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Abstract. We consider the vector equilibrium problem in Hadamard manifolds, which extends the scalar
equilibrium problem to vector valued bifunctions. We propose an extragradient method for solving this
problem. Under suitable assumptions on the bifunction, we prove that the generated sequence converges
to a solution of the problem. We also give some examples of Hadamard manifolds and vector equilibrium
problems to which our main result can be applied. Finally, we present some numerical experiments.
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1. INTRODUCTION

Let M be a connected n-dimensional manifold. We always assume that M can be endowed
with a Riemannian metric to become a Riemannian manifold. The tangent space at the point
x € M is denoted by T,M. We denote by (-,-), the scalar product on 7,M with the associated
norm ||-|| ., where the subscript x is sometimes omitted. The tangent bundle of M is denoted by
TM = Uyep TeM, which is naturally a manifold. Given a piecewise smooth curve y: [a,b] - M
joining x to y (i.e. Y(a) =x and y(b) = y), we can define the length of y by L(y) = f: IV (2)] dt.
Then the Riemannian distance d(x,y), which induces the original topology on M, is defined by
minimizing this length over the set of all such curves joining x to y. The set K C M is said to
be convex if it contains the geodesic segment ¥ whenever it contains the end points of ¥, that is,
Y((1—1t)a+1b) is in K whenever y(a) = x and y(b) =y arein K, and ¢ € [0, 1].

We assume that K C M is a nonempty, closed and convex set, C C R™ is a closed, convex
and pointed cone with nonempty interior (denoted as int(C)), and f: M x M — R™ is a vector
valued bifunction. The vector equilibrium problem, denoted as VEP(f,K), consists of finding
x* € K such that

f(x",y) ¢ —int(C) (1.1)
for all y € K. If x* satisfies (1.1), then x* is said to be a solution or equilibrium point for
VEP(f,K). We denote the set of all equilibrium points of VEP(f,K) as S(f,K). Itis easy to see
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that when m = 1, then vector equilibrium problems become ordinary (i.e., scalar) equilibrium
problems.
The associated dual vector equilibrium problem, denoted by DVEP( f, K), consists of finding
x* € K such that
fy,x*)e —-C, VyeKk. (1.2)

The set of solutions of DVEP(f, K) will be denoted as DS(f,K).

Equilibrium problems with monotone and pseudo-monotone bifunctions have been studied
extensively in Hilbert, Banach as well as in topological vector spaces by many authors (e.g.
[1,2,3,4,5,6]).

The equilibrium problem encompasses, among its particular cases, convex optimization prob-
lems, variational inequalities, saddle point problems, fixed point problems and other problems
of interest in many applications (see, for example [5, 6, 7] and the references therein). The
prototypical example of an equilibrium problem is a variational inequality problem, and as
mentioned by Németh [8], there are numerous problems in many fields of mathematics and
physics can be reformulated as variational inequalities or boundary value problems on man-
ifolds, like e.g., convex optimization problems, PDEs boundary value problems, lubrication
problems, the analysis of filtration of a liquid through a porous medium, the determination of
a flow past a given profile, the deflection of a simply supported beam, etc. Therefore, the ex-
tension of concepts, results and techniques of equilibrium problems and variational inequalities
from linear spaces to Riemannian manifolds is natural and has some important advantages. For
example, optimization problems with nonconvex objective functions become convex optimiza-
tion problems by introducing an appropriate Riemannian metric, and also constrained optimiza-
tion problems can be considered as unconstrained optimization problems from the Riemannian
geometry point of view. Therefore the study of convergence analysis of approximation meth-
ods for finding the solutions of equilibrium problems, optimization problems and variational
inequalities over Hadamard manifolds is emerging as an interesting research topic; see, e.g.,
[7,9,10, 11, 12, 13, 14, 15] and the references therein. We will present some interesting exam-
ples of vector equilibrium problems in Hadamard manifolds in Section 4.

The prototypical example of vector equilibrium problems occurs when C is the nonnegative
cone, ie. C=R7T. If we take G: M — R™ and f(x,y) = G(y) — G(x), then VEP(f,K) is
equivalent to the problem of finding a Pareto minimizer of G on K, i.e. a point x* € K such
that there exists no x € K such that G(x) < G(x*),G(x) # G(x*) (here G(x) < G(x*) means
G(x); < G(x*);forallie {l,...m}).

A complete simply connected Riemannian manifold of nonpositive sectional curvature is
called a Hadamard manifold. If M is a Hadamard manifold, then M have the same topology and
differential structure of the Euclidean space R".

We will deal in this paper with the extragradient (or Korpelevich’s) method for vector equi-
librium problems on Hadamard manifolds, and thus we start with an introduction to its well
known finite dimensional formulation when applied to variational inequalities, i.e., we assume
that M =R", m =1 and f(x,y) = (T (x),y —x) with T : R" — R". We assume that T is mono-
tone, i.e. (T(x)—T(y),x—y) >0 for all x,y € M. In this setting, there are several iterative
methods for solving VIP(T,K). One of the most useful ones is the extragradient method pre-
sented in [16], which generates a sequence {x*} C M according to:

W= P — oy T (x)), (1.3)
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= Pe(F — T (YY), (1.4)

where Px denotes the orthogonal projection onto K and {04} C R is a sequence of positive
stepsizes.

It was proved in [16] that if 7 is monotone and Lipschitz continuous with constant L, and
VIP(T, K) has solutions, then the sequence generated by (1.3)—(1.4) converges to a solution of
VIP(T,K) provided that o, = ¢ € (0,1/L).

In the absence of Lipschitz continuity of 7', it is natural to search for an appropriate stepsize
in an inner loop. This is achieved in the following procedure:

Take & € (0,1), B, B satisfying 0 < B < B, and a sequence {B¢} C [B,B]. The method is
initialized with any x° € K and the iterative step is as follows:

Given x*, define

K= X = BT (xb). (1.5)
If x* = Py (zF) stop. Otherwise take

jk) = min{ j>0: <T(2’jPK(zk) (1= 279k 2 —PK(zk)> > % 3k — Py (25)])2 } (1.6)

oy =277k, (1.7)

W 1= Py (k) + (1 — og), (1.8)
Hei={ze R (T(¥),z—/) =0}, (19)
=y (PHk(xk)> . (1.10)

This method converges to a solution of VIP(7', K) under the only assumptions of monotonicity
of T and existence of solutions; see [17].

The above backtracking procedure for determining the right o, is sometimes called an Armijo-
type search (see [18]). It has been analyzed for VIP(T,K) in [17] and [19]. Other variants of
Korpelevich’s method can be found in [20, 21, 22, 23, 24, 25, 26]. An extragradient method
for scalar equilibrium problems in Hadamard spaces has been studied in [21] and also an ex-
tragradient method for vector equilibrium problems in Banach spaces has been introduced in
[23]. In this paper, we extend the method in [23] to vector equilibrium problems in Hadamard
manifolds.

The paper is organized as follows. In Section 2, we introduce some preliminary material
related to properties of Hadamard manifolds and vector optimization. In Section 3, we present
our extragradient method for solving vector equilibrium problems and prove convergence of the
generated sequence to a solution of the problem. In Section 4, we give some examples of vector
equilibrium problems in Hadamard manifolds to which our main result can be applied. Finally,
we present some numerical experiments.

2. PRELIMINARIES

In this section, we give some definitions and preliminary material related to properties of
Hadamard manifolds and vector optimization.
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Definition 2.1. Let (X,d) be a complete metric space and C C X be nonempty. A sequence
{x*} € X is called Fejér convergent to C if

d(z7xk+l) S d(Z,xk)
for all z € C and for all k.

Lemma 2.1. (Lemma 4.6 of [27]) Let (X,d) be a complete metric space and let C C X be a
nonempty set. Let {xk } C X be Fejér convergent to C and suppose that any cluster point of {xk}
belongs to C.Then {x*} converges to a point of C.

If M is a Hadamard manifold, then for all p € M, the exponential mapping is a diffeo-
morphism. Denoting the inverse of the exponential mapping by exp;l :M — T,M, we have

d(p,q) = |lexp,'qll.

Proposition 2.1. (Proposition 2.1 of [28]) Let M be a Hadamard manifold and p € M. Then we
know that exp,, : T,M — M is a diffeomorphism, and for any two points p,q € M, there exists a

unique minimal geodesic Y, 4 = expptexplj1 q forallt € [0,1] joining p to q.

Proposition 2.2. (Comparison theorem for triangles, Proposition 2.2 in [27]) Let 7; : [0,1] = M
be the geodesic joining p; to pi+1 and A(p1, pa, p3) be the geodesic triangle. Take l; := L(Y;),
a; = Z(Y(0),—Y_,(li-1)), where i = 1,2,3(mod 3). Then

o t+m+os<m,
P12 — 2Ll cos oy <12
Since
<eXP;,-L Pi, eXP;,-L Pi+2) = d(pi, pi+1)d(Pit1, Piv2) COS Oli1,

we have

d*(pi, pis1) +d*(pis1, piv2) — d*(pi, piv2) < 2{exp,!  pi,exp, pita) (2.1)
Definition 2.2. The subdifferential of a function i : M — R is the set-valued mapping dh: M —
2™ defined by

dh(x) = {u € TM : (expsly,u) < h(y) —h(x), ¥y € M}, Vx € M.

Proposition 2.3. (Proposition 3.3 of [29]) Let M be a Hadamard manifold and z € M. Then the
map p;(x) = %dz(z,x) is strictly convex and its gradient at x is \7p,(x) = —exp; ' z.

Throughout this paper K will denote a nonempty, closed and convex set in a Riemannian
manifold. For any p € M and K C M, there exists a unique g € K such that d(p,q) < d(p,z) for
all z € K; this unique point is called the projection of p onto the convex set K and is denoted as
Pk (p). The next result gives a characterization of the projection Pk.

Proposition 2.4. [30] For any p € M, there exists a unique projection Px(p). Furthermore, the
following inequality holds:

<CXp;KI(p) Z,CXP;KI(I,) P> <0, VzeKk.
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We continue by establishing some standard notation. The norm in R” will be denoted as |||,
while the inner product in R™ will be denoted as (-,-). The dual cone C* of C is defined as
Ct={zeR": (y,z) >0, Vy € C}. We define the partial order < in R™, induced by the cone
C, as

y=Y =y -yec,
with its associate relation <, by
y=<y <=y —yecint(C).

We define R™ = R™ U {—oo, +o0}, where a neighbourhood of +o is defined as a set N C R™
containing r +C U {+eo} for some r € R™ and its opposite —N is a neighbourhood of —eo. The
binary relations < and < defined above are extended to R™ by

for all y € R™.

Note that the embedding R™ C R™ is continuous and dense. We extend by continuity every
z€ CT\ {0} to R™, by putting (d-o0,7) = F-o0. Given a set T C R™, we denote its topological
closure in the topological space R™ by T. To a given set T C R”, we associate the following
set:

infS(T)={yecT| Bz T:z=<y}.
Given S C M and G : § — R™ U {+eo}, the point a € M is called weakly efficient if a € S and
G(a) € infS(G(S)). We denote as argmin {G(x)|x € S} the set of weakly efficient points. We
observe that
argmin {G(x)|x € S} =SNG~ (infS(G(S))).

A map G : M — R™U{+oeo} is called C-convex whenever for any piecewise smooth curve

Y : [a,b] — M joining x to y, we have

G(y(t)) tG(x)+ (1 —1)G(y), Vx,yeM and Vre|0,1].

Definition 2.3. A vector valued function G : M — R™ U {+co} is called positively lower semi-
continuous, if for every z € C" the extended scalar function x — (G(x),z) is lower semicontin-
uous. Also we say that G is positively upper semicontinuous whenever —G is positively lower
semicontinuous.

Now we recall an essential theorem from [31], which is needed in the next sections.
Theorem 2.1. If S C M is a convex set and G : S — R"™ U {+o0} is a C-convex proper map, then

argmin$ {G(x) |x € S} = U argmin{(G(x),z) | x € S}.
zeCT\{0}

For convergence of the scalar extragradient method for equilibrium problems in R”, some
monotonicity-like assumptions on the bifunction f are needed. We define next two suitable
properties of this kind in the context of vector equilibrium problems in Hadamard manifolds.
The bifunction f is said to be C-pseudomonotone whenever f(x,y) € R™\ (=C) with x,y € M,
it holds that f(y,x) € —C\ {0}, and f is weakly C-pseudomonotone whenever f(x,y) & —int(C)
with x,y € M, it holds that f(y,x) € —C.

We introduce some assumptions on a vector valued bifunction f : M x M — R™, which will
be needed in our convergence analysis.
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Bl: f(x,x) =0 forall x € M,

B2: f(-,-) : M x M — R™ is uniformly continuous on bounded sets,
B3: f(x,-) : M — R™ is C-convex for all x € M.

B4: f is weakly C-pseudomonotone.

In connection with B4, we mention that for the case of scalar valued bifunctions, the usual
monotonicity-like assumption is pseudo-monotonicity of f, meaning that whenever f(x,y) >
0 with x,y € M, it holds that f(y,x) < 0. Clearly, B4 is a suitable extension of pseudo-
monotonicity.

We recall now some properties of the solution set of dual vector equilibrium problems.

Proposition 2.5. Assume that f: M x M — R™ satisfies Bl, that f(-,y) is positively upper
semicontinuous for all y € M and that f(x,-) is C-convex for all x € M. Then DS(f,K) C

S(f,K).

Proof. Take x* € DS(f,K) and define y(r) = exp,- texp);1 ywitht € (0,1) and y € K. Take any
c € CT\ {0}. B1 and C-convexity of f(¥(¢),-) imply that

0= {f(r(1),y(1)),c) < (1 =0){f(¥(1),x*),c) +1{f(¥(1),y),c). (2.2)
Since (f(y(t),x*),c) <0, (2.2) implies that
(f(¥(2),y),¢) = 0. (2.3)

Since (f(+,y),c) > 0 is upper semicontinuous, taking limsup with t — 0 in (2.3) gives

(f(x"y),¢) = 0.
Hence f(x*,y) & —int(C). Since y € K is arbitrary, DS(f,K) C S(f,K). O

Corollary 2.1. Under BI-B3, DS(f,K) C S(f,K). If B4 holds, then S(f,K) C DS(f,K).
Proof. Elementary. H

Proposition 2.6. If f(x,-) is C-convex and positively lower semicontinuous for all x € M, then
DS(f,K) is closed and convex.

Proof. Take x,x* € DS(f,K) and define y(t) = expx*texp;li with ¢ € (0,1). Take any ¢ €
C*™\ {0}. By C-convexity of f(x,-), we have

(flx,¥(1)),c) < (1 =1){f(x,x7),c) +1{f(x,%),c) <O, (2.4)
for all x € K. Since ¢ € C*\ {0} is arbitrary, it follows that y(t) € DS(f,K), i.e. DS(f,K) is

convex. Closedness of DS(f,K) follows from positive lower semicontinuity of f(x,-) for all
xeM. U

3. EXTRAGRADIENT METHOD WITH LINESEARCH AND CONVERGENCE ANALYSIS

Let M be a Hadamard manifold and K C M be nonempty, closed and convex. We take a
closed, convex and pointed cone C C R™ with nonempty interior and a bifunction f : M x
M — R™ which satisfies B1-B4 and such that S(f,K) # 0. We consider the vector equilibrium
problem VEP(f, K) as defined in (1.1), and propose the following Extragradient Method with
Linesearch (EML) for solving this problem.

Take & € (0,1), B, B satisfying 0 < B < B, a sequence {B¢} C [B, B], and a sequence {e*} C
int(C) such that ek — ¢ € int(C).
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1. Initialization:

PLek. (3.1)

2. Iterative step: Given x*, define

Zkeargming{f( )—l—ﬁdz( y) k:yGK}. (3.2)
k
If xk = 2 stop. Otherwise, let

(k) = min {6 > 0 —Bf O )+ Bf O ) + a2 ek ¢ inr<c>} L 63

2
where
Y= expxk(2’€ exp);(1 2. (3.4)
We take
oy =270, (3.5)
Yo = exp (o exp)}1 2, (3.6)
wh = Py, (), (3.7)
where
H, = {yEM fOk,y) e —C}.
Finally we define

— Pe(wh). (3.8)

We start the analysis of the algorithm with some elementary properties of EML.
Proposition 3.1. The sequence {7} is well defined.

Proof. Take any ¢ € C*\ {0}. Since ¢ € int(C), it follows from the definition of C* that
(é¥,c) > 0. Define y: M — RU {+oo} as

v(y) = (f(x*,y),c >+2_ﬁkd2( y)(ek,c). (3.9)

It is easy to see that y is proper, convex and lower semicontinuous. By Lemma 4.2 of [29], the
subdifferential d ¥ has some zero, which is a minimizer of y. In view of Theorem 2.1, such
minimizer satisfies (3.2) and can be taken as z~. O

Proposition 3.2. Assume that f satisfies BI-B3. Take x € K, B € R" and e € int(C) such that
lef| = 1. If
z € argmin {f( y) + ﬁdz(x,y)e y € K} (3.10)

then there exists ¢ € C*\ {0} such that

(exp; ' y,exp; ' x)(ec) < B[(f(x,y),¢) = (f(x,2).¢)],  WyeK.
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Proof. Let Nk(z) be the normal cone of K at z € K, i.e., Nk(z) = {v € T.M : (exp; 'y,v) <
0,Vy € K}. Since z solves the vector optimization problem in (3.10), in view of Theorem 2.1
there exists ¢ € CT \ {0} such that z satisfies the first order optimality condition, given by

068{<f<x,>> ST >}<z>+NK<z>.

23
Therefore, in view of Proposition 2.3, there exist w € d(f(x,),c)(z) and w € Nk(z) such that
O=w— (el,gc> exp, ' x +w.

Now since w € Nk(z), we have (exp; ly,—w + <eﬁc> exp; 'x) <0, so that, using the fact that
we 3<f(x,~),c>(z),
(e,c)

B

(exp; Ly,exp; !t x) < (exprly,w) < (f(x,y),¢) — (f(x,2),¢). (3.11)
]

Corollary 3.1. Assume that {x*} and {z*} are the sequences generated by EML. Then there
exists {c*} € CT\ {0} such that

(expy! yexp! ) (eh, ) < B[ (F(0), b = (F05,2),¢5]  wrek.
Proof. Follows from Proposition 3.2 and (3.2). 0
Proposition 3.3. If Algorithm EML stops at the k-th iteration, then x* is a solution of VEP(f,K).

Proof. Tf x* = 7¥, then Corollary 3.1 implies that {f(x*,y),c*) > 0 for all y € K. Since ¢t €
Ct\ {0}, f(x*,y) & —int(C) forall y € K. O

Proposition 3.4. The following statements hold for Algorithm EML.

i) (k) is well defined, (i.e. the Armijo-type search for oy, is finite), and consequently the same
holds for the sequence {x*}.

it) x* € K for all k > 0.

iii) If the algorithm does not stop at iteration k, then f(y*,x*) & —C.

Proof. i) We proceed inductively, i.e. we assume that x¥ is well defined, and proceed to establish
that the same holds for x**'!. Note that z* is well defined by Proposition 3.1. It suffices to check
that ¢(k) is well defined. Assume by contradiction that

B0 ) B0 )+ S ) €in(C) 6.12)
for all £. Since cf € C*\ {0}, we have
B0 9,8 — (0,29, ¢4] < S ) ek o G.13

for all /. Note that the sequence {yZ} is strongly convergent to x*. In view of B2, taking limits
in (3.13) as £ — oo,

Bel{r (), ) = (£ (5,2, ¢)] < gdz( £ (e, ). (3.14)
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Since x* € K by (3.8), we apply Corollary 3.1 with y = xX in (3.14), obtaining
(expz_klxk,expz_klx@ < gdz(zk,xk). (3.15)
Thus by (2.1) and (3.15), we get
d* (%) +d* (. 2F) < 8a* (). (3.16)

Since 6 € (0, 1), this contradiction shows that ¢(k) is well defined.
1) It follows from (3.1) and (3.8).
111) Assume that f(yk,xk) € —C. Using B1, B3 and (3.6), we have

0= FF 5 ) 2o f (52 + (1 — o) f (4, 25).

Since — (1 — o) f (%, x*) and oy f(YF,2%) 4+ (1 — o) £ (3%, x*) belong C, and C is a convex cone,
we conclude that f(y*,z¥) € C. Therefore

) )
=B 1) + Bef (0, + 52 (2, 4)e! € int(C), (3.17)
which contradicts (3.3)—(3.6). Note that the inclusion in (3.17) is due to the fact that x* #* ZFand
¢k €int(C). O

We continue the analysis of the convergence properties of EML. Recall that S(f, K) denotes
the solution set of VEP(f, K).

Proposition 3.5. Assume that S(f,K) # 0 and the bifunction f satisfies B1-B4. Let {x*}, {y*},
{zk} and {wk } be the sequences generated by Algorithm EML. If the algorithm does not have
finite termination, then

i) the sequence {d(x*,x*)} is nonincreasing (and henceforth convergent) for any x* € S(f,K),
ii) the sequence {x*} is bounded,

iii) limg_y 4 oo d (WK, X*) = 0,

iv) the sequence {Z*} is bounded,

v) all cluster points of { f(y*,x*)} belong to —C.

Proof. i) Take x* € S(f,K). By B4, x* € Hy, for all k. By Proposition 3.4(iii), x* & H. Also, we
have w* = Py, (x*). Using Proposition 2.4,

(exp;k1 x", expv_vk1 Ky <o. (3.18)
Therefore (2.1) shows that
d*(WF, xX5) + d* (o, wh) — d? (x*,xF) < 0. (3.19)
Now, since x**+1 = Pg(wk), again Proposition 2.4 implies that
(expty x*,exp ity w) <0 (3.20)

and consequently by (2.1), we have
d? (WA - d? (x4 — @ (o, wh) <0, (3.21)
In view of (3.19) and (3.21), we have
P, ) < 2wk — 2 (T wh) < 2 wE) < (W) + a2 (wF ) < dP (o).
(3.22)
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i) In view of (i), limy_, .. d?(x*,x¥) exists, so that {x*} is bounded.

iii) It follows from (i) and (3.22).

iv) Since x* € K by (3.8), we conclude from (3.2) and Theorem 2.1 that there exists cf € CT\ {0}
such that

Bl f (2,25, 5) + %dz(xk,zk><ek,ck> < Bl f (K, x5, ) + %dz(xk,xk)(ek, K=0, (3.23)

using B1 in the equality. From (3.23), we get
d* (6K, 22) ek, Ky < —2B(F(xF,25), cF). (3.24)

Take now u* € (f(x*,-),c*)(x¥) and define u* = (¥, cK)~1uk. By definition of 9 ({f(x*,-),c¥)
at x*, we have

(expe y ) (e, ) < (F(F9), ) = (FOH,25), ) = (F (. p), ). (3.25)

Define By (xX) = {x € M : d(x,x*) < 1}. Since f is bounded on bounded sets and {x*} is bounded
by item (i1), there is N > O such that H F(xk,y) H < N for all k and for all y € B (x*). Now without
loss of generality, we can assume ||c|| = 1 for all k. Then we have

([ (e",c*) = sup (exply,uf) (e, ) < sup (F(K,y),cF) < N. (3.26)
yEB] (%K) yEB] (%K)

Since ¢ — e € int(C), therefore {u*} is bounded. Now from (3.25), we have

(cxp);{1 F by ek, Ky < (K, 2, b, (3.27)
Combining (3.24) and (3.27), we get, after dividing by (e*, c¥),
d(x*, 7). (3.28)

d*(x*,2) < —2Bi(exp' 25 ub) < 2B ||

Now since {x¥} is bounded by item (ii), we obtain that {z¥} is bounded.

v) Note that {x*}, {y*}, and {wk} are bounded by items (ii), (iv), (3.6) and (3.22). Since
f(-,-) is uniformly continuous on bounded sets by B2, and limy_; , .. d(w¥, x) = 0 by item (iii),
we conclude that

dim ||£04 ) = £ )| =0 (3.29)

Note that if the algorithm does not stop at iteration k, then f(y*,x¥) ¢ —C, by Proposition
3.4(iii). Also, since wk € Hy, we have f(y*,w¥) € —C for all k. Since C is closed and convex,
these two facts, together with (3.29), easily imply that each limit point of { f(y*, x*)} belongs to
—C. O

Proposition 3.6. Assume that S(f,K) # 0 and the bifunction f satisfies BI-B4. Let {x*} and
{z*} be the sequences generated by Algorithm EML. If {x*i} is a subsequence of {x*} satisfying

lim d(,x) =0, (3.30)

i—+o0

then each cluster point of {x"i} solves VEP(f,K).
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Proof. Note that {x*} and {Z} are bounded, and

i ki ki) — 1 H -1 kil — o

iide(Z *) it || Pk 0

Therefore, by B2, we get
lim f(xN ) =o. (3.31)
I—>+oo

In the sequel, without loss of generality, we can assume that x¥ — %. Take now any y € K. By
Corollary 3.1, we have

(exp ! exp (e, k) < B [ (7)) — (0, 2), )

which implies that

— [lexpzly| x| 5k < B [(rtm Ry — sk )] B32)
Since cfi € €1\ {0}, without loss of generality, we can assume that ||c*|| = 1 and ¢% — ¢*.
Taking the limit when i — oo from (3.32) and using (3.30) and (3.31), we get
0 < limsup(f(x,y),cM). (3.33)
i—soo

ki 5 zand cki — ¢, we get from B2 that

(f(%,),c") > 0.

Since ¢* € C*\ {0}, we have f(x,y) € —int(C). Now since y € K is arbitrary, f(x,y) & —int(C)
forally € K. U

Now since x

Proposition 3.7. Assume that S(f,K) # 0 and the bifunction f satisfies B1-B4. If a subse-
quence {ay.} of {ay}, as defined in (3.5), converges to 0, then each cluster point of {x"} solves
VEP(f,K).

Proof. For proving the result, we will use Proposition 3.6. Thus, we must show that

lim d(Z,x) = 0.

i—o0

For the sake of contradiction, and without loss of generality, let us assume that

liminf; , | od? (4, x) > n > 0. (3.34)
Define
N —1 ki
V' = expy (200, exp 4, 7)), (3.35)
or equivalently
exp;ki1 P = 204, exp;ki1 2. (3.36)

Note that, since lim;_, ;o 0, = 0, 0(k;) > 1 for large enough i. Also, in view of (3.35), we have
that ﬁi = yg(ki)_1 in the inner loop of the linesearch for determining oy, i.e., in (3.4). Since
0(k;) is the first integer for which the exclusion in (3.3) holds, such exclusion does not hold for
0(k;) — 1. i.e., we have

. T
— Bef (5 5) + B (5, 24) + S (5,24)e € int(C) (3.37)
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for large enough i. On the other hand, since lim;_, ., 0%, = 0 by hypothesis, and {exp}}i1 zki} is
bounded by Proposition 3.5(ii) and (iv), it follows from (3.36) that

lim d(x%,9) = lim HexP;k} |l =o. (3.38)

[—+oo i—rtoo

Since f(+,-) is uniformly continuous on bounded sets by B2, (3.37) and (3.38) imply that

0
— Brf (FF, oK) By (K, 24 + Edz(zk",xk")ek" eC (3.39)
for large enough i. Since & belongs to (0, 1), it follows from (3.39) that
1
Br.f (X, 25 + 5dz (5, X))kt € int(C). (3.40)

Take now y = x% in Corollary 3.1. Then by (2.1), we have
1
[P+ (.24 (4,4 < fexp b exp b ek )

2
< Bki [(f(xkiaxki)acki> - <f(xkivzki)7cki> ) (3.41)

which implies that

1 o b )
3 [dz(zk",xk") +d2(xki,zk")] <ek',ck’> + B, (f(xk’,zk’),ck’) <0. (3.42)
Since cki € C*\ {0}, we have
1 T | T — )
Edz(zk’ XKy eki 4 zdz (M1, 25+ B f (5,24 & int(C). (3.43)

Note that d? (xki,zkf) > 0. Hence, (3.43) contradicts (3.40), establishing the result.
O

Proposition 3.8. Assume that S(f,K) # 0 and the bifunction f satisfies BI-B4. Then each
cluster point of the sequence {x*} generated by Algorithm EML solves VEP(f,K).

Proof. First assume that there exists a subsequence {ay,} of {0y} which converges to 0. In
this case, by Proposition 3.7, we obtain that each cluster point of {x*} solves VEP(f,K). Now
assume that {oy, } is any subsequence of {a;} bounded away from zero (say o, > & > 0). It
follows from (3.3) and (3.6) that

= B (6, 2) + B f 01,2) + S (25,2) e & int(C). (3.44)
Note that, since o, < 1 by (3.5), we get, in view of B1 and B3,
0= F151) = o0 f O, 29) + (1= 04 £ O, 44) e C. (3.45)
Hence we have
—Br.(1 — 0.
— B f", ) + Wﬂy’%x’”) €-C. (3.46)
ki
Summing up (3.44) and (3.46), we have
—PBr. ) s b
% FOR k) + Ed2 (2, x5k & int(C). (3.47)
ki
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Note that each cluster point of {f(y*,x)} belongs to —C by Proposition 3.5(v). Since C is a
closed and convex cone, taking limits in (3.47) with i — 4o, we obtain

lim d?(5 %) = 0.

I—+oo
We are within the assumptions of Proposition 3.6, and thus we conclude that each cluster point
of {x%i} solves VEP(f,K). It follows that each cluster point of every subsequence of {x*} solves
VEP(f,K), and hence the same holds for the whole sequence {x*}. O

Now we prove our main result.

Theorem 3.1. Assume that S(f,K) # 0 and the bifunction f satisfies B1-B4. Let {x*} be the
sequence generated by Algorithm EML. Then the sequence {x"} converges to a solution of
VEP(f,K).

Proof. i) Proposition 3.8 shows that each cluster point of {x*} solves VEP(f,K), so that all
cluster points of {x*} belong to S(f,K). By (3.22), the sequence {x} is Fejér convergent to
S(f,K). Therefore Lemma 2.1 implies that {x*} converges to a point of S(f,K). O

4. EXAMPLES AND APPLICATIONS

In this section, we first give some examples of vector equilibrium problems in several Hadamard
manifolds to which our main theorem can be applied for finding a solution. We also present
some numerical experiments. We start by recalling hyperbolic spaces.

The hyperbolic space H":
We equip R"*! with the inner product

n
() =Y Xiyi — Xns 1041,
=1

1=

for x = (x1,x2,...,X,+1) and y = (y1,¥2,...,Yn+1). Define
H" .= {x: (X1,X2, ..., Xpt1) € R (x,x) = =1, Xxp41 > 0}.

Then (-, -) induces the Riemannian metric d on the tangent spaces 7,H" C TP]R”+1 as
d(x,y) = arccosh(—(x,y)), Vx,y € H" 4.1)
for p € H". Note that a normalized geodesic ¥, : [0, 1] — H" starting from 7%,(0) = x, will have
the equation
Y. (t) = (cosht)x + (sinht)v,

where v = ¥,(0) € T,H" is the tangent unit vector of 7 in the starting point. Also, we get from
4.1)
P2EENE e, 4.2)
<x7y >2 —1
It is well known that (H",d) is a Hadamard manifold with sectional curvature —1 at every
point (see [32]).
Now, we give an example of vector equilibrium problems in the hyperbolic space H".

exp; |y = arccosh(—(x,y
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Example 4.1. Let M = H" be the hyperbolic space and C = {z € R?:z; > 0,i = 1,2,3}. We
define the vector valued bifunction f: M x M — R> as

f(x,Y) = <X— T(x)7y_x>8>
where € belongs to the positive orthant ]R3++ ={zeR¥:z>0,i=1,2,3} and T is a map

from M into itself defined by T'(x) = (—x1, —x2,..., —X,Xy+1)- If x is an equilibrium point of
VEP(f,M), then

(x—T(x),y—x)e & —int(C) (4.3)
for all y € M. Taking y = T (x), we get
(x—T(x),T(x) —x)e & —int(C). 4.4)
Therefore there exists ¢* € CT\ {0} such that
(x—T(x),T(x)—x)(g,c*) >0. 4.5)
Since € € R, (g,c*) > 0. Therefore (4.5) implies that
(x—T(x),T(x)—x) >0. (4.6)
Now (4.6) shows that —4x% — 4x% — = 4x,% > 0. Hence, we getx; =xp =+ =x, =0. On the

other hand, we have (x,x) = —1. We conclude that x,; = 1. Hence x = (0,0,...,0,1) is the
solution of VEP(f,M).

We continue with other examples of vector equilibrium problems in Hadamard manifolds to
which our main result can be applied, some of which were adapted from [13].

Example 4.2. Let M = R x H' be a Hadamard manifold and
K= {x:(xl,xz,X3) eRxH! :x%—x%:—l, 0<x1<1,x%>0,x3> 1}.

K is a nonempty, closed and convex subset of M. We define the vector valued bifunction f :
K x K —R3 as

Fxy) = ((2=x1) (03 +33 =23 = 23),48 — 2131, (3= 2x1) (03 — 13)).-
Now suppose that C = {x € R®: x; > 0,i = 1,2,3}. It is easy to see that x* = (1,0, 1) is an equi-
librium point of VEP(f,K). Note that f(x,x) =0 for all x € K, f is weakly C-pseudomonotone
and C-convex with respect to the second variable and f(-,-) : K x K — R is uniformly continu-

ous on bounded sets. If {x*} is the sequence generated by Algorithm EML, then {x*} converges
to a solution of VEP(f,K) by Theorem 3.1.

The positive orthant with another metric:

We endow the positive orthant R} | = {z € R" : z; > 0,i = 1,--- ,n} with the so-called affine
metric defined by G: R | — S,

11 1
G(x) = dia (—,—,... —).
) g x2’ x3 x2
In other words, for any x € M :=R" | and u,v € T,M, we have (u,v), = (G(x)u,v) =Y | “5L.
The geodesic joining x € M to y € M is the curve ¥ : [0, 1] — M defined by

Y(1) = (7 YT
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!
Also, we can obtain that the distance between x and y is d(x,y) = ( o (ln)y%)2> . Itis well

known that (M,d) is a Hadamard manifold such that the tangent space at a point x is R” (see
also [33]).

Example 4.3. Suppose that (M,d) is the Hadamard manifold defined as above. Consider the
vector valued bifunction f : M x M — R? defined by

1 n ai i n ai i n b n b n Cii n Cii
CE) <a,.<Hlij SRR S VERRTIN A _Hlxj”>>,
= j= j= j= j= j= J=

1

where ;,B;,% € Ry and a;j,bij,c;j € R for any i,j. Note that each component of f is a
nonconvex function with respect to the second variable, but it is geodesic convex on M with
respect to the metric d. Let K ={z€ R":z; > 1,i=1,--- ,n} C M. It is obvious that K is
a nonempty, closed and convex set. Now take C = {z € R?:z; > 0,i = 1,2,3} which is a
closed, convex and pointed cone with nonempty interior. Then it is easy to see that S(f,K) # 0,
f(x,x) =0 for all x € M, and f is C-convex with respect to the second variable and weakly
C-pseudomonotone. Now, if f(-,-) : M x M — R is uniformly continuous on bounded sets,
then we can use Algorithm EML to approximate a solution of VEP(f,K), and if {x*} is the
sequence generated by Algorithm EML, then the sequence {x*} converges to a solution of the
problem.

The Nash equilibrium problem:

Suppose that I = {1,2,--- ,n} is a finite index set which denotes the set of players. Let M; be a
Hadamard manifold where i € I, and the strategy set K; is subset of M; for the i-th player. Note
that M := M| x M» x --- x M,, is a Hadamard manifold (see [27]), and the set K := K| X K» X
-+ X K, 1s a subset of the Hadamard manifold M. Let ¢; : K — R be a payoff function which
shows the loss of each player where i € I. Also, ¢; depends on the strategies of all the player
for any i € I. The Nash equilibrium problem corresponding to {;};c; and {K;}c; is to find
x = (x1,x2,--+,x,) € K such that

(Pi(x) S (pi(-xla" L Xi—1,Yi Xit1, >-xl’l)7

for all i € I and all y; € K; . The point x is a solution of the problem and is called a Nash
equilibrium point. The above inequality implies that each Nash equilibrium point corresponds
to an optimal amount for minimizing the loss. Now, we define f : K x K — R as

n
f(x7y) = Z((pi(xla" X1, YiXi1, 7xn) - (Pi(xly"' 3 Xi—1,Xiy Xj+1, " 7xn))7
i=1

where x = (x1,x2,--+,x,) and y = (y1,y2,-** ,¥u)- S0, f is a bifunction and its corresponding
equilibrium problem is to find x € K such that

f(x,y) >0, forally € K.

It is easy to see that x is a Nash equilibrium point if and only if it is an equilibrium point of f.
Now, for any i € I, we extend the payoff function ¢; : K — R to a finite family of functions
¢;j : K — R showing the loss of each player in m areas separately (for example, losses in the
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areas of finance, energy, time, human resources and etc) where 1 < j < m. Consider

n
FiGe,y) =Y (@ij(x1, - X1, YisXigts o s Xn) = Qi (X1, X1, Xy Xk 1, 5 %n)),
=1

forall 1 < j<mandx= (x;,xp,-,x,) and y = (y1,y2,---,¥n). We define f: M x M — R™ as
f(x7y):<f1(x7y)7f2(x7y)7"’7fm<x7y)>' (47)

Therefore, our problem has been formulated as a vector equilibrium problem on the Hadamard
manifold M, and the solution of the problem is the vector which minimizes the losses of the nm
payoff functions corresponding to the m areas of the problem.

Example 4.4. Consider the bifunction f : M x M — R as defined in (4.7) and assume that the
cost function ¢;; is convex and uniformly continuous on bounded sets for all i, j. Let K C M be
nonempty, closed and convex, and C = {z € R":z; > 0,i=1,--- ;m} which is a closed, convex
and pointed cone with nonempty interior. Then it is obvious that the assumptions B1-B4 are
satisfied. Now, if S(f,K) # @ and {x*} is the sequence generated by Algorithm EML, then
Theorem (3.1) implies that {x*} converges to a solution of VEP(f,K).

We end this paper by performing some numerical experiments.

Example 4.5. Consider (R?,d) where the metric d is defined by

1

d((v1,%), 0m,32)) = (=32 + (0F =3 —yE+92)?)
for all (x1,x2), (y1,y2) € R%. Note that (R?,d) is a Hadamard manifold with the geodesic
() = <(1 —t)xy + iy, (1=1)xy +2y1)* = (1= 1) (6 —x2) — (v} —)’2)>,

where ¢ € [0, 1] (see [33]). Let M be the Hadamard manifold (R?,d), and define f: M x M — R
by

@) =a(02 =397 = (2 =xD)?) +b((1=y1)* = (1=x)?), (43)
where a,b € R. In order to implement our algorithm (EML) in Section 3, we suppose that
K= {x = (x1,x0) EM :x1 > 0} and C = [0, +e0). Itis easy to see that K is nonempty, closed and

convex, f satisfies B1-B4 and S(f,K) # 0; indeed, it is easy to check that for all (a,b) € R%,
the unique solution is x* = (1,1). We take 6 = ﬁ, Bi =1 and & = 1. If {x*} is the sequence
generated by EML in Section 3, then Theorem 3.1 ensures that {x*} converges to the solution of
VEP(f,K). We performed some numerical experiments for this example. We chose randomly
100 random pairs (a,b) € [0,100] x [0, 100] and five starting points. Our stopping criterion is
d(x*~1 x*) < ¢, and we take € = 1078

The numerical results are displayed in the following table, where the starting points, the
average number of iterations and the average CPU times have been reported.

Also, all tests for the 100 problems corresponding to each starting point were successful,
meaning that the sequence {x*} converges to (1,1), which is the solution of VEP(f,K). All
problems were solved by the Optimization Toolbox in Matlab R2020a on a Laptop Intel(R)
Core(TM) 17- 8665U CPU @ 1.90GHz RAM 8.00 GB.
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Starting point: x0 Average number of iterations Average CPU time (Sec)

(3,-2) 16.67 1.2321

1,-11) 17.89 1.3496

(19, 4) 18.38 1.5412

(73, 98) 19.48 2.0146

(0, -18) 15.10 1.1295
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