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Abstract

We propose new descent methods for unconstrained multiobjective optimization prob-
lems, where each objective function can be written as the sum of a continuously
differentiable function and a proper convex but not necessarily differentiable one. The
methods extend the well-known proximal gradient algorithms for scalar-valued non-
linear optimization, which are shown to be efficient for particular problems. Here, we
consider two types of algorithms: with and without line searches. Under mild assump-
tions, we prove that each accumulation point of the sequence generated by these
algorithms, if exists, is Pareto stationary. Moreover, we present their applications in
constrained multiobjective optimization and robust multiobjective optimization, which
is a problem that considers uncertainties. In particular, for the robust case, we show
that the subproblems of the proximal gradient algorithms can be seen as quadratic pro-
gramming, second-order cone programming, or semidefinite programming problems.
Considering these cases, we also carry out some numerical experiments, showing the
validity of the proposed methods.
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1 Introduction

Multiobjective optimization consists in minimizing (or maximizing) more than one
objective function at the same time and under possible constraints. In most of the
cases, it is not possible to find a single point that minimizes all objective functions at
once, so the concept of Pareto optimality becomes essential. A point is called Pareto
optimal or efficient, if there does not exist another point with the same or smaller
objective function values, and with at least one objective function value being strictly
smaller. Multiobjective optimization problems have applications in many fields. We
refer to [15] for a list of applications.

One of the most well-known methods for multiobjective optimization prob-
lems is the scalarization approach [16,20,23]. It consists in solving one or several
parametrized single-objective optimization problems to find a solution of the original
multiobjective problem. However, in the non-convex case, we may not necessarily get
all Pareto optimal solutions using this approach.

In recent years, descent methods for multiobjective optimization problems have
attracted a lot of attention in the optimization community. For example, a steepest
descent method for differentiable unconstrained multiobjective optimization problems
was proposed in [13]. Afterwards, a proximal point method [8], that can be applied
to nondifferentiable problems, was considered. However, this method is just a con-
ceptual scheme and does not necessarily generate subproblems that are easy to solve.
For nondifferentiable problems, a subgradient method was also developed in [10].
However, for some particular problems, these methods may not be efficient.

In this paper, we consider the following unconstrained multiobjective optimization
problem:

min F(x)
. (1.1)
s.t. x € R",
where F: R* — R™ is a vector-valued function with F := (Fj,..., F,)"

and T denotes transpose. We assume that each component F; : R” — R is defined by
Fi(x) = fix)+gix), i=1....m, (1.2)

where f;: R" — R is continuously differentiable and g; : R” — R U {oo} is proper
convex and lower semicontinuous but not necessarily differentiable.

In order to solve (1.1), we propose a proximal gradient method, that combines
proximal point and gradient methods [8,13]. The proximal point method solves sub-
problems iteratively, and their objective functions are defined as the sum of the original
function F with regularization terms. However, these subproblems are nonlinear in
general, so the computational cost for solving them is possibly high. On the other
hand, a proximal gradient method applies a gradient method for the differentiable part
fi and a proximal point method for the convex part g;. As it can be seen in the single
objective function cases [3,22], this method is shown to be efficient when g; has some
special structure.
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We also observe that the problem and the proposed methods have many applications.
For example, when g; is an indicator function of a convex set S, (1.1) is equivalent to
the optimization problems with constraints x € S. Also, as it can be seen in Sect. 5.2,
we can deal with robust optimization problems. These problems include uncertain
parameters and basically consists in optimizing under the worst scenario. Although
the literature about robust optimization is vast, the studies about robust multiobjective
optimization is relatively new [11,14,19].

The outline of this paper is as follows. We present some notations and notions
of Pareto optimality and Pareto stationarity in Sect. 2. In Sect. 3, we propose the
proximal gradient methods for unconstrained multiobjective optimization. We show
the global convergence of the proposed algorithms in Sect. 4. In Sect. 5, we apply
the proposed method to constrained problems and to robust optimization. Finally,
we report some numerical experiments by solving robust multiobjective optimization
problems in Sect. 6.

2 Preliminaries

Let us first present some notations that will be used in this paper. Let R denote the set

of real numbers and let N be the set of positive integers. The symbol || - || stands for
the Euclidean norm in R”. We also define the relation < (<) inR™ asu < v (u < v)
ifand only if u; < wv; (u; < v;) foralli =1, ..., m. Moreover, we call

W (s d) = lim " 2D —hG)
’ ' a0 o

the directional derivative of 42: R” — R U {oco} at x in the direction d. It is easy to
see that /' (x; d) = Vh(x) Td when h is differentiable at x, where Vi (x) denotes the
gradient of % at x. The following well-known result shows a non-decreasing property
when / is convex.

Lemma 2.1 [7, Section 4.3] Let h: R" — R U {00} be a convex function.
Then, the function h: (0, +00) — R defined by

h(x + ad) — h(x)
o

h(a) :=

is non-decreasing. In particular, it follows that

WG +d) — h(x) > & +“i) —h) il € ©.1).

Now, we introduce the concept of optimality for the multiobjective optimization
problem (1.1). Recall that x* € R”" is a Pareto optimal point for F, if there is no
x € R" such that F(x) < F(x*) and F(x) # F(x*). The set of all Pareto optimal
values is called Pareto frontier. Likewise, x* € R" is a weakly Pareto optimal point
for F, if there is no x € R” such that F(x) < F(x*). It is known that Pareto optimal
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points are always weakly Pareto optimal, and the converse is not always true. We also
say that x € R" is Pareto stationary (or critical), if and only if,

max F/(x;d) >0 foralld e R".

i=l1,..., m

Observe that this definition generalizes the one given in [13], because here we have
to deal with possibly nondifferentiable F; (or, in particular, g;). Moreover, instead
of considering subdifferentials as in [10], we use the directional derivative notion.
Still, with this definition, we can show in the next lemma that weakly Pareto optimal
points are always Pareto stationary, but the converse is not always true. However, if
every component Fj is convex, then Pareto stationarity implies weak Pareto optimality.
Furthermore, if every component F; is strictly convex, then Pareto stationary points
are also Pareto optimal.

Lemma2.2 1. If x € R" is a weakly Pareto optimal point of F, then x is Pareto
stationary.

2. Let every component F; of F be convex. If x € R" is a Pareto stationary point
of F, then x is weakly Pareto optimal.

3. Let every component F; of F be strictly convex. If x € R" is a Pareto stationary
point of F, then x is Pareto optimal.

Proof We show the contrapositions of statements 1, 2 and 3.

1. Suppose that x is not Pareto stationary. Then, there exists d € R” such that
Fl(x;d) <0, i=1,...,m.

By the definition of directional derivative, for a sufficiently small scalar ¢ > 0 we
obtain

Fix+ad)— Fi(x) <0, i=1,...,m,

which means that x is not weakly Pareto optimal.
2. Suppose that x is not weakly Pareto optimal. Then, there exists a point y € R”
such that y # x and
FFy)< Fi(x), i=1,...,m. 2.1

Since F; is convex, it follows from Lemma 2.1 that

Fi(x +a(y —x) — Fi(x)
o

= F(y)— Fi(x)

for an arbitrary i and o € (0, 1). From the convexity of F; and Lemma 2.1, the
left-hand side is non-decreasing with respect to «. Therefore, we have

Fl(x;y —x) < F;(y) — Fi(x) <0,
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where the second inequality follows from (2.1). Since this inequality holds for all
i=1,...,m, wehave

max F/(x;d) <0 ford =y —x.
i=1,....m
Consequently, we conclude that x is not Pareto stationary.
3. Suppose that x is not Pareto optimal. Then, there exists a point y € R" such that

y # x and Fij(y) < Fj(x) foralli = 1,...,m. Since F; is strictly convex, for
each i we have

Fi(x +a(y —x)) < Fi(x) + a(F;(y) — F;j(x)) foralla € (0, 1).
Therefore, it follows that

Fi(x +a(y —x)) — F;(x)

< F;j(y) — Fi(x) foralla € (0, 1).

o
In the same way to statement 2, we obtain Fi’(x; y—x)<O0foralli =1,...,m,
which concludes the proof. O

3 Proximal gradient methods for multiobjective optimization

In this section, we propose two types of proximal gradient methods for unconstrained
multiobjective optimization. Both generate some sequence {xX} iteratively with the
following procedure:

= Xk gk,

where d* is a search direction, and tr is a step size. For the method without line
searches, we set #; = 1 in each iteration. Now, define the function ¥, : R — R by

Vo) = max fVfi0Td+ g +d) - g} (3.1)

.....

where V f; (x) denotes the gradient of f; at x. The term inside the maximum represents
the approximation of F; (x + d) — Fj(x). It is clear that v, is convex and ¥, (0) = 0.
The following lemma shows an important property of 1.

Lemma 3.1 Forall d € R”, the following equality holds:

Y (0;d) = max F!(x; d).
i=1,...m

Proof Since v, (0) = 0, by the definition of directional derivative, we get

Vxlad)

'0;d) = li
Y, (0; d) alﬂ% "
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Moreover, the definition of 1, in (3.1) shows that

Uylad) Vi) (ad) + gi(x + ad) — gi(x)
lim = lim
a\0 o a\0i=l,....m o
_ Vi) (ad) + gi(x +ad) — gi(x)
= max lim
i=1,...,ma\0 o
= max [Vf,-(x)—rd—l—gl{(x;d)}
i=l1,..., m

= max F!(x;d),

where the second equality follows from the continuity of the max function and the
third one comes from the definition of directional derivative. Thus, the claim holds. O

Now, let £ be a positive constant. Here, we define ¢y ,: R” — R as

V4
box(d) := Yy (d) + Endnz,

where the function v, is defined in (3.1). Clearly, ¢y, is strongly convex and ¢y  (0) =
0. Using this function, we define the search direction at an iteration k, which we call
proximal gradient direction, as dF = dy (xk), where

do(x) := argmin ¢ _x(d). (3.2)
deR"

Remark 3.1 1. When g; = 0, dy¢(x) given in (3.2) corresponds to the search direction
of the multiobjective steepest descent method [13]. On the other hand, when f; =
0, de(x) given in (3.2) corresponds to the search direction of the multiobjective
proximal point method [8].

2. Since ¢y is strongly convex, (3.2) has a unique solution, and so dg(x) is well-
defined.

3. Since ¢y x(0) = 0, we have ¢y (de(x)) < 0.

Let B¢(x) be the optimal value in (3.2), i.e.,
Be(x) := ;2%}1 be.x(d) = Pp x(de(x)). (3.3)

The following lemma characterizes the stationarity in terms of d,(-) and B¢ (-).

Lemma 3.2 Let d¢(x) and B¢(x) be defined in (3.2) and (3.3), respectively. Then, the
following statements hold.

1. If x is Pareto stationary, then d¢(x) = 0 and B¢(x) = 0. Conversely, if d¢(x) =0
and By¢(x) = 0, then x is Pareto stationary.

2. If x is not Pareto stationary, then dy(x) # 0 and B¢(x) < 0. Conversely, if
de(x) # 0and Be(x) < O, then x is not Pareto stationary.

3. The mappings do(-) and B (-) are continuous.
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Proof 1. Let x be Pareto stationary. Suppose, for the purpose of contradiction, that
de(x) # 0 or Be(x) < 0. From statements 2 and 3 in Remark 3.1 it follows that
d¢(x) # 0if and only if B¢(x) < 0. This means that dy(x) # 0 and B¢(x) < O.

Therefore, we see that

12
Be(x) = Y (de(x)) + S llde ()1 < 0,
Since ¥, is convex and ¥, (0) = 0, we get

Vx(ade(x)) = Y (ade(x) + (1 — ) - 0)
=< a(de(x)) + (1 — ) (0)
= ax(de(x))

¢
< —a?||dg(x)||2 forall a € (0, 1),

where the last inequality follows from (3.4). Thus, for all « € (0, 1) we have

(ad ¢
Ya@de)) Lo,
o 2

Since d¢(x) # 0 and £ > 0, letting o ~\( 0 we obtain
/ ¢ 2
Y (0; de(x)) < —zllde(X)Il <0.

It then follows from Lemma 3.1 that

max F}(x;de(x)) <0,
i=1 m

i=1,...,

which contradicts the Pareto stationarity of x.

(3.4)

Let us now prove the converse. Then, suppose that dg(x) = 0 and B¢ (x) = 0. From

the definition of B,(x) given in (3.3), we have

L
bex(d) = Yx(d) + Elldll2 > Be(x) =0 foralld.
Leta € (0, 1). We get

Yo (ad) + £ ad|?
o

> (0 foralld.

Letting o N\ 0 and using Lemma 3.1, we obtain

max F/(x;d) > 0,
i=1 m

,,,,,

which is our claim.
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2. This statement is equivalent to statement 1.
3. Itis easy to see that the function

max {VA@Td+ gk +d) —g@]+ gndn2 (3.5)

i=l1,..., m
is continuous with respect to x and d. Therefore, the optimal value function S, (-) is also

continuous from [5, Maximum Theorem]. Moreover, since the optimal set mapping
dy¢(+) is unique, dy (+) is continuous from [18, Corollary 8.1]. O

3.1 A proximal gradient method with line searches
In this section, we present the proposed method with line searches. To compute the

step length #; > 0, we use an Armijo rule. Let p € (0, 1) be a prespecified constant.
The condition to accept #; is given by

Fi(x* 4+ 5d*) < F (x5 + gy (d), i=1,...,m. (3.6)
We begin with 7, = 1 and while (3.6) is not satisfied, we update
ty = &ty,
where £ € (0, 1). The following lemma demonstrates the finiteness of this procedure.

Lemma 3.3 Let d* be defined in (3.2) with x = x* and assume that x* is not Pareto
stationary. If p € (0, 1), then there exists some ty > 0 such that

Fi(x* 4+ 1d*) < F (<" +tpyad), i=1,....m
foranyt € (0, i].
Proof Lett € (0, 1]. Since g; is convex foralli =1, ..., m, we have
gi (" +1d") — g (") = gi (1 = D" +1(* +d") — g (xH)

< (1 =g (") +1g(F +d*) — gi(xh)
= 1(gi (x" +d¥) — gi(xb)).

Therefore, from the differentiability of f we obtain

fiG* +1d") + gi (" +1d")
< G5 4@ 1V HEH T 41 (05 + Y = 6 (h) + o)

< £i6H + g 0M +rya@d) + o),
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where the last inequality comes from the definition (3.1) of 1 «. Since x* is not Pareto

stationary, we have V.« (dk) < 0 from Lemma 3.2. Thus, if p € (0, 1), then there
exists some #; > 0 such that

fiGR 4 td®) + g (6K +1d¥) < fi6R) + g5 Frpya@d), i=1,....m

for any ¢ € (0, #]. O

Finally, based on the previous discussions, we state below the proposed method,
considering line searches.

Algorithm 3.1

Step 1 Choose £ >0, p € (0,1), £ € (0, 1), x% € R" and set k := 0.
Step 2 Compute d* by solving subproblem (3.2) with x = x¥.

Step 3 If d* = 0, then stop.

Step 4 Compute the step length ty € (0, 1] as the maximum of

To:={t=¢"|jeN, FG"+1d") < FGN 4+ tuppa@d), i=1,....m)

Step 5 Set x*+1 := x* 4 d*, k := k 4 1, and go to Step 2.

Observe that from Lemma 3.2, the algorithm stops at Step 3 with a Pareto stationary
point or produces an infinite sequence of nonstationary points {x}. If Step 4 is reached
in some iteration k, it means that in Step 3, d* # 0, or equivalently, B, (x¥) < 0. Thus,
we have ¥« (d*) < 0. From the Armijo condition, we conclude that all objective
functions decrease, i.e.,

F(x*+14d < FEG5, i=1,....m.

3.2 A proximal gradient method without line searches

In this section, we assume that V f; is Lipschitz continuous with constant L. When
we set £ > L /2 in (3.2), we can fix the step length 7 = 1 for every iteration. We then
state below the proposed method.

Algorithm 3.2

Step 1 Choose £ > L/2, x° € R" and setk := 0

Step 2 Compute d* by solving subproblem (3.2) with x = x¥.
Step 3 If d* = 0, then stop.

Step 4 Set x**1 := x* + d* k :=k + 1, and go to Step 2.

Similarly to Algorithm 3.1, it stops with a Pareto stationary point or generates an
infinite sequence of nonstationary points. Moreover, as we can see in Lemma 4.3, the
objective function values also decrease in each iteration.
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4 Convergence analysis

In this section, we prove that the sequences generated by Algorithm 3.1 and Algo-
rithm 3.2 converge to Pareto stationary points, respectively. From now on, we assume
that an infinite sequence is generated. To begin with, we recall the so-called three points
property, which is a key to show convergence of proximal point type algorithms.

Theorem 4.1 (Three points property) [9, Lemma 3.2] Let 6: R” — R U {oo} be
proper convex and define

* : 1 2
x* =argmin{0(x) + <|lx —y||°¢ .
xeR" 2
Then, for all 7z € R", we have
0 = 0(2) =~z =212 = Slly =512 + 2]z =y
T2 2 27 '
In order to show the convergence of the search direction, we first prove the following

lemma.

Lemma 4.1 Let {d*} be generated by Algorithms 3.1 or 3.2 and recall the definition
of ¥y in (3.1). Then, we have

Y (@d) < —e)d*|? forall k.

k

Proof Defining 6 := v« /€ we can rewrite (3.2) with x = x* as

X

1
d* = argmin {e(d) +=|d — 0||2} )
deR" 2

Thus, substituting x* = d* and y = z = 0 into Theorem 4.1, we get 6(d*) — 6(0) <
—|ld¥||?. Therefore, recalling that v« (0) = 0, we have

Y (d) < —e)d*|* forall k. o

4.1 Convergence of Algorithm 3.1

Let us recall the algorithm with line searches. We first show the convergence of the
length of steps [|x 1 — xk||.

Lemma 4.2 Let {d*} be generated by Algorithm 3.1 and suppose that {F;(x*)} is

bounded from below for alli = 1, ..., m. Then, it follows that
o0
> alldt|? < oo
k=0
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Proof From Lemma 4.1 and from (3.6) it follows that
Fi(x" +nd") < RGN —npelld)?, i=1,....m.

Since { F; (x¥)} is bounded from below, there exists F; < F;(x*) foralli and k. Adding
up the above inequality from & = 0 to k = k, we obtain

k
F(Mh < B = pe ) aeldb >
k=0

Thus, we have
£ 1
Do uld P < —(F(x%) — F).
k=0 pﬂ

I? < oo. O

Taking k — 00, we have Y02, 7 ||d¥
The next theorem is our main result. Basically, if the sequence produced by Algo-
rithm 3.1 has accumulation points, then they are all Pareto stationary.

Theorem 4.2 Every accumulation point of the sequence {x*} generated by Algo-
rithm 3.1, if it exists, is a Pareto stationary point. In particular, if the level set of each
F; is bounded, then {x*} has accumulation points and they are all Pareto stationary.

Proof The second statement follows immediately from the first. Let X be an accumu-
lation point of {x¥} and let {x/} be a subsequence converging to x. From statement
3 of Lemma 3.2, we have d¥ = dy(x*i) — d,(X). Here, it is sufficient to show that
d¢(x) = 0 because of statments 1 and 3 of Lemma 3.2. Suppose for contradiction that
de(x) # 0. Then, it follows from Lemma 4.2 that 7;; — 0 since the existence of an
accumulation point of {xk} implies boundedness of {F; (xk)} for all i. Therefore, by
the definition of 7, in Step 4 of Algorithm 3.1, for sufficiently large j there exists
some ikj e {1, ..., m} such that

Fiy, (8 4§, dh) = Fy 0789 + 67 o g, (a9,

Since i only takes finite number of values {1, ..., m}, we can assume that ikj =i
without loss of generality. We thus obtain

F (2N 4 &7y, db) — Fr(xY)
£y,

= Py (). @.1)
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Recall that 0 < é’ltkj < 1. It follows from the definition (3.1) of kaj that

¥ (@)
= (VA TAY + g8+ dh) — g7(xh))
E7 i, V(RN TR + gr(xhi 4+ 67 dbi) — gr(xhi)

- £y,
fON e g d ) g (N HE M) — (M) — g (M) + o6 1M )
B £y,
F(xk + &7 d") — F;(xM) o6 lldb )
- § §

where the second inequality comes from the convexity of g; and Lemma 2.1, and the
first equality follows from the differentiability of f. Therefore, we get

F‘i kj —1 .dkj _E kj —1 »dkj
I',,xkj(dkj)z (x" + & ;_kjltk_) (x )+0($ Sikl,t|}|< ||). 42)

From (4.1) and (4.2), we have

Fi(x%i + &7y, db) — Fi(xh)

£y,
F(eh 4+ &7y, db) — Fi(eR) o g l1db )
Eay -] +p = .
S tkj E tk_,'
We thus get
F(xki 871 diy — Fr(xki o(E ey ||d*i
i( § ki ) — Fi(x") - ( P ) (& k1,|| II). 43)
E_ tkj l - p %__ tkj

On the other hand, Lemma 4.1 yields
g (db) < —e)|adh |2
Since d*i — d¢(x) # 0, there exists some § > 0 such that
=8 = 4 (d)

Fi(xk + &7 g,db) — F;(xM) o6, lldbi )
- _ _
g_ltkj g_ltkj
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where the last inequality comes from (4.2). Therefore, we obtain

FGh 67 n,dY) - Rt o oy ldY D

—1 — —1
s tk‘,' S tkj

(4.4)

From (4.3) and (4.4), it follows that

( p )0(§_lfkj||dkj||)< G )

1_10 é_ltkj N E_ltkj

Taking j — oo, we have 0 < —§, which contradicts the fact that § > 0. Therefore,
we conclude that dy(x) = 0. O

4.2 Convergence of Algorithm 3.2
Let us now show the convergence of the search direction for the algorithm without line

searches. Recall that we have to assume Lipschitz continuity of V f;, with a constant
L > 0.

Lemma 4.3 Let {d*} be generated by Algorithm 3.2 and suppose that {F;(x*)} is
bounded from below for alli = 1, ..., m. Then, we have

lim ||d*| = 0.
k—00

Proof From the so-called descent Lemma [6, Proposition A.24] and by Lipschitz
continuity of V f;, we obtain

L
LR +dY < 65+ VEETdE + 5||dk||2. (4.5)
At the kth iteration, we have

fiK+d5 + gk + db)
= fiGM + gD+ HiGE+d5 — HG5 + g GF +dF) — g (b

A

L
< fiH + 6" +VECH T + gk +db) — g (x5 + 5 ld* )12

IA

L
FG5) + g (08 4+ ya @) + Eud"n2

L —2¢
FGR + (M) + Tud"nz.

IA

Here, the first inequality follows from (4.5), the second one follows from the defini-
tion (3.1) of v «, and the third one comes from Lemma 4.1. Since { F; (x%)} is bounded
from below, there exists F; < Fj(x¥) = f;(x*) + g;(x*) for all i, k. Adding up the
above inequality from k =0 to k = k, we obtain
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k
7 z L—2¢
HGED + 6 (6M < 060 + g0 + > ldk ).
2 k=0

Since £ > L /2, we have

2 -
I1d51? < ———(fi ") + & (%) — Fy).

M~

port ~2—L
Taking k— 00, we obtain

o0

> 1dk ) < o0

k=0
and hence limy_, o [|d¥|| = 0. o

The next theorem directly follows from Lemmas 4.3 and 3.2.

Theorem 4.3 Every accumulation point of the sequence {x*} generated by Algo-
rithm 3.2, if it exists, is a Pareto stationary point. In particular, if the level set of each
F; is bounded, then {x*} has accumulation points and they are all Pareto stationary.

5 Applications
In this section, we consider two applications of multiobjective optimization prob-

lem (1.1) with (1.2), and discuss how to solve subproblems (3.2) in these particular
applications.

5.1 Application to constrained multiobjective optimization

In this section, we consider the following constrained multiobjective optimization
problem:

min X
) 5.1)
s.t. xe S,
where f: R* — R isavector-valued function with f := (fi, ..., f) 'and S C R"
is convex. Suppose that each component f; of f is continuously differentiable. Let
g: R” — R” be a vector-valued function with g := (g1, ..., gn) ', where each g; is

the indicator function of S, i.e.,

0 xes,
§i(x) = {oo xé¢s.
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k

Then, we can rewrite the search direction given in (3.2) with x = x* as

¢
dk::zmgnhl{_nmx {fox%Td}+-§udn2},
m

deS—xk U=l

which coincides with the projected gradient direction for multiobjective optimiza-
tion [17].

5.2 Application to robust multiobjective optimization

Now, let us apply the proposed algorithms to robust multiobjective optimization. Here,
we suppose that the problems include uncertain parameters. Moreover, suppose that
we can estimate the set of these uncertain parameters. Then, we try to optimize by
considering the worst scenario. We observe that studies about robust multiobjective
optimization is relatively new [11,14,19].

Here, we consider the convex function g; defined as follows:

&u%=mg§@m) (5.2)

€U;

We callif; € R" an uncertainty set. From now on, we assume f; C R"” and g; : R" x
R"” — R to be convex with respect to x. It is easy to see that g; is also convex.
However, g; is not necessarily differentiable even if g; is differentiable. First, let us
reformulate the subproblem (3.2) by using an extra variable y € R as

¢
%yy+2HH
st. Vi Td+gix+d) —gix)<y, i=1,....m

Note that g; is not easy to calculate, and thus, the subproblem is difficult to solve.
When g; and U; have some special structure, the constraints can be written as explicit
formulae by using the duality of (5.2). Now, assume that the dual problem of the
maximization problem (5.2) is written as follows:

min g (x, w;)
w;
st. w; € Ui (x),

where g;: R* x R” — R and Z;{i ‘R" — 2R It strong duality holds, then we see
that the subproblem (3.2) is equivalent to

V4
. - d 2
%ﬂiy+2HH

- 5.3
st VA T+ g+ dow) — gi(x) < . (53)

wi eUi(x+d), i=1,....,m.
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When g; and Zf; have some explicit form, this problem is tractable. As we mention
below, in this case, we can convert the above subproblem to some well-known con-
vex optimization problems. This idea can be also seen in [4]. In the following, we
will introduce some robust multiobjective optimization problems where the subprob-
lems can be written as quadratic programming, second-order cone programming or
semidefinite programming problems.

(a) Linearly constrained quadratic programming problem case

Suppose that g;(x, u) = u'x andU; = {u € R" | Aju < b;}, where A; € R¥*"
and b; € RY, that is, §; is linear in x, and f; is a polyhedron. Suppose also that
U; is nonempty and bounded. Then, we can rewrite (5.2) as the following linear
programming problem:

max x u
“ 5.4)
s.t. Aju < b;.
Its dual problem is given by
min bw
w
s.t. Al-Tw =x,

w > 0.

Since the strong duality holds, we can convert the subproblem (3.2) [or, equivalently
(5.3)] to a linearly constrained quadratic programming problem:

. Y4
min y + §||d||2

y.d,wj
st Vfix)d+blw —gi(x) <y, (5.5)
A;rwi =x+d,
w; >0, i=1,...,m.

(b) Second-order cone programming problem case

Suppose that g; (x, u) = u'x and U; = {a; + P,v € R" | |Jv|| < 1, v € R"}, where
a; € R" and P; € R"" thatis, g; is once again linear in x and 4; is an ellipsoid.
Then, foralli =1, ..., m we have

gi(x) = max g;(x, u)
uecld;

i

= max (aq; + P,-U)Tx
villvf <1

= aiTx + max (PiTx)Tv.
viflvf| <1
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.
If Pl.Tx = 0, then anzﬁxl(PiTx)Tv =0= ||PiTx||. If Pl.Tx # 0, then IIIIZ‘XH is a solution
vilv||< i
of max (PiTx)Tv, and hence max (P,-Tx)Tv = ||Pl-Tx||. Consequently, we have
vifvll=1 viflvll=1

gi(x) =a'x +||Px||.

Therefore, introducing slack variables y € R and 7 € R, the subproblem (3.2) can be
written as

min T
T,y.d

st. VAE@d+ 1P c+d—I1Pxl+a/d <y, i=1....m,
TP
+ =|d|” <.
v +3ldl” =
Note that convex quadratic constraints can be converted to second-order cone con-

straints. Using the expression given in [1, Section 2.1], we get the following
second-order cone programming problem (SOCP):

min T
7,7,d
_ . AT T
. [ (VIi() +a)Td+y + 1P x”} Ko,
P (x +d) (5.6)
l—y+r1
l+y —7| e,

V2ed

where K, := {(y0,y) € R x R?~! | yo > ||7]|} is the second-order cone in RY. The
above SOCP can be solved efficiently with an interior point method [1].

(c) Semidefinite programming problem case

Suppose that' g; (x, u) = (x +u) "A;(x + u) and U; = {a; + P,v € R" | |[v] < 1},
where A; € R™" and A; > O, a; € R" and P; € R"*", Then, there exists a matrix
M; € R"" such that A; = M; Ml.—r . Note that g; is convex quadratic and ; is an
ellipsoid. Here, without loss of generality we can assume that A is a symmetric matrix
since (x +u) TA;(x +u) = (x + u) "A;(x + u), where A; := (A; + A])/2. Then,
gi(x) can be given as

1 We denote A > (>)O when A is positive semidefinite (positive definite). Also, A > (>)B if and only if
A—B>(>)0.
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gi(x) = max (x +a; + Piv) A;(x +a; + Pv). (5.7)

vifjvll<1

Since problem (5.7) is a maximization problem of a convex function, it is not a convex
optimization problem. Fortunately, it can be seen as a subproblem of a trust region
method, so its optimal value g; (x) can be obtained efficiently. Considering (5.7), we
observe that

gix+d)= max (x +d +a; + Piv)TAi(x +d + a; + P;v). (5.8)

vifvf <1

From [2, Section 3], the Lagrangian dual of the maximization problem (5.8) is given
by

min —w
o,w
o — PA; P, —PA;(x +d +a;)
-G +d+a)TAP —(x+d+a)TAGx+d+a) —w (59

a >0,

where I, stands for the identity matrix of dimension n. Let («*, w*) be an optimal
solution of (5.9) and assume that> dim(ker(A; + «*1I,,)) # 1. Since both (5.8) and
(5.9) have strictly feasible solutions and /,, > O, then the strong duality holds from [2,
Theorem 3.5]. Therefore, recalling (5.3), the subproblem (3.2) is equivalent to

. Y4
min y + §||d||2

y,d,wi,a;
st Vfi)Td—w —gi(x) <y,
|: —PiTA,'P,' + o l, —PiTA,‘(x +d+a;) i|
—(x+d+a)TATP —(x+d+a)Aix +d +a) —wi —
> 0,
o; >0, i=1,...,m.

Now, by using slack variables 7 € R and ¢; € R and converting the convex quadratic
constraints to second-order cone ones, we get the following semidefinite programming
problem:

2 Here, dim denotes dimension of a space and ker means kernel of a matrix.
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min T
T, ,wi,y,d
st. VL) d—w —gi(x) < v,
[1—y+7
l+y—1| €k,
| V2t
[ =P AP i,  —PTAG+d+a)] 0 (5.10)
|~ (x+d+a) AP, Gi -
(1 =& —wi —a
2
l+&i+wi+ai | e,
2
| M (x +d +ap)
o >0, i=1,...,m,

where O stands for a zero matrix with appropriate dimension. Note that the second-
order cone constraints can be converted further into semidefinite constraints.

6 Numerical experiments

In this section, we present some numerical results using Algorithm 3.2 for the problems
in Sect. 5.2. The experiments are carried out on a machine with a 1.8 GHz Intel Core
i5 CPU and 8GB memory, and we implement all codes in MATLAB R2017a. We
consider the problem (1.1), where n = 5, m =2, fi(x) = 1xTAix +ax, gi(x) =
max, ey, &i(x,u), A; € R, a; e R",and g;: R" — R, i =1,...,m. Here, we
assume that each A; is positive semidefinite, so it can be decomposed as A; = M; Ml.T,
where M; € R"*". We generate M; and a; by choosing every component randomly
from the standard normal distribution. To implement Algorithm 3.2, we make the
following choices.

Remark 6.1 — Every component of x° is chosen randomly from the standard normal
distribution.
— In Experiments 1 and 3, we set the constant £ = 5. In Experiment 2, we set the
constant £ = 7.
— The terminate criteria is replaced by ld¥|| < & := 107°.

Also, we run each one of the following experiments 100 times from different ini-
tial points, and with § = 0, 0.05, 0.1. Naturally, when § = 0, no uncertainties are
considered.

Experiment 1
In the first experiment, we solve the problem of Sect. 5.2(a). We assume that g; (x) =
max,cy, u' x, i = 1,2, where Uy = {u € R® | =8 < u; <8,i =1,...,5)

andUp = {u € R | =8 < (Bu); <4,i =1,...,5}. Here, every component of
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Fig. 1 Result for Experiment 1
3.
» A =0
251 x  §=0.05
. 6=0.1
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150 4
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X1t i
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0 <
kS
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] | | | | | | | | | |
4 2 0 2 4 6 8 10 12 14 16
F ()

Fig.2 Result for Experiment 2

B € R>* is chosen randomly from the standard normal distribution and § > 0. We
use the MATLAB solver linprog to solve (5.4) and quadprog to solve (5.5). Figure 1
is the result for this experiment. For each §, we obtained part of the Pareto frontier,
and as § gets smaller the objective values become smaller.
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Fig.3 Result for Experiment 3

Experiment 2

In the second experiment, we solve the problem of Sect. 5.2(b). We assume that
gi(x) = max,cy u'x, where Uy = {u € R® | |lu| < 8}, i = 1,2. We use the
MATLAB solver SeDuMi [21] to solve (5.6). Figure 2 is the result for this experiment.
Once again, we obtained part of the Pareto frontier for the problems with and without
uncertainties.

Experiment 3

Now, in the last experiment, we solve the problem of Sect. 5.2(c). We assume that
gi(x) = max, ey, (u +x) BB (u + x), where U = {u € R3 | ||ul| <8}, i=1,2.
Here, once again, every component of B € R>*? is chosen randomly from the standard
normal distribution and § > 0. We use the MATLAB solver finincon to solve (5.7)
and SeDuMi to solve (5.10). As it can be seen in Fig. 3, we also obtained the Pareto
frontier in this case.

7 Conclusion

We proposed proximal gradient methods for unconstrained multiobjective optimiza-
tion problems with, and without line searches. Under reasonable assumptions, we
proved that each accumulation points of the sequences generated by the proposed algo-
rithms are Pareto stationary. Moreover, we presented some applications in constrained
optimization and robust multiobjective optimization. In constrained optimization, the
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proposed search direction is equivalent to the projected gradient direction, and in
some robust optimization problems we can convert the subproblems to well-known
optimization problems. Finally, we carried out some numerical experiments for robust
multiobjective optimization problems and we observed that the Pareto frontier changes
when the uncertainty set is modified.

We have not analyzed the proposed methods in view of the convergence rate. It is
known that scalar-valued proximal gradient method is sublinear convergent under rea-
sonable assumptions [3]. In recent years, faster methods such as Newton’s method [12]
for differentiable multiobjective optimization problem have been also proposed. There-
fore, an interesting topic for future research is to investigate the convergence rate of
the proposed methods and to propose a proximal Newton-type algorithm for multiob-
jective optimization.
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