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A Stackelberg quasi-equilibrium problem via
quasi-variational inequalities

JUE LU, YI-BIN XIAO and NAN-JING HUANG

ABSTRACT. In this paper, we consider a class of Stackelberg quasi-equilibrium problem with two players in
finite dimensional spaces. Existence and location of the Stackelberg quasi-equilibrium is discussed by employing
the quasi-variational inequality techniques and the fixed point arguments. The results presented in this paper
generalize some corresponding ones due to Nagy [Nagy, S., Stackelberg equilibia via variational inequalities and
projections, J. Global Optim., 57 (2013), 821-828].

1. INTRODUCTION

Stackelberg equilibrium model is a game with two players, in which the leader one
moves first and then the follower one moves sequentially [13]. Recently, Nagy [9] studied
the existence and location for a class of Stackelberg equilibrium problem with two players
by employing variational inequality methods and fixed point arguments. We note that the
strategy sets of the two players are assumed to be fixed in the study of Nagy [9]. However,
in some real situations, the strategy sets of the players may depend on their choices, such
as the generalized Nash equilibria considered in [10]. Thus, it is important and interesting
to extend the Stackelberg equilibrium problem considered by Nagy [9] to the case that the
strategy sets of the two players depend on their choices. The motivation of the present
work is to make an attempt in this direction.

Assume that f, g : R® x R™ — R" are the payoff/loss functions for the two players. Let
K1, K5 be two set-valued mappings from R" to R™ with nonempty values. In this paper,
we consider the following Stackelberg quasi-equilibrium problem (SQEP):

min x,
z€K1(x) f( y)

s.t. y € argming(z,y).
yEK2(y)

We note that, if K;(z) = K; and K5(y) = K> for all z,y in R", where K3, K5 are two
subsets of R", then (SQEP) reduces to the Stackelberg equilibrium model considered by
Nagy [9].

As discussed by Nagy [9], the first step is to define the best response set of the follower
in (SQEP) as

Rsqp(x) ={y" € Ka(y") : g(,y) — g(z,y") 2 0, Vy € Ka(y")}, = € R,
ie.,
Rsop(xz) = argming(z,y), € R™.
yEK2(y)
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Assume that Rggp(z) # 0 and r(z) is a selector of Rggg(z). Then, the Stackelberg quasi-
equilibrium leader set in (SQEP) can be defined as

Ssqr ={z" € Ki(z") : f(z,r(z)) — f(z",r(z")) = 0, Vo € K;(2")},
ie.,

Ssqr = argmin f(z,r(x)).
z€K1(x)

In order to locate the points of the Stackelberg quasi-equilibrium response set, we de-
fine a slightly larger set than the best response set of the follower in (SQEP) by means of
the quasi-variational inequality [2, 3, 6, 8, 10, 12, 14]. More precisely, based on the C* class
functions f(z,y) and g(z, y), we can define the Stackelberg quasi-variational response set
of the follower in (SQEP) as

Rsqv(x) = {y* € Fa(y") : <8g(8:;7 :

,y—y*> >0, VyeKz(y*)}, z € R",
y=y*

where (-, -) is the standard inner product in R"”. Assume that Rgqv (z) # 0 and r(z) is a
selector of Rgqv (). Then, the Stackelberg quasi-variational leader set in (SQEP) can be
defined as

Ssqv = {x € Ki(2%) : <5f(5f9;($))

It is well known that the (quasi) variational inequality techniques and the fixed point
arguments are popular for solving equilibrium problems (see, for example, [4, 5, 7, 11, 15,
16] and the references therein). The main purpose of this paper is to show some new ex-
istence theorems concerned with solutions of (SQEP) by employing the quasi-variational
inequality method and the fixed point arguments. This paper is organized as follows.
Section 2 presents some basic definitions and results which are needed for the further
investigations. In Section 3, we give the main results of this paper in the cases of the
compactness and non-compactness for the strategy sets of the two players.

,x—x*> >0, Vo € Kl(x*)}

2. PRELIMINARIES

In this section, we give some basic properties concerned with the Stackelberg quasi-
variational response set. Throughout this section, the notions are the same as in previous
section.

Proposition 2.1. Let g be a function of class C* and Ks(z) be nonempty and convex for all
x € R™. Then, we have the following conclusions:

(@) Rsge(x) C Rsqv(z) for every x € R™;

(b) If g(z,-) is convex for some x € R™, then Rsgg(x) = Rsqv ().
Proof. (a) For any x € R™ and y* € Rggg(x), it follows from the definition that y* €
Ks(y*) and

g(l’,y)*g(ﬂf,y*) 207 VyGKQ(y*)

Since g is a function of class C'!, by the definition, one has

ag(x,y) ,h = lim g(xvy +th) _g(ajvy )’ Vh € R™.
dy y=y* t—0+ t

Since K3(x) is nonempty and convex, we know that y* + ¢(y — y*) € Ky(y*) forall y €
Ky (y*) and every ¢ € [0,1]. Thus, taking h = y — y* € R" in the above expression, we



A Stackelberg quasi-equilibrium problem via quasi-variational inequalities 357
have

2.1) < 395;; Y)

Y = y> >0, Vye Ki(y"),
y=y*

which shows that y* € Rsgv (z) and so Rsgr(r) € Rsgv (x) for every z € R”.

(b) We only need to show that Rsgr(x) 2 Rsqv(x). For any given y* € Rsqv(z), we
know that y* € K,(y*) and (2.1) holds. Since g(z, -) is convex and of class C?, it follows
that

" 9g(z,y)

yy> Vy € R™.
o

y=

Thus, by (2.1) and (2.2), we have

9(x,y) — g(z,y") 20, Vy e Ka(y)
and so y* € Rggr(z). This completes the proof. O
Remark 2.1. Proposition 2.1 is a generalization of Proposition 2.1 of Nagy [9].

Assume that X C R" is a nonempty, closed and convex subset. Let Px : R® — K be
the metric projection defined as follows:

Py (z) = {y EK:|z—yl|l= lgf{ |z — x} , VxeR™
It is well known that
(2.3) z=Pgx)e (z—x,y—2) >0, VyeK.
Moreover, Pk is a nonexpansive mapping, i.e.,
1P (x) = Pe()ll < [l =y, Vo.yeR™

Now we turn to the investigation of an element of follower s Stackelberg quasi-variational
response set Rgqv («). The element acts as a solution to the parametric quasi-variational
inequality problem: find y* € K>(y*) such that

< dg(z,y)

gty > Ko(y*).
oy y*,y y>0, Vy € Ka(y™)

y=

For any given z € R", let

dg(x,
AD(y) = Prey(y) [y—p g(ayy)}, p> 0.

Then we have the following result.

Proposition 2.2. Suppose that g is a function of class C* and K(x) is nonempty, closed and
convex for all v € R”. Let X* € R™. Then the following assertions are equivalent:
(i) y* € Rsqv (=),
(i) y* = A} (y*) forany p > 0;
(iii) y* = Aﬁ* (y*) for some p > 0.
Proof. Clearly, y* € Rsqv (z*) if and only if

< dg(z*,y)

Y=yt ) >0, Vye K(y).
o) > W)

y=
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which is equivalent to

<y* B [y —, dg(z”,y)

dy
for all/some p > 0. Thus, it follows from (2.3) that

] 7yy*> >0, VyeKi(y")
y=y*

* * % « . a IE*,
Rst(x):{y € Ka(y") 1 4" = P,y (y —p¥ >}
Uy
By the definition of Az*, we know the claim is proved. This completes the proof. O

Remark 2.2. Proposition 2.2 is a generalization of Proposition 2.2 of Nagy [9].

At the end of this section, we give a result concerned with the Stackelberg quasi-
variational leader set. More precisely, by the definitions, we have the following result.

Proposition 2.3. Let f be a function of class C* and Ky(x) be nonempty, closed and convex
forall x € R™ Assume that x — Rgqv(z) is a single-valued function of class C*. Then
SSQ E C SSQV-

Remark 2.3. Proposition 2.3 is a generalization of Proposition 2.3 of Nagy [9].

3. STACKELBERG QUASI-VARIATIONAL RESPONSE SETS

By Proposition 2.2, to find elements in Rsqv () is equivalent to find fixed points of A}
for p > 0. To this end, we discuss two cases: compact and non-compact strategy sets.

Theorem 3.1. Let f and g be two functions of class C1, and K1, Ko C R™ be two nonempty,
convex and compact subsets. Assume that K; : R™ — 25 (i = 1,2) are two set-valued mappings
such that K;(z) (i = 1,2) are nonempty, closed and convex, for each x € R™. Then the following
statements are true:
(@) Rsqv () is nonempty for each given x € K;
(b) If Rsqv () is a singleton for each x € K, and the mapping x — Rgqv () is of class
C1, then Ssqv is nonempty.

Proof. (a) For fixed € K; and p > 0, since Pk,,) is nonexpansive for any y € R" and
g is a function of class C'!, we know that A; : Ky — K3 is a continuous mapping. Thus,
by employing the Brouwer fixed point theorem, AJ has a fixed point y* € K. Now
Proposition 2.2 shows that y* € Rsgy (z).

(b) Let n > 0. Since Rgqv () is a singleton for each = € K, we can define a mapping
B, : K1 — K as follows:

of(z,r(z))
Ox ’

Since Pk, () is nonexpansive for any 2 € R", f and r(z) are two functions of class C*,
we know that B, : K; — K is a continuous mapping. Thus, the Brouwer fixed point
theorem shows that B, has a fixed point 2* € K. Similar to the proof of Proposition 2.2,
we know that * € B, (z*) is and only if 2* € Sgqv. This completes the proof. O

By (x) = Pg,(z) |T—1n r(z) = Rsov ().

Remark 3.4. We would like to mention that Theorem 3.1 presented in this paper reduces
to Theorem 3.1 of Nagy [9] when K (x) = K; and K»(y) = K> for all z, y in R™.

Next we consider the non-compact case. As pointed out by Nagy [9], in order to ensure
the existence of the the elements concerned with the Stackelberg quasi-equilibrium /quasi-
variational response set in the non-compact case, some additional assumptions are needed
beside regular conditions of functions.



A Stackelberg quasi-equilibrium problem via quasi-variational inequalities 359

Theorem 3.2. Let g be a function of class C* and Ky : R™ — 28" be a set-valued mapping with
nonempty, closed and convex valued such that

(34) HPKz(yl)Z_PKz(yZ)ZH < kQHyl _yQH’ vy15y27z ER”?

where ko > 0 is a constant. For any given « € R™, assume that there exist two positive constants
kg and Ly such that

Og(zx, Og(zx, n

(3.5) < g(a y) - g(a y) yY1 — y2> > Kgllyr — v2?, VYyi,y2 €R

Y Y=y Y Y=y2
and

dg(x, dg(x, n
(3.6) ‘ % - % < Lyllyy — w2l Vyi,y2 € R™.

Yy Y=y Y Y=y2

If

(3.7) ko +\/1—=2pr, + p?L2 < 1,

then there exists a unique point y* € R" such that Rsqv (z) = {y*}. Moreover, the sequence
{y*} generated by

E+1 — pz(oF
y 2y,
(38) { yO c R",

converges to y*.

Proof. For any y1,y2 € R, it follows from (3.4) that

(3.9) A7 (1) — A7 (y2)]|
99(x,y) 9(z,y)
= PKz( 1) |}/1 - P Prey(yn) |Y2 — P
! 8:1] Yy=u1 ! ay Y=y2
89 T,y ag T,y
< kallyr — yel + y1—0% ]—[yz—P g ) .
Y Y=y Y Y=y2
By (3.5) and (3.6), one has
2
dg(x, dg(x,
610 Hyl—pg(a d ]— lyz—Pg(a 2 ]
Y Yy=y1 Y Y=y2
Og(zx, Og(zx,
= |y1—y2||2—2p<g(ay) - gg ) ,yl—yz>
Y Y=y1 Y Y=y2
+p? 395;671/) 3 595917,1/)
Yy Y=y Y Y=1y2

< lyr = y2ll® = 205gllyr — ya2ll® + P2 L2 lly1 — v2l
= (1—2pkg + p*L2)|lyr — v2l*.

Thus, from (3.9) and (3.10), we have

(3.11) A5 (1) = Ap(y2) |l < hllyr — w2l Vy1,52 €R™

with
0<h=ky+/1—2pr,+ p?L2.
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It follows from (3.7) that 0 < h < 1 and so by the Banach fixed point theorem, A7 has a
unique fixed point y* € R™. Moreover, it is easy to know that the sequence {y*} generated
by (3.8) converges to y*. This completes the proof. O

Remark 3.5. It is clear that Theorem 3.2 generalizes discrete case of Theorem 3.2 of Nagy

[9].

Theorem 3.3. Assume that all the conditions of Theorem 3.2 hold. If

dg(z1,y) _ 9g(w2,
dy Iy

where L; > 0 is a constant, then

(3.12)

y)H Sng”‘rl_;z/?”? vxlax%yean

[Rsqv(z1) — Rsqv (22)|| < Cllan — xaf|,  Vai,22 € R",
where C is a positive constant.

Proof. From Theorem 3.2, we know that Rggv (x) = {y*}. For any x1,z2 € R", lety} =
Rsov (x;) with i = 1, 2. Then, it follows from (3.11) and (3.12) that

[Rsqv(w1) — Rsqv(®2)ll = [y — vl
| A (yr) — AZ2(y3) |

< A7 (i) = AZ (o)l + 145" (w3) — A2 (y3)|
o 9g(z1,y 9g(z2,y
< hllyi =yl +p % —T)
Y y=y3 Y y=ys

< byt =yl + pLylley — 2o

In view of fact that 0 < h < 1, we have
/

Iyt = w31 < =2l —

and so
[Rsqv (1) — Rsqv (z2)]| < Cljz1 — z2]

with a positive constant C' = 7 fi This completes the proof. O

Next we will consider the existence result for the Stackelberg quasi-variational leader
set. To this end, we need the following assumptions. Suppose that there exist constants
kf > 0and Ly > 0 such that, for all 21,2, € R”,

(3.13) <W S rE) —x2> > il — ]
and

Moreover, we assume that

Of (x,r(x)) _ 0f(z,r(z2))

(3.15) P o

< L'f||7“(a:1) —r(x9)|l, Vai,zo €R™.

=1 =z

When the mapping © — Rgsgy () is single-valued, we denote r(z) = Rsgy (z). For
any n > 0, we can define an operator B,, : R"™ — R™ as follows:

naf(l“,r(x))

(316) Bn(l') = PKl(x) |:{E — 83:

}, x € R"™.
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Theorem 3.4. Assume that all the conditions of Theorems 3.2 and 3.3 hold. Moreover, suppose
that conditions (3.13)-(3.15) are satisfied and

(3.17) HPKl(zl)Z - PKl(zz)zH < kyllzy — x2||, Vai,22,2 € R,

where k1 > 0 is a constant. If there exist constants p > 0 and n > 0 such that

L' L'
(318) h = ks + (/1 —2pky + p2L2 < 1, k1+\/1_2mf+nsz fl’ghf<17
")

with Rst( ) =

then there exists a unique x* € R™ such that Ssgy = {z*} and y* = r(x
{y}).
Proof. By (3.16) and (3.17), for any x1, z2 € R", we have

(3.19) [ By(21) — By(z2)||
< kaflzr — @ + (9615”2)7/[%9@ 7% 1 ‘
e e U
Bf(x,r(x)) 3f(:1:,r(x2))
K H Ox . a Oz .
It follows from (3.13) and (3.14) that
2
(x1 —x2) — laf(x’a;(xz)) - 78f(%;(x)) ) ] < (1—2nkg +n°L7) |21 — a2?
and so
(01— w2) = [W i ] < 1= 2y + 2L o = .

By (3.15) and Theorem 3.3, one has

of(z,r(x)) of (x,r(x2))
ox ox

, pL; L}
< Lillr(z1) = rz2)ll < 57" llor = 22|l

T=T1 T=T1
These inequalities mentioned above together with (3.19) imply that
1By(21) = By(z2)|| < B[z — 22|, Va1,22 € R,

where

L L
n = k1 +\/1—277I€f+772L?c+ nll)jhf

Now (3.18) shows that B,, is a contractive mapping. Thus, it follows from the Banach fixed
point theorem that there exists a unique «* € R™ such that * = B, («*) and so Sgqv =
{z*}. Moreover, by Theorem 3.1, there exists a unique y* € R" such that y* = r(z*) with
Rsgv (z*) = {y*}. This completes the proof. O

Remark 3.6. We would like to mention that conditions (3.4) and (3.17) are similar to con-
dition (b) in Theorem 1 of Aussel et al. [1].
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