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PERTURBATION STRATEGY FOR SPLITTING OPERATOR METHOD
TO SOLVE THE SET-VALUED VARIATIONAL INEQUALITIES

SALAHUDDIN

(Communicated by J. K. Kim)

Abstract. In this paper, we suggest a new perturbation strategy for a splitting operator method for
solving the set-valued variational inequalities with strongly monotone and compact mappings,
under the mild condition, and prove the global convergence of the method. Also, we discuss the
self-adaptive strategy and find the approximate solution of the set-valued variational inequality
problems.

1. Introduction

Let Q be a nonempty closed convex subset of n-dimensional Euclidean space R”
and T : R” — 2®" be a continuous mapping. 2% denotes the family of all nonempty
subsets of R". We consider the set-valued variational inequality problem, which is to
find a vector u* € Q such that

(Tw*))" (u—u*) >0, VuecQ. (L.1)

We note that, if T is a single-valued mapping from R” to R”, then (1.1) reduces to a
classical variational inequality problem studied by G. Stampacchia [1].

The set-valued variational inequalities have important applications in mathemati-
cal programming, economics, transportation and structural analysis; e.g., see [2, 3, 4,
5,6,7,8]. When T has explicit expression, there are various numerical methods that
have been studied by many researchers; e.g., see [9, 10, 11, 12, 13], the required method
is based on monotonicity properties of 7. In this case, when 7 is only monotone and
even non-monotone, one of the classical perturbation strategies is the Tikhonov regular-
ization approach which solves the perturbed set-valued variational inequality problem

(T(u*)+eu*) (u—u*) >0, VueQ, (1.2)

where € is a positive parameter, see [14]. The solution of the original problem is ob-
tained by letting € — 0.
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However, in many applications, the mapping 7 can be split into two set-valued map-
pings and one part of T is known. That is,

T(u)=F(u)+G(u),

where F' is unknown, F' and G are two set-valued mappings from R" to 2R For-
tunately, for any given G(u'), the solution ii* of the set-valued variational inequality
problem

(F(a")+Gu") " (u—u") >0, VueQ, (1.3)

can be obtained. Under the certain assumption, we can solve the problem by using the
information in (1.3) and the problem is explicit structure. Under the assumption F* and
G are strongly monotone, they proved the global convergence of the method. Utilize
an operator splitting method, first getting the solution of (1.3) from the oracle and then
solving the following system of nonlinear equations to obtain the next iteration {u‘*!} :

B(u) =0, (1.4)

O(u) = u+AG(u) —u' — AG(u') + a(u’ — "), (1.5)

A and o are two parameters and {u'} is the current iterate. The problem (1.3) can
also be regarded as a perturbation of the underlying mapping from F+ G to F + G+
(G(u') — G). From the given assumption, F is strongly monotone and G is monotone,
they proved the global convergence of the method.

In this paper, we consider a new perturbation strategy where the underlying map-
ping from F+ G to F +G + (G(u') — G), we also add the regularization term to a
proximal point algorithm regularization term [15]. The resulted perturbation form of
(1.3)1s

(F(a) + G(uf))T (u—i')+ (%(zz” - uf)) Cuei >0 wen (16

where A is a positive parameter. Another perturbation technique for solving a varia-
tional inequality problem is the Tikhonov regularization [13, 16]. When applied to the
variational inequality problem (1.3), it leads to solving the following problem

(F(zzf) +G(z/’)>T (u—a')+ (eM)T (u—i')>0,VueQ, (1.7)

where {&} is a sequence of positive parameters. By letting & — 0, we can get a
solution of the subproblem (1.3). Comparing (1.6) with (1.7), the coefficient % of our
regularization term is not required to tend to 0, which is important from the numeri-
cal point of view, since it provides more flexibility in choosing the parameter. Hence,
our algorithm is different from the proximal point algorithm and the Tikhonov regular-
ization algorithm. To improve the efficiency of the algorithm, we also adopt the two
strategy as in [17, 18].
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The first strategy is that the system of nonlinear equations are approximately solve.
Note that it is expansive or even impossible to find the exact solution of (1.4). Hence,
we find an approximate solution which satisfies the condition

19| < nellu’ — |, (1.8)

where {1} is a nonnegative sequence satisfying

Y nf < 4o

(=0
The second strategy is to use a varying parameter A, and choose it self-adaptively. The
computational results in [ 19, 20, 2 1] indicated that the operator splitting algorithms with
fixed parameters may converge very slowly, and He ez al. [20], Han [21] suggested to
choose the parameters self-adaptively.

Throughout this paper, we make the assumption that the solution of set-valued
variational inequality, denoted by Q*, is nonempty, we know that the solution set Q*
is nonempty when the underlying mapping 7 is strongly monotone and compact if Q
is compact.

The rest of this paper is organised as follows. In section 2, we summarize some
fruitful concepts and definitions. In section 3, we first describe our exact version of
operator splitting method with perturbation strategy, and then prove its global conver-
gence under certain mild assumption. In section 4, we discuss the self-adaptive strategy
and last section we find the approximate solution of set-valued variational inequality
problems.

2. Preliminaries

For any vector u,v € R", u'v is their inner product is define by Euclidean norm
|ul| = VuTu. Pq(-) denotes the projection under the Euclidean norm of a point onto
Q,ie.

Po(v) = argmin{||v —u|| | u € Q},

where € is a nonempty closed convex subsets of R". The property of the projection
mapping is
(w—Po(v)) (v—"Po(v)) <0, WeER", weQ (2.1)

and P is nonexpansive, i.e.
1Pa(u) — Po(v)|| < |lu—v||, Vu,v € R™. (2.2)

It is well known [22] that solving the set-valued variational inequality is equivalent to
solving the projection equation

u=Polu—AT(u)],

where A is an arbitrary positive constant. Hence, solving the set-valued variational
inequality amounts to finding a zero point of the continuous non-smooth function

o(u,A) =u—Polu—AT(u)). (2.3)
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LEMMA 2.1. [23] For a given u € R", let y) > A > 0. Then it holds that

@, )| > [l@(u, )| (2.4)
and .
oG, )| _ [lou,A)|
H < 0 . (2.5)

DEFINITION 2.2. A set-valued operator 7 : Q — 2% is said to be

(i) monotone, if
(u—v) (T(w)—Tv)) =0,Yu,veQ;

(i1) strongly monotone with modulus (> 0, if
(u— v)T(T(u) —TW)) = ulju— v||27V u,v e Q;
(iii) inverse strongly monotone with modulus u > 0, if
(=) (T() =T(v)) = pIT @) = TE)|*,¥ u,v €
(iv) Lipschitz continuous with respect to constant § > 0, if

1T () =TO)| < Cllu—vll, Vu,veQ

DEFINITION 2.3. A set-valued operator T : Q — 2" is said to be . -Lipschitz
continuous if there exists a constant 6 > 0 such that

(T (u),T(v)) < 8|ju—v|, Yu,v € Q,
where 77 : 2R % 2R" —— (oo, 4-00) [ J{+oo} is the Hausdorff metric, i.e.

(A, B) = max{sup inf ||u —v||,supinf |u— v}, VA,B € 2&".
ueAVEB ucBVEA

3. Convergence theory

In this section we describe an algorithm and prove its global convergence.

ALGORITHM 3.1.

Step 0. Choose an arbitrary initial point WeQ, e>0,2> Omax > op >0, A>0,
and a nonnegative sequence {1,} satisfying

Y 7 < oo (3.1)
(=0

Set £ =0.
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Step 1. For given {u'}, observe the system at an equilibrium state to obtain a solution
of the following set valued variational inequality problem

(F(zzf)+c;(u‘)+%ﬁ(—f—u‘))T(u—#) >0, VueQ. (3.2)

Step 2. Choose Omax = 0y = 0 and solve the following system of nonlinear equa-
tions to get the next iterate {u‘"!}

U 2 G ) = i G ) - ou(u’ — i) 3-3)

and y y y
A (Gu™),Gu")) < 8llu —u|.
Step 3. If
[u™ —u'|| < e, stop,
otherwise choose a new parameter
1

Aisl €
041 1+

A, (1 + T()A«/j .

Set £ =/¢+1 and go to Step 1.

Since F is assumed to be monotone, the mapping F; define by

Fy(u) = F(u) +G(u') + %{(u —u')

is strongly monotone. Consequently, (3.2) possesses a unique solution and we can
observe the system to get the solution. Moreover, since G is monotone, the operator
I+ A¢G is strongly monotone with modulus 1 for any parameter A; > 0, and there is a
unique solution of the system of equations (3.3).

REMARK 3.2. We note that, if «*! = u, then, we have
il =i
from (3.3), and (3.2) can be rewritten as
(F(a")+Gu") T (u—u') >0, Vue Q, (3.4)
which means that i’ is a solution of the problem (1.1). Hence, it is reasonable to use

Ju—uf <

as the stopping criterion. If y y
|t =l <,

then u‘*! can be regarded as an approximate solution (1.1).
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LEMMA 3.3. Assume that F and G are set-valued monotone mappings. Then the
sequence {ué } generated by Algorithm 3.1 satisfies

(' —a")T (u =+ A(G (') — G(w)) > u’ — |, (35

where u € Q is an arbitrary solution of problem (1.1) with T = F 4+ G.

Proof. Setting u = u’ in (3.2), we have
(@) (@ — @)+ (G (' — i)+ (@ —u) (@ —d) 20, (3.6)

Then setting u = i’ in (1.1), we obtain
(F(u) " (" —u) + (G(u)) T (" —u*) > 0. (3.7)
Adding (3.6), (3.7) and rearranging terms, we have

(Gu') = Gu)) (' — ") = (Gu) = Gu")) " (u" =)+ (F(u") — F(u)) " (" —u")
Loy

+ )L—[(u‘ — i) (=)
> Ll — )T i), (3.8)
A

where the second inequality follows from the monotonicity of ¥ and G. Thus
(' — )" (" —w + A (G(u") — G(u*)))

= (") )+ o ) (GG~ Glu))

= ||u’ — || (3.9)

This completes the proof. [l

LEMMA 3.4. Assume that F and G are set-valued monotone mappings, and
2> Omax = 0y = 0 >0 forall 0.
Then the sequence {L/ } generated by Algorithm 3.1 satisfies

! =+ 20(G ) = G()) P
<l —u* + A(G(u') — G())|]? — oy (2 — o) || — " || (3.10)
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Proof. Using (3.3), we have
[ =+ A (G ) = G)) [P = [Ju = u* + Ae(G(u') — G(u)) — oy (u” — ") ||
< Jlu = u + 20(G(') = G(u))||* + o |u — "]
—20(u — ") (u’ — u* + X(G(u') — G(u*)))
< Ju' =+ A(G(u') = Gu)) >+ of u — ">
—2ay||u’ — a"||?

<l — " + A(G(u) = G(u)) > — 0 (2 — o) |’ — "%,
(3.11)

where the inequality follows from Lemma 3.3. Hence, proof is completed. [
REMARK 3.5. Since
0 <A < (1+1)Ay,
it follows from the monotonicity of G that
™ =+ Apa (G™) = G )P < (14 7)™ = u + 2(G (™) = Gu)) |
< (147 |u’ = + 2(G (") = G())|?

— 02— o) | — ", (3.12)
Denote -
Gp = H(l + T()z
(=0
Then (3.1) implies
S, < oo,

and we have

20,7/SpAo | = [Amins Amax]

e [r

i.e. the sequence {A;} is bounded.

THEOREM 3.6. Assume that F and G are set-valued monotone mappings, and
2> Omax = 0y = 0 >0 forall 0.

Then the sequence {uf } generated by Algorithm 3.1 converges to a solution of (1.1).

Proof. Using (3.12) and 2 > oy > 0, we have

™ =+ A a (G ) = G ) < (14 7)? |’ —u* + e (G(u) — G(u)) |
L
< li[o(l + 7)1’ =+ Ao (G(u°) = G(u)) |2
< Gpllu” —u + A0(G(u°) = G(u")) > < +eo.
(3.13)
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From the monotonicity of G, the sequence {uf} is bounded. Furthermore, it follows
from (3.12) that
oy (2 — oy)|Ju’ — i ||?

< (U7 |’ = + A(G () = G = [ = + At (G = G(u)) ||
= (Ju" = u" + 2(G(u") = Gu) || = [ = u + A1 (G™) = G ) |P)
+ 20+ 17)|u" — u" + 2(G(u) = ()| (3.14)

Summing both sides for all ¢, we have

= A (G — GIR)

©3 et Bl — a1 A — G|
=0

< (i(2fz+ff)6p+ 1) 6 =+ 20(G(u°) = G (")) |

/=0
< oo, (3.15)

S, o020 i < 3 ('~ + A Gla') ~ G

here the second inequality of (3.15) follows from (3.13) and the last inequality follows
from (3.1). Since {0y} is uniformly bounded away from 0 and 2, we have from (3.15)
that y

Jim |uf — || = 0. (3.16)

From (3.3), ‘
Jim | —u =0

Since {u[ } is bounded, it has at least one cluster point. Let 7 € Q be a cluster point

and {u’7} be the corresponding subsequence converging to . It follows from (3.16)

that {iz'/} also converges to ii. Since

A(F ('), F(ii)) < 8||u’ — || =0 as { — oo

and A
%(G(u‘ﬂ’),G(ﬁ)) < SHI/’ —idi||=0as { — oo.
Therefore y
F(u') — F(il)
and

G@u') — G(@).
On the other hand, (3.2) is equivalent to

(' Ag) = @' = Polu’ = 2¢(F () + G(u"))] = 0. (3.17)
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By using (2.4) and Ay > Ay for all £, we have that (3.17) is equivalent to
@(it", Ammin) = 0. (3.18)

Hence, taking limit along this subsequence, it follows from the continuity of ¢(-,-),
(@A) | = lim_ [l (i, Amin)|| = O,

which implies that i € Q is a solution of (1.1). The inequality (3.10) indicates that the
whole sequence {u'} has just one cluster point. Hence, {u'} converges to ii, a solution
of (1.1). This completes the proof. [

4. Self-adaptive strategy

We showed in section 3 that if the parameter A, satisfy
0 <AL <A <Ay < oo, V0. 4.1)

Then the algorithm generates a sequence {u'} which converges to a solution of (1.1).
This means that A, can be selected randomly provided that the condition (4.1) is ful-
filled, then the efficiency of the algorithm depends on a suitable Ay. Now, for a given
constant 7 > 0,

1
Ag, if 1
111 ¢, W pg> +IT7
My =91+, if 4.2)
) 9 > —,
(1+7)As, if pe T
M, otherwise,

where 7, > 0, YTy < +oo, and

_ BT =T
N T

(4.3)

From (4.2) we have
Ae(T @) =T ()| = [l —u].
Hence, if
20T (1) = T @) > (1+ )+ —u],
we should decrease A in the next iteration, otherwise we should increase A when
2T ) = T < =i

Since the mapping T is not fully known and the system of nonlinear equation (3.3)
only involved with the known part G. Therefore from the self-adaptive strategy (4.2),
(4.3), using G instead of T, we have

oy (Gt Gl
SR P

4.4)
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then the set
Ao, ifpp>1+4T,

1+1

=4 -

4 ), ifp)>——,
(1+7)A, if py 7
M, otherwise.

5. Approximate solution

Since i’ is a solution of (3.2). Therefore i’ satisfies
!
I,

~0 =l (o
[ — || < nelju” —a
we regard it as an approximate solution, where 1, > 0 and

> N7 < tee.
(=0

Now (3.3) can be rewritten as finding a zero point of ¥,

Oy (1) = u+ MG (u) — (u' + LG (u') — oy (u' — ).

We find an approximate solution of {u‘"'} which satisfies
0™ )| < ellu” = ).

From above two strategies into Algorithm 3.1, we have

ALGORITHM 5.1.

(4.5)

(5.1)

(5.2)

(5.3)

Step 0. Choose an arbitrary initial point u° € Q, € >0, 1 > 0 >0, A9 >0, and a

nonnegative sequence {7;} satisfying

2 Ty < +-oo.
(=0

Set £ =0.

(5.4)

Step 1. For given u’, observe the system at an equilibrium state to obtain an approx-

imate solution &’ of (3.2) satisfying (5.1).

Step 2. Choose % > oy > ap and find the next iteration {u/*'} according to (5.3).

Step 3. If
||u€+1 —l//” <e,

stop, otherwise choose a new parameter
1

Aoyl €
o 14+ 1

Ao, (L410) A |

according to the self-adaptive rule (4.4).
Set £ =/¢+1 and go to Step 1.
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LEMMA 5.2. Assume that F and G are set-valued monotone mappings. Then the
sequence {ué } generated by Algorithm 5.1 satisfies

”u/erl —u*—|—7Le(G(u”1)—G(u*))||2
8 2
< <1+ai;’> [ — w4+ (G (") — Gu))|)? — oy||u’ — i*||?

3oy o} )
~al i (3= G o -2 nt ) Iuf—a . 59)

Proof. Using (5.2), we have
=+ A (G — G )|
<l =+ A (G(u") = G(u*)) = o (u” — ") + D) |2
<l =+ 2e(G(u) = GNP+ o u” — [ + | 9
~20 (uf—u*uf(c(uf)—G(u*)))T(z/—u) 204 (u’ — ") " 0 (u1)

2 (uf —u o A(G) - G(u*)))T 9, (),

(5.6)
For any two vectors a and b in R", we have
1
2l|alll[o]] <P||a||2+;HbH2, Vp > 0. (5.7
Therefore
-
2<u(—u*—|—l/(G(ue)—G(u*))) Yo(u'th)
< BTt 4 3Gl - G P+ 2 o P
= oy 41‘]2
o ¢ a2y Qe 2
< 7{'\\”'—” +A(G) = G)) |7 + [l — 7] (5.8)

where the last inequality follows from (5.3).
Let iz' be the solution of (3.2). Then, we have

20, (i "+ 2(G() G i)

< 20y|u’ — @|> - Z(Xg(z/’—u*%—M(G(u(’)—G(u*)))T(_é i)

u —u

4772 ) * ) * 2 ~
< —2al =P+ (I~ (G0~ G+ i)
(

= —ayllu’ — @' |? — o u’ — '+ — |

ang, 5o,

Tl o~
{

—u" + A (G(u') — G(u"))||* + an? |
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— i
1>~ I?

o’ — i ||

_O%Hﬁ/«'_u i |2

< —oyl|lu’ — i + 201 ||u — i

ﬂe_*}t N *2“_e3e_~/:2
+ 2 l” ="+ Ae(G(") = GO))I” + - Ju” a7, (5.9)

where the first inequality follows from Lemma 3.3, the second inequality follows from
(5.7) and last inequality follows from (5.1) Substituting (5.8) and (5.9) into (5.6) and
rearranging term, we get (5.5) immediately. This completes the proof. [

REMARK 5.3. Since
Ny—0 as £ — oo,

if we take |
O<op<oy< ok
then there exists ¢; > 0 such that for all £ > /1,
30 o
Tf—T‘—a, 20m; — 17 > 0. (5.10)

Without loss of generality, we assume that (5.10) holds for all ¢ > 0.

THEOREM 5.4. Assume that F and G are set-valued monotone mappings and
%>a/ oy >0 foralll.

Then the sequence {uf } generated by Algorithm 5.1 converges to a solution of (1.1).

Proof. Combining (3.12), (5.5) and the assumption 2 > oy = op > 0, we have

It ="+ A1 (G = Gu)) |2

<(1+1)° <1+ m)IIMK—u*Jr?L/:(G(uk)—G(u*))llz—wllu —a'|?

4
<TI0+ 2H( ) — i+ do(G(u) ~ Gl

k=0
< 6,6y [[u’ —u" + A0(G(u’) — Gw))|, (5.11)
where N
GP—H(I—FT/)
(=0
and
Gy = <1+
n g ”

Since 7, >0, Ny =0, Y7o Tr < +oo, D on( < oo, we have

G, < 4o and Gy < oo
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From (5.11), we get that {u‘ } is bounded, and
R 2 8n7 0 ¢ N (12
oyllu’ —uw ||* < (1+ 1) 1+7€’ |u" —u” +X(G(u") — G(u"))]]
— [ =+ A (G ) = G )| (5.12)

Summing the above sides for all ¢ > ¢; and using a similar way as (3.15), we have

Y oyl|u’ — ' ||?

(=(,
< g& ((2u;+r,?) (1 + 8%2) 8%2) S,6, +1
< [ — u* + Ao (G(U®) — G(u))||* < +oo. (5.13)
Thus
Jim [ ] =0,
and

A(Gu'),G(i")) < 8||lu’ — || =0, as £ —> oo,

From the similar argument as those in Theorem 3.6, we assert that the sequence {u’}
generated by Algorithm 5.1 converges to a solution of (1.1). This completes the proof. [
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