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1 Introduction
The theory of variational inequality problems, which was firstly introduced by Stam-
pacchia [1], has significant applications in numerous fields, for example, optimal con-
trol, boundary valued problems, network equilibrium problems, and so forth. It has been
widely concentrated on finite- or infinite-dimensional linear spaces; see, for instance, [2—
7] and the bibliography therein.

Let K be a nonempty, closed, and convex subset of a real Hilbert space Hand T': K — H
a single-valued operator. The variational inequality problem (VIP) is to find #* € K such
that

(Tx*,y—x*)zo, Vy e K. (1)

Many researches have been proposed and analyzed iterative algorithms for approximat-
ing the solution of variational inequality problem (1), such as the simplest projection
method [4, 8], the extragradient method [9], and the subgradient extragradient method
[10-12].
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One popular method is the well-known Tseng’s extragradient method presented by
Tseng [13]. The algorithm is described as follows:

Vn = (%, — nTxy),
Xn+1 = Yn — M(Tyn -Tx,), VYn=>1.

The weak convergence of this method was established in [13] under the additional as-
sumption that 7' is monotone Lipschitz continuous, and further studied in [14] for the
case when T is pseudomonotone Lipschitz continuous. Recently, Tseng’s extragradient
method has been studied by many authors; see, for instance, [6, 7, 15-18] and the refer-
ences therein.

Recently, several nonlinear issues appeared in fixed point, variational inclusion, equi-
librium, and optimization problems trying to adapt the theory from linear spaces to non-
linear systems because certain problems cannot be posed in a linear space and require a
manifold structure. The extension of the concept, techniques, as well as methods from lin-
ear spaces to Riemannian manifolds has some significant advantages. For example, some
constrained optimization problems can be viewed as unconstrained ones from the Rie-
mannian geometry perspective, another advantage is that some optimization problems
with nonconvex objective functions become convex through the introduction of an appro-
priate Riemannian metric. The investigation of extensions and development of nonlinear
problem techniques has got a lot of consideration. Therefore, many authors have focused
on the Riemannian framework; see, for example, [19-28] and the references therein.

Let M be an Hadamard manifold, TM the tangent bundle of M, K a nonempty, closed,
geodesic convex subset of M and exp an exponential mapping. In 2003, Németh [22] in-
troduced the variational inequality problem on an Hadamard manifold which is to find
x* € K such that

(Tx*, expy y) >0, VyeKk, (2)

where T': K — TM is a single-valued vector field. The author generalized some basic exis-
tence and uniqueness theorems of the classical theory of variational inequality problems
from Euclidean spaces to Hadamard manifolds. We use VIP(T,K) to denote the set of
solutions of the variational inequality problem (2). Inspired by [22], many authors fur-
ther studied this problem in Riemannian manifolds. See, for instance, Li et al. [29] who
studied the variational inequality problems on general Riemannian manifolds. Tang et al.
[30] introduced the proximal point method for variational inequalities with pseudomono-
tone vector fields. Ferreira et al. [31] suggested an extragradient-type algorithm for solving
variational inequality problem (2) on Hadamard manifolds. The Korpelevich’s method to
solve variational inequality problems was presented by Tang and Huang [32]. Tang et al.
[33] extended a projection-type method for variational inequalities from Euclidean spaces
to Hadamard manifolds. In 2019, Junfeng et al. [23] purposed two Tseng’s extragradient
methods to solve variational inequality problem (2) in Hadamard manifolds. Under the
assumption that T is pseudomonotone Lipschitz continuous, the authors proved that a
sequences generated by the proposed methods converge to solutions of variational in-
equality problems on Hadamard manifolds. The step sizes in the first algorithm are ob-
tained by using a line search, and in the second they are found just by using two previous

iterates, so it is unnecessary to know the Lipschitz constants.
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Motivated by the above results, in this article we purpose three effective Tseng’s extra-
gradient methods for solving variational inequality (2) on Hadamard manifolds. The step
sizes in the first algorithm depend on the Lipschitz constant, for the second we obtain
them by using a line search, and for the last one only we get them by using two previous
iterates. For the last two algorithms, the Lipschitz constant need not be known. Under ap-
propriate assumptions, we prove that any sequence generated by the proposed methods
converges to a solution of variational inequality (2).

The rest of the paper is as follows: In Sect. 2, we present some vital ideas of geometry
and nonlinear examination in Riemannian manifolds which can be discovered in any stan-
dard book on manifolds, such as [34—37], and will be needed in the sequel. In Sect. 3, our
three algorithms based on Tseng’s extragradient method for variational inequality are pre-
sented, and we analyze their convergence on Hadamard manifolds. In Sect. 4, we provide
numerical examples to show the efficiency of the proposed algorithms. In Sect. 5, we give
remarks and conclusions.

2 Preliminaries

Let M be a connected finite-dimensional manifold. For p € M, let T,M be the tangent
space of M at p, which is a vector space of the same dimension as M. The tangent bundle
of M is denoted by TM = |,y T,M. A smooth mapping (-,-) : TM x TM — R is said
to be a Riemannian metric on M if (-,-), : T,M x T,M — R is an inner product for all
x € M. We denote by | - ||, the norm corresponding to the inner product (-, -), on T,M. If
there is no confusion, we omit the subscript p. A differentiable manifold M endowed with
a Riemannian metric (-, -) is said to be a Riemannian manifold.

The length of a piecewise smooth curve w : [a,b] — M joining w(a) = p to w(b) = g,
through L(w) = fab |’ (2)|| dt, where '(2) is the tangent vector at w(¢) in the tangent space
T.»M. Minimizing this length functional over the set of all such curves, we obtain a Rie-
mannian distance d(p, q) which induces the original topology on M.

Let V be a Levi-Civita connection associated with the Riemannian manifold M. Given
a smooth curve w, a smooth vector field X along w is said to be parallel if V,; X = 0 where
0 denotes the zero section of TM. If «' itself is parallel, we say that w is a geodesic, and in
this case ||@'| is a constant. When [|’|| = 1, w is said to be normalized. A geodesic joining
p to g in M is said to be a minimizing geodesic if its length equals to d(p, q).

The parallel transport Pe, p),0() : Tw@M — TuwpM on the tangent bundle TM along
o : [a,b] — R with respect to V is defined by

P )o@ (V) = V(a)(b)), Va,b e Randv e T,uM,
where V is the unique vector field such that V.,V =0 for all ¢ € [a,b] and V(w(a)) = v.

If w is a minimizing geodesic joining p to g, then we write P, instead of P,,4,,. Note that,
for every a, b, b1, by € R, we have

-1
Poby).br) © Pobno@ = Pobye@ and Py .o = Pu@,we)-

Also Pyp),0(q) is an isometry from T,,,)M to T, )M, that is, the parallel transport preserves
the inner product

(Pw(h),w(a)(u): Pw(b),w(a)(V»w(b) = <ur V)w(a)y Yu,v € Tw(a)M~ (3)
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A Riemannian manifold M is said to be complete if for all p € M, all geodesics emanating
starting from p are defined for all £ € R. Hopf—Rinow theorem asserts that if M is complete
then any pair of points in M can be joined by a minimizing geodesic. Moreover, (M, d)
is a complete metric space, every bounded closed subset is compact. If M is a complete
Riemannian manifold, then the exponential map exp,, : T,M — M at p € M is defined by

exp,v=w,(Lp), YveT,M,
where w,(-,p) is the geodesic starting from p with velocity v (ie., ®,(0,p) = p and
@',(0,p) = v). Then, for any value of ¢, we have exp, tv = w,(¢, p) and exp, 0 = @, (0, p) = p.
Note that the mapping exp,, is differentiable on T,M for every p € M. The exponential map
has inverse exp};1 :M — T,M. Moreover, for any p,q € M, we have d(p,q) = || exp};1 ql.
A complete simply connected Riemannian manifold of nonpositive sectional curvature
is said to be an Hadamard manifold. In the remaining part of this paper, M will denote a

finite-dimensional Hadamard manifold.
The following proposition is outstanding and will be helpful.

Proposition 1 ([34]) Let p € M. The exponential mapping exp, : T,M — M is a diffeo-
morphism, and for any two points p,q € M there exists a unique normalized geodesic join-
ing p to q, which is can be expressed by the formula

w(t) = exp, texp};1 q, Yte[0,1].

A geodesic triangle A(p1, ps, p3) of a Riemannian manifold M is a set consisting of three
points p1, p2, and ps, and three minimizing geodesics joining these points.

Proposition 2 ([34]) Let A(p1,p2, p3) be a geodesic triangle in M. Then

d*(p1,p2) + d*(p2,p3) - 2(exp,,, p1,exp,, p3) < d*(p3,p1), (4)

and

d*(p1, p2) < (exp),, ps, exp),; pa) + (exp,, ps,exp,, p1). (5)

Moreover, if o is the angle at p;, then we have

(exp,, p2,exp,,| p3) = d(pa, p1)d(p1, p3) cos .

The following relation between geodesic triangles in Riemannian manifolds and trian-
gles in R? can be found in [37].

Lemma 1 ([37]) Let A(p1,pa,p3) be a geodesic triangle in M. Then, there exists a trian-
gle A(p1,p2,p3) for Apy,pa,ps) such that d(p;, pi1) = |pi — Pis1ll, with the indices taken
modulo 3; it is unique up to an isometry of R%.

The triangle A(p1, p2, p3) in Lemma 1 is said to be a comparison triangle for A(p1, p2, p3).
The points p1, p2, p3 are called comparison points to the points p1, pa, p3, respectively.
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Lemma 2 Let A(p1,p2, p3) be a geodesic triangle in M and A(p1, p2, p3) be its comparison
triangle.
(i) Let oy, g, a3 (respectively, oy, o, a3) be the angles of A(p1, pa, p3) (respectively,
A(p1,pa2,p3)) at the vertices p1, pa, ps (respectively, p1, pa, p3). Then

o) <o, ay <0, and oz <o

(i) Let g be a point on the geodesic joining py to p, and q its comparison point in the
interval [p1, p2]. If d(p1,q) = |p1 — gl and d(p2,q) = |p2 — 4|, then
dps,q) < lps —1ll.

Definition 1 A subset K in an Hadamard manifold M is called geodesic convex if for all p
and ¢ in K, and for any geodesic w : [a,b] — M, a,b € R such that p = w(a) and g = w(b),
one has w((1 —t)a + th) € K, for all t € [0, 1].

Definition 2 A function f : M — R is called geodesic convex if for any geodesic w in M,

the composition function f o w : [a,b] — R is convex, that is,
(fo a))(m +(1- t)b) <t{fow)a)+(1-t)(f ow)d), a,beR,andVtel0,1].
The following remarks and lemma will be helpful in the sequel.

Remark 1 ([25]) Ifx,y € M and v € T, M, then

(v, —exp;! y) = (v, Py, expy_1 x) = <P},‘xv, expy’1 x). (6)
Remark 2 ([23]) Letx,y,z € M and v € T, M. By using (5) and Remark 1,

(v, exp;! y) < (v, exp! z) + (v, P, exp;1 y). (7)

Lemma 3 ([25]) Let xo € M and {x,} C M with x, — xo. Then the following assertions
hold:
(i) Foranyye M, we have expy! y — expy, y and exp)’ x, — exp;’ xo;
(ii) Ifvy € Ty,M and v, — vy, then vy € TxyM;
(iii) Let ty, vy € Ty, M and uo, vy € Ty, M, if u, — ug and v, — vy, then
(Un, Vi) — (U0, Vo);
(iv) Forevery u € Ty,M, the function V : M — TM, defined by V (x) = P, x,u for all
x € M, is continuous on M.

Next, we present some concept of monotonicity and Lipschitz continuity of a single-
valued vector field. Let K be a nonempty subset of M and X' (K) denote the set of all single-
valued vector fields T : K — TM such that Tx € T, M, for each x € K.

Definition 3 ([26, 32]) A vector field T € X (K) is called

(i) monotone if

(Tx,exp;'y) + (Ty,exp, %) <0, Va,y € K;
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(i) pseudomonotone if

(Tx, exp;1y> >0 = (Ty, exp;1x> <0, Vx,yek;
(iil) T'-Lipschitz continuous if there is I' > 0 such that

Py, Ty — Tx|| < T'd(x,y), Vx,y€K.

Let us end this section with the following results which are essential in establishing our

main convergence theorems.

Definition 4 ([19]) Let K be a nonempty subset of M and {x,} be a sequence in M. Then
{x,} is said to be Fejér monotone with respect to K if for all p € K and n € N,

d(xwrl:p) S d(xnrp)

Lemma 4 ([19]) Let K be a nonempty subset of M and {x,} C M be a sequence in M such
that {x,} is Fejér monotone with respect to K. Then the following hold:
(i) Forevery p € K, d(xy, p) converges;
(ii) {x,} is bounded,
(ili) Assume that every cluster point of {x,} belongs to K, then {x,} converges to a point
inkK.

3 Main results
In this section, we discuss three algorithms for solving pseudomonotone variational prob-
lems. Throughout the remainder of this paper, unless explicitly stated otherwise, K always
denotes a nonempty, closed, geodesic convex subset of an Hadamard manifold M. Con-
sider a vector field 7' € X (K). In order to solve the variational inequality problem (2), we
consider the following assumptions:

(H1) VIP(T,K) is nonempty.

(H2) The vector field T € X(K) is pseudomonotone and I'-Lipschitz continuous.

First, we introduced a Tseng’s extragradient method for the variational inequality (2) on
Hadamard manifolds. The step sizes in this algorithm are obtained employing the Lips-
chitz constant. The algorithm is described as Algorithm 1.

The following remark gives us a stopping criterion.

Remark 3 If x, = y,, then x, is a solution. In view of (8), we get

1
0< <Pyn,xn T, — — exp,,! %u, exp,; y>

n

= (Txn, exp;; y), VyeK,
then x, € VIP(T,K).

To prove the convergence of Algorithm 1, we need the following lemma.
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Algorithm 1 Tseng’s extragradient method

Initialization: Let T’ > 0, u, be a real positive sequence such that 0 < u’ <, < " < %,
and xy € M be an initial point.

Iterative Steps: Given x,, € K, calculate x,,,; as follows:

Step 1. Compute y, such that

1
<Pyn,xn Txy — — expy_n1 x,,,expy_n1 y> >0, VyeKk. (8)
Mn

If x,, = y,, then stop, x,, is a solution. Otherwise,
Step 2. Compute

Xp+l = CXPyn ,un(Py,,,xn Txn - Tyn) (9)

Set n=:n+ 1 and go back to Step 1.

Lemma 5 Suppose that assumptions (H1)—(H2) hold. Let {x,} be a sequence generated by
Algorithm 1. Then

d* (x11,%) < d (6, %) = (1= T2 3)d (0, y), - ¥x € VIP(T, K). (10)

Proof Letx € VIP(T,K), then from (8), we obtain
P, ., T’ L exp:! 1x)>0
st 1Xn — — €Xp,, ¥n,€Xp, x) >0,
o
that is,
(expy‘n1 X expy‘n1 x) < ;L,,(Pymx” Txy, exp;n1 x) (11)

As x € VIP(T,K), this implies (Tx, exp;' y,,) > 0. Since T is pseudomonotone, then we get
(Tyn exp;) x) < 0. Now,

(Ty,, — Py, T, expy‘n1 x) = <Ty,,, expy_n1 x) - (Pymxn Ty, exp;ﬂ1 x)

< _(P}’mxn Txy, exp;n1 x) (12)

Fix n € N. Let A(y,, x,,%) € M be a geodesic triangle with vertices y,, x,, and x, and

A, %5, %) € R? be the corresponding comparison triangle. Then, we have
AW x) = 17 =%, d(xy,x) = 1%, =%, and  d(yu, %) = [[Vn — Xull-

Again, letting A(x,41, Y4, %) S M be a geodesic triangle with vertices x,,,1, ¥4, and x, and
A1, Y %) € R? be the corresponding comparison triangle, one obtains

d(xn+lrx) = ||xn+1 _x”) d(yn:x) = ||J/_n—9_6||; and d(xn+1vyn) = ”m_y_n”
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Now,

A*(%1,%) = || %1 — %2
= |Gt =) + G = D) ||

= (¥ = %N + [1%ne1 = Vull* + 2(Fe1 = Vo Y — %)

= G = %) + G = B)||* + Fowrs = Tl + 2(Fet = T T — B
= 17 = Zull® + 1% = X1* + 20 — % By — %) + [ K1 — Tl
+ 2(Foet = VsV — B)
= 17 = %l + 1% = Z* = 20 — % Y — %) + 2T — Xy I — X)
+ 1%t = Vel + 2(Fet = s T — B + 207 — ZI - 2017 - &I
= (1% = ZII* = 170 = %ull® + %1 = Vall® + 2% = T, X = )
+ 2(Fne1 = Vs In = X) + 20 — %, Y — %) — 2] — X
= d* (%, %) = d> Qs %) + %oe1 = Vo ll> + 2% = Yo % — V)
+ 2(Xpr1 — %o Vg — %) = 2d% (Y, %). (13)

If o, & are the angles at the vertices y, ¥,, in view of Lemma 2, we get « < @. In addition,
by Proposition 2, we have

X =YX = Yu) = 1% = Vull X = ¥l cos@
= d(®%, Yn)d (Y, x) cOS A
< d(*%n, yn)d(yn; %) cOs ot

= (expy‘n1 Xus expy‘n1 x) (14)
Repeating the same argument as above yields
(Xoe1 — % Y — %) < (exp;’ Xus1,€XP} " ) (15)
and

[R— p— 2 —_— —_— p—
”xn+1 _yn” = (xn+1 = Vnr¥Xn+1 _yn)
-1 1
< (exp;, ®ns+1,€XP),) %11
-1 2
= [lexp;, |

= 4o lIPy, 0, Ton = Tyull®. (16)
Substituting (14), (15), and (16) into (13), we get

dz(x;ﬁl;x) S dz(xmx) - dz(ymxn) + /‘L%,”Pyn,xn Txn - Tyn”2

+ 2(expy’n1 Xy exp;n1 x) + Z(exp;1 X1, €xp;t y,,) —2d°(y,, ).
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It follows from Remark 2 that the last inequality becomes

d2(xn+1:x) =< dz(xmx) - dz(ymxn) + M%,”Pyn,xn Tx, — Tyn”2
+ 2(expy’n1 Xy» exp;n1 x) + Z(exp;1 Vs exp;1 yn)

+ Z(Px,y,, expy’n1 Knsls exp;1 y,,) —2d* (Y, %)
= dz(x,,,x) - dz(yn’xn) + /'Li”Pyn,xn Tx, — TJ’n||2

-1 -1 -1 -1
+ 2(expyn Xn, XDy, x) - 2<expyn Xn+1,€XPy, x)

From the definition of x,.1 = exp;, 11, (Py, x, %, — Ty,), we get expy‘n1 K1 = Wn(Py, s, T —
Ty,). From the above inequality, we obtain

d2(xn+1;x) < dz(xmx) - dz(ymxn) + /L%,”Pyn,xn Tx, — Tyn”2

+ Z(expy’n1 Xy exp;n1 x) + 2,u,,<Tyn =Py, T, expy’n1 x) (17)

Substituting (11) and (12) into (17) and using the fact that T is I'-Lipschitz continuous,
we deduce that

A (X1, %) < d* (0, %) — A* s %) + T2 2 (0, 9)

+ 2/L,,<Pyn,xn Tx,, exp;n1 x> - 2/L,,(Pymxn Tx,, expy’n1 x)
Thus,
d*(%e1,%) < d* (%) — (1= T?ul)d* X yn),  Vx € VIP(T,K).
Therefore, the proof is completed. d

In the light of the above lemma, we have the following result on the convergence of
Algorithm 1.

Theorem 1 Suppose that assumptions (H1)—(H2) hold. Then the sequence {x,} generated
by Algorithm 1 converges to a solution of the variational inequality problem (2).

Proof Since 0 < ' <, <u” < %, we deduce that 0 < "', < 1. This implies that 0 < 1 —
I?u? < 1. Letx* € VIP(T, K). In view of (10), we obtain

d? (x,,+1,x*) < dz(x,,,x*) - (1 - quﬁ)dz(xn,y,,) (18)

< dz(x,,,x*).

Therefore, {x,} is Fejér monotone with respect to VIP(T, K).
Next, we show that lim,_, o d(x,,y,) = 0. By rearranging (18), and using u, € [/, "],

we have
1 . )
d2(xn;yn) = m(dz(xn,x )—dZ(xn+1,x )) (19)
1 *
= Tw(dz(xmx*) — 2 (%1,57)).

Page 9 of 20
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Since {x,} is Fejér monotone with respect to VIP(T, K), by (i) of Lemma 4, lim,,_, o0 d(x,,, x*)

exists. Letting n — oo in (19), we obtain
lim d(x,,y,) =0. (20)
H—0Q

From the fact that the sequence {x,} is Fejér monotone and by (ii) of Lemma 4, {x,} is
bounded. Hence, there exists a subsequence {x,, } of {x,,} which converges to a cluster point
u of {x,}. In view of (20), we get y,, — u as k — oo. Next, we show that u € VIP(T,K).
From (8), we get

1 _ _
<Pyn/<:xnk Tx,, — o expynlk Ko expynlk y> >0, VyeKk,

1k

and we further have
(exp}_/nlk KX = Moy P}’nk:xnk Txnk! exp;nlk J’) <0, Vy eK.

Noting Remarks 2 and 3 in the last inequality gives

It follows from (21) that
T -1 1 -1 -1 T -1
( Xngr €XPy, y) = o (expynk X XDy, )+ X EXPy,, Ve )-
e

Since w,, € [u/, u”], and hence

1
(Txnk, exp;:k y) > ;(expy’nlk K exp;nlk y) + (Txnk, exp;jk y,,k>.

Utilizing Lemma 3 and letting k — oo, we get
(Tu, exp;1 y) >0, VyeKk,

which implies that u € VIP(T,K). By (iii) of Lemma 4, the sequence {x,} generated by
Algorithm 1 converges to a solution of the problem (2). This completes the proof. O

The step sizes in Algorithm 1 rely upon the Lipschitz constants. Unfortunately, these
constants are often unknown or difficult to approximate. Next, we present Tseng’s extra-
gradient method when the Lipschitz constant is unknown. Then the algorithm reads as
Algorithm 2.

To prove the convergence of Algorithm 2, we need the following lemmas.
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Algorithm 2 Tseng’s extragradient method with line search

Initialization: Choose >0, 1€ (0,1), T € (0,1), and let xy € M be an initial point.
Iterative Steps: Given x,, € K, calculate x,,,; as follows:
Step 1. Compute y, such that

1
<Pyn,xn Ix, — — exp;”1 Xy, expy’n1 y> >0, Vyek,

n

where u, is chosen to be the largest u € {n,nl, nl?,.. .} satisfying
“”Pyn,xn Txn - Tyn” = Td(xn’yn)' (22)

If x,, = y,,, then stop, x,, is a solution. Otherwise,
Step 2. Compute

Xn+1 = €XPy, :uvn(Pyn,xn Txy — Tyn).

Set n=:n+ 1 and go back to Step 1.

Lemma 6 ([23]) The Armijo-like search rule (22) is well defined and
min{n, T—l} <pn <.
r
Lemma 7 Let {x,} be a sequence generated by Algorithm 2. Then
A* (i1, %) < d> (w0, %) = (1= 72)d* (%, y0),  Vx € VIP(T, K). (23)

Proof Let x € VIP(T,K). Then, according to the proof of Lemma 5, we can obtain the

following inequality:
dZ(erl;x) =< dz(xnrx) - dz(xn’yn) + /'Li”Pyn,xn Ix, — Tynllz'
Using (22), one obtains

dZ(erl:x) < dz(xnyx) - dz(xmyn) + T2d2(xn:yn)

= d* (%) — (1 - 72)d? (@, ) (24)
Therefore, the proof is completed. O

Based on the above two lemmas, we have the following result on the convergence of
Algorithm 2.

Theorem 2 Suppose that assumptions (H1)—(H2) hold. Then the sequence {x,} generated
by Algorithm 2 converges to a solution of the variational inequality problem (2).
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Proof Letx* € VIP(T,K). Since t € (0,1), by (23), we get

d* (Hne1,2%) < dz(x,,,x*) -(1- tz)dz(x,,,y,,) (25)
< dz(xn,x*).

Therefore, {x,} is Fejér monotone with respect to VIP(T, K).
Next, we show that lim,,_, o d(x,,, y,) = 0. In view of (25) and 7 € (0, 1), we have

(1 - tz)dz(xnryn) = d2 (xmx*) - dz(xn+1;x*)r
and we further have
1
dz(xn;yn) = m (dz(xmx*) - dz (xn+11x*))~ (26)

Since {x,,} is Fejér monotone with respect to VIP(T, K), using Lemma 4, lim,,_, o d(x,,, x*)

exists. By letting n — 0o in (26), we obtain
lim d(x,,y,)=0.

Since the sequence {x,} is Fejér monotone, by (ii) of Lemma 4, {x,} is bounded. Hence,
there exists a subsequence {x,, } of {x,} which converges to a cluster point u of {x,}. Now,
using an argument similar to the proof of the fact that u € VIP(T,K) in Theorem 1, we
have u € VIP(T, K), as required. By (iii) of Lemma 4, the sequence {x,} generated by Algo-

rithm 2 converges to a solution of the problem (2). Therefore, the proof is completed. [

Next, we present a modified Tseng’s extragradient method to solve the variational in-
equality (2). The step sizes in this algorithm are obtained by simple updating, as opposed
to utilizing the line search, which brings about a lower computational cost. More precisely,
the algorithm is designed as Algorithm 3.

To prove the convergence of Algorithm 3, we need the following results.

Lemma 8 ([23]) The sequence {j1,,} generated by Algorithm 3 is monotonically decreasing

with lower bound min { %, ,uo}.

Remark 4 ([23]) By Lemma 8, the limit of {u,} exists. We denote p = lim,,_,  i,. Then

u>0and lim,,_, o (M’:’;) =1.

Lemma 9 Let {x,} be a sequence generated by Algorithm 3. Then

2
A (K11, %) < d?(x,,%) — <1 - ,uiTT)dz(me’n), Vx € VIP(T,K). (27)

n+l
Proof 1t is easy to see that, by the definition of {1,,}, we have

T
”Pyn,xn Txy — Tyull <

d(xy,y.), VYneN. (28)

n+l
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Algorithm 3 Modified Tseng’s extragradient method

Initialization: Choose po >0, T € (0,1), and let xy € M be an initial point.
Iterative Steps: Given x,, € K, calculate x,,,; as follows:
Step 1. Compute y, such that

1
<Pyn,xn Tx, — — exp,, %, exp,; y> >0, VyeKk. (29)

n
If x,, = y,,, then stop, x,, is a solution. Otherwise,

Step 2. Compute

Xp+l = expyﬂ Mn(Pyn,xn Txn - Tyn)r (30)

and update

: td(%n,yn) } if |IP. Tx, — T’
Ll = min ||Pymanxn—T}’n||’M” if [Py, x, Txn Yull #0, (31)

n otherwise.

Set m=:n + 1 and go back to Step 1.

Indeed, if Tx, = Ty, then the inequality (28) holds. Otherwise, we have

. { td (%, Yn) } td(%n, Yn)
Mpp1 =MDy~ , Uy ( S~
”Pyn,xn Txn - Tyn” ”Pyn,xn Txn - Tyn”
This implies that
T
”Pyn,xn Tx, — Tyull < d(xn:yn)~
n+1

Therefore, the inequality (28) holds when Tx, = Ty, and Tx, # Ty,.
Letting x € VIP(T, K), similarly as in the proof of Lemma 5 we can deduce the following
inequality:

dz(xrwl;x) =< dz(xnrx) - dz(xn’yn) + /'Li”Pyn,xn Ix, — Tynllz'

Substituting (31) into the above inequality, we get

.[2

d2(xn+1:x) < dz(xn)x) - dz(xn;yn) + /1“3, 2 dz(xnyyn)
n+l
2
= d* (%, %) <1 - MﬁT)dz(xn,yn).
n+l
Therefore, the proof is completed. g

From the above results, now we ready to prove the convergence of Algorithm 3.

Theorem 3 Suppose that assumptions (H1)—(H2) hold. Then the sequence {x,} generated
by Algorithm 3 converges to a solution of the variational inequality problem (2).

Page 13 of 20
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Proof Letx* € VIP(T,K). Then by (27) we have

A (xp41, %) < dP (%, %%) — (1 > )dz(x,,,y,,). (32)
n+1
From Remark 4, we have
2
lim <1—,u,iT) =1-72>0, (33)
n—oQ el

that is, (Xne1,%%) <
d(x,,«x*) for all n > N Therefore, {x,,} is Fejér monotone with respect to VIP(T,K).
Next, we show that lim,,_, o, d(x,, y,) = 0. From (32), we have

2
(1 - I'L}Z’l ‘I; )dz(xn:yn) E dz(xn!x*) - dz (xn+1;x*);
/“Ln+1

and we further have

1

d* (%, y) < (d? (%, %*) = A (%11, %7)). (34)

2r2

1- Hon T
Since {x,} is Fejér monotone with respect to VIP(T, K), using Lemma 4, lim,,_, oc d(x,,, x*)

exists. By letting #» — 00 in (26), we obtain
lim d(x,,y,) = 0.
n—00

Since the sequence {x,} is Fejér monotone, by (ii) of Lemma 4, {x,} is bounded. Hence,
there exists a subsequence {x,, } of {x,,} which converges to a cluster point u of {x,}. Now,
using an argument similar to the proof of the fact that u € VIP(T,K) in Theorem 1, we
have u € VIP(T,K), as required. By (iii) of Lemma 4, the sequence {x,} generated by Algo-
rithm 3 converges to a solution of the problem (2). Therefore, the proof is completed. [

4 Numerical experiments

In this section, we present three numerical examples in the framework of Hadamard man-

ifolds to represent convergence of Algorithms 1, 2, and 3. All programs are written in Mat-

lab R2016b and computed on PC Intel(R) Core(TM) i7 @1.80 GHz, with 8.00 GB RAM.
Let M:=R*" = {x e R:x >0} and (R**, (-, -)) be the Riemannian manifold, and (-, -) the

Riemannian metric defined by

(u,v) := —uv,

2
for all vectors u,v € T, M. The tangent space at x € M is denoted by T, M. For x € M, the
tangent space T, M at x equals R. In addition, the parallel transport is the identity mapping.
The Riemannian distance d : M x M — R* is defined by

d(x,y) = , VYx,yeM;

lna—c
y
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see, for instance, [35]. Then, (R**, (-, -)) is an Hadamard manifold, and the unique geodesic

o : R — M starting from w(0) = x with v = @'(0) € T, M is defined by w(t) := xe"**), There-
fore,

exp, tv = xe),

The inverse exponential map is defined by
exp,'y = '(0) =xIn %

Example1 LetK = [1,+00) be a geodesic convex subset of R**,and T : K — R be asingle-
valued vector field defined by

Tx := glnx, Vxe K.

Let x,y € K and (Tx,exp;' y) > 0, then we have
(Ty, expy_1 x) < <Ty, expy_1 x) + (Tx, exp;1 y)

1 1
=— Xlny)(yln§)+— flnx xlnj—])
y2\2 y) x2\2 x

1 1
= ﬂlna—c+%lnz

2y x
——llnza—c

2y
<0.

Hence, T is pseudomonotone. Next, we show that T is Lipschitz continuous. Given
x,y €K,

2
Py T — Ty||* = H g Inx - %lny

2 2

x
=|=Inx +

2

x
—ZH—Inx
2

y
79
2

y
7y
2 Y

112 21 1 112
=—In"x-—-Inxlny+ —In
4 4 yrgm?
:llnﬂ_c
4y

1
= ZdZ(x,y),

and thus, T is 1/2-Lipschitz continuous. So, T is pseudomonotone and 1/2-Lipschitz con-
tinuous. Clearly, the variational inequality has a unique solution. Hence,

1 * *
(Tx*, expyt y) = - (% lnx*) (x* In x})

Inx*  x*
= In—=>0, yek
y

Page 15 of 20
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Table 1 The numerical

results for Example 1

(2021) 2021:5

Iteration no. Algorithm 1 Algorithm 2 Algorithm 3
0 2 2 2
1 1.8686 1.8148 1.9034
5 1.4408 14105 1.6109
9 1.2112 11771 14212
13 1.0992 1.0837 1.2947
17 1.0460 1.0398 1.2083
21 1.0211 1.0173 1.1485
25 1.0097 1.0083 1.1064
29 1.0044 1.0036 1.0766
33 1.0020 1.0017 1.0553
37 1.0009 1.0007 1.0400
41 1.0004 1.0003 1.0300
45 1.0002 1.0002 1.0210
49 1.0001 1.0001 1.0153

—— Aigorthm 1
Aot 2
—6— Aigortvm 3

iteration

—6— Agortm 3 | |

20 2 30 35 ) 45 50
iteration

Figure 1 Iterative process of Example 1

We deduce that VIP(T,K) = {1}. Choose n =/ =1 =0.5 and let u, = % - ﬁ With the

initial point xy = 2, the numerical results of Algorithms 1, 2, and 3 are shown in Table 1
and Fig. 1.

Example 2 Let K = [1,2] be a geodesic convex subset of R**, and T': K — R be a single-
valued vector field defined by

2
Tx:=—xIn—, Vxek.
x

Let x,y € K and (Tx,exp,' y) > 0. Then we have

(1, exp;l x) < (T, expy’1 x) +(Tx,exp; ' y)

AonE)or) o) on)
(o2)es)- ()

—anlna—C +1ny1na—c —]n2]nZ +lnx1n)—)
x x

= —-In2In1l +lnyln9—c +]nx1nZ
x

Page 16 of 20
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:—lnZf
Y

<0.

Hence, T is pseudomonotone, and it is easy to see that T is 1-Lipschitz continuous.

Thereby, T is pseudomonotone and 1-Lipschitz continuous. Clearly, the variational in-

equality has a unique solution. Hence,

1 2
<Tx*, exp;*1 y) = P <—x* In ;) (x* In r

*

(2021) 2021:5

k

Y

)

2 x
=-In—In—>0, yek
x* y

& X =2

We deduce that VIP(T,K) = {2}. Choose n = =1 = 0.5 and let u, = % - n_is With the

initial point x = 1, the numerical results of Algorithms 1, 2, and 3 are shown in Table 2

and Fig. 2.

Table 2 The numerical results for Example 2

(InxIny —1n®y + Inxlny — In*x)

[teration no. Algorithm 1 Algorithm 2 Algorithm 3
0 1 1 1
1 1.1706 1.3163 1.1706
5 1.7059 1.7389 1.6242
9 1.9056 1.9060 1.8341
13 1.9698 1.9684 19274
17 1.9904 1.9901 1.9683
21 1.9969 1.9969 1.9862
25 1.9990 1.9990 1.9940
29 1.9997 1.9997 1.9974
33 1.9999 2.0000 1.9989
37 2.0000 2.0000 1.9995
41 2.0000 2.0000 1.9998
45 2.0000 2.0000 1.9999
49 2.0000 2.0000 2.0000

—+— Aigorthm 1

25 20 35
iteration

Figure 2 [terative process of Example 2

—— Aigorthm 1
Agorthm 2
14 —6— Aigortm 3 | -

0 5 10 15 20 2 E 3 4 45 50
iteration
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Table 3 The numerical results of Algorithms 1, 2, and 3 for the number of iterations (Iteration) and
the computing time (Time) measured in seconds with n = 20, 50, 100, 200

Dimension Algorithm 1 Algorithm 2 Algorithm 3
Iteration Time [teration Time Iteration Time
50 47 0.0051 29 0.0221 76 0.0188
46 0.0083 28 0.0158 75 0.0137
100 48 0.0041 29 0.0161 77 0.0130
48 0.0039 29 0.0320 77 0.0208
500 51 0.0111 29 0.0202 76 0.0148
51 0.0101 29 0.0276 76 0.0164

Example 3 Following [38], let R'* is the product space of R**, that is, R}* = {x =
(x1,%2,...,%,) € R" : ;> 0, i =1,...,n}. Let M = (R}*,(-,-)) with the metric defined by
(u,v) := ul V(x)v, for x € R:* and u,v € T,R}* where V(x) is a diagonal metric de-
fined by V(x) = diag(x;?,%5%...,x;%). In addition, the Riemannian distance is defined by
d(x,y):= /> %, In? o forallw,y € Ry*

Let K = {x = (x1,%2,...,%,) : 1 <x; <10,i=1,2,...,n} be a closed, geodesic convex sub-
set of R** and T : K — R” be a single-valued vector field defined by

(Tx); :=x;Inx;, i=1,2,...,n.

This vector filed is a monotone and 1-Lipschitz continuous on R}*, see [39, Example 1].

1
n+3"°

We choosen=[=1t=05andlet u, = %—
by the MATLAB built-in function rand:

The starting points are randomly generated

%o =1+ rand(n,1).

The terminal criterion is d(x,,7,) < €. For the numerical experiment, we take € = 107,
and # = 50,100, 500. The number of iterations (Iteration) and the computing time (Time)
measured in seconds are described in Table 3.

The aforementioned results have delineated that Algorithm 1 is much quicker than Al-
gorithms 2 and 3. In particular, if the Lipschitz-type constants are known, Algorithm 1
works well. Regardless of whether the Lipschitz constants are needed or not, we observe
that Algorithm 2 is much quicker than Algorithm 3. However, Algorithm 3 has a lower
computational cost than Algorithm 2.

5 Conclusions

In this paper, we focus on the variational inequality problem in Hadamard manifolds.
Three Tseng’s-type methods are purposed to solve pseudomonotone variational inequal-
ity problems. The convergence of the proposed algorithms is established under standard
conditions. Moreover, numerical experiments are supplied to illustrate the effectiveness
of our algorithms.
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