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Abstract: The connectedness and path connectedness of the solution sets to vector optimization
problems is an important and interesting study in optimization theories and applications. Most
papers involving the direction established the connectedness and connectedness for the solution sets
of vector optimization problems or vector equilibrium problems by means of the linear scalarization
method rather than the nonlinear scalarization method. The aim of the paper is to deal with the
connectedness and the path connectedness for the weak efficient solution set to a vector optimization
problem by using the nonlinear scalarization method. Firstly, the union relationship between the weak
efficient solution set to the vector optimization problem and the solution sets to a series of parametric
scalar minimization problems, is established. Then, some properties of the solution sets of scalar
minimization problems are investigated. Finally, by using the union relationship, the connectedness
and the path connectedness for the weak efficient solution set of the vector optimization problem
are obtained.
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1. Introduction

Whether the decision is made by a team or an individual, it usually involves several conflicting
goals. Problems in the real world must be solved optimally according to criteria, which leads to
the development of vector (multi-criteria) optimization problems. Vector optimization theory is
widely used in many fields such as economic management, financial insurance, engineering design,
transportation, environmental protection, decision-making science and so on. The properties of
solution sets are a very important research direction in optimization theories and applications; a lot
of research results have been obtained on this aspect. Among the properties of solution sets, the
connectedness that can provide the possibility of continuously moving from one solution to any other
solution is of considerable interest (see, for example, [1-10]).

It is well known that the scalarization method is one effective approach to deal with the
connectedness of the solution sets to vector optimization problems, vector variational inequalities and
vector equilibrium problems. Recently, by means of the linear scalarization method, the authors
in [11-15] established the connectedness of the solution set to the class of vector optimization,
weak vector variational inequalities and weak vector equilibrium problems. However, to the best
of our knowledge, there are very few results on the path connectedness of the solution sets of
vector optimization problems. Very recently, in terms of the linear scalarization method, Han and
Huang [16] investigated the path connectedness of the weak efficient solution set for a generalized
vector quasi-equilibrium problem. Xu and Zhang [17] established the path connectedness for the
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solution set of a strong vector equilibrium problem in terms of a nonlinear separation theorem under
some assumptions.

Most papers mentioned above established the connectedness and the path connectedness for
the weak efficient solution sets of vector optimization problems or vector equilibrium problems by
means of the linear scalarization method rather than the nonlinear scalarization method. Naturally,
one question is raised: how to investigate the connectedness and the path connectedness of the weak
solution sets of vector optimization problems by using the nonlinear scalarization method? Therefore,
the aim of this paper is to establish the connectedness and path connectedness of the weak efficient
solution set for a vector optimization problem via the nonlinear scalarization method.

The rest of the paper is organized as follows. In Section 2, some basic definitions and necessary
lemmas are recalled. In Section 3, a union relationship between the weak efficient solution set of
a vector optimization problem and the solution sets of a series of parametric scalar minimization
problems is established without any convexity assumptions of objective function. In Section 4, by using
the union relationship, the connectedness and the path connectedness of the weak efficient solution
set for the vector optimization problem are obtained. As applications, a strategic game with vector
payoffs is given. In Section 5, we give the conclusions of the paper.

2. Preliminaries

Throughout this paper, let A, X and Y be topological vector spaces. Assume that C C Y'is a closed,
convex and pointed cone with nonempty interior. Let D be a nonempty subset of Y. Denote the interior,
the convex hull and the closure of D by int D, conv D and cl D, respectively. Let Y* be the topological
dual space of Y and C* be defined by

C:={leY*:l(c) >0, VceC}.

A nonempty convex subset B of the convex cone C is called a base if C = conv (B) = J{Ax: A >
0,x € B}and 0 ¢ clB. Lete € intC and

B :={leC":l(e) =1}.

Let A be a nonempty subset of X and F : X — Y. In this paper, we consider the following vector
optimization problem:
(VOP) min f(x), x € A.

Definition 1. X € A is called a weak efficient solution for VOP, written as ¥ € WE(f, A), iff
f(A)N(f(x) —intC) = Q.

Definition 2. Let ¢ : Y — R be a real-valued function [18].

(i)  The function ¢ is called monotone increasing on Y iff, for each y1,y2 € Y, one has

v1—y2 € C=¢(y1) > ¢(y2).

(i)  The function ¢ is called strictly monotone increasing on Y iff, for each y1,y2 € Y, one has
y1—y2 €intC = ¢(y1) > ¢(y2).

Remark 1. It is easy to see that, if ¢ is strictly monotone increasing and continuous, then ¢ is monotone
increasing.
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Definition 3. A set-valued mapping G [19]: A =2 Y is said to be lower semicontinuous (l.s.c, for short)
at Ag € A iff for any open set V with G(Ag) NV # @, there exists a neighbourhood U of Ay such that
GA) NV #Q, forall A € U. We say that G is L.s.con A, if it is Ls.c at each points of A € A.

Definition 4. Let A be a convex subset of X and ¢ : A — Y [20].

(i) ¢ is called a properly quasiconvex function on A iff, for each x1,x, € A and for any A € [0,1], one has
either (Ax1 + (1 —A)x2) € ¢(x1) — Cor ¢(Ax; + (1 —A)x2) € ¢(x2) — C.

(i) ¢ is called a strictly proper quasiconvex function on A iff, for each x1,x, € A and for any A € (0,1),
one has

either p(Ax1 + (1 —A)xp) € @(x1) —intC or ¢(Ax1; + (1 — A)xp) € ¢(x2) —intC.

Definition 5. Let X be a topological linear space and A be a nonempty subset of X [21]. A set-valued mapping
T : A =2 X is said to be a KKM mapping iff, for any finite subset {y1, ..., ym } of A, we have

m

conv({y1, ., ym}) € |J T(vi)-
i=1

Definition 6. A topological linear space M is said to be connected iff there do not exist nonempty open subset
ViC M,i=1,2,suchthat ViN\V, = @and V1 UV, = M [22]. M is said to be path connected (or arcwise
connected) iff Vx,y € M there exists a continuous mapping vy : [0,1] — M, such that v(0) = x and y(1) = y.

Definition 7. For given e € intC and q € Y [23], the nonlinear scalarization function y,(-,q) : Y — Ris
defined by:

7e(y,q) =sup{teR:yete+q+C}, yeYv.
Proposition 1. For fixed e € intC and any q € Y [23], one has

i)  7ne(yq) >teycte+g+intC;

i) #n(yq) >teycte+q+C
(iii)  #(-,q) is a continuous, concave function and strictly monotone increasing on Y;
@v) #(-,-)is continuousonY x Y.

Proposition 2. Forany q € Y [23], one has

ne(y,q) = min{l(y) —1(q) : 1 € B*}, y €Y.

Lemma 1. Assume that {A, : v € T'} is a family of connected sets in topological space ® [24]. If "y cr Ay #
@, then U, er A is a connected set in topological space .

Lemma 2. Let A be a nonempty subset of a Hausdorff topological vector space X and T [25]: A = X bea
KKM mapping with closed values. If there exists yo € A such that T(yo) is compact, then Nyca T(y) # .

Lemma 3. Let A be a paracompact Hausdorff path connected space and let Y be a Banach space [2]. Assume
that

(i) F:A =3Yisalower semicontinuous set-valued mapping;
(i) Foreach x € A, F(x) is nonempty, closed and convex.

Then, F(A) is a path connected set.
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3. Scalarization for VOP

In this section, we consider the following scalar minimization problem with the parametric g,
which induced by the nonlinear scalarization function #,(-, q).

(Pq) min 7e(f(x), 4)-

Definition 8. A point X € A is called a solution for P, written as & € S(q), iff

1e(f(%),q) < ne(f(x),q), VxeA.

Theorem 1. One has
WE(f,A) = [ S(g).

geYy
Proof. For any ¥ € Ugcy S(q), there exists g € Y such that x € S(q). Then we have
1e(f(2),q) < ne(f(x),q), Vxe A )
Assume that ¥ ¢ WE(f, A). Then there exists x’ € A such that f(x') N (f(%) —intC) # @, i.e.,
f(x') € f(x) —intC. )
It follows from the strict monotonicity of the function # that

1e(f(x'),q) <ne(f(%),9), ®3)

which contradicts (1). Therefore, ¥ € WE(f, A).
Next, we claim that

WE(f,A) € | S(q). )

qey
Let ¥ € WE(f,A). Then f(x) N (f(%) —intC) = @,Vx € A, that s,
f(%) ¢ f(x)+intC, Vxe A. )

With the help of Proposition 1 (i), we can obtain that

1e(f(%), f(x)) <0, Vxe A (6)
In terms of Proposition 2, we have
ne(f(x), f(x)) = min{I(f(x)) = I(f(x)) : ] € B} =0, Vxe A @)
This implies
1e(f(%), f(x)) < 1e(f(x), f(x)), Vx€A ®)

This shows that € S(f(x)) and so WE(f, A) C Ugey S(q). Therefore, WE(f, A) = Uyey S(q)- O

Remark 2. Theorem 1 gives the union relationship between the weak efficient solution set of VOP and the
solution sets of a series for scalar minimization problems (Py) without any convexity assumptions on the objective
function and the feasible set. Hence, the result improves the corresponding ones in [14-16].
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4. Connectedness and Path Connectedness of VOP

In this section, we shall apply the union relationship established in Section 3 to study the
connectedness and the path connectedness of WE( f, A) for VOP.

Lemma 4. Suppose that A is a closed subset of X and f is continuous on A. Then, forany q € Y, S(q) isa
closed set.

Proof. Let {x,} C S(q) with x, — x¢. Then, we have

1e(f(xn),q) <7e(f(x),q), Vxe€A. ©)

Now, we need to prove that xg € 5(¢q). Indeed, it follows from the closedness of A that xy € A. Then,
by (9), the continuity of #.(+,q) and f, we have 7. (f(x0),q) < m. This implies that

1e(f(x0),9) < 1e(f(x),9), Vxe€A. (10)

So, xp € 5(q) and for any q € Y, S(g) is a closed set. O

Lemma 5. Suppose that A is a nonempty convex set of X and f : A — Y is a properly quasiconvex function.
Then, for any q € Y, S(q) is convex.

Proof. Forany g € Y, weletx; € 5(¢q), i =1,2and A € [0,1]. Then

ne(f(xi),q) <ne(f(x),q), Vx €A i=12 (11)

It is clear that x(A) := Ax; + (1 — A)xp € A for each A € [0, 1] because of the convexity of A. As fisa
properly quasiconvex function on A, one has

f(x(A)) € f(x;) —C, eitheri=1o0ri=2, VA € [0,1]. (12)
Since 7,(-,q) is monotone increasing for each g4 € Y, and by (11), we obtain

Ne(f(x(A)),q) < 1e(f(x;),9) < ne(f(x),q), Vx € A, eitheri=1ori=2. (13)

That is, x(A) € S(q) for each A € [0,1]. Hence, S(q) is convex. O

Lemma 6. Assume that

(i)  Aisacompact and convex subset of X;
(ii)  f is continuous on A;
(iii)  f is properly quasiconvex on A.

Then, Nyecy S(q) is nonempty.
Proof. For each x € A, define
T(x)={xe€ A: f(x)— f(x) e C}. (14)

Clearly, x € T(x) and so it is nonempty for each x € A. Since the continuity of f, it is easy to get that
T(x) C Ais a closed set. Furthermore, by the compactness of A, we obtain T(x) is compact.

We now claim that T : A = A is a KKM mapping. Indeed, if not, then there exists a finite subset
{x1, ., xm} € Aand xy € conv({xq, ..., xm }) such that

xo & T(x;), Vi=1,2,..,m. (15)



Mathematics 2019, 7, 947 6 of 10

This shows that
f(xi> _f(xO) ¢C, YVi=1,2,..,m. (16)

Since xg € conv({xy,...,xp}), there exist A; > 0 (i = 1,2,...,m) with }"; A; = 1, such that xp =
Yt , Aix;. Noting that f is properly quasiconvex on A, there exists iy € {1,2,...,m} such that

Flor) € F()2 Aixy) +C = fxo) +C. 17)

i=1

This contradicts with (17). Therefore, T is a KKM mapping and Ny 4 T(x) # @ by Lemma 2.

Let X € Nyea T(x), then forany x € A, we have f(x) — f(x) € C. It follows from the monotonicity
of he(-,q) that for any x € A, n.(f(x),q9) < 1.(f(x),q), thatis, ¥ € S(q). By the arbitrariness of
X € Nyea T(x), wehave Nyeq T(x) € Nyey S(q). Hence, Nyey S(q) is nonempty. O

Lemma 7. Assume that

(i)  Aisacompact subset of X;
(ii)  f is continuous on A;
(iii)  f is strictly proper quasiconvex on A.

Then, S(-) isl.s.con Y.

Proof. Assume that there exists gy € Y such that S(-) is not L.s.c on g¢. Then there exist xp € S(qo), a
neighborhood Wy of 0 € X and a sequence {g,, } with g, — o, such that

(xo +Wo) NS(gn) = 2. (18)

There are two cases to be considered.
Case 1. 5(qp) is singleton. Let x, € S(g,). We have

1e(f(xn),q) <ne(f(x),q), Vxe€A. (19)

Clearly, x, € A. By the compactness of A, without loss of generality, we can assume that x, — X. Now,
we claim that ¥ € 5(qgo). Indeed, if not, then there exists x{, € A such that

1e(f(x0),90) < 1e(f(%),4q0)- (20)

Since 7. (-, -) and f respectively are continuous on Y x Y and A4, it follows from (20) that there exists
N € N, such that

7e(f(x0), qn) < 11e(f(xn), qn), ¥n = N. (21)
This contradicts (19). Therefore, X € S(gp). As S(qo) is singleton, it follows that ¥ = xo and so x,, — xo.
Hence, x, € (xo + Wy) N S(gn) for n large enough, which contradicts (18).
Case 2. S(gqo) is not singleton. Without loss of generality, we assume that xo, x' € S(go) with
xg # x', that is,
1e(f(x0),90) < 7e(f(x),q0), Vx €A, (22)
and

1e(f(x'),q0) < 1e(f(x),q0), Vxe A, (23)

Since f is strictly proper quasiconvex on A, for any A € (0,1), one has

either f(x(A)) € f(xo) —intCor f(x(A)) € f(x') —intC, (24)
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where x(A) = Ax" + (1 — A)xo. It is easy to see that there exists Ag € (0,1) such that
x(Ag) € xo + Wo. (25)
It follows from the strict monotonicity of 7, (-, go) and (24) that

7e(f(x(A0)), o) < e(either f(xo) or f(x), o). (26)

Combining with (22) and (23), we can obtain that

7e(f(x(0)),g0) < 1e(f(x),q0), Vx € A (27)

It follows from (18) and (25) that x(Ag) ¢ S(gx). Hence, there exists ¥ € A such that

1e(f (%), qn) < 1e(f(x(A0)), gn)- (28)

In terms of the continuity of #,(-, -), one has

1e(f(%),q0) < ne(f(x(A0)), q0)- (29)

This is a contradiction with (27). Therefore, S(-) is Ls.con Y. O

Theorem 2. Assume the following conditions are satisfied:

(i)  Aisacompact and convex subset of X;
(ii)  f is continuous on A;
(iii)  f is properly quasiconvex on A.

Then, WE(f, A) is a connected set.

Proof. It follows from Lemmas 5 and 6 that for any g € Y, S(g) is a convex and nonempty set.
Obviously, S(g) is connected. By Lemma 1 and Theorem 1, we can see that

WE(f,A) = S(9)

qgey

is a connected set. O

Theorem 3. Suppose that the following conditions are satisfied:

(i)  Aisacompact and convex set of X;
(ii)  f is continuous on A;
(iii)  f is strictly proper quasiconvex on A.

Then, WE(f, A) is a path connected set.

Proof. By means of Lemmas 4-6, we have that for any g € Y, 5(¢) is a closed, convex and nonempty
set. With the help of Theorem 1, we can see that

WE(f,A) = | S(q).

qey

Therefore, it follows from Lemmas 3 and 7 that WE(f, A) is path connected. O
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Remark 3. Qiu and Yang [6] prove the connectedness of the set of approximate solutions by using the upper
semicontinuity of the solution sets of the following scalar minimization problem

(Pg) min Ze(f(x),q),

where &, (f(x),q) = inf{t € R: f(x) € te+q — C} is the Gerstewitz function defined in [18,26]. Theorem 2
in this paper is different from Theorem 5.1 in [6]. In fact, on the one hand, we derive the connectedness by using
the nonlinear scalarization function v, that is different of the Gerstewitz function. On the other hand, Theorem 2
of this paper is obtained without the upper semicontinuity of the solution sets of the scalar minimization problem
Py. Furthermore, we also establish the path connectedness of the weak efficient solution set in Theorem 3, which
is not established in [6].

Now, we give the following example to illustrate that Theorem 2 and Theorem 3.
Example 1. Let X = Rand A = [-1,1]. Let C =R%,Y = R?and e = (1,1). Define f : A — Y as follows:

_J (®+sinx+2,x), x€]0,1],
flx) = { (2,0), x € [1,0).

It is easy to see that the constraint set A = [—1,1] is a compact and convex set. The function f is continuous
on A. And for each x1,x, € A, A € (0,1), we always have either f(Ax1 + (1 —A)xp) € f(x2) —intC or
f(Axy + (1= A)xp) € f(x1) —intC. That is, all assumptions in Theorems 2 and 3 are satisfied. It follows
from a direct computation that WE(f, A) = [—1,0] is connected. By Proposition 2, we know that

Te(y,q) = min {I(y — )}

T 0<a<1,02p2 10t pet {lly —q)}

= min {(1—a)(y1 —q1) +a(y2 —g2)}

0<a<1

= min {y; —q1 +a(y2 —y1+q1 —q2)}

0<a<l1

_ ) i, ya—yit+q—q220,
Vo—q2, Y2—Yy1+q1—g2<0.

By a direct computation, we see that S(q) = [~1,0] for any q € Y. Hence, WE(f, A) = Uyey S(q) is
connected and it is also path connected.

Remark 4. Now we give an example in economics. This is a strategic game with vector payoffs described
in [27]. The bicriteria strategic game is a tuple ¥ = (N, (Q)ien, (¢;)ien), where N is the set of players, Q);
is the strategy set for player i € N, Q) is the Cartesian product [];cn Q) of the strategy sets (Q);)ien, and
i : Q — R2 is the utility function for player i. By [27], £ € [Ten QY is called a weak Pareto efficient solution
of the game if, for each i € N, ; € WPB(%_;), where £_; € Q_; := [Tjen iy Q- Here, the set WPB(%_;) of
weak Pareto best answer to X _; is the set of the weak efficient solution x; to the following bi-objective optimization
problem (for short, BOOP)

mil’ll[)i(xi, J?_i), s.t. x; € Q.

R

Obviously, £ € () is a weak Pareto solution of the bicriteria strategic game Y if and only if for each i € N,
; € Q) is a solution of (VOP) with f(x) := ¢;(x;, £_;), A= Q;, C =R3.

Now, we give the following example to illustrate the above economic problem.
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Example 2. Let N =1,2. Let C = Ri and Q1 = [0,5] and Qp = [2,6]. Let p;(x) = (x;,x; —x_;),i=1,2.
It follows from a direct computation that for each y; € Q, 1 (x) — P1(y1) = (x1, %1 — x2) — (Y1, Y1 — X2) =
(x1 —y1,x1 —y1) and Po(x) — Pa(y2) = (x2, %2 — x1) — (Y2, y2 — x1) = (X2 — Y2, X2 — Yy2). Then, one has
WPB(%_1) = {5}, WPB(%_,) = {6}. Hence, WPB = {(5,6)} is connected and it is also path connected.

Now, we check that the function f;(x) = ;(x) = (x;,x; — x_;) (i = 1,2) satisfy the assumptions
in Theorems 2 and 3. It is easy to see that the functions f;(x) (i = 1,2) are linear functions. Therefore,
f is continuous and strictly proper quasiconvex on €); (i = 1, 2).

5. Conclusions

In this paper, we firstly established the union relationship between the weak efficient solution
set to VOP and the solution sets to a series of parametric scalar minimization problems P;. Then, we
applied the union relationship to obtain the connectedness and the path connectedness of VOP under
suitable assumptions. The method may be viewed as a refinement and improvement of the linear
scalarization method used in [6,14-16]. However, we find that the parametric set Y of 4 in the union
relationship of Theorem 1 is too large. Moreover, by the nonlinear scalarization method, the union
relationship can be established only for the weak efficient solution set. Therefore, alteration of the
parametric set Y of g by other parametric sets and the study for the connectedness of efficient solution
sets of vector optimization problems, is a good direction for us.

It would be also interesting to investigate the connectedness and the path connectedness of Robust
efficient solution sets to vector optimization problems under uncertain data by means of the nonlinear
scalarization method. Support vector machine (SVM) and extreme learning machine (ELM) have
gained increasing interest from various research fields recently (see, for example, [28-30]). If we can
combine the knowledge of SVM and ELM with VOP, it may constitute very valuable research in the
future.
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