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An inertial extragradient method for solving bilevel
equilibrium problems

JIRAPRAPA MUNKONG!, BUI VAN DINH? and KASAMSUK UNGCHITTRAKOOL!»

ABSTRACT. In this paper, we propose an algorithm with two inertial term extrapolation steps for solving
bilevel equilibrium problem in a real Hilbert space. The inertial term extrapolation step is introduced to speed up
the rate of convergence of the iteration process. Under some sufficient assumptions on the bifunctions involving
pseudomonotone and Lipschitz-type conditions, we obtain the strong convergence of the iterative sequence
generated by the proposed algorithm. A numerical experiment is performed to illustrate the numerical behavior
of the algorithm and also comparison with some other related algorithms in the literature.

1. INTRODUCTION

Let C be a nonempty closed convex subset of a real Hilbert space H, and let f and ¢
be bifunctions from H x H to R such that f(z,2) = 0 and g(z,2) = 0 for all z € H. The
equilibrium problem associated with g and C'is denoted by EP(C, g) : Find z* € C such
that

(1.1) g(z*,y) >0 forevery yeC,

is well known as the Ky Fan inequality early studied in [18, 39]. We denote the solution
set of problem (1.1) by €.

The equilibrium problem can be considered as a generalization of many mathematical
models such as the fixed point problem, the (generalized) Nash equilibrium problem in
game theory, the saddle point problem, the variational inequality problem, the optimiza-
tion problem and others (see, e.g., [4, 17, 27, 36]).

One of the most popular for solving equilibrium problems is the proximal point met-
hod. This method was first introduced by Martinet [32] for monotone variational inequa-
lity problems. After that, it was extended by many authors (see, for instant [26, 35, 42]). In
2008, Tran et al. [46] proposed the extragradient algorithm for solving the equilibrium pro-
blem by using the strongly convex minimization problem to solve at each iteration. Furt-
hermore, Hieu [20] introduced subgradient extragradient methods for pseudomonotone
equilibrium problem and the other methods (see the details in [1, 13, 21, 25, 28, 38, 48]).

In this paper, we consider the bilevel equilibrium problem, that is, the equilibrium
problem whose constraints are the solution sets of equilibrium problem: find z* € © such
that

(1.2) f(z*,y) >0 forevery yeQ,
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where () is the solution of the equilibrium problem associated to g and C' and denoted by
EP(C, g): find z* € C such that

g(z*,y) >0 forevery yeC.

The solution set of problem (1.2) is denoted by 2.

The bilevel equilibrium problems were introduced by Chadli et al. [8] in 2000. This
kind of problems is a generalization class of problems including, for instance, the follo-
wing particular cases: optimization problems over equilibrium constraints, variational
inequality over equilibrium constraints, hierarchical minimization problems, and com-
plementarity problems. Furthermore, the particular case of the bilevel equilibrium can be
applied to a real word model such as the variational inequality over the fixed point set
of a firmly nonexpansive mapping applied to the power control problem of CDMA net-
works which were introduced by liduka [23]. For more details on the relation of bilevel
equilibrium with its particular cases, see [11, 24, 37].

Methods for solving bilevel equilibrium problems have been studied extensively by
many authors. In 2010, Moudafi [34] introduced a simple proximal method and proved
the weak convergence to a solution of problem (1.2). In 2018, Yuying et al. [49] proposed
a method for finding the solution for bilevel equilibrium problems where f is strongly
monotone and g is pseudomonotone and Lipschitz-type continuous. They obtained the
convergent sequence by combining an extragradient subgradient method with the Hal-
pern method. For more details and most recent works on the methods for solving bilevel
equilibrium problems, we refer the reader to [2, 9, 45].

On the other hand, an inertial-type algorithm was first proposed by Polyak [40] as an
acceleration process in solving a smooth convex minimization problem. An inertial-type
algorithm is a two-step iterative method in which the next iterate is defined by making
use of the previous two iterates. It is well known that incorporating an inertial term in an
algorithm accelerates the rate of convergence of the sequence generated by the algorithm.
Recently, there are growing interests in inertial-type algorithm for optimization and va-
riational inequality problems and monotone inclusions (see e.g. [5, 6, 14-16, 29] and the
references therein).

Motivated by the recent interest on inertial-type algorithms and the work of Yuying
et al. [49], we propose an algorithm which is a combination of extragradient algorithm
and inertial extrapolation steps for solving bilevel equilibrium problems in a real Hilbert
space. Under some sufficient assumptions on the bifunctions involving pseudomonotone
and Lipschitz-type conditions the strong convergence theorem of the proposed algorithm
is established. A clear advantage of our results over the result of Yuying et al. [49] is
that our algorithm involves two inertial extrapolation terms which are not present in [49].
The presence of these inertial extrapolation terms makes our proposed iterative algorithm
faster and more efficient than Yuying et al. [49], as confirmed by the given numerical
example in Sect. 4.

2. PRELIMINARIES

Throughout this paper, H is a real Hilbert space, C is a nonempty closed convex sub-
set of H. Denote that x,, — z and z, — 2 are the weak convergence and the strong
convergence of a sequence {z,} to z, respectively.

We now recall the concept of proximity operator introduced by Moreau [33]. For a
proper, convex and lower semicontinuous function g : H — (—o0,00| and v > 0, the
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Moreau envelope of g of parameter v is the convex function

1
gl = i Ny — 2|2
g(x) ylélg {g(y) + 27Hy x| } Vo € H.

For all z € H, the function y — ¢(y) + % ly — z||* is proper, strongly convex and lowe
semicontinuous, thus the infimum is attained, i.e. "¢ : H — R.

The unique minimum of y — g(y) + o [ly — z||* is called proximal point of g at z and it
is denoted by proz,(x). The operator

prox (z) : H — H

) 1 9
x +— argmin 4 g(z) + —|ly — ||
yeH 27

is well-defined and is said to be the proximity operator of g. When g = i¢ (the indicator
function of the convex set ), one has

prOXiC (Jf) = PC ('T)a

forall x € H.
We also recall that the subdifferential of g : H — (—o0,00] at x € domg is defined as
the set of all subgradient of g at x

dg(x) :={w e H:g(y) —g(z) > (w,y —x)Vy € H}.

The function g is called subdifferentiable at x if dg(x) # ), g is said to be subdifferen-
tiable on a subset C' C H if it is subdifferentiable at each point « € C, and it is said to be
subdifferentiable, if it is subdifferentiable at each point z € H, i.e., if Dom(9dg) = H.

The normal cone of C' at z € C'is defined by

Neo(z) :=={q€ H:{q,y —z) <0,Vy € C}.
For every x € H, there exists a unique element Pcx defined by
Pew = argmin{|lz — y]| : y € C},
which can be found, e.g., in [7, 12].

Lemma 2.1 ([19]). The metric projection Pc has the following basic properties:

(i) |z —y|> > ||z — Poz||® + |y — Poz||?, Vo € Hand y € C;
(ii) {(x — Pcx, Pox —y) >0,V € Hand y € C;
(iii) ||[Pc(z) — Pe(y)|l < ||z —yll, Va,y € H.

Definition 2.1 ([43, 44]). A bifunction : H x H — R is called:
(i) B-strongly monotone on C if there exists 5 > 0 such that
U(a,y) + Uy, 2) < —Blle —yl?,  Va,yeC;
(i) monotone on C' if

Y(z,y) +¥(y,z) <0, Vr,ye€C;
(iif) pseudomonotone on C if

P(r,y) 2 0=9(y,2) <0, Va,yeC;
(iv) B-strongly pseudomonotone on C if there exists 8 > 0 such that

U(z,y) > 0= ¥(y,z) < —Bllz—yl]?>, Va,yeC.
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It is easy to see from the aforementioned definitions that the following implications
hold,

(i) = (i) = (iii) and (@) = (v) = (iii).
The converses in general are not true.

In this paper, we consider the bifunctions f and g under the following conditions.
Condition A

(A1) f(z,-) is convex, weakly lower semicontinuous and subdifferentiable on H for
every fixed z € H.

(A2) f(-,y)is weakly upper semicontinuous on H for every fixed y € H.

(A3) f is d-strongly monotone on H x H.

(A4) fis Lipschitz-type continuous, i.e., there are two positive constants c;, ¢z such that

f(zry) =+ f(y,Z) > f($,Z) - Cle - y||2 - CQHy - Zsz vxayaz € H.
Condition B

(B1) g(z,-) is convex, weakly lower semicontinuous and subdifferentiable on H for
every fixed z € H.

(B2) g¢(-,y) is weakly upper semicontinuous on H for every fixed y € H.

(B3) g is pseudomonotone on C with respect to €2, i.e.,

glxz,x*) <0, Vel az*eq.

(B4) g is Lipschitz-type continuous, i.e., there are two positive constants L, Ly such
that

g(gj,y) +g(y,2) > g(I,Z) 7L1||I 7y||2 - LQHyf ZH27 Vx,y,z € H.

Example 2.1 ([49]). Let f,g : R x R — R be defined by f(z,y) = 5y*> — 72 + 22y and
g(z,y) = 2y* — T2% + 5zy. It follows that f and g satisfy Condition A and Condition B,
respectively.

Lemma 2.2 ([3], Propositions 3.1, 3.2). If the bifunction g satisfies Assumptions (B1), (B2), and
(B3), then the solution set ) is closed and convex.

Remark 2.1. Let the bifunction f satisfy Condition A and the bifunction g satisfy Condi-
tion B. If Q # (), then the bilevel equilibrium problem (1.2) has a unique solution, see the
details in [41].

Lemma 2.3 ([10]). Let ¢ : C — R be a convex, lower semicontinuous, and subdifferentiable
function on C. Then x* is a solution to the convex optimization problem

min{f(z) : x € C}
if and only if
0 € 0¢(x") + Nc(x™).
The following lemmas will be used in the proof of the convergence result.

Lemma 2.4 ([31]). Assume ¢, € [0,+00) and g, € [0, +00) satisfy:
(i) P+l — Pn < on(QOn - ‘Pn—l) + On;
(i) 32725 on < +00;
(iii) {6,} C [0, 0], where 6 € (0,1).
Then the sequence {,, } is convergent with 3> [pn11 — @n]+ < +oo, where [t], = max{t,0}
(forany t € R).
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Lemma 2.5 ([47]). Let {a,} be a sequence of non-negative real numbers satisfying
Ont1 < (1 - an)“n + anfn +opn, Yn >0,
where {,, } and o, satisfy the conditions:
(i) {an} C (0,1) foralln € N;
(ii) Zn o0 Qn = +00;
(iii) lim suprHOO & <0;
(ZU) Zw 0 ‘0—"‘ < +-o00.
Then lim,,_yo, a, = 0.

Lemma 2.6 ([30]). Let {a,} be a sequence of real numbers that does not decrease at infinity, in
the sense that there exists a subsequence {ay, } of {a, } such that

Un; < Gp;41 forall j>0.
Also consider the sequence of integers {T(n) }n>n, defined, for all n > ng, by
7(n) = max{k < n|ar < agt1}-
Then {7(n) }n>n, is a nondecreasing sequence verifying
nh_)ngo T(n) = oo,

and, for all n > ny, the following two estimates hold:

Ur(n) S Qr(ny41 AN an < Ar(n)4

3. MAIN RESULT

In this section, we propose the algorithm for finding the solution of a bilevel equili-
brium problem under the strong monotonicity and Lipschitztype continuous conditions
on f and the pseudomonotonicity and Lipschitztype continuous conditions on g.

Algorithm 3.1. Initialization: Choose xo,x1 € H,c1 < 6,0 € [0,1), 8 € [0, 1), the sequences
{Bn} € (0,1), {en} C [0,+00), {pn} and {\,} are such that

0 <1
Bn < 2[)“(5 — 01)7
Z::)(an(é — L1)(1+ By) — Bn) = +o0,

1 1
0<)\<)\ <)\<m1n( )

2L1" 2Ls
—+oo
E €n < +00.
n=0

Iterative steps: We have x,,1,x,, € C, do the following Steps.
Step 1. Choose 0,, such that 0 < 6,, < 6,,, where

min < 6, tn 5 if Ty, # Tn—1,
On = max(||z, — Tp_1ll, |70 — 2n-1l]")

0 otherwise.

Compute s, = Ty + 0p(Ty, — Tn_1),

_ 1
Yn = argmin {/\ng(sn,y) + §|Iy - Sn||2} 7
yeC
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if yn = sy, g0 to Step 3. Otherwise, go to Step 2.
Step 2. Compute

. 1
2, = arg min {)\ng(ymy) + gHy - sn||2} ,
yeC

Step 3. Choose B, such that 0 < 3,, < B, where

. € .
min 677"2 if 2y, # Tp,
B = |z — zall

B otherwise.
Compute u, = 2z, + Pn(2n — Tn),
. 1
(33) pnir = argmin {po (1) + 5l = P}
yeC

Remark 3.2. We remark here that Step 1. and Step 3. in Algorithm 3.1 are easily im-
plemented in numerical computation since the value of ||z, — z,_1] is a priori known
before choosing 6,,. Similarly, the value of ||z, — z,]| is a priori known before choo-
sing 3,,. Furthermore, observe that by the assumption that -7 ¢, < 00, we have that

o OnllTn = 21 || < 400, 020 Onllwn — zn—1[|* < +ooand 3,07 Bnllzn — 2a|? < +o0.

Lemma 3.7. Let bifunctions f and g satisfy Condition A and Condition B, respectively. Assume
that Q@ # 0. Then, the sequences {x,}, {zn}, {sn} and {y,} genertaed by Algorithm 3.1 satisfies
the following estimate

Hxn+1 - $*||2 < O‘n(l + 5n)”5n - x*”2 - anﬁonn - x*”2 + 20‘71571”211 - In”Q
(3.4) - an(l + ﬁn)(l - 2)\nL1)HSn - yn||2 - an(l + Bn)(l - 2)\nL2)Hyn - un||2>
where o, = 1 — 2p, (6 — ¢1).

Proof. Under assumptions of two bifunctions f and g, we get the unique solution of the
bilevel equilibrium problem (1.2), denoted by z*. From the definition of y, and Lemma
2.3 imply that

00 {nglonn) + gl = 5012 ) + V(o)
There are w € 9g(sn, -)(yn) and @ € Ne(yy,) such that
(3.5) AW+ Yp — S +w = 0.
Since @ € N¢(yy,), we have
(3.6) (W, y —yn) <0 forall yeC.

By using (3.5) and (3.6), we obtain A\, (w,y — yn) > (Sn, — Yn,y — Yn) forall y € C. Since
zn € C, we have

(37) /\n<w7 Zn — yn> > <5n — Yn,2n — yn>-

It follows from w € 9g(sp, -)(yn) that

(3.8) 9(5n:Y) = 9(Sn,Yn) > (w,y — yp) forall ye H.
By using (3.7) and (3.8), we get

(39) An{g(snv Zn) - g(3n7 yn)} Z <5n - yna Zn — yn>-

Similarly, the definition of z, implies that

1
00 0glim ) + gl = 50l (20) + Ne(e)
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There are v € 9g(yn, -)(zr) and ¥ € N¢(x) such that
(3.10) AU+ 2, — S +0 =0.
Since v € N¢(z,), we have
(3.11) U,y —z,) <0 forall yeC.

By using (3.10) and (3.11), we obtain A, (v,y — z,,) > (S, — 2n,y — 2n) for all y € C. Since
z* € C, we have

(3.12) A (v, 2" — 23) > (85, — 2, " — 2p).
It follows from v € dg(yy, -)(zy) that
(3.13) 9(WnsY) — 9(Yns 2n) > (v,y — z,) forall ye€ H.

By using (3.12) and (3.13), we get
/\n{g(ynax*) - g(yna Zn)} 2 <$n - ZTHI* - ZTL>

Since z* € ), we have g(z*,y,) > 0. If follows from the pseudomonotonicity of g on C
with respect to 2 that g(y,,, z*) < 0. This implies that

(3.14) <3n — ZnsZn — $*> > )\ng(yna Zn)
Since g is Lipschitz-type continuous, there exist two positive constants L, L, such that
(3.15) 9(Yns 2n) > 9(8ns2n) — 9(8n,Yn) — La||sn — ynH2 = La|lyn — Zn||2
By using (3.14) and (3.15), we get
<3n — ZnyRn — $*> Z )\n{g(snz Zn) - g(5n7yn)} - )\nL1||Sn - ynH2 - )"ﬂL2Hyn - Zn||2
From (3.9) and the above inequality, we obtain
(3.16) 2(sn — Zn, 20 — %) > 2(Sn — Yn» 2n — Yn) — 22 L1 |5n — yull® — 200 Lallyn — 20|
We know that
2(sn = zny 20 — %) = I8 — 2*[* = |20 = sall* = 20 — 2*?
2<8n —Yn,2Zn — yn> = ||8n - ynH2 + Hzn - yn||2 - ||Sn - ZnH2
From (3.16), we can conclude that
(3.17) 2 = 2|2 < [lsn — 2" = (1 = 22 L1)[I8n = yall* = (1 = 2XnLo)[[yn — 20|
On the other hand, from the definitions of the proximal mapping and z,,41, we can write
. 1 .
(3.18) Tp+1 = argmin {pnf(una y) + §||y - un”Q} = argmln{fn(?-/)}v
yeC yeC

where f,,(y) = pn f (un, Y+ 1 ||y—uy,||?. From relation (3.18) and using Lemma 2.3, we obtain
0€ fu(@nt1)+No(2ny1). Thus, there exists w} € f,(2,41) such that —w? € No(2,41), €.,

(3.19) (W, y — xny1) >0, forall yeC.
Then, by the convexity of f(u,,-), the function f, is strongly convex on C' with modulus
1, which implies
1
(320) fn(xn+1)+ <wn7y_$n+1> +§”y—xn+1H2 < fn(y)ﬂ for all y e 07

where w, € 0f,(zn41). Substituting w, = w;, and y = z* into relation (3.20) and using
(3.19), we get

1 * *
fn(Tng1) + ng - xn+1||2 < ful(z¥),
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which together with the definition of f,,, we have
G2 s — 2P < 200 [f (un, @) = f(un, )] + [J1n — 27 = [[2ng1 — .
Since f is strongly monotone on C' with modulus 4,

Flun,2*) < = f(2*, up) = 6||un — 27|,
Substituting this inequality into (3.21), we have
(322) [|zn i1 =a”[* < (1=20n0)llun—2"|*+2pn = f (27, tn) = f (1, tn)] = |21 —un
Now, applying the Lipschitz-type condition of f, we obtain.

—f(Uns Tng1) = f(@"un) < —f(2", Tpq1) + |2 — un||2 + callun — $n+1||2

(3.23) = c1||* — un ||* + c2flun — Tppr |

The later inequality in (3.23) follows from f(z*, x,+1) > 0, since z* is the solution of the
bilevel equilibrium problem (1.2). Substituting into (3.22), we obtain

(3.24) zns1 =2 * < [1=2pu(6 = ex)]llun — 2" [1* = (1 = 2pncz) |zns1 — unll.
By the assumption 0 < p,, < i, it follows from (3.24)
(3.25) [2n41 = 2% < [1 =200 (8 — )] [Jum — ||

By the definition of u,,, we have

l|wn — x*HQ = |lzn + Bn(zn — Tn) — x*HQ
(3.26) =1z — 2|1 + 2B (20 — %, 20 — Tn) + B2 20 — Tal®
Observe that
(3.27) 2Bn(2n — % 20 — Tn) = |20 — &*|° = [l2n — 2*[” + |20 — 0.

Thus, from (3.26) and (3.27) and noting that 32 < 3,
lun = 2*[1* = l2n = 2|1 + Bull2n — 2™ = |20 — 2™1* + |20 — @nl®) + Bill2n — zall?
= llon = &1 + Bullzn — 2*|” = |z — 2*1*) + (Ba + B2) 120 — zall?
< lzn = 12 + Bulllzn — &*II” = llzn — 2*|1%) + 2Ball2n — zal|?
(3.28) = (1+ Bn)llzn — x*HQ = Bnllzn — :U*H2 + 2Bull2n — anQ
Hence, it follows from (3.25) and (3.28) that
(329 wn+1 — x*H2 < ap (14 Bn)llzn — x*Hz — anfBnllTn — x*H2 + 200 Bpll2n — mnHQ,
where a,, =1 — 2p,,(6 — ¢1). Combining (3.29) with (3.17), we obtain
[Znt1 — x*||2 < an(1+ Bn)llsn — x*”Z — apBullT, — x*”z + 200 B ||z — xn”Q
- an(]- + 671)(1 - 2)\nL1)HSn - yn”2 - an(l + ﬁn)(l - 2)\nL2)Hyn - un||2a
(

where a,, =1 — 2p,,(6 — ¢1). This yields the desired conclusion. O

Theorem 3.2. Let bifunctions f and g satisfy Condition A and Condition B, respectively. Assume
that Q@ # (. Then the sequence {x,, } generated by Algorithm 3.1 converges strongly to the unique
solution of the bilevel equilibrium problem (1.2).
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Proof. We first show that {x,,}, {sn}, {yn} and {z, } are bounded. Since 0 < \,, < a, where

a = min i, ﬁ , we have
(1-2X,L1) >0 and (1—2X\,Ly) > 0.
It follows from Lemma 3.7 and the above inequalities that
lzni1 — 2 |1* < an(l 4 Bo)llsn — 2°||* + 2000 Bnl|2n — 2 ||* forall n €N.

Since o, (1 + B,) < 1 and a,, < 1, we obtain that

(3.30) |Zni1 — 2|12 < ||sn — || + 2Bull2n — 24| forall neN.
By the definition of s,,, we have
[[sn — 35*”2 = ||2n + On(zn — Tp-1) — x*Hz
(3.31) = ||z — 2 ||* + 20, (xp — 2%, 20 — 1) + 02|20 — 201 |
Observe that
(3.32) 20, (xp — %, Ty — Tn1) = ||2n — 2%||? = |Tn_1 — %2 + |20 — 201 ||%

Thus, from (3.31) and (3.32) and noting that 62 < 6,
lsn = 2|1 = ||z — 2* [P+ 05 (llen — 2*|1* — len—r—2*|1* +llen — 21 [?)+02 20— 2|

= llon — 271 + On(llzn — 2™(* = lwn—1 — 2*[*) + (On + O7)l0n — 2ns

(3.33) <l = 2|2 + Gu (2 — 2*|% = len—1 — &*[*) + 260 |J2n — 2|
Hence, it follows from (3.30) and (3.32) that
Zn1 = 2*[* < llzn — 2| + On(llen — 2% = lzn-1 — 2*[*) + 205|120 — 21|

+ 2Bull2n — Ta?.

Now, since Y% 0,z — z,_1]|> < 400 and 3% B,llzn — 2, < +oo, we deduce
from Lemma 2.4 that the sequence {||z, — «*||} is convergent. Thus, {z, } is bounded and

o llwnsr — %) = |wn — 2*[?]+ < +oc. This implies that {s,} is also bounded. By
using (3.17), we have {z, } is bounded.

Next, we will show that the sequence {z,,} converges strongly to z*. Let us consider
two cases. Case 1: Assume that there exists ng > 0 such that for eachn > ng, {||x,—2*||} >
{l|zn+1 — *||}. In this case lim,,_, o ||y, — 2*| exists and

(3:34) 1 (e — o]~ lan — 2*]) =0.
It follows from (3.4)
0 < an(l+Ba)(1 =20 L1)[[sn = yall* + n (1 + Ba) (1 = 2AnLa)llyn — 2l?
< a1+ Bu)llsn — 12 = llonss — 212 = anBallen — 212 + 200 Ball20 — 2l

Since o, (1 + 8,) € (0,1), @B, > 0 and oy, < 1, from the above inequality, we get

0 < an(1+8a)(1 = 20 L1) s = yall* + (L + Bn) (1 = 220 La)|yn — 2|
(3.35) < s =212 = llznsr — 2*[12 + 28a 20 — zall*.
Besides, we obtain

lsn — &I = @ + On(@n — 1) — 2"

< (llzn — [ + Onllzn — xnflu)Q

= llon = ™1 + 200 |20 — 2" [[|2 — 2pall + O3 20 — 201
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< lwn = 2| + 200 [ 2n — &*[[[|2n = Tl + Onllzn — 2]
(3.36) < lan — %)% + 3M10, |20 — 1,
where My = sup,en{llzn — 2*], [|zn — Tn-1]}. Thus, from (3.35) and (3.36), we have
0. < lsn = &I = lnsr — 212 + 260120 — 2
< llon = 2*[1* + 3M1bnl|zn — @1l = Zn41 = 27| + 260 2n — 2al*.
Since 3" 0, ||z — 2n—1]] < +ocand 370 B2 — 2a]|? < +oo together with (3.34), we

get that lim,, o0 (|55, — 2*[|2 — || Znt1 — %> + 28020 — zu||*) = 0. It follows from (3.35)
that lim,, o ||$n — yn|| = 0 and lim,, o ||yn — 2»|| = 0. From the definition of s,,, we have

lim ||z, — $pll = lUm ||2n — 2n — On(zn — Tp—1)||
n—roo n—o0
(3.37) = llm Onllxn — n-1] = 0.

We can write inequality (3.4) in the following form
st — 2 < an(L+ Ba)llsn — 212 = an(1+ Bu)(1 = 220 L)l — ynl?
— (14 Bn)(1 = 220 La) |y — 2nll” + 28020 — @ ?
< an(l4 By) [[lzn — 2| + 3M16, |20 — 20—1]]]
— (14 Ba)(1 = 20 L)50 = 9l = @1+ Ba) (1 = 220 L) g — 20l
+2Bp|2n — zn|®
< an(14 Bo)llwn — 2*||* + 3M10, |20 — Zn_1]| — an (1 + Bn)(1 — 2\, L1) X
50 = 2 = (1 + Bu)(1 = 22 L2 gn — 20ll? + 2B0ll2n — 20
< (=) + Bo)llzn — 2|2 = (1= 7a) (1 + Ba)[(1 = 22 L1)lI50 = yn?
+ (1= 22 L) [yn — 2al?] + 3M100 |20 — 1|l + 280120 — 2 |?
< (1= (v +bn = Bu))llzn = 27 + (v + B — Ba)[(1 = 220 L1)x
Isn =y ll*] + (1 = 2XnLa)llyn — 20 ]1?] + 3Mi16n|zn — @ns]|
(3.38) + 2Bull2n — 20l

where v,, := 2p,,(§ —¢1). Since 8,, < 7, and 0 < 7, < 1, so we have that 3,, < v, (8, +1) <

Bn + 1 this means that ~,, + v,8, — 8, € (0,1) and Z:B(% + YnBn — Bn) = +00, we can

apply Lemma 2.5, we can conclude that lim,,_, ||z, — 2*|| = 0.

Case 2. Assume that there exists a subsequence {x,,, } of {x,} such that |z,, —z*| <
|#n;+1 — a*| for all j € N. By Lemma 2.6, there exists a nondecreasing sequence {7(n)}
of N such that lim,,_,, 7(n) = oo and for each sufficiently large n € N, we have

Jrtmy — 21l < llorgmyss — 2l and o — | < llorguyss — 2°1l
Similarly from the Case 1, we obtain that
0 < llsrmy = =*I° = lzr ()41 — 2*11* + 2B () | 27(m) = Ty I
< Nzrmy = 212+ 3Mi0n |7 (n) — Trny 1| = [Tr(nya — ]|
(3.39) + 2B8- ) 2r(n) — Tr () I
Since ||z, (n) — 2*|| < |27 (n)41 — 2*||, we get
0= Is7() = &1 = 21 = 217 + 2870 127 () = 2wy 12

< Nzry+1 — 21> 4+ 3Mi0y |27 () — Trmy—1ll — |Tr(ny+1 — 2|
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2
(340) + 26‘1’(n)||z7'(n) - Ir(n)H :

Since Z:i% (97-(”) HxT(n) - 3?7—(”),1” < +oo and Z:::S BT(n) ||Z,,-(n) — Tr(n) ||2 < 400, we get
that limnﬁoo(HST(n) —z* H2 — ||.r.,-(n)+1 —z* H2 —|—2,87(n) ||Z.,-(n) —Tr(n) H2) = 0. Thus, we obtain
that lim,, _, o HST(n) — Yr(n) H =0, lim,, o ||yr(n) — Z7(n) || = 0and lim,,_, Hx‘r(n) — Sr(n) || =
0. We can write inequality (3.4) in the following form

27 (1 = 2| < @y (L4 Brgm))I5r(n) — 2% = @y (1 + Brn)) (1 = 2Ar () L1) X
[8r(m) = Yrm) 1> = @z (L + Brin)) (1 = 207y L) [Yr(n) — 2r(m |12
+ 2B (m) 127 () — T () II?
< () (14 Brw) (@) — 21?4 3M107 () |27 (n) — Tr ()1 1l]
— () (1 + Brn)) (1 = 2X () L) [ 57(n) — Yr(m I
— () (1 + Brn)) (1 = 227 () L2) 17 (n) = 2e(m) P 4 2Br(m) 120 (n) — Tr (I
< ar(n)(L+ Br) | (m) = 2717 + 3M107(n) | T () — T (my—1ll
— ) (14 Brim)) (1= 2Ar ) L) |7 () = Yo I
— () (1 + Brn) (1 = 22 () L) 1Y () — Zr ) 1P 4 287 ()1 22(n) — Tr ()|
< (=) L+ B zr(ny = 217 = (1= Vo)) (L + Br(ny) X
[(1=2X ) L) [[57(n) = Yrm I + (1 = 22X () L2) [0 () — 22 1]
+ 3M10 () 1T (n) — Tr ()1l + 2Br(m) 120 (n) — Tr () P
< (1= (Yrm) + V) Brn) — Br)))Zry — 2|
+ (Yr(n) + Yr(n)Br(ny = Br)) [ = 220y L1 |57 () — Yr(m) 12
+ (1 =20y L2)[Yr(n) = 22 () 2] + 3M10 () |17 (n) = T my 1|
(3.41) + 280 (n) 127 (n) = Ty 1>
Where v, (n) := 2p7(n)(0 — c1). Since By < Vrm) and 0 < 7.,y < 1, so we have that

ﬁ‘r(n) < V7 (n) (ﬁ‘r(n) + 1) < B‘r(n) +1 this means that Vr(n) + FYT(n)ﬁT(n) - BT(”L) € (O? 1) and
Zj(o,f):o(%(n) + Vr(n)Brn) — Br(n)) = +00. By using Lemma 2.5, we can conclude that

lim, 00 [|[Z7(n) — 2*|| = 0. By above inequality, we have lim,, oo [|27(n)+1 — 2*|| = 0. By
using ||z, — z*|| < ||7-(n)41 — ¥, we get that lim,,, ||z, — 2*|| = 0. Hence x,, — z* as
n — oo. This completes the proof. O

4. NUMERICAL EXPERIMENT

In this section, we provide a numerical example to test our algorithm. All Matlab codes
were performed on a computer with CPU Intel Core i7-7500U, up to 3.5GHz, 4GB of RAM
under version MATLAB R2015b. In the following example, we use the standard Euclidean
norm and inner product.

Example 4.2. We compare our algorithm with Algorithm 1 proposed in Yuying et al.
[49]. Let us consider a problem when H = R" and C = {z € R" : =5 < z; < 5,Vi €
{1,2,...,n}}. Let the bifunction g : R x R™ — R be defined by

g(z,y) = (P + Qy,y —x) forall z,yecR",

where matrices P and () are generated randomly such that @) is symmetric positive semi-
definite and @) — P is negative semidefinite. Then g is pseudomonotone on R". In fact, let
g(z,y) > 0 for every z,y € R", we have

9(y,x) < g(z,y) + 9(y,x) = (Pr+ Qy,y — x) + (Py + Qz,x — y)
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=((@=P)(z —y)z—y) <0.

Next, we obtain that g is Lipschitz-type continuous with L; = Ly = 1||P — Q. Indeed,
for each z,y, z € R,

9(z,y) +g(y,2) — g(=, 2
= (Pzx+ Qy,y —z) +
= Px,y—x—(z—ai)}—i—(Qz,z—y—(z—w)>+<Qy,y—x>+<Py,z—y>

)

(
= (Pr,y — 2)) + (Qz,z —y) + (Qu.y — z) + (Py, 2 — y)
=Ply—2),z2-y) +{QE—-y),z—y)
(Ply—=),2—y) +(Q"(z—y),z—y)
= (P(y— ),z —y)) +{(Qx —y),z—y) since Q=Q"
=((P-Q)(y—x),z—y))
> I Qe gy~ 2
> MW=y e P8 e

where ||P — Q|| is the spectral norm of the matrix ||P — @Q||, that is, the square root of the
largest eigenvalue of the positive semidefinite matrix (P — Q)T (P — Q). Furthermore, we
define the bifunction f : R” x R® — R as

f(z,y) = (Ax + By,y —z) forall z,y e R",
with A and B being positive definite matices defined by
(4.42) B=NTN+nl, and A=B+ M"M +nI,,

where M, N are randomly n x n matrices and I, is the identity matrix. Then we have f is
n-strongly monotone on R”. Indeed, let z,y € R”, we get

f(@,y) + f(y,x) = (Av + By,y — 2) + (Ay + Br,z — y)
=—((A-B)(z—y)z—y)

—~(MTM +nl,(x+7y),z—1y)

—(MT"M(z+y),z —y) — (nl,(z +y),z —y)

—[M(z —y)|* = nllz -yl

—nllz —y|*.

IN

Thus, we take 6 = n. Next, we obtain that f is Lipschitz-type continuous with¢; =n — 1

and ¢y = ”4( 31”)2. Indeed, let z,y, z € R™, we have

fxy) + fy, 2) = f(z,2)
=(Ax+ By,y —z)+ (Ay+ Bz,z — y) + (Az + Bz, z — z)
=(Az,y—2—(2—2) +(Bz,z—y— (2 —2)) + (By,y —x) + (Ay, 2 — y)
= (Az,y — 2)) + (Bz,z —y) + (By,y — x) + (Ay, 2 — y)

)+ (B(z—y),z—y)
2= y)) + (BT (& —y),2 —y)

—y) +(B(x —y),z—y) since B= BT
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from which it follows that

fe,y) + fy,2) = f(z,2) = (A= B)(y — 2), 2 — y))

> 2 (V= 1l o) (L2220
_ pp2
> ~(n = Dlly—f? - L= e

Moreover, 0f(z,-)(z) = {(A+ B)z} and ||(A + B)z — (A + B)y|| < |4 + Blll|lz — ¥l
for all z,y € R™. Thus the mapping x — 9f(x,-)(z) is bounded and ||A + B||-Lipschitz
continuous on every bounded subset of H.

It is easy to see that all the conditions of Theorem 3.2 and of Theorem 3.1 in [49] are
satisfied. Now, we compare the performance of our algorithm and algorithm of Yuying et

E+1

al. [49], we take A\, = = , M = , =

[49] g k+a " T 3k+a) T AT B2
L6(n—1)
|A = B
o =1 € {x € R" : z; = 3,Vi € {1,2,...,n}} for both algorithms. For Algorithm 3.1,

6 € [0,1) and ) such that 0 < 6 < 0, 3 € [0,1) and S, such that

k for the algorithm

k+5 @
of Yuying et al. [49]. We take p;, = for our algorithm, take the starting points

1
we choose ¢, = T

0 < Bi < B, where

. 1 if
min Tl Tp—1
O = "k max(||zg — 21|, |2k — 2p-1 ) ’

0 otherwise.

and

5, — min {5,1} if 2y, # xg,

k1|2 —

B8 otherwise.

To terminate the algorithm, we used the stopping criteria |21 —xx|| < e withe = 1073
is a tolerance. From the result reported in the Table 1, we can see that the number of
iterations (No. of Iter.) by Algorithm 3.1 with parameters § = 0.7 and § = 0.1 is less
than that of Yuying et al. Algorithm [49]. Moreover, Figure 1, Figure 2 and Figure 3
illustrate the numerical behavior of both algorithms. In these figures, the values of the
errors ||xip4+1 — x| are represented by the y-axis, number of iterations are represented by
the z-axis.

TABLE 1. Comparison: proposed Algorithm 3.1 and Yuying et al. [49]
withag =21 € {zeR" 1 0;, =3,Vi =1,2,...,n},0 =0.7,5 =0.1.

0 Algorithm 3.1 Yuying et al. Algorithm
No. of Iter. CPU (Time) No. of Iter. CPU (Time)

5 20 0.1845 29 0.2069

10 33 0.3353 161 1.2337

50 42 0.6066 309 3.1672
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FIGURE 1. Comparison of proposed Algorithm 3.1 and Yuying et al. [49]
with zg = (3,3,3,3,3)7

—%—Alg.3.1,0=07,3=0.1
Yuying et al. Alg. 4

0 5 10 15 20 25 30
Number of Iterations

FIGURE 2. Comparison of proposed Algorithm 3.1 and Yuying et al. [49]
with zg = (3,3,3,3,3,3,3,3,3,3)T

—%—Alg.3.1,0=07, #=01
Yuying et al. Alg.

10%

0 5 10 15 20 25 30 35 40
Number of Iterations

FIGURE 3. Comparison of proposed Algorithm 3.1 and Yuying et al. [49]
with 2o = (3,3, ...,3)T where n = 50

5. CONCLUSIONS

The paper has proposed an algorithms with two inertial term extrapolation steps for
solving bilevel equilibrium problem in a real Hilbert space. The algorithm is a combina-
tion of the extragradient technique and inertial effects. Under some sufficient assumptions
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on the bifunctions involving pseudomonotone and Lipschitz-type conditions, we obtain
the strong convergence of the iterative sequence generated by the proposed algorithm.
A numerical results has been reported to illustrate the computational performance of the
algorithm in comparison with Yuying et al. Algorithm [49] This numerical results has also
confirmed that the algorithm with the inertial effects seems to work better than without
inertial effects.
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