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Abstract

Qusidifferentiable optimization plays a vital role in the study of Non smooth
optimization problems. The quasidifferential of a quasidifferentiable func-
tion is a pair of compact convex sets in a locally convex topological vector
space, which are not uniquely determined. Due to the non uniqueness of
the quasidifferentials there is a great interest in finding a minimal pair by
defining an equivalence class. In particular, the quasidifferential of a piece
wise linear function is a pair of convex polytopes. For the case of two di-
mensional polytopes, the problem of finding minimal pairs is entirely solved
but the case of higher dimensions is still open.

In different papers it was given some theoretical results on reduction meth-
ods for pair of compact convex sets using cutting hyperplanes but still there
is no set of instructions or an algorithm that helps to implement this task.
Particularly, in this paper we will define what by mean reducible and non-
reducible pairs of polytopes and develop an algorithm that can reduce any
pair of polytopes to an equivalent non-reducible pair of polytopes via cutting
hyperplanes, but not necessarily minimal.
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Chapter 1

Introduction

1.1 Background

In the past to tackle many practical problems it has been sufficient to con-
sider smooth functions but now there is an increasing number of problems
arising in different fields other than Mathematics like Engineering, Data
mining and Computational Chemistry etc. are of non smooth nature.

In case of smooth optimization one can use differential calculus i.e the or-
dinary derivatives, whereas to solve problems with non-smooth data, one
uses the analogy to classical methods for smooth functions i.e., most of the
methods depend on the directional derivative (or its generalizations) of the
problem functions. We consider a well defined function f : R® — R that
is locally Lipschitz on R™. Typically, dealing with nonconvex nonsmooth
functions leads to the following [10]:

d— f'(z;d) Convexifier Convexr Analysis

But, since d — f’(x;d) is not convex for general nonsmooth functions f,
some convexifying process has firstly to be devised for building up a posi-
tively homogeneous convex function f°(x;d). Once this step is carried out,
defining df(x) and deriving calculus rules for it belong to the realm of Con-
vex Analysis.

To convexify the map d — f'(z;d) the generalized gradient of F.H.Clarke
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[8], which is found by regularizing the directional derivative could be the first
to be mentioned here. One important point is Clarke generalized derivative,
Oqf(x) is non empty for large class of functions at any x. However, the
Clarke’s generalized gradient, d.f(z) is sometimes too large, a set whose
elements are also difficult to calculate even though the Clarke generalized
directional derivative, f°(z;d), is convex [10]. This problem can be eased
in some sense if the function f is directionally differentiable and the direc-
tional derivative, f’(x;d), can be written as the difference of two positively
homogenous convex (and hence sublinear) functions. However, the dual of
f'(x;d) is no longer a single set as in the convex case but a pair of two
compact sets, denoted by (9f(x),df(z)) and is called a quasidifferential, a
concept which is mainly introduced by V.F. Demyanov and A.M. Rubinov
[11, 12]. This pair is not uniquely determined but each pair can be deter-
mined as an equivalence class after defining a certain equivalence relation
and also there is no automatic way of selecting a representative of it. The
non uniqueness of such pairs attracted many researchers and contributed to
the study of the problem of finding minimal representatives of each class
(10, 42].

The space of pairs of convex compact sets has been investigated in a num-
ber of papers ([2], [3], [5], [7], [8] and [11]). The notion of minimal pairs of
convex compact sets was introduced in [5] and also investigated in [5] and [6].

Minimality of pairs of compact convex sets has been studied since the end
of the 1980’s, particularly D. Pallaschke, R.Urbanski and other Co-workers.
The first algorithm for finding minimal representation for pairs of convex
compact sets in R? is given by Handschug [21]. Then a revised algorithm
was given by Semu.M which uses completely different approach by defining
Blascke difference as an inverse operation to Blascke addition. But these
can not be extended to R™ since the surface area measures S,,_1 of order
n — 1 is not distributive over Minkowski sum [41]. Also another algorithm
for piecewise smooth sets in the plane is given by Demyanov and Aban’kin
by defining conically equivalent and K — equivalent pairs of compact convex
sets and by parameterizing each of its points [9].

Developing an algorithm to find a minimal pairs of polytopes of dimensions
n > 2 is still an open problem. The only theoretical result which is given
to reduce pair of polytopes into an equivalent pair not necessarily minimal
is by Pallaschke and Urbanski [32] i.e reduction methods by using cutting
hyperplanes. But this method tells us only as the reduction process con-
tinues by cutting off all parts of the two pair of compact convex sets which
can be translated onto each other without leaving the equivalent class using
cutting hyperplanes. Even though this reduction method will not give us
a minimal pair, reducing the pair using cutting hyperplane is an important
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result, until mathematicians find an algorithm which can change any pair of
polytopes in R™ into minimal pairs, it is better to treat different applications
of quasidifferentiablity using this pair of polytopes which is obtained by the
reduction method.

Due to the non-uniqueness of a quasidifferential of a function we face many
problems in different areas. To mention some of the problems:

In [11] for quasidifferntiable functions of max-min type (i.e a function gen-
erated by finitely many max- and min operations over a finite set of C!
functions) all steepest ascent and descent directions can be determined from
a quasidifferential by solving finitely many convex quadratic programs. In
fact, given a quasidifferential D f|,,= [0f(z0), df(x0)], then every steepest
descent direction is given by

Vo + Wo
[[vo + wo|

with
lvo +wol| = sup inf v+ w]|
wed f (o) vedf(o)
An analogues formula holds for the steepest ascent directions. Since the
steepest ascent and descent directions are invariants of the function, the
latter formula led to the investigation of minimal representations of quasid-
ifferentials.

In [38] the relation between the Clarke subdifferential 9, f|z, and the qua-
sidifferential Df|z, = [Of|z0, Of|ao] is investigated. In this connection, two
operations, considered as set differences are introduced, namely:

Ofleo=0f |z

and _
Qf|wo _8f|xo

for a large class of locally Lipschitz, quasidifferentiable functions, which
contains all functions of max-min type, the following inclusions are proved:

Qf’xo;(_gfhvo) - 8clf|:1:0 - Qf|xo;5f|xo-

While the first expression is independent of the specific choice of a quasidif-
ferential, the second depends on it. To get a good upper bound for Clarke’s
subdifferential, it is therefore of considerable interest to work with a minimal
representant of the quasidifferential.
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In the papers [25] and [26] of Luderer the following constraint qualifications
for quasidifferentiable programs

min f(x)

under
gi(x) <0, ie{l,2,....,m}

was suggested. There exist,

(Qgi(xo),ggi(xo) for all 7 € I(.I‘()) = {] S {1,2, ,m} | gj(xo) = 0},

such that _
0 ¢ CO(U(Qgi|JZO + agi’xo))7

where Co(A) denotes the convex hull of the set A. It is clear that the
verification of the latter condition depends on techniques for the reduction
of quasidifferentials. Therefore it is often necessary to prove whether an
expression is equivalent or not for all equivalent quasidifferentials. Moreover,
it is useful to find an equivalent minimal quasidifferential in a simpler form.

1.2 Literature Review and Scientific Motivation

The concept of quasidifferentiablity was introduced in 1979. Since then a
whole theory of a quasidifferential calculus has been developed and many
problems related to classical calculus have been stated and solved for qua-
sidifferentiable functions. In the study of quasidiferential calculus, pairs of
compact convex sets arises as a sub- and superdifferentials of a quasidiffer-
entiable function [11] and in formulas for the numerical evaluation of the
Aumann-Integral ([4],[5],[2],[3]). It has also application in Combinatorial
convexity for the calculation of the combinatorial Picard group of a fan [13].
But in all three cases the pairs of compact convex sets are not uniquely
determined, minimal representations are of special importance.

The general frame for the investigation of minimal pairs of nonempty com-
pact convex sets is the Radstrom-Hormander lattice over a topological vector
space of pairs of nonempty compact convex sets [45], has been stimulated
by the quasidifferential calculus, which is based on formal rules for pairs
of subdifferentials. Due to the formal rules of this calculus, it may happen
that already after a few operations the pairs of subdifferential increase so
fast that they become unwieldy for the practical use of the calculus. Here
the natural question on the existence and characterization of minimal pairs
of compact convex sets arises.

Algebraic and geometric methods for the characterization of minimality were
developed in [31, 36] where several examples are presented, as for instance
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pairs of lenses and star of David (pair of crossed triangles), and also in [6]
complete characterization of plane minimal pairs using surface area measures
is given. Moreover Christina Bauer [6], introduced the so called reduced
pairs, which are special minimal pairs. For the plane case she characterized
reduced pairs as those pairs of convex bodies whose surface area measures
are mutually singular. For higher dimensional cases she gave two sufficient
conditions for the minimality of a pair of convex polytopes to be reduced
and typically she has shown that most pairs, in the sense of Baire category,
are reduced and unique minimal pair in their equivalence class.

In [19] it is proved that in every equivalence class of pairs of non empty
bounded closed convex sets in a reflexive locally convex topological vec-
tor space minimal element exists. Examples of a non reflexive Banach space
with an equivalence class containing no minimal elements are also presented.
They also proved that there exists a class [A, B] € B?(cy) which contains no
minimal element, where cg is the Banach space of all real sequences which
converge to zero. Even though the existence of minimal elements in a reflex-
ive locally convex topological vector space is proved, uniqueness is another
important aspect to be raised.

In case of one and two dimensional spaces it was shown that equivalent mini-
mal pairs of compact convex sets are unique upto translation. The first proof
of this result was given by J. Grzybowski [16] which is a direct proof and
then it was proved by S. Scholtes independently by using mixed volumes.[39]
But this is no longer true in higher dimensions. The first counter example
for the three-dimensional case was given by J. Grzybowski [16]. Then D.
Pallaschke and R. Urbanski constructed an example of a continuum family
of equivalent minimal pairs in the three-dimensional space, which are not
related by translations [34]. In another paper J. Grzybowski, S. Kaczmarek
and R. Urbanski gave a general method of constructing various equivalent
pairs of convex compact sets that are not translates of one another [17].

In relation with minimal pairs, J. Grzybowski, D. Pallaschke and R. Urbanski
investigated minimal pairs of continuous selections of four linear functions
in R3. They found minimal pairs of compact convex sets (polytopes) which
represent all 166 continuous selections ' in C'S(y1,y2,y3, — Z?:l y;) in R3,
They found that these 166 selections are represented by 16 essentially dif-
ferent minimal pairs. Three out of 16 cases are minimal pairs that are not
unique minimal representations in their own quotient classes [18]. Invariants
of minimal pairs of compact convex sets, as for instance the affine dimension

Let U C R™ be an open subset and fi,..., fm : U — R be continuous functions. A
continuous function f : U — R is called a continuous selection of the functions fi,..., fm
if for every © € U the set I(z) = {i € {1,...,m}|fi(z) = f(z)} is nonempty. We denote
by CS(fi,..., fm) the set of all continuous selections of f1,..., fim.
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or codimension of the union of a minimal pair, were studied in [30] and the
amount of minimal pairs has been investigated by M. Wiernowolski [46].

In the study of quasidifferential optimization, finding a minimal represen-
tative of a given equivalence class is a major interest. Whenever you are
given a pair of compact convex sets it is possible to characterize whether it
is minimal or not. If the pair is minimal with its corresponding equivalence
class, no more reduction is needed. But, if it is not minimal, there is a need
to change this pair into minimal pair. In regard to this, different scholars
tried to propose different algorithms in finite dimensional spaces.

The first algorithm which determines a minimal representative for a given
pair of compact convex sets in the plane R? is constructed by D. Handschug
[21]. The algorithm tries to eliminate all edge vectors which are common to
both pairs of polytopes and those which have identical polar angles.

In [14] minimal quasidifferential of a quasidifferentiable function in the sense
of Demyanov and Rubinov and structure of the minimal quasidifferential of
a quasidifferentiable function in the one-dimensional case is studied. A for-
mula for the minimal quasidifferential is also presented explicitly by using a
quasidifferential.

A revised Handschug algorithm was also developed by Semu Mitiku, which is
easy to handle compared to the Handschug algorithm, by defining Blaschke
difference for polytopes as an inverse operation to Blaschke addition[41].
Generalizations of these and further investigations on the more general prob-
lem of finding minimal representatives for compact convex sets in two di-
mensional spaces which are only equivalent on a cone have been made by
V.F.Demyanov and E.A. Aban’kin[9].

Demyanov and Aban’kin studied the minimality (conical minimality) of
equivalent (k-equivalent) pairs of convex bodies by defining classes of equiv-
alent and conically equivalent (k-equivalent) pairs of convex compact sets
in R™ and gave complete solution for two dimensional case by using a para-
metric representation of the points of each pair of sets. General formulas for
elements of an equivalence class and K-equivalence in R? is also presented|[9)].

The journey of finding minimal pairs of compact convex sets in higher di-
mensions did not come to its final destination to date. Even though better
work is done for one and two-dimensional spaces, still there is no algorithm
that can change any given pair of compact convex sets into minimal pair
for higher dimensional spaces. A cutting plane method for reducing pairs of
compact convex sets were derived in a series of papers.
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In paper [34] and [35], Diethard Pallaschke and Ryszard Urbanski presented
a more general method or theorem of reducing pairs of compact convex sets
by cutting hyperplanes as in [36]. The application of this result helps us to
reduce a given pair by cutting of all parts of the two sets which ’overlap’ on
one another when translated. However, the assumptions in the theorem are
very strong and does not exclude many non-minimal pairs as the example
given in [42]. Based on a reduction technique via cutting hyperplanes and
excision of compact convex subsets, in [36] some criteria of non- minimality
for a pairs of compact convex subsets of a real locally convex topological
vector space is proved. In [33] reduction of elements of K?(X) by common
summands is also given.

In this thesis we develop an algorithm which helps to cut off all overlapping
regions of any given pair of polytopes using cutting hyperplanes when trans-
lated.

1.3 Overview of the Thesis

This thesis is organized in a way that each chapter is based on the foundation
provided by the preceding chapters. Chapter 2 contains basic definitions on
convex sets, convex polytopes, hyperplanes and normal vectors in higher
dimensional spaces. It is also describes the two basic boundary representa-
tion of polytopes i.e. vertex and hyperplane representation. This chapter
also contains preliminary concepts on convex functions, and generalized di-
rectional derivatives to explain how the concept of quasidifferential emerged.

Chapter 3 describes about the basic notions of minimal pairs, characteriza-
tion of minimality in higher dimensional spaces. In this chapter we describe
minimality of polytopes in R and R? which was studied by different schol-
ars. This chapter also investigates the fundamental theorem that guarantee
the reduction of pairs of compact convex sets in a locally convex topologi-
cal space by using cutting hyperplane and which is the main focus of this
thesis. In this chapter definitions about reducible and non reducible pairs
of compact convex sets in a locally convex topological space is also given.

Chapter 4 is the main part of this thesis, which contains sufficient conditions
of reducibility and non-reducibility of pair of polytopes based on the idea of
primal cones. The necessary and sufficient condition for equivalent primal
cones related to set of outer unit normal vectors is also given. This chapter
presents the main idea of our reduction algorithm based on selection and
without selection, which is a simple and practical algorithm for reducing
any pair of polytopes in R™. In this chapter, we also describe how can
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we determine the cutting hyperplane which can cut off overlapping region
from both polytopes. We also investigate some pairs of polytopes using the
given reduction algorithm and give some numerical results for selected pair
of polytopes. It also describes the non uniqueness of equivalent pairs of
non-reducible pair of polytopes to a given pair of polytopes. In chapter 5 we
describe some application of reducing pairs of polytopes into non reducible
pair. Finally, the conclusion of the thesis, which left open problems to the
readers.



Chapter 2

Preliminary Concepts and
Definitions

2.1 Affine and convex sets

A set ACR"is affineif ar+ (1 —a)y € A, a € R and z,y € A. Every
non empty affine set M is parallel to a unique subspace. The dimension of
a non empty affine set is defined as the dimension of the subspace parallel
to it. Affine sets of dimension 0, 1 and 2 are called points, lines and planes
respectively. The next proposition characterizes the affine subsets of R" as
the solution sets to systems of simultaneous linear equations in n variables.

Proposition 2.1.1. [37] Given b € R™ and an m x n real matriz B, the

set
A={zeR"| Bx=0}

is an affine set in R™. Moreover, every affine set may be represented in this
way.

Obviously, the intersection of an arbitrary collection of affine sets is again
affine. Therefore, given any A C R"” there exists a unique smallest affine
set containing A (namely, the intersection of the collection of affine sets M
such that M D A). This set is called the affine hull of A and is denoted by
aff A. It can be proved that aff S consists of all the vectors of the form
ATl + Noxo + -+ AT, such that x; € Sand Ay + Ao+ - -+ A, = 1.

A subset A of R" is said to be convez if (1 — Xz + \y € A whenever x € A,
y € Aand 0 < X\ < 1. All affine sets (including ) and R") are convex.
Similar to the case of affine sets, the intersection of an arbitrary collection
of convex sets is convex. The intersection of all the convex sets containing a
given subset A of R” is called the convex hull of A and is denoted by Co(A).
By convexr combination of points x1, ..., z,, from R"™ we mean a vector sum
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Ax1+ Xoxo+ -+ -+ AT, Where the coefficients \;’s are all nonnegative and
A+ Ao+ -4+ Ay = 1. Then we have

Proposition 2.1.2. [37] Let S be any subset of R"

1 S is convex if and only if it contains all the convex combinations of its
elements.

2 Co(9) consists of all the conver combinations of the elements of S.

3 If dimension of af fS is m, then the convex hull, Co(S) is the set of all
convezr combinations of precisely m + 1 points from S.

2.2 Hyperplanes

An n—1 dimensional affine set in R" is called a hyperplane. Hyperplanes and
other affine sets may be represented by linear functions and linear equations.
The following well known proposition show one example of such representa-
tion.

Proposition 2.2.1. [37] Given oo € R and a non zero vector u € R™

1. the set

Hyo={xeR"| (z,u) =a}, (2.1)

where (-,-) denotes the inner product of two vectors in R"™, is a hy-
perplane in R™. Moreover every hyperplane is represented in this way,
with u and o unique up to a common nonzero multiple of real numbers.

2. Every affine subset of R™ is an intersection of (possibly) a finite number
of hyperplanes.

In equation ( 2.1) the non zero vector w is called a normal vector to the
hyperplane H and it is unique within a non-zero multiple of real numbers
and a translation. H, , in (2.1) bounds the two closed halfspaces

Hyo={z €R" | (z,u) < a},

Hjo={z €R"|(z,u) > a},

Since our main concern on finding cutting hyperplanes, let us discuss on
hyperplanes and their normal vectors in detail.
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Normal vectors

In N— dimensional geometry, how to define a normal vector as a cross-
product of edges for use in geometry and shading calculations is given in
[22]. To begin with we must have an(/N —1)-manifold (a line in 2D, surface in
3D, volume in 4D) in order to have a well-defined normal vector; otherwise,
you may have a normal space (a plane, a volume, etc.). Suppose we have an
ordered set of edge vectors (¥ — Zp) tangent to this (N — 1)-manifold at a
point z; typically these vectors are the edges of one of the (N —1)- simplexes
in the tessellation. Then the normal N at the point is a generalized cross-
product whose components are cofactors of the last column in the following
determinant:

N = Ny, i1 4+ Nyyiio + Nyytis + - 4+ Nupy_ lin—1 (2.2)

(x1 — o) (w2 —w0) (23— 20) - (TN—1 — Z0) Uy
(y1—w) (v2—%) (Y3—wo) - (yn—1—%0) U2
—det | (21 —20) (2—20) (—2) -(ev-1—2) G3 | (23)

(w1 —wo) (w2 —wo) (wz—wp) - (wn-1—wo) UN—1]

As usual, we can normalize using | N ||, the square root of the sum of

N
N
check shows that if the vectors (Zy — 7o) are assigned to the first (N — 1)
coordinate axes in order, this normal vector points in the direction of the
positive N —th axis. The qualitative interpretation of equation 2.3 can now
be summarized as follows:

the squares of the cofactors, to form the normalized normal A quick

o 2D: Given two points (Zo, Z1) determining a line in 2D, the cross-product
of a single vector is the normal to the line.

© 3D: Given three points defining a plane in 3D, the cross-product of the
two 3D vectors outlining the resulting triangle is the familiar formula
(&1 — @p) x (¥2 — Zp) for the normal N to the plane.

¢ 4D: In four dimensions, we use four points to construct the three vectors
(Z1 — Zo), (X2 — Zp), (T3 — Tp): the cross product of these vectors is
perpendicular to each vector and thus is interpretable as the normal
to the tetrahedron specified by the original four points.

To check N is a normal vector to the set of linearly independent vectors
Vlye oy Uiy- .-, Un_1, we will check if the following condition is satisfied:

(N,v;)) =0, Vie{l,2,....,n—1},

where (,) standard inner product on R".
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Example 2.2.1. Let S = {z,y, z,w} = {(2,0,0,0),(0,2,0,0),(0,0,2,0),(0,0,0,2)}.
S is a Special Non cohyperplanar set. To determine the normal vector

to the hyperplane. First, 41 = (1,0,0,0), 42 = (0,1,0,0), a3 = (0,0,1,0)

and iy = (0,0,0,1). Consider the vectors formed be points of S, § =y—x =
(-2,2,0,0),7 =z —x = (—2,0,2,0) and W = w — z = (—2,0,0,2). Then

the normal vector to the 3— dimensional hyperplane is

N=(y—z)x (z—z) x (z — )

(x1 — xo) (ra —x0) (w3 —120) W
| —y) (v2—20) (y3—x0) o
(21— Zo) (22 —w0) (23 —x0) U3

)

(w1 —wo) (w2 —x0) (w3 —x0) U4

-2 -2 -2

. 2 0 0 u9
10 2 0 s
0 0 2 Uy

= — 8lg — 8z — 8uy — 8y

To check whether N is the exact normal vector to the Tetrahedron formed
by S. For each vectors §,Z and W, the following must be satisfied: (N,¥) =
0,(N,Z) = 0 and (N,w) = 0, where (,) is the standard inner product for
Euclidian space R™. In this exzample the three conditions are satisfied. There-
fore, N is our normal vector to the given Tetrahedron.

A linear functional is any mapping f from R™ to R that satisfies the following
two properties:

i flu+v) = f(u)+ f(v) for all u,v € R"
ii. f(au) =af(u) for all « € R and all v € R™.

If a linear functional f : V' — F has real or complex number values, then
f is continuous for each x € V if and only if there exists a number M such
that

for each x (where [|z|| is the norm of x).
Let us consider an arbitrary hyperplane H = {z € X : f(x) = a}, where f
is a non zero linear functional, & € R. Then the complement X \ H can be
divided into two open half spaces,

t =z f(2) > a}
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and
H ={x: f(zx) < a}.
The following proposition describes the relationship between hyperplanes

and linear functionals.

Proposition 2.2.2. [27] Let H be a hyperplane in a linear vector space
X. Then there is a linear functional f on X and a constant ¢ such that
H ={z: f(z) = c}. Conversely, if f is a nonzero linear functional on X,
the set {x : f(x) = ¢} is a hyperplane in X.

Let X be a locally convex vector space, A C X a non empty compact convex
set, and f € X* a continuous linear functional. For a point z € X let us put

Af = {z € Al [() > f()}
A7, ={r € A f(x) < f(2)} and
Age={z €A () = ()}

In the case when X is a locally convex vector space, the assumption that
the sets C' C A and A\ C are convex is equivalent to the existence of a point
z € A and a continuous linear functional f € X™* such that

(AN C) = A}, = {z € 4] f(z) > [(2)},

C=A4, ={ze€d f(z)<f(x)}
and
Ap.={z € A| f(z) = f(2)}.
A map ¢ : R — R” is a translation if ¥ (z) = x +t for x € R™ with

some fixed vector t € R", the translation vector. The set A + ¢ is called the
translate of A by t.

2.3 Convex polytopes

In this section we provide some basic notions about convex polytopes used
throughout this thesis. The one point that we need to know is how poly-
topes can be described. There are an interior and an exterior definition of
a polytope. They are equivalent by the Minkowski- Weyl Theorem:

Interior /Vertex representation: A polytope A C R? is the convex hull
of a finite set of points V = {vg,v1,...,v,_1} C R%:

A=Co(V)=Co({vo,v1,...,0n-1}).
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Exterior/Hyperplane representation: A polytope A C R? is the
bounded intersection of a finite number of halfspaces hj = {z €
Rd | a;x S bl}

m—1
ﬂ hi={x €R?| ajz <b; fori=0,...,m—1}.
i=0

The dimension of a polytope is the dimension of its affine hull. If not stated
otherwise, we always consider full-dimensional polytopes A C R?, that is,
the dimension of the polytope coincides with the dimension of the ambient
space. A d—dimensional polytope is called a d—polytope for short.

Let A be a convex subset of R4, A set ' C A is a face of A if either F = ()
or ' = A, or if there exists a supporting hyperplane H of A such that
F=HnNA. 0 and A are called improper faces of A. The dimension of the
face G is the dimension of its affine hull. A face F' of A is called a k — face
if dimF = k. A point x € A is an extreme point of A provided y,z € A,
0<A<1,and z = Ay + (1 — \)z imply that x = y = z. In other words =
is an extreme point of A if z does not belong to the relative interior of any
segment contained in A. Thus, the 0-faces are the extreme points. (Strictly
speaking, {z} is a face if and only if x is an extreme point.) A point z is an
exposed point of A if the set {x} consisting of the single point x is a face of
A. A face of dimension dimK — 1 is usually called a facet.

Theorem 2.3.1. [15] Let A be a non-empty subset of RY. Then the follow-
ing two conditions are equivalent:

(a) A is a polytope.
(b) A is a compact convex set with a finite number of extreme points.

In case of polytope A the 0-faces are the vertices of A. The 1-faces are called
the edges of A. The set {x1,...,z,} spanning a polytope A = Co{x1,...,xn}
is, of course not, unique (except when A is a 1-point set); in fact, one may
always add new points x,+1,... already in A. However, there is a unique
minimal spanning set, namely, the set extA of vertices of A:

Theorem 2.3.2. [15] Let A be a polytope in RY, and let {x1,...,x,} be a
finite subset of A. Then the following two conditions are equivalent:

(a) A=Cof{xy,...,zp}
(b) extA C {x1,....,xn}

In particular, (¢) A= Co(extA).
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Proposition 2.3.1. [15] Let A be a polytope in R™, and let F' be a proper
face of A. Then F is also a polytope, and extF = F NextA.

Proposition 2.3.2. [15] Let A be a polytope in R™, and let F' be a proper
face of A. Then

1 F is also a polytope, and extF = F NextA.
2 the number of faces of A is finite.
3 every face of A is an exposed face.

Since our main concern is to cut overlapping regions of the two polytopes,
we need to have the following important point on the facial structure of a
non-empty intersection H N A of a d—polytope A in R? and a hyperplane
H in R%.

Theorem 2.3.3. [7] Let A be a d—polytope in R, and let H be a hyperplane
in R% such that
Hnint A#0.

Then the following holds:

(a) The set A" := HN A is a (d — 1)—polytope.

(b) Let F be a face of A. Then F' :== HNF is a face of A', and dimF’ <
dimF. If F # () and H is not a supporting hyperplane of F (i.e. F' is
not a face of F' and hence not a face of A), then dimF' = dimF — 1.

(c) Let F' be a face of A'. Then there is at least one face F' of P such
that F' = HNF, and for each such face F' we have dimF > dimF’.

(d) Let F' be a face of P'. If F is not a face of P, then there is one and
only one face F of P such that F' = HNF, and for this face F we
have dimF = dimF’" + 1.

The following theorem is an important result which assures the existence of a
cutting hyperplane which separates a vertex of a polytope from its remaining
vertices.

Proposition 2.3.3. [7] Let C be a convex set in R%. Then

1. For any xg € riC and any x1 € clC with xg # x1 we have [zg, 1) C
riC.

2. cdC = c(clC) = cl(riC).
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Theorem 2.3.4. [7] Let P be a d—polytope in R? (where d > 1), and let x
be a vertex of P. Then there is a point x{, € intP such that the hyperplane
through x{, with xj, — xo as a normal vector separates xo from the remaining
vertices of P.

Proof. We may assume that xg = 0. Let z1, ..., x, be the remaining vertices
of P, and let
P':=Co{xy,..., 2}

Then P’ is a polytope with vertices x1,...,x,, and g is not in P’. Let
v € P’ be such that

(v,v) = min{{x, z)|z € P'}. (2.4)
The existence of v follows by noting that the mapping
z = (z,2) = ||

is continuous on the compact set P’. (The point v is in fact the unique point
of P’ nearest to 0.) Since 0 ¢ P’, it follows that
0 < (v,v). (2.5)

We claim that
(v,v) = min{{v,z) | x € P'}. (2.6)

(Hence H(v,«) with o = (v,v) is a supporting hyperplane of P" at v.) To
see this, let x € P’ and let A € (0,1). Then Az + (1 — \)v is in P’, whence
by ( 2.4)

(v,v) < A+ (1= Nv, Az + (1= N)v)
=< v,v > +2A(v, ) — (v,0)) + A2 {v — x,v — ).

Re-arranging and dividing by 2\, yields

(v,v) — (v,x) < = (v —z,0 —T).

| >

This holds for A € (0, 1). By continuity it must also hold for A = 0, i.e. ( 2.6)
holds. Now, ( 2.5) and ( 2.6) imply

(v,z) >0,i=1,...,n.
By continuity we then have
(u,zj) >0,i=1,...,n (2.7)

for all u belonging to some ball B(v,¢). In particular, 0 is not in B(v,¢).
Let up be a point in B(v, ) € intP, Proposition 2.3.3(2). Then H (uo,0) is
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a hyperplane through 0 with all the vertices 1, ..., z,, strictly on one side.
Therefore, for A sufficiently small, 0 < A < 1, the hyperplane H parallel
to H(ug,0) through zp := Aug separates 0 from z1,...,z,. Finally, it is
clear that H has z(, — x9 (= x, = Aug) as a normal, and it follows from
Proposition 2.3.3(1) that z{, € intP, since xo € (0, up).

O

2.4 Convex functions

Convex functions are important in optimization and also in several areas
of applied mathematics since their properties are often key ingredients to
derive a priori bounds, sharp inequalities, etc. Here, we give some basic
notions and definitions related to convex functions which are useful in our
discussion of latter sections.

Let S C R™ be a convex set. Then the function f: S — R" is called convex
if

fOz+ (1 -=Ny) <Af(z)+(1—-XN)f(y), Vr,ye Kandall0<A<1

whenever the right hand side is defined. A function f is called concave if — f
is convex. In a more modern definition, a convex function f is considered
as defined on the whole of R™ | but possibly taking infinite values:

A function f : R" — RU {+o0}, not identically 400, is said to be convex
when, for all (z,2') € R™ x R™ and all « € (0, 1), there holds

flaz+ (1 —a)2) < af(x) + (1 —a)f(2),

considered as an inequality in R U {+o0}. The class of such functions is
denoted by Conv(R"™).

A function f : R" — RU {400} is said to be sublinear if it is convex and
positively homogeneous (of degree 1):f € ConvR™ and

f(tz) =tf(x) for all z € R™ and ¢t > 0.

A positively homogeneous concave function is called superlinear.

2.5 An overview of generalized derivatives

The derivative of a function plays a major role in optimization and math-
ematical analysis. When the functions involved are nonsmooth, the differ-
entiability assumptions fails to hold and one needs the generalization of the
derivative concept to treat such problems.

The property “0 € df(x)” is a generalization of the usual stationarity con-
dition “Vf(xz) = 0" of the smooth case. So subdifferential operator can be
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used to characterise the minimal point of a convex function in its domain as
the following proposition shows.

Proposition 2.5.1. [253] For f : R" — R convez, the following three prop-
erties are equivalent:

1. f is minimized at x over R";
2. 0€0f(x);
3. f'(x;d) >0 for all d € R™.

The concept of subdifferential has been generalized beyond the class of con-
vex functions. Much of such results was give by F.H.Clarke in [8] for the
class of locally Lipschitz functions. The tool used by F.H.Clarke to define a
generalized subdifferential for locally Lipschitz function f is what is called
generalized directional derivative. The generalized gradient is a replacement
for the derivative. It can be defined for a very general class of functions .
Let f : R™ — R be given function, and let = be a given point in R™. The
function f is said to be Lipschitz near z if there exists a scalar K and a
positive number ¢ such that the following holds:

[f(y) = F(2)| < Klly — 2] forally,z €z +eB,

where B is an open unit ball in R™. Let f be Lipschitz near a given point z,
and let v be any other vector in X. The generalized directional derivative
of f at x in the direction v, denoted f°(x;u), is defined as follows:

lim sup fly+tv) — fy)

y—x t
10

This limit exists for any locally Lipschitzian function f at any point of
the domain of f. One important property of f°(x;u) is it is positively
homogenous and subadditive (sublinear) as a function of direction v.[8] This
fact helps to define a non empty set(whose existence is assured by Hahn-
Banach Theorem )J¢; f(x), the generalized gradient of f at x as follows:

Oorf(z) ={z e R"|f°(z;u) > (z,v) Vv € R"}.

The calculation of Clarke subdifferential directly using the definition is too
difficult. For practical use we can employ the method for finite dimen-
sional spaces which is given in the proposition below. By Rademacher’s
Theorem|[28] we know that a Lipschitz function is differentiable almost ev-
erywhere and thus the gradient exists almost everywhere. Let us remind
that Q denotes the set where f is not differentiable.
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Proposition 2.5.2. [28] Let f : R" — R be locally Lipschitz at x € R™.
Then

Of(x) =Co{§ € R" | A(x;) CR"\ Q s.t. x; = x and V f(x;) — £}

One of the limitations of the Clarke generalized gradient is that the set
OJcrf(z) may be too large in a sense that the minimality condition, 0 €
dorf (), does not exclude the existence of proper descent directions with
the usual definition of directional derivatives[24]. But these weakness does
not occur for the class of functions where the Clarke generalized directional
derivative coincide to the usual directional derivative of the functions for all
points and directions.

The above weakness of the clarke subdifferential is originated from the in-
sufficient separation of the convex and concave parts of the function f.[29] In
avoiding such and some other limitations V.F. Demyanov and A.M.Rubinov|[11]
have defined an operation called quasidifferential.

Let X be a Banach space and S C X be an open set. A function f defined
on S is said to be quasidifferentiable at a point x € S if it is directionally
differentiable at z and its directional derivative f'(z;d) can be expressed as
a function of direction

f'(z;d) = p(d) + q(d), (2.8)

where p and ¢ are sublinear and superlinear functions respectively. Since
a sublinear and a superlinear function is a support function of a compact
convex set say, A and B respectively, we have:

! . o .
f(x;d) = ng\((p, dy + gé%l(v, dy. (2.9)
The sets A and B are called respectively the subdifferential and superdiffer-
ential of f at 2 are denoted respectively by f(x) and df(x). Note here that
the convex part of f’(x;d) taken into account by the subdifferntial Jf(z)
while the concave contribution of f’(x;d) is reflected in superdifferential
Of (). Therefore, the pair D = (3f(x),0f(x)) is called the quasidifferential
of f at x. Tt is clear from ( 2.9) that a quasidifferential of function is not
uniquely determined since one could rewrite ( 2.9) equivalently as

f'(w;d) = (max(u, d) — max(c,d)) + (min(v, d) + max(c, d))
for any compact convex set C. However it could be considered as a class
of pairs of compact convex sets associated with the directional derivative

[ (z;d).
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Several practical problems in operations research has been modelled using
this calculus rules since it is best suites to problems of max-min type. For
quasidifferntiable optimization, therefore, the determination of minimal rep-
resentative from the class of pairs of compact convex sets corresponding to
the quassidifferentials of the functions involved is crucial.



Chapter 3

Minimal pairs of compact
convex sets

3.1 Basic notions and properties

Let (X, 7) be a topological vector space. For pairs of compact convex sets
(A, B),(C, D) € K*(X) let us define an ordering by:

(A,B)<(C,D)< ACC and BCD.
It is easy to check that the relation “<” is an ordering in K?(X). Our aim
is to investigate minimal elements in the equivalence classes of K?(X). We
call a pair (A, B) € K?(X) minimal if it is minimal in the class [4, B], i.e.,
if for any pair (C,D) € [A, B] the relation (C,D) < (A, B) implies that
(C,D) = (A, B).
Some properties of minimal pairs of compact convex sets can be summarized
using the following proposition.

Proposition 3.1.1. [32] Let (X, 7) be a topological vector space. For every
pair (A, B) € K?(X) the following properties are equivalent:

i) (A, B) is minimal.

it) (B, A) is minimal.
iti) For every a,b € X the pair (A + a, B+ b) is minimal.
i) for every a, 8 € R, a8 > 0 the pair (A, 8B) is minimal.

3.2 Characterization of minimality of pairs of com-
pact convex sets
In case of one dimensional space minimal pairs of compact convex sets

(closed intervals) can be completely characterized by the following proposi-
tion.
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Proposition 3.2.1. [32] The pair (A, B) € K2(R) is minimal if and only if
A or B is a singleton.

In one dimensional case the minimal quasidifferential of a function can be
calculated by finding the right and left directional derivative of the function
as the following proposition indicates.

Proposition 3.2.2. [14] Suppose f(x) is a quasidifferentiable function de-
fined on R.

A() = [eomax{0, /(2 —1) + /(3 1) + c}]
B(x) = [~ max{—f'(a; 1), f/ (a5 —1) — ¢}, —f'(:~1) — ],

where ¢ is any constant. Then [A(z), B(x)] is the minimal quasidifferential

of f(x).

Some works are made on minimality of pairs of compact convex sets in
two dimensional spaces by different scholars. The first algorithm was given
by Handscuge for pairs of polytopes and a more general algorithm for any
pair of smooth convex sets which is also given by Demyanov and Aban’kin
by parametrization. In case of higher dimensions some characterization of
minimality for pairs of compact convex sets is given. Here we tried to list
some of them. Sufficient minimality conditions for polytopes:

Proposition 3.2.3. [32] Let (X, T) be a topological vector space, A € P(X)
a polytope and B € K(X). Furthermore, let us assume that A has k faces
Sy = Hy, (A),..., S, = Hy, (A)' of mazimal dimension and that for every
i € {1,...,k} we have Hf,(B) = b;. Then the pair (A, B) € K*(X) is
manimal.

Proposition 3.2.4. [6] Let K,M € R% d > 2, be polytopes with dim(K +
M) =d. Let UK +M) C S be the set of outer normals of K +M? at its
facets. If there exist uy,...,uqg—1 € U(K + M) such that (F(K,u), F(M,u))
is minimal for all w € U(K + M)\{u1,...,uq—1}, then (K, M) is minimal.

Corollary 3.2.1. [6] Let K,M € R% d > 2, be polytopes. If there exists a
facet F of K + M with E C F for all E € €1, then (K, M) is minimal.

1t (X,7) is a topological vector space and X* its dual space, then we denote for
A€ K(X)and f € X" by

Hy(A) ={z € A| f(z) = max f(y)}

the (maximal) face of A with respect to f.
For a topological vector space X = (X, 7), let A(X) be the set of all nonempty subsets
of X. The Minkowski sum for A, B € A(X) is defined by

A+B=cl{r=a+b|a€ Aandbec B}),

where cl(A) = A denotes the closure of A C X with respect to 7.
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Proposition 3.2.5. [32] (A, B) € K%(R") is minimal if and only if one of
the following conditions is satisfied:

1) for every nonempty compact convex subset A" C A, there exists an ele-
ment x € R™ with A+ x C A’ + B and such that

{lye A+z|dy, A+ B) = max d(z, A"+ B)},

where d : R™ x R® — R™ denotes the Euclidean distance, is not a face
of A+ x.

or

2) for every nonempty compact convex subset B C B, there exists an ele-
ment x € R™ with B+ x C B’ + A and such that

{ye B+ X | d(y,B' + A) = max,epi.d(z, B+ A)}
is not a face of B + x.

For a polytope A in R™ we denote by Fi(A) the set of all edges (which
are one dimensional faces of A). Let A, B be polytopes in R™. We say that
F € Fi(A) and G € Fi(B) are equiparallel if F' and G are parallel and
if there is u € S" ! with F = F(A4,u) and G = F(B,u). The following
proposition gives us the necessary conditions for a pair of polytopes in the
plane to be minimal.

Proposition 3.2.6. [6] Let A, B be polytopes in R2. The pair (A, B) €
K2(R?) is minimal if A and B have at most one equiparallel edges.

A quasidifferntial of a piecewise linear function in R™ can be a pair of poly-
topes (A, B). The following proposition shows that a minimal quasidiffer-
ential of a piecewise linear function defined on R? is a pair of polytopes.

Proposition 3.2.7. [20] Let f : R? — R be a piecewise linear function and
19 € R3. Then a minimal quasidifferential D fy, is a pair of polytopes.

If functions f;(i € I =1: N) are quasidifferentiable at z, then
= max i
is a quasidifferentiable function and
Df(z) = [0f(x),0f (2)]
is a quasidifferential of f at x, where
9f(z) = Co{dfu(x) = ) filx) | k € R(x)},
1€R(x)
ik
df(x) =Co Y Bf(z), R(x)={iel| fi(x)= f(x)}.

keR(x)
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Example 3.2.1. Let v = (v1,72,23) € R?, 2° = (0,0,0), and define
f(x) = max{|z1], |x2], 23]}
Put
fi(z) =z, fu=m21, fiz=—z1, fi(r)=max{fi, fi2},

fo(x) = |z2|, for =22, foo=—x2, fo(x)=max{fo1, fo2},
f3(x) = |x3], fa1 =23, feo=—w3, f3(x)=max{f31, f2}.

Since fi1, f12, fo1, fo2, fs1 and fso are continuously differentiable, we can
take

D fi1(2°) = [0f11(2"), 0 f11(2z")], 8f11(2°) = {(1,0,0)}, D f11(z°) = {(0,0,0)},

Dfia(2°) = [0f12(2°), D f12(2°)], 8f12(2°) = {(=1,0,0)}, df12(z°) = {(0,0,0)},
D fo1(2°) = [0f(2"), D fr (2°)], Ofa1(2”) = {(0,1,0)}, fa1(2”) = {(0,0,0)}
D fop(2°) = [Dfaa(2°), D fa2(2°)], 8fa2(2°) = {(0,~1,0)}, dfaa(z°) = {(0,0,0)}
Df31(2°) = [0f31(2"), fa1 (")), Ofs1(2”) = {(0,0,1)}, fs1(2") = {(0,0,0)}

D f35(2°) = [0 fs2(2"), 0 f32(2°)], 0fs2(a”) = {(0,0,-1)}, Ofs2(”) = {(0,0,0)}

Using the rules of quasidifferential calculus, we have
D fi(xo) = [8f1(2°), 9 f1(2")],
D fo(wo) = [8f2(2°), 0 f2(2")],

d

D f3(zo) = [0f3(°), Of3(z")],

where

Qfl(xo) = CO{(LO’O)v (_17070)}7 5fl(xo) = {(0 0, 0)}

Qf2(x0) = CO{(O’ 1’0)7 (07 _170)}a ng(xO) = {( )}

Qf?x(xo) = CO{(()?O? 1)7 (O>O> _1)}a 5f3(x0) = {( )}
and

f=max{fi, fo, f3}, Df(a)=1[0f("),0f(@").

where

df(z%) = C0{(1,0,0),(-1,0,0),(0,1,0), (0,—1,0),(0,0,1), (0,0, —1)}, df(z") =

Geometrically,

{(0,0,0)}.
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Figure 3.1: Geometrical representation of the quasidifferential

3.3 A technique for the reduction of pairs of com-
pact convex sets

In [32] a technique for the reduction of pairs of compact convex sets by ex-
cision, or in locally convex vector spaces by cutting hyperplanes is given.
Let’s have the following notation for the next theorem.

Let X be a real topological vector space, and X™* be the space of all continu-
ous real valued linear functionals. For two compact convex sets A, B € K(X)
we will use the notation

AV B:=Co(AU B),
where the operation “Co” denotes convex hull.

Theorem 3.3.1. [32] Let X be a topological vector space and A, B € K(X).
Then the following statements are equivalent:

i) The set AU B 1is convex.

ii) The set AN B separates the sets A and B.

iii) The set AV B is a summand of the set A+ B.

iw) A+ B=AVB+ANB and ANB # 1)

Theorem 3.3.2. [32] Let X be a topological vector space, A € K*(X) a
nonempty compact convexr set. Moreover, let us assume that there exists a
nonempty compact convex subset C C A such that A\ C is nonempty and
convex. Then the pairs

(A,C), (cl(A\ C),CNecl(A C)) € K*(X)
are equivalent.

Proof. Put S = CN(cl(A\C)). Then it is obvious that S separates cl(A\C)
and C. Hence, by Theorem 3.3.1, we have

(cl(A\C))VC+ S=cl(A\C)+C.
Since cl(A\ C) Vv C = A, we get
A+S=c(A\C)+C,
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which means that
(A, C) ~ (cl(A\ C),CNcl(A\QC)).
O

Theorem 3.3.3. [32] Let X be a locally convex vector space, A, B € K?(X)
nonempty compact conver sets and let us assume that there exist an element
z € AN B and a continuous linear functional f € X™* such that A;Z = BJJ[,Z
and Ay, = By, Then the pairs

(A,A4;,) = (B, B;,) € K*(X)
are equivalent.

Proof. By Theorem 3.3.2 we have (4, A} ) ~ (A}F’Z,Af,z). By the assump-
tion that A}fz = B]Tz and Ay, = By, it follows that

(4,47,) ~ (B, B},).
O

Now we are able to prove the main result concerning reduction of pairs:

Theorem 3.3.4. [34] Let X be a locally convexr vector space and (B, D) €
K2(X).

a. Assume there exist points z1,d1 € X and a continuous linear functional

fr € X*\ {0} such that By, ., # 0 and Dy 4 = By . +di. Then
the pairs (B, D) and (BE7Z1,D£721+(11) are equivalent.

b. Moreover, if there exist points zs,ds € X and a continuous linear func-

tional fo € X*\{0} such that By, ., # ¢,By, , NB}, ., =0,D} . 40N

D};’Z2+d2 =0, and D};,Zg—i-dg = B};Zz + do, then the pairs (B, D) and
¥ - + - ~

(thz1 NBy, oDy ga, N ng,zQ-s-dQ) are equivalent.

Proof. (a) To proof (a) we cut D € R(X) with {x € X | fi(x) = fi(z1+d1)}.
This gives Dy, .44, = Bf, 2, +d1 # 0. Now, by Theorem 3.3.3, we have:

(2 € X | fala) = falza+ o)} Bia~  (eeX|hE) = filwn)
B
{#eX | filz) = filzs +di)} > {ze X | h(z) = fil2)}
fua
_ - +
B + Bfl,zl - Bfl,zl + Bf1,Z1
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and
_ Nt -
D+ Df1,21+d1 - Dfl,z1+d1 + Df1721+d1

Since D;hzﬁdl = B;l,zl + dy we write the second equation as:

D4<Dﬁm+m::DE%Hd{+B_ +d.

fi1,21
Summing up both equations we get

fi,21

B-

fi,21

+ BT +D + Dfl,z1+d1 =B +Bf1,z1 + Dj—rlazl""dl +B

f1,21

+dy
and simplifying the sum by B, _ and by Dy, 214, = B,z + d1, we get

+ +
(B7 D) ~ (Bfl,z17Df1,Z1+d1)'

To prove part b) let us observe that, by the symmetry with respect to the
origin in X, the statement obtained in part a) remains true if we interchange

the exponents + and —. Let us now apply the same technique to the sets
I _ pt I _ Pt
B'=Bj , and D' = Df1721+d1).

By the assumption we have:

’

+ _ +
fa,zo+d2 T B

f2,22

D —i—dQ:B/Jr +d2

+ pr—
f2,22+d2 f2,22

and hence B}j w 7 (). Now the symmetric part of a) gives for the pair
(B',D') € K?(X) that
D'+ B, =B +Dj

f2,22 2,22+d2”

By the definitions of B’ and D’ we have:

’

B, =B} _nNB;

f2,22 f1,21 f2,22
and
/I _ o + _
Df2722+d2 - Df1721+d1 n Df2,z2+d2
Hence
VAN + - + —
(B’ D) ~ (B , D ) ~ (Bf1721 N Bf2,22’Df1,Z1+d1 N Df2,22+d2)

O]

From the reduction by cutting hyperplanes we deduce the following sufficient
conditions for the non-minimality:

Corollary 3.3.1. [42] If the conditions of above theorem is satisfied, then
the pair (A, B) is not minimal.
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Proof. Suppose not! i.e (A, B) is minimal. Since the conditions of the above
theorem is satisfied i.e there exists z1,d; and a continuous linear functional
f € X*{0} such that

+ +
(A,B) ~ (A} L. B} ovay)-

And it is obvious that A}L C A and BT, C B. This contradicts with
1,21 f1,21+d1

our assumption. [

Theorem 3.3.5. [3/] Let X be a locally convex vector space, (A,B) €
K2(X), and let us assume that there exist an element z € AN B and a
continuous linear functional f € X* such that

As. =By, and A}tz = B}:Z C A.

Then the pair is not minimal.



Chapter 4

Reduction algorithm for any
pair of polytopes

Now, based on Theorem 3.3.4 we will define what we call reducible and non-
reducible pairs of compact convex sets as follows. Let X be a locally convex
topological vector spaces and (A, B) € K2(X). Then, the pair (4, B) is said
to be reducible if there are points z, d and a cutting hyperplane f € X*\{0}
such that Ay, # 0 and B, ;= A} _+d such that (4, B) ~ (A;Z, B;{Z—}—d).
Let X be a locally convex topological vector spaces and (A, B) € K?(X).
Then, the pair (A, B) is said to be non-reducible if there are no points
z,d and a cutting hyperplane f € X*\{0} such that Af, # () and By g=
A5, +dsuch that (4, B) ~ (A}, B} +d).

4.1 Cones and primal cones

A set A C R" is called a convex cone if A is convex and nonempty and if
x € A, A > 0 implies Ax € A. Thus a nonempty set A C R" is a convex
cone if and only if A is closed under addition and under multiplication by
non-negative real numbers. The following metric notions will be used. For
z,y € R" and ) # A C R, ||z — y|| is the distance between z and y and

d(A,z) = inf{||z —a|| | a € A}
is the distance of z from A. We write
SNz, p) i={z e R" | ||z — 2| = p}

for the n— dimensional sphere with centre at z € R™ and radius p > 0.
Let us consider Y = {y}", a finite set of m points in R™. The cone associ-
ated to Y is:

Cone(Y) = {tiy1 + taya + - - - + tiyi + - - - + tmYm; ti > 0}
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There is also a definition with half-spaces such that the border contains the
origin (see fig. 4.1):

Cone(Y) = ﬂ{x eR": Zaijxi <0}.
i=1 j=1

Convex hull of afinite set of peintsin R ; ] 5
Intersection of finitely many closed halfspacesin B

Figure 4.1: Examples of a 3-polytope in R?

Let ; be the number of adjacent vertices of a; and set those adjacent vertices
by a;q, for d € {1,...,r;}. Similarly, let k; be the number of adjacent vertices
of b; and denote those adjacent vertices by bj., for ¢ € {1,...,k;}.

Definition 4.1.1. A primal cone at vertex a of a polytope, denoted by Pc(a),
is defined as the convexr hull of rays containing all adjacent edges to a.

Every vertex v of a polytope P has an associated primal cone. In 3-
dimensional space, the boundary of the primal cone, Pc(v), consists of the
vertex v, the facets fy,; of P converging at the vertex v and the edges ep;;
converging at the vertex v so that an edge ey;; forms a common boundary
between adjacent facets fp; and fp; (see fig. 4.2).

Let us consider two polytopes A and B, given by

Figure 4.2: Cone and primal cone of a polytope
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A=Co(ay,ag,...,a;...,a.),
where r > 2, a; € R" fori =1:7 and

B = Co(b1,ba,...,bj,...,by),
where k£ > 2, b; ¢ R" for j =1: k.

Note 4.1.1. In the above definition, each a; and bj are the vertices(extreme
points) of A and B.

Based on the above definition, let’s define what we mean by two primal
cones are equivalent.

Definition 4.1.2. Two primal cones in R™ are said to be equivalent upto
translation if they have the same set of rays containing edges with the same
order when translated.

Figure 4.3: Primal cones in R?

Or equivalently,

Definition 4.1.3. Two primal cones in R™ are said to be equivalent if
ri = kj and for every d € {1,...,r;} there exists a corresponding unique
ce{l,...,k;} such that a;—a;c = a(bj—bjq)+e, for somea > 0 and e € R™.

It is obvious that through two distinct points, there is one and only one
line joining them. Three non-collinear points determine one and only one
plane. Similarly, 4 non coplanar points in R* determine one and only one 3-
dimensional hyperplane. We can extend these facts to general n—dimensional
space as in the following definitions.

Definition 4.1.4. Let S be a finite set of points in R™. Then S is said to be
a Cohyperplanar set if all points of S lie on n—1 dimensional hyperplane
of R™; Otherwise we call S a Non-Cohyperplanar set.

Definition 4.1.5. Let S be a finite set of points in R™ with all points of
S distinct. Then S is said to be a Special Non-Cohyperplanar set if
each set K C S containing n number of elements of S does not lie on
n — 2 dimensional hyperplane of R™ and can determine n — 1 dimensional
hyperplane of R™.
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Based on the above definition, we state the following theorem for polytopes.

Theorem 4.1.1. Let a be a verter of a polytope P in R™. Then the set
S containing all adjacent vertices of a is a Special Non-Cohyperplanar
set.

Proof. Let a be a vertex of a polytope P and S = {a1,...,a,}, n <7 be
the set of adjacent vertices of a. We need to show that S is a Special Non-
Cohyperplanar set,i.e we need to show that each set K containing n number
of elements of S does not lie on n — 2 dimensional hyperplane. Suppose not!
that is suppose that there exists set K containing n number of elements of
S which lie on n — 2 dimensional hyperplane. We claim that, at least one
element k of K is not a vertex of P. K lie on n — 2 dimensional hyperplane,
implies that & lies between two other point of K (it is a convex combination
of two points of K) lie on the same n — 2 dimensional hyperplane. This
yields k of K is not a vertex of the P. This contradicts to the fact that all
points of S are extreme points of P. O

The above theorem can be interpreted for the case of three dimensional
spaces as every set containing three adjacent vertices of a vertex of a polytope
is non collinear.

4.2 Sufficient conditions for reducibility and non
reducibility

The following sufficient condition for reducibility of polytopes is based on
the definition of primal cones at each vertices of the pair of polytopes.

Theorem 4.2.1. Let A, B € K" be n— dimensional polytopes, n > 2. The
pair (A, B) is reducible if and only if there exists i € {1,...,m;} and j €
{1,...,k;} such that

Pc(a;) = Pe(by) +d,

for some d € R™.

Proof. (=) Suppose (A, B) be a pair of reducible polytopes. Then, by def-
inition there exist z,d € R" and a linear function f € R™\ {0} such that
Ay, # 0 and Bi ja=4;,+d

Since A and B are n-dimensional polytopes the hyperplane f passes
through at least n distinct number of adjacent facets of A and B. Then the
intersection of these n number of adjacent facets form at least one vertex
a; and b; of the polytopes A and B (this is due to convexity of AJ; L AN

Ap,, By, qand B\ By ;). Therefore, the convex hull of a; and the

intersection points of the hyperplane with the n— facets of the polytope |,
say S = {s1,...,8n}, form a bounded polyhedron. Now if we construct a
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ray containing a line segment joining a; and elements of S, we get Pc(a;)
and so is Pc(b;). Since By, = A} +d, then

Pc(a;) = Pe(bj) + d.
(<) Suppose there exists i € {1,...,7;} and j € {1,..., k;} such that
Pc(a;) = Pe(b;) +d.

Assume S(a;) and S(b;) be the set of adjacent vertices of a; of A and b; of
B respectively. Since Pc(a;) is a translation of Pc(b;), every adjacent facet
of a; is a translate of a corresponding unique adjacent facet of b;. Then for
each equiparallel adjacent edges of a; and b;, we compute

M = min{Haic - aiH? Hbj - bjdH},

where a;. and bjq are adjacent vertices of a; and b; respectively. If M =
laic — ail|, set

Cl - {aic}a

C2 = {ajc + (bj — a;)}.
Otherwise,
C1 = {bja + (a; — b))}
and
Co = {bja}-

Here C} and Cs are translates of one another. We repeat the above procedure
for all equiparallel adjacent edges of a; and b;. Then by Theorem 2.3.4 there
exists a cutting hyperplane f that separates a; from C7 and b; from C with
some translating vector d = (b; — a;).
Now take the set,

A):,z = CO((li U (Cl N f)),

and
B]?,z—&-d = CO(b]’ U (CQ n f)),

such that B, , = AJI’Z +d.
Hence (A, B) is reducible. O

Lemma 4.2.1. If two polytopes have no equiparallel edges , then there is no
ie{l,2,...,7} and j € {1,...,k;} such that

Pc(a;) = Pe(b;) +d.
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Proof. Suppose A and B be polytopes and assume a; and b; be any vertices
of A and B. A and B have no equiparallel edges implies that every adjacent
edges of a; and b; are not equiparallel edges. This implies that for d € R"

Pc(a;) # Pe(b;) +d.

Since 7 and j are arbitrary, there is no i € {1,2,...,7;} and j € {1,..., k;}
such that
Pc(a;) = Pe(b;) +d.

O

Theorem 4.2.2. Let A,B € K", n > 2 be polytopes. If (A, B) have no
equiparallel edges, then (A, B) is non reducible.

Proof. The proof is direct using Theorem 4.2.1 and Lemma 4.2.1 O

The converse of the above theorem does not hold. To see this consider the
polytopes:

A = c0{(0,0,0),(1,0,0),(1,1,0),(0,1,0),(0,0,1),(1,0,1)}

and
B = ¢0{(0,0,0),(1,0,0),(1,1,1)(0,1,1),(0,0,1),(1,0,1)}.

Then the corresponding set of outer normal vectors of A and B is given by
U(A4) =4{(0,0,-1),(1,0,0),(0,0.7071,0.7071), (—1,0,0), (0, —1,0)}
and
U(B) = {(0,0.7071,-0.7071), (0,0, 1.), (0, —1,0), (—1,0,0), (1,0,0)}

respectively. The pair (A, B) is non reducible but it has many equiparallel
edges as shown in the figure 4.2.

Theorem 4.2.3. Let A and B be polytopes which have different dimension.
Then (A, B) is a non-reducible pair.

4.3 Determination of primal cones

To determine the primal cone at a vertex a; of a polytope, first we find the
rays containing the adjacent edges of a;, then we take the convex hull of
those rays. For each i € {1,...,r} we compute the primal cone of a; and for
each j € {1,...,k}, we compute the primal cone of b;. Here r 4+ k number
of computations of primal cones will be performed.
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Figure 4.4: Non-reducible pair of polytopes with some equiparallel edges in
R?)

The pairs of polytopes A and B, can be reduced using cutting hyperplane
if there exists i € {1,...,r} and j € {1,...,k} such that primal cone of
a; is equal to primal cone of b;. To check its equivalence, what we do is
we compute the outer normal vectors u; and u; of the edges of Pc(a;) and
Pc(bj) respectively. Then we check if the two primal cones have identical
edges with the same order and same outer normal vector u. We compute
k + r number of outer normal vectors.

Input: A polytope A with the set of vertices V4 = {a1,as,...,a,}
Output: Pc(a;)
for i <+ 1 to r do
for d + 1 to r; do
label the adjacent vertices of a; by a;q
find the ray 7;4 containing the adjacent edges of a;
find the convex hull of the rays r;g
Pc(a;) < Convh(r;q)
end for
end for
return Pc(a;)
Let P € K7 (the set of convex bodies with interior points) be a polytope
and F' a facet of P. Then F' = PN H, and P C H,, for suitable u and
a. We may assume that v € S, then u is called the outer unit normal
vector of the facet F'. The outer unit normal vectors of the facets of P are
called, in brief, the normal vectors of P.

Proposition 4.3.1. [40] If P € K is a polytope and ui,...,u are its
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normal vectors, then

k
P = ﬂ Hu_zvh(Pvul)'
=1

In particular, the numbers h(P,u1),...h(P,u) determine P uniquely.
Let’s consider the following property:

Property 4.3.1. Let a; and b; be vertices of A and B respectively, and
Pc(a;) and Pc(bj) their corresponding primal cones.

Pc(ai) = Pc(bj) +d< N(a,) = N(b])

where, N(a;) and N (bj) be set of outer normal vectors to the adjacent facets
of a; and b; respectively.

Proof. Suppose Pc(a;) = Pc(b;) + d. Pc(a;) = Pc(bj) + d implies that the
two primal cones are overlapping up to translation. Every facet adjacent to
a; also overlaps with adjacent facet of b; when translated with a vector d.
This implies that for every facet adjacent to a;, there exists a unique (since
they are overlapping) equiparallel adjacent facet of b;. If N(a;) and N(b;)
be a set of all unit outer normal vectors to the adjacent facets of a; and b;
resp., then N(a;) = N(b;).

Suppose N (a;) = N (b;). Here using Proposition 4.3.1 since N (a;) determine
Pc(a;) uniquely, whose facets are adjacent to a; as N (b;). The facets adjacent
to a; can be contained in the adjacent facet of b; or vice versa. Now consider
the adjacent edges of a; and b; and multiply it by a non negative scalar, we
get rays that contain the adjacent edges of a; and b;. Then take the convex
hull of those rays we get, Pc(a;) and Pc(b;) such that

Pc(a;) = Pe(b;) +d.

O

4.4 Reduction Algorithm via cutting hyperplanes

4.4.1 Using Selection

Based on Property 4.3.1, we propose an algorithm to determine an equiva-
lent non reducible pair for any given pair of polytopes in R™ using selection
to determine the cutting hyperplane.

Polytope A is characterised by its list of vertices L(v, A) and its list of facets
L(f,A) . Let a; be the i*" vertex in L(v,A) . We have: 1 < i < n(v, A),
where n(v, A) is the number of vertices of A. In the same way, polytope B
is characterised by L(v, B) and L(f, B). Let b; be the j'* vertex in L(v, B).
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We have: 1 < j < n(v, B), where n(v, B) is the number of vertices of B.
adj f(a;) and adj f(b;) represents the set of adjacent facets of a; of A and b;

of B.

1. Given L(v,A) and L(f, A), and L(v, B) and L(f, B) list of vertices and

facets of A and B respectively.

2. for each iteration ¢ and j find the set of outer unit normal vectors N (a;)
and N (bj) of the adjacent facets to a vertex a; and b; of A and B

respectively.

3. When N(a;) and N(b;) are equal, then by Property 4.3.1 (A, B) is re-
ducible. If it is reducible, then we need to find a hyperplane H which

satisfies the following governing condition:
Condition(*):

i. If

aiEH;_,

then
ap € Hi_v YV ap € C(Z,j)

The above statement tells us if the hyperplane H; is a hyper-
plane in which the vertex a; of the polytope A lies in the upper
halfspace(or H;") and all adjacent vertices of the a; except those
points which determine H; lies on the other side of the halfspace
(or H; ), then H; can be taken as the appropriate half space. The
reason why this two conditions must satisfy is to cut off all the
overlapping region of A and B that correspondes to Pc(a;) and
Pc(bj) at once.

a; € Hi_7
then
ag GH;'_, Y oag € C(Z,])

This indicates that if the vertex a; of the polytope lies on the H;~
and that all adjacent vertices of a; except points that determine
H; lie on the halfspace H:r , then H; is the appropriate cutting
hyperplane.

4. for each parallel adjacent edges e;. of a; and €4 of bj, compute

M = min{||a;c — a;l|, ||bja — bj||}-

If M = ||aic — a;||, then include a;. into the set containing say, C(i, j).
Otherwise include b;q into C'(4, ).
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5. If the number of elements of C(i,j) equals to the dimension of A, then
the cutting hyperplane H is the hyperplane which is determined by all
points of C(3, j).

In case |C(i,7)] > n, we select n— number of points from C(7,j) in
the following way.

First find the first closest point to a; from the set C(i,7) by solving
the following;

M = min{Hai — Ck” ’ CL € C(Z,])} (4.1)

Among the optimal points(if there is any) select one of it randomly.
Let ¢; € C(i,j) be one of the randomly selected solution of (4.1) and
include c¢; into the set S}{. Next, solve

M; = min{||a; — cx|| | cx € C(i,5)\ Si}, (4.2)

and set the optimum point of (4.2)to ca(if the solution of (4.2) is not
unique select one of them and set into ¢;) and update S};. Continue
in similar fashion until we get the first n— set of points, i.e S =

{c1,¢9,...,cn}.
~— ~— —_—— =~
c1 c2 Cn_1 en

-~

1stpossible selection

Then determine the hyperplane H using points of S check if the
hyperplane satisfies Condition(*). If the condition is satisfied, then
H is the appropriate cutting hyperplane. If not we select another n—
set of points based on the following method: Add one more point to
ST by solving

My 1 = minflla; — el [ e € C(i,5) \ Sir}, (4.3)

and keep the solution of (4.3)into ¢,41. Now , [ST™| = n+1. We have
n + 1 number of possible hyperplanes formed by selecting n— set of
points, and check if Condition(*) satisfied. At the time in which the
selected hyperplane satisfy Condition(*) stop and go to step 2. If
Condition(*) is not satisfied for all selected n + 1 hyperplanes, then
repeat the above procedure by finding one more point and adding
into S}_‘IH. Continue in similar fashion until we get an appropriate
hyperpalane.

The above algorithm terminates since the number of elements of C'(i, j)
are finite.

The plane H; can be determined by selecting n— set of points from C(i, j)
that can satisfy Condition(*) but this will be very difficult when the car-
dinality of, |C(4, )| is too high. We may need to implement (lC(;L’J )|) num-

ber of hyperplanes to find the appropriate hyperplane H;. For example, if
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C(i,7) € R? and has 100000 number of elements, then we will have (1003000)
number of alternatives to choose the appropriate hyperplane H;. Well, this
may take too long time to implement this task, so it is not applicable when
the adjacent vertices to a vertex of a polytope are very large in number.

4.4.2 Description of the Algorithm

In this subsection we give an algorithm based on different way of finding
the cutting hyperplane. The proposed reduction algorithm is developed
to reduce any pair of polytopes into non reducible pair of polytopes , not
necessarily minimal, via cutting hyperplanes.

Let A and B be polytopes in R" and a; and b; be any vertices of A and B
respectively.

As we discussed in the previous chapters polytopes can be described in two

Symbols | Description

r the number of vertices of A
k the number of vertices of B
T the number of adjacent vertices of a;
k; the number of adjacent vertices of b;
f(a;) the facet of A adjacent to a;
f(b;) the facet of B adjacent to b;

N(a;) the set of all outer normal vectors to adjacent facets of a;
N(bj) the set of all outer normal vectors to adjacent facets of b;
Qe adjacent vertices of a; for c € {1,...,7;}
bja adjacent vertices of b; for d € {1,...,k;}

Table 4.1: Parameters used for the algorithm

different ways: vertex representation and hyperplane representation. In our
algorithm the data can be in either of the two ways since it is possible to
change one representation into the other.

Step 1. Given vertex representation of A and B. Here assume that we are
given the vertex representation of the polytopes.

1. Label the adjacent vertices of a; of A and b; of B by a;. and bjq
respectively.

3. Label the adjacent edges joining a; and a;. by e;, and those
joining b; and bjq by €;q.
3. Label the adjacent facets of a; by f;. and that of b; by g;q4.

Step 2. For each iteration ¢ and j we will find the set of outer normal vectors
N(a;) of a; and N (b;) of b; of A and B respectively. If N(a;) = N(b;),
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then go to step 3. Otherwise, (A, B) is non reducible. stop

A primal cone at a vertex of a polytope can be obtained by using
adjacent edges of the vertex a; and taking the convex hull of the ray
containing the adjacent edges of a;. Let {a;1,as2,...,air,} be a set of
adjacent vertices of a;, then,

Pc(ai) = CO{T(aiaij) 1J € {17 s 7ri}}7

where r(a;a;;) is a ray containing a;a;; and Pc(a;) is a primal cone
of a;. But checking the equality of two primal cones ( infinite sets) is
very difficult unless some other criteria is proposed. The set of outer
unit normal vectors of facets of a polytope is unique. Since for k # 7,
Pc(ay) # Pc(ay), where aj and a, are extreme points of polytope A,
which indicates there is at least one facet which is not common to
both Pec(ay) and Pc(a,). This shows that the set of outer unit normal
vectors N(ay) to facets of primal cone of a; and N(a,) to the facets
of primal cone of a, are distinct. Therefore, for each distinct primal
cones of a given polytope, the set of outer unit normal vectors to the
corresponding primal cones are distinct. So based on Property 4.3.1,
the equality of two primal cones can be checked by testing the equality
of the corresponding set of outer unit normal vectors. Using Property
4.3.1 we have pairs of polytopes A and B have a region which overlaps
up to translation if they have the same set of outer unit normal vectors
to the n—1 dimensional adjacent faces of a; and b; for some ¢ and j. The
outer normal vectors for the facets can be computed using equation
2.3.

Step 3. Determine the common vertices of the overlapping region.

If the above conditions are satisfied , then we are sure that the given
pair of polytopes is reducible at these vertices. That is, there is an
overlapping region which can be cut off using hyperplane. So the next
step is determining the overlapping region. Suppose at the vertex a;
of A and b; of B, N(a;) = N(bj). Let u;. and v;q be the outer unit
normal vectors which correspond to the adjacent facets f;. of a; and g;q
of b; respectively. Then, determine the common parts of the parallel
edges by finding the minimum of the length of the two edges.

M = min [{[|aic — ail], [|bja = bj[}-
If M = ||ajc — a;l|, then set

C1(i,j) = {aic},
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Ca(i,7) = {aic + (bj — ai)}.
. Otherwise,

C1(i,5) = {bja + (ai — bj)}
and

Ca(i, ) = {bja}-

This is accomplished for each adjacent vertices of a; and b;. Finally,
for each (i,7), we get C1(i,7) and Ca(i,7), which is a set of common
points and represents the vertices of the overlapping region of the two

polytopes. In the rest of the steps we use C1(i, j) and those steps must
also be analogously done for Cs(i, j).

Step 4. Find the cutting hyperplane using the set Cy(i,7) and Ca(i, 7).
Here we do have two cases to be treated.

Case 1: When dim(P) = |C1(i,7)|, then no more job is needed the
cutting hyperplane can be taken as the hyperplane which is formed
by C1(i, 7). By Theorem 4.1.1 for a convex polytope, we have that
the set of all adjacent vertices of a; is a special non-cohperplanar
set. Since each elements of Cy(i,j) lies on the adjacent edges
of A and B, the set C1(i,j) is a special non cohyperplanar set.
This guaranteed us to construct an n — 1 dimensional hyperplane
using n— number of elements of C (7, j). The cutting hyperplane
can be taken as the hyperplane which formed is by the points of
(4 (i, 7) and which is the only alternative we have, since C (i, j) is
a special non-cohyperplanar set. For Cy(, j), the corresponding
cutting hyperplane can be obtained in a similar way.

In case of two dimensional space each vertex of a polytope has two
number of adjacent vertices, and the number of elements of C (i, j)
becomes two and these set determine only one line and these lines are
the cutting line for the two polytopes. But in case of pair of polytopes
in higher dimensional space a vertex of a polytope can have more num-
ber of adjacent vertices than its dimensions.

Case 2: When dim(P) < |C(i,7)| : Our objective is to find the n — 1
dimensional hyperplane H; which is closest to a; and satisfy Con-
dition(*):

In this case we do the following:
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e First convert C1(i,j) of A by considering it as a vertex rep-
resentation of some polytope P’ into a hyperplane represen-
tation . We obtain its hyperplane representation as a system
of linear equalities and inequalities,say.

System of linear inequalities corresponding to Cy (i, j) :

air a2 - Qip b1
ag1  aze - Az, bo
A= . . . ) b=
Aml Gm2 *° OAmn bm
System of linear equalities corresponding to C' :
c11 €2 -+ Cip dq
Co1 C22 ¢ Cop do
Aeq = . ) . , beq =
Cr1 Cr2 - Cprp dr

The above system of linear equalities represent the hyper-
planes containing the facets of the polytope formed by Cj.
In case all points of C; lie on the hyperplane, Aeq # []. So
our cutting hyperplane can be taken as

H = H(u,«) = H(Aeq, beq).

Otherwise,a hyperplane with minimum distance from a; is
the closest hyperplane(facet) of the polytope formed by C
can be taken as the required hyperplanes as shown in figure
4.5. To find the nearest cutting hyperplane, determine the

C= {CI:CQ:C3:C4:CJ}

Figure 4.5: Nearest cutting hyperplane

nearest point py from a; to P’ and take the hyperplane H;
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that contains pg as the cutting hyperplane. If more than one
facet of P’ contains pg, then take the hyperplane whose cen-
troid is at minimum distance from pg. If more than one facet
of P’ contains pg, again we look for another nearest point to
a; from p1. We continue this process until the nearest point p;
is contained by only one hyperplane. Then this hyperplane
is the required cutting hyperplane. To determine the nearest
point we use Ilsqlin.

Step 5: Cut off the overlapping region of A and B, we get

Apew = Co{a,...,a;—1,a0i41,...,a,} Uadje(a;) N H
Brew = CO{bl, cosbis1, b, ,bk} U adje(bj) NH.

Step 6: Update A and B by Apew and Bjey respectively, and go to
Step 1
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4.4.3 The Proposed Reduction Algorithm

Input: A pair of polytope (A, B) in R™, V4 and Vg
Require: a Non-reducible pair (A’, B)
fori=1— V(A) do
for c=1— r; do
label adjacent vertices of a; by a;., save a;. into AD(a;)
label adjacent edges of a; by e;., save e;. into E(a;)
label adjacent facet of a; by f;., save f;. into F(a;)
end for
end for
for j =1 — k do
for d =1 — k; do
label adjacent vertices of b; by bj;q, save bjq into AD(b;)
label adjacent edges of b; by mjq, save m;q into M(b;)
label adjacent facet of b; by g;q4, save gjq into G(bj)
end for
end for
fori=1— r do
for c=1— r; do
find outer normal vector u;. of the facet f;. of a; using eqn(3.4).
N(a;) = N(a;) U e
end for
end for
for j =1 — k do
ford=1— k; do
find outer normal vector v;4 of the facet g;q of b; using eqn(3.4).
N(bj) = N(bj) Uvjq
end for
end for
for i =1— r do
for j =1 — k do
if N(a;) = N(bj) then
forc=1—r; do
ford=1— k; do
if u;. isparallel to v;q then
M;e = min{|la; — acll, [[b; — bjall}
if M;. = |la; — a;.|| then
C1(i,7) = C1(3,5) U aje
C2(i,7) = C2(i,5) U{ajc + (bj —a4)}
else
C2(i,5) = C2(i,5) Ubja
C1(i,5) = C1(3,5) U{bjq + (a; — bj)}
end if
> Finding the common points of the congruent primal cones
if |C(4,j)| = n then
find the hyperplane H that passes through C(1, j)
if a; € HT then
I(A) = E(a;) N H™
I(B) = M(bj) N H™
V(A) = V(A)\{a;} UI(A)
V(B) = V(E)\{b;} U 1(B)
else
I(A) = E(a;)nHT
I(B) = M(b;) N HT
V(A) = V(A)\{a;} U I(A)
V(B) = V(B)\{b;} U I(B)
end if
else
[AbAegbeq] = vert2lcon(C1)
[A1bl1Aeqlbegl] = vert2lcon(C2)
if Aeq is empty then
M =min;e 1. size(n,1)} [0(9)]
S={ie{l,...,size(b,1)}||b(i)| = M}
take any k" element of S
Take H = H(A(k,:),b(k)) as a cutting hyper-

plane

else
H = H(Aegq, beq) is the cutting hyperplane

end if

if Aeql is empty then
M =min;e 1 sizenv1,1)} [01(9)]
S={ie{1,...,size(bl,1)}||bl(s)| = M}
take any kt" element of S
Take H1 = H1(Al(k,:),bl(k)) as a cutting hy-

perplane

else
H1 = H1(Aeql, begl) is the cutting hyperplane

end if

if a; € HY then
I(A) = E(a;) N H™
I(B) = M(bj) N H1™
V(A) = V(A)\{a;} UI(A)
V(B) = V(B)\{b;} U I(B)

else
I(A) = E(a;)nHT
I(B) = M(b;) N H1T
V(A) = V(A)N\{a;} UI(A)
V(B) = V(B)\{b;} U I(B)

end if

end if
end if
end for
end for
end if
end for

end for
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The other important point that we need to study is the behaviour of the
sum of number of vertices of the polytope at each reduction step. In case
of two dimensional space, it was shown that the sum of vertices of a pair of
polytopes is less than the sum of vertices of the minimal pair [42]. But in
case of higher dimensional spaces the situation is different. At each reduc-
tion process the sum of the vertices of the polytopes is non decreasing. To
justify this further, our reduction algorithm proceeds until we couldn’t find
a congruent primal cones. But the reduction algorithm that we developed
removes one vertex of the pair of polytopes at each reduction step. The
behaviour of the number of vertices depends on the position of the cutting
hyperplane. If the cutting hyperplane passes through the interior of at least
one adjacent edges of a;, then at least one additional new vertex will be
introduced.

Theorem 4.4.1. Fvery minimal pair of polytopes is non-reducible.

Proof. Suppose not! That is, there exists a minimal pair of polytopes which
is reducible. Let (A, B) € K?(X) be a minimal pair of polytopes which is
reducible. By using the reduction algorithm which is given above the pair
(A, B) can be reduced to a non-reducible pair (A’, B’) such that (A’, B') ~
(A,B) and A’ C A, B’ C B. This implies that (A, B) is not minimal. This
contradicts with our assumption. O

Remark 4.4.1. The converse of the above theorem may not be true. We
give a counter example to show this fact.

Example 4.4.1. Let
A = c0{(0,0),(4,0),(3,3),(0,3),(4,2)}

and
B =c0{(3,1),(3,3),(4,2)}

be two polytopes in R%. The pair (A, B) is not minimal due to Proposition
3.2.6. But it is not possible to find any non zero vector u € R? and points z
and d satisfying the conditions of Theorem 3.3.4. That means this reduction
algorithm is not applicable for finding minimal representation for such kind
of sets.

Figure 4.6: Non-reducible but non-minimal pair of polytopes in R?
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The following theorem tries to make sure that an equivalent non-reducible
pair of polytopes to a pair of polytopes is not unique. That means the
reduction process can depend on our starting point of reduction.

Theorem 4.4.2. Non-reducible pairs of polytopes which are equivalent to a
given pair of polytopes are not unique up to translation.

The above important result can be shown by giving a counter example.
Let

A=Col(2,5), (6,30, (5.2, (2,3), (1,2)}
and
B=Co{(2,1),(2,5): (5. ). (8:3), (3,4, (5,4)}.

The edges of A and B are given by assigning indices to vertices of A and B
as follows:

€1 €2 es3 eq es
Initial edges of B=1[1 2;2 3;3 4;4 5;5 6;6 1];
M NN N N
€1 €2 €3 €4 €5 €6
5 1 1 9
ap = (57 5)5 az = (55 5)7 az = (572)7 a4 = (2,3),&5 — (152)
5 1 1 15

by = (2a 1)7 by = (57 5)7 b3 = (57 5)7 by = (873)7 b5 = (?74)7 bﬁ = (574)

Stepl: Let’s search for an equivalent primal cones by determining the set of
unit outer normal vectors U(a;) and U(b;) of the adjacent facets(edges) at
each vertices of A and B respectively.

flar) = {e1, es5}, f(b1) = {e1,¢e6},
flaz) = {e1, 2}, f(b2) = {e1,e2},
flas) = {ea, e3}, f(b3) = {e2, 3},
flas) = {es, ea}, f(ba) = {e3, 4},
flas) = {es, 5}, f(bs) = {ea, 5},

f(be) = {e5,¢6},

In the above set of unit outer normal vectors to the adjacent edges of vertices
of A and B, we have the following:

N(a1) = N(b2) and N(as) = N(b2).
This implies that

Pc(ay) = Pe(be) + ¢ and Pce(as) = Pe(bg) + d,
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-1 1 -1 -1
-1 -1 N(bl):{(ﬁ’ﬁ)’(ig’ig)}
N(aw) = (0.1, (5. =) V2
_ N(bQ) = {(07 _1)7 (77 7)}
N(e2) = {2 o) (o=, —=)} V2’2
TRV g 28 (0,
Nlag) = (= o= (S =)} V89" /B9
VICVIOT VIV < (2 2 (2 )
N(a4):{(;57i)7(;17i)} V897897 /137 V13
VEIVITVE VR () = {(0,1), (= —2)
- -1 - NERVE:
N(CL5) - {(727 72)7 (727 72)} 1 1
N(bﬁ):{(oal)a(ﬁaﬁ)}

for some ¢, d € R2. Therefore, by Property 4.3.1 and Theorem 4.2.1, (A, B)
is reducible pair. So let’s find the cutting line which cut-off of the overlapping
regions. We have two options to start our reduction process. Without loss
of generality consider

Pc(ay) = Pe(ba) + ¢

-1 -1
N(a’l)_{(oﬂ 1)?(\/57\/5)}_]\[(172)
e1 and eg S——~—"

e; and €1

Next, for each equiparallel edges, we will compute

55 5
M = min{|laz — a1]|, ||bs — b2||} = min{i, 5} =5 for e; and &9.

Since M = |lag — a1||, keep az in set C. That is, C = {a2}. and for the
equiparallel edges e5 and &;

3 01, 1

V2TVl V2

Here, M # |las — a1]|, keep by into C. Then C' = C' U {ba} = {az,b2}. The
cutting line L is the line formed by points of C' which is given by:

M = min{[las — ax|], [[bz — b1[|} = min{

1
L:§m+3y:4.
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Cutting off the overlapping region of the pair (A, B) by L we get:

Figure 4.7: The non reducible pair corresponding to L

The set of unit outer normal vectors of adjacent edges of vertices of A* and
B* is,

Nia) = {(= 2o () N = (G o) ()
N(as) = (5 (G o)} Nlo) = (2 ) (22}
N(as) {(} S (=)} V) = (2 ) (= )
N(ar) = {(\ﬁ ) (G5 Nl = {00 (= )
Nias) = (5 G5l (22} N = {00 (.2

As we can see from the above
N(aj) # N(bj) for every (i,7) € {1,2,3,4,5} x {1,2,3,4,5}.

Then, by Property 4.3.1 and Theorem 4.2.1 (A*, B*) is non reducible. If we
start our reduction process with the other overlapping region. The cutting



4.4 Reduction Algorithm via cutting hyperplanes 49

hyperplane is
M:-3z+y=-7

to cut A and its translation with vector (1,—1) to cut B. Again,

Figure 4.8: The non reducible pair corresponding to M

N(aj) # N(b) for every (i,7) € {1,2,3,4,5} x {1,2,3,4,5},

where a and b} are vertices of A? and Bj respectively. As we have observed
from the example both (A*, B*) and (A2, B?) are equivalent non reducible
pair to (A4, B) but (A% B*) and (A%, B%) are distinct pairs of polytopes.
Therefore, non reducible pair equivalent to a given pair of polytope is not
unique.

Theorem 4.4.3. Let (A, B) € K2(R") be a reducible pair of polytopes and
(A, B') be a corresponding non reducible pair. Then

V(A) - V(A) =V(B) - V(B),
where V' represents volume.

The proof follows from the fact that using the given reduction algorithm,
we cut off an overlapping region i.e, a region which has the same volume.
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4.5 Examples

In this section we illustrate the effectiveness of the reduction algorithm for
the polytopes in R3. We present examples for different pairs of polytopes.
The case when the number of adjacent vertices of each vertex of each of the
given polytopes in the pair is equal to the dimension of the polytope is illus-
trated by the example below. In the next example the pair of polytopes are
given by hyperplane representation, and we apply the reduction algorithm
after converting into vertex representation.

Example 4.5.1. Suppose A and B are given in hyperplane representation;
A: Cx <b, where

1.0000  —0.0000  0.0000 5.0000
0.0000 1.0000  0.0000 5.0000
0.0000 —0.0000  1.0000 5.0000
C— 0.7071  —0.7071  0.0000 b— 2.8284
—-0.7071  0.7071 0.0000 |~ 2.8284
0.0000  0.0000  —1.0000 0.0000

0 —1.0000 —0.0000 0

—1.0000 0 —0.0000 0

The corresponding v— representation is given as follows:

N

\
O GTUL ik OO K Uk O
BTl = OO R Ul O O
S I IS S B B i i R

B : Dz < c, where
The corresponding vertex representation is given as follows:
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1.0000  0.0000 —0.0000 [ 5.0000 T
—0.0000 1.0000 —0.0000 5.0000
—0.0000 0.0000  1.0000 5.0000
D= 07071 —0.7071 0.0000 |,c= | 0.7071
0.0000 —0.0000 —1.0000 0

—0.0000 —1.0000 —0.0000 —0.0000
—1.0000 0.0000 —0.0000 0

000

100

5 4 0

55 0

050

VE=10 0 5

105

5 4 5

5 5 5

05 5

By using the reduction algorithm, we reduce (A, B) into a non-reducible pair
(A*, B*) with the following initial vertices and facets.

00 0
100 1 2 3 4 5
5 40 1 2 7 6
aj 5 5 0 f1
o SO 1, 2 3 8 7
Vi = =10 o sl Fpo=|"]=[3 49 s
Lo . - 4 5 10 9
a1o s - fx 5 1 6 10
. s . 109 8 7 6
05 5

For (i,7) = (1,1), find adjacent vertices of a1 and by
adjv(ar) = {(1,0,0),(0,0,5),(0,5,0)},
adjv(by) = {(4,0,0),(0,0,5),(0,4,0)}.

The adjacent facets of a1 and by are given by
adjf(a1) ={[1,2,3,4,5],[1,2,7,6],[5,1,6,10]},



4.5 Examples 52

0 0 0
4 0 0
5 1 0 1 2 3 4 56
5 5 0 1 2 8 7
Zl 1 5 0 9 2 3 9 8
2 0 4 0 92 3 4 10 9
Veo=I| [ =10 o5 =T[4 5 11 10
bis 4 0 5 7 5 6 12 11
5 1 5 6 1 7 12
5 5 5 12 11 10 9 8 7
1 5 5
0 4 5

adjf(bl) = {[1’273747576]7 [172787 7]a [67 17 77 12]}
—— —— ——
gi1 gi2 913

respectively. The set of unit outer normal vectors to the adjacent facets of
a1 and by given by

N(ay) = {(0,1,0),(-1,0,0),(0,0,—-1)},

N(by) = {(0,1,0), (~1,0,0), (0,0, —1)}

respectively. As we look N(a1) = N(b1), then by Theorem 4.2.1 and Property
4.3.1 (A, B) is reducible. By comparing the equiparallel adjacent facets of
a1 and by, let’s collect the nearest adjacent vertices.

For fi11 and g11, compute

M = min{||a11 — a1, [|b1r — b1 ]|}

Since My = ||la11 — a1]|, keep a1y into the set C i,e C = {a11}. For fia and
g12, we have
My = min{||ai2 — a1}, [|[b12 — a1}

Since My = ||a12 — a1]|, so C = {a11,a12}. For fi3 and g13, we have
M3 = min{||a13 — a1]|, ||b13 — a1]|}.

SZ"ILC@ MQ = ”CL12 - CL1||, S0 C = {(In, a2, blg} = {(1, 0, 0), (0,0, 5), (0,4,0)}
Since |C| = 3, we can determine a unique hyperplane Hy using C.
I 20 n 5 n 4 20
C—x+ — —z=—
Lot T oY Tt T o
Here, a1 = (0,0,0) is a vertex below the hyperplane, then cutting off the
overlapping region below the hyperplane Hy, we get, Now consider (A', BY)
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1 00
5 4 0 1 2 3 4 10
5 5 0 1 6 5
0 5 0 1 2 7 6
wlil e
5 4 5 4 10 5 9
5 5 5 9 8 7 6 5
0 5 5 1 5 10
0 4 0
4 0 0
> 10 12 1 2 3 4 5
5 5 0
12 1 7 6
1 50
1 2 8 7
0 4 0
00 5 2 3 9 8
VBlz 4 0 5 5 FBl— 3 4 10 9
4 5 11 10
5 1 5
5 5 5 5 6 11
11 10 9 8 7 6
L 55 5 6 12
0 4 5
1 00
as tnitial polytope.
-1 1
NA((574’O)) = {(Eﬂ 570)7 (0707 _1)7 (17070)}
-1 1
((57170)) {(Eﬂﬁv )(17070)7(0707_1)}

H

Since N((5,4,0)) = N((5,1,0)), (A", B

calculation we get,

1Y is again reducible. After some

C1 ={(4,3,0),(5,4,5),(5,5,0)},
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Cy ={(4,0,0),(5,1,5),(5,2,0)}.
The cutting hyperplane is

H, = createPlane(Ct),

and
Hy = createPlane(C3).

Since (5,4,0) is below the plane, we remove the region above the planes Hy
and Ho, using

[Va2, Fy2] = clipConvex Polyhedron AHP(V a1, F 1, Hy)

[Vp2, Fg2] = clipConvex Polyhedron AH P(Vpg1, Fgi, Ha)

1 0 0 110 2 3 9
5 5 0
0 5 0 L5 4
1 10 6 5
0 0 5
1 0 5 2.7 6
Ve = Fe=|2 3 8 7
5 4 5
- . - 3 9 4 8
8 7 6 5 4
0 5 5
1 4 9
0 4 0 2 6 10
4 3.00000000000000 0
4 0 0
5 5 0 11 1 12 2 3 4
1 5 0 1 1 6 5
0 4 0 1 7 6
0 0 5 12 2 8 7
B 4 0 50 o |2 3 9 8
V> = 5 1 51T~ 3 4 10 9
5 5 5 4 5 10
1 5 5 109 8 76 5
0 4 5 4 5 11
1.00000000000000 0 0 1 7 12
5 2.00000000000000 0

N4((0,0,5)) = {(0, —1.0000,0), (—1.0000, 0, 0), (0,0, —1.0000), (0.9524, 0.2381, 0.1905)},
Ng5((0,0,5)) = {(0,—1.0000,0), (—1.0000,0,0), (0,0, —1.0000), (0.9524, 0.2381, 0.1905)},
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Since N((0,0,5)) = N((0,0,5)), (A2, B?) is reducible. After some calcula-
tion we get,

Cy = {(17 0, 0)7 (17 0, 5)a (07 4, 5)7 (07 4, 0)}a

Cy ={(1,0,0),(1,0,5),(0,4,5),(0,4,0)}.
But in this case |C1|| = ||Cs|| = 4 > 3 = dim(A3) = dim(B3). Let’s consider
C1 as a vertex representation of some polytope and convert it into hyperplane

representation.

[A, b, Aeq, beq] = vert2lcon(Ch)

We get,
—0.0000 0.0000 —1.0000 0
A 0.2425 —0.9701 0.0000 b— 0.2425
| —0.2425 0.9701  0.0000 |’~ | 3.8806
0.0000 0 1.0000 5.0000

Aeq = (0.9701 0.2425 0.0000) , beq = (0.9701)

Since Aeq is nonempty , so all points of C1 determine a unique hyper-
plane. So take
H = H(u,a) = H(Aeg, beq),

as a cutting hyperplane. Since (0,0,5) is above the hyperplane H, use
[Vys, F 3] = clipConvex PolyhedronH P(V 2, Fs2, H1)

[Vgs, Fgs] = clipConvex PolyhedronH P(Vgz, Fg2, H2)
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1 0 0
5 5 0 19 2 3 8
0 5 0 19 5 4
1 0 5 2 6 5
5 4 5 23 7 6
Vas = | 5 5 5172 =13 8 10 7
0 5 5 76 5 4 10
0 4 0 25 9
4 3.00000000000000 0 1 4 10 8
0 3.99999999999999 5
4 0 0
? g 8 10 1 11 2 3 4
0 1 5 12
0 4 0
A 0 - 1 6 5
5 . - 1 2 7 6
VB3: FBSZ 2 3 8 7
5 5 5
| - - 3 4 9 8
9 8 7 6 5 12
0 4 o 1 6 11
1.00000000000000 0 0 L9 12 10
5 2.00000000000000 0
1.00000000000000 0 5
Since

0.7071  —-0.7071 —0.0000
1.0000 0 0
0 0 —1.0000| "’
—0.8909 0.4454  0.0891

NA((5747 5)) = NB((53475)) =

(A3, B3) is again reducible. Collecting common points in similar way like
the above we get,

C; = {(5.0000, 5.0000, 0), (4.0000, 3.0000, 5.0000), (5.0000, 5.0000, 5.0000), (4.0000, 3.0000, 0},
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Cy = {(5.0000, 2.0000, 0), (4.0000, 0, 5.0000), (5.0000, 2.0000, 5.0000), (4.0000, 0.0000, 0)}
1 0 0
5 5 0
o 5 0 18 2 3 7
1 o 5 1 8 10 4
5 5 5 2.3 65
VA4 = 0 5 5 F AL — g T8 6
5 10 4 9
0 4 0 1 4 9 7
4 3.00000000000000 0 > 5 10 s
0 3.99999999999999 5
4.00000000000000  3.00000000000000 5
4 0 0
5 5 0
1 5 0 9 1 10 2 3 4
0 4 0 9 1 5 11
4 0 5 10 2 6 12
5 5 5 2 3 7 6
VB4 - 1 5 5 F Bt — 3 4 8 7
0 4 5 8 7 6 12 5 11
1.00000000000000 0 0 4 8 11 9
5 2.00000000000000 0 1 5 12 10
1.00000000000000 0 5
5 2.00000000000000 5

We can compute set of all unit outer normal vectors of the adjacent
facets of a; and b; and what we observe

N(a;) # N(bj) forall (i,j) € [1,...,size(Vaa,1)] x [1,...,size(Vps,1)].

This implies that (A*, B*) is non-reducible.
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Example 4.5.2. Let A and B be polytopes which are given in terms of
vertexr representation in the table below:

Nodes(A) | Edges(A) | Faces(A) | Nodes(B) | Edges(B) | Faces(B)
100 12 125 100 12 125
010 14 235 010 14 235
-100 15 345 -100 15 345
0-10 16 415 0-10 16 415
001 23 162 001 23 162
00-1 25 263 00-1 25 263

26 364 26
34 146 34
35 35
36 36
45 45
46 46

Table 4.2: Vertices and faces data for the pair (A, B) of poytopes

Figure 4.9: A pair of polytopes in R? with |adj(Adj(a;))| > 3
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Let the vertex representation of A is given by

— W N B WD

O =
O = O

VA: 7FA:

_ o o o O

o O O
es}

= O O O = oW
S W N Ot Ot Ot Ot

R W W W NN NN
S UL O UL O ULWw D U

and B

O =
S = O

VB: >FB

_ O O O O
Il
W N WD

o O O
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= O O O oW
S = W N Ot Ot Ot Ot

R W W W NN N
S U O UL i O UL W O TN

e first iteration (i,7) = (1,1)
a; = Va(l,:) =(1,0,0) and by =Vp(1,:) =(1,0,0)
Let’s collect the adjacent facets of of a1 and by by using the following:

faces3 = getNighbog faces(1, Fa) = {[1,2,5], [4,1,5],[1,6,2], [1,4,6]}
facesd = getNighbogfaces(1, Fp) = {[1,2,5

=
vﬂk
=2
—

e determine the outer unit normal vectors to the adjacent facets of ay
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and by :

N = faceNormal(Vy, faces3)

0.577350269189626  0.577350269189626  0.577350269189626
0.577350269189626 —0.577350269189626 0.577350269189626
0.577350269189626  0.577350269189626  —0.577350269189626
0.577350269189626 —0.577350269189626 —0.577350269189626

Ny = faceNormal(Vp, faces4)

0.577350269189626  0.577350269189626  0.577350269189626
0.577350269189626 —0.577350269189626 0.577350269189626
0.577350269189626  0.577350269189626  —0.577350269189626
0.577350269189626 —0.577350269189626 —0.577350269189626

o Step 3: Check if N4 is equal to Np : As we can see in the above
Ny = Np.

Next we will collect common vertices of the overlapping region: collect
the adjacent vertices of a1 and by we have

Modesl = getNeighbour Nodes(1,E4) = [2,4,5, 6]
Modes2 = get Neighbour Nodes(1, Eg) = [2,4,5, 6]

0 1 0 0 1 O
, . , 0 -1 0 , 0 -1 0
So the adjacent vertices of a1 is 0 0 1 and by is 0 0 1
0o 0 -1 0 0 -1
e Next, find the common vertices of the overlapping region which is a
0 1 0
0 -1 0
convez polytope. We get, C' = 0 0 1
0 0 -1
Then consider C' as a vertex representation and change into hyperplane
representation.
[A, b, Aeq, beq| = vert2lcon(C)
0 -0.7071 0.7071 0.7071
0 —-0.7071 -0.7071 0.7071
A=y orom  o7om | = |ogort| Aca=11 0 0].beg=0
0 0.7071 —-0.7071 0.7071
Compute

N = min |b(i)]
ie{1,2,3,4}

S = {ilM = b(0)]}.
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Since Aeq is non empty, our cutting hyperplane will be

H:-1lx+0y+0z=0

So using

[V} F}] = clipConvexPolyhedronAHP1(Va, Fa, H)
[V F}] = clipConvex PolyhedronAHP1(Vg, Fp, H)

0 1 0 1 2 4
-1 0 0 2 3 4
Vi=10 -1 0|,Ft=1|1 5 2
0 0 1 2 5 3
0 0 —1] 1 2 3
[0 1 0] 1 2 4
-1 0 0 2 3 4
V=10 -1 0|,Ft=1|1 5 2
0 0 1 2 5 3
0 0 1] 1 2 3

Update the V4, F4,Vp and Fp by Vj,F}l,Vé and F113 and repeat the

above process.
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We compute the common points and we get C = {(—1,0,0), (0,0,-1),(0,0,1)},
Hjy = createPlane(C)

(V2 F3] = clipConvex Polyhedron AHP1(V}, F}, H)
[V F%] = clipConvex Polyhedron AHP1(VE, Fi, H)

We get,

1
1
— N
1

N SO RN SO S N
OJOJ[\DOJI IOJOJI.OC«D

— N

Since Na(-1,0,0) = {(Z, 7. 7). (75 75> 75)+ (0,1,0)} = Np(=1,0,0)

The pair (A%, B?) is again reducible. Our common set of points
C=C =Cy={(0,-1,0),(0,0,1),(0,0,—1)}.
Determine the cutting hyperplane formed by C we get

H:—-1lx+0y+0z=0.
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Since (—1,0,0) is above the plane H, we remove the region above H.

(V3 F3] = clipConvexPolyhedronHP1(V3, F3, H)
[V F3] = clipConvex PolyhedronHP1(V3, F3, H)

0 -1

Vi=1l0 0 1|, Fi=[ 3 2]
0 0 -1
[0 -1 0]

V=10 0 1|, Fi=[1 3 2]
0 0 -1




Chapter 5

Applications

5.1 On DCH Functions

By
P(X) = {p: X — R|p is sublinear and continuous }

we denoted the convex cone of all real valued continuous sublinear functions
defined on X and by

D(X)={v=p—qlp,q € P(X)}

An element 1) € D(X) is called a DCH-function, if it is a difference of convex
positive homogeneous functions. A function which is a difference of two
convex functions is called a DC-function. As an example for the reduction
of a DCH-function we consider the following two different representations of
the same function

h(z1, 2, x3) =max{0,x1, x2, 3,21 + 2,21 + 3,22 + 23,21 + T2 + T3} —

pa

maX{Ov x1,T3,T1 + xr2,x1 + xr3,T1 + T2 + $3}

~~

PB
=max{0, z2, x3, 1 + T2, T2 + X3, 21 + x2 + x3} — max{0, x3, r1 + z2 + 3}

-~ -~

pc PD

The reduction is explained in figure below:
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5.2 On finding Steepest descent and ascent

In solving optimization problems we must be able to (i) check necessary
conditions for an extremum; (ii) find steepest-descent or -ascent directions;
(iii) construct numerical methods. In the study of DCH functions one of the
important aspect is finding steepest-descent or -ascent directions and which
is depend on the quasidiffential. Since the quasidifferential of a function
may not be unique and here reduction techniques are needed to reduce the
quasidifferential.

For a finite-dimensional spaces X = R"”, the direction of steepest ascent and
descent for a DCH-function can be determined by solving * a quadrature
minimax” problem.

Let X = R™ be equipped with the Euclidean norm ||z| = /{(z,z). the
steepest descent direction of ¢ = py — pp € D(X) at the point 0 € R™ are
the vectors

Desc(p) = {zo € X|llzol| =1 and ¢(z0) = inf (z)}
Jeli=1

and the steepest ascent directions of ¢ = p4—pp € D(X) are the vectors

Asc(p) = {zo € X|[|lzol| =1 and ¢(z0) = Sup p(r)}
llzll=1
Proposition 5.2.1. [32] Let X = R" be equipped with the Euclidean norm.
Then for ¢ =pa — pp € D(X) there holds
i) zo € Desc(y) if and only if
wo + Vo
[[wo + vol|

Trog = —
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with
||lwo + vo|| = sup inf ||w+v|.
we—BVEA

ii) zo € Ase(yp) if and only if

wo + Vg
[[wo + vol|

with
lwo + vo|| = sup inf ||w + v|.
vE—AWEDB

Example 5.2.1. As an application of the above theorem we will determine
all steepest ascent and descent directions of the function:

. 1
¢ :R? 5 R with o(x1, 22) = max{|z1], |z2|} — (§|$1| + |x2|).

Obuviously ¢ = pa — pp with
A= Co{(1,0),(0,1),(-1,0),(0,—-1)}

and
-1 1 1

77 1)7 (_57 _1)7 (57 _1)}'

For the steepest descent and ascent directions we get

B= Co{(%,l),(

1 1 1 1 1 1 1

1
Desc(p) = {(ﬁ’ E)v (—*27 72)’ (E7 _E)’ (_E’ —E)}

and
Asc(p) ={(1,0),(-1,0)}.

Note that the function ¢ is constant on the zo— axis.



Conclusion and future work

The first contribution of this thesis is the way of detecting overlapping re-
gions of the two polytopes based on primal cones and set of outer unit normal
vectors. Secondly, we have shown how to determine the non-reducible pair
of polytopes in R™ using cutting hyperplanes. The algorithm for finding pri-
mal cones and nearest hyperplane to the vertex of the polytope have been
described. We have described for pairs of polytopes whose adjacent vertices
at each vertex of the polytope is equal to the dimension of the polytope,
the cutting hyperplane can be easily obtained. When the dimension of the
polytope and the adjacent vertices of a vertex of a polytope are different, a
way of finding the cutting hyperplane is discussed.

Another contribution of this thesis is the matlab code developed for the
reduction of pairs of polytopes in R3. We believe that this is helpful until
a way of finding minimal pairs of polytopes is proposed. This method will
be applied in the study of quasidifferentiable optimization. As we tried to
note that non reducible pairs which are obtained by using the reduction
algorithm are not necessarily minimal. Therefore, the general problem for
finding minimal pair of polytopes in R" is still open.

As a future work the ultimate goal is finding equivalent minimal pair of
polytopes for any given pair of polytopes. To this end we want to study
further the following problem to make the finding of the cutting hyperplane
simple for the algorithm proposed in this thesis.

Open Problem: Let P = co{pi,p2,...,pi,...,pr} be a polytope in R"
where p; are vertices of P. Suppose each n— set of vertices of P are special
non-cohyperplanar set. Is it possible to find the cutting hyperplane that
makes p; on the one side of the open half-space and all the remaining adjacent
vertices of p; on the other side of closed half-space in a very simple way?



Appendix A

Some definitions and
concepts

Definition A.0.1. [32] A subset K C X of a Hausdorff topological space
is called compact if every open covering {U; | i € I} of K (i.e. U; C X are
open and K C |J;c; Us) contains a finite covering {U; | i € I} of K, i.e.
Iy C I is a finite subset.

Definition A.0.2. [32] Let X be a real vector space endowed with a Haus-
dorff topology T. Then the pair (X, T) is called a topological vector space

if:

i) for every x,y € X and any neighborhoods Uy4y of x + y, there exist
neighborhoods U, of x and Uy, of y such that

Up + Uy C Usyy,

ii) for everyxz € X, ty € R and every neighborhood Uy, of tox there exists a
neighborhood U, of x and e > 0 such that for allt € R with | t—to |< e
the inclusion

tU:c g Utox

holds.

Definition A.0.3. [32] A topological vector space (X, T) is called locally
convez if there exists a basis U C 7 of neighborhoods of zero that consists of
convezx sets.



Appendix B

Non-smooth optimization

Nonsmooth optimization (NSO) refers to the general problem of minimizing
(or maximizing) functions that are typically not differentiable at their min-
imizers (maximizers). Since the classical theory of optimization presumes
certain differentiability and strong regularity assumptions upon the func-
tions to be optimized, it can not be directly utilized. However, due to the
complexity of the real world, functions involved in practical applications are
often nonsmooth. That is, they are not necessarily differentiable. In what
follows, we briefly introduce the basic concepts of nonsmooth analysis and
optimization. For more details we refer to [1, 24, 8, 43, 28, 37] and references
therein.

Let us consider the NSO problem of the form

min f(z) subjectto z € (B.1)

where the objective function f : R™ — R is supposed to be locally Lipschitz
continuous on the feasible set G C R™. Note that no differentiability or
convexity assumptions are made. NSO problems arise in many fields of ap-
plications, for example in image denoising, optimal control, neural network
training, data mining, economics and computational chemistry and physics.

Some important methodologies for solving difficult smooth (continuously
differentiable) problems leads directly to the need to solve nonsmooth prob-
lems, which are either smaller in dimension or simpler in structure. This is
the case, for instance in decompositions, dual formulations and exact penalty
functions. Finally, there exist so called stiff problems that are analytically
smooth but numerically nonsmooth. This means that the gradient varies
too rapidly and, thus, these problems behave like nonsmooth problems.

There are several approaches to solve NSO problems. The direct application
of smooth gradient-based methods to nonsmooth problems is a simple ap-
proach but it may lead to a failure in convergence, in optimality conditions,
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or in gradient approximation [24]. All these difficulties arise from the fact
that the objective function fails to have a derivative for some values of the
variables. The following figure demonstrates the difficulties that are caused
by nonsmoothness.

Smooth problem Nonsmooth problem
o Descent direction is obtained at | ¢ The gradient does not exist at
the opposite direction of the gradi- | every point, leading to difficulties

ent Vf(z). in defining the descent direction.

o The necessary optimality condi- | ¢ Gradient usually does not exist

tion Vf(z) = 0. at the optimal point.

¢ Difference approximation can be | ¢ Difference approximation is not

used to approximate the gradient. useful and may lead to serious
failures.

¢ The (smooth) algorithm does
not converge or it converges to a
non-optimal point.

Table B.1: Difficulties caused by Nonsmoothness

On the other hand, using some derivative free method may be another ap-
proach but standard derivative free methods like genetic algorithms or Pow-
ell’s method may be unreliable and become inefficient as the dimension of
the problem increases. Moreover, the convergence of such methods has been
proved only for smooth functions. In addition, different kind of smoothing
and regularization techniques may give satisfactory results in some cases but
are not, in general, as efficient as the direct nonsmooth approach [28]. Thus,
special tools for solving NSO problems are needed.

Methods for solving NSO problems include subgradient methods (see e.g.
[43]), bundle methods (see e.g. [28]), and gradient sampling methods (see
e.g. [1]). All of them are based on the assumption that only the objective
function value and one arbitrary subgradient (generalized gradient [8]) at
each point are available.

The basic idea behind the subgradient methods is to generalize smooth meth-
ods by replacing the gradient with an arbitrary subgradient. Due to this
simple structure, they are widely used NSO methods, although they may
suffer from some serious drawbacks (this is true especially with the simplest
versions of subgradient methods)[24]. An extensive overview of various sub-
gradient methods can be found in [43].
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Bundle methods are regarded as the most effective and reliable methods for
NSO at this time. They are based on the concept of subdifferential theory
developed by Rockafellar [37] and Clarke [8], where the classical differential
theory is generalized for convex and locally Lipschitz continuous functions,
respectively. The basic idea of bundle methods is to approximate the sub-
differential (that is, the set of subgradients) of the objective function by
gathering subgradients from previous iterations into a bundle. In this way,
more information about the local behavior of the function is obtained than
what an individual arbitrary subgradient can yield (cf. subgradient meth-
ods).

Gradient sampling algorithms is the newest approach developed by Burke,
Lewis and Overton. The gradient sampling method is a method for mini-
mizing an objective function that is locally Lipschitz continuous and smooth
in an open dense subset D of R™. The objective may be nonsmooth and/or
nonconvex. Gradient sampling methods may be considered as a stabilized
steepest descent algorithm. The central idea behind these techniques is
to approximate the subdifferential of the objective function through ran-
dom sampling of gradients near the current iteration point. The ongoing
progress in the development of gradient sampling algorithms suggests that
they have potential to rival bundle methods in the terms of theoretical might
and practical performance.

Note that NSO techniques can be successfully applied to smooth prob-
lems but not vice versa [24] and, thus, we can say that NSO deals with
a broader class of problems than smooth optimization. Although using a
smooth method may be desirable when all the functions involved are known
to be smooth, it is often hard to confirm the smoothness in practical appli-
cations (e.g. if function values are calculated via simulation). Moreover, as
already mentioned, the problem may be analytically smooth but still behave
numerically nonsmoothly, in which case an NSO method is needed.
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