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Abstract

In this thesis, we study the special case of linear optimization to show what may affect
the sensitivity of the optimal value function under data uncertainty. In this special case,
we show that the robust optimization problem with a locally smaller feasible region yields
a more conservative robust optimal value than the one with a locally bigger feasible region.
To achieve that goal, we use a geometric approach to analyze the sensitivity of the optimal
value function for linear programming (LP) under data uncertainty. We construct a family
of proper cones where the strict containment holds for any pair of cones in the family.
We then form a family of LP problems using this family of cones constructed above; the
feasible regions of each pair of LPsin the family holds strict containment, every LP in
the family has the unique optimal solution at the vertex of the cone and has the same
objective function, i.e., every LP in the family shares the same optimal solution and the
same optimal value. We rewrite the LPs so that they reflect the given data uncertainty
and perform local analysis near the optimal solutions where the local strict containment
holds. Finally, we illustrate that an LP with a locally smaller feasible region is more
sensitive than an LP with a locally bigger feasible region.
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Chapter 1

Introduction

Suppose that we want to solve an uncertain linear programming problem (LP), i.e., a
linear program with uncertain data; and, we are given bounds for each element of the
uncertain data. We want to obtain the best possible optimal value in the presence of
data uncertainty. Robust optimization handles such linear programming problems. Robust
optimization tries to find the best uncertainty(perturbation)-immunized solution with given
uncertainty set. Given a linear programming problem, we call an optimal value with no
uncertainty involved a nominal optimal value and call an optimal value with uncertainty
involved a robust optimal value.

We sometimes obtain a robust optimal value that is very close to its nominal optimal
value. In this case, data uncertainty does not play a big role in terms of determining its
optimal value. In this thesis, we want to study the question of why a robust optimal value
may be so well behaved. Similarly, we may obtain a robust optimal value that is far from
its nominal optimal value and want to answer the question of why a robust optimal value
may be poor, more precisely why it is too conservative. We show that the behaviour of
robust optimal value is related to the local geometric structure of the problem. For this, we
construct a family of LPsthat share the same objective function and the feasible regions
are of the same structure. At the same time, we have control over the sizes of the feasible
regions.

We achieve the goal of this thesis via sensitivity analysis. Sensitivily analysis tries
to answer how sensitive the optimal value/solution is to small changes in one or more
of the parameters/data of the original problem. We first consider an uncertain linear
programming and formulate its robust counterpart. We then show that the resulting robust
counterpart can be written as a parametric LP. We analyze the sensitivity of the optimal
value function of the parametric form of the robust counterpart. Intuitively speaking, we
want to show that if a nominal optimal solution is determined at a sharp corner of the
feasible region, then its robust optimal value is more sensitive than the case where the
nominal optimal solution is at a fatter corner.

The topic of this thesis lies in the intersection of the polyhedral theory, robust opti-
mization, parametric linear programming and sensitivity analysis.



This thesis is organized as follows: For the rest of this chapter, we introduce an ele-
mentary example and some notations. In Chapter 2, we introduce some definitions and
lemmas that we need in the later chapters. In particular, the polyhedral theory and the
robust optimization will be extensively used in the later chapters. In Chapter 3, we present
how we build polyhedral cones so that we can control their sizes. We then study properties
of the cones constructed above. We also study relations between two sets based on the
cones generated above. In Chapter 4, we present the main results of this thesis. We first
define two classes of LPs we wish to study their sensitivities. We consider two classes of
LPs such that the part of their feasible regions are the cones constructed in Chapter 3.
In Chapter 5, we experiment the result presented in Chapter 4. In Chapter 6, we conclude
the results presented in this thesis, limitations and further work.

1.1 An Elementary Example

We observe the following example.

Example 1.1.1. Define the following two families of LPs where E is the matrixz of ones
and € € [0,0.1] :

Yp(e) = min (w, x)
(R(e, P)) subject to (P —eE)x >p
x>0,
Ygle) = min (w, )
(R(e,Q)) subject to (Q —eE)x > ¢
x>0,
where
0 _V3 1 _V2
IO I R e
22 2

i) ()

Figure 1.1.1a shows the feasible regions of (R(0,P)) and (R(0,Q)). We note that the
feasible region of (R(0,Q)) contains the one of (R(0, P)).

(R(0,P)) and (R(0,Q)) both have the same optimal value and the same optimal so-
lution, which are 1 and e, respectively. However, for e € (0,0.1], we have the following
relation:

bple) > vgle). (L.1.1)

For example, if e, = 1071 and e; = 1072, we have

Ypler) 1441071 > 1428281071 = ¢g(e), and
Up(ea) 2 1+5-1070 > 143291071 ~ vo(es).

Figure 1.1.1b shows the computational result of (1.1.1). In this example, we observe that
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Optimal Value w.r.t. €

145 771.131"(6)
1L ¥ele)]

Optimal Value
N2 W
B e B
\

\
\
\
\
\
LY
\

.02 0.03 0.04 0.25 0.06 00.7 0.08 0.09 0.1
(a) The feasible region of (R(0,P)) (b) ¥p(e) > ¥g(e), Ve € (0,0.1]
contains the one of (R(0,Q)).

Figure 1.1.1: The optimal value function ¥ p(€) is associated with the region filled with
diagonal lines on the LHS. We note that ¢p(€) yields bigger function values than tg(e).

the optimal value of (R(e, P)) is more sensitive to its change of data than the optimal value

of (R(€,Q)). 0

We relate the sensitivity of the optimal value functions to the dual optimal solutions of
the given LPs. We will show in Chapter 4 that ¢)p(¢) is more sensitive than ¢¢(€), since
the nonzero coordinates of the dual optimal solutions of (R(e, P)) is bigger than the ones

of (R(e,Q)).

1.2 Notations

We first explain some notations used in this thesis. We use these notations without further
explanations in later chapters. We extensively use the definitions from [1, 10,25].

To represent a part of a matrix, we follow Matlab notations. For example, given a
matrix A, A(:, j) denotes the j-th column of a matrix A. Similarly, A(7,:) denotes the i-th
row of a matrix A. Given a subset of column indices of A, A(:,Z) denotes a submatrix A’

of A such that columns of A’ are columns of A associated with Z. The rank of A is denoted
by rank(A).

Given a set X, we denote X the orthogonal complement of X; int(X) denotes the
interior of X and relint(X) denotes the relative interior of X. The null space of X is
denoted by null(X).

We use superscript to denote various vectors. For example, we write w’ to denote
different vectors in R". However, we use subscript w;, when the meaning is clear. We use
e" to denote the vector of all one’s in R™. However, we often omit the superscript when
the meaning is clear; e; denotes the i-th column of the identity matrix; F is the matrix of
all ones with an appropriate size; and Ball(x, €) is the ball centered at z with radius e.



Chapter 2

Preliminaries

2.1 Convex Analysis Background

We present some of the background in convex analysis and polyhedral theory needed in
subsequent chapters. In Section 2.1.1, we introduce basic notions of convex analysis and
some related results. In Section 2.1.2, we present basic definitions of general cones and
some examples. In Section 2.1.3, we present some important lemmas in polyhedral theory
used in later chapters of this thesis.

2.1.1 Convex Sets

A reader familiar with the basics of convex sets and extreme points can skip to the next
section.

Definition 2.1.1 (convex combination). A point x in R"™ is a convex combination of the

points x1,...,xx € R™, if there exist nonnegative scalars A, ..., A\p such that
k k
T = Z)\ixi and Z)‘i =1.
i=1 i=1
If all scalars A1, ..., N\, are positive, then we call x is a strict convex combination of the
points x1,...,Tk.

Definition 2.1.2 (convez set). A set X C R™ is convex if X contains all convex combi-
nations of points in X. Equivalently, X C R"™ is convex if for any two points 1,2, € X,
the line segment {\x; + (1 — N)ao : A € [0, 1]} with endpoints x1, x4 is contained in X.

Definition 2.1.3 (convex hull). Given a set X C R", the convex hull of X, denoted by
conv(X), is the smallest convex set containing X .

4



Definition 2.1.4 (extreme point). We say that x € X is an extreme point of X if
r=oar,+ (1 —a)rey with o € (0,1) and x1,29 € X = x =12, = 29.

We let ext(X) denote the set of all extreme points of X.

Lemma 2.1.5 ([23, Theorem 8.11]). ! Let X be a compact convez set in R™. Then for any
p € int(X), one can fir ag € ext(X) and find ay,. .., a, € ext(X), and write p as a convex
combination of {a;}i_,, with positive coefficient Ao, i.e.,

p=Y_Aaj, withA>0,X >0 and Y A =1 O

J=0 J=0

Lemma 2.1.6. Let X be a compact convex set in R"™ and let ext(X) = {x1,...,x}. Then
every point p € int(X) can be written as a strict convexr combination of all the extreme
points, 1.e.,

k k
PZZ)\ixi, for some A > 0 and Z)‘i =1

i=1 i=1

Proof. Let p be an interior point of X. Fix 27 € ext(X) and let J; be a subset of indices
{1,...,k} satistying | 71| =n+ 1 and 1 € J;. Then, by using Lemma 2.1.5, we can write

p= Z Ajxj, for some A' € R} with Z A =1and A} > 0.

JjeET JjeET

In fact, we can write, by letting /\; =0,7 € [k]\ T,
k k
p= Z )\}xj, for some A\' € R% with Z )\jl- =1and \] > 0.
j=1 j=1

Similarly, for each i € {1,...,k}, we can fix x; € ext(X) and write

k k
p= Z)\zxj, for some A" € R% with ZA; =1 and \! > 0. (2.1.1)
j=1 Jj=1
Then adding k equations for each i € {1,...,k} of (2.1.1) leads to

ko ko L
kp:ZZ)\;xj — p:Ezlzl)\;azj.
i=1 j=

i=1 j=1

!The statement in [28, Theorem 8.11] is modified. The original statement is precisely: Let A be a
compact convex subset of R of dimension n. Then any point in A is a convex combination of at most
n + 1 extreme points. In fact, for any z, one can fix ey € ext(A) and find ey,...,e, € ext(A4) so x

is a convex combination of {e;}7_,. If z € relint(A), then z = >7_,0;e; with 6 > 0. In particular,
A = conv(ext(A)).



Since 1 > i1 > ;-1 A; = 1 and each coefficient of x; is positive, p is a strict convex combi-
nation of extreme points of X. m

Remark 2.1.7.

1. An interior point of a compact convex set may not have a unique strict convexr com-
bination.

2. An interior point of a compact convex set that is written as a strict convexr combina-
tion of all extreme points may not use all the extreme points.

Ezxamples are illustrated in Example 2.1.8 below.

Example 2.1.8. Given the set

{00 ()t

consider the convezr set S = conv (X) (See Figure 2.1.1.). It is clear that all elements in

Figure 2.1.1: A convex set with four extreme points in R?. (1 O)T is an interior point of

2
S.

X are extreme points of S.

T . . o : :
1. (%, 0) does not have a unique strict convex combination of all extreme points since

T
(%7 O) = %61 + %62 + %(—61) + %(—82)7

and .
(%, 0) = %61 + %62 + 1—10(—61) + %(—62).

2. We note that .
(2.0)7 = dex + dea + h(—e),

and the extreme point —e; s not used to represent (%, O)T above. 0



Remark 2.1.9. The statement of Caratheodory’s theorem is as follows: Any x € conv(X) C
R™ can be represented as a convexr combination of n + 1 elements of S. In Example 2.1.8,
we note that S is in R?. Hence, Caratheodory’s theorem states that we need at most three

points in S to represent (%,O)T as a convex combination of points in S (See Item 2 of
Ezxample 2.1.8.).

2.1.2 General Cones

A reader familiar with basic definitions of cones, polar cones, cone bases and extreme rays
may skip to the next section.

Definition 2.1.10 (cone). A nonempty set S C R™ is a cone if 0 € S and for every x € S
and A > 0, Az belongs to S. In other words, a nonempty set S is a cone if, and only if,
0 € S and for every x € S\ {0}, S contains the half line starting from the origin in the
direction x.

Definition 2.1.11 (pointed cone). A cone K is said to be pointed if it does not contain a
line, 1i.e.,
r,—r €K — z=0.

Definition 2.1.12 (pointed cone with vertezx). Given a pointed cone K, a pointed cone
with vertex x is any set of the form x + K.

Definition 2.1.13 (proper cone). A cone K C R™ is called a proper cone if K is convex,
closed, pointed and has nonempty interior.

Definition 2.1.14 (dual cone). The dual cone K* of a set K is

K :={xeR": (z,y) >0, Vy € K}.

Definition 2.1.15 (conic combination, conical hull). A conic combination of elements

T1,...,% s an element of the form Y ., ax;, where the coefficients «; are nonnegative.
If the coefficients «; are positive, Vi = 1,...,k, then we call ), a;z; a strict conic
combinations of x1,...,Tg.

The set of all conical combinations from a given nonempty set S C R™ is the conical
hull of S, denoted by cone(S).

Definition 2.1.16 (base for a cone, e.g., [1]). Let P be a cone in a vector space. A
nonempty convex subset B of P\ {0} is said to be a base for the cone P (or, cone base),
if for each x € P\ {0}, there ezists A > 0 and b € B both uniquely determined such that
T = Ab.



Lemma 2.1.17 ([l, Corollary 3.8]). Every closed pointed cone in a finite dimensional
vector space has a compact base. [

By the homogeneity of cones, we may assume that a base B for a pointed cone P in a
finite dimensional vector space X is of the form

B=Pn{xre X :(x,p)=al,

for some p € X and o € R (See Figure 2.1.2.). We note that B is a convex compact set.

Figure 2.1.2: An illustration of a cone base in R3: The shaded region is a cone base of the
given cone.

Example 2.1.18. Suppose that P =R’}. Then we can choose a base
B=R}N{zeR": (e,z) =1},

i.e., if v € RY, then we let X = (e,z) and b = %x to get the unique representation.
Similarly, if P =S (i.e., the cone of positive semi-definite matrices), then we can choose

B=S'n{X eSS :([,X)=1} =ST Nn{X €87 : trace(X) =1},

i.e., if X € ST, then we let A = (I,X) and B = %X to get the unique representation. [

Definition 2.1.19 (ray). Given a vector a € R™, we denote the half-line generated by a

ray(a) = cone({a}) = {ka : k > 0}.

Definition 2.1.20 (eztremal vector, extreme ray). Let P C R™ be a cone. A nonzero
vector v € P is said to be an extremal vector of P if

rePandv—x e P = x =M\,

for some X\ > 0. In this case, the half-ray ray(r) is called an extreme ray.

8



Example 2.1.21. Given

(@) () i)

define P := cone({ay,as,a3}). Thenray(ay) and ray(as) are extreme rays of P and ay and
ay are extremal vectors of P (See Figure 2.1.5.). In fact, for any X € Ry, Aaj, Aay are
extremal vectors of P. O

ray(a; ) ray(as) ray(as)

ay ag

az

0
Figure 2.1.3: The shaded region is cone({ay, as, as}).

Definition 2.1.22 (recession cone). The recession cone of the closed convex set C' is the
closed convex cone Cy, defined by

Co ={deR":x+tde C, VYt >0 and Vx € C}.

We call each element in Cy, a recession direction.

An extreme direction d, with ||d|| = 1, of a convex set is a recession direction of the set

that cannot be represented as a strict conic combination of two distinct recession directions
d' and d* with ||d'|| = ||d?|| = 1.

Lemma 2.1.23 ([25, Theorem 18.5]). Let C be a close convex set containing no lines, and

let S be the set of all extreme points and extreme directions of C. Then C' = conv(S). [

Definition 2.1.24 (polar cone). Let K be a conver cone. The negative polar cone of K
18
K :={seR":(s,x) <0, Vo € K}.

The positive polar cone of K is
K*:={seR":(s,x) >0, Vo € K},

which is precisely the dual cone of K (See Definition 2.1.1/.).



Lemma 2.1.25. Given two cones Ki, Ky satisfying K1 C Ky, polarization is order-

reversing, i.e.,
K CK, = ngK;,

Proof. Suppose that x € K3. Then (s,z) < 0, Vs € K, by Definition 2.1.24. Since K5

contains K7, we have (u,z) < 0, Vu € K;. Hence x € K?, by Definition 2.1.24 again.
Replacing < with > in the preceding proof gives the proof for the dual cone. n

2.1.3 Polyhedral Theory

In the previous section, we studied some definitions of general cones. In this section, we
further study a special class of cones, namely, the polyhedral cones.

Definition 2.1.26 (polyhedral cone). A set P C R"™ is a polyhedral cone if P is the
intersection of a finite number of halfspaces containing the origin on their boundaries.
That is, P :={x € R" : Ax > 0} for some A € R™*".

Definition 2.1.27 (finitely generated cone). A set P C R" is a finitely generated cone if

P is the convex cone generated by a finite set of vectors r',... . r*, for k > 1. We write
P = cone ({7"1, . ,rk}), and we say that v',...,r* are the generators of P. If R is the
n x k matriz with columns r*,... rk,

cone ({r',...,r*}) = {z € R" : I\ > 0 such that x = RA}.

Lemma 2.1.28 ([10, Theorem 3.11], Minkowski, Weyl). A subset of R" is a finitely gen-
erated cone if, and only if, it is a polyhedral cone. 0

We can also make a statement that resembles Lemma 2.1.6 in terms of proper polyhedral
cones. We first present a lemma on the cone base of a cone.

Lemma 2.1.29 ([!, Theorem 1.48]). Let B be a base of a cone K. Then a vector b € B
s an extremal vector if and only if b is an extreme point of the convex set B. O

With Lemma 2.1.17 and Lemma 2.1.29, we can state the cone version of Lemma 2.1.6. In
other words, an interior point in a proper cone can be written as a strict convex combination
of its extremal vectors.

Lemma 2.1.30. Let K be a pointed cone generated by {a'}i—1, x, i.e., K = cone({a'}i—1. k).
Assume that each a', i = 1,....k is an extremal vector of K. Then a point p € int(K)
can be written as a strict conic combination of extremal vectors of K, i.e.,

k
p=Y_Na', with A >0Vi=1,.Fk

i=1

10



Proof. By Lemma 2.1.17, we can choose a compact convex cone base B for K. Since K
has a finite number of extremal vectors, B has a finite number of extreme points in B, say
B = {b*,...,b"}, by Lemma 2.1.29. Since p € int(K), yp = p € int(B), for some v > 0.
Then, by Lemma 2.1.6,

k k
D= Z,uibi, for some p > 0 and Z,ui =L

1=1 i=1

Let \; = (1/7)u;, for all i = 1,... k. Then, we have

k
p = Z \;b%, for some A > 0. ]

i=1

In Section 3.1, we will construct a polyhedral cone P with specified properties. The
cone is constructed by generating its extreme rays and is defined by the convex hull of these
extreme rays, i.e., P = cone({p' : i € I}), where I is the set of indices of extreme rays.
By Lemma 2.1.28, we know that we need a finite number of extreme rays to construct
a polyhedral cone. Depending on the number of its extreme rays, the cone can be a
nondegenerate cone or a degenerate cone. In the rest of this section, we explore how the
number of extreme rays of a cone determines its nondegeneracy /degeneracy.

Definition 2.1.31 (nondegenerate/degenerate polyhedral cone). A proper cone P formed
from an intersection of halfspaces is said to be nondegenerate, if exactly n distinct halfs-
paces are active at its vertex. If there are more than n active halfspaces at its vertex, then
we call P degenerate.

A e b

Figure 2.1.4: A non-degenerate cone(LHS) and a degenerate cone(RHS) in R3.

Given a cone P, knowing all extreme rays of P makes it very easy to obtain its polar
cone.

Lemma 2.1.32 ([!, Theorem 3.36]). Let a polyhedral cone P be generated by its extremal
vectors {a'}icr. Then aside from scalar multiples, the dual cone P* is precisely the inter-
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section of halfspaces determined by the same a'’s, i.e.,
P ={yeR":(a',y) >0, Vicl}?
Proof. Suppose that we are given any points
x € cone({a'}ic;) and y € {y e R": (a',y) >0, Vi € I}.

Then, for some A > 0,

(x,y) = <Z )\iai,y> = Z/\i <ai,y> > 0.

Hence, {y € R": (a’,y) >0, Vi € [} C P*.

To show the equality, suppose to the contrary that there exists
y € PP\{yeR": {(a',y) >0, Viec I}

Then there exists j € I such that (a’,y’) < 0. Note that (a/,y’) > 0 since a/ € P. Hence,
we have 0 < (a’,y) < 0 and this yields a contradiction. O

Aset {x € R": (a',z) < b, (a!,x) =bj,i € Z,j € J, for some Z, T} is said to be in
manimal representation for P if all its constraints are irredundant. The following lemma is
written with polyhedra. Since cones are polyhedra, Lemma 2.1.33 still works with cones.
Lemma 2.1.33 shows that there is a unique representation of the dual cone P*, up to scalar
multiples.

Lemma 2.1.33 ([10, Corollary 3.31]). Let P be a full-dimensional polyhedron and let
Ax < b be a minimal representation of P. Then Ax < b is uniquely defined up to scaling,
i.e., up to multiplying inequalities by a positive scalar. ]

In this thesis, we assume that the full-dimensional polyhedral cones are given in their
minimal representations. By Lemma 2.1.33, we may assume that each normal vector a' to
the halfspace {z € R" : (a’,z) > 0} is of length 1.

Let {p’};cs be the set of extremal vectors of the dual cone, (cone({a'}icr))”. Then,
Table 2.1.1 is the consequence of Lemma 2.1.32. We observe from Table 2.1.1 that each
extremal vector of the cone P gives a normal vector of a half-space determining its dual
cone P*. In other words, it is very easy to find halfspaces determining a cone as long as we
know the extremal vectors of its dual cone. Similarly, if we know the extremal vectors of
the dual cone, we can easily find P as an intersection of halfspaces. The following example

2The statement in Lemma 2.1.32 is modified. The original statement in [I, Theorem 3.36] is precisely:
Let a polyhedral cone P is generated by the minimal set of inequalities {(a®)T2 > 0:4 € 1,...,1}. Aside
from scalar multiples, its inequalities are precisely the ones given by any collection of the [ extremal vectors
that generate the dual cone P*.

12



‘ Cone H P ‘ pP* ‘

| Extremal vectors [ al,....a" [ p', .. p7

a,...,
’ Minimal set of inequalities H pl o ‘ at, ..., a" ‘

Table 2.1.1: Conic duality

illustrates how easily we can obtain the halfspace description of a cone once we know all
extremal vectors of the primal and dual cones.

Example 2.1.34. Given the vectors in R?,

2/\/5 0 0 —2/3
a'=11/V5],a*=|1],a>=10], anda*=| 2/3 |,
0 0 1 1/3
define P := cone({a,...,a"}). Then by Lemma 2.1.32, we have
P ={zeR®:{(a" ) >0, i=1,...4}.

The extremal vectors of P* are given by

0 1/v/5 1/v2 —1/V5
pr=10],p"= 0 0= 1/V2 |, andp'=| 2/VB
1 2/v/5 0 0

(We are going to see how to obtain extremal vectors of the dual cone in Algorithm 2.1.1
later in this section.). Then by Lemma 2.1.32 again, the dual cone of P* is

P*={zeR®: (p'2) >0, i=1,...4}.
Therefore, we have
cone({a',...,a*}) =P=P* ={z cR®: (p',2) >0, i =1,...4}.
See Figure 2.1.5 for an illustration. [

The following lemma shows a characterization for an extremal vector of a pointed
polyhedral cone.

Lemma 2.1.35 ([10, Theorem 3.35]). Let P be a pointed polyhedral cone and let ray(r)
be a ray in P. Then r is an extremal vector of P if, and only if, r satisfies n — 1 linear
independent constraints of Ax > 0 with equality. O

An extremal vector of a pointed polyhedral cone P := {z € R" : Az > 0}, with
A € R™™ can be obtained by using Lemma 2.1.35. We assume that P is in its minimal
representation, i.e., all halfspaces of P are irredundant.
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Figure 2.1.5: The solid black lines represent P = cone({a',...,a"}) and the red dashed
lines represent P* = cone({p',...,p*}).

1. We choose n — 1 linearly independent rows of A and form a (n — 1) X n submatrix
A’ of A as follows:

(ah)®
(an—l)T
2. We compute the null space of A’. Then we have
null(A") = {kp : k € R}, for some p € R™.

(Note that dim(null(A’)) = 1, since the size of A" is (n — 1) x n and the rows of A’
are linearly independent.)

3. We need to check the feasibility of p. This process is necessary as p might not be a
part of the cone P:

(a) If Ap >0, then p is an extremal vector.
(b) If Ap <0, then —p is an extremal vector of P.

If p satisfies neither Ap < 0 nor Ap > 0, p cannot be made to be feasible to Az > 0.

The above process Item 1-3 was to obtain just one extremal vector. Hence we need to
find all possible n — 1 linearly independent rows of A and repeat the above process Item
1-3 for each submatrix of A that has n — 1 linearly independent rows of A. We present
this in Algorithm 2.1.1 below.

As we are able to obtain all extremal vectors of a pointed polyhedral cone of the form
{r € R": Az > 0} using Algorithm 2.1.1, we can write the dual cone K* = {z € R" :
{(a',z)y > 0,i =1,...,k} as the convex hull of its extreme rays, say K* = cone ({p’};c).
Then by Lemma 2.1.32 again, we obtain

K=K"={zeR": (p/,x) >0, je J}.

14



Algorithm 2.1.1: Compute Extremal Vectors of a Cone
Input: A pointed polyhedral cone C' = {z € R" : Az > 0}, where A € R"™*"
with m > n.
Make a list L € R"“n-1*"=1 of all possible combinations of {1,...,m} taken n — 1
at a time, where each row of L contains a combination.
fori=1:"C,_; do
I:=1L(i:)
A=Al
if rank (14_1) =n — 1 then
compute p = null (fl)
normalize p
if Ap > 0 then
save p > p is an extremal vector of C.
end if
if Ap <0 then
save —p > —p is an extremal vector of C.
end if
end if
end for
Return: A matrix P with each row corresponds to an extremal vector (p*)” of C.

Hence, by using Algorithm 2.1.1 and Lemma 2.1.32, we can convert the cone defined by
the convex hull of its extreme rays into the cone defined by the intersection of halfspaces.
We present a diagram of this procedure in Table 2.1.2:

Lemma 2.1.32
_—

K = cone({a'}ier) K*={zeR": (a",z) >0, i€}

I i Algorithm 2.1.1

K* = cone({p’}je)

Lemma 2.1.32
T

K*={zeR": (p/,z) >0, je J}

Table 2.1.2: Starting from K = cone({a'};cs), we can convert K as an intersection of
halfspaces.

We now present a lemma on the number of extreme rays.

Lemma 2.1.36. If P = {x € R" : Ax > 0} is a proper nondegenerate cone, then there are
exactly n extreme rays in P.

Proof. Suppose that P is nondegenerate. Then the intersection of exactly n distinct half-

spaces {x € R" : (a’)Tz <0, i = 1,...,n} determine the cone P. Let (a*)T be the i-th
row of A. Then there are exactly (nfl) one-dimensional null spaces determined by n — 1

15



halfspaces. Suppose without loss of generality that A’ is obtained by removing the last row
of A. Let d be the basis of null(A"). Then we get

aa= [ ) a= [ = )

Therefore, d must satisfy either (a™,d) > 0 or (a",d) < 0. If (a",d) > 0, d is a feasible
extremal vector. If (a",d) < 0, we obtain (a”, —d) > 0 and hence —d is an extremal vector.
Therefore, every n — 1 of n halfspaces determine an extreme ray of P. Thus, P has exactly
n extreme rays. O

Corollary 2.1.37. If a cone P s the convex hull of exactly n extreme rays, then P is
nondegenerate.

.....

vector of P. Then by Lemma 2.1.32, the dual cone P* is
{r eR": (a",2) >0,i=1,...,n}.

By Lemma 2.1.36, the dual cone is the convex hull of exactly n extreme rays. Denote each
extremal vector by p’. Then, by the Lemma 2.1.32 again,

P*={z:{(p'z)>0,i=1,...,n}.
Thus, P is a non-degenerate cone. O]

Corollary 2.1.38. If P is proper and nondegenerate, then so is P*.

Proof. 1t is clear by the proof of Corollary 2.1.37. O

2.2 The Generalized Gradient

This section contains contents from Section 2.1 in [9]. In this section, we work with an
arbitrary Banach space X, i.e., a complete normed space.

Definition 2.2.1 (locally Lipschitz near x). Let Y be a subset of X. Let f:Y — R be a
giwen function, and let x € Y C X. The function [ is said to be locally Lipschitz near z
if there exists a scalar K and a positive number € such that the following holds:

fW") = W) <Ky =9, V", y" € Ball(z,e) NY.

Intuitively speaking, when a function f is locally Lipschitz near x, the function values
near x cannot be fluctuating too wildly.
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Remark 2.2.2. We want to point out that ‘locally Lipschitz near x’ and ‘locally Lipschitz
at x” are not the same notion. A function f :Y — R s said to be locally Lipschitz at
reY if

|f(@) = f(y)| < Kllz = yll, Vy € Ball(z,e) NY.

While ‘locally Lipschitz near x” implies ‘locally Lipschitz at x’, however the other direction
does not hold (See Example 2.2.5.). Hence, ‘locally Lipschitz near x’ is a stronger property
than ‘locally Lipschitz at x’.

Example 2.2.3. Consider the function f: R — R (See Figure 2.2.1.)

_D'j A i, AVAWW\U[\V

-1 08 -06 -04 -02 o 0.2 0.4 0.6 08 1

Figure 2.2.1: A function that is locally Lipschitz at 0, but not locally Lipschitz near 0

We note that f(z) is differentiable at all x € R. In particular, f'(0) = 0, since lim,_g
(h?sin(1/h?)) /h = 0. Hence, by the definition of differentiability, we have

Ve > 0,30 > 0 such that |h| < § = ‘M < e.

In other words, there exists 6 > 0 such that |f(h) — f(0)| < 1-|h|. Thus, f(x) is Lipschitz
continuous at 0.

Suppose that f(x) is Lipschitz continuous near 0. Then there exists € > 0 such that
Vo' x' € (—e,€), we have |f(2") — f(2)| < L|z" — 2|, for some L. Let x = 1/+/2nm +
and y = 1/v/2nm such that 0 < x < y < e. We note that

s'n(l) 0 and x V2nm —\2nm + 6
in{—=]=0a —y = )
" Y T Rnnvonr 19
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Then, we have

F@) = f@)] = Ja?sin () — y2sin ()|
= |?sin (53)|

= ’2n711'+5 sin(2nm + 5)’

_ |sin(2n7 + 6) 2n V2nm —\/2nm + 5’

V2nm + 6(V2nm — /2nm +6) V2nm/2nm + 6
V2nm
V2nm + 0(v2nm — \/2nT + 9)
V2nw (VAn?a? + 20nT + 2nw + 0)
—26nm — §?

< |sin(2n7 + 6) ‘ |z — o

= |sin(2n7 + )

|z — 9

< Lz —vyl.

However, letting n — oo yields a contradiction. Thus, f(z) is not Lipschitz continuous
near (. [

The conventional directional derivative of f at x in the direction d is defined as

fla+td) = f()

"(z:d) =i
(= d) = lim ;
A reader may refer to [18, Section D.1.1] for more arguments on the directional derivative.

We define the generalized directional derivative of a nonsmooth function as well.

Definition 2.2.4. (generalized directional derivative) Let f be locally Lipschitz near x,
and let v be any other vector in X. The generalized directional derivative of f at x in the
direction v is given by

f°(x;v) := limsup fly+Av) = f(y) <

y—xz,Al0 A

o flx+y+ov) — flz+y)
= lim sup )
MO 4 eBall(0,5),6€(0,\) Y

Definition 2.2.5 (generalized gradient). The generalized gradient of f at z is
Of(x) :={€€ X" : f(x;0) = (v,§), Vv € X},

where X* is the dual space of X.

Example 2.2.6. Let f be a real valued function on R (See Figure 2.2.2.):

f(x):{Qx ,if x>0,

—%x , if < 0.

If x > 0, then we have
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fla)=—1a f(@) =20

0 T
Figure 2.2.2: A nonsmooth function on R.

2 tv) — 2
f°(z;v) = limsup (y +tv) y
y—x,tl0 t

= 2v, and Of(x) = {2}.

If x <0, then we have

f°(z;v) = limsup —120y i) + 12y = —%v, and 0f (x) = {—1/2}.

y—z,tl0 t

Now suppose that x = 0. If v > 0, then we have

fo(r;v) =lim  sup fly+ov)—fly) . 200
t0 ly|<d,6€(0,t) 5 tl0 5

and 2v > &v implies that 2 > &. If v < 0, we have

o : fly+dv) — fy)
r;v) =lim su
f ( ) tl0 \y|<5,6£(0,t) ) tl0 1) 2

and —1/2v > &v implies that —1/2 < &. Thus, by Definition 2.2.5, we have Of(z) =
~1/2,2]. O

We introduced Example 2.2.6 for illustrative purposes. In practice, it is not easy to
compute the generalized gradients. Hence, we introduce the following characterization
between the generalized directional derivative and the generalized gradient for later use.

Proposition 2.2.7 (]9, Proposition 2.1.2]). Let f be Lipschitz continuous near x € X.
Then, for every v in X,

fo(w;v) = max {{{,v) : { € Of(x)}. N
Lemma 2.2.8. If a function [ is continuously differentiable at z, then Of(x) = {V f(x)},
i.e., Of(x) is a singleton. O
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2.3 Linear Programming

In this section, we introduce some basic definitions and lemmas related to linear program-
ming theory. We follow the approach from [17]. A reader familiar with the basics of linear
programming can skip to the next section.

Definition 2.3.1 (linear programming (LP)). A linear programming (LP) is the problem
of mazximizing or minimizing an affine function subject to a finite number of linear equality
and/or inequality constraints.

Given a minimization LP denoted (P), we call a vector = a feasible solution if x satisfies
all the constraints of (P). If the objective value of a feasible solution z* is at least as small
as any other feasible solution, then we call x* an optimal solution to (P). An LP is said to
be in standard equality form (SEF), if it is of the form

max,  {c,x)+Z
(SEF) subject to Ax =be R™
r € RY,

where Z is a scalar in R, and Below we use the given linear system in (SEF) and assume
that the matrix A € R™ " has linearly independent rows. In addition, we refer to a
polyhedron that is formed from the constraints in (SEF).

Given a subset B of column indices of A € R™*" let Ag be the matrix formed by
columns A(:, i) for all i € B.

Definition 2.3.2. (basis, basic/nonbasic variable) Given the linear system Ax = b as in
(SEF), we say that a set of column indices B forms a basis, if the matriz Ag is square
and non-singular. Then, the variables x;,j € B are said to be basic; and the variables
zj,j € N:={1,...,n}\ B, are said to be nonbasic.

Definition 2.3.3 (basic solutionlbasic feasible solution). A vector T is said to be a basic
solution of Ax = b for a basis B, if

AT =b and Ty =0.

Z 1s called a basic feasible solution, if z > 0.

Definition 2.3.4 (degenerate/nondegenerate basic solution). Given the polyhedron {x €
R™: Az =b, x > 0} with A € R™*" et & be a basic solution. The vector T is said to be a
degenerate basic solution, if more than n —m of the coordinates of T are zero. If the basic
solution T has exactly n —m of nonzero coordinates,  is said to be a nondegenerate basic
solution.

20



Readers not familiar with duality may refer to [7, Chapter 5] or [L7, Chapter 4]. In
this thesis we concentrate on two primal-dual pairs. We list two pairs of primal-dual LPs,
which we will use frequently, the standard and symmetric forms, respectively, e.g., [22]:

min (¢, ) max (b, y)
subject to Az =10 subject to ATy < ¢
x>0
min (c,x) max (b,y)
subject to Ax >b subject to ATy < ¢
x>0 y>0

The following strong duality theorem follows from standard LP duality theorems in
texts on LP, see e.g., [22].

Theorem 2.3.5 (primal-dual strong duality for LP). Let (P) and (D) be a feasible primal-
dual pair. Then there exist optimal solutions T of (P) and g of (D). Moreover, the objective
value with T in (P) equals the objective value with y in (D).

Given a minimization LP(P) min{(c,z) : Ax > b, > 0}, we denote
Argmin{(c,z) : Az > b, = > 0}

as the set of optimal solutions to (P). Similarly, given a maximization LP(D) max{(b,y) :
ATy < ¢, y > 0}, we denote

Argmax{(b,y) : ATy < ¢, y >0}

as the set of optimal solutions to (D).

There are many interesting statements involving primal-dual pairs of LPs. For exam-
ple, primal-dual strong duality holds for any primal-dual LP pair as long as one of them
has a finite optimal value. In fact, the optimal values of the pairs are always the same
unless both are infeasible. The primal LP has Slater points if, and only if, the dual optimal
set is bounded. One can never find a primal-dual pair in standard form where both have
bounded feasible regions.

2.4 Linear Robust Optimization Theory

Robust optimization is a field of optimization that tries to find the best uncertainty
(perturbation)-immunized solution with given uncertainty set. A candidate solution x
needs to satisfy all possible realizations of uncertain data. We call the set of all uncertain
data an uncertainty set. Usually, the uncertainty set contains infinitely many elements
and hence we can have infinitely many constraints. Such systems are called semi-infinite
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systems. (If the uncertainty set has finitely many elements, then we generally reduce to a
finite constrained problem.) It is important to convert the infinite system of constraints to
a finite system of inequalities and a finite number of variables. That is, we wish to convert
the semi-infinite system into a tractable form.

In Section 2.4.1, we introduce some basic definitions of robust optimization theory. In
Section 2.4.2, we show how to convert a semi-infinite system into a tractable system with
box uncertainty.

2.4.1 Definitions

We follow the definitions and the preliminaries from [6].

Definition 2.4.1 (uncertain linear programming). An uncertain linear programming prob-
lem s a collection

(LPy) {mwin{(c, ) +d: Az < b}}(chb)eu

of LP problems min, {{c,x) +d : Az < b} with a common structure (i.e., with the same
number of constraints and the same number of variables) with the data varying in a given
uncertainty set U.

We assume that the uncertainty set U is affinely parametrized by a perturbation vector
¢ varying in a given perturbation set Z, i.e.,

T

B . CT‘d B co‘do - cl | dy
Z/{_{(c,d,A,b).[Ab]_{AObO}+;Q AT for(e Z}.

Here, (co, dy, Ao, bo) is the nominal data given in (LPy). We may partition the uncertainty
set U as follows:

U=Uxp X Ueq,
where Uap == {(A,0) : (A,b,¢,d) e U} and U q = {(c,d) : (A, b,¢c,d) € U}.

Definition 2.4.2 (robust feasible). A vector T € R™ is a robust feasible solution to (LPy),
if it satisfies all realizations of the constraints from the uncertainty set Uayp. We denote
Fu(A,b) as the set of robust feasible solutions (robust feasible set), i.e.,

.Fu(A, b) = {l’ cR": Az < b, V(A,b) < Z/{A,b}~

Definition 2.4.3 (robust counterpart). The robust counterpart of an uncertain LP prob-
lem (LPy) is the optimization problem

Phe = min sup  {(c,z) +d: Az <b}
z (c.d,Ab)elU (2.4.1)
— i , d:(c,d) elU,
xe;{};&’b) sup{{c,z) +d : (c,d) a}
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of minimizing the robust value of the objective over all robust feasible solutions to the
uncertain problem.

An optimal solution to the robust counterpart is called a robust optimal solution to
LP;; and the optimal value of the robust counterpart is called the robust optimal value of
LPy. The meaning of the robust counterpart (2.4.1) is that we are looking for a solution
that gives the best possible guaranteed value. The word best corresponds to min, and the
word guaranteed corresponds to sup.

2.4.2 Reformulation of LP with Box Uncertainty

In this section, we will explore how a linear semi-infinite system
Ax < b, Y(A,b) € Uay

can be reformulated as a system of finite number of inequalities and variables under box
uncertainty.

We first focus on a single uncertainty-affected linear inequality (a,z) < 8,z € R™. We
let (a®, z) < Y be a single nominal constraint of Az < b. Given an uncertainty set

(=1

U= {[a; B = [a% 6% + 3" ¢ [a: 5] . for some ¢ = (¢) € Z} , (24.2)

we want to represent the family of linear inequalities

{{a,2) < BYapeu

using a finite number of inequalities and a finite number of variables. Note that in (2.4.2),
elements in U are parametrized by the set Z, which we call the perturbation set.

Let the perturbation set be defined as

Z :=Box; := {¢ € R" 1 [|([|oc < 1}.
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Then, we have

L
x is robust feasible <= o’z < 3, V[a; 3] € {[ao; B + ZC@ [GZ; /34] , G € Z}
=1

L L
< [aO]Tx+ZCg [aqT{ESBO_FZCKﬁZ, VCG {C ||<,||OO < 1}
=1 1
L
= G [[af]%—ﬁe] <[] @, V(|G <1,0=1,...,L)
=1

(2.4.3)

Note that we started with a semi-infinite system of inequalities and ended up with a system
of linear inequalities with a finite number of constraints and a finite number of variables
(though there was some dramatic increase in the number of constraints and variables.).

Remark 2.4.4. A robust counterpart can change its character. The class of problem that
a robust counterpart lies in depends on its perturbation set. For example, if the given
perturbation set is an ellipsoid, the resulting constraint of the robust counterpart is a conic
quadratic constraint. See [10, page 5] for a summary.

We considered a single linear inequality so far. Now suppose that more than one linear
inequality of Az < b are uncertain and each uncertain inequality is associated with its own
uncertainty set

L
=1
where [a);0?] is the data of the i-th linear inequality of Az < b. We repeat (2.4.3) for each

uncertain inequality. We note that each reformulation will require additional variables, u’s.
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Robust Counterpart of a Special Case

Given a linear inequality (a,z) < 3, suppose that each coefficient of @ is uncertain and is
known to vary in the interval [—e, €], i.e.,

(a,z) < B, Ya; € [a; — €,a; + €], Vi € [n]. (2.4.4)
Then the robust counterpart of (2.4.4) can be rewritten as
max {(a,z) : a; € [a; — €, a; + €], Vi € [n]} < B. (2.4.5)

We may introduce additional variables and turn the semi-infinite constraint (2.4.5) into a
finite system of linear deterministic inequalities as shown in (2.4.3). However in a special
case, we have a simpler way to reformulate (2.4.5). Rewriting (2.4.5) gives

(a,z) + max {(u,z) : u € {y : ||yl < €}} < B. (2.4.6)

We use the notion of dual norm to convert (2.4.6).

Definition 2.4.5 (dual norm). Let || -|| be an arbitrary norm on R™. The dual norm || - ||*
of || - || is defined by
I := max{(s, ) : [|«f| < 1}.

It is well-known that the dual norm of the /., norm is the ¢; norm:
2[5 = llzll-
Therefore, we have

max {(1,2) : u € {y: [yl < e}} = max {(u,2) : u € ey : [[ylloo < 1}}
= rﬂgx{w,w wefy: yle <13}
= e[|y

Hence, (2.4.6) becomes
(@, ) +ellzfy < 5.

If we impose nonnegativity on the variable x, we have
(a,x) + ele,x) < B. (2.4.7)

It is easy to see that if the given inequality is of the form a’z > 3 (i.e., with the opposite
inequality), its robust counterpart is

min {(a, =) : @; € [a; — €,a;, + €|, Vi € [n]} > B, (2.4.8)

which is equivalent to
(a,x) — ele,z) > P. (2.4.9)
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We note that if a = ee and § > 0, (2.4.9) is violated. In this case, x is not robust feasible
since x does not satisfy all possible realizations of uncertain data. We will frequently
make use of (2.4.7) and (2.4.9) later. We also note that (2.4.7) and (2.4.9) are in a nice
parametric form.

Optimistic Counterpart

The contents in this section are not needed until Section 4.5.4. Readers may want to come
back to this section later.

Given an uncertainty set U, define the following LP(P):

min g(x)
(P) K , (2.4.10)
subject to  fi(x;u;)) >0, i=1,...,m, u; €U, v € R™.

Definition 2.4.6 (optimistic feasible solution, [1]). A wvector x is an optimistic feasible
solution of (P) if it satisfies the constraints for at least one realization of the uncertainty
set. That s, x is an optimistic feasible solution if, and only if, for every i = 1,...,m,
filz;u;) >0 for some u; € U.

The optimistic counterpart of problem (P) consists of minimizing the best possible
objective function (i.e., minimum with respect to the parameters) over the set of optimistic
feasible solutions:

min min g(x)
E well . (2.4.11)
subject to  fi(x;u;) > 0 for some u; € U, i =1,...,m.

Let the constraint system in (P) is given by Az —b > 0. Let (a,z) > [ be one of the
inequalities of Az — b > 0. Suppose that each coefficient of a is uncertain and is known to
vary in the interval [—e, €], i.e.,

(a,z) > B, Ya; € [a; — €,a; + €], Vi € [n]. (2.4.12)
Then, the optimistic counterpart of (2.4.12) can be written as
max {(a,z) : a; € [a; — €,a; + €], Vi € [n]} > . (2.4.13)

Note that ‘max’ was used in (2.4.13) (in optimistic counterpart), while ‘min’ was used in
(2.4.8) (in robust counterpart). If we impose nonnegativity on the variables, we have the
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following:

max {{u, 7) :u € {y : [ylloo < €}} =max{(u,x):u€ely: ||yl <1}}
=e-max{(u,r) :u € {y: [[yllo < 1}}

= ellz|%
= €|zl
= e(e, ).
Hence, the uncertain inequality becomes
(a,z) +€ele,x) > . (2.4.14)

We will make use of (2.4.14) in Section 4.5.4.

2.5 Linear Sensitivity Analysis

LP sensitivity analysis is a very well-established field. There is a considerable amount of
literature on LP sensitivity analysis. There is a literature even dating back to 1954 by
Saaty and Gass [27] and to 1956 by Mills [23]. A reader may refer to [2, 13, 20,21, 31]
for general understanding in this field. Arsham and Oblak [2] suggested classifications in
LP postoptimal analysis (See Table 2.5.1.). A book by Gal [I] contains comprehensive
arguments on postoptimal analysis with an ample number of examples.

Classical sensitivity analysis questioned how much given data could be perturbed while
keeping the current optimal basis. However this approach has a grave shortcoming: In the
presence of degeneracy(i.e., the existence of multiple optimal bases) of the primal optimal
solution, we might get incorrect information in terms of sensitivity. A good example is
illustrated in the short paper by Strum [30]. An approach using an optimal partition was
suggested to remove the concerns that arise with the degeneracy of the optimal solution
by Jansen et al. [21].

Most of the classical sensitivity analysis is performed on the RHS vector or the objec-
tive vector changes using the simplex tableau. In addition, we often encounter sensitivity
analysis on only one component of the RHS vector or the objective vector for easier anal-
ysis. When the RHS (the cost vector, respectively) is perturbed, only the RHS (the cost
vector, respectively) is affected in the final tableau. However, when matrix coefficients are
perturbed, not only the matrix coefficients are affected but also both the RHS and the
cost vector are affected in the final tableau. Moreover, there could be some additional
implicit constraints imposed on each matrix coefficient due to the modelling. Hence, sen-
sitivity analysis on the matrix coefficients using bases is relatively less studied because the
analysis is more complex.

There are many interesting statements; one parameter change in the RHS and the
cost vector yield the optimal value function to be piecewise linear convex and concave,
respectively (A reader may refer to [31] for properties.). However, matrix coefficient changes
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Perturbation Analysis

Tolerance Analysis

Symmetric Tolerance Analysis

Parametric Analysis

Sensitivity Analysis

Allowable change in one RHS
or cost or/and element of
matrix coeflicient A

Simultaneous change in a given direction
for RHS or cost or coefficients of matrix A

Allowable equal percentage change over all
RHS and/or cost and/or coefficients of matrix A

Allowable percentage change in either direction for
each RHS, cost and/or coefficients of matrix A

Largest set of any simultaneous changes in the RHS,
cost and coefficients of matrix A

Table 2.5.1: Hierarchy in LP postoptimal analysis suggested by Arsham and Oblak [2].
Parametric analysis is often referred as sensitivity analysis.

do not guarantee the convexity nor concavity of the optimal value function and the optimal
value function is often nonlinear (See the example in [32].). We can also find an example
that the optimal value function is not even continuous with respect to the changes in matrix
coefficients (See [, Example 8-2].).

The sensitivity of an LP heavily relies on the dual optimal solutions. Each component
of dual optimal solutions is often referred as the shadow price (or marginal value, Lagrange
multiplier) associated with a particular constraint. The Shadow price plays an important
role in analysis of economic models. It gives the change in the optimal value function
per unit increase in the RHS value for a specific constraint, while all other problem data
remains unchanged. A recent paper by Gisbert et al [15] contains the calmness of objective
value function in the variation of the objective vector and the RHS vector based on sets
of dual optimal solutions (A reader who wishes to explore the definition of calmness may
refer to [20, Section 8.F].).

Regardless of perturbations on the RHS, the objective vector or the matrix coefficients,
we see that the dual optimal solutions play a very important role in sensitivity analysis.
Hence, when we have a full knowledge on the set of primal-dual optimal solutions, the
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sensitivity analysis gets easier. In this thesis, we study the sensitivity of the optimal value
function over all the matriz coefficients. Freund [12] performed the postoptimal analysis
under simultaneous changes in matrix coefficients involving the optimal bases. In the
case of nondegeneracy, Freund suggests a very easy analysis. However, as we mentioned
above, postoptimal analysis using the bases is difficult when the degeneracy is present. De
Wolf [32] suggested a formula using the generalized gradient for sensitivity analysis without
involving arguments on bases in the statement. However it requires full knowledge on the
set of primal-dual optimal solutions. In this thesis, we extensively use the results given
in [12,32]. The results from [12,32] will be stated in Chapter 4.
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Chapter 3

Construction of Cones and the
Properties of Constructed Cones

3.1 Generating the Polyhedral Cones

We now generate proper polyhedral cones with special properties that allow us to control
their sizes. In other words, we generate proper cones satisfying the strict containment
using a parameter (or an angle) in (0,7/2). In Sections 3.1.1 and 3.1.2, we show how we
build the desired cones that hold the strict containment; while in Section 3.1.3 we study
some of the properties of these cones.

3.1.1 Construction of Generator ¢ in a Two-Dimensional Sub-
space

We first focus on a two-dimensional subspace of R™ and construct a unit vector ¢ to be
used to generate the polyhedral cone. Suppose that we are given two orthonormal vectors
w and w', ((w,w'y =0, ||w|| = ||| = 1), and the scalar 6 € (0,7/2). We want to find a
vector ¢ € R™ such that ¢ lies in span ({w,w’}) and the angle between ¢ and w is 6, i.e.,

c=oaw + Bw', for some o, S € R, and arccos (H(c”,”w)”) = 0.
c||||w

Then letting cos(f) = /1 and sin(f) = (/1 gives the desired vector ¢ (See Figure 3.1.1.);

¢ = cos(f)w + sin(f)w'. (3.1.1)

3.1.2 Building a Polyhedral Cone

We assume that the vectors satisfying the following hypothesis are given.
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a w

Figure 3.1.1: Given w and w’ satisfying (w,w’) = 0: construction of ¢ such that (¢, w) =
cosf.

Hypothesis 3.1.1. Let K = {1,...,k}, and suppose we are given k distinct unit vectors
w', ..., w* € R™ such that the following hold:

(1) k>n,

(2) |w'[| =1, Vie K,

(3) dim(span({w’}iex)) = n — 1,

(4) 0 € relint conv ({w'}, ). O

Remark 3.1.2. For the case n = 2, we note that k cannot be greater than 2. If k > n = 2,
then (2) and (3) of Hypothesis 5.1.1 and the assumption ‘distinct vectors w,... w* € R™’
cannot be satisfied simultaneously.

By Item (3) of Hypothesis 3.1.1, the set {w'};cz spans a n — 1 dimensional subspace of
R™, that is, we can fix w € R, ||w|| = 1 such that the orthogonal complement

w™ = span({w'}iex).

Given 0 € (0,7/2), for each i = 1,... k, we define

' = cos 0w + sin O’ (3.1.2)

We note that (¢, w) = cosf, for each i = 1,...,n. We construct the desired polyhedral
cone using the ¢'’s, i.e., as a convex hull of the rays ray(c'), Vi =1,..., k:

K = cone ({cl}lzlk) (3.1.3)

We study the properties of these generated cones K in Section 3.1.3, below. In the rest
of this section, we present a simple example and discuss how we may generate data that
satisfies our Hypothesis 3.1.1.
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Example 3.1.3. Suppose that the following vectors and angle are given:

1 0 —1 0
w'=10],w*=[1],w*=[0 |, w*=|-1], 60=x/6. (3.1.4)
0 0 0 0

Let w = (0,0,1)T and define vectors

¢ := cos fw + sin fw' = 7w+§wi, Vi=1,...,4.
Then we have
1/2 0 ~1/2 0
' = 0 |,2=11/2],¢= 0 |,ct=1-1/2

V3/2 V3/2 V3/2 V3/2

Figure 3.1.2: The cone constructed in R? from the given data in (3.1.4).

We can generate a vector w and k_vectors w' satisfying Hypothesis 3.1.1 as follows.
Our first goal is to generate a matrix W e R®=D%k and a vector A € R% . such that

1. each column of W is of length 1,
2. rank(/W) =n-—1,
3. WA=0, and
4.8 N=1.
This means that 0 is in the relative interior of conv ({W(, z)} ) We generate such a
iek

matrix W as follows: We first generate a vector \ € ]Ri +- Then the null space of AT has

32



k—1 basis elements. We choose any n—1 basis elements of null(A”). We form an (n—1) x k
matrix W;, where each row is a basis element chosen above. We form a k x k diagonal

matrix S such that each diagonal element is the norm of each column of W, € R(»~Dxk,

Define
SA

Zf:l(S/\)i.

Then, we have that each column of W is of length 1, rank(/W) =n—1, and 0 is the strict
convex combination of columns of W as desired.

W= WSt and \ =

We now lift the dimension of column vectors of W to R" by adding zero coordinates to
each column of W, i.e.,

w' = [W%’Z)} eER" Vi=1,... k.

Then, letting w = [0,...,0,1]T € R" yields (w’,w) = 0, Vi = 1,..., k. We generate an
orthogonal matrix O € R™*" and obtain

W+ Ow, and w' + Ow', Vi=1,... k.

One may obtain an orthogonal matrix O by performing QR decomposition of an n x n
matrix A, i.e., O := @, where A = QR. Then we have a vector w and k vectors w® as
desired. Algorithm 3.1.1 shows the computational steps explained above.

Algorithm 3.1.1: Generate Vectors Satisfying Hypothesis 3.1.1 and w
Input: n : dimension,
k : number of vectors in Hypothesis 3.1.1 we wish to generate
Generate a vector A € RY
Let Wy be the matrix such that each column of Wy is a basis element for null(AT)
Let Wy :==Wy(Z,:), for some |Z| =n—1and Z C {1,...,k}
Let S € R¥* be a diagonal matrix such that S(i,i) = [|W,(i,:)|,Vi € {1,...,k}
Let W/:\ W,S~1
W= [K‘ﬂ e Rk @ = {0"11} cR®
Generate an orthogonal matrix O € R™*"
W« OW, w + Ow
Return: a matrix W € R™* such that each column w’ corresponds to a vector
in Hypothesis 3.1.1,
a vector w orthogonal to w', Vi € {1,...,k}
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3.1.3 Properties of the Constructed Cone

In this section, we study some properties of the cone K = cone ({c’}lzlk) constructed in
Section 3.1.2.

af2 f(z) = arccos(z)

0

-1 0 1

Figure 3.1.3: arccos function

The next theorem shows that the ¢'’s constructed in (3.1.2) are, in fact, extremal vectors
of K.

Theorem 3.1.4. Let K = cone ({c"}z:lk) be the cone constructed in (3.1.3). Then each
¢, i=1,...,k, is an extremal vector of K.

Proof. Let I be the subset of the indices {1,...,k}. We proceed by induction on |I|.
Suppose that [I| = 1. Then K = cone({c'}) and ¢! is clearly an extremal vector of K.
Suppose that K = cone({c'}ic;) with I = {1,...,j — 1} and each ¢, where i € I, is an
extremal vector of K. Let K’ = cone({c'}icp) with I’ = T U {j}. Suppose to the contrary
that there is a member in {c'};cp that is not an extremal vector of K’. Without loss of

generality, we let ¢/ be such a member, i.e., ¢/ is not an extremal vector of K’. By Lemma
2.1.23, we have

v = Z)\ici for some v > 0, with \; > 0 and Z)\i =1

i€l el
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Note that arccos ( <fi’w> ) =0, i.e., (¢, w) = cosh,Vi € I'. Thus we have

lle o]l

VC] U
= arccos
H’YCjHHwH
Zze[ )\ C w>
= arccos
lved ||
= arccos ( > ier Ai €OS 6)
J
o (3.1.5)
= arccos Zzel Ai HC H cos 6
1D ser Aic]|
< arccos Zzel Ai ”C H cosf
Z@ww
= arccos (cos
=4.

The strict inequality holds, since arccos is strictly decreasing (See Figure 3.1.3.) and

> x| < oAl

i€l el

lye |l =

since ¢ and ¢’ are not collinear for all i # ¢. Therefore the strict inequality yields a
contradiction and so ¢/ is an extremal vector of K. O

We state a necessary condition for an element in K.

Lemma 3.1.5. Let each ¢ be constructed by (3.1.2). If v € K = cone ({c'}i=1, 1), then

( (v, z) )
arccos — <
@]l

Proof. We showed in Theorem 3.1.4 that {c!,...,c*} is the set of extremal vectors of K.
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Then z = Zle \ic, for some A > 0. Thus we have

() (@ )

izl [lwllllz]

EN
. > i1 Aill [ cos @
=]

L Xk el cost
k .
S A

= cosf.

Hence arccos (%) < arccos(cosf) = 6. 0

We can also show that K is a full-dimensional and pointed cone, i.e., a proper cone.
We first show that K is full-dimensional.

Lemma 3.1.6 ([25, Theorem 2.4]). The dimension of a convex set C' C R™ is the maximum
of the dimensions of the all simplices included in C'. O

Lemma 3.1.7. Let K be the cone constructed in (3.1.3). Then K is a full-dimensional
cone.

Proof. By Items (3) and (4) of Hypothesis 3.1.1, there exists a set {u'};ez of n affinely
independent vectors u' in relint conv ({wi}ie K) (of dimension n—1). We can choose vectors
u® of the same length and let u = ~w satisfy ||u|| = ||[yw]|| = ||u']|, Vi € Z. Define

S = {cos Ou + sin Qui}

1€ "

We show that S is a set of linearly independent vectors in R”. Since {u};c7 is the set
of affinely independent vectors,

Y oai(u—u")=0= ;=0 Vi=1...n-1 (3.1.6)

1€Z\n

In order to show that S is a set of linearly independent vectors in R™, suppose that

Z Bi (cos 0u 4+ sin 9ui) = 0. (3.1.7)

1€l
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Then, we have

0 =37 Bi(cosbu+ sin u' — sin fu™ + sin fu")

. 3.1.8
=iz Bi( (cosOu + sin fu™) + sin 6 (u’ — u™)). ( )
Then, by rearranging the terms in (3.1.8), we get
Zﬁi sinf (u' —u") = Z—ﬁi (cos fu + sin fu") . (3.1.9)
i=1 i=1

We note that the LHS of (3.1.9) is equal to 3.7 8;sin 6 (u’ — u™). We also note that
(cos Ou + sin Qu™) ¢ span ({u’ —u"}ioy n—l) .

Therefore, (3.1.9) holds only when both sides of (3.1.9) are equal to zero. Thus we get
n—1
d Bi(u—u") =0 = B=0Vi=1...n—1
i=1

by (3.1.6). It follows from (3.1.9) that 5, = 0. Therefore, S is a set of linearly independent
vectors in R"™.

We note that conv (S U{0}) is a simplex in R", and conv (S U {0}) C K. Therefore,
by Lemma 3.1.6, K is a full-dimensional cone. ]

Theorem 3.1.8. Let K = cone ({c'}i=1. k) be constructed by (3.1.2). Then K is a pointed
cone.

Proof. Suppose to the contrary that there is a nonzero unit vector x such that r € K and
—x € K. Note that for all y € K, we have % > cosf by Lemma 3.1.5. Then
(x,w) > cosf and — (z,w) > cosb,
so we have
cosf < (x,w) < —cosb.
This yields a contradiction since the inequalities hold only when (z,w) = cosf = 0 but
0 € (0,m/2). O

We also have a special element in the interior of K.

Lemma 3.1.9. Let K = cone ({c'}i=1..1) be constructed by (3.1.2). Then, w € int(K).

.....

Proof. By Ttems (3) and (4) of Hypothesis 3.1.1, there exists a set {u'};cr of n affinely
independent vectors u' in relint conv ({w'}, ;). We can choose vectors u’ of the same
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length and let 4 = yw be satisfying ||u| = ||yw|| = ||v'||, Vi € Z. Define
s = cos 0t + sin Ou’, Vi € T.

We can find A € R" such that

0= Z)\iui, for some \; > 0 and Z)‘i = 1. (3.1.10)
i=1 i=1
By summing \;s* = \;(cos 0 + sin 6u'), Vi € Z, we have

i st = i cos O\ u + i sin O\ u'.
i=1 i=1 i=1

Then, with (3.1.10), we get
cosfu = Z Ais'. (3.1.11)
i=1

Let z be any positive real number satisfying 1 — """  A\;/z > 0. By dividing both sides
of (3.1.11) by z, we have

cosl N =N \i

i=1

We note that the coefficients of s'’s and 0 lie in the interval (0,1). Hence “%4 is in the

z

=1l,...

K. [l

Remark 3.1.10. The properties of K shown in this section hold for every cone constructed
by (3.1.3) with any 6 € (0,7/2).

Given a cone K constructed by (3.1.2), we would like to construct a cone K’ 2 K, that
is bigger than K. Let 0 € (0,7/2) such that ¢ > 6. We copy the construction (3.1.2) with
0 replaced by 6, and then obtain d’ (See Figure 3.1.4.), i.e.,

d" = cos Ow + sin fw’. (3.1.12)

We define two sets in R™ and two corresponding n x k£ matrices,

C:={c,....c* and D:={d',... d"},
O [01 Ck} and D = [dl dk}'

Throughout this thesis, we do not rearrange the orders of columns in C' and D. That is,
if ¢ is the i-th column of C, we place d* on i-th column of D. We always assume that

38



v di = aw + Bw!
CLCITIIIIIING = aw + fu!
=g o
g
\ !
%M/_/ w
a

Figure 3.1.4: Construction of vector d* moved further from ¢!. The figure on the right is
an example in R?, where the dashed line and the solid line represent cone(C) and cone(D),
respectively.

cone(C) C cone(D), unless stated otherwise. We often denote
cone(C) = cone ({c'}ier) = {z € R" : I\ > 0 such that z = CA}, (3.1.13)

cone(D) = cone ({d'}icr) = {z € R" : 3\ > 0 such that z = DA}. (3.1.14)

In addition, we interchangeably use the expressions in (3.1.13) and (3.1.14), when the
meaning is clear.

Example 3.1.11. Let the following be the given data:

_ 0 1 1 2 —1 _z—_z
w—(l),w —<O>,w —(O>,6’—4,«9—3.

Then, by using (3.1.2) and (3.1.12), we have
() G- () o ()

12 o2 V272 —v2/2 _ 12 —1)2
C—{C,C},D—{d,d},0—|:\/§/2 \/5/2},D—L/§/2 \/3/2}

With C,D C R? and C, D € R**2 above, we interchangeably use the notations

and let

cone(C) = cone ({c'}iz12) = {z € R : 3\ > 0 such that z = CA},
cone(D) = cone ({d'}iz12) = {z € R : I\ > 0 such that z = DA}. O

The following theorem guarantees that whenever we have § > 6, we can always construct
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a set of two cones of different sizes: one strictly contains the other. In other words, we can
control the sizes (or containment) of the cones we wish to study.

Theorem 3.1.12. Let cone (C) and cone (D) be the cones generated by the vectors con-
structed by (3.1.2) and (3.1.12), respectively. Then

cone (C) € cone (D).

Proof. By the construction of ¢* and d', we have ray(c') € cone ({w,d'}). Since w €
cone (D), we have cone ({w} U D) = cone (D). Hence, we get

ray(c') € cone ({w,d'}) C cone ({w} UD) = cone (D).

Thus each ¢! can be written as

= Zu;di, for some p* > 0.
=1

Let o € cone(C). Then

\ic', for some \; > 0

8
I
M=

@
I
—_

|
M=

s
Il
—

i <Z ,u]dz> , for some pt >0

I
Mw

s
Il

—
<.
Il

—

/\Z,ujd’

I
M=

osd®, for some o > 0.

©
Il
-

Therefore, cone (C) C cone (D).

Since for each i, arccos ((w,d’)) = 8 > 0, so d* ¢ cone (C) by Lemma 3.1.5. Thus the
strict containment follows. ]

So far we have described cones such as K = cone(C) using the convex hull of its extreme
rays. Below, we want to use the cone K as constraints for a feasible region of an LP. Each
constraint of an LPis a halfspace. Therefore, we need to describe the cone K as an
intersection of halfspaces. We first check if the dual cone K* is a pointed cone. Given
K = cone({c,...,c*}), Lemma 2.1.32 ensures that the dual cone K* is given by

K ={zcR": ()'r>0i=1,... .k} ={r e R": CTz > 0}.
Lemma 3.1.13. Given K = cone ({c'}icr), K* is a pointed cone.

Proof. Suppose that there is # € R™ such that +2 € K*. Then CTZ = 0, where i-th row
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of CT is (¢')T. Since {¢'};e; spans R", there is a square n x n submatrix C7 of C such
that CTz = 0. Hence z = 0. O

Having a pointed dual cone, we can convert K = cone ({c'};c;) as an intersection of
halfspaces using the procedure in Table 2.1.2. We include the table here for convenience:

Lemma 2.1.32
_—

K = cone({c'}icr) K*={zeR":(,z) >0, iel}

I \L Algorithm 2.1.1

K*={zeR": (p,x) >0, je J} K* = cone({p’}jes)

Lemma 2.1.32
i ———

We recall that a proper cone in R" is nondegenerate, if exactly n distinct halfspaces
are active at its vertex. We present a characterization of a nondegenerate cone K.

Proposition 3.1.14. Given a proper cone K = cone ({c'}ics) in R™, the following are
equivalent.

(1) K is nondegenerate,
(2) K has exactly n extreme rays, i.e., |I| =n,
(3) K* is nondegenerate,

(4) K* has exactly n extreme rays.

Proof. (1) = (2) holds by Lemma 2.1.36 and (2) == (1) holds by Corollary 2.1.37.
(3) <= (4) holds by replacing K with K*. (2) <= (3) holds by Corollary 2.1.38. [

So far, we constructed a proper cone given the vectors satisfying Hypothesis 3.1.1. The
following remark states that given a proper nondegenerate cone, we can always find vectors
satisfying Hypothesis 3.1.1.

Remark 3.1.15. ! Let P be any proper nondegenerate cone in R"™ and let a*,Vi =1,...,n,
be its extremal vectors with length 1. Then, there exists a unit vector a € R™, a set of
unit vectors {a'}i—1. ., C R", and a scalar 0 € (0,7/2) such that a* = cosfa + sinfa’,
Vi=1,...,n.

Proof. We note that P = cone ({a'}i=1,.,). We define AT := [a' --- a"] € R™".
Consider the system Az = (1/||A 'e||)e. Since A is a nonsingular matrix, there is a unique
T satisfying the system. Note that ||Z]| = 1 and let @ = Z. We also note that (a’,a) > 0 and
(a',a) < |a’||||a@|| = 1. If there exists j € {1,...,n} such that (a/,a) = 1, then (a',a) = 1,

1Remark 3.1.15 is not used later in this thesis.
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Vi € {1,...,n}. This yields a = a', Vi € {1,...,n} and hence contradicts nonsingularity
of A. Thus we have '
0<(a,a) <1,Vie{l,...,n}.

In particular, we can find 6 € (0,7/2) such that cosf = (a*,a), Vi € {1,...,n}. For each
1=1,...,n, we can also find a vector

a' € span{a, a'} such that (a,a’) = 0 and {(a’,a’) > 0.

Thus we have the result. O

3.2 Properties of Two Sets of Interests

In this section, we investigate some properties of two sets we intend to study. In the later
chapters, the sets we are about to study turn out to be the sets of dual optimal solutions
of LPswe wish to study. The dual optimal solutions play an important role in sensitivity
analysis.

3.2.1 Relations between {y: Cy =w,y >0} and {z: Dz = w, 2z > 0}

In this section, with the cones constructed in the previous section, we study special relations
between the two polyhedral sets

{yeRk:Cy:w,yZO} and {zeRk:Dz:w,ZEO}.

Lemma 3.2.1. If w = Cy for some y > 0, then there exists z(y) > 0 such that w =
cos 6

Dz, z > y. In particular, we can choose z such that z = s
cos

Proof. Using (3.1.2), we write

w

I Il
M- 2
<
3
ﬁs

s
Il
—

y;(cos fw + sin Ow')

Il

s
Il
—

Il
Nk

k .
y; cos Ow + > y; sin w’.
i=1

@
Il
—

By rearranging the terms above (For simplicity, we use ) rather than Zle,

meaning is clear.), we have

when the

STyisinfw' = 1w — > y; cos bw.
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Thus sin 0 > y;w' = nw, for some n € R. Since w® € wt, Vi, and sin® # 0, the equality
holds only when > y;w’ = 0.

We also note that

cosé’_Dy — Dy+ cosf — SOSQDy
cos 6 cosf
= Dy + cosf — cosf > yi (cos fw + sin fw’)
cos

cos ) — cos f) sin i
50)sin 0 5~

;W

= Dy + (cos @ — cos0) > yyw + (
= Dy + (cos @ — cos0) > y;w,

cos 6

and

w =Cy
= > y;(cos 0w + sin bw')
=cosf > y;w+sinb Yy yw'
=cosf > ysw +sin 0 y;w' + (cos — cos ) Y y;w + (sin§ — sin ) 3 y;w?
= Dy + (cos @ — cos ) " yiw.

Hence Cy = (cos 0/ cos é) Dy. Letting z = (cos 0/ cos é) y gives the conclusion. O

We note that (cos 6/ cos 5) > 1. This implies that if there is a vector y > 0 such that
Cy = w, there is always a vector z such that each nonzero coordinate of z is strictly bigger
than the one of y satisfying Dz = w. By observing the proof of Lemma 3.2.1, we see that
the following also holds:

0
If 2 > 0 satisfies w = Dz, then y = o8 §Z satisfies w = C'y.
cos

Example 3.2.2. Let the following be the given data:

B 0 1 0 -1 0
0=7/6, 0=n/4, w= 0], w'=[0],w*=[1],w'=|0|,w*'=]-1
1 0 0 0 0
Define the vectors
¢ = cosbw +sinfw’, and d':=coshw +sinfuw’, Vi=1,... 4.

Define two 3 x 4 matrices C' and D as follows:

/2 0 -1/2 0 V2/2 0 —V2/2 0
C=1] 0 1/2 0 -—1/2|,D:=| 0 2/2 0 —V/2/2
V3/2 V3/2 V3/2 /32 V2/2 V2/2 V2/2 V2/2
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Then

1 0 1
S K P R P N
y = = 1 7y = = 0 )y - = 1
V3 V3 2/3
0 1 1
are solutions to {y € R* : Cy = w, y > 0}. Let

Ccosf . V3,
i —y' = —y', i=1,2,3.
COS@y \/Ey !

Then, by Lemma 3.2.1, each z' is a solution to {z € R* : Dz = w, z > 0}. We note
that the solutions to {y € R* : Cy = w, y > 0} and {z € R* : Dz = w, z > 0} are not
unique. L]

The rest of this section is not used later in this thesis. A reader may skip to Section
3.2.2. However we still present some interesting statements.

Remark 3.2.3. Let 0 = (0 + 0)/2 and define
& = cos 0w + sin f(—w*),

with vectors w and w'’s given in Hypothesis 3.1.1. Let ¢ = {¢t, ..., ¢*} and let C =
[et - @] e R, and define

cone(C)={z eR": 2 =Cz z>0}
Then, for all x € cone(C) with x = C'y and y > 0, we have

x = Cy = Dy+ Cy,

where v = —2sin (#).

Proof. Suppose that = € cone(C). Using the trigonometric relations

cosa — cos [ = —2sin (O‘__5> sin (Oé—l-ﬁ)
2 2

sina — sin § = 2sin (#) cos (a—;—ﬁ) ,

and
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we obtain the following relation:

x =Cy
=cosf Y yw +sinf Y yw' + (cosd — cosf) Y y;w + (sinf — sinf) > y,w’
= Dy + (cosf — cosf) 3" y;w + (sinf — sin ) > y,w'
=Dy + ( 2sin (9 9) sin <9+9>) >y + (2 sin (%9_) cos (9%9)) >yt
= Dy +sind > y;w +vcos 0 S yi(—w)
= Dy + sin 0 32 (yy:)w + cos 0 30 (vy:) (—w')
= Dy + > (yy:) (sin 01 + cos é(—w’))
=Dy + Z(Vyz)él
= Dy + Cy,

where v = —251n< ) > 0. O]

Remark 3.2.4. The following are false statements:

1. If cone(C) C cone(D), then cone({c' + ee};—1 ) C cone({d" + ee}ti=1_ ).

77777

2. cone({c" + ee}i—1.. 1) = cone({ct,...,c}) + cone({ee, ..., ce}).

.....

3. For all y > 0, there exists £ > 0 such that Cy = D(y + &) (This means that the
relation stated in Lemma 3.2.1 holds when we have w = Cly.).

3.2.2 Relations between {y : Ply =0,y > 0} and {2z : Q12 = w, 2 > 0}

We first note that using Lemma 2.1.32 and Algorithm 2.1.1, we can find vectors p® such
that
(cone(C))" = {z € R* : C"x > 0} = cone ({p',....p"}).

Thus we have
cone(C) = {x € R" : Px > 0},

where each (p?)7 is a row of matrix P € R™*™. Similarly, we can find vector ¢'’s such that
(cone(D))" = {z € R" : DTz > 0} = cone ({ql, . ,qm/}> :
Thus we have

cone(D) = {z € R" : Qz > 0},

where each (¢°)7 is a row of matrix Q € R™*™ (We show later in Lemma 3.2.6 and Corollary
3.2.8 that m’ = m.).

In this section, we study a relation between {y : PTy = w,y > 0} and {2z : QT2 =
w,z > 0}. In Section 3.2.1, we have studied the relation between {y : Cy = w,y > 0}
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and {z : Dz = w,z > 0}. In the previous case, the columns of the data matrices C'
and D were explicitly given and hence obtaining the relation between two sets was easy.
However, we do not know how the data matrices P and @) look like as each row of P and
(@ is obtained by computing the null spaces of certain matrices (See Algorithm 2.1.1.). In
this section, we show that there is a similar relation, stated in Lemma 3.2.1, between the
sets {y € R™ : Ply = w,y > 0} and {z € R™ : Q72 = w,z > 0}. We first need a few
lemmas in order to show the relation.

We recall that w € int (cone(C)) by Lemma 3.1.9. The following lemma shows that @
is also in the interior of (cone(C))".

Lemma 3.2.5. Given w € R and {p',...,p™} C R" as above, we have

w € int (cone ({pl, e ,pm})) )

Proof. Note that cone ({p',...,p"}) = {z € R" : CTaz > 0}. Since C = [¢' --- ¢*]
and (¢!, w) > 0,Vi, we have CTw > 0. Hence @w € cone ({p!,...,p™}). In particular,
w € int (cone ({p',...,p™})) due to the strict inequalities. O

Lemma 3.2.6. Let p be an extremal vector of cone(C)*. Define the submatriz
Co :=C(:,Z) € RV of C satisfying CTp =0, where |I| =n — 1.
Then a vector q satisfying DI'q = 0, where Dy := D(:,T) is an extremal vector of cone(D)*.

We present an example before proving Lemma 3.2.6.

Example 3.2.7. Let

0 1 0 -1 0
w= 0], wt=0],w*=|1],w*=| 0], andw*= | -1
1 0 0 0 0
Given 0 = /6 and 0 = /4, define
¢ = cos 0w + sinbw’, and d' = cosfw + sinfuw’, Vi=1,...,4.

Let p = (1/2,0, \/§/Q)T be an extremal vector of the dual cone {xr € R® : CTx > 0}.
We note that p € null ([c*, 7). Let q be a vector satisfying ¢ € null ([d*,d?*]"). Then
¢ = =(L1,1)T. We do not need to check [d',d*|" determines an extremal vector of
(cone(D))*, because the statement of Lemma 3.2.6 guarantees that q is an extremal vector

of (cone(D))*. O
Now we prove Lemma 3.2.6.

Proof. We first show that
dim (null (D§)) = 1.
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Without loss of generality, we may assume that Z = {1,...,n—1}. Since {c'};c7 are linearly
independent, {d'};cz are linearly independent. Hence Dy € R™* (=1 has rank n — 1 and
the dimension of null (D) is 1. Thus there is only one vector satisfying Dfq = 0, up to
scalar multiple. We choose ||¢|| = 1 such that (w,¢q) > 0.

We define two hyperplanes:

he ={zeR":(px)=0,C0p=0},
hp ={xeR":{(q,z)=0,Dlq=0}.

Now we show that DYq > 0, where Dy := D(:,[k] \ Z). Suppose to the contrary that there
exists j € {1,...,k} \ Z such that (&, q) < 0.

Let

T = {cos(p)w + sin(p)w’ : p € [0,0]}

be the trajectory from @ to &’ and define T'(u) := cos uw + sin pw’. We show that T' goes
through the interior of cone({d};cz) once. Let

Il={ o+ (1-XNd&:)e][0,1]}

be the line segment between w and d/ and define [(\) := Aw+ (1 —\)& (See Figure 3.2.1.).

i
1
N
|

w

Figure 3.2.1: [ is the line segment between w and d’ and T is the trajectory from w to d’.

Since (g, d’) < 0 and (g, w) > 0, the hyperplane hp separates &’ from w. Hence [ intersects
hp once. We show that [ intersects cone({d'};cz) C hp, in particular.

Let I()\) be the intersection of [ and hp. Suppose that the line segment [ does not
intersect cone({d'}icz), i.e., [(\) ¢ cone({d'}icz). Then

cone({d'}iez) C cone ({d'}iez UI(N)) C hp. (3.2.1)

We note that cone ({d’};ez Ul())) is a pointed cone, since cone ({d'};ez U (X)) C cone(D)
and cone(D) is a pointed cone by Theorem 3.1.8.
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Since (3.2.1) holds, there exists ¢ € 7 such that

n—1 n—1
A= zmd + 2N = > zd + z;(1 = N + 2w,
i€\l i€T\L

with z; > 0, Vi € Z\ ¢ and z; > 0 (See Figure 3.2.2.). We note that all the coefficients

0
Figure 3.2.2: An illustration of a 2-dimensional subspace in R3. d? is in cone({d, [(\)}).

2z, zj(1 — A) and 2]5\ are nonnegative. This implies that d’ is a conic combination of
{d"}iery U{d’} U {w} and hence this contradicts d* being an extremal vector of cone(D).
Therefore, [ must intersect cone({d"}sez).

Since cone ({w} U {c'}iez) & cone ({w} U {d'}iez), [ also intersects cone({c'};ez) and

=

hence T intersects cone({c'}ic7).

Each element x in cone({c'};ez U{w}) satisfies arccos <”f||’|@,>”> < 6 by Lemma 3.1.5. In

|
particular, arccos (%) < 0,if x # ¢, Vi € I. Since (¢/,w) = cosf and ¢/ # ¢,Vi € T,

we have ¢/ ¢ cone({c'}iez U {w}).

Since (p, T(0)) = (p,w) > 0, the trajectory T starts from {x € R" : (p,x) > 0}. Since
T intersects cone({c'};cr) C he and

cone({c'}iez U{w}) C {x € R™: (p,z) > 0},

the hyperplane h¢ must separate ¢/ from w. Hence, we have (¢/, p) < 0 and this contradicts
the hypothesis C{p > 0. Thus we have DIq > 0. O

Corollary 3.2.8. Let q be an extremal vector of cone(D)*. Define the submatriz Dy €
R~V of D satisfying DI'p = 0, where |Z| = n— 1. Then a vector p satisfying CLq = 0,
where Cy := C(:, L) is an extremal vector of cone(C)*. O

The consequence of Lemma 3.2.6 and Corollary 3.2.8 is that the matrices P and @)
have the same size. In other words, {x € R" : Px > 0} and {z € R" : Qz > 0} have the
same number of inequalities. We also note that if cone(C) is a nondegenerate cone, then
n = m = k by Proposition 3.1.14.
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Throughout the thesis, if the i-th row (p*)” of P is determined by null (C{), then we
place the vector determined by null (Dg ) to the i-th row of Q.

Lemma 3.2.9. Let p” and g be i-th row of matrices P and Q, respectively. Let Cr be
the mazimal submatriz of C such that CTp =0 and let Dz be the mazimal submatriz of D
such that DXq =0, for some Z. Then, rank([w,p,q]) = 2. In particular, q € cone({w, p}).

Proof. We define
a:=cosf, B :=sinf, a:=cosf, and B :=sinb.

Then we get ' ' .
¢ =cosfw +sinbw' = aw + fw', and

d'" = cosOw + sin fw' = aw + fuw’.

Since p is an extremal vector of {z € R" : CTx > 0}, exactly n — 1 halfspaces are active
at p among (c’,z) >0, Vi € {1,...,k}. If also follows that |Z| = n — 1. Then

Cr = aW + W and Dy = aW + W,

where W = [@ -+ @] € R and W = [w' -+ w"'] € R™"D (We may
assume that the first n — 1 vectors of {w?,... w*} form the matrix W for simplicity.).
Since

w € int (cone(C)) = int ({z € R" : Pz > 0}),

we get (p,w) > 0. Let z be an orthonormal vector to w, lying in span({p, w}) and satisfying
(p,z) > 0 (See Figure 3.2.3.). Then, we can write

Figure 3.2.3: z satisfies (z,w) = 0, z € span({p,w}) and (p, z) > 0.

p = cosow + sinoz, for some o € (0,7/2).

Define
¢ := cosc’'w + sino’z, for some o' € (0,7/2).
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We want to show that ¢ = ¢’. We note that
0=CTp = (aWT +,@WT> P
= aWTlp+ W p

= aWT(cos o + sinoz) + B (cos o + sin 0z)

= acosoWTw + asineW?'z + 5 cos oW @+ 3 sin oW 2.

Since W7 = e and WPz =W @ = 0, it follows that
s
0=acosce+ BsinagW z.

Thus we have )
Bsino s

e=—
oCcoso

Similar expansion of DXq’ used in (3.2.2) gives
DZ¢ = DZ(cos o' + sino'z) = acoso’e + Bsina W 2.
Plugging (3.2.3) into (3.2.4) yields

Bsino

DI¢ = |—acoso’ + Bsin 0'} W,
acoso
We make an observation on the coefficient of the RHS in (3.2.5):

Bsino _ _ ,sinflsinoc
+ fsing’ = —cosfcoso’'————— +sinfsino
Q CcoS o cosf coso

cosf cos o’ sinf sin o

/

—Q COSO

=sinfsino’ | ———=— -
sin @ sin o’ cosf cos o

T I _tan@tana
=sinfsino _— 1+ 1.
tan @ tan o’

)

(3.2.2)

(3.2.3)

(3.2.4)

(3.2.5)

Since the range of the tangent function is (—oo, 00), there exists o’ € (—m/2,7/2) such

that B
tan o’ = (tan o tan )/ tan 6.

Since tan o, tané,tand > 0, we must have tano’ > 0. Thus o’ € (0,7/2). We may take

such ¢’ and we have D¥¢ = 0 and ||¢/|| = 1.

Since rank (D% ) = n — 1, there exists only one vector z that satisfies DTz = 0 up to
scalar multiple. If there are two vectors x',z? such that ||z!]| = ||2?|| = 1 and DIz! =
DIz? =0, 2! and 22 can hold only one of the following two cases: z' = —2? or 2! = 2.
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We note that
(w,q') = coso’(w, w) + sino’(w, z) = cos o’ > 0,

and
w € cone(D) ={x e R": Qz >0} = (w,q) > 0.

Therefore, ¢ and ¢ cannot have different signs and so we have
qg=¢q =cosco’w +sino’z.

Thus rank([w, p,q]) = 2. Since polarization is order-reversing (See Lemma 2.1.25.), we
have

cone(C) C cone(D) = cone ({p'}icqr,...my) D cone ({¢'}ieq1,..m}) -
Therefore, ¢ € cone({w, p}). O

We can represent Lemma 3.2.9 pictorially (See Figure 3.2.4.). For each 2-dimensioanl
subspace of R™, 1" plays the role of z in the proof of Lemma 3.2.9. We pay attention to
the subscript ¢ of §;. We may have different 6,’s for each two-dimensional subspace (Note
that in Figure 3.1.4, same 6 is used in each two-dimensional subspace in R™.).

Aq
w ; ; o
p' = cos @10 + sin )"

g’ = cos B;w + sin &; 0"

A

w

Figure 3.2.4: p' is rotated further from w than ¢'.

Now we are ready to show the special property we mentioned at the beginning of this
section.

Lemma 3.2.10. For ally € {y : PTy = w,y > 0}, there exists z € {2z : QT2 = w, 2 > 0}
such that y > z.

Proof. By Lemma 3.2.9, we have

i = cosO,w + sinh,0°, and
9
i I . /NG
p' = cos @}w + sin ',

where each ' is an orthonormal vector to w and lying in span({w, p'}).
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Suppose that w = PTy. Then,
w= Py = Z y; cos 0l + Z y; sin 0"

Then, for some n € R,
nw = Z y; sin /a0’

(3.2.6)

Since w; € wt, Vi =1,...,m, the equality (3.2.6) holds only when 1 = 0 and hence

Z y; sin 0" = 0.

We note that ‘
QTy = Z Y; COS HZzI) + Z Yi sin QZUA)Z

Then, we have

PTy =3 y;cosblw + > y; sin O’

(3.2.7)

=Y yicos Ol + > yisin 0’ + > yi(cosb; — cos ;)w + Y yi(sin 6; — sin 0w
=Y yicosOw + > yisin ;10" + > yi(cos b — cos 0;)w + > yi(sin 0, — sin 6w

= QTy + > yi(cos b — cos 0;)w + Y yi(sin 0, — sin 6, )’
= QTy + > yi(cos 0 — cos 0;)w — > y; sin O,
The last equality holds by (3.2.7).
Let y, = Coseéyi, Vi=1,...,m. We note that

cos 6;

cos 0/

i < 1. Then, we have

cos 6;

QMY =Xy

cosfl,
=2 —yiq
cos 6,

/
=53 %yiqi + 3" yi(cosb; — cos0;)w + > y;(sin 6; — sin 6;) w0
C i

os 6
/
=Y y;cos 0w + Y y; sin Ot + > c0s by cos 0y, + >

A cos 6, cos 0,
— > yicosO;w — > y; sin Q"

/o ) '
= QT+ Sueostt —costiy+ S (LA sing,) o

cos 0,

We focus on the last term of (3.2.9). If we show

cosf;sinb; _,
Syt

cos 0,

sin (91 leAJZ

(3.2.8)

(3.2.9)

(3.2.10)

then the last line of (3.2.8) and the last line of (3.2.9) are the same, and hence we have

PTy = QTy'. Thus, if we show (3.2.10), we are done.

Let p’ be an extremal vector formed by {(ci)T}Z.GI, for some Z C {1,...,k} and |Z| =
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n — 1. Then, Vi € Z, we have (p’,c") = 0, since p’ is in the orthogonal complement of
span ({c'}sez). Hence, for i € Z,

0 =)
= <COS 0w + sin 0507, cos fw + sin 9w1>
= cos 0 cos 0w w + cos 0 sin O’ w’ 4 sin 0 cos Gw” 1w’ + sin ¢ sin 6(’ ) w’

= cos 0 cos Ow”w + sin ¢ sin 6(w’ ) w’.
Therefore, we have

/
T CoS Hj cos B 1

cos b cos ) = —sin @ sin O(w') 0/ = (w')"0’ = —

sin ¢} sin 0 © tan 0 tan 6
(3.2.11)

Similarly, let ¢ be an extremal vector formed by {(di)T}ig. Then, Vi € Z, we have

(¢, d*) = 0, since ¢’ is in the orthogonal complement of span ({d’};cz). Thus, for i € Z,

0 = (¢, d)
= (cosf;w + sin ;17 , cos Ow + sin fuw')
= cos 0; cos 0w w + cos 0; sin fwTw’ + sin 0 cos G W + sin 0; sin O(w? ) w'
= cos 0 cos Ol w + sin 6, sin 0 (w?) Tw'.

Therefore,
~ . A NT ad T i cos @ cos @ 1
cosf;cosf = —sin; sinf(w') 0/ = (v’ = —m = —W.
(3.2.12)
Thus, (3.2.11) and (3.2.12) imply that
1 1 tan _ tand]

— RN = I viedl,...,m}.
tanftanf  tan;tan0 tanf  tan6,; Jed }

We note that tan 6;/ tan ¢} is the same constant, Vj € {1,...,m}. Let v := tan 6/ tan 6 be
the constant.

We observe the following:

/o X .
0 (cos 0; smé’,) B

.
cosfising; \ . i
y; | —2——" ] sin 0w’

cos 6,

sin 6, cos 0;

yEZE Zj sin 0 (3.2.13)

. , A
> y; sin Qb

I
NN

I
o

The last equality of (3.2.13) holds by (3.2.7). Therefore, (3.2.13) verifies (3.2.10), and we
are done. []
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By observing the proof of Lemma 3.2.10, we see that the following also holds:
If ~ > 0 satisfies QT z = w, then there exists y satisfying PTy = w and y > 2.

We note that Lemma 3.2.10 looks similar to Lemma 3.2.1. Lemma 3.2.1 tells us that

0
COSQy such that w = Dz.

w=Cy, forsomey >0 = dz=

oS

In other words, Lemma 3.2.1 tells us that given y > 0 satisfying w = C'y, there is z > 0

with w = Dz and all nonzero coordinates of z are proportionally bigger than the nonzero

coordinates of y. However, Lemma 3.2.10 tells us slightly different property. It tells us

that given § > 0 satisfying PTy = w, there is a z > 0 with QTz = @ and all nonzero

coordinates of Z are just bigger than the nonzero coordinates of y. Hence given such 7, we
cannot clearly specify each coordinate of z, unless we perform further computations.
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Chapter 4

Sensitivity of Optimal Value Function

In this chapter, we present the main results for this thesis. Specifically, we perform postop-
timal analysis to show that the different sizes of the cones (or, feasible regions) affect ro-
bustness of the optimal value. The sensitivity analysis in this thesis has some different
aspects from the classical sensitivity analysis of linear programming. While the classical
sensitivity analysis focuses on obtaining allowable perturbation ranges, this thesis focuses
on the change of the optimal value under the assumption that some reasonable bounds
for the perturbations are given. We also view the problem geometrically, i.e., we relate
the dual optimal solutions to the geometrical structures constructed in Chapter 3. We
can perform the postoptimal analysis relatively easier, because of our knowledge of the
primal-dual optimal solutions for our models. This is shown in Sections 4.1 and 4.2 below.

This chapter is organized as follows: in Section 4.1, we define two families of LPs,
LP(P) and LP(Q), in order to study their sensitivities. In Section 4.2, we study the
optimal solutions to instances (P) and (Q) in the two families, as well as their dual optimal
solutions. In Section 4.3, we study some properties of the optimal value functions of (P)
and (Q). We then consider the LPs divided into two classes: nondegenerate (Section 4.4)
and degenerate (Section 4.5). In Section 4.4, we study the strict monotonicity and the
sensitivity of the optimal value function, when the given LP is nondegenerate. In Section
4.5, we study the sensitivity of the optimal value function via directional differentiability,
when the given LPis degenerate. We also further study a sufficient condition for local
differentiability of the optimal value functions of (P) and (Q).

4.1 LP Models

With the data from Section 3.1, we consider a vector w for the objective function and two
classes of cones using the set and matrix C, C', respectively. (See Figure 4.1.1.)

1. cone(C) = {x € R": Pz > 0},

2. cone(C)° = {z € R": CTx < 0}, i.e., the negative polar of cone(C).

95



{z e R?: CTz <0}

Figure 4.1.1: An illustration of cone(C) and its negative polar cone in R2.

Using these two cones, we define two LPs with nonnegativity constraints on the vari-
ables:

1. min{(w,z) : Px > 0,z > 0},

2. min{(—w,z): CTz <0,z > 0}.

In the presence of data uncertainty, we wish to form the robust counterparts of the above
LPs. Before forming their robust counterparts, we consider a general form of an LP.

Given

LP min{(c,x) : Az > b,x > 0}, (4.1.1)

with A € R™ " suppose that each entry of the data matrix A is uncertain and each
uncertain entry is known to have perturbation range [—e, €], with € > 0. It is shown in
(2.4.9) that the robust counterpart of each constraint alx > b; of (4.1.1) is

T

alx — eelz > by

Hence, the robust counterpart of (4.1.1) is
min{{c,z) : Av —eEx > b, z > 0},

where we recall that £ = ¢™(e")? is the matrix of ones.

If b above is the zero vector, then the constraint system Ax > b of (4.1.1) forms a
homogeneous system. If we further assume that 0 is the unique optimal solution to (4.1.1),
and we consider the robust counterpart of the homogeneous system Az > 0, i.e.,

min{(c,z) : Av —eExz >0, z > 0}, (4.1.2)

then the uncertainty does not do anything to the problem as 0 remains the optimal solution
to (4.1.2). Hence, having b = 0 trivializes the problem even after perturbations. This
motivates us to translate the cones away from the origin.
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In our problems, we translate the two cones cone(C) and (cone(C))° by e to obtain a
cone with vertex at e, (see Definition 2.1.12) and optimal solution at e. We thus have a
nonzero RHS in our constraint systems (See Figure 4.1.2.):

Alx —e) >0 < Az > Ae. (4.1.3)

Figure 4.1.2: An illustration in R?: The shaded region is the feasible region of the original
cone.

Hence with (4.1.3), its robust counterpart becomes

min{(c,x) : Az — eEx > Ae, v > 0}. (4.1.4)

Now we are ready to define the LPs for sensitivity analysis. We define an LP

min (0,
(P) subject to Pz > Pe
x > 0.

Suppose that the data matrix P on the LHS of the constraints Pz > Pe of (P) is uncertain,
and each uncertain entry of P is known to take perturbations in the range [—e, €], with
¢ > 0. Then the robust counterpart of (P) is

min (w, x)
(R(e)) subject to Pz — eEx > Pe (4.1.5)
x> 0.
Similarly, we define an LP
min (—w, )
(Q) subject to CTx < CTe
z > 0.

Suppose that the data matrix CT on the LHS of the constraints CTa < C%e is uncertain,
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and each entry of C7 is known to take perturbations in the range [—¢, ¢]. Then the robust
counterpart of (Q) is

min (—w, )
(S(e)) subject to CTax + eFx < CTe (4.1.6)
xz > 0.

; L (V32 . (1)2
Example 4.1.1. Consider the cone generated by ¢¢ = ( 1/2 ) ,Co = (\/3/2 . Then

—1/2 /3/2

cone({c!,c*}) = {z € R*: Px > 0}, where P = [\/§/2 _1/2

] . We translate cone({c!, *})

by e and obtain the system

B A A v )

The negative polar cone of cone({c',c?}) is {xr € R* : CTz < 0}, where C' = [}, .
We translate the vertex of {x € R? : CTx < 0} to e and obtain

{xGRQ:CTngTe}:{xGRQ: [\/3/2 Uﬂxg [(\/ngl)/Q]}.

/2 /3/2 (V3+1)/2
See Figure 4.1.5. [

Cl oc

cone(C)

72

0
{Z ez 0}
(a) cone(C) and (cone(C))°. (b) cone(C) + e and (cone(C))° + e.

Figure 4.1.3: Two cones in (b) are translations of the cones in (a).

4.2 Primal and Dual Optimal Solutions to (P) and (Q)

In this section, we find the primal and dual optimal solutions to (P) (Section 4.2.1) and
(Q) (Section 4.2.2). We also show that the uniqueness of dual optimal solutions to (P)
and (Q) depends on degeneracy /nondegeneracy of cone(C).
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4.2.1 The Optimal Solutions to (P) and its Dual

We recall the primal problem

min (w, )
(P) subject to Pz > Pe € R™
r e RY.

Then, the dual (DP) of the primal (P) is

max (Pe,y)
(DP) subject to PTy <@
y > 0.

Recall that the homogeneous inequalities Pz > 0 define cone(C). We now see that the
shift to Pz > Pe moves the vertex of the cone to e, which is the unique optimal solution
to (P). In addition, we see that degeneracy of cone(C) directly corresponds to degeneracy
of the dual optimal solutions. In other words, the number of extremal vectors of cone(C)
directly relates to the number of dual optimal solutions.

Lemma 4.2.1. Given the primal-dual pair (P) and (DP) above, we have the following:

1. The set of optimal solutions to (DP) satisfies
Argmax {(Pe,y) : Py <w, y> 0} ={yeR™: Ply=mw, y> 0}.
2. The unique optimal solution to (P) is x = e.
3. If cone(C) is a nondegenerate cone, then (DP) has a unique optimal solution.
4. If cone(C) is a degenerate cone, then (DP) does not have a unique optimal solution.
Proof. 1. We note that e is a feasible solution to (P). We observe that
(w,e) = (PTy,e) = (Pe,y),

for all y > 0 satisfying PTy = w. In other words, for each nonnegative vector y
such that Py = w, y achieves a primal objective value (w,e). Hence, (w,e) is the
optimal value of (DP) and

{ye R™: Ply =w, y >0} CArgmax{(Pe,y>:PTy§w, y>0}.

Now suppose to the contrary that

Jy € Argmax{(Pe,y} Ply<w, y> O}\{y eR™: Ply=w, y>0}.



Then, there exists i € {1,...,n} such that e/ PTy’ < el'w, i.e., one of the inequalities
in PTy’ < must be strict. Then, we get

(w,e) > (PTy' e) = (Pe,y),

and 1y’ does not achieve the primal objective value, which means that 3’ is not an
optimal solution. Therefore, {y € R™ : PTy = w, y > 0} is the set of optimal
solutions to (DP).

. By observing the proof in Item 1 of Lemma 4.2.1 directly above, it also follows that
e is an optimal solution to (P). Here, we show that e is not only an optimal solution
to (P), but also the unique optimal solution to (P).

Suppose that 2’ is an optimal solution to (P). By Lemma 3.2.5 we get

@ € int (cone({p',...,p™})).

Therefore we know that there exists a dual optimal solution ¢’ > 0 such that Py’ =
w. Hence, we have

0 <Pz’ — Pe,yf) = (PTy',a') — (PTy',e) = (w,2) — (PTy/,e) = 0.
The last inequality holds by strong duality. Thus we get
(Pz' — Pe,y') =0, yy >0 = P’ = Pe.
Since P € R™" with m > n and rank(P) = n, we have rank(P? P) = n. Hence,
PPy = PTPe = 2/ =e.
Therefore, 2’ = e is the only optimal solution to (P).

. Since cone(C) is nondegenerate, the dual cone has exactly n extremal vectors by
Proposition 3.1.14. By Lemma 3.2.5, we have w € cone ({p',...,p"}). Hence, there
exists a nonnegative vector y such that w = PTy. Since P is a nonsingular matrix,
the system PTy = w has the unique solution.

. Since cone(C) is degenerate, cone ({p',...,p™}) has more than n extremal vectors by
Proposition 3.1.14. Since cone ({p',...,p™}) is a proper cone, it has a compact cone
base B, say B = {b',... ,0™}. Let wp € B, where wg = yw, for some y > 0.

By Minkowski’s theorem, we need at most n extreme points in B to represent wg
as a convex combination of extreme points, since dim(conv(B)) = n — 1. Hence, we
have

wp =Y A, A>0and Y N =1, for some X € R" and |Z| = n.

€L €L
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Let ¥ € B, where j € [m] \ Z. Then, by Lemma 2.1.5, we can write wp as a
convex combination that involves b’. Since there are at least two distinct convex
combinations for wg, (DP) does not have a unique optimal solution. ]

Remark 4.2.2. We note that previously in Section 3.2.2 we studied the relations between
the two sets

{yeR™: PTy=w, y>0}, {yeR™: Q"y =w, y > 0}.
The above results hold for both sets, i.e., for both P,Q).

Remark 4.2.3. Given a feasible primal-dual LP pair, it is well-known that there is a
pair of primal-dual optimal solutions that satisfies the strict complementarity. We note
that there is a vector y' > 0 satisfying Py’ = w by Lemma 3.2.5. Hence, with ¥’ = e,
we see that (x',y') is a pair of optimal solutions of (P) and (DP) that holds the strict
complementarity.

4.2.2 The Optimal Solutions to (Q) and its Dual

The argument in this section parallels the argument used in Section 4.2.1. A reader may
skip the proof given in this section. We recall that

min (—w, x)
(Q) subject to CTz < CTe
x> 0.

Then, the dual (DQ) of (Q) is

max (—=CTe,y)
(DQ) subject to Cy > w
y = 0.

We study the set of the primal-dual optimal solutions of the primal-dual LPs given above
and show that the uniqueness of optimal solutions to (DQ) depends on the degener-
acy/nondegeneracy of cone(C).

Lemma 4.2.4. Given the primal-dual pair (Q) and (DQ) above, we have the following:

1. Argmax {(—CTe,y): Cy>w, y>0} ={y e R": Cy = w, y > 0},i.e., {y € R":
Cy =w, y > 0} is the set of optimal solutions to (DQ).

2. x = e is the unique optimal solution to (Q).
3. If cone(C) is a nondegenerate cone, then (DQ) has a unique optimal solution.

4. If cone(C) is a degenerate cone, then (DQ) does not have a unique optimal solution
(See Example 3.2.2.).
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Proof. 1. We use strong duality (See Proposition 2.3.5.) to find the optimal value of
(Q) and (DQ). Since z = e satisfies the constraints of (Q), (Q) is feasible. We also
know that cone(C) that w € int(cone(C)) by Lemma 3.1.9. Hence, there exists a
nonnegative vector y such that Cy = w. Thus, (DQ) is feasible and strong duality
holds, i.e., the optimal values of (Q) and (DQ) coincide. For y > 0 such that Cy = w,
we observe that

<—U_),€> = <_Cy7€> = <_CT€7y>'

Hence, the optimal value of (Q) and (DQ) is (—w, e) and
{yeR": Cy=w, y >0} C Argmax {(—C"e,y): Cy >w, y >0}.
Suppose to the contrary that
Jy € Argmax {(—C"e,y) : Cy > w, y > 0} \{y e R": Cy =w, y > 0}.

Then, there exists 7 € {1,...,m} such that e Cy > eTw, i.e., one of the inequalities
of C'y > w must be strict. Thus we get

(Cy',e) > (w,e) = (—w,e) > (—Cy,e) = (=CTe,y).

Since 3 does not achieve the optimal value, ¥ is not an optimal solution. Therefore,
{y e R": Cy =w, y > 0} is the set of optimal solutions to (DQ).

2. By observing the proof in Item 1 of Lemma 4.2.4, it also follows that e is an optimal
solution to (Q). Here, we show that e is not only an optimal solution to (Q), but
also the unique optimal solution to (Q).

Suppose that 2’ is an optimal solution to (Q). We know that there exists a dual
optimal solution ¢’ > 0 such that C'y’ = w, since w € int(cone(C)) by Lemma 3.1.9.
Hence, we have

0> (CTa' — C%e,y) = (Cy,2") — (Cy',e) = (w,2") — (Cy',e) = 0.
The last inequality holds by the strong duality. Thus we get
(CT2 —C%e,y) =0, 3y >0 = CTa' =C"e.
Since C' € R™** with k > n and rank(C) = n, we have rank(CC?) = n. Hence,
CCTy' =CC'e = 2’ =e.

Therefore, ' = e is the only optimal solution to (Q). O

Remark 4.2.5. We note that previously in Section 3.2.1 we studied the relations between
the two sets

{yeR":Cy=w, y>0}, {ycR*: Dy =w, y>0}.
The above results hold for both sets, i.e., for both C,D.
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Remark 4.2.6. Given a feasible primal-dual LP pair, it is well-known that there is a
pair of primal-dual optimal solutions that satisfies the strict complementarity. We note
that there is a vector y' > 0 satisfying Cy' = w by Lemma 3.1.9. Hence, with ' = e,
we see that (2',y') is a pair of optimal solutions of (Q) and (DQ) that holds the strict
complementarity.

4.3 Properties of the Optimal Value Functions

In this section, we study some basic properties of the optimal value functions of (P) and
(Q) and its robust counterparts.

We define the optimal value function (¢) of the robust counterpart (R(e)) in (4.1.5):
(R(e)) Y(e) := min{(w, x) : (P —eE)x > Pe, x > 0}. (4.3.1)

We interchangeably use the notations (P) and (R(0)), since (R(0)) and (P) are the same
LP. If we want to emphasize the matrix P in (4.3.1), we write

(R(e, P)) Yp(e) := min{(w,z) : (P — eE)x > Pe, x> 0}.

Similarly, we define the optimal value function ¢(€) of the robust counterpart (S(¢)) in
(4.1.6):
(S(e)) ¢(€) == min {(—w, z) : (C" +eE)z < CTe, 2 >0}. (4.3.2)

We note that (S(0)) and (Q) are the same LP. If we want to put an emphasis on the
matrix C' in (4.3.2), we write

(S(e,C)) ¢c(e) == min {(—w,z) : (CT +eE)z < CTe, 2 >0}.

We study some properties of the optimal value function 1 (e). By making necessary
changes to the arguments below, we can show that the same properties that hold for ¢ (e)
also hold for ¢(e).

1. For some € > 0, we have
Y (€) is a non-decreasing monotone function on [0, €, (4.3.3)
by the definition of robust counterpart. We recall from the first line of (2.4.3) that

x is robust feasible to a”x < B, V(a,3) e U
)
ax < B, V]a; 8] € {[CLO;BO] + Zngl G [af;ﬁf] , (e Z} , for some Z.
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In our case,

x is robust feasible to a’z < 8, Va; € [a; — €, a; + €

)
@ < B, V] ) € {[a% 8 + T, Gles 0], € € fu s flulloe < €}

This implies that if the perturbation set gets bigger (i.e., € increases), then the un-
certainty set gets bigger. Hence, the robust optimal value cannot decrease as the
feasible region of the robust LP gets smaller.

2. We observe that
»(0) < (e), Ve > 0. (4.3.4)

We recall that e is the only optimal solution to (P) (See Item 2 of Lemma 4.2.1.),
and e does not satisfy the inequality Pz —eEz > Pe, Ve > 0. We note by the above
that the feasible region of (R(¢)) gets smaller as € increases. Thus (4.3.4) holds, since
the feasible region of (R(0)) contains the feasible region of (R(€)) and e is no longer
feasible for (R(e)), Ve > 0.

3. Given two cones cone(C) and cone(D) constructed by the vectors from (3.1.2) and
(3.1.12), respectively, we have

{r € R": Pz > 0} = cone(C) C cone(D) = {x € R" : Qz > 0}.

We observe the following:
¥p(0) = v(0). (4.3.5)

The equality (4.3.5) holds because Item 2 of Lemma 4.2.1 holds for any cone con-
structed by (3.1.3). In other words, we have constructed a family of LPs that have
the same optimal value and the same optimal solution.

Item 1 above states that (€) is a nondecreasing function. Furthermore, if the opti-
mal solution of (P) is nondegenerate (i.e., exactly n constraints are active at the optimal
solution), we can show that v (e) is a strictly increasing function and we show this in Sec-
tion 4.4.2. Given (R(e, P)) and (R(e,@)), Item 2 above states that ¥p(0) < ¥p(e) and
Yg(0) < Yg(e), Ve > 0. Item 3 above states that ¢p(0) = 1o(0). In other words, both
Yp(€) and Yg(€) have the same function value at € = 0 and both function values increase
for € > 0. In Section 4.4.2 (in nondegenerate cases) and Section 4.5.3 (in degenerate cases),
we show that 1 p(e) always increases more than ¢g(e) for small € > 0. That is, ¥p(e) is
more sensitive than g(€) due to its local geometric structure.
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4.4 The Strict Monotonicity and Sensitivity of the
Optimal Value Function: Nondegenerate Cases

In this section we focus on (P) where exactly n halfspaces are active at the optimal solution
e. In this case, we say (P) is nondegenerate.

4.4.1 Known Results on Parametric LP: Nondegenerate Cases

We first present some known results on a parametric LP under linear, scalar 6 perturbations
of the coefficient matrix. We define a family of LPs in SEF

LP(0) 2(0) := min {(c,z) : A’x = b,z >0}, (4.4.1)

where A? = F 4+ 0G € R™™, for some F,G € R™" and § € R. For completeness, we
include the proof of the following theorem on parametric LP in the nondegenerate case.
In the following theorem, nondegenerate basis refers to a basis where the basic variables
associated with the basis are nonzero.

Theorem 4.4.1 ([12, Theorem 1]). ! Let P(0) be an instance of the parametric LP as
given in (4.4.1), and let 6 € R be given. Suppose that B is a unique nondegenerate optimal
basis for P(), and T and 7 are unique optimal solutions to P() and its dual, respectively.
Then for all § near (in a neighbourhood of) 0, B is a nondegenerate optimal basis for
P(0), and the optimal value function z(0) and the optimal solution x(6) of P(0) hold the
following:

o0

(1) 2(0) = 3 c(0 — 0)'(—=B~'Gp)'zp,

=0

8

(2) 25(0) = (ij!k)!cig(@—0_)(i_k)(—B_1Glg)iig , for k € N, where 2(0) is the k-th deriva-

<
Ea

tie of z(0),

(3) x(0) = (x5(0), 2n(0)) = (i(e —0)(=B~'Gs)'zs . 0),

i=0
(4) #°(0) = (K)cg(~B~'Gp) s,
where B = A%,

Proof. We show (3) = (1) = (2) = (4). Let B = A% be the optimal basis matrix

of P(#). We observe that

A% = Fz+0Gg, B= A% = Fg+0Gp.

!The original statement in [12, Theorem 1] was written with a maximization LP.
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Hence, we have B
A% — B =(0-0)G3.

For all 6 near 6, (A%)~! exists and so
I =A% A% = (B+ (6 —0)Gp)(A%) ™. (4.4.2)
Premultiplying B! to (4.4.2) yields
Bl'=(I+(0-0)B'Gp)(AL) " = (A4 =B —(0—0)(B'Gy)(AL)~". (4.4.3)

By recursively substituting for (A%)~! in (4.4.3), we obtain

(A = (6 - 0)'(~B Gy B,

=0

(This series converges for all # such that |0 — 0] < 1/p(—B~'Gp). See Lemma 4.4.4.) Ttem
(3) follows from x5(f) = (Af)~'b. Ttem (1) follows from z(0) = c"2(0) = cgxp(f). Taking
derivatives from (1) gives (2). Plugging # into 6 in (2) gives (4). O

We can obtain a simple formula by considering a special case of Item (4) in Theorem
4.4.1. We introduce the following lemma first.

Lemma 4.4.2. Consider the LPin SEF
LP max{(c, z) : Ar = b,z > 0}.

Suppose that ™ is a nondegenerate optimal basic feasible solution with basis B. Then, a
corresponding dual optimal solution is y* = (AF) 'cs. In addition, if there is a unique
nondegenerate optimal solution, then there is a unique dual optimal solution.

Proof. Let x* be a nondegenerate optimal feasible solution and y* a dual optimal solution.
Then complementary slackness implies

(cj — A(:,j)Ty*) v;=0,VjeB = AG, )Ty = ¢, V) €B.
Since Ag is nonsingular,
. —1
y = (45) e (4.4.4)
The uniqueness is clear. O]

With Lemma 4.4.2, we have the following corollary.

Corollary 4.4.3. The derivative of the optimal value function of LP () at 0 exists and is

7 (0) = -7"Gz.
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Proof. By pugging k = 1 into Item (4) in Lemma 4.4.1, we have
Z/(é) = (1!)65(—3_1GB)1ZEB
= —C%;B_lGBQ_?B
Iyt

= —7TQz,

where dual solution is given by 71 = ¢k (A%)™" in (4.4.4). O

4.4.2 The Monotonicity and Sensitivity in Nondegenerate Cases

In this section, we confine ourselves to the case where our data matrix P of
(P) min{(w,z) : Px > Pe,x > 0}

is a square matrix. In other words, there are exactly n active halfspaces at the optimal
solution e. In this case, we recall that there are exactly n extreme rays in cone(C) = {z €
R™ : Pz > 0} by Proposition 3.1.14. We also recall that z* = e is the unique optimal
solution to (P) by Item 2 of Lemma 4.2.1. The uniqueness of optimal solution does not
change after transforming (P) into SEF. Therefore,

min{(w,z) : Px — Is = Pe,x > 0,5 > 0} (4.4.5)

*

has a unique nondegenerate optimal solution, which is given by <:§* = (e), with the

0
optimal basis B = {1,...,n}. We showed in Lemma 4.4.2 that the dual of LP (4.4.5) has
a unique optimal solution as well.

Our aim in this section is to show the following:

1. 9(€) is a strictly increasing function on [0, €], for some € > 0.

We showed in (4.3.3) that 1(¢) is a non-decreasing function. When we have nonde-
generacy, we can guarantee that 1 (e) is a strictly increasing function.

2. Given two cones cone(C) and cone(D) constructed by the vectors in (3.1.2) and
(3.1.12), respectively, we have

{r € R": Pz > 0} = cone(C) C cone(D) = {z € R" : Qz > 0}.
We define two LPs
Yp(€) = min {(w, z) : (Pe — eE)x > Pe,xz > 0},

YPo(€) = min {(w,z) : (Qe — eE)x > Qe,x > 0}.
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Then, there is ;i > 0 such that

Yp(€) > gle), Ve € (0, ). (4.4.6)

The strict inequality in (4.4.6) implies that

Yp(e) = Pp(0) > Yole) = 1¥e(0), Ve € (0, ).

This means that when (P) has a locally smaller feasible region, the difference between
its nominal optimal value and robust optimal value is larger than when (P) has a
locally bigger feasible region. In other words, a locally small feasible region of an
LP drives the problem more sensitive under data uncertainty. Throughout this thesis,
we often omit the word ‘locally’ and state ‘smaller feasible region’ instead of ‘locally
smaller feasible region’. Similarly, we often state ‘bigger feasible region’ instead of
‘locally bigger feasible region’.

The Strict Monotonicity of Robust Optimal Value Function ¢ (¢)

In this section, we show that (€) is a differentiable strictly increasing function, for all
positive € near € = (0. That is,

Y'(e) > 0, for € > 0 near 0. (4.4.7)

We recall from (4.3.3) that ¢(€) is a non-decreasing function due the the definition of
robust counterpart.

To show (4.4.7), we make use of Item (2) of Theorem 4.4.1:

Z(0) = ich(0—0)""(~B'Gs)'15. (4.4.8)

i=1

We note that Theorem 4.4.1 is written with LPs in SEF. Hence, we first write (R(¢€)) in

SEF:
YP(e) = min (w, )

subject to [P —¢E, —I,] <i) = Pe (4.4.9)
x,5 > 0.
We can write the constraint coefficient matrix of (4.4.9) in an explicit parametric form:
[P—¢E, —I]=[P —I]+e[-E O]. (4.4.10)

In our case, the data we should consider in (4.4.8) is the following:

0=¢, =0, B=PcR" Gg=—-FEcR"™" and 73 = e.
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The i-th term of the series in (4.4.8) becomes
ick(0 — )Y (=B 1Gp) iz =i kB Y (EB ) Ee = ine YT (EB )

where y is the dual optimal solution to (P) by Lemma 4.4.2. Hence, we have

V'(e) = ny" (Ziei‘l(EB‘l)"‘l) e. (4.4.11)

=1

We first check the convergence for small € of the matriz power series in (4.4.11):
> i (EBTY) (4.4.12)
i=1

The radius of convergence of the scalar power series >, agz” is

R = 1/(limsup v/|axl),

k—o0

, if the limit exists. The spectral radius of a matrix A € C"*"

and is equal to limy_, . ‘a;‘ﬁ
is defined as
p(A) := max{|\;| : \; is an eigenvalue of A}. (4.4.13)

Lemma 4.4.4 (| Theorem 5.6.15]). Let R be the radius of convergence of a scalar
power series Y -, akz and let A € C™" be given. The matriz power series y o, arA*
converges, if p(A) < R. O

Now we show that 1’(¢) > 0, for small € > 0. Let a;, = ke*~!. Then, we have

R = lim

k—o0

Af+1

Hence, as long as we have p(EB™') < 1/e, the series in (4.4.12) converges. Since EB™!
is a rank one matrix, there is exactly one nonzero eigenvalue of EB~!. We note that the
nonzero eigenvalue of FB~! is e/ B~'e and the corresponding eigenvector is e. Thus the
spectral radius of EB~! is

p(EB™) = |e"' B te|.

Hence, Lemma 4.4.4 reads, if | B~'e| < 1/¢, the series (4.4.12) converges. Thus we
assume that e is given small enough so that |ef B~'e| < 1/¢ is satisfied.

Let A\ := el B7te. Since EB™'e = Ae, (4.4.11) becomes
=ny (Z i€ N 1e> =ny’ (Zi(e)\)ile) : (4.4.14)
i=1
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Each coordinate of the vector Y o= i(eA)" e in (4.4.14) has the same value. Hence, in
order to study the convergence of vector series (4.4.14), we may consider a series on R,
that is of the form Y. cx, where ¢ = k(eX)*1.

We first recall the formula for a general geometric series and its derivative. We define
a function f(z) := Y -, z¥, with the domain {z € R : |z| < 1}. Then, the geometric series
converges to 1/(1 — z). f(z) is well-defined and differentiable on z € (—1,1). Hence, we

have -
/ _ k—1 1
f'(z) = ;:O kbt = (ERE > 0. (4.4.15)

Thus the series Y p-, ¢, with ¢ = k(eA)*!, with |eA| < 1, converges to a positive number
by (4.4.15). Therefore, if € > 0 satisfies |e? B~'e| < 1/¢, then

(i z’ei—l(EB—l)H) e > 0.

i=1

We recall that ny? > 0 and y # 0. Thus we have 1'(¢) > 0 (See (4.4.11).), and (4.4.7) is
verified.

The Strict Inequality ¢»(0) > 15(0)
We recall that the constraint coefficient matrix of LP (4.4.9) in a parametric form is
[P—eE, —I]=[P —I|+¢[-E O].

Let y be the dual variable associated with the equality constraints at ¢ = 0. Then, by
Corollary 4.4.3, we have

V'(0) = -y [-E O] (”’2) = -y [-Ee 0] =y Ee, (4.4.16)

where (z*,s*) and y* are the primal-dual optimal solutions. We note that y*” Fe does
not involve the slack variable s*. Hence, we may consider the optimal solution of (R(e))
without transforming into SEF to study the sensitivity.

Suppose that we have two robust counterparts,
Yp(€) = min{(w,z) : (P — eE)x > Pe,x > 0}, (4.4.17)

Ug(e) = min{(w,z) : (Q — eE)r > Qe,r > 0}, (4.4.18)
where cone(C) = {z : Px > 0}, cone(D) = {z : Qz > 0} and cone(C) C cone(D). Let

xp and xy, be the optimal solutions to (4.4.17) and (4.4.18), respectively, when ¢ = 0. We
know that ¥} = xf, = e by Item 2 of Lemma 4.2.1. Let yp and yg, be the optimal solutions

to the duals of (4.4.17) and (4.4.18), when ¢ = 0. We recall from Item 1 of Lemma 4.2.1
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that the set of dual optimal solutions to (R(0, P)) is
{yp eR™: PTyp =w, y, > 0}.
Similarly, the set of dual optimal solutions of (R(0,Q)) is
{yo eR™: QTyqg =w, yo >0} .

We recall that, for all nonnegative yp such that PTyp = w, there exists yg > 0 such that
QTyo = w and yp > yg, by Lemma 3.2.10. Therefore, using Corollary 4.4.3, we obtain

Up(0) = —(yp)" (= E)ap = (yp)" Ee = ne'yp,
Vo(0) = —(yo)" (—EB)ag = (y5)" Be = ne y5.
Since yp > yo and yp # yq, we conclude that
Yp(0) > ¥5(0). (4.4.19)

That is, when the feasible region is smaller, its robust optimal value is more sensitive at
e = 0. We state the result (4.4.19) in the proposition below. The above argument gives
the proof for the following proposition.

Proposition 4.4.5. For the two robust optimal value functions ¥p(e) and Pg(e) with
nondegenerate optimal solutions, we have

¥p(0) > ¥5(0). O

The Strict inequality ¥p(e) > g (€)
Now we want to show that

Yp(€) > Pg(e), Ve € (0,€), for some € > 0.
We summarize the results we have so far:

(1) ¢¥p(0) = 1o(0) (See (4.3.5) on page 64.),
(2) ¥p(0) > 5 (0) (See Proposition 4.4.5.).
We observe the following: By Item (1) and Item (2) above, we have

0 < 1im 22 = ¥(0) — ¥o(h) +v(0) _ . ¥r(h) —do(h)

h—0 h h—0 h

Therefore, we conclude the following:

There is an interval I = (0, €) such that ¢¥p(€) > g(€), Ve € 1. (4.4.20)
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This implies that
Vp(e) — ¥p(0) > Yg(e) — ¥g(0), Ve e 1.

That is, there is an interval such that the robust optimal value of a smaller feasible region
is always worse than the robust optimal value of a bigger feasible region.

4.4.3 The Robust Optimal Value Function ¢(e)

In this section, we make a brief note on the robust optimal value function ¢(e) of the robust
counterpart (S(€)). A reader who wishes to recall the definition of ¢(€) and (S(€)) may
refer to Section 4.2.2 and Section 4.3.

In the previous sections, we have studied the optimal value function (€) of (R(e))
under the nondegenerate case. We note that the argument on the optimal value function
¢(€) of (S(€)) parallels the argument in the previous sections owing to Lemma 3.2.1 (Note
that Lemma 3.2.10 played an important role on getting the sensitivity result in Section
4.4.2.). Thus, by making necessary changes in the previous section, we have the following
result:

1. ¢(e) is a strictly increasing function for all € near 0,

2. There is an interval I = (0, €) such that ¢c(e) < ¢pp(e), Ve € 1.

We recall that cone(C)° D cone(D)° since polarization is order-reversing (See Lemma
2.1.25.). Hence, the above argument also shows that there is an interval such that the
robust optimal value of a smaller feasible region is always worse than the robust optimal
value of a bigger feasible region.

4.5 The Sensitivity of the Optimal Value Function:
Degenerate Cases

In this section, we focus on (P), where more than n halfspaces are active at the optimal
solution e. When an LP in SEF has a degenerate basic optimal solution, we obtain more
than one optimal basis. Hence, the approach used in Theorem 4.4.1 is no longer valid.

A reader may question that we can use the approach introduced by Fiacco [11] as (R(¢))
is in a nice parametric form. Fiacco in [I1] contains a comprehensive sensitivity analysis
on parametric nonlinear programming (hence applicable to LPs) and nice formulae for
the derivatives of optimal solutions and optimal values with respect to the parameters.
However, most of the arguments are presented under the linear independence constraint
qualification. This triggers problems when the number of active constraints of an LP at its
optimal solution is bigger than its dimension. In this case, the Jacobian matrix contains
the gradients of the active linear constraints and hence it is not invertible. Thus, instead
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of using the approach from [11], we perform our analysis using directional differentiability.
A reader interested in non-linear parametric programming may refer to [3, 11].

The rest of this section is organized as follows: In Section 4.5.1, we present why the
optimal value function 1 (e) might not be differentiable at € = 0 in the presence of degen-
eracy. In Section 4.5.2, we present that the optimal value function (€) is directionally
differentiable. In Section 4.5.3, with directional differentiability obtained in Secion 4.5.2,
we conclude the same result stated in (4.4.20) in degenerate cases. In Section 4.5.4, we
suggest a sufficient condition for differentiability of ¥)(¢) at € = 0. Finally, in Section 4.5.5,
we show that the properties hold for the optimal value function ¢ (€) for LP (P) also hold
for the optimal value function ¢(¢) for LP (Q).

4.5.1 The Generalized Directional Derivative

We recall that the optimal value function 1 (e) is differentiable by Theorem 4.4.1, given
that the LP is nondegenerate. In this section, we show where the non-differentiability of
1(€) comes from in degenerate cases.

Known Results on Parametric LP: Degenerate Cases

Theorem 4.5.1 ([32, Theorem 1]). Given ¢ € R",b € R™ and A € R™*", consider the
following LP
Z(A) = max{{c,z) : Az = b,z > 0}.

Let dom(Z2), i.e., the domain of Z be {A € R™*" : Z(A) is finite}. If

(1) A is an interior point of dom(2), and

(2) Z(A) is locally Lipschitz in a neighbourhood of A,

then
0z(A) = conv{—uxT : wu is any optimal dual solution,
x is any primal optimal solution}.

O

Remark 4.5.2. We note that Theorem 4.5.1 is also applicable to nondegenerate cases. In
the nondegenerate case, optimal solutions x and u of a primal-dual pair are unique. Then,
each entry of 0Z(A) is a real number, rather than an interval (under the assumption that
the hypotheses of Theorem 4.5.1 were satisfied.).

The Generalized Directional Derivative of the Optimal Value Function 2

In this section, we want to show where the non-differentiability of the optimal value func-
tion might be coming from, by utilizing Theorem 4.5.1. We also study the generalized
directional derivative of the optimal value function of (P) in SEF. Hence, we check that
the hypotheses of Theorem 4.5.1 are satisfied with our LP :
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1. We first introduce Proposition 4.5.3 to relate the first hypothesis (1) of Theorem
4.5.1. Proposition 4.5.3 states that for a primal-dual pair of LPs satisfying the
regularity condition, any small perturbations around given data do not render the
pair unsolvable.

2. We mention [8, Theorem 4.3] to relate the second hypothesis (2) of Theorem 4.5.1. [3,
Theorem 4.3] states the Lipschitz property of optimal value function under small
perturbations of given data.

We note that the LP in Theorem 4.5.1 is written in SEF. Hence, we need to transform
(P) in SEF:

([P, —1)) = min (w, x)
(Pskr) subject to [P —[m] <:§) = Pe
x,s > 0.

We explain the notation used in Proposition 4.5.3. Given X C R™,Y C R™ and a
matrix A € R™*" we define

AX)-Y ={Az—y:z€e X, yeY}.

Proposition 4.5.3 ([24, Theorem 1]). Let K1, Ky be non-empty polyhedral conver cones
in R™ and R™, respectively, and let A € R™*". Let (P), (D) be the following LPs :

min (¢, x) max (u,b)
(P) subject to Ax —be K3 (D) subject to c¢— ATu € K}
S Kl, u € KQ.

Then, the following are equivalent.

1. The constraints of (P) and of (D) are regular, i.e.,
beint {A(K:) — K;} and c€int {AT(K,) + K} }.
2. The sets of optimal solutions of (P) and of (D) are nonempty and bounded.
3. There exists € > 0 such that for any A’V and ¢ with
¢’ = max{[[A" = Al| [t = bl|, || = cl|} < e,

the two dual problems

min (c,x) max (u, )
(P') subject to Az -V € K (D) subject to ¢ — (A)Tu e K}
WS Kl, u e KQ
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are solvable. O]

The following lemma shows that regularity of the system {z € R" : Az > b,z € R} } is
equivalent to Slater condition.

Lemma 4.5.4. Let {x € R" : Az > b,z € R'}} be a given system of inequalities with
A € R™" . Assume that there exists T such that Az > b,z > 0. Then, the following are
equivalent.

(1) b€ int {AR?) —R7},

(2) there exists «’ such that Az’ > b2’ € R'}.

Proof. Suppose that Ttem (1) holds. Then, Vd with small enough € > 0, we have b + ed =

Az —5, for some r € R"}, 5 € R, Taking d such that —5 < ed yields b = A7 —5—ed < AZ.
Hence, Item (2) holds.

Conversely, suppose that Item (2) holds. Then Az’ —s = b, for some s € RT,. Let
d € R™ with ||d|| = 1 and let 6 = min;{s;}. Define 5:= s — dd. Then we get

b+dd = Ax' — s+ dd = Az’ — 5.

We note that § > 0, since dd; < § < s;, Vi. Therefore, 30 > 0 such that Vd € R™ with
||| = 1, we have
b+dd=Ax" —5 x>0, 5>0.

Hence, b € int { A(R?}) — R}, so Item (1) holds. O

Remark 4.5.5 states that a regular system (defined in Item 1 of Proposition 4.5.3) of
inequalities {x € R™ : Az > b,z € R’}} remains regular after being transformed into
constraints of SEF.

Remark 4.5.5. Given A € R™*" and b € R™, we define two systems
Si={reR": Az > b,x € R}, and
x n m . J— n m
S ::{(S> eR" xR .Ax—s-b,x€R+,s€R+}.

System Sy 1s regqular if, and only if, system Ss is reqular.

Proof. 1f system S5 is regular, we have

be int{[A, —I] [ﬁﬂ - (Rm)*} =int {A(R}) —R}}. (4.5.1)
We note that (4.5.1) is equivalent to Item (1) stated in Lemma 4.5.4. O
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We note that our systems {z € R": Pz > Pe,z > 0} and {y € R™: PTy < w,y > 0}
have points #,# such that PZ > Pe,& > 0 and PTj < w,4 > 0 by Lemma 3.2.5 and the
construction of cone(C). Hence, by Lemma 4.5.4,

Pe € int {P(R}) — R} and w € int { PT(R}) + R} }

are satisfied. By Remark 4.5.5, we have that the constraint system of (Psgr) and its dual
are regular. Thus, by Proposition 4.5.3, J¢; > 0 such that V[P, J'] € Ball([P, —1I,.], €),
the primal (Psgr) and its dual are solvable (Note that we do not perturb the RHS nor the
objective.). Therefore we have

[P',J] € dom(2), V[P, J'] € Ball([P, —I,], €),

and the hypothesis (1) of Theorem 4.5.1 holds with (P).

Now we check that the hypothesis (2) of Theorem 4.5.1 holds with (P). It is shown
in [3, Theorem 4.3]? that given an LP satisfying the regularity condition, the optimal value
function is locally Lipschitz near the given data. Thus the hypotheses of Theorem 4.5.1
are satisfied and we are ready to apply Theorem 4.5.1 to (R(0)).

Applying Theorem 4.5.1 to (R(0)) in SEF gives
O2([P, —I,]) = conv {—y (27, s") : (x; ),y optimal solutions to primal-dual pair} .

Since (P) has the unique optimal solution z* = e, the optimal solution to (Psgr) is
(x*;8*) = (e;0). Then, 02(|P, —1I,,]) reduces to

O2([P, —I,n)) = conv {—[ye”, Opnxm] : y optimal solution to (DP)} .

We recall that there are more than one optimal solutions to dual (DP) by Item 4 of
Lemma 4.2.1. That is, 0Z([P, —1,,]) is not a singleton. We also recall that if 0f(z) is not a
singleton, then f is not continuously differentiable, by the contrapositive of Lemma 2.2.8.
Hence, 2 is not differentiable in regards to matrix perturbations, in general. However, with
the direction of perturbations we are interested, we may obtain some partial knowledge on
the sensitivity of the optimal value function Z of (Psgr).

We note that the constraint matrix of (R(€)) in SEF is given by
[P—eE, —I]=[P —I]+e[-E O] € R,

That is, we want to perturb the matrix [P, —I,,] in the direction [—FE, O] € R™*(+m),

We recall from Proposition 2.2.7 that the generalized gradient of a function f at x in
direction v is given by

fo(z;v) = max {(&,v) : £ € Of(x)}.

2 [3, Theorem 4.3] was stated with linear semi-infinite constraints but the statement holds with ordinary
LPsas well.
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Hence, the generalized gradient of a function Z at [P, —1,,,] in the direction [—E, O] is given
by

2°([P, —1Ip]; [—F,0]) = max {<—[yeT, Omxml, [—F, O]> : i optimal solution to (DP)}
= max {y” Ee" : y optimal solution to (DP)}
= max {n(y, e™) : y optimal solution to (DP)} .
(4.5.2)

The first equality in (4.5.2) holds by Theorem 4.5.1 and the uniqueness of the primal
optimal solution. By observing (4.5.2), we see that the sensitivity of the optimal value
function Z highly depends on the optimal solutions of dual (DP). In Section 4.5.2, we
show that the directional derivative of 1(€) at ¢ = 0 in the direction 1 € R (positive
direction) coincides with (4.5.2).

Remark 4.5.6. In the nondegenerate case, we may use Theorem 4.5.1 and get the total
derivative of Z. We note that the total derivative of 2(P'), where P' = [P,—1I,], can be
written as 95( P
sy =y )

8pij

/[:7j

/
dpij.
Since

g — -1, Vie{l,...,n}, je{l,...,n}
Pii =0, Vie{l,...n}, je{n+1,...2n} "

the result coincides with the nondegenerate case.

4.5.2 The Directional Differentiability of (e)

We have shown, in Section 4.5.1, that the optimal value function Z might not be differen-
tiable at [P, —1I,,]. That is, the optimal value function v (e) might not be differentiable at
e = 0. However, we note that we are interested in the domain of ¢ (€) that is positive real
number, i.e., € € (0,€), for some € > 0. Hence, we turn our attention to the directional
differentiability of i(e), rather than the differentiability of ¥(¢) at € = 0. In this section,
we show that ¢ is directionally differentiable in direction of 1, that is,

o 90 = ¥(0)

exsits. (4.5.3)
el0 €

Fiacco [11, Section 2.3] and Still [29, Chapter 7] contain the related result presented in this
section. We want to show (4.5.3) by getting an upper bound (limsup) and a lower bound
(liminf), and claim that the upper bound and the lower bound are equal.

We recall that the robust counterpart of (P) is given by

(R(e)) YP(e) = min{(w, x) : (P — eE)x > Pe,z > 0}.
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We may write (R(¢€)) as

()= min  (@,1)
(R(e)) subject to g;(xz,e) <0, Vi=1,...,m
gi(r,e) <0, Yi=m+1,..., m+n,

where , .
gi(r,e) =) +eelx+ (p)le, Vi=1,...m,
gi(z,€) = —uxy, Vi=m+1,...,m-+n,

(We may omit € in the input of g;(z,€), Vi=m+1,...,m+n.). Let
S(€) := Argmin {(w,z) : (P — eE)x > Pe,x > 0},

i.e., the set of optimal solutions of (R(¢)). We recall that S(0) = {e} by Item 2 of Lemma
4.2.1. Let I(x) be the set of indices such that g;(z,€) is active at z. We note that at the
optimal solution z* of (R(0)), the set of active indices is I(z*) = {1,...,m}. Then the
Lagrangian of (R(¢€)) near (z*,€) = (e,0) is given by

L(z,e,y) = (w,x) + Zyigi(x, €). (4.5.4)
i=1
Theorem 4.5.7 gives an upper bound for (4.5.3).

Theorem 4.5.7. Given a family of (R(€)), for small € > 0, let 1(€) be the optimal value
function of (R(€)). Let M be the set of optimal solutions of (DP). Then, we have

i sup 206 = 00

< max{n{e,y) :y € M}.
el0 €

Proof. Consider the LP
vt = min (w, &)
(P7) ¢ .
subject to  (p))T¢ >n,Vi=1,...,m.

Then, the dual (D") of (PT) is

max n{e,y)
+ Y _
(D7) subject to PTy = w
y = 0.

We note that the set of feasible solutions to (D) is M, i.e., the set of optimal solutions
to (DP) (See Item 1 of Lemma 4.2.1.). Since cone(C) = {x € R" : Px > 0} is a full-
dimensional cone, there exists a vector £ such that P¢ > 0. Hence, we know that there
exist feasible solutions to (P*) and (D). Thus, by strong duality (See Proposition 2.3.5.),
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we have
vt =max{n{e,y):y € M}.

Let £* be a minimizer of (P*). Let Z be the optimal solution to (R(0)). Define, for
small 6 > 0 and € > 0, -
T =T+ €(&" + 68).

Then, for i € I(z) = {1,...,m} and for small € > 0, we have
gi(re,€) = gi(re, €) — 6:i(7,0)
= (p, 2 e (€ +00)) +efe it e (€ +30)) + () e+ ()T - ()'e
= e(=p", & +06) + ele, T) + (e, & +0¢)
= e [(=p", & +0) + (e, 7)] + o(e).
The first equality holds since ¢;(z,0) = 0,Vi € I(z). Then, by dividing both sides of (4.5.5)
by €, we get

(=P, € +08) + (e, T) + o(e) /e
= (=p", &) + (e, 7) + (=p, 68) + o(e) /e
= (—p",¢§ —p', &) +o(e)/e
< 6(—p' &) + ole) e by the feasibility of £* to (P™T)
<0 since P& > 0.

Hence, z. is a feasible solution to (R(¢€)), and this implies that ¥ (e) < (w,z.). Thus we

have
P(e) —(0) <

Hence,

Since 6 > 0 can be chosen arbitrarily small, we have

o 29 = (0)

< max{n(e,pu) : p € M}. O
€l0 €

We observe in the proof of Theorem 4.5.7 that getting an upper bound of (4.5.3) does
not require any argument on convexity (other than strong duality of (P*) and (D1).).
However, obtaining a lower bound of (4.5.3) requires the convexity status.

Theorem 4.5.8. Given a family of (R(€)), for small € > 0, let 1(€) be the optimal value
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function of (R(€)). Let M be the set of optimal solutions of (DP). Then, we have

— (0
liniénfM > max {n{e,u) : pe€ M}.
€ €
Proof. Let x; be an optimal solution to (R(e,)) for small ¢, > 0. Such optimal solutions
exist, since the constraints systems of (P) and (DP) are regular, and for any small pertur-
bations (R(¢)) is solvable by Proposition 4.5.3. Let {z,} C R™ and {e;} C R be sequences
such that z, € S(e), converging to Z € S(0) and €, | 0.

We recall the Lagrangian near (e, 0) defined in (4.5.4). Since Z is the optimal solution
to (R(0)), we have V,L(Z,0,y) = 0, Yy € M. Since L(Z,0,y) is linear (convex) with
respect to x, V,L(Z,0,y) = 0 implies that z is a global minimizer of L(z,0,y), for each
y € M. Hence, we have

L(mg, €r, y) - L(xg, 0, Z/)
xi  Dier v iz e) —g:(@0) o)

IA I IA

The first inequality in (4.5.6) holds since 7 is a global minimizer. The second inequality in
(4.5.6) holds since g;(x¢,€/) < 0 and g;(z,0) =0, Vi € 1(Z). Thus we get

¢<€€) - ¢(0) > L(C(]g, €, y) - L(ZL’g, 07 y)
= E[Z(i) Ys (—(pi)Txg + el ay + (pi)Te) — EIZ(?) Yi (_(pi)sz + (pi)Te)

= > yieelxy
i€I(%)
= eelny > i
i€I(%)

Dividing the above by €, > 0 gives

Ylee) —9¥(0) o T Y (4.5.7)

Letting | — oo in (4.5.7) yields

. (e) — ¥(0)
RASI7ENE AL )
lliglo o > lllgloe T2, Y
1€I(Z)
which implies
— (0
limui)nf ¥lo) = v(0) >elz y; = nle,y). (4.5.8)
€ €
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Since (4.5.8) holds for each y € M, we have

lim inf —dj(e) —v(0)

> : M?t. ]
nint M= > wante,) - € 1)

We are now ready to show directional differentiability of ¢(¢). With Theorem 4.5.7 and
Theorem 4.5.8, we have

— (0 — (0
max n(e,y) < liminf ¥e) — ¥ ) < lim sup ¥e) — ¥ () < maxn(e,y),
yeM €l0 € €l0 € yeM
where M is the set of optimal solutions of (DP). Therefore, lim o zp(e)zw(o) exists and is
equal to
. 9(e) = ¥(0)
"(0;1) = lim ————= = . 4.5.
¥(0;1) = lim - max e, y) (4.5.9)

We note that (4.5.9) coincides with (4.5.2).

4.5.3 The Sensitivity of the Optimal Value Functions ¢p(¢) and
bo(e)

In this section, we show the sensitivity of the robust optimal value functions 1p(€) and
g (€) using the result obtained in Section 4.5.2, precisely the equality (4.5.9).

Given two (R(e, P)) and (R(¢, Q)), we now compare the values of directional derivatives
of ¥p(e) and Yg(e), as € | 0.

Theorem 4.5.9. Given two LPs(R(e, P)) and (R(e,Q)) and their optimal value functions
Yp(e) and Pg(€), respectively, we have

Yp(e) > Pg(e), YV small e > 0.

Proof. Let Mp and Mg be the set of optimal solutions:
Mp = Argmax{(Pe,y) : P'y < w,y >0}, and Mg := Argmax{(Qe,y) : Q7y < w,y > 0}.

Then, by Item 1 of Lemma 4.2.1, we have

Then, (4.5.9) leads to
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By Lemma 3.2.10, we have

Yp(0;1) = max {n{e,y) : y € Mp} > max {n(e,y) : y € Mo} = ¥5(0;1).

This yields

0 < co— %a((); 1) — WQ(O? 1) = lim Yp(e) —¥p(0) —1lim W)(E) - ¢Q(0).

el0 € €l0 €

Then, we have

i () = 0p(0) = ig(e) +vig(0) _
el0 €

Thus, with ¢p(0) = ¥¢(0), we obtain

vp(€) = vgle)

€

Vée>0, 30 >0suchthat 0 < e < = —c| <E€.

This implies that for € satisfying 0 < € < ¢, we have

Yr(€) = Yole)

—€+c<

<Eé+c = 0<e(—e+c) <yple) —YPgle).

Therefore, we have

Yp(€) > Yg(e), V small € > 0, (4.5.10)
as desired. O

This implies that the robust optimal value is more sensitive if the given LP has a
smaller feasible region near the nominal optimal solution. We note that the result given
in (4.5.10) is the same as the one in (4.4.20).

4.5.4 A Sufficient Condition for Differentiability of ¢ (¢) at e =0

We showed that 1(e) is differentiable near 0, if (P) is nondegenerate (See Section 4.4.2.).
The uniqueness of dual optimal solution played a big role in terms of getting the differen-
tiability of ¢. As we noted in Item 4 of Lemma 4.2.1, we do not have the uniqueness of
dual optimal solutions in degenerate cases. In degenerate cases, differnetiability of ¥ (€) at
e = 0 may or may not hold depending on some properties of the set of optimal solutions of
(DP). In this section, we show a sufficient condition for differentiability of ¢ (¢) at e = 0.

In Section 4.5.2, we only considered the directional differentiability of v in the positive
direction and it is given by
"(0;1) = 4.5.11
(0;1) = maxne, y), ( )
where M is the set of optimal solutions of (DP). By observing the proofs and making
necessary changes in the previous section, we can derive the directional differential of v in
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the negative direction, that is,

Y'(0; —1) = max —n{e, y). (4.5.12)

yeM

From (4.5.11) and (4.5.12), we can show that degeneracy of the optimal solution of (P)

does not always imply non-differentiability of ¢(¢) at e = 0. We first observe a special case
in Example 4.5.10.

Example 4.5.10. Let w' = e, w? = ey, w? = —e1,w* = —ey and W = e3. Construct the
cone

.....

Then, we have

w

VB V3
cone(C) = {z € R*: Pz > 0}, where P = - g _\/\%_
—V3 V3

The set of dual optimal solutions to (DP) is given by M :={yeR*: Ply=w, y > 0}.
We note that for all y € M, we must have 1 = w3 = (P(:,3),y) = (1/vV/7){e, y). O

S
w
— = =

From Example 4.5.10, we observe that for all y > 0 such that PTy = w, we must have
(e,y) = 2?21 Yi = /7. This implies that

maxn(e.y) = —max—nfey) = PO0:1) = (0:-1).  (4513)
yeM yeM

Hence, the change of optimal value of ¥ (€) from ¢ = 0 in both directions yields the same
magnitude of change. Thus, when (4.5.13) occurs, we must have the differentiability of (e)

at € = 0. From this observation, we conclude a sufficient condition for the differentiability
of ¥(e) at e = 0.

Theorem 4.5.11. Given (P) and its dual (DP), let M be the set of optimal solutions of
(DP). If

Z yi =7, Yy € M, for some constant v € R,
i=1

then the robust optimal value function 1(€) is differentiable at 0. O

Remark 4.5.12. We note that, in the nondegenerate case, there is only one optimal so-
lution to (DP) (See Item 3 of Remark 4.2.1.). Therefore, Theorem 4.5.11 also applies to
the case where given (P) is nondegenerate.
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The Case of Non-differentiability

In this section, we observe an interesting phenomenon in the absence of differentiability
of ¥(€) at e = 0. Given two LPs (R(e, P)) and (R(e,Q)), where P is the data matrix of

cone(C) and @ is the data matrix of cone(D), we have the following:

The strict inequality (4.5.14) implies that the change of ¥p(€) at € = 0 to the positive
direction is greater than the change of ¥g(€) at e = 0. The strict inequality (4.5.15) implies
that the change of ¥p(€) at € = 0 to the negative direction is also greater than the change
of Pg(e) at € = 0. Therefore, the above implies that at e = 0, the functions ¥p(e) and
Yg(€) do not kiss; they must cross. Figure 4.5.1 shows an illustration of this phenomenon
(Figure 4.5.1 was drawn with piece-wise linear functions for illustrative purposes. There is
no guarantee that ¢p(€) is a piece-wise linear function.).

.
[=]
my

/
/
/

Figure 4.5.1: An illustration of two functions ¥p(e) and ¥g(e): Note that two functions
cross at the origin.

We make an interesting observation on ¥p(e) and ¥g(e) on domain (—é€,0), for some
€ > 0. We introduced the notion of optimistic counterpart in Section 2.4.2. Using (2.4.14),
we can show that the optimistic counterpart of (P) is

min{(w, z) : Px + eEx > Pe, x > 0}. (4.5.16)

We pay attention to the coefficient of the matrix £ in (4.5.16). We note that the opti-

mal value function of LP (4.5.16) can be expressed using the optimal value function of
(R(e, P)), that is,

Yp(—€) = min{(w, z) : Px +€ Ex > Pe, x > 0}.
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Similarly, we may write
Yo(—e) = min{(w, z) : Qv +€ Ex > Qe, x > 0}.

Hence, we observe that the optimal value functions ¢p(€) and ¢g(€) on the positive domain
are associated with the robust counterparts while the optimal value functions ¥ p(€) and
Yg(€) on the negative domain are associated with the optimistic counterparts.

With (4.5.14) and (4.5.15), we conclude as follows:

1. Given the robust counterparts of two LPs, (R(e, Q)) (with the bigger feasible region)
enjoys its property more than (R(e, P)) (with the smaller feasible region).

2. Given the optimistic counterparts of two LPs, (R(—¢, P)) (with the smaller feasible
region) enjoys its property more than (R(—¢, Q)) (with the bigger feasible region).

4.5.5 The Robust Optimal Value Function ¢(e)

In this section, we make a brief note on the robust optimal value function ¢(e) of the
robust counterpart (S(€)). A reader who wishes to recall the definition of ¢(¢) and (S(e))
may refer to Section 4.2.2 and Section 4.3. We recall that we state the similar argument
in Section 4.4.3 under nondegenerate cases.

From Section 4.5.1 to Section 4.5.4, we have studied the robust optimal value function
() of (R(€)) under the degenerate case. We note that the argument on the optimal value
function ¢(€) of (S(e)) parallels the argument in the previous sections owing to Lemma
3.2.1 (Note that Lemma 3.2.10 played an important role on getting the sensitivity result
in Section 4.5.2.). Thus, by making necessary changes in the previous section, we have the
following result: given two LPs (S(e,C)) and (S(¢, D)) and their optimal value functions
oc(€) and ¢p(e€), respectively, we have

do(€) < ¢p(e), V small € > 0.

We recall that cone(C)° D cone(D)° since polarization is order-reversing (See Lemma
2.1.25.). Hence, the above argument also shows that there is an interval such that the
robust optimal value of a smaller feasible region is always worse than the robust optimal
value of a bigger feasible region.

We also conclude the following: given (Q) and its dual (DQ), let M be the set of
optimal solutions of (DQ). If

m

Z yi =, Yy € M, for some constant v,
i=1

then ¢(e€) is differentiable at € = 0.
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We also have

?5(0;1) = max n{e,y) < max n{e,y) = ¢,(0;1), and
yeMp

yeMc
/ 1) = _ _ — A - —1).
¢C(O7 ) ;2]%[}2 n<€7 y) > ;gjfa/[}; n<€7 y> ¢D(07 )

Therefore, ¢c(€) and ¢p(e) cross at € = 0 (See Figure 4.5.1 for an illustration after replacing
Yp(€) to ¢p(e) and replacing g(e) to Pc(e).).

4.6 Interpretations to the Robust Optimization Prob-
lem

In this section, we briefly summarize the arguments of the previous sections as well as how
the result applies to the original robust optimization problem.

Given the vectors w € R" and {wi}i:17_._7k C R” satisfying Hypothesis 3.1.1, we con-
struct a family of cones so that we can control their sizes using 6 € (0,7/2) (Section 3.1).
We fix two distinct 6,0 with 6 < 6 and construct two cones:

cone(C) := cone ({c'}ieq1,.13), Where ¢ := cos 0w + sin fuw’,
cone(D) := cone ({d'}ie1,.13), where d' := cosfw + sin fuw’

-----

We note that cone(C) C cone(D).

We first focus on cone(C). With Algorithm 2.1.1 and Table 2.1.2, we find the halfspaces
defining the cone:
cone(C) := {z € R" : Px > 0}.

We translate the cone by e and obtain the following system:
{r eR": Px >0} +e={xe€R": Pxr > Pe}.

We then construct LPs using the cones constructed above along with the nonnegativity
on the variables (Section 4.2):

(P) min {(w, z) : Px > Pe, = > 0}.

We note that the translation of the cone yields (P) to have its unique optimal solution at
x* = e. We also note that the constraint = > 0 of (P) may change the feasible region of
(P) but is redundant in the sense that it does not affect the optimal solution at all. The
constraint x > 0 seems redundant knowing that z* = e is the unique optimal solution, but
it plays an important role on forming a nice parametric form of robust counterpart; see

(2.4.9).

Now we suppose that each entry of the LHS coefficient matrix P of the constraint
Pz > Pe is uncertain and we are given small perturbation range [—e, €] for each entry of
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P. We then form the following robust counterpart (Section 4.3):
(R(e, P)) Yp(e) = min{(w,z) : Px — eEx > Pe, x > 0}.

Similarly, we do the same procedure described above for cone(D) = {z € R" : Qz > 0}
and obtain the following robust counterpart:

(R(e,Q)) Yg(e) = min {(w, z) : Qv — eEx > Qe, > 0}.

With the robust counterparts (R(e, P)) and (R(e,Q)), we show in Section 4.4 (in
nondegenerate cases) and Section 4.5 (in degenerate cases) that the optimal value function
of a smaller feasible region yields a worse robust optimal value than the robust optimal
value function of a bigger feasible region:

Yp(€) > g(e), for small e > 0.

That is, the robust optimal value of a smaller feasible region is more sensitive than the
robust optimal value of a bigger feasible region.

Though this thesis exploits a certain class of LPs, the arguments in this thesis give us
insights on why some robust optimization problems yield very pessimistic robust optimal
values. Essentially, the sensitivity of the robust optimal value function is related to the
magnitude of dual optimal solutions. And the magnitude of dual optimal solutions is
strongly related to the geometry near the primal optimal solution. To our knowledge, there
are no existing results in robust optimization problems that involve geometric structures
near the nominal optimal solutions and try to study the robustness. Again, this gives us a
moment to think about what may drive the robust optimal values to become conservative.
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Chapter 5

Numerical Result

In this chapter, we test the results presented in Chapter 4 numerically. We generated our
data as presented in Section 3.1.2.

Figure 5.0.1 shows the changes in the optimal value ¢ = ¢(f) in (4.3.1), with respect
to changes in 0, i.e., with respect to changes in the size of cone(C). We keep ¢ = 1073 fixed
for all instances. (Note that we can change the size of cone(C) by making changes to 6.).
As we showed in Section 4.5.2, a smaller feasible region always yields a larger change in
the optimal value under data uncertainty.

n=3, k=10 n=6, k=8 n=10, k=11

+ robust + robust + robust

nominal | | 056 | nominal nominal

* |

22 |

g 116 |

*

robust optimal value ¥
*

robust optimal value ¥

++**
Fhag,
4164 FE ok

0.4 06 08 1 12 14 02 0.4 06 08 1 12 14 0.2 0.4 06 08 1 1.2 1.4

Figure 5.0.1: Fix ¢ = 1073; changes in robust optimal value () w.r.t. changes in 6.

Figure 5.0.2 shows the changes in the optimal value ¢ = ¢(#) with respect to changes
in 0, i.e., with respect to the changes in the size of cone(C). We keep € = 1072 fixed again.
We note that a smaller & means that the negative polar cone of the constructed cone is
bigger (See Lemma 2.1.25.). Therefore, we see that a smaller feasible region yields a larger
change in the optimal value under data uncertainty, as was shown in Section 4.5.5.

Let cone(C) = {z € R : Px > 0} be constructed with § = 7/6, and cone(D) =
{z € R" : Qz > 0} be constructed with § = /4. Then Figure 5.0.3 shows the change in
the optimal value functions ¥p(€) and 1q(€) with respect to the changes of € from 107
to 1072, We note that ¥p(e) > 1g(e) from the given instances and this means that: a
larger given uncertainty set corresponding to a larger €, yields a larger change in the robust
optimal value.
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Given cone(C) constructed with § = 7/6, and cone(D) constructed with 0 = /4,
we have cone(C)° D cone(D)° (See Lemma 2.1.25.). Figure 5.0.4 shows the changes in
the optimal value functions ¢ (€) and ¢p(e) for the problems over the polar cones, with
respect to the changes in e varying from 107!° to 1072, We note that in the given intervals,
oc(€) < ¢p(e). As above, this means that a smaller feasible region in the nominal problem

impli
in th

1.04
5}
=
= 1065
g
=
T
<
g o0s
i=
2

.06
o
©
21,065
=1
L2 07
o
=

-1.075

-1.08

es:
e robust optimal value.

n=3, k=10
I o
* QCc o
4 o
° @D w5 ¥
3 o *
-nominal -
[*] *
o *
o
o 4
QO #
O #
o *
o *
*
¢
Q
2
®

"0 0.001 0002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

€

robust optimal value

-1.02

-1.04

-1.06

-1.08

BRI

112

1.1

-1.16

.18

1.2

-1

a larger given uncertainty set corresponding to a larger €, yields a larger change

n=13, k=25 n=150, k=250
2z
* dc el o 1t oo o O
o ¢p o 2 = o ¢p 58
; + = 16 ;
nominal 5 Dgs W s nominal 52 _— *
o  * —_ 14 & 2 & *
&r g < W
* =i % ¥
G = 12 G &
0 % = *
o % a4 o *
o * (=] &5 %
¥
o % #2 6 gt
g* 2 2
? 3 o Q
] = ?
® 0.4

2
0 0001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01

€

0 0001 0.002 0.003 0.004 0.005 0.006 0.007 0.008 0.009 0.01
€

Figure 5.0.4: two polar cones cone(C)° D cone(D)°; changes in ¢c(€), ¢p(e) with € €

[10-!

0102,

89



Chapter 6

Conclusions and Further Notes

In this thesis, we study the special case of linear optimization to show what may affect the
sensitivity of a robust optimization reformulation. In this special case, we show that the
robust optimization problem with a locally smaller feasible region yields a more conserva-
tive robust optimal value than the one with a locally bigger feasible region. Following is a
brief summary of the results presented throughout this thesis.

Given the vectors w € R™ and {w'};—;_ , C R" satisfying Hypothesis 3.1.1, we con-
struct a family of proper cones so that we can control their sizes using 6 € (0,7/2) in
Section 3.1. We fix two distinct 0,60 € (0,7/2) with 6 < 6 and construct two cones:

cone(C) := cone ({¢'}ieq1,..1y), Wwhere ¢ := cos 6w + sin fw’,

.....

cone(D) := cone ({d'}ieq1,.13), where d' := cosfw + sin fw’,

-----

The cones satisfy strict containment, cone(C) C cone(D).

We first focus on cone(C). With Algorithm 2.1.1 and Table 2.1.2, we find the halfspaces
defining the cone:
cone(C) := {z € R" : Px > 0}.

We translate cone(C) by e € R™ and obtain the following system:
{r eR": Px >0} +e={x€R": Px > Pe}.

We then construct LPs using the cones constructed above along with the nonnegativity
on the variables in Section 4.2:

(P) min {(w, z) : Pz > Pe, z > 0}.
Now suppose that each entry of the LHS coefficient matrix P of the constraint Px >

Pe is uncertain in the given perturbation range [—e¢, €. We form the following robust
counterpart (R (e, P)) as in Section 4.3:

(R(e, P)) Yp(€e) := min{(w, z) : Px —eEx > Pe, x > 0}.
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Similarly, we form the following robust counterpart (R(e,@)) using cone(D) = {z € R" :
Qz > 0}:
(R(e,Q)) Yg(e) == min{(w,z) : Qx — eEx > Qe, © > 0}.

With the robust counterparts (R(e, P)) and (R(e,Q)), we show in Section 4.4 (in
nondegenerate cases) and Section 4.5 (in degenerate cases) that the robust optimal value
function of a locally smaller feasible region yields a worse robust optimal value than the
robust optimal value function of a locally bigger feasible region:

p(€) > Pg(e), for small e > 0.

That is, the robust optimal value of a locally smaller feasible region is more sensitive than
the robust optimal value of a locally bigger feasible region.

Further Notes

The motivation of this thesis is to see how the sharpness of a vertex (an optimal solution)
of a polyhedron impacts the sensitivity of the robust optimal value. We wish to utilize the
notion of solid angle to measure the sharpness of a vertex. However there is no easy way
to compute the solid angle of an arbitrary vertex of a polyhedron (For the definition of the
solid angle, see [5, Section 11.1].). Given a point Z in the polyhedron, computing the solid
angle at ¥ generally requires the knowledge on solid angles of all faces of the polyhedron
([5, Example 11.1] illustrates an example of the 3-simplex.). Hence, we generate data so
that we can always control the sizes of the vertex neighbourhoods of a polyhedron.

After constructing the cone, we translate the vertex of the cone to e so that we have
a non-homogeneous system of linear inequalities. We then impose nonnegativity on the
variables. Nonnegativity of variables played an important role in terms of converting the
robust counterpart into a simple parametric form. We note that the optimal solution e
is in the interior of the nonnegative orthant and we perform local analysis. Therefore the
robust optimal solution is obtained near e under small perturbations. Hence, imposing
nonnegativity on the variables is not restrictive.

Throughout this thesis, we assumed that all the coefficients of the data matrix are
uncertain with the perturbation range [—e, €]. We can also derive a similar result in the
cases where only some of the coefficients of the data matrix are uncertain with the pertur-
bation range [—¢, €]. By making necessary changes to (2.4.4) - (2.4.9), we can show that
the inequality with uncertainty

<&,.T> Sﬁ, ELz S [ai—e,ai—i—e], 1€Z1 C {1,,71}
can be reformulated as follows:
(a,z) + e(u,z) < 3, where u is a 0-1 vector in R".

It follows that the robust counterpart of (P) with some uncertain data with perturbation
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range [—e, €] becomes
¥p(€) = min{(w,z) : Px — Uz > Pe,x > 0},

where U is a (-1 matrix. We can define the corresponding robust counterpart using ¢) with
the robust optimal value function ¢g(e). By making a similar argument given in Chapter

4, we can show that v/ﬁ\p(e) = y*Ue, for some dual optimal solution 3. It also follows that
Yo(e) = zTUe, for some dual optimal solution z. Then, by Lemma 3.2.10, we have that

@Zp(e) > QZQ(E), for small € > 0.

We note that we might lose the strict inequality above due to some 0 entries in the matrix

U.

Similarly, if we are given an (P) where each entry p;; of the LHS data matrix P is
uncertain with perturbation range [—e¢; ;, € ;] (i.e., we are given a different perturbation
range for each entry of P), then we may formulate the robust counterpart as follows:

Uple) = min{(w, z) : Px — eV > Pe,x > 0},

where

Vo €;/€ , if P;; is uncertain with perturbation range [—¢; ;, €; ]
I 0 , otherwise.

We can define the corresponding robust counterpart using () with the robust optimal value
function g (€). Then, a similar argument above gives

Up(€) > Yg(e), for small € > 0.

Limitations and Further Work

We have only considered a special objective vector w of an LP. One may ask ‘What about
any objective vector w’ € R" satisfying w’ € int(cone(C))?’. In the case of such objective
vectors, a difficulty arises by Item 3 of Remark 3.2.4, i.e., we cannot guarantee that Lemma
3.2.1 and Lemma 3.2.10 hold with an arbitrary vector instead of w. It will be interesting
to find a condition for an objective vector that guarantees the arguments in this thesis.

In the presence of degeneracy, we do not know if the strict monotonicity of the optimal
value functions ¥(€) and ¢(€) holds. The numerical result strongly shows that the opti-
mal value functions are strictly increasing. However there is no guarantee that the strict
monotonicity holds for nondegenerate cases.
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Index

C, 38 LP(Psgr), LP(P) in SEF, 74
D, 38 LP(Q), 57

E, matrix of ones, 2 LP(R(e)), 57

K*, dual cone of set K, 7 LP(S(e)), 58

K°, negative polar cone of K, 9

Argmax{(D)}, the set of optimal solutions basg for a cone, 7
o (D), 21 basic solution, 20

Argmin{(P)}, the set of optimal solutions to basic feasible solution, 20

(P), 21 basic variable, 20
Ball(0, €), ball cectered at 0 with radius e, basis, 20
16, 17 cone, 7
cone(S), conlcal hull of set S, 7 dusl cone, 7
cone(C), 3 finitely generated cone, 10
cone(D) pointed cone, 7

pointed cone with vertex, 7
proper cone, 7

X)), 1
int(X), interior of X, 3 cone base. 7

null(X), null space of X, 3 conic combination, 7

9f(x), generalized gradient, 18 conic combination, conical hull, 7
L, orthogonal complement, 3 conical hull of set S, cone(S5), 7
¢(€), optimal value of (S(e)), 63 convex combination, 4

¥(€), optimal value of (R(e)), 63 strict convex combination, 4
rank(A), rank of A, 3 convex hull, 4

ray(a), a half-line generated by a, 8 convex set. 4
relint(X), relative interior of X, 3 ’

p(A), spectral radius of A, 69 degenerate basic solution, 20

LP (0), 65 degenerate polyhedral cone, 11

fe(x;v), generalized directional derivative, degenerate/nondegenerate basic solution, 20
18 directional derivative, 18

C, 38 dual cone, 7

D, 38 dual cone of set K, K*, 7

Fu(A,b), 22 dual norm, 25

Z, perturbation set, 23

LP(DP), dual of LP(P), 59 extremal vector, 8

LP(DQ), dual of LP (Q), 61 extreme dlr'eCtIOIl, 9

LP(P), 57 extreme point, 5

extreme ray, 8
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feasible solution, 20
finitely generated cone, 10

generalized directional derivative, f°(x;v),
18

generalized gradient, 18

generalized gradient, df(z), 18

interior of X, int(X), 3

linear programming (LP), 20
locally Lipschitz near x, 16

matrix of ones, F, 2

nominal data, 22

nonbasic variable, 20

nondegenerate basic solution, 20

nondegenerate polyhedral cone, 11

nondegenerate/degenerate polyhedral cone,
11

null space of X, null(X), 3

optimal solution, 20

optimistic counterpart, 26
optimistic feasible, 26

optimistic feasible solution, 26
orthogonal complement of X , X+, 3

perturbation set, 23
perturbation set, Z, 23
pointed cone, 7
pointed cone with vertex, 7
polar cone, 9
negative polar cone, 9
polyhedral cone, 10
degenerate polyhedral cone, 11
nondegenerate polyhedral cone, 11
proper cone, 7, 36

rank of A, rank(A), 3
ray, 8
extreme ray, 8
recession cone, 9
regular, 74
relative interior of X, relint(X), 3

robust counterpart, 22
robust feasible, 22

robust feasible set, 22
robust optimal solution, 23
robust optimal value, 23

semi-infinite, 21

spectral radius of A, 69

spectral radius of A, p(A), 69
standard equality form (SEF), 20
strict conic combination, 7

strict convex combination, 4

uncertain linear programming, 22
uncertainty set, 22
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