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Abstract

In this work, we present an algorithm for computing an enclosure for multi-
objective mixed-integer nonconvex optimization problems. In contrast to existing
solvers for this type of problem, this algorithm is not based on a branch-and-
bound scheme but rather relies on a relax-and-refine approach. While this is an
established technique in single-objective optimization, several adaptions to the
multi-objective setting have to be made in order to exploit the full potential of this
idea. To that end, we propose an intensified individualization of the relaxations
to the respective parts in the image space resulting in a novel adaptive box-based
relaxation technique for nonconvex terms. We provide numerical tests for the
new algorithm that show both its strength and limitations.
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1 Introduction

Multi-objective mixed-integer optimization problems often arise in real-world applica-
tions due to their ability to respect conflicting objectives [17, 18, 28]. Unsurprisingly,
algorithmic treatment of linear as well as nonlinear versions of such problems has gained
a lot of attention recently; cf., e.g., [6, 14, 15, 23, 28, 34]. A general difficulty in solving
multi-objective optimization problems algorithmically is the presence of a potentially
infinite number of optimal (value) points [12] — in the image space as well as in the
preimage space. While having infinitely many global optimal solutions can also hap-
pen in the single-objective context, they all have the same optimal value. In contrast
to that, it is the core idea of even considering multiple objective functions to get an
as good as possible overview of all the different optimal value vectors — the so-called
nondominated set (cf. Definition 2.1) — in the image space. Consequently, even when
solely interested in finding the optimal value vectors, the corresponding solutions in the
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preimage space can be scattered widely across the feasible region. For instance, being
in the mixed-integer context, this can lead to the fact that many or even all integer
assignments could contribute to different optimal value vectors.

Unlike linear problems, it is in general not possible anymore to determine the full
nondominated set when dealing with nonlinear multi-objective optimization problems.
Therefore, similar to [14, 15, 16, 13, 28], our approach seeks to provide such an overview
in form of a superset — an enclosure — of the nondominated set (cf. Definition 3.1). The
underlying idea of such algorithms is successively shrinking an initially given set up
to a predetermined tolerance while staying a superset of the nondominated set. Since
our algorithm treats f-feasible points [21] in the same way as feasible points it is not
guaranteed that the output is still an enclosure. This gives rise to the novel concept of
pseudo enclosures (cf. Definition 3.2).

While [14] utilizes a branch-and-bound framework for computing an enclosure for multi-
objective mixed-integer nonconvex problems, we tackle this problem class with a fun-
damentally different approach. To be more precise, we extend the approach introduced
in [28], where only nonconvex quadratic functions are allowed, to general nonconvex
problems. Instead of utilizing a branch-and-bound tree, the method from [28] is based
on ideas presented in [8, 31]. These single-objective methods successively refine mixed-
integer linear outer approximations to increase accuracy and therefore get tighter and
tighter lower bounds for the optimal value of the original problem. Such approaches
particularly benefit from a problem structure, where the dimensions of the variable do-
mains of the respective nonlinear functions are comparably small. For the remainder
of this work, we refer to this approach as relax-and-refine approach. In the single-
objective literature, there are plenty of different methods for solving MINLPs. We
refer to [3, 26] for a detailed overview.

The reason for considering relaxations in relax-and-refine approaches is an expected
advantage regarding the algorithmic handling compared to the original problem. As
already mentioned, we utilize mixed-integer linear relaxations, and therefore our algo-
rithm heavily relies on the availability of strong solvers for mixed-integer linear prob-
lems. However, as the relaxed problems get more complex with ongoing refinement —
and possibly even too complex for the strong solvers —, a crucial factor for the numer-
ical efficiency of relax-and-refine approaches is preventing the relaxed problems from
getting too complex. In this paper — besides extending to general nonconvex functions
—, we enhance the method from [28] with two features to promote low complexity of the
relaxed problems. Namely, adaptivity in the refinement process and applying domain
reduction techniques during the procedure — both well-known from the single-objective
literature.

In [8, 31], the refinement process is concentrated on the parts of the preimage space
that seem to influence the optimal value the most. As already encountered, these parts
can cover large areas of the — sometimes even full — feasible set when considering multi-
objective problems. Hence, naively applying this idea to multi-objective problems may
lose its effect.

However, to keep the spirit of this idea, we propose an approach that individualizes
the outer approximation problems with ongoing algorithmic progress to the specific
optimal regions in the image space. The underlying hope is that rather small parts of
the feasible set are relevant when approaching a specific part of the nondominated set.
While in [28], there was only an individualized decision for refinement of the relaxations,
we go one step further in the present work and also individualize the shape of the outer



approximation according to the regions in the image space. For reasons of numerical
comparison, we present two variants of our approach: one using a uniform refinement
scheme similar to [28], and one being able to concentrate on the respective seemingly
optimal regions transferring the spirit of [8, 31] to the multi-objective setting. We call
them the uniform and adaptive approach, respectively.

The same hope — rather small parts of the feasible set become relevant when only con-
sidering a specific part of the nondominated set — motivates the use of domain reduction
techniques during the procedure. While this is a widespread tool for single-objective
tree-based algorithms [20, 35], it is novel for the kind of relax-and-refine approaches
like [8, 28, 31]. For instance, [31] employs so-called sequential bound tightening before
starting the refinement process based on domain partitioning. Despite this works very
well for the single-objective case, we again have the problem that possibly only small
parts of the feasible set can be dropped without specifying a region of interest in the
image space. This is exactly how our algorithm works in the image space: it succes-
sively specifies regions of interest — so-called search zones — in the image space. As
the simplex-based relaxation technique presented in [8] has limitations when combined
with dynamic bound tightening, we introduce a novel relaxation technique for general
nonlinear functions based on box representations. Note that also [21, 31] utilize a box-
based partitioning scheme although their problem formulation differs from ours and no
dynamic bound tightening is applied.

The remainder of this work is structured as follows. In Section 2 we introduce basic
notations and definitions. Afterwards, in Section 3 the main algorithmic framework is
described and its finiteness and correctness are proven in Section 4. The box-based re-
laxation technique is presented in Section 5 whereas the relaxation-refinement schemes
and the bound tightening techniques are provided in Section 6. Numerical experiments
are given in Section 7.

2 Definitions and notations

Throughout this paper, for vectors z,y € R", the inequalities + < y and x < y are
understood componentwise. The problems which we consider in the present paper are
of the following form:

fi@) A=t
1\@ .
min f(z) = : s.t. gj(xjj) < Ofor j € [p, (MOP)

r € X,
fr(x) i € Lforiel

with continuous objective functions f;: R* — R, i € [r] := {1,...,r}, continuous
nonlinear constraint functions g;: RY — R, j € [p], where [; = |7;| is the number of
g;’s arguments and J; C [n] the index set of the variables on which g; depends. The
vector xz, collects those components of the vector z € R™ with j € J;. Further, we
have A € R?”" b € RY, and an index set I C [n] determining the integer variables.
The vector z; € R collects those components of the vector z € R” with i € I. We
introduce the compact n-dimensional box X = [2f,2%] := {z € R" | 2! < 2 < 2%}
describing the box constraints of the variables, where ¢, 2% € R"” and 2‘ < z* hold.
Without loss of generality, we may assume z%, 2% € ZIl. If I = (), i.e., if there are
no integrality constraints for any variable, we call (MOP) a continuous multi-objective
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optimization problem, and if I = [n] we call it an integer multi-objective optimization
problem. If r = 1 we call (MOP) a single-objective optimization problem. Note that
the components of the occurring functions f and g are neither assumed to be linear
nor convex. However, without loss of generality, we assume that the f;’s are linear and
the g,’s are nonlinear. We denote the feasible set of (MOP) by

S = {x € X | Az <b, gj(zg,) <0for j € [p], x1 € Z‘Il}.

Allowing a small violation of the nonlinear constraints determined by some prescribed
tolerance 6 > 0 yields another important set for the present work. Similar as in [21],
the so-called 0-feasible set is given by

S0 = {x € X | Ar < b, gj(xy,) <0 for jep], x5 € Zm} DS.

Note that even for seemingly small 0, the set S? can be very large compared to S. Re-
placing the original feasible set S in (MOP) by S? results in the following optimization
problem

min f(z) st. z €S (MOP(#))

which we call the 0-feasible version of (MOP). Due to the continuity of g together with
the compactness of X, we have that S and S? are compact sets. Further, we assume the
set S to be nonempty which then yields compact nonempty image sets f(.5) and f(S?).
For a given integer assignment #; € Z!| we define the set Sz, = {z € S| 27 = 3;}, as
well as the corresponding continuous (possibly nonconvex) patch problem

min f(z) s.t. x €S, (pPMOP(Z/))

Note that we have S;, # () (and therefore feasibility of (pMOP(Z,))) if and only if Z;
is a so-called feasible integer assignment of (MOP).

Generally, a multi-objective optimization problem is characterized by the presence of
r > 1 conflicting objective functions. Conflicting means that, in general, there exists
no feasible point that minimizes all of these r objective functions at the same time.
This motivates the concept of (non-)dominance and efficiency (cf. [12]).

Definition 2.1 (i) Let y',y?> € R". Then, y' dominates y* if y' < 3% y' # y°.

(ii) Let y € R" and let N C R". We say that the set N is nondominated given y if
there exists no §j € N such that y dominates 7.

We call a point y € f(S) a nondominated point of (MOP) if there exists no y € f(5)
dominating 3. The set of nondominated points of (MOP) is called its nondominated
set and we denote it by A/. Analogously, we denote the nondominated set of (MOP(#))
by N?. Given z € S with f(x) € N we call z an efficient solution of (MOP).

Similar to numerical methods for single-objective optimization, our method produces
only approximations of the optimal value, i.e.; of the nondominated points. This gives
rise to the extension of e-optimality to the multi-objective setting. For that we use the
all-one vector e :== (1,...,1)T € R".

Definition 2.2 Let ¢ > 0. A point y € f(S) is called an e-nondominated point of
(MOP) if there exists no y € f(S) such that y + ee dominates y.

Instead of the all-one vector e one could also use another vector. This could be useful
if, for example, the magnitudes of the objective functions differ largely as this is often
the case for applications. However, one could also normalize the respective objective
functions and stick to the all-one vector.



3 Main algorithm for computing an enclosure

The main objective of our algorithm is to provide an overview of the nondominated
set N of (MOP). This is realized by computing both, a set intended to cover (or
enclose) the nondominated set as well as a collection of points intended to represent
nondominated points. As it turns out, we cannot guarantee full coverage of the non-
dominated set which is why we call such a set a pseudo enclosure. The novel concept
of pseudo enclosures is closely related to and based on the concept of enclosures of the
nondominated set. As discussed in [13], enclosures are a very natural extension of the
approximation concept used in single-objective global optimization. While enclosures
were introduced in [13] using nonempty and compact sets of lower and upper bounds,
we use here the definition as in [15, 16, 28] which assumes these sets to be finite.

Definition 3.1 Let L, U C R" be two finite sets with N C L + R”. and NCU- R?,.
Then L is called a lower bound set, U is called an upper bound set, and the set E
which is given as

E=EBE(LU) = L+R)NU-R)=1 U Ly

leL ueU,
<u

is called the enclosure of the nondominated set N of (MOP) given L and U.

In contrast to the above, in this work, we construct a set U for which we cannot
guarantee that N C U — R, but only N C U — R, for some predetermined 6 > 0.
The role of the parameter 6 throughout this work is to determine a tolerance for
the violation of the nonlinear constraints. More precisely, whenever we encounter a
point x € SY  we consider it as feasible for the original problem (MOP) and treat it
accordingly. This idea has already been used in [8, 21] for the single-objective case and
n [28] for the multi-objective one. E.g., in [21] the authors call a global solution of a
single-objective version of (MOP(0)) an approzimate global solution. This gives rise to
an approximate nondominated set N'¥ in the multi-objective setting. Since (MOP(0))
does not have a simpler structure than (MOP) — and therefore, A’? is not easier to
compute, approximate or enclose than N — in [28] the authors choose a uniquely
determined set S with S C S C S?, compute an enclosure of the nondominated set A
corresponding to S, and declare it to be an enclosure also of A" due to the arbitrarily
small choice of . Now, by leaving the path of uniform refinement procedures — which
is one key contribution of the present work (see Sections 5 and 6 for details) —, the
unique choice of such a set S is not possible anymore. This leads to the fact that
we do neither compute an enclosure of N nor of N nor of some nondominated set
corresponding to any a-priorily explicitly specified superset of S. This motivates the
introduction of so-called pseudo enclosures.

Definition 3.2 Let § > 0 and let L,U? C R" be two finite sets with N¥ C U? — R
and L a lower bound set of N, i.e., N C L+R’.. Then, U? is called a O-pseudo upper
bound set, and the set E° given as

E=BL U= U Ly

leL yeU?,
I<u

is called a 0-pseudo enclosure of the nondominated set N of (MOP) given L and U°.
If no confusion is likely to arise, we just speak of pseudo enclosures and pseudo upper
bound sets, and denote them by E and U, respectively.



Note that following Definition 3.2, in contrast to Definition 3.1, it is not ensured that
pseudo enclosures are in general nonempty. Indeed, it could be the case that there is
no single pair (¢,u) € L x U with ¢ < u. Hence, the respective algorithm has to take
care that one does not end up with an empty pseudo enclosure by, e.g., ensuring that
for any u € U there exists at least one ¢ € L with ¢ < u.

Remark 3.3 Due to the compactness of f(S%) there always exist 2, 2" € R" such that
N C f(S%) Cint(B) for B := [2%,2%]. In particular, this means that both, the notion
of pseudo enclosures as well as of enclosures, make sense for the class of (MOP) we
consider in this work.

In order to determine the quality of a pseudo enclosure E, we use the same measure
as for classical enclosures, namely its width w(E). It is defined in [13] as the optimal
value of

max s(l,u) st. leLl, uelU I <u, (3.1)

lu

where s(l,u) := min {u; — {; | i € [r]} denotes the shortest edge length of the box [I, u].
It might seem surprising, especially with regard to single-objective global optimization,
that the shortest and not the largest edge length is used in this definition. However,
this definition ensures that all attainable points with respect to S contained in an
(pseudo) enclosure of width at most ¢ > 0 are also e-nondominated points of (MOP),
see [13, Lemma 3.1]. For a more detailed discussion of the width as a quality measure,
we refer to [13, 16]. A commonly used method to compute the lower and upper bound
sets for an enclosure is to make use of so-called local upper bounds. These have been
introduced in [25] and are used in various enclosure algorithms, including [13, 14, 15,
16, 28]. Beyond that, the concepts from [25] are used in other solution algorithms for
multi-objective optimization problems as well, including [10, 32, 40]. These local upper
bounds depend on so-called stable sets. Thereby, a set Y C R" is called stable if no
two elements in Y dominate each other, i.e., for any two distinct y*,?> € Y there exist
indices 7,7 € [r] such that g} < y7 and y7 < y;. For the following, we fix # > 0 and a
closed box B C R" with f(S%) C int(B) whose existence is established in Remark 3.3.

Definition 3.4 Let N C int(B) be a finite and stable set. Then, the lower search
region for N is s(N) :={y € int(B) |y £ y for every y’ € N}, and the lower search
zone for some u € R is given by c(u) := {y € int(B) |y < u}. A set U = U(N) is
called local upper bound set given N if

s(N)= |J c(w) and c(u') & c(u?) for any u',u* € U(N) with u* # u®.
ueU(N)

FEach point uw € U(N) is called a local upper bound (LUB).

Note that a local upper bound set U(N) depends solely on a stable set N and a box
B. This contrasts the definition of a f-pseudo upper bound set U? (cf. Definition 3.2)
which relies heavily on the nondominated sets A" and A?. Therefore, we do not have
to use the term pseudo when referring to a local upper bound set. For now, we denote
the stable set upon which the set of local upper bounds depends by N*'. In the original
case from [25], the set N consists of attainable points, i.e., points f(z) with z € S. In
our case, we cannot guarantee the attainability w.r.t. the set S of the points added to
the set N! anymore, i.e., we might add a point f(z) to the set N! with # € S\ S. This
is the main reason why we need the concept of pseudo enclosures and therefore also the



slight change in the definition of local upper bounds. While in [25] only the concept
of local upper bounds was presented, it can easily be transferred to lower bounds as
well, see also [16, Definition 3.4]. Note that there is no need to modify anything in the
definition of local lower bounds in the context of pseudo enclosures.

Definition 3.5 Let N C int(B) be a finite and stable set. Then, the upper search
region for N is S(N) :={y € int(B) | v % y for every y' € N} and the upper search
zone for some | € R" is given by C(l) == {y € int(B) | | < y}. A set L = L(N) is
called a local lower bound set given N if

S(Ny= |J ¢ and C(1") ¢ C(1?) for any I',1> € L(N) with I' # I>.

IEL(N)
FEach point | € L(N) is called a local lower bound (LLB).

For now, we denote the stable set upon which the set of local lower bounds depends
by N2 In the present paper, the set N? consists of points y € R™\ (f(S) + int(R",))
which are either nondominated points of possibly different relaxations or points whose
attainability w.r.t. S can be ruled out. Details on that are provided in the upcoming
description of the algorithm. Indeed, with the described choices of the sets N and
N? the local upper and local lower bound sets from Definitions 3.4 and 3.5 are ac-
tually pseudo upper and lower bound sets, respectively, for a pseudo enclosure of the
nondominated set of (MOP). The respective proofs in [16, Lemma 3.3, Corollary 3.6]
have to be adapted to the pseudo setting by replacing the original feasible set with the
f-feasible set whenever it appears in relation to the upper bounding part.

Lemma 3.6 Let § > 0 and let B C R" be a closed box with f(S%) C int(B). Further,
let N' C f(S%) 4R and N* C R\ (f(S)+int(R",)) be finite and stable. Then, for the
finite local upper bound set U(N') and the finite local lower bound set L(N?) it holds
that N° CU(N') — R and N C L(N?) + R",. Hence, E(L(N?),U(N")) is a pseudo
enclosure of the nondominated set of (MOP).

Having the width measure in mind, the main task of our algorithm is to update the
two sets N' and N? from Lemma 3.6 such that they form smaller and smaller boxes
(w.r.t. the respective shortest edges). The role of the set N is realized by the set
N consisting of attainable points w.r.t. the -feasible set S?, i.e., N C f(S?), and is
driven towards the set A’ from above. The set N2 is embodied by a set N consisting of
points that are nondominated by A which is why we call N the set of utopian points.
Naturally, the set of utopian points N is driven to A/ from below. This suggests that
one uses relaxations S of S to obtain candidates for N. Before explaining the idea
of our algorithm in detail we shortly clarify the term relaxation for the means of the
present paper.

Definition 3.7 Let (MOP) be given. Further, let S be a set such that S C S. Then,
we call

min f(z) st z€S (RMOPyg)

a relaxed (MOP) and S a relaxation of S. We denote the nondominated set of
(RMOP3) by N5,



The relaxations relevant for this work are based on piecewise linear underestimation
functions for any nonlinear constraint function g;. Details on this are given in Section 5.
Note that the set S? is a relaxation of S according to Definition 3.7. Nevertheless,
the set S? has in fact the same structure as S and is therefore in general not easier
to treat algorithmically. Hence, S does not serve as a relaxation according to the
above-described idea. Instead, it is used for determining if solutions coming from
relaxations in the classical sense are close enough to the original set S — and can
therefore be considered as feasible for (MOP). For the rest of this work, we summarize
any information regarding a relaxation S, i.e., any information regarding the description
of the set S, in a structure R. In our context, this means that for any nonlinear
constraint function g;, we have a substructure R.g; where any information of the
(piecewise) linear underestimator of g; is stored. By abuse of notation, we also identify
a relaxation by its information collection R, denote the corresponding feasible set by
S™ and the corresponding nondominated set by N%.

General scheme

We now turn to the general framework used for this work. In fact, the framework
is based on an algorithm that was presented in [28, Algorithm 5] in the context of
computing an enclosure of the nondominated set of quadratically constrained prob-
lems. In this work, we use the general idea from that method but extend it to general
nonconvex MINLPs and pseudo enclosures. In Algorithm 1, the general framework of
this approach is provided. Starting the method requires a feasibility parameter 6 > 0

Algorithm 1 General scheme for computing a pseudo enclosure

Input: feasibility parameter § > 0, initial box B = [2¢, 2%] C R" with f(S?) C int(B),
termination tolerance e, > 0, offset factor § € (0, £epa), initial relaxation R!
Initialize set of attainable points N = ) and set of local upper bounds U = {2“}
Initialize set of utopian points N = @) and set of local lower bounds L = {2‘}
Initialize the set D(U) = {(u,R') | v € U}
while w(E(L,U)) > €ena do
Uloop =U
for u € Ujop do
if there exists £ € L with ¢ < u and s({,u) > €epe then
[N,N,L,U,D(U)| = improve_region(u — de, N, N, L, U, D(U))
end if
10: end for
11: end while
Output: Pseudo enclosure E(L,U) satisfying w(E) < €ena and set N consisting
of €eng-nondominated points and nondominated points given N coming from 6-
feasible points

and an initial box B C R" with f(S?) C int(B). According to Remark 3.3, such an
initialization always exists. This initial enclosure gets iteratively refined during the
procedure. Furthermore, a termination tolerance e.,q > 0 as well as an offset factor
d € (0, Eena) is required, the role of which becomes clear later on. Lastly, one requires
an initial relaxation R!'.

We start the method by initializing the set of attainable points N as an empty set
as we have no attainable point found yet. The same for the set of utopian points N



which is driven toward the nondominated set N from below. Moreover, we initialize
the set of local upper bounds as U = {z*} and the set of local lower bounds as
L = {z'}. Lastly, and this is one important contribution of [28, Algorithm 5], we
introduce the set D(U). It is initialized as D(U) = {(u,R') | v € U} and serves as
an information mediator between the preimage space and the image space. Namely, it
associates specific relaxations (preimage space information) with search zones (image
space information). The importance of this exchange of information becomes clearer
later on. Note that in the present work, this connection is deepened in comparison to
28, Algorithm 5.

After the initialization phase, the method enters the so-called outer loop intending to
iteratively decrease the width of the pseudo enclosure below a desired tolerance eepq-
In each iteration of the outer loop, the algorithm loops through every currently present
local upper bound u € Uy, checking if it belongs to a box having a too-large shortest
edge. If this is the case, the method interprets this local upper bound u as a search
zone which has to be improved. We say that a search zone is improved if we either
close the search zone or find an attainable point f(z) € f(S?) lying in the search zone.
If one of these is the case, we can replace (some of) the boxes belonging to u with
smaller ones.

Improve within a search zone

We now turn to the procedure improve_region presented in Algorithm 2. Besides the

Algorithm 2 improve_region routine

Input: shifted local upper bound determining the search zone u — de, set of utopian
points N, set of attainable points N, set of local lower bounds L, set of local upper
bounds U, relaxation collection D(U)
Set Rewrent — R¥ where (u, R") € D(U)
Set improved = false
while improved = false do
if there exists f(Z) € N5™™™* with f(Z) < u — de then
[improved, N, N, L,U,D(U)] = find_points(&,u — de, N, N, L, U, D(U))
if improved = false then
Reurrent = refine_relaxation(u — de, Reurrents L)
end if
else
Update N and L w.r.t. u — de
Set improved = true
12: end if
13: end while
Output: updated sets N, N, L, U, D(U)

— =
_ O

current assignments of the sets N, N, L, U and D(U), the method needs knowledge of
the search zone of interest. This information is passed by the point u — de € R", i.e.,
the current local upper bound of interest shifted by de. On the one hand, the offset
factor ¢ serves to overcome numerical issues arising when employing the (original)
search region constraint f(z) < wu. As this formulation is numerically more or less
intractable, it is replaced by f(z) < u — de. On the other hand, it is used to ensure



large enough progress of the method, i.e., to satisfy the decrease condition presented
in the forthcoming Proposition 4.4.

At the beginning of Algorithm 2 the relaxation R* corresponding to the current search
zone is chosen, i.e., Reurent = RY, and the improved-flag is set to false. Then, another
while-loop is entered which we call the inner loop of the general framework. This loop
is repeated until the improved-flag is set to true. As mentioned earlier, the method
wants to either find a new attainable point f(x) € f(S?) in the current search zone or
declare it to be sufficiently explored.

The chosen relaxation has two different jobs. Firstly, it should suggest if there is a
chance of finding an attainable point f(x) < u — de with x € S. This first task is
incorporated in the if-statement asking if there exists f(z) € N5 with f(z) <
u — de. One can check for that by using, e.g., the Pascoletti-Serafini scalarization
[33] or the weighted-sum scalarization together with the search zone constraint f(z) <
u — de, as explained in [28, Section 3]. Using a scalarization, even the weighted-sum
scalarization with arbitrary weights despite the overall problem being nonconvex, is
satisfying here, as finding any arbitrary nondominated point is sufficient.

If this is not the case, i.e., if there exists no such f(Z), then due to S C SReurent there
is no attainable point with regard to .S in the current search region, i.e., in particular
u—de € R"\ (f(S)+R%). Then, the set of utopian points N as well as the set of local
lower bounds L is updated w.r.t. the point u — de. This can be realized by using [28,
Algorithm 4] for updating (and preserving the stability of) N and [16, Algorithm 2]
for L. By conducting these update procedures the search region corresponding to u is
declared to be sufficiently explored and is therefore closed. This is because any box of
the pseudo enclosure E(L, U) with upper bound u after this update of the lower bound
set L has a shortest edge length smaller or equal to d and therefore particularly smaller
than 4.

On the contrary, if there exists f(z) € NS"™™ with f(Z) < u — de the relaxation
R currens Suggests that there may be an attainable point f(z) < u—de with z € S. Recall
that we focus on linear relaxations. This means that Rcurrent represents a MOMILP
and #; € ZUl. Hence, we can interpret the existence of such f(i) as an indicator
for the existence of an attainable point f(z) with x; = Z; and = € S. To verify
that suggestion and eventually find such a point, the algorithm calls the find_points-
routine. If the suggestion was wrong, i.e., no such point was found based on the
information of the relaxation Riuyrent, the find_points-routine returns improved =
false and the algorithm decides for refinement of Riyment Which is conducted by the
refine_relaxation-routine. Details regarding this routine are given in Sections 5
and 6. If the suggestion was right, the find_points-routine returns improved = true
and the improve_region-routine terminates.

Find attainable points

We now turn to the description of the find_points-routine provided in Algorithm 3.
This routine intends to verify the relaxation’s suggestion of the existence of an attain-
able point in the current search zone determined by u—de. To do so, it uses information
provided by the solution T of the relaxed problem. Firstly, it checks if this solution
can be considered feasible, i.e., if  acceptably violates the nonlinear constraints and
therefore € S?. If that is the case, we consider Z as feasible for (MOP) and therefore
want to add f(Z) to the set of attainable points V.
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Algorithm 3 find_points routine

Input: solution & € S™ewrent with f(#) < u—de, shifted local upper bound determining
the search region u — de, set of utopian points N, set of attainable points N, set of
local lower bounds L, set of local upper bounds U, relaxation collection D(U)

1: if # € SY then

2 if N is nondominated given f(Z) then

3 Update N and L w.r.t. f(i)

4: else

5: Set N = {y € N | y is not dominated by f(#)} U {f(Z)}
6: Rebuild L w.r.t. N

7 end if

8 Update N and U w.r.t. f(Z)

9 Set improved = true

10: else

11: if N is nondominated given f(Z) then

12: Update N and L w.r.t. f(i)

13: if exists x feasible for (pMOP (7)) with f(z) < u — de and Z; = Z; then
14: Update N and U w.r.t. f(x)

15: Set R" = Reurrent for any new local upper bound u, i.e., update D(U)
16: Set improved = true

17: else

18: Set improved = false

19: end if

20: else

21: Set improved = false

22: end if

23: end if

Output: improved and (possibly) updated sets N, N, L, U, D(U)

Before that, we have to ensure that there are no points in the set of utopian points N
which are dominated by f(Z). Such a situation may arise if there is a point f(#') € N
with ' ¢ S% and 7’ ¢ SRewrent In general, that can happen if there are pairwise non-
including relaxations present, i.e., if for two appearing relaxations S and S’ we neither
have S C S nor S’ C S. Given that one uses a nonmonotone refinement scheme, i.e.,
it is not guaranteed that SReoase O GRueined this can even occur in single-objective
optimization if & € (STrefined \ GReoarse) N G and 7/ € SReonrse \ (SRreined y §%). On top of
that, the transition to multiple objective functions creates another serious possibility
for encountering such a scenario. This is because in the multi-objective setting, several
utopian points may be active coming from several differently shaped relaxations. This
opposes the single-objective case where the set of utopian points N and the set of
local lower bounds both collapse to the singleton of the currently best available lower
bound. Therefore — even using a monotone, but nonuniform relaxation scheme —, the
active utopian points may come from pairwise nonincluding relaxations resulting in the
above-described situation.

However, if the set of utopian points N is nondominated given f (Z) we can simply
update N and L w.r.t. f(Z) using [28, Algorithm 4] and [16, Algorithm 2], respectively.
If otherwise there exists § € N dominated by f(Z), we remove all of them from N and
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add f(#) resulting in an updated and stable set of utopian points N. We now have
to rebuild the set of local lower bounds L corresponding to the updated set N from
scratch. This means, we start with L = {2} and iteratively use [16, Algorithm 2] for
each point in N. Note that if we dispense the above steps, i.e., not caring about the
fact that the declared attainable point f(Z) dominates some utopian points from N and
just update N and U w.r.t. f(Z), this would yield the situation, where for an incoming
local upper bound u there is no local lower bound ¢ € L with ¢ < u. After we ensured
that f(z) € N and N is stable, we are ready to update the set of attainable points N
and the corresponding set of local upper bounds U w.r.t. f(Z) using [28, Algorithm 3]
and [25, Algorithm 3], respectively. Afterward, since we improved the search zone by
finding an attainable point, the improved-flag is set to true.

If otherwise, the solution of the relaxed problem Z violates the constraints by too much,
i.e., if & ¢ S?, the second task of the relaxation comes into play. This is to also improve
the lower bounding procedure of the method, i.e., to move the set of utopian points N
and therefore also the set of local lower bounds L in the direction of the nondominated
set N by updating them w.r.t. f(#). In fact, this is successful if N is nondominated
given f(z) which is checked in line 11 of Algorithm 3. If that is not the case, we do
not expect the relaxation to provide any helpful information, and in particular, its
suggestion of finding an attainable point to be not very trustworthy. Consequently, the
find_points-routine returns improved = false and a refinement step is conducted.
If otherwise, f(Z) improves the set N towards A, both, N and L, are updated w.r.t.
f(z) using [28, Algorithm 4] and [16, Algorithm 2], respectively.

After checking a possible update of the set of utopian points, the relaxation’s suggestion
is verified in line 13. The verification is executed by checking if there exists x € S with
xr = Zy and f(x) < u — de by finding a feasible point of the continuous but non-
convex multi-objective optimization problem (pMOP (7)) with additional search zone
constraint. This can be done again by using, e.g., the Pascoletti-Serafini scalarization
[33] or the weighted-sum scalarization together with the search zone constraint f(z) <
u— de as in [28]. Note that, e.g., if one goes for the weighted sum approach, it suffices
to solve the resulting NLP only to feasibility. Of course, solving to local or even global
optimality might speed up the procedure in terms of iterations but it is not necessary
since all we want to achieve is encoded in the search zone constraint f(x) < u — de.
If the corresponding (pMOP(7;)) together with the search zone constraint is feasible,
we found a new attainable point f(x) which is used to update the sets N and U using
28, Algorithm 2] and [25, Algorithm 2].

In particular, this means that the relaxation Rcypent mimics the behavior of (MOP)
in the search region good enough. This is why the relaxation Reyrrent iS assigned to
the incoming local upper bounds after the update procedures of U and N w.r.t. f(z).
In this step, the information mediation between the image space information of search
regions and the preimage space information of relaxations takes place. We set the
improved-flag to true, terminate the improve_region-routine, and move on to the
next search zone within the outer loop of the procedure.

If otherwise, (pMOP(Z,)) together with the search zone constraint is not feasible, the
relaxation’s suggestion was wrong, we set the improved-flag to false and go for a
refinement step within the improve_region-routine.
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4 Correct and finite termination

This section is dedicated to proving correctness and finiteness of Algorithm 1. We start
with correctness, meaning we show that E(L,U) forms a pseudo enclosure of (MOP)
according to Definition 3.2 throughout Algorithm 1.

Proposition 4.1 Let 0 > 0, B = [2*, 2%, €ena > d > 0, and R' be the input parameters
of Algorithm 1. Then, the set E(L,U) is a pseudo enclosure of (MOP) throughout the
whole procedure.

Proof. Due to Lemma 3.6 it suffices to show that N C f(S%) + R and N C R" \
(f(S) +int(R")) throughout the algorithm. The set of attainable points N only gets
updated in lines 8 and 14 of Algorithm 3. In both cases, N is updated w.r.t. a point
f(x) € f(S%) — note that z € S C S? for the update in line 14 — and therefore
particularly N C f(S?) + R’,. Stability of N throughout these updates follows by the
correctness of [28, Algorithm 3] shown in [28, Lemma 4.6]. On the other hand, the
set of utopian points N gets only updated in line 10 of Algorithm 2 and in lines 3, 5
and 12 of Algorithm 3. Except the update in line 5 of Algorithm 3, all these updates are
conducted using [28, Algorithm 4] which is correct by [28, Lemma 4.7], i.e., in particular
stability of N is ensured. In line 10 of Algorithm 2, the set N is updated w.r.t. u—de and
the guarantee (s. line 4 of Algorithm 2) that there exists no # € S with f() < u — de
for some relaxation S O S. Consequently, we have that u—de € R”\ (f(S) +int(R’,)),
as required. For all update steps in Algorithm 3, the set N is updated w.r.t. a point
f(%), where # € S and f(#) € N° for some relaxation S D S. By the relaxation
property of S w.r.t. S and the fact that f () is a nondominated point of a relaxed
(MOP), there exists no y € N dominating f(Z), i.e., f(Z) € R"\ (f(S) + int(R})), as
required. For the update in line 5 of Algorithm 3, all points in N which are dominated
by f(Z) are removed to preserve stability of N — which is also done in [28, Algorithm 4]
but written explicitly here for clarity. O]

Finiteness heavily depends on the specific technique in the refine relaxation-rou-
tine. As there are plenty of different possibilities for that, and we want to highlight
this aspect of our framework, we formulate an assumption on the refinement technique
which is sufficient for finite termination of Algorithm 1.

Assumption 4.2 Let {(Ry, %) }ren be a chain of relazations and relazation-feasible
points produced by the chosen refinement scheme, i.e., the refine_relazation-routine.
That means, starting with an initial relazation R' = Ry and a given relazation-feasible
point ' € ST, the refinement scheme produces a relazation Ro. Then, using another
(arbitrarily chosen) relaxation-feasible point ¥* € S™ the refinement scheme produces
a relaxation Ry and so on. Then, for any 0 > 0, we assume that there exists K € N
such that ¥% € S% and is therefore considered feasible for (MOP).

Assumption 4.2 allows us to prove that the improve_region-routine terminates after
finitely many steps.

Proposition 4.3 Let u — de, N, N, L, U and D(u) be the input of Algorithm 2.
Further, let Assumption 4.2 be satisfied for the chosen relaxation-refinement scheme.
Then, Algorithm 2 terminates after finitely many steps.
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Proof. We have to show that after finitely many iterations of the while-loop in Algo-
rithm 2, we have that improved = true holds. Assume for a contradiction that this is
not the case. Then, in each iteration we enter the if-statements in lines 4 and 6 since
otherwise improved = true in line 11. For any k € N, we denote by R}, and 7% € S**
the relaxation and relaxation-feasible point, respectively, at the beginning of the k-th
iteration. For any k € N, we have that Ry, is obtained by the refine_relaxation-
routine. Consequently, we have an infinite chain of relaxations R!' = R, R2, Rs, . ..
produced by the refine relaxation-routine with corresponding relaxation-feasible
points ¥ € S+ for all k£ € N. By Assumption 4.2, we know that there exists K € N
such that 7% € S i.e., is considered feasible for (MOP). Hence, in the K-th iteration
we enter the if-statement in line 1 of the find_points-routine in Algorithm 3 and
set improved = true in line 9, a contradiction. Thus, Algorithm 2 terminates after
finitely many steps. O

Proposition 4.3 is one of two key ingredients for proving finiteness of Algorithm 1. The
other one is a guaranteed decrease regarding the edge lengths of the boxes belonging
to the enclosure before and after one call of the outer loop of Algorithm 1, see also [28,
Theorem 5.9].

Proposition 4.4 Let L3 and US*™ be the set of local lower and local upper bounds,
respectively, at the beginning of some iteration of the outer loop during Algorithm 1.
Analogously, denote by L™ and U the bound sets at the end of this iteration. Fur-
ther, let Assumption 4.2 hold for the chosen relaxation refinement scheme.

Then, for any (¢ € L™ and any u® € U™ with (¢ < u® there exist (5 € L™ and
u® € US™™ such that the following hold:

(i) ¢ < ¢ <u® <wu’, i.e., the width does not increase during one iteration.

(it) There exists an index i € [r] such that (u® —(¢), < max {(u® — (%), — 6, €enci },

i.e., for any pair (0°,u®) we obtain a decrease w.r.t. the edge length for at least
one edge i € [r].

This finally allows us to state and prove finite convergence and correctness of Algo-
rithm 1 by applying the convergence result from [28].

Theorem 4.5 Let § > 0, e > 0 > 0, R and B = [2,2%] C R" be the input
parameters of Algorithm 1 and let Assumption 4.2 hold. We define

A — enc
A = max{||z* — 2||cc, Enct} and Ki=r7 {;ﬂ +1 < o0.

Then the number of iterations of the outer loop of Algorithm 1 is bounded by k, i.e.,
Algorithm 1 terminates after finitely many steps. Furthermore, a pseudo enclosure E
of the nondominated set N satisfying w(FE) < e is Teturned.

Proof. The finiteness part is analogous to [28, Theorem 5.10, Corollary 5.11]. The
correctness part follows by Proposition 4.1. O
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5 Box-based piecewise linear relaxations

In this section, we present one key contribution of this work. Namely, a novel method
for relaxing general nonconvex terms by using only piecewise linear functions which is
closely related to methods proposed in [8, 21]. While we tackle, in view of the feasible
set, the same problem class as [8], we differ in not using a simplex partitioning scheme
(triangulation) of the variable domain. Instead, we use a box-based one similar to
[21] where — in contrast to our case — the nonlinear constraints are not assumed to be
given explicitly but the respective global Lipschitz constants. We leverage the box-
based scheme because it facilitates the use of bound tightening as a refinement step
in our algorithm. One disadvantage of using a simplex partitioning scheme is that a
triangulation of the variable domain cannot easily be transferred to a new one with
tightened bounds. This is because in general, either new simplices are necessary for
getting a triangulation of the tightened domain or a completely new triangulation has
to be computed. An exemplary situation is depicted in Figure 1 for a two-dimensional
box domain — the simplest case that may occur where boxes and simplices do not
coincide. One can see that one either introduces new simplices to keep some structure
of the former triangulation, or one has to use a completely new triangulation.

Sy - /

Sy |

Figure 1: Left: initial triangulation of two-dimensional box domain and tightened
box domain (blue). Mid: possible triangulation of tightened box domain based on
information from former triangulation. Right: new triangulation of tightened box
domain.

Furthermore, both options have serious drawbacks: with the first option, one increases
the number of binary variables — which contradicts our idea of applying bound tight-
ening. The second one requires building new partitions (or triangulations) of a domain
which is not an easy task at all, especially in higher dimensions. To bypass these
difficulties, we stick to a box-based relaxation scheme of the nonlinear constraints.
Additionally, the idea of simplex-based partitions comes originally from the idea of
approximating a nonlinear function on a given domain [2, 27, 30]. For doing that,
simplices are very well suited due to their ability to interpolate any nonlinear func-
tion by piecewise-linear functions with interpolation points being their vertices. This
interpolation property gets lost when turning to box-based partitions. But as we are
aiming at relaxations instead of approximations, i.e., we are inexact in most of the
cases anyway, the inexactness at the vertices is not a problem.

Subsequently, we describe the relaxation scheme for a nonlinear function g;,j € [p].
Proceeding like that for any j € [p], one obtains an MILP relaxation of (MOP).
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Therefore, let j € [p]. We denote by X7 C RY the projection of the box X to the I;
components appearing in g; determined by the index set J; C [n].

Finally, we describe how a relaxation of the constraint g;(x7,) < 0is obtained by getting
an underestimator of g; on the box X7 . Later on, we apply the same procedure on
subboxes B C X7 to get an underestimator of g; also on subboxes B of X7,. Note
that the key ingredient for refining the resulting relaxations is an ongoing partitioning
of the variable domain box X7 into smaller and smaller subboxes.

We use the vertices/corner points v!, ..
squares problem

.,lej € Rl of X 7; to set up a linear least

min ||Aw — b2, (LSq)

le-&-l
where the 2% rows of A are formed by the vectors (vs, 1), s=1,...,25, and the vector
b collects the corresponding values g;(v°), s = 1,. . Given a solution w € R4+ of

(LSq), we define a linear function £ on the bOX X 7 Wlth a slope determined by the
values of g; at the corners of the box This linear function is defined as

Eg’j: RV - R, z+—w' (f) . (LSq-F)

To simplify the notation, we write £, instead of Eg; for the remainder of this work.
The linear function £, is in general neither an underestimator nor an overestimator of
gj on X 7. and also not an interpolation function. By shifting it using so-called under-
and overestimation errors as done in [7, 8, 19], one obtains an over- and underestimator,
respectively. As we only consider nonlinear inequality constraints of the form g;(z7,) <
0, we are only interested in finding underestimators and therefore in computing the
overestimation error. In fact, one computes the overestimation error #° by solving the
optimization problem

0o — max (£, () = gj(x)) (OEP)
Shifting L4, by —0°, i.e. L7 (z) := Lg;(x) — 6°, yields that L7 is an underestimator of
g; on X7, Note that (OEP) is in general a nonconvex continuous optimization problem.
In [19], the authors show that §° can be computed by solving /; convex optimization
problems. However, these results rely on a simplex-based partition of the domain
or, more precisely, on the interpolation property of the linear approximations on the
vertices of the simplex. Hence, these results are not straightforwardly applicable to our
box-based partitioning.
If there is an adequate global solver for (continuous) nonconvex problems available,
one can directly solve the problem (OEP) (as it is done in the implementations for
the present paper). On the other hand, if we do not have an adequate global solver,
one could instead use convex relaxation techniques, e.g., the «BB method [1], in order
to compute an upper bound on #°. Naturally, one has to ensure that the constraint
functions g; satisfy the requirements of the chosen solution technique. For instance, to
apply the aBB method the functions g; have to be twice continuously differentiable.
Now, by replacing any appearance of g;(zz,) in (MOP) with the term Ly (zg,), we
obtain the desired linear relaxation of the nonlinear constraint function g;.
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For the upcoming theory, we need the concept of the aforementioned underestimation
error A". It is given by

0" ;= max g;(x) — Ly, (x). (UEP)

reX, I,

By shifting £, by 6, i.e., L7 () =L
of gj(x) on Xz .
Summarizing the above, we relax any nonlinear constraint function g;,j € [p], using
the described procedure. As explained before, for any nonlinear constraint g; we collect
the relaxation information in the structure R.g;. Note that proceeding like that yields
a relaxation R of S in the sense of Definition 3.7. As already mentioned, the above-
described relaxation technique is similar to the ones in [8, 21] but differs in essential
aspects. Therefore, the results from [8, 21] cannot be applied which is why we provide
the subsequent proofs. To the best of our knowledge, these results cannot be found in
the literature.
We start with considering these relaxations within the context of the §-feasible set S°.

9 () + 6", one obtains an overestimator E;’j (x)

Definition 5.1 Let R be a relaxation of S and let & € S™. For any g;,j € [p], we
define the constraint satisfaction error 0;?(:%) of the relaxation-feasible point T w.r.t.
the constraint function g; and the relazation R as

9;3(%) ‘= max {gj(fjj),O} .

Similarly, we define the constraint satisfaction error 6%(%) of @ and the relaxation R
as

0" () = max {0 () | j € [pl} -

Note that for any j € [p|, we have that 9;3(33) < max{g;(Zz,) — Ly (27,),0} for any
relaxation-feasible point #. Using the constraint satisfaction error of a given & € S™
one can determine if € S? and therefore can be considered as feasible for (MOP).

Proposition 5.2 Let § > 0, R be a relaxation of S, and let ¥ € S®. If 0% (%) < 0,
then & € S?.

To show that the constraint satisfaction error decreases with ongoing refinement of the
corresponding relaxations, we give an overestimate of the constraint satisfaction error.

Lemma 5.3 Let R be a relazation of S and let ¥ € S®. Further, let j € [p] and
B C Xz be a box with T7, € B. We denote by EOB and ﬁ“B the linear overestimation

and underestimation function, respectively, and by 0"5 cmd 9“ B the solutions of (OEP)
and (UEP), respectively, w.r.t. the box B. Then, we ’ have that

R (=~ u,B o,B
OF () < 615 + 25,

Proof. We first note that EZ]’,B(.%‘) < gj(z) < ﬁg;_B(l‘) for all z € B by definition. W.l.o.g.
assume that g;(77,) > 0. We calculate

0% (%) < g;(Tg,) — LyP(T5) < LyP(Eg,) — LyP(Eg,) < 055 + 027,
which shows the result. O
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The goal for the rest of this section is to show that we can control the errors 979‘], and
ng in the sense that we can bring them to zero by successively partitioning the original
box X7 into smaller and smaller boxes. To that end, we are referring only to such
partitioning schemes when talking about refinement schemes for the remainder of this
work.

Let B C R™ be a box. Recall that a collection of boxes By, ..., B, s € N| is called a
boz-partition of B, if B = U,e B and if for any 4,4" € [s] with i # ¢/, we have that
int(B;) Nint(B;) = . Now, let j € [p] and let By,...,Bs be a partition of the box
Xg, = [a:jj,.rjj]. Then, the boxes are of the form

B; : [5’3?795;7] c [xjj xJJ]

where i € [s]. Now, for each of these boxes B; we proceed as before and get linear
underestimation functions E;‘]’_i. Furthermore, we introduce indicator variables b; €
{0,1} which switch on and oft the corresponding linear underestimator constraints we
have seen before. This is realized via the formulation

1€]s]

In addition to that, to determine which is the current active box (and thus, which
underestimator has to be used), we add the constraints

bz —2) <0 and bz —2) <0,

for all i € [s] and | € J;. Finally, to ensure that there is exactly one active box,
we add the constraint 3,0 = 1 (which can be implemented using the help of
Special-Ordered-Set 1 constraints [2, 39]). The goal of successively partitioning the
variable domain is to refine the relaxation, i.e., starting with an initial relaxation
R! = R, we want to end up with a relaxation R, that is finer than R in some sense.
Note that the relaxation-refinement procedures (see Section 6) do not guarantee that
SR2 C S™1 — consequently, in the present work we are not talking about inclusion of the
respective feasible sets concerning the term refinement of relaxations. Instead, refining
a relaxation means refining the corresponding partitions of the variable domains as
defined in the following.

Definition 5.4 Let (B;)ic(y be a partition of a box B. We call another partition (B; )
of B finer than (or a refinement of ) (B;)ic(q) if for any i € [s] there exists i’ € [3] with
By C B;. We call (B;)ic|g strictly finer if it is finer than (B:)ic|s) and there exists i’ € []
with By C B; for some i € [s].

Furthermore, we want the relaxation-refinement technique to satisfy Assumption 4.2
and therefore yield finite termination of Algorithm 1. We give a reformulation of
Assumption 4.2 to our setting based on Proposition 5.2.

Assumption 5.5 (Reformulation of Assumption 4.2) Let R' = Ry be the initial re-
lazation defined on the original variable domain boxes Xz, for all j € [p|. Further, let
{(Ri, %) }ren be a chain of relazations and relazation-feasible points produced by the
chosen refine_relazation-routine like in Assumption 4.2. Then, for any 0 > 0, we
assume that there exists K € N such that after K refinement steps it holds that

0% (z") < 0.
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To prove that Assumption 5.5 holds for a given refinement scheme, we use a slightly
different notion of J-preciseness as introduced in [8]. But before introducing it, we
need the notion of the longest edge \(B) of a box B = [z¢,2%] C R"™. Tt is defined as
A(B) := maxjep{z}* — 2/ }. In fact, é-preciseness for a refinement scheme means that
we obtain arbitrarily small boxes with ongoing refinement.

Definition 5.6 Let (Ry)ren be a chain of relaxations produced by a refinement proce-
dure and let (Z*)pen be an arbitrary sequence of points with % € S®*. The relaxation
refinement procedure is called §-precise if for any & > 0 and for any j € [p| there exists
K € N such that

/\(Bf}j) )

forany k > K, where (ng)keN denotes the sequence of active bozes within the respective
partition of Xz,, i.e., :E'}] € Bf}j for any k € N.

For the remainder of this section we keep the notations of Definition 5.6, i.e., (Rg)ren
denotes a chain of relaxations produced by a d-precise refinement procedure, (7*)iey a
sequence of points with 7% € S+ and, for any j € [p], the sequence (B@j)keN denotes
the sequence of active boxes within the respective partition of X7, i.e., i’}] € B"}j for
any k € N. Subsequently, we prove that given a d-precise refinement scheme, Assump-
tion 5.5 holds. We start with the notion of the maximal elongation of a continuous
function f: R™ — R over a compact domain A C R". We denote it by d(f, A) and
define it by
d(f, A) := max f(z) — min f(x).
€A

T€A

The first observation given a d-precise refinement procedure is that for every j € [p] it
holds that d(gj,B;fj) — 0 for k — oo.

Lemma 5.7 Let j € [p| and € > 0. Then, there exists K € N such that for any k > K
we have

d(gjv BFL) <éE.

In particular, for V¥ .= {v € 15’"67]_ | v is corner point of Bfgj}, we have that d(g;, V¥) <
£.

Proof. By the Extreme Value Theorem, we have that g; attains its minimum and
maximum value on all boxes B;fj, i.e., the function d is well-defined on each of these
boxes. Now, for given ¢ > 0 there exists § > 0 such that for z,2" € Xz with
|z — 2'|| < 6 we have that |g;(x) — g;(2")| < . In particular, by d-preciseness of the
refinement scheme, there exist K € N such that ||z — 2’| < ¢ for any z,2’ € B@j for
any k > K. This shows the first statement and the second one follows immediately by

the fact that V¥ C B@j. O
The analog of Lemma 5.7 also holds for the linear functions defined in (LSq-F).

Lemma 5.8 Let j € [p] and € > 0. For any k € N, let LF: B@j — R be a linear
function as defined in (LSq-F) w.r.t. ng and g;. Then, there exists K € N such that

d(ckVvh) < e

for any k > K and V* as defined in Lemma 5.7. In particular, this means also that
d(Lk, Bf}j ) < e.
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Proof. We prove the first claim by showing that d(£*, V*) can be bounded depending
on d(g;, V¥) and subsequently applying Lemma 5.7. To do so, we show that the max-
imal distance between £ and g; attainable on the corner points V* can be bounded
depending on d(g;, V*). This is mainly shown by exploiting the norm-minimizing prop-
erty of £L¥ w.r.t. (LSq) in contrast to constant functions taking the value g;(v;) for some
vk e VE,

Therefore, for any & € N, we choose some v¥ € V¥ to define the constant function
Lk Bkjj — R,z +— g;(v*) and let @F € R%*! be such that

2 =" (7).

ie., (w*)" =(0,...,0,g;(v")). Let C' > 0 be such that ||| < C|z]|2 for any x € R2Y .
We recall that b* = (g;(v'), ..., g; (vzlj )T, denote the solution of (LSq) used for £* by
w* and note that

k

k 1l Akk _ pk
max |£*(v) — g;(v)] = | A"0" = 0",

since for any [ € [2%] there exists some v € V¥ with Afw® = L*(v) and vice versa by
definition of £*. Consequently, by the minimization-property of @w* w.r.t. (LSq), we
obtain that

max |CF(v) — g;(v)] < C||APD" — bF||, < CO||AFaP — bF||y < C V25 d(g;, VF).

veVk

Now, by Lemma 5.7, there exist K; € N such that d(g;, V¥) < ¢/2 for any k > K, and
K, € N such that Cv2/ d(g;, V*) < ¢/4 for any k > K,. We set K := max{K,, K5}

and obtain

d(£*,V¥) < max £*(v) — min £*(v)

veVk veVk
k k
< max(L5(v) = g;(v)) + max g;(v) + max(=L(v) + g;(v) = g;(v))

< max(L"(v) — g;(v)) + max g;(v) + max(g;(v) — £7(v)) + max —g;(v)

e €
< d(gj,Vk) + 222&1\))]5 1LF(v) — g;(v)| < 3 4 5 =6

for any k > K. The second claim follows by the fact the £* is linear and therefore
attains its maximal and minimal values at a corner point of ng. O]

Furthermore, for a given constraint function g¢;,j € [p], a linear function £ as defined
in (L5g-I") wr.t. a box B C Xz, at least touches the function g; in some point z € B,
i.e., there exists © € B such that g;(x) = L£(x). This is derived from the optimality of
the defined linear function and applying the Intermediate Value Theorem.

Lemma 5.9 Let j € [p| and B C Xz, be a bor. Furthermore, let L: B — R be a linear
function as defined in (LSq-F) w.r.t. B and g;. Then, there exist corner points v* and
v? of the box B such that g;(v') < L(v') and L(v?) < g;(v?). In particular, there exists
x € B with g;j(x) = L(z).

We use the previous results to show that the under- and overestimation error of £*
w.r.t. g; on a box B C X7, are bounded and converge to zero for ongoing partitioning
of the box.
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Lemma 5.10 Let j € [p|. For any k € N, let LF: B"%j — R be a linear function as
defined in (LSq-F) w.r.t. ng and g;. Furthermore, for any k € N, let 6% and 0“* be

the solutions of (OEP) and (UEP), respectively, w.r.t. L*, g; and B&. Then, for any
k € N, we have that

max{@o,k7 eu,k} < d(gj; ng) —+ d<£k7 B\kz)

In particular, for any € > 0 there exists K € N such that max{0°% 0“*} < ¢ for
k> K.

Proof. Let k € N and z € Bf}j. By Lemma 5.9 there exists z* € B@j with g;(z*)
|

LF(x*). Clearly, we have that |g;(x) — g;(z*)] < d(gj,BfE) and |CF(x*) — LF(z)] <
d(L*, BY,). Together with the fact that g;(2*) = £*(2*) this yields
9y() — £()] < d(g;. BY) + (L5, BY). (5.0

Now, since (5.1) holds for any = € Bkj, we have that

max{6°F, 0"*} < max lg(x) — L¥(x)| < d(g;, BY,) +d(L", BY,),
which shows the first part of the result. Let € > 0. Then, by Lemma 5.7 there exists
K; € N such that d(gj,Bf}j) < ¢/2 for any k > K; and by Lemma 5.8 there exists

K, € N such that d(Ek,B\’}j) < g/2 for any k > K. Setting K := max{K, Ky} yields
the second result. ]

Using the previous results, we can prove that Assumption 5.5 holds for a J-precise
relaxation refinement scheme.

Theorem 5.11 Let 0 > 0. Then, there exists K € N such that we have 075 (35) < 0,
i.e., Assumption 5.5 holds.

Proof. For any nonlinear constraint function g;,j € [p], we show that there exists
K; € N such that

R
egj

7(#%) < @ for any k; > K;.

Note that by setting K := max{K; | j € [p|}, one obtains the statement. Let j € [p].
By Lemma 5.10, we know that there exists K; € N such that

6
max{eg;k, 9;’;’“} <3 for any k > K,

where 9;;’“ and 9;‘]7’“ denote the solutions of (OEP) and (UEP), respectively, w.r.t. g;,
Ef and B@j. By Lemma 5.3 we have that

~ U o 0 0
GZE’“(:B’“) < 99]?’“ + Qg;k < 2 + 3= 0 for any k > K;,

so that the claim follows. m
Theorem 5.12 Algorithm 1 with a d-precise refinement scheme terminates correctly
after finitely many steps.

Proof. Theorem 5.11 shows that Assumption 5.5 and therefore Assumption 4.2 hold.
Thus, finite and correct termination of Algorithm 1 follows by Theorem 4.5. O
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6 Relaxation-refinement schemes

Whereas in the previous section, we encountered how the relaxations of the feasible set
look like, the upcoming section is dedicated to the relaxation-refinement procedures.
Using the concept of d-preciseness we have seen that reaching a certain accuracy relies
on successively partitioning the variable domain boxes Xz,j € [p]. As for each of
these subboxes, a binary variable enters the relaxed problem, the complexity of these
problems increases with ongoing refinement. Surely, increasing complexity is an inher-
ent consequence when contemplating the resolution of MINLPs through progressively
refined MILP relaxations. The pivotal question revolves around the magnitude of this
inherent complexity and the possibility of mitigating it.

Remark 6.1 Note that one can decrease the number of binary variables in relation
to the number of used boxes by employing some different formulation techniques; cf.
[39].  Naturally, all of these different formulations perform differently in numerical
experiments [5].

Subsequently, we present different approaches to keep the relaxed problems’ complexity
as low as possible. The two core ideas — namely longest-edge bisection of active boxes
and employing bound tightening — are well-known from the single-objective context.
However, to unleash their full potential in the multi-objective setting, some adaptions
have to be made as described in the following.

Refine the partitions

The first idea to be adapted to the multi-objective setting comes from [7, 8, 31] where
only these parts of the respective variable domain are refined which seem to influence
optimality the most. As already mentioned before, when considering multiple objective
functions these parts may be widely distributed across the feasible set due to the
presence of (often infinitely) many optimal value vectors. Therefore, we individualize
the relaxations to specific parts of the nondominated set in the image space. The
underlying hope is that specifying regions of interest restricts the relevant areas in the
preimage space. This then allows us to concentrate refinement efforts only on these
relevant areas.

Like [8, 11, 31] we realize this by performing a longest edge bisection of the active
box of the current relaxation, i.e., the box B\”}j with :Z"}j € Bf}j, where k denotes the
refinement step. While the sole longest edge bisection of active boxes is well-known
from the single-objective setting, we do not only have one incumbent lower (and upper)
bound in the multi-objective setting. Therefore, the adaption to the multi-objective
case lies in choosing the relaxed solution #* determining the active box in a meaningful
way as well as keeping track of the respective relaxations. We do this by mitigating
information between the image and preimage space. In fact, every time the algorithm
decides for refinement this is done while considering a specific search zone represented
by a local upper bound v and having a relaxation-feasible solution ¥ coming from a
relaxation which is assigned to u. We have that f (i”k) < u—de, i.e., the area around "
seems to influence optimality w.r.t. the search zone determined by u. Consequently, we
use ¥ to determine the active boxes and perform the well-known longest edge bisection.
By doing so, image space information in the form of the search zone local upper bound
influences the way the respective relaxation is refined. Since the relaxations associated
with different search zones are independent of each other, this yields differently shaped
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relaxations associated with different parts of the image space. We call this procedure
an adaptive refinement scheme.

To make the effect of this individualization visible through numerical experiments, we
also introduce a more basic — a uniform — refinement scheme. We call it uniform
because the longest edge bisection is performed for any box appearing in a partition
instead of only for the active one as in the adaptive scheme below. Therefore, like in
(28], only the decision for refinement is individualized across the image space — but
not the decision on how to refine. This is why we claim that the adaptive refinement
technique deepens the mitigation of information between image and preimage space in
comparison to [28].

The algorithm outlining the adaptive refinement scheme is detailed in Algorithm 4.

Algorithm 4 adaptive_refinement routine

Input: current relaxation information Reumrent, current solution & of relaxed problem,
constraint satisfaction tolerance ¢, longest edge tolerance deqge
1: Set Rpew = 0
2: for j € [p| do
3: if GZECWW (Z) < 0 then

4: Set Rnew-gj = Rcurrent-gj

5: else

6: Set Ropew-9; = 0

7 for B appearing in Reurrent-g; dO

8: if B is active, i.e., T7, € B then

9: if A(B) > 0eqge then

10: Choose longest edge with smallest index I’ € [[;]

11: Compute midpoint my = @;—25)/2

12: Append box B; defined by B with zj; replaced by my to Ryew.g;
13: Append box By defined by B with z§, replaced by my to Ryew-9;
14: else

15: Set 7?fnew~gj = Rcurrent'gj

16: break

17: end if

18: else

19: Append B to Ryew-g;

20: end if

21: end for

22: end if

23: end for

Output: refined relaxation Ryew

The only difference between the uniform refinement scheme and the adaptive one is
that one bisects the longest edge of every box instead of only the one of the active box,
i.e., one omits the if-else-statement in lines 8 and 19 in Algorithm 4. We refer to
that as the uniform variant of Algorithm 4.

It is worth noting that when the longest edge length tolerance deqqe and 6 are appropri-
ately selected, a largest edge length smaller than deqge guarantees a maximal constraint
satisfaction error less than 6. As a consequence, asking if ng“e"t(i‘) < 60, can be
omitted in Algorithm 4 as well as for its uniform variant. Nevertheless, we retain this
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notation to emphasize the possibility of the procedure terminating even before reaching
the deqge-criterion. We obtain the following correctness and finiteness results in regard
to Algorithm 4.

Lemma 6.2 Let j € [p] and let (B;)ics be a partition of the original variable domain
box Xz, belonging to a relaration Reurens- Furthermore, let T € SReurrent 0 > 0 and

edge > 0 be the input of Algorithm 4. Then, Algorithm 4 returns a partition (B;)ic[s
of Xz, for some s <5 < s+ 1 which is a refinement of (B;)ic[s)-

One can prove that both Algorithm 4 and its uniform variant are é-precise. To do so,
one can closely follow the proofs of [8, Theorems 3.11 and 3.12]. Only the simplex-
based partitioning structure has to be replaced with the box-based one, and one has
to adapt to the slightly different notion of d-preciseness used in the present work.

Proposition 6.3 The refinement procedure presented in Algorithm 4 and its uniform
variant are d-precise.

By Theorem 5.12 this immediately implies finiteness and correctness of Algorithm 1
with Algorithm 4 or its uniform variant as refinement scheme.

Corollary 6.4 Algorithm 1 with Algorithm 4 or its uniform variant as refinement
scheme terminates correctly after finitely many steps.

Bound tightening

The second idea for keeping the complexity of the relaxed problems as low as possible
is utilizing domain reduction techniques. For a detailed overview of this topic, we refer
to [35]. Note that especially in many real-world applications no tight variable bounds
are a-priorily available and therefore reducing the domain might become a crucial step
towards successfully solving such problems. Obviously, having a smaller domain there
is the well-founded hope that fewer boxes — and therefore fewer additional binary
variables — are necessary to reach a relaxation with adequate accuracy.

The domain reduction technique relevant for this work is so-called optimization-based
bound tightening (OBBT). For any variable z; appearing in a nonlinear constraint
function g;, j € [p] and a given relaxation R one solves the problems

min +z; st. x € S~ (OBBT(R)(1))

This method was first mentioned in the context of global optimization by [37] and sub-
sequently applied at the root node of several tree search-based optimization algorithms
(cf. [29, 36, 38]).

If one has an upper bound u on the optimal value, one can strengthen the effect of
OBBT by including the objective cut-off f(z) < u into (OBBT(R)(/)) as introduced
in [41]. This yields problems like

min +z; st. x€S% f(z) <w (OBBT(R,u)(l))

Note that since we assume the components of f to be linear, (OBBT(R,u)(/)) is a
MILP. In [41], this was applied at every node throughout a spatial branch-and-bound
tree yielding a so-called branch-and-contract framework. In [20], the authors present
numerical results showing that employing OBBT occasionally during a spatial branch-
and-bound tree search can have computational benefits — especially for large problems.

24



To the best of our knowledge, when considering relax-and-refine approaches, bound
tightening procedures are only applied before successively refining the relaxations as
done in [31]. Instead of this two-phase approach — tighten the bounds first, partition
the domain afterward — we present a relax-and-refine framework for multi-objective
optimization that can switch between these two tasks. This is motivated by two reasons.
The first one are the results from [20] for tree-based algorithms. There, cutting away
irrelevant parts of the domain results in a possibly smaller number of subproblems
that have to be solved to close the optimality gap. Aiming for a smaller number of
subproblems that have to be solved in the tree-based algorithms transfers to aiming
for a smaller number of boxes that are needed for an adequately accurate relaxation in
our case.

The second reason originates from the differences between the single-objective and the
multi-objective case. In fact, when applying OBBT with an objective cut-off u, i.e.,
solving (OBBT(R,u)(l)), to a multi-objective problem one has to ensure that y < u
for any y € N. Otherwise, one would drop parts of the domain contributing to the
nondominated set. Therefore, when employing it as a first-phase method, one cannot
exclude any part of the domain containing an optimal solution — and they may be
widely distributed across the feasible set as explained earlier. Note that it might even
be the case that the whole feasible set contributes to the nondominated set. Thus,
utilizing an upper bound v with y < u for any y € N for OBBT may be not that
effective for significantly reducing the domain.

The idea is the following: when employing OBBT during the procedure, we may have
different objective cut-offs — e.g., local upper bounds — available each of which specifies
only a certain region in the image space. Consequently, with ongoing progress of the
algorithms, i.e., when the local upper bounds specify a smaller and smaller part of the
nondominated set, larger parts of the preimage space become irrelevant w.r.t. to the
respective objective cut-offs. On the other hand, applying OBBT with a local upper
bound u representing a specific search zone as objective cut-off makes the resulting
shrunk feasible set useless for any other search zone represented by another local upper
bound ' with ¢(u') € c(u) where ¢(u) denotes the lower search zone of u as introduced
in Definition 3.4. In particular, this means that the mediation of image and preimage
space information in order to individualize the relaxations to the specific search zones
intensifies even more.

To formalize the above, we introduce some theoretical notions. We call them theoretical
because we only need them to prove correctness of our procedure. We start with the
possibly shrunk feasible set SY¥ := {z € S| f(z) <y} w.r.t. a point y € R". Given
y € R” such that the set SY is nonempty, for any j € [p] we denote by

Y [hy uy
Xz =25, 251 € X,

the admissible variable domain for g; within SY. Having a local upper bound u, the set
S* consists of all feasible solutions satisfying the search zone constraint f(x) < u. Note
that setting the optimal values of (OBBT(R,u)(l)) with S® = S as lower, respective
upper bounds to all variables z;,1 € [n], yields a superset of S*. Similarly, if we use a
relaxation S™ O S and apply (OBBT(R,u)(l)) only to variables appearing in nonlinear
constraints g;, j € [p|, and denote the respective solutions and new variable bounds by

g;f’(R’y) and g;;“(R’y)’ where [ € J;, we have that

0,(R, l, ; (R,
xfél'l( y)leyﬁxfyﬁx?( ?J)Sl.;t
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Note that at this point we fix the order of the variables to be considered to one given in
Algorithm 5. That is, we start with j = 1 € [p] and continue with [ € J; in ascending
order according to the order within J; C [n]. Afterward, we repeat with j = 2 € [p].
As a direct consequence from the inclusion S C S® we have that S¥ C S (Ry)

Corollary 6.5 Let y € R”, R be a relazation of (MOP), and let R be a relazation
of SRY)_ Then, we have that f(S¥) C f(S®) and for any § € N5° we have that
g€ R\ (f(5Y) + int(RY)).

In Algorithm 5 the procedure for applying optimization-based bound tightening is
presented.

Note that once new bounds for a variable x; are computed in line 7, all boxes, i.e.,
any box for any nonlinear constraint, are adapted or dismissed w.r.t. this new variable
bound. This is what happens from line 8 to line 25.

Lemma 6.6 Let Ryare, T, 0 > 0, and 4 be the input of Algorithm 5. We denote the

relazation after Algorithm 5 by Rena. Then, for any nonlinear constraint g;,j € [p),
(Rstartyﬁ

of (MOP), the elements of Rena.g; form a partition of the box domain X7 ) of g;
belonging to SRstart®)

Proof. Let j € [p]. We start by showing that the union of the boxes from Renq.g;

coincides with the box domain X}?Sta“’ﬁ). Let o/ € §(Rstarts®)  Then, there exists a box

Bgtare belonging to Rgiare.g; With @' € By since S (Rstart,@) € SRstart  If By, belongs
to Rend.gj, then clearly 2’ belongs to the union of the boxes in Renq. If otherwise,
Bstart does not belong to Rend.g; anymore, then Byt was adjusted and/or removed.
We observe that for any variable x; appearing in g; we have xf’BSt‘“t <z < x;"B“a”
and xf’m“m’ﬁ) <z < x?’mm”’m since 1/ € S§Rstart;®) C GRstart  Thig implies that
mf’m“a"’ﬂ) <z < x?’BS“a” and xf’BS“‘“ <z < x?’mm”’m, and particularly that the
box Bt Was not removed without adjustment. Consequently, an adjustment of Bggart
belongs to Rena.g; or has been removed due to redundancy. If it was removed by
redundancy there exists at least one more box B, with 2’ € B, . and the box itself
or an adjustment belongs to Rend.g;. By switching names, we may assume that an
adjusted box Beng 0of Bstart belongs to Reng.g;. For this box Beng and any | € Jj,

z7Bend

0 Boart  £(Ratart, i
T :max{xl’ stare (Rt “u)}

uaBend u7Bstart ua(Rstart 7ﬂ)
l

and = min {:Ul , T

hold and therefore 2’ € B.nq as required.

To conclude this proof we note that for any box Bt belonging to Rgare.g; there
exists at most one box Beng belonging to Rend.g; with Beng € Bstars. This is because no
splitting occurs during Algorithm 5 and the elimination of redundant boxes. Together
with the fact that the boxes in Rgar.g; yield a partition of the corresponding box
domain of g;, we obtain that for two boxes B; and By belonging to Rend.g; it holds
that

int(B1) Nint(By) = 0.

Thus, the boxes appearing in Renq.g; form a partition of the box domain X\%z“"‘”’ﬂ) of

g; belonging to SRstart:@), .
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Algorithm 5 optimization-based bound tightening routine

Input: current relaxation information Recyprent, current solution Z to relaxed problem,
constraint satisfaction tolerance 6 > 0, local upper bound 4 representing the current
search zone

1: Set tightened_vars = ||

2: Set Rstart - 7zcurrent

3: for j € [p| do

4: if g (Z) > 0 then

5: for [ € J; do

6: if x; not in tightened_vars then

7 Solve (OBBT(RR,u)(l)) with u = @ and R = Rgary and denote solu-

tions by xf’(Rsm”’ﬁ), x?’(Rsm”’ﬁ)

8: for j € [p| do

9: if x; appears in g; then

10: for B appearing in Reurrent-g; dO
11: if xf’B < xf’(R“‘“t’ﬁ) < 2" then
12: Set xf’B = xf’(Rs”‘”’ﬁ)

13: else if 218 < (R then
14: Remove B from Rcurrent-9;
15: continue

16: end if

17: if 20 < g (Reer®) o 18 then
18: Set P = x?’(Rm“’ﬁ)

19: else if z"Fee® 108 then
20: Remove B from Rcurrent-9;
21: end if
22: end for
23: Remove redundant boxes in Reurrent-J;
24: end if
25: end for
26: Append z; to tightened vars
27: end if
28: end for
29: end if
30: end for

Output: relaxation Reyrent With tightened bounds

Applying the bound tightening scheme in Algorithm 5 is computationally expensive.

In fact, for any variable x; whose bounds should be tightened, one solves two MILP
relaxations of (MOP). Especially since these relaxations get finer and finer, the re-
laxed problems get more complex. On the other hand, putting effort into the bound
tightening procedure may prevent the relaxations from getting too complex or even
reduce their complexity. Having these two sides in mind, one has to carefully balance
the additional computational effort and the possible benefit in terms of complexity
regarding the relaxations. In [20], the authors discuss ideas when bound tightening is
most efficient during the optimization process. However, for this work, we restrict our-
selves to very basic variants as can be seen in Section 7 where numerical experiments
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are presented.

7 Numerical experiments

This section is dedicated to numerical experiments with the algorithms presented. All
numerical computations in this paper are realized using the Pyomo suite [9, 24] on
a machine with Intel Core i7-8565U processor and 32GB of RAM. While the general
framework is implemented using the Pyomo Modeling, we use the SCIP Optimization
Suite [4] for globally solving the continuous nonlinear problems arising when computing
the overestimation error in OEP. As MILP-solver we use Gurobi [22].

In the following, we consider problems, where not every component of the objective
function is linear. To deal with this algorithmically, we compute an underestimation
function for the nonlinear components as described above for nonlinear constraints.
Afterward, we replace the nonlinear objective component with the piecewise linear
underestimation function and preserve the lower bounding property of the relaxed
problems.

For each of the following test instances we utilize Algorithm 1 with the uniform refine-
ment scheme (UN), and the adaptive refinement scheme with (AD-BT) and without
bound tightening (AD). In the variant AD-BT we apply the bound tightening proce-
dure every third time a relaxation or its refinement is assigned to a new local upper
bound. In addition, we consider two variants for dealing with the reduced problem
(pPMOP (7)) in Algorithm 3. In the first variant, we only solve it to feasibility and in
the second one to global optimality.

Throughout this section, we use the following algorithm parameters: eq, = 0.1, § =
0.095 and 6§ = 1e-4 as well as a time limit of maxtime = 3600s and a maximal number
of iterations of maxiter = 1000.

We start with an illustrative tri-objective mixed-integer non-convex non-quadratic
problem [14, P2]:

1+ T4
mxin To — Xy
xy —exp(zy) — 3
s.t. ol +a3 <1, (P1)
exp(zs) <1,

ZEl.TQ(]_ — ZE3) S ]_,
z € [-2,2 x ([-2,2] N Z).

The corresponding computational results are reported in Table 1.

One can see that using the uniform refinement scheme does not yield a satisfactory
result within the time limit for both NLP-variants. An average number of around
212.3, respectively, 554.3 additional binary variables indicates a significantly increased
complexity of the relaxed problems. In some cases, even over 5.000, respectively, 10.000
binary variables are added to the problem, making it comparably hard to solve. In
contrast to that, one observes an enormous advantage in computational time when
using the adaptive refinement scheme. Here, the size of the relaxed problems decreases
significantly. There are only around 36.3, respectively, 29.6 binary variables added
on average for the 5241, respectively, 469 MILP relaxations that have to be solved.
Applying bound tightening, the computational time decreases even more. The reason
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feasibility NLP global NLP

UN AD AD-BT UN AD AD-BT
CPU (in s) * 1760.6 1216.3 * 196.6 107.3
# of iterations 18 53 49 7 24 24
max # of preimage set boxes (MPSB) || 5122 76 36 10257 | 59 26
average # of PSB (APSB) 2124 | 36.3 14.9 554.3 | 29.6 12.3
# of solved relaxed problems (RP) 598 5241 | 387742443 140 469 | 467+399

Table 1: Numerical results for (P1). % stands for an exit of the method because of the
time limit. For the AD-BT variant we count the number of MILP relaxations solved for
tackling the search zones as well as the ones solved for tightening the variable bounds.

for this is a significantly smaller average of preimage set boxes, namely only around 14.9,
respectively, 12.3, i.e., again a reduction of size of the relaxed problems. This results in
a reduced computational time of 1216.3s, respectively, 107.3s with bound tightening
opposing 1760.6s, respectively, 196.6s without bound tightening. Furthermore one can
see a very significant advantage of solving the NLPs to global optimality instead of
just to feasibility. While there is no significant difference in the size of the relaxed
problems, there is a huge increase in the number of problems that have to be solved
when using the feasibility approach compared to the case of solving the reduced NLPs
to global optimality. One reason for this might be better progress in the image space
when using nondominated points of the patch problems (pMOP(7;)) instead of only
feasible ones for the updates of the potentially nondominated set as well as the set of
local upper bounds.

We continue with the attempt to illustrate the functionality of the adaptive refinement
scheme and the possibility of tightening the variable bounds during the procedure.
Note that for problem (P1), all five possible integer assignments contribute to the
feasible set. In Figures 2a and 2b, different domain partitionings of the variable do-
main [0, 1] x [—4,1] of the function f5(x) = x5 — exp(z4) — 3 (depicted in Figure 3)
corresponding to different search zones are depicted. Figure 2a shows the respective
partitionings obtained by employing the adaptive refinement scheme, whereas Figure 2b
shows the partitionings when bound tightening is additionally applied. For each of the
two variants, we report the partitioning of the variable domain [0, 1] x [—4, 1] associated
with three different search zones. That is, the left partitionings belong to the respec-
tive relaxations associated with the search zone determined by the local upper bound
(—2.83,1.64,—0.12) ", the midparts are associated with the search zone determined by
the local upper bound (0.30, —1.45, —7.01) " and the right partitionings with the search
zone determined by the local upper bound (1.26, —2.45, —11.59)T.

One can clearly see the effect of bound tightening as for all three cases the partitions
consists of only one box contrasting multiple boxes for the sole adaptive refinement
scheme. Note further, that the bound tightening reduces the dimension of the boxes
as it fixes the values of the discrete variable x4 to the respective relevant values. Nev-
ertheless, one can also observe the concentration to only certain parts of the variable
domain box by the adaptive refinement scheme.
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T4 Ty T4

—2 €3 2 —2 &3 2 —2 T3 2

a) no bound tightening

2 2 2
T4 Ty T4
-2 €3 2 -2 &3 2 -2 x3 2

b) with bound tightening

Figure 2: Domain partitionings of the domain belonging to f3(x) = x5 — exp(x4) —
3 corresponding to different search regions in the image space as performed by the
Algorithm 1.

We continue with a scalable bi-objective quadratically constrained problem [14, P3]:

k/2 k+1/2
min < i Dol Ty + Zi:k+l T >
n
T \Ximk/241 Ti T ik yi/241 Ti

k n
s.t. fo >1, Z xf <9,
i=1

$Z»€ [0, 1] forli:E k], =z €[-3,3]NZ,i € [n]\ [k]

(P2)

Problem (P’2) is scalable in the even number k£ € N of continuous variables as well
as in the even number [ € N of integer variables. This sums up to a number of
n = k + [ variables in total. The numerical results for different configurations of (P2)
are displayed in Table 2.

One can see that the uniform approach is outperformed in terms of computational time
by the other two approaches for all configurations of (P2), except for (k = 2,1 = 2)
together with the global NLP approach. In this case, the uniform refinement method
is faster than the AD-BT variant. However, one can observe that (for all correctly
terminated instances) using the UN approach, the number of MILPs that have to
be solved is smaller compared to the other approaches. This is not surprising at all
as the uniform partitioning approach bisects all of the boxes in one refinement step
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Figure 3: Surface of the function f3 = z3—exp(z4) —3 on the domain [—2, 2] x ([-2,2]N
7).

and therefore possibly fewer relaxed problems have to be solved to approximate the
relevant area in the preimage space fine enough compared to the adaptive approach.
Nevertheless, the results displayed in Table 2 show that the benefit of solving smaller
MILP relaxations is higher than the cost of solving more of them, i.e., the sparsity in
the partitionings is more important than the number of problems solved. Note at this
point that using the uniform refinement method, a lot more (OEP) have to be solved
globally, as each box belonging to the partition is bisected. The increased number of
(OEP) together with the increase in the size of the MILP relaxations are two reasons
for the obvious inferiority of the uniform approach compared to the other two.

This clarity does not transfer to the question of whether applying bound tightening
or not. While the positive impact of bound tightening is obvious when comparing
the average size of the MILP relaxations (APSB), it is not that clear when comparing
computational times. There are configurations of (P2) for each of the two adaptive
variants being superior to the other. However, especially in the case of solving the
NLPs (pMOP(;)) to feasibility, the AD-BT variant outperforms the AD variant quite
clearly for most of the configurations — this might become apparent when the NLP
part of the MINLP in question is too hard for solving to global optimality.

When comparing the feasible NLP approach with the global one, one observes that
there is no significant difference in computational time for most configurations when
using the AD-BT variant. This opposes the other two refinement schemes, where the
difference in computational times is tremendous. For all cases the number of MILP
relaxations increases. This is due to weaker progress in the image space for the single
search zones visits as we only use feasible points instead of patch-nondominated ones
for the update of the potentially nondominated set.

The results in Table 2 indicate that it seems to be beneficial to apply bound tightening
when the number of continuous variables increases compared to the number of integer
ones. Note that no variant succeeded in solving any configuration of (P2) with [ > 8
within a reasonable time limit.

Note further that all of the continuous, respectively, integer variables appear in one of
the constraints. Consequently, k, respectively [, also determine the dimension of the
original variable domain of the corresponding constraint. Using, e.g., a simplex-based
partitioning scheme to triangulate the six-dimensional variable domain one would have
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to use at least 308 and in case of eight-dimensional variable domains more than 1500
simplices.

8 Conclusion

In the present paper, we have introduced an algorithm for computing pseudo enclosures
of the nondominated set of multi-objective mixed-integer nonconvex problems. The
algorithm allows to refine the piecewise linear outer approximations in an adaptive
manner guided by image space information. The piecewise linear outer approximations
are based on a novel box-based relaxation technique for general nonconvex terms which
allows to additionally apply bound tightening during the procedure using better and
better image space information in form of objective cut-offs.

While the proposed method performs overall very well for the above toy instances, it
has clear limitations when facing problems that either have a more complex structure
or are larger. To overcome this relevant issue, some numerical tuning has to be done
in the future. Possible ideas for that are the following: for larger problems it is not
a good idea to apply bound tightening to each and every variable appearing in a
nonlinear constraint every time. Therefore, strategies, e.g., based on the results in
[20], for determining when and which bound tightening problems should be solved
are needed. Furthermore, as proposed in [8], one can think of selection strategies of
the constraints for which a partioning refinement should be performed. Although the
box-based partitioning scheme is able to handle dimensions larger than two (see the
above results), it might be crucial of using expression trees for splitting constraints
where many variables appear. Lastly, when the fix-integer-assignment strategy fails to
find a feasible point, one might implement a feasibility version of the original problem
together with the search zone constraint. By doing so, one avoids a lengthy (and
costly) refinement-after-refinement sequence without any progress. First experiments
have shown that utilizing the last of the above modifications, the computational time
for the configuration (k = 2,1 = 8) of (P2) could be reduced from no termination
within 10A to correct termination within around 1.000s.

Acknowledgments

The first and last author have been funded by the Deutsche Forschungsgemeinschaft
(DFG, German Research Foundation) — Project-ID 432218631.

The second and the third author are funded by the DFG via the German Excellence
Strategy.

References

[1] Claire S. Adjiman and Christodoulos A. Floudas. “Rigorous convex underesti-
mators for general twice-differentiable problems”. J. Global Optim. 9.1 (1996),
pp. 23-40. DOT: 10.1007/BF00121749.

[2] Evelyn M.L. Beale and John H. Forrest. “Global optimization using special or-
dered sets”. Math. Program. 10.1 (1976), pp. 52-69. DOI: 10.1007/BF01580653.

32


https://doi.org/10.1007/BF00121749
https://doi.org/10.1007/BF01580653

[12]

[13]

[14]

[15]

Pietro Belotti et al. “Mixed-integer nonlinear optimization”. Acta Numer. 22
(2013), pp. 1-131. por: 10.1017/80962492913000032.

Ksenia Bestuzheva et al. The SCIP Optimization Suite 8.0. Technical Report.
Optimization Online, Dec. 2021.

Kristin Braun and Robert Burlacu. A Computational Study for Piecewise Linear
Relazations of Mized-Integer Nonlinear Programs. Optimization Online. 2023.

Regina S. Burachik, C. Yalgin Kaya, and Mohammed Mustafa Rizvi. “Algo-
rithms for generating Pareto fronts of multi-objective integer and mixed-integer
programming problems”. Eng. Optimiz. 54.8 (2022), pp. 1413-1425. por: 10.
1080/0305215X.2021.1939695.

Robert Burlacu. “On refinement strategies for solving MINLPs by piecewise linear
relaxations: a general red refinement”. Optim. Lett. 16 (2021), pp. 635-652. DOI:
10.1007/s11590-021-01740-1.

Robert Burlacu, Bjorn Geifller, and Lars Schewe. “Solving mixed-integer non-
linear programmes using adaptively refined mixed-integer linear programmes”.
Optim. Methods Softw. 35.1 (2020), pp. 37-64. DOI: 10.1080/10556788.2018.
1556661.

Michael L. Bynum et al. Pyomo — Optimization Modeling in Python. Springer,
2021. por: 10.1007/978-3-030-68928-5.

Kerstin Déachert and Katrin Teichert. An improved hyperboxing algorithm for
calculating a Pareto front representation. https://arxiv.org/abs/2003.14249.
2020.

Marianna De Santis, Gabriele Eichfelder, Julia Niebling, and Stefan Rocktéaschel.
“Solving Multiobjective Mixed Integer Convex Optimization Problems”. SIAM
J. Optimiz. 30.4 (2020), pp. 3122-3145. DOI: 10.1137/19M1264709.

Matthias Ehrgott. Multicriteria Optimization. Springer, 2005. DOI: 10.1007/3-
540-27659-9.

Gabriele Eichfelder, Peter Kirst, Laura Meng, and Oliver Stein. “A general branch-
and-bound framework for continuous global multiobjective optimization”. J. Global
Optim. 80 (2021), pp. 195-227. DOI: 10.1007/s10898-020-00984~y.

Gabriele Eichfelder, Oliver Stein, and Leo Warnow. “A Solver for Multiobjective
Mixed-Integer Convex and Nonconvex Optimization”. J. Optimiz. Theory App.
(2023). pOI: 10.1007/s10957-023-02285-2.

Gabriele Eichfelder and Leo Warnow. “A hybrid patch decomposition approach
to compute an enclosure for multi-objective mixed-integer convex optimization
problems”. Math. Method Oper. Res. (2023). DOI: 10.1007/s00186-023-00828~
X.

Gabriele Eichfelder and Leo Warnow. “An approximation algorithm for multi-
objective optimization problems using a box-coverage”. J. Global Optim. 83.2
(2022), pp. 329-357. DOI: 10.1007/s10898-021-01109-9.

Levent Eriskin, Mumtaz Karatas, and Yu-Jun Zheng. “A robust multi-objective
model for healthcare resource management and location planning during pan-
demics”. Ann. Oper. Res. 335.3 (2024), pp. 1471-1518. poI: 10.1007 /510479~
022-04760-x.

33


https://doi.org/10.1017/S0962492913000032
https://doi.org/10.1080/0305215X.2021.1939695
https://doi.org/10.1080/0305215X.2021.1939695
https://doi.org/10.1007/s11590-021-01740-1
https://doi.org/10.1080/10556788.2018.1556661
https://doi.org/10.1080/10556788.2018.1556661
https://doi.org/10.1007/978-3-030-68928-5
https://arxiv.org/abs/2003.14249
https://doi.org/10.1137/19M1264709
https://doi.org/10.1007/3-540-27659-9
https://doi.org/10.1007/3-540-27659-9
https://doi.org/10.1007/s10898-020-00984-y
https://doi.org/10.1007/s10957-023-02285-2
https://doi.org/10.1007/s00186-023-00828-x
https://doi.org/10.1007/s00186-023-00828-x
https://doi.org/10.1007/s10898-021-01109-9
https://doi.org/10.1007/s10479-022-04760-x
https://doi.org/10.1007/s10479-022-04760-x

[18]

[25]

[20]

[27]

[28]

Sunney Fotedar, Ann-Brith Stréomberg, and Torgny Almgren. “Bi-objective opti-
mization of the tactical allocation of job types to machines: mathematical mod-
eling, theoretical analysis, and numerical tests”. Int. T. Oper. Res. 30.6 (2023),
pp. 3479-3507. DOL: 10.1111/itor.13180.

Bjorn Geifller, Alexander Martin, Antonio Morsi, and Lars Schewe. “Using piece-
wise linear functions for solving MINLPs”. In: Mized integer nonlinear program-
ming. Vol. 154. IMA Vol. Math. Appl. Springer, New York, 2012, pp. 287-314.
DOIL: 10.1007/978-1-4614-1927-3_10.

Ambros M. Gleixner, Timo Berthold, Benjamin Miiller, and Stefan Weltge. “Three
enhancements for optimization-based bound tightening”. J. Global Optim. 67.4
(2017), pp. 731-757. DOI: 10.1007/510898-016-0450-4.

Julia Gribel, Richard Krug, Martin Schmidt, and Winnifried Wollner. “A suc-
cessive linear relaxation method for MINLPs with multivariate Lipschitz contin-
uous nonlinearities”. J. Optimiz. Theory Appl. 198.3 (2023), pp. 1077-1117. por:
10.1007/s10957-023-02254-9.

Gurobi Optimization, LLC. Gurobi Optimizer Reference Manual. 2023.

Pascal Halffmann, Luca E. Schéifer, Kerstin Déachert, Kathrin Klamroth, and
Stefan Ruzika. “Exact algorithms for multiobjective linear optimization problems
with integer variables: A state of the art survey”. J. Multi-Criteria Decis. Anal.
29.5-6 (2022), pp. 341-363. pOI: 10.1002/mcda. 1780.

William E. Hart, Jean-Paul Watson, and David L. Woodruff. “Pyomo: model-
ing and solving mathematical programs in Python”. Math. Program. Comp. 3.3
(2011), pp. 219-260. DOT: 10.1007/512532-011-0026-8.

Kathrin Klamroth, Renaud Lacour, and Daniel Vanderpooten. “On the represen-
tation of the search region in multi-objective optimization”. Fur. J. Oper. Res.
245.3 (2015), pp. 767-778. DOI: 10.1016/.ejor.2015.03.031.

Jon Lee and Sven Leyffer, eds. Mized Integer Nonlinear Programming. Vol. 154.
The IMA Volumes in Mathematics and its Applications. Selected papers based
on the IMA Hot Topics Workshop “Mixed-Integer Nonlinear Optimization: Algo-
rithmic Advances and Applications” held in Minneapolis, MN, November 17-21,
2008. Springer, New York, 2012, pp. xvii+690. DOI: 10. 1007 /978-1-4614-
1927-3.

Jon Lee and Dan Wilson. “Polyhedral methods for piecewise-linear functions
I: the lambda method”. Discrete Appl. Math. 108.3 (2001), pp. 269-285. DOI:
10.1016/S0166-218X(00)00216-X.

Moritz Link and Stefan Volkwein. “Adaptive piecewise linear relaxations for en-
closure computations for nonconvex multiobjective mixed-integer quadratically
constrained programs”. J. Global Optim. 87 (2023), pp. 97-132. pDOI: 10.1007/
s10898-023-01309-5.

Costas D. Maranas and Christodoulos A. Floudas. “Global optimization in gener-
alized geometric programming”. Comput. Chem. Eng. 21.4 (1997), pp. 351-369.
DOI: 10.1016/S0098-1354(96) 00282-7.

Alexander Martin, Markus Moller, and Susanne Moritz. “Mixed integer models
for the stationary case of gas network optimization”. Math. Program. 105.2-3
(2006), pp. 563-582. DOI: 10.1007/510107-005-0665-5.

34


https://doi.org/10.1111/itor.13180
https://doi.org/10.1007/978-1-4614-1927-3_10
https://doi.org/10.1007/s10898-016-0450-4
https://doi.org/10.1007/s10957-023-02254-9
https://doi.org/10.1002/mcda.1780
https://doi.org/10.1007/s12532-011-0026-8
https://doi.org/10.1016/j.ejor.2015.03.031
https://doi.org/10.1007/978-1-4614-1927-3
https://doi.org/10.1007/978-1-4614-1927-3
https://doi.org/10.1016/S0166-218X(00)00216-X
https://doi.org/10.1007/s10898-023-01309-5
https://doi.org/10.1007/s10898-023-01309-5
https://doi.org/10.1016/S0098-1354(96)00282-7
https://doi.org/10.1007/s10107-005-0665-5

[31]

[39]

[40]

[41]

Harsha Nagarajan, Mowen Lu, Site Wang, Russell Bent, and Kaarthik Sundar.
“An adaptive, multivariate partitioning algorithm for global optimization of non-
convex programs”. J. Global Optim. 74.4 (2019), pp. 639-675. DOI: 10. 1007/
$10898-018-00734-1.

Lwis Paquete, Britta Schulze, Michael Stiglmayr, and Ana C. Lourengo. “Com-
puting representations using hypervolume scalarizations”. Comput. Oper. Res.
137 (Jan. 2022). 105349. DOI: 10.1016/7j.cor.2021.105349.

Anna Pascoletti and Paolo Serafini. “Scalarizing vector optimization problems”.
J. Optimiz. Theory App. 42.4 (1984), pp. 499-524. por: 10.1007/BF00934564.

Tyler Perini, Natashia Boland, Diego Pecin, and Martin Savelsbergh. “A crite-
rion space method for biobjective mixed integer programming: the boxed line
method”. INFORMS J. Comput. 32.1 (2020), pp. 16-39. DOI: 10.1287/1ijoc.
2019.0887.

Yash Puranik and Nikolaos V. Sahinidis. “Domain reduction techniques for global
NLP and MINLP optimization”. Constraints 22.3 (2017), pp. 338-376. DOI: 10.
1007/s10601-016-9267-5.

Ignacio Quesada and Ignacio E. Grossmann. “A global optimization algorithm
for linear fractional and bilinear programs”. J. Global Optim. 6.1 (1995), pp. 39—
76. DOI: 10.1007/BF01106605.

Ignacio Quesada and Ignacio E. Grossmann. “Global optimization algorithm for
heat exchanger networks”. Ind. Eng. Chem. Res. 32.3 (1993), pp. 487-499. pOI:
10.1021/1ie00015a012.

Edward M.B. Smith and Constantinos C. Pantelides. “A symbolic reformula-
tion/spatial branch-and-bound algorithm for the global optimisation of noncon-
vex MINLPs”. Comput. Chem. Eng. 23.4 (1999), pp. 457-478. por: 10.1016/
S0098-1354(98)00286-5.

Juan P. Vielma. “Mixed integer linear programming formulation techniques”.
SIAM Rev. 57 (2015), pp. 3-57. DOIL: 10.1137/130915303.

Kaifeng Yang, Michael Emmerich, André Deutz, and Thomas Béack. “Efficient
computation of expected hypervolume improvement using box decomposition
algorithms”. J. Global Optim. 75 (2019), pp. 3-34. DOI: 10.1007/s10898-019~
00798-7.

Juan M. Zamora and Ignacio E. Grossmann. “A branch and contract algorithm
for problems with concave univariate, bilinear and linear fractional terms”. J.
Global Optim. 14.3 (1999), pp. 217-249. DOIL: 10.1023/A:1008312714792.

35


https://doi.org/10.1007/s10898-018-00734-1
https://doi.org/10.1007/s10898-018-00734-1
https://doi.org/10.1016/j.cor.2021.105349
https://doi.org/10.1007/BF00934564
https://doi.org/10.1287/ijoc.2019.0887
https://doi.org/10.1287/ijoc.2019.0887
https://doi.org/10.1007/s10601-016-9267-5
https://doi.org/10.1007/s10601-016-9267-5
https://doi.org/10.1007/BF01106605
https://doi.org/10.1021/ie00015a012
https://doi.org/10.1016/S0098-1354(98)00286-5
https://doi.org/10.1016/S0098-1354(98)00286-5
https://doi.org/10.1137/130915303
https://doi.org/10.1007/s10898-019-00798-7
https://doi.org/10.1007/s10898-019-00798-7
https://doi.org/10.1023/A:1008312714792

“JIWI] SWIT) 97} JO 9SNRIA( POYIOUW 91} JO X0 UR I0J
spue)s x *(7,]) JO SUONRINSYUOD JUSIOPIP I0J soX0( 310s ofewrald Jo Ioquunu o8eIoA® pue junod J[N ‘s Ul sowr) [euorjeinduwo)) :z o[qe],

T'G8T | G6G+0SS | T'199 | €79% | LT0T | 0°€g6 || €0TGL | 8T ¥ LOLT | T97+8€9 | T'669 || S'F0E | €608 | 6°C5at || €01GL | 8T * |98
L'8¢ | €IV+E¥C | 196 | ¥'89 | 9GL | L'STg || TGIS | L€g | x 916 | LIF+0S9 | 066 | T8 | FP6T | T°008 || #€L8 | LIT| * || ¥[8
8% | 08c+89 | €8I || Tgc | €9¢ | L'Tgl || ¥019 | @91 | €6 | 0ve+S6 | LLT | T9% | SPPI | ©61IF || ¥'G0F | 89T | * |G |8
L'€0G | GES+TLS | LLL8 || €058 | 0€8 | 6669 || €0TGL | ST * 8'€0C | S6F+89G | €°6LL || L'TLe | STIT | €066 | €01¢L | 8T * 919
Ve | 668+E6T | €¢L | TIS | F0S | 68T || 6°865 | 60 | oLy || L8C | €66+L9T | L°GL || LT9 | L0L | 890% | ¥ooee | ¥8 | ¥ [ ¥ |9
8% | 8€c+89 | 79T || ST'ST | #¥€ | ©'8C || WITT | GGT | L'8€S || 8% | 985+99 | ¢CT || 0%¢ | 287 | 016 | <86e8 | Sl | * 2|9
T'9LT | 5GE+98S | #PLS | 8¥1c | 8¢9 | 5'g6V || €0IGL | ST * 8'€LT | G0P+2LS | ©°909 || 81€C | ©6L | 70L9 | €0TSL | 8T  |o9lv
80¢ | 806+9ST | T'6S || 6¢F | 925 | LG || €C6¢ | 19T | L'€ET || ©S€ | L6C+81g | L'TL | ©0S | 6.6 | 6G8 | 836G | 99z | L'€6V | 7 | ¥
8% | 96T+89 | 6'€T | ©OT | G8T | 9T || 29 | 61T | L¥S G | 891+g8 | T'€l || 6l | L1 | T'I¥ 76y | SLT [ T70C |G | ¥
C'08T | TETHVIC | 6°CLF | 9°€TC | €8S | €7SY || €L6€L | 8T X €'6LT | 60T+8EG | L'€ST || 97088 | S6S | 8667 | €L6EL | ST * 19]%
66 | 9vc+0gTl | 0°Gy | STI€ | PET | S6g || €6ST | POT | L@8 || OF%c | 066+9ST | L0S || 96€ | €0g | 92L& || S69T | €/T | T'9IT || ¥ | ¢
€¢ | $SI+89 | 611 0L LL | 19 G'8T | GL | 88 GLG | ger+ss | €al €L | €T | ¥6 80c | OIT | T'ST || 5|3
asdv du NdD || SAV | d¥ | ndD || 9SdV | 49 | ndD ||| dSdV du NdD || dSdV | d¥ | ndD || dSdV | 44 | NdD
Ld-av av NN 1d-av av NN 1|4
dIN 18qo13 JdIN Lpiqrsesy

36




	1 Introduction
	2 Definitions and notations
	3 Main algorithm for computing an enclosure
	4 Correct and finite termination
	5 Box-based piecewise linear relaxations
	6 Relaxation-refinement schemes
	7 Numerical experiments
	8 Conclusion

