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Abstract

In this paper we consider a problem, called convex projection, of projecting a convex set
onto a subspace. We will show that to a convex projection one can assign a particular multi-
objective convex optimization problem, such that the solution to that problem also solves the
convex projection (and vice versa), which is analogous to the result in the polyhedral convex
case considered in Lohne and Weiling (Math Methods Oper Res 84(2):411-426, 2016). In
practice, however, one can only compute approximate solutions in the (bounded or self-
bounded) convex case, which solve the problem up to a given error tolerance. We will show
that for approximate solutions a similar connection can be proven, but the tolerance level needs
to be adjusted. That is, an approximate solution of the convex projection solves the multi-
objective problem only with an increased error. Similarly, an approximate solution of the
multi-objective problem solves the convex projection with an increased error. In both cases the
tolerance is increased proportionally to a multiplier. These multipliers are deduced and shown
to be sharp. These results allow to compute approximate solutions to a convex projection
problem by computing approximate solutions to the corresponding multi-objective convex
optimization problem, for which algorithms exist in the bounded case. For completeness, we
will also investigate the potential generalization of the following result to the convex case. In
Lohne and Weiing (Math Methods Oper Res 84(2):411-426, 2016), it has been shown for
the polyhedral case, how to construct a polyhedral projection associated to any given vector
linear program and how to relate their solutions. This in turn yields an equivalence between
polyhedral projection, multi-objective linear programming and vector linear programming.
We will show that only some parts of this result can be generalized to the convex case, and
discuss the limitations.
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1 Introduction

Let us start with a short motivation, describing a field of research where convex projection
problems, the main object of this paper, arise. A dynamic programming principle, called a
set-valued Bellman principle, for a particular vector optimization problem has been proposed
in [4], and has also been applied in [3,5] to other multivariate problems. Often, dynamic opti-
mization problems depend on some parameter, in the above examples the initial capital. Then,
the dynamic programming principle leads to a sequence of parametrized vector optimiza-
tion problems, that need to be solved recursively backwards in time. A parametrized vector
optimization problem can equivalently be written as a projection problem. If the problem
happens to be polyhedral, the theory of [8] can be applied, which allows to rewrite the poly-
hedral projection as a particular multi-objective linear program, and thus, known solvers can
be used to solve the original parametrized vector optimization problem for all values of the
parameter. This method has been used e.g. in [5]. However, in general the problem is convex,
and not necessarily polyhedral, and thus leads to a convex projection problem.

The aim of this paper is to develop the needed theory to treat these problems. That is, to
define the problem of convex projection, find appropriate solution concepts and, in analogy
to the polyhedral case, relate those to a multi-objective convex problem, for which, at least
in the bounded case, solvers are already available that compute approximate solutions, see
[1,2,7]. Tt is left for future research to develop algorithms to solve also unbounded multi-
objective convex problems, which would, by the results of this paper, also allow to solve
certain unbounded convex projection problems. This, in turn, would then enable to solve
the above mentioned problems arising from multivariate dynamic programming as they are
by construction unbounded. Thus, the present research can be seen as a first step into that
direction, but might also be of independent interest.

Let us start with a short description of the known results in the polyhedral case. Polyhedral
projection is a problem of projecting a polyhedral convex set, given by a finite collection of
linear inequalities, onto a subspace. This problem is considered in [8], where an equiva-
lence between polyhedral projection, multi-objective linear programming and vector linear
programming is proven.

The following problem is called a polyhedral projection:

compute Y ={y e R" |Ix e R" : Gx + Hy > h},

where the matrices G € RK*”, H € R¥™ and a vector h € R¥ define a polyhedral feasible
set S = {(x,y) € R" x R™" | Gx + Hy > h} to be projected. To the above polyhedral
projection corresponds a multi-objective linear program

min (—lyTy> with respect to EMH subjectto Gx + Hy > h.

In [8] it is proven that every solution of the associated multi-objective linear program is
also a solution of the polyhedral projection (and vice versa) and, moreover, a solution exists
whenever the polyhedral projection is feasible. This enables to solve polyhedral projection
problems using the existing solvers for multi-objective (vector) linear programs such as [9].
Furthermore, [8] shows how to construct a polyhedral projection associated to any given
vector linear program. A solution of the given vector linear program can then, under some
assumptions, be recovered from a solution of the associated polyhedral projection. This
yields the aforementioned equivalence between polyhedral projection, multi-objective linear
programming and vector linear programming.
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In this paper we are interested in a projection problem, where the feasible set § € R"” x R"™
is convex, but not necessarily polyhedral. Our problem, which we call a convex projection,
is of the form

compute Y ={y e R" |Ix e R" : (x,y) € S}. (CP)

Under computing the set Y we understand computing a collection of feasible points that
(exactly or approximately) span the set Y. The question we want to answer is whether there
exists a similar connection between convex projection, multi-objective convex optimization
and convex vector optimization as there is in the linear (polyhedral) case. Inspired by [8], we
consider the multi-objective convex problem

. y . .
min (—lTy) with respect to SMH subject to (x, y) € S. (1)

Just as in the polyhedral case, there is a close link between the problems (CP) and (1).
Relating solutions of the two problems, however, becomes somehow more involved. Namely,
we need to make clear with which solution concept we work and also consider the bounded-
ness of the problem. The notion of an exact solution does exist, but it is mostly a theoretical
concept as it usually does not consist of finitely many points. In practice, instead, one obtains
approximate solutions (i.e. finite e-solutions), which solve the problem up to a given error
tolerance. We consider exact solutions, as well as approximate solutions of bounded and self-
bounded problems. Precise definitions will be given in the following sections. The results
for exact solutions (which does not assume (self-)boundedness) are parallel to those for the
linear case considered in [8], we obtain an equivalence between exact solutions of the convex
projection (CP) and the associated multi-objective problem (1). For approximate solutions
(of bounded or self-bounded problems) a connection also exists, but the tolerance needs
to be adjusted. That is, an approximate solution of the convex projection solves the multi-
objective problem only with an increased error. Similarly, an approximate solution of the
multi-objective problem solves the convex projection with an increased error. In both cases
the tolerance is increased proportionally to a multiplier that is roughly equal to the dimension
of the problem.

A problem similar to (CP) was considered in [12], where an outer approximation Benson
algorithm was adapted to solve it under some compactness assumptions. Here, we take a more
theoretical approach to relate the different problem classes. For this reason we also consider
a general convex vector optimization problem. There does exist an associated convex projec-
tion, which spans (up to a closure) the upper image of the vector problem. However, instead of
having a correspondence between solutions of the two problems, we can only connect (exact
or approximate) solutions of the associated projection to (exact or approximate) infimizers
of the vector optimization.

The paper is organized as follows: Sect. 2.1 contains preliminaries and introduces the
notation, Sect. 2.2 summarizes the solution concepts and properties of a convex vector opti-
mization problem. In Sect. 3.1, we define a convex projection and introduce the corresponding
solution concepts. Section 3.2 contains the main results, the connection between the convex
projection and an associated multi-objective problem is established. Section 4 formulates a
convex projection corresponding to a given convex vector optimization problem. Finally, in
Sect. 5 the derived results are considered under a slightly different solution concept based on
the Hausdorff distance, which was recently proposed in [1].
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2 Preliminaries
2.1 Notation

For a set A € R™ we denote by conv A, cone A, cl A and int A the convex hull, the conical
hull, the closure and the interior of A, respectively. The recession cone of the set A C R™
iSAco ={y e R" | Vx € A, L >0: x4+ Ay € A}. Acone C C R" is solid if it has a
non-empty interior, it is pointed if C N —C = {0} and it is non-trivial if {0} C C C R™. A
non-trivial pointed convex cone C C R” defines a partial ordering on R” via ¢V <¢ ¢@ if
and only if ¢® — ¢V € C. Given a non-trivial pointed convex cone C C R™ and a convex
set 2 C R", afunction I' : 2 — R™ is C-convex, if forall x(, x® € 2 and A € [0, 1] it
holds I" (Ax W + (1=2)xP) <¢ Al (xM)+(1=21) " (x@). The Minkowski sum of two sets
A, B C R™is,asusual,denotedby A+B = {a+b | a € A, b € B}. Asashorthand notation
we will denote the Minkowski sum of a set A € R™ and the negative of a cone C C R” by
A — C = A + (—C). The positive dual cone of Cis CT = {w € R"|wTe > 0Vc € C}.

Throughout the paper we fix p € [1, oo] and denote by || - || the p-norm and by B, = {z €
R™ | llz|l < €} the closed e-ball around the origin in this norm. The standard basis vectors
are denoted by eWD. . ™ In the following, we work with Euclidean spaces of various
dimensions, mainly with R” and R”*!. In order to keep the notation as simple as possible
we do not explicitly denote the dimensions of most vectors (e.g. eW) or sets (e.g. Be), as
they should be clear from the context. One exception is the vector of ones, where we denote
1€ R" and 1 € R™*! to avoid any confusion.

We use three projection mappings, proj, : R* x R" — R™, proj, : R" x R" — R"
and proj_; : R™*! — R™. The mapping proj,, given by the matrix proj, = (0 1 ) ,
projects a vector (x, y) € R" x R™ onto y € R". The mapping proj,., given by the matrix
proj, = (I 0), projects a vector (x,y) € R" x R™ onto x € R". The mapping proj_
drops the last element of a vector from R™*1.

2.2 Convex vector optimization problem

In this section we recall the definition of a convex vector optimization problem, its properties
and solution concepts from [7,13], which are adopted within this work, and which are based
on the lattice approach to vector optimization [6].

A convex vector optimization problem is

min " (x) with respect to <c¢ subjecttox € 4, (CVOP)

where C C R is a non-trivial, pointed, solid, convex ordering cone, 2~ C R" is a convex set
and the objective function I" : 2~ — R™ is C-convex. The convex feasible set 2" is usually
specified via a collection of convex inequalities. A convex vector optimization problem is
called a multi-objective convex problem if the ordering cone is the natural ordering cone,
ie.if C = R’. A particular multi-objective convex problem that helps in solving a convex
projection problem will be considered in Sect. 3.2. The general convex vector optimization
problem and its connection to convex projections will be treated in Sect. 4.

The image of the feasible set 2" is defined as I'[Z] = {I"(x) | x € Z'}. The closed
convex set

G =clI'[Z]+C)
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is called the upper image of (CVOP). A feasible point x € 2 is a minimizer of (CVOP) if it
holds ({I" (x)} —C\{O)hNT'[Z] = @. Itis aweak minimizer if ({I"(x)}—int C)NT'[Z] = @.

Definition 1 (see [13]) The problem (CVOP) is bounded if for some ¢ € R™ it holds
4 C {q} + C. If (CVOP) is not bounded, it is called unbounded. The problem (CVOP) is
self-bounded if 4 # R™ and for some ¢ € R” itholds 4 C {g} + Y.

Self-boundedness is related to the tractability of the problem, i.e., to the existence of
polyhedral inner and outer approximations to the Pareto frontier of (CVOP) such that the
Hausdorff distance between the two is finite, see [13]. Self-boundedness allows to turn an
unbounded problem into a bounded one by replacing the ordering cone C by ¥,. One
can notice that a bounded problem is a special case of a self-bounded one. The following
relationship holds.

Lemma 1 A self-bounded (CVOP) is bounded if and only if 9, = clC.

Proof Boundedness of (CVOP) implies ¥, C cl C, together with cl C € ¥, one obtains
Y~ = cl C.For the reverse, note that self-boundedness and %, = ¢l C imply ¥ < {g}+clC.
To prove the boundedness of (CVOP), one needs to show that also ¢4 C {g} 4+ C for some
g € R™. This follows from cl C € {—éc} + C for arbitrary § > 0 and ¢ € int C, which holds
as C is a solid convex cone. Thus one can set g = g — éc. O

Boundedness of the problem (CVOP) is defined as boundedness of the upper image ¢ with
respect to the ordering cone C. According to the above proof, for a solid cone C boundedness
of & with respect to C, with respect to cl C and with respect to int C are equivalent.

(Self-)boundedness is important for the definition of approximate solutions. In the fol-
lowing, a normalized direction ¢ € intC, i.e. ||c|| = 1, and a tolerance ¢ > 0 are fixed.

Definition 2 (see [7,13]) A set X € 2 is an infimizer of (CVOP) if it satisfies
¢ = clconv(I'[X] + O).

An infimizer X of (CVOP) is called a (weak) solution if it consists of (weak) minimizers
only. A nonempty finite set X C 2" is a finite e-infimizer of a bounded problem (CVOP) if

@ C conv I'[X]+ C — &{c). )

A nonempty finite set X C 2" is a finite e-infimizer of a self-bounded problem (CVOP)
if
@ C conv I'[X] + Do — £{c}. 3)

A finite &-infimizer X of (CVOP) is called a finite (weak) e-solution if it consists of (weak)
minimizers only.

There are algorithms such as [1,2,7] for finding finite -solutions of a bounded (CVOP)
(under some assumptions, e.g. compact feasible set, continuous objective). The definition of
a finite e-solution in the self-bounded case is more of a theoretical concept, as it assumes that
the recession cone of the upper image is known. Nevertheless, we consider also this case, as
it can be treated jointly with the bounded case. To the best of our knowledge, there is, so far,
no algorithm for solving an unbounded (CVOP), which also means, there is no definition yet
of an approximate solution in the not self-bounded case.
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The definition of a finite e-solution in [1] differs slightly from the one used here that is
based on [7]. However, the structure of the main results (Theorems 2, 3, 4 and 5) remain
valid using the definition from [1] under some minor adjustments of some details, which are
given in Sect. 5.

In this paper we will often refer to a solution as an exact solution and to a finite e-solution
as an approximate solution.

3 Convex projections
3.1 Definitions

The object of interest is the convex counterpart of the polyhedral projection, that is, the
problem of projecting a convex set onto a subspace. Thus, let a convex set § € R" x R™ be
given. Just as the feasible set 2" of (CVOP), it could be specified via a collection of convex
inequalities. The aim is to project the feasible set S onto its y-component, that is to

compute Y ={y e R" |3x e R": (x,y) € S}. (CP)

First, we introduce the properties of boundedness and self-boundedness for the convex
projection problem.

Definition 3 The convex projection (CP) is called bounded if the set Y is bounded, i.e. Y C
Bk for some K > 0. The convex projection (CP) is called unbounded if it is not bounded.
The convex projection (CP) is called self-bounded if Y # R™ and there exist finitely many
points y(l), R y(k) € R™ such that

Y Cconv{y®, ..., y®} + (clV)wo. )

The reader can justifiably question the differences between Definition 3 for the projection
problem and Definition 1 for the vector optimization problem. As far as bounded problems
are concerned, these differences are intuitively reasonable: Each of the two problems is
represented by a set, (CVOP) by the upper image ¢ and (CP) by the set Y. The upper image
¢ is a so-called closed upper set with respect to the ordering cone C. Boundedness of the
problem (CVOP), therefore, corresponds to boundedness of ¢ with respect to the ordering
cone, in particular as an upper set cannot be topologically bounded. On the other hand, the
set Y is not an upper set and it can be bounded in the usual topological sense. Furthermore,
as no ordering cone was specified to define the convex projection, boundedness with respect
to the ordering cone is not the appropriate concept here. The difference for the self-bounded
problems is less intuitive. We discuss in detail in Sect. 3.2.1 why for convex projections finitely
many points are necessary, while for convex vector optimization problems it is enough to
consider one point in the definition of self-boundedness, which provides a motivation for
the definition we proposed here. Finally, we will prove in Proposition 1 below that the
definitions of boundedness and self-boundedness in Definition 3 for the projection problem
and Definition 1 for a particular multi-objective convex optimization problem correspond
one-to-one to each other.

Now, we give a definition of solutions—both exact and approximate—for the convex
projection. Since we aim towards relating the projection to vector optimization, we only
define approximate solutions for the bounded and the self-bounded case. Let a tolerance
level € > 0 be fixed.
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Definition 4 A set S C S is called a solution of (CP) if it satisfies

Y C clconv proj,[S]. %)
A non-empty finite set § C S is called a finite -solution of a bounded problem (CP) if
Y C conv projy[S‘] + Bg. (6)

A non-empty finite set S C S is called a finite e-solution of a self-bounded problem (CP)
if

Y C conv projy[S’] +(c1Y)oo + Be. (@)

3.2 An associated multi-objective convex problem

We are interested in examining the connection between convex projections and convex vector
optimization. The linear counterpart suggests that multi-objective optimization might be
helpful also for solving the convex projection problem. Inspired by the polyhedral case of
[8] and the case of convex bodies in [12], we construct a multi-objective problem with the
same feasible set S and one additional dimension of the objective space. That is, we consider
the following problem

min <_1yTy) with respect to EMH subject to (x, y) € S, (8)

which is a multi-objective convex optimization problem with a linear objective function and
aconvex feasible set S. To increase readability we add the following notations. The mappings

. . 1
P:R'"xR" — R" and Q : R” — R™*! are given by the matrices P = <8 —IT)

and Q = <_11T), respectively. The image of the feasible set of (8) is given by P[S] =
{P(x,y) | (x,y) € S}, its upper image is denoted by
2 = cl(P[S]+ R,

The aim of this section is to establish a connection between the convex projection (CP) and
the multi-objective problem (8), between their properties and their solutions. Then, a solution
provided by a solver for problem (8) would lead the way to a solution to problem (CP). The
following observations are immediate, most importantly the connection between the sets
P[S]and Y.

Lemma2 1. Every feasible point (x,y) € S is a minimizer of (8).
2. For the sets Y and P[S] it holds Y = proj_;[P[S]] and P[S] = Q[Y].

Proof The first claim follows from the form of the matrix P. Since ¥ = proj y[S1, the second
claim follows from the matrix equalities proj, = proj_; -P and P = Q - proj,. O

A similar observation was made in [12] about the problem studied there. Also here,
convexity is not used within the proof, so the claim would hold also for non-convex projection
problems.

For convenience, we restate from Definition 2 the definition of exact and approximate
solutions specifically for problem (8) with the direction ||1]|~'1 € int [Rf’ﬁ“, and applying
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Lemma 2 (1). A set S C S is a solution of (8) if
2 = clconv(P[S] + R7TH. ©)
A nonempty finite set S C S is a finite e-solution of a self-bounded (8) if
P C conv P[S]+ Pog — e{llL] "1} (10)

This includes also the case of a bounded problem (8), where &, = [R'fr] .

3.2.1 Relation of boundedness

The definition of an approximate solution and the availability of solvers (for (CVOP)) depend
on whether the problem is (self-)bounded. So before we can relate approximate solutions of
the two problems, we need to relate their properties with respect to boundedness. Which also
brings us back to the question raised in the previous section—why does our definition of a
self-bounded problem differ between the projection and the vector optimization problem?

An analogy with the corresponding definition in convex vector optimization would suggest
that the convex projection (CP) should be considered self-bounded if Y # R and there exists
a single point y € R™ such that

Y C {y}+ Yoo (an

Instead, we suggested to replace the single point y with a convex polytope and to use
the recession cone of the closure of Y. This led to the following notion of self-boundedness
in Definition 3: The convex projection problem (CP) is called self-bounded if ¥ # R™ and
there exist finitely many points y . y® e R such that

Y € conviy®, ..., y®} + (€l Y)wo. )

Two considerations motivate the definition via (4): First, the recession cone Y, might
have an empty interior. Second, the set Y does not need to be closed. Both of these can lead
to situations where the multi-objective problem (8) is self-bounded, but the projection (CP)
does not satisfy (11). We illustrate this in Examples 1 and 2, where for simplicity the trivial
projection, i.e. the identity, is used. In both of our examples these issues can be resolved by
replacing condition (11) with condition (4). We will prove in Proposition 1 below, that this
is also in general the case.

Example 1 Consider the set
Y =8={01.3) |y +y = 1} +cone{(0. 1)}

and its recession cone Y, = cone {(0, 1)}. The associated multi-objective problem (8) with
the upper image

2 = {1, y2, —y1 = y2) | y§ + 3 < 1} + cone{(0, 1, —1), (1,0, 0), (0, 0, 1)},

is self-bounded as & C {(—1, —1, —2)} + P~. However, the set Y does not satisfy (11) for
any single point y € R™. Because of its empty interior, no shifting of the cone Y, can cover
the set ¥ with a non-empty interior. But already two points y() = (=1, —1), y® = (1, 1)
suffice for (4).
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Example 2 Consider the convex, but not closed, set

Y=8={(1,y») 0=y <1,0=<y}U{(1,0}

Itis not bounded, but its recession cone is trivial, Y, = {0}. The associated multi-objective
problem (8) with the upper image

‘@ = {(yla 07 _)71) | 0 =< 1 S 1} +COH€{(O, 1! _1)’ (1705 0)7 (07 07 1)}7

is self-bounded as & C {(0,0, —1)} + P. However, the set Y with its trivial recession
cone Yo, = {0} clearly cannot satisfy (11). It also wouldn’t suffice to just replace the single
point y in (11) by a convex polytope conv{y(D, ..., y®}, since the set Y is not bounded.
But the recession cone (clY)s = cone {(0, 1)} satisfies (4) with e.g. the pair of points
Yy =1(0,0), y? = (1,0).

The two considerations illustrated here were the motivation for defining self-boundedness
via (4). The condition (4) can be considered as a generalization of the definition of self-
boundedness found in the literature. For vector optimization problems, Definition 1 and a
definition via (4) coincide because of two properties of upper images. An upper image is
always a closed set and its recession cone is solid as it always contains the ordering cone.

We will now prove that, as long as one uses the more general notion of self-boundedness
(Definition 3) for (CP), boundedness, self-boundedness, and unboundedness of the pro-
jection (CP) are equivalent to boundedness, self-boundedness, and unboundedness of the
multi-objective problem (8), respectively.

Proposition 1 1. The convex projection (CP) is bounded if and only if the multi-objective
problem (8) is bounded.

2. The convex projection (CP) is self-bounded if and only if the multi-objective problem (8)
is self-bounded.

3. The convex projection (CP) is unbounded if and only if the multi-objective problem (8)
is unbounded.

The proof of Proposition 1 will require the following two lemmas. The first one is a trivial
observation and thus stated without proof, but comes in handy as it will also be used later.
The second lemma provides a crucial connection between the recession cones of the two
problems.

Lemma3 Let A C R" beasetand C C R" be a convex cone. Then, c1(A+C) = cl(cl A+C).

Lemma 4 For the recession cones of the sets Y and P[S] it holds
(P[SDoo = QY] and Yoo = proj_;[(Q[Y Dol
(€l P[SDoo = Ql(clY)oo] and (clY)oo = proj_;[(cl O[Y Dol
For the recession cone of the upper image it holds

Poo = Ql(cl V)oo] + R T (12)

Proof The first four equalities follow from P[S] = Q[Y] (Lemma 2 (2)) and cl P[S] =
Qlcl Y], the matrix Q being the right-inverse of proj_; (Lemma 2 (2)) and the fact that
cl P[S] C Q[R™] = {x e R*T11Tx = 0}.

According to Lemma 3, for the upper image it holds & = cl(Ql[cl Y] + [R‘T'l). The
sets Q[cl Y] and [Rﬁ+1 are both closed and convex. One easily verifies that Q[(clY)s] <
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Q[R"] = {x € R"™17x = 0}, s0 Q[(cl ¥)ool N —R7 ! = {0} and the sets Q[cl Y] and
[Rf,”_Jrl satisfy all assumptions of Corollary 9.1.2 of [11]. Thus, the set Q[cl Y] + [Rf,”_Jrl is
closed and (Q[cl Y]+ RT ™) = Q[(cl V) ool + RT T O

Proof of Proposition 1 Let us first prove the second claim.

= Let (CP) be self-bounded. Applying the mapping Q onto (4) and adding the standard
ordering cone yields

PIST+ R Cconvioy®, ..., 0y P} + 0l(cl V)ool + RYT.
Foravectorg € [Rm‘H,element—wisedeﬁnedbyqi = 'n}ink(Qy(j))i fori =1,...m+1,
j=1,...
it holds conv{Qy, ..., 0y®} C {g} + [R'frl, SO

PIST+ R C{g) + QL Vool + RTH = (g} + P,

where the last equality is due to (12). Since the shifted cone {g} + P is closed, self-
boundedness of (8) follows.
« If the problem (8) is self-bounded, then there is a point ¢ € R”*! such that

P g} + P 13)

Since Q[Y]1+ RT™ € QIR + RY™ = {x € R"*!17x > 0}, for the upper image
P = cl(Q[Y]—HRTH) and its recession cone P, itholds 2, P, C {x € R"11Tx >
0}. As the upper image & contains elements of Q[R™], inclusion (13) is only possible
if17¢ < 0.

As Q[Y] € 2N Q[R™], from (13) and (12) it follows

O1Y1 € (g} + Poo) N OIR™] = (g} + R N QIR™] + QL(cl ¥)oo]
=convig™V, ..., ¢} + O[(cl V)],

where ¢ := g + |17q| - ) fori = 1,...,m + 1. By applying the projection proj_,
we obtain

Y € conv{proj_; ¢V, ..., proj_; ¢V} + (c1 V)oo.

The first claim is a consequence of the second claim, relation (12) and the fact that for a
bounded (CP) it holds (cl Y)~ = {0} and for a bounded problem (8) it holds P, = [RTFI.
The last claim is an equivalent reformulation of the first claim. O

3.2.2 Relation of solutions

Note that under some compactness assumptions the convex projection problem (CP) can
be approximately solved using the algorithm in [12]. Here, we are however interested in the
connection between problem (CP) and the multi-objective problem (8) and to see if one can be
solved in place of the other. Lemma 2 already provides us with a close connection between the
two problems, which suggests that interchanging the two problems (in some manner) should
be possible. We will now examine if, and in what sense, an (exact or approximate) solution of
one problem solves the other problem. We start with the exact solutions, where we obtain an
equivalence. Note that this result does not need any type of boundedness assumption. Then,
we will move towards approximate solutions for the bounded and the self-bounded case.
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Theorem 1 A set S C S is a solution of the convex projection (CP) if and only if it is a
solution of the multi-objective problem (8).

Proof = Let § C S be a solution of (CP). Applying the mapping Q onto (5), we obtain
P[S] € clconv P[S],
see Lemma 2 (2). Adding the ordering cone, taking the closure and Lemma 3 give
cl(P[S]+ R C cl(conv P[S] + RTHH,

therefore, S is an infimizer of (8), cf. Definition 2. According to Lemma 2, it is also a
solut_ion.
< Let S C S be a solution of (8). We prove that

P[S] C clconv P[S]

via contradiction: Assume that there is ¢ € P[S] and ¢ > 0 such that ({g} + B:) N
conv P[S] = . According to (9), forall § > Oitholds ({g}+Bs)N(conv P[S]+R" ") #
@. That is, there exist b € Bs, § € conv P[S]and r € [Rﬁ+l suchthatg +b =¢q +r. As
b; < 8onehas1Th < (m+1)8. Thus, [|[b—r| < |bll+—r|l < [16]+1Tr = |b]+17b <
84 (m+1)8, where 17r = 17h follows from g +b = g+rand1'g = 1"g = 0. Hence,
one obtains b —r € Bs.(;u4-2), so for the choice of § := ¢/(m +2) we get a contradiction.
Finally, applying proj_; gives Y C clconv proj ‘,[.S_’ ] and S is a solution of (CP).

O

This result is analogous to Theorem 3 of [8] for the polyhedral case. Here it is unnecessary
to prove the existence of a solution when the problem is feasible as the full feasible set is
a solution according to Definitions 2 and 4 (consider Lemma 2). Since (exact) solutions
are usually unattainable in practice, it is of greater interest to see how the approximate
solutions relate. It turns out, the approximate solutions are equivalent only up to an increased
error. We will see that in order to use an approximate solution of one problem to solve
the other problem, we need to increase the tolerance proportionally to a certain multiplier.
These multipliers depend both on the dimension m of the problem and on the p-norm under
consideration. Recall that the definition of a finite e-solution of either of the two problems
depends implicitly on the fixed p € [1, oo]. For this reason, we denote the p explicitly in
this section.

We deal with the bounded and the self-bounded case jointly. As we mentioned before, a
bounded (CP) has a trivial recession cone (cl Y)oo = {0} and if (8) is bounded it holds Z, =
[Rfrl. This verifies that (7) and (10) correcly define a finite e-solution of a bounded (CP)
and a bounded problem (8), respectively. Proposition 1 provided an equivalence between the
self-boundedness of the two problems. The following two theorems contain the main results.

Theorem 2 Let the convex projection (CP) be self-bounded and fix p € [1,00]. If§ C Sisa
finite e-solution of (CP) (under the p-norm), then it is a finite (g- 8)-solution of (8) (under

-1 1
the p-norm), where k = k(m, p) = mpT -(m+1)r forp e [l,00) andk = k(m,00) =m
for p = .

Proof Multiplying (7) with Q and adding the ordering cone [Rf'ﬁ“ yields

P[S]+ R C conv P[S]+ Q[(cl V)] + RTT + 0 [BL]. (14)
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Let p € [1, 00). For b € BY it holds |b;| < & foreachi = 1, ..., m. By considering the

p=1
problem max ) /L, b; s.t. Y i1, bl.p < 1, we also obtain | Y /L, bj| < m 7 -¢. Thus, we

—1
have — <mp7 : s> 1 < Qb forall b € BY, which leads to

—1

o[Bf] <~ (mpT N2y ~8> {||11||;11} + Ry (15)
1
From the Egs. (12), (14) and (15) and |[1]|, = (m + 1) 7 it follows
m+1 S p=1 1 _1
P[S]+ R Cconv P[S]+ Po — (m' 7 - (m+1)7 - & [Illlll,, 1}'

Now consider p = oo. It similarly holds |b;| < e,i =1,...,m ,as well as | er-"zl bi| <
m - & for b € BX. Therefore, the same steps yield Q [B®] € —(m - ¢) {1} + R} and
PIS]+ R € conv PISI+ P — G -&) {11211, '1].

Finally, the sets conv P[S8] and P satisfy the assumptions of Corollary 9.1.2 of [11]—

both sets are closed convex and conv P[S] has a trivial recession cone as it is bounded—
therefore, the set conv P[S] + P is closed. Since the shifted set is also closed, we obtain

2 < conv P[S]+ Poo — (k- €) { ||]l||;1jl} and § is a finite (« - €)-solution of (8) according
to Lemma 2. O

Theorem 3 Let the multi-objective problem (8) be self-bounded and fix p € [1, 00]. If§ € S
is a finite e-solution of (8) (under the p-norm), then it is a finite (k - €)-solution of (CP) (under

mP+m—1
m-1

the p-norm), where k = k(m, p) = ( )F for p € [1,00) and kx = k(m,00) = m

for p = .

Proof We give the proof for p € [1, 00). For p = oo the same steps work, only the expres-
1

) 1
sions (m? +m — 1)7 and (”‘pr:ij_"l_l " need to be replaced by their value in the limit, m.

For the set Q[Y] = P[S] € & N Q[R™], according to (10) and (12), we obtain
o[yl < (conv PIS]+ Poo — ¢ [||1||;1]1]) N O[R™]
= conv P[]+ QI(el Vool + (R — & {1l "2} ) 0 QIR™)
A projection onto the first m coordinates yields
Y € conv proj,[S]+ (¢l ¥)oc + proj_ [(M“ — {||1||;111}) n Q[[Rm]] .
What remains is to show that the last set on the right-hand side is contained in an error-ball

proj_y [(Ry+! —e{iun,'a}) nowm]c8” (16)

(mpmt;nl_l )F .
which would finish the proof.
Now, to see that (16) holds true, note that by Q[R"] = {x € R"+1|1Tx = 0} one has

(rRe+t—e {1al;'1}) 0 @R™ = elay" - fr-11r e REFL 170 — 1) = 0]
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Table 1 Multipliers « (m, p) and k' (m, p) for p = 1,2 and oo

P 1 2 ]

—1

p=1 1
m P (m+l)l’ m—+1 Jm(m + 1) m

— mP+m—1 2m—1 Im24+m—1
m+1 m—+1 m-+1 m

K

x

A projection onto the first m coordinates yields
proj_, [([R'_ﬁ“—g {||11||,;11}) n Q[[Rm]] — -l - {r 1eR" |reR" 17 < m+1}.
The optimization problem
max [[r — 1, st. r eR", 1r <m+1 (17)

maximizes a convex objective over a compact polyhedron. As such, the maximum needs to
be attained in one of the vertices of the polyhedron. Therefore, the optimal objective value

1
of problem (17) is [|(m + 1) - e — 1], = (m? +m — 1)7, which shows

lr—le[Rm|relRm,1Tr§m+l}§Bp |-
(mP+m—1)7

Multiplication with the constant ¢ - ||]l||;l yields (16). m]

Both of the above theorems involve increasing the error tolerance proportionally to a
certain multiplier. The multipliers « and k¥ both depend on the dimension m and on the p-
norm. Of those two the dimension plays a more important role. One can verify that for all
p € [1, o] the value of x(m, p) lies between m and m + 1 and the value of k¥ (m, p) is
bounded from above by m. The multipliers in the maximum norm correspond to the limits,
i.e. it holds k (m, 00) = pli)moo k(m, p) and kK (m, 00) = pli}moo K (m, p). We list the values of

the two multipliers for the three most popular norms, the Manhattan, the Euclidean and the
maximum norm, in Table 1.

Theorem 2 (respectively Theorem 3) guarantees that increasing the tolerance k-fold
(respectively k-fold) is sufficient. We could, however, ask if some smaller increase of the
tolerance might not suffice instead. In Sect. 3.3 below, we provide examples where the mul-
tipliers x and x are attained. Therefore, the results of Theorems 2 and 3 cannot be improved.

A finite e-solution of a (self-)bounded (CVOP) depends not only on the tolerance ¢ and
the underlying p-norm, but also on the direction ¢ € int C used within the defining rela-
tion (2), respectively (3). As we stated at the beginning of this section, for the multi-objective
problem (8) we use the direction Il1]~'1 € int [RTFI. Since this direction appears within
the proofs of Theorems 2 and 3, how much do our results depend on it? The structure of the
results would remain unchanged regardless of the considered direction, only the multipliers
« and k are direction-specific—variants of relations (15) and (16) hold for arbitrary fixed
direction r € int [RTrl with appropriately adjusted multipliers.

The last question that remains open is whether approximate solutions exist. In the following
lemma we prove their existence for self-bounded convex projections.

Lemma 5 There exists a finite e-solution to a self-bounded convex projection (CP) for any
e>0.
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Proof This proof is based on Proposition 3.7 of [13]. We use it to prove the existence of a
finite £—solution of the associated problem (8) and then apply Theorem 3. Fix ¢ > 0 and
set§ := 5-and d : 2f<||11| Since problem (8) is self-bounded, the upper image & and its
recession cone P satisty the assumptions of Proposition 3.7 of [13]. Then, for a tolerance
£ > 0 there exists a finite set of points A € £ such that

P Cconv A+ Po — E{|I1] 7" 1). (18)

Since & = cl(P[S] + [RTFI), for each @ € A there exists (X, y) € S such that a €
P(x,y) + [R'frl + Bs. Denote by S C S the (finite) collection of such feasible points
(x,y) € S, one per each element of A. We obtain

A S PISI+RYT + Bs € PIST+RYY — @laiin) o). (19)
Equations (18) and (19) jointly give

_ - &
2 C conv P[S|H+Poo+RTT — (£+8111]) {I11]] " 1}=conv P[S] + Poo — ;{||]l||_11},

which shows that S is a finite f-solution of (8). According to Theorem 3, Sisa finite e-solution
of (CP). - o

Lemma 5 also proves the existence of a finite e-solution of a self-bounded problem (8).
Unlike Proposition 4.3 of [7], this result does not require a compact feasible set. In practice,
however, we are restricted by the assumptions of the solvers.

3.3 Examples

We start with three theoretical examples, one for each theorem of the previous subsection,
before providing two numerical examples. For simplicity, Examples 4 and 5 contain a trivial
projection, i.e. the identity. One could modify the feasible sets to include additional dimen-
sions, but since these examples are intended to illustrate theoretical properties, we chose to
keep them as simple as possible.

First, we look at exact solutions for which equivalence was proven in Theorem 1. Exam-
ple 3 illustrates that a solution of (8) solves (CP) only "up to the closure’, i.e. the closure
in (5) mirrors the closure in (9).

Example 3 Consider the feasible set § = {(x, y) | x2 + y2 < 1}, which projects onto
Y = {y | x2+y% < 1} = [—1, 1]. Correspondingly, P[S] = {y - (I, =1) | y € [—1, 1]}.
The set

S={C, ) | x> +y* = 1\, - 1)}

is a solution of the multi-objective problem. However, projected onto its y-element it gives
proj y[S] = (—1, 1]. Therefore, S is a solution of the projection but ¥ # conv proj, [S].

Second, we give an example where the multiplier x introduced in Theorem 2 is attained.
Namely, we provide a convex projection and its finite -solution S. This S is not a finite &-
solution of the associated multi-objective problem for any ¢ < «¢. This shows that Theorem 2
would not hold with any smaller multiplier. The example holds for all dimensions m and for
all p-norms, so p € [1, oo] is explicitly denoted.
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Example 4 Let us start with an example in dimension m = 2. Consider the approximate
solution S = {(0, 0), (1, 0), (0, 1)} of the projection

Y =S={(.y):y+y3 <1,y >0,y >0}

The smallest tolerance for which the set S is a finite £(”)-solution of this convex projection

1
(under the p-norm) is e = ||(L, L) — (%, %)Hp = @ - 27. Now consider the
associated multi-objective problem. To cover the vector ( 7 f’ -2 ) € P[S] by the set

conv P[S] — x{1} + [R3 we need x > /2 — 1. Considering normalization by || 1]/, = 3ﬂ

the set S is a finite 5(1’) solution of the multi- objectlve problem (under the p-norm) only if
p—1

8P > (V2—1)-37 =k - e®), wherex =27 37,

For a self-bounded example consider ¥ = S = {(y1, y2) : yl2 + y22 <1l,y1 >0,y >
0} 4 cone{(0, —1)} with the same approximate solution.

The same structure yields an example also in the m-dimensional space for any m > 2.
Consider the approximate solution S = {0, e(, ..., ¢(™} of the projection

m
Y:S:{yeﬂ?’ﬁ:Zy?f]}.
i=1

The smallest tolerance for which § is a finite £(”)-solution of this convex projection

1
(under the p-norm) is &P = || ﬁﬂ — %]l” = @mﬁ . The upper image of the associated
multi-objective problem contains the vector (ﬁ, o ﬁ, —ﬂ) Therefore, the set S

is a finite (P)-solution of the multi-objective problem (under the p-norm) only if £ >
1 1
(Jm—=1)-m+1)7, where (Vm—1)-(m+1)7r =k -,

Third, we give an example where the multiplier k¥ introduced in Theorem 3 is attained.
Here a multi-objective problem (associated to a given projection) and its finite e-solution
S are given. We show that this S is a finite &-solution of the projection only for & > Ke.
This shows that Theorem 3 would not hold with a smaller multiplier. The p-norm is again
explicitly denoted.

Example5 Let us start with an example in dimension m = 2. Consider the pro-
jection ¥ = S = conv{(0,0),(2,—1)} with the associated upper image & =
conv{(0,0,0), 2, —1,—-D}+ [Ri. The smallest tolerance for which the set § = {(0,0)} is a
finite (") -solution of the multi-objective problem (under the p-norm) is e® = ||| p= 3%.
On the other hand, the set S is a finite £(7)-solution of the convex projection (under the p-
norm) only for a tolerance 5P > (2, =D, =@7+ 1)% =7%-¢P wherex = 21)3—“ .

For a self-bounded example consider ¥ = S = conv{(0, 0), (2, —1)} + cone{(—1, 0)}
with the same approximate solution.

This example can be extended to any dimension m > 2. Consider the projection ¥ =
S = conv{0, (m, —1,...,—1)} € R™, the associated multi-objective problem with upper
image & = conv{0, (m —1,...,-D} + [Rm+l and the approximate solution S = {0}.
The set S is a finite s(p)—solution of the multl objective problem (under the p-norm) for

1 .. - . .
e® = |1] p = (m + 1)7. However, it is a finite £(P)_solution of the convex projection
1
(under the p-norm) only for a tolerance £” > |(m, —1, ..., D, = (m? +m —1)7,

1
where m? +m — 1)7 =xe®.
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Fig. 1 Intersection of two three-dimentional ellipses projected on the first two coordinates. Approximations
obtained for various error tolerances of the associated multi-objective problem

Finally, we provide two numerical examples. As both have a compact feasible set, one
could apply also the algorithm in [12] to approximately solve the convex projection problem
directly. As here, our motivation is to illustrate the theory of the last subsection, we will use in
both cases the algorithm of [7] for convex vector optimization problems to solve the convex
projection problem by applying Theorem 3.

Example 6 Consider the feasible set

(2 —2)°

ot -DI=1,

= {(yl,yz,X) | — D? +
(1 —2)?
22

consisting of an intersection of two three-dimensional ellipses. We project this set onto the
first two coordinates, so we are interested in the set Y = {(y1, y2) | (b1, y2, x) € S}. Weused
the associated multi-objective problem to compute an approximation of Y. The algorithm of
[7] was used for the numerical computations. In Figure 1 we depict the (inner) approximations
obtained for various error tolerances of the algorithm.

o2
+or- 1 S <]

Example 7 We add one more dimension. This means, we are computing a three-dimensional
set Y = {(y1,y2,¥3) | (1, y2, 3, x) € S} obtained by projecting an intersection of two
four-dimensional ellipses

(x —2)?
22

(2 —2)?

» <1,

=hwmmmﬂm—ﬁ+ + (3 — D2+
(y1 —2)?

22

(y3 —2)?

+ 02— DM+ =

+(x—1)2§l}
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Fig. 2 Intersection of two four-dimensional ellipses projected on the first three coordinates. Approximation
obtained for a tolerance ¢ = 0.01

onto the first three coordinates. Figure 2 contains an (inner) approximation of the set ¥
obtained by solving the associated multi-objective problem with an error tolerance ¢ = 0.01.
Once again the algorithm of [7] was used.

4 Convex projection corresponding to (CVOP)

In the polyhedral case it is also possible to construct a projection associated to any given
vector linear program. In [8], it is shown that if a solution of the vector linear program
exists, it can be obtained from a solution of the associated projection. This, together with
the connection between polyhedral projection and its associated multi-objective problem,
led to an equivalence between polyhedral projection, multi-objective linear programming
and vector linear programming in [8]. This also allows to construct a multi-objective linear
program corresponding to any given vector linear program, where the dimension of the
objective space is increased only by one.

We will now investigate this in the convex case. We start with a general convex vector
optimization problem and construct an associated convex projection problem, once again
taking inspiration from the polyhedral case in [8]. Analogously to the previous section, we
investigate the connection between the two problems, their properties and their solution.
While the connection does exist, two issues arise, which show that the equivalence obtained
in the polyhedral case cannot be generalized to the convex case in full extent. Firstly, the
associated convex projection is never a bounded problem. So even if a bounded (CVOP)
is given, its associated convex projection (and thus, its associated multi-objective convex
optimization problem) is just self-bounded. Recall that while solvers for a bounded (CVOP)
are available, there is not yet a solver for self-bounded problems. Secondly, and even more
severely, the convex projection provides only (exact or approximate) infimizers of the convex
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vector optimization problem, but not (exact or approximate) solutions. For exact solutions
one can provide conditions to resolve this issue (see Lemma 8 below). This is, however, not
possible for the in practice more important approximate solutions.

We now deduce these results in detail. Recall from Sect. 2.2 the convex vector optimization
problem

min " (x) with respect to <c subjectto x € 2 (CVOP)

with its feasible set 2" and its upper image ¥ = cl(I'[Z'] + C). To obtain an associated
projection, we define the set S, = {(x,y) | x € 27,y € {I'(x)} + C}, again motivated by
[8]. The projection problem with this feasible set is

compute ¥, = proj, [Sq] ={y [ Ix € 2, I'(x) =c y}. (20)

Clearly, (20) is feasible if and only if (CVOP) is feasible. Note that if the feasible set 2" is
given via a collection of inequalities, then the new feasible set S, can be expressed similarly.
The following lemma provides convexity and establishes the connection between (CVOP)
and (20).

Lemma 6 The set S, is convex and, therefore, the problem (20) is a convex projection. Addi-
tionally, Y, = T'[Z]14+ C and ¢ = clY,.

Proof Convexity of S, follows from the convexity of 2", the C-convexity of I" and the
convexity of C. For the restconsider Y, = {y |Ix € 2",y e {IT (x)}+C} =T'[Z]+C.O

Given this close connection between the sets ¢ and Y,, we expect a similar connection
to exist between the properties and the solutions concepts of (CVOP) and (20). Since the set
Y, contains the (shifted) ordering cone C, the projection problem (20) cannot be bounded.
But still, a bounded problem (CVOP) has (by Lemma 1) its counterpart in the properties of
the (self-bounded) associated projection (20), namely (cl Y,) = cl C. We investigate the
connection between the two problems in Theorems 4 and 5. Recall from Definition 2 that for
a convex vector optimization an (exact or approximate) solution is an (exact or approximate)
infimizer consisting of minimizers. Recall also that the direction ¢ € int C appearing in
Definition 2 is assumed to be normalized, i.e. ||c|| = 1.

Theorem4 1. If X C 2 is an infimizer of (CVOP), then S := {(x,y) | x € X,y €
{I"(x)} + C} is a solution of the associated projection (20).

2. If the problem (CVOP) is self-bounded, then the associated projection (20) is also self-
bounded. If, additionally, the problem (CVOP) is bounded, then (cl Y;)oo = cl C.

3. Let(CVOP) be bounded or self-bounded and let X C 2 be afinite e-infimizer of (CVOP).
Then, S := {x, "'(x)) | x € f(} is a finite e-solution of the associated projection (20).

Proof 1. Theway the set S is constructed implies feasibility as well as projy[S'] = I'[X]+C.
Since X is a infimizer of (CVOP), it follows that ¥, € ¢ C cl(conv I'[X] + C) =
clconv proj, [S].

2. Self-boundedness of (20) follows directly from ¢ = clY,. Boundedness of (CVOP)
implies (cl Y;)oo = ¥~ = cl C, see Lemma 1.

3. For a finite e-infimizer X of (CVOP) it holds 4 C conv I” [f( 1+ 9~ — &{c} (both in the
bounded and in the self-bounded case as C C %,,). Since ec € B, and I"[f(] = projy[g]
it follows

Y, C ¥ C conv 1"[)~(] + Y —e{c} C convprojy[S’] 4+ (clYy)oo + B:.
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Before moving on, we illustrate that an infimizer (or even a solution) X of (CVOP) can
lead towards a solution S that solves the associated projection (20) only "up to the closure’.
Compare this also to Example 3.

Example8 Consideraset I'[2]1 = 2 = {(xl, x2) xl + x2 < 1} with the ordering cone
C = [R%_. The set X = {(x1, x2) : x1 —i—x2 =1, x1, xo < 0} is a solution of (CVOP). The
corresponding set S projects onto proj,[S] = X+ [R2 It is a solution of (20), however, the
closure in (5) is essential as Y, 7# conv projy[S].

Theorem 4 shows how to construct (exact or approximate) solutions of the associated
projection from the (exact or approximate) infimizers of the vector optimization problem.
Now we look at the other direction. We will show that, given an (exact or approximate)
solution S of (20), the set X = proj X[S’ ] is an (exact or approximate) infimizer of (CVOP).
This set X, however, does not need to consist of minimizers, see Example 9 below.

In the case of approximate solutions, the tolerance depends on the direction ¢ € int C. For
this purpose denote

8¢ :=sup {8 > 0| {c}+ Bs < C}. 21

The quantity 8, is strictly positive (¢ is an interior element), finite (the cone C is pointed)
and depends on the underlying norm. For example, for the standard ordering cone C = R’}
and the direction || 1] ~'1 we have Sjay-11 = )~

Theorem5 1. IfS C S, is a solution of (20), then X := proj, [S] is an infimizer of (CVOP).

2. If the problem (20) is self-bounded, then also the problem (CVOP) is self-bounded. If,
additionally, (c1Y,)oo = cl C, then the problem (CVOP) is bounded.

3. Let the problem (20) be self-bounded and let S C S, be a finite - solutzon of (20). Then,

= proj, [S] is a finite &-infimizer of (CVOP) for any tolerance & > 8—

c

The following lemma will be used in the proof of Theorem 5.

Lemma7 LetC C R" beasolid cone. Forany finite collection proints{q(l), ce, q(k)} CR?
there exists a point ¢ € R" such that ¢ <¢ q©, i.e. q® e g+ C, foralli =1, ... k.

Proof For a solid cone C there exists ¢ € int C. Without loss of generality assume that c is
scaled in such a way that {c} + B; C C. The set {c} + B; generates a convex solid cone
contained within C.

2
Consider two points ¢V, ¢® e R". Define g := gV — |V —¢?)|| (c + ﬁ)

q(z) - ||q(1) - q(2)||c. Then q(l), q(z) € g + cone({c} + B1) < {g} + C. For more than two
points use an induction argument. O

Proof of Theorem 5. 1. For the solution S and the set X it holds ¥, < cl (conv proj y[S]) c
cl (conv X1+ C) Since the right-hand side is closed and ¢ = cl Y, the set X is an
infimizer of (CVOP).

2. A self-bounded problem (20) satisfies ¥,, # R” and there exist y(V, ..., y® e R” such
that

F[271+C =Y, Cconviy®, ..., y®} + (el Vo) oo

Since the set Y, is convex it follows that also 4 = clY, # R™. Since the reces-
sion cone (cl Y,)oo contains the solid cone C, there exists a point ¢ € R™ such that
conviy®, ...y} + (el Yo)oo € (g} + (c] Ya)oo, see Lemma 7. As (¢l Yo)oo = oo
and the shifted cone is closed, we obtain 4 C {g} + %~. The second claim follows from
Lemma 1.
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3. The finite -solution S of (20) satisfies
2]+ C =Y, C convproj,[S]+ (cl Ya)oo + Be.

By (21) forall 0 < § < §. it holds By < —%{c} + C. For the set conv projy[S'] it holds

conv projy[S‘] C conv I'[X] + C. Since (c1Y,)0o = ¥ is a convex cone containing C,
we obtain

I[27]+ C < conv I'[X] + % — g{c}.

Since X is finite, the set conv I'[X] is closed convex with a trivial recession cone. The

sets conv I'[X] and Yy th_en fulfill all assumptions of the Corollary 9.1.2 of [11] and,
therefore, the set conv I'[X] 4+ ¥ is closed. This gives

@ C conv I'[X] + %oy — g{c}

forall 0 < 6 < §.. In the self-bounded case this proves the claim. In the bounded case
with %, = ¢l C the relation cl C € —§{c} + C with an arbitrarily small § > 0 gives the
desired result.

O

Next we provide an example of (both exact and approximate) solutions of (20), which
yield infimizers, but not solutions of (CVOP).

Example 9 Consider the trivial example of minx s.t. x > 0 with ¢ = I'[ 2] = [0, co) and
the associated feasible set S, = {(x,y) | y > x > 0}. The set 81 = {(x, y)|y>x> 0}
is a solution of (20). The corresponding X; = proj . S1 = (0, 00) is an infimizer, but not a
solution of (CVOP).

The situation is similar for approximate solutions: Fix ¢ > 0. The set S ={(¢))isa
finite £-solution of the convex projection. The set X, = proj, S» = {e} is a finite e-infimizer,
but it does not consist of minimizers.

In the polyhedral case [8] it is possible (under an assumption on the lineality space of ¢) to
obtain a solution of the vector optimization problem by removing non-minimal points from
the solution of the associated projection. This is not possible for either the exact solution S} or
the approximate solution S, in the above example, as both consist of non-minimal points only.
However, for exact solutions, we can formulate conditions under which an (exact) solution
of (CVOP) can be constructed from a solution of (20), see Lemma 8 below. It is, however,
of theoretical interest rather than of practical use.

Lemma 8 Assume that a solu_tion of (CVOP) exists and let the solution S of (20) satisfy

Y, = convproj,[S]. Then, X := {x | (x,y) € S,y ¢ I'[2]+ C\{0}} is a solution
of (CVOP).

Proof Denote So := {(x,y) € § | y ¢ I'[2'] + C\{0}}. Let X; € 2" be some solution
of (CVOP). By Lemma 6 and by assumption it holds

FIX\1Sri21<S 2]+ C =Y, = convproj,[S]. (22)

We prove that I [Xi] € conv projy[S"o]: Take arbitrary x; € X, according to (22) we

have I'[x{] = > Aiyi, where > 4; = 1 and all A; > 0. Assuming that for some
yieproj, [S]

Ai > 0 we have y; € r [Z]+ C\{0} contrad_icts X] € )_g 1 being a minimizer. The relation
I'[X1] € conv projy[So] proves the claim as X = proj,[Sol. O
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Both assumption in Lemma 8§ are essential. The condition Y, = conv projV[S‘] in effect

guarantees that the (exact) solution S of (20) can be reduced to only minimal points. Compare
this to Example 9. Unfortunately, one cannot not expect a practical version of Lemma 8
for approximate solutions. Since approximate solutions contain an approximation error, the
condition Y, = conv proj y[S‘] is not feasible there. We would need to assume that each
element of the approximate solution is either minimal or redundant. Such requirement is,
however, almost tautological.

In the polyhedral case, the equivalence between polyhedral projection, multi-objective
linear programming and vector linear programming makes it possible to construct a multi-
objective problem corresponding to an initial vector linear program. One could do this also in
the convex case: combine the associated projection (20) and the ideas of the previous section
to construct the multi-objective problem

min (—lyTy> with respect to SMH subject to (x,y) € S, (23)

associated to (CVOP). As in the linear case, the dimension of the objective space of the multi-

objective problem (23) is only one higher than the original problem (CVOP). The results of

the last two sections can be combined to establish a connection between (CVOP) and (23).

Unfortunately, doing so combines all drawbacks of these results. Most importantly, it involves

only (exact or approximate) infimizers of (CVOP), but not solutions. For completeness we

list these combined results in the following corollary, the upper image of (23) is denoted
= cl(P[S,] + R,

Corollary 1

1. The upper images of (CVOP) and (23) are connected via ¥, = Q9] + [R’fH.

2. Problem (CVOP) is self-bounded if and only if (23) is self-bounded. Addztlonally, (CVOP)

is bounded if and only if (23) is self-bounded with (#;)ec = Q[cl C] + [Rer

IfS C S, is a solution of (23), then X := pI’O_]x[S] is an infimizer of(CVOP)

4. IfX C 2 is an infimizer of (CVOP), then S :=={(x,y) |x €e X,y e {I’ (x)} + C}isa
solution of (23).

5. If the problem (CVOP) is bounded or self-bounded and X C % is a finite e-infimizer
of (CVOP), then S = {(x, I'(x))|xe X} is a finite (k - €)-solution of (23).

6. If (23) is self-bounded and § C S, is a finite e-solution of (23), then X = pI‘O_]X[S] isa

finite &-infimizer of (CVOP) for any tolerance &€ > 85 - &

c

e

5 Solution concept according to [1]

In the previous sections of this paper we work with the definition of a finite e-solution of a
bounded (or self-bounded) convex vector optimization problem from [7,13]. The idea there is
to shift the (inner) approximation in a fixed direction to cover the full upper images (i.e. obtain
an outer approximation), see (2). In [1], a slightly different definition of a finite -solution of
a bounded (CVOP) is proposed. Here the idea is to bound the Hausdorff distance between
the inner approximation and the upper image by the given tolerance. To distinguish between
the two definitions we will speak about [7]-finite e-solutions and [1]-finite e-solutions. In
this section we revisit our main results, Theorems 2 and 3 from Sect. 3.2.2 and Theorems 4
and 5 from Sect. 4, under this alternative definition.
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Given a norm || - ||, the Hausdorff distance between two sets A; € R" and Ay € R" is
defined as

du(Ar, A2) =max | sup inf |la; —azll, sup inf |la; —ao ¢ .
ared; ©2€A2 areAr WEAL

One easily verifies that for sets A| € Ay itholdsdy (Ay, A2) = SUPg,ea, infgeq, llar —
az|| and the condition dy (A1, Az) < ¢ is equivalent to the condition A, € A + B.. The
following definition is proposed in [1] for a bounded (CVOP): A nonempty finite set X € .2
is a [1]-finite g-infimizer of (CVOP) if

dy (9, conv[X]+C) <e. (24)

‘We now address the connection between these two definitions of finite g-infimizers. This
was done in [1, Proposition 3.5] under the Euclidean norm. Here, we adapt that proof to the
p-norm.

Lemma9 1. If X isa[7]-finite e-infimizer (see Definition 2) of a bounded problem (CVOP),
then it is also a [1]-finite e-infimizer of (CVOP).
2. If X is a [1]-finite e-infimizer of a bounded problem (CVOP), then it is also a [7]-finite
(k - &)-infimizer of (CVOP), where
1

k= . 25
min {w’c |w e C*, |wlly = 1} (@5)

Here q is given by % + é = 1for p € (1, 00), respectively g = oo for p = 1 and g = 1
for p = oco.

Proof The first claim trivially follows from the fact that the element ¢ € int C is assumed to
be normalized, so (2) implies ¢4 C conv I” [X]+ C + B,.

We adapt the proof of [1, Proposition 3.5] to the case of a p-norm, we mainly highlight
the changes needed because of the different norm, we refer the reader to [1] for details. First,
note that Holder’s inequality implies lwTe| < lwll gllcllp, so k > 1. The closed convex set
conv I'[X] + C admits a representation

conv I'[X]+ C = ﬂ {y € [Rm|wiTy > yi}
iel
for some index set I, scalars y; € R and vectors w; € CT \ {0} that without loss of gen-
erality satisfy [|w;|l; = 1. Take arbitrary g € ¢ and define kg := inf {r > 1 [g + efc €
conv [ X]+ C}. If k, = 1, then kg < k holds trivially. For k, > 1 there exists an index
—wT
Jj € I such that w (g + ekgc) = y;, which allows us to express kg as ky = %.
_ j
Now we show that y; — w}g < ¢g: Since dy (%, conv I'[X] + C) < ¢ holds, there exists
u € R™ with |lu|, < & such that g +u € conv I'X1+C. Assuming y; — w}g > ¢ would

yield w} (g+u) >y > w}g +e&> w}g + [lull pllw; ll4, which contradicts the Holder’s
inequality. This yields

—_

kg < <k,

—
w.c
J

which proves the claim. O
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Let us consider the convex projection (CP) and the associated multi-objective problem (8)
in the bounded case. Note that for the multi-objective problem (8) with C = [RQ"_Jrl and ¢ =
11| ~'1 (recall that || - || denotes the p-norm) we have min{||1]|~'w™® | w € RT™, ||w], =
1} = ||2]|~%, which follows by considering the problem min1Tw s.t. [w|, = 1,w > 0.
Note further, that condition (6) that defines a finite ¢-solution of (CP) can be equivalently
stated as dy (Y, conv projv[é—’]) < &. Recall that a nonempty finite set S C S is a [7]-finite
e-solution of (8) if it holds

2 C conv P[S]+ R —efjjn~'1);
and a nonempty finite set S C S is a [1]-finite -solution of (8) if
dy (9, conv P[S] + [Rﬂ“) <e.

First, we revisit the question studied in Theorem 2 under the [1]-solution concept. We will
show in Proposition 2 below that an approximate solution of the projection (CP) is also an
approximate solution of (8) in the [1] sense, where the multiplier is given by the norm || Q||.
The value of || Q|| is deduced in the following lemma.

Lemma 10 The operator norm || Q|| of the matrix Q induced by the vector-p-normis || Q|| =
1
(mP*l + 1)” for p € [1,00) and || Q| = m for p = oo.

Proof The operator norm is defined as ||Q| = Hm”ax1 [|Qx]|, which can be computed by
x||=

considering the problem max 1"x st |Ix]| = 1. ]

Proposition 2 Let the problem (CP) be bounded and let p € [1, 00] be fixed. If the set S € S
is a finite e-solution of (CP), then it is a [1]-finite (|| Q|| - €)-solution of (8).

Proof First we show that d (2, conv PIS]+R2*") < dp (PLS], conv PIS]). Since
a closure does not influence the Hausdorff distance, the left-hand side is dgy (P[S] +
[RT_“, conv P[S] + [R'_’,f“). Take arbitrary ¢ € P[S] and r € [RTFI. Since the norm sat-
isfies the triangle inequality we have

inf _ [l[(g+r)—(g+nll = inf _ |lg —ql+llr—rll < sup inf _llg—qll.

geconv P[S], geconv P[S], qeP[S] g€conv P[S]
FeRmT! FeRmT!

As the points g € P[S]andr € [RTH are arbitrary, this gives the desired inequality. Now
let S be a finite g-solution of (CP). Hence, it satisfies

sup inf [y -3l <e. (26)

yeY yeconv proj'v [S]

Keep in mind that the sets of interest satisfy P[S] = Q[Y] and P[S] = Q[projy[S’]] , see

(m+1)xm

Lemma 2 (2) and its proof. The induced matrix norm || - || : R — R is consistent, so

this gives us the desired result,

du (2, conv PISI+RIT) < sup inf g —gll=sup inf [ Qy = 05l
geP[S]geconv P[S] yeY yeconv proj, [S]
<sup inf QI+ =5l =0l dy (¥, convproj, [§]) < Q] - .

yeY yeconv projvV [S]

[m}
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Table 2 Multipliers for an approximate solution of (CP) to solve (8): Theorem 2 provides multiplier « for the
[7]-type solution and Proposition 2 provides multiplier || Q|| for the [1]-type solution

Theorem 2 Proposition 2
p=1 1 1 1
[7]-type solution m P -(m+1)P < (mp*l + 1)‘ (m+1)P
p=1 1 1
[1]-type solution m P -(m+1)P > (m”_l + l) P

Lemma 9 implies that « is a feasible multiplier for the [1]-type solution and || Q|| - & is a feasible multiplier
for the [7]-type solution, where k is given in (25)

Theorem 2 and Proposition 2 provide us with two different multipliers, one for each
solution concept. The two solution concepts are, however, not unrelated, as was shown in
Lemma 9. With this observation, one could now also apply Theorem 2 to a [1]-type solution
and Proposition 2 to a [7]-type solution. The resulting multipliers are listed in Table 2. One
can observe that the multipliers applied directly to the solution concepts used in Theorem 2,
respectively in Proposition 2, are better than those obtained when going through the other
solution concept first and applying Lemma 9.

Second, we revisit the question studied in Theorem 3, but now under the [1]-solution
concept. We show in Proposition 3 below, that an approximate solution of (8) in the [1]
sense is also an approximate solution of the projection (CP) and deduce the multiplier. This
multiplier was independently obtained in [10] under the Euclidean norm in a closely related
setting.

Proposition 3 Let the problem (8) be bounded and let p € [1, 00] be fixed. If the set § C S
is a [1]-finite e-solution of (8), then it is a finite (|| Q|| - €)-solution of (CP).

To prove the proposition we will use the following result.
Lemma 11 The optimization problem

max |[r —b|

r,beRm+1
s.t.b|l <, @7
r >0,
1'r—b)=0
for e > 0, has an optimal objective value ||r* — b*|| = ¢ - || Q|-

Proof First, note that we can restrict ourselves to vectors b satisfying b > 9 Consider any
feasible pair of vectors (r, b). Construct a new pair of vectors (r, b) by b; = (b;))™ and
ri=ri+(b;)” foralli =1,...,m+ 1. The new pair (7, b) is also feasible for the problem

and gives the same objective value as the original pair (r, ).

Second, fix some vector b > 0. We now solve the problem

max ||r — b||
VER""H
st.1'r < IlTb, (28)
r>0.

Note that we relaxed the equality constraint to an inequality. However, for the optimal
solution the constraint will be satisfied as an equality. Just as problem (17) considered within

@ Springer



Journal of Global Optimization (2022) 83:301-327 325

the proof of Theorem 3, problem (28) maximizes a convex objective over a compact poly-
hedron. Thus, the maximum is attained in a vertice and the optimal solution of problem (28)
is r*(b) = (17h) - ), where i* € argmin,_; 1 b;.

Finally, we return to problem (27). By our first argument, it suffices to look at nonnegative
vectors b. According to the above results for problem (28), problem (27) simplifies to

max |(L75) - eV — b
st [|b]] <,
b >0,

where without loss of generality, one can assume that the first coordinate of the vector
b is the smallest. Consider p € [l,c0). The objective function |(176) - eV — b|| =

1
((Zf”:'zl bi)p + ! b? ) ” and the constraint Sl b? < & — b} yield an optimal solu-
tionb* = & (O,m™7,....m 7). Hence, r* = (1"b*) - e = & - m"7 ,0,....0) and
Ir* — b*|| = ¢ - (mp_1 + 1)5 = ¢ - ||Q]. Finally, consider p = oo. Thanks to non-
negativity of b the objective equals ||(17h) - e — b|| = Zl'-";zl bi, so an optimal solution is
e.g.b*=¢-(0,1,...,1). Hence, r* =c-m-eDand ||r* —b*| =& - m. O

Proof of Proposition 3 The definition of a [1]-finite -solution and P[S] € £ N Q[R"] imply
PIS) € conv PIS] + (R + B.) 1 QIR".

In order to bound the distance dgy (P[S],conv P[S’]) we need to contain the set

(IRT’] + BE) N Q[R™] within a ball. Finding the appropriate radius corresponds to solv-
ing problem (27) (use symmetry of the ball B, to fit the sign convention). According to
Lemma 11, the optimal objective value of this problem is ¢ - || Q||. Thus, one obtains P[S] €
conv P[S] + Be.|0|- Applying proj_; on both sides yields ¥ € conv projy[S] + Bg.j o) and
thus the desired multiplier. O

Again, the connection between a [ 1]-type solution and a [7]-type solution makes it possible
to use Theorem 3 and Proposition 3 indirectly also for the other type of solution. The resulting
multipliers are listed in Table 3. Again, the direct results of Theorem 3 and Proposition 3 are
better than the results when going through the other solution concept first.

Finally, let us consider a bounded problem (CVOP) and the associated projection (20) and
deduce the results that correspond to Theorem 4 (3.) and Theorem 5 (3.) but for the solution
concept from [1].

Table 3 Multipliers for an approximate solution of (8) to solve (CP): Theorem 3 provides multiplier ¥ for the
[7]-type solution and Proposition 3 provides multiplier || Q|| for the [1]-type solution

Theorem 3 Proposition 3
» 1 1
[7]-type solution (%_{_”1_1) P < (mf”’1 + 1) P
1 1
[1]-type solution (mP +m—1)7 > (m”*1 + 1) P

Lemma 9 implies that k - k is a feasible multiplier for the [1]-type solution and || Q|| is a feasible multiplier
for the [7]-type solution, where k is given in (25)
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Proposition4 1. Let the problem (CVOP) be bounded. If X € 2 is a [1]-finite e-infimizer
of (CVOP), then S = {(x, I'(x))|x € X} is a finite e-solution of the convex projec-
tion (20).

2. Let the associated convex projection (20) be self-bounded with (cl Y,)oo = cl C. If Sisa
finite e-solution of (20), then X := proj [S] is a [1]-finite &-infimizer of (CVOP) for all
& >e.

Proof 1. A [1]-finite e-infimizer X satisfies
4 C conv I'[X]+ C + B..
Since Y, € ¥4, C C (clY,) and projx[S'] = I'[X], it follows that
Y, € conv projx[S‘] + (cl1Yy)oo + B:.

2. The assu[nption implies a bounded problem (CVOP), see Theorem 5 (2). A finite &-
solution § satisfies

Y, C conv projy[S’] + (cl Y4)oo + Be.
Since ¥, = I'[2°] + C and proj [S] € I'[X] + C we get
21+ C CconvI[X]+clC + B,.

For a solid cone C itholds c1 C € —§;c¢+ C for a (without loss of generality normalized)
interior point ¢ € int C and any §; > 0. This gives us I'[2] + C < conv '[X]+
C — 81{c} + B, C conv riX]+C+ B¢y, for an arbitrarily small §; > 0. Applying
the closure, we obtain & C cl (conv I'[X] + C + Bs5,) and an additional arbitrarily
infinitesimal increase by 6, > 0 of the tolerance to § = ¢ + 81 + 8> covers the closure.
Since both §; and §; are arbitrarily small, any tolerance £ > ¢ is achievable.

O
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