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Abstract. In this work, we propose an outer approximation algorithm for solving bounded
convex vector optimization problems (CVOPs). The scalarization model solved iteratively within the
algorithm is a modification of the norm-minimizing scalarization proposed in [C. Ararat, F. Ulus, and
M. Umer, J. Optim. Theory Appl., 194 (2022), pp. 681-712]. For a predetermined tolerance e > 0,
we prove that the algorithm terminates after finitely many iterations, and it returns a polyhedral
outer approximation to the upper image of the CVOP such that the Hausdorff distance between
the two is less than e. We show that for an arbitrary norm used in the scalarization models, the
approximation error after k iterations decreases by the order of (9(k:1/(1_‘1))7 where q is the dimension
of the objective space. An improved convergence rate of (’)(k2/<1’q)) is proved for the special case
of using the Euclidean norm.
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1. Introduction. Vector optimization refers to minimizing a vector-valued ob-
jective function with respect to a given order relation over a feasible region. The
special case where this order relation is induced by the positive orthant yields mul-
tiobjective optimization. We refer the reader to [6, 16, 20, 50, 51] for multiobjective
optimization algorithms working in the decision space and to [8, 12, 14, 43, 45] for
algorithms working in the objective space. Multiobjective optimization problems ap-
pear naturally in the calculation of set-valued risk measures in financial mathematics
[2, 18]; they are also found to be linked to other challenging mathematical problems,
such as convex projections [37], dynamic control and optimization problems [36, 53],
and regularization [21, 22].

In this paper, we consider vector optimization problems in which the order relation
is induced by a polyhedral ordering cone. Beyond the aforementioned multiobjective
case, such problems have recently appeared naturally in various applications. In
financial mathematics, the so-called solvency cones for markets with proportional
transaction costs show up as ordering cones of certain vector optimization problems
[39]. In particular, some unbounded multiobjective optimization problems related to
utility indifference pricing become bounded convex vector optimization problems when
formulated using solvency cones [49]. In game theory, the set of all Nash equilibria
of a noncooperative game can be characterized in terms of a vector optimization
problem [19]. In general, different ordering cones can be used to incorporate more/less
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conservative preferences of the decision maker, as recently done in [4] in a stochastic
bandit framework.

Specifically, we focus on convex vector optimization problems (CVOPSs) in which
the objective function is cone-convex and the feasible region is a convex set. There are
different solution concepts and algorithms for CVOPs in the literature. Many solution
approaches are objective space-based, and they generate polyhedral approximations
to the set of all (weakly) minimal elements in the objective space. To that end, they
consider the upper image, which is the image of the feasible region plus the order-
ing cone, and iteratively generate polyhedral outer approximations to it by solving
scalarization problems. A CVOP whose upper image can be covered by a shift of the
ordering cone is called bounded (see the formal definition after Problem 2.3). We refer
the reader to [27, 38] for algorithms to solve linear vector optimization problems and
to [3, 5, 13, 15, 32, 34, 40] for algorithms to solve bounded CVOPs. Recently, in [54],
algorithms and solution concepts are proposed for unbounded CVOPs.

In this paper, we focus on bounded CVOPs, propose an objective space-based
outer approximation algorithm, and study its convergence rate. Note that the litera-
ture on the convergence analysis of such algorithms is very limited. For some special
cases, the finiteness has been studied without determining the convergence rate. This
is the case for some linear vector optimization algorithms; see [38, Chapter 5, p. 161].
Moreover, an outer approximation algorithm for nonlinear multiobjective optimiza-
tion problems (MOPs), in which the ordering cone is the positive orthant, is proposed
and proved to be finite in [46]. Recently, Ararat, Ulus, and Umer [5] proposed an outer
approximation algorithm for general CVOPs and showed its finiteness. Their result
is mainly based on constructing polyhedral outer approximations of the upper image
such that the vertices are guaranteed to be within a compact set in each iteration.

On the other hand, in 2003, Klamroth, Tind, and Wiecek [35] proposed inner and
outer approximation algorithms for convex and nonconvex MOPs, and the convergence
rates of the algorithms are provided for the biobjective case. In particular, they
proved that, for biobjective problems, the approximation error after k iterations of
the algorithms in [35] decreases by the order of O(k~2). Later, in 2007, Klamroth and
Tind [34] provided the convergence rate of similar algorithms for the multiobjective
setting under the assumption that the image of the feasible region is bounded and its
Minkowski sum with the positive orthant is closed. Accordingly, if there are ¢ > 3
objective functions, then the approximation error after k iterations decreases by the
order of O(k*/(1=9)). Tt is also noted that this convergence rate is in general the best
possible rate; see also [26]. Note that the algorithms in [34, 35] cannot be directly
applied to CVOPs, as they require the ordering cone to be the positive orthant, which
is not the case for general CVOPs. When the problem has a polyhedral ordering cone,
it is possible to reformulate it as a multiobjective optimization problem. However,
the dimension of the objective space of the equivalent multiobjective problem may
increase depending on the structure of the ordering cone, which may result in a
worsened convergence rate overall. This is also discussed in Remark 4.2.

The convergence rate provided in [34] is based on existing results on the con-
vergence rate of algorithms for finding polyhedral approximations of convex compact
sets. Indeed, there is rich literature on this subject; see [29, 30, 31, 42], for instance.
In general, the results for convex compact sets cannot be directly used to establish the
convergence rate of objective space-based outer approximation algorithms for CVOPs
since the upper image is an unbounded set by its structure. However, the design of
the MOP algorithms in [34], which depends heavily on the symmetry of the orthants,
allowed them to use the results in [29, 42] directly to establish the convergence rate.
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More specifically, in [34, 35], using the symmetry of the orthants, a convex compact
set is constructed such that its boundary contains all (weakly) minimal elements of the
image of the feasible region. The algorithms solve scalarization problems where poly-
hedral gauge functions are used to construct a special and iteration-dependent norm
to measure the distance between this convex compact set and its current polyhedral
outer approximation.

In this paper, we propose an outer approximation algorithm for bounded CVOPs
and study its convergence rate. To the best of our knowledge, this is the first paper
providing a convergence analysis of a general CVOP algorithm in the literature. The
proposed algorithm is based on a norm-minimizing scalarization, which is similar to
the one proposed in [5]. We modify this scalarization by adding a single constraint
which enables us to work with a compact subset of the upper image, which contains
all weakly minimal elements of the image of the feasible set on its boundary.

Any norm on the objective space can be used to form the scalarization models
solved within the proposed algorithm. Even though the norm used in the scalarization
problems is arbitrary, it is fixed throughout the iterations. In that sense, the proposed
algorithm and each of the algorithms in [34, 35] are not special cases of each other,
as the latter uses a special and iteration-dependent norm.

We prove that, for any norm, the proposed algorithm is finite, and the approxi-
mation error after k iterations decreases by the order of O(kl/(l’q)), where ¢ is the
dimension of the objective space. In particular, we prove that the sequence of outer
approximations formed by the algorithm is an H-sequence of cutting (see Definition
6.2) and then apply the results in [29, 42] directly.

Moreover, we consider the special case of using the Euclidean norm within the
scalarizations separately and prove that the approximation error decreases by the
order of O(k?/(1=9)), Different from the previous case, the results regarding the
improved convergence rate in [29, 42] are not directly applicable to establish that of
the proposed algorithm. Hence, the convergence analysis for the outer approximating
polytopes produced by the proposed algorithm for the special case is proved from
scratch.

The paper is organized as follows: section 2 provides basic definitions, notations,
and the problem description, and it recalls some well-known results used throughout
the paper. In section 3, the norm-minimizing scalarization is introduced and cor-
responding results are presented. The algorithm is explained in section 4, and its
finiteness is proved in section 5. The convergence analysis of the algorithm is pre-
sented for any norm and for the special case of Euclidean norm in sections 6 and 7,
respectively. Finally, we provide computational results in section 8 and conclude the
paper in section 9.

2. Preliminaries. In this section, we provide our notation and the formulation
of the problem of interest.

2.1. Notation and conventions. Throughout the paper, let R? denote the ¢-
dimensional Euclidean space, where ¢ € N := {1,2,...}, and let ||-|| be an arbitrary
fixed norm on R with dual norm ||-||,. For y € R? and ¢ > 0, we denote by B.(y) :=
{2 €RY| ||y — 2| < €} the closed ball centered at y with radius e.

Let A CRRY? be a set. We write int A, cl A, bd A, conv A, cone A for the interior,
closure, boundary, convex hull, conic hull of A, respectively. In particular, we denote
by S4=! :=bdB;(0) the unit sphere in RY. The indicator function I4 of A is defined
by I4(z) =0 for z € A and by I14(z) = 400 for z € RZ\ A. When A, B C R? are
nonempty sets and A € R, we define A+ B:={y+z|y€ A,z€ B}, \A:={\y|ye€ A},
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and A— B:= A+ (—1)B. When A is a nonempty convex set, the set of all k € R?
such that A 4 cone{k} C A is the recession cone of A, denoted by recc 4; a nonzero
element of recc A is a recession direction of A. When A is a nonempty convex cone,
the dual cone of A, given by AT := {w € R?|Vy € A:w'y > 0}, is a closed convex
cone.

A cone C CRY is said to be solid if int C # () and pointed if C N —C = {0}. Let
C be a pointed convex cone. The relation < on R? defined by y <¢ z if and only if
z—yeC, y,ze R, is a partial order.

Let A CR? be a set, and let y € A. We say that y is a C-minimal element of A
if there is no z € A\ {y} with z <¢ y. When C is solid, we say that y is a weakly
C-minimal element of A if ({y} —intC)N A =0. Let Ming A denote the set of all
C-minimal elements of A, and let wMing A denote the set of all weakly C-minimal
elements of A whenever C is solid.

Let A, B C R? be nonempty sets. The Hausdorff distance between A and B is
defined as

§(A, B) := max {sup d(y,B), sup d(z,A)} ,
yeEA z€B

where d(z, A) :=inf,c 4 ||z — y||. By [11, Proposition 3.2], we also have
§"(A,B)=inf{e>0|AC B+B.(0), BCA+B.(0)}.

Let A CRY be a convex set, and let w € R?\ {0}. We introduce the halfspace

(2.1) H(w, A) = {zERq|wTZZ i/rngTz'}.

We also write H(w,y) := H(w,{y}) for every y € R%. If y € A is such that w'y =
infrcaw'2, then we have H(w,A) = H(w,y). In this case, bdH(w, A) = {z €
R?|w'z=wTy} is called a supporting hyperplane of A at y and H(w, A) D A is called
a supporting halfspace of A at y. We say that a point v € A is an extreme point of A
if there do not exist y,z € A and 0 < A < 1 such that y # z and v = Ay + (1 — A)z.
We denote the set of all extreme points of A by ext A. If A is polyhedral, then
ext A coincides with the set of all vertices of A. In this case, A can be represented
as an intersection of its finitely many supporting halfspaces, which is called an H-
representation of A [41, p. 808].

The following lemmata are simple observations that will be used throughout.

LEMMA 2.1. Let w € R? with |w|, <1 and y € R?. Then H(w,y) + B¢ (0) C
H(w,y,¢€), where

(2:2) H(w,y,€) = {ZGRquTZZwTy—g}.

Proof. Let y' € H(w,y) and y” € B¢ (0). Then, using y' € H(w,y), Holder’s
inequality, and the fact that ||w||, <1 and |ly”|| < 5, we have

T, 1

€
w'(y +y") >0y +wTy >y — |, Iy >wTy - -,

2
which completes the proof. 0

LEMMA 2.2. Let A C RY? be a nonempty conver compact set and C C RY be a
nonempty convexr cone. Then ext(A+ C) Cext A.
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Proof. The inclusion is trivial if ext(A + C) = 0. Otherwise, let v € ext(A +
C) \ ext(A) for a contradiction. Since v € A+ C, we have v = a + ¢ for some a € A
and ¢ € C. Note that if ¢ = 0, then v = a ¢ ext A implies that v can be written
as a nontrivial convex combination of points from A C A+ C. As this contradicts
v € ext(A+C), we conclude that ¢ # 0. Next, for every A >0, we have a+Ace€ A+C.
For A > 1, we can write v as a strict convex combination of a,a + Ac € A+ C as
v=a+c=22a+ 3(a+ Ac). This is a contradiction to v € ext(4 + C). |

2.2. Problem definition and solution concept. The mathematical problem
that is the subject of this study is provided next.

PROBLEM 2.3. We consider a convex vector optimization problem (CVOP) given
by
(P) minimize T'(x) with respect to <¢c subject to x € X,

where C' C R? is a closed convex solid and pointed cone, X C R™ is a convexr set,
I'' X — R? is a C-convex and continuous vector-valued function, and X C X is a
compact convex set with int X # (.

Recall that I" is called C-convex if T'(Az1 + (1 —AN)z2) <c A'(z1)+ (1 —A)(x2) for
every 1,72 € X, \ € [0,1]; equivalently, for every w € CT, the function o + w'T'(x)
on X is convex.

The set P := cl(T'(X)+C) is called the upper image of (P). Under the assumptions
of Problem 2.3, T'(X) is a compact set since it is the image of a compact set under a
continuous function. Then I'(X) 4 C is a closed set by [1, Lemma 5.2, p. 166] and we
have P=T'(X)+C=P+C.

Moreover, (P) is a bounded CVOP in the sense that there exists a point y € R?
such that P C {y} + C; see [40, Definition 3.1].

The next definition recalls the relevant solution concepts for the CVOP given in
Problem 2.3.

DEFINITION 2.4. Consider Problem 2.3.

1. A point T € X is called a (weak) minimizer for (P) if T'(Z) € Ming I'(X)
(T'(Z) € wMing T'(X)).

2. [13, Definition 3.3] Let X C X be a nonempty finite set of (weak) minimizers,
and let P := convI(X) + C. Then X is called a finite (weak) e-solution of
(P) if P+B.(0) 2 P.

Remark 2.5. P +B.(0) D P is equivalent to §7 (P, P) <e; see [5, Remark 3.6].
Below, we list some relevant results from the literature regarding Problem 2.3.

PROPOSITION 2.6 (see [5, Proposition 3.8]). For every e > 0, there exists a finite
e-solution of (P).

For each w € C*\{0}, let us consider the corresponding weighted sum scalarization
of (P):
(WS(w)) minimize w'T'(z) subject to z € X.

PROPOSITION 2.7 (see [28, Corollary 2.3]). Let w € CT\{0}. Then every optimal
solution of (WS(w)) is a weak minimizer of (P).

3. A norm-minimizing scalarization. In this section, we discuss a modifica-
tion of the following norm-minimizing scalarization model, which is introduced in [5]
for CVOPs:
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(NM(v)) minimize ||z]| subject to I'(z) — 2z —v<c0, z€ X, z€RY,

where v € R?. The Lagrange dual of (NM(v)) can be formulated as (see [5, section 4]
for details)

(ANM(v)) maximize xlg/fy w'T(x) —w'v subject to |w||, <1,weCT.

It is not difficult to observe that the norm-minimizing scalarization (NM(v)) com-
putes the distance d(v,P) from the point v to the upper image P; see also [5, Remark
4.1]. Compared to similar existing scalarization models, e.g., the Pascoletti—Serafini
scalarization [47], it depends only on a single parameter v € R? but not on an ad-
ditional direction parameter. Choosing different direction parameters in Pascoletti—
Serafini scalarization within an algorithmic framework affects the efficiency of the
corresponding algorithm heavily [32]. However, an algorithm based on solving norm-
minimizing scalarizations is free of direction-biasedness [5].

For our purposes, we modify (NM(v)) by adding a halfspace constraint as follows:

(P(v)) minimize ||z|| subject to T'(z) — 2z —v<c0, @' (v+2) <7, z€X, z€RY,

where w € int C* is assumed to be fixed and v € R is a parameter. Note that this is
a convex program, as both the objective function and the feasible region are convex.
The next remark discusses the key difference between the two scalarizations, which
will later allow us to study the convergence rate of the proposed algorithm instead of
the algorithms in [5]; see also Remark 6.11.

Remark 3.1. As mentioned earlier, (NM(v)) computes the distance d(v,P) from
the point v to the upper image P. On the other hand, the optimal value of (P(v))
may not be equal to d(v,P). Indeed, it finds the distance d(v, P N S(y)), where

(3.1) S(v):={yeRI @y <7}.

Clearly, if v is not sufficiently large, then P N S(y) may be the empty set, and
hence (P(v)) may become infeasible. The construction of a suitable choice of v is
discussed in [5, section 6], and it will be recalled later in section 4. Figure 1 illus-
trates the sets I'(X), P, PN S(y) for a suitable choice of v as well as the scalarization
problems (NM(v)), (P(v)) for two different choices of v over a simple example.

The next lemma is a simple observation about P N S(y). In particular, it implies
that the optimal value of (P(v)) is finite whenever P N S(y) # 0.

LEMMA 3.2. PNS(7) is a compact set.

Proof. If PN S() =0, then the result holds trivially. Suppose that P N S(vy) # 0.
Note that P N S(y) is closed and convex as the intersection of closed convex sets.
Let ¢ € recc(P N S(v)), and fix z € P N S(vy). Then, for every A > 0, we have
2+ Ac € P N S(y). Since (P) is a bounded CVOP, we have P C {y} + C for some
y € R?. In particular, for every A >0, we have z+ Ac € ({y} + C) NS(v) so that

VweCt:w'y= jnng(y +e)<w'(z+Ae) and @' (z+ ) <.
ce
Then letting A — oo implies that

VweCt:w'e>0 and w'e<O0.
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Fic. 1. The sets T'(X),P,P N S(y) for the problem with T' : R2 — R T'(z) = =, X = B1(2),
and C = convcone{(1,2)T,(2,1)T}. The dashed blue line (color available online only) indicates
(bdS(v)) NP. For & = (1.3,0.7)T, (NM(v)) and (P(v)) yield the same optimal solution (z?,z7)
with ¥ 4 2% € bdP. However, for v = (4.9,0.8)T, (P(v)) yields an optimal solution (xV,z") with
v+2z¥ € bd(PNS(7)), whereas (NM(v)) yields an optimal solution (Z¥,2%) withv+2¥ € (bdP)\S(7).

In other words, ¢ € C and w'e¢ < 0. Since w € int C*, we must have ¢ =0. Therefore,
recc(P N S(y)) = {0}. Then, by [48, Theorem 8.4, p. 64], P N S(7) is bounded and
hence compact. 0

The Lagrange dual of (P(v)) can be formulated as
(D(v)) maximize ¢(w,\) subject to weCT, A >0,
where the dual objective function ¢: R4t — R is given by

o T L -T _
BN i= it (el + (D) — 2 = ) + AT 0+ 2) — 7).
We establish the strong duality between (P(v)) and (D(v)) next. The derivation
of (D(v)) and the proofs of the results in this section are provided in Appendix A.

PROPOSITION 3.3. Let v € R be such that T'(X) C int S(vy), where S(v) is given
by (3.1). Then, for every v € RY, there exist optimal solutions (z¥,z") and (w”,\?)
of problems (P(v)) and (D(v)), respectively, and the optimal values coincide.

NOTATION 3.4. From now on, by (z”,2) and (w’,\?), we denote arbitrary
optimal solutions of problems (P(v)) and (D(v)), respectively. Moreover, we define
WY i=w’ — AVw.

The next lemma relates an optimal solution (w”,A”) of (D(v)) with the possible
regions for the parameter v. Although the result is analogous to [5, Lemma 4.5], it

works under the additional assumption that v € S(7).

LEMMA 3.5. Let v € R be such that T'(X) C int S(y). Let v € S(y). Then the
following statements hold:

(a) If v¢ P, then z¥ #£0, w¥ #0, and W’ #£0.

(b) If ve€bdP, then z¥ =0.

(¢) IfveintP, then 2z =0 and w’ =0.
In particular, v € P if and only if z¥ =0.
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The following two propositions interpret the primal (xV, ") and the dual optimal
solutions (wv, AV); that is, a primal solution yields a weak minimizer for problem (P),
and a dual solution provides a supporting hyperplane of P N S(v) at y* =v + 2*.

PROPOSITION 3.6. Ifv¢intP and v e S(v), then zv is a weak minimizer of (P),
and y¥ :=v+ 2z¥ € wMing P.

PROPOSITION 3.7. Suppose that w¥ #0. Let v € S(7y) and T'(X) Cint S(vy). Then
H(w',y") ={y eR!|(2")Ty > (@")Ty"}
is a supporting halfspace of PN S(y) at y* =v+ 2".

4. The algorithm. In this section, we propose an algorithm for solving Prob-
lem 2.3 whose finiteness will be proved in section 5, followed by its convergence rate
in section 6. Algorithm 1 is an outer approximation algorithm which has a structure
similar to Algorithm 2 in [5]. It consists of two phases. The first one is an initializa-
tion phase which computes a compact initial outer approximation P§u* of P N S(v)
using the original norm-minimizing scalarization (NM(v)) and its dual (ANM(v)). In
the second phase, the current outer approximation is refined in each iteration via
a supporting halfspace that is calculated by solving the modified norm-minimizing
scalarization (P(v)) and its dual (D(v)). The algorithm works under the following
assumption.

Assumption 4.1. The ordering cone C' is polyhedral.

Assumption 4.1 ensures that the dual cone C* is also polyhedral. Letting w?,...,
w’ be the generating vectors of C* with J € N, we have C* = convcone{w!,...,w’}.
Note that C7T is solid, as C is assumed to be pointed; see [17, Proposition 2.4.3,
p. 174]. In particular, J > q. Without loss of generality, we assume that ||w’|, =1
for each j€{1,...,J}.

Remark 4.2. Under Assumption 4.1, we have C' = {y € R?|Wy > 0}, where
W = [wh,...,w’]T € R/*4. Then problem (P) is equivalent to the multiobjective
optimization problem

minimize WT'(z) with respect to SRi subject to z € X

in the sense that both problems have the same set of minimizers if the null space of W
equals {0} [52, Lemma 2.3.4, p. 31]. If one applies the algorithms in [34, 35] to solve
the equivalent problem, then the approximation error after k iterations decreases by
the order of O(k?/(1=7)), which would yield a better convergence rate than O(k%/(1=4))
only if J < gq. However, due to the assumption that C' is pointed, J > ¢ holds. Indeed,
for ¢ > 3, J may be much larger than ¢ in general.

The initialization phase starts by solving the scalarizations (WS(w?)), j € {1,...,
J}: an optimal solution 27/ of (WS(w?)) exists by the compactness of X and the
continuity of I', and 27 is a weak minimizer of (P) by Proposition 2.7. This gives the

set Xp:={z!,... 27} of weak minimizers. We define
J . . .
(4.1) Pe = ({y eRI| (w))Ty > (w)TT(a7)}.
j=1

Note that PJ"* D P; see [5, section 5. Then P"* is further intersected with the
halfspace S(7) = {y € R?|w"y <~} (see (3.1)), where w € int C*, v € R are fixed
such that
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Algorithm 1 Outer Approximation Algorithm for (P).

1. Compute an optimal solution 27 of (WS(w?)) for each j € {1,...,J};
2. k:O’XO:{wl’.'.,xJ},vknown:Q’anowrﬂ:Q);
3. Store an H-representation of Pg" according to (4.1);
4. Compute ext PS" from the H-representation of Pgut;
5. Compute v by (4.2) using [5, Remark 6.1];
6. Pyt =Pg™ N 5(7);
7. repeat
8. Stop « true;
9.  Compute ext 73,2‘” from the H-representation of 73,‘31”;
10.  for v €extPut \ Yknown do
11 if v ¢ VkrownZ then
12. Solve (P(v)) and (D(v)) to compute (z,2") and (w?, A?);
13. end if
14. if ||z¥|| <€ then
15. X, X, U {av}, Ywown ¢ pknown ) [y
16. else
17. anoan — anownZ U {’U};
18. end if
19.  end for

20.  Compute v* € argmax{||z?|| |v € ext PPu};
21.  if ||z"| > ¢ then

22. ,P]?‘jrtl == fﬁzut n Hk, /?k+1 = .)Ek;
23. k+—k+1,;

24. Stop < false;

25.  end if

26. until Stop

v return X, : A finite weak e-solution to (P);
: Pput : An outer approximation of P N S(7y).
ZJ_I w?
(4.2) o inl’ N> sup IT]TF(JJ) + max (’lDT’U _ B)+ + (5H(738Ut,7)).

rEX vEext Py™*

Here 3> sup,cy @' I'(z) is a constant and a* :=max{a,0} for a € R. The calculation
of v is discussed in [5, section 6] in detail.! The choice of v in (4.2) ensures that
I'(X) C PN S(y). Finally, we obtain the initial outer approximation of P N S(y) as
Pyut :=Pgut N S(7), which is compact by [5, Lemma 6.3].

Given k >0, let 752‘“ be the current outer approximation of PNS(7), to be defined
recursively. In the second phase of the algorithm, the set ext 75,‘;‘“ of all vertices of 75,‘3‘“
is computed, k > 0. Then, for each v € ext Pg"t, optimal solutions (zV,z%) and (w?, \V)
are obtained by solving the modified norm-minimizing scalarization (P(v)) and its
dual (D(v)), respectively. If ||z?|| < e, where € > 0 is a predetermined approximation

!Note that computing sup,c @' '(z) would require solving a concave minimization problem.
However, since v is an upper bound, it is sufficient to run a few iterations of an algorithm dealing
with concave minimization such as the ones in [7, 9].
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error, then the set A} of weak minimizers is updated with zV; see Proposition 3.6. To
find one of the farthest vertices to the set P N S(y), we compute

(4.3) v* € argmax{||2"|| | v € ext PP},
If ||z”k || > €, then the supporting halfspace of P at y“k, namely

(4.4) Hi=H" ") ={y e R | (@) Ty = (@) Ty},
is used to update the current outer approximation as ﬁgitl := P N Hy,; see Propo-
sition 3.7. Otherwise, the algorithm terminates.

Remark 4.3. By the definition of S(v), we have I'(X) C S(y). Since P D
PNS(y) and PRy = Pt N Hy, we have Pt O PN S(y) 2 T'(X) for every k > 0.
Then, using [5, Remark 3.2], we obtain P =T'(X) + C C P"* + C. Hence, Py + C
gives an outer approximation of P.

Remark 4.4. The upper image P is Motzkin decomposable (see, for instance, [23]),
as it can be written as the sum of a compact convex set and a closed convex cone.
Indeed, we have P = (PN S(y)) + C. Note that P=T(X)+C C (PN S(y))+ C as
['(X) C S(vy). The other inclusion is by (PN S(y))+CCP+C="P.

LEMMA 4.5. For every k>0 and v € ext 75,§“t, we have v ¢ int P.

Proof. Clearly, bd P§"t C RY\int P since P O P. Then, for every v € ext P C
bd P§"t, we have v ¢ int P.

Assume that k > 1 is the first iteration number for which there exists v € ext P2t
such that v € int P. Note that ext P C S(v) by the construction of the algorithm.
Since v is a vertex of PP, it must be true that v € bd H;, for some k < k. Moreover,
bd Hj, is a supporting hyperplane of the closed set P N .S(v). Hence,

véint(PNS(y)) =int P Nint S(y).

Then we must have v € bd S(v) since ext P C S(). As v € int P, there exists § >0
such that Bs(v) C intP. Clearly, Bs(v) Nbd S(y) # 0. Let us fix v’ € bd S(y), where
v’ # v, and define
v—1

si=0——.
[l =o'l
Then v + s is an affine combination of v,v" € bd S(7). Since bd S(7) is an affine set,
we get v+ s € bdS(y). This implies that

vEseintPNbdS(y) SPNS(y) C P,

This implies that v can be written as a convex combination of v £+ s € 75,’3‘“ since
v=1(v+s)+ 3(v—s). This is a contradiction to v € ext P"". Hence, v ¢ intP. O

THEOREM 4.6. Under Assumption 4.1, Algorithm 1 works correctly: if the algo-
rithm terminates, then it returns a finite weak e-solution to (P).

Proof. Note that X; consists of weak minimizers and ext P$"" is a nonempty set

of vertices; see the proof of [5, Theorem 6.6] for details. Let k>0 and v € ext Ppur.
Then optimal solutions (x¥,z7) and (w”,A”) to (P(v)) and (D(v)), respectively, exist
by Proposition 3.3. By Lemma 4.5, v ¢ int’P. Hence, by Proposition 3.6, z¥ is a
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weak minimizer of (P). If v* € bd P (see line 20), then we have 2"" =0 by Lemma
3.5. In this case, line 21 ensures that the outer approximation is not updated and
the algorithm terminates. If v* ¢ P, which implies ks # 0 by Lemma 3.5, then Hy
given by (4.4) is a supporting halfspace of P N S(y) by Proposition 3.7. We have
Pout DPNS(y) as P§U D PNS(y); Hi,..., Hy are supporting halfspaces of PNS(7);
and Pom 750“t NHiN---NHg. The 1atter also implies that ext Pout £,

Assume that the algorlthm stops after k iterations. Consequently, X is a finite
set of weak minimizers. Then, using arguments similar to those in the proof of [5,
Theorem 6.6], one can show that Definition 2.4 holds, that is,

convI'(X;) +C +B.(0) D P,

which finishes the proof of correctness. 0

5. Finiteness of the algorithm. In this section, we prove the finiteness of
Algorithm 1 by showing that a subset of fixed volume is cut off of the current outer
approximation in each iteration. We show that the subsets are nonoverlapping and
also contained in a compact set, which implies a finite upper bound on the number
of iterations of the algorithm. The result is based on the following lemma.

LEMMA 5.1. Suppose that Assumption 4.1 holds. Let v ¢ P. Then the following
statements hold:

(a) [I2"] = (@) 2.

(b) [lo°]l, =1.

(c) If [|2°]| > €, then B<(v) N H(w",y",€) = 0, where H(w",y?,e)={y € RI|(w?)"
y>(w°)Ty’ - 5}

(d) H(w",y") + B5(0) € H(w",y" €), where H(w",y") = {y € RI|(@")Ty >
(@) Ty"}.

Proof. Using arguments similar to those in the proof of [5, Lemma 7.1], (a) and
(c) follow. Moreover, (d) follows from Lemma 2.1. To see (b), note that

~oN\T ~
12901 = (@) 2" < [l@®[|, 12"l < [I2°I]

which follows by (a), Holder’s inequality, and the feasibility of w” for the formula-
tion in (A.2). Hence, all terms are equal. Since z¥ # 0 by Lemma 3.5(a), we get
[@*]], = 1. O

THEOREM 5.2. Suppose that Assumption 4.1 holds. Then Algorithm 1 terminates
after a finite number of iterations.

Proof. First, note that ext Pg" consists of finitely many vertices for each k > 0.
Next, we show the existence of some K > 0 such that ||z”| < e holds for every
v € ext Pt Assume otherwise; that is, for every k > 0, we have ||z”k | > €, where v*
is as in (4 3).

By [5, Lemma 6.3], the set Pg"* is compact. The ball B¢ (0) is also compact.
Hence, P§"t + B¢ (0) is compact by [1, Lemma 5.2, p. 166]. For each k > 0, since
vk e Pout, we have

(5.1) B: (v*) C {v"} + B (0) CPR"™ + B (0) CPg" + B (0).

(
Next, we show that B (v') NBe (v7) :(Z) for every j>i>0. Clearly, P9"* C Poit. By
Lemma 5.1(c), we have Be (v') NH (0" ot

PO 4 B (0) C PO +Bs (0) = (pout NHi) +Bg(0) CSH; + B (0),

£
2

,€) = ). Moreover, we have
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where H; is the supporting halfspace of PNS(v) at y* as obtained by Proposition 3.7.
Using Lemma 5.1(d) with the above inclusion, we get

P9+ By (0) CHi + B3 (0) CHE ,y" 6.

This implies Be (v') N (P + B¢ (0)) = 0. From (5.1), B (v7) C P + B¢ (0). Hence,
Be(v') NBe(v?) = 0. Note that the sets Bi(vk), k > 0, have the same volume,
which is strictly positive. With (5.1), these imply that the compact set Pg"* 4+ B (0)
contains an infinite number of disjoint subsets of identical and nonzero volume, a

contradiction. 0

6. Convergence rate of the algorithm. In order to study the convergence
rate of Algorithm 1, we aim to use the results of Kamenev [29] and Lotov, Bushenkov,
and Kamenev [42, Chapter 8, p. 237], which originally hold for convex compact bodies.
Even though the upper image P is not compact, it is Motzkin decomposable by
Remark 4.4. Indeed, Algorithm 1 is basically a cutting method as defined in [29] (see
Definition 6.2 below) applied to the compact component PNS(7y) of the upper image.
Hence, the results in [29, 42] can still be partially used for the convergence analysis
of Algorithm 1.

Note that the algorithmic schemes described in [42, Chapter 8, p. 237] are different
from Algorithm 1 in terms of computing the points on the boundary of the convex
compact set to be approximated and the corresponding supporting halfspaces of it.
The convergence analysis in [42] is specifically designed for these schemes. We will see
that we can still use some of their results by proving that Algorithm 1 satisfies their
assumptions; see Theorem 6.9. However, Algorithm 1 does not necessarily satisfy the
assumptions of their main result [42, Theorem 8.14, p. 251] regarding an improved
convergence rate. Hence, in section 7, we will prove the improved convergence rate
from scratch, while we can still use some lemmata directly from [42].

For the theoretical analysis in this section and section 7, we ignore the stopping
criterion in Algorithm 1 and assume that it runs indefinitely while updating the
current outer approximation in each iteration. This can be done by ignoring lines 21
and 25 of the algorithm.

Remark 6.1. Under Assumption 4.1, for the nonterminating version of Algorithm
1, it holds that
lim 67(Pi", P) = lim 67 (P 4+ C,P) =0,
k—o0 k—o0
where, for each k& > 0, 75}6“ := convI'(X}) 4+ C and the sets /'P;g,’ﬁ,‘c’“t are as described

in Algorithm 1. The proof follows along the same lines as [5, Corollary 7.4] combined
with Theorem 5.2.

In the following, we recall a definition from [42, Chapter 8, p. 237]. Note that
the notations used in the original definition are replaced with the ones in this paper
to remain consistent. To use the convergence result, [42, Theorem 8.6, p. 249], our
algorithm has to produce the type of sequence of outer approximating polytopes
provided in Definition 6.2 below.

DEFINITION 6.2 (see [42, Definition 8.3, p. 246]). Consider a nonempty convex
compact set A CRY and a sequence (Ay)g>0 of polytopes in R. Assume that Ag =
ﬂle H(w?, A), where I €N and w* € RI\ {0} forie {1,...,1}. We say that (Ax)k>0
1s generated by a cutting method if, for every k >0, it holds that Ay O A and there
exists a supporting halfspace Hp CRY of A such that Ay, = Ax N Hy. In this case,
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(Ar)k>0 s called an H(r, A)-sequence of cutting for a given constant r > 0 if, for
every k >0, it holds that

(5H(Ak7 Ak+1) 2 réH(Ak, A)

Note that, in each iteration k£ > 0 of the algorithm, we choose a farthest vertex,
denoted as v*, from the upper image of the current outer approximation and generate
a halfspace Hy, given by (4.4), to update the current outer approximation. Using
this update structure, we show in Theorem 6.4 that the Hausdorff distance between
any two consecutive outer approximations, ’P,?“t and 75,‘;3_%7 is equal to the Hausdorff
distance between the former outer approximation Pg"* and P N S(y).

The next lemma is a simple observation that will be used in Theorem 6.4.

LEMMA 6.3. Suppose that Assumption 4.1 holds. Let v € S(y)\ P. Then
int By .o (v) N H(@",y") = 0, where the halfspace H(w",y") is defined by Proposi-
tion 3.7.

Proof. First, note that v € S()\P implies ||z¥|| > 0 and @ # 0 by Lemma 3.5(a).
Hence, intBj..(v) # 0 and H(w",y") is well-defined. Using arguments similar to
those in the proof of [5, Lemma 7.1], the assertion of the lemma follows. d

THEOREM 6.4. Suppose that Assumption 4.1 holds, and consider the sequence of
outer approzimating polytopes (PP™)g>o produced by Algorithm 1. Then, for every
k>0, we have

88 (P PRt = 6% (PP, P 0 S())
Proof. Let k> 0. By construction, we have 75,‘313 C Pput. By [5, Lemma 5.3], we
get

H pout pout pout
d ( k 7Pk+1) = max d(v7Pk+1)-
vEext PRut

First, we consider the case ext Pt C P. Since P2 is a polytope, we have P C P
by the convexity of P. Then, from Put C Pgut = Pgut N .S(y) C S(v), we get Pt C
P N S(y). The reverse inclusion is trivial by construction so that Pt = P N S(v).
Then PRy, =P and 67 (PRUt, PRy ) = 0. Hence, the equality is trivial.

Next, let us assume that there exists some v € ext Pp"* such that v ¢ P. Without
loss of generality, we may assume that v = v*; recall that v* is a farthest vertex
to PN .S(y) (see (4.3)). Then intIB%”ka”(Uk) NHy =0 by Lemma 6.3. Hence, v* ¢
Pt N Hp = PRty This implies 67 (PRUt, Pptt) > |2°"|| > 0, where the second
inequality is due to v¥ ¢ P; see Lemma 3.5. By [5, Lemma 5.3, 67 (P, PN S(y)) is
attained at a vertex of PU so that

PR, PAS(Y)) = max dv,PNS(y)= max "] =]z"].
vEext Pput vEext Pput
Let § € Hy, be arbitrary. By the definition of Hj, in (4.4) and Lemma 5.1(a), we have
kAT ok K ok K .
(wv )Ty > (’LUU )T(Uk 4+ ): (wv )Tvk + ||Zv ||7 that is,

(6.1) @)@~ *) > ="
On the other hand, by Holder’s inequality and (A.2), we have

(6.2) (@) T (G — o) < (@)l — ¥ || < [|g — 0¥
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Then, using (6.1) and (6.2), we obtain ||§ — v*| > |(@"")T (5 — v*)| > [|2*"||. We get
_ , ]
FH PR PNSM)) = 2" || < min [ly — ||
yeH )
< min ly—o"||=d(", PR N H)
YyEPY NH
< max d(v, Pe" NHy)

vEext 75,‘3,‘"
= maXx d(U, ,ﬁlcc)-iu-tl) = 5H (ﬁgut’ 75](;_’11_‘51 )7

vEext PYU
where the last equality follows from the fact that i (?g“t,ﬁ,‘gfl) is attained at a
vertex of PP"; see [5, Lemma 5.3]. Hence, 67 (PR, Pputy) > 67 (PR, P N S(v)).
Next, since Pg"t 2 Pptt 2 PN S(y), we have 87 (P, Pptt) < 87 (P, P N S(7)).
Hence, the equality in the theorem follows. 0

From now on, we use the following notation:

(6.3) A:=PnNS(); Ap =P, k>0.

The next corollary verifies that these sets form an instance of Definition 6.2.

COROLLARY 6.5. Suppose that Assumption 4.1 holds. Then the sequence of
outer approzimating polytopes (Ag)r>o is an H(1,A)-sequence of cutting, that is,
S (A, Ap11) > 6 (Ax, A) holds for every k> 0.

Proof. Let k > 0. Clearly, A and A satisfy the required conditions for the
sets in Definition 6.2 since A C Ay, is compact by [5, Lemma 6.3]; A is defined as
the intersection of supporting halfspaces of A (see lines 3 and 6 of Algorithm 1);
and Ay has the required property (see line 22 of Algorithm 1 and Proposition 3.7).
Moreover, by the definitions of A and A; and Theorem 6.4, we have 6 (Ax, Axt1) =
S (A, A). 0

We restate an important theorem from [42] that will be useful in proving the
convergence of (Ag)k>o.

THEOREM 6.6 (see [42, Theorem 8.5, p. 247]). Let A CR? be a nonempty convex
compact set, and let v > 0. For an H(r, A)-sequence (Aj)k>0, we have

lim 07 (A, A)=0.

k—o0
Next, we relate the Hausdorff distance between each approximation produced by
Algorithm 1 and the upper image to the one between their compact versions in (6.3).
LEMMA 6.7. Suppose that Assumption 4.1 holds. Then, for every k >0, we have
TP + C,P) < 6" (A, A).
Proof. Let k > 0. By [5, Lemma 5.3], 67 (A, A) is attained at a vertex of Aj.

Hence,

ST (A, A) = max d(v,A).

vEext Ay
By Lemma 2.2, we have ext(Ay + C) C ext A;. Hence,

(A, A)= max d(v,A)> max d(v,A+C)

vEext Ay vEext Ag

> max  d(v,A+C)=0" (A +C,A+C)
veext(Ar+C)

=0 (Pt + C, (PN S(y)) +O),
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where the penultimate equality is a consequence of Remark 4.3, Remark 4.4, and
[5, Lemma 5.3]. Moreover, by Remark 4.4, we have P = (P N S(y)) + C. Hence,
S (A, A) > 62 (Put + C, P). d

Remark 6.8. By Corollary 6.5, (Ag)r>0 is an H (1, .A)-sequence of polytopes. Then
Theorem 6.6 and Lemma 6.7 together imply the following result, which is already
discussed in Remark 6.1:

lim 67 (PPt + C,P) = lim 67 (A, A)=0.
k— o0 k—ro0

We restate an important theorem from [42] on convergence rates. Its proof can
be found in [29].

THEOREM 6.9 (see [42, Theorem 8.6, p. 249]). Let A CRY be a nonempty convex
compact set, and let r > 0. Let (Ay)g>o0 be an H(r, A)-sequence of cutting. Then, for
every € € (0,1), there exists N >0 such that

57 (A, A) < (1+ A(r, Ak T3

holds for every k > N. Here A(r, A) is a constant depending on r and the topological
properties of A and can be found in [29, Theorem 2].

We conclude this section with an application of the previous theorem in our
setting.

COROLLARY 6.10. Suppose that Assumption 4.1 holds. Then the approxima-
tion error obtained through the iterations of Algorithm 1 decreases by the order of
O(kY/(=a)),

Proof. By Corollary 6.5, the sequence of outer approximating polytopes (Ag)r>0
is an H(1,.A)-sequence of cutting. Then, by Lemma 6.7 and Theorem 6.9, we get

ST(PP™ +C,P) < 6™ (Ax, A) < (1 + OA(r, A)kT7

for all sufficiently large k. Hence, the result follows. ]

Remark 6.11. [5, Algorithm 2] also computes outer approximations to P N .S(7)
in an iterative manner. Different from the proposed algorithm in the present paper,
it solves the norm-minimizing scalarization (NM(v)). By [5, Proposition 4.7], using
a dual optimal solution of (NM(v)), one can generate a halfspace which supports P
at T'(z?). Indeed, for v satisfying (4.2), we have I'(zV) € S(v), which shows that this
halfspace supports PN S(v). Hence, the sequence of outer approximations of PN .S ()
produced by [5, Algorithm 2] is also generated by a cutting method as defined in
Definition 6.2. However, Theorem 6.4 does not apply to [5, Algorithm 2], as the proof
requires computing the distance from each vertex to the set P N S(7y) but not to the
upper image itself; see Remark 3.1 and Figure 1. In particular, it is crucial that the
algorithm selects a vertex that is farthest away from PN S(7) in line 20 of Algorithm
1, which is not the case in [5, Algorithm 2].

7. Improved convergence rate under Euclidean norm. In this section, we
find an improved estimate of convergence rate for Algorithm 1 when the fo-norm is
used in the scalarizations. The statement of Theorem 7.2 below is similar to those of
[42, Theorem 8.14, p. 251] and [30, Corollary 1]. However, our statement is valid for
the outer approximating polytopes produced by Algorithm 1 instead of the polytopes
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described in these references. We need the following assumption for the improved
convergence rate.

Assumption 7.1. ||-|| is the £y-norm, that is, ||z]| = V2Tz for every z € RY.
The next theorem is the main result of this section.

THEOREM 7.2. Suppose that Assumptions 4.1and 7.1 hold, and consider the se-
quence of outer approzimating polytopes (PP“) >0 produced by Algorithm 1. Then,
for every e € (0,1), there exists N >0 such that

ST (P, PNSH)) < (1+ AP NS(y)kTa

holds for every k> N. Here A\(PNS(v)) is a constant that depends on the topological
properties of PN S(y) and can be seen in Notation 7.3.

NOTATION 7.3. Let A CRY be a nonempty convex compact set.

(a) R(A) is the radius of the smallest ball circumscribed around A.

(b) The hypervolume of the unit ball B1(0) C R? is denoted by m,, and \(A) =
16R(A) (Lo )7t

Tg—1

We present five lemmata to prepare for the proof of Theorem 7.2. While two of
these lemmata are directly paraphrased from [42], we provide proofs for the remaining
three.

LEMMA 7.4 (see [42, Lemma 8.15, p. 252]). Suppose that Assumption 7.1 holds.
Let y,y' € R? and w,w’ € ST=1 be such that wTw' >0, y' € H(w,y), and y € H(w',y').
Then, for every n >0, we have

[(y —nw) — (y' — nw’)Hz.

d(y,bdH(w',y")) < ;

The next lemma is an analogue of [42, Lemma 8.17, p. 252] in our setting.?

LEMMA 7.5. Suppose that Assumptions 4.1 and 7.1 hold. Let v € S(v)\ P, and
set y = y?, w:=w". Let w' € ST"1NCT, y € PN S(y) be such that (w')Ty' =
inf,eprs(y) (W) 2. Assume that ve H(w',PNS(y)). Then, for every n>0, we have

Iy — nw) — (' — nw')|| = min{nv/2, \/nh — h},

where h:=w"(y —v).

Proof. Note that ||w|| =1 by Lemma 5.1(b). First, let us suppose that wTw’ <
0. By Proposition 3.7, we have w'(y' —y) > 0; by the definition of y’, we have
(w)(y —y') > 0. Hence,

1y = mw) — (y' —mw)|?

2 2
=y =o' I" +0* o’ —w|” + 20w (y' —y) +2n(w") (y —y)
2 2 2 2 2

>0 Jw' —w|”=n? |w'|” + 0P Jw]” = 20PwTw" >0 0|7+ n? w]|® = 2n?

so that ||(y — nw) — (v — nu')|| > nv/2.

2[42, Lemma 8.17, p. 252] assumes that the origin is included in the set to be approximated,
which is not necessarily the case for P N S(y).
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Next, suppose that wTw’ > 0. By the triangle inequality, we have

(7.1) Iy = nw) = ' = )| = [[(v = nw) = (¢ =) = [[(v = nw) = (y — )],

and we control each term on the right separately. For the first term in (7.1), note
that ¥y € PN S(y) € H(w,P N S(y)) = H(w,y). Moreover, by Lemma 5.1(a), we
have H(w,y) € H(w,v). Hence, y' € H(w,v). On the other hand, since v € S(v) \ P,
Lemma 6.3 ensures that v ¢ H(w,y). By our assumption, we have

veH(w' , PNSH))=Hw,y).
Then, by Lemma 7.4, we get
2
(v —nw) = (" = nw')|I” Znd(y’,bd H(w, v)).
Since bd H(w,v) = {z € RYw'z = w v} and w € S971, by elementary geometry, we
have
Ay, bdH(w,v)) = |w (¥ —v)|>w (¥ —y) +wy—wv>w'y—wv="h
so that ||[(v—nw) — (y' —nw')|| > V/nh. For the second term in (7.1), by Lemma
5.1(a), we have
[(v = nw) = (y = nw)|| = lv =yl =w (y — v) = h.
Hence, ||(y — nw) — (¥ —nw')|| > v/nh — h by (7.1). 0
Let us fix some 7 > 0. Similar to the construction in [42, Chapter 8, p. 253], we
define a new sequence (Zj)r>0 as follows:
(i) We set Uy := {(w?,T'(z?))|7 € {1,...,J}} U{(—w,¥)}, where {(x,w’)|j €
{1,...,J}} is as in (4.1), @ is defined in (4.2), and § € P N S(7) is such that
W'y = . The existence of  is guaranteed since the supremum is attained

(hence finite) by the compactness of X and the continuity of z + w'I'(x).
Let us define

2o = {y —nw|(w,y) €U} ={T(@") —nu',....T(a”) =’ § +nyw}.
(ii) For each k >0, if v* ¢ P, then we define
(7.2) Upsr = {(@"" 5" )} UlU,
k o
Zir1={y —nul(w,y) €Upy1} ={y" —nu" }UZ,.

(iii) If v* € P for some k > 0, then by the vertex selection rule in Algorithm 1
(line 20), the current outer approximation is the same as P N S(7y). In this
case, we set Z, = Z; for all K > k. (Note that this case is realized only if
PN S(y) is a polyhedral set.)

Remark 7.6. For each k > 0, we have Z, C bd(P N S(y) +B,(0)). Let k>0 and
(w,y) € Uy. Note that we have

PNS(y)+B,(0) CH(w,y) + B,(0).

Moreover, as |w| =1, H(w,y) + B, (0) € H(w,y,2n) holds by Lemma 2.1. Thus, we
obtain PNS(y) +B,(0) C H(w,y,2n). Clearly, y —nw € PN S(vy) + B, (0). Moreover,
we have y — nw € bdH(w,y,2n) since w'(y — nw) = w'y — 7. These imply that
y—nw €bd(PNS(y)+B,(0)).

The next lemma shows that the cardinality of the sequence (Z) >0 grows linearly.
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LEMMA 7.7. Suppose that Assumptions 4.1 and 7.1 hold. Suppose also that PN
S(v) is a nonpolyhedral set. Then |Zx|=J + 1+ k for each k> 0.

Proof. Note that since PN S(v) is a nonpolyhedral set, 08 (P, PN S(y)) >0
holds for all k> 0. This implies that for all k>0, (1) v* ¢ P by the vertex selection
rule of Algorithm 1 and (2) ,‘;fl # Pt since, by Corollary 6.5, we have

54 (PR3, PR™) 2 67 (PR, P15 (7)) >0

Now, by construction, |Zy| = J+ 1 and |Z;| < J+ 1+ k for each k > 0. To get a
contradiction, let k£ > 0 be the smallest index at which we have | Z;, | <J+1+k+1.
Then there exists (w,y) € Uz such that

2 ;
(7.3) a:=y" —nu' =y—nw.

We claim that y“k =y. To prove this, let us note that, for an arbitrary b € bd Hj, we
can calculate the distance from a to the hyperplane bd Hj as

(@) (a —b)|

dfaHe) = S i = @) T,

where we use Lemma 5.1(b). In particular, taking b= y”g € bd Hj, gives
""l.)fC ’L)]; “'/UE “'/UE ’U
d(a, 1) = (@) (@ —y") | = nl(@" )T | = g5 |2 =

The above distance is attained at y”E since |la — y”ﬁ || = 77||1D” * || =n. Moreover, due
to the strict convexity of the f3-norm, we have la —y'|| > |la — k|| = g for every

y' € Hg with 3/ £y . In particular, having 3 ;ﬁ y would yield y € PN.S(y) CHy, so
that la—yl >n. However we also have ||a — y|| = n||w|| = n. Hence, we must have

y*" =y. Moreover, by (7.3), we also have w" " — w and Hj = H(w,y). Note that by
the structure of Algorithm 1 we have

Pout ﬂ H(w,y).

(w,y) €Uy
Then ngl Pt NHy =P, which is a contradiction. Hence, |Zx|=.J +1+k for
each k> 0. a

Before proceeding further, we recall the following definition, which is critical in
proving the convergence rate of the algorithm in Theorem 7.2.

DEFINITION 7.8 (see [42, Chapter 8, p. 253]). A set Z CR? is called the base of
an e-packing if ||y — z|| > 2¢ for every y,z € Z.

The following lemma was originally proved for an H;-sequence of outer approx-
imating polytopes; see [42, Definition 8.4, p. 247 and Lemma 8.19, p. 254]. Here we
show that the lemma still holds for the sequence of outer approximating polytopes
generated by Algorithm 1, which, in general, may not be an H;-sequence.

LEMMA 7.9. Suppose that Assumptions 4.1 and 7.1 hold. Suppose that 0 < e < 1.
Then there exists N > 0 such that, for each k > N, the set Zj is the base of an
e (€)-packing, where

(7.4) ep (e) = 2m1n{ V2, QeN,(le)\/naH(P]gEtl,PﬁS(’y))}

and ey := g min{[ly — 2|l |y, z € Zn,y # 2}
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Proof. Let us fix N > 0 to be determined later. We argue by induction on
k> N. By the definitions of ey and e%(€), we have ||y — z|| > 2en > 2e¥(€) for every
Y,z € Zn. Hence, the assertion is trivial for k= N.

Assume that Zj_; is the base of an €)Y , (¢)-packing for some k> N + 1, that is,

ly — 21l > 24 (¢)

for every y,z € Z;_1. Moreover, since 6 (P, P N S(y)) > §H (P, PN S(y)), we
have e | (€) > el (e) by (7.4). Hence, Zj._; is also the base of an &l (¢)-packing.
: k—1 vkt ~pk—1 k—1 Plints ~ P
For convenience, let us define b =y — Nw =v + z — nw .
Since Z; = {b*71} U Z;_1, to show that Zj is the base of an &l (¢)-packing, it is
enough to verify that

—1

1657 = ]| > 2637 ()

for every b€ Zi_1. Let us fix b€ Z;_1. We may write b =1 — nw’, where (w',y’) €
U—_1.

We know that v~ € S(y) \ P and v*~! € H(w',y') = H(w',P N S(y)). Also,
vy’ €bdH(w',y’) and y' € PN S(y) by definition. Then, by Lemma 7.5, we have

_ ph—1 k1 . _ —
(7.5) 05 =0l =l =) = (= )| = min {nv2, VAT - RE

k-1

where hF=1:= (@ )T(y¥"  —v*~1). Note that

k—1 k—1

ik v - —vk Tt vkt Pt pou
W= (@ )y —o" =@ )Tz =z | =6 (PR, PNS(7)).

We choose N such that 6% (P, PNS (7)) < ne?. In particular, for each k> N+1,
we have 67 (Pu P N S(7y)) <ne?, which implies

__ne >1
SH(PR™,PNS(y) ~
Then

VT — Wt = gt (B P S () — 87 (PR P O S()

2

> \/nsH(PR, PNS(H)) — — sTPM,PNS
_\/77 (Pk;fhp (’Y)) \/5H('P,‘€)Et177705(’y)) (Pk—lap (7))

= (1= )y /na" (PR, PN S()).

Hence, from (7.5), we have

kufl _ b” > min {n\/i \/nhﬁ— hk71}
> min {77\/5, (1- 6)\/775H(75§Et1’fp ﬂ 5(7))}

> min {77\[2, 2en, (1— e)\/n(SH(ﬁggtl,P N S('y))} =2e0 (e). O
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LEMMA 7.10 (see [42, Lemma 8.20, p. 255]). Let A CR? be a nonempty convex
compact set. Suppose that 0 < e < R(A), and let Z Cbd A be the base of an e-packing.
Then

R(A 2 %
|Z| < Ni(e, R(A)) := LT (1 + B4 ) .

Tg—1 €2

Using the above lemmata, we are ready to prove Theorem 7.2.

Proof of Theorem 7.2. 1f PN .S(7y) is a polytope, then there exists K’ € N such
that 7 (Pgut, PN S(vy)) =0 for every k > K’ and the assertion of the theorem holds
trivially. For the rest of the proof, we assume that P N .S(y) is nonpolyhedral.

Let ¢ :=1(1— \/11?) € (0,1) and n := R(PNS(v)) > 0. By Lemma 7.9, there

exists N’ € N such that, for every k> N’, the set Z;, is the base of an eg,(e’)-packing,

where
, 2
Eév (6/) :min{n;/»7€N/7Tk} s

1
en' = gmin{lly —z[||y, 2 € Znry # 2},

(L= €)y/nd" (PR, PN1S(7)
g .

Moreover, by Corollary 6.5, (Pg") x>0 is an H (1, PNS(7))-sequence of cutting. Hence,
by Theorem 6.6, there exists N > N’ such that

Tk =

2
_ 4 [Nie
(7.6) 6H(7’;"v‘3?_1,7’ﬂ5(7))§n<51N_(€6,)> ;

where ¥, (¢) > 0 holds, as P N S(v) is not a polyhedral set. Hence, we get

(1 —e’)\/néH(ﬁj{,‘%F_l,PﬁS(y)) NG }
5 JENT ¢ -

TN/ = S{‘:%:(G/) <I’nln{/’7

Observe that for every k> N”, we have 7, < 7 ; hence,
7 2
er () —min{némeuTk} =Tk;

in particular, Zj is the base of a 7,-packing. Similar to (7.6), using Theorem 6.6, we
may find N € N such that, for every k > N"",

A(R(P N S() + B, (0)))?
(i=eyn

g (PR, PNS(7)) <

which is equivalent to
Tk SR(PNS(7) +By(0)).

By Remark 7.6, Z; C bd(P N S(y) + B,(0)). Then, from Lemma 7.10, for every
k>max{N" N"}, we get

|2k < N1(7, R(P NS(7) + B, (0)))-
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Moreover, by the definition of R(-) and by the choice of 7, we have

Ni(7k, R(P0VS(7) + By(0))) = Nu(7e, R(P N S(7)) + 1)

2 q9—2
_ <1+ <2R(7’05(7))) ) T
Tg—1 Tk
Since P N S(7y) is a nonpolyhedral set, by Lemma 7.7, for every k > 0, we have

|2k =J + 1+ k.

Hence, for every k> max{N", N}, we have

L 16R(P N S(v)) -
k< |Zk| < Nl(TkaR(P n S(’Y))) - Tg1 (1 + (1 _ 6/)26H(75](€35t17fp N S(V))) )

which implies that
16R(PNS(y))

2

(1—¢)? ((ki’;:) - 1) |

(7.7) g (PR, PNS(y) <

Next, we will show that
2

§(1+e)16R(PQS(7))< qm, >q_1

]{57qu1

16R(PNS(v))

1o ()™ 1)

holds for sufficiently large k. Note that (7.8) holds if

(7.9) g(k) ::%45(1%)(176')271

_ q7Tq =1
1 (’”4*1>

holds. Here g is a decreasing function on N with limy_, », g(k) = 0. Moreover, by the
choice of ¢, we have (1 +¢€)(1 —€¢)? —1 > 0. Then there exists N € N such that
(7.9), and hence (7.8), hold for all k> N"".

From (7.7) and (7.8), we obtain that

(7.8)

2

SH(PM P S(y) < (1+€)16R(PNS(y)) (Jfﬁ:) o

holds for k£ > max{N" /N"" N""} as desired. |

By Theorem 7.2, we prove that the approximation error obtained through the
iterations of Algorithm 1, when the Euclidean norm is used in the scalarization,
decreases by the order of O(k?/179).

8. Examples and computational results. In this section, we consider some
numerical examples to observe the performance of Algorithm 1, which is implemented
using MATLAB R2018a along with CVX, a package for solving convex programs
[25, 24], and Bensolve tools [41] for solving the scalarization and vertex enumeration
problems in each iteration, respectively. The tests are performed using a 3.6 GHz
Intel Core i7 computer with 64 GB RAM.
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We consider three examples:
1. Let g€{2,3,4}, e=(1,...,1)T € R%.

minimize  with respect to <¢ subject to ||z —e|, <1, z € R
2. Let al =(1,1)T,a?>=(2,3)T,a®> = (4,2)T.

3”;)1— with respect to <¢

2
2 2,|:v—a

minimize (|
subject to 1 + 222 <10, 0< 27 <10, 0< 25 <4, x € R2.

3. Let b' = (0,10, —120),b% = (80, —448,80), b> = (—448, 80, 80).

minimize (||;v|\§ + bz, ||x||§ + bz, Hx||§ +b32)7 with respect to <¢
subject to H:c||§ <100, 2; >0 for i€ {1,2,3}, x € R3.

Example 1 is a standard illustrative example with a linear objective function; see
[15, 40]. In Example 2, the objective function is nonlinear, while the constraints are
linear; in Example 3, nonlinear terms appear both in the objective function and the
constraints [15, Examples 5.8 and 5.10], [44]. These examples have also been used
recently in [5] to test the performances of similar CVOP algorithms. In addition to the
positive orthant, the examples are considered with several other cones (see Figures 2
and 3), given as C; = convconeD;, i € {1,...,6}, where

={2,1)",1,2)"}, D={(2,-1)7,(-1,2)"},
{(4,2,2)7,(2,4,2)7,(4,0,2)7,(1,0,2)7,(0,1,2)7,(0,4,2)"},
{(-1,-1,3)7,(2,2,-1)7,(1,0,0)7,(0,-1,2)7,(~1,0,2)",(0,1,0)T}.
{(

{(-

4,2,2,3)7,(2,4,2,3)",(4,0,2,3)",(1,0,2,3)",(0,1,2,3)",(0,4,2,3) T},
1,-1,3,-3)",(2,2,-1,3)",(1,0,0,-3)7,(0,-1,2,3)T,
(-1,0,2,-3)7,(0,1,0,3)7}.

To fix v satisfying (4.2), we first compute sup, ¢ @' I'(z), which is possible by
simple geometric observations for each of the examples that we consider. Then we
fix B =sup,cy @' I'(z), find an initial outer approximation P§" to P via (4.1), and
compute the Hausdorff distance §(Pg", P) = max{|[|2"| | v € ext P§u*}, where ||2”||
is the optimal value of (NM(v)). Finally, we set 7 = /3 + max,eex pout (0" v — 5)T +
SH(P§ut, P) + ¢, where € >0 is the same as in Algorithm 1.

We run Algorithm 1 for these examples where we use the Euclidean norm within
the scalarizations. To observe the convergence behavior, we measure the actual Haus-
dorff distance between the outer approximation Pg" and the compact set P N S(7y)
at each iteration. In Figures 2 and 3, we plot log (‘5H(73°“t PN S(y)), which is an up-
per bound on log 5H(77°“t + C,P) by Lemma 6.7, versus log k; we compare the linear
regression of this graph with the graph of log(ckl 1), where ¢ € Ry is selected such
that the slopes of the lines can be observed easily.® Except for Example 1 with g =2,
the estimated rate of the decrease in the actual Hausdorff distance is better than the
theoretical bound. Note that in Example 1 the image of the feasible region is the unit
ball centered at e € R?. This implies that the vertices of the outer approximations

3The slopes of the regression lines are indicated in the figures.
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(a) ¢ = 2 with cone RY, e = 1072 (left), narrower cone Cf, € = 107 (center) and wider cone Cs, € = 107 (right).
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(b) ¢ = 3 with cone ]Ri, € = 0.01 (left), narrower cone C3, € = 0.01 (center) and wider cone Cy, € = 0.003 (right).
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(¢) ¢ = 4 with cone RY, € = 0.0496 (left), narrower cone Cj, € = 0.03 (center) and wider cone C, € = 0.039 (right).

F1c. 2. Computational results for Ezxample 1. We plot log 6H(75,‘C’“’",73 N S(v)) versus logk and

2
its linear regression; we compare it with the graph of log(ck1—4) for some suitable c. Except for
q =2, the estimated rate of the decrease in the actual Hausdorff distance is better than the theoretical
bound.

obtained through the iterations of the algorithm are distributed symmetrically with
respect to the upper image, and many vertices have the same Euclidean distance to
the upper image. Moreover, the number of vertices increase exponentially through
the iterations. Hence, the actual Hausdorff distance remains constant for many itera-
tions, which explains the step-function-like behavior observed in Figure 2, especially
for g =2.

9. Conclusion. To the best of our knowledge, we study the convergence rate
of a CVOP algorithm for the first time. The approximation error of the proposed
algorithm decreases by the order of O(k'/(1=9)) where ¢ is the dimension of the
objective space. Moreover, we consider the special case of using the Euclidean norm
within the scalarizations separately and prove that the approximation error decreases
by the order of O(k%/(1=9)). Since it is known that in multiobjective optimization
(C =R%) this is the best possible convergence rate [34, 26], it cannot be improved in
general. It is an open problem to prove the improved convergence rate for the proposed
algorithm in the general setting when the underlying norm in the scalarizations is not
necessarily the Euclidean norm.
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(a) Example 2 with cone R?, € = 0.02 (left) and wider cone Cy, € = 0.01 (right).
11 ‘ 9 ‘
10 —log 6 i s —log 6"
—log (22000 k1) —log (3000k~1)
or — linear regression | | 7 — linear regression |
sl |
%7
o
o i
3f ]
%o ] 2 3 1 5 K 1 2 3 1
log k log k

(b) Example 3 with cone R?, € = 25 (left) and wider cone Cy, € = 10 (right).

Fic. 3. Computational results for Examples 2 and 3. We plot logéH(ﬁ,g“t,P N S(y)) versus
logk and its linear regression; we compare it with the graph of log(ck™1) for some suitable c. The
estimated rate of the decrease in the actual Hausdorff distance is better than the theoretical bound.

Appendix A. Derivations and proofs for section 3. Let v € R?. Note
that (P(v)) stated in section 3 can be rewritten as

(P’(v))  minimize f(z,z) subject to G(z,2)N—(C xRy)#0, (z,2) € X x RY,

where f: X x R? — R is a scalar function and G: X x R? = R*! is a set-valued
function defined by

(A1) fla2) =2l + 1x(z), G(z,2):={((2) —z—v,0 (v+2) =)}

for each x € X, z € R?. Using the equivalent problem (P’(v)) and following steps
similar to those for constructing the Lagrange dual (dNM(v)) of (NM(v)) (see [5,
section 4]), the Lagrange dual of (P(v)) can be formulated as (D(v)) (see section 3).
Then the optimal value of (D(v)) is given by

sup o(w,\) = sup < inf w'(T(z) —v) + Mw'v — ’y)) ,
(w,\)ECH xR (w,\)eCH xR, : \FEX
lw—Aw]l, <1
where we use the fact that the conjugate function of ||-|| is the indicator function of

the unit ball of the dual norm |||, ; see [10, Example 3.26, p. 93]. Next, we define
W :=w — A and rewrite the value of (D(v)) as
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(A.2) sup{ 12& @' (T(2) —v) + M@ ' T(z) — )| |o]|, <1, @+ v € CT,A> 0} .
We continue with the proofs of the results in section 3.

Proof of Proposition 3.3. First, we show that there exists a feasible solution
(z,2) of (P(v)). Fix & € X, which exists since int X # ) is assumed. Let us define
Z:=T(%) —v. Then v+ 2 =T(%) € int S(y) € S(y) and v+ 2 =T'(2) € {T'(%)} + C,
that is, I'(Z) <¢ v + 2. Hence, (%, 2) is feasible.

Next, note that the feasible region of (P(v)) is a subset of X x ((PNS(y)) —{v}) C
R™*T4. Moreover, X is compact by the problem definition and, using [5, Lemma 6.3],
it is easy to see that P N S(y) is compact as well. Hence, X x (P N S(y) — {v})
is a compact set, which implies that the feasible region of (P(v)) is bounded. To
show that it is also closed, consider a sequence of feasible points (z,, zn)nen such
that lim, 00 (n, 2n) = (z,2). We have x € X as X' is compact and z € S(y) — v as
S(v) is a closed halfspace. Since I': X — RY is continuous, C' is a closed cone, and
v+z,—T'(z,) € C for every n € N, we obtain lim,,_, oo (v+2, —I'(2,)) = v+2—T(z) € C.
Hence, an optimal solution (z*,z*) of (P(v)) exists by the Weierstrass theorem.

For strong duality, we show that the following constraint qualification in [33,
Theorem 8.3.10, p. 330] and [38, Theorem 3.19, p. 93] holds for (P(v)):

(A.3) G(dom f) N —int(C' x Ry) #0,

where f and G are as in (A.1), and dom f := {(x, 2) € X xR?|f(x,2) < 400} = X xRY.
Since X has nonempty interior, there exists 2° € int X. Moreover, since I'(X) C
int S(7), there exists € > 0 such that B (I'(z°)) C int S(7). Let ¢ € intC be fixed,
and define % := T'(20) + 5 e Clearly, y° € B.(I'(2%)) N ({T'(2°)} +int C). Defining
20 :=y%—v, we obtain v+2°—T'(2°) € int C. Moreover, since y° € B.(I'(z°)) C int S(v),
we have @' (v + 2°) <~. Then

G(x°,2%) ={(T(2°) = 2° —v, 0" (v + 2°) —7)} € —int(C x R}).

On the other hand, since dom f = X x R?, we have G(2°,2°) C G(dom f). Hence,
(A.3) is satisfied.

Recall that X C R" is convex and I': X — R? is a C-convex function. Then, by
standard arguments, it can be shown that f: X x R? — R is convex and G': X x R? =
R*L is (O x Ry )-convex as a set-valued function. Together with (A.3), these imply
strong duality and dual attainment by [38, Theorem 3.19, p. 93]. d

Proof of Lemma 3.5. By the feasibility of (P(v)) and strong duality, z¥ # 0 and
w"” #0 in (a); see the proof of [5, Lemma 4.5] for details. For the other claim of (a),
assume to the contrary that w” — AV@w = 0. From the optimal value of (D(v)) and
strong duality, we get

v . —T o —_ v
(it 0Trw) <) =11,

where AV >0 and w'I'(x) — vy < 0 for any z € X, as ['(X) C S(v). Hence, |27 <O0.
This implies ||z¥]| =0, a contradiction.

To prove (b) and (c), note that we have w'v < . Then the assertion follows
using arguments similar to those in the proof of [5, Lemma 4.5]. O

Proof of Proposition 3.6. By using arguments similar to those in the proof of
[5, Proposition 4.6], ¥ is a weak minimizer of (P). For the second claim, first note
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that y¥ € P since (z¥,2") is feasible for (P(v)). To get a contradiction, assume that
y¥ ¢ wMing P; hence, y¥ = v + z¥ € intP with ||z”|| # 0 since v ¢ intP by our
assumption. Then there exists 0 < e < ||2?|| such that

ZU

v+ 2z — GT S 7),
[12¥]]
which implies the existence of T € X with
v z¥ =

Let z:= (||2"|| — €)%7. We show that @ (v + Z) <~. Assume otherwise that

llz1"

(A.4) o (v+Z)=w" (v—i—z”—e”;”> > .

Since w" (v + 2¥) < by the feasibility of (P(v)),

w'z?
—ey 20 k) 2y =y =0

This implies w' 2" < 0. We also know that w v <+, as v € S(v). Then, from (A.4),
we get

sz”<1 ‘ >>’y—wTv2’y—'y:0.

121l
This implies 1 — ﬁ <0, that is, ||2¥|| < e. This contradicts the upper bound of e.
Now (Z, z) is feasible for (P(v)). But this gives ||Z|| < ||2"||, which is a contradiction
to the optimality of (xv,z"). 0

Proof of Proposition 3.7. Let us fix y € PN S(7y) consider the problems (P(v))
and (D(v)). Then

0> inf (w”)(D(z) —y) + A" (@"y —7);

see the proof of [5, Proposition 4.7]. This gives

(A.5) (w”) Ty — A\w'y > irelﬁ((w”)TF(x) — A%.

Using the strong duality between (P(v)) and (D(v)), we get
(A.6) 270 = inf (") (D) ~v) + X (T~ )
= xueli(w”)TF(a:) — Xy — (w) v+ Ao .
From (A.5) and (A.6), we obtain
(w)Ty = A0y > |27 + (w*) v = Xw T,
that is,

@)y > |2 + (@) v = (@) 2" + (@) v = (@) Ty",
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where the second inequality is a consequence of the definition of dual norm and the
dual constraint | w”||, < 1. Hence, y € H(w",y"). Since y is arbitrary, this implies
PAS(y) CH",yY).

Next, by Proposition 3.6, we have y* € P; in particular, y¥ € P N .S(v) by the
feasibility of (P(v)). We have y¥ € bd H(w", y") by the definition of H(w",y"). Hence,
y’ € PNS(y) NbdH(w",y"), which completes the proof. 0
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