A mapping H — H is called to be (—expansive if for all
x,y € H, there exists a constant ¢ > 0, such that

lg(x) =gl = Cllz =yl

Definition 1.8. An operator 1T : H — H with respect to an arbitrary
operator g is said to be :

(i) (g,v) strongly monotone, if for all z,y € H, there exists a constant
v > 0 such that

(T(x) = T(y), 9(z) — g(y)) > vg(x) — g)|*,

(ii) (g,w) cocoercive, if for all x,y € H there exists a constant w > 0
such that

(T(z) — T(y), 9(x) — g(y)) > w | Tz — Ty|*,

(iii) relaxed (g,w,t) cocoercive, if for all z,y € H, there exists constants
t > 0 and w > 0 such that

(T(z) — T(y), 9(x) — g(y)) > —w | Tz — Ty|* + t|g(z) — g()|I*

(iv) (g, p) Lipschitz continuous, if for all z,y € H, there exists a constant
> 0 such that

IT(x) =Tl < pllglz) — gl

2. MAIN RESULT

We now present, a result for the approximation-solvability of the (SNGVT)
problem using parallel algorithm 1.6. In what follows we assume that K is
a uniformly r—prox-regular subset of H with r > 0, also let s € (0,7) and
set § = .

rT—S

Theorem 2.1. Assume that g : H — H be (—expansive mapping and
T; : K — H be relazed (g,w;, t;)-cocoercive and (g, ;) Lipschitz continuous
mappings satisfying &(wip? + ;) > w62 —1, 0 < 60; < 1, fori = 1,2,3.
Suppose that z*,y*, z* € K form a solution to (SNGVI), then the sequence
{xk, Yk, 2} generated by (1.6) strongly converges to (z*,y*, z*), provided that
the following conditions are satisfied:

S S
@1—A1§p§min{@1+A1, ; " }7
L+ T3 (yn) I 1+ [ T2 (™)l
S S
92—A2§n§min{92+A2, ; },
L+ |T2(20) |7 1+ [[T2(2%) |

S S
@3—A3§0§min{@3+ﬁa, , },
L+ ||T3(n) || 1+ || T3(2*)]]
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2t 82 (wip2+t;)° —p2(52—1)
wip2 (wip2+ti)" —p? .
@i:’Tl, Az':\/ 5,12 , fori=1,2,3.

0 = 1+ 2pw1p3 — 20t + p?uf, 02 = /14 20y2p3 — 2nt2 +n?u3 and
03 = \/1 + 20305 — 20t3 + o2 p3.

Proof. Since (x*, y*, z*) is a solution of (SNGVI), from the conditions on the
parameters p,n and o, we have

9(z*) = projr(9(y*) — pT1(y")) ,
9(y*) = projx (9(z*) — n12(z")), and
9(z%) = projk (g(z*) — oT5(z")) .
Using (1.6), we can write
lg (@k+1) — g @) = llprojr(9(yr) — pT1(yk)) — projr(9(y™) — pTi(y"))|l
(2.1) < 0 [(g(yr) — pT1(yk)) — (9(y") — pTo(y"))| -

Because of choice of p we have g(yr) — pT1(yx) and g(y*) — pT1(y*) belongs
to K. Since T; is relaxed (g,w1,t1) cocoercive and (g, p1) Lipschitzian, we
have

x*
*
Y

lg(ue) — 9(u™) — o (Ta (k) — T (y))|1?
= llg(y) — 9(w")II” = 2p (Tu (i) — Ta(y™), 9 (i) — 9(y*))
+ 02 T (yw) — Ta(y")|1?
< llglye) — 9w + 2pw1 [T (i) — T (y") |12
—2pt1 [lg(yr) — 9(O)II° + o |1 T1(yk) — Ta(y")II?
< llgwr) — g1 + 2pw13 g (yr) — 9(y)II?

—2pt1 [lg(yx) — 91> + p?ud lg () — g(y™)|I”

(2.2) = [1+20w1d — 2pt1 + p*1i3] lg(ur) — 9y
By (2.1) and (2.2), we have
(2.3) g (xk41) — g (@) <661 lg(yr) — gyl 4

where 6] = \/1 + 2pwipd — 2pty + pPul.
Similarly, since T is relaxed (g, v2, t2) cocoercive and (g, o) Lipschitzian,
we have

(2.4) 19 (k1) — g () < 602 llg(zr) — g(z")Il,

where 6y = \/1 + 2ny2u5 — 2nta + 3.
Also, since T3 is relaxed (g, 3, t3) cocoercive and (g, u3) Lipschitzian, we
have

(2.5) 19 (ze41) — g (z9)[| < 605 [lg(2x) — g(a™)],
where 03 = \/1 + 2033 — 20t3 + 0212
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From (2.3), (2.4) and (2.5), it follows that
lg (zx+1) — g @)+ lg (rr1) — g W)+ llg (z41) — g (27
<003 [lg(zx) — g(z™)[| + 661 [|g(yr) — g(y™)[| + 002 [|g(zr) — g(=")||
< max {601,862, 003} (|lg(zx) — g(=*)|| +
+llg(yr) — 9wl + llg(zx) — g(z9)1I)
(2.6) = A(lg(zx) — 9@+ lg(yr) — g ) + lg(zk) — g(z)I]) »

where A = max {061, 663,005} < 1.
Now, define the norm ||.||; on H x H x H by

Iy 2l = Nzl + gl + 1211, for all (z,,2) € H x H x H.

Then (H x H x H, ||.||;) is a Banach space. Hence, (2.6) implies that
109 (zrt1) 9 (Yr41) 5 9 (242)) = (9. (@), 9 (47) 9 (29I

< A9 (en) s 9 (wk) 59 (2x)) = (9(27) 9 (") 9 (z7)Iy

(2.7) <N (g (1), 9 (1), 9 (1)) = (9 () .9 ("), 9 D -
Since A < 1, we get from (2.7) that

Jim [1(g (zx) 9 (yr) 9 (21)) = (9 (&%), 9 (y7) 9 (*))Il, = 0.
Therefore, we obtain

Jim g (zx) = g(a™)] =0,
— 00

Jim g (yr) — g(y™)|| =0,
— 00
lim ||g (zx) — g(2")|| = 0.
k—oo

Hence, sequences {g(zx)}, {9(yx)}, {9(zx)} converges to g(x*), ¢g(y*) and
g(z*) respectively. Since g is (—expansive, sequences {zy}, {yr} and {zx}
converges to x*, y* and z* respectively.

This completes the proof. O

For z* = 2* and ) = 0 and T, = T3, the (SNGVI) reduces to the following
system of nonconvex variational inequality problem:
Find z*, y*, 2* € K such that g(z*), g(y*), 9(z*) € K,

0€ pTi(y") +9(z") — g(y") + Ng (9(z")),
0 € nTa(z") + 9(y") — g(") + Ni (9(y")) -
System (2.8) appears to be new one.
If we take 77 = T and g = identity mapping in the system (2.8), then we
have following system of nonconvex variational inequality:
Find z*,y* € K such that
0€pT(y") + 2" —y* + Ni (27),
0€enT(z") +y" — 2" + N (y).

(2.8)

(2.9)
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Remark 1. Moudafi [8] studied the system (2.9) and used following extended
iteration : _
Tr+1 = (1 — a)or + agprojx (yx — pT (Yk)),
Yk = (1 = Br)zk + Brprojr (v — 0T (zx)),
where p,n are positive reals, 0 < oy, B, < 1 and > 77, o, = 00.
Since K 1is not convez, the iteration is not well defined, unless oy, B, = 1.

Theorem 2.1 improves and generalizes Theorem 2.1 of [8] for the problem
(SNGVI) and parallel algorithm considered here.

Remark 2. Consider the particular case where r = +o00, we have 6 = 1 and
we can recover Theorem 3.1 of Verma (18] and Theorem 2.1 of Verma [17]
from Theorem 2.1.
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