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Abstract

Quadratically constrained quadratic programs (QCQPs) are a set of optimization problems
defined by a quadratic objective function and quadratic constraints. QCQPs cover a diverse set of
problems, but the nonconvexity and unboundedness of quadratic constraints lead to difficulties in
globally solving a QCQP. This thesis covers properties of unbounded quadratic constraints via a
description of the asymptotic cone of a set defined by a single quadratic constraint. A description of
the asymptotic cone is provided, including properties such as retractiveness and horizon directions.

Using the characterization of the asymptotic cone, we generalize existing results for bounded
quadratically defined regions with non-intersecting constraints. The newer result provides a sufficient
condition for when the intersection of the lifted convex hulls of quadratically defined sets equals the
lifted convex hull of the intersection. This document goes further by expanding the non-intersecting
property to cover affine linear constraints.

The Frank-Wolfe theorem provides conditions for when a problem defined by a quadratic
objective function over affine linear constraints has an optimal solution. Over time, this theorem
has been extended to cover cases involving convex quadratic constraints. We discuss more current
results through the lens of the asymptotic cone of a quadratically defined set. This discussion
expands current results and provides a sufficient condition for when a QCQP with one quadratic

constraint with an indefinite Hessian has an optimal solution.
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Chapter 1

Introduction

This dissertation focuses on asymptotic cones and their applications to solving quadratically

constrained quadratic programs, also known as QCQPs. A QCQP takes the general form as follows:

inf f(z) =a2" Agx + 20l x (QCQP)

st gi(x)=a" A +2aTr+0a; <0,i=1,...,m,

where A; € 8™ are n X n real symmetric matrices, a; € R™ are real vectors for all i = 0,...,m, and
a; € R are scalars for all © = 1,...,m. For ease of notation, the feasible region will be denoted as
follows:

F={a]gx)<0,i=1,...,m}.

This general problem structure connects linear programs (A4; = 0, ¢ = 0,...,m) to nonlinear pro-
grams. The general QCQP covers a diverse set of problems and applications such as the facility
location problem, the Max-Cut problem, the trust region method, binary programming, polynomial
programming, production planning, and the pooling problem. With this level of diversity, one can
expect that solving an arbitrary QCQP will be NP-Hard in general. This difficulty can arise from
several problems, such as nonconvexity or nonlinearity. In fact, the potential unboundedness of
quadratic constraints yields an extra level of difficulty occurs when determining if the QCQP has
an optimal solution.

In general, (QCQP) is not convex (requires A; to be positive semidefinite for i = 0,1, ..., m).



This lack of convexity poses difficulty for finding a global solution. One approach to this is convexi-
fying (QCQP). Similar to other nonconvex problem types like integer programming, the initial step
is to find a convex relaxation and then apply valid inequalities. For (QCQP), this can be handled
using conic programming. An example of this is semidefinite programming. Many semidefinite re-
laxations and reformulations have been discussed such as using the cone of nonnegative functions
and matrix decompositions to transform (QCQP) to a linear conic programming problems [31].

The primary question that is addressed in this document is how the unboundedness of a
quadratic feasible region affects the existence of an optimal solution as well as the convexification of
a QCQP. Over a convex feasible region, the recession cone provides an understanding of how the set
behaves as it tends from the origin. Extending this to a nonconvex QCQP, this notion is extended
to asymptotic directions. Asymptotic directions are used to describe the end behavior of sets and
functions [17, 20, 28] as well as the horizon limits of sequences of lower level sets [5, 29].

In several cases, the exact semidefinite representable relaxations for F are straightforward.
For instance, when F is defined by a single inequality, a single equality, and an interval-bounded
inequality, then the relatively simple Shor relaxation provides an exact, convex reformulation to
(QCQP). Other semidefinite representable cases include when F is defined as a low dimensional
polyhedron or when F is defined by a convex quadratic constraint with multiple non-intersecting
constraints. Several of these results will be discussed in Chapter 2 and for more recent results on
the convexification of quadratically defined sets, refer to [9, 12, 14, 25, 30, 33].

The difficulty of globally solving (QCQP) begs the question of if an optimal solution exists.
While this is a straightforward question with linear programs, or in terms of the Weierstrass theorem,
solving over a compact feasible region. However, the general unboundedness and lack of convexity
may cause the optimal solution of (QCQP) to not exist. There is a wide variety of methods used
to determine optimality conditions of (QCQP) such as conic programming to verify KKT solutions

[21] and duality theory [40]. A more in-depth review of this topic is presented in Chapter 6.

1.1 Outline and Overview

This document highlights asymptotic cones and several applications of them in terms of
QCQPs. Chapter 2 discusses conic relaxations and convexification of (QCQP) and provides a

nonexhaustive list of results related to this topic. Chapter 3 provides an introduction to asymptotic



cones and directions along with definitions and results. The chapter concludes with an analysis of
these definitions in regards a set defined by a single quadratic constraint. Chapter 4 describes the
convexification of sets that have an underlying set of non-intersecting constraints. This work relies
on a complete description of the asymptotic cones of sets defined by a single quadratic equality and a
partial understanding of the recession cone C(F). The proof generalizes existing results for bounded
quadratically defined sets with non-intersecting constraints and provides a sufficient condition for
when the lifted closed convex hull of the intersection equals the intersection of the lifted closed
convex hulls.

Chapter 5 extends the results of Chapter 4. Chapter 4 focuses on quadratic non-intersecting
sets and the proofs of the results show a gap when extended to affine linear constraints. This chapter
contains two sections. Section one explores the definition of non-intersecting in terms of an affine
linear constraint and the effect it has on the asymptotic cone of the intersection as well as the
recession cone of the lifted closed convex hull of the intersection. Section two explores whether the
intermediate step of homogenizing the original space can extend the results of Chapter 4.

Chapter 6 changes the focus of the document to instead consider whether an optimal solution
to (QCQP) exists when (QCQP) is defined by a constraint with an indefinite Hessian. While
asymptotic cones play an important role in results related to this question, this document poses
that the “center” of constraints could also play a vital role. Using asymptotic cones, this chapter
extends a result of Tam and Nghi [32] and provides conditions that coincide with the results of

Bertsekas and Tseng [5].

1.2 Notation

For a nonempty set S C R™, denote its boundary, interior, and closure by bd(S), int(S), and
S, respectively. The cone generated by S is denoted by cone(S), and the conic hull of S is represented
as coneconv(S). Their closures are represented as cone(S) and comne conv(S), respectively. The
cardinality of S is denoted by |S| and £S5 is the set SU(—S). When S is convex, the recession cone
of S is denoted by Rec(S), and the set of extreme points of S is denoted by ext(S). For vectors z
and matrices X, x > 0 and X > 0 implies that x and X have only non-negative entries.

In proving some of the results in Chapter 2, copositive optimization is used. This can

arise when x > 0 is a constraint defining . When lifting this set into the matrix space, there are



relations to the set of completely positive matrices (CP). A matrix X is completely positive if and
only if X = ", z;a] for some x; > 0,7 =1,...,k. A completely positive matrix is always doubly
nonnegative. A matrix X is doubly nonnegative if and only if X > 0 and X > 0.

Note: While results in Chapters 4 and 5 are focused over the set { (z,z2zT) |z € S} for a
given set S, other results can be found for the set { (i) (i)T ‘ xeS } Some results in Chapter 2

will use the alternative notation.



Chapter 2

Literature on Convex Hull Results

Let F be a nonempty closed set. The majority of this document is interested in the structure

of the lifted closed convex hull
C(F) =conv { (z,zzT) |z € F}.

The set C(F) is related to optimization problems with quadratic objectives. Specifically, defining
Q € 8™, where 8™ is the set of n X n real symmetric matrices, and ¢ € R™, a quadratic function of

x over F can be formulated as an optimization problem of the form:

v(q, F) = inf 27Qx+2¢"2 (2.1)

st. xeF.

Introducing a new variable X = 27, the objective function of (2.1) can be linearized as Qo X +2¢% x
where Q @ X = Trace(Q” X) is the Frobenius inner product of @ and X. Due to the linearity of the
objective function, the next step is to convexify the feasible region and obtain the following convex
formulation (e.g. [17, 21]):

v(q,C(F)) = (in)i;) QeX +2¢"x (2.2)

st. (x,X)€C(F).



To see that v(q, F) = v(q,C(F)), consider the following proposition.

Proposition 1. For all quadratic functions of the form q(z) = 27 Qx + 2q" z, the following holds

v(q, F) = v(gq,C(F)).

Proof. The proof will consider two cases of the set C(F) = conv { (z,z2T) | z € F } since v(q,C(F)) =
v(q,C(F)). Case one is when v(g,F) = —oo (the case of v(q,C(F)) = —oco follows the same ap-
proach), and case two is when v(g, F) is bounded.

First, let v(g,F) = oo. Then there exists a sequence {z;};>0 C F such that ¢(z;) =
27 Qx; + 2¢7x; — 0o as v; — oo. Otherwise, there exists M € R such that g(z) > M for all x € F.

In this case, for any (z, X) € C(F),
Qe X +2¢"w = N(Qe (mix])+2¢"w;) > M,

where A\; > 0 and ), \; = 1.

Now suppose that v(q, F) is attainable for some & € F. Then (#,227) € C(F) where
Qe (227) +2¢"% = v(q,F). If v(q,C(F)) < v(q,F), then there exists (z,X) € C(F) such that
v(q,C(F)) €< Qe X +2¢"x < v(q, F). Decomposing (x, X) into a convex combination of elements

in C(F) results in (z,zz7) € C(F) where € F and

Qe (zz")+2¢"2 =77Qx +2¢" 7+ ¢ = q(z) < q(2) = v(q, F).
Hence a contradiction since & is the optimal solution. Therefore, v(q, F) = v(q,C(F)), and v(g,C(F))
is attained at (&, 227). O

Due to the lack of explicit expressions for C(F), (2.2) is computationally intractable. There-
fore, even a partial understanding of C(F) is desired, as valid inequalities of C(F) can help tighten
the lower bounds of the convex relaxation of (2.1).

In this chapter, results relating to the lifted closed convex hull of different classes of quadratic

sets will be discussed. This class of problems is represented in (QCQP) with feasible region
.F:{ac | xTAix+2aiTx+ai <0, 1= 1,...,m}.

As mentioned earlier, calculating C(F) is a difficult task but the structure of F can provide insight

6



in the forms of valid cuts and inequalities. In general these cuts are applied to the Shor relaxation

of F, denoted below.
SF) ={(x,X)|AjeX +2afx+a<0,i=1,...,m},

The rest of the chapter serves as a survey of lifted convex hull results. If any of the following
structures can be found in a quadratically defined set under the assumptions in Chapter 4, they can
be applied to more convex sets, increasing the utility of these results. Before that, let’s look at a

one-dimensional set to have a graphical understanding of C(F). Consider F in
Fmt={zeR|-2<z<1}. (INT)

This set can be shifted and scaled to be an interval of any size. Optimizing a quadratic objec-
tive function over (INT) yields the same value as optimizing a linear function over C(Fiu;) =
conv { (z,2%) | * € Fin }. Graphically, this is presented in Figure 2.1. This lifted set C(F;n:) can
be defined using the convex inequalities 2 < X and X < 2 — z. It is importantly crucial to note
that for an optimal (&, X ) € C(Fint), & might not be optimal for the original problem. This arises
because the set of optimal solutions over @(}'mt) is the convex hull of optimal solutions in the set
{(z,2%) | * € Fint } [7]. Figure 2.1 illustrates this, where the boundary of C(F) is either an extreme
point (z,zzT) or the convex combination of the points (—2,4) and (1,1). One sufficient condition
for # to be an optimal solution to the original QCQP is to require X = z2, which is equivalent to
the nonconvex rank-one condition.

Figure 2.1, while in low dimensions, gives insights to the geometrical properties that need
to be considered. For example, in Figure 2.1, F,; is a bounded set, and thus C(Fi,;) = C(Fint) is
compact. This is not the case for when F is unbounded, say F = {z € R | 2 < 1}. Consider Figure
2.2. The left plot is C(F) with Rec(C(F)) = {0}. Taking the closure of C(F), C(F), the recession
cone is non-empty and broadens the tools that can be used to analyze this set.

Section 2.1 gives a brief introduction to the S-Procedure [36] and a few derivations of the
Shor relaxation, S(F). Section 2.2 presents several results where, for a given set F, the Shor

relaxation S(F) provides an exact relaxation. There is a brief overview about sets defined by one

inequality, followed by a section about the generalized trust region subproblem, and then a small dive
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Figure 2.1: Convexification of the lifted set { (z,2%) | € Fipy } for F = {x | =2 < 2 < 1}. The left
plot depicts the lifted set, and the right plot depicts the convex hull.

X I X
4 I 4
2 2
-2 -1 1 2% 2 -1 1 2%

Figure 2.2: Two plots of C(F) (left) and C(F) (right) for F = {x € R| 2 < 1}. The thickened
boundary on the right plot represents what is added when taking the closure.

into rank-one sets and non-intersecting constraints. Section 2.3 introduces results from copositive
programming where the lifted closed convex hull is not fully defined by the Shor relaxation. Most
results will focus on small dimensional polyhedron. Section 2.4 explores the two cases of bounded

sets with “non-intersecting” constraints.

2.1 Preliminaries

Lemma 1 (S-Lemma [36]). Let A,B € 8", a,b € R", o, € R, and suppose there exists an & with

#T'Bi+ 2073 + B < 0.



Then there exists an x € R™ satisfying
2T Az + 2a" 2 + o <0, 'Bx+ 2072+ <0

if and only if there exists no \ such that

a af 8 b
A >0, + A = 0.
a A b B

This theorem of alternatives has been used in many comparisons of quadratic sets and is
used to derive results relating objective functions to sets defined by one constraint. Lemma 1, under
convexity assumptions and Slater’s condition, has been combined with Farkas’ lemma to help find
hidden convexities for globally solving non-convex non-quadratic problems [39].

Given (QCQP), solving the lifted problem over the Shor relaxation provides a lower bound
on the optimal solution. This paper briefly introduces how to show that the Shor relaxation is a
valid relaxation of (QCQP). The first way is by lifting (QCQP) into a higher dimensional space

VR = (131)?) Qe X +2¢"x (2.3)
st. A;jeX +2alz+a<0

X =227,

Here, (2.3) has a linear objective over linear constraints except for the nonconvex rank-one constraint
X = 227, Relaxing the rank one constraint to X > zz”, (2.3) is now solving a linear objective
function over the Shor relaxation S(F). The second approach uses the Lagrangian dual. While not
as direct, it provides a deeper analysis into the structure of the problem with the Lagrangian dual

of (QCQP). The Lagrangian function is

T
L(x, )\) = JUT (Q + Z )\lAL> T+ 2 <q + Z /\iai> x + Z /\iOéz',

i€l iel icl

where A; > 0. Using the Schur complement, the dual problem of (QCQP) can be expressed as the



semi-definite dual in the form of

max vy

st Zie[ N =y ¢+ Zie] )‘iaf -0

a4+ Derdiai Q42 erAi

N >0, iel.

For the QCQP and its Lagrangian dual to have the same optimal value, again Slater’s condition
must be satisfied. Taking the dual of the Lagrangian dual (in its SDP form) gives the following

formulation

vi=min QeX+2¢ x
(z,X)

s.t. Ai0X+2aiTm+ai§(), i1el

X = J;J:T,
which is equivalent to
vi=min QeX +2¢z (2.4)
(z,X)

st (z,X) e S(F).

It is important to note that for the Langrangian dual and the SDP relaxation to have the same opti-
mal value, Slater’s condition must hold. This method is considered in Section 2.2.1 for determining

when the Shor relaxation is tight.

2.2 When the Shor Relaxation is Exact

The first result to be mentioned is that of Sturm and Zhang [31]. This paper analyzes the

structure of the cone of non-negative quadratic functions over a set, defined as follows for a set F:

(;)TU(D >0, VreF } (2.5)

10
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The dual cone of D, D*, is defined as D* = cone(Z) where

Y = (i) (i)T xe}'}. (2.6)

In relation to the Shor relaxation, S(F), D* can be rewritten as

Z—{YGS"+1

D* =cone(Z) = cone(S(F)),

which geometrically implies that S(F) is an affine slice of a closed convex cone. This result, used in
papers, can be presented in a different way. Interested in the two trust-region subproblem (Frrg),
[38] shows that finding an exact relaxation can be accomplished by finding the family of all quadratic
functions that are non-negative over Frrg. In fact, the optimal value over Frrg is equal to v(7)
where

T={(Rrp ecS"xR"xR|2"TRx+2rTx+p>0 Vo € Frrs}.

In regards to [31], they provide a generalization of Lemma 1 and proves that the Shor relaxation of
a set defined by a single quadratic inequality constraint is tight. They use the fact that X € S% is
a positive semi-definite (psd) matrix of rank r if and only if, there exists ©; € R", i =1,...,r, such

that

=1

In other words, a psd matrix of rank r has a rank-one decomposition of r vectors. This results in

the following lemma.

Lemma 2 ([31]). Let X € 8" be a positive semidefinite matriz of rank r and Q € S™ be a given

matriz. Then, G @ X <0 if and only if there exists x; € R™, i =1,...,r, such that
T
X = lemZT and xlQx; <0 foralli=1,...
i=1

Using this and the homogenized cone of F = {2 € R" | 27 Az + 2a”x + a < 0}, they prove

the following result.

Theorem 1 (Single Quadratic Inequality, [31]). Let F = {x € R" | 2T Azx +2aTz +a <0} be a

11



closed, nonempty set. Then
conv { (r,xx?) |z € F} ={(2,X) eR"xS" | Ae X +2a’z +a <0, X =z’ }. (2.8)

That is, C(F) = S(F).

This is not the only result where the Shor relaxation provides an exact reformulation. While
working with the interval bounded generalized trust region subproblem (GTRS), Pong and Wolkow-

icz [27] determined when the SDP relaxation is tight.

2.2.1 Generalized Trust Region Subproblem

The results pertaining to the generalized trust region subproblem (GTRS) relate the QCQP
to its SDP representation through the consideration of its Lagrangian dual. A more generalized
version of this approach was presented in Section 2.1. Here, [27, 35] explore the conditions needed

for the SDP relaxation of (GTRS) to be exact.

varrs = inf 27 Qz —2¢%x (GTRS)
xr
st. £<a2TAzx+2d72<u
This is a problem with two constraints but, since the constraints both relate to the same A and a,

they can be expressed as a single interval bounded constraint. A similar structure can be seen in

the relaxed SDP presented in (SDP-GTRS).

Uy = (in)f{) QeX —2¢"x (SDP-GTRS)

st. f<AeX+2dTz<u

X = zzt.
In showing the exactness of this relaxation, the authors start with the dual of GTRS

darrs =sup  h(X) + €Ay —uA_ (D-GTRS)
A

st. Q—AA X0,
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for A; = max{\,0}, A_ = min{\, 0}, and

h(X\) = ir;f z7(Q = M)z —2(q — Ma)Tx

—(qg—2a)T(Q — XA)T (¢ — Xa) if ¢ — Aa € Range(Q — \A)
= and @ — A\A = 0,

—inf otherwise,

where (Q — AA)' is the pseudo inverse of Q — AA. This problem is then shown to have the exact

solution of the dual of (SDP-GTRS), stated below:

d. =sup €Ay —ul_ —~ (SDD-GTRS)
Ay
v —(a=2a)"
s.t.

(g — Aa) Q- )N\A

The semidefinite dual of the GTRS, (SDD-GTRS), is used to show that (D-GTRS) is the dual of
(SDP-GTRS) under the assumptions listed in Assumption 1. There are multiple citations for this

set of assumptions, but the later two reduce the necessary list of conditions.
Assumption 1 (GTRS Assumptions, [27, 34, 35]).

1. A#0

2. The following relative interior constraint qualification (RICQ) holds:

(<AeX+2dTd<u for some X = 227

3. (GTRS) is bounded below.
Under these assumptions, we have the following theorem,

Theorem 2 (Interval Bounded Quadratic Inequality, [27]). Suppose that Assumption 1 holds. Then
the following holds for GTRS:

1. The optimal values of GTRS and its SDP relaxation are equal, that is

UGTRS = Ux- (2.9)
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2. Strong duality holds for GTRS, i.e. varrs = darrs and the dual value darrs is attained.

Moreover,

darrs = ds = v« = VGTRS-

In other words, the Shor relaxation of a given set defined by a single interval bounded
quadratic constraint is exact (i.e. S(F) = C(F)) under mild assumptions. The path followed by
Pong and Wolkowicz can be seen in Figure 2.3. In this figure, it is seen that Slater’s condition is
required to show equality between the primal and its dual for both the original and lifted space. In

regards to what happens when ¢ = u, a more strict “double-sided” Slater’s condition is necessary.

Assumption 2 (Double-Sided Slater’s Condition, [35]). Given a function f : R™ — R, f(z) yields

both positive and negative values. That is, there exists x1,xo € R™ such that f(z1) <0 < f(x2).
With this assumption and the S-Lemma with Equality, [34, 35] prove the following theorem.

Theorem 3 (Single Quadratic Equality Constraint, [34]). For a set F = {x € R" | 2T Az + 2a”z +

a = 0}, under Assumption 2 with A # 0, C(F) = S(F). That is, the Shor relazation of F is ezact.

Similar to [27], [34] also follows the path given in Figure 2.3.

A # 0, Slater’s
GTRS @ D-GTRS

(1) (3)

4
SDP-GTRS @ SDD-GTRS
Slater’s

Figure 2.3: A flowchart showing the approach used to prove SDP exactness. The method used in
[27, 34] traverses arcs (2),(3) and (4).

The results so far have shown that for a set defined by single quadratic constraint under
mild assumptions, the lifted convex hull can be represented by the Shor relaxation of that set. In

considering sets defined by multiple constraints, more assumptions are required for C(F) = S(F).
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2.2.2 Rank-One Generated Cones

This section focuses on the work of Argue et. al [3] concentrating on rank-one generated

(ROG) sets. That is, for a set S C R™, S is ROG if

S =conv(SN{zz’ |z €R"}).

Equivalently, a set S is ROG if and only if it is equal to the closed convex hull of its rank-one
matrices. Thus, for a closed convex cone S C 8™, S is ROG. Also, if X € S where rank(X) = 1,
then X is an extreme ray of S. The importance behind the ROG property is if the feasible region of
(ROG-SDP) is ROG, then the SDP relaxation is exact. That is, the feasible reason of (ROG-SDP)
is ROG if and only if there exists rank-one solutions in the feasible region that approach the optimal
value of any arbitrary objective function [3].

For this section, the quadratic constraints will be labeled differently for ease of presentation.

Given a quadratic constraint y? A;y + 2al'y + a; < 0 where y € R* 71, it is reexpressed as 7 M;z

T
a;
where z = and M; = . (QCQP) is rewritten as
Yy ai A
[0 g’
inf x (ROG-QCQP)
TER™ q Q

with the SDP relaxation

0 ¢*
inf o X (ROG-SDP)
Xesn
q Q

st. M;eX <0, iel
X1’1 =1.
With ROG cones, there is an interest in the linear matrix inequalities (LMI) M; @ X < 0. Denote

the set M C 8™ as the collection of M;’s, M; € M for i € I. The interest of this paper [3] is to
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determine if S(M) is a ROG cone, where S(M) is defined as
SM)={XecS! | MeX <0, VMecM}.

The following lemma states the exactness of an SDP with a ROG feasible region.

Lemma 3 ([3]). Let M C S™. If S(M) is ROG, then

0 ¢*
inﬂéf T T
IS q Q

s.t. JL‘TMiJL‘ <0, €l

2T Bx =
has the same optimal solution as
0 ¢¥
Xin£ X
© ¢ Q

st. M;eX <0, icl

BeX =1
X0
0 47
for all B, € 8" for which the optimum SDP objective value is bounded from below. In
¢ @

particular, this equality holds whenever the SDP feasible domain is bounded.

Lemma 3 generalizes the constraints z7 = 1 and X; ; = 1 in (ROG-QCQP) and (ROG-SDP),
respectively. Also, the lemma has the assumption that the SDP objective value is bounded from

below. The importance of this assumption is shown with Example 1.

Example 1. For matriz M, define Sym(M) = (M + M7)/2, and let e; be a vector where the only

16



nonzero term is 1 in the ith entry. Let n =2 and M = { Sym(e1el), —Sym(eied)} so that

22 0 9
S(M) = zeR

()] -o)
o e (£ () (2)" [rem }).

The representation on the right shows that S(M) is ROG. On the other hand, setting B = e1el and

Q = —ezel,

T
zaxt € S(M) T1To =
inf2 2T Qu = inf2 2T Qx =0,
z€R 2T By = z€R 1‘% -1

which is not equal to

inf Qe X = inf

X eSM) 2
Xes? BeX —1 z€R? 2

This discussion will now check if S(M) is ROG and highlight some operations that preserve
the ROG property.

Lemma 4 ([3]). For any M C 8™, the following are equivalent:
1. S§(M) is ROG.
2. Every face of S(M) is ROG.

3. SIM)YNT (M) is ROG for every M’ C M where

TM)={XeS} | MeX =0, VMeM}.

As a byproduct of item 3 of Lemma 4, if S(M) is ROG, then so is 7(M). With Lemma 4

and the nullspace, Null(M), the writers recover the result from [31] with the following lemma.
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Lemma 5 (One Inequality Constraint ROG [3]). Consider any M € 8™ and let M = {M}. Then
S(M) is ROG.

The operation of interest is the intersection of constraints, or in the sense of this paper, the

union of M;’s.

Lemma 6 ([3]). Let M C 8™ be a finite union of compact sets M = NE_, M;. Further, suppose
that for all nonzero X € St andi=1,...,k, if M; # X = 0 for some M; € M;, then M e X <0
for all M € M\ M,;. Then S(M) is ROG if and only if S(M;) is ROG for alli=1,...,k.

In terms of quadratic constraints, suppose F = {z | 27 A;z + 2al + «; <0, i € I }. Then
if there exists & such that :%TAjaf: + 2a]T§7 +a; = 0 for some j € I, then 2T Apd + Qangs + ay, < 0 for
all k € T'\ j. Visually, this can be seen in Figure 2.4 where the boundaries of the constraints do not

intersect. This is formalized in the following theorem.

Theorem 4 (Non-Interacting Constraints, [3]). Consider F € R™ to be a quadratically defined
set such that F = {z | 2T Ajz +2af +; <0, i€ I}. Then C(F) = S(F), where S(F) is the
Shor relazation of F, if for all nonzero x € R™, if 2T A; + 2aTx + o; = 0 for some i € I, then

xTAjz+2afx+ozj <0 foralljel\i.

X2

X1

Figure 2.4: Non-interacting constraints
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2.3 Other Reformulations of C(F)

As expected, not every quadratically defined set F has an exact Shor relaxation. The results
in this section, for the most part, come from different techniques to create new valid inequalities
through reformulation linearization technique (RLT) and through analyzing the geometry of a set

and its lifted space.

2.3.1 Low Dimensional Polyhedral Sets

Solving general nonconvex quadratic programs over polyhedral sets, i.e.
Fp={zeR"|Ax=b, >0}, (POLY)

can be difficult. In convexifying the problem, one can use copositive optimization to create families
of copositive cuts. Copositive optimization is linear optimization over the convex cone of copositive
matrices. The dual of this linear problem is a linear optimization problem of the cone of completely
positive matrices. One benefit of finding these copositive cuts is that the cuts have no dependence
on the objective or the values of A or b but instead on the constraint z > 0 [7]. This approach
extends beyond polyhedrons to sets with binary constraints [6], ellipsoids [7], etc.

This section provides several results using copositive optimization with a focus on polyhedral
sets of dimension n < 4. First, let’s look at a one-dimensional interval set.

Consider the standard simplex
Fsimp={z R} |efz =1}, (SIMP)

where n < 4 and e € R" is the vector with each component being 1. Lifting (SIMP) into the

semi-definite matrix space, there is the following formulation
{(z,X)|EeX=1,2>0, X =azz’, X €CP}, (SDP-SIMP)

where E = ee” and CP is the set of completely positive matrices, i.e. X € CP if and only if
X = Zle zizl, x; >0, i =1,..., k. As expected, solving over CP is difficult. However, there

is a known relation between CP and the doubly non-negative cone DNN. For all dimensions n,
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CP C DNN with equality for n < 4 [24], as seen in Lemma 7.

Lemma 7 ([24]). Let n < 4, and let 8™ be the space of n x n symmetric matrices. If Z € S™
is positive semidefinite with nonnegative entries, then there exists a collection of n-dimensional

nonnegative vectors {z;} such that Z =%, z;z1".
This leads to the following result.

Theorem 5 (Standard Simplex, n < 4. [2]). Foralln <4, if F={z €R" | Tz =1, 2 >0} then

C(F) is defined by C(F) ={(z,X) | FeX =1, 2 >0, X =2z?, X >0}.

This section wraps up with convex hull results for triangles (tetrahedrons) and quadrilater-
als. That is,

Fii={x€R*| Az <b}, AcR3*? (TRI)

and

Fguad ={z €R?| Az < b}, AeR™? (QUAD)

where both sets are bounded polygons with nonempty interior. For both sets, define C' = (b, —A)
such that the inequality C'y > 0 defines the polyhedral cone in R3, R* respectively. The analysis of

both polygons follow the same idea by considering the set

K=rcomv {yy’ |Cy>0},

where /C is the closed conic hull of matrices yy” with Cy > 0. So K is the closure of all possible

sums of such matrices yy?. After an analysis of this set with Lemma 7, there is Lemma 8.

Lemma 8. Regarding (TRI) and (QUAD), K == conv{yy? |Cy>0} = {Y =0|CYCT >0},
where C = (b, —A).

Lemma 8 leads to the exact formulation of the lifted closed convex hull C(F,;) and C(Fyuad)-

Before stating this result, recall that
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Theorem 6 (Convex Hull of Triangles, Tetrahedron, and Quadrilaterals [7]). Regarding (TRI) and
(QUAD), it holds that

C(F) =conv { (z,zz’) |z € F}
={(z,X)|Y(z,X) e K}

Y =Y(z,X)
= (x’X)
Y>=0, CYCT >0

where C = (b, —A).

Theorem 6 also applies to tetrahedrons, as this extension comes from n < 4.

2.4 Non-Intersecting Constraints

In this section, the focus is on non-intersecting constraints. This term will be explored in

different contexts for the two subsections.

2.4.1 Ball Constraint with Non-Intersecting Linear Constraints

Before presenting the results for a set defined by a ball constraint with non-intersecting linear
constraints, there will be a re-derivation of the exactness when F is defined by a single constraint.
This focus is on an ellipsoidal set, (ELL). In this formulation, the set is defined by the unit ball
inequality [|z|| < 1. Recall that this result was already presented in Theorem 1 for an arbitrary
set defined by one quadratic inequality. This follows the approach given by [7] with the focus on
ellipsoids (A > 0). This analysis is sufficient since, by affine transformations, any ellipsoid can be

expressed as (ELL).
Fan={zeR"||z| <1}. (ELL)

This set is equivalent to the feasible region of the Trust Region Subproblem (TRS). Similar with the

previous results, the interest lies in determining the exact formulation of C(F.;). Displaying this
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result requires the introduction of the second-order cone in R™*!:

EZ{yGR”“I\/y§+y§+~-+yi+1§y1}
={yeR" |y +yi+-+yi <vi}

={yeR" |y >0, y"Ly >0}

where L is a diagonal matrix with entries (1,—1,..., —1). Similar to Theorem 6, the defined convex

hull of matrices yy”', where y € L, is
K=conv{yy' |z€L}={Y =0|LeY >0}.

Using the set K, the results of [31] (a single quadratic inequality), are recovered for bounded sets

with Theorem 1.

Theorem 7 (Ellipsoids, [7]). Regarding (ELL), it holds that

C(Foy) =comv { (z,zzT) |z € F}
={(z,X)|Y(z,X) e K}

={(z,X)|Y=Y(2,X),Y >0, LeY >0}.

Or in terms of (x,X), there is the alternate representation

C(Fup) ={(2,X) | X =xa?, I,e X <1} =8(Fu),

where I, is the n x n identity matrix.

Recall that for two quadratic constraints ¢;(x) < 0, g2(z) < 0 to be non-interacting, then if
there exists & such that ¢ (&) = 0, then g2(2) < 0. This can be relaxed to non-intersecting if there
exists & such that ¢;(Z) = 0, then ¢2(Z) < 0. Geometrically, this implies that the boundaries of both
constraints intersect at a given point.

The focus now shifts to the feasible region defining the extended trust region subproblem
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(eTRS), which is the trust region intersected by m linear inequality constraints, defined below as

n ||zl <1
fm = reR . (Fm)

T .
a;r<a; 1=1,...,m

When m = 1, there are the results of [7, 31]. Adding a single linear constraint with m =1
and denoting the SDP relaxation as R, the relaxation requires a second-order cone (SOC) constraint

and has presentation:

I,eX <1, X »azzT
Ry ={ zeR" : (R1)

iz —Xapl| <ag —aTzx
I 1

The SOC constraint ||a;z— Xa;|| < a; —af'z is constructed by the second-order cone reformulation-
linearization technique (SOC-RLT) in combination with the constraints ||z|| < 1 and ez < «;
[8]. This is also shown to be an exact representation in [31]. Since the relaxation becomes more
complicated with extra constraints, it can be assumed that the generalization will contain more

constraints. For m = 2, [8, 41] derived the relaxation

I,eX <1, X »=zzT
Ry =4q z €R" lla1r — Xaq|| <oy —afz, i=1,2 . (R2)

a1 — agalTx — alagaﬁ + alTXag >0

This result can be further generalized in [11] under an additional assumption. This assumption is

that the linear constraints are non-intersecting inside of the ball region.

Theorem 8 (Ball with Non-Intersecting Linear Constraints, [11]). In regards to F, in (Fp,), if for

all i < j, there exists no x € Fy, such that al = a; and aJT:c = aj, then

I,e X <1, X = zaT

C(Fn) =1 (#,X) eR" xS" llonz — Xai|| <oy —alz, i=1,....m

o —oga?:c—am?x—ka?X@ >0, 1<i<j<m

23



2.4.2 Bounded Quadratic Sets with Bounded Hollows

The previous section referred to non-intersecting constraints as linear constraints that can
only intersect outside of the ellipsoid. In [37], non-intersecting constraints are contained inside of
the larger set. The results of this paper consider a complicated, bounded, quadratically defined set

G that can be decomposed into two sets F and H such that
]:::{xGR”‘xTAix+2a;me+ai§0, i:1,...m},
and
H::{xER”|xTWi:E—|—2wiTx—|—w7;20, i:1,...m}

where F is a bounded, full-dimensional set and H is defined by positive matrices W; € ™, w; € R™,
and w; € R, and G = F NH. One way of expressing this is to say that “H induces non-intersecting

hollows in F”. Since this work is generalized in Chapter 4, only the result of this paper is presented.

Theorem 9 (Bounded Quadratic Regions with Non-Intersecting Hollows, [37]). If H induces non-

intersecting hollows in F, then C(G) = C(F) NH.
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Chapter 3

Asymptotic Cones

This chapter focuses on describing the end behavior of unbounded, nonconvex sets. For a

nonempty set F C R™, the asymptotic cone of F is defined as

foo::{dERn

dtr — o0, {xk}kzo C F such that lim Ik _ d } .

k—oo Tf

We define the nonzero elements of F,, as asymptotic directions. These directions appear in many
applications, such as defining cosmic compactness in [29], convexifying sets defined by quadratic
functions [15, 20], and determining the existence of optimal solutions of QCQPs [5, 32]. Throughout
this document, a more direct definition of asymptotic directions will be used. Setting the sequence

ti = ||k, the following expression for F,, can be used.

Proposition 2 (Normalized Set [4]). Let F C R™ be nonempty. Then Foo = {Ad | A >0,d e Fn }
where

.FNZ—{dGRn

) CF, ||lan]| = oo with lim —* =d }
koo |||

Using Proposition 2, it is easier to see that the asymptotic cone F, provides insight about
the end behavior at infinity. The generalization of the recession cone of F can be considered as Fo.
In particular, when F is convex, F, is the recession cone of F. For a more detailed discussion on
Fs and the behavior of an asymptotic function through its epigraph, the reader is referred to [4].
However, the following lemma includes properties of F, that will be utilized and expanded upon in

this document.
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Lemma 9 ([4]). Let F CR"™ be nonempty. Then:
1. Fw is a closed cone;

2. (Il F)oo = Foo;

o

if F is a cone, then Foo = clF;

4. F is bounded if and only if Foo = {0};

v

Jorany 0 #T CF, Too C Foos

D

. for any T CR™ such that FNT £ 0, (FNT)oo C Foo NTeo;
7. if S is a closed conver set that contains no line, then F = conv(ext(F)) + Foo-

The asymptotic cone can have properties that relate to those of the recession cone. Consider
a convex set F with recession direction d and point x € F. Since d is a recession direction, for all
A >0, z+ Ad € F. For a nonconvex set F, the direction d can carry = + Ad out of F for large
enough lambda. However, there may be a positive interval of A, say (A1, A2) such that for x € F and
asymptotic direction d, then x + Ad ¢ F for A € (A1, A2). This phenomena can be seen in Figure
3.1. In subfigure 3.1c, one can see that as they follow the d = (1,0) direction, the red interval is
the set of \'s such that  + Ad ¢ F. These directions are called horizon directions described in the
following definition.

X2 x2

X1 X1

(a) F (b) Feo (c) Horizon Direction Example

Figure 3.1: Three graphs describing properties of a quadratically defined set F. 3.1a is a graphical
image of F. 3.1b is the asymptotic cone of F presented over F. 3.1c is an example of a local horizon
direction of F where the red interval is the interval with = + A\d ¢ F.

Definition 1 (Horizon Directions [5]). Given a closed set F C R™, an asymptotic direction d € Fu,

is a horizon direction with respect to a set S, if, for every x € S, there exists a scalar p > 0 such

26



that © + pd € F for oll p > . We say that d is a global horizon direction if S = R", and it is a

local horizon direction if S = F.

The last definition to be discussed is the idea of retractiveness. This property is used in
the discussion of the existence of an optimal solution for a given problem by guaranteeing that an

intersection of retractive nested sequence of nonempty closed sets has nonempty intersection [5].

Definition 2 (Retractive Directions [5]). Given a closed set F C R™, an asymptotic direction
d € Fu is a retractive direction if, for every corresponding asymptotic sequence { xy }, C F, there

exists an integer k such that

r,—deF, Vk>k.

A set F is called retractive if all its asymptotic directions are retractive.

There exists a weaker definition for retractiveness: d is retractive if for every corresponding
asymptotic sequence { zy, }, there exists a bounded sequence of positive scalars { v, } and k& > 0 such
that z; — yxd € F for all k > k. While this definition is present in literature [32], it does not work
well when intersecting multiple sets [5]. As such, Definition 2 will be the preferred choice for this
document. This property of retractiveness is used primarily in determining the existence of optimal

solutions [5, 32], and the benefits of retractive directions will be discussed in Chapter 6.

3.1 Sets Defined by One Quadratic Constraint

It is well known that when F is a polyhedron, F, (i.e. Rec(F)) can be explicitly defined.
To the author’s knowledge, there are no current results about the general characterization of F, for
F defined by multiple quadratic constraints. However, Dickinson et al [15] provided the following

characterization for F defined by a single quadratic constraint.

Proposition 3 ([15]). For F = {z e R" | 2T Az + 2aTx + a < 0} # 0, we have

{deR" | dTAd <0}, if A% 0
{deR" | dTAd <0, a’d <0}, ifA=0.
As can be expected, the asymptotic cone depends on the definiteness of the Hessian A with

an included linear term for A = 0. Chapter 4 works with the boundary of a quadratically defined set
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and requires the asymptotic cone of a set defined by an equality constraint. Similar to the positive
semidefinite case of Proposition 3, the linear term of F has an impact on the asymptotic cone of the

boundary.

Lemma 10 ([20]). Suppose that F = {x € R" | 2T Az 4+ 2a"z + a =0} is nonempty and A has a

positive eigenvalue. If d satisfies d¥ Ad = 0 and a¥d < 0, then d € Su.

Proof. Let v be any vector such that v7 Av > 0. Consider the following bivariate quadratic function

flk,A) s = (kd + Av)T A(kd + Av) + 2a” (kd + Av) + «

= (vT Av)A% + 2(kdT Av + aTv)A + (2ka™d + o).

Since a®'d < 0, there exists K € R such that f(k,0) = 2ka’d+a < 0 for all k > K. For each k > K,
let 8y := a®v + kdT Av and

(—5k + /62 = (T Av)(2kaTd + a)) /(T Av), if 6 >0

Ak = (31)

(—5k — /67 = (T Av)(2kaTd + a)) /(T Av), it 6 < 0.

Then f(k,Ar) = 0 and limg_,o Ar/k = 0. This implies that d € Fuo as kd + Apv € S and
limg o0 (kd+Agv)/k = d. (See Figure 3.2 for the three cases of the level set { (k, A) | f(k,A)=0}.)
O

(a) (b) (¢)

Figure 3.2: Plots of possible level sets { (k,A) | f(k,A) =0} in the proof of Lemma 10. The solid
segments represent how Ay, is defined in (3.1)

Lemma 11 ([20]). Suppose S = {z € R" | 2T Az + 24Tz +a =0} is nonempty. If d satisfies
dT"Ad =0 and aTd = 0, then +d € Su.
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Proof. The proof is straightforward when A = 0. Now suppose that A # 0, and v is a vector in S.

Similar to the proof of Lemma 10, let

flk,A) s = (kd + Av)T A(kd + Av) + 2a” (kd + Av) + «

= (0T Av)A? 4+ 2(kd” Av + aTv)A + «.

We consider two cases. First, if dX Av = 0, then f(k,1) = vTAv + 2aTv +a = 0 for all k €
R. Therefore, d € Sy, as kd +v € S and limy_,00(kd + v)/k = d. Second, if d¥ Av # 0, then
|kdT Av + aTv| — 0o as k — co. For sufficiently large k, if v Av # 0, we set A, as defined in (3.1)
(with aTd = 0). If vT Av = 0, we set Ay 1= —a/(2kd” Av + 2a”v). With either definition of Ay,
kd+ Ak € S and limg_.oo Ar = 0. Therefore, d € So,. Replacing d with —d in the above proof, we
have —d € S4.

O

Lemmas 10 and 11 add an additional level of focus on the linear term a € R™. In the positive
semidefinite and negative semidefinite cases, the linear term helps determine the shape of the feasible
region. In Figure 3.3, A is positive semidefinite and there are two cases. In (a), a ¢ Range(A4) and
as such, d € (bd F)o does not guarantee that —d € (bd F)o. Likewise, in (b), a € Range(4) and F

contains a lineality space. This effect when A is semidefinite is shown in the following proposition.

Proposition 4 ([20]). For F ={x e R" | 2T Az +2aT2 + a =0} # 0, we have

{deR" [dTAd=0, aTd <0}, ifA>0andA#0
{deR"|dTAd=0, a¥d >0}, fA=<0and A#0
{deR"|dTAd =0}, if A is indefinite

{deR"|aTd=0}, if A=0.
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Proof. For the forward containment, note that

Sm:({xeR"|xTAx+2aTx+a§0}ﬂ{x€R”\xTAx+2aTx+a20})oo
C{reR" |24z +2d"s+a <0} N{zeR"|2TAz +2a"x+a >0}

{deR"|dTAd=0, a’d <0}, ifA=0and A#0

{deR" [dTAd=0, aTd>0}, ifA<0and A#0

{deR"|dTAd=0}, if A is indefinite

{deR"|[aTd=0}, if A =0,

where the last equality comes from Proposition 3.
For the reverse containment, note that A has a positive eigenvalue in the first and third
cases, and —A has a positive eigenvalue in the second and third cases. Then the reverse containment

is a direct consequence of Lemmas 10 and 11. O

With formal definitions describing the geometry of the asymptotic cone of F, the horizon
and retractive directions of F can be understood. Since the definitions relied on the definiteness of

the Hessian A, it is expected that additional properties of F,, may also rely on A.

3.1.1 Horizon Directions and Retractive Direcions

Recall that for d € Fo, to be a local (global) horizon direction, starting at any point « € F
(r € R™), there exists A > 0 such that  + A\d € F, for all A > ), and for d to be a retractive
direction, for all corresponding asymptotic sequences {x}r C F, zx —d € F for all k >k > 0.

Similar to partitioning F, by the definiteness of the Hessian A, a similar approach applies
to both horizon and retractive directions. Before considering A # 0, if A = 0, then F is a halfspace,
which is a retractive set [5]. In fact, if F = {2z |aTx +a <0}, then Foo = {2 | aT2x <0}. With
this in mind, {x | a¥2 < 0} is the set of global horizon directions while {z | a”x = 0} is the set of

local horizon directions. Extending this to A # 0, we have the following propositions.

Proposition 5 (A =0, A#0). Let F = {z | 2T Ax + 2aTz + o <0} be a nonempty set such that

A = 0 nonzero. Then

1. (Feo)=={d#0]| Ad=0, a’d =0} is the set of retractive local horizon directions.
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2. (F)< ={d#0| Ad=0, aTd < 0} is the set of non-retractive, global horizon directions.

Proof. Let d € Foo, with corresponding asymptotic sequence { zx } € F, v > 0, and note that
fx+~d) =27 Az + 20Tz + o + 2ya’ d.

If d is a retractive direction then for asymptotic sequences { z } C F, f(zr —d) = f(ay) —
2aTd < 0 for k > k. By Propositions 3 and 4, Fo, = bd(F)s for A = 0. Then there exists
{ & } Cbd(F) C F such that { & } is a corresponding asymptotic sequence to d. Then for all k,
f(@e —d) = f(2) —2aTd = —2aTd < 0 for all k > k. Therefore, a’d = 0 and d € (Fuo)—.

If d is a global horizon direction then for all z ¢ F, there exists ¥ > 0 such that for all
Y27

flz +~d) = f(z)+2yad < 0.
~

>0
Therefore, a’d < 0 and d € (Fx)<. If d is a local horizon direction that is not global then for all

x € F, there exists 4 > 0 such that for all v > ¥,

f(z+~d) = f(z) +2vaTd < 0.

Therefore, a’d = 0 and d € (Fuo)=
If d € (Foo)=, then for all v > 0, f(z + vd) = f(z). This implies that d is a local horizon
direction and not a global horizon direction since f(x + vd) < 0 if and only if f(z) < 0. To see that
d is retractive, f(z —vd) = f(zx) <O0.
If d € (Fx)<, then for all v > 0, f(z + vd) < f(z). Therefore, for any « € R™, there exists
~v* > 0 such that f(z + ~vd) <0 for all ¥ > +*. To see that d is not retractive, note that
(Foo)e C{d|d"Ad=0,a"d<0} = ({z|2"Az+2d"2+a=0})_.
Therefore, for any d € (F)<, d is an asymptotic direction of { x | 2T Az +2d7z+a =0 } That

is, there is a sequence {z}} such that zl Azy, + 2aTz + a = 0 for every k, limg 00 |2k | = 00, and
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limy o0 Hi—’zu = d. We show that f(xp —d) > 0 for all k. In fact, since f(zx) =0,

flzp — d) =zl Axy, — 227 A;d +d” A(()Z +2a"x), — 2a"d + a
=—2a"d > 0.
Therefore, d is not retractive. O

The two cases in Proposition 5 give geometric insight to what makes a direction retractive.
Consider the cases with Figure 3.3. In (b), the case describes when a € Range(A) and the boundary
of the quadratically defined set has linear features. Since the asymptotic directions are linear and
are defined by the set and its boundary, all directions are local directions and zy — d € F for all k.
However, the case in (a), covers when the boundary of F is asymptotically sublinear. Then for every
sequence {z} along the boundary of F, z; —d ¢ F for all k. Therefore, all asymptotic directions

of this case are global horizon directions but not retractive.

=

(a) (b)

Figure 3.3: The two 2D cases when A is positive semidefinite. In (a), a ¢ Range(A) and the
boundary of F has a curved behavior. In (b), a € Range(A) and as a result, the boundary of F is
linear.

In terms of semidefinite sets, the positive semidefinite case is more interesting than that of
the negative semidefinite. When A < 0 is nonzero, Proposition 3 states that Fo, = { T ‘ 2T Az <0 } =
R™. Even though the asymptotic cone contains all real vectors, F does not cover R", and the fol-

lowing proposition provides a geometric intuition to how the set behaves.

Proposition 6 (A <0, A#0). Let F = {z | 2T Az + 2aTx + o < 0} be a nonempty set such that

A =0 nonzero. Then F is retractive [5] and
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1. (Foo)1 = {d;«éO}dTAd<O} U {d;«éO|Ad:07 aTd<0} is the set of global horizon

directions
2. (Foo)2 = { d+#0 | Ad=0, a’d=0 } is the set of local horizon directions that are not global.

3. (Fxo)s = { d#0 ’ Ad=0, aTd>0 } is the set of directions that are mot local horizon di-

rections.

Proof. Since the complement of F is convex, then by [5], F is retractive.

Let d € F, v > 0, and note that
flx+~d) = 2T Az + 2072 + a + 2ya” d + ~*d” Ad.
If d is a global horizon direction. Then for all x ¢ F and X > 0,

flz+~d) = f(z)+2vaTd +v*dT Ad <0,
>0

for all ¥ >4 > 0. Since f(z) > 0, then
1. if d¥ Ad < 0, for large enough v, f(x +vd) < 0 and d € (Fuo)1 ;
2. if dTAd =0, aTd < 0 and d € (Foo)1-

If d is a local horizon direction that is not global, then for all x € F,

f(x 4 ~d) = f(x) +2vaTd +~*dT Ad <0,
~~

<0

for all vy > 4 > 0. Then, since d is not a global horizon direction, d” Ad = 0, a¥’d = 0 and d € (Fuo)2-

Let d be a direction that is not a local horizon direction, then d can not be an element of
(Fo)1 or (Foo)2. Therefore, since d € Foo, d € (Foo)s-

If f(z) > 0, then x ¢ F. For d to be a global horizon direction, one needs v(2a” d+~d* Ad) <
0 for all v > ~v* > 0. If d € (Fo)1, then the inequality holds.

If f(z) <0, then 2 € F. For d to be a local horizon direction, one needs y(2a” d+~yd* Ad) < 0
for all ¥ > ~* > 0. While this is satisfied for d € (Fx)1, d € (Fxo)2 also satisfies the inequality.

Let d € (Fuo)3, then y(2a”Td + vdT Ad) > 0 since v > 0. Therefore, (Fo)3 is the set of

directions that are not local horizon directions. O
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Overall, determining if a direction is a horizon direction is not a difficult task as seen
above. In fact, based off of the analysis above, one would imagine determining retractiveness to be
straightforward. This changes slightly when the Hessian, A, is indefinite. Unlike the semi-definite
cases, having an indefinite Hessian A decomposes the analysis to both the interior and boundary of
the asymptotic cone F,. Before beginning this analysis, it is best to note that the interior of F,
int(Fs), is not the asymptotic cone of int(F). In fact, since F is a closed cone, F, is not only

the asymptotic cone of F but also the asymptotic cone of the interior, int(F).

Proposition 7. Let F = { z € R" | 2T Az + 2a"z + o <0 }. Then int(Fu) is the set of retractive,

global horizon directions.

Proof. Let d € D with corresponding asymptotic sequence { zj, }, ||zx|| — oo, and € R"™. Then
flx+~d) = f(z) ++2d" Ad + 2v(Az + )" d.

Since d¥ Ad < 0, there exists v* such that v2d? Ad < 2y(Az + a)Td for all v > v*. Therefore, d is a
global horizon direction.

For d to be retractive, then f(x — d) <0 for k > k*. Note that

. flapy —d) y al Azy + 20T 2y, + o — dT Ad — 2(Azy + a)Td
e PR k12

=dTApd < 0.

Therefore, there must exists k* > 0 such that f(zx —d) < 0 for all k& > k* and d is

retractive. O

Proposition 7 can be visualized in Figure 3.4. In this figure, F = { x € R? ‘ 2TAz+a <0 }
Both (a) and (c) describe the possible shapes of F C R? when « is negative (a) or positive (c) with
the shared asymptotic cone in (b). In terms of Proposition 7, following any path along a direction d
from the interior of F, in (b), you will either stay in F or enter F and never leave for both (a) and
(c). This occurs because the boundary of F converges to the boundary of F, in both cases, and
d € int(Fo) will cross that threshold if the path starts outside of F,. Likewise, d € bd(F) is not
even a local horizon direction. Consider any point in the left side of (a), say = where x1 < 0. Then

choose d € bd(F4) such that d > 0. At some value v > 0, x + vd will leave F and since it travels
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parallel to bd(Fx), z +4d ¢ F for all 4 > .

L

T

(a) (b) (¢)

Figure 3.4: Graphs depicting the sets: (a) Fi = {az|-a2}+23-1<0}, (¢) F2 =
{z|-2?+23+1<0}, and (b) their shared asymptotic cone.

Next, to discuss the retractiveness of the boundary of the asymptotic cone first requires
simplifying the set in a similar way to Figure 3.4. Consider F = { x } 2TAz +a <0 } such that there
is no linear term a € R™. In this form, F is similar to its asymptotic cone Fo, = { z ‘ xT Az <0 }
with a minor transformation to accommodate «. Upon quick observation, the « term may have
impact in determining the retractiveness for the set F. However, this does not extend to higher

dimensions. Consider the following propositions.

Proposition 8. Let F = { T ‘ 2TAz+a <0 }, where A € 8™ is an invertible, indefinite, diagonal

matriz and n > 3. For any nonzero d € bd(Fs), d is not retractive.

Proof. For d to not be retractive, it suffices to show that there exists a sequence { zj } corresponding
to d such that ), —d ¢ F for every large enough k. That is, (v, —d)T A(zy, —d) +a > 0 for k > K.

Since A is an indefinite, diagonal matrix with P nonnegative entries and N = n— P negative
entries, without loss of generality, assume that the first P entries of A are nonnegative with the first
entry being positive. That is, A = diag(A1, A2,...,Ap, =A(p11),---, —A(p4+n)) Where A; > 0 and
A1 > 0.
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Denote d = (dy,ds,...,d,)T and then consider z;, € bd(F) such that

oy + &
kds

T = kdp , (3.2)

Yrdp41

Yedp4+N

where

o+ 2/1,)\1d1 + )\1%;

N
k? Zj:l /\P+jd§3+j

Ve = + 1.

Setting ¢ = o + 2ui1dy + )\1%—2, for v, to exists choose yu, k € R such that ¢, > 0 for all k£ > k. It
is easy to verify that x; € bd(F). However, to see that { zj } is an asymptotic sequence of d, note

that

o+ k2300 Nd?

Ve = N
Zj:l /\P+jd§3+j
N

. Ck k2 Zj:l )‘P+.7'd2P+j
- N N

Zj:l )‘P+jd%3+j Zj:l )‘P+jd?3+j

Ck
=k +1 (3.3)
N )
\/k2 Zj:l )‘Pﬂ'd%’ﬂ‘

where the second equality comes from the fact that d” Ad = 0 and

P 2 P 9 N
2 _ 12 o Crt kT Nid; 2
ol = k23St 4 Sy S
i=1 j=1"P+i%pyj =1
P 2 NV 2 N
e+ k2D Apyidh,
2 2 =1 7V P+ 2
=k Zdi + N ’ > ’ deﬂ'
i=1 Zj:l /\P+j(P+j)dP+j j=1

N
YD DY U o

N
i=1 Zj:l /\P+de+j j=1

36



where v, — k and ||z | — k||d|| as k — oo. Then ||zx|| — oo and x|z ™" — d||d|| ™! and { = } is
an asymptotic sequence converging to d.

Then,

P N P
cr + k2 i )\idf
i Ad = kz§ \id? — § Apijdby ~ 2 .
i=1 j=1 Zj:l >‘P+de+j

k? <Zf‘il )‘id?)z - (Z;V:I >‘P+jd?3+j)2 %
S Nd? e S0 Apdd

k? (25;1 Aid?)2 — k? (25;1 Aid?) 25\21 )‘P+jd%3+j —Ck Z;V=1 )‘P+jd?3+j
N k Zil Xid; + Yk Zjvﬂ Ap+jdp

K2 Nd? (Z; Nid? = 300, >\P+jd§o+j) — e Yl Apdb
N k Zil Aid} + Zjvzl /\P+jd§3+j
CRRATAD) YL Nid? — ey 0L Apydhy
kRS N X Apyydd

—Ck Z;-V:l Aptidp

k Zi:l )\zd% + Vi Zj:l )\p+jd%3+j

<0,

where the final inequality comes from ¢, > 0 for all k£ > k. Therefore, for all k, x{Ad <0. Asa

result, for sequence { zj, } defined in (3.2) and 7, defined in (3.3), { z1 } is a converging sequence of

d and

(xp —d)TA(xp — d) + o = 2F Az, + o+ dT Ad — 22T Ad > 0.
That is, d is not retractive. O]

When n = 2, there will be at least one case when F is retractive. In order to describe the
entire set F as retractive, consider the following proposition from Bertsekas and Tseng [5] followed

by an additional result.

Proposition 9 ([5]). Let F be a nonempty, closed set. Then the following hold:
1. If F is the complement of an open convez set, then F is retractive.
2. If F is the union or cross product of retractive sets, then F is retractive.

3. If F is the nonempty intersection of retractive sets, then F is retractive.
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Proposition 10. Let F = { T ‘ 2TAz+a <0 }, where A € 8™ is an indefinite, diagonal matriz,

n =2, and nonzero d € bd(Fu). Then the following hold:
1. If a« > 0, then d is not retractive.
2. If « <0, then d is retractive.

Proof. Let d € bd(Fy), that is, df Ad = 0. If o > 0, then consider the sequence

kdy
kdy, /e +1

From the same process of Proposition 8, it can be seen that fod < 0 and d is not retractive.

T =

If a =0, then F = F and can be decomposed into two, 2D polyhedral cones. Since each
of the two cones are the intersection of halfspaces, by Proposition 9, they are retractive. Also, by
Proposition 9, since F is the union of two retractive sets, F is retractive .

If @ < 0, F C Fu we follow the same approach as when o = 0. Consider the closure of the
complement of F, cl F€ = {x | 2TAz —a <0 } As in Figure 3.5, there exists ¢ € R? such that

FC can be decomposed into two sets,
]:"12{1‘|ch§0}|’101}'0, ﬁgz{x’ch>0}ﬁcl]:C,

where both 7, and F, are convex sets that are symmetric over { z | ¢72 = 0} [42], and by Proposition

9, cl .7’:'1C and cl .7:'20 are retractive. By Proposition 9, it suffices to show that F = cl f'lc Necl j—zc

cl]:'lcﬂcl]:}c:{x}xTAx—ag(), ch§O}Cﬂ{x|mTAx—a§O, chc>0}C
sz(fﬂ{m’ch>O})U(]-'ﬁ{$’ch§0})

=F.

Therefore, since the intersection of closed, retractive sets are retractive, JF is retractive.

O

Both Propositions 8 and 10 cover cases when A is an indefinite, diagonal matrix with no

linear term. When A is not diagonal, consider Corollary 1 below. Extending this to include linear
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(a) (b)
Figure 3.5: In the 2D case when A is indefinite and « > 0, there exists a vector such that F is

symmetric over that vector. In fact, the partitioning in (b) decomposes F into two convex sets.

terms will be a two part process. First consider a € Range(A4) in Proposition 11. Geometrically,

this is translating a set 7 = { z | 2T Az + o <0} by —c.

Corollary 1. Let F = { x | 2TAz +a <0 }, where A € 8™ is an invertible, indefinite matriz and

n > 3. For any nonzero d € bd(F)eo, d is not retractive.

Proof. Similar to Proposition 8, it suffices to find a sequence { zj } corresponding to d € bd(F)
such that xp — d ¢ F for every large enough k. Since A is a symmetric matrix, there exists an
orthogonal matrix U and diagonal matrix D such that A = UTDU. Without loss of generality,
assume that the first P entries of D are nonnegative and the remaining N = n — P entries are

negative. Since d € bd(Fw),
dTAd=0 = d'UTDUd=0 = (Ud)TD(Ud) =0,

and (Ud) € bd({z | 2"Dz+ a < 0}.). Denote y = Ud = (y1,¥2,...,yn)" and then consider

39



zr € bd({ | 27 Dx + a <0 }) such that

ky, + &

ky2

T = kyp . (3.4)

TeYP+1

YeYP+N
With this sequence, the proof follows similarly to that of Proposition 8. O

Proposition 11. Let F = {z | (x + ¢)TA(x + ¢) + « <0 }, where A € 8" is an invertible, indefi-

nite matriz, ¢ € R™, and n > 3. For any nonzero d € bd(Fu), d is not retractive.

Proof. Let F' == {y|yTAy+a <0}. By Corollary 1, for any d € Fo, = (F')s, there exists
{yr} CF" and k' > 0 such that yp, —d ¢ F' for all k > k', ||yx]| — oo, and (yi/|lykll) — (d/||d]|) as
k — oo. Let {x}} := {yr} —c. It is clear that {z}} C F and z;, —d ¢ F for all k£ > k’. To show that
d is not retractive, it suffices to show that ||| — oo and (xg/|zkl|) — (d/||d||) as k — oo. Since

lzwll = Nyl — llell,
l[yell = llell < [EA < [kl + llell
”ka HZ/kH ”ka

9

and ||yg|| — oo as k — oo, we have ||xg| — oo and ||zg||/|lyk|| = 1 as k — oo. Therefore,

i :yk—c_nykn:(yk e >|yk||%<d_0)_1:d N
Tl = Mol Tl = \Tell ™~ Tonll) Tl ~ \ Tl Il

O

Corollary 2. Let F = {:E ’ 2T Az +2a"2+a <0 }, where A € 8™ is an invertible, indefinite

matric with a; € R™, and n > 3. For any nonzero d € bd(F), d is not retractive.

After this analysis, for the general quadratically defined feasible region, the boundary of that
set is most likely not retractive. This consideration is explored in Chapter 6 where retractiveness

can be used to determine the existence of an optimal solution.
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3.2 Non-Intersecting Constraints

While this section has focused on the properties of a set defined by one quadratic constraint,
there is an increased difficulty when adding addtional constraints. If given a nonempty intersection
of sets, then the asymptotic cone of the intersection is a subset of the intersection of asymptotic
cones. One instance of this being equality is when the sets are convex. This subsection explores
the case where F5 induces a non-intersecting constraint in F;. That is, bd(F2) € F;. The non-
intersecting property is examined more in Chapter 4 in terms of convexifying sets in the lifted matrix

space S"t!. In terms of asymptotic cones, this property leads to the following result.

Proposition 12. Let 71 C R™ be a closed, nonempty set and let Fo = { T ’ 2T Az + 2T +a <0 }
where bd(Fy) C Fi. Then
(.7:1 N ]:2)00 = (]:1)00 N (]:2)00.

Proof. The forward containment follows from Proposition 9. For the reverse containment, let d €
(F1)oo N (F2)oe. Then there exists a sequence { z, },, € F1 such that ||z | — oo and x|z ||t — d.
Since d € (F2)o0, AT Wd < 0. These two cases are discussed below.

If d € int(F2)s0, then there exists some k € Z such that for all k > k, x%AkarQaTszra <
0. Therefore there exists a subsequence { zy, };-j C F2 such that [zx|| — oo and wpllzwll ™t = d
thus { 2 }sz C F1 N Fe. Hence d € (F1 N F2)oo-

If d € bd(F2), since F, induces a non-intersecting constraint in 7, there exists { zj, }, C

bd(F2) € Fi. Therefore { z) },, € Fi N Fz and d € (Fi N F2)so- -

If 77 is defined by a single quadratic constraint, Proposition 12 can be checked by using
the S-Procedure [36]. Otherwise, if F; is defined by multiple quadratic constraints, say F; =
{z|2TAiz +2alr4+0;<0,i=1,...,m} and Fo = {z | 2T Wa + 2wz +w < 0}, this property

holds if an only if
max{;vTAix—i—Za;?Fx—i—ai <0 | 2TWaz + 20wl +w SO}.

This procedure is discussed more in Chapter 4 addition of multiple non-intersecting constraints and
the impact of the Proposition 12 when F5 is defined by an affine linear constraint is examined in

Chapter 5.
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Chapter 4

Convex Hull Results on Quadratic
Programs with Non-Intersecting

Constraints

Chapter 2 introduced the idea of the convexification of a nonconvex set F, denoted C(F).
While finding this higher dimensional set can be computationally difficult in general, F can have
structural properties that provide easy to generate inequalities. In fact, there could be non-trivial
constraints with certain properties that, when added to F, do not add extra levels of difficulty
to finding C(F). This chapter focuses on adding an additional constraint to F, H, that has a

non-intersecting boundary with F.

4.1 Introduction

To explore the lifted closed convex hull for more sets, we take a small step and consider a
closed set G € R™ resulting by adding one more constraint to an F with known C(F). Specifically,
suppose that G := F NH where H is defined by a single inequality, we hope to derive C(G) based
on C(F) and the simple structure of H. If this is successful, we can repeat the process to generate
more convex hull results in the lifted space.

We are interested in the relation between C(G), C(F) and C(H). By definition, it is clear
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that
C(G) =C(FNH)CC(F)NC(H).

On the other hand, C(G) can be a proper subset of C(F) N C(H) in general. Such an example can
be found even when F and # are as simple as two intersecting ellipsoids [8].

In this paper, we propose a sufficient condition for C(G) = C(F)NC(H). Specifically, we show
that the equation holds when H is defined by a non-intersecting quadratic inequality with nonzero
Hessian. For the rest of the paper, unless stated otherwise, we focus on sets with the following

structure:
e F is a nonempty closed set in R™;

e H:={zecR"|2"Wazx + 2wz +w < 0} is a nonempty proper subset of R”, where W € S",

w € R™, weR,;
e G=FNH.

Note that although the study is motivated by and primarily applied to quadratically defined sets,
our approach does not rely on the quadratic structure of 7 or G. Moreover, we omit the trivial cases
when H = () or R™ in the discussion. We show in the paper that C(G) = C(F) N C(H) under the

following assumptions.
Assumption 3 (nonzero). W # 0.

The nonzero assumption assures that # is not linearly defined. The necessity of the as-

sumption is demonstrated by Example 2 in Section 4.2.

Assumption 4 (non-intersecting).

TWr+2wlz+w=0 = zecF (4.1)

Geometrically, the non-intersecting assumption is satisfied if and only if the boundary of H is
contained in F (and equivalently contained in G).

When F is quadratically defined , the non-intersecting assumption (4.1) holds if and only if

sup{azT Az +2alx + ;| h(z) =0} <0 Viel. (4.2)
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where h(z) = 2T Wz + 2wlz + w. If there exist # and z such that h(2) < 0 < h(Z), then the
optimization problem in (4.2) enjoys exact Shor relaxations due to the S-Lemma with equality [35].
Therefore, the non-intersecting assumption (4.1) can be checked by solving semidefinite programs.
On the other hand, if h(z) > 0 for all x € R™ and H # ), then W > 0 and w € Range(W). In this
case, h(z) = (x+b)TW(z+0b)T 43 for some b € R™ and 3 € R. We observe that 8 > 0 since h(x) > 0
for all z € R™, and that 8 < 0 since H # 0. Therefore, the constraint h(z) = 0 is equivalent to the
affine equality constraint W1/ 2(z +b) = 0. With suitable substitution, the optimization problem in
(4.2) can be transformed to unconstrained quadratic problems and solved easily.

Concepts similar to Assumption 4 have been mentioned in [37] and [3]. We restate those
concepts here to avoid possible confusion. In [37], two linear constraints are called “non-intersecting”
if the hyperplanes defined by the constraints do not intersect inside the wunit ball. In [3], “non-
interacting” constraints are explained as that if any of the constraints is active at a certain point x,
then all the other constraints are satisfied strictly at x.

Under Assumptions 3 and 4, we show in this paper that C(G) = C(F)N L(H) (Theorem 10),
where

LOH)={(2,X)|WeX+20"z+w<0}.

Since H is defined by a single quadratic inequality, it is known that C(H) = S(#H). We then have
C(G)=C(F)NLMH)=C(F)NS(H) =C(F)NC(H). Our proof approach is motivated by the prior
work on bounded quadratic programs with hollows [37]. When F is bounded, so is G, and C(G) is
reduced to

C(G) := conv { (z,zz") |lzeg}.

When F is bounded and quadratically defined, it is shown in [37] that C(G) = C(F) N L(H) under
the non-intersecting assumption. (The non-intersecting assumption implies the nonzero assumption
in the bounded case.) In this paper, we generalize the result to allow general unbounded closed F.
This generalization allows more intriguing applications. We provide four quadratically defined®

We remark here that the proofs in [37] do not generalize to the unbounded case directly. In
particular, two proofs are provided in [37]. The first one relies on discussing the locations of optimal

solutions of min { 27 Qx + 2¢x | # € F }, while the second considers the extreme points of C(F) N

IThe examples are all quadratically defined because little is known about C(F) when F is non-quadratic. examples
in Section 4.3.
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L(H). For the first proof, when F is compact, an optimal solution of min { 27 Qz + 2¢Tz | z € F}
always exists due to the Weierstrass extreme value theorem. However, in the unbounded case, an
optimal solution may be unattainable even if the optimal value is finite. For the second, when F is
bounded, C(G) is closed and is generated by its extreme points, which are in the form of (x, zzT).
When F is unbounded, C(G) is not necessarily closed, and C(G) is generated by both its extreme
points and its extreme directions. However, characterizing the extreme directions of C(G) seems not
to be an easy task.

To overcome the difficulty, we tailor a technical lemma by Dickinson et al. [15] to build a
connection between C(G) and C(G). As the connection is related to the asymptotic cone of G, we
use basic properties of the asymptotic cones and utilize their properties that are listed in Chapter
3. In Section 4.2, we use the connection to build the proof of C(G) = C(F) N L(H), for which two
nontrivial pieces of the claim are considered sequentially. To show the necessity of the assumptions,
a counterexample is provided after the proof. Three corollaries follow the main result with a gen-
eralization of the non-intersecting concept to allow multiple constraints in H. In Section 4.3, we

provide four examples where the theory can be applied. The paper is concluded in Section 4.4.

4.2 The closed convex hull result

In this section, we prove C(G) = C(F) N L(H) under Assumptions 3 and 4. We start from a

simple observation. Let T := {Y € S"T! | Y;; = 1}. By definition, it is easy to check that

o { (D)) [es } =eomans{ () ()’

where Y7; is the top left element of Y. We observe that the same statement also holds for the

xES}ﬁT,

corresponding closures.

Lemma 12. Let S CR"™ be a nonempty closed set. Then

o { () [ es}mmen{ )

Proof. The forward containment “C” is straightforward. Now let Y be a matrix of the set on the

xES}ﬁT.

right side of the equation. Then Y7 = 1, and there exists a sequence {Y;, },,, such that Y,, = Y as
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m — oo and

km T
1 1
Y, = A,

for some kp, > 0, A, and x,,,, € S. In particular, A,, := Zf;”l Am; — 1 as m — oo. Then ?m =
Yo /Am € conv { (}) (glc)T |z €S} andY,, =Y as m — oo. Therefore, Y € Gonv { ) (;)T |z e S}

O
The following lemma from [15] is crucial to characterize the closed convex hull.

Lemma 13 ([15]). Let S C R™ be a nonempty closed set. Then
cone conv { yy” |y € {1} x S} = conv{yy” | y € cone({1} x S) U ({0} x Sa) }.

Interpreting Lemma 13 by rewriting the equation in equivalent forms, we have the following

lemma to characterize the difference between the convex hull C(F) and its closure C(F).

Lemma 14. Let S CR"™ be a nonempty closed set. Then
C(S) =C(S) +conv{(0,dd") | d € S }.

Proof. By Lemma, 13,

amecon{ (1)(1)' <5}

=conv{ yy" |y € cone({1} x S)U ({0} x Sx) }

=conv { yy" |y € cone({1} x ) } +conv{yy" |y {0} x S }

—eonecane{ (1)(1)" | frcom{ () (3)" [aes )

Intersecting both sides of the equation with 7', we have
xesS }

w{ ()0 |esf = { ()0
v (0)(0) |aes. )
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by Lemma 12. Dropping the first component of the matrices, which is fixed to 1, the above equation

is equivalent to C(S) = C(S) + conv{(0,dd") | d € S, }. O

In fact, Lemma 14 helps build a connection between Rec(C(S)) and So. Applying the
description of the asymptotic cone in Chapter 3 to bd(H) = {z € R" | 2T Wz + 2wTz +w =0}, we

have the following key observation.
Proposition 13. If d*Wd = 0, then (0,dd") € Rec(C(G)).

Proof. Since W # 0 by Assumption 3, Proposition 4 indicates that {d € R"|d"Wd = 0} =

+(bd(H))eo- By Assumption 4, bd(H) is contained in G. Consequently, +(bd(H))oe C + G
by Lemma 9. Therefore, for any (x, X) € C(G), A > 0 and d € R™ such that d? Wd = 0,
(2, X) 4+ X0,dd") € C(G) + conv { (0,dd™) | d € +Goo }
= C(G) +conv{(0,dd") | d € Goo }
=C(G) + conv{(0,dd") | d € Goo } = C(G),
where the second equation holds because of Lemma 14. That is, (0,dd”) € Rec(C(G)).
O

With the help of Assumption 3 and Proposition 4, Proposition 13 establishes a connection
between {d € R" |d'Wd = 0} and bd(#). Without Assumption 3, {d € R" |dTWd = 0} is equal to
R™ and provides no information about H. In addition, the proof of Proposition 13 is the only place
where Assumption 3 and Proposition 4 are explicitly used in the proof of the main result (Theorem
10).

As another technical lemma for the main proof, we restate the famous rank-1 decomposition

by Sturm and Zhang.

Lemma 15 ([31]). LetV be a symmetric matriz, and suppose Y = 0 with VeY = 0 and rank(Y) = r.
Then there exists a rank-1 decomposition Y =Y :_, y'(y")T such that y* # 0 and (y")TVy' =0 for

alli=1,...,r.

The proof of our main theorem is constructed by the following two propositions. In the first

proposition, we show that C(F) Nbd(L(H)) C C(G) by proving a more general statement.
Proposition 14. If X = zz”7 and W e X + 2wz +w = 0, then (z,X) € C(G).
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T w T 1 T

x w x
Proof. Since > 0 and . = 0, by Lemma 15, there exist nonzero
r X w W x X
[
Yy = € R'" for j =1,...,r such that
T
Z w w? Z , , , , .
0= O_ 9 = () TW2I 4 220wT 27 + w(2})? (4.3)
27 w W 27

and

L - 3ove =) () =)

T JeJ JgJ
where J == {j |y} #0} and 2/ = 27/(2]) for j € J. Equivalently, ZjeJ(zg)Q =1 and
(z,X) = Z(zé) (z, 27 (x7)" +Z (0,27 (29T
jed i¢J

By (4.3), (29)TWz2J = 0 for j ¢ J. Therefore, Proposition 13 indicates that ngJ(O,zj(zj)T) €
Rec(C(G)). Also by (4.3), 27 € bd(H) C G for all j € J. Therefore, (z,X) € C(G) + Rec(C(G)) C
c(g).

O

We remark here that when W is (positive or negative) definite, |J| = r and the proof of
Proposition 14 reduces to the alternative proof of Corollary 1 in [37]. When W is not definite, the
term 3 .4(0,27(27)") is related to Rec(C(G)) in our proof by the prior discussion on the asymptotic
cones, which helps generalize the result.

Leveraging Proposition 14, we show in the following proposition that C(F) Nint(L(H)) C
C(G). In [37], this case is trivial as it suffices to consider the extreme points of C(F) N L(H) when
F is compact. Here, we need to adopt a different approach due to the unboundedness of F. We
consider an arbitrary point (z, X) in C(F) Nint(L(H)) and decompose it into “rank-1” points in
C(F). If all the “rank-1” points are in £(#), then (z, X) is in C(G); if some “rank-1” point is not
in L(H), we construct a convex combination of the point and (x, X) which is in bd(£(#)), and

consider the convex combination instead.
Proposition 15. If (z,X) € C(F) and W ¢ X + 2wTx + w < 0, then (z, X) € C(G).
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Proof. Since (x, X) € C(F), there exist #/ € F, u; > 0 for j =1,...,p, such that > u; =1 and
p . . .
(@, X) = (@, 27 (2/)").
j=1

Let J :={j| (@)TWal +2wT2/ +w <0}. If |J| =p, then 2/ € FNH =G for j =1,...,p, and
therefore (z, X) € C(G) C C(G). If|J| < p, then for each j ¢ J, we have We (27 (27)T)+ 2w 2/ +w >
0. Since the hyperplane { (z, X) | W ¢ X + 2w’z + w = 0} separates (27,27 (27)T) and (z, X), there

exists v; € (0,1) such that

satisfies W @ X7 + w”#/ + w = 0. Moreover, as a convex combination of two points (z, X) and
(27,29 ()T) in C(F), (27,X7) is in C(F). Since X7 = #4(i7)T, Proposition 14 indicates that

(27, X7) € C(G). By the definition of (&7, X7),

X) = 3 @, @) + 3 e, 27 (29)T)

jeJ i¢J
*ZHJ] xj ‘rJ zj +Z/’“J< ] JvXj)lfyj(‘TvX))
jedJ jéJ - -

then

Letorzzl—&—zzjgw”Py

375
1—7;7

ZMJ a2 (27T +Z (&7, X7),

JjeJ J¢f 1 B %
which is a convex combination of points in C(G). Therefore, (z, X) € C(G). O
Using a continuity argument, Proposition 15 can be generalized to C(F)Nint(L(H)) C C(G).
Corollary 3. If (z,X) € C(F) and W e X + 2wz +w < 0, then (z,X) € C(G).

Proof. If (z,X) € C(F), there exists a sequence { (z', X*)}, C C(F) such that (2!, X?) — (z,X)
as t — oo. Since W e X + 2w’z +w < 0, for sufficiently large t, W o X* 4+ 2wTz! + w < 0. By

Proposition 15, (¢, X*) € C(G). The proof is completed by taking ¢ — oco. O

Summarizing the above, we state the main theorem of this section as follows.

49



X

1 2 xr

Figure 4.1: In Example 2, C(G) is a bounded set while C(F) N £(H) is unbounded.

Theorem 10. Under Assumptions 8 and 4, C(G) = C(F) N L(H).

Proof. The forward direction “C” is easy since C(G) C C(F) NC(H) C C(F) N L(H). The other

direction is given by combining Proposition 14 and Corollary 3. O

The non-intersecting assumption (Assumption 4) is essential in Theorem 10. We refer the
readers to [37] for counterexamples when W > 0 and the non-intersecting assumption is missing.

The following example shows that the nonzero assumption (Assumption 3) cannot be dropped.

Example 2. Let F={z cR|—2—-2<0}=[-2,00), H={z €eR| —x+1> 0} = (—o0,1], and
G := FNH =[-2,1]. Obviously, the non-intersecting assumption is satisfied as bd(H) = {1} C F.
Howewver,

CO ={(x,X)eR?* | X <2—2,X >2?},
which is a proper subset of

CANLH) ={(z,X)eR?* | 2<2<1,X >2%}.

We conclude this section with three corollaries of Theorem 10, which extend our main result
to sets defined by multiple quadratic constraints. Let H' := {z € R" | 2T Wiz + 2wl z + w, <0, k€ K }
be a nonempty proper subset of R™, where W, € 8", wy € R", w; € R, and K = {1,...,£}. Corre-

spondingly, we define
LOH):={(2,X) | Wy e X +2wfz+w, <0, VEkEK}.
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The first corollary is a direct extension of Theorem 10.

Corollary 4. For a nonempty closed set F CR™ and G = FNH', C(G) = C(F) N L(H') under the

following assumptions.
Assumption 5. Wy #0 for all k € K.

Assumption 6. For allk € K,

x € F,
xTka—i— 2w£x +w, =0 —

Wiz 42wl z+w; <0, VjeK\{k}

Proof. Let Hy, := {z € R" | 2" Wy 4+ 2wl z + wp <0} for each k € K. We have H' = (e M-
When ¢ = 1, the statement is reduced to Theorem 10. For ¢ > 2, the corollary can be proved by
repeatedly applying Theorem 10 to Hy and F NHy N - N Hi_1.

O

The second corollary shows that C(G) = S(G) when G is defined by non-intersecting quadratic
constraints with nonzero Hessians. Special cases and variants of the corollary can be spotted in the
literature. To name a few: the non-binding constraints in [41], the generalized trust region subprob-

lem in [27], and the non-interacting constraints in [3].
Corollary 5. LetG = {z € R" | 2T Wz + 2wz + wy, <0, k € K } be a set defined by non-intersecting
quadratic inequalities with nonzero Hessian matrices. That is, for all k € K, Wy, # 0 and

mTka—i—ngx—i—wk:O — ITWjJ:—i—wax—l—ijO Vje K\ {k}.

Then, C(G) =S8(G) ={ (2, X) | Wy e X + 2w}z 4w, <0,k € K, X = azzT }.
Proof. Note that G can be decomposed as G = FNH', where F = R™ and H' = G. Since Assumptions

5 and 6 are satisfied, Corollary 4 implies

C(G) =C(R") NL(9)
={(z,X) | Wye X +2wlow+w, <0, k€ K, X = xa’ }

=S5(9).
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O

The last corollary can be interpreted as a sufficient condition for C(FNH') = C(F)NC(H').
Note that C(F) N L(H') = C(F) N S(H'). By Theorem 10 and Corollary 5, we have the following

statement.

Corollary 6. For a nonempty closed set F C R", C(FNH') = C(F)NC(H') under Assumptions 5
and 6.

4.3 Examples

In this section, we provide four examples to show how the theory in Section 4.2 can be
applied to derive new convex hull results in the lifted space. The first example is a toy example,

which is depicted in Figure 4.2.

Example 3. Let F := {x € R? |1 > 0,22 > 0} be the nonnegative quadrant, H := {z € R?| —
(r1 — 22)% + 229 — 1 <0}, and G := FNH. It is known that C(F) is the doubly nonnegative cone
[2], that is,

CF)={(z,X)| X =azT, X>0,2>0}.

Since bd(H) C G, the non-intersecting assumption (Assumption 4) is satisfied. Therefore, Theorem
10 indicates that
— (X141 + Xo2) +2X10 + 225 — 1 <0,

C(G)=C(F)NLH) =1 (z,X)
X>=22T, X>0,2>0

The next example is a disjunctive mixed-integer set in R?. The closed convex hull of mixed-
integer sets in the lifted space have been widely studied, e.g. in [10] and [16]. We hope the derivation
the basic example can shed some light on future study of the geometry of the lifted closed convex

hull for more complicated mixed-integer sets.

Example 4. Let G :={x € R? | 11 — x5 € {—1,0,1} } be a disjunctive set composed of the union of

three parallel lines, see Figure 4.3. We can rewrite G as a set defined by non-intersecting quadratic
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1 2 3 1

Figure 4.2: The first quadrant with a parabolic hollow.
inequalities. That is,

(,’,El — Ty — 1)($1 — T2+ 1) S 07
G={ zecR? —(z1 —xg — 1)(x1 — x2) <0,
—(r1 =22+ 1)(z1 —22) <0

Since the Hessians of the defining quadratic inequalites are nonzero, Corollary 5 indicates that

X1+ X9 —2X15-1<0

_ X1+ Xoo —2X1p—21+2220
C(G)=8(9) =4 (z,X)
X1+ X —2X12+71—2220

X = zxT

The problem we consider in the next example arises from an extension of the Weber Problem

[13] with restricted regions [1, 18].

Example 5. The Weber problem determines the location of a facility that minimizes the sum of the
transportation costs from this facility to n sites. In a traditional Weber problem, the transportation
costs are proportional to the Fuclidean distance. However, in some realistic situations, it would be
more appropriate to assume that the transportation costs were proportional to the squared Fuclidean

distance [13]. On the other hand, restricted regions have been taken into considerations for the
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Figure 4.3: Three parallel lines.

S

o

Weber problem and facility location problems [1, 18].

These restricted regions, while allowing travel through them, prohibit the placement of a
facility. Different shapes of the restricted regions have been considered, e.g. polyhedral restricted
regions and circular restricted regions [20].

In this example, we consider an extended Weber problem with squared Euclidean distance and
disjoint circular restricted regions. Let ay,...,a, € R? be the location of n sites. The transportation
costs from a facility x € R? toa; (i = 1,...,n) is assumed to be w;|z—a;||3, where w; > 0 is a weight.
Let by, and ry, be the center and radius, respectively, of the k-th restricted region (k=1,... , K). We
seek for an optimal location x of a facility, so that the total transportation costs are minimized and
x 1s not located in the interior of any of the K disjoint regions. The problem can be formulated as

a QCQP:

n
inf szﬂm — a3
i=1

st. |lz—bpl3>73, k=1,...,K.

Despite of being nonconvez, the feasible region G := {x € R? | ||z — bg||3 > ri } is defined by non-

intersecting quadratic inequalities with nonzero Hessians. Therefore, C(G) = S(G) by Corollary 5.
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The problem is then equivalent to a semidefinite program:

inf Z w;(tr(X) — 2Tz + al a;)
i=1

st. tr(X)—2blz+blo,>7r, kE=1,... K,

X = xz’.

In the last example, we regenerate a semidefinite reformulation for a generalized trust-region

subproblem with a milder assumption.

Example 6. The trust-region subproblem (TRS) minimizes a quadratic function over the unit ball.
It is well known that the standard semidefinite relaxzation of TRS is exact. In this example, we

consider a generalized TRS with interval bounds.

inf 27Qx+2¢"x (GTRS)

st. (<zTAz+2dTz < u,

where @, A € 8", g,a € R", and —00 < £ < u < oco. Note that A is not necessarily positive
semidefinite.
This problem has been widely studied in the literature, e.g. [35, 27, 34]. It is shown in [34]

that the following semidefinite relaxation

inf QeX +2¢"x (SDP-GTRS)
st. <AeX+2Tx < u,

thzT

is exact under two assumptions:
1. (nonzero) A #0;

2. (Slater’s condition) There exists & such that £ < 2T A% + 2aT% < u in the case when { < u;

there exist & and T such that 2T Az + 2aT¢ < 0 < TTAZ + 24T in the case when £ = w.

With our approach, since G := {x € R" | £ < 2T Az + 2aTx < u} is defined by two non-
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intersecting quadratic inequalities, we have

CO) =89 ={(z,X)[{<AeX +2 "z <u, X ="}

if A #0. As a result, (SDP-GTRS) is exact as long as A # 0. Note that the second assumption
(Slater’s condition) in [34] is not required in our approach.

To illustrate the difference, we denote the Lagrangian dual problem of (GTRS) by (D-GTRS)
and denote the conic dual problem of (SDP-GTRS) by (SDD-GTRS). We also use v(-) to repre-
sent the optimal value of each problem. The approach in [34] proves that v(GTRS) = v(D-GTRS)
with both the nonzero assumption and the Slater’s condition. It is also shown in [34] that the
Slater’s condition for (GTRS) is equivalent to the one for (SDP-GTRS). Since v((SDP-GTRS)) =
v(SDD-GTRS) under the latter Slater’s condition and (SDD-GTRS) is an equivalent reformulation
of (D-GTRS), it is concluded that v((SDP-GTRS) = v(SDD-GTRS) = v(D-GTRS) = v(GTRS).
On the other hand, our approach directly connects (GTRS) and (SDP-GTRS) without consider-
ing the dual problem. Therefore, the Slater’s condition is not required to prove the exactness of

(SDP-GTRS). See Figure 4.4.

A # 0, Slater’s
GTRS @ D-GTRS

A#0(1) 3)

4
SDP-GTRS @ SDD-GTRS
Slater’s

Figure 4.4: A flowchart showing the two approaches mentioned in Example 6. Our direct approach
is only concerned with arc (1) whereas the method in [34] traverses arcs (2),(3) and (4).

4.4 Conclusion

For closed sets F and H’, we consider the relation between C(F N H') and C(F). We
show that C(F N'H') = C(F) N L(H') = C(F) NC(H') when H' is defined by quadratic constraints

with nonzero Hessians and the non-intersecting assumption is satisfied. This result generalizes the
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bounded case in [37] and other non-intersecting cases captured by Corollary 5. To prove the result,
we provide a complete characterization of the asymptotic cones of sets defined by a single quadratic

equality as a byproduct.

57



Chapter 5

Sets with One Non-Intersecting

Linear Constraint

Chapter 4 decomposes a set GG into two sets: F which possesses qualities with known results
and H, a quadratically defined complicating set defined by non-intersecting constraints (bd(H) C
F). The method of proving these results fail when considering a non-intersecting affine constraint.
Example 2, in Chapter 4, highlights how the results in the previous chapter require refinement
in order to analyze the case with linear constraints. This chapter aims to approach this in two
directions. Direction one is the direct approach which considers the conditions for a halfspace to
induce a non-intersecting constraint. Under these conditions, the relation of asymptotic directions
between F and H can be used to extend the results of Chapter 4. The second approach is using
homogenizations mentioned in [31]. Defining a new non-intersecting relationship in the lifted, conic

space may produce more insight about the relationship between F and H.

5.1 Lifted Convex Hull Approach

Relaxing H to an affine linear constraint raises the question of if the boundary, bd(#), can

be contained in F. To simplify this analysis, unless stated otherwise, we assume F to be at most
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quadratic and define F, H as follows:

f:{x|:rTAw+2aT:c+a§0},

’H:{x‘wa—i—wSO},

where, without loss of generality, ||w| = 1. Answering this question is an application of the S-
Lemma [36], presented in Lemma 1 in Chapter 2. This theorem of alternatives has been used in
many comparisons of quadratic sets and is used to derive results relating objective functions to sets
defined by one constraint. Simplifying this to a quadratic constraint and a linear constraint, we have

the following lemma.

Lemma 16. Let F :={zx € R" | 2T Az + 2a"2 + a <0} and H = {zx € R" |wTz +w < 0}. Then

H induces a non-intersecting constraint if and only if

y (a —wAw)TB
(a — wAw)BT BTAB

where v = a — 2waTw 4+ w*wT Aw and the columns of B € R™*("=1) form an orthonormal basis of

the null space of w.

Proof. H induces a non-intersecting constraint in F if and only if
max {27 Az + 272+ o | w2z +w =0} <0. (5.1)
Using a null-space representation, we have that
{zeR" |wlz+w=0}={By —ww|ycR"'}.
We can rewrite (5.1) as
max { y' BY ABy 4 2(a — wAw)" By +~1} <0, (5.2)

where v = a — 2waTw + w?wT Aw.

59



From [31], we know that (5.2) is satisfied when

¥ (a —wAw)T'B
(a — wAw)BT BTAB

=0.

Lemma 16 can be extended inductively to compare a set F defined by countably finite

quadratic inequalities by checking the requirement with each constraint individually. After deter-

mining whether H induces a non-intersecting constraint, the next goal is to define the relationship

of the asymptotic directions between F, H, and the intersection : G = F NH.

Proposition 16. Let H={z € R" | w'2 +w <0}, and bd(H) C F, then Foo N Hoo = Goo-

Proof. The reverse containment is trivial. Consider d € Fuo N Hoo. If w'd =0, then d € bd(H)wso C

Goo. Otherwise, w''d < 0. Then there exists a sequence { x; },.; C F such that ||z;|| — oo and

i€l

d= lim i

We have that

U)T.Ti

0> lim
i~o0 |||

1
= lim (wlz; +w).

Since wTd < 0 and ||z;]] > 0 for all 4, there exists a subsequence {z;} such that wz; + w < 0.

Therefore, this subsequence is contained in G and d € G.

Proposition 16 has no assumptions on the definition of the set F other than the containment

of the boundary of H. Recall that in Chapter 4, the asymptotic cone provides insight into the

recession cone of sets in the lifted space. That is, F,, provides at least a partial understanding of

Rec(C(F)). In fact, since F is defined by a single quadratic constraint, the following proposition

provides a complete understanding of Rec(C(F)).
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Proposition 17. Let F = {x € R" | 2T Az + 2a"x + o < 0}. Then
Rec(C(F)) = conv { (0,dd") | d € Foo } .
Proof. For the forward containment, note that
Rec(C(F)) = Rec(S(F))={(0,D) | Ae D <0, D=0},
where S(F) is the Shor relaxation of F. Since D > 0, we can decompose D as

D =Y "did], whered Ad; <0Vi=1,...,r, r=rank(D).
i=1
Since df Ad; < 0, d € Foo for all i = 1,...,7 and (0,D) € conv { (0,dd") |d € Fs }. To see the
reverse containment, note that for (0,D) € conv { (0,dd”) | d € F, }, D is a convex combination

of rank-one products of elements in F,. Therefore D > 0 where
AeD=AeY Ndid] =Y NAedd] <0.

O

Expanding Proposition 17 for an F defined by multiple constraints runs into issues for the
forward containment of the previous proof. That is, after performing a rank-one decomposition with
regard to one constraint, a relation for the remaining constraints has yet to be found.

For the analysis, F is a quadratically defined set. The non-intersecting assumption provides
a rather uninteresting case for when F is defined as an affine, linear set. Geometrically, the assump-
tion limits the boundaries of F and H to being parallel hyperplanes. Algebraically, we have that for
F={z|a"s+a<0}, then H={z|Ba"z+w<0}.

Proposition 18. Let F = {z € R" |a’z+a <0} and H = {z € R" | BaTz +w < 0} where,

a#0,B€R\{0}, and G =FNHAD. Ifbd(H) C F, then one of the following is true:
1. 6>0and G=FNH=H, or

2. B<0 and C(G) # C(F) N L(H),
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where

LOH):={(z,X)|WeX+Ba"z+w<0}={(2,X)|Ba"z+w<0}.

Proof. Ttem 1 is trivial since 8 > 0, so H C F. If < 0, then, using Proposition 3, Goc =
{deR"|aTd=0} C {deR"|a’d<0} = Fu. Therefore, by Proposition 17, Rec(C(F)) #
Rec(C(G)) it is easy to see Rec(C(F) N L(H)) # Rec(C(G)). O

Therefore, in order for the results of Chapter 4 to hold when H is defined as a half-space, F,
assuming F is defined by a single constraint, must either be defined by a strictly quadratic constraint
(A #0) or G =H. In particular, Proposition 18 highlights the issue with Example 2 describing how
G, and C(G) as consequence, is bounded. However, for the sake of continuing an analysis, F will
be defined with A # 0. This leads to the question of under what conditions of (a, A) will H induce
a non-intersecting constraint in F. There are only three cases of F such that a half-space H may

possibly induce a non-intersecting constraint:
1. A=0,
2. A indefinite, and
3. A> 0 and a € Range(A).

Note that the case of A > 0 where a € Range(A) is not on the list of possible cases. This case can

be ruled out with the following proposition:

Proposition 19. Let F = {z eR” | 2T Az +2aTz 4+ a < O} be a nomempty set with A = 0
nonzero and H = { x € R" | wTz +w <0 }. Then bd(H) C F only if a € Range(A) and rank(A) <

1.

Proof. Suppose that bd(#) C F. By Lemma 16, bd(H) C F if and only if

a—wAw)'B
_ gl ( ) <0
(a —wAw)BT BTAB

where v = o — 2wa”w 4+ w?w” Aw and the columns of B € R™*(=1 form an orthonormal basis of
the null space of w. This implies that the principal minor BT AB < 0. Combining this with A = 0,

we have that BTAB = 0 and AB = 0. This has two implications. First, since the columns of B
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form an orthonormal basis of w, rank(B) = n — 1 and as such, rank(A) < 1 where A = kww? for
some k > 0. Second, since T < 0 and BTAB = 0, then the corresponding rows and columns are

also 0, i.e (a — wAw)T B = 0. Then
0=(a—wAw)"'B=a"B —ww”ATB =a"B —ww” AB = " B.

As a result of this, a € Range(A). Otherwise, a” B # 0 which is a contradiction to 7' < 0.

O

From Proposition 19, Case 3 is not as interesting as the previous two cases. From Proposition
19, we know that if bd(#) C F then A = kjww? for some x; > 0 and a = kow for Ky € R. If A =0,
then F is reduced to a halfspace (assuming a = 0) which is discussed in Proposition 18. Otherwise,

F can be rewritten as follows:

f:{m|xTAx+2aTm+a§0}
:{Jc | J)TIQ1’LUU}T1‘—|-2/€2U)TJ)+04 < O}
={z|r(w'z)?+ 20 z+a<0}

={z|t<wz<u}, forsome!<u

That is, if bd(H) C F, then F can be described as the region between two parallel hyper-
planes. With this in mind, we only consider the case when A % 0 and have the following propositions

relating to the symmetry of the asymptotic directions of F and its impact on the recession cone

Rec(C(9)).

Proposition 20. Let F = { z | 2T Az + 2a”z + o < 0 } such that A £ 0. Then forH ={z € R" |[w"z+w <0}

such that H induces a non-intersecting constraint in F,
{(0,dd") |de Foo } = {(0,dd") | d € Foo N'Hoo }-

Proof. Since A % 0, by Proposition 3, if d € F, then —d € F,. Since H is a halfspace, d € H, or
—d € Hoo. Therefore,

(0,dd™) € {(0,dd™) | d € Foo NHoo } = {(0,dd™) | d € Foo }.
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O

Proposition 20, along with Proposition 12, fills in the picture for when F is a quadrat-
ically defined set where A # 0 and H is defined by a halfspace where bd(H) C F, the set
{(0,ddT) | d € Foo NHoo } is no more difficult to calculate than {(0,dd”) | d € F }. This rela-

tionship helps define the recession cone of the lifted convex hull of the intersection.

Proposition 21. Let F:={z € R" | 2T Az + 2aTx + a <0} for A # 0,
H={zcR"|wlz+w<0}, and bd(H) C F. Then, for G = F N'H, Rec(C(G)) = Rec(C(F)).

Proof. We know that Rec(C(G)) C Rec(C(F)). For the other direction,
Rec(C(F)) = conv{ (0,dd") | d € Foo } = conv{(0,dd") | d € Goo } € Rec(C(G)),

where the second equality comes from Propositions 16 and 20. O

With a complete understanding of Rec(C(G)) with regards to C(F), the relationship between

C(G) and C(F) can be completed with the following proposition.

Proposition 22. Let F = {2z € R" | 2T Az + 2aT0 +a <0}, A% 0, andH = {z e R" |wlx+w <0}
where bd(H) C F. Then C(G) = C(F) N L(H).

Proof. The forward containment is straightforward. For the reverse containment, let (z, X) € C(F)N

L(H). If X =z27 thenz € FNH =G and (z,z2T) € C(G). Otherwise, since (z, X) € C(F), then
(2, X) =Y Nilat 2’ (@)T) + Y N(ad 2l (27)T),

iel jeJ

where I = {i|wT2' +w <0}, J = {j|wl2! +w >0}, and (z,X) is a convex combination of
(2%, 2*(z")T) € C(F) for all i € TU J. Since (z,X) € L(H), |I| > 1 where (2, 2*(2")T) € L(H) for
i€ 1. For any j € J, say (27,27 (29)T) ¢ L(H), then there exists (y;,Y;) € bd(L(H)) such that

(v, Y7) = py(z, X) + (1= p) (2, 27 (27)7),
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where p; € [0,1]. Solving for (z,X) for all j € J, we have

J’Yj)’

(0, X) = Y0 2ot i)Y + 3

o(1—
iel geJ MJ

where 0 = 1+deJ 218 Since bd(H) C F, forall j € J, (y7,Y7) = (y7, 47 (y?)")+£,(0, D7), where
W,y (y")") € C(F) N 5(7'1), kj 2 0, and (0, D7) € Rec(C(F)). Since (7,37 (y7)") € C(F) N L(H),
(v7, 97 (y")T) € C(G). Also, by Proposition 21, (0, D?) € Rec(C(G)). Therefore, since (z, X) can

be represented by a convex combination of extreme points and a conic combination of recession

directions of C(G), (z,X) € C(G). O

In conclusion, if the complicating set H is defined by a non-intersecting affine linear con-
straint, then the results of Chapter 4 hold. However, there are two drawbacks. The first is that as
F is composed of more constraints, the non-intersecting assumption becomes harder to attain. The
second is addressed with Proposition 18, when the addition of an affine linear constraint carries the

possibility of removing the unboundedness of G. This is the issue presented in Example 2.

5.2 Homogenizations

The previous section demonstrates the need for extra resources to extend the theory of
Chapter 4. Instead of applying concepts and theory directly to the intersection of sets, perhaps
an intermediary step can derive a more explicit description. For a given set F, we consider the

homogenization J#(F) as follows:

Definition 3. [Homogenization] Let F be a closed set, then

%(I)::el{(i)‘wo,fef}. (5.3)

This set has another representation with a more intuitive form.

Lemma 17 ([15]). Let F C R™ be a nonempty closed set. Then
H(F)=clecone({1} x F) =cone({1} x F)U ({0} x Foo).

After a quick inspection, it is easy to see that J#(F) is a cone. In fact, J#(F) has a
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similar decomposition to the closed positive hull described in [29]: one piece related to the set and
the second related to the asymptotic cone. Instances of the homogenization of a set has occurred
multiple times in literature. For example, describing the lifted convex hull of a set defined by a
single quadratic inequality [31] and in the analysis of the semidefinite representation of nonconvex
quadratic programs [15]. Using homogenizations in relation to Chapter 4 with the non-intersecting
assumption requires knowledge of the boundary of a homogenized set. Equation (5.3), while being
straightforward, does not provide a direct understanding of J#(F) when ¢ approaches 0. Consider

the following proposition:

Proposition 23. Let F C R” be a closed nonempty set. Then

af () [Ferof e { () [F erme-ofo{ ()

Proof. Denote A= { (t,z) | £ € F, t >0} and let (¢,z) € bd(A). If

Jce]:oo}.

1. t =0, then since J(F) = cl(A), bd(A) C H#(F) and (0,z) € ({0} x Fxo).

2.t >0, then y = 7 ¢ int(F). Otherwise, there exists ¢ > 0 such that B.(%) C int(F). For M

being the minimum distance between 7 and the boundary of F, 0 < e < M. Consider § > 0

such that for any ¢ > 0, te < (t — 6)M and the set

B=[t—6t+04] x tB. (%)

Then for any given ¢ € [t—4,¢t+4], the distance between any point (£,4) € B and the boundary
of A is strictly greater than te and B C int(A). Hence, (¢,z) is not a boundary point of A.
Therefore, ¥ € bd(F) and (t,x) € cone({ 1 } x bd(F)).

O

Proposition 23 highlights that as ¢ approaches 0, the behavior of J#(F) is determined by

the asymptotic cone F,,. With this understanding, the boundary, bd(2(F)), can be fully defined.

Proposition 24. Let F C R” be a closed nonempty set. Then

e ={ () |z i} (1)
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Proof. (C). From Proposition 23, we know that

el () [Feriop =i () Fereo)
()5 emmre-o}o{ ()

(2). Let (t,z) € {(t,z) | £ € bd(F),t >0}. First, we show that (t,z) € J(F). For

1:6.7700}.

all e > 0, B. () NF # 0 and B (£) N FC # 0, where F© is the complement of F. Also, since
7 €bd(F), 1 x § €cone({ 1} x bd(F)) Ccone({1}xF)C(F)and (t,x) € H(F).
To show that (¢,2) € bd #7(F), note that B, (%) NF #0, B (%) NFC £, and there

exists § € Be (%) NJF and § € B. (%) N FC. Consider the set
t X tB:(x) =t x B ().

Since § € B. (£)NF # 0, (t,t9) € (t x Bee(2)) NS (F). Similarly, (¢,ty) € (t x Bye(x)) Nint 7(FC).
Since int S (FC) C H#(F)C, (t,ty) ¢ H#(F). Therefore, (t,z) € bd(H(F)).

Since { (0,2) | € Fs } is an exposed face of 57 (F), any element (0,z) € { (0,z) | z € Foo }
is in the boundary of 72 (F). O

Proposition 24 quickly disproves the idea that bd(7(F)) = ' (bd(F)). This only occurs
when Fo, = bd(Fw). In order to build a connection to Chapter
4 with the non-intersecting assumption, we need to understand how non-intersecting in the

homogenized space affects the original space.
Proposition 25. Let F, H be closed, nonempty sets. If bd(H(H)) C S (F) then bd(H) C F.

Proof. Let x € bd(H). Then, by Proposition 24, (¢,tz) € bd(#(H)) C S (F) for all t > 0. Setting
t =1, we have that (1,z) € #(F) and T =z € F. O

Proposition 25 provides only one direction in the relation. This is due to the asymptotic

cone. Suppose there are two sets F, H such that

{G) == 2 { ()

and thus bd(s#(H)) is not contained in J#(F). Viewing this directly in the scope of Chapter 4, the

xe]:oo},
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direct extension to homogenizations may not provide the same quality of results. However, there is

a level of symmetry in quadratic constraints that could be used.

5.2.1 Set Defined by a Single Quadratic Constraint

Focusing this analysis, let 7 C R™ be a closed, quadratically defined set,
Fe={zx|2"Ax+2a]2+0a;<0,icl},
with the following homogenization:
H(F) = cl{ (;) ‘ t> 0,27 Ay 4 2tal z + ;1> <0, i €1 } . (5.4)

For this discussion, set |I| = 1 such that F is defined by a single quadratic constraint with parameters
A eS8 aeR” and a € R. In general, describing the homogenization of F requires the closure
presented in (5.4). In terms of a quadratically defined set, this is due to the asymptotic cone, Foo,

and its relation to the Hessian A. Consider the inequality
2T Az + 2tax + at® < 0. (5.5)

When t = 0, 7 Az < 0. By Proposition 3, we know that F., C { T | T Az <0 } with equality if
and only if A % 0. This is due to, when A = 0, F., also depends on the linear inequality a2 < 0.
This additional information is lost in (5.5) when ¢ = 0. Therefore, when F is defined by a single

quadratic inequality, we have the following proposition:

Proposition 26. Let F = { T ‘ 2TAzx +2a7z+a <0 } be a nonempty set. Then
t
H(F) C { ( ) ’tZO, ot Az + 2ta” x + at? go},
x

with equality when A is not a positive semidefinite matrix.

Proof. 1t is straightforward that
t
cone({1} xF)C { ( ) ‘tEO, 2T Az + 2taT x4+ ot? SO}.
x
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By Lemma 17, we only need to consider { 0 } X Foo. Let A be a non positive semidefinite matrix.

Then}"oo:{x‘mTAmSO}and

() r=sorar=e}{ )

Otherwise, if A = 0 (A could be the zero matrix), then Foo C {2 |27Az <0} and the claim

xefoo}.

holds. O

When F is defined by a single, quadratic constraint, 52 (F) can be explicitly defined by
two constraints. If the Hessian A is not positive-semidefinite, then its formulation is presented in
Proposition 26. Since Chapter 4 relied on the complicating set being defined a single constraint,
this implies that Theorem 10 may have difficulties extending to the homogenized case. Similar to
Chapter 4, the boundary of conv { yy” |y € G } Nconv { yy” | y € #(F) } is defined in terms of
bd(s#(F)) for some cone G. Then, when considering a point X in the interior of the intersection, a
rank one decomposition of X is used where the points are contained in conv { yy” |y € G }. If all
of the rank-1 points are contained in conv { yy” | y € #(F) }, then X is contained in the convex
hull of the intersection. Otherwise, the rank-1 point will be written as a convex combination of X

and some point in bd conv { yy” | y € H(F) } .

Proposition 27. Let G C R™1 be a cone and F = { zeR™ | 2T Az +2aTz+a <0 } be a closed
set such that bd(#(F)) C G. Then

conv{yy" |yeGNA(F)} =conv{yy" |yeG}nconv{yy" |yec#(F)}.
Proof. For ease of notation, for any set S, let
CS)={w" |yes}.

The forward containment is straightforward. As for the reverse containment, denote

It suffices to show that C(G N .2(F)) 2 C(G) N S(H(F)), where S(#(F)) is the Shor Relaxation
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of S°(F) defined below [31]:
S(%(}‘)):{YGS"H ‘Y-Ago, YEO}.

First, consider elements of C(G) that exist along the boundary of S(#(F)) pertaining to { Y ‘ AeY =0,Y =0 }

Let Y € Sﬁ“ with rank 7 such that AeY = 0. Since Y = 0, a rank-one decomposition yields

T
t; ) ‘
YZE Yyl Y = oyl Ay; =0, i=1,...,7.
i=1 Z;

If t;, = 0, then 27 Az; = 0. If A % 0, then z; € F and, by Definition 24, y; € bd(#(F)) C G.

Therefore, y; € GN I (F). Otherwise, by Proposition 4, we have that z; € F, or —x; € Foo. Since

vyl = —vi(—u:)7, (5.6)

= (2)() = (5D

Without a loss of generality, choose x; or —z; such that y; € G Nbd (2 (F)).

then

If ¢; > 0, then

t; 1 1
( ) = t() =5 (2] Az + 2t 3 + ot]) = 0,

T

t;

and y; € cone({1} x bd(F)) C bd(H#(F)) CG.

If t; < 0, then by using (5.6), choosing y; = —y; and following the ¢; > 0 case, y; €
cone({1} x bd(F)) C bd(s(F)) C G. Therefore, since Y is a conic combination of elements in
G N A (F), then Y € C(GN F).

Now, consider Y € C(G) such that AeY < 0. Since Y € C(G), then Y can be expressed by

the following conic combination

Y= "l +> ), (5.7)

i€l jEJT

where A o yiyl < 0 for all i € I and Ae yijT > 0 for all j € J. For each j € J, since the set
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bd(#(F)) separates y;y1 and Y, then there exists Y € bd(#(F)) C G such that
Vi =Y + (1 =%)y;» v € (0,1).

Solving this for yjij = (1 — )" 1(Y; — 7Y and substituting this into (5.7), we have that

1
, v
Y= 1+Z(1j] B Z)‘iyiyiTﬁ'Z(lj B
jeJ 73 iel jeJ i

Therefore, Y is a conic combination of elements in (G N .#(F)).

O

In relation to the results presented in Chapter 4, Proposition 27 requires the stronger as-
sumption of bd(s7(F)) C G. In Chapter 4, only the boundary of A needs to be contained in F and

as such, bd(H)oo € (F)oo. Under the assumption for Proposition 27, (H)eo C (F)oo-

5.3 Conclusion

This chapter explored the non-intersecting linear constraint in two ways. First, a direct ap-
proach was utilized when the original set, F, is defined by a single quadratic constraint. This method
explored the symmetry of the asymptotic cone over a halfspace. However, with more constraints
defining F, this analysis falls short without an explicit description of the recession cone Rec(C(F)).
In the second section the non-intersecting assumption is explored in terms of the homogenization
HC(F). This assumption led to a sufficient condition for when the closed, lifted convex hull of the
intersection of a cone and a non-intersecting homogenization is equal to the intersection of closed,
lifted convex hulls similar to Chapter 4. Despite providing a new result with a non-intersecting set

defined by two constraints, the downside of the strictness of the non-intersecting assumption in the

homogenized space makes finding applications more difficult.
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Chapter 6

Existence of Optimal Solutions

While the previous chapters were concerned with reformulating problems in order to find
an optimal solution, this chapter focuses on whether that optimal solution exists or not. According
to the Weierstrass Theorem, optimizing a continuous function over a compact set will attain it’s
optimal value. Extending this to unbounded feasible regions, there are three possibilities: the
objective function is unbounded over the set, the optimal solution can be attained, or the optimal

value is finite but it is not obtainable. Consider the following program

min  f(z) (Opt)

st gi(x) <0, i=1,...,m,

where the set defined by {z | g;(x) <0, i=1,...,m} is non-empty. If f and g¢; are affine linear
functions, then we are solving a linear program, which will always obtain its optimal solution if the
optimal value is finite. Extending this to a quadratic program with a quadratically defined objective
function over affine linear constraints, the Frank-Wolfe Theorem states that if min f(z) is bounded
over the feasible region then the optimal solution is obtained [23]. The goal of this chapter is to

explore and expand on the Frank-Wolfe theorem in terms of quadratically constrained quadratic

programs (QCQP) :
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inf f(z) =aT Agx + 20l (QCQP)

st. gi(x)=aTAjx+2aTe +0; <0,i=1,...,m;

where A; € 8™, a; € R™" for i =0,1,...,m, and a; € R for i = 1,...,m. For ease in describing the

asymptotic cones related to (QCQP), we define the lower level sets of f(z) as

Sk=A{z|fl®) <w},

and the feasible region as

F={z|gix)<0,i=1,...,m}.

For example, consider the QP1QC, an instance of (QCQP) where m = 1. Hsia, Lin, and Sheu [19]
provided results based on the matrix pencil, a tool used in the generalized eigenvalue problem, and
the set below.

I (Ag,Ay) = {o €R| Ag+0A =0},

When investigating the existence and attainability of optimal solutions for QP1QC, their results

are listed in Figure 6.1. Extending this to more than one constraint, Luo and Zhang [22] provided

I (Ag, AD) QP1QC unbounded | attainable | unattainable
=(Ao, A1
0 % x x
{7 / / ‘
[O'minao'maac] v v *

Figure 6.1: Table of results from Hsia, Lin, and Sheu[19] using the matrix pencil to determine the
attainability of an optimal solution for QP1QC.

several positive and negative results in relation to the initial problem, (Opt), that also apply to

(QCQP).

1. If f(z) is convex and at least one of the constraint functions g;(z) is nonlinear and nonconvex,

then the optimal solution to (QCQP) is not attainable in general.

2. If f(z) is non-convex and at least two or more functions g;(z) are nonlinear (but convex), then

the optimal solution of (QCQP) is not attainable in general.
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3. If f(z) is non-convex and at most one of the constraint functions g;(z) is nonlinear (but convex),

then the problem is unbounded or the optimal solution to (QCQP) is always attained.

4. If f(x) is quasi-convex over the feasible region and all of the constraint functions g;(z) are

convex, then the problem is unbounded or the optimal solution of (QCQP) is always attained.

It requires mention that item 4 does not extend to the feasible region being convex. Consider the

problem

inf 7

st. xixe >1

.Z’QZO.

This problem is bounded below by 0, but the solution cannot be attained.

These results can be expanded upon even further. Tam and Nghi [32] provided existence
results based on a stronger relationship between the objective function and the quadratic constraints.
With Proposition 28 below, they extended the results for an arbitrary quadratic objective function
f(z) and a finite amount of quadratic constraints with a positive semidefinite Hessian. Consider the

following notation and proposition:

L={i>1]A;#0, A;=0}.

Proposition 28 ([32]). Consider problem (QCQP). Assume that F is nonempty and f;(x) is
convex for all i =1,...,m, f(x) is bounded from below over F, and one of the following conditions

is satisfied:

1. The set Iy contains at most one element;

2. If v € Rec(F) such that v Agv = 0 then afv =0 for alli € I.
Then (QCQP) has a solution.

When |I;| = 1, Proposition 28 is the same result as item 3 from [22]. When [I;]| > 1, then
there is a relationship between the recession directions of the quadratic constraints g;(x), ¢ € I; and

the asymptotic directions of the lower level sets Si. While the proof of their result uses a modified
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definition of retractiveness mentioned earlier in Chapter 3, it can be recovered from [5] with the

following proposition:

Proposition 29 ([5]). Let f: R™ — (—o0, 00| be a closed proper function, and let F be a closed set
such that F N dom(f) # (0. Assume that:

1. All the asymptotic directions of F are retractive, local horizon directions.

2. For every decreasing scalar sequence { v } such that the sets

Sgp=Fn{z|flx)<vw}, k=0,1,...,

are nonempty, for every asymptotic direction d of { Sk }, and for each x € F, we either have

lima—oo f(z + ad) = —00, or else f(x —d) < f(x).
Then f attains a minimum over F if and only if the optimal value inf,cx f(x) is finite.

With the analysis of asymptotic directions in Chapter 3, we know that for a quadratically
defined set, assumption 1 of Proposition 29 is not true in general. However, this assumption can be
relaxed to only requiring the asymptotic directions of 7N Sy to be retractive, local horizon directions
with respect to F. Also, assumption 2 is always true when f is defined as a quadratic function [5].

In this chapter, we are interested in (QCQP) when one of the quadratic constraints is
defined by an indefinite Hessian. In Section 6.1, the assumptions of Proposition 28 are analyzed
and expanded upon. In Section 6.2, we explore assumption 1 of Proposition 29. In particular, how
this assumption relates to the intersection of halfspaces and one quadratic constraint defined by an
indefinite Hessian. A specific instance of (QCQP) is examined under the lens of the “center” of a
quadratically defined set. A conjecture of this property will provide a means of checking assumption

1 of Proposition 29.

6.1 Convex Constraints and One Indefinite Constraint

With Proposition 28, Tam and Nghi find a relation between an arbitrary quadratic objective
function and a convex set defined by halfspaces and convex quadratic constraints. The interesting
part behind this proposition is assumption 2. That is, if v € Rec(F) such that v Agv = 0 then

afv = 0 for all i € I;. In terms of asymptotic directions, if v € Rec(F) then v is an asymptotic
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direction of F. Also, if vT' Agv = 0, then v is possibly an asymptotic direction of the lower level
sets of the objective function (requires al'd < 0 if Ay = 0). Combining these two concepts with
the idea of retractive, local directions, the assumption states that if on has an asymptotic direction
of the feasible region that is an asymptotic direction of the boundary of the lower level sets of the
objective function, then it should be a retractive, local horizon direction of F. This can be seen in

the following proof of Proposition 28 using Proposition 29.

Recovering Proposition 28 with Proposition 29. To show that Proposition 28 is a direct consequence
of Proposition 29, it suffices to prove that all the asymptotic directions of F that are also asymptotic
directions of some sub-level set of f are retractive local horizon directions of F. Since F is convex, all
asymptotic directions of F are local horizon directions. Therefore, we only show the retractiveness
of such a direction.

For any sub-level set S, :={x | f(z) <k} of f,
(Sk)ee ={d|d"Qd<0}.

Let v € Foo N (Sk)oo = Nier(Fi)oo N (Sk)oo» and let {x} € F be a sequence such that

lzg|| > 00 and  lim TR U
koo ||zl [l

For each i € I\ I, by item 1 of Proposition 9, F; is retractive because it is a closed half space.

Therefore, v is a retractive direction of F;. That is, there exists k; > 0 such that
gi(xp —v) <0 Vk>k.
Now consider i € I,. If vTQu < 0, for any x € F, x + ad € F for all & > 0 and

lim f(z+ av) = —o0,
a—r 00
which contradicts to the assumption that f is bounded from below over F. If v7Quv = 0, then the
assumption in Proposition 28 indicates that ¢fv = 0 for all i € I;. In this case, for any x € F and
i € I,
1

1
gi(x —v) = §xTQix —2TQiv + ivTin + qiTx — q;fv + ¢ =gi(z) <0.
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In particular, g;(zx —v) < 0 for all k. Overall, we have shown that v is a retractive direction of

F. O

Geometrically, if v is a local horizon direction of F and an asymptotic direction in relation to
the objective function, then it must be a retractive direction in relation to all nonlinear constraints.
In theory, this proposition can be extended to cover feasible regions defined by two quadratic
constraints ¢g; and gs, where g1 is defined by an indefinite Hessian and g5 is defined by a positive
semidefinite Hessian. The first question is how do we define the asymptotic directions of their

intersection? Consider the following set of lemmas and propositions.

Lemma 18 ([5]). Let F1 and Fa be closed sets such that Fy N Fay # 0. Then a vector which is a
horizon direction of both F1 and Fo with respect to a common set G is also a horizon direction of

F1 N Fy with respect to G.

Proposition 30. Let F = {z | fi(x) <0, i = 1,2} # 0 where Ay indefinite and Ay = 0. Ifd € Fuo

such that d¥ Ayd < 0 then d is a local horizon direction of F.

Proof. We have shown in Proposition 7 that for any d € (F})s such that d” A;d < 0, d is a global
horizon direction of F;. Therefore, for any d € (F)s such that d” A;d < 0, d is a horizon direction
of F; with respect to F. Now, since JF3 is convex, any d € (F3)s i a local horizon direction of Fo,
and, thus, a horizon direction of F5 with respect to F. Combining the observation above with, for

any d € Foo C (F1)oo N (F2)o0, and Lemma 18 implies that d is a local horizon direction of F. [

Proposition 30 builds the relation for when the regions F; and JF; share local horizon
directions with respect to their intersection, then those directions are local horizon directions of
said intersection. This concept can be extended to having multiple indefinite constraints as long as
dTAjd < 0 for all indefinite Hessians A;. Likewise, multiple positive semidefinite constraints can
be added with only the precaution that F can become bounded. However, being a local horizon
direction is only one requirement of Propositions 28 and 29 and the assumption of retractiveness

must be checked.

Proposition 31. Let F =, F; and d € F be a retractive asymptotic direction of F;, i =1,...,m.

Then d is retractive direction of F.

Proof. Let d € F = ([, Fi),, such that d is a retractive direction of F; for all i = 1,...,m. Since d

is a retractive direction of Fp, then for every corresponding asymptotic sequence { xy } C F; with
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respect to d, fi(x, —d) < 0 for all k > k. Since d € F., then every corresponding asymptotic
sequence {7 } C F C F, is a subsequence of some {zy } C F;. Therefore, for all k& > ki,
fi(ze — d) <0.

Continuing this process for all F;, i = 1,...,m. Then for all & > max{ky,...,kn}, fi(zr —
d) <0 foralli=1,...,m. Therefore, d is a retractive asymptotic sequence of F.

O

With the previous proposition, a direction of the intersection of sets is a retractive direction
with respect to each of the components then the direction is retractive with respect to the intersec-
tion. If we are able to find properties that satisfy both Propositions 30 and 31 with respect to the
intersection, then we satisfy the assumptions of Proposition 29. From Chapter 3, we know that for
a quadratic set defined by an indefinite Hessian, d € bd(F) is not retractive in general. Likewise,
if d is an asymptotic direction of a quadratic set defined by a positive semi-definite Hessian A;, then

al'd = 0 for d to be retractive. This leads to the following result.

Theorem 11. Let F = {z | fi(x) <0, i = 1,2} where Ay indefinite and Ay = 0. Assume that g(x)

is bounded from below over F and the following conditions are satisfied:

1. For all d € Fs such that d*Qd = 0, if Ay # 0, then ald = 0. That is, if Ay is nonzero then
{d|Ad=0,ald <0,d"A1d <0,d"Qd =0 };
2. (F2)oo € int(F1)oe, or {d | Aod =0,afd < 0,d"A;d =0} = {0}.
Then min g(z) attains an optimal solution over F.

Proof. Denote the lower level sets of g(x) as Sk, = {z | g(z) < k} with asymptotic cone (Si)s C
{d|d'Qd <0}.

By Proposition 29, it suffices to show that all asymptotic directions of F NSy are retractive,
local horizon directions with respect to /. However, this can be further restricted. Let d € Fo, #
{0}, then by condition 2, dTA;d < 0. By Proposition 30, all directions of F are local horizon

directions with respect to F. Hence, for all x € F, there exists A > 0 such that

x4+ M\ € F,¥A> A.
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If d*Qd < 0, then
gz 4+ M) = g(x) + \2dTQd + 27¢"d = —c0  as X\ — oo,

and g(x) is unbounded over F. Therefore, it suffices to consider the asymptotic directions when
d"Qd = 0, that is, the directions in Fa N bd((Sk)oeo)-

Since dTA1d < 0, d is a retractive direction with respect to Fi. If Ay = 0, then F» is a
halfspace and is retractive. Then by Proposition 31, d is a retractive direction with respect to F.

Let 0 # Ay = 0. Then by condition 1, al'd = 0, and d is a retractive direction of F» because
fo stays constant along the direction of d. Therefore, by Proposition 31, d is a retractive direction
with respect to F.

Therefore, any asymptotic direction of F Nbd(Sy) is a retractive, local horizon direction of

F and by Proposition 29, g(z) attains an optimal solution over F. O]

Example 7 explores the conditions of Theorem 11 while Figure 6.2 provides a graphical
representation of Example 7. In (a), the region of F5 (the band) is defined by a positive semidefinite
Hessian with a2 € Range(Az). In this (F2)e C int(F1)e. Both (b) and (c) highlight another
generalization with issues that need to be further addressed. In both cases, the asymptotic directions
of Fy are in the boundary of (Fi)s and may not be retractive over F. If F5 Nbd(F1) is bounded
as in (b), then the directions of F are retractive. However, if F5 N bd(F;) is unbounded as in (c),

then the boundary asymptotic directions are not retractive.

Example 7. Consider the following three formulations of F = F1 N Fo graphically represented in
Figure 6.2:

1. Figure 6.2(a).
Fir={x|z1220+1<0}, f2:{$|$%+$3—2$1$2—1§0}.

The asymptotic cone is Foo = cone { (1,1)T, (=1,-1)T }. All nonzero directions are retractive

over Fi, Fa2, and F.
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2. Figure 6.2(b).
Fi={z|z1224+1<0}, f2:{$’$§—4$2—3§0}.
The asymptotic cone is Foo = cone{ (1,0)7 }. The nonzero direction d = (1,0)T is not

retractive over F1 = {x | —x129 + 1 < 0} but is retractive over F.

3. Figure 6.2(c).
Fi={z|zze+1<0}, Fo={z|23-1<0}.

The asymptotic cone is Foo = cone { (—1,0)T, (1,0)T }. The nonzero direction d = (1,0)” has
a corresponding asymptotic sequence { xy } C bd(Fy) that is also contained in F. Therefore,

by Proposition 10, d is not retractive.

These examples can be seen in Figure 6.2.

(a) (b) (c)

Figure 6.2: 2D graphs of a feasible region (in purple) defined by two quadratic regions F; and Fo.
F1 is defined by an indefinite Hessian and F5 is defined by positive semidefinite Hessian such that
as € Range(Asz). (a) is an example of Theorem 11 where (F3)oo C int(F1)co-

For a better understanding of Figure 6.2, consider the following definition:

Definition 4 (Center of Quadratic Set Defined with Indefinite Hessian). Let F C R™ be a closed
nonempty set where F = {z | (x —c)TA(x —¢) + a < 0} with A invertible, indefinite. Then c is

the center of F.

To see why this definition is important, consider the set F = { T | zTAz +a <0 } where
A is indefinite. Then the boundary of F converges to F as it tends further away from the origin.
Transforming this set to F, = { z | (z — ¢)TA(z — ¢) + @ < 0 } is nothing more than a translation

in the ¢ direction. Note that F, has the same asymptotic cone as F, but the boundary of F. no
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longer converges to F as it tends away from the origin. Instead, it converges to F., that is also
shifted in the same manner as F.. Consider 6.2 with figures (b) and (c). In (b), the asymptotic
directions, are retractive over F. However, there exists d € F that is not retractive over the set J;
defined by the indefinite Hessian. This is due to the center of F; not being contained in F» and
the nonretractive behavior is lost in the intersection. This is not the case in (c¢). In (c), the center

¢ € F and as such, the nonretractive behavior of F; is in F.

6.2 Importance of the Center

The goal of this section is to understand the “center” of a quadratically defined set and
how it can provide more sufficient conditions for the existence of an optimal solution. Consider a
set in R? defined as a hyperbola. Then the center of this set is the midpoint between the two foci
of that set. This same concept expands to higher dimensions with one consideration; the center of
a set may be a hyperplane. For example, consider a quadratic set F € R? where the Hessian is
positive semidefinite (A > 0) and a € Range(A) (See Figure 3.3(b)). In this set, the center could
be interpreted as the hyperplane parallel to the boundary as well as equidistant from both bands
of the bounds. In general, the center of a quadratic set does not have an obvious definition. This
document focuses on the center of quadratic sets F with an indefinite, invertible Hessian that has a

definite center ¢ of the form
F={z|(@—cTAx—c)+a<0}.

The rest of this section proceeds as follows: first we provide a low dimensional example showing how
the center of a quadratic curve can help identify the asymptotic directions related to the objective
function and feasible region. Next, with the concept of the center, a conjecture will be presented
that expands Theorem 11 to cover the cases in Figure 6.2.

Given an objective function and its lower level sets Si, the goal is to use the center to define

the asymptotic directions of Si NF. Consider (QCQP) in the case where A; is indefinite and A; = 0
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for all ¢ > 1. For example, consider the following 2D problem:

min  f(z) = ax? + 2bx 20 + cxi + dxy + exo (P)
st. gi(z) = —z122+1<0

g2(z) = —z1 <0,

where a,b,c,d,e € R. In the case of (P), the feasible region F is a convex feasible region. While
there are many cases where (P) will be unbounded, there is a subset of values for a,b,c,d, e such
that V2f is indefinite and (P) attains an optimal solution over F. In particular,

. 79 1
min  f(z) = 23 + x129 + Eml + §x2 (Ind)

st gi(z) = —z129+1<0

g2(x) = —z1 <0,

has an attainable optimal solution of (é, 9). Applying Proposition 29 to this, we see that (Sk)e N
Foo = cone{(0,0)7, (0,1)T} which is not retractive of F. However, (Sy N F)oo = {(0,0)T} which
is trivially set and vacuously retractive over F. To answer how this is the case, recall Figure 3.1.
The feasible region F is defined by an indefinite Hessian and as such, the boundary of the region
approaches the boundary of the asymptotic cone F,. This is because the center of F is the same as
the center of F,. Now consider the case when the center of F is located at ¢. Then the boundary

of F converge to the boundary of the shifted asymptotic cone F ., denoted as
Fooe={7] (z—c)TA(x—c)<0}.

In relation to (Ind), the center of F; = {z | g1(z) <0} is located at the origin and the boundary
of F will converge to positive axes of R?. However, for the lower level sets Sy, = { f(z) <k}, the
center is located at ¢ = é(—l, —81) and the boundary of Si converges to (Sk)oc,. With this in
mind, one can see that Si N F is a bounded set with the trivial element {0, 0}.

The result in Theorem 11 provided a check to make sure that d € (S N F)y is retractive
by removing the nonretractive directions that are related to the boundary of a quadratic set defined

by an indefinite Hessian. That is, if € (Si N F)s then d”A;d < 0 for all A; indefinite. This case
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can be seen in Figure 6.2(a). Using the center of the indefinite constraint, however, we can begin to
allow directions d such that d” A;d = 0 for A4; indefinite that are retractive over F. Consider Figure
6.2(b). The center of the indefinite constrait, say ¢, is not located in F» defined by the positive
semidefinite constraint. In this case, the boundary of F does not approach the boundary of the
shifted asymptotic cone (Fi)oo,. and F is retractive. This is not the case of (c). In this case, ¢ € Fy
and as a result, there exists a sequence contained in the boundary of F; that is also contained in F
and as a result, F is not retractive.

Consider the following conjecture:

Conjecture 1. Let F = {z | (z — )T A1(z — ¢) + a1 <0, 2T Aoz + 2% 4+ ay <0} be nonempty
where Ay indefinite and Ay = 0 with rank(As) = n — 1. Assume that g(x) is bounded from below

over F and the following conditions are satisfied:
1. For all d € Fu such that d¥Qd =0, if Ay # 0, then ald = 0;
2. For all d € Fo such that d"Qd = 0, either

(a) d"A1d <0, or

(b) if d' Ayd =0, then c ¢ F.
Then min g(z) attains an optimal solution over F.

This conjecture captures the usefulness of the center of a set defined by a quadratic con-
straint. The restriction of rank(As) = n — 1 is to enforce that there is not a free variable in
Fo = { T ‘ 2T Agx + Qagx +as <0 } that allows F to have a nonretractive boundary. This requires
showing that the assumptions restrict the asymptotic directions of S N F to being retractive, local
horizon directions over F. For simplicity and without loss of generality, we can consider F» to be
centered at the origin ( i.e no ag term ). For local horizon directions in assumption 2(b), it must
be shown that if d € F, such that d” A;d = 0, then —d ¢ F,,. This may only require comparing
the asymptotic cone (F2)oo to the shifted asymptotic cone (Fi1)ooc. Under this consideration, there
could be the argument that Foo = (Fi)oo,e N (F2)o. Finally, showing the retractiveness of the
asymptotic directions only requires demonstrating that, for any sequence { z } C bd(F1) N Fa, the
norm ||z|| is bounded as k — oo. This proves that there are no nonretractive directions in Sy N F

for all k.
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Chapter 7

Conclusion

Quadratically constrained quadratic programs are inherently difficult due to many factors.
Two of these factors that can be addressed are the nonconvexity and the unboundedness of the
feasible region. Both of these factors lend a necessity of the asymptotic cone. The asymptotic cone
provides a generalization of the recession cone for a nonconvex feasible region as well as describes the
behavior as the set tends away from the origin. Chapter 3 provides a description of the asymptotic
cone for a set defined by a single quadratic at inequality [15] and equality. This description is the
foundation for not only the document as a whole, but also for future research into the asymptotic
cone of the intersection of multiple quadratic constraints.

The results of Chapter 4 yield conditions for when the lifted convex hull of the intersection
equals the intersection of the lifted convex hull. The proofs behind these conditions show the direct
connection between the asymptotic cone of the original set and the recession cone of the lifted convex
hull. Not only does this expands and/or recovers results in Chapter 2, it also states that if one can
decompose a complicated problem into the non-intersecting intersection of already known results,
the lifted convex hull is no more difficult than that of the decomposition.

However, the proofs of Chapter 4 fall short if a complicating constraint is linear. Chapter 5
explored two paths, one is a direct approach using the symmetry of the asymptotic cone while the
other used homogenizations discussed in [31]. Under the direct approach, a modified S-Lemma is
used to provide necessary conditions for when a halfspace induces a non-intersecting constraint in
the feasible region. When the non-intersecting property is satisfied, the symmetry of the asymptotic

cone is used to give similar results to Chapter 4. To expand this further, finalizing the relationship
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convex cone generated by the lifted asymptotic cone and the recession cone of the lifted convex hull
would cover the case when the original set is defined by multiple quadratic constraints. With the
homogenization approach, the non-intersecting assumption is too strong in the homogenized space
and provided weaker results compared to the direct method.

Chapter 6 explored results for the existence of an optimal solution in regards to the asymp-
totic cone. The extension of the Frank-Wolfe theorem in [5] laid the groundwork for conditions to
check for QCQPs. This chapter extended the results in [32] to cover a feasible region with one convex
quadratic constraint and at most one quadratic constraint defined by an indefinite Hessian. Also,
the chapter guides future research into how the ”center“ of a constraint may be an important piece
to consider. Moving the center of a constraint shifts the end behavior of said constraint. This shift
influences how two constraints interact with each other and as a result, influences the asymptotic

cone of the intersection.
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