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Abstract

In this paper, a new class of inverse mixed quasi-variational inequalities (IMQVI) is
introduced and studied in Hilbert spaces. This type of inequalities includes many
quasi-variational inequalities and inverse variational inequalities as its special cases.
We first prove some properties of generalized f-projection operators in Hilbert spaces.
Then we use these properties to obtain the existence and uniqueness result.
Moreover, error bounds for IMQV! in terms of the residual function are also
established. The results presented in this paper are new and improve some results in
the recent literature.

Keywords: mixed variational inequality; inverse mixed quasi-variational inequality;
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1 Introduction
It the past decades, variational inequalities and their generalizations have been widely
used in finance, economics, transportation, optimization, operations research, and the
engineering sciences. For instance, Lescarret [1] and Browder [2] introduced mixed vari-
ational inequalities in 1960s. Later, Konnov and Volotskaya [3] applied mixed variational
inequalities to several classes of general economic equilibrium problems and oligopolis-
tic equilibrium problems. In 2006, He et al. [4, 5] studied a class of inverse variational
inequalities and also found their applications in practical world, such as normative flow
control problems, which require the network equilibrium state to be in a linearly con-
strained set, and bipartite market equilibrium problems. Some other generalizations such
as quasi-variational inequalities also have been studied extensively. For details, we refer to
[1, 6-21] and the references therein.

Motivated and inspired by the work mentioned above, in this paper, we introduce a new
class of inverse mixed quasi-variational inequalities (IMQVI) in Hilbert spaces: find an
x € H, such that Ax € K(x) and

(g(x),y — Ax)+ pf (y) - pf(Ax) = 0, Vy € K(x), (L1)
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where g,A : H — H are two continuous mappings, K : H — 2/ is a set-valued mapping
such that, for each x € H, K(x) C H is a closed convex setand f : H — RU{+00} is a proper,
convex, and lower semicontinuous on K (x) for each x € H.

We first prove some properties of generalized f-projection operators in Hilbert spaces
and then explore the existence and uniqueness results of the IMQVI. Furthermore, we
study error bounds for the IMQVI in terms of the residual function. Since IMQVI nat-
urally encompasses many types of quasi-variational inequalities and inverse variational
inequalities, the results presented in this paper therefore generalize and improve some
results in the existing literature.

2 Preliminaries

Let H be a real Hilbert space with scalar product and norm denoted by (-,-) and || - ||, re-
spectively. Now we recall the concept of the generalized f-projector operator introduced
by Wu and Huang [22]. More properties and applications on generalized projection op-
erators can be found in [23-26]. Let G: H x K — R U {+00} be a functional defined as
follows:

G(x,8) = lIxl*> - 2(x,§) + IE1* + 20f (5),

where & € K, x € H, p is a positive number and f : K — RU {+00} is proper, convex, and

lower semicontinuous.

Definition 2.1 [22] Let H be a real Hilbert space, and K be a nonempty closed and convex
subset of H. We say that P};’p : H — 2X is a generalized f-projection operator if

o . .
Pz x= [ueK. G(x, u) _suelzlzG(x’g)]’ Vx € H.

From the work of Wu and Huang [22] and Fan et al. [11], we know that the generalized
f-projection operator has the following properties.

Lemma 2.1 [11, 22] Let H be a real Hilbert space, and K be a nonempty closed and convex
subset of H. Then the following statements hold:
(i) P§<’p x is nonempty and Pfgp is a single valued mapping;
(i) forall x € H,x* = P’ if and only if
(" —xy—a)+ pf9) - pf (x*) =0, VyeK;
(iii) Pf(’p is continuous.
Definition 2.2 Let H be a real Hilbert space, and g, A : H — H be two single-valued map-
pings.
(i) A issaid to be A-strongly monotone on H if there exists a constant A such that
(Ax—Ay,x—y) = Mlx -y, VxyeH;

(ii) A issaid to be y-Lipschitz continuous on H if there exists a constant y > 0 such that

||Ax—AJ’|| SV”x_y”’ Vx,yGH,



Li and Zou Journal of Inequalities and Applications (2016) 2016:42 Page 3 of 13

(iii) A is said to be co-coercive on H if there exists a positive constant T > 0 such that
(Ax — Ay,x —y) > T||Ax — Ay|>, Vx,y € H;

(iv) (A,g) is said to be a u-strongly monotone couple on H if there exists a positive

constant ¢ > 0 such that

(Ax - Ay, g(x) - g() = ullx—yI?, Vx,yeH.

Letg, A : H — H be two continuous mappings, and K : H — 2 be a set-valued mapping
such that, for each x € H, K(x) C H is a closed convex set. Let f : H — RU {+00} be proper,
convex, and lower semicontinuous on K(x) for each x € H. Now we consider the inverse
mixed quasi-variational inequality (for short, IMQVI) (1.1): find an x € H, such that Ax €
K(x) and

(gx),y - Ax) + pf ) — pf (Ax) = 0, ¥y € K(x). (2.1)

Remark IMQVIencompasses several models of quasi-variational inequalities and inverse
variational inequalities. For example:

(1) If g is the identity mapping and K(x) is a constant set K for all x € H, then IMQVI
reduces immediately to the inverse mixed variational inequality [27], which is defined as
follows: find an x € H, such that Ax € K and

(g),y — Ax) + pf () - pf (Ax) = 0, VyeK.
(2) If H = R", g is the identity mapping, f(x) = 0, and K(x) is a constant set K for all

x € R", then IMQVI reduces to the following inverse variational inequality: find an x € R",
such that Ax € K and

(x,y—Ax) >0, Vyek,

which was first proposed by He and Liu [4].
(3) If H = R" and f(x) = 0 for all x € R", then IMQVI reduces to the inverse quasi-

variational inequality: find an x € R”, such that Ax € K(x) and

(gx),y—Ax) =0, VYyeK(x). (2.2)
The inverse quasi-variational inequality (2.2) was introduced and studied by Aussel et al.
[28]. Moreover, if g is the identity mapping, then IMQVI reduces to the following inverse
quasi-variational inequality: find an x € R”, such that Ax € K(x) and

(x,y—Ax) >0, VyeK(x). (2.3)

(4) If H = R", A is the identity mapping and f(x) = O for all x € R”, then IMQVI becomes
the classic quasi-variational inequality.
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3 Some properties of generalized f-projection operators
Let K : H — 2 be a set-valued mapping such that K(x) is a closed convex set in H, for
each x € H. The Hausdorff distance between K(x) and K(y) is defined as follows:

H|K(x),K(y) :max[ sup inf |lu—v|, sup inf ||u—v||},
[ v ] ueKF(l) veK(y) vel(r()y) uek(x)

From Definition 2.1 and Lemma 2.1, we see that the generalized f-projection of any z € H
on the set K(x) is defined by

0 .
P§<<x>z = afggelg(fx) G(z,&).

Now we apply the basic inequality in Lemma 2.1 to prove some properties of the operator

Pf,p

Ko I Hilbert spaces.

Theorem 3.1 Let H be a real Hilbert space and M be a nonempty bounded subset of H.
Let K : H — 2" be a set-valued mapping such that, for each x € H, K(x) C H is a closed
convex set and f : H — R U {+oo} be proper, convex, and lower semicontinuous on K(x).
Assume that

(i) there exists a constant y > 0 such that H[K(x), Ky)] <y |lx - y||%, Vx,y € H;

(i) 0 € (,cy Km);
(iii) f is {-Lipschitz continuous on H.

Then there exists a constant k > 0 such that
”P;(‘fx)z —P;'fy)zH <klx-yll, Vx,yeH,zeM.

Proof Foranyx,y € H and z € M, denote x = P’I;’fx)z andy = Pfgfy)z. Since x € K(x), y € K(y)
and H[K(x),K(y)] < v |lx — y||%, we know that there exist £ € K(x) and € K(y) such that
I%=nll < ylx—yl*>and [y - &Il <y llx - y||>. From Lemma 2.1, we have

(x—2z,&-x)+pf(E) - pf(x) >0 (3.1)
and

=zn-y) +pf(n)-pf(H)=0. (3.2)

By the Lipschitz continuity of f, it follows from (3.1) and (3.2) that

I%-71% = (=52 -7
=X-zx-))+{y-2y-%)
=X-zx-5)+X-2E-y+-2y-m+ Y -2zn-%)
< pf() - pf ) + 12 —zlllIE =yl + of ) = pf &) + Iy = 2l lIn - x|
< plllE =yl + X = 2[l1& =yl + pllin = Il + Iy - zlllln - x|

<y@pl+|x—zl +y-zl)lx-yI* (3.3)
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and so

e =yl < \/V(2/)l+ 1% —zll + 17 = 2ll) Il = 1. (3.4)

On the other hand, since M is bounded, we know that there exists a positive number m
such that ||v|| < m for all v € M. Noticing that 0 € K(u) for all u € H, we have

G(z,l’}‘(’fu)z) = |zl - 2(z, Pfgfu)z> + ||P§<’fu)z||2 + 2pf(P§<'fu)z)
< G(z0)
= ||z]|* + 20(0). (3.5)

From the Lipschitz continuity of f, it follows from (3.5) that

“Pf(’fu)znz = 2<Z’P§<’fu)z) + pr(O) - 2pf(P1f<’fu)Z)

<201zl Pz + 201 Pt 2]

’

<2(m + pl) ||P§<'fu)z

and so ||P§<’fu)z|| <2(m + pl) for all u € H, z € M. Since ||P§<’fx)z|| <2(m + pl), ||P§<'fy)z|| <
2(m + pl) and ||z|| < m, we have

||P§<'fx)z - Z” + ||P§<'fy)2 - Z|| <6m+4pl.
Now (3.4) implies that
”P;’fx)z _1)26)2” <klx-yll, Vx,yeH,zeM,

where k = /6y (m + pl). This completes the proof. (I

Remark 3.1 Theorem 3.1 shows that the generalized f-projection operator Pféfx) is k-
Lipschitz continuous with respect to x on each bounded set of the Hilbert space H under

some suitable conditions.

If H =R" and f(x) = 0 for all x € R", then the generalized f-projection operator Pféfx)

reduces to the classic metric projection operator Pg(,. By Theorem 3.1, we can obtain the

following theorem.

Theorem 3.2 Let M be a nonempty bounded subset of R, and K : R* — 2X" be a set-valued
mapping such that K(x) is a closed convex set in R", for each x € R". Assume that

(i) there exists y > 0 such that H[K(x),K(y)] < y|lx - y||%, Vx,y € R";

(i) 0€(yepr K@).

Then there exists a constant k > 0 such that

1Pkz — Pzl < kllx—yll, Vx,yeR",zeM.
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Theorem 3.3 Let H be a real Hilbert space, and K : H — 2 be a set-valued mapping
such that, for each x € H, K(x) C H is a closed convex set. Let f : H — RU {+00} be proper,

convex, and lower semicontinuous on K (x) for each x € H. Then, for any x,y,u,v € H,
(Pf(‘fx)u Pﬁ((x v,u- ) ”Pf u- pr)V”
and

= PPy

K(x

~ (= Py < Nl =il + [Py =Pty v
Proof Based on Lemma 2.1, we have

(P;%fx)" v Pféfx)” - PZ&)") +of (pQ(p@ ) - rof (P%c v) = (3.6)
and

(P;((x)” ”’Pf Pf u) + pf(PQfx)V) - pf(l)féfx)”) > 0. (3.7)
It follows from (3.6) and (3.7) that

||Pf K(x v” (pr Pf gVt = V). (3.8)
By (3.8), we obtain

o= Py~ (v=PRLyv) |* = llu = v = 2(Pfyu — Py —v) + | Pfyu — Poyv|*

K (x)
< lluw— v = | Pl yu— Pl v|)*

2
< lu-v|
and so

=P = (v = Plym) | < u—Pifpu (v Pl | + [Py —Px

K(y) K(x) (y)"”
< lu=vll+ [ PGyv = PRy
This completes the proof. O

4 The existence and uniqueness result of IMQVI
From the properties of generalized f-projection operators, it is easy to see that x € H is a
solution of IMQVI (2.1) if and only if x satisfies

Ax = P;’fx) [Ax - pg(x)], VYo > 0. (4.1)

In this section, we consider the existence and uniqueness result of IMQVI (2.1) in Hilbert

spaces.
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Theorem 4.1 Let H be a real Hilbert space, and g,A : H — H be Lipschitz continuous on
H (with constants o and B, respectively). Let K : H — 2! be a set-valued mapping such
that, for each x € H, K(x) C H is a closed convex set and f : H — R U {+00} be proper,
convex, and lower semicontinuous on K(x). Assume that

(i) g is A-strongly monotone and (A, g) is a jr-strongly monotone couple on H;

(ii) there exists k > 0 such that

||P§<'fx)z—P§<'6)z|| <kllx-yl, VYx,yeH,ze {vlv:Ax—pg(x),er};

(iii) /B2 —2pu + 2%+ pV/1-21+a2 < p —k.
Then IMQVI (2.1) has a unique solution in H.

Proof Let h: H— H be defined as follows:
1 1 phe
h(u)=u - ;Au + P [Au - pg(w)], YueH.
For any x,y € H, denote x = Ax — pg(x) and y = Ay — pg(y), we have

”h(x) —h(y) || =

1 1
x— y——Ax+ Ay+ prx Pféfy))'/H

K(x)

x—y—g(x)+g(y) - ;[56 - Pk~ (7-Plp,3)] ”

< |x-y-g@) +g0)] + Ho‘c—Pfefx)a'c—(&—Pfemii. (4.2)

Since g: H — H is A-strongly monotone and «-Lipschitz continuous on H, we obtain

|2 -y —g@) +g®)|* = lx—yII> —2(g(x) - g0),x -3} + |gx) - 20|
<(1-2x+0?)x -yl (4.3)

On the other hand, it follows from (ii) and Theorem 3.3 that

||’_‘—P§<'fx>’_c_( (y)y)||<”x il + [ P )~ P%J_’”
< ||Ax - Ay - p[g(x) - g)]|| + kllx - lI. (4.4)

Since A is B-Lipschitz continuous and (4, g) is a p-strongly monotone couple on H, we
have

|Ax - Ay - p[g@) - gW]|?
= |Ax - Ay|1? - 2p(Ax - Ay, g(x) - g0)) + p*|2®) - 2 )|
< (B*-2pp+ p*?)llx—yl>. (4.5)

Now (4.2)-(4.5) imply that

|1(x) = )| < Ollx - ylI, (4.6)
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where 0 =+/1-2X + o2 + %(\/,32 —2pu + p%a? + k). By the assumption, we know that 0 <
0 <1and so (4.6) implies that s(u) = u— %Au + %Pf('fu) [Au— pg(u)] is a contracting mapping
in Hilbert space H. Thus, /4 has a unique fixed point x* in H and so x* is a unique solution
of IMQVI (2.1). This completes the proof. O

Remark 4.1 By Theorem 3.1, we know that if {v|v = Ax — pg(x),x € H} is bounded and the
conditions (i)-(iii) in Theorem 3.1 are satisfied, then there exists k > 0 such that

||P;<‘fx)z —I{éfy)z” <kllx-yl, VYx,yeH,ze {VIV =Ax — pg(x),x € H}.
Therefore, the condition (ii) in Theorem 4.1 is suitable.

5 Error bounds for IMQVI

It is well known that error bounds play important roles in the study of variational inequal-
ity problems. They allow one to estimate how far a feasible element is from the solution set
without even having computed a single solution of the associated variational inequality.
In [28], Aussel et al. provided the following two error bounds.

Theorem DA1 (Theorem 1 of [28]) Letg, A : R" — R" be Lipschitz continuous on R" (with
constants | and L, respectively), and let K : R" — 2" be a set-valued map such that K () is
a closed convex set in R", for each x € R". Suppose the following hold:

(a) (A,g) is a strongly monotone couple on R" with counstant [,

(b) there exists O < k < ' such that, for any 6 >4 k

1Pz = Pieyz| <kllx=yll, Vx,3,z€R".
If x* is the solution of (2.2), then, for any x € R" and any 6 > _lk’ we have

©l+1L)
=] = m“

where RY (x) = Ax — Py [Ax — 0g(x)].

Theorem DA2 (Lemma 1 of [28]) Let A : R" — R" be Lipschitz continuous on R" (with
constant L) on R" and let K : R" — 28" be a set-valued map such that K(x) is a closed
convex set in R", for each x € R". Assume the following hold:

(a) A is strongly monotone on R" with constant |1,

(b) there exists 0 < k < such that, for any 6 > S:Jr,f))

|1Py oz = Piiyyz| <kllx—yll, Vx,3,z€R".

If x* is the solution of (2.3), then, for any x € R" and any 6 > L‘L(f;:’,f)) , we have

I < 40
40(— k) — L8k +L)

|®

||x—x*

where R? (x) = Ax — Prc(x)(Ax — 0x).
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In this section, we will develop some error bounds measuring the distance between any
point and the exact solution of IMQVI (2.1) in Hilbert spaces. Let

e(x, p) = Ax — P’I;'fx) [Ax - pg(x)]

denote the residue of the generalized f-projection equation (4.1). Then solving an IMQVI
(2.1) problem is equivalent to finding a zero point of e(x, p). For any given x € H, the mag-
nitude of |le(x, p)|| depends on the value of p. Now we give the error bounds in terms of

the residual function ||e(x, p)||.

Theorem 5.1 Let H be a real Hilbert space, and g,A : H — H be Lipschitz continuous on
H (with constants o and B, respectively). Let K : H — 2! be a set-valued mapping such
that, for each x € H, K(x) C H is a closed convex set and f : H — R U {+00} be proper,
convex, and lower semicontinuous on K(x). Assume that

(i) (A,g) is a u-strongly monotone couple on H;

Bk
n—ak’

(ii) there exists 0 < k < & such that, for any p >

||P§<,fx)z - Pf]p

K(y)z” <kllx-yl, Vx,yeH,ze€ {V|V:Ax—pg(x),er}.

. . Bk
If x* is the solution of IMQVI (2.1), then, for any x € H and any p > ko We have

=] =

0B ot ).
up — (ap + Bk

Proof Denote u = ng ) [Ax — pg(x)]. Since x* is the solution of IMQVI (2.1), it follows that
(pg(x*), u —Ax*) + pf (u) - ,of(Ax*) >0, (5.1)
for all p > 0. From the definition of # and Ax* € K(x*), we know that
(u—[Ax - pg(x)], Ax* — u) + pf (Ax*) — pf (u) > 0. (5.2)
By (5.1) and (5.2), we have

0 < (plg(x*) —g&)] + Ax — u,u — Ax*)
= ple(x") - g(),u — Ax) + plg(x*) - g(x), Ax — Ax")

+ {Ax —u,u — Ax) + (Ax —u,Ax — Ax*). (5.3)
Since (A4, g) is a u-strongly monotone couple, it follows from (5.3) that

plg(x*) - gx), u — Ax) + (Ax — u, Ax — Ax*) > ppu|«* —xH2 + | Ax — u)* (5.4)
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In light of the facts that g is a-Lipschitz continuous and A is 8-Lipschitz continuous, (5.4)
implies that
polx* — x| < pllg(x*) - g Il — Axll + | Ax - ]| Ax - Ax"|
< (pot + B[ = x| | Pl [Ax — pg(@)] - Ax]
< (pot + B)|[& ] (| P [Ax - ()] = PRy [Ax — ()]
+ || Plegy[Ax - pgx)] - Ax]))
), (5.5)

= (por+ B) |5 =] (k|#" =] + e,

for any p > Since ak < p and p > ak, it follows from (5.5) that

= ozk

(ap + B)

o —Gan-+ k1“0

o =] =

This completes the proof. d
If H = R" and f (x) = O for all x € R", from Theorem 5.1, we obtain the following theorem.

Theorem 5.2 Let g,A : R" — R" be Lipschitz continuous on R" (with constants | and L,
respectively). Let K : R" — 2% be a set-valued mapping such that, for each x € R", K(x) C
R" is a closed convex set. Assume that

(i) A,g)isa u-strongly monotone couple on R"‘

(ii) there exists 0 < k < & such that, for any 6 > M lk,

IPkw)z — Pxzll < kllx—yll, Vx,yeR",z € {vlv=Ax-0g(x),x € R"}.
If x* is the solution of (2.2), then, for any x € R" and any 6 > k, we have

Je-at] = — 2B o)
TR 91+L)k

where RY (x) = Ax — Py [Ax — 0g(x)].

For any x € H, based on Theorem 3.3, we know that P;(x is co-coercive mapping with
modulus 1 on H. Applying the co-coercivity of Pféfx)v we prove another error bound for
IMQVI (2.1).

Theorem 5.3 Let H be a real Hilbert space, and g,A : H — H be Lipschitz continuous on
H (with constants a and B, respectively). Let K : H — 2 be a set-valued mapping such
that, for each x € H, K(x) C H is a closed convex set and f : H — R U {+00} be proper,
convex, and lower semicontinuous on K(x). Assume that

(i) (A,g)isa u—strongly monotone couple on H;

8k
(ii) there exists 0 < k < & such that, for any p > (5+ak)),

B0 2

K(yZ” <klx-yll, Vx,yeH,ze {V|V:Ax—,0g(x),er}.
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If x* is the solution of IMQVI (2.1), then, for any x € H and any p > ﬁ(ﬂf’g , we have

dap

=l = e s rsn =l

Proof Denote v = Ax — pg(x) and v* = Ax* — pg(x*). From the definition of e(x, p), we know
that

(e(x, p),g(x) — g(x*))
= (el p) — e(x", p), g — g (x"))
= (Pl V" = Pty v,g(®) — g(6)) + (Ax — Ax*, g(x) - g (x"))

(pr*)v Pf’fx)V,Ax—Ax*> (pr * P/ )V,V —v)

+(Ax - Ax*, g(x) — g(x*))

1
(P%C . Pféfx)v,Ax—Ax*) - ;(Pf(x V5= Pyl V', Ax - Ax*)
1
+ ;(Pféfx) v P;(px -v)- ;(P;’fx)v* —P;fx*)v v —v)

+(Ax - Ax*, g(x) - g(«*)). (5.6)

Since (A, g) is a p-strongly monotone couple, it follows from (5.6) and Theorem 3.3 that

(e(xr P):g(x) _g(x*)>

1 1
= Lol - Bl ax) p||1’f<’fx>v Yy
1 * * * *
;||Pf<'fx>v Py | Ax - Ax | - = ||P§<fx ~ Py v -]
B PR ) A*2 Ax — Ax* | |12
= KV ~ K(x)V+5( x— Ax") ‘E” = Ax||" 4 -2
||Pf<fx "= Py [ (JAx - A" + v = v])
* 2 x| 2 1 x| 2
ch”x—x H —4—/3 Hx—x ” ——k(25+a,0)”x—x , (5.7)
o P
forany p > 7 ﬂ *8" . On the other hand, we have
(ex, ), g(x) - g (%)) < | e, p)] |l g®) - g (x7) ]|
<a ||e(x, 0) || ||x —x* || (5.8)
Since ak < p and p > Z((ﬁfslg , it follows from (5.7) and (5.8) that
4ap

b=l = e - Pl

This completes the proof. d
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If H = R", g is identity mapping in R”, and f(x) = O for all x € R”, by using Theorem 5.3,
we have the following theorem.

Theorem 5.4 Let A : R" — R”" be Lipschitz continuous on R" (with constant L) on R" and
let K : R" — 2% be a set-valued map such that K (x) is a closed convex set in R", for each
x € R". Assume the following hold:
(i) A is strongly monotone on R" with constant u,
L(8k+L)

(ii) there exists O < k < j such that, for any 6 > T

IPkwz — Pxzll < kllx—yll, Va,y € H,z € {vlv=Ax-0x,x € R"}.

L(8k+L)
4(u—k)

If x* is the solution of (2.3), then, for any x € R" and any 6 > , we have

40
¥ <
40(u — k) — L(8k + L)

|R@

ES

’

where R?(x) = Ax — Py (Ax — 0x).

Remark 5.1 It is easy to see that the condition (ii) in Theorem 5.4 is weaker than the
condition (b) in Theorem DA2 and the condition (ii) in Theorem 5.2 is also weaker than
the condition (b) in Theorem DAL.
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