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Abstract

We propose two iterative algorithms for solving pseudomonotone quasi-
equilibrium problem in Hilbert spaces. The first one combines the
subgradient method and the projection method with self-adaptive step
sizes to generate a sequence of iterates that converges weakly to a solu-
tion of the problem. The second algorithm combines the first one with the
Mann iteration scheme to obtain the strong convergence of the generated
iterates. The convergence of our proposed algorithms requires a condition
milder than a similar one assumed in existing iterative solution meth-
ods for quasi-equilibrium problem. Numerical experiments show that
our algorithms are efficient and competitive to other extragradient-type,
projection-type, and proximal point algorithms in solving the problem.
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1 Introduction

Let #H be a real Hilbert space equipped with an inner product (-, -) and induced
norm || - ||. Let C be a closed convex subset of H. We are interested in the



Springer Nature 2021 IATEX template

2 Extragradient subgradient-type algorithms for QEP
following quasi-equilibrium problem:
(QEP) Find p € T'(p) such that f(p,y) > 0 for all y € T'(p),

where T is a multivalued mapping from C' into itself and f: C x C — R is a
bifunction such that f(z,z) =0 for all x € C.
There are two following important particular cases of (QEP).

e When f(x,y) = (F(x),y — ) where F is a mapping from C to H, (QEP)
becomes a convex quasi-variational inequality problem:

(QVIP) Find p € T(p) such that (F(p),z —p) > 0 for all y € T'(p).

¢ When T'(z) = C for all z € C, (QEP) becomes the following equilibrium
problem:

(EP) Find p € C' such that f(p,y) > 0 forall y € C.

The (QVIP) was introduced in [1] in relation with an impulse control problem,
while it is well-known that (EP) is a general model for a wide range of other
important problems such as optimization, Kakutani fixed point, complemen-
tarity problem, variational inequality problem, and Nash equilibria problem
(see e.g. [27 —4]). Tt is shown in [5, 6] that (QVIP) cannot be considered as an
(EP). The (QEP) as well as its subclasses (QVIP) and (EP) have a numerous
applications economics, engineering, and operations research (see e.g. [7-11]),
therefore they are active research topics in literature. Perhaps the most well-
studied application of (QEP) is the generalized Nash equilibrium problem (see
e.g. [12-14]), which can be modeled in form of (QVIP) when its data sets are
differentiable (see [15]).

So far, many iterative methods for solving (EP) have been proposed (in
e.g. [167 —25] and the references therein). Since (QEP) includes (EP) as a
subclass, it is natural to extend existence results as well as solution methods for
the latter to the former. In fact, results on solution existence for (QEP) have
been given in [26-28], and many solution approaches to (QEP) (and (QVIP)
in particular) have been proposed such as the extragradient-type methods
[15, 297 , 30], projection-like algorithms [31, 32], Newton-type method [7, 33],
augmented Lagrangian method [34], proximal point method [9, 35, 36], and
gap functions technique [37]. However, solving (QEP) is still a challenging task
since it requires to solve simultaneously an equilibrium problem and a fixed
point problem. For instance, in [15], the authors introduced a general class
of algorithms for solving (QEP) in R™ with f being pseudomonotone. Their
method is an extragradient-type one whose second step consists in finding a
descent direction (or step size) by using a line search. The convergence of their
algorithms is established under suitable conditions, especially the following
one:

§*i={z € NecT(2) | f(z,y) 20 Vy € U.ccT(2)} # 0. (1)
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The condition (1) was originally used in [32] to obtain the convergence of their
projection-like algorithms for solving (QVIP) arised from the generalized Nash
equilibrium problem. When T'(z) = C for all z € C, we have N,ecT(z) =
U.ecT(z) = C, and consequently S* is the solution set of (EP). Thus, (1) can
be viewed as a generalization to (QEP) of the hypothesis that the solution set
of (EP) is nonempty. As claimed in [15], although this hypothesis is considered
as a mild condition when solving (EP), its generalization (1) for (QEP) is not
easy to verify since it concerns the image of T" on every point in C.

The condition that S* is nonempty becomes indispensable for the conver-
gence of existing iterative solution methods for monotone (QEP) and (QVIP),
including extragradient-type, projection-type, and proximal point algorithms
(see [29, 31, 357 ]). In [30], an extragradient-type method modified from the
one in [15] to solve (QEP) without monotonicity of bifunction of f. However,
the authors in [30] imposed the following condition

S, ={xeT(2)| fly,x) <0OVyeC}#0

for the convergence of their algorithm. It is known that S, C S* and in general
S« # S* when the bifunction f is nonmonotone. Therefore, the algorithm
proposed in [30] cannot be performed when S, = () even though (QEP) has a
solution and S* # ().

The aim of this paper is to develop extragradient subgradient-type algo-
rithms with self-adaptive step sizes to solve pseudomonotone (QEP) such that
the convergence of the proposed algorithms is still guaranteed even when
S* = . Our first proposed algorithm is a combination of the subgradient
method and the projection method in each the step size is simply updated
through previous iteration points without using any search procedure. Under
suitable conditions imposed on the bifunction f and the multivalued map-
ping T, the sequence of iterates {#*} generated by the algorithm is proved to
converge weakly to a solution of (QEP), provided that

T :={z € ﬂk:0,1,...T($k) | f(z,y) >0Vy € Uk:O,l,...T(xk)} #0. (2)

Obviously S* C T*, so the condition (2) is milder than (1). We will reclaim
the mildness of (2) in Example 11 by showing an example of (QEP), which
is a generalized Nash equilibrium problem, where T* # § but S* = (. For
this example, the aforementioned algorithms that require (1) are no longer
guaranteed to be convergent, but our approaches work well. Our second pro-
posed algorithm combines the first one with the Mann iteration scheme for
finding a fixed point of a multivalued mappings in [38], for that we obtain the
strong convergence of the generated iterates to a solution of (QEP). We also
present some numerical experiments with the aim to evaluate the performance
of our proposed algorithms and compare with the most recent extragradient
subgradient-type, projection-like, and proximal point methods for (QEP).
The organization of the paper is as follows. In Section 2, we collect some
basic concepts and preliminary results. Section 3 is devoted to describing our
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proposed algorithms and proving their convergence results. The last section
provides a number of numerical experiments to illustrate our algorithms and
compare with others.

2 Preliminaries

In this section, we recall some preliminaries that are used to prove the main
results of this paper. For any nonempty closed subsets A and B of H, the
Hausdorff distance between these subsets is defined by

d" (A, B) := max{d(A, B),d(B, A)}

where d(A, B) := sup,c 4 infrep |la — b|. Note that for unique-element sets
A= {a} and B = {b} we have d” (A, B) = d(A, B) = ||a — b||. If, furthermore,
A is convex, then the projection P4(z) of a point x € H on A is defined by
the unique solution of minye 4 ||z — y||.

Definition 1 (See e.g. [39]). Let T : C — 2% be a multi-valued mapping in which
T(z) is a nonempty closed bounded subset of C for each x € C.

(i) T is said to be nonexpansive if for all x,y € C we have
d"(T(x), T(y)) < [lz —y]|-

(ii) T is said to be quasi-nonexpansive if Fix(T):={pe C|peT(p)} #0 and
for each x € C,p € Fiz(T) we have d (T (x),T(p)) < ||z —p|.

(iii) T is said to be x-nonexpansive if for all x,y € C and u € I (z) there exists
v € lp(y) such that ||u—v|| < ||z —y||, in which Iy is defined by

Hp(z) :={z € T(x) | [l — z|| = d(z,T(x))}.

It is obvious that any nonexpansive multi-valued mapping T with
Fiz(T) # 0 is also quasi-nonexpansive. It is shown in the first example of [38]
that a quasi-nonexpansive multi-valued mapping might not be nonexpansive.
By definition, if T" is *-nonexpansive, then Ilt is nonexpansive. In case T is
convex valued, we have Il7(z) = Pp(,)(z), and T' is *-nonexpansive if

|1 Pr) (@) = Pre) @) < [z —yl|.

Lemma 2 (See [40], Lemma 1). Let T : C — 2% be a multi-valued mapping with
nonempty closed bounded value such that Ilp(xz) # O for every x € C. Then the
following claims are equivalent.

(i) x € Fix(T).
(ii) M (z) = {x}.
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(iii) x € Fix(Ily).

Definition 3 Let T : C — 2% be a multi-valued mapping with nonempty closed
bounded value.

(i) (See e.g. [41]) T is called demiclosed if for any sequence {x*} C C, 2% —

p € C and y* € T(2*), y* — p we have p € Fix(T).

(ii) (See e.g. [9], Definition 2.3) T is called M-continuous if it satisfies the
following two conditions:
(C1) for any sequences {x*}, {y*} C C with 2% — z, y* € T(2*) and y* — y
we have y € T(x),
(C2) for any sequence {z*} C C with % — x and for each y € T(x) there
exists a sequence {y*} C C with y* € T(x*) such that y* — y.

(iii) (See e.g. [38]) T is called hemicompact if for any sequence {x*} C C satisfy-
ing d(z*, T (z%)) — 0 there exists a subsequence {x*} such that z* — p € C
as ¢t — 400

It is mentioned in [38] that the hemicompactness of T is satisfied when
C' is compact and T has bounded value. In [9] the authors remarked that
the concept of M-continuity was originally introduced by Mosco in [42] for
studying stable approximation of variational inequalities, and then used in [43]
for studying quasi-variational inequality as well as in [44] for regularization of
set-valued variational inequalities.

Definition 4 (See [45]). A bifunction f:C x C — R is said to be

(i) strongly monotone with modulus n > 0 (shortly n-strongly monotone) on C
if f(z,y) + fy.2) < —nllz = y|[* for all x,y € C;
(i) monotone on C if f(z,y)+ f(y,x) <0 for all x,y € C;
(#ii) strictly monotone on C if f(x,y) + f(y,z) <0 for all x,y € C with x # y;
(iv) pseudomonotne on C if f(x,y) > 0 implies f(y,x) <0 for all x,y € C;
(v) quasimonotone on C, if f(x,y) > 0= f(y,x) <0 Vx,y € C.

Let us now recall from e.g. [46] some basic concepts and results in convex
analysis. The subdifferential of a convex function g : C - RU{+x} at pe C
is defined by

9g(p) = {a" € H | g(x) —g(p) = (2", 2 — p) Va € C}.
If Og(x) # 0, then g is called subdifferentiable at z. The function g is said to

be subdifferentiable on C' if it is subdifferentiable at every = in C. The outer
normal cone N¢ of C' at p € C is defined by

Ne(p)={z* e H | (a*,2 —p) <0 Vz e C}.
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Lemma 5 (See e.g. [46], Proposition 2.31) Let C C H be conver and g : C — R
convex and subdifferentiable. Then p is an optimal solution of the following convex
minimization problem

min{g(z) |z € C}
if and only if 0 € g(p) + N (p).

Lemma 6 (See e.g. [47], Chapter 6) Let C be a nonempty closed conver subset of
‘H and Po the projection mapping onto C. Then the following assertions hold.

(i) For any x € H we have z = Po(x) if and only if (x — z,y — z) < 0 for all
yeC.
(ii) The mapping Pc is nonexpansive, i.e., we have ||Po(z) — Po(y)|| < ||l —y||
forall x,y € H.
(iii) For allx € H and z € C' we have

lz = Po(@)|” + [ Po(z) = 2I* < ||z — 2|,

Lemma 7 (See [48], Lemma 2.47) Let C C H be nonempty and {z*} C H satisfy
the following conditions:

(i) for all x € C we have limy_, , o ||2* — x| exists;
(ii) every sequentially weak cluster point of {z*} is in C.

Then, the sequence {xk} converges weakly to a point in C.
It is easy and straightforward to obtain the following lemma.

Lemma 8 For every xz,y € H and A € R the following assertions hold.

(i) llz+yll* < [l=[* + 2(y, 2 + y).
(it) Az + (1= Nyl? = Alz[* + (1 = Mlyll* = A1 = Nllz = y[|*.

3 Projection algorithms for quasi-equilibrium
problems

In this section, we construct two iterative algorithms for solving the quasi-
equilibrium problem (QEP). In order to prove the convergence of the
proposed algorithms, we need to use the following assumptions imposed on
the bifunction f.

(A1) f(z,x) =0for all z € C, f(z,y) is pseudomonotone on C x C, and f(-,)
is sequentially weakly upper semicontinuous on C' x C.

(AY) f(z,x) =0 for all x € C, f(x,y) is quasiomonotone on C x C, f(-,y) is
weakly upper semicontinuous on C' for every y € C, and f(+,-) is sequentially
weakly lower semicontinuous on C' x C.

(A2) f(x,-) is convex and subdifferentiable on C.
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(As) There exists L > 0 such that

d" (02f (z,2),0:f(y.y)) < Lllx — y|| Vz,y € C,

where Ox f(z,z) = 02f (x,-)(z) is the subdifferential of f(z,-) at z, i.e.,

82f(1‘737)={£€%|<£,2—$> Sf(.i?,z) VZEC}
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Algorithm 1 An algorithm for solving (QEP)

1: Take an arbitrary starting point 2° € C. Take \g > 0, v € (0,1), L* > L,
v € (0,2), and control parameter sequences {p; }, {x;} satisfying conditions

“+o00 +oo
p; >0, Zpi<+oo, ki > 0, Zm—<—|—oo. (3)
i=0 i=0
2: for k=0,1,2,... do
3 Compute u¥ € 0y f (zF, 2%).
4: if ©* = 0 then
5 return z*
6 else
7 Compute
yh = PT(_,L.k)(Ik — Apu®). (4)
if y* = 2* then
return z*
10: else
11: Compute v* € B (u”, L*||lz% — y*||) N 92 f (y*, y").
12: if v* = 0 then
13: return z*
14: else
15: Compute
d¥ = b —yF — N (uF —b), (5)
2F—yF d .
=it re) Kt it llaM| # o, (©)
0 otherwise,
= PT(wk)(l'k — T ARV, (7)
min{%,)\k +Pk} if ub —oF #£0,
A1 = e (8)
Ak + pk otherwise.
16: end if
17: end if
18: end if

19: end for

Our first algorithm proposed in this paper is presented in Algorithm 1.
Hereafter, we use the notation B(x,r) to denote the set of points y € H such
that ||y — z|| < r. We have some remarks concerning this algorithm.

Remark 9 (i) Since u* € 8y f(z¥,2%), if u¥ = 0, then we have
f(mk,ac) = f(xk,x) — f(ack,xk) > <uk,m — .%‘k> =0 Vze T(xk) cC.
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Hence in this case the algorithm terminates at iteration k and 2* is a solution of
Problem (QEP).

(ii) Assume that z* = y*. Then, we get from (4) that z* = PT(zk)(.Tk — Apuh),
which together with Lemma 6 (i) and uk e 82f(xk7:ck) tmplies that

0 < (Wf,z -2 < fa¥,2) - f(aF,2") = f(F,2), vz e T(2F).

So, 2 is a solution of the problem (QEP).
(iii) We have from the assumption (Az) that 82f(yk,yk) is a nonempty, closed
and convex set in H, which together the assumption (As) implies that

¥ = Poy gy gy (W] < @ (027", 2%, 020 (5", ")) < Lll® — o).

Therefore, we can always choose oF in line 11 of the algorithm statement. If f(x,-)
is differentiable on C, then oF s uniquely determined by ok = Vf(yk7 -)(yk), and so
the proposed algorithm can be implemented without knowing the constant L which is
mentioned in the assumption (A3).

(iv) In [? ], The step sizes 1y, and \j, respectively can be updated via equations
(5) and (8) without using the parameters kj, and py. In Algorithm 1, we use the
parameters ki and py to obtain larger step sizes. O

As a key result in this section, we will show that Algorithm 1 is convergent
when the following sets are nonempty:

T* = {x € MyenT(z") | f(z,y) > 0 Vy € UpenT (")}
T, == {z € NpenT(z¥) | f(y,z) <0 Vy € UpenT(z*)}.

Example 10 Consider the equilibrium problem (EP) and its associated Minty
equilibrium problem:

(MEP) Find p € C such that f(y,p) <0 for ally € C.

Suppose q and p are the solutions to the problems (M EP) and (EP), respectively.
Let T be a multi-valued map such that T'(x) is a closed convex set in C and contains
p, q and x for all x € C. It is easy to see that p, q € ﬁkeNT(mk), flp,y) >0vVy el
and f(y,q) < 0Vy € C. Therefore, T* and Tsx are nonempty.

Tt is easy to see that the set S* defined in (1) is a subset of both the set T*
defined above and the solution set Sol(EP) of the equilibrium problem (EP).
The following example shows an instance of (QEP) with twofold aims. First,
for this problem instance we have S* = () while 7% and T, are nonempty.
Second, this is an instance of (QEP) whose solution set Sol(QEP) is different
from Sol(EP).

Example 11 Let H = R" and C = {z € R} | 30" | x; > 1} which is a closed
polyhedron in the positive orthant of H. The multi-valued mapping T is given by

T(x)={z€C|z<2z}.
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Then T'(z) is a convex polytope for each x € C, and T is M -continuous by definition.
Now, let P and Q be n X n matrices with non-negative elements such that both Q
and P — Q are positive semidefinite. Let g be a convex, differentiable, and increasing
function on R} such that its gradient is Lipschitz continuous in the following sense

IVg(y) = Vg(@)|| < Lilly — =] Vax,y € RY,

where L1 is a positive constant. For an increasing function g on RY} we mean that
g(z) < g(y) for all z,y € R} with & < y. In our numerical experiment presented
in Section 4.1 we give an example of such a function g satisfying the mentioned
conditions. We consider (QEP) in which the set C and the mapping T are given
above, while the bifunction f is given by

fla,y) = (Pr+ Qy+c,y— =) +g(y) — g(z), (9)
where ¢ € RYy satisfying

cn > Pin + q11 + €1 — Pnn — qn1 + 9(b) — g(a). (10)

Here, a = (0,...,0,1) is the last unit vector and b = (1,0,...,0) is the first unit
vector of R™. The bifunction f defined in (9) is a generalized form of the one in
the well-known Cournot-Nash equilibrium model. It is obvious that f(xz,z) = 0 for
all x € R™ and f is continuous on R™ x R™. Furthermore, since Q — P is negative
semidefinite, for all x,y € R™ we have

f,y) + fly,2) = (y — )" (Q = P)(y —x) <0,

i.e., f is monotone on R™, hence it is pseudomonotone on C. So this bifunction satis-
fies Assumption (Al). Since Q is positive semidefinite, (Px+ Qy+c,y—x) is convex
quadratic with respect to y. This, together with the convexity and differentiability of
g, implies that the bifunction f satisfies Assumption (A2). Note that

daf(z,y) ={Pz+c—Qz+(Q+Q"y+ Vg)}
it follows that

A (D2 f (@,),02£ (y,9)) = (P + Q)(= — y) + Vg(=) — Vg(y)l|
<P+ Q) (z =)l + IVg(z) = Vg(u)ll
< (1P + @Il + Ly)llz — yl-

Hence | satisfies Assumption (As) with L =||P + Q|| + L1.

For the instance of (QEP) we are considering, we first observe that S* = 0.
Indeed, it follows from definition of T that T(a) = [a,2a] which is the line segment
connecting the points a and 2a. Similarly, we have T'(b) = [b,2b]. By our choice, we
have a,b € C and [a,2a] N [b,2b] =0, i.e., T(a) NT(b) = 0. Since S* C T'(a) NT(b),
it must be empty.

Our second observation is that T* and Tx are nonempty if we choose the starting
point 2° = tga for some tog > 1. Indeed, we have from the definition of T and (8)
that the iterate x* is in the line segment T(z°) = [a, 2toa), hence x* = tia for some
t1 satisfying 1 < t1 < 2tg. By a simple induction, for each k = 1,2,... we have
T(z*) = [a,2tya] for some ty, € [1,2t,_1]. Hence a € NpenT(zF). Moreover, by the
specified structure of the sets T(a:k) with k € N, for any y € UkeNT(mk) we have
y > a. This, together with the facts that g is increasing on R™ while all elements of
P, Q, a, and ¢ are nonnegative, gives us

fla,y) = (Pa+Qy+c,y —a) + g(y) — gla) >0 Yy € UpenT(z")
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f(y,a) = (Py+ Qa+c,a—1y) +g(a) — g(y) <O Yy € UpenT (™).

So we can conclude that a belongs to both T and Ty, which means that T and Tk
are nonempty.
By similar arguments, for ally € T'(a) = [a, 2a] we have

fla,y) = (Pa+ Qy+c,y—a)+g(y) —gla) 20,
which shows that a € Sol(QEP). It follows from (10) that
f(a,b) =pin +q11 +c1 = pan — qn1 — cn + g(b) — g(a) <0,

so a € Sol(EP). Since a € T, it follows that T is not a subset of Sol(EP). Since
a € Sol(QEP), it also follows that Sol(QEP) # Sol(EP). O

In the rest of this section, we always assume that (A;)-(As) hold and
T* # (). We first obtain the following important lemmas.

Lemma 12 The sequence {\,} generated in Algorithm 1 is convergent.
Proof. Let M := Z::OB pr- We first show by induction that
. v
Ak € {mln{ﬁ,/\o}7/\0+M} (11)

for all & > 0. This obviously holds for k¥ = 0. Assume that (11) holds for
some k € N, we will prove that Ax41 also belongs to the interval. Indeed, if
u¥ —v* = 0, then we have from (8) and positivity of py that A\gy1 = Mg+ pr >
min {LL, /\0}. Otherwise, we have u* — v #£ 0, and it follows from the choice

of v* that ||u* —v*|| < L*||z* — y¥||. Consequently, we obtain

luf =l = Lk —y* L

which, together with (8), implies that

vlja* —y*|

Ak+1 = min {||ukvk|7

Ak +,0k} > min{%)\k +Pk} > min{%)\o}

On the other hand, by using (8) and condition (3), we get

k “+00
)\k+1S)\k+ﬂkS--~Sx\o+ZPi§>\o+ZP¢=)\o+M-
i=0 i=0

Hence Ap41 € [min {7, Ao}, Ao + M|, which completes the induction proof
for (11).
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We next show that {Ag} converges to A € [min {ﬁ, )\0} , Ao + M]
Indeed, by setting (Apy1 — Ax)™ = max{0, \ps1 — Ak} and (A1 — )™ =
max{O, *()\k—&-l — )\k)} we have )‘k+1 — A = (>\k+1 — )\k)+ — ()‘k+1 — )\k)i, and
it follows that

k k k

Akl — do = Z(Ai—&-l - \i) = Z(A“‘l )t - Z()\i+1 —-X)7. (13)

=0 =0 1=0

It is easy to see from (3) and (8) that

+oo +oo
> ks = )T <Dk < +o0. (14)
k=0 k=0

If Z::(D)()\kﬂ — Ag)” = 400, then by taking the limit as k — oo on both sides
of (13) and using (14) we have A\, — —oo, which contradicts (11). Hence we
must have ZZ:OT)()%H*/\ICT < 400, which, together with (13) and (14), guar-
antees that limy_, oo (Ag+1—Ao) is finite. So { A} is convergent. Since (11) holds
for all £ > 0, the limit limyg_, 1 o, Ax = A is also in [min {%, )\0} , Ao + M]

Lemma 13 Let {wk}, {yk}, {Ar} be sequences generated by Algorithm 1. For any
p € T* there ewists a nonnegative integer K such that

(Apg1 — vAR)?

k+1 2 k 2 k k)2
—p|? < ||l2" = p|? - 2—y— - 1
| plI” <" —plI” = (v + 5x)(2 - “k)()\k+1+y>\k)2 =" =717 (15)

forall k> K.
Proof. For all k > 0 we have f(p,y*) > 0 since p € T*. By pseudomono-

tonicity of f, we then get f(y*,p) < 0. Additionally, by f(y*,4*) = 0 and
v* € Oy f(y*, y*), while noting that 7, and \; are nonnegative, we obtain

Tede (0, 5% = p) > A LF(WF,05) = F(F.p)] >0 VE > 0. (16)

Furthermore, since T'(z¥) is closed convex, by Lemma 6(i) and the definition
of y* in (4) we have

(2% —yF = NpuP yF —x) >0 Vo e T (), k>0, (17)
which implies
Te(z® — g% = b yF —2FYy >0 VE>0 (18)
because 71, > 0 and zFT! € T(2*). Now, for all k£ > 0 we have

2"+t — p|?



Springer Nature 2021 IATEX template

Extragradient subgradient-type algorithms for QEP 13

= ||PT(xk)(ka — T 0F) — p|? (by (7))
< lz* = meApo® = p|? = ||2F — T Aot — 22 (by Lemma 6(iii))
— ka _p||2 _ QTk)\k<.rk —p,v k> 4 2Tk)\k<a'}k _ CClc+1 vk) _ H k+1 k||2

= ||zF — p||? — [|2*T — 28|+ 2m A (@F — 2T 0R) 4 2m A (R — 2R 0R)
— 27 A\ (2 — p, o) — 2m N (yF — 2R R

= [l2* = pl|* — [la*** - k||2 +2m A (2 — 2P gk -2 o)
=2 (2" = p 4yt — 2t o)

= [la* = p? = |2 — 2¥|1? + 2meAp (y* — 2" o) — 2 (Yt — p, oF)

< Jla® = pl? = ™ — 2P 4 2m Ak (y* — 2 0F) (by (16))
< la® = pl* = 2™ — 2|2 + 2m Ak (y* — 2M T 0F)
+ 2Tk<yk - x’”l,xk - yk - )\kuk) (by (18))

= [lz* — pl|* — [[a*T — PP 4 2mp (g — 2P 2P — b — A (WF - b))

= [lz* = pl® = [la* — "2 + 2m (y* — 2P dF)

= ||z* = p||® — ||2* — 2" — 7pdF + Ted® || + 27 (yF — 2F L, dF)

= [|lz* = pl® = [la* — & — e d®|P = (melld*|)? = 27 (2t — 2 — md®, )
F2m (gt — 2L Ry

= [|lz* = p|* = [la* — & — 7d®|® + 72| dE|P - 27 (2 — 2 dF)
+ 21 (y® — 2P dF)

= [l —p|I* = l|lz* = 2" — 7 d® | + (| d")|? - 27 (2F — ", dY)

< fla® = plf* + 7" - 27 (2" — o, d"). (19)

We distinguish the two following cases.
Case 1: d* = 0. In this case, we have from (19) that

lz*** = pl| < [|2* = p. (20)
Since d* = 2% — y¥ — \p(uF — o) = 0, by (8) we see that

Ak
2 = ¥ = Aellu® = o*| < v I

ok
Moot ¥ —y

Consequently, we get
Vg
(1= 525 ) 1t - <. (21)
k+1

As shown in Lemma 12, the sequence {)\;} is convergent, so limg_ oo (1 —

A”}jfl) = 1 —v > 0. Thus, there exists a nonnegative integer K, such that
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1— 2 > 0 for all k > Ko. By (21), this implies ||z* — y*|| = 0 for all

Ak+1
ke {teN|{> Kyd = 0}. Together with (20), this means that (15) holds
forall k€ {{ e N| ¢ > Ky, d* = 0}.

Case 2: d* # 0. In this case, for all k¥ > 0 we see from (11) that Az > 0.
Hence, by (8) we have

V||J3IC —ka k Kk v k Kk
A <" & — < — — .
k+1 > ||uk; _ ,Uk;” ||U v || = )\k+1 ||.13 Y H

By this inequality, on one hand we get

<xk - ykvdk> = <‘Tk - yk7xk - yk - )\k(uk - vk)>
=l — 32— Al — ot — o)

> ot — g1 — Aula® — g o)
VAk

> (1o 225 ) ok - P (22)
k+1

>0

for all kK > K| specified above. On the other hand, for all £ > 0 we get

VAk
1)) =l — A (u—oR)]| < [l g+ Al o] < (1 n Ml) -

or equivalently,
Ak
k k k+1 k
" — > ————||d"||.

Combining this inequality with (22), we obtain

A1 (Apr1 — vAg)

Ek gk
kR >
@~y = (Mgt1 + vAg)?

la]1* = 0 (23)

for all kK > K. Since limg_, (2 — v — ki) = 2 — v > 0, there exists K1 > 0
such that 2—~—ky > 0 for all k > K;. So for k > K := max{Ky, K1} we have

2"+ — p]?
< l2* = plI* + T d¥|* = 27 (2® — ¢, d¥) (by (19))
2k gk k)2 oF gk k)2
< Jlz* —pl* + (v + lflc)2<dk||4>||dk||2 —2(v+ /‘ék)<||dk|2>
(by (6))

.’Ek _ k7dk 2
= It = ol = (v w2 = 7 = )
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Mot (M1 = V), 1
(/\k+1+V>\k)2 <fL' Yy 7d >
(by (23))
A —vAp)?
ATl P (o (22)

< =% = pl®> — (v + 8)(2 — ¥ — &)

< la® = plI? = (v + k) (2 =7 = r)
In conclusion, (15) is satisfied for all £ > K = max{Ky, K1}. O

Remark 14 In the proof of Lemma 13, the pseudomonotonicity of f and p € T*
are used to obtain the inequality (16). It is easy to see that if p € Tx # 0, then the
inequality (16) still holds. Therefore, the assertion in Lemma 18 is still true when
p € Tx without the need for pseudomonotonicity of f.

We are now ready to prove the main convergence result of Algorithm 1.

Theorem 15 Assume that (A1)-(A3) hold, T is M-continuous and closed convex
valued, and T* # (. Then every weak cluster point of the sequence {xk} generated in
Algorithm 1 belongs to Sol(QEP). In addition, if the bifunction f is strictly monotone
on C, then the whole sequence {z*} converges weakly to some p € Sol(QEP).

Proof. Let K be specified as in the proof of Lemma 13 and p an arbitrary
point in 7%. Then, for all K > K we have 2 — v — k; > 0 and it follows from

(15) that

H—pl < fla® — pll-

So the sequence {||z* — p||} converges, hence {z*} is bounded. We also have
from (15) that

2

(Aeg1 — vAR)?

k_ k)2 < k_ 112 _ k+1 12
oo | I =21 < ll2* =l = o+ = p

(v + 8&)(2 =y — ki)

for all k£ > K. Passing k — +o0o while noting the convergences of {A;} and
{llz* —pl}, we have

(1—1)?

2—v)—= i k_ ¥ <o.
(2 -1) T 2% — 4" <0
Using condition (3), this inequality implies
li k| =o. 24
Jim o (21)
Since {x*} is bounded, there exists a subsequence {z*:} weakly converging to

some p. Thanks to (24), the sequence {y*'} also converges weakly to p. Since
y* € T(2%), by the M-continuity of 7' we obtain that p € T'(p).
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To show that p € Sol(QEP), it is left to verify that f(p,z) > 0 for all
z € T(p). Indeed, since v* is chosen in B (u*, L*||z* — y*||), we have |[u* —
v*|| < L*||z* — y*||. Tt then follows from (24) that ||u® —v*|| — 0 as k — +oo0.
As already shown in (17), we have

<xki - ykj - )‘kiukiayki - x> Z 0 Vxe T(xkl)

Together with v* € 0y f(y*7, y*), this implies that for all z € T'(z*") we have

k ki

A R T I VR (T T

i

(x

and by positivity of A, we get

1
1yt =y < R )+ Wt ot =y,

ki
For each z € T(p), we deduce from the M-continuity of 7" that there exists a
sequence {2z} such that z* € T(z%¢) and 2z — 2. Taking x = 2% in the last
inequality, one has

B L B
Taking the limit of both sides of this inequality as ¢ — +oo, while noting
lim; 4 oo [|2% —y*i|| = 0, lim;_ | o ||u** —v¥i|| = 0, the weakly upper semicon-
tinuity of the function f(-,-), and the boundedness of {\;}, we come up with
f(p,z) > 0. Since z is chosen arbitrarily in T'(p), this completes the proof for
p € Sol(QEP).

Now, we assume that the bifunction f is strictly monotone on C. Before
showing that the whole sequence {2*} converges weakly to p, we claim that
T* = {p}. We will prove this claim by taking an arbitrary p € T and then
show that p = p. Indeed, since p € T*, we have

f(p,y) =0 Vy € UpenT(z¥). (25)

Keeping in mind that 2% — p and p € T(p), by M-continuity of T' there exists
a sequence {y*} such that y* € T(z*) and y* — p. Since y* € T'(z*), by
(25) we have f(p,y*) > 0 for all i € N. Taking i — 400 and using the weakly
upper semicontinuity of the function f(-,-) we get f(p,p) > 0. Due to strict
monotonicity of f, we obtain

f(B.p) <0. (26)
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On the other hand, since p € T*, we have p € T(2%)) for all i € N. This,
together with the facts that 2% — p and T is M-continuous, implies that p €
T(p). As shown above, it follows that f(p,p) > 0. Combining this inequality
with (26) we come up with f(p,p) = 0. Therefore, if p # p, then

f(p,p) = f(p,p) + f(p,p) <0

where the last inequality is due to the strict monotonicity of f. However, this
inequality contradicts the fact f(p,p) > 0 we have shown above. Thus we must
have p = p, and consequently, T* = {p}.

It has been shown in the beginning of this proof that {||z* — p||} converges
for any p € T*. Since T* = {p}, it means that the sequence {||z* — p|} is
convergent. Then, by applying Lemma 7 for C' := T* and = := p, we deduce
that the sequence {z*} generated by Algorithm 1 converges weakly to p. O

Theorem 16 Assume that (A1), (AS) and (A3) hold, T is M-continuous and closed
convez valued, and Ty # 0. If the mapping 0o f(x, x) satisfies Condition (C1), then
every weak cluster point of the sequence {z"} generated in Algorithm 1 belongs to
Sol(QEP).

Proof. Let p be an arbitrary point in 7*. By the same arguments as in the
proof of Theorem 16, we can prove that the sequence {||z* — p||} converges,
the sequence {z"*} is bounded, and

li Bk =o0. 27
anooH:c vl (27)

Since {x*} is bounded, there exists a subsequence {z*'} weakly converging to
some p. Thanks to (24), the sequence {y*'} also converges weakly to p. Since
y* € T(2%), by the M-continuity of T we obtain that p € T(p).

To show that p € Sol(QEP), it is left to verify that f(p,z) > 0 for all
z € T(p). Indeed, since v* is chosen in B (u*, L*||z* — y*||), we have |[uF —
v¥|| < L*||2* — y*||. Tt then follows from (27) that ||u* —v*|| — 0 as k — +oc.
As already shown in (17), we have

(xhi — g — N b yf —x) >0 Vo e T(aM).
Together with v*: € 9, f(y*:,y"*), this implies that for all x € T'(x*!) we have
(g — =gk < N, (b — M)
<, (0% = P 4 (b = oh e — M),
and by positivity of A\, we get

I@kl 7yk171. 7ykl> < <,Uk;z",1/. 7ykz> + (uk" ka",x—y’”)

i
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For each z € T'(p), we deduce from the M-continuity of T' that there exists a
sequence {z"} such that z* € T(z%?) and 2% — 2. Taking x = 2% in the last
inequality, one has

1 . ) )
ST AP T R G U S U e O R

ki
Passing to the limit in the above inequality and taking into account that
lim; o [|2% — y¥i|| = 0, lim; o0 [[u¥* — v¥|| = 0, lim; o0 Ag;, = A > 0 and the
sequence {y*} is bounded, we obtain

lim inf (0", 28 — yki) > 0.
11— 00
Let {v;} be a positive sequence decreasing and 7; — 0 as i — oco. Then, for
each 7 € N, there exists a smallest positive integer h; such that

<vk7‘, P yk1> +7 >0.

Observe that {k;} is increasing. If v¥ = 0 then according to Remark 9 (i) and
vk € Oy f (y¥i, y*") we have y¥i as a solution, so without loss of generality we
assume v* £ 0 for all i. Setting % := ﬁvki, we have (vFi, %) =1 for

every ¢ € N and
(M, 2M 4 yi0h =yt > 0.

It follows from the above inequality, the quasimonotonicity of f and v* €
Do f(y*i,y™) that

P, 2 iamio") = Fy 2P e = fyP ) = (08 2 4yt =y > 0,
which together with the quasimonotonicity of f implies that

f(2F 408 %) <0, Vi e N. (28)
It is easy to see from the boundedness of {y"'}, the assumption (A3) and
vk € Oy f (y*,y*) for all i that the sequence {v¥¢} is bounded. Therefore,
there exists a subsequence of {v*}, still denote {v*}, such that v*# converges
weakly to v. Since Oy f(x,z) satisfies condition (C1) and the sequence {y"}

converges weakly to p, we have v € J5f(p,p). Because the norm mapping is
sequentially weakly lower semicontinuous, we have

0 < [lo]l < liminf [|o*].
11— 00

If v = 0 then we have from Remark 9 (i) and v € O5f(p,p) that p is a
solution. So, we only consider v # 0. Then, we have from last inequality that
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0 liminf; o 0%

> (. Hence, we have that

Vi limsup;_, . Vi

0 < limsup ;]| 0" = lim sup —— < — =0,
i—00 1—+00 HU ’ hmlnfi—>oo ||U ‘
which implies that
lim limsup || 0" || = 0. (29)
i—00

11— 00
It follows that 2% + ;0" — 2z as i — oo. Passing the limit into the inequal-
ity (28), using the weakly lower semicontinuity of the function f(-,-) and
lim; o v; = 0, we have

f(z,p) <0, V2 € T(p).

Since f(-,y) is weakly upper semicontinuous on C for every y € C, the function
/ has the upper sign property ([? |, Definition 2.1), and since the multivalued
mapping 7'(+) has convex values, we obtain that p € Sol(QEP) ([? |, Propo-
sition 3.1). O

Remark 17 Let ‘H be a finite dimensional Hilbert space. We have the following
sufficient conditions for the mapping Oa f (x,x) to satisfy condition (C1):

(i) If [ satisfies the assumption (A2) and the function f(-,y) is upper semicontin-
uous on C' then the mapping 02 f(x, ) satisfies Condition (C1). Indeed, let zF = x,
ub € 8y f (¥, 2%) and uF — u then we have

Fa®y) = fahy) = fa 2 2 @by —ab) vy e H.
Taking the limit as k — 400 on the last inequality and using the upper semicontinuity
of f(+,y), we get f(z,y) — f(y,y) > (u,y — x),Vy € H, and so u € daf(x,x).
(ii) Assume that f satisfies the assumption (A2) and O f(x,x) is bounded for all
x € C. Then, we have from the assumption (A3) that the mapping 02 f (x, x) satisfies
Condition (C1) ([? ], Propositions 8 and 5, Chapter E). It is known that O f(x,x)
is bounded at every x € int(domf(x,-)) ([46], Theorem 2.6). O

If T(z) = C for all € C then we have that T is M-continuous and closed
convex valued, 7% coincides with the solution set of Problem (EP), and T
becomes the solution set of the Minty equilibrium problem (M EP). If f(-,y)
is upper semicontinuous for each y € C' and f(z,-) is lower semicontinuous
and convex for each x € C, then T, C T*, add the assumption that f(z,y) is
pseudomonotone on C, we get T* = T, ([? ]). In general, the inclusion T* C T,
is false even if f(z,y) is quasimonotone ([? ]).

Applying Algorithm 1 with T'(x) = C for all z € C, we get the following
result for Problem (EP).

Proposition 18 Assume that (A1), (A5) and (A3) hold, T(z) = C for all x € C,
and Ty # (0. If the mapping o f(x,x) satisfies Condition (C1), then the sequence
{a:k} generated in Algorithm 1 converges weakly to a solution of Problem (EP).
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Proof. Let p be an arbitrary point in 7. From the proof of Theorem 16, we
have that the sequence {||z* — p||} converges and every weak cluster point of
the sequence {2*} generated in Algorithm 1 belongs to 7. Then, by applying
Lemma 7 for C := T, and x := p, we deduce that the sequence {z*} generated
by Algorithm 1 converges weakly to a point p € T,. Since T, C T, p is a
solution of Problem (EP). O

Remark 19 To our knowledge, there are currently mo results on algorithms
specifically designed for quasi-equilibrium and equilibrium problems involving quasi-
monotonic functions. In the case of the quasi-monotone inequal variation problem,
the number of algorithms for this problem is mot many. Some algorithms for equi-
librium and quasi-equilibrium problems with function f do not have any generalized
monotonicity as we can see in [307 7 |. However, these algorithms come at a cost
because they have to use search procedures at each iteration.

By Theorems 15 and 16, we only obtain weak convergence results of Algo-
rithm 1. With the motivation of constructing a strongly convergent algorithm
to solve (QEP), we exploit the fact that we need to solve simultaneously an
equilibrium problem and a fixed point problem. This suggests us combining
Algorithm 1 with the Mann iteration scheme for finding a fixed point of a
multi-valued mapping (see [38]) to obtain Algorithm 2 described below. The
strong convergence of Algorithm 2 is stated in Theorem 20.

Theorem 20 Assume that (A1)-(As) hold and T*NFix(T) # 0. Assume furthermore
that T is a hemicompact multi-valued mapping satisfying condition (C2) and U is
quasi-nonexpansive with Ilp(z) # O for every x € C. Then every weak cluster point
of the sequence {:ck} generated by Algorithm 2 belongs to Sol(QEP). In addition,
the whole sequence {xk} converges strongly to a solution of (QEP) if the bifunction
[ is strictly monotone on C and either T satisfies condition (C1) or the set S™ is
nonempty.

Proof. By the same arguments as in the proof of Lemma 12, all the
elements of the sequence {Ap} generated in Algorithm 2 are in the inter-
val [min {LL, )\0} , Ao + M} where M = Zz:é pi. Furthermore, the sequence
{Ar} converges to some A belonging to the same interval.

Let p be an arbitrary point in T* N Fiz(T), and K determined as in the
proof of Lemma 13. By the same arguments as in that proof, we get

(Agt1 — vAg)?

kK2
(Ak+1+mk)2\lw vl

(30)

Jw* = p||*> < [l2% = p|> — (v + Kr) (2 — 7 — ki)
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for all k > K. Note that p € Fiz(T), so we have IIp(p) = {p} by Lemma 2,
and in addition we get for all k£ > 0 that

[ = p|| = laxW™ + (1 — ag)w® —p||

arl|WF = pll + (1 = a)llw” — pl|

ard(Mr(w*),p) + (1 — ax) " —p|

ard™ (Ir (w*), Iz (p)) + (1 — ) Jw* —p|

arllw® —pl + (1 - ar)w* - p|

[ — pll. (31)

IN A

IN
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Algorithm 2 An algorithm with Mann iteration for solving (QEP)

1: Take an arbitrary starting point 2° € C. Take Ao > 0, v € (0,1), L* > L,
v € (0,2), 0 < @ < 8 < 1, and control parameter sequences {p;}, {x;},
{«;} satisfying conditions

o0 +oo
pi > 07 sz <400, K > 03 Z"{/i < 400, o4 € [OZ7B]
=0 =0

2: for k=0,1,2,... do
3: Compute u¥ € 0y f (zF, 2%).
4: if ©* = 0 then
5: return z*
6: else
7: Compute y* = PT(xk)(zk — k).
8: if y* = 2* then
9: return z*
10: else
11 Compute v* € B (u”, L*|lz¥ — y*||) N 92 f (y*, y").
12: if v =0 then
13: return z*
14: else
15: Compute
dk _ xk . yk . )\k(’ll,k o ’Uk),
k_ .k gk .
(v + mo) it [ld¥) # o,
T = lld ]
0 otherwise,
wk = PT(zk)(fL'k — Tk)\k’l)k),
2F T = Wi + (1 — ap)w®  with W e IIp(wh),
: llz* —y" | ek ok
Nesr = mm{%,)\k +pk} if u® — o £0,
Ak + Pk otherwise.
16: end if
17: end if
18: end if

19: end for

The last inequality above is by the assumption that Iy is quasi-
nonexpansive. By (30) and (31), we obtain

(Aet1 — vAg)?

k1 _ 12 <k 12 9~y ko k2
44—l < o = pl* = (7 + ) 2 =y = ) (oSG et — o
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for all k > K, i.e., the sequences {zx}, {yxr}, {\rx} generated in Algorithm 2
also satisfy (15). Thus, following the same arguments as in the begin of the
proof of Theorem 15, we deduce that ||z**1 — p|| < ||z%F — p| for all k > K,
which implies the convergence of {||z* —p||} and the boundedness of {z*}. We
also deduce that ||z* — y*|| — 0. By Lemma 8(i) we have

2" = plf* = flaxW* + (1 = ar)w® — p||?
= ap|W" = pl* + (1 = a)[w” = pl|* — ar(1 = ) [[WF — w"|?
< ag(d(Mr(w*),p)* + (1 = ar)|w" = pl* — ar(l — ar) [W* — w"|?
< o (d (T (w*), T (p)))? + (1 — a) [w" = pl|> = ar (1 — ) [W* — w"||?
< aplw® = pl* + (1 = ag)[w® = p|* — ar(l - ap) W — w"|
< Jlw* = pl* — w1 — aw) [W* —w®||2. (32)

For all k > K we have ||w® — p|| < ||z* — p|| due to (30), so by (32) we get
[zt = pl? < fla* = pl* — ar(1 — aR) [WF — w2

Note that ay, € [a, ] C [0,1] for all k > 0, it follows that
a(l = B)IW* —wh)? < ax(1 — ap) [W* — w®|* < [la* = p||? — [|l2"** 1%,
which, together with W* € IIp(w"), implies that

o1 = B)(d(w", T (w*)))? < [|lz* —p|* — [|l2*** = p]*.
Since [«, 8] C (0,1), by taking the limit as k — +oo on both sides of this
inequality and keeping in mind that the sequence {||z* — p||} is convergent,

we get

lim d(w®, T (w®)) =0, (33)

k—+oo
which, together with Il7(w*) C T'(w"), implies that

lim d(w®, T(w*)) = 0. (34)

k— oo

On the other hand, it follows from the definition of z**! in Algorithm 2 that
2"+ — wk[| = ar | WF — w®|| = ard(w”, Tz (w")).

Hence, by (33) we have

lim |zt —w®| = 0. (35)
k——+o0
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Since {x*} is bounded, there exists a subsequence {z**1} weakly converging
to some p € C. Together with (35), it implies that the sequence {w":} also
converges weakly to p. By (34) and the hemicompactness of T, there exists
a subsequence {w"} strongly converging to p. Then, by Lemma 2 and the
triangle inequality, we have

d(p, 1 (p)) < d(w®in, p) + d(w*n  Thp (w*in))) + ™ (g (w*n), Tz (p))
< 2wt — | + d(w"n, Ip (w*n))). (36)

Let ¢ — 400 in (36) and keeping (33) in mind, we obtain d(p,IIr(p)) = 0,
which means p € I (p). By Lemma 2, one has p € T(p). Since {xFT1}
weakly converges to p and ||z* —y*|| — 0, the sequence {y**1} also converges
weakly to p. By the condition (C2) and the same arguments as in the end of
the proof of Theorem 15, we obtain f(p,z) > 0 for all z € T'(p). Therefore,
p € Sol(QEP).

Now, assume that the bifunction f is strictly monotone on C' and either
T satisfies condition (C1) or the set S* is nonempty. By the same arguments
as in the proof of Theorem 15, we have p € T*. Hence, p € T* N Fix(T),
which implies that {|z¥ — ||} has finite limit. By (35) and the fact that
{wkn} converges strongly to p, we have {z¥n¥1} also converges strongly to
p. Therefore, the sequence {2*} converges strongly to p. O

Remark 21 It is easy to see that p € Fix(T) for all p € S*. Hence, we have that
T* N Fix(T) # 0 if S* # 0 because S* is a subset of the set T*.

4 Numerical experiments

We did a number of numerical experiments to evaluate the performance of our
first proposed algorithm (Algorithm 1) and compare its numerical behavior
with some state-of-the-art algorithms for solving (QEP) involving pseudo-
monotone equilibrium bifunctions. Namely, we chose version 1b of the hybrid
extragradient algorithm (HEA1D for short) proposed in [15] and the proximal
point method (PPM for short) proposed in [35]. It is worth noting that in the
former paper the authors presented six variants of their algorithm and pointed
out by their numerical experiments that Algorithm HEA1b outperforms the
others in most of their tests.

All programs in our experiments were coded by using MATLAB R2020a
and conducted on a PC Intel(R) Core(TM) i7-6700HQ CPU @ 2.60GHz
2.60GHz, 16.0 GB RAM. In all of our tests, we applied the stopping rule
|z¥*T1 — 2¥|| < 107, For experimenting Algorithm 1 proposed in this paper,
we set \g = 0.5, v = 0.5,y = 1, and chose a; = 0.5, p; = K; = lJ%l foralli € N.
For experimenting Algorithm HEA1Db (resp., Algorithm PPM), we chose the
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same setting as in the experiments of [15] (resp., [35]). In the following sub-
sections, we describe our tested instances and report the numerical results of
the tests.

4.1 Experiment 1

Consider the (QEP) described in Example 11 with g(z) = Y"1 | 27. It is trivial
to see that the function g is convex, differentiable, and increasing on R’} , while
its gradient Vg(z) = 2z is Lipschitz continuous on R’}. Therefore, this choice
satisfies the conditions applied on the function g as stated in Example 11.
Note that g(b) — g(a) = 0 where a and b are specified in the example.

For creating numerical instances of this problem, given the dimension n of
the space H = R", we generated the matrices P and @ as follows. We first
generated a diagonal matrix Do € R"*"™ whose diagonal entries are random
real values in [0, 0.3], and a diagonal matrix Dp € R™*™ whose diagonal entries
are random values in [0.3,1]. We then generated a matrix Z € R™*™ whose
entries are random values in [0, 2]. After that, we computed Q = Z'DgyZ and
P = Z'DpZ. In this way, it is easy to see that @ is positive semidefinite.
Furthermore, since Dp — Dg is a diagonal matrix with nonnegative entries, it
follows that P—Q = Z'(Dp — Dg)Z is also positive semidefinite. In addition,
since all entries of Dp, Dg, Z are nonnegative, it is clear that all elements of
both P and @ are nonnegative. Concerning vector ¢, we randomly generated
non-negative values for c¢i,...,c,—1, and then let ¢, = p1, + q11 + ¢1 — pn —
gn1 + 1, so the obtained vector c satisfies

Cn > Pin + @11 + €1 — Pun — @1 + 9(b) — g(a).

For the instances of (QEP) in this experiment, it has been already shown
in Example 11 that S* = (), so the extragradient algorithm (HEA1b) and the
proximal point method (PPM) are not guaranteed to be convergent, hence we
only apply Algorithm 1. The projection performed in the experiment is solved
using the MATLAB subroutine ‘quadprog’ by observing that the projection
of a vector uw on T'(z) is the optimal solution to the quadratic programming

n
min |lu — z[|*  s.t. Zzi21 and 0<z <2x;Vi=1,...,n.
i=1

For illustration, in the first generated instance, we set n = 5 and obtained

5.9413 2.5584 2.5172 4.5852 4.6082
2.5584 2.1685 0.6480 2.1818 2.0165
P = [2.5172 0.6480 1.7650 2.5874 2.0910| ,
4.5852 2.1818 2.5874 4.8431 4.2424
4.6082 2.0165 2.0910 4.2424 4.5611
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1.0159 0.4685 0.3725 0.6405 0.5837
0.4685 0.3472 0.1165 0.2973 0.2212
Q = [0.3725 0.1165 0.2473 0.3663 0.2803 | ,
0.6405 0.2973 0.3663 0.6432 0.5031
0.5837 0.2212 0.2803 0.5031 0.4926

¢ = (0.0399,0.5880,0.1125,0.1292, 1.5192)".

Starting at 2° = (0,0,0,0,5)!, Algorithm 1 converges to the solution
(0,0,0,0,1) after 6 iterations and within 0.024 second. To confirm the effi-
ciency of this algorithm on the considering problem, we generated more
instances with different values of n, and for each of such instance we run 50
times of the algorithm with random starting points in the corresponding set
C. In Table 1 we report the minimum, maximum, and average of the number
of iterations as well as the CPU time in our tests.

Table 1: Results for Experiment 4.1.

Number of iterations CPU time (seconds)
min | max | average min max average
5 6 56 24.12 0.012 | 0.127 0.050
10 12 94 37.88 0.024 | 0.195 0.080
20 22 102 51.52 0.048 | 0.241 0.111
30 31 110 59.78 0.066 | 0.231 0.129
40 39 114 69.48 0.085 | 0.269 0.152

4.2 Experiment 2

In this experiment we considered the instance of (QEP) in which H = R?,
C=R%, fla,y) =y1 —21+y3 — a3, T(z) ={y € RL | y1 +yo = 1+ {4}
This is a modification of Example 4.1 in [35], which is the QEP version of
Example 4.4. in [49]. Tt is known that the solution set of this (QEP) consists of
the single point z* = (1, %) It is simple to verify that the bifunction f in this
(QEP) satisfies conditions (A1)-(A3), especially that f is monotone on C' x C
and its partial differential 9 f (z,y) = (1, 2y2)* satisfies (A3) with L = 2. Note
that the projection on T'(z) performed in this experiment has the following
explicit formulation:

(075)t lf Up — u2 S _67
Przy(u) = ¢ (8,0) if uy —ug > B,
(%(5+U1—U2)7%(5—u1+u2))t if -8 <up —uy <B,

in which 8 =1+ -
For the convergence of Algorithm HEA1b, the authors in [15] impose a
condition that x € T'(z) for all x € C. However, this condition does not hold

in general for the multivalued mapping T defined above. Hence, Algorithm
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HEA1b is not applicable in this experiment. In fact, if we start from 2° =
(0,0)¢, then following the description of this algorithm we get y° = (0.5,0.5)¢,
which leads to

F(z20) = f(24°) = ~0.75 < cl|a® — || = 0.25

for all z € C, and consequently, Step 2 in Algorithm HEA1b does not
terminate.

To see the performance of Algorithm 1 and Algorithm PPM on the (QEP)
instance in this experiment, we randomly generated a list of 50 initial points
in the box [0,5] x [0,5]. Then, for each starting point in the list, we tested
these algorithms and recorded their performance (the number of iterations and
running time). In Table 2 we report the minimum, maximum, and average of
the number of iterations as well as the CPU time of each of these algorithms
over 50 runs. One can see from the result in this table that our algorithm
needs more number of iterations than Algorithm PPM but outperforms the
latter in sense of computation time. In fact, a closer look into the detail result
shows that, in every run corresponding to any starting point in the above
mentioned list, our algorithm is faster than Algorithm PPM. This can be
explained by the fact that in each iteration of Algorithm PPM one needs to
solve an auxiliary equilibrium problem, which is more time consuming than
performing projection operations in Algorithm 1.

Table 2: Results for Experiment 4.2.

. Number of iterations CPU time (seconds)
Algorithm . .
min | max | average min max average
Algorithm 1 20 34 29.68 0.0000442 | 0.0001394 | 0.0000665
Algorithm PPM 7 19 16.24 0.0000699 | 0.0001902 | 0.0000993

4.3 Experiment 3

The (QEP) instance in this experiment is taken from Example 2 in [15]. In this
instance we have H = R?, C' = (—00,15] x (—00,15], f(z,y) = (F(x),y — )
in which F(z) = (21 + S22 — 34,225 + 221 — 24.25), T(x ) Ty (x3) x Ta(x)
in which

Ti(ze) ={yh e R|0<y; <10,y; < 15— zz},
To(x1) ={y2 € R0 < yp <10,y < 15 — 21 }.

One can check that the bifunction f in this (QEP) satisfies conditions (A1)-
(A3). Particularly, simple computations give us

flxy) + fly,z) = (F(z) — F(y),y — )
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= -2 (((yl —z1)+ g(yz - 332)) + %(yz - $2)2> ;

hence f is strictly monotone on C' x C, and its partial differential ds f (x,2) =
F(z) satisfies (A3) with L = ¥843 Tt is worth noting that the projection on
T(z) performed in this experiment has the following explicit formulation:

PT(]J) (y) = (PTl(JJz)(yl)7 Pr, (‘Tl)(yz)),

in which
min{10,15 — 22} if y3 > min{10,15 — x5},
Pry(2)(y1) = 0 if y1 <0,
Y1 if y; € [0, min{10, 15 — x2}],
min{10,15 — 21} if yo > min{10,15 — 21 },
Prye)(y2) =40 if yo <0,

Y2 if yo € [0, min{10,15 — z1}].

4.4 Experiment 4

Taken from Example 4 in [15].
This example is the same as the one in Experiment 3 above, except that

TQ(.’El) = {yg eR | 0< Y2 < 10}
Formula of of projection on T'(z):

Pr)(y) = (Pry(a0) (Y1) Pry(71)(y2)),

in which Pr, (4,)(y1) is as in Experiment 3 above, and

10 if y2 > 10,
Pry2)(y2) = 0 if yo <0,
y2 i y2 €0,10].

4.5 Experiment 5
Taken from Example 1 in [15].
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Consider (QEP) in which H = R5, C' = {z € [-5,5]° | Z?:l zi > —1},
f(z,y) = (Px + Qy + q,y — x) in which

312 0 00 161 0 00 1
2360 00 1160 00 )
P=|0 03520, Q=0 015 10|, ¢g=|-1],
0 0 2 330 0 0 1150 2
00 0 03 00 0 02 1

T(x) =Ti(x) x To(x) x T3(x) x Ty(x) x Ts(x) in which

Ti(x)={y €R|yi+ >  a;>-1} fori=1,..,5
1<5<5,5#i
Check conditions (A1)-(A3):

f(,z)=0forallz € C; f(z,y) + f(y.2) = (y —2)"(Q — P)(y —z) < 0 for
all z,y € C since

~15-10 0 0
-1 -20 0 0
Q-P=|0 0 -2 -1 0
0 0 —1-18 0

is negative definite (by Sylvester’s criterion on determinants of principal
minors of @ — P), hence f is strictly monotone on C' x C, which implies
that f is pseudomonotone on C' x C'; f is continuous on C' x C.

f(x,-) is quadratic, and since @ is positive definite, we have f(z,-) is convex
and continuous on C; its partial differential is ds f(x,y) = Pz + ¢ — Q'z +
(Q+Q"y, 50 D2 f(z,2) = (P + Q) +q.

For all x,y € C we have

p(Oaf(x, ), 02f (y,y)) = [[(P + Q)z — (P + Q)yl < [P+ Qllllz — yl|.

Hence (A3) is satisfied with L = ||P + Q|| which is the largest eigenvalue of
P + Q. Since

47 3 000
520 0 0
0530
0 3480
0 0005

has 5 eigenvalues 1.8983, 1.9396, 5, 7.9017, 7.9604, we have L = 7.9604 and
we can take L* = 8.

P+Q=

o O Ww
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Formula of projection on T'(x):

Pre)(y) = (Pry@) (1), Pry(2)(Y2), Pry(@) (Y3); Pry(a) (ya)s Pry @) (ys)),

in which each Tj(x) is the ray [=1 =3, 5y (53 %, +00) C R, hence

Pr,xy(yi) = {% ifyi > =1=3 50 sy %o
‘ —1- Zje{l,A..,S}\{i} € ify; <—-1- Zje{l,...,{")}\{i} Ly

4.6 Experiment 6
Taken from Example 2 in [15].

Consider (QEP) in which H = R®, C = [1,150)°, f(x,y) = (F(z),y — )
in which F(x) = (Fi(z), Fa(x), F3(x), Fy(z), F5(z)) where

pi = (2) o (50)* (1)
Fg(x):6+x53+(50£0 o (lﬁBQ—l :

-1 (2" () (1)
rin=2 (2) () (1)

with @ = 1 + z2 + 23 + x4 + =5, the mapping T : C — C is determined
by T'(z) = (T1(z), To(x), T5(x), Ty(x), T5(xz)) in which for each i =1,...,5 we
have

Ty(x) ={y: € [1,150] [gi + > x; <700}
je{l,...,5},j7éi

Check conditions (A1)-(A3):

e flz,x) =0 for all x € C; f(z,y) + f(y,xz) = (F(z) — F(y),y —z) <0
for all 2,y € C due to the monotonicity of F' (since F is the gradient of a
convex function), hence f is monotone on C' x C, which implies that f is
pseudomonotone on C' x C; f is continuous on C' x C.

e f(z,-)is affine, hence it is convex and continuous on C} its partial differential

is o f (z,y) = F(x), so Oaf (z,z) = F(x).
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¢ Since F' is continuous on the compact set C, it is Lipschitz on C. Therefore,
for all z,y € C we have

p(an(m7 l’), 82f(y7 y))
=[1F(z) = F(y)ll
<Lljz —yl|,

Hence (A3) is satisfied with L is the Lipschitz constant of F.

Formula of projection on T'(z):

Pr)(y) = (Pry2) (1), Pr, (2)(y2), Pry2)(y3), Pry ) (Y4), Pry)(Ys)),
in which for each ¢ =1,...,5 we have

PTi(w)(yi) =qui ify >wu,
Yi if Yi € [O,Ui],

where u; = min{150,700 — 3", 5y 5 75}
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