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Preface

Mixed-integer nonlinear programs, or MINLPs for short, constitute a large class of op-
timization problems. The name also reveals its two most challenging features: Non-
linearity and integrality. Concerning nonlinearity, neither the objective nor the con-
straint functions need to be linear in MINLP, and these nonlinearities are difficult to
handle theoretically. For example, ignoring integrality for the moment, the continuous
problem need not be convex, which makes global optimization difficult, if not impossi-
ble. Nonlinearities also present significant numerical challenges; already the restricted
class of polynomials leads to notorious numerical instabilities. Concerning integrality,
even “easy” linear optimization problems with integrality requirements are NP-hard in
varying dimensions (Theorem , and the classical optimization methods from “the
smooth world” — roughly speaking, compute the gradient and solve for critical points;
if you can, use the Hessian or an approximation of it cleverly, too — are, naively carried
out, pointless in face of integer variables. Even worse, in the general form of MINLP, it
is not even guaranteed that the functions at hand are differentiable, so even first-order
methods (exploiting and applying gradient information in the solution process) cannot
be applied to continuous subproblems or relaxations. Combining both difficulties, the
situation gets worse. We end up with a class of optimization problems that are so diffi-
cult that, even when we restrict to the all-integer special case of a polynomial objective,
discard all constraint functions, it can still be shown that there cannot exist an algorithm
solving the problems in this subclass (Theorem . In short, the class of MINLP is too
large to hope for a general solution. So why should one even try to approach MINLP?
Because, by all means, this is not the end of the story. Many important subclasses are
well-understood and solvable, and for the remaining ones, a plethora of techniques exist
that may allow to solve a given problem. And the fact that many problems in science
and industry can be accurately modeled in the form of MINLP ensures that the demand
for progress in this field remains high.

Our contribution is the presentation of geometric approaches that assist in the solu-
tion process of MINLP. Amongst others, we compute half-spaces, seminorm balls and
ellipsoids that contain the relaxed feasible set. We also compute norm balls that contain
all optimal solutions, which is formalized in the concept of norm bounds. We then in-
vestigate how integrality arguments can be used to shrink these sets and potentially cut
off continuously feasible points. The norm and seminorm balls as well as the ellipsoids
make the integer part of the problem (given some assumptions) accessible to branch and
bound. For the branch and bound part, we also propose a class of underestimators that
yield tight lower bounds. The approaches always involve the task to optimally choose
a geometric object out of a whole class of similar geometric objects — for example, to
choose an ellipsoid of minimal volume containing the relaxed feasible set out of the col-



lection of all axis-parallel ellipsoids. For polynomial objective and constraint functions,
these auxiliary problems, or approximations thereof, become tractable by using sum of
squares programming and tools from real algebra. These auxiliary problems can then
be implemented and assist in the solution process of a given problem. We also present
results that guarantee that the approximate solutions converge eventually to the optimal
solution of the auxiliary problem. A subset of the approaches has been implemented
and we demonstrate that they work in computer experiments.
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1. Introduction

In this chapter, we introduce MINLP| or mixed-integer nonlinear programming, a large
class of optimization problems, with a focus on polynomials. We motivate our contri-
butions and supply the necessary preliminaries from various fields of mathematics that
are used in the chapters to follow.

Section [I.1] gives the formal definition of the problem class. The associated feasible
set and its relaxed variant are the point of entry for our geometric approaches. We
motivate polynomial constraint and objective functions.

Section[I.2] outlines the structure of this work. The aim of every chapter is summarized
in a few sentences, followed by a brief summary of the chapter’s sections.

Section [I.3] gives an overview on the literature on mixed-integer nonlinear program-
ming. We refer to surveys as well as negative and positive results.

Section [I.4] presents the tools that are necessary for our approaches. Starting off
with the basics on numbers, norms and topology, we proceed with polynomial algebra
and give the definition of a quadratic module. We settle terminology from optimization
and introduce coercivity, a key property in this work. Furthermore, matrices, valid
inequalities and cuts, convexity, polyhedra and spectrahedra as well as ellipsoids are
introduced.

Section [1.5] repeats sos programming, a class of optimization problems. Almost all of
our approaches result in an sos program, hence this technique is central for our work.
Together with results from real algebraic geometry, we outline how sos programming can
be used to approximate continuous polynomial programs. Many of the auxiliary pro-
grams we consider are continuous polynomial programs. We also show how sos programs
translate to semidefinite programs.

Section[1.6] closes this chapter. We repeat fundamental results from complexity theory
which help us judge throughout the following chapters which auxiliary problems are
tractable and which are not. Furthermore, we recall how various geometric, algebraic
and analytic properties relate to the existence of optimal solutions to [MINLP]



1.1. Mixed-Integer Nonlinear Programming

Enter MINLP. In the most general form that we consider in this work, a mixed-integer
nonlinear program reads

min  f(x)
st. gr(z) >0, k=1,...,r (MINLP)
el — iel, (MIPP)
x € R",
where f : R" — R is the objective function and ¢, ..., g, : R® — R are the constraint

functions. If f and g; are arbitrary functions, we refer to the program as |MINLP| The
variant with polynomial data, i.e., f and g; are polynomials in n variables, is referred to

by [MIPP| The integer variables are indexed by the set Z C {1,...,n}.

The program and its geometry
Let us define two sets associated with [MINLP| The set of all feasible solutions with

integrality relaxed, namely,
F={zeR":¢(x)>0,...,g.(x) >0}

which we denote the relazed feasible set for short, and the set of all feasible solutions
with integrality enforced, that is,

Fr={x€F .z, €ZVieTl},

the feasible set for short.

A key step in solving is to understand and exploit the geometry of the sets
F and F7, and then to approximate and finally dissect them, with the objective to
simplify a complicated problem into — hopefully — easier subproblems. Actually, there
are several classical [BP03] techniques for and approaches to the solution of MINLP|that
rely on geometric and combinatorial properties of F' and F7. Three of the most common
techniques are branch and bound, or B&B for short, outer approximation and (linear)
cuts. In the following, we show how our approaches contribute to each of them.

Branch and bound. For the integer variables, a recurring solution ingredient is some
form of branch and bound (see, e.g., Chapter 3 in [BKL+13|, Preface in [LL12]). Enu-
meration of the integer part of candidate optimal solutions can be depicted as a rooted
tree, and branch and bound examines its branches, trying to discard branches once it
can be concluded the branch does not contain an optimal solution by using lower and
upper bounds on the objective. If a branch and bound approach is to succeed, two
factors are decisive: A small search tree (the fewer nodes the better) and tight bounds
on the objective (to prune branches as early as possible).



We address both in this work. Concerning the search tree, we explore how to compute
sets of minimal size that contain F' (or F' intersected with a suitable sublevel set in the
case of a norm bound). These sets come in the form of norm and seminorm balls as well
as ellipsoids, and allow for easy enumeration of the integer variables. Since finding these
sets involves a choice, we cast these problems as auxiliary optimization problems. Using
integrality arguments, we can shrink the enclosing sets further so that they still contain
Fr (or Fr intersected with a sublevel set) solutions but potentially cut off points from
F'. This information helps to keep the number of enumerated solutions and hence the
search tree small. For the unconstrained case and a polynomial objective, we compare
our norm bounds with a norm bound from the literature [Mar03]. We show that our norm
bound is never worse and, for dense instances, better. Computer experiments on random
instances show that our norm bounds are smaller by orders of magnitude, allowing
to solve problems which would have been previously unsolvable. Regarding the lower
bounds on the objective function, we derive the lower bounds from wunderestimators,
where the objective f is underestimated on a subset U of R" by g if g(z) < f(x)
for all z € U. To this end we introduce a class of easy-to-minimize underestimators
for mixed-integer minimization problems. Experiments on random instances show that
they perform well.

Outer approximations. A further recurring component to the solution of are
outer approximations. The meaning of outer approximation is, in the literature on
optimization, twofold: It is the name of a celebrated solution method for a special class
of [DG86} [FL94|, and also describes the process of relaxing a complicated set
to a larger set (hence outer approximation) that is easier to handle. An important
special case of outer approximation is outer linearization |Geo70|, where the set F' is
approximated by a polyhedron. This results in giving valid inequalities for F', which can
be derived, e.g., by using gradient information if the associated constraint functions are
convex. Geometrically, valid linear inequalities correspond to half-spaces containing F'.

In this work, we also study the problem to find tight valid linear inequalities for
F. More generally, such outer approximations by linear functions can be seen as a
convexification [TS02] of the problem, where a non-convex feasible set or objective is
approximated by convex sets or a convex objective, respectively. In this view, our
enclosing half-spaces, norm and seminorm balls as well as ellipsoids are convexifications
of the problem.

Cuts. The third solution method that relies on geometric properties of and
that has proved successful are linear cuts, also known as cutting planes in the literature.
The famous article “Solution of a Large-Scale Traveling-Salesman Problem” by Dantzig,
Fulkerson and Johnson [DFJ54] can be seen as the first linear cut algorithm (p. 7-9
in [JLN+10]), and since then, linear cuts had a tremendous impact on integer program-
ming, or as the authors in in [JLN+10], p. 9, put it, “Great new ideas may transform the
discipline they came from [...] profoundly [...]. The cutting-plane method of George
Dantzig, Ray Fulkerson, and Selmer Johnson had the same kind of impact on the dis-



cipline of mathematical programming.” A linear cut for F', the relaxed feasible set, is
a valid linear inequality for the feasible set F7. Roughly speaking, cutting planes are
often used in a solution framework as follows: If an optimal solution of the continuous
relaxation — the task to minimize the objective over F' instead of F7 — has been found
which is infeasible for the original problem (else an optimal solution of the original prob-
lem is found), add a linear cut which cuts off this solution, and solve again. Cutting
planes have been extended to convex programming. Even more, the concept of a cut
has been generalized to nonlinear cuts, sometimes called “nonlinear cutting planes”, see,
e.g., [BE76], [LS00], [MBO09].

The geometric approaches we consider provide — linear or nonlinear — cuts as follows.
We search for half-spaces, seminorm balls or ellipsoids containing the set of feasible
solutions F7 (and norm bounds on the optimal solutions). Since these problems are
themselves mixed-integer nonlinear programs with possibly infinitely many constraints
and too difficult in practice, we eventually relax integrality and require containment of
F, the relaxed feasible set, in the half-space, seminorm ball, or ellipsoid instead (or,
containment of F' intersected with a suitable sublevel set in the case of norm bounds).
Once a, say, seminorm ball containing F' is chosen, we can think of it as a valid —
nonlinear in this case — inequality for F'. It is then, in a second step, often possible to
use integrality arguments to “tighten” the inequality further, so that the inequality still
holds for all (non-relaxed) feasible solutions, that is, Fr, but is possibly violated at a
point in F'. Thus, we have a cut for the feasible set.

Real algebra for real polynomials

So far we have seen that in solving [MINLP] geometry is omnipresent. Since the title
is “Geometric and algebraic approaches to mixed-integer polynomial optimization using
sos programming”, let us explain where the polynomials and algebra is in all of this.

Our different geometric approaches all involve auxiliary optimization problems. These
problems can usually be formulated in very general terms and in a first step, we attempt
to infer information about existence of feasible and optimal solutions of these auxiliary
problems with as few assumptions as possible. These results are important from a
theoretical perspective, as they justify the chosen auxiliary problem and show that it is
well-posed.

However, it is of little use to replace a difficult problem (MINLP|in this case) by
another problem (the auxiliary problem), if the latter is not easier to solve. The path
that we pursue in this work to make the auxiliary problems tractable is to restrict the
problem data — not immediately, but at some point — to polynomials.

The primary motivation for polynomials is that they constitute a large class of nonlin-
ear functions. In a sense, polynomials are prototypes of (continuous) nonlinear functions.
To make this precise, we can refer to the Stone-Weierstrass theorem (Theorem : Ev-
ery continuous real function on a compact subset of R” can be uniformly approximated
by polynomials in n variables. Also, the set of polynomials is closed under some common
operations: They can be added, multiplied by scalars and multiplied by other polyno-
mials, without leaving the class (formally, the polynomial functions are a subalgebra of
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the algebra of all continuous functions on a subset of R™), which is very handy for alge-
braic manipulations. Moreover, polynomials have been extensively studied in real and
complex algebra as well as in algebraic geometry, which allows us to connect algebra and
geometry. We make extensive use of concepts and results from real algebra (amongst
others, the Positivstellensatz, Theorem .

Polynomials are also easy to handle with a computer, as they have the nice property
that they are completely parameterized by their coefficients. In contrast, the implemen-
tation of functions involving limits (holomorphic functions as sin, exp, In..., parameter
integrals, ...) is rather involved. If the data is rational, it is moreover possible to im-
plement them exactly, at least in principle. The fact that polynomials are described by
their coefficients also allows to draw random samples from families of polynomials. In
contrast, it is rather difficult to sample from the space of all continuous functions on a
subset of R"™.

Another good reason for polynomials is a comparably new result by Lasserre [Las01]
that allows to approximately, sometimes even accurately, solve continuous polynomial
optimization problems. The result has lead to a technique known as sum of squares pro-
gramming, which has been powerfully influenced by above-mentioned Positivstellensatz
from real algebra, since the Positivstellensatz guarantees under an additional assump-
tion the convergence of an approximating hierarchy towards the actual solution. These
sum of squares programs, or sos programs for short, reduce to semidefinite programs,
and the latter are well understood. We refer to Section for details. Throughout
this work, we rely on sos methods to (approximately) solve the auxiliary problems and
continuous relaxations.

The last advantage of polynomials that we wish to mention is the following: If a
polynomial has integer coefficients, it is integrality preserving — at integer points, it
attains integer values. This information can and is used in our approaches to deduce
nonlinear cuts.

11



1.2. Structure of this work

Chapter [I] is the introduction to this work. In Section [I.I] we state the program
class, outline some geometric solution approaches and makes the case for polynomials.
Section [1.2] is this overview. A literature review is given in Section [I.3] Notation and
results from various fields of mathematics are settled in Section (1.4, The approximation
of continuous polynomial optimization by sos programming is repeated in Section [1.5
The chapter repeats complexity results for MINLP]in Section [I.6] along with a collection
of known existence results on optimal solutions to [MINLP}

Chapter 2] introduces half-spaces for [MINLP] our first geometric approach. In Sec-
tion[2.1|we motivate half-spaces with known results from linear and convex programming.
In Section we formulate the task to find tight a half-space as an auxiliary program.
For polynomial constraints, we show in Section how the problem can be approxi-
mated by sos methods. The chapter closes by exploring ways to turn the valid linear
inequalities into linear cuts in Section [2.4]

Chapter [3] describes the computation of norm bounds for [MINLP| our second ap-
proach. Under a coercivity condition, we compute upper bounds on the norm of all
optimal solutions. This is formalized in the concept of norm bounds in Section [3.1l In
the unconstrained case and for a polynomial objective, we compare our norm bound
with a norm bound from the literature and show that our norm bound is never worse
and better for dense instances. In Section B.2] we discuss norm bounds for the convex
quadratic case and give an application to systems of polynomial equations. We evaluate
the norm bounds numerically in Section [3.3]

Chapter 4] analyzes seminorm balls containing the feasible set. In Section [£.1] we
motivate the seminorm bounds and show the relation norm bounds. We formulate the
auxiliary program in Section [£.2] and give an approximating hierarchy of sos programs
along with a convergence result. Section [4.3| explores how Diophantine arguments can
be used to derive a cut.

Chapter [5] outlines the fourth and last geometric approach to [MINLP} ellipsoids. In
Section [5.1], we give an auxiliary program that computes ellipsoids of minimal volume
containing the feasible set. Here, we may optimize the shape as well as the center of
the ellipsoid. In Section we use ideas from the literature [NDO5| to linearize the
constraints. If the constraint functions are polynomials, we show in Section that the
problem reduces to a hierarchy of concave semidefinite minimization problems.

Chapter |§| is devoted to the solution of unconstrained (mixed-)integer polynomial op-
timization, a special case of [MINLP] Properties of this subclass are discussed in Sec-
tion[6.1} In Section[6.2] a class of suitable underestimators is proposed. We implemented

12



a full branch and bound framework, allowing for the computational solution of a given in-
stance provided its leading form is positive definite. The solution algorithm is presented
in Section Using the norm bounds from Chapter [3| we evaluate our underestimators
on random instances.

Chapter [7] takes a closer look at coercive polynomials. Coercivity appears in one form
or another throughout this work, and that chapter explores coercivity in terms of the
so-called order of coercivity. We give additional motivation for coercivity in Section [7.1]
Then, we recall the order and stability of coercivity in Section [7.2] Section contains
the main result and relates both concepts. In Section[7.4] we present families with small
order of coercivity. We introduce the minimal order of coercivity in Section [7.5] The
chapter closes with a look towards the decision problem whether a given polynomial is
coercive in Section [7.0l

Chapter summarizes this work and points towards extensions of the presented re-
sults. Section [8.1| contains the summary. Section yields ideas for underestimation of
quadratic functions using the S-lemma and discusses a subgradient-type approach. We
also look at robust polynomial optimization problems using quantifier elimination and
extensions of sos programming.

Appendix. The work closes with an appendix. We explore the role of sublevel sets and
tight inequalities in Chapter [A] Supplementary proofs are given in [B]

13



1.3. Literature review

Surveys. The literature on nonlinear mixed-integer programming is vast. For an
overview, a presentation of key techniques and complexity results as well as numer-
ous references for further reading, see the article [HKLW10], which comes as chapter
of [JLN+10]. For a recent survey on nonlinear mixed-integer programming, see [LL12].
We also wish to mention the recent book [BKL+-13], which also covers modeling, convex
methods, heuristics and software for MINLP]

Complexity. Integrality turns even seemingly simple problems incomputable: Based on
results of Matiyasevich, Jeroslow [Jer73| proved that there cannot be an algorithm for
integer minimization of a linear form subject to quadratic constraints (Theorem , a
negative result. But there are also many positive results, see, e.g., [Hei05], [LHKWO06],
[DPHWZ16|, [HWZ16]. For a collection of further complexity results we refer to [Kop12],
which is part of [LL12].

Algorithms for polynomial integer programming in special cases. But substantial
special cases are solvable, for example, every integer problem with a bounded feasible
set is solvable. More specifically, an important case is Boolean programming, see [BH02]
for a survey. A classic approach is linearization by introducing new variables and con-
straints (for early results see, e.g., [For60]). In theory, also a general bounded integer
polynomial optimization problem can be reduced to the binary case [Wat67], but this
is not practicable since the number of variables grows too much. Another technique for
Boolean polynomial programming is the reduction to a quadratic problem which can
be done with significantly fewer variables and constraints [Ros75; BR07|. Another sub-
stantial case that gained attention are (quasi-)convex problems, as the incomputability
results do not hold for this case [Kha83; KP00|. [HK13| present a Lenstra-type algorithm
for quasiconvex integer polynomial optimization.

Unconstrained mixed-integer polynomial optimization. Unconstrained quadratic in-
teger minimization is considered by [BHS15]. We did not find results in the literature
that consider the unconstrained mixed-integer minimization problem for multivariate
polynomials of arbitrary degree.

Branch and bound. As indicated before, a common solution ingredient for the inte-
ger variables in is branch and bound as proposed (originally only for convex
functions) by |GR85|. A popular method is to calculate convex underestimators (see,
e.g., [LT11] for polynomial functions) to obtain lower bounds. As a different approach,
if the feasible set is a box and the objective a polynomial, [BD14| compute separable un-
derestimators which give lower bounds that are easy to obtain. In contrast, [LHKWO06]
directly compute lower and upper bounds, i.e., no underestimators, for nonnegative
polynomials on polytopes.

14



Sos programming. Throughout our work we rely on methods from constrained con-
tinuous polynomial optimization. Based on work of Shor [Sho87; SS97|, Parrilo [Par00]
suggested a method now known as sos programming that makes continuous polynomial
optimization accessible to semidefinite programming (see, e.g., [WSV00] for the latter),
whilst Lasserre |[Las01] published the dual approach, based on moment sequences. Since
the emergence of the two ground-breaking publications by Parrilo and Lasserre, many
results on continuous polynomial optimization via sos techniques and its theoretical
background have been published, we only name a few: The expository paper [PS03|
shows that existing algebraic techniques are outperformed by the sos method. As in-
depth treatments, we refer to [AL12] for the interplay of semidefinite, conic and polyno-
mial optimization, and [BPT13] for a focus on the geometry involved. For an algebraic
treatment, we mention Marshall’s book |[Mar0g§]. We point out Laurent’s elegant sur-
vey |Lau09|, which treats, among other aspects, the duality of the sos and moment
approach.

Chapter-specific literature. We end our literature review remarking that we present
additional references to the literature in each of the following chapters that are specific
to the topic at hand.
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1.4. Preliminaries

In this section we introduce basic concepts and notation that is used throughout this
work.

1.4.1. Numbers

The natural, integer, rational, real and complex numbers are denoted by N, Z, Q, R
and C respectively. In this work, the natural numbers do not contain 0, and we denote
Np :=NU{0}. For n € N, we let

[n] :={1,...,n}.

As is well-known, the supremum and infimum of a subset of the real numbers always exist
but may be infinite. Especially, inf ) = 400 and sup ) = —co. Let R be any of the rings
Z, Q, R. We use the notation R :={z € R: 2z >0}, and R~ :={x € R:z > 0}.

1.4.2. Norms, seminorms, topology

A seminorm N on a real or complex vector space V' is a real-valued function such that
1. N(z+y) < N(z) + N(y)
2. N(ax) = |a|N(z)

for all x,y € V and scalars a, see, e.g., Definitions 1.33 in [Rud91]. Property |1} is

called subadditivity, whilst property [2] is called absolute homogeneity. 1If, additionally
definiteness holds, that is,

3. N(z) =0 implies x =0

for all x € V, the seminorm N is a norm, and usually denoted by || - ||.
The (open) seminorm ball with center p € V' and radius R € R is given by

Br(p; N) := B (p) :={z €V : N(x — p) < R}.

The (closed) seminorm ball with center p € V and radius R € R is given as
Br(p; N) :=BX(p) :=={x €V : N(z —p) < R}.

We define norm balls, open or closed, analogously.

A set M C V of a normed space V is bounded if M C Bg(0) for some R > 0[]

A unit sphere, or sphere for short, is the set {x € R" : ||z|| = 1} for a norm || - || on
R™. For the important special cases of p-norms, we introduce the notation

Spti={z eR": ||zf, = 1}
where the p-norm on R”, p € [1,00], is given by |z||, = />, |z;P for x € R™.

Now let (X, 7) be a topological space. Then, for S C X, cl X denotes the closure of
S with respect to 7.

LAs all norms are equivalent on R”, boundedness does not depend on the choice of the norm on R”.
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1.4.3. Ring of polynomials

Let R be a ring with unit. We denote the ring of polynomials in n unknowns Xy, ..., X,
and coefficients in R by R[X},...,X,], which we abbreviate by R[X]. We use X here
in order to distinguish the multivariate from the univariate case. Using multi-index

notation, we write a polynomial f € R[X1,..., X,] as
f=) aX*= > aX{t--- X
acA(f) a€A(f)

where A(f) C Ni indexes the terms ¢, X“, the monomials, appearing in the definition
of f. We use the notation X := X" --- X2 for a = (v, ...,a,) € Nj. The a, € R,
a € A(f), are the coefficients of f. We assume that the set A(f) is chosen minimally in
the sense that A(f) = {a € N : a, # 0}; especially, A(f) is always finite. The degree
of f is defined as deg(f) := sup,ca(s) la| with |af = 377", a; being the modulus of a.
Notably, deg(0) = —oo. The set of all polynomials in R[Xq,...,X,] of degree at most
d, some d € Ny U {—o0}, deserves special attention: We denote it by

R[X17 PN ,Xn]d = {f c R[Xl, PN 7Xn]d : deg(f) S d},

and note that this set forms a vector space.
As an example, for
f=X}+4X7XS € Z[ Xy, X3,

we have A(f) = {(3,0),(5,6)}, c30) = 1, ¢56) = 4 and deg(f) = [(5,6)] =5+ 6 = 11.
We express the evaluation of f at some x € R™ by

f<I> - Z aaxa7
a€A(f)

where 2 := z{* --- 2%, The map R" — R, x — f(x), is the polynomial function defined
by f.

1.4.4. Real polynomials

Now consider the ring of real polynomials R[ X7, ..., X,,]. A polynomial f is homogeneous
of degree 1 if f is a sum of monomials of degree i or the zero polynomial. Equivalently, f
is homogeneous of degree 7 if and only if f = Zm‘:i a, X% A homogeneous polynomial
is also called a form. Any polynomial f € R[X] can be uniquely decomposed as a sum

of forms .
F=>_5
§=0

where d := deg f and the f; are homogeneous polynomials of degree j, called the homo-
geneous components of f. The highest degree component, fy, is the leading form of f.
Concerning the dimension, we have by, e.g., Remark 1.2.5 in [Mar0§|

dimR[Xy, ..., X,]a = (59 (1.1)
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and
dim{f € R[X1,..., X,Ja: f = fa} = ("797). (1.2)
For a polynomial f that is homogeneous of degree d € Ny, one has
fOx) = Mf(z), z€R", AeR

This implies that a homogeneous polynomial is uniquely determined by its values on a
sphere.
A homogeneous polynomial f is positive definite if f(z) > 0 for z # 0. Similarly,
a (possibly non-homogeneous) polynomial f is positive semidefinite if f(x) > 0 for all
x € R", for short f > 0 and f > 0. For a homogeneous polynomial f, we often use
the following equivalent characterization (which does not depend on the choice of the
sphere):
f>0&=3c>0: f(x)>cforallz €S

1.3
f>0<=3c>0: f(x) >cforall z € S"" (1.3)

We define the following norms for polynomials:

1Al =" laal, feR[X]

a€cA(f)

||f||00 = Sup |aa‘7 feR[K]a f7£07
a€A(f)

and ||0]|« := 0. We furthermore define the “norm”

Ifllo=>_ 1,  feR[X]

a€cA(f)

which is, of course, not a norm, but counts the monomials in f.
The following result is from functional analysis and constitutes a special case of the
Stone-Weierstrass theorem in a more general form.

Theorem 1.1 (Stone-Weierstrass, see, e.g., Corollary 1.3 in Chapter 3.1 of [Lan93]).
Let S be a compact subset of R™. Any real continuous function on S can be uniformly
approzimated by polynomial functions in n variables.

1.4.5. Real algebra

We now present the concept of quadratic modules, following [Mar(08|. Here, we take the
algebraic point of view which is convenient for algebraic manipulations, before we con-
sider a more geometric approach to quadratic modules in Section [I.5.3] In the following,
R is a commutative ring with unit.
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Definition 1.2. A subset M of R is a quadratic module if
M+McM, a*M C Mforalla€ R, and 1 € M.

A quadratic module M of R is Archimedean if for each f € R there is k € N with
f+keM.

Hence, > R? is the smallest (with respect to set inclusion) quadratic module of R,
where Y R? denote the set of all finite sums > a?, a; € R. By a classical hull argument,
the quadratic module generated by hy, ..., hs € R, that is, the smallest quadratic module
in R containing the h;, is given by

M(hy, ... hg) = {Zaihi D 00,...,04 € ZRQ},
i=0

Remark 1.3. The name Archimedean is related to the Archimedean property for the
real numbers as follows: The latter states that for every x > 0 there exists n € N with
n > x. Equivalently, for every x € R there exists n € N with x +n > 0, which is,
in our new terminology, equivalent to the quadratic module > R? = Rsq of R being
Archimedean.

1.4.6. Rounding

Given z € R, we let |z| and [z] denote the integer below and above x. The number
|z] denotes the integer obtained by rounding x to its nearest integer. In case this is
not unique, we use the round the half up rule, although none of our results depends
on the exact nature of the tiebreaker. These definitions extend to vectors x € R" by
componentwise application. In the mixed-integer setting, the following notation is useful,
too: Given Z C [n] indexing the integer variables in let |2]7 denote the vector

with components
L[EZ‘—I, 1 E I,
([z]z)i == {

xi, else.

For S C R™, let us also introduce the notation
Sg={reS:x; €Zforaliecl}.

Whilst using integrality arguments, it is useful to know that a function attains integer
values if evaluated at a mixed-integer point. This motivates the following definition:
Let f: S — R be a function defined on S C R". The function is called Z-integrality
preserving if f(S7) C Z. Tt is integrality preserving if it is Z-integrality preserving for
Z = [n]. As an example, any f € Z[Xy,...,X,] is integrality preserving. Also, the
modulus on R is integrality preserving. The squared seminorm ), , x? is Z-integrality
preserving on R% for Z C [n].
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1.4.7. Notions from optimization

Let us establish some terminology of optimization problems. Consider a minimization
problem of the form

min  f(x)
st. zelS (OPT)

where f :S” — R is a function, and S’ is some set with S C S’. The function f is the
objective or objective function, and the number given by evaluating f at z € S is the
objective value of f at x. Any point in S’ is a solution of [OPT} The set S is the set of
all feasible solutions.

The number inf{f(z) : x € S} € [—o0,+0o0] is the optimal value.ﬂ Any point Z in
argmin g f(x) is an optimal solution (or minimizer). Note that, with these defini-
tions, always has an optimal value but might not have optimal solutions (or not
even feasible solutions).

It is sometimes convenient to use the following special terms in the presence of inte-
grality constraints. If ' C R", and we consider the minimization problem

min f(z)
st. zeZ" (1.4)
r e F,
then the problem
min  f(x) (1.5)
reklF

is the continuous relazation, the set F' is the relaxed feasible set, the optimal value of
Program is the continuous minimum, and any optimal solution of Program is a
continuous minimizer. The optimal value of Program is the integer minimum, and
any optimal solution of Program is an integer minimizer. The notion of a mixed-
integer minimum and minimizer is defined analogously to the notion of the integer
minimum and minimizer.

Two optimization problems are equivalent if feasible and optimal solutions coincide
(but the objective need not be the same). Finally, if

min  fi(z) min  f>(z)
st. z ey st. x €S

2In accordance with the traditional notation in optimization, we write max or min (instead of the
formally more correct notation sup or inf) next to an optimization problem, even if it might not
be clear if the maximum or minimum is attained. Note that, however, in this work we shall not
implicitly assume that the supremum (or infimum) is attained. Existence of optimal solutions will
either be explicitly assumed or proved.
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are two optimization problems OPT1, OPT2, with f; : S — R, fo : 51 x Sy — R,
respectively, and S] C Sy, and S}, C 57 x Sy, we say that program OPT1 is a projection
of program OPT2 (and OPT?2 a lift of program OPT1) if, firstly, every feasible solution
(x1,22) of OPT2 yields a feasible solution x; of OPT1, and similarly, for every feasible
solution z; € S| of OPT1 exists x5 € S} such that (z1,x2) is feasible for OPT2, and,
secondly, the same holds true for optimal solutions of both programs.

We need the notion of a sublevel set: For a function f: U — R from some set U, the
sublevel set of level z € R is defined by

LL(z)={xeU: f(x) <2}

Similarly, a suplevel set of level z is defined, with “<” replaced by “>”. A level set of
level z is the intersection of the sub- and suplevel set (of level z).

1.4.8. Coercivity

A function f : S — R, defined on a subset S C R", is coercive if for all ¢ € R there
exists some M € R such that for all x € S the implication

lzll =2 M = f(z) > ¢ (1.6)

holds. Since all norms are equivalent on R", this does not depend on the choice of norm.
Let us recall the following well-known fact: A function is coercive function if and only
if all sublevel sets are bounded [

Proposition 1.4 (see, e.g., Chapter 12.3 in |Lanl3|). Let S C R™. Then f: S — R is
coercive if and only if every sublevel set 52(2), z € R, is bounded.

Proof. 1f f is coercive, every sublevel set is bounded by . Suppose now that all
sublevel sets are bounded. Let s = liminfj;_, o f(x). Suppose to the contrary that
s € [—00,400), and pick z € (s,400). There must be a sequence x, € R", ||zx|2 — oo
as k — oo, such that f(z;) < z for all k. Put differently, z;, € £L(2) for all k, hence the
sublevel set is unbounded, a contradiction. - O

1.4.9. Matrices

Let R be a ring with unit. The set of m x n matrices over R, m,n € N, is denoted by
R™ ™. The n X n-unit matrix over R is denoted by I,,, where we may drop the subscript
n if no confusion seems possible. A matrix A € R™*" is square if m = n. For square
matrices Ay, ..., A, with A; € R™*™ let diag(Ay, ..., Ay) denote the (D, n;) x (D, ny)-
block diagonal matrix arising from the A;. A matrix is diagonal if it is block-diagonal
with n; = 1 for all 4.

3In the literature, the statement usually requires some form of continuity, and results in the function
being coercive if and only if all sublevel sets are compact. However, the proof is the same, which we
give for completeness.
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A square matrix is symmetric if A = AT, where AT is the transposed of A. We
denote the set of real symmetric n X n-matrices by S™. A real n X n-square matrix V is
orthogonal if VIV = I,. The famous spectral theorem holds for symmetric matrices:

Theorem 1.5 (Spectral theorem, see, e.g., Corollary 2.5.11 in [HJ12]). Let A € R™"
be a symmetric matriz. Then A has n real eigenvalues and is unitarily diagonalizable:

A has a spectral decomposition
A=VvDV"

with V' orthogonal and D diagonal.
Proof. O]

By the spectral theorem, any real symmetric matrix A € 8™ has n real eigenvalues
Ai(A), i € [n], which we may assume to be nondecreasing, and we write

)\min(A) = AH(A) S /\n—l(A) S s S /\Q(A) S /\I(A) = )‘max(A)'

Using the spectral decomposition, we may estimate the associated quadratic form.
This result is the Rayleigh-Ritz theorem, we give the version for real matrices.

Theorem 1.6 (Rayleigh-Ritz, see, e.g., Theorem 4.2.2 in [HJ12]). Let A € S™. Then
Amin(A)zT2 < 2T Az < Mpax(A)2"z, € R™

Furthermore,

Amin(A) = min 27A,  A\pax(A) = max 27 Az

zesy~? zeSyt

A matrix A € S" is positive semidefinite if 27 Ax > 0 for all x € R", positive def-
inite if 7 Az > 0 for all nonzero x € R", and indefinite if there are =,y € R" with
(x7 Az)(y" Ay) < 0. We abbreviate positive semidefiniteness by A = 0 and denote the
set of all such matrices by S ; similarly, we abbreviate positive definiteness by A >~ 0 and
denote the set of all such matrices by 8% . Positive semidefinite matrices play a central
role in semidefinite programming, which we consider in more detail in Section [1.5]

The following characterization of positive semidefinite matrices is useful for our pur-
poses:

Proposition 1.7 (see, e.g., Proposition A.1 in [BPT13]). Let A € 8™ be a symmetric
matriz. Then, the following are equivalent:

1. A is positive semidefinite (A = 0).

2. For all x € R", 27 Ax > 0.

3. All eigenvalues of A are nonnegative.

4. There exists a factorization A = BBT with B € R™™" and r is the rank of A.

There is a similar characterization for positive definite matrices:
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Proposition 1.8 (see, e.g., Proposition A.2 in [BPT13|). Let A € 8™ be a symmetric
matriz. Then, the following are equivalent:

1. A is positive definite (A > 0).
2. For all nonzero x € R™, 7 Az > 0.
3. All eigenvalues of A are positive.

4. There exists a factorization A = BBT with B € R™" nonsingular.

Further characterizations are available in the given reference.

The notion of positive semidefiniteness induces the so-called Loewner partial order
on 8" For A,B € 8", we write A = B if A — B is positive semidefinite, and, for
completeness, define B =< A if and only if A = B. The following fact is easy to see but
useful in arguments involving semidefinite matrices:

Observation 1.9 (see, e.g., p. 6 in [WSV00|). Let A,B € 8", C, D € S™. Then
A=<XBand C XD ifand onlyif diag(A,C) < diag(B, D).
Moreover, positive (semi-)definiteness is invariant under basis transformations:
Proposition 1.10. Let B € R™™ be invertible. Then
A€ 8 if and only if BTAB € St

Stmilarly,
A e S8}, if and only if BTAB € Sty
If B € R™™ then
A e S implies BTAB € ST

Proof. The equivalences are shown, e.g., in Proposition 1.1.7 in [Hel00]. For the last
implication, the proof is identical: Let y € R™. Then

y' (B'AB)y = (By)" A(By) = " Az > 0
for x = By. ]

With the following observation, matrix inversion can be modeled in semidefinite pro-
grams:

Theorem 1.11 (Schur complement, see, e.g., Theorem 1.1.9 in [Hel00]). Let A € ST, ,
C eS8, BeR™", Then

A B T -1
(BT C>>O <~ (C-B'AB>0 (1.7)
and y
B T A—1
(BT C)EO <— (C—-B"A"Bx0. (1.8)
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Finally, the space of matrices R"*" carries a natural inner product structure. Given
X, Y € R™" the inner product of X and Y is given by

(X,Y) =tr(XTY) = Y X,V
ij=1
With this inner product, the set of all real n x n matrices is linear-topologically isomorph
to R".
1.4.10. Half-spaces, valid inequalities and cuts

A half-space in R™ is a set of the form {z € R" : a’x < b} for some a € R", a # 0,
b € R. The corresponding hyperplane is denoted by

H(a,b) = {x € R" : a"x = b}.

We may refer to inequalities using the notation (a’z < b). So let an inequality
(aTz < b) be given. We say the inequality is

e a valid inequality for S C R™ if it is satisfied for all z € S, that is, a’x < b holds

forall z € S.

o tight for S if it is valid for S and for any ¥ < b, the inequality (a2 < V) is
violated by some x € S, where the inequality is

e violated by some z € S if a’x > b.

e is tight at ¢ € S if the inequality is tight for S and a’q = b.

e a cut for S if it is a valid inequality for S7.

Abusing notation, we may also use (a’z < b) to denote the set {x € R" : a’z < b}.

Similarly, if V : R™ — R is a function, b € R, we say the inequality (V(x) < b) is a
valid inequality for S C R™ if V(z) < b for all € S. The notions tight for S, tight at
q € S, violated by v € S and cut for S are defined analogously to the case of a linear
function R® — R, z +— a’x.

We use the attributes linear and nonlinear if we wish to stress the linearity or non-
linearity of the function defining the inequality.

1.4.11. Convexity, affine dimension and cones

Turning to convexity, a set C' C R" is convez if for all z,y € C, A € [0, 1], the point
Ax + (1 — Ny lies in C'. The convex hull conv(M) of M C R" is the intersection of all
convex sets containing M and hence the smallest (with respect to set inclusion) convex
set that contains M.
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Theorem 1.12 (see, e.g., Corollary 11.5.1 in [Roc70]). Let A C R™. Then
clconv A = ﬂ {V :V is a half-space of R", A C V}.
In particular, the closure of a convex set is convex.

Disjoint convex sets can be separated by a hyperplane:

Theorem 1.13 (Separating Hyperplane, see, e.g., Theorem 4.4 in |Gru07]). Let Cy,Cy C
R™ be disjoint convex sets. Then there is a € R™\ {0}, b € R with

C) C (a'z<b) and C,C (a2 >0).
In this case, the hyperplane H(a,b) is called a separating hyperplane.
Also, points on the boundary of a convex set have a special exposure property:

Theorem 1.14 (Supporting Hyperplane, see, e.g., Chapter 2.5.2, p. 51 in [BV04]).
Let C C R"™ be a convex set. Then, for every xo € bdC there is a € R™ \ {0} with
C C (a'x < a'xy).

Then, the hyperplane H(a,a’z) is called a supporting hyperplane to C' at x.
Now let f: C'— R be a function, where C' C R" is a convex set. Then f is convex if

f(/\l‘ + (1 - A):y) < /\f(ZL‘) + (1 - )‘)f(y)7 T,y € Oa AE [O’ 1]7

and f is quasiconvex if all sublevel sets of f are convex.

The affine hull aff(M) of a set M C R" is the intersection of all affine subspaces
containing M and hence the smallest (with respect to set inclusion) affine subspace
containing M. The affine dimension of M C R"™ is the dimension of its affine hull.

A set K C R"is a cone if for all a € K, A > 0, the point Aa lies in K.

1.4.12. Polyhedra and spectrahedra

A polyhedron is a finite intersection of closed half-spaces in some R™. If A € R™*" and
b e R™, we write
P(A,b) :=={z e R": Az < b}

for the polyhedron generated by A and b as well as
P (A,b) :=={z € Ry, : Av < b}

for the polyhedron generated by A and b with nonnegativity constraints on x.
A polytope is a polyhedron that is also bounded. The integer hull of a polyhedron
P C R™ is the set conv(P NZ™) and is denoted by P;.
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Finally, we turn to geometric objects that arise as solution sets of linear matriz in-
equalities: A set M C R™ is a spectrahedron if it can be described as

for Ag,..., A, € 8™ and some m € N. More generally, a set M C R" is a projected
spectrahedron if there exists k € N and a spectrahedron P C R"** with

M:{xER”:(a:,y)GPforsomeyERk}.

In this equation, y is a lifting vector and P a lifting spectrahedron of S. Equivalently,
M is a projected spectrahedron if there are k,m € N and

n k
M = {xGR":AOjLinAH—Zijj = 0 for someyeRk}

=1 =1

holds for some A;, B; € 8™. Our definition follows Chapter 6 in [BPT13|, and we also
point to this reference for more theory on as well as many examples of spectrahedra and
projected spectrahedra.

1.4.13. Ellipsoids

ftQed Q =0,z €R" we denote the ellipsoid corresponding to () centered at xg
by

E(Q,x0) :i={r €R": (. — 30)" Q(z — x0) < 1}.
IfQ # 0, E(Q,xo) is degenerated. In case o = 0, we may write £(Q) instead of F(Q,0).
We use the relation

FE(Q) = F ( 1 Q) (19)

r2
for all @ > 0 and r > 0, which follows directly from the definition.
The volume (Lebesgue measure) of an ellipsoid F(Q, xg) is proportional to the root
of the determinant of the inverse of ), where vol(A) denotes the volume of a Lebesgue
measurable set A C R™:

Observation 1.15. Let Q = 0, xg € R™. Then

vol(B,,)
Vel (@Q)’

where B, is the n-dimensional unit ball B, := {x € R™ : ||z|| < 1}.

vol(E(Q, o)) =

Sketch of a proof. This fact is mathematical folklore. For completeness, let us remark
that in case xyg = 0 and @ is non-degenerated, the volume is given, e.g., in |Han96).
Note that, by translation invariance of the Lebesgue measure, the formula holds for any
xg € R™. Let us verify the degenerated case () = 0 but not Q = 0. Let k£ be the
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nullity of Q. Under an orthogonal transformation, E(Q) takes the form E(Q’) x R*
where @' € Sﬁjrk . Now, the fact that the Lebesgue measure on R" is invariant under
orthogonal transformations and moreover a product measure, we find

vol(E(Q)) = vol(E(Q') x R¥) = vol(E(Q')) - vol(R¥) = 400

as vol(E(Q')) > 0 by Q" > 0. O
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1.5. Sum of squares programming

1.5.1. Nonnegativity, sums of squares and tractability

Throughout this work, continuous polynomial programming problems appear — as a
relaxation of the original problem, as a subproblem, or as another auxiliary problem.
By a continuous polynomial optimization problem, we mean a program of the form

min  p(z)
st. hg(x) >0, kels], (CPOP)
r e R"

where p, hy,... hs € R[Xq, ..., X,].

It is therefore highly desirable to have a method for these problems that has a solid,
well-known theory but also works in practice, at least for moderately sized problems.
One of the most successful methods can be traced back to the seminal works in the early
2000s of Lasserre [Las01] and Parrilo [Par00]: This method is known as sos programming,
where sos abbreviates sum of squares. Let us motivate the method. A polynomial
p € R[X] is a sum of squares or sos for short, if it has a representation as a sum of
squared polynomials. Formally, p € R[X] is sos if there are ¢, ..., ¢ € R[X] with

p=¢+... +q. (1.10)

What makes this notion so useful? An immediate consequence of a representation of
p as in (1.10) is that that p is nonnegative, and the ¢; certify nonnegativity. It turns
out that deciding if a polynomial is a sum of squares can be reformulated as a semidefi-
nite program, and semidefinite programs in turn are well-understood and can be solved
efficiently, see, e.g., [WSV00; [VB96].

But even more is possible: It can be shown that the considerably more powerful
problem of optimizing a linear form over the cone of all sos polynomials (with a bound
on the degree) can be rewritten as a semidefinite program. This extension allows to
approximate polynomial programming problems with a hierarchy of sos programs. Under
additional assumptions, finite convergence holds. We sketch below how semidefinite and
sos programming are related.

We should, however, stress that not every nonnegative polynomial is a sum of squares
— this holds for almost all number of variables and degrees, except in the three cases
outlined in the next theorem, where P, ; denotes the set of nonnegative polynomials in
n unknowns of degree at most d, and similarly ¥, ; the set of sos polynomials for n and
d. The proof is due to David Hilbert. Let us note that it was not until the 1960s that
an explicit example of a polynomial p € P, 4\ , 4 was found [Mot67] [T

Theorem 1.16 (see, e.g., p. 59 in [BPT13|). Let n € N and d € 2N. We have
Pn,d = En,d

4The Motzkin polynomial is p = 1 — 3X2Y? 4+ X2Y* + X4Y2. This degree six polynomial in two
unknowns is nonnegative on all of R?, yet cannot be represented as a sum of squares.
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if and only if (n,d) satisfies
1. n=1, d arbitrary, or
2. d =2, n arbitrary, or
3. (n,d) = (2,4).

In contrast to deciding if a polynomial is a sum of squares, deciding nonnegativity
of a given polynomial is a NP hard problem, even if one fixes the degree to d = 4
(Theorem . However, being able to decide if a polynomial is globally nonnegative
is important in this work: For example, in Chapter [0 underestimators play a crucial
role. A function f is (globally) underestimated by ¢ if f(x) > g(x) holds for all z € R".
Hence, deciding if f is underestimated by g means deciding nonnegativity of f — g, which
we approximate with a sufficient criterion by searching for an sos decomposition of f —g.

More generally, as deciding nonnegativity is NP hard, continuous minimization of
a polynomial must be NP hard, too. Therefore, if one wants to solve a polynomial
programming problem, it is common practice to not solve the problem directly but
to approximate it with an sos program. It is the aim of this section to introduce sos
programming in its classical form.

1.5.2. Optimization over the cone of sos polynomials

We saw in the introduction of this section that a polynomial p € R[X] is sos if there are
qi,--,q € R[X] such that p = ¢ + ... + ¢*. The set of all sos polynomials is a convex
cone in R[Xj, ..., X,] which we denote by

I
Yy = {pGR[Xl,...,Xn] c3q1, ., q €R[X, X s.t.p:qu},
i=1

where we may write ¥ instead of Y, if n is known by the context. Recall that X, 4 is
the set {p € ¥, : deg(p) < d}.

It is possible to optimize a linear form over the cone ¥,, subject to affine constraints,
and this is sos programming. Specifically, for given costs b € R™ as well as fixed poly-

nomials ¢;, a;; € R[Xy,...,X,], i € [k], 7 € [m], an sos program has the form
max by
st. ¢ tyian + ... F Ynim € X, t=1,...,k, (SOSP)
y € R™

and y € R™ are the decision variables. As mentioned before, such an sos optimization
problem or sos program is tractable, as it is equivalent to a semidefinite program. For a
detailed introduction to sos programming, we refer to |[AL12; BPT13].

Before we give a generalization of sos programming that suits our needs, we show
how sos programming can be used to approximate continuous polynomial optimization
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problems. It turns out that central to this is the ability to represent a polynomial that
is positive (or, in other variants, nonnegative) on a set given by polynomial constraints
as a sum of the constraint polynomials, if one allows to scale the latter by sos polynomi-
als, or more generally, if one allows cross-multiplication of the constraint polynomials.
Statements that give sufficient (or sometimes equivalent) conditions that guarantee the
existence of such a representation are known in the literature on real algebraic geometry
as Stellensdtzel

1.5.3. Putinar’s Positivstellensatz

In this section we introduce Putinar’s Positivstellensatz. It holds under a technical
condition (a related quadratic module is required to be Archimedean). We explore
when this condition holds in our setting before giving the Stellensatz. Our notation
follows [Mar08] and [NSO7].

Semialgebraic sets and Archimedean quadratic modules

Given a finite collection of multivariate polynomials hy, ..., hs € R[X, ..., X,], consider
the subset of R™ where all polynomials h; attain nonnegative values:

K(hy,...,hs) :={x € R" : hy(z) > 0,...,hs(x) > 0}. (1.11)

A subset of R” is called basic closed semi-algebraic if it is of the form for some
polynomials hq,...,hs. The Stellensatz we consider gives a sufficient condition which
allows to represent every polynomial p € R[X] that is positive on K (hy,...,hs) as a
combination of the h; and 1 — each multiplied by a sum of squares. The set of these
combinations is the quadratic module generated by the h; (Definition and is thus
given by

M(hl,...,hs) = {ZO‘ihiZUQ,...,USGZ} (112)
i=0

where hg := 1.

For the Positivstellensatz to hold we need to impose a technical condition on the
quadratic module M (hq, ..., hs), namely, the quadratic module needs to be Archimedean
(we introduced the algebraic definition of the Archimedean property in Definition [1.2)).
This is the case if any of the following equivalent conditions hold.

Theorem 1.17 (see, e.g., Corollary 5.2.4 in [Mar08| and Corollary 3 in [NS07]). Let
hi,...,hs € R[Xy,...,X,]. Then, for the quadratic module M = M(hy, ..., hs), the

following are equivalent:

1. M is Archimedean, that is, for all p in R[X] exists k € N withp+k € M.

5A Stellensatz (plural Stellensdtze) from the German words Stelle, meaning: argument of a function,
and Satz, meaning: theorem. A Positivstellensatz is a theorem on the arguments where a function
is positive.
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2. There is a number k € N such that k — Y, X? € M.
3. There is k € N with k + X; € M for i € [n].
4. There is a polynomial h € M such that K(h) is compact.

We explore how the Archimedean property, a prerequisite for the Stellensatz, is related
to geometric and analytic properties of at the end of this section.

The Stellensatz

Suppose a polynomial f is positive (or nonnegative) on
K(hi,...,hs) ={z € R" : hy(z) > 0,..., hs(x) > 0}.

Can it then be written in terms of the defining inequalities h;(x) > 0 of K(hy,..., hs)?
Conditions that guarantee such representations are addressed in Positivstellensatzen
(Nichtnegativstellensétzen, respectively). The “converse direction”, a geometric con-
clusion from an algebraic fact, is usually much easier to show. We give a well-known
example in the following observation. It states that if a polynomial is written in terms of
the defining inequalities (in the forms “allowed” by quadratic modules), it is nonnegative
on K(hy,...,hs). The proof is immediate from the definition.

Observation 1.18. Let hy,...,hs € R[Xy, ..., X,] andp € M(hy,...,hs). Thenp >0
on K(hy,... hs).

A straightforward, well-known but useful conclusion is that the basic closed semi-
algebraic set associated with the polynomials h; is compact provided the quadratic
module they generate is Archimedean.

Corollary 1.19. Let hy,...,hy € R[Xq,...,X,] and M(hy,..., hs) be Archimedean.
Then K(hy,...,hs) is compact.

Proof. This follows from Observation and Theorem @. O

The Positivstellensatz — a (real) algebraic statement implied by a geometric condition
— is much more difficult to prove. Note that the theorem requires positivity, a stronger
requirement than nonnegativity.ﬁ

Theorem 1.20 (Putinar’s Positivstellensatz, see, e.g., Corollary 6.1.2 in |[Mar0g| and [NS07]).
Let p, hy,...,hs € R[Xy,...,X,] be given. Furthermore, let the quadratic module
M(hy, ..., hs) generated by the h; be Archimedean. Thenp(x) > 0 forallx € K(hy, ..., hs)
implies p € M(hq, ..., hy).

SFor an overview on Nichtnegativstellensiitze, we refer to [Mar08].
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In the application of the Stellensatz in sos programs, the o; appearing in (1.12]) are
unknowns that we optimize. As there is no degree bound on the o;, this is impractical.
Hence, we instead use the truncated quadratic module of order k € NU{—oc}, given by

M(hl, .. ,hs)[k'] = {Z Uihi 1 0; € Z, deg(ozhz) S ]{3, 1= 1, c. ,8} (113)

=0

where, again, hg := 1.

The Archimedean property in terms of [MIPP|

The Archimedean property for a quadratic module associated with[MIPP]can be enforced
if the relaxed feasible set F' is contained in a 2-norm ball of known radiusﬂ R > 0 by
adding the redundant constraint ||z||3 < R? to [MIPP]

Proposition 1.21 (see, e.g., [JLL14]). Consider MIPP| Suppose F' is contained in
Bgr(0; ] - ||2) for some R > 0. Put

Gsr1 = R? — zn:XZ.

=1

Then, the quadratic module M (g, ..., gs+1) is Archimedean, and

F:K(gla--'7gs) :K(gla"'ags—i-l)-

The task to find R such that F' is contained in Bg(0, || - ||2) can be approximated
with sos programming as outlined in [JLL14]. Let us now explore which geometrical,
topological and analytical conditions on [MIPP|ensure that the Archimedean property for
a related quadratic module, an algebraic statement, holds. The results are well-known
or at least easy consequences from well-known results, but are nevertheless important
in this work.

Proposition 1.22. Consider MIPP| The quadratic module M = M(g1,...,9,) is
Archimedean if
K(g;) = {z € R" : gi(x) > 0}

is compact for some i € [s]. This holds if —g; is coercive.

Proof. 1If K(g;) is compact for some i, then M(gy,...,g.) is Archimedean by Theo-
rem . If —g; is coercive, all of its sublevel sets are compact by Proposition
especially L(0) = K (g;). O

If a feasible solution ¢ € F7 is known, the optimal solutions do not change by adding
the constraint f(x) < f(¢). This motivates the following variant, where we only assume
knowledge of an upper bound on a feasible objective value.

“In theory, this is obviously equivalent to F being compact. However, to compute R in case of a
compact relaxed feasible set F' is not straightforward.

32



Proposition 1.23. Consider MIPP] Let z € R with = > f(q) for some q¢ € Fr. The
quadratic module M' := (g1, ..., 9r, 2z — f) is Archimedean if M (g1, ...,g,) or M(z — f)
is Archimedean. M (z — f) is Archimedean in turn if and only if £L(z) is compact. This
holds if f is coercive. -

Proof. Let M(gi,...,g.) be Archimedean. By (L.12)), we know that M(gi,...,g,) C
M(g1,...,9s,2 — f), and the Archimedean property for the larger quadratic module
follows directly from Definition . The proof that M(g1,..., 9, 2z — f) is Archimedean
provided M (z — f) is Archimedean follows similarly.

Now let M(z — f) be Archimedean. By Corollary , K(z—f) = £L(z) is compact.
The remaining arguments to finish the proof are verbatim the same as for Proposi-
tion [[.22 O

Proposition says that we get convergence if there is a single constraint with com-
pact suplevel set. In case that MIPP| has equality constraintsﬁ, this can be generalized
to the requirement of only an intersection of sublevel sets being compact.

Proposition 1.24. Suppose some of the constraints in are equality constraints,
the first v', say. Suppose further that the constraint set they generate, i.e.,
K ={zeR":g(x)=0Vie[']}

!

is compact. Then M(§, gr41, - ., gr) is Archimedean, where g := >, —g?.

Proof. An equality constraint ¢g;(xz) = 0 is equivalent to g;(z) > 0 and —g;(x) > 0. Note
that

K'={z eR": g(z) > 0},
which is compact by assumption. The claim follows by Theorem . ]

After having illustrated the Archimedean property — the assumption in Putinar’s
Positivstellensatz — for [MIPP] we turn now to the statement itself.

1.5.4. A note on model building in sos programming

In the following, we recall how common types of constraints can be remodeled as classical
sos programming constraints.

Sos variables. Constraints of the form
0101 + .. + Ol € 2y
dego; <k, i € [m] (1.14)
o €X,, 1€ [m]
for some a; € R[Xy,...,X,] and & € N. The decision variables, sos polynomials
with a degree bound, translate directly to classical sos programming constraints of the

form [SOSP] since the o; have a bound on the degree and are thus fully parameterized by
finitely many scalar decision variables.

8This is just to ease notation: Every equality constraint can be modeled by two inequality constraints.
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Polynomial variables. Constraints of the form
piar + ... + Pyl € 2y
degp; <k, i € [m] (1.15)
pi €RXy, ..., X,], i€[m]

for some a; € R[Xy,...,X,] and £ € N. The decision variables, polynomials with a
degree bound, translate to classical sos programming by the same argument as for sos
variables.

Truncated quadratic module containment. Constraints of the form

cH+yiar + ...+ Ymam € M(hy, ..., hy)[k]

1.16
s (1.16)
for some a;, h; € R[X7, ..., X,] and k € N. This translates to a classical sos programming
constraints as follows: The statement
cHyray ... + Ymam € M(hq, ..., he)[K]
is equivalent to
C+y1a1 —i—ymam — ZO’jhj € En
j=1
dego; <k, i€]s
0 €X,, 1€ ][s]
and is thus a constraint with sos variables as introduced in ([1.14)).
Linear programming constraints. Constraints of the form
Ay <b
=" (1.17)
yeR

for a real matrix A and real vector b. The requirement v < v for real numbers u, v is
equivalent to v — u € X, as every nonnegative real number is a square. Note that, as
sos solvers reformulate an sos program into a semidefinite one, this can be done more
efficiently in practice.

Semidefinite constraints. Constraints of the form
Qes"
Q =0,

that is, a positive definite decision variable, can be modeled using classical sos con-
straints. The matrix is fully parameterized by finitely many scalars. Symmetry of )
can be enforced by a system of linear equations in the entries of ), moreover, () >~ 0 is
equivalent to (Xi,...,X,)TQ(Xy,...,X,) € ¥, by Theorem . Again we note that
this can be done more efficiently in practice.
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Combinations of the above. It goes without saying that said constraints can be com-
bined. For example, a constraint of the form

c+ Zyjagj + Zajalj + ijagj S M(hl, e ,hs)[l{}
j=1 j=1 j=1
yeR™, dego; <k, o;€%,, degp; <K' peR[Xiy,...,X,]

where ¢, a;; € R[Xq,..., X,,] and k, k', k" € N, combining scalar decision variables y, sos
decision polynomial variables o; (of bounded degree) and polynomial decision variable
p; (of bounded degree) can be modeled in sos programming.

1.5.5. Lower bounds for continuous polynomial optimization
problems

We have already remarked that throughout this work we use sos programming to ap-

proximate continuous polynomial optimization problems of the form [CPOP] that arise,

for example, as relaxations of mixed-integer polynomial problems. As these problems
are hard, we use sos programming to compute lower bounds on [CPOP]

In the following we describe how lower bounds on

min  p(zx)

1.18
s.t. $€K<h1>---ahs)7 ( )

for p, hy, ..., hs € R[X] can be derived by sos programming. Note that (1.18)) is just a
reformulation of [CPOP) since by the defining equation ((1.11]),

K(hl,,hs):{l'ERnhl(x)ZO,,hs(l')zO},

or put differently, the feasible set of [CPOP]is basic closed semi-algebraic.
The method we outline follows Schweighofer [Sch05], based on Lasserre’s [Las01] work.
Consider the hierarchy [Q, £ =1,2,..., of sos programs

max Yy

s.t. p—y—iaihiez

i=1 Q)
deg(o;h;) < k, 1=1,...,8 (Q

0; €%, 1=1,...,s
y € R.

In the decision variables are y € R and the real coefficients of oy,...,0, € R[X].
We then have the following result:

Proposition 1.25 (see, e.g., Chapter 3 in [BPT13|). Every feasible solution y to
gives a lower bound on .
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Proof. Let y be feasible. Then, there are oy, ...,05 € X, deg(o;h;) < kfori=1,..., s,
such that

S
p_y_zaihizao
i=1

= p(x) =y + oo(x) + Zai(x)hi(:c) >y, x€K(hy,... hy),

i=1

as 0; € %, hence o; are nonnegative, and h;(z) > 0 on K (hy,. .., hs) by definition. Hence
p is bounded from below by y on K(hy,...,hs), i.e., every feasible solution to is a

lower bound on (1.18]). O
Remark 1.26. In view of (1.16]), the hierarchy |Qx| can be formulated more compactly

as
max y
st. p—y &€ M(hy,..., hs)kK] (1.19)
y € R.

A justification for the ansatz is the following well-known and easy consequence
of Putinar’s Positivstellensatz (Theorem |1.20)). We give the proof to illustrate how to
apply the Positivstellensatz in convergence arguments.

Corollary 1.27 (see, e.g., Proposition 10.5.2 in [Mar08]). Denote the minimum of
by p* and the minimum of by y® . If M(hy, ..., hs) is Archimedean, then y*® 7 p*
for k — oc.

Proof. There is nothing to prove if p* = 4o0o. So suppose p* € R and let ¢ > 0.
Hence p — p* + e > 0 on K(hy,...,hs). Since M := M(hy,...,hs) is Archimedean,
p—p*+e € M. Thus there is k. € N with p—p*+¢e € M[k.], in other words, y. := p*—¢
is feasible for [Q] with k = k.. As e > 0 was arbitrary, we have y. — p* for ¢ — 0. Since
moreover y. < y¥) < p*, we also have y*<) — p*, and a subsequence of y*) converges.

It remains to show monotonicity. Monotonicity follows from M k] C Mk + 1] for all
k € Ny by the defining equation ((1.13]). m

Although finite convergence is not guaranteed [Las01|, there are cases where an op-
timal solution x € K(hy,...,hs) to can be extracted from [Qf For example, a
sufficient condition for the extraction is given by a rank condition on associated moment
matrices |HLOS]. In the unconstrained case min{p(z) : z € R"} given by s = 0 in (1.18))
even more is known: Instead of solving (Qz with respect to K(0)) = R™ which would be
given as max{y : p —y € X}, one can consider the gradient Varietyﬂ, resulting in 2n
constraints corresponding to the equations

Opp=...=0,p=0

9Tt is well-known that the gradient of a differentiable function f : R® — R vanishes at a local optimum,
a fortiori at a global minimum.
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and solve ([1.19)) with respect to the constraint polynomials

0Dy -+ s Op, Dy — Oy Py« « oy, —Og, D (1.20)
Then we have:

Theorem 1.28 ([NDS06|). Consider the set of polynomials of degree at most d € Ny
that possess a global continuous minimizer:

Fi:={p € RX]:deg(p) <d and Fz* € R" s.t. p(z*) =p* = i%f p(z)}.
TER™
Then, for the sos programs Q) with gradient variety constraint polynomials from ([1.20]),
finite convergence holds for almost al['| polynomials p € F,. More precisely, there is a
ko € Ny such that for the optimal solutions y* of Q. one has y*) = y*o) = p* for
k > ko. Moreover, a minimizer x* of (1.18) can then be extracted.

1.5.6. Sos and semidefinite programming

Sos programs translate to semidefinite programs. Semidefinite programs in turn are op-
timization problems that are well-understood, and many numerical solvers are available.
Since semidefinite programs are omnipresent in this work — implicitly in the form as
sos programs, or explicitly in Chapter [5| —, we recall their standard formulations in this
section. Note that in Section [5.3| we use a more general form of sos programming. The
basic idea itself — how extensions of semidefinite programming transfer to extensions of
sos programming — is indicated in Section

Semidefinite programs are matrix optimization problems. To end with a scalar objec-
tive, the standard inner product on R™*™ plays a crucial role. A semidefinite program
in primal form minimizes a linear form over the cone of positive semidefinite matrices,
subject to linear constraints. Formally, it is given byE

min (C, X)
st.  AX)=b (SDP-P)
X =0

for given C' € 8™, b € R™ and a linear map A : 8™ — R™. The decision variables are
n x n symmetric matrices X that are required to be positive semidefinite. Note that the
constraint A(X) = b can be rewritten as

<A1,X> - bl; ey <Am,X> - bm
for some matrices Aq,..., A, € S™.
10More precisely, finite convergence holds if the gradient ideal (O,p,. .., 0y, p) is radical and the cor-

responding complex gradient variety consists of finitely many points. These properties are generic
in the sense of algebraic geometry. See [NDS06| for details.
1'We follow the presentation of semidefinite programming in Chapter 2 in [Hel00).
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The dual program to [SDP-P] i.e., a semidefinite program in dual form, is given by

max (0,y)
st. ATy +2Z=cC (SDP-D)
yeR™ Z >0,

where A7 : R™ — 8" is the adjoint of A, that is, the unique linear map satisfying
(AX,y) = (X, A"y)

for all X € 8™ and y € R™. For the dual, the two constraints AT (y)+Z = C and Z = 0
can be rewritten as the single constraint

Z ypAp 2 C
k=1

with the matrices Ay, from above. We call constraints as they appear in [SDP-P| primal
constraints and in [SDP-D| dual constraints. For completeness, let us mention the well-
known fact that equality constraints and matrix unknowns are perfectly acceptable in
a semidefinite program in dual form, and vice versa. We give a proof to illustrate the
techniques involved.

Observation 1.29. Let A € 8", b € R". A constraint of the form
<AZ,X>:bZ, Zzl,,m7 XtO

with decision variable X € 8™ can be expressed as a single constraint of the form
m
> yB;=C, yeR™,
j=1

for suitable C,By,...,B! € 8", n',m' €N, and vice versa.

Proof. We start with a single equation (A, X) = b, A € 8", b € R. This is equivalent to
the two 1 x l-matrix constraints (3, ; A4;;Xy;) 2 b, (=2, Ai;Xy;) = —b. Two matrix
constraints D < EF =< G can be written into one block diagonal matrix requirement
diag(D, F) < diag(E, G) (by Observation[L.9). By the same argument, all m constraints
can be written into a single constraint. Similarly, the requirement X > 0 — in its
equivalent form 0 < X — can be appended to said block diagonal matrix. The proof for
the converse direction is similar. ]

Semidefinite programming has a rich duality theory. We refer to Chapter 4 of the
handbook [WSV00| and the references therein for a detailed exposition. Let us note that,
as a fundamental difference to linear programming, strong duality does not necessarily
hold: It can happen that both the primal and the dual program have an optimal solution,
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but the optimal values do not coincide. Put differently, it may happen that the duality
gap is nonvanishing.

We present now the key theorem that links sum of squares programming and semidef-
inite programming. The theorem states that, given a polynomial p € R[X7, ..., X,], the
polynomial p has an sos decomposition if and only if a semidefinite system involving the
coefficients of p has a solution. Before we state the theorem, we introduce the following
notation: Let

(X]g:= (1, X1, .., X0, X2, X1 Xy, ..., XHT

be the vector of all (";d) monomials in the unknowns Xy, ..., X, of degree at most d.

In view of ([1.1]), [X]4 is an ordered basis of R[X7, ..., X,]4.

Theorem 1.30 (see, e.g., Theorem 3.39 in [BPT13|). A polynomialp =), paX* inn
n+d
variables of degree 2d is a sum of squares if and only if there is () € S( d ) with

p=[X§QX]s, Q=0,

where we index the matriz () by the exponent tuples. Equivalently, this is the case if and

only Q = 0 and the following system of (";Lde) linear equations (in the unknown entries
in Q) holds:

Pa = Z QB'V-

Btr=a

Note that the characterization in Theorem [1.30| explicitly refers to the monomial basis
on R[Xy,..., X,]a. It is, of course, easily possible to express the coefficients in terms
of any other basis of the space of polynomials with a bound on the degree and its dual
space. The details can be found in Theorem 3.41 in [BPT13].

With Theorem [1.30] it is easy and well-known to translate sos constraints to semidef-
inite constraints, and thus an sos program into a semidefinite program.

Corollary 1.31. Let c,aq,...,a,, € 2. Put

dy = dege, d;:=degay, j € [m], d:= max [d;/2].

0<j<m
Then, the constraint
c—l—Zyjaj €X, yeR™,
j=1

is equivalent to the semidefinite system

m . (n+d)

Cat Y (a)ayj= > Qs yeR™, QeS\a) Q=0
i=1 B+y=a
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1.6. Existence and hardness results for MIPPI

This section characterize sufficient conditions ensuring the existence of optimal solutions
to [MIPP] and gives key hardness results.

1.6.1. Existence of optimal solutions

The aim of this section is to illustrate with the following proposition the interplay of
geometrical, algebraical, topological and analytical conditions that force the existence
of optimal solutions to [MIPP] In the proposition, we assume that [MIPP| has feasible
solutions, that is, Fr # (). None of the single observations are new, so the proof consists
of pointers to well-known results. We do not address the important but difficult question
how to decide whether or not Fr = (). Also, note that for the sake of clarity we omit
implications that are easily derived by transitivity.

Proposition 1.32. Let f,q1,...,9, € R[Xy,...,X,] be polynomial data for MIPP| and
suppose Fr # (. Let = € R with z > f(q) for some q € Fr. Let S*™ be a sphere
corresponding to a norm on R™. Then, the following implications hold:

fdeg(f) > () <——— inf fdeg(f)(l‘) >0

ﬂ reSn—1

f is coercive —= all ﬁ’;(z’) compact

J

M(z—f) Ar. —— Eé(z) compact

I

M(g1,...,9r,2— f) Ar.=Fn ﬁ;(z) compact = Fr N Eé(z) compact = opt: [MIPP]

f f f

M(q1,...,g9,) Ar. ———= F compact ——=> F7 compact

f
i : K(g;) compact
i

di . —g; coercive

Fi 0 —(9i)aeg(9) > 0= Sup Jdeg(g) () <0
reSn—
In the diagram, “Ar.” abbreviates “is Archimedean” and “opt: [MIPP|” abbreviates
has optimal solutions”.

Proof. The proof iterates as outer loop from top to bottom and as inner loop from left
to right. The equivalence of f having a positive definite leading form f; and f; having a
positive infimum on the sphere is from (|1.3)) To see that fqeg(s) > 0 implies coercivity, let

d := deg(f), and decompose f into its homogeneous components, f = Zj:o fj- Let' S
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denote the Euclidean unit sphere in R™. Let ¢; = min,es fj(x) for all j. By compactness,
the ¢; are finite, and by positive definiteness of f;, we know that ¢4 > 0 by (L.3). By
homogeneity,

d d

d
@) =300 = 3 (W) 2l > 3 el

J=0 J=0

and f is bounded from below by a coercive univariate polynomial in ||z|lz. The claim
follows.

If f is coercive, boundedness of all sublevel sets follows from Proposition [[.4 As f
is continuous, the sublevel sets are moreover closed. Compactness of all sublevel sets
follows. Suppose now all sublevel sets are compact. Then they are a fortiori bounded,
and the claim follows from Proposition [1.4l The topmost equivalence is proved.

Coercivity of f implies M(z — f) Archimedean by Proposition m To see that
coercivity implies that M (z — f) is Archimedean, we know by the above that coercivity
implies all sublevel sets are compact, especially £L(2) = K(z — f) is compact. Then
by Theorem @), M(z — f) is Archimedean. "On the other hand, if M(z — f) is
Archimedean, by Corollary K(z— f) = £L(2) is compact.

Now, let M(z — f) be Archimedean. By Proposition 123 M(g1,..., 902 — [) is
Archimedean. The implication “M (g1, ..., g, 2 — f) = F compact ” results from

K(gla"'>g7‘>z_f) :FQ‘CJ;(Z)

and Corollary [[.19 That this implies compactness of Fr in turn follows from the fact
that Fr = FFN R} and R7 is closed. The final implication in this row is based on the
subsequent observation: We know that z > f(g) for some feasible ¢, hence Fy N £L(z)
is nonempty. Minimizing f, a continuous function, over a nonempty, compact set yields
an optimal solution.

Now, if M(¢1,...,g,) is Archimedean, M(gi,..., g,z — f) is Archimedean by Propo-
sition . We refer to Corollary again to see that M(gy,...,g,) Archimedean
implies F' = K(gi,...,¢,) is compact. Also, Fr is compact if F' is, by the argument
Fr = FNRY} again (and R% is closed). The implications F' compact (Fr compact)
implies F' N £L(z) compact (F N £L(z) compact) follow from the fact that £%(z) is a
closed set by continuity of f. - -

The next two implications — K (g;) compact for some ¢ € [r] implies M (g1, ..., g,) and
—g; coercive implies K (g;) compact — were proved in Proposition |1.22]

The proof of the claim, —g; has positive definite leading form implies —g; is coercive,
is verbatim identical to the proof of “f; > 0 implies f coercive”.

Also, the last equivalence is proved as the first. n

Let us note that in the unconstrained case, the existence of a mixed-integer minimum
enforces positive semidefiniteness of the leading form.

Proposition 1.33. Let f € R[X,...,X,] of degree d. Suppose that

xleangﬂx) > —00.
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Then fq > 0; especially, d is even.

Proof. 1t suffices to show the claim for Z = [n], that is, integer minimization. Suppose
there is x € R™ such that f;(z) < 0. By homogeneity, we may assume x € S!. By
continuity, there is a whole neighborhood W of x such that f;(y) < 0 for all y € W. As
W NSt =£ (), there is a point r € W NS with rational coordinates r; = 2z €1,
n; € N, i=1,...,n. Now for all A € R, '

d
fOw) =2 FN,
5=0
and since fy(r) < 0, we have f(M) — —oo as A = oo. Since r; = 2, i = 1,...,n,
there is a lowest common denominator [ € N of the r;. For £ € N, we have especially
f(klr) — —oo as k — oo. But since klr € Z", f is unbounded from below on Z". The

conclusion that d must be even follows from homogeneity. ]

1.6.2. Hardness results

In this section we state complexity results for important special cases of [MINLP] We
start with binary programming.

Theorem 1.34 ([Kar72|). Let A € Z™*™, b € Z™. The decision problem:
Does Ax =b have a solution x € {0,1}"7

1s NP-complete.

The more general problem of linear integer programming is in a precise sense not more
difficult than binary programming;:

Theorem 1.35 (see, e.g., Problem MP1 in [GJ79]). Let A € Z"™*", b € Z™. The
decision problem:
Does Az <b have a solution x € Z™?

1s NP-complete.

We turn now to the complexity of continuous polynomial optimization. Nesterov [Nes00]
showed how to encode a binary optimization problem as a continuous polynomial opti-
mization problem. We repeat a simplified variant, which seems mathematical folklore
(see, e.g., Lecture 11 in [Tod12]). Let A € Z™*", b € Z™, and consider the following
continuous polynomial optimization problem:

min  p(z) = ||Ax — b||5 + Z(xl —x7)?
i=1

rz e R"

(1.21)

For z € R", p(z) = 0 if and only if Az = b and z; = 2?2 for all i € [n], equivalently,
x € R™ satisfies Az = b and x € {0,1}". By Theorem we have:
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Theorem 1.36 (|[Nes00|). Deciding nonnegativity of f € Z[Xy,...,X,] is NP-hard,
even if one restricts to polynomials of degree four.

Positive definite leading forms of polynomials play a central role, so we also cite:

Theorem 1.37 (|Nes00]). Deciding positive definiteness of f € Z[X,...,X,] is NP-
hard, even if one restricts to homogeneous polynomials of degree four.

The following is a newer, stronger variant.

Theorem 1.38 (see, e.g., p. 459 in [AOPT13|). Deciding nonnegativity of a polynomial
f € Z[Xi,...,X,)] is strongly NP-hard, even if one restricts to biquadratic forms[?|

We end this section with two important incomputability results for all-integer problems
and a hardness result for continuous optimization. The all-integer special case of [MIPP]
with no constraint functions and a polynomial objective has the form

min f(x)

1.22
st. zeZ" ( )

and are studied in Chapter [ff Even this very restricted subclass of is already
incomputable in general: Hilbert’s tenth problem asks if there exists an algorithm that
decides whether for a given polynomial f with integer coefficients the equation f(z) =0
has a solution € Z". Seventy years later it was proved by Matiyasevich [Mat70| that
no such algorithm can exist. So if there was an algorithm to solve , we would also
get an algorithm to decide whether f(x) = 0 has an integer solution by minimizing f?
over Z". Let us state this well-known, important consequence of Matiyasevich’s result:

Theorem 1.39. There cannot be an algorithm that solves (|1.22)).

As a final hardness result, we show that integer optimization of a linear function
subject to quadratic constraints is also incomputable. Consider the program

T

min x
s.t. gi(x) >0, i=1,....n (1.23)
s.t. xeZ"

where r = n and g¢; € Z[Xy,...,X,] are quadratic polynomials with no mixed terms.

Extending ideas of Matiyasevich, Jeroslow proved the following theorem.

Theorem 1.40 ([Jer73]). There cannot be an algorithm that solves (1.23)).

12 A subclass of homogeneous polynomials of degree four.
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2. Half-spaces containing the feasible
set

In this chapter we consider half-spaces that contain the feasible set F' or the relaxed
feasible set F7. We find these half-spaces with the help of gauges — a generalization
of a norm on R™ — and a known feasible point ¢ € F7. We explore when half-spaces
containing F' can be used to find half-spaces containing F7; the latter half-space is called
a cut for F. The main motivation is that these cuts have proved quite successful for
linear and convex programming.

Section [2.1] gives a more detailed motivation of cuts. We repeat some results from
linear and convex programming and outline our gauge-based approach. In that section
we also recall the definition of gauges as well as their basic properties and special types
of gauges that prove useful for our ansatz.

Section [2.2] formulates the task to find a half-space containing F' as an auxiliary
program. We give geometric characterizations that ensure the existence of feasible and
optimal solutions.

Section [2.3] is concerned with the task to compute solutions to the auxiliary program.
With additional assumptions, the task can be formulated as an sos program. Several
linearization steps are necessary. We end with an approximating hierarchy and give
convergence conditions.

Section [2.4] closes the chapter with an investigation when a half-space containing F
can be used to derive a cut for F, that is, a half-space containing F7.
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2.1. Motivating half-spaces and preliminaries on gauges

In this chapter we consider, as outlined in the introduction, half-spaces that contain the
feasible set or the relaxed feasible set. Yet the task to find a half-space containing a
given set is an interesting task by itself. We will thus, for additional generality, state
our results using a deputy set S C R" instead. We keep in mind that candidates for this
set S are, amongst others, the feasible set F7, the relaxed feasible set F', and the set of
all optimal solutions of MINLP}

At first, we discuss the problem of finding a valid, and tight if possible, inequality.
The formulation we use is quite general and assumes knowledge of a point ¢ € S. Our
auxiliary problem finds a valid inequality that minimizes the distance to ¢, where our
measure for the distance comes from a gauge. In later sections we restrict to polyno-
mial constraints and polyhedral gauges and derive an approximating hierarchy, which
makes the problem tractable. Finally, we show how techniques from mixed-integer linear
programming can, in certain cases, yield linear cuts for MINLP]

The geometric and algebraic perspectives in this section are closely related. Recall
from Section that half-spaces correspond to linear inequalities, and a half-space
containing S corresponds to a valid linear inequality for S. A linear cut for S is a valid
linear inequality for Sz. Before we start with the math, we present some results on valid
linear inequalities and cuts in linear and convex programming.

2.1.1. Motivation from linear and convex programming

Valid linear inequalities are of prime importance in the theory and history of linear,
linear integer and linear mixed-integer programmingl] One reason is the following. For
a given linear function ¢’z to be optimized over F; — where the constraints in linear
programming are affine-linear functions —, it is not difficult to see that it is sufficient
to optimize it over the convex hull of F7 instead, see, e.g., [CCZ10]. The convex hull
of Fr in turn is in this case, for rational data, polyhedral. This fact was first proved
by Meyer [Mey74] and is also known as the fundamental theorem of integer program-
ming |[CCZ10|. Hence, the convex hull is completely described by finitely many valid
inequalities, the so-called facet-defining inequalities. Knowledge of all facet-defining in-
equalities of Fr thus reduces mixed-integer linear programming to linear programming,
at least in principleE]

We saw that in mixed-integer linear programming, the search for half-spaces that
contain F7 but do not contain a given point ¢ € F'is the search for linear cuts. The first
result in this direction was Gomory’s algorithmic approach to linear cuts [Gom58|. Later,
Chvatal and Schrijver showed that the repeated application of all Gomory-type linear
cuts yields the convex hull of F7 (for linear constraints), see Theorem 1.1 in [MMWWO02].
Nowadays, the underlying theory of linear cuts has become quite deep and the number

1For example, the seminal work on integer and combinatorial optimization [NW88| devotes a whole
chapter on the theory of valid inequalities.

2However, by complexity considerations, it must be NP-hard to compute all facet-defining inequalities
of FI-
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of different types of linear cuts is — even though the underlying ideas of the cuts are
often related — vast. The article [MMWWO02| is a modern presentation of the most
influential linear cuts, and the article |[CLO1| explores the relationships in the linear
cut zoo. Recently, mazimal lattice free polyhedra have attracted attentionf| It can be
shown that, as the authors in [AWW11] put it, the strongest linear cuts are derived from
maximal lattice-free polyhedra.

Linear cuts also play a fundamental role in the actual solution process in a modern,
state-of-the art linear solver. This seems like a generally agreed-upon fact in the opti-
mization community, but as a reference, let us mention a talk given in 2010 [BGR10]
by Robert E Bixby, a mathematician who also conceived two of the three large com-
mercial linear solvers of today, presented computer experiments on which single feature
in the solution process of mixed-integer linear programs was most helpful (the feature
list consisted of cuts, presolve, variable selection, heuristics and node presolve). In his
experiments, cuts contributed by far the most significant part.

Cutting plane methods also exist in convex programming. Soon after the first linear
cut method was published by Gomory in 1958 [Gom58]|, Kelley published a version for the
more general, convex program in 1960 [Kel60]. A modern introduction into the key ideas
on linear cuts for the continuous convex problems (absence of integrality constraints) is
given in [BV11]. For an overview on linear cuts for mixed-integer convex problems, we
refer to Chapter 4 in [BKL+13].

2.1.2. A note on our approach

With this background from linear and convex programming in mind, we approach the
task to find valid linear inequalities for and take a look at some ideas on
how to generate cuts from these valid inequalities. Now seems the right moment to
mention that we must not expect a general algorithm of the following type: Given a
point ¢ € F \ Fr, compute a valid inequality for F7 that is violated by F. Why is
this? Algorithms of this type are separation algorithms. A fundamental result from
convex optimization states that, roughly speaking, any separation algorithm for convex
problems yields an optimization algorithm (Corollary 4.2.7 in [GLS93]). Hence, if we
could give an algorithm that in polynomial time separates ¢ € F' from Fr, we have
a polynomial time optimization algorithm for which in view of Theorem [I.35]
cannot be expected (unless P = NP).

3A convex set K C R™ with non-empty interior is lattice-free if Z™ does not intersect the interior of
K. It is maximal lattice-free if K is inclusion maximal in the set of all lattice-free convex sets. If the
data is rational, it can then be shown that every maximal lattice-free set K is actually a polyhedron
and each facet of K has an integer point in its relative interior [BCCZ10|. We refer to [AWW11]
and the references therein for further material on the topic.
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2.1.3. Gauges
Measuring distances via gauges

A gauge is a function v : R™ — R of the form
Y(z) =v(z;A) =inf{t > 0:z € tA} (2.1)

for A C R™ compact, convex with 0 in its interior. Let us note some well-known prop-
erties of gauges:
Proposition 2.1 (see, e.g., p. 14 in [Hol75]; also p. 25 and Theorem 1.39 in [Rud91]).
Let v : R" — R be a gauge. Then, the gauge ~y

e is nondegenerated, y(x) = 0 if and only if t =0 and v(x) < oo for all x € R™,

e attains the infimum in the defining equation for all x € R",

e is positively homogeneous, v(A\x) = Ay(zx) for all x € R™ and A > 0,

e is absolutely homogeneous, y(Ax) = |N|y(z) for all x € R™ and A € R if A in (2.1))
is symmetric (A= —A),

o is subadditive, y(x +vy) < v(z) +v(y) for all x,y € R™.

Remark on the proof. For the actual proof we refer to the given references. To explain
the assumptions, we note the following. The property (z) < oo follows from A having
0 in its interior. The property v(z) = 0 if and only if z = 0 follows from A being
bounded. The infimum is attained due to compactness. Positive homogeneity is imme-
diate from the definition. Absolute homogeneity follows from definition and symmetry
of A. Subadditivity follows from convexity. O

The (closed) gauge ball at p € R™ of radius R > 0 is the set

B (p) := Br(p;v) == {z € R" :7(z —p) < R}. (2.2)
Given A, B C R™ and a gauge v on R", the distance from A to B is
d(A,B) =inf{y(b—a):a € Abe B}. (2.3)

For a singleton set A = {a} we also write d(a, B).

In the following Lemma, we note that the distance measured by gauges between two
sets A, K is attained if A is closed and K compact. Since the proof is elementary and
similar to the proof for the case of norms, we expect the result to be known. As we
could not find a proof in the literature, we give one in the appendix for completeness.

Lemma 2.2. Let v be a gauge on R", A C R" be closed, K C R"™ be compact and A,
K #0. Then there are a* € A and k* € K with

d(a*, k") = d(A, K).

Proof. See Chapter [B]in the appendix. ]
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Polar gauges

The function v°(z) = sup{aTy : y € R, v(y) < 1} is the polar of . The polar is again
a gauge, see, e.g., Theorem 15.1 in [Roc70], and if we introduce the notion of a polar of
aset A CR” as

A ={zcR": 2Ty <1Vye A}, (2.4)

it can be shown that
7o (x, A) = 7(x, A°), (2.5)

see, e.g., Theorem 15.1 in [Roc70]. We also consider gauges v that are polyhedral: (-, A)
is called polyhedral if A is a polyhedron. As the polar of a polyhedron is a polyhedron
(see, e.g., Corollary 19.2.2 in |Roc70]), it is clear in view of that the polar of a
polyhedral gauge is again polyhedral. For a polyhedral gauge 7(-, A), the extreme points
of A of are called fundamental directions of ~.

49



2.2. Finding valid inequalities using gauges

Suppose you are given a set S C R™ and your task is to compute an inequality that
is tight for S. Can this be done? This task seems too difficult without additional
assumptions. Our approach to generate valid, possibly tight, inequalities for the set S is
governed by the following assumption: You are given a point ¢ in S. Is it now possible to
compute a valid inequality for S with minimum distance to ¢, in the sense of ? And
then, secondly, is the inequality thus computed also tight for S? A somewhat abstract
answer to the first question is that the task to find a valid inequality can be cast as an
auxiliary program (see below). A constructive answer to the first question, i.e., to
compute a valid inequality for a given set S in practice, requires additional assumptions,
and is deferred to Section [2.3] There, provided S is semi-algebraic, we approximate
Program with a hierarchy of sos programs, that yield feasible solutions and, under
additional assumptions, converge towards the optimal solution. The second question
can be answered in the affirmative (Proposition [2.3]).

Now consider the following program. It computes a valid inequality for S that is as
close as possible to g € S.

min d(q, H(a,b))

st. a#0
T (V1)
a'r<b forxzels
a€c€R" beR

In our setting, natural candidates for S are F or F N LL(f(q)). Before we prove some
properties of this program, let us note that Program can also be considered as a
hyperplane location problem. For an overview over such problems, we refer to Chapter
7 in [Sch99]. Let us now interpret solutions of Program geometrically.

Proposition 2.3. For Program
1. Every feasible solution (a,b) yields a valid inequality (a¥x < b) for S.
2. Fvery optimal solution (a,b) yields an inequality (a”z < b) that is tight.

3. Every optimal solution (a,b) with objective value 0 yields an inequality that is tight
at q.

Proof. Claim is clear. To see Claim (2)), let (a, b) be an optimal solution and assume
the contrary, i.e., there is ¥ < b with (a’z < V') valid for S. By Lemma there is
p € H(a,b) with v(p — q) = d(q, H(a,b)). Using q € S, we get the inequalities

alqg <t <b=a"p, (2.6)
and hence a’(p — q) > 0. Put

b—1b

p:=p+ Aq—p) with A := ————.
4=2) a’(p—q)
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Observe that p is a point on H (a,t):

—~
L)

T(q —
b':an—l—b'—b:an+aT—p
a

- (b —=b)=a’p+Aa" (¢ —p) = a’p.

~ | —

—~
LS

/

Note that (2.6) implies A > 0 and A < % = 1. Since p—q = (1 — N)(p — q), all our

observations combine to

d(q,H(a,V')) <~v(p—q) =1 =My —q) <vp—q) = d(q, H(a,b)).

Hence (a,¥') is a feasible solution to with better objective value, contradicting opti-
mality of (a,b).

To see Claim 3| note that if the objective value is 0 at (a, b) we know from Lemma
that d(q,p) = 0 for some p € H(a,b), hence ¢ = p and we conclude ¢ € H(a,b). The
claim follows. O]

It turns out that feasibility of is sufficient for the existence of optimal solutions.

Theorem 2.4. Let S C R" and ¢ € S. Program[V1]is feasible if and only if conv S C R".
In that case optimal solutions exist.

Proof. Assume first that Program is feasible. Then S C (a’x < b) for some a € R™,
a#0,beR Now

conv S C conv(a’z < b) = (a’x < b) CR"

follows.

To see the converse implication, let z € R™ \ convS. By Theorem , we may
separate z from conv S by a hyperplane H(a,b) with a’x < b for all x € conv S, and
this hyperplane is feasible to Program [V

To see that feasibility implies existence of optimal solutions, we construct an optimal
solution that corresponds to a supporting hyperplane at a suitably chosen point on the
boundary of the closure of the convex hull of S. So let (a’x < b) be an inequality
that is valid for S and thus conv S. Moreover, as half-spaces are closed, (a’x < b)
remains valid for C' := clconv S, and we conclude C' C R™ . Also, C' is convex by
Theorem [1.12] As ¢ € S C C, C is a nonempty, proper subset of R", so its boundary
B :=bd C is nonempty. As B is closed, Lemma [2.2] ensures the existence of x; € B with
d(g,z1) = d(q, B). By Theorem [1.14] there is a supporting hyperplane Hy = H (a1, b;)
to C' at x;. We claim that (aq,b;) is optimal.

Suppose it is not, so there are (ag,by) such that (a2z < by) is valid for S and the
corresponding hyperplane Hs := H/(ag,by) suffices dy := d(q, Hy) < d(q, Hy) =: d;.
Again there is xy € Hy with d(q,z2) = dy. We now distinguish all three possible
locations for x5 and derive a contradiction in every case.

1. 29 in R™\ C. As g € C, the line segment from x5 to ¢ crosses the boundary B of
C' at a point x3. But then d(z3,q) < dy < d;, contradicting minimality of z;.
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2. x5 € bdC = B. As in the case x5 ¢ (', this contradicts minimality of x;.

3. x5 € int C. Hence there is € > 0 with 3 +ea € C, and al (2o +¢cay) = by +eatay >
by as xo € H(ay,by). Consequently, (alx < by) is not a valid inequality for C.
On the other hand, S C {z € R" : alx < by} by assumption on (alx < by).
But Theorem then entails C' = clconvS C (aiz < by), contradicting our
observation that (a2 z < by) is not valid for x5 + eay € C.

We conclude that xp cannot exist, so neither can (ag, by). Hence (aq,b;) is an optimal
solution to Program [V1] O

So far, we have not yet taken into account the presence of an objective function.
Suppose the objective function is given as f : S — R. Now, if ¢ € S and ¢ is not a
local maximizer of f, it can be shown (Proposition that ¢ lies on the boundary
(with respect to S) of £L(f(¢)) N S. In other words and under above-said assumption,
adding the inequality f(z) < f(q) (note that no optimal solutions get lost) pushes ¢
to the boundary of the (altered) feasible set £L(f(¢q)) N S. For the convex setting, this
has interesting consequences: By Corollary , there is a supporting hyperplane to
SN LL(f(g)) which is tight at ¢. We have thus proved:

Proposition 2.5. Let S be a convex set, ¢ € S, f: S — R quasiconvex. If q is not a
local mazimum of f, then Program with S replaced by S N L"; (f(q)) has an optimal
solution with objective value 0.
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2.3. Computing valid inequalities

We now want to make Program tractable through a relaxation that can be solved
with a computer. Several obstacles need to be addressed: We lack an analytic, preferably
linear, expression for d(q, H(a, b)), the distance of g to the hyperplane. This is, as shown
in Section [2.3.1] possible if we enforce an additional constraint. This constraint, however,
is non-convex, but using disjunctive arguments, we linearize the constraint nevertheless
in Section [2.3.2] Finally, the requirement that the inequality is valid for x € S possibly
corresponds to infinitely many linear constraints, which we sidestep by restricting to
semi-algebraic S as explained in Section [2.3.3

2.3.1. Linearization of the objective

The aim of this section is to linearize the objective function d(q, H(a, b)) in Program [V1]
The following result is the first step.

Theorem 2.6 (Theorem 1.1 in [PCO1|). Let v be a gauge on R™ and denote its polar
by ~°. Furthermore, let 0 # a € R™ and b € R. Then

(b—a"q)/v°(a), a"q <D,

(aTq = b)/1"(=a), aTq> b, (27)

d(q, H(a,b)) = {

The variable a enters the fractions in (2.7) in a nonlinear fashion. Moreover, the
constraint a # 0 is not closed. Now compare Program with the following program
that avoids a constraint of the form a # 0:

min b—alyq
s.t. ?Ta: <b forxeS (V2)
7°(a) =1
aceR" beR,

It turns out that Programs [V1] and [V2 are closely related.

Proposition 2.7. Let ¢ € S C R™ and v be any gauge on R™. Then, solutions of Pro-
gram V1] are in correspondence to solutions of Program[NV2| as follows: The optimal val-

ues coincide. Moreover, if (a,b) is feasible/optimal to then W(Sé’l)) is feasible/optimal

to[V2| If (a,b) is feasible/optimal to then (a,b) is feasible/optimal to[V1]
Proof. By (2.7) and using the fact that a’q < b, Program is the same as

min (b —a"q)/7°(a)

st. alz<b forzesS
a0
a € R beR.

(2.8)
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Let (a,b) be feasible for Program (2.8). To ease the presentation write ¢’ = a/v°(a)
and ' = b/~°(a). As a # 0, H(a,b) = H(d',b') and the inequality [da’,b'] is valid for
S. Also, the tuple (a/,¥) is feasible to [V2| and the objective values coincide. On the
other hand, every feasible solution to is a feasible solution to , with coinciding

objective values. This implies the claim about optimal solutions, too. O

To summarize, instead of solving [V1] we may solve [V2]

2.3.2. Linearization of a constraint

Program [V2 contains the non-convex constraint

7°(a) = 1.

This non-convexity can be circumvented by considering polyhedral gauges: There are
well-known results on the facets of their unit balls which allow us to linearize the con-
straint v°(a) = 1. We start with a characterization of the faces of a unit ball in terms
of the extreme points of the polar polyhedron defined in (2.4)).

Theorem 2.8 (see, e.g., Proposition 3.2, and Theorems 5.3 and 5.5 in Chapter 1.4
in [NW8S|). If P is a full-dimensional and bounded polyhedron and O is an interior
point of P then
P= ﬂ {xER”:w%xSl}
keK

where {7y }rex are the extreme points of P°. The inequalities m} x < 1 describe exactly
the facets of P.

Now suppose 7 is a polyhedral gauge. Denote its fundamental directions — that is, the
extreme points of its unit ball B —by vy, ..., v, € R", and the unit ball of the polar gauge
~° by B°. Then, it is well-known that the facets of B° are E; = {x € B°: vax = 1},
3 =1,...,1. This can be seen as follows:

As v is a polyhedral gauge, so is the polar gauge +°. This implies that B° is a
polyhedron which is is full-dimensional, bounded, with 0 in its interior. Thus, B° satisfies
the assumptions of Theorem , so every facet of B° is given by one of the sets {x €
B° : 7tz = 1} where {4}z are the extreme points of B°°. But using the fact that
B°° = B — this holds for all closed, convex sets containing the origin [Roc70, Th. 14.5]
—we have {7}, .z = {v1,..., v}, so every facet of B° corresponds to one of the £;.

We use this characterization to write the boundary of B°, in other words the non-
convex set {a € R™ : 74°(a) = 1}, with disjunctive linear constraints.

Corollary 2.9. Let v be a polyhedral gauge and denote its fundamental directions by
vy, ..., € R™. Denote the unit ball of v° by B°. Then
bdB° = {z e R":y°(x) =1} = | J E}, (2.9)

where B; = {x € B°:vfx =1}, j=1,...,1
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Proof. The first equality in (2.9) is clear. As the boundary of every polyhedron is the
union of its facets, which are the Ej in this case, the second equality in (2.9)) follows. O

With this corollary, we note that [V2] can be disjunctified. Here, a disjunctification of
a program min{ f(z) : * € Ugex My} — where K and M, are sets and f : Ugex M) — R
is any function — means rewriting it as | K| programs min{f(z) : € M}, k € K.

Proposition 2.10. Let g € S C R"™ and ~ be a polyhedral gauge on R™ with fundamental
directions vy, ...,v; € R". Consider the j = 1,...,l programs

min b—alyq
st via<1l forie{l,...)1}, i #j

via=1 (V3;)
a’z <b forzesS
a€R” beR.

Then the programs are a disjunctification of[V2]

Proof. Immediate from Corollary [2.9] O

Remark 2.11. Let the assumptions of Proposition hold. Disjunctification entails
as usual the following statements:

1. Program has feasible solutions if and only if has for some j € [].

2. Denote the optimal value of Program by z* and for j € [I] denote the optimal
value of Program by 2. Then z* = minjep ;.

3. If (a,b) is an optimal solution of V2] there is j € [I] such that (a,b) is an optimal
solution to

4. If (a,b;jo) is an optimal solution to with 25 = minjep 25, then (a,b) is an
optimal solution to [V2| (with the same objective value).

2.3.3. An approximative solution to semi-algebraic sets

The aim of this section is to state an approximating hierarchy to the Programs in
terms of sos programming. Note that the constraint

a’z <b forxeS

is semi-infinite if S contains infinitely many points. There is much literature on semi-
infinite programming problems. Classical overview articles are, e.g., [HK93|, [RR9I§]|; a
more recent survey is [Stel2]. A bi-level approach is explored in [Stel3|. Also, several
numerical solution methods exist, for an overview, we refer to [RG9§|, [LS07] [VRSSO0S].

However, in this work we take a different route. Let us explore how semi-infinite
constraints can be sidestepped by the requirement of semi-algebraic S and a polyhedral
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gauge 7. For example when considering [MIPP] S is semi-algebraic if S = F or if

S=F ﬂﬁé(z) for some z € R. To avoid such case distinctions, we use an arbitrary basic

closed semi-algebraic set S = K (hy,...,h,) instead of the one given by the constraints

and the objective, say, S = K(g1,...,¢.) or S = K(g1,...,9,,2— f) and so forth.
With this in mind, we consider the following hierarchy of programs.

min b—a’q
st. via<1l foriell],i#j
via=1

- (VRjx)
b= a;X; € M(hy,... h)[K]

i=1
acR" beR.

where k € N, by, ..., hs e R[Xy,..., X, Jand g € S := K(hy,...,hs),and vy,..., v € R"

be given.

Before we proceed, let us convince ourselves that this formulation is within the scope
of sos programming.

Observation 2.12. Program is a valid sos program.

Proof. Linear programming constraints can be used in sos programming constraints,
cf. (1.17). Also, the containment constraint involving the quadratic module is allowed

in sos programming, cf. ((1.16)). O

The next proposition shows that feasible solutions to Program yield feasible
solutions to Program [V3,]

Proposition 2.13. Let hy,..., hs € R[Xy, ..., X,], S = K(hi,...,hs) and vy,..., v €
R™ be given. If (a,b; j, k) is feasible to[ VR4, some j € [I], k € N, then (a,b; j) is feasible

to .

Proof. Let (a,b;j, k) feasible to . Feasibility implies that

b= a;X; € M (hy,... h)[K],

i=1

which entails a”z < b on S = K(hy,...,hs) by Observation [L.18] Hence (a,b;j) is
feasible to [V3,] O

The next theorem shows that we get valid inequalities that are, at least asymptotically,
tight if the corresponding quadratic module M (hy, ..., hy) is Archimedean. Note that
for the important special cases S = F or S = F N LL(z)) for some suitable z € R, we
have given characterizations in terms of the MIPP] domain that ensure the Archimedean

property in Propositions [1.22] [1.23| and [1.24]
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Theorem 2.14. Let hy,..., hs € R[Xy,...,X,] and ¢ € S :== K(hy,...,hs). Suppose
further that M(hy, ..., hs) is Archimedean. Also, let a polyhedral gauge v on R™ with
fundamental directions vy, ...,v; € R™ be given. Then, it holds:

1. There is j € [l] such that ngmm 1s feasible for eventually all k.

2. Fiz j € [l]. Denote the optimal value of by z; and put 2" = min; 27. Fork € N
denote the optimal value of VR4 by 2 and put 2z, = min; z; . Then z, \ z* for
k — oo.

Proof. To see Claim , we first show that has a feasible solution. To this end note
that M (hy,...,hs) Archimedean implies that S = K(hy,...,hs) is compact (Corol-
lary . Consequently, conv S is a proper subset of R"™ and by Theorem an
optimal solution (a, b) to exists. By scaling the optimal solution if necessary, we may
further assume that v°(a) = 1, hence (a,b) is optimal for by Proposition 2.7 By

Remark [2.11} there is j € [I] such that (a,b;j) is optimal for V3, Fix ¢ > 0. Then
b+e—> " ax; >0forzeS=K(h,..., hs), and by Theorem there is ky € N

(2

withb+e =" a;X; € M(hy, ..., hs)[k] for all k > ko. Hence (a,b+¢;j, k) is feasible

for for all k& > kg, and Claim [I] is proved.
To see Claim , fix e > 0. We have just proved that z* = 2%, some jo € [l], is

Jo’
finite. Denote some corresponding optimal solution by (a, b; jo). Furthermore we have

just proved that there is k. € N such that (a,b + ¢;jo, k-) is a feasible solution of

Claim Hence

Zk, =minzip, < zjpp, <b+e—a'q=2] +e=2"4¢
J

and as zj < zj;, by Proposition , we have z* < 2, < z* + ¢, hence 2z, — 2* for
e — 0.

Since the sets M(hq, ..., hs)[k| are increasing in k, the values z,; are monotonically
decreasing in k for j fixed. Hence the values z; = min; z;; are monotonically decreasing.
Together with the observation z;,. — 2* for ¢ — 0 we find 2z, N\, 2* for k — oo. O

To summarize, we have shown that the problem to find a tight valid inequality for S,
using a gauge v and a known feasible point g € S as stated in [V} can be approximated
with sos programming if the set S is semi-algebraic. S is (basic closed) semi-algebraic
if S = M(hy,...,hs) for some polynomials hq,...,hs € R[Xy,...,X,]. The approx-
imating hierarchy is guaranteed to converge if the quadratic module M (hy,. .., hy) is
Archimedean. This in turn is the case if f or —g; are coercive, related sub- and suplevel
sets are compact.

57



2.4. Cuts from valid linear inequalities

In this section we approach the question on how to generate linear cuts from given valid
linear inequalities. Again, we consider the problem in more generality by not restricting
our considerations to the feasible set I’ or F' intersected with a sublevel set, but more
generally to some deputy set S C R™. Our focus is on the all-integer case Z = [n].

2.4.1. A single valid linear inequality

The first approach for the all-integer variant is based on the following observation that
allows to cut off ¢ if it is sufficiently exposed and a tight valid inequality with rational
data is available. As a notation, let ged(a) of @ € Z" denotes the greatest common
divisor of a.

Proposition 2.15. Let S C R and (a’z < b) be a valid inequality for S, where a € Z"
and b € R. Then

<gC§(a)>TIE < {gc(;)(a)J forxz e SNZ". (2.10)

Prior to the proof, let us motivate division by ged(a) in Proposition before round-
ing down by showing that it strengthens the cut.

Lemma 2.16. Let b € R and g € N. Then

-

Proof. Clearly, |b/g] < b/g. Thus, g|b/g] < b, and since the right hand side is integer,
flooring on both sides yields

glb/g) = lglb/gl] < [b]

and hence division by g gives [b/g| < |b]/g, proving the claim. O
For the proof of Proposition [2.15] let us recall the following fact:

Lemma 2.17 (Integer hull of a rational half-space, see, e.g., p. 15 in [Eis00]). Let a € Z™
with ged(a) =1 and b € R. Consider the polyhedron

P := P(a,b) = {z € R" : a"z < b}.
Then

Pr={zcR":a"x < |b]}

We can now prove the proposition.
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Proof of Proposition[2.15. Let (a’x < b) be a valid inequality for S. Equivalently,

T
a b
< f S. 2.11
(@) * e 21
Put P := P(a,b). Since ged(a/ged(a)) = 1, Lemma applies to the half-space
defined by the valid inequality (2.11). On the other hand, since the inequality is valid,
S C P, hence

conv(S N Z") C conv(PNZ") = P; = P (gcg(a), Lgcé’(a)D .

Hence, the inequality in (2.10)) is valid for S N Z™. The claim follows. ]
This gives the first linear cut result.

Proposition 2.18. Let S C R". Let (aTx < b) be a valid inequality for S, a € Z™ with
ged(a) =1, b € R. If ¢ € S satisfies a’q > |b], then (aTx < |b]) is a linear cut that
cuts q from S NZ".

Proof. This follows readily from Proposition [2.15] O

We consider now how the presence of additional linear constraints can be exploited to
generate a cut.

2.4.2. Presence of nonnegativity constraints

If S is moreover contained in the positive orthant, e.g. if the constraint x > 0 is present
in the description of S, then for separating g € S from S N Z", given a valid inequality
(aTz < b) for S, it is enough to separate ¢ from the integer hull of

P.(a,b) ={x e R": al <b,z > 0}.

It seems that no explicit description of the integer hull of P, (a,b) is available. This is
not too surprising: In [Eis00], the explicit linear description of the integer hull of a half-
space (Lemma [2.17)) and the integer hull of the intersection of two half-spaces is outlined
(p. 15 in [EisO However, Eisenbrand concludes (p. 16 in [Eis00]) “There does not
seem to exist an elementary method to construct the linear description of the integer
hull formed by three or more half spaces in polynomial time. It is possible though with
an application of Lenstra’s method (|LJ83|) as proposed by Cook, Hartmann, Kannan
& McDiarmid (J[CHKM92]).”

This motivates to look at a more elementary approach. Since we have the additional
constraint x > 0, we do not need to restrict to the case of half-spaces with integer normal
as in Proposition , but may round down the coefficients. Formally, we have the
following fact, which uses the well-known key observation leading towards Gomory cuts:

4Note that P, (a,b) is an intersection of n + 1 half-spaces.
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Proposition 2.19. Let S C RY, and let (a"x < b) be valid for S. Then
(la])Tz < |b] forzeSNZ™

Proof. Let v € R%;. Hence we find > " | (|a;] — a;)x; < 0. On the other hand, if z is
also in S, we have the inequality Y | a;x; < b, and adding both yields

ZLGiJfEi <b forxels.
i=1

Since |a;] are integers and Z is a ring, the sum on the left is integer for integer x. Hence
> lailwi < [b] for z € SNZT
i=1

proving the claim. O

Given our valid inequality (a”z < b), we saw in (2.10) and Lemma that it can be
advantageous to scale it before rounding the inequality down. This idea is formalized in
the following corollary.

Corollary 2.20. Let S C R%, and let (a”x < b) be valid for S. Then
(lua))'z < |ub] forxz € SNZ" and u € Ryy.

Proof. Let u € Ryg. The inequality (a”x < b) is valid for S if and only if ((ua)?z < ub)
is valid for S. The claim follows from Proposition [2.19] O

This yields the next linear cut result.

Proposition 2.21. Let S CRY, and g € S. Let (aTz < b) be a valid inequality for S.
If there is u € Rq such that q satisfies

(lua))"q > |ubd] (2.12)

then (|ua|)'z < |b]) is a linear cut that cuts q from S N Z".
Now if we are given ¢ € S that we wish to cut off with a linear cut, and since
Corollary holds for all © € Ry, it is only natural to ask for the choice of u with
the “deepest cut” for ¢. Let us formulate this an optimization problem. Since we have

a cut if and only if (|ua])Tq — |ub] is positive, we maximize this expression. It turns
out that the following optimization problem models this task (Section 2 in [FL07]).

max Lg—vy

z <wa;, 1€ [n]

ub—1<vy

w0 (2.13)
(z,y) €Z" X Z

uelR
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The variables can be motivated as follows: Essentially, z; = |ua;| and y = |ub]|. The
authors show |[FLO7| that ¢ can be cut off if and only if the maximum of Program ([2.13])
is positive. Hence, we find:

Proposition 2.22. Let S C R%, and g € S. Let (a"z < b) be a valid inequality for S.
There is u € R~g which cuts off q as in (2.12) if and only if the Program (2.13)) has a

positive marimum.

We close this chapter with a note on possible directions of further research. Suppose
some of the constraint functions in are linear. Extending the idea of Proposi-
tion [2.22] it makes sense to additionally use these linear constraints for the cut genera-
tion by incorporating them in a separation program similar to . This amounts to
separation from the Chvatal closure and is also treated in [FLO7].

Another interesting question is how linear cuts can be generated in the presence of
mixed-integer constraints. The associated separation problem from the so-called MIR
closure is, however, more difficult, since the objective of the auxiliary program is non-
linear [DGL10].
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3. Norm bounds on optimal solutions

This chapter is all about the computation of upper bounds on the norm of optimal
solutions of MINLP] This idea is formalized in the concept of a norm bound and uses a
known feasible point. Computer experiments show that they work in practice, and we
indicate that there are other areas in mathematics for which they can be used.

Section[3.1] gives our definition of norm bounds. We present a result from the literature
for polynomial objective functions with positive definite leading form, a strong form of
coercivity, that can be interpreted as a norm bound. For this class of objective functions,
we give a new norm bound. It can be proved that our bound is never worse and strictly
better in dense instances. Our norm bound makes extensive use of lower bounds on the
homogeneous components of the objective restricted to a sphere, and we discuss in detail
how such lower bounds can be derived. In this section we also explore how integrality
information can be used to tighten the norm bounds.

Section [3.2] is about special cases and applications to other fields. It starts with a
discussion of the convex quadratic case. The applications we give are so-called search
bounds for Diophantine equations and a ball containing a real variety, both illustrated
with an example.

Section [3.3] ends the chapter, where we evaluate our norm bounds on random in-
stances. We start this with a discussion on how to generate polynomials with positive
definite leading form, a necessary input to our norm bound and the one from the litera-
ture. Then, we proceed by comparing the volume of the corresponding norm balls. The
experiments show that our norm bound outperforms the norm bound from the literature
by orders of magnitude.
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3.1. Introducing norm bounds

If a norm ball that contains all optimal solutions of is known, the problem is
accessible to branch and bound, at least in the all-integer case. This is the primary
motivation for this chapter.

A ball containing all optimal solutions corresponds to a valid nonlinear inequality for
the set of optimal solutions. In this regard they supply norm bounds. The name norm
bound catches the notion that they provide a bound on the norm of all feasible solutions
with a smaller objective value than a known feasible solution, a fortiori on all optimal
solutions. The formal definition allows for a “reference point” x other than zero and is
the following.

Definition 3.1. Let ¢ € Fr, a norm || - || on R” and z € R™ be given. A number
R(q,z) € R is a norm bound for f with respect to the feasible solution q, the norm || - ||
and the point T if the following holds: For all x € Fr,

fx) < fle) = |7 —2| <R 7). (3.1)

If || - || is merely a seminorm, it is equally possible to define a seminorm bound, but
in this work we focus on norm bounds. Also, most results are concerned with the case
z = 0, and we write R(q) instead of R(0,¢). In this case, if no confusion seems possible,
we will furthermore write R instead of R(q) and also suppress the norm in the notation.

Norm bounds boil down to a valid inequality for MINLP|with an additional constraint.
Explicitly, a norm bound R(Z,q) gives rise to the valid inequality ||z — z| < R(Z, q) for
the program

min  f(x)

st. gr(z) >0, k=1,...,r
@) > fla). (3.2)
x; € 7, 1€1,
x e R"

Hence, any feasible solution with norm larger than R cannot be optimal, as the ob-
jective value is worse than f(q), and said feasible solution may thus be discarded in the
solution process.

The smallest possible norm bound, given z € R", ¢ € F7 and a norm, is thus given
by solving the mixed-integer nonlinear program

max ||z — ||

st. gr(z) >0, k=1,...,r
@) > f(z), (3.3)
x; € Z, 1€Z,
x e R"

Since this program can be difficult to solve, we compute upper bounds on the optimal
value of Program (3.3) in this chapter. We note that any finite upper bound on the
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optimal value of Program ({3.3) is a norm bound for f with respect to ¢, the norm || - ||
and 7.

A suitable form of coercivity

It turns out that it is quite easy to compute norm bounds on[MINLP]if f satisfies a strong
type of coercivity condition, namely, if f has a positive definite leading form. In the
remainder of Section [3.1 we assume that f has a positive definite leading form (and that
a feasible solution is known). In other words, we impose a growth condition on f, which
is a stronger form of coercivity as the former implies the latter, cf. Proposition [1.32]

Now let f € R[X] have a positive definite leading form f;. Thus, by (L.3), this is
equivalent to the minimum of f; on the sphere S;“l, given by ¢} = minxesgfl fa(z), being
positive. In the following we do not assume knowledge of ¢;, which may be difficult to
compute as deciding nonnegativity of a polynomial is NP hard in general (Theorem|[1.38)),
but assume knowledge of a lower bound ¢; on the minimum with 0 < ¢4 < ¢} instead.
It is then possible to give norm bounds.

3.1.1. Norm bounds, old and new

A norm bound from the literature

We only found one result in the literature that can be interpreted as a norm bound. The
norm under consideration in the result is the 2-norm; the result itself is a special case
of a more general theorem, which assumes the lower bound ¢4 on ¢ holds on S;~! and
that ¢ = 0 is feasible.

Theorem 3.2 (see Conclusions 5.5 in [Mar03]). Let f € R[X] satisfy fa(z) > cqg > 0
for all z € Syt Put

d—1
1
Rye = max | 1,257 151, (3.4)
Cq =
Then f(x) < f(0) implies ||z||2 < Ry for all x € R™.
Laurent gives a more elementary proof for Marshall’s bound (3.4)) by showing f(z) >
f(0) for ||z||s > Ry directly, see Lemma 7.12 in [Lau09] As 0 is not necessarily a feasible

solution, we generalize her argument so that it takes the form of (3.1]) (with z =0). As
the constant term of f does not enter Ry, we have to modify the estimate in [Lau09].

Theorem 3.3. Let f € R[X] satisfy fa(x) > cq >0 for all z € S§~'. Also, let ¢ € R".

Put -
1= ma (11 (f(q) S(UEDY ufjnl)) . 35)

Then f(x) < f(q) implies ||z|| < Ry, for all x € R™.
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Proof. Introduce the notation foq := f — fg. Let f = > a,X* and z € R" with
f(z) < f(q). If ||z||2 < 1, we are done, so we may assume ||z||2 > 1. Then

ca-l|zld < fa (W) |2 = fulw) = f(x) = fea(z) < [(q) = fealz)
= @)= FO) = Y aaa® < f(@)— FO)+ D Jaallz?]

0<|a|<d 0<|a|<d

As |22 < [|lz||¥! for ||z||s > 1, division by [|z||¢ yields

|ot]
Cq- H$|’2 < f(Q)_f(O) + Z ’aa| ||IH2

lels™ o, Tl
d—1
<@ = FO)+ Y laal = flg) = FO)+ D lIfilh-
0<|a|<d j=1

It is immediate that (3.5]) specializes to (3.4)) for ¢ = 0.

A new bound

However, for non-sparse polynomials, this bound may get quite large. Within branch and
bound approaches it is crucial to find a small bound R to reduce the number of feasible
solutions — scaling R by a constant C' > 0, the number of integer points that satisfy the
norm bound scales with a factor of (roughly) C™. We hence suggest a different approach:
In the following theorem, we still compute R > 0 with f(z) > f(q) for ||z| > R, but
instead of bounding all homogeneous components simultaneously, we compute constants
c; such that
c; <c¢;= min_f;(v)

16S271

on a sphere S"~! corresponding to a given norm, that is, S"™! = {x € R" : ||z|| = 1}.

Theorem 3.4. Let f € R[X,,...,X,] with degf =d > 0 and q € R™. Moreover, let
| - || be a norm on R™ with unit sphere S*~*. There are ¢; € R with

fi(x) >¢; forall ze€S"' j€n]

Suppose that cq > 0. Define a univariate polynomial P : R — R via

d
P(A) =) N,
§=0

where co == f(0) — f(q). Then P has nonnegative real roots, and denote the largest of
them by R(q).
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1. Then f(z) < f(q) implies ||z|| < R(q) for all x € R™.
Suppose further that x is integer and || - || is a p-norm for some p € N.

2. Then f(x) < f(q) implies

], < v/ [ R(a)"],

as well as
[wi| < [R(q)] fori€ [n].

Proof. We begin with Claim . By compactness of the sphere and continuity, every f;
is bounded below by some c¢; € R. We observed in that ¢4 > 0 implies positive
definiteness of fy, hence d is even. Using homogeneity, we find for x € R" that f;(x) >
¢jl|zl, j € [n], and

@)= fla) =D fi(@) = f(a) = D fi@) + F0) = f(a) = > ezl = P(ll=]]) - (3.6)

J=0 J=1

This implies P(||q]]) < 0. The assumption ¢; > 0 also yields limy 1o, P(\) = +o0.
These two observations, together with the intermediate value theorem, imply that P
has nonnegative real roots as well as P(A) > 0 for A > R(q). Thus, eq. forces
f(x) > f(q) for |lz]| > R(q).

To see Claim [2] suppose further that x is integer and || - || = || - ||, for some p € N. Let
z € R" with f(z) < f(g). We have just seen that then ||z||, < R(q) holds, equivalently,
Yo |zil? < R(g)P. The p-th power of the p-norm is integrality preserving, hence

Z lz:|” < | R(q)"].

The claim /> " |27 < /[ R(q)?] follows. Finally, since ||2'||o < ||2/||, for all 2/ € R™,
we have ||z] < R(q), or |z;| < R(q) for ¢ € [n]. Since the modulus is integrality
preserving, the last claim follows. m

Note that Statement of Theorem shows how integrality can be used to tighten
the bounds. It turns out that there are more sophisticated arguments that, based on
integrality, can be used to strengthen the norm bound further. We defer this discussion
to Section (4.3

Let us state that the larger the ¢; the smaller the resulting norm bound R(q).

Proposition 3.5. Let P = Y7 ¢;M, P = doi_oGN, such that ¢; > &, and define
R(q) and R(q) as in Theorem|3.J. Then R(q) < R(q).
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Proof. W.lo.g., it suffices to consider the case that ¢; = ¢; for j # k and ¢, > ¢ for
some k € {1,...,n}. Now P(\) — P()\) = (¢ — &)A* > 0 for A > 0 and by assumption
on cx, &. Thus, P(A) > P()) for A > 0, hence R(q) < R(q) — unless R(¢) = 0. In this
case R(q) = R(q) = 0. O

Proposition has two consequences: The norm bound gets better the smaller the
incumbent upper bound f(g) on the minimum gets, since ¢g = f(0) — f(q). Moreover,
the smallest norm bound computable with the method of Theorem is attained if
cj = ¢, j € [n], where ¢ = min,cs f;(z).

Comparison of the norm bounds

Before we present different methods of computing valid ¢;, we compare R and Rj;. In
the experiments in Section we show that our norm bound R is drastically smaller
than Rj. We prove in the next proposition that our norm bounds are never larger and,
except for special cases, are actually strictly smaller than the bound from the literature.
To this end let us fix a basic estimate.

Lemma 3.6. Let f € R[Xy,...,X,]. Fizp € [1,00], and denote by f* the optimal value
of the program

min  f(x)
NS Sg_l.

Then
o> =[fl

Proof. Write f in multi-index notation as
f= Z an X<,
acA(f)
As ||z||, < 1 implies ||z]|» < 1 and hence |z%| < 1 for a € Nf}, one has
fl@) =) aa®> Y —laallz®] = Y —laal = =[] (3.7)
acA(f) acA(f) acA(f)
for x € S;“l. O
We can now show the relation between R and Rj;.
Proposition 3.7. Let f with deg f =d > 0 and cq € R with
fa(x) >cg>0 forallzeSy,
and q € R™. Compute R € [0,00) as in Theorem for
¢ ==l j€ld—1], and co == f(q) — f(0), (3.8)

and compute R}, € [1,00) as in (3.5). Then R < R},. If moreover d > 2 and there is a
coefficient a, # 0 of f with || < d—1, then R < R}, for R # 1 and R = R}, for R = 1.
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Proof. Observe that by Lemma [3.6] the numbers ¢; = —||f;||; in (3.8) are indeed valid
lower bounds for f; on Sj~', j € [n — 1]. We prove the case d > 2 and a, # 0 for some
a with |a] < d — 1. The claim obviously holds in case R < 1. For the cases R = 1 and
R > 1, define P(\) = Z?:o ¢; N as before and let P(\) = g\ + (Z?;é cj> A4=1 Then
we have

P(\) > P(\) for A\>1, P(\) =P\ for A=1 (3.9)
as ¢; < 0for j =1,...,d —1 and one ¢; < 0 for some k € {1,...,d — 2} by the
assumption on a,. By definition, the largest nonnegative real root of P is R, and the
largest nonnegative real root R of P is

d—1 n—1
R= —Cichj = C—ld > laal = Cid (f(q) — £(0) +§:j ||fj||>

Jj=0 0<|a|<d

and, by definition, R}, = max(1, R). If R = 1, we infer from that 0 = P(1) = P(1),
so Rj, = 1. In case R > 1, we infer from that 0 = P(R) > P(R), so R < R}, as
P()\) = 400 for A = 400. The proof for the two remaining cases, d = 2 or all a, = 0
for |a| < d — 1, is similar as P = P in these cases. O

3.1.2. Computation of the constants c;

We now present different ways of computing bounds ¢; on

¢; = min, f;(z).
The first approach is the only one that yields ¢ — the others yield, in virtually all cases,
only lower bounds ¢; < ¢} — and consists in solving a hard continuous problem. The
second approach gives lower bounds by sos programming. In the third approach we
consider sos-free methods.

Constrained polynomial optimization

By Proposition [3.5], the best possible bounds are found by solving the constrained poly-
nomial optimization problem

*_

c; =min  f;(z)
resS!

for j € [n], for a sphere S"~! corresponding to a norm on R™. This problem is NP-hard
in general: If ¢; > 0, then f; > 0 by homogeneity. So this approach involves solving
several hard problems, as, e.g., deciding positive definiteness of f;, j even, is NP-hard

(Theorem [1.37]).
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Approximations via sos programming

Standard approximation of the constrained program. If the sphere is given by a
p-norm with p € 2N, then the arguably easiest way to find the ¢;, j € [n], by sos
programming is to minimize f; on the sphere Sg_l. To this end, consider the following
program with parameter k&' € N:

max Yy

s.t. ﬁ—y—q-(l—éXﬁ’)EE (3.10)

q € R[X], degq < ¥
y € R.

Note that this is a valid sos program by . We use an arbitrary polynomial g
instead of an sos polynomial as we deal with equality constraints, which is a standard
technique in sos programming, see, e.g., Section 2 in [PPP02]. It turns out that the
optimal values of the hierarchy converge to the constant cj.

Proposition 3.8. For f € R[X,...,X,,] and j € [n], consider the hierarchy (3.10)) and
denote the optimal values by y*) and let

c; = min f;(z).
zespt
Then
y® e
for k' — .

Proof. For p € 2N, the constraint ||z|[, = 1 is equivalent to two semi-algebraic con-
straints given by ¢ :=1— Y " | X' and g5 := ", X! — 1. Now, note that the usual
quadratic module containment constraint in (1.19) rewrites via

o191 + 0292 = (01 — 02) g1 = q1,

some ¢ € R[X]. Note that moreover any polynomial can be written as the difference of
sums of squares, e.g. using 4q = (¢ +1)?> — (¢ — 1)%

As p € 2N, the quadratic module M(1 — " | XP > XP —1) is Archimedean by
Theorem (). Hence, from Corollary [1.27, the optimal objective values of

converge, for " — oo, to ¢j. H

For completeness, let us note that this is, in principle, also possible for odd p, but
requires to consider 2" constraints as the modulus occurring in odd p-norms cannot be
modeled as easily as for even p, that is, by squaring. We will not pursue this idea further.
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A lower bound for one of the forms. If the norm under consideration is || - ||,, where
p € 2N and p < deg(f), a lower bound on the form f, can be computed via the program

max 7y
st fp—7-) XPex,
=1
cf. [Niel2].

Sos-free methods

In the remainder we present lower bounds ¢; on the best constants ¢} that do not rely
on sos programming. We start with a somewhat rough estimate which we successively
refine.

Using a basic estimate. We saw in (3.7)) that the choice

¢; = =£ll (3.11)

gives valid lower bounds for any p € [1,00]. However, this bound is rather rough and
only useful for the lower order forms, that is those f; with j < d.

Improvement by term-wise optimization. The first improvement on comes
from the observation that we can replace the estimate [z%| < 1 on S;‘*l in Lemma
with |z%] < 2%, where & is a continuous maximizer of the function Sg_l = R, z+— %
We give a closed form for z in the following lemma.

Lemma 3.9. Let 0 # o € Nj and p € [1,00). Then, the monomial X attains its
mazimum on S7~' at & with coordinates

Q;
Z?:l o’

Proof. Maximizers exist by compactness of the sphere. At first, we show the auxiliary
claim that it suffices to prove the assertion for o; > 1 for all 7. To this end, denote

A

= i=1,....n. (3.12)

the zero entries of a by z1,..., 2. and the positive entries of a by py,...,ps. For every
maximizer ¥, T,, = ... =2, = 0. Hence, we may as well optimize X over the set
{reR":||z|, =1, z,, =... =2, =0}

={z e R": ||(zp,, ..., 2p,)|l, =
2o € R o], = 1} =81 = §"17.

This means optimization of X* over S;“l is equivalent to optimization of X (@»1ps)
over Sg_l_r, and the auxiliary claim is proved. By symmetry of the sphere, we may
further assume that x > 0. Even more, we may exclude equality since by the auxiliary
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claim, all a;; > 0, hence x; > 0 for every maximizer . So it suffices to find a maximizer
of X% over

Sti={zeS "2 >0,...,2, >0}

— and in this form, the problem is accessible to Lagrange multipliers: At a critical point
x € ST there is A € R such that

V(z®) = (ozlx'fl_lxg‘z ceexm L oty -x%"_l) = )\(pa:]f_l, . ,pxﬁ_l)

where we used the equivalence of ||z||, =1 to >, a¥ = 1 if all z; > 0. Equivalently,

A= Prg? e aln == et atn TP (3.13)

Fix some k € {1,...,n}, and (3.13) gives 27 = Ztay for i # k. As x suffices the

constraint,

(67} (672
1:xi+2—lmi<:>x§:—.
prdlels D
This proves that the only critical point of X* on S* is &, which must be the maximizer.

]

Observation 3.10. Denote by %, the maximizer of X on Sg_l as in . Hence
forx € Sg_l we have

fi(x) = Z I Z —Jan] - (Fw)* = ¢;. (3.14)

laf=5 lo]=7

This cj is as least as large as the c; from meposz'tion since, for 0 # a, (T()* <1
— unless X* € R[X;] for some i, in which case &) = €;, the i-th unit vector, and thus

(T))* = 1.

Further improvement by orthant distinction. In a second improvement step, we con-
sider all orthants separately to furthermore get rid of approximately half of the terms
in the estimate in Lemma [3.6] This last approach for computing ¢; is different to the
ones before, as we actually compute 2" norm bounds: We restrict f to each of the 2"
orthants

H,={z eR":7z; >0} for 7 € {—1,1}" (3.15)

and compute a norm bound on minimizers for every f|y. . This has the advantage that,
roughly speaking, we may neglect half of the terms of f =" a,X®. Also, minimization
on H, can be reduced to minimization on H(;  ;), i.e., the set of those x € R" with
x > 0, as we shall see in a moment.
Introducing the notation |a|~ = |min(a, 0)| for @ € R and with & from (3.12)), we have
for every term
Ao > —|as| 2% > —|aa|" 2%
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as x > 0, thus

filx) = Z o™ > Z —lag|"2%, xeS) ! and x>0,

laf=7 laf=j

which means about half of the coefficients are neglected in comparison to (3.14)), if signs
are distributed equally among the a,. Now let R(\»1) be the largest real root of

and > 0. This gives norm bounds on minimizers in H, ;). Bounding the norm of
minimizers of f on H,, 7 € {—1,1}", can be reduced to bounding the norm of minimizers
..... 1) by a simple change of coordinates. To this end, let 7(x) = (1121, .., ThTy),
x € R", and f7 be the polynomial

f(@) = f(r(z)) = a2, 7€ {-11}"

As1t* € {—1,1}, f and f7 merely differ in the sign of their coefficients, and f](z) > ¢4
still holds for = € Sj~" as the sphere is 7-invariant, that is 7(S7~") = Sp~". Similarly to
before, denote by R” the largest real root of

d—1
" (\) = ca\® + Z N,
=1

with ¢} = —|a,7*|72® for j € [d — 1] and ¢ = f(0) — f(g). It is now clear that
f7(z) > f(q) for ||z||, > R™ and = > 0, equivalently, f(z) > f(q) for ||z||, > R™ and
r € H,.

This results in more effort in the preprocessing, but reduces the number of feasible
solutions.

73



3.2. Special cases and applications

In this section we consider norm bounds for the special case of a strictly convex quadratic
objective and show an application of norm bounds to systems of polynomial equations.

3.2.1. The convex quadratic case
We consider norm bounds for the following variant of MINLP

min  f(z) =27Qx + LTx + ¢ (MIQP)
st. xz €z

for some @) € R™" with Q > 0, L € R™ and ¢ € R. It is a well-known fact that the
condition ) > 0 is equivalent to f being strictly convex. The all-integer variant without
constraint functions and linear constraints have been studied recently. We refer to the
two articles [BCL12; BHS15| and the references therein for an introduction into this
class.

It is well-known that a strictly convex quadratic has a unique continuous minimizer.
The following characterization is useful for our purposes.

Lemma 3.11 (Lemma 2.1 in [BHS15|). Let f(z) = 27Qx + LTz + ¢ be strictly convez.
The unique continuous minimaizer of f is given by

1
T =——0Q L.
T 2Q

The optimal value is
1
f(@)=c— ZLTQ—lL.

Moreover,
fl@) = (a —2)"Q(z — 7) + f(2). (3.16)
The sublevel sets of f are of the form
LL(z) =z~ f(2)E(Q,z) (3.17)

for z > f(Z) and empty otherwise.

Optimal constants for our norm bounds

The homogeneous components of the quadratic objective f are fo(x) = 27 Qx, fi(x) =
LTx and f, = c. In contrast to the general case, computation of constants c, and
c1, bounding the homogeneous components on the sphere S) ! from below, are easier to
compute. In fact, the largest possible lower bound, i.e., the minimum ¢} of all admissible
bounds ¢y, is given by the smallest eigenvalue of (). This follows from the famous
Rayleigh-Ritz Theorem (Theorem . In the quadratic case, c] can easily be computed
as well.
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Proposition 3.12. Let L € R". Then the optimal value i of

min LTz
st. xeSyt
satisfies ¢f = —||L||o.
Proof. We only prove the case L # 0. By the Cauchy-Schwarz inequality, for every
r e Sy,
IL"2| < ||Llz - [lz]l2 = LIz
with equality if and only if x and L are parallel. This is the case if and only if x = L/||L||2

or x = —L/||L||2. The latter  minimizes the objective. O

We can now express the norm bound in closed form in case of a strictly convex
quadratic objective by solving a quadratic equation.

Corollary 3.13. Let f(x) = 27Qx + LTz + ¢ be strictly convex quadratic and q € R™.
The norm bound (for the Euclidean norm) as defined in Theorem that arises from
the best possible choice of ¢; and co 1s given by

Ro_ A (C’{)Q_f(Q)—f(U): Il ( L]l )2_f(Q)—C
20; QC; CE 2)\min(Q> 2>\min<@) )\mm(Q)
Proof. The optimal choice (cf. Proposition[3.5)) for ¢ is ¢; = —||L||» by Proposition[3.12]

the optimal choice for ¢y is ¢ = Ayin(Q) by Theorem |1.6] Hence, the claim follows by
solving csA\? + A+ f(q) — f(0) = 0 for the largest nonnegative root, using f(0) =c. O

A further improvement: Optimal norm bounds for a convex
objective

It turns out that smallest possible norm bound for a strictly convex quadratic objective
function can actually be derived analytically. More specifically, given a feasible solution
q € Fr, our result is an explicit formula for the maximal Euclidean distance of all feasible

solutions to the unique continuous minimizer. Arguments from [BHS15| are central to
the proof.

Theorem 3.14. Let f(z) = 27 Qx + LTz + ¢ be strictly convex and q € R™. Denote the
continuous minimazer by x. The smallest possible R such that

f(z) < f(q) implies ||x — Z||s < R

s given by

)



To prove the theorem, we need the following lemma.

Lemma 3.15 (see, e.g., Section 3.3 in [BHS15]). Let Q € 8™, Q = 0, 2o € R" and
r > 0. Then

E(Q, 1’0) C BT(ZL'())

if and only if
1

)\min(Q) ‘

Proof of Theorem[3.14. Let z = f(q) and » > 0. By Lemma [3.11] f has a unique
continuous minimizer . Moreover, Lemmata and imply that

ﬁé(z): z— f(2)E(Q,z) C \/z— f(Z)B,(

r >

In other words, the smallest R > 0 such that z € Eé(z)

V Zﬁf(f) D

Amin(Q) ’

. . 1
if and only if r > p—rot

implies = € B,(Z) is given by R =

The theorem has a nice consequence: The distance in norm of all integer minimizers
towards the continuous minimizer can be bounded from above by an expression only
depending on the eccentricity of the ellipsoid E(Q), that is, the ratio of the smallest to
the largest eigenvalue of (), and the dimension.

Corollary 3.16. Let f(z) = 27Qx + LTx + ¢ be strictly convex. Denote the contin-
uous minimizer by . Then we have the following a priori norm bound for all integer
minimizers x*:

)\maX(Q)

AInin(CB)

[ PR

~ 3

Proof. The point |Z] is a feasible solution to the unconstrained integer minimization
problem with objective f. By Theorem [3.14]

Pz (7] —2)TQ([7] — 7)
[k 2 < \/ N (Q) :

Then, by Rayleigh-Ritz (Theorem [L.6)),

(11~ 2700121 - 2) <A@ 1] - 712 2@ (3103 ) | < 2ol

2

and the claim follows. O]

In the proof of Corollary the point |Z], the rounded continuous minimizer of f =
xTQx+ LTz +c, played a central role. It has been investigated when this point coincides
with the integer minimizer of f, and sufficient conditions where given in [BHS15]:
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Proposition 3.17 (Lemma 3.2 in [BHS15)). Let f = 27 Quz+ LTx + ¢ be strictly convex
and let T be its continuous minimizer. Then |Z| is the integer minimizer of f in either
of the following cases:

o The matriz Q is diagonal.
o The sublevel sets of f satisfy a so-called quasi round property, namely, if
1 1 < a(x)
Awin (@) Amax(Q) — V/F([7]) = f(7)

where
a(z) == inf{||z —ylla: y € Z"\ {|2]} —inf {[|lz — yll2: y € Z"}.

3.2.2. Application to systems of polynomial equations

As a further application of norm bounds, we consider systems of polynomial equations
in this section. It is a common approach to solve a system of polynomial equations

hi(x) =0,...,hs(x) =0, ze€K",

with solutions restricted to, say, K € {Z,Q, R}, by minimizing f = h? + ...h? over the
integers, rationals or reals, respectively. If the minimum is 0 at some x, the equations
have a solution at z; if the minimum is nonzero, there cannot be any solution.

Diophantine equations

As an example, does the system

—390?—1—:6%952 —x%+2$1x2 + 2 —2953 —2x9+4=0

205 + 1125 + 41y — 5 =0

possess an integer solution? Denote the polynomials in Z[X;, X5] on the left hand side
in the first and second equation by h; and hy, respectively, and consider f := h? + h3.
The homogeneous components of f are bounded from below on S} by

(c1, ..., c6) = (—60.49, —13.03, —41.76, —7.85, —24.45,2.59),

we found the values by solving numericallyﬂ Using the feasible point ¢ = 0, the
univariate polynomial P(X) = 377 ¢;M has only two real roots: 0 and R ~ 9.90. Thus,
by Theorem , integer minimizers exist and must be in the box [—9,9]%. Tterating
over all integer points in the box one finds f(z1,22) = 0 at (z1,22) = (—1,1). From
the perspective of number theory, our method provides search bounds on solutions of a

system of Diophantine equations if the leading form of f = ijl h? is positive definite.

1See Section for details on the software.
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Bounds on algebraic varieties

Similarly to the systems of Diophantine equations, our bounds apply to real algebraic
varieties: Given hy, ..., hs € R[X], the variety of the h; is

V(hy,...,hs) ={x € R" : hy(x) = 0,..., hs(z) = 0}.

If the leading form of f = 25:1 h? is positive definite, we may give a norm bound on

all points of the variety. As an example, let us consider the polynomial system:

?+yt 42 =1

2 2
T+ 2=
Y (3.18)
r =2z
xayvze(c

from Example 2, Section 2 § 8 in [CLOO07]. Computing the ¢; by solving forp =2
yields (¢1,...,¢4) = (0,—2.0,—0.77,1.0) and gives us for ¢ = 0 the value R ~ 1.86 as
a 2-norm bound on all points in the variety. It is known that the variety consists of
exactly four points: The system has two real and two complex solutions (x,y, z;) with

2z € {£3v/£V5 — 1}, where the real solutions suffice ||(z,y,z)[l> = 1 by (3:18). We

conclude that in this case our bound is not far off.
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3.3. Experimental comparison of norm bounds

To evaluate our norm bounds on random instances, we ran computer experimentsE]
In this section we outline the algorithm to decide positive definiteness and if applicable
proceed to compute the norm bounds. We moreover elaborate the choice of a distribution
from which we sample random instances. Later, in Section [6.3], we use such samples as
objective functions to an unconstrained optimization problem and solve it by branch
and bound.

3.3.1. Sampling, positive definiteness and norm bounds

Once we have agreed upon a distribution to sample our random polynomials from, we
have to decide if the instance has a positive definite leading form and, if this is the
case, proceed to compute the norm bounds. We present these steps in algorithmic
form (Algorithm . In summary, we solve a hierarchy of sos programs to test positive
definiteness. Either we can certify positive definiteness by or extract a point x with
fa(z) < 0 or positive definiteness cannot be decided at this level of the hierarchyE] In
case of positive definiteness, we compute the constants ¢; with the methods discussed in
Section and proceed to compute a p-norm bound on all integer minimizers.
In the experiments, we computed the following five norm bounds:

a) the bound Ry from the literature, defined in (3.4)), denoted Lit in the plots,

b) the new norm bound with the rather rough estimate ¢; = —|| f;|| from Proposi-
tion [3.7) denoted Drct in the plots,

¢) the norm bound with the refined constants ¢; from Observation 3.10, denoted Mx
in the plots,

d) the orthant based bound as outline in Section [3.1.2) denoted Or in the plots,

e) the norm bound where the ¢; are the optimal solutions of the sos program (3.10)
with k' = 2, denoted Sos in the plots.

We compare the volume, i.e., the Lebesgue measure A, of the resulting sets, as it
approximates the number of integer points, i.e., potentially optimal solutions, contained

2 We use MATLAB 2014b 64-bit (MATLAB is a registered trademark of The MathWorks Inc., Natick,
Massachusetts), SOSTOOLS 3.00 [PAV+| to translate the sos programs into semidefinite programs
and CSDP 6.1.0 [Bor99]/SDPT3 [TTT99| to solve the latter. The experiments were conducted on a
GNU/Linux machine running on 2 Intel® Xeon®X5650 CPUs, 6 cores each, with a total of 96 GB
RAM.

3We shortly discussed the extraction of x after Corollary in our setup, this corresponds to a
non-empty third return argument of SOSTOOLS’s findbound.m-routine.
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Algorithm 1 Norm bound on mixed-integer minimizers

12:

16:

20:

24:

28:

input f € R[Xq,...,X,] with deg f € 2N, parameters p € 2N, &/ . € Ny
E' <« 0
Cq < —0O0
x <— NULL
while k' < k. and ¢ < 0 and 2 = NULL do
solve program for j = d and parameter £’
cq < optimal value
if corresponding optimal solution can be extracted then
x < optimal solution
end if
E Kk +1
end while
if ¢4 < 0 and x # NULL then // by Proposition inf,ezn f(x) = —00
print f has no mixed-integer minimizers.
output z
else if ¢; = 0 and x # NULL then //asx € Sg_l, x #£0, so fy is not positive def.

print Cannot decide existence of mixed-integer minimizers.
output z

else if ¢; < 0 and x = NULL then
print Cannot decide f; >0 for k < k-

else // cq >0 in the following
print f has mixed-integer minimizers. // fa>0 by
for j=1,...,d—1do

compute valid ¢; // via methods (3.8)), (3.10) or (3.14)

end for
define ¢ : R = R, q(\) = 37, ;N
R <+ largest root of ¢ in R // R >0 by Theorem|[3.]
print The minimizers ' suffice ||2||, < R. // also by Theorem [3.]
output R

end if

80



in these sets. More precisely, we compare the values A ({z € R" : ||z||, < R}) for meth-

ods , @, and E] as well as

MU Az e Bl < R Izin Y. Mz eR":|jz], < R.})

Te{-1,1}" Te{-1,1}n

for method @ with H, from (3.15]).

3.3.2. The first approach to sampling

Our first approach to sampling is the following: For a fixed number of variables n and
an even degree d, we sample from the family

-1,1 .
= ZaaXO‘: ZaaXfl---XS", Gy ~ U(-1,1), «o#de,, (FD)
lo<d la|<d Z/{(O, 1)7 o = dei,

where the e; are unit vectors. We make the case distinction on a as we are only interested
in polynomials with positive definite leading form, and a leading form that does not
satisfy the condition

a(a,0,...0) > 0, awpdo0,.,0 >0, ..., ao,.04 >0 (A)

cannot be positive definite. Then, we solve Program at the level ¥/ = d in the
hierarchy to compute a lower bound ¢ on min g1 fa(z) to determine whether f indeed
has a positive definite leading form. If ¢; < 0, we discard the instance, else we know
that f; is positive definite.

For every tuple (n,d) with n = 2,3,4 and d = 2,4,6, 8,10, we created 1000 random
instances of polynomials from family . In Figure , we plot how many of these
have been detected to satisfy f; > 0. For these instances that satisfy f; > 0, we
compute the norm bounds, which are depicted in Figure for a selection of n and d.
By construction, the bound @ is improved by , which is in turn improved by @ and
the plot shows that the difference is significant. The plot also shows that the sos-based
norm bound Eﬂ yields a further improvement and gives the best results. Our bounds
improve the bound from the literature |a)| by several orders of magnitude (even more so
with higher n and d, cf. the next section).

However, Figure [3.1] also reveals that, as d and n increase, less instances with positive
definite leading form get detected. This is to be expected, as the ratio of terms we
control through condition , linear in n, to the total number of terms of the leading
form, (”J’j_l) by , decreases quickly in n and d, and so does the probability that the
leading form only attains positive values. Moreover, the conversion from an sos program
to an SDP and its following solution process takes much longer with increasing n and
d. It is thus not practicable to generate enough instances with positive definite leading
form via in reasonable time for higher n and d. We hence sample from a second
family.
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Figure 3.1.: From family (F'1]), 1000 instances are sampled for different dimension n and
degree d. The plot shows the number of instances with detected positive
definite leading form.

3.3.3. Sampling from the Parrilo-Sturmfels distribution

The following distribution on a subset of all polynomials is based on a suggestion by
Parrilo and Sturmfels [PS03]:

F=X{4 X4+ aaX® a ~U-K, K), (F2)

lo|<d

where K > 0 is a constant. The advantage is that every polynomial from this family has
a positive definite leading form. As parameters for the experiments, we chose the (n, d)-
tuples (2,6), (3,4), (3,6), (4,4), (5,8) and (7,4), p = deg f and sampled 50 instances
from the distribution (F2)). Five of these (n,d) tuples are of the order of the B&B-
experiments to follow, and (5, 8) illustrates the volume for a high degree and a moderate
number of variables. We chose K = 2 since then the coefficients are of the same size on
average, i.e. the expected value of the modulus of all present coefficients is 1.

The resulting volumes are plotted in Figure In comparison with family ,
there is a smaller variance in the values of each norm bound for family (F2)). This can
be seen as follows: The largest real zero of the polynomial g(\) = E;lzl cjN is a valid
norm bound on integer minimizers of f if ¢g > 0 and ¢; < ¢ = min g1 f; (x) for all
j (Theorem . For family , the leading form f; contains random terms and the
value ¢ (and thus ¢4) can, in principle, be positive and arbitrarily close to zero. Positive
but arbitrarily small ¢4 lead to arbitrarily large real zeros of ¢ and thus arbitrarily large
norm bounds. On the other hand, for family (F2)), the leading form f,; and hence ¢}
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degree d. If the leading form is detected to be positive definite, the 5 norm
bounds are computed. We scatter plot the volume of the sets they confine

(logarithmic scale). The larger line is the median of the depicted values.

and cyq are constant, which results in less variance in the largest zero of ¢ and thus

in the norm bounds. As for family (FI]), the plot shows that the sos-based bound
improves on our other bounds @ , @ Concerning the norm bound @, the new norm

bounds outperform the one from the literature on all instances, and this even more so

with increasing n and d. Most prominently in the plot, for (n,d) = (5,8), the norm

bound based on the ¢; from fe)[ reduces, on average, the number of potentially optimal
solutions by a factor of approximately 18 orders of magnitude by comparison with the
classic norm bound.
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Figure 3.3.: From family , 50 instances are sampled for different dimension n and
degree d. We compute the 5 norm bounds and scatter plot the volume
corresponding to the sets they confine (logarithmic scale). The larger line
is the median of the depicted values.
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4. Seminorm balls containing the
feasible set

In this chapter we compute seminorm balls that contain all feasible solutions, that is,
the set F7, or the relaxed feasible set F. Similar to norm bounds, one motivation is to
make the integer variables of accessible to branch and bound. Contrasting to
the norm bounds in the previous chapter (Chapter [3)), we do not assume knowledge of
a feasible point q.

Section [4.1] starts with a motivation and illustrates the relation to norm bounds.

Section [4.2] formulates the task to find a seminorm ball containing Fr as an auxiliary
program. We go on by discussing how the geometry of F7 is related to the existence
of feasible solutions of the auxiliary program. For polynomial constraint functions,
relaxed integrality and suitable seminorms, we show that the auxiliary program can be
approximated with sos programming.

Section [4.3] shows that if a seminorm ball containing F' is known, it is possible to use
purely arithmetic arguments to shrink the ball further such that it still contains Fz, but
not necessarily F'. In other words, we explore how we can infer a nonlinear cut for F'.
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4.1. Motivation

Norm bounds have been introduced in (3.3) in Section as upper bounds on the
mixed-integer nonlinear problem

max ||z — z|

st fz) < fla)
S FI.

Similar to norm bounds, the primary motivation is to make the integer variables
of accessible to branch and bound. We have seen that norm bounds can be
explicitly computed with various methods provided the leading form of f is positive
definite (Theorem [3.4)).

The norm bound approach works well if a feasible point ¢ is known. This chapter
generalizes norm bounds to the case that no such ¢ is known, that is, we consider the
problem

max ||z — x|
s.t. x € Fr,
where our auxiliary program also allows for a seminorm N instead of a norm || - ||.

We explore in this chapter in which ways the assumptions necessary for the compu-
tation of the norm bound can be weakened. Firstly, we show how the strong coercivity
assumption on the objective f, namely, positive definiteness of the leading form f;, can
be weakened or even replaced by suitable assumptions involving only the constraint
functions. Secondly, the new approach takes the underlying geometry of the feasible
set into account explicitly by considering nonlinear valid inequalities that are deduced
from the constraint functions (the quadratic module generated by the constraint poly-
nomials), and not only implicitly (by, e.g., a feasible point ¢). Thirdly, we allow for
seminorms instead of norms, which is of particular interest in the mixed-integer case, as
we explain below. Let us note that, however, these extensions do not belittle the results
on norm bounds. The results in this chapter rely strongly on sos methods, whilst the
norm bounds work without sos methods, too.

In the next section, we analyze the auxiliary problem and discuss an approximating
hierarchy.
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4.2. Finding tight enclosing seminorm balls

In the following, N : R® — R is a seminorm defined on R"™. For the sake of generality,
we consider again a deputy set S C R"; natural candidates for S are Fr and F. The
auxiliary problem to find a seminorm ball centered at ¥ € R™ containing S can be

formulated as

max N(Z — x)
S1
st. zeS (51)

where T may be thought of as a reference point.
We can interpret interpret Program [S1]in two ways: Geometrically, and in terms of
valid inequalities.

Observation 4.1. Let N : R" — R be a seminorm and denote the optimal value of [S]
by z*.

1. a) Let S D Fr. If z* is finite, (N(z — x) < 2%) is a valid inequality for Fr. Put
differently, Fr is contained in the seminorm ball BY.(Z) in this case.

b) Let S C Fr. If z* is infinite, Fr is unbounded.
2. Suppose q € Fr is given.

a) Let S D (FI N [é(f(q))) If 2% is finite, (N(T—x) < 2*) is a valid inequality
for all optimal solutions of MINLP| Put differently, all optimal solutions are
contained in the seminorm ball BY.(Z) in this case.

b) Let S C (FI N [é(f(q))) If z* is infinite, the set of feasible solutions with

objective value at least as good as f(q) is unbounded.

For the proof, we need the following result:

Lemma 4.2 (see, e.g., “Proposition” in [Goll7|). Let V be a finite-dimensional real
or complex vector space, equipped with a seminorm N and a norm || - ||. Then N is
left-equivalent to || - ||, i.e., there is a constant C' > 0 with

N(z) <Clzfl, zeV.

Proof of Observation[{.1. To see[lal note that, by optimality of z*, N(z —z) < z* holds
for all x € S, thus for all x € Fr. For a proof of [Ib] note that, by Lemma [4.2] there is
C' > 0 such that N(z —x) < C||z — z||2 for all z € R™. Hence, as N(Z — -) is unbounded
on S, sois ||Z — -||2, and hence ||Z — -|| on F7, and the claim follows. The proofs for the
remaining claims follow analogously. [l

To get tractable relaxations, we restrict our attention from now on weighted p-
seminorms, that is, seminorms of the form

87



for some fixed ay,...,a, € Rsg and p € [1,00). Clearly, N is a norm if and only if
all a; are positive. Then, as N is nonnegative, maximizing N over S is equivalent to
maximizing N? over S, that is, [S1| reads

max a;|T; — x;|?
> <S2>
st. xeSs.

If p is even, lower bounds on can be computed with the help of sos program-
ming, provided S is given by polynomial constraints. So suppose S = K(hq, ..., h,) for
some hy, ..., hy € R[Xy,..., X,]. This leads to the following hierarchy of sos programs,
parameterized by k£ € N:

min A
st A=Y ai(@—X)? €M (h, ... h) K] (SRy,)
i=1
AeR
where p € 2N, a4, ...,a, € R5(. Let us note that the formulation is within the scope of

SOS programming.
Observation 4.3. Program is a valid sos program for p € 2N.

Proof. This follows from (|1.16)), using the fact that p € 2N. O]

Let us also note that feasible solutions of [SRy] can be used to derive feasible solutions

of S2L

Observation 4.4. Fvery feasible solution A of yields the upper bound VA on
with S = M(hq, ..., hy).

Proof. Feasibility of \ for implies
/\—Zaz(fz—xz)p Z 0 for z € S:K(h17...,hs)
i=1

by Observation [1.18 Thus, as p is even and p > 0, this means A > N (z)? (where N was
defined in ([@.1))) on S, or VA > N(z) on S, and the claim follows. O

We may now prove, under the usual assumption that the corresponding quadratic
module is Archimedean, convergence of the optimal values of the approximating hierar-
chy towards the optimal value of the auxiliary problem. We have outlined in detail in
Section [1.5.3] several sufficient conditions in terms of the optimization problem
that ensure the Archimedean property.
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Theorem 4.5. Suppose M(hy, ..., hs) is Archimedean. Then[S2 has an optimal solution
x €S =K(hy,...,hs). Denote the optimal value of by z* and of SRy| by A\*®). Then

VB N, 2 for k — oo.

Proof. As M(hy, ..., hs)is Archimedean, the set S = K(hy, ..., hs) is compact by Corol-
lary [[.19] Fix a norm | - || on R™. By Lemma [4.2] there is C' > 0 such that

N(z) < C|lz|

for z € R™. As any norm is bounded on the compact set S, so is N(x), and max,eg N(x)
is finite. As N is continuous, the maximum is attained at some x in the compact set .S,
in other words z* is finite and attained.

Let max,es NP(x) = A*. We have just shown that \* is finite. By Corollary ,

AE) N, N for b — oo

The convergence claim now follows from the fact that (z*)? = \*. ]
Theorem can be strengthened in case that NV is a norm.

Proposition 4.6. Let a norm N(x) = /> ¢, a;x} with a; > 0 for all i € [n] be given.
Then is feasible if and only if M(hy,..., hs) is Archimedean.

Proof. Note that a; > 0 for all ¢ implies that N is a norm. Let be feasible. Thus
there is A € R such that

n

g=XA=Y ai(z—X)" € M(hy,....hy).

i=1

Clearly,
K(q) = {z €R" : g(z) > 0} = B y5()

where Bg(p) denotes the N-norm ball with radius R centered at p. Since A is finite and
N a norm, the set K(q) is bounded. Also, K(q) is closed, hence K(q) is compact. By
Theorem @), M(ha,...,hs) is Archimedean.

The converse direction is immediate from Theorem [.5] since the existence of optimal
solutions implies the existence of feasible solutions. O

We have given many sufficient conditions in terms of that ensure M (hy, ..., hs)
is Archimedean in Section[1.5.3] It is future research to compare the performance of the
norm bounds from Chapter 3| and the (semi)norm ball approach from this chapter on
random instances.
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4.3. Exploiting integrality

We end this section by considering how integrality information can be used to tighten the
seminorm balls. This takes the idea in Theorem further. Clearly, the arguments
to follow work for norm bounds, too.

For our arguments, the p-th power of the seminorm needs to be Z-integrality preserv-
ing, that is N(x)? € Z whenever x in R%. To this end let we consider seminorms N
of the type NP(x) = Y7 a;|z;|P, a; > 0. As a first step, let us consider when N? is
Z-integrality preserving.

Observation 4.7. Let p € [1,00) and

with a; > 0 and not all a; = 0. Then, the following are equivalent:
1. NP is T-integrality preserving.
2.peN,a; € Zs fori€Z and a; =0 fori € [n]\Z.

Proof. Let NP be Z-integrality preserving. We derive a contradiction if any of the
statements in Condition [2| does not hold. Let iy € [n] with a;, > 0 and e; be the i-th
unit vector. If p is not a natural number, then N?(\e;,) = a;,|A|? is not integer for any
prime A. Hence p € N. Suppose a; € Z>q for some i € [n]. Then N?(¢;) = a; & Z,
and N? is not Z-integrality preserving. Now suppose a; > 0 for some i € [n] \ Z. Then,
there is A € R such that N(\e;) = a;|A]? is not integer. For the converse direction, if
Condition [2| holds, N? is obviously Z-integrality preserving. O]

We also require that the reference point £ € R" from Program [S52|in Section is a
mixed-integer point with respect to Z, that is, z € R%. To derive a cut, suppose we have
an upper bound \ on i.e., an upper bound on

max Z ai|:f:i - ZBi|p
i€T (4.2)
st. xeSs.

To solve [MINLP] it is however more useful to have an upper bound for Sz, that is, an

upper bound on
max Z a;|T; — x;|?
i€T (4.3)
s.t. x € St

To use integrality arguments, denote the optimal value of by z*. We can now shrink
the seminorm ball containing S by decreasing the upper bound A\ towards z*, which
geometrically corresponds to cutting off points in S\ Sz, using integer rounding. Integer
rounding is a common technique in integer programming [NW8§|, and for integrality
preserving maps, the argument can be formulated as follows:
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Observation 4.8. Let f : R" — R be Z-integrality preserving and A € R with A >
maxges f(z). Then |A| > max,es, f(x).

Proof. This follows from the fact that f(S7) C Z. O
For our seminorm, we have:

Observation 4.9. Let N be a seminorm defined as in (4.1)) which is Z-integrality pre-
serving. Given & € RY, let X be a finite upper bound on (4.2)) and z* be the optimal value

of (4.3)). Then
2" < A

In decreasing the bound from A to | ], we have not used any geometric property of S
or Sz, but only relied on arithmetic arguments. Pursuing this path further, we may ask
more generally, given a seminorm N as in (4.1]) with p € 2N (to end with a polynomial)
and furthermore NP Z-integrality preserving:

Is there o € R} with »  a;(Z; — ;)" = [A]? (4.4)
ieT
Equations such as are in the field of number theory known as Diophantine equations,
see, e.g., p. 10 in [Sma9g|. Clearly, these equations do not always have a solution, as the
example below shows. Let us introduce some notation. For p € 2N, N € Nand A € R
nonnegative and a € Z%, put

k
L,q()\) :==max {u € Z: < X and there is x € Z" with Zaixf = ,u} .

=1

Example 4.10. We consider an instance with p = 2, Z = [2], N?(z) = 2% + z3 and
A = 96.2 as upper bound for N? on some feasible set S. Using, e.g., enumeration, it

turns out that the largest integer y below A that can be written as p = x? + 23 with
integer z; is 90 = 3% + 92, i.e., Ly 1.1)(96.2) = 90.

With the new notation, we have:

Proposition 4.11. Let N be a seminorm defined as in (4.1) with p € 2N. Suppose
further that NP is T-integrality preserving. Given T € RY, let X be a finite upper bound
on (4.2) and z* be the optimal value of (4.3). Then

2" < Lya(N).

Proof. 1f S7 is empty, 2* = —oo and there is nothing to prove. Suppose now that Sz
is nonempty. As before, z* is bounded from below by any feasible objective value and
bounded from above by A. Since N? is Z-integrality preserving, N? attains integer values
on R? only, hence there is an optimal solution z € Sz to where z* is attained, i.e.,
2" =3 .7 a;x}. On the other hand we have 2z* < X. By definition of L, 4, the inequality
2* < Ly o(A) follows. O
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We have thus shown how one may find a cut by using number-theoretic arguments
which are isolated from the geometry at hand (and can thus, e.g., be preprocessed).
This is similar to the arguments leading to Gomory-type cuts in integer program-
ming [MMWWO02|. In the following, we discuss the important special case of unit weights
for the seminorm N.

Unit weights

We now look at p-seminorms (which are a special case of with unit weights), that
is,
NP(z) = fo, xz € R"™
ieT

For this case, the Diophantine equation in (4.4]) is closely related to Waring’s prob-
lem [VWO02]. It asks the following: Given an integer k, is there an integer s such that
every natural number is the sum of at most s k-th powers (of natural numbers)? The
smallest such s is denoted by g(k) in the literature and it was shown by Hilbert [Hil09)
that g(k) always exists. The first value is ¢g(2) = 4: This is a restatement of La-
grange’s classical four-square theorem — every natural number is the sum of four integer
squares [HWHBSO08, Theorem 369]. The next values are g(3) = 9 and g(4) = 19. This
results in the following consequence:

Observation 4.12. Let p € 2N. If T satisfies |Z| > g(p), then L,q..1)(A) = [A] for
all A > 0.

Proof. Let T satisfy |Z| > g(p) and p € Z>q. By definition of g(p),

9(p)
p=> at
i=1
for some z € Z9®). A fortiori,
p=>Y af
i€l

for some x € ZZ. Thus, for A € [y, u + 1), we have

Lpa(A) = p=[A]

where a; = 1 for ¢ € Z. As pu was arbitrary, the claim follows from the fact that
RZO = UMEZZO[’M’N + 1) [

In other words, if we allow for sufficiently many summed-up powers, the cut in Propo-
sition [.17] reduces to the standard cut in Observation [£.9

As a small digression, let us take a look at some examples as to how deep such a cut
“on average” will beE| That is, given p € 2N and unit weights a; = 1 for ¢+ € Z, how

'Note that, geometrically, we are only able to shrink the seminorm ball until the first integer points
appear on the boundary of the ball.
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often can we expect a cut L,,(\) that is deeper than [A] for varying A? By means of
number theory, questions as these can be approached with densities: For A C N, let
A(m) = An{L,...,m}, a(m) = |A(m)| . The upper and lower asymptotic densities of
A are

d(A) =limsupa(m)/m, d(A) = liminfa(m)/m.

m—oo m—o0

In case the upper and lower asymptotic densities coincide, A has asymptotic density
d(A) = d(A) = d(A). For our setting, we define

k
Apr = {aeN:there are.rl,...,xkGZWichxf:a}, p € 2N, ke N.

=1

The sequence a,;(m) = |A, x(m)| thus counts the natural numbers below m for which
there is an integer point on a (k — 1) dimensional p-sphere with integer radius not
larger than m. For some p and k, analytic expressions for the densities are known.
Clearly, a,1(m) counts the perfect p-th powers below m. Hence a,;(m) = [/m],
and d(A,;1) = 0 follows by elementary means. Also, it can be shown [Tho73|] that
d(Ags) =0, d(As3) = %. The identities d(Ag4) = d(A2y) = 1 for k > 4 follow again by
Lagrange’s four-square theorem [HWHBS08|, Theorem 369]. For a graphical visualization
of ayx(m)/m for some further values of p and k, we refer to Figure [4.1]
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Figure 4.1.: First values of the sequence a,, ;(m)/m (vertical axis) depending on m (hor-
izontal axis) for different values of p and k.
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5. Ellipsoids containing the feasible set

This chapter is about ellipsoids of minimal volume containing F7, the feasible set
of MINLP| The primary motivation is again to make the integer variables in
accessible to branch and bound. There are two prominent differences to the seminorm
balls approach from Chapter : The shape (and not only the size) of the ellipsoid enters
the auxiliary program, and, most importantly, we treat the center of the ellipsoid as a
decision variable. Additionally, we allow for restrictions on the shape and position of
the center.

Section [5.1] formulates the task to find an ellipsoid of minimal volume — with shape
confined to a shape class and with a center restricted to a certain region — containing
F as an auxiliary program. We analyze geometric conditions on F7 that guarantee the
existence of feasible and optimal solutions of the auxiliary program. In this general form,
the auxiliary program is not yet tractable.

Section [5.2] provides the first steps towards tractability: We use results from the
literature to linearize some of the constraints and end up with a semidefinite program
with possibly infinitely many constraints, a semi-infinite program.

Section [5.3] circumvents semi-infinite constraints by restricting to polynomial con-
straint functions, that is, to[MIPP] This makes the problem accessible to methods from
real algebra. We give an approximating hierarchy and convergence results. Under suit-
able assumptions on the shape class and the region confining the center of the ellipsoid,
the approximating hierarchy is a semidefinite program with concave objective.
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5.1. An auxiliary program to find ellipsoids of minimal
volume

5.1.1. Motivation

The aim of this chapter is, as indicated in the introduction, to find ellipsoids contain-
ing the feasible set. Similarly to the norm bounds and seminorm balls we considered,
ellipsoids are well-understood objects and highly useful in the actual solution process
of  MINLP} For example, they make the integer part of solutions enumerable and thus
accessible to branch and bound.

However, the task to find an ellipsoid of minimal volume containing a given set is
interesting in its own right, and for additional generality, we state our results using a
deputy set S C R" instead. We keep in mind that natural candidates for this set S
are the relaxed feasible set F' or the feasible set F7 itself, or even the set of all optimal
solutions.

The reason for considering ellipsoids instead of norm or seminorm balls is the following;:
The norm and seminorm balls that we studied in the previous chapters have a fixed
shape, more precisely their unit spheres are fixed. However, it may happen that the set
S is large (in diameter, say) but flat (in some unknown direction). In applications, this is
a useful information as it allows, amongst other things, earlier branching on the integer
variables. Hence it makes sense to detect this flatness, and this is what we attempt with
enclosing ellipsoids of minimal volume. It turns out that, in the ellipsoidal setting, we
can also optimize for the center of the ellipsoid. Once an ellipsoid containing .S is found,
we are confident that integrality arguments can be used to shrink the ellipsoids further
so that it still contains S7 but not necessarily .S, in other words, resulting in a nonlinear
cut, but leave this as interesting future research.

5.1.2. The auxiliary program

In this section we formulate the auxiliary program that computes an ellipsoid of minimal
volume containing the deputy set S C R™. The shape of the ellipsoid is determined by
its defining matrix ) and its center x E] We additionally allow restrictions on the shape
of the ellipsoid by defining a shape class Q C S, that is, a set over which ) may range
and on the position of the center x( of the ellipsoid, ranging over X C R".

min  vol(E(Q, x))
st. S C E(Q,x)
QeQ
rg € X

(E1)

For future reference, let us state the assumptions on X and Q that shall tacitly hold
henceforth.

!Deviating from our conventions in Section we allow in Program for feasible (and possibly
optimal) solutions with objective value 4.
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Assumption 5.1. In Program and in the programs to follow in this chapter,
e X is a closed, nonempty subset of R",
e Q, the shape class, is a closed, nonempty cone in 8%, with Q NS}, # 0.

As a note on the assumptions, we require nonemptiness of X and Q to avoid irrelevant
special cases. The assumption that O contains a positive definite matrix is to ensure ex-
istence of feasible solutions in case S is bounded (Theorem [5.3). Closedness is necessary
for compactness arguments, which in turn gives a sequence converging to an optimal so-
lution (Theorem . Finally, the requirement of Q to be a cone is to stay feasible when
scaling the ellipsoids. In [BHS15|, the authors consider related shape classes; amongst
others, the set of diagonal matrices — corresponding to axis-parallel ellipsoids — and the
set of those matrices that yield quadratic functions having the so-called strong rounding
property.

Before we analyze Program [E] let us also note that it contains several interesting
special cases. For the shape of the ellipsoids, we may chose Q = S and impose no
constraints on the shape. We may choose Q@ = {Q € S} : @ is diagonal} to only
consider axis-parallel ellipsoids. As a final important example, we may choose Q =
{rl, : v € Rso} to restrict the investigation to norm balls. For the center x, of the
ellipsoid, we may choose no restriction X = R" to end up with the smallest enclosing
ellipsoid in the shape class Q, mixed-integer restriction X = R% which is useful for
integrality arguments, or a singleton set X = {z(} for some xy € R”" to fix the center of
the ellipsoid.

Also, let us note the suitability of We omit the trivial proof.

Observation 5.2. Let S C R" be arbitrary. If (Q,xq) is a feasible solution of Pro-
gram [E1], it yields an ellipsoid E(Q, ) that contains S.

5.1.3. Existence of feasible solutions

We proceed by characterizing the existence of feasible to Program [E1| with finite volume.
Our attention is restricted to solutions of finite volume as the solution ) = 0 of little
insight is always feasible: the zero matrix is in the shape class Q, since the latter is conic,
closed, and nonempty. It should not be surprising that the existence of said solutions is
tied — with equivalence — to a natural geometric assumption on S.

Theorem 5.3. Let S C R™. Then Program[E]] has feasible solutions with finite objective
value if and only if S is bounded.

Before we give the proof, let us remark some easy observations. The following obser-
vation allows nesting of scaled unit balls, possibly degenerated, and ellipsoids.

Observation 5.4. Let () € 8™. Then

Amin(Q) : In j Q j )\maX(Q) : In
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Proof. This is immediate by Rayleigh-Ritz (Theorem [1.6)). O

Furthermore, the Loewner order of positive semidefinite matrices and containment of
the corresponding ellipsoids are in order-reversing correspondence:

Observation 5.5 (see, e.g., Section 4 in [BHS15|). Let A, B € ST and xy € R". Then
A=< B ifand onlyif FE(A,xo) D E(B,x0).
We can now prove the theorem.

Proof of Theorem[5.3 Let (Q,z0) be a feasible solution with finite objective value.
Hence @ > 0 by Observation [1.15] and the smallest eigenvalue is positive. By Ob-
servation [5.4] there is r > 0 with rI,, < @, thus

E(Q,x0) C E(rl,, o) = xo + E(rl,) = zo + %E(]n) = By (70)

by Observation and the relation ([1.9)), hence S is bounded.
For the converse implication, let S be bounded, hence clS is compact. By Assump-
tion there are € X and Q € Q with @ = 0. Let

2= sup (y — m9)" Qy — xo).
yecl S

By continuity and compactness, z/ < oo, by @ = 0 we also have z/ > 0. Now put
z :=max(1, z’). Observe that

SC E(MQ? 370)

for all u < i, since

(y — 7o) 1Q(y — ) < = x‘])TZQ(y — %) o

for y € S. Since pu@ € Q, we have found a feasible solution (uQ, xg). ]

5.1.4. Existence of optimal solutions

Similarly to the characterization of feasible solutions of Program |1 with finite volume
(Theorem , we now characterize optimal solutions of Program . Again, the exis-
tence of said solutions is tied to mild, natural geometric assumptions on S. We discuss
a converse statement at the end of this section.

Theorem 5.6. Let S C R™. Then for Program[E1], optimal solutions with finite objective
exist if S is bounded and has maximal affine dimension.
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Again we break the proof down into a sequence of observations and lemmata. Firstly,
we need the fact that a sequence of ellipsoids with centers diverging in norm that contain
a fixed ball must have a diverging volume as well. This seems completely evident,
however, we give a proof for completeness. Instead of tedious volume computations
we give a simple argument that suffices to push the volume towards infinity. This
observation is used in the proof of Theorem to bound a sequence of feasible xy,
which results in a converging subsequence by a compactness argument.

Observation 5.7. Let a ball B.(p) corresponding to a norm on R™ be given, r > 0
and p € R", that is contained in every member of a sequence of ellipsoids E(Qg,xx),
Qr € SY, xp € R", k € N. Let the sequence of centers {xy}ren satisfy ||x| — +oo.
Then vol E(Qy, xg) — +00.

This observation in turn is easy to see with the following lemma.
Lemma 5.8. Let A, B C R", o € R" with
xo+ B C A.
1. If A is symmetric (A= —A), then —xq — B C A.
2. If A and B are symmetric, then —xq+ B C A.

3. If A and B are symmetric and A is convez, then

conv ((zg + B) U (—zo + B)) C A.

Proof. To see Claim [I note that o + B C A if and only if —zg — B C —A. Since
A = —A, the claim follows. To see Claim [2, note that B = —B if B is symmetric,
and the claim follows from Claim [I} Claim [3]is immediate by the fact that zo + B and
—xg + B are subsets of A. O

Proof of Observation[5.7. By equivalence of norms on R”, we may assume that the norm
under consideration is the 2-norm. Fix ky € N. Note that B,(0) and E(Qy,) are
symmetric, convex sets, and that B,(p) C E(Qp,,Tk,) is equivalent to p + B,(0) C
Tk, + E(Qr,), equivalently, p — zg, + B, (0) C E(Qy,). Hence by Lemma

conv((p — 2k, + Br(0)) U (2, — p + B,(0)) C E(Qg,).

Thus, E(Qk,) — and hence E(Qy,, Tk, ), too — contains a cylinder of radius r and height
2||p— xk, ||. Since z, diverges, so does the volume of the cylinder contained in E(Qy, i),
and hence the volume of E(Qy, ) itself. O

In the proof of Theorem [5.6] we also consider a sequence of feasible Q. To exhibit
convergence for the matrices as well, we rely again on a compactness argument. Com-
pactness enters our setting as follows:
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Lemma 5.9. Let Q* € 8. Then, the set
BQ")={Qes&:Q3Q}

is compact in ST .

Proof. Firstly, the set is closed. Indeed, let @ € ST and {Qg}ren & sequence in B(Q*)
with @ — . We must show that @) € B(Q*). The condition Q) € B(Q*) is equivalent
to

27 (Q* — Qp)r >0, allzcR"™

Taking the limit in the equation (matrix multiplication is continuous) shows that

2" (Q = Q)x >0

for all x € R", hence Q* > @ and @ € B(Q*) follows.

Secondly, it is also bounded. Suppose the contrary, and let {Qy}ren be a sequence
in B(Q*) with p(Qr) — 400, where p is the spectral norm on R™™". As all @, are
symmetric, p(Qr) = Amax(Qr). On the other hand, by Observation 7 Amax (@) =
Q* = Qy for all k£, bounding the maximum eigenvalue of ()5 and thus the spectral norm,
a contradiction. ]

Now, in the proof of Theorem [5.6] if we can find an upper bound Q* > 0 with @ < Q*
for all feasible solutions (@, x) of , we can apply Lemma Finding Q* is achieved
using convexity and a dimensionality argument by the fact that there is a fixed ball
B,.(p) contained in all ellipsoids that are feasible for .

Lemma 5.10. Let S C R™. Assume further that S is bounded and of affine dimension
n. Then, there is a ball B.(p), where r > 0 and p € R™, such that every feasible ellipsoid
E(Q,xo) to Progmm satisfies B.(p) C E(Q,xo). Moreover, there is Q* € ST, with
the property:

If (Q, ) is feasible for Program[El], then Q@ < Q™.

Proof. Let C' := conv(S). Since S has affine dimension n, so does the supset C. Any
full-dimensional convex set has nonempty interior, hence there is p € C, r > 0 with
B,(p) = rE(1,,p) = E(Q*,p) C C where Q* := Tiz[n. Now let (@, o) be any feasible
solution. The proof is finished if we can show that ) < Q*. As ellipsoids are convex,
the ellipsoid E(Q,z() must also contain the convex hull of C' = conv(S), especially,
B,(p) C E(Q, o). Note that by Lemma5.§| (3)), the ball B, (p) still lies in E(Q, zo) if we
shift it towards xo, that is, B,(z¢) = E(Q*,z¢) C E(Q, o). Hence, by Observation
Q= Q. O

We can finally prove the theorem.

Proof of Theorem[5.6. Let S be bounded and of affine dimension n. By Theorem
the program has feasible solutions, and we denote the infimum of by v*. There is a
sequence of feasible solutions (Qg, zx) € Q x X with the property

vol E(Qy, zx) J v*  for k — oc. (5.1)
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We show now that (a subsequence of) the z;, converge. By Lemma [5.10] there is
r > 0, p € R" such that B,(p) C E(Qg,xx) for all k, and by Observation 5.7, we may
assume that the x; are bounded (the volume of the E(Qg,xy) is eventually bounded).
Every bounded sequence in R™ has a converging subsequence, and we denote the limit
by zo € R". Since X was assumed to be closed, o € X follows. By passing to this
subsequence if necessary, we may assume that z; converges to zy € X.

We show next that (a subsequence of) the @ converge. By Lemma there is Q*
such that for all feasible solutions ), we have

QeB(Q)={Q €8!:Q 2Q},

especially Qy € B(Q*) for all k. By Lemma , B(Q*) is compact. Since Q is closed,
the intersection B’ := QN B(Q*) is compact, too, thus a subsequence of the @y converges
to some Qg € B’. By passing to a subsequence if necessary, we may assume that Q)
converges to @y € Q.

It remains to show that (Q,xo) is an optimal solution. To this end we need to verify
feasibility of (Qo, o) and vol E(Qo, o) = v*. We have just seen that Qg € Q and
xg € X. Feasibility follows if S C E(Qo,xo). Indeed, let € S. Then, as all (Q, xx)
are feasible,

(z — ) Qu(r —az) <1

holds for all £ € N. By taking the limit and using the fact that matrix multiplication is
continuous, we find

(z — 20)" Qo(x — ) < 1,

or x € E(Qo,xo). Feasibility of (Qo, xq) for [E1| follows. Now, using the explicit formula
for the volume of an ellipsoid (Observation [1.15)), we find

, , vol B, vol(B,,)
v* = lim vol E(Q4, x) = lim = = vol E(Qo, xq),
hroo (@) koo \/det(Qr)  y/det(Qo) (@010
where continuity of the determinant was used. O]

Remark 5.11. The task to exhibit minimal assumptions for a converse statement of
Theorem is left as future research. For example, if Q@ = S? and X = R", then
optimal solutions exist only if S is bounded and has maximal affine dimension (i.e.,
affine dimension n). Note that these assumptions are surely not minimal. To see the
claim, note the following. Suppose S does not satisfy the assumptions (S is bounded
and has affine dimension n). In case S is unbounded, obviously no optimal solutions
with finite objective exist, as by Theorem [5.3] no feasible solutions with finite objective
exist. It remains to show that even if S is bounded, an affine dimension of d < n implies
that no optimal solutions exist. Let A be the affine hull of S, and let V' be a subspace
of R" with A = v9 + V (and hence, dimV = d). The case d = 0, corresponding to an
empty or singleton set S, is trivial. By the proved necessity in Theorem and the
assumption that Q = S, there is a nondegenerated, d-dimensional ellipsoid E(Q, xo)
in A of minimal volume containing S. Let {by,...,b,_4} be an orthonormal basis of the

101



orthogonal complement V+ of V| that is, R* = V @& V. The ellipsoid can be turned
into a nondegenerated, n-dimensional ellipsoid E’ by adding the axis {rby,...,rb,_q}
for some fixed r > 0, with volume proportional to r"~¢. Hence, the infimum objective
is 0. If there was an optimal solution to this infimum objective of 0, it would, in view of
Observation [1.15] correspond to a matrix with determinant +oo, which is absurd.
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5.2. Towards semidefinite constraints

Program computes an ellipsoid of minimal volume containing a given set S, with
additional constraints on the shape and center, and has nice theoretical properties.
However, it is not clear how to solve it for some given S.

The first step to make this program tractable is to switch to a simpler, computa-
tionally advantageous’] objective. Secondly, we rewrite the set inclusion constraint as
a nonnegativity constraint. Thirdly, we restrict our attention to nondegenerated ellip-
soids, which we justify formally in Proposition [5.12] After these steps, the program still
contains the matrix @) and its inverse Q~!; furthermore, one constraint is quadratic in .
To avoid matrix inversion, we fourthly use a linearization technique from the literature
to rewrite the program with (possibly infinitely many) semidefinite constraints. Fifthly,
the quadratic constraint can be circumvented with another linearization technique from
the literature. After the first three steps, program reads

min  logdet(Q")
st. 1—(z—20)"Q(x —2¢) >0 forzesS

Q€ Qyo
o € X

(E2)

where Q. := QN ST, . Let us state formally how both programs are related and that
it is enough to consider nondegenerated ellipsoids.

Proposition 5.12. The feasible solutions of Program are feasible solutions of [E1].
Conversely, if a feasible solution of[E1| has finite objective, it is feasible for[E2l Moreover,
if [ET] has optimal solutions of finite objective, the optimal solutions of both programs
coincide.

Proof. Note at first that S C E(Q,zo) is equivalent to = € E(Q,xo) for z € S, or
(z — 20)7Q(z — x0) < 1 for x € S. By Observation [I.15] the volume of E(Q, zo) equals
Chn/+/det(Q), where C,, > 0 is a constant depending on n. This shows that feasible
solutions of finite objective coincide, and moreover, as the volume is nonnegative and
the square root is monotonic, minimizing the volume over the feasible set is equivalent
to minimizing 1/ det(Q) over the feasible set. Now the fact

det(A™') =1/det A

for all invertible n x n-matrices A and that the logarithm is a monotonic function implies
the claim. [

For semidefinite modeling reasons preparing the fourth step, we substitute P := Q~!,
which yields the formulation

2The function X — —logdet X is self-concordant on S, see, e.g., Example 9.5 in [BV04].
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min logdet P
st. 1—(z—20)"P (x—20) >0 forzes

E2
rg € X
where
9 ={Q1':Qc ., (5.2)

Observation 5.13. Feasible and optimal solutions of Programs and are in bi-
jection under the map (Q,zo) — (Q~', zy).

For now, the variable xy enters the constraint in in a nonlinear fashion. We
now explore the fifth step, i.e., how this constraint may be linearized using tools from
semidefinite programming. The linearization technique is based on [NDO5| (where the
authors in turn rely on methods from [EGC99| and |[CEGO04]). The important difference
of our approach to [NDO5| is that in the reference, the authors do not minimize the
volume directly, which is proportional to the determinant of Q~!, but minimize the
trace of Q! through a hierarchy of programs. However, the trace of Q! is only a
coarse approximation of the volume of an ellipsoid.

The first observation from [NDO5| is that in the constraint

1—(x—20)"P (z—20) >0 forzesS

the variables z and xy can be separated into different factors, as the constraint is equiv-
alent to

T
- (f) (I, —20)" P (L, o) (f) >0 foraes.

where (1,,, =) is an n x (n + 1) matrix. As we are minimizing, the latter is equivalent

to
T
1—(?) A(T)ZO forze s

A (L, —10)" P~ (I, — ) (5.3)

where A € §"*! is an additional matrix variableﬁ The second observation from [NDO5|
that we use is that now the Schur complement (Theorem [1.11)) can be taken to rewrite
equation ((5.3) in fully semidefinite form, completing the fourth step, as

< P (I”’_x‘))) =0,

(In, —{L‘())T A

3 All reformulations are verified formally in Proposition
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which is the very reason for the reformulation of[E2]into[E2]} Collecting our observations,
we get the following variant of Program [ET}

min log det P (E3)

T
s.t. 1- (f) A (f) >0 forxeS (5.4)

( (Imio)T U”’f”) =0 (5.5)

A68n+1
Ped
rg € X

Since we have added additional variables in a nontrivial manner, we verify that we can
still extract the relevant information from [E3] This motivates the following proposition.

Proposition 5.14. Program is a projection of Program [E3].

Proof. Let (P, z0) be a feasible solution of[E2] We have to show that the solution extends

to a feasible solution of hoose A= ([n, —:L’O)TQ (In, —:L‘O). From the definition
of A and feasibility of P, (5.4) holds. By the Schur complement (Theorem ,
holds. Thus, the feasible solution lifts to a feasible solution (P, zy, A) of [E3|

For the converse direction, let (P, zo, A) be a feasible solution to . Especially, P > 0
and P is invertible. Feasibility of (P, z) for [E2|follows if we can show that the constraint

1—(x—20)"P (z—20) >0 forzes (5.6)
of holds. By the Schur complement again, (5.5]) is equivalent to

A >_' ([n7 —xo)T P_l (In, —1170) s

and hence

() 4()= () oo (1) e e o

for all x € R". Now equations (5.4) and immediately imply (5.6]).
It remains to show projection and lift of optimal solutions. But since the objective

does not depend on A, this follows readily from the first part of this proof. n
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5.3. Computational formulation as an approximating
hierarchy

5.3.1. The hierarchy of approximations

As S may be infinite, the constraint parameterized by all z € S can be semi-infinite
(cf. the discussion in Section . To sidestep this, we restrict to a constraint set S
given in the form of polynomial inequalities, which makes the problem accessible to
(generalized) sos methods. In [NDO5|, the authors use a similar approach for a different
objective function. Precisely, we assume that S is basic closed semialgebraic, i.e., S
is given by polynomial constraints, S = K(hq,...,hs), for polynomials hy,..., hs €
R[X3,...,X,]. Now let us consider the following program with parameter k € N:

min log det P (ERy)

ot - (%)TA (?) € M(hy, ... h)[K] (5.8)
<(f ZO)T ([”’;xo)) =0 (5.9)
) Aeg st

Ped
onEX

where Q" was defined in (5.2) and, to be sure, 1) = (X1,..., X,,, DT, Let us verify

that this formulation yields feasible solutions to [E3|

Observation 5.15. Any feasible solution to Program|ER4| yields a feasible solution to
for S = K(hy,..., hs) and given polynomials hy, ..., hs.

Proof. Let M := M(hy,...,hs). Let (P,z9, A) be a feasible solution to for some

k € N. By feasibility,
T
prim1— (%) A (f) e M[H. (5.10)

Hence p; € M. By Observation if pp € M = M(hy,...,hs), then p;(z) > 0 on
S = K(hy,...,hs). The claim follows. O

The next theorem shows that we have convergence of the optimal values of the hier-
archy to the optimal value of the original program, provided the quadratic module is
Archimedean.

Theorem 5.16. Let hy,...,hy € R[Xy,..., X,] be given, and consider Program .
The quadratic module M(hy, ..., hs) is Archimedean if and only if [ERy| is feasible for
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some k € N. In this case, denote the optimal values of by A\¥) and the optimal

value of [E3] by z*. Then

lim AP N, 2~

k—o00
Proof. Let M := M (hy, ..., hs) be Archimedean. By assumption on Q there is ) € ST,
with @ € Q, and hence P’ := Q! = 0. Pick 7y € X. By Theorem , there is
N € Nwith N —(X —z¢)"(P") (X —x¢) € M, hence, by the Definition [1.2|of quadratic
modules, we find that we may divide by N and still find that

pri=1— (X —2)"P (X —z0) M (5.11)

for P := NP’. Note that P is still in Q" as Q is conic by assumption. Put

A= (L, —20)" P (I, —0)

o= 4(3)

Moreover, by the definition of the truncated quadratic module, there is £ € N such
that p, € M[k]. Thus, constraint is satisfied. With the Schur complement (Theo-
rem in mind, it is easily seen that holds, too. Hence, (P, xg, A) is a feasible
solution to [ER]

For the converse direction, let (P, zq, A) be a feasible solution to [ER, some k& € N.
Thus, by feasibility, p; defined as in is in M[k] and hence in M. Furthermore, the
Schur complement and imply that

and note that

H:=A—- ([n, —ill'o)T P_l (In, —l'o)

is positive semidefinite. Therefore, the spectral theorem (Theorem implies the
existence of a factorization H = VT DV with V orthogonal and D diagonal, and by
Proposition [1.7, D has nonnegative entries. This implies that

o= () ()= (v () ()

is a sum of squares and, by Definition [1.2] lies in M. Again by Definition [1.2] so does
the sum of p; and ¢:

q ::p1+q:1—(X—£Uo)TP71(K—$0)EM'

But K(¢) = {zr € R" : ¢/(x) > 0} = E(P~!,x¢) is a nondegenerated ellipsoid — by
feasibility P > 0 — and thus a compact set. By Theorem , M is Archimedean.
To show convergence of the objective values, let M be Archimedean. We have just
shown that feasible solutions to exist. Hence, by Observation [5.15 Program is
feasible, so by Proposition [5.14] also Program is feasible. This forces the infimum
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v* of Program to be finite, yet it may vanish. Fix € > 0. Then, there is a feasible
solution (P,z¢) € Q' x X of [E2 with

logdet P < v* +¢. (5.12)

We show in the following that the family of solutions ((146)Ps, zo, A) parameterized by
0 > 0 is feasible for and approximates P in volume. To this end, given M &€ R"*",
put

Pm = (K - xO)TM(K - $0) € R[Xb S 7Xn]7
and by feasibility we have for all z € S = K(hy, ..., hs) that

1 —pp-1(2)

0
<= 14+d§—pp-i(x) >0

vV 1V

1 () > —
J— 1l [
1—1—(5pP1 — 149
=1 () > —
J— _ X [
PpP-1/(1+9) =115

where 6 > 0 is arbitrary, and hence g¢s(z) := 1 — pp-1/q45(x) > 0 on S for 6 > 0.
Since M is Archimedean, gs € M by the Positivstellensatz (Theorem , and there
is ks € N with g5 € Mks]. As P is part of a feasible solution of , we have P~1 = 0,
hence P71/(1+6) = ((1+6)P)~! = 0 for all § > 0, and as Q is conic by Assumption [.1]
((1 4 8)P, z0) is feasible for Program [E2] By Proposition [5.12] ((1 + §)P, z¢) lifts to a
feasible solution ((1 + d)P, zo, As) of Program |E3| which we have just seen is a feasible
solution to for k = k;. The objective value depending on d > 0 is

logdet ((1+9)P) =n-log(l+6) +logdet(P) < nlog(l+4d)+v"+¢ 220 v toe,

and as € > 0 was arbitrary in ((5.12)), the claim follows. ]

5.3.2. Solving the hierarchy

We show now that Program can be reformulated as a (generalized version of) a
so-called log-det minimization program. With semidefinite constraints, log-det mini-
mization programs have the form

min logdet X (LOGDET)
s.t. AX)=b
X =0

with matrix decision variable X, a linear map A : " — R™, and b € R™[FHB03|. It
turns out that Program is slightly more general and we need to allow the minimiza-
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tion of the determinant of a submatrix of X. The program takes the form

min log det X3 (LOGDET+)
s.t. AX)=b
(X Xy
(3 ) =0

Before we explore the relation to Program [ERy] let us note that is a
concave programﬁ The objective is common in convex optimization and known to be
concave:

Lemma 5.17 (see, e.g., Lemma 1.4.2 in [Hel00]). The function
S, - R, X —logdet X

1S concave.

Observation 5.18. Program [LOGDETH is a concave minimization problem.

Proof. By Lemma [5.17], the objective is concave. Since the feasible set is an intersection
of half-spaces with the positive semidefinite cone, it is convex. The claim follows. n

The aim of the remainder of this section is to show that Program is essentially

of the form [LOGDETH] if Q" and X are spectrahedra (see Section [1.4.12]). But first we

need to address a technical detail: The constraint set

Q={Q1':QeQ={Q0":QeQ,Q>0}

is not closed since 0 € @Q’, but spectrahedra are. We thus need to require @' to be a
spectrahedron — that is, if we identify R™*" = R™, then O’ is a projected spectrahedron
in R™ —, and optimize over @’ instead of over @'. Let us note that this does not change
the problem:

Observation 5.19. Any matriz P € @\ Q' is singular.

Proof. Let P € @'\ @ be given. Hence there is a sequence {P,},en C Q' with P, — P
for n — oo. Suppose to the contrary P is nonsingular. Thus P > 0, since P lies in the
closed set S%. Since inversion is a continuous operation over the set of all nonsingular
matrices, P, ! — P~!. Tt follows P~ € Q, since the latter is closed by Assumption .
As P71 = 0, we have (P7')™!' = P € @', in contradiction to the assumption. O

In other words, any P € Q' has objective value log det(P) = —o0, and can geometri-
cally be interpreted as an ”ellipsoid “ of vanishing volume (corresponding to Program
with optimal value 0); this can only happen in the degenerated case that S does not
have maximal affine dimension.

We may now state above-mentioned equivalence:

4A convex (concave) programming problem is a minimization problem of a convex (concave) objective
subject to convex constraints.
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Theorem 5.20. Suppose Q' and X are projected spectrahedra. Then Program can
be reformulated as a program of the form [LOGDETH.

Proof. By assumption on @', there are mg, ngr € N and matrices By;, Bl € S*e’ with

i=1

n ngr
Q9 = {P c R™"™ . Z P;;B;; + ZyiBZ'» = 0 for some y € ]R”Q’} ) (5.13)
4,J

Similarly, by assumption on X, there are my,ny € N as well as matrices C;, C! € Sk«
with

n nx
X = {xo eR": Zl‘o,ic'i + Zy;(]z' = 0 for some y' € R”x} : (5.14)
i=1 i=1

We have just seen (Observation [5.19) that in Program [ER,] the set Q' can be replaced
by Q’. The constraint o

Peg
is thus by (5.13]) equivalent to the semidefinite constraint (in dual form, see Section [1.5.6)

n ngs
Z Fi;Bij + Z yiBi = 0
i i=1

PeR™™ yeR".

Similarly, the constraint o € X can be rewritten using ([5.14]) as a semidefinite constraint
(in dual form).

The constraint in (5.8), given by

1— e)TA (?) € M(hy, ..., hy)k]

involving the quadratic module is equivalent to an sos constraint and additional decision
variables as detailed in (1.16]). By Corollary again, the constraint is thus equivalent
to a semidefinite constraint (in primal form). Constraint that is,

P In7 -
(e =20) )
(In, —.1'0) A
is a semidefinite constraint (in dual form).
Now, by Observation [1.29] all constraints in dual form can be equivalently reformu-

lated in primal form, and aggregated into a single constraint (Observation . The
claim follows. O

110



6. Unconstrained mixed-integer
polynomial optimization

This chapter is devoted to a subclass of [MIPP} Mixed-integer polynomial optimization
in absence of constraints. We review a condition that ensures the existence of minimizers
for this subclass. In case this condition holds, we compute norm bounds from Chapter
on the optimal solution, which makes the problem accessible to branch and bound,
especially the all-integer case. Furthermore, we derive a new class of underestimators
of the polynomial objective function. Using a result from real algebraic geometry and
again sos programming, we optimize over this class to get a strong lower bound on the
mixed-integer minimum. Our lower bounds are evaluated experimentally for the all-
integer case. They show good performance, in particular within a branch and bound
framework.

Section [6.1] introduces the problem class, outlines the solution process and recalls the
condition that ensures the existence of minimizers.

Section [6.2] motivates, introduces and illustrates our class of underestimators. We
show that the lower bound they provide on the mixed-integer minimum gives rise to a
linear function that can be used as objective in an sos program. We proceed by casting
the task to find the best global underestimator as an sos program. It turns out that it
is sufficient for our purposes to use underestimators on sublevel sets, and refine the sos
program accordingly.

Section is about the solution of random instances with branch and bound. To this
end, we give the solution process in algorithmic form. To evaluate the performance of
our underestimators in a branch and bound framework, we present other lower bounds
from the literature. We implemented our underestimators and the lower bounds from
the literature and report on the runtimes.
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6.1. Introductory remarks

6.1.1. The problem class

In this section, we consider the unconstrained mixed-integer optimization problem of a
polynomial objective function f € R[X7,..., X,,], that is, the problem

min  f(z)
st. v, €Z, i€l (UMIPP)
x € R"
and the all-integer variant
min  f(x)
UIPP
st. xelXZ". ( )

In the following, we outline the solution process.

6.1.2. Discussion of the solution process

We have seen that, even though Program is a restricted special case of
it is already undecidable in general (Theorem . We therefore concentrate on a
class of objective functions that satisfy a coercivity condition which is sufficient for the
existence of minimizers. If the leading form of f is positive definite, f has mixed-integer
minimizers — a fortiori, f has integer minimizers — by Proposition As deciding
positive definiteness is NP-hard (Theorem [1.38), we approximate this problem by sos
programming. We outline the details below.

However, positive definiteness of f only tells us that f has mixed-integer minimizers,
but not where they are located. We locate the minimizers by computing the radius of a
p-norm ball that contains all minimizers, that is, the norm bound on the minimizers of
f as introduced in Chapter [3] Since norm bounds require a feasible solution, we choose
the point ¢ = 0 which is always feasible in the absence of constraints.

This section is devoted to the actual solution of [UMIPP] for a given polynomial f,
where, for simplicity, we restrict minimization at some point to the all-integer case|UIPP
To this end, we present algorithms and demonstrate that they are actually implementable
by sampling from a family of random polynomials and carrying out all described algo-
rithmic steps.

In principle, once a norm bound is known, [UTPP] is solvable by enumeration. How-
ever, to find the optimal solution to [UIPP] instead of enumeration, we use a branch
and bound scheme. As indicated in the introduction (Chapter , an effective branch
and bound procedure has two key ingredients: Tight lower bounds and a small search
tree. To find tight lower bounds, we introduce a class of polynomials with obvious in-
teger minimizer that serve as underestimators to f. Using sos programming, we may
choose the underestimator g with the strongest lower bound. Firstly, we search for a
global underestimator which is later refined to underestimation on sublevel sets, yielding
stronger bounds. This refinement further allows to prove that, provided f has a positive
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definite leading form, there always are underestimators in our class that can be found
by sos programming. Concerning the small search tree, we compute our norm bounds,
and show that they outperform the bounds from the literature by orders of magnitude.

The branch and bound scheme consists of two algorithms. The first algorithm decides
whether f suffices the coercivity condition, and if f does, computes a norm bound on f,
making the problem accessible to branch and bound. The second algorithm computes a
suitable underestimator ¢ for f from our class of underestimators. It then proceeds to
the actual branch and bound part and uses the underestimator ¢, in conjunction with
the norm bound for f, to minimize f over the integer lattice.

In our experiments, we compare the performance of our underestimators with under-
estimators from the literature as well as the classical approaches, namely, continuous
relaxation and brute force enumeration.

6.1.3. A note on the coercivity condition

We indicated that we rely on the sufficient condition f; > 0 to ensure the existence of
integer minimizers. As deciding nonnegativity of the leading form f; is NP hard, even
for degree four (Theorem [1.38), we compute a lower bound ¢4 on the leading form f,
restricted to the sphere, i.e.,

ca < cj= min fq(z). (6.1)

168271
If ¢q > 0 we know from (1.3)) that f; > 0, so integer minimizers exist by Proposition[1.32]
Our approach fails if ¢; < 0 unless we find a point = € Sg_l with fg(x) < 0 which

certifies that f; is not positive semidefinite, and hence f cannot have minimizers by
Proposition [1.33]
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6.2. Underestimation
Given f,g:R" — R and U C R", we say{| g is an underestimator of f on U if
g(x) < f(z) forall z e U.

Let us mention two important special cases that appear in this chapter: In case U =
R”, the function g is a global underestimator; if U = £L(z) for some z € R, ¢ is an
underestimator on a sublevel set. -

The primary motivation for global underestimators is that they yield lower bounds on
the mixed-integer minimum, since

(Ve e R": g(x) < f(z)) = inf g(x) < inf f(x) (6.2)

zeFT zeFr
where inf,cp, g(x) gives a stronger bound on the mixed-integer minimum of f than
inf,egn g(z). Using the mixed-integer minimum of g to derive a lower bound on the
mixed-integer minimum of f makes only sense if mixed-integer minimization of ¢ is
easy compared to mixed-integer minimization of f. In Section [6.2.3) we show that
lower bounds on the mixed-integer minimum of f can still be computed by considering
functions g that underestimate f only on a sublevel set (of f) and possibly not all of R".

We outline now our class of underestimators and show that the problem to choose the
underestimator with the strongest lower bound can be cast as an sos problem.

6.2.1. A class of underestimators

We motivate our class of easy-to-minimize underestimators g with an observation on
monomials with a shift in the argument which shall serve as the building blocks to the
more general underestimators.

Observation 6.1. For some h € R" and o € Ngj, let

g=(X—h)*=]]X;—hy)

j=1

be a shifted monomial. If all o; are even, g has a mized-integer minimizer at |h|z (and
thus a continuous minimizer at h and an integer minimizer at |h]). If one «; is odd, g
is not bounded from below and does not have mixed-integer minimizers.

Our underestimators are conic combinations of shifted monomials with even «;, 7 =
1,...,n, as the combinations inherit the mixed-integer minimizer |h]z. More precisely:

Proposition 6.2. Let a polynomial g € R[X] be given as g = Y., ba(X — h)** with
bo > 0 for a # 0, and h € R™.

1Synonymously, we may say g underestimates f on U.
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1. The restriction of g to [[1=) {z;} x R x [Iyii{zi} that is, the univariate function
Yy g(xy, . Th1, Y, Tty - - -, Tp) for fized x € R™ is nonincreasing for y < hy
and nondecreasing for y > hg, k € {1,...,n}.

2. We have
9(z1, .. xn) > g(@1, o e, k], Tegr, - -, Tn)

foreveryx € Fr = {x eR":a; €Z fori € I} and k € T.
3. The point |h]z is a mized-integer minimizer of g.

Proof. Tt is enough to show the claimed properties for a term of the form (X — h)?, as
g is a conic combination of such terms. Claim [I]is elementary and immediately implies
Claim [2 Applying the latter repeatedly gives Claim O

Three properties make these polynomials g useful underestimators: Firstly, mixed-
integer minimization is trivial — this is inspired by the so-called rounding property [HS14],
i.e. rounding of a continuous minimizer yields an integer minimizer. Secondly, all
nonlinearity is confined to the parameter h. Thirdly, the fact that the expression is
linear in the b, makes them accessible to optimization.

Proposition [6.2] motivates

Notation 6.3. We denote the set of conic combinations of monomials with a shift of i

by

C(h) = {g eR[X]:g= Zba(X — h)**, b, € Ry for all @ #0,J C N ﬁnite} :

aed

As an example, the polynomial
g= (X1 — 154Xy —2)°+0.3(X; — 1.5)*(X3 —3.2)* —1 € €(1.5,2,3.2)
with J = {(2,3,0), (1,0,4), (0,0,0)} has an integer minimizer at (1,2, 3).
Proposition 6.4. Let g € €' (h) satisfy g(x) < f(x) for all x € R". Then
< inf
ol[12) < inf f(x)

Proof. This follows from (6.2)) and Proposition [6.2] O

For determining an underestimator g we still have to choose h and the coefficients b,.
This is described next.

Choice of h: In principle, every h € R™ may be chosen. Heuristically, we chose an
approximate continuous minimizer of f since ¢ has its continuous minimizer at h. In
fact, every nontrivial g looks like an elliptic paraboloid or a parabolic cylinder near h,
as does f near every local minimizer. For almost all f, the continuous minimizer of f
can be found using sos methods (Theorem [1.28).
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Choice of b,: We choose the b, so that the lower bound g¢(|h]z) is maximized. In
other words, we wish to maximize the expression

g([Pz) =D ba(|h]z — h)*™

subject to ¢ < f. The higher order terms in g ensure a certain aggressiveness in the
growth behavior away from h, even for small coefficients b,,, which leads to strong bounds.

6.2.2. Global underestimation

Using the notation w,, := (|h]z — h)**, we get the following optimization problem:

sit. f(x) — Zba(x —h)**>0 VzeR"
acJ

bo, >0 fora#0

with decision variables b, € R, a € J and J C Nj finite. Since this program is not
tractable in general, we consider the following sos version instead:

y=max » waba (GLOB)
aceJ
s.t. f—Zba(X—h)%‘ is sos in R[X7, ..., X,],
acJ
ba is sos in R[X7, ..., X,,] for a # 0.

The decision variables are the real b,, € J. Note that b, € Y is equivalent to
ba > 0. Once J is fixed, [GLOB|is a valid sos program. We show in Corollary that
it is sufficient to choose J = {a € Njj : |a| < deg(f)/2}.

In the following we identify a solution b,, a € J, with the polynomial ¢ it defines,
that is with g = ;b (X — h)**, and hence may say that a polynomial is a feasible
or optimal solution to . We note that every feasible solution to (for any
choice of h) gives valid lower bounds on [UMIPP}

Theorem 6.5. Let f e R[X], he R" and g = )
solution to [GLOB] for some J. Then

1. g(lhlz) < infocp; f(2).
If moreover f — f(h) € ¥ holds and g is an optimal solution to|GLOB] then

bo(X — h)?* € €(h) be a feasible

aed
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2. g(lhlz) = f(h).

Proof. Claim [T holds as g being feasible to [GLOB]|implies f — g € X, hence f — g > 0,
and the claim follows by Proposition[6.4 Concerning Claim[2] observe that f— f(h) €
implies that h is a continuous minimizer of f and that the constant polynomial § = f(h)
is a feasible solution to [GLOB| hence g(|h]z) > g(|h]z) = f(h) for every optimal
solution g € €' (h). O

We note that [GLOB]is feasible if and only if f is sos-bounded from below, i.e. if there
isr € Rwith f —r € X. Indeed, if g =) ., ba (X — h)** is feasible for , then
f—g €%, and hence f — g+ > c;,z00a (X — h)** = f — by € X. For the converse
direction, if f —r € ¥, then g :=r is a feasible solution to [GLOB]

6.2.3. Underestimation on sublevel sets

Motivation

A quite restrictive condition in is that it requires g(z) < f(x) globally, i.e., for
all x € R". Actually, this is not necessary for our purposes. It is enough to require
g(z) < f(x) only for those x € R™ that satisfy f(z) < f(q) for some ¢ € Fr. That is,
for all ¢ € F7, we have

(Vo € ££/(a)) + g(2) < J(2)) = inf g(x) < inf f(x), (6.3)
zeFT zeFz

in other words, the mixed-integer minimum of ¢ is a lower bound on the mixed-integer

minimum of f even if g is an underestimator of f only on a sublevel set /J];( f(q)). If we

make use of this in our sos program, the lower bound can only improve.

But before we delve into the details, let us consider the potential payoff by taking a
look at the integer minimization example in Figure|6.1al The plot depicts the univariate
polynomial

f=02-(X—-03)°=5-(X—-0.3)"+32- (X —0.3)2

along with two underestimators ggrog, gsLs. A short calculation shows that f has five

local extrema at 0.3 and 0.3 & 4/ %, and that the local minimizers are at x = 0.3

and at x4 = 0.3 & 4/ %ﬁ ~ 0.3 + 3.51. Considering that f has a positive definite
leading form, one of the local minimizers must be a global one, and comparing the
function values shows that x = 0.3 is the continuous minimizer. Moreover, f must have
its integer minimizer in [—3,3] as min{f(z), f(z-)} > f(0); comparing the function
values shows that f has a single integer minimizer at x = 0 with value f(0) ~ 2.84. The
underestimator ggrop € € (h), computed as optimal solution to is given byﬂ

garos ~ 8.71-107" - (X —0.3)°4+1.09- 107 (X - 0.3)*4+0.75- (X —0.3)* - 1.22-107%,

2For this example we solved [GLOB| for A = 0.3 and degg = 6, using SOSTOOLS 3.00 and CSDP
6.1.0.
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is globally below f. To find an underestimator on a sublevel set, we first fix the level
z = f(q) heuristically. Note that any g € Z is a feasible solution to and hence an
upper bound; any integer minimizer must be contained in ££(f(q)). As h = 0.3 is the
global minimizer, we choose ¢ = |h]z = 0 here. The polynomial gss, given by

gsLs ~ 9.09 - (X —0.3)° +11.80 - (X — 0.3)* +39.36 - (X — 0.3)*> — 0.81,

is an underestimator on the sublevel set £ (£(0)) = [0, 0.6], as can be seen in Figure
In the next section, we show show how this function can be found. The plot reveals the
shortcomings of global underestimation: Any global underestimator in %(0.3) cannot
go above the local minimizers of f. This “barrier” from above turns ggrop in this
example essentially into a quadratic underestimator for small z as the ratio of the higher
order coefficients and the one in front of the quadratic term is of order 107!°. The
underestimator gsps however is a degree 6 polynomial whose higher order coefficients
are not small at all. Note that ggrop is much closer to f near 0.3 compared to the new
underestimator gsrs. However, the quality of the resulting lower bound depends on the
function values at 0 and there ggrg is closer to f than ggrog. The lower bounds the two
underestimators provide are ggrop(0) ~ 0.07 and gsps(0) ~ 2.84. In this case, we are
lucky as the lower bound on the integer minimum and f(0) coincide, showing once more
that f has its integer minimizer at 0.

80 |“ T 8 T T T
40 + 1
0l _
Gsrs\T
gGLo? 33§ ”””””
_40 1 :ll: 1
-4 0 4
(a) From far (b) From close

Figure 6.1.: Global underestimator gar,og and an underestimator gsrs on a sublevel set.

6.2.4. The sos program for computing the improved underestimator

How do we compute the improved underestimator? At first, we observe that every
sublevel set ,CJ;(Z), z € R, of f is semi-algebraic. Indeed, with the notation from (|1.11)),
we have

LLz)={r eR" 1z~ f(z) >0} = K(z — f).
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Moreover, Ei(z) is compact if the leading form of f is positive definite (see Proposi-
tion . Compactness of E’;(z) in turn implies that the quadratic module M (f —
g,z — f), for any g € R[X1,...,X,], is Archimedean by Theorem . Hence, for
every feasible underestimator g € €’(h) the existence of a representation for f — g as in
Putinar’s Positivstellensatz (Theorem is guaranteed. This motivates the following
program:

) = max Zwaba (SLS)
acJ
st. f— Zba(X —h)?** —o(z — f) is sos in R[X1, ..., X,],
acJ
b, for a #0, o are sos in R[Xy,..., X,],
dego < k

The decision variables are the real b, as for [GLOB| and, additionally, the real coeffi-
cients of the polynomial . As before, we use the notation w, := (|h]z — h)%®. is a
valid sos program once J and the degree of o are fixed.

Theorem 6.6. Let f € R[X], h € R" and g € €(h) be a feasible solution to with
z > f(q) for some q € Fr.

1. Then g(|h]z) < inf.ep, f(2).
2. If J is fized, y=>) < y© < ¢y@ <@ < [
3. If [ is coercive, there is kg € Ny such that [SLS| is feasible for all k > k.

[SLS| with k = —oo is[GLOB]
5. If f — f(h) € ¥ and g is optimal, then g(|h]z) > f(h).

Proof. Statement [1]holds as g feasible implies f—g—o(z— f) € £. Hence f(z)—g(z )
for those x with f(z) < z, especially for those z with f(z) < f(q) as f(q) < z
assumption. The claim follows by .

Statement |2| is clear as we only allow more coefficients for o.

To see Statement |3, note that E’;(z) is nonempty as z > f(¢q) and moreover compact

(Proposition , so f(x) > cforsomec € Rand allz € E’;(z). Hence f—c € M(z—f)
by Putinar’s Positivstellensatz (Theorem [1.20]). This means f — ¢ = oo + o(z — f) for
some sos 0g,0 € R[X]. Thus g := ¢ is a feasible solution, and kq := dego.

To see Statement [l we note that & = —oo corresponds to o = 0, in which case [SLS|
is [GLOD!
Statement [5] is a consequence of Statements [2] and [4] and Theorem [6.5] O

3Note that every sos polynomial o # 0 has even degree.
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We have not yet addressed the degree of ¢ in [GLOB]| and [SLS| nor the degree of o
in [SLS] The following proposition shows that once the degree of o in [SLS|is fixed, the
degree of g in any feasible solution is bounded from above in terms of deg f and dego.
Let us note at first the following technical lemma that we need for its proof.

Lemma 6.7 (see, e.g., Corollary 1.1.3 in [Mar08]). Suppose v =u? +---+u? for some
given uy, ..., ux € RIX] and uy #0. Then v # 0, and

degv =2 112?54 deg u;.

Proposition 6.8. Let f € R[X]|, g € €(h) withdeg f >0, degg >0, z€ R and o € X
such that

f—g—o(z—f) is sos. (6.4)
Then
deg(g) < deg(f) + max{deg(o), 0}.

Proof. Eq. (6.4)) is equivalent to f — g — o(z — f) = 0¢ for some o( € 3, or

g+oo=f(14+0)—zo. (6.5)

Hence deg(g) < max {deg(g), deg(00)} £ deg(g + o0) = deg (f(1 +0) — 20)

LB {deg (f(1+4 0)),deg(z0)} T deg (f(1+0))

w deg(f) + deg(1 + o) L) deg(f) + max{deg(o),0}.

As g —g(h) € ¥ and degg > 0, equality (I) follows from Lemma [6.7 Equality in
(I) follows from eq. (6.5). Using deg f > 0, the equalities in (III) and (IV) follow
from a typical degree argument: If u,v € R[X], degu # degv, we have u + v # 0 and
deg(u + v) = max(degu,degv). Equality in (V) holds as the degree is multiplicative,
(VI) follows easily if one distinguishes the cases 0 = 0, 0 € R5 and dego > 0. [

Corollary 6.9. Let g € € (h) be a feasible solution to|(GLOB| Then degg < deg f.

Proof. Use Proposition with ¢ = 0 and the result follows from Statement [] of
Theorem [6.6l O
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6.3. Using and evaluating our underestimators within
branch and bound

Note that, for the remainder of this section, we assume the all-integer case: Z = [n].
We evaluate the underestimators in a branch and bound framework. Firstly, we present
an algorithm that shows how special properties of our underestimators can be exploited
to speed up branching and pruning. In the following experiments, we generate random
polynomials. For completeness, we sample from families and (Sections
and , respectively), but focus on the latter as we get instances with higher n and
d: Specifically, for the family and each of the (n,d)-tuples (2,4), (3,4) and (4, 2),
we sample instances until we have 50 with detected positive definite leading form (cf.
Section[3.3.2)); for the second family and each of the (n, d)-tuples (2,6), (3,4), (3,6),
(4,4) and (5,6) for K = 2, we sample 50 instances (cf. Section [3.3.3). We compare the
resulting runtimes in a branch and bound framework with other lower bounds from the
literature and conclude with an evaluation of the initial lower bound g(|h]).

6.3.1. Algorithm

We present the implementation of our underestimators in a branch and bound framework
in Algorithm [2] The algorithm can be summarized as follows. New subproblems are
chosen depth first. This keeps memory usage small and allows us to quickly obtain good
feasible solutions. We do not reorder the variables. Subproblems are collected in a list
L; every subproblem P € L is of the form P = (m,ry,...,7,), where m € {0,...,n}

encodes the number of fixed variables (ry,...,7r,) € Z™; i.e.,
min T1y ey Timy Tmdly -« -5 L

/(1 o n) (P=(m,r1,...,7"m))

Tmals---rXn €L
and (0) encodes the initial problem. At every subproblem (m,r,...,7,), we get a
univariate underestimator ¢ from the original underestimator g by fixing the first m
variables x1, ..., z,, to the values r,...,r, from the subproblem, and by fixing the last
n —m + 1 free variables z,,19,...,2, t0 [Ami2],. .., |hn]. Now suppose g is a solution

to[GLOB]|or |SLS| Then, for some ¢ € Z", f(z) > g(z) for those x € R" with f(x) < f(q).
Using Proposition [6.2],

Fry e Ty Tt 1, T2y - -3 ) = 971, ooy Ty Tt 1y T2y -« -5 )

Z 9(7’1, <o s Tmy T, |_hm+2—|7 s Lhn—‘) = g(mm-‘rl)

for all x € Z™ with f(z) < f(g). This means that all subproblems with §(x,,,) larger
than the current upper bound u can be pruned — and this holds, trivially, also for those x
with f(x) > f(q). In short, if §(,,41) > u, the subproblem P’ = (m+1,71,..., 7, Tma1)
of P can be pruned. Since g is nondecreasing for x,,.1 > h,,+1 and nonincreasing for
Tma1 < hyo1, the set of all these subproblems of P, whose z,,1-coordinate must lie in
a subinterval of [—R, R|, can be identified by a binary search:
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Proposition 6.10. 1. Algorithm [3 is correct, that is, it always terminates after a
finite number of steps with an optimal integer solution x* that satisfies f(x*) = w.

2. The integers Ly and Lo (in lines & can be found with binary search in
[logy(L)] + 2 < [logy(R)| + 2 evaluations of g if L > 0.

Proof. Let x* be any optimal solution. To provel[l] it suffices to show that the algorithm
terminates and no problem with (n,z*) as subproblem gets pruned in Step (12| or lost in
Step[19} To see termination of the algorithm, we observe that the number of subproblems
is finite as the sets B,,, = {y € Z™ : ||y||, < R}, m = 1,...,n are finite, every subproblem

(m,r1,...,7y) suffices (ry,...,7,) € B, and no subproblem is inserted into the list £
more than once. To see that x* does not get discarded in Step define
G(Tmir) == g(@], T Tty [ Pm2 ]y - oy [Pn]) (6.6)

and suppose §([hm+1]) > u. Hence

9(Lhmial) > u = f(@") = g(2%) = g(a, -, [l [n]) = (),

a contradiction, where we used the monotonicity property of g (Proposition and
that g(z) < f(z) for z € LL(f(q)), a fortiori for =z € LL(f(z*)). Suppose that z*
gets lost in Step . Necessarily, %, g < Lyorux , > Ly. We derive a contradiction
for xy ., < Li, the other case is identical. Observe that z , € [—L,L] as every
optimal integer solution satisfies " [#7[P < RP, so we must have |z}, ;| = v/]z}, [P <
V/RP —|zilp— ... — |ax,P. As x7,., is integer, we may round down — in other words,
xy,.1 € [-L,L]. By definition of Ly and Proposition , we have g(zy, ) > u with g
from (6.6), thus, using Proposition again,

9(@mi1) > u > f(27) = g(x7) = g(2,41),

a contradiction.

We finally show that Claim [2| holds. We prove the claim for hg,; > 0, the proof for
hiy1 < 0 is similar. In case hyy1 > L, Ly exists if and only if g(L) < u as g(xgy1)
is non-increasing for zx,1 < hgyq (by Proposition ; necessarily, Ly := L. Using
binary search on [—L, L], L; can be found using at most [log,(2L)] = [logy(L)] + 1
further evaluations of g. In case 0 < hyyy < L, Ly exists as §(|hgs1]) < w in Step
Again using binary search, Ly € [—L, | hg+1]] can be found in no more than [log,(2L)]
evaluations. As §(xxy1) = g(hgr1 — Tgy1), it only needs at most one more evaluation
of g to find Lo, so we find both numbers in no more than [log,(L)] + 2 evaluations of
g. 0

Remark 6.11. Concerning our implementation, we chose degg = deg f for [GLOB]
and [SLS] since for large z, we expect a similar order of growth of f and g. Also, we
chose dego = 2 for [SLS| since dego = 4 takes too long in the preprocessing. For the
parameter h € R"™ we chose an (approximate) continuous minimizer computed via the
SOSTOOLS function findbound.m — however, the algorithm accepts arbitrary h € R™.
We determined R using Algorithm [1]
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Algorithm 2 Branch and Bound

1%

12:

16:

20:

24:

28:

input f € R[Xy,...,X,], h € R", p-norm bound R on minimizers, k € 2Ny

x* < |h] // initial guess for integer minimizer
u < f(z*) // upper bound on integer minimum
L+ {(0)} // initial list of subproblems

find underestimator g: solve with h, degg < dego =k // or|GLOB|, resp.
while £+#( do

pick P = (m,ry,...,ry) € L with m maximal
L+ L\A{P}
if m <n then
I L\zpr P P — IrmIPJ
let g: R =R, g(xmi1) = 9(r1y -y oy Tona1s [Pma2 ], -+ [ n])
if g([hm+1]) < u then // otherwise prune
find L, € [-L, L] N Z minimal with g(L,) < u
if such an L, exists then
find Ly € [-L, L] N Z maximal with §(Ls) < u // cf.
Proposition
else
Ly “+00, Ly < —o00.
end if
for all r,, 1 € [L1, L) NZ do // [L1, L] =0 if Ly = +00
L+ LU{(m+1,r,...;"m1)} // actual branching
end for
end if
else // all variables x; were fized to values r;
if f(r) <u then // update upper bound
T* <=
u < f(r)
end if
end if
end while

output z*, u
print f attains its integer minimum u at x*.
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6.3.2. Presentation of other lower bounds

It is not straightforward to compare the performance of our underestimators with lower
bounds from the literature. In our setting, we compute a single underestimator per
instance — which is then merely evaluated during the branch and bound process.E] We
could not find other underestimators with this property that give sensible results in
branch and bound. However, there are lower bounds in the literature that are more
general than ours since they consider restricted polynomial optimization problems and
can hence be applied to any polynomial — not only to those with positive definite leading
form — and are suitable for branch and bound if computed new at each node. In addition
to Algorithm 2 (with [GLOB| and [SLS)) we implemented the following four algorithms
in a MATLAB framework for solving [UIPP} three of them are branch and bound ap-
proaches as Algorithm 2 which use other bounds (taken from [BD14], [LHKWO06], and
the continuous relaxation) while our last algorithm is a simple brute force approach.

e For arbitrary polynomials on boxes, Buchheim and D’Ambrosio [BD14] suggested
to compute, for every term of f, the L'-best separable underestimator. The sum
of the underestimators is again separable, so its integer minimization is a univari-
ate problem. For degree d < 4 and arbitrary n, they provide explicit underes-
timators. We hard-coded the explicit underestimators, and used the MATLAB
built-ins polyval, polyder and roots to evaluate and differentiate the sepa-
rable underestimators, and to compute their roots, respectively. As a suitable
box at the subproblem P = (m,ry,...,r,) we chose the box [—L, L]"~™ where

L = L\VRP — == \Tm\PJ. The authors suggest to successively halve the

box into subboxes which does not fit into our scheme. This approach is abbreviated
SEP in the plots.

e For nonnegative polynomials on polytopes P, De Loera et al. [LHKWO06| approxi-
mate the maximum of f on PNZ" by the sequence /> _ . f(x)*. Each member
of the sequence can be computed in polynomial time, using a reformulation as a
limit of a rational function which in turn is based on the generating function of P.
We did experiments with £ = 2 and k = 4, the latter taking significantly longer,
without giving much better results, so we restricted ourselves to k = 2. Note that
the suggested implementation uses residue techniques, while we just use symbolic
limit computations. On the other hand, we improved the bounds as follows: To
make their approach applicable to not necessarily nonnegative polynomials, the
authors suggest to add the sufficiently large constant

¢ = || flloll flloc*

to obtain f = f + ¢ nonnegative on P. Here, M > 0 is a bound on the polyhedron
such that |z;| < M for all x € P; the norm || - || (as well as the norm || - ||; below)

4By fixing some variables at each node and then computing new underestimators, this could be im-
proved but would need additional runtime for the computation of the new underestimator.
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and the “norm” || - ||p were introduced for polynomials in Section [1.4.4 However,
the constant

d
=Y NSl
§=0

suffices to ensure that f + ¢ is nonnegative on P. A short calculation shows that
¢ <cif M > 1, and in dense instances one often has ¢ < ¢. As polyhedron we
again chose the box [—L, L|"™™ from the previous bound. This bound is abbrevi-
ated to POLY in the plots.

e We compute an sos approximation of the global continuous relaxation (CR in the
plots) at each subproblem P = (m,ry,...,ry,), that is

max A
st f(re, e Ty Xty - -, Xp) — Ads sos in R[X 41, ..., Xy

e Brute force enumeration with no lower bounds, abbreviated BF. As f has to be
evaluated at each node, we use matlabFunction to convert the Symbolic Math
Toolbox object that encodes f into a function handle that can be evaluated sig-
nificantly faster.

e Algorithm 2 using [GLOB]| with parameters as described in Remark

e Algorithm 2 using [SLS| with parameters as described in Remark [6.11]

6.3.3. Runtime comparison

Implementing the six different lower bounds from Section [6.3.2]into our B&B-framework,
we measured the runtime of the B&B routine without preprocessing time, which is
evaluated separately at the end of this section. On every instance each of the lower
bounds had a maximum of 5 minutes to complete B&B; if this time constraint was
violated, the process was interrupted and the lower bound considered as unsuccessful
on this instance. If the parameter h could not be found by SOSTOOLS’ findbound .m
function, [GLOB]| and [SLS| were considered to have violated the time constraint. The
results for family from Section are plotted in Figure and for family
from Section [3.3.3] in Figure [6.3

We infer from the plots that for a small number of variables, the problem size (i.e., R),
is still so small that brute force is competitive with our approach. However, if instances
get larger, [GLOB]| and [SLS| are, on average, faster than brute force and the continuous
relaxation. SEP is quite fast in small instances, but for large instances the running
time is high as a new underestimator is computed at each node. In our setting, POLY
takes too long to be competitive. The continuous relaxation is satisfactory for smaller
instances but slower than brute force. For (n,d) = (5, 6), no lower bound except for
finished B&B within the time limit of 5 minutes.
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Figure 6.2.: From family , we sample instances until 50 with positive definite leading
form are generated. Using these as input to our B&B framework together
with the lower bounds from Section [6.3.2] we scatter plot the runtimes in [s]
for different dimension n and degree d (logarithmic scale). The larger line is
the median of the depicted values. The number following the bound is the
amount of instances that are solved within 5 minutes.

To evaluate the underestimators on larger instances, we additionally increased n,
the number of variables, for fixed degree d = 4 until no instance was solved by any
underestimator. For these large instances we allowed a larger time constraint of 2 hours.
We improved solvability by alternatively allowing h = 0 if a continuous minimizer z
could not be found, or if [GLOB] or [SLS| could not be computed with h = Z.

The largest n for which instances could still be solved for the different underestimators
are the following:

GLOB SLS SEP POLY CR BF
7 9 6 4 11 6

The results for the largest instances that [SLS| was still able to solve are plotted in
Figure (6.4 The plot and table show that brute force cannot solve larger instances. Only
the continuous relaxation can compete with [SLS| it solves more instances within the
given time limit. However, as Figure [6.4] shows, is significantly faster than CR for
n =7, 8 and for 9 in most of the instances that [SLS| solved within the time limit.

Figure [6.5] illustrates the differences in preprocessing time, i.e., the time needed to
compute an approximate continuous minimizer h and the underestimator g, and the
time needed for the actual branch and bound. It can be seen that the preprocessing
time does not vary too much with the instance and is mostly significantly longer than
the subsequential branch and bound.

Also, [SLS| takes longer than [GLOB]in the preprocessing phase. This is to be expected
as the corresponding sos program is larger, and so are preprocessing times. Indeed,
Figure [6.5] reveals that [GLOB| has shorter preprocessing times throughout, but [SLS] is
superior in B&B, as expected.
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Figure 6.3.: From family , we sample 50 instances. Using these as input to our B&B
framework together with the lower bounds from Section[6.3.2] we scatter plot
the runtimes in [s] for different dimension n and degree d (logarithmic scale).
The larger line is the median of the depicted values. The number below the
bound is the amount of instances that are solved within 5 minutes.
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Figure 6.4.: Large instances: From family , we sample 50 instances. Using these
as input to our B&B framework together with the lower bounds from Sec-
tion [6.3.2] we scatter plot the runtimes in [s] for different dimension n and
degree d (logarithmic scale). The larger line is the median of the depicted
values. The number below the bound is the amount of instances that are
solved within 2 hours.
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Figure 6.5.: From family , 50 instances are sampled for different dimension n and
degree d. The scatter plot shows the Preprocessing (P) and B&B (B) times
- on the left, on the right (logarithmic scale). The larger line is
the median of the depicted values.
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Figure 6.6.: From family (F2)), 50 instances are sampled for different dimension n and
degree d. We compare the initial lower bound on the integer minimizer using
the ratio @ (logarithmic scale).

The initial lower bound on the minimum

At last, we evaluate the initial lower bound g(|h]) of our underestimators g. To this
end, we define a ratio ) as follows: Let h be a continuous minimizer of f (if found by sos
methods), z* an integer minimizer of f found during B&B and ¢ be a solution to
or Then

_g(h]) = f()

Q=2
flx*) = f(h)
takes values in [0, 1], is invariant under scaling of f by constants A > 0 and addition of

constants ¢ € R to f — and, needless to say, the larger (), the tighter the lower bound.
See Figure [6.6] for the results.

By Theorem gives bounds that are at least as good as The plots
show that, once the semidefinite program is solved, gives strictly tighter bounds

more often than not.
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7. Growth and stability properties of
coercive polynomials

This chapter is about coercive polynomials, which appeared throughout this work. To
characterize coercive polynomials, we investigate how fast a coercive polynomial grows,
using the so-called order of coercivity, and how stable the coercivity property is under
perturbations of its coefficients.

Section [7.1I] motivates the problem and concepts of this chapter, and gives some point-
ers to the literature.

Section recalls, for a coercive multivariate polynomial f € R[X;,...,X,], the
notion and also some of the properties of the so-called order of coercivity o(f) and links
them to the so-called Lojasiewicz exponent at infinity. For coercive polynomials f we
further recall the definition of the degree of stable coercivity s(f) and introduce the
degree of strongly stable coercivity 5(f). Also, by studying the order of coercivity of
rational functions, we give an alternative proof of the known result that o( f) is always
positive for any coercive polynomial f.

Section describes, for a coercive polynomial f, how the order of coercivity o( f), the
degree of stable and strongly stable coercivity, s(f) and 3(f), respectively, are related.
One of the two main results, Theorem gives an explicit relation between these
three numbers. The other main result, Theorem [7.16] shows that coercive polynomials
f whose order of coercivity o(f) is maximum possible, that is, o(f) = deg(f), are
exactly the polynomials with a positive definite leading form. We also show that this is
equivalent to the fact that their degree of stable coercivity s(f) is maximum possible,

that is, s(f) = deg(f).

Section [7.4] explicitly constructs two families of coercive polynomials with the corre-
sponding order of coercivity being positive but tending to zero. For the first family the
number of variables is hold fixed but the degree varies, and, for the second family, the

degree is fixed but the number of variables varies.

Section [7.5] addresses the question whether it is possible to determine the minimal
possible order of coercivity for a polynomial in n variables of degree not exceeding d.

Section [7.6] is about the decision problem whether a given polynomial is coercive.
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7.1. Introduction

7.1.1. Motivation

In almost every of the previous chapters, coercivity played an important role: To guar-
antee existence of optimal solutions to given feasibility (Proposition [1.32), as a
sufficient condition for the Archimedean property (Section , as an assumption to
the norm bound from the literature and our norm bound as outlined in Chapter [3] to
guarantee existence of underestimators (Theorem and so forth.

To understand multivariate polynomials better, we consider the order of growth at
infinity and how this relates to the stability of coercivity with respect to perturbations
of the coefficients.

As a motivation, let us first consider the univariate case. A polynomial f € R[X] is
called coercive on R if f(x) — +o0o whenever |z| — 4o00. This is the case if and only if
the leading coefficient of f is positive and the degree deg(f) of f is positive and even.
This, in turn, is equivalent to the property f(x)/|z|? being coercive for all ¢ € [0, deg(f)).
Hence, the number deg(f) expresses how fast f grows for large x, and, thus, it can be
viewed as a meaningful measure for the order of growth of f at infinity. We call this
number the order of coercivity of f.

We observe further that, in the univariate case, small perturbations of a coercive
polynomial f by another univariate polynomial g preserves coercivity. In fact, if f is
coercive, so is f + g whenever deg(g) < deg(f) and if the leading coefficient of g is
sufficiently close to zero. On the other hand, f + ¢ is not necessarily coercive if the
degree of g exceeds the degree of f, and, thus, the number deg(f) can also be viewed
as a measure expressing how stable the coercivity of f on R is. We call this number the
degree of stable coercivity of f.

Consequently, for a univariate coercive polynomial f, the order of coercivity coincides
with the degree of stable coercivity, and both are equal to the degree of f. Once these
two numbers are properly defined in the multivariate setting, it is only natural to ask
if the order of coercivity again equals the degree of stable coercivity, and if so, whether
these numbers again coincide with the degree of f.

In [BS15b] the first question is answered affirmatively for a broad class of coercive
polynomials whereas the authors give a dissenting answer to the second question. More
precisely, using properties of the underlying Newton polytopes, a class of coercive poly-
nomials f is identified for which the order of coercivity coincides with the degree of
stable coercivity, and both are equal to a so-called degree of convenience of f which, in
general, differs from deg(f).

In the present article we shall show that for coercive polynomials f the degree of
stable coercivity of f may differ from the order of coercivity of f in general, but not
”too much”. More precisely, our main results show that for any coercive polynomial, its
degree of stable coercivity is always equal to the integral part of the order of coercivity.
We shall further characterize the case when the order of coercivity of f is maximum
possible by positivity of its leading form. The latter turns out to be equivalent to
the degree of stable coercivity of f also being maximum possible (see Theorems
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and [7.16).

7.1.2. Related literature

Coercivity of multivariate polynomials itself is an interesting property for various rea-
sons. In continuous polynomial optimization theory it is a recurring question whether a
given polynomial f € R[Xj, ..., X,] attains its infimum over R" (see, e.g. [BS15a; [EDOS;
GSED14; GSED11; NDS06; Sch06; [VP07; VP10]); a similar question is equally relevant
in our integer and mixed-integer programming variant (Proposition [1.32)). Coercivity of
f is a sufficient condition for f having this property, and, thus, it is a natural task to
verify or disprove whether f is coercive.

As a further consequence of coercivity, f is bounded below on R™ by some v € R, so
that f — v is positive semidefinite on R". Also, since coercivity of f is equivalent to the
boundedness of its lower level sets {z € R" : f(z) < a} for all & € R, understanding
coercivity can be useful to decide whether a basic semi-algebraic set is bounded. Further-
more, properness of polynomial maps F': R® — R" can be characterized by coercivity
of the polynomial ||F||3. This is useful to decide whether F is globally invertible (see,
e.g. [BS17: [BAOT; [CDTT14]).

Coercivity of polynomials is partially analyzed in |[JLL14] and, in the convex setting,
in [JPL14], while the coercivity of a polynomial f defined on a basic closed semi-algebraic
set and its relation to the Fedoryuk and Malgrange conditions are examined in [VP10]. A
connection between coercivity of multivariate polynomials and their Newton polytopes
is given in [BS15a]. In [MN14], the authors study how fast — not necessarily coercive —
polynomials grow on semi-algebraic sets.
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7.2. Order and stability of coercivity

7.2.1. The order of coercivity

We saw in Section that a function f : S — R, defined on a subset S C R"”, is
coercive if

Ve>0 IM >0 Vzels, |z| >M : f(z)>c (7.1)

holds. The function f is called g-coercive for some ¢ > 0 if f(x)/||x||? is coercive. Note
that coercivity and g-coercivity are properties that are independent of the choice of the
norm on R"™. The following characterization of g-coercivity, ¢ > 0, turns out to be useful
for our later purposes. For completeness, we give its short proof.

Observation 7.1. Let f : S — R defined on a subset S C R™ and ¢ > 0 be given. Then
f s q-coercive if and only if

Ve>0 IM>0 Veel, ||z|>M : f(z) >c-|x|? (A)
holds.

Proof. Let f be g-coercive and ¢ > 0. By definition of g-coercivity, there is M > 0 such
that f(z)/||z||? > ¢ whenever z € S and ||z|| > M. Multiplication by ||z[|¢ gives the
claim. Now suppose holds and fix ¢ > 0 with the corresponding M > 0. Division
by [|z||? yields for all nonzero x € S with ||z|| > M the inequality

f@)

llle

9

and, thus, lim inf},) e f(2)/[|2]| > c. Since ¢ > 0 was arbitrary, f is g-coercive. O
For coercive f : S — R, the number
o(f) :=sup{q >0: fis g-coercive}
is called the order of coercivity of f. A coercive function f is ¢’-coercive for all ¢’ with
0 < ¢ <o(f), but f need not be o f)-coercive. Now, if property does not hold for
all but only some ¢ > 0, we may not conclude g-coercivity of f. However, the following

holds:

Observation 7.2. Let f : S — R defined on a subset S C R" and g > 0 be given. Then
the property

de>0 IM>0 Vzels ||z >M : f(z)>c-|z|? (B)

implies o(f) > q.
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Proof. For any 0 < £ < ¢ and all nonzero « € S with ||z|| > M one has

F@)
g = I

and, as the right hand side is coercive, f is (¢ — £)—coercive. Thus the inequality
o(f) > q — € holds and since € was arbitrary, o( f) > ¢ follows. O]

Note that the converse statement does not necessarily hold.

The following example shows that for quadratic coercive polynomials, the equality
o(f) = deg(f) is always fulfilled. For the proof and the proofs to come, the following
immediate estimate is handy; for completeness, we give a proof.

Observation 7.3. For f € R[Xy,..., X,]a, wheren € N, d € Ny, and any q € [d, +00),
the following estimate holds:

n+d
uuns<‘*)|m@ (el +1). =e®

Proof. Fix n € N, d € Ny, f € R[X},...,X,] of degree at most d and ¢ > d. In multi-
index notation, f =3 ;) aaX®, and in view of (L.1), we get |[A(f)| < (”;d). Also,
for all z € R" and o € N¢ with |a] = a; + ... + a, < ¢, we have

o] < |21 < max ([l2]|%, 1) < |24 + 1.

The estimates combine to

D=1 Y, @[ <|flle D < flle D (el +1)

a€A(f) a€A(f) acA(f)

= AN lloo - ()l +1) < (n i d) [flloo - (Nl + 1) -

[]

Example 7.4. Let f € R[X,,..., X,], f(z) = 27 Qz+ L'z +c with Q € R™" symmetric,
L € R" and ¢ € R be given. If f is coercive, then o( f) = 2. Indeed, as f is coercive,
(2 must be positive definite. It is well-known that this implies the existence of a unique
global minimal point xy € R" of f, and one finds f(z) = (z — 20)TQ(z — xo) + f(0)
(see, e.g. [BHS15]). Denoting the smallest eigenvalue of ) by A, one obtains that f(z) >
ANz = z0)T(x — z0) + f(xo) = ANz — 20||3 + f(z0) holds for all z € R™, and thus, by
Observation , the inequality o(f) > 2 follows. On the other hand, Observation
implies o(f) < deg(f), and, due to deg(f) = 2, one obtains o(f) < 2.

Property shows how the order of coercivity is related to the so-called Lojasiewicz
exponent at infinity (see, e.g. [Kra07]). For a polynomial map F' : R" — R™ it is defined
as

Lo(F):=sup{r eR:3e,M >0Vx € R" : ||z]| > M = ||F(x)|| > c||x|"}.

Indeed, for coercive polynomials, the order of coercivity and Lojasiewicz exponent at
infinity coincide:
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Observation 7.5. Let f € R[Xy,...,X,] be coercive. Then

o(f) = Loo(f)-

Proof. From the definitions, o(f) < L.(f). Note that the coercivity of f implies
Loo(f) > 0 and o(f) > 0. Suppose at first that L.(f) = 0, then o(f) = 0 and
hence o(f) = L(f) = 0 follows. Suppose next that L..(f) > 0. It is enough to show
that for any 0 < ¢ < L.(f), we also have ¢ < o(f). Let € > 0 with ¢+ ¢ < L (f). By
definition of L..(f), there is ¢ > 0 and M > 0 with f(z) > ¢ - [|z||?T* = (¢ ||=||¢) - ||=]|
whenever ||z|| > M. As ¢ ||z||° grows without bound, this yields o(f) > q. O

Since the Lojasiewicz exponent Lo.(f) is known to be rational (see [Gor61]), Obser-
vation [7.5] yields the following:

Corollary 7.6. If f € R[Xy,...,X,] is coercive, then o(f) € Q.

7.2.2. The stability of coercivity

Given a coercive polynomial f € R[X7,...,X,] we are interested in how stable this
coercivity property is under small perturbations of f by other polynomials. This gives
rise to the following definition for stability of coercivity which was already analyzed
from the viewpoint of the underlying Newton polytopes in [BS15b] and is inspired by
the concept of stable boundedness of polynomials [Mar03].

Definition 7.7 (Stable coercivity). A polynomial f € R[X}, ..., X,] is called g-stably
coercive for ¢ € Ny, if there exists an ¢ > 0 such that for all ¢ € R[Xy,...,X,] with
deg g < q and all coefficients of g bounded in absolute value by ¢ it holds that f + g is
coercive. The degree of stable coercivity s(f) of f is the largest ¢ such that f is g-stable
coercive.

We also introduce the following stronger notion for the stability of coercivity.

Definition 7.8 (Strong stable coercivity). A polynomial f € R[Xy,...,X,] is called
strongly g-stable coercive for ¢ € Ny, if for all g € R[z| with deg g < ¢ it holds that f+g
is coercive. The degree of strongly stable coercivity §(f) of f is the largest ¢ such that
f is strongly g-stable coercive.

7.2.3. Observations on the order of coercivity

In this section we collect some preliminary results on the order of coercivity. The follow-
ing result is not only useful for our purposes but interesting in its own right: It states
that any coercive rational function has a positive order of growth. To this end we denote
the vanishing set of the polynomial g € R[X},...,X,] by V(g) := {z € R* : g(z) = 0}
and its complement by V¢(g) :=R" \ V(g).

Theorem 7.9. Let f,g € R[Xq,...,X,], g #0, such that f/g:V(g) — R is coercive.
Then

o(f/g) > 0.
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As a corollary, every coercive polynomial f € R[X,..., X,] has a positive order of
growth, which is a known result (see, e.g. [Gor61]). For the proof of Theorem [7.9] we
use the following.

Theorem 7.10 (see Theorem 4.1 in [Gor61)). Let P(z,z,w) be a real polynomial of
n' = ny + ng + ng variables r € R™, z € R"2, w € R™ where ny, ny, ng are non-negative
integers. If the surface M given by the equation

P(z,z,w) =0
1s not empty and lies in the domain defined by the inequality

I2ll2 = e (llll2),

where o(t) — +00 as t — +oo, then there exists constants h > 0 and b such that this
surface also lies in the domain defined by the inequality

2]z > [l«l5 — b.
Our choice of a suitable ¢ is given in the next lemma.

Lemma 7.11. In the setting of Theorem[7.9, let  : [0,00) — R be defined as follows:
Let

B(t) = int {\@\ Ve Vo). Il =1

9(y)

and put

Then ¢ s coercive.

Proof. Note at first that there can at most be d := deg(g) many ¢ > 0 with the property
that g(z) = 0 whenever ||z|| = t (resulting in @¢(t) = oo). Indeed, suppose there were
d+1 points ty < ... < tg with that property. Consider the leading form g, of g and pick
x € R" with g4(z) # 0. Then A — gq4 ()\ : H_iH) is a univariate polynomial of degree d
with zeros at f, ..., ts, which is impossible. Now suppose ¢ is not coercive. Thus there
is C' > 0 and an increasing sequence {7 }ren of reals with 7, — +o00 and (1) < C.
We may assume 7 is larger than any of the at most d points t; from above. Fix ¢ > 0.

% _ESSD(Tk)SCa

Thus there is a sequence {xy}ren C V(g) with ||zg|| = 7 and ’

contradicting coercivity of f/g.

We may now prove Theorem [7.9
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Proof of Theorem|[7.9. Let f,g € R[Xy,...,X,] with f/g coercive. To apply the theo-
rem by Gorin, we let ny = n, ng = ng =1 and define P € R[X4,..., X, Z, W] via

Pz, z,w) = (f(2) = 29(2))" + (wg(z) = 1)*, z €R", z,w eR.
The surface M = V(P) is not empty, as

M = {(z,z,w) € R"™: f(z) = zg(z) and wg(z) = 1}
= {(z,z,w) e R : 2 € V(g), f(z)/g(z) =z and w=1/g(z)}.

Consider the function ¢ from Lemma [7.11] We now show that M lies in the domain
defined by the inequality ||z]|2 > ¢(||z||2). To this end let a point (z, z,w) € M be given.
Then g(z) # 0 and so we conclude

el = |2] = '%’ . f{‘%’ v € V). ke = llellf = ol

Hence, we may apply Gorin’s theorem, so there are constants h > 0 and b such that M
also lies in the domain defined by the inequality

|2l = ll2ll2 > [lzll3 —b.

This means |f(x)/g(z)] > ||z||* — b whenever g(x) # 0. From Observation we
conclude o(|f/g|) > h. Since f/g is coercive, f(x)/g(x) > 0 for x € V¢(g) with ||z||2
large enough, which implies o(f/g) > h, too. O

We note that for a g-coercive polynomial f, the number ¢ is strictly bound above by
the order of growth of f. This is implicit in [Gor61|; we give an explicit proof in the
setting of this article for completeness.

Lemma 7.12. Let f € R[Xy,...,X,] be coercive. Then f is not o(f)-coercive.

Proof. Suppose the contrary and let f be o(f)-coercive. By Corollary and Theo-
rem [7.9] the number o(f) is rational and positive, so o(f) = p/q, with some p,q € N
and we may further assume that p is even. Thus by definition, f(x)/ Hxﬂg/ 7 is coercive,
and hence r(x) := f(x)?/||x||5 is coercive. However, as p is even, r is a coercive ratio-
nal function, so by Theorem there is h > 0 such that r is h-coercive. Hence by
Observation and continuity of f, there are ¢; > 0, ¢ > 0 with

(@)

> by
E

Hence, for any fixed 0 < € < h,

f(z)? .
H-T|’p+€ Z Cl”'IH}QL ‘
2

Co

5"

which means f7 is (p + €)-coercive. As f, being coercive, attains positive values for
large x, this implies that f is ((p + €)/q)-coercive, and we conclude o(f) > (p + €)/q,
contradicting the assumption o(f) = p/q. O
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Although, by Lemma[7.12] a coercive f € R[Xj,..., X,] is not o( f)-coercive, one can
still underestimate f by an o(f)-power of a norm for large values of ||z||. That is, for
coercive polynomials, we have a converse statement to Observation[7.2] Several variants
of this result are known; one may argue by Tarski-Seidenberg [Gor61] or, in the complex
setting, by curve selection at infinity [Kra07]. Our contribution is a proof by elementary
methods.

Lemma 7.13. Let f € R[Xq,...,X,] be coercive. Then there exist ¢ > 0, M > 0 with
fl@) = e Jla*D, x| = M.

Proof. Assume to the contrary that the assertion does not hold. Then for every sequence
{cktren C R with ¢, | 0 there exists a sequence {zy}rey C R™ with ||zx|| — 400 such
that

f(xk) < CkHCEkHO(f), k e N.

Since f is coercive and ||xy|| — 400, we may further assume f(xy) > 0 for all k£ € N,

hence
f (@)

ng<ck, k € N.

Using the decomposition f = Z?:o fi of f into its homogeneous components f; €
R[X1,...,X,] of degree i = 0,...,d, with & := x/||zg| the latter property yields

d [o(f)1-1
0< > ol ™D fi&) <o — Y Nl TP fi&), keN. (7.2)
i=[o(f)] i=0

Due to ¢, L 0 and i — o( f) < 0 holding for all i =0, ..., [o(f)] — 1, the right hand side
in ([7.2)) converges to zero as k approaches infinity. This implies

d

i i—o(f) . —
Jim ‘[E(jm x| fi(&) = 0 (73)

Passing to an appropriate convergent subsequence of the sequence &, = x/||zk|| with
a limit point &, due to continuity of each homogeneous component f; of f, we may
assume that limy_, fi(&) = fi(§) € R for all i = [o(f)],...,d. In fact, property
yields fi(§) = 0 for all © = [o(f)],...,d, and, hence again, using the homogeneous
decomposition of f one obtains

d
FE-&) = filt & =t o a(©) 4+ + fo(€) forallt € R
i=0
resulting in o(f) < [o(f)] — 1, a contradiction. O
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7.3. Main result

In this section we show how the degree of stable and strongly stable coercivity are tied
to the order of growth (Theorem . In case of a positive definite leading form, a
stronger characterization is available (Theorem [7.16]). We use the following estimate in
the proof of both.

Proposition 7.14. Let f € R[X,...,X,] be coercive. Then the following inequalities

are fulfilled:
S(f) < s(f) <o(f) <s(f) + 1.

) <
Proof. The first inequality §(f) < s(f) follows obviously from the Deﬁmtlons- and.
To see s(f) < o(f), assume q := s(f) > o(f). We introduce polynomials

parameterized by ¢ € R and 0 € ¥ := {—1,1}". As s(f) = ¢, for every o € ¥ there
is £, > 0 such that f., is coercive whenever ¢ € [—¢,,&,]. Let € := minyex e, and
fix ¢ € (0,€). Hence f:, is coercive for all 0 € ¥ and thus also bounded from below.
Boundedness from below means for every o there is k, > 0 with

q
flz)>¢ (Z?:1 Ujﬂfj) —k,, z€R" oceX.

Put k = max,ex ky. Then for z € R”

~

R n q ~ R n q R ~
f@) 2 emax (S ogms) k= (S fosl) =k = flallf = k.

so Observation 7.2 implies o(f) > ¢ = s(f), a contradiction.

Now we proceed to prove the third inequality o(f) < §(f) + 1. Assume the contrary:
Let ¢ := 5(f) and suppose o(f) > g+ 1. We have arrived at a contradiction if we may
show that for any g € R[X,..., X,] of degree at most ¢ + 1, f + ¢ is coercive, as in
this case 5(f) > g+ 1 = 5(f) + 1. To this end fix an arbitrary g € R[X1,..., X,]441-
Now choose ¢; > (”+d) gl As o(f) > ¢+ 1, f is ¢ + 1-coercive, therefore, by
Observation [7.1]and continuity of f, there is ¢; > 0 such that f(z) > ¢;||z[|%" — ¢, holds
for € R™, and hence, by Observation [7.3],

o)+ ale) 2 @) = o) = el = ea = (7)ol (ol + 1)

=c, 2|t b, ER,

for some appropriately chosen ¢} > 0, ¢, € R. Thus f + g is coercive.
O

We show now how the integer part of the order of growth and our notions of stability
are related to each other.
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Theorem 7.15. Let f € R[Xq,..., X,] be coercive.
1. If o(f) is integer, then

2. If o(f) is fractional, then
$(f) = s(f) = lo(f)]-

Proof. In order to prove [L] we show 5(f) 4+ 1 = o(f) first. By integrality of 5(f), o(f)
and by the property o(f) € [3(f), 5(f) + 1] holding due to Proposition [7.14] it is enough
to show that 5(f) < o(f). Suppose the contrary, that is 5(f) = o(f) =: ¢. Now for ¢ > 0
and o € ¥ := {—1,1}", define

fc,o Z:f—C- (ZUij> ER[Xl,...,Xn].

By definition of 3(f), the polynomial f,, is coercive and hence bounded from below for
all ¢ > 0 and o € ¥. That is, for every ¢ > 0 and o € X, there exists k., > 0 such that

n q
_c.<Zaja:j> —key, xz€R" >0, 0€X,
j=1

and hence with k. := max,cs k. », we have for all x € R" and ¢ > 0 the property

n q
f(z) = ¢ max (Z%%) —kczc-<§;|le> —ke=c-|[lzl]f — k.
pm

In view of Observation , the polynomial f is g-coercive. Since ¢ = §(f) = o(f) is
holding by assumption, f is o(f)-coercive. This is impossible by Lemma , and we
may conclude that §(f) + 1 = o(f).

For the second equality s(f) = o(f), put ¢ := o(f). By Lemma and continuity
of f, there are constants ¢y, co > 0 such that

f(z) > c1]|z]|%, — o holds for all z € R".

Define ¢ := 2 . (") ™", Now for any g € R[Xy,..., Xy, with [|g|lc <€ and all z € R",
2 q q

we have from Observation [7.3]

f(x) +g(z) > f(x) — [g(2)]
> ellzf|l = e —e- ("5 ()| + 1)
c
= oty e
To summarize, f + g is coercive whenever deg g < ¢ and ||g||o < ¢, that is, f is ¢g-stably
coercive, or s(f) = q = o(f).
Statement [2.| follows at once from Proposition [7.14] m
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Our next result shows that more characterizations are available for a maximal order
of coercivity.

Theorem 7.16. Let f € R[X,,...,X,] of degree d > 2. Then, the following assertions
are equivalent:

1. fa(x) >0 for all z € R™, x # 0.

2. There exists § > 0 such that fu(z) > 6||z||¢ for all z € R™.
3. o(f) =d.

4. 0(f)>d—2

5. s(f) =d.

6. s(f)>d—1.

7. 5(f)=d—1

8 3(f) >d—2.

Proof. "[[] = " For x = 0 the assertion is trivial. For nonzero x € R" one obtains

T

fua) = et () = el it £t

The infimum is positive by compactness of the sphere. Now for "2 = ], let ¢; =
inf esn-1 fj(y) for j =0,...,n — 1 and put ¢; = 0. Then by homogeneity of the f;,

s§

d

fla) =) file) 2 ) ellel,

Jj=0 J=0

hence o(f) = d. The implication ” = ’ is trivial. The implication ” = ’ holds as
follows: Suppose o(f) > d—2 but f4(Z) = 0 for some € R"™ with Z # 0. By assumption

o(f) is positive, hence f is coercive. Let us show that this implies f;_1(Z) = 0. Indeed,
we find that for all A € R it holds

FO0) =3 £ 00) = SN (0),

which, as a function of X is unbounded from below unless f;_1(Z) = 0. In fact, this holds
since as d — 1 is odd. Hence

implying o(f) < d — 2, a contradiction, so [l| through {4 are equivalent.
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To see ” = ’, let g € R[X4,...,X,] of degree d, and let ¢ = max,esn-1 gq(x). Then
lga(x)| < ¢||z||¢ by homogeneity, so for € € [~ 2],

T2 2

) )
fa(@) + ega(w) = falx) — lega(x)| = d||=]|" ~ §||$||d = §||$||d,

hence f + eg is still coercive, and we conclude s(f) = d.

We show that [5] implies [6] and [ The first implication is trivial. To see ‘5| = [7]",
note that Proposition implies 5(f) > d—1. As §(f) > d is not possible for a degree
d polynomial, 5(f) = d — 1. Since both |§| and [7| imply [§] trivially, all equivalences are
shown once ‘=@’ holds.

So suppose 5(f) > d — 2. From the definition of strong stable coercivity, this implies
coercivity of f, and d must be even. The function g(z) = ||z[|42 is a polynomial of
degree d — 2. The assumption 5(f) > d — 2 implies that f — ¢1g is coercive for all ¢; > 0.
Hence there is M, depending on ¢y, such that

fl@) = allzllz™ >0

holds for ||z|| > M. Asd > 2, we may use Observation[7.1]to find that f is d—2-coercive.
Now Lemma states that o( f) > d — 2, which finishes the proof. O
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7.4. Example families

7.4.1. Introductory remarks

In this section, we give two explicit example families of coercive polynomials with ar-
bitrarily small but positive order of growth. The first family has a bounded number of
variables (two) but varying degree and the second family has a bounded degree (four)
but a varying number of variables.

There are some examples families of { f;}ic; C R[Xy,..., X,], where I is some index
set, in the literature where the Lojasiewicz exponents at infinity L. (f;) of the f; —
and hence the order of coercivity o(f;) of f;, if f; is coercive — are explicitly computed,
e.g., |Gor61], [Kra07]. These example families are extensive in the following sense: For
every q € Q thereis i € I with L.(f;) = gq. Hence, example polynomials with arbitrarily
small order of growth are easily given.

However, these example families from the literature were not created with the objective
in mind to keep the number of variables and the degree of the resulting polynomials low.
The examples we present are, in this sense, not only some further polynomials with
known Lojasiewicz exponents at infinity.

In the literature, the computations are rather terse. We take a different route and
carefully prove all assertions. These proofs are simplified by partitioning the domain of
definition. Specifically, given S C S, we write o( f|S’) for the order of coercivity of f
restricted to S’. Then, in view of the immediate Observation [7.17, we may compute the
order of coercivity on more suitable subsets of R™ instead of on all of R".

Observation 7.17. Let Sy,..., S, CR", S:=UL|S; and f: S — R coercive. Then

o(f) = min o(f|S;).

1<i<k
The following handy observation is immediate.

Observation 7.18. Let f : R® — R be given by f(x) =>_"

i1 Glas|% for some ¢; > 0,
a; > 0. Then o(f) = min; o;.

7.4.2. Fixed number of variables

We give now an example of a family of coercive polynomials of arbitrarily small (but,

of course, positive) order of growth in two variables. The key observation is that the

function R? — R, (z,y) + 22, is L-coercive on (the image of) the curve v : R — R2,

k
t— (t,1%F).
Proposition 7.19. Consider the polynomial f, € RIX,Y], k € N, given by
fo= X2 4 (Y = X)) (7.4)

Then o( fy) = +.
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Note that by Theorem s(fr) = 3(fx) = 0 holds for all £ > 2, thus even small
linear perturbations of f; may lead to the loss of coercivity.

Corollary 7.20. For any given p > 0 there is a polynomial that is coercive but not
p-coercive; this even holds if the number of variables is fixed to 2.

We split the proof of Proposition into two Lemmata.
Lemma 7.21. For f; as in o(fe) > 7

Proof. The proof is by case distinction on a given point (z,y) € R". Put

{(z,y) eR* 1y <0},
{(z,y) € R?: 0 <y < 222},
{(z,y) e R?: 227" <y},

and observe that these sets are a partition of R"”.

1. (z,y) € S*. Then y < 0 and hence
filw,y) = 2% + (=lyl = 2*")* = 2® + ¢ + 2™,

thus o(fi|S*) > 2 by Observation [7.18|

1/k

2. (x,y) € S°. Thus 2°* > $|y|, or 2% > 4= and we find

%‘y’

1 1

2

1k

hence o( f,|S7) > 1.

3. (z,y) € ST. Then y > 22% equivalently, y — 2% > %y. As y is non-negative,

2 2
filz,y) > 2® + (g) ="+ y?
which yields o(fx|ST) > 2.

The claim follows now from Observation [7.171

Lemma 7.22. For f, as in o(fr) < 1.

Proof. Assume o( fy,) > % By Observation and continuity of fj, there are ¢; > 0,
CQEOandp>%with

frlz,y) Z eill(@y)llf — 2, (2,y) € R
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Let {x,, }nen be a sequence of reals with lim,,_, 2, = +00. We define another sequence
Yp := x2*. Thus 22 = ¥/, and

fk(xTuyn) = xi = y}z/k > CIH(xnyyn)H‘l) —C 2 Cl”(O?yn)Hll) — Cy = Clyg — C2.

We shorten the last estimate to the inequality
yrl/k > Clyg — Ca, nc Na

which yields a contradiction: Since p > %, c; > 0 and lim, .oy, = +00, so this
inequality is eventually violated. O]

7.4.3. Fixed degree

Our second example is a family of coercive polynomials of arbitrarily small order of
growth with a degree fixed to four. The geometric idea behind this family is similar to
the one before: The function R" — R, z +— 27 is 227" coercive on (the image of) the
curve

viR =R e (G366, 2 )

To model this curve as the zero set of a single polynomial, we use the fact that for real
polynomials hy, ..., hy € R[X;,..., X,] and x € R", the following holds:

hi(z) =...=h(z) =0 hy(z)*=0.
i=1
More specifically, the term S7' (X4, — X2)? vanishes at z if and only if 2, —22 = 0
for all i € {2,...,n} if and only if x lies on the curve 7, i.e., if and only if = satisfies
z, =22 =gt =8 = =2
n n—1 n—2 n—3 1 '

Proposition 7.23. Consider the polynomial g, € R[ X, ..., X,], n € N, given by
- 2
g = X7+ ) (Xi— X7, (7.5)
=2
Then o(g,) = 227"
Note that by Theorem [7.15 s(g,) = 5(g,) = 0 holds for all n > 3, thus even small

linear perturbations of g, may lead to the loss of coercivity.

Corollary 7.24. For any given p > 0 there is a polynomial that is coercive but not
p-coercive; this even holds if the degree is fixed to 4.

The proof of Proposition [7.23]is divided into three lemmata.

Lemma 7.25. Let
C:={xeR":|z;| > 1 forall i €[n]}.

Then o(g,|C) > 2%™ for g, as in (7.5).
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Proof. We introduce the functions on C

Ti(z) =23, Ti(z):=(z;—27 )% i=2,...,n,

80 gn(z) = > i T;(z) on C. The claim follows from Observation if we can prove

by induction

-1

J
> Ti(x) Z ) +2Q;(x), ze€C, j=1,...,n (7.6)
=1

The claim in trivially holds for j = 1. Assume it holds for some j < n. For the
inductive step it suffices to show that for an arbitrary x € R™ one of

Tyin() > 2Q51 () (.7
or
Qj(r) = 2Q;41(x) (7.8)
holds. Indeed, in case ([7.7) holds at z, then adding this inequality to (|7.6)) yields

j+1 7j—1

ZT >3 Qilw) +2Q;(2) +2Qj (v Z z) +2Q;11 (2)

i=1
In the other case, ((7.8) holds at x. Then

J+1 J J

ZT > Tix) 2 Y Qilz) + Qi ZQ ) +2Q; 41 ().

=1 =1

Now let us show by case distinction on = € R" why (7.7) or (7.8]) holds. Again, we
introduce a partition

Sf={reC:z; <0},

Go={reC:0<y <22},

Sh={zeC: 22, <u},

fort=1,...,n—1. Now fix € C and consider the cases

1.z e S}H. Thus zj41 <0, and as x € C, we may use monotonicity of exponentials
to find

|22_(j+1)

Tja(z) = ( |j1] — 25 ) 2 %H > |z > 2Qj41(2),

so [.7] holds.
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2. ¥ € S7;. Thus |z;]* > 1|x;;1] and raising both sides to the 22~U-th power,

>

2-(j+1)
7] = W%HF ' (7.9)

As2—(j+1) <0, we have 222,% > i. Hence, dividing both sides of [7.9| by &/,
we see that (7.8) holds.

Zj+1, thus by monotonicity again,

3. x € S, |. Equivalently, z;,; —2? > 1

1 1 2 (j+1)
Tja(z) = le?—i-l 2 Z‘ijrl‘z T > 2Q54(2),

that is, ((7.7]) holds.
Hence, ([7.6)) holds for j + 1 and all = € C, so the induction step is proved. O

Lemma 7.26. Let
D :={z e R": |z;| < 1 for some i € [n]}.
Then o(g,|D) > 2% for g, as in (7.5).

Proof. Suppose not. Thus there is a sequence {x,,}}men C D with ||z,,] — 400 for
m — oo, and

n
2 —
gulm) = 20y + D (s — ) < clloml 7 mEN,
=2

Especially,

2— 2 2— .
xfml < c||xm||c2>O " (xm, — xfm»_l) < c||xm||c2>O toi=2...,n. (7.10)

We arrive at a contradiction if we can show by induction that there are N,_1 > ... > Ny
with )
- .
]xm,n,j|2§uxm|§o , m>N;, j=0,...,n—1 (7.11)

Indeed, once the induction is complete, inequality holds for all j and all m > N,,_4,
and as ||;,]|c grows without bound, forces z,, to leave the set D, contradicting
the assumption x,, € D for all m.

For the basis of the induction, we use the second inequality in to find |22

myi—1 "
Tmil < 2|z |2 and thus

2 21—n

Lmi—1

< g + |z

by the reverse triangle inequality. Using va+0b < /a + Vb for a,b > 0, the last
inequality yields

(i1l < Jomal? + a2 < Nemllil? + lamlls”
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By assumption on Z,,, ||Z,,|| grows without bound, so there is N_y € N with ||z,,| > 1
for m > N_1, and then ||z, [|2" < ||2m||%°. Thus

Tmio1] < (1+ M) [z ]| 22 (7.12)

Also, there is Ny > N_; with (1+cl/4)2 < ||Zmlloo for m > Ny, which together
with (7.12) implies |z i—1] < ||#m]|oc for m > Ny and ¢ = 2,...,n, that is,

for m > Nj,

a rewording of the basis of the induction.
For the inductive hypothesis, suppose ([7.11)) holds for some j < n — 1. We now prove
the inductive step. Using the reverse triangle inequality on ([7.10]) the other way, we find

2171

Togor 2 |yl = Pllan% ", G=2,...n. (7.13)
With ([7.13) and the inductive hypothesis,
1—n 1 1—n
Tmne(irr) 2 [Tmnj| = P llzmll3 " > §||$m||§oj M| (7.14)

On the other hand, as ||%,,|/ grows without bound, there is N, > N; with

|Tm]|co > (2]'—&-161/2)1/(271‘_217”)

; meHQ—LT—“ > i+l 1/2
— H"L‘mH2 ’ > 2t 2 H"L‘mH21 '
1 — 1-n
= el = el 20
1 —J 1-n 1 —3
Sl = e el 2 el
for m > N;;,. With (7.14)) we deduce
]_ 1-n ]. —J
oo 2 olleml% = el 2 s ol
and hence
—(+1)
|mn—(41)| 2= ﬁmeHi@ e
proving the induction step. O

Lemma 7.27. For g, as in (7.5), o(g,) < 2*7".
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Proof. Assume o(g,) > 2*7™. Using Observation and continuity of g,, there are
c1 >0, cp>0and p > 227" with

gn() > c||z]|] — 2 Vz e R™ (7.15)

Let {am}men be a sequence of reals with lim,, o a,, = +00, and define {x,, };neny C R™
with components (z,,); := a,, and

(xm>2 = ((xm)1)27 (xm)S = ((Im)2>27 Sy (xm)n = ((Im)n—l)g'

Observe that ()1 = ((2m)n)? " and (), — 400 for n — co. Then

() = ()} + (Z o?) = @)t = @2 = cllenll —

by definition of z,, and by , and we may estimate further
> [ (0,...,0, (@m)n) IT — 2 = c1l(xm)nl” — 2 = c1(@m), — 2
which contains the contradictory inequality
(zm)> " > 1(2m)? — 2, m €N, (7.16)

n

Indeed, as (Z,,), — 400 for m — oo and ¢; > 0, p > 227", inequality (7.16)) eventually
be violated. O
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7.5. Minimal order of coercivity and outlook

7.5.1. Minimal order of coercivity

In Section we have seen explicit examples of slowly growing coercive polynomials
where either the number of variables n or the degree d are fixed. It is thus only a
natural question to ask how small the order of growth can get when both the number
of variables and the degree of the polynomial are fixed. In other words, we consider for
n € N and d € 2N the number

o(n,d) =inf{o(f) : f € R[Xy,...,X,]q is coercive} .

We call o(n,d) the minimum possible order of coercivity of a coercive polynomial in
n variables of degree d. It is not known to us whether there is a closed formula for
o(n,d) or if at least o(n,d) > 0 for all n € N and d € 2N. Also, we do not know if
our example families f; and g, from Section are minimal examples in the sense that
o(fx) = 0(2,4k) or o(g,) = 0(n,4).

Table summarizes the special cases and examples discussed in this article. A star
(%) indicates arbitrary values; that is, n € N or d € 2N.

n d Upper bound on o(n,d) Attainment Reference
x| 2 2 yes Example |7.4
1] =% d yes cf. Section [7.1]
2| 4k 1/k ? | Proposition |7.19
>2| 4 22-n ? | Proposition [7.23

Table 7.1.: Upper bounds on the minimum possible order of coercivity o(n, d).

7.5.2. Future directions

In [BS15a] a class of coercive polynomials is identified where coercivity can be verified by
analyzing properties of the underlying Newton polytopes at infinity. Then, in [BS15b],
it is shown that for each polynomial from the aforementioned class one always has
o(f) = s(f) = c¢(f) € 2N with ¢(f) denoting the so-called degree of convenience of f
— which is the length of the shortest intercept of the Newton polytope at infinity with
the n coordinate axes. So, for coercive polynomials with a fractional order of growth,
for example such as those from Section [7.4] it would be an interesting question whether
their order of growth is encoded in their Newton polytopes as well.
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7.6. Deciding coercivity

This section is devoted to the following problem: Given a polynomial f € R[X7, ..., X,],
decide whether it is coercive. Our first result is that the decision problem is decidable.
We use quantifier elimination to derive an exponential complexity result. Secondly, we
explore how knowledge of a minimal order of coercivity can be used to prove coerciv-
ity using sos programming. Thirdly, we explore whether coercivity can be decided on
exponential curves. Lastly, we show that we may compose f with a homeomorphism
¢ : R™ — R" and decide if f is coercive by deciding whether f o ¢ is coercive.

7.6.1. Decidability and complexity of the decision problem

In this section we show that coercivity of polynomials is a decidable problem and give
a complexity result. To this end, we restate the definition of coercivity from (1.6]) with
quantifiers and the (squared) 2-norm as follows:

VeeR IreR VQ:E]R”:(Zz?—r20:>f(x)—020>. (7.17)

i=1

An expression as in is an example of a formula in the language of ordered fields
in the variables C, R, X1, ..., X,,; for a precise definition of this language see Ch. 2.3
in [BPROE’)]E] As all appearing variables are quantified, this formula does not contain
free variables. There is a theorem that states that the language of real closed fields — real
closed fields are a special type of an ordered field that enjoy the property that for every
univariate polynomial with coefficients in these fields a sign change at a and b implies a
zero in between; R is an example — admits quantifier elimination:

Theorem 7.28 (see, e.g., Theorem 2.77 in [BPRO5S|). Suppose we are given a formula
®(Y) in the language of ordered fields, where Y = (Y1,...,Yx) are the free variables of
the formula, over a real closed field R. Then, there is a quantifier free formula V(YY)
over R such that for every y € RF the formula ®(y) is true if and only if the formula
U(y) is true.

As does not contain free variables, it is called a sentence and, by quantifier
elimination, it is R-equivalent to true or false. For such sentences over real closed fields,
solution algorithms exist. To specify the running time, we need some more notation.
Let P C R[Xj, ..., Xk] be a finite set of polynomials. A P-atom is one of P =0, P > 0,
P <0, P # 0 for a polynomial P € P. Then, a P-formula is a formula (in the language
of ordered fields) written with P-atoms, cf. p. 417 in [BPRO5|. Moreover, let IT denote a
partition of the list of variables (X7,...,X,) into blocks Xpj, ..., X[, where the block
Xpj) has size k;, 1 <i < w, and )~ | k; = k. Then, a (P,II)-formula is a formula of the
form

V()= (Qu X[l]) T (Qu[w])F(X, Y)

'Roughly speaking, the formulas of this language consist of equations and inequalities of polynomials
with coefficients in R, boolean combinations thereof, and existential and universal quantifiers.
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where each Qu; is one of the quantifiers 3 or ¥V, ¥ = (Y3,...,Y]) and F(X,Y) is a
quantifier free P-formula, cf. p. 537 in [BPRO05|. Consider the following complexity
result for an algorithm that decides the truth of a sentence.

Theorem 7.29 (see, e.g., Theorem 14.14 in [BPRO5|). Let P be a set of at most s
polynomials each of degree at most d in k variables with coefficients in a real closed
field R, and let 11 denote a partition of the list of variables (Xi,...,Xx) into blocks
X5 -+ -5 X, where the block Xy has size k;, 1 <i < w. Given a (P,II) sentence II,
there exists an algorithm to decide the truth of U with complexity

gk 1) (k1) GOk )O(k)

in D, where D is the ring generated by the coefficients of P.

Here, complexity in a structure D is the (worst-case) number of operations in D as a
function of the input sizes, see Chapter 8.1 in [BPRO5|.
We may now state our complexity result.

Proposition 7.30. The decision problem
Given a polynomial f € R[X, ..., X, withdeg f > 2, is it coercive? (7.18)
can be solved by an algorithm with complexity
(2deg f)°™)
in D, where D 1is the ring generated by the coefficients of P.

Proof. In our setting, P = {f — C,>." , X? — R} C R[X,...,X,,C, R]. For the for-
mula we may choose a partition with w = 3 and k; = n, ky = k3 = 1, ie., II =
(X4,...,X,),C,R). Hence is a (P,II)-formula, and with d = max{deg f,2} =
deg f, s = |P| = 2, we get using Theorem

(D41 (1) gO()-0W-0() — (O(m) JOM) — (57)0() = (2 deg f)O).

]

Note that the addendum “complexity in D” also means that we do not need to worry
about the technicalities arising through the encoding of and computing with real numbers
if we restrict f to, say, rational coefficients.

7.6.2. Deciding coercivity via the minimal order of coercivity

The worst-case running time of the algorithm in Proposition [7.30]is exponential in n and
software-based quantifier elimination is rather slow in practice. However, if the value
for o(n,d) — the minimal order of coercivity as introduced in Section — is known
(by a general formula or otherwise) and positive, we can use sos programming to certify
coercivity. As a preparatory step, consider the following proposition.
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Proposition 7.31. Let f € R[Xy,...,X,] of degree d. Also, assume that o(n,d) =
p > 0. Choose any p,q € N, p even and q odd, with p > p/q. Then, the following are
equivalent:

1. f is coercive.

NS}

. [ is p/q-coercive.

Lo

- f Nl = oo, [lfl, = +oo.

4. For all c; > 0 emists co > 0 such that f9(x) > c1f|x|]h — ¢z, v € R™.

S

There are ¢y > 0 and ¢ > 0 such that f%(x) > cif|x|]b — ¢z, € R".

D

L gi= f1— Z?:l XP e R[Xq,...,X,] is bounded from below.

Proof. Note that, as o(n,d) > 0 by assumption, such p and ¢ exist. If we can show
that [I] = 2| = Bl = [l = [ = [1] and then ] = [6]and [| = [F], all statements are equivalent.
= [l As o(n,d) = p > 0 we must have o(f) > p, and so f must be p'-coercive for
all 0 < p' < p, especially f is p/g-coercive. [2] = . Since all norms are equivalent on

R™, f is p/g-coercive if and only if f/ (H:UHp) — 400, ||z||, = +00. Also, a function
h : R™ — R is coercive if and only if A" is coercive, r € N odd. [3|= [ This follows from

continuity and Lemma 7.1} [ff = [5] This is trivial. j| =[] By Observation[7.2] o(f?) > p,
hence f7 is coercive and thus f, too.[d = [6] Let ¢; = 1 and choose ¢, accordingly.

Now ¢ is bounded from below by —cs. [0 = B} If g is bounded from below by C € R,
statement [5| holds for ¢; =1 and ¢c; = —C. O

Now, Statement @ of Proposition can be used as follows:
Corollary 7.32. Let the assumptions of Proposition[7.31] hold. If the sos program
max A
st f1— in — Ais sos in R[X,..., X,]
A€ ]Rl:l

has a feasible solution X\, f is coercive.

Proof. Let A € R be a feasible solution. As being sos implies nonnegativity,
fi(x) —Z:Uf—)\ >0
i=1

for all z € R™. In other words, g = f?—>"" | X! is bounded from below by . The
claim follows from Proposition (S O
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7.6.3. Deciding coercivity on curves

This section solves an open problem in the article |[BS15a]. We show that coercivity of
a polynomial f € R[Xy,...,X,] cannot be decided by restricting f on certain curves.
To this end we introduce some notation from the reference. Let

Yi=qyeR": [Jui#0,,
i€[n]

and put
H:={heR":h; >0forallic[n]}.

Furthermore, put
Q=Y x B.

Given y, B in R", define a curve z, 53 : R — R" via
Ty 5(t) = (yleﬁlt, e ,yneﬁnt),

Finally, for f € R[Xq,..., X,], we define

Qp = {(y,ﬁ) eER" x R": tEeroof(Iy’ﬂ(t)) = —i—oo} :

Now, we have the following result:

Proposition 7.33 (Lemma 2.2 in [BS15a]). If f € R[Xy,...,X,] is coercive on R",
then Q0 C Q.

The reverse statement does not hold, as the following proposition shows.
Proposition 7.34. Let f € R[X;, X3 given by
f=(X2 = X = 1)*(XT + X3).
Then f is not coercive but 2 C 5.

The proof needs a little preparation. The notion of an asymptotic direction of a curve
captures some of the behavior of the curve at infinity. Asymptotic directions are elements
of the Euclidean unit sphere S§~' = {x € R" : ||z||, = 1}.

Definition 7.35. Let v : R — R” be continuous with limy . ||7(t)|2 = +00. We say
the curve v has the asymptotic direction w € Sy~ if

v(t)

im =
t=o0 [[y(8)]]2

)

or D(vy) = w for short.
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We can now compute the asymptotic directions of the curves z, g in n = 2 dimensions.
To this end let sign(y) be the sign of y € R where sign(0) := 0.

Lemma 7.36. Let n =2 and (y, 5) € Q. Then an asymptotic direction for x, 5 exists.
More precisely, for B we have exactly one of the following cases:

a) fr =0. Then D(x,z 0, sign(ys

and x, g is a line parallel to the xo-axis.

0, sign(y2)

(2y,8) = ( )
b) B =0. Then D(z,p) = (sign(y1),0) and x4 is a line parallel to the x1-axis.
c) b1 <0. Then D(x,5) = ( ).

(2y,8) = ( 0).

d) By < 0. Then D sign(y1),

e) b1 = P2 > 0. Then D(xy5) = iz and xyp is a line through the origin.

lyll2

f) B1> P2 >0. Then D(x,3) = (sign(y1),0).
g) B2 > 1 > 0. Then D(z,3) = (0,sign(yz)).

Proof. Note that by definition of Y, y; # 0 for all i € [n] throughout this proof. As
B € B, we have f; < 0= [y >0and f < 0= S > 0. Hence,@@,and@
follow by standard arguments, we show |c)| as an example. Indeed, the first component
of z, 5(t)/||zy,s(t)||2 converges to zero for ¢ — 400 as the nominator is bounded and the
denominator is unbounded. The second component is

yae?! _ Yot 1 _ sign(yz)
VyZeBit 2Bt yolet \/zéez(ﬂl—ﬁﬂt 11 \/zéez(m—ﬁa)t 1
2 2

and the denominator converges to 1 for ¢ — +o0, as #; < 0 and S > 0.
Also, [e)] is clear. To seel[f)] we observe

th) _ 65215( (B1—B2)t

<y1651t7y26 Y€ 7?/2)7

and by absolute homogeneity of the norm, the factor ¢?* has no influence on the asymp-
totic direction. So we may neglect it, and the asymptotic direction is the same as in @7
i.e. D(xy,8,,8)) = D(@y,(8,-ps,0)) = (sign(y1),0). The proof for |g) is similar. O

The following lemma allows us to prove Proposition [7.34L Roughly speaking, the
lemma says that if the asymptotic direction of a curve v exists and is not parallel to
one of the two “asymptotic directions” of the zero locus of g(z1,xs) 1= (x2 — 21 — 1), g
cannot get arbitrarily small on ~(t) for ¢ large.

Lemma 7.37. Let v: R — R? be continuous with limy oo ||7(£)]]2 = +00 and D(v) =
weS) Putg:=(Xo— X1 —1)2 Ifw# tn 11 ” there is ty € R with

gy(@) =1, t>to.
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Proof. Suppose the contrary and let v = (71,72). Thus, for every n € N there is ¢, > n
with
(72(tn) - ’Yl(tn) - 1)2 < L (719>

Now we add zero to find

(1 (tn), 72(tn) (71(tn), 2 (tn) — 11(tn) — 1+ 1(tn) + 1)'

Iyl 17 (&)l

We observe, using equation ((7.19) and y(¢) — oo for ¢t — oo, that

tn) —7i(tn) — 1 , 1

lim Daltn) = () — 0, lim —— =0.

n—o00 17 (tn) ]2 n=o0 [|7(tn)|2
N g

This implies

w = lim M — lim M (tn) 71 (t,)
Jim S = I (e Rt 4+ )
iy 2n) () (wi,w1)
IO Al

hence wy = wy. However, as w € S, this forces w = +(1,1)/||(1,1)||2, contradicting the
assumption on w. 0

Proof of Proposition|[7.3] To see that f(x1,2s) = (z9—x1 —1)%(2? +23), is not coercive,
we observe that f = 0 on the line 29 = 21 + 1. To prove that 2 C {2y we need to show

Jim ey, 5,) = lim f(z,5(t) = +oo,  (y,5) € .
It is enough to show that (z2—x1—1)* > 1 on z, 5(t) for large ¢, as the term 23 +13 grows
without bound for large ¢ on the curve z, 5(t). We make the same case distinction on all
possible values of 8. In view of Lemmata and [7.37], it is now clear that all choices of
[ except possibly 81 = 8, > 0, that is case @, imply coercive behaviour of f on z, 5(t).
So let By = 2 > 0, hence z, g suffices D(z, ) = y/||yll2. Lemma tells us that we
only need to consider the cases y/||y|l2 = £(1,1)/||(1, 1)||2. However, we also know that
T, 4 1s a line through the origin, more precisely of the form (z, 3)2(t) = (x,,5)1(t) — hence
[(zy,8)2(t) — (xy5)1(t) — 1] = 1 for all ¢, and f is coercive along z, 5(t) in this case as
well. O

7.6.4. Invariance of coercivity under homeomorphisms

The aim of this section is to prove a small observation. When deciding coercivity of
a function f : R — R, polynomial or not, it is sometimes advantageous to change
coordinates and then decide coercivity. We show in the following that a general class of
changes of coordinates are admissible: Homeomorphisms. Recall that, provided (X, 7x),
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(Y, 7v) are topological spaces, a map ¢ : X — Y is a homeomorphism if ¢ is bijective
and ¢ and ¢! are continuous.

Note that f : R™ — R is coercive if and only if for every sequence {xy}reny C R™ with
||z || = 400, we have f(x)) — +oo. For the proof of the following result, we introduce a
notation: Given a sequence {zy }ren, the common notation for a subsequence is {z, }1en.
However, for readability, we use xj.

Proposition 7.38. Let f : R" — R be any map and ¢ : R® — R™ be a homeomorphism.
Then f is coercive if and only if f o ™1 is coercive.

Proof. Tt is enough to show that for any sequence {zy}ren C R™, the following holds:
|zx]| = 400 for k — oo if and only if ||[¢ ' (xy)|| — +oo for k — co. By a symmetry

argument, it is enough to show that ||zy|| 222 1 oo implies llo(zp)l 222 400, Suppose
this implication does not hold for one such sequence {xz}ren. Thus, the sequence p(zy,)
has a bounded subsequence ¢ (z;). By the Bolzano-Weierstra$ theorem, every bounded
sequence in R™ has a convergent subsequence. Hence, there is a further subsequence
Tgpm sSuch that ¢(zg..,) converges to some z € R™. Let K be a compact neighborhood
of z. Hence, K contains ¢(Z..,) for eventually all m € N. In other words, there is a
subsequence Ty, With ©(24.1myp) € K for all p € N. As ¢ is bicontinuous, ¢ ' (K) is
compact and contains the entire sequence {Zj.m:p}pen. However, this means zy,p., is
bounded, contradicting ||zg| — oc.

m
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8. Summary and extensions

In this chapter, we briefly summarize our contributions and point out future research.
Section [8.1] contains the summary.

Section [8.2] outlines future research. We discuss an application of the S-lemma to find
tight underestimators for quadratic integer optimization. Also, a subgradient method
approach with the aim of making constrained problems tractable by rewriting them as
unconstrained problems with a penalty term is discussed. Then, we digress to robust
polynomial optimization problems for which we suggest quantifier elimination methods.
Finally, we sketch how extensions of semidefinite programming translate to extensions
of sos programs.
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8.1. Summary

The nexus of this work consists of half-spaces, seminorm balls and ellipsoids containing
the feasible set of MINLP] as well as norm bounds on the optimal solutions of
Norm bounds can also be thought of as norm balls containing the feasible set intersected
with a suitable sublevel set. All four approaches are henceforth referred to as geometric
objects.

Our primary motivation for working with norm and seminorm balls as well as ellip-
soids is to make the integer variables of accessible to branch and bound. The
primary motivation for using half-spaces is their success in linear and convex (integer)
programming. A further advantage of the geometric objects is that they represent an
outer approximation of the — complicated — sets F' and F7 by an — easy — convex set.
In other words, the approaches yield a convexification. We have also investigated how
the norm and seminorm balls containing F' can be shrunk using Diophantine arguments,
resulting in nonlinear cuts for F. For the case of half-spaces, we have analyzed how
integrality information can be used to find another half-space that potentially cuts off
points in F'\ Fr, that is hence a linear cut for F.

In this work, each of the four geometric objects is to be chosen optimally (with a
clear purpose in mind) out of a class of similar objects. In the case of half-spaces,
we minimize the distance of the corresponding hyperplane to a known feasible solution
to end up with a tight inequality. In the case of norm and seminorm balls, we fix
the center and shape (by choosing a norm or seminorm) and minimize the radius —
or, equivalently, the volume — to end with as few solutions in it as possible. In the
case of ellipsoids, more degrees of freedom were involved since we allowed for a whole
shape class and a certain region for the center, and minimized the volume. We have
formulated each task as an auxiliary program for and have given conditions for
the existence of feasible and optimal solutions of the auxiliary programs. These results
are important from a theoretical perspective. In practice, such auxiliary programs are
still difficult optimization problems themselves and can only be solved computationally
under additional assumptions. Since the auxiliary problems are interesting in their own
right, we have often formulated them with a deputy set S C R for additional generality.

For polynomial data, that is, for [MIPP] we have approximated the problems as sos
programs, and provided convergence results. Since sos methods are rooted in real alge-
bra, convergence usually involves assumptions formulated in the language of that field
of mathematics, the Archimedean property in our case. We have used known results to
illustrate this property in terms of MIPP|and have shown that sufficient conditions arise
naturally in the context of optimization.

One such condition is coercivity. A whole chapter is devoted to the study of coer-
cive polynomials in terms of their order of growth, and we have related the order of
growth to the stability of the coercivity property with respect to perturbations of its
coefficients. Also, we have discussed several approaches to the decision problem itself:
Given a polynomial, is it coercive?
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For the solution process, we have also outlined a way of finding underestimators for
mixed-integer unconstrained polynomial optimization. The underestimators and norm
bounds have been implemented in a branch and bound framework for unconstrained
integer polynomial optimization and show a good performance.

We have used tools from various mathematical fields. To name some: Analysis for
the existence (of feasible and optimal solutions) and approximation results as well as
coercivity arguments; Diophantine arguments from number theory for nonlinear cuts; the
Positivstellensatz for sos programming and quantifier elimination for complexity results,
both from real algebraic geometry; semidefinite programming; point-set topology for
boundary and compactness arguments; spectral arguments for matrices and, last but
not least, geometric arguments involving volume and convexity.

We want to close this summary with the following thought. The negative results
concerning the hardness of seemingly easy special cases of from the literature
in Section might at first sight deter from mixed-integer nonlinear programming.
However, as indicated in Section [I.3] many encouraging positive results emerged. It is
our hope that this work contributes to the feeling that MINLP| can be approached with
numerous tools from various areas of mathematics.

Attached to this summary is Table 8.1} It compares and contrasts the results for our
four geometric objects, listed in the first column, by considering them as valid, possibly
nonlinear, inequalities as outlined throughout this work. The next four columns indicate
using a v* sign whether the result is a valid inequality for F', the relaxed feasible set, F7,
the feasible set, or one of the two intersected with a sublevel set £L(f(g)), abbreviated
to L< in the table, where ¢ is a feasible solution. It goes without saying that a method
that computes a valid inequality for F' yields a valid inequality for F’ ﬂﬁ’;( f(q)), trivially
by set containment, or by adding another constraint in the computation — but, and this
is an important detail, not vice versa. Similarly for F7 and F' — a valid inequality for
F is yields a valid inequality for F7, but a valid inequality for F7 only yields a cut
for F. The “Section” column points towards the section of the result. The column
labeled “Method” reports the type of the auxiliary program or method involved. The
column “Problem” states to which problem class the result contributes. All sos methods
require polynomial data. “Prerequisite” lists significant assumptions, for example, a
known feasible solution. Finally, the “Comment” column comments on the result. If we
prove existence of feasible and optimal solutions of the auxiliary program but do not
supply a computational method, it is mentioned here, and so we mention approximating
hierarchies.
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8.2. Extensions

In this section we present some extensions of our work that are left for future research.
Note that additionally to the ideas presented here, we have already indicated in some of
the previous chapters directions of future research.

8.2.1. Quadratic integer optimization

This extension is considered with the task to find quadratic underestimators for a
quadratic objective f : R®™ — R, an important special case of the underestimation
problem in Section [6.2] More precisely, for the minimization problem

min  f(z)

IP
st. z €y (IP)

we are interested in finding a quadratic function ¢ : R® — R that underestimates f
on a sublevel set. We saw in Section that this is a weaker requirement than global
underestimation and potentially leads to stronger bounds which, in turn, are more useful
in a branch and bound setting. So suppose ¢ € R" is our incumbent solution, we are
interested in ¢ that suffice

f(z) < flg) = g(x) < f(x) (8.1)

for all z € R™.
We use the S-Lemma to derive an underestimator. The S-lemma is a theorem of the
alternative for quadratic functions similar to Farkas’ lemma in the linear case.

Theorem 8.1 (S-Lemma, see, e.g., Theorem 2.2 in [PT07]). Let a,b: R" — R quadratic
functions and suppose there is & € R™ with b(z) < 0. Then, the following statements are
equivalent:

1. There is no x € R™ with

2. There is a nonnegative number y > 0 s.t.

a(z) +yb(z) >0 VreR"

We remark that characterization [I] of Theorem [8.1] is equivalent to
VeeR": (b(zx) <0=a(x)>0).

Then, we have the following:
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Proposition 8.2. Let f,g : R® — R be quadratic functions, ¢ € R™ which is not a
continuous minimizer of f. Then underestimation of f by g as in (8.1)) holds if and only
if there is y > 0 with

+y)f —g9-yflg) 20 VeeR™ (8.2)
Proof. Put
ai=f—g b=1—flg)
To apply the S-Lemma (Theorem [8.1), we need z € R"™ with b(%) = f(Z) — f(q) < 0.

Since ¢ is not a continuous minimizer, we can choose z = ¢. The claim follows from the
S-lemma with

f=g9+y(f = f(q) = a(z) + yb(x)
O
Let us explain why (88.2)) is a useful characterization. If the decision variables to choose
the (yet unknown polynomial) g enter the equation linearly, the expression ({8.2)) is linear
in the coefficients of ¢ and in y which make g accessible to optimization approaches that

require constraints that are linear in the decision variables. We can thus optimize over
the class of underestimators on a sublevel set, as was the case for [SLS|in Section [6.2

8.2.2. Subgradient methods
Let f € R[Xj,...,X,], and suppose we have a method to solve

min  f(x)

(UIPP)
st. zxezZ"

for example, if f has a positive definite leading form, we may use our branch and bound
scheme from Section [6.3. The topic of this extension is to investigate if this extends to
linearly constrained problems:

w* =min f(x)
st. Az <b (LIPP)
x € L"

where A € R™*" b € R™ such that P := {x € R” : Ax < b} is a compact polyhedron -
hence [LIPP] has an optimal solution.

General idea
We first rewrite [LIPP] with equality constraints, introducing slack variables:

w* =min f(x)
st. Av+2z=0> (LIPP")
reZ,ze R
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We may now relax [LIPP’| as follows:

w(M,q) =min  f(z) + M - |Az 4+ 2z — |5

(R1)
reZ", zeRY

with M € R and ¢ € N.

Observation 8.3. Program 1s indeed a relazation to |LIPP'| for all M € R. In
particular, w(M,q) < w* for all M € R.

Proof. The feasible set of [R1is clearly a supset of [LIPP’, Denote the objective of [R1{b
[ = fugq Tosee f(z,z) < f(z), fix M and ¢ and let (z, z) € Z" x R} feasible for [LIPP’|

Then Az + 2z —b =0, so f(z,2) = f(x). Hence f is a relaxation (for all M and ¢). The
second claim is a well-known property of relaxations. O]

Lemma 8.4 (Monotonicity of w). Fiz q and let M < M'. Then w(M,q) < w(M’,q).

Proof. Since fMg(a:, z) < fng(:B, z), minimization preserves the inequality and we get
w(M,q) < w(M', q). O

Lemma 8.5 (Convergence of the values w(M)). Fiz q. Then for M — oo,

w(M) 1@ < w'

Proof. Convergence to w follows from monotonicity and boundedness of the function
w(M). As w(M,q) < w* by Observation 8.3, @ < w* follows. O

Note that the polynomial objective f(z) = f(x) 4+ M - || Az + z — b||3¢ has even degree
if f has even degree.

Remark 8.6. It turns out that in either case, a problem is that the highest order term
of ||Az + z — b||3¢ (as a polynomial in x,z) is positive semidefinite, but not positive

definite: Indeed, the highest order term is given by ||Az + z||3? and is positive definite
(that is, ||Az + 2|37 > 0 for (x, z) # 0) if and only if

Az + 2|2 = (27, 27) (A 1) (i) >0

for (x,z) # 0. This is not the case, even for a full rank of A, which can be seen with the
choice z = —Ax.

One motivation is the following:

Guess 8.7. In limps 0o w(M) = w* and finite convergence might hold, i.e., there
isa M >0 with w(M) = w* for M > M.
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However, both seems not so likely: Program [LIPP’|is equivalent to

w* =min f(z)
st ||JAz+2z 0|39 =0 (LIPP")
rel",z eRY

and is then the Lagrangian relaxation of . The Lagrangian relaxation could

then be approached with a subgradient or bundle method — assuming that we have a

method to solve the subproblems for fixed M. It turns out that the maximum value of

the minima w(M) of the Lagrangian relaxation is not larger than the minimum value of

f on conv(P NZ") by Fact 18 from |[Lem01], as in linear integer programming. In other

words, we only get a bound on the continuous minimum of f on the set conv(P N Z").
We leave further evaluations of the approach as future work.

8.2.3. Towards robustness

This extension is a first step towards robust mixed-integer polynomial optimization: We
show how continuous relaxations of these problems can be solved with quantifier elimina-
tion. Quantifier elimination was introduced in Section[7.6.1] and we refer to [BTEGNO09]
for an introduction into robust optimization.

For polynomials f, Fy, ..., F, Gy,...,G, € R[Xy,..., X,,,Z1,...,E,], we consider the
family of problems

min  f(z,£)
st Fi(z,€) <0, Vi€ [k],
r€eR"

parameterized by the uncertainty parameter £ € U = {£& € R™ : G;(§) < 0 Vi € [I]}.
The so-called robust counterpart (see, e.g., [BTEGN09|), or RC for short, is then

min  sup f(z,§)
* 3

st. Fi(z,&) <0VEeU, Vielk]

or, equivalently
mtin t
st. t—f(z,§)>0VEeU (RC)
Fi(x,&) <0V eU, Vie [k,

The task is now to rephrase the above using first-order formulas. To this end define

s (¢, 2, €) = (/\G ) (t—f(x,@zo/\w,s)go)

=1
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If ¥ is a formula with free variables 71, ..., Z;, a realization (see, e.g., Chapter 1.1 in
[BPRO5]) of W is the set

Reali(¥,R') := {y € R": ¥(y)}.
The feasible solutions to RC are the realizations of
\112(1;7 l’) = \V/f \Ill(t xZ, f)

We are interested in all t € R such that W4 (¢, ) holds. In other words, we want to know
the realizations of

Uy (t) = JxWq(t, x) = FaVEY, (¢, 2, §).

By quantifier elimination, W3 is equivalent to a quantifier free formula in one variable,
thus the realization is a semi-algebraic set over R. In other words, the realization consists
of a finite union of single points and intervals!

Theorem 8.8. Program [RC| can be solved algorithmically.

Proof. By Theorem [7.29, quantifier elimination terminates after finitely many opera-
tions. O

Example 8.9. For parameters &, & € [—2,2], consider the problem

min - f(z,£) = &+ (& — &)} + o
st xp,m9 € [—1,1].

To solve the RC, consider the case x5 > 0. Since the problem is then strictly convex in
both & and &, it follows that at the -supremum, we necessarily have || = || = 2.
The case {&; = 2 can be excluded, thus the problem takes the form sup, f(z,{) =
16 + (4 — (—2))a? + 4xg = 16 + 627 + 4xo for x5 > 0, hence the minimum with respect
to x is in this case 16.

In the other case x5 < 0, it is still obvious that & = —2 at the supremum. The other
part of the sum is a quartic and may be rewritten as £2(£2 + 22 + x3). The quartic is
positive iff €2 > 124 x5, and since |z;| < 1, this is clearly the case if |¢;] > v/2. Thus, the
quartic attains its maximum again at || = 2, giving sup; f(z,§) = 16 + 622 + 424, and
the minimum with respect to z is attained at = = (0, —1), with value 16 + 0 — 4 = 12.

To solve the same problem with Mathematicall]

Uy(t,2,§) =—2<&§E <2 AN —2<6<2
= —1<a <1 A —1<z <1 A t—& —(§—&)al — o >0

and may apply quantifier elimination to Wy(t, ) = VEW, (¢, z,£) by calling the routine
Resolve[W¥(¢,z,£), Reals] which gives the equivalent conditions

\I[,2<t7m):_1§x1§1 AN -1<z,<1 A t216+6$%+41‘2

'We use Mathematica 9.0. Wolfram Research, Inc., Mathematica, Version 9.0, Champaign, IL (2012).
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Then W3(t) = JxWy(t, z) yields, eliminating the quantifier, the equivalent formulae
UL(t)=t>12 vV ¢ > 20,

which is of course equivalent to W4(t) < t > 12. So Mathematica gives the same result:
The robust optimal solution is 12.

Degree issues

A further question is whether in special cases — say, linear uncertainties — the degree
of the quantifier eliminated problem remains stable. However, the following examples
show that this is difficult.

Example 8.10. In this one dimensional example, let

fla,€) = —€x — ¢

subject to z,& € [~1,1]. The t — f formulation requires V€ : &2 + x +¢ > 0 and
&,z € [—1,1], which is by QEPCADE] equivalent to z? < 4t and z € [—1,1].

Proof. This can be seen as follows: If we forget the constraint £ € [—1, 1] for a second,
the condition V¢ : €2 + &x +t > 0 can only be satisfied if the discriminant z? — 4t is
non-negative, which explains the inequality x? < 4¢. In fact, this does not change with
the constraint £ € [—1,1] in place since the quadratic (in ) attains its minimum at
§ = 3¢ € [—1,1], which allows us to apply the same reasoning. ]

Example 8.11. Consider spherical constrained &;, £ + ¢2 < 1 and
f(2,8) = o1 + xg st 3 € [—1,1].

Eliminating the &; in the RC in t— f(z, &) > 0 formulation, QEPCAD gives the equivalent
conditions
t* > 23 + 25 and x; € [—1,1]

whose realization in R? cannot be represented by finitely many linear inequalities.

8.2.4. Extensions of sos programming

We have seen in Section that it is possible to transfer generalizations of semidefinite
programming to yield a generalization of sos programming. It is the aim of this extension
to point out the underlying idea.

For notational simplicity, we allow an arbitrary objective and a set constraint on the
decision variables. Finally, we allow for additional (“hidden”) decision variables that
do not enter the objective. This allows for a simple proof of the transfer statement

(Proposition [8.12). The extension reads

2We use QEPCADB Version B 1.69, available from
https://www.usna.edu/CS/qepcadweb/B/QEPCAD.html.
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max  f(y)
st > yAj+ Y yiB; XC (SDP-D+)
j=1 j=1
(y,y)) € Ax R™

for matrices C, Ay, ..., Ay, B1, ..., B,y € 8", afunction f : ) — R defined on ' C R™
with Q C .

Now consider the following similar extension of sos programming

max  f(y)
st. ¢+ Y .. F YmGim € Xn, i=1,...,k, (SOSP+)
y €

where f : ¥ — R is again a function with  C Q' C R"” and ¢;, a;; € ¥. Note that the
additional decision variables in do not appear.

The aim of the remainder of this section is to prove the next proposition: Any gen-
eralization of semidefinite programming that allows for hidden variables transfers to a
generalization of sos programming. The proof uses the standard rewriting of sos con-
straints as semidefinite constraints (Theorem [1.30)).

Proposition 8.12. Let f : Q' — R be a function with Q' C R™. Furthermore, let a
subset Q of ' as well as k,m,n € N be given. Also, let ¢;, a;; € ¥ fori € [k],j € [m] be
given. Then, the Program[SOSP+ with objective f and the given data can be reformulated
as a program of the form [SDP-D+ with objective f.

Proof. In[SOSP+] consider the i-th constraint polynomial

pi(y) == ¢ +y1ai1 + - . F YmGim.

Let d be the maximum of the degree of the polynomials ¢;, a;1, ..., @i, and put d; :=
n—+d;

[d;/2]. Then, by Theorem |1.30} p;(y) is sos if and only if there is @; € S ( di ) with
p(y) = [X]} Qi[X]4, and Q; = 0. After expanding p;(y) in the basis [X],, and comparing
coeflicients, this is equivalent to a linear system with unknowns (Q;)as and y,, (and the
requirement @; > 0). By Observation this can be expressed as a single constraint
of the form

Zyinj + Z(y;)JEzy <Ci, (y4;) €R" xR™
=1 =1

for n},m; € N and matrices A;;, E;;,C; € S™. Hence, by the block diagonal argument
again (Observation [1.9)), all k sos constraints in [SOSP-+ are equivalent to a constraint
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of the form /
Z%AJ + Zy}Ej <C, (y,9) e R™ xR™
Jj=1 j=1

for n',m’ € N and matrices A;, E; € S™. With these preparations, [SOSP- reads

max f(y)

m m’
j=1 7=1

Zijj <D
j=1
y e
(y,y) € R™ x R™
which is of the form [SDP-D+| O

From the applied point of view, the following immediate consequence is of interest.

Corollary 8.13. An algorithm that can solve yields an algorithm that can
solve SOSPH.

We expect that these extensions might prove useful in practice, and leave it as inter-
esting future research.
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A. Sublevel sets and tight inequalities

Suppose we are given a point ¢ € S, where S is typically one of the sets F' or F7. A
natural question in our setting is how close a valid inequality for S can get to ¢. In
the best case, the inequality is tight at ¢, and a necessary condition for being tight at
q is that ¢ lies on the boundary of S. On the other hand, it is well-known that the set
of optimal solutions is unchanged by intersecting F7 with ﬁ’;( f(q)), or equivalently, by
adding the constraint f(z) < f(g). In applications, this is sensible if it is known that
feasible solutions with better objective value that f(q) exist. Alternatively, this is useful
if one wants to verify (in a pruning substep or similar) that no feasible solutions with
better objective value exist.

In this section we show that, under mild assumptions, ¢ is indeed on the boundary of
S intersected with ££(f(q)). As this is a topological matter, we need a simple fact from
topology. The statement in the following lemma relates the boundaries of a space and
the boundary of a subspace. This fact seems to be mathematical folklore, we only give
a proof for completeness. For a topological space (X, 7) and Y C X endowed with the
subspace topology, we denote the boundary with respect to X and Y by bdyx and bdy,
respectively.

Lemma A.1. Let (X, 7) be a topological space.

1. Let M C X. Then z € bd M if and only if all neighborhoods U of z contain points
of M and X \ M.

2. Let M CY C X. Then bdy (M) C bdx(M)NY.

Proof. For a proof of I see Definition 2 and Theorem 2 in Chapter 1.2 of [Gaa09]. To
see the other assertion, let x € bdy (M) and V' be a neighborhood of x in X. To show
x € bdx (M) with assertion [1} we show V' intersects M and X \ M. Now U :=V NY is
a neighborhood of z in Y. As z € bdy (M), UNM # 0, and V N M # () follows from
UcCV.Also, 0 AUNY\M)CcVN(Y\M)CcVnN(X\ M), soV intersects X \ M.
This proves bdy (M) C bdx(M). As bdy (M) C Y, the claim follows. O

In the following lemma, we denote the boundary with respect to the subspace S C R"
by bdg.

Lemma A.2. Let S CR", g € S and f : S — R (not necessarily continuous). Then,
the following are equivalent:

1. g € bds (££(/(@)).
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2. q s not a local maximizer of f.

Proof. By Lemma |A.1 , q € bdg (EJ; (f(q)) if and only if all neighborhoods N of

¢ contain points z € S with f(z) > f(¢) and points y € S with f(y) < f(¢). The
second requirement is trivial as every neighborhood N of the point ¢ contains ¢q. Thus

q € bdg <£’;(f(q)> if and only if every neighborhood N of ¢ contains points 2 € S with
f(x) > f(q). Equivalently, ¢ is not a local maximizer. O

As the boundary with respect to S can be difficult to compute, we may reduce to the
boundary with respect to R™ if we drop the equivalence in the statement.

Proposition A.3. Let g € S C R", f: R" — R be a function and suppose q is not
a local mazimizer of f|s. Then q € bd (S N L’J; (f(q))), where bd is the boundary with
respect to R™.

Proof. Note first that ¢ € bd (S’ N Eé(f(q))) if and only if for every neighborhood N of

q, N intersects the set Sﬂﬁ’; (f(q)) and the complement R™\ (S N Eé(f(q))) As g isin

each of the sets N, S and £L(f(g)), the first intersection requirement always holds. Now
let ¢ not be a local maximizer of f restricted to S. Equivalently, for every neighborhood
N of q, there is x € SN N with f(z) > f(¢). But this x lies in the complement of
SN LL(f(g)). In other words, the second intersection requirement is fulfilled and hence

gehbd (S L f(q))) follows. O

In a convex setting, intersecting with a sublevel set guarantees a supporting hyperplane
to q.

Corollary A.4. Suppose S C R" is a convex set, ¢ € S and f : S — R is a quasiconvex
function. Suppose q is not a local maximum of f. Then there is a valid inequality for
SN EJ; (f(q)) which is tight at q.

Proof. Note that S N Eé( f(g)) is convex as an intersection of two convex sets. By

Proposition , q is on the boundary of S N E’; (f(q)). From Theorem there is
a supporting hyperplane H = H(a,b), a € R*\ {0}, b € R to SN Eé(f(q)), in other

words, a valid inequality for SN EJ;( f(q)) which is tight at g. O
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B. Proofs

We prepare the proof of Lemma using two intermediate steps. In the first step we
show that gauges on R™ behave well towards norms.

Lemma B.1. Let v be a gauge and || - || be a norm on R™. Then, «y is left-equivalent to
||, i-e., there is u > 0 such that

Y(@) < pll]l2.
Furthermore, v is continuous.

Proof. As 0 is in the interior of the defining set A, there is ¢/ > 0 such that uB;(0; ||-]|) C
B,(0;7). Hence y(z) < i”x” for all z € R"™. The first claim follows with p:=1/’. To

see continuity, fix € > 0 and x € R™. Subadditivity implies the inequality v(z) — v(y) <

v(x —y) for all y € R™. By the first part, v(z — y) < iHI —yl| for all z,y € R™. For
all y € R™ with ||z — y|| < e, v(z) — v(y) < e. Interchanging z and y and using the
fact that norms are absolutely homogeneous we get |y(z) —v(y)| < ¢, and continuity at
x follows. O

It can also be shown that ~ is right-equivalent to a given norm, but we do not need
this property.

We can show now that the distance measured by a gauge towards a fixed set is con-
tinuous.

Lemma B.2. Let v be a gauge on R" and A C R™ some nonempty set. Then, the map
R" - R, z — d(x, A) is continuous.

Proof. Let £ > 0 and z € R™. Let y as in Lemma [B.I]]and y € R™ with ||z — y|| < e/p.
There is a € A with y(a — z) < d(z, A) + . Now

d(y, A) <vla—y)=v(@—r+z—y) <yla—z)+y(x—y) <dz,A) + e+ —y)
=d(z,A)+ e+ pllr -yl <d(x, A) + 2

for all y € R™ with ||z — y|| < ¢/p. By estimating d(x, A) analogously, we find
d(w, 4) < d(y, A) + 2z,

which combines to |d(z, A) — d(y, A)| < 2¢ for all y € R" with ||z — y|| < e/u. Hence
d(-, A) is continuous at z. O
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We can now give the proof.

Proof of Lemma[2.3. There is a sequence (ay,, k,) € Ax K with v(k,—a,) = d(an, k,) —
d(A,K). By compactness, a subsequence k., converges to some k* € K for p — oo.
Assume first that A is compact, too. Hence, a subsequence a,,, converges to some
a* € A for ¢ — oo, which results by continuity of v (Lemma in

d(a*, k") = y(k* —a*) = 'V(qh_{go(kn;p;q — nipyg)) = qlggo V(Fnipg — Qnipsg) = d(A, K).
Now let us drop the additional assumption that A is compact. Let € > 0. To reduce this
to the compact case, it is enough to show that any pair of points (', k') € A x K with
d(a', k') < d(A, K)+e, that is, any potential distance minimizer, lies in the compact set
A* x K, where A* is the set A* = ANB}(k*), B](p) is the closed gauge ball from (2.2),
and R is the number R := diam(K) + d(A, K) + ¢ and diam(K) is the diameter of the
set K, diam(K) := sup, ,crc7(y — ). Let us verify all implicit statements. First note
that a’ € A*: Since

d(d' k) = v(k*—=d') = y(k* =K' +k —d') < v(k*—K)+v(k' —ad") < diam(K)+d(A, K)+e,

it follows that a’ € BL(k*). Also note that R is finite: As v is continuous, the map
K xK — R, (z,y) — v(y— x) attains its supremum by compactness of K x K. Finally,
we observe that the set A’ := ANB}(k) is indeed compact as the balls defined via v are
closed and bounded. O
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Summary of contributions

In this chapter we outline which parts of this work are joint work with coauthors and
which parts have been published.

Chapter [I, The literature review as well as some of the material in Sections [I.4]
and [1.6| have been published in the article [BHS17|, an article by the author of this work,
Anita Schobel and Ruth Hiibner, as well as in the preprint [BB17] by the author of this
work and Tomas Bajbar.

Chapters 2], [4land 5] These chapters are new and make use of discussions with Anita
Schobel. The proofs are the author’s work.

Chapters[3]and[6 Most of the results in these chapters have already been published in
the article [BHS17], which is joint work with Anita Schobel and Ruth Hiibner. Theorems
Proposition 3.5 3.7, [6.2], [6.4] and Observation are stated in a more
general form than in the reference. Section[3.2.1]is new. The experiments were conducted
by the author.

Chapter [7l The material from the beginning of the chapter until Section inclusive
is joint work with Tomas Bajbar, available as the preprint [BB17|. Both authors con-
tributed equally to the writing of this preprint, and both authors are grateful to Lukas
Katthan for fruitful discussions on its subject. Section is new and the author’s sole
work.

Section [8.2] The author of this work had the ideas for the material in Sections [8.2.1]
[8.2.3] and 8.2.4l Section makes use of discussions with Christoph Buchheim and
Anita Schobel.
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