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Abstract. Semivectorial bilevel optimization problems, particularly those where the lower-level problem
is solved up to efficiency, have attracted significant attention in optimization theory. While previous
research in this area has often focused on problems with continuously differentiable functions, many real-
world applications of bilevel optimization feature non-smooth functions. Motivated by this observation,
the current study aims to propose new necessary optimality conditions for semivectorial bilevel programs
under weaker regularity assumptions that allow for non-differentiability. Specifically, we revisit the
Charnes-Cooper scalarization technique and present tailored optimality results for problems where the
data satisfy only local Lipschitz continuity. Through this generalization, our results provide a more
flexible theoretical framework applicable to a broader class of non-smooth optimization models arising
in practical semivectorial bilevel programming contexts.

Keywords. Charnes-Cooper scalarization; Efficient solution; Optimality conditions; Optimal value func-
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1. INTRODUCTION

The fundamental structure of semivectorial bilevel programming, which was originally es-
tablished by Bonnel and Morgan [1], is expressed as

min F(x,y) st.x€X, y€ P(x). (SVBOP)
Xy

The nonempty and closed set X C R" denotes the upper-level feasible set, F : R" x R" — R
represents the objective function, and & : R” = R™ is the solution set mapping of the vector
lower-level problem

min (fi(x,y),..., fs(x,y)) st.y € T(x), (P[x])

where Y(x) C R and f: R" x R™ — R® denote the feasible set and the vector-valued objective
function of the lower-level problem, respectively.
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Semivectorial bilevel optimization problems arise naturally in hierarchical decision-making
processes involving multiple conflicting criteria at the lower level. These models have numerous
applications in areas such as transportation planning, engineering design, supply chain manage-
ment, economics, and energy systems; see, for example, [2, 3, 4] for further details. In these
situations, the lower-level decision-maker generally seeks Pareto efficient solutions rather than
weakly efficient ones, since efficient solutions exclude decisions that can be improved in one
criterion without deteriorating another. Thus the study of semivectorial bilevel programming
with efficient lower-level solutions is not only mathematically challenging but also highly rel-
evant from a practical viewpoint. Except for [5, 6], most of the existing literature has mainly
focused on the case where @ is the weakly efficient solution map associated with (P[x]). Earlier
seminal contributions on this topic include [7, 8, 9, 10, 11], where various optimality condi-
tions, reformulation procedures, and numerical algorithms were established. The motivation of
the present work is threefold.

e Most of the available contributions deal with weakly efficient lower-level solutions,
whereas the efficient case remains significantly less investigated despite its practical
relevance. Indeed, weakly efficient solutions may correspond to decisions that are dom-
inated in some criteria and therefore may have limited applicability in real-world hier-
archical optimization problems. This motivates the study of semivectorial bilevel prob-
lems where the lower-level problem is solved up to efficiency.

e A common feature of the above references is the use of weighted-sum scalarization
techniques in order to transform the lower-level multiobjective problem into a scalar
optimization problem. Although this approach is applicable in several semivectorial
optimization settings, particularly in the weakly efficient case, it suffers from important
drawbacks. First, the weighting parameters are usually incorporated as additional upper-
level variables, which enlarges the dimension of the bilevel problem and complicates the
associated analysis. Second, in nonconvex multiobjective optimization, weighted-sum
scalarization generally fails to characterize properly the efficient solution set. Conse-
quently, this scalarization technique becomes inadequate when the lower-level problem
is solved up to efficiency rather than weak efficiency. These limitations motivate the
development of an alternative scalarization framework based on the Charnes—Cooper
approach.

e Existing works employing the Charnes—Cooper method in semivectorial bilevel opti-
mization, such as [6], rely essentially on differentiability assumptions. Nevertheless,
many practical bilevel optimization models involve non-smooth data, as emphasized
in [12]. This motivates the extension of the available theory to a non-smooth setting
by using tools from variational and generalized differentiation analysis under locally
Lipschitz assumptions.

Motivated by these points, we focus on the semivectorial bilevel program (SVBOP) where the
lower-level problem (P[x]) is solved up to efficiency. Specifically, we re-examine the Charnes—
Cooper method originally proposed in the seminal works [13, 14] and recently applied for
convex vector optimization problems in [15]. In Section 3, the Charnes—Cooper approach is
explored in more detail. Before exploring the non-smooth analysis of problem (SVBOP), it
is essential to establish that the efficiency map of a completely linear parametric multiobjec-
tive optimization problem possesses a closed graph. This provides an additional criterion for



SEMIVECTORIAL BILEVEL OPTIMIZATION PROBLEMS 993

establishing the existence of solutions to (SVBOP). Subsequently, by employing an enhanced
Charnes—Cooper technique, we are able to transform the multiobjective bilevel programming
problem into a bilevel programming problem that incorporates a scalar lower-level problem.
This innovative scalarization approach proves to be effective in addressing significant classes of
vectorial bilevel problems, while simultaneously overcoming the limitations of previous scalar-
ization methods. Furthermore, we reformulate the bilevel optimization problem as a single-level
optimization problem, ensuring global and local equivalence to the original problem. Notably,
this reformulation is achieved without necessitating the scalar lower-level solution set derived
through the utilization of Charnes—Cooper to be either inner semicompact or inner semicontin-
uous. Building upon these foundations, we establish the necessary optimality conditions for the
problem under consideration.

In the next section, we introduce key concepts from multiobjective optimization and vari-
ational analysis. Section 3 first examines the graph-closedness of the associated efficiency
mapping, outlines our scalarization technique, and explains the transformation process yielding
a single-level optimization problem. Moving on to Section 4, we establish a value function es-
timation and provide sufficient conditions to ensure its local Lipschitz property. Subsequently,
in Section 5, we use an appropriate weak Mangasarian—Fromowitz constraint qualification to
establish the necessary optimality conditions. To enhance these conditions, we introduce a gen-
eral partial calmness concept specifically tailored to the optimal value function reformulation.
Moreover, we study the special case where the lower-level multiobjective problem is linear in
the lower decision variable. Finally, we draw our conclusions in Section 6.

2. PRELIMINARIES

In this section, we introduce some basic notations that are used throughout the remainder of
this paper. Let R” be the n-dimensional Euclidean space, and let R, be the set of non-negative
real numbers. Given a subset M C R”, the notation conv M refers to the convex hull of M, and
the distance of a point x € R” to M is given by d (x,M) :=inf{||x —X|| : x € M}.

Consider the following multi-objective optimization problem:

min (o (x),...,04(x)) st.xeM, (2.1)
X
where wy : R" - R, k=1,...,s, and s is a positive integer.

Definition 2.1. Let X € M be a feasible point of problem (2.1).

(1) We say that x is an efficient solution to problem (2.1) if there exists no other feasible
point x € M such that @y (x) < a (X) for all k =1,...,s and o (x) < @y (%) for some
k=1,...,s.

(2) We say that x is a weakly efficient solution to problem (2.1) if there exists no x € M such
that oy (x) < oy (%) forallk=1,...,s.

Given a set-valued mapping I1: R” = R, we define:
e The graph of ITis given by:
gphIl:={(x,y) e R" xR™ |y e II(x)};
e The Kuratowski-Painlevée upper limit of IT at a point X is given by

limsup IT(x) :={y e R": 3x; — X, yy — y with y, € IT (%) Vk € N}.

X—X
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Let O be a locally closed subset of R”, and X € ®. Then,
e The normal cone of Fréchet N (¥,®) is given by
]V()‘C,G)) =x*eR": limsupu <05,.
TP e

e The normal cone of Mordukhovich N (x,®) to ® in X is defined as

N (x,0) := limsupN (x,®),

ng
where x g x stands for x — X with x € ©.

Unless otherwise stated, ¢ : R" — RU {400} is assumed to be a lower semi-continuous
function. For X € dom ¢ := {x € R" : ¢(x) < +oo}, the Fréchet subdifferential of ¢ at X is

do(x) = {x* ER" : limint 2H ZOH Z WX =D 0},

XX ||x — ||

and the Mordukhovich (limiting) subdifferential of ¢ at X is given as follows:
2 (X) := {x* eR" : I >, and x; € §¢(xk)Vk with x; — x*},
and its singular subdifferential at x is

a7 (x) = {x* eR" : I 2%, \,0, and Xy € 5(;) (xx) Yk with tyx;, — x*} :

where x - ¥ means that x — X with ¢ (x) — @ (x). When ¢ is a local Lipschitz continuous
function at X, d ¢ (X) is nonempty and compact. Moreover, its convex hull is the Clarke subdif-
ferential, i.e.,
dc® (X) :=conv dQ (X).
Given this connection between Mordukhovich and Clarke subdifferentials, we have the follow-
ing convex hull property
conv d(—@) (X) = —conv @ (X). (2.2)

The concept of semismoothness was applied to sets in [16] by means of the Euclidean dis-
tance function dg. A set ® C R” is called semismooth at X € ¢/ O if, for any sequence x; — X
with x; € © and [Jx, —X|| ™! (xx —X) = @, (x}, o) — 0 for all selections x} € dcdE (xi, ©). More-
over, we say that the set © is regular at X if N (x,®) = N (%, ©).

Now, we define the coderivative D*II(X,y) : R™ = R” for the set-valued mapping IT: R" =
R™ at (X,y) € gph I1 by

DTI(x,y) (v) :={u e R" | (u,—v) € N((x,y),gphII)} for veR™
Moreover, if the function  : R" — R™ is strictly differentiable at X, then
Do (3) (') = {Vw()‘c)Ty*} for all y* € R™.
For (X,y) € gph I, the set-valued mapping IT is said to be

e inner semicontinuous at (x,y) if, for any sequence x; — X there exists a sequence yj €
IT (x;) which converges to y as k — oo.

e inner semicompact at X, I[1(x) # 0 if, for every sequence x; — X with IT1(x;) # @ there
exists a sequence of y; € I1(xy) that contains a convergent subsequence as k — —+oo.
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e calm at (%,y) if there exist neighborhoods U of X, V of y, and a constant A > 0 such that
d(y,J1(x)) < Allx—X%|| Vx€U and Vy cII(x)NV.

e has Aubin property at (x,y) € gph IT if there exist neighborhoods U of X, V of y, and a
scalar 7 > 0 such that for all x,x* € U and y € I1(x) NV there is y* € IT(x*) such that

Iy =yl < zllx =27

In general, the notion of inner semicontinuity is required to satisfy the Lipschitz property. For
a closed graph mapping IT, the coderivative criterion D*I1(x,y) (0) = {0} provides a sufficient
condition for the inner semicontinuity of IT at (X,y).

3. CHARNES-COOPER SCALARIZATION TO SEMIVECTORIAL BILEVEL PROGRAMS

This paper primarily focuses on semivectorial optimistic bilevel optimization problem (SVBOP),
where the set-valued mapping ® = P represents the collection of efficient optimal solutions
for the parametric multiobjective optimization problem (P[x]). Furthermore, throughout the
paper, for clarity of exposition, the upper- and lower-level feasible sets are defined as:

X:={xeR":Gi(x) <0,iel}and Y(x):={yc R": g;(x,y) <0, jeJ}

with 7 ={1,...,q}, J={1,...,p}, Gi: R" - Rand g; : R" x R — R. We assume that all
involved functions at both levels are Lipschitz continuous.

We also assume that the graph of ®.¢r is closed. This closedness assumption on the graph of
the efficiency mapping is necessary to ensure the existence of solutions to (SVBOP). However,
it is worth noting that when solving the lower-level problem (P[x]) efficiently, the graph of
the corresponding efficiency map ®.¢r is generally not closed. To illustrate, we consider the
following lower-level problem:

myin([yj;xz—l— ly+2]) st.ye[2,3],

where |- | denotes the floor function. Here, the efficiency map is given by g (x) = [2,3][ for all
x € R. Hence, gph @ = R X [2,3[, which is not closed.

The non-closedness of gph ®.¢ poses challenges, for example in proving the existence of
solutions to (SVBOP). Considering the lower-level problem above, the upper-level problem
min [x| —y+3 s.t. x <0 s.t. (x,y) € gph Pegr
X

clearly admits no solution.

In this section, we prove that, for a completely linear multiobjective parametric optimization
problem, the efficiency map has a closed graph. This closedness property ensures the existence
of solutions to (SVBOP), as will be shown subsequently.

Recall that a fully linear multiobjective parametric optimization problem takes the following
form:

myin Ay s.t. Bx+Cy <e, (L[x])

where A € R¥*™ B € RP*", C € RP*™ and e € R”. We represent every matrix in terms of its
row vectors as A = (ax) <4< B= (b)) | ;. , and C = (c;), ;. For this problem, the feasible
set Y'(x), with x € R”, is given by

Y(x)={yeR" : Bx+Cy<e}.
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The following proposition shows that the efficiency map of a fully linear multiobjective para-
metric optimization problem possesses a closed graph, proven here without any scalarization.

Proposition 3.1. The mapping Pesr associated with problem (L[x]) possesses a closed graph.

Proof. Suppose, on the contrary, that gph ®.¢ is not closed. Then, there exists a sequence
{(x,y:)} € gph Degr converging to (x,y) € gph Y\ gph Degr. Hence, there is y € Y (x) such that
aryy <apyforallk=1,...,sand a;y < a;y for some k =1,...,s. Hence y —y € I', where

F:i={yeR" : gy <0 forallk=1,...,s, and q;y <0 for some k= 1,...,s}.

Let # CJsuchthat ¢ = #(t):={j€J : bjx;+cjy=e;}. Then, bjx+cjy=e; and
ciy<cjyforall je #.

We claim there exists j € J\ _# with ¢y > c¢;y. Suppose to the contrary that c;(y —y) <0
for all j € J\ #. Henceforth, for a given z € ®cf(x), we have (x,z+ (y—y)) € gphY since
(x,z) € gphY. However, z+ (y—y) —z=yY—y €T, so ax(z+ (¥ —y)) < axz for all k and
ar(z+ (¥ —y)) < arz for some k, contradicting z being efficient for (L[x]). Hence there exists
the claimed j.

Let ¢1, %> CJ such that

J1:={j€J :c;(3—y)<0}and #H:={je]:c;(y—y) >0}.
Observe that # C 71, #»#0and #1U _#, =J. Fixt € N, and define

€j— (bjxl +ijf) e — (bixt +cryr)

p: := min = = — >0,
ien -y a(-y)
with / € _#, and taking into account the fact that _# ¢ #,. Let
Fee=y+p (YY) (3.1

Since p; > 0 and y # y, then J; # y,. Two cases have to be considered.
e For j € 71, we obtain

bix;+cjy; = bjx; +cjy +pici (Y —y) < bjxi+cjy <ej.
e For j € _#,, we obtain

bixi+ciyr =bjxi+cjyi+pic; 5—y)

cj(y—y)
=bix;+civi+ X ] X (ei—(bix;+c;
Xt T €Yt <Pt e;— (bjxi+cpy) (ej— (bjxi Jyf))>

<bjxi+ejyi+ (1% (ej= (bjxi+cj)))

S ej.
Consequently, (x;,¥,) € gph Y. Moreover, we have from (3.1) that a; 3, < ayy, forallk=1,... s
and a;y; < aiy; for some k = 1,...,s, which contradicts the fact that y, € ®eg (x;). Therefore,
gph ¢ is closed. [

Returning to the initial semivectorial bilevel problem (SVBOP), our goal is to transform it
into a single optimistic bilevel programming problem using the Charnes-Cooper scalarization
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method. To initiate this transformation, let’s define the set € of upper and lower-level con-
straints as follows:
Q={(x,y) eR"xXR": xeXandyeY(x)}.
For (x,y) € Q, the scalarization technique of the transformed problem (P[x|) is given by the
following program:

min ¥ filow) st filow) < filey), k=15, weT(x). (CCSx,)
Yook=1

We refer to (CCS|[x,y|) as a Charnes-Cooper scalarization problem. Its solution set is denoted
as S(x,y) and its feasible set is given by E(x,y) = {w € Y(x) : fi(x,w) < fi(x,y), k S}
When considering efficient solutions with respect to R’ for lower-level problem (P[ ]), we
establish the relationship between (CCS|x,y|) and (P[x]). According to [6, Proposition 3.1], we
obtain the following result:

Proposition 3.2. For (x,y) € Q, y is an efficient solution of (P|x|); that is, y € ®Pe(x), if and
only if it is a solution of (CCS|x,y|).

Let us point out that Proposition 3.2 is no longer true when considering weak efficient so-
lutions for the lower-level problem (P[x]); see [6, Example 3.2]. Based on the aforementioned
arguments and the preceding proposition, we now replace semivectorial optimization problem
(SVBOP) with the following equivalent scalarized bilevel optimization problem:

minF (x,y) s.t.xeX, ye S(x,y). (3.2)
Xy

One possible way to reformulate scalarized problem (3.2) as a single-level mathematical pro-
gram is through the application of the optimal value function reformulation. This process in-
volves replacing the lower-level solution set S(x,y) with its characterization using the optimal
value function.

Let v : R" x R”™ — RU {£e0} denote the optimal value function associated with the lower-
level problem (CCS|x, y]), defined as:

v(x,y) = inf Z fr(x,w), forall (x,y) € R" x R™. (3.3)

WEE(x,y) i

Then, the lower-level solution set S(x,y) can be expressed as:

S(x,y) = argmvgn{ i fi(x,w),w e E(x,y)}

k=1

{WET kaxw)<v(xy) fi(e,w) < fi(x,y), k= 1,...,s}.

k=1

This optimal value reformulation allows casting problem (3.2) into a single-level form without
requiring additional assumptions. It transforms (3.2) into the equivalent single-level problem:

min F(xy s.t. kaxy < v(x,y). (3.4)
(xy)eQ k=1
Remark 3.1. (i) The constraints f(x,w) < fi(x,y) for k = 1,...,s are not explicitly in-

cluded in the single-level formulation (3.4) as they hold true for w = y.
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(i1)) When solving multi-objective optimization problems numerically, efficient solutions
tend to be computed more easily than weakly efficient solutions using typical algo-
rithms. Additionally, our reformulation method offers two advantages over prior works
[1,5, 7,8, 10]. First, we do not require the scalarized problem solution set to be closed.
Second, we avoid introducing an extra variable at the upper optimization level - the
single-level program (3.4) only involves the original decision variables x and y, main-
taining a more compact formulation.

4. SUBDIFFERENTIAL ESTIMATE OF CHARNES-COOPER VALUE FUNCTION

This section investigates the local sensitivity and stability properties of the optimal value
function v defined in (3.3). We derive an upper estimate of the Mordukhovich subdifferential
of v at a reference point, providing insight into its point-based sensitivity. Additionally, various
conditions are established for the local Lipschitz continuity of v around the reference point.

To facilitate the analysis, some key definitions and notation are introduced. Let (x,y,w) €
R" x R™ x R™, and set:

f()k(X,y,W) = fk(X,W),fOI'aHkZI,...,S;
s

fO ()C,y,W) = Z fOk (X,y,W);
k=1

80 ()C,y,W) = g(x,w).

We impose the calmness property as a significant constraint qualification at the reference points
of the following set-valued mappings:

Wr, (1) = {(xy,w) eR"XR"xR" : go(x,y,w) e u—RE}, forall u € RP

Wz (k) = {(x,y,w)€gphTo : m(x,y,w) € k—R%}, forall kK € R’
where Yo : R" x R™ = R is the set-valued mapping given by Yo (x,y) = Y (x) and m (x,y,w) =

() 1) o) = i) ).

Theorem 4.1. Let (X,y) be a feasible point of problem (SVBOP). Assume that E possesses the
Aubin property at (X,y,w) for all w € S (X,y). Moreover, suppose that the set-valued mapping S
is inner semicompact at (X,y) and that the set-valued mapping Wz (respectively, Wy, ) is calm at
(Ogs,X,y,w) (respectively, at (Ogp,X,y,w)) for all w € S (X,y). Then, the optimal value function
v is Lipschitz continuous near (X,y), and

N
ovxy < U U U { (x5,5%) © (x*,5",0pn) € Y 9fk (x,w)

weS(xy) §>0 9>0 k=1

s p
+Y & (Afi(x,w)—conv 8fk()_c,y))+2 ﬁj8gj()_c,w)}.
k=1 j=1
Proof. Due to the inner semicompactness of S at (¥,y) and the fact that fi, k = 1,...,s, is
locally Lipschitz continuous around (X,y,w) for all w € S (X,y), we apply [17, Theorem 7(ii)].
This result yields a variational representation of both the singular and limiting subdifferentials
of the optimal value function in terms of coderivatives of the multifunction E. More precisely,
we obtain:
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e the singular subdifferential satisfies

v(xy) S |J DE(xy.w)I(0),
weS(x,y)

e and the limiting subdifferential satisfies
wENC U {07 +DEETW(0): (1,0,0)€dfox5w)}.
WES(X.y)

By the Aubin property of E at (X,y,w) for all w € S(X,V), the coderivative satisfies the stability
condition

D*Z(x,y,w)(0) < {0},

which implies that no nontrivial singular directions exist. Hence d*°v (%,y) = {0}. This property
ensures that the value function v is locally Lipschitz continuous near (x,y). Furthermore, for
any (X*,y*) € dv (%,y), there exists w € S (x,¥) such that, for some (1,0,0) € d fy (x,y,w),

(;) € (g) +D*E (x,y,w) (0).

Exploiting the coderivative definition together with the subdifferential sum rule in the last in-
clusion, we obtain

(x* _nay*7_6) € N((E,y,W) 7gph E) :

Combining this with the calmness of Wz while observing that Wz (0) = gph E, we conclude
from [18, Theorem 4.1] that there exists 6 € N (m (x,y,w), —]Ri) such that

()_C* - 775*» _6) €d <57m> ()_C,y,W) —f—N(()_C,y,W) 7gph Y0) .
Invoking the structure of the functions fy; and utilizing the fact that N (m (x,y,w), —Ri) CRY,
it follows that there exists (1,0,0%) € 9 for (X,¥, W), with k = 1,...s, such that (n,0,0) =

S
Z (M, 0, 0x ). Additionally, there exist positive scalars &, with k =1,...,s, such that
k=1

(x* - n7y*7_6> € 26/( (afk (X,W) —conv 8fk ()_Cay» —|—N(()_C,y,W) 7gph TO) . (41)
k=1

This follows by applying the calculus rules for generalized derivatives along with the convexity
property stated in (2.2).

Let us now compute the normal cone N (X,y,w),gph Yo |. Taking into consideration that

gph Yo = Wy, (0) and that Wy, is calm at (Og»,X,y,w), we derive from [18, Theorem 4.1] that,
for any (a,b,c) in this normal cone ,there exists ¥ € Ri such that

p
(a,b,c) € Zﬁjﬁgj (x,w). 4.2)
j=1
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The combination of (4.1) and (4.2) yields

K )4

& —n.5,-0) € Y & (fi (X, W) —conv i (X,5)) + Y 0,8, (X,W).
k=1 =1
This proves the claimed estimate for dv (X,y). O

Remark 4.1. (1) Let j € J. One see that N (go; (x,¥,w),—R; ) = R, when go; (X,y,W) =
0; and N (go; (x,¥,w) ,—R;) = {0} when go; (X,y,w) < 0. Hence, we deduce from the
proof of Theorem 4.1 that ¥; > 0 and 9¥;g¢; (X,y,w) =0 forall j € J.
(2) It bears noting that the Aubin property imposed on the set-valued mapping = is a suffi-
cient but not necessary condition. As an alternative, the following constraint qualifica-
tion could be imposed for each w € S (x,y):

(x*,5*,0) € 9 (8, 80) (X,3,w) + 9 (8, m) (X, 5, w)
= (x*,y") =(0,0).
with 8, € N (go (%,y,w),—R%) and §,, € RS,

This point-based constraint qualification establishes a weaker assumption that could still
ensure the conclusions of Theorem 4.1 are valid, namely the claimed subdifferential
estimate and Lipschitz continuity of v.

(3) In fact, the Aubin property appears to be strong, making it difficult to satisfy; however,
many studies in the literature have a large number of properties and sufficient conditions
to ensure its validity; see, e.e.g, [18, 19, 20].

In Theorem 4.1, it is certainly important to simplify further the upper estimate of the subdif-
ferential for the value function v. One way to achieve this is by applying the inner semiconti-
nuity property of the solution map § rather than its inner semicompactness.

Theorem 4.2. Let (X,y) be a feasible point of problem (SVBOP). Assume that E possesses the
Aubin property at (X,y,w) while S is inner semicontinuous at this point. Suppose that the set-
valued mapping Wz (respectively, Wy, ) is calm at (Ogs,X,y, W) (respectively, at (Orp,X,y,W)).
Then, the optimal value function v is Lipschitz continuous near (X,y), and

N
vy < U U { (X5, 5°) (X5, 0pn) € Y Ofi (X, W)
§>0 9>0 k=1
s 14
+ Y 8 (i (x,W) — conv O fi (%,5)) + Y, 9,08 (X, W) }
k=1 j=1
Proof. We have that S is inner semicontinuous at (X,y,w). As stated previously, [17, Theorem
7(i)] ensures the optimal value function v is Lipschitz near (X,y), owing to the validity of the
Aubin property of E at (X,y,w). Again from [17, Theorem 7(i)], by the inner semicontinuity
of S at (X,y,w) and the local Lipschitz continuity of fy, k = 1,...,s, at this point, for any
(x,y) € dv(x,y) there exists (17,0,0) € dfo(X,y,w) such that

(;) € (g) +D*E(x,y,w) (0).
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As shown in the proof of Theorem 4.1, there exist (1,0, 0;) € d for(X,¥,W), k= 1,...,s, such
that

S

(1,0,0) =Y (M;0,01), 6 €N (m(x,y,w),—R%) CR’ and ¥ €N (go (x,y,w), —R) CRY

k=1
fulfill
s P
(& —n,5,—0) € Y & (dfi (X, W) —conv Ifi (X,5)) + Y, 0,08, (X, W).
k=1 j=1
In conclusion, this establishes the upper estimate of dv (x,y) that the theorem claims. 0J

Remark 4.2. It should be noted that the Aubin property of the set-valued mapping Z is not
required for the upper estimates of the fundamental subdifferential of v given in Theorems 4.1
and 4.2. The Aubin property is exclusively needed to obtain the Lipschitz continuity of the
already defined lower-level value function.

Remark 4.3. Assume the functions involved in (SVBOP) are continuously differentiable around
the reference point.

(a) Under the inner semicontinuity of S, the upper estimate of the optimal value function in
Theorem 4.2 reduces to that achieved in [6, Theorem 4.2].

(b) Under the inner semicompactness of S, the optimal value function estimation in Theo-
rem 4.1 reduces to the following estimation:

wxy < U UU {(x*,y*) : (X*,5",0pmn) € i Vi (xX,w)

wES(xy) 6>0 9>0 k=1
P
+3 8(VAG) = VA (E9)+ 1 0% () |
j=1
This estimation extends the one stated in [6, Theorem 4.2], and provides new necessary
optimality conditions in smooth settings.

5. NECESSARY OPTIMALITY CONDITIONS

In this section, we determine necessary optimality conditions for the auxiliary optimistic
bilevel programming problem (3.4) by using the lower-level value function (3.3) and sensitivity
results from Section 4.

First, we define

kaxy x,y),

r= {(xy)GQ v (x,y) < 0}.

We also require additional constraint qualifications to establish necessary optimality conditions.
The following conditions are non-smooth counterparts of regularity assumptions at the lower
and upper levels:

o: We say that the weak Mangasarian-Fromowitz constraint qualification is satisfied at
(x,y) if



1002 Y. EL-YAHYAOUI, R. EL IDRISSI, EM. KALMOUN, L. LAFHIM

e: The upper-level regularity of (SVBOP) at X is given by

d
OGZC’ GE e 0iz1...q (ULR)
§>0,8G ( ) 0,iel
o: The lower-level regularity of (P[x]) at (¥,) is given by
p
0e Z Yiovg;j (%,5)
j=1
%20, %8 (%) =0, jeJ,

The next result gives us the normal cone formula for Q at each point (X,y) € Q.

— ¥;=0,j=1,...,p. (LLR)

Lemma 5.1. Let (X,y) € Q. Assume the upper-level and lower-level regularities hold at X and
(x,y), respectively. Then

N((x,y),Q) C

q 14
i0G; (x 10,8 (X,y
i;é G()+]Z1% g (%) G20 Gam=oics

4 — o .
v >0, vgi(x,y)=0,j€.
ngyg]xy 757

Proof. Setting x(x,y) = [Gi(x), i=1,...,q, gj(x,y),j=1,...,p] ", the set Q can be rewritten
as Q = {(x,y) : x(x,y) <0}. Then, fulfillment of the upper-level and lower-level regularities at
X and (X,y) respectively implies

0€ Z Loy (%,5) + Z %9 Xg+j (%,5)

i=1 =1 E Cl,...7c,'}/+1,...,'}/+ =0.
G >0, szz(xy) 0,icl 9l a+p

Yi >0, YiXq+j (xvy) 0,jeJ
Consequently, from [21, Theorem 6.14], we obtain the desired result. OJ

Subsequently, we are going to provide one of the primary results of this study, which gives the
necessary optimality conditions for auxiliary problem (3.4). We initially focus on the situation
where the weak Mangasarian-Fromowitz constraint qualification holds.

Theorem 5.1. Let (X,y) be a local optimal solution of problem (3.4). Assume Q is regular and
semismooth at (X,y) and (WMFCQ) holds at this point. Moreover, suppose that the upper-
level and lower-level regularities are satisfied at X and (X,y), respectively. Then the following
statements are valid:

(a): Under the hypotheses of Theorem 4.1, there exist v >0, & € R"+m+l wr € S(X,5),
5 €RY, O, e RE, W e RUPHL (£ y) € RY x RP, and

(i) €IF(RY), 3G, € IGi(H). (¥)97) € I (%),
(v505) €08E3),  (owi) €df@m),  (Fowy) € fi(Em),

INARINA _
( fk’yfk> € afk ('x y) <7_C;jang) € ag} (X7Wr)7
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withicl, jeJ, k=1,....s,r=1,...on4+m+1,1=1,...n+tm+1, YT E =1
and2"+m+1 ’;lzl,rzl,...,n+m+1,k:1,...,s,suchthat

n+m+1

q s p
0=si+ Y v L+ Lo —v 3 &( L
i=1 k=1 j=1
s n+m+1 y p
AT WA ]
k=1 j=1

n+m+1 s n+m+1

0= yF+Vnyk+Z7’Jyg,+" Z 5rz5rk Z v,,y},f

0= Zw +Z§,kwfk+219rngj Vr=1,...,n+m+1,
J_

§i>0,0G (x)=0, Vi=1,...,q,

YJ>O YJgj(xy) 07 VJ:L;P

%.j =0, O.8j(¥w,) =0, Vj=1,....,p, Vr=1,....n+m+1.

(b): Under the hypotheses of Theorem 4.2, there exist v > 0, & € ]R’fmﬂ, 6, c RS, UV, €
RE, Ve R (¢ y) € R X RP, and

(FoF) €IF (%), x5, €IGi(®), (5597) € IS (%,5),
(¥50%,) €08®9), (o) €OREY),  (FTh) €O,
() €an®m), (w0 ) €9 (®9),

withiel, jeJ, k=1,....s,r=1,...on+m+1,1=1,...n+m+1, Y £ =1
cde’”m+1 ’r‘lzl,r:1,...,n+m—|—1,k:1,...,s,suchthat

n+m—+1

q K )4
0:x§+ZCix*Gi+va;k+Zij -V Z @(fok
i=1 k=1 j=1
s n+m—+1 ; p
+ Z Ok ()Z;k - Z vy lﬁ;}() +) 0, ﬂ;j)’
k=1 j=1

n+m—+1 s n+m—+1

0= yF+Vnyk+Z%yg,+v Z érZSrk Z v

0= Z)’};‘f‘ Z 6r,k}~7;k+ Z 19’712;-’ Vr=1,...,n+m+1,
k=1 =1

k=1
>0, G (x)=0, Vi=1,...,q,
Y20, %8 (%,y) =0, Vj=1...p
. =0, 0.8 (%y)=0, Vj=1,...,p
Proof. Let (X,y) be a local optimal solution of (3.4). Regarding the hypotheses of (a) or (b),
the lower-level value function v is Lipschitz continuous near (X,y), as shown in Theorems 4.1
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and 4.2. Considering the closedness of the set ¥ and Lipschitz property of all functions, we
obtain by applying the necessary optimality conditions from [20, Proposition 5.3] to problem
(3.4) that

0€dF (x,y)+N((xy),X).
Then, applying [22, Lemma 3.3] together with (WMFEFCQ), there exists v > 0 such that

0€ IF (5,3)+v Y. 2fi (5.3) +va(—0) (5.3) + N ((£.5), )
k=1

while considering the regularity and semi-smoothness of Q. Using the convex hull properties,
conv d(—v) (X,¥) = —conv dv (X,y), we get

0€ 0F (5,5)+v Y. 2 (1.5) — veony v (5)+N (5.3).9).
k=1

Observing this expression along with Lemma 5.1 and the upper estimate for v from Theorems
4.1 and 4.2, and Remark 4.1, we can deduce assertions (a) and (b) of the theorem. Specifically,
we apply Carathéodory’s theorem to compute an element of conv 0 (X,y). 0

Example 5.1. Consider the following semivectorial optimistic bilevel optimization problem

min F(x,y) = [x| + x4+ s.t. G(x) =x* —2x <0, y € Peir(x), (5.1)
Xy
where @ (x) represents the solution set of the lower-level multiobjective optimization problem
I(IliI)l (P +xy+x, ¥ +ay+y) stglx,y) =—y+x<0. (5.2)
Xy

For this example, we have
X =1[0,2], Y(x)=[x,+e[, and Q= {(x,y) € R*: (x,y) € [0,2] x [x,+oo[}.
Using the Charnes-Cooper scalarization technique, we can conclude that the lower-level multi-
objective problem (5.2) is equivalent to the following single-objective program:
min w? +w +x% 4+ 2xw +x
w
xw—xy <0,
x < w.
Letting (x,y) € Q, we have E(x,y) = [x,y]. The optimal value function of problem (5.3) is given
by v(x,y) = 4x> + 2x. Therefore, the optimal value reformulation of the original problem (5.1)
is given by
min F(x,y) = |x| +x+)?
Xy
y2—3x2+2xy+y—x§0, (54)
X<y,
0<x<2.

Observe first that 0 € @ (0). Then (X,y) := (0,0) is an optimal solution to problem (5.4). The
normal cone to Q at (X,y), and the partial of y at (x,y) are given by

N((xy),Q) =RxR", dy(x,y) ={(-1,1)}.
Then, dy (x,5) N —bd N ((x,y),Q) = 0.
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e The constraint qualification (WMFCQ) is satisfied at (¥,y).

e The set-valued mapping S given by S(x,y) = {x}, for all (x,y) € Q, is inner semicompact
and inner semicontinuous at (X,y).

e For u € R, Wy, (1) = {(x,y,w) e RxRXxR : —w+x < pu}. Hence, the set-valued
mapping Wy, is calm at (0,%,y,w) for w € S(X,y).

e For k e R, Pz (k) = {(x,y,w) ERXxRXR : —w+x <0, xw—xy < k}. Hence, the
set-valued mapping Wz is calm at (0,x,y,w) for w € S(X,5).

e The upper-level and lower-level regularities are satisfied at X and (X,y), respectively.

. * k) . % . * % * * ~ ~ NN AR
Finally, for (x}, yi) := (2,0), x5 1= —2, (xf],yf]) - <xf(,wflr> - (x_;],w_;l> _ (xfﬂyf]) —
* * * * = ~ oAl * L,k .
(1,0), (xfz’yﬁ) - <xf;’wf2r> - (x}z,WZ) ( fz’yf2> =(0,1), (xg’yg) - (ﬁg’w;) =(1,-1),
11 1\" 111
=1L¢=(=,3,= ri= x,y), =13, =10 =2 =(=- -],
% , € oz v 0€S(x,y), 6,1 :=3, 6 5] VK 322

{:=1,andy:=2,r=1,2,3,1=1,2,3, k = 1,2, the optimality conditions (a) and (b) stated
in Theorem 5.1 are satisfied.

As stated in [22], the weak basic constraint qualification (WMFCQ) has been demonstrated
to work, particularly for simple bilevel programming problems. Following that, we look at
another constraint qualification, the partial calmness condition, which was presented in [23]
and has lately been extensively studied and used to deduce necessary optimality conditions for
a traditional optimistic bilevel program via its optimal value reformulation.

Definition 5.1. [23] Let (x,y) be a local solution of (3.4). The bilevel programming problem
(3.4) is said to be partially calm at (¥,) if there exist v > 0 and a neighborhood U of (%,,0) €
R" x R™ x R such that F (x,y) — F (X,y) + v|u| > 0, for all (x,y,u) € U also satisfying x € X,
y € Y(x), and v (x,y) +u =0.

Proposition 5.1. [23] Let (X,Y) be a local solution of (3.4). This problem is partially calm at
(x,¥) if and only if there exists v > 0 such that (X,) is a local optimal solution of the following
penalized problem:

min F (x,y) +vy(x,y) st.xe€X, ye Y(x). (5.5)
Xy

Building upon this proposition, we now derive necessary optimality conditions for prob-
lem (3.4) from the feasible set using partial penalization, which eliminates the value function
constraint responsible for the failure of well-known constraint qualifications.

Theorem 5.2. Let (X,y) be a local optimal solution of problem (3.4). Assume that the problem
(3.4) is partially calm at (X,y), and that the upper-level and lower-level regularities are satisfied
at X and (X,y), respectively. Then the following statements are valid

(a): Based on the assumptions of Theorem 4.1, there exist v >0, & € RT’”H, wy €
S(%5), 8, € RS, O, € R?, Wk € RT™1 (£ y) € R x R?, and

(X;ay;) € dF (2 y)7 Xa € dG; (f), (xj‘wy}k) c afk ()—ij)’
( gjv)’gj> € 3g X y)? (x;kckr;sz:) € 8fk ()_C,Wr), (f}k,ﬁ;}k) c afk()—gwr),
(}kly},f> € dfi(x,y), <J_c;j,m;j) €dg;j(x,wy),
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withicl, jeJ, k=1,....s,r=1,...on4+m+1,1=1,...n+m+1, YT E =1
and2"+m+1 ’;lzl,rzl,...,n+m+1,k:1,...,s, such that

n+m+1

_XF+ZCIXG+VZka+Z%gJ \% Z §r<2x
s n+m+1 ;
+ Z 8r,k (555’1( - Z Vrl)e;‘k> + Z ﬁr,j&(:yj);
k=1 =1 j=1

n+m+1 s n+m+1

0= YF+Vnyk+Z7’Jyg,+" Z @Z&k Z s

OZI;W;’:+I;]6r’kW;’<+Z’lﬁr’jmg’f’ Vr=1,...,n+m+1,

- - =

Ci>07 CiG,-()‘c):O, Vi=1,...,q,

Y20, 7g8;(x,y) =0, Vj=1,..,p

9. >0, 0.8;(x¥,w,)=0, Vj=1,....,p, Vr=1,....,n+m+1.

(b): Based on the assumptions of Theorem 4.2, there exist v > 0, & € R § € RS,
O, € RE Ve RE™HL (£ y) € RI x RP, and

(xp,YF) € OF (X,), xg, € 9G; (%), (*5.0%) € 9fi (%,5),
( Xg Ve, ) € dg(%.y), (7.vy) € 9fk (x,3), (&,5%) € 0fi (%,5),
(o) ean@n. () ) €983,

n+m+1

withiel jel k=1,....s, r=1,...n+m+1,1=1...n+m+1, Y §&=1

and Y1 vk =1 r=1,... ,n+m+1, k= 1,...,s, such that

n+m+1

q S )4
0=si+ Y v R Lo —v 3 &( L
i=1 k=1 j=1
s n+m+1 p
rEo(n-"E et £
k=1

=1
n+m+1 s n+m+1

0= YF+"nyk+Z?’Jyg,+" Z érZ&k Z v,,y}]f

0= Z}’ZﬂL Z Ori ¥y, + Z ﬁ;gj)_’;, Vr=1,....n+m+1,
k=1 k=1 j=1 J

(>0, 6Gi(®) =0, Vi=1,..q
%207 ’}/jgj(xay):(h vjzl,...,p
Y, >0, 0,8 (X,y) =0, Vj=1,...,p.
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Proof. Let (X,y) be a local optimal solution of (3.4). By either assumptions of Theorem 4.1 or
Theorem 4.2, the lower-level optimal value function v is locally Lipscitz at this point. Since
problem (3.4) is partially calm at (x,y), we deduce from Proposition 5.1 that there exists a
constant v > 0 such that (x,y) is a local optimal solution to penalized problem (5.5).

Now, taking into account the local Lipschitz continuity of F and y at (X,y), we have from
[20, Proposition 5.3] that

0€dF (x,3)+Vv Iy (xy)+N((*.5y),Q). (5.6)

From the structure of y, the basic subdifferential is given by

. :a(kil fk<x,y>—v<w>)-

Thus Jdy (x,y) C Z d(—v)(x,¥). Since d (—v) (x,¥) € —conv(dv (x,¥)), one
sees that .

ay (x,y) CZ&fk (x,¥) —conv (dv (,y))) . (5.7)

By combining inclusions (5.6), (5.7) w1th Lemma 5.1, Theorems 4.1 and 4.2, and Remark 4.1,
we obtain results (a) and (b) by utilizing the Carathéodory theorem to compute an element of
conv 0 (X,y). O

Example 5.2. We apply the necessary optimality conditions derived in Theorem 5.2 to ver-
ify that they are satisfied at the given candidate optimal solution. Define the problem data
for (SVBOP). For (x,y) € R x R, set

Fxy) =+ (+2)? G)=-x,
fl(x7y>:x+(y+2)27 f2<x,y):x2+y+27 g(x7y):|y‘_
Then, Q = R* x [-2,2], and E(x,y) = [—2,y] for all (x,y) € Q. Moreover, we have

Sey)={}, vxy) =x+x

The point (%,y) := (0,—2) is an optimal solution of the considered problem. It is then shown
that

e The functions F, g, f1, and f, are locally Lipschitz continuous.
e The open Cartesian cube U := (—1,1) x (=3,—1) x (—1, 1) is a neighborhood of (%,y,0).
For (x,y,u) € U such that x € X, y € Y(x), and y(x,y) +u = 0, we have

F(x,y) = F (X,y) + v|u| = F(x,y) + v|u| > 0.

Therefore, problem (3.4) is partially calm at (X, ).

e The set-valued map E possesses the Aubin property at (xX,y,w) with w € S(,y).

e By construction, the set-valued mapping § is inner semicompact and inner semicontin-
uous at (X,y).

e For u € R, we have Wy, (1) = {(x,y,w) e RxR xR : |w|—2 < u}. Hence, the set-
valued mapping Wy, is calm at (0,%,y,w) with w € S(X,5).

e For k € R, we have Y= (k) = {(x,y,w) ERXRXR : |w|—2 <0, w—y < k}.Hence,
the set-valued mapping Wz is calm at (0,%,y,w) with w € S(*,y).
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e The upper-level and lower-level regularities are satisfied at X and (X,y) respectively.

By explicitly constructing the multipliers and constants, the optimality conditions (a) and (b)
in Theorem 5.2 are shown to hold at the optimal solution (¥,y) = (0, —2). The multipliers and

constants are constructed as follows: (xz,yr) := (1,0), x5 1= —1, XYy ) = <x}1’ ,w;‘{) =
i ~ ’\7l Aal . iod e A7l ’\7l .
(o,) = (5:55) = @0, () = (i) = (%7) = (€5%) = 1)
T
111
(x;,y;‘,) = ()_cg,,mg,) =(0,—1),v:=1,(= < ) W= —2€S8(X,Y), 8,1 :=3, 82:=1,

2'376
111
ﬁr::2,v’r‘::(

T
Z’E’Z) ’ C =1, and?’3: 2,r= 17273’12 17273’k: 172

Example 5.3. Consider the semivectorial bilevel optimization problem

min F(x,y) =x—y
X,y

s.t. xeX,
y € Defr(x),

where X = {x€R : G| (x) = —x <0 and G;(x) =x—1 <0}, and ®c(x) denotes the effi-
cient solution set of the lower-level problem

min (i) = bl o) = b= 11+ 3)
st YETW = ek ¢ () =x -y <0, g2 () =y-2<0} =[]

One can see that ®gp(x) = [x,1]. Therefore, the unique optimal solution of the considered
problem is (¥,5) = (0,1). For (x,y) € Q= {(x,y) €R* : x€ X andy € Y (x)}, the Charnes-
Cooper scalarized lower-level problem is
. 1
min |w|+|w—1]+-w
w 2
s.t. x—w<0,
w—2<0,
wl <y,

1 ]
4w <|y—1|+=y.
lw |+2w_|y \+2y

\

The feasible set of the above problem is given by:

(x,y):{{y}, x<y<l,

[max{x74_3y}7y]7 1 §y<2

(x]

One can see that the optimal solution set is

S(ry) = {»} x<y<l,
’ {max{x,4—3y}}, 1<y<2,
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while the optimal value function associated with the Charnes-Cooper scalarized lower-level
problem is given by:
1

1+_y7 x§y§l,
o 2
v(x7y)_ 1
1+§max{x,4—3y}, 1<y<2.
Thus
0, x<y<lI,
Ill(x7y): 5

1
5y—2—§max{x,4—3y}, 1<y<2.

We now verify partial calmness at (X,y). Let (x,y,u) be sufficiently close to (0, 1,0) such that
x€X,y€X(x),and y(x,y) +u = 0. Moreover, we have
F(x,y) = F(X%,3)+ V|u| =x—y+1+vy(x,y).
For x <y <1, we have y(x,y) =0and x—y+1>0. For 1 <y <2 near (%,y), we have
max{x,4 —3y} =4 —3y, so y(x,y) =4(y—1), and thus

Flx,y) — F (£5) + Vlu| =x+ (4v - 1)(y—1) 20

1 1
if and only if v > % Thus, for any v > 1 e have F(x,y) — F (X,y) + v|u| > 0. Hence the
partial calmness condition holds at (X,5).

e The upper-level and lower-level regularities are satisfied at X and (X,y) respectively.

e The multifunction E satisfies the Aubin property at (,y,w) for all w € S(x,y).

e The set-valued mapping S is inner semicompact and inner semicontinuous at (X, ).

e For 1 € R?, we have Wy, (1) = {(x,y,w) ER® :x—w < uy, w—2 < up }. Hence, Py,
is calm at (0,%,y,w) w € S (X,5).

e For k € R2,

1
Wo(0) = { (o) € B sx S <2 ol = bl 1, o= 1= b= 1+ 50-0) < s

Hence, the set-valued mapping Wz is calm at (0,X,y,w) with w € S (X,y).
The multipliers and constants are constructed as follows: (x}.,y5) 1= (1,—1), x
* * _ * * I ~ ol anl . * * _

L, <xf1’yf1> - <xf1r’wf1r> - <x;1’W}1> - <xf1’yf1> = (0,1), (xfz’yf2> =10
1 * * ~ ~ 1 * * . * *
(O’§>’ (xf;’wf2r> - (x}z,w}2> = (O’_§>’ (xgl’ygl) - (’—‘2’17&2 ) = (1,=1), (xgz’yg2) -

1
(ah, wh)) o= (0,1), v:= 38= (1,0,0)", wy:=1€8(%,¥), 8,1 :=0, 82 :=1, 8,:= (0,0)T,
W=(1,0,00", £ :=(1,0)", and y:= (0,0)", r=1,2,3, 1 = 1,2,3, k = 1,2. This confirms

the validity of the theoretical results in a non-smooth and nonconvex bilevel framework with
coupled lower-level objectives.

Remark 5.1. Obviously, the necessary optimality conditions obtained in Theorems 5.1 and 5.2
are almost the same; the only difference between them is that the scalar v is just a nonnegative
scalar in Theorem 5.1, and in Theorem 5.2 it is a positive scalar.
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To conclude this section, we demonstrate a case where the partial calmness property holds
for problem (3.4) at every local optimum. Specifically, consider the semi-vectorial optimization
problem (SVBOP) with the parametric linear multiobjective problem (L[x]). The scalarized
formulation is the linear program:

N
min Zakw stagw—ary<0,k=1,...;s, bix+cjy<ej, j=1,...,p. (5.8)
Yk=1

The feasible set and the solution set of problem (5.8), respectively, are given by:
Exy)={weR" : qw—ary<0,k=1,....s; bjx+cjy<ej, j=1,...,p},
N
S(x,y) = argmin Z aw : wE E(x,y) ¢
k=t

The optimal value function v : R” x R” — RU {40} associated with (5.8) is given by:

)
v(x,y)= inf Y aw, forall (x,y) € R" xR".
weE(xYy) =

Then, problem (SVBOP) is equivalent to the following single-level optimization problem:

( min F(x,y)
x’y
Gi(x)<0,i=1...,q
bix+cjy<ej, j=1,...,p (5.9
N
Y ay—v(x,y) <0.
\ k=1

Theorem 5.3. Let (X,y) be a local optimal solution of problem (5.9). Assume that the upper-
level and lower-level regularities are satisfied at X and (X,y), respectively. Then the following
statements are valid:

(a): Under the hypotheses of Theorem 4.1, there exist v > 0, & € Rrtm+l e S(x,y),
6 e R, 9, €RP, (C,y) € RIXRP, and (xp,yy) € OF (X,Y), x5, € dG; (%), withi €1,
n+m+1
r=1,...,n+m+1and Z &, = 1 such that:

r=1

n+m-+1 P
—xF+ZCle+Z'}/]b -V Z érZﬁr]bj,
n+m+1 s

0= yF+VZak+Z7’JCJ+ Z 5rZ5rkak7

N

0= Zak+ Zar,kak+20ﬁjcj’ Vr=1,....n+m+1,

k=1 k=1 j=1
Cl>07 Cl ():7 Vi:l?"'uQ?
Y = ,y](bjx—i-c,y ) 0, Vj=1,...,p

0
0.j 20, 0 (bjx+cjwr—e;) =0, Vj=1,...,p, Vr=1,....n+m+1.
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(b): Based on the assumptions of Theorem 4.2, there exist v >0, & € R™"+1 § c RS,
U, €RP, (§,7) € RIXRP, and (xp,yr) € IF (X,y), x5, € dGi(X), i€, r=1....n+
n+m+1
m+ 1 and Z &, = 1 such that:

r=1

q P n+m+1 14
0=xp+Y GG + ) vibj—v Y &) Obj.
i=1 j=1 =1 j=1

K p n+m+1 K
0=y}kv+"zak+ Z}’jCﬁLV Z érZ@,kak,
k=1 j=1 r=1 k=1

S S

P
0= Zak—l— 25r7kak+ Zﬁr’jcj, Vr=1,....n+m+1,
k=1 k=1 j=1

>0, G (x)=0, Vi=1,...,q,
Yi =0, yj(bjx+cjy—ej):0, Vi=1,...,p,
9.; 20, 0, (bj)_C—I—ij—ej) =0, Vj=1,...,p, Vr=1,....,n+m+1.

Proof. Let (X,¥) be a local optimal solution to single-level linear program (5.9). According
to [23, Proposition 4.1], we see that parametric linear multiobjective problem (L[x]) satisfies
partial calmness at (X,y). By Proposition 5.1, there exists a scalar v > 0 such that (x,y) is a
local solution to penalized problem (5.5). The remainder of the proof follows analogously to
the proof of Theorem 5.2, where necessary optimality conditions were derived under partial
calmness. UJ

6. CONCLUSION

This paper demonstrated how the Charnes-Cooper transformation could be applied to de-
rive necessary optimality conditions for semivectorial optimization problems with an efficiently
solvable lower-level program (SVBOP). By reformulating the problem as a classical bilevel
program, we were able to utilize tools from parametric analysis and sensitivity estimation of
the lower-level value function. Specifically, analyzing Lipschitz continuity and subdifferen-
tial properties allowed obtaining optimality conditions without differentiability assumptions on
the value function. A promising avenue for future work is algorithmic implementation of this
value function reformulation approach to solve semivectorial optimization problems numer-
ically. Prior literature had validated this methodology algorithmically when the lower-level
involves scalar optimization; see the survey in [24]. With the increasing relevance of multi-
objective decision making, extending these computational techniques to problems where the
lower-level involves vector optimization presents an opportunity for developing practical solu-
tion methods. Overall, the value function perspective adopted here laid theoretical groundwork
for addressing semivectorial programs while retaining their intrinsic multiobjective structure.
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