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Abstract. In this paper, we develop a Newton’s descent method (NDM) for an uncertain quadratic
multiobjective optimization problem (UQMOP). To accomplish this, we utilize a minimum of the objective
wise worst case (OWWC) type robust counterpart (RC) of the UQMOP. The resulting RC is a nonsmooth
multiobjective optimization problem (MOP). Our approach involves constructing a sub-problem to
determine Newton’s descent direction (NDD) for the RC. An Armijo-type inexact line search (AILS)
technique is employed to identify an appropriate step length. Using NDD and step length, we formulate a
Newton’s descent algorithm (NDA) for the RC. Under some assumptions, we establish the convergence
of NDA for the RC. Under specific assumptions, we demonstrate that the sequence defined by the NDA
converges rapidly to the solution, exhibiting both superlinear and quadratic rate of convergence. Finally,
we assess the efficacy of NDA by conducting a comparative analysis with the weighted sum method via
various numerical problems. We obtain the non-dominated Pareto front for both methods, which support
our method.

Keywords. Newton’s method; Line search technique; Quadratic optimization; Robust multiobjective
optimization; Uncertainty.
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1. INTRODUCTION

The use of optimization methods in real-world situations is constrained by (at least) two
problems. First, dealing with input data that are not exactly known is a problem in almost
all real-world applications of mathematical optimization problems. This might be caused by
inaccurate data, future developments, fluctuations, or disturbances, or it might be the result of
measurement errors. Since there are numerous decision-makers and a variety of goals, most
real-world optimization problems lack one objective function that is clearly defined and instead
depend on multiple goals. The fields of stochastic (see [8]) and robust optimization (RO) deal
with uncertain data, while the field of multiobjective decision-making and optimization analyzes
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the various optimization criteria. Both of these topics have been thoroughly researched recently;
see, e.g., [14, 20, 23] and the references therein.

To solve MOPs, there are various solution strategies available in the literature; see, e.g., [13, 14,
21, 27]. One of the basic approaches is the weighting method, where several objective functions
are weighted to form a single objective optimization problem [19]. Another similar approach
is the €-constraint method, introduced in [22], where only the chosen objective functions are
minimized while the others are bounded by a constraint. Some algorithms require the preordering
of the functions based on their importance [15], that is, the functions are optimized according to
the importance. However, a major drawback of these approaches is that the choice of weights,
constraints, or the importance of the functions needs to be pre-specified, which is not always
known in advance.

In recent years, several techniques were developed to solve MOPs without requiring any a
priori information; see, e.g., [1, 2, 3,4, 12, 16, 17, 18, 21, 28]. These include the steepest descent
algorithm, which has at most a linear convergence rate [12, 16], the Newton’s algorithm, which
has a superlinear and quadratic convergence rate [17], and the quasi-Newton’s method, which
has a superlinear rate [31]. These methods are specifically designed for smooth MOPs. In [6, 14],
the idea of RO was introduced to help with uncertain optimization problems. The minimax
robustness concept, which was initially created by Soyster [32] and later expanded by Bental et al.
[6, 7] for single objective optimization problems with uncertainty, is one of the most well-known
notions. The minimax robustness concept (RC) of the uncertain optimization problem determines
to minimize the worst-case scenario among every possible scenario. The feasible solution of
the RC, which is also the solution to the uncertain single objective optimization problem, is
feasible under each scenario. Its optimal solution is referred to as the robust optimal solution. In
[14] and [24], the minimax robustness concept was extended to the context of multiobjective
optimization. Kuroiwa et al. [24] demonstrated how to establish the optimality conditions
of RC, while Ehrgott et al. [14] showed how to compute robust solutions for UMOPs. The
robustness concept of uncertain single objective optimization cannot be applied to UMOPs,
because there is no standard methodology for this. The minimax robustness concept for UMOPs
entails first solving a maximizing type MOP over an uncertainty set for any fixed feasible point
and then minimizing all optimal solutions of that problem over the feasible set for a different
point of feasibility. Another method to solve a UMOP is the OWWC type RC [14], in which an
objective-wise maximum of each objective function was taken for any fixed feasible point, and
then was minimized over the feasible set. The OWWC type RC provides the same solution as the
minimax RC, but it is easier to find the solution for UMOP by using this method. The OWWC
type RC provides the same solution as the minimax RC, but it is easier to find the solution
for UMOP by using this method. In [14], the UMOP was solved by using various approaches
such as the e-constrained method, the weighted sum method with the help of minimax RC, and
objective wise worst case cost type RC. However, these scalarization approaches suffer from
the disadvantage of not knowing the choice of parameter in advance. In [29, 30], a land combat
vehicle (LCV) system in defense was solved by using a hybrid decision-making model and a
multimethod approach. Choung et al. [9] solved a constrained convex quadratic MOP with
parameter and decision uncertainty, inspired by [29, 30]. In [9], Choung et al. developed a
necessary and sufficient condition for Pareto optimality in terms of linear matrix inequalities and
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numerically solved the constrained convex quadratic multiobjective optimization problems with
parameter and decision uncertainty.

In this paper, we address an unconstrained quadratic MOP that involves parameter uncertainty.
Specifically, only the objective functions are subject to uncertainty, and we utilize an OWWC
type RC to solve the problem. In general, the OWWC type RC of a UQMOP is a deterministic
nonsmooth quadratic MOP. As discussed in [10], the subgradient method, which is typically
used for nonsmooth real-valued minimization, was extended to address nonsmooth MOPs.
However, there is no standard method for selecting the descent direction at each iteration in the
subgradient algorithm, and the sequence generated by the subgradient algorithm with exact or
inexact line search may converge to a noncritical point. Additionally, there is a lack of practical
evidence demonstrating the convergence of the subgradient method for MOPs. Apart from
this, Kumar et al. [25] recently proposed a Newton-type method for solving general uncertain
multiobjective optimization problems under finite uncertainty sets. Their framework provides
a robust descent-based approach, which is applicable to a broad class of nonlinear uncertain
problems. However, when the objective functions possess a specific structure, such as being
quadratic, it becomes both meaningful and beneficial to design specialized algorithms that exploit
this structure. Quadratic objective functions offer well-defined mathematical properties, such as
constant Hessians and linear gradients, which can significantly enhance algorithmic efficiency
when properly utilized. Although general descent methods can be applied to quadratic problems,
they typically do not take advantage of these characteristics, leading to slower convergence and
increased computational effort. In contrast, the present work focuses on uncertain quadratic
multiobjective optimization problems and develops a Newton’s descent method that fully utilizes
the algebraic structure of quadratic functions to obtain faster and more reliable convergence.
Moreover, our approach incorporates matrix uncertainty into the set-based uncertainty model -
an extension beyond the scalar or vector uncertainty considered in [25]. This inclusion enables
a more realistic and general representation of uncertainty in practical multiobjective problems.
Thus, the proposed method not only builds upon but also substantially extends the existing
literature in both methodological rigor and modeling capability. To the best of our knowledge, no
Newton’s descent method has been developed for uncertain quadratic multiobjective optimization
problems (UQMOPs). By solving the resulting nonsmooth quadratic MOP, one can obtain robust
efficient (Pareto optimal) or robust weakly efficient (Pareto optimal) solutions for unconstrained
uncertain quadratic multiobjective optimization problems (UQMOPs) with parameter uncertainty.

The structure of the paper is outlined as follows. In Section 2, we present some results, basic
definitions, and theorems related to the robust deterministic problem (RDP) (defined in (2.2)).

In Subsection 3.1, we describe the NDD finding subproblem and provide its solution. In
Subsection 3.2, we introduce an AILS rule to find a suitable step length that ensures the function
value decreases in the NDD. Next, in Subsection 3.3, we present the NDA for RDP to find
the critical point. We generate a sequence by using this algorithm, and in Subsection 3.4, we
prove that the sequence converges to a critical point, which is a solution to RDP and the robust
Pareto optimal solution (POS) to Q(S) (defined in (2.1)). In Subsection 3.5, we additionally
establish that the sequence produced by NDA converges to the solution with both superlinear and
quadratic rates. Finally, in Subsection 3.6, we verify the effectiveness of the NDA for RDP with
some numerical examples. We demonstrate that the algorithm can generate good approximate
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Pareto fronts without requiring pre-order choosing weight. In Section 4, we conclude with some
comments and remarks.

2. PRELIMINARIES

We start with some important notation. The set of real numbers, non-negative real numbers,
and positive real numbers are denoted by R, R>, and R, respectively. Some extended version
of the set of real numbers can be defined as follows:

o R"={y=(y1,y2,-.-,yn) 1 yi € R}

e RL={yecR":y;eR>}

e RL={yecR":y;eR.}

o R ={-y:yeRi}and —RY ={—y:yeRl}

o R™ " denotes the set of all matrices of order n x n

o (im)={1,2,...,m} and (p) = {1,2,..., p} are the indexed sets with m and p elements,
respectively.

e A continuously differentiable function is denoted as a CD function.

Now, forany x,y e R", x>y <= x—y€RYL <= x;—y; >0, foreach jandx >y<=x—y€
R? <= x;—y; >0, for each j. An unconstrained deterministic MOP is defined as:

MOP : minf(y)z(fl(y),fz(y),---,fm(y)),

yeR”

where f:R" — R™ and f; : R" — R. The solution of the MOP manifests as either a Pareto
optimal solution (WPOS) or Pareto optimal solution (POS). A point y* € R" is a POS for MOP
if there exists no y € R", y 2 y* such that f(y) < f(y*) and f(y) # f(y*). Additionally, a point
y* € R" is a WPOS for MOP if there exists no y € R” such that f(y) < f(y*). It is evident that
every POS is also a WPOS.

Motivated by [29, 30] and Choung et al. [9], in this paper, we consider an UQMOP under
parameter uncertainty (i.e., only objective functions faces the uncertainty). We solve this with
the help of its OWWC type RC. An UQMOP and its OWWC type RC is defined in the following
way

0(S) ={0(Ai) : Ai €S, ic(p)}, (2.1)
where S = {A; € R"™" : A; is the symmetric and positive definite matrix for each i € (p)}, and
for any fix A; € S, Q(A;) : minycrn f(,A;), where f: R" x § — R™ is defined by f(y,A;) =

(fi(1AD), 244D, -, fm(3,A7)) and fj 1 R" x S — R such that fj(y,A;) = 33" Ay + ¢}y +
rj, j € (m), i € (p). Q(S) is called UQMOP with parameter uncertainty. OWWC type RC
to Q(S) is given by

RDP:  min c(), (2.2)
where
1
EG) = (61(3),&0),..-,En(y) and &;(y) = max f;(x,A;) = max{y" Ay + gy +r;}.
i(p) ic(p) 2

We now offer two remarks about our problem that explain the motivation behind our decision
to select it.
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Remark 2.1. In [9], Choung et al. developed a necessary and sufficient condition for Pareto
optimality in terms of linear matrix inequalities and numerically solved the constrained convex
quadratic MOP with parameter and decision uncertainty. Apart from this, in this paper, we
consider an unconstrained UQMOP. To the best of our knowledge, there is no Newton’s
method developed for finding the solution of an unconstrained UQMOP. Therefore, our main
contribution is the Newton’s descent method for unconstrained UQMOP, namely Q(S) (defined
in (2.1)). To achieve this, we use OWWC, namely RDP (defined in (2.2)).

Remark 2.2. In addition to Remark 2.1, an UMOP was solved by Ehrgott et al. [14] with
the help of the scalarization approach (weighted sum method and the &-constrained method).
When using the scalarization approach, we convert a deterministic MOP into a scalarized single
objective optimization problem. As a result, we encounter some challenges when choosing the
parameters, such as the possibility that the scalarized problem’s solution is impossible to find
while the original deterministic MOP’s solution is still feasible. The fact that the parameters are
not predetermined, leaving it up to the modeler and decision-maker to make those choices, is
another disadvantage of this approach. These drawbacks also can be found at the same time when
the UMOP is solved by using a robust optimization approach with the help of a scalarization
approach. To remove all this difficulty, we solve Q(S) by using Newton’s descent method and
RDP.

Our key objective in solving problem Q(S) is to find a robust POS or robust WPOS, which is
defined as following.

Definition 2.1. A feasible point y* € R” is termed robust POS (robust WPOS) if there does
not exist any y € R" — {y*} such that f(y:S) C f(y*;S) —RL (f(3:8) C f(3*:5) —RY ), where
f(:S) = f(»,Ai) : A; € S denotes the set of all possible values of the objective function.

The following theorem establishes a relationship between the solutions of Q(S) and RDP,
thereby indicating that solving RDP can effectively replace the need to solve Q(S).

Theorem 2.1. Let Q(S) be an UQMOP with uncertainty set S and RDP be the OWWC type RC
of Q(S). Then

(a) If y* € R" is a POS to RDP, then y* is robust POS for Q(S).
(b) If maxic(,) f(y,A;) exist for all j € (m),y € R" and y* is a WPOS to RDP, then y* is robust
WPOS for O(S).

Proof. (a) On the contrary, we suppose that y* is not a robust POS for Q(S). By the definition of
robust POS, there exists y € R" such that

F(3:8) € F("38) ~ R,
= f(7:5) —RE C f(y";8) —RE
— foreach i € (p) there exista [ € (p) such that
— f()_)vAl) S f(y*vAl)
= max f;(7,A;) < max f;(y*,A;) for all j € (m).
i€(p) I€(p)
From the last expression, it is evident that &(¥) is either equal to or dominates & (y*) in RDP.

Consequently, y* cannot be a POS for RDP, contradicting the assertion that y* is a POS for RDP.
Thus, y* emerges as a robust POS for Q(S).
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(b) Similarly to item (a), the proof for item (b) follows by contradiction. Assuming contrary
to the claim, let us suppose that y* is not a robust WPOS for Q(S). According to the definition of
a robust POS, there exists ¥ € R” such that

f(3:8) S F"5S) — RE,
= [(7:5) ~RE C f(y"38) — RS
— foreach i € (p) there exista / € (p) such that

= f(7,4) < 0", A1)
= max f;(7,A;) < max fj(y*,A;) for all j € (m).
ic(p) I€(p)

The last expression clearly indicates that & () strictly dominates & (y*) in the context of RDP.
Consequently, this implies that y* cannot be a WPOS for RDP. However, this contradicts the
assertion that y* is indeed a WPOS for RDP. Therefore, we conclude that y* serves as a robust
WPOS for Q(S). OJ

As a result of the theorem connecting the solutions to Q(S) and RDP, it is clear that solving
RDP is preferable to solving Q(S). This is a clear advantage because computing &(y) in RDP for
a given y is much easier than solving a class of MOPs in Q(S). The problem RDP, only requires
solving m deterministic single objective optimization problems and hence it is a deterministic
multiobjective optimization problem.

Definition 2.2. In RDP, a vector d € R” is said to be robust descent direction for & at y if
(Aiy+q;)Td <Oforall j € (m) andi € S;(y). Also, if d € R" is a robust descent direction for &
at y, then there exists & > 0 such that &;(y+ av) < &;(y) for all j € (m), and for all € (0, &].

Definition 2.3. £ : R" — R™ is strongly R™ — strongly convex if and only if there exits T > 0
such that Wpin (V2 f;(3,A;)) > t for ally € R" and j € (m), where Wy : R” x R” — R denotes
the minimum eigenvalue function.

Theorem 2.2. [11] Let §; : R" — R" be a function such that §;(y) = max;c ) f;(y,Ai)-

(i) In the direction v, the directional derivative of §; at y is given by §1(y,v) = max;c s;(y) (Aiy+

q;)"v, where S;(y) = {i € (p) : f;(»,A) = &;(»)}-
(ii) The subdifferential of &; is dE;(y) = conv{Aiy+q;:i € Sj(y)}. Also, y* = argmin ;(y)
yeR”

<—0¢c 85J(y*))

Definition 2.4. A point y* € R” is robust critical point (RCP) for & if R(®(y*)) N (—RZ) =0,
where R(®(y*)) denotes the range of ®(y*) = U (,,yd&;(y*). It is noticed that y* is a RCP for
RDP if and only there exists no v € R” such that (A;y* +¢,)Tv < 0, for each i € S;(y*), j € (m),

where S;(y*) ={ie (p): f;(0",A) = &)}

Now, we extend the idea of the Newton’s method for smooth multiobjective optimization [17]
to RDP (nonsmooth MOP). With the help of the Newton’s descent method, we can find the RCP
for RDP which is the POS to RDP as well as the robust POS to Q(S).
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3. NEWTON’S DESCENT METHOD (NDM) FOR RDP

In this section, we construct NDM for RDP. In RDP, the function & : R” — R™ is consider as

§(0) = (&), %0),--,5m(y)), where

Ei(y) = max f;(y,A;) = max{lyTAiy +qiy+r}, j € (m).
ic{p) ic(p) 2

We assume that the function f;(y,A;) is a twice CD for each y and i € (p). It can be observe that
uncertainty S contains symmetric and positive definite matrices, i.e., for each i € (p), A; € S is
symmetric and positive definite. Therefore, f;(y,A;) is a convex function for each i € (p) and
Jj € (m). Consequently, being a maximum of convex functions, &;(y) is convex for each j € (m).
The subsequent lemma and theorem establish a necessary and sufficient condition for Pareto
optimality or efficiency for RDP.

Lemma 3.1. The point y* is a RCP for & <=0 € Conv{U ¢, 9&;(y")}.
Proof. Letting y* be the RCP for &, we see that there must exist d € ¢ 9&;(y*) satisfying
u'd>0,VueR" 3.1

Now, we suppose the contrary, that is, 0 & Conv{U jc(,,yd&;(y*)}- Since Conv{U e dE;(y*)}
and {0} are both closed and convex sets, we can utlhze the theorem of separation. This
theorem guarantees the existence of # € R” and w € R such that u’ 0 > w and u’d < wVd €
Conv{Ujc(myd&;(y*)} They contradict (3.1). Hence, 0 € Conv{U ¢,y d&;(y*)}-

On the other hand, we need to demonstrate that y* is RCP for & if 0 € Conv{UjcmdE;(y*)}.

For that, we define &(y) = m<ax Ei(y) —&;j(y"). Utilizing Theorem 2.2(ii), we obtain 9&(y) =
jelm

Conv{Ujc(myd&;(y)}. Therefore, according to our assumption, 0 € Conv{U e, dE;(y*)}, it

follows that y* = argmin 5( ). On the contrary, we suppose that y* is not a (RCP). According
yeR?

to Definition 2.4, there exists g € R" such that (A;y* +¢;)Tq < 0 for all i € S;(y*), j € (m),
implying & j’ (v*,q) < 0 for all j. Consequently, there exists some 1) > 0 sufficiently small such
that &;(y* +nq) < &;(y*) for all j € (m), which further implies E(y* +nq) < 0=E(y*) holds

for some (y*+ ng) € R". However, this contradicts the fact that y* = argmin é(y) Thus, our
yeR?
assumption that y* is not a RCP is incorrect, and y* is indeed an RCP for &. 0J

Theorem 3.1. Let fi(y,A;) = %yTA,-y—f— qJT-y—i— rj be a CD function such that, for each i € (p),
A; is symmetric and positive definite matrix then y* is WPOS for RDP if and only if 0 €

Conv{Ujc(myd&;(y")}-

Proof. Let y* be a WPOS for . We need to demonstrate that 0 € Conv{U ¢,y d&;(y*)}. Since
%yTAiy+quy—|— r; is CD and convex for each j € (m) and i € (p), then 1 TA,y+qjy—|— r
is locally Lipschitz continuous for each i € (p). Consequently, by [26, Theorem 4.3],0 ¢
Conv{UjemdE(°)}.

On the other hand, because A; is symmetric and positive definite for each i € (p), we see
that %yTAiy + quy + rj is convex. Therefore, &; = max;c ) %yTAiy + q]Ty—f— rj is also convex.
Assume that 0 € Conv{U ¢, d;(y*)}, which implies y* is a RCP for &. For at least one jo we
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have & (y*,d) > 0 for all d € R". Thus

(Ay*+4q,)Td>0,i€S8;,("), Vd €R". (3.2)
By convexity of §; and %yTAiy + qJTy +rj, we have

P ATy iy > 0y A+ ajy i+ Ay +ag)! (-7, Vi€ S5 (7)

It follows from (3.2) that
1 1 .
DAYyt = oy A+ aiy g, i€ Sy (y)
= éjo(y) > éjo(y*)7
that is, y* is WPOS for RDP. O

In order to apply NDM to solve RDP, we need to determine both the NDD and the appropriate
step length in that direction. In subsection 3.1, we solve a subproblem that involves minimizing
a real-valued function. The solution to this subproblem provides us with the NDD.

3.1. The subproblem of finding the NDD. To find the NDD for RDP, we solve a real-valued
minimization subproblem. This subproblem can be stated as follows

1
Sd"Aid = ()} (3.3)

Let d(y) and ©(y) represent the optimal solution and optimal value, respectively, of subproblem
(3.3). Therefore,

T T T
min max max Ay+qg:;yv+ri+(Ajy+g;) d+
Inin max max { y+q;y+ri+(Ay+q))

d(y) = argmin ¢ (3.4)
deR?, teR
1
O(y) = g%{g?X{ TAly+q,y+rj+(Aiy+61j)Td(y)+§d(y)TAid(y)—ij(y)}n(3.5)

1
where 1 = m<ax> m<ax{ Ay + q] y+ri+(Ay+q;)Td+ EdTA,-d —&;(y)}. Suproblem (3.3)
jeim)ie p
can be rewritten as

P(y): min t
(y) deRn, teR

i 1 1 . .
subject to: EyTA,-y—quTy—I—rj—I— (Ay+q))Td+ EdTAid— Eily) <t,ie(p), je (m).

It can be observe that the constraints of P(y) satisfy the Slater’s constraint qualification condition
att =1,and d = (0,0,...,0) € R". Therefore, the solution to the given convex programming
problem P(y) is determined by the Karush-Kuhn-Tucker (KKT) optimality condition. To apply
this condition, we need to define the Lagrangian function by

1

L(t,d,A)=1t+ ) Z )L,]( YAy +qly+ri+ (Ay+q;)Td+ 5dTA,d— Ei(y) —t).
JE(m) i (p)

Then, the KKT optimality conditions for problem P(y) are

NPT (3.6)

jE
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Y Y aAd+ Y Y Aj(Ay+q) =0, (3.7)
Jje(m)ic(p)

Jje€(m)ie(p)

1
SdTAd —&j(y) <t i€ (p), je(m),  (3.8)

1
A+ aiy i+ (Ay+a;) d+ 3

2

1 1 . .
Aij (EYTAD’?LCIJT)’JFU?L(Ai)’-Hlj)TdﬂLEdTAid—ﬁj()’) —f) =0, 4;>0,i€(p), j€ (m).
3.9)

Problem P(y) has a unique solution, (d(y),®(y)). As this is a convex problem and has a Slater’s
point, there exists a KKT multiplier A = A(y) = 4;;(y), which together with d = d(y) and
t = O(y) satisfies n (3.6), (3.7), (3.8), and (3.9). Particularly, from (3.7), we obtain

d Z ZAUA Z lej ZY+6]1 (3.10)

Je€(m)ic(p) Jj€(m)ie(p)

Because A; is positive definite for every j and y € R”, where i € (p), it ensures the existence
of the inverse of A;. Since y is not a RCP, there must exist A;; > 0 for at least one i and j.
Consequently, the inverse of ¥ jc ;) Yic(p) AijAi exists, ensuring the well-definedness of d(y).
Therefore, the solution of P(y) is ex1sts and d(y) is the NDD for RDP.

Theorem 3.2 provides a connection between RCP and d(y) as defined in (3.10).

Theorem 3.2. Let the optimal value and the solution of subproblem (3.3) bee given in (3.4) and
(3.5). Then the following statements hold:
(1) If C C R" is compact, then d(y) is bounded on C and O(y) < 0.
(2) The subsequent conditions are equivalent:
(i) y € R", is not a RCP;
(i) ©(y) < 0;
(iii) d(y) # 0;
(iv) d(y) serves as a descent direction for & at y for RDP.
Moreover, y is a RCP if and only if ®(y) = 0.

Proof. (1) Let C C R" be a compact set. Considering j € (m), we see that f;(y,A;) = %yTAiy +
q]Ty+ rj is twice CD for all y € R" and i € (p). Consequently, its first and second-order
derivatives are bounded on C. Therefore, for every y € R”, j € (m), i € (p), and according to
(3.10), d(y) is bounded on the compact set C. Since d =0 = (0,0,...,0) € R” and t = 1 satisfy
the constraints of subproblem P(y), we have that (z,d) lies in the feasible region. Consequently,

_ 1_ _
O(y) < max{max{ 5 Ay+q]y+r]}—|—max{( v +¢;)70} +max ~07A;,0 — max £;(y)} = 0.
Jj€(m) i (p) ic(p) 2 i€(p)

Hence O(y) § 0.

(2) (i) = (ii) Assume that y is not a RCP. In such a case, there exists d such that
(Aiy+q;)Td <0 for all j € (m) and i € S;(y). From the definition of ©(y), it follows that,
forevery 6 > 0, O(y) < maxj€<m>{maxie<p>{%yTAiy +qJT.y+ ri}+maxie ) {(Aiy+q;)" (8d)+
5(8d)TA;(8d)} — max;e,y &;(y)}, which implies ©(y) < & (max je,, max;c () {(Aiy+q;)7d +
81d" A;d}). For sufficiently small § > 0, the right-hand side of the aforementioned inequality is
negative due to (A;y+¢;)7d <0, 3dTA;d > 0, and ©(y) < 0. Therefore, O(y) < 0.
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(ii) = (iii) Observe that ®(y) represents the optimal value of subproblem (3.3). We
conclude that d(y) # 0. If d(y) = 0, then ®(y) would be zero, which contradicts the assertion
from (ii). Therefore, if ®(y) < 0, then d(y) # 0.

(iii) = (iv) Letd(y) # 0. Then, O(y) # 0. As ©(y) < 0, one has ®(y) < 0 and

1 1
O(y) = max {{max{-y"Aiy+ ¢}y +r;} + max{(Aiy+q;)"d(y) + 5d(y)" Aid(y)} — max &;(y)}
j€lm) " ie(p) "2 i€(p) 2 i€(p)
<0
1

= max max{(Aiy+¢;)" d(y) + 5d(y) Aid(y)} <0

JE(m) ie(p) 2
— (Aiy+4¢;)"d(y) <0,V j € (m)and i€ (p)
— (Ay+q;)Td(y) <0,V jc (m)andicS;y)
— d(y) serves as a descent direction for & at y for RDP.

(iv) = (i) As d(y) serves as a descent direction for & at y, we have (A;y+¢;)Td(y) <0
for all j € (m) and i € S;(y). Hence, y is not a RCP. Furthermore, if ®(y) < 0, then d(y) # 0.
Conversely, if d(y) # 0, then ®(y) < 0. Therefore, we conclude that y is a RCP if and only if
O(y) =0. O

Theorem 3.2 provides a way to determine whether a RCP has been reached or a descent
direction can be found, which can be employed as a stopping condition in NDA. The following
theorem aims to demonstrate that ®(y) is a continuous function for all y belonging to R”.

Theorem 3.3. Let O(y) : R" — R be a function defined by (3.4). Then, ©(y) is continuous.

Proof. To establish the continuity of ®(y), it suffices to demonstrate its continuity in any arbitrary
compact subset C of R". According to Theorem 3.2, ®(y) < 0, and then, for each j € (m) and
i€ (p),

1

1
AN+ v+ (Ay+a) d) + 5d() Ad(y) - () <0.

At the active indices, where %yTAiy + q]Ty -+ rj attains its maximum value, i.e., %yTA,-y —+ quy +
rj=E&;(y) foreachi € S;(y). It follows that (A;y +¢;)Td(y) + %d(y)TAid(y) < 0, which implies

1 : :
Edb’)TAid()’) < —(Aiy+q;)"d(y), for each j € (m), i € (p). (3.11)

For every j € (m) and i € (p), the function f;(y,A;) = %yTA,-y+qJT-y+ r; is twice CD, and A; is
positive definite for every i € (p). Additionally, C C R" is a compact, and the eigenvalues of the
A; are bounded on C. Therefore, there exist 4 > 0 and 1 such that

fl=max max|A;y+gq,| (3.12)
yeC, je(m)ic(p)

and
wl[w|* < w! Ajw, foreach j € (m), i € (p), Vy € C. (3.13)
Using (3.11), (3.12), (3.13), and the Cauchy-Schwarz inequality, we obtain

HIdO)I? < Ay +g;llldO) < Blld)|| Yy € C, j € (m), i€ (p).
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This implies that ||d(y)|| < % forall y € C, i.e., d(y), the NDDs remain bounded on C. For y € C,
J € (m)andie€ (p), we set

F.'yv.j?Ai : C — R
1 1
st 2o o At gietr+ (At q;) d(y) +5d () Aid(y) - §(2).
Thus {Fy ;A }yec, je(m),ic(p) 1S equicontinuous. Consequently, {I', = m(ax> max Fj, j 4, }yec is
JEm) ie(m)

also equicontinuous. Consider € > 0, 3 6 > 0 such that, for all u,w € C, |[u—w| < § =
[Ty (u) —T'y(w)| < € for all y € C. Hence, for ||u —wl|| < 6,

Ow) < 3! At g wt 7yt (At )T d(w) + 3d()" Aid () — &)
=Tu(w)
< |Tu(w) —Ty(u)| +Tu(u)
<&e+0(u),
Thus @(u) — O(w) < €. If w and u are interchanged, then ®(u) — ®(w) > —&. Consequently,

|®(u) — O(w)| < € whenever ||u—w]|| < 8. Hence, ®(y) is continuous in C. As C represents any
arbitrary compact subset of R”, it follows that ®(y) is continuous. U

In Section 3.1, we determined the NDD for RDP. In order to formulate the NDA for RDP, we
must determine the appropriate step length. To accomplish this, we introduce an AILS technique
in Subsection 3.2.

3.2. Derivation of a new Armijo-type inexact line search (AILS) method for determining
the step length size. As the optimal value of subproblem (3.3) is given by

1 1
O(y) = max max{=y Ay +qly+ri+(Ay+q;) dy) +-d(y) Ad(y) — &(»)}
jelmyic(p) 2 2

and ©(y) < 0. We introduce an auxiliary function &/ (y, ad) to determine the step length size,
which is given by

. 1 1
§" (v, ad) = g%{inAiij g y+ri+a(Ay+q;) d+ aZEdTAid} —&i(y) =&y, ad),

(3.14)
where o € [0,¢€] and € < 1. Then, for every j € (m), (3.14) can be written as

« 1 1
E (v, ad) + &j(y, ad) < g%{EyTAiy +qiy+rit+ g&f{a(&y +q;) d+ aZEdTAid} &)

1
<max{a(Ay+q;) d+a*-d Ad}.
i€ (p) 2

Thus,
1

szA,d}. (3.15)

8" (0 ad) +&(y. od) < max{a(iy +q;)" d +a’
1€(p

As fi(x,A) = T Ay + q}y+rjis twice CD and convex, it is upper uniformly twice dif-
ferentiable. Therefore, there exists klj > 0 such that 5(y+d)TA;(y +d) + qu (y+d)+r;j <
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%yTAiy + q]Ty +rj+ (Aiy+q)Td+ %dTA,-d + %kl]HalH3 Since the above inequality holds for
every d € R", it also holds for ad. Therefore,

1
§(y+ ad)"Ai(y+ ad) +qJT~(y+ od)+rj

1 1
< EyTAierquJrrj +a(Ay+q;) d+ 2062dTA d+ 3,/<,’||0wl||3

1 1 .
< m<a>§{§yTAiy+ gjy+rj+a(Ay+q)’d+o’sd A} + ;K’H od|f?,
ic(p !
where K/ = max;e (, >klj . Now, from (3.14), we have

1 . 1 .
SO+ ad)" Ai(y+ad)+q} (y+ad) +r; < §i(y) + &y, ad) + & (y, oud) + 5063K’||d||3'

It holds for each i € (p). Therefore,

1 .
m?X{ L+ aa)’a; O+ 0d) +qj (v+ad) +r;} < &j(y, ad) +&;() + & (v, 0d) + 50 K | ad |
ic(p) !

/ V£ 1 /
Eily+ad) < Ej(y,ad) +&;(y)+ &/ (v, ad) +§K1Had!|3- (3.16)

Now, from (3.15), one has
E" (v, ad) + & (y, ad)

< max{o(A ,y—i—q])Td—i- OcszA id}
i€(m)

| 1
< max max{a(3y TAiy+q,Ty+rj)+06(Aiy+qJ')Td+EaszAid—aéj(y)}
JEM) ie(m)

1
<a r2<ax> rg(ax{ yTA,y~|—q]y+ rid(Ay+q;)Td+ EdTAid —&i(y)}
J l

afo—1) T
+ ———= max max{d’ A;d
2 j€<m>i€<17>{ s

1
< a®(y)+ - o(a— 1) max max{d’ A;d}. (3.17)
2 Jj€(m)ic(p)
As y is not a RCP, we find by Theorem 3.2 and (3.15), (3.16), and (3. 17) that
1
&0+ ad) < &) +a®() + s ala — 1) max max{d' Aid} + 57 a3l<f!\du3 (3.18)
je{myic(p

Since A is positive definite for all y € R" and i € (p), we have dT A;d > 0, where d(# 0) € R".
Now, In view of the third term on the right-hand side of (3.18), it is negative due to & < 1. Thus
(3.18) can be expressed as &;(y+ ad) < &;(y) + a®(y) + a*4;K’||d||*. Since y is not a RCP,
O(y) < 0; and for o > 0 sufficiently small, the last term in the right hand side of the above
inequality tends to zero. Therefore, for any 0 < 8 < 1,

Eily+av) <&;(y)+aBo(y), (3.19)

which represents the AILS technique for finding the step length size for NDA for the problem
RDP.
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After obtaining the NDD and the AILS technique to determine the step length size for the
problem RDP, we can now proceed to write the NDA for RDP.

3.3. Newton’s descent algorithm (NDA) for RDP.

Algorithm 1 (NDA for RDP)

Step 1. Choose € >0, B € (0,1) andy € R". Set k:=0.

Step 2. Solve P( kY and find d*, t(d(y*)) and ®@(y).

Step 3. If |®@(yX)| < &, then stop. Otherwise proceed to Step 4.

Step 4. Choose oy, as the greatest o € {% :r=1,2,3,...} such that

Ei(F+ ad®) <&M +aBOGK), VjeA. (3.20)

Step 5. Define y**! := y* + o4d*, update k := k+ 1 and go to Step 2.
We now present a remark on the understanding of Algorithm 1.

Remark 3.1. The well-definedness of Algorithm 1 hinges on the successful execution of Step
2, Step 3, Step 4, and Step 5. In Step 2, the task is to compute a minimizer of a function
d — max max lyTAl-y +qty+ ri+(Ay+ qj)Td + ldTAid —&;(y) at the point yX. Since this
je(m)ic(p) 2 ! 2
function is strongly convex, it is guaranteed to possess a unique minimizer. Therefore, d¥ is
always well-defined, ensuring the well-definedness of Step 2. With d¥ determined, we can find
@(yk ), making Step 3 well-defined. Notably, according to Theorem 3.2, the stopping criterion
|@(y*)| < € can be equivalently replaced by |d¥| < e. If at iteration k, Algorithm 1 halts at Step 3
without reaching Step 4, then, by Theorem 3.2, y* serves as an approximately RCP for &. Upon
reaching Step 4 at iteration k, we select o, as the largest o € % :r=1,2,3,... satisfying (3.19).
Additionally, it Is worth noting that due to (3.19), the objective function values consistently
decrease in the component-wise partial order from Step 4. Since y* is not a RCP of & (as per
Theorem 3.2), ®(y) < 0. Hence, from Step 4, we observe that & (y;41) < & (y;), ensuring the
well-definedness of Step 4. Finally, leveraging d*, oy, and the current iteration point y*, we
compute y*! in Step 5, thereafter iterating back to Step 2 until the stopping criteria at Step 3 are
met.

The forthcoming subsection delves into the convergence analysis of NDA applied to the
problem denoted as RDP.

3.4. Convergence analysis of NDA (Algorithm 1) for RDP.
Lemma 3.2. For every k > 0 and j € (m),Y*_,a,|0(y")| < B~1(&;(3°) — &;(3X)), where
&i(y) = maxie {3y Ay +qty+rj}.
Proof. According to Step 4 of Algorithm 1, it follows that
&M <&0M) + auBOG), —au®(F) < B7H(E05) - &M,
Thus — Y7o 0(") < B~'(§;(°) — &(H)). Also,
Zk: 0,0 (y EOY) - &0M). (3.21)

r=0
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Since ©(y") < 0, we have from (3.21) that B~1(&;(0%) — &,0*1)) > X5, &.®("), which
together with (3.21) obtains Y*_, &t,|®(y")| < B~1(E;(3°) — &;(FF1)). O

Theorem 3.4. If {yk } represents a sequence generated by Algorithm 1, then the accumulation
point of {y*} is a POS for & for problem RDP.

Proof. Let y* denote an accumulation point of the sequence {y*}, where {y*} is generated by
Algorithm 1. Then, there exists a subsequence {yk/} such that lim;_ ..,y = y*. Observe that
&; is continuous. Utilizing Lemma 3.2, with [ = k;, we obtain Y5>, a/|@(y')| < . Therefore,
limy_,.. ak®(y*) = 0. In particular, we have

lim e @) = 0. (3.22)
[—o0
If y* is not a RCP, then
O(y*) <0 and d*#0. (3.23)

Now, we define g : R™ — R by g(v) = max ¢, v;. Applying the definition of ®(-) and the fact
that d(y*) = d*, we infer the existence of a nonnegative integer g such that g(& (y* +279d(y*)) —
E(y")) < B279O(y*). Since g(.) is continuous, then lim;_,..d* = d(y*) and lim;_,., ®(y") =
©(y*). For [ large enough, one has g(& (Y +279d%) — & (Y1) < 6279@(y"), which implies

(M +279d") - &;(V1) < 02710 (). (3.24)

From Step 4 of Algorithm 1, we have &;(y* + oy, V") < &;(%) + oo, ®(y*). Since #, is the
largest of {5, :n=1,2,3,....},and o € (0,1), we find by (3.24) that ooy, ®@(y"') < 62790 ("),
which implies oy, > 279 > 0 for [ large enough. Consequently, lim; .. a¥®(y*) > 0, which
contradicts (3.22). Hence, the condition stated in (3.23) is false, indicating that y* is a stationary
point. By the strict convexity of &, it follows that y* is a POS. 0

Theorem 3.5. Let {yk } be a sequence generated by Algorithm 1 and y0 be in a compact level
set of E. Then {y*} converges to a POS y* € R".

Proof. Let Y be the &(y?)-level set of &, ie., 1o = {y € R" : E(y) < E(H?)}. Given that the
sequence {&(y*)} is decreasing in R™, it follows that y* € 7y, for all k. Consequently, {y*}
is bounded, and all its accumulation points reside in Jy. Utilizing the theorem above, we
conclude that all the accumulation points are Pareto optima for . Considering y* € 7y, where
E (Y1) < E(yF) for all &, [18, Lemma 3.8] asserts that, for any accumulation point y* of {yk},
E(y) < E(YF) and limy_,0 & (yF) = E(y*), with & (y) being the constant in the set of accumulation
points of {y*}. As & is strongly convex, we see that there exists a unique accumulation point of
{y*}, denoted as y*. Hence, the proof is complete. O

3.5. Convergence rate of NDA (Algorithm 1. In this section, we investigate the convergence
rate of any infinite sequence generated by Algorithm 1. The analysis assumes a bound for
d(y), the descent direction for £ at y, and provides a bound for ®(y**!) by using information
from the previous iteration point y*. The section demonstrates that, for sufficiently large &, full
Newton’s steps are taken, i.e., o = 1. Using this result, it is proved that y* converges to y* with
a superlinear rate. Finally, under additional assumptions, it is demonstrated that y* converges to
y* with a quadratic rate.
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Lemma 3.3. Assume that, for any k > 0, there exists A;j such that 'y, Y. li’; = 1. Then
jelm)ic(p)

2

@(yk—l-l)

Z Z At +4;)

]E

where T > 0 is defined in Definition 2.3.

Proof. Observe that

1
@(yk—H) — max max{_(yk+1)TA yk—H _I_quk—i—l +rj+ (Aiyk—H +qj)Td(yk+1)
jE(m)ic(p) "2
1
+ 54D Ad () = &0}

Now, from (3.6), we have

0K = Z Z lk max max{1

j€< Z(yk-i-l) Ayk+l+q3"yk+1+rj+(Aiyk+l+qj)Td(yk+l)
Jj€(m)ic(p)

1
+ A0 T AR — &4
1
> Z Z lil}{(Aiyk+1 +qj)Td(yk+l) + Ed(yk“)TAid(ka)}
J€(m)ic(p)

. 1
> min Y} Z MA(AY T +4q))Td+=d" Ad}.
deR" Z0 2

The definition of strong-convexity for f;(x,A;) (Definition 2.3) yields that there exists a 7 > 0
such that

T
O >£1an Z Z A5 ( lyk“+qj)Td+§Hd|yz). (3.25)

]6

Solving mm jZ Z AR (AT + q_,-)Td +3 Hde), we obtain

1
min ¥ ¥ A5 (4 g a4 Sl = o § ¥ 2@t ) 326)

Jje(m)ie(p)
From (3.25) and (3.26), we have
1 2
o)z || ¥ X At +q)|" (3.27)
T . .
J€(m) ie(p)
Hence the lemma is proved. 0

d(y)||? < 2| O(y) |, where T > 0 (given in Definition
2.3). Let Y° be the initial point within a compact level-set of €, and the sequence generated by
Algorithm 1 be as {y*}. Then {y*} converges to a Pareto optimum point y*. Furthermore, if
oy = 1 for sufficiently large k, then the convergence rate of {yk } to y* is superlinear.
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Proof. Given {y*}, a sequence generated by Algorithm 1 with its initial point y* belonging
to a compact level set of £, Theorem 3.5 guarantees the convergence of the sequence to y*.
Now, we aim to establish that {y*} converges to y* with a superlinear rate. Since y* is a RCP,
according to the definition, there exists no descent direction at y*, implying d(y*) = 0. Since
%yTAiy + q]Ty + rj is twice continuously differantiable for each y € R" and i € (p). Thus

1
E(y" +d9T A +d") +qf F +db) +rg

1 L 7 €
<M Ak + g i+ (A +4)) T+ S A+ S|

1 .1 1
Sf‘é&f{?k A + )Y +ri+ (A +q)) d* + 5 (d") Ai(d) + Hdku}

2
< l kTA, k|, Tk, ..
_maX{ 5 AN gy +rjh

S AL &)} + S

Consequently, (¥ +d*)TA;(* +d*) —I—qJT-(yk +d*) +r; < &(F) +O(O*) + §||d*||* holds for
each A;. Then, max;e ) {3 (% +d)TAi(y +d%) +q7 0F +d%) +1j} < §05) +O01) + 5| d"||?
and &;(y* 4+ d*) — &; (%) < O(y*) + §||a*||*. Note that

&0 +d5) = &) < 00() + (1-0)0(4) + 3 ]
la*]1?

+m<ax>m?"{ S AN gl i (At + )T
jelm)ie

< 60N+ (e—1(1—0)) for every k > ke,

which inequality indicates that if € < 7(1 — &), then, in Step 4 (Algorithm 1), o = 1 is accepted
for k > k¢. For achieving superlinear convergence, we assume € < 7(1 — o). Utilizing Taylor’s
first-order expansion of Y, Y ll-’} (Aiy* +g;) and (3.7), we conclude that, for any k > ke,

jelm) i€ (p)
(Y Z’L AV +aq5)
JE(m)ic
<HZZA A +4)) - ZZ Ay +4))+ ZZA"Adk”
JEm JjE(m)ic j€(m)ie
< Z Z l illeat|.
Thus H Zl€<> A +aq))|| < elld, oLk >

21(£||dk\|) and | @(F1) |< 5-(g||a*||)?. As oy = 1, we have y<™1 = yk + g Tt follows that
Iy —yk+2\| la*+ 1| < inkH- If k > ke and j > 1, then

b+ — yk+f+‘||<( ) ) (3.28)

To establish the superlinear convergence rate, we consider § € (0, 1) and define

o ¢
E = l-0,——— ;7.
mln{ T12¢
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If ¢ < £* and k > ke, then we obtain by (3.28) and the convergence of {y*} (to y*) that

[e5S)

oyt YR i < ko ket
b L || Z(1+2c) )

Thus [[y* -y < m”yk—ykﬂﬂ and

k k k k+1 kel C ik
Iy =Y = I =y = I =y > =y = == I =
1+¢
which implies [|y* —y*|| > LHyk— k1| If £ < €% and k > ke, then [|y* —y* || < Cly* — ¥,
k+1
and ”ﬁ - ZHH < . As § varies arbitrarily in (0, 1), we see that the quotient approaches zero.
This concludes the proof. O

The following theorem establishes the quadratic convergence of the sequence generated by
Algorithm 1.

Theorem 3.7. Let y° € R be the initial point in a compact level set of &, and {y*} be a sequence
generated by Algorithm 1. If the second derivative of %yTAiy + qJT~y +rj is Lipschitz continuous

on R" for each i € (p) and j € (m), then {y*} converges to y* with a quadratic rate.

Proof. Since the second derivative of 5y”A;y+ g%y~ r; is Lipschitz continuous on R” for each
i € (p)and j € (m), it follows that )" jc () Yic (p) M}Ai is also Lipschitz continuous. If oy = 1 for
sufficiently large k, then y*!1 — & = gk,

| Z Zl W+g)< Y ¥ 1]2HdkH2 HdkHz,
]E

Jj€(m)ie(p)
where L is Lipschitz constant. Thus Ljem m) Lie (p) A (Ay +qj) < <L %||a*||*. According to Lemma
3.3, it follows that | ©(y k“) < 5= (5%} Observe that ||d(y k+1)||2 < 2| ®(y*!)|. Hence,

we have [|d(y*™1)|| < £ ||d¥||* for k large enough. Since y* converges to y* with a superlinear
rate, there exists ko such that, for k > ko, ||ly* — y*1|| < {|ly* — y¥||. We also have

(=) =¥l < Iy —»* . (3.29)

and
I =y < A+ )|y =y (3.30)

They imply that (1 C)[|y* —y*|| < [[y* —y**![| < (1+8)|ly" —»’||. For s =k > ko, by (3.30), we
have [|[y* —y**1|| < (1+&)[]y* — y*||. Using (3.29) for s = k+ 1, we have (1 — ¢)|ly* —»y**!| <
A =342 = [l Thus (1= 8)[ly* =y < = (14 )2 [ly* —y*||. Since { € (0,1) is

arbitrary, one sees that {y*} converges to y* quadratically. U

3.6. Numerical examples. We now apply Algorithm 1 to a number of numerical examples (Test
problems given in Table 1 and explicit forms of each test problems are provided in Appendix
A) and then compare with the weighted sum method by using an approximation of the non
dominated Pareto front. We developed a Python code for Algorithm 1 and solved the subproblem
P(y)by using cvxopt.solvers.gp. Since the subpproblem is a convex quadratic programming
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problem, it can be solved by using this solver. In our computations, we set the stopping criteria
as ||d¥|| < 10~* or &g < 1073 or maximum 5000 number of iterations.

To obtain a set of efficient (Pareto optimal) solutions for a multiobjective function, we employ
the multi-start technique to generate a well-distributed approximation of the Pareto front. Initially,
we select 100 uniformly distributed random points within the range defined by /b and ub (where
b and ub are vectors in R”, and /b < ub), and then apply Algorithm 1 separately to each point.
The resultant non-dominated set of RCPs derived from this process forms an approximate Pareto
front. To assess the effectiveness of this approach, we compare the approximate Pareto fronts
obtained via Algorithm 1 with those acquired through the weighted sum method across various
examples.

In the weighted sum method (WSM), we address the following single-objective optimization
problem

)lcTEl]lRl}l (W1§1 (x) +W2§2(X) +- ‘i‘WméI%(x)) )

where (w1 , wz, .y Wm) = w > 0, by using the technique developed in [5] with initial approxi-
mation x¥ = (lb + ub). For bi-objective optimization problems, we considered weights (1,0)
and (0,1), along with 98 random weights uniformly distributed in the square area [0, 1] x [0, 1].
For three-objective optimization problems, we included weights (1,0,0), (0,1,0), and (0,0, 1),
along with 97 random weights uniformly distributed in the cubic area [0, 1] x [0, 1] x [0,1]. In
the state of P(y), we solved the following subproblem in the provided examples:

P(y) : min ¢

d,t

YT ad— &) <1, Vie(p), je(m)

1
s.t. =y Ay +qly+ri+(Ay+q)d+ 5

2
Ib<y-+d < ub.

In the subsequent example, we elucidate the steps of Algorithm 1 by utilizing a single initial
approximation.

Example 3.1. (Bi-objective quadratic two-dimensional problem with an uncertainty set of two el-
ements) Consider the UQMOP Q(S) = {Q(A;) : i € (p) } such that O(A;) : min, g2 f(y,A;), Where

rirexsors={a= (7 5) a= (g 9) b =012 s = (040

fiAi) = %yTAiy+qJT~y+rj, where g = ( ) g) ,r1 =2and r, =3. The OWWC type

robust counterpart to Q(S) is given by RDP : minycr» & (y) such that §(y) = F]( )] and §;(y) =

&(y)
maxi€<p>{§y A,-y+qjy—|— ri}, j=1, 2. Consider y* = (2.42023589,0.77521806)7. Then,
F1°,A1) = 18.53352838, f1(y°,A2) = 21.5767543, f>(y°,A1) = 15.37369295, and f>(y°,As) =
18.41691886. &1 (1) =21.5767543, £,(y°) = 18.41691886 and & (y°) = (21.5767543,18.41691
886)7. Observe that S1(y°) = {4} and S>()°) = {A,}. The solution of P(y°) is obtained as
d® = (—2.39793688, —1.79841356)7, and 1 = —15.45325308. We see that o = 1 satis-
fies (3.20). Therefore, y1 = yO + opd® = (0.02229902, —1.0231955)T. One can observe that
E(y') = (3.11482057, —0.04485847)T < £(y°). Using the stopping criterion ||d¥| < 1074, the
final solution is obtained as y* = (0.02227754, —1.0232116) after 3 iterations. Certainly, y
serves as an approximate RCP for RDP.



SOLVING AN UNCERTAIN QUADRATIC MULTIOBJECTIVE OPTIMIZATION PROBLEM 167

Next, we prove that y* = (0.02227754, —1.0232116) is a week POS of RDP. Observe that
£i(y*, A1) =3.08009894, f1(y*,Ay) = 3.11478718 and fo(y*,A1) = —0.0795801, f>(y*,As) =
—0.04489185 and &(y*) = (3.11478718, —0.04489185). These imply S;(y*) = {A>} and
S2(y*) = {A2}. Hence,

IE1(y*) = conv{(3.08911016, —2.0464232)T}
and
dE(v*) = conv{(0.08911016, 1.9535768)7 }.

Therefore, 0 approximately lies within the convex combination of d&; (y*) and d&;(y*). Accord-
ing to Theorem 3.1, y* qualifies as a WPOS for & (y). Figure 1 illustrates a comparison of the

44 ; * Algorithm 1 4 * + Weighted sum method
3 %
34 E 3 :
4 %
21 ‘t\ 2 -
. ~
1 ‘ﬁ- * 1 ’*ﬁr *
* *
0 *u - -
hid Tk & 09 o - .
14 * * e 1 * “ gy
1 2 3 2 5 6 : : ; ; : :
1 2 3 4 5 6
(A) Estimate the Pareto front of Example 3.1 (B) Estimate the Pareto front of Example 3.1
(TPN1) utilizing NDM (Algorithm 1). (TPN1) utilizing WSM.

FIGURE 1. Depiction of approximate Pareto fronts for Example 3.1 (TPN1).

approximate Pareto front generated by ‘NDM’ with ‘WSM’ for Example 3.1 (TPN1).

Test Problems. A set of test problems including above Example 3.1 is constructed and executed
by using both the methods. Details of these test problems are given in Table 1. In this table, m
and n represent number of objective functions and dimension of decision variable (x). Also, the
convex and non-convex problems are denoted by ‘Y’ and ‘N’, respectively in the following table.
One can observe that we considered 2 or 3 objective 1, 2, and 3 dimensional problems in our
execution. Explicit forms of each test problems are provided in Appendix A.

The functions in Test problems TPN1 (Example 3.1), TPN2, TPN3, TPN4, TPNS, TPN6, and
TPN7 are convex due to the consideration of a parameter uncertainty set containing symmetric
positive definite matrices. Algorithm 1 can generate good approximation Pareto fronts for these
examples, as depicted in the corresponding figures. Also, TPNS, TPN9, and TPN10 have
nonconvex objective functions because their uncertainty sets may not include positive definite or
semi-positive definite matrices. In these cases, the WSM fails to produce approximation Pareto
fronts, while Algorithm 1 succeeds. Algorithm 1 eliminates the difficulty of choosing pre-order
weights in the WSM, enabling us to find good approximate Pareto fronts without pre-order
weight selection. Also, Theorem 2.1 shows that the POS to RDP is the robust POS to Q(S). Our
primary goal is accomplished by utilizing RDP and Algorithm 1 to discover the approximate
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TABLE 1. Details of test problems.
Problem | (m,n, p) IpT ub” Convex
TPNI | 2.22) | (—4,-4) 4,47 Y
TPN2 | (2,2,2) (=3, —4)7 (4,47 Y
TPN3 | (3,3.3) (1,-2,007 [ (352, 1D Y
TPN4 | 3.3.3) | (—1,-3,-D)T [ (353, D) | Y
TPN5 | (222) | (-5,-5)7 (4,47 Y
TPN6 | (3.3.3) | (1,-2,007 | (4,2,1)T Y
TPN7 | (3.3.3) | (—1,-2,007 [(3.5,3,1)T Y
TPNS | (3.2,3) -5 5 N
TPN9 | (2,1,2) | (—1,—-1)T (0,0)T N
TPN10 | (2,2,2) | (-2,-2)T (5,5)7 N
307 E *  Algorithm 1 4.7 + Weighted sum method
*
484 4 4.6 -
i 4.5 1
4.6 4
7 ‘\“** 4.4 4
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34
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3.6
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3.8

(A) Estimate the Pareto front of TPN2 utilizing
NDM (Algorithm 1).

(B) Estimate the Pareto front of TPN2 utilizing
WSM.

FIGURE 2. Comparison of approximate Pareto fronts for TPN2.

Pareto front for the multi-objective optimization problem Q(S) with finite parameter uncertainty
set.

4. CONCLUSIONS

We presented a solution to the unconstrained uncertain quadratic multiobjective optimiza-
tion problem, namely Q(S) (defined in 2.1). To solve Q(S), we used the objective-wise worst-case
cost type robust counterpart, RDP (defined in (2.2)). As stated in Theorem 2.1, the POS of RDP
is the robust POS to Q(S), so solving RDP rather than Q(S) was easier. RDP, on the other hand,
is a deterministic nonsmooth quadratic multiobjective optimization problem. Our goal was to
find a RCP for RDP that is both a POS for RDP and a robust POS for Q(S). To achieve this, we
developed a NDA (Algorithm 1) for RDP, which involves solving a subproblem to obtain the de-
scent direction and implementing an Armijo-type line search technique. By using this algorithm,
we obtained a sequence that converges to a RCP, and under certain assumptions, we proved that
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* Algorithm 1

* Weighted sum method

3.5

(A) Estimate the Pareto front of TPN3 utilizing  (B) Estimate the Pareto front of TPN3 utilizing
NDM (Algorithm 1). WSM.

FIGURE 3. Depiction of approximate Pareto fronts for TPN3.
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(A) Estimate the Pareto front of TPN4 utilizing  (B) Estimate the Pareto front of TPN4 utilizing
NDM (Algorithm 1). WSM.

FIGURE 4. Depiction of approximate Pareto fronts for TPN4.

the convergence rate is superlinear or quadratic. At the end of the paper, we also provided some
test problems to verify the effectiveness of NDA, which shows that our algorithm can generate
good approximate Pareto fronts without the need for predetermined weighting factors or any
other kind of predetermined ranking or ordering information for objective functions. Therefore,
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(A) Estimate the Pareto front of TPNS utilizing

NDM (Algorithm 1). (B) Estimate the Pareto front of TPNS utilizing WSM.

FIGURE 5. Depiction of approximate Pareto fronts for TPNS.
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(A) Estimate the Pareto front of TPN6 utilizing
NDM (Algorithm 1).

(B) Estimate the Pareto front of TPNG6 utilizing
WSM.

FIGURE 6. Depiction of approximate Pareto fronts for TPN6.

the difficulty of choosing the pre-order weight in the WSM can be eliminated with the use of
our algorithm. Future work will be focused on the comparison of the spreading of approximate
Pareto fronts by using performance profiles based on factors such as the Delta-spread metric
and hypervolume metrics. In addition, we will justify computational efficiency by using the
performance profiles based on the number of iterations and function evaluations.
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* Weighted sum method

*  Algorithm 1
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(A) Estimate the Pareto front of TPN7 utilizing  (B) Estimate the Pareto front of TPN7 utilizing
NDM (Algorithm 1). WSM.

FIGURE 7. Depiction of approximate Pareto fronts for TPN7.
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(A) Estimate the Pareto front of TPNS utilizing

NDM (Algorithm 1).

FIGURE 8. Depiction of approximate Pareto fronts for TPNS.

(B) Estimate the Pareto front of TPNS8 utilizing
WSM.
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(A) Estimate the Pareto front of TPN9 utilizing  (B) Estimate the Pareto front of TPN9 utilizing
NDM (Algorithm 1). WSM.

FIGURE 9. Depiction of approximate Pareto fronts for TPN9.

*  Algorithm 1 + Weighted sum method

(A) Estimate the Pareto front of TPN10 utilizing  (B) Estimate the Pareto front of TPN10 utilizing
NDM (Algorithm 1). WSM.

FIGURE 10. Depiction of approximate Pareto fronts for TPN10.
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APPENDIX A. DETAILS OF TEST PROBLEMS

Appendix A: Details of test problems

(TPN1) UQMOP: Q(S) = {Q(A;) : A; € S} such that Q(A;) : mIiRnf(x,Ai), where f : R? x
x€R?

2 1 4 0 A;
S 3 R2 A eS= {Al = <1 2), Ay = (0 2)} flx,A) = H;gAlﬂ , where

: 3 0
fi(x,Aj) = %xTAix+qJTx+rj, j=12 q1 = <0) , gy = (4> ,ri =2 and rn = 3.
OWWC type robust counterpart to Q(S) is as follows: RDP : min,cgn & (x), where
E(x)= EIEX;] and §;(x) = maXAies{%xTAix—l—qux—i—rj}, ji=1,2.
(TPN2) UQMOP: Q(S) = {Q(4;) : A; € S} such that Q(4;) : min f(x,A;), where fiR?xS—
xeR

s fore () - Dsen 4] e

A
szAlx-|-qu+r], =1,2,q1 = ( ) (2) ri =4 and r, = 8. OWWC type

robust counterpart to Q(S) is as RDP : min, 2 & (x), where & (x) = E; Exﬂ and &;(x) =

rnax{ xTAx+qjx~|—rj} j=12.

Ai€S
(TPN3) UQMOP: Q(S) = {Q(A;) : A; € S} such that Q(A;) : min, g3 f(x,A;), where f : R x
4 0 2 1 10 2 00
S—>]R3,andS:{A1: 02 0),4=(130]|,4=(0 31 },f(x,A)—
2 0 3 0 02 01 2
fi1(x,A;) 1 2
fo(x,A;) | , where fj(x,A;) = %xTA,-x—i—q]Tx—l—rj, j=123,qg1=|2],2=|1],
f3(x,A,) 3 0

0
qg3=10],r=3,r1=4and rn=5. OWWC type robust counterpart to Q(S) is

3

E1(x)
as RDP : min, g3 & (x), where &(x) = [&(x)| and &;(x) = maxa,es{ixT Aix + q}rx—k
&3(x)
rj}, j= 1, 2, 3
(TPN4) UQMOP: Q(S) = {Q(A;) : A; € S} such that Q(A;) : min, g3 f(x,A;), where f : R? x
S —R3,
210 § 0 4 41 0 £1(x,A)
S—{Alz 1 10 ,A2= 023 ,A3— 1 3 0 },f(x,A,-): fz(x,A,-)
0 07 0 35 0 0 10 f3(x,A;)
3 4

where fj(x,A)) = 3xTAix+qix+rjqi= |2 |, 2=2q1,¢3= |1 |, =5 n=
1 0
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6, r3 =7. OWWC type robust counterpart to Q(S) is given by RDP : min, 3 & (x),

&1(x)
where £ (x) = | & (x) | and §;(x) = max;c(p) %xTAix—i—q]T.x—i— ri,j=1,2,3.

&3 (x)
(TPN5) UQMOP: Q(S) = {Q(A;) : A; € S} such that Q(A;) : min, _g> f(x,A;), where f : R? x

i)
11 10 fi(x,A)

2 o _ _ . N_—1,TQ.
SR, S= {Al— (1 2) A = (0 2)},f( JAj) = {fz(xA)  [i(x,A) = 5x" Aix+
gix+rjj=1,2, where g = (é) :
qQ = (?) ,r1 =1 and r, =2. OWWC type robust counterpart to Q(S) is given by
RDP : min, > & (x),

(x)

1
where & (x { ¥ ] and &;(x) anazé{ixTAix—l—qJTx+rj}, j=1,2.
i€

(TPN6) UQMOP: Q(S) = {Q(A;) : A; € S} such that Q(A;) : min f(x,A;), where f : R> x

(A7)
1 01 110 8 00
S—>R3,S:{A1: 02 0|,4=(130|,4=[(041 },f(x,A,-):
1 03 002 011

-fl(x,A,') 1 2
fa(x,Ai) |, where fi(x,A) = 5xTAx+qlx+rj, q1 = 2) =11, ¢3=
_f3(x,A,~) 3 0
0
0],r=1,rn=2and r; =3. OWWC type robust counterpart to Q(S) is given by
1
E1(x)
RDP : min, 3 &(x), where & (x) = | & (x) | and &;(x) = maxy,cs %xTAix—f—qJTx—I— rj,
&3 (x)
j=1,2,3.
(TPN7) UQMOP: Q(S) = {Q(A;) : A; € S} such that Q(A;) : min,cps f(x,A;). f:R3 xS — R3,
11 2 1 11 1 0 f1(x,4A))
S:{Alz 1 4 1],A=(12 0],A3=10 0 }.f(x,A,-): H(x,A) ],
215 1 03 0 1 f3(x,A))

1
ry =r3=0. OWWC type robust counterpart to Q(S) is given by RDP : min, 3 & (x),
&1 (x) 1
where & (x) = éz(x) and &;(x) = max —xTAix-l—qux-I—rj, j=1,2,3.
(TPN8) UQMOP: O(S) = {Q( ) : A; € S} such that Q(A

0
5
0
1 2
where f;(x,A;) = %xTAix+qJTx+rj, j=1,2,3,q1= (2 ,q2=2q1,q3=10|,r =
3

m' f(x,Ai), where f: R2xS >R,
X,

i) : min
AieS={A1=(-2), A= (—4)}, f(x,A) B;Ex,ﬁ,ﬂ where fj(x,A;) = $xTAix+
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gix+rjj=1,2,q1=(100), g2 = (—200), r; = 1 and r; = 4. OWWC type robust
counterpart to Q(S) is given by RDP : min,cgrn & (x), where & (x) = El gﬂ ie,&i(x)=

2

maxy,cs %XTAI'X—I— qux—k ri, j=1,2.
(TPN9) UQMOP: Q(S) = {Q(A;) : A; € S} such that Q(A;) : min, g2 f(x,A;), where f : R? x

I 1 -2 1
2 ¢ — —
sors={an=(; L) a= (7 5)}

Aj) IxTAx+qlx+r
A) = l(xa i)l _ |2 i 1
fixA) {fz(X,Ai)} |:%xTPx+qu+r2

where ¢ = (;> q2 = (3) ,r1 =1 and r, = 3. OWWC type robust counterpart to Q(S)

is given by RDP : min,cgn & (x), where & (x) = [? gﬂ , and &;(x) = max,es 3x7 Aix +
2

qJT.x—f—rj,j: 1, 2.

(TPN10) UQMOP: Q(S) = {Q(A;) : A; € S} such that Q(A;) : min, g3 f(x,A;), where f : R x
-1 0 1 11 0 fi(x,A)
SR, S = {A1 =10 2 0],A=1|13 0 }, f(x,A) = | fa(x,A) |,
1 03 0 0 =2 f3(x,A;)
1 2 0
fj(x,Ai)z%xTAix+qJT-x+rj,j=1,2,3, gq=2|.2=11],93=10]|,r =
3 0 1
1, » =2 and r, = 3. OWWC type robust counterpart to Q(S) is given by RDP :
Si(x)

1
min, g3 & (x), where & (x) = [ & (x) | and §j(x) = max ExTA,-x—f—qJTx—Frj, i=12,3.
i€

& (x)
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