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1. INTRODUCTION

The fixed point problem is a very useful tool for studying physics, chemistry, engineer-
ing, and economics in different mathematical models. Besides, the fixed point problem
has many important applications, such as null point problem, variational inequality prob-
lem, equilibrium problem, optimization problem, see [1-5], and the references therein.
The fixed point problem is a problem of finding a point x € H such that Tz = x, where
H is a real Hilbert space and T : H — H is a mapping. The set of fixed points of the
mapping T will be represented by F(T).
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One of the most popular methods for finding fixed points of a nonexpansive mapping
T : C — C was proposed by Mann [6] as followed:

{xo €C, (1.1)

Tht1 = (1 — ak)xk + ap Tz,

where {ax} C (0,1) and C is a nonempty closed convex subset of a real Hilbert space
H. In [7], the author proved that if T' has a fixed point and Y ;- ar(l — o) = oo,
then the sequence {zj} generated by (1.1) converges weakly to a fixed point of T. In
order to obtain a strong convergence result for Mann iterative method (1.1), Takahashi
et al. [8] proposed the following so-called shrinking method for finding fixed points of a
nonexpansive mapping 7":

u € H,C, =C,
x1 = Pe, (ug),
yr = otk + (1 — o) Ty, (1.2)

Crt1={2 € Cp : |lyx — z|| < |lar — 2|},
Tr4+1 = Pck+1 («TO),

where {ax} C [o, @] with 0 < a <@ < 1. They proved that the sequence {z)} generated
by (1.2) converges strongly to Pp(r)(zo).

On the other hand, the equilibrium problem started to gain interest after the publi-
cation of a paper by Blum and Oettli [9] which has been used for studying a variety of
mathematical problems, such as optimization problems, variational inequality problems,
minimax problems, Nash equilibrium problems, saddle point problems, see [9-12], and
the references therein. The equilibrium problem is a problem of finding a point x* € C
such that

flx*,y) >0,¥y € C, (1.3)

where C'is a nonempty closed convex subset of a real Hilbert space H, and f : Hx H — R
is a bifunction. The solution set of the equilibrium problem (1.3) will be denoted by

EP(f,C).
A famous method for solving the equilibrium problem (1.3), when f is a monotone
bifunction, is the proximal point method, see [13]. However, if f satisfies a weaker as-

sumption such as pseudomonotone, the proximal point method cannot be guaranteed in
this situation. To overcome this drawback, the extragradient method was introduced for
solving pseudomonotone equilibrium problem instead of the proximal point method. By
using the idea of Korpelevich [14], Tran et al. [15] proposed the following extragradient
method for solving the equilibrium problem, when the bifunction f is pseudomonotone
and satisfies Lipschitz-type continuous with positive constants ¢; and co:

xg € C,

yr, = argmin {Af(zx,y) + llzx —y|* 1y € C}, (1.4)

Tpp1 = argmin {\f(ye, y) + |z —y|> 1y € C},
where 0 < A < min {%, ﬁ} They proved that the sequence {z} generated by (1.4)
converges weakly to a solution of the equilibrium problem. It points out that the ex-
tragradient method can compute effectively numerically by using the optimization tools.
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Consequently, the extragradient method is the first of our interest for solving the equi-
librium problem.

Second, we focus on the inertial type methods for finding a solution of the equilibrium
problem. This method originates from the heavy ball method (an implicit discretization)
of a second-order-in-time dissipative dynamical system [16, 17] and can be regarded as
a method of speeding up the convergence properties. The inertial techniques have been
proposed for solving the equilibrium problems, for instance, see [18-20], and the refer-
ences therein. In 2020, by using both inertial and extragradient methods together with
the shrinking method, Hieu et al. [21] proposed the following method for solving the equi-
librium problem, when the bifunction f is pseudomonotone and satisfies Lipschitz-type
continuous with positive constants ¢; and cs:

Xo, X1 € H,CO = H,

wy = o + O () — 1),

yr = argmin{ A, f (wi, y) + 3lly — wi||* 1 y € C},

2, = argmin{ g f(yr, y) + 3lly —wi|* 1y € C},

Mot :min{/\h BUllwr = yell® + llzr — yell*) } (1.5)
2[f (wr, 26) — f(wr, yx) — f(yr, 21)]

Hy={z € H: ||z — x| < [Jwy — 2?},

Ck+1 = Cp N Hy,

Tp+1 = Pck+1 ('TO)’

where Ao > 0, 8 € (0,1), 0y C [0, 0] for some 6§ > 0, and [f(wr, 2&) — f(wr, yr) — f (Y, 21)] 1
= max {0, f(wg, zx) — f(wk, yx) — f(yr, 21)}. They proved that the sequence {zx} gen-
erated by (1.5) converges strongly to Prp(s,c) (o).

In 2016, Dinh et al. [22] introduced the split equilibrium and fixed point problems as
follows:

Find z* € C such that Ta* =2*, f(z*,y)>0,Vy e C,
and u* = Az* € @Q solves Su*=u*, g(u*,v)>0,Ywe€Q,

where C' and @ are two nonempty closed convex subsets of the real Hilbert spaces H;
and Hs, respectively, f: C' x C' — R and g : Q x Q — R are bifunctions, T: C' — C and
S: @ — @ are mappings, and A : Hy — Hs is a bounded linear operator. By using the
ideas of proximal point and extragradient methods together with the shrinking method,
Dinh et al. [22] proposed the following algorithm for solving the split equilibrium and
fixed point problems (1.6), when S and T are nonexpansive mappings, g is monotone
bifunction, f is pseudomonotone bifunction and satisfies Lipschitz-type continuous with
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positive constants ¢; and cs:

e () = Cj,
yr = argmin { A f(zr,y) + 3llzi —yl? 1y € C},
ZK = argmin{)\kf(yk,y) + %ka —yllP:ye C} ,
sp=(1—a)zx + aTz,
=T7 Asy,
tr = Pc(sk + 5A*(Suk — Ask)),
Crpr =z € Cp : [lo — tafl < o = sell < llz — 2]},

mk-‘rl = Pck+1 (xl)a

(1.7)

where A* is the adjoint operator of A, {\;} C [A,A] with 0 < A < A < min {i i},

2c1? 2¢co

{rr} C (0,00) such that likn_lgorgfr;~c >0, a € (0,1), 0 € (O, ”2”2>, and T9 Asy :=

{u €Q:g(u,v)+ %(v —u,u — Asi) > 0,Vv € Q}. They proved that the sequence {xy}

generated by (1.7) converges strongly to a solution of the split equilibrium and fixed point
problems (1.6). Here, the algorithm (1.7) will be called SEPM Algorithm.

In 2019, by using the extragradient method, Petrot et al. [23] proposed the following
algorithm for finding a solution of the split equilibrium and fixed point problems (1.6),
when the mappings S and T are nonexpansive, and the bifunctions f and g are pseu-
domonotone and satisfy Lipschitz-type continuous with some positive constants {c1,c2}
and {d1, ds}, respectively:

x1 € Hy,

uy, = argmin { ppg(Po(Azy), u) + 3| Po(Azy) — ul|? 1 u € Q},

v = argmin { g (ug, u) + 3| Po(Azy) — ul]* 1 u € Q},

yr = Po (z + 6, A*(Sv, — Axy)) (1.8)
tr, = argmin { A\ f (yx,y) + 3lluk —lI> -y € C},

zp = argmin {\ f(ts,y) + llux — 4>y € O},

Tpr1 = oh(zr) + (1 — ag) (Brar + (1 — Br)Tz)

where h is a p-contraction mapping, {\1} C [A,A] with 0 < A < X < min{ %}

1
2¢1?
{u} C [p, @ with 0 < p < 7 < mm{ﬁl,i} {6k} C [8,6] with 0 < § < 4§ <
{Br} € (0,1) with 0 < liminf By < limsupfr < 1, {ax} C (O,f) such that
k—o0 k—0c0 £

HAH27

o0

kE ay = oo, and klgrolo aj = 0. They proved that the sequence {x)} generated by (1.8)
=1

converges strongly to a solution of the split equilibrium and fixed point problems (1.6).
Here, the algorithm (1.8) will be called NEM Algorithm. We emphasize that the SEPM
and NEM algorithms need to have prior knowledge of the Lipschitz-type constants of
the bifunctions. This means that the SEPM and NEM algorithms used the stepsizes
which depend on the Lipschitz-type constants of the bifunctions. This fact may give
some restrictions in applications because the Lipschitz-type constants are often unknown
or difficult to approximate.
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In this paper, we will still focus on the methods for solving the split equilibrium and
fixed point problems (1.6). That is, we will present a new iterative algorithm without the
prior knowledge of the Lipschitz-type constants of the bifunctions for finding the solutions
of the split equilibrium and fixed point problems, when the mappings are nonexpansive
and the bifunctions are pseudomonotone and satisfy Lipschitz-type continuous. Some
numerical examples and comparisons of the introduced algorithm with some appeared
algorithms will be discussed.

This paper is organized as follows: In Section 2, some necessary definitions and prop-
erties will be reviewed for further use. In Section 3, we will present the shrinking inertial
extragradient algorithm and prove the strong convergence theorem. In Section 4, we will
discuss the performance of the introduced algorithm by comparing it to the aforesaid
algorithms via numerical experiments.

2. PRELIMINARIES

This section will present some definitions and properties that will be used in this paper.
Let H be a real Hilbert space with inner product (-,-), and its corresponding | - ||. The
symbols — and — will be denoted for the strong convergence and the weak convergence
in H, respectively.

First, we will recall some definitions and facts which are related to nonlinear mappings.
Definition 2.1. A mapping T : H — H is said to be nonexpansive if
IT2 — Tyl < |1z — yl,¥a,y € A.
Remark 2.2. It is well-known that F(T') is closed and convex, when 7' is a nonexpansive
mapping, see [24].
Definition 2.3. A mapping T : H — H is said to be demiclosed at y € H if for any
sequence {x;} C H with 2 — 2* € H and Tz, — y imply Tz* = y.

Lemma 2.4. (see [24]) Let T : H — H be a nonexpansive mapping with F(T) # (.
Then, I —T demiclosed at 0.

Next, we will provide some definitions and results for concerning the equilibrium prob-
lems.

Definition 2.5. [9, 12, 25] Let C be a nonempty closed convex subset of H. A bifunction
f+H x H— R is said to be:

(i) monotone on C' if

flzy) + fy,z) <0, Vz,y € C;
(ii) pseudomonotone on C if
fl@,y) 20= f(y,x) <0, Vz,y € C;
(iii) Lipshitz-type continuous on H with constants ¢; > 0 and ¢ > 0 if
f@,y) + f(y,2) = f(2,2) — erllw = yl* — e2lly — 2%, Va,y, 2 € H.

Remark 2.6. We note that a monotone bifunction is a pseudomonotone bifunction.
However, the converse may not be true in general, for instance, see [20].
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Let C' be a nonempty closed convex subset of H. For a bifunction f : H x H — R, the
following assumptions will be considered in this paper:

(A1) f is weakly continuous on C' x C' in the sense that, if z € C, y € C, and {a} C
C, {yr} C C are two sequences converge weakly to = and y respectively, then

f @k, yr) converges to f(x,y);
(A2) f(x,-) is convex and subdifferentiable on C, for each fixed z € C;

(A3) f is psuedomonotone on C and f(z,x) = 0, for each z € C;
(A4) f is Lipshitz-type continuous on H with constants ¢; > 0 and ¢z > 0.

Remark 2.7. Tt is well-known that the solution set EP(f,C) is closed and convex, when
the bifunction f satisfies the assumptions (A1) — (A3), see [15, 27, 28], for more detail.

We end this section by recalling the projection mapping and calculus concepts in Hilbert
space.

Let C be a nonempty closed convex subset of H. For each x € H, we denote the metric
projection of z onto C' by Po(x), that is

lz — Po(@)]| < [ly — ||, vy € C.

Lemma 2.8. (see [29, 30]) Let C be a nonempty closed convex subset of H. Then,
(i) Pc(x) is singleton and well-defined for each x € H;
(i) z = Po(x) if and only if (x —z,y — 2) <0, Vy € C;
(iii) | Po(z) = Po)|I” < |z —y|* = | Po(@) — 2z +y — Pe(y)|?, Yo,y € C;
(iv) P is a nonexpansive mapping.
For a function f: H — R, the subdifferential of f at z € H is defined by
The function f is said to be subdifferentiable at z if df(z) # 0.

Lemma 2.9. (see [29]) For any z € H, the subdifferentiable Of(z) of a continuous convex
function f is a weakly closed and bounded convex set.

Lemma 2.10. [11] Let C be a convex subset of H and f : C — R be subdifferentiable on
C. Then, z* is a solution to the following convex problem:

min {f(z) : z € C}
if and only if 0 € 0f(z*)+ No(z*), where No(z*) :={y € H : (y,z—z*) <0,Vz € C}
1s the normal cone of C at x*.

3. MAIN RESULTS

Let Hy and Hs be two real Hilbert spaces and C' and ) be nonempty closed convex
subsets of Hy and Hs, respectively. Let us recall the split equilibrium and fixed point
problems:

Find z* € C such that Tz* =2z*, f(z*,y)>0,Vy € C,
and wu* = Az* € Q solves Su* =u*, g(u*,v)>0,YveQ,

where f: Hy x Hi — R and g: Hy x Hy — R are bifunctions, T: H; — H; and S: Hy —
Hy are mappings, and A: Hy — Hs is a bounded linear operator with its adjoint operator

(3.1)
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A*. From now on, the solution set of problem (3.1) will be denoted by Q. That is,
Q:={pe EP(f,C)NF(T): Ape€ EP(g9,Q)NF(S)}.

Now, we introduce the algorithm for solving the split equilibrium and fixed point
problems (3.1).

Algorithm 1: Shrinking Inertial Extragradient Method (SIEM)

Initialization. Choose parameters A\; > 0, u; > 0, 8 € (0,1), v € (0,1), n €
(O, HAlug), {ar} € (0,1), and {6} C [-1,1]. Pick zg,21 € C =: C; and set k = 1.

Step 1. Compute
W = Tk + Gk(zk — :Z}k_1>.

Step 2. Solve the strongly convex program

Yr = arg min {)\kf<wkay> + %Hy —wi|?:y e C} -
Step 3. Solve the strongly convex program

2, = arg min {/\kf(yk,y) + %Hy —wil?:y € C’} )

Step 4. Compute
sk = agzr + (1 — ag)Tzg.

Step 5. Solve the strongly convex program

up = arg min {ukg(Ask7u) + %Hu — Asp|?:u e Q} .
Step 6. Solve the strongly convex program

vE = arg min {,ukg(uk,u) + %Hu —Asil]? :u € Q} .

Step 7. Compute
tr = Po (sk + nA*(Svp — Asg)) .
Step 8. Construct closed convex subsets of C:
Crsr = {2 € il — tall < 1z — sll < 1o — wyll}

Step 9. Compute

min{)\k Bllwr = yell® + llzx — wrll*) }
- "2 [f (wr, z) — f(wks yk) — f (Y, 25)]
L if f(wy,2r) = f(we, yr) — f(yr, 26) >0,
A, otherwise,
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and

min ,
{‘uk Q[Q(ASk,Uk) _g(ASk,Uk) _g(ukavk)]

if g(Asy,vx) — g(Ask, ug) — g(ug, vg) > 0,
ks otherwise.

Y([|Ask — ug||® + |log — ul?) }

He+1 =

Step 10. The next approximation xy41 is defined as the projection of x; onto Ci41,
ie.,
Lh4+1 = PCk+1 (1'1)
Step 11. Put k:= k + 1 and go to Step 1.

Remark 3.1. We point out that the stepsizes of the SIEM Algorithm are independent
of the Lipschitz-type constants of the bifunctions. This means that the SIEM Algorithm
is constructed without prior knowledge of the Lipschitz-type constants of the bifunctions.
We emphasize that the Lipschitz-type constants of the bifunctions are often unknown
or difficult to estimate. Furthermore, the term 6y (xx — x5—1), which is included in the
SIEM Algorithm, is called the inertial effect and intended to speed up the convergence
properties. We observe that the parameter 85 in the STEM Algorithm can take negative
values.

Theorem 3.2. Let C' and @ be nonempty closed convex subsets of real Hilbert spaces Hy
and Hsy, respectively. Let f: Hy x Hi — R and g: Hy x Hy — R be bifunctions which
satisfy (A1) — (A4) with some positive constants {cy1,ca} and {dy,ds}, respectively. Let
T: H — Hy and S: Hy — Hy be nonexpansive mappings, and A: Hy — Hs be a bounded
linear operator with its adjoint operator A*. Suppose that the solution set () is nonempty.
Then, the sequence {xy} which is generated by the SIEM Algorithm converges strongly to
PQ(ZUl)

Proof. The proof of Theorem 3.2 is divided into 3 steps.

Claim 1. The following hold:
2k — plI* < llwg = plI* — exllwr — yell* — e1llye — 2 l|?, for each fixed € € (0,1 - B),
and
|vx—Ap||* < ||Asp—Ap||* —e2|| Asp—ug ||* —e2||up—vi||?, for each fixed ez € (0,1—7).
The proof of Claim 1. Let p € Q. That is, p € F(T), p € EP(f,C), and Ap € F(S),
Ap € EP(g,Q). By the definition of z; and Lemma 2.10, we have
0€ 0 {auflon 1) + gl — wl?} + NG,

Thus, there exists ¢ € O2f (yk, zk) and § € Ne(zk) such that

0=Mqg+ 21 —wp + 4. (3.2)
So, it follows from the subdifferentiability of f that

Fyroy) = flyn 26) = (0,9 — 21), Yy € C. (3.3)
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Moreover, from § € N¢(zk), we have
(@ 21 —y) > 0,Vy € C.
Using this one together with (3.2), we get
(26 — Wi,y — 21) = Mg, 21 — y), Vy € C.
Thus, the relations (3.3) and (3.4) imply that
(26 — wi,y = 21) = Aklf (e, 26) — fyr, y)], Yy € C.
Now, from p € C, we see that
{2k — wies p = 21) = Akl f (Wks 26) — [y, p)]-
So, it follows from the pseudomonotonic of f that
(26 — Wiy p — 21) > Ak f Yk, 28)-
Similarly, by the definition of y; and Lemma 2.10, we can show that
Aelf (wis y) = f(wis yi)] 2 (yr — wis ye — y), Vy € C.
Note that, since z; € C, we have
e[ f (Wi, 21) — flwr, yi)] 2> (Y — wi, Yu — 2k)-
Thus, in view of (3.6) and (3.8), we obtain
Aklf (wis 26) = f(wr, yi) = f(Yr, 20)] = (Wi — 20,0 — 210) + (Y — Wi, Y — 21)-
On the other hand, by the definition of Ax11, we see that

_ 2 _ 2
Jlwg, z) — flwr, ye) — (Y, 2x) < Bl kaH)\k—:l”Zk yell”)

Combining with (3.9) implies that

BAe(lwk — yel* + |26 — i ||?
R V1 o E ]
2Xk41

Due to the above inequality, we observe that
lwr, = plI* = llze = wel® = [lp = 26 lI” = 2(zx —wp,p — 2x)
> 2(yr — Wk, Yk — 2k)
BN (lwe = yiel® + ll2x — yeell®)
Akt1

This implies that

IN

lwe — pII* = llzr — will* = 2{yx — Wk, Y& — 21)
+5/\k(||wk =yl + 26 — wsll®)
Akt1
= Jlwie = plI® = llzs — wll® = llyn — wll® — 2(zx — yr, 1 — wi)
N BAk(lwe = yrll® + llz — yxl?)
Ak+1

BAk
= ol = (1 25 - P

Iz — pl?

—2(yr — Wk, Y — Zk)
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A
- (1— £ ) Iy = 21> (3.10)
k+1

Now, let us consider the definition of Ax11. We observe that Ag11 < Ag, for each
k € N. This means that {\;} is a nonincreasing sequence. In addition, by the Lipschitz-
type continuity of f, we have

crllwe — yrll® + callze — yell®
max {c1, c2} (|Jwe — yell® + ||z — yil?).

flwr, z1) — flwi, yr) — flyr, zx) <
<

Using this one together with the definition of A\;41, we see that
. B . B
Abg1 > Mgy =————— ¢ > ... > Ay ————— .
b+l = mm{ ko 2max {c1,ca}t | T = WA AL 2max {c1,c2}

This means that {\;} is bounded from below. Consequently, we have the limit of {A;}
exists. Next, let €1 € (0,1 — ) be fixed. These imply that

lim <1—5Ak>=1—6>51>0.

k—o0 k+1

Thus, there exists k1 € N such that

1= PSS 0k s h (3.11)
k+1
Similarly, we can show that
prlg(Asg,u) — g(Asg, ug)] > (up — Asg, up, — u),Vu € Q, (3.12)

and

k
o — Apl? < ||Ask—Ap||2—(1—w )HASk—ukP
HE+1

- (1 — Kk ) g — w2 (3.13)

Hk+1

Moreover, we also have the limit of {u} exists. Let ea € (0,1 — ) be fixed. These imply
that

lim (1—W)=1—’}/>62>0.

k—o0 Mr+1
Thus, there exists k3 € N such that
1— e > ) >0,k > ks (3.14)
Hk+1
Choose ko = max{k, k2}. Then, by using (3.10), (3.11), (3.13), and (3.14), we have

2k = plI* < llwk — plI* — exllwr — yell* — ellyn — 217, (3.15)
and
o — Apl|* < [|Asg — Apl|* — ea| Asg — uk||® — e2llurx — vi]|?, (3.16)

for each k > kq.

Claim 2. The sequence {x}} is well-defined.
The proof of Claim 2. It suffices to show that C} is a nonempty closed convex subset of
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H, for each k € N. Firstly, we will claim the non-emptiness by showing that 2 C Cy, for
each k € N. Obviously, Q2 C C;.
Now, by using (3.15) and (3.16), we have
21 — pll < [Jwr —pl, (3.17)
and
o — Apll < || Ask — Ap]. (3.18)
By the definition of ¢; and the nonexpansivity of Px, we have
[tk = plI* < [[(sk = p) +nA* (Svyp — Asy) |2
= llst = plI? + | AP [|Svr, — Ask[|* + 2n(Asy, — Ap, Svy, — As). (3.19)
Consider,
2(As), — Ap, Svp — Asp) = 2(Svy — Ap, Svy, — Asy,) — 2||Svy, — Asy||?
= [|Svy — Ap|® — [[Svy, — Asi||* — || Asy — Ap|>.
Using this one together with (3.19) and the nonexpansivity of S, we get
It = 2> < llsk = plI* = 0@ = 0l AI*)[Svr — Asi|® + n([lox — Ap||* — || Ask — Ap]?).

Combining with (3.18) implies that
tx —pl* < sk = plI* = n(1 =0l AI*)[[Svr, — Asi||*. (3:20)

Thus, by the choice of 1, we have
[t =l < sk —pll- (3:21)
On the other hand, by the definition of s; and the nonexpansivity of T', we obtain
lsk =pll < awllze —pll + (1 — aw) | Tz — pl|

<z =l (3.22)
So, the relations (3.17), (3.21) and (3.22) imply that
[tx = pll < llsk —pll < [lwk —pll- (3.23)

Now, let k > ko and suppose that Q C Ck. Thus, by using (3.23), we see that Q C Ci1.
Using this one together with the fact that Cx41 C Cy, for each k € N, we get Q C C},
for each k € N. Consequently, from 2 is a nonempty set, we can conclude that C} is a
nonempty set, for each k € N.

Next, we will claim that CY is a closed and convex subset, for each k£ € N, by induction.
Note that we already have that C is a closed and convex subset. Now, suppose that C}, is
a closed and convex subset. Let us consider the sets B}, = {z € Hy : |ty —z| < |lsp — 2|},
B2 = {a € Hy : |[sc—al < [wi—z|}, and Dy = {o € H : |[tr—z| < [sp—a] < [wx—all}.
Thus, we see that

(. ||tk||2>} ,

N |

B,i: {erl s s —tg,x) <

and

1
Bt ={ e s fwn =) < g1l = el

This means that B,i and B,% are halfspaces. We observe that Dy = B,i N B,% and Cgqq1 =
Cr N Dg. These imply that Ci41 is a closed convex subset. Then, by induction, we
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can conclude that Cj is a closed convex subset, for each £ € N. Consequently, we can
guarantee that {z;} is well-defined.

Claim 3. The sequence {xj} converges strongly to Po(x1).
The proof of Claim 3. By the definition of xy1, we see that zp41 € Cry1 C Cy, for each
k € N. Since x, = Pg, (z1) and 2441 € Ck, we have

lzr — 21l < fl2pgr — 21])-

This means that {||xx — z1]} is a nondecreasing sequence. Similarly, for each p €  C
Cl+1, we get

k41 — 21| < flp — 21|
Thus, by the above inequalities, we have
|ze — 21| < |lp — 24 (3.24)

Then, {||zr—=1]/} is a bounded sequence. Consequently, we can conclude that {||z—x1]|}
is a convergent sequence. Moreover, we see that {z;} is bounded. Suppose k,j € N such
that k& > j. It follows that z; € C C C;. Then, by Lemma 2.8 (iii), we have

|1Pe, (zk) — Pe, (@) |I” < ||#1 — 2il|® — || Pe, (zk) — 2k + 21 — P, (x1) ||
This implies that
[k — 2511 < llzg — al® — llz; — 2]

Thus, by using the existence of klim lzx — x1||, we get
— o0

li —z;|| =0.
Jim o — )
That is {zx} is a Cauchy sequence in C. Since C is closed, there exists * € C such that
lim xy = z*. (3.25)

k—o0

So, it follows from the definition of wy, that
lim |Jwy — x| = 0. (3.26)
k— oo
Additionally, by the definition of Cx4+1 and zp4+1 € Ck, we see that
k41 = tell < llzrgr = sl < ll@err — wall- (3:27)
This implies that

te —well <tk — Zesall + [[2rs1 — wel|
< 2l xpgr — wil]
< 2l|lzk41 — wkll + 2k — wiel])-

Thus, in view of (3.25) and (3.26), we get

kli)n;o ltx —wp| = 0. (3.28)
Similarly, from (3.27), we have
sk —will < sk — Thgall + [lensr — will
< 2 zpyr — wiel
< 2llzkgr — wll + lze — wil])-
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Thus, by using (3.25) and (3.26), we obtain
lim ||sp —wg| = 0.
k—o0
Combining with (3.28) implies that
lim ||sp —tx|| = 0.
k—o0

On the other hand, in view of (3.15) and (3.22), we get that

IN

lwe — plI* = [z — plI?
l[wi — pl|* = |5k — plI?

e1flwe — yill* + exllyr — 2

IN

Thus, by applying (3.29) to the above inequality, we have

lim Hwk — ka = O7
k—o0

and
lim ||y — 2| = 0.
k— o0
These imply that
lim [Jwy — 2] = 0.
k—o0
So, it follows from (3.29) that
lim ||sg — zx|| = 0.
k— o0

Moreover, in view of (3.26) and (3.31), we obtain
lim ||z — yx|| = 0.
k—o0
Combining with (3.32) implies that
lim ||z — 2| = 0.
k—o0
Using this one together with (3.34), we get
lim ||z — skl = 0.
k—o0
Due to the definition of s, we observe that
(1= ap)l Tz, — zill = llsk — 2.
Thus, by using (3.34), we have
lim ||Tzk - Zk” =0.
k—o0
On the other hand, in view of (3.20), we see that
n(L =l A[*)[[Svr — Asel* < s —pl* = l|te — pl?
< lsk = tell(lsk — 2l + [tk — pll)-
Thus, by applying (3.30) to the above inequality, we get
lim || Sv, — Asg| = 0.
k—o0
Furthermore, the relation (3.16) and the nonexpansivity of S, we have

e2l|Ask — ur|® + e2flue — vil|* < || Asi — Ap||* — ||k — Ap]|?

lwr = skl (lwk = pll + llsk = pIl)-

(3.29)

(3.30)

(3.31)

(3.32)

(3.33)

(3.34)

(3.35)

(3.36)

(3.37)

(3.38)

(3.39)
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IN

(I As = Skl + [[Svx — Apll — [lvx — Ap[) (|| Ask — Ap]|
+llvk — Apl))
[ Ask — Svil|([[Ask — Apl| + [[oe — Ap])).

IN

Using this one together with (3.39), we have

lim [|As, — ugl| =0, (3.40)
k—o0

and

lim |Jug — vkl = 0. (3.41)

k—oc0

These imply that
lim ||Asg —vg| = 0. (3.42)
k—o0

Thus, it follows from (3.39) that
lim HSUk - Uk” =0. (343)
k—o0
Next, we will claim that 2* € Q. Since z; — x*, as k — oo, by using (3.26), (3.35),
(3.36) and (3.37), we also have wy — x*, yp — z*, 2z, — z*, and s — z*, as k — oc.
The latter fact implies that As, — Ax*, as k — oco. Using this one together with (3.40)

and (3.42), we also have uy — Axz*, and vy — Az*, as k — co. Since @ is closed and
{vr} is a sequence in @, we have Az* € ). Moreover, from (3.7) and (3.12), we get that

1
f(wi,y) — flwk, ye) > _Tk”y’“ — wgl[[lyk — yll,Vy € C,
and
1
9(Asi,u) — g(Asg, ug) > —ﬁllwe — Asp | [lug — ull,Vu € Q.

Thus, by using (3.31), (3.40), and the weak continuity of f and g, we have
f(a™,y) >0,y € C,
and
g(Az*,u) > 0,Vu € Q.

On the other hand, since z — z*, as k — oo, and (3.38), then by the demiclosedness
at 0 of I — T, we have z* € F(T). Similarly, since vy — Ax™*, as k — oo, and (3.43), it
follows from the demiclosedness at 0 of I —S that Az* € F(S). Then, we had shown that
x* e Q.

Finally, we will show that z* = Pq(z1). In fact, since Po(z1) € €, it follows from
(3.24) that

[k = 21| < [[Po21) — 1.
Thus, by using the continuity of norm and z — x*, as k — oo, we get
[ — 1| = Tim [lzg — 21| < [[Pa(z1) — 21 ].
k—o0

Then, by the definition of Po(z1) and z* € 2, we have 2* = Pqy(x1). This completes the
proof. [ ]
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4. NUMERICAL EXPERIMENTS

This section will consider some examples and numerical results to illustrate the conver-
gence of the introduced algorithm. We will compare the SIEM Algorithm with the SEPM
Algorithm (1.7) in Example 4.1, the algorithm that was presented in [31] in Example 4.2,
and the NEM Algorithm (1.8) in Example 4.3. The numerical experiments are written
in Matlab R2015b and performed on a Laptop with AMD Dual Core R3-2200U CPU @
2.50GHz and RAM 4.00 GB. In Examples 4.1, 4.2 and 4.3, for each considered matrix,
the || - || means the spectral norm.

Example 4.1. Let H; = R™ and Hy, = R™ be two real Hilbert spaces with the Euclidean
norm. We consider a classical form of the bifunction which is given by the Cournot-Nash
models, see [32],

flz,y) = (Piz+qi'(y +2),y—x), VYr,yecR"

0O o ¢ @
a 0 @ - @

where PP=|qgn ¢@ 0 -+ @ is matrix with the positive real number ¢;.
a Q1 XN

We know that the bifunction f is pseudomonotone and it is not monotone, see [33].
Next, we consider the bifunction g which is generated from Nash-Cournot oligopolistic
equilibrium models of electricity markets, see [27, 34],
g(u,v) = (Mu+ Nv,v —u), Vu,ve€R™,
where M, N € R™*™ are matrices such that N is symmetric positive semidefinite and
N — M is negative semidefinite. We see that g(u,v) + g(v,u) = (u — v)" (N — M)(u —
v),Vu,v € R™. Thus, by the property of N — M, we have g is a monotone bifunction.
To be considered here are the bifunctions f and g, which are defined by

flz,y) = {f(a:,y), if (x,y) € C x C,

0, otherwise,
and

o, v) = {g(u,v), if (u,v)- €Q xQ,
0, otherwise,
where C' = [[}_,[-5,5] and Q = [[;_,[-20,20] are the constrained boxes. We observe
that f and ¢ satisfy Lipschitz-type continuous with constants ¢; = c3 = %leH and
dy = dy = £||M — NJ|, respectively, see [15, 35].

On the other hand, for the functions h; : R™ — R and ho : R™ — R, which are given
by hi(z) = 32Uz, where U € R™*™ is invertible symmetric positive semidefinite matrix
and ho(x) = ||z||, respectively, we consider the proximal mappings T : R® — R"™ and
S :R™ — R™ associated with the functions h; and hg, respectively, which are defined by

T(z) = (In+U)"!(x),

and

0, otherwise,

S(x) = {(1 — ) e il > 1,
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where I,, is the identity matrix. We know that the proximal mappings 7" and S are
nonexpansive and F(T') = argmin h; and F(S) = argmin hs, see [36]. In this case, the
fixed point problems can be converted to the minimization problems.

Here, the following setting is taken from Kim and Dinh [31]. Let 4; = (I; ) be the

2n x n matrix and by = (5,5,...,5)" € R*". The sets A; and by, are constructed by

A, = <(Sk - tk)t) and by, = (1§(||«9k|2 - tk|2)> .

(wi — s5)" 3 (lwwl” = [Isx]1?)
Therefore, we can compute the sets Ci41 as follows:
Crt1 ={z € R" : App1x < b1},

where Ag1q1 = <§:>’ and bgi1 = <gz>

The numerical experiment is considered under the following setting: the matrices M,
N, and U are randomly chosen from the interval [—5,5] such that they satisfy above
required properties and the positive real number ¢; is randomly chosen from the interval
(1,1.5). In addition, the linear operator A : R® — R™ is a m X n matrix, which is
randomly chosen from the interval [—2,2]. Note that the solution set € is nonempty
because of 0 € 2. We will concern with these control parameters: n = W, ap = %H’
A1 = pp =1, and f = v = 0.9. The following five cases of the parameter 0 are considered:

Case 1. 0, = 0.

Case 2. 0 = 0.59 —

k+1°
Case 3. 0, =0.99 — k—}H
Case 4. 0 = — (0.59 — ¢17).
Case 5. 0 = — (0.99  517).

We use the function quadprog in Matlab Optimization Toolbox to solve vectors yi, zk,
uy, and vg. The starting points zop = 1 € R™ are randomly chosen from the interval
[—5,5]. The SIEM Algorithm was tested along with the SEPM Algorithm (1.7) by using
the stopping criteria |51 — 2%| < 10~%. We randomly 10 starting points and presented
results are in average, where n = 5 and m = 10.

TABLE 1. The numerical results for the split equilibrium and fixed point
problems in Example 4.1

Average CPU times (sec) Average iterations
Cases SIEM SEPM SIEM  SEPM
1 2.6109 50.2
2 1.7125 35.1
3 0.4500 4.6031 12.8 77.8
4 1.9563 36.9
5 0.4594 15.0

Table 1 shows that the parameter 6, = 0.99 — I%‘,—l yields better both the CPU times
and the number of iterations than other cases. Moreover, we see that the CPU times
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and the number of iterations of the STIEM Algorithm are better than those of the SEPM
Algorithm in all considered cases.

Example 4.2. We consider the split equilibrium and fixed point problems (3.1), when
T = Iy, and S = Iy, are identity mappings on H; and Hj, respectively. It follows
that the split equilibrium and fixed point problems (3.1) become the split equilibrium
problems. In this case, we compare the SIEM Algorithm with the following algorithm
(4.1), which was presented by Kim and Dinh [31], when the bifunctions f and g are
pseudomonotone and satisfy Lipschitz-type continuous with positive constants p; and po:

T € Cy = C,
yk = argmin{ f(zx,y) + 5lly — 2?1y € C},
2 = argmin{ A f(yx,y) + 3lly — i 1 y € O,
up, = arg min{purg(Azg, u) + %Hu — Az||?:u € QY
v = arg min{pgg(ug, u) + 3 llu — Az ||*: v € QY,
ty = Po(z +nA* (v, — Azg)),
Crrr ={z € Cr: |z — ti| < llz— 2kl < [l — 2|},
zr+1 = Poy ., (20),
where A : H; — Hy is a bounded linear operator with its adjoint operator A*, n €
(0, W), and {Ax}, {pr} C [p,p] with 0 < p <P < mln{Q—;l,ﬁ}. They proved
that the sequence {xy} generated by (4.1) converges strongly to a solution of the split
equilibrium problems. Here, the algorithm (4.1) will be called SEM Algorithm.

This numerical experiment is considered under the problem setting and the control
parameters as in Example 4.1, but the bifunction g is given by

g(u,v) = (Pou+ ¢4* (v + u),v —u), Yu,v€R™,

(4.1)

0 ¢ ¢ - ¢
@2 0 q@ - @

where Pob=1¢q2 g2 0 -+ qo is matrix with the positive real number ¢o.
q2 q2 . P 0

mXm
Thus, the bifunction g is pseudomonotone and it is not monotone. Moreover, the bifunc-

tion g satisfies Lipschitz-type continuous with constants d; = do = %||P2|| The following
four cases of the parameter 0. are considered:
Case 1. 0, = 0.59 — W

Case 2. O = 0.99 — 1.
Case 3. 0, = (0 59 — k+1)

Case 4. 0 = — (099 — 15

The function quadprog in Matlab Optimization Toolbox was used to solve vectors yy,
2k, Uk, and vg. The positive real number ¢o is randomly chosen from the interval (2,2.5).
Notice that the solution set 2 is nonempty because of 0 € Q2. The starting point x¢y =
x1 € R™ are randomly chosen from the interval [—5,5]. The STEM Algorithm was tested
along with the SEM Algorithm (4.1) by using the stopping criteria ||x41 — x| < 107
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We randomly 10 starting points and presented results are in average, where n = 5 and
m = 10.

TABLE 2. The numerical results for the split equilibrium problems in

Example 4.2
Average CPU times (sec) Average iterations
Cases SIEM SEM SIEM SEM
1 1.7344 54.5
2 0.2375 8.4406 10.3 175.7
3 2.0344 64.8
4 0.2891 12.9

From Table 2, we may suggest that the parameter 6, = 0.99 — k%rl yields better both
the CPU times and the number of iterations than other cases. Besides, the CPU times
and the number of iterations of the SIEM Algorithm are better than those of the SEM
Algorithm in all considered cases.

Example 4.3. For this numerical experiment, we consider under the following setting:
the mappings and the control parameters as in Example 4.1, and the bifunctions as in
Example 4.2. The following five cases of the parameter 6; are considered:

Case 1. 0, = 0.

Case 2. 0, = 0.59 — -

k+1°
Case 3. 0, =0.99 — k%rl
Case 4. 0 = — (0.59 — 517).
Case 5. 0 = — (0.99 = 1),

We use the function quadprog in Matlab Optimization Toolbox to solve vectors yg,
Zk, ug, and vg. Notice that the solution set () is nonempty because of 0 € €. The
starting point g = 27 € R™ are randomly chosen from the interval [—5,5]. The SIEM
Algorithm was tested along with the NEM Algorithm (1.8) by using the stopping criteria
|l zks1— k]| < 1072 We randomly 10 starting points and presented results are in average,
where n = 5 and m = 10.

TABLE 3. The numerical results for the split equilibrium and fixed point
problems in Example 4.3

Average CPU times (sec) Average iterations
Cases SIEM NEM SIEM NEM
1 1.4031 44.1
2 1.0813 37.2
3 0.4031 0.4203 17.4 211
4 0.8047 28.5
5 0.2688 11.8
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Table 3 shows that the parameter 0 = — (0.99 — k%rl) yields better both the CPU

times and the number of iterations than other cases. We notice that, in the cases of the
parameter 6 = 0.99— %—1—1 and 6, = —(0.99— %4—1)7 the CPU times and the number of iter-
ations of the STEM Algorithm are better than those of the NEM Algorithm. However, we
would like to remind that the STEM Algorithm is constructed without prior knowledge of
the Lipschitz-type constants of the bifunctions. Meanwhile, the Lipschitz-type constants

of the bifunctions are approximated for the input parameters of the NEM Algorithm.

5. CONCLUSION

We present an algorithm for finding a solution of the split equilibrium and fixed
point problems for nonexpansive mappings and pseudomonotone bifunctions which satisfy
Lipschitz-type continuous in real Hilbert spaces. We consider both inertial and extragra-
dient methods together with the shrinking method for establishing sequence without the
prior knowledge of the Lipschitz-type constants which is strongly convergent to a solu-
tion of the split equilibrium and fixed point problems. Some experiments are reported to
illustrate the numerical behavior of the introduced algorithm in comparison with other
algorithms. These numerical results are also confirmed that the algorithm with inertial
effects seems to work better than those without inertial effects.
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