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Preface

This book originated as a set of notes I used for a one-semester course
in optimization taken by advanced undergraduate and beginning graduate
students in the mathematical sciences and engineering. For the past sev-
eral years I have used versions of this book as the text for that course. In
this course, the focus is on generality, with emphasis on the fundamental
problems of constrained and unconstrained optimization, linear and convex
programming, on the fundamental iterative solution algorithms, gradient
methods, the Newton-Raphson algorithm and its variants, more general
iterative optimization methods, and on the necessary mathematical tools
and results that provide the proper foundation for our discussions. I include
some applications, such as game theory, but the emphasis is on general
problems and the underlying theory. As with most introductory mathe-
matics courses, this course has both an explicit and an implicit objective.
Explicitly, I want the student to learn the basics of continuous optimiza-
tion. Implicitly, I want the student to understand better the mathematics
that he or she has already been exposed to in previous classes.

One reason for the usefulness of optimization in applied mathematics is
that Nature herself often optimizes, or perhaps a better way to say it is that
Nature economizes. The patterns and various sizes of tree branches form
efficient communication networks; the hexagonal structures in honeycombs
are an efficient way to fill the space; the shape of a soap bubble minimizes
the potential energy in the surface tension; and so on. Optimization means
maximizing or minimizing some function of one or, more often, several vari-
ables. The function to be optimized is called the objective function. There
are two distinct types of applications that lead to optimization problems,
which, to give them a name, we shall call problems of optimization and
problems of inference.

On the one hand, there are problems of optimization, which we might
also call natural optimization problems, in which optimizing the given func-
tion is, more or less, the sole and natural objective. The main goal, max-
imum profits, shortest commute, is not open to question, although the
precise function involved will depend on the simplifications adopted as the
real-world problem is turned into mathematics. Examples of such prob-
lems are a manufacturer seeking to maximize profits, subject to whatever
restrictions the situation imposes, or a commuter trying to minimize the

XV



xvi Preface

time it takes to get to work, subject, of course, to speed limits. In convert-
ing the real-world problem to a mathematical problem, the manufacturer
may or may not ignore non-linearities such as economies of scale, and the
commuter may or may not employ probabilistic models of traffic density.
The resulting mathematical optimization problem to be solved will depend
on such choices, but the original real-world problem is one of optimization,
nevertheless.

Operations Research (OR) is a broad field involving a variety of applied
optimization problems. Wars and organized violence have always given im-
petus to technological advances, most significantly during the twentieth
century. An important step was taken when scientists employed by the
military realized that studying and improving the use of existing tech-
nology could be as important as discovering new technology. Conducting
research into on-going operations, that is, doing operations research, led
to the search for better, indeed, optimal, ways to schedule ships entering
port, to design convoys, to paint the under-sides of aircraft, to hunt sub-
marines, and many other seemingly mundane tasks [137]. Problems having
to do with the allocation of limited resources arise in a wide variety of
applications, all of which fall under the broad umbrella of OR.

Sometimes we may want to optimize more than one thing; that is, we
may have more than one objective function that we wish to optimize. In
image processing, we may want to find an image as close as possible to
measured data, but one that also has sharp edges. In general, such multiple-
objective optimization is not possible; what is best in one respect need not
be best in other respects. In such cases, it is common to create a single
objective function that is a combination, a sum perhaps, of the original
objective functions, and then to optimize this combined objective function.
In this way, the optimizer of the combined objective function provides a
sort of compromise.

The goal of simultaneously optimizing more than one objective func-
tion, the so-called multiple-objective function problem, is a common fea-
ture of many economics problems, such as bargaining situations, in which
the various parties all wish to steer the outcome to their own advantage.
Typically, of course, no single solution will optimize everyone’s objective
function. Bargaining is then a method for finding a solution that, in some
sense, makes everyone equally happy or unhappy. A Nash equilibrium is
such a solution.

In 1994, the mathematician John Nash was awarded the Nobel Prize in
Economics for his work in optimization and mathematical economics. His
theory of equilibria is fundamental in the study of bargaining and game
theory. In her book A Beautiful Mind [162], later made into a movie of
the same name starring Russell Crowe, Sylvia Nasar tells the touching
story of Nash’s struggle with schizophrenia, said to have been made more
acute by his obsession with the mysteries of quantum mechanics. Strictly



Preface xvii

speaking, there is no Nobel Prize in Economics; what he received is “The
Central Bank of Sweden Prize in Economic Science in Memory of Alfred
Nobel” , which was instituted seventy years after Nobel created his prizes.
Nevertheless, it is commonly spoken of as a Nobel Prize.

In addition to natural optimization problems, there are artificial op-
timization problems, often problems of inference, for which optimization
provides useful tools, but is not the primary objective. These are often
problems in which estimates are to be made from observations. Such prob-
lems arise in many remote sensing applications, radio astronomy, or medical
imaging, for example, in which, for practical reasons, the data obtained are
insufficient or too noisy to specify a unique source, and one turns to op-
timization methods, such as likelihood maximization or least-squares, to
provide usable approximations. In such cases, it is not the optimization of
a function that concerns us, but the optimization of technique. We cannot
know which reconstructed image is the best, in the sense of most closely
describing the true situation, but we do know which techniques of recon-
struction are “best” in some specific sense. We choose techniques such as
likelihood or entropy maximization, or least-mean-squares minimization,
because these methods are “optimal” in some sense, not because any sin-
gle result obtained using these methods is guaranteed to be the best. Gen-
erally, these methods are “best”in some average sense; indeed, this is the
basic idea in statistical estimation.

As we shall see, in both types of problems, the optimization usually
cannot be performed by algebraic means alone and iterative algorithms are
required.

The mathematical tools required do not usually depend on which type of
problem we are trying to solve. A manufacturer may use the theory of linear
programming to maximize profits, while an oncologist may use likelihood
maximization to image a tumor and linear programming to determine a
suitable spatial distribution of radiation intensities for the therapy. The
only difference, perhaps, is that the doctor may have some choice in how,
or even whether or not, to involve optimization in solving the medical
problems, while the manufacturer’s problem is an optimization problem
from the start, and a linear programming problem once the mathematical
model is selected.

The optimization problems we shall discuss differ, one from another, in
the nature of the functions being optimized and the constraints that may or
may not be imposed. The constraints may, themselves, involve other func-
tions; we may wish to minimize f(z), subject to the constraint g(z) < 0.
The functions may be differentiable, or not, they may be linear, or not. If
they are not linear, they may be convex. They may become linear or convex
once we change variables. The various problem types have names, such as
Linear Programming, Quadratic Programming, Geometric Programming,
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and Convex Programming; the use of the term ‘programming’ is an histor-
ical accident and has no connection with computer programming.

Many of the problems we shall consider involve solving, as least approx-
imately, systems of linear equations. When an exact solution is sought and
the number of equations and the number of unknowns are small, meth-
ods such as Gauss elimination can be used. It is common, in applications
such as medical imaging, to encounter problems involving hundreds or even
thousands of equations and unknowns. It is also common to prefer inexact
solutions to exact ones, when the equations involve noisy, measured data.
Even when the number of equations and unknowns is large, there may not
be enough data to specify a unique solution, and we need to incorporate
prior knowledge about the desired answer. Such is the case with medical
tomographic imaging, in which the images are artificially discretized ap-
proximations of parts of the interior of the body.

For problems involving many variables, it is important to use algorithms
that provide an acceptable approximation of the solution in a reasonable
amount of time. For medical tomography image reconstruction in a clinical
setting, the algorithm must reconstruct a useful image from scanning data
in the time it takes for the next patient to be scanned, which is roughly
fifteen minutes. Some of the algorithms we shall encounter work fine on
small problems, but require far too much time when the problem is large.
Figuring out ways to speed up convergence is an important part of iterative
optimization.

As we noted earlier, optimization is often used when the data pertaining
to a desired mathematical object (a function, a vectorized image, etc.) is
not sufficient to specify uniquely one solution to the problem. It is common
in remote sensing problems for there to be more than one mathematical
solution that fits the measured data. In such cases, it is helpful to turn to
optimization, and seek the solution consistent with the data that is closest
to what we expect the correct answer to look like. This means that we
must somehow incorporate prior knowledge about the desired answer into
the algorithm for finding it.
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The ordering of the chapters is not random. In this chapter I give a brief
overview of the content of each of the subsequent chapters and explain the
reasoning behind the ordering.

1.1 Optimization Without Calculus

Although optimization is a central topic in applied mathematics, most
of us first encountered this subject in our first calculus course, as an illus-
tration of differentiation. I was surprised to learn how much could be done
without calculus, relying only on a handful of inequalities. The purpose of
this chapter is to present optimization in a way we all could have learned
it in elementary and high school, but didn’t. The key topics in this chapter
are the Arithmetic-Geometric Mean Inequality and Cauchy’s Inequality.
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2 A First Course in Optimization

1.2 Geometric Programming

Although Geometric Programming (GP) is a fairly specialized topic, a
discussion of the GP problem is a quite appropriate place to begin. This
chapter on the GP problem depends heavily on the Arithmetic-Geometric
Mean Inequality discussed in the previous chapter, while introducing new
themes, such as duality, primal and dual problems, and iterative computa-
tion, that will be revisited several times throughout the course.

1.3 Basic Analysis

Here we review basic notions from analysis, such as limits of sequences in
RY, continuous functions, and completeness. Less familiar topics that play
important roles in optimization, such as semi-continuity, are also discussed.

1.4 Differentiation

While the concepts of directional derivatives and gradients are familiar
enough, they are not the whole story of differentiation. This chapter can
be skipped without harm to the reader.

1.5 Convex Sets

One of the fundamental problems in optimization, perhaps the fun-
damental problem, is to minimize a real-valued function of several real
variables over a subset of R/. In order to obtain a satisfactory theory we
need to impose certain restrictions on the functions and on the subsets;
convexity is perhaps the most general condition that still permits the de-
velopment of an adequate theory. In this chapter we discuss convex sets,
leaving the subject of convex functions to a subsequent chapter. Theorems
of the Alternative, which we discuss here, play a major role in the duality
theory of linear programming.
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1.6 Matrices

Convex sets defined by linear equations and inequalities play a major
role in optimization, particularly in linear programming, and matrix alge-
bra is therefore an important tool in these cases. In this chapter we present
a short summary of the basic notions of matrix theory and linear algebra.

1.7 Linear Programming

Linear Programming (LP) problems are the most important of all the
optimization problems, and the most tractable. These problems arise in a
wide variety of applications and efficient algorithms for solving LP prob-
lems, such as Dantzig’s Simplex Method, are among the most frequently
used routines in computational mathematics. In this chapter we see once
again the notion of duality that we first encountered in the chapter on the
GP problems.

1.8 Matrix Games and Optimization

Two-person zero-sum matrix games provide a nice illustration of the
techniques of linear programming.

1.9 Convex Functions

In this chapter we review the basic calculus of real-valued functions of
several real variables, with emphasis on convex functions.
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1.10 Convex Programming

Convex programming involves the minimization of convex functions,
subject to convex constraints. This is perhaps the most general class of op-
timization problems for which a fairly complete theory exists. Once again,
duality plays an important role. Some of the discussion here concerning
Lagrange multipliers should be familiar to students.

1.11 Iterative Optimization

In iterative methods, we begin with a chosen vector and perform some
operation to get the next vector. The same operation is then performed
again to get the third vector, and so on. The goal is to generate a sequence
of vectors that converges to the solution of the problem. Such iterative
methods are needed when the original problem has no algebraic solution,
such as finding the square root of three, and also when the problem involves
too many variables to make an algebraic approach feasible, such as solving a
large system of linear equations. In this chapter we consider the application
of iterative methods to the problem of minimizing a function of several
variables.

1.12 Solving Systems of Linear Equations

This chapter is a sequel to the previous one, in the sense that here
we focus on the use of iterative methods to solve large systems of linear
equations. Specialized algorithms for incorporating positivity constraints
are also considered.

1.13 Conjugate-Direction Methods

The problem here is to find a least squares solution of a large system of
linear equations. The conjugate-gradient method (CGM) is tailored to this
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specific problem, although extensions of this method have been used for
more general optimization. In theory, the CGM converges to a solution in
a finite number of steps, but in practice, the CGM is viewed as an iterative
method.

1.14 Operators

In this chapter we consider several classes of linear and non-linear op-
erators that play important roles in optimization.
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2.1 Chapter Summary

In our study of optimization, we shall encounter a number of sophis-
ticated techniques, involving first and second partial derivatives, systems
of linear equations, nonlinear operators, specialized distance measures, and
so on. It is good to begin by looking at what can be accomplished without
sophisticated techniques, even without calculus. It is possible to achieve
much with powerful, yet simple, inequalities. As someone once remarked,
exaggerating slightly, in the right hands, the Cauchy Inequality and inte-
gration by parts are all that are really needed. Some of the discussion in
this chapter follows that in Niven [167].

Students typically encounter optimization problems as applications of
differentiation, while the possibility of optimizing without calculus is left
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8 A First Course in Optimization

unexplored. In this chapter we develop the Arithmetic Mean-Geometric
Mean Inequality, abbreviated the AGM Inequality, from the convexity of
the logarithm function, use the AGM to derive several important inequali-
ties, including Cauchy’s Inequality, and then discuss optimization methods
based on the Arithmetic Mean-Geometric Mean Inequality and Cauchy’s
Inequality.

2.2 The Arithmetic Mean-Geometric Mean Inequality

Let x1, ...,z be positive numbers. According to the famous Arithmetic
Mean-Geometric Mean Inequality, abbreviated AGM Inequality,

1
G:($1'$2--'$N)1/N§A:N(SC1 +$L’2—|—...+J,‘N), (2.1)
with equality if and only if 1 = 9 = ... = xn. To prove this, consider
the following modification of the product x; - - - . Replace the smallest

of the x,,, call it x, with A and the largest, call it y, with = + y — A. This
modification does not change the arithmetic mean of the N numbers, but
the product increases, unless x = y = A already, since xy < A(x +y — A)
(Why?). We repeat this modification, until all the z,, approach A, at which
point the product reaches its maximum.

For example, 2-3-4-6-20 becomes 3-4-6-7-15, and then 4-6-7-7-11,
6-7-7-7-8,and finally 7-7-7-7-7.

2.3 An Application of the AGM Inequality: the Num-
ber e
We can use the AGM Inequality to show that
. 1.,
lim (1 + E) =e. (2.2)

n—oo

Let f(n)=(1+ %)", the product of the n + 1 numbers 1,1 + %, U %
Applying the AGM Inequality, we obtain the inequality

fm < (52 2 v,

so we know that the sequence {f(n)} is increasing. Now define g(n) =
(1+ L)1 we show that g(n) < g(n—1) and f(n) < g(m), for all positive

n+2
n+1
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integers m and n. Consider (1 — 1)", the product of the n + 1 numbers
1,1- %, ey 1 — % Applying the AGM Inequality, we find that

1 n+1 1\7
(t-5) =(0-3)
n+1 n
n \ntl n—1\n
(1) =(5)

n+1 n

Taking reciprocals, we get g(n) < g(n—1). Since f(n) < g(n) and {f(n)} is
increasing, while {g(n)} is decreasing, we can conclude that f(n) < g(m),

for all positive integers m and m. Both sequences therefore have limits.
Because the difference

or

1 1

gln) = fn) = ~(1+ )" >0,

n

as n — 0o, we conclude that the limits are the same. This common limit
we can define as the number e.

2.4 Extending the AGM Inequality

Suppose, once again, that x1, ...,y are positive numbers. Let a1, ..., ay
be positive numbers that sum to one. Then the Generalized AGM Inequality
(GAGM Inequality) is

zPtwy? -2y < azy + asze + ...+ anen, (2.3)
with equality if and only if 1 = 9 = ... = . We can prove this using

the convexity of the function — log x.

Definition 2.1 A function f(x) is said to be convex over an interval (a,b)

if
flaits +agts + ... +anty) < aif(t1) +azf(te) + ... +anf(tn),
for all positive integers N, all a,, as above, and all real numbers t,, in (a,b).

If the function f(x) is twice differentiable on (a,b), then f(z) is convex
over (a,b) if and only if the second derivative of f(z) is non-negative on
(a,b). For example, the function f(z) = —logz is convex on the positive
z-axis. The GAGM Inequality follows immediately.
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2.5 Optimization Using the AGM Inequality

We illustrate the use of the AGM Inequality for optimization through
several examples.

2.5.1 Example 1: Minimize This Sum

Find the minimum of the function
12 18
f(xay) =—+ 7+$y7
T Y

over positive x and y.

We note that the three terms in the sum have a fixed product of 216,
so, by the AGM Inequality, the smallest value of % f(x,y) is (216)1/% =6
and occurs when the three terms are equal and each equal to 6, so when
2 =2 and y = 3. The smallest value of f(x,y) is therefore 18.

2.5.2 Example 2: Maximize This Product

Find the maximum value of the product

fz,y) = 2y(72 — 3z — 4y),

over positive z and y.

The terms z, y and 72 — 3z — 4y do not have a constant sum, but the
terms 3z, 4y and 72 — 3x — 4y do have a constant sum, namely 72, so we
rewrite f(z,y) as

F(a,) = 75 (30)(4) (72 — 32— 4y).

By the AGM Inequality, the product (3z)(4y)(72 — 3z — 4y) is maximized
when the factors 3z, 4y and 72 — 3z — 4y are each equal to 24, so when
x = 8 and y = 6. The maximum value of the product is then 1152.

2.5.3 Example 3: A Harder Problem?

Both of the previous two problems can be solved using the standard
calculus technique of setting the two first partial derivatives to zero. Here
is an example that may not be so easily solved in that way: minimize the

function A
flay) =do+ o+ =2,
Y T
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over positive values of z and y. Try taking the first partial derivatives and
setting them both to zero. Even if we manage to solve this system of coupled
nonlinear equations, deciding if we actually have found the minimum may
not be easy; take a look at the second derivative matrix, the Hessian matrix.
We can employ the AGM Inequality by rewriting f(z,y) as

dz+ 5+ 4+ o
7 :4( Yy T T
fz,y) 1

The product of the four terms in the arithmetic mean expression is 16, so
the GM is 2. Therefore, i f(x,y) > 2, with equality when all four terms are
equal to 2; that is, 4z = 2, so that x = % and Q?y =2,s0y = % also. The
minimum value of f(z,y) is then 8.

2.6 The Holder and Minkowski Inequalities

Let ¢ = (¢1,...,cn) and d = (dy, ..., dn) be vectors with complex entries
and let p and ¢ be positive real numbers such that

S =1
P q

The p-norm of ¢ is defined to be
N 1/p
lelly = (D leal”) ™,
n=1
with the g-norm of d, denoted ||d||4, defined similarly.

2.6.1 Holder’s Inequality
Holder’s Inequality is the following:

N
Z |endn| < [lcllplldllq,
n=1

with equality if and only if

(i) = ()"

for each n.
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Holder’s Inequality follows from the GAGM Inequality. To see this, we
fix n and apply Inequality (2.3), with

(5
1= \7 )
llellp

1
ay = —,
p
()’
T2 = )
lldllq
and .
a9 = —.
q

From (2.3) we then have
[enl \ (1dnly _ Ly leal NP L ldn] N9
(”Z”P)(”dHQ) = ;<HZ”p) * 5(||d||q) '

Now sum both sides over the index n.

2.6.2 Minkowski’s Inequality

Minkowski’s Inequality, which is a consequence of Holder’s Inequality,
states that
le+dllp < llellp + ldllp;

it is the triangle inequality for the metric induced by the p-norm.
To prove Minkowski’s Inequality, we write

N N N
Z len 4+ dn|P < Z lenl(len + dnl)P7H + Z |dnl(len +dn )P~
n=1 n=1 n=1

Then we apply Holder’s Inequality to both of the sums on the right side of
the equation.

2.7 Cauchy’s Inequality

For the choices p = ¢ = 2, Holder’s Inequality becomes the famous
Cauchy Inequality, which we rederive in a different way in this section.
For simplicity, we assume now that the vectors have real entries and for
notational convenience later we use x, and vy, in place of ¢, and d,.
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Let x = (z1,...,zny) and y = (y1,...,yn) be vectors with real entries.
The inner product of x and y is

(,y) =z191 + T2y2 + ... + TNYN. (2.4)

The 2-norm of the vector x, which we shall simply call the norm of the

vector x is
z]l2 = V{2, z).

Cauchy’s Inequality is

(@ y)| < [z [lyll2, (2.5)

with equality if and only if there is a real number a such that z = ay.

A vector = (x1,...,xy) in the real N-dimensional space RY can be
viewed in two slightly different ways. The first way is to imagine x as simply
a point in that space; for example, if N = 2, then z = (x1, z2) would be the
point in two-dimensional space having x; for its first coordinate and x5 for
its second. When we speak of the norm of x, which we think of as a length,
we could be thinking of the distance from the origin to the point x. But
we could also be thinking of the length of the directed line segment that
extends from the origin to the point . This line segment is also commonly
denoted just x. There will be times when we want to think of the members
of RN as points. At other times, we shall prefer to view them as directed
line segments; for example, if  and y are two points in RY, their difference,
x — vy, is more likely to be viewed as the directed line segment extending
from y to x, rather than a third point situated somewhere else in RY. We
shall make no explicit distinction between the two views, but rely on the
situation to tell us which one is the better interpretation.

To prove Cauchy’s Inequality, we begin with the fact that, for every real
number t,

0< fla—tyll3 = lal3 — (2 )t + lyl3E

This quadratic in the variable ¢ is never negative, so cannot have two real
roots. It follows that the term under the radical sign in the quadratic equa-
tion must be non-positive, that is,

(2(z, y))* — 4llyll3ll= (13 < 0. (2.6)

We have equality in (2.6) if and only if the quadratic has a double real
root, say t = a. Then we have

lz — ayll3 = 0.

As an aside, suppose we had allowed the variable ¢ to be complex. Clearly
||z = ty|| cannot be zero for any non-real value of ¢. Doesn’t this contradict
the fact that every quadratic has two roots in the complex plane?
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The Pdlya-Szego Inequality
We can interpret Cauchy’s Inequality as providing an upper bound for

the quantity
N
2
()"
n=1

The Polya-Szego Inequality provides a lower bound for the same quantity.
Let 0 <my <z, < My and 0 < mo <y, < Mo, for all n. Then

N N N

M, M. 2
a2 32 < My My + mamy ( anyn) . (2.7)
n=1 n=1 v 4m1m2M1M2 n=1

2.8 Optimizing using Cauchy’s Inequality

We present three examples to illustrate the use of Cauchy’s Inequality
in optimization.

2.8.1 Example 4: A Constrained Optimization
Find the largest and smallest values of the function

flz,y,2) =2z + 3y + 62z, (2.8)

among the points (x,y, 2) with 2 +y% + 22 = 1.
From Cauchy’s Inequality we know that

49 = (2% + 3% 4+ 6%) (2 + y* + 2°) > (22 + 3y + 62)°,

so that f(z,y, z) lies in the interval [—7,7]. We have equality in Cauchy’s
Inequality if and only if the vector (2,3, 6) is parallel to the vector (z,y, z),
that is

r_Y_=

2 3 6
It follows that x =t, y = %t, and z = 3t, with t? = %. The smallest value
of f(x,y,2) is —7, when z = —2, and the largest value is +7, when = 2.

2.8.2 Example 5: A Basic Estimation Problem

The simplest problem in estimation theory is to estimate the value of a
constant ¢, given J data values z; = c+wv;, j = 1,...,J, where the v; are
random variables representing additive noise or measurement error. Assume
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that the expected values of the v; are E(v;) = 0, the v; are uncorrelated,
so E(vjug) = 0 for j different from k, and the variances of the v; are
E(v}) =07 > 0. A linear estimate of ¢ has the form

J
J
c = ijZj. (29)
j=1

The estimate ¢ is unbiased if E(¢) = ¢, which forces ijl b; = L. The best

linear unbiased estimator, the BLUE, is the one for which E((¢ — ¢)?) is
minimized. This means that the b; must minimize

J J
B(Y D bibwvu) = Z b02, (2.10)
j=1k=1
subject to
J

> bi=1. (2.11)

j=1
To solve this minimization problem, we turn to Cauchy’s Inequality.

We can write p y
=D b= (o)) —

j=1 j=1

Cauchy’s Inequality then tells us that

J

J
1< szg? Z

j=1 j=1

QQM‘ =

with equality if and only if there is a constant, say A, such that

1
bjo; = A\—
VA ;0
for each j. So we have
1
b =A—
j O.JZ’

for each j. Summing on both sides and using Equation (2.11), we find that

SR

bm"_‘
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The BLUE is therefore

Q

J
e=2>" 3. (2.12)
J

Jj=1

When the variances GJQ- are all the same, the BLUE is simply the arithmetic
mean of the data values z;.

2.8.3 Example 6: A Filtering Problem

One of the fundamental operations in signal processing is filtering the
data vector x = s + n, to remove the noise component n, while leaving
the signal component s relatively unaltered [53]. This can be done either
to estimate 7y, the amount of the signal vector s present, or to detect if
the signal is present at all, that is, to decide if v = 0 or not. The noise is
typically known only through its covariance matriz ), which is the positive-
definite, symmetric matrix having for its entries Qi = E(n;ny). The filter
usually is linear and takes the form of an estimate of :

4=0bTz.

We want |b7's|? large, and, on average, [b'n|? small; that is, we want
E(bTn|?) = bTE(nnT)b = b7 Qb small. The best choice is the vector b
that maximizes the gain of the filter, that is, the ratio

|bT's12 /b Qb.
We can solve this problem using the Cauchy Inequality.
Definition 2.2 Let S be a square matriz. A non-zero vector u is an eigen-

vector of S if there is a scalar A\ such that Su = Au. Then the scalar A is
said to be an eigenvalue of S associated with the eigenvector u.

Definition 2.3 The transpose, B = AT, of an M by N matriz A is the
N by M matriz having the entries By, = Apn-

Definition 2.4 A square matriz S is symmetric if ST = S.

A basic theorem in linear algebra is that, for any symmetric N by N
matrix S, RY has an orthonormal basis consisting of mutually orthogonal,
norm-one eigenvectors of S. We then define U to be the matrix whose
columns are these orthonormal eigenvectors u™ and L the diagonal matrix
with the associated eigenvalues A, on the diagonal, we can easily see that
U is an orthogonal matriz, that is, UTU = I. We can then write

S=ULUT; (2.13)
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this is the eigenvalue/eigenvector decomposition of S. The eigenvalues of a
symmetric S are always real numbers.

Definition 2.5 A J by J symmetric matriz () is non-negative definite if,
for every x in R’ , we have 7 Qx > 0. If 2T Qx > 0 whenever x is not the
zero vector, then Q is said to be positive definite.

We leave it to the reader to show, in Exercise 2.13, that the eigenval-
ues of a non-negative (positive) definite matrix are always non-negative
(positive).

A covariance matrix @ is always non-negative definite, since

J
2T Qxr = E(| ijnj|2). (2.14)
j=1

Therefore, its eigenvalues are non-negative; typically, they are actually pos-
itive, as we shall assume now. We then let C = Uv/LUT, which is called the
symmetric square root of @ since Q = C? = CTC. The Cauchy Inequality
then tells us that

bTs|2 = [pTCC1s? < pTeCTh)sT (1) T 1s),

with equality if and only if the vectors C*b and C~'s are parallel. It follows
that

b=a(CCT) s =aQ™ s,
for any constant a. It is standard practice to select a so that b's = 1,

therefore a = 1/sTQ~'s and the optimal filter b is

1
b= ——Q 's.

sTQ-1s

2.9 An Inner Product for Square Matrices

The trace of a square matrix M, denoted trM, is the sum of the entries
down the main diagonal. Given square matrices A and B with real entries,
the trace of the product BT A defines an inner product, that is

(A, B) = tr(BT A),

where the superscript T' denotes the transpose of a matrix. This inner
product can then be used to define a norm of A, called the Frobenius norm,
by

JAllr = VA A} = \Jtr(AT A). (2.15)
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From the eigenvector /eigenvalue decomposition, we know that, for every
symmetric matrix S, there is an orthogonal matrix U such that

S=UD\(S))UT,

where A(S) = (A1, ..., An) is a vector whose entries are eigenvalues of the
symmetric matrix S, and D(A(S)) is the diagonal matrix whose entries are
the entries of A(S). Then we can easily see that

1512 = IA(S)l2-

Denote by [A(S)] the vector of eigenvalues of S, ordered in non-increasing
order. We have the following result.

Theorem 2.1 (Fan’s Theorem) Any real symmetric matrices S and R
satisfy the inequality

tr(SR) < ([A(S)], [A(R))]),
with equality if and only if there is an orthogonal matriz U such that
S=UD(\S)HUT,

and
R=UD(NR))UT.

From linear algebra, we know that S and R can be simultaneously diag-
onalized if and only if they commute; this is a stronger condition than
simultaneous diagonalization.
If S and R are diagonal matrices already, then Fan’s Theorem tells us
that
N(S), AR)) < (AS)], MR-

Since any real vectors z and y are A(S) and A\(R), for some symmetric S
and R, respectively, we have the following
Hardy-Littlewood-Polya Inequality:

(x,y) < ([z], [y])-

Most of the optimization problems discussed in this chapter fall under
the heading of Geometric Programming, which we shall present in a more
formal way in a subsequent chapter.

2.10 Discrete Allocation Problems

Most of the optimization problems we consider in this book are con-
tinuous problems, in the sense that the variables involved are free to take
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on values within a continuum. A large branch of optimization deals with
discrete problems. Typically, these discrete problems can be solved, in prin-
ciple, by an exhaustive checking of a large, but finite, number of possibili-
ties; what is needed is a faster method. The optimal allocation problem is
a good example of a discrete optimization problem.

We have n different jobs to assign to n different people. For i =1,...,n
and j = 1,...,n the quantity C;; is the cost of having person i do job j.
The n by n matrix C' with these entries is the cost matriz. An assignment
is a selection of n entries of C' so that no two are in the same column or the
same row; that is, everybody gets one job. Our goal is to find an assignment
that minimizes the total cost.

We know that there are n! ways to make assignments, so one solution
method would be to determine the cost of each of these assignments and
select the cheapest. But for large n this is impractical. We want an algo-
rithm that will solve the problem with less calculation. The algorithm we
present here, discovered in the 1930’s by two Hungarian mathematicians,
is called, unimaginatively, the Hungarian Method.

To illustrate, suppose there are three people and three jobs, and the
cost matrix is

53 96 37
C= |47 87 41|. (2.16)
60 92 36

The number 41 in the second row, third column indicates that it costs 41
dollars to have the second person perform the third job.
The algorithm is as follows:

e Step 1: Subtract the minimum of each row from all the entries of
that row. This is equivalent to saying that each person charges a min-
imum amount just to be considered, which must be paid regardless
of the allocation made. All we can hope to do now is to reduce the
remaining costs. Subtracting these fixed costs, which do not depend
on the allocations, does not change the optimal solution.

The new matrix is then

16 59 0
6 46 0. (2.17)
24 56 0

e Step 2: Subtract each column minimum from the entries of its col-
umn. This is equivalent to saying that each job has a minimum cost,
regardless of who performs it, perhaps for materials, say, or a permit.
Subtracting those costs does not change the optimal solution. The
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matrix becomes

10 13 0
0 0 0. (2.18)
18 10 0

Step 3: Draw a line through the smallest number of rows and columns
that results in all zeros being covered by a line; here I have put in
boldface the entries covered by a line. The matrix becomes

10 13 0
0 0 0. (2.19)
18 10 0

We have used a total of two lines, one row and one column. What we
are searching for is a set of zeros such that each row and each column
contains a zero. Then n lines will be required to cover the zeros.

Step 4: If the number of lines just drawn is n we have finished; the
zeros just covered by a line tell us the assignment we want. Since n
lines are needed, there must be a zero in each row and in each column.
In our example, we are not finished.

Step 5: If, as in our example, the number of lines drawn is fewer
than n, determine the smallest entry not yet covered by a line (not
boldface, here). It is 10 in our example. Then subtract this number
from all the uncovered entries and add it to all the entries covered by
both a vertical and horizontal line.

This rather complicated step can be explained as follows. It is equiv-
alent to, first, subtracting this smallest entry from all entries of each
row not yet completely covered by a line, whether or not the entry
is zero, and second, adding this quantity to every column covered by
a line. This second step has the effect of restoring to zero those zero
values that just became negative. As we have seen, subtracting the
same quantity from every entry of a row does not change the optimal
solution; we are just raising the fixed cost charged by certain of the
participants. Similarly, adding the same quantity to each entry of a
column just increases the cost of the job, regardless of who performs
it, so does not change the optimal solution.

Our matrix becomes

03 0
0 0 10 (2.20)
8 0 0

Now return to Step 3.
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In our example, when we return to Step 3 we find that we need three
lines now and so we are finished. There are two optimal allocations: one
is to assign the first job to the first person, the second job to the second
person, and the third job to the third person, for a total cost of 176 dollars;
the other optimal allocation is to assign the second person to the first job,
the third person to the second job, and the first person to the third job,
again with a total cost of 176 dollars.

2.11 Exercises

Ex. 2.1 [176] Suppose that, in order to reduce automobile gasoline con-
sumption, the government sets a fuel-efficiency target of T km/liter, and
then decrees that, if an auto maker produces a make of car with fuel effi-
ciency of b < T, then it must also produce a make of car with fuel efficiency
rT, for some r > 1, such that the average of rT and b is T. Assume that
the car maker sells the same number of each make of car. The question is:
Is this a good plan? Why or why not? Be specific and quantitative in your
answer. Hint: The correct answer is No!.

Ex. 2.2 Let A be the arithmetic mean of a finite set of positive numbers,
with x the smallest of these numbers, and y the largest. Show that

with equality if and only if t =y = A.
Ex. 2.3 Some texts call a function f(x) convex if

flaz+ (1 —a)y) <af(z)+ (1 -a)f(y)

for all x and y in the domain of the function and for all « in the interval
[0,1]. For this exercise, let us call this two-convex. Show that this definition
is equivalent to the one given in Definition 2.1. Hints: first, give the appro-
priate definition of three-convex. Then show that three-convez is equivalent
to two-convex; it will help to write

(6751 4 (65)
T
1-— 043) ! (1 — Q3

121 + agr = (1 — as)[(

952].
)
Finally, use induction on the number N.

Ex. 2.4 Minimize the function

1 4

2
= I
fl@) x+z2+ ac—i—x7
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over positive x. Note that the minimum value of f(x,y) cannot be found
by a straight-forward application of the AGM Inequality to the four terms
taken together. Try to find a way of rewriting f(x), perhaps using more than
four terms, so that the AGM Inequality can be applied to all the terms.

Ex. 2.5 Find the mazimum value of f(x,y) = 2%y, if v and y are restricted
to positive real numbers for which 6x + by = 45.

Ex. 2.6 Find the smallest value of
f(z) =5z + 1;6 + 21,

over positive x.

Ex. 2.7 Find the smallest value of the function
fla,y) = Va2 + ¢,

among those values of © and y satisfying 3x — y = 20.

Ex. 2.8 Find the mazximum and minimum values of the function
f(x) =100 +2% -2

over non-negative x.

Ex. 2.9 Multiply out the product
1 1 1
@+y+@%+§+;)
and deduce that the least value of this product, over non-negative z, y, and
z, 18 9. Use this to find the least value of the function
1 1 1
f(xvyvz) =—+-+-,
x Yy z

over non-negative x, y, and z having a constant sum c.

Ex. 2.10 The harmonic mean of positive numbers a1, ...,an s
1 1
H=[—+..+—)/N]""
(- et =)/
Prove that the geometric mean G is not less than H.

Ex. 2.11 Prove that

1 1
(—+ ...+ —) (a1 +... +an) > N2,
ai anN

with equality if and only if a1 = ... = an.
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Ex. 2.12 Show that the Equation (2.13), S = ULUT, can be written as

S = Mu' (u)T + Xou? (W) + .+ Avul ()T, (2.21)
and
N SR UIETY S Ty LN Ny\T
ST =—u(uw) +—u(u) +..+—u(u)". (2.22)
A1 A2 AN

Ex. 2.13 Show that a real symmetric matriz Q is non-negative (positive)
definite if and only if all its eigenvalues are non-negative (positive).

Ex. 2.14 Let Q be positive-definite, with positive eigenvalues
A > .= Ay >0
and associated mutually orthogonal norm-one eigenvectors u™. Show that
T Qx < M,

or all vectors x with ||z||s = 1, with equality if v = u'. Hints: use
[ y

T

1=|z)?> =2T2 = 2" Ix,

I=u'(u)? + ..+ ™ W),
and Equation (2.21).
Ex. 2.15 Relate Example 4 to eigenvectors and eigenvalues.

Ex. 2.16 Young’s Inequality Suppose that p and q are positive numbers
greater than one such that 1%—|—% = 1. If x and y are positive numbers, then

with equality if and only if P = y9. Hint: use the GAGM Inequality.

Ex. 2.17 ([167]) For given constants ¢ and d, find the largest and smallest
values of cx + dy taken over all points (x,y) of the ellipse

22 2

S+

a b2
Ex. 2.18 ([167]) Find the largest and smallest values of 2z + y on the
circle 2 +y2 = 1. Where do these values occur? What does this have to do
with eigenvectors and eigenvalues?

=1
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Ex. 2.19 When a real M by N matriz A is stored in the computer it is
usually vectorized; that is, the matriz

All A12 « e AlN

A21 A22 s AQN
A =

Ayvii Amo Aumn

becomes
vec(A) = (A11, Aoty oo, Arrt, Avz, Azay ooy Angay ooy Aun) ™

Show that the dot product vec(A)-vec(B) = vec(B)Tvec(A) can be ob-
tained by
vec(A)-vec(B) = trace (ABT) = trace (BT A).

Ex. 2.20 Apply the Hungarian Method to solve the allocation problem with
the cost matrix

90 75 75 80
35 8 55 65
125 95 90 105
45 110 95 115

C = (2.23)

You should find that the minimum cost is 275 dollars.
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3.1 Chapter Summary

Geometric Programming (GP) involves the minimization of functions

of a special type, known as posynomials. The first systematic treatment of
geometric programming appeared in the book [101], by Duffin, Peterson
and Zener, the founders of geometric programming. As we shall see, the
Generalized Arithmetic-Geometric Mean Inequality plays an important role
in the theoretical treatment of geometric programming. In this chapter we
introduce the notions of duality and cross-entropy distance, and begin our
study of iterative algorithms. Some of this discussion of the GP problem
follows that in Peressini et al. [175].

3.2 An Example of a GP Problem

The following optimization problem was presented originally by Duffin,

et al. [101] and discussed by Peressini et al. in [175]. It illustrates well the

25
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type of problem considered in geometric programming. Suppose that 400
cubic yards of gravel must be ferried across a river in an open box of length
t1, width to and height t3. Each round-trip cost ten cents. The sides and
the bottom of the box cost 10 dollars per square yard to build, while the
ends of the box cost twenty dollars per square yard. The box will have no
salvage value after it has been used. Determine the dimensions of the box
that minimize the total cost.

Although we know that the number of trips across the river must be
a positive integer, we shall ignore that limitation in what follows, and use
400/t tots as the number of trips. In this particular example, it will turn
out that this quantity is a positive integer.

With ¢ = (1, t2,t3), the cost function is

40

g(t) = ——— + 20t1t5 + 10t ts + 40tsts, (3.1)
titals

which is to be minimized over ¢; > 0, for 4 = 1,2, 3. The function ¢(t) is an
example of a posynomial.

3.3 Posynomials and the GP Problem
Functions g(t) of the form

n m
9(t) = (TTE): (3:2)

j=1 i=1
with t = (t1,...,tm), the t; > 0, ¢; > 0 and a;; real, are called posynomials.
The geometric programming problem, denoted GP, is to minimize a given
posynomial over positive ¢. In order for the minimum to be greater than

zero, we need some of the a;; to be negative.
We denote by u;(t) the function

m

ui(t) = ¢; [T 57 (3.3)
i=1
so that
g(t) = uy(b). (3.4)
j=1
For any choice of §; >0, 7 =1,...,n, with

5 =1,
1

J

n
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we have

g(t) = Z(Sj(ug(_t)) (3.5)

Applying the Generalized Arithmetic-Geometric Mean (GAGM) Inequal-
ity, we have

n

o0 = ] (“gﬁt’)‘”. (3.6)
Therefore,
oI (Afe) e
j=1 j=1i=1

L ci\ % " S aijd;
j=1Qij0j
o0 =TT (2)" (TTe""). (3.8)
j=1 7 i=1
Suppose that we can find J; > 0 with
Zaijéj = O, (39)
j=1

for each i. We let § be the vector § = (41, ...,0,). Then the inequality in
(3.8) becomes

g(t) > v(9), (3.10)
for
i\ %
v(8) = ((TJ) . (3.11)
- b
j=1
Note that we can also write
logv(8) = > 5, log (%) (3.12)
j

j=1
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3.4 The Dual GP Problem

The dual geometric programming problem, denoted DGP, is to maximize
the function v(9), over all feasible 6 = (41, ...,0,), that is, all positive ¢ for
which

> 6=1, (3.13)
j=1
and

n
Z aijéj = 07 (314)
j=1

for each i =1,...,m.

Denote by A the m+1 by n matrix with entries 4;; = a;;, and A,y ; =
1,for j=1,...,nand i = 1,...,m. Then we can write Equations (3.13) and
(3.14) as

0
0
Ad=u=
0
_1_
Clearly, we have
g9(t) > v(9), (3.15)

for any positive ¢ and feasible §. Of course, there may be no feasible 4, in
which case DGP is said to be inconsistent.

As we have seen, the inequality in (3.15) is based on the GAGM In-
equality. We have equality in the GAGM Inequality if and only if the terms
in the arithmetic mean are all equal. In this case, this says that there is a
constant A such that

w) _ (3.16)

for each j =1, ...,n. Using the fact that the ; sum to one, it follows that

A= ui(t) = gl), (3.17)
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and

5, = u; (t) (3.18)

for each j =1,...,n.

As the theorem below asserts, if ¢* is positive and minimizes g(t), then
0%, the associated ¢ from Equation (3.18), is feasible and solves DGP. Since
we have equality in the GAGM Inequality now, we have

g(t") = v(57).
The main theorem in geometric programming is the following.

Theorem 3.1 If t* > 0 minimizes g(t), then DGP is consistent. In addi-
tion, the choice

5r = () (3.19)

is feasible and solves DGP. Finally,

g(t") = v(0"); (3.20)
that is, there is no duality gap.
Proof: We have

?’;ZZ( o aiﬂg(’f*)7 (3.21)
so that
(1) = auguy 1), (322)
for each i = 1,...,m. Since t* minimizes ¢(t), we have
0= 294 = Zn: 0 (1, (3.23)
ot; ot;

so that, from Equation (3.22), we have
0= aju;(t"), (3.24)
j=1

for each 1 =1, ..., m. It follows that §* is feasible. Since

ui(t")/65 = g(t") = A,



30 A First Course in Optimization

for all j, we have equality in the GAGM Inequality, and we know
g(t*) = v(6™). (3.25)
Therefore, §* solves DGP. This completes the proof. |

In Exercise 3.1 you are asked to show that the function

2
g(ty,ta) = — + i1ty + 11
1o
has no minimum over the region ¢; > 0, and t; > 0. As you will discover,
the DGP is inconsistent in this case. We can still ask if there is a positive
greatest lower bound to the values that g can take on. Without too much
difficulty, we can determine that if ¢t; > 1 then g(t1,t2) > 3, while if t, <1
then g(t1,t2) > 4. Therefore, our hunt for the greatest lower bound is
concentrated in the region described by 0 < t; < 1, and t2 > 1. Since there
is no minimum, we must consider values of t5 going to infinity, but such
that ¢1t2 does not go to infinity and ¢1¢5 does not go to zero; therefore,

t1 must go to zero. Suppose we let to = f§5t11)7 for some function f(t) such

that f(0) > 0. Then, as t; goes to zero, g(t1,t2) goes to % + f(0). The
exercise asks you to determine how small this limiting quantity can be.

3.5 Solving the GP Problem

The theorem suggests how we might go about solving GP. First, we try
to find a feasible 0* that maximizes v(d). This means we have to find a
positive solution to the system of m 4+ 1 linear equations in n unknowns,
given by
n

> 6=1, (3.26)

Jj=1

and
Zaijéj = 0, (327)
j=1

for i = 1,...,m, such that v(d) is maximized. As we shall see, the multiplica-
tive algebraic reconstruction technique (MART) is an iterative procedure
that we can use to find such §. If there is no such vector, then GP has no
minimizer. Once the desired 0* has been found, we set

. _ uy(tT)
CRTIOR

(3.28)
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for each j =1, ...,n, and then solve for the entries of ¢*. This last step can
be simplified by taking logs; then we have a system of linear equations to
solve for the values logt}.

3.6 Solving the DGP Problem

The iterative multiplicative algebraic reconstruction technique MART
can be used to maximize the function v(J), subject to linear equality con-
straints, provided that the matrix involved has nonnegative entries. We
cannot apply the MART yet, because the matrix A does not satisfy these
conditions.

3.6.1 The MART

The Kullback-Leibler, or KL distance [141] between positive numbers a
and b is

KL(a,b) = alog % +b—a. (3.29)

We also define KL(a,0) = +oo and KL(0,b) = b. Extending to non-
negative vectors a = (a1, ...,as)T and b= (by,...,b;)T, we have

ZKL aj,b; Z(ajlog b; aj).

Jj=1

<

The MART is an iterative algorithm for finding a non-negative solution of
the system Pz =y, for an I by J matrix P with non-negative entries and
vector y with positive entries. We also assume that

I
S5 = ZP” >0,
i=1

for all j = 1,...,J. When discussing the MART, we say that the system
Pz =y is consistent when it has non-negative solutions. We consider two
different versions of the MART.

3.6.1.1 MART I

The iterative step of the first version of MART, which we shall call
MART 1, is the following: for £k = 0,1, ..., and ¢ = k(mod I) + 1, let

. P /m;
k41 k Yi g
i T ((ka)l)

)
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for j =1,...,J, where the parameter m; is defined to be
m; = max{P;;|j =1,...,J}.

The MART T algorithm converges, in the consistent case, to the non-
negative solution for which the KL distance K L(z,2°) is minimized.

3.6.1.2 MART II

The iterative step of the second version of MART, which we shall call
MART 11, is the following: for &k = 0,1, ..., and ¢ = k(mod I) + 1, let

k+1 _ ;pk( Yi )P”'/S"”'i
’ (Pz"); ’

X

for j =1,...,J, where the parameter n; is defined to be
n; = max{P;;s; Yi=1,..,J}

The MART II algorithm converges, in the consistent case, to the non-
negative solution for which the KL distance

J
0
E si K L(xj, ;)
=1
is minimized.

3.6.2 Using the MART to Solve the DGP Problem

The entries on the bottom row of A are all one, as is the bottom en-
try of the column vector u, since these entries correspond to the equation
Z;‘L:1 0; = 1. By adding suitably large positive multiples of this last equa-
tion to the other equations in the system, we obtain an equivalent system,
BS = r, for which the new matrix B and the new vector r have only positive
entries. Now we can apply the MART I algorithm to the system Bd = r,
letting I =m+1,J=n, P=DB, s; = Zi—;l Bij, for j=1,..,n, 0 ==z,
2% = c and y = r. In the consistent case, the MART I algorithm will find
the non-negative solution that minimizes K L(x,2°), so we select 2° = c.
Then the MART T algorithm finds the non-negative §* satisfying B§* = r,
or, equivalently, A0* = u, for which the KL distance

Zn:((s log +cj—5)

J=1

is minimized. Since we know that

j=1
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it follows that minimizing K L(9, ¢) is equivalent to maximizing v(d). Using
0*, we find the optimal ¢* solving the GP problem.

For example, the linear system of equations Ad = u corresponding to
the posynomial in Equation (3.1) is

-1 1 1 0] |6 0

__{-1 0 1 1| |62] _|O

Ad=u=1_1 9 o 1| |s| = |o

1 1 1 1| (64 1

Adding two times the last row to the other rows, the system becomes

1 3 3 2| | 2

12 3 3| |6 |2
Bo=r=11 3 9 3| 6| = |2
1 1 1 1| |4 1

The matrix B and the vector r are now positive. We are ready to apply
the MART.

The MART iteration is as follows. With ¢ = k(mod (m + 1)) + 1, m; =
max{B;;|j=1,2,...,n}and £ =0,1,..., let

r m.ﬁlBi‘
sht1 :5’?( i ) Lo
J I\ (Bs*),
Using the MART, beginning with 6° = ¢, we find that the optimal §* is
§* = (4,.2,.2,.2)T. Now we find v(6*), which, by Theorem 3.1, equals
g(t").
We have

. 40304 /20102 / 10\ 0-2 / 40 » 02
w)=(53) (52) (52) (52)
so that, after a little arithmetic, we discover that v(6*) = g(¢*) = 100; the

lowest cost is one hundred dollars.
Using Equation (3.19) for ¢ = 1, ...,4, we have

i 40
ul(t ): * gk gk
t1t2t3
up () = 20t5t5 = 10083 = 20,
us(t*) = 10675 = 10083 = 20,

= 10067 = 40,

and

ug(t*) = 40t5t5 = 1000, = 20.
Again, a little arithmetic reveals that ¢] = 2, t5 = 1, and t§ = 0.5. Here we
were able to solve the system of nonlinear equations fairly easily. Generally,
however, we will need to take logarithms of both sides of each equation,
and then solve the resulting system of linear equations for the unknowns
x; =logt!.
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3.7 Constrained Geometric Programming

Consider now the following variant of the problem of transporting the
gravel across the river. Suppose that the bottom and the two sides will
be constructed for free from scrap metal, but only four square yards are
available. The cost function to be minimized becomes

40
go(t) = + 40tqt3, (330)
titats
and the constraint is
tits t1to
)= —+ —Z=<1. 31
g1(1) 5t < (3.31)
With 61 > 0, 5 > 0, and §; + d = 1, we write
40 40tot3
t)y=2¢ 1) . 3.32
90() 151t1152t3 o2 P ( )
Since 0 < ¢1(¢) < 1, we have
40 40tot3 A
0> (s 5 ) ¢ ) , 3.33
gO()_<151t1t2t3+ 2 5 (91() ( )
for any positive A\. The GAGM Inequality then tells us that
40 5 40t2t3 b2 A
£ > ( ) ( ) ( ¢ ) , 3.34
golt) 2 ( ) (522)7 ) (a0 (3:34)

so that
golt) > ((jﬁ?)‘h (‘i’)&)tﬁlt?&ltéﬂl ()" (339)

From the GAGM Inequality, we also know that, for §3 > 0, ;, > 0 and
A =03+ d4,

A 1 \%3, 1 \6
(®) = W <(253) (45) )t‘i”‘”t%%? (3.36)
Combining the inequalities in (3.35) and (3.36), we obtain
go(t) > U(5)t1_61+63+64t2_51+52+64tg51+62+63, (337)

with

0= (8 (" G) ) (o)™ o
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and 6 = (01, 02,93, 04).

If we can find a positive vector § with

61 +6=1,
—&1 + 03+ 64 =0,
—01+02+0,=0
301 + 69+ 3 =0, (3.39)
then
go(t) = v(9). (3.40)

In this particular case, there is a unique positive ¢ satisfying the equations
(3.39), namely

5;:%,55—%,5;:%,and53=é, (3.41)
and
v(6%) = 60. (3.42)
Therefore, go(t) is bounded below by 60. If there is ¢* such that
go(t*) = 60, (3.43)
then we must have
at") =1, (3.44)

and equality in the GAGM Inequality. Consequently,
3 40

——— = 3(40t5t3) = 60 3.45
and
3 3

Since g1 (t*) = 1, we must have K = % We solve these equations by taking
logarithms, to obtain the solution

1
=2 t5=1 andtj = . (3.47)

The change of variables t; = e”¢ converts the constrained GP problem
into a constrained convex programming problem. The theory of the con-
strained GP problem can then be obtained as a consequence of the theory
for the convex problem, which we shall consider in a later chapter.
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3.8 Exercises

Ex. 3.1 Show that there is no solution to the problem of minimizing the
function

2
g(tl,tg) = — +ti1to + 11, (348)
tito

over t; > 0, to > 0. Can g(t1,t) ever be smaller than 2/27

Ex. 3.2 Minimize the function
1
g(t1,t2) = — +tita +t1 + Lo, (3.49)
t1to

over t; > 0, to > 0. This will require some iterative numerical method for
solving equations.

Ex. 3.3 Program the MART algorithm and use it to verify the assertions
made previously concerning the solutions of the two numerical examples.
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4.1 Chapter Summary

In this chapter we present a review of some of the basic notions from
analysis.

4.2 Minima and Infima

When we say that we seek the minimum value of a function f(z) over
x within some set C' we imply that there is a point z in C' such that
f(z) < f(x) for all z in C. Of course, this need not be the case. For
example, take the function f(x) = z defined on the real numbers and C
the set of positive real numbers. In such cases, instead of looking for the
minimum of f(z) over x in C, we may seek the infimum or greatest lower
bound of the values f(z), over z in C.

Definition 4.1 We say that a number « is the infimum of a subset S of
R, abbreviated o = inf (S), or the greatest lower bound of S, abbreviated
a = glb (S), if two conditions hold:

o I.a<s, forall s in S; and

37



38 A First Course in Optimization
o 2. ift<s forallsin S, thent < .

Definition 4.2 We say that a number (3 is the supremum of a subset S
in R, abbreviated 8 = sup (S), or the least upper bound of S, abbreviated
B =1ub (S), if two conditions hold:

e 1.3>s, foralls inS; and

o 2. ift>s forallsin S, thent > (.

In our example of f(z) = x and C the positive real numbers, let S =
{f(z)|z € C}. Then the infimum of S is a = 0, although there is no s in
S for which s = 0. Whenever there is a point z in C' with a = f(2), then
f(2) is both the infimum and the minimum of f(z) over x in C.

4.3 Limits

We begin with the basic definitions pertaining to limits. Concerning
notation, we denote by x a member of R”, so that, for J = 1, z will denote
a real number. Entries of an = in R’ we denote by z,, so =, will always
denote a real number; in contrast, zF will denote a member of RY, with
entries z¥.

For a vector z in R/ we shall denote by |z| an arbitrary norm. The
notation ||z||2 will always refer to the two-norm, or 2-norm, of a vector x;

that is,

]2 =

The 2-norm of x is the Euclidean distance from the point x to the origin,
or, equivalently, the length of the directed line segment from the origin to
z. The two-norm is not the only interesting norm on R”, though. Another

one is the one-norm,
J

el = feal-

j=1

Any norm is a generalization of the notion of absolute value of a real
number; for any real number x we can view |z| as the distance from x to 0.
For real numbers x and z, |x — 2| is the distance from z to z. For points x
and z in R’ ||z — z|| should be viewed as the distance from the point z to
the point z, or, equivalently, the length of the directed line segment from
z to x; each norm defines a different notion of distance.
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In the definitions that follow we use an arbitrary norm on R”. The
reason for this is that these definitions are independent of the particular
norm used. A sequence is bounded, Cauchy, or convergent with respect to
one norm if and only if it is the same with respect to any norm. Similarly, a
function is continuous with respect to one norm if and only if it is continuous
with respect to any other norm.

Definition 4.3 A sequence {x"|n = 1,2,...}, 2" € R’ is said to converge
to z € R’ or have limit z if, given any € > 0, there is N = N(¢), usually
depending on €, such that

[#" — z]| <€,

whenever n > N (e).

Definition 4.4 A sequence {z"} in R’ is bounded if there is a constant
B such that |z™|| < B, for all n.

It is convenient to extend the notion of limit of a sequence of real
numbers to include the infinities.

Definition 4.5 A sequence of real numbers {x,In = 1,2,...} is said to
converge to +0o if, given any b > 0, there is N = N(b), usually depending
on b, such that x, > b, whenever n > N(b). A sequence of real numbers
{zpln =1,2,...} is said to converge to —oo if the sequence {—x,} converges
to +o00.

Definition 4.6 Let f : R7 — RM. We say that z € RM is the limit of
f(z), as * — a in R, if, for every sequence {z"} converging to a, with
™ # a for all n, the sequence {f(z™)} in RM converges to z. We then
write

z = lim f(x).

T—a

For M =1, we allow z to be infinite.

4.4 Completeness

One version of the axiom of completeness for the set of real numbers R
is that every non-empty subset of R that is bounded above has a least up-
per bound, or, equivalently, every non-empty subset of R that is bounded
below has a greatest lower bound. The notion of completeness is usually
not emphasized in beginning calculus courses and encountered for the first
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time in a real analysis course. But without completeness, many of the fun-
damental theorems in calculus would not hold. If we tried to do calculus by
considering only rational numbers, the intermediate value theorem would
not hold, and it would be possible for a differentiable function to have a
positive derivative without being increasing.

To further illustrate the importance of completeness, consider the proof
of the following proposition.

Proposition 4.1 The sequence {%} converges to zero.

Suppose we attempt to prove this proposition simply by applying the def-
inition of the limit of a sequence. Let € > 0 be given. Select a positive
integer N with N > % Then, whenever n > N, we have

Log=l<l o,
n n~- N '
This would seem to complete the proof of the proposition. But it is incor-
rect. The flaw in the argument is in the choice of N. We do not yet know
that we can select N with N > %, since this is equivalent to % < €. Until
we know that the proposition is true, we do not know that we can make %
as small as desired by the choice of N. The proof requires completeness.
Let S be the set {1, %, %, i, ...}. This set is non-empty and bounded
below by any negative real number. Therefore, by completeness, S has a
greatest lower bound; call it L. It is not difficult to prove that the decreasing
sequence {1} must then converge to L, and the subsequence {5~} must
also converge to L. But since the limit of a product is the product of the

limits, whenever all the limits exist, we also know that the sequence {ﬁ}

converges to % Therefore, L = %, and L = 0 must follow. Now the proof
is complete.

The rational number line has “holes” in it that the irrational numbers
fill; in this sense, the completeness of the real numbers is sometimes char-
acterized by saying that it has no holes in it. But the completeness of the
reals actually tells us other things about the structure of the real numbers.
We know, for example, that there are no rational numbers that are larger
than all the positive integers. But can there be irrational numbers that are
larger than all the positive integers? Completeness tells us that the answer

is no.
Corollary 4.1 There is no real number larger than all the positive integers.

Proof: Suppose, to the contrary, that there is a real number b such that
b > n, for all positive integers n. Then 0 < % < %, for all positive integers n.
But this cannot happen, since, by the previous proposition, {%} converges
to zero.

Notice that, if we restrict ourselves to the world of rational numbers
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when we define the concept of limit of a sequence, then we must also restrict
the € to the rationals; suppose we call this the “rational limit”. When we
do this, we can show that the sequence {%} converges to zero. What we
have really shown with the proposition and corollary above is that, if a
sequence of rational numbers converges to a rational number, in the sense
of the “rational limit”, then it converges to that rational number in the
usual sense as well.

For the more general spaces R” completeness is expressed, for example,
by postulating that every Cauchy sequence is a convergent sequence.

Definition 4.7 A sequence {x"} of vectors in R is called a Cauchy se-
quence if, for every € > 0 there is a positive integer N = N(e), usu-
ally depending on €, such that, for all m and n greater than N, we have
[l — 2™ <.

Every convergent sequence in R” is bounded and is a Cauchy sequence.
The Bolzano-Weierstrass Theorem tells us that every bounded sequence in
R’ has a convergent subsequence; this is equivalent to the completeness of
the metric space R.

Theorem 4.1 (The Bolzano-Weierstrass Theorem) Let {z"} be a
bounded sequence of vectors in R’. Then {x"} has a convergent subse-
quence.

4.5 Continuity

A basic notion in analysis is that of a continuous function. Although we
shall be concerned primarily with functions whose values are real numbers,
we can define continuity for functions whose values lie in RM.

Definition 4.8 We say the function f : R7 — RM is continuous at x = a
if
f(a) = tim f(z).
A basic theorem in real analysis is the following:
Theorem 4.2 Let f : R/ — R be continuous and let C be non-empty,
closed, and bounded. Then there are a and b in C with f(a) < f(z) and
f(b) > f(x), for all x in C.

We give some examples:
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e 1. The function f(x) = z is continuous and the set C' = [0, 1] is non-
empty, closed and bounded. The minimum occurs at x = 0 and the
maximum occurs at x = 1.

e 2. The set C' = (0,1] is not closed. The function f(x) = z has no
minimum value on C, but does have a maximum value f(1) = 1.

e 3. The set C' = (—00, 0] is not bounded and f(z) =  has no minimum
value on C. Note also that f(x) = z has no finite infimum with respect
to C.

Definition 4.9 Let f : D C R — R. For any real «, the level set of f
corresponding to « is the set {z|f(z) < a}.

Proposition 4.2 (Weierstrass) Suppose that f : D C R’ — R is con-
tinuous, where D is non-empty and closed, and that every level set of f is
bounded. Then f has a global minimizer.

Proof: This is a standard application of the Bolzano-Weierstrass Theorem.

4.6 Limsup and Liminf

Some of the functions we shall be interested in may be discontinuous
at some points. For that reason, it is common in optimization to consider
semi-continuity, which is weaker than continuity. While continuity involves
limits, semi-continuity involves superior and inferior limits.

We know that a real-valued function f(z) : R’ — R is continuous at
x = a if, given any € > 0, there is a § > 0 such that ||z — a|| < ¢ implies
that |f(z) — f(a)| < e. We then write

f(a) = lim f(x).

r—a

We can generalize this notion as follows.

Definition 4.10 We say that a finite real number § is the superior limit
or limsup of f(x), as x approaches a, written 8 = limsup,_,, f(x) if,

o 1. for every € > 0, there is § > 0 such that, for every x satisfying
|z —al| <6, we have f(x) < B +¢, and

e 2. for every € > 0 and § > 0 there is x with ||z — al| < ¢ and

fz) > p—e.
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Definition 4.11 We say that a finite real number « is the inferior limit
or lim inf of f(x), as x approaches a, written o = liminf,_,, f(x) if,

o 1. for every e > 0, there is § > 0 such that, for every x satisfying
|l —al| <6, we have f(z) > o —€, and

o 2. for every € > 0 and § > 0 there is x with ||xv — a|]| < ¢ and
flx) <a+e.

We leave it as Exercise 4.4 for the reader to show that a =
liminf,_,, f(z) is the largest real number v with the following property:
for every € > 0, there is § > 0 such that, if ||x — a|| < 4, then f(z) >y —e.

Definition 4.12 We say that 8 = 400 is the superior limit or limsup of
f(x), as x approaches a, written +oco = limsup,_,,, f(z) if, for every B > 0
and & > 0 there is x with |z — a|| < 6 and f(x) > B.

Definition 4.13 We say that o = —oo is the inferior limit or lim inf of
f(x), as x approaches a, written —oo = liminf,_,, f(z) if, for every B > 0
and & > 0, there is x with ||z — al|| < 0 and f(z) < —B.

It follows from the definitions that o < f(a) < .

For example, suppose that a = 0, f(z) = 0, for  # 0, and f(0) = 1.
Then f=1and a =0.Ifa =0, f(z) = —1/x for x < 0 and f(z) = 1/x
for x > 0, then @ = —o0 and 8 = +o0.

It is not immediately obvious that § and « always exist. The next
section provides another view of these notions, from which it becomes clear
that the existence of 8 and « is a consequence of the completeness of the
space R.

4.7 Another View

We can define the superior and inferior limits in terms of sequences. We
leave it to the reader to show that these definitions are equivalent to the
ones just given.

Let f : R — R and a be fixed in R’. Let L be the set consisting of
all v, possibly including the infinities, having the property that there is a
sequence {2"} in R’ converging to a such that {f(z™)} converges to 7. It is
convenient, now, to permit the sequence 2™ = a for all n, so that v = f(a)
isin L and L is never empty. Therefore, we always have

—oo < inf(L) < f(a) < sup(L) < +oo.
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For example, let f(z) = 1/x for x # 0, f(0) = 0, and a = 0. Then
L = {—00,0,+00}, inf(L) = —o0, and sup(L) = +o0.

Definition 4.14 The (possibly infinite) number inf(L) is called the inferior
limit or lim inf of f(z), as * — a in RY. The (possibly infinite) number
sup(L) is called the superior limit or lim sup of f(x), as x — a in R7.

It follows from these definitions and our previous discussion that

liminf f(2) < f(a) < limsup f(z).
T—a T—a
For example, let f(z) =z for < 0 and f(z) =2+ 1 for £ > 0. Then
we have
limsup f(z) =1,

z—0

and
liminf f(x) = 0.
z—0

Proposition 4.3 The inferior limit and the superior limit are in the set
L.

Proof: We leave the proof as Exercise 4.6.

The function doesn’t have to be defined at a point in order for the
limsup and liminf to be defined there. If f : (0,) — R, for some § > 0,
we have the following definitions:

lintlisoup f@) = ltiﬁ)l (sup{f(x)|0 <z < t}),

and
lin inf f(t) = lim (inf{f(2)0 <z < }).

4.8 Semi-Continuity

We know that o < f(a) < 8. We can generalize the notion of continuity
by replacing the limit with the inferior or superior limit. When M = 1, f(z)
is continuous at x = a if and only if
liminf f(x) = limsup f(z) = f(a).
T—a z—a
Definition 4.15 We say that f : R — R is lower semi-continuous (LSC)
at T =a if

fla) = a =liminf f(zx).

T—ra
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Definition 4.16 We say that f : R/ — R is upper semi-continuous (USC)
at x = a if

f(a) = 8 = limsup f(x).

r—ra

Note that, if f(x) is LSC (USC) at & = a, then f(x) remains LSC (USC)
when f(a) is replaced by any lower (higher) value. See Exercise 4.3 for an
equivalent definition of lower semi-continuity.

The following theorem of Weierstrass extends Theorem 4.2 and shows
the importance of lower semi-continuity for minimization problems.

Theorem 4.3 Let f : R/ — R be LSC and let C be non-empty, closed,
and bounded. Then there is a in C with f(a) < f(z), for all z in C.

4.9 Exercises

Ex. 4.1 Let S and T be non-empty subsets of the real line, with s <t for
every s in S and t in T. Prove that lub(S) < glb(T).

Ex. 4.2 Let f(x,y) : R? = R, and, for each fized y, let inf, f(z,y) denote
the greatest lower bound of the set of numbers {f(z,y)|z € R}. Show that
inf (inff(:my)) = inf (inff(x,y)). (4.1)
T Yy y T
Hint: note that
inf f(z,y) < f(z,9),
for all x and y.

Ex. 4.3 Prove that f : R7 — R is lower semi-continuous at z = a if and
only if, for every e > 0, there is & > 0 such that ||z — a|| < § implies that

f(@) > fla) e

Ex. 4.4 Show that I = liminf,_,, f(x) is the largest real number v with the
following property: for every e > 0, there is 6 > 0 such that, if ||z —al| < 4,
then f(z) >~y —e.

Ex. 4.5 Consider the function f(x) defined by f(x) = e™*, for x > 0 and
by f(z) = —e®, for x < 0. Show that

—-1= hin_}(r)lff(x)

and
1 =limsup f(z).

z—0
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Ex. 4.6 Forn=1,2,..., let
An={al o —all < 1)
n — — n k)
and let o, and B, be defined by

an = inf{f(z)|z € An},

and

Bn = sup{f(x)|z € A,}.

e a) Show that the sequence {a,} is increasing, bounded above by
f(a) and converges to some «, while the sequence {f,} is decreas-
ing, bounded below by f(a) and converges to some (. Hint: use the
fact that, if A C B, where A and B are sets of real numbers, then
inf(A) > inf(B).

e b) Show that « and B are in L. Hint: prove that there is a sequence
{z"} with 2™ in A, and f(z") < a, + %

e c) Show that, if {x™} is any sequence converging to a, then there is
a subsequence, denoted {x™"}, such that ™" is in A,, for each n.

o d) Show that, if {f(x™)} converges to v, then

ap < f(xmn> < Bn,

so that
a<y<p

e e) Show that

a = liminf f(x)
T—a

and
B = limsup f(z).

r—a
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5.1 Chapter Summary

The definition of the derivative of a function g : D C R — R is a familiar
one. In this chapter we examine various ways in which this definition can
be extended to functions f : D C R’ — R of several variables. Here D is
the domain of the function f and we assume that int(D), the interior of
the set D, is not empty.

5.2 Directional Derivative

We begin with one- and two-sided directional derivatives.
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5.2.1 Definitions

The function g(z) = |x| does not have a derivative at = 0, but it has
one-sided directional derivatives there. The one-sided directional derivative
of g(z) at = 0, in the direction of x =1, is

o1
g;@ﬂ):§g5w®+¢)*gmﬂ:17 (5.1)
and in the direction of x = —1, it is
1
0 —1) — Tim — A _
¢ (0:—1) = lim $19(0— ) — g(0)] = 1. (5.2)

However, the two-sided derivative of g(x) = |x| does not exist at « = 0.
We can extend the concept of one-sided directional derivatives to func-
tions of several variables.

Definition 5.1 Let f : D C R7 — R be a real-valued function of several
variables, let a be in int(D), and let d be a unit vector in R”. The one-sided
directional derivative of f(z), at = a, in the direction of d, is

/ . T 1
fi(asd) = lim S fa + td) ~ f(a)] (5.3)

Definition 5.2 The two-sided directional derivative of f(x) at x = a, in
the direction of d, is

1
F'(ad) = lim 2(f(a+ td) — f(a). (5.4)
t—0 t
If the two-sided directional derivative exists then we have
fa;d) = fi(a; d) = = [ (a; —d).
Given 2 = a and d, we define the function ¢(t) = f(a+ td), for t such that
a+td is in D. The derivative of ¢(t) at ¢ = 0 is then

#/(0) = lim ~[6(t) — (0)] = f(a; d). (5.5)

In the definition of f’(a;d) we restricted d to unit vectors because the
directional derivative f’(a;d) is intended to measure the rate of change of
f(x) as  moves away from x = a in the direction d. Later, in our discussion
of convex functions, it will be convenient to view f’(a;d) as a function of
d and to extend this function to the more general function of arbitrary z
defined by

F/(a:2) = lim 1(Fla+ 1) — f(a). (56)
It is easy to see that

f'(as2) = ||zll2f"(as 2/ |2]12)-
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5.3 Partial Derivatives

For j = 1,...,J, denote by e/ the vector whose entries are all zero,
except for a one in the jth position.
Definition 5.3 If f'(a;e’) emists, then it is %(a), the partial derivative
J
of f(x), at x = a, with respect to x;, the jth entry of the variable vector x.

Definition 5.4 If the partial derivative, at x = a, with respect to x;, exists
for each j, then the gradient of f(z), at © = a, is the vector V f(a) whose

entries are 5)7’; (a).

5.4 Some Examples

We consider some examples of directional derivatives.

5.4.1 Example 1.
For (z,y) # (0,0), let

2zy

f($7y): I2+y27

and define f(0,0) = 1. Let d = (cosf,sin#). Then it is easy to show that
¢(t) =sin 20, for t # 0, and ¢(0) = 1. If 6 is such that sin 260 = 1, then ¢(t)
is constant, and ¢'(0) = 0. But, if sin20 # 1, then ¢(¢) is discontinuous
at t = 0, so ¢(t) is not differentiable at ¢ = 0. Therefore, f(z,y) has a
two-sided directional derivative at (z,y) = (0,0) only in certain directions.

5.4.2 Example 2.
[114] For (z,y) # (0,0), let

2xy>

fley) = 54 vy

and f(0,0) = 0. Again, let d = (cos#,sinf). Then we have

B 2sin’ 0

cos

¢'(0)

)
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for cosf # 0. If cos@ = 0, then f(x) is the constant zero in that direction,
so ¢'(0) = 0. Therefore, the function f(z,y) has a two-sided directional
derivative at (z,y) = (0,0), for every vector d. Note that the two partial
derivatives are both zero at (x,y) = (0,0), so V£(0,0) = 0. Note also that,
since f(y%,y) = 1 for all y # 0, the function f(z,y) is not continuous at
(0,0).

5.5 Gateaux Derivative

Just having a two-sided directional derivative for every d is not suffi-
cient, in most cases; we need something stronger.

Definition 5.5 If f(x) has a two-sided directional derivative at x = a, for
every vector d, and, in addition,

f'(a;d) = (Vf(a),d),

for each d, then f(z) is Gateaux-differentiable at © = a, and V f(a) is the
Gateaux derivative of f(z) at x = a, also denoted f'(a).

Example 2 above showed that it is possible for f(z) to have a two-sided
directional derivative at * = a, for every d, and yet fail to be Gateaux-
differentiable.

From Cauchy’s Inequality, we know that

[ (a; d)] = [(Vf(a), d)] < [IVF(a)ll2]]d]]2,

and that f’(a;d) attains its most positive value when the direction d is
a positive multiple of V f(a). This is the motivation for steepest descent
optimization.

For ordinary functions g : D C R — R, we know that differentiability
implies continuity. It is possible for f(z) to be Gateaux-differentiable at
x = a and yet not be continuous at x = a; see Ortega and Rheinboldt
[173]. This means that the notion of Géateaux-differentiability is too weak.
In order to have a nice theory of multivariate differentiation, the notion of
derivative must be strengthened. The stronger notion we seek is Fréchet
differentiability.
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5.6 Fréchet Derivative

The notion of Fréchet differentiability is the one appropriate for our
purposes.

5.6.1 The Definition

Definition 5.6 We say that f(x) is Fréchet-differentiable at x = a and
V f(a) is its Fréchet derivative if

. 1
Notice that the limit in the definition of the Fréchet derivative involves the
norm of the incremental vector h, which is where the power of the Fréchet
derivative arises. Also, since the norm and the associated inner product can
be changed, so can the Fréchet derivative; see Exercise 5.1 for an example.
The corresponding limit in the definition of the Gateaux derivative involves
only the scalar ¢, and therefore requires no norm and makes sense in any
vector space.

5.6.2 Properties of the Fréchet Derivative

It can be shown that if f(z) is Fréchet-differentiable at « = a, then f(z)
is continuous at x = a. If f(z) is Gateaux-differentiable at each point in an
open set containing x = a, and V f(z) is continuous at © = a, then V f(a) is
also the Fréchet derivative of f(z) at © = a. Since the continuity of V f(x)
is equivalent to the continuity of each of the partial derivatives, we learn
that f(x) is Fréchet-differentiable at @ = a if it is Gateaux-differentiable
in a neighborhood of z = a and the partial derivatives are continuous at
xz = a. If V f(z) is continuous in a neighborhood of 2 = a, the function f(x)
is said to be continuously differentiable. Unless we write otherwise, when we
say that a function is differentiable, we shall mean Gateaux-differentiable,
since this is usually sufficient for our purposes and the two types of differ-
entiability typically coincide anyway.

5.7 The Chain Rule

For fixed a and d in R7, the function ¢(t) = f(a + td), defined for the
real variable ¢, is a composition of the function f : R/ — R itself and the
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function g : R — R’ defined by g(t) = a + td; that is, ¢(t) = f(g(t)).
Writing
f(a + td) = f(a1 + tdy, a0 + tdo, ...,a5 + iLd.])7

and applying the Chain Rule, we find that

f(a;d) = ¢'(0) = %(a)dl + .+ %(Q)dj;
that is,
f(a;d) = ¢'(0) = (Vf(a),d).

But we know that f’(a;d) is not always equal to (Vf(a),d). This means
that the Chain Rule is not universally true and must involve conditions on
the function f. Clearly, unless the function f is Gateaux-differentiable, the
chain rule cannot hold. For an in-depth treatment of this matter, consult
Ortega and Rheinboldt [173].

5.8 A Useful Proposition

The following proposition will be useful later in proving Gordan’s The-
orem of the Alternative, Theorem 6.8.

Proposition 5.1 If the function f : R — R is differentiable and bounded
below, that is, there is a constant a such that a < f(x) for all x, then for
every € > 0 there is a point ¢ with ||V f(z9)|2 <.

Proof: Fix ¢ > 0. The function f(x) + €||z||2 has bounded level sets, so,
by Proposition 4.2, it has a global minimizer, which we denote by z¢. We
show that d = V f(x°) has ||d||2 <e.

If not, then ||d||2 > €. From the inequality

o @7 = )~ £ @)

i / = —(Vf(a),d) = ]} < —|d]

we would have, for small positive ¢,
—telldlls > f(af — td) — f(a*)
= (f(z = td) + el|a® — td]|2) — (f (z) + €l|z°]|2)
Fe(llzfll2 — [lz° — tdl|2) = —tel|d]|2,

which is impossible. |
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5.9 Exercises

Ex. 5.1 Let Q be a real, positive-definite symmetric matriz. Define the
Q-inner product on R to be

(z,9)q = 2" Qy = (z,Qy),

lzlle =4/ (#, 2)q-

Show that, if V f(a) is the Fréchet derivative of f(x) at x = a, for the usual
Euclidean norm, then Q=1V f(a) is the Fréchet derivative of f(z) at x = a,
for the Q-norm. Hint: use the inequality

VAl < llg < VAllA]l2,

where A1 and Ay denote the greatest and smallest eigenvalues of Q, respec-
tively.

and the Q-norm to be

Ex. 5.2 ([23], Ex. 10, p. 134) For (z,y) not equal to (0,0), let

xayb
P+ ya’

f(m,y) =

with f(0,0) = 0. In each of the five cases below, determine if the function
is continuous, Gdteaux, Fréchet or continuously differentiable at (0,0).

e 1)a=2,b=3,p=2, and ¢ =4;

e 2)a=1,b=3,p=2, and ¢ =4;

e 3)a=2b=4,p=4, and ¢=38;

4)a=1,b=2,p=2 and ¢ =2;

5)a=1,b=2,p=2, and ¢ =4.
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6.1 Chapter Summary

Convex sets and convex functions play important roles in optimization.
In this chapter we survey the basic facts concerning the geometry of convex
sets. We begin with the geometry of R”.

6.2

The Geometry of Real Euclidean Space

We denote by RY the real Euclidean space consisting of all .J-
dimensional column vectors x = (21, ...,z 7)T with real entries x;; here the

55



56 A First Course in Optimization

superscript T' denotes the transpose of the 1 by J matrix (or, row vector)
(xla "'733J)'

6.2.1 Inner Products

For z = (x1,...,25)T and y = (y1,...,ys)T in R, the dot product = -y
is defined to be

J
Toy=Y ;. (6.1)
j=1

Note that we can write

zy=yTe=2a"y, (6.2)
where juxtaposition indicates matrix multiplication. The 2-norm, or Fu-
clidean norm, or Euclidean length, of x is

[|z]]2 = V-2 = VaTzx. (6.3)

The Euclidean distance between two vectors z and y in R” is ||z — y]|2.
The space R”, along with its dot product, is an example of a finite-
dimensional Hilbert space.

Definition 6.1 Let V be a real vector space. The scalar-valued function
(u,v) is called an inner product on V if the following four properties hold,
for all u, w, and v in V, and all real c:

(u+w,v) = (u,v) + (w,v); (6.4)
(cu,v) = ¢{u,v); (6.5)
(v, u) = (u,v); (6.6)
and
(u,u) >0, (6.7)

with equality in Inequality (6.7) if and only if u = 0.

The dot product of vectors is an example of an inner product. The prop-
erties of an inner product are precisely the ones needed to prove Cauchy’s
Inequality, which then holds for any inner product. We shall favor the dot
product notation wu - v for the inner product of vectors, although we shall
occasionally use the matrix multiplication form, v"u or the inner product
notation (u, v).
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6.2.2 Cauchy’s Inequality

Cauchy’s Inequality, also called the Cauchy-Schwarz Inequality, tells us
that

(@, )] < [l=]l2]lyll2; (6.8)

with equality if and only if y = ax, for some scalar «. The Cauchy-Schwarz
Inequality holds for any inner product. We say that the vectors x and y
are mutually orthogonal if (x,y) = 0.

A simple application of Cauchy’s inequality gives us

|z +yll2 < ll2ll2 + [yll2, (6.9)

with equality if and only if one of the vectors is a non-negative multiple of
the other one; this is called the Triangle Inequality.

The Parallelogram Law is an easy consequence of the definition of the
2-norm:

[z +yl[3 + [l = yI3 = 2l|z13 + 2lly|[3- (6.10)

It is important to remember that Cauchy’s Inequality and the Parallelo-
gram Law hold only for the 2-norm. One consequence of the Parallelogram
Law that we shall need later is the following: if x # y and ||z||2 = ||y||2 = d,
then ||3(z +y)|l2 < d (Draw a picture!).

6.2.3 Other Norms

The two-norm is not the only norm we study on the space R”. We will
also be interested in the one-norm (see Exercise 6.4). The purely topological
results we discuss in the next section are independent of the choice of norm
on R/, and we shall remind the reader of this by using the notation ||z|| to
denote an arbitrary norm. Theorems concerning orthogonal projection hold
only for the two-norm, which we shall denote by ||z||2. In fact, whenever we
use the word “orthogonal” , we shall imply that we are speaking about the
two-norm. There have been attempts to define orthogonality in the absence
of an inner product, and so for other norms, but the theory here is not as
successful.

6.3 A Bit of Topology

Having a norm allows us to define the distance between two points z
and y in R’ as ||z — y||. Being able to talk about how close points are
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to each other enables us to define continuity of functions on R’ and to
consider topological notions of closed set, open set, interior of a set and
boundary of a set. None of these notions depend on the particular norm
we are using.

Definition 6.2 A subset B of R’ is closed if, whenever z* is in B for
each non-negative integer k and ||z — x¥|| — 0, as k — +oo, then = is in
B.

For example, B = [0, 1] is closed as a subset of R, but B = (0, 1) is not.

Definition 6.3 We say that d > 0 is the distance from the point x to the
set B if, for every € > 0, there is be in B, with ||x — b.|| <d+¢€, and no b
in B with ||z — b]| < d.

The Euclidean distance from the point 0 in R to the set (0, 1) is zero, while
its distance to the set (1,2) is one. It follows easily from the definitions
that, if B is closed and d = 0, then z is in B.

Definition 6.4 The closure of a set B is the set of all points x whose
distance from B is zero.

The closure of the interval B = (0,1) is [0, 1].

Definition 6.5 A subset U of R is open if its complement, the set of all
points not in U, is closed.

Definition 6.6 Let C be a subset of R?. A point x in C is said to be
an interior point of set C' if there is € > 0 such that every point z with
||z — z|| < € is in C. The interior of the set C, written int(C), is the set of
all interior points of C. It is also the largest open set contained within C.

For example, the open interval (0, 1) is the interior of the intervals (0, 1]
and [0, 1]. A set C' is open if and only if C' = int(C).

Definition 6.7 A point x in R’ is said to be a boundary point of set C
if, for every e > 0, there are points y. in C and z. not in C, both depending
on the choice of €, with ||x — yc|| < € and ||z — z|| < e. The boundary of
C' is the set of all boundary points of C. It is also the intersection of the
closure of C' with the closure of its complement.

For example, the points £ = 0 and = 1 are boundary points of the set
(0,1].

Definition 6.8 For k =0,1,2,..., let z* be a vector in R?. The sequence
of vectors {x*} is said to converge to the vector z if, given any € > 0, there
is positive integer n, usually depending on €, such that, for every k > n,
we have ||z — 2¥|| < e. Then we say that z is the limit of the sequence.
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For example, the sequence {z* = k%rl} in R converges to z = 0. The
sequence {(—1)*} alternates between 1 and —1, so does not converge. How-
ever, the subsequence associated with odd k converges to z = —1, while the
subsequence associated with even k converges to z = 1. The values z = —1
and z = 1 are called subsequential limit points, or, sometimes, cluster points
of the sequence.

Definition 6.9 A sequence {x*} of vectors in R’ is said to be bounded if
there is a constant b > 0, such that ||z*|| < b, for all k.

A fundamental result in analysis is the following.

Proposition 6.1 Every convergent sequence of vectors in R is bounded.
Every bounded sequence of vectors in R? has at least one convergent sub-
sequence, therefore, has at least one cluster point.

6.4 Convex Sets in R’

In preparation for our discussion of linear and nonlinear programming,
we consider some of the basic concepts from the geometry of convex sets.

6.4.1 Basic Definitions
We begin with the basic definitions.

Definition 6.10 A vector z is said to be a convex combination of the
vectors x and y if there is a in the interval [0, 1] such that z = (1—a)z+ay.
More generally, a vector z is a convexr combination of the vectors x™, n =
1,..., N, if there are numbers o, > 0 with

ag+...t+tay=1

and
N

z = alxl + ... +ayx .
Definition 6.11 A nonempty set C in R” is said to be convex if, for any
distinct points x and y in C, and for any real number a in the interval
(0,1), the point (1 — &)z + ay is also in C; that is, C is closed to convex
combinations of any two members of C.
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In Exercise 6.1 you are asked to show that if C' is convex then the convex
combination of any number of members of C is again in C. We say then
that C' is closed to convex combinations.

For example, the two-norm unit ball B in R”, consisting of all = with
[lz]la < 1, is convex, while the surface of the ball, the set of all  with
l[z||2 = 1, is not convex. More generally, the unit ball of R’ in any norm
is a convex set, as a consequence of the triangle inequality for norms.

Definition 6.12 The convex hull of a set S, denoted conv(S), is the small-
est convex set containing S, by which we mean that if K is any conver set
containing S, then K must also contain conv(S).

One weakness of this definition is that it does not tell us explicitly what the
members of conv(S) look like, nor precisely how the individual members
of conv(S) are related to the members of S itself. In fact, it is not obvious
that a smallest such set exists at all. The following proposition remedies
this; the reader is asked to supply a proof in Exercise 6.2 later.

Proposition 6.2 The convex hull of a set S is the set C of all convex
combinations of members of S.

Definition 6.13 A subset S of R’ is a subspace if, for every x and y in
S and scalars a and (3, the linear combination ax + By is again in S.

A subspace is necessarily a convex set.

Definition 6.14 The orthogonal complement of a subspace S of R7, en-
dowed with the two-norm, is the set

Ts =0, foreverys € S}, (6.11)

St = {ul(u,s) =u-s=u
the set of all vectors u in R” that are orthogonal to every member of S.

For example, in R2, the z, y-plane is a subspace and has for its orthog-
onal complement the z-axis.

Definition 6.15 A subset M of R’ is a linear manifold if there is a sub-
space S and a vector b such that

M =S+b={z|r =s+0b,forsomesinS}.
Any linear manifold is convex.

Definition 6.16 For a fized column vector a with Fuclidean length one
and a fized scalar -y the hyperplane determined by a and v is the set

H{a,v) = {2[(a,2) = 7}.
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The hyperplanes H(a,~v) are linear manifolds, and the hyperplanes
H (a,0) are subspaces. Hyperplanes in R” are naturally associated with lin-
ear equations in J variables; with a = (a1, ...,a;)”, the hyperplane H(a,~)
is the set of all 2 = (21, ..., 25)T for which

a121 +ag22 + ... +ajzy =ry.

Earlier, we mentioned that there are two related, but distinct, ways to
view members of the set R/. The first is to see z in R’ as a point in J-
dimensional space, so that, for example, if J = 2, then a member z of R?
can be thought of as a point in a plane, the plane of the blackboard, say.
The second way is to think of z is as the directed line segment from the
origin to the point also denoted z. We purposely avoided making a choice
between one interpretation and the other because there are cases in which
we want to employ both interpretations; the definition of the hyperplane
H(a,~y) provides just such a case. We want to think of the members of the
hyperplane as points in R/ that lie within the set H(a,), but we want
to think of a as a directed line segment perpendicular, or normal, to the
hyperplane. When z, viewed as a point, is in H(a,7), the directed line
segment from the origin to z will not lie in the hyperplane, unless v = 0.

Lemma 6.1 The distance from the hyperplane H(a,v) to the hyperplane
H(a,y+ 1) is one.

The proof is left as Exercise 6.8.
Definition 6.17 For each vector a and each scalar 7y, the sets
H(a,7) = {zl(a,2) = 7}

H_(a,7) = {z[{a,2) <~}

are half-spaces.

Half-spaces in R are naturally associated with linear inequalities in J
variables; with a = (a1, ...,a;)T, the half-space H(a,v) is the set of all
2= (21,...,27)T for which

ai1z1 +agz2 + ... +ajzg > .

Perhaps the most important convex sets in optimization are the poly-
hedrons:

Definition 6.18 A subset P of R7 is a polyhedron if P is the intersection
of a finite number of half-spaces.
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A polyhedron is the set of all vectors that satisfy a finite number of
linear inequalities: the set P in R? consisting of all vectors (z1,x2) with
x1 > 0, 25 > 0is an unbounded polyhedron, while the set B in R? consisting
of all vectors (z1,22) with 1 > 0, 23 > 0 and z1 + 29 < 1 is a bounded
polyhedron. The set B is also the convex hull of a finite set of points, namely
the three points (0,0), (1,0) and (0, 1), and therefore is also a polytope.

Definition 6.19 Given a subset C' of R”, the affine hull of C, denoted
aff(C), is the smallest linear manifold containing C'.

For example, let C' be the line segment connecting the two points (0,1)
and (1,2) in R2. The affine hull of C' is the straight line whose equation is
y=x+ 1.

Definition 6.20 The dimension of a subset of R is the dimension of its
affine hull, which is the dimension of the subspace of which it is a translate.

The set C' above has dimension one. A set containing only one point is its
own affine hull, since it is a translate of the subspace {0}.

In R?, the line segment connecting the points (0,1) and (1,2) has no
interior; it is a one-dimensional subset of a two-dimensional space and can
contain no two-dimensional ball. But, the part of this set without its two
end points is a sort of interior, called the relative interior.

Definition 6.21 The relative interior of a subset C' of R”, denoted ri(C),
is the interior of C, as defined by considering C as a subset of its affine
hull.

Since a set consisting of a single point is its own affine hull, it is its own
relative interior.

Definition 6.22 A point = in a convex set C is said to be an extreme
point of C' if the set obtained by removing x from C remains convet.

Said another way, z € C is an extreme point of C' if x is not a convex
combination of two other points in C; that is, x cannot be written as

z=(1—-a)y+az (6.12)

for y and z in C, y,z # x and « € (0, 1). For example, the point x =1 is
an extreme point of the convex set C' = [0, 1]. Every point on the boundary
of a sphere in R” is an extreme point of the sphere. The set of all extreme
points of a convex set is denoted Ext(C).

Definition 6.23 A non-zero vector d is said to be a direction of unbound-
edness of a convex set C' if, for all x in C and all v > 0, the vector x + yd
s in C.
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For example, if C is the non-negative orthant in R”, then any non-negative
vector d is a direction of unboundedness.

Definition 6.24 A wvector a is normal to a convex set C at the point s in

C if
(a,c—s) <0, (6.13)
for all c in C.

Definition 6.25 Let C' be convex and s in C. The normal cone to C' at s,
denoted Nc(s), is the set of all vectors a that are normal to C at s.

Normality and the normal cone are notions that make sense only in a
space with an inner product, so are implicitly connected to the two-norm.

6.4.2 Orthogonal Projection onto Convex Sets

The following proposition is fundamental in the study of convexity and
can be found in most books on the subject; see, for example, the text by
Goebel and Reich [118].

Proposition 6.3 Given any nonempty closed convex set C and an arbi-
trary vector x in RY, there is a unique member Pcx of C closest, in the
sense of the two-norm, to x. The vector Pox is called the orthogonal (or
metric) projection of x onto C' and the operator Po the orthogonal projec-
tion onto C.

Proof: If z is in C, then Pcx = x, so assume that x is not in C. Then
d > 0, where d is the distance from z to C. For each positive integer n,
select ¢ in C with ||z — ¢"||; < d + 1. Then, since for all n we have

1
le*lz = lle" —a+alla < " —zlz2 42z < d+ 4 lzllz <d+1+ 2]z,

the sequence {c"} is bounded; let ¢* be any cluster point. It follows easily
that || — ¢*||]2 = d and that ¢* is in C. If there is any other member ¢
of C with ||z — ¢||2 = d, then, by the Parallelogram Law, we would have
l|z — (c* +¢)/2||2 < d, which is a contradiction. Therefore, c¢* is Pox. |

The proof just given relies on the Bolzano-Weierstrass Theorem 4.1.
There is another proof, which avoids this theorem and so is valid for infinite-
dimensional Hilbert space. The idea is to use the Parallelogram Law to show
that the sequence {c"} is Cauchy and then to use completeness to get c*.
We leave the details to the reader.

Here are some examples of orthogonal projection. If C = U, the unit
ball, then Pcx = z/||z||2, for all  such that ||z||]s > 1, and Pecz = x
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otherwise. If C'is Ri, the nonnegative cone of R”, consisting of all vectors
2 with z; > 0, for each j, then Pcx = x, the vector whose entries are
max (z;,0). For any closed, convex set C, the distance from z to C is
||z — Poxl2.

If a nonempty closed set .S is not convex, then the orthogonal projection
of a vector x onto S need not be well defined; there may be more than one
vector in S closest to x. In fact, it is known that a closed set S is convex if
and only if, for every x not in S, there is a unique point in S closest to z;
this is Motzkin’s Theorem (see [24], p. 447). Note that there may well be
some x for which there is a unique closest point in .S, but if S is closed, but
not convex, then there must be at least one point without a unique closest
point in S.

The main reason for not speaking about orthogonal projection in the
context of other norms is that there need not be a unique closest point in
C to x; remember that the Parallelogram Law need not hold. For example,
consider the closed convex set C' in R? consisting of all vectors (a,b)” with
a>0,b>0 and a+b=1. Let z = (1,1)T. Then each point in C is a
distance one from x, in the sense of the one-norm.

Lemma 6.2 For H = H(a,7), z = Pyx is the vector
z=Pygx=x+ (v — (a,z))a. (6.14)

We shall use this fact in our discussion of the ART algorithm.

For an arbitrary nonempty closed convex set C' in R”, the orthogonal
projection T = P¢ is a nonlinear operator, unless, of course, C' is a sub-
space. We may not be able to describe Pox explicitly, but we do know a
useful property of Pox.

Proposition 6.4 For a given z, a vector z in C is Pox if and only if
(c—z,z—1x) >0, (6.15)

for all ¢ in the set C.

Proof: Let ¢ be arbitrary in C' and « in (0,1). Then

llz = Peall3 < |lz — (1 = a)Pex — ac||3 = ||z — Pox + a(Pox — o)|f3

= ||z — Poz||5 — 2a(x — Pox,c — Pox) + o?||Pox — c|[3. (6.16)
Therefore,
—2a(x — Pox,c — Pox) + o?||Pox — c||2 > 0, (6.17)
so that

2(x — Pox,c — Pox) < al|Pox — c||3. (6.18)
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Taking the limit, as o — 0, we conclude that

(¢ — Pox,Pcx —x) > 0.
If z is a member of C' that also has the property

(c—z,z—1x) >0,

for all ¢ in C, then we have both

(z — Pox, Pcx — x) > 0,
and

(z — Pox,x—z) > 0.

Adding on both sides of these two inequalities lead to

(z — Pcx, Pox — z) > 0.

But,

(z — Pex,Pcx — z) = —||z — ch||§,

so it must be the case that z = Pgx. This completes the proof.

Corollary 6.1 For any = and v in R we have
(Pox — Poy,x —y) > ||Pox — Poylf3-
Proof: Use Inequality (6.4) to get
(Pey — Pox, Pox — x) > 0,
and
(Pex — Poy, Poy —y) > 0.
Add the two inequalities to obtain

(Pcw — Poy,x —y) > ||[Pcx — Pcylf3.
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6.5 Some Results on Projections

The characterization of the orthogonal projection operator Po given by
Proposition 6.4 has a number of important consequences.

Corollary 6.2 Let S be any subspace of R?. Then, for any x in R” and s
mn S, we have

(Psaz —x,5) = 0. (6.29)

Proof: Since S is a subspace, s + Psz is again in S, for all s, as is «ys, for
every scalar . |

This corollary enables us to prove the Decomposition Theorem.

Theorem 6.1 Let S be any subspace of R and x any member of R”. Then
there are unique vectors s in S and w in S* such that x = s+u. The vector
s is Psx and the vector u is Pgix.

Proof: For the given = we take s = Psx and u = z — Pgx. Corollary 6.2
assures us that u is in S*. Now we need to show that this decomposition is
unique. To that end, suppose that we can write z = s1 + uy, with s; in S
and u; in S*. Then Proposition 6.4 tells us that, since s; — x is orthogonal
to every member of S, s; must be Pgx. |

This theorem is often presented in a slightly different manner.

Theorem 6.2 Let A be a real I by J matriz. Then every vector b in R!
can be written uniquely as b = Az 4+ w, where ATw = 0.

To derive Theorem 6.2 from Theorem 6.1, we simply let S = {Az|z € R’}.
Then S+ is the set of all w such that ATw = 0. It follows that w is the
member of the null space of AT closest to b.

Here are additional consequences of Proposition 6.4.

Corollary 6.3 Let S be any subspace of R?, d a fized vector, and V the
linear manifold V= S+d = {v = s+d|s € S}, obtained by translating the
members of S by the vector d. Then, for every x in R’ and every v in V,
we have

(Pyx —x,v— Pyz) =0. (6.30)

Proof: Since v and Pyx are in V, they have the form v = s + d, and
Pyx = 5+d, for some s and § in S. Then v — Pyx = s — &. |
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Corollary 6.4 Let H be the hyperplane H(a,~y). Then, for every x, and
every h in H, we have

(Pgx —x,h — Pgx) = 0. (6.31)
Corollary 6.5 Let S be a subspace of R?. Then (S+)*+ = S.

Proof: Every z in R’ has the form = = s + u, with s in S and u in S*.
Suppose z is in (S*)*. Then u = 0. |

6.6 Linear and Affine Operators on R’

If Ais a J by J real matrix, then we can define an operator T' by
setting Tz = Az, for each = in R”; here Az denotes the multiplication of
the matrix A and the column vector x.

Definition 6.26 An operator T is said to be a linear operator if
T(ax + By) = aTx + Ty, (6.32)

for each pair of vectors x and y and each pair of scalars « and (.

Any operator T' that comes from matrix multiplication, that is, for which
Tx = Ax, is linear.

Lemma 6.3 For H = H(a,~), Hy = H(a,0), and any z and y in R?, we
have

Py (z+y) = Pz + Ppy — PO, (6.33)
so that
Py, (z +y) = P, + Pu,y, (6.34)
that is, the operator P, s an additive operator. In addition,
Py, (ax) = aPy,x, (6.35)
so that Pr, is a linear operator.

Definition 6.27 If A is a J by J real matriz and d is a fized nonzero vector
in R, the operator defined by T = Ax + d is an affine linear operator.
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Lemma 6.4 For any hyperplane H = H(a,v) and Hy = H(a,0),
Py = Py,x + Py0, (6.36)

so Py is an affine linear operator.

Lemma 6.5 For i = 1,...,1 let H; be the hyperplane H; = H(a",v;),
H;o = H(a',0), and P; and Pjy the orthogonal projections onto H; and Hy,
respectively. Let T be the operator T’ = PyPr_1---PoPy. Then Tx = Br+d,
for some square matrix B and vector d; that is, T is an affine linear oper-
ator.

6.7 The Fundamental Theorems

The Separation Theorem and the Support Theorem provide the foun-
dation for the geometric approach to the calculus of functions of several
variables.

A real-valued function f(z) defined for real  has a derivative at z = z
if and only if there is a unique line through the point (xq, f(zo)) tangent
to the graph of f(x) at that point. If f(z) is not differentiable at ¢, there
may be more than one such tangent line, as happens with the function
f(z) = |z| at ¢ = 0. For functions of several variables the geometric view
of differentiation involves tangent hyperplanes.

6.7.1 Basic Definitions

It is convenient for us to consider functions on R whose values may be
infinite. For example, we define the indicator function of a set C C R’ to
have the value zero for x in C, and the value +oo for x outside the set C.

Definition 6.28 A function f : R/ — [—o0, 00| is proper if there is no
for which f(x) = —oo and some x for which f(x) < 4o0.

All the functions we shall consider in this text will be proper.

Definition 6.29 Let f be a proper function defined on R’. The subset of
R7*L defined by

epi(f) = {(z,V[f(x) <~}

is the epi-graph of f. Then we say that f is convex if its epi-graph is a
convez set.
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Alternative definitions of convex function are presented in the exercises.

Definition 6.30 The effective domain of a proper function f : RY —
(—o00, 0] is the set
domf = {z| f(z) < +o0}.
It is also the projection onto R7 of its epi-graph.
It is easily shown that he effective domain of a convex function is a convex
set.
The important role played by hyperplanes tangent to the epigraph of

f motivates our study of the relationship between hyperplanes and convex
sets.

6.7.2 The Separation Theorem

The Separation Theorem, sometimes called the Geometric Hahn-
Banach Theorem, is an easy consequence of the existence of orthogonal
projections onto closed convex sets.

Theorem 6.3 (The Separation Theorem) Let C be a closed nonempty
convezx set in R? and x a point not in C. Then there is non-zero vector a
in R7 and real number o such that

(a,c) <a<{a,2),
for every c in C'.

Proof: Let z = Pex, a = x — z, and a = {(a, z). Then using Proposition
6.4, we have
<7a7 c—= Z> 2 Oa

or, equivalently,
(a,c) <{a,z) =,

for all ¢ in C. But, we also have
(a,2) = (a,0 — 2) + (a,2) = ||z — 2||5 + a > a.

This completes the proof. |

6.7.3 The Support Theorem

The Separation Theorem concerns a closed convex set C' and a point z
outside the set C, and asserts the existence of a hyperplane separating the
two. Now we concerned with a point z on the boundary of a convex set C,
such as a point (b, f(b)) on the boundary of the epigraph of f.
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The Support Theorem asserts the existence of a hyperplane through
such a point z, having the convex set entirely contained in one of its half-
spaces. If we knew a priori that the point z is Pox for some x outside
C, then we could simply take the vector a = z — z as the normal to the
desired hyperplane. The essence of the Support Theorem is to provide such
a normal vector without assuming that z = Pox.

For the proofs that follow we shall need the following definitions.

Definition 6.31 For subsets A and B of R?, and scalar v, let the set
A + B consist of all vectors v of the form v = a + b, and YA consist of
all vectors w of the form w = vya, for some a in A and b in B. Let x be a
fized member of R7. Then the set x + A is the set of all vectors y such that
y =z + a, for some a in A.

Lemma 6.6 Let B be the unit ball in R”, that is, B is the set of all vectors
u with ||u|lz < 1. Let S be an arbitrary subset of R?. Then x is in the
interior of S if and only if there is some € > 0 such that x +eB C S, and
y is in the closure of S if and only if, for every e > 0, the set y + ¢B has
nonempty intersection with S.

We begin with the Accessibility Lemma. Note that the relative interior
of any non-empty convex set is always non-empty (see [181], Theorem 6.2).

Lemma 6.7 (The Accessibility Lemma) Let C be a convex set. Let x
be in the relative interior of C' and y in the closure of C. Then, for all
scalars o in the interval [0,1), the point (1 — @)z + ay is in the relative
interior of C.

Proof: If the dimension of C is less than J, we can transform the problem
into a space of smaller dimension. Therefore, without loss of generality, we
can assume that the dimension of C'is J, its affine hull is all of R”, and its
relative interior is its interior. Let « be fixed, and B = {z|||z||2 < 1}. We
have to show that there is some € > 0 such that the set (1 —a)z +ay+eB
is a subset of the set C. We know that y is in the set C' + eB for every
€ > 0, since y is in the closure of C'. Therefore, for all € > 0 we have

I-a)z+ay+eBC(1-a)r+a(C+eB)+eB
=(l1-a)z+(1+a)B+aC
=(1—-a)z+e(l+a)(l—a) B+ aC.
Since z is in the interior of the set C', we know that
[z+e(l14+a)(l—a)'B]CC,

for € small enough. This completes the proof. |

Now we come to the Support Theorem.
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Theorem 6.4 (Support Theorem) Let C' be convez, and let z be on the
boundary of C. Then there is a non-zero vector a in R? with (a,z) > {(a,c),
for all ¢ in C.

Proof: If the dimension of C is less than J, then every point of C' is on
the boundary of C. Let the affine hull of C be M = S + b. Then the set
C — b is contained in the subspace S, which, in turn, can be contained in
a hyperplane through the origin, H(a,0). Then

(a,c) = {(a,b),

for all ¢ in C. So we focus on the case in which the dimension of C' is J, in
which case the interior of C' must be non-empty.

Let y be in the interior of C, and, for each t > 1, let z; = y + t(z — y).
Note that z; is not in the closure of C, for any ¢ > 1, by the Accessibility
Lemma, since z is not in the interior of C'. By the Separation Theorem,
there are vectors b; such that

<bt7 C> < <bt, Zt>7

for all ¢ in C'. For convenience, we assume that ||bs]|2 = 1, and that {¢;} is
a sequence with ¢t > 1 and {t;} — 1, as k — co. Let aj, = b;,. Then there
is a subsequence of the {ay} converging to some a, with ||a|]2 = 1, and

(a,c) < {a,z),

for all ¢ in C. This completes the proof. |

If we knew that there was a vector z not in C, such that z = Pox, then
we could choose a = = — z, as in the proof of the Separation Theorem. The
point of the Support Theorem is that we cannot assume, a priori, that there
is such an x. Once we have the vector a, however, any point * = z + Aa,
for A > 0, has the property that z = Pox.

6.8 Theorems of the Alternative

In linear algebra the emphasis is on systems of linear equations; little
time, if any, is spent on systems of linear inequalities. But linear inequalities
are important in optimization. In this section we consider some of the
basic theorems regarding linear inequalities. These theorems all fit a certain
pattern, known as a Theorem of the Alternative. These theorems assert that
precisely one of two problems will have a solution. The proof of the first
theorem illustrates how we should go about proving such theorems.
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Theorem 6.5 (Gale I)[115] Precisely one of the following is true:
e (1) there is x such that Ax =b;
e (2) there is y such that ATy =0 and b7y = 1.

Proof: First, we show that it is not possible for both to be true at the same
time. Suppose that Az = b and ATy = 0. Then b7y = 27 ATy = 0, so that
we cannot have b7y = 1. By Theorem 6.1, the fundamental decomposition
theorem from linear algebra, we know that, for any b, there are unique
Az and w with ATw = 0 such that b = Az + w. Clearly, b = Ax if and

only if w = 0. Also, b7y = wTy. Therefore, if alternative (1) does not
hold, we must have w non-zero, in which case ATy = 0 and 'y = 1, for
y = w/||w||3, so alternative (2) holds. |

In this section we consider several other theorems of this type. Perhaps
the most well known of these theorems of the alternative is Farkas’ Lemma:

Theorem 6.6 (Farkas’ Lemma)[110] Precisely one of the following is
true:

e (1) there is x > 0 such that Az = b;

e (2) there is y such that ATy >0 and bTy < 0.

Proof: We can restate the lemma as follows: there is a vector y with
ATy > 0 and by < 0 if and only if b is not a member of the convex set
C = {Az|z > 0}. If b is not in C, which is closed and convex, then, by the
Separation Theorem, there is a non-zero vector a and real a with

a’b<a<a’Ax = (ATa)"x,

for all z > 0. Since (ATa)Tx is bounded below, as x runs over all non-
negative vectors, it follows that A”a > 0. Choosing z = 0, we have a < 0.
Then let y = a. Conversely, if Az = b does have a non-negative solution z,
then ATy > 0 implies that y© Az = yTb > 0. |

The next theorem can be obtained from Farkas’ Lemma.
Theorem 6.7 (Gale II)[115] Precisely one of the following is true:
e (1) there is x© such that Az < b;

e (2) there isy > 0 such that ATy =0 and bTy < 0.

Proof: First, if both are true, then 0 < y7(b — Az) = yTb — 0 = yTb,
which is a contradiction. Now assume that (2) does not hold. Therefore,
for every y > 0 with ATy = 0, we have bTy > 0. Let B = [A b]. Then the

system BTy = [0 fl}T has no non-negative solution. Applying Farkas’
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Lemma, we find that there is a vector w = [z v]T with Bw > 0 and
[O fl] w < 0. S0, Az+~b>0and v > 0. Let z = —%z to get Az < b, so
that (1) holds. |

Theorem 6.8 (Gordan)[120] Precisely one of the following is true:
o (1) there is x such that Az < 0;

e (2) thereisy >0, y # 0, such that ATy = 0.

Proof: First, if both are true, then 0 < —y” Az = 0, which cannot be true.
Now assume that there is no non-zero y > 0 with A”y = 0. Then, with
e= (1,1,..,1)T, C = [A e], and d = (0,0,...,0,1)7, there is no non-
negative solution of CTy = d. From Farkas’ Lemma we then know that
there is a vector z = [uT ﬂT, with Cz = Au+ ve > 0, and d'z < 0.
Then Az < 0 for x = —u. |

Here are several more theorems of the alternative.

Theorem 6.9 (Stiemke I)[193] Precisely one of the following is true:
o (1) there is x such that Ax <0 and Az # 0;

e (2) there isy > 0 such that ATy = 0.

Theorem 6.10 (Stiemke IT)[193] Let ¢ be a fized non-zero vector. Pre-
cisely one of the following is true:

e (1) there is x such that Ax < 0 and ¢’z > 0 and not both Az = 0
and ¢z = 0;

e (2) there isy > 0 such that ATy = c.

In the chapter on Linear Programming we shall encounter David Gale’s
Strong Duality Theorem. His proof of that theorem will depend heavily on
the following theorem of the alternative.

Theorem 6.11 (Gale ITI)[115] Let b be a fized non-zero vector. Precisely
one of the following is true:

o (1) there is x > 0 such that Az <b;

e (2) there isy >0 such that ATy >0 and b7y < 0.

Proof: First, note that we cannot have both true at the same time, because
bTy <0,y >0, and Az < b would imply that 27 ATy = 2- ATy < 0, which
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is a contradiction. Now suppose that (1) does not hold. Then there is no
w = [ﬂ > 0 such that
[A I ] w =b.
By Farkas’ Lemma (Theorem 6.6), it follows that there is y with
AT
[ I } y =0,

and bTy < 0. Therefore, ATy >0, Iy =y > 0, and by < 0; therefore, (2)
holds.

Theorem 6.12 (Von Neumann)[166] Precisely one of the following is
true:

e (1) there is x > 0 such that Az > 0;

o (2) there isy >0, y # 0, such that ATy < 0.
Proof: If both were true, then we would have
0 < (Az)Ty = 2T(ATy),

so that ATy < 0 would be false. Now suppose that (2) does not hold. Then
there is no y > 0, y # 0, with ATy < 0. Consequently, there is no y > 0,

y # 0, such that
AT ATy 0
Salo- A=)

where u” = (1,1,...,1). By Theorem 6.11, there is

[0
[0

such that

and
(07 —1]z=[0T -1] m = —a<0.

Therefore, & > 0 and (Az); — o > 0 for each ¢, and so Az > 0 and (1)
holds. i

Theorem 6.13 (Tucker)[196] Precisely one of the following is true:
e (1) there is x > 0 such that Az >0, Az # 0;
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o (2) there isy > 0 such that ATy < 0.

Theorem 6.14 (Theorem 21.1, [181]) Let C' be a convex set, and let
f1s s fm be proper convex functions, with ri(C) C dom(f;), for each i.
Precisely one of the following is true:

e (1) there is x € C such that fi(z) <0, fori=1,..,m;
e (2) there are \; > 0, not all equal to zero, such that
Alfl(x) + o+ Amfm(z) Z 07

for all x in C.

Theorem 6.14 is fundamental in proving Helly’s Theorem:

Theorem 6.15 (Helly’s Theorem) [181] Let {C;|i = 1,...,I} be a fi-
nite collection of (not necessarily closed) conver sets in RN . If every sub-
collection of N+1 or fewer sets has non-empty intersection, then the entire
collection has non-empty intersection.

For instance, in the two-dimensional plane, if a finite collection of lines
is such that every three have a common point of intersection, then they all
have a common point of intersection. There is another version of Helly’s
Theorem that applies to convex inequalities.

Theorem 6.16 Let there be given a system of the form

fl(x) <0, 7fk(x) < O’karl(x) < Ovvfm(l.) <0,

where the fi are convex functions on R7, and the inequalities may be all
strict or all weak. If every subsystem of J + 1 or fewer inequalities has a
solution in a given convex set C, then the entire system has a solution in

C.

6.9 Another Proof of Farkas’ Lemma

In the previous section, we proved Farkas’ Lemma, Theorem 6.6, using
the Separation Theorem, the proof of which, in turn, depended here on
the existence of the orthogonal projection onto any closed convex set. It is
possible to prove Farkas’ Lemma directly, along the lines of Gale [115].

Suppose that Az = b has no non-negative solution. If, indeed, it has no
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solution whatsoever, then b = Az +w, where w # 0 and A”w = 0. Then we
take y = —w/||w||3. So suppose that Azx = b does have solutions, but not
any non-negative ones. The approach is to use induction on the number of
columns of the matrix involved in the lemma.

If A has only one column, denoted a', then Az = b can be written as

xia' =b.

Assuming that there are no non-negative solutions, it must follow that
x1 < 0. We take y = —b. Then

BTy = —bTb = —||bl|3 < 0,
while

-1
ATy = (aHT(-b) = x—bTb > 0.
1

Now assume that the lemma holds whenever the involved matrix has no
more than m — 1 columns. We show the same is true for m columns.

If there is no non-negative solution of the system Ax = b, then clearly
there are no non-negative real numbers x1, xo, ..., T, 1 such that

z1at 4+ zoa? + ... F Tpp_1a™ "t = b,

where a/ denotes the jth column of the matrix A. By the induction hy-
pothesis, there must be a vector v with

(a?)Tv >0,

for j =1,...,m — 1, and bTv < 0. If it happens that (a™)Tv > 0 also, then
we are done. If, on the other hand, we have (a™)Tv < 0, then let

d =@ Ta™ - (a™)Td, j=1,....,m—1,

and
d = (bTv)a™ — ((a™)Tv)b.

Then there are no non-negative real numbers 21, ..., 2,1 such that
et + 20 o 2™ =, (6.37)

since, otherwise, it would follow from simple calculations that

s (1 (@) 0] =570 )am = 3 (@) o =,

Close inspection of this shows all the coefficients to be non-negative, which
implies that the system Ax = b has a non-negative solution, contrary to
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our assumption. It follows, therefore, that there can be no non-negative
solution to the system in Equation (6.37).
By the induction hypothesis, it follows that there is a vector u such that

(A u>0,7=1,..,m—1,

and
dTu < 0.

Now let
y = ((@™Tu)o - ((a™) T v)u.

We can easily verify that

@)y =(NTu>0,j=1,..,m—1,

by =dlu <0,
and
(am)Ty =0,
so that
ATy >0,
and
by <0

This completes the proof.

6.10 Gordan’s Theorem Revisited

In their text [23], Borwein and Lewis give the following version of Gor-
dan’s Theorem 6.8.

Theorem 6.17 For any vectors a°,a’,...,a™ in R’, exactly one of the
following systems has a solution:

dxiat =0, > XN=1, 0< Ao, A1, A (6.38)
i=0 =0

or there is some x for which

zTat <0, fori=0,1,...,m. (6.39)
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Rather than prove this result using the theory of convex sets and sep-
aration, as we did previously, they take the following approach. Let

f(x) =log (iexp(xTai))
i=0

We then have the following theorem.

Theorem 6.18 The following statements are equivalent:
e 1). The function f(x) is bounded below.
e 2). System (6.38) is solvable.
o 3). System (6.39) is unsolvable.

Proof: Showing that 2) implies 3) is easy. To show that 3) implies 1), note
that if f(z) is not bounded below, then there is some x with f(z) < 0,
which forces 27a’ < 0, for all . Finally, to show that 1) implies 2), we use
Proposition 5.1. Then there is a sequence {z"} with ||V f(z")[|2 < L, for
each n. Since

Vi) =Y A,
i=0
for .
X! =exp((z™)"a’)/ Y exp((z™)"a’),
i=0
it follows that

i 1
I3 Matlle <,
1=0

for each n. The sequence {\"} is bounded, so there is a convergent subse-
quence, converging to some A* for which Z:io Ajat = 0. |

6.11 Exercises

Ex. 6.1 Let C C R’, and let 2", n = 1,...,N be members of C. For
n=1,...N, let ay, >0, with ay + ... + ay = 1. Show that, if C is convex,
then the convex combination

alxl + a2x2 + ...+ aNxN

18 in C.



Convex Sets 79

Ex. 6.2 Prove Proposition 6.2. Hint: show that the set C' is convexz.

Ex. 6.3 Show that the subset of R” consisting of all vectors x with ||z||s =
1 is not convez.

Ex. 6.4 Let ||z]2 = [lyll2 =1 and z = L(z+y) in R7. Show that ||z|2 < 1
unless © = y. Show that this conclusion does not hold if the two-norm || -||2
is replaced by the one-norm, defined by

J
2l = fa;l-
=1

Ex. 6.5 Let C be the set of all vectors x in R? with ||z||2 < 1. Let K be a
subset of C' obtained by removing from C any number of its members for
which ||z|l2 = 1. Show that K is convex. Consequently, every x in C with
|z|l2 =1 is an extreme point of C.

Ex. 6.6 Prove that every subspace of R7 is convex, and every linear man-
ifold is conver.

Ex. 6.7 Prove that every hyperplane H(a,7) is a linear manifold.
Ex. 6.8 Prove Lemma 6.1.

Ex. 6.9 Let A and B be nonempty, closed convex subsets of R”. Define the
set B— A to be all x in R’ such that x = b—a for somea € A and b € B.
Show that B— A is closed if one of the two sets is bounded. Find an example
of two disjoint unbounded closed convex sets in R? that get arbitrarily close
to each other. Show that, for this example, B — A is not closed.

Ex. 6.10 (a) Let C be a circular region in R?. Determine the normal cone
for a point on its circumference. (b) Let C be a rectangular region in R2.
Determine the normal cone for a point on its boundary.

Ex. 6.11 Prove Lemmas 6.3, 6.4 and 6.5.

Ex. 6.12 Let C be a convex set and f : C C R7 — (—o00,00|. Prove that
f(x) is a convex function, according to Definition 6.29, if and only if, for
all x and y in C, and for all 0 < o < 1, we have

flaz+ (1 —a)y) < af(z)+ (1 —a)f(y).

Ex. 6.13 Let f : R/ — [~o0,00]. Prove that f(x) is a convex function if
and only if, for all 0 < a < 1, we have

flax+ (1 —a)y) < ab+ (1 — a)e,

whenever f(x) <b and f(y) < c.
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Ex. 6.14 Show that the wvector a is orthogonal to the hyperplane H =
H(a,~); that is, if u and v are in H, then a is orthogonal to u — v.

Ex. 6.15 Given a point s in a convex set C, where are the points x for
which s = Pox?

Ex. 6.16 Show that it is possible to have a vector z € R’ such that
(z—x,c—2) >0 for all c € C, but z is not Pox.

Ex. 6.17 Let z and a be as in the Support Theorem, let v > 0, and let
x = 2z + ya. Show that z = Pox.

Ex. 6.18 Let C be a closed, non-empty convex set in R? and x not in C.
Show that the distance from x to C is equal to the mazimum of the distances
from x to any hyperplane that separates x from C. Hint: draw a picture.

Ex. 6.19 Let C be a closed non-empty convex set in R?, x a vector not in
C, and d > 0 the distance from x to C. Let

oc(a) = sup(a,c),
ceC

the support function of C. Show that

d = max {(a,z) —oc(a)}.

[la]|<1

The point here is to turn a minimization problem into one involving only
mazximization. Try drawing a picture and using Lemma 6.1. Hints: Consider
the unit vector é(x — Pcx), and use Cauchy’s Inequality and Proposition
6.4. Remember that Pox is in C, so that

(a, Poz) < oc(a).

Remark: If, in the definition of the support function, we take the vectors
a to be unit vectors, with a = (cos8,sinf), for 0 < § < 27, then we can
define the function

f(@)= sup xzcosf+ysinb.
(z,y)eC

In [154] Tom Marzetta considers this function, as well as related functions
of 0, such as the radius of curvature function, and establishes relationships
between the behavior of these functions and the convex set itself.

Ex. 6.20 (Radstrom Cancellation [23])
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e (a) Show that, for any subset S of RN, we have 28 C S + S, and
25 =S5+S if S is convex.

e (b) Find three finite subsets of R, say A, B, and C, with A not con-
tained in B, but with the property that A+ C C B + C. Hint: try to
find an example where the set C is C = {—1,0,1}.

e (c) Show that, if A and B are convex in RN, B is closed, and C is
bounded in RY , then A+C C B+ C implies that A C B. Hint: Note
that, under these assumptions, 2A+C = A+ (A+C)C 2B+ C.

Ex. 6.21 [10] Let A and B be non-empty closed conver subsets of RY.
For each a € A define

d(a, B) = inf [la - b]l2,
and then define
d(A,B) = alggd(a, B).
Let
E = {a€ Ald(a, B) = d(A, B)},

and
F ={be Bld(b,A) = d(B,A)};

assume that both E and F are not empty. The displacement vector is v =
P (0), where K is the closure of the set B — A. For any transformation
T : RN — RY, denote by Fix(T) the set of all x € RN such that Tz = .
Prove the following:

e (a) ||v]l2 = d(A, B);
e (b)) E4+v=F;

(¢) B = Fix(P4Pp) = AN (B —v);

(d) F = Fix(PgP4) = BN (A+v);

(e) Pge = Ppe = e+ v, foralle € E;
(f) Paf = Ppf=f—uv,forallf € F.
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7.1 Chapter Summary

In preparation for our discussion of linear programming, we present a

brief review of the fundamentals of matrix theory.

7.2 Vector Spaces

Linear algebra is the study of vector spaces and linear transformations.

It is not simply the study of matrices, although matrix theory takes up
most of linear algebra.

It is common in mathematics to consider abstraction, which is simply

a means of talking about more than one thing at the same time. A vector
space V is an abstract algebraic structure defined using axioms. There are
many examples of vector spaces, such as the sets of real or complex numbers
themselves, the set of all polynomials, the set of row or column vectors of a

83
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given dimension, the set of all infinite sequences of real or complex numbers,
the set of all matrices of a given size, and so on. The beauty of an abstract
approach is that we can talk about all of these, and much more, all at once,
without being specific about which example we mean.

A vector space is a set whose members are called vectors, on which
there are two algebraic operations, called scalar multiplication and vector
addition. As in any axiomatic approach, these notions are intentionally
abstract. A vector is defined to be a member of a vector space, nothing
more. Scalars are a bit more concrete, in that scalars are almost always
real or complex numbers, although sometimes, but not in this book, they
are members of an unspecified finite field. The operations themselves are
not explicitly defined, except to say that they behave according to certain
axioms, such as associativity and distributivity.

If v is a member of a vector space V and « is a scalar, then we denote
by awv the scalar multiplication of v by «a. If w is also a member of )V, then
we denote by v+w the vector addition of v and w. The following properties
serve to define a vector space, with u, v, and w denoting arbitrary members
of V and « and [ arbitrary scalars:

o l.v+w=w+uv;
e 2. u+ (v4+w)=(ut+v)+ w;

e 3. there is a unique “zero vector” , denoted 0, such that v + 0 = v;
4

. for each v there is a unique vector —v such that v 4+ (—v) = 0;

[ ]
(@21

. lv = v, for all v;

6. (aB)v = a(Bv);

o 7. a(v+w) = av+ aw;
8

(a+ B)v = av+ pu.

N

If !, ...,uY are members of V and ¢y, ..., cx are scalars, then the vector

T = clu1 + 02u2 + ...+ cNuN

L., ul, with coefficients

is called a linear combination of the vectors u
C1y...,CN.

If W is a subset of a vector space V, then W is called a subspace of
VY if W is also a vector space for the same operations. What this means
is simply that when we perform scalar multiplication on a vector in W,
or when we add vectors in W, we always get members of W back again.
Another way to say this is that W is closed to linear combinations.

When we speak of subspaces of V we do not mean to exclude the case
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of W = V. Note that V is itself a subspace, but not a proper subspace, of
V. Every subspace must contain the zero vector, 0; the smallest subspace
of V is the subspace containing only the zero vector, W = {0}.

In the vector space V = R?, the subset of all vectors whose entries sum
to zero is a subspace, but the subset of all vectors whose entries sum to
one is not a subspace.

We often refer to things like [1 2 O] as vectors, although they are but
one example of a certain type of vector. For clarity, in this book we shall call

such an object a real row vector of dimension three or a real row three-vector.
37
2__:1 a complex column vector of dimension four
6
or a complex column four-vector. For notational convenience, whenever we
refer to something like a real three-vector or a complex four-vector, we
shall always mean that they are columns, rather than rows. The space of
real (column) N-vectors will be denoted RY while the space of complex
(column) N vectors is CV.

Shortly after beginning a discussion of vector spaces, we arrive at the
notion of the size or dimension of the vector space. A vector space can
be finite dimensional or infinite dimensional. The spaces R and C¥ have
dimension N; not a big surprise. The vector spaces of all infinite sequences
of real or complex numbers are infinite dimensional, as is the vector space
of all real or complex polynomials. If we choose to go down the path of
finite dimensionality, we very quickly find ourselves talking about matrices.
If we go down the path of infinite dimensionality, we quickly begin to
discuss convergence of infinite sequences and sums, and find that we need
to introduce norms, which takes us into functional analysis and the study of
Hilbert and Banach spaces. In this course we shall consider only the finite
dimensional vector spaces, which means that we shall be talking mainly
about matrices.

Similarly, we shall call

7.3 Basic Linear Algebra

In this section we discuss bases and dimension, systems of linear equa-
tions, Gaussian elimination, and the notions of basic and non-basic vari-
ables.
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7.3.1 Bases and Dimension

The notions of a basis and of linear independence are fundamental in
linear algebra. Let V be a vector space.

Definition 7.1 A collection of vectors {u',...,u’N} in V is linearly inde-
pendent if there is no choice of scalars aq, ...,an, not all zero, such that

0=au' + ...+ anu?. (7.1)
Definition 7.2 The span of a collection of vectors {ul,...,u™N} in V is the
set of all vectors x that can be written as linear combinations of the u™;
that is, for which there are scalars ¢y, ...,cn, such that

r=cru' + ...+ enul. (7.2)

Definition 7.3 A collection of vectors {w', ..., wN} in V is called a span-
ning set for a subspace S if the set S is their span.

Definition 7.4 A collection of vectors {u,...,uN} in V is called a basis
for a subspace S if the collection is linearly independent and S is their span.

Suppose that S is a subspace of V, that {w?,...,wV'} is a spanning set
for S, and {u!,...,uM} is a linearly independent subset of S. Beginning with
wl, we augment the set {u',...,u™} with w’ if w’ is not in the span of the
u™ and the w”* previously included. At the end of this process, we have
a linearly independent spanning set, and therefore, a basis, for S (Why?).
Similarly, beginning with w', we remove w? from the set {w?,...,w™} if w’
is a linear combination of the w*, k = 1,...,j — 1. In this way we obtain
a linearly independent set that spans S, hence another basis for S. The
following lemma will allow us to prove that all bases for a subspace S have

the same number of elements.

Lemma 7.1 Let W = {w?,...,w"N'} be a spanning set for a subspace S in
RY, and V = {v!,...,vM} a linearly independent subset of S. Then M < N.

Proof: Suppose that M > N. Let By = {w!,...,w™}. To obtain the set
By, form the set C; = {vl,wl, ...,wN} and remove the first member of C;
that is a linear combination of members of C; that occur to its left in the
listing; since v' has no members to its left, it is not removed. Since W is
a spanning set, v! is a linear combination of the members of W, so that
some member of W is a linear combination of v* and the members of W
that precede it in the list; remove the first member of W for which this is
true.

We note that the set Bj is a spanning set for S and has N members.
Having obtained the spanning set By, with N members and whose first k
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members are v¥,...,v!, we form the set Cy;1 = By U {v¥*1}, listing the
members so that the first k+ 1 of them are {v**1 0% ... v'}. To get the set
By11 we remove the first member of Cj4; that is a linear combination of
the members to its left; there must be one, since By is a spanning set, and
so v**1 is a linear combination of the members of By. Since the set V is
linearly independent, the member removed is from the set W. Continuing
in this fashion, we obtain a sequence of spanning sets By, ..., By, each with
N members. The set By is By = {v!,...,o™} and vV*! must then be
a linear combination of the members of By, which contradicts the linear
independence of V. |

Corollary 7.1 FEwvery basis for a subspace S has the same number of ele-
ments.

Definition 7.5 The dimension of a subspace S is the number of elements
in any basis.

7.3.2 The Rank of a Matrix

Let A by an I by J matrix and = a J by 1 column vector. The equation
Ax = b tells us that the vector b is a linear combination of the columns of
the matrix A, with the entries of the vector x as the coefficients; that is,

_ 1 2 J
b=x1a" + 220+ ... +x 507,

where a’ denotes the jth column of A. Similarly, when we write the product
C = AB, we are saying that the kth column of C is a linear combination of
the columns of A, with the entries of the kth column of B as coefficients.
It will be helpful to keep this in mind when reading the proof of the next
lemma.

Lemma 7.2 For any matriz A, the mazximum number of linearly indepen-
dent rows equals the mazimum number of linearly independent columns.

Proof: Suppose that A is an [ by J matrix, and that K < J is the
maximum number of linearly independent columns of A. Select K linearly
independent columns of A and use them as the K columns of an [ by K
matrix U. Since every column of A must be a linear combination of these
K selected ones, there is a K by J matrix M such that A = UM. From
AT = MTUT we conclude that every column of A7 is a linear combination
of the K columns of the matrix MT. Therefore, there can be at most K
linearly independent columns of A7 . |
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Definition 7.6 The rank of A is the maximum number of linearly inde-
pendent rows or of linearly independent columns of A.

Proposition 7.1 The rank of C = AB is not greater than the smaller of
the rank of A and the rank of B.

Proof: Every column of C is a linear combination of the columns of A, so
the rank of C' cannot exceed that of A. Since the rank of CT is the same as
that of C, the proof is complete. |

Definition 7.7 We say that an M by N matriz A has full rank if its rank
is as large as possible; that is, the rank of A is the smaller of the two
numbers M and N.

Definition 7.8 A square matriz A is invertible if there is a matriz B such
that AB = BA = I. Then B is the inverse of A and we write B = A™1.

Proposition 7.2 Let A be a square matriz. If there are matrices B and
C such that AB=1 and CA=1, then B=C = AL

Proof: From AB = I we have C = C(AB) = (CA)B =1B = B. |

Proposition 7.3 A square matriz A is invertible if and only if it has full
rank.

Proof: We leave the proof as Exercise 7.2. |

Corollary 7.2 A square matriz A is invertible if and only if there is a
matriz B such that AB is invertible.

There are many other conditions that are equivalent to A being invertible;
we list several of these in the next subsection.

7.3.3 The “Matrix Inversion Theorem”

In this subsection we bring together several of the conditions equiv-
alent to saying that an N by N matrix A is invertible. Taken together,
these conditions are sometimes called the “Matrix Inversion Theorem?”.
The equivalences on the list are roughly in increasing order of difficulty of
proof. The reader is invited to supply proofs. We begin with the definition
of invertibility.

o 1. We say A is invertible if there is a matrix B such that AB = BA =
I. Then B = A™', the inverse of A.

e 2. A is invertible if and only if there are matrices B and C such that
AB=CA=1 Then B=C = A"
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e 3. A is invertible if and only if the rank of A is N.

e 4. A is invertible if and only if there is a matrix B with AB = I.
Then B = A~1L.

5. A is invertible if and only if the columns of A are linearly indepen-
dent.

e 6. A is invertible if and only if Az = 0 implies x = 0.

e 7. A is invertible if and only if A can be transformed by elementary
row operations into an upper triangular matrix having no zero entries
on its main diagonal.

e 8. A is invertible if and only if its determinant is not zero.

e 9. A is invertible if and only if A has no zero eigenvalues.

7.3.4 Systems of Linear Equations

Consider the system of three linear equations in five unknowns given by

T + 229 +2x4 HFax5=0
—T] — X2 +x3 + x4 =0
T, + 2x9 —3T3 — T4 —2x5 = 0.

This system can be written in matrix form as Ax = 0, with A the coefficient
matrix

1 2 0 2 1
A=1|-1 -1 1 1 o0, (7.3)
1 2 -3 -1 -2

and x = (x1, T2, 23,74, 75)" . Applying Gaussian elimination to this system,
we obtain a second, simpler, system with the same solutions:

I — 21’4 +x5 = 0
Xro + 2934 =0

T3+ T4 +z5 = 0.

From this simpler system we see that the variables x4 and x5 can be freely
chosen, with the other three variables then determined by this system of
equations. The variables x4 and x5 are then independent, the others de-
pendent. The variables x1,zs and x3 are then called basic variables. To
obtain a basis of solutions we can let z4 = 1 and x5 = 0, obtaining the
solution z = (2,—-2,—1,1,0)7, and then choose 4 = 0 and x5 = 1 to
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get the solution x = (—1,0,—1,0,1)T. Every solution to Az = 0 is then a
linear combination of these two solutions. Notice that which variables are
basic and which are non-basic is somewhat arbitrary, in that we could have
chosen as the non-basic variables any two whose columns are independent.

Having decided that x4 and x5 are the non-basic variables, we can write
the original matrix A as A = [B N }, where B is the square invertible
matrix

1 2 0
B=|-1 -1 1], (7.4)
1 2 -3
and N is the matrix
2 1
N=|1 o0 (7.5)
-1 -2
With 25 = (21,29, 73)7 and 2y = (24, 75)7 we can write
Az = Bxp + Nzy =0, (7.6)
so that
rp = —B_lN],‘N. (77)

7.3.5 Real and Complex Systems of Linear Equations

A system Ax = b of linear equations is called a complex system, or a
real system if the entries of A, x and b are complex, or real, respectively.
For any matrix A, we denote by AT and Af the transpose and conjugate
transpose of A, respectively.

Any complex system can be converted to a real system in the following
way. A complex matrix A can be written as A = A; + ¢As, where A; and
Ay are real matrices and i = v/—1. Similarly, = 2! 4+ iz? and b = b' +1ib?,
where 2!, 22, b' and b? are real vectors. Denote by A the real matrix

i A —A
A_{AQ Al}’ (7.8)

by & the real vector
M1
T = 2} , (7.9)

and by b the real vector

S
I

bl} . (7.10)
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Then «x satisfies the system Ax = b if and only if & satisfies the system
Af =b.

The matrices A, & and b are in block-matriz form, meaning that the
entries of these matrices are described in terms of smaller matrices. This is
a convenient shorthand that we shall use repeatedly in this text. When we
write AZ = b, we mean

Alxl — A2I2 = bl,
and
AQSCI —+ All’z = b2.

Definition 7.9 A square matriz A is symmetric if AT = A and Hermitian

if AT = A.

Definition 7.10 A non-zero vector x is said to be an eigenvector of the
square matriz A if there is a scalar A such that Ax = Ax. Then X is said
to be an eigenvalue of A.

If = is an eigenvector of A with eigenvalue A, then the matrix A — A\I
has no inverse, so its determinant is zero; here I is the identity matrix with
ones on the main diagonal and zeros elsewhere. Solving for the roots of the
determinant is one way to calculate the eigenvalues of A. For example, the
eigenvalues of the Hermitian matrix

1 2+
B_[Z—i 1]

are A = 14+ 5 and A = 1 — /5, with corresponding eigenvectors
u = (v5,2 =47 and v = (v/5,i — 2)7, respectively. Then B has the
same eigenvalues, but both with multiplicity two. Finally, the associated
eigenvectors of B are

(7.11)

[“2} , (7.12)
and

H{Q] , (7.13)
for A\ =1+ /5, and

Lﬂ , (7.14)
and

{_1{2] , (7.15)

for A\=1—1+/5.
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7.4 LU and R Factorization

Let S be a real N by N matrix. Two important methods for solving
the system Sx = b, the LU factorization and the QR factorization, involve
factoring the matrix S and thereby reducing the problem to finding the
solutions of simpler systems.

In the LU factorization, we seek a lower triangular matrix L and an
upper triangular matrix U so that S = LU. We then solve Sz = b by
solving Lz = b and Uz = z.

In the QR factorization, we seek an orthogonal matrix @, that is, Q7 =
Q~!, and an upper triangular matrix R so that S = QR. Then we solve
Sz = b by solving the upper triangular system Rz = Q7b.

7.5 The LU Factorization

The matrix

2 11
S=14 10
-2 21
can be reduced to the upper triangular matrix
2 1 1
U=10 -1 -2
0o 0 -4

through three elementary row operations: first, add —2 times the first row
to the second row; second, add the first row to the third row; finally, add
three times the new second row to the third row. Each of these row opera-
tions can be viewed as the result of multiplying on the left by the matrix
obtained by applying the same row operation to the identity matrix. For
example, adding —2 times the first row to the second row can be achieved
by multiplying A on the left by the matrix

1 0 0]
Li=|-2 1 0f;
0 0 1]
note that the inverse of L; is
1 0]
Li'=12 1 0
0 1]



Matrices 93

We can write
L3Lo[,S =1,

where Ly, Ly, and L3 are the matrix representatives of the three elementary
row operations. Therefore, we have

S=L7'L; L' U = LU.

This is the LU factorization of S. As we just saw, the LU factorization can
be obtained along with the Gauss elimination.

7.5.1 A Shortcut

There is a shortcut we can take in calculating the LU factorization. We
begin with the identity matrix I, and then, as we perform a row operation,
for example, adding —2 times the first row to the second row, we put the
number 2, the multiplier just used, but with a sign change, in the second
row, first column, the position of the entry of S that was just converted to
zero. Continuing in this fashion, we build up the matrix L as

1 0 O
L=1|2 1 0},
-1 -3 1
so that
2 1 1 1 0 0] (2 1 1
S=14 1 0|=1|2 1 0|0 -1 -2
-2 21 -1 -3 1|0 0 -4

The entries of the main diagonal of L will be all ones. If we want the
same to be true of U, we can rescale the rows of U and obtain the factor-
ization S = LDU, where D is a diagonal matrix.

7.5.2 A Warning!

We have to be careful when we use the shortcut, as we illustrate now.
For the purpose of this discussion let’s use the terminology R; 4+ aR; to
mean the row operation that adds a times the jth row to the ith row,
and aR; to mean the operation that multiplies the ith row by a. Now we
transform S to an upper triangular matrix U using the row operations

o 1. %Rl;
o 2. R2 + (—4)31;
e 3. R34+ 2Rq;
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o 4. R3 + 3R2;
e 5. (—1)R2; and finally,

e 6. (F)Rs.
We end up with
1 1/2 1/2
U=10 1 2
0 O 1

If we use the shortcut to form the lower triangular matrix L, we find that

2 0 0
L=|4 -1 0
-2 -3 -4

Let’s go through how we formed L from the row operations listed above.
We get L1; = 2 from the first row operation, Ly; = 4 from the second,
L3y = —2 from the third, L3z = —3 from the fourth, Loy = —1 from the
fifth, and Lg3 = _Tl from the sixth. But, if we multiple LU we do not get
back S! The problem is that we performed the fourth operation, adding
to the third row three times the second row, before the (2,2) entry was
rescaled to one. Suppose, instead, we do the row operations in this order:

o 1. %Rl;

e 2. Ry + (—4)Ry;

e 3. Rz + 2Ry;

o 4. (—1)Ry;

e 5. R3 — 3R,; and finally,
e 6. (F)Rs.

Then the entry Lss becomes 3, instead of —3, and now LU = S. The
message is that if we want to use the shortcut and we plan to rescale the
diagonal entries of U to be one, we should rescale a given row prior to
adding any multiple of that row to another row; otherwise, we can get the
wrong L. The problem is that certain elementary matrices associated with
row operations do not commute.
We just saw that
L=L7'Ly'Lst

However, when we form the matrix L simultaneously with performing the
row operations, we are, in effect, calculating

L'yt
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Most of the time the order doesn’t matter, and we get the correct L anyway.
But this is not always the case. For example, if we perform the operation
%Rl, followed by Rs + (—4)R1, this is not the same as doing Rs + (—4) Ry,
followed by %Rl.

With the matrix L; representing the operation %Rl and the matrix
Lo representing the operation Ry + (—4)Rp, we find that storing a 2 in
the (1,1) position, and then a +4 in the (1,2) position as we build L is
not equivalent to multiplying the identity matrix by Ly 1Lf1 but rather
multiplying the identity matrix by

(Ly'Ly L)Lyt = Lyt Ly
which is the correct order.
To illustrate this point, consider the matrix & given by
2 1 1
S=14 1 0
0 0 1

In the first instance, we perform the row operations Ry + (—2) R, followed
by %Rl to get

1 05 0.5
U=1|0 -1 -2
0 0 1

Using the shortcut, the matrix L becomes
2 0 0

L=|2 1 0],
0 0 1

but we do not get S = LU. We do have U = Ly L4.S, where

1 00
Ly=1(-2 1 0f,

|0 0 1]

and _
05 0 0
Lo=1(0 1 0f,

L0 0 1]

so that S = LT Ly U and the correct L is

L=L{'Ly' =

O =N
o = O
= o O
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But when we use the shortcut to generate L, we effectively multiply the
identity matrix first by L1_1 and then by L3 ! giving the matrix Ly 1L1_1
as our candidate for L. But L7'Ly;" and Ly 'Ly are not the same. But
why does reversing the order of the row operations work?

When we perform %Rl first, and then Ry + (—4)R; to get U, we are
multiplying S first by Lo and then by the matrix

1 00
E=]1-4 10
0 01

The correct L is then L = Ly 'E~1.

When we use the shortcut, we are first multiplying the identity by the
matrix L; " and then by a second matrix that we shall call J; the correct
L must then be L = JL;"'. The matrix J is not £, but

J=L;'E'L,,

so that
L=JLy' = L;'E7 'Lyl = Ly E7Y

which is correct.

Note that it may not be possible to obtain A = LDU without first
permuting the rows of A; in such cases we obtain PA = LDU, where P is
obtained from the identity matrix by permuting rows.

Suppose that we have to solve the system of linear equations Ax = b.
Once we have the LU factorization, it is a simple matter to find z: first,
we solve the system Lz = b, and then solve Uz = z. Because both L and
U are triangular, solving these systems is a simple matter. Obtaining the
LU factorization is often better than finding A~'; when A is banded, that
is, has non-zero values only for the main diagonal and a few diagonals on
either side, the L and U retain that banded property, while A~! does not.

If A is real and symmetric, and if A = LDU, then U = LT, so we have
A = LDLT. If, in addition, the non-zero entries of D are positive, then we

can write
A= (LVD)(LVD)T,

which is the Cholesky Decomposition of A.

7.5.3 The QR Factorization and Least Squares

The least-squares solution of Az = b is the solution of AT Az = ATb.
Once we have A = QR, we have ATA = RTQTQR = RTR, so we find
the least squares solution easily, by solving RTz = A”b, and then Rz = z.
Note that A”A = RTR is the Cholesky decomposition of AT A.
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7.6 Exercises

Ex. 7.1 Let W = {w!,...,wN} be a spanning set for a subspace S in R,
and V. = {v',..,oM} a linearly independent subset of S. Let A be the
matrix whose columns are the v'™™, B the matrix whose columns are the
w™. Show that there is an N by M matriz C such that A = BC. Prove
Lemma 7.1 by showing that, if M > N, then there is a non-zero vector x
with Cx = Az = 0.

Ex. 7.2 Prove Proposition 7.3.
Ex. 7.3 Prove that if L is invertible and lower triangular , then so is L1,
Ex. 7.4 Show that the symmetric matriz
w=[i )
cannot be written as H = LDLT .
Ex. 7.5 Show that the symmetric matriz
w=[i )
cannot be written as H = LU, where L is lower triangular, U is upper
triangular, and both are invertible.
Ex. 7.6 Let F be an invertible matriz that is the identity matriz, except

for column s. Show that E = F~! is also the identity matriz, except for
the entries in column s, which can be explicitly calculated from those of F.
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8.2 Primal and Dual Problems

The fundamental problem in linear programming is to minimize the
function

fx)=(c,x)=c-x=c"x, (8.1)

over the feasible set F', that is, the convex set of all x > 0 with Az = b.
This is the primal problem in standard form, denoted PS; the set F is then
the feasible set for PS. We shall use theorems of the alternative to establish
the basic facts about LP problems.

Shortly, we shall present an algebraic description of the extreme points
of the feasible set F', in terms of basic feasible solutions, show that there
are at most finitely many extreme points of F' and that every member of
F can be written as a convex combination of the extreme points, plus a
direction of unboundedness. These results are also used to prove the basic
theorems about linear programming problems and to describe the simplex
algorithm.

Associated with the basic problem in LP, called the primary problem,
there is a second problem, the dual problem. Both of these problems can be
written in two equivalent ways, the canonical form and the standard form.

8.2.1 An Example

Consider the problem of maximizing the function f(x1,z2) = 21 + 224,
over all 1 > 0 and x5 > 0, for which the inequalities

1 + z2 < 40,

and
2x1 + x9 <60

are satisfied. The set of points satisfying all four inequalities is the quadri-
lateral with vertices (0,0), (30,0), (20,20), and (0,40); draw a picture.
Since the level curves of the function f are straight lines, the maximum
value must occur at one of these vertices; in fact, it occurs at (0,40) and
the maximum value of f over the constraint set is 80. Rewriting the problem
as minimizing the function —x; — 2x9, subject to x; > 0, x5 > 0,

—T1 — T2 Z —40,

and
—21‘1 — X9 Z —60,

the problem is now in what is called primal canonical form.
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8.2.2 Canonical and Standard Forms
Let b and ¢ be fixed vectors and A a fixed matrix. The problem
minimize z = ¢’ x, subject to Az > b, x > 0 (PC) (8.2)

is the so-called primary problem of LP, in canonical form. The dual problem
in canonical form is

maximize w = b’ y, subject to ATy < ¢, y > 0. (DC) (8.3)
The primary problem, in standard form, is
minimize z = ¢’ x, subjectto Az = b, x > 0 (PS) (8.4)
with the dual problem in standard form given by
maximize w = b’ y, subject to ATy < ¢. (DS) (8.5)

Notice that the dual problem in standard form does not require that y be
nonnegative. Note also that PS makes sense only if the system Az = b has
solutions. For that reason, we shall assume, for the standard problems, that
the I by J matrix A has at least as many columns as rows, so J > I, and

A has full rank [.
The primal problem PC can be rewritten in dual canonical form, as

maximize (—c)” z, subject to (—A)z < —b, > 0.
The corresponding primal problem is then
minimize (—b)7y, subject to (—A)Ty > —¢, y > 0,
which can obviously be rewritten as problem DC. This “symmetry”of the

canonical forms will be useful later in proving strong duality theorems.

8.2.3 From Canonical to Standard and Back

If we are given the primary problem in canonical form, we can convert
it to standard form by augmenting the variables, that is, by introducing
the slack variables

for i =1,...,I, and rewriting Ax > b as
Az = b, (8.7)

for A = [A —I] and & = [z7 wT]T. If PC has a feasible solution, then
so does its PS version. If the corresponding dual problem DC is feasible,
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then so is its DS version; the new c is ¢ = [¢! 07]7. The quantities z and
w remain unchanged.

If we are given the primary problem in standard form, we can convert
it to canonical form by writing the equations as inequalities, that is, by
replacing Az = b with the two matrix inequalities Az > b, and (—A)x > —b
and writing Az > b, where A = [AT — AT]T and b = [pT — bT]7. If the
problem PS is feasible, then so is its PC version. If the corresponding dual
problem DS is feasible, so is DC, where now the new y is § = [uf —
v1]T, where u; = max{y;,0} and v; = y; — u;. Again, the z and w remain
unchanged.

8.2.4 Weak Duality

Consider the problems PS and DS. Say that « is feasible for PSif x > 0
and Ax = b. Let F be the set of such feasible x. Say that y is feasible for
DS if ATy < c. When it is clear from the context which problems we are
discussing, we shall simply say that x and y are feasible.

The Weak Duality Theorem is the following:

Theorem 8.1 Let x and y be feasible vectors. Then

z=cz>b"y=w. (8.8)

Corollary 8.1 If z is not bounded below, then there are no feasible y.

Corollary 8.2 If x and y are both feasible, and z = w, then both x and y
are optimal for their respective problems.

The proof of the theorem and its corollaries are left as exercises.

8.2.5 Primal-Dual Methods

The nonnegative quantity ¢’ « —b”y is called the duality gap. The com-
plementary slackness condition says that, for optimal = and y, we have

j(e; — (ATy);) =0, (8.9)

for each j. Introducing the slack variables s; > 0, for j = 1,...,J, we can
write the dual problem constraint ATy < ¢ as ATy + s = ¢. Then the
complementary slackness conditions x;5; = 0 for each j are equivalent to
z = w, so the duality gap is zero. Primal-dual algorithms for solving linear
programming problems are based on finding sequences of vectors {z*},
{y*}, and {s*} that drive z¥s¥ down to zero, and therefore, the duality
gap down to zero [163].
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8.2.6 Strong Duality

The Strong Duality Theorems make a stronger statement. One such
theorem is the following.

Theorem 8.2 If one of the problems PS or DS has an optimal solution,
then so does the other and z = w for the optimal vectors.

Another strong duality theorem is due to David Gale [115].

Theorem 8.3 (Gale’s Strong Duality Theorem) If both problems PC
and DC have feasible solutions, then both have optimal solutions and the
optimal values are equal.

8.3 The Basic Strong Duality Theorem

In this section we state and prove a basic strong duality theorem that
has, as corollaries, both Theorem 8.2 and Gale’s Strong Duality Theorem
8.3, as well as other theorems of this type. The proof of this basic strong
duality theorem is an immediate consequence of Farkas’ Lemma, which we
repeat here for convenience.

Theorem 8.4 (Farkas’ Lemma)[110] Precisely one of the following is
true:

e (1) there is © > 0 such that Az = b;
e (2) there is y such that ATy >0 and b7y < 0.

We begin with a few items of notation. Let p be the infimum of the
values ¢z, over all > 0 such that Az = b, with p = oo if there are no
such z. Let p* be the supremum of the values b7y, over all y such that
ATy < ¢, with p* = —o0 if there are no such y. Let v be the infimum of the
values ¢T'z, over all x > 0 such that Az > b, with v = oo if there are no
such z. Let v* be the supremum of the values b7y, over all y > 0 such that
ATy < ¢, with v* = —oo0 if there are no such y. Our basic strong duality
theorem is the following.

Theorem 8.5 (Basic Strong Duality Theorem) If p* is finite, then
the primal problem PS has an optimal solution & and cT'& = p*.

Proof: Consider the system of inequalities given in block-matrix form by

k=l w0
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and
[T p*] m <0. (8.11)

Here r is a column vector and « is a real number. We show that this system
has no solution.

If there is a solution with a > 0, then y = ér is feasible for the dual
problem DS, but b7y > p*, contradicting the definition of p*.

If there is a solution with o = 0, then A”7r < 0, and b”r > 0. We know
that the problem DS has feasible vectors, so let § be one such. Then the
vectors § + nr are feasible vectors, for n = 1,2, .... But b7 (§ + nr) — +o0,
as n increases, contradicting the assumption that p* is finite.

Now, by Farkas’ Lemma, there must be & > 0 and # > 0 such that
Az =band ’'# = p* — B < p*. It follows that & is optimal for the primal
problem PS and ¢”'# = p*. |

Now we reap the harvest of corollaries of this basic strong duality the-
orem. First, recall that LP problems in standard form can be reformulated
as LP problems in canonical form, and vice versa. Also recall the “symme-
try” of the canonical forms; the problem PC can be rewritten in form of
a DC problem, whose corresponding primal problem in canonical form is
equivalent to the original DC problem. As a result, we have the following
corollaries of Theorem 8.5.

Corollary 8.3 Let p be finite. Then DS has an optimal solution § and
BTy = p.

Corollary 8.4 Let v be finite. Then DC has an optimal solution § and
by = w.

Corollary 8.5 Let v* be finite. Then PC has an optimal solution & and
T

c'x=v".
Corollary 8.6 Let p or p* be finite. Then both PS and DS have optimal
solutions & and 7, respectively, with c'& = b''g).

Corollary 8.7 Let v or v* be finite. Then both PC and DC have optimal
solutions & and 7, respectively, with & = bT'g.

In addition, Theorem 8.2 follows as a corollary, since if either PS or DS
has an optimal solution, then one of p or p* must be finite. Gale’s Strong
Duality Theorem 8.3 is also a consequence of Theorem 8.5, since, if both
PC and DC are feasible, then both v and v* must be finite.
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8.4 Another Proof

We know that Theorem 8.2 is a consequence of Theorem 8.5, which, in
turn, follows from Farkas’ Lemma. However, it is instructive to consider an
alternative proof. For that, we need some definitions and notation.

Definition 8.1 A point x in F is said to be a basic feasible solution if the
columns of A corresponding to positive entries of x are linearly independent.

Recall that, for PS, we assume that J > [ and the rank of A is I.
Consequently, if, for some nonnegative vector x, the columns j for which
x; is positive are linearly independent, then z; is positive for at most I
values of j. Therefore, a basic feasible solution can have at most I positive
entries. For a given set of entries, there can be at most one basic feasible
solution for which precisely those entries are positive. Therefore, there can
be only finitely many basic feasible solutions.

Now let x be an arbitrary basic feasible solution. Denote by B an invert-
ible matrix obtained from A by deleting J — I columns associated with zero
entries of x. Note that, if x has fewer than I positive entries, then some
of the columns of A associated with zero values of x; are retained. The
entries of an arbitrary vector y corresponding to the columns not deleted
are called the basic variables. Then, assuming that the columns of B are
the first I columns of A, we write y” = (y%,y%), and

A=[B NJ, (8.12)

so that Ay = Byg + Nyy, Az = Bxp = b, and x5 = B~ 'b.

The following theorems are taken from the book by Nash and Sofer
[163]. We begin with a characterization of the extreme points of F' (recall
Definition 6.22).

Theorem 8.6 A point x is in Ext(F) if and only if x is a basic feasible
solution.

Proof: Suppose that z is a basic feasible solution, and we write 27 =
(L,07), A = [B N]. If  is not an extreme point of F', then there are
y#xand z #zin F, and « in (0,1), with

z=(1-a)y+az. (8.13)
Then y* = (yL,y%), 27 = (2%, 2%), and yn > 0, 2y > 0. From

O=2ny=(1—-a)yn + (a)zn (8.14)
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it follows that
yn = zn =0, (8.15)

and b = Byp = Bzp = Bxp. But, since B is invertible, we have zp =
yp = zp. This is a contradiction, so z must be in Ext(F).

Conversely, suppose that z is in Ext(F'). Since z is in F', we know that
Ax = b and x > 0. By reordering the variables if necessary, we may assume
that 27 = (2%, 2%), with 25 > 0 and 2y = 0; we do not know that zp is
a vector of length I, however, so when we write A = [B N ], we do not
know that B is square.

If the columns of B are linearly independent, then, by definition, z is a
basic feasible solution. If the columns of B were not linearly independent,
we could construct y # = and z # x in F, such that

1 1
x = 2y+ 5% (8.16)
as we now show. If {By, Ba, ..., Bk} are the columns of B and are linearly
dependent, then there are constants pi, ps, ..., px, not all zero, with

With p? = (p1, ..., px), we have
B(zp + ap) = B(xp —ap) = Bxp = b, (8.18)

for all @ € (0,1). We then select « so small that both zp + ap > 0 and
zp —ap > 0. Let

y" = (¢ +ap”,07) (8.19)
and
21 = (25 — ap”,07). (8.20)

Therefore x is not an extreme point of F, which is a contradiction. This
completes the proof. |

Corollary 8.8 There are at most finitely many basic feasible solutions, so
there are at most finitely many members of Ext(F ).

Theorem 8.7 If F' is not empty, then Ext(F') is not empty. In that case,
let {vl,...,oM} be the members of Ext(F). Every x in F can be written as

z=d+agv' + ... + apyo™, (8.21)

for some a,,, > 0, with 2%21 am = 1, and some direction of unbounded-
ness, d.
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Proof: We consider only the case in which F' is bounded, so there is no
direction of unboundedness; the unbounded case is similar. Let = be a
feasible point. If = is an extreme point, fine. If not, then z is not a basic
feasible solution and the columns of A that correspond to the positive
entries of x are not linearly independent. Then we can find a vector p such
that Ap =0 and p; = 0 if z; = 0. If |¢| is small enough, z + ep is in F' and
(x +ep); = 01if ; = 0. Our objective now is to find another member of F’
that has fewer positive entries than z has.

We can alter € in such a way that eventually y = x + ep has at least one
more zero entry than x has. To see this, let

—e=2E — min (x—J|:c] >0,p; > 0).
Pk pj

Then the vector = + ep is in F' and has fewer positive entries than x has.

Repeating this process, we must eventually reach the point at which there

is no such vector p. At this point, we have obtained a basic feasible solution,

which must then be an extreme point of F'. Therefore, the set of extreme

points of F' is not empty.

The set G of all z in F' that can be written as in Equation (8.21) is a
closed set. Consequently, if there is x in F' that cannot be written in this
way, there is a ball of radius r, centered at x, having no intersection with
G. We can then repeat the previous construction to obtain a basic feasible
solution that lies within this ball. But such a vector would be an extreme
point of F'; and so would have to be a member of GG, which would be a
contradiction. Therefore, every member of F' can be written according to
Equation (8.21). |

Proof of Theorem 8.2: Suppose now that x, is a solution of the problem
PS and z, = ¢Tz,. Without loss of generality, we may assume that z, is a
basic feasible solution, hence an extreme point of F' (Why?). Then we can
write

I = ((B7')T,07), (8.22)

*

' = (ck, %), (8.23)
and A= [B N|. We shall show that
ye = (B ep,
which depends on x, via the matrix B, and

2. =cla, = yfb = Ww,.
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Every feasible solution has the form
2 = ((B7'0)",07) + (B~*Nv)T,vT), (8.24)
for some v > 0. From ¢’z > ¢Tx, we find that
(X —cEB7IN)(v) >0, (8.25)
for all v > 0. It follows that
ch—cEBTIN =0. (8.26)

Now let y, = (B~ 1)Tcp, or yI' = ¢EB~1. We show that y, is feasible for
DS; that is, we show that

ATy, < (T, (8.27)
Since
e A= (y: Byl N) = (cp,y. N) = (cp,c;BT'N) (8.28)
and
ch >cEBTIN, (8.29)
we have
yrA<cr, (8.30)

S0 ¥, is feasible for DS. Finally, we show that

', =yTb. (8.31)

We have
yIo=cEB ' = cTa,. (8.32)
This completes the proof. |

8.5 Proof of Gale’s Strong Duality Theorem

As we have seen, Gale’s Strong Duality Theorem 8.3 is a consequence
of Theorem 8.5, and so follows from Farkas’ Lemma. Gale’s own proof,
which we give below, is somewhat different, in that he uses Farkas’ Lemma
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to obtain Theorem 6.11, and then the results of Theorem 6.11 to prove
Theorem 8.3.

We show that there are non-negative vectors = and y such that Az > b,
ATy < ¢, and b7y — T2 > 0. It will then follow that z = ¢’z = bTy = w,
so that = and y are both optimal. In matrix notation, we want to find x > 0
and y > 0 such that

A 0 b
0 —AT| || > |=c|. (8.33)
—T pT Y

In order to use Theorem 6.11, we rewrite (8.33) as

A0 —b
0 AT |*|<|e]. (8.34)
y
¢t =T 0

We assume that there are no x > 0 and y > 0 for which the inequalities
in (8.34) hold. Then, according to Theorem 6.11, there are non-negative
vectors s and ¢, and non-negative scalar p such that

-AT 0 ¢ 5
I .59
p
and
S
[T T 0] |t] <o. (8.36)
P

Note that p cannot be zero, for then we would have ATs < 0 and
At > 0. Taking feasible vectors x and %, we would find that s” Az < 0,
which implies that b7's < 0, and t” ATy > 0, which implies that ¢'t > 0.
Therefore, we could not also have ¢’'t —bTs < 0.

Writing out the inequalities, we have

pctt > sT At > sT(pb) = psTb.

Using p > 0, we find that
't >vls,

which is a contradiction. Therefore, there do exist x > 0 and y > 0 such
that Az > b, ATy <c, and bTy — 'z > 0. |
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8.6 Some Examples

We give two well known examples of LP problems.

8.6.1 The Diet Problem

There are nutrients indexed by ¢ = 1, ..., I and our diet must contain at
least b; units of the ith nutrient. There are J foods, indexed by j =1, ..., J,
and one unit of the jth food cost ¢; dollars and contains A;; units of the
ith nutrient. The problem is to minimize the cost, while obtaining at least
the minimum amount of each nutrient.

Let z; > 0 be the amount of the jth food that we consume. Then we
need Az > b, where A is the matrix with entries 4;;, b is the vector with
entries b; and x is the vector with entries x; > 0. With ¢ the vector with
entries ¢;, the total cost of our food is z = c¢Tz. The problem is then to
minimize z = ¢z, subject to Az > b and = > 0. This is the primary LP
problem, in canonical form.

8.6.2 The Transport Problem

We must ship products from sources to destinations. There are I
sources, indexed by ¢ = 1, ..., I, and J destinations, indexed by j =1, ..., J.
There are a; units of product at the ith source, and we must have at least
b; units reaching the jth destination. The customer will pay C;; dollars
to get one unit from i to j. Let x;; be the number of units of product
to go from the ith source to the jth destination. The producer wishes to
maximize income, that is,

maximize E Oij Tij,

4,J
subject to
i > 0,
I
Zzij > bj,
i=1
and

J
E Lij S Q.
Jj=1
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Obviously, we must assume that

I J
Z a; Z Z bj.
i=1 Jj=1

This problem is not yet in the form of the LP problems considered so far.
It also introduces a new feature, namely, it may be necessary to have z;; a
non-negative integer, if the products exist only in whole units. This leads
to integer programming.

8.7 The Simplex Method

In this section we sketch the main ideas of the simplex method. For
further details see [163].

Begin with Z, a basic feasible solution of PS. Assume, as previously,
that

A=[B NI, (8.37)

where B is an I by I invertible matrix obtained by deleting from A some
(but perhaps not all) columns associated with zero entries of Z. As before,
we assume the variables have been ordered so that the zero entries of &
have the highest index values. The entries of an arbitrary x corresponding
to the first I columns are the basic variables. We write 27 = (2%, %), and

so that &y =0, A% = Big = b, and &5 = B~ 'b. The current value of z is
2=cLigp=cLkB™'b.

We are interested in what happens to z as xy takes on positive entries.
For any feasible x we have Ax = b= Bxg + Nz,, so that

zp =B 'b— B !Nzy,

and
z=c'z=chap+chay =c5(B7'0 - B 'Nzy) + chan.
Therefore,
o= BB+ (& — BB Ny = 54T,
where

rT = (ck — cEB7IN).
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The vector r is called the reduced cost vector. We define the vector 3y =
cE B! of simplex multipliers, and write

z—s2=rTaey = (c —yT"N)zy.

We are interested in how z changes as we move away from & and permit
xn to have positive entries.

If xx is non-zero, then z changes by r7zx. Therefore, if r > 0, the
current Z cannot be made smaller by letting x have some positive entries;
the current & is then optimal. Initially, at least, r will have some negative
entries, and we use these as a guide in deciding how to select x .

Keep in mind that the vectors x and r have length J — I and the jth
column of N is the (I 4 j)th column of A.

Select an index j such that

rj <0, (8.38)

and r; is the most negative of the negative entries of 7. Then z; is called
the entering variable. Compute d° = B~'a’, where a’ is the (I + j)th
column of A, which is the jth column of N. If we allow (zn); = z14; to
be positive, then

xp=B'b—x7;B e’ = B —wpyd.
We need to make sure that xp remains non-negative, so we need
(B7'0);i — w1y d] >0,
for all indices ¢ = 1, ..., I. If the ith entry d{ is negative, then (z5); increases
as xr4; becomes positive; if d/ = 0, then (zp); remains unchanged. The

problem arises when d! is positive.
Find an index s in {1, ..., I} for which

B—l B—l . .
(dijb)s = min{% :d! > 0}. (8.39)

Then z, is the leaving variable, replacing x;4;; that is, the new set of
indices corresponding to new basic variables will now include I + j, and no
longer include s. The new entries of & are Z, = 0 and

(B~1b),

.
We then rearrange the columns of A to redefine B and N, and rearrange
the positions of the entries of =, to get the new basic variables vector =g,
the new xn and the new c¢. Then we repeat the process.

In Exercise 8.6 you are asked to show that when we have reached the

optimal solution for the primal problem PS the vector y with y? = ¢cLB~!
is feasible for the dual problem DS and is the optimal solution for DS.

Tryy =
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8.8 The Sherman-Morrison-Woodbury Identity

It is helpful to note that when the columns of A are rearranged and a
new B is defined, the new B differs from the old B in only one column.
Therefore

Bnew = Bold - u,UT’ (840)

where u is the column vector that equals the old column minus the new
one, and v is the column of the identity matrix corresponding to the column
of Boiq being altered. In Exercise 8.5 the reader is asked to prove that

1—v" B ju#0.

Once we know that, the inverse of Byey can be obtained fairly easily from
the inverse of Byq using the Sherman-Morrison-Woodbury Identity.
When B is invertible, we have

(B—w") ' =B ' +a (B u)(v" BT, (8.41)

whenever
a=1—vIB lu#0.

When o = 0, the matrix B — uv” has no inverse. We shall illustrate this in
the example below.

For large-scale problems, issues of storage, computational efficiency and
numerical accuracy become increasingly important [202]. For such prob-
lems, other ways of updating the matrix B~! are used.

Let F be the identity matrix, except for having the vector d’ as column
s. It is easy to see that B"Y = BF, so that (B"V)~! = EB~! where
E = F~!. In Exercise 7.6 you are asked to show that E is also the identity
matrix, except for the entries in column s, which can be explicitly calculated
(see [163]). Therefore, as the simplex iteration proceeds, the next (B"°V)~1
can be represented as

(Bnew)fl _ EkEkfl . Elel’

where B is the original matrix selected at the beginning of the calculations,
and the other factors are the E matrices used at each step.

Another approach is to employ the LU-decomposition method for solv-
ing systems of linear equations, with numerically stable procedures for up-
dating the matrices L and U as the columns of B are swapped. Finding
methods for doing this is an active area of research [202].
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8.9 An Example of the Simplex Method

Consider once again the problem of maximizing the function f(x1,z2) =
x1 + 229, over all 1 > 0 and zo > 0, for which the inequalities

1 + x2 < 40,

and
2x1 + x2 < 60

are satisfied. In PS form, the problem is to minimize the function —x; —2x5,
subject to x1 > 0, x93 >0, x3 >0, z4 > 0,

—T] — T2 — T3 = —40,

and
—233‘1 — X9 — Ty = —60.

The matrix A is then

-1 -1 -1 0
A—{_Q 10 _J. (8.42)

Let’s choose x1 and x5 as the basic variables, so that the matrix B is

-1 -1
B = [_2 _J , (8.43)
with inverse
4|1 =1
B = {2 1 (8.44)
and the matrix N is
-1 0
N = [ 0 _1} . (8.45)

The vector bis b = (—40, —60)”. A general vector x is © = (21, 2o, 3, 74)7,
with 2 = (z1,22)7 and xx = (v3,24)7, and ¢ = (—~1,-2,0,0)7, with
cg = (=1,-2)T and ey = (0,0)T. The feasible set of points satisfy-
ing all four inequalities is the quadrilateral in R? with vertices (0,0),
(30,0), (20,20), and (0,40). In R*, these vertices correspond to the vec-
tors (0,0,40,60)T, (30,0,10,0)T, (20,20,0,0)T, and (0,40,0,20)7. Since
we have chosen to start with z; and x5 as our basic variables, we let our
starting vector be & = (20,20,0,0)7, so that 23 = B~'b = (20,20)7,
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and i?N

= (0,0)T. Then we find that y* = ¢EB~! = (3,-1), and
yI'N = (=3,1).

The reduced cost vector is then
rT=cy —y"N =(0,0)— (=3,1) = (3, -1).

Since rT" has a negative entry in its second position, j = 2, we learn that
the entering variable is going to be x24; = x4. The fourth column of A is
(0,—1)T, so the vector d? is

d>=B710,-1)T = (1,-1)T.
Therefore, we must select a new positive value for x4 that satisfies
(20,20) > x4(1,—1).

The single positive entry of d? is the first one, from which we conclude that
the leaving variable will be z1. We therefore select as the new values of the
variables ; = 0, 2 = 40, 3 = 0, and 24 = 20. We then reorder the vari-
ables as x = (x4, 72,73, 21)7 and rearrange the columns of A accordingly.
Having done this, we see that we now have

0 -1
B — Bnew - |:1 1:| ) (8.46)
with inverse
1|1 -1
B~ = {_1 BE (8.47)
and the matrix N is
-1 -1
N = [ 0 _2} . (8.48)

Since
-1
Bnew = Bold - |:_1:| [1 0] )

we can apply the Sherman-Morrison-Woodbury Identity to get B..L .

The reduced cost vector is now r7 = (2,1). Since it has no negative
entries, we have reached the optimal point; the solution is &1 = 0, &5 = 40,
with slack variables 23 = 0 and 24 = 20.

8.10 Another Example

The following example is taken from Fang and Puthenpura [109]. Min-
imize the function

f($1,$2,$37$4,$573§6) = X1 — T2 — I3,
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subject to
20y + x4 = 1;
2z9 + x5 = 1;
2x3 + x¢ = 1;

and x; > 0, for i = 1, ...,6. The variables z4, x5, and x¢ appear to be slack
variables, introduced to obtain equality constraints.
Initially, we define the matrix A to be

A:

S O N
o N O
N OO
O O =
o = O

0
0], (8.49)
1

b=(1,1,1) c=(-1,-1,-1,0,0,0)T and x = (z1, 22, ¥3, T4, T5,26)" .
Suppose we begin with x4, x5, and xg as the basic variables. We then
rearrange the entries of the vector of unknowns so that

T
T = ($47$5,$6,$1,$2,$3) .

Now we have to rearrange the columns of A as well; the new A is

1
A= |0 (8.50)
0

O = O
= o O
O O N
o NN O
N OO

The vector ¢ must also be redefined; the new oneis ¢ = (0,0,0, -1, -1, —1)7,
so that ey = (—1,—1,—-1)T and ¢ = (0,0,0)7.
For this first step of the simplex method we have

1 0 0
B=10 1 0f,
0 0 1]
and _ -
2 0 0
N=1|0 2 0
10 0 2]

Note that one advantage in choosing the slack variables as the basic vari-
ables is that it is easy then to find the corresponding basic feasible solution,
which is now

>
Il
> R
[=2]
Il
—
> Ry
sy
1
Il
O OO =
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The reduced cost vector r is then
r=(-1,-1,-1)7;

since it has negative entries, the current basic feasible solution is not opti-
mal.

Suppose that we select a non-basic variable with negative reduced cost,
say =1, which, we must remember, is the fourth entry of the redefined x, so
j=1and I +j = 4. Then z; is the entering basic variable, and the vector
d' is then

d' =B 'd/ = (2,0,0)T.
The only positive entry of d! is the first one, which means, according to
Equation (8.39), that the exiting variable should be x4. Now the new set

of basic variables is {x5,z¢,z1} and the new set of non-basic variables is
{za,x3,24}. The new matrices B and N are

0 0 2
B=1|1 0 0},

10 1 0]

and ~ _
0 0 1

N=1]2 0 0

10 2 0]

Continuing through two more steps, we find that the optimal solution is
—3/2, and it occurs at the vector

T = (xl,xg,xg,x4,x5,x6)T =(1/2,1/2, 1/2,0,0,0)T.

8.11 Some Possible Difficulties

In the first example of the simplex method, we knew all four of the
vertices of the feasible region, so we could choose any one of them to get
our initial basic feasible solution. We chose to begin with z; and x5 as our
basic variables, which meant that the slack variables were zero and our first
basic feasible solution was & = (20,20,0,0)%. In the second example, we
chose the slack variables to be the initial basic variables, which made it
easy to find the initial basic feasible solution. Generally, however, finding
an initial basic feasible solution may not be easy.

You might think that we can always simply take the slack variables as
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our initial basic variables, so that the initial B is just the identity matrix,
and the initial basic feasible solution is merely the concatenation of the
column vectors b and 0, as in the second example. The following example
shows why this may not always work.

8.11.1 A Third Example:

Consider the problem of minimizing the function z = 227 + 3z, subject
to
3x1 4 225 = 14,

201 —4xo — 13 = 2,
41 + 322 + x4 = 19,

and z; > 0, for i = 1,...,4. The matrix A is now

3 2 0 0
A=12 -4 -1 0f. (8.51)
4 3 0 1

There are only two slack variables, so we cannot construct our set of basic
variables using only slack variables, since the matrix B must be square. We

cannot begin with &; = %y = 0, since this would force £3 = —2, which is
not permitted. We can choose &5 = 0 and solve for the other three, to get
T = %, T3 = %, and T4 = % This is relatively easy only because the

problem is artificially small. The point here is that, for realistically large
LP problems, finding a place to begin the simplex algorithm may not be a
simple matter. For more on this matter, see [163].

In both of our first two examples, finding the inverse of the matrix B
is easy, since B is only 2 by 2, or 3 by 3. In larger problems, finding B!,
or better, solving y©' B = & for yT, is not trivial and can be an expensive
part of each iteration. The Sherman-Morrison-Woodbury identity is helpful
here.

8.12 Topics for Projects
The simplex method provides several interesting topics for projects.

e 1. Investigate the issue of finding a suitable starting basic feasible
solution. Reference [163] can be helpful in this regard.

e 2. How can we reduce the cost associated with solving y” B = ¢& for
yT at each step of the simplex method?
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e 3. Suppose that, instead of needing the variables to be nonnegative,
we need each z; to lie in the interval [o;, 8;]. How can we modify the
simplex method to incorporate these constraints?

e 4. Investigate the role of linear programming and the simplex method
in graph theory and networks, with particular attention to the trans-
port problem.

e 5. There is a sizable literature on the computational complexity of the
simplex method. Investigate this issue and summarize your findings.

8.13 Exercises

Ex. 8.1 Prove Theorem 8.1 and its corollaries.

Ex. 8.2 Use Farkas’ Lemma directly to prove that, if p* is finite, then PS
has a feasible solution.

Ex. 8.3 Put the Transport Problem into the form of an LP problem in DS
form.

Ex. 8.4 The Sherman-Morrison-Woodbury Identity Let B be an
invertible matriz. Show that

(B—w") ' =Bt +a (B u)(v' BT, (8.52)

whenever
a=1-—vIB lu#0.

Show that, if o = 0, then the matriz B — uv” has no inverse.

Ex. 8.5 Show that Bhew given in Equation (8.40) is invertible.

Ex. 8.6 Show that when the simplex method has reached the optimal so-
lution for the primal problem PS, the vector y with yI = ¢5B~! becomes
a feasible vector for the dual problem and is therefore the optimal solution
for DS. Hint: Clearly, we have

z=clz = ch_lb =yTb = w,
s0 we need only show that ATy < c.

Ex. 8.7 Complete the calculation of the optimal solution for the problem
in the second example of the simplex method.
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Ex. 8.8 Consider the following problem, taken from [109]. Minimize the
function

f(z1, 0,23, 24) = =371 — 222,
subject to
Ty + x2 + x3 = 40,
2x1 4+ x9 + x4 = 60,
and

SL'j>O7

for 7 =1,...,4. Use the simplex method to find the optimum solution. Take
as a starting vector x° = (0,0, 40,60)7.

Ex. 8.9 In the first example on the simpler method, the new value of xs
became 40. Ezplain why this was the case.

Ex. 8.10 Redo the first example of the simplex method, starting with the
verter 1 = 0 and x5 = 0.

Ex. 8.11 Consider the LP problem of mazimizing the function f(x1,x2) =
T1 + 229, subject to
—271 +x2 < 2,

—x1 + 229 <7,
T S 3,

and x1 >0, o > 0. Start at x1 =0, xo2 = 0. You will find that you have a
choice for the entering variable; try it both ways.

Ex. 8.12 Carry out the next two steps of the simplex algorithm for the
second example given earlier.

Ex. 8.13 Apply the simplex method to the problem of minimizing z =
—x1 — 219, subject to
—r1+1x3 <2,

—2x1 + 29 < 1,

and x1 >0, x9 > 0.
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9.1 Chapter Summary

The theory of two-person games is largely the work of John von Neu-

mann, and was developed somewhat later by von Neumann and Morgen-
stern [166] as a tool for economic analysis. Two-person zero-sum games
provide a nice example of optimization and an opportunity to apply some
of the linear algebra and linear programming tools previously discussed. In
this chapter we introduce the idea of two-person matrix games and use re-
sults from linear programming to prove the Fundamental Theorem of Game

121
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Theory. Our focus here is on the mathematics; the DVD course by Stevens
[192] provides a less mathematical introduction to game theory, with nu-
merous examples drawn from business and economics. The classic book by
Schelling [183] describes the roles played by game theory in international
politics and warfare.

9.2 Two-Person Zero-Sum Games

A two-person game is called a constant-sum game if the total payout
is the same, each time the game is played. In such cases, we can subtract
half the total payout from the payout to each player and record only the
difference. Then the total payout appears to be zero, and such games are
called zero-sum games. We can then suppose that whatever one player wins
is paid by the other player. Except for the final section, we shall consider
only two-person, zero-sum games.

9.3 Deterministic Solutions

In this two-person game, the first player, call him P1, selects a row of
the I by J real matrix A, say i, and the second player selects a column
of A, say j. The second player, call her P2, pays the first player A;;. If
some A;; < 0, then this means that the first player pays the second. Since
whatever the first player wins, the second loses, and vice versa, we need
only one matrix to summarize the situation. Note that, even though we
label the players in order, their selections are made simultaneously and
without knowledge of the other player’s selection.

9.3.1 Optimal Pure Strategies

In our first example, the matrix is

A—E ; g} (9.1)

The first player notes that by selecting row ¢ = 1, he will get at least 4,
regardless of which column the second player plays. The second player notes
that, by playing column j = 3, she will pay the first player no more than 4,
regardless of which row the first player plays. If the first player then begins
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to play ¢ = 1 repeatedly, and the second player notices this consistency,
she will still have no motivation to play any column except j = 3, because
the other pay-outs are both worse than 4. Similarly, so long as the second
player is playing j = 3 repeatedly, the first player has no motivation to
play anything other than ¢ = 1, since he will be paid less if he switches.
Therefore, both players adopt a pure strategy of i = 1 and j = 3. This game
is said to be deterministic and the entry A; 3 = 4 is a saddle-point because
it is the maximum of its column and the minimum of its row.
Note that we can write
A3 < A3 <A,

so once the two players play (1, 3) neither has any motivation to change. For
this reason the entry A; 3 is called a Nash equilibrium. The value A; 3 =4
is the maximum of the minimum wins the first player can have, and also
the minimum of the maximum losses the second player can suffer. Not all
such two-person games have saddle-points, however.

9.3.2 An Exercise

Ex. 9.1 Show that, in this case, we have

maxmin A;; = 4 = minmax A4;;.
K2 J J 7

9.4 Randomized Solutions

When the game has no saddle point, there is no optimal deterministic
solution. Instead, we consider approaches that involve selecting our strate-
gies according to some random procedure, and seek an optimal randomized
strategy.

9.4.1 Optimal Randomized Strategies

Consider now the two-person game with pay-off matrix

A= [‘21 :ﬂ . 9-2)

The first player notes that by selecting row ¢« = 2, he will get at least 2,
regardless of which column the second player plays. The second player notes
that, by playing column j = 2, she will pay the first player no more than



124 A First Course in Optimization

3, regardless of which row the first player plays. If both begin by playing
in this conservative manner, the first player will play ¢ = 2 and the second
player will play j = 2.

If the first player plays i = 2 repeatedly, and the second player notices
this consistency, she will be tempted to switch to playing column j = 1,
thereby losing only 2, instead of 3. If she makes the switch and the first
player notices, he will be motivated to switch his play to row ¢ = 1, to
get a pay-off of 4, instead of 2. The second player will then soon switch
to playing j = 2 again, hoping that the first player sticks with i = 1.
But the first player is not stupid, and quickly returns to playing i = 2.
There is no saddle-point in this game; the maximum of the minimum wins
the first player can have is 2, but the minimum of the maximum losses
the second player can suffer is 3. For such games, it makes sense for both
players to select their play at random, with the first player playing ¢ = 1
with probability p and ¢ = 2 with probability 1 — p, and the second player
playing column j = 1 with probability ¢ and j = 2 with probability 1 — q.
These are called randomized strategies.

When the first player plays i = 1, he expects to get 4g+(1—¢q) = 3q+1,
and when he plays ¢ = 2 he expects to get 2¢g + 3(1 — ¢) = 3 — ¢. Note that
3¢+ 1 =3—¢q when g = 0.5, so if the second player plays ¢ = 0.5, then the
second player will not care what the first player does, since the expected
payoff to the first player is 5/2 in either case. If the second player plays a
different ¢, then the payoff to the first player will depend on what the first
player does, and can be larger than 5/2.

Since the first player plays ¢ = 1 with probability p, he expects to get

p(3¢g+1)+(1—-p)(3—q)=4pg—2p—q+3=(4p—1)qg+3 —2p.

He notices that if he selects p = %, then he expects to get g, regardless
1

of what the second player does. If he plays something other than p = 2,

his expected winnings will depend on what the second player does. If he
selects a value of p less than i, and ¢ = 1 is selected, then he wins 2p + 2,
but this is less than g If he selects p > i and ¢ = 0 is selected, then he

wins 3 — 2p, which again is less than g The maximum of these minimum
pay-offs occurs when p = i and the maz-min win is g

Similarly, the second player, noticing that
pBa+ 1)+ (1 -p)B-q ={@q-2)p+3—q,

sees that she will pay out % if she takes ¢ = % If she selects a value of ¢

less than %, and p = 0 is selected, then she pays out 3 — ¢, which is more

than g If, on the other hand, she selects a value of ¢ that is greater than

%, and p = 1 is selected, then she will pay out 3¢+ 1, which again is greater
than g The only way she can be certain to pay out no more than g is to

select ¢ = % The minimum of these maximum pay-outs occurs when she



Matriz Games and Optimization 125

chooses ¢ = %, and the min-mazx pay-out is % The choices of p = i and
q= % constitute a Nash equilibrium, because, once these choices are made,
neither player has any reason to change strategies.

This leads us to the question of whether or not there will always be
probability vectors for the players that will lead to the equality of the
max-min win and the min-max pay-out.

Note that, in general, since A; ; is the payout to P1 when (¢, j) is played,
fori=1,...,I and j = 1,...,J, and the probability that (i, j) will be played
is p;q;, the expected payout to P1 is

I J
> pidija =p"Ag. (9:3)

i=1 j=1
The probabilities p and ¢ will be optimal randomized strategies if
pTAG < pTAq < pT Ag, (9.4)

for any probabilities p and ¢. Once again, we have a Nash equilibrium,
since once the optimal strategies are the chosen ones, neither player has
any motivation to adopt a different randomized strategy.

9.4.2 An Exercise

Ex. 9.2 Suppose that there are two strains of flu virus and two types of
vaccine. The first vaccine, call it V1, is 0.85 effective against the first strain
(F1) and 0.70 effective against the second (F2), while the second vaccine
(V2) is 0.60 effective against F1 and 0.90 effective against F2. The public
health service is the first player, P1, and nature is the second player, P2.
The service has to decide what percentage of the vaccines manufactured and
made available to the public are to be of type V1 and what percentage are
to be of type V2, while not knowing what percentage of the flu virus is F1
and what percentage is F2. Set this up as a matriz game and determine
how the public health service should proceed.

9.4.3 The Min-Max Theorem

We make a notational change at this point. From now on the letters p
and ¢ will denote probability column vectors, and not individual probabil-
ities, as previously.

Let A be an I by J pay-off matrix. Let

I
P={p=(p1,...p1) |pi 20, Zpi =1},

i=1
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J

Jj=1

and
R=A(Q) ={Aqlq € Q}.

The first player selects a vector p in P and the second selects a vector ¢ in
Q. The expected pay-off to the first player is

E = (p,Aq) = p" Aq.

Let
mo = max min(p, ),
and
= e
the interested reader may want to prove that the maximum and minimum
exist. Clearly, we have

i < <
%11{21<p, T> — <p,7’> —= r;lea}))(<p’ T>7

for all p € P and r € R. It follows that my < m°. The Min-Max Theorem,
also known as the Fundamental Theorem of Game Theory, asserts that
mo = mP.

Theorem 9.1 The Fundamental Theorem of Game Theory Let A
be an arbitrary real I by J matrix. Then there are vectors p in P and ¢ in
Q such that

pTAG < pTAG < pT Ag, (95)
forallp in P and q in Q.

The quantity w = p? A§ is called the wvalue of the game. Notice that
if P1 knows that P2 plays according to the mixed-strategy vector ¢, P1
could examine the entries (Aq);, which are his expected pay-offs should
he play strategy i, and select the one for which this expected pay-off is
largest. However, if P2 notices what P1 is doing, she can abandon ¢ to her
advantage. When ¢ = ¢, it follows, from the inequalities in (9.5) by using
p with the ith entry equal to one and the rest zero, that

(Ag)i Sw

for all 4, and
(Ag)i =w
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for all ¢ for which p; > 0. So there is no long-term advantage to P1 to move
away from p.

There are a number of different proofs of the Fundamental Theorem. In
a later chapter, we present a proof using Fenchel Duality. In this chapter
we consider proofs based on linear algebraic methods, linear programming,
and theorems of the alternative.

9.5 Symmetric Games

A game is said to be symmetric if the available strategies are the same
for both players, and if the players switch strategies, the outcomes switch
also. In other words, the pay-off matrix A is skew-symmetric, that is, A is
square and Aj; = —A;;. For symmetric games, we can use Theorem 6.12
to prove the existence of a randomized solution.

First, we show that there is a probability vector p > 0 such that p7 A >
0. Then we show that

pTAp <0 =p"Ap < p" Aq,

for all probability vectors p and ¢. It will then follow that p and ¢ = p are
the optimal mixed strategies.

If there is no non-zero = > 0 such that zTA > 0, then there is no
non-zero z > 0 such that ATz > 0. Then, by Theorem 6.12, we know that
there is y > 0 with Ay < 0; obviously y is not the zero vector, in this case.
Since AT = — A, it follows that y” A > 0. Consequently, there is a non-zero
x >0, such that 27 A > 0; it is 2 = y. This is a contradiction. So p exists.

Since the game is symmetric, we have

prAp = (0" Ap)T =p" ATp = —p" Ap,

so that pT Ap = 0.
For any probability vectors p and ¢ we have

p"Ap=pTATp=—pTAp <0,

and
0 < pT'Aq.

We conclude that the mixed strategies p and ¢ = p are optimal.

9.5.1 An Example of a Symmetric Game

We present now a simple example of a symmetric game and compute
the optimal randomized strategies.
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Consider the pay-off matrix

A= {_01 (ﬂ . (9.6)

This matrix is skew-symmetric, so the game is symmetric. Let p7 = [1,0];
then pT A = [0,1] > 0. We show that p and § = p are the optimal random-
ized strategies. For any probability vectors p? = [py,ps] and ¢7 = [q1, 2],
we have
pTAﬁ = —P2 S 07
prAp =0,
and
prAg=q2 > 0.

It follows that the pair of strategies p = ¢ = [1,0]” are optimal randomized
strategies.

9.5.2 Comments on the Proof of the Min-Max Theorem

In [115], Gale proves the existence of optimal randomized solutions for
an arbitrary matrix game by showing that there is associated with such a
game a symmetric matrix game and that an optimal randomized solution
exists for one if and only if such exists for the other. Another way is by
converting the existing game into a “positive” game.

9.6 Positive Games

As Gale notes in [115], it is striking that two fundamental mathemati-
cal tools in linear economic theory, linear programming and game theory,
developed simultaneously, and independently, in the years following the
Second World War. More remarkable still was the realization that these
two areas are closely related. Gale’s proof of the Min-Max Theorem, which
relates the game to a linear programming problem and employs his Strong
Duality Theorem, provides a good illustration of this close connection.

If the I by J pay-off matrix A has only positive entries, we can use
Gale’s Strong Duality Theorem 8.3 for linear programming to prove the
Min-Max Theorem.

Let b and ¢ be the vectors whose entries are all one. Consider the LP
problem of minimizing z = ¢z, over all z > 0 with ATz > b; this is the PC
problem. The DC problem is then to maximize w = by, over all y > 0 with
Ay < c. Since A has only positive entries, both PC and DC are feasible,
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so, by Gale’s Strong Duality Theorem 8.3, we know that there are feasible
non-negative vectors £ and ¢y and non-negative u such that

t=cli=p=0"g=w.

Since & cannot be zero, p must be positive.

9.6.1 Some Exercises

Ex. 9.3 Show that the vectors p = %L:% and § = /%gj are probability vectors
and are optimal randomized strategies for the matriz game.

Ex. 9.4 Given an arbitrary I by J matriz A, there is a > 0 so that the
matric B with entries B;; = A;; + o has only positive entries. Show that
any optimal randomized probability vectors for the game with pay-off matriz
B are also optimal for the game with pay-off matrixz A.

It follows from these exercises that there exist optimal randomized so-
lutions for any matrix game.

9.6.2 Comments

This proof of the Min-Max Theorem shows that we can associate with
a given matrix game a linear programming problem. It follows that we can
use the simplex method to find optimal randomized solutions for matrix
games. It also suggests that a given linear programming problem can be
associated with a matrix game; see Gale [115] for more discussion of this
point.

9.7 Example: The “Bluffing” Game

In [115] Gale discusses several games, one of which he calls the “bluffing”
game. For this game, there is a box containing two cards, marked HI and
LO, respectively. Both players begin by placing their “ante” a > 0, on the
table. Player One, P1, draws one of the two cards and looks at it; Player
Two, P2, does not see it. Then P1 can either “fold” , losing his ante a > 0
to P2, or “bet” b > a. Then P2 can either fold, losing her ante also to P1,
or “call” , and bet b also. If P2 calls, she wins if LO is on the card drawn,
and P1 wins if it is HIL

Since it makes no sense for P1 to fold when HI, his two strategies are

e sl: bet in both cases; and
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e s2: bet if HI and fold if LO.

Strategy sl is “bluffing” on the part of P1, since he bets even when he
knows the card shows LO.
Player Two has the two strategies

e t1: call; and
e t2: fold.

When (s1,t1) is played, P1 wins the bet half the time, so his expected
gain is zero.

When (s1,t2) is played, P1 wins the ante a from P2.

When (s2,t1) is played, P1 bets half the time, winning each time, so
gaining b, but loses his ante a half the time. His expected gain is then
(b—a)/2.

When (s2,t2) is played, P1 wins the ante from P2 half the time, and
they exchange antes half the time. Therefore, P1 expects to win a/2.

The payoff matrix for P1 is then

a
2 2

A= [boa “]. (9.7)

Note that if b < 2a, then the game has a saddle point, (s2,t1), and the
saddle value is b_T“. If b > 2a, then the players need randomized strategies.

Suppose P1 plays sl with probability p and s2 with probability 1 — p,
while P2 plays t1 with probability ¢ and t2 with probability 1 — q. Then

the expected gain for P1 is

p(1—qla+ (1 *p)(qg +(1-g)2

5 5):

which can be written as

(1+0)% +a((1-p)y — )

2
and as
o ey —a)+a(s - a3)
g Ty TWTRG T ah)
If

(1-p)y —a)=0,

orp=1-— 27‘1, then P1 expects to win
a® _2ab-a

a — —

b b 27
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regardless of what ¢ is. Similarly, if

a b
(3 —43) =0,
or ¢ = 7, then P2 expects to pay out a — a—bz, regardless of what p is. These
are the optimal randomized strategies.

If b < 2a, then P1 should never bluff, and should always play s2. Then
P2 will always play t1 and P1 wins b*?“, on average. But when b is higher
than 2a, P2 would always play t2, if P1 always plays s2, in which case the
payoff would be only §, which is lower than the expected payoff when P1
plays optimally. It pays P1 to bluff, because it forces P2 to play t1 some of

the time.

9.8 Learning the Game

In our earlier discussion we saw that the matrix game involving the
pay-off matrix

A= [‘2‘ :ﬂ 9.8)

is not deterministic. The best thing the players can do is to select their play
at random, with the first player playing ¢ = 1 with probability p and i = 2
with probability 1 — p, and the second player playing column j = 1 with
probability g and j = 2 with probability 1 — g. If the first player, call him
P1, selects p = %, then he expects to get 5, regardless of what the second
player, call her P2, does; otherwise his fortunes depend on what P2 does.
His optimal mixed-strategy (column) vector is [1/4,3/4]T. Similarly, the
second player notices that the only way she can be certain to pay out no
more than % is to select ¢ = % The minimum of these maximum pay-outs
occurs when she chooses ¢ = %, and the min-maz pay-out is %

Because the pay-off matrix is two-by-two, we are able to determine
easily the optimal mixed-strategy vectors for each player. When the pay-
off matrix is larger, finding the optimal mixed-strategy vectors is not a
simple matter. As we have seen, one approach is to obtain these vectors by
solving a related linear-programming problem. In this section we consider
other approaches to finding the optimal mixed-strategy vectors.

9.8.1 An Iterative Approach

In [115] Gale presents an iterative approach to learning how best to
play a matrix game. The assumptions are that the game is to be played
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repeatedly and that the two players adjust their play as they go along,
based on the earlier plays of their opponent.

Suppose, for the moment, that P1 knows that P2 is playing the ran-
domized strategy q, where, as earlier, we denote by p and ¢ probability
column vectors. The entry (Aq); of the column vector Aq is the expected
pay-off to P1 if he plays strategy i. It makes sense for P1 then to find the
index ¢ for which this expected pay-off is largest and to play that strategy
every time. Of course, if P2 notices what P1 is doing, she will abandon ¢
to her advantage.

After the game has been played n times, the players can examine the
previous plays and make estimates of what the opponent is doing. Suppose
that P1 has played strategy i n; times, where n; > 0 and ny +no + ... +
ny = n. Denote by p™ the probability column vector whose ith entry is
n;/n. Similarly, calculate ¢"™. These two probability vectors summarize the
tendencies of the two players over the first n plays. It seems reasonable
that an attempt to learn the game would involve these probability vectors.

For example, P1 could see which entry of ¢™ is the largest, assume that
P2 is most likely to play that strategy the next time, and play his best
strategy against that play of P2. However, if there are several strategies for
P2 to choose, it is still unlikely that P2 will choose this strategy the next
time. Perhaps P1 could do better by considering his long-run fortunes and
examining the vector A¢™ of expected pay-offs. In the exercise below, you
are asked to investigate this matter.

9.8.2 An Exercise

Ex. 9.5 Suppose that both players are attempting to learn how best to play
the game by erxamining the vectors p™ and q"™ after n plays. Devise an
algorithm for the players to follow that will lead to optimal mized strategies
for both. Simulate repeated play of a particular matriz game to see how
your algorithm performs. If the algorithm does its job, but does it slowly,
that is, it takes many plays of the game for it to begin to work, investigate
how it might be speeded up.

9.9 Non-Constant-Sum Games

In this final section we consider non-constant-sum games. These are
more complicated and the mathematical results more difficult to obtain
than in the constant-sum games. Such non-constant-sum games can be used
to model situations in which the players may both gain by cooperation, or,
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when speaking of economic actors, by collusion [99]. We begin with the most
famous example of a non-constant-sum game, the Prisoners’ Dilemma.

9.9.1 The Prisoners’ Dilemma

Imagine that you and your partner are arrested for robbing a bank and
both of you are guilty. The two of you are held in separate rooms and given
the following options by the district attorney: (1) if you confess, but your
partner does not, you go free, while he gets three years in jail; (2) if he
confesses, but you do not, he goes free and you get the three years; (3) if
both of you confess, you each get two years; (4) if neither of you confesses,
each of you gets one year in jail. Let us call you player number one, and
your partner player number two. Let strategy one be to remain silent, and
strategy two be to confess.

Your pay-off matrix is

A= [_01 _;} , (9.9)

so that, for example, if you remain silent, while your partner confesses, your
pay-off is A; o = —3, where the negative sign is used because jail time is
undesirable. From your perspective, the game has a deterministic solution;
you should confess, assuring yourself of no more than two years in jail.
Your partner views the situation the same way and also should confess.
However, when the game is viewed, not from one individual’s perspective,
but from the perspective of the pair of you, we see that by sticking together
you each get one year in jail, instead of each of you getting two years; if
you cooperate, you both do better.

9.9.2 Two Pay-Off Matrices Needed

In the case of non-constant-sum games, one pay-off matrix is not enough
to capture the full picture. Consider the following example of a non-
constant-sum game. Let the matrix

A= B ‘6"} (9.10)

be the pay-off matrix for Player One (Py), and

B_ [? g} (9.11)

be the pay-off matrix for Player Two (P;); that is, Ao =4 and By =7
means that if P; plays the first strategy and P, plays the second strategy,
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then P; gains four and P, gains seven. Notice that the total pay-off for
each play of the game is not constant, so we require two matrices, not one.

Player One, considering only the pay-off matrix A, discovers that the
best strategy is a randomized strategy, with the first strategy played three
quarters of the time. Then P; has expected gain of %. Similarly, Player
Two, applying the same analysis to his pay-off matrix, B, discovers that
he should also play a randomized strategy, playing the first strategy five
sixths of the time; he then has an expected gain of %. However, if Py
switches and plays the first strategy all the time, while P, continues with
his randomized strategy, P; expects to gain 2—69 > %, while the expected
gain of P; is unchanged. This is very different from what happens in the case
of a constant-sum game; there, the sum of the expected gains is constant,
and equals zero for a zero-sum game, so P, would not be able to increase
his expected gain, if P, plays his optimal randomized strategy.

9.9.3 An Example: Illegal Drugs in Sports

In a recent article in Scientific American [187], Michael Shermer uses
the model of a non-constant-sum game to analyze the problem of doping,
or illegal drug use, in sports, and to suggest a solution. He is a former
competitive cyclist and his specific example comes from the Tour de France.
He is the first player, and his opponent the second player. The choices are to
cheat by taking illegal drugs or to stay within the rules. The assumption he
makes is that a cyclist who sticks to the rules will become less competitive
and will be dropped from his team.

Currently, the likelihood of getting caught is low, and the penalty for
cheating is not too high, so, as he shows, the rational choice is for everyone
to cheat, as well as for every cheater to lie. He proposes changing the pay-off
matrices by increasing the likelihood of being caught, as well as the penalty
for cheating, so as to make sticking to the rules the rational choice.
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10.1 Chapter Summary

In this chapter we investigate further the properties of convex functions
of one and several variables, in preparation for our discussion of iterative
optimization algorithms.
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10.2

Functions of a Single Real Variable

We begin by recalling some of the basic results concerning functions of
a single real variable.

10.2.1 Fundamental Theorems

The Intermediate Value Theorem (IVT):

Theorem 10.1 Let f(x) be continuous on the interval [a,b]. If d is
between f(a) and f(b), then there is ¢ between a and b with f(c) = d.

Rolle’s Theorem:

Theorem 10.2 Let f(x) be continuous on the closed interval [a, b]
and differentiable on (a,b), with f(a) = f(b). Then, there is ¢ in (a,b)
with f'(c) = 0.

The Mean Value Theorem (MVT):

Theorem 10.3 Let f(z) be continuous on the closed interval [a,b]
and differentiable on (a,b). Then, there is ¢ in (a,b) with

f) = f(a) = f'(e)(b—a).
A MVT for Integrals:

Theorem 10.4 Let g(x) be continuous and h(x) integrable with con-
stant sign on the interval [a,b]. Then there is ¢ in (a,b) such that

/a ' (e h()dz = g(c) / ' h(a)de.

The Extended Mean Value Theorem (EMVT):

Theorem 10.5 Let f(z) be twice differentiable on the interval (u,v)
and let a and b be in (u,v). Then there is ¢ between a and b with

F() = f(@) + f(@)(b— ) + 3 "(e)(b ~ ).

If f(x) is a function with f”(z) > 0 for all z and f’(a) = 0, then, from
the EMVT, we know that f(b) > f(a), unless b = a, so that x = a is a
global minimizer of the function f(z). As we shall see, such functions are
strictly convex.
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10.2.2 Proof of Rolle’s Theorem

The IVT is a direct consequence of the completeness of R. To prove
Rolle’s Theorem, we simply note that either f is constant, in which case
f'(x) =0 for all z in (a,b), or it has a local maximum or minimum at ¢ in

(a,b), in which case f'(c) = 0.

10.2.3 Proof of the Mean Value Theorem

The main use of Rolle’s Theorem is to prove the Mean Value Theorem.

Let b
o(@) = fa) - (LD, g,

Then g(a) = g(b) and so there is ¢ € (a,b) with ¢'(c) =0, or

fb) = fla) = f'(c)(b - a).

10.2.4 A Proof of the MVT for Integrals

We now prove the Mean Value Theorem for Integrals. Since g(x) is
continuous on the interval [a, b], it takes on its minimum value, say m, and
its maximum value, say M, and, by the Intermediate Value Theorem, g(z)
also takes on any value in the interval [m, M]. Assume, without loss of

generality, that h(z) > 0, for all z in the interval [a, b], so that fab h(z)dx >
0. Then we have

m/abh(x)dx < /abg(sc)h(x)dx < M/abh(:n)d:c,

which says that the ratio
f: g(z)h(z)dz
ff h(z)dz

lies in the interval [m, M]. Consequently, there is a value ¢ in (a,b) for
which g(c) has the value of this ratio. This completes the proof.

10.2.5 Two Proofs of the EMVT

Now we present two proofs of the EMVT. We begin by using integration
by parts, with u(xz) = f'(z) and v(z) =z — b, to get

b b
f0) - £0) = [ fa)da =)= b)~ [ @) b,
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or b
f(0) — f(a) = —f'(a)(a—b) - / (@)@ - byda.

Then, using the MVT for integrals, with g(x) = f”(x) assumed to be
continuous, and h(z) = z — b, we have

b

) = f(a) + ' (@)(b—a) — "(c) / (« — b)dz,

a

from which the assertion of the theorem follows immediately.
A second proof of the EMVT, which does not require that f”(z) be
continuous, is as follows. Let a and b be fixed and set

F(z) = f(z) + f'(2)(b — z) + A(b — x)?,
for some constant A to be determined. Then F(b) = f(b). Select A so that

F(a) = f(b). Then F(b) = F(a), so there is ¢ in (a,b) with F'(c) = 0, by
the MVT, or, more simply, from Rolle’s Theorem. Therefore,

0=F'(c) = f'(c)+f"(c)(b—c)+ [ (c)(—1)—2A(b—c) = (f"(c) —24)(b—0).
So A=1f"(c) and

F() = J(@) + £ @)(0 - ) + 370~ 2)”

from which we get

F(a) = 1(6) = f(a) + £/ ()b~ a) + 5 ()b — a)”.

This completes the second proof.

10.2.6 Lipschitz Continuity

Let f : R — R be a differentiable function. From the Mean-Value
Theorem we know that

f) = f(a) + f'(c)(b - a), (10.1)

for some ¢ between a and b. If there is a constant L with |f/(z)| < L for
all z, that is, the derivative is bounded, then we have

[f(b) = fla)| < L|b—al, (10.2)

for all a and b; functions that satisfy Equation (10.2) are said to be L-
Lipschitz continuous.



Convex Functions 139

10.2.7 The Convex Case

We focus now on the special case of convex functions. Earlier, we said
that a proper function g : R — (—o00, 00| is convex if its epi-graph is a
convex set, in which case the effective domain of the function g must be
a convex set, since it is the orthogonal projection of the convex epi-graph.
For a real-valued function g defined on the whole real line we have several
conditions on g that are equivalent to being a convex function.

Proposition 10.1 Let f : R — R. The following are equivalent:
e 1) the epi-graph of g(x) is convex;

e 2) for all points a < x <binR

< P x—a)+g(a); (10.3)
e 3) for all points a < x < b in R
o) < 029 gy 4 g0, (10.4)

e 4) for all points a and b in R and for all « in the interval (0,1)

g((1 —a)a+ ab) < (1 —a)g(a) + ag(b). (10.5)

The proof of Proposition 10.1 is left as an exercise.
As a result of Proposition 10.1, we can use the following definition of a
convex real-valued function.

Definition 10.1 A function g : R — R is called convex if, for each pair of
distinct real numbers a and b, the line segment connecting the two points
A = (a,g(a)) and B = (b,g(b)) is on or above the graph of g(x); that is,
for every « in (0, 1),

9((1 = @)a+ab) < (1 —a)g(a) + ag(b).

If the inequality is always strict, then g(x) is strictly convex.

The function g(z) = 22 is a simple example of a convex function. If

g(x) is convex, then g(z) is continuous, as well ([175], p. 47). It follows
from Proposition 10.1 that, if g(z) is convex, then, for every triple of points
a < x < b, we have

9(z) —g(a) _ g(b) —g(a) _ g(b) —g(z)

10.6
T—a - b—a - b—ux ( )
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Therefore, for fixed a, the ratio

9(x) —g(a)

is an increasing function of x, and, for fixed b, the ratio
g9(b) — g(x)
b—z

is an increasing function of z.
If we allow g to take on the value +o00, then we say that g is convex if
and only if, for all points a and b in R and for all « in the interval (0,1),

g((1 —a)a+adb) < (1 —a)g(a) + ag(b). (10.7)

If g(z) is a differentiable function, then convexity can be expressed
in terms of properties of the derivative, ¢'(x); for every triple of points
a < x < b, we have

g9(b) — g(a)

b—a

g'(a) < < g (b). (10.8)

If g(x) is differentiable and convex, then ¢'(x) is an increasing function.
In fact, the converse is also true, as we shall see shortly.

Recall that the line tangent to the graph of g(x) at the point = a has
the equation

y=4¢'(a)(x—a)+g(a). (10.9)

Theorem 10.6 For the differentiable function g(x), the following are
equivalent:

e 1) g(x) is convex;

e 2) for all a and x we have
9(x) = g(a) + g'(a)(x — a); (10.10)
e 3) the derivative, g'(x), is an increasing function, or, equivalently,
(¢'(z) = g'(a))(x — a) = 0, (10.11)
for all a and x.
Proof: Assume that g(x) is convex. If z > a, then

g'(a) < W, (10.12)
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while, if z < a, then
<d'(a). (10.13)

In either case, the inequality in (10.10) holds. Now, assume that the in-
equality in (10.10) holds. Then

g9(x) = ¢'(a)(x — a) + g(a), (10.14)
and
g(a) = g'(x)(a — z) + g(=). (10.15)
Adding the two inequalities, we obtain
g(a) +g(z) = (¢'(x) — ¢'(a))(a — ) + g(a) + g(x), (10.16)
from which we conclude that
(¢'(x) = g'(a))(x —a) 2 0. (10.17)

So ¢'(z) is increasing. Finally, we assume the derivative is increasing and
show that g(x) is convex. If g(x) is not convex, then there are points a < b
such that, for all z in (a,b),

9(z) — ga) _ 9(b) — g(a)

< 10.18
T—a b—a ( )
By the Mean Value Theorem there is ¢ in (a, b) with
: 9(b) — g(a)
= —"". 10.19
g(e)= 209 (10.19)
Select = in the interval (a,c). Then there is d in (a,z) with

Then ¢'(d) > ¢’(c), which contradicts the assumption that ¢'(x) is increas-
ing. This concludes the proof. |

If g(z) is twice differentiable, we can say more. If we multiply both sides
of the inequality in (10.17) by (x — a)~2, we find that

g'(z) - g'(a)

>0 10.21
x—a - ( )

for all x and a. This inequality suggests the following theorem.
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Theorem 10.7 If g(x) is twice differentiable, then g(x) is convex if and
only if ¢"(x) > 0, for all x.

Proof: According to the Mean Value Theorem, as applied to the function
g'(x), for any points a < b there is cin (a, b) with ¢'(b)—g'(a) = ¢ (c)(b—a).
If ¢ (x) > 0, the right side of this equation is nonnegative, so the left side
is also. Now assume that g(z) is convex, which implies that ¢'(x) is an
increasing function. Since ¢'(x+h) — ¢'(x) > 0 for all h > 0, it follows that
§'(z) > 0. 1

The following result, as well as its extension to higher dimensions, will
be helpful in our study of iterative optimization.

Theorem 10.8 Let h(x) be convex and differentiable and its derivative,
K (z), non-expansive, that is,

|1’ (b) = h'(a)| < |b—al, (10.22)
for all a and b. Then I/ (z) is firmly non-expansive, which means that

(W' (b) = 1 (a))(b— a) > (W' (b) = I (a))*. (10.23)

Proof: Assume that h'(b) — h'(a) # 0, since the alternative case is trivial.
If B/ (x) is non-expansive, then the inequality in (10.21) tells us that

< <1
0= b—a -
so that
_bma oy
W) = h(a) =
Now multiply both sides by (h/(b) — h'(a))?. |

In the next section we extend these results to functions of several vari-
ables.

10.3 Functions of Several Real Variables

In this section we consider the continuity and differentiability of a func-
tion of several variables. For more details, see the chapter on differentiabil-

ity.
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10.3.1 Continuity

In addition to real-valued functions f : R¥ — R, we shall also be
interested in vector-valued functions F' : RY — RM 'such as F(z) = Vf(z),
whose range is in R, not in R.

Definition 10.2 We say that F : RY — RM s continuous at x = a if

lim f(z) = f(a);

r—ra
that is, || f(xz) — f(a)l]2 = 0, as ||z — al|2 = 0.

Definition 10.3 We say that F : RV — RM s L-Lipschitz, or an L-
Lipschitz continuous function, with respect to the 2-norm, if there is L > 0
such that

[1E(b) = F(a)ll2 < L]|b — alls, (10.24)

for all @ and b in RY.

10.3.2 Differentiability

Let F: D C RY — RM be a RM-valued function of N real variables,
defined on domain D with nonempty interior int(D).

Definition 10.4 The function F(x) is said to be (Frechet) differentiable
at point 2° in int(D) if there is an M by N matriz F'(2°) such that

lim ——[F(2® + ) — F(2°) — F'(z°)A] = 0. (10.25)

It can be shown that, if F is differentiable at = 2°, then F is continuous
there as well [114].

If f: R7 — R is differentiable, then f'(2°) = Vf(z"), the gradient
of f at 2°. The function f(x) is differentiable if each of its first partial
derivatives is continuous. If f is finite and convex and differentiable on an
open convex set C, then Vf is continuous on C ([181], Corollary 25.5.1).

If the derivative f’ : R’ — R” is, itself, differentiable, then f” : R/ —
R7*Jand f"(x) = H(x) = V2f(x), the Hessian matrix whose entries
are the second partial derivatives of f. The function f(z) will be twice
differentiable if each of the second partial derivatives is continuous. In that
case, the mixed second partial derivatives are independent of the order of
the variables, the Hessian matrix is symmetric, and the chain rule applies.

Let f:R7 — R be a differentiable function. The Mean-Value Theorem
for f is the following.
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Theorem 10.9 (The Mean Value Theorem) For any two points a and
b in R, there is a in (0,1) such that

F(b) = fla) + (VF((1 — a)a+ ab), b — a). (10.26)

Proof: To prove this, we parameterize the line segment between the points
a and b as x(t) = a+t(b—a). Then we define g(t) = f(x(t)). We can apply
the ordinary mean value theorem to g(t), to get

9(1) = g(0) + ¢'(a), (10.27)
for some « in the interval [0,1]. The derivative of g(t) is
g'(t) = (Vf(x(t),b—a), (10.28)
where
0 0
VIG0) = (L @) 5 - O) (10.20)
Therefore,
g (o) = (Vf(z(a),b—a). (10.30)
Since z(a) = (1 — a)a + ab, the proof is complete. |

If there is a constant L with ||V f(z)||2 < L for all z, that is, the gradient
is bounded in norm, then we have

|f(b) = fla)| < Lb = all2, (10.31)

for all ¢ and b; such functions are then L- Lipschitz continuous. We can
study multivariate functions f : R’ — R by using them to construct func-
tions of a single real variable, given by

o(t) = f(2° +t(x — %)),

where 2 and 2 are fixed (column) vectors in R”. If f(z) is differentiable,
then
¢'(t) = (Vf(2° + t(x — 2°)), 2 — a?).

If f(x) is twice continuously differentiable, then
¢"(t) = (z — )TV (2 + t(x — 2%)) (x — 2°).
Definition 10.5 A function f : R’ — R is called coercive if

flx) _ +oo
llell2—+oo ||||2
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We have the following proposition, whose proof is left as Exercise 10.3.

Proposition 10.2 Let f : R — R be a coercive differentiable function.
Then the gradient operator Vf : R7 — R” is onto R”.

For example, the function f: R — R given by f(z) = %ZCQ satisfies the

conditions of the proposition and its derivative is f’(x) = x, whose range
is all of R. In contrast, the function g(z) = %a® is not coercive and its

derivative, g’(x) = 22, does not have all of R for its range.

10.3.3 Second Differentiability

Suppose, throughout this subsection, that f : R/ — R has continuous
second partial derivatives. Then H(z) = V2f(z), the Hessian matrix of f
at the point z, has for its entries the second partial derivatives of f at x,
and is symmetric. The following theorems are fundamental in describing
local maxima and minima of f.

Theorem 10.10 Suppose that x and x* are points in R?. Then there is a
point z on the line segment [x*, x| connecting x with * such that

f(@)=f(@*)+ Vf(z®) (z—2")+ %(m—x*) “H(z)(x —x%).

Theorem 10.11 Suppose now that =* is a critical point, that is, V f(x*) =
0. Then

o 1) z* is a global minimizer of f(x) if (x —2*) - H(z)(x —z*) > 0 for
all z and for all z in [x*, x];

o 2) z* is a strict global minimizer of f(x) if (x—a*)-H(z)(x—z*) >0
for all x # x* and for all z in [z*, x];

e 3) x* is a global mazimizer of f(x) if (x —a*) - H(2)(x —2z*) <0 for
all z and for all z in [x*, x];

e 4) x* is a strict global mazimizer of f(z) if (x—a*)-H(z)(x—z*) <0
for all x # x* and for all z in [x*, x].

10.3.4 Finding Maxima and Minima

Suppose g : R/ — R is differentiable and attains its minimum value.
We want to minimize the function g(x). Solving Vg(z) = 0 to find the
optimal x = x* may not be easy, so we may turn to an iterative algorithm
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for finding roots of Vg(x), or one that minimizes g(x) directly. In the latter
case, we may again consider a steepest descent algorithm of the form

2P = aF — A Vg(zF), (10.32)
for some v > 0. We denote by T the operator
Tx =x —yVg(x). (10.33)
Then, using Vg(z*) = 0, we find that
||z — 2F )y = ||Tx* — Tk, (10.34)

We would like to know if there are choices for v that imply convergence of
the iterative sequence. As in the case of functions of a single variable, for
functions g(x) that are convex, the answer is yes.

10.3.5 Solving F(z) =0 through Optimization

Suppose that f(z) : RY — R is strictly convex and has a unique global
minimum at 2. If F(z) = V f(z) for all z, then F'(£) = 0. In some cases it
may be simpler to minimize the function f(z) than to solve for a zero of

If F(x) is not a gradient of any function f(x), we may still be able to find
a zero of F'(z) by minimizing some function. For example, let g(z) = ||z||2-
Then the function f(z) = g(F(x)) is minimized when F(x) = 0.

The function F(z) = Ax — b need not have a zero. In such cases, we
can minimize the function f(z) = 3||Az — b[|3 to obtain the least-squares
solution, which then can be viewed as an approximate zero of F(x).

10.3.6 When is F(z) a Gradient?

The following theorem is classical and extends the familiar “test for
exactness” ; see Ortega and Rheinboldt [173].

Theorem 10.12 Let F : D C RN — RN be continuously differentiable
on an open conver set Dy C D. Then there is a differentiable function
f: Dy — RY such that F(z) = Vf(x) for all x in Dy if and only if the
derivative F'(x) is symmetric, where F'(z) is the N by N Jacobian matriz

with entries
OF,,(x)

(F/(x))mn = oz,

and
F(z) = (Fi(x), Fa(x), ..., Fn(2)).
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Proof: If F(z) = Vf(z) for all  in Dy and is continuously differentiable,
then the second partial derivatives of f(z) are continuous, so that the
mixed second partial derivatives of f(z) are independent of the order of
differentiation. In other words, the matrix F’(x) is symmetric, where now
F'(x) is the Hessian matrix of f(x).

For notational convenience, we present the proof of the converse only
for the case of N = 3; the proof is the same in general. The proof in [173]
is somewhat different.

Without loss of generality, we assume that the origin is a member of
the set Dy. Define f(z,y,z) by

T y z
f(z,y,2) :/ Fl(u,0,0)du—i—/ Fg(x,u,O)du—i—/ Fs(z,y,u)du.
0 0 0

We prove that %(aj,y, z) = Fi(z,y, 2).

The partial derivative of the first integral, with respect to xz, is
Fi(x,0,0). The partial derivative of the second integral, with respect to
x, obtained by differentiating under the integral sign, is

Y OF.
; a—;(a:, u, 0)du,

which, by the symmetry of the Jacobian matrix, is

Y OF
/ @(x,u,O)du:Fl(:r,y,O) — F1(z,0,0).
o Oy

The partial derivative of the third integral, with respect to x, obtained by
differentiating under the integral sign, is

2 OF.
; %(%%Wdu,

which, by the symmetry of the Jacobian matrix, is

* OF
/ T;(xvyvu)du:Fl(xvyaz)7F1(x7y30)'
0

We complete the proof by adding these three integral values. Similar cal-
culations show that Vf(z) = F(z). |

10.3.7 Lower Semi-Continuity
We begin with a definition.

Definition 10.6 A proper function f from R’ to (—oo, 00] is lower semi-
continuous if f(z) = lim inf f(y), as y — z.



148 A First Course in Optimization

The following theorem shows the importance of lower semi-continuity.

Theorem 10.13 ([181], Theorem 7.1) Let f be an arbitrary proper
function from R’ to (—oo,00]. Then the following conditions are equiv-
alent:

e 1) f is lower semi-continuous throughout R” ;
e 2) for every real o, the set {x|f(z) < a} is closed;
o 3) the epi-graph of f(x) is closed.

As an example, consider the function f(z) defined for —1 < =z < 0
by f(z) = —x — 1, and for 0 < z < 1 by f(z) = —x + 1. If we define
f(0) = —1, then f(z) becomes lower semi-continuous at = 0 and the
epi-graph becomes closed. If we define f(0) = 1, the function is upper
semi-continuous at x = 0, but is no longer lower semi-continuous there; its
epi-graph is no longer closed.

It is helpful to recall the following theorem:

Theorem 10.14 Let f : R/ — R be LSC and let C C R be non-empty,
closed, and bounded. Then there is a in C with f(a) < f(x), for all z in C.

10.3.8 The Convex Case

We begin with some definitions.

Definition 10.7 The proper function g(z) : R — (—o0, 00] is said to be
convex if, for each pair of distinct vectors a and b and for every o in the
interval (0,1) we have

g((1 —a)a+adb) < (1 —a)g(a) + ag(b). (10.35)
If the inequality is always strict, then g(x) is called strictly convex.

The function g(x) is convex if and only if, for every z and z in R’ and
real ¢, the function f(t) = g(x + tz) is a convex function of ¢. Therefore,
the theorems for the multi-variable case can also be obtained from previous
results for the single-variable case.

Definition 10.8 A proper convex function g is closed if it is lower semi-
continuous.

A proper convex function g is closed if and only if its epigraph is a closed
set.
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Definition 10.9 The closure of a proper convex function g is the function
clg defined by
clg(z) = liminf g(y).
y*)ZIJ

The function clg is convex and lower semi-continuous and agrees with g,
except perhaps at points of the relative boundary of dom(g). The epigraph
of clg is the closure of the epigraph of g.

If ¢ is convex and finite on an open subset of dom(g), then g is contin-
uous there, as well ([181]). In particular, we have the following theorem.

Theorem 10.15 Let g : R7 — R be conver and finite-valued on R”. Then
g 1S continuous.

Let tc(z) be the indicator function of the closed convex set C, that is,
to(x) = 01if ¢ € C, and to(z) = 400, otherwise. This function is lower
semi-continuous, convex, but not continuous at points on the boundary of
C'. If we had defined tc(z) to be, say, 1, for « not in C, then the function
would have been lower semi-continuous, and finite everywhere, but would
no longer be convex.

As in the case of functions of a single real variable, we have several
equivalent notions of convexity for differentiable functions of more than
one variable.

Theorem 10.16 Let g : R7 — R be differentiable. The following are equiv-
alent:

e 1) g(x) is convex;

e 2) for all a and b we have

g(b) > g(a) +(Vg(a),b—a); (10.36)

e 3) for all a and b we have

(Vg(b) — Vg(a),b—a) > 0. (10.37)

Corollary 10.1 The function g(z) = %(Hx”% — |z — ch\|%> is conver.

Proof: We show later in Corollary 13.1 that the gradient of g(z) is Vg(z) =
Pox. From the inequality (6.25) we know that

<PCx_PCy7x_y>207

for all z and y. Therefore, g(z) is convex, by Theorem 10.16. |
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Definition 10.10 Let g : R7 — R be conver and differentiable. Then the
Bregman distance, from x to y, associated with g is

Dy(z,y) = g(x) — g(y) — (Vg(y),z — y). (10.38)

Since g is convex, Theorem 10.16 tells us that Dy(z,y) > 0, for all  and
y. Also, for each fixed y, the function d(z) = Dy(x,y) is g(x) plus a linear
function of z; therefore, d(x) is also convex.

If we impose additional restrictions on g, then we can endow Dgy(x,y)
with additional properties usually associated with a distance measure; for
example, if g is strictly convex, then Dgy(z,y) = 0 if and only if . = y.

As in the case of functions of a single variable, we can say more when the
function g(x) is twice differentiable. To guarantee that the second derivative
matrix is symmetric, we assume that the second partial derivatives are
continuous. Note that, by the chain rule again, f”(t) = 27 V2g(z + t2)z.

Theorem 10.17 Let each of the second partial derivatives of g(x) be con-
tinuous, so that g(x) is twice continuously differentiable. Then g(x) is con-
vex if and only if the second derivative matriz V2g(x) is non-negative def-
inite, for each x.

10.4 Sub-Differentials and Sub-Gradients

The following proposition describes the relationship between hyper-
planes supporting the epigraph of a differentiable function and its gradient.
The proof is left as Exercise 10.5.

Proposition 10.3 Let g : R — R be a convex function that is differen-
tiable at the point 0. Then there is a unique hyperplane H supporting the
epigraph of g at the point (2°,g(2°)) and H can be written as

H={z e R™[(a,2) =},

for
a” = (Vg(a)7,~1)

and
v = (Vg(a"),2%) —g(a°).

Now we want to extend Proposition 10.3 to the case of non-differentiable
functions. Suppose that g : R/ — (—o0, 4+00] is convex and g(x) is finite
for  in the non-empty convex set C. If 2° is in the interior of C, then g
is continuous at 2°. Applying the Support Theorem to the epigraph of clg,
we obtain the following theorem.
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Theorem 10.18 If 20 is an interior point of the set C, then there is a
non-zero vector u with

g(x) > g(2°) + (u,z — 2°), (10.39)
for all x.

Proof: The point (2%, g(2°)) is a boundary point of the epigraph of g.
According to the Support Theorem, there is a non-zero vector a = (b, ¢) in
R7*1, with b in R’ and c real, such that

<b>$> +toer= <a7 (x’ T)> < <a" (xO’g(l,O)» = <b’ $0> + Cg(xo)v

for all (z,r) in the epigraph of g, that is, all (x,r) with g(x) < r. The real
number ¢ cannot be positive, since (b,x) + cr is bounded above, while r
can be increased arbitrarily. Also ¢ cannot be zero: if ¢ = 0, then b cannot
be zero and we would have (b, z) < (b,2°) for all  in C. But, since 20 is
in the interior of C, there is ¢ > 0 such that z = 2° +tbis in C. So ¢ < 0.

We then select u = —1b. The inequality in (10.39) follows. |

Note that it can happen that b = 0; therefore u = 0 is possible; see
Exercise 10.12.

Definition 10.11 A vector u is said to be a sub-gradient of the function
g(z) at x = 20 if, for all x, we have

9(x) = g(2°) + (u,x — 2°).

The collection of all sub-gradients of g at x = z° is called the sub-

differential of g at * = 2%, denoted dg(x®). The domain of dg is the set
dom dg = {z|dg(x) # 0}.

As an example, consider the function f(z) = 2. The epigraph of f(z)
is the set of all points in the x,y-plane on or above the graph of f(x). At
the point (1, 1) on the boundary of the epigraph the supporting hyperplane
is just the tangent line, which can be written as y =2x — 1 or 22 —y = 1.
The outward normal vector is a = (b,¢) = (2,—1). Thenu =b=2 = f'(1).

As we have seen, if f : R/ — R is differentiable, then an outward normal
vector to the hyperplane supporting the epigraph at the boundary point
(z0, f(xp)) is the vector

a= 0", = (Vf(x)",-1)7T.

So b =u = Vf(xo).

When f(z) is not differentiable at = ¢ there will be multiple hyper-
planes supporting the epigraph of f(z) at the boundary point (zo, f(z0));
the normals can be chosen to be a = (b1, —1)T, so that b = u is a sub-
gradient of f(z) at © = xy. For example, consider the function of real x
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given by g(z) = |z|, and z° = 0. For any a with |a| < 1, the graph of the
straight line y = ax is a hyperplane supporting the epi-graph of g(z) at
x = 0. Writing ax — y = 0, we see that the vector a = (b,¢) = (o, —1) is
normal to the hyperplane. The constant b = u = « is a sub-gradient and
for all x we have

9(@) = la] > ga®) + (u,z - 2°) = au.

Let g : R — R. Then m is in the sub-differential 9g(zo) if and only if the
line y = ma + b passes through the point (zg, g(xo)) and mz +b < g(z) for
all z. As the reader is asked to show in Exercise 10.4, when g is differentiable
at © = xo the only value of m that works is m = ¢'(z¢), and the only line
that works is the line tangent to the graph of g at x = .

Theorem 10.18 says that the sub-differential of a convex function at an
interior point of its domain is non-empty. If the sub-differential consists of
a single vector, then ¢ is differentiable at z = 2° and that single vector is
its gradient at x = z°.

Note that, by the chain rule, f'(¢t) = Vg(z + tz) - z, for the function
f(t) = g(z +1tz).

As we have just seen, whenever Vg(z) exists, it is the only sub-gradient
for g at x. The following lemma, whose proof is left as Exercise 10.8, pro-
vides a further connection between the partial derivatives of g and the
entries of any sub-gradient vector u.

Lemma 10.1 Let g : R’ — R be a convex function, and u any sub-gradient
of g at the point x. If aa—fj(x) exists, then it is equal to u;.

Proof: Providing a proof is Exercise 10.8. |

10.5 Sub-Differentials and Directional Derivatives

In this section we investigate the relationship between the sub-gradients
of a convex function and its directional derivatives. Our discussion follows
that of [23].

10.5.1 Some Definitions

Definition 10.12 Let S be any subset of R7. A point x in S is said to be
in the core of S, denoted core(S), if, for every vector z in RY, there is an
€ > 0, which may depend on z, such that, if |t| <€, then x +tz and x — tz
are in S.
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The core of a set is a more general notion than the interior of a set; for
x to be in the interior of S we must be able to find an € > 0 that works
for all z. For example, let S C R? be the set of all points on or above the
graph of y = 22, below or on the graph of y = —22 and the z-axis. The
origin is then in the core of S, but is not in the interior of S. In Exercise
10.9 you will be asked to show that the core of S and the interior of S are
the same, whenever S is convex.

Definition 10.13 A function f : R’ — (—o0, +00] is sub-linear if, for all
x and y in R? and all non-negative a and b,

flaz +by) < af(x) +bf(y).
We say that f is sub-additive if
fle+y) < flx)+ fy),

and positive homogeneous if, for all positive A,

fQx) = Af(x).

10.5.2 Sub-Linearity

We have the following proposition, the proof of which is left as Exercise
10.6.

Proposition 10.4 A function f : R7 — (—o0,+0oq] is sub-linear if and
only if it is both sub-additive and positive homogenous.

Definition 10.14 The lineality space of a sub-linear function f, denoted
lin(f), is the largest subspace of R? on which f is a linear functional.

Suppose, for example, that S is a subspace of R’ and a a fixed member
of R7. Define f(x) by

f(z) = (a, Psx) + ||Psa]2.
Then lin(f) is the subspace S.

Proposition 10.5 Suppose that p : R7 — (—o0,+o0] is sub-linear and
S = lin(p). Then p(s + x) = p(s) + p(z) for any s in S and any = in R’.

Proof: We know that

p(s+x) < p(s) + p(x)
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by the sub-additivity of p, so we need only show that
p(s +z) = p(s) + p().
Write
p(x) = plz +s—s) <p(s+ ) +p(=s) =p(s + ) = p(s),

so that
p(z) +p(s) < p(s + ).

Recall that the extended (two-sided) directional derivative of the func-
tion f at « in the direction of the vector z is

f(:2) = i L (f(a + t2) — f()).

t—0 ¢

Proposition 10.6 If f : R/ — (—o00,+00] is convex and x is in the core
of dom(f), then the directional derivative of f, at x and in the direction z,
denoted f'(x;z), exists and is finite for all z and is a sub-linear function

of z.

Proof: For any z and real ¢t # 0 let

9(0) = 3 (fl + 12) — f(2).
For 0 < t < s write

Fla+t2) = f((1= Do+ S+ 52) < (L= D)f(@) + - fl +52).

It follows that
9(z,t) < g(2,9).

A similar argument gives
g(Z, _S) < g(Z, _t) < g(Z,t) < g(Z, S)

Since z lies in the core of dom(f), we can select s > 0 small enough so
that both g(z, —s) and g(z, s) are finite. Therefore, as ¢ | 0, the g(z,t) are
decreasing to the finite limit f'(z;z); we have

—00 < g(z,—s) < f/(:L‘;Z) < g(z,t) < g(z,8) < +oo.

The sub-additivity of f’(x;z) as a function of z follows easily from the
inequality
9(z +y,t) < g(z,2t) + g(y, 20).
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Proving the positive homogeneity of f’(x;z) is easy. Therefore, f'(z;z2) is
sub-linear in z.

As pointed out by Borwein and Lewis in [23], the directional derivative
of f is a local notion, defined only in terms of what happens to f near z,
while the notion of a sub-gradient is clearly a global one. If f is differentiable
at x, then we know that the derivative of f at a, which is then V f(x), can
be used to express the directional derivatives of f at x:

fl(x;2) = (Vf(x), 2).

We want to extend this relationship to sub-gradients of non-differentiable
functions.

10.5.3 Sub-Gradients and Directional Derivatives

We have the following proposition, whose proof is left as Exercise 10.7.

Proposition 10.7 Let f : R/ — (—o0,+00] be convex and x in dom(f).
Then w is a sub-gradient of f at x if and only if
(u,2) < f'(; 2)
for all z.
The main result of this subsection is the following theorem.

Theorem 10.19 Let f : R/ — (—o0, +00] be conver and x in the core of
dom(f). Let z be given. Then there is a u in Of(x), with u depending on
z, such that

f(z;2) = (u, 2). (10.40)

Therefore f'(x; z) is the mazimum of the quantities (u, z), as u ranges over
the sub-differential Of (x). In particular, the sub-differential is not empty.

Notice that Theorem 10.19 asserts that once z is selected, there will be
a sub-gradient « for which Equation (10.40) holds. It does not assert that
there will be one sub-gradient that works for all z; this happens only when
there is only one sub-gradient, namely V f(z). The theorem also tells us
that the function f’(x;-) is the support function of the closed convex set
C =0f(x).

We need the following proposition.

Proposition 10.8 Suppose that p : R? — (—oo, +0oc] is sub-linear, and
therefore convex, and that x lies in the core of dom(f). Define the function

q(z) = p'(z;2).

Then q(z) is sub-linear and has the following properties:
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e 1) g(Ax) = Ap(x), for all \;

* 2) q(z) < p(z), for all z;
e 3) lin(q) contains the set lin(p)+ span{x}.

Proof: If ¢t > 0 is close enough to zero, then the quantity 1+ ¢ty is positive
and

p(z + tyz) = p((1 + ty)x) = (1 + t7)p(x),
by the positive homogeneity of p. Therefore,

q(yr) = ltijg % (p(x +tyx) — p(ﬁc)) = yp(x).

Since

p(x +t2) < p(x) +tp(2),
we have

p(x +tz) — p(x) < tp(z),

from which ¢(z) < p(z) follows immediately. Finally, suppose that lin(p) =
S. Then, by Proposition 10.5, we have

p(x +t(s + 7)) = p(ts) + p((1 + ty)x) = tp(s) + (1 + t7)p(x),

for t > 0 close enough to zero. Therefore, we have

q(s +yz) = p(s) + yp(z).

From this it is easy to show that ¢ is linear on S+ span{z}. |

Now we prove Theorem 10.19. Let y be fixed. Let {a!,a?,...,a’} be
a basis for R7, with a! = y. Let po(z) = f'(z;2) and p1(2) = ph(al;2).
Note that, since the function of z defined by po(z) = f/(z;2) is convex and
finite for all values of z, pj(z;w) exists and is finite, for all z and all w.
Therefore, p1(z) = pj(a'; z) is sub-linear, and so convex, and finite for all
z. The function p(2) is linear on the span of the vector a'. Because

Po(252) < po(z + 2) — po(2)
and pg is sub-additive, we have

po(x;2) = p1(2) < po(2).

Continuing in this way, we define, for k = 1,2,...,J, pi(2) = p}_,(a¥; 2).

Then each py(z) is sub-linear, and linear on the span of {al, ..., a*}, and

pr(2) < pr-1(2).
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Therefore, p;(2) is linear on all of R”. Finally, we have
ps(y) < po(y) = pola') = —py(a’; —a’)

= —pi(=a") = —pi(—y) < —ps(~y) = ps(v),
with the last equality the result of the linearity of p;. Therefore,

pay) = f'(z;y).
Since py(z) is a linear function, there is a vector u such that
py(z) = (u, z).
Since
ps(2) = (u,2) < f'(x;2) = po(2)

for all z, we know that u € 9f(z). |

Theorem 10.19 shows that the sub-linear function f’(z;-) is the support
functional for the set df(x). In fact, every lower semi-continuous sub-linear
function is the support functional of some closed convex set, and every
support functional of a closed convex set is a lower semi-continuous sub-
linear function [129].

10.5.3.1 An Example

The function f : R? — R given by f(x1,22) = %x% + |x2| has gradient
Vf(zy,22) = (1, )T if 25 > 0, and Vf (21, 72) = (z1,—1)T if 25 < 0, but
is not differentiable when xo = 0. When x5 = 0, the directional derivative
function is

F((21,0); (21, 22)) = 2121 + |22,

and the sub-differential is

9f((21,0) = {¢ = (z1,7)" | - 1<y <1}

Therefore,
f/((xla O)a (217 Z?)) = <¢7 Z>7
with v =1 when z5 > 0, and v = —1 when 25 < 0. In either case, we have
"((21,0); (21,22)) = max ,2).
Pl 0 Grz) = _max (9,2)

The directional derivative function f’(x;z) is linear for all z when x5 is not
zero, and when x5 = 0, f/(z;z) is linear for z in the subspace S of all z
with zo = 0.
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10.6 Functions and Operators

A function F : R — R’ is also called an operator on R7. For our
purposes, the most important examples of operators on R’ are the or-
thogonal projections Po onto convex sets, and gradient operators, that is,
F(z) = Vg(z), for some differentiable function g(z) : R’ — R. As we shall
see later, the operators Po are also gradient operators.

Definition 10.15 An operator F(x) on R” is called L-Lipschitz continu-
ous, with respect to a given norm on RY, if, for every x and y in R’, we
have

I1F(z) = Fy)ll < Lllx -yl (10.41)

Definition 10.16 An operator F(x) on R’ is called non-expansive, with
respect to a given norm on R, if, for every x and y in R?, we have

[F(z) = F()ll < llz —yll. (10.42)
Clearly, if an operator F(z) is L-Lipschitz continuous, then the operator
G(z) = £ F(x) is non-expansive.

Definition 10.17 An operator F(x) on R’ is called firmly non-expansive,
with respect to the 2-norm on RY, if, for every x and y in R, we have

(F(x) = F(y),x —y) > |F(z) - F(y)l3- (10.43)
Lemma 10.2 A firmly non-expansive operator on R’ is non-expansive.
We have the following analog of Theorem 10.8.

Theorem 10.20 Let h(x) be conver and differentiable and its derivative,
Vh(x), non-expansive in the two-norm, that is,

IVA(®) - Vh@)lz < |1b— allz, (10.44)
for all a and b. Then Vh(x) is firmly non-expansive, which means that

(Vh(b) — Vh(a),b—a) > ||Vh(b) — Vh(a)||3. (10.45)

Suppose that g(x) : R/ — R is convex and the function F(x) = Vg(x) is
L-Lipschitz. Let h(z) = Fg(z), so that Vh(z) is a non-expansive operator.
According to Theorem 10.20, the operator Vh(z) = +Vg(x) is firmly non-
expansive.

Unlike the proof of Theorem 10.8, the proof of Theorem 10.20 is not
trivial. In [119] Golshtein and Tretyakov prove the following theorem, from
which Theorem 10.20 follows immediately.
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Theorem 10.21 Let g : R — R be convex and differentiable. The follow-
ing are equivalent:

° 1)
[IVg(z) = Va2 < ||z — yll2; (10.46)
° 2)
g(x) > g(y) + (Vg(y),z —y) + %IIVQ(JS) —Vg)ll3: (10.47)
and
° 3)

(Vg(z) = Vg(y),z —y) > |[Vg(z) — Vg(u)ll3- (10.48)

Proof: The only non-trivial step in the proof is showing that Inequality
(10.46) implies Inequality (10.47). From Theorem 10.16 we see that In-
equality (10.46) implies that the function h(z) = 1|z|*> — g(z) is convex,
and that

Sl = vll* > g(2) = g(y) = (Va(y), 2~ v),
for all  and y. Now fix y and define
d(z) = Dy(2,y) = 9(2) —9(y) = (Vag(y), 2 —y),
for all z. Since the function g(z) is convex, so is d(z). Since
Vd(z) = Vy(z) = Vg(y),
it follows from Inequality (10.46) that
[Vd(z) = Vd(z)|| < ||z — ],

for all z and z. Then, from our previous calculations, we may conclude that
1
sllz = 2l* > d(z) - d(w) = (Vd(2), z - 2},

for all z and z.
Now let = be arbitrary and

z=z—Vg(z)+Vg(y).

Then 1
0<d(z) < d(@) - 5IVg(@) = Vo)
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This completes the proof. |
We know from Corollary 10.1 that the function

1

g9(z) = 5

(13 = 1 = Pex|3)
is convex. As Corollary 13.1 tells us, its gradient is Vg(x) = Pox. We
showed in Corollary 6.1 that the operator P¢ is non-expansive by showing
that it is actually firmly non-expansive. Therefore, Theorem 10.20 can be
viewed as a generalization of Corollary 6.1.

If g(x) is convex and f(z) = Vg(x) is L-Lipschitz, then 1+ Vg(z) is non-
expansive, so, by Theorem 10.20, it is firmly non-expansive. It follows that,
for v > 0, the operator

Tex =2 —~Vg(x) (10.49)

is averaged, whenever 0 < v < % By the KMO Theorem 15.2, the iterative
sequence ¥t = Ta% = 28 — yVg(2*) converges to a minimizer of g(z),
whenever minimizers exist.

10.7 Convex Sets and Convex Functions

In a previous chapter we said that a function f : R — (—o0,00] is
convex if its epigraph is a convex set in R7*!. At the same time, every
closed convex set C' C R7 has the form

C = {z|f(z) <0}, (10.50)

for some convex function f : R7 — R. We are tempted to assume that the
smoothness of the function f will be reflected in the geometry of the set C.
In particular, we may well expect that, if = is on the boundary of C and f
is differentiable at z, then there is a unique hyperplane supporting C at x
and its normal is V f(z); but this is wrong. Any closed convex nonempty
set C' can be written as in Equation (10.50), for the differentiable function

f(2) = gz — Pel.

As we shall see later, the gradient of f(z) is Vf(x) = x — Pox, so that
Vf(z) = 0 for every x in C. Nevertheless, the set C' may have a unique
supporting hyperplane at each boundary point, or it may have multiple
such hyperplanes, regardless of the properties of the f used to define C.
When we first encounter gradients, usually in Calculus III, they are
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almost always described geometrically as a vector that is a normal for the
hyperplane that is tangent to the level surface of f at that point, and as
indicating the direction of greatest increase of f. However, this is not always
the case.

Consider the function f: R? — R given by

flaers) = 5 (et + a8~ 1)

for % 4+ x3 > 1, and zero, otherwise. This function is differentiable and

el -1
VI = Ml

for ||z]2 > 1, and Vf(x) = 0, otherwise. The level surface in R? of all x
such that f(x) < 0 is the closed unit ball; it is not a simple closed curve. At
every point of its boundary the gradient is zero, and yet, at each boundary
point, there is a unique supporting tangent line.

Consider the function f: R? — R given by f(z) = f(z1,22) = z%. The
level curve C' = {xz|f(z) = 0} is the x2 axis. For any x such that z; = 0
the hyperplane supporting C' at x is C itself, and any vector of the form
(7,0) is a normal to C. But the gradient of f(z) is zero at all points of C.
So the gradient of f is not a normal vector to the supporting hyperplane.

10.8 Exercises

Ex. 10.1 Say that a function f : R — R has the intermediate value prop-
erty (IVP) if, for every a and b in R and, for any d between f(a) and f(b),
there is ¢ between a and b with f(c) = d. Let g : R — R be differentiable
and f(z) = ¢'(x). Show that f has the IVP, even if f is not continuous.

Ex. 10.2 Prove Proposition 10.1.

Ex. 10.3 Prove Proposition 10.2. Hint: fix z € R’ and show that the func-
tion g(x) = f(x) — (z,x) has a global minimizer.

Ex. 10.4 Let g : R — R be differentiable at x = xg. Show that, if the line
y = mx + b passes through the point (xg,g(xo)) and mz +b < g(x) for all
x, then m = ¢'(xg).

Ex. 10.5 Prove Proposition 10.3.

Ex. 10.6 Prove Proposition 10.4.
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Ex. 10.7 Prove Proposition 10.7.
Ex. 10.8 Prove Lemma 10.1.

Ex. 10.9 Let C be a non-empty convex subset of R”. Show that the core
of C and the interior of C are the same. Hints: We need only consider the
case in which the core of C is not empty. By shifting C if necessary, we
may assume that 0 is in the core of C'. Then we want to show that 0 is in
the interior of C. The gauge function for C' is

vo(z) =inf{\ > 0|z € A\C}.
Show that the interior of C is the set of all x for which vo(z) < 1.

Ex. 10.10 Let p: R7 — R be sub-linear, and p(—x,) = —p(z,) for n =
1,2,..., N. Show that p is linear on the span of {x1,...,xN}.

Ex. 10.11 Prove Lemma 10.2.

Ex. 10.12 Show that, if & minimizes the function g(x) over all x in R,
then u = 0 is in the sub-differential Og(&).

Ex. 10.13 If f(z) and g(x) are convex functions on R”, is f(x) + g(x)
convex? Is f(x)g(x) conver?

Ex. 10.14 Let tc(x) be the indicator function of the closed convex set C.
Show that the sub-differential of the function vc at a point ¢ in C is the
normal cone to C at the point ¢, that is, Ovc(c) = Ne(c), for all ¢ in C.

Ex. 10.15 [200] Let g(t) be a strictly convex function fort > 0. For z > 0
and y > 0, define the function

fla,y) = zg(2).

X

Use induction to prove that

N
Z f(mnvyn) > f(‘r+7y+)a

n=1

for any positive numbers x, and y,, where x4 = 25:1 Ty. Also show
that equality obtains if and only if the finite sequences {x,} and {y.} are
proportional.

Ex. 10.16 Use the result in Exercise 10.15 to obtain Cauchy’s Inequality.
Hint: let g(t) = —/t.
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Ex. 10.17 Use the result in Ezxercise 10.15 to obtain Holder’s Inequality.
Hint: let g(t) = —t'/9.

Ex. 10.18 Use the result in FExercise 10.15 to obtain Minkowski’s Inequal-
ity. Hint: let g(t) = —(t'/7 4+ 1)P.

Ex. 10.19 Use the result in Ezercise 10.15 to obtain Milne’s Inequality :

N N
T4Y+ 2 (Z(In+yn))<2ﬁ)

n=1

Hint: let g(t) = — 4.

Ex. 10.20 For z > 0 and y > 0, let f(z,y) be the Kullback-Leibler
function,

flz,y) = KL(z,y) = x(logg) +y—a.
Use Ezxercise 10.15 to show that

N
> KL(xn,yn) > KL(24,y4).

n=1

Compare this result with Lemma ?7.
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11.1 Chapter Summary

Convex programming (CP) refers to the minimization of a convex func-
tion of one or several variables over a convex set. The convex set is often
defined in terms of inequalities involving other convex functions. We begin
by describing the basic problems of CP. We then discuss characterizations
of the solutions given by the Karush-Kuhn-Tucker (KKT) Theorem, the
concept of duality, and use these tools to solve certain CP problems.

11.2 The Primal Problem

Let f and g;, i = 1, ..., I, be convex functions defined on a non-empty
closed convex subset C' of R”. The primal problem in convex programming

(CP) is the following:
minimize f(z), subjectto g;(x) <0, fori=1,...,1. (P) (11.1)

For notational convenience, we define g(z) = (g1(z),...,g9r(z)). Then P
becomes

minimize f(z), subjectto g(x) <0. (P) (11.2)
The feasible set for P is
F = {z|g(x) <0}, (11.3)
and the members of F' are called feasible points for P.

Definition 11.1 The problem P is said to be consistent if F' is not empty,
and super-consistent if there is x in F with g;(x) < 0 for all i = 1,...,I.
Such a point x is then called a Slater point.

11.2.1 The Perturbed Problem

For each z in RY let

MP(z) = inf{f(z)|x € C,g(z) < z}, (11.4)
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and M P = M P(0). The convex programming problem P(z) is to minimize
the function f(x) over z in C' with g(z) < z. The feasible set for P(z) is

F(2) = {alg(x) < =}. (115)

We shall be interested in properties of the function M P(z), in particular,
how the function M P(z) behaves as z moves away from z = 0.

For example, let f(z) = 2?; the minimum occurs at 2 = 0. Now consider
the perturbed problem, minimize f(z) = 2, subject to x < z. For z < 0,
the minimum of the perturbed problem occurs at x = z, and we have
MP(z) = 2. For z > 0 the minimum of the perturbed problem is the
global minimum, which is at = 0, so M P(z) = 0. The global minimum
of MP(z) also occurs at z = 0.

We have the following theorem concerning the function M P(z); see the
exercises for related results.

Theorem 11.1 The function M P(z) is convex and its domain, the set of
all z for which F(z) is not empty, is convex. If P is super-consistent, then
z =0 is an interior point of the domain of M P(z).
Proof: See [175], Theorem 5.2.6. |
From Theorem 10.18 we know that, if P is super-consistent, then there
is a vector u such that
MP(z) > MP(0) + (u,z —0). (11.6)

In fact, we can show that, in this case, u© < 0. Suppose that u; > 0 for
some i. Since z = 0 is in the interior of the domain of M P(z), there is
r > 0 such that F'(z) is not empty for all z with ||z|| < r. Let w; = 0 for
j # 4 and w; = r/2. Then F(w) is not empty and M P(0) > M P(w), since
F C F(w). But from Equation (11.6) we have

MP(w) > MP(0) + gui > MP(0). (11.7)

This is a contradiction, and we conclude that u < 0.

11.2.2 The Sensitivity Vector

From now on we shall use \* = —u instead of u. For any z we have
(\*,z) > MP(0) — MP(z); (11.8)
so for z > 0 we have M P(z) < M P(0), and
(\*,z) > MP(0) — MP(z) > 0. (11.9)

The quantity (\*, z) measures how much M P(z) changes as we increase z
away from z = 0; for that reason, \* is called the sensitivity vector, as well
as the vector of Lagrange multipliers.
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11.2.3 The Lagrangian Function

The Lagrangian function for the problem P is the function

I
L(z,A) = f(z) + Z)\igi(x) = f(x) + (A g(2)), (11.10)

defined for all z in C and A > 0.
For each fixed z in C, let

F(z) :ig%L(x,)\). (11.11)

If x is feasible for P, then f(x) > L(x, \), for all A > 0, so that f(z) > F(x).
On the other hand, since f(z) = L(z,0) < F(z), we can conclude that
f(z) = F(x) for all feasible x in C. If z is not feasible, then F'(z) = +o0.
Consequently, minimizing f(z) over all feasible z in C is equivalent to
minimizing F(z) over all z in C; that is, we have removed the constraint
that x be feasible for P. In the next section we pursue this idea further.

11.3 From Constrained to Unconstrained

In addition to being a measure of the sensitivity of M P(z) to changes
in z, the vector \* can be used to convert the original constrained mini-
mization problem P into an unconstrained one.

Theorem 11.2 If the problem P has a sensitivity vector \* > 0, in par-
ticular, when P is super-consistent, then MP(0) = inf,cc L(z, \*), that
18,

MP(0) = inf (f(2)+ (X", g(x))). (11.12)

Proof: For any fixed x in the set C, the set
Fg(x)) = {tlg(t) < g(a)}
contains t = 2 and therefore is non-empty. By Equation (11.9)
MP(g(a)) + (X", g(x)) > MP(0). (11.13)
Since z is in F(g(x)), we have

f(x) = MP(g(z)), (11.14)
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and it follows that

fx)+ (N, g(x)) > MP(0). (11.15)
Therefore,

inf (f()+ (", g(x))) > MP(0). (11.16)

But
inf (f@)+ (Og(e)) < inf () + N g(@)), (01a7)

and
oot (@ O ga)) < inff@) = MP(0), (1118)
since A* > 0 and g(z) < 0. |

Note that the theorem tells us that the two sides of Equation (11.12) are
equal. Although it is true, we cannot conclude, from Theorem 11.2 alone,
that if both sides have a minimizer then the minimizers are the same vector.

11.4 Saddle Points

To prepare for our discussion of the Karush-Kuhn-Tucker Theorem and
duality, we consider the notion of saddle points.

11.4.1 The Primal and Dual Problems

Suppose that X and Y are two non-empty sets and K : X x Y —
(=00, 00) is a function of two variables. For each z in X, define the function
f(x) by the supremum

f(z) = st;pK(x,y), (11.19)

where the supremum, abbreviated “sup”, is the least upper bound of the
real numbers K (z,y), over all y in Y. Then we have

K(z,y) < f(z), (11.20)

for all . Similarly, for each y in Y, define the function g(y) by

9(y) = inf K(z,y); (11.21)
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here the infimum is the greatest lower bound of the numbers K (z,y), over
all x in X. Then we have

9ly) < K(z,y), (11.22)
for all y in Y. Putting together (11.20) and (11.22), we have
9(y) < K(z,y) < f(), (11.23)

for all x and y. Now we consider two problems: the primal problem is
minimizing f(z) and the dual problem is maximizing g(y).

Definition 11.2 The pair (&,9) is called a saddle point for the function
K(z,y) if, for all z and y, we have

K(z,y) < K(&,9) < K(x,7). (11.24)
The number K(Z,9) is called the saddle value.

For example, the function K (z,y) = 2% —y? has (0,0) for a saddle point,
with saddle value zero.

11.4.2 The Main Theorem

We have the following theorem, with the proof left to the reader.
Theorem 11.3 The following are equivalent:

e (1) The pair (&,7) forms a saddle point for K(x,y);

e (2) The point & solves the primal problem, that is, & minimizes f(x),
over all x in X, and § solves the dual problem, that is, § maximizes
g(y), over ally inY, and f(&) = g(7).

When (&, ) forms a saddle point for K (x,y), we have

9(y) < K(&,9) < f(), (11.25)

for all x and y, so that the maximum value of g(y) and the minimum value
of f(z) are both equal to K(z,9).

11.4.3 A Duality Approach to Optimization

Suppose that our original problem is to minimize a function f(z) over
z in some set X. One approach is to find a second set Y and a function
K(z,y) of two variables for which Equation (11.19) holds, use Equation
(11.21) to construct a second function g(y), defined for y in Y, and then
maximize ¢g(y). If a saddle point exists, then, according to the theorem, we
have solved the original problem.
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11.5 The Karush-Kuhn-Tucker Theorem

We begin with sufficient conditions for a vector z* to be a solution
to the primal CP problem. Under certain restrictions, as specified by the
Karush-Kuhn-Tucker Theorem, these conditions become necessary, as well.

11.5.1 Sufficient Conditions

Proposition 11.1 Let z* be a member of C. If there is A* > 0 such that,
for all x € C and all vectors A > 0, we have

L(z*,A) < L(z", A") < L(z, A7),
then x* is feasible and x* solves the primal CP problem.

Proof: The proof is left as Exercise 11.1. |

Corollary 11.1 If, for a given vector x* € C, there is \* > 0 such that
L(z®, \*) < L(z, \"),

for all x € C, and X! g;(z*) =0, for all i, then x* is feasible and z* solves
the primal CP problem.

Proof: The proof is left as Exercise 11.2. |

11.5.2 The KKT Theorem: Saddle-Point Form

This form of the KKT Theorem does not require that the functions in-
volved be differentiable. The saddle-point form of the Karush-Kuhn-Tucker
(KKT) Theorem is the following.

Theorem 11.4 Let P, the primal CP problem, be super-consistent. Then
x* solves P if and only if there is a vector \* such that

e 1) \* >0;
o 2) L(z*,\) < L(z*,\*) < L(z, \*), for all z € C and all A > 0;
e 3) Ngi(z*)=0, foralli=1,..,1.

Proof: Since P is super-consistent and z* solves P, we know from Theorem
11.2 that there is A* > 0 such that

f(a%) = inf L(z,\"). (11.26)

xTE
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We do not yet know that f(z*) = L(z*, \*), however. We do have
f(@™) < L™ A7) = f(z") + (A7, (")), (11.27)
though, and since A* > 0 and g(z*) < 0, we also have
f@™) + (X g(a7)) < fah). (11.28)

Now we can conclude that f(z*) = L(z*, \*) and (\*, g(z*)) = 0. It follows
that Afg;(z*) =0, for all ¢ = 1, ..., I. Since, for A > 0,

L(z*,\") — L(z",\) = (A" = A\, g(z%)) = (=), g(z¥)) > 0, (11.29)
we also have
L(z*,\) < L(z*, \"), (11.30)

for all A > 0.

Conversely, suppose that x* and \* satisfy the three conditions of the
theorem. First, we show that z* is feasible for P, that is, g(z*) < 0. Let i
be fixed and take A to have the same entries as A\*, except that A\; = A7 +1.
Then we have A > 0 and

0 < L(z*,\*) — L(z*,\) = —g;(z"). (11.31)
Also,
f(@") = L(z",0) < L(z", %) = f(z") + (A", g(2")) = f(z¥), (11.32)
f(x®) = L(z*,\") < L(z, \"). (11.33)
But we also have

L, A7) < nf (f() + (Vgla))) € inf _f(2) = MP(0).(11.34)

We conclude that f(z*) = M P(0), and since z* is feasible for P, x* solves
P. |

Condition 3) is called complementary slackness. If g;(z*) = 0, we say
that the ith constraint is binding.

11.5.3 The KKT Theorem- The Gradient Form
Now we assume that the functions f(x) and g;(z) are differentiable.

Theorem 11.5 Let P be super-consistent. Then x* solves P if and only if
there is a vector A\* such that
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e 1) \* >0;
e 2) \rgi(x*) =0, foralli=1,..,1;
o 3) Vf(a*) + iy A\ Vgi(z*) = 0.

The proof is similar to the previous one and we omit it. The interested
reader should consult [175], p. 185.

11.6 On Existence of Lagrange Multipliers

As we saw previously, if P is super-consistent, then z = 0 is in the
interior of the domain of the function M P(z), and so the sub-differential
of MP(z) is non-empty at z = 0. The sub-gradient d was shown to be
non-positive and we defined the sensitivity vector, or the vector of La-
grange multipliers, to be \* = —d. Theorem 11.5 tells us that if P is
super-consistent and x* solves P, then the vector V f(z*) is a non-negative
linear combination of the vectors —Vg;(x*). This sounds like the assertion
in Farkas’ Lemma.

For any point x, define the set

B(z) = {ilgi(x) = 0},

and
Z(z) = {2|2"Vgi(z) <0, i € B(z), and 27V f(z) < 0}.

If Z(x) is empty, then
21 (=Vgi(x)) >0

for ¢ € B(x) implies
IV f(x) >0,

which, by Farkas’ Lemma, implies that V f(z) is a non-negative linear com-
bination of the vectors —Vg;(x) for ¢ € B(x). The objective, then, is to
find some condition which, if it holds at the solution z*, will imply that
Z(x*) is empty; first-order necessary conditions are of this sort. It will then
follow that there are non-negative Lagrange multipliers for which

I
Vi) + D A Vgi(a®) =0;
=1

for ¢ not in B(z*) we let A\¥ = 0. For more discussion of this issue, see
Fiacco and McCormick [112]
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11.7 The Problem of Equality Constraints

We consider now what happens when some of the constraints are equal-
ities.

11.7.1 The Problem

Let f and g;, i = 1, ..., I, be differentiable functions defined on R’. We
consider the following problem: minimize f(x), subject to the constraints
gi(x) <0,fori=1,...K, and g;(z) =0, for i=K+1,... . 1 < K < I,
the constraints are said to be mixed. If K = I, there are only inequality
constraints, so, for convex f(z) and g;(x), the problem is P, given by (11.1).
If K < I, we cannot convert it to a CP problem by rewriting the equality
constraints as ¢;(z) < 0 and —g;(x) < 0, since then we would lose the
convexity property of the constraint functions. Nevertheless, a version of
the KKT Theorem holds for such problems.

Definition 11.3 The feasible set for this problem is the set F' of all x
satisfying the constraints.

Definition 11.4 The problem is said to be consistent if F' is not empty.

Definition 11.5 Let Z(x) be the set of all indices 1 < i < I for which
gi(x) = 0. The point x is regular if the set of gradients {Vg;(x)|i € Z(x)}
is linearly independent.

11.7.2 The KKT Theorem for Mixed Constraints

The following version of the KKT Theorem provides a necessary con-
dition for a regular point x* to be a local constrained minimizer.

Theorem 11.6 Let x* be a regular point for the problem in (?7). If x* is
a local constrained minimizer of f(x), then there is a vector \* such that

e 1) X >0, fori=1,...K;
e 2) Xgi(z*)=0, fori=1,...,K;
e 3) Vf(z*) + 1 XV, (z*) = 0.

Note that, if there are some equality constraints, then the vector A need
not be non-negative.
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11.7.3 The KKT Theorem for LP

T

Consider the LP problem PS: minimize z = ¢ z, subject to Az = b and

x> 0. We let

2= f(z) = c'x,

gi(z) = b; — (Az);,
fori=1,...,I, and
gi(x) = —Lyj,

fori=I1+1,...14+J and j =¢— I. We assume that I < J and that the
I by J matrix A has rank I. Then, since —Vg;(x) is a’, the ith column
of AT the vectors {Vg;(z)|i = 1,..., I} are linearly independent and every
x > 0 is a regular point.

Suppose that a regular point z* solves PS. Let A* be the vector in R/+”/
whose existence is guaranteed by Theorem 11.6. Denote by y* the vector in
R’ whose entries are the first I entries of A*, and r the non-negative vector

in R’ whose entries are the last J entries of \*. Then, applying Theorem
11.6, we have rTz* =0, Az* = b, and

I J
cfZ)\’[ai+er(f5j) =0,
i=1 j=1
or,
c— ATy  =r >0,

where 47 is the column vector whose jth entry is one and the rest are zero.
The KKT Theorem for this problem is then the following.

Theorem 11.7 Let A have full rank I. The regular point x* solves PS if
and only if there are vectors y* in RY and r > 0 in R’ such that

e 1) Az* =b;

e 2)r=c— ATy*;

e 3) rTx* =0.
Then y* solves DS.

The first condition in the theorem is primal feasibility, the second one is
dual feasibility, and the third is complementary slackness. The first two con-
ditions tell us that «* is feasible for PS and y* is feasible for DS. Combining
these two conditions with complementary slackness, we can write

Z* — ch* — (ATy* +’I“)Tl'* — (ATy*)TZ‘* +7”T.13* — (y*)Tb —_ w*’

so z* = w* and there is no duality gap. Invoking Corollary 8.2 to the
Weak Duality Theorem, we conclude that z* and y* solve their respective
problems.
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11.7.4 The Lagrangian Fallacy

As Kalman notes in [135], it is quite common, when discussing the
use of Lagrange multipliers in optimization, to say, incorrectly, that the
problem of minimizing f(x), subject to g(x) = 0, has been converted into
the problem of finding a local minimum of the Lagrangian function L(z, ),
as a function of (x, \). The following example, taken from [135], shows that
this interpretation is false.

Minimize the function f(x,y) = 22 +y?2, subject to g(x,y) = zy—1 = 0.
Using a Lagrange multiplier )\, and the Lagrangian

Lz, y,\) = 2> + 9 + May — 1) = (x — ) + Mzy — 1) + 22y,

we find that
2x + My =0,
2y + Az =0,
and
zy—1=0.

It follows that z = 1, y = 1, A = =2, and L(1,1,—-2) = 2. Now let us
move away from the point (1,1, —2) along the line (z,z,—2 + t), so that
the Lagrangian takes on the values

L(z,z,—24+1t) = (x —2)* + (=2 +)(z? — 1) +22% =2+ t(2® — 1).

For small positive values of ¢, the Lagrangian takes on values greater than
2, while, for small negative values of ¢, its values are smaller than 2.

11.8 Two Examples

We illustrate the use of the gradient form of the KKT Theorem with
two examples that appeared in the paper of Driscoll and Fox [100].

11.8.1 A Linear Programming Problem

Minimize f(z1,22) = 3z1 + 22, subject to the constraints 2z; + zo >
100, 21 + 22 > 80, 1 > 0 and x5 > 0. We define
11.35
11.36
11.37
11.38

g1(x1,22) =100 — 221 — 25 <0,
g2(x1,22) = 80 — z1 — x2,
93(x1,22) = —x1,

94(561,96‘2) = —T2.

(11.35)
(11.36)
(11.37)
(11.38)
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The Lagrangian is then

L(.’E, )\) =3x1 + 229 + )\1(100 —2x1 — .%'2)

+)\2(80 — X1 — 372) — A3T1 — A\4T2.
(11.39)

From the KKT Theorem, we know that, if there is a solution x*, then there
is A* > 0 with
f(@®) = L(z",\") < L(z,\"),
for all x. For notational simplicity, we write A in place of A*.
Taking the partial derivatives of L(xz, A) with respect to the variables
1 and x4, we get
3 — 2)\1 — )\2 — )\3 = 0, and (1140)
2—A1 =X =Xy =0. (11.41)

The complementary slackness conditions are

Ar =0, if 2z1 + x5 # 100, ( )

)\Q:O,ifz1+x27é80, ( )

)\3 =0 y if 1 7é 0, and (1144)

)\4:0,ifl‘27é0. ( )

A little thought reveals that precisely two of the four constraints must be

binding. Examining the six cases, we find that the only case satisfying all

the conditions of the KKT Theorem is A3 = A4 = 0. The minimum occurs
at £1 = 20 and z2 = 60 and the minimum value is f(20,60) = 180.

We can use these results to illustrate Theorem 11.2. The sensitivity
vector is A* = (1,1,0,0) and the Lagrangian function at A* is

L(z, \*) = 321 + 222 + 1(100 — 221 — 22) + 1(80 — 21 — x2). (11.46)

In this case, we find that L(z, A*) = 180, for all z.

11.8.2 A Nonlinear Convex Programming Problem

Minimize the function
f(@1,20) = (21 — 14)* + (22 — 11)?,
subject to

g1(w1,29) = (x1 — 11)% 4 (29 — 13)* — 49 <0,
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and
g2(z1,22) = 21 + 22 — 19 < 0.

The Lagrangian is then

L(z,\) = (21 — 14)? + (22 — 11)*+

At ((x1 —11)2 (22— 13)2 — 49) + A (:vl o — 19). (11.47)

Again, we write A in place of A*. Setting the partial derivatives, with respect
to 1 and x9, to zero, we get the KKT equations

221 — 28 4+ 2 121 — 220 + A2 =0, (11.48)
and
209 — 22 42X 122 — 26A1 + A2 = 0. (11.49)
The complementary slackness conditions are
A =0, if (zp —11)2 + (2o — 13)% # 49, (11.50)
and
A2 =0, if x1 + 29 # 19. (11.51)

There are four cases to consider. First, if neither constraint is binding, the
KKT equations have solution z1 = 14 and x5 = 11, which is not feasible.
If only the first constraint is binding, we obtain two solutions, neither
feasible. If only the second constraint is binding, we obtain 7 = 11, x5 = 8§,
and Ay = 6. This is the optimal solution. If both constraints are binding,
we obtain, with a bit of calculation, two solutions, neither feasible. The
minimum value is f(11,8) = 18, and the sensitivity vector is \* = (0, 6).
Using these results, we once again illustrate Theorem 11.2.
The Lagrangian function at A* is

L(z,\*) = (21 — 14)® + (22 — 11)% + 6(x1 + 29 — 19). (11.52)
Setting to zero the first partial derivatives of L(x, \*), we get
0=2(zy — 14) + 6,

and
0=2(xy — 11) +6,

so that 7 = 11 and x5 = 8. Note that Theorem 11.2 only guarantees that
18 is the infimum of the function L(z, \*). It does not say that this smallest
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value must occur at x = z* or even occurs anywhere; that is, it does not
say that L(z*,A*) < L(x, \*). This stronger result comes from the KKT
Theorem.

In this problem, we are able to use the KKT Theorem and a case-by-
case analysis to find the solution because the problem is artificial, with few
variables and constraints. In practice there will be many more variables
and constraints, making such a case-by-case approach impractical. It is for
that reason that we turn to iterative optimization methods.

11.9 The Dual Problem

The dual problem (DP) corresponding to P is to maximize

h(\) = mlIélgL(J?,)\), (11.53)
for A > 0. Let
MD = sup h(A). (11.54)
A>0

A vector A > 0 is feasible for DP if A(A) > —oo. Then DP is consistent if
there are feasible A. Recall that Theorem 11.2 tells us that if a sensitivity
vector A* > 0 exists, then h(A\*) = MP.

11.9.1 When is MP = M D?

We have the following theorem.

Theorem 11.8 Assume that P is super-consistent, so that there is a sen-
sitivity vector A* > 0, and that M P is finite. Then

e 1) MP = MD;

e 2) MD = h(X*), so the supremum in Equation (11.54) is attained at
A%

e 3) if the infimum in the definition of MP is attained at z*, then
(A", g(2")) = 0;

e 4) such an z* also minimizes L(x, \*) over xz € C.

Proof: For all A > 0 we have

h(\) = inf L(z,\) < inf L(z,\) <  inf = MP.
(A) = inf L(z, )—zecf?mgo (z, )—xecfﬁ(@gof(x)
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Therefore, M D < M P. The difference M P — M D is known as the duality
gap for CP. We also know that

MP = h(\*) < MD,

so MP = MD, and the supremum in the definition of M D is attained at
A*. From

Y= MP = inf L(z,\) < inf  L(z,\*
f(z®) Inf (z, )*xecf?(x)go (z,\")

< L(z*,\) < f(z"),
it follows that (\*, g(a*)) = 0. |

11.9.2 The Primal-Dual Method

From Theorem 11.8 we see that one approach to solving P is to solve DP
for A* and then minimize L(x, A\*) over € C. This is useful only if solv-
ing DP is simpler than solving P directly. Each evaluation of h()) involves
minimizing L(z, A) over € C. Once we have found \*, we find =* by min-
imizing L(x, \*) over & € C. The advantage is that all the minimizations
are over all x € C, not over just the feasible vectors.

11.9.3 Using the KKT Theorem

As we noted previously, using the KKT Theorem and a case-by-case
analysis, as in the example problems, is not practical for real-world prob-
lems involving many variables and constraints. The KKT Theorem can,
however, tell us something about the nature of the solution, and perhaps
help us design an algorithm to solve the problem, as the following two
examples illustrate.

11.10 Non-Negative Least-Squares

If there is no solution to a system of linear equations Ax = b, then we
may seek a least-squares “solution” | which is a minimizer of the function

OEDY ((i Aimn) =) =14z~ b,

i=1 m=1
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The partial derivative of f(x) with respect to the variable x; is

6855;(3?) = 2;%12’]‘ ((mi_l AimTm) — bi).

Setting the gradient equal to zero, we find that to get a least-squares solu-
tion we must solve the system of equations

AT(Az —b) =0.

Now we consider what happens when the additional constraints z; > 0 are
imposed.
This problem fits into the CP framework, when we define

9;i(x) = —x;,

for each j. Let Z be a least-squares solution. According to the KKT The-
orem, for those values of j for which #; is not zero we have A7 = 0 and

aach(i) = 0. Therefore, if Z; # 0,

0= XI:AM ((ZJ: Aimiim) — bi).
m=1

=1

Let Q be the matrix obtained from A by deleting columns j for which
%; = 0. Then we can write

QT (Az —b) =0.

If the matrix @ has full rank, which will almost always be the case, and has
at least I columns, then QT is a one-to-one linear transformation, which
implies that AZ = b. Therefore, when there is no non-negative solution of
Az = b, Q must have fewer than I columns, which means that & has fewer
than I non-zero entries. We can state this result more formally.

Definition 11.6 The matriz A has the full-rank property if A and every
matriz Q@ obtained from A by deleting columns have full rank.

Theorem 11.9 Let A have the full-rank property. Suppose there is no non-
negative solution to the system of equations Ax = b. Then there is a subset
S of the set {j = 1,2,...,J}, with cardinality at most I — 1, such that, if &
is any manimizer of ||Ax — bl|2 subject to x > 0, then &; = 0 for j not in
S. Therefore, T is unique.

This result has some practical implications in medical image reconstruction.
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11.11  An Example in Image Reconstruction

In many areas of image processing, including medical imaging, the vec-
tor x is a vectorized image that we seek, whose typically non-negative
entries are the unknown pixel values, the entries of b are measurements ob-
tained through the use of some device, such as a CAT-scan, and the matrix
A describes, usually imperfectly, the relationship between the desired im-
age x and the data b. In transmission tomography the data is often viewed
as integrals along line segments through the object; in the discrete version,
the data may be viewed as the sums of the z; for those j for which the
associated pixel intersects the given line segment. Figure 11.1 illustrates a
head slice sub-divided into J = 36 pixels. To take an example, consider the
line segment that ends in the pixel with 7 = 2. It begins at the pixel with
7 = 30, and passes through j = 24,23,17,16, 10,9, and 3, before reaching
j = 2. If the line-integral data pertaining to that line segment is, say, 4.5,
we write

o +x3 + T9 + T10 + T16 + T17 + T2z + Tos + w30 = 4.5.

We have similar equations for every line segment used by the scanner. The
matrix A is then 36 by 36, and each row has entries that are either zero or
one. The row corresponding to the line segment in our example has ones
in the columns j = 2,3,9,10,16,17,24, and 30, with zeros in the other
columns. Notice that the matrix A is sparse, that is, most of its entries are
zero. This is typical of such remote-sensing problems.

It is helpful to note that the matrix A as just presented does not do a
very good job of describing how the data is related to the pixels. By using
only the values zero or one, we ignore the obvious fact that a line segment
may intersect most of one pixel, while touching only a little of another. The
line segment considered in our example above intersects a large portion
of the pixels j = 2,9,16,23, and 30, but intersects only a small portion
of j = 3,10,17, and 24. We need to make use of these observations in
designing A, if we are to reduce the model error. We can do a better job by
taking the entries of A to be numbers between zero and one that are the
relative sizes of the intersection of the given line segment with the given
pixel.

There are other sources of error, as well: the line-integral model is only
an approximation; x-rays do not travel along exact straight lines, but along
narrow strips; the frequency content of the rays can change as the rays
travel through the body; the measured data are not precisely the sums given
by the vector Az, regardless of how accurately we describe the intersection
of the line segments with the pixels. In short, the vector b also contains
noise, known as measurement noise. For all these reasons, there may not
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be exact non-negative solutions of Az = b, and even if there are such
solutions, they may not be suitable for diagnosis.

Once the data is obtained, the number of measurements I is determined.
The number of pixels J is not yet fixed, and we can select J to suit our
needs. The scene being imaged or the patient being scanned has no pixels;
these are artificially imposed by us. If J is too small, we will not obtain the
desired resolution in the reconstructed image.

In the hope of improving the resolution of the reconstructed image, we
may be tempted to take J, the number of pixels, larger than I, the number
of equations arising from our measurement. Since the vector b consists of
measured data, it is noisy and there may well not be a non-negative exact
solution of Az = b. As a result, the image obtained by non-negatively
constrained least-squares will have at most I — 1 non-zero entries; many
of the pixels will be zero and they will be scattered throughout the image,
making it unusable. The reconstructed images resemble stars in a night
sky, and, as a result, the theorem is sometimes described as the “night

sky” theorem.
x(1) (2 x(6)

x(12)

x(31) \J_/ x(36)

FIGURE 11.1: Line segments through a discretized object.

This “night sky” phenomenon is not restricted to least squares. The
same thing happens with methods based on the Kullback-Leibler distance,
such as MART, EMML and SMART.
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11.12 Solving the Dual Problem

In this section we use the KKT Theorem to derive an iterative algorithm
to minimize the function

f(a) = gl

subject to Az > b, by solving the dual problem of maximizing h()), over
A>0.

11.12.1 The Primal and Dual Problems

Minimizing f(z) over x such that Az > b is the primal problem. Here
we let g; = b; — (Ax);, for i = 1,...,I, and the set C be all of R’. The
Lagrangian is then

1
L(z,\) = 5||gc\|§ — AT Az + b (11.55)
The infimum of L(x, \) over all x occurs when x = A7) and so

h(\) = Mo — Z||AT )3 (11.56)

1
2|
For any z satisfying Az > b and any A > 0 we have h(\) < f(x). If z* is
the unique solution of the primal problem and A* any solution of the dual
problem, we have f(z*) = h(\*). The point here is that the constraints
in the dual problem are easier to implement in an iterative algorithm, so
solving the dual problem is the simpler task.

The algorithm we present now calculates iteratively two sequences, {z*}
and {\*}, such that f(2*)—h()\¥) converges to zero. The limits of {*} and
{\*} will be the solutions of the primal and dual problems, respectively.

11.12.2 Hildreth’s Dual Algorithm

The iterative algorithm we describe here was originally published by
Hildreth [128], and later extended by Lent and Censor [147]. It is a row-
action method in that, at each step of the iteration, only a single row of
the matrix A is used. Having found z* and A\*, we use i = k(mod I) + 1,
A; the i-th row of A, and b; to calculate 1 and \*+1.

We know that the optimal x* and A\* > 0 must satisfy z* = AT N>,
Therefore, the algorithm guarantees that, at each step, we have A\¥ > 0
and zF = AT\F,

Having found z* and A\*, we proceed as follows. First, we select i =
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k(mod I) + 1. Since
1
B = bTA — S [ATAI3,
we have
Vh(\) =b— AAT .

A gradient ascent method to maximize h(\) would then have the iterative
step
ML — 2 (b — AATNF) = M (b — Azh),

for some 7, > 0. A row-action variant of gradient ascent modifies only the
i-th entry of A\ at the k-th step, with

AL = 2K (B — (AZF)). (11.57)

Since we require that \**' > 0, when (b; — (Az*);) < 0 we must select 7y
so that
(b — (Az);) > —AL.

We then have
ot =gk 4 Vi (b — (Axk)i)AiT,

which is used in the next step, in forming Vh(A\**1). Proof of convergence
of this algorithm is presented in [83].

11.13 Minimum One-Norm Solutions

When the system of linear equations Az = b is under-determined, it
is common practice to seek a solution that also minimizes some objective
function. For example, the minimum two-norm solution is the vector x
satisfying Az = b for which the (square of the) two-norm,

J
lll[3 =) a3,
j=1

is minimized. Alternatively, we may seek the minimum one-norm solution,
for which the one-norm,
J
el =) |y,
=1

is minimized.
If the vector z is required to be non-negative, then the one-norm is
simply the sum of the entries, and minimizing the one-norm subject to
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Ax = b becomes a linear programming problem. This is the situation in
applications involving image reconstruction.

In compressed sampling [98] one seeks a solution of Az = b having
relatively few non-zero entries. The vector x here is not assumed to be non-
negative, and the solution is found by minimizing the one-norm, subject to
the constraints Ax = b. The one-norm is not a linear functional of x, but
the problem can still be converted into a linear programming problem.

11.13.1 Reformulation as an LP Problem

The entries of x need not be non-negative, so the problem is not yet a
linear programming problem. Let

B=[A -4,

and consider the linear programming problem of minimizing the function

2J
T, _
cz= E Zj,
j=1

subject to the constraints z > 0, and Bz = b. Let z* be the solution. We
write

Then, as we shall see, x* = u* — v* minimizes the one-norm, subject to
Ax =b.

First, we show that uv? = 0, for each j. If, say, there is a j such that
0 < v; < wuj, then we can create a new vector z from z* by replacing the
old uj with u} — v} and the old v} with zero, while maintaining Bz = b.
But then, since uj —v; < uj + v}, it follows that Tz < cz*, which is a
contradiction. Consequently, we have ||2*||; = cT2*.

Now we select any = with Az = b. Write u; = z;, if z; > 0, and u; =0,
otherwise. Let v; = u; — x;, so that £ = u — v. Then let

z= .
v
Then b = Ax = Bz, and ¢!z = ||z||;. Therefore

lz*[ly = ¢"2* < Tz = ||z,

and z* must be a minimum one-norm solution.
The reader is invited to provide an example showing that a minimum
one-norm solution of Ax = b need not be unique.
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11.13.2 Image Reconstruction

In image reconstruction from limited linear-functional data, the vector
x is non-negative and arises as a vectorization of a two-dimensional image.
The data we have pertaining to z is linear and takes the form Ax = b, for
some matrix A and vector b. Typically, the problem is under-determined,
since the number of entries of x is the number of pixels in the image, which
we can make as large as we wish. The problem then is to select, from
among all the feasible images, one particular one that has a good chance
of being near the correct image. One approach is to take the solution of
Az = b having the minimum Euclidean norm, ||z||2. Algorithms such as the
projected ART and projected Landweber iterative methods can be used to
find such solutions.
Another approach is to find the non-negative solution of Ax = b for
which the one-norm,
J
el = 1l
j=1

is minimized [98]. Since the z; are to be non-negative, the problem becomes
the following: minimize
J
fla)=>"a,
j=1

subject to
g9i(w) = (Az); — b; =0,

fori=1,...,1I, and
gi(x) = —x;—1 <0,

fori=1+1,....,1+J.

When the system Ax = b is under-determined, the minimum one-norm
solution tends to be sparser than the minimum two-norm solution. A simple
example will illustrate this point.

Consider the equation = 4+ 2y = 1. The minimum two-norm solution is
(0.2,0.4), with two-norm %, which is about 0.4472, but one-norm equal
to 0.6. The solution (0,0.5) has two-norm and one-norm equal to 0.5, and
the solution (1.0,0) has two-norm and one-norm equal to 1.0. Therefore,
the minimum one-norm solution is (0,0.5), not (0.2, 0.4).

We can write the one-norm of the vector x as

J

12
lef = 3 2L
J

2 T

The PDFT approach to image reconstruction [53] selects the solution of
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Az = b that minimizes the weighted two-norm

J Iz, |2 J
ol2, == = g Pwy,
=1 Pi j=1

where p; > 0 is a prior estimate of the non-negative image x to be recon-
structed, and w; = pjfl. To the extent that p; accurately models the main
features of x, such as which x; are nearly zero and which are not, the two
approaches should give similar reconstructions. The PDFT can be imple-
mented using the ART algorithm (see [188, 189, 190]). For more discussion
of one-norm minimization, see the chapter on compressed sensing.

11.14 Exercises
Ex. 11.1 Prove Proposition 11.1.

Ex. 11.2 Prove Corollary 11.1.

Ex. 11.3 Show that, although K(1,1) = 0, which is the saddle value, the
point (1,1) is not a saddle point for the function K (z,y) = 2% — y?.

Ex. 11.4 Prove Theorem 11.3.

Ex. 11.5 Apply the gradient form of the KKT Theorem to minimize the
function f(z,y) = (x +1)? + y* over all z > 0 and y > 0.

Ex. 11.6 ([112]) Consider the following problem : minimize the function
subject to

g(xay):y27l’§0a

and
h(z,y) =2° +y* - 1=0.

Hllustrate this problem graphically, showing lines of constant value of f and
the feasible region of points satisfying the constraints. Where is the solution
of the problem? Where is the solution, if the equality constraint is removed?
Where is the solution, if both constraints are removed?
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Ex. 11.7 ([175], Ex. 5.2.9 (a)) Minimize the function

fl,y) = vVa? + ¢,

subject to
z+y <0.

Show that the function M P(z) is not differentiable at z = 0.
Ex. 11.8 ([175], Ex. 5.2.9 (b)) Minimize the function

f(@,y) = =2z —y,

subject to

and
y=>0.

Again, show that the function M P(z) is not differentiable at z = 0.

Ex. 11.9 (Duffin; [175], Ex. 5.2.9 (c)) Minimize the function

flzy)=e7?,
subject to
Va2 +y?2—2<0.

Show that the function M P(z) is not continuous at z = 0.

Ex. 11.10 Apply the theory of convexr programming to the primal
Quadratic Programming Problem (QP), which is to minimize the function

f(a) = 34" Qu,

subject to

alz <eg,

where a # 0 is in R7, ¢ < 0 is real, and Q is symmetric, and positive-
definite.

Ex. 11.11 Use Theorem 11.6 to prove that any real N by N symmetric
matriz has N mutually orthonormal eigenvectors.
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12.1 Chapter Summary

Now we begin our discussion of iterative methods for solving optimiza-
tion problems. Topics include the role of the gradient operator, the Newton-
Raphson (NR) method, and various computationally simpler variants of the
NR method.

12.2 The Need for Iterative Methods

We know from beginning calculus that, if we want to optimize a differ-
entiable function g(z) of a single real variable z, we begin by finding the
places where the derivative is zero, ¢'(x) = 0. Similarly, if we want to opti-
mize a differentiable function g(z) of a real vector variable x, we begin by
finding the places where the gradient is zero, Vg(z) = 0. Generally, though,
this is not the end of the story, for we still have to solve an equation for
the optimal z. Unless we are fortunate, solving this equation algebraically
may be computationally expensive, or may even be impossible, and we will
need to turn to iterative methods. This suggests that we might use iterative
methods to minimize g(x) directly, and not solve an equation.

For example, suppose we wish to solve the over-determined system of
linear equations Az = b, but we don’t know if the system has solutions. In
that case, we may wish to minimize the function

1
g(x) = 514z — bl

to get a least-squares solution. We know from linear algebra that if the
matrix AT A is invertible, then the unique minimizer of g(z) is given by

ot = (ATA)"1A b,

In many applications, the number of equations and the number of unknowns
may be quite large, making it expensive even to calculate the entries of the
matrix AT A. In such cases, we can find * using an iterative method such
as Landweber’s Algorithm, which has the iterative step

2P = 2% 1 AT (b — AzF).

The sequence {x*} converges to z* for any value of 7 in the interval
(0,2/Amaz), where Aqq is the largest eigenvalue of the matrix AT A.
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12.3 Optimizing Functions of a Single Real Variable

Suppose g : R — R is differentiable and attains its minimum value. We
want to minimize the function g(z). Solving ¢’(x) = 0 to find the optimal
r = z* may not be easy, so we may turn to an iterative algorithm for
finding roots of ¢’(x), or one that minimizes g(x) directly. In the latter
case, we may consider an iterative procedure

aF = ab — g’ (a"), (12.1)

for some sequence {7} of positive numbers. Such iterative procedures are
called descent algorithms because, if g’(z*) > 0, then we want to move to
the left of z*, while, if ¢'(z*) < 0, we want to move to the right.

We shall be particularly interested in algorithms in which v, = v for
all k. We denote by T the operator

Tr=z—~g (x). (12.2)
Then, using ¢'(z*) = 0, we find that
lz* — 2P| = |Tx* — Ta"|. (12.3)

12.3.1 Iteration and Operators

The iterative methods we shall consider involve the calculation of a
sequence {z*} of vectors in R”, according to the formula z*+! = TaF,
where T is some function 7' : R/ — R”; such functions are called operators
on R”. The operator Tx = x — ¢'(x) above is an operator on R.

Definition 12.1 An operator T on R” is continuous at x in the interior
of its domain if

lim ||Tz — Tz|| = 0.

Z—T

All the operators we shall consider are continuous.

The sequences generated by iterative methods can then be written
{T*z"}, where z = 20 is the starting point for the iteration and T* means
apply the operator T' k times. If the sequence {z*} converges to a limit
vector Z in the domain of T, then, taking the limit, as k — +o00, on both
sides of

Ik+1 — Tﬂfk,
and using the continuity of the operator T', we have
=Tz,

that is, the limit vector & is a fized point of T.
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Definition 12.2 A wvector x in the domain of the operator T is a fixed
point of T if TZ = &. The set of all fixed points of T is denoted Fix(T).

We have several concerns, when we use iterative methods:
e Does the operator T' have any fixed points?
e Does the sequence {T*z°} converge?
o Does convergence depend on the choice of 2°?

e When the sequence {T%x°} converges, is the limit a solution to our
problem?

e How fast does the sequence {T*z°} converge?
e How difficult is it to perform a single step, going from z* to zF*+1?
o How does the limit depend on the starting vector z°?

To answer these questions, we will need to learn about the properties of
the particular operator T being used. We begin our study of iterative op-
timization algorithms with the gradient descent methods, particularly as
they apply to convex functions.

12.4 Descent Methods

Suppose that g(z) is convex and the function f(x) = ¢'(x) is L-
Lipschitz. If g(z) is twice differentiable, this would be the case if

0<g"(x) <L, (12.4)

for all z. If 7 is in the interval (0, 2), then the operator Tz = x — v¢'(z)
is an averaged operator; from the KMO Theorem 15.2, we know that the
iterative sequence {T*z°} converges to a minimizer of g(x), whenever a
minimizer exists.

If g(z) is convex and f(z) = ¢'(z) is L-Lipschitz, then +g¢/(z) is non-
expansive, so that, by Theorem 10.20 %g’(z) is fne and ¢'(x) is %—ism.
Then, as we shall see later, the operator

Tx =x—~g (x) (12.5)

is av whenever 0 < v < %, and so the iterative sequence z**1 = TzF =
z® — yg¢'(2*) converges to a minimizer of g(x), whenever minimizers exist.

In the next section we extend these results to functions of several vari-
ables.
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12.5 Optimizing Functions of Several Real Variables

Suppose g : R/ — R is differentiable and attains its minimum value. We
want to minimize the function g(x). Solving Vg(z) = 0 to find the optimal
r = z* may not be easy, so we may turn to an iterative algorithm for
finding roots of Vg(x), or one that minimizes g(z) directly. From Cauchy’s
Inequality, we know that the directional derivative of g(z), at * = a, and
in the direction of the vector unit vector d, satisfies

l9'(a; d)| = [(Vg(a), d)| < [[Vg(a)ll2 [|dl2,

and that ¢’(a;d) attains its most positive value when the direction d is a
positive multiple of Vg(a). This suggests steepest descent optimization.
Steepest descent iterative optimization makes use of the fact that the
direction of greatest increase of g(z) away from x = x* is in the direction
d = Vg(z*). Therefore, we select as the next vector in the iterative sequence

aF = ok — Vg (aP), (12.6)
for some 7y > 0. Ideally, we would choose 7 optimally, so that

g(a® — 1 Vg(ah)) < g(a® —1Vg(z)), (12.7)

for all ¥ > 0; that is, we would proceed away from z*, in the direction of

—~Vg(z*), stopping just as g(z) begins to increase. Then we call this point
%1 and repeat the process.

Lemma 12.1 Suppose that z*t1 is chosen using the optimal value of v,

as described by Equation (12.7). Then
(Vg(a"*t1), Vg(z")) = 0. (12.8)

In practice, finding the optimal 7 is not a simple matter. Instead, one
can try a few values of o and accept the best of these few, or one can try
to find a constant value v of the parameter having the property that the
iterative step

.Tk+1 _ l‘k _ ’ng(l‘k)
leads to a convergent sequence. It is this latter approach that we shall
consider here.

We denote by T' the operator

Tx =2 —Vg(x). (12.9)
Then, using Vg(z*) = 0, we find that

|z* — 2F g = | Ta* — Ta|.. (12.10)



196 A First Course in Optimization

We would like to know if there are choices for v that imply convergence of
the iterative sequence. As in the case of functions of a single variable, for
functions g(x) that are convez, the answer is yes.

If g(z) is convex and F(z) = Vg(z) is L-Lipschitz, then G(z) = +Vg(z)
is firmly non-expansive. Then, as we shall see later, for v > 0, the operator

Tx=x—~yVg(z) (12.11)

is averaged, whenever 0 < v < % It follows from the KMO Theorem 15.2
that the iterative sequence z¥t! = Tz% = 2% — 7Vg(z*) converges to a
minimizer of g(x), whenever minimizers exist.
For example, the function g(z) = 1|l Az —b||3 is convex and its gradient

is

f(a) = Vg(z) = AT (Az — b).
A steepest descent algorithm for minimizing g(x) then has the iterative
step

oF Tt =gk~ AT (AP — 1),

where the parameter 4 should be selected so that
g(a™+1) < g(a").

The linear operator that transforms each vector x into A7 Az has the prop-
erty that
|AT Az — AT Ayllz < Amazllz = yll2,

where A4, is the largest eigenvalue of the matrix AT A; this operator is
then L-Lipschitz, for L = \,,4,. Consequently, the operator that transforms
x into %ATAx is non-expansive.

12.6 Projected Gradient-Descent Methods

As we have remarked previously, one of the fundamental problems in
continuous optimization is to find a minimizer of a function over a subset of
R”.The following propositions will help to motivate the projected gradient-
descent algorithm.

Proposition 12.1 Let f : R — R be convex and differentiable and let
C C R’ be closed, non-empty and convex. Then x € C minimizes f over
C if and only if

(Vf(z),c—z) >0, (12.12)
forall c € C.
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Proof: Since f is convex, we know from Theorem 10.16 that
f(0) = f(a) = (Vf(a),b—a),
for all @ and b. Therefore, if
<Vf(1'), c— 1'> > 07

for all ¢ € C, then f(c) — f(x) > 0 for all ¢ € C also.
Conversely, suppose that f(c¢) — f(z) > 0, for all ¢ € C. For each ¢ € C,
let d = +===%—, so that

C—XT
Te=alz”
!
lle = 2|2

<Vf(x),d> <Vf($),C—SL'>
is the directional derivative of f at x, in the direction of ¢. Because f(c) —
f(x) >0, for all ¢ € C, this directional derivative must be non-negative.

Proposition 12.2 Let f : RY — R be convex and differentiable and let
C C RY be closed, non-empty and convex. Then x € C minimizes f over
C if and only if

x = Po(x —yV f(z)),

for all v > 0.

Proof: By Proposition 6.4, we know that x = Po(z — vV f(x)) if and only
if

(& — (&~ V(@) c—2) 2 0,
for all ¢ € C. But this is equivalent to

(Vf(z),c—z) >0,

for all ¢ € C, which, by the previous proposition, is equivalent to  mini-
mizing the function f over all ¢ € C. |

This leads us to the projected gradient-descent algorithm. According to
the previous proposition, we know that z minimizes f over C if and only
if z is a fixed point of the operator

Tx = Po(x —yV f(x)).
We provide an elementary proof of the following theorem:

Theorem 12.1 Let f : R/ — R be conver and differentiable, with V f
L-Lipschitz. Let C be any closed, convex subset of R7. For 0 < v < %, let
T = Po(I — V). If T has fized points, then the sequence {x*} given by
¥ = Tk~ converges to a fized point of T, which is then a minimizer of
f over C.
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The iterative step is given by
a¥ = Po(a*™t — 4V f(a*7h)). (12.13)

Any fixed point of the operator T minimizes the function f(z) over  in C.

It is a consequence of the KMO Theorem 15.2 for averaged operators
that convergence holds for 0 < v < % The proof given here employs
sequential unconstrained minimization and avoids using the non-trivial re-
sults that, because the operator %V f is non-expansive, it is firmly non-
expansive (see Theorem 10.20), and that the product of averaged operators

is again averaged (see Proposition 15.1).

12.6.1 Using Auxiliary-Function Methods

We can use auxiliary-function (AF) methods to prove Theorem 12.1.
For each k =1,2,... let

Gi(e) = f(a) + 3o =21 = Do), (12.14)
where
Dy(z,2"71) = f(z) — (&) — (V") 2 — 271, (12.15)

Since f(x) is convex, D¢(x,y) > 0 for all z and y and is the Bregman
distance formed from the function f [25].
The auxiliary function

1
91(x) = - llo = * 1} = Dy(ara*) (12.16)
can be rewritten as
gk(x) = Dp(z,2"71), (12.17)
where
1
h(z) = gllxllg — f(z). (12.18)

Therefore, gi(x) > 0 whenever h(x) is a convex function.
We know that h(z) is convex if and only if

for all x and y. This is equivalent to

%Hx—yH% —(Vf(x) — V@) —y) >0, (12.20)

Since Vf is L-Lipschitz, the inequality (12.20) holds whenever 0 < v < %
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Lemma 12.2 The z* that minimizes Gi.(z) over xz € C is given by Equa-
tion (12.13).

Proof: We know that
(VGr(z®),z — 2*) >0,
for all z € C. With

VGk(zk) = %(:ck - o:kil) + Vf(askil),

we have
(@* — (2" =V f(ah), 2 —2b) > 0,

for all z € C. We then conclude that

ot = Po(a"t =4V (")

12.6.2 Proving Convergence

A relatively simple calculation shows that

Girl() — Gl = =1z — 2* |3 + %w (@ V), — o),

2y
(12.21)
From Equation (12.13) it follows that
1
Gi(z) — Gr(a®) = ZHJJ — "3, (12.22)

for all z € C, so that
1
G() - Gi(a") > %HCE — a3 = Dy(z,2") = gra(x).  (12.23)
Now let & minimize f(z) over all x € C. Then

Gi() = Gi(a") = f(2) + g(@) — f(2*) — g (a")

< f(@) + Gro1(8) — G (2571 = f(2F) — g (a™),
so that

(Gear(@) = Groa@h ™) = (Gu(@) ~ Cua®)) 2 F(a) = F(@) +gu(a") 2 0.
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Therefore, the sequence {G (%) — Gx(2*)} is decreasing and the sequences
{gr(2®)} and {f(2*) — f(2)} converge to zero.
From

. L.
Gi(#) - Gi(a") = gllx - a*|I3,

it follows that the sequence {2*} is bounded. Let {z*~} converge to z* € C
with {zF2+1} converging to z** € C; we then have f(z*) = f(z**) = f(%).

Replacing the generic & with x**, we find that {Gj,41(z**) —
G, +1(zF+1)} is decreasing. By Equation (12.21), this subsequence con-
verges to zero; therefore, the entire sequence {Gy(z**) — G (x*)} converges
to zero. From the inequality in (12.22), we conclude that the sequence
{|lz** — 2¥||2} converges to zero, and so {z*} converges to z**. This com-
pletes the proof of the theorem.

12.7 The Newton-Raphson Approach

The Newton-Raphson approach to minimizing a real-valued function
f:R7 — R involves finding * such that V f(z*) = 0.

12.7.1 Functions of a Single Variable

We begin with the problem of finding a root of a function g : R — R. If
2 is not a root, compute the line tangent to the graph of ¢ at = z° and

let 2! be the point at which this line intersects the horizontal axis; that is,
zt =20 — g(2%) /g (2°). (12.24)

Continuing in this fashion, we have
2R =2k — g(2F) /g (2P). (12.25)

This is the Newton-Raphson algorithm for finding roots. Convergence, when
it occurs, is usually more rapid than gradient descent, but requires that z°
be sufficiently close to the solution.

Now suppose that f : R — R is a real-valued function that we wish
to minimize by solving f’(x) = 0. Letting g(z) = f’(z) and applying the
Newton-Raphson algorithm to g(z) gives the iterative step

oFTL =gk — f1(R) /(2. (12.26)

This is the Newton-Raphson optimization algorithm. Now we extend these
results to functions of several variables.
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12.7.2 Functions of Several Variables

The Newton-Raphson algorithm for finding roots of functions g : R/ —
RY has the iterative step

et = ot — [T (9) (@) g ("), (12.27)
where J(g)(x) is the Jacobian matrix of first partial derivatives, %%?(xk),

for g(z) = (91(x), ..., gs(x))".
To minimize a function f : R/ — R, we let g(z) = Vf(z) and find a
root of g. Then the Newton-Raphson iterative step becomes

bt = gb — (V2 f(aM)] TV f(2F), (12.28)

where V2 f(z) = J(g)(z) is the Hessian matrix of second partial derivatives

of f.

The quadratic approximation to f(z) around the point z* is
1
fla) = f(a®) + (Vf(a*),x - 2*) + Sl = )TV f(aP) (2 — o).

The right side of this equation attains its minimum value when

0=Vf(")+ V2 f(a")(z—2"),

that is, when x = z**1 as given by Equation (12.28).

If f(z) is a quadratic function, that is,
fx)=2"Qx+a2"b+c,

for constant invertible matrix ) and constant vectors b and ¢, then the
Newton-Raphson iteration converges to the answer in one step. Therefore,
if f(x) is close to quadratic, the convergence should be reasonably rapid.
This leads to the notion of self-concordant functions, for which the third
derivative of f(z) is small, relative to the second derivative [163].

From the quadratic approximation

Fa) & FR) (V) 25—y L (@ a9 (o) (@ ),

and the formula for the iterative NR step we find that
1
P = f@h) m =S VTV () TV ().

If the Hessian matrix V2f(z¥) is always positive-definite, which may not
be the case, then its inverse will also be positive-definite and the NR step
will reduce the value of the objective function f(x). One area of research
in the intersection of numerical linear algebra and optimization focuses on
finding positive-definite approximations of the Hessian matrix [202].
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12.8 Approximate Newton-Raphson Methods

To use the NR method to minimize f(x), at each step of the iteration
we need to solve a system of equations involving the Hessian matrix for f.
There are many iterative procedures designed to retain much of the advan-
tages of the NR method, while avoiding the use of the Hessian matrix, or,
indeed, while avoiding the use of the gradient. These methods are discussed
in most texts on numerical methods [163]. We sketch briefly some of these
approaches.

12.8.1 Avoiding the Hessian Matrix

Quasi-Newton methods, designed to avoid having to calculate the Hes-
sian matrix, are often used instead of the Newton-Raphson algorithm. The
iterative step of the quasi-Newton methods is

* =2k — BV (2h), (12.29)

where the matrix By is an approximation of V2f(z*) that is easier to
compute.
In the case of g : R — R, the second derivative of g(x) is approximately

g'(a*) —g'(a* )
ok _ k-1

g"(z%) = (12.30)

This suggests that, for the case of functions of several variables, the matrix
By, should be selected so that

By (2% — 2571 = Vf(2F) = Vf(2"). (12.31)

In addition to satisfying Equation (12.31), the matrix By should also be
symmetric and positive-definite. Finally, we should be able to obtain By
relatively easily from By.

12.8.1.1 The BFGS Method

The Broyden, Fletcher, Goldfarb, and Shanno (BFGS) method uses the
rank-two update formula

Byy1 = By —

(Bis*)(Bis*)" @/klgyk)T (12.32)

(T Besk | (TS
with

s =P gk (12.33)
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and

y* = V) — Vfh). (12.34)

12.8.1.2 The Broyden Class

A general class of update methods, known as the Broyden class, uses
the update formula

(Brs™)(Bes")T  yF ()T
(s%)T Bys* (y*)Ts*

with ¢ a scalar and

Byt1 = By — + ¢((s")T Bps*)u® (u*)T(12.35)

k_ y* Bt

(YT sk~ (sF)TBysk’
When ¢ = 0 we get the BFGS method, while the choice of ¢ = 1 gives the
Davidon, Fletcher, and Powell (DFP) method.

Note that for the updates in the Broyden class, the matrix Bj,; has
the form

u

(12.36)

Bit1 = By +a"(a)T + 0" (0F)T + F (M),
for certain vectors a*, b* and c¥. Therefore, the inverse of By, can be ob-
tained easily from the inverse of By, with three applications of the Sherman-

Morrison-Woodbury Identity (see Exercise 8.4).

12.8.2 Avoiding the Gradient

Quasi-Newton methods use an approximation of the Hessian matrix
that is simpler to calculate, but still employ the gradient at each step.
For functions g : R — R, the derivative can be approximated by a finite
difference, that is,

g/(l‘k) ~ g(xk) — g(‘rk_l)

ok _ pk-1
In the case of functions of several variables, the gradient vector can be
approximated by using a finite-difference approximation for each of the

first partial derivatives.

(12.37)

12.9 Derivative-Free Methods

In many important applications, calculating values of the function to
be optimized is expensive and calculating gradients impractical. In such
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cases, it is common to use direct-search methods. Generally, these are iter-
ative methods that are easy to program, do not employ derivatives or their
approximations, require relatively few function evaluations, and are useful
even when the measurements are noisy.

12.9.1 Multi-directional Search Algorithms

Methods such as the multi-directional search algorithms begin with the
values of the function f(z) at J + 1 points, where x is in R’, and then
use these values to move to a new set of points. These points are chosen
to describe a simplex pattern in R”, that is, they do not all lie on a single
hyperplane in R”. For that reason, these methods are sometimes called
simplex methods, although they are unrelated to Dantzig’s method of the
same name. The Nelder-Mead algorithm [164, 142, 155] is one such simplex
algorithm.

12.9.2 The Nelder-Mead Algorithm

For simplicity, we follow McKinnon [155] and describe the Nelder-Mead
(NM) algorithm only for the case of J = 2. The NM algorithm begins with
the choice of vertices:

ORDER: obtain b, s, and w, with

f(b) < f(s) < f(w).
Then take .
= S(b+s).
Let the search line be
L(p) = m+ p(m — w),

and
r=L(1)=2m—w.

o {if f(r) < f(b)} let e = L(2). If f(e) < f(b) accept e; otherwise
accept .
o {if 7(b) < f(r)} then
— {if f(r) < f(s)} accept r.
= {if f(s) < f(r)}
)

« {if f(r) < f(w)} let ¢ = L(0.5)
{if f(c) < f(r)} accept ¢;
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- Aif f(r) < f(e)} go to SHRINK.
x {if f(w) < f(r)} let ¢ = L(—0.5).
-Aif f(c) < f(w)} accept ¢; otherwise go to SHRINK.

Replace w with the accepted point and go to ORDER.
SHRINK: Replace s with (s +b) and w with % (w + b); go to ORDER.

12.9.3 Comments on the Nelder-Mead Algorithm

Although the Nelder-Mead algorithm is quite popular in many areas of
applications, relatively little of a theoretical nature is known. The interested
reader is directed to the papers [142, 155], as well as to more recent work by
Margaret Wright of NYU. A good treatment of the Nelder-Mead algorithm,
along with a number of other derivative-free techniques, is the new book
by Conn, Scheinberg and Vicente [89].

12.10 Rates of Convergence

In this section we illustrate the concept of rate of convergence [30] by
considering the fixed-point iteration xp41 = g(zx), for the twice continu-
ously differentiable function g : R — R. We suppose that g(z) = z and we
are interested in the distance |z — z|.

12.10.1 Basic Definitions
Definition 12.3 Suppose the sequence {xy} converges to z. If there are

positive constants A\ and o such that

lim 7|xk+1 — 7 =
koo |xp — 2|

A, (12.38)

then {zx} is said to converge to z with order o and asymptotic error con-
stant A. If a = 1, the convergence is said to be linear; if a = 2, the conver-
gence is said to be quadratic.

12.10.2 Illustrating Quadratic Convergence
According to the Extended Mean Value Theorem,

9(x) =g(2) + ¢ (2)(x — 2) + %9”(0)@ - 2)%, (12.39)
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for some ¢ between z and z. Suppose now that z; — z and, in addition,
¢'(z) = 0. Then we have

1
i1 = glzx) = 2 + 59" (e) (@ — 2)%, (12.40)

for some ¢ between xj and z. Therefore,
1
|Zh41 — 2] = §|9”(Ck)| |z, — 2%, (12.41)

and the convergence is quadratic, with A = |¢”/(z)].

12.10.3 Motivating the Newton-Raphson Method

Suppose that we are seeking a root z of the function f : R — R. We
define

g(x) =z — h(z)f(z), (12.42)

for some function h(x) to be determined. Then f(z) = 0 implies that
g(z) = z. In order to have quadratic convergence of the iterative sequence
Tr+1 = g(xr), we want ¢'(z) = 0. From

g'(x) =1—n'(z)f(z) = h(z)f' (), (12.43)

it follows that we want

h(z) =1/f(2). (12.44)
Therefore, we choose
h(z) =1/f'(z), (12.45)
so that
g9(x) =z — f(2)/f'(2). (12.46)
The iteration then takes the form
Tp1 = g(xr) =z — flag)/ [ (xr), (12.47)

which is the Newton-Raphson iteration.

12.11 Feasible-Point Methods

We consider now the problem of minimizing the function f(z) : R’ — R,
subject to the equality constraints Az = b, where A is an I by J real matrix,
with rank I and I < J. The methods we consider here are feasible-point
methods, also called interior-point methods.
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12.11.1 The Projected Gradient Algorithm

Let C be the set of all z in R’ such that Az = b. For every z in R/, we
have

Poz = Pygiayz + AT (AAT) b, (12.48)
where NS(A) is the null space of A. Using

Pysayz =z — AT(AAT) ' Az, (12.49)
we have

Poz=z+ AT(AAT) 1 (b — Az). (12.50)

The iteration in Equation (12.13) becomes
&k =k - fyPNS(A)Vf(ck_l), (12.51)

which converges to a solution for any ~ in (0, %), whenever solutions exist.
We call this method the projected gradient algorithm.
In the next subsection we present a somewhat simpler approach.

12.11.2 Reduced Gradient Methods

Let & be a feasible point, that is, Ac® = b. Then ¢ = ¥ + p is also
feasible if p is in the null space of A, that is, Ap = 0. Let Z be a J by
J — I matrix whose columns form a basis for the null space of A. We want
p = Zv for some v. The best v will be the one for which the function

6(v) = F(c" + Zv)

is minimized. We can apply to the function ¢(v) the steepest descent
method, or Newton-Raphson or any other minimization technique.

The steepest descent method, applied to ¢(v), is called the reduced
steepest descent method [163]. The gradient of ¢(v), also called the reduced
gradient, is

Vo(v) = 2"V (o),
where ¢ = ¢ + Zv. We choose the matrix Z so that p(Z1Z) < 1, so that
the gradient operator V¢ is L-Lipschitz.

For the reduced gradient algorithm, the iteration in Equation (12.13)
becomes

T AL A (12.52)

so that the iteration for ¢* = ¢ 4+ Zo* is
= 22TV (Y. (12.53)
k

The vectors c* are feasible and the sequence {c*} converges to a solution,
whenever solutions exist, for any 0 < v < %
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12.11.3 The Reduced Newton-Raphson Method

The next method we consider is a modification of the Newton-Raphson
method, in which we begin with a feasible point and each NR step is in
the null space of the matrix A, to maintain the condition Az = b. The
discussion here is taken from [163].

Once again, our objective is to minimize ¢(v). The Newton-Raphson
method, applied to ¢(v), is called the reduced Newton-Raphson method.
The Hessian matrix of ¢(v), also called the reduced Hessian matriz, is

V2(v) = 2TV f(2)Z,

where ¢ = & + Zwv, so algorithms to minimize ¢(v) can be written in terms
of the gradient and Hessian of f itself.

The reduced NR algorithm can then be viewed in terms of the vectors
{v*}, with v° = 0 and

V= oF — [V2(0M)] T Ve (0"); (12.54)

the corresponding z* is

12.11.3.1 An Example
Consider the problem of minimizing the function

1 1
flz) = §$% - ng + 4dx120 + 3123 — 220273,
subject to
Tr1 — Ty — T3 = —1.

Let & = [1,1,1]7. Then the matrix A is A = [1,—1,—1] and the vector b is
b = [—1]. Let the matrix Z be

1 1
Z=11 0 (12.55)
0 1
The reduced gradient at z is then
1 1 0 8 10
7'V f(3) = 2| = : (12.56)
1 01 0 8

and the reduced Hessian matrix at Z is

1 4 371 1
4 0 -2/1]1 0 :{9 6]. (12.57)
0 1

Z'N2f(2)Z = [
3 -2 -1

1 1 0
1 01
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Then the reduced Newton-Raphson equation yields

v= [:;@ , (12.58)

and the reduced Newton-Raphson direction is

—4/3
p=2v=|-2/3|. (12.59)
—2/3

Since the function ¢(v) is quadratic, one reduced Newton-Raphson step
suffices to obtain the solution, z* = [~1/3,1/3,1/3]7.

12.11.4 A Primal-Dual Approach

Once again, the objective is to minimize the function f(z): R’ — R,
subject to the equality constraints Az = b. According to the Karush-Kuhn-
Tucker Theorem 11.5, VL(z, A) = 0 at the optimal values of z and A, where
the Lagrangian L(x, \) is

L(x,\) = f(z) + AT (b — Ax).

Finding a zero of the gradient of L(x, \) means that we have to solve the
equations

Vi) —ATA=0

and
Ax = 0.

We define the function G(z, \) taking values in R’ x R’ to be
G(z,\) = (Vf(z) — AT\ Az — b)T.

We then apply the NR method to find a zero of the function G. The Jaco-
bian matrix for G is

-4 4]

so one step of the NR method is
(@ NIOT = (2% AT — Jo (2%, A) TG, AF). (12.60)
We can rewrite this as

V2f(aF) (M — k) — AT 20 = ATAF — v f(2b),  (12.61)
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and
Azt — 2Py = b — Azt (12.62)

It follows from Equation (12.62) that Az**! =b, for k = 0,1, ..., so that
this primal-dual algorithm is a feasible-point algorithm.

In Quadratic Programming the Equations 12.61 and 12.62 produced
by each step of the NR method are also precisely the conditions that the
KKT Theorem gives for a solution to a particular quadratic-programming
problem. Since every quadratic-programming problem can be reformulated
as a linear programming problem, each step of the primal-dual iteration
can be computed using the simplex algorithm. This primal-dual algorithm
can be used to solve linear-programming problems.

12.12 Simulated Annealing

In this chapter we have focused on the minimization of convex functions.
For such functions, a local minimum is necessarily a global one. For non-
convex functions, this is not the case. For example, the function f(z) =
xz* — 823 + 2022 — 16.52 + 7 has a local minimum around 2 = 0.6 and a
global minimum around x = 3.5. The descent methods we have discussed
can get caught at a local minimum that is not global, since we insist on
always taking a step that reduces f(x). The simulated annealing algorithm
[1, 157], also called the Metropolis algorithm, is sometimes able to avoid
being trapped at a local minimum by permitting an occasional step that
increases f(z). The name comes from the analogy with the physical problem
of lowering the energy of a solid by first raising the temperature, to bring
the particles into a disorganized state, and then gradually reducing the
temperature, so that a more organized state is achieved.

Suppose we have calculated z*. We now generate a random direction
and a small random step length. If the new vector 2% + Az makes f(x)
smaller, we accept the vector as zFt1. If not, then we accept this vector,
with probability

fa*) — f@a* +A$)>

Prob(accept) = exp (
Ck

where ¢ > 0, known as the temperature, is chosen by the user. As the iter-
ation proceeds, the temperature c; is gradually reduced, making it easier
to accept increases in f(x) early in the process, but harder later. How to
select the temperatures is an art, not a science.
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12.13 Exercises
Ex. 12.1 Prove Lemma 12.1.

Ex. 12.2 Apply the Newton-Raphson method to obtain an iterative pro-
cedure for finding \/a, for any positive a. For which z° does the method
converge? There are two answers, of course; how does the choice of z°
determine which square root becomes the limit?

Ex. 12.3 Apply the Newton-Raphson method to obtain an iterative proce-
dure for finding a'/3, for any real a. For which 2° does the method converge?

Ex. 12.4 Extend the Newton-Raphson method to complex variables. Redo
the previous exercises for the case of complex a. For the complex case, a
has two square Toots and three cube roots. How does the choice of x° affect
the limit? Warning: The case of the cube root is not as simple as it may
appear, and has a close connection to fractals and chaos; see [185].

Ex. 12.5 Use the reduced Newton-Raphson method to minimize the func-
tion %xTQx, subject to Ax = b, where

0o -13 -6 -3

-13 23 -9 3
@= -6 -9 -12 1|’

-3 3 1 -1

and

Start with

OO = =

Ex. 12.6 Use the reduced steepest descent method with an exact line search
to solve the problem in the previous exercise.
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13.1 Chapter Summary

Optimization plays an important role in solving systems of linear equa-
tions. In many applications the linear system is under-determined, meaning
that there are multiple, indeed, infinitely many, solutions to the system. It
is natural, then, to seek a solution that is optimal, in some sense. When
the system involves measured data, as is often the case, there may be no
exact solution, or an exact solution to the system may be too noisy. Then,
an approximate solution, or a solution to a related, reqularized, system is
sought. In this chapter, we discuss briefly both of these situations, focusing
on iterative algorithms that have been designed for such problems. For a
more in-depth analysis of these problems, see [60].

13.2 Arbitrary Systems of Linear Equations

We begin by considering systems of the form Az = b, where A is a real
M by N matrix, b a real M by 1 vector, and x is the N by 1 solution
vector being sought. If the system has solutions, if there are no additional
constraints being imposed on x, and if M and N are not too large, standard
non-iterative methods, such as Gauss elimination, can be used to find a
solution. When one or more of these conditions is not met, iterative methods
are usually needed.

13.2.1 Under-determined Systems of Linear Equations

Suppose that Az = b is a consistent linear system of M equations in
N unknowns, where M < N. Then there are infinitely many solutions.
A standard procedure in such cases is to find that solution x having the
smallest two-norm

N
folz = | S a2
n=1
As we shall see shortly, the minimum two-norm solution of Ax = b is a
vector of the form 2 = ATz, where AT denotes the transpose of the matrix
A. Then Az = b becomes AAT 2z = b. Typically, (AAT)~! will exist, and we
get z = (AAT)~1b, from which it follows that the minimum norm solution
isx = AT(AAT)~1b. When M and N are not too large, forming the matrix
AAT and solving for z is not prohibitively expensive and time-consuming.
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However, in image processing the vector x is often a vectorization of a two-
dimensional (or even three-dimensional) image and M and N can be on
the order of tens of thousands or more. The ART algorithm gives us a fast
method for finding the minimum norm solution without computing AAT.

We begin by describing the minimum two-norm solution of a consistent
system Ax = b.

Theorem 13.1 The minimum two-norm solution of Ax = b has the form
x = ATz for some M-dimensional complex vector z.

Proof: Let the null space of the matrix A be all N-dimensional complex
vectors w with Aw = 0. If Az = b then A(z + w) = b for all w in the null
space of A. If x = ATz and w is in the null space of A, then

lle+ wll5 =472 + wll3 = (A72 + w)" (A2 + w)
= (ATH)T(AT2) + (AT 2)Tw + wT (AT 2) + wTw
= [|A7=]13 + (AT2) w + w (A7) + ||wll
= [|AT 2|13 + [|w]]3,

since

w (AT2) = (Aw)T2 =072 =0

and
(AT2)Tw = 2T Aw = 270 = 0.

Therefore, ||z + w||s = [|AT 2+ w||2 > ||AT z||2 = ||2||2 unless w = 0. This
completes the proof. |

13.2.2 Over-determined Systems of Linear Equations

When the system Ax = b has no solutions, we can look for approximate
solutions. For example, we can calculate a vector x for which the function

fla) = 3l Az — bl

is minimized; such a vector is called a least-squares solution. Setting the
gradient equal to zero, we obtain

0=Vf(z)=AT(Az —b),

so that
T = (ATA)*IATb,

provided that AT A is invertible, which is usually the case.
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13.2.3 Landweber’s Method

Landweber’s iterative method [143] has the following iterative step: for
k=0,1,... let

ot = gk 4y AT (b — Axh), (13.1)

where AT denotes the transpose of the matrix A. If the parameter ~ is
chosen to lie within the interval (0,2/L), where L is the largest eigenvalue
of the matrix AT A, then the sequence {z*} converges to the solution of
Az = b for which ||z — 2°||> is minimized, provided that solutions exist.
If not, the sequence {z*} converges to a least-squares solution: the limit is
the minimizer of the function ||b — Az||s for which ||z — 2°||5 is minimized.
A least-squares solution of Ax = b is an exact solution of the system

AT Az = A”b.

One advantage to using Landweber’s algorithm is that we do not have to
use the matrix AT A, which can be time-consuming to calculate when M
and N are large. As discussed in [60], reasonable estimates of L can also
be obtained without knowing A” A.

13.2.4 The Projected Landweber Algorithm

Suppose that C' is a non-empty, closed and convex subset of RV, and
we want to find an exact or approximate solution of Az = b within C. The
projected Landweber algorithm (PLW) has the following iterative step:

2 = P (xk +yAT (b — A:ck)), (13.2)
where Pox denotes the orthogonal projection of x onto C.

Theorem 13.2 If the parameter v is chosen to lie within the interval
(0,2/L), the sequence {x*} converges to an x in C that solves Az = b,
provided that solutions exist in C. If not, the sequence {x*} converges to
a minimizer, over x in C, of the function ||b — Ax||, if such a minimizer
exists.

Proof: Suppose that z € C' minimizes f(z) = 1||b — Az||?, over all z € C.
Then we have
2= Po(z —yAT(Az —b)).

Therefore,
|z = 212 = [|Po(z — AT (Az = b)) — Po(a® — v AT (Az" - b))|?

< [|(z =y AT (Az=b)) = (2" AT (A" =) |* = [|lo— 2" +7AT (42"~ Az)|?
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= ||z — z"|> + 27v(z — 2*, AT (AzF — A2)) + ~?|| AT (Az" — Az2)|?
< lz — 2|1 — 29)| Az — Az®|? + 77| AT|?|| Az — Az|?
= ||z — 2¥|? — (2y — ¥*L)|| Az — Az"||.
So we have

Iz = &®)? = [lz = 2" > (27 — L) ]| Az — Az"|* > 0.

Consequently, we have that the sequence {||z — x*||} is decreasing, the
sequence {||Az — Az¥||} converges to zero, the sequence {z*} is bounded,
and a subsequence converges to some z* € C, with Ax* = Az. It follows
that {|lz* — 2¥||} converges to zero, so that {*} converges to x*, which is
a minimizer of f(z) over z € C. |

13.2.5 The Split-Feasibility Problem

Suppose now that C' and @ are non-empty, closed and convex subsets
of RY and RM respectively, and we want 2 in C' for which Az is in Q; this
is the split-feasibility problem (SFP) [71]. The CQ algorithm [50, 51] has
the following iterative step:

of = pg (xk —yAT(I - PQ)Axk>. (13.3)

For 7 in the interval (0,2/L), the CQ algorithm converges to a solution of
the SFP, when solutions exist. If not, it converges to a minimizer, over x
in C, of the function

1
f(z) = 5llPoAz — Az3, (13.4)

provided such minimizers exist. Both the Landweber and projected
Landweber methods are special cases of the CQ algorithm.

The following theorem describes the gradient of the function f(z) in
Equation (13.4).

Theorem 13.3 Let f(z) = 3|PoAz — Az|3 and t € df(x). Then t =
AT(I — Py) Az, so that t = V f(x).

Proof: First, we show that t = A7 z* for some z*. Let s = & + w, where
w is an arbitrary member of the null space of A. Then As = Az and

f(s) = f(x). From
0=f(s) = f(z) = (t,s —x) = (t,w),

it follows that
(t,w) =0,
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for all w in the null space of A, from which we conclude that t is in the
range of AT. Therefore, we can write t = AT z*.
Let u be chosen so that ||A(u — x)|| =1, and let € > 0. We then have

1Pg Az — A(w + e(u — 2))|* — [|[Po Az — Ax||* >

| Po(Ax + e(u — 2)) — Alw + e(u — 2))||? — [|PgAz — Az|[* > 2¢(t, u — a).
Therefore, since
|PoAz—A(z+e(u—z))||*> = ||PogAz— Azx|? —2¢(Po Az — Az, A(u—x))+¢2,
it follows that

% > (PoAz — Az + 2*, A(u—z)) = —(AT(I — Po)Az —t,u— ).
Since € is arbitrary, it follows that

(AT(I — Po)Az —t,u —x) >0,

for all appropriate u. But this is also true if we replace v with v = 2z — w.
Consequently, we have

(AT(I — Po)Az —t,u —x) = 0.
Now we select
u—z = (AT(I — Pg)Ax —t)/||AAT (I — Pg) Az — At
from which it follows that

AT(I - Pg)Azx =t.

Corollary 13.1 The gradient of the function
£(a) = g lle ~ Poal?
is Vf(x) =x — Pox, and the gradient of the function
o(z) = 5 (I3 ~ llz ~ Pal3)
is Vg(z) = Pew.

Extensions of the CQ algorithm have been applied recently to problems
in intensity-modulated radiation therapy [69, 73].
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13.2.6 An Extension of the CQ Algorithm

Let C € RN and Q € RM be closed, non-empty convex sets, and let A
and B be J by N and J by M real matrices, respectively. The problem is
to find x € C and y € @ such that Ax = By. When there are no such x
and y, we consider the problem of minimizing

1
flay) = 514z = Byl

over ¢ € C and y € Q.
Let K = C x Q in RN x RM. Define

G=[A -B].
)
w= ,
Yy
so that AT A AT
T —A'B
GG = [—BTA BTB } ’

The original problem can now be reformulated as finding w € K with
Gw = 0. We shall consider the more general problem of minimizing the
function ||Gw|| over w € K. The projected Landweber algorithm (PLW)
solves this more general problem.

The iterative step of the PLW algorithm is the following:

whtt = P (w® — ~G*(Guw")). (13.5)
Expressing this in terms of x and y, we obtain
" = Po(aF — yA* (Az® — Byb)); (13.6)
and
Yt = Po(y" + 9B (A" — By")). (13.7)

The PLW converges, in this case, to a minimizer of ||Gw|| over w € K,
e . . 2
whenever such minimizers exist, for 0 < v < GTE)

13.2.7 The Algebraic Reconstruction Technique

The algorithms presented previously in this chapter are simultaneous
methods, meaning that all the equations of the system are used at each
step of the iteration. Such methods tend to converge slowly, which presents
a major problem for large systems. The algebraic reconstruction technique
(ART) is a row-action method, meaning that only a single equation is used
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at each step of the iteration. The ART has the following iterative step: for
k=0,1,... and m = k(mod M) + 1, let

N
bt = ah o+ A (b — (A2%)00) ) S [P (13.8)
j=1

We can describe the ART geometrically as follows: once we have z* and
m, the vector ¥ is the orthogonal projection of z* onto the hyperplane
H,, given by

H,, = {z|(Ax)m = bm }.

The Landweber algorithm can be similarly described: the vector ¢! is a

weighted sum of the orthogonal projections of z* onto each of the hyper-
planes H,,, for all m.

In the consistent case, when the system Ax = b has solutions, the ART
converges to the solution for which ||z —2°]| is minimized. Unlike the simul-
taneous methods, when no solution exists, the ART sequence {z*} does not
converge to a single vector, but subsequences do converge to members of a
limit cycle consisting of (typically) M distinct vectors. Generally speaking,
the ART will converge, in the consistent case, faster than the Landweber
method, especially if the equations are selected in a random order [127].

13.2.8 Double ART

Because the ART is significantly faster to converge than the Landweber
method in the consistent case, we would like to be able to use the ART in
the inconsistent case, as well, to get a least-squares solution. To avoid the
limit-cycle behavior of ART in this case, we can use double ART (DART).

We know from basic linear algebra that the vector b can be written as

b= Ai + 1,

where & minimizes the function ||b— Az|| and w = @ minimizes the function
lb — wl2, subject to ATw = 0. Said another way, Af is the orthogonal
projection of b onto the range of A and w is the orthogonal projection of b
onto the null space of AT.

In DART we apply the ART algorithm twice, first to the consistent
linear system ATw = 0, with w® = b, so that the limit is 1, and then to
the consistent system Az = b — . The result is the minimizer of ||b — Ax||
for which ||z — 2°|| is minimized.
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13.3 Regularization

In many applications in which systems of linear equations must be
solved, the entries of the vector b are measured data and Az = b is a
model that attempts to describe, in a somewhat simplified way, how b de-
pends on the unknown vector x. The statistical noise in the measured data
introduces one type of error, while the approximate nature of the model
itself introduces another. Because the model is simplified, but the data b is
noisy, an exact solution x itself usually ends up noisy. Also, it is common
for the system to be ill-conditioned, that is, for small changes in b to lead
to large changes in the exact solution x. This happens when the ratio of
the largest to smallest eigenvalues of the matrix A7 A is large. In such cases
even a minimum-norm solution of Az = b can have a large norm. Conse-
quently, we often do not want an exact solution of Az = b, even when such
solutions exist. Instead, we reqularize the problem.

13.3.1 Norm-Constrained Least-Squares

One way to regularize the problem is to minimize not ||b — Ax|2, but,
say,

fl@) = lIb— Az|3 + €13, (13.9)

for some small € > 0. Now we are still trying to make ||b — Ax||2 small, but
managing to keep ||z||2 from becoming too large in the process. This leads
to a norm-constrained least-squares solution.

The minimizer of f(x) is the unique solution Z. of the system

(ATA+éNx = ATb. (13.10)

When M and N are large, we need ways to solve this system without having
to deal with the matrix AT A 4 €¢2I. The Landweber method allowed us
to avoid AT A in calculating the least-squares solution. Is there a similar
method to use now? Yes, there is.

13.3.2 Regularizing Landweber’s Algorithm

Our goal is to minimize the function f(z) in Equation (13.9). Notice
that this is equivalent to minimizing the function

F(z) =||Bz — ¢||3, (13.11)

for

B M , (13.12)
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and
o [8} , (13.13)

where 0 denotes a column vector with all entries equal to zero. The Landwe-
ber iteration for the problem Bx = ¢ is

2" = 2% 4+ BT (c — Ba"), (13.14)

for 0 < a < 2/p(BTB), where p(BT B) is the largest eigenvalue, or the
spectral radius, of BT B. Equation (13.14) can be written as

$k+1 _ (1 _ (162)33k +aAT(b— Aajk) (1315)

13.3.3 Regularizing the ART

We would like to get the regularized solution Z. by taking advantage of
the faster convergence of the ART. Fortunately, there are ways to find .,
using only the matrix A and the ART algorithm. We discuss two methods
for using ART to obtain regularized solutions of Az = b. The first one is
presented in [53], while the second one is due to Eggermont, Herman, and
Lent [105].

In our first method we use ART to solve the system of equations given
in matrix form by

(AT eI m =0. (13.16)
We begin with u° = b and v = 0. Then, the lower component of the limit
vector is v>° = —ek,, while the upper limit is u> = b — AZ,.

The method of Eggermont et al. is similar. In their method we use ART
to solve the system of equations given in matrix form by

(A el m =b. (13.17)

We begin at 2° = 0 and v° = 0. Then, the limit vector has for its upper
component £*° = Z., and ev™® = b — AZ,.

13.4 Non-Negative Systems of Linear Equations

We turn now to non-negative systems of linear equations, which we shall
denote by y = Px, with the understanding that P is an I by J matrix with
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non-negative entries P;;, such that, for each j, the column sum

is positive, y is an I by 1 vector with positive entries y;, and we seek a
solution = with non-negative entries x;. We say that the system is consistent
whenever such non-negative solutions exist. Denote by X’ the set of all non-
negative x for which the vector Px has only positive entries. In what follows,
all vectors = will lie in X and the initial vector z° will always be positive.

13.4.1 The Multiplicative ART

Both the algebraic reconstruction technique (ART) and the multiplica-
tive algebraic reconstruction techniqgue (MART) were introduced by Gor-
don, Bender and Herman [121] as two iterative methods for discrete image
reconstruction in transmission tomography. It was noticed somewhat later
that the ART is a special case of Kaczmarz’s algorithm [134].

Both methods are what are called row-action methods, meaning that
each step of the iteration uses only a single equation from the system. The
MART is limited to non-negative systems for which non-negative solutions
are sought. In the under-determined case, both algorithms find the solution
closest to the starting vector, in the two-norm or weighted two-norm sense
for ART, and in the cross-entropy sense for MART, so both algorithms
can be viewed as solving optimization problems. We consider two different
versions of the MART.

13.4.1.1 MARTI

The iterative step of the first version of MART, which we call MART
I, is the following: for £k = 0,1, ..., and ¢ = k(mod I) + 1, let

x

R _ ;Ek( n )Pij/mi
J I\ (PzF); )
for j =1,...,J, where the parameter m; is defined to be

m; = max{P;;|j =1,.., J}.

The MART 1 algorithm converges, in the consistent case, to the non-
negative solution for which the KL distance K L(z,2°) is minimized.
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13.4.1.2 MART II

The iterative step of the second version of MART, which we shall call
MART TII, is the following: for £k = 0,1, ..., and ¢ = k(mod I) + 1, let

. P;j/sjn;
xl?+17xk< Yi )

oo (Pzk);

)

for j =1,...,J, where the parameter n; is defined to be

n; = max{Pi»s;1|j =1,..,J}
The MART II algorithm converges, in the consistent case, to the non-
negative solution for which the KL distance

J
Z SJ'KL(mﬁ :L‘?)
=1

is minimized. Just as the Landweber method is a simultaneous cousin of
the row-action ART, there is a simultaneous cousin of the MART, called,
not surprisingly, the simultaneous MART (SMART).

13.4.2 The Simultaneous MART

The SMART minimizes the cross-entropy, or Kullback-Leibler distance,
f(z) = KL(Px,y), over nonnegative vectors x [93, 81, 184, 39].

Having found the vector z*, the next vector in the SMART sequence is
2**1 with entries given by

A = 2k exp (sjfl EI: P;; log ((Piik)l)). (13.18)
i=1 v

As with MART II, when there are non-negative solutions of y = Pz, the
SMART converges to the solution for which the KL distance

J
Z s; K L(x;, x?)
=1
is minimized.
13.4.3 The EMML Iteration

The expectation mazimization mazimum likelihood algorithm (EMML)
minimizes the function f(z) = K L(y, Pz), over nonnegative vectors x [186,
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144, 199, 145, 39]. Having found the vector z*, the next vector in the EMML
sequence is £°t1, with entries given by

I
k= xfs{l(ZPij<ﬁ)). (13.19)
The iterative step of the EMML is closely related to that of the SMART,
except that the exponentiation and logarithm are missing. When there are
non-negative solutions of the system y = Pz, the EMML converges to
a non-negative solution, but no further information about this solution is
known. Both the SMART and the EMML are slow to converge, particularly
when the system is large.

13.4.4 Alternating Minimization

In [39] the SMART and the EMML were derived using the following
alternating minimization approach.
For each x € X, let r(x) and ¢(z) be the I by J arrays with entries

r(2)ij = x;P559i/(Px)s, (13.20)
and
q(x)ij = z; B (13.21)

In the iterative step of the SMART we get 2**! by minimizing the function

I J
KL(q(z),r(@")) =) > KL(a(@)ijr(a")iy)

i=1 j=1

over x > 0. Note that K L(Pz,y) = KL(q(x),r(x)). Similarly, the iterative
step of the EMML is to minimize the function K L(r(x*), q(z)) to get z =
x**+1 Note that K L(y, Pz) = KL(r(x),q(x)).

13.4.5 The Row-Action Variant of EMML

When there are non-negative solutions of y = Pz, the MART con-
verges faster than the SMART, and to the same solution. The SMART
involves exponentiation and a logarithm, and the MART a non-integral
power, both of which complicate their calculation. The EMML is consider-
ably simpler in this respect, but, like SMART, converges slowly. We would
like to have a row-action variant of the EMML that converges faster than
the EMML in the consistent case, but is easier to calculate than the MART.
The EM-MART is such an algorithm. As with the MART, we distinguish
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two versions, EM-MART I and EM-MART II. When the system y = Pz
has non-negative solutions, both EM-MART I and EM-MART II converge
to non-negative solutions, but nothing further is known about these solu-
tions. To motivate these algorithms, we rewrite the MART algorithms as
follows:

13.4.5.1 MART I

The iterative step of MART I can be written as follows: for £k = 0,1, ...,
and ¢ = k(mod T) 4+ 1, let

a4 = ((52) o () )

or, equivalently, as

P;j P;j i
log xf“ = (1 - mj) log xf + (m]> log (xf (PZ;}C)> (13.22)

13.4.5.2 MART II

Similarly, the iterative step of MART II can be written as follows: for
k=0,1,..,and i = k(mod I) + 1, let

k+1 __ _k 1) 1
xj 7zj eXP((Sjni)log((ka)i)>7

or, equivalently, as
k1 _ ij k ij k_ Y
logz; ™ = (1 — %> logz + (s]n) log (:cj (ka)i). (13.23)

We obtain the EM-MART I and EM-MART II simply by removing the
logarithms in Equations (13.22) and (13.23), respectively.

13.4.5.3 EM-MART I
The iterative step of EM-MART 1 is as follows: for £ = 0,1,..., and
i =k(modI)+1, let

Pt = (1 _ %)xf n (%) (x;? (piik),)- (13.24)

7

13.4.5.4 EM-MART II
The iterative step of EM-MART 1II is as follows:

k+1 z] k vJ k v
1 1——) ; ( )( . ) 13.25
xj ( sjni xj + sjni xj (Pl‘k)7 ( )
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13.5 Regularized SMART and EMML

As with the Landweber algorithm, there are situations that arise in
practice in which, because of noisy measurements, the exact or approximate
solutions of y = Pz provided by the SMART and EMML algorithms are
not suitable. In such cases, we need to regularize the SMART and the
EMML, which is usually done by including a penalty function.

13.5.1 Regularized SMART

As we have seen, the iterative step of the SMART is obtained by mini-
mizing the function K L(g(z),r(«*)) over non-negative x, and the limit of
the SMART minimizes K L(Pxz,y). We can regularize by minimizing

KL(Pz,y) + KL(x,p),

where the vector p with positive entries p; is a prior estimate of the solution.
To obtain zF+! from 2*, we minimize

J
KL(g(x),r(z%)) + > 6; K L(z;,p;)-

j=1

There are many penalty functions we could use here, but the one we have
chosen permits the minimizing **! to be obtained in closed form.
The iterative step of the regularized SMART is as follows:

I
& 1 Yi
log 2kl — % T Pl ( ! ) 13.26
08T 5 s o i 5+ 55 ; NI ( )

13.5.2 Regularized EMML

As we have seen, the iterative step of the EMML is obtained by mini-
mizing the function K L(r(z*), ¢(x)) over non-negative x, and the limit of
the EMML minimizes K L(y, Pz). We can regularize by minimizing

KL(y, Px)+ KL(p,x).

k

To obtain z**! from z*, we minimize

J

KL(r(z*),q(x)) + >_ §; KL(p;, z;).
j=1
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Again, there are many penalty functions we could use here, but the one we
have chosen permits the minimizing z**! to be obtained in closed form.
The iterative step of the regularized EMML is as follows:

I
d; 1 Yi
k+1 J k 7
Tl — 4 ¢ Pl(i) 13.27
z; 5j —|—Sjp] 5j -i-ij] ZZZ; J (ka)i ( )

13.6 Block-Iterative Methods

The algorithms we have considered in this chapter are either simultane-
ous algorithms or row-action ones. There are also block-iterative variants of
MART and ART, in which some, but not all, equations of the system are
used at each step. The subsets of equations used at a single step are called
blocks. Generally speaking, the smaller the blocks, the faster the conver-
gence, in the consistent case. On the other hand, it may be inconvenient,
given the architecture of the computer, to deal with only a single equation
at each step. By using blocks, we can achieve a compromise between speed
of convergence and compatibility with the architecture of the computer.
These block-iterative methods are discussed in detail in [60].

13.7 Exercises

Ex. 13.1 Show that the two algorithms associated with Equations (13.16)
and (13.17), respectively, do actually perform as claimed.
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14.1 Chapter Summary

Finding the least-squares solution of a possibly inconsistent system of
linear equations Az = b is equivalent to minimizing the quadratic function
f(z) = 3||Az — b||3 and so can be viewed within the framework of opti-
mization. Iterative optimization methods can then be used to provide, or
at least suggest, algorithms for obtaining the least-squares solution. The
conjugate gradient method is one such method. Proofs for the lemmas in

this chapter are exercises for the reader.

14.2 TIterative Minimization

Tterative methods for minimizing a real-valued function f(x) over the
vector variable z usually take the following form: having obtained z*~1!,
a new direction vector d* is selected, an appropriate scalar oy > 0 is

229
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determined and the next member of the iterative sequence is given by

2k =2 4 adh (14.1)
Ideally, one would choose the aj to be the value of a for which the function
f(x*~1 +adF) is minimized. It is assumed that the direction d* is a descent
direction; that is, for small positive a the function f(z*~! 4 ad) is strictly
decreasing. Finding the optimal value of o at each step of the iteration is
difficult, if not impossible, in most cases, and approximate methods, using
line searches, are commonly used.

Lemma 14.1 When x* is constructed using the optimal o, we have
V(b -db =o. (14.2)

Proof: Differentiate the function f(z*~!'+ad") with respect to the variable

a. |

Since the gradient V f(z*) is orthogonal to the previous direction vector
d* and also because —V f(z) is the direction of greatest decrease of f(z),
the choice of d¥*! = —V f(z*) as the next direction vector is a reasonable
one. With this choice we obtain Cauchy’s steepest descent method [150]:

2 =gk — oy V().

The steepest descent method need not converge in general and even when
it does, it can do so slowly, suggesting that there may be better choices
for the direction vectors. For example, the Newton-Raphson method [163]
employs the following iteration:

" = ot = VR (M) TV (),

where V2 f(x) is the Hessian matrix for f(z) at x. To investigate further
the issues associated with the selection of the direction vectors, we consider
the more tractable special case of quadratic optimization.

14.3 Quadratic Optimization

Let A be an arbitrary real I by J matrix. The linear system of equations
Az = b need not have any solutions, and we may wish to find a least-squares
solution x = Z that minimizes

£(z) = 3lb— Azl (14.3)
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The vector b can be written
b= Az 4+ w,

where AT®% = 0 and a least squares solution is an exact solution of the
linear system Qx = ¢, with Q = ATA and ¢ = ATb. We shall assume
that @ is invertible and there is a unique least squares solution; this is the
typical case.

We consider now the iterative scheme described by Equation (14.1) for
f(z) as in Equation (14.3). For now, the direction vectors d* are arbitrary.
For this f(x) the gradient becomes

Vi(z)=Qz—c
The optimal oy, for the iteration can be obtained in closed form.

Lemma 14.2 The optimal oy is

rk . gk

875

where r* = ¢ — Qz* 1.

Lemma 14.3 Let ||z||3, = = - Qz denote the square of the Q-norm of x.
Then
12 =Yg = 12 = 2|l = (+F - d")?/d" - Qd* > 0

for any direction vectors dF.

If the sequence of direction vectors {d"} is completely general, the iter-
ative sequence need not converge. However, if the set of direction vectors
is finite and spans R” and we employ them cyclically, convergence follows.

Theorem 14.1 Let {d',...,d”} be any basis for R’. Let oy, be chosen ac-
cording to Equation (14.4). Then, for k =1,2,..., j = k(mod J), and any
20, the sequence defined by

2 =2 ¢ apd?
converges to the least squares solution.

Proof: The sequence {||2—z"]|} is decreasing and, therefore, the sequence
{(r* - d*¥)?/d* - Qd* must converge to zero. Therefore, the vectors z* are
bounded, and for each j = 1, ..., J, the subsequences {z™/+/ m =0,1,...}

have cluster points, say x*7 with

(c = Qu™i) - di

J
dj.de .

o =gl 4
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Since
R ()

it follows that, for each j =1,..., J,
(c— Qm*’j) ~d7 =0.

Therefore,

*

with Qz* = c¢. Consequently, z* is the least squares solution and the se-
quence {||z* — z*¥||g} is decreasing. But a subsequence converges to zero;
therefore, {|[z* — 2*||g} — 0. This completes the proof. |

There is an interesting corollary to this theorem that pertains to a
modified version of the ART algorithm. For k = 0,1, ... and ¢ = k(mod M)+
1 and with the rows of A normalized to have length one, the ART iterative
step is

oF T = gk 4 (b — (Az");)d,
where a' is the ith column of A”. When Az = b has no solutions, the
ART algorithm does not converge to the least-squares solution; rather,
it exhibits subsequential convergence to a limit cycle. However, using the
previous theorem, we can show that the following modification of the ART,
which we shall call the least squares ART (LS-ART), converges to the least-
squares solution for every x°:

PhFL g

Pt =gk~ 4
al - Qaz

In the quadratic case the steepest descent iteration has the form
k. .k

_ rior
ok = k1 - krk.
rk - Qr

We have the following result.

Theorem 14.2 The steepest descent method converges to the least-squares
solution.

Proof: As in the proof of the previous theorem, we have
& — 2" |G = || — 2®|g = (F - d¥)?/d" - Qd* >0,

where now the direction vectors are d* = r¥. So, the sequence {||&—2* |3}
is decreasing, and therefore the sequence {(r*-r¥)2 /r*.Qr*} must converge
to zero. The sequence {z*} is bounded; let z* be a cluster point. It follows
that ¢ — Qz* = 0, so that z* is the least-squares solution Z. The rest of the
proof follows as in the proof of the previous theorem. |
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14.4 Conjugate Bases for R’/

If the set {v',...,v7} is a basis for R/, then any vector x in R’ can be
expressed as a linear combination of the basis vectors; that is, there are
real numbers a1, ...,a; for which

xr = alul + a2v2 + ...+ aJv‘].

For each x the coefficients a; are unique. To determine the a; we write

z-0™ =avt o™+ agv? 0™+ .+ agv’ o™,

for m = 1,...,J. Having calculated the quantities z - v™ and v7 - v™, we

solve the resulting system of linear equations for the a;.

If, instead of an arbitrary basis {v!,...,v”}, we use an orthogonal basis
{ul,...,u’}, that is, then u’ - u™ = 0, unless j = m, then the system of
linear equations is now trivial to solve. The solution is a; = = - u/ /u? - u7,
for each j. Of course, we still need to compute the quantities - u/.

The least-squares solution of the linear system of equations Ax = b is

&= (ATA) ATy = Q te.

To express & as a linear combination of the members of an orthogonal basis
{ul,...,u”} we need the quantities 7 -u/, which usually means that we need
to know Z first. For a special kind of basis, a @Q-conjugate basis, knowing &
ahead of time is not necessary; we need only know @) and c. Therefore, we
can use such a basis to find Z. This is the essence of the conjugate gradient
method (CGM), in which we calculate a conjugate basis and, in the process,
determine Z.

14.4.1 Conjugate Directions
From Equation (14.2) we have

(c—Qz*)-d* =0,
which can be expressed as
(& — %) - Qd* = (& — 2")TQd* = 0.

Two vectors x and y are said to be Q-orthogonal (or Q-conjugate, or just
conjugate), if x - Qy = 0. So, the least-squares solution that we seek lies
in a direction from z* that is Q-orthogonal to d*. This suggests that we
can do better than steepest descent if we take the next direction to be
Q-orthogonal to the previous one, rather than just orthogonal. This leads
us to comjugate direction methods.
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Definition 14.1 We say that the set {p',...,p"} is a conjugate set for R/
if p' - Qp’ =0 fori # j.

Lemma 14.4 A conjugate set that does mot contain zero is linearly inde-
pendent. If p™ # 0 for n = 1,...,J, then the least-squares vector T can be
written as

T = a1p1 + ...+ a,]pJ,

with a; = c-p/ [p? - Qp’ for each j.

Proof: Use the Q-inner product (z,y)q = = - Qy. |

Therefore, once we have a conjugate basis, computing the least squares
solution is trivial. Generating a conjugate basis can obviously be done using
the standard Gram-Schmidt approach.

14.4.2 The Gram-Schmidt Method

Let {v!,...,v”} be a linearly independent set of vectors in the space
RM , where J < M. The Gram-Schmidt method uses the v7 to create an
orthogonal basis {u?, ..., u”} for the span of the v7. Begin by taking u! = v'.
For j =2,...,J, let

ul vl w1 i

j—1
_ == ————
ul -yl wi—1 . qi—1

I
To apply this approach to obtain a conjugate basis, we would simply replace
the dot products u* - v/ and u* - ©* with the Q-inner products, that is,

ploQui | Pl Qui
71) - e T - - I
pt-Qpt pi=1-Qpi1

Even though the @-inner products can always be written as = - Qy =
Ax- Ay, so that we need not compute the matrix @, calculating a conjugate
basis using Gram-Schmidt is not practical for large J. There is a way out,
fortunately.

If we take p' = v! and v/ = Qp’~!, we have a much more efficient
mechanism for generating a conjugate basis, namely a three-term recursion
formula [150]. The set {p*, Qp', ..., @p’ ~'} need not be a linearly indepen-
dent set, in general, but, if our goal is to find &, and not really to calculate
a full conjugate basis, this does not matter, as we shall see.

Pt (14.5)

P o=l —

Theorem 14.3 Let p' # 0 be arbitrary. Let p* be given by

Qp' - Qp*

2 1
pP"=Qp — =D,
pl-Qp!
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so that p? - Qp' = 0. Then, for n > 2, let p"t! be given by

n n n—1 n
- QZZL QQZZL " Cilil é%ﬁlpn_l‘ (14.6)
pr-Ep p & p

Then, the set {p',...,p”} is a conjugate set for R?. If p™ # 0 for each n,
then the set is a conjugate basis for R”.

Pt =Qp”

Proof: We consider the induction step of the proof. Assume that
{p!,...,p"} is a Q-orthogonal set of vectors; we then show that {p?,...,p"*1}
is also, provided that n < J — 1. It is clear from Equation (14.6) that

anrl . Qpn _ pn+1 . Qpnfl _ 0

For j < n — 2, we have
Pt Qp =p - Qpt =p7 - Q%" —ap’ - Qp™ —bp’ - Qp" T,

for constants a and b. The second and third terms on the right side are
then zero because of the induction hypothesis. The first term is also zero
since

P Q" =(Qp)-Qp" =0
because Qp’ is in the span of {p!,...,p’* 1}, and so is Q-orthogonal to p™.
The calculations in the three-term recursion formula Equation (14.6)

also occur in the Gram-Schmidt approach in Equation (14.5); the point is
that Equation (14.6) uses only the first three terms, in every case.

14.5 The Conjugate Gradient Method
14.5.1 The Main Idea

The main idea in the conjugate gradient method (CGM) is to build the
conjugate set as we calculate the least squares solution using the iterative
algorithm

" =2 4 a,p™. (14.7)

The a,, is chosen so as to minimize f(z"~! + ap™), as a function of a. So

we have

n n

r".p

Qn = pn - Qpn’
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where 7" = ¢ — Qz"~!. Since the function f(z) = 3||Az — b3 has for
its gradient Vf(z) = AT(Az — b) = Qz — ¢, the residual vector r" =
¢ — Qz" ! is the direction of steepest descent from the point z = z" 1.
The CGM combines the use of the negative gradient directions from the
steepest descent method with the use of a conjugate basis of directions, by
using the r"*! to construct the next direction p"*! in such a way as to

form a conjugate set {p*,...,p’}.

14.5.2 A Recursive Formula

As before, there is an efficient recursive formula that provides the next
direction: let p! = r! = (¢ — Q2°) and for j = 2,3, ...

p=r =B (14.8)
with
o Q!
Bj-1 = W (14.9)
Note that it follows from the definition of 8;_; that
Pyt =o. (14.10)

Since the a, is the optimal choice and
rH =~V f(z"),
we have, according to Equation (14.2),
ot = 0. (14.11)

In theory, the CGM converges to the least squares solution in finitely
many steps, since we either reach p"** = 0 or n + 1 = J. In practice, the
CGM can be employed as a fully iterative method by cycling back through
the previously used directions.

An induction proof similar to the one used to prove Theorem 14.3 es-
tablishes that the set {p,...,p”} is a conjugate set [150, 163]. In fact, we
can say more.

Theorem 14.4 Forn=1,2,....J and j=1,....,n — 1 we have
e a)r".ri =0;
e b)r".p/ =0; and

e c)p-Qp=0.

The proof presented here through a series of exercises at the end of the
chapter is based on that given in [163].
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14.6 Krylov Subspaces

Another approach to deriving the conjugate gradient method is to use
Krylov subspaces. If we select 2 = 0 as our starting vector for the CGM,
then p' = r!' = ¢, and each p"*! and 2"*! lie in the Krylov subspace
Kn(Q,c), defined to be the span of the vectors {c, Qc, Q?c, ..., Q"c}.

For any z in R”, we have

lz = 2% = (z - 2)"Q(z - ).
Minimizing ||z — £||2Q over all z in IC,,(Q, ¢) is equivalent to minimizing the

same function over all z of the form = = 2" + ap™*!. This, in turn, is
equivalent to minimizing

_2apn+1 . Tn-i—l + a2pn+1 . Qpn-l-l’

over all a;, which has for its solution the value @ = a1 used to calculate
2™ in the CGM.

14.7 Extensions of the CGM

The convergence rate of the CGM depends on the condition number of
the matrix @, which is the ratio of its largest to its smallest eigenvalues.
When the condition number is much greater than one convergence can be
accelerated by preconditioning the matrix @); this means replacing ) with
P~12QP~1/2 for some positive-definite approximation P of Q (see [7]).

There are versions of the CGM for the minimization of non-quadratic
functions. In the quadratic case the next conjugate direction p”** is built
from the residual 7! and p". Since, in that case, r"Tt = —V f(z"), this
suggests that in the non-quadratic case we build p"*! from —V f(2") and
p™. This leads to the Fletcher-Reeves method. Other similar algorithms,
such as the Polak-Ribiere and the Hestenes-Stiefel methods, perform better
on certain problems [163].

14.8 Exercises

Ex. 14.1 There are several lemmas in this chapter whose proofs are only
sketched. Complete the proofs of these lemma.
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The following exercises refer to the Conjugate Gradient Method.

Ex. 14.2 Show that

Pl — e o, Op”, (14.12)

s0 Qp™ is in the span of r"t1 and r™.

Ex. 14.3 Prove that r™ = 0 whenever p™ = 0, in which case we have
c=Qz" !, so that ™! is the least-squares solution.

Ex. 14.4 Show that r™ - p"™ = r" - r™, so that

n n

- rTv-r
pr-Qpt

The proof of Theorem 14.4 uses induction on the number n. Throughout
the following exercises assume that the statements in Theorem 14.4 hold
for some fixed n with 2 <n < J and for j = 1,2,...,n — 1. We prove that
they hold also for n+1 and 7 =1,2,...,n.

(14.13)

o2

Ex. 14.5 Show that p™ - Qp™ = r™ - Qp™, so that

n n

r’.r

= —. 14.14
rmn . Qpn ( )

(677

Hints: use Equation (14.8) and the induction assumption concerning c) of
the Theorem.

Ex. 14.6 Show that r"*1.r™ = 0. Hint: use Equations (14.14) and (14.12).

Ex. 14.7 Show that r"t' -9 =0, for j = 1,...,n — 1. Hints: write out
"t using Equation (14.12) and r9 using Equation (14.8), and use the
induction hypotheses.

Ex. 14.8 Show that "1 . p? = 0, for j = 1,...,n. Hints: use Equations
(14.12) and (14.8) and induction assumptions b) and c).

Ex. 14.9 Show that p"t'-Qp’ =0, for j = 1,...,n—1. Hints: use Equation
(14.12), the previous exercise, and the induction assumptions.

The final step in the proof is to show that p"*! . Qp™ = 0. But this
follows immediately from Equation (14.10).
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15.1 Chapter Summary

In a broad sense, all iterative algorithms generate a sequence {z*} of
vectors. The sequence may converge for any starting vector xo, or may
converge only if the 20 is sufficiently close to a solution. The limit, when it
exists, may depend on z°, and may, or may not, solve the original problem.
Convergence to the limit may be slow and the algorithm may need to be
accelerated. The algorithm may involve measured data. The limit may be
sensitive to noise in the data and the algorithm may need to be regularized
to lessen this sensitivity. The algorithm may be quite general, applying to
all problems in a broad class, or it may be tailored to the problem at hand.
Each step of the algorithm may be costly, but only a few steps generally
needed to produce a suitable approximate answer, or, each step may be
easily performed, but many such steps needed. Although convergence of an
algorithm is important, theoretically, sometimes in practice only a few iter-
ative steps are used. In this chapter we consider several classes of operators
that play important roles in optimization.

15.2 Operators

For most of the iterative algorithms we shall consider, the iterative step
is

AR (15.1)

for some operator T. If T' is a continuous operator (and it usually is), and
the sequence {T*2°} converges to #, then T2 = 2, that is, 4 is a fized point
of the operator T'. We denote by Fix(7T') the set of fixed points of T. The
convergence of the iterative sequence {T*z°} will depend on the properties
of the operator T.

Our approach here will be to identify several classes of operators for
which the iterative sequence is known to converge, to examine the conver-
gence theorems that apply to each class, to describe several applied prob-
lems that can be solved by iterative means, to present iterative algorithms
for solving these problems, and to establish that the operator involved in
each of these algorithms is a member of one of the designated classes.
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15.3 Contraction Operators

Contraction operators are perhaps the best known class of operators
associated with iterative algorithms.

15.3.1 Lipschitz Continuous Operators

Definition 15.1 An operator T on R” is Lipschitz continuous, with re-
spect to a vector norm || - ||, or L-Lipschitz, if there is a positive constant
L such that

1Tz — Tyl < Lz — yl|, (15.2)
for all z and y in R”.

For example, if f : R — R, and g(z) = f’(z) is differentiable, the Mean
Value Theorem tells us that

g(b) = g(a) + g'(c)(b — a),

for some ¢ between a and b. Therefore,

11/(0) = f(a)] < [f"()llb - al.

If | f"(z)| < L, for all , then g(z) = f'(x) is L-Lipschitz. More generally, if
f:R7 — R is twice differentiable and ||[V2f(x)|2 < L, for all x, then T =
V f is L-Lipschitz, with respect to the 2-norm. The 2-norm of the Hessian
matrix V2 f(z) is the largest of the absolute values of its eigenvalues.

15.3.2 Non-Expansive Operators

An important special class of Lipschitz continuous operators are the
non-expansive, or contractive, operators.

Definition 15.2 If L = 1, then T is said to be non-expansive (ne), or a
contraction, with respect to the given norm. In other words, T is ne for a
giwen norm if, for every x and y, we have

1Tz =Tyl < [l =yl

Lemma 15.1 Let T : RV — RY be a non-expansive operator, with respect
to the 2-norm. Then the set F' of fixed points of T is a convex set.
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Proof: Select two distinct points a and b in F', a scalar « in the open
interval (0,1), and let ¢ = aa + (1 — a)b. We show that Tc = c. Note that

l1—«
a—c=

(c—b).

(07

We have
la=bl = |la—Tc+Tc—b| < |la—Tc||+ ||Tc—b|| = |Ta—Tec||+||Tc—TH|

<lla=ef +[le = ol = lla = bl};

the last equality follows since a — ¢ is a multiple of (¢ — b). From this, we
conclude that
lla —Tel| = [la — |,

[Te =0l = [lc =0,
and that a — T'c and T'c — b are positive multiples of one another, that is,
there is 8 > 0 such that

a—Tec=p(Tc—0b),

or

_ B _
= 1+Ba+1+ﬁb_m+(l 7)b.

Then inserting ¢ = aa + (1 — )b and Tc = ya + (1 — )b into

Tc

[Te = bf = [le = b,

we find that v = « and so T'c = c. |

The reader should note that the proof of the previous lemma depends
heavily on the fact that the norm is the two-norm. If x and y are any non-
negative vectors then ||z +y|1 = ||z|l1 +||y||1, so the proof would not hold,
if, for example, we used the one-norm instead.

We want to find properties of an operator T that guarantee that the
sequence of iterates {T*xq} will converge to a fixed point of T', for any x°,
whenever fixed points exist. Being non-expansive is not enough; the non-
expansive operator T' = —I, where Ix = x is the identity operator, has the
fixed point 2 = 0, but the sequence {T%2°} converges only if 2° = 0.

15.3.3 Strict Contractions

One property that guarantees not only that the iterates converge, but
that there is a fixed point is the property of being a strict contraction.
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Definition 15.3 An operator T on R’ is a strict contraction (sc), with
respect to a vector norm || - ||, if there is r € (0,1) such that

1T Tyl| < rll — . (15.3)

for all vectors x and y.

For strict contractions, we have the Banach-Picard Theorem [103].

15.3.3.1 The Banach-Picard Theorem:

Theorem 15.1 Let T be sc. Then, there is a unique fixed point of T and,
for any starting vector z°, the sequence {T*z°} converges to the fived point.

The key step in the proof is to show that {z*} is a Cauchy sequence,
therefore, it has a limit.

Corollary 15.1 If T™ is a strict contraction, for some positive integer n,
then T has a fized point.

Proof: Suppose that Tz = 2. Then
TT'Te =TT":t =Tz,

so that both & and Tz are fixed points of T™. But T™ has a unique fixed
point. Therefore, T% = %. |

In many of the applications of interest to us, there will be multiple
fixed points of T. Therefore, T' will not be sc for any vector norm, and
the Banach-Picard fixed-point theorem will not apply. We need to consider
other classes of operators. These classes of operators will emerge as we
investigate the properties of orthogonal projection operators.

15.3.4 Eventual Strict Contractions

Consider the problem of finding x such that x = e™*. We can see from
the graphs of y = x and y = e~ that there is a unique solution, which we
shall denote by z. It turns out that z = 0.56714329040978.... Let us try to
find z using the iterative sequence xpy; = e~ %%, starting with some real
xo. Note that we always have z, > 0 for k = 1,2, ..., even if o < 0. The
operator here is Tx = e~*, which, for simplicity, we view as an operator
on the non-negative real numbers.

Since the derivative of the function f(z) = e ® is f'(x) = —e™*, we
have | f/(z)| < 1, for all non-negative x, so T' is non-expansive. But we do
not have |f'(z)| < r < 1, for all non-negative z; therefore, T' is a not a
strict contraction, when considered as an operator on the non-negative real
numbers.
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If we choose x¢g = 0, then 1 = 1, 2 = 0.368, approximately, and so on.
Continuing this iteration a few more times, we find that after about k = 14,
the value of xj, settles down to 0.567, which is the answer, to three decimal
places. The same thing is seen to happen for any positive starting points xg.
It would seem that T has another property, besides being non-expansive,
that is forcing convergence. What is it?

From the fact that 1 —e™® < z, for all real z, with equality if and only
if = 0, we can show easily that, for r = max{e™1, e~ *2},

|z — 2pqa| <l — 2l

for k = 3,4, .... Since r < 1, it follows, just as in the proof of the Banach-
Picard Theorem, that {z;} is a Cauchy sequence and therefore converges.
The limit must be a fixed point of 7', so the limit must be z.

Although the operator T' is not a strict contraction, with respect to the
non-negative numbers, once we begin to calculate the sequence of iterates
the operator T effectively becomes a strict contraction, with respect to the
vectors of the particular sequence being constructed, and so the sequence
converges to a fixed point of 7. We cannot conclude from this that T has
a unique fixed point, as we can in the case of a strict contraction; we must
decide that by other means.

We note in passing that the operator Tx = e~% is paracontractive, so
that its convergence is also a consequence of the Elsner-Koltracht-Neumann
Theorem 15.3, which we discuss later in this chapter.

x

15.3.5 Instability

Suppose we rewrite the equation e™* = x as ¢ = —logx, and define
Tx = —logz, for x > 0. Now our iterative scheme becomes xy41 = Tx) =
—logzy. A few calculations will convince us that the sequence {xy} is
diverging away from the correct answer, not converging to it. The lesson
here is that we cannot casually reformulate our problem as a fixed-point
problem and expect the iterates to converge to the answer. What matters
is the behavior of the operator 7'

15.4 Orthogonal Projection Operators

If C is a closed, non-empty convex set in R’, and x is any vector,
then, as we have seen, there is a unique point Pcx in C closest to x, with
respect to the 2-norm. This point is called the orthogonal projection of
x onto C. If C is a subspace, then we can get an explicit description of
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Pox in terms of z; for general convex sets C, however, we will not be
able to express Pox explicitly, and certain approximations will be needed.
Orthogonal projection operators are central to our discussion, and, in this
overview, we focus on problems involving convex sets, algorithms involving
orthogonal projection onto convex sets, and classes of operators derived
from properties of orthogonal projection operators.

15.4.1 Properties of the Operator P

Although we usually do not have an explicit expression for Poz, we
can, however, characterize Pox as the unique member of C for which

(Pex —x,c — Pox) > 0, (15.4)
for all ¢ in C; see Proposition 6.4.

15.4.1.1 P¢ is Non-expansive

It follows from Corollary 6.1 and Cauchy’s Inequality that the orthog-
onal projection operator T = Py is non-expansive, with respect to the
Euclidean norm, that is,

|Pox — Poyllz < ||z = yll2, (15.5)

for all z and y. Because the operator Pc has multiple fixed points, Pc
cannot be a strict contraction, unless the set C' is a singleton set.

15.4.1.2 P¢ is Firmly Non-expansive

Definition 15.4 An operator T is said to be firmly non-expansive (fne) if
(T —Ty,x —y) > ||Tx - Ty||3, (15.6)

for all x and y in RY.

Lemma 15.2 An operator F : R7 — RY is fne if and only if F = %(I—i—N),
for some operator N that is ne with respect to the two-norm.

Proof: Suppose that F' = %(I + N). We show that F' is fne if and only if
N is ne in the two-norm. First, we have

1 1
(Fx — Fy,x —y) = §||x—y||§+§<Nm—Ny,x—y>.
Also,

1 1 1 1 1
||§(I+N)$—§(I+N)y||§ = 1||x—y||2+1||Nx—Ny||2+§<Na:—Ny,x—y}.
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Therefore,
(Fo— Fy,x —y) > ||Fx — Fyl|3

if and only if
INz = Nyll3 < [lz = y]3-

Corollary 15.2 Form =1,2,..., M, let o, > 0, with 2%21 am =1, and
let Fy, : R7 — RY be fne. Then the operator

M
F=> anFp
m=1

is also fne. In particular, the arithmetic mean of the F,, is fne.
Corollary 15.3 An operator F is fne if and only if I — F is fne.

From Equation (6.25), we see that the operator T' = P¢ is not simply
ne, but fne, as well. A good source for more material on these topics is the
book by Goebel and Reich [118].

15.4.1.3 The Search for Other Properties of Px

The class of non-expansive operators is too large for our purposes; the
operator Tx = —ux is non-expansive, but the sequence {T%z°} does not
converge, in general, even though a fixed point, x = 0, exists. The class
of firmly non-expansive operators is too small for our purposes. Although
the convergence of the iterative sequence {T*z°} to a fixed point does
hold for firmly non-expansive T', whenever fixed points exist, the product
of two or more fne operators need not be fne; that is, the class of fne
operators is not closed to finite products. This poses a problem, since, as
we shall see, products of orthogonal projection operators arise in several of
the algorithms we wish to consider. We need a class of operators smaller
than the ne ones, but larger than the fne ones, closed to finite products,
and for which the sequence of iterates {T%2°} will converge, for any x°,
whenever fixed points exist. The class we shall consider is the class of
averaged operators. In all discussion of averaged operators the norm will
be the two-norm.

15.5 Two Useful Identities

The identities in the next two lemmas relate an arbitrary operator T to
its complement, G = I — T, where I denotes the identity operator. These
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identities will allow us to transform properties of T' into properties of G
that may be easier to work with. A simple calculation is all that is needed
to establish the following lemma.

Lemma 15.3 Let T be an arbitrary operator T on R and G =T —T.
Then

llz =yl = |72 — Tyll3 = 2((Gz - Gy,x —y)) — |Gz — Gyl[3. (15.7)

Lemma 15.4 Let T be an arbitrary operator T on R” and G = I —T.
Then
(T~ Ty,z —y) - ||Te — Tyl =

(Gz — Gy,x —y) — |Gz — Gy|3. (15.8)

Proof: Use the previous lemma. |

15.6 Averaged Operators

The term ‘averaged operator’ appears in the work of Baillon, Bruck
and Reich [28, 8]. There are several ways to define averaged operators. One
way is based on Lemma 15.2.

Definition 15.5 An operator T : R’ — R” is averaged (av) if there is
an operator N that is ne in the two-norm and o € (0,1) such that T =
(1 —a)l +aN. Then we say that T is a-averaged.

It follows that T is fne if and only if T" is a-averaged for o = % Every aver-
aged operator is ne, with respect to the two-norm, and every fne operator
is av.

We can also describe averaged operators T is terms of the complement
operator, G =1 —T.

Definition 15.6 An operator G on R’ is called v-inverse strongly mono-
tone (v-ism)[119] (also called co-coercive in [86]) if there is v > 0 such
that

(G — Gy,z —y) > v||Gz — Gyll5. (15.9)

Lemma 15.5 An operator T is ne, with respect to the two-norm, if and
only if its complement G =1 —T s %—ism, and T is fne if and only if G is
1-ism, and if and only if G is fne. Also, T is ne if and only if F = (I+T)/2

is fne. If G is v-ism and v > 0 then the operator vG is %-ism.
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Lemma 15.6 An operator T is averaged if and only if G = I —T is v-ism
for some v > 1. If G is 5=-ism, for some o € (0,1), then T is a-av.

Proof: We assume first that there is @ € (0,1) and ne operator N such
that T = (1 —a)l + aN, and so G = I — T = «(I — N). Since N is ne,
I — N is L-ism and G = a(I — N) is s--ism. Conversely, assume that G

2 2c
is v-ism for some v > 1. Let a = 5= and write T = (1 — a)I + aN for
N=1I- %G. Since I — N = éG, I — N is av-ism. Consequently I — N is
L ism and N is ne. |

2

An averaged operator is easily constructed from a given operator N
that is ne in the two-norm by taking a convex combination of N and the
identity I. The beauty of the class of av operators is that it contains many
operators, such as Pg, that are not originally defined in this way. As we
shall see shortly, finite products of averaged operators are again averaged,
so the product of finitely many orthogonal projections is av.

We present now the fundamental properties of averaged operators, in
preparation for the proof that the class of averaged operators is closed to
finite products.

Note that we can establish that a given operator is av by showing that
there is an « in the interval (0, 1) such that the operator

1
—(A-(1-a)) (15.10)
e’

is ne. Using this approach, we can easily show that if T" is sc, then T is av.

Lemma 15.7 Let T = (1—«a)A+aN for some o € (0,1). If A is averaged
and N is non-expansive then T is averaged.

Proof: Let A = (1 — 8)I + M for some 5 € (0,1) and ne operator M.
Let 1 —v=(1—a)(1— 8). Then we have

T=1-9I+~[(1-a)sy 'M+ay 'N] (15.11)

Since the operator K = (1 — a)B3y M + ay~ !N is easily shown to be ne
and the convex combination of two ne operators is again ne, 7' is averaged.

Corollary 15.4 If A and B are av and « is in the interval [0, 1], then the
operator T = (1 — a)A 4+ aB formed by taking the convexr combination of
A and B is av.

Corollary 15.5 Let T = (1 — a)F + aN for some « € (0,1). If F is fne
and N is ne then T is averaged.
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The orthogonal projection operators Py onto hyperplanes H = H (a,~)
are sometimes used with relaxation, which means that Py is replaced by
the operator

T = (1 - w) +wPy, (15.12)

for some w in the interval (0, 2). Clearly, if w is in the interval (0,1), then T
is av, by definition, since Py is ne. We want to show that, even for w in the
interval [1,2), T is av. To do this, we consider the operator Ry = 2Py — I,
which is reflection through H; that is,

1
Pyx = i(a: + Ryx), (15.13)

for each x.
Lemma 15.8 The operator Ry = 2Py — I is an isometry; that is,
[[Ruz — Ruyllz = ||z — yll2, (15.14)
for all x and y, so that Ry is ne.
Lemma 15.9 For w =1+~ in the interval [1,2), we have
(1-w)4+wPyg=al+(1—-a«a)Ry, (15.15)
for a = 1_77; therefore, T' = (1 — w)I + wPy is av.

The product of finitely many ne operators is again ne, while the product
of finitely many fne operators, even orthogonal projections, need not be fne.
It is a helpful fact that the product of finitely many av operators is again
av.

If A= (1—a)l + aN is averaged and B is averaged then T'= AB has
the form T' = (1 —a)B+aNB. Since B is av and N B is ne, it follows from
Lemma 15.7 that T is averaged. Summarizing, we have

Proposition 15.1 If A and B are averaged, then T = AB is averaged.

15.7 Gradient Operators

Another type of operator that is averaged can be derived from gra-
dient operators. Let g(z) : R/ — R be a differentiable convex function
and f(x) = Vg(z) its gradient. If Vg is non-expansive, then, according to
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Theorem 10.20, Vg is fne. If, for some L > 0, Vg is L-Lipschitz, for the
two-norm, that is,

IVg(z) = Vg)llz < Lz = yll2, (15.16)

for all z and y, then %Vg is ne, therefore fne, and the operator T'= I —yVg
is av, for 0 < v < % From Corollary 13.1 we know that the operators Po
are actually gradient operators; Pox = Vg(z) for

1
9(@) = 5(ll2]3 = ll= = Pow)3).

15.7.1 The Krasnosel’skii-Mann-Opial Theorem

For any operator T that is averaged, convergence of the sequence
{T*z°} to a fixed point of T, whenever fixed points of T exist, is guar-
anteed by the Krasnosel’skii-Mann-Opial (KMO) Theorem [139, 152, 172]:

Theorem 15.2 Let T be a-averaged, for some a € (0,1). Then, for any
20, the sequence {T*x°} converges to a fived point of T, whenever Fix(T )
18 non-empty.

Proof: Let z be a fixed point of 7. The identity in Equation (15.7) is the
key to proving Theorem 15.2.
Using Tz = z and (I —T)z = 0 and setting G = I — T we have

|2 = 2|3 = [Tz — &5 = 2(Gz — Ga*, 2 — 2%) —||Gz — G5
(15.17)

Since, by Lemma 15.6, G is i-ism7 we have

1
1z = 283 = |le = 2™ HE = (= = Dlla® = 2" 5. (15.18)

Consequently the sequence {z*} is bounded, the sequence {||z — z*||2} is
decreasing and the sequence {||z* — z**1||5} converges to zero. Let z* be a
cluster point of {z*}. Then we have T'x* = z*, so we may use x* in place of
the arbitrary fixed point z. It follows then that the sequence {||z* — 2|2}
is decreasing; since a subsequence converges to zero, the entire sequence
converges to zero. The proof is complete. |

A version of the KMO Theorem 15.2, with variable coefficients, appears
in Reich’s paper [177].

An operator T is said to be asymptotically regular if, for any x, the
sequence {||T*z — T*+1z||} converges to zero. The proof of the KMO The-
orem 15.2 involves showing that any averaged operator is asymptotically



Operators 251

regular. In [172] Opial generalizes the KMO Theorem, proving that, if T" is
non-expansive and asymptotically regular, then the sequence {T*z} con-
verges to a fixed point of T, whenever fixed points exist, for any x.

Note that, in the KMO Theorem, we assumed that T is a-averaged, so
that G = I — T is v-ism, for some v > % But we actually used a somewhat
weaker condition on G; we required only that

(Gz — Gz, z — 2) > v||Gz — Gz|)?

for z such that Gz = 0. This weaker property is called weakly v-ism.

15.8 Affine Linear Operators

It may not always be easy to decide if a given operator is averaged.
The class of affine linear operators provides an interesting illustration of
the problem.

The affine operator Tz = Bx+d will be ne, sc, fne, or av precisely when
the linear operator given by multiplication by the matrix B is the same.

15.8.1 The Hermitian Case

When B is Hermitian, we can determine if B belongs to these classes
by examining its eigenvalues A:

e B is non-expansive if and only if —1 < A < 1, for all A;

e B is averaged if and only if —1 < A <1, for all A;

e B is a strict contraction if and only if —1 < A < 1, for all A;
e B is firmly non-expansive if and only if 0 < A < 1, for all \.

Affine linear operators T that arise, for instance, in splitting methods
for solving systems of linear equations, generally have non-Hermitian linear
part B. Deciding if such operators belong to these classes is more difficult.
Instead, we can ask if the operator is paracontractive, with respect to some
norm.
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15.9 Paracontractive Operators

By examining the properties of the orthogonal projection operators Pc,
we were led to the useful class of averaged operators. The orthogonal pro-
jections also belong to another useful class, the paracontractions.

Definition 15.7 An operator T is called paracontractive (pc), with respect
to a given norm, if, for every fized point y of T, we have

1Tz —yl| <llz—yll, (15.19)

unless Tx = x.

Paracontractive operators are studied by Censor and Reich in [80].

Proposition 15.2 The operators T = Pg are paracontractive, with respect
to the Fuclidean norm.

Proof: It follows from Cauchy’s Inequality that
[Pcx — Peyllz < |lz = yll2,

with equality if and only if

Pox — Poy = a(z —vy),
for some scalar a with |a| = 1. But, because

0 < (Pox — Pey,x —y) = allz —ylf3,
it follows that e = 1, and so
Pex —x = Poy — y.

When we ask if a given operator 7' is pc, we must specify the norm.
We often construct the norm specifically for the operator involved, as we
did earlier in our discussion of strict contractions, in Equation (15.60). To
illustrate, we consider the case of affine operators.

15.9.1 Linear and Affine Paracontractions

Let the matrix B be diagonalizable and let the columns of V' be an
eigenvector basis. Then we have V~'BV = D, where D is the diagonal
matrix having the eigenvalues of B along its diagonal.
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Lemma 15.10 A square matriz B is diagonalizable if all its eigenvalues
are distinct.

Proof: Let B be J by J. Let A; be the eigenvalues of B, Bz/ = )27, and
) #£0, for j = 1,...,J. Let 2™ be the first eigenvector that is in the span
of {x;]j =1,..,m—1}. Then

™ = a1zl + .amo1z™ !, (15.20)
for some constants a; that are not all zero. Multiply both sides by A, to
get

AmZ™ = a1 At + ooy A ™ L (15.21)
From
Amx™ = Az™ = ey izt + 1 A 12™ (15.22)
it follows that
a1t A = Azt + o+ a1 (A — A_1)z™ =0, (15.23)

from which we can conclude that some z" in {x!,...,2™~'} is in the span
of the others. This is a contradiction.

We see from this Lemma that almost all square matrices B are diago-
nalizable. Indeed, all Hermitian B are diagonalizable. If B has real entries,
but is not symmetric, then the eigenvalues of B need not be real, and the
eigenvectors of B can have non-real entries. Consequently, we must consider
B as a linear operator on C”, if we are to talk about diagonalizability. For
example, consider the real matrix

0 1
B= {_1 0} . (15.24)
Its eigenvalues are A = ¢ and A\ = —i. The corresponding eigenvectors are

(1,4)7 and (1,—i)T. The matrix B is then diagonalizable as an operator
on C?, but not as an operator on R2.

Proposition 15.3 Let T be an affine linear operator whose linear part B
is diagonalizable, and |\ < 1 for all eigenvalues A of B that are not equal to
one. Then the operator T s pc, with respect to the norm given by Equation
(15.60).

Proof: This is Exercise 15.9. |

We see from Proposition 15.3 that, for the case of affine operators T'
whose linear part is not Hermitian, instead of asking if T is av, we can ask
if T is pc; since B will almost certainly be diagonalizable, we can answer
this question by examining the eigenvalues of B.

Unlike the class of averaged operators, the class of paracontractive op-
erators is not necessarily closed to finite products, unless those factor op-
erators have a common fixed point.
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15.9.2 The Elsner-Koltracht-Neumann Theorem

Our interest in paracontractions is due to the Elsner-Koltracht-
Neumann (EKN) Theorem [107]:

Theorem 15.3 Let T be pc with respect to some vector norm. If T has
fized points, then the sequence {T*z°} converges to a fized point of T, for

all starting vectors xV.

We follow the development in [107].

Theorem 15.4 Suppose that there is a vector norm on RY, with respect
to which each T} is a pc operator, fori = 1,...,I, and that F = N_,Fix(T;)
is not empty. For k =0,1,..., let i(k) = k(mod I) + 1, and x**! = Ti(k)xk.
The sequence {xk} converges to a member of F, for every starting vector
z0.

Proof: Let y € F. Then, for k=0,1, ...,
|12 — yl| = [|Tyy2* — yl| < [l2* — ], (15.25)

so that the sequence {||z* — y||} is decreasing; let d > 0 be its limit. Since
the sequence {z*} is bounded, we select an arbitrary cluster point, z*.
Then d = ||z* — y||, from which we can conclude that

| Tix™ =yl = [l2™ = yll, (15.26)

and T;ax* = x*, for i = 1,..., I; therefore, z* € F. Replacing y, an arbitrary
member of F', with z*, we have that ||z — z*|| is decreasing. But, a sub-
sequence converges to zero, so the whole sequence must converge to zero.
This completes the proof. |

Corollary 15.6 If T is pc with respect to some vector norm, and T has
fized points, then the iterative sequence {T*x°} converges to a fived point
of T, for every starting vector z°.

Corollary 15.7 If T = TyT;_1 - - - ToTy, and F = N._,Fix (T;) is not
empty, then F = Fix (T).

Proof: The sequence zFt! = Ti(k)xk converges to a member of Fix (T), for
every z°. Select 20 in F. |

Corollary 15.8 The product T of two or more pc operators T;, i =1,..., 1
is again a pc operator, if F = N._Fix (T;) is not empty.
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Proof: Suppose that for T = T;T7—1 - - - ToTy, and y € F = Fix (T), we
have

1Tz —yl| = [lz —yll (15.27)
Then, since

WTr(Tr— - T)e =yl < |[Tr-1 - The —yl| < ...

< | -yl < llz - yll, (15.28)

it follows that
[ Tix — yl| = [|lz =yl (15.29)
and T;x = z, for each i. Therefore, Tz = x. |

15.10 Matrix Norms

Any matrix can be turned into a vector by vectorization. Therefore, we
can define a norm for any matrix A by simply vectorizing the matrix and
taking a norm of the resulting vector; the 2-norm of the vectorized matrix
A is the Frobenius norm of the matrix itself, denoted || A|| . The Frobenius
norm does have the property

[Azl2 < Al |22,

known as submultiplicativity so that it is compatible with the role of A as a
linear transformation, but other norms for matrices may not be compatible
with this role for A. For that reason, we consider compatible norms on
matrices that are induced from norms of the vectors on which the matrices
operate.

15.10.1 Induced Matrix Norms

One way to obtain a compatible norm for matrices is through the use
of an induced matrix norm.

Definition 15.8 Let||z|| be any norm on C”7, not necessarily the Euclidean
norm, ||b|| any norm on C!, and A a rectangular I by J matriz. The in-
duced matrix norm of A, simply denoted ||A||, derived from these two vector
norms, s the smallest positive constant ¢ such that

[Az|| < cf|z[], (15.30)
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for all z in C7. This induced norm can be written as

141l = max{ | Az |/l }- (15.31)

We study induced matrix norms in order to measure the distance || Az —
Az||, relative to the distance ||z — z||:

[Az — Az|| < [|A]l ||z — =], (15.32)

for all vectors z and z and ||A]| is the smallest number for which this
statement can be made.

15.10.2 Condition Number of a Square Matrix

Let S be a square, invertible matrix and z the solution to Sz = h. We
are concerned with the extent to which the solution changes as the right
side, h, changes. Denote by J; a small perturbation of h, and by J, the
solution of S§, = §;. Then S(z+6,) = h+ ;. Applying the compatibility
condition || Az|| < ||A|||z]|, we get

1611 < IS~ 16w, (15.33)
and
[2]] = [IRlI/11S]]- (15.34)
Therefore
[[0: ] _1y 1]l
< SIS 5 (15.35)
e < 1SS g

Definition 15.9 The quantity ¢ = ||S||||S™!|| is the condition number of
S, with respect to the given matriz norm.

Note that ¢ > 1: for any non-zero z, we have
ISTH = 157 20/ Izl = 1S~ 2ll/1155 7 =] > 1/|IS]|- (15.36)

When S is Hermitian and positive-definite, the condition number of S, with
respect to the matrix norm induced by the Euclidean vector norm, is

¢ = Amaz (5)/ Amin(S), (15.37)

the ratio of the largest to the smallest eigenvalues of S.
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15.10.3 Some Examples of Induced Matrix Norms

If we choose the two vector norms carefully, then we can get an explicit
description of ||Al|, but, in general, we cannot.

For example, let ||z|| = ||=||; and ||Az|| = ||Az||; be the 1-norms of the
vectors x and Az, where

J
) =" |zl (15.38)
i=1

Lemma 15.11 The 1-norm of A, induced by the 1-norms of vectors in C”7
and C!, is

I
Al = max > |Ai[,j =1,2,..., T} (15.39)

i=1

Proof: Use basic properties of the absolute value to show that

J 1
1Az ]r <> 14y ). (15.40)

j=1 i=1

Then let j = m be the index for which the maximum column sum is reached
and select x; = 0, for j # m, and z,, = 1. |

The infinity norm of the vector z is
|z]|oc = max {|z;|,j=1,2,..,J}. (15.41)

Lemma 15.12 The infinity norm of the matriz A, induced by the infinity
norms of vectors in R’ and C!, is

J
Alloo = max { [Aj],i=1,2,...T}. (15.42)
j=1
The proof is similar to that of the previous lemma.

Lemma 15.13 Let M be an invertible matriz and ||z|| any vector norm.
Define

[ zllar = [ M]]. (15.43)
Then, for any square matriz S, the matrix norm

Illas = masc{1Salas /ol ar (15.44)
18

I1Sllar = |MSMH. (15.45)
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Proof: The proof is left as an exercise. |

In [7] Lemma 15.13 is used to prove the following lemma:

Lemma 15.14 Let S be any square matriz and let € > 0 be given. Then
there is an invertible matrix M such that

[1S]lar < p(S) + e (15.46)

15.10.4 The Euclidean Norm of a Square Matrix

We shall be particularly interested in the Euclidean norm (or 2-norm)
of the square matrix A, denoted by || A|2, which is the induced matrix norm
derived from the Euclidean vector norms.

From the definition of the Euclidean norm of A, we know that

[All2 = max{[[Az|]2/|=|]2}, (15.47)

with the maximum over all nonzero vectors x. Since

|Az||2 = =T AT Az, (15.48)
we have
T At Az
14]lz =/ max {——}, (15.49)

over all nonzero vectors .

Proposition 15.4 The Fuclidean norm of a square matriz is
14]l2 = /(AT 4); (15.50)

that is, the term inside the square-root in Equation (15.49) is the largest
eigenvalue of the matriz ATA.

Proof: Let
M>X > > A >0 (15.51)

and let {u/, j = 1,...,J} be mutually orthogonal eigenvectors of ATA with
|lu’]]2 = 1. Then, for any z, we have

r = Z[(uj)Tm]uj, (15.52)

J=1
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while
J . . J . .
Al Az = Z[(uj)Tx]ATAuJ = Z Aj[(w) a)u?. (15.53)
j=1 =1
It follows that
J .
)3 = afe =) |(w) 2, (15.54)
j=1
and
J .
|Az|% = 2TAT Az = Z M| (ud) )2 (15.55)

j=1

Maximizing || Az||3/||z||3 over z # 0 is equivalent to maximizing || Az||3,
subject to ||z||3 = 1. The right side of Equation (15.55) is then a con-
vex combination of the A;, which will have its maximum when only the
coefficient of A\; is non-zero. |

It can be shown that
A3 < 1Al Alloo;

see [60].

If S is not Hermitian, then the Euclidean norm of .S cannot be calculated
directly from the eigenvalues of S. Take, for example, the square, non-
Hermitian matrix

s=1|" 2|, 15.56
o (15.56)

having eigenvalues A\ = ¢ and A = i. The eigenvalues of the Hermitian
matrix

1 —2i
o
sts = [% . ] (15.57)

are A = 3+ 2v/2 and A = 3 — 2v/2. Therefore, the Euclidean norm of S is

[Sl2 = \/3+2V2. (15.58)

Definition 15.10 An operator T is called an affine linear operator if T
has the form Tx = Bx + d, where B is a linear operator, and d is a fized
vector.
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Lemma 15.15 Let T be an affine linear operator. Then T is a strict con-
traction if and only if ||B||, the induced matriz norm of B, is less than
one.

Definition 15.11 The spectral radius of a square matriz B, written p(B),
is the maximum of |\|, over all eigenvalues A of B.

Since p(B) < ||B|| for every norm on B induced by a vector norm, B
is sc implies that p(B) < 1. When B is Hermitian, the matrix norm of B
induced by the Euclidean vector norm is ||B||lz2 = p(B), so if p(B) < 1,
then B is sc with respect to the Euclidean norm.

When B is not Hermitian, it is not as easy to determine if the affine
operator T' is sc with respect to a given norm. Instead, we often tailor the
norm to the operator T'. Suppose that B is a diagonalizable matrix, that
is, there is a basis for R’ consisting of eigenvectors of B. Let {u!,...,u”}
be such a basis, and let Bu/ = \;u’, for each j = 1,...,J. For each z in
R7, there are unique coefficients a; so that

J
z=Y a;u. (15.59)
j=1
Then let
J
]| =) lag]. (15.60)
j=1
Lemma 15.16 The expression || - || in Equation (15.60) defines a norm

on R7. If p(B) < 1, then the affine operator T is sc, with respect to this
norm.

It is known that, for any square matrix B and any e > 0, there is a vector
norm for which the induced matrix norm satisfies ||B|| < p(B) + €. There-
fore, if B is an arbitrary square matrix with p(B) < 1, there is a vector
norm with respect to which B is sc.

15.11 Exercises

Ex. 15.1 Show that a strict contraction can have at most one fixed point.

Ex. 15.2 Let T be sc. Show that the sequence {T*zo} is a Cauchy se-
quence. Hint: consider

[la® =2 < la® = 2F T 4l = (15.61)
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and use

ka+m . xk+m+1” < 7"m||£Ck o (Ek+1||. (1562)
Since {x*} is a Cauchy sequence, it has a limit, say . Let e¥ = & — .
Show that {e*} — 0, as k — +oo, so that {x*} — &. Finally, show that
Tz = 2.

Ex. 15.3 Suppose that we want to solve the equation

r=—e "

Let Tx = %e"” for x in R. Show that T is a strict contraction, when re-
stricted to non-negative values of x, so that, provided we begin with z° > 0,
the sequence {x* = Tx*~1} converges to the unique solution of the equa-
tion. Hint: use the mean value theorem from calculus.

Ex. 15.4 Prove Lemma 15.13.
Ex. 15.5 Prove Lemma 15.16.

Ex. 15.6 Show that, if the operator T' is a-av and 1 > > «, then T is
B-av.

Ex. 15.7 Prove Lemma 15.5.
Ex. 15.8 Prove Corollary 15.2.
Ex. 15.9 Prove Proposition 15.3.

Ex. 15.10 Show that, if B is a linear av operator, then |\ < 1 for all
eigenvalues A of B that are not equal to one.

Ex. 15.11 An operator Q : RY — RY is said to be quasi-non-expansive
(qne) if Q has fized points, and, for every fized point z of @ and for every
x, we have

Iz = zf| = [|z — Qz|.

We say that an operator R : R7 — R is quasi-averaged if, for some
operator Q) that is qne with respect to the two-norm and for some « in the
interval (0,1), we have

R=(1-a)+aQ.

Show that the KMO Theorem 15.2 holds when averaged operators are re-
placed by quasi-averaged operators.
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reduced Newton-Raphson method,
208

reduced steepest descent method,
207

regularization, 221

relative interior, 62

ri(C), 62

Rolle’s Theorem, 136

row-action algorithm, 184

saddle point, 169

sc, 243

self-concordant function, 201

semi-continuous convex function,
148

sensitivity vector, 167

Separation Theorem, 69

SFP, 217

Sherman-Morrison-Woodbury
Identity, 113

simplex multipliers, 112

simulated annealing algorithm, 210
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Slater point, 166
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spectral radius, 260
split-feasibility problem, 217
standard form, 101

steepest descent algorithm, 195
steepest descent method, 230
strict contraction, 243
strictly convex function, 139, 148
Strong Duality Theorem, 103
sub-additive function, 153
sub-differential, 151
sub-gradient, 151

sub-linear function, 153
submultiplicativity, 255
subsequential limit point, 59
subspace, 60, 84

sup, 38, 169
super-consistent, 166
superior limit, 42, 44
support function, 80

Support Theorem, 69
supremum, 169

symmetric game, 127
symmetric matrix, 91
symmetric square root, 17

Theorems of the Alternative, 71
trace of a matrix, 17, 24
transpose, 214

transpose of a matrix, 56
Triangle Inequality, 57
two-norm, 38, 185, 214
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value of a game, 126
vector space, 84

Weak Duality Theorem, 102
weakly ism, 251



Index 283

zero-sum games, 122



