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Preface

This is a book for people interested in solving optimization problems. Because of the wide
(and growing) use of optimization in science, engineering, economics, and industry, it is
essential for students and practitioners alike to develop an understanding of optimization
algorithms. Knowledge of the capabilities and limitations of these algorithms leads to a better
understanding of their impact on various applications, and points the way to future research
on improving and extending optimization algorithms and software. Our goal in this book
is to give a comprehensive description of the most powerful, state-of-the-art, techniques
for solving continuous optimization problems. By presenting the motivating ideas for each
algorithm, we try to stimulate the reader’s intuition and make the technical details easier to
follow. Formal mathematical requirements are kept to a minimum.

Because of our focus on continuous problems, we have omitted discussion of important
optimization topics such as discrete and stochastic optimization. However, there are a great
many applications that can be formulated as continuous optimization problems; for instance,

finding the optimal trajectory for an aircraft or a robot arm;

identifying the seismic properties of a piece of the earth’s crust by fitting a model of
the region under study to a set of readings from a network of recording stations;
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designing a portfolio of investments to maximize expected return while maintaining
an acceptable level of risk;

controlling a chemical process or a mechanical device to optimize performance or
meet standards of robustness;

computing the optimal shape of an automobile or aircraft component.

Every year optimization algorithms are being called on to handle problems that are
much larger and complex than in the past. Accordingly, the book emphasizes large-scale
optimization techniques, such as interior-point methods, inexact Newton methods, limited-
memory methods, and the role of partially separable functions and automatic differentiation.
It treats important topics such as trust-region methods and sequential quadratic program-
ming more thoroughly than existing texts, and includes comprehensive discussion of such
“core curriculum” topics as constrained optimization theory, Newton and quasi-Newton
methods, nonlinear least squares and nonlinear equations, the simplex method, and penalty
and barrier methods for nonlinear programming.

THE AUDIENCE

We intend that this book will be used in graduate-level courses in optimization, as of-
fered in engineering, operations research, computer science, and mathematics departments.
There is enough material here for a two-semester (or three-quarter) sequence of courses.
We hope, too, that this book will be used by practitioners in engineering, basic science, and
industry, and our presentation style is intended to facilitate self-study. Since the book treats
anumber of new algorithms and ideas that have not been described in earlier textbooks, we
hope that this book will also be a useful reference for optimization researchers.

Prerequisites for this book include some knowledge of linear algebra (including nu-
merical linear algebra) and the standard sequence of calculus courses. To make the book as
self-contained as possible, we have summarized much of the relevant material from these ar-
eas in the Appendix. Our experience in teaching engineering students has shown us that the
material is best assimilated when combined with computer programming projects in which
the student gains a good feeling for the algorithms—their complexity, memory demands, and
elegance—and for the applications. In most chapters we provide simple computer exercises
that require only minimal programming proficiency.

EMPHASIS AND WRITING STYLE

We have used a conversational style to motivate the ideas and present the numerical
algorithms. Rather than being as concise as possible, our aim is to make the discussion flow
in a natural way. As a result, the book is comparatively long, but we believe that it can be
read relatively rapidly. The instructor can assign substantial reading assignments from the
text and focus in class only on the main ideas.
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A typical chapter begins with a nonrigorous discussion of the topic at hand, including
figures and diagrams and excluding technical details as far as possible. In subsequent sections,
the algorithms are motivated and discussed, and then stated explicitly. The major theoretical
results are stated, and in many cases proved, in a rigorous fashion. These proofs can be
skipped by readers who wish to avoid technical details.

The practice of optimization depends not only on efficient and robust algorithms,
but also on good modeling techniques, careful interpretation of results, and user-friendly
software. In this book we discuss the various aspects of the optimization process—modeling,
optimality conditions, algorithms, implementation, and interpretation of results—but not
with equal weight. Examples throughout the book show how practical problems are formu-
lated as optimization problems, but our treatment of modeling is light and serves mainly
to set the stage for algorithmic developments. We refer the reader to Dantzig [63] and
Fourer, Gay, and Kernighan [92] for more comprehensive discussion of this issue. Our treat-
ment of optimality conditions is thorough but not exhaustive; some concepts are discussed
more extensively in Mangasarian [154] and Clarke [42]. As mentioned above, we are quite
comprehensive in discussing optimization algorithms.

TOPICS NOT COVERED

We omit some important topics, such as network optimization, integer programming,
stochastic programming, nonsmooth optimization, and global optimization. Network and
integer optimization are described in some excellent texts: for instance, Ahuja, Magnanti, and
Orlin [1] in the case of network optimization and Nemhauser and Wolsey [179], Papadim-
itriou and Steiglitz [190], and Wolsey [249] in the case of integer programming. Books on
stochastic optimization are only now appearing; we mention those of Kall and Wallace [139],
Birge and Louveaux [11]. Nonsmooth optimization comes in many flavors. The relatively
simple structures that arise in robust data fitting (which is sometimes based on the £; norm)
are treated by Osborne [187] and Fletcher [83]. The latter book also discusses algorithms
for nonsmooth penalty functions that arise in constrained optimization; we discuss these
briefly, too, in Chapter 18. A more analytical treatment of nonsmooth optimization is given
by Hiriart-Urruty and Lemaréchal [137]. We omit detailed treatment of some important
topics that are the focus of intense current research, including interior-point methods for
nonlinear programming and algorithms for complementarity problems.

ADDITIONAL RESOURCE

The material in the book is complemented by an online resource called the NEOS
Guide, which can be found on the World-Wide Web at

http://www.mcs.anl.gov/otc/Guide/

The Guide contains information about most areas of optimization, and presents a number of
case studies that describe applications of various optimization algorithms to real-world prob-
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lems such as portfolio optimization and optimal dieting. Some of this material is interactive
in nature and has been used extensively for class exercises.

For the most part, we have omitted detailed discussions of specific software packages,
and refer the reader to Moré and Wright [173] or to the Software Guide section of the NEOS
Guide, which can be found at

http://www.mcs.anl.gov/otc/Guide/SoftwareGuide/

Users of optimization software refer in great numbers to this web site, which is being
constantly updated to reflect new packages and changes to existing software.
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FINAL REMARK

In the preface to his 1987 book [83], Roger Fletcher described the field of optimization
as a “fascinating blend of theory and computation, heuristics and rigor.” The ever-growing
realm of applications and the explosion in computing power is driving optimization research
in new and exciting directions, and the ingredients identified by Fletcher will continue to
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Introduction

People optimize. Airline companies schedule crews and aircraft to minimize cost. Investors
seek to create portfolios that avoid excessive risks while achieving a high rate of return.
Manufacturers aim for maximum efficiency in the design and operation of their production
processes.

Nature optimizes. Physical systems tend to a state of minimum energy. The molecules
in an isolated chemical system react with each other until the total potential energy of their
electrons is minimized. Rays of light follow paths that minimize their travel time.

Optimization is an important tool in decision science and in the analysis of physical
systems. To use it, we must first identify some objective, a quantitative measure of the per-
formance of the system under study. This objective could be profit, time, potential energy,
or any quantity or combination of quantities that can be represented by a single number.
The objective depends on certain characteristics of the system, called variables or unknowns.
Our goal is to find values of the variables that optimize the objective. Often the variables are
restricted, or constrained, in some way. For instance, quantities such as electron density in a
molecule and the interest rate on a loan cannot be negative.

The process of identifying objective, variables, and constraints for a given problem is
known as modeling. Construction of an appropriate model is the first step—sometimes the
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most important step—in the optimization process. If the model is too simplistic, it will not
give useful insights into the practical problem, but if it is too complex, it may become too
difficult to solve.

Once the model has been formulated, an optimization algorithm can be used to find
its solution. Usually, the algorithm and model are complicated enough that a computer is
needed to implement this process. There is no universal optimization algorithm. Rather,
there are numerous algorithms, each of which is tailored to a particular type of optimization
problem. It is often the user’s responsibility to choose an algorithm that is appropriate for
their specific application. This choice is an important one; it may determine whether the
problem is solved rapidly or slowly and, indeed, whether the solution is found at all.

After an optimization algorithm has been applied to the model, we must be able to
recognize whether it has succeeded in its task of finding a solution. In many cases, there
are elegant mathematical expressions known as optimality conditions for checking that the
current set of variables is indeed the solution of the problem. If the optimality conditions are
not satisfied, they may give useful information on how the current estimate of the solution can
be improved. Finally, the model may be improved by applying techniques such as sensitivity
analysis, which reveals the sensitivity of the solution to changes in the model and data.

MATHEMATICAL FORMULATION

Mathematically speaking, optimization is the minimization or maximization of a
function subject to constraints on its variables. We use the following notation:

x is the vector of variables, also called unknowns or parameters;

f is the objective function, a function of x that we want to maximize or minimize;

¢ is the vector of constraints that the unknowns must satisfy. This is a vector function of
the variables x. The number of componentsin ¢ is the number of individual restrictions
that we place on the variables.

The optimization problem can then be written as

. . ci(x) =0, ie€é&,
min f(x) subject to (1.1)
xeR” ci(x) >0, iel.

Here f and each ¢; are scalar-valued functions of the variables x, and Z, £ are sets of indices.
As a simple example, consider the problem

. 2 2 . x% — X2 <0,
min (x; —2)° 4+ (x, — 1) subject to (1.2)
X1+ x; <2.
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feasible

region

Figure 1.1 Geometrical representation of an optimization problem.

We can write this problem in the form (1.1) by defining

Fx) = (x1 —2)" + (x — 1)%, xz[xl }

X2

2
c(x)=|:Cl(X)i|=|: i } T={12), £=0

c(x) —X; — X + 2

Figure 1.1 shows the contours of the objective function, i.e., the set of points for which f(x)
has a constant value. It also illustrates the feasible region, which is the set of points satisfying
all the constraints, and the optimal point x*, the solution of the problem. Note that the
“infeasible side” of the inequality constraints is shaded.

The example above illustrates, too, that transformations are often necessary to express
an optimization problem in the form (1.1). Often it is more natural or convenient to label
the unknowns with two or three subscripts, or to refer to different variables by completely
different names, so that relabeling is necessary to achieve the standard form. Another com-
mon difference is that we are required to maximize rather than minimize f, but we can
accommodate this change easily by minimizing — f in the formulation (1.1). Good software
systems perform the conversion between the natural formulation and the standard form
(1.1) transparently to the user.

3
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EXAMPLE: A TRANSPORTATION PROBLEM

A chemical company has 2 factories F; and F, and a dozen retail outlets Ry, ..., R,.
Each factory F; can produce a; tons of a certain chemical product each week; a; is called
the capacity of the plant. Each retail outlet R; has a known weekly demand of b; tons of the
product. The cost of shipping one ton of the product from factory F; to retail outlet R; is
Cij-

The problem is to determine how much of the product to ship from each factory
to each outlet so as to satisfy all the requirements and minimize cost. The variables of the
problem are x;;, i = 1,2, j = 1, ..., 12, where x;; is the number of tons of the product
shipped from factory F; to retail outlet R ; see Figure 1.2. We can write the problem as

mianijx,-j (1'3)
ij
subject to
12
inj <a, i=1,2, (14a)
j=1
2
Zx,.jzbj, j=1,...,12, (1.4b)
i=1
x>0, i=12 j=1,...,12 (1.4¢c)

In a practical model for this problem, we would also include costs associated with manu-
facturing and storing the product. This type of problem is known as a linear programming
problem, since the objective function and the constraints are all linear functions.

CONTINUOUS VERSUS DISCRETE OPTIMIZATION

In some optimization problems the variables make sense only if they take on integer
values. Suppose that in the transportation problem just mentioned, the factories produce
tractors rather than chemicals. In this case, the x;; would represent integers (that is, the
number of tractors shipped) rather than real numbers. (It would not make much sense to
advise the company to ship 5.4 tractors from factory 1 to outlet 12.) The obvious strategy
of ignoring the integrality requirement, solving the problem with real variables, and then
rounding all the components to the nearest integer is by no means guaranteed to give
solutions that are close to optimal. Problems of this type should be handled using the tools
of discrete optimization. The mathematical formulation is changed by adding the constraint

xij € Z, forall i and j,
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Figure 1.2 A transportation problem.

to the existing constraints (1.4), where Z is the set of all integers. The problem is then known
as an integer programming problem.

The generic term discrete optimization usually refers to problems in which the solution
we seek is one of a number of objects in a finite set. By contrast, continuous optimization
problems—the class of problems studied in this book—find a solution from an uncountably
infinite set—typically a set of vectors with real components. Continuous optimization prob-
lems are normally easier to solve, because the smoothness of the functions makes it possible
to use objective and constraint information at a particular point x to deduce information
about the function’s behavior at all points close to x. The same statement cannot be made
about discrete problems, where points that are “close” in some sense may have markedly
different function values. Moreover, the set of possible solutions is too large to make an
exhaustive search for the best value in this finite set.

Some models contain variables that are allowed to vary continuously and others that
can attain only integer values; we refer to these as mixed integer programming problems.

Discrete optimization problems are not addressed directly in this book; we refer the
reader to the texts by Papadimitriou and Steiglitz [190], Nemhauser and Wolsey [179],
Cook et al. [56], and Wolsey [249] for comprehensive treatments of this subject. We point
out, however, that the continuous optimization algorithms described here are important in
discrete optimization, where a sequence of continuous subproblems are often solved. For
instance, the branch-and-bound method for integer linear programming problems spends
much ofits time solving linear program “relaxations,” in which all the variables are real. These
subproblems are usually solved by the simplex method, which is discussed in Chapter 13 of
this book.

5
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CONSTRAINED AND UNCONSTRAINED OPTIMIZATION

Problems with the general form (1.1) can be classified according to the nature of
the objective function and constraints (linear, nonlinear, convex), the number of variables
(large or small), the smoothness of the functions (differentiable or nondifferentiable), and
so on. Possibly the most important distinction is between problems that have constraints
on the variables and those that do not. This book is divided into two parts according to this
classification.

Unconstrained optimization problems arise directly in many practical applications. If
there are natural constraints on the variables, it is sometimes safe to disregard them and
to assume that they have no effect on the optimal solution. Unconstrained problems arise
also as reformulations of constrained optimization problems, in which the constraints are
replaced by penalization terms in the objective function that have the effect of discouraging
constraint violations.

Constrained optimization problems arise from models that include explicit constraints
on the variables. These constraints may be simple bounds such as 0 < x; < 100, more
generallinear constraintssuchas ) ; x; < 1, ornonlinear inequalities that represent complex
relationships among the variables.

When both the objective function and all the constraints are linear functions of x, the
problem is a linear programming problem. Management sciences and operations research
make extensive use of linear models. Nonlinear programming problems, in which at least
some of the constraints or the objective are nonlinear functions, tend to arise naturally in
the physical sciences and engineering, and are becoming more widely used in management
and economic sciences.

GLOBAL AND LOCAL OPTIMIZATION

The fastest optimization algorithms seek only a local solution, a point at which the
objective function is smaller than at all other feasible points in its vicinity. They do not
always find the best of all such minima, that is, the global solution. Global solutions are
necessary (or at least highly desirable) in some applications, but they are usually difficult
to identify and even more difficult to locate. An important special case is convex program-
ming (see below), in which all local solutions are also global solutions. Linear programming
problems fall in the category of convex programming. However, general nonlinear prob-
lems, both constrained and unconstrained, may possess local solutions that are not global
solutions.

In this book we treat global optimization only in passing, focusing instead on the
computation and characterization of local solutions, issues that are central to the field of op-
timization. We note, however, that many successful global optimization algorithms proceed
by solving a sequence of local optimization problems, to which the algorithms described in
this book can be applied. A collection of recent research papers on global optimization can
be found in Floudas and Pardalos [90].
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STOCHASTIC AND DETERMINISTIC OPTIMIZATION

In some optimization problems, the model cannot be fully specified because it depends
on quantities that are unknown at the time of formulation. In the transportation problem
described above, for instance, the customer demands b; at the retail outlets cannot be
specified precisely in practice. This characteristic is shared by many economic and financial
planning models, which often depend on the future movement of interest rates and the
future behavior of the economy.

Frequently, however, modelers can predict or estimate the unknown quantities with
some degree of confidence. They may, for instance, come up with a number of possible
scenarios for the values of the unknown quantities and even assign a probability to each sce-
nario. In the transportation problem, the manager of the retail outlet may be able to estimate
demand patterns based on prior customer behavior, and there may be different scenarios for
the demand that correspond to different seasonal factors or economic conditions. Stochastic
optimization algorithms use these quantifications of the uncertainty to produce solutions
that optimize the expected performance of the model.

We do not consider stochastic optimization problems further in this book, focus-
ing instead on deterministic optimization problems, in which the model is fully specified.
Many algorithms for stochastic optimization do, however, proceed by formulating one or
more deterministic subproblems, each of which can be solved by the techniques outlined
here. For further information on stochastic optimization, consult the books by Birge and
Louveaux [11] and Kall and Wallace [139].

OPTIMIZATION ALGORITHMS

Optimization algorithms are iterative. They begin with an initial guess of the optimal
values of the variables and generate a sequence of improved estimates until they reach a solu-
tion. The strategy used to move from one iterate to the next distinguishes one algorithm from
another. Most strategies make use of the values of the objective function f, the constraints c,
and possibly the first and second derivatives of these functions. Some algorithms accumulate
information gathered at previous iterations, while others use only local information from
the current point. Regardless of these specifics (which will receive plenty of attention in the
rest of the book), all good algorithms should possess the following properties:

e Robustness. They should perform well on a wide variety of problems in their class, for
all reasonable choices of the initial variables.
e Efficiency. They should not require too much computer time or storage.

e Accuracy. They should be able to identify a solution with precision, without being
overly sensitive to errors in the data or to the arithmetic rounding errors that occur
when the algorithm is implemented on a computer.
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These goals may conflict. For example, a rapidly convergent method for nonlinear program-
ming may require too much computer storage on large problems. On the other hand, a
robust method may also be the slowest. Tradeoffs between convergence rate and storage
requirements, and between robustness and speed, and so on, are central issues in numerical
optimization. They receive careful consideration in this book.

The mathematical theory of optimization is used both to characterize optimal points
and to provide the basis for most algorithms. It is not possible to have a good understanding
of numerical optimization without a firm grasp of the supporting theory. Accordingly, this
book gives a solid (though not comprehensive) treatment of optimality conditions, as well as
convergence analysis that reveals the strengths and weaknesses of some of the most important
algorithms.

CONVEXITY

The concept of convexity is fundamental in optimization; it implies that the problem
is benign in several respects. The term convex can be applied both to sets and to functions.

S € R" is a convex set if the straight line segment connecting any two points in
S lies entirely inside S. Formally, for any two points x € S and y € S, we have
ax+ (1 —a)y e Sforalla € [0, 1].

f is a convex function if its domain is a convex set and if for any two points x and
y in this domain, the graph of f lies below the straight line connecting (x, f(x)) to
(v, f(y)) in the space R""!. That is, we have

flax + (1 —a)y) <af(x)+ (1 —a)f(y), foraller € [0, 1].

When f is smooth as well as convex and the dimension n is 1 or 2, the graph of f is
bowl-shaped (See Figure 1.3), and its contours define convex sets. A function f is said to be
concave if — f is convex.

As we will see in subsequent chapters, algorithms for unconstrained optimization are
usually guaranteed to converge to a stationary point (maximizer, minimizer, or inflection
point) of the objective function f. If we know that f is convex, then we can be sure that
the algorithm has converged to a global minimizer. The term convex programming is used to
describe a special case of the constrained optimization problem (1.1) in which

o the objective function is convex;
e the equality constraint functions ¢;(-), i € &, are linear;
e the inequality constraint functions ¢;(-), i € Z, are concave.

As in the unconstrained case, convexity allows us to make stronger claims about the
convergence of optimization algorithms than we can make for nonconvex problems.
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Figure 1.3

The convex

function f(x) =

()Cl — 6)2 + %()Cz — 45)4

NOTES AND REFERENCES

Optimization traces its roots to the calculus of variations and the work of Euler and
Lagrange. The development of linear programming in the 1940s broadened the field and
stimulated much of the progress in modern optimization theory and practice during the last
50 years.

Optimization is often called mathematical programming, a term that is somewhat con-
fusing because it suggests the writing of computer programs with a mathematical orientation.
This term was coined in the 1940s, before the word “programming” became inextricably
linked with computer software. The original meaning of this word (and the intended one in
this context) was more inclusive, with connotations of problem formulation and algorithm
design and analysis.

Modeling will not be treated extensively in the book. Information about modeling
techniques for various application areas can be found in Dantzig [63], Ahuja, Magnanti,
and Orlin [1], Fourer, Gay, and Kernighan [92], and Winston [246].
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Jndamentals of
Jnconstrained
Optimization

In unconstrained optimization, we minimize an objective function that depends on real
variables, with no restrictions at all on the values of these variables. The mathematical
formulation is

min f(x), (2.1)

where x € R" isareal vector withn > 1 componentsand f : R" — R isasmooth function.

Usually, we lack a global perspective on the function f. All we know are the values of f
and maybe some of its derivatives at a set of points xg, x1, X, . . . . Fortunately, our algorithms
get to choose these points, and they try to do so in a way that identifies a solution reliably
and without using too much computer time or storage. Often, the information about f
does not come cheaply, so we usually prefer algorithms that do not call for this information
unnecessarily.
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Figure 2.1 Least squares data fitting problem.

(J EXAMPLE 2.1

Suppose that we are trying to find a curve that fits some experimental data. Figure 2.1
plots measurements yy, y,, . .., y, of asignal taken attimesty, #,, . . ., ;. From the data and
our knowledge of the application, we deduce that the signal has exponential and oscillatory
behavior of certain types, and we choose to model it by the function

o(t;x) =x, + )czez_("3_’)2/x4 + x5 cos(xgt).
The real numbers x;, i = 1,2, ..., 6, are the parameters of the model. We would like to
choose them to make the model values ¢(¢;; x) fit the observed data y; as closely as possible.

To state our objective as an optimization problem, we group the parameters x; into a vector
of unknowns x = (x1, xs, ..., x¢)7, and define the residuals

ri(x) =y; — o(tj; x), j=1,...,m, (2.2)

which measure the discrepancy between the model and the observed data. Our estimate of
x will be obtained by solving the problem

min f(x) :rf(x)—}—nwl—ri(x). (2.3)
xeR®
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This is a nonlinear least-squares problem, a special case of unconstrained optimization.
Itillustrates that some objective functions can be expensive to evaluate even when the number
of variables is small. Here we have n = 6, but if the number of measurements m is large (10,
say), evaluation of f(x) for a given parameter vector x is a significant computation. O

Suppose that for the data given in Figure 2.1 the optimal solution of (2.3) is ap-
proximately x* = (1.1,0.01, 1.2, 1.5, 2.0, 1.5) and the corresponding function value is
f(x*) = 0.34. Because the optimal objective is nonzero, there must be discrepancies be-
tween the observed measurements y; and the model predictions ¢ (¢;, x*) for some (usually
most) values of j—the model has not reproduced all the data points exactly. How, then, can
we verify that x* is indeed a minimizer of f? To answer this question, we need to define the
term “solution” and explain how to recognize solutions. Only then can we discuss algorithms
for unconstrained optimization problems.

2.1 WHAT IS A SOLUTION?

Generally, we would be happiest if we found a global minimizer of f, a point where the
function attains its least value. A formal definition is

A point x* is a global minimizer if f(x*) < f(x) forall x,

where x ranges over all of R” (or at least over the domain of interest to the modeler). The
global minimizer can be difficult to find, because our knowledge of f is usually only local.
Since our algorithm does not visit many points (we hope!), we usually do not have a good
picture of the overall shape of f, and we can never be sure that the function does not take a
sharp dip in some region that has not been sampled by the algorithm. Most algorithms are
able to find only a local minimizer, which is a point that achieves the smallest value of f in
its neighborhood. Formally, we say:

A point x* is a local minimizer if there is a neighborhood A of x* such that f(x*) <

f(x)forx e N.

(Recall that a neighborhood of x* is simply an open set that contains x*.) A point that satisfies
this definition is sometimes called a weak local minimizer. This terminology distinguishes it
from a strict local minimizer, which is the outright winner in its neighborhood. Formally,

A point x* is a strict local minimizer (also called a strong local minimizer) if there is a
neighborhood A of x* such that f(x*) < f(x) forall x € N with x # x*.

13
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For the constant function f(x) = 2, every point x is a weak local minimizer, while the
function f(x) = (x — 2)* has a strict local minimizer at x = 2.
A slightly more exotic type of local minimizer is defined as follows.

A point x* is an isolated local minimizer if there is a neighborhood A of x* such that
x* is the only local minimizer in V.

Some strict local minimizers are not isolated, as illustrated by the function
flx) = x* cos(1/x) + 2x4, f(0) =0,

which is twice continuously differentiable and has a strict local minimizer at x* = 0. How-
ever, there are strict local minimizers at many nearby points x,,, and we can label these points
so that x, — Oasn — oo.

While strict local minimizers are not always isolated, it is true that all isolated local
minimizers are strict.

Figure 2.2 illustrates a function with many local minimizers. It is usually difficult to
find the global minimizer for such functions, because algorithms tend to be “trapped” at the
local minimizers. This example is by no means pathological. In optimization problems
associated with the determination of molecular conformation, the potential function to be
minimized may have millions of local minima.

Sometimes we have additional “global” knowledge about f that may help in identifying
global minima. An important special case is that of convex functions, for which every local
minimizer is also a global minimizer.

Figure 2.2 A difficult case for global minimization.
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RECOGNIZING A LOCAL MINIMUM

From the definitions given above, it might seem that the only way to find out whether
apoint x* is a local minimum is to examine all the points in its immediate vicinity, to make
sure that none of them has a smaller function value. When the function f is smooth, however,
there are much more efficient and practical ways to identify local minima. In particular, if f
is twice continuously differentiable, we may be able to tell that x* is a local minimizer (and
possibly a strict local minimizer) by examining just the gradient V f(x*) and the Hessian
V2 f(x*).

The mathematical tool used to study minimizers of smooth functions is Taylor’s the-
orem. Because this theorem is central to our analysis throughout the book, we state it now.
Its proof can be found in any calculus textbook.

Theorem 2.1 (Taylor's Theorem).

Suppose that f : R" — R is continuously differentiable and that p € R". Then we have
that

fx+p)=fx)+Vfx+1p)p, (2.4)

for somet € (0, 1). Moreover, if f is twice continuously differentiable, we have that

Vilx+p)=Vfx)+ /01 V2 f(x +tp)pdt, (2.5)
and that
fa+p)= @)+ V) p+ip"VEF(x +1p)p, (2.6)
for somet € (0, 1).

Necessary conditions for optimality are derived by assuming that x* is a local minimizer
and then proving facts about V £ (x*) and V2 f (x*).

Theorem 2.2 (First-Order Necessary Conditions).

If x* is a local minimizer and f is continuously differentiable in an open neighborhood
of x*, then V f (x*) = 0.

PROOF.  Suppose for contradiction that V f(x*) # 0. Define the vector p = —V f(x*) and
note that p” V f(x*) = —||[Vf(x*)]|> < 0. Because V f is continuous near x*, there is a

scalar T > 0 such that

pIVF(x*+1p) <0, forallt € [0, T].

15
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For any 7 € (0, T'], we have by Taylor’s theorem that
fOx*+ip)= f(x*)+1pT VF(x* +1p), for some t € (0, ).

Therefore, f(x* + fp) < f(x*) for all £ € (0, T]. We have found a direction leading
away from x* along which f decreases, so x* is not a local minimizer, and we have a
contradiction. O

We call x* a stationary point if V f(x*) = 0. According to Theorem 2.2, any local
minimizer must be a stationary point.

For the next result we recall that a matrix B is positive definite if p” Bp > 0 for all
p # 0, and positive semidefinite if p” Bp > 0 for all p (see the Appendix).

Theorem 2.3 (Second-Order Necessary Conditions).
If x* is a local minimizer of f and V? f is continuous in an open neighborhood of x*,
then V f(x*) = 0 and V2 f (x*) is positive semidefinite.

ProOF. We know from Theorem 2.2 that V f(x*) = 0. For contradiction, assume
that V2 f(x*) is not positive semidefinite. Then we can choose a vector p such that
pIV2f(x*)p < 0,and because V2 f is continuous near x*, there is a scalar T > 0 such that
pITV2f(x* +1tp)p <Oforallt € [0, T].

By doing a Taylor series expansion around x*, we have for all 7 € (0, T'] and some
t € (0, 1) that

fF+ip) = fOF) +ip" V() +32p" V2 F(x* +1p)p < f(x¥).

As in Theorem 2.2, we have found a direction from x* along which f is decreasing, and so
again, x* is not a local minimizer. O

We now describe sufficient conditions, which are conditions on the derivatives of f at
the point z* that guarantee that x* is a local minimizer.

Theorem 2.4 (Second-Order Sufficient Conditions).
Suppose that V* f is continuous in an open neighborhood of x* and that V f (x*) = 0
and V? f (x*) is positive definite. Then x* is a strict local minimizer of f .

PROOF.  Because the Hessian is continuous and positive definite at x*, we can choose a radius
r > 0so that V2 f (x) remains positive definite for all x in the openball D = {z | ||z — x*|| <
r}. Taking any nonzero vector p with || p|| < r, we have x* 4+ p € D and so

f@*+p)=f&*)+p' VI +1p" V2 f(2)p
= f(x*)+3p "V F(2)p.
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where z = x* +tp forsomet € (0, 1). Since z € D, we have p” V2 f(z)p > 0, and therefore
f(x*+ p) > f(x*), giving the result. .

Note that the second-order sufficient conditions of Theorem 2.4 guarantee something
stronger than the necessary conditions discussed earlier; namely, that the minimizer is a strict
local minimizer. Note too that the second-order sufficient conditions are not necessary: A
point x* may be a strict local minimizer, and yet may fail to satisfy the sufficient conditions.
A simple example is given by the function f(x) = x*, for which the point x* = 0 is a strict
local minimizer at which the Hessian matrix vanishes (and is therefore not positive definite).

When the objective function is convex, local and global minimizers are simple to
characterize.

Theorem 2.5.
When f is convex, any local minimizer x* is a global minimizer of f. If in addition f is
differentiable, then any stationary point x* is a global minimizer of f .

PROOF.  Suppose that x* is a local but not a global minimizer. Then we can find a point
z € R" with f(z) < f(x*). Consider the line segment that joins x* to z, that is,

x =Az+ (1 —21)x", for some A € (0, 1]. (2.7)
By the convexity property for f, we have
J) =Af(@)+ (M=) f(x") < f(xP). (2.8)

Any neighborhood A of x* contains a piece of the line segment (2.7), so there will always
be points x € N at which (2.8) is satisfied. Hence, x* is not a local minimizer.

For the second part of the theorem, suppose that x* is not a global minimizer and
choose z as above. Then, from convexity, we have

Vi) (z —x*) = %f(x* + Az —x")) |a=0 (see the Appendix)
mn fO* 4+ Mz = x%)) — f(x¥)

- lxlw A
<1 M)+ (1= A) f(x*) — f(x*)
< lim

240 A

= f(2) = f(x") <0.
Therefore, V f (x*) # 0, and so x* is not a stationary point. O

These results, which are based on elementary calculus, provide the foundations for
unconstrained optimization algorithms. In one way or another, all algorithms seek a point
where V f(-) vanishes.
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NONSMOOTH PROBLEMS

This book focuses on smooth functions, by which we generally mean functions whose
second derivatives exist and are continuous. We note, however, that there are interesting
problems in which the functions involved may be nonsmooth and even discontinuous.
It is not possible in general to identify a minimizer of a general discontinuous function.
If, however, the function consists of a few smooth pieces, with discontinuities between the
pieces, it maybe possible to find the minimizer by minimizing each smooth piece individually.

If the function is continuous everywhere but nondifferentiable at certain points, as in
Figure 2.3, we can identify a solution by examing the subgradient, or generalized gradient,
which is a generalization of the concept of gradient to the nonsmooth case. Nonsmooth
optimization is beyond the scope of this book; we refer instead to Hiriart-Urruty and
Lemaréchal [137] for an extensive discussion of theory. Here, we mention only that the
minimization of a function such as the one illustrated in Figure 2.3 (which contains a jump
discontinuity in the first derivative f’(x) at the minimum) is difficult because the behav-
ior of f is not predictable near the point of nonsmoothness. That is, we cannot be sure
that information about f obtained at one point can be used to infer anything about f at
neighboring points, because points of nondifferentiability may intervene. However, certain
special nondifferentiable functions, such as functions of the form

J&x) = lr(o)lh, Jx) = 1llr()lle

(where r(x) is the residual vector refined in (2.2)), can be solved with the help of special-
purpose algorithms; see, for example, Fletcher [83, Chapter 14].

X*

Y %

Figure 2.3 Nonsmooth function with minimum at a kink.
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2.2 OVERVIEW OF ALGORITHMS

The last thirty years has seen the development of a powerful collection of algorithms for
unconstrained optimization of smooth functions. We now give a broad description of their
main properties, and we describe them in more detail in Chapters 3, 4, 5, 6, 8, and 9. All
algorithms for unconstrained minimization require the user to supply a starting point, which
we usually denote by xq. The user with knowledge about the application and the data set may
be in a good position to choose x, to be a reasonable estimate of the solution. Otherwise,
the starting point must be chosen in some arbitrary manner.

Beginning at xo, optimization algorithms generate a sequence of iterates {x};>, that
terminate when either no more progress can be made or when it seems that a solution
point has been approximated with sufficient accuracy. In deciding how to move from one
iterate x; to the next, the algorithms use information about the function f at x;, and
possibly also information from earlier iterates xg, X1, . .., Xx—1. They use this information
to find a new iterate x;,; with a lower function value than x;. (There exist nonmonotone
algorithms that do not insist on a decrease in f at every step, but even these algorithms
require f to be decreased after some prescribed number m of iterations. That is, they enforce
f ) < f(xk-m)-)

There are two fundamental strategies for moving from the current point x; to a new
iterate x;41. Most of the algorithms described in this book follow one of these approaches.

TWO STRATEGIES: LINE SEARCH AND TRUST REGION

In the line search strategy, the algorithm chooses a direction p; and searches along this
direction from the current iterate x; for anew iterate with alower function value. The distance
to move along py can be found by approximately solving the following one-dimensional
minimization problem to find a step length a:

131;101 Sf(xr 4 apy). (2.9)

By solving (2.9) exactly, we would derive the maximum benefit from the direction py, but
an exact minimization is expensive and unnecessary. Instead, the line search algorithm
generates a limited number of trial step lengths until it finds one that loosely approximates
the minimum of (2.9). At the new point a new search direction and step length are computed,
and the process is repeated.

In the second algorithmic strategy, known as trust region, the information gathered
about f is used to construct a model function my; whose behavior near the current point
X 1s similar to that of the actual objective function f. Because the model m; may not be a
good approximation of f when x is far from xy, we restrict the search for a minimizer of m;
to some region around x;. In other words, we find the candidate step p by approximately
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solving the following subproblem:

min my(x; + p), where x; + p lies inside the trust region. (2.10)
P

If the candidate solution does not produce a sufficient decrease in f, we conclude that the
trust region is too large, and we shrink it and re-solve (2.10). Usually, the trust region is a
ball defined by || p|l, < A, where the scalar A > 0 is called the trust-region radius. Elliptical
and box-shaped trust regions may also be used.

The model m; in (2.10) is usually defined to be a quadratic function of the form

me(xi + p) = fu + p"V fe + 3p" Bep, (2.11)

where fi, V fi, and By are a scalar, vector, and matrix, respectively. As the notation indicates,
fi and V f; are chosen to be the function and gradient values at the point x, so that m;
and f are in agreement to first order at the current iterate x;. The matrix By is either the
Hessian V2 f; or some approximation to it.

Suppose that the objective function is given by f(x) = 10(x; — x%)* + (1 — x1)*. At
the point x; = (0, 1) its gradient and Hessian are

or [ 2 Gy | B0
=1 5 | =1 2 |

The contour lines of the quadratic model (2.11) with By = V2 f; are depicted in Figure 2.4,
which also illustrates the contours of the objective function f and the trust region. We have
indicated contour lines where the model m; has values 1 and 12. Note from Figure 2.4 that
each time we decrease the size of the trust region after failure of a candidate iterate, the step
from x; to the new candidate will be shorter, and it usually points in a different direction
from the previous candidate. The trust-region strategy differs in this respect from line search,
which stays with a single search direction.

In a sense, the line search and trust-region approaches differ in the order in which they
choose the direction and distance of the move to the next iterate. Line search starts by fixing
the direction py and then identifying an appropriate distance, namely the step length ;. In
trust region, we first choose a maximum distance—the trust-region radius Ay—and then
seek a direction and step that attain the best improvement possible subject to this distance
constraint. If this step proves to be unsatisfactory, we reduce the distance measure A; and
try again.

The line search approach is discussed in more detail in Chapter 3. Chapter 4 discusses
the trust-region strategy, including techniques for choosing and adjusting the size of the
region and for computing approximate solutions to the trust-region problems (2.10). We
now preview two major issues: choice of the search direction py in line search methods, and
choice of the Hessian By in trust-region methods. These issues are closely related, as we now
observe.
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contours
of f

unconstrained
minimizer

contours
of model

Figure2.4 Two possible trust regions (circles) and their corresponding steps pi. The
solid lines are contours of the model function m.

SEARCH DIRECTIONS FOR LINE SEARCH METHODS

The steepest-descent direction —V f; is the most obvious choice for search direction
for a line search method. It is intuitive; among all the directions we could move from x,
it is the one along which f decreases most rapidly. To verify this claim, we appeal again to
Taylor’s theorem (Theorem 2.1), which tells us that for any search direction p and step-length
parameter o, we have

[ +ap) = fx) +ap'Vii+ 1’ p" V2 f(xi +tp)p, forsomer € (0, )

(see (2.6)). The rate of change in f along the direction p at x; is simply the coefficient of
o, namely, pTV fi. Hence, the unit direction p of most rapid decrease is the solution to the
problem

min p’V fi, subject to || p|| = 1. (2.12)
P

Since pT Vi = |Ipll |V fi|l cos @, where 6 is the angle between p and V f;, we have from
lpll = 1that pTV fi = |V fi| cos, so the objective in (2.12) is minimized when cos
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> )

Figure 2.5 Steepest descent direction for a function of two variables.

takes on its minimum value of —1 at @ = 7 radians. In other words, the solution to (2.12) is

p==Vi/IV Ll

as claimed. As we show in Figure 2.5, this direction is orthogonal to the contours of the
function.

The steepest descent method is a line search method that moves along p, = —V f; at
every step. It can choose the step length o in a variety of ways, as we discuss in Chapter 3. One
advantage of the steepest descent direction is that it requires calculation of the gradient V f;
but not of second derivatives. However, it can be excruciatingly slow on difficult problems.

Line search methods may use search directions other than the steepest descent direc-
tion. In general, any descent direction—one that makes an angle of strictly less than 7 /2
radians with —V f;—is guaranteed to produce a decrease in f, provided that the step length
is sufficiently small (see Figure 2.6). We can verify this claim by using Taylor’s theorem. From
(2.6), we have that

fa+epi) = f(x) +ep{ V fi + O(€).
When py is a downbhill direction, the angle 6; between p; and V f; has cos 9y < 0, so that
PV fe = el 1V fill cos b < 0.
It follows that f(xy + €px) < f(xx) for all positive but sufficiently small values of €.

Another important search direction—perhaps the most important one of all—
is the Newton direction. This direction is derived from the second-order Taylor series
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Figure2.6 A downbhill direction py

approximation to f(xx + p), which is

def
foe+p)~ fi+ "V i+ 1p"V fip = mi(p). (2.13)

Assuming for the moment that V? f} is positive definite, we obtain the Newton direction
by finding the vector p that minimizes m(p). By simply setting the derivative of m;(p) to
zero, we obtain the following explicit formula:

Py = -V 'V fi. (2.14)

The Newton direction is reliable when the difference between the true function f (x; +
p) and its quadratic model my(p) is not too large. By comparing (2.13) with (2.6), we see
that the only difference between these functions is that the matrix V2 f(x; + p) in the
third term of the expansion has been replaced by V2 f; = V2 f (x¢). If V2 £(-) is sufficiently
smooth, this difference introduces a perturbation of only O(||p||®) into the expansion, so
that when || p|| is small, the approximation f(x; + p) = my(p) is very accurate indeed.

The Newton direction can be used in a line search method when V2 f; is positive
definite, for in this case we have

V= =p"V fipy < —allp}I?
for some o > 0. Unless the gradient V f; (and therefore the step p}) is zero, we have that

\Y fkT pr < 0, so the Newton direction is a descent direction. Unlike the steepest descent
direction, there is a “natural” step length of 1 associated with the Newton direction. Most
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line search implementations of Newton’s method use the unit step @ = 1 where possible and
adjust this step length only when it does not produce a satisfactory reduction in the value
of f.

When V? f; is not positive definite, the Newton direction may not even be defined,
since szk_l may not exist. Even when it is defined, it may not satisfy the descent property
V£l p¥ < 0, in which case it is unsuitable as a search direction. In these situations, line
search methods modify the definition of p; to make it satisfy the downhill condition while
retaining the benefit of the second-order information contained in V2 f;. We will describe
these modifications in Chapter 6.

Methods that use the Newton direction have a fast rate of local convergence, typically
quadratic. When a neighborhood of the solution is reached, convergence to high accuracy
often occurs in just a few iterations. The main drawback of the Newton direction is the
need for the Hessian V2 f(x). Explicit computation of this matrix of second derivatives is
sometimes, though not always, a cumbersome, error-prone, and expensive process.

Quasi-Newton search directions provide an attractive alternative in that they do not
require computation of the Hessian and yet still attain a superlinear rate of convergence.
In place of the true Hessian V2 f;, they use an approximation By, which is updated after
each step to take account of the additional knowledge gained during the step. The updates
make use of the fact that changes in the gradient g provide information about the second
derivative of f along the search direction. By using the expression (2.5) from our statement
of Taylor’s theorem, we have by adding and subtracting the term V2 £ (x) p that

1
Vi +p) =V x)+Vfx)p+ / [V2f(x +1p) = V2 f(x)] pr.
0

Because V f(-) is continuous, the size of the final integral term is o(|| p||). By setting x = x;
and p = x;; — X, we obtain

V fis1 = Vi + V2 fir1 (er — x0) + o(llxerr — xe ).
When x; and x4 lie in a region near the solution x*, within which V f is positive definite,

the final term in this expansion is eventually dominated by the V2 f; (x;4; — x) term, and
we can write

V2 fir1 (i = x) 2V fipn =V f (2.15)
We choose the new Hessian approximation By so that it mimics this property (2.15) of
the true Hessian, that is, we require it to satisfy the following condition, known as the secant

equation:

Bir1Sk = Yi» (2.16)
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where
Sk = Xk41 — Xk, Ve =V fig1 — V fi.

Typically, we impose additional requirements on By, such as symmetry (motivated by
symmetry of the exact Hessian), and a restriction that the difference between successive
approximation By to By have low rank. The initial approximation By, must be chosen by
the user.

Two of the most popular formulae for updating the Hessian approximation By, are the
symmetric-rank-one (SR1) formula, defined by

(& — Bese)(yk — Brsi)™

By = B +
* (vk — Biesi) T sk

, (2.17)

and the BFGS formula, named after its inventors, Broyden, Fletcher, Goldfarb, and Shanno,
which is defined by

Bisksi Be eyl

Biy1 = By — (2.18)

T T,
St Brsk Vi Sk

Note that the difference between the matrices By and By41 is a rank-one matrix in the
case of (2.17), and a rank-two matrix in the case of (2.18). Both updates satisfy the secant
equation and both maintain symmetry. One can show that BFGS update (2.18) generates
positive definite approximations whenever the initial approximation By is positive definite
and s/ yr > 0. We discuss these issues further in Chapter 8.

The quasi-Newton search direction is given by using By in place of the exact Hessian
in the formula (2.14), that is,

pe=—B'Vfi. (2.19)

Some practical implementations of quasi-Newton methods avoid the need to factorize By

at each iteration by updating the inverse of By, instead of By itself. In fact, the equivalent

formula for (2.17) and (2.18), applied to the inverse approximation H & B, Uis

1

T
Vi Sk

Hisr = (I — pesiyl) He (I = peysi ) + pessy s Pr = (2.20)

Calculation of p; can then be performed by using the formula py = —H;V f;. This can
be implemented as a matrix—vector multiplication, which is typically simpler than the
factorization/back-substitution procedure that is needed to implement the formula (2.19).

Two variants of quasi-Newton methods designed to solve large problems—partially
separable and limited-memory updating—are described in Chapter 9.
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The last class of search directions we preview here is that generated by nonlinear
conjugate gradient methods. They have the form

pr = =V f(x) + Bepr—1,

where By is a scalar that ensures that p and p;_; are conjugate—an important concept in the
minimization of quadratic functions that will be defined in Chapter 5. Conjugate gradient
methods were originally designed to solve systems of linear equations Ax = b, where the
coefficient matrix A is symmetric and positive definite. The problem of solving this linear
system is equivalent to the problem of minimizing the convex quadratic function defined by

P(x) = %xTAx +b"x,

so it was natural to investigate extensions of these algorithms to more general types of
unconstrained minimization problems. In general, nonlinear conjugate gradient directions
are much more effective than the steepest descent direction and are almost as simple to
compute. These methods do not attain the fast convergence rates of Newton or quasi-
Newton methods, but they have the advantage of not requiring storage of matrices. An
extensive discussion of nonlinear conjugate gradient methods is given in Chapter 5.

All of the search directions discussed so far can be used directly in a line search
framework. They give rise to the steepest descent, Newton, quasi-Newton, and conjugate
gradient line search methods. All except conjugate gradients have an analogue in the trust-
region framework, as we now discuss.

MODELS FOR TRUST-REGION METHODS

If we set By = 01in (2.11) and define the trust region using the Euclidean norm, the
trust-region subproblem (2.10) becomes

min f; + p'V fi subject to || pll2 < Ax.
P

We can write the solution to this problem in closed form as

AV

Pk = .
IV fiell

This is simply a steepest descent step in which the step length is determined by the trust-
region radius; the trust-region and line search approaches are essentially the same in this
case.

A more interesting trust-region algorithm is obtained by choosing By to be the exact
Hessian V2 f; in the quadratic model (2.11). Because of the trust-region restriction || p|l, <
Ay, there is no need to do anything special when V2 f; is not positive definite, since the
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subproblem (2.10) is guaranteed to have asolution py, as we see in Figure 2.4. The trust-region
Newton method has proved to be highly effective in practice, as we discuss in Chapter 6.

If the matrix By in the quadratic model function my of (2.11) is defined by means of
a quasi-Newton approximation, we obtain a trust-region quasi-Newton method.

SCALING

The performance of an algorithm may depend crucially on how the problem is formu-
lated. One important issue in problem formulation is scaling. In unconstrained optimization,
aproblem is said to be poorly scaled if changes to x in a certain direction produce much larger
variations in the value of f than do changes to x in another direction. A simple example is
provided by the function f(x) = 10°x7 + xZ, which is very sensitive to small changes in x;
but not so sensitive to perturbations in x,.

Poorly scaled functions arise, for example, in simulations of physical and chemical
systems where different processes are taking place at very different rates. To be more specific,
consider a chemical system in which four reactions occur. Associated with each reaction is
a rate constant that describes the speed at which the reaction takes place. The optimization
problem is to find values for these rate constants by observing the concentrations of each
chemical in the system at different times. The four constants differ greatly in magnitude,
since the reactions take place at vastly different speeds. Suppose we have the following
rough estimates for the final values of the constants, each correct to within, say, an order of
magnitude:

X~ 10710, X "Xz R, x4~ 10°.

Before solving this problem we could introduce a new variable z defined by

X 107 0 0 o0 21
x> 0 1 0 0 2
x| 0 0 1 0 |
Xy 0 0 0 10° Z

and then define and solve the optimization problem in terms of the new variable z. The
optimal values of z will be within about an order of magnitude of 1, making the solution
more balanced. This kind of scaling of the variables is known as diagonal scaling.

Scaling is performed (sometimes unintentionally) when the units used to represent
variables are changed. During the modeling process, we may decide to change the units of
some variables, say from meters to millimeters. If we do, the range of those variables and
their size relative to the other variables will both change.

Some optimization algorithms, such as steepest descent, are sensitive to poor scaling,
while others, such as Newton’s method, are unaffected by it. Figure 2.7 shows the contours
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e

A,

Figure 2.7 Poorly scaled and well-scaled problems, and performance of the steepest
descent direction.

of two convex nearly quadratic functions, the first of which is poorly scaled, while the second
is well scaled. For the poorly scaled problem, the one with highly elongated contours, the
steepest descent direction (also shown on the graph) does not yield much reduction in the
function, while for the well-scaled problem it performs much better. In both cases, Newton’s
method will produce a much better step, since the second-order quadratic model (m; in
(2.13)) happens to be a good approximation of f.

Algorithms that are not sensitive to scaling are preferable to those that are not, because
they can handle poor problem formulations in a more robust fashion. In designing complete
algorithms, we try to incorporate scale invariance into all aspects of the algorithm, including
theline search or trust-region strategies and convergence tests. Generally speaking, it is easier
to preserve scale invariance for line search algorithms than for trust-region algorithms.

RATES OF CONVERGENCE

One of the key measures of performance of an algorithm is its rate of convergence. We
now define the terminology associated with different types of convergence, for reference in
later chapters.

Let {x;} be a sequence in R" that converges to x*. We say that the convergence is
Q-linear if there is a constant r € (0, 1) such that

[l — x|

<r, forall k sufficiently large. (2.21)
[l — x|
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This means that the distance to the solution x* decreases at each iteration by at least a
constant factor. For example, the sequence 1 + (0.5)F converges Q-linearly to 1. The prefix
“Q” stands for “quotient,” because this type of convergence is defined in terms of the quotient
of successive errors.

The convergence is said to be Q-superlinear if

s — x*l
koo g — x|

For example, the sequence 1 + k=% converges superlinearly to 1. (Prove this statement!)
Q-quadratic convergence, an even more rapid convergence rate, is obtained if

[l — x|

I P <M, forall k sufficiently large,
X — X

where M is a positive constant, not necessarily less than 1. An example is the sequence
14 (0.5)%.

The speed of convergence depends on » and (more weakly) on M, whose values depend
not only on the algorithm but also on the properties of the particular problem. Regardless of
these values, however, a quadratically convergent sequence will always eventually converge
faster than a linearly convergent sequence.

Obviously, any sequence that converges Q-quadratically also converges Q-super-
linearly, and any sequence that converges Q-superlinearly also converges Q-linearly. We
can also define higher rates of convergence (cubic, quartic, and so on), but these are less
interesting in practical terms. In general, we say that the Q-order of convergence is p (with
p > 1) if there is a positive constant M such that

[l — x|

” G <M, forall k sufficiently large.
Xp — XxX*

Quasi-Newton methods typically converge Q-superlinearly, whereas Newton’s method
converges Q-quadratically. In contrast, steepest descent algorithms converge only at a Q-
linear rate, and when the problem is ill-conditioned the convergence constant r in (2.21) is
close to 1.

Throughout the book we will normally omit the letter Q and simply talk about
superlinear convergence, quadratic convergence, etc.

R-RATES OF CONVERGENCE

A slightly weaker form of convergence, characterized by the prefix “R” (for “root”),
is concerned with the overall rate of decrease in the error, rather than the decrease over a
single step of the algorithm. We say that convergence is R-linear if there is a sequence of
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nonnegative scalars {v;} such that
llxy — x*|| < v for all k, and {v;} converges Q-linearly to zero.
The sequence {||x; — x*||} is said to be dominated by {v;}. For instance, the sequence

1+ (0.5)]‘, k even,
X = (2.22)
1, k odd,

(the first few iterates are 2, 1, 1.25, 1, 1.03125, 1, .. .) converges R-linearly to 1, because it is
dominated by the sequence 1+ (0.5)%, which converges Q-linearly. Likewise, we say that {x;}
converges R-superlinearly to x* if {||x; —x*||} is dominated by a Q-superlinear sequence, and
{xi} converges R-quadratically to x* if {||x; — x*||} is dominated by a Q-quadratic sequence.

Note that in the R-linear sequence (2.22), the error actually increases at every second
iteration! Such behavior occurs even in sequences whose R-rate of convergence is arbitrarily
high, but it cannot occur for Q-linear sequences, which insist on a decrease at every step &,
for k sufficiently large.

Most convergence analyses of optimization algorithms are concerned with Q-
convergence.

NOTES AND REFERENCES

For an extensive discussion of convergence rates see Ortega and Rheinboldt [185].

& EXERCISES

& 2.1 Compute the gradient V f(x) and Hessian V2 f(x) of the Rosenbrock function
F(x) =100(x; — x1)* + (1 — x1)%. (2.23)

Show that x* = (1, 1)7 is the only local minimizer of this function, and that the Hessian

matrix at that point is positive definite.

& 2.2 Show that the function f(x) = 8x; + 12x; + x? — 2x? has only one stationary

point, and that it is neither a maximum or minimum, but a saddle point. Sketch the contour
lines of f.

& 2.3 Leta bea given n-vector, and A be a given n x n symmetric matrix. Compute the
gradient and Hessian of fi(x) = a’x and f>(x) = xT Ax.

& 2.4 Write the second-order Taylor expansion (2.6) for the function cos(1/x) around
a nonzero point x, and the third-order Taylor expansion of cos(x) around any point x.
Evaluate the second expansion for the specific case of x = 1.
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& 2.5 Consider the function f : R* — R defined by f(x) = ||x||>. Show that the
sequence of iterates {x;} defined by

) 1 cosk
= + 2k sink

satisfies f(xx+1) < f(xi) for k = 0,1,2,.... Show that every point on the unit circle
{x | lx||* = 1} is a limit point for {x;}. Hint: Every value § € [0, 2] is a limit point of the
subsequence {£;} defined by

& =k(mod 2w) =k — 2w {iJ ,
2

where the operator |-| denotes rounding down to the next integer.

& 2.6 Prove that all isolated local minimizers are strict. (Hint: Take an isolated local
minimizer x* and a neighborhood N. Show that for any x € N, x # x* we must have

Jx) > f(x%).)

& 2.7 Suppose that f is a convex function. Show that the set of global minimizers of f
is a convex set.

& 2.8 Consider the function f(x;,x;) = (x1 +x22)2. At the point xT = (1,0) we
consider the search direction pT = (—1, 1). Show that p is a descent direction and find all
minimizers of the problem (2.9).

& 2.9 Suppose that f(z) = f(x), where x = Sz + s for some S € R"*" and s € R".
Show that

Vf(z)=STVf(x), V2 f(z) = STV2 f(x)S.

(Hint: Use the chain rule to express df/dzj in terms of df /dx; and dx; /dz; for all i, j =
1,2,...,n.)

&  2.10 Show that the symmetric rank-one update (2.17) and the BFGS update (2.18)
are scale-invariant if the initial Hessian approximations By are chosen appropriately. That is,
using the notation of the previous exercise, show that if these methods are applied to f(x)
starting from xo = Sz + s with initial Hessian By, and to f (z) starting from z, with initial
Hessian S7 By S, then all iterates are related by x; = Sz; + 5. (Assume for simplicity that the
methods take unit step lengths.)

& 2.11 Suppose that a function f of two variables is poorly scaled at the solution x*.
Write two Taylor expansions of f around x*—one along each coordinate direction—and
use them to show that the Hessian V2 f (x*) is ill-conditioned.
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&  2.12 Show that the sequence x; = 1/k is not Q-linearly convergent, though it does
converge to zero. (This is called sublinear convergence.)

& 2.13 Show that the sequence x; = 1 + (0.5)2' is Q—quadratically convergent to 1.
& 2.14 Does the sequence 1/(k!) converge Q-superlinearly? Q-quadratically?
& * 2.15 Consider the sequence {x;} defined by

(1), keven,

X =
{(xk_l)/k, k odd.

Is this sequence Q-superlinearly convergent? Q-quadratically convergent? R-quadratically
convergent?
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ethods

Each iteration of a line search method computes a search direction p; and then decides how
far to move along that direction. The iteration is given by

X1 = Xk + Ok P, (3.1

where the positive scalar o is called the step length. The success of a line search method
depends on effective choices of both the direction p; and the step length ay.

Most line search algorithms require p; to be a descent direction—one for which
PLV fi < 0O—because this property guarantees that the function f can be reduced along
this direction, as discussed in the previous chapter. Moreover, the search direction often has
the form

pie=—B.'V fi. (3.2)
where By is a symmetric and nonsingular matrix. In the steepest descent method By is

simply the identity matrix 7, while in Newton’s method By is the exact Hessian V2 £ (xy).
In quasi-Newton methods, By is an approximation to the Hessian that is updated at every
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Figure 3.1 The ideal step length is the global minimizer.

iteration by means of a low-rank formula. When py is defined by (3.2) and B is positive
definite, we have

piVfi ==V B 'V fi <0,
and therefore py is a descent direction.
In the next chapters we study how to choose the matrix By, or more generally, how

to compute the search direction. We now give careful consideration to the choice of the
step-length parameter o.

3.1 STEP LENGTH

In computing the step length o, we face a tradeoff. We would like to choose o to
give a substantial reduction of f, but at the same time, we do not want to spend too much
time making the choice. The ideal choice would be the global minimizer of the univariate
function ¢(-) defined by

¢la) = flxx tapr), a>0, (3.3)

but in general, it is too expensive to identify this value (see Figure 3.1). To find even a local
minimizer of ¢ to moderate precision generally requires too many evaluations of the objec-
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f(x)

Figure 3.2 Insufficient reduction in f.

tive function f and possibly the gradient V f. More practical strategies perform an inexact
line search to identify a step length that achieves adequate reductions in f at minimal cost.

Typical line search algorithms try out a sequence of candidate values for «, stopping to
accept one of these values when certain conditions are satisfied. The line search is done in two
stages: A bracketing phase finds an interval containing desirable step lengths, and a bisection
or interpolation phase computes a good step length within this interval. Sophisticated line
search algorithms can be quite complicated, so we defer a full description until the end of
this chapter. We now discuss various termination conditions for the line search algorithm
and show that effective step lengths need not lie near minimizers of the univariate function
¢(a) defined in (3.3).

A simple condition we could impose on ¢ is that it provide a reduction in f, i.e.,
S (e + agpr) < f(xx). That this is not appropriate is illustrated in Figure 3.2, where the
minimum is f* = —1, but the sequence of function values {5/k}, k = 0, 1, . . ., converges
to zero. The difficulty is that we do not have sufficient reduction in f, a concept we discuss
next.

THE WOLFE CONDITIONS

A popularinexactline search condition stipulates that oty should first of all give sufficient
decrease in the objective function f, as measured by the following inequality:

FOx+apy) < flx) +aaV e p, (3.4)

37



38 CHAPTER 3. LINE SEARCH METHODS
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Figure 3.3 Sufficient decrease condition.

for some constant ¢; € (0, 1). In other words, the reduction in f should be proportional to
both the step length oy and the directional derivative V £ py. Inequality (3.4) is sometimes
called the Armijo condition.

The sufficient decrease condition is illustrated in Figure 3.3. The right-hand-side of
(3.4), which is a linear function, can be denoted by /(). The function /(-) has negative slope
aV fkT D> but because ¢; € (0, 1), it lies above the graph of ¢ for small positive values of
a. The sufficient decrease condition states that « is acceptable only if ¢(a) < I(«). The
intervals on which this condition is satisfied are shown in Figure 3.3. In practice, c; is chosen
to be quite small, say ¢; = 1074

The sufficient decrease condition is not enough by itself to ensure that the algorithm
makes reasonable progress, because as we see from Figure 3.3, it is satisfied for all sufficiently
small values of . To rule out unacceptably short steps we introduce a second requirement,
called the curvature condition, which requires o to satisfy

V [+ ap)’ pre = a2V £ p (3.5)

for some constant ¢, € (c1, 1), where ¢; is the constant from (3.4). Note that the left-hand-
side is simply the derivative ¢’(), so the curvature condition ensures that the slope of
¢ (o) is greater than ¢, times the gradient ¢’(0). This makes sense because if the slope ¢'(«)
is strongly negative, we have an indication that we can reduce f significantly by moving
further along the chosen direction. On the other hand, if the slope is only slightly negative
or even positive, it is a sign that we cannot expect much more decrease in f in this direction,
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Figure 3.4 The curvature condition.

so it might make sense to terminate the line search. The curvature condition is illustrated in
Figure 3.4. Typical values of ¢, are 0.9 when the search direction py is chosen by a Newton
or quasi-Newton method, and 0.1 when py is obtained from a nonlinear conjugate gradient
method.

The sufficient decrease and curvature conditions are known collectively as the Wolfe
conditions. We illustrate them in Figure 3.5 and restate them here for future reference:

FOox+arpe) < fO) + oV L pr, (3.6a)
Vf x4+ ap) pe > oV £ i, (3.6b)

with0 <c¢; < ¢y < 1.

A step length may satisfy the Wolfe conditions without being particularly close to a
minimizer of ¢, as we show in Figure 3.5. We can, however, modify the curvature condition
to force oy to lie in at least a broad neighborhood of a local minimizer or stationary point
of ¢. The strong Wolfe conditions require o, to satisfy

FOox+aupe) < fO) + eV AL p, (3.7a)
IV f (e + cup)” piel < 2l VAT il (3.7b)
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Figure 3.5 Step lengths satisfying the Wolfe conditions.

with 0 < ¢; < ¢; < 1. The only difference with the Wolfe conditions is that we no longer
allow the derivative ¢’(a) to be too positive. Hence, we exclude points that are far from
stationary points of ¢.

It is not difficult to prove that there exist step lengths that satisfy the Wolfe conditions
for every function f that is smooth and bounded below.

Lemma 3.1.

Suppose that f : R" — R is continuously differentiable. Let py be a descent direction at
Xk, and assume that f is bounded below along the ray {x; + apila > 0}. Then if 0 < ¢ <
¢y < 1, there exist intervals of step lengths satisfying the Wolfe conditions (3.6) and the strong
Wolfe conditions (3.7).

PrOOF.  Since ¢p(a) = f(x; + apy) is bounded below for all @ > 0 and since 0 < ¢; < 1,
the line [(a) = f(xx) + a1V £ pr must intersect the graph of ¢ at least once. Let o’ > 0
be the smallest intersecting value of «, that is,

FOx+a' po) = fla) +d'et VL py. (3.8)

The sufficient decrease condition (3.6a) clearly holds for all step lengths less than o’
By the mean value theorem, there exists «” € (0, &’) such that

FOx+ o' po) — fl) =o'V f(xe+ " po)’ pr. (3.9)
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By combining (3.8) and (3.9), we obtain

ViGx+o" p) pr=a Vi pe > aVE . (3.10)

since ¢; < ¢; and V fkT pr < 0. Therefore, o” satisfies the Wolfe conditions (3.6), and the
inequalities hold strictly in both (3.6a) and (3.6b). Hence, by our smoothness assumption
on f, there is an interval around «” for which the Wolfe conditions hold. Moreover, since
the term in the left-hand side of (3.10) is negative, the strong Wolfe conditions (3.7) hold in
the same interval. O

The Wolfe conditions are scale-invariant in a broad sense: Multiplying the objective
function by a constant or making an affine change of variables does not alter them. They can
be used in most line search methods, and are particularly important in the implementation
of quasi-Newton methods, as we see in Chapter 8.

THE GOLDSTEIN CONDITIONS

Like the Wolfe conditions, the Goldstein conditions also ensure that the step length
a achieves sufficient decrease while preventing o from being too small. The Goldstein
conditions can also be stated as a pair of inequalities, in the following way:

FO) + 0 =)V pe < fou +apr) < fu) +carVEL pr, (3.11)

with0 < ¢ < % The second inequality is the sufficient decrease condition (3.4), whereas
the first inequality is introduced to control the step length from below; see Figure 3.6

A disadvantage of the Goldstein conditions vis-a-vis the Wolfe conditions is that the
first inequality in (3.11) may exclude all minimizers of ¢. However, the Goldstein and Wolfe
conditions have much in common, and their convergence theories are quite similar. The
Goldstein conditions are often used in Newton-type methods but are not well suited for
quasi-Newton methods that maintain a positive definite Hessian approximation.

SUFFICIENT DECREASE AND BACKTRACKING

We have mentioned that the sufficient decrease condition (3.6a) alone is not sufficient
to ensure that the algorithm makes reasonable progress along the given search direction.
However, if the line search algorithm chooses its candidate step lengths appropriately, by
using a so-called backtrackingapproach, we can dispense with the extra condition (3.6b) and
use just the sufficient decrease condition to terminate the line search procedure. In its most
basic form, backtracking proceeds as follows.

Procedure 3.1 (Backtracking Line Search).
Choose @ > 0, p,c € (0, 1); seta < a;
repeat until £ (x; +api) < f(xe) +caV 7 p
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Figure 3.6 The Goldstein conditions.

o < pa;
end (repeat)
Terminate with oy = «.

In this procedure, the initial step length & is chosen to be 1 in Newton and quasi-Newton
methods, but can have different values in other algorithms such as steepest descent or conju-
gate gradient. An acceptable step length will be found after a finite number of trials because
ay will eventually become small enough that the sufficient decrease condition holds (see Fig-
ure 3.3). In practice, the contraction factor p is often allowed to vary at each iteration of the
line search. For example, it can be chosen by safeguarded interpolation, as we describe later.
We need ensure only that at each iteration we have p € [po, pni], for some fixed constants
0<pp<pni <l

The backtracking approach ensures either that the selected step length « is some
fixed value (the initial choice &), or else that it is short enough to satisfy the sufficient
decrease condition but not too short. The latter claim holds because the accepted value o
is within striking distance of the previous trial value, o / o, which was rejected for violating
the sufficient decrease condition, that is, for being too long.
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This simple and popular strategy for terminating a line search is well suited for Newton
methods (see Chapter 6) but is less appropriate for quasi-Newton and conjugate gradient
methods.

3.2 CONVERGENCE OF LINE SEARCH METHODS

To obtain global convergence, we must not only have well-chosen step lengths but also well-
chosen search directions p;. We discuss requirements on the search direction in this section,
focusing on one key property: the angle 6; between p; and the steepest descent direction
—V fi, defined by

=V il e

IV il el (3.12)

cosb; =

The following theorem, due to Zoutendijk, has far-reaching consequences. It shows,
for example, that the steepest descent method is globally convergent. For other algorithms
it describes how far p; can deviate from the steepest descent direction and still give rise to
a globally convergent iteration. Various line search termination conditions can be used to
establish this result, but for concreteness we will consider only the Wolfe conditions (3.6).
Though Zoutendijk’s result appears, at first, to be technical and obscure, its power will soon
become evident.

Theorem 3.2.

Consider any iteration of the form (3.1), where py is a descent direction and oy, satisfies
the Wolfe conditions (3.6). Suppose that f is bounded below in R" and that f is continuously
differentiable in an open set N containing the level set L def {x: f(x) < f(x0)}, where xq is
the starting point of the iteration. Assume also that the gradient V f is Lipschitz continuous on
N, that is, there exists a constant L > 0 such that

IVFf(x) =VFf&E)| <Llx—%|, foralx,xeN. (3.13)
Then
Z cos? O |V fill> < oo. (3.14)
k>0

ProOF. From (3.6b) and (3.1) we have that

(Vfir1 = V) pe = (2 = DV i,
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while the Lipschitz condition (3.13) implies that

(Vfirr = V)" pe < Ll pell”
By combining these two relations, we obtain

c;— 1V
o > 2 Ji l;k.
L Alpel

By substituting this inequality into the first Wolfe condition (3.6a), we obtain

-0 (kaTPk)z

finn < fi—a
L Il pell?

From the definition (3.12), we can write this relation as

fi1 < fi — ccos” 0|V fiell,

where ¢ = ¢;(1 — ¢;)/L. By summing this expression over all indices less than or equal to
k, we obtain

k
ferr < fo—c Y o’ 0;|IV ;11 (3.15)

=0

Since f is bounded below, we have that fy — fi41 is less than some positive constant, for all
k. Hence by taking limits in (3.15), we obtain

o
> cos? OV fill” < o,
k=0

which concludes the proof. O

Similar results to this theorem hold when the Goldstein conditions (3.11) or strong
Wolfe conditions (3.7) are used in place of the Wolfe conditions.

Note that the assumptions of Theorem 3.2 are not too restrictive. If the function f were
not bounded below, the optimization problem would not be well-defined. The smoothness
assumption—Lipschitz continuity of the gradient—is implied by many of the smoothness
conditions that are used in local convergence theorems (see Chapters 6 and 8) and are often
satisfied in practice.

Inequality (3.14), which we call the Zoutendijk condition, implies that

cos® O |V fill* — 0. (3.16)
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This limit can be used in turn to derive global convergence results for line search algorithms.

If our method for choosing the search direction py in the iteration (3.1) ensures that
the angle 6, defined by (3.12) is bounded away from 90°, there is a positive constant § such
that

cosfy >8>0, forallk. (3.17)
It follows immediately from (3.16) that

lim ||V fi| = 0. (3.18)
k—o00

In other words, we can be sure that the gradient norms ||V f; || converge to zero, provided that
the search directions are never too close to orthogonality with the gradient. In particular, the
method of steepest descent (for which the search direction p; makes an angle of zero degrees
with the negative gradient) produces a gradient sequence that converges to zero, provided
that it uses a line search satisfying the Wolfe or Goldstein conditions.

We use the term globally convergent to refer to algorithms for which the property
(3.18) is satisfied, but note that this term is sometimes used in other contexts to mean
different things. For line search methods of the general form (3.1), the limit (3.18) is the
strongest global convergence result that can be obtained: We cannot guarantee that the
method converges to a minimizer, but only that it is attracted by stationary points. Only
by making additional requirements on the search direction p;—by introducing negative
curvature information from the Hessian V2 f (x;), for example—can we strengthen these
results to include convergence to a local minimum. See the Notes and References at the end
of this chapter for further discussion of this point.

Consider now the Newton-like method (3.1), (3.2) and assume that the matrices By
are positive definite with a uniformly bounded condition number. That is, there is a constant
M such that

IBll 1B < M, forallk.
It is easy to show from the definition (3.12) that
cosO, > 1/M (3.19)
(see Exercise 5). By combining this bound with (3.16) we find that

lim [V il =o. (3.20)

Therefore, we have shown that Newton and quasi-Newton methods are globally convergent
if the matrices By have a bounded condition number and are positive definite (which is

45



46

CHAPTER 3. LINE SEARCH METHODS

needed to ensure that py is a descent direction), and if the step lengths satisfy the Wolfe
conditions.

For some algorithms, such as conjugate gradient methods, we will not be able to prove
the limit (3.18), but only the weaker result

liminf ||V f¢|| = 0. (3.21)
k—o00

In other words, just a subsequence of the gradient norms ||V f;, || converges to zero, rather
than the whole sequence (see Appendix A). This result, too, can be proved by using
Zoutendijk’s condition (3.14), but instead of a constructive proof, we outline a proof by
contradiction. Suppose that (3.21) does not hold, so that the gradients remain bounded
away from zero, that is, there exists ¥ > 0 such that

IV fill =y, forall k sufficiently large. (3.22)
Then from (3.16) we conclude that
cos6y — 0, (3.23)

that is, the entire sequence {cos 6} converges to 0. To establish (3.21), therefore, it is enough
to show that a subsequence {cos 6, } is bounded away from zero. We will use this strategy in
Chapter 5 to study the convergence of nonlinear conjugate gradient methods.

By applying this proof technique, we can prove global convergence in the sense of
(3.20) or (3.21) for a general class of algorithms. Consider any algorithm for which (i) every
iteration produces a decrease in the objective function, and (ii) every mth iteration is a
steepest descent step, with step length chosen to satisfy the Wolfe or Goldstein conditions.
Then since cos 6, = 1 for the steepest descent steps, the result (3.20) holds. Of course, we
would design the algorithm so that it does something “better” than steepest descent at the
other m — 1 iterates; the occasional steepest descent steps may not make much progress, but
they at least guarantee overall global convergence.

Note that throughout this section we have used only the fact that Zoutendijk’s condition
implies the limit (3.16). In later chapters we will make use of the bounded sum condition
(3.14), which forces the sequence {cos? 6;||V fi||?} to converge to zero at a sufficiently rapid
rate.

3.3 RATE OF CONVERGENCE

It would seem that designing optimization algorithms with good convergence properties is
easy, since all we need to ensure is that the search direction p; does not tend to become
orthogonal to the gradient V f;, or that steepest descent steps are taken regularly. We could
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simply compute cos 6y at every iteration and turn p; toward the steepest descent direction
if cos Oy is smaller than some preselected constant § > 0. Angle tests of this type ensure
global convergence, but they are undesirable for two reasons. First, they may impede a
fast rate of convergence, because for problems with an ill-conditioned Hessian, it may be
necessary to produce search directions that are almost orthogonal to the gradient, and an
inappropriate choice of the parameter § may prevent this. Second, angle tests destroy the
invariance properties of quasi-Newton methods.

Algorithmic strategies that achieve rapid convergence can sometimes conflict with
the requirements of global convergence, and vice versa. For example, the steepest descent
method is the quintessential globally convergent algorithm, but it is quite slow in practice,
as we shall see below. On the other hand, the pure Newton iteration converges rapidly when
started close enough to a solution, but its steps may not even be descent directions away
from the solution. The challenge is to design algorithms that incorporate both properties:
good global convergence guarantees and a rapid rate of convergence.

We begin our study of convergence rates of line search methods by considering the
most basic approach of all: the steepest descent method.

CONVERGENCE RATE OF STEEPEST DESCENT

We can learn much about the steepest descent method by considering the ideal case,
in which the objective function is quadratic and the line searches are exact. Let us suppose
that

flx)= %xTQx —bTx, (3.24)
where Q is symmetric and positive definite. The gradient is given by V f (x) = Qx — b, and

the minimizer x* is the unique solution of the linear system Qx = b.
Let us compute the step length o that minimizes f(x; — oV fi). By differentiating

1
[l —agy) = E(xk —ag)" Q0 — agr) — b (xi — agy)

with respect to «, we obtain

VIV fi

= e Tk 3.25
VIOV fi 323

Ok

If we use this exact minimizer oy, the steepest descent iteration for (3.24) is given by

Vv
Xpy1 = X — (%) V f. (3.26)
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Figure 3.7 Steepest descent steps.

Since V fy = Ox; — b, this equation yields a closed-form expression for x4, in terms of xy.
In Figure 3.7 we plot a typical sequence of iterates generated by the steepest descent method
on a two-dimensional quadratic objective function. The contours of f are ellipsoids whose
axes lie along the orthogonal eigenvectors of Q. Note that the iterates zigzag toward the
solution.

To quantify the rate of convergence we introduce the weighted norm ||x ||2Q =xTQx.
By using the relation Qx* = b, we can show easily that

e = x*15 = fx) = f(x5), (3.27)

so that this norm measures the difference between the current objective value and the optimal
value. By using the equality (3.26) and noting that V f; = Q(xx — x*), we can derive the
equality

o2 _ (kaTka)z 2
I = = 1= Grov ) o ra vy |~ e (3.28)

(see Exercise 7). This expression describes the exact decrease in f at each iteration, but since
the term inside the brackets is difficult to interpret, it is more useful to bound it in terms of
the condition number of the problem.

Theorem 3.3.
When the steepest descent method with exact line searches (3.26) is applied to the strongly
convex quadratic function (3.24), the error norm (3.27) satisfies

)‘-n - )\1
)‘n +)\1

2
s — 113 < ( ) i — %113, (3.29)
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where0 < Ay < .-+ < A, are the eigenvalues of Q.

The proof of this result is given by Luenberger [152]. The inequalities (3.29) and (3.27)
show that the function values f; converge to the minimum f, at a linear rate. As a special
case of this result, we see that convergence is achieved in one iteration if all the eigenvalues
are equal. In this case, Q is a multiple of the identity matrix, so the contours in Figure 3.7
are circles and the steepest descent direction always points at the solution. In general, as the
condition number x(Q) = A,/X; increases, the contours of the quadratic become more
elongated, the zigzagging in Figure 3.7 becomes more pronounced, and (3.29) implies that
the convergence degrades. Even though (3.29) is a worst-case bound, it gives an accurate
indication of the behavior of the algorithm when n > 2.

The rate-of-convergence behavior of the steepest descent method is essentially the
same on general nonlinear objective functions. In the following result we assume that the
step length is the global minimizer along the search direction.

Theorem 3.4.

Suppose that f : R" — R is twice continuously differentiable, and that the iterates
generated by the steepest descent method with exact line searches converge to a point x* where
the Hessian matrix V2 f (x*) is positive definite. Then

)\n - )"1

2
. +M> [f (o) = f ()]

fxes) — f(x7) < (

where | < --- < A, are the eigenvalues of V2 f (x*).

In general, we cannot expect the rate of convergence to improve if an inexact line
search is used. Therefore, Theorem 3.4 shows that the steepest descent method can have an
unacceptably slow rate of convergence, even when the Hessian is reasonably well conditioned.
For example, if k(Q) = 800, f(x;) = 1 and f(x*) = 0, Theorem 3.4 suggests that the
function value will still be about 0.08 after one thousand iterations of the steepest descent
method.

QUASI-NEWTON METHODS

Let us now suppose that the search direction has the form
pe=—B.'V fi. (3.30)

where the symmetric and positive definite matrix By, is updated at every iteration by a quasi-
Newton updating formula. We already encountered one quasi-Newton formula, the BFGS
formula, in Chapter 2; others will be discussed in Chapter 8. We assume here that the step
length o will be computed by an inexact line search that satisfies the Wolfe or strong Wolfe
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conditions, with one important proviso: The line search algorithm will always try the step
length @ = 1 first, and will accept this value if it satisfies the Wolfe conditions. (We could
enforce this condition by setting @ = 1 in Procedure 3.1, for example.) This implementation
detail turns out to be crucial in obtaining a fast rate of convergence.

The following result, due to Dennis and Mor¢, shows that if the search direction of a
quasi-Newton method approximates the Newton direction well enough, then the unit step
length will satisfy the Wolfe conditions as the iterates converge to the solution. It also specifies
a condition that the search direction must satisfy in order to give rise to a superlinearly
convergent iteration. To bring out the full generality of this result, we state it first in terms
of a general descent iteration, and then examine its consequences for quasi-Newton and
Newton methods.

Theorem 3.5.

Suppose that f : R" — R is three times continuously differentiable. Consider the
iteration xy1 = Xi + o p, where py. is a descent direction and oy, satisfies the Wolfe conditions
(3.6) withc; < % If the sequence {xy} converges to a point x* such that V f(x*) = 0 and

V2 f(x*) is positive definite, and if the search direction satisfies

IV fi + V2 fipell

0, (3.31)
ko0 Il el

then

(i) the step length a, = 1 is admissible for all k greater than a certain index ko; and

(i) ifogx =1 forallk > ko, {x;} converges to x* superlinearly.

It is easy to see that if ¢; > %, then the line search would exclude the minimizer of a
quadratic, and unit step lengths may not be admissible.

If py is a quasi-Newton search direction of the form (3.30), then (3.31) is equivalent
to

i Bk — V2EONpell
1m =

0. (3.32)
ko0 Il Pell

Hence, we have the surprising (and delightful) result that a superlinear convergence rate can
be attained even if the sequence of quasi-Newton matrices By does not converge to V2 f (x*);
it suffices that the By become increasingly accurate approximations to V2 f(x*) along the
search directions py.

An important remark is that condition (3.32) is both necessary and sufficient for the
superlinear convergence of quasi-Newton methods.
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Theorem 3.6.

Suppose that f : R" — R is three times continuously differentiable. Consider the
iteration Xy41 = Xx + pi (that is, the step length oy is uniformly 1) and that py is given by
(3.30). Let us also assume that {x;.} converges to a point x* such thatV f (x*) = 0 and V? f (x*)
is positive definite. Then {x;} converges superlinearly if and only if (3.32) holds.

PrROOF.  We first show that (3.32) is equivalent to

i — py = ol pill), (3.33)

where pf = —V? fk_IV fx is the Newton step. Assuming that (3.32) holds, we have that

px— P =V NV fupi + V o)
=V NV o — B pr
= O(I(V* fi = BO)pxl)
= o(ll pxlD),

where we have used the fact that || V2 f,:l || is bounded above for x; sufficiently close to x*,
since the limiting Hessian V2 f(x*) is positive definite. The converse follows readily if we
multiply both sides of (3.33) by V2 f; and recall (3.30).

For the remainder of the proof we need to look ahead to the proof of quadratic con-
vergence of Newton’s method and, in particular, the estimate (3.37). By using this inequality
together with (3.33), we obtain that

Xk + pe — x*| < llxe + pf — x*I + I pe — PRIl
O(llxk — x*|I*) + oIl pi |-

A simple manipulation of this inequality reveals that || p¢|| = O(||xx — x*|), so we obtain
Ilxk + pr — x*l < ollxx — x*|)),
giving the superlinear convergence result. O

We will see in Chapter 8 that quasi-Newton methods normally satisfy condition (3.32)
and are superlinearly convergent.

NEWTON'’S METHOD

Let us now consider the Newton iteration where the search direction is given by

pil=—-V Vi (3.34)
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Since the Hessian matrix V? f; may not always be positive definite, p} may not always be
a descent direction, and many of the ideas discussed so far in this chapter no longer apply.
In Chapter 6 we will describe two approaches for obtaining a globally convergent iteration
based on the Newton step: a line search approach, in which the Hessian V? f; is modified, if
necessary, to make it positive definite and thereby yield descent, and a trust region approach,
in which V? f; is used to form a quadratic model that is minimized in a ball.

Here we discuss just the local rate-of-convergence properties of Newton’s method. We
know that for all x in the vicinity of a solution point x* such that V2 f (x*) is positive definite,
the Hessian V? £ (x) will also be positive definite. Newton’s method will be well-defined in
this region and will converge quadratically, provided that the step lengths «; are eventually
always 1.

Theorem 3.7.

Suppose that f is twice differentiable and that the Hessian V* f (x) is Lipschitz continuous
(see (A.8)) in a neighborhood of a solution x* at which the sufficient conditions (Theorem 2.4)
are satisfied. Consider the iteration Xy+1 = X + px, where py, is given by (3.34). Then

1. if the starting point x, is sufficiently close to x*, the sequence of iterates converges to x*;
2. the rate of convergence of {x;} is quadratic; and

3. the sequence of gradient norms {||V fi ||} converges quadratically to zero.

PrROOF.  From the definition of the Newton step and the optimality condition V f, = 0 we
have that

X+ pY—x =x —x* = VIV
=V [V il —x*) = (Vi = V] (3.35)

Since
1
V- Vf = / V2 f (e + 1(x* — x0)(xi — x7) dt,
0

we have

[V f (o) (ke — x*) = (V fie = V)|
1
/ [V2f(xx) = V2 f (g + 1 (% — xp) ] (o — x¥) dt
0

1
< / [V2F (r) — V2 f (i + 1" — x| o — "l d
0

1
=< llxk —x*IIZ/ Lrdt = JL|lxe — x*|I%, (3.36)
0
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where L is the Lipschitz constant for V2 f(x) for x near x*. Since V2 f(x*) is nonsingular,
and since V2 fi — V2 f(x*), we have that ||V2 ;|| < 2|V f(x*)7!|| for all k sufficiently
large. By substituting in (3.35) and (3.36), we obtain

i + pi — ™[l < LIV £ ) e — x*17 = Lo — x*|1%, (3.37)
where L = L||V2 f(x*)7|. Using this inequality inductively we deduce that if the starting
point is sufficiently near x*, then the sequence converges to x*, and the rate of convergence

is quadratic.
By using the relations xx1 — xx = p} and V fy + V2 fy p¥ = 0, we obtain that

IV f Gl = IV f (o) = V fie = V2 G pi |

1
= ’/ V2 f(x + 1 p) (g1 — xi) dt — V7 f(xi) p}
0

1
f IV2F (i + 1Y) — V2 (o) llpl e
0

1 2
= LIp¢l

IA

< LIV F ) T PV fill?

<2L|Vf ) TPV Al
proving that the gradient norms converge to zero quadratically. d

When the search direction is given by Newton’s method, the limit (3.31) is satisfied (the
ratio is zero for all k!), and Theorem 3.5 shows that the Wolfe conditions will accept the step
length oy, for all large k. The same is true of the Goldstein conditions. Thus implementations
of Newton’s method using these conditions, and in which the line search always tries the unit
step length first, will set oy = 1 for all large k and attain a local quadratic rate of convergence.

COORDINATE DESCENT METHODS

An approach that is frequently used in practice is to cycle through the n coordinate
directions ey, e, . . ., ,, using each in turn as a search direction. At the first iteration, we fix
all except the first variable, and find a new value of this variable that minimizes (or at least
reduces) the objective function. On the next iteration, we repeat the process with the second
variable, and so on. After n iterations, we return to the first variable and repeat the cycle. The
method is referred to as the method of alternating variables or the coordinate descent method.
Though simple and somewhat intuitive, it can be quite inefficient in practice, as we illustrate
in Figure 3.8 for a quadratic function in two variables. Note that after a few iterations, neither
the vertical nor the horizontal move makes much progress toward the solution.
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o
X

1 Figure 3.8
Coordinate descent.

In fact, the coordinate descent method with exact line searches can iterate infinitely
without ever approaching a point where the gradient of the objective function vanishes. (By
contrast, the steepest descent method produces a sequence for which ||V fy|| — 0, as we
showed earlier.) This observation can be generalized to show that a cyclic search along any
set of linearly independent directions does not guarantee global convergence (Powell [198]).
The difficulty that arises is that the gradient V f; may become more and more perpendicular
to the coordinate search direction, so that cos 6y approaches zero sufficiently rapidly that the
Zoutendijk condition (3.14) is satisfied even when V f; does not approach zero.

If the coordinate descent method converges to a solution, then its rate of convergence is
often much slower than that of the steepest descent method, and the difference between them
increases with the number of variables. However, the method may still be useful because

it does not require calculation of the gradient V f, and

the speed of convergence can be quite acceptable if the variables are loosely coupled.

Many variants of the coordinate descent method have been proposed, some of which
are globally convergent. One simple variant is a “back-and-forth” approach in which we
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search along the sequence of directions
€1,€2y ey €y1,€n,€n_1,...,€2,€]1,€, ... (repeats).
Another approach, suggested by Figure 3.8, is first to perform a sequence of coordinate

descent steps and then search along the line joining the first and last points in the cycle.
Several algorithms, such as that of Hooke and Jeeves, are based on these ideas; see [104, 83].

3.4 STEP-LENGTH SELECTION ALGORITHMS

We now consider techniques for finding a minimum of the one-dimensional function

da) = flxx +ape), (3.38)

or for simply finding a step length o satisfying one of the termination conditions described
in Section 3.1. We assume that p; is a descent direction—that is, ¢’(0) < 0—so that our
search can be confined to positive values of «.

If f is a convex quadratic, f(x) = %xT 0Ox +bT x + ¢, its one-dimensional minimizer
along the ray x; + apy can be computed analytically and is given by

_kaTPk

. 3.39
pi Opk (3-39)

o) =

For general nonlinear functions, it is necessary to use an iterative procedure. Much attention
must be given to this line search because it has a major impact on the robustness and efficiency
of all nonlinear optimization methods.

Line search procedures can be classified according to the type of derivative information
they use. Algorithms that use only function values can be inefficient, since to be theoretically
sound, they need to continue iterating until the search for the minimizer is narrowed down
to a small interval. In contrast, knowledge of gradient information allows us to determine
whether a suitable step length has been located, as stipulated, for example, by the Wolfe
conditions (3.6) or Goldstein conditions (3.11). Often, particularly when the iterates are
close to the solution, the very first step satisfies these conditions, so the line search need not
be invoked at all. In the rest of this section we will discuss only algorithms that make use
of derivative information. More information on derivative-free procedures is given in the
notes at the end of this chapter.

All line search procedures require an initial estimate g and generate a sequence {«;}
that either terminates with a step length satisfying the conditions specified by the user (for
example, the Wolfe conditions) or determines that such a step length does not exist. Typical
procedures consist of two phases: a bracketing phase that finds an interval [a, b] containing
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acceptable step lengths, and a selection phase that zooms in to locate the final step length.
The selection phase usually reduces the bracketing interval during its search for the desired
step length and interpolates some of the function and derivative information gathered on
earlier steps to guess the location of the minimizer. We will first discuss how to perform this
interpolation.

In the following discussion we let ;. and ;1 denote the step lengths used at iterations
k and k — 1 of the optimization algorithm, respectively. On the other hand, we denote the
trial step lengths generated during the line search by o; and «;_; and also o;. We use o to
denote the initial guess.

INTERPOLATION

We begin by describing a line search procedure based on interpolation of known func-
tion and derivative values of the function ¢. This procedure can be viewed as an enhancement
of Procedure 3.1. The aim is to find a value of « that satisfies the sufficient decrease condition
(3.6a), without being “too small.” Accordingly, the procedures here generate a decreasing
sequence of values o; such that each value ¢; is not too much smaller than its predecessor
oi_1.

Note that we can write the sufficient decrease condition in the notation of (3.38) as

¢(ar) < ¢(0) + 19’ (0), (3.40)

and that since the constant c; is usually chosen to be small in practice (c; = 1074, say), this
condition asks for little more than descent in f. We design the procedure to be “efficient”
in the sense that it computes the derivative V f (x) as few times as possible.

Suppose that the initial guess «y is given. If we have

() < ¢(0) + cr000'(0),

this step length satisfies the condition, and we terminate the search. Otherwise, we know that
the interval [0, op] contains acceptable step lengths (see Figure 3.3). We form a quadratic
approximation ¢, () to ¢ by interpolating the three pieces of information available—¢(0),
¢'(0), and ¢(ay)—to obtain

P (o) — #(0) — ao’(0)

2
)

by () = ( ) o + ¢'(0)a + ¢(0). (3.41)

(Note that this function is constructed so that it satisfies the interpolation conditions ¢, (0) =
¢(0), ¢(’] (0) = ¢'(0),and ¢, (ctg) = ¢(ctp).) The new trial value «; is defined as the minimizer
of this quadratic, that is, we obtain

~ ¢'(0)e
2[¢law) — $(0) — ¢'(O)ar]”

o) = (342)
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Ifthe sufficient decrease condition (3.40) is satisfied at oy, we terminate the search. Otherwise,
we construct a cubic function that interpolates the four pieces of information ¢(0), ¢'(0),
¢(ap), and ¢(ay), obtaining

dc(a) = aa® + ba® + ag'(0) + $(0),
where
a | _ 1 oy —ai || ¢l@)—¢(0) —¢'(0)a
b apailar —ao) | —ay o Pag) — $(0) — ¢'(0)arg |
By differentiating ¢.(x), we see that the minimizer «, of ¢, lies in the interval [0, ;] and is
given by

—b + /b*> —3a¢’(0)
Oy = .

If necessary, this process is repeated, using a cubic interpolant of ¢(0), ¢’(0) and the two
most recent values of ¢, until an « that satisfies (3.40) is located. If any «; is either too close to
its predecessor ¢;_; or else too much smaller than «;_, we reset ; = o;_1/2. This safeguard
procedure ensures that we make reasonable progress on each iteration and that the final «
is not too small.

The strategy just described assumes that derivative values are significantly more expen-
sive to compute than function values. It is often possible, however, to compute the directional
derivative simultaneously with the function, at little additional cost; see Chapter 7. Accord-
ingly, we can design an alternative strategy based on cubic interpolation of the values of ¢
and ¢’ at the two most recent values of a.

Cubic interpolation provides a good model for functions with significant changes of
curvature. Suppose we have an interval [a, b] known to contain desirable step lengths, and
two previous step length estimates ;1 and «; in this interval. We use a cubic function to
interpolate ¢(o;_1), ¢'(@i—1), ¢(;), and ¢’ (e;). (This cubic function always exists and is
unique; see, for example, Bulirsch and Stoer [29, p. 52].) The minimizer of this cubic in
[a, b] is either at one of the endpoints or else in the interior, in which case it is given by

¢'(a;) +dr — dy i| 7 (3.43)

gy = — (& — i) I:qb/(ozi) —¢'(oi1) +2dy

with

i = ¢/ (i) + ¢/ (@) — 320m1) — @)
Qi1 —Q;
1/2

d, = [d12 - ¢/((¥i—1)¢/(0li)]
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The interpolation process can be repeated by discarding the data at one of the step
lengths o;_; or «; and replacing it by ¢ (1) and ¢'(¢;41). The decision on which of o;_;
and «; should be kept and which discarded depends on the specific conditions used to
terminate the line search; we discuss this issue further below in the context of the Wolfe
conditions. Cubic interpolation is a powerful strategy, since it can produce a quadratic rate
of convergence of the iteration (3.43) to the minimizing value of o.

THE INITIAL STEP LENGTH

For Newton and quasi-Newton methods the step otp = 1 should always be used as the
initial trial step length. This choice ensures that unit step lengths are taken whenever they
satisty the termination conditions and allows the rapid rate-of-convergence properties of
these methods to take effect.

For methods that do not produce well-scaled search directions, such as the steepest
descentand conjugate gradient methods, it isimportant to use current information about the
problem and the algorithm to make the initial guess. A popular strategy is to assume that the
first-order change in the function at iterate x; will be the same as that obtained at the previous
step. In other words, we choose the initial guess ag so that gV ] px = 41V il px—1. We
therefore have

vfkr_lpk—l

@y = k-1
kaTPk

Another useful strategy is to interpolate a quadratic to the data f(x;_1), f(xx), and
¢'(0)=V fkT Dr and to define o to be its minimizer. This strategy yields

_ 2= fie)

oy = (ﬁ/(O) (344)

It can be shown that if x;, — x* superlinearly, then the ratio in this expression converges to
1. If we adjust the choice (3.44) by setting

oy < min(1, 1.01y),

we find that the unit step length oty = 1 will eventually always be tried and accepted, and the
superlinear convergence properties of Newton and quasi-Newton methods will be observed.

A LINE SEARCH ALGORITHM FOR THE WOLFE CONDITIONS

The Wolfe (or strong Wolfe) conditions are among the most widely applicable and
useful termination conditions. We now describe in some detail a one-dimensional search
procedure that is guaranteed to find a step length satisfying the strong Wolfe conditions (3.7)
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for any parameters ¢; and c; satisfying 0 < ¢; < ¢; < 1. As before, we assume that p is a
descent direction and that f is bounded below along the direction p.

The algorithm has two stages. This first stage begins with a trial estimate a1, and keeps
increasing it until it finds either an acceptable step length or an interval that brackets the
desired step lengths. In the latter case, the second stage is invoked by calling a function called
zoom (Algorithm 3.3 below), which successively decreases the size of the interval until an
acceptable step length is identified.

A formal specification of the line search algorithm follows. We refer to (3.7a) as the
sufficient decrease condition and to (3.7b) as the curvature condition. The parameter d/mayx
is a user-supplied bound on the maximum step length allowed. The line search algorithm
terminates with o, set to a step length that satisfies the strong Wolfe conditions.

Algorithm 3.2 (Line Search Algorithm).
Set oy < 0, choose o7 > 0 and o pax;
I < 1;
repeat
Evaluate ¢ (o;);
if p(a;) > ¢(0) + c10;:0'(0) or [P(e;) > Pp(ati—1) and i > 1]
o, <zoom(w;_1, ;) and stop;
Evaluate ¢’ (o;);
if |¢' ()| < —c29/(0)
set o, < o; and stop;
if¢'(0;) >0
set o, <—zoom(«;, ;1) and stop;
Choose &; 11 € (@, ¥max)
i<i+1;
end (repeat)

Note that the sequence of trial step lengths {; } is monotonically increasing, but that the order
of the arguments supplied to the zoom function may vary. The procedure uses the knowledge
that the interval (t;_1, «;) contains step lengths satisfying the strong Wolfe conditions if one
of the following three conditions is satisfied:

(i) «o; violates the sufficient decrease condition;
(ii) ¢(ai) > P(ai—1);
(iii) ¢'(a;) > 0.
The last step of the algorithm performs extrapolation to find the next trial value ;4. To

implement this step we can use approaches like the interpolation procedures above, or we can
simply set @; 11 to some constant multiple of ;. Whichever strategy we use, it is important
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that the successive steps increase quickly enough to reach the upper limit o,y in a finite
number of iterations.

We now specify the function zoom, which requires a little explanation. The order of
its input arguments is such that each call has the form zoom(wy,, oy;), where

(a) the interval bounded by ¢, and oy,; contains step lengths that satisfy the strong Wolfe
conditions;

(b) oy, is, among all step lengths generated so far and satisfying the sufficient decrease
condition, the one giving the smallest function value; and

(c) ap; is chosen so that ¢’ (o) (an; — @) < 0.

Each iteration of zoom generates an iterate o ; between o, and ap,;, and then replaces one of
these endpoints by o/; in such a way that the properties (a), (b), and (c) continue to hold.

Algorithm 3.3 (zoom).
repeat
Interpolate (using quadratic, cubic, or bisection) to find
a trial step length «; between oy, and o
Evaluate ¢(o;);
ifp(a;) > ¢(0) 4 c10¢'(0) or p(a;) > P(a)
Qpi < o5
else
Evaluate ¢'(«;);
if |6 (e))] < —c200(0)
Set @, < o and stop;
if ¢’ (o) (ani — at1p) > 0
Qpi <— o5
Ao <— Qj;
end (repeat)

If the new estimate «; happens to satisfy the strong Wolfe conditions, then zoom has served
its purpose of identifying such a point, so it terminates with o, = «;. Otherwise, if o
satisfies the sufficient decrease condition and has a lower function value than xj,, then we
set o, <— o to maintain condition (b). If this results in a violation of condition (c), we
remedy the situation by setting ap; to the old value of o,. The reader should sketch some
graphs to illustrate the workings of zoom!

As mentioned earlier, the interpolation step that determines o; should be safeguarded
to ensure that the new step length is not too close to the endpoints of the interval. Practical
line search algorithms also make use of the properties of the interpolating polynomials to
make educated guesses of where the next step length should lie; see [27, 172]. A problem
that can arise in the implementation is that as the optimization algorithm approaches the
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solution, two consecutive function values f(x;) and f(x;_;) may be indistinguishable in
finite-precision arithmetic. Therefore, the line search must include a stopping test if it cannot
attain a lower function value after a certain number (typically, ten) of trial step lengths.
Some procedures also stop if the relative change in x is close to machine accuracy, or to some
user-specified threshold.

A line search algorithm that incorporates all these features is difficult to code. We
advocate the use of one of the several good software implementations available in the public
domain. See Dennis and Schnabel [69], Lemaréchal [149], Fletcher [83], and in particular
Moré and Thuente [172].

One may ask how much more expensive it is to require the strong Wolfe conditions
instead of the regular Wolfe conditions. Our experience suggests that for a “loose” line search
(with parameters such as ¢; = 107* and ¢, = 0.9), both strategies require a similar amount
of work. The strong Wolfe conditions have the advantage that by decreasing ¢, we can directly
control the quality of the search by forcing the accepted value of « to lie closer to a local
minimum. This feature is important in steepest descent or nonlinear conjugate gradient
methods, and therefore a step selection routine that enforces the strong Wolfe conditions is
of wider applicability.

NOTES AND REFERENCES

For an extensive discussion of line search termination conditions see Ortega and
Rheinboldt [185]. Akaike [2] presents a probabilistic analysis of the steepest descent method
with exact line searches on quadratic functions. He shows that when n > 2, the worst-case
bound (3.29) can be expected to hold for most starting points. The case where n = 2 can be
studied in closed form; see Bazaraa, Sherali, and Shetty [7].

Some line search methods (see Goldfarb [113] and Moré and Sorensen [169]) compute
a direction of negative curvature, whenever it exists, to prevent the iteration from converging
to nonminimizing stationary points. A direction of negative curvature p_ is one that satisfies
pIV2 f(xi)p_ < 0.These algorithms generate a search direction by combining p_ with the
steepest descent direction —V f, and often perform a curvilinear backtracking line search.
It is difficult to determine the relative contributions of the steepest descent and negative
curvature directions, and due to this, this approach fell out of favor after the introduction
of trust-region methods.

For a discussion on the rate of convergence of the coordinate descent method and for
more references about this method see Luenberger [152].

Derivative-free line search algorithms include golden section and Fibonacci search.
They share some of the features with the line search method given in this chapter. They
typically store three trial points that determine an interval containing a one-dimensional
minimizer. Golden section and Fibonacci differ in the way in which the trial step lengths are
generated; see, for example, [58, 27].

Our discussion of interpolation follows Dennis and Schnabel [69], and the algorithm
for finding a step length satisfying the strong Wolfe conditions can be found in Fletcher [83].
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& EXERCISES

& 3.1 Program the steepest descent and Newton algorithms using the backtracking line
search, Procedure 3.1. Use them to minimize the Rosenbrock function (2.23). Set the initial
step length oty = 1 and print the step length used by each method at each iteration. First try
the initial point xq = (1.2, 1.2) and then the more difficult point xo = (—1.2, 1).

& 3.2 Showthatif 0 < ¢; < ¢; < 1, then there may be no step lengths that satisfy the
Wolfe conditions.
& 3.3 Show that the one-dimensional minimizer of a strongly convex quadratic function
is given by (3.39).
& 3.4 Show that if ¢ < I, then the one-dimensional minimizer of a strongly convex

2 >
quadratic function always satisfies the Goldstein conditions (3.11).

& 3.5 Provethat| Bx|| > |lx||/|| B! || for any nonsingular matrix B. Use this to establish
(3.19).

& 3.6 Consider the steepest descent method with exact line searches applied to the
convex quadratic function (3.24). Using the properties given in this chapter, show that if the
initial point is such that xo — x* is parallel to an eigenvector of Q, then the steepest descent
method will find the solution in one step.

& 3.7 Prove the result (3.28) by working through the following steps. First, use (3.26)
to show that

e = x5 = ks — x*[1p = 20V f QG — x*) — V£ OV fi,
where || - || o is defined by (3.27). Second, use the fact that V f;, = Q(x; — x*) to obtain

2gl e (gla)
(sf O81)  (g{ Q&1)

2 2
Xk = x* g = lxks1 — x* Mg =
and

lxe —x*Iy = VA Q7' fi

& 3.8 Let Q be a positive definite symmetric matrix. Prove that for any vector x,

(xTx)? - A
(xTQx)(xTQ7'x) = (A + 21)?

where A, and A; are, respectively, the largest and smallest eigenvalues of Q. (This relation,
which is known as the Kantorovich inequality, can be used to deduce (3.29) from (3.28).
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& 3.9 Program the BFGS algorithm using the line search algorithm described in this
chapter that implements the strong Wolfe conditions. Have the code verify that y/ s, is
always positive. Use it to minimize the Rosenbrock function using the starting points given
in Exercise 1.

&  3.10 Show that the quadratic function that interpolates ¢(0), ¢'(0), and ¢(a) is
given by (3.41). Then, make use of the fact that the sufficient decrease condition (3.6a) is
not satisfied at ¢y to show that this quadratic has positive curvature and that the minimizer
satisfies

1

<< —-—.
T 2(1—c)

Since ¢ is chosen to be quite small in practice, this indicates that ; cannot be much greater
than 1 (and may be smaller), which gives us an idea of the new step length.

& 3.11 If ¢(ay) is large, (3.42) shows that o can be quite small. Give an example of a
function and a step length o for which this situation arises. (Drastic changes to the estimate
of the step length are not desirable, since they indicate that the current interpolant does not
provide a good approximation to the function and that it should be modified before being
trusted to produce a good step length estimate. In practice, one imposes a lower bound—
typically, p = 0.1—and defines the new step length as o; = max(pa;_, @;), where &; is the
minimizer of the interpolant.)

&  3.12 Suppose that the sufficient decrease condition (3.6a) is not satisfied at the step
lengths v, and «;, and consider the cubic interpolating ¢(0), ¢’(0), ¢(cp) and ¢p(e1). By
drawing graphs illustrating the two situations that can arise, show that the minimizer of the
cubic lies in [0, o ]. Then show that if ¢(0) < ¢(«;), the minimizer is less than %al.
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Trust-Region
Methods

Line search methods and trust-region methods both generate steps with the help of a
quadratic model of the objective function, but they use this model in different ways. Line
search methods use it to generate a search direction, and then focus their efforts on finding
a suitable step length « along this direction. Trust-region methods define a region around
the current iterate within which they trust the model to be an adequate representation of the
objective function, and then choose the step to be the approximate minimizer of the model
in this trust region. In effect, they choose the direction and length of the step simultaneously.
If a step is not acceptable, they reduce the size of the region and find a new minimizer. In
general, the step direction changes whenever the size of the trust region is altered.

The size of the trust region is critical to the effectiveness of each step. If the region is
too small, the algorithm misses an opportunity to take a substantial step that will move it
much closer to the minimizer of the objective function. If too large, the minimizer of the
model may be far from the minimizer of the objective function in the region, so we may have
to reduce the size of the region and try again. In practical algorithms, we choose the size of
the region according to the performance of the algorithm during previous iterations. If the
model is generally reliable, producing good steps and accurately predicting the behavior of
the objective function along these steps, the size of the trust region is steadily increased to
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e --.. Trust region
) Line search direction

contours of m,

Trust region step contours of f

Figure4.1 Trust-region and line search steps.

allow longer, more ambitious, steps to be taken. On the other hand, a failed step indicates
that our model is an inadequate representation of the objective function over the current
trust region, so we reduce the size of the region and try again.

Figure 4.1 illustrates the trust-region approach on a function f of two variables in
which the current point lies at one end of a curved valley while the minimizer x* lies at the
other end. The quadratic model function m;, whose elliptical contours are shown as dashed
lines, is based on function and derivative information at x; and possibly also on information
accumulated from previous iterations and steps. A line search method based on this model
searches along the step to the minimizer of m; (shown), but this direction allows only a
small reduction in f even if an optimal step is taken. A trust-region method, on the other
hand, steps to the minimizer of m; within the dotted circle, which yields a more significant
reduction in f and a better step.

We will assume that the first two terms of the quadratic model functions my at each
iterate x; are identical to the first two terms of the Taylor-series expansion of f around x.
Specifically, we have

me(p) = fi + Vi p+3p" Bep, (4.1)
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where f; = f(xx), Vfi = Vf(xi), and By is some symmetric matrix. Since by (2.6) we
have

f+p)=fi+ Vi p+3p Vi +1p)p, (4.2)

for some scalar t € (0, 1), and since my(p) = fi + kaTp + 0 (||p||2), the difference
between m;(p) and f(x; + p)is O (||p||2), so the approximation error is small when p is
small.

When B is equal to the true Hessian V2 f(x;), the model function actually agrees
with the Taylor series to three terms. The approximation error is O (|| p||3) in this case,
so this model is especially accurate when | p|| is small. The algorithm based on setting
By = V% f(x;) is called the trust-region Newton method, and will be discussed further in
Chapter 6. In the current chapter, we emphasize the generality of the trust-region approach
by assuming little about By except symmetry and uniform boundedness in the index k.

To obtain each step, we seek a solution of the subproblem

min my(p) = fi + Vi p+3p Bip  stolpll < A (4.3)

where Ay > 01is the trust-region radius. For the moment, we define || - || to be the Euclidean
norm, so that the solution p; of (4.3) is the minimizer of m in the ball of radius A;. Thus,
the trust-region approach requires us to solve a sequence of subproblems (4.3) in which the
objective function and constraint (which can be written as p” p < A?) are both quadratic.
When By is positive definite and || B, 'V fell < Ay, the solution of (4.3) is easy to identify—it
is simply the unconstrained minimum p;} = — B, 'V fi of the quadratic my(p). In this case,
we call p} the full step. The solution of (4.3) is not so obvious in other cases, but it can usually
be found without too much expense. In any case, we need only an approximate solution to
obtain convergence and good practical behavior.

OUTLINE OF THE ALGORITHM

The first issue to arise in defining a trust-region method is the strategy for choosing
the trust-region radius Ay at each iteration. We base this choice on the agreement between
the model function m; and the objective function f at previous iterations. Given a step py
we define the ratio

_ SO = ot o)

my(0) — my(py) (+.4)

the numerator is called the actual reduction, and the denominator is the predicted reduction.
Note that since the step py is obtained by minimizing the model m; over a region that
includes the step p = 0, the predicted reduction will always be nonnegative. Thus if p; is
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negative, the new objective value f(x; + py) is greater than the current value f(x;), so the
step must be rejected.

On the other hand, if py is close to 1, there is good agreement between the model m;
and the function f over this step, so it is safe to expand the trust region for the next iteration.
If py is positive but not close to 1, we do not alter the trust region, but if it is close to zero or
negative, we shrink the trust region. The following algorithm describes the process.

Algorithm 4.1 (Trust Region).
Given A > 0, Ag € (0, A), and ne [O, i):
fork=0,1,2,...
Obtain p; by (approximately) solving (4.3);
Evaluate oy from (4.4);
if pp < i
Arpr = 1l

else
if o > 2 and || pyl| = Ar
Ay = min(2A, A)
else
Apr1 = Ags
ifpr >n
Xky1 = Xk + Pk
else
Xk+1 = Xks
end (for).

Here A is an overall bound on the step lengths. Note that the radius is increased only if || px ||
actually reaches the boundary of the trust region. If the step stays strictly inside the region,
we infer that the current value of Ay is not interfering with the progress of the algorithm,
so we leave its value unchanged for the next iteration.

To turn Algorithm 4.1 into a practical algorithm, we need to focus on solving (4.3).
We first describe three strategies for finding approximate solutions, which achieve at least as
much reduction in my, as the reduction achieved by the so-called Cauchy point. This point is
simply the minimizer of m; along the steepest descent direction —V fi, subject to the trust-
region bound. The first approximate strategy is the dogleg method, which is appropriate when
the model Hessian By is positive definite. The second strategy, known as two-dimensional
subspace minimization, can be applied when By, is indefinite, though it requires an estimate
of the most negative eigenvalue of this matrix. The third strategy, due to Steihaug, is most
appropriate when By is the exact Hessian V2 f (x;) and when this matrix is large and sparse.

We also describe a strategy due to Moré and Sorensen that finds a “nearly exact”
solution of (4.3). This strategy is based on the fact that the solution p satisfies (By +Al)p =
—V fi for some positive value of & > 0. This strategy seeks the value of A that corresponds to
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the trust-region radius A, and performs additional calculations in the special case in which
the resulting modified Hessian (By + A[) is nonsingular. Details are given below.

4.1 THE CAUCHY POINT AND RELATED ALGORITHMS

THE CAUCHY POINT

As we saw in the previous chapter, line search methods do not require optimal step
lengths to be globally convergent. In fact, only a crude approximation to the optimal step
length that satisfies certain loose criteria is needed. A similar situation applies in trust-region
methods. Although in principle we are seeking the optimal solution of the subproblem (4.3),
it is enough for global convergence purposes to find an approximate solution py that lies
within the trust region and gives a sufficient reduction in the model. The sufficient reduction
can be quantified in terms of the Cauchy point, which we denote by p; and define in terms
of the following simple procedure:

Algorithm 4.2 (Cauchy Point Calculation).
Find the vector p; that solves a linear version of (4.3), that is,

py=argmin fi+ VA p  stolpll < Ay (4.5)
P

Calculate the scalar 7, > 0 that minimizes m (7 p;) subject to
satisfying the trust-region bound, that is,

T, = arg migl mi(Tp;) st lTpill < Ags (4.6)
>

Set p; = wp}.

In fact, it is easy to write down a closed-form definition of the Cauchy point. The solution
of (4.5) is simply

Dy = B Vfi
—_ Sk g
k IV fel

To obtain 7; explicitly, we consider the cases of V fkT BV fy <0and V fkT BV fi. > 0 sepa-
rately. For the former case, the function m, (7 p;) decreases monotonically with  whenever
V fi # 0, so 1 is simply the largest value that satisfies the trust-region bound, namely,
7, = 1. For the case kaT BV fi > 0, mi(zp;) is a convex quadratic in 7, so 7 is either
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.---=--=-.._ Trust region

contours of m,

Figure 4.2 The Cauchy point.

the unconstrained minimizer of this quadratic, ||V fx||*/ (A V fkT BV fi), or the boundary
value 1, whichever comes first. In summary, we have

Ay
IV fell

C
Py = — T

V fi, (4.7)

where

1 itV BV fi <0;

min (||V fil*/(AcV £ BV fi), 1) otherwise. (4.8)

Figure 4.2 illustrates the Cauchy point for a subproblem in which By is positive definite.
In this example, py, lies strictly inside the trust region.

The Cauchy step p; is inexpensive to calculate—no matrix factorizations are
required—and is of crucial importance in deciding if an approximate solution of the
trust-region subproblem is acceptable. Specifically, a trust-region method will be globally
convergent if its steps py attain a sufficient reduction in my; that is, they give a reduction in
the model m;, that is at least some fixed multiple of the decrease attained by the Cauchy step
at each iteration.

IMPROVING ON THE CAUCHY POINT

Since the Cauchy point p; provides sufficient reduction in the model function n; to
yield global convergence, and since the cost of calculating it is so small, why should we look
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any further for a better approximate solution of (4.3)? The reason is that by always taking
the Cauchy point as our step, we are simply implementing the steepest descent method with
a particular choice of step length. As we have seen in Chapter 3, steepest descent performs
poorly even if an optimal step length is used at each iteration.

The Cauchy point does not depend very strongly on the matrix By, which is used only
in the calculation of the step length. Rapid convergence (superlinear, for instance) can be
expected only if By plays a role in determining the direction of the step as well as its length.

A number of algorithms for generating approximate solutions py to the trust-region
problem (4.3) start by computing the Cauchy point and then try to improve on it. The
improvement strategy is often designed so that the full step pf = —B; 'V f; is chosen
whenever By is positive definite and || p; || < Ax. When By is the exact Hessian V2 f(xy)ora
quasi-Newton approximation, this strategy can be expected to yield superlinear convergence.

We now consider three methods for finding approximate solutions to (4.3) that have
the features just described. Throughout this section we will be focusing on the internal
workings of a single iteration, so we drop the subscript “k” from the quantities Ay, px, and
my to simplify the notation. With this simplification, we restate the trust-region subproblem
(4.3) as follows:

. def
minm(p) = f+g"p+3p Bp st pll <A (4.9)
P
We denote the solution of (4.9) by p*(A), to emphasize the dependence on A.

THE DOGLEG METHOD

We start by examining the effect of the trust-region radius A on the solution p*(A)
of the subproblem (4.9). When B is positive definite, we have already noted that the uncon-
strained minimizer of m is the full step p* = —B~!g. When this point is feasible for (4.9),
it is obviously a solution, so we have

p*(A) = p°, when A > ||p”||. (4.10)

When A is tiny, the restriction || p|| < A ensures that the quadratic term in m has little effect
on the solution of (4.9). The true solution p(A) is approximately the same as the solution
we would obtain by minimizing the linear function f + g7 p over ||p|| < A, that is,

PH(A) ~ —A”‘i”, when A is small. (4.11)
8

For intermediate values of A, the solution p*(A) typically follows a curved trajectory like
the one in Figure 4.3.

The dogleg method finds an approximate solution by replacing the curved trajectory
for p*(A) with a path consisting of two line segments. The first line segment runs from the
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.. Trust region

Optimal trajectory p(A)

? \,'\" pB  (full step)

pU (unco‘fl‘strained min along —g )~ .-~ N

AN

N

e - --""" \\_g
Dogleg path R

Figure 4.3 Exact trajectory and dogleg approximation.

origin to the unconstrained minimizer along the steepest descent direction defined by

T
U 8 &
=——g, 4.12
p o7 Bg® (4.12)
while the second line segment runs from pV to p® (see Figure 4.3). Formally, we denote this
trajectory by p(t) for v € [0, 2], where

5(0) Tp, 0<t<l, 13
T) = .
P PN =), 1 .

The dogleg method chooses p to minimize the model m along this path, subject to
the trust-region bound. In fact, it is not even necessary to carry out a search, because the
dogleg path intersects the trust-region boundary at most once and the intersection point
can be computed analytically. We prove these claims in the following lemma.

Lemma 4.1.
Let B be positive definite. Then

(1) ||p(z)|l is an increasing function of T, and

(ii) m(p(r)) is a decreasing function of T.
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PROOF.  Itis easy to show that (i) and (ii) both hold for ¢ € [0, 1], so we restrict our attention
to the case of T € [1, 2].
For (i), define i («) by

h(e) =111+ o)l
= ip" +alp® = p")I?
= 21p° 1>+ ap" (p* — p¥) + 1Pl p" — pUII%.

Our result is proved if we can show that 4'(«) > 0 for o € (0, 1). Now,

W(a)=—p'"(p" = p*) +alp’ — p*II?
> —pT(p’ — p")

T T
_ gggT(_ggg+B_1g>

g Bg g’ Bg
N LA [1 o (s"e) }
g"Bg (g"Bg)(g"B~'g)
Z 07

where the final inequality follows from Exercise 3.
For (ii), we define h(a) = m(p(1 + «)) and show that 7’'(a) < 0 for a € (0, 1).
Substitution of (4.13) into (4.9) and differentiation with respect to the argument leads to

W (@)= (p*— p*) (g + Bp®) +a(p® — p")" B(p® — p')
<(p*—=p")'(g+ Bp"+ B(p"— p“))
=(p"—p")'(g+ Bp") =0,

giving the result. U

It follows from this lemma that the path p(7) intersects the trust-region boundary
lpll = A at exactly one point if || p®|| > A, and nowhere otherwise. Since m is decreasing
along the path, the chosen value of p will be at p® if || p®|| < A, otherwise at the point of
intersection of the dogleg and the trust-region boundary. In the latter case, we compute the
appropriate value of T by solving the following scalar quadratic equation:

¥+ (r — 1(p® — pY)II> = A”.

The dogleg strategy can be adapted to handle indefinite B, but there is not much
point in doing so because the full step p® is not the unconstrained minimizer of m in this
case. Instead, we now describe another strategy, which aims to include directions of negative
curvature (that is, directions d for which d” Bd < 0) in the space of candidate trust-region
steps.
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TWO-DIMENSIONAL SUBSPACE MINIMIZATION

When B is positive definite, the dogleg method strategy can be made slightly more
sophisticated by widening the search for p to the entire two-dimensional subspace spanned
by pY and p* (equivalently, g and —B~'g). The subproblem (4.9) is replaced by

minm(p) = f +¢"p+3ip"Bp st |lpl <A, pespang, B'g]. (4.14)

This is a problem in two variables that can be solved without much effort (see the exercises).
Clearly, the Cauchy point p°© is feasible for (4.14), so the optimal solution of this subproblem
yields at least as much reduction in m as the Cauchy point, resulting in global convergence
of the algorithm. The two-dimensional subspace minimization strategy is obviously an
extension of the dogleg method as well, since the entire dogleg path lies in span[g, B~'g].

An advantage of this strategy is that it can be modified to handle the case of indefinite
B in a way that is intuitive, practical, and theoretically sound. We mention just the salient
points of the handling of the indefiniteness here, and refer the reader to papers by Byrd,
Schnabel, and Schultz (see [39] and [226]) for details. When B has negative eigenvalues, the
two-dimensional subspace in (4.14) is changed to

span(g, (B +al) 'g], for some @ € (—Aq, —2A1], (4.15)

where A; denotes the most negative eigenvalue of B. (This choice of & ensures that B+« is
positive definite, and the flexibility in this definition allows us to use a numerical procedure
such as the Lanczos method to compute an acceptable value of.) When || (B+al)"lg| < A,
we discard the subspace search of (4.14), (4.15) and instead define the step to be

p=—(B+al) g+, (4.16)

where v is a vector that satisfies v7 (B + a/)~'g < 0. (This condition ensures that v does
not move p back toward zero, but instead continues to move roughly in the direction of
—(B+al) 'g).

When B has zero eigenvalues but no negative eigenvalues, the Cauchy step p = p©is
used as the approximate solution of (4.9).

The reduction in model function m achieved by the two-dimensional minimization
strategy often is close to the reduction achieved by the exact solution of (4.9). Most of the
computational effort lies in a single factorization of B or B + «/ (estimation of o and
solution of (4.14) are less significant), while strategies that find nearly exact solutions of
(4.9) typically require two or three such factorizations.
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STEIHAUG’S APPROACH

Both methods described above require the solution of a single linear system involving
B or (B + «I). When B is large, this operation may be quite costly, so we are motivated to
consider other techniques for finding an approximate solution of (4.9) that do not require
exact solution of a linear system but still produce an improvement on the Cauchy point.
Steihaug [231] proposed a technique with these properties. Steihaug’s implementation is
based on the conjugate gradient algorithm, an iterative algorithm for solving linear systems
with symmetric positive definite coefficient matrices. The conjugate gradient (CG) algorithm
is the subject of Chapter 5, and the interested reader should look ahead to that chapter for
further details. Our comments in this section focus on the differences between standard CG
and Steihaug’s approach, which are essentially that the algorithm terminates when it either
exits the trust region || p|| < A or when it encounters a direction of negative curvature in B.

Steihaug’s approach can be stated formally as follows:

Algorithm 4.3 (CG-Steihaus).
Given € > 0;
Set po =0,rg = g,dy = —rp;

if [roll < €
return p = pg;
forj=0,1,2,...

ifdjTBd_,- <0

Find 7 such that p = p; 4+ vd; minimizes m(p) in (4.9)
and satisfies || p|| = A;

return p;

Setaj =rr;/d] Bdj;

Set Pj+1 = Dj +Oljdj;

iflpjall > A
Find v > O such that p = p; + ©d; satisfies | pl| = A;
return p;

setrj+l = Vj +Oldej;

if [Irj41]l < €llroll
return p = pji;;

Set Bj4y1 = rf+1rj+1/rjrrj;

Setdji1 =rjy1 + Bjrid)s

end (for).

To connect this algorithm with Algorithm CG of Chapter 5, we note that m(-) takes
the place of ¢(+), p takes the place of x, B takes the place of A, and —g takes the place of b.
The change of sign in the substitution b — —g propagates through the algorithm.

Algorithm 4.3 differs from standard CG in that two extra stopping criteria are present—
the first two if statements inside the for loop. The first if statement stops the method if its
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current search direction d; is a direction of zero curvature or negative curvature along B.
The second one causes termination if p;,; violates the trust-region bound. In both cases,
a final point p is found by intersecting the current search direction with the trust-region
boundary.

The initialization of p, to zero is a crucial feature of the algorithm. After the first
iteration (assuming ||ro||, > €), we have

rOTrO T

d'Bdy, = g"Bg

p1 = ogdy =

which is exactly the Cauchy point! Since each iteration of the conjugate gradient method
reduces m(-), this algorithm fulfills the necessary condition for global convergence.

Another crucial property of the method is that each iterate p; is larger in norm than
its predecessor. This property is another consequence of the initialization py = 0. Its main
implication is that it is acceptable to stop iterating as soon as the trust-region boundary is
reached, because no further iterates giving a lower value of ¢ will be inside the trust region.
We state and prove this property formally in the following theorem. (The proof makes use
of the expanding subspace property of the CG algorithm, which we do not describe until
Chapter 5, so it can be skipped on the first pass.)

Theorem 4.2.
The sequence of vectors generated by Algorithm 4.3 satisfies

0=1lpolla <--- <lpjllz <lpjsilla <--- < llpll = A.

PrROOF.  We first show that the sequences of vectors generated by Algorithm 4.3 satisfy
pjrj=0forj>0and pjd; > 0forj > 1.

Algorithm 4.3 computes p;; recursively in terms of p;, but when all the terms of this
recursion are written explicitly, we see that

Jj—1 Jj—1
pj=po+ Zaidi = Zdidi,
i=0 i—0

since pg = 0. Multiplying by r; and applying the expanding subspace property of CG gives

Jj—1
T, _ T
pirj= E a;d; rj = 0.
e

An induction proof establishes the relation pjrd ; > 0. By applying the expanding
subspace property again, we obtain

pidy = (aodo)” (1 + Prdo) = B dg dy > 0. (4.17)
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We now make the inductive hypothesis that pjrd ; > 0and show that this implies p]T dja >
0. From (4.17), we have P‘,T+17’j+1 = 0, and therefore we have

P,T+1dj+1 = P,TH(VJ‘H + Bjn1d;)
=Bj11p) 4,4
=Bin(pj +a;dj)d,
= Binp;d;+a;Bind] d;.

Because of the inductive hypothesis, the last expression is positive.

We now prove the theorem. If the algorithm stopsbecausedjTij <0or|pjtill. = A,
then the final point p is chosen to make || p|l, = A, which is the largest possible length
any point can have. To cover all other possibilities in the algorithm we must show that

Ipjll2 < llpj+1llo when pj41 = pj +ajd; and j > 1. Observe that
Ipjnll = (pj +ajd)) (pj +a;d;) = |Ipjll; +2a;pld; +a3ld;|3.

It follows from this expression and our intermediate result that ||p;ll, < ||pj+1ll2, so our
proof is complete. O

From this theorem we see that the iterates of Algorithm 4.3 sweep out points p; that
move on some interpolating path from p, to p, a path in which every step increases its total
distance from the start point. When B is positive definite, this path may be compared to the
path of the dogleg method, because both methods move from the Cauchy step p°© to the full
step p°, until the trust-region boundary intervenes.

A Newton trust-region method chooses B to be the exact Hessian V? f (x), which may
be indefinite during the course of the iteration (hence our focus on the case of indefinite B).
This method has excellent local and global convergence properties, as we see in Chapter 6.

4.2 USING NEARLY EXACT SOLUTIONS TO THE SUBPROBLEM

CHARACTERIZING EXACT SOLUTIONS

The methods discussed above make no serious attempt to seek the exact solution of
the subproblem (4.9). They do, however, make some use of the information in the Hessian
B, and they have advantages of low cost and global convergence, since they all generate a
point that is at least as good as the Cauchy point.

When the problem is relatively small (that is,  is not too large), it may be worthwhile
to exploit the model more fully by looking for a closer approximation to the solution of
the subproblem. In the next few pages we describe an approach for finding a good approxi-
mation at the cost of about three factorizations of the matrix B, as compared with a single
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factorization for the dogleg and two-dimensional subspace minimization methods. This
approach is based on a convenient characterization of the exact solution of (4.9) (we need to
be able to recognize an exact solution when we see it, after all) and an ingenious application
of Newton’s method in one variable. Essentially, we see that a solution p of the trust-region
problem satisfies the formula

(B+Al)p*=—g

for some A > 0, and our algorithm for finding p* aims to identify the appropriate value of A.
The following theorem gives the precise characterization of the solution of (4.9).

Theorem 4.3.
The vector p* is a global solution of the trust-region problem

minm(p) = f + g'p+ip"Bp, stpl <A, (4.18)

if and only if p* is feasible and there is a scalar A > 0 such that the following conditions are
satisfied:

(B+Al)p* = —g, (4.19a)
LA —=1Ip*l]) =0, (4.19b)
(B+ Al) ispositive semidefinite. (4.19¢)

We delay the proof of this result until later in the chapter, and instead discuss just its
key features here with the help of Figure 4.4. The condition (4.19b) is a complementarity
condition that states that at least one of the nonnegative quantities A and (A — || p*||) must be
zero. Hence, when the solution lies strictly inside the trust region (as it does when A = A in
Figure 4.4), we musthave A = 0 and so Bp* = —g with B positive semidefinite, from (4.19a)
and (4.19¢), respectively. In the other cases A = A, and A = As, we have | p*|| = A, and
so A is allowed to take a positive value. Note from (4.19a) that

Ap* = —Bp* — g = —Vm(p"),

that is, the solution p* is collinear with the negative gradient of m and normal to its contours.
These properties can be seen clearly in Figure 4.4.

CALCULATING NEARLY EXACT SOLUTIONS

The characterization of Theorem 4.3 suggests an algorithm for finding the solution p
of (4.18). Either A = 0 satisfies (4.19a) and (4.19¢) with || p|| < A, or else we define

p(A)=—(B+Arl)'g
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contours of m,

Figure 4.4 Solution of trust-region subproblem for different radii A;, Aj, As.

for A sufficiently large that B + A[ is positive definite (see the exercises), and seek a value
A > 0 such that

lp)Il = A. (4.20)

This problem is a one-dimensional root-finding problem in the variable A.

To see that a value of A with all the desired properties exists, we appeal to the eigende-
composition of B and use it to study the properties of || p(1)||. Since B is symmetric, there
is an orthogonal matrix Q and a diagonal matrix A such that B = QA Q7, where

A= diag()\’la )"27 LRI )"il)7

and Ay < A < -+ < X, are the eigenvalues of B; see (A.46). Clearly, B + A1 = Q(A +
AI)QT, and for A # A, we have

_ T, N 458
p()=—0(A+i)"Q"g = ZMH

j=1

aj. (4.21)
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where g; denotes the jth column of Q. Therefore, by orthonormality of 1, q», .. ., gu, we
have

2
n T
Ip)I* = ZM

. 4.22
= (Aj + 1) (4.22)

This expression tells us a lot about [[p(A)|. If A > —A;, we have A; + 1 > 0 for all
j=1,2,...,n,andso || p(A)|| is a continuous, nonincreasing function of A on the interval
(=AX;, 00). In fact, we have that

lim ||p(A)] = 0. (4.23)
A—00
Moreover, we have when qug # 0 that
——\

klim ‘ lp(X)]| = oo. (4.24)

These features can be seen in Figure 4.5. It is clear that the graph of || p(1)|| attains the
value A atexactly one pointin theinterval (—1;, 00), which is denoted by A* in the figure. For
the case of B positive definite and | B~'g|| < A, the value A = 0 satisfies (4.19), so there

el

Figure4.5 | p(1)]|| as a function of A.
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is no need to carry out a search. When B is positive definite but |B~!g|| > A, there is a
strictly positive value of A for which || p(A)|| = A, so we search for the solution to (4.20) in
the interval (0, 00).

For the case of B indefinite and ¢/ g # 0, (4.23) and (4.24) guarantee that we can find
a solution in the interval (—X1, 00). We could use the root-finding Newton’s method (see
the Appendix) to find the value of A > A, that solves

&1 (A) = [[p)]l — A =0. (4.25)

The disadvantage of this approach can be seen by considering the form of || p(A)| when X is
greater than, but close to, —A;. We then have

G

o1 (A) ~ Py

+ C25

where C; > 0 and C, are constants. For these values of A the function is highly nonlinear,
and therefore the root-finding Newton’s method will be unreliable or slow. Better results will
be obtained if we reformulate the problem (4.25) so that it is nearly linear near the optimal
A. By defining

$r) =~ —
PUYTA IpoIr

we see that for X slightly greater than —X; we have from (4.22) that

1 A4
A — —
$2(A) A G

for some C3 > 0. Hence ¢, is nearly linear in the range we consider, and the root-finding
Newton’s method will perform well, provided that it maintains A > —A, (see Figure 4.6). The
root-finding Newton’s method applied to ¢, generates a sequence of iterates A(*) by setting

B 0 _ M (4.26)
¢ (A1)

After some elementary manipulation (see the exercises), this updating formula can be
implemented in the following practical way.

Algorithm 4.4 (Exact Trust Region).
Given AV, A > 0:
fort=0,1,2,...

Factor B + AYT = RTR;
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-1
| pll

Figure 4.6 1/|p()\)|l as a function of X.

Solve R"Rpy = —g, R"qv = py;
Set

2
AL 50 4 (”PZ”) <||Pe|| - A> : (4.27)
llgell A

end (for).

Safeguards must be added to this algorithm to make it practical; for instance, when A0 <
—A1, the Cholesky factorization B+ AT = R” R will not exist. A slightly enhanced version
of this algorithm does, however, converge to a solution of (4.20) in most cases.

The main work in each iteration of this method is, of course, the Cholesky factorization.
Practical versions of this algorithm do not iterate until convergence to the optimal A is
obtained with high accuracy, but are content with an approximate solution that can be
obtained in two or three iterations.

THE HARD CASE

Recall that in the discussion above, we assumed that g/ g # 0 in dealing with the case
of indefinite B. In fact, the approach described above can be applied even when the most
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I pll

Figure4.7 The hard case: ||p(1)|| < A forall X € (—1,, 00).

negative eigenvalue is a multiple eigenvalue (thatis, 0 > A; = A, = --), provided that
qu g # 0 for at least one of the indices j for which A; = X;. When this condition does not
hold, the situation becomes a little complicated, because the limit (4.24) does not hold for
Aj = A1 and so there may not be a value A € (=X, 00) such that ||p(A)|| = A (see Figure
4.7). Moré and Sorensen [170] refer to this case as the hard case. At first glance, it is not
clear how p and A can be chosen to satisfy (4.19) in the hard case. Clearly, our root-finding
technique will not work, since there is no solution for A in the open interval (—A;, 00). But
Theorem 4.3 assures us that the right value of  lies in the interval [—X,, 00), so there is only
one possibility: A = —;. To find p, it is not enough to delete the terms for which A; = X;
from the formula (4.21) and set

T

q; 8
p= > q;-
JhjFh At
Instead, we note that (B — A;I) is singular, so there is a vector z such that ||z]| = 1 and

(B — A1)z = 0. In fact, z is an eigenvector of B corresponding to the eigenvalue 1, so by
orthogonality of Q we have quz = 0for A; # A,. It follows from this property that if we set

qj g

i+ A

p= qj +1z (4.28)

JihjFEM
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for any scalar 7, we have

2
T
(47¢)
Ipl* = ———= +
j:;)‘l ()L] +)‘4)2

so it is always possible to choose T to ensure that || p|| = A. It is easy to check that (4.19)
holds for this choice of p and A = —A;.

PROOF OF THEOREM 4.3

We now give a formal proof of Theorem 4.3, the result that characterizes the exact
solution of (4.9). The proof relies on the following technical lemma, which deals with the
unconstrained minimizers of quadratics and is particularly interesting in the case where the
Hessian is positive semidefinite.

Lemma 4.4.
Let m be the quadratic function defined by

m(p)=¢"p+3ip" Bp, (4.29)

where B is any symmetric matrix. Then
(1) m attains a minimum if and only if B is positive semidefinite and g is in the range of B;
(ii) m has a unique minimizer if and only if B is positive definite;

(iii) if B is positive semidefinite, then every p satisfying Bp = —g is a global minimizer of m.

PROOF.  We prove each of the three claims in turn.

(i) We start by proving the “if” part. Since g is in the range of B, thereisa p with Bp = —g.
For all w € R", we have

mp+w)=g" (p+w) +ip+wBlp+w)
=(g"'p+3p"Bp)+g"w+ (Bp) w+ jw' Bw
=m(p)+ iw" Bw
> m(p),

since B is positive semidefinite. Hence p is a minimum of m.

For the “only if” part, let p be a minimizer of m. Since Vm(p) = Bp + g = 0, we
have that g is in the range of B. Also, we have V2m(p) = B positive semidefinite, giving the
result.
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(ii) For the “if” part, the same argument as in (i) suffices with the additional point that
w’ Bw > 0 whenever w # 0. For the “only if” part, we proceed as in (i) to deduce that B is
positive semidefinite. If B is not positive definite, there is a vector w # 0 such that Bw = 0.
Hence from the logic above we have m(p + w) = m(p), so the minimizer is not unique,
giving a contradiction.

(iii) Follows from the proof of (i). O

To illustrate case (i), suppose that

which has eigenvalues 0, 1, 2 and is therefore singular. If g is any vector whose second
component is zero, then g will be in the range of B, and the quadratic will attain a minimum.
But if the second element in g is nonzero, we can decrease m(-) indefinitely by moving along
the direction (0, —g,, 0)” as o 1 occ.

We are now in a position to take account of the trust-region bound ||p|| < A and
hence prove Theorem 4.3.

PrOOF.  (Theorem 4.3)

Assume first that there is A > 0 such that the conditions (4.19) are satisfied.
Lemma 4.4(iii) implies that p* is a global minimum of the quadratic function

) A
i(p)=g"p+3p" (B+Ap=m(p)+>p'p. (4.30)

Since m(p) > m(p*), we have

T

m(p) = m(p*) + %«p*ﬂp* — T p). (4.31)

Because A(A — ||p*||) = 0 and therefore A(A%? — (p*)T p*) = 0, we have
A
m(p) = m(p*) + E(A2 - p'p).

Hence, from A > 0, we have m(p) > m(p*) for all p with || p|| < A. Therefore, p* is a
global minimizer of (4.18).

For the converse, we assume that p* is a global solution of (4.18) and show that there
isa A > 0 that satisfies (4.19).
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In the case | p*|| < A, p* is an unconstrained minimizer of m, and so
Vm(p*) = Bp*+g =0, V?m(p*) = B positive semidefinite,
and so the properties (4.19) hold for A = 0.
Assume for the remainder of the proof that || p*|| = A. Then (4.19b) is immediately
satisfied, and p* also solves the constrained problem

minm(p) subjectto ||p| = A.

Byapplying optimality conditions for constrained optimization to this problem (see (12.30)),
we find that there is a A such that the Lagrangian function defined by

A
Lp,2) =m(p)+5(p"p— AY)
has a stationary point at p*. By setting V,L(p*, 1) to zero, we obtain
Bp*+g+Aip*=0 = (B+A)p*=—g, (4.32)

so that (4.19a) holds. Since m(p) > m(p*) for any p with p” p = (p*)T p* = A2, we have
for such vectors p that

s
m(p) = m(p*) + 3 ((pH"p*=p"p).

If we substitute the expression for g from (4.32) into this expression, we obtain after some
rearrangement that

3p =P (B+AD(p—p)=0. (4.33)
Since the set of directions
_ *
{w Tw = :I:u, for some p with || p|| = A}
lp — p*I

is dense on the unit sphere, (4.33) suffices to prove (4.19¢).

It remains to show that A > 0. Because (4.19a) and (4.19¢) are satisfied by p*, we have
from Lemma4.4(i) that p* minimizes 1, so (4.31) holds. Suppose that there are only negative
values of X that satisty (4.19a) and (4.19¢). Then we have from (4.31) that m(p) > m(p*)
whenever ||p|| > ||p*|| = A. Since we already know that p* minimizes m for || p| < A,
it follows that m is in fact a global, unconstrained minimizer of m. From Lemma 4.4(i) it
follows that Bp = —g and B is positive semidefinite. Therefore conditions (4.19a) and
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(4.19¢) are satisfied by & = 0, which contradicts our assumption that only negative values
of A can satisfy the conditions. We conclude that A > 0, completing the proof. d

4.3 GLOBAL CONVERGENCE

REDUCTION OBTAINED BY THE CAUCHY POINT

In the preceding discussion of algorithms for approximately solving the trust-region
subproblem, we have repeatedly emphasized that global convergence depends on the approx-
imate solution obtaining at least as much decrease in the model function m as the Cauchy
point. In fact, a fixed fraction of the Cauchy decrease suffices, as we show in the next few
pages. We start by obtaining an estimate of the decrease in m achieved by the Cauchy point,
and then use this estimate to prove that the sequence of gradients {V f;} generated by Algo-
rithm 4.1 either has an accumulation point at zero or else converges to zero, depending on
whether we choose the parameter 1 to be zero or strictly positive in Algorithm 4.1. Finally,
we state a convergence result for the version of Algorithm 4.1 that uses the nearly exact
solutions calculated by Algorithm 4.4 above.

We start by proving that the dogleg and two-dimensional subspace minimization
algorithms and Algorithm 4.3 produce approximate solutions p; of the subproblem (4.3)
that satisfy the estimate

(4.34)

\Y4
mi(0) = mi(py) = 1|V full min (Ak, | f"”) ,

Il Bl

for some constant ¢; € (0, 1]. The presence of an alternative given by the minimum in
(4.34) is typical of trust-region methods and arises because of the trust-region bound. The
usefulness of this estimate will become clear in the following two sections. For now, we note
that when Ay is the minimum value in (4.34), the condition is slightly reminiscent of the
first Wolfe condition: The desired reduction in the model is proportional to the gradient
and the size of the step.

We show now that the Cauchy point p; satisfies (4.34), with ¢; = %

Lemma 4.5.
The Cauchy point p; satisfies (4.34) withc, = %, that is,

(4.35)

v
me(0) — my(pg) = LIV fill min (Ak, | fk”) ,

Il Bl

PROOF.  We consider first the case of V £ B,V fi < 0. Here, we have

mi(pi) — mi(0) = me(ALV fie/ IV fell)

87



88 CHAPTER 4. TRUST-REGION METHODS

2

Ay A
IV£ll? + =2V I BV fi

VA IV fill?
< = AV fill
. IV fill
< =V fi|l min (Ak, ;
Il Bl
and so (4.35) certainly holds.
For the next case, consider V £/ B,V fi > 0 and
v 3
IV fill <1 (4.36)

ANV IBV fi —

We then have T = ||V filI*/ (AcV £ BkV fi), and so

IV fill* lo T IV fill*
mi(py) —mp(0) = ——=——+ Vi BiVfim—io——
¢ VBV 2" (VI BV fi)?
_ I
VLBV fi
VAL
T 2BV fill?
_ VAR
2 Bl
. IV fiell
< =4IV fi | min (Ak, ,
2 [l Brl
so (4.35) holds here too.
In the remaining case, (4.36) does not hold, and therefore
T IV fill?
VI BV fi < (4.37)

k

From the definition of p;, we have T = 1, so using this fact together with (4.37), we obtain

mi(p) — me(0) = —”VA—J’ikHHkanZ +3 ”VAf’EHZVfZBkak
<~ AVl + 5 ||VAfIE||2 ”VAf]’("P
— LAV
< 1|V fill min (Ak, = k””) ,

yielding the desired result (4.35) once more. O
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To satisfy (4.34), our approximate solution p; has only to achieve a reduction that is
at least some fixed fraction c; of the reduction achieved by the Cauchy point. We state the
observation formally as a theorem.

Theorem 4.6.

Let pi. be any vector such that || pr|| < Ay andmy(0) —my(pr) > c2 (mk(O) — mk(p;)).
Then py satisfies (4.34) with ¢ = ¢,/2. In particular, if py is the exact solution p; of (4.3),
then it satisfies (4.34) with ¢, = %

PrOOF.  Since || prll < Ay, we have from (4.35) that

v
mi(0) = mi(pi) = €2 (me(0) = mi(p)) = 36|V fill min (Akﬂ ||||B{7||| ) ’

giving the result. O

Note that the dogleg and two-dimensional subspace minimization algorithms and
Algorithm 4.3 all satisfy (4.34) with ¢; = 3, because they all produce approximate solutions
pi for which my(py) < mi(py).

CONVERGENCE TO STATIONARY POINTS

Global convergence results for trust-region methods come in two varieties, depending
on whether we set the parameter 7 in Algorithm 4.1 to zero or to some small positive value.
When 1 = 0 (that is, the step is taken whenever it produces a lower value of f), we can
show that the sequence of gradients {V f;} has a limit point at zero. For the more stringent
acceptance test with > 0, which requires the actual decrease in f to be at least some small
fraction of the predicted decrease, we have the stronger result that V f; — 0.

In this section we prove the global convergence results for both cases. We assume
throughout that the approximate Hessians By, are uniformly bounded in norm, and that the
level set

{x1f(x) = fx)} (4.38)

is bounded. For generality, we also allow the length of the approximate solution py of (4.3)
to exceed the trust-region bound, provided that it stays within some fixed multiple of the
bound; that is,

lpell < y Ay, for some constant y > 1. (4.39)

The first result deals with the case of n = 0.
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Theorem 4.7.

Let n = 0 in Algorithm 4.1. Suppose that || Bx|| < B for some constant B, that f is
continuously differentiable and bounded below on the level set (4.38), and that all approximate
solutions of (4.3) satisfy the inequalities (4.34) and (4.39), for some positive constants ¢, and
y. We then have

liminf ||V || = 0. (4.40)
k— o0

PROOF.  We first perform some technical manipulation with the ratio p; from (4.4). We have

B ‘ (f (xi) = [ + pi) — (mi(0) — my(pi))
B my(0) — my(py)

. ‘mk(l?k) — f(xx + pi)
o me(0) — mu(pr)

lox — 1]

Since from Taylor’s theorem (Theorem 2.1) we have that

1
FO+ pi) = fO) + V)" pr +/ [VfC +tpe) — V)] prdt,
0

it follows from the definition (4.1) of m; that
1

me(p) — o+ po)l = 12 p! Bepy — / [V £ G+ tpi) — V £ ]
0

< B/ pell* + Calp)l pell, (4.41)

where we can make the scalar C4(py) arbitrarily small by restricting the size of py.
Suppose for contradiction that there is € > 0 and a positive index K such that

IV fill > € forallk > K. (4.42)

From (4.34), we have for k > K that

mg(0) — mp(pr) = 1|V fill min <Ak, ””VBfk””> > 1€ min (Ak, %) . (4.43)
k

Using (4.43), (4.41), and the bound (4.39), we have

- Y Ar(BY Ar/2 4+ Cu(pr))

loe =11 = 2c1€ min(Ay, €/8) (4.44)

We now derive a bound on the right-hand-side that holds for all sufficiently small values of
Ay, thatis, forall Ay < A, where A is to be determined. By choosing A to be small enough
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and noting that ||py|| < yAx < yA, we can ensure that the term in parentheses in the
numerator of (4.44) satisfies the bound

C1€
By Ax/2+ Ca(pr) < 2 (4.45)
By choosing A even smaller, if necessary, to ensure that A, < A <ce¢ /B, we have from (4.44)

that

yArei€/Qy) 1

— 1| < .
ok = 2c1€ A 4

Therefore, p; > %, and so by the workings of Algorithm 4.1, we have Az > Aj whenever
A, falls below the threshold A. It follows that reduction of Ay (by a factor of }1) can occur
in our algorithm only if

A > A,
and therefore we conclude that

Ar > min (Ag,A/4)  forallk > K. (4.46)

Suppose now that there is an infinite subsequence K such that p; > i fork € K. If
k € K and k > K, we have from (4.43) that

F o) = f (1) = fx) — F e + p)
1 [mi(0) — my(pi)]

> }1616 min(Ay, €/8).

v

Since f is bounded below, it follows from this inequality that

lim Ak = 0,
kek, k—o0

contradicting (4.46). Hence no such infinite subsequence K can exist, and we must have
Pk < i for all k sufficiently large. In this case, Ay will eventually be reduced by a factor of i
at every iteration, and we have limy_, oo Ay = 0, which again contradicts (4.46). Hence, our
original assertion (4.42) must be false, giving (4.40). O

Our second global convergence result, for the case > 0, borrows much of the analysis
from the proof above. Our approach here follows that of Schultz, Schnabel, and Byrd [226].
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Theorem 4.8.

Letn € (0, i) in Algorithm 4.1 . Suppose that || By|| < B for some constant B, that f
is Lipschitz continuously differentiable and bounded below on the level set (4.38), and that all
approximate solutions py of (4.3) satisfy the inequalities (4.34) and (4.39) for some positive
constants ¢, and y. We then have

lim Vfi =o0. (4.47)

PrOOF.  Consider any index m such that V f,, # 0. If we use $; to denote the Lipschitz
constant for V f on the level set (4.38), we have

IVFfx) = Vil < Billx — xull,

for all x in the level set. Hence, by defining the scalars

IViall €
e= VAl R=VIl_ <
284 B
and the ball
B(xm, R) = {x|[lx —xn| < R},
we have

x € Bxw, R) = VLI Z NV full = IVF) = VIull = 51V full =€

If the entire sequence {x}>,, stays inside the ball B(x,,, R), we would have |V fi|| > € > 0
for all k > m. The reasoning in the proof of Theorem 4.7 can be used to show that this
scenario does not occur. Therefore, the sequence {xt}>, eventually leaves B(x,,, R).

Let the index [ > m be such that x;,; is the first iterate after x,, outside B(x,,, R).
Since ||V fill = e fork =m,m + 1, ..., 1, we can use (4.43) to write

l
FOom) = fren) =Y fla) = flxe)
k=m

1

z Zk:m,xk;éxkﬂn[mk(o) — mk(pk)]
I ) ¢

z Zk:m,xk;exm nc1€ min <Ak, E) i

where we have limited the sum to the iterations k for which x; # x;. 1, thatis, those iterations
on which a step was actually taken. If Ay < e/Bforallk =m,m+ 1, ..., 1, we have

1
1
fxm) = fxq) = nee Z Ap > necieR = nclezﬂ—- (4.48)

k=m,xy#Xp 41 1
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Otherwise, we have A, > ¢/ forsomek =m,m + 1, ...,1,and so
€
fon) = flags) = UCIEE. (4.49)

Since the sequence { f (x;)}72, is decreasing and bounded below, we have that

f) 4 f* (4.50)

for some f* > —oo. Therefore, using (4.48) and (4.49), we can write

f(xm) - f* = f(xm) - f(xl+1)

- 5 ,(1 1> 1 ,<1 1)||Vf ”2
>nae‘mmn| —,— | =-ncymin| —, — mll -
: B B) 4! B’ B

By rearranging this expression, we obtain

-1
IV foull® < (;incl min (% %)) (f (o) — 1),

so from (4.50) we conclude that V f,, — 0, giving the result. O

CONVERGENCE OF ALGORITHMS BASED ON NEARLY EXACT SOLUTIONS

As we noted in the discussion of Algorithm 4.4, the loop to determine the optimal
values of A and p for the subproblem (4.9) does not iterate until high accuracy is achieved.
Instead, it is terminated after two or three iterations with a fairly loose approximation to
the true solution. The inexactness in this approximate solution is, however, measured in a
different way from the dogleg and subspace minimization algorithms and Algorithm 4.3,
and this difference affects the nature of the global convergence results that can be proved.

Moré and Sorensen [170] describe a safeguarded version of the root-finding Newton
method that adds features for handling the hard case. Its termination criteria ensure that
their approximate solution p satisfies the conditions

m(0) —m(p) = ¢;(m(0) — m(p*)), (4.51a)
lpll <yA (4.51b)

(where p* is the exact solution of (4.3)), for some constants ¢; € (0, 1] and y > 0. The
condition (4.51a) ensures that the approximate solution achieves a significant fraction of
the maximum decrease possible in the model function m. Of course, it is not necessary to
know p* to enforce this condition; it follows from practical termination criteria. One major
difference between (4.51) and the earlier criterion (4.34) is that (4.51) makes better use of
the second-order part of m(-), that is, the pTBp term. This difference is illustrated by the
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case in which ¢ = 0 while B has negative eigenvalues, indicating that the current iterate
X is a saddle point. Here, the right-hand-side of (4.34) is zero (indeed, the algorithms we
described earlier would terminate at such a point). The right-hand-side of (4.51) is positive,
indicating that decrease in the model function is still possible, so it forces the algorithm to
move away from x;.

The close attention that near-exact algorithms pay to the second-order term is war-
ranted only if this term closely reflects the actual behavior of the function f—in fact, the
trust-region Newton method, for which B = V2 f(x), is the only case that has been treated
in the literature. For purposes of global convergence analysis, the use of the exact Hessian
allows us to say more about the limit points of the algorithm than merely that they are
stationary points. In fact, second-order necessary conditions (Theorem 2.3) are satisfied at
the limit points. The following result establishes this claim.

Theorem 4.9.

Suppose Algorithm 4.1 is applied with By, = V? f(xy), constant n in the open interval
(0, 1), and the approximate solution py. at each iteration satisfying (4.51) for some fixedy > 0.
Thenlimy 0 |V fi|| = 0.

If, in addition, the level set {x | f(x) < f(xo)} is compact, then either the algorithm
terminates at a point x; at which the second-order necessary conditions (Theorem 2.3) for a
local minimum hold, or else {x;} has a limit point x* in the level set at which the necessary
conditions hold.

We omit the proof, which can be found in Moré and Sorensen [170, Section 4].

4.4 OTHER ENHANCEMENTS

SCALING

As we noted in Chapter 2, optimization problems are often posed with poor scaling—
the objective function f is highly sensitive to small changes in certain components of the
vector x and relatively insensitive to changes in other components. Topologically, a symptom
of poor scaling is that the minimizer x* lies in a narrow valley, so that the contours of
the objective f(-) near x* tend towards highly eccentric ellipses. Algorithms can perform
poorly unless they compensate for poor scaling; see Figure 2.7 for an illustration of the poor
performance of the steepest descent approach.

Recalling our definition of a trust region—a region around the current iterate within
which the model my (-) is an adequate representation of the true objective f(-)—it is easy to
see that a spherical trust region is not appropriate to the case of poorly scaled functions. We
can trust our model m; to be reasonably accurate only for short distances along the highly
sensitive directions, while it is reliable for longer distances along the less sensitive directions.
Since the shape of our trust region should be such that our confidence in the model is more
or less the same at all points on the boundary of the region, we are led naturally to consider
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elliptical trust regions in which the axes are short in the sensitive directions and longer in
the less sensitive directions. Elliptical trust regions can be defined by

IDpll < A, (4.52)

where D is a diagonal matrix with positive diagonal elements, yielding the following scaled
trust-region subproblem:

. def
min mi(p) = fi+ VA p+ 3 Bip st IDpll < A (4.53)
p

When f(x) is highly sensitive to the value of the ith component x;, we set the corresponding
diagonal element d;; of D to be large. The value of d;; will be closer to zero for less-sensitive
components x;.

Information to construct the scaling matrix D can be derived reliably from the second
derivatives 9% f/dx?. We can allow D to change from iteration to iteration, as long as all
diagonal elements d;; stay inside some predetermined range [d)o, dp;], where 0 < dj, <
dhi < 00. Of course, we do not need D to be a precisereflection of the scaling of the problem,
so it is not necessary to devise elaborate heuristics or to spend a lot of computation to get it
just right.

All algorithms discussed in this chapter can be modified for the case of elliptical trust
regions, and the convergence theory continues to hold, with numerous superficial modifica-
tions. The Cauchy point calculation procedure (Algorithm 4.2), for instance, changes only in
the specifications of the trust region in (4.5) and (4.6). We obtain the following generalized
version.

Algorithm 4.5 (Generalized Cauchy Point Calculation).
Find the vector pj, that solves

py =argmin fi +V fIp st |IDpll < A (4.54)
p

Calculate the scalar 7, > 0 that minimizes m (7 p}) subject to satisfying the trust-region
bound, that is,

T, = arg mi{)l mi(tpy) st.ltDpll < Ag; (4.55)
>

P = wp;-
For this scaled version, we find that

\ Ay .,
pp=———c—D"Vf, (4.56)
DTV A
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and that the step length 7; is obtained from the following modification of (4.8):

1 ifVID?BD 2V [ <0

T = . ID'V fill?
min y
AV fID2B D2V f;

(4.57)

1) otherwise.

(The details are left as an exercise.)

A simpler alternative for adjusting the definition of the Cauchy point and the various
algorithms of this chapter to allow for the elliptical trust region is simply to rescale the
variables p in the subproblem (4.53) so that the trust region is spherical in the scaled
variables. By defining

5 pp,

and by substituting into (4.53), we obtain
Loy def 1a AT 1 -
min i (p) S fi+ VA D5+ 35 DT BDT S st 1Bl < A
)4

The theory and algorithms can now be derived in the usual way by substituting p for p,
D7V fi for V fi, D' B; D~! for By, and so on.

NON-EUCLIDEAN TRUST REGIONS

Trust regions may also be defined in terms of norms other than the Euclidean norm.
For instance, we may have

Ipllh = Ak or [Plloc = Ak,
or their scaled counterparts

IDplly < Ag or [Dplloe = A,

where D is a positive diagonal matrix as before. Norms such as these offer no obvious
advantages for unconstrained optimization, but they may be useful for constrained problems.
For instance, for the bound-constrained problem

min f(x), subject to x > 0,
xeR”

the trust-region subproblem may take the form

min mi(p) = fi + VA P+35p " Bip stxu+p=0pl <A (458)
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When the trust region is defined by a Euclidean norm, the feasible region for (4.58) consists of
the intersection of a sphere and the nonnegative orthant—an awkward object, geometrically
speaking. When the co-norm is used, however, the feasible region is simply the rectangular
box defined by

Xxx+p=0, p=>=-—»~Are, p=Age,

wheree = (1, 1, ..., 1)7, so the solution of the subproblem is easily calculated by standard
techniques for quadratic programming.

NOTES AND REFERENCES

The influential paper of Powell [199] proves a result like Theorem 4.7 for the case of
n = 0, where the algorithm takes a step whenever it decreases the function value. Powell uses
a weaker assumption than ours on the matrices || B||, but his analysis is more complicated.
Moré [167] summarizes developments in algorithms and software before 1982, paying par-
ticular attention to the importance of using a scaled trust-region norm. Much of the material
in this chapter on methods that use nearly exact solutions to the subproblem (4.3) is drawn
from the paper of Moré and Sorensen [170].

Byrd, Schnabel, and Schultz [226], [39] provide a general theory for inexact trust-
region methods; they introduce the idea of two-dimensional subspace minimization and
also focus on proper handling of the case of indefinite B to ensure stronger local convergence
results than Theorems 4.7 and 4.8. Dennis and Schnabel [70] survey trust-region methods as
part of their overview of unconstrained optimization, providing pointers to many important
developments in the literature.

& EXERCISES

& 4.1 Let f(x) = 10(x; — x7)? + (1 — x1)?. At x = (0, —1) draw the contour lines of
the quadratic model (4.1) assuming that B is the Hessian of f. Draw the family of solutions
of (4.3) as the trust region radius varies from A = 0 to A = 2. Repeat this at x = (0, 0.5).

& 4.2 Write a program that implements the dogleg method. Choose By, to be the exact
Hessian. Apply it to solve Rosenbrock’s function (2.23). Experiment with the update rule for
the trust region by changing the constants in Algorithm 4.1, or by designing your own rules.

& 4.3 Program the trust region method based on Algorithm 4.3. Choose By to be the
exact Hessian, and use it to minimize the function

n

min f(x) = Z [(1 = x2i21)” + 1000 — x3,_,)°]

i=1
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with n = 10. Experiment with the starting point and the stopping test for the CG iteration.
Repeat the computation with n = 50.

Your program should indicate, at every iteration, whether Algorithm 4.3 encountered
negative curvature, reached the trust region boundary, or met the stopping test.

& 4.4 Theorem 4.7 shows that the sequence {||g||} has an accumulation point at zero.
Show that if the iterates x stay in a bounded set B, then there is a limit point x, of the
sequence {x;} such that V f(x) = 0.

& 4.5 Show that 1, defined by (4.8) does indeed identify the minimizer of m; along the
direction —V f;.

& 4.6 The Cauchy-Schwarz inequality states that for any vectors u and v, we have
ulv? < (" u) " v),

with equality only when u# and v are parallel. When B is positive definite, use this inequality
to show that

def lgll*
(¢TBg)(g"B~1g) ~

)

with equality only if g and Bg (and B~'g) are parallel.

& 4.7 When B is positive definite, the double-dogleg method constructs a path with three
line segments from the origin to the full step. The four points that define the path are

e the origin;
e the unconstrained Cauchy step p¢ = —(g7g)/(¢” Bg)g;

e afraction of the full step ¥ p* = —y B~ g, for some y € (y, 1], where y is defined in
the previous question; and

o the full step p* = —B~'g.

Show that || p|| increases monotonically along this path.

(Note: The double-dogleg method, as discussed in Dennis and Schnabel [69, Section
6.4.2], was for some time thought to be superior to the standard dogleg method, but later
testing has not shown much difference in performance.)

& 4.8 Show that (4.26) and (4.27) are equivalent. Hints: Note that

i 1 12 _l =32 i ,
<||pm||) 2 (PR = =2 (Ip@I) " =PI,

" (q]g)
2 _ J
d7 P> = 22 o AP
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(from (4.22)), and

n T 2
gI? = 1R pl> = p (B 4+ 20 p =3 L&
(A; +1)

j=1

& 4.9 Derive the solution of the two-dimensional subspace minimization problem in
the case where B is positive definite.

&  4.10 Show thatif B is any symmetric matrix, then there exists A > 0 such that B + A/
is positive definite.

& 4.11 Verify that the definitions (4.56) for p; and (4.57) for 74 are valid for the Cauchy
point in the case of an elliptical trust region. (Hint: Using the theory of Chapter 12, we can
show that the solution of (4.54) satisfies V f; + a D*p; = 0 for some scalar & > 0.)

&  4.12 The following example shows that the reduction in the model function m
achieved by the two-dimensional minimization strategy can be much smaller than that
achieved by the exact solution of (4.9).

In (4.9), set

where € is a small positive number. Set
. 1 3
B = diag 6—3,1,6 , A =0.5.

Show that the solution of (4.9) has components (O(E), % + O(e), O(e))T and that the
reduction in the model m is % + O(¢). For the two-dimensional minimization strategy,
show that the solution is a multiple of B~!g and that the reduction in m is O (¢).
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Conjugate
Gradient Methods

Our interest in the conjugate gradient method is twofold. It is one of the most useful tech-
niques for solving large linear systems of equations, and it can also be adapted to solve
nonlinear optimization problems. These two variants of the fundamental approach, which we
refer to as the linear and nonlinear conjugate gradient methods, respectively, have remarkable
properties that will be described in this chapter.

The linear conjugate gradient method was proposed by Hestenes and Stiefel in the
1950s as an iterative method for solving linear systems with positive definite coefficient
matrices. It is an alternative to Gaussian elimination that is very well suited for solving large
problems. The performance of the linear conjugate gradient method is tied to the distribution
of the eigenvalues of the coefficient matrix. By transforming, or preconditioning, the linear
system, we can make this distribution more favorable and improve the convergence of the
method significantly. Preconditioning plays a crucial role in the design of practical conjugate
gradient strategies. Our treatment of the linear conjugate gradient method will highlight
those properties of the method that are important in optimization.

The first nonlinear conjugate gradient method was introduced by Fletcher and Reeves
in the 1960s. It is one of the earliest known techniques for solving large-scale nonlinear
optimization problems. Over the years, many variants of this original scheme have been
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proposed, and some are widely used in practice. The key features of these algorithms are
that they require no matrix storage and are faster than the steepest descent method.

5.1 THE LINEAR CONJUGATE GRADIENT METHOD

In this section we derive the linear conjugate gradient method and discuss its essential
convergence properties. For simplicity, we drop the qualifier “linear” throughout.

The conjugate gradient method is an iterative method for solving a linear system of
equations

Ax = b, (5.1)

where A is an n x n matrix that is symmetric and positive definite. The problem (5.1) can
be stated equivalently as the following minimization problem:

o(x) = %xTAx —b7x, (5.2)

that is, both (5.1) and (5.2) have the same unique solution. This equivalence will allow us
to interpret the conjugate gradient method either as an algorithm for solving linear systems
or as a technique for minimization of convex quadratic functions. For future reference we
note that the gradient of ¢ equals the residual of the linear system,

Vo(x) = Ax — b ¥ r(x). (5.3)

CONJUGATE DIRECTION METHODS

One of the remarkable properties of the conjugate gradient method is its ability to
generate, in a very economical fashion, a set of vectors with a property known as conjugacy.
A set of nonzero vectors {pg, p1, ..., pi}issaid to be conjugate with respect to the symmetric
positive definite matrix A if

p[-TApj =0, foralli # j. (5.4)

It is easy to show that any set of vectors satisfying this property is also linearly independent.

The importance of conjugacy lies in the fact that we can minimize ¢(-) in n steps
by successively minimizing it along the individual directions in a conjugate set. To verify
this claim, we consider the following conjugate direction method. (The distinction between
the conjugate gradient method and the conjugate direction method will become clear as we
proceed). Given astarting pointx, € R" and aset of conjugate directions {po, p1, ..., Pn—1}>
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let us generate the sequence {x;} by setting
X1 = Xk + QU Prs (5.5)

where o is the one-dimensional minimizer of the quadratic function ¢(-) along x; + aps,
given explicitly by

VkTPk .
TA ’
Pi APk

o = — (5.6)

see (3.39). We have the following result.
Theorem 5.1.
For any xo € R" the sequence {x;} generated by the conjugate direction algorithm (5.5),

(5.6) converges to the solution x* of the linear system (5.1) in at most n steps.

PROCF.  Since the directions {p;} are linearly independent, they must span the whole space
R”. Hence, we can write the difference between x, and the solution x* in the following way:

x* —xg=0opo+0o1p1 4+ Op_1Pu1,

for some choice of scalars 0. By premultiplying this expression by p/ A and using the
conjugacy property (5.4), we obtain

 pLAG — x))

(5.7)
piApk

We now establish the result by showing that these coefficients o} coincide with the step
lengths o generated by the formula (5.6).
If x is generated by algorithm (5.5), (5.6), then we have
Xg = Xo + doPo + 01 p1 + -+ + Q1 Pi—-1-
By premultiplying this expression by p/ A and using the conjugacy property, we have that
PLAGx — x0) =0,
and therefore

pEAGT —x0) = pl A —x) = pl (b — Axy) = —pl 1.

By comparing this relation with (5.6) and (5.7), we find that oy = oy, giving theresult. [
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Y

Figure 5.1 Successive minimizations along the coordinate directions find the
minimizer of a quadratic with a diagonal Hessian in n iterations.

There is a simple interpretation of the properties of conjugate directions. If the matrix
A in (5.2) is diagonal, the contours of the function ¢(-) are ellipses whose axes are aligned
with the coordinate directions, as illustrated in Figure 5.1. We can find the minimizer of this
function by performing one-dimensional minimizations along the coordinate directions
e, e, ...,e,inturn.

When A is not diagonal, its contours are still elliptical, but they are usually no longer
aligned with the coordinate directions. The strategy of successive minimization along these
directions in turn no longer leads to the solution in # iterations (or even in a finite number
of iterations). This phenomenon is illustrated in the two-dimensional example of Figure 5.2

We can recover the nice behavior of Figure 5.1 if we transform the problem to make
A diagonal and then minimize along the coordinate directions. Suppose we transform the
problem by defining new variables x as

£=5""x, (5.8)
where S is the n x n matrix defined by

S = [170 )2 Pn—l],
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Figure5.2 Successive minimization along coordinate axes does not find the solution
in n iterations, for a general convex quadratic.

where {pg, p2, ..., pn—1} is the set of conjugate directions with respect to A. The quadratic
¢ defined by (5.2) now becomes

$(2) € p(52) = 127 (STAS)E — (5Th) 2.

By the conjugacy property (5.4), the matrix S” AS is diagonal, so we can find the minimizing
value of ¢ by performing n one-dimensional minimizations along the coordinate directions
of X. Because of the relation (5.8), however, each coordinate direction in X-space corresponds
to the direction p; in x-space. Hence, the coordinate search strategy applied to $ is equivalent
to the conjugate direction algorithm (5.5), (5.6). We conclude, as in Theorem 5.1 that the
conjugate direction algorithm terminates in at most n steps.

Returning to Figure 5.1, we note another interesting property: When the Hessian ma-
trix is diagonal, each coordinate minimization correctly determines one of the components
of the solution x*. In other words, after k one-dimensional minimizations, the quadratic has
been minimized on the subspace spanned by ey, e, .. ., e. The following theorem proves
this important result for the general case in which the Hessian of the quadratic is not neces-
sarily diagonal. (Here and later, we use the notation span{po, pi1, ..., px} to denote the set
of all linear combinations of py, p1, ..., pr.) In proving the result we will make use of the
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following expression, which is easily verified from the relations (5.3) and (5.5):
Thy1 = Tk + ap Apy. (5.9)
Theorem 5.2 (Expanding Subspace Minimization).

Letxy € R" be any starting point and suppose that the sequence {xi} is generated by the
conjugate direction algorithm (5.5), (5.6). Then

rlpi=0, fori =0,...,k—1, (5.10)
and x;. is the minimizer of ¢(x) = 3x” Ax — b x over the set

{x|x = x¢ + span{po, p1, ..., Pk—-1}}- (5.11)

PROOF.  We begin by showing that a point X minimizes ¢ over the set (5.11) if and only
ifr(¥)Tpi = 0,foreachi = 0,1,...,k — 1. Let us define h(c) = ¢(xg + oopo + - -+ +
Ok_1Pk—1), where ¢ = (09, 01, ..., 04_1)7. Since k(o) is a strictly convex quadratic, it has
a unique minimizer o * that satisfies

oh(c™*) _
80’,‘ a

0, i=0,1,....,k—1.

By the chain rule, this implies that
Vo(xo+oipo+---+0f pi1) pi =0, i=0,1,....k—1.
By recalling the definition (5.3), we obtain the desired result.
We now use induction to show that x; satisfies (5.10). Since o is always the one-
dimensional minimizer, we have immediately that ] py = 0.Let us now make the induction

hypothesis, namely, that rkT_lp,- =0fori =0,...,k—2.By(5.9),

Iy =rg—1 + ox—1Apr—1,

we have

PkT_lrk = ka_lrk—l + ak—lka—lApk—l =0,
by the definition (5.6) of a;—;. Meanwhile, for the other vectors p;,i =0, 1,...,k — 2, we
have

pire=plric1 + a1 pl Apir =0
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by the induction hypothesis and the conjugacy of the p;. We conclude that [ p; = 0, for
i =0,1,...,k — 1, so that the proof is complete. O

The fact that the current residual ry is orthogonal to all previous search directions, as
expressed in (5.10), is a property that will be used extensively in this chapter.

The discussion so far has been general, in that it applies to a conjugate direction
method (5.5), (5.6) based on any choice of the conjugate direction set {pg, p1, ..., Pn-1}-
There are many ways to choose the set of conjugate directions. For instance, the eigenvectors
V1, V2, . .., U, of A are mutually orthogonal as well as conjugate with respect to A, so these
could be used as the vectors {po, p1, ..., pa—1}. For large-scale applications, however, it is
not practical to compute the complete set of eigenvectors, for this requires a large amount
of computation. An alternative is to modify the Gram—Schmidt orthogonalization process
to produce a set of conjugate directions rather than a set of orthogonal directions. (This
modification is easy to produce, since the properties of conjugacy and orthogonality are
closely related in spirit.) This approach is also expensive, since it requires us to store the
entire direction set.

BASIC PROPERTIES OF THE CONJUGATE GRADIENT METHOD

The conjugate gradient method is a conjugate direction method with a very special
property: In generating its set of conjugate vectors, it can compute a new vector p; by
using only the previous vector pi_;. It does not need to know all the previous elements
Do, P1, - - -, Pe—2 of the conjugate set; py is automatically conjugate to these vectors. This
remarkable property implies that the method requires little storage and computation.

Now for the details of the conjugate gradient method. Each direction py is chosen to
be a linear combination of the steepest descent direction —V¢(x;) (which is the same as the
negative residual —ry, by (5.3)) and the previous direction pj_;. We write

Pk = — Tk + BiPk—1, (5.12)

where the scalar S is to be determined by the requirement that p;_; and p; must be
conjugate with respect to A. By premultiplying (5.12) by p/_, A and imposing the condition
Pi_Apr = 0, we find that

B = "kTAPk—l
PkT_lAqu

It makes intuitive sense to choose the first search direction pg to be the steepest descent
direction at the initial point xo. As in the general conjugate direction method, we perform
successive one-dimensional minimizations along each of the search directions. We have thus
specified a complete algorithm, which we express formally as follows:
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Algorithm 5.1 (CG-Preliminary Version).

Given xp;
Setrg < Axg — b, po < —1o, k < 0;
while r;, # 0
T
,
o — ——k P (5.13a)
Pi APk
Xk4+1 <= Xk + Qi Pis (5.13b)
Tkt1 < AXpqp — b; (5.13¢)
T
7o Apr
Brsr < (5.13d)
P AP
Pk+1 < —Tkg1 + Bry1Pis (5.13¢)
k<—k+1; (5.13f)
end (while)

Later, we will present a more efficient version of the conjugate gradient method; the
version above is useful for studying the essential properties of the method. We show first
that the directions pyg, pi1, ..., pn—1 are indeed conjugate, which by Theorem 5.1 implies
termination in n steps. The theorem below establishes this property and two other important
properties. First, the residuals r; are mutually orthogonal. Second, each search direction py
and residual ry is contained in the Krylov subspace of degree k for ry, defined as

K(ro; k) def span{rg, Arg, ..., Akro}. (5.14)
Theorem 5.3.

Suppose that the k th iterate generated by the conjugate gradient method is not the solution
point x*. The following four properties hold:

rkTr,-zo, fori =0,...,k—1, (5.15)

span {rg, r1, ..., rx} = span {rg, Arg, ..., Akrol, (5.16)
span {po, p1, ..., pr} = span {rq, Arg, ..., A¥ro), (5.17)
pi Api =0, fori =0,1,...,k—1. (5.18)

Therefore, the sequence {x;} converges to x* in at most n steps.

PrOOF.  The proofis by induction. The expressions (5.16) and (5.17) hold trivially for k = 0,
while (5.18) holds by construction for k = 1. Assuming now that these three expressions are
true for some k (the induction hypothesis), we show that they continue to hold for k + 1.
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To prove (5.16), we show first that the set on the left-hand side is contained in the set
on the right-hand side. Because of the induction hypothesis, we have from (5.16) and (5.17)
that

ry € span {rg, Aryg, ..., Akrol, Pk € span {ry, Arg, ..., Akrol,
while by multiplying the second of these expressions by A, we obtain
Api € span {Arq, ..., A rg). (5.19)
By applying (5.9), we find that
rr+1 € span {ro, Arg, ..., Ak“ro}.

By combining this expression with the induction hypothesis for (5.16), we conclude that

k+1
span {ro, 71, ..., 't, 'k+1} € span {ro, Arg, ..., A" ro}.

To prove that the reverse inclusion holds as well, we use the induction hypothesis on (5.17)
to deduce that

ALy = A(A*ry) € span {Apg, Apy, ..., Api).

Since by (5.9) we have Ap; = (ri11 —r;)/a; fori =0, 1, ..., k, it follows that

k+1
A" rg e span {ro, r1, -+, g1}

By combining this expression with the induction hypothesis for (5.16), we find that
span {ro, Aro, ..., A¥ro} C span {ro, 1, ..., i, T )

Therefore, the relation (5.16) continues to hold when & is replaced by k + 1, as claimed.
We show that (5.17) continues to hold when k is replaced by k 4 1 by the following
argument:

span{po, 1, ..., Ps Pr+1}
= span{po, P1, - P> T'k+1} by (5.13€)
= spanf{ry, Ary, ..., A¥rg, Tk+1} by induction hypothesis for (5.17)
= span{ro, ry, - - -, I, Fit1} by (5.16)
= span{ro, Arg, ..., A rg) by (5.16) for k + 1.
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Next, we prove the conjugacy condition (5.18) with k replaced by k£ + 1. By multiplying
(5.13e) by Ap;,i =0, 1, ..., k, we obtain

P1<T+1Al’i = _”kTHAPi + ﬂk+1PkTAPi- (5.20)

By the definition (5.13d) of B, the right-hand-side of (5.20) vanishes when i = k. For
i < k — 1 we need to collect a number of observations. Note first that our induction
hypothesis for (5.18) implies that the directions pg, p1, ..., px are conjugate, so we can
apply Theorem 5.2 to deduce that

reapi =0,  fori=0,1,... k. (5.21)

Second, by repeatedly applying (5.17), we find that fori = 0, 1, ..., k — 1, the following
inclusion holds:

Ap; € Aspan{ry, Ary, ..., Airo} = span{Ary, Ay, ..., Ai+1r0}
C span{pg, pP1, ..., Dit1}- (5.22)

By combining (5.21) and (5.22), we deduce that
riApi =0, fori =0,1,...,k—1,

so the first term in the right-hand-side of (5.20) vanishes fori = 0, 1, ..., kK — 1. Because of
the induction hypothesis for (5.18), the second term vanishes as well, and we conclude that
p,{THApi =0,i =0,1,..., k. Hence, the induction argument holds for (5.18) also.

It follows that the direction set generated by the conjugate gradient method is indeed
a conjugate direction set, so Theorem 5.1 tells us that the algorithm terminates in at most n
iterations.

Finally, we prove (5.15) by a noninductive argument. Because the direction set is
conjugate, we have from (5.10) that rkTpi =0foralli =0,1,...,k —1and any k =
1,2,...,n — 1. By rearranging (5.13e), we find that

pi = —ri + Bipi-1,

so that r; € span{p;, p;_1} foralli = 1,...,k — 1. We conclude that r{r; = 0 for all
i=1,...,k—1,asclaimed. O

The proof of this theorem relies on the fact that the first direction py is the steepest
descent direction —ry; in fact, the result does not hold for other choices of py. Since the
gradients r; are mutually orthogonal, the term “conjugate gradient method” is actually a
misnomer. It is the search directions, not the gradients, that are conjugate with respect to A.
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A PRACTICAL FORM OF THE CONJUGATE GRADIENT METHOD

We can derive a slightly more economical form of the conjugate gradient method by
using the results of Theorems 5.2 and 5.3. First, we can use (5.13e) and (5.10) to replace the
formula (5.13a) for o by

T
rk 1

o = .
pi Apx

Second, we have from (5.9) that oy Apy = rr+1 — &, so by applying (5.13e) and (5.10) once
again we can simplify the formula for S to

T
Brr1 = D17kt
+1 — T .
rk Ik

By using these formulae together with (5.9), we obtain the following standard form of the
conjugate gradient method.

Algorithm 5.2 (CG).

Given xg;
Setrg < Axg — b, po < —1o, k < 0;
while r;, # 0
rlr
a =t (5.23a)
P APk
Xkt+1 <= Xk + Qi Pis (5.23b)
Tyl < T + arApy; (5.23¢)
P Tk
Br1 < —5—; (5.23d)
rk Ik
Pit1 < — Tkt + By Pis (5.23¢)
k<~ k+1; (5.23f)
end (while)

At any given point in Algorithm 5.2 we never need to know the vectors x, r, and
p for more than the last two iterations. Accordingly, implementations of this algorithm
overwrite old values of these vectors to save on storage. The major computational tasks to be
performed at each step are computation of the matrix—vector product Apy, calculation of
the inner products ka (Apy) and rkT +17k+1, and calculation of three vector sums. The inner
product and vector sum operations can be performed in a small multiple of n floating-point
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operations, while the cost of the matrix—vector product is, of course, dependent on the
problem. The CG method is recommended only for large problems; otherwise, Gaussian
elimination or other factorization algorithms such as the singular value decomposition are
to be preferred, since they are less sensitive to rounding errors. For large problems, the CG
method has the advantage that it does not alter the coefficient matrix, and unlike factorization
techniques, cannot produce fill in the arrays holding the matrix. The other key property is
that the CG method sometimes approaches the solution very quickly, as we discuss next.

RATE OF CONVERGENCE

We have seen that in exact arithmetic the conjugate gradient method will terminate at
the solution in at most n iterations. What is more remarkable is that when the distribution
of the eigenvalues of A has certain favorable features, the algorithm will identify the solution
in many fewer than »n iterations. To show this we begin by viewing the expanding subspace
minimization property proved in Theorem 5.2 in a slightly different way, using it to show
that Algorithm 5.2 is optimal in a certain important sense.

From (5.23b) and (5.17), we have that

Xk41 = Xo +0oPo + -+ - + A Pk
=x0+y0r0+y1Aro+-~-+ykAkr0, (524)

for some constants ;. We now define P;*(-) to be a polynomial of degree k with coefficients
Y0s Y1 - - - » Yk. Like any polynomial, P can take either a scalar or a square matrix as its
argument; for a matrix argument A, we have

PEHA) =yl + A+ + p Al
We can now write (5.24) as
Xip1 = Xo + P (A)rg. (5.25)

We will now see that among all possible methods whose first k steps are restricted to
the Krylov subspace K(r¢; k) given by (5.14), Algorithm 5.2 does the best job of minimizing
the distance to the solution after k steps, when this distance is measured by the weighted
norm measure || - || 4 defined by

lzll3 = 2" Az. (5.26)

(Recall that this norm was used in the analysis of the steepest descent method of Chapter 3.)
Using this norm and the definition of ¢ (5.2), it is easy to show that

e = x5 = 3 = x)T A = x*) = p(x) — p(x™). (5.27)
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Theorem 5.2 states that x;4; minimizes ¢, and hence ||x — x*||4, over the set xo +
span{po, p1, ..., pk}. It follows from (5.25) that the polynomial P} solves the following
problem in which the minimum is taken over the space of all possible polynomials of degree
k:

min .o + Pi(A)ro — x*|a. (5.28)
k

We exploit this optimality property repeatedly in the remainder of the section.
Since

ro = Axg — b = Axg — Ax* = A(xy — x¥),
we have that
Xep1 — X =x0+ Pl(A)rg —x* = [I + P} (A)A](xo — x™). (5.29)

Let 0 < A < A; < --+ < A, be the eigenvalues of A, and let vy, vy, ..., v, be the
corresponding orthonormal eigenvectors. Since these eigenvectors span the whole space R”,
we can write

n
Xo—x* = Zfivi, (5.30)
izl

for some coefficients ;. It is easy to show that any eigenvector of A is also an eigenvector
of Py(A) for any polynomial P,. For our particular matrix A and its eigenvalues A; and
eigenvectors v;, we have

Pk(A)vi:Pk()\.,‘)U,‘, i:1,2,...,n.

By substituting (5.30) into (5.29) we have
Xpp1 — X = Z[l + X P (A&,

i=1

and hence

b — <" I3 = D i1+ a PE ()R (5.31)

i=1
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Since the polynomial P;* generated by the CG method is optimal with respect to this norm,
we have

n
lxesr — x*||i = II']lJiIlZ)\i[l + A Pk*(li)]2$i2~
k=1

By extracting the largest of the terms [1 + X; Py (A)]? from this expression, we obtain that

P, 1<i<n

n
1 — x*1% < min max [1 + A; Pe(2;)]° (Z Xjff_?)
=1

= min max [1 + A; Pe(A)]*|lxo — x*|13, (5.32)

Py 1<i<n

where we have used the fact that [lxo — x*||3 = 3__, Ajéf.
The expression (5.32) allows us to quantify the convergence rate of the CG method by

estimating the nonnegative scalar quantity

min max [1 + A; P.(A;)]%. (5.33)
P 1zi<n
In other words, we search for a polynomial Py that makes this expression as small as possible.
In some practical cases, we can find this polynomial explicitly and draw some interesting
conclusions about the properties of the CG method. The following result is an example.

Theorem 5.4.
If A has only r distinct eigenvalues, then the CG iteration will terminate at the solution
in at most r iterations.

PrROOF.  Suppose that the eigenvalues A1, A5, ..., A, take on the r distinct values 1, < 7, <
-++ < T,. We define a polynomial Q, (1) by

0.00= "G ryi -,

12 T

and note that Q,(A;) = 0fori = 1,2,...,nand Q,(0) = 1. From the latter observation,
we deduce that @, (A) — 1 is a polynomial of degree r with a root at . = 0, so by polynomial
division, the function P,_; defined by

Proy(h) = (Q,(0) = 1)/
is a polynomial of degree r — 1. By setting k = » — 1 in (5.33), we have

0 < min max [1+ 4; Pt (4)]* < max [1+4; Py (1)) = max 0, (&) =0.
= <i<n

Py 1<i<n i<n
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Hence the constant in (5.33) is zero for the value k = r — 1, so we have by substituting into
(5.32) that ||x, — x*[|% = 0, and therefore x, = x*, as claimed. O

By using similar reasoning, Luenberger [152] establishes the following estimate, which
gives a useful characterization of the behavior of the CG method.

Theorem 5.5.
If A has eigenvalues .y < Ay < - -+ < Ay, we have that

%112 An—k — M ? %12
lxpp1 —x*1 < P llxo — x™[I%. (5.34)
n— 1

Without giving details of the proof, we describe how this result is obtained from (5.32). One
selects a polynomial P, of degree k such that the polynomial Q;41(A) = 1+ A2 P.()) has
roots at the k largest eigenvalues Ay, Ay_1, ..., Ay—g+1, as well as at the midpoint between
A1 and X,,_g. It can be shown that the maximum value attained by Q. on the remaining
eigenvalues Ay, Az, ..., Ay is precisely (A,—x — A1)/ (Ap—k + A1).

We now illustrate how Theorem 5.5 can be used to predict the behavior of the CG
method on specific problems. Suppose we have the situation plotted in Figure 5.3, where
the eigenvalues of A consist of m large values, with the remaining n — m smaller eigenvalues
clustered around 1.

If we define € = A,_,, — A1, Theorem 5.5 tells us that after m + 1 steps of the conjugate
gradient algorithm, we have

[m+1 = x*] & €llxg — x4

For a small value of €, we conclude that the CG iterates will provide a good estimate of the
solution after only m + 1 steps.

Figure 5.4 shows the behavior of CG on a problem of this type, which has five large
eigenvalues with all the smaller eigenvalues clustered between 0.95 and 1.05, and compares
this behavior with that of CG on a problem in which the eigenvalues satisfy some random
distribution. In both cases, we plot the log of ¢ after each iteration.

Figure 5.3 Two clusters of eigenvalues.
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A log(lx-x*[|2)
3 clustered eigenvalues
07
uniformly distributed
eigenvalues
50—
210 |—
I I I I I I | o
1 2 3 4 5 6 7

iteration

Figure5.4 Performance of the conjugate gradient method on (a) a problem in which
five of the eigenvalues are large and the remainder are clustered near 1, and (b) a matrix
with uniformly distributed eigenvalues.

For the problem with clustered eigenvalues, Theorem 5.5 predicts a sharp decrease in
the error measure at iteration 6. Note, however, that this decrease was achieved one iteration
earlier, illustrating the fact that Theorem 5.5 gives only an upper bound, and that the rate
of convergence can be faster. By contrast, we observe in Figure 5.4 that for the problem with
randomly distributed eigenvalues the convergence rate is slower and more uniform.

Figure 5.4 illustrates another interesting feature: After one more iteration (a total
of seven) on the problem with clustered eigenvalues, the error measure drops sharply. An
extension of the arguments leading to Theorem 5.4 explains this behavior. It is almost true to
say that the matrix A has just six distinct eigenvalues: the five large eigenvalues and 1. Then
we would expect the error measure to be zero after six iterations. Because the eigenvalues
near 1 are slightly spread out, however, the error does not become very small until the next
iteration, i.e. iteration 7.

To state this more precisely, it is generally true that if the eigenvalues occur in r distinct
clusters, the CG iterates will approximately solve the problem after r steps (see [115]).
This result can be proved by constructing a polynomial P,_; such that (1 + AP,_; ()
has zeros inside each of the clusters. This polynomial may not vanish at the eigenvalues
Ai,i = 1,2,...,n, but its value will be small at these points, so the constant defined in
(5.33) will be tiny for k > r — 1. We illustrate this behavior in Figure 5.5, which shows the
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b log(Ix-x*[1?)

iteration

Figure 5.5 Performance of the conjugate gradient method on a matrix in which the
eigenvalues occur in four distinct clusters.

performance of CG on a matrix of dimension # = 14 that has four clusters of eigenvalues:
single eigenvalues at 140 and 120, a cluster of 10 eigenvalues very close to 10, with the
remaining eigenvalues clustered between 0.95 and 1.05. After four iterations, the error norm
is quite small. After six iterations, the solution is identified to good accuracy.

Another, more approximate, convergence expression for CG is based on the Euclidean
condition number of A, which is defined by

K(A) = AILIAT 2 = A /2.

It can be shown that

(5.35)

I =37l = (YR 1)2k —
k — >~ — - .

SRAWATESV AR
This bound often gives a large overestimate of the error, but it can be useful in those cases
where the only information we have about A is estimates of the extreme eigenvalues 1, and
An. This bound should be compared with that of the steepest descent method given by (3.29),
which is identical in form but which depends on the condition number «(A), and not on

its square root «/x (A).
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PRECONDITIONING

We can accelerate the conjugate gradient method by transforming the linear system
to improve the eigenvalue distribution of A. The key to this process, which is known as
preconditioning, is a change of variables from x to X via a nonsingular matrix C, that is,

X =Cx. (5.36)
The quadratic ¢ defined by (5.2) is transformed accordingly to
p(%) = 127 (CcTTACTHE — (CTH) k. (5.37)
If we use Algorithm 5.2 to minimize 43 or, equivalently, to solve the linear system
(cTACHR=C""b,

then the convergence rate will depend on the eigenvalues of the matrix C~7 AC~! rather
than those of A. Therefore, we aim to choose C such that the eigenvalues of C~7 AC~! are
more favorable for the convergence theory discussed above. We can try to choose C such that
the condition number of C~7 AC™! is much smaller than the original condition number
of A, for instance, so that the constant in (5.35) is smaller. We could also try to choose C
such that the eigenvalues of C~7 AC ™! are clustered, which by the discussion of the previous
section ensures that the number of iterates needed to find a good approximate solution is
not much larger than the number of clusters.

It is not necessary to carry out the transformation (5.36) explicitly. Rather, we can
apply Algorithm 5.2 to the problem (5.37), in terms of the variables X, and then invert the
transformations to reexpress all the equations in terms of x. This process of derivation results
in Algorithm 5.3 (preconditioned conjugate gradient), which we now define. It happens that
Algorithm 5.3 does not make use of C explicitly, but rather the matrix M = CT C, which is
symmetric and positive definite by construction.

Algorithm 5.3 (Preconditioned CG).
Given x, preconditioner M;
Setrg < Axg — b;
Solve Myy = ry for yg;
Set po = —rp, k < 05
while r;, # 0

(5.38a)

X1 < Xk + O Pis (5.38b)
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Tkl < Tk + ax Apx; (5.38¢)
Mypi1 < res; (5.38d)
T
Bi+1 < w; (5.38¢)
e Yk
Pk+1 < = Vi1 + Brr1Pks (5.38f)
k<—k+1; (5.38g)

end (while)

If we set M = I in Algorithm 5.3, we recover the standard CG method, Algorithm 5.2.
The properties of Algorithm 5.2 generalize to this case in interesting ways. In particular, the
orthogonality property (5.15) of the successive residuals becomes

rIM™'rj =0 foralli # j. (5.39)

In terms of computational effort, the main difference between the preconditioned and
unpreconditioned CG methods is the need to solve systems of the form My = r.

PRACTICAL PRECONDITIONERS

No single preconditioning strategy is “best” for all conceivable types of matrices:
The tradeoff between various objectives—effectiveness of M, inexpensive computation and
storage of M, inexpensive solution of My = r—varies from problem to problem.

Good preconditioning strategies have been devised for specific types of matrices, in
particular, those arising from discretizations of partial differential equations (PDEs). Often,
the preconditioner is defined in such a way that the system My = r amounts to a simplified
version of the original system Ax = b.Inthe case ofa PDE, My = r could representa coarser
discretization of the underlying continuous problem than Ax = b. As in many other areas of
optimization and numerical analysis, knowledge about the structure and origin of a problem
(in this case, knowledge that the system Ax = b is a finite-dimensional representation of a
PDE) is the key to devising effective techniques for solving the problem.

General-purpose preconditioners have also been proposed, but their success varies
greatly from problem to problem. The most important strategies of this type include sym-
metric successive overrelaxation (SSOR), incomplete Cholesky, and banded preconditioners.
(See [220], [115], and [53] for discussions of these techniques.) Incomplete Cholesky is prob-
ably the most effective in general; we discussed it briefly in Chapter 6. The basic idea is
simple: We follow the Cholesky procedure, but instead of computing the exact Cholesky
factor L that satisfies A = LL”, we compute an approximate factor L that is sparser than
L. (Usually, we require L to be no denser, or not much denser, than the lower triangle of the
original matrix A.) We then have A ~ LL”, and by choosing C = LT, we obtain M = LLT
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and
CTAC'=LT'AL T~ 1,

so the eigenvalue distribution of C~7 AC™! is favorable. We do not compute M explicitly,
but rather store the factor L and solve the system My = r by performing two triangular
substitutions with L. Because the sparsity of L is similar to that of A, the cost of solving
My = r is similar to the cost of computing the matrix—vector product Ap.

There are several possible pitfalls in the incomplete Cholesky approach. One is that
the resulting matrix may not be (sufficiently) positive definite, and in this case one may need
to increase the values of the diagonal elements to ensure that a value for L can be found.
Numerical instability or breakdown can occur during the incomplete factorization because
of the sparsity conditions we impose on the factor L. This difficulty can be remedied by
allowing additional fill-in in L, but the denser factor will be more expensive to compute and
to apply at each iteration.

5.2 NONLINEAR CONJUGATE GRADIENT METHODS

We have noted that the CG method, Algorithm 5.2, can be viewed as a minimization algo-
rithm for the convex quadratic function ¢ defined by (5.2). It is natural to ask whether we
can adapt the approach to minimize general convex functions, or even general nonlinear
functions f.

THE FLETCHER-REEVES METHOD

Fletcher and Reeves [88] showed that an extension of this kind is possible by making
two simple changes in Algorithm 5.2. First, in place of the choice (5.23a) for the step length
ay (which minimizes ¢ along the search direction py), we need to perform a line search
that identifies an approximate minimum of the nonlinear function f along py. Second,
the residual r, which is simply the gradient of ¢ in Algorithm 5.2, must be replaced by the
gradient of the nonlinear objective f. These changes give rise to the following algorithm for
nonlinear optimization.

Algorithm 5.4 (FR-CG).
Given xo;
Evaluate fo = f(x0), V. fo = V f(x0);
Set po = —V fo, k < 0;
while V f; £ 0
Compute o and set xp1; = X + O Pi;
Evaluate V fi11;
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VL.V
e M; (5.40a)
ka ka
Pt < =V fiy1 + B pis (5.40b)
k<« k+1: (5.40¢)

end (while)

If we choose f to be a strongly convex quadratic and «, to be the exact minimizer, this
algorithm reduces to the linear conjugate gradient method, Algorithm 5.2. Algorithm 5.4
is appealing for large nonlinear optimization problems because each iteration requires only
evaluation of the objective function and its gradient. No matrix operations are performed,
and just a few vectors of storage are required.

To make the specification of Algorithm 5.4 complete, we need to be more precise about
the choice of line search parameter «;. Because of the second term in (5.40b), the search
direction p; may fail to be a descent direction unless  satisfies certain conditions. By taking
the inner product of (5.40b) (with k replacing k + 1) with the gradient vector V fi, we obtain

VI pe= =V Ll + B8V £ pia. (5.41)

If the line search is exact, so that o4_; is a local minimizer of f along the direction py_,,
we have that V £ p;_; = 0. In this case we have from (5.41) that V ;7 pi < 0, so that py
is indeed a descent direction. But if the line search is not exact, the second term in (5.41)
may dominate the first term, and we may have V f; p; > 0, implying that py is actually a
direction of ascent. Fortunately, we can avoid this situation by requiring the step length o
to satisty the strong Wolfe conditions, which we restate here:

fa +opr) < fa) + aaV i pr. (5.42a)
IV f (x4 o p)” pel < @2V £ pil,s (5.42b)

where0 < ¢] < ¢ < % (Note that we impose ¢; < % here, in place of the looser condition
¢, < 1 that was used in the earlier statement (3.7).) By applying Lemma 5.6 below, we can
show that condition (5.42b) implies that (5.41) is negative, and we conclude that any line
search procedure that yields an oy satisfying (5.42) will ensure that all directions py are
descent directions for the function f.

THE POLAK-RIBIERE METHOD

There are many variants of the Fletcher—Reeves method that differ from each other
mainly in the choice of the parameter ;. The most important of these variants, proposed
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by Polak and Ribiére, defines this parameter as follows:

o _ VIV i = V£i)
ko IV fell?

(5.43)

We refer to the algorithm in which (5.43) replaces (5.40a) as Algorithm PR-CG, and refer to
Algorithm 5.4 as Algorithm FR-CG. They are identical when f is a strongly convex quadratic
function and the line search is exact, since by (5.15) the gradients are mutually orthogonal,
andso B | = B, When applied to general nonlinear functions with inexact line searches,
however, the behavior of the two algorithms differs markedly. Numerical experience indicates
that Algorithm PR-CG tends to be the more robust and efficient of the two.

A surprising fact about Algorithm PR-CG is that the strong Wolfe conditions (5.42)

do not guarantee that py is always a descent direction. If we define the S parameter as

B, = max{B,, 0}, (5.44)

giving rise to an algorithm we call Algorithm PR+, then a simple adaptation of the strong
Wolfe conditions ensures that the descent property holds.

There are many other choices for B¢, that coincide with the Fletcher—Reeves formula
Biy, in the case where the objective is quadratic and the line search is exact. The Hestenes—
Stiefel formula, which defines

ws VLAY feor = Vi)
LT (Vi = VR T

(5.45)

gives rise to an algorithm that is similar to Algorithm PR-CG, both in terms of its theoretical
convergence properties and in its practical performance. Formula (5.45) can be derived
by demanding that consecutive search directions be conjugate with respect to the average
Hessian over the line segment [x;, x¢1], which is defined as

1
Gy = / [V f(xp + Tagdy)]dr.
0

Recalling from Taylor’s theorem (2.5) that V i1 = V fi + ax Gy pi, we see that for any
direction of the form py.; = —V fii1 + Bit1 P, the condition kaH(_}kpk = 0 requires
Bi+1 to be given by (5.45).

None of the other proposed definitions of §; has proved to be significantly more
efficient than the Polak—Ribiére choice (5.43).

QUADRATIC TERMINATION AND RESTARTS

Implementations of nonlinear conjugate gradient methods usually preserve their close
connections with the linear conjugate gradient method. Usually, a quadratic (or cubic)
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interpolation along the search direction py is incorporated into the line search procedure; see
Chapter 3. This feature guarantees that when f is a strictly convex quadratic, the step length
ay is chosen to be the exact one-dimensional minimizer, so that the nonlinear conjugate
gradient method reduces to the linear method, Algorithm 5.2.

Another modification that is often used in nonlinear conjugate gradient procedures
is to restart the iteration at every n steps by setting Sy = 0 in (5.40a), that is, by taking
a steepest descent step. Restarting serves to periodically refresh the algorithm, erasing old
information that may not be beneficial. We can even prove a strong theoretical result about
restarting: It leads to n-step quadratic convergence, that is,

It = X1l = O (llax — x*11%) . (5.46)

With a little thought, we can see that this result is not so surprising. Consider a function
f that is strongly convex quadratic in a neighborhood of the solution, but is nonquadratic
everywhere else. Assuming that the algorithm is converging to the solution in question,
the iterates will eventually enter the quadratic region. At some point, the algorithm will be
restarted in that region, and from that point onward, its behavior will simply be that of
the linear conjugate gradient method, Algorithm 5.2. In particular, finite termination will
occur within n steps of the restart. The restart is important, because the finite-termination
property (and other appealing properties) of Algorithm 5.2 holds only when its initial search
direction py is equal to the negative gradient.

Even if the function f is not exactly quadratic in the region of a solution, Taylor’s
theorem (2.6) implies that it can still be approximated quite closely by a quadratic, provided
that it is smooth. Therefore, while we would not expect termination in n steps after the
restart, it is not surprising that substantial progress is made toward the solution, as indicated
by the expression (5.46).

Though the result (5.46) is interesting from a theoretical viewpoint, it may not be
relevant in a practical context, because nonlinear conjugate gradient methods can be rec-
ommended only for solving problems with large n. In such problems restarts may never
occur, since an approximate solution is often located in fewer than n steps. Hence, nonlinear
CG method are sometimes implemented without restarts, or else they include strategies for
restarting that are based on considerations other than iteration counts. The most popular
restart strategy makes use of the observation (5.15), which is that the gradients are mutually
orthogonal when f isa quadratic function. A restart is performed whenever two consecutive
gradients are far from orthogonal, as measured by the test

VIV fi
M > v, (5.47)
IV fell

where a typical value for the parameter v is 0.1.
Another modification to the restart strategy is to use a direction other than steepest
descent as the restart direction. The Harwell subroutine VA14 [133], for instance, defines
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Pi+1 by using a three-term recurrence based on V fi11, px and a third direction that contains
earlier information about the behavior of the objective function. An algorithm that takes
this idea one step further is CONMIN, which is discussed in Chapter 9.

We could also think of formula (5.44) as a restarting strategy, because py.; will revert
to the steepest descent direction whenever 8;* is negative. In contrast to (5.47), however,
these restarts are rather infrequent because ;" is positive most of the time.

NUMERICAL PERFORMANCE

Table 5.1 illustrates the performance of Algorithms FR-CG, PR-CG, and PR+ without
restarts. For these tests, the parameters in the strong Wolfe conditions (5.42) were chosen to
be ¢c; = 107* and ¢; = 0.1. The iterations were terminated when

IV filloo < 107>(1 + | fel).

or after 10,000 iterations (the latter is denoted by a ).

The final column, headed “mod,” indicates the number of iterations of Algorithm
PR+ for which the adjustment (5.44) was needed to ensure that ;* > 0. An examination
of the results of Algorithm FR-CG on problem GENROS shows that the method takes very
short steps far from the solution that lead to tiny improvements in the objective function.

The Polak—Ribiere algorithm, or its variation PR+, are not always more efficient than
Algorithm FR-CG, and it has the slight disadvantage of requiring one more vector of storage.
Nevertheless, we recommend that users choose Algorithm PR-CG or PR+ whenever possible.

BEHAVIOR OF THE FLETCHER-REEVES METHOD

We now investigate the Fletcher—Reeves algorithm, Algorithm 5.4, a little more closely,
proving that it is globally convergent and explaining some of its observed inefficiencies.

The following result gives conditions on the line search that guarantee that all search
directions are descent directions. It assumes that the level set £L = {x : f(x) < f(xq)} is

Table 5.1 Iterations and function/gradient evaluations required by three
nonlinear conjugate gradient methods on a set of test problems.

Alg FR Alg PR Alg PR+
Problem n it/f-g it/f-g it/f-g mod
CALCVAR3 200 2808/5617 | 2631/5263 | 2631/5263 0
GENROS 500 * 1068/2151 | 1067/2149 1
XPOWSING 1000 533/1102 212/473 97/229 3
TRIDIA1 1000 264/531 262/527 262/527 0
MSQRT1 1000 422/849 113/231 113/231 0
XPOWELL 1000 568/1175 212/473 971229 3
TRIGON 1000 231/467 40/92 40/92 0
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bounded, and that f is twice continuously differentiable, so that we have from Lemma 3.1
that there exists a step length o that satisfies the strong Wolfe conditions.

Lemma 5.6.

Suppose that Algorithm 5.4 is implemented with a step length o that satisfies the strong
Wolfe conditions (5.42) with0 < ¢; < % Then the method generates descent directions py. that
satisfy the following inequalities:

1 i 200 — 1
B - fi Pl;E 270 forallk=o0,1,.... (5.48)
I1—c = V£l l—0c

PrOOF.  Note first that the function 7 (&) def (2 — 1)(1 — &) is monotonically increasing on

the interval [0, %] and that 7(0) = —1 and t(%) = 0. Hence, because of ¢, € (0, %), we have
2c, — 1

127 (5.49)
1— C

The descent condition V f; py < 0 follows immediately once we establish (5.48).

The proof is by induction. For k = 0, the middle term in (5.48) is —1, so by using
(5.49), we see that both inequalities in (5.48) are satisfied. Next, assume that (5.48) holds
for some k > 1. From (5.40b) and (5.40a) we have

kaTHPk kaTHPk
=14 g —— =1 (5.50)
A E IV fill?

ka{qpk-&-l
IV fesll?

By using the line search condition (5.42b), we have
IV fapel < =V £ pe.

so by combining with (5.50), we obtain

kaTpk < kaalpk-i-l <1 kaTpk

—1 =+ Cc) < <—1—0 .
IVAI? = IV fegall? IV fill?

Substituting for the term V f pi/|IV fill* from the left-hand-side of the induction
hypothesis (5.48), we obtain

v T
o < Jis1Pr+1 <14 2
1—c IV fis1l? 1—c

’

which shows that (5.48) holds for k + 1 as well. Il
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This result used only the second strong Wolfe condition (5.42b); the first Wolfe condi-
tion (5.42a) will be needed in the next section to establish global convergence. The bounds
on kaTpk in (5.48) impose a limit on how fast the norms of the steps || px|| can grow, and
they will play a crucial role in the convergence analysis given below.

Lemma 5.6 can also be used to explain a weakness of the Fletcher—Reeves method. We
will argue that if the method generates a bad direction and a tiny step, then the next direction
and next step are also likely to be poor. As in Chapter 3, we let 6; denote the angle between
pi and the steepest descent direction —V fy, defined by

—kaTpk

IV Fel el (5:31)

cosb, =

Suppose that py is a poor search direction, in the sense that it makes an angle of nearly 90°
with —V f, that is, cos6; ~ 0. By multiplying both sides of (5.48) by ||V fi|l/|l px|l and
using (5.51), we obtain

\Y \Y%
IV fill < o5 < 1 [ fk”’
Il Pell Il Pecl

X1 forallk =0,1,..., (5.52)

where x; and yx; are two positive constants. From the right-hand inequality we can have
cos O ~ 0 if and only if

IV fill < Ml pell-

Since py is almost orthogonal to the gradient, it is likely that the step from x; to x4, is tiny,
that is, x;1 &~ x;. If so, we have V fi11 =~ V f, and therefore

B, ~ 1, (5.53)

by the definition (5.40a). By using this approximation together with ||V fii1|| = |V fill <€
Il pxll in (5.40b), we conclude that

Pi+1 = Dk,

so the new search direction will improve little (if at all) on the previous one. It follows that
if the condition cos 9y ~ 0 holds at some iteration k and if the subsequent step is small, a
long sequence of unproductive iterates will follow.

The Polak—Ribiere method behaves quite differently in these circumstances. If, as in
the previous paragraph, the search direction py satisfies cos 6, = 0 for some k, and if the
subsequent step is small, it follows by substituting V f; ~ V f; ;1 into (5.43) that 8" | ~ 0.
From the formula (5.40b), we find that the new search direction py,; will be close to the

steepest descent direction —V fi11, and cos ;41 will be close to 1. Therefore, Algorithm
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PR-CG essentially performs a restart after it encounters a bad direction. The same argument
can be applied to Algorithms PR+ and HS-CG.

The inefficient behavior of the Fletcher—Reeves method predicted by the arguments
given above can be observed in practice. For example, the paper [103] describes a problem
with # = 100 in which cos8; is of order 1072 for hundreds of iterations, and the steps
[|lxx —xx_1 || are of order 1072, Algorithm FR-CG requires thousands of iterations to solve this
problem, while Algorithm PR-CG requires just 37 iterations. In this example, the Fletcher—
Reeves method performs much better if it is periodically restarted along the steepest descent
direction, since each restart terminates the cycle of bad steps. In general, Algorithm FR-CG
should not be implemented without some kind of restart strategy.

GLOBAL CONVERGENCE

Unlike the linear conjugate gradient method, whose convergence properties are well
understood and which is known to be optimal as described above, nonlinear conjugate
gradient methods possess surprising, sometimes bizarre, convergence properties. The theory
developed in the literature offers fascinating glimpses into their behavior, but our knowledge
remains fragmentary. We now present a few of the main results known for the Fletcher—Reeves
and Polak—Ribiére methods using practical line searches.

For the purposes of this section, we make the following (nonrestrictive) assumptions
on the objective function.

Assumption 5.1.
(i) Thelevelset L := {x : f(x) < f(x0)} is bounded.
(ii) In some neighborhood N of L, the objective function f is Lipschitz continuously
differentiable, that is, there exists a constant L > 0 such that
IVf(x) = VFf&EI| <Llx—%|, foralx,xeN. (5.54)
This assumption implies that there is a constant y such that

IVf(x)|]| <y, forallx e L. (5.55)

Our main analytical tool in this section is Zoutendijk’s theorem—Theorem 3.2 in
Chapter 3—which we restate here for convenience.

Theorem 5.7.
Suppose that Assumptions 5.1 hold. Consider any line search iteration of the form xy1, =
Xk + Qg pr, where py is a descent direction and oy, satisfies the Wolfe conditions (5.42). Then

o0

cos® O ||V fill* < oo. (5.56)
k=1
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We can use this theorem to prove global convergence for algorithms that are periodi-
cally restarted by setting B, = 0. If ki, k3, and so on denote the iterations on which restarts
occur, we have from (5.56) that

> VAP <o (5.57)
k=ky ko, ..
If we allow no more than 7 iterations between restarts, the sequence {k; };’il will be infinite,

and from (5.57) we have that lim; o [V fi; || = 0. That is, a subsequence of gradients
approaches zero, or equivalently,

k— 00

This result applies equally to restarted versions of all the algorithms discussed in this chapter.

Itis more interesting, however, to study the global convergence of unrestarted conjugate
gradient methods, because for large problems (say n > 1000) we expect to find a solution in
many fewer than n iterations—the first point at which a regular restart would take place. Our
study of large sequences of unrestarted conjugate gradient iterations reveals some surprising
patterns in their behavior.

We can build on Lemma 5.6 and Theorem 5.7 to prove a global convergence result
for the Fletcher—Reeves method. While we cannot show that the limit of the sequence of
gradients {V f;} is zero (as in the restarted method above), the following result shows that
it is at least not bounded away from zero.

Theorem 5.8.
Suppose that Assumptions 5.1 hold, and that Algorithm 5.4 is implemented with a line
search that satisfies the strong Wolfe conditions (5.42), with0 < ¢1 < ¢; < % Then

lim inf ||V fi(| = 0. (5.59)

PrOOF.  The proof is by contradiction. It assumes that the opposite of (5.59) holds, that is,
there is a constant > 0 such that

IV fill = v, for all k sufficiently large, (5.60)

and uses Lemma 5.6 and Theorem 5.7 to derive the contradiction.
From Lemma 5.6, we have that

1|V
costy > IV £l

. k=1,2,..., (5.61)
1—cy |lpell
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and by substituting this relation in Zoutendijk’s condition (5.56), we obtain

o0 V 4
Z | fk! < 00. (5.62)
Z il

By using (5.42b) and Lemma 5.6 again, we obtain that

C
2V fia I (5.63)

VA proal < —aVEL pror < —
— 2

Thus, from (5.40b) and recalling the definition (5.40a) of B;* we obtain

Pl < IV fill® + 2881V £ peeal + B pra |1

2C2
< IVAll? + - FAV i l? 4 B pea 11
— 2

< (1 “2) IV £ll® 4+ (B2 i1 1%

1—C2

Applying this relation repeatedly, defining c3 def (1 + ¢2)/(1 —¢z) > 1, and using the
definition (5.40a) of B;*, we have

Ipell® < esIV il + BE DIV fimr I 4 (B ) I pr—a ]

1 IV fill* )
= oIV £ [ + } + Il pi—a |l
’ IVAIE T IV Al2] T IVl
k
<alIVAIDY S IV, (5.64)
j=1
where we used the facts that
. IV fill*
(IBH{)Z(ﬁFI: )2 . (‘BFI:i 2 —
kT , IV fizii %

and p; = —V fi. By using the bounds (5.55) and (5.60) in (5.64), we obtain

~4

X3V

Ipel? < 222 k, (5.65)
14

which implies that

o 1 01
> =ny o (5.66)
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for some positive constant y;.
Suppose for contradiction that (5.60) holds. Then from (5.62), we have that

o0
1
2: - < o0 (5.67)
— lp«ll

However, if we combine this inequality with (5.66), we obtain that Z,fil 1/k < oo, which
is not true. Hence, (5.60) does not hold, and the claim (5.59) is proved. O

Note that this global convergence result applies to a practical implementation of the
Fletcher—Reeves method and is valid for general nonlinear objective functions. In this sense, it
is more satisfactory than other convergence results that apply to specific types of objectives—
for example, convex functions.

In general, if we can show that there is a constant ¢, > 0 such that

IV fill

, =1,2,...,
Il Pl

cosby > ¢y

and another constant ¢s5 such that

v
I ﬂ”z@>m k=1,2,...,
I pe |l

it follows from Theorem 5.7 that
klinolo IV fill = 0.

This result can be established for the Polak—Ribiere method under the assumption that f is
strongly convex and that an exact line search is used.

For general (nonconvex) functions, is it not possible to prove a result like Theorem 5.8
for Algorithm PR-CG. This is unexpected, since the Polak—Ribiere method performs better
in practice than the Fletcher—Reeves method. In fact, the following surprising result shows
that the Polak—Ribiere method can cycle infinitely without approaching a solution point,
even if an ideal line search is used. (By “ideal” we mean that line search returns a value oy
that is the first stationary point for the function #(«) = f(xx + apy).)

Theorem 5.9.

Consider the Polak—Ribiere method method (5.43), with an ideal line search. There exists
a twice continuously differentiable objective function f : R* — R and a starting pointx, € R>
such that the sequence of gradients {||V fi||} is bounded away from zero.
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The proof of this result is given in [207], and is quite complex. It demonstrates the
existence of the desired objective function without actually constructing this function explic-
itly. The result is interesting, since the step length assumed in the proof—the first stationary
point—may be accepted by any of the practical line search algorithms currently in use.

The proof of Theorem 5.9 requires that some consecutive search directions become
almost negatives of each other. In the case of ideal line searches, this can be achieved only if
Br < 0, so the analysis suggests a modification of the Polak—Ribiére method in which we set

By = max{B", 0}. (5.68)

This method is exactly Algorithm PR+ discussed above. We mentioned earlier that a line
search strategy based on a slight modification of the Wolfe conditions guarantees that all
search directions generated by Algorithm PR+ are descent directions. Using these facts, it is
possible to prove global convergence of Algorithm PR+ for general functions.

NOTES AND REFERENCES

The conjugate gradient method was developed in the 1950s by Hestenes and
Stiefel [135] as an alternative to factorization methods for finding exact solutions of symmet-
ric positive definite systems. It was not until some years later, in one of the most important
developments in sparse linear algebra, that this method came to be viewed as an iterative
method that could give good approximate solutions to systems in many fewer than n steps.
Our presentation of the linear conjugate gradient method follows that of Luenberger [152].

Interestingly enough, the nonlinear conjugate gradient method of Fletcher and
Reeves [88] was proposed after the linear conjugate gradient method had fallen out of favor,
but several years before it was rediscovered as an iterative method. The Polak—Ribiere method
was proposed in [194], and the example showing that it may fail to converge on nonconvex
problems is given by Powell [207]. Restart procedures are discussed in Powell [203].

Analysis due to Powell [200] provides further evidence of the inefficiency of the
Fletcher—Reeves method using exact line searches. He shows that if the iterates enter a region
in which the function is the two-dimensional quadratic

flx) = ix"x,

then the angle between the gradient V f} and the search direction py stays constant. Therefore,
if this angle is close to 90°, the method will converge very slowly. Indeed, since this angle can
be arbitrarily close to 90°, the Fletcher—Reeves method can be slower than the steepest descent
method. The Polak—Ribiere method behaves quite differently in these circumstances: If a very
small step is generated, the next search direction tends to the steepest descent direction, as
argued above. This feature prevents a sequence of tiny steps.

The global convergence of nonlinear conjugate gradient methods is studied also in
Al-Baali [3] and Gilbert and Nocedal [103].

131



132

CHAPTER 5. CONJUGATE GRADIENT METHODS

Most of the theory on the rate of convergence of conjugate gradient methods assumes
thattheline search is exact. Crowder and Wolfe [61] show that the rate of convergenceislinear,
and show by constructing an example that Q-superlinear convergence is not achievable.
Powell [200] studies the case in which the conjugate gradient method enters a region where
the objective function is quadratic, and shows that either finite termination occurs or the rate
of convergence is linear. Cohen [43] and Burmeister [33] prove n-step quadratic convergence
for general objective functions, that is,

X0 = X1l = O(llxx — x*|1%).
Ritter [214] shows that in fact, the rate is superquadratic, that is,
Xk — "I = o(llxx — x*[1?).

Powell [206] gives a slightly better result and performs numerical tests on small problems
to measure the rate observed in practice. He also summarizes rate-of-convergence results
for asymptotically exact line searches, such as those obtained by Baptist and Stoer [6] and
Stoer [232].

Even faster rates of convergence can be established (see Schuller [225], Ritter [214]),
under the assumption that the search directions are uniformly linearly independent, but this
assumption is hard to verify and does not often occur in practice.

Nemirovsky and Yudin [180] devote some attention to the global efficiency of the
Fletcher—Reeves and Polak—Ribiere methods with exact line searches. For this purpose they
define a measure of “laboriousness” and an “optimal bound” for it among a certain class
of iterations. They show that on strongly convex problems not only do the Fletcher—Reeves
and Polak—Ribiere methods fail to attain the optimal bound, but they may also be slower
than the steepest descent method. Subsequently, Nesterov [180] presented an algorithm that
attains this optimal bound. It is related to PARTAN, the method of parallel tangents (see, for
example, Luenberger [152]). We feel that this approach is unlikely to be effective in practice,
but no conclusive investigation has been carried out, to the best of our knowledge.

Special line search strategies that ensure global convergence of the Polak—Ribiere
method have been proposed, but they are not without disadvantages.

The results in Table 5.1 are taken from Gilbert and Nocedal [103]. This paper also de-
scribes a line search that guarantees that Algorithm PR+ always generates descent directions,
and proves global convergence.

& EXERCISES

& 5.1 Implement Algorithm 5.2 and useto it solve linear systems in which A is the Hilbert
matrix, whoseelementsare A; ; = 1/(i+j—1).Settheright-hand-sidetob = (1, 1, ..., nTt



5.2. NONLINEAR CONJUGATE GRADIENT METHODS

and the initial point to xo = 0. Try dimensions n = 5, 8, 12, 20 and report the number of
iterations required to reduce the residual below 107°,

& 5.2 Show thatif the nonzero vectors pq, p1, ..., p; satisfy (5.4), where A is symmetric
and positive definite, then these vectors are linearly independent. (This result implies that
A has at most n conjugate directions.)

& 5.3 Verify (5.6).

& 5.4 Showthatif f(x) isa strictly convex quadratic, then the function /(o) def f(xo+
Gopo + -+ + 0x_1 pr_1) also is a strictly convex quadratic in o = (0y, ..., 0%_1)7.

& 5.5 Using the form of the CG iteration prove directly that (5.16) and (5.17) hold for
k=1.

& 5.6 Show that (5.23d) is equivalent to (5.13d).

& 5.7 Let {A;,v;} i = 1,...,n be the eigenpairs of A. Show that the eigenvalues and
eigenvectors of [I + P (A)A]T A[I + Pi(A)A] are A;[1 + A; P(X;)]? and v;, respectively.

& 5.8 Construct matrices with various eigenvalue distributions and apply the CG
method to them. Then observe whether the behavior can be explained from Theorem 5.5.

& 5.9 Derive Algorithm 5.3 by applying the standard CG method in the variables  and
then transforming back into the original variables.

&  5.10 Verify the modified conjugacy condition (5.39).

&  5.11 Show that when applied to a quadratic function, and with exact line searches,
the Polak—Ribiere formula given by (5.43) and the Hestenes—Stiefel formula given by (5.45)
reduce to the Fletcher—Reeves formula (5.40a).

& 5.12 Prove that Lemma 5.6 holds for any choice of By satisfying |Bx| < B*.
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Practical Newton
Methods

We saw in Chapter 3 that the pure Newton method with unit steps converges rapidly once
it approaches a minimizer x*. This simple algorithm is inadequate for general use, however,
since it may fail to converge to a solution from remote starting points. Even if it does converge,
its behavior may be erratic in regions where the function is not convex. Our first goal in
designing a practical Newton-based algorithm is to make it robust and efficient in all cases.

Recall that the basic Newton step py is obtained by solving the symmetric n x n linear
system

V2 f(x)py = =V f (). (6.1)

To obtain global convergence we require the search direction p} to be a descent direction,
which will be true here if the Hessian V2 f(x;) is positive definite. However, if the Hessian
is not positive definite, or is close to being singular, p; may be an ascent direction or may
be excessively long. In this chapter, we describe two strategies for ensuring that the step is
always of good quality. In the first strategy we solve (6.1) using the conjugate gradient (CG)
method (see Chapter 5), terminating if negative curvature is encountered. There are both
line search and trust-region implementations of this strategy, which we call the Newton-CG
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method. The second approach consists in modifying the Hessian matrix V2 f(x;) before or
during the solution of the system (6.1) so that it becomes sufficiently positive definite. We
call this the modified Newton method.

Another concern in designing practical Newton methods is to keep the computational
cost as small as possible. In the Newton—CG method, we accomplish this goal by terminating
the CG iteration before an exact solution to (6.1) is found. This inexact Newton approach
thus computes an approximation p; to the pure Newton step p;. When using a direct
method to solve the Newton equations we can take advantage of any sparsity structure in the
Hessian by using sparse Gaussian elimination techniques to factor V2 £ (x;) and then using
the factors to obtain an exact solution of (6.1).

The computation of the Hessian matrix V2 f (x;) usually represents a major task in
the implementation of Newton’s method. If the Hessian is not available in analytic form,
we can use automatic differentiation techniques to compute it, or we can use finite differ-
ences to estimate it. A detailed treatment of these topics is deferred to Chapter 7. With all
these ingredients—modification of the pure Newton iteration, exploitation of sparsity, and
differentiation techniques—the Newton methods described in this chapter represent some
of the most reliable and powerful methods for solving both small or large unconstrained
optimization problems.

Since inexact Newton steps are useful in both line search and trust-region
implementations, we discuss them first.

6.1 INEXACT NEWTON STEPS

We have noted that a drawback of the pure Newton method is the need to solve the equations
(6.1) exactly. Techniques based on Gaussian elimination or another type of factorization of
the coefficient matrix can be expensive when the number of variables is large. An accurate
solution to (6.1) may not be warranted in any case, since the quadratic model used to
derive the Newton equations may not provide a good prediction of the behavior of the
function f, especially when the current iterate x; is remote from the solution x*. It is
therefore appealing to apply an iterative method to (6.1), terminating the iterations at some
approximate (inexact) solution of this system.
Most rules for terminating the iterative solver for (6.1) are based on the residual

re = V2 F(x)pe + YV f (xe), (6.2)

where py is the inexact Newton step. Since the size of the residual changes if f is multiplied
by a constant (i.e.,  is not invariant to scaling of the objective function), we consider its
size relative to that of the right-hand-side vector in (6.1), namely V f(x;). We therefore
terminate the iterative solver when

il < mellV f CaioI (6.3)
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where the sequence {5} (with 0 < 1, < 1 for all k) is called the forcing sequence.

We now study how the rate of convergence of inexact Newton methods based on
(6.1)—(6.3) is affected by the choice of the forcing sequence. Our first result says that local
convergence is obtained simply by ensuring that 7 is bounded away from 1.

Theorem 6.1.

Suppose that V f(x) is continuously differentiable in a neighborhood of a minimizer x*,
and assume that V? f (x*) is positive definite. Consider the iteration X1 = Xy + px where py
satisfies (6.3), and assume that n, < n for some constantn € [0, 1). Then, if the starting point
X is sufficiently near x*, the sequence {x;} converges to x* linearly. That is, for all k sufficiently
large, we have

otk = "I < elloae — x*I,

for some constant0 < ¢ < 1.

Note that the condition on the forcing sequence {1} is not very restrictive, in the sense
that if we relaxed it just a little, it would yield an algorithm that obviously does not converge.
Specifically, if we allowed n; > 1, the step px = 0 would satisfy (6.3) at every iteration, but
the resulting method would set x; = x for all k¥ and would not converge to the solution.

Rather than giving a rigorous proof of Theorem 6.1, we now present an informal
derivation that contains the essence of the argument and motivates the results that follow.

Since the Hessian matrix V2 f (x*) is assumed to be positive definite, there is a positive
constant L such that || V2 f (xk)_1 || < L for all x; sufficiently close to x*. We therefore have
from (6.2) that the inexact Newton step satisfies

Pl = LAV f ol + llrell) < 2LIV f (il

where the second inequality follows from (6.3) and n; < 1. By using this expression together
with Taylor’s theorem we obtain

Vf(xkp1) = V() + V2o pe + O (Ipell?)
=V f(x) — (V) —r) + 0 (L2|V f(x)l?)
=re+ 0 (IVfx)I). (6.4)

By taking norms and recalling (6.3), we have that

IV f Gl < mllV £ )l 4+ 0 (I1V f () l1?) - (6.5)

137



138

CHAPTER 6. PRACTICAL NEWTON METHODS

Therefore, if x; is close to x*, we can expect ||V f (x) || to decrease by a factor of approximately
Nk < 1 at every iteration. More precisely, we have that

lim su IIVf(ka)II <

pP—————"7—<n<1
ksoo IV (xe)l

Relation (6.4) also suggests that if 7, = o(||V f(x¢)]), then the rate of convergence in the
gradient will be superlinear, for in this case the limit satisfies

lim sup IIVf(ka)II _
ksoo VL)

Similarly, if r, = O(||V f(xx)]|?), we have

lim sup IV £ Gl
ksoo IV fxol? ’

for some constant ¢, suggesting that the quadratic rate of convergence of the exact Newton
method has been recaptured.

It is not difficult to show that the iterates {x;} converge to x* at the same rate as the
sequence of gradients {V f(x;)} converges to zero.

Theorem 6.2.

Suppose that the conditions of Theorem 6.1 hold and assume that the iterates {x; } gener-
ated by the inexact Newton method converge to x*. Then the rate of convergence is superlinear
ifne — 0 and quadraticifny = O(||V f (xi) D).

The proof makes use of Taylor’s theorem and the relation (6.4). We leave the details as an
exercise.

To obtain superlinear convergence we can set, for example, 7 = min (0.5,
v/ ||Vf(xk)||), while the choice 7y = min(0.5, |V f(xt)]|) would yield quadratic
convergence.

All the results presented in this section, which are proved by Dembo, Eisenstat, and
Steihaug [66], are local in nature: They assume that the sequence {x;} eventually enters
the near vicinity of the solution x*. They also assume that the unit step length o = 1 is
taken, and hence that globalization strategies (line search, trust-region) do not get in the way
of rapid convergence. In the next sections we show that inexact Newton strategies can, in
fact, be incorporated in practical line search and trust-region implementations of Newton’s
method, yielding algorithms with good local and global convergence properties.
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6.2 LINE SEARCH NEWTON METHODS

We now describe line search implementations of Newton’s method that are practical for
small and large problems. Each iteration has the form x;41 = xx + o pr, where o is the
step length and py is either the pure Newton direction p}’ or an approximation to it. We have
dealt with the issue of selecting the step length «; in Chapter 3. As stated there, oy can be
chosen to satisfy the Wolfe conditions (3.6) or the Goldstein conditions (3.11), or it can be
obtained by an Armijo backtracking line search described in Section 3.1. We stress again that
the line search should always try the unit step length o = 1 first, so that this step length is
used when acceptable. We now consider two different techniques for computing the search
direction py.

LINE SEARCH NEWTON-CG METHOD

In the line search Newton-CG method, also known as the truncated Newton method,
we compute the search direction by applying the CG method to the Newton equations
(6.1), and attempt to satisfy a termination test of the form (6.3). Note, however, that the
CG method is designed to solve positive definite systems, and that the Hessian could have
negative eigenvalues away from the solution. Therefore, we terminate the CG iteration as
soon as a direction of negative curvature is generated. This adaptation of the CG method
ensures that the direction py is a descent direction, and that the fast convergence rate of the
pure Newton method is preserved.

We discuss now the details of this inner CG iteration, which is a slight modification of
Algorithm CG described in Chapter 5. The linear system to be solved is (6.1), and thus in the
notation of Chapter 5, the coefficient matrix is A = V2 f; and the right-hand-side vector is
b = —V f. We will use superscripts to denote the iterates {x"} and search directions { p*'}
generated by the CG iteration, so as to distinguish them from the Newton iterates x; and
search directions py. We impose the following three requirements on the CG iteration for
solving (6.1).

(a) The starting point for the CG iteration is x¥ = 0.

(b) Negative curvature test. If a search direction p/) generated by the CG iteration satisfies
(P ap" <o, (6.6)

then we check whether this is the first CG iteration. If so (i = 0), we complete the first
CG iteration, compute the new iterate xM, and stop. If (6.6) holds and i > 0, then
we stop the CG iteration immediately and return the most recently generated solution
point, x®,

(c) The Newton step py is defined as the final CG iterate x(,
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We could also choose x to be the optimal solution of the previous linear system, which
is the same as the most recently generated Newton—CG step. Both choices seem to perform
equally well in this line search context.

If the condition (6.6) is not satisfied, then the ith CG iteration is exactly as described in
Algorithm CG of Chapter 5. A vector p'”) satisfying (6.6) with a strict inequality is said to be
a direction of negative curvature for A. Note that if negative curvature is encountered during
the first CG iteration, then the Newton—CG direction py is the steepest descent direction
—V fi. This is the reason for choosing the initial estimate in the CG iteration as x(*) = 0.
On the other hand, if the CG method performs more than one iteration, the Newton-CG
direction will also be a descent direction; see Exercise 2. Preconditioning can be used in the
CG iteration.

The Newton—CG method does not require explicit knowledge of the Hessian V2 f (x;).
Rather, it requires only that we can supply matrix—vector products of the form V2 f (x; ) p for
any given vector p. This fact is useful for cases in which the user cannot easily supply code to
calculate second derivatives, or where the Hessian requires too much storage. In these cases,
the techniques of Chapter 7, which include automatic differentiation and finite differences,
can be used to calculate the Hessian—vector products.

To illustrate the finite-differencing technique briefly, we note that we can use the
approximation

 Vf(+hp) = VF ()

A (6.7)

V2 f(x)p

for some small differencing interval 4. It is easy to prove that the accuracy of this approxi-
mation is O (h); appropriate choices of & are discussed in Chapter 7. The price we pay for
bypassing the computation of the Hessian is one new gradient evaluation per CG iteration.
An alternative to finite differencing is automatic differentiation, which can in principle be
used to compute V2 f(x;) p exactly. (Again, details are given in Chapter 7.) Methods of this
type are known as Hessian-free Newton methods.

We can now give a general description of the Newton—CG method. For concreteness,

we choose the forcing sequence as 1, = min (0.5, V2 fr ||), s0 as to obtain a superlinear

convergence rate, but other choices are possible.

Algorithm 6.1 (Line Search Newton-CG).
Given initial point x;
for k=0,1,2,...
Compute a search direction py by applying the CG method to
V2 f(xi)p = —V fi, starting from x(¥) = 0. Terminate when
7kl < min(0.5, o/TV fi DIV f (xx)|l, or if negative curvature is
encountered, as described in (b);
Set xp11 = Xx + o pi, where o satisfies the Wolfe, Goldstein, or
Armijo backtracking conditions;
end
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This method is well suited for large problems, but it has a minor weakness, especially
in the case where no preconditioning is used in the CG iteration. When the Hessian V? f; is
nearly singular, the Newton—CG direction can be excessively long, requiring many function
evaluations in the line search. In addition, the reduction in the function may be very small
in this case. To alleviate this difficulty we can try to normalize the Newton step, but good
rules for doing so are difficult to determine. (They run the risk of undermining the rapid
convergence of Newton’s method in the case where the pure Newton step is well scaled.)
It is preferable to introduce a threshold value in (6.6), but once again, good choices of
this value are difficult to determine. The trust-region implementation of the Newton—-CG
method described in Section 6.4 deals more effectively with this problematic situation, and
is therefore slightly preferable, in our opinion.

MODIFIED NEWTON’S METHOD

In many applications it is desirable to use a direct linear algebra technique, such as
Gaussian elimination, to solve the Newton equations (6.1). If the Hessian is not positive
definite, or is close to being singular, then we can modify this matrix before or during the
solution process to ensure that the computed direction py satisfies a linear system identical
to (6.1) except that the coefficient matrix is replaced with a positive definite approximation.
The modified Hessian is obtained by adding either a positive diagonal matrix or a full matrix
to the true Hessian V? f (x; ). Following is a general description of this method.

Algorithm 6.2 (Line Search Newton with Modification).
given initial point x;
for k=0,1,2,...

Factorize the matrix By = V2 f(x;) + Ej, where E;, = 0if V2 f(x;)
is sufficiently positive definite; otherwise, Ey is chosen to
ensure that By is sufficiently positive definite;

Solve By px = —V f(x¢);

Set x;41 = Xx; + o pi, where oy, satisfies the Wolfe, Goldstein, or
Armijo backtracking conditions;

end

The choice of Hessian modification Ej is crucial to the effectiveness of the method.
Some approaches do not compute E; explicitly, but rather introduce extra steps and tests
into standard factorization procedures, modifying these procedures “on the fly” so that the
computed factors are in fact the factors of a positive definite matrix. Strategies based on
modifying a Cholesky factorization and on modifying a symmetric indefinite factorization
of the Hessian are described in the next section.

We can establish fairly satisfactory global convergence results for Algorithm 6.2, pro-
vided that the strategy for choosing E; (and hence By) satisfies the bounded modified
factorization property. This property is that the matrices in the sequence { By} have bounded
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condition number whenever the sequence of Hessians {V? f (x;)} is bounded; that is,
cond(By) = || Bi|l |B; 'l < C, forsomeC > Oandallk =0,1,2,.... (6.8)

If this property holds, global convergence of the modified line search Newton method follows
directly from the results of Chapter 3, as we show in the following result.

Theorem 6.3.

Let f be twice continuously differentiable on an open set D, and assume that the starting
point xq of Algorithm 6.2 is such that the level set L = {x € D : f(x) < f(xo)} is compact.
Then if the bounded modified factorization property holds, we have that

klim Vf(xk) =0.

PrOOF.  The line search ensures that all iterates x; remain in the level set D. Since V2 f(x)
is assumed to be continuous on D, and since D is compact, we have that the sequence of
Hessians {V2 f (x;)} is bounded, and therefore (6.8) holds. Since Algorithm 6.2 uses one of
the line searches for which Zoutendijk’s theorem (Theorem 3.2) holds, the result follows
from (3.16). O

We now consider the convergence rate of Algorithm 6.2. Suppose that the sequence
of iterates x; converges to a point x* where V2 f(x*) is sufficiently positive definite in the
sense that the modification strategies described in the next section return the modification
E; = 0 for all sufficiently large k. By Theorem 3.5, we have that oy = 1 for all sufficiently
large k, so that Algorithm 6.2 reduces to a pure Newton method, and the rate of convergence
is quadratic.

For problems in which V f* is close to singular, there is no guarantee that the
modification Ej will eventually vanish, and the convergence rate may be only linear.

6.3 HESSIAN MODIFICATIONS

We now discuss procedures for modifying the Hessian matrices V2 f (x;) that implicitly
or explicitly choose the modification Ej so that the matrix B, = V2 f(x;) + Ej in Algo-
rithm 6.2 is sufficiently positive definite. Besides requiring the modified matrix By to be well
conditioned (so that Theorem 6.3 holds), we would like the modification to be as small as
possible, so that the second-order information in the Hessian is preserved as far as possible.
Naturally, we would also like the modified factorization to be computable at moderate cost.

To set the stage for the matrix factorization techniques that will be used in Algorithm 6.2
we will begin by describing an “ideal” strategy based on the eigenvalue decomposition of

V2 f (x0).
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EIGENVALUE MODIFICATION

Consider a problem in which, at the current iterate x;, V f(x¢) = (1, —3,2) and
V2f(xi) = diag(10, 3, —1), which is clearly indefinite. By the spectral decomposition
theorem (see the Appendix) we can define Q = I and A = diag(A;, A2, X3), and write

V() = QA0 =) hiaiq/. (6.9)
i=1

The pure Newton step—the solution of (6.1)—is p}) = (—0.1, 1, 2), which is not a descent
direction, since V f (xz)" py > 0. One might suggest a modified strategy in which we re-
place V2 £ (x;) by a positive definite approximation By, in which all negative eigenvalues in
V2 f(x;) are replaced by a small positive number § that is somewhat larger than machine
accuracy u; say § = /u. Assuming that machine accuracy is 10716, the resulting matrix in
our example is

2
B = kiqiq] +8¢3q] = diag (10,3,107%), (6.10)

i=1

which is numerically positive definite and whose curvature along the eigenvectors g, and ¢,
has been preserved. Note, however, that the search direction based on this modified Hessian
is

2

pe= BV == Y —ailal VA) - 5as(a] V) & — (2 % 109

i=1 "t

(6.11)

For small §, this step is nearly parallel to g5 (with relatively small contributions from ¢, and
¢») and very long. Although f decreases along the direction py, its extreme length violates
the spirit of Newton’s method, which relies on a quadratic approximation of the objective
function that is valid in a neighborhood of the current iterate x. It is therefore questionable
that this search direction is effective.

A different type of search direction would be obtained by flipping the signs of the
negative eigenvalues in (6.9), which amounts to setting § = 1 in our example. Again, there
is no consensus as to whether this constitutes a desirable modification to Newton’s method.
Various other strategies can be considered: We could set the last term in (6.11) to zero, so
that the search direction has no components along the negative curvature directions, or we
could adapt the choice of § to ensure that the length of the step is not excessive. (This last
strategy has the flavor of trust-region methods.) We see that there is a great deal of freedom
in devising modification strategies, and there is currently no agreement on which is the ideal
strategy.
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Setting the issue of the choice of § aside for the moment, let us look more closely at
the process of modifying a matrix so that it becomes positive definite. The modification
(6.10) to the example matrix (6.9) can be shown to be optimal in the following sense. If A is
a symmetric matrix with spectral decomposition A = QA Q7 then the correction matrix
A A of minimum Frobenius norm that ensures that A, (A + AA) > § is given by

AA = Q diag (1,) Q7 ith 0 bz, (6.12)
= iag (t; , wi = .
§ ' s — )\i, )\i < 4.

Here Amin(A) denotes the smallest eigenvalue of A, and the Frobenius norm of a matrix is
defined as ||A||3, = Z," =1 aizj (see (A.40)). Note that AA is not diagonal in general, and
that the modified matrix is given by

A+ AA = Q(A + diag(r;)) Q7.

By using a different norm we can obtain a diagonal modification. Suppose again that
A is a symmetric matrix with spectral decomposition A = QA Q7. A correction matrix A A
with minimum Euclidean norm that satisfies Apin (A + AA) > § is given by

AA =1l with T = max(0, 8 — Apin(A)). (6.13)
The modified matrix now has the form
A+l (6.14)

which happens to have the same form as the matrix occurring in (unscaled) trust-region
methods (see Chapter 4). All the eigenvalues of (6.14) have thus been shifted, and all are
greater than 6.

These results suggest that both diagonal and nondiagonal modifications can be con-
sidered. Even though we have not answered the question of what constitutes a good
modification, various practical diagonal and nondiagonal modifications have been pro-
posed and implemented in software. They do not make use of the spectral decomposition
of the Hessian, since this is generally too expensive to compute. Instead, they use Gaussian
elimination, choosing the modifications indirectly and hoping that somehow they will pro-
duce good steps. Numerical experience indicates that the strategies described next often (but
not always) produce good search directions.

ADDING A MULTIPLE OF THE IDENTITY

Perhaps the simplestideaisto findascalar t > 0such that V2 £ (x;) + 1 issufficiently
positive definite. From the previous discussion we know that T must satisfy (6.13), but we
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normally don’t have a good estimate of the smallest eigenvalue of the Hessian. A simple
idea is to recall that the largest eigenvalue (in absolute value) of a matrix A is bounded by
the Frobenius norm ||A|| r. This suggests the following strategy; here a;; denotes a diagonal
element of A.

Algorithm 6.3 (Cholesky with Added Multiple of the Identity).
set B < [ Allr;
if min; a;; > 0

70 < 0
else

To < B/2
end (if)

for k=0,1,2,...
Attempt to apply the incomplete Cholesky algorithm to obtain

LLT = A+l

if factorization is completed successfully
stop and return L

else
Trp1 < max(21, B/2);
end (if)
end (for)

This strategy is quite simple and may be preferable to the modified factorization
techniques described next, but it suffers from two drawbacks. The value of 7 generated by
this procedure may be unnecessarily large, which would bias the modified Newton direction
too much toward the steepest descent direction. In addition, every value of 7 requires a new
factorization of A + t; I, which can be quite expensive if several trial values are generated.
(The symbolic factorization of A is performed only once, but the numerical factorization
must be performed from scratch every time.)

MODIFIED CHOLESKY FACTORIZATION

A popular approach for modifying a Hessian matrix that is not positive definite is
to perform a Cholesky factorization of V2 f(x;), but to increase the diagonal elements
encountered during the factorization (where necessary) to ensure that they are sufficiently
positive. This modified Cholesky approach is designed to accomplish two goals: It guarantees
that the modified Cholesky factors exist and are bounded relative to the norm of the actual
Hessian, and it does not modify the Hessian if it is sufficiently positive definite.
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We begin our description of this approach by briefly reviewing the Cholesky
factorization. Every symmetric and positive definite matrix A can be written as
A=LDL", (6.15)
where L is a lower triangular matrix with unit diagonal elements and D is a diagonal matrix

with positive elements on the diagonal. By equating the elements in (6.15), column by
column, it is easy to derive formulas for computing L and D.

(1 ExAmPLE 6.1

Consider the case n = 3. The equation A = LDLT is given by

ail  an  as 10 0 d 0 0 1 by Iy
ax axp a4 by 1 0 0 d 0 0 1 I3
asy asy aszz3 = 131 132 1 0 0 d3 0 0 1

(The notation indicates that A is symmetric.) By equating the elements of the first column,
we have

an = d,
ay = dilyn = Iy =an/d,

as) dilsy = I3 =as/d.

Proceeding with the next two columns, we obtain

az = d1l§1 + d2 = dz = dpy — dllgl,
dll31121 + d2132 = 132 = (a32 - dll31121) /d27
dll§1 + d2l§2 +ds = di=az;— dll§1 — dzl;z.

asy

ass

This procedure is generalized in the following algorithm.

Algorithm 6.4 (Cholesky Factorization, LDLT Form).

for j=1,2,.
cjj < ajj — Z’ldlfg;
dj < cjj;
for i=j+1,.

Jj— 1
i' (_al_] Z dlnl]w
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lij < cij/dj;
end
end

One can show (see, for example, Golub and Van Loan [115, Section 4.2.3]) that the diag-
onal elements d;; are all positive whenever A is positive definite. The scalars ¢;; have been
introduced only to facilitate the description of the modified factorization discussed below.
We should note that Algorithm 6.4 differs a little from the standard form of the Cholesky
factorization, which produces a lower triangular matrix M such that

A=MMT. (6.16)

In fact, we can make the identification M = L D2 to relate M to the factors L and D
computed in Algorithm 6.4. The technique for computing M appears as Algorithm A.2 in
the Appendix.

If A is indefinite, the factorization A = LDL” may not exist. Even if it does exist,
Algorithm 6.4 is numerically unstable when applied to such matrices, in the sense that the
elements of L and D can become arbitrarily large. It follows that a strategy of computing
the LDLT factorization and then modifying the diagonal after the fact to force its elements
to be positive may break down, or may result in a matrix that is drastically different from A.

Instead, we will modify the matrix A during the course of the factorization in such a
way thatall elements in D are sufficiently positive, and so that the elements of D and L are not
too large. To control the quality of the modification, we choose two positive parameters § and
B and require that during the computation of the jth columns of L and D in Algorithm 6.4
(that is, for each j in the outer loop of the algorithm) the following bounds be satisfied:

deS, |m,-j|§,3, l=]+1,,n (617)

To satisfy these bounds we only need to change one step in Algorithm 6.4: The formula for
computing the diagonal element d; in Algorithm 6.4 is replaced by

0\’
dj = max <|cjj|, (é) ,8) ,  with 6; = max |¢;j]. (6.18)
j<i<n

To verify that (6.17) holds, we note from Algorithm 6.4 that ¢;; = [;;d;, and therefore

Imij| = |lij\/d;| = % < lei 1B <p, foralli > j.

NI

We note that 6; can be computed prior to d; because the elements ¢;; in the second
for loop of Algorithm 6.4 do not involve d;. In fact, this is the reason for introducing
the quantities ¢;; into the algorithm. This observation also suggests that the computations
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should be reordered so that the ¢;; are computed before the diagonal element d;. We use this
procedure in Algorithm 6.5, the modified Cholesky factorization algorithm described below.
To try to reduce the size of the modification, symmetric interchanges of rows and columns
are introduced, so that at the jth step of the factorization, the jth row and column are those
that yield the largest diagonal element. We also note that the computation of the elements
cj; can be carried out recursively after every column of the factorization is calculated.

Algorithm 6.5 (Modified Cholesky [104]).
given 6 > 0, 8 > 0:
for k=1,2,...,n
Chk = Qkks (initialize the diagonal elements)
end
Find index g such that [c,4| > |cii|, i = j, ..., n;
Interchange row and column j and g;
for j=1,2,...,n (compute the jth column of L)
for s=1,2,...,j—1
ljs < cjs/dy;
end
for i=j4+1,...,n
cij < aij — Y021 Ljscigs
end
9j < 0;
if j<n
0; < max; <, |cijl;
end
d; < max{|c;;|, (6;/B)*, 8};
if j<n
for i=j+1,...,n
cii < ci — ¢j;/djs
end
end
end.

The algorithm requires approximately n° /6 arithmetic operations, which is roughly the same
as the standard Cholesky factorization. However, the row and column interchanges require
movement of data in the computer, and the cost of this operation may be significant on
large problems. No additional storage is needed beyond the amount required to store A; the
triangular factors L and D, as well as the intermediate scalars ¢;;, can overwrite the elements
of A.

Suppose that we use P to denote the permutation matrix associated with the row
and column interchanges that occur during Algorithm 6.5. It is not difficult to see that the
algorithm produces the Cholesky factorization of the permuted, modified matrix PA P+ E,
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that is,
PAPT + E=LDLT = MMT, (6.19)

where E is a nonnegative diagonal matrix that is zero if A is sufficiently positive definite.
From an examination of the formulae for c;; and d; in Algorithm 6.5, it is clear that the
diagonal entries of E are e; = d; — cj;. It is also clear that incrementing c¢;; by e; in the
factorization is equivalent to incrementing a; by e; in the original data.

It remains only to specify the choice of the parameters § and 8 in Algorithm 6.5. The
constant § is normally chosen to be close to machine accuracy u; a typical choice is

3 =u max(y(A) +&(A), 1),

where y(A) and £(A) are, respectively, the largest-magnitude diagonal and off-diagonal
elements of the matrix A, that is,

= max |(d;; = max |a;j|.
y = masjagl. £ =maxia

Gill, Murray, and Wright [104] suggest the following choice of 8:

£(A) )‘/2
, u s

B = max <V(A)7 \/ﬁ

whose intent is to minimize the norm of the modification || E|| .

(d EXAMPLE 6.2
Consider the matrix

4.0 2.0 1.0
A=] 20 6.0 3.0 )
1.0 3.0 —0.004

whose eigenvalues are, to three digits, —1.25, 2.87, 8.38. Algorithm 6.5 gives the following
Cholesky factor M and diagonal modification E:

0.8165 1.8257 0
M= 2.4495 0 0 , E = diag(0, 0, 3.008).
1.2247 —1.2x107'%  1.2264
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The modified matrix is

4.00 2.00 1.00
A =MMT =| 200 6.00 3.00
1.00 3.00 3.004

whose eigenvalues are 1.13,3.00, 8.87, and whose condition number of 7.8 is quite
moderate.
0O

One can show (Mor¢é and Sorensen [171]) that the matrices By obtained by applying
Algorithm 6.5 to the exact Hessians V2 f (x;) have bounded condition numbers, that is, the
bound (6.8) holds for some value of C.

GERSHGORIN MODIFICATION

We now give a brief outline of an alternative modified Cholesky algorithm that makes
use of Gershgorin circle estimates to increase the diagonal elements as necessary. The first
step of this strategy is to apply Algorithm 6.5 to the matrix A, terminating with the usual
factorization (6.19). If the perturbation matrix E is zero, we are finished, since in this case A
is already sufficiently positive definite. Otherwise, we compute two upper bounds b, and b,
on the smallest eigenvalue A, (A) of A. The first estimate b is obtained from the Gershgorin
circle theorem; it guarantees that A + b; [ is strictly diagonally dominant. The second upper
bound b, is simply

b2 = Imax ¢;;.
1<i<n

We now define
= min(by, b,),

and conclude the algorithm by computing the factorization of A + 1/, taking the Cholesky
factor of this matrix as our modified Cholesky factor. The use of b, gives a much needed
control on the process, since the estimate b; obtained from the Gershgorin circle theorem
can be quite loose.

It is not known whether this alternative is preferable to Algorithm 6.5 alone. Neither
strategy will modify a sufficiently positive definite matrix A, but it is difficult to quantify the
meaning of the term “sufficient” in terms of the smallest eigenvalue Amin (A). Both strategies
may in fact modify a matrix A whose minimum eigenvalue is greater than the parameter §
of Algorithm 6.5.
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MODIFIED SYMMETRIC INDEFINITE FACTORIZATION

Another strategy for modifying an indefinite Hessian is to use a procedure based on
a symmetric indefinite factorization. Any symmetric matrix A, whether positive definite or
not, can be written as

PAPT = LBL", (6.20)

where L is unit lower triangular, B is a block diagonal matrix with blocks of dimension 1 or 2,
and P is a permutation matrix (see Golub and Van Loan [115, Section 4.4]). We mentioned
earlier that attempting to compute the L D LT factorization of an indefinite matrix (where D
is a diagonal matrix) is inadvisable because even if the factors L and D are well-defined, they
may contain entries that are larger than the original elements of A, thus amplifying rounding
errors that arise during the computation. However, by using the block diagonal matrix B,
which allows 2 x 2 blocks as well as 1 x 1 blocks on the diagonal, we can guarantee that the
factorization (6.20) always exists and can be computed by a numerically stable process.

(d ExAmPLE 6.3

The matrix

w o= O
[\STRE NS T (SR
w W NN
= W D W

can be written in the form (6.20) with P = [ey, ey, €3, €3],

1 0 0 O 0 0 0
0O 1 0 O 3 4 0 0
— 1 2 — 7 5
L= 2 2 1 o | B=| 4 o 7 2 (6.21)
9 3 9 9
2 1 5 10
S 2 01 o0 = =
9 3 9 9
Note that both diagonal blocks in B are 2 x 2. O

The symmetric indefinite factorization allows us to determine the inertia of a matrix,
that is, the number of positive, zero, and negative eigenvalues. One can show that the inertia
of B equals the inertia of A. Moreover, the 2 x 2 blocks in B are always constructed to
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have one positive and one negative eigenvalue. Thus the number of positive eigenvalues in
A equals the number of positive 1 x 1 blocks plus the number of 2 x 2 blocks.

The first step of the symmetric indefinite factorization proceeds as follows. We identify
a submatrix E of A that is suitable to be used as a pivot block. The precise criteria that can
be used to choose E are described below, but we note here that E is either a single diagonal
element of A (giving rise to a 1 x 1 pivot block), or else it consists of two diagonal elements
of A (say, a;; and a;;) together with the corresponding off-diagonal element (that is, @ ;; and
a;;). In either case, E is chosen to be nonsingular. We then find a permutation matrix IT that
makes E a leading principal submatrix of A, that is,

T
MATNY = Eoc (6.22)
cC H |’

and then perform a block factorization on this rearranged matrix, using E as the pivot block,
to obtain

r I 0 E 0 1 E”'CT
nan’ = :
CE™' 1 0 H-CE'CT 0 I

The next step of the factorization consists in applying exactly the same process to H —
CE'CT, known as the remaining matrix or the Schur complement, which has dimension
either (n — 1) x (n — 1) or (n — 2) x (n — 2). The same procedure is applied recursively,
until we terminate with the factorization (6.20).

The symmetric indefinite factorization requires approximately n°/3 floating-point
operations—the same as the cost of the Cholesky factorization of a positive definite matrix—
but to this we must add the cost of identifying the pivot blocks E and performing the
permutations IT, which can be considerable. There are various strategies for determining
the pivot blocks, which have an important effect on both the cost of the factorization and its
numerical properties. Ideally, our strategy for choosing E at each step of the factorization
procedure should be inexpensive, should lead to at most modest growth in the elements of
the remaining matrix at each step of the factorization, and should not lead to excessive fill-in
(that is, L should not be too much more dense than A).

A well-known strategy, due to Bunch and Parlett [31], searches the whole working
matrix and identifies the largest-magnitude diagonal and largest-magnitude off-diagonal
elements, denoting their respective magnitudes by &g;, and &.¢. If the diagonal element
whose magnitude is &4, is selected to be a 1 x 1 pivot block, the element growth in the
remaining matrix is bounded by the ratio &4i,/&os. If this growth rate is acceptable, we
choose this diagonal element to be the pivot block. Otherwise, we select the off-diagonal
element whose magnitude is &q (a;;, say), and choose E to be the 2 x 2 submatrix that
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includes this element, that is,

This pivoting strategy of Bunch and Parlett is numerically stable and guarantees to yield a
matrix L whose maximum element is bounded by 2.781. Its drawback is that the evaluation
of £, and &, at each iteration requires many comparisons between floating-point numbers
to be performed: O (n?) in total during the overall factorization. Since each comparison costs
roughly the same as an arithmetic operation, this overhead is not insignificant, and the total
run time may be roughly twice as long as that of Algorithm 6.5.

The more economical pivoting strategy of Bunch and Kaufman [30] searches at most
two columns of the working matrix at each stage and requires just O(n?) comparisons in
total. Its details are somewhat tricky, and we refer the interested reader to the original paper
or to Golub and Van Loan [115, Section 4.4] for details. Unfortunately, this algorithm can
give rise to arbitrarily large elements in the lower triangular factor L, making it unsuitable
for use with a modified Cholesky strategy.

The bounded Bunch—Kaufman strategy is essentially a compromise between the
Bunch—Parlett and Bunch—Kaufman strategies. It monitors the sizes of elements in L, ac-
cepting the (inexpensive) Bunch—Kaufman choice of pivot block when it yields only modest
element growth, but searching further for an acceptable pivot when this growth is exces-
sive. Its total cost is usually similar to that of Bunch—Kaufman, but in the worst case it can
approach the cost of Bunch—Parlett.

So far, we have ignored the effect of the choice of pivot block E on the sparsity of the
final L factor. This consideration is an important one when the matrix to be factored is large
and sparse, since it greatly affects both the CPU time and the amount of storage required by
the algorithm. Algorithms that modify the strategies above to take account of sparsity have
been proposed by Duff et al. [76], Duff and Reid [74], and Fourer and Mehrotra [93].

As for the Cholesky factorization, the efficient and numerically stable indefinite sym-
metric factorization algorithms discussed above can be modified to ensure that the modified
factors are the factors of a positive definite matrix. The strategy is first to compute the factor-
ization (6.20), as well as the spectral decomposition B = QA Q7 , which is very inexpensive
to compute because B is block diagonal (Exercise 6). Then we construct a modification
matrix F such that

L(B+ F)L"

is sufficiently positive definite. Motivated by the modified spectral decomposition (6.12) we
will choose a parameter § > 0 and define F to be

F = Qdiag(z;) 0" o MES (6.23)
= 1ag( T; . T = Il =1,2,...,0n, .
8 6—)\,,', )\,’<5,
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where }; are the eigenvalues of B. The matrix F is thus the modification of minimum
Frobenius norm that ensures that all eigenvalues of the modified matrix B + F are no less
than 8. This strategy therefore modifies the factorization (6.20) as follows:

P(A+ E)PT =L(B+ F)LT, where E = PTLFLT PT;

note that E will not be diagonal, in general. Hence, in contrast to the modified Cholesky
approach, this modification strategy changes the entire matrix A and not just its diagonal.
The aim of strategy (6.23) is that the modified matrix satisfies Amin(A + E) &~ § whenever
the original matrix A has Amin(A) < §. It is not clear, however, whether it always comes
close to attaining this goal.

6.4 TRUST-REGION NEWTON METHODS

Unlike line search methods, trust-region methods do not require the Hessian of the quadratic
model to be positive definite. Therefore, we can use the exact Hessian B, = V2 f (x;) directly
in this model and obtain steps p; by solving

. def
min mi(p) = fe + VA p+3p"Bip st lIpl < A (6.24)
P

In Chapter 4 we described a variety of techniques for finding an approximate or accurate
solution of this subproblem. Most of these techniques apply when By is any symmetric
matrix, and we do not need to say much about the specific case in which By = V2 f (x;). We
will, however, pay attention to the implementation of these trust-region Newton methods
when the number of variables is large. Four techniques for solving (6.24) will be discussed:
(i) the dogleg method; (ii) two-dimensional subspace minimization; (iii) accurate solution
using iteration; (iv) the conjugate gradient (CG) method. For the CG-based method, we
study the choice of norm defining the trust region, which can be viewed as a means of
preconditioning the subproblem.

NEWTON-DOGLEG AND SUBSPACE-MINIMIZATION METHODS

If By is positive definite, the dogleg method described in Chapter 4 provides an ap-
proximate solution of (6.24) that is relatively inexpensive to compute and good enough to
allow the method to be robust and rapidly convergent. However, since the Hessian matrix
may not always be positive definite, the dogleg method is not directly applicable. To adapt it
for the minimization of nonconvex functions, we can use one of the Hessian modifications
described in Section 6.3 as By, in place of the true Hessian V2 f (x; ), thus guaranteeing that
we are working with a convex quadratic function in (6.24). This strategy for choosing By
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and for finding an approximation Newton step allows us to implement the dogleg method
exactly as in Chapter 4. That is, we choose the approximate solution of (6.24) to be the
minimizer of the modified model function my in (6.24) along the dogleg path defined by

pY, 0<t<l,

; - . , (6.25)
piH+-1(p"-p"), 1=<t=<2,

p(t) =

where p is defined as in (4.12) and p® is the unconstrained minimizer of (6.24); see
Figure 4.3.

Similarly, the two-dimensional subspace minimization algorithm of Chapter 4 can
also be applied, when By is the exact Hessian or a modification that ensures its positive
definiteness, to find an approximate solution of (6.24), as

min mi(p) = fi + ViETp+ip"Bip st llpll < A p €span{V fi, p*).  (6.26)

The dogleg and two-dimensional subspace minimization approaches have the advan-
tage that all the linear algebra computations can be performed with direct linear solvers, a
feature that can be important in some applications. They are also globally convergent, as
shown in Chapter 4. We hope, too, that the modified factorization strategy used to obtain
By, (and hence p*) does not modify the exact Hessian V2 f (x;) when it is sufficiently posi-
tive definite, allowing the rapid local convergence that characterizes Newton’s method to be
observed.

The use of a modified factorization in the dogleg method is not completely satisfying
from an intuitive viewpoint, however. A modified factorization perturbs V2 f (x;) in a some-
what random manner, giving more weight to certain directions than others, and the benefits
of the trust-region approach may not be realized. In fact, the modification introduced during
the factorization of the Hessian is redundant in some sense because the trust-region strategy
introduces its own modification: The solution of the trust-region problem results in the
factorization of the positive (semidefinite) matrix V2 f(x;) + AI, where A depends on the
size of the trust-region radius Ay.

We conclude that the dogleg method is most appropriate when the objective function
is convex (that is, V2 £ (x;) is always positive semidefinite). The techniques described next
may be more suitable for the general case.

ACCURATE SOLUTION OF THE TRUST-REGION PROBLEM

We can also find a solution of (6.24) using Algorithm 4.4 described in Chapter 4. This
algorithm requires the repeated factorization of matrices of the form By + A[, for different
values of A. Practical experience indicates that between 1 and 3 such systems need to be solved,
onaverage, at each iteration, so the cost of this approach may not be prohibitive. The resulting
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trust-region algorithm is quite robust—it can be expected to converge to a minimizer, not
just to a stationary point. In some large-scale situations, however, the requirement of solving
more than one linear system per iteration may become onerous.

TRUST-REGION NEWTON-CG METHOD

We can approximately solve the trust-region problem (6.24) by means of the conjugate
gradient method (CG) with the termination tests proposed by Steihaug; see the CG-Steihaug
algorithm, Algorithm 4.3 in Chapter 4. The step computation of this Newton—CG algorithm
is obtained by setting By = V2 f(x;) at every iteration in Algorithm 4.3. This procedure
amounts to applying the CG method to the system

Bipr = =V fx (6.27)

and stopping if (i) the size of the approximate solution exceeds the trust-region radius, (ii)
the system (6.27) has been solved to a required accuracy, or (iii) if negative curvature is
encountered. In the latter case we follow the direction of negative curvature to the boundary
of the trust region || p|| < Ay. This is therefore the trust-region analogue of Algorithm 6.1.

Careful control of the accuracy in the inner CG iteration is crucial to keeping the cost
of the Newton—CG method as low as possible. Near a well-behaved solution x*, the trust-
region constraint becomes inactive, and the Newton—CG method reduces to the inexact
Newton method analyzed in Section 6.1. The results of that section, which relate the choice
of forcing sequence {1} to the rate of convergence, become relevant during the later stages
of the Newton—CG method.

As discussed in the context of the line search Newton—CG method, it is not necessary
to have explicit knowledge of the Hessian matrix, but we can compute products of the form
V2 f(x;)v by automatic differentiation or using the finite difference approximation (6.7).
Once again, the result is a Hessian-free method.

The trust-region Newton-CG method has a number of attractive computational
and theoretical properties. First, it is globally convergent. Its first step along the direc-
tion —V f(x;) identifies the Cauchy point for the subproblem (6.24) (see (4.5)), and any
subsequent CG iterates only serve to improve the model value. Second, it requires no ma-
trix factorizations, so we can exploit the sparsity structure of the Hessian V? f (x;) without
worrying about fill-in during a direct factorization. Moreover, the CG iteration—the most
computationally intensive part of the algorithm—may be executed in parallel, since the
key operation is a matrix—vector product. When the Hessian matrix is positive definite, the
Newton—CG method approximates the pure Newton step more and more closely as the
solution x* is approached, so rapid convergence is also possible, as discussed above.

Two advantages, compared with the line search Newton—CG method, are that the
lengths of the steps are controlled by the trust region and that directions of negative curvature
are explored. Our computational experience shows that the latter is beneficial in practice, as
it sometimes allows the iterates to move away from nonminimizing stationary points.
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A limitation of the trust-region Newton—CG method is that it accepts any direction of
negative curvature, even when this direction gives an insignificant reduction in the model.
Consider, for example, the case where the subproblem (6.24) is

m(p)=10"p1 +107*p; — p;  subjectto |p|| <1,

where subscripts indicate elements of the vector p. The steepest descent direction at p = 0
is (1073, 0)7, which is a direction of negative curvature for the model. Algorithm 4.3 would
follow this direction to the boundary of the trust region, yielding a reduction in model
function m of about 107>, A step along e,—also a direction of negative curvature—would
yield a much greater reduction of 1.

Several remedies have been proposed. We have seen in Chapter 4 that when the Hessian
V2 f(x;) contains negative eigenvalues, the search direction should have a significant com-
ponent along the eigenvector corresponding to the most negative eigenvalue of V2 f (xy).
This feature would allow the algorithm to move away rapidly from stationary points that
are not minimizers. A variation of the Newton—CG method that overcomes this drawback
uses the Lanczos method, rather than CG, to solve the linear system (6.27). This approach
does not terminate after encountering the first direction of negative curvature, but continues
in search of a direction of sufficiently negative curvature; see [177], [121]. The additional
robustness in the trust-region algorithm comes at the cost of a more expensive solution of
the subproblem.

PRECONDITIONING THE NEWTON-CG METHOD

The unpreconditioned CG method can be inefficient when the Hessian is ill-
conditioned, and may even fail to reach the desired accuracy. Hence, it is important to
introduce preconditioning techniques into the CG iteration. Such techniques are based on
finding a nonsingular matrix D such that the eigenvalues of D=7 B; D have a more favorable
distribution, as discussed in Chapter 5.

The use of preconditioning in the Newton—CG method requires care because the
preconditioned CG iteration no longer generates iterates of increasing £, norm,; this property
holds only for the unpreconditioned CG iteration (see Theorem 4.2). Thus we cannot simply
terminate the preconditioned CG method as soon as the iterates reach the boundary of the
trust region || p|| < Ay, since later CG iterates could return to the trust region.

However, there exists a weighted ¢, norm in which the magnitudes of the precon-
ditioned CG iterates grow monotonically. This will allow us to develop an extension of
Algorithm 4.3 of Chapter 4. (Not surprisingly, the weighting of the norm depends on the
preconditioner D!) Consider the subproblem

. def
min m(p) = fi+ VA p+3p Bip st |Dp| < A (6.28)
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By making the change of variables p = Dp and defining
& =DV, By=D""BD",
we can write (6.28) as

min fo+ 85+ W B st Pl < A,
which has exactly the form of (6.24). We can now apply the CG algorithm without any
modification to this subproblem. Algorithm 4.3 now monitors the norm | p|| = || Dp|,
which is the quantity that grows monotonically during the CG iteration, and terminates
when || Dp|| exceeds the bound Ay applied in (6.28).

Many preconditioners can be used within this framework; we discuss some of them in
Chapter 5. Of particular interest is incomplete Cholesky factorization, which has proved to
be useful in a wide range of optimization problems. The incomplete Cholesky factorization
of a positive definite matrix B finds a lower triangular matrix L such that

B=LLT — R,

where the amount of fill-in in L is restricted in some way. (For instance, it is constrained
to have the same sparsity structure as the lower triangular part of B, or is allowed to have a
number of nonzero entries similar to thatin B.) The matrix R accounts for the “inexactness”
in the approximate factorization. The situation is complicated a little further by the possible
indefiniteness of the Hessian V2 f (x; ); we must be able to handle this indefiniteness as well
as maintain the sparsity. The following algorithm combines incomplete Cholesky and a form
of modified Cholesky to define a preconditioner for Newton—-CG methods.

Algorithm 6.6 (Inexact Modified Cholesky).
(scale B)
Compute T = diag(|| Be;||), where ¢; is the ith coordinate vector;
B < T7'2BT~'2;, B < ||B|;
(compute a shift to ensure positive definiteness)
if min; b;; > 0
oy < 0
else
ag < B/2
end
for k=0,1,2,...
Attempt to apply incomplete Cholesky algorithm to obtain

LLT = B4+ oyl
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if factorization is completed successfully
stop and return L
else
i1 < max(Qay, B/2);
end
end

We can then set the preconditioner to be D = L, where L is the lower triangular matrix
output from Algorithm 6.6. A Newton—CG trust region method using this preconditioner
is implemented in the forthcoming MINPACK-2 package under the name NMTR. The
LANCELOT package also contains a Newton—CG method that makes use of slightly different
preconditioning techniques.

LOCAL CONVERGENCE OF TRUST-REGION NEWTON METHODS

Since global convergence of trust-region methods that incorporate (possibly inexact)
Newton steps is established above, we turn our attention now to local convergence. The key
to attaining the fast rate of convergence associated with Newton’s method is to show that
the trust-region bound eventually does not interfere with the convergence. That is, when we
reach the vicinity of a solution, the (approximate) solution of the subproblem is well inside
the region defined by the trust-region constraint || p|| < Ay and becomes closer and closer
to the pure Newton step. Sequences of steps that satisfy the latter property are said to be
asymptotically exact.

We first prove a general result that applies to any algorithm of the form of Algorithm 4.1
(see Chapter 4) that generates asymptotically exact steps whenever the true Newton step is
well inside the trust region. It shows that the trust-region constraint eventually becomes
inactive in algorithms with this property. The result assumes that the exact Hessian B; =
V2 f(x;) is used in (6.24) when x; is close to a solution x* that satisfies second-order
conditions. Moreover, it assumes that the algorithm uses an approximate solution p; of
(6.24) that achieves at least the same decrease in the model function m,, as the Cauchy step.
(All the methods discussed above satisfy this condition.)

Theorem 6.4.

Let f be twice Lipschitz continuously differentiable. Suppose the sequence {x;} converges
to a point x* that satisfies the second-order sufficient conditions (Theorem 2.4) and that for all k
sufficiently large, the trust-region algorithm based on (6.24) with By, = V? f (x;) chooses steps
Dr that achieve at least the same reduction as the Cauchy point (that is, my(pr) < mi(py))
and are asymptotically exact whenever || p|| < %Ay, that is,

I px — Pl = ol pF1D- (6.29)

Then the trust-region bound Ay becomes inactive for all k sufficiently large.
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PROOF. We show that ||p{|| < 1A; and [|pi]| < Ay, for all sufficiently large &, so the
near-optimal step py in (6.29) will eventually always be taken.

First, we seek a lower bound on the predicted reduction m; (0) — my (py) for all suffi-
ciently large k. We assume that k is large enough that the o(]| p;'||) term in (6.29) is less than
I P{Il- When || p}|l < 3 Ay, we then have that || pc]l < | pill + o(I {1 < 21 p}l, while if
IRl > %Ak, we have || pr|l < Ax < 2|Ip{l. In both cases, then, we have

-1
Ipell < 20pE1 < 21V2 £ () IV F (el

-1
and so |V f(xo)ll = 51 pell/IV? £

Because we assume that the step py achieves at least the same decrease as the Cauchy
point, we have from the relation (4.34) that there is a constant ¢; > 0 such that

v
) = mi(p) = eV fGmin (&, EE)
01% min <||Pk|| ||P1< ” )
= 2||V2f(xk)—1” ’ 2”V2f(xk)||||V2f(xk)_l||
Il pil?

L4V £ o) T IPIVEF ()l

Because x; — x*, then by continuity of V2 f(x) and positive definiteness of V2 f(x*), we
have for k sufficiently large that

C1 C1 def
= = — = ¢3,
4IV2f ) THIRIV2F )l — 8IV2 ) T I2IV2 £ ()|
and therefore
mi(0) — my(pi) > sl pell® (6.30)

for all sufficiently large k. By Lipschitz continuity of V2 f(x), we have by the argument
leading to (4.41) that

|(f (i) = f (e + i) — (m(0) — mye(pie))| < %||Pk||3,

where L > 0 is the Lipschitz constant for V2 f(-) in the neighborhood of x*. Hence, by
definition of p; (see (4.4)), we have for sufficiently large k that

I pell*(L/2) L L
lox — 1] = ————=— = —lpll = =—Ax. (6.31)
sl pell 2¢; 2¢3
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Now, the trust-region radius can be reduced only if p; < i (or some other fixed number less
than 1), so it is clear from (6.31) that there is a threshold A such that A; cannot be reduced
further once it falls below A. Hence, the sequence {Ay} is bounded away from zero. Since
X — x*, we have || p|| — 0 and therefore || px|| — 0 from (6.29). Hence the trust-region
bound is inactive for all k sufficiently large, and our proof is complete. O

The conditions of Theorem 6.4 are satisfied trivially if py = p}’. In addition, all three
algorithms discussed above also satisfy the assumptions of this theorem. We state this result
formally as follows.

Lemma 6.5.

Suppose that x;, — x*, where x* satisfies the second-order sufficient conditions of The-
orem 2.4. Consider versions of Algorithm TR in which the inexact dogleg method (6.25) or the
inexact two-dimensional subspace minimization method (6.26) with By = V? f (xi) is used to
obtain an approximate step py. Then for all sufficiently large k, the unconstrained minimum of
the models (6.25) and (6.26) is simply p}, so the conditions of Theorem 6.4 are satisfied.

When the termination criterion (6.3) is used with n; — 0 in the Newton—CG method
(along with termination when the trust-region bound is exceeded or when negative curvature
is detected), then this algorithm also satisfies the conditions of Theorem 6.4.

PrOOF.  For the case of the dogleg and two-dimensional subspace minimization methods,
the exact step p} is one of the candidates for p,—it lies inside the trust region, along the
dogleg path, and inside the two-dimensional subspace. Since in fact, p; is the minimizer of
my inside the trust region for k sufficiently large (since By = V2 f(x;) is positive definite),
it is certainly the minimizer in these more restricted domains, so we have p; = p}.

For the Newton—-CG method, the method does not terminate by finding a negative
curvature direction, because V2 f(x;) is positive definite for all k sufficiently large. Also,
since the norms of the CG iterates increase with iteration number, they do not exceed p},
and hence stay inside the trust region. Hence, the CG iterations can terminate only because
condition (6.3) is satisfied. Hence from (6.1), (6.2), and (6.3), we have that

lpx — PRl < V2 £ CGa) ™ IIV2f (o) pre — V2 £ (o) Pyl
= 192 £ ) el
<l V2 () IV £ ()
< ml V2 £ ) T IV ol R

Hence, the condition (6.29) is satisfied. O

The nearly exact algorithm of Chapter 4—Algorithm 4.4—also satisfies the conditions
of Theorem 6.4, since if the true Newton step p; lies inside the trust region, the initial guesses
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A = 0and p; = p} will eventually satisfy any reasonable termination criteria for this method
of determining the step.

Rapid convergence of all these algorithms now follows immediately from their eventual
similarity to Newton’s method. The methods that eventually take exact Newton steps py = pj
converge quadratically. The asymptotic convergence rate of the Newton—CG algorithm with
termination test (6.3) depends on the rate of convergence of the forcing sequence {n;} to
zero, as described in Theorem 6.2.

NOTES AND REFERENCES

Newton methods in which the step is computed by an iterative algorithm have received
much attention; see Sherman [229] and Ortega and Rheinboldt [185]. Our discussion of
inexact Newton methods is based on Dembo, Eisenstat, and Steihaug [66].

Foramore thorough treatment of the modified Cholesky factorization see Gill, Murray,
and Wright [104] or Dennis and Schnabel [138]. The modified Cholesky factorization based
on Gershgorin disk estimates is described in Schnabel and Eskow [223]. The modified
indefinite factorization is from Cheng and Higham [41].

Another strategy for implementing a line search Newton method when the Hessian
contains negative eigenvalues is to compute a direction of negative curvature and use it to
define the search direction (see Moré and Sorensen [169] and Goldfarb [113]).

& EXERCISES
& 6.1 Program apure Newton iteration without line searches, where the search direction
is computed by the CG method. Select stopping criteria such that the rate of convergence

is linear, superlinear, and quadratic. Try your program on the following convex quartic
function:

flx)= %xrx +0.250 (xT Ax)?, (6.32)

where o is a parameter and
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This is a strictly convex function that allows us to control the deviation from a quadratic by
means of the parameter o. The starting point is

x1 = (cos70°, sin 70°, cos 70°, sin 70°)T.

Try o = 1 or larger values and observe the rate of convergence of the iteration.

& 6.2 Consider the line search Newton—-CG method described in Section 6.2. Use the
properties of the CG method described in Chapter 5 to prove that the search Newton direction
Dr is always a descent direction for f.

& 6.3 Compute the eigenvalues of the 2 diagonal blocks of (6.21), and verify that each
block has a positive and diagonal eigenvalue. Then compute the eigenvalues of A and verify
that its inertia is the same as that of B.

& 6.4 Describe the effect that the modified Cholesky factorization of Algorithm 6.5
would have on the Hessian V? f(x;) = diag(—2, 12, 4).

& 6.5 Program a trust-region Newton—CG method in which the step is computed by
the CG-Steihaug method (Algorithm 4.3), without preconditioning. Select the constants so
that the rate of convergence is superlinear. Try it on (6.32). Then define an objective function
that has negative curvature in a neighborhood of the starting point x, = 0, and observe the
effect of the negative curvature steps.

& 6.6 Prove Theorem 6.2.

& 6.7 Consider a block diagonal matrix B with 1 x 1 and 2 x 2 blocks. Show that the
eigenvalues and eigenvectors of B can be obtained by computing the spectral decomposition
of each diagonal block separately.
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Calculating
Derivatives

Most algorithms for nonlinear optimization and nonlinear equations require knowledge of
derivatives. Sometimes the derivatives are easy to calculate by hand, and it is reasonable
to expect the user to provide code to compute them. In other cases, the functions are too
complicated, so we look for ways to calculate or approximate the derivatives automatically.
A number of interesting approaches are available, of which the most important are probably
the following.

Finite Differencing. This technique has its roots in Taylor’s theorem (see Chapter 2). By
observing the change in function values in response to small perturbations of the unknowns
near a given point x, we can estimate the response to infintesimal perturbations, that is, the
derivatives. For instance, the partial derivative of a smooth function f : R* — R with
respect to the ith variable x; can be approximated by the central-difference formula

of  flxtee)— flx—ee)
Bx,- ~ 2€

)

where € is a small positive scalar and e; is the ith unit vector.
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Automatic Differentiation. This technique takes the view that the computer code for evaluat-
ing the function can be broken down into a composition of elementary arithmetic operations,
to which the chain rule (one of the basic rules of calculus) can be applied. Some software
tools for automatic differentiation (such as ADIFOR [13]) produce new code that calculates
both function and derivative values. Other tools (such as ADOL-C [126]) keep a record
of the elementary computations that take place while the function evaluation code for a
given point x is executing on the computer. This information is processed to produce the
derivatives at the same point x.

Symbolic Differentiation. In this technique, the algebraic specification for the function f is
manipulated by symbolic manipulation tools to produce new algebraic expressions for each
component of the gradient. Commonly used symbolic manipulation tools can be found in
the packages Mathematica [248], Maple [243], and Macsyma [153].

In this chapter we discuss the first two approaches: finite differencing and automatic
differentiation.

The usefulness of derivatives is not restricted to algorithms for optimization. Modelers
in areas such as design optimization and economics are often interested in performing post-
optimal sensitivity analysis, in which they determine the sensitivity of the optimum to small
perturbations in the parameter or constraint values. Derivatives are also important in other
areas of numerical analysis such as nonlinear differential equations.

7.1 FINITE-DIFFERENCE DERIVATIVE APPROXIMATIONS

Finite differencing is an approach to the calculation of approximate derivatives whose moti-
vation (like that of so many other algorithms in optimization) comes from Taylor’s theorem.
Many software packages perform automatic calculation of finite differences whenever the
user is unable or unwilling to supply code to calculate exact derivatives. Although they yield
only approximate values for the derivatives, the results are adequate in many situations.

By definition, derivatives are a measure of the sensitivity of the function to infinitesimal
changes in the values of the variables. Our approach in this section is to make small but finite
perturbations in the values of x and examine the resulting differences in the function values.
By taking ratios of the function difference to variable difference, we obtain approximations
to the derivatives.

APPROXIMATING THE GRADIENT

An approximation to the gradient vector V f(x) can be obtained by evaluating the
function f at (n + 1) points and performing some elementary arithmetic. We describe this
technique, along with a more accurate variant that requires additional function evaluations.
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A popular formula for approximating the partial derivative f/dx; at a given point x
is the forward-difference, or one-sided-difference, approximation, defined as

af . flxt+ee)— fx)
—(x) ~ .

7.1
0x; € 7.0

The gradient can be built up by simply applying this formula for i = 1,2, ..., n. This
process requires evaluation of f at the point x as well as the n perturbed points x + €¢;,
i=1,2,...,n:atotal of (n + 1) points.

The basis for the formula (7.1) is Taylor’s theorem, which we stated as Theorem 2.1 in
Chapter 2. When f is twice continuously differentiable, we have

fx+p)=fX)+Vf ) p+ip"VPf(x+1tp)p, somer e (0,1) (7.2)

(see (2.6)). If we choose L to be a bound on the size of | V2 f(-)|| in the region of interest,
it follows directly from this formula that the last term in this expression is bounded by
(L/2)|IplI?, so that

|fx+p)— fx)= VL) p| < (L/2)IpI* (7.3)

We now choose the vector p to be €e;, so that it represents a small change in the value
of a single component of x (the ith component). For this p, we have that V f(x)Tp =
V f(x)Te; = df/0x;, so by rearranging (7.3), we conclude that

f St = f0)

E)xi €

o where [8.| < (L/2)e. (7.4)

We derive the forward-difference formula (7.1) by simply ignoring the error term & in this
expression, which becomes smaller and smaller as € approaches zero.

An important issue in implementing the formula (7.1) is the choice of the parameter
€. The error expression (7.4) suggests that we should choose € as small as possible. Unfor-
tunately, this expression ignores the roundoff errors that are introduced when the function
f is evaluated on a real computer, in floating-point arithmetic. From our discussion in the
Appendix (see (A.58) and (A.59)), we know that the quantity u known as unit roundoffis cru-
cial: It is a bound on the relative error that is introduced whenever an arithmetic operation is
performed on two floating-point numbers. (Typically, u is about 107! in double-precision
arithmetic.) The effect of these errors on the final computed value of f depends on the way
in which f is computed. It could come from an arithmetic formula, or from a differential
equation solver, with or without refinement.

As a rough estimate, let us assume simply that the relative error in the computed f is
bounded by u, so that the computed values of f(x) and f(x + €e;) are related to the exact
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values in the following way:

[comp(f(x)) — f(x)] <uly,
|comp(f(x + €e;)) — f(x +€e)] <uLy,

where comp(-) denotes the computed value, and L ; is a bound on the value of | f(-)| in the
region of interest. If we use these computed values of f in place of the exact values in (7.4)
and (7.1), we obtain an error that is bounded by

(L/2)e +2ul /€. (7.5)

Naturally, we would like to choose € to make this error as small as possible; it is easy to see
that the minimizing value is

2 _ 4Lfll
L

If we assume that the problem is well scaled, then the ratio L /L (the ratio of function
values to second derivative values) does not exceed a modest size. We can conclude that the
following choice of € is fairly close to optimal:

€ = Ju (7.6)

(In fact, this value is used in many of the optimization software packages that use finite
differencing as an option for estimating derivatives.) For this value of €, we have from (7.5)
that the total error in the forward-difference approximation is fairly close to \/u.

A more accurate approximation to the derivative can be obtained by using the central-
difference formula, defined as

af flx +ee) — flx —ee)
—(x) ~ .

7.7
0Xx; 2¢€ .7)

As we show below, this approximation is more accurate than the forward-difference approx-
imation (7.1). It is also about twice as expensive, since we need to evaluate f at the points
x+ee,i=1,2,...,n,andx —€e;,i = 1,2,...,n:atotal of 2n points.

The basis for the central difference approximation is again Taylor’s theorem. When
the second derivatives of f exist and are Lipschitz continuous, we have from (7.2) that

fa+p)=f@)+ Vi) p+3p"Viflx+1tp)p forsomer e (0,1)
=f@)+V ) p+3p ' VFx)p+0(lIpl). (7.8)
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By setting p = €¢; and p = —ee;, respectively, we obtain

Flx +ee) = f(x)+ea— + L

f 3 f
5 28—)Ci2+0(63),
2
f(x—ee,)_f(x)—e%+% 227f+0(e3).

(Note that the final error terms in these two expressions are generally not the same, but they
are both bounded by some multiple of €2.) By subtracting the second equation from the first
and dividing by 2¢, we obtain the expression

af fx +eei) — flx —€e) )
8_x,-(x) = 2 + 0 (e ) .
We see from this expression that the error is O (62), as compared to the O(e) error in
the forward-difference formula (7.1). However, when we take evaluation error in f into
account, the accuracy that can be achieved in practice is less impressive; the same assumptions
that were used to derive (7.6) lead to the estimate ¢ = u?/?
applications, however, the extra few digits of accuracy may improve the performance of the
algorithm enough to make the extra expense worthwhile.

(see the exercises). In some

APPROXIMATING A SPARSE JACOBIAN

Consider now the case of a vector function r : R” — R"™, such as the residual vector
that we consider in Chapter 10 or the system of nonlinear equations from Chapter 11. The
matrix J (x) of first derivatives for this function is shown in (7.34). The techniques described
in the previous section can be used to evaluate the full Jacobian J(x) one column at a time.
When r is twice continuously differentiable, we can use Taylor’s theorem to deduce that

Ir(x + p) = r(x) = J)pll < (L/2)IIpI, (7.9)

where L is a Lipschitz constant for J in the region of interest. If we require an approximation
to the Jacobian—vector product J (x) p for a given vector p (as is the case with inexact Newton
methods for nonlinear systems of equations; see Section 11.1), this expression immediately
suggests choosing a small nonzero € and setting

J(x)p ~ w (7.10)

an approximation that is accurate to O (¢). (A two-sided approximation can be derived from
the formula (7.7).)
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If an approximation to the full Jacobian J (x) is required, we can compute it a column
atatime, analogously to (7.1), by setting set p = €e; in (7.9) to derive the following estimate
of the ith column:

or r(x +ee;) —r(x)
(x) ~ .

8X,’ €

(7.11)

A full Jacobian estimate can be obtained at a cost of n + 1 evaluations of the function r.
When the Jacobian is sparse, however, we can often obtain the estimate at a much lower cost,
sometimes just three or four evaluations of . The key is to estimate a number of different
columns of the Jacobian simultaneously, by judicious choices of the perturbation vector p
in (7.9).

Weillustrate the technique with a simple example. Consider the functionr : R* — R”"
defined by

2()(23 —xlz)
3(x; — xf) +2(x3 — x5
3(x§ — xzz) + 2(x;;’ — x§)

r(x) = (7.12)

3()63 - xr%—l)

Each component of 7 depends on just two or three components of x, so that each row of the
Jacobian contains just two or three nonzero elements. For the case of n = 6, the Jacobian
has the following structure:

X X
X X X
X X X
, (7.13)
X X X
X X X
X X

where each cross represents a nonzero element, and zeros are represented by blank space.
Staying for the moment with the case n = 6, suppose that we wish to compute a finite-
difference approximation to the Jacobian. (Of course, it is easy to calculate this particular
Jacobian by hand, but there are complicated functions with similar structure for which hand
calculation is more difficult.) A perturbation p = €e; to the first component of x will affect
only the first and second components of 7. The remaining components will be unchanged, so
that the right-hand-side of formula (7.11) will correctly evaluate to zero in the components
3,4, 5, 6. It is wasteful, however, to reevaluate these components of » when we know in
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advance that their values are not affected by the perturbation. Instead, we look for a way to
modify the perturbation vector so that it does not have any further effect on components 1
and 2, but does produce a change in some of the components 3, 4, 5, 6, which we can then
use as the basis of a finite-difference estimate for some other column of the Jacobian. It is not
hard to see that the additional perturbation ee4 has the desired property: It alters the 3rd,
4th, and 5th elements of r, but leaves the 1st and 2nd elements unchanged. The changes in
r as a result of the perturbations €e; and ee4 do not interfere with each other.
To express this discussion in mathematical terms, we set

p =¢€(er +ey),
and note that
rx+pha=rx+eler+e))y=rx+ee) (7.14)

(where the notation [-]; , denotes the subvector consisting of the first and second elements),
while

r(x 4+ plsas =r(x +ele; +e4))345 =r(x +€es)s 5. (7.15)
By substituting (7.14) into (7.9), we obtain
r(x + pha=rx)i,+elJ(x)er]in + O(?).

By rearranging this expression, we obtain the following difference formula for estimating
the (1, 1) and (2, 1) elements of the Jacobian matrix:

9
gfl = ey~ LEF Pha = (e (7.16)
2 €
a—(x)
X1

A similar argument shows that the nonzero elements of the fourth column of the Hessian
can be estimated by substituting (7.15) into (7.9); we obtain eventually that

874

3_363()()

9 _

ﬂ(x) = [ (eslsas & r(x + plsas V(X)3,4.5.
8)(4 €

(7.17)

3r4
8_x5(x)

To summarize: We have been able to estimate two columns of the Jacobian J (x) by evaluating
the function r at the single extra point x 4 €(e; + e4).
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We can approximate the remainder of J (x) in an economical manner as well. Columns
2 and 5 can be approximated by choosing p = €(e, + es5), while we can use p = €(e3 + ¢¢)
to approximate columns 3 and 6. In total, we need 3 extra gradient evaluations to estimate
the entire matrix.

In fact, for any choice of n in (7.12) (no matter how large), three extra gradient
evaluations are sufficient for the entire Hessian. The corresponding choices of perturbation
vectors p are

p=¢cley+es+e;+ep+---),
p=¢clext+es+es+en+---),
p=clestest+eg+epn+---).

In the first of these vectors, the nonzero components are chosen so that no two of the columns
1,4,7, ... have a nonzero element in the same row. The same property holds for the other
two vectors and, in fact, points the way to the criterion that we can apply to general problems
to decide on a valid set of perturbation vectors.

Algorithms for choosing the perturbation vectors can be expressed conveniently in the
language of graphs and graph coloring. For any function r : R" — R™, we can construct
a column incidence graph G with n nodes by drawing an arc between nodes i and k if there
is some component of r that depends on both x; and x;. (In other words, the ith and
kth columns of the Jacobian J(x) each have a nonzero element in some row j, for some
Jj =1,2,...,m and some value of x.) The intersection graph for the function defined in
(7.12) (with n = 6) is shown in Figure 7.1. We now assign each node a “color” according
to the following rule: Two nodes can have the same color if there is no arc that connects
them. Finally, we choose one perturbation vector corresponding to each color: If nodes
i1, iz, ..., ig have the same color, the corresponding p is €(e;, +¢e;, +--- + ¢;,).

(3
Oy )
/ Figure 7.1
@—@ Column incidence graph for r(x) defined in
(7.12).
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Usually, there are many ways to assign colors to the n nodes in the graph in a way that
satisfies the required condition. The simplest way is just to assign each node a different color,
but since that scheme produces n perturbation vectors, it is usually not the most efficient
approach. Itis generally very difficult to find the coloring scheme that uses the fewest possible
colors, but there are simple algorithms that do a good job of finding a near-optimal coloring
at low cost. Curtis, Powell, and Reid [62] and Coleman and Moré [48] provide descriptions
of some methods and performance comparisons. Newsam and Ramsdell [182] show that by
considering a more general class of perturbation vectors p, it is possible to evaluate the full
Jacobian using no more than n, evaluations of r (in addition to the evaluation at the point
x), where n, is the maximum number of nonzeros in each row of J(x).

For some functions r with well-studied structures (those that arise from discretizations
of differential operators, or those that give rise to banded Jacobians, as in the example above),
optimal coloring schemes are known. For the tridiagonal Jacobian of (7.13) and its associated
graph in Figure 7.1, the scheme with three colors is optimal.

APPROXIMATING THE HESSIAN

In some situations, the user may be able to provide a routine to calculate the gradient
V f(x) but not the Hessian V2 f(x). We can obtain the Hessian by applying the forward-
difference or central-difference formula derived above to each element of the gradient vector
in turn. When the second derivatives exist and are Lipschitz continuous, Taylor’s theorem
implies that

Vf(x+p) =V )+ Vi fx)p+odlplP). (7.18)

By substituting p = €e; in this expression and rearranging, we obtain

AVS) o Vflx+ee)—Vf(x)
xi (x) ~ . ,

V2 f(x)e; = (7.19)

where the approximation erroris O (¢). An approximation to the full Hessian can be obtained
by setting i = 1,2,...,n in turn, a process that requires a total of n + 1 evaluations of
the gradient V f. Note that this column-at-a-time process does not necessarily lead to a
symmetric result; however, we can recover symmetry by adding the approximation to its
transpose and dividing the result by 2.

As in the case of sparse Jacobians discussed above, it usually is possible to approximate
the entire Hessian using considerably fewer than n perturbation vectors. We discuss some
approaches in the next section.

Some important algorithms—most notably the Newton—-CG methods described in
Chapter 6—do not require knowledge of the full Hessian. Instead, each iteration requires
us to supply the Hessian—vector product V2 f(x) p, for a given vector p. An approximation
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to this product can be obtained by simply replacing p by €p in the expression (7.18), to
obtain

Vilx+ep) - Vi)
€

Vi fx)p~ (7.20)

(seealso (6.7)). The approximation error is again O (€), and the cost of obtaining the approx-
imation is a single gradient evaluation at the point x 4 €p. The formula (7.20) corresponds
to the forward-difference approximation (7.1). A central difference formula (7.7) can be
derived by evaluating V f(x — €p) as well.

For the case in which even gradients are not available, we can use Taylor’s theorem
once again to derive formulae for approximating the Hessian that use only function values.
The main tool is the formula (7.8): By substituting the vectors p = €e;, p = €e;, and
p = €(e; + ¢;) into this formula and combining the results appropriately, we obtain

’f (x) = fx teeiteej) — flxtee) - flx+ee;)+ flx)

3X,’8.Xj €?

+ O0(e). (7.21)

If we wished to approximate every element of the Hessian with this formula, then we would
need to evaluate f atx +€(e; +e¢;) forall possiblei and j (atotal of n(n+1)/2 points) as well
as at the n points x + €¢;,i = 1, 2, ..., n. If the Hessian is sparse, we can, of course, reduce
this operation count by skipping the evaluation whenever we know the element 3 f/dx; 0x;
to be zero.

APPROXIMATING A SPARSE HESSIAN

The Hessian V2 f(x) can be thought of as the Jacobian of the vector function
Vf :R" - R", so we could apply the sparse Jacobian estimation techniques described
above to find an approximation, often at a cost of many fewer than n + 1 evaluations of the
gradient vector V f. Such an approach, however, ignores the fact that the Hessian is sym-
metric. Because of symmetry, any estimate of the element [sz(x)]i,j = 82f(x)/8x,-8xj is
also an estimate of its symmetric counterpart [V f (x)] ;,i- Additional savings—sometimes
very significant—can be had if we exploit the symmetry of the Hessian in choosing our
perturbation vectors p.

We illustrate the point with the simple function f : R* — R defined by

fx)=x i izxiz. (7.22)
i=1
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It is easy to show that the Hessian V2 f has the “arrowhead” structure depicted below (for
the case of n = 6):

M x x x x x x|
X X
X X
(7.23)
X X
X X

If we were to construct the intersection graph for the function V f (analogous to Figure 7.1),
we would find that every node is connected to every other node, for the simple reason that
row 1 has a nonzero in every column. According to the rule for coloring the graph, then, we
would have to assign a different color to every node, which implies that we would need to
evaluate V f at the n + 1 points x and x + €¢; fori = 1,2, ..., n.

We can construct a much more efficient scheme by taking the symmetry into account.
Suppose we first use the perturbation vector p = €e; to estimate the first column of V2 f (x).
Because of symmetry, the same estimates apply to the first row of V2 f. From (7.23), we see
that all that remains is to find the diagonal elements V2 f(x)2, V2 f(x)33, . . ., V2 f(x)¢s-
The intersection graph for these remaining elements is completely disconnected, so we can
assign them all the same color and choose the corresponding perturbation vector to be

p=cles+es+---+e)=¢(0,1,1,1,1,1)7. (7.24)

Note that the second component of V f is not affected by the perturbations in components
3,4, 5, 6 of the unknown vector, while the third component of V f is not affected by pertur-
bations in components 2, 4, 5, 6 of x, and so on. As in (7.14) and (7.15), we have for each
component i that

Vix+p)i=Vflx+elea+es+---+e))i =Vfix+ee).

By applying the forward-difference formula (7.1) to each of these individual components,
we then obtain

f . Vflx+ee)—Vfix)  Vflx+ep)— V), .
EACE ) - . . i=23.....6

By exploiting symmetry, we have been able to estimate the entire Hessian by evaluating V f
only at x and two other points.

Again, graph-coloring techniques can be used as the basis of methods for choosing the
perturbation vectors p economically. We use the adjacency graph in place of the intersection
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graph described earlier. The adjacency graph has n nodes, with arcs connecting nodes i
and k whenever i # k and 982 f(x)/(9x;dx;) # 0 for some x. The requirements on the
coloring scheme are a little more complicated than before, however. We require not only
that connected nodes have different colors, but also that any path of length 3 through the
graph contain at least three colors. In other words, if there exist nodes iy, i3, i3, i4 in the graph
thatare connected by arcs (i1, i2), (i2, i3),and (i3, i4), then atleast three different colors must
be used in coloring these four nodes. See Coleman and Moré [49] for an explanation of this
rule and for algorithms to compute valid colorings. The perturbation vectors are constructed
as before: Whenever the nodes i1, iz, . . ., iy have the same color, we set the corresponding
perturbation vector tobe p = €(e;, + e, +--- +e;,).

7.2 AUTOMATIC DIFFERENTIATION

Automatic differentiation is the generic name for techniques that use the computational
representation of a function to produce analytic values for the derivatives. Some techniques
produce code for the derivatives at a general point x by manipulating the function code
directly. Other techniques keep a record of the computations made during the evaluation
of the function at a specific point x and then review this information to produce a set of
derivatives at x.

Automatic differentiation techniques are founded on the observation that any func-
tion, no matter how complicated, is evaluated by performing a sequence of simple elementary
operations involving just one or two arguments at a time. Two-argument operations include
addition, multiplication, division, and the power operation a’. Examples of single-argument
operationsinclude the trigonometric, exponential, and logarithmic functions. Another com-
mon ingredient of the various automatic differentiation tools is their use of the chain rule.
This is the well-known rule from elementary calculus that says that if / is a function of the
vector y € R, which is in turn a function of the vector x € R”, we can write the derivative
of h with respect to x as follows:

m

oh
Veh(y(x) =) By - (7.25)

i=1

See Appendix A for further details.

There are two basic modes of automatic differentiation: the forward and reversemodes.
The difference between them can be illustrated by a simple example. We work through such
an example below, and indicate how the techniques can be extended to general functions,
including vector functions.
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AN EXAMPLE

Consider the following function of 3 variables:
f(x) = (x1xzsin x5 + €%72) /x3. (7.26)

The graph in Figure 7.2 shows how the evaluation of this function can be broken down into
its elementary operations and also indicates the partial ordering associated with these oper-
ations. For instance, the multiplication x; * x, must take place prior to the exponentiation
"2, or else we would obtain the incorrect result (e™ )x,. This graph introduces the inter-
mediate variables x4, X5, . . . that contain the results of intermediate computations; they are
distinguished from the independent variables x1, x,, x5 that appear at the left of the graph.
We can express the evaluation of f in arithmetic terms as follows:

X4 = X1 * X3,
Xs = sinxs,
— X4
oo = e (7.27)
X7 = X4 * X5,
Xg = X¢+ Xy,
X9 = Xg/xs.

The final node xy in Figure 7.2 contains the function value f(x). In the terminology
of graph theory, node i is the parent of node j, and node j the child of node i, whenever
there is a directed arc from i to j. Any node can be evaluated when the values of all its
parents are known, so computation flows through the graph from left to right. Flow of
computation in this direction is known as a forward sweep. It is important to emphasize
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Figure7.2 Computational graph for f(x) defined in (7.26).
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that software tools for automatic differentiation do not require the user to break down the
code for evaluating the function into its elements, as in (7.27). Identification of intermediate
quantities and construction of the computational graph is carried out, explicitly or implicitly,
by the software tool itself.

We now describe how the forward mode can be used to obtain the derivatives of (7.26).

THE FORWARD MODE

In the forward mode of automatic differentiation, we evaluate and carry forward a
directional derivative of each intermediate variable x; in a given direction p € R™, si-
multaneously with the evaluation of x; itself. We introduce the following notation for the
directional derivative for p associated with each variable:

3
def
Dpxi = (Vx) p=7)
j=1

8xi .
—pj, i=12,...,9. (7.28)
ij

Our goal is to evaluate D, xo, which is the same as the directional derivative V f (x)T p. We
note immediately that initial values D,x; for the independent variables x;, i = 1, 2, 3, are
simply the components p;, p,, p; of p. The direction p is referred to as the seed vector.

As soon as the value of x; at any node is known, we can find the corresponding value
of D,x; from the chain rule. For instance, suppose we know the values of x4, D x4, x5, and
D, x5, and we are about to calculate x; in Figure 7.2. We have that x; = x4xs; that is, x; is a
function of the two variables x, and x5, which in turn are functions of x;, x,, x3. By applying
the rule (7.25), we have that

8)67 8)(7
V}C7 = —V)C4 =+ —V}C5 = )C5VX4 + X4VX5.
8)64 BX5

By taking the inner product of both sides of this expression with p and applying the definition
(7.28), we obtain

3X7 BX7
Dpx7 = 8—x4Dp,X4 -+ a—stp)C5 = )C5DI,X4 + X4D[,X5. (729)

The directional derivatives D, x; are therefore evaluated side by side with the intermediate
results x;, and at the end of the process we obtain D,xo = D, f = V)T p.

The principle of the forward mode is straightforward enough, but what of its practical
implementation and computational requirements? First, we repeat that the user does not
need to construct the computational graph, break the computation down into elementary
operations as in (7.27), or identify intermediate variables. The automatic differentiation
software should perform these tasks implicitly and automatically. Nor is it necessary to store
the information x; and D,x; for every node of the computation graph at once (which is just
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as well, since this graph can be very large for complicated functions). Once all the children
of any node have been evaluated, its associated values x; and D, x; are not needed further
and may be overwritten in storage.

The key to practical implementation is the side-by-side evaluation of x; and Dx;. The
automatic differentiation software associates a scalar D,w with any scalar w that appears
in the evaluation code. Whenever w is used in an arithmetic computation, the software
performs an associated operation (based on the chain rule) with the gradient vector D,w.
For instance, if w is combined in a division operation with another value y to produce a new
value z, that is,

7 < —,
y

we use w, z, Dpw, and D,y to evaluate the directional derivative D,z as follows:

1 w
Dyz <~ —Dyw — —Dpy. (7.30)
y y

To obtain the complete gradient vector, we can carry out this procedure simultaneously
for the n seed vectors p = ey, e, ..., e,. By the definition (7.28), we see that p = ¢; implies
that D, f = 0f/0x;, j = 1,2, ..., n. We note from the example (7.30) that the additional
cost of evaluating f and V f (over the cost of evaluating f alone) may be significant. In
this example, the single division operation on w and y needed to calculate z gives rise
to approximately 2n multiplications and n additions in the computation of the gradient
elements Dez,j =1,2,...,n.ltis difficult to obtain an exact bound on the increase in
computation, since the costs of retrieving and storing the data should also be taken into
account. The storage requirements may also increase by a factor as large as n, since we
now have to store n additional scalars Dexiy j=1,2,...,n, alongside each intermediate
variable x;. It is usually possible to make savings by observing that many of these quantities
are zero, particularly in the early stages of the computation (that is, toward the left of the
computational graph), so sparse data structures can be used to store the vectors D, x;,
j=1,2,...,n(see[16]).

The forward mode of automatic differentiation can be implemented by means of a
precompiler, which transforms function evaluation code into extended code that evaluates
the derivative vectors as well. An alternative approach is to use the operator-overloading
facilities available in languages such as C++ to transparently extend the data structures and
operations in the manner described above.

THE REVERSE MODE

The reverse mode of automatic differentiation does not perform function and gradient
evaluations concurrently. Instead, after the evaluation of f is complete, it recovers the partial
derivatives of f with respect to each variable x;—independent and intermediate variables
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alike—Dby performing a reverse sweep of the computational graph. At the conclusion of this
process, the gradient vector V f can be assembled from the partial derivatives 9f/dx; with
respect to the independent variables x;,i = 1,2, ..., n.

Instead of the gradient vectors D,x; used in the forward mode, the reverse mode
associates a scalar variable X; with each node in the graph; information about the partial
derivative df/dx; is accumulated in x; during the reverse sweep. The x; are sometimes called
the adjoint variables, and we initialize their values to zero, with the exception of the rightmost
node in the graph (node N, say), for which we set Xy = 1. This choice makes sense because
xy contains the final function value f, so we have f/dxy = 1.

The reverse sweep makes use of the following observation, which is again based on
the chain rule (7.25): For any node i, the partial derivative 9f/dx; can be built up from
the partial derivatives df/dx; corresponding to its child nodes j according to the following
formula:

3 af ax;
a—fz 3 a—fa—x’ (7.31)
Y i achildofi O Y

For each node i, we add the right-hand-side termin (7.31) to X; as soon as it becomes known;
that is, we perform the operation

dax j Bx,-

(In this expression and the ones below, we use the arithmetic notation of the programming
language C, in which x+=a means x < x + a.) Once contributions have been received
from all the child nodes of i, we have x; = df/dx;, so we declare node i to be “finalized.”
At this point, node i is ready to contribute a term to the summation for each of its parent
nodes according to the formula (7.31). The process continues in this fashion until all nodes
are finalized. Note that the flow of computation in the graph is from children to parents.
This is the opposite direction to the process of evaluating the function f, which proceeds
from parents to children.

During the reverse sweep, we work with numerical values, not with formulae or com-
puter code involving the variables x; or the partial derivatives df/dx;. During the forward
sweep—the evaluation of f—we not only calculate the values of each variable x;, but we
also calculate and store the numerical values of each partial derivative dx; /9x;. Each of these
partial derivatives is associated with a particular arc of the computational graph. The nu-
merical values of dx; /0x; computed during the forward sweep are then used in the formula
(7.32) during the reverse sweep.

We illustrate the reverse mode for the example function (7.26). In Figure 7.3 we fill
in the graph of Figure 7.2 for a specific evaluation point x = (1, 2, 7/ )7, indicating the
numerical values of the intermediate variables x4, xs, . . ., X9 associated with each node and
the partial derivatives dx;/0x; associated with each arc.
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Figure 7.3 Computational graph for f(x) defined in (7.26) showing numerical val-
ues of intermediate values and partial derivatives for the point x = (1,2, 7/2)7.
Notation: p(j, i) = 0x;/0x;.

As mentioned above, we initialize the reverse sweep by setting all the adjoint variables
X; to zero, except for the rightmost node, for which we have X9 = 1. Since f(x) = x9 and
since node 9 has no children, we have X9 = 9f/dx9, and so we can immediately declare node
9 to be finalized.

Node 9 is the child of nodes 3 and 8, so we use formula (7.32) to update the values of
X3 and xg as follows:

X3+=——"— = — = s (7333)

Xgt=/—"-""=—=—. (7.33b)

Node 3 is not finalized after this operation; it still awaits a contribution from its other child,
node 5. On the other hand node 9 is the only child of node 8, so we can declare node 8 to
be finalized with the Value A — /7. We can now update the values of x; at the two parent
nodes of node 8 by applymg the formula (7.32) once again; that is,

— _af 8)63 _ 2
6 _Bxg 8X6 - JT’
af o 2
= x 2
a)Cg 8X7 T
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At this point, nodes 6 and 7 are finalized, so we can use them to update nodes 4 and 5. At
the end of this process, when all nodes are finalized, nodes 1, 2, and 3 contain

% (4 +4e*) /7
X | =V k)= (24 2¢%) /7 ,
X3 (—8 — 4¢?)/m?

and the derivative computation is complete.

The main appeal of the reverse mode is that its computational complexity is low for
the scalar functions f : R” — R discussed here. The extra arithmetic associated with
the gradient computation is at most four or five times the arithmetic needed to evaluate
the function alone. Taking the division operation in (7.33) as an example, we see that two
multiplications, a division, and an addition are required for (7.33a), while a division and an
addition are required for (7.33b). This is about five times as much work as the single division
involving these nodes that was performed during the forward sweep.

As we noted above, the forward mode may require up to n times more arithmetic
to compute the gradient V f than to compute the function f alone, making it appear
uncompetitive with the reverse mode. When we consider vector functions r : R* — R™,
the relative costs of the forward and reverse modes become more similar as m increases, as
we describe in the next section.

An apparent drawback of the reverse mode is the need to store the entire computational
graph, which is needed for the reverse sweep. In principle, storage of this graph is not too
difficult to implement. Whenever an elementary operation is performed, we can form and
store a new node containing the intermediate result, pointers to the (one or two) parent
nodes, and the partial derivatives associated with these arcs. During the reverse sweep, the
nodes can be read in the reverse order to that in which they were written, giving a particularly
simple access pattern. The process of forming and writing the graph can be implemented
as a straightforward extension to the elementary operations via operator overloading (as in
ADOL-C [126]). The reverse sweep/gradient evaluation can be invoked as a simple function
call.

Unfortunately, the computational graph may require a huge amount of storage. If
each node can be stored in 20 bytes, then a function that requires one second of evaluation
time on a 100 megaflop computer may produce a graph of up to 2 gigabytes in size. The
storage requirements can be reduced, at the cost of some extra arithmetic, by performing
partial forward and reverse sweeps on pieces of the computational graph, reevaluating por-
tions of the graph as needed rather than storing the whole structure. Descriptions of this
approach, sometimes known as checkpointing, can be found in Griewank [122] and Grimm,
Pottier, and Rostaing-Schmidt [130], and an implementation can be found in the Odyssee
software tool [219]. An implementation of checkpointing in the context of variational data
assimilation can be found in Restrepo, Leaf, and Griewank [213].
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VECTOR FUNCTIONS AND PARTIAL SEPARABILITY

So far, we have looked at automatic differentiation of general scalar-valued functions
f : R" — R. In nonlinear least-squares problems (Chapter 10) and nonlinear equations
(Chapter 11), we have to deal with vector functions r : R" — R™ with m components
rj» j = 1,2,..., m. The rightmost column of the computational graph then consists of
m nodes, none of which has any children, in place of the single node described above. The
forward and reverse modes can be adapted in straightforward ways to find the Jacobian of
r, that is, the m x n matrix J(x) defined by

} , . (7.34)
0x; Jj=L2,..m
i=1,2,...,n

Besides their applications to least-squares and nonlinear-equa‘tions problems, au-
tomatic differentiation of vector functions is a useful technique for dealing with partially
separable functions. We recall that partial separability is commonly observed in large-scale
optimization, and we saw in Chapter 9 that there exist efficient quasi-Newton procedures for
the minimization of objective functions with this property. Since an automatic procedure for
detecting the decomposition of a given function f into its partially separable representation
was developed recently by Gay [98], it has become possible to exploit the efficiencies that
accrue from this property without asking much information from the user.

In the simplest sense, a function f is partially separable if we can express it in the form

fx) =" filx), (7.35)
i=1

where each element function f;(-) depends on just a few components of x. If we construct
the vector function r from the partially separable components, that is,

fi(x)
fH(x)
r(x) = ) ,
fne(x)
it follows from (7.35) that
Vix)=Jx)Te, (7.36)
where, as usual, e = (1,1,...,1)7. Because of the partial separability property, most

columns of J(x) contain just a few nonzeros. This structure makes it possible to calculate
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J (x) efficiently by applying graph-coloring techniques, as we discuss below. The gradient
V f(x) can then be recovered from the formula (7.36).

In constrained optimization, it is often beneficial to evaluate the objective function f
and the constraint functions ¢;, i € ZUE, simultaneously. By doing so, we can take advantage
of common expressions (which show up as shared intermediate nodes in the computation
graph) and hence can reduce the total workload. In Figure 7.2, for instance, the intermediate
variable x, is shared during the computation of x¢ and x7. In this case, the vector function

r can be defined as
fx)
(x) = .
o |: [ cj(x) ]jeIUS i|

CALCULATING JACOBIANS OF VECTOR FUNCTIONS

The forward mode is the same for vector functions as for scalar functions. Given a
seed vector p, we continue to associate quantities D, x; with the node that calculates each
intermediate variable x;. At each of the rightmost nodes (containing r;, j = 1,2, ...,m),
this variable contains the quantity D,r; = (Vr;)"p, j = 1,2,..., m. By assembling
these m quantities, we obtain J(x)p, the product of the Jacobian and our chosen vector
p- As in the case of scalar functions (m = 1), we can evaluate the complete Jacobian
by setting p = ey, e, ..., e, and evaluating the n quantities D,,x; simultaneously. For
sparse Jacobians, we can use the coloring techniques outlined above in the context of finite-
difference methods to make more intelligent and economical choices of the seed vectors p.
The factor of increase in cost of arithmetic, when compared to a single evaluation of r, is
about equal to the number of seed vectors used.

The key to applying the reverse mode to a vector function r (x) is to choose seed vectors
g € R™ and apply the reverse mode to the scalar functions 7 (x)” g. The result of this process
is the vector

m

Vir(x)'ql =V [qu(ﬂ} =J(x)q.
j=

Instead of the Jacobian—vector product that we obtain with the forward mode, the reverse
mode yields a Jacobian-transpose—vector product. The technique can be implemented by

seeding the variables x; in the m dependent nodes that contain ry, r,, ..., ry, with the
components ¢i, ¢z, - - - , ¢ Of the vector g. At the end of the reverse sweep, the node for
independent variables xi, x5, ..., x,, will contain

di[r(x)Tq], i=1,2,...,n,
Xi

which are simply the components of J (x)7g.
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As usual, we can obtain the full Jacobian by carrying out the process above for the m
unit vectors ¢ = ey, ey, ..., e,. Alternatively, for sparse Jacobians, we can apply the usual
coloring techniques to find a smaller number of seed vectors g—the only difference being
that the graphs and coloring strategies are defined with reference to the transpose J (x)”
rather than to J(x) itself. The factor of increase in the number of arithmetic operations
required, in comparison to an evaluation of » alone, is no more than 5 times the number
of seed vectors. (The factor of 5 is the usual overhead from the reverse mode for a scalar
function.) The space required for storage of the computational graph is no greater than in
the scalar case. As before, we need only store the graph topology information together with
the partial derivative associated with each arc.

The forward- and reverse-mode techniques can be combined to cumulatively reveal
all the elements of J (x). We can choose a set of seed vectors p for the forward mode to reveal
some columns of J, then perform the reverse mode with another set of seed vectors g to
reveal the rows that contain the remaining elements.

Finally, we note that for some algorithms, we do not need full knowledge of the Jacobian
J(x). For instance, iterative methods such as the inexact Newton method for nonlinear
equations (see Section 11.1) require repeated calculation of J (x) p for a succession of vectors
p- Each such matrix—vector product can be computed using the forward mode by using a
single forward sweep, at a similar cost to evaluation of the function alone.

CALCULATING HESSIANS: FORWARD MODE

So far, we have described how the forward and reverse modes can be applied to obtain
first derivatives of scalar and vector functions. We now outline extensions of these techniques
to the computation of the Hessian V? f of a scalar function f,and evaluation of the Hessian—
vector product V2 f(x)p for a given vector p.

Recall that the forward mode makes use of the quantities D, x;, each of which stores
(Vx;)T p for each node i in the computational graph and a given vector p. For a given pair
of seed vectors p and g (both in R") we now define another scalar quantity by

Dpxi = p' (Vx)q, (7.37)

for each node i in the computational graph. We can evaluate these quantities during the
forward sweep through the graph, alongside the function values x; and the first-derivative
values D, x;. The initial values of D, at the independent variable nodes x;,i = 1,2...,n,
will be 0, since the second derivatives of x; are zero at each of these nodes. When the forward
sweep is complete, the value of D, x; in the rightmost node of the graph will be p” V2 f (x)g.

The formulae for transformation of the D, x; variables during the forward sweep can
once again be derived from the chain rule. For instance, if x; is obtained by adding the values
at its two parent nodes, x; = x; + xi, the corresponding accumulation operations on D x;
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and D, x; are as follows:
Dpxi = Dpxj+ Dpxi,  Dpyxi = Dpgxj + Dpgxi. (7.38)

The other binary operations —, X, / are handled similarly. If x; is obtained by applying the
unitary transformation L to x;, we have

x; = L(x;), (7.39a)
D,,xi = L/()Cj)(DpXj), (739b)
Dpgx; = L"(x;)(Dpx;)(Dyx;) + L'(x;)Dpyx;. (7.39¢)

We see in (7.39¢) that computation of D, x; can rely on the first-derivative quantities D ,x;
and D, x;, so both these quantities must be accumulated during the forward sweep as well.

We could compute a general dense Hessian by choosing the pairs (p, ¢) to be all
possible pairs of unit vectors (e;, ex), for j = 1,2,...,nand k = 1,2,..., j, a total of
n(n + 1)/2 vector pairs. (Note that we need only evaluate the lower triangle of V2 f(x),
because of symmetry.) When we know the sparsity structure of V2 f(x), we need evaluate
Dy,e,x; only for the pairs (e;, ex) for which the (j, k) component of V2 f(x) is possibly
nonzero.

The total increase factor for the number of arithmetic operations, compared with the
amount of arithmetic to evaluate f alone, is a small multiple of 1 4+ n + N_(V? f), where
N, (V2 f) is the number of elements of V? f that we choose to evaluate. This number reflects
the evaluation of the quantities x;, D, x; (j = 1,2,...,n), and D, ., x; for the N.(V*f)
vector pairs (e;, e;). The “small multiple” results from the fact that the update operations
for D, x; and D, x; may require a few times more operations than the update operation for
x; alone; see, for example, (7.39). One storage location per node of the graph is required for
each of the 1 +n + N, (V2 f) quantities that are accumulated, but recall that storage of node
i can be overwritten once all its children have been evaluated.

When we do not need the complete Hessian, but only a matrix—vector product involv-
ing the Hessian (as in the Newton—CG algorithm of Chapter 6), the amount of arithmetic is,
of course, smaller. Given a vector ¢ € R”, we use the techniques above to compute the first-
derivative quantities D, x;, ... D,,x; and D,x;, as well as the second-derivative quantities
De,4xi, ..., De,gxi, during the forward sweep. The final node will contain the quantities

ef (Vf)g=[Vflg],, j=12,....n,

which are the components of the vector V2 f(x)g. Since 2n + 1 quantities in addition to
x; are being accumulated during the forward sweep, the increase factor in the number of
arithmetic operations increases by a small multiple of 2n.

An alternative technique for evaluating sparse Hessians is based on the forward-mode
propagation of firstand second derivatives of univariatefunctions. To motivate this approach,
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note that the (7, j) element of the Hessian can be expressed as follows:

[V2f(x)];j =€ V2 f(x)e;

_ % [(ei +¢,) V2 £(x)(er +¢)) — T V2 f(x)er — T V2 f(x)e;] (7.40)

We can use this interpolation formula to evaluate [V f(x)]; ;> provided that the second
derivatives D, xx, for p = e;, p = ej, p = e; + e}, and all nodes x;, have been evaluated
during the forward sweep through the computational graph. In fact, we can evaluate all the
nonzero elements of the Hessian, provided that we use the forward mode to evaluate D ,x;
and D ,x; for a selection of vectors p of the form ¢; + ¢, where i and j are both indices in
{1,2,...,n}, possibly withi = j.

One advantage of this approach is that it is no longer necessary to propagate “cross
terms” of the form D, x; for p # g (see, for example, (7.38) and (7.39¢)). The propagation
formulae therefore simplify somewhat. Each D, x; is a function of x;, D, x¢, and D, x, for
all parent nodes £ of node k.

Note, too, that if we define the univariate function v by

Y(t) = f(x+1p), (7.41)

then the values of D, f and D, f (which emerge at the completion of the forward sweep)
are simply the first two derivatives of ¢ evaluated at ¢ = 0; that is,

Dpf =p'Vfx) =¥ Oz, Dpf=p' V:fx)p=1v"(1)liz0

Extension of this technique to third, fourth, and higher derivatives is possible. Inter-
polation formulae analogous to (7.40) can be used in conjunction with higher derivatives
of the univariate functions v defined in (7.41), again for a suitably chosen set of vectors p,
where each p is made up of a sum of unit vectors ¢;. For details, see Bischof, Corliss, and
Griewank [14].

CALCULATING HESSIANS: REVERSE MODE

We can also devise schemes based on the reverse mode for calculating Hessian—vector
products V2 f(x)q, or the full Hessian V2 f (x). A scheme for obtaining V2 f (x)q proceeds
as follows. We start by using the forward mode to evaluate both f and V f(x)” ¢, by accu-
mulating the two variables x; and D,x; during the forward sweep in the manner described
above. We then apply the reverse mode in the normal fashion to the computed function
V f(x)Tq. At the end of the reverse sweep, the nodesi = 1,2, ..., n of the computational
graph that correspond to the independent variables will contain

0
E(Vf(x)Tq) = [sz(x)q]i , i=12,...,n.
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The number of arithmetic operations required to obtain V2 £ (x)q by this procedure
increases by only a modest factor, independent of n, over the evaluation of f alone. By
the usual analysis for the forward mode, we see that the computation of f and V f(x)’ ¢
jointly requires a small multiple of the operation count for f alone, while the reverse sweep
introduces a further factor of at most 5. The total increase factor is approximately 12 over the
evaluation of f alone. Ifthe entire Hessian V2 f (x) is required, we could apply the procedure
just described with ¢ = ey, e, . . ., e,. This approach would introduce an additional factor
of n into the operation count, leading to an increase of at most 12n over the cost of f alone.

Once again, when the Hessian is sparse with known structure, we may be able to
use graph-coloring techniques to evaluate this entire matrix using many fewer than n seed
vectors. The choices of ¢ are similar to those used for finite-difference evaluation of the
Hessian, described above. The increase in operation count over evaluating f alone is a
multiple of up to 12N.(V?2 f), where N, is the number of seed vectors ¢ used in calculating
Vif.

CURRENT LIMITATIONS

The current generation of automatic differentiation tools has proved its worth through
successful application to some large and difficult design optimization problems. However,
these tools can run into difficulties with some commonly used programming constructs and
some implementations of computer arithmetic. As an example, if the evaluation of f(x)
depends on the solution of a partial differential equation (PDE), then the computed value
of f may contain truncation error arising from the finite-difference or the finite-element
technique that is used to solve the PDE numerically. That is, we have f (x)= f(x)+ t(x),
where f (+) is the computed value of f(-) and t(-) is the truncation error. Though |z (x)]| is
usually small, its derivative t/(x) may not be, so the error in the computed derivative f "(x)
is potentially large. (The finite-difference approximation techniques discussed in Section 7.1
experience the same difficulty.) Similar problems arise when the computer uses piecewise
rational functions to approximate trigonometric functions.

Another source of potential difficulty is the presence of branching in the code to
improve the speed or accuracy of function evaluation in certain domains. A pathological
example is provided by the linear function f(x) = x — 1. If we used the following (perverse,
but valid) piece of code to evaluate this function,

if (x =1.0) then f =0.0 else f =x—1.0,

then by applying automatic differentiation to this procedure we would obtain the derivative
value f/(1) = 0. For a discussion of such issues and an approach to dealing with them, see
Griewank [123].

In conclusion, automatic differentiation should be regarded as a set of increasingly
sophisticated techniques that enhances optimization algorithms, allowing them to be ap-
plied successfully to many practical problems involving complicated functions. It facilitates
interpretations of the computed optimal solutions, allowing the modeler to extract more
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information from the results of the computation. Automatic differentiation should not be
regarded as a panacea that absolves the user altogether from the responsibility of thinking
about derivative calculations.

NOTES AND REFERENCES

The field of automatic differentiation has grown considerably in recent years, and a
number of good software tools are now available. We mention in particular ODYSSEE [219],
ADIFOR [13] and ADIC [17], and ADOL-C [126]. Current software tool development in
automatic differentiation is moving away from the forward-reverse-mode dichotomy and to-
ward “mixed modes” that combine the two approaches at different steps in the computation.
For a summary of recent work in this area see Bischof and Haghighat [15].

A number of good survey papers and volumes on automatic differentiation are avail-
able. The volume edited by Griewank and Corliss [ 125] covers much of the state of the art up
to 1991, while the update to this volume, edited by Berz, Bischof, Corliss, and Griewank [10],
covers the developments of the following five years. (Particularly notable contributions in
this volume are the paper of Corliss and Rall [57] and the extensive bibliography.) A survey
of the applications of automatic differentiation in optimization is given by Griewank [124].

The technique for calculating the gradient of a partially separable function was de-
scribed by Bischof et al. [12], whereas the computation of the Hessian matrix has been
considered by several authors; see, for example, Gay [98].

The work of Coleman and Moré [49] on efficient estimation of Hessians was predated
by Powell and Toint [210], who did not use the language of graph coloring but nevertheless
devised highly effective schemes. Software for estimating sparse Hessians and Jacobians is
described by Coleman, Garbow, and Mor¢é [46, 47].

& EXERCISES

& 7.1 Show that a suitable value for the perturbation € in the central-difference formula
is € = u!/?, and that the accuracy achievable by this formula when the values of f contain
roundoff errors of size u is approximately u*>. (Use similar assumptions to the ones used

to derive the estimate (7.6) for the forward-difference formula.)

& 7.2 Derive a central-difference analogue of the Hessian—vector approximation
formula (7.20).

& 7.3 Verify the formula (7.21) for approximating an element of the Hessian using only
function values.

& 7.4 Verify that if the Hessian of a function f has nonzero diagonal elements, then its
adjacency graph is a subgraph of the intersection graph for V f. In other words, show that
any arc in the adjacency graph also belongs to the intersection graph.
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& 7.5 Draw the adjacency graph for the function f defined by (7.22). Show that the
coloring scheme in which node 1 has one color while nodes 2, 3, ..., n have another color
is valid. Draw the intersection graph for V f.

& 7.6 Construct the adjacency graph for the function whose Hessian has the nonzero
structure

M x x x X 7]
X X X X
X X X X
9
X X
X X

and find a valid coloring scheme with just three colors.

& 7.7 Trace the computations performed in the forward mode for the function f(x)
in (7.26), expressing the intermediate derivatives Vx;,i = 6, ..., 12, in terms of quantities
available at their parent nodes and then in terms of the independent variables x1, . . ., xs.

& 7.8 Formula (7.30) showed the gradient operations associated with scalar division.
Derive similar formulae for the following operations:

(s,t) > s+t addition;

t —> ¢ exponentiation;
t — tan(¢) tangent;
(s, 1) > s.

& 7.9 By calculating the partial derivatives dx;/dx; for the function (7.26) from the
expressions (7.27), verify the numerical values for the arcs in Figure 7.3 for the evaluation
point x = (1,2, /2, —1, 3)7. Work through the remaining details of the reverse sweep
process, indicating the order in which the nodes become finalized.

&  7.10 Using (7.33) as a guide, describe the reverse sweep operations corresponding to

the following elementary operations in the forward sweep:

Xp < XiXj multiplication;

Xxp < cos(x;) cosine.

In each case, compare the arithmetic workload in the reverse sweep to the workload required
for the forward sweep.
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& 7.11 Define formulae similar to (7.38) for accumulating the first derivatives D ,x; and
the second derivatives D, x; when x; is obtained from the following three binary operations:
Xj = Xj — Xp, Xj = XjXp, and x; = X /xg.

& 7.12 By using the definitions (7.28) of D,x; and (7.37) of D,,x;, verify the

differentiation formulae (7.39) for the unitary operation x; = L(x;).

&  7.13 Leta € R" be a fixed vector and define f as f(x) = % (xTx + (aTx)2>. Count

the number of operations needed to evaluate f, V f, V2 f, and the Hessian—vector product
V2 f(x)p for an arbitrary vector p.
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Quasi-Newton
Methods

In the mid 1950s, W.C. Davidon, a physicist working at Argonne National Laboratory,
was using the coordinate descent method (see Section 3.3) to perform a long optimization
calculation. At that time computers were not very stable, and to Davidon’s frustration,
the computer system would always crash before the calculation was finished. So Davidon
decided to find a way of accelerating the iteration. The algorithm he developed—the first
quasi-Newton algorithm—turned out to be one of the most revolutionary ideas in nonlinear
optimization. It was soon demonstrated by Fletcher and Powell that the new algorithm
was much faster and more reliable than the other existing methods, and this dramatic
advance transformed nonlinear optimization overnight. During the following twenty years,
numerous variants were proposed and hundreds of papers were devoted to their study. An
interesting historical irony is that Davidon’s paper [64] was not accepted for publication; it
remained as a technical report for more than thirty years until it appeared in the first issue
of the SIAM Journal on Optimization in 1991 [65].

Quasi-Newton methods, like steepest descent, require only the gradient of the ob-
jective function to be supplied at each iterate. By measuring the changes in gradients, they
construct a model of the objective function that is good enough to produce superlinear
convergence. The improvement over steepest descent is dramatic, especially on difficult
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problems. Moreover, since second derivatives are not required, quasi-Newton methods are
sometimes more efficient than Newton’s method. Today, optimization software libraries
contain a variety of quasi-Newton algorithms for solving unconstrained, constrained, and
large-scale optimization problems. In this chapter we discuss quasi-Newton methods for
small and medium-sized problems, and in Chapter 9 we consider their extension to the
large-scale setting.

The development of automatic differentiation techniques has diminished the appeal
of quasi-Newton methods, but only to a limited extent. Automatic differentiation eliminates
the tedium of computing second derivatives by hand, as well as the risk of introducing errors
in the calculation. More details are given in Chapter 7. Nevertheless, quasi-Newton methods
remain competitive on many types of problems.

8.1 THE BFGS METHOD

The most popular quasi-Newton algorithm is the BFGS method, named for its discoverers
Broyden, Fletcher, Goldfarb, and Shanno. In this section we derive this algorithm (and
its close relative, the DFP algorithm) and describe its theoretical properties and practical
implementation.

We begin the derivation by forming the following quadratic model of the objective
function at the current iterate x;:

me(p) = fi + VI p+ip"Bip. (8.1)

Here By is an n x n symmetric positive definite matrix that will be revised or updated at
every iteration. Note that the value and gradient of this model at p = 0 match f; and V f,
respectively. The minimizer p; of this convex quadratic model, which we can write explicitly
as

pe = —B'V fi. (8.2)
is used as the search direction, and the new iterate is
X1 = Xk + O Prs (8.3)

where the step length oy is chosen to satisfy the Wolfe conditions (3.6). This iteration is quite
similar to the line search Newton method; the key difference is that the approximate Hessian
By is used in place of the true Hessian.

Instead of computing By, afresh at every iteration, Davidon proposed to update it in a
simple manner to account for the curvature measured during the most recent step. Suppose
that we have generated a new iterate x;; and wish to construct a new quadratic model, of
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the form

mi1(p) = feq + kaTHP + %PTBkHP-

What requirements should we impose on By, based on the knowledge we have gained
during the latest step? One reasonable requirement is that the gradient of m;; should
match the gradient of the objective function f at the latest two iterates x; and x;4;. Since
Vmy41(0) is precisely V fi41, the second of these conditions is satisfied automatically. The
first condition can be written mathematically as

Vmgp(—oxpi) =V frr1 — ax By pr =V fi.

By rearranging, we obtain

Binagpr =V fir1 — Vi (8.4)

To simplify the notation it is useful to define the vectors

Sk = X1 — X Yk =V fir1 — Vi, (8.5)

so that (8.4) becomes

Biy1Sk = Y- (8.6)

We refer to this formula as the secant equation.

Given the displacement s; and the change of gradients y, the secant equation requires
that the symmetric positive definite matrix By map sy into yi. This will be possible only
if s and y; satisfy the curvature condition

skTyk >0, (8.7)

asis easily seen by premultiplying (8.6) by s/ . When f is strongly convex, the inequality (8.7)
will be satisfied for any two points x; and x;.; (see the exercises). However, this condition will
not always hold for nonconvex functions, and in this case we need to enforce (8.7) explicitly,
by imposing restrictions on the line search procedure that chooses «. In fact, the condition
(8.7) is guaranteed to hold if we impose the Wolfe (3.6) or strong Wolfe conditions (3.7) on
the line search. To verify this claim, we note from (8.5) and (3.6b) that V fkilsk >,V fkTsk,
and therefore

s = (e2 — DV £ pr. (8.8)

Since ¢; < 1 and since py is a descent direction, the term on the right will be positive, and
the curvature condition (8.7) holds.
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When the curvature condition is satisfied, the secant equation (8.6) always has a
solution By;. In fact, it admits an infinite number of solutions, since there are n(n +
1)/2 degrees of freedom in a symmetric matrix, and the secant equation represents only
n conditions. The requirement of positive definiteness imposes n additional inequalities—
all principal minors must be positive—but these conditions do not absorb the remaining
degrees of freedom.

To determine By uniquely, then, we impose the additional condition that among all
symmetric matrices satisfying the secant equation, By, is, in some sense, closest to the current
matrix By. In other words, we solve the problem

mBin B — Bxll (8.9a)

subjectto B = B', Bs; =y, (8.9b)

where s, and y; satisfy (8.7) and By is symmetric and positive definite. Many matrix norms
can be used in (8.9a), and each norm gives rise to a different quasi-Newton method. A

norm that allows easy solution of the minimization problem (8.9), and that gives rise to a
scale-invariant optimization method, is the weighted Frobenius norm

IAllw = |W'2AWY2| (8.10)

where || - ||  is defined by || C||2. = Yo Z?=1 cizj. The weight W can be chosen as anyma}rix

satisfying the relation Wy, = s;. For concreteness, the reader can assume that W = G;'
where Gy, is the average Hessian defined by

1
Gy = |:/ V2 f(x + rakpk)dri| . (8.11)

0
The property
vk = Graw pr = Gsi (8.12)

follows from Taylor’s theorem, Theorem 2.1. With this choice of weighting matrix W, the
norm (8.10) is adimensional, which is a desirable property, since we do not wish the solution
of (8.9) to depend on the units of the problem.

With this weighting matrix and this norm, the unique solution of (8.9) is

(DFP) Biyi = (I — vivesy ) Be (I = vieskyl) + vevevi - (8.13)

with
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This formula is called the DFP updating formula, since it is the one originally proposed by
Davidon in 1959, and subsequently studied, implemented, and popularized by Fletcher and
Powell.

The inverse of By, which we denote by

Hy = B,

is useful in the implementation of the method, since it allows the search direction (8.2)
to be calculated by means of a simple matrix—vector multiplication. Using the Sherman—
Morrison—Woodbury formula (A.56), we can derive the following expression for the update
of the inverse Hessian approximation H;, that corresponds to the DFP update of By in (8.13):

Hyyeyl He o sis
v Hiyk Vi Sk

(DFP)  Hysy = Hy — (8.14)

Note that the last two terms in the right-hand-side of (8.14) are rank-one matrices, so
that H; undergoes a rank-two modification. It is easy to see that (8.13) is also a rank-
two modification of By. This is the fundamental idea of quasi-Newton updating: Instead
of recomputing the iteration matrices from scratch at every iteration, we apply a simple
modification that combines the most recently observed information about the objective
function with the existing knowledge embedded in our current Hessian approximation.

The DFP updating formula is quite effective, but it was soon superseded by the BEGS
formula, which is presently considered to be the most effective of all quasi-Newton updating
formulae. BFGS updating can be derived by making a simple change in the argument that
led to (8.13). Instead of imposing conditions on the Hessian approximations By, we impose
similar conditions on their inverses Hy. The updated approximation Hy.; mustbe symmetric
and positive definite, and must satisfy the secant equation (8.6), now written as

Hip1yx = k.
The condition of closeness to H;, is now specified by the following analogue of (8.9):

m}}n |H — H|| (8.15a)

subjectto H = H', Hy, = s¢. (8.15b)

The norm is again the weighted Frobenius norm described above, where the weight matrix
W is now any matrix satisfying Ws; = y,. (For concreteness, we assume again that W is

given by the average Hessian Gy defined in (8.11).) The unique solution Hj to (8.15) is
given by

(BEGS) Hip1 = (I — pesey ) He(I — peyes{) + pesesi s (8.16)
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where

1

. (8.17)
ykTSk

Pk =

Just one issue has to be resolved before we can define a complete BFGS algorithm: How
should we choose the initial approximation Hy? Unfortunately, there is no magic formula
that works well in all cases. We can use specific information about the problem, for instance
by setting it to the inverse of an approximate Hessian calculated by finite differences at x,.
Otherwise, we can simply set it to be the identity matrix, or a multiple of the identity matrix,
where the multiple is chosen to reflect the scaling of the variables.

Algorithm 8.1 (BFGS Method).
Given starting point x, convergence tolerance € > 0,
inverse Hessian approximation Hy;
k < 0;
while |V fi]| > €;
Compute search direction

Pr = —HV fi; (8.18)

Set xx4+1 = X + o pr where o is computed from a line search
procedure to satisfy the Wolfe conditions (3.6);
Define sy = x341 — xp and yp = V fip1 — V fi5
Compute Hy;; by means of (8.16);
k<~—k+1;
end (while)

Each iteration can be performed at a cost of O(n?) arithmetic operations (plus the cost of
function and gradient evaluations); there are no O(n*) operations such as linear system
solves or matrix—matrix operations. The algorithm is robust, and its rate of convergence is
superlinear, which is fast enough for most practical purposes. Even though Newton’s method
converges more rapidly (that is, quadratically), its cost per iteration is higher because it
requires the solution of a linear system. A more important advantage for BFGS is, of course,
that it does not require calculation of second derivatives.

We can derive a version of the BFGS algorithm that works with the Hessian approx-
imation By rather than Hj. The update formula for By is obtained by simply applying the
Sherman—Morrison—-Woodbury formula (A.56) to (8.16) to obtain

Bisisi Be eyl

(BEGS) Biy1 = By — (8.19)

T T.
St Biesk Vi Sk
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A naive implementation of this variant is not efficient for unconstrained minimization,
because it requires the system By pr = —V f to be solved for the step py, thereby increasing
the cost of the step computation to O(n?). We discuss later, however, that less expensive
implementations of this variant are possible by updating Cholesky factors of By.

PROPERTIES OF THE BFGS METHOD

It is usually easy to observe the superlinear rate of convergence of the BEGS method
on practical problems. Below, we report the last few iterations of the steepest descent, BFGS,
and an inexact Newton method on Rosenbrock’s function (2.23). The table gives the value of
lxx — x*||. The Wolfe conditions were imposed on the step length in all three methods. From
the starting point (—1.2, 1), the steepest descent method required 5264 iterations, whereas
BFGS and Newton took only 34 and 21 iterations, respectively to reduce the gradient norm
to 107>,

steep. desc. BFGS | Newton
1.827e-04 | 1.70e-03 | 3.48e-02
1.826e-04 | 1.17e-03 | 1.44e-02
1.824e-04 | 1.34e-04 | 1.82e-04
1.823e-04 | 1.01e-06 | 1.17e-08

A few points in the derivation of the BFGS and DFP methods merit further discussion.
Note that the minimization problem (8.15) that gives rise to the BFGS update formula does
not explicitly require the updated Hessian approximation to be positive definite. It is easy to
show, however, that Hy; will be positive definite whenever Hy is positive definite, by using
the following argument. First, note from (8.8) that y/ sy is positive, so that the updating
formula (8.16), (8.17) is well-defined. For any nonzero vector z, we have

2" Hypz = wh How + pr(z7s)* > 0,

where we have defined w = z — oy yk(skT 2). The right hand side can be zero only if skT z=0,
but in this case w = z # 0, which implies that the first term is greater than zero. Therefore,
Hy 1 is positive definite.

In order to obtain quasi-Newton updating formulae that are invariant to changes, in
the variables, it is necessary that the objectives (8.9a) and (8.15a) be also invariant. The choice
of the weighting matrices W used to define the norms in (8.9a) and (8.15a) ensures that this
condition holds. Many other choices of the weighting matrix W are possible, each one of
them giving a different update formula. However, despite intensive searches, no formula has
been found that is significantly more effective than BFGS.

The BFGS method has many interesting properties when applied to quadratic func-
tions. We will discuss these properties later on, in the more general context of the Broyden
family of updating formulae, of which BFGS is a special case.
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It is reasonable to ask whether there are situations in which the updating formula such
as (8.16) can produce bad results. If at some iteration the matrix H; becomes a very poor
approximation, is there any hope of correcting it? If, for example, the inner product y{ s;
is tiny (but positive), then it follows from (8.16)—(8.17) that Hy,; becomes huge. Is this
behavior reasonable? A related question concerns the rounding errors that occur in finite-
precision implementation of these methods. Can these errors grow to the point of erasing
all useful information in the quasi-Newton approximate matrix?

These questions have been studied analytically and experimentally, and it is now known
that the BFGS formula has very effective self-correcting properties. If the matrix Hy incorrectly
estimates the curvature in the objective function, and if this bad estimate slows down the
iteration, then the Hessian approximation will tend to correct itself within a few steps. It is
also known that the DFP method is less effective in correcting bad Hessian approximations;
this property is believed to be the reason for its poorer practical performance. The self-
correcting properties of BFGS hold only when an adequate line search is performed. In
particular, the Wolfe line search conditions ensure that the gradients are sampled at points
that allow the model (8.1) to capture appropriate curvature information.

It is interesting to note that the DFP and BFGS updating formulae are duals of each
other, in the sense that one can be obtained from the other by the interchanges s < y,
B < H. This symmetry is not surprising, given the manner in which we derived these
methods above.

IMPLEMENTATION

A few details and enhancements need to be added to Algorithm 8.1 to produce an
efficient implementation. The line search, which should satisfy either the Wolfe conditions
(3.6) or the strong Wolfe conditions (3.7), should always try the step length ax = 1 first,
because this step length will eventually always be accepted (under certain conditions), thereby
producing superlinear convergence of the overall algorithm. Computational observations
strongly suggest that it is more economical, in terms of function evaluations, to perform a
fairly inaccurate line search. The values ¢; = 107* and ¢, = 0.9 are commonly used in (3.6).

As mentioned earlier, the initial matrix Hj often is set to some multiple 81 of the
identity, but there is no good general strategy for choosing B. If 8 is “too large,” so that
the first step pg = —fBgo is too long, many function evaluations may be required to find a
suitable value for the step length «g. Some software asks the user to prescribe a value § for
the norm of the first step, and then set Hy = §||go|| '/ to achieve this norm.

A heuristic that is often quite effective is to scale the starting matrix after the first step
has been computed but before the first BFGS update is performed. We change the provisional
value Hy = I by setting

1, (8.20)
Vi Yk
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before applying the update (8.16), (8.17) to obtain H;. This formula attempts to make
the size of Hy similar to that of [V?f(x¢)]™}, in the following sense. Assuming that the
average Hessian defined in (8.11) is positive definite, there exists a square root G,lc/ ? satisfying
Gy = Gi/ 2@,1/ ? (see Exercise 5). Therefore, by defining z; = G}{/ *s and using the relation
(8.12), we have

=1/2 =1/2
ykTsk B (Gk/ sk)TGk/ Sk Z,{Zk

ykT.Yk B (Gllc/zsk)TGkC_;}(/zsk B Z/{szk.

(8.21)

The reciprocal of (8.21) is an approximation to one of the eigenvalues of Gy, which in
turn is close to an eigenvalue of V2 f (x;). Hence, the quotient (8.21) itself approximates an
eigenvalue of [V2 f (x;)] L. Other scaling factors can be used in (8.20), but the one presented
here appears to be the most successful in practice.

In (8.19) we gave an update formula for a BFGS method that works with the Hes-
sian approximation By instead of the the inverse Hessian approximation Hy. An efficient
implementation of this approach does not store By explicitly, but rather the Cholesky fac-
torization Ly DkLZ of this matrix. A formula that updates the factors L; and Dy directly in
O (n?) operations can be derived from (8.19). Since the linear system By py = —V f; also
can be solved in O (n?) operations (by performing triangular substitutions with Ly and L]
and a diagonal substitution with Dy), the total cost is quite similar to the variant described
in Algorithm 8.1. A potential advantage of this alternative strategy is that it gives us the
option of modifying diagonal elements in the Dy factor if they are not sufficiently large, to
prevent instability when we divide by these elements during the calculation of p;. However,
computational experience suggests no real advantages for this variant, and we prefer the
simpler strategy of Algorithm 8.1.

The performance of the BFGS method can degrade if the line search is not based
on the Wolfe conditions. For example, some software implements an Armijo backtracking
line search (see Section 3.1): The unit step length o = 1 is tried first and is successively
decreased until the sufficient decrease condition (3.6a) is satisfied. For this strategy, there is
no guarantee that the curvature condition y/ sy > 0 (8.7) will be satisfied by the chosen step,
since a step length greater than 1 may be required to satisfy this condition. To cope with this
shortcoming, some implementations simply skip the BFGS update by setting Hy; = Hy
when y/ sy is negative or too close to zero. This approach is not recommended, because
the updates may be skipped much too often to allow Hj to capture important curvature
information for the objective function f.In Chapter 18 we discuss a damped BFGS update
that is a more effective strategy for coping with the case where the curvature condition (8.7)
is not satisfied.
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8.2 THE SR1 METHOD

In the BFGS and DFP updating formulae, the updated matrix By, (or Hyy) differs from
its predecessor By (or Hy) by a rank-2 matrix. In fact, as we now show, there is a simpler
rank-1 update that maintains symmetry of the matrix and allows it to satisfy the secant
equation. Unlike the rank-two update formulae, this symmetric-rank-1, or SR1, update does
not guarantee that the updated matrix maintains positive definiteness. Good numerical
results have been obtained with algorithms based on SR1, so we derive it here and investigate
its properties.
The symmetric rank-1 update has the general form

By = By + ovv’,

where o is either 4+1 or —1, and o and v are chosen so that By satisfies the secant equation
(8.6), that is, yx = Byy15¢. By substituting into this equation, we obtain

Vi = Brsg + [O’UTSk] v. (8.22)

Since the term in brackets is a scalar, we deduce that v must be a multiple of y, — By.sy, that
is, v = 8(yx — Bysi) for some scalar §. By substituting this form of v into (8.22), we obtain

(& — Besi) = 087 [s{ (ve — Besi)] (v — Besi), (8.23)

and it is clear that this equation is satisfied if (and only if) we choose the parameters § and
o to be

o = sign [skT(yk — Bksk)] , d6==£ |skT(yk - Bksk)|71/2 .

Hence, we have shown that the only symmetric rank-1 updating formula that satisfies the
secant equation is given by

(v — Bese)(yx — Bes)”

(SR1) Bii1 = B +
- (v — Bis) T sk

(8.24)

By applying the Sherman—Morrison formula (A.55), we obtain the corresponding update
formula for the inverse Hessian approximation Hy:

(sk — Heye)(se — Hiye)™

! (sk — Heyi) Ty

(8.25)

This derivation is so simple that the SR1 formula has been rediscovered a number of times.
It is easy to see that even if By is positive definite, By, may not have this property;
the same is, of course, true of Hy. This observation was considered a major drawback in the



8.2. THE SR1 METHOD

early days of nonlinear optimization when only line search iterations were used. However,
with the advent of trust-region methods, the SR1 updating formula has proved to be quite
useful, and its ability to generate indefinite Hessian approximations can actually be regarded
as one of its chief advantages.

The main drawback of SR1 updating is that the denominator in (8.24) or (8.25) can
vanish. In fact, even when the objective function is a convex quadratic, there may be steps
on which there is no symmetric rank-1 update that satisfies the secant equation. It pays to
reexamine the derivation above in the light of this observation.

By reasoning in terms of B; (similar arguments can be applied to Hy), we see that
there are three cases:

1. If (yx — Bisi)T sy # 0, then the arguments above show that there is a unique rank-one
updating formula satisfying the secant equation (8.6), and that it is given by (8.24).

2. If yv = Bysi, then the only updating formula satisfying the secant equation is simply
Biy1 = B

3. If yv # Bisy and (yx — Bisi)Tsi = 0, then (8.23) shows that there is no symmetric
rank-one updating formula satisfying the secant equation.

The last case clouds an otherwise simple and elegant derivation, and suggests that numerical
instabilities and even breakdown of the method can occur. It suggests that rank-one updating
does not provide enough freedom to develop a matrix with all the desired characteristics, and
that a rank-two correction is required. This reasoning leads us back to the BFGS method,
in which positive definiteness (and thus nonsingularity) of all Hessian approximations is
guaranteed.

Nevertheless, we are interested in the SR1 formula for the following reasons.

(i) A simple safeguard seems to adequately prevent the breakdown of the method and the
occurrence of numerical instabilities.

(ii) The matrices generated by the SR1 formula tend to be very good approximations of
the Hessian matrix—often better than the BFGS approximations.

(iii) In quasi-Newton methods for constrained problems, or in methods for partially sepa-
rable functions (see Chapters 18 and 9), it may not be possible to impose the curvature
condition y/ s > 0, and thus BFGS updating is not reccommended. Indeed, in these
two settings, indefinite Hessian approximations are desirable insofar as they reflect
indefiniteness in the true Hessian.

We now introduce a strategy to prevent the SR1 method from breaking down. It
has been observed in practice that SR1 performs well simply by skipping the update if the
denominator is small. More specifically, the update (8.24) is applied only if

s (o — Bisi)| = rllsll vk — Biesll, (8.26)

203



204

CHAPTER 8. QUASI-NEWTON METHODS

where 7 € (0, 1) is a small number, say » = 1072, If (8.26) does not hold, we set By = By.
Most implementations of the SR1 method use a skipping rule of this kind.

Why do we advocate skipping of updates for the SR1 method, when in the previous
section we discouraged this strategy in the case of BEGS? The two cases are quite different.
The condition s/ (yx — Brsy) &~ 0 occurs infrequently, since it requires certain vectors to
be aligned in a specific way. When it does occur, skipping the update appears to have no
negative effects on the iteration. This is not surprising, since the skipping condition implies
that skT Gsp ~ skT Bysy, where G is the average Hessian over the last step—meaning that the
curvature of By along sy is already correct. In contrast, the curvature condition skT e >0
required for BFGS updating may easily fail if the line search does not impose the Wolfe
conditions (e.g., if the step is not long enough), and therefore skipping the BFGS update can
occur often and can degrade the quality of the Hessian approximation.

We now give a formal description of an SR1 method using a trust-region framework.
We prefer it over a line search framework because it does not require us to modify the Hessian
approximations to make them sufficiently positive definite.

Algorithm 8.2 (SR1 Trust-Region Method).

Given starting point xo, initial Hessian approximation By,
trust-region radius Ay, convergence tolerance € > 0,
parameters 7 € (0, 107>) and r € (0, 1);

k < 0;

while |V f;|| > €;

Compute s; by solving the subproblem

1
minV fl's + EsTBks subject to ||s|| < Aq. (8.27)
s

Compute

e =V +s1) = Vi,
ared = fi — f(xp + sx) (actual reduction)

1
pred = — (V fkTsk + zskT Bksk) (predicted reduction);

if ared/pred > 7
X1 = Xk + Sk
else
Xk+1 = Xk>
end (if)
if ared/pred > 0.75
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if [|sk] < 0.8A%
Appr = A
else
Apg1 = 2Ap
end (if)
elseif 0.1 < ared/pred < 0.75
Apy1 = A
else
Apgp1 = 0.5A;
end (if)
if (8.26) holds
Use (8.24) to compute By (even if xp4; = xi)
else
Biy1 < By
end (if)
k<—k+1;
end (while)

This algorithm has the typical form of a trust region method (cf. Algorithm 4.1). For
concreteness we have specified a particular strategy for updating the trust region radius, but
other heuristics can be used instead.

To obtain a fast rate of convergence, it is important for the matrix By to be updated
even along a failed direction s;. The fact that the step was poor indicates that By is a poor
approximation of the true Hessian in this direction. Unless the quality of the approximation is
improved, steps along similar directions could be generated on later iterations, and repeated
rejection of such steps could prevent superlinear convergence.

PROPERTIES OF SR1 UPDATING

One of the main advantages of SR1 updating is its ability to generate very good Hessian
approximations. We demonstrate this property by first examining a quadratic function. For
functions of this type, the choice of step length does not affect the update, so to examine the
effect of the updates, we can assume for simplicity a uniform step length of 1, that is,

P = —HiV i, Xk+1 = Xk + Pr. (8.28)
It follows that p; = s¢.
Theorem 8.1.
Suppose that f : R" — R is the strongly convex quadratic function f(x) = bTx +

1xT Ax, where A is symmetric positive definite. Then for any starting pointxo and any symmetric
starting matrix Hy, the iterates {x; } generated by the SR1 method (8.25), (8.28) converge to the
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minimizer in at mostn steps, provided that (s — Hyyx)T yx # 0 for all k. Moreover, ifn steps
are performed, and if the search directions p; are linearly independent, then H, = A~

PROOF.  Because of our assumption (sy — Hyyi)? yi # 0, the SR1 update is always well-
defined. We start by showing inductively that

Hyy;j=s;  for j=0,....k—1 (8.29)

In other words, we claim that the secant equation is satisfied not only along the most recent
search direction, but along all previous directions.

By definition, the SR1 update satisfies the secant equation, so we have H;y, = so. Let
us now assume that (8.29) holds for some value k > 1 and show that it holds also for k + 1.
From this assumption, we have from (8.29) that

(sx — Hoy)Ty; = s{y; — vl (Heyj) = s{yj —yl{s; =0, forallj <k, (8.30)

where the last equality follows because y; = As; for the quadratic function we are considering
here. By using (8.30) and the induction hypothesis (8.29) in (8.25), we have

Hiiy; = Hyy; = s, forall j < k.

Since Hpt1yx = sk by the secant equation, we have shown that (8.29) holds when £ is
replaced by k + 1. By induction, then, this relation holds for all .

If the algorithm performs n steps and if these steps {s;} are linearly independent, we
have

Sj: n)’jZHnAsj’ fOrj:(),...,Vl_l.

It follows that H,A = I, that is, H, = A~!. Therefore, the step taken at x,, is the Newton
step, and so the next iterate x,,; will be the solution, and the algorithm terminates.

Consider now the case in which the steps become linearly dependent. Suppose that s
is a linear combination of the previous steps, that is,

Sk = &oso + -+ + Ex—18k—1, (8.31)
for some scalars &;. From (8.31) and (8.29) we have that

Hyyr = HyAsi
=& HiAso+ - + §—1 Hr Asg—
=& Hyo+ -+ E—1 Hiye—1
= &oso + -+ + Ek—15k-1

= Sk.
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Since yy = V fiy1 — V fr and since s = py = —HV f; from (8.28), we have that
Hi(V fir1 = V fi) = —HV f,

which, by the nonsingularity of Hy, implies that V f;;; = 0. Therefore, x4, is the solution
point. 0

The relation (8.29) shows that when f is quadratic, the secant equation is satisfied
along all previous search directions, regardless of how the line search is performed. A result
like this can be established for BFGS updating only under the restrictive assumption that the
line search is exact, as we show in the next section.

For general nonlinear functions, the SR1 update continues to generate good Hessian
approximations under certain conditions.

Theorem 8.2.

Suppose that f is twice continuously differentiable, and that its Hessian is bounded and
Lipschitz continuous in a neighborhood of a point x*. Let {x;} be any sequence of iterates such
that x; — x* for some x* € R". Suppose in addition that the inequality (8.26) holds for all k,
forsomer € (0, 1), and that the steps s are uniformly linearly independent. Then the matrices
By generated by the SR1 updating formula satisfy

lim ||By — V2 f(x*)|| = 0.
k—o00

The term “uniformly linearly independent steps” means, roughly speaking, that the
steps do not tend to fall in a subspace of dimension less than n. This assumption is usually,
but not always, satisfied in practice. (See the Notes and Remarks at the end of this chapter.)

8.3 THE BROYDEN CLASS

So far, we have described the BFGS, DFP, and SR1 quasi-Newton updating formulae, but
there are many others. Of particular interest is the Broyden class, a family of updates specified
by the following general formula:

Beses{ B eyl

Biy1 = By —
T T
i Brsk Vi Sk

+ ¢ (s{ Besi)vkvy (8.32)

where ¢ is a scalar parameter and

vk:[ Jk —ﬂ] (8.33)
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The BFGS and DFP methods are members of the Broyden class—we recover BFGS by setting
¢r = 0 and DFP by setting ¢ = 1 in (8.32). We can therefore rewrite (8.32) as a “linear
combination” of these two methods, that is,

Bir1 = (1 — ) B) + i B

This relationship indicates that all members of the Broyden class satisfy the secant equation
(8.6), since the BGFS and DFP matrices themselves satisfy this equation. Also, since BFGS and
DFP updating preserve positive definiteness of the Hessian approximations when s/ y; > 0,
this relation implies that the same property will hold for the Broyden family if 0 < ¢ < 1.

Much attention has been given to the so-called restricted Broyden class, which is ob-
tained by restricting ¢ to the interval [0, 1]. It enjoys the following property when applied
to quadratic functions. Since the analysis is independent of the step length, we assume for
simplicity that each iteration has the form

pe=—B'Vfi, X1 =Xk + D (8.34)

Theorem 8.3.

Suppose that f : R" — R is the strongly convex quadratic function f(x) = bTx +
1xT Ax, where A is symmetric and positive definite. Let xo be any starting point for the iteration
(8.34) and By be any symmetric positive definite starting matrix, and suppose that the matrices
By, are updated by the Broyden formula (8.32) with ¢y € [0, 1]. Define A]{ < )»’5 <...< Aﬁ
to be the eigenvalues of the matrix

1 1
A2B'AZ. (8.35)
Then for all k, we have
min{A¥, 1} < A < max{pf 1), i=1,...,n (8.36)

Moreover, the property (8.36) does not hold if the Broyden parameter ¢y, is chosen outside the
interval [0, 1].

Let us discuss the significance of this result. If the eigenvalues A¥ of the matrix (8.35)
are all 1, then the quasi-Newton approximation By is identical to the Hessian A of the
quadratic objective function. This situation is the ideal one, so we should be hoping for
these eigenvalues to be as close to 1 as possible. In fact, relation (8.36) tells us that the
eigenvalues {A¥} converge monotonically (but not strictly monotonically) to 1. Suppose, for
example, that at iteration k the smallest eigenvalue is )Jf = 0.7. Then (8.36) tells us that
at the next iteration A" € [0.7, 1]. We cannot be sure that this eigenvalue has actually
gotten closer to 1, but it is reasonable to expect that it has. In contrast, the first eigenvalue
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can become smaller than 0.7 if we allow ¢ to be outside [0, 1]. Significantly, the result of
Theorem 8.3 holds even if the linear searches are not exact.

Although Theorem 8.3 seems to suggest that the best update formulas belong to the
restricted Broyden class, the situation is not at all clear. Some analysis and computational
testing suggest that algorithms that allow ¢ to be negative (in a strictly controlled manner)
may in fact be superior to the BFGS method. The SR1 formula is a case in point: It is a
member of the Broyden class, obtained by setting

b = SkT Yk
k= skTyk —skTBksk’
but it does not belong to the restricted Broyden class, because this value of ¢, may fall outside
the interval [0, 1].

We complete our discussion of the Broyden class by informally stating some of its
main properties.

PROPERTIES OF THE BROYDEN CLASS

We have noted already that if By is positive definite, ykT sy > 0, and ¢, > 0, then
By is also positive definite if a restricted Broyden class update, with ¢ € [0, 1], is used.
We would like to determine more precisely the range of values of ¢ that preserve positive
definiteness.

The last term in (8.32) is a rank-one correction, which by the interlacing eigenvalue
theorem (Theorem A.2) decreases the eigenvalues of the matrix when ¢y is negative. As we
decrease ¢y, this matrix eventually becomes singular and then indefinite. A little computation
shows that By is singular when ¢ has the value

. 1
¢ = , (8.37)
-

where

B OF B yi) (sT Besy)

8.38
(yi s1)? (8.38)

By applying the Cauchy—Schwarz inequality to (8.38) we see that p; > 1 and therefore
¢; < 0. Hence, if the initial Hessian approximation By is symmetric and positive definite,
and if s/ yx > 0 and ¢ > ¢¢ for each k, then all the matrices By generated by Broyden’s
formula (8.32) remain symmetric and positive definite.

When the line search is exact, all methods in the Broyden class with ¢, > ¢ generate
the same sequence of iterates. This result applies to general nonlinear functions and is
based on the observation that when all the line searches are exact, the directions generated
by Broyden-class methods differ only in their lengths. The line searches identify the same
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minima along the chosen search direction, though the values of the line search parameter
may differ because of the different scaling.

The Broyden class has several remarkable properties when applied with exact line
searches to quadratic functions. We state some of these properties in the next theorem,
whose proof is omitted.

Theorem 8.4.

Suppose that a method in the Broyden class is applied to a strongly convex quadratic
function f : R" — R, where xq is the starting point and By is any symmetric and positive
definite matrix. Assume that oy is the exact step length and that ¢, > ¢ for all k. Then the
following statements are true.

(i) The iterates converge to the solution in at most n iterations.

(ii) The secant equation is satisfied for all previous search directions, that is,
Bisj=y;, j=k—1,...,1

(iii) If the starting matrix is By = I, then the iterates are identical to those generated by
the conjugate gradient method (see Chapter 5). In particular, the search directions are
conjugate, that is,

s/ As; =0 fori # j,

where A is the Hessian of the quadratic function.
(iv) Ifn iterations are performed, we have B, = A.

Note that parts (i), (ii), and (iv) of this result echo the statement and proof of Theorem 8.1,
where similar results were derived for the SR1 update formula.

In fact, we can generalize Theorem 8.4 slightly: It continues to hold if the Hessian
approximations remain nonsingular but not necessarily positive definite. (Hence, we could
allow ¢ to be smaller than ¢, provided that the chosen value did not produce a singular
updated matrix.) We also can generalize point (iii) as follows: If the starting matrix By is
not the identity matrix, then the Broyden-class method is identical to the preconditioned
conjugate gradient method that uses By as preconditioner.

We conclude by commenting that results like Theorem 8.4 would appear to be mainly
of theoretical interest, since the inexact line searches used in practical implementations
of Broyden-class methods (and all other quasi-Newton methods) cause their performance
to differ markedly. Nevertheless, this type of analysis guided most of the development of
quasi-Newton methods.
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8.4 CONVERGENCE ANALYSIS

In this section we present global and local convergence results for practical implementations
of the BFGS and SR1 methods. We give many more details for BEGS because its analysis is
more general and illuminating than that of SR1. The fact that the Hessian approximations
evolve by means of updating formulas makes the analysis of quasi-Newton methods much
more complex than that of steepest descent and Newton’s method.

Although the BFGS and SR1 methods are known to be remarkably robust in practice,
we will not be able to establish truly global convergence results for general nonlinear objective
functions. That is, we cannot prove that the iterates of these quasi-Newton methods approach
a stationary point of the problem from any starting point and any (suitable) initial Hessian
approximation. In fact, it is not yet known if the algorithms enjoy such properties. In our
analysis we will either assume that the objective function is convex or that the iterates satisfy
certain properties. On the other hand, there are well known local, superlinear convergence
results that are true under reasonable assumptions.

Throughout this section we use || - || to denote the Euclidean vector or matrix norm,
and denote the Hessian matrix V2 f (x) by G(x).

GLOBAL CONVERGENCE OF THE BFGS METHOD

We study the global convergence of BFGS, with a practical line search, when applied to
a smooth convex function from an arbitrary starting point x, and from any initial Hessian
approximation By that is symmetric and positive definite. We state our precise assumptions
about the objective function formally:

Assumption 8.1.
(1) The objective function f is twice continuously differentiable.

(2) Thelevelset 2 ={x e R" : f(x) < f(xo)} is convex, and there exist positive constants
m and M such that

mlzll* < 2" G(x)z < M|jz|)? (8.39)
forallz € R" andx € Q.

The second part of this assumption implies that G(x) is positive definite on €2 and that f
has a unique minimizer x* in Q.
By using (8.12) and (8.39) we obtain

Ts sTGys
Vi Sk Sk TkSk (8.40)

- bl

SkTSk SkTSk

211



212

CHAPTER 8. QUASI-NEWTON METHODS

where G is the average Hessian defined in (8.11). Assumption 8.1 implies that G is positive
definite, so its square root is well-defined. Therefore, as in (8.21), we have by defining
2k = G,lc/zsk that

T T ~
G
N S <y (8.41)
Vi Sk 2y 2k

We are now ready to present the global convergence result for the BFGS method. As
in Section 3.2, we could try to establish a bound on the condition number of the Hessian
approximations By, but this approach does not seem to be possible. Instead, we will introduce
two new tools in the analysis, the trace and determinant, to estimate the size of the largest
and smallest eigenvalues of the Hessian approximations. The trace of a matrix (denoted
by trace(-)) is the sum of its eigenvalues, while the determinant (denoted by det(-)) is the
product of the eigenvalues; see the Appendix for a brief discussion of their properties.

Theorem 8.5.

Let By be any symmetric positive definite initial matrix, and let x, be a starting point for
which Assumption 8.1 is satisfied. Then the sequence {x;} generated by Algorithm 8.1 converges
to the minimizer x* of f .

PrOOF. Let us define

T T
Vi Sk Vi Yk
mk = ]; , Mk = kT 5 (842)
Sr Sk Vi Sk
and note from (8.40) and (8.41) that
my = m, M, <M. (8.43)
By computing the trace of the BFGS approximation (8.19), we obtain that
B.s 2 2
trace(Byy,) = trace(By) — | Tk el ”ka” (8.44)
St Biesk Vi Sk
(see Exercise 10). We can also show (Exercise 9) that
ykTSk
det(Biy1) = det(By) — . (8.45)
Sk Bksk
Let us also define
s Bys s Bys
cos O = —*% K2k = k—kk, (8.46)

Ok DRk =
llsill | Besell” s{ sk
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so that 0y is the angle between s; and By.s;. We then obtain that

IBesill> I Besell*llsell® s Bise  ax (8.47)
si Besi (s{ Bese)®  llskll> cos? 6 ’
In addition, we have from (8.42) that
ykTSk SkTSk ny
det(Byy1) = det(By) 57— — = det(By)—. (8.48)
St Sk S; Bisk qk

We now combine the trace and determinant by introducing the following function of
a positive definite matrix B:

¥ (B) = trace(B) — In(det(B)), (8.49)

where In(-) denotes the natural logarithm. It is not difficult to show that y(B) > 0; see
Exercise 8. By using (8.42) and (8.44)—(8.49), we have that

V¥ (Bin) = Y(By) + My — —o
cos? 0

=Y (By) + (My —Inmy — 1)

— In(det(By)) — Inmy + Ingy

gk dk 2
+ 11— + In + In cos” 6. 8.50

|: cos? 6y cos? Bki| ¢ (8:50)
Now, since the function () = 1 —t +In¢ < 0is nonpositive for all # > 0 (see Exercise 7),
the term inside the square brackets is nonpositive, and thus from (8.43) and (8.50) we have

k
0 < ¥(Bry1) < ¥(By)+ck+ lencos2 0;, (8.51)

j=1

where we can assume the constant ¢ = M —Inm — 1 to be positive, without loss of generality.

We now relate these expressions to the results given in Section 3.2. Note from the form
Sp = —ax By ly fi of the quasi-Newton iteration that cos 6; defined by (8.46) is the angle
between the steepest descent direction and the search direction, which plays a crucial role in
the global convergence theory of Chapter 3. From (3.22), (3.23) we know that the sequence
IV fi |l generated by the line search algorithm is bounded away from zero only if cos §; — 0.

Let us then proceed by contradiction and assume that cos#; — 0. Then there exists
ki > 0 such that for all j > ki, we have

In cos® 0; < —2c,
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where c is the constant defined above. Using this inequality in (8.51) we find the following
relations to be true for all k > k;:

ki x
0 <y (B1)+ck+ Zlncoszej + Z (=2¢)

Jj=1 Jj=ki+1

ki
=¥ (B) + Zln cos’0; + 2ck; — ck.

Jj=1

However, the right-hand-side is negative for large &, giving a contradiction. Therefore, there
exists a subsequence of indices { jy } such that {cos 6}, } > & > 0. By ZoutendijK’s result (3.14)
this limit implies that lim inf ||V fi|| — 0. Since the problem is strongly convex, the latter
limit is enough to prove that x; — x*. O

Theorem 8.5 has been generalized to the entire restricted Broyden class, except for
the DFP method. In other words, Theorem 8.5 can be shown to hold for all ¢, € [0, 1)
in (8.32), but the argument seems to break down as ¢ approaches 1 because some of the
self-correcting properties of the update are weakened considerably.

An extension of the analysis just given shows that the rate of convergence of the iterates
is linear. In particular, we can show that the sequence ||x; — x*|| converges to zero rapidly
enough that

oo
Dl — x*|) < oo. (8.52)
k=1

We will not prove this claim, but rather establish that if (8.52) holds, then the rate of
convergence is actually superlinear.

SUPERLINEAR CONVERGENCE OF BFGS

The analysis of this section makes use of the Dennis and Moré characterization (3.32)
of superlinear convergence. It applies to general nonlinear—not just convex—objective
functions. For the results that follow we need to make an additional assumption.

Assumption 8.2.
The Hessian matrix G is Lipschitz continuous at x*, that is,

1G(x) = G(x")| = Lilx — x|,

for all x near x*, where L is a positive constant.
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We start by introducing the quantities
5 = GV, ¥ = Gy, B, = G;'*B.G ',
where G, = G(x*) and x* is a minimizer of f. Asin (8.46), we define

~T 5 o~ ~T 5~
~ Sk BkSk ~ Sk Bksk

k= T2 = 4k = =
15 1 BiSell” 52

while we echo (8.42) and (8.43) in defining

~ [MAE - W
Mk = T~ > my = ~T=~ *
Vi Sk St Sk

By pre- and postmultiplying the BFGS update formula (8.19) by G, and grouping
terms appropriately, we obtain

~ - B3I B wiyy
Biyy = By — — A= =2k
S BiS Vi Sk

Since this expression has precisely the same form as the BFGS formula (8.19), it follows from
the argument leading to (8.50) that

¥ (Besr) = ¥(Be) + (Mi — Iniy — 1)

+ [1 . LI . L } (8.53)
cos? @ cos? B
+ In cos? ék.

Recalling (8.12), we have that
Vi — Gusi = (G — Gy,
and thus
¥ — 5 = G;2(Gr — GG, 5.
By Assumption 8.2, and recalling the definition (8.11), we have

156 = $cll < 1G 2121l Gi = Gl < G212 15l e
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where ¢ is defined by
€ = max{|lxerr — x|, lxe — x|}

We have thus shown that

Ik — Skll

= =< Céy, (8.54)
ISl

for some positive constant ¢. This inequality and (8.52) play an important role in superlinear
convergence, as we now show.

Theorem 8.6.

Suppose that f is twice continuously differentiable and that the iterates generated by the
BFGS algorithm converge to a minimizer x* at which Assumption 8.2 holds. Suppose also that
(8.52) holds. Then xy converges to x* at a superlinear rate.

PROOF.  From (8.54), we have from the triangle inequality (A.36a) that
Yl = NSk ll < cexllsell, ISkl = 1Ykl < cexllsill,
so that
(1 —ce)lISell < Iyl = (1 + ce)llsell- (8.55)
By squaring (8.54) and using (8.55), we obtain
(1= e )’ 115l — 257 S + 151> < 15%ll® = 250 S + 15el> < @11l
and therefore
2505 > (1 —2e¢; + e} + 1 — D) 15klI* = 2(1 — Cer) |15 I

It follows from the definition of 71, that

~T ~

S
i = Sk > e (8.56)
ISk I

By combining (8.55) and (8.56), we obtain also that

(8.57)
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Since x; — x*, we have that ¢, — 0, and thus by (8.57) there exists a positive constant
¢ > ¢ such that the following inequalities hold for all sufficiently large :

M, <1+ €& < 1+ cep. (8.58)

1—C€k

We again make use of the nonpositiveness of the function /() = 1 — ¢ + In . Therefore, we
have

1—x

_—x—ln(l—x):h(l;> <o0.

Now, for k large enough we can assume that ce;, < %, and therefore

—Eék

In(1 — ce;) > > —20¢;.

1-— Eék
This relation and (8.56) imply that for sufficiently large k, we have
Inmy > In(1 — ce;) > —2cC¢, > —2c¢. (8.59)

We can now deduce from (8.53), (8.58), and (8.59) that

(8.60)

0< w(f?kﬂ) < W(ék) + 3ce + Incos® 6 + |:1 __& — +1In ax = i| .
cos? B cos? 6

By summing this expression and making use of (8.52) we have that

> (1n

~ ~ 00
qj 4qj 5
— —[1— — +1In = < ¥(By) + 3¢ €; < +o0.
cos? 6, |: cos? 6; cos? 9j1|> ° ; !

Since the term in the square brackets is nonpositive, and since In (1 / cos? 6 j) > 0 for all j,

we obtain the two limits

1 7 7
lim In — =0, lim (1— qj~+ln 4 ):0,

j=oo  cos?0; j—oo
which imply that

lim cosf; = 1, lim g; = 1. (8.61)
. J ] J
j—o00

J—>00
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The essence of the result has now been proven; we need only to interpret these limits
in terms of the Dennis—Moré characterization of superlinear convergence.
Recalling (8.47), we have

IG: "2 (B — GIsll> (B — Dl
I GA 5|12 l15k 112
 1IBSl? — 257 Bisi + 57 5%

75

~2
SN Sy R
cos 07

Since by (8.61) the right-hand-side converges to 0, we conclude that

(Bx — G)sell
k—o0 Ikl

Thelimit (3.32) and Theorem 3.5 imply that the unit step length oy = 1 will satisfy the Wolfe
conditions near the solution, and hence that the rate of convergence is superlinear. O

CONVERGENCE ANALYSIS OF THE SR1 METHOD

The convergence properties of the SR1 method are not as well understood as those of the
BFGS method. No global results like Theorem 8.5 or local superlinear results like Theorem 8.6
have been established, except the results for quadratic functions discussed earlier. There is,
however, an interesting result for the trust-region SR1 algorithm, Algorithm 8.2. It states that
when the objective function has a unique stationary point and the condition (8.26) holds
at every step (so that the SR1 update is never skipped) and the Hessian approximations By
are bounded above, then the iterates converge to x* at an (n + 1)-step superlinear rate. The
result does not require exact solution of the trust-region subproblem (8.27).

We state the result formally as follows.

Theorem 8.7.
Suppose that the iterates x;. are generated by Algorithm 8.2. Suppose also that the following
conditions hold:

(c1) The sequence of iterates does not terminate, but remains in a closed, bounded, convex set
D, on which the function f is twice continuously differentiable, and in which f has a
unique stationary point x*;

(c2) the Hessian V* f(x*) is positive definite, and V2 f(x) is Lipschitz continuous in a
neighborhood of x*;

(c3) the sequence of matrices { B} is bounded in norm;
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(c4) condition (8.26) holds at every iteration, where r is some constant in (0, 1).

Then limy_, o X = x*, and we have that

i [ Xkrns1 — ¥
koo [l — x|

Note that the BFGS method does not require the boundedness assumption (c3) to
hold. As we have mentioned already, the SR1 update does not necessarily maintain positive
definiteness of the Hessian approximations By. In practice, By may be indefinite at any
iteration, which means that the trust region bound may continue to be active for arbitrarily
large k. Interestingly, however, it can be shown that the SR1 Hessian approximations tend
to be positive definite most of the time. The precise result is that

. number of indices j =1, 2, ..., k for which B; is positive semidefinite )
im — 1,
k—o00 k

under the assumptions of Theorem 8.7. This result holds regardless of whether the initial
Hessian approximation is positive definite or not.

NOTES AND REFERENCES

For a comprehensive treatment of quasi-Newton methods see Dennis and Schn-
abel [69], Dennis and Moré [68], and Fletcher [83]. A formula for updating the Cholesky
factors of the BFGS matrices is given in Dennis and Schnabel [69].

Several safeguards and modifications of the SR1 method have been proposed, but
the condition (8.26) is favored in the light of the analysis of Conn, Gould, and Toint [52].
Computational experiments by Conn, Gould, and Toint [51, 54] and Khalfan, Byrd, and
Schnabel [143], using both line search and trust-region approaches, indicate that the SR1
method appears to be competitive with the BEGS method. The proof of Theorem 8.7 is given
in Byrd, Khalfan, and Schnabel [35].

A study of the convergence of BEGS matrices for nonlinear problems can be found in
Ge and Powell [100] and Boggs and Tolle [22]; however, the results are not as satisfactory as
for SR1 updating.

The global convergence of the BFGS method was established by Powell [201]. This
result was extended to the restricted Broyden class, except for DFP, by Byrd, Nocedal, and
Yuan [38]. For a discussion of the self-correcting properties of quasi-Newton methods see
Nocedal [184]. Most of the early analysis of quasi-Newton methods was based on the bounded
deterioration principle. This is a tool for the local analysis that quantifies the worst-case
behavior of quasi-Newton updating. Assuming that the starting point is sufficiently close to
the solution x* and that the initial Hessian approximation is sufficiently close to V2 £ (x*),
one can use the bounded deterioration bounds to prove that the iteration cannot stray away
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from the solution. This property can then be used to show that the quality of the quasi-
Newton approximations is good enough to yield superlinear convergence. For details, see
Dennis and Moré [68] or Dennis and Schnabel [69].

& EXERCISES

& 8.1
(a) Show thatif f is strongly convex, then (8.7) holds for any vectors x; and xj.;.

(b) Give an example of a function of one variable satisfying g(0) = —1 and g(1) = —i

and show that (8.7) does not hold in this case.
& 8.2 Show that the second strong Wolfe condition (3.7b) implies the curvature
condition (8.7).
& 8.3 Verify that (8.19) and (8.16) are inverses of each other.

& 8.4 Use the Sherman—Morrison formula (A.55) to show that (8.24) is the inverse of
(8.25).

& 8.5 Prove the statements (ii) and (iii) given in the paragraph following (8.25).

& 8.6 Thesquare root of a matrix A is a matrix A'/2 such that A/2A/2 = A. Show that
any symmetric positive definite matrix A has a square root, and that this square root is itself
symmetric and positive definite. (Hint: Use the factorization A = UDUT (A.46), where U
is orthogonal and D is diagonal with positive diagonal elements.)

& 8.7 Defineh(t) =1—t+Int,and note that h'(t) = =1+ 1/¢t, h"(t) = —1/t* < 0,
h(1) =0,and 4'(1) = 0. Show that h(z) < 0forallz > 0.

& 8.8 Denote the eigenvalues of the positive definite matrix B by A1, Az, ..., A,, where
0 <A <Ay <--- < Ay. Show that the ¥ function defined in (8.49) can be written as

Y(B) =) (i —Ink).
i=1

Use this form to show that ¥(B) > 0.
& 8.9 The object of this exercise is to prove (8.43).
(a) First show thatdet(/ +xy’) = 1+ yTx, where x and y are n-vectors. Hint: Assuming

that x # 0, we can find vectors wy, wy, ..., w,—; such that the matrix Q defined by

Q= [.x,U)],...,wn_l]
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is nonsingular and x = Qe;, where e; = (1,0, ..., 0)7. If we define

Y@= (a0 2),
then
o=y Qer=y"0(Q7'x) =y"x,
and
det(1 + xy") = det(Q1(I + xy")Q) = det(I + e,y" Q).
(b) Use a similar technique to prove that
det( +xyT +uv?) = QA+ yTx)A 4+ v u) — Tv)(y ).
(c) Now use this relation to establish (8.45).
&  8.10

Use the properties of the trace of a symmetric matrix and the formula (8.19) to prove
(8.44).

&  8.11 Show thatif f satisfies Assumption 8.1 and if the sequence of gradients satisfies
liminf ||V fi|| = 0, then the whole sequence of iterates x converges to the solution x*.
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Large-Scale
Quasi-Newton and
Partially Separable
Optimization

The quasi-Newton methods of Chapter 8 are not directly applicable to large optimization
problems because their approximations to the Hessian or its inverse are usually dense. The
storage and computational requirements grow in proportion to n?, and become excessive
for large n. We can, however, modify and extend quasi-Newton methods in several ways to
make them suitable for large problems.

The first such approach—limited-memory quasi-Newton methods—modifies the
techniques described in Chapter 8 to obtain Hessian approximations that can be stored
compactly in just a few vectors of length n, where n is the number of unknowns in the prob-
lem. These methods are fairly robust, inexpensive, and easy to implement, but they do not
converge rapidly. A second approach is to define quasi-Newton approximations that pre-
serve sparsity, for example by mimicking the sparsity pattern of the true Hessian. We mention
but do not dwell on these sparse quasi-Newton methods, since they have not proved to be
particularly effective.

A third approach is based on the observation that many (perhaps most) large-scale
objective functions possess a structural property known as partial separability. Effective
Newton and quasi-Newton methods that exploit this property have been developed. Such
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methods usually converge rapidly and are robust, but they require detailed information
about the objective function, which can be difficult to obtain in some applications.

9.1 LIMITED-MEMORY BFGS

Limited-memory quasi-Newton methods are useful for solving large problems whose Hes-
sian matrices cannot be computed at a reasonable cost or are too dense to be manipulated
easily. These methods maintain simple and compact approximations of Hessian matrices:
Instead of storing fully dense n x n approximations, they save just a few vectors of length
n that represent the approximations implicitly. Despite these modest storage requirements,
they often yield an acceptable (albeit linear) rate of convergence. Various limited-memory
methods have been proposed; we will focus mainly on an algorithm known as L-BFGS,
which as its name suggests, is based on the BFGS updating formula. The main idea of this
method is to use curvature information from only the most recent iterations to construct the
Hessian approximation. Curvature information from earlier iterations, which is less likely
to be relevant to the actual behavior of the Hessian at the current iteration, is discarded in
the interests of saving storage.

We begin our description of the L-BFGS method by recalling its parent, the BFGS
method, which was described in Algorithm 8.1. Each step of the BEGS method has the form

Xk+1 :xk—ozkaka, k=0,1,2,..., (9.1)

where oy is the step length, and Hj is updated at every iteration by means of the formula

Hiy = VP H Vi + pesis] (9.2)
(see (8.16)), where
1 T
Pk = —5—, Vi =1 — peyis (9.3)
Vi Sk
and
Sk = X1 — Xs Ve =V fix1 — V fi. (9.4)

We say that the matrix Hj is obtained by updating Hj using the pair {si, yi}.

The inverse Hessian approximation H; will generally be dense, so that the cost of stor-
ing and manipulating it is prohibitive when the number of variables is large. To circumvent
this problem, we store a modified version of Hy implicitly, by storing a certain number (say m)
of the vector pairs {s;, y;} that are used in the formulae (9.2)—(9.4). The product H; V fj can
be obtained by performing a sequence of inner products and vector summations involving
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V fi and the pairs {s;, y;}. After the new iterate is computed, the oldest vector pair in the set
of pairs {s;, y;} is deleted and replaced by the new pair {sx, yx} obtained from the current
step (9.4). In this way, the set of vector pairs includes curvature information from the m most
recent iterations. Practical experience has shown that modest values of m (between 3 and 20,
say) often produce satisfactory results. Apart from the modified matrix updating strategy
and a modified technique for handling the initial Hessian approximation (described below),
the implementation of L-BFGS is identical to that of the standard BFGS method given in
Algorithm 8.1. In particular, the same line search strategy can be used.

We now describe the updating process in a little more detail. At iteration k, the current
iterate is x; and the set of vector pairs contains {s;, y;} fori = k —m, ..., k — 1. We first
choose some initial Hessian approximation H}' (in contrast to the standard BFGS iteration,
this initial approximation is allowed to vary from iteration to iteration), and find by repeated
application of the formula (9.2) that the L-BFGS approximation Hj satisfies the following
formula:

Hi = (Vkal e Vkam) HY Ve -+ Vi)

+ Pk—m (VkT_1 e VkT_m_H) Sk—mslz_m (Vk—m-H o Vk—l)

+ Pk—m+1 (VkT_l e VkT_m+2) Sk—m+lskT_m+1 (Ve—ma2+++ Vi—1)
+ -
+ Pr—1Sk—15{_1- (9.5)

From this expression we can derive a recursive procedure to compute the product H; V f;
efficiently.

Algorithm 9.1 (L-BFGS two-loop recursion).
9 < Vi
fori=k—1,k—2,....k—m
o < ,OiSiTq;

q <4 —Q;)i;

end (for)

r<—H,?q;

fori=k—m,k—m+1,...,k—1
B < piylr;
r—r+sa—B)

end (for)

stop with result H,V fi =r.

Without considering the multiplication H;q, the two-loop recursion scheme requires
4mn multiplications; if H] is diagonal, then n additional multiplications are needed. Apart
from being inexpensive, this recursion has the advantage that the multiplication by the initial
matrix H} is isolated from the rest of the computations, allowing this matrix to be chosen
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freely and to vary between iterations. We may even use an implicit choice of H; by defining
some initial approximation B} to the Hessian (not its inverse), and obtaining r by solving
the system B{r = q.

A method for choosing H} that has proved to be effective in practice is to set H) = y 1,
where

T
Sk—1Yk—1
Yo = - (9.6)
Yi—1Yk—1

As discussed in Chapter 8, 4 is the scaling factor that attempts to estimate the size of the
true Hessian matrix along the most recent search direction (see (8.21)). This choice helps
to ensure that the search direction py is well-scaled, and as a result the step length oy = 11is
accepted in most iterations. As discussed in Chapter 8, it is important that the line search be
based on the Wolfe conditions (3.6) or strong Wolfe conditions (3.7), so that BFGS updating
is stable.

The limited-memory BFGS algorithm can be stated formally as follows.

Algorithm 9.2 (L-BFGS).
Choose starting point x, integer m > 0;
k < 0;
repeat
Choose H,? (for example, by using (9.6));
Compute p; < —HV f; from Algorithm 9.1;
Compute X1 < Xi + o pi, where o is chosen to
satisfy the Wolfe conditions;
ifk >m
Discard the vector pair {Sx_m, yx—m} from storage;
Compute and save sy < Xp41 — Xk, Yk = V fia1 — Vfis
k<~—k+1;
until convergence.

During its first m — 1 iterations, Algorithm 9.2 is equivalent to the BFGS algorithm of
Chapter 8 if the initial matrix H, is the same in both methods, and if L-BFGS chooses
H,? = H, at each iteration. In fact, we could reimplement the standard BFGS method by
setting m to some large value in Algorithm 9.2 (larger than the number of iterations required
to find the solution). However, as m approaches n (specifically, m > n/2), this approach
would be more costly in terms of computer time and storage than the approach of Algorithm
BFGS.

The strategy of keeping the m most recent correction pairs {s;, y;} works well in
practice, and no other strategy has yet proved to be consistently better. Other criteria may
be considered, however—for example, one in which we maintain the set of correction pairs
for which the matrix formed by the s; components has the best conditioning, thus tending
to avoid sets of vector pairs in which some of the s/s are nearly collinear.
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Table 9.1 Performance of Algorithm 9.2.

L-BFGS L-BFGS L-BFGS L-BFGS
Problem n m=3 m=>5 m =17 m =29
nfg  time nfg time | nfg time | nfg  time

DIXMAANL 1500 146  16.5 134 174 | 120 28.2 | 125 44.4
EIGENALS 110 821 215 569 15.7 | 363 16.2 | 168 12.5
FREUROTH 1000 | >999 — | >999 — 69 8.1 38 6.3
TRIDIA 1000 876  46.6 611 41.4 | 531 84.6 | 462 127.1

Table 9.1 presents a few results illustrating the behavior of Algorithm 9.2 for various
levels of memory m. It gives the number of function and gradient evaluations (nfg) and the
total CPU time. The test problems are taken from the CUTE collection [25], the number of
variables is indicated by n, and the termination criterion ||V fi|| < 107 is used. The table
shows that the algorithm tends to be less robust when m is small. As the amount of storage
increases, the number of function evaluations tends to decrease, but since the cost of each
iteration increases with the amount of storage, the best CPU time is often obtained for small
values of m. Clearly, the optimal choice of m is problem-dependent.

Algorithm 9.2 is often the approach of choice for large problems in which the true
Hessian is not sparse, because some rival algorithms become inefficient. In particular, a
Newton method, in which the true Hessian is computed and factorized, is not practical
in such circumstances. The L-BFGS approach may even outperform Hessian-free Newton
methods such as Algorithm Newton—CG discussed in Chapter 6, in which Hessian—vector
products are calculated by finite differences or automatic differentiation. Computational
experience to date also indicates that L-BFGS is more rapid and robust than nonlinear
conjugate gradient methods.

When the Hessian is dense but the objective function has partially separable structure
(see Section 9.4), the methods that exploit this structure normally outperform L-BEGS by a
wide margin in terms of function evaluations. In terms of computing time, however, L-BFGS
can be more efficient due to the low cost of its iteration.

The main weaknesses of the L-BFGS method are that it often converges slowly, which
usually leads to a relatively large number of function evaluations, and that it is inefficient
on highly ill-conditioned problems—specifically, on problems where the Hessian matrix
contains a wide distribution of eigenvalues.

RELATIONSHIP WITH CONJUGATE GRADIENT METHODS

Limited-memory methods evolved gradually as an attempt to improve nonlinear con-
jugate gradient methods, and early implementations resembled conjugate gradient methods
more than quasi-Newton methods. The relationship between the two classes is the basis of
a memoryless BFGS iteration, which we now outline.
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We start by considering the Hestenes—Stiefel form of the nonlinear conjugate gradient
method (5.45). Recalling that s; = oy px, we have that the search direction for this method
is given by

VL Sk
Pit1 = =V i + %Pk =—(1-==
Vi Pk Vi Sk

) V fir1 = —HieaV fiqr. (9.7)
This formula resembles a quasi-Newton iteration, but the matrix I:Ikﬂ is neither symmetric
nor positive definite. We could symmetrize it as H[, , Hi1, but this matrix does not satisfy
the secant equation Hy41yx = Sk, and is, in any case, singular. An iteration matrix that is

symmetric, positive definite, and satisfies the secant equation is given by

S T ST SST
Hk+1:<1—"ryk><1—y"k>+k" 9.8)

T T :
Yi Sk Vi Sk Vi Sk

Interestingly enough, this matrix is exactly the one obtained by applying a single BFGS
update (9.2) to the identity matrix. By using the notation of (9.3) and (9.4), we can rewrite
(9.8) as

Hip1 = Vi Vi + pesiesy, -

Hence, an algorithm whose search direction is given by pri1 = —Hi41V fiy1, with Hyqg
defined by (9.8), can be thought of as a “memoryless” BFGS method in which the previous
Hessian approximation is always reset to the identity matrix before updating, and where only
the most recent correction pair (s, yx) is kept at every iteration. Alternatively, we can view
the method as a variant of Algorithm 9.2 in whichm = 1 and H = I at each iteration. In
this sense, L-BFGS is a natural extension of the memoryless method that uses extra memory
to store additional curvature information.

This discussion suggests that for any quasi-Newton method (in particular, for every
formula in the Broyden class) there is a memoryless counterpart in which the current Hessian
approximation is always reset to the identity in the update formula. The form and storage
requirements of these methods are similar to those of the nonlinear conjugate gradient
methods discussed in Chapter 5. One connection can be seen if we consider the memoryless
BFGS formula (9.8) in conjunction with an exact line search, for which V f,ZH pr = 0forall
k. We then obtain

Vv
Piv1 = —HiVfirn = =V i + yi—;lpk, (9.9)
k Pk

which is none other than the Hestenes—Stiefel conjugate gradient method. Moreover, it is
easy to verify that when V £, px = 0, the Hestenes—Stiefel formula reduces to the Polak—
Ribiere formula (5.43). Even though the assumption of exact line searches is unrealistic, it is
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intriguing that the BFGS formula, which is considered to be the most effective quasi-Newton
update, is related in this way to the Polak—Ribiére and Hestenes—Stiefel methods, which are
the most efficient nonlinear conjugate gradient methods.

We summarize the storage requirements of various conjugate gradient, memoryless
quasi-Newton, and limited-memory methods in the following table.

Method Storage
Fletcher—Reeves 3n
Polak-Ribiere 4n
Harwell VA14 6n
CONMIN n
L-BFGS 2mn + 4n

The program CONMIN [228] is an extension of the memoryless BEGS method described
above. It outperforms nonlinear conjugate gradient methods because of a few important
enhancements, such as automatic restarts along a carefully chosen direction. Restarts are
also used in the Harwell routine VA14, which implements an extension of the Polak—
Ribiere method. The efficiency of these methods, in terms of function evaluations, and
their robustness tends to increase with storage as we proceed down the table.

9.2 GENERAL LIMITED-MEMORY UPDATING

Limited-memory quasi-Newton approximations are useful in a variety of optimization
methods. L-BFGS, Algorithm 9.2, is a line search method for unconstrained optimization
that (implicitly) updates an approximation Hy to the inverse of the Hessian matrix. Trust-
region methods, on the other hand, require an approximation By to the Hessian matrix,
not to its inverse. We would also like to develop limited-memory methods based on the SR1
formula, which is an attractive alternative to BEGS; see Chapter 8. In this section we consider
limited-memory updating in a general setting and show that by representing quasi-Newton
matrices in a compact (or outer product) form, we can derive efficient implementations of
all popular quasi-Newton update formulae, and their inverses. These compact representa-
tions will also be useful in designing limited-memory methods for constrained optimization,
where approximations to the Hessian or reduced Hessian of the Lagrangian are needed; see
Chapter 18.

We will only consider limited-memory methods (like L-BFGS) that continuously re-
fresh the correction pairs by removing and adding information at each stage. A different
approach proceeds by saving correction pairs until the available storage is exhausted, and
then discarding all correction pairs (except perhaps one) and starting the process anew.
Computational experience suggests that this second approach is less effective in practice.

Throughout this chapter we let B; denote an approximation to a Hessian matrix and
Hj, the approximation to the inverse. In particular, we always have that B, ' = Hj.
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COMPACT REPRESENTATION OF BFGS UPDATING

We now describe an approach to limited-memory updating that is based on repre-
senting quasi-Newton matrices in outer-product form. We illustrate it for the case of a BEGS
approximation By, to the Hessian.

Theorem 9.1.

Let By be symmetric and positive definite and assume that the k vector pairs {s;, yi}f;()l
satisfy s] y; > 0. Let By be obtained by applying k BFGS updates with these vector pairs to By,
using the formula (8.19). We then have that

-1
STByS, Ly S{ By
By =By—[ BoSk Yi ][ , (9.10)
L! —Dy vl

where Sy and Y. are then x k matrices defined by
Sk:[SO,...,Sk_l], Yk= [yo,...,yk_l], (911)

while Ly and Dy, are thek x k matrices

T e .
Si_1yj—  ifi > j,
(L) = ! (9.12)
kg 0 otherwise,
Dy = diag [soTyo, ol skT_lyk,l] . (9.13)

This result can be proved by induction. We should note that the conditions s/ y; > 0 i =
0, ..., k—1ensure that the middle matrix in (9.10) is nonsingular, so that this expression is
well-defined. The utility of this representation becomes apparent when we consider limited-
memory updating.

Asin the L-BFGS algorithm, we will keep the m most recent correction pairs {s;, y; } and
refresh this set at every iteration by removing the oldest pair and adding a newly generated
pair. During the first m iterations, the update procedure described in Theorem 9.1 can be
used without modification, except that usually we make the specific choice B = 81 for the
basic matrix, where §; = 1/, and y; is defined by (9.6).

At subsequent iterations k > m, the update procedure needs to be modified slightly
to reflect the changing nature of the set of vector pairs {s;, y;} fori =k —m, ...,k — 1.
Defining the n x m matrices Sy and Y} by

Sk = [Sk—m» - -5 Sk—1], Yie = [Vk=m> -+ » Yi—1l (9.14)
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we find that the matrix By resulting from m updates to the basic matrix Bék) = &¢I is given
by

-1
SSESe Ly 8eSt

Bi=&I—[ &S« Y ][ , (9.15)
L —Dy vl

where L; and Dy are now the m X m matrices defined by
(Skemet14)" Gkem—r4y)  ifi > j,
(Lk),',j _ { k—m—1+i Yi—m—1+; J

otherwise,

Dy = diag [skT_myk_m, e skT_lyk_l] .

After the new iterate x4 is generated, we obtain Sy by deleting s, from S and adding
the new displacement s;, and we update Y} in a similar fashion. The new matrices Ly,
and Dy are obtained in an analogous way.

Since the middle matrix in (9.15) is small—of dimension 2m—its factorization re-
quires a negligible amount of computation. The key idea behind the compact representation
(9.15) is that the corrections to the basic matrix can be expressed as an outer product of two
long and narrow matrices—[8; Sx Y] and its transpose—with an intervening multiplication
by a small 2m x 2m matrix. See Figure 9.1 for a graphical illustration.

The limited-memory updating procedure of By requires approximately 2mn + O (m?)
operations, and matrix—vector products of the form Byv can be performed at a cost of
(4m + 1)n + O(m?) multiplications. These operation counts indicate that updating and
manipulating the direct limited-memory BFGS matrix By is quite economical when m is
small.

This approximation By can be used in a trust-region method for unconstrained opti-
mization or, more significantly, in methods for bound-constrained and general-constrained
optimization. The program L-BFGS-B [259] makes extensive use of compact limited-
memory approximations to solve large nonlinear optimization problems with bound
constraints. In this situation, projections of By into subspaces defined by the constraint gra-

L

B =8 I+ Figure 9.1
Compact (or outer
product) representation of

L] By in (9.15).
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dients must be calculated repeatedly. Many algorithms for general-constrained optimization
(for instance the SQP methods of Chapter 18) can make use of the limited-memory matrix
By just described to approximate the Hessian (or reduced Hessian) of the Lagrangian.

We can derive a formula, similar to (9.10), that provides a compact representation of
the inverse BFGS approximation Hy; see [37] for details. An implementation of the L-BFGS
algorithm based on this expression requires essentially the same amount of computation as
the algorithm described in the previous section. However, when the compact form is used,
the product H;V fi can be performed more rapidly on advanced computer systems with
hierarchical memory, since it can be implemented with BLAS-2 matrix—vector operations.

SR1 MATRICES

Compact representations can also be derived for matrices generated by the symmetric
rank-one (SR1) formula. We recall that the SR1 update (8.24) is well-defined only if the
denominator (y; — Bysi)” sk is nonzero. We can assume that this condition always holds,
since if not, we can simply skip the update. The following result uses this assumption to
derive the form of the approximation By.

Theorem 9.2.

Suppose that k updates are applied to the symmetric matrix By using the vector pairs
{si, yi }f;é and the SR1 formula (8.24), and assume that each update is well-defined in the sense
that (y;i — Bis;)Ts; #0,i =0, ..., k — 1. The resulting matrix By can be expressed as

By = By + (Yi — BoSt)(Dy + Ly + LT — ST BoSi) ™ (Y — BoSi)T, (9.16)

where Sk, Yx, Dy, and Ly are as defined in (9.11), (9.12), and (9.13).

The conditions of the theorem imply that the matrix (Dy + Ly + L] — S! BoSi)
is nonsingular. Since the SR1 method is self-dual, the inverse formula H; can be obtained
simply by replacing B, s, and y by H, y, and s, respectively. Limited-memory SR1 methods
can be derived in the same way as for the BEGS method. We replace B, with the basic matrix
B,? at the kth iteration, and we redefine S and Y} to contain the m most recent corrections,
asin (9.14).

UNROLLING THE UPDATE

The reader may wonder whether limited-memory updating can be implemented
in simpler ways. In fact, as we show here, the most obvious implementation of limited-
memory BFGS updating is considerably more expensive than the approach based on compact
representations discussed in the previous section.

The direct BFGS formula (8.19) can be written as

Byy1 = By — akakT + bkb;, (9.17)
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where the vectors a; and by, are defined by

_ Bisi Yk

ay = ———, b = .
(SkTBkSkT)% (ykTsk)%

(9.18)

We could continue to save the vector pairs {s;, y;} but use the formula (9.17) to compute
matrix—vector products. A limited-memory BFGS method that uses this approach would
proceed by defining the basic matrix By at each iteration and then updating according to
the formula

k=1
Be=B{+ Y [bb] —aa]]. (9.19)
i=k—m
The vector pairs {a;, b;},i = k —m, ...,k — 1, would then be recovered from the stored
vector pairs {s;, y;},i =k —m, ..., k — 1, by the following procedure:

Procedure 9.3 (Unrolling the BFGS formula).
fori=k—m,....,k—1
by < yi/(y]si)V%
a; < Blsi + Z;_:lk_m [(bjrs,')bj - (ast,-)aj];
a; < a;/(s]a;)'%
end (for)

Note that the vectors a; must be recomputed at each iteration, since they all depend on the
vector pair {Sx_, Yk—m}> which is removed at the end of iteration k. On the other hand, the
vectors b; and the inner products bjrs,- can be saved from the previous iteration, so only the
new values b;_; and bjrsk_l need to be computed at the current iteration.

By taking all these computations into account, and assuming that B) = I, we find
that approximately %mzn operations are needed to determine the limited-memory matrix.
The actual computation of the inner product B, v (for arbitrary v € R") requires 4mn
multiplications. Overall, therefore, this approach is less efficient than the one based on the
compact matrix representation described above. Indeed, while the product Byv costs the
same in both cases, updating the representation of the limited-memory matrix using the
compact form requires only 2mn multiplications, compared to 2m?n multiplications needed
when the BFGS formula is unrolled.

9.3 SPARSE QUASI-NEWTON UPDATES

We now discuss a quasi-Newton approach to large-scale problems that has intuitive appeal:
We demand that the quasi-Newton approximations By have the same (or similar) sparsity
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pattern as the true Hessian. This would reduce the storage requirements of the algorithm
and perhaps give rise to more accurate Hessian approximations.

Suppose that we know which components of the Hessian may be nonzero at some
point in the domain of interest. That is, we know the contents of the set 2 defined by

Q& {(@, )| [sz(x)]ij # 0 for some x in the domain of f}.

Suppose also that the current Hessian approximation Bj mirrors the nonzero structure of
the exact Hessian, i.e., (By);; = 0 for (i, j) ¢ Q. In updating By to By, then, we could try
to find the matrix By that satisfies the secant condition, has the same sparsity pattern, and
is as close as possible to By. Specifically, we define By to be the solution of the following
quadratic program:

min B — Billy = Y By — (B, (9.20a)
B
(i,j)eQ
subject to Bsy = yt, B = B”, and Bjj =0 for (i, j) ¢ Q. (9.20b)

It can be shown that the solution By, of this problem can be obtained by solving ann x n
linear system whose sparsity pattern is €2, the same as the sparsity of the true Hessian. Once
By+1 has been computed we can use it, within a trust region method, to obtain the new
iterate x;41. We note that By is not guaranteed to be positive definite.

We omit further details of this approach because it has several major drawbacks:
The updating process does not possess scale invariance under linear transformations of
the variables, and, more significantly, its practical performance has been disappointing. A
standard implementation of this sparse quasi-Newton method typically requires at least as
many function evaluations as L-BFGS, but its cost per iteration is higher. The fundamental
weakness of this approach is that (9.20a) is an inadequate model and can produce poor
Hessian approximations.

An alternative approach is to relax the secant equation, making sure that it is approx-
imately satisfied along the last few steps rather than requiring it to hold strictly on the latest
step. To do so, we define S; and Y} by (9.14) so that they contain the m most recent difference
pairs. We can then define the new Hessian approximation By to be the solution of

min || BS, — Yill7
subject to B = BT and B;; = 0 for (i, j) ¢ .
This convex optimization problem has a solution, but itis not easy to compute. Moreover, this
approach can produce singular or poorly conditioned Hessian approximations. Even though

it frequently outperforms methods based on (9.20a), its performance on large problems has
not been impressive.
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A much more promising approach to exploiting structure in large-scale optimization
is outlined in the next section.

9.4 PARTIALLY SEPARABLE FUNCTIONS

In a separable unconstrained optimization problem, the objective function can be decom-
posed into a sum of simpler functions that can be optimized independently. For example, if
we have

fx) = filxr, x3) + falxz, x4, X6) + f3(x5),

we can find the optimal value of x by minimizing each function f;, i = 1,2, 3, inde-
pendently, since no variable appears in more than one function. The cost of performing
n lower-dimensional optimizations is much less in general than the cost of optimizing an
n-dimensional function.

In many large problems the objective function f : R" — R is not separable, but it can
still be written as the sum of simpler functions, known as element functions. Each element
function has the property that it is unaffected when we move along a large number of linearly
independent directions. If this property holds, we say that f is partially separable. We will
see that all functions whose Hessians V2 f are sparse are partially separable, but so are many
functions whose Hessian is not sparse. Partial separability allows for economical problem
representation, efficient automatic differentiation, and effective quasi-Newton updating.

The simplest form of partial separability arises when the objective function can be
written as

) =) filx), (9.21)
i=1

where each of the element functions f; depends on only a few components of x. It follows that
the gradients V f; and Hessians V? f; of each element function contain just a few nonzeros.
By differentiating (9.21), we obtain

Vi) =Y Vi), V) =) Vi),
i=1 i=1

and itis natural to ask whether it is more effective to maintain quasi-Newton approximations
to each of the element Hessians V? f;(x) separately, rather than approximating the entire
Hessian V? f (x). We will show that the answer is affirmative, provided that the quasi-Newton
approximation fully exploits the structure of each element Hessian.
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A SIMPLE EXAMPLE

Consider the objective function

)= (0= x3)" + (2 — 2 + (05 — x9)% + (x4 — x7)° (9.22)
= filx) + falx) + f3(x) + falx),
where the element functions f; have been defined in the obvious way. The Hessians of these
element functions are 4 x 4 sparse, singular matrices with 4 nonzero entries.
Letusfocuson fi; all other element functions have exactly the same form. Even though
f1 is formally a function of all components of x, it depends only on x; and x3, that we call

the element variablesfor f;. We assemble the element variables into a vector that we call x;,
that is,

and note that
. 1 0 0 0
X[ = le with U] = .

If we define the function ¢, by

$1(z1,22) = (21 — 23)%,

then we can write fi(x) = ¢1(U;x). By applying the chain rule to this representation, we
obtain

Vfilx) = U/ V¢ (Uix),  V*fi(x) = U] V¢, (U1x)U,. (9.23)

In our case, we have

2 0 —4X3 0

5 —4x3 ) 0 0 0
V2p(Uix) = ol VAW = ,

—4x;  12x; —4x3; 0 12x5 O

0 0 0 0

It is easy to see that U; performs a “compactification” of the variable vector; it allows us
to map the derivative information for the low-dimensional function ¢; into the derivative
information for the element function f;.
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Now comes the key idea: Instead of maintaining a quasi-Newton approximation to
V2 f1, we maintain a 2 x 2 quasi-Newton approximation B(;) of V2¢; and use the relation
(9.23) to transform it into a quasi-Newton approximation to V? f. To update By after a
typical step from x to x™, we record the information

S = X[ — X, vy = Vi (xf) — Vo (xp)), (9.24)

and use BFGS or SR1 updating to obtain the new approximation B[J{ |- We therefore update
small, dense quasi-Newton approximations with the property

By ~ V2 (Urx) = V¢ (xp). (9.25)

To obtain an approximation of the element Hessian V2 f;, we use the transformation
suggested by the relationship (9.23); that is,

V2 fi(x) ~ Ul ByyU,.

This operation has the effect of mapping the elements of Byj) to the correct positions in the
full n x n Hessian approximation.

The previous discussion concerned only the first element function f;. We do the same
for all other element functions, maintaining a quasi-Newton approximation By; for each
one of them. To obtain a complete approximation to the full Hessian V2 f, we simply sum
the element Hessian approximations as follows:

ne
B = Z Ul By U;.

i=1

We argue later that this strategy will produce a very good quasi-Newton approximation,
much better than one that would be obtained if we ignored the partially separable structure
of the objective function f.

Before discussing these quasi-Newton methods further, we examine the concept of
partial separability in detail. We first describe how to determine whether a function is partially
separable and how to obtain its best representation. Next, we explain the concept of an
invariant subspace, and we explore the relationship between sparsity and partial separability.

INTERNAL VARIABLES

In the simple example (9.22), the best strategy for decomposing the objective function
(into the four element functions that we chose) was obvious. In many applications, however,
there are many alternative ways to choose the partially separable decomposition, and it is
important to the efficiency of quasi-Newton methods that we select the finest decomposition.
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We illustrate this issue with the following example, which arises in the solution of the
minimum surface area problem (see Exercise 13).

The objective function is given by (9.21), where each of the ne element functions f;
has the form

1

1 q2 ) 5 2
filx) = p [1 + 7[()6; — Xjyqr1) F (Xjg1 — Xjig) ]] . (9.26)

Here ¢ is a parameter that determines the size of the discretization, ne = n = g2, and the
integer j, which determines which components of x influence f;, is a function of i and ¢.
(Details of the formulation are given in Exercise 13.)

Each element function f; depends on only four components of x. The gradient of f;
(with respect to the full vector x) contains at most four nonzeros and has the form

Xj = Xjtq+1
Xj+1 = Xjt+q
1 -1
Viix) = quf, (x)
TXj1 T X

—Xj + Xjtg41

Note that two of these four nonzero components are negatives of the other two. The Hessian
of the element function f; has the sparsity pattern

* % * %
* % * %

s (9.27)
* % * %
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and a close examination shows that some of the nonzero entries differ only in sign. In fact,
only three different magnitudes are represented by the 16 nonzero elements, and the 4 x 4
matrix that can be assembled from these nonzero elements happens to be singular.

The obvious way to define the element variables x;} for f; is simply to take the four
components of x that appear in (9.26). However, the fact that repeated information is
contained in the derivatives suggests that there is a more economical representation that
avoids these redundancies. The key observation is that f; is invariant in the subspace

Ni={w e R"|wj = wjig11 and wjp = wjig), (9.28)

which means that for any x and for any w € A; we have that f;(x + w) = f;(x). In other
words, any move along a direction in V; (a subspace of R"” whose dimension is n — 2) does
not change the value of f;, so it is not useful to try to gather curvature information about
f; along NV;. Put another way, we can say that there is an orthogonal basis for R” for which
fi changes along just two of the vectors in this basis. It therefore makes sense to look for a
compact representation of V2 f; that is based on a 2 x 2 matrix.

We can find such a representation almost immediately by examining the definition
(9.28). We define the internal variables u; and u j4, by

Uj =Xj = Xjiq+1, Ujl = Xj41 = Xjig (9.29)

and the internal function ¢; by

1

1 a, 2 2
¢i(uj,”j+1):? 1+7(uj+uj+1) . (9.30)

In fact, this representation of f; is minimal, since it allows for just two distinct nonzero values
in V f; and three distinct nonzero values in the Hessian V? f;, which is exactly what we ob-
served earlier. Hence, we call this representation the finest partially separable representation

of f.

Formally, we can represent (9.29) in matrix form,
Ui = U,‘X, (931)

where the internal variable vector u;) has two components and U; is a 2 x n matrix that has
zero elements except for

Ul,]‘ = 1, Ul’j+q+1 = —1, U2,j+1 = 1, U2,j+q = —1
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Note that the null space of U; is exactly the invariant subspace ;. The full objective function
for the minimum surface problem can now be written as

ne

f) =" ¢i(U). (9.32)
i=1
The gradient and Hessian of f are given by
Vi) =) U'VeiUx),  Vf(x)=) U/V¢;Uix)U, (9.33)
i=1 i=1

which clearly exhibit the underlying structure. All the information is now contained in
the transformations U; and in the internal gradient and Hessians—V¢; () and V2¢; (-)—
which contain just two and four nonzeros, respectively. We will see that effective algorithms
result when we assemble quasi-Newton approximations of V2f from quasi-Newton
approximations of the internal Hessians V2¢;.

Returning to the example (9.22), we see that the internal variables for f; should be
defined as uj) = x[13, and that the internal function is given by the function ¢ described
there.

9.5 [INVARIANT SUBSPACES AND PARTIAL SEPARABILITY

We now generalize the previous examples and formally describe the key concepts that
underlie partial separability.

Definition 9.1 (Invariant Subspace).
The invariant subspace N; of a function f(x) : R* — R is the largest subspace in R"
such that for allw € N;, we have f(x +w) = f(x) whenever x and x + w are in the domain

of f.

We have seen one example of an invariant subspace in (9.28). Another simple example can
be derived from the element function f; defined by

filxt, oo xn) = x§0 (n > 50), (9.34)

for which \V; is the set of all vectors w € R” for which wsy = 0. This subspace has dimension
n — 1, so that all the nontrivial behavior of the function is contained in the one-dimensional
subspace orthogonal to N;. In this case, the obvious compact representation of f; is the
simple function ¢; (z) = z2, where the compactifying matrix U; is the 1 x n matrix defined
by

Uu=[o ... 01 0 - 0],
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where the nonzero element occurs in the 50th position.
It is interesting to compare (9.34) with the element function f; defined by

filxr, oo x) = (4. 4 x,)% (9.35)

At first glance, the two functions appear to be quite different. The first one depends on only
one variable, and as a result has a very sparse gradient and Hessian, while (9.35) depends
on all variables, and its gradient and Hessian are completely dense. However, the invariant
subspace N; of (9.35) is

N ={weR"|ew =0}, wheree = (1,1, ..., 1)T. (9.36)

Again, the dimension of this subspace is n — 1, so that as in (9.34), all the nontrivial behavior
is confined to a one-dimensional subspace. We can derive a compact representation of the
function in (9.35) by defining

Uu=[1 1 - 1], =2

Note that the compact representation function ¢; (z) is the same for both (9.34) and (9.35);
the two functions differ only in the makeup of the matrix U;.
We now use the concept of an invariant subspace to define partial separability.

Definition 9.2 (Partial Separability).

A function f is said to be partially separable if it is the sum of element functions, f (x) =
¢ fi(x), where each f; has a large invariant subspace. In other words, f can be written in
the form (9.32), where the matrices U; (whose null spaces coincide with the invariant subspaces
N; ) have dimensionn; x n, withn; < n.

This definition is a little vague in that the term “large invariant subspace” is not precisely
defined. However, such vagueness is also present in the definition of sparsity, for instance,
which depends not just on the proportion of nonzeros in a matrix but also on its structure,
size, and the underlying application. For practical purposes, it makes sense to exploit partial
separability only if the dimensions of all the invariant subspaces are close to n.

Note that in all our examples above, the matrices U; whose null spaces spanned each
N; could have been chosen in a number of different ways; a basis for a subspace is not unique,
after all. In all cases, however, a definition of U; was fairly clear from the analytic definition of
fi. The situation may be different when the function is defined by a complicated computer
program. In this case we would prefer to circumvent the task of analyzing the function in
order to identify the matrix U;. An automatic procedure for detection of partial separability
has been proposed by Gay [98] and has been implemented in the AMPL modeling language
[92] in conjunction with its automatic differentiation software. We show in Chapter 7 that
the decomposition of partially separable functions also improves the efficiency of automatic
differentiation.
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SPARSITY VS. PARTIAL SEPARABILITY

We have already seen in (9.35) that functions can be partially separable even if their
Hessians are not sparse. The converse is also true: Functions with sparse Hessians are always
partially separable. We prove this result in the following theorem. In this sense, the concept
of partial separability is more general than sparsity, and it yields more information from the
optimization viewpoint.

Theorem 9.3.

Every twice continuously differentiable function with a sparse Hessian is partially sepa-
rable. More specifically, suppose that f : D — R" is twice continuously differentiable in an
open subset D of R", and that

2

e Xy) =0
Bxiax_,-f(x1 %)

forallx € D. Then

oo, xn) = fx, o0, x5, 0, X401, .00, Xp)
+ fOon, o Xm0, X4, -, Xy)

—fO e Xm0, X4, e, X2, 0, X, e, X))
forall (xi, ..., x,).

ProOF.  Without loss of generality, consider the case n = 2 so that (xy, ..., x,) = (x, y).
The assumption and the integral mean value theorem imply that for all (x, y),

YRR f(E,¢)
= ————d&d
0 /0 /0 0xdy §dt
:/*[af@,;)dg]

0 0x 0
[Ty [T f(E0)
_/0 ox ds /0 ox s
=[fE ] — [f(E 0]

Theorem 9.3 states that even if only one of the partials vanishes, then f is the sum of
element functions, each of which has a nontrivial invariant subspace.
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GROUP PARTIAL SEPARABILITY

Partial separability is an important concept, but it is not quite as general as we would
like. Consider a nonlinear least-squares problem of the form

]
FO) =Y (felx) + fin () + i), (9.37)
k=1

where the functions f; are partially separable and each ¢y is a constant. The definition of
partial separability given above forces us either to expand the quadratic function and end
up with products of the f, or to regard the whole kth term in the summation as the kth
element function. A more intuitive approach would avoid this somewhat artificial expansion
and recognize that each term contains two element functions, grouped together and squared.
By extending slightly the concept of partial separability, we can make better use of this type
of structure.

We say that a function f : R" — R is group partially separable if it can be written in
the form

i
)= nlhy(x)) (9.38)
k=1

where each Ay, is a partially separable function from R” to R, and each y is a scalar twice
continuously differentiable function defined on the range of ;. We refer to v as the group
function. Group partial separability is a useful concept in many important areas of optimiza-
tion, such as nonlinear least-squares problems and penalty and merit functions arising in
constrained optimization.

Compact representations of the derivatives of f can be built up from the representa-
tions of the /2 functions (and their derivatives), together with the values of v, ¥, and ¥,
for each k. By using the chain rule, we obtain

Vi (he(x))] = ¥ (hi(x)) VA (x),
V2 (i ()] = W (hi (x)) Vg () Vi ()T + ¥ (hy (x)) V2 Ry (x).

These formulae, together with the compact representations of the quantities Vi and V2hy
derivedin (9.33), can be used to represent the derivatives of the function f of (9.38) efficiently.
Hence, all the ideas we have discussed so far in the context of partially separable functions
generalize easily to group partially separable objectives.
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(J EXAMPLE 9.1
Consider the function
1 2
3 (x5 = x25)x7 + x11)” .

The group functionis ¥ (z) = %zz. The partially separable function 2 (x) = (x5—x25)x74+x13
that serves as the argument of ¥ (-) can be partitioned into two element functions defined
by fi = (x5 — x25)x7 and f, = x1;. Note that the function f; has three element variables,
but these can be transformed into the two internal variables 1 = x5 — x5 and u, = x5.

O

9.6 ALGORITHMS FOR PARTIALLY SEPARABLE FUNCTIONS

The concept of partial separability has most to offer when the number of variables is large.
Savings can be obtained by representing the Hessian matrix economically in a Newton
method or by developing special quasi-Newton updating techniques.

EXPLOITING PARTIAL SEPARABILITY IN NEWTON'’S METHOD

We consider first an inexact (truncated) Newton method in which the search direction
Pr is an approximate solution of the Newton equations

V2 f(xi)p = =V f(xp). (9.40)

We solve this system by the conjugate gradient method. To obtain a complete algorithm,
we embed this step computation into either a line search or a trust-region framework, as
discussed in Chapter 6.

Suppose that we know how to express the objective function f in partially separable
form, thatis, we have identified the number of element functions ne, the internal variables u;,
and the transformations U; for each element function. Recalling that the conjugate gradient
method requires matrix—vector products to be formed with the Hessian V2 f (x), we see from
the representation (9.33) that such products can be obtained by means of matrix—vector
operations involving the matrices U; and V2¢;, fori = 1,2, ..., ne. By using this structure,
we often find that the Hessian—vector product can be computed more economically than if
we formed V2 f(x) and performed the multiplication explicitly. The representation (9.33)
can therefore yield faster computations as well as a reduction in storage.

As an example, consider the minimum surface problem where the element functions
are of the form (9.26). In this function, there arene = n Hessians V2¢;, each of whichisa 2 x 2
symmetric matrix that can be stored in three floating-point numbers. The matrices U; all
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have similar structure; each contains four nonzeros, two 1’s and two —1’s, in matrix locations
that are determined by the index i. It is not necessary to store these matrices explicitly at all,
since all we need to know to perform matrix—vector products with them is the value of i.
Hence, the Hessian can be stored in approximately 3n floating-point memory locations. By
contrast, it can be shown that storage of the lower triangle of the full Hessian V2 f (x) in the
standard format requires about 5z locations. Hence, in this example, the partially separable
representation has yielded a 40% savings in storage. In other applications, the savings can
be even more significant.

We should note, however, that the storage reduction that we achieve by the use of inter-
nal variables comes at a price: The mapping performed by the transformations U; requires
memory access and computation. The efficiency loss due to these operations depends on the
problem structure and on the computer architecture, but sometimes it can be significant.
Consequently, it may not be worth our while to seek the finest possible partially separable
representation for a given problem, but to settle instead for an easily identified representation
that captures most of the structure, or even to ignore the partial separability altogether. For
example, in the minimum surface problem, we could represent each element function as a
function of 4 variables, and not as a function of two variables, as in (9.30).

Another implementation of Newton’s method that is suitable for partially separable
functions is based on solving (9.40) by using a direct method instead of conjugate gradients.
The multifrontal factorization technique described by Duff and Reid [74], which was de-
veloped initially in connection with finite element systems, is well suited for the Hessians of
partially separable functions. In this approach, partial assembly of the Hessian matrix is used
in conjunction with dense factorization of submatrices to obtain an efficient factorization.
The LANCELOT software package [53] includes an option to allow the user to choose be-
tween conjugate gradients and the multifrontal approach in its implementation of Newton’s
method.

In conclusion, the effectiveness of Newton’s method for partially separable
functions—as measured by total computing time—varies according to the problem structure
and computer architecture. In some cases it may be profitable to exploit partial separability
and in other cases it may not. The situation is less ambiguous in the case of quasi-Newton
methods, where exploitation of the partially separable structure often yields a dramatic
reduction in the number of function and gradient evaluations.

QUASI-NEWTON METHODS FOR PARTIALLY SEPARABLE FUNCTIONS

Asindicated in (9.25), (9.24), we can construct quasi-Newton Hessian approximations
for partially separable functions by storing and updating approximations By;} to each internal
function V2¢; and assembling these into an approximation B to the full Hessian V2 f(x)
using the formula

B =Y U"B;U;. (9.41)

i=1
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We may use this approximate Hessian in a trust-region algorithm, obtaining an approximate
solution py of the system

Bipr = =V f(xi). (9.42)

As in the case of Newton’s method, we need not assemble By explicitly, but rather use the
conjugate gradient approach to solve (9.42), computing matrix—vector products of the form
Byv by performing operations with the matrices U; and By;j.

As for any quasi-Newton method, we update the approximations Bj;} by requiring
them to satisfy the secant equation for each element function, namely,

Byiysii) = v (9.43)
where
S = u?;] — U (9.44)
is the change in the internal variables corresponding to the ith element function, and
i) = Vi (ufy) — Vo lup) (9.45)

is the corresponding change in gradients. Here u™ and u indicate the vectors of internal
variables at the current and previous iterations, respectively. Thus the formulae (9.44) and
(9.45) are obvious generalizations of (9.24) to the case of internal variables.

We return again to the minimum surface problem (9.26) to illustrate the usefulness of
this element-by-element updating technique. In this case, the functions ¢; depend on only
two internal variables, so that each Hessian approximation By;j is a 2 x 2 matrix. After just
a few iterations, we will have sampled enough directions s;; to make each Bj;) an accurate
approximation to V2¢;. Hence the full quasi-Newton approximation (9.41) will tend to be
a very good approximation to V2 f(x).

By contrast, a quasi-Newton method that ignores the partially separable structure of
the objective function will attempt to estimate the total average curvature—the sum of the
individual curvatures of the element functions—by constructing a dense n x n matrix. When
the number of variables # is large, many iterations will be required before this quasi-Newton
approximation is of good quality. Hence an algorithm of this type (e.g., standard BFGS or
L-BFGS) will require many more iterations than a method based on the partially separable
approximate Hessian.

It is not always possible to use the BFGS formula in conjunction with the formulae
(9.44) and (9.45) to update the partial Hessian By;}, because there is no guarantee that the
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curvature condition s[f 1Yii) > 0 will be satisfied. (Recall from Chapter 8 that this curvature
condition is needed to ensure that the BFGS approximate Hessian remains positive definite.)
Thatis, even though the full Hessian V2 f(x)is atleast positive semidefinite at the solution x*,
some of the individual Hessians V2¢; (-) may be indefinite. One way to overcome this obstacle
is to apply the SR1 update to each of the element Hessians, using simple precautions to ensure
thatitis well-defined. SR1 updating has proved to be very effective in the LANCELOT package
[53], which is designed to take full advantage of partial separability. The performance of the
SR1-based quasi-Newton method is often comparable to that of Newton’s method, provided
that we find the finest partially separable decomposition of the problem; otherwise, there
can be a substantial loss of efficiency. For the problems listed in Table 9.1, the Newton and
quasi-Newton versions of LANCELOT required a similar number of function evaluations
and similar computing time.

NOTES AND REFERENCES

For further discussion on the L-BFGS method see Nocedal [183], Liu and Nocedal
[151], and Gilbert and Lemaréchal [102]. The last paper also discusses various ways in
which the scaling parameter can be chosen.

Algorithm 9.1, the two-loop L-BFGS recursion, constitutes an economical procedure
for computing the product H,V fi. It is based, however, on the specific form of the BFGS
update formula (9.2), and recursions of this type have not yet been developed (and may not
exist) for other members of the Broyden class (for instance, the SR1 and DFP methods).

Limited-memory methods using roughly half of the storage employed by Algorithm 9.2
are discussed by Siegel [230], Deuflhard et al. [71], and Gill and Leonard [106]. It is not yet
known, however, whether such approaches outperform L-BFGS. A limited-memory method
that combines cycles of quasi-Newton and CG iterations and that is often competitive with
L-BFGS is described by Buckley and Le Nir [28]. Our discussion of compact representations
of limited-memory matrices is based on Byrd, Nocedal, and Schnabel [37].

Limited-memory methods for solving systems of nonlinear equations can also be
developed; see Chapter 11. In particular, the paper [37] shows that compact representations
of Broyden matrices for these problems can be derived.

Sparse quasi-Newton updates have been studied by Toint [237, 238] and Fletcher et
al. [84, 85], among others.

The concept of partial separability was introduced by Griewank and Toint [129, 127].
For an extensive treatment of the subject see Conn, Gould, and Toint [53]. Theorem 9.3 was
proved by Griewank and Toint [128].

If f is partially separable, a general affine transformation will not in general preserve
the partially separable structure. The quasi-Newton method for partially separable functions
described here is not invariant to affine transformations of the variables, but this is not a
drawback because it is invariant to transformations that preserve separability.
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& EXERCISES

& 9.1 Code Algorithm 9.2 and test it on the extended Rosenbrock function

n/2

flx) = Z [Ol(xzi - Xzz,;l)z +01- X2i71)2] ,

i=1

where o is a parameter that you can vary (e.g., 1, 100). The solution is x* =
(L 1,...,1), f*=0.

Choose the starting point as (—1, —1, ..., —DT. Observe the behavior of your
program for various values of the memory parameter m.

& 9.2 Show that the matrix f}k+1 in (9.7) is singular.
& 9.3 Derive the formula (9.9) under the assumption that line searches are exact.

& 9.4 Describe how to take advantage of parallelism when computing the matrix—vector
product Biv, when By is given by (9.10). Compare this with the level of parallelism that can
be achieved in the two-loop recursion for computing H; V f;.

& 9.5 Consider limited-memory SR1 updating based on (9.16). Explain how the storage
can be cut in half if the basic matrix B} is kept fixed for all k. (Hint: Consider the matrix

Or = [q0, -+ qx—1] = Yx — BySy.)

& 9.6 Compute the elements in the Hessian (9.27) and verify that if differences in the
signs are ignored, only three of the elements are different.

& 9.7 Write the function defined by
Fx) = xox3e" 5T 4 (x0003)” + (x5 — x4)
in the form (9.32). In particular, give the definition of each of the compactifying

transformations U;.

& 9.8 Show that the dimension of (9.28) is n — 2 and that the dimension of (9.36) is
n—1.

& 9.9 For the following two functions, find the invariant subspace, and define the
internal variables. Make sure that the number of internal variables is n — dim(/\).

1. f(x) = (x9 + x3 — 2x7) exp(xg — x7).

2 10 = (S i) + (S )’

& 9.10 Give an example of a partially separable function that is strictly convex but that
contains an element function f; that is concave.
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&  9.11 Does the approximation B obtained by the partially separable quasi-Newton
updating (9.41), (9.45) satisfy the secant equation Bs = y?

&  9.12 (Griewank and Toint [128]) Let # be a nonsingular affine transformation ¢(x) =
Ax + b. Show that f and f ot have the same separability structure if the linear part of 7 is
block-diagonal, where the ith and jth variables belong to the same block only if the ith and
Jjth components of e are identical for all e € E (see the proof of Theorem 9.3 for a definition
of e and E). In other words, ¢ is only allowed to mix variables that occur either together or
not at all in the element functions f;.

&  9.13 The minimum surface problem is a classical application of the calculus of vari-
ations and can be found in many textbooks. We wish to find the surface of minimum area,
defined on the unit square, that interpolates a prescribed continuous function on the bound-
ary of the square. In the standard discretization of this problem, the unknowns are the values
of the sought-after function z(x, y) on a ¢ x g rectangular mesh of points over the unit
square.

More specifically, we divide each edge of the square into ¢ intervals of equal length,
yielding (¢ + 1) grid points. We label the grid points as

XG—1)(g+D)+1s - -+ Xigg+1) for i =1,2,q + 1,

so that each value of i generates a line. With each point we associate a variable z; that
represents the height of the surface at this point. For the 4¢ grid points on the boundary
of the unit square, the values of these variables are determined by the given function. The
optimization problem is to determine the other (g + 1)* — 4q variables z; so that the total
surface area is minimized.

A typical subsquare in this partition looks as follows:

Xj+g+1  Xj+q+2

Xj Xj+1

We denote this square by A ; and note that its area is g*. The desired function is z(x, y), and
we wish to compute its surface over A;. It is shown in calculus books that the area of the
surface is given by

0 f v () + (5 oo
! N (x,y)€A; ox ay v

Approximate the derivatives by finite differences and show that f; has the form (9.26).
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In least-squares problems, the objective function f has the following special form:

m

f) =3 ri), (10.1)
j=1

where each r; is a smooth function from R" to R. We refer to each r; as a residual, and we
assume throughout this chapter that m > n.

These problems have been a fruitful area of study for over 30 years, mainly be-
cause of their applicability to many practical problems. Almost anyone who formulates
a parametrized model for a chemical, physical, financial, or economic application uses a
function of the form (10.1) to measure the discrepancy between the model and the output
of the system at various observation points. By minimizing this function, they select values
for the parameters that best match the model to the data. Researchers in numerical analy-
sis and optimization have been able to devise efficient, robust minimization algorithms by
exploiting the special structure in f and its derivatives.

To see why the special form of f often makes least-squares problems easier to solve than
general unconstrained minimization problems, we first assemble the individual components
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r; from (10.1) into a residual vectorr : R" — R™ defined by
r(x) = (r1(x), r2(x), ... rw (X)) (10.2)

Using this notation, we can rewrite f as f(x) = %Hr(x) [|3. The derivatives of f(x) can be
expressed in terms of the Jacobian of , which is the m x n matrix of first partial derivatives
defined by

or;
J(x) = [a_xj} e (10.3)
i=1,2,..n
We have
Vi) =Y ri0)Vrix) = J(x) rx), (10.4)
j=1
Vif(x) = Z Vrj(x)Vrj(x)T + er(x)Vzrj(x)
= =1
= J(x)TJ(x)—i—irj(x)Vzrj(x). (10.5)

J=1

In many applications, it is possible to calculate the first partial derivatives that make up
the Jacobian matrix J(x) explicitly. These could be used to calculate the gradient V f(x)
as written in formula (10.4). However, the distinctive feature of least-squares problems is
that by knowing the Jacobian we can compute the first part of the Hessian V2 £ (x) for free.
Moreover, this term J (x)7 J (x) is often more important than the second summation term
in (10.5), either because of near-linearity of the model near the solution (that is, V2r ; small)
or because of small residuals (that is, r; small). Most algorithms for nonlinear least-squares
exploit these structural properties of the Hessian.

The major algorithms for minimizing (10.1) fit nicely into the line search and trust-
region frameworks we have already described, with a few simplifications. They are based on
the Newton and quasi-Newton approaches described in earlier sections, with modifications
that exploit the particular structure of f.

In some large-scale applications, it is more practical to compute the gradient V f(x)
directly using computational differentiation techniques (see Chapter 7) than to compute the
first partial derivatives (10.3) separately and forming J (x)” 7 (x) from (10.4). Since we do not
haveaccessto J (x) for these problems, we cannot exploit the special structure associated with
the least-squares objective (10.1), and therefore the algorithms of this chapter do not apply.
Instead, we can apply the algorithms for general large-scale unconstrained optimization
problems described in Chapters 6 and 9. Many large-scale problems do, however, allow ready
computation of the first partial derivatives and can therefore make use of the algorithms in
this chapter.
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We return to our discussion of algorithms in a moment, but first we take a little time
to explain the widespread interest in nonlinear least-squares problems.

10.1  BACKGROUND

MODELING, REGRESSION, STATISTICS

We start with an example of process modeling and show why least-squares functions
are often used to fit this model to a set of observed data.

(J ExampLE 10.1

We would like to study the effect of a certain medication on a patient. We draw blood
samples at certain times after the patient takes a dose, and measure the concentration of the
medication in each sample, tabulating the time ¢; and concentration y; for each sample.

We wish to construct a model that indicates the concentration of the medication as
a function of time, choosing the parameters of this model so that its predictions agree as
closely as possible with the observations we made by drawing the blood samples. Based on
our previous experience with projects of this type, we choose the following model function:

O(x;1) =x1 +tx, +e ™. (10.6)

Here, x1, X3, X3, and ¢ are real numbers; the ordinate t indicates time, while the x;’s are
the parameters of the model. The predicted concentration at time ¢ is given by ¢(x; ¢). The
differences between model predictions and observed values are combined in the following
least-squares function:

m

1N Iy — ¢l ] (10.7)

J=1

This function has precisely the form (10.1) if we define r;(x) = y; — ¢(x; ¢;). Graphically,
each term in (10.7) represents the square of the vertical distance between the curve ¢(x; t)
(plotted as a function of ¢) and the point (¢}, y;); see Figure 10.1. We choose the minimizer
x* of the least-squares problem as the best estimate of the parameters, and use ¢(x*; t) to
estimate the concentration remaining in the patient’s bloodstream at any time ¢. O

This model is an example of what statisticians call a fixed-regressor model. It assumes
that the times #; at which the blood samples are drawn are known to high accuracy, while
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Figure 10.1 Deviation between the model (10.7) (smooth curve) and the observed
measurements are indicated by the vertical bars.

the observations y; may contain more or less random errors due to the limitations of the
equipment (or the lab technician!)

In general data-fitting problems of the type just described, the ordinate ¢ in the model
¢(x; 1) could be a vector instead of a scalar. (In the example above, for instance, ¢ could
contain one dimension for each of a large number of patients in a study of this particular
medication.)

The sum-of-squares function (10.7) is not the only way of measuring the discrepancy
between the model and the observations. Instead, we could use a sum of sixth-power terms

D Ly — bl 1)]°,

j=1

or a sum of absolute values
m
Do lyi— o), (10.8)
j=1

or even some more complicated function. In fact, there are statistical motivations for choos-
ing one fitting criterion over the alternatives. The least-squares criterion is solidly grounded



10.1. BACKGROUND

in statistics, as we show below, though other criteria such as (10.8) are appropriate in some
circumstances.

Changing the notation slightly, let the discrepancies between model and observation
in a general data-fitting problem be denoted by ¢}, that is,

€ =y; — dx; t)).

It is often reasonable to assume that the €;’s are independent and identically distributed with
a certain variance o2 and probability density function g, (-). (This assumption will often be
true, for instance, when the model accurately reflects the actual process, and when the errors
made in obtaining the measurements y; do not contain a “systematic” component.) Under
this assumption, the likelihood of a particular set of observations y;, j = 1, 2, ..., m, given
that the actual parameter vector is x, is given by the function

m m
pyix, o) =[] g(e)) =[]y — dlx:i1)). (10.9)
j=1 j=1
Since we know the value of the observations yy, y,, ..., Y, the “most likely” value of x is

obtained by maximizing p(y; x, o) with respect to x. The resulting value of x is called the
maximum likelihood estimate of the parameters.
When we assume that the discrepancies follow a normal distribution, we have

© 1 €2
(€)= ——exp| —— ).
§ 2mo? P 20?

Substitution in (10.9) yields
mory UANY
p(y;x,0) = (2wo?) " exp <—% > b = #lx; )17 ) :

2
Jj=1 o

For any fixed value of the variance o2, it is obvious that p is maximized when the sum
of squares (10.7) is minimized. To summarize: When the discrepancies are assumed to be
independent, identically distributed with a normal distribution function, the maximum
likelihood estimate is obtained by minimizing the sum of squares.

The assumptions on ¢; in the previous paragraph are common, but they do not
describe the only situation for which the minimizer of the sum of squares makes statistical
sense. Seber and Wild [227] describe many instances in which minimization of functions
like (10.7), or generalizations of this function such as

rTVr, where V € R™ is symmetric and r;(x) = y; — ¢(x; t;),

is the crucial step in obtaining estimates of the parameters from observed data.
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Before discussing algorithms for nonlinear least-squares problems, we consider first
the case in which the function r(x) is linear. Linear least-squares problems have a wide
range of applications of their own, and they also arise as subproblems in algorithms for the
nonlinear problem. The algorithms that we discuss in the following section are therefore an
essential component of most algorithms for nonlinear least-squares.

LINEAR LEAST-SQUARES PROBLEMS

In the special case in which each function r; is linear, the Jacobian J is constant, and
we can write

fx)=3Jx+rl3, (10.10)
where r = r(0). We also have
Vix)=JT(Jx+7r), Vif(x)=J"J.

(Note that the second term in V2 f(x) (see (10.5)) disappears, because V2r; = 0 for all i.)
The function f(x) in (10.10) is convex—a property that does not necessarily hold for the
nonlinear problem (10.1). By setting V f(x*) = 0, we see that any solution x* of (10.10)
must satisfy

JTix*=—JTr (10.11)

The equations (10.11) are the normal equations for (10.10).

Thelinear problem (10.10) is interesting in its own right, since many models ¢ (x; ) are
linear. (Our example (10.6) would be linear but for the existence of the x5 term.) Algorithms
for linear least-squares problems fall under the aegis of numerical linear algebra rather than
optimization, and there is a great deal of literature on the topic. We give additional details
in the Notes and References.

We outline briefly three major algorithms for the unconstrained linear least-squares
problem. We assume for the present that m > n and that J has full column rank.

The first and most obvious algorithm is simply to form and solve the system (10.11)
by the following three-step procedure:

e compute the coefficient matrix J7 J and the right-hand-side —J7r;
e compute the Cholesky factorization of the symmetric matrix J7 J;

e perform two triangular substitutions with the Cholesky factors to recover the solution

x*.

The Cholesky factorization

J'J =RTR (10.12)
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(where R is n x n upper triangular) is guaranteed to exist when m > n and J has rank m
(see the exercises). This method is frequently used in practice and is often effective, but it has
one significant disadvantage, namely, that the condition number of J7 J is the square of the
condition number of J. Since the relative error in the computed solution of any problem is
usually proportional to the condition number, the solution obtained by the Cholesky-based
method may be much less accurate than solutions obtained from algorithms that work
directly with the formulation (10.10). When J is ill conditioned, the Cholesky factorization
process may even break down, since roundoff errors may cause small negative elements to
appear on the diagonal.

A second approach is based on a QR factorization of the matrix J. Since the Euclidean
norm of any vector is not affected by orthogonal transformations, we have

[Jx +rl, =107 (Jx + 1), (10.13)

for any m x m orthogonal matrix Q. Suppose we perform a QR factorization with column
pivoting on the matrix J (see (A.54)) to obtain

R R
JH:Q|:O]:[Q1 Q2]|:0:|=Qle (10.14)

where

ITisann x n permutation matrix (hence, orthogonal);

Q is m x m orthogonal;

Q) is the first n columns of Q, while Q, contains the last m — n columns;
R isn x n upper triangular.

By combining (10.13) and (10.14), we obtain

2

2 QIT T
1Jx +r)? = LolennT x4
Q)

2

T
o I e
0 o,r X

= |R(I"x) + Q] rll3 + 1] I3 (10.15)

2

No choice of x has any effect on the second term of this last expression, but we can minimize
|/ x + r|| by driving the first term to zero, that is, by setting

x*=-TMR'Qfr.

(In practice, we perform a triangular substitution to solve Rz = —Q7r, then permute the
components of 7 to get x* = Ilz.)
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This QR-based approach does not degrade the conditioning of the problem unnec-
essarily. The relative error in the final computed solution x* is usually proportional to the
condition number of J, not its square, and this method is usually reliable. Some situations,
however, call for greater robustness or more information about the sensitivity of the solu-
tion to perturbations in the data (J or r). A third approach, based on the singular-value
decomposition (SVD) of J, can be used in these circumstances. Recall from (A.45) that the
SVD of J is given by

S N
J:U|:01|VT:[U1 U2]|:0:|VT=UISVT, (10.16)

where

U is m x m orthogonal;

U, contains the first n columns of U, U, the last m — n columns;

V is n x n orthogonal;

Sisn x n diagonal, with diagonal elementso; > 0, > --- > ¢, > 0.

(Note that JTJ = V. §?VT, 50 that the columns of V are eigenvectors of J 7 with eigenvalues
of, j=1,2,...,n.) By following the same logic that led to (10.15), we obtain

N | Ul
Jx +rl5 = (Vix)+ r |
0 U, 5

=SV x) + U rl3 + 11U 713 (10.17)

2

Again, the optimum is found by choosing x to make the first term equal to zero; that is,
x*=vstulr.

If we denote the ith columns of U and V by u; € R™ and v; € R", respectively, we can
write

x* = Z . (10.18)

This formula yields useful information about the sensitivity of x*. When o; is small, x* is
particularly sensitive to perturbations in r that affect u! r, and also to perturbations in J
that affect this same quantity. Information such as this is particularly useful when J is nearly
rank-deficient, that is, when o, /07 < 1. This information is not generally available when
the QR algorithm is used, and it is sometimes worth the extra cost of the SVD algorithm to
obtain it.
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All three approaches above have their place. The Cholesky-based algorithm is partic-
ularly useful when m > n and it is practical to store J7 J but not J itself. However, it must
be modified when J is rank-deficient or ill conditioned to allow pivoting of the diagonal
elements of J7 J. In the QR approach, ill conditioning usually (but not always) causes the
elements in the lower right-hand corner of R to be much smaller than the other elements
in this matrix. In this situation, the strategy above can be modified to produce a solution to
a nearby problem in which J is slightly perturbed. The SVD approach is the most robust
and reliable one for ill-conditioned problems. When J is actually rank-deficient, some of
the singular values o; are exactly zero, and any vector x* of the form

T
ur
=3 s S 1019
;=

(for arbitrary coefficients 7;) is a minimizer of (10.17). Frequently, the solution with smallest
norm is most desirable, and we obtain this by setting each 7; = 0in (10.19) (see the exercises).
When J has full rank but is ill conditioned, the last few singular values o, 0,1, ... are
small. The coefficients ulT r/o; in (10.19) are then particularly sensitive to perturbations in
u!'r when o; is small, so a “robust” approximate solution is sometimes obtained by omitting
these terms from the summation.

10.2 ALGORITHMS FOR NONLINEAR LEAST-SQUARES
PROBLEMS

THE GAUSS-NEWTON METHOD

We now describe methods for minimizing the nonlinear objective function (10.1) that
exploit the structure in the gradient V £ (10.4) and Hessian V2 f (10.5). The simplest of
these methods—the Gauss—Newton method—can be viewed as a modification of Newton’s
method with line search. Instead of generating the search direction py, by solving the standard
Newton equations V2 f (x;) p = —V f(xz), we exclude the second-order term from V2 f (x;)
and obtain p;™ by solving

JEhp® = —Jlr. (10.20)

This simple modification gives a surprising number of advantages over the plain
Newton’s method. First, our use of the approximation

V2ifi ~ JL I (10.21)

saves us the trouble of computing the individual Hessians Vi = 1,2,...,m, of the
residuals, which are needed in the second term in (10.5). In fact, if we calculated the Jacobian
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J(x;) in the course of evaluating the gradient V f; = JkT fx> the approximation (10.21) is
essentially free, and the savings in function and derivative evaluation time can be very
significant. Second, there are many interesting situations in which the first term J7J in
(10.5) is much more significant than the second term, so that the Gauss—Newton method
gives performance quite similar to that of Newton’s method even when the second term
>y riV?r; is omitted. A sufficient condition for the first term in (10.5) to dominate
the second term is that the size of each second-order term (that is, |r;(x)[||V?r;(x)]) be
significantly smaller than the eigenvalues of J7J. This happens, for instance, when the
residuals 7; are small (the so-called small-residual case), or when each r; is nearly a linear
function (so that ||V?r;|| is small). In practice, many least-squares problems have small
residuals at the solution, and rapid local convergence of Gauss—Newton often is observed on
these problems.

A third advantage of Gauss—Newton is that whenever J(x;) has full rank and the
gradient V f is nonzero, the direction p®" is a descent direction for f(-), and therefore a
suitable direction for a line search. From (10.4) and (10.20) we have

(P V e = ) I e = =P I Jep = = I10epl; < 0.

The final inequality is strict unless we have Ji p;™ = 0, which by (10.20) is equivalent to
JIri = V fi = 0. Finally, the fourth advantage of this method arises from the similarity
between the Gauss—Newton equations (10.20) and the normal equations (10.11) for the
linear least-squares problem. This connection tells us that p;™ is the solution of the linear
least-squares problem

min [ Jip + fell3- (10.22)

Hence, we can find the search direction by applying the algorithms of the previous section to
the subproblem (10.22). If the QR or SVD algorithms are used, there is no need to calculate
the Hessian approximation J; Ji explicitly.

The subproblem (10.22) suggests another motivation for the Gauss—Newton step.
Rather than forming a quadratic model of the function f(x), we are forming a linear model
of the vector function r(x + p) & r(x) + J(x) p. The step p is obtained by substituting this
linear model into the expression f(x) = %||r(x) |5 and minimizing over p.

As mentioned above, we usually perform a line search in the Gauss—Newton direction,
finding a step length «; that satisfies the Wolfe conditions (3.6). The theory of Chapter 3
can then be applied to ensure global convergence of this method. Assume for the moment
that the Jacobians J (x) have their singular values uniformly bounded away from zero in the
region of interest; that is, there is a constant y > 0 such that

I/(x)zll2 = yllzll2 (10.23)
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for all x in a neighborhood NV of the level set

L=A{x]fx) = flxo)}, (10.24)

where x, is the starting point. This assumption is the key to proving the following result,
which is a consequence of Theorem 3.2.

Theorem 10.1.

Suppose that each residual function r; is Lipschitz continuously differentiable in a neigh-
borhood N of the level set (10.24), and that the Jacobians J (x) satisfy the uniform full-rank
condition (10.23). Then if the iterates xy are generated by the Gauss—Newton method with step
lengths oy, that satisfy (3.6), we have

lim J/r = 0.
k—o00

ProOF.  First, we check that the angle 6; between the search direction p;™ and the negative
gradient —V f} is uniformly bounded away from 7 /2. Note that Lipschitz continuity of each
r;j(x) implies continuity of J(x); hence there is a constant 8 > 0 such that ||J @7, =
IJ(x)|l> < B forall x € L. From (3.12), we have for x = x; € £ and p® = p;™ that

(VAT p™

PNV A
L) A )il S il O G
IpSIITrl IS IITI p™) = B2lIp™2 ~ B2

cosb, =

Lipschitz continuity of Vr; also implies Lipschitz continuity of V f (-) over the neighborhood
N, so we can apply Theorem 3.2 to deduce that V f(x;) — 0, giving the result. O

If J(xy) is rank-deficient for some k (that is, a condition like (10.23) is not satisfied),
the coefficient matrix in (10.20) is singular. The system (10.20) still has a solution, however,
because of the equivalence between this linear system and the minimization problem (10.22).
In fact, there are infinitely many solutions for p;™ in this case; each of them has the form
shown in (10.19). However, there is no longer an assurance that cos 8 is uniformly bounded
away from zero, so we cannot prove a result like Theorem 10.1 in general.

The speed of convergence of Gauss—Newton near a solution x* depends on how much
the leading term J7 J dominates the second-order term in the Hessian (10.5). Suppose that
X is close to x* and that an assumption like (10.23) is satisfied. Then, applying an argument
like the Newton’s method analysis (3.35), (3.36), (3.37) in Chapter 3, we have

Xe+ PN = x* = x —xF = [JTT ()] 7'V f (x)
= [T [T () (e — x*) + V(%) = V f(x)]
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where JT J (x) is shorthand notation for J (x)” J (x). Using H (x) to denote the second-order
term in (10.5), we can show that

1
Vf(xk)—Vf(x*)=f IT I + 105 — x) (v — x7) di

0

1
—G—f H(x* +t(xe —x™) (o — x™) dt.
0
The same argument as in (3.36), (3.37) shows that

lxx + pg — x*||
1
sf N7 T )] H (x* + £ G — X)) lxx — x*]1 dt 4+ O(flxx — x*[|%)
0

~ T TT T H @) g — x5+ O(llx — x*I1%). (10.25)

Therefore, we cannot expect a unit step of Gauss—Newton to move us closer to the solution
unless || [JTJ(x*)]7'H(x*)|| < 1.In the small residual case discussed above, we often have
I[JTJT(x*)]"H(x*)|| < 1, so (10.25) implies that the convergence of x; to x* is rapid.
When H (x*) = 0, the convergence is quadratic.

THE LEVENBERG-MARQUARDT METHOD

Recall that the Gauss—Newton method is like Newton’s method with line search, except
that we use the convenient and often effective approximation (10.21) for the Hessian. The
Levenberg—Marquardt method can be derived by replacing the line search strategy with
a trust-region strategy. The use of a trust region avoids one of the weaknesses of Gauss—
Newton, namely, its behavior when the Jacobian J(x) is rank-deficient, or nearly so. The
second-order Hessian component in (10.5) is still ignored, however, so the local convergence
properties of the two methods are similar.

The Levenberg—Marquardt method can be described and analyzed using the trust-
region framework of Chapter 4. (In fact, the Levenberg—Marquardt method is generally
considered to be the progenitor of the trust-region approach for general unconstrained
optimization discussed in Chapter 4.) For a spherical trust region, the subproblem to be
solved at each iteration is

min L[ Jep + rell3, subject to || p|| < A, (10.26)
P

where Ay > 0is the trust-region radius. In effect, we are choosing the model function my(-)
in (4.3) to be

me(p) = Hrell> + p" I re + 1p" I Jep. (10.27)
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The following convergence result can be obtained as a direct consequence of Theorem 4.8.

Theorem 10.2.
Letn € (0, ;) in Algorithm 4.1 of Chapter 4, and suppose that the functions r;(-) are
twice continuously differentiable in a neighborhood of the level set L = {x | f(x) < f(x0)},

and that for each k, the approximate solution py. of (10.26) satisfies the inequality

. 17 rell
m(0) — my(pe) = 1|l I el min (Ak, =), (10.28)
1 el

for some constant ¢, > 0. We then have that
lim Vf; = lim JkTrk =0.
k—o00 k—o00

PROOF.  The smoothness assumption on r;(-) implies that | J7 J | and || V2 f | are bounded

over a neighborhood of £, so the assumptions of Theorem 4.8 are satisfied, and the result
follows. O

As in Chapter 4, there is no need to calculate the right-hand-side in the inequality
(10.28) or to check it explicitly. Instead, we can simply require the decrease given by our
approximate solution py of (10.26) to at least match the decrease given by the Cauchy point,
which can be calculated inexpensively in the same way as in Chapter 4.

Let us drop the iteration counter k during the rest of this section and concern ourselves
with the subproblem (10.26). It happens that we can characterize the solution of (10.26) in
the following way: When the solution p™ of the Gauss—Newton equations (10.20) lies strictly
inside the trust region (that is, || p™| < A), then this step p" also solves the subproblem
(10.26). Otherwise, there is a A > 0 such that the solution p = p™ of (10.26) satisfies
lpll = Aand

(JTT+rl)p=—J"r. (10.29)

This claim is verified in the following lemma, which is a straightforward consequence of
Theorem 4.3 from Chapter 4.

Lemma 10.3.
The vector p

"™ is a solution of the trust-region subproblem

min ||[Jp + 73, subject to || p|| < A,
V4

for some A > 0 if and only if there is a scalar & > 0 such that

JTT +a)p™ =—JTr, (10.30a)
AA = |[p™]) = 0. (10.30b)
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PrOOF. In Theorem 4.3, the semidefiniteness condition (4.19¢) is satisfied automatically,
since J7 J is positive semidefinite and A > 0. The two conditions (10.30a) and (10.30b)
follow from (4.19a) and (4.19b), respectively. O

Note that the equations (10.29) are just the normal equations for the linear least-

squares problem
J r
+
v P 0

Just as in the Gauss—Newton case, the equivalence between (10.29) and (10.31) gives us a
way of solving the subproblem without computing the matrix—matrix product J7 J and its
Cholesky factorization.

The original description of the Levenberg—Marquardt algorithm [150, 160] did not
make the connection with the trust-region concept. Rather, it adjusted the value of A in

2
!
min —

10.31
lin - (10.31)

(10.29) directly, increasing or decreasing it by a certain factor according to whether or not
the previous trial step was effective in decreasing f(-). (The heuristics for adjusting A were
similar to those used for adjusting the trust-region radius A; in Algorithm 4.1.) Similar
convergence results to Theorem 10.2 can be proved for algorithms that use this approach
(see, for instance, Osborne [186]), independently of trust-region analysis. The connection
with trust regions was firmly established in a paper by Moré [166]. The trust-region viewpoint
has proved interesting from both a theoretical and practical perspective, since it has given
rise to efficient, robust software, as we note below.

IMPLEMENTATION OF THE LEVENBERG-MARQUARDT METHOD

To find a value of X that approximately matches the given A in Lemma 10.3, we can
use the root-finding algorithm described in Chapter 4. It is easy to safeguard this procedure:
The Cholesky factor R is guaranteed to exist whenever the current estimate A*) is positive,
since the approximate Hessian B = JTJ is already positive semidefinite. Because of the
special structure of B, we do not need to compute the Cholesky factorization naively as in
Chapter 4. Rather, it is easy to show that the following QR factorization of the coefficient

matrix in (10.31),
Ry 7 J
B

(Q; orthogonal, R, upper triangular), yields an R, that satisfies R{ R, =(JTJ +AD.
We can save alittle computer time in the calculation of the factorization (10.32) by using
a combination of Householder and Givens transformations. Suppose we use Householder
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transformations to calculate the QR factorization of J alone as

]:Q|: K } (10.33)
0

We then have

R
o’ J
0 = |: :| |: :| . (10.34)
oy I VAl

The leftmost matrix in this formula is upper triangular except for the n nonzero terms of the
matrix A/. These can be eliminated by a sequence of n(n + 1)/2 Givens rotations, in which
the diagonal elements of the upper triangular part are used to eliminate the nonzeros of A/
and the fill-in terms that arise in the process. The first few steps of this process are as follows:

rotate row n of R with row n of v/A1, to eliminate the (n, n) element of v/A1;

rotate row n — 1 of R with row n — 1 of /A1 to eliminate the (n — 1, n — 1) element
of the latter matrix. This step introduces fill-in in position (n — 1, n) of VA1, which
is eliminated by rotating row n of R with row n — 1 of ~/A1, to eliminate the fill-in
element at position (n — 1, n);

rotate row n — 2 of R with row n — 2 of +/A1, to eliminate the (n — 2) diagonal in the
latter matrix. This step introduces fill-in in the (n — 2, n — 1) and (n — 2, n) positions,
which we eliminate by . . .

and so on. If we gather all the Givens rotations into a matrix Q;., we obtain from (10.34)
that

R R,

o;| o |=| o |,
ar | | o

QA:|: ¢ I:|Qx-

The advantage of this combined approach is that when the value of A is changed in the
root-finding algorithm, we need only recalculate Q; and not the Householder part of the
factorization (10.34). This feature can save a lot of computation in the case of m >> n, since

and hence (10.32) holds with

265



266

CHAPTER 10. NONLINEAR LEAST-SQUARES PROBLEMS

just O (nS) operations are required to recalculate Q; and R;, for each value of A, after the
initial cost of O (mnz) operations needed to calculate Q in (10.33).

Least-squares problems are often poorly scaled. Some of the variables could have
values of about 104, while other variables could be of order 107°. If such wide variations are
ignored, the algorithms above may encounter numerical difficulties or produce solutions of
poor quality. One way to reduce the effects of poor scaling is to use an ellipsoidal trust region
in place of the spherical trust region defined above. The step is confined to an ellipse in
which the lengths of the principal axes are related to the typical values of the corresponding
variables. Analytically, the trust-region subproblem becomes

min 5 Jep +rlly, subject to [ Dipll < Ax, (10.35)

where Dy is a diagonal matrix with positive diagonal entries. Instead of (10.29), the solution
of (10.35) satisfies an equation of the form

(JE T+ ADF) pi = — I r, (10.36)

and, equivalently, solves the linear least-squares problem

Ji i
ﬁDk p+ 0 . (10.37)

The diagonals of the scaling matrix Dy can change from iteration to iteration, as we gather
information about the typical range of values for each component of x. If the variation in
these elements is kept within certain bounds, then the convergence theory for the spherical
case continues to hold. Moreover, the technique described above for calculating R, needs
no modification. Seber and Wild [227] suggest choosing the diagonals of D} to match those

min
P

of J Ji, to make the algorithm invariant under diagonal scaling of the components of x.
This is analogous to the technique of scaling by diagonal elements of the Hessian, which
was described in Chapter 4 in the context of trust-region algorithms for unconstrained
optimization.

The local convergence behavior of Levenberg—Marquardt is similar to the Gauss—
Newton method. Near a solution with small residuals, the model function in (10.26) will
give an accurate picture of the behavior of f. The trust region will eventually become inactive,
and the algorithm will take unit Gauss—Newton steps, giving the rapid linear convergence
rate that we derived in our analysis of the Gauss—Newton method.

LARGE-RESIDUAL PROBLEMS

In large-residual problems, the quadratic model in (10.26) is an inadequate repre-
sentation of the function f, because the second-order part of the Hessian V2 f(x) is too
significant to be ignored. Some statisticians downplay the importance of algorithms for such



10.2. ALGORITHMS FOR NONLINEAR LEAST-SQUARES PROBLEMS

problems. They argue that if the residuals are large at the solution, then the model is not
up to the task of matching the observations. Instead of solving the least-squares problem,
they would prefer to construct a new and better model. Often, however, large residuals are
caused by “outliers” in the observations due to human error: An operator may read a dial
incorrectly, or a geologist may assign a particular seismic reading to the wrong earthquake.
In these cases, we may still want to solve the least-squares problem because the solution
may be useful in identifying the outliers. These can then be removed from the data set or
deemphasized by assigning them a lower weight.

Performance of the Gauss—Newton and Levenberg—Marquardt algorithms is usually
poor in the large-residual case. Asymptotic convergence is only linear—slower than the
superlinear convergence rate attained by algorithms for general unconstrained problems,
such as Newton or quasi-Newton. Newton’s method with trust region or line search is an
option, particularly if the individual Hessians V?r;(-) are easy to calculate. Quasi-Newton
methods will also converge at a faster asymptotic rate than Gauss—Newton or Levenberg—
Marquardt in the large-residual case. However, the behavior of both Newton and quasi-
Newton on early iterations (before the iterations reach a neighborhood of the solution)
may be inferior to Gauss—Newton and Levenberg—Marquardt, and in the case of Newton’s
method, we have to pay the additional cost of computing second derivatives.

Of course, we often do not know beforehand whether a problem will turn out to
have small or large residuals at the solution. It seems reasonable, therefore, to consider
hybrid algorithms, which would behave like Gauss—Newton or Levenberg—Marquardt if the
residuals turn out to be small (and hence take advantage of the cost savings associated with
these methods) but switch to Newton or quasi-Newton steps if the residuals at the solution
appear to be large.

There are a couple of ways to construct hybrid algorithms. One approach, due to
Fletcher and Xu (see Fletcher [83]), maintains a sequence of positive definite Hessian ap-
proximations By. If the Gauss—Newton step from x; reduces the function f by a certain fixed
amount (say, a factor of 5), then this step is taken and By, is overwritten by J kT Ji. Otherwise,
a direction is computed using By, and the new point x4 is obtained by doing a line search.
In either case, a BFGS-like update is applied to By to obtain a new approximation Bji.
In the zero-residual case, the method eventually always takes Gauss—Newton steps (giving
quadratic convergence), while it eventually reduces to BEGS in the nonzero-residual case
(giving superlinear convergence). Numerical results in Fletcher [83, Tables 6.1.2, 6.1.3] show
good results for this approach on small-, large-, and zero-residual problems.

A second way to combine Gauss—Newton and quasi-Newton ideas is to maintain
approximations to just the second-order part of the Hessian. That is, we maintain a sequence
of matrices Sj that approximate the summation term 27:1 r; (xx)V3r j(x) in (10.5), and
then use the overall Hessian approximation

By =Jl'J + Sk

in a trust-region or line search model for calculating the step p;. Updates to Sy are devised
so that the approximate Hessian By, or its constituent parts, mimics the behavior of the
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corresponding exact quantities over the step just taken. Here is another instance of the secant
equation, which also arose in the context of unconstrained minimization (8.6) and nonlinear
equations (11.26). In the present case, there are a number of different ways to define the
secant equation and to specify the other conditions needed for a complete update formula
for Si. We describe the algorithm of Dennis, Gay, and Welsch [67], which is probably the
best-known algorithm in this class because of its implementation in the well-known NL2SOL
package.

Dennis, Gay, and Welsch motivate their form of the secant equation in the following
way. Ideally, Si1 should bea close approximation to the exact second-order termatx = X413
that is,

m
Sky1 = Z rj (xk+1)vzrj(xk+l)-
j=1

Since we do not want to calculate the individual Hessians V2r ; in this formula, we could
replace each of them with an approximation (B )i+ and impose the condition that (B} )i+
should mimic the behavior of its exact counterpart V*r; over the step just taken; that is,

(Bj)k+1(xk+1 — X)) = V"j(xk+1) - V’”j(xk)

= (row j of J(x341))" — (row j of J(xz)).

This condition leads to a secant equation on Sy 1, namely,

m

Ska1(Xpg1 — 1) = er (k1) (B )1 (X1 — k)
=

= er(xk+1) [(row j of J (xi41))" — (row j of J (x))"]
Jj=1

T T
= Jk+1rk+1 — Jk V.

As usual, this condition does not completely specify the new approximation Si4;. Dennis,
Gay, and Welsch add requirements that Si1; be symmetric and that the difference Sy, — Sk
from the previous estimate S; be minimized in a certain sense, and derive the following
update formula:

(O = Ss)y" +y(F = Ss)T (G = Sis)'s g
¥7s 6Tz T

Spp1 = S + (10.38)

where

§ = Xg+1 — Xk
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T T
Y= Jepilerr — i 1,

g _ qT T
Y= T — i Te

Note that (10.38) is a slight variant on the DFP update for unconstrained minimization. It
would be identical if y¥ and y were the same.

Dennis, Gay, and Welsch use their approximate Hessian J; J; + S in conjunction
with a trust-region strategy, but a few more features are needed to enhance its performance.
One deficiency of its basic update strategy for S; is that this matrix is not guaranteed to
vanish as the iterates approach a zero-residual solution, so it can interfere with superlinear
convergence. This problem is avoided by scaling Sy prior to its update; we replace Sy by t; Sk
on the right-hand-side of (10.38), where

. Is” y*|
T =min |1, ——— ).
s Ses|

A final modification in the overall algorithm is that the Sj term is omitted from the Hessian
approximation when the resulting Gauss—Newton model produces a sufficiently good step.

LARGE-SCALE PROBLEMS

The problem (10.1) can be classified as large if the number of parameters n and number
of residuals m are both large. If n is small while m is large, then the algorithms described
in earlier sections can be applied directly, possibly with some modifications to account for
peculiarities of the problem. If, for instance, m is of order 10° while n isabout 100, the Jacobian
J(x) may be too large to store conveniently. However, it is easy to calculate the matrix J 7 J
and gradient vector J7r by evaluating r; and Vr; successively for j = 1,2,...,m and
performing the accumulations

JTT =3 (Ve (V)" T = (V).
i=1

i=1

The Gauss—Newton and Levenberg—Marquardt steps can then be computed by solving the
systems (10.20) and (10.29) of normal equations directly. Note that there is no need to
recalculate JTJ in (10.29) for each new value of A in the Levenberg—Marquardt step; we
need only add the new value of A1 to the previously computed J7 J and then recompute
the factorization.

When n and m are both large, however, and the Jacobian J(x) is sparse, the cost of
computing steps exactly via the formulae (10.20) and (10.29) may become quite expen-
sive relative to the cost of function and gradient evaluations. In this case, we can design
inexact variants of the Gauss—Newton and Levenberg—Marquardt algorithms that are anal-
ogous to the inexact Newton algorithms discussed in Chapters 6. We simply replace the

269



270

CHAPTER 10. NONLINEAR LEAST-SQUARES PROBLEMS

Hessian V2 f(x;) in these methods by its approximation J;’ J;. The positive semidefinite-
ness of this approximation simplifies the resulting algorithms in several places. Naturally,
we cannot expect the superlinear convergence results to hold, except in the case in which the
approximation is exact at the solution, that is, V2 f(x*) = J(x*)T J (x*).

We mention two other approaches for large-scale problems that take advantage of the
special structure of least squares. Toint [239] combines the Gauss—Newton and Dennis—Gay—
Welsch approaches described earlier with the partially separable ideas discussed in Chapter 9.
A compact representation of each second-order term V2r i»J =1,2,..., m,of the Hessian
is maintained, and at each iteration a choice is made as to whether this approximation should
be used in the step calculation or simply ignored. (In the latter case, the Gauss—Newton step
will be calculated.) The step equations are solved by a conjugate gradient procedure.

The inexact Levenberg—Marquardt algorithm described by Wright and Holt [257]
takes steps p that are inexact solutions of the system (10.29). Analogously to (6.2) and (6.3)
in Chapter 6, they satisfy

||(JTJ +)J)ﬁ + ]Tr” <qglJ7r|, for some n € (0, 1). (10.39)

Instead of using a trust-region radius to dictate the choice of A, however, this method reverts
to the original Levenberg—Marquardt strategy of manipulating A directly. Specifically, A is
chosen sufficiently large at each iteration to force a “sufficient decrease” in the sum of squares
at the new point x + p, according to the following criterion:

I ()N = lIr(x + p)I? >y
IOl = () + J () plI2 = 220p1E =

(10.40)

for some chosen constant y; € (0, 1). By choosing A to be not too much larger than the
smallest value for which this bound in satisfied, we are able to prove a global convergence
result.

Rather than recomputing approximate solutions of the system (10.29) for a number
of different A values in turn, until one such value yields a step p for which (10.39) holds,
the algorithm in [257] applies Algorithm LSQR of Paige and Saunders [188] to the least-
squares formulation (10.31), solving this system simultaneously for a number of different
values of L. This approach takes advantage of the fact that each additional value of A entails
just a small marginal cost for LSQR: to be precise, storage of just two additional vectors
and some additional vector arithmetic (but no extra matrix—vector multiplications). We can
therefore identify a value of A and corresponding step p that satisfy the conditions of the
global convergence result at a cost not too much higher than that of the approximate solution
of a single linear least-squares problem of the form (10.31) by the LSQR algorithm.
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10.3 ORTHOGONAL DISTANCE REGRESSION

In Example 10.1 we assumed that no errors were made in noting the time at which the blood
samples were drawn, so that the differences between the model ¢ (x; ¢;) and the observation
y; were due to inadequacy in the model or in errors in making the measurement of y;. We
assumed that any errors in the ordinates—the times #;—are tiny by comparison with the
errors in the observations. This assumption often is reasonable, but there are cases where
the answer can be seriously distorted if we fail to take possible errors in the ordinates into
account. Models that take these errors into account are known in the statistics literature as
errors-in-variables models [227, Chapter 10], and the resulting optimization problems are
referred to as total least squares in the case of a linear model (see Golub and Van Loan [115,
Chapter 5]) or as orthogonal distance regression in the nonlinear case (see Boggs, Byrd, and
Schnabel [20]).

We formulate this problem mathematically by introducing perturbations §; for the
ordinates ¢, as well as perturbations € for y;, and seeking the values of these 2m perturba-
tions that minimize the discrepancy between the model and the observations, as measured
by a weighted least-squares objective function. To be precise, we relate the quantities ¢;, y;,
8j,and €; by

yi=¢xit+8)4+¢€,  j=1,2,...,m, (10.41)

and define the minimization problem as

xIl(;ljil;lj 1 Z wlel + d28?, subject to (10.41). (10.42)
R

The quantities w; and d; are weights, selected either by the modeler or by some automatic
estimate of the relative significance of the error terms.

It is easy to see how the term “orthogonal distance regression” originates when we
graph this problem; see Figure 10.2. If all the weights w; and d; are equal, then each term
in the summation (10.42) is simply the shortest distance between the point (¢;, y;) and the
curve ¢(x; t) (plotted as a function of t). The shortest path between the point and the curve
will be normal (orthogonal) to the curve at the point of intersection.

It is easy to use the constraints (10.41) to eliminate the variables €; from (10.42) and
obtain the unconstrained least-squares problem

m 2m
min F(x,8) = DN wiyj =ity + 8P +d3st =1 ri(x.8),  (1043)
*:0j = =1
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Figure 10.2 Orthogonal distance regression minimizes the sum of squares of the
distance from each point to the curve.

where we have defined

ey = | POl 2 (10.44)
s dj—maj—m7 ]=m+1,,2m '

Note that (10.43) is now a standard least-squares problem with 2m terms and m + n
unknowns, which we can solve by using any of the techniques in this chapter. A naive
implementation of this strategy may, however, be quite expensive, since the number of pa-
rameters (2n) and the number of observations (m + n) may both be much larger than for
the original problem.

Fortunately, the Jacobian matrix for (10.43) has a special structure that can be exploited
in implementing methods such as Gauss—Newton or Levenberg—Marquardt. Many of its
components are zero; for instance, we have

arj  0[g(t; +38;:x) — vl
38 33;

=0, i,j=1,2,....m, i},

whereas
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Additionally, we have for j = 1,2,...,mandi = 1,2, ..., m that

8rm+j . d] ifl:J,

a4; 0  otherwise.

Hence, we can partition the Jacobian of the residual function r defined by (10.44) into blocks
and write

J(x,b‘)z[ ; 1‘; } (10.45)

where V and D are m x m diagonal matrices and J is the m x n matrix of partial derivatives
of the functions w;¢(¢; + 8;; x) with respect to x. Boggs, Byrd, and Schnabel apply the
Levenberg—Marquardt algorithm to (10.43) and note that block elimination can be used to
solve the subproblems (10.29), (10.31) efficiently. Given the partitioning (10.45), we can
partition the step vector p and the residual vector r accordingly as

Px fl
p= ) r = A )
[Ps} [72}

and write the normal equations (10.29) in the partitioned form

JTT + a1 JTy Pe JTH (10.46)
vJ V24 DAl ps | Vi +Df | '

Since the lower right submatrix V? + D? + AI is diagonal, it is easy to eliminate p; from
this system and obtain a smaller n X n system to be solved for p, alone. The total cost of
finding a step is only marginally greater than for the m x n problem arising from the standard
least-squares model.

NOTES AND REFERENCES

Interesting examples of large-scale linear least-squares problems arise in structural
engineering [192, 18] and in numerical geodesy [191]. Algorithms for linear least squares
are discussed comprehensively by Lawson and Hanson [148], who include detailed error
analyses of the different algorithms and software listings. They consider not just the basic
problem (10.10) but also the situation in which there are bounds (for example, x > 0)
or linear constraints (for example, Ax > b) on the variables. Golub and Van Loan [115,
Chapter 5] survey the state of the art, including discussion of the suitability of the different
approaches (e.g., normal equations vs. QR factorization) for different problem types. The
recent book of Bjorck [19] gives a comprehensive survey of the whole field.
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Problems in which m is of order 10° while n is less than 100 occur in a Laue
crystallography application; see Ren and Moffatt [212].

Software for nonlinear least squares is fairly prevalent because of the high demand
for it. An overview of available programs with details on how to obtain them is given in
the NEOS Guide on the World-Wide Web (see the Preface) and by Moré and Wright [173,
Chapter 3]. Seber and Wild [227, Chapter 15] describe some of the important practical issues
in selecting software for statistical applications. For completeness, we mention a few of the
more popular programs here.

The pure Gauss—Newton method is apparently not available in production software
because it lacks robustness. However, as we discuss above, many algorithms do take Gauss—
Newton steps when these steps are effective in reducing the objective function; consider,
for instance, the NL2SOL program, which implements the method of Dennis, Gay, and
Welsch [67]. The Levenberg—Marquardt algorithm is also available in a high-quality im-
plementation in the MINPACK package. The orthogonal distance regression algorithm is
implemented by ODRPACK [21]. All these routines give the user the option of either sup-
plying Jacobians explicitly or else allowing the code to compute them by finite differencing.
(In the latter case, the user need only write code to compute the residual vector r(x); see
Chapter 7.) All routines mentioned are freely available.

Major numerical software libraries such as NAG and Harwell [133] also contain robust
nonlinear least-squares implementations.

& EXERCISES

&  10.1 When J is an m x n matrix with m > n, show that J has full column rank if
and only if J7 J is nonsingular.

& 10.2 Show that R in (10.12) and R in (10.14) are identical if IT = I and if both have
nonnegative diagonal elements.

&  10.3 Prove that when J is rank-deficient, the minimizer of (10.10) with smallest
Euclidean norm is obtained by setting each t; = 0 in (10.19).

& 10.4 Suppose that each residual function r; and its gradient are Lipschitz continuous
with Lipschitz constant L, that is,

lrjCer) —rj(x2)ll < Lllxy — x2ll, IIVrj(xn) = V()| < Llix — x|
forallj =1,2,...,mandall x|, x, € D, where D is a compact subset of R". Find Lipschitz
constants for the Jacobian J(x) (10.3) and the gradient V f(x) (10.4) over D.

& 10.5 For the Gauss—Newton step p™, use the singular-value decomposition (10.16)
of J; and the formula (10.19) to express (ka)Tp,‘;N in terms of ry, u;, v;, and o;. Express
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I p~ 1l and ||V fill, and therefore cos 6 defined by (3.12), in these same terms, and explain
why there is no guarantee that cos 6, > 0 when J is rank-deficient.

& 10.6 Express the solution p of (10.29) in terms of the singular-value decomposition
of J(x) and the scalar A. Express its squared-norm || p||? in these same terms, and show that

T

. u; r
lim p = E ——;.
A—0 20 o;

& 10.7 Eliminate p; from (10.46) to obtainann x n linear system in p, alone. This system
happens to be the normal equations for a certain (somewhat messy) linear least-squares
problem in p,. What is this problem?
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Nonlinear
Equations

In many applications we do not need to optimize an objective function explicitly, but rather
to find values of the variables in a model that satisfy a number of given relationships. When
these relationships take the form of n equalities—the same number of equality conditions
as variables in the model—the problem is one of solving a system of nonlinear equations. We
write this problem mathematically as

r(x) =0, (11.1)
where r : R* — R” is a vector function, that is,

ri(x)

ra(x)

n(x)
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whereeachr; : R" — R,i = 1,2, ..., n,issmooth. A vector x* for which (11.1) is satisfied
is called a solution or root of the nonlinear equations. A simple example is the system

X —1
rix) =1 | =0,
SINX; — X3

which is a system of n = 2 equations with infinitely many solutions, two of which are
x* = (3m/2, —1)T and x* = (r/2, 1)T. In general, the system (11.1) may have no solutions,
a unique solution, or many solutions.

The techniques for solving nonlinear equations overlap in their motivation, analysis,
and implementation with optimization techniques discussed in earlier chapters. In both
optimization and nonlinear equations, Newton’s method lies at the heart of many important
algorithms. Features such as line searches, trust regions, and inexact solution of the linear
algebra subproblems at each iteration are important in both areas, as are other issues such
as derivative evaluation and global convergence.

Because some important algorithms for nonlinear equations proceed by minimizing
a sum of squares of the equations, that is,

n
min Zr[-z(x),
X

i=1

there are particularly close connections with the nonlinear least-squares problem discussed
in Chapter 10. The differences are that in nonlinear equations, the number of equations equals
the number of variables (instead of exceeding the number of variables as in Chapter 10),
and that we expect all equations to be satisfied at the solution, rather than just minimizing
the sum of squares. This point is important because the nonlinear equations may represent
physical or economic constraints such as conservation laws or consistency principles, which
must hold exactly in order for the solution to be meaningful.

Many applications require us to solve a sequence of closely related nonlinear systems,
as in the following example.

(J ExampLE 11.1 (RHEINBOLDT; SEE [168])

An interesting problem in control is to analyze the stability of an aircraft in response
to the commands of the pilot. The following is a simplified model based on force-balance
equations, in which gravity terms have been neglected.

The equilibrium equations for a particular aircraft are given by a system of 5 equations
in 8 unknowns of the form

F(x)=Ax + ¢(x) =0, (11.2)



CHAPTER T11. NONLINEAR EQUATIONS

where F : R® — R®, the matrix A is given by

—3.933 0.107 0.126 0 —9.99 0 —45.83  —7.64
0 —0.987 0 —22.95 0 —28.37 0 0
A= 0.002 0 —0.235 0 5.67 0 —0.921 —6.51 |,
0 1.0 0 —-1.0 0 —0.168 0 0
0 0 -1.0 0 —0.196 0 —0.0071 0

and the nonlinear part is defined by

[ —0.727x,x5 4 8.39x3x4 — 684.4x4X5 + 63.5x4%; |
0.949x1x3 + 0.173x1x5

o(x) = —0.716x;x, — 1.578x1x4 + 1.132x4x

—X1X5

X1X4

The first three variables x;, x,, x3, represent the rates of roll, pitch, and yaw, respec-
tively, while x4 is the incremental angle of attack and x5 the sideslip angle. The last three
variables x¢, x7, xg are the controls; they represent the deflections of the elevator, aileron,
and rudder, respectively.

For a given choice of the control variables x¢, x7, x3 we obtain a system of 5 equations
and 5 unknowns. If we wish to study the behavior of the aircraft as the controls are changed,
we need to solve a system of nonlinear equations with unknowns xi, . . ., x5 for each setting
of the controls. O

Despite the many similarities between nonlinear equations and unconstrained and
least-squares optimization algorithms, there are also some important differences. To ob-
tain quadratic convergence in optimization we require second derivatives of the objective
function, whereas knowledge of the first derivatives is sufficient in nonlinear equations.
Quasi-Newton methods are perhaps less useful in nonlinear equations than in optimiza-
tion. In unconstrained optimization, the objective function is the natural choice of merit
function that gauges progress towards the solution, but in nonlinear equations various merit
functions can be used, all of which have some drawbacks. Line search and trust-region tech-
niques play an equally important role in optimization, but one can argue that trust-region
algorithms have certain theoretical advantages in solving nonlinear equations.

Some of the difficulties that arise in trying to solve nonlinear equation problems can
be illustrated by a simple scalar example (n = 1). Suppose we have

r(x) = sin(5x) — x, (11.3)
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_3} i

-3 -2 -1 0 1 2 3

Figure 11.1 The function r(x) = sin(5x) — x has three roots.

as plotted in Figure 11.1. From this figure we see that there are three solutions of the problem
r(x) = 0, also known as roots of r, located at zero and approximately £0.519148. This
situation of multiple solutions is similar to optimization problems where, for example, a
function may have more than one local minimum. It is not quite the same, however: In the
case of optimization, one of the local minima may have a lower function value than the
others (making it a “better” solution), while in nonlinear equations all solutions are equally
good from a mathematical viewpoint. (If the modeler decides that the solution found by the
algorithm makes no sense on physical grounds, their model may need to be reformulated.)
In this chapter we start by outlining algorithms related to Newton’s method and
examining their local convergence properties. Besides Newton’s method itself, these include
Broyden’s quasi-Newton method, inexact Newton methods, and tensor methods. We then
address global convergence, which is the issue of trying to force convergence to a solution
from a remote starting point. Finally, we discuss a class of methods in which an “easy”
problem—one to which the solution is well known—is gradually transformed into the
problem F(x) = 0. In these so-called continuation (or homotopy) methods, we track the
solution as the problem changes, with the aim of finishing up at a solution of F(x) = 0.
Throughout this chapter we make the assumption that the vector function r is contin-
uously differentiable in the region D containing the values of x we are interested in. In other
words, the Jacobian J(x) = Vr(x) exists and is continuous. For some local convergence
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results, we will use the stronger assumption of Lipschitz continuity of the Jacobian, that is,
existence of a constant 8; > 0 such that

I/ (x0) = J(x) Il < Brllxo — x1ll, (11.4)

for all xg, x; € D. We say that x* satisfying r(x*) = 0 is a degenerate solution if J(x*) is
singular, and a nondegenerate solution otherwise.

11.1  LOCAL ALGORITHMS

NEWTON'S METHOD FOR NONLINEAR EQUATIONS

Recall from Theorem 2.1 that Newton’s method for minimizing f : R" — R formsa
quadratic model function by taking the first three terms of the Taylor series approximation
of f around the current iterate x;. Unless trust-region constraints or step lengths interfere,
the Newton step is the vector that minimizes this model. In the case of nonlinear equations,
Newton’s method is derived in a similar way, by taking a Taylor series approximation to r
around the current iterate x;. The relevant variant of Taylor’s theorem is as follows.

Theorem 11.1.
Suppose thatr : R" — R" is continuously differentiable in some convex open set D and
that x and x + p are vectors in D. Then we have that

1
r(x+p):r(x)+/ J(x +tp)pdt. (11.5)
0

We can define a linear model My (p) of r(x; + p) by approximating the second term on the
right-hand-side of (11.5) by J (x) p, and writing

Mi(p) E r () + T (x)p. (11.6)
The difference between My (p) and r(x; + p) is
1
r(xx + p) = Mi(p) +/ [J(xx +1tp) — J(xp)]pdt.
0

We can quantify this difference by noting that J is continuous, so that

|J(x+tp)—J(x)|| — 0 as p — 0, forallt € [0, 1],
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and therefore

When we make the stronger assumption that J is Lipschitz continuous (11.4), we have the
stronger estimate

1 1
/ [J(x +1p) = J(x)]pdt Sf IJ(x +2p) = TN lIplide = o(llpl).  (11.7)
0 0

= o(lpl*. (11.8)

1
f [ (x +1p) — J ()] pd
0

Newton’s method, in its pure form, chooses the step p; to be the vector for which
M (py) = 0, that is, py = —J (x) " 'r(x;). We define it formally as follows.

Algorithm 11.1 (Newton’s Method for Nonlinear Equations).
Choose xg;
fork=0,1,2,...
Calculate a solution py to the Newton equations

J (i) pre = —r(x); (11.9)

Xi+1 < Xk + Pis
end (for)

We use a linear model to derive the Newton step—rather than a quadratic model
as in unconstrained optimization—because the linear model normally has a solution and
yields an algorithm with rapid convergence properties. In fact, Newton’s method for un-
constrained optimization (see (2.14)) can be derived by applying Algorithm 11.1 to the
nonlinear equations V f(x) = 0. We see also in Chapter 18 that sequential quadratic pro-
gramming for equality-constrained optimization can be derived by applying Algorithm 11.1
to the nonlinear equations formed by the first-order optimality conditions (18.3) for this
problem. Another connection is with the Gauss—Newton method for nonlinear least squares;
the formula (11.9) is equivalent to (10.20) in the usual case in which J (x;) is nonsingular.

When the iterate x; is close to a nondegenerate root x*, Newton’s method has local su-
perlinear convergence when the Jacobian J is a continuous function of x, and local quadratic
convergence when J is Lipschitz continuous. (We outline these convergence properties
below.) Potential shortcomings of the method include the following.

e When the starting point is remote from a solution, Algorithm 11.1 can behave
erratically. When J (x;) is singular, the Newton step may not even be defined.

e First-derivative information (required for the Jacobian matrix J) may be difficult to
obtain.
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e It may be too expensive to find and calculate the Newton step p; exactly when n is
large.

e The root x* in question may be degenerate, that is, J (x*) may be singular.

An example of a degenerate problem is the scalar function r(x) = x2, which has a single
degenerate root at x* = 0. Algorithm 11.1, when started from any nonzero x, generates the
sequence of iterates

1
X = z—kxo,

which converges to the solution 0, but at only a linear rate.

As we show later in this chapter, Newton’s method can be modified and enhanced in
various ways to get around most of these problems. The variants we describe form the basis
of much of the available software for solving nonlinear equations.

We summarize the local convergence properties of Algorithm 11.1 in the following
theorem.

Theorem 11.2.

Suppose that r is continuously differentiable in a convex open set D C R". Letx* € D
be a nondegenerate solution of r(x) = 0, and let {x;} be the sequence of iterates generated by
Algorithm 11.1. Then when x;. € D is sufficiently close to x*, we have

X1 — x° = o(llxg — x|, (11.10)

indicating local Q-superlinear convergence. Whenr is Lipschitz continuously differentiable near
x*, we have for all x; sufficiently close to x* that

Xepr — 2% = O(|lx — x*|1), (1L.11)
indicating local Q-quadratic convergence.
PROOF.  Since r(x*) = 0, an estimate similar to (11.7) yields that

r(xk)

=r(x) —r(x®)
1

= TG (e — x) +f [ (e + (5" — 2)) — T(x0)] (e — x7) dit
0

= J(x) (. — x*) 4+ o(llxx — x™|)). (11.12)
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Since J(x*) is nonsingular, there is a radius § > 0 and a positive constant 8* such that for
all x in the ball B(x*, §) defined by

B(x*,8) = {x | |lx — x*|| <5}, (11.13)
we have that

IJ(x)7Y <p* and xeD. (11.14)

Assuming that x; € B(x*, §), and recalling the definition (11.9), we multiply both sides of
(11.12) by J (x;) ™! to obtain

—pi = (x — x*) + 1T (xe) " Hlo(llxe — x* 1),
= x4+ pr — x" = o(llxx — x™|),

= X1 — X" = o(|lxx — x*|]), (11.15)

which yields (11.10).
When the Lipschitz continuity assumption (11.4) is satisfied, we can write

r(xg) =r(xg) —r(x*) = J(x) (e — x*) + wlxg, x¥), (11.16)

where the remainder term w(x;, x*) is defined by

w(xg, x*) = /01 [V +1(x* = x0) — J ()] (o — x¥) dt.
We can use the same argument that led to the bound (11.8) to estimate w(xx, x*) as follows:
lw(ee, x| = Ol — x*1). (11.17)
By multiplying (11.16) by J (xx) ! as above and using (11.9), we obtain
=i+ (= x*) = J (i) " w19,

so the estimate (11.11) follows by taking norms of both sides and using the bound
(11.17). O

INEXACT NEWTON METHODS

Instead of solving (11.9) exactly, inexact Newton methods use search directions py
that satisfy the condition

Irk + Jepell < mellrell,  for some ne € [0, 1], (11.18)
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where n € [0, 1) is a constant. We refer to 1 as the forcing parameter. Different methods
make different choices of the sequence {1}, and they use different algorithms for finding
the approximate solutions p. The general framework for this class of methods can be stated
as follows.

Framework 11.2 (Inexact Newton for Nonlinear Equations).
Given n;
Choose xg;
fork=0,1,2,...
Choose forcing parameter 1y € [0, nl;
Find a vector py that satisfies (11.18);
Xi+1 < Xk + pis
end (for)

The convergence theory for these methods depends only on the condition (11.18) and
not on the particular technique used to calculate p;. The most important methods in this
class, however, make use of iterative techniques for solving linear systems of the form Jp =
—r, such as GMRES (Saad and Schultz [221], Walker [242]) or other Krylov-space methods.
Like the conjugate-gradient algorithm of Chapter 5 (which is not directly applicable here,
since the coefficient matrix J is not symmetric positive definite), these methods typically
require us to perform a matrix—vector multiplication of the form Jd for some d at each
iteration, and to store a number of work vectors of length n. GMRES itself requires an
additional vector to be stored at each iteration, and so must be restarted periodically (often
after every 10 or 20 iterations) to keep memory requirements at a reasonable level.

The matrix—vector products Jd can be computed without explicit knowledge of the
Jacobian J. A finite difference approximation to Jd that requires one evaluation of r(-)
is given by the formula (7.10). Calculation of Jd exactly (at least, to within the limits of
finite-precision arithmetic) can be performed by using the forward mode of automatic
differentiation, at a cost of at most a small multiple of an evaluation of r(-). Details of this
procedure are given in Section 7.2.

We do not discuss the iterative methods for sparse linear systems here, but refer the
interested reader to Kelley [141] for comprehensive descriptions and implementations of the
most interesting techniques. We prove a local convergence theorem for the method, similar
to Theorem 11.2.

Theorem 11.3.

Suppose that r is continuously differentiable in a convex open set D C R". Letx* € D
be a nondegenerate solution of r(x) = 0, and let {x;} be the sequence of iterates generated by
the Framework 11.2. Then when x;, € D is sufficiently close to x*, the following are true:

(1) Ifnin (11.18) is sufficiently small, then the convergence of {x;} to x* is Q-linear.

(ii) Ifni — 0, the convergence is Q-superlinear.
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(iii) If, in addition, J () is Lipschitz continuous on D andn;, = O(||ri||), then the convergence
is Q-quadratic.

PrROOF. We first rewrite (11.18) as

J (i) pe = —r(x) + vk, where [Jug |l < miellr (xi) Il (11.19)

Since x* is a nondegenerate root, we have as in (11.14) that there is a radius § > 0 such that
|J(x)7Y|| < B* for some constant 8* and all x € B(x*, §). By multiplying both sides of
(11.19) by J (x;) ™! and rearranging, we find that

P+ T () () = T () oe = BEnellr (i) Il (11.20)
Asin (11.12), we have that
rix) =Jx)(x —x*) +wk), (11.21)

where p(x) def lw(x)]l/llx —x*|| = 0asx — x*. By reducing § if necessary, we have from
this expression that the following bound holds for all x € B(x*, §):

GOl < 21 ) Ix = x* (| + o(llx — x*[1) < 4T ()] lx — x| (11.22)
We now set x = x; in (11.21), and substitute into (11.22) to obtain

e+ pe = x*1 < 41T B nellve — x|+ 1T ) ™HHTw e |
< @I CDNB me + B p(xi)) llaee — x*]1. (11.23)

By choosing x; close enough to x* such that p(x;) < 1/(48*), and choosing n =
1/(8]|J(x*)||B*), we have that the term in parentheses in (11.23) is at most % Hence, since
Xk+1 = Xk + P, this formula indicates Q-linear convergence of {x;} to x*, proving part (i).

Part (ii) follows immediately from the fact that the term in brackets in (11.23) goes
to zero as x; — x*. For part (iii), we combine the techniques above with the logic of the
second part of the proof of Theorem 11.2. Details are left as an exercise. d

BROYDEN'S METHOD

Secant methods, also known as quasi-Newton methods, do not require calculation of
the Jacobian J (x). Instead, they construct their own approximation to this matrix, updating
it at each iteration so that it mimics the behavior of the true Jacobian J over the step just
taken. The approximate Jacobian is then used in place of J(x;) in a formula like (11.9) to
compute the new search direction.
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To formalize these ideas, let the Jacobian approximation at iteration k be denoted by
By.. Assuming that By, is nonsingular, we define the step to the next iterate by

pe=—B'r(xx),  Xpp1 =X + . (11.24)

Let s; and y; denote the differences between successive iterates and successive functions,
respectively:

Sk = Xg1 — Xks Vi =1 (Xk41) — r(xp).

(Note that py = s, but we change the notation because we will soon consider replacing py
by apy. for some positive step length & > 0.) From Theorem 11.1, we have that s; and y; are
related by the expression

1
e = / T (o + t50)se dt ~ T (xesn)se + o(llsel)- (11.25)
0

We require the updated Jacobian approximation By, to satisfy the following equation,
which is known as the secant equation,

Yk = Brt15k, (11.26)

which ensures that By and J(xx+;) have similar behavior along the direction s;. (Note
the similarity with the secant equation (8.6) in quasi-Newton methods for unconstrained
optimization; the motivation is the same in both cases.) The secant equation does not say
anything about how By should behave along directions orthogonal to s;. In fact, we can
view (11.26) as a system of n linear equations in n? unknowns, where the unknowns are
the components of By, so for n > 1 the equation (11.26) does not determine all the
components of By, uniquely. (The scalar case of n = 1 gives rise to the scalar secant
method; see (A.32).)

The most successful practical algorithm is Broyden’s method, for which the update
formula is

— Bysp)sT
B = By + M (11.27)
Sy Sk

The Broyden update makes the smallest possible change to the Jacobian (as measured by the

Euclidean norm || By — By+1||) that is consistent with (11.26), as we show in the following
Lemma.

Lemma 11.4 (Dennis and Schnabel [69, Lemma 8.1.1]).
Among all matrices B satisfying Bsy = yi, the matrix By defined by (11.27) minimizes
the difference | B — By||.
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PROOF.  Let B be any matrix that satisfies Bsy = y. By the properties of the Euclidean norm

(see (A.41)) and the fact that ||ss” /sTs|| = 1 for any vector s (see the exercises), we have
(yk — Bisi)sy
1By — Byll = HT—k
Sy Sk
(B — Bk)SkST sksT
= ' ———| < IB =Bl | = | = IIB = Bl.
Sy Sk Sk Sk

Hence, we have that

Byy €arg min ||B — By,
B:yy=Bsy

and the result is proved. O

We summarize the algorithm as follows.

Algorithm 11.3 (Broyden).
Choose xq and By;
fork=0,1,2,...
Calculate a solution py to the linear equations

Bipr = —r(xi); (11.28)

Choose a; by performing a line search along py;
Xk+1 < Xk + O D5
Sk <= Xk+1 — Xk
i < r(xpg1) — r(xg);
Obtain By from the formula (11.27);
end (for)

Under certain assumptions, Broyden’s method converges superlinearly, that is,
llxk+1 — ¥l = o(llxx — x*|D). (11.29)

This local convergence rate is fast enough for most practical purposes, though not as fast as
the Q-quadratic convergence of Newton’s method.

We illustrate the difference between the convergence rates of Newton’s and Broyden’s
method with a small example. The function r : R> — R? defined by

(11.30)

[ (x1 4 3)(x3 —7) + 18 }
r(x) =

sin(xye™ — 1)
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Table 11.1 Convergence of Iterates in Broyden
and Newton Methods
llxi — x*1l2
Iteration k | Broyden Newton
0 0.64 x 10° 0.64 x 10°
1 0.62 x 107! 0.62 x 107!
2 0.52 x 1073 0.21 x 1073
3 0.25 x 1072 0.18 x 1077
4 043 x107*  0.12x 107
5 0.14 x 107°
6 0.57 x 107°
7 0.18 x 107
8 0.87 x 10715
has a nondegenerate root at x* = (0,1)7. We start both methods from the point

xo = (—0.5,1.4)7, and use the exact Jacobian J(x) at this point as the initial Jacobian
approximation By. Results are shown in Table 11.1.

Newton’s method clearly exhibits Q-quadratic convergence, which is characterized by
doubling of the exponent of the error at each iteration. Broyden’s method takes twice as many
iterations as Newton’s, and reduces the error at a rate that accelerates slightly towards the
end. Table 11.2 shows that the ratio of successive errors ||x;+1 — x*||/||xx — x*|| in Broyden’s
method does indeed approach zero, despite some dithering on iterations 5 and 6.

The function norms ||r(x;)| approach zero at a similar rate to the iteration errors
[lxx — x*||. As in (11.16), we have that

(o) = r(xe) —r(x®) & J (") (g — x7),

so by nonsingularity of J(x*), the norms of r(x;) and (x; — x*) are bounded above and
below by multiples of each other. For our example problem (11.30), convergence of the
sequence of function norms in the two methods is shown in Table 11.3.

The convergence analysis of Broyden’s method is more complicated than that of
Newton’s method. We state the following result without proof.

Theorem 11.5.
Suppose the assumptions of Theorem 11.2 hold. Then there are positive constants € and
8 such that if the starting point x, and the starting approximate Jacobian By satisfy
lxo —x*Il <8, [1By—J(xM) <, (11.31)
the sequence {xi} generated by Broyden’s method (11.24), (11.27) is well-defined and converges
Q-superlinearly to x*.

The second condition in (11.31)—that the initial Jacobian approximation By must
be close to the true Jacobian at the solution J (x*)—is difficult to guarantee in practice. In
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Table 11.2 Ratio of Successive Errors in

Broyden’s Method
Iteration k | [lxgp1 — x* 2/l — x* |l

0 0.097
1 0.0085
2 0.47
3 0.17
4 0.0033
5 0.0041
6 0.0030
7 0.00049

Table11.3 Convergence of Function Norms in
Broyden and Newton Methods

I (xic) 12
Iteration k | Broyden Newton

0 0.74 x 10! 0.74 x 10!
1 0.59 x 10° 0.59 x 10°
2 0.20 x 1072 0.23 x 1072
3 021 x 1072 0.16 x 1076
4 0.37 x 107° 0.22 x 1071
5 0.12 x 107°

6 0.49 x 1078

7 0.15 x 1071

8 0.11 x 10718

contradistinction to the case of unconstrained minimization, a good choice of By can be
critical to the performance of the algorithm. Some implementations of Broyden’s method
recommend choosing By to be J (xo), or some finite difference approximation to this matrix.

The Broyden matrix By will be dense in general, even if the true Jacobian J is sparse.
Therefore, when n is large, an implementation of Broyden’s method that stores By as a full
n X n matrix may be inefficient. Instead, we can use limited-memory methods in which
By is stored implicitly in the form of a number of vectors of length n, while the system
(11.28) is solved by a technique based on application of the Sherman—Morrison—-Woodbury
formula (A.56). These methods are similar to the ones described in Chapter 9 for large-scale
unconstrained optimization.

TENSOR METHODS

In tensor methods, the linear model My (p) used by Newton’s method is augmented
with an extra term that aims to capture some of the nonlinear, higher-order, behavior of 7. By
doing so, it achieves more rapid and reliable convergence to degenerate roots—in particular,
to roots x* for which the Jacobian J(x*) has rankn — 1 orn — 2.
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We give a broad outline of the method here, and refer to the paper of Schnabel and
Frank [224] for details.

We use Mk( p) to denote the model function on which tensor methods are based; this
function has the form

My (p) =r(x) + J(x)p + 1 Tipp, (11.32)

where T} is a tensor defined by n° elements (7} );j; whose action on a pair of arbitrary vectors
u and v in R” is defined by

(Truv); = Z Z(Tk)i_jlujvl~

j=1I=1

If we followed the reasoning behind Newton’s method, we could consider building 7} from
the second derivatives of r at the point xy, that is,

(To)iji = [Vri(xe)] i

For instance, in the example (11.30), we have that

0 3x2
(T(x)uv); = u' V2ri(x)v = u’ 5 2 v
3x;  6x2(x) +3)

= 3)622(1/!17)2 + I/tzvl) + 6X2()C1 + 3)M2U2.

However, use of the exact second derivatives is not practical in most instances. If we were to
store this information explicitly, about 7° /2 memory locations would be needed: about n
times the requirements of Newton’s method. Moreover, there may be no vector p for which
M (p) = 0, so the step may not even be defined.

Instead, the approach described in [224] defines T} in a way that requires little addi-
tional storage, but which gives My some potentially appealing properties. Specifically, 7} is
chosen so that Mk( p) interpolates the function r(x; + p) at some previous iterates visited
by the algorithm. That is, we require that

My(u_j—xi) =r(u_j), forj=1,2,...,q, (11.33)

for some integer ¢ > 0. By substituting from (11.32), we see that 7; must satisfy the
condition

ITesjesjx = r(xe—;) — r(x) — J(xi)sjks
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where

def .
Sjik = Xk—j —x¢and j =1,2,...,4.

In [224] it is shown that this condition can be ensured by choosing 7} so that its action on
arbitrary vectors u and v is

q
T T
Tiuv = Zaj(sjku)(sjkv),
j=1

where aj, j = 1,2,...,q, are vectors of length n. The number of interpolating points g
is typically chosen to be quite modest, usually less than /n. This T} can be stored in 2ng
locations, which contain the vectors a; and sj; for j = 1,2, ..., q. Note the connection
between thisidea and Broyden’s method, which also chooses information in the model (albeit
in the first-order part of the model) to interpolate the function value at the previous iterate.

This technique can be refined in various ways. The points of interpolation can be
chosen to make the collection of directions s more linearly independent. There may still
not be a vector p for which M, «(p) = 0, but we can instead take the step to be the vector that
minimizes || M(p) 15, which can be found by using a specialized least-squares technique.
There is no assurance that the step obtained in this way is a descent direction for the merit
function % |7 () || (which is discussed in the next section), and in this case it can be replaced
by the standard Newton direction —J; 'ry.

Numerical testing by Schnabel and Frank [224] shows that the method generally
requires fewer iterations on standard test problems, while on degenerate problems it
outperforms Newton’s method (which is known to behave poorly in these cases).

11.2 PRACTICAL METHODS

MERIT FUNCTIONS

As mentioned above, neither Newton’s method (11.9) nor Broyden’s method (11.24),
(11.27) with unit step lengths can be guaranteed to converge to a solution of 7 (x) = 0 unless
they are started close to that solution. Sometimes, components of the unknown or function
vector or the Jacobian will blow up. Another, more exotic, kind of behavior is cycling, where
the iterates move between distinct regions of the parameter space without approaching a
root. An example is the scalar function

r(x) = —x° + x> + 4x,
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Figure 11.2 Plot of % [sin(5x) — x]2, showing its many local minima.

which has five nondegenerate roots. When started from the point xo = 1, Newton’s method
produces a sequence of iterates that oscillates between 1 and —1 (see the exercises) without
converging to any of the roots.

The Newton and Broyden methods can, however, be made more robust by using line
search and trust-region techniques similar to those described in Chapters 3 and 4. Before
doing so, however, we need to define a merit function, which is a scalar-valued function of
x whose value indicates whether a new candidate iterate is better or worse than the current
iterate, in the sense of making progress toward a root of r. In unconstrained optimization,
the objective function f is itself a natural merit function; algorithms for minimizing f
typically require a decrease in f at each iteration. In nonlinear equations, the merit function
is obtained by combining the n components of the vector r in some way.

The most widely used merit function is the sum of squares, defined by

fO) = r@IP =1> ). (11.34)

i=1

(The factor % is introduced for convenience.) Any root x* of r obviously has f(x*) = 0,
and since f(x) > 0 for all x, each root is at least a local minimizer of f. The converse is not
true—local minimizers of f are not necessarily roots of r—but the merit function (11.34)
has been used successfully in many applications and is implemented in a number of software
packages.
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The merit function for the example (11.3) is plotted in Figure 11.2. It shows three
local minima corresponding to the three roots, but there are many other local minima (for
example, those at around £1.53053). Local minima like these that are not roots of f satisfy
an interesting property. Since

Vf(x*) =T %) =0, (11.35)

we can have r(x*) # 0 only if J(x*) is singular.

Since local minima for the sum-of-squares merit function may be points of attraction
for the algorithms described in this section, global convergence results for the algorithms
discussed here are less satisfactory than for similar algorithms applied to unconstrained
optimization.

Other merit functions have also been proposed. One such is the £; norm merit function
defined by

AG) =@l =Y Ir&)l.
i=1

There is a connection here with £; merit functions for nonlinear programming, which
contain a sum of absolute values of the constraint violations; see Chapter 15.

LINE SEARCH METHODS

We can obtain algorithms with global convergence properties by applying the line
search approach of Chapter 3 to the sum-of-squares merit function f(x) = %||r(x)||2.
From any point xy, the search direction p; must be a descent direction for r; that is,

—pi V f (i)

Mo 11V F (e 11.36
TAZ (11.36)

cos by =

Step lengths o are chosen by one of the procedures of Chapter 3, and the iterates are defined
by the formula

Xk+1 = Xk + O Pk, k=0,1,2,.... (11.37)

The line search procedures in Section 3.1 can be used to calculate the step . For the case
of line searches that choose o that satisfy the Wolfe conditions (3.6), we have the following
convergence result, which follows directly from Theorem 3.2.

Theorem 11.6.
Suppose that J (x) is Lipschitz continuous in a neighborhood D of the level set L = {x :
f(x) < f(x0)}. Suppose that a line search algorithm (11.37) is applied to r, where the search
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directions py satisfy (11.36) while the step lengths oy satisfy the Wolfe conditions (3.6). Then
for cos 6 defined as in (11.36), we have that the Zoutendijk condition holds, that is,

Zcos2 91<||J,(Trk||2 < 00.
k=0

PrROCF.  Since J(x) is Lipschitz continuous in D (with constant 8, defined in (11.4)), we
can define a constant S by

Br & max <sup f(x), sup ||J(x)||) . (11.38)

xeD x€D

Then for any y and z in D, we have

IVF) =V I =I1T0) () — I r @)l
< 1T = J@QUrOI+ 1@ () = r@)l
< (BuBr + By —zl,

showing that Vr is Lipschitz continuous on D. Since in addition, f(x) is bounded below
by 0 on D, the conditions of Theorem 3.2 are satisfied. The result follows from V f(x;) =
J kT Fk. O

Provided that we ensure that
cosfy >3, forsomes € (0, 1) and all k sufficiently large, (11.39)

Theorem 11.6 guarantees that J;' r, — 0. Moreover, if we know that || J(x)~!|| is bounded
on the set D defined in the theorem, then we must have r;, — 0, so that the iterates x; must
approach a limit point x* that solves the nonlinear equations problem r(x) = 0.

We now investigate the values of cos 6y for the directions generated by the Newton
and inexact Newton methods, and describe how the Newton direction can be modified to
ensure that the lower bound (11.39) is satisfied.

When it is well-defined, the Newton step (11.9) is a descent direction for f(-) whenever
rry # 0, since

PV o) = —pl o= —Inl? <o.
From (11.36), we have

ALY N 1 1

_ - > R . (11.40)
IVl 1T I el = TN (i)

cosby =
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If the condition number « (J;) is uniformly bounded for all k, then cos 6y is bounded below
in the style of (11.39). When « (Ji) is large, however, this lower bound is close to zero, and
use of the Newton direction may cause poor performance of the algorithm.

The importance of the condition (11.39) is illustrated by an example of Powell [196].
In this example, a line search Newton approach with exact line searches converges to a point
that is not a solution and not even a stationary point for the merit function (11.34). Powell’s
function is

X1

rix) = 10 s 11.41
(x) X1 o ( )
X1 +01

with unique solution x* = 0, whose Jacobian is

1 0
J(x) = 1
—  4x;
(.Xl + 01)2

Note that the Jacobian is singular at all x for which x, = 0, and that for points of this type,
we have

+ ].0)61

x —_—

Vi) =] ' m401)? |,
0

so that the gradient points in the direction of the positive x; axis whenever x; > 0. Powell
shows, however, that the Newton step generated from an iterate that is close to (but not
quite on) the x; axis tends to be parallel to the x, axis, making it nearly orthogonal to the
gradient V f(x). That is, cos 6; for the Newton direction may be arbitrarily close to zero.
Powell uses the starting point (3, 1)7 and shows that convergence to the point (1.8016, 0)”
(to four digits of accuracy) is attained in four iterations. However, this point is not a solution
of (11.41)—in fact, it is easy to see that a step from this point in the direction —x; will
produce a decrease in both components of r.

To ensure that (11.39) holds, we may have to modify the Newton direction. One
possibility is to add some multiple 7,/ of the identity to J Ji, and define the step py to be

pe=—( T+ o) Il (11.42)

For each iterate k, we choose t; such that the condition (11.39) is satisfied, for some given
value of § € (0, 1). Note that we can always choose 7; large enough to ensure that this
condition holds, since p; approaches a multiple of —J/ r as 7, 1 00. Note that instead of
forming J J; explicitly and then performing trial Cholesky factorizations of matrices of the
form (J, kT Ji + t1), we can use the technique (10.32), illustrated earlier for the least-squares
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case, which uses the fact that the Cholesky factor of (JkT Ji + 1) is identical to RT, where
R is the upper triangular factor from the QR factorization of the matrix

Ji
12 . (11.43)

A combination of Householder and Givens transformations can be used, as for (10.32), and
the savings noted in the discussion following (10.32) continue to hold if we need to perform
this calculation for several candidate values of 7.

When py is an inexact Newton direction—that is, one that satisfies the condition
(11.18)—it is not hard to derive a lower bound for cos 6 in the style of (11.39). Discarding
the subscripts k, we have by squaring (11.18) that

I+ Jpl* < nelrl® = 2p" ITr + 17 1* + 1pI1* < n*lir)?
= p'Vr=p"JTr <[(n* = D/2]IIr|%

Meanwhile,
el < WM U+ Ipll+ el < 1M+ DI,
and
Ivrl = 1"rl < 1 0HF -

By combining these estimates, we obtain

T _ 2 _
p'Vr 1—n >lr)

cos = — > = )
IV = 2(J I+ 1) — 2c(J)

and we conclude that a bound of the form (11.39) is satisfied, provided that « (J) is bounded
over D. In other words, the inexact Newton method satisfies the bound (11.39) whenever
Newton’s method does (though for a different value of the constant §), so by allowing
inexactness we do not compromise global convergence behavior.

A line search method that includes the enhancements mentioned above and that uses
the Newton direction (11.9) and unit step length oy = 1 whenever these are acceptable can
be stated formally as follows.

Algorithm 11.4 (Line Search Newton for Nonlinear Equations).
Givend € (0,1)and ¢y, c, with0 < ¢; < ¢; < %;
Choose xg;
fork=0,1,2,...

if Newton step (11.9) satisfies (11.39)
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Set py to the Newton step;

else
Obtain py from (11.42), choosing 7 to ensure that (11.39) holds;
end (if)
if o = 1 satisfies the Wolfe conditions (3.6)
Setoay = 1;
else
Perform a line search to find «; > 0 that satisfies (3.6);
end (if)
Xi+1 <= Xk + Ok Pis
end (for)

Rapid local convergence of line search methods such as Algorithm 11.4 follows from
a result similar to Theorem 6.2. For generality, we state this result so that it applies to any
algorithm that eventually uses the Newton search direction (11.9) and that accepts the unit
step oy = 1 whenever this step satisfies the Wolfe conditions.

Theorem 11.7.
Suppose that a line search algorithm that uses Newton search directions py from (11.9)
yields a sequence {x;} that converges to x*, wherer (x*) = 0 and J (x*) is nonsingular. Suppose

also that there is an open neighborhood D of x* such that the componentsr;,i = 1,2,...,n,
are twice differentiable, with | V?r;(x)||,i = 1,2, ..., n, bounded for x € D. If the unit step
length oy = 1 is accepted whenever it satisfies the Wolfe conditions (3.6), withc; < %, then the
convergence is Q-quadratic; that is, || x; 11 — x*|| = O(|lxx — x*||?).

We omit the proof of this result, which is similar in spirit to the corresponding result
for trust-region methods, Theorem 11.10. The body of the proof shows that the step length
ar = 1 is eventually always acceptable. Hence the method eventually reduces to a pure
Newton method, and the rapid convergence rate follows from Theorem 11.2.

TRUST-REGION METHODS

The most widely used trust-region methods for nonlinear equations simply apply Algo-
rithm 4.1 from Chapter 4 to the merit function f(x) = % |7 (x)|13, using By = J (x)7 J (xz)
as the approximate Hessian in the model function my(p). Global convergence properties
follow directly from Theorems 4.7 and 4.8. Rapid local convergence for an algorithm that
computes exact solutions of the trust-region subproblems can be proved under an assump-
tion of Lipschitz continuity of the Jacobian J(x). For background on the motivation and
analysis of the trust-region approach, see Chapter 4.

For the least-squares merit function f(x) = %Hr(x) 15, the model function m(p) is
defined as

me(p) = 3lrc+ Jepls = fi + pT I e+ 30" I Tepis
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cf. the model function (4.1) for general objective functions. The step py is generated by
finding an approximate solution of the subproblem

min my(p), subject to || p|| < Ay, (11.44)
P

where Ay is the radius of the trust region. Given our merit function f(x) = ||r(x)||* and
model function my, the ratio p; of actual to predicted reduction (see (4.4)) is defined as

= I = lirGa+ poI? (11.45)

Gl = () T o) el

We can state the trust-region framework that results from this model as follows

Algorithm 11.5 (Trust Region for Nonlinear Equations).
Given A > 0, Ag € (0, A),andn € [0, }1):
fork=0,1,2,...

Calculate py as an (approximate) solution of (11.44);
Evaluate p; from (11.45);
if,Ok < 711

Appr = i”Pk”

else
if o > 3 and | pell = Ar
Ary1 = min(2Ag, A)
else
AVERIE AV
end (if)
end (if)
if o > 1
Xi+1 = Xk + Px
else
Xk+1 = Xks
end (if)
end (for).

The dogleg method is a special case of the trust-region algorithm, Algorithm 4.1,
that constructs an approximate solution to (11.44) based on the Cauchy point p; and the
unconstrained minimizer p;. The Cauchy point is

Py = A/ DI 7 (11.46)
where

e = min {1, [ re P/ (Axr{ T 30T r0) ) 5 (11.47)
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By comparing with the general definition (4.7), (4.8) we see that it is not necessary to consider
the case of an indefinite Hessian approximation in my(p), since the model Hessian JkT Jk
that we use is positive semidefinite. The unconstrained minimizer of my (p) is unique when
Ji has full rank. In this case, we denote it by p,L and write

P =~ I ) = = e

The selection of p; proceeds as follows.

Procedure 11.6 (Dogleg).
Calculate py;
if | pll = Ax
Pk < Dis
else
Calculate py;
Pk < pi + t(p, — pg), where T is the largest value in [0, 1]
such that || prll < A
end (if).

Lemma 4.1 shows that when J; is nonsingular, the vector p; chosen above is the
minimizer of m; along the piecewise linear path that leads from the origin to the Cauchy
point and then to the unconstrained minimizer p). Hence, the reduction in model function
at least matches the reduction obtained by the Cauchy point, which can be estimated by
specializing the bound (4.34) to the least-squares case by writing

. I el
m(0) — mi(pe) = c1llJ] ric| min (Ak, - ; (11.48)
17 Jill

where c; is some positive constant.
From Theorem 4.3, we know that the exact solution of (11.44) has the form

pe =~ T+ 0D I (11.49)

forsome Ax > 0,and that 1, = 0ifthe unconstrained solution p; satisfies || p; || < A. (Note
that (11.49) is identical to the formula (10.30a) from Chapter 10. In fact, the Levenberg—
Marquardt approach for nonlinear equations is in a sense a special case of the same algorithm
for nonlinear least-squares problems.) The Levenberg—Marquardt algorithm uses the tech-
niques of Section 4.2 to search for the value of A, that satisfies (11.49). The procedure
described in the “exact” trust-region algorithm, Algorithm 4.4, is based on Cholesky factor-
izations, but as in Chapter 10, we can replace these by specialized QR algorithms to compute
the factorization (10.34). Even if the exact A, corresponding to the solution of (11.44) is
not found, the p; calculated from (11.49) will still yield global convergence if it satisfies the
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condition (11.48) for some value of ¢y, together with
lpell < y Ay, for some constant y > 1. (11.50)

The dogleg method has the advantage over methods that search for the exact solution
of (11.44) that just one linear system needs to be solved per iteration. As in Chapter 4, there
is a tradeoff to be made between the amount of effort to spend on each iteration and the
total number of function and derivative evaluations required.

We can also consider alternative trust-region approaches that are based on different
merit functions and different definitions of the trust region. An algorithm based on the ¢,
merit function with an £.,-norm trust region gives rise to subproblems of the form

min || Jgp +rilli subjectto ||plleo < A, (11.51)
P

which can be formulated and solved using linear programming techniques. This approach is
closely related to the S¢; QP approach for nonlinear programming discussed in Section 18.8,
for which the subproblem is (18.51).

Global convergence results of Algorithm 11.5 when the steps p; satisfy (11.48) and
(11.50) are given in the following two theorems. They can be proved by referring directly to
Theorems 4.7 and 4.8. The first result is for the case of n = 0, in which the algorithm accepts
all steps that produce a decrease in the merit function f;.

Theorem 11.8.

Let n = 0 in Algorithm 11.5. Suppose that J(x) is continuous in a neighborhood D of
the level set L = {x : f(x) < f(xo)} and that ||J (x)|| is bounded above on L. Suppose in
addition that all approximate solutions of (11.44) satisfy the bounds (11.48) and (11.50). We
then have that

liminf [|J]r]l = 0.
k— o0

The second result requires a strictly positive choice of n and Lipschitz continuity of
J, and produces a correspondingly stronger result: convergence of the sequence {J;/ ¢} to
zero.

Theorem 11.9.

Letn € (0, i) in Algorithm 11.5. Suppose that J(x) is Lipschitz continuous in a neigh-
borhood D of the level set L = {x : f(x) < f(xo)} and that ||J(x)| is bounded above on
L. Suppose in addition that all approximate solutions of (11.44) satisfy the bounds (11.48) and
(11.50). We then have that

lim || Jl |l = 0.
k—o00
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We turn now to local convergence of the trust-region algorithm for the case in which
the subproblem (11.44) is solved exactly. We assume that the sequence {x;} converges to a
nondegenerate solution x* of the nonlinear equations 7 (x) = 0. The significance of this result
is that the algorithmic enhancements needed for global convergence do not, in well-designed
algorithms, interfere with the fast local convergence properties described in Section 11.1.

Theorem 11.10.

Suppose that the sequence {x; } generated by Algorithm 11.5 converges to a nondegenerate
solution x* of the problemr(x) = 0. Suppose also that J (x) is Lipschitz continuous in an open
neighborhood D of x* and that the trust-region subproblem (11.44) is solved exactly for all
sufficiently large k. Then the sequence {x;} converges quadratically to x*.

PROOF.  We prove this result by showing that there is an index K such that the trust-region
radius is not reduced further after iteration K; thatis, Ay > Ak for all kK > K. We then
show that the algorithm eventually takes the pure Newton step at every iteration, so that
quadratic convergence follows from Theorem 11.2.

Let pr denote the exact solution of (11.44). Note first that p; will simply be the
unconstrained Newton step —J,:lrk whenever this step satisfies the trust-region bound.
Otherwise, we have || J,:lrk || > Ay, while the solution py satisfies || px || < Ag.In either case,
we have

Ipell < 1 rell- (11.52)
We consider the ratio p; of actual to predicted reduction defined by (11.45). We have
directly from the definition that

[l + Jepill® = lIr G+ pol1?|
I Ca)l12 = Nl (i) + T ) prl?

11— ol < (11.53)

From Theorem 11.1, we have for the second term in the numerator that

I (xx 4+ pll? = I1r () + J () prd 4w, pll®

where
def !
w(xes pe) :/ [ (e + tp1) — T () py it
0

Because of Lipschitz continuity of J (with Lipschitz constant 8, asin (11.4)), we have

1
lw(xe, pOll < f I (xie + i) — J (i) [l pecll dt
0
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1
5/0 Bullpeldt = (B2l il

so that using the fact that ||ry + Jipill < |7l = f(xx)'/? (since py is the solution of
(11.44)), we can bound the numerator as follows:

7 + Jepicll> = e G+ pOl?| < 20re + Jepellllw (e, p)ll + lw e, i) 11?
< )" Bl pell® + (Bu/2) M el
< e()llpel?, (11.54)

where we define

e(xr) = fx) 2B + (Br/2) 1 pell®.

Since by assumption, we have x; — x*, it follows that f(x;) — 0and ||r¢|| — 0. Because
x* is a nondegenerate root, we have as in (11.14) that ||J (x;)~"'|| < B* for all k sufficiently
large, so from (11.52), we have

I pell < 19 el < B*llrll — o. (11.55)
Therefore, we have that
lim e(x;) — 0. (11.56)
k—o0

Turning now to the denominator of (11.53), we define p; to be a step of the same
length as the solution p; in the Newton direction —J k_lrk, that is,

el
= g, vk
1 el

Since py, is feasible for (11.44), and since py is optimal for this subproblem, we have

2

2 2 2 Il pill
lrell™ = Nre + Jepell” = llrell” — Hrk - — T
I/ rell
| x|l 2 ||pk||2 2
= Inll” = == Il
I 7ell I el
Il pell 2
> ———|Inll”s

=1
I/ rell
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where for the last inequality we have used (11.52). By using (11.55) again, we have from this
bound that

Il Pecl 1
Il = e + Jipil® = —=—lrell> = —= I plllirll. (11.57)

| - B
By substituting (11.54) and (11.57) into (11.53), and then applying (11.55) again, we have

* 2
11— ol < Be x| pell” < (B*)*e(xp) — 0. (11.58)

3y

Therefore, for all k sufficiently large, we have p; > i, and so the trust region radius Ay will
not be increased beyond this point. As claimed, there is an index K such that

Ay > Ag, forallk > K.
Since ||J,:1rk|| < B*|lrell = 0, the Newton step —kalrk will eventually be smaller
than Ak (and hence Ay), so it will eventually always be accepted as the solution of (11.44).
The result now follows from Theorem 11.2. O
We can replace the assumption that x; — x* with an assumption that the nonde-

generate solution x* is just one of the limit points of the sequence. (In fact, this condition
implies that x; — x*; see the exercises.)

11.3 CONTINUATION/HOMOTOPY METHODS

MOTIVATION

We mentioned above that Newton-based methods all suffer from one shortcoming:
Unless J(x) is nonsingular in the region of interest—a condition that often cannot be
guaranteed—they are in danger of converging to a local minimum of the merit function
rather than to a solution of the nonlinear system. Continuation methods, which we outline
in this section, aim explicitly for a solution of (x) = 0 and are more likely to converge to
such a solution in difficult cases. Their underlying motivation is simple to describe: Rather
than dealing with the original problem r(x) = 0 directly, we set up an “easy” system of
equations for which the solution is obvious. We then gradually transform the “easy” system
of equations into the original system r(x), and follow the solution as it moves from the
solution of the easy problem to the solution of the original problem.

To be specific, we define the homotopy map H (x, ) as follows:

H(x,A) =xr(x)+ (1 —=A)(x —a), (11.59)
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0 A 1

Figure11.3 Plotofazero path: the trajectory of points (x, A) for which H(x, A) = 0.

where X is a scalar parameter and a € R” is a fixed vector. When A = 0, (11.59) defines the
artificial, easy problem H(x, 0) = x — a, whose solution is obviously x = a. When A = 1,
we have H(x, 1) = r(x), the original system of equations.

To solve r(x) = 0, consider the following algorithm: First, set A = 0in (11.59) and set
x = a. Then, increase A from 0 to 1 in small increments, and for each value of A, calculate
the solution of the system H(x, 1) = 0. The final value of x corresponding to A = 1 will
solve the original problem r(x) = 0.

This naive approach sounds plausible, and Figure 11.3 illustrates a situation in which
it would be successful. In this figure, there is a unique solution x of the system H(x, A) =0
for each value of A in the range [0, 1]. The trajectory of points (x, 1) for which H(x, 1) =0
is called the zero path.

Unfortunately, however, the approach often fails, as illustrated in Figure 11.4. Here,
the algorithm follows the lower branch of the curve from A = 0 to A = A7, but it then loses
the trail unless it is lucky enough to jump to the top branch of the path. The value A7 is
known as a turning point, since at this point we can follow the path smoothly only if we no
longer insist on increasing A at every step, but rather allow it to decrease where necessary. In
fact, practical continuation methods work by doing exactly as Figure 11.4 suggests, that is,
they follow the zero path explicitly, even if this means allowing X to decrease from time to
time, and even to roam outside the interval [0, 1].
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Figure 11.4 A zero path with turning points. The path joins (a, 0) to (x*, 1), but it
cannot be followed by merely increasing A monotonically from 0 to 1.

PRACTICAL CONTINUATION METHODS

In one practical technique, we model the zero path by allowing both x and A to be
functions of an independent variable s that represents arc length along the path. That is,
(x(s), A(s)) is the point that we arrive at by traveling a distance s along the path from the
initial point (x(0), A(0)) = (a, 0). Because we have that

H(x(s), (s)) =0, foralls >0,

we can take the total derivative of this expression with respect to s to obtain

(11.60)

9 9 . . dx di
L Hx, Wi+ —H(x, A =0, where (4, 4) = £ .
dx oA

ds’ ds

The vector (x(s), A(s)) is the tangent vector to the zero path, as we illustrate in Figure 11.4.
From (11.60), we see that it lies in the null space of the n x (n + 1) matrix

a a
[ aH(x,)\) a—)\H(x,)\) :| (11.61)

When this matrix has full rank, its null space has dimension 1, so to complete the definition
of (, 1) in this case, we need to assign it a length and direction. The length is fixed by
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imposing the normalization condition
Ix())1> + |A(s)> =1, foralls, (11.62)

which ensures that s is the true arc length along the path from (0, a) to (x(s), A(s)). We need
to choose the sign to ensure that we keep moving forward along the zero path. A heuristic
that works well is to choose the sign so that the tangent vector (%, ) at the current value of
s makes an angle of less than 77 /2 with the tangent point at the previous value of s.

We can outline the complete procedure for computing (x, 1) as follows:

Procedure 11.7 (Tangent Vector Calculation).
Compute a vector in the null space of (11.61) by performing a QR
factorization with column pivoting,

QT[ %H(x,k) %H(x,k) ]H:[ R w ],

where Q is n x n orthogonal, R is n x n upper triangular, IT is
an (n 4+ 1) x (n + 1) permutation matrix, and w € R".

R 'w
v=II ;
-1

Set (x, 1) = +v/||v]|,, where the sign is chosen to satisfy the angle
criterion mentioned above.

Set

Details of the QR factorization procedure are given in the Appendix.

Since we can obtain the tangent at any given point (x, A) and since we know the initial
point (x(0), 1(0)) = (a, 0), we can trace the zero path by calling a standard initial-value
first-order ordinary differential equation solver, terminating the algorithm when it finds a
value of s for which A(s) = 1.

A second approach for following the zero path is quite similar to the one just described,
except thatit takes an algebraic viewpoint instead of a differential-equations viewpoint. Given
a current point (x, A), we compute the tangent vector (x, 1) as above, and take a small step
(of length €, say) along this direction to produce a “predictor” point (x*, A?); that is,

P, AP) = (x, A) +€(x, 1).

Usually, this new point will not lie exactly on the zero path, so we apply some “corrector”
iterations to bring it back to the path, thereby identifying a new iterate (x ™, A™) that satisfies
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H(xt,AT) = 0. (This process is illustrated in Figure 11.5.) During the corrections, we
choose a component of the predictor step (x”, A*)—one of the components that has been
changing most rapidly during the past few steps—and hold this component fixed during the
correction process. If the index of this component is i, and if we use a pure Newton corrector
process (often adequate, since (x”, A7) is usually quite close to the target point (x T, AT)),
the steps will have the form

a_H a_H Sx —H
dx dA = ,
o 5h 0

where the quantities  H/dx, d H/dX, and H are evaluated at the latest point of the corrector
process. The last row of this system serves to fix the ith component of (§x, §A) at zero; the
vectore; € R""! isavector of length n + 1 containing all zeros, except for a 1 in the location i
that corresponds to the fixed component. Note that in Figure 11.5 the A component is chosen
to be fixed on the current iteration. On the following iteration, it may be more appropriate
to choose x as the fixed component, as we reach the turning point in X.

The two variants on path-following described above are able to follow curves like
those depicted in Figure 11.4 to a solution of the nonlinear system. They rely, however, on
the n x (n + 1) matrix in (11.61) having full rank for all (x, 1) along the path, so that the

Figure11l.5 Thealgebraicpredictor—corrector procedure, using A as the fixed variable
in the correction process.
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Il
0.2 0.4 0.6 0.8 1
lambda

Figure 11.6 Continuation curves for the example in which H (x, 1) = A(x?> — 1) +
(1 — X)(x + 2). There is no path fromA =0to A = 1.

tangent vector is well-defined. Fortunately, it can be shown that full rank is guaranteed under
certain assumptions, as in the following theorem.

Theorem 11.11 (Watson [244]).

Suppose that r is twice continuously differentiable. Then for almost all vectorsa € R",
there is a zero path emanating from (0, a) along which then x (n + 1) matrix (11.61) has full
rank. If this path is bounded for A € [0, 1), then it has an accumulation point (x, 1) such that
r(x) = 0. Furthermore, if the Jacobian J (x) is nonsingular, the zero path between (a, 0) and
(x, 1) has finite arc length.

The theorem assures us that unless we are unfortunate in the choice of a, the algorithms
described above can be applied to obtain a path that either diverges or else leads to a point
X that is a solution of the original nonlinear system if J(x) is nonsingular. More detailed
convergence results can be found in Watson [244] and the references therein.

We conclude with an example to show that divergence of the zero path (theless desirable
outcome of Theorem 11.11) can happen even for innocent-looking problems.
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(J EXAMPLE 11.2

Consider the system r(x) = x* — 1, for which there are two nondegenerate solutions

+1 and —1. Suppose we choose a = —2 and attempt to apply a continuation method to the
function
H(x,A) =A(x* = D)+ (1 = A)(x +2) = ax’> 4+ (1 — Mx + (2 — 32), (11.63)

obtained by substituting into (11.59). The zero paths for this function are plotted in Fig-
ure 11.6. As can be seen from that diagram, there is no zero path that joins (—2, 0) to either
(1,1) or (—1, 1), so the continuation methods fail on this example. We can find the values
of A for which no solution exists by fixing A in (11.63) and using the formula for a quadratic
root to obtain

== £/ -2 — 402 - 32)
S 25 '

Now, when the term in the square root is negative, the corresponding values of x are complex,
that is, there are no real roots x. It is easy to verify that this is the case when

13 13

5—-243 54243
Ae( \/—, + \/_>%(0.118,0.651).

Note that the zero path starting from (—2, 0) becomes unbounded, which is one of the
possible outcomes of Theorem 11.11. O

This example indicates that continuation methods may fail to produce a solution even
to a fairly simple system of nonlinear equations. However, it is generally true that they are
more reliable than the merit-function methods described earlier in the chapter. The extra
robustness comes at a price, since continuation methods typically require significantly more
function and derivative evaluations and linear algebra operations than the merit-function
methods.

NOTES AND REFERENCES

Nonlinear differential equations and integral equations are a rich source of nonlinear
equations. When these problems are discretized, we obtain a variable vector x € R" whose
components can be used to construct an approximation to the function that solves the prob-
lem. In other applications, the vector x is intrinsically finite-dimensional—it may represent
the quantities of materials to be transported between pairs of cities in a distribution network,
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for instance. In all cases, the equations r; enforce consistency, conservation, and optimality
principles in the model. Moré [168] and Averick et al. [5] discuss a number of interesting
practical applications.

Foranalysis of the convergence of Broyden’s method, including proofs of Theorem 11.5,
see Dennis and Schnabel [69, Chapter 8] and Kelley [141, Chapter 6]. Details on a limited-
memory implementation of Broyden’s method are given by Kelley [141, Section 7.3].

The trust-region approach (11.51) was proposed by Duff, Nocedal, and Reid [73].

& EXERCISES

& 11.1 Show that for any vector s € R”", we have

SST

sTs

=1,

where || - || denotes the Euclidean matrix norm. (Hint: Use (A.37) and (A.38).)

&  11.2 Consider the function r : R — R defined by r(x) = x%, where ¢ is an integer
greater than 2. Note that x* = 0 is the sole root of this function and that it is degenerate.
Show that Newton’s method converges Q-linearly, and find the value of the convergence
ratio 7 in (2.21).

&  11.3 Show that Newton’s method applied to the function r(x) = —x° + x* + 4x
starting from xo = 1 produces the cyclic behavior described in the text. Find the roots of
this function, and check that they are nondegenerate.

&  11.4 For the scalar function r(x) = sin(5x) — x, show that the sum-of-squares merit
function has infinitely many local minima, and find a general formula for such points.

& 11.5 Whenr : R* — R”, show that the function
o) = |(JTT+aD T
is monotonically decreasing in A unless J7r = 0. (Hint: Use the singular-value

decomposition of J.)

&  11.6 Show that V2 f(x) is Lipschitz continuous under the assumptions of Theo-
rem 11.7.

& 11.7 Prove part (iii) of Theorem 11.3.

&  11.8 Suppose that Theorem 11.7 is modified to allow search directions that approach
the Newton direction only in the limit, that s, || py — (= J,~ ol = o(ll J ¢ ). By modifying
the proof, show that x; converges superlinearly to x*.
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&  11.9 Consider a line search Newton method in which the step length «; is chosen to
be the exact minimizer of the merit function f(-); that is,

o = argmin f(x; — aJk_lrk).
o

Show that oy — 1 as x; — x*.

& 11.10 Let J € R"*™ and r € R" and suppose that JJTr = 0. Show that JTr = 0.
(Hint: This doesn’t even take one line!)

& * 11.11 Suppose we replace the assumption of x; — x* in Theorem 11.10 by an as-
sumption that the nondegenerate solution x* is a limit point of x*. By adding some logic to
the proof of this result, show that in fact x* is the only possible limit point of the sequence.
(Hint: Show that || ‘]k_+11 el < % | Jk_lrk || for all k sufficiently large, and hence that for any
constant € > 0, the sequence {x;} satisfies || x; — x*|| < € for all k sufficiently large. Since
€ can be made arbitrarily small, we can conclude that x* is the only possible limit point of

{xk}.)
& 11.12 Consider the following modification of our example of failure of continuation
methods:

r(x) =x*—1, a:%.

Show that for this example there is a zero path for H(x, 1) = A(x?> — 1+ (1 — A)(x — a)
that connects (1, 0) to (1, 0), so that continuation methods should work for this choice of
starting point.
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Theory of
Constrained
Optimization

The second part of this book is about minimizing functions subject to constraints on the
variables. A general formulation for these problems is

) ) c¢i(x)=0, i€f&,
min f(x) subject to (12.1)
xeR" c(x)>0, el

where f and the functions ¢; are all smooth, real-valued functions on a subset of R”, and
7 and & are two finite sets of indices. As before, we call f the objective function, while ¢;,
i € & are the equality constraints and ¢;, i € 7 are the inequality constraints. We define the
feasible set Q2 to be the set of points x that satisfy the constraints; that is,

Q={x|cx)=0, ie& c¢kx)=0, ieT} (12.2)
so that we can rewrite (12.1) more compactly as

Eréig f(x). (12.3)
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In this chapter we derive mathematical characterizations of the solutions of (12.3).
Recall that for the unconstrained optimization problem of Chapter 2, we characterized
solution points x* in the following way:

Necessary conditions: Local minima of unconstrained problems have V f(x*) = 0
and V2 f(x*) positive semidefinite.

Sufficient conditions: Any point x* at which V f(x*) = 0 and V2 f(x*) is positive
definite is a strong local minimizer of f.

Our aim in this chapter is to derive similar conditions to characterize the solutions of
constrained optimization problems.

LOCAL AND GLOBAL SOLUTIONS

We have seen already that global solutions are difficult to find even when there are no
constraints. The situation may be improved when we add constraints, since the feasible set
might exclude many of the local minima and it may be comparatively easy to pick the global
minimum from those that remain. However, constraints can also make things much more
difficult. As an example, consider the problem

min |[x]|3,  subject to [x[|2 > 1.

xeR”
Without the constraint, this is a convex quadratic problem with unique minimizer x = 0.
When the constraint is added, any vector x with ||x|; = 1 solves the problem. There are
infinitely many such vectors (hence, infinitely many local minima) whenever n > 2.

A second example shows how addition of a constraint produces a large number of
local solutions that do not form a connected set. Consider

min (x; 4+ 100)? + 0.01x12, subject to x; — cosx; > 0, (12.4)

illustrated in Figure 12.1. Without the constraint, the problem has the unique solution
(—100, 0). With the constraint there are local solutions near the points

(x1, x2) = (km, —1), for k==+1,+£3,+£5,....

Definitions of the different types of local solutions are simple extensions of the corre-
sponding definitions for the unconstrained case, except that now we restrict consideration
to the feasible points in the neighborhood of x*. We have the following definition.

A vector x* is a local solution of the problem (12.3) if x* € Q and there is a
neighborhood AV of x* such that f(x) > f(x*) forx e N N Q.

Similarly, we can make the following definitions:
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local solutions

constraint

contours of f

Figure 12.1 Constrained problem with many isolated local solutions.

A vector x* is a strict local solution (also called a strong local solution) if x* € Q and
there is a neighborhood NV of x* such that f(x) > f(x*) for all x € N N Q with

X # x*,

A point x* is an isolated local solution if x* € € and there is a neighborhood AV of x*
such that x* is the only local minimizer in N' N €.

At times, we replace the word “solution” by “minimizer” in our discussion. This alternative
is frequently used in the literature, but it is slightly less satisfying because it does not account
for the role of the constraints in defining the point in question.

SMOOTHNESS

Smoothness of objective functions and constraints is an important issue in character-
izing solutions, just as in the unconstrained case. It ensures that the objective function and
the constraints all behave in a reasonably predictable way and therefore allows algorithms
to make good choices for search directions.

We saw in Chapter 2 that graphs of nonsmooth functions contain “kinks” or “jumps”
where the smoothness breaks down. If we plot the feasible region for any given constrained
optimization problem, we usually observe many kinks and sharp edges. Does this mean that
the constraint functions that describe these regions are nonsmooth? The answer is often
no, because the nonsmooth boundaries can often be described by a collection of smooth
constraint functions. Figure 12.2 shows a diamond-shaped feasible region in R? that could
be described by the single nonsmooth constraint

llxlly = |x1] + |x2| < 1. (12.5)
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Figure 12.2 A feasible region with a nonsmooth boundary can be described by
smooth constraints.

It can also be described by the following set of smooth (in fact, linear) constraints:
x1t+x =<1, xx—x=<1, -x+x=<1, -—-x—-x=<L (12.6)

Each of the four constraints represents one edge of the feasible polytope. In general, the
constraint functions are chosen so that each one represents a smooth piece of the boundary
of Q.

Nonsmooth, unconstrained optimization problems can sometimes be reformulated
as smooth constrained problems. An example is given by the unconstrained scalar problem
of minimizing a nonsmooth function f(x) defined by

f(x) = max(x?, x), (12.7)

which has kinks at x = 0 and x = 1, and the solution at x* = 0. We obtain a smooth,
constrained formulation of this problem by adding an artificial variable t and writing

min ¢t s.t. t>x, t>x% (12.8)

Reformulation techniques such as (12.6) and (12.8) are used often in cases where f is a
maximum of a collection of functions or when f is a 1-norm or co-norm of a vector
function.
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In the examples above we expressed inequality constraints in a slightly different way
from the form ¢;(x) > 0 that appears in the definition (12.1). However, any collection of
inequality constraints with > and < and nonzero right-hand-sides can be expressed in the
form ¢; (x) > 0 by simple rearrangement of the inequality. In general, it is good practice to
state the constraint in a way that is intuitive and easy to understand.

12.1 EXAMPLES

To introduce the basic principles behind the characterization of solutions of constrained
optimization problems, we work through three simple examples. The ideas discussed here
will be made rigorous in the sections that follow.

We start by noting one item of terminology that recurs throughout the rest of the
book: At a feasible point x, the inequality constraint i € 7 is said to be activeif ¢;(x) = 0
and inactive if the strict inequality ¢; (x) > 0 is satisfied.

A SINGLE EQUALITY CONSTRAINT

Ve,

/M X

*/Vf Vv

Figure 12.3 Problem (12.9), showing constraint and function gradients at various
feasible points.
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(J ExXAmPLE 12.1

Our first example is a two-variable problem with a single equality constraint:
min x; + x; s.t. xf + x% —-2=0 (12.9)

(see Figure 12.3). In the language of (12.1), we have f(x) = x; + x,Z = ¥, £ = {1}, and
c1(x) = x + x3 — 2. We can see by inspection that the feasible set for this problem is the
circle of radius /2 centered at the origin—just the boundary of this circle, not its interior.
The solution x* is obviously (—1, —1T. From any other point on the circle, it is easy to
find a way to move that stays feasible (that is, remains on the circle) while decreasing f. For
instance, from the point x = (\/E , 0T any move in the clockwise direction around the circle
has the desired effect.

We also see from Figure 12.3 that at the solution x*, the constraint normal Ve, (x*) is
parallel to V f(x*). That is, there is a scalar A} such that

Vf(x*) = A Ve (x™). (12.10)

(In this particular case, we have A} = — 1)

: O

We can derive (12.10) by examining first-order Taylor series approximations to the
objective and constraint functions. To retain feasibility with respect to the function ¢; (x) = 0,
we require that ¢;(x + d) = 0; that is,

0=ci(x+d)=~ci(x)+ Ve (x)Td = Ve, (x) T d. (12.11)

Hence, the direction d retains feasibility with respect to ¢y, to first order, when it satisfies

Vei(x)'d = 0. (12.12)
Similarly, a direction of improvement must produce a decrease in f, so that

0> flx+d) - flx) = Vf(x)'d,

or, to first order,

Vix)d <o. (12.13)
If there exists a direction d that satisfies both (12.12) and (12.13), we conclude that improve-

ment on our current point x is possible. It follows that a necessary condition for optimality
for the problem (12.9) is that there exist no direction d satisfying both (12.12) and (12.13).
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By drawing a picture, the reader can check that the only way that such a direction cannot
exist is if V f(x) and V¢ (x) are parallel, that is, if the condition V f(x) = A; V¢ (x) holds
at x, for some scalar A;. If this condition is not satisfied, the direction defined by

Je (1 _ Va)ve ()’

Ve ()2 ) Vi) (12.14)

satisfies both conditions (12.12) and (12.13) (see the exercises).
By introducing the Lagrangian function

Lx, 1) = f(x) = A (x), (12.15)

and noting that V,L(x, A1) = Vf(x) — A;Vci(x), we can state the condition (12.10)
equivalently as follows: At the solution x*, there is a scalar A} such that

V. L(x*, 1F) = 0. (12.16)

This observation suggests that we can search for solutions of the equality-constrained prob-
lem (12.9) by searching for stationary points of the Lagrangian function. The scalar quantity
A1 in (12.15) is called a Lagrange multiplier for the constraint ¢;(x) = 0.

Though the condition (12.10) (equivalently, (12.16)) appears to be necessary for an
optimal solution of the problem (12.9), it is clearly not sufficient. For instance, in Exam-
ple 12.1, (12.10) is satisfied at the point x = (1, 1) (withA; = %), but this point is obviously
not a solution—in fact, it maximizes the function f on the circle. Moreover, in the case of
equality-constrained problems, we cannot turn the condition (12.10) into a sufficient con-
dition simply by placing some restriction on the sign of A;. To see this, consider replacing
the constraint x{ +x7 — 2 = 0 by its negative 2 — x? — x7 = 0 in Example 12.1. The solution
of the problem is not affected, but the value of A} that satisfies the condition (12.10) changes

* 1 * 1
fromkl = —ztO)\l =3

A SINGLE INEQUALITY CONSTRAINT

[J EXAMPLE 12.2

This is a slight modification of Example 12.1, in which the equality constraint is
replaced by an inequality. Consider

min x; + x, s.t. 2 — xf — x% >0, (12.17)

for which the feasible region consists of the circle of problem (12.9) and its interior (see
Figure 12.4). Note that the constraint normal V¢; points toward the interior of the feasible
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region ateach pointon theboundary of the circle. By inspection, we see that the solution is still
(=1, —1) and that the condition (12.10) holds for the value A} = % However, this inequality-
constrained problem differs from the equality-constrained problem (12.9) of Example 12.1

O

in that the sign of the Lagrange multiplier plays a significant role, as we now argue.

As before, we conjecture that a given feasible point x is not optimal if we can find a
step d that both retains feasibility and decreases the objective function f to first order. The
main difference between problems (12.9) and (12.17) comes in the handling of the feasibility
condition. As in (12.13), the direction d improves the objective function, to first order, if
V f(x)Td < 0. Meanwhile, the direction d retains feasibility if

0 < Cl(x +d) ~ cl(x) + VC]()C)Td,
so, to first order, feasibility is retained if
c1(x) + Ve (x)Td > o. (12.18)

In determining whether a direction d exists that satisfies both (12.13) and (12.18), we
consider the following two cases, which are illustrated in Figure 12.4.

Case I: Consider first the case in which x lies strictly inside the circle, so that the strict
inequality ¢; (x) > 0holds. In this case, any vector d satisfies the condition (12.18), provided
only that its length is sufficiently small. In particular, whenever V f(x*) # 0, we can obtain
a direction d that satisfies both (12.13) and (12.18) by setting

Vfx)

d=—c(x)—=—

IV £l

The only situation in which such a direction fails to exist is when
V f(x) =0. (12.19)

CaseIl: Consider now the case in which x lies on the boundary of the circle, so that ¢; (x) = 0.
The conditions (12.13) and (12.18) therefore become

Vix)d <0, Vei(x)Td=>o.
The first of these conditions defines an open half-space, while the second defines a closed
half-space, as illustrated in Figure 12.5. It is clear from this figure that the two regions fail to

intersect only when V f(x) and V¢ (x) point in the same direction, that is, when

V f(x) = A Vei(x), forsomei; > 0. (12.20)
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Figure 12.4 Improvement directions from two feasible points for the problem
(12.17) at which the constraint is active and inactive, respectively.

Note that the sign of the multiplier is significant here. If (12.10) were satisfied with a negative
value of A, then V f(x) and V¢, (x) would point in opposite directions, and we see from
Figure 12.5 that the set of directions that satisfy both (12.13) and (12.18) would make up an
entire open half-plane.

The optimality conditions for both cases I and II can again be summarized neatly with
reference to the Lagrangian function. When no first-order feasible descent direction exists
at some point x*, we have that

Vi L(x*, A7) =0, forsomei} >0, (12.21)

where we also require that
Aei(x*) =0. (12.22)
This condition is known as a complementarity condition; it implies that the Lagrange multi-
plier A; can be strictly positive only when the corresponding constraint ¢, is active. Conditions

of this type play a central role in constrained optimization, as we see in the sections that
follow. In case I, we have that ¢; (x*) > 0, so (12.22) requires that AT = 0. Hence, (12.21)

323



324 CHAPTER 12. THEORY OF CONSTRAINED OPTIMIZATION

Vf

\/\ Any d in this cone is a good search

direction, to first order

Figure12.5 Adirectiond thatsatisfiesboth (12.13)and (12.18) liesin the intersection
of a closed half-plane and an open half-plane.

reduces to V f(x*) = 0, as required by (12.19). In case II, (12.22) allows A} to take on a
nonnegative value, so (12.21) becomes equivalent to (12.20).

TWO INEQUALITY CONSTRAINTS

(d ExampLE 12.3

Suppose we add an extra constraint to the problem (12.17) to obtain

min x; + x, st. 2—xt—x3>0, x>0, (12.23)

for which the feasible region is the half-disk illustrated in Figure 12.6. It is easy to see that
the solution lies at (—«/5, 0)7, a point at which both constraints are active. By repeating the
arguments for the previous examples, we conclude that a direction d is a feasible descent
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direction, to first order, if it satisfies the following conditions:
Vei(x)'d=0, ieI={1,2), Vfx)d<o. (12.24)

However, it is clear from Figure 12.6 that no such direction can exist when x = (—/2,0)7.
The conditions Vc;(x)Td > 0,i = 1,2, are both satisfied only if d lies in the quadrant
defined by V¢ (x) and V¢, (x), but it is clear by inspection that all vectors d in this quadrant
satisfy V£ (x)7d > 0.

Let us see how the Lagrangian and its derivatives behave for the problem (12.23) and
the solution point (—+/2, 0)7. First, we include an additional term A, ¢; (x) in the Lagrangian
for each additional constraint, so we have

L(x,)) = f(x) — dici(x) — Ayea(x),

where A = (A1, A,)7 is the vector of Lagrange multipliers. The extension of condition (12.21)
to this case is

V. L(x*,1*) =0, forsomel* >0, (12.25)

where the inequality A* > 0 means that all components of A* are required to be nonnegative.
By applying the complementarity condition (12.22) to both inequality constraints, we obtain

AMea(x*) =0, Aje(x™)=0. (12.26)

When x* = (—+/2, 0)7, we have

1 232 0
Vf(x*)z[l] Vcl(x*)z{ :)/_} ch(x*):|:1i|,

so that it is easy to verify that V, L(x*, 1*) = 0 when we select 1* as follows:

. [ 1/(2v/2) } |
1
Note that both components of A* are positive.

We consider now some other feasible points that are not solutions of (12.23), and
examine the properties of the Lagrangian and its gradient at these points.

For the point x = (+/2,0)7, we again have that both constraints are active. How-
ever, the objective gradient V f(x) no longer lies in the quadrant defined by the conditions
Vei(x)'d > 0,i = 1, 2 (see Figure 12.7). One first-order feasible descent direction from
this point—a vector d that satisfies (12.24)—is simply d = (—1, 0)7; there are many others
(see the exercises). For this value of x it is easy to verify that the condition V,L(x, 1) =0
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Figure 12.6

Problem (12.23), illustrating the
gradients of the active constraints
and objective at the solution.

Figure 12.7

Problem (12.23),
illustrating the gradients
of the active constraints
and objective at a
nonoptimal point.

is satisfied only when A = (—1/ (24/2), 1). Note that the first component A, is negative, so
that the conditions (12.25) are not satisfied at this point.

Finally, let us consider the point x = (1, 0)7, at which only the second constraint
¢, is active. At this point, linearization of f and ¢ as in Example 12.2 gives the following
conditions, which must be satisfied for d to be a feasible descent direction, to first order:

1+Ve(x)fd >0, Vex)'d=0, Vfx)d<o. (12.27)
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In fact, we need worry only about satisfying the second and third conditions, since we can
always satisfy the first condition by multiplying d by a sufficiently small positive quantity.

By noting that
1 0
Vf(X)z[l], VC2(X)=|:11|,

it is easy to verify that the vector d = (—1, 1) satisfies (12.27) and is therefore a descent
direction.

To show that optimality conditions (12.25) and (12.26) fail, we note first from (12.26)
that since ¢1(x) > 0, we must have A, = 0. Therefore, in trying to satisfy V,L(x, 1) = 0,
we are left to search for a value A, such that V f(x) — A, Ve, (x) = 0. No such A; exists, and
thus this point fails to satisfy the optimality conditions. O

12.2 FIRST-ORDER OPTIMALITY CONDITIONS

STATEMENT OF FIRST-ORDER NECESSARY CONDITIONS

The three examples above suggest that a number of conditions are important in the
characterization of solutions for (12.1). These include the relation V,L(x,A) = 0, the
nonnegativity of A; for all inequality constraints ¢; (x), and the complementarity condition
Aici(x) = 0 that is required for all the inequality constraints. We now generalize the obser-
vations made in these examples and state the first-order optimality conditions in a rigorous
fashion.

In general, the Lagrangian for the constrained optimization problem (12.1) is defined
as

Lx,2) = f(x)= > dici(x). (12.28)

ieEUT

The active set A(x) at any feasible x is the union of the set £ with the indices of the active
inequality constraints; that is,

A(x)=EUi € Z|ci(x) =0} (12.29)

Next, we need to give more attention to the properties of the constraint gradients.
The vector V¢;(x) is often called the normal to the constraint ¢; at the point x, because it is
usually a vector that is perpendicular to the contours of the constraint ¢; at x, and in the case
of an inequality constraint, it points toward the feasible side of this constraint. It is possible,
however, that V¢;(x) vanishes due to the algebraic representation of ¢;, so that the term
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A V¢;(x) vanishes for all values of A; and does not play a role in the Lagrangian gradient
V. L. For instance, if we replaced the constraint in (12.9) by the equivalent condition

c(x) = (xf +x§ - 2)2 =0,

we would have that V¢;(x) = 0 for all feasible points x, and in particular that the condition
V f(x) = A Ve(x) no longer holds at the optimal point (—1, —1)7. We usually make an
assumption called a constraint qualification to ensure that such degenerate behavior does
not occur at the value of x in question. One such constraint qualification—probably the one
most often used in the design of algorithms—is the one defined as follows:

Definition 12.1 (LICQ).

Given the point x* and the active set A(x™*) defined by (12.29), we say that the linear
independence constraint qualification (LICQ) holds if the set of active constraint gradients
{Vei(x®),i € A(x*)} is linearly independent.

Note that if this condition holds, none of the active constraint gradients can be zero.

This condition allows us to state the following optimality conditions for a general
nonlinear programming problem (12.1). These conditions provide the foundation for many
of the algorithms described in the remaining chapters of the book. They are called first-order
conditions because they concern themselves with properties of the gradients (first-derivative
vectors) of the objective and constraint functions.

Theorem 12.1 (First-Order Necessary Conditions).

Suppose that x* is a local solution of (12.1) and that the LICQ holds at x*. Then there
is a Lagrange multiplier vector A*, with components A, i € £ UZ, such that the following
conditions are satisfied at (x*, A*)

ViL(x*,1") =0, (12.30a)
ci(x*)=0, foralli €&, (12.30b)
ci(x*) >0, foralli€Z, (12.30¢)

Af >0, foralli eZ, (12.30d)
Afci(x*)=0, foralli e EUT. (12.30e)

The conditions (12.30) are often known as the Karush—Kuhn—Tucker conditions, or
KKT conditions for short. Because the complementarity condition implies that the Lagrange
multipliers corresponding to inactive inequality constraints are zero, we can omit the terms
for indices i ¢ A(x*) from (12.30a) and rewrite this condition as

0=V, L(x* 1) =Vfx*) — Z Ve (x%). (12.31)
ieA(x*)

A special case of complementarity is important and deserves its own definition:
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Definition 12.2 (Strict Complementarity).

Given a local solution x* of (12.1) and a vector A* satisfying (12.30), we say that the strict
complementarity condition holds if exactly one of A} and c¢;(x*) is zero for each indexi € T.
In other words, we have that A} > 0 for eachi € Z N A(x™*).

For a given problem (12.1) and solution point x*, there may be many vectors A* for which
the conditions (12.30) are satisfied. When the LICQ holds, however, the optimal A* is unique
(see the exercises).

The proof of Theorem 12.1 is quite complex, but it is important to our understanding
of constrained optimization, so we present it in the next section. First, we illustrate the KKT
conditions with another example.

(d ExampLE 12.4

Consider the feasible region illustrated in Figure 12.2 and described by the four con-
straints (12.6). By restating the constraints in the standard form of (12.1) and including an
objective function, the problem becomes

l—xl—xz

1—x;+x
TR s, (12.32)

1+X1—)C2

1+X1+XZ

Figure 12.8 Inequality-constrained problem (12.32) with solution at (1, 0).
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It is fairly clear from Figure 12.8 that the solution is x* = (1, 0). The first and second
constraints in (12.32) are active at this point. Denoting them by ¢, and ¢, (and the inactive
constraints by ¢; and c4), we have

-1 —1 —1
Vi =] 1 [ Ve =] o Veeh=| .

2

Therefore, the KKT conditions (12.30a)-(12.30e) are satisfied when we set

a=(3,100)".

INT)

SENSITIVITY

The convenience of using Lagrange multipliers should now be clear, but what of their
intuitive significance? The value of each Lagrange multiplier A} tells us something about
the sensitivity of the optimal objective value f(x*) to the presence of constraint ¢;. To put
it another way, A} indicates how hard f is “pushing” or “pulling” against the particular
constraint ¢;. We illustrate this point with a little analysis. When we choose an inactive
constraint i ¢ A(x*) such that ¢;(x*) > 0, the solution x* and function value f(x*) are
quite indifferent to whether this constraint is present or not. If we perturb ¢; by a tinyamount,
it will still be inactive and x* will still be a local solution of the optimization problem. Since
Af = 0 from (12.30e), the Lagrange multiplier indicates accurately that constraint i is not
significant.

Suppose instead that constraint i is active, and let us perturb the right-hand-side of this
constraint a little, requiring, say, that ¢;(x) > —¢||V¢; (x*)| instead of ¢;(x) > 0. Suppose
that € is sufficiently small that the perturbed solution x*(¢) still has the same set of active
constraints, and that the Lagrange multipliers are not much affected by the perturbation.
(These conditions can be made more rigorous with the help of strict complementarity and
second-order conditions, as discussed later in the chapter.) We then find that

—€|IVe; (x| = ci(x*(€)) — ci (x*) ~ (x*(e) — x*) Ve (x),
0=c;(x*(€)) — ¢;(x*) & (x*(€) — x*) Ve, (x*),

forall j € A(x*) with j #i.
The value of f(x*(¢€)), meanwhile, can be estimated with the help of (12.30a). We have

Fx*(€) = f(x*) ~ (x*(e) — x")TV f(x*)
= Z kjf(x*(e) —x*)Tch(x*)
JjeA(x*)
~ —€l[Vei (x™)|IA]
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By taking limits, we see that the family of solutions x*(¢) satisfies

de

A sensitivity analysis of this problem would conclude that if A} || Vc; (x*) || is large, then the
optimal value is sensitive to the placement of the ith constraint, while if this quantity is
small, the dependence is not too strong. If 1} is exactly zero for some active constraint, small
perturbations to ¢; in some directions will hardly affect the optimal objective value at all;
the change is zero, to first order.

This discussion motivates the definition below, which classifies constraints according
to whether or not their corresponding Lagrange multiplier is zero.

Definition 12.3.

Let x* be a solution of the problem (12.1), and suppose that the KKT conditions (12.30)
are satisfied. We say that an inequality constraint ¢; is strongly active or binding ifi € A(x*)
and XY > 0 for some Lagrange multiplier * satisfying (12.30). We say that c; is weakly active
ifi € A(x*) and A} = 0 for all A* satisfying (12.30).

Note that the analysis above is independent of scaling of the individual constraints. For
instance, we might change the formulation of the problem by replacing some active constraint
¢; by 10¢;. The new problem will actually be equivalent (that is, it has the same feasible set
and same solution), but the optimal multiplier A corresponding to ¢; will be replaced by
A} /10. However, since || V¢; (x*) || is replaced by 10]| V¢; (x*) ||, the product 1} || V; (x*) || does
not change. If, on the other hand, we replace the objective function f by 10 f, the multipliers
A7 in (12.30) all will need to be replaced by 10A}. Hence in (12.33) we see that the sensitivity
of f to perturbations has increased by a factor of 10, which is exactly what we would expect.

12.3 DERIVATION OF THE FIRST-ORDER CONDITIONS

Having studied some motivating examples, observed the characteristics of optimal and
nonoptimal points, and stated the KKT conditions, we now describe a complete proof of The-
orem 12.1. This analysis is not just of esoteric interest, but is rather the key to understanding
all constrained optimization algorithms.

FEASIBLE SEQUENCES

The first concept we introduce is that of a feasible sequence. Given a feasible point x*,
a sequence {zx}72, with z; € R" is a feasible sequence if the following properties hold:

(i) zx # x* forall k;

(i) limyoo z¢ = X%
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(iii) zy is feasible for all sufficiently large values of k.

For later reference, we denote the set of all possible feasible sequences approaching x by
7 (x).

We characterize a local solution of (12.1) as a point x at which all feasible sequences
have the property that f (zx) > f(x) for all k sufficiently large. We derive practical, verifiable
conditions under which this property holds. To do so we will make use of the concept of a
limiting direction of a feasible sequence.

Limiting directions of a feasible sequence are vectors d such that we have

— X
im T g (12.34)
weSa |lzp — x||

where S; is some subsequence of {z;}72,. In general, a feasible sequence has at least one
limiting direction and may have more than one. To see this, note that the sequence of vectors
defined by

= X
llzi — x|

lies on the surface of the unit sphere, which is a compact set, and thus there is at least one

limit point d. Moreover, all such points are limiting directions by the definition (12.34). If

we have some sequence {z;} with limiting direction d and corresponding subsequence Sy,

we can construct another feasible sequence {z;} such that

Zk—Xx
k=00 ||z — x|
(that is, with a unique limit point) by simply defining each z; to be an element from the

subsequence S.
We illustrate these concepts by revisiting Example 12.1

(J ExXAMPLE 12.5 (ExampLE 12.1, REVISITED)

Figure 12.9 shows a closeup of the problem (12.9), the equality-constrained problem
in which the feasible set is a circle of radius v/2, near the nonoptimal point x = (—«/5 ,0T.
The figure also shows a feasible sequence approaching x. This sequence could be defined
analytically by the formula

(12.35)

[T

—1/k
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feasible approach sequence  z,

-Vf ;

limiting direction d

Figure 12.9 Constraint normal, objective gradient, and feasible sequence for
problem (12.9).

The vector d = (0, —1) plotted in Figure 12.9 is a limiting direction of this feasible sequence.
Note that d is tangent to the feasible sequence at x but points in the opposite direction. The
objective function f(x) = x; + x, increases as we move along the sequence (12.35); in fact,
wehave f(zx+1) > f(zx)forallk = 2, 3, ... (see the exercises). It follows that f(z;) < f(x)
for k = 2, 3, .... Hence, x cannot be a solution of (12.9).

Another feasible sequence is one that approaches x* = (—+/2, 0) from the opposite
direction. Its elements are defined by

145

k=
1/k

It is easy to show that f decreases along this sequence and that its limiting direction is
d = (0,1)7. Other feasible sequences are obtained by combining elements from the two
sequences already discussed, for instance

(=2 —=1/k*1/k), when k is a multiple of 3,
% =
(—v/2—1/k?, —1/k), otherwise.

In general, feasible sequences of points approaching (—~/2, 0)” will have two limiting
directions, (0, 1)7 and (0, —1)7. .
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Figure 12.10

Feasible sequences converging to a
particular feasible point for the region
defined by x7 + x7 < 2.

We now consider feasible sequences and limiting directions for an example that involves
inequality constraints.

(J EXAMPLE 12.6 (ExampLE 12.2, REVISITED)

We now reconsider problem (12.17) in Example 12.2. The solution x* = (—1, —1)7
is the same as in the equality-constrained case, but there is a much more extensive collection
of feasible sequences that converge to any given feasible point (see Figure 12.10). From
the point x = (—+/2, 0)7, the various feasible sequences defined above for the equality-
constrained problem are still feasible for (12.17). There are also infinitely many feasible
sequences that converge to x = (—+/2, 0)7 along a straight line from the interior of the
circle. These are defined by

= (10" +1/kw, (12.36)

where w is any vector whose first component is positive (w; > 0). Now, z; is feasible in
(12.36), provided that ||zx|| < 1, that s,

(=14 wi/k)* + (wa/k)* <1,

a condition that is satisfied, provided that k > (2w;)/(w? + w3). In addition to these
straight-line feasible sequences, we can also define an infinite variety of sequences that
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approach (—+/2, 0) along a curve from the interior of the circle or that make the approach
in a seemingly random fashion. O

Given a point x, if it is possible to choose a feasible sequence from 7 (x) such that the
first-order approximation to the objective function actually increases monotonically along
the sequence, then x must not be optimal. This condition is the fundamental first-order
necessary condition, and we state it formally in the following theorem.

Theorem 12.2.
If x* is a local solution of (12.1), then all feasible sequences {z;} in T (x*) must satisfy

Vix)Td > o, (12.37)
where d is any limiting direction of the feasible sequence.

PROOF.  Suppose that there is a feasible sequence {z;} with the property V f(x*)Td < 0,
for some limiting direction d, and let S; be the subsequence of {z;} that approaches x*. By
Taylor’s theorem (Theorem 2.1), we have for any z; € S, that

flz) = fF(xX*) + (@ —x)VEE") +ollze — x*|)
= f(x*) + llzx —x*Nd"V £ () + o[z — x*]).

Since d”V f(x*) < 0, we have that the remainder term is eventually dominated by the
first-order term, that is,

fze) < fF(xX")+ %sz — x*|d"V f(x*), forall k sufficiently large.

Hence, given any open neighborhood of x*, we can choose k sufficiently large that z; lies
within this neighborhood and has a lower value of the objective f. Therefore, x* is not a
local solution. O

This theorem tells us why we can ignore constraints that are strictly inactive (that
is, constraints for which ¢;(x) > 0) in formulating optimality conditions. The theorem
does not use the whole range of properties of the feasible sequence, but rather one specific
property: the limiting directions of {z; }. Because of the way in which the limiting directions
are defined, it is clear that only the asymptotic behavior of the sequence is relevant, that is,
its behavior for large values of the index k. If some constraint i € Z is inactive at x, then
we have ¢;(zx) > 0 for all k sufficiently large, so that a constraint that is inactive at x is also
inactive at all sufficiently advanced elements of the feasible sequence {z;}.
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CHARACTERIZING LIMITING DIRECTIONS: CONSTRAINT QUALIFICATIONS

Theorem 12.2 is quite general, but it is not very useful as stated, because it seems to
require knowledge of all possible limiting directions for all feasible sequences 7 (x*). In this
section we show that constraint qualifications allow us to characterize the salient properties
of 7' (x*), and therefore make the condition (12.37) easier to verify.

One frequently used constraint qualification is the linear independence constrained
qualification (LICQ) given in Definition 12.1. The following lemma shows that when LICQ
holds, there is a neat way to characterize the set of all possible limiting directions d in terms
of the gradients V¢, (x*) of the active constraints at x*.

In subsequent results we introduce the notation A to represent the matrix whose rows
are the active constraint gradients at the optimal point, that is,

Vi =Vei(x®), AT = [V icanws, VfF=VfE"), (12.38)
where the active set A(x*) is defined as in (12.29).

Lemma 12.3.
The following two statements are true.

(i) Ifd € R" is a limiting direction of a feasible sequence, then
d'Ver =0, forallie&, d'Ver>0, foralli e Ax*)NZT. (12.39)

(i) If (12.39) holds with ||d|| = 1 and the LICQ condition is satisfied, then d € R" is a
limiting direction of some feasible sequence.

ProOF.  Without loss of generality, let us assume that all the constraints ¢;(-), i =
1,2,...,m, are active. (We can arrive at this convenient ordering by simply dropping all
inactive constraints—which are irrelevant in some neighborhood of x*—and renumbering
the active constraints that remain.)

To prove (i), let {zx} € 7 (x*) be some feasible sequence for which d is a limiting
direction, and assume (by taking a subsequence if necessary) that

Tk — x*
koo flze — x7|

From this definition, we have that

2k =x"+ llzk — x*lld + o(llzx — x*[1).
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By taking i € £ and using Taylor’s theorem, we have that

= e = )

1

= ——— [a (™) + llzxe = x*IVe] d + o[z — x*|)]
llzx — x*|
o(||lzx — x*
_gera g s =D
lze — x*|l

By taking the limit as k — o0, the last term in this expression vanishes, and we have
Vcl.T d = 0, as required. For the active inequality constraints i € A(x*) N Z, we have
similarly that

= —*Ci (Zk)
o =1
= ——— [a(e) + = ¥ IVel d + oz — x71)]
o =71
— ¥
_ yerg 4 Mz XD

llzx — x*|l

Hence, by a similar limiting argument, we have that V¢! d > 0, as required.

For (ii), we use the implicit function theorem (see the Appendix or Lang [147, p. 131]
for a statement of this result). First, since the LICQ holds, we have from Definition 12.1 that
the m x n matrix A of active constraint gradients has full row rank m. Let Z be a matrix
whose columns are a basis for the null space of A; that is,

Z € RV<U=m). Z has full column rank, AZ =0. (12.40)

Let d have the properties (12.39), and suppose that {#}72 , is any sequence of positive scalars
such limy_, o0 #x = 0. Define the parametrized system of equations R : R* x R — R" by

R(z,t) = clz) —t4d _|° (12.41)
U ZT@—xr—td) | | 0 | '

We claim that for each t = #;, the solutions z = z; of this system for small > 0 give a
feasible sequence that approaches x*.

Clearly, for t = 0, the solution of (12.41) is z = x*, and the Jacobian of R at this point
is

. A
VRGN0 =1 (12.42)
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which is nonsingular by construction of Z. Hence, according to the implicit function the-
orem, the system (12.41) has a unique solution z; for all values of # sufficiently small.
Moreover, we have from (12.41) and (12.39) that

i€€=ci(z)=4uVeld=0, (12.43a)
ic A )NT = ci(z) = (Veld >0, (12.43b)

so that z; is indeed feasible. Also, for any positive valuet = 7 > 0, we cannot have z(¢) = x*,
since otherwise by substituting (z, #) = (x*, 7) into (12.41), we obtain

c(x*) —tAd |0
—zZTid)y | | o |

Since c(x*) = 0 (we have assumed that all constraints are active) and 7 > 0, we have from
the full rank of the matrix in (12.42) that d = 0, which contradicts ||d|| = 1. It follows that
zx = z(ty) # x* for all k.

It remains to show that d is alimiting direction of {z; }. Using the fact that R(zy, #;) = 0
for all k together with Taylor’s theorem, we find that

[ c(z) — nAd
0= R(zx, &) = r .
L VA (Zk — X —l‘kd)

[ Az — x*) 4 o(llzx — x*[1) — 0 Ad
ZT(Zk —x* = tkd)
A

=| ](zk —x* — ) + o}z — x*|).

By dividing this expression by ||z — x*| and using nonsingularity of the coefficient matrix
in the first term, we obtain

*

Ik Zk— X

lim dy — ———d =0, wheredy = ——. (12.44)
k=00 llzk — x*|l llzk — x*|l
Since ||d|| = 1 for all k and since ||d|| = 1, we must have
1,
£ (12.45)

im ——~ =
k=oo Iz — x*||

(We leave the simple proof by contradiction of this statement as an exercise.) Hence, from
(12.44), we have limy_, o, di = d, as required. O

The set of directions defined by (12.39) plays a central role in the optimality conditions,
so for future reference we give this set a name and define it formally.
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Definition 12.4.
Given a point x* and the active constraint set A(x*) defined by (12.29), the set F; is
defined by

dTch =0, foralli €€,

Fi=1{ad } o >0, r
d'Vei >0, foralli e AX*)NT

Note that F} is a cone. In fact, when a constraint qualification is satisfied, F is the tangent
cone to the feasible set at x*. (See Section 12.6 and the definition (A.1) in the Appendix.)

INTRODUCING LAGRANGE MULTIPLIERS

Lemma 12.3 tells us that when the LICQ holds, the cone F; is simply the set of all
positive multiples of all limiting directions of all possible feasible sequences. Therefore, the
condition (12.37) of Theorem 12.2 holds if V f(x*)"d < 0 for alld € F;. This condition,
too, would appear to be impossible to check, since the set F contains infinitely many vectors
in general. The next lemma gives an alternative, practical way to check this condition that
makes use of the Lagrange multipliers, the variables A; that were introduced in the definition
(12.28) of the Lagrangian L.

Lemma 12.4.
There is no direction d € F for which d”V f* < 0 if and only if there exists a vector
A € R™ with

Vit= ) mVe=AGDA, 2 =0 fori e A NI (12.46)
ieA(x*)

PrROOF.  If we define the cone N by

N={s|s= Y nVe. x=0forieAx*)NT¢, (12.47)
ieA(x*)

then the condition (12.46) is equivalent to V f* € N. We note first that the set N is closed—a
fact that is intuitively clear but nontrivial to prove rigorously. (An intriguing proof of this
claim appears in the Notes and References at the end of this chapter.)

We prove the forward implication by supposing that (12.46) holds and choosing d to
be any vector satisfying (12.39). We then have that

ATV =YV + Y M@V,

icE ieAx)NT

The first summation is zero because dTVc;‘ = 0 for i € &, while the second term is
nonnegative because A; > 0 and d” V¢ > 0 fori € A(x*) NZ.Henced” V f* > 0.
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For the reverse implication, we show that if V f* does not satisfy (12.46) (that is,
V f* ¢ N), then we can find a vector d for which d” V f* < 0 and (12.39) holds.

Let § be the vector in N that is closest to V f*. Because N is closed, § is well-defined.
In fact, § solves the constrained optimization problem

min ||s — Vf*||3 subjecttos € N. (12.48)

Since § € N, we also have t§ € N for all scalars # > 0. Since ||£§ — V f*||% is minimized at
t = 1, we have

%Iltﬁ -V =0= (<28 V T+ 2575)|

=1

= =0

=55 —-Vf)=o0. (12.49)

Now, let s be any other vector in N. Since N is convex (check!), we have by the minimizing
property of § that

I5+6(s—8) = V5= 15— Vf*I; foralld € [0, 1],
and hence
20(s —5)T (5 — Vf*) +6%|s —5)3 > 0.

By dividing this expression by # and taking the limitas6 |, 0, we have (s —§)7 (§—V f*) > 0.
Therefore, because of (12.49),

sT(§—Vf*)>0, forallseN. (12.50)
We claim now that the vector
d=5—Vf*

satisfies both (12.39) and d” V f* < 0. Note that d # 0 because V f* does not belong to the
cone N. We have from (12.49) that

AV =d"—-d) =G -V )T§—d"d =—|d|} <0,

so that d satisfies the descent property.
By making appropriate choices of coefficients A;,i = 1, 2, ..., m, it is easy to see that

ieE=>VcefeN and —VcfeN;
i€ Ax*)NZ = Vcf e N.
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Hence, from (12.50), we have by substituting d = § — V f* and the particular choices
s = Vciand s = —Vc] that

i€ef£=d"Ver>0 and —d'Ve>0=d'Vcl =0;
ice Ax*)NT =d" Ve > 0.

Therefore, d also satisfies (12.39), so the reverse implication is proved. O

PROOF OF THEOREM 12.1

Lemmas 12.3 and 12.4 can be combined to give the KKT conditions described in
Theorem 12.1. Suppose that x* € R" is a feasible point at which the LICQ holds. The
theorem claims that if x* is a local solution for (12.1), then there is a vector A* € R™ that
satisfies the conditions (12.30).

We show first that there are multipliers A;, i € A(x*), such that (12.46) is satisfied.
Theorem 12.2 tells us that d” V f* > 0 for all vectors d that are limiting directions of feasible
sequences. From Lemma 12.3, we know that when LICQ holds, the set of all possible limiting
directions is exactly the set of vectors that satisfy the conditions (12.39). By putting these
two statements together, we find that all directions d that satisfy (12.39) must also have
dTV f* > 0. Hence, from Lemma 12.4, we have that there is a vector A for which (12.46)
holds, as claimed.

We now define the vector A* by

)"i ) i€ A(-X*)7
AF = . (12.51)
0, otherwise,

and show that this choice of 1*, together with our local solution x*, satisfies the conditions
(12.30). We check these conditions in turn.

e The condition (12.30a) follows immediately from (12.46) and the definitions (12.28)
of the Lagrangian function and (12.51) of A*.

e Since x* is feasible, the conditions (12.30b) and (12.30c) are satisfied.

e We have from (12.46) that ¥ > 0 fori € A(x*) N Z, while from (12.51), A} = 0 for
i € I\ A(x*). Hence, Af > 0 for i € Z, so that (12.30d) holds.

e We have fori € A(x*) NZ that ¢;(x*) = 0, while for i € Z\ A(x*), we have A} = 0.
Hence Af¢c;(x*) = 0 for i € Z, so that (12.30e) is satisfied as well.

This completes the proof.
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12.4 SECOND-ORDER CONDITIONS

So far, we have described the first-order conditions—the KKT conditions—which tell us
how the first derivatives of f and the active constraints ¢; are related at x*. When these
conditions are satisfied, a move along any vector w from F; either increases the first-order
approximation to the objective function (that is, w” V f(x*) > 0), or else keeps this value
the same (that is, w” V f(x*) = 0).

What implications does optimality have for the second derivatives of f and the con-
straints ¢;? We see in this section that these derivatives play a “tiebreaking” role. For the
directions w € F; for which w’V f(x*) = 0, we cannot determine from first derivative
information alone whether a move along this direction will increase or decrease the objec-
tive function f. Second-order conditions examine the second derivative terms in the Taylor
series expansions of f and c;, to see whether this extra information resolves the issue of
increase or decrease in f. Essentially, the second-order conditions concern the curvature of
the Lagrangian function in the “undecided” directions—the directions w € F; for which
wIV f(x*) =0.

Since we are discussing second derivatives, stronger smoothness assumptions are
needed here than in the previous sections. For the purpose of this section, f and¢;,i € EUTZ,
are all assumed to be twice continuously differentiable.

Given Fj from Definition 12.4 and some Lagrange multiplier vector A* satisfying the
KKT conditions (12.30), we define a subset F,(A*) of F; by

(A" ={we F | Ve (x*)Tw =0,alli € A(x*) N T with Af > 0}
Equivalently,

Ve,(x)Tw =0, forallieé&,
we KLY & Ve (x*)Tw =0, foralli e A(x*)NZ with A >0, (12.52)
Vei(x)Tw >0, foralli e A(x*)NZ with Af=0.

The subset F,(A*) contains the directions w that tend to “adhere” to the active inequality
constraints for which the Lagrange multiplier component A is positive, as well as to the
equality constraints. From the definition (12.52) and the fact that A} = 0 for all inactive
components i € Z\A(x*), it follows immediately that

we LA = )LfVci(x*)Tw =0 foralli e EUT. (12.53)

Hence, from the first KKT condition (12.30a) and the definition (12.28) of the Lagrangian
function, we have that

we M) = w'Vix®) = Z )L;‘wTVci(x*) =0. (12.54)
ieEUT
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Hence the set F>(A*) contains directions from F; for which it is not clear from first derivative
information alone whether f will increase or decrease.

The first theorem defines a necessary condition involving the second derivatives: If x*
is a local solution, then the curvature of the Lagrangian along directions in F>(1*) must be
nonnegative.

Theorem 12.5 (Second-Order Necessary Conditions).

Suppose that x* is a local solution of (12.1) and that the LICQ condition is satisfied. Let
A* be a Lagrange multiplier vector such that the KKT conditions (12.30) are satisfied, and let
F>(A*) be defined as above. Then

wIV LOx*, A )w >0, forallw e F(A*). (12.55)

PrOOF.  Since x* is a local solution, all feasible sequences {z;} approaching x* must have
f(zi) = f(x*)forall k sufficiently large. Our approach in this proofis to construct a feasible
sequence whose limiting direction is w/||w|| and show that the property f(zx) > f(x*)
implies that (12.55) holds.

Since w € F,(A*) C F}, we can use the technique in the proof of Lemma 12.3 to
construct a feasible sequence {z;} such that

Zr —x* w
m — = —
koo lzg —x*[| flwll

In particular, we have from formula (12.43) that

ei(z) = ”t—"”vC,»(x*)Tw, foralli € A(x*), (12.56)
w

where {#;} is some sequence of positive scalars decreasing to zero. Moreover, we have from
(12.45) that

lze — x| = tx + o(tx) (12.57)

(this is an alternative way of stating the limit lim; . #/llzx — x*|| = 1), and so by
substitution into (12.44), we obtain

1
%= xF = ——w+oln). (12.58)
lwl|

From (12.28), (12.30), and (12.56), we have as in (12.31) that

Lz, M) = flz) — Y Meilz)

iefUT
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= ) - == 3 Ve w
Tl 4.,
= f(zx), (12.59)

where the last equality follows from the critical property (12.53). On the other hand, we can
perform a Taylor series expansion to obtain an estimate of £(zx, A*) near x*. By using the
Taylor’s theorem expression (2.6) and continuity of the Hessians V2 f and V¢;,i € EUT,
we obtain

Lz, M) = L) + (2 — x) TV L(x%, AF) (12.60)
+ 2z — ) Ve LF, M) (2 — x°) + o(llze — x*17).

By the complementarity conditions (12.30e) the first term on the right-hand-side of this
expression is equal to f(x*). From (12.30a), the second term is zero. Hence we can rewrite
(12.60) as

Lz M) = () + 3z — ) Ve L6 M) (i — x*) + oz — x*1). (12.61)

By using (12.57) and (12.58), we have for the second-order term and the remainder term
that

$zk — x) Ve L%, A%) (2 — x*) + oz — x* (1)
= 1@t /wl)’w’ Vi L™, M) w + o(2).
Hence, by substituting this expression together with (12.59) into (12.61), we obtain

f(z) = FE) + 30/ Iwl)Pw! Vi L6, A)w + o(e). (12.62)

Ifw! V. L(x*, A*)w < 0, then (12.62) would imply that f(z;) < f(x*) forall k sufficiently
large, contradicting the fact that x* is a local solution. Hence, the condition (12.55) must
hold, as claimed. O

Sufficient conditions are conditions on f and ¢;, i € £ UZ, that ensure that x* is a
local solution of the problem (12.1). (They take the opposite tack to necessary conditions,
which assume that x* is a local solution and deduce properties of f and ¢;.) The second-
order sufficient condition stated in the next theorem looks very much like the necessary
condition just discussed, but it differs in that the constraint qualification is not required,
and the inequality in (12.55) is replaced by a strict inequality.
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Theorem 12.6 (Second-Order Sufficient Conditions).
Suppose that for some feasible point x* € R" there is a Lagrange multiplier vector .*
such that the KKT conditions (12.30) are satisfied. Suppose also that

wI Ve L(x*, A)w > 0, forallw € F(A*), w # 0. (12.63)
Then x* is a strict local solution for (12.1).

ProoF.  The result is proved if we can show that for any feasible sequence {z;} approaching
x*, we have that f(zz) > f(x*) for all k sufficiently large.

Given any feasible sequence, we have from Lemma 12.3(i) and Definition 12.4 that
all its limiting directions d satisfy d € F). Choose a particular limiting direction d whose
associated subsequence S; satisfies (12.34). In other words, we have for all k € S, that

2 —x" = |lzg —x*d + o(llzx — x™ ). (12.64)
From (12.28), we have that

Lz, M) = flz) = Y ez < fla), (12.65)

icA(x*)

while the Taylor series approximation (12.61) from the proof of Theorem 12.5 continues to
hold.

We know that d € Fj, but suppose first that it is not in F,(1*). We can then identify
some index j € A(x*) N Z such that the strict positivity condition

Ve (x*)'d > 0 (12.66)
is satisfied, while for the remaining indices i € A(x*), we have
AV x"Td > 0.

From Taylor’s theorem and (12.64), we have for all k € S; and for this particular value of j
that

Miej(zx) = Mej (%) + A3Ve; () (2 — x*) + oz — x*1I)

= llz = x*|125Ve; (1) d + o(llzx — x*|)).
Hence, from (12.65), we have for k € S, that

Lz M) = flz) — Y Meilz)

ieA(x*)
< fz) = Nz — XA Ve; () d + ollzx — x*|)). (12.67)
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From the Taylor series estimate (12.61), we have meanwhile that
Lz, 1) = f(x*) + Ollzx — x*[1%),
and by combining with (12.67), we obtain
f(@) = ) + llzx = 125V ()T d + oz — x*).

Therefore, because of (12.66), we have f(z;) > f(x*) forall k € S, sufficiently large.
For the other case of d € F,(\*), we use (12.64), (12.65), and (12.61) to write

flz) = f(x*) + %(Zk — )V L%, M) (zk — x%) + o(llze — x*)1?)

1
=S lla— X*PdTV o L%, A5 + o(llzx — x¥I1).

Because of (12.63), we again have f(z;) > f(x*) forall k € S, sufficiently large.

Since this reasoning applies to all limiting directions of {z;}, and since each element
i of the sequence can be assigned to one of the subsequences S, that converge to one of
these limiting directions, we conclude that f(z;) > f(x*) for all k sufficiently large. O

J EXAMPLE 12.7 (ExampLE 12.2, ONE MORE TIME)

We now return to Example 12.2 to check the second-order conditions for problem
(12.17). In this problem we have f(x) = x; + x5, ¢1(x) =2 —x? —x3,€ = #,and Z = {1}.
The Lagrangian is

L(x,A) = (x1 +x3) — 02 —xF —x2),

and it is easy to show that the KKT conditions (12.30) are satisfied by x* = (—1, —1)7, with
At = 1. The Lagrangian Hessian at this point is

230 10
Ve L™, A7) = = .
0 0 1

This matrix is positive definite, that is, it satisfies w’ V., £(x*, A*)w > 0 for allw # 0, so
it certainly satisfies the conditions of Theorem 12.6. We conclude that x* = (—1, —1)7 is a
strict local solution for (12.17). (In fact, it is the global solution of this problem, since, as we
note in a later section, this problem is a convex programming problem.) O
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(J EXAMPLE 12.8

For an example in which the issues are more complex, consider the problem
min —0.1(x; — 4)> + x% s.t. xlz + x22 —1>0, (12.68)

in which we seek to minimize a nonconvex function over the exterior of the unit circle.
Obviously, the objective function is not bounded below on the feasible region, since we can
take the feasible sequence

10 20 30 40

0o | o | o | 0o |
and note that f(x) approaches —oo along this sequence. Therefore, no global solution exists,
but it may still be possible to identify a strict local solution on the boundary of the constraint.
We search for such a solution by using the KKT conditions (12.30) and the second-order

conditions of Theorem 12.6.
By defining the Lagrangian for (12.68) in the usual way, it is easy to verify that

—0.2()C1 — 4) — 2)\.)61
V. L(x,A) = , (12.69a)
2x2 — 2)\)62
—0.2 —2X 0
Vi L£(x, 1) = (12.69b)
0 2 —2A

The point x* = (1,0)” satisfies the KKT conditions with ¥ = 0.3 and the active set
A(x*) = {1}. To check that the second-order sufficient conditions are satisfied at this point,

we note that
Ver(x™) ’
a(x®) = ,
! 0

so that the space F, defined in (12.52) is simply
F(V) = {(w]w =0} = {(0, w)" |w; € R}.

Now, by substituting x* and 1* into (12.69b), we have for any w € F, with w # 0 that

T
, 0 —04 0 0 ,
w Vo Lx™, 2w = = l.4w; > 0.
wy 0 1.4 wy
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Hence, the second-order sufficient conditions are satisfied, and we conclude from
Theorem 12.6 that (1, 0) is a strict local solution for (12.68). O

SECOND-ORDER CONDITIONS AND PROJECTED HESSIANS

The second-order conditions are sometimes stated in a form that is weaker but easier
to verify than (12.55) and (12.63). This form uses a two-sided projection of the Lagrangian
Hessian V, L(x*, 1*) onto subspaces that are related to F,(1*).

The simplest case is obtained when the multiplier A* that satisfies the KKT conditions
(12.30) is unique (as happens, for example, when the LICQ condition holds) and strict
complementarity holds. In this case, the definition (12.52) of F,(1*) reduces to

F,(A*) = Null [Vc[(x*)T] )= Null A,

icA(x*
where A is defined as in (12.38). In other words, F,(1*) is the null space of the matrix whose
rows are the active constraint gradients at x*. As in (12.40), we can define the matrix Z
with full column rank whose columns span the space F,(1*). Any vector w € F,(A*) can
be written as w = Zu for some vector u, and conversely, we have that Zu € F,(A*) for all
u. Hence, the condition (12.55) in Theorem 12.5 can be restated as

ul 2TV L(x*, M) Zu > 0 forall u,
or, more succinctly,
ZT'V,L(x*,A*)Z is positive semidefinite.
Similarly, the condition (12.63) in Theorem 12.6 can be restated as
Z'V, L(x*, A*)Z is positive definite.

We see at the end of this section that Z can be computed numerically, so that the positive
(semi)definiteness conditions can actually be checked by forming these matrices and finding
their eigenvalues.

When the optimal multiplier A* is unique but the strict complementarity condition is
not satisfied, F>(A*) is no longer a subspace. Instead, it is an intersection of planes (defined
by the first two conditions in (12.52)) and half-spaces (defined by the third condition in
(12.52)). We can still, however, define two subspaces F, and F , that “bound” F, above and
below, in the sense that F, is the smallest-dimensional subspace that contains F,()*), while
F, is the largest-dimensional subspace contained in F,(1*). To be precise, we have

F,={d € F\|Ve;(x*)Td = 0,alli € A(x*)},
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Fy={d e F|Ve;(x*)Td = 0,alli € A(x*) withi € £ or A > 0},
so that
F, C F,(A\*) C F,. (12.70)

As in the previous case, we can construct matrices Z and Z whose columns span the
subspaces F, and F, respectively. If the condition (12.55) of Theorem 12.5 holds, we can
be sure that

w! Vo LK, A )w >0, forallw e F,,

because F, C F,(1*). Therefore, an immediate consequence of (12.55) is that the matrix
ZTV. L(x*, A*)Z is positive semidefinite.

Analogously, we have from F,(A*) C F, that condition (12.63) is implied by the
condition

WiV LOx* A)w >0, foralw e F,.

Hence, given that the A* satisfying the KKT conditions is unique, a sufficient condition
for (12.63) is that the matrix A Ve L(x*, A*)Z be positive definite. Again, this condition
provides a practical way to check the second-order sufficient condition.

The matrices Z7 V. £(x*, A*)Z and 7TV”£(x*, A*)Z are sometimes called two-
sided projected Hessian matrices, or simply projected Hessians for short.

One way to compute the matrix Z (and its counterparts Z and Z) is to apply a QR
factorization to the matrix of active constraint gradients whose null space we seek. In the
simplest case above (in which the multiplier A* is unique and strictly complementary), we
define A as in (12.38) and write the QR factorization of AT as

R R
AT=Q[ }=[Q1 QZ][O}QIR, (12.71)

0

where R isa square upper triangular matrix, and Q isn x n orthogonal. If R is nonsingular, we
can set Z = Q. If R is singular (indicating that the active constraint gradients are linearly
dependent), a slight enhancement of this procedure that makes use of column pivoting
during the QR procedure can be used to identify Z. For more details, see Section 15.2.

CONVEX PROGRAMS

Convex programming problems are constrained optimization problems in which the
objective function f is a convex function and the feasible set 2 defined by (12.2) is a convex
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set. As for unconstrained optimization (see Chapter 2), the convex case is special—all local
solutions are also global solutions, and the set of global minima is itself convex. (The proof
of these statements is similar to the proof of Theorem 2.5 and is left as an exercise.) Convex
programming problems often can be recognized by the algebraic properties of the constraint
functions c¢;, as we see in the following theorem.

Theorem 12.7.
A sufficient condition for the feasible region Q defined by the constraints in (12.1) to be
convex is that the functions c; be linear fori € £ and that —c; be convex functions fori € I.

PROOF.  Let x¢ and x; be two feasible points, that is,

ci(xo) =ci(x1) =0, ieg,

ci(xg) =0, «¢i(x)=>0, iel,

and define x; = (1 — 7)xo + tx; for any v € [0, 1]. To prove the theorem, it is sufficient to
show that x; is feasible. By linearity of the equality constraints, we have

ci(xr) = (1 —1)ci(xo) +7ci(x1) =0, €€,
so x. satisfies the equality constraints. By convexity of —c; fori € I, we have
—¢i(xe) = (1 = 1)(—=¢i(x)) + 7(—ci(x1)) =0, i€,
s0 X, also satisfies the inequality constraints. Hence x; € Q. O
It follows from Theorem 12.7 that linear programming is a special case of convex
programming.

Of our examples in this chapter, Examples 12.2, 12.3, and 12.4 were all convex
programs, while Example 12.1 was not, because its feasible region was not convex.

12.5 OTHER CONSTRAINT QUALIFICATIONS

We now reconsider the constraint qualification, the “extra” assumption that is needed to
make necessary conditions of the KKT conditions of Theorem 12.1. In general, constraint
qualifications allow us to show that the set F; of Definition 12.4 is identical to the set of
multiples of limiting feasible directions. (The LICQ of Definition 12.1 was used in this way
in the proof of Lemma 12.3, for instance.) To put it another way, a constraint qualification is
a condition that ensures that the linear approximation F; to the feasible region at x* captures
the essential geometric features of the true feasible set in some neighborhood of x*.
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This point is perhaps best illustrated by an example in which F; contains directions
that are obviously infeasible with respect to the actual constraint set. Consider the feasible
region defined by

X3 < x5, x>0, (12.72)

as illustrated in Figure 12.11. Supposing that x* = (0, 0), so that both constraints are active,
we have from Definition 12.4 that

Fr={d| —d,=0, d,>=0}={d|d,=0}.

This set includes the direction (—1, 0), which points along the negative direction of the
horizontal axis and is clearly not a limiting direction for any feasible sequence. In fact, the
only possible limiting direction for this constraint set at x* = (0, 0) is the vector (1, 0).
We conclude that the linear approximation to the feasible set at (0, 0) fails to capture the
geometry of the true feasible set, so constraint qualifications do not hold in this case.

One situation in which the linear approximation Fj is obviously an adequate repre-
sentation of the actual feasible set occurs when all the active constraints are already linear!
It is not difficult to prove a version of Lemma 12.3 for this situation.

Lemma 12.8.
Suppose that all active constraints ¢;(-), i € A(x*), are linear functions. Then the vector
w € R" belongs to Fy if and only if w/||w|| is a limiting direction of some feasible sequence.

)
Y

Figure 12.11 Failure of constraint qualifications at (0, 0) for the feasible region
defined by (12.72).
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PrROOF.  The reverse implication holds, because Lemma 12.3 shows that all multiples of
limiting directions of feasible sequences belong to F;.

To prove the forward implication, we choose w € F; arbitrarily and construct a feasible
sequence for which w/||w|| is a limiting direction. First note that we can choose a positive
scalar T such that

ci(x*+tw) >0, foralli e Z\A(x*)andallr € [0, T],

that is, the inactive constraints stay inactive at least for short steps along w. Now define the
sequence zx by

u=x*+(T/k)yw, k=1,2,....

Sinceal w > 0 foralli € T U A(x*), we have

i

T
ci(zi) = ci(z) — ai(x*) = af (g —x*) = zaiTw >0, foralli e ZN A(x*),

so that zy is feasible with respect to the active inequality constraints ¢;, i € ZN.A(x*). By the
choice of T', we find that z; is also feasible with respect to the inactive inequality constraints
i € T\ A(x*), and it is easy to show that ¢;(z;) = 0 for the equality constraintsi € £. Hence,

Zx 1s feasible for each k = 1, 2, . . .. In addition, we have that
Zr —x* B (T/k)w _w
lze —x*I  (T/)wll  fwl|’

so that indeed the direction w/||w]| is the limiting feasible direction of the sequence
{z}. O

We conclude from this result that the condition that all active constraints be linear is
another possible constraint qualification. It is neither weaker nor stronger than the LICQ
condition, that is, there are situations in which one condition is satisfied but not the other
(see the exercises).

Another useful generalization of the LICQ is the Mangasarian—Fromovitz constraint
qualification (MFCQ), which we define formally as follows.

Definition 12.5 (MFCQ).

Given the point x* and the active set A(x*) defined by (12.29), we say that the
Mangasarian—Fromovitz constraint qualification (MFCQ) holds if there exists a vector
w € R” such that

Vei(x)Tw >0, forallie Ax*)NZ,
Vei(x)Tw =0, forallieé&,
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and the set of equality constraint gradients {Vc;(x*), i € &} is linearly independent.

Note the strict inequality involving the active inequality constraints.
The MFCQ is a weaker condition than LICQ. If LICQ is satisfied, then the system of
equalities defined by

Ve, (x)Tw=1, foralie Ax*)N7Z,
Vei(x)Tw =0, forallieé&,

has a solution w, by full rank of the active constraint gradients. Hence, we can choose the
w of Definition 12.5 to be precisely this vector. On the other hand, it is easy to construct
examples in which the MFCQ is satisfied but the LICQ is not; see the exercises.

It is possible to prove a version of the first-order necessary condition result, Theo-
rem 12.1, in which MFCQ replaces LICQ in the assumptions. MFCQ has the particularly
nice property that it is equivalent to boundedness of the set of Lagrange multiplier vectors
A* for which the KKT conditions (12.30) are satisfied. (In the case of LICQ, this set consists
of a unique vector A*, and so is trivially bounded.)

Note that constraint qualifications are sufficient conditionsfor the linear approximation
to be adequate, not necessary conditions. For instance, consider the set defined by x, > —xf
and x, < xf and the feasible point x* = (0, 0). None of the constraint qualifications we have
discussed are satisfied, but the linear approximation F; = {w | w, = 0} accurately reflects
the geometry of the feasible set near x*.

12.6 A GEOMETRIC VIEWPOINT

Finally, we mention an alternative first-order optimality condition that depends only on the
geometry of the feasible set €2 and not on its particular algebraic description in terms of the
functions ¢;, i € £ U Z. In geometric terms, our problem (12.1) can be stated as

min f(x) subjecttox € Q, (12.73)

where 2 is the feasible set defined by the conditions (12.2).

The tools we need to state this condition are discussed in the Appendix; see in particular
the Definition A.1 for the tangent cone To(x*) and formula (A.22), which defines the normal
cone No(x*).

The first-order necessary condition for (12.73) is delightfully simple.

Theorem 12.9.
Suppose that x* is a local minimizer of f in Q. Then

— Vf(x*) € No(x*). (12.74)

353



354 CHAPTER 12. THEORY OF CONSTRAINED OPTIMIZATION

PrOOF. Givenanyd € Tq(x*), we have from Definition A.1 that for any decreasing positive
sequence ¢; | 0, there is a sequence of vectors d; such that

x*+1tdi€eQ, d;—d. (12.75)
(We simply take x; = x™ in Definition A.1.) Since x* is a local solution, we must have
f&*+1d;) = f(x™)

forall j sufficiently large. Hence, since f is continuously differentiable, we have from Taylor’s
theorem (2.4) that

l‘ij(X*)de + O(tj) > 0.
By taking the limits of this inequality as j — 0o, we have
VFx*)Td > o.

Recall that d was an arbitrary member of To(x*), so we have —V f(x*)Td < 0 for all
d € Tq(x™). We conclude from (A.22) that —V f(x*) € No(x™). O

This result, together with some observations we made earlier in this chapter, suggests
that there is a close relationship between Ng(x*) and the convex combination of active
constraint gradients given by (12.47). When the linear independence constraint qualification
holds, we can prove this result formally by using an argument based on the implicit function
theorem.

Lemma 12.10.

Suppose that the LICQ assumption (Definition 12.1) holds at x*. Then the tangent cone
To(x*) is identical to Fy from Definition 12.4, while the normal cone No(x*) is simply —N,
where N is the set defined in (12.47).

PROOF.  Suppose that d € Tq(x*). Then by Definition A.1, we have for any positive de-
creasing sequence f; | 0 that there is a sequence {d;} with the property (12.75). In
particular,

ci(x*+tjdj)=0, i€eg, ci(x*+tjdj)20, lEA(X*)mI

Fori € &, we have by Taylor’s theorem that

0= c,-(x*) +tjadej +0(tj) = tjadej +0(tj).
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By taking the limit as j — 00, we obtain a/d = 0. Similarly, we obtain a/d > 0 for
i e A(x*)NZ.Henced € F,.

For the converse, choose d € F) and let x; and ¢; be given sequences as in Defini-
tion A.1. For simplicity, we assume as in Lemma 12.3 that all constraints ¢;,i = 1,2, ..., m,
are active at the solution. Similarly to (12.41), and using the notation

A" = [Vai()iciaom  A*= A", A; = Alx)),

we construct the following parametrized system of equations:

o c(z) —clxj) —tA;d |0
R(z,z,x,)_[ 27— %, — 1d) ]_[ 0 ] (12.76)

Clearly, the solution for ¢ = 01is z(0) = x;. Further, we have

Aj
V.R(z,1:x))|,_y = ot

which is nonsingular for j sufficiently large, since A(x;) — A(x*), so the solution z(¢) of
(12.76) is well-defined for all values of 7 sufficiently small. Moreover, from Definition 12.4,
we have for such solutions z that

ci(z(t)) = c(xj) +tA;d =0 fori € &;
ci(z(t)) =c(x;)+tA;jd >0 fori e ANTZ,

so that z(¢) is feasible with respect to the constraints in (12.2).
We now define

_ Z(lj) —Xj

d;
J tj

Sincex;+t;d; = z(tj) € Q,thesequence {d,} satisfies one of the properties of Definition A.1.
To verify the other property, we rearrange (12.76) to obtain

z j Z(tj)—xj‘
Aj 1
:|: 7T i|dj+[_J-0(”C(Z(tj))_C(xj)_tjAjdj“)-

By using Taylor’s theorem, we have that

c(z(t)) —c(xj) = Aj(z(t;) — x;) + o(llz(t;) — x;1I)
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= A"(z(t)) —x;) + (A; — A")(z(t;) — x;) + o(llz(t;) — x;1I)
= A*(z(t;) — x;) + o(llz(t;) — x;1D),

and therefore from the definition of d;, we have

1
;[C(Z(tj)) —c(xj) = 1;A%d;] = o(llz(t;) — x;lI/1;) = o(lid; ).
J

By substituting into (12.77), we obtain

A* A*
47 d= 47 d; +o(lld;ll),

which implies, by nonsingularity of the matrix [(A*)T | Z], that

d =d; + o(|ld;l]).
Hence, we have d; — d, and so d € To(x*), completing the proof of equivalence between
F, and To(x™).

The proof of equivalence between —N and Ng(x*) follows from Lemma 12.4 and the
definition (A.22) of Nq(x*). From Lemma 12.4, we have that

geEN = gszo foralld € Fj.
Since we have F; = Tq(x*), it follows by switching the sign of this expression that
ge—N = gld <0 foralld € To(x*).

By comparing with (A.22), we see that this is precisely the definition of Ng(x*), so we
conclude that Nq(x*) = — N, as claimed. O

NOTES AND REFERENCES

We return to our claim that the set N defined by (12.47) is a closed set. This fact is
needed in the proof of Lemma 12.4 to ensure that the solution of the projection subproblem
(12.48) is well-defined. Note that N has the following form:

N ={s|s = Ar, CA >0}, (12.78)
for appropriately defined matrices A and C.

We outline a proof of closedness of N for the case in which LICQ holds (Defini-
tion 12.1), that is, the matrix A has full column rank. It suffices to show that whenever {s;} is
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a sequence of vectors satisfying s, — s*, then s* € N. Because A has full column rank, for
each s; there is a unique vector A; such that sy = AX;;in fact, we have A, = (AT A)~1AT ;.
Because s, € N, we must have CA; > 0, and since s, — s*, we also have that

l%nxkzlwﬁATAY*AT&::(ATAT”ATs*ngf

The inequality CA* > 0 is a consequence of CA; > 0 for all k, whereas s* = AL* follows
from the facts that s; — AAy = 0 for all k, and s; — AAy — s* — AL™. Therefore we have
identified a vector A* such that s* = AA* and CA* > 0, so s* € N, as claimed.

There is a more general proof, using an argument due to Mangasarian and Schu-
maker [155] and appealing to Theorem 13.2 (iii), that does not require LICQ. We omit the
details here.

The theory of constrained optimization is discussed in many books on numerical
optimization. The discussion in Fletcher [83, Chapter 9] is similar to ours, though a little
terser, and includes additional material on duality. Bertsekas [9, Chapter 3] emphasizes the
role of duality and discusses sensitivity of the solution with respect to the active constraints
in some detail. The classic treatment of Mangasarian [154] is particularly notable for its
thorough description of constraint qualifications.

The KKT conditions were described in a 1951 paper of Kuhn and Tucker [145], though
they were derived earlier (and independently) in an unpublished 1939 master’s thesis of W.
Karush. Lagrange multipliers and optimality conditions for general problems (including
nonsmooth problems) are described in the article of Rockafellar [217], which is both wide-
ranging and deep.

& EXERCISES

&  12.1 Does problem (12.4) have a finite or infinite number of local solutions? Use the
first-order optimality conditions (12.30) to justify your answer.

&  12.2 Show by drawing a picture that the sufficient conditions for 2 to be convex in
Theorem 12.7 are not necessary. That is, it is possible to have a convex feasible region 2 even
if the constraint functions do not satisfy the conditions of the theorem.

& 123 If f is convex and the feasible region € is convex, show that local solutions of
the problem (12.3) are also global solutions. Show that the set of global solutions is convex.

&  12.4 Letv: R" — R™ be a smooth vector function and consider the unconstrained
optimization problems of minimizing f(x) where

f@) =lv) e, flx)= max v; ().
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Reformulate these (generally nonsmooth) problems as smooth constrained optimization
problems.

& * 12.5 Canyou perform a smooth reformulation as in the previous question when f is
defined by

flx)= mzin fi(x)?

i=1,2,....m

(N.B. “min” not “max.”) Why or why not?

&  12.6 Wedemonstrated in this chapter howa feasible region with nonsmooth boundary
could sometimes be described by a set of smooth constraints. Conversely, it is possible that a
single smooth constraint describes a feasible set with nonsmooth boundary. As an example,
consider the cone defined by

{1, 32, x3) |5 = %] + x5}

(draw this set). Can you think of other examples?

&  12.7 Show that the vector defined by (12.14) satisfies both (12.12) and (12.13) when
the first-order optimality condition (12.10) is not satisfied.(Hint: Use the Holder inequality
(A.37).)

&  12.8 Verify that for the sequence {z;} defined by (12.35), the function f(x) = x; +x,
satisfies f(zx+1) > f(zx) for k = 2,3,.... (Hint: Consider the trajectory z(s) =
> T . def ,
(—+/2—1/s%,—1/s)" and show that the function h(s) = f(z(s)) has A'(s) > 0 for

alls > 2.)

&  12.9 Consider the problem (12.9). Specify two feasible sequences that approach the
maximizing point (1, 1), and show that neither sequence is a decreasing sequence for f.

& 12.10 Verify that neither the LICQ nor the MFCQ holds for the constraint set defined
by (12.72) at x* = (0, 0).

&  12.11 Consider the feasible set in R? defined by x, > 0, x; < xf. Does the linear
approximation F; of Definition 12.4 adequately capture the geometry of the feasible set near
x* = (0, 0)? Is the LICQ or MFCQ satisfied?

& 12.12 It s trivial to construct an example of a feasible set and a feasible point x* at
which the LICQ is satisfied but the constraints are nonlinear. Give an example of the reverse
situation, that is, where the active constraints are linear but the LICQ is not satisfied.

& 12.13 Show that for the feasible region defined by

(xp —1)* + (x, — 1)* <2,
(x1 — D+ (xa + 1)? <2,
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x; =0,

the MFCQ is satisfied at x* = (0, 0) but the LICQ is not satisfied.
& 12.14 Verify (12.70).

& 12.15 Consider the half space defined by H = {x € R" |a’ x +a > 0} wherea € R"
and o € R are given. Formulate and solve the optimization problem for finding the point x
in H that has the smallest Euclidean norm.

&  12.16 (Fletcher [83]) Solve the problem
min x; + x, subjecttox] + x5 =1
by eliminating the variable x,. Show that the choice of sign for a square root operation during

the elimination process is critical; the “wrong” choice leads to an incorrect answer.

&  12.17 Prove that when the KKT conditions (12.30) and the LICQ are satisfied at a
point x*, the Lagrange multiplier A* in (12.30) is unique.

& 12.18 Consider the problem of finding the point on the parabola y = £(x — 1)* that
is closest to (x, y) = (1, 2), in the Euclidean norm sense. We can formulate this problem as

min f(x,y) = (x —1)* 4+ (y —2)* subject to (x — 1) = 5y.

(a) Find all the KKT points for this problem. Is the LICQ satisfied?
(b) Which of these points are solutions?

(c) By directly substituting the constraint into the objective function and eliminating the
variable x, we obtain an unconstrained optimization problem. Show that the solutions
of this problem cannot be solutions of the original problem.

&  12.19 Consider the problem

(1—x1)° —x

X, +025xf—1 > 0.

v
o

min f(x) = —2x; + x, subject to
xeR?

The optimal solution is x* = (0, 1)7, where both constraints are active. Does the LICQ hold
at this point? Are the KKT conditions satisfied?

& 12.20 Find the minima of the function f(x) = x;x; on the unit circle x7 4+ x7 = 1.
Ilustrate this problem geometrically.

& 12.21 Find the maxima of f(x) = x;x, over the unit disk defined by the inequality
constraint 1 — x7 — x3 > 0.
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Programming: The
Simplex Methoa

Dantzig’s development of the simplex method in the late 1940s marks the start of the modern
era in optimization. This method made it possible for economists to formulate large models
and analyze them in a systematic and efficient way. Dantzig’s discovery coincided with the
development of the first digital computers, and the simplex method became one of the
earliest important applications of this new and revolutionary technology. From those days
to the present, computer implementations of the simplex method have been continually
improved and refined. They have benefited particularly from interactions with numerical
analysis, a branch of mathematics that also came into its own with the appearance of digital
computers, and have now reached a high level of sophistication.

Today, linear programming and the simplex method continue to hold sway as the most
widely used of all optimization tools. Since 1950, generations of workers in management,
economics, finance, and engineering have been trained in the business of formulating linear
models and solving them with simplex-based software. Often, the situations they model are
actually nonlinear, but linear programming is appealing because of the advanced state of the
software, guaranteed convergence to a global minimum, and the fact that uncertainty in the
data can make complicated nonlinear models look like overkill. Nonlinear programming
may make inroads as software develops, and a new class of methods known as interior-point
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feasible polytope

(/( optimal point X"

Figure 13.1 A linear program in two dimensions with solution at x*.

methods (see Chapter 14) has proved to be faster for some linear programming problems,
but the continued importance of the simplex method is assured for the foreseeable future.

LINEAR PROGRAMMING

Linear programs have a linear objective function and linear constraints, which may
include both equalities and inequalities. The feasible set is a polytope, that is, a convex,
connected set with flat, polygonal faces. The contours of the objective function are planar.
Figure 13.1 depicts a linear program in two-dimensional space. Contours of the objective
function are indicated by the dotted lines. The solution in this case is unique—a single vertex.
A simple reorientation of the polytope or the objective gradient ¢ could, however, make the
solution nonunique; the optimal value ¢’ x could be the same on an entire edge. In higher
dimensions, the set of optimal points can be a single vertex, an edge or face, or even the
entire feasible set!

Linear programs are usually stated and analyzed in the following standard form:

min ¢ x, subject to Ax = b, x > 0, (13.1)



CHAPTER 13. THE SIMPLEX METHOD

where ¢ and x are vectors in R", b is a vector in R™, and A is an m x n matrix. Simple devices
can be used to transform any linear program to this form. For instance, given the problem

minc’x, subjectto Ax > b

(without any bounds on x), we can convert the inequality constraints to equalities by
introducing a vector of surplus variables z and writing

minc’x, subjectto Ax —z =b,z > 0. (13.2)

This form is still not quite standard, since not all the variables are constrained to be nonnega-
tive. We deal with this by splitting x into its nonnegative and nonpositive parts, x = x* —x~,

where x™ = max(x, 0) > 0 and x~ = max(—x, 0) > 0. The problem (13.2) can now be
written as
c oyt xt x*t
min | —c x~ , S.t. [ A —-A -1 ] X~ =b, x- >0,
0 Z Z Z

which clearly has the same form as (13.1). Inequality constraints of the form x < u or
Ax < b can be dealt with by adding slack variables to make up the difference between the
left- and right-hand-sides. Hence

X

Ax

IA

usx+w=u, w=>0,

A

bs Ax+y=b, y=>0.

We can also convert a “maximize” objective max ¢’ x into the “minimize” form of (13.1) by
simply negating c to obtain min(—c)? x.

Many linear programs arise from models of transshipment and distribution networks.
These problems have much additional structure in their constraints; special-purpose simplex
algorithms that exploit this structure are highly efficient. We do not discuss these network-
flow problems further in this book, except to note that the subject is important and complex,
and that a number of excellent texts are available (see, for example, Ahuja, Magnanti, and
Orlin [1]).

For the standard formulation (13.1), we will assume throughout that m < n. Other-
wise, the system Ax = b contains redundant rows, is infeasible, or defines a unique point.
When m > n, factorizations such as the QR or LU factorization (see the Appendix) can be
used to transform the system Ax = b to one with a coefficient matrix of full row rank and,
in some cases, decide that the feasible region is empty or consists of a single point.
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13.1  OPTIMALITY AND DUALITY

OPTIMALITY CONDITIONS

Optimality conditions for the problem (13.1) can be derived from the theory of Chap-
ter 12. Only the first-order conditions—the Karush—Kuhn—Tucker (KKT) conditions—are
needed. Convexity of the problem ensures that these conditions are sufficient for a global
minimum, as we show below by a simple argument. (We do not need to refer to the second-
order conditions from Chapter 12, which are not informative in any case because the Hessian
of the Lagrangian for (13.1) is zero.)

The tools we developed in Chapter 12 make derivation of optimality and duality
theory for linear programming much easier than in other treatments of the subject, where
this theory has to be developed more or less from scratch.

The KKT conditions follow from Theorem 12.1. As stated in Chapter 12, this theorem
requires linear independence of the active constraint gradients (LICQ). However, as we
showed in the section on constraint qualifications, the result continues to hold for dependent
constraints, provided that they are linear, as is the case here.

We partition the Lagrange multipliers for the problem (13.1) into two vectors 7w and
s, where 7 € R™ is the multiplier vector for the equality constraints Ax = b, while s € R”
is the multiplier vector for the bound constraints x > 0. Using the definition (12.28), we
can write the Lagrangian function for (13.1) as

Lx,m,s)=c'x —aT(Ax —b) — sTx. (13.3)

Applying Theorem 12.1, we find that the first-order necessary conditions for x* to be a
solution of (13.1) are that there exist vectors = and s such that

Aln +5s=c, (13.4a)
Ax = b, (13.4b)

x >0, (13.4¢)

s >0, (13.44d)

x;8; =0, i=1,2,...,n. (13.4e)

The complementarity condition (13.4e), which essentially says that at least one of the com-
ponents x; and s; must be zero for eachi = 1, 2, ..., n, is often written in the alternative

form x7

s = 0. Because of the nonnegativity conditions (13.4c), (13.4d), the two forms are
identical.
Let (x*, *, s*) denote a vector triple that satisfies (13.4). By combining the three

equalities (13.4a), (13.4d), and (13.4e), we find that

CTx* — (ATT[* +s*)Tx>s< — (Ax*)TJT* — an*- (13.5)



13.1. OPTIMALITY AND DUALITY

As we shall see in a moment, b7 77 is the objective function for the dual problem to (13.1),
so (13.5) indicates that the primal and dual objectives are equal for vector triples (x, 7, s)
that satisfy (13.4).

It is easy to show directly that the conditions (13.4) are sufficient for x* to be a global
solution of (13.1). Let x be any other feasible point, so that Ax = b and x > 0. Then

i =Anr*+s)Tx =bTn* +5Ts* > bTn* = Tx*. (13.6)

We have used (13.4) and (13.5) here; the inequality relation follows trivially from x > 0 and
s* > 0. The inequality (13.6) tells us that no other feasible point can have a lower objective
value than ¢” x*. We can say more: The feasible point ¥ is optimal if and only if

since otherwise the inequality in (13.6) is strict. In other words, when s > 0, then we must
have x; = 0 for all solutions x of (13.1).

THE DUAL PROBLEM

Given the data ¢, b, and A, which define the problem (13.1), we can define another,
closely related, problem as follows:

max b7, subject to ATr <ec. (13.7)

This problem is called the dual problem for (13.1). In contrast, (13.1) is often referred to as
the primal.

The primal and dual problems are two sides of the same coin, as we see when we write
down the KKT conditions for (13.7). Let us first rewrite (13.7) in the form

min —b" 7 subjecttoc — ATw >0,

to fit the formulation (12.1) from Chapter 12. By using x € R”" to denote the Lagrange
multipliers for the constraints A7 < ¢, we write the Lagrangian function as

Lz, x)=—b"m —xT(c— ATn).

Noting again that the conclusions of Theorem 12.1 continue to hold if the linear indepen-
dence assumption is replaced by linearity of all constraints, we find the first-order necessary
condition for 7 to be optimal for (13.7) to be that there exist a vector x such that

Ax = b, (13.8a)
ATn <e, (13.8b)
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x>0, (13.8¢)
xitc=ATm); =0, i=1,2,...,n. (13.8d)

If we define s = ¢ — ATx and substitute in (13.8), we find that the conditions (13.8)
and (13.4) are identical! The optimal Lagrange multipliers 7 in the primal problem are the
optimal variables in the dual problem, while the optimal Lagrange multipliers x in the dual
problem are the optimal variables in the primal problem.

The primal-dual relationship is symmetric; by taking the dual of the dual, we recover
the primal. To see this, we restate (13.7) in standard form by introducing the slack vector s
(so that AT + s = c) and splitting the unbounded variables 7 as 7 = 7+ — 7 ~, where
T > 0,and 7~ > 0. We can now write the dual as

T

—b at at i
min b T s.t. [ AT —AT ] T =c, T >0,
s s s
(13.9)
which clearly has the standard form (13.1). The dual of (13.9) is now
A —b
max ¢’z subject to —A |z= b
1
Now Az < —b and —Az < b together imply that Az = —b, so we obtain the equivalent
problem
min —c’ z subjectto Az = —b, z < 0.
By making the identification z = —x, we recover (13.1), as claimed.

Given a feasible vector x for the primal—that is, Ax = b and x > 0—and a feasible
point (7, s) for the dual—that is, A7 + s = ¢, s > 0—we have as in (13.6) that

0<xTs=xT(c—ATn)=c"'x-b"7. (13.10)

Therefore, we have ¢

x > bT 7 when both the primal and dual variables are feasible—the
dual objective function is a lower bound on the primal objective function. At a solution, the

gap between primal and dual shrinks to zero, as we show in the following theorem.

Theorem 13.1 (Duality Theorem of Linear Programming).
(i) If either problem (13.1) or (13.7) has a solution with finite optimal objective value, then
so does the other, and the objective values are equal.
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(ii) Ifeither problem (13.1) or (13.7) has an unbounded objective, then the other problem has
no feasible points.

PrROCF.  For (i), suppose that (13.1) has a finite optimal solution. Then because of Theo-
rem 12.1, there are vectors ;v and s such that (x, 7, s) satisfies (13.4). Since (13.4) and (13.8)
are equivalent, it follows that 7 is a solution of the dual problem (13.7), since there exists a
vector x that satisfies (13.8). Because x”s = 0, it follows from (13.10) that ¢"x = b” 7, so
the optimal objective values are equal.

We can make a symmetric argument if we start by assuming that the dual problem
(13.7) has a solution.

For (ii), suppose that the primal objective value is unbounded below. Then there must
exist a direction d € R" along which ¢”x decreases without violating feasibility. That is,

c’d <0, Ad=0, d=>o.

Suppose now that there does exist a feasible point & for the dual problem (13.7), that is
AT7 < c. Multiplying from the left by d”, using the nonnegativity of d, we obtain

0=d"ATn <d’c <0,

giving a contradiction.
Again, we can make a symmetric argument to prove (ii) if we start by assuming that
the dual objective is unbounded below. 0

As we showed in the discussion following Theorem 12.1, the multiplier values 7 and
s for (13.1) tell us how sensitive the optimal objective value is to perturbations in the con-
straints. In fact, the process of finding (7, s) for a given optimal x is often called sensitivity
analysis. We can make a simple direct argument to illustrate this dependence. If a small
change Ab is made to the vector b (the right-hand-side in (13.1) and objective gradient in
(13.7)), then we would usually expect small perturbations in the primal and dual solutions.
If these perturbations (Ax, Am, As) are small enough, we know that provided the problem
is not degenerate (defined below), the vectors As and Ax have zeros in the same locations
as s and x, respectively. Since x and s are complementary (see (13.4e)), it follows that

xTs=xTAs = (Ax)Ts = (Ax)TAs = 0.
Now we have from the duality theorem that
cT(x 4+ Ax) = (b+ AD) (w + Am).
Since

c'x=b"n, Ax+Ax)=b+Ab, AT'Anm = —As,
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we have

cTAx =+ Ab)TAn + AbT R
=+ Ax)TATAT + AbT 1
=—(x+A)TAs+ AV 7w = Ab 7.

In particular, if Ab = ee;, where e; is the jth unit vector in R", we have for all € sufficiently
small that

CTszerrj. (13.11)

That is, the change in primal objective is linear in the value of 7; (cf. (12.33)) for small
perturbations in the components of the right-hand-side b;.

13.2 GEOMETRY OF THE FEASIBLE SET

BASIC FEASIBLE POINTS
We assume for the remainder of the chapter that

The matrix A in (13.1) has full row rank. (13.12)

In practice, a preprocessing phase is applied to the user-supplied data to remove some
redundancies from the given constraints and eliminate some of the variables. Reformulation
by adding slack, surplus, and artificial variables is also used to force A to satisfy the property

(13.12).
Suppose that x is a feasible point with at most m nonzero components. Suppose, too,
that we can identify a subset B(x) of the index set {1, 2, ..., n} such that

e (x) contains exactly m indices;
e i ¢B(x) = x;=0;

e them x m matrix B defined by
B = [A;lieB(x) (13.13)

is nonsingular, where A; is the ith column of A.

If all these conditions are true, we call x a basic feasible point for (13.1).

The simplex method generates a sequence of iterates x* all of which are basic feasible
points. Since we want the iterates to converge to a solution of (13.1), the simplex strategy
will make sense only if
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(a) the problem has basic feasible points; and

(b) at least one such point is a basic optimal point, that is, a solution of (13.1) that is also a
basic feasible point.

Happily, both (a) and (b) are true under minimal assumptions.

Theorem 13.2 (Fundamental Theorem of Linear Programming).
(i) If there is a feasible point for (13.1), then there is a basic feasible point.

(i) If (13.1) has solutions, then at least one such solution is a basic optimal point.
(iii) If (13.1) is feasible and bounded, then it has an optimal solution.
ProOF.  Among all feasible vectors x, choose one with the minimal number of nonzero

components, and denote this number by p. Without loss of generality, assume that the
NONZEros are X, Xz, . . ., X, s0 we have

Suppose first that the columns A;, A,, ..., A, are linearly dependent. Then we can
express one of them (A, say) in terms of the others, and write

p—1
Ai = ZAiZi’ (1314)

i=1

for some scalars z1, 22, . . ., Zp—1. It is easy to check that the vector

-x(e) =x+ e(zls 22+ Zp—1> _17 09 07 ) O)T =Xx+e€z (13'15)
satisfies Ax(e) = b for any scalar €. In addition, since x; > 0 fori = 1,2, ..., p, we also
have x; (€) > 0 for the same indicesi = 1, 2, ..., p and all € sufficiently small in magnitude.
However, there is a value € € (0, x,] such that x;(€) = 0 forsomei =1, 2, ..., p. Hence,

x(€) is feasible and has at most p — 1 nonzero components, contradicting our choice of p
as the minimal number of nonzeros.

Therefore, columns A;, A,, ..., A, must be linearly independent, and so p < m. If
p = m, we are done, since then x is a basic feasible point and B(x) is simply {1, 2, ..., m}.
Otherwise, p < m, and because A has full row rank, we can choose m — p columns from
among A1, A,42, ..., A, tobuild up aset of m linearly independent vectors. We construct
B(x) by adding the corresponding indices to {1, 2, ..., p}. The proof of (i) is complete.

The proofof (ii) is quite similar. Let x* be a solution with a minimal number of nonzero
components p, and assume again that x{, x7, ...,x; are the nonzeros. If the columns
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A, A,, ..., A, arelinearly dependent, we define
x*(e) = x* + ez,

where z is chosen exactly as in (13.14), (13.15). It is easy to check that x*(¢) will be feasible
for all € sufficiently small, both positive and negative. Hence, since x* is optimal, we must
have

T +ez)>c'x* = elz>0

for all |e| sufficiently small. Therefore, ¢’z = 0, and so ¢” x*(e) = ¢’ x* for all €. The same
logic as in the proof of (i) can be applied to find € > 0 such that x*(€) is feasible and optimal,
with at most p — 1 nonzero components. This contradicts our choice of p as the minimal
number of nonzeros, so the columns A;, A,, ..., A, must be linearly independent. We can
now apply the same logic as above to conclude that x* is already a basic feasible point and
therefore a basic optimal point.

The final statement (iii) is a consequence of finite termination of the simplex method.
We comment on the latter property in the next section. d

The terminology we use here is not standard, as the following table shows:

our terminology standard terminology
basic feasible point basic feasible solution
basic optimal point optimal basic feasible solution

The standard terms arose because “solution” and “feasible solution” were originally used
as synonyms for “feasible point.” However, as the discipline of optimization developed, the
word “solution” took on a more specific and intuitive meaning (as in “solution to the problem
...”). We keep the terminology of this chapter consistent with the rest of the book by sticking
to this more modern usage.

VERTICES OF THE FEASIBLE POLYTOPE

The feasible set defined by the linear constraints is a polytope, and the vertices of this
polytope are the points that do not lie on a straight line between two other points in the set.
Geometrically, they are easily recognizable; see Figure 13.2.

Algebraically, the vertices are exactly the basic feasible points that we described above.
We therefore have an important relationship between the algebraic and geometric viewpoints
and a useful aid to understanding how the simplex method works.

Theorem 13.3.
All basic feasible points for (13.1) are vertices of the feasible polytope{x | Ax = b, x > 0},
and vice versa.
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Figure 13.2 Vertices of a three-dimensional polytope (indicated by ).

PROOF. Let x be a basic feasible point and assume without loss of generality that B(x) =
{1,2,...,m}. The matrix B = [A;];=12..._m is therefore nonsingular, and

Xyl = Xpyo = - -+ =X, = 0. (13.16)

Suppose that x lies on a straight line between two other feasible points y and z. Then we
can find o € (0, 1) such that x = ay + (1 — «)z. Because of (13.16) and the fact that o and

1 — « are both positive, we must have y; = z; = 0fori =m + 1,m + 2, ..., n. Writing
Xy = (X1, X2, ..., X%,)" and defining y, and z, likewise, we have from Ax = Ay = Az = b
that

Bxy, = By, = Bz; = b,

and so, by nonsingularity of B, we have x, = y; = z;. Therefore, x = y = z, contradicting
our assertion that y and z are two feasible points other than x. Therefore, x is a vertex.
Conversely, let x be a vertex of the feasible polytope, and suppose that the nonzero
components of x are xy, X3, ..., X,. If the corresponding columns A,, A, ..., A, are lin-
early dependent, then we can construct the vector x(¢) = x + €z asin (13.15). Since x(¢) is
feasible for all € with sufficiently small magnitude, we can define € > 0 such that x(¢) and
x(—€) are both feasible. Since x = x(0) obviously lies on a straight line between these two
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points, it cannot be a vertex. Hence our assertion that A;, A,, ..., A, arelinearly dependent
must be incorrect, so these columns must be linearly independent and p < m. The same
arguments as in the proof of Theorem 13.2 can now be used to show that x is a basic feasible
point, completing our proof. O

We conclude this discussion of the geometry of the feasible set with a definition of
degeneracy. This term has a variety of meanings in optimization, as we discuss in Chapter 16.
For the purposes of this chapter, we use the following definition.

Definition 13.1 (Degenerate Linear Program).
A linear program (13.1) is said to be degenerate if there exists at least one basic feasible
point that has fewer than m nonzero components.

Naturally, nondegenerate linear programs are those for which this definition is not
satisfied.

13.3 THE SIMPLEX METHOD

OUTLINE OF THE METHOD

As we just described, all iterates of the simplex method are basic feasible points for
(13.1) and therefore vertices of the feasible polytope. Most steps consist of a move from
one vertex to an adjacent one for which the set of basic indices B(x) differs in exactly one
component. On most steps (but not all), the value of the primal objective function ¢’
decreased. Another type of step occurs when the problem is unbounded: The step is an edge
along which the objective function is reduced, and along which we can move infinitely far
without ever reaching a vertex.

The major issue at each simplex iteration is to decide which index to change in the
basis set B. Unless the step is a direction of unboundedness, one index must be removed
from B and replaced by another from outside B. We can get some insight into how this

X is

decision is made by looking again at the KKT conditions (13.4) to see how they relate to the
algorithm.

From B and (13.4), we can derive values for not just the primal variable x but also the
dual variables 7w and s, as we now show. We define the index set A as the complement of 3,
that is,

N ={1,2,...,n}]\B. (13.17)
Just as B is the column submatrix of A that corresponds to the indices i € B, we use N
to denote the submatrix N = [A;];cn. We also partition the n-element vectors x, s, and ¢

according to the index sets B and AV, using the notation

Xp = [Xilieg,  Xn = [Xilien, S5 = [Silie,  Sx = [Silien-
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From the KKT condition (13.4b), we have that
Ax = Bx, + Nxy = b.
The primal variable x for this simplex iterate is defined as
xy=B7'b, xy=0. (13.18)

Since we are dealing only with basic feasible points, we know that B is nonsingular and
that x; > 0, so this choice of x satisfies two of the KKT conditions: the equality constraints
(13.4b) and the nonnegativity condition (13.4c).

We choose s to satisfy the complementarity condition (13.4e) by setting s, = 0. The
remaining components 7 and sy can be found by partitioning this condition into B and A/
components and using s, = 0 to obtain

B'mr=¢,, N'm+s=c. (13.19)
Since B is square and nonsingular, the first equation uniquely defines 7 as
n=B"c, (13.20)
The second equation in (13.19) implies a value for sy:
ss=cy—NTm =cy— (B7'N)T¢,. (13.21)

Computation of the vector sy is often referred to as pricing. The components of sy are often
called the reduced costs of the nonbasic variables xy.

The only KKT condition that we have not enforced explicitly is the nonnegativity
condition s > 0. The basic components s, certainly satisfy this condition, by our choice
sz = 0. If the vector sy defined by (13.21) also satisfies sy > 0, we have found an optimal
vector triple (x, 7, ), so the algorithm can terminate and declare success. The usual case,
however, is that one or more of the components of sy are negative, so the condition s > 0 is
violated. The new index to enter the basic index set B—the entering index—is now chosen
to be one of the indices g € N for which s, < 0. As we show below, the objective ¢ x will
decrease when we allow x,, to become positive if and only if g has the property that s, < 0.
Our procedure for altering 3 and changing x and s accordingly is as follows:

e allow x, to increase from zero during the next step;
e fix all other components of x, at zero;

o figure out the effect of increasing x,, on the current basic vector x;, given that we want
to stay feasible with respect to the equality constraints Ax = b;
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o keep increasing x, until one of the components of x, (corresponding to x,, say) is
driven to zero, or determining that no such component exists (the unbounded case);

e remove index p (known as the leaving index) from B and replace it with the entering
index gq.

It is easy to formalize this procedure in algebraic terms. Since we want both the new
iterate x* and the current iterate x to satisfy Ax = b, and since xy = 0 and x;* = 0 for
i € M\{q}, we have

Axt = Bx;r + Aqx; = Bx; = Ax.
By multiplying this expression by B! and rearranging, we obtain
x5 =x,— BT Agx}. (13.22)

We show in a moment that the direction —B~' A, is a descent direction for ¢’ x. Geometri-
cally speaking, (13.22) is a move along an edge of the feasible polytope that decreases ¢’ x.
We continue to move along this edge until a new vertex is encountered. We have to stop
at this vertex, since by definition we cannot move any further without leaving the feasible
region. At the new vertex, a new constraint x; > 0 must have become active, that is, one
of the components x;, i € B, has decreased to zero. This index i is the one that is removed
from the basis.

Figure 13.3 shows a path traversed by the simplex method for a problem in R?. In this
example the function ¢’ x is decreased at each iteration, and the optimal vertex x* is found

in three steps.

FINITE TERMINATION OF THE SIMPLEX METHOD

Let us now verify that the step defined by (13.22) leads to a decrease in ¢! x. By using
the definition (13.22) of x;/ together with

we have

cIxt = cBTx: + ch;’
= CBTJCI:r + cqx;r
=clx—c B AgxS +cgx (13.23)
Now, from (13.20) we have ¢! B~! = &T, while from (13.19) we have Agn = ¢, — 54, since
A, is a column of N. Therefore,

Tp—la4 v+ _ Ta o+ _ (0 _ +
¢y BT Agx] =m" Agx, = (¢4 sq)xq,



13.3. THE SIMPLEX METHOD

Figure 13.3 Simplex iterates for a two-dimensional problem.

so by substituting in (13.23) we obtain

T + _ T + +_ T +
X" =y xy — (€q — Sg)x; +Cgxy =0y Xy — Sgx,
Since xy = 0, we have ¢’ x = ¢! x; and therefore
Ixt=c"x— sqx;. (13.24)

+
q

edge, it follows from (13.24) that the step (13.22) produces a decrease in the primal objective
function ¢’ x.

If the problem is nondegenerate (see Definition 13.1), then we are guaranteed that

;r > 0, so we can be assured of a strict decrease in the objective function ¢’ x at every

simplex step. We can therefore prove the following result concerning termination of the

simplex method.

Since we chose ¢ such that s, < 0, and since x” > 0 if we are able to move at all along the

X

Theorem 13.4.
Provided that the linear program (13.1) is nondegenerate and bounded, the simplex
method terminates at a basic optimal point.

PrOOF.  The simplex method cannot visit the same basic feasible point x at two different
iterations, because it attains a strict decrease at each iteration. Since each subset of m indices
drawn from the set {1, 2, . . ., n} is associated with at most one basic feasible point, it follows
that no basis B can be visited at two different simplex iterations. The number of possible
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bases is at most (:1) (which is the number of ways to choose the m elements of a basis B from
among the n possible indices), so there can be only a finite number of iterations. Since the
method is always able to take a step away from a nonoptimal basic feasible point, the point
of termination must be a basic optimal point. g

Note that this result gives us a proof of Theorem 13.2 (iii) for the nondegenerate case.

A SINGLE STEP OF THE METHOD

We have covered most of the mechanics of taking a single step of the simplex method. To
make subsequent discussions easier to follow, we summarize our description in a semiformal
way.

Procedure 13.1 (One Step of Simplex).
Given B, N, x, = B~'b > 0, x, = 0;

Solve BT = ¢, for 7,

Compute sy = ¢y — N'm;

ifsy >0
STOP; (* optimal point found *)

Select g € N with s, < 0 as the entering index;

Solve Bt = A, for t;

ift <0
STOP; (* problem is unbounded *)

Calculate x;r = min; |, >0 (X3);/t;, and use p to denote the index of the basic
variable for which this minimum is achieved;

Update x;” = x; — tx;,xj =(0,...,0, xq*, 0,...,07;

Change B by adding g and removing p.
We need to flesh out this description with specifics of three important points. These
are as follows.

e Linear algebra issues—maintaining an LU factorization of B that can be used to solve
for w and ¢.

e Selection of the entering index ¢ from among the negative components of sy. (In
general, there are many such components.)

e Handling of degenerate steps, in which x;” = 0, so that x is not changed.

Proper handling of these issues is crucial to the efficiency of a simplex implementation. We
give some details in the next three sections.
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13.4 LINEAR ALGEBRA IN THE SIMPLEX METHOD

We have to solve two linear systems involving the matrix B at each step; namely,
B'w =¢, Bt=A,. (13.25)

We never calculate the inverse matrix B! explicitly just to solve these systems, since this
calculation is unnecessarily expensive. Instead, we calculate or maintain some factorization
of B—usually an LU factorization—and use triangular substitutions with the factors to
recover 7 and ¢. It is less expensive to update the factorization than to calculate it afresh at
each iteration, because the matrix B changes by just a single column between iterations.

The standard factorization/updating procedures start with an LU factorization of B
at the first iteration of the simplex algorithm. Since in practical applications B is large
and sparse, its rows and columns are rearranged during the factorization to maintain both
numerical stability and sparsity of the L and U factors. One successful pivot strategy that
trades off between these two aims was proposed by Markowitz in 1957 [158]; it is still used
as the basis of many practical sparse LU algorithms. Other considerations may also enter
into our choice of pivot. As we discuss below, it may help to improve the efficiency of the
updating procedures if as many as possible of the leading columns of U contain just a single
nonzero: the diagonal element. Many heuristics have been devised for choosing row and
column permutations that produce this and other desirable structural features.

Let us assume for simplicity that row and column permutations are already
incorporated in B, so that we write the initial LU factorization as

LU = B, (13.26)

(L is unit lower triangular, U is upper triangular). The system Bt = A, can then be solved
by the following two-step procedure:

Li=A4, Ut=1 (13.27)

Similarly, the system BT7w = ¢, is solved by performing the following two triangular
substitutions:

Ul =¢,, LT'n=r.

We now discuss a procedure for updating the factors L and U after one step of the
simplex method, when the index ¢ is removed from 5 and replaced by the index p. The
corresponding change to the basis matrix B is that the column A, is removed from B
and replaced by A,. We call the resulting matrix B* and note that if we rewrite (13.26) as
U = L7!B, itis easy to see that the modified matrix L~! B* will be upper triangular except
in the column occupied by A ,. That is, L~ B* has the form shown in Figure 13.4.
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\/ column p

Figure 13.4

L~!'B7, which is upper

triangular except for the
column occupied by A,.

Figure 13.5

After cyclic row and column
permutation P, the
non-upper triangular part of
P, L7'B* P! appears in the
last row.

We now perform a cyclic permutation that moves column p to the last column position
m and moves columns p 4+ 1, p + 2, ..., m one position to the left to make room for it.
If we apply the same permutation to rows p through m, the net effect is to move the non—
upper triangular part to the last row of the matrix, as shown in Figure 13.5. If we denote the
permutation matrix by P, the matrix of Figure 13.5is P,L~'B* P[.
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Finally, we perform sparse Gaussian elimination on the matrix P; L' BT P to restore
upper triangular form. That is, we find L, and U, (lower and upper triangular, respectively)
such that

P L'BTP = L,U,. (13.28)

It is easy to show that L, and U, have a simple form. The lower triangular matrix L; differs
from the identity only in the last row, while U; is identical to P;L~'B* P[ except that
the (m, m) element is changed and the off-diagonal elements in the last row have been
eliminated.

We give details of this process for the case of m = 5. Using the notation

i Uyp U Uiz Ug Ugs | [ wq
Uy U3 Upg U5 wy
L7'B=U= Uz Uz U3 L7A = | ws |,
Ugy  Ugs Wy
L Uss | | Ws

and supposing that A, occurs in the second column of B (so that the second column is
replaced by L' A, ), we have

I Upn Wy Uz Uy Ugs i
Wy Uz Uz4  Ups
L7'BT = w3 U3z Uzg Uss
Wy Uggy  Uys
L Ws Uss |
After the cyclic permutation P;, we have
i Upip Uiz Uy Uz Wi i
Uszz U3g U35 W3
PL7'BTPT = Ugy Ugs Wy (13.29)
Uss  Ws
L Uz Uzg U W2 |

379



380 CHAPTER 13. THE SIMPLEX METHOD

The factors L, and U; are now as follows:

1 ] i Uy Uiz Uy Uz W l
1 Usz  U3zg U35 W3

L, = 1 , U= Ugg Ugs Wy |,
1 Uss Ws
| 0 Isp Is3s Isy 1 i L W,

(13.30)
for some values of 5, Is3, [54, and W, (see the exercises).

The result of this updating process is the factorization (13.28), which we can rewrite
as follows:

Bt =LTU*, where L" =LP'L,, Ut =U,P. (13.31)

There is no need to calculate Lt and U™ explicitly. Rather, the nonzero elements in L; and
the last column of Uj, and the permutation information in Pj, can be stored in compact
form, so that triangular substitutions involving L™ and U™ can be performed by applying a
number of permutations and sparse triangular substitutions involving these various factors.

Subsequent simplex iterates give rise to similar updating procedures. At each step,
we need to store the same type of information: the permutation matrix and the nonzero
elements in the last row of L; and the last column of Uj.

The procedure we have just outlined is due to Forrest and Tomlin. It is quite efficient,
because it requires the storage of little data at each update and does not require much
movement of data in memory. Its major disadvantage is possible numerical instability. Large
elements in the factors of a matrix are a sure indicator of instability, and the multipliers in
the L; factor (/5; in (13.30), for example) may be very large. An earlier scheme of Bartels
and Golub allowed swapping of rows to avoid these problems. For instance, if |us3| < |up3|
in (13.29), we could swap rows 2 and 5 to ensure that the subsequent multiplier /5, in the
L, factor does not exceed 1 in magnitude.

The Bartels—Golub procedure pays a price for its superior stability properties. The
lower right corner of the upper triangular factor is generally altered and possibly filled in
during each updating step. The fill-in can be reduced by choosing a permutation of B during
the initial factorization to achieve a certain structure in the initial upper triangular factor
U. Specifically, we choose the permutation such that U has the structure

D Uy,
U= , (13.32)
0 Uxn

where D is square (say, m x m) and diagonal. Then, at the first update, fill-in can only appear
in the last m — 1 columns of U. Since these columns are moved one place to the left during
the update, the updated factor U, also has the form of (13.32), but with D one dimension
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smaller (that is, i — 1 x m — 1 and diagonal). Consequently, during the second update, we
may get fill-in in the last m — /i 4 1 columns of the U factor, and so on. This procedure
(due to Saunders) can sharply restrict the amount of fill-in and produce an algorithm that
is both efficient and stable.

All these updating schemes require us to keep a record of permutations and of certain
nonzero elements of the sparse triangular factors. Although this information can often be
stored in a highly compact form—just a few bytes of storage for each update—the total
amount of space may build up to unreasonable levels after many such updates have been
performed. As the number of updates builds up, so does the time needed to solve for the
vectors ¢ and 7 in Procedure 13.1. If an unstable updating procedure is used, numerical
errors may also come into play, blocking further progress by the simplex algorithm. For
all these reasons, most simplex implementations periodically calculate a fresh LU factoriza-
tion of the current basis matrix B and discard the updates. The new factorization uses the
same permutation strategies that we apply to the very first factorization, which balance the
requirements of stability, sparsity, and structure.

13.5 OTHER (IMPORTANT) DETAILS

PRICING AND SELECTION OF THE ENTERING INDEX

There are usually many negative components of sy at each step. We need to select one
of these, 5, as the entering variable. How do we make this selection? Ideally, we would like to
choose the sequence of entering variables that gets us to the solution x* in the fewest possible
steps, but we rarely have the global perspective needed to implement this strategy. Instead,
we use more shortsighted but practical strategies that obtain a significant decrease in ¢” x
on just the present iteration. There is usually a tradeoff between the effort spent searching
for a good entering variable ¢ that achieves this aim and the decrease in ¢’ x to be obtained
from pivoting on ¢q. Different pivot strategies resolve the tradeoff in different ways.

Dantzig’s original selection rule is one of the simplest. It calculates s, = N7 and
selects the most negative s, as the entering component. This rule is motivated by (13.24). It

gives the maximum improvement in ¢’ x per unit step in the entering variable x,. A large

T +
q

amount from zero before reaching the next vertex. As we see later, it is even possible that we
cannot move at all!
To avoid calculation of the entire vector sy, partial pricing strategies are a popular

reduction in ¢’ x is not guaranteed, however. It could be that we can increase x only a tiny

option. At each iteration, these methods evaluate just a subvector of s, by multiplying = by a
column submatrix of N. The most negative s, from this subvector is chosen as entering pivot.
To give all the components of A" a chance at entering the basis, partial pricing strategies cycle
through the nonbasic elements, changing the subvector of s, they evaluate at each iteration
so that no component is ignored for too long.
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Neither of these strategies guarantees that we can make a substantial move along the
chosen edge before finding a new vertex. Multiple pricing strategies are more thorough: For
a small subset of indices from N/, they evaluate not just the prices s, but the distance that
can be moved along the resulting edge and the consequent reduction in objective function,
namely s, x;. The index subset is initially chosen from the most negative components of sy;
ten such components is a typical number. For each component, we compute t = B~ 'A,
and x; as in the algorithm outline above, and choose the entering variable as the index that
minimizes sqx;. For subsequent iterations we deal just with this same index set, essentially
fixing all the components of x, outside this set at zero and solving a reduced linear program.
Eventually, we find that all the prices s, for indices in the subset are nonnegative, so we choose
anew index subset by computing the whole vector sy and repeat the process. This approach
has the advantage that we operate only on a few columns A, of the nonbasic matrix N at a
time; the remainder of N does not even need to be in main memory at all. After the great
improvements in price and speed of computer memory in recent years, however, savings
such as this are less important than they once were.

There is plenty of scope to define heuristics that combine ideas from multiple and
partial pricing. At every iteration we can update the subset for which we compute the
entering variable value x;/ by

e retainingthe most promisingindices from the previousiteration (i.e., the most negative
54°s); and

e pricing a new part of the vector sy and choosing the most negative components s,
from this part.

Strategies like this can combine the thoroughness of multiple pricing with the advantages of
partial pricing, which brings in “new blood” in the form of new parts of AV at each iteration,
at relatively low cost.

A sophisticated rule known as steepest edge chooses the most downhill direction from
among all the candidates—the one that produces the largest decrease in ¢’ x per unit distance
moved along the edge. By contrast, Dantzig’s rule maximizes the decrease in ¢’ x per unit
change in x;", which is not the same thing. (A small change in x can correspond to a large

q
distance moved along the edge.) During the pivoting step, the overall change in x is

+ —1
N Xy Xg —B7 A, N .
xt = = + X, =X+ ngx,,
xt X e a 1
N N q

where e, is the unit vector with a 1 in the position corresponding to the index g € N and
zeros elsewhere, and

—B7'A, —t
n, = , (13.33)
€q €q
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where we have used the fact that 1 = B~'A,; see Procedure 13.1. The change in ¢ x per
unit step along 7, is given by
c’n,
74

(13.34)

The steepest-edge rule chooses ¢ to minimize this quantity.

If we had to compute each 5, explicitly to perform the minimization in (13.34), the
steepest-edge strategy would be prohibitively expensive—as expensive as the strategy of
seeking the best possible reduction in ¢’ x. Goldfarb and Reid showed that edge steepness
for all indices i € N can, in fact, be maintained quite economically. Instead of performing
one linear system solution procedure with B (to find 7 from BT & = ¢, in Procedure 13.1),
their method requires two such procedures with this same coefficient matrix. In both cases, a
number of inner products involving the columns A; for i € A are required. We now outline
their steepest-edge procedure.

First, note that we know already the numerator ¢’ in (13.34) without calculating
14> because we proved in the discussion leading up to (13.24) that ¢’ n, = s,. For the
denominator, there is a simple recurrence for keeping track of each norm ||, ||, which is
updated from step to step. To derive this recurrence, suppose that A, is the column to be
removed from the basis matrix B to make way for A,. Assuming without loss of generality
that A, occupies the first column of B, we can express the pivot algebraically as follows:

Bt =B+ (A, — Ay)e] =B+ (A, — Beye], (13.35)

where ¢; = (1,0,0,...,0)7. Choosing an index i € N with i # g, we want to see how
[In; || is affected by the update (13.35).
For convenience, we use y; to denote ||n;||?, and note from (13.33) that

vi = Inill> = 1B A * + 1,
vt =P = 1B AR + 1.

By applying the Sherman—Morrison formula (A.55) to the rank-one update formula in
(13.35), we obtain

(B7'A, —e1)el B™! 51 (t —e)el B™!

B+ -1 _ 371 —
(B) 1+ el (B7'A, —e1) el't

where again we have used the fact that # = B~ A,. Therefore, we have that

TB—lAi
(BN A = B4 — 22 it — ey,
el't
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By substituting for (B*)™'A; in (13.35) and performing some simple algebra (see the
exercises), we obtain

T p-1 T p-1 2
+ €] B A,‘ T p—T [ B A,‘
1 1

We now solve the following two linear systems to obtain £ and r:
B'i=t, B'r=e. (13.37)

The formula (13.36) then becomes

T A T\
toy —2 (20T, L) v 13.38
Vi =i rT A, + rT A, Ya ( )

Hence, once the systems (13.37) have been solved, each yf can be updated at the cost of
evaluating the two inner products 77 A; and 77 A;.

The steepest-edge strategy does not guarantee that we can take a long step before
reaching another vertex, but it has proved to be highly effective in practice. Recent testing
(Goldfarb and Forrest [114]) has shown it to be superior even to interior-point methods on
some very large problems.

STARTING THE SIMPLEX METHOD

The simplex method requires a basic feasible starting point x and a corresponding
initial basic index set B C {1, 2, ..., n} with |B] = m for which

e the m x m matrix B defined by (13.13) is nonsingular; and
e X, > 0and X, = 0, where V is the complement of 53 (13.17).

The problem of finding this initial point and basis may itself be nontrivial—in fact, its
difficulty is equivalent to that of actually finding the solution of a linear program. One
approach for dealing with this difficulty is the two-phase or Phase-1/Phase-1l approach, which
proceeds as follows. In Phase I, we set up an auxiliary problem, a linear program different
from (13.1), and solve it with the simplex method. The Phase-I problem is constructed so
that an initial basic feasible point is trivial to determine, and so that its solution gives a basic
feasible initial point for Phase II. In Phase II, a second linear program very similar to the
original problem (13.1) is solved, starting from the Phase-I solution. The solution of the
original problem (13.1) can be extracted easily from the solution of the Phase-II problem.
In Phase I we introduce artificial variables z into (13.1) and redefine the objective
function to be the sum of these artificial variables. To be specific, the Phase-I problem is

mine’z, subjectto Ax + Ez = b, (x,z) > 0, (13.39)
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wherez e R", e = (1,1,...,1)T,and Eisa diagonal matrix whose diagonal elements are
E;j =41 ifb; >0, Ej;;=-1ifb; <0.
It is easy to see that the point (x, z) defined by
x =0, z;=1bjl, j=12,....,m, (13.40)

is a basic feasible point for (13.39). Obviously, this point satisfies the constraints in (13.39),
while the initial basis matrix B is simply the matrix E, which is clearly nonsingular.

At any feasible point for (13.39), the artificial variables z represent the amounts by
which the constraints Ax = b are violated by the x component. The objective function is
simply the sum of these violations, so by minimizing this sum we are forcing x to become
feasible for the original problem (13.1). In fact, it is not difficult to see that the Phase-I
problem (13.39) has an optimal objective value of zero if and only if the original problem
(13.1) has feasible points by using the following argument: If there exists a vector (X, z) that
is feasible for (13.39) such that e’ Z = 0, we must have Z = 0, and therefore A¥ = b and
X > 0, s0 X is feasible for the original problem (13.1). Conversely, if X is feasible for (13.1),
then the point (X, 0) is feasible for (13.39) with an objective value of 0. Since the objective
in (13.39) is obviously nonnegative at all feasible points, then (¥, 0) must be optimal for
(13.39), verifying our claim.

We can now apply the simplex method to (13.39) from the initial point (13.40). If it
terminates at an optimal solution for which the objective e z is positive, we conclude by
the argument above that the original problem (13.1) is infeasible. Otherwise, the simplex
method identifies a point (¥, Z) with e” 7 = 0, which is a basic feasible point for the following
linear program, which is the Phase-II problem:

min ¢’

x subjectto Ax+z=b, x>0, 0>z>0. (13.41)
We can note immediately that this problem is equivalent to (13.1), because any solution
(and indeed any feasible point) must have z = 0. We need to retain the artificial variables
z in Phase II, however, since some components of z may be present in the optimal basis
from Phase I that we are using as the initial basis for (13.41), though of course the values
Z; of these components must be zero. In fact, we can modify (13.41) to include only those
components of z that are present in the optimal basis for (13.39), omitting the others.

The problem (13.41) is not quite in standard form because of the two-sided bounds
on z. However, it is easy to modify the simplex method described above to handle these
additional bounds (we omit the details). We can customize the simplex algorithm slightly
by deleting each component of z from the problem (13.41) as soon as it is swapped out of
the basis. This strategy ensures that components of z do not repeatedly enter and leave the
basis, and therefore avoids unnecessary simplex iterations with little added complication to
the algorithm.
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If (x*, z*) is a basic solution of (13.41), it must have z* = 0, and so x* is a solution of
(13.1). In fact, x* is a basic solution of (13.1), though this claim is not completely obvious
because the final basis BB for the Phase-II problem may still contain components of z*, making
it unsuitable as an optimal basis for (13.1). Since we know that A has full row rank, however,
we can construct an optimal basis for (13.1) in a postprocessing phase: We can extract the
indices that correspond to x components from 3 and add extra indices to B in a way that
maintains nonsingularity of the submatrix B defined by (13.13).

A final point to note is that in many problems we do not need to add a complete set of
m artificial variables to form the Phase-I problem. This observation is particularly relevant
when slack and surplus variables have already been added to the problem formulation, as in
(13.2), to obtain a linear program with inequality constraints in standard form (13.1). Some
of these slack/surplus variables can play the roles of artificial variables, making it unnecessary
to include such variables explicitly.

We illustrate this point with the following example.

(d ExampLE 13.1

Consider the inequality-constrained linear program defined by

min 3x; + x; +x3  subject to
21+ x2 +  x3 2,

X1 — X2 — X3 < —1,

IA

x> 0.

By adding slack variables to both inequality constraints, we obtain the following equivalent
problem in standard form:

min 3x; + x; +x3  subject to
2x1 4+ x4+ x3 4+ x4 = 2,

X1 - X2 — X3 + x5 = -1,

x> 0.

By inspection, it is easy to see that the vector x = (0, 0, 0, 2, 0) is feasible with respect to
the first linear constraint and the lower bound x > 0, though it does not satisfy the second
constraint. Hence, in forming the Phase-I problem, we add just a single artificial variable z,
to take care of the infeasibility in this second constraint, and obtain

min z, subject to (13.42)
2x1 + x2 4+ x3 4+ xs = 2

Xy - X — X3 + x5 — zz = -1

) (-xvz2)20-

It is easy to see that the vector

(x,z2) = ((0,0,0,2,0), 1)
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is feasible with respect to (13.42). In fact, it is a basic feasible point, since the matrix B
corresponding to the initial basis is
1 0
B = .
0o -1

In this example, the variable x4 plays the role of artificial variable for the first constraint.
There was no need to add an explicit artificial variable z;. O

DEGENERATE STEPS AND CYCLING

The third issue arises from the fact that the step x; computed by the procedure above
may be zero. There may well be an index i such that (x;); = 0 while#; > 0, so the algorithm
cannot move any distance at all along the feasible direction without leaving the feasible set.
A step of this kind is known as a degenerate step. Although we have not moved anywhere,
the step may still be useful because we have changed one component of the basis B. The
new basis may be closer to the optimal basis, so in that sense the algorithm may have made
progress towards the solution. Although no reduction in ¢’ x is made at a degenerate step,
it may be laying the groundwork for reductions in ¢ x at subsequent steps.

However, a problem known as cycling can occur when we take a number of consecutive
degenerate steps. After making a number of alterations to the basis set without changing the
objective value, it is possible that we return to an earlier basis set 3! If we continue to apply
our algorithm from this point, we will repeat the same cycle, returning to B ad infinitum
and never terminating.

Cycling was thought originally to be a rare phenomenon, but it has been observed
with increasing frequency in the large linear programs that arise as relaxations of integer
programming problems. Since integer programs are an important source of linear programs,
it is essential for practical simplex codes to incorporate a cycling avoidance strategy.

We describe the perturbation strategy by first showing how a perturbation to the right-
hand-side b of the constraints in (13.1) affects the basic solutions and the pivot strategy.
Then, we outline how these perturbations can be used to avoid cycling.

Suppose we perturb the right-hand-side vector b to b(€) defined by

ble)=b+ E ' ,

m

where E is a nonsingular matrix and € > 0 is a small constant. The perturbation in b
induces a perturbation in each basic solution x;, so that by defining x;(€) as the solution of
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Bx;(€) = b(€), we obtain

€
62 m
xE@=x,+BE| | |=x+Y (BTE)e", (13.43)
: k=1
Em

where (B~ E) denotes the kth column of B~'E. We choose E so that the perturbation

vector Y j, (B7'E) € is strictly positive for all sufficiently small positive values of €.
With this perturbation, we claim that ties cannot arise in the choice of variable to leave

the basis. From Procedure 13.1 above, we have a tie if there are two indices i, [ € B such that

(xa(€))i _ (el

t 1

, foralle > 0. (13.44)

This equality can occur only if all the coefficients in the expansion (13.43) are identical for
the two rows i and /. In particular, we must have

(B'E)i  (B'E)
t; 1 ’

k=1,2,...,m.

Hence, rows i and [ of the matrix B~'E are multiples of each other, so B~'E is singular.
This contradicts nonsingularity of B and E, so ties cannot occur, and there is a unique
minimizing index p. Moreover, if a step of simplex is taken with this leaving index p, there
is a range of € > 0 for which all variables remaining in the basis (x;(€));, i # p, remain
strictly positive.

How can this device be used to avoid cycling? Suppose we are at a basis 3 for which
there are zero components of x;. At this point, we choose the perturbation matrix E so that
the perturbation (13.43) is positive for some range of € > 0. For instance, if we choose E to
be the current basis B, we have from (13.43) that

€ €
62 62
-1
)C“(G) =x+BE . =X+ . > Xg,
€" €"

for all e > 0. We now perform a step of simplex for the perturbed problem, choosing the
unique leaving index p as above.

After the simplex step, the basis components (x;(€));, i # p, carried over from the
previous iteration are strictly positive for sufficiently small ¢, as is the entering component
x4. Hence, it will be possible to take a nonzero step again at the next simplex iteration, and
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because ties (13.44) are not possible at this iteration either for sufficiently small €, the leaving
variable will be uniquely determined as well.

The reasoning of the previous paragraph holds only if the value of € is sufficiently
small. There are robust strategies, such as the lexicographic strategy, that avoid an explicit
choice of € but rather ask questions of the “what if?” variety to break ties. Given a set of tied
indices B C B with

(i _ Gl

, foralli,l € B,
t; 1

such a strategy would ask, “What if we made a perturbation of the type (13.43)? Which index
from B would be preferred then?” Implementation of this idea is not difficult: We evaluate
successive coefficients of €%, k = 1, 2, .., in the expansion (13.43) for the tying elements.
If there is an element i € B with

(B'E)iy > (BT'E),1, forall [ e B, [+,

Then clearly (x4(€)); > (x4(€)); for all € sufficiently small, so we choose i as the leaving
index. Otherwise, we retain in B3 the indices i that tie for the largest value of (B~'E);; and
evaluate the second column of B~!E. If one value of (B! E);, dominates, we choose it as the
leaving index. Otherwise, we consider coefficients (B! E);; for successively higher-order k
until just one candidate index remains.

13.6 WHERE DOES THE SIMPLEX METHOD FIT?

In linear programming, as in all optimization problems in which inequality constraints (in-
cluding bounds) are present, the fundamental issue is to partition the inequality constraints
into those that are active at the solution and those that are inactive. (The inactive constraints
are, of course, those for which a strict inequality holds at the solution.) The simplex method
belongs to a general class of algorithms for constrained optimization known as active set
methods, which explicitly maintain estimates of the active and inactive index sets that are
updated at each step of the algorithm. (In the case of simplex and linear programming, B is
the set of “probably inactive” indices—those for which the bound x; > 0 is inactive—while
N is the set of “probably active” indices.) Like most active set methods, the simplex method
makes only modest changes to these index sets at each step: A single index is transferred
from B into V, and vice versa.

Active set algorithms for quadratic programming, bound-constrained optimization,
and nonlinear programming use the same basic strategy as simplex of defining a set of
“probably active” constraint indices and taking a step toward the solution of a reduced
problem in which these constraints are satisfied as equalities. When nonlinearity enters the
problem, many of the features that make the simplex method so effective no longer apply.
For instance, it is no longer true in general that at least n — m of the bounds x > 0 are
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active at the solution. The specialized linear algebra techniques no longer apply, and it may
no longer be possible to obtain an exact solution to the reduced problem at each iteration.
Nevertheless, the simplex method is rightly viewed as the antecedent of the active set class.

One undesirable feature of the simplex method attracted attention from its earliest
days. Though highly efficient on almost all practical problems (the method generally requires
at most 2m to 3m iterations, where m is the row dimension of the constraint matrix in
(13.1)), there are pathological problems on which the algorithm performs very poorly.
Klee and Minty [144] presented an n-dimensional problem whose feasible polytope has 2"
vertices, for which the simplex method visits every single vertex before reaching the optimal
point! This example verified that the complexity of the simplex method is exponential;
roughly speaking, its running time can be an exponential function of the dimension of the
problem. For many years, theoreticians searched for a linear programming algorithm that
has polynomial complexity, that is, an algorithm in which the running time is bounded by a
polynomial function of the size of the input. In the late 1970s, Khachiyan [142] described
an ellipsoid method that indeed has polynomial complexity but turned out to be much too
slow in practice. In the mid-1980s, Karmarkar [140] described a polynomial algorithm that
approaches the solution through the interior of the feasible polytope rather than working its
way around the boundary as the simplex method does. Karmarkar’s announcement marked
the start of intense research in the field of interior-point methods, which are the subject of
the next chapter.

NOTES AND REFERENCES

An alternative procedure for performing the Phase-I calculation of an initial basis was
described by Wolfe [247]. This technique does not require artificial variables to be introduced
in the problem formulation, but rather starts at any point x that satisfies Ax = b with at
most m nonzero components in x. (Note that we do not require the basic part x; to consist
of all positive components.) Phase I then consists in solving the problem

rr}rin Z —x; subjectto Ax = b,

x; <0

and terminating when an objective value of 0 is attained. This problem is not a linear
program—its objective is only piecewise linear—but it can be solved by the simplex method
nonetheless. The key is to redefine the cost vector f at each iteration x such that f; = —1
for x; < 0 and f; = 0 otherwise.
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& EXERCISES

& 13.1 Consider the overdetermined linear system Ax = b with m rows and n columns
(m > n). When we apply Gaussian elimination with complete pivoting to A, we obtain

Un Un
PAQ =L ,

where P and Q are permutation matrices, L is m x m lower triangular, Uy, is X m upper
triangular and nonsingular, Uy, is m x (n — m), and m < n is the rank of A.

(a) Show that the system Ax = b is feasible if the last m — m components of L™ Pb are
zero, and infeasible otherwise.
(b) When m = n, find the unique solution of Ax = b.

(c) Show that the reduced system formed from the first m rows of PA and the first m
components of Pb is equivalent to Ax = b (i.e., a solution of one system also solves
the other).

& 13.2 Convert the following linear program to standard form:

max ¢! x +dTy subjectto Ajx = by, Ayx + By < by, [ <y <u,

X,y

where there are no explicit bounds on x.

& 13.3 Show that the dual of the linear program

T

min ¢’ x subjectto Ax > b, x >0,

is
max b’ subjectto ATw < ¢, m > 0.

& 13.4 Show that when m < n and the rows of A are linearly dependent in (13.1), then
the matrix B in (13.13) is singular, and therefore there are no basic feasible points.

&  13.5 Verify formula (13.36).

& 13.6 Calculate the values of Isy, Is3, [54, and 1, in (13.30), by equating the last row of
L,Uj to the last row of the matrix in (13.29).

& 13.7 By extending the procedure (13.27) appropriately, show how the factorization
(13.31) can be used to solve linear systems with coefficient matrix B* efficiently.
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In the 1980s it was discovered that many large linear programs could be solved efficiently
by formulating them as nonlinear problems and solving them with various modifications of
nonlinear algorithms such as Newton’s method. One characteristic of these methods was that
they required all iterates to satisfy the inequality constraints in the problem strictly, so they
soon became known as interior-point methods. By the early 1990s, one class—primal—dual
methods—had distinguished itself as the most efficient practical approach and proved to be
a strong competitor to the simplex method on large problems. These methods are the focus
of this chapter.

The motivation for interior-point methods arose from the desire to find algorithms
with better theoretical properties than the simplex method. As we mentioned in Chapter 13,
the simplex method can be quite inefficient on certain problems. Roughly speaking, the time
required to solve a linear program may be exponential in the size of the problem, as measured
by the number of unknowns and the amount of storage needed for the problem data. In
practice, the simplex method is much more efficient than this bound would suggest, but
its poor worst-case complexity motivated the development of new algorithms with better
guaranteed performance. Among them is the ellipsoid method proposed by Khachiyan [142],
which finds a solution in time that is at worst polynomial in the problem size. Unfortunately,
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this method approaches its worst-case bound on all problems and is not competitive with
the simplex method.

Karmarkar’s projective algorithm [140], announced in 1984, also has the polynomial
complexity property, but it came with the added inducement of good practical behavior.
The initial claims of excellent performance on large linear programs were never fully borne
out, but the announcement prompted a great deal of research activity and a wide array

» «

of methods described by such labels as “affine-scaling,” “logarithmic barrier,” “potential-
reduction,” “path-following,” “primal-dual,” and “infeasible interior-point.” All are related
to Karmarkar’s original algorithm, and to the log-barrier approach of Section 17.2, but many
of the approaches can be motivated and analyzed independently of the earlier methods.

Interior-point methods share common features that distinguish them from the simplex
method. Each interior-point iteration is expensive to compute and can make significant
progress towards the solution, while the simplex method usually requires a larger number of
inexpensive iterations. The simplex method works its way around the boundary of the feasible
polytope, testing a sequence of vertices in turn until it finds the optimal one. Interior-point
methods approach the boundary of the feasible set only in the limit. They may approach the
solution either from the interior or the exterior of the feasible region, but they never actually
lie on the boundary of this region.

In this chapter we outline some of the basic ideas behind primal—dual interior-point
methods, including the relationship to Newton’s method and homotopy methods and the
ideas of the central path and central neighborhoods. We sketch the important methods in
this class, with an emphasis on path-following methods. We describe in detail a practical
predictor—corrector algorithm proposed by Mehrotra, which is the basis of much of the
current generation of software.

14.1 PRIMAL-DUAL METHODS

OUTLINE
We consider the linear programming problem in standard form; that is,

T

minc' x, subjectto Ax =b,x >0, (14.1)

where ¢ and x are vectors in R”, b is a vector in R, and A is an m x n matrix. The dual
problem for (14.1) is

max b” A, subjectto ATA +s5 =c,s5 >0, (14.2)

where A is a vector in R” and s is a vector in R”. As shown in Chapter 13, primal-dual
solutions of (14.1), (14.2) are characterized by the Karush—Kuhn-Tucker conditions (13.4),
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which we restate here as follows:

ATa+s=c, (14.3a)
Ax = b, (14.3b)
x5, =0, i=1,2,...,n, (14.3¢)

(x,s5) > 0. (14.3d)

Primal-dual methods find solutions (x*, 1*, s*) of this system by applying variants of New-
ton’s method to the three equalities in (14.3) and modifying the search directions and step
lengths so that the inequalities (x, s) > 0are satisfied strictlyat every iteration. The equations
(14.3a), (14.3b), (14.3¢) are only mildly nonlinear and so are not difficult to solve by them-
selves. However, the problem becomes much more difficult when we add the nonnegativity
requirement (14.3d). The nonnegativity condition is the source of all the complications in
the design and analysis of interior-point methods.

To derive primal-dual interior-point methods, we restate the optimality conditions
(14.3) in a slightly different form by means of a mapping F from R***" to R*"*:

ATA+5s—c¢
F(x, A, s)= Ax —b =0, (14.4a)
XSe
(x,5) >0, (14.4b)
where
X = diag(xy, x2, ..., X,), S = diag(s1, 52, - - - 8n), (14.5)
ande = (1,1, ..., 1)T. Primal-dual methods generate iterates (x*, Ak, s%) that satisfy the

bounds (14.4b) strictly, that is, x* > 0 and s* > 0. This property is the origin of the term
interior-point. By respecting these bounds, the methods avoid spurious solutions, that is,
points that satisfy F'(x, A, s) = 0butnot (x, s) > 0. Spurious solutions abound, and do not
provide useful information about solutions of (14.1) or (14.2), so it makes sense to exclude
them altogether from the region of search.

Many interior-point methods actually require the iterates to be strictly feasible; that is,
each (x*, A, s¥) must satisfy the linear equality constraints for the primal and dual problems.
If we define the primal-dual feasible set F and strictly feasible set F° by

F={(x,r,8)|Ax =b, ATA+s5=c, (x,5) > 0}, (14.6a)
Fo={(x,r,8)|Ax =b, ATA+5 =c, (x,5) > 0}, (14.6b)
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the strict feasibility condition can be written concisely as
(xk, Ak, 5%y e Fo.

Like most iterative algorithms in optimization, primal-dual interior-point methods
have two basic ingredients: a procedure for determining the step and a measure of the
desirability of each point in the search space. As mentioned above, the search direction
procedure has its origins in Newton’s method for the nonlinear equations (14.4a). Newton’s
method forms alinear model for F around the current point and obtains the search direction
(Ax, AA, As) by solving the following system of linear equations:

Ax
J(x, A, s) As =—F(x,A,s),
Al

where J is the Jacobian of F. (See Chapter 11 for a detailed discussion of Newton’s method
for nonlinear systems.) If the current point is strictly feasible (that is, (x, A, s) € F°), the
Newton step equations become

o AT 1 Ax 0
0 0 AL | = 0 ) (14.7)
S 0 X As —XSe

A full step along this direction usually is not permissible, since it would violate the bound
(x,s) > 0. To avoid this difficulty, we perform a line search along the Newton direction so
that the new iterate is

(x, A, 8) +a(Ax, Ax, As),

for some line search parameter « € (0, 1]. Unfortunately, we often can take only a small
step along the direction (o < 1) before violating the condition (x, s) > 0; hence, the pure
Newton direction (14.7), which is known as the affine scaling direction, often does not allow
us to make much progress toward a solution.

Primal-dual methods modify the basic Newton procedure in two important ways:

1. They bias the search direction toward the interior of the nonnegative orthant (x, s) >
0, so that we can move further along the direction before one of the components of
(x, s) becomes negative.

2. They keep the components of (x, s) from moving “too close” to the boundary of the
nonnegative orthant.

We consider these modifications in turn.
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THE CENTRAL PATH

The central path C is an arc of strictly feasible points that plays a vital role in primal—-
dual algorithms. It is parametrized by a scalar T > 0, and each point (x;, A;, s;) € C solves
the following system:

ATra+s=c, (14.8a)
Ax =D, (14.8b)

X8 =1, i=1,2,...,n, (14.8¢)
(x,s) > 0. (14.8d)

These conditions differ from the KKT conditions only in the term 7 on the right-hand-side
of (14.8¢). Instead of the complementarity condition (14.3¢c), we require that the pairwise
products x;s; have the same value for all indices i. From (14.8), we can define the central
path as

C={(x¢, Ar,5¢) | T > 0}.

It can be shown that (x;, A, s;) is defined uniquely for each T > 0 if and only if F? is
nonempty. A plot of C for a typical problem, projected into the space of primal variables x,
is shown in Figure 14.1.

central path neighborhood

Figure14.1 Central path, projected into space of primal variables x, showinga typical
neighborhood V.

397



398 CHAPTER 14. [INTERIOR-POINT METHODS

Another way of defining C is to use the mapping F' defined in (14.4) and write

0
F(xz, Ay, 80) = 0 , (X7, 87) > 0. (14.9)

Te

The equations (14.8) approximate (14.3) more and more closely as t goes to zero. If
C converges to anything as T | 0, it must converge to a primal—dual solution of the linear
program. The central path thus guides us to a solution along a route that steers clear of
spurious solutions by keeping all x and s components strictly positive and decreasing the
pairwise products x;s;,i = 1,2, ..., n, to zero at roughly the same rate.

Primal-dual algorithms take Newton steps toward points on C for which ¢ > 0,
rather than pure Newton steps for F. Since these steps are biased toward the interior of the
nonnegative orthant defined by (x, s) > 0, it usually is possible to take longer steps along
them than along the pure Newton steps for F, before violating the positivity condition.

To describe the biased search direction, we introduce a centering parameter o € [0, 1]
and a duality measure . defined by

! Z s (14.10)
=— ) Xi$i=—, .
l’l/ n — o1 n

which measures the average value of the pairwise products x;s;. By writing T = ou and
applying Newton’s method to the system (14.9), we obtain

0o A" 1 Ax 0
0 0 A\ | = 0 . (14.11)
N 0 X As —XSe+ oue

The step (Ax, AX, As) is a Newton step toward the point (x4, Agy, Sou) € C, at which the
pairwise products x;s; are all equal to o . In contrast, the step (14.7) aims directly for the
point at which the KKT conditions (14.3) are satisfied.

If o = 1, the equations (14.11) define a centering direction, a Newton step toward the
point (x,, A, s,,) € C, at which all the pairwise products x;s; are identical to . Centering
directions are usually biased strongly toward the interior of the nonnegative orthant and
make little, if any, progress in reducing the duality measure . However, by moving closer to
C, they set the scene for substantial progress on the next iteration. (Since the next iteration
starts near C, it will be able to take a relatively long step without leaving the nonnegative
orthant.) At the other extreme, the value ¢ = 0 gives the standard Newton step (14.7),
sometimes known as the affine-scaling direction. Many algorithms use intermediate values
of o from the open interval (0, 1) to trade off between the twin goals of reducing p and
improving centrality.
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A PRIMAL-DUAL FRAMEWORK

With these basic concepts in hand, we can define a general framework for primal-dual
algorithms.

Framework 14.1 (Primal-Dual).
Given (x°, 1%, s0) € F°

fork=0,1,2,...
Solve
o A" I Axk 0
A 0 0 AN | = 0 , (14.12)
sko0  x* Ask —X*Ske + o e

where oy € [0, 1] and py = (x*)7s*/n;
Set

(KL AR Gy = (K AR, 5K + ap (AxK, ALK, As5), (14.13)

choosing o such that (x*+1, s¥¥1) > 0.
end (for).

The choices of centering parameter oy and step length o, are crucial to the performance
of the method. Techniques for controlling these parameters, directly and indirectly, give rise
to a wide variety of methods with varying theoretical properties.

So far, we have assumed that the starting point (x°, A°, 5°) is strictly feasible and, in
particular, that it satisfies the linear equations Ax? = b, ATA? 4 s° = ¢. All subsequent
iterates also respect these constraints, because of the zero right-hand-side terms in (14.12).

For most problems, however, a strictly feasible starting point is difficult to find.
Infeasible-interior-point methods require only that the components of x° and s° be strictly
positive. The search direction needs to be modified so that it improves feasibility as well
as centrality at each iteration, but this requirement entails only a slight change to the step
equation (14.11). If we define the residuals for the two linear equations as

r, = Ax — b, re=ATA+s—c, (14.14)
the modified step equation is

o A" 1 Ax —re
0 0 A\ | = —7rp . (14.15)
S 0 X As —XSe+ oue
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The search direction is still a Newton step toward the point (X5, Aoy, Sop) € C. It tries to
correct all the infeasibility in the equality constraints in a single step. If a full step is taken
at any iteration (that is, ¢ = 1 for some k), the residuals r;, and r, become zero, and all
subsequent iterates remain strictly feasible.

PATH-FOLLOWING METHODS

Path-following algorithms explicitly restrict the iterates to a neighborhood of the
central path C and follow C to a solution of the linear program. By preventing the iterates
from coming too close to the boundary of the nonnegative orthant, they ensure that search
directions calculated from each iterate make at least some minimal amount of progress
toward the solution.

A key ingredient of any optimization algorithm is a measure of the desirability of each
point in the search space. In path-following algorithms, the duality measure u defined by
(14.10) fills this role. The duality measure 1 is forced to zero as k — 00, so the iterates
(x*, A, s¥) come closer and closer to satisfying the KKT conditions (14.3).

The two most interesting neighborhoods of C are the so-called 2-norm neighborhood
N>(9) defined by

Na(0) = {(x, A, 5) € F| | XSe — el < O}, (14.16)
for some 0 € [0, 1), and the one-sided co-norm neighborhood N (y) defined by
N oo(y)=1{(x, A, 8) € Flx;s;i =y alli =1,2,...,n}, (14.17)

for some y € (0, 1]. (Typical values of the parameters are § = 0.5 and y = 1072.) If
a point lies in AV, (y), each pairwise product x;s; must be at least some small multiple
y of their average value p. This requirement is actually quite modest, and we can make
N_oo(y) encompass most of the feasible region F by choosing y close to zero. The N(6)
neighborhood is more restrictive, since certain points in F° do not belong to N>(6) no
matter how close 6 is chosen to its upper bound of 1.

The projection of the neighborhood A onto the space of x variables for a typical
problem is shown as the region between the dotted lines in Figure 14.1.

By keeping all iterates inside one or another of these neighborhoods, path-following
methods reduce all the pairwise products x;s; to zero at more or less the same rate.

Path-following methods are akin to homotopy methods for general nonlinear equa-
tions, which also define a path to be followed to the solution. Traditional homotopy methods
stay in a tight tubular neighborhood of their path, making incremental changes to the pa-
rameter and chasing the homotopy path all the way to a solution. For primal-dual methods,
this neighborhood is conical rather than tubular, and it tends to be broad and loose for larger
values of the duality measure p. It narrows as u — 0, however, because of the positivity
requirement (x, s) > 0.
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The algorithm we specify below, known as a long-step path-following algorithm, can
make rapid progress because of its use of the wide neighborhood N_(y), for y close to
zero. It depends on two parameters oy, and 0p,.x, which are upper and lower bounds on the
centering parameter oy. The search direction is, as usual, obtained by solving (14.12), and
we choose the step length oy to be as large as possible, subject to staying inside N_,(y).

Here and in later analysis, we use the notation

(K (@), M), s5 (@) 2 (6K, 2K, s5) + a(Axk, AR, Asb), (14.18a)
(@) 2 3k ()T 55 (@) /. (14.18b)

Algorithm 14.2 (Long-Step Path-Following).
Given ¥, Omin, Omax With y € (0,1), 0 < Omin < Omax < 1,
and (x°, 1%, 5%) € N_oo ()3
fork=0,1,2,...
Choose 6} € [Omins Omax ]}
Solve (14.12) to obtain (Ax¥, AX¥, Ash);
Choose oy as the largest value of « in [0, 1] such that

(xF (@), A (), s* (@) € Nooo(p); (14.19)

Set (a1 AL k) = (xK (o), M (), s%(o))s
end (for).

Typical behavior of the algorithm is illustrated in Figure 14.2 for the case of n = 2.
The horizontal and vertical axes in this figure represent the pairwise products x;s; and x,s,,
so the central path C is the line emanating from the origin at an angle of 45°. (A point at the
origin of this illustration is a primal—dual solution if it also satisfies the feasibility conditions
(14.3a), (14.3b), and (14.3d).) In the unusual geometry of Figure 14.2, the search directions
(Ax*, AM%, As*) transform to curves rather than straight lines.

As Figure 14.2 shows (and the analysis confirms), the lower bound oy,;, on the cen-
tering parameter ensures that each search direction starts out by moving away from the
boundary of N, (y) and into the relative interior of this neighborhood. That is, small
steps along the search direction improve the centrality. Larger values of « take us outside the
neighborhood again, since the error in approximating the nonlinear system (14.9) by the
linear step equations (14.11) becomes more pronounced as « increases. Still, we are guar-
anteed that a certain minimum step can be taken before we reach the boundary of N_ o (y),
as we show in the analysis below.

We provide a complete analysis of Algorithm 14.2 in Section 14.4. It shows that the
theory of primal-dual methods can be understood without recourse to profound mathe-
matics. This algorithm is fairly efficient in practice, but with a few more changes it becomes
the basis of a truly competitive method, which we discuss in the next section.
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iterates

central path C

'J boundary of neighborhood N

X1 5y

Figure 14.2 Iterates of Algorithm 14.2, plotted in (xs) space.

Aninfeasible-interior-point variant of Algorithm 14.2 can be constructed by generaliz-
ing the definition of N__, () to allow violation of the feasibility conditions. In this extended
neighborhood, the residual norms ||7;|| and ||7.|| are bounded by a constant multiple of the

duality measure w. By squeezing u to zero, we also force r;, and r, to zero, so that the iterates

approach complementarity and feasibility simultaneously.

14.2 A PRACTICAL PRIMAL-DUAL ALGORITHM

Most existing interior-point codes for general-purpose linear programming problems are
based on a predictor—corrector algorithm proposed by Mehrotra [164]. The two key features

of this algorithm are
a. addition of a corrector step to the search direction of Framework 14.1, so that the
algorithm more closely follows a trajectory to the primal—dual solution set; and

b. adaptive choice of the centering parameter o.

The method can be motivated by “shifting” the central path C so that it starts at our
current iterate (x, A, s) and ends, as before, at the set of solution points Q. We denote this
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Figure 14.3 Central path C, and a trajectory H from the current (noncentral) point
(x, A, 5) to the solution set 2.

modified trajectory by H and parametrize it by the parameter T € [0, 1), so that
H = {(£(x), A1), 8(x)) | T € [0, 1)},
with (£(0), (0), §(0)) = (x, A, s) and, if the limit exists as 7 1 1, we have

1%1 (£(1), A(1),5(1)) € Q.

The relationship of H to the central path C is depicted in Figure 14.3.

Algorithms from Framework 14.1 can be thought of as first-order methods, in that
they find the tangent to a trajectory like  and perform a line search along it. This tangent
is known as the predictor step. Mehrotra’s algorithm takes the next logical step of calculating
the curvature of H at the current point, thereby obtaining a second-order approximation to
this trajectory. The curvature is used to define the corrector step, and it can be obtained at
a low marginal cost, since it reuses the matrix factors from the calculation of the predictor
step.

The second important feature of Mehrotra’s algorithm is that it chooses the centering
parameter o adaptively, in contrast to algorithms from Framework 14.1, which assign a
value to oy prior to calculating the search direction. At each iteration, Mehrotra’s algorithm
first calculates the affine-scaling direction (the predictor step) and assesses its usefulness
as a search direction. If this direction yields a large reduction in p without violating the
positivity condition (x, s) > 0, the algorithm concludes that little centering is needed, so
it chooses o close to zero and calculates a centered search direction with this small value. If
the affine-scaling direction is not so productive, the algorithm enforces a larger amount of
centering by choosing a value of o closer to 1.
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The algorithm thus combines three steps to form the search direction: a predictor step,
which allows us to determine the centering parameter oy, a corrector step using second-order
information of the path H leading toward the solution, and a centering step in which the
chosen value of oy is substituted in (14.15). We will see that computation of the centered
direction and the corrector step can be combined, so adaptive centering does not add further
to the cost of each iteration.

In concrete terms, the computation of the search direction (Ax, AA, As) proceeds
as follows. First, we calculate the predictor step (Ax AN A gaf) by setting 0 = 0 in
(14.15), that is,

o AT I Axf —re
0 0 AT = —r ) (14.20)
S 0 X As?f —XSe
dual

To measure the effectiveness of this direction, we find affrfi and aj;" to be the longest step
lengths that can be taken along this direction before violating the nonnegativity conditions
(x,s) = 0, with an upper bound of 1. Explicit formulae for these values are as follows:

i def . . Xi
affrfl =min(1, min — sz , (14.21a)
i:Ax,f‘“<0 Axia
dual def . . i
" =min|1, min - . (14.21b)
? i:As,“ff<0 ASiaff

We define . to be the value of  that would be obtained by a full step to the boundary,
that is,

Harf = (x + affrfiAxaff)T(s + affrfiAsaff)/n, (14.22)
and set the damping parameter o to be
3
(Maff)
o= .
m

It is easy to see that this choice has the effect mentioned above: When good progress is made

along the predictor direction, we have p,¢ < , so the o obtained from this formula is
small; and conversely.

The corrector step is obtained by replacing the right-hand-side in (14.20) by (0, 0,
—AX ASae) while the centering step requires a right-hand-side of (0, 0, o e). We can
obtain the complete Mehrotra step, which includes the predictor, corrector, and centering
step components, by adding the right-hand-sides for these three components and solving
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the following system:
o AT 1 AXx —re
A 0 0 Al = —rp . (14.23)
s 0 X As —XSe — AXASfe + o e

We calculate the maximum steps that can be taken along these directions before violating
the nonnegativity condition (x, s) > 0 by formulae similar to (14.21); namely,

k

i def . . X;
o =min(1, min ——— ), 14.24a
max ( i:Ax; <0 Ax,‘ ) ( )

k

dual def _ . : Si
o = min| 1, min ——— ), 14.24b
max < i:As;<0 AS,‘ ) ( )

and then choose the primal and dual step lengths as follows:

pri

o, = min(l, naPt ) a,‘j“al = min(1, nad“al), (14.25)

max/?’ max
where 1 € [0.9, 1.0) is chosen so that n — 1 near the solution, to accelerate the asymptotic
convergence. (For details of the choice of 5 and other elements of the algorithm such as the
choice of starting point (x°, A, 5°) see Mehrotra [164].)

We summarize this discussion by specifying Mehrotra’s algorithm in the usual format.

Algorithm 14.3 (Mehrotra Predictor—Corrector Algorithm).

Given (x%, A%, s°) with (x°, s°) > 0;

fork=0,1,2,...
Set (x, A, s) = (x*, Ak, s%) and solve (14.20) for (Ax?, Ax2f As?fh);
Calculate affrfi, aff‘;al, and [t as in (14.21) and (14.22);
Set centering parameter to 0 = ({qfr/ w3
Solve (14.23) for (Ax, AX, As);
Calculate oe,fri and a,fual from (14.25);
Set

A = x* ol Ax,

()\,k-H, sk+1) — ()\,k, Sk) +O{;3ual(A)\,, AS);

end (for).

Itis important to note that no convergence theory is available for Mehrotra’s algorithm,
at least in the form in which it is described above. In fact, there are examples for which the
algorithm diverges. Simple safeguards could be incorporated into the method to force it into
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the convergence framework of existing methods. However, most programs do notimplement
these safeguards, because the good practical performance of Mehrotra’s algorithm makes
them unnecessary.

SOLVING THE LINEAR SYSTEMS

Most of the computational effort in primal-dual methods is taken up in solving linear
systems such as (14.15), (14.20), and (14.23). The coefficient matrix in these systems is
usually large and sparse, since the constraint matrix A is itself large and sparse in most
applications. The special structure in the step equations allows us to reformulate them as
systems with more compact symmetric coefficient matrices, which are easier and cheaper to
factor than the original form.

The reformulation procedures are simple, as we show by applying them to the system
(14.15). Since the current point (x, A, s) has x and s strictly positive, the diagonal matrices
X and S are nonsingular. Hence, by eliminating As from (14.15), we obtain the following
equivalent system:

0 A AL —7rp
- 5 = . , (14.26a)
A —-D Ax —rte+s—ouX e

As = —s+ouX le— X 1SAx, (14.26b)

where we have introduced the notation
D =S§12x'2 (14.27)
This form of the step equations usually is known as the augmented system. Since the matrix

X~LS is also diagonal and nonsingular, we can go a step further, eliminating Ax from
(14.26a) to obtain another equivalent form:

AD?*ATAN = —r, + A(=S ' Xr. +x —ouSle), (14.28a)
As = —r. — AT AX, (14.28b)
Ax = —x +ouS e — ST' X As. (14.28¢)

This form often is called the normal-equations form because the system (14.28a) can be
viewed as the normal equations (10.11) for a linear least-squares problem with coefficient
matrix DAT.

Most implementations of primal-dual methods are based on the system (14.28). They
use direct sparse Cholesky algorithms to factor the matrix AD?*AT, and then perform trian-
gular solves with the resulting sparse factors to obtain the step AA from (14.28a). The steps
As and Ax are recovered from (14.28b) and (14.28c¢). General-purpose sparse Cholesky
software can be applied to AD*AT, but a few modifications are needed because AD?AT
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may be ill-conditioned or singular. Ill conditioning is often observed during the final stages
of a primal-dual algorithm, when the elements of the diagonal weighting matrix D? take on
both huge and tiny values.

The formulation (14.26) has received less attention than (14.28), mainly because algo-
rithms and software for factoring sparse symmetric indefinite matrices are more complicated,
slower, and less prevalent than sparse Cholesky algorithms. Nevertheless, the formulation
(14.26) is cleaner and more flexible than(14.28) in a number of respects. Fill-in of the co-
efficient matrix in (14.28) caused by dense columns in A does not occur, and free variables
(that is, components of x with no explicit lower or upper bounds) can be handled without
resorting to the various artificial devices needed in the normal-equations form.

14.3 OTHER PRIMAL-DUAL ALGORITHMS AND EXTENSIONS

OTHER PATH-FOLLOWING METHODS

Framework 14.1 is the basis of a number of other algorithms of the path-following
variety. They are less important from a practical viewpoint, but we mention them here
because of their elegance and their strong theoretical properties.

Some path-following methods choose conservative values for the centering parameter
o (thatis, o only slightly less than 1) so that unit steps @ = 1 can be taken along the resulting
direction from (14.11) without leaving the chosen neighborhood. These methods, which are
known as short-step path-following methods, make only slow progress toward the solution
because they require the iterates to stay inside a restrictive N5 neighborhood (14.16).

Better results are obtained with the predictor—corrector method, due to Mizuno, Todd,
and Ye [165], which uses two A, neighborhoods, nested one inside the other. (Despite the
similar terminology, this algorithm is quite distinct from Algorithm 14.3 of Section 14.2.)
Every second step of this method is a predictor step, which starts in the inner neighborhood
and moves along the affine-scaling direction (computed by setting 0 = 0 in (14.11)) to
the boundary of the outer neighborhood. The gap between neighborhood boundaries is
wide enough to allow this step to make significant progress in reducing p. Alternating with
the predictor steps are corrector steps (computed with 0 = 1 and ¢ = 1), which take the
next iterate back inside the inner neighborhood in preparation for the subsequent predictor
step. The predictor—corrector algorithm produces a sequence of duality measures 1 that
converge superlinearly to zero, in contrast to the linear convergence that characterizes most
methods.

POTENTIAL-REDUCTION METHODS

Potential-reduction methods take steps of the same form as path-following methods,
but they do not explicitly follow the central path C and can be motivated independently of
it. They use a logarithmic potential function to measure the worth of each point in ° and
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aim to achieve a certain fixed reduction in this function at each iteration. The primal-dual
potential function, which we denote generically by ®, usually has two important properties:

® — oo ifx;s; — 0 forsome i, while u = x7s/n 4 0, (14.29a)
® — —oco ifand onlyif (x, A, s) —> Q. (14.29b)

The first property (14.29a) stops any one of the pairwise products x;s; from approaching
zero independently of the others, and therefore keeps the iterates away from the boundary
of the nonnegative orthant. The second property (14.29b) relates & to the solution set €2.
If our algorithm forces ® to —oo, then (14.29b) ensures that the sequence approaches the
solution set.

An interesting primal-dual potential function is the Tanabe-Todd-Ye function &,
defined by

D,(x,s) = plongs — Zlogxisi, (14.30)

i=1

for some parameter p > n (see [233], [236]). Like all algorithms based on Framework 14.1,
potential-reduction algorithms obtain their search directions by solving (14.12), for some
or € (0, 1), and they take steps of length o4 along these directions. For instance, the step
length o may be chosen to approximately minimize ®, along the computed direction. The
“cookbook” value oy = n/(n + /n) is sufficient to guarantee constant reduction in ®,, at
every iteration. Hence, @, will approach —oo0, forcing convergence. Adaptive and heuristic
choices of gy and o are also covered by the theory, provided that they at least match the
reduction in ¢, obtained from the conservative theoretical values of these parameters.

EXTENSIONS

Primal-dual methods for linear programming can be extended to wider classes of prob-
lems. There are simple extensions of the algorithm to the monotone linear complementarity
problem (LCP) and convex quadratic programming problems for which the convergence
and polynomial complexity properties of the linear programming algorithms are retained.
The LCP is the problem of finding vectors x and s in R" that satisfy the following conditions:

s =Mx+gq, (x,s) >0, xI's =0, (14.31)

where M is a positive semidefinite n x n matrix and ¢ € R". The similarity between (14.31)
and the KKT conditions (14.3) is obvious: The last two conditions in (14.31) correspond to
(14.3d) and (14.3c), respectively, while the condition s = Mx + g is similar to the equations
(14.3a) and (14.3b). For practical instances of the problem (14.31), see Cottle, Pang, and
Stone [59].
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In convex quadratic programming, we minimize a convex quadratic objective subject
to linear constraints. A convex quadratic generalization of the standard form linear program
(14.1) is

minc’ x + %xTGx, subject to Ax = b,x >0, (14.32)

where G is a symmetric n x n positive semidefinite matrix. The KKT conditions for this
problem are similar to (14.3) and the linear complementarity problem (14.31). In fact, we
can show that any LCP can be formulated as a convex quadratic program, and vice versa.
See Section 16.7 for further discussion of interior-point methods for (14.32).

Extensions of primal-dual methods to nonlinear programming problems can be de-
vised by writing down the KKT conditions in a form similar to (14.3), adding slack variables
where necessary to convert all the inequality conditions to simple bounds of the type (14.3d).
As in Framework 14.1, the basic primal-dual step is found by applying Newton’s method
to the equality KKT conditions, curtailing the step length to ensure that the bounds are
satisfied strictly by all iterates. When the nonlinear programming problem is convex (that
is, its objective and constraint functions are all convex functions), global convergence of
primal-dual methods is not too difficult to prove. Extensions to general nonlinear program-
ming problems are not so straightforward; we discuss some approaches under investigation
in Section 17.2.

Interior-point methods are proving to be effective in semidefinite programming, a class
of problems in which some of the variables are symmetric matrices that are constrained to
be positive semidefinite. This class, which has been the topic of concentrated research since
the early 1990s, has applications in many areas, including control theory and combinatorial
optimization. Further information on this increasingly important topic can be found in
Nesterov and Nemirovskii [181], Boyd et al. [26], and Vandenberghe and Boyd [240].

14.4 ANALYSIS OF ALGORITHM 14.2

We now present a detailed analysis of Algorithm 14.2. As is typical in interior-point methods,
the analysis builds from a purely technical lemma to a powerful theorem in just a few pages.
We start with the technical lemma—Lemma 14.1—and use it to prove Lemma 14.2, a bound
on the vector of pairwise products Ax;As;, i = 1,2, ..., n. Theorem 14.3 finds a lower
bound on «; and a corresponding estimate of the reduction in u at each iteration. Global
convergence is an immediate consequence of this result. Theorem 14.4 goes a step further,
proving that O(n) iterations are required to identify a point for which u; < €, for a given
tolerance € € (0, 1).
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Lemma 14.1.
Let u and v be any two vectors in R" with uTv > 0. Then
IUVell < 272 |u + v,
where
U = diag(uy, uz, ..., Up), V = diag(vy, va, .. ., Uy)-

PROCF.  First, note that for any two scalars « and g with @8 > 0, we have from the algebraic-
geometric mean inequality that

Vel < %Ia—i—ﬂl. (14.33)

Ty > 0, we have

0<ulv= Z u;v; + Z u;v; :Z|uiv;|—2|u;vi|, (14.34)

u;jv; >0 u;v; <0 ieP ieM

Since u

where we partitioned the index set {1, 2, ...,n}as
P ={i|ujv; > 0}, M = {i|u;v; <0)}.

Now,

WU Vel = (Iuvilicp I + Iuiviliead?) "

< (Mupviliepl§ + Muiviliemlly
1/2
< 2 uivilierll?)
1
<2 [—(Mi + Ui)2i|
4 ieP
=272 Z(M, + v,')2

ieP
n

<2732 Z(”i +v;)?
i—1

<272 u + %,

12 .
) since || - 2 <l I

from (14.34)

from (14.33)

1

completing the proof. O

Lemma 14.2.
If(x, A, 5) € N_oo(y), then

IAXASe|| <2731+ 1/y)nu.
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PROCF. It is easy to show using (14.12) that

AxTAs =0 (14.35)

(see the exercises). By multiplying the last block row in (14.12) by (X§)~!/

definition D = X'/25-1/2, we obtain

and using the

D7 'Ax + DAs = (XS)"V3 (=X Se + o pe). (14.36)

Because (D~'Ax)T(DAs) = AxT As = 0, we can apply Lemma 14.1 with u = D7'Ax
and v = DAs to obtain

IAXASell = (D' AX)(DAS)e]
<273 D7'Ax + DAs|? from Lemma 14.1
= 27¥2(XS)" 2 (=X Se + o pe) | from (14.36).

T

Expanding the squared Euclidean norm and using such relationships as x's = nu and

el e = n, we obtain

_ "
[AXASe| < 2732 | xTs —ZUMeTe—I—GZ,MZZ—
L i=1 XiSi

n
<2732 | xTs — 20,ueTe + az,uz—] since x;8; > y U

- 2

<2721 -20 + —] m

L Y
<2721+ 1/y)np,

as claimed. O

Theorem 14.3.

Given the parameters Y, Omin, and omax in Algorithm 14.2, there is a constant §
independent of n such that

)
Mit1 = (1 - ;) M, (14.37)

forallk > 0.

PROOF.  We start by proving that

(¥ (@), (@), s* (@) € No(y) forall a e [0, 23/2)/:—)’:%] (14.38)
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where (x"(a), (o), sk(a)) is defined as in (14.18). It follows that o is bounded below as

follows:
o 1—vy
o > 2P =y —2 14.39
K> P y ( )
Foranyi = 1,2, ..., n, we have from Lemma 14.2 that
|AxEAsE| < |AX ASKe|l, < 272(1 4 1/y)nu. (14.40)

Using (14.12), we have from xl.ks{‘ > i and (14.40) that

xlk(ot)sik(oz) = (xlk + otAx{‘) (slk + (xAsik)
=xksk +a (fos{‘ + s{‘Axf) + a? AxFAsk
> x{‘s!‘(l — ) + ooy — a2|AxikAsik|
>y (1 — @)k + aokp — o272 (14 1/y)np.
By summing the n components of the equation S¥ Ax* 4+ X*As* = —X*Ske 4 oy e (the

third block row from (14.12)), and using (14.35) and the definition of 4 and u(«) (see
(14.18)), we obtain

pi(e) = (1 —a(l — ox)) .
From these last two formulas, we can see that the proximity condition
xf(@)sf(@) = y (@)
is satisfied, provided that
y (1 — )y + @0 — 0?2721+ 1/ > (1 — @ + a0 .
Rearranging this expression, we obtain
aorp(l —y) = 27 npg (1 + 1/y),

which is true if

We have proved that (xk(ot), (), sk(a)) satisfies the proximity condition for N_(y)
when o liesin the range stated in (14.38). Itis not difficult to show that (xk(oc), 2(a), sk(oz)) €
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JF? forall @ in the given range (see the exercises). Hence, we have proved (14.38) and therefore
(14.39).

We complete the proof of the theorem by estimating the reduction in p on the kth
step. Because of (14.35), (14.39), and the last block row of (14.11), we have

ti = XM @) s (@) /n
= [()Ts" + o ()T As* + ()T AxXY) + af (AT A ] /n - (14.41)

= p + o (=5 /n + o) (14.42)

= (1 — o (1 — op)) i (14.43)
22 1—y

< <1 - VTS yUk(l - 0k)> M. (14.44)

Now, the function o (1 — o) is a concave quadratic function of o, so on any given interval
it attains its minimum value at one of the endpoints. Hence, we have

Ok(l - Ok) > min {C"min(1 - Gmin)s Gmax(l - Gmax)} ’ for all oy € [Umin’ Omax]~
The proof is completed by substituting this estimate into (14.44) and setting
e

1 .
d= 23/2ym min {Gmin(1 - O'min)a Gmax(l - o-max)} . U

We conclude with the complexity result.

Theorem 14.4.
Givene > 0 and y € (0, 1), suppose the starting point (x°, A%, 5%) € N _(y) in
Algorithm 14.2 has
Mo < 1/€* (14.45)
for some positive constant k. Then there is an index K with K = O(nlog 1/€) such that

e < €, forallk > K.

PROOF. By taking logarithms of both sides in (14.37), we obtain

8
log 41 < log <1 — ;) + log 1.

By repeatedly applying this formula and using (14.45), we have

b b 1
loguk§klog(l——)+logu0§klog(l— )—i—fclog—.
n €

n
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The following well-known estimate for the log function,
log(1+ B) < B, forall B > —1,

implies that

8 1
log ur <k (——) + Kk log —.
n €

Therefore, the convergence criterion p; < € is satisfied if we have

) 1
k (——) + Kk log — <loge.
n €

This inequality holds for all k that satisfy

w

1
k>K={(1 +K)n—10g—,
8 €
so the proof is complete. g

NOTES AND REFERENCES

For more details on the material of this chapter, see the book by Wright [255].

As noted earlier, Karmarkar’s method arose from a search for linear programming
algorithms with better worst-case behavior than the simplex method. The first algorithm
with polynomial complexity, Khachiyan’s ellipsoid algorithm [142], was a computational
disappointment, but the execution times required by Karmarkar’s method were not too
much greater than simplex codes at the time of its introduction, particularly for large linear
programs. Karmarkar’s is a primal algorithm; that is, it is described, motivated, and im-
plemented purely in terms of the primal problem (14.1) without reference to the dual. At
each iteration, Karmarkar’s algorithm performs a projective transformation on the primal
feasible set that maps the current iterate x* to the center of the set and takes a step in the
feasible steepest descent direction for the transformed space. Progress toward optimality is
measured by a logarithmic potential function. Nice descriptions of the algorithm can be
found in Karmarkar’s original paper [140] and in Fletcher [83].

Karmarkar’s method falls outside the scope of this chapter, and in any case, its practical
performance does not appear to match the most efficient primal-dual methods. The algo-
rithms we discussed in this chapter—path-following, potential-reduction—have polynomial
complexity, like Karmarkar’s method.

Historians of interior-point methods point out that many of the ideas that have been
examined since 1984 actually had their genesis in three works that preceded Karmarkar’s
paper. The first of these is the book of Fiacco and McCormick [79] on logarithmic barrier
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functions, which proves existence of the central path, among many other results. Further
analysis of the central path was carried out by McLinden [162], in the context of nonlinear
complementarity problems. Finally, there is Dikin’s paper [72], in which an interior-point
method known as primal affine-scaling was originally proposed. The outburst of research on
primal-dual methods, which culminated in the efficient software packages available today,
dates to the seminal paper of Megiddo [163].

Todd gives an excellent survey of potential reduction methods in [235]. He relates
the primal-dual potential reduction method mentioned above to pure primal potential
reduction methods, including Karmarkar’s original algorithm, and discusses extensions to
special classes of nonlinear problems.

For an introduction to complexity theory and its relationship to optimization, see the
book by Vavasis [241].

Interior-point software for linear programming is now widely available. Most of the im-
plementations are based on Algorithm 14.3, with additional “higher-order correction” steps
proposed by Gonzdio [116]. Because this software is typically less complex than simplex-
based codes, some of it is freely available for research and even for commercial purposes. See
the web page for this book for further information.

& EXERCISES

& 14.1 Thisexerciseillustrates the fact that the bounds (x, s) > Oare essential in relating
solutions of the system (14.4a) to solutions of thelinear program (14.1) and its dual. Consider
the following linear program in R*:

min x;, subjectto x;+x; =1, (x1,x) > 0.

Show that the primal—dual solution is

Also verify that the system F(x, A, s) = 0 has the spurious solution

) (3)

which has no relation to the solution of the linear program.
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&  14.2

(i) Show that N5(0,) C N,(6,) when 0 < 8, < 6, < 1 and that N_oo(y1) C N_ss(1n)
for0 <y, <y <1.

(ii) Show that V5(0) C N_oo(y)ify <1 —6.

& 14.3 Given an arbitrary point (x, A, s) € F?, find the range of y values for which
(x,%,5) € N_oo(¥). (The range depends on x and s.)

&  14.4 Forn = 2, find a point (x, s) > 0 for which the condition

[ XSe — pell; < Ou

is not satisfied for any 6 € [0, 1).

&  14.5 Prove that the neighborhoods N_ (1) (see (14.17)) and N,(0) (see (14.16))
coincide with the central path C.

& 14.6 Show that ®, defined by (14.30) has the property (14.29a).

&  14.7 Prove that the coefficient matrix in (14.11) is nonsingular if and only if A has
full row rank.

& 14.8 Given (Ax, AA, As) satisfying (14.12), prove (14.35).

&  14.9 Given that X and § are diagonal with positive diagonal elements, show that the
coefficient matrix in (14.28a) is symmetric and positive definite if and only if A has full row
rank. Does this result continue to hold if we replace D by a diagonal matrix in which exactly
m of the diagonal elements are positive and the remainder are zero? (Here m is the number
of rows of A.)

& 14.10 Given a point (x, A, s) with (x, s) > 0, consider the trajectory H defined by

(1—17)ATA+s—0)

F(3@.A@5@) = 0-oMx-b |, G@©50) 20,
(1—1)XSe
for t € [0,1], and note that (ﬁ(O),i(O),§(O)) = (x,A,s), while the limit of

()?(r), ), § (r)) as T 1 1 will lie in the primal-dual solution set of the linear program.

Find equations for the first, second, and third derivatives of H with respect to 7 at t = 0.
Hence, write down a Taylor series approximation to H near the point (x, X, ).

& 14.11 Consider the following linear program, which contains “free variables” denoted
by y:

minc’ x + dTy, subject to A1x + A,y = b, x > 0.
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By introducing Lagrange multipliers A for the equality constraints and s for the bounds
x > 0, write down optimality conditions for this problem in an analogous fashion to (14.3).
Following (14.4) and (14.11), use these conditions to derive the general step equations for
a primal—dual interior-point method. Express these equations in augmented system form
analogously to (14.26) and explain why it is not possible to reduce further to a formulation
like (14.28) in which the coefficient matrix is symmetric positive definite.

& 14.12 Program Algorithm 14.3 in Matlab. Choose n = 0.99 uniformly in (14.25).
Test your code on a linear programming problem (14.1) generated by choosing A randomly,
and then setting x, s, b, and c as follows:

random positive number i =1,2,...,m,
XiZIO i=m+1,m-+2, Jn,
random positive number i =m+1,m+2,...,n
s’:{ 0 i=12....m,
) = random vector,
c=ATx +,

b = Ax.

Choose the starting point (x°, %, s°) with the components of x° and s° set to large positive
values.
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We now begin our discussion of algorithms for solving the general constrained optimization
problem

. . ci(x) =0, i€g,
min f(x) subject to (15.1)
xeR" c(x)>0, iel,

where the objective function f and the constraint functions ¢; are all smooth, real-valued
functions on a subset of R", and Z and & are finite index sets of inequality and equality
constraints, respectively. In Chapter 12 we used this general statement of the problem to
derive optimality conditions that characterize its solutions. This theory is useful for moti-
vating algorithms, but to be truly efficient, the algorithm must take account of the particular
properties and structure of the objective and constraint functions. There are many impor-
tant special cases of (15.1) for which specialized algorithms are available. They include the
following:

Linear programming, where the objective function f and all the constraints ¢; arelinear
functions. This problem can be solved by the techniques of Chapters 13 and 14.
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Quadratic programming, where the constraints ¢; are linear and the objective function
f is quadratic. Algorithms for solving this problem are discussed in Chapter 16.

Nonlinear programming, where at least some of the constraints ¢; are general nonlinear
functions.

Linearly constrained optimization where, as the name suggests, all the constraints ¢;
are linear.

Bound-constrained optimization, where the only constraints in the problem have the
form x; > [; or x; < u;, where [; and u; are lower and upper bounds on the ith
component of x.

Convex programming, where the objective function f is convex, the equality constraints
ci(x) =0, i € £, arelinear, and the inequality constraint functions ¢; (x), i € Z, are
concave.

These categories are neither mutually exclusive nor exhaustive, and some of the classes
can be divided into important subclasses. For instance, convex quadratic programming is
a subclass of quadratic programming in which the objective function is convex. This finer
characterization is relevant to the discussion of algorithms; for example, it is easier to choose
a merit function if the problem is convex.

The constrained optimization algorithms described in the following chapters are it-
erative in nature. They generate a sequence of guesses for the solution x* that, we hope,
tend towards a solution. They may also generate a sequence of guesses for the Lagrange
multipliers associated with the constraints. In deciding how to move from one iterate to the
next, the methods use information about the objective and constraint functions and their
derivatives, possibly combined with information gathered at earlier iterations and earlier
stages of the algorithm. They terminate when they have either identified an approximate
solution or when further progress seems to be impossible.

In this chapter we discuss some of the fundamental issues in the design of algorithms
for nonlinear constrained optimization problems. As in the chapters on unconstrained opti-
mization, we will only study algorithms for finding local minimizers for (15.1); the problem
of finding a global minimizer is outside the scope of this book.

INITIAL STUDY OF A PROBLEM

Before solving a constrained optimization problem by means of one of the algorithms
described in this book, it is useful first to study the problem to see whether a simplification
is possible. In some cases, it is possible to find a solution without use of a computer. For
example, an examination of the constraints may show that the feasible region is empty or
that the objective function is not bounded in the feasible region (see Exercise 1).

It may also be possible to solve the KKT conditions (12.30) directly, as was done in
some examples in Chapter 12, by guessing which of the inequality constraints are active at
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the solution. Knowledge of the active constraints reduces the KKT conditions to a system of
equations that can be solved directly. This approach, however, is rarely practical. Even if the
active constraints can be identified—normally the most difficult issue facing a constrained
optimization algorithm—we would still need to solve the resulting system of equations
numerically. As we see in Chapter 11, algorithms for nonlinear equations are not guaranteed
to find a solution from arbitrary starting points. Therefore, we need nonlinear optimization
algorithms that directly address general problems of the form (15.1).

Once we are ready to solve the problem using an optimization algorithm, we must
decide under which of the categories listed above it falls. If the problem contains discrete
variables (for instance, binary variables for which the only permissible values are 0 and 1), we
cannot use the techniques of this book but must resort to discrete optimization algorithms.
See the algorithms described in Wolsey [249] and Nemhauser and Wolsey [179].

Attention should also be given to the nature of the constraints. Some may be considered
“hard” and others “soft” constraints. From the algorithmic point of view, hard constraints
are those that must be satisfied in order that the functions and constraints in (15.1) be
meaningful. Some of these functions may not even be defined at infeasible points. For
instance, a variable is constrained to be positive because its square root is required in the
calculation of the objective function. Another example is a problem in which all the variables
must sum to zero to satisfy some conservation law.

Constrained optimization problems with soft constraints are sometimes recast by the
modeler as an unconstrained problem in which a penalty term including the constraints is
added to the objective function. As we will see in the next chapter, this penalty approach
usually introduces ill-conditioning, which may or may not be harmful depending on the
algorithm used for the unconstrained optimization. The user of optimization algorithms
must decide whether it is preferable to use one of the approaches in which the constraints
are treated explicitly or whether a penalty approach is adequate.

For problems with hard constraints that must be satisfied at all iterates, we must use
feasible algorithms. Usually not all the constraints are hard, and therefore these algorithms
choose an initial point that satisfies the hard constraints and produce a new iterate that is also
feasible for these constraints. Feasible algorithms are usually slower and more expensive than
algorithms that allow the iterates to be infeasible, since they cannot follow shortcuts to the
solution that cross infeasible territory. However, they have the advantage that the objective
function f can be used to judge the merit of each point. Since the constraints are always
satisfied, there is no need to introduce a more complex merit function that takes account of
the constraint violations.

421
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15.1 CATEGORIZING OPTIMIZATION ALGORITHMS

We now outline the ideas presented in the rest of the book. There is no “standard taxonomy”
for nonlinear optimization algorithms; in the remaining chapters we have grouped the
various approaches as follows.

I In Chapter 17 we discuss penalty, barrier, and augmented Lagrangian methods, and also
provide a brief description of sequential linearly constrained methods. We now give a
brief overview of each of these approaches.

By combining the objective function and constraints into a penalty function we can
attack problem (15.1) by solving a sequence of unconstrained problems. For example,
if only equality constraints are present in (15.1), we can define the penalty function as

foo)+ iZcfm, (152)

ief

where 1 > 01is referred to as a penalty parameter. We then minimize this unconstrained
function, for a series of increasing values of u, until the solution of the constrained
optimization problem is identified to sufficient accuracy.

If we use an exact penalty function, it may be possible to solve (15.1) with one single
unconstrained minimization. For the equality constrained problem, an exact penalty
function is obtained by setting

FO+— 3 la@l,
H ief

for some sufficiently small (but positive) choice of 1. Often, however, exact penalty func-
tions are nondifferentiable, and to minimize them requires the solution of a sequence
of subproblems.

In barrier methods, we add terms to the objective that are insignificant when x is safely
in the interior of the feasible set but approach zero as x approaches the boundary. For
instance, if only inequality constraints are present in (15.1), the logarithmic barrier
function has the form

fx) =) logei(x),

i€l

where ;¢ > 0 is now referred to as a barrier parameter. The minimizers of this function
can be shown to approach solutions of the original constrained problem as ¢ | 0, under
certain conditions. Again, the usual strategy is to find approximate minimizers for a
decreasing sequence of values of 1.

In augmented Lagrangian methods, we define a function that combines the properties
of the Lagrangian function (12.28) and the quadratic penalty function (15.2). This
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so-called augmented Lagrangian function has the following form, when only equality
constraints are present in the problem (15.1):

Lale i) = £(0) = S hiei(6) + 5= 3 o).

ief ief

Methods based on this function proceed by fixing A to some estimate of the optimal
Lagrange multipliers and i > 0 to some positive value, and then finding a value of
x that approximately minimizes £4. This new x iterate is then used to update A,
may be decreased, and the process is repeated. We show later that this approach avoids
certain numerical difficulties associated with the minimization of the penalty and barrier
functions discussed above.

In sequential linearly constrained methods we minimize, at every iteration, a certain
Lagrangian function subject to a linearization of the constraints. These methods have
been used mainly to solve large problems.

IT In Chapter 18 we describe methods based on sequential quadratic programming. Here
the idea is to model (15.1) by a quadratic subproblem at each iterate and to define the
search direction as the solution of this subproblem. More specifically, in the case of
equality constraints in (15.1), we define the search direction py at the iterate (xx, A) to
be the solution of

min %pTWkp + kaTp (15.3a)
p

subjectto Axp +cr = 0. (15.3b)

The objective in this subproblem is an approximation of the Lagrangian function and
the constraints are linearizations of the constraints in (15.1). The new iterate is obtained
by searching along this direction until a certain merit function is decreased.

Sequential quadratic programming methods have proved to be effective in practice.
They are the basis of some of the best software for solving both small and large con-
strained optimization problems. They typically require fewer function evaluations than
some of the other methods, at the expense of solving a relatively complicated quadratic
subproblem at each iteration.

IIT In Chapter 16 we consider algorithms for solving quadratic programming problems. We
consider this category separately because of its importance and because algorithms
can be tailored to its particular characteristics. We discuss active set and interior-point
methods. Active set quadratic programming methods are the basis for the sequential
quadratic programming methods mentioned above.

The algorithms in categories II and III make use of elimination techniques for the
constraints. As a background to those algorithms we now discuss this topic. Later in this
chapter we discuss merit functions, which are important components of sequential quadratic
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programming methods and some other algorithms. These discussions will set the stage for
our study of practical algorithms in the remaining chapters of the book.

A Study Note: The concepts that follow constitute background material. The reader may
wish to peruse only the next two sections and return to them as needed during study of
Chapters 17 and 18.

15.2 ELIMINATION OF VARIABLES

A natural approach for dealing with constrained optimization problems is to attempt to
eliminate the constraints so as to obtain an unconstrained problem, or at least to eliminate
some constraints and obtain a simpler problem. Elimination techniques must be used with
care, however, because they may alter the problem or introduce ill-conditioning.

We begin with an example in which it is safe and convenient to apply elimination of
variables. In the problem

min f(x) = f(x, x2, X3, x4) subjectto x; +x32 —X4xs = 0,

—x2+x4+x32 = 0,
there is no risk in setting
X1 =XaXs — X3, X = x4+ X3,
and minimizing the unconstrained function of two variables
h(x3, x4) = f(xax3 — X3, Xg + X3, X3, X4).
This new problem can be solved by any means of one of the unconstrained algorithms

described in earlier chapters.
The dangers of nonlinear elimination are illustrated in the following example.

(J ExampLE 15.1 (FLETCHER [83])

Consider the problem

min x? 4 y? subject to (x — 1)° = y?.

The contours of the objective function and the constraints are illustrated in Figure 15.1,
which shows that the solution is (x, y) = (1, 0).
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Figure 15.1 The danger of nonlinear elimination—the lower branch of the curve
should be excluded from the feasible set

We attempt to solve this problem by eliminating y. By doing so, we obtain
h(x) = x>+ (x = 1)°.

Clearly, h(x) — —ooasx — —oo.Byblindly applying this transformation we may conclude
that the problem is in fact unbounded, but this view ignores the fact that the constraint
(x — 1) = y? implicitly imposes the bound x > 1 that is active at the solution. This
bound should therefore be explicitly introduced into the problem if we are to perform the

O

elimination of y.

This example shows that elimination of nonlinear equations may result in errors
that can be difficult to trace. For this reason, nonlinear elimination is not used by most
optimization algorithms. Instead, many algorithms linearize the constraints and apply elim-
ination techniques to the simplified problem. We will now describe systematic procedures
for performing this elimination of linear constraints.
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SIMPLE ELIMINATION FOR LINEAR CONSTRAINTS

Let us consider the minimization of a nonlinear function subject to a set of linear
equality constraints,

min f(x) subjectto Ax = b, (15.4)

where A is an m x n matrix with m < n. Suppose for simplicity that A has full row rank.
(If such is not the case, we find either that the problem is inconsistent, or that some of the
constraints are redundant and can be deleted without affecting the solution of the problem.)
Under this assumption, we can find a subset of m columns of A that is linearly independent.
If we gather these columns into an m x m matrix B, and define an n x n permutation matrix
P that swaps these columns to the first m column positions in A, we can write

AP = [B|N], (15.5)

where N denotes the n—m remaining columns of A. (The notation here is consistent with that
of Chapter 13, where we discussed similar concepts in the context of linear programming.)
We define the subvectors x; € R™ and x, € R"™" in such a way that

PTx = [ o } (15.6)
XN

and call x, the basic variables and B the basis matrix. Noting that P PT = I, we can rewrite
the constraint Ax = b as

b= Ax = AP(P"x) = Bx, + Nx,.
From this formula we deduce that the basic variables are given by
x, =B7'b— B™'Nux,. (15.7)

We can therefore compute a feasible point for the constraints Ax = b by choosing any value
of xy, and then setting x; according to the formula (15.7). The problem (15.4) is therefore
equivalent to the unconstrained problem

] def B 'b— B 'Nx,
min hixy)) = f| P . (15.8)

XN

We refer to (15.7) as simple elimination of variables.
This discussion shows that a nonlinear optimization problem with linear equality
constraints is, from a mathematical point of view, the same as an unconstrained problem.
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(J EXAmPLE 15.2
Consider the problem
. . 2 1 4
min sin(x; +x;) + x5 + §(x4 + x5 + x6/2) (15.9)
subject to

8.X1 —6)C2+)C3+9)C4+4X5 =6
3x1 4+ 2x; — x4 + 6x5 + 4xg = —4.

(15.10)

By defining the permutation matrix P so as to reorder the components of x as x! =

(x3, X6, X1, X2, X1, X5)T, we find that the coefficient matrix AP is

[1 0|8 -6 9 4}
AP = .

04|32—16

The basis matrix B is diagonal, and therefore easy to invert. We obtain from (15.7) that

X1
s 8 -6 9 4 X 6
= — 3 1 -1 3 + . (15.11)
X6 - - —_— — X4 —1
4 2 4 2
X5

By substituting for x5 and x¢ in (15.9), the problem becomes

min  sin(x; + x3) + (8x; — 6x; + 9x4 + 4x5 — 6)° (15.12)

X1,X2,X4,X5

+ %(M + x5 = [(1/2) + (3/8)x1 + (1/4)x, — (1/8)x4 + (3/4)x5)).

We could have chosen two other columns of the coefficient matrix A (that is, two
variables other than x5 and x¢) as the basis for elimination in the system (15.10). For those

O

choices, however, the matrix B~!' N would have been more complicated.

Selecting a set of m independent columns can be done, in general, by means of Gaussian
elimination. In the parlance of linear algebra, we can compute the row echelon form of the
matrix and choose the pivot columns as the columns of the basis B. Ideally, we would
like B to be easy to factorize and well conditioned. For this purpose, we can use a sparse
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Gaussian elimination algorithm that attempts to preserve sparsity while keeping rounding
errors under control. A well-known implementation of this algorithm is MA48 from the
Harwell library [133]. As we discuss below, however, there is no guarantee that the Gaussian
elimination process will identify the best choice of basis matrix.

There is an interesting interpretation of the elimination-of-variables approach that we
have just described. To simplify the notation, we will assume from now on that the coefficient
matrix is already given to us so that the basic columns appear in the first m positions, that
is, P = I. (It is straightforward, but cumbersome, to adapt the arguments that follow to the
caseof P £ 1.)

From (15.6) and (15.7) we see that any feasible point x for the linear constraints in
(15.4) can be written as

x=Yb+ Zx,, (15.13)

where

NS
Y = , Z= . (15.14)
0 I

Note that Z has n — m linearly independent columns (due to the presence of the identity
matrix in the lower block) and that it satisfies AZ = 0. Therefore, Z is a basis for the null
space of A. In addition, the columns of ¥ and the columns of Z form a linearly independent
set, which implies that Y is a basis for the range space of AT. We note also from (15.14),(15.5)
that Y'b is a particular solution of the linear constraints Ax = b.

In other words, the simple elimination technique expresses feasible points as the sum
of aparticular solution of Ax = b, the firsttermin (15.13), plus a displacement along the null
space (or tangent) space of the constraints—the second termin (15.13). The relations (15.13),
(15.14) indicate that the particular Y'b solution is obtained by holding n — m components
of x at zero while relaxing the other m components until they reach the constraints; see
Figure 15.2. The displacement Y'b is sometimes known as the coordinate relaxation step. A
different choice of basis would correspond in this figure to a particular solution along the
X axis.

Simple elimination is inexpensive but can give rise to numerical instabilities. If the
feasible set in Figure 15.2 consisted of a line that was almost parallel to the x; axis, Then
a particular solution along this axis would be very large in magnitude. Since the total dis-
placement (15.13) is not large in general, we would compute x as the difference of very
large vectors, giving rise to numerical cancellation. In that situation it would be preferable
to choose a particular solution along the x; axis, that is, to select a different basis. Selection
of the best basis is, however, not a straightforward task in general. Numerical errors can also
occur in the definition of Z when the basis matrix B is poorly conditioned.
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Z/ coordinate relaxation step

Figure 15.2 Simple elimination—we fix x, to zero and choose x; to ensure that the
constraint is satisfied.

To overcome this danger we could define the particular solution Y b as the minimum-
norm step to the constraints. This approach is a special case of more general elimination
strategies, which we now describe.

GENERAL REDUCTION STRATEGIES FOR LINEAR CONSTRAINTS

In analogy with (15.13), we choose matrices ¥ € R™" and Z € R"™ "™ whose
columns form a linearly independent set, and express any solution of the linear constraints
Ax =bas

x=Yx,+ Zx,, (15.15)

for some vectors x, and x, of dimensions m and n — m, respectively. We also require that ¥
and Z be chosen so that Z has linearly independent columns and so that

AY isnonsingular, and AZ =0. (15.16)

(Note that AY isan m X m matrix.) As in simple elimination, we define Z to be a basis for the
null space of the constraints, but we now leave the choice of Y unspecified; see Figure 15.3.
By substituting (15.15) into the constraints Ax = b, we obtain

Ax = (AY)xy, = b,
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=b
Figure 15.3 General elimination.
so by nonsingularity of AY, x, can be written explicitly as follows:
xy = (AY)7'b. (15.17)

By substituting this expression into (15.15), we conclude that any vector x of the form
x =Y(AY) b+ Zx, (15.18)

will satisfy the constraints Ax = b for any choice of x, € R"™™. Therefore, the problem
(15.4) can be restated equivalently as the unconstrained problem

min Ff(Y(AY) 'b + Zx,). (15.19)
z
Ideally, we would like to choose Y in such a way that the matrix AY isaswell conditioned

as possible, since it needs to be factorized to give the particular solution Y (AY)~'b. We can
do this by computing ¥ and Z by means of a QR factorization of AT, which has the form

R
A'n=[ o 0 ]{ o } (15.20)

where [ 01 O ] is orthogonal. The submatrices Q; and Q; have orthonormal columns
and are of dimension n x m and n x (n — m), while R is m x m upper triangular and
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nonsingular and IT is an m X m permutation matrix. (See the discussion following (A.54)
in the Appendix for more details.)
We now define

[Y Zz]=[0 0.]. (15.21)

so that Y and Z form an orthonormal basis of R". If we expand (15.20) and do a little
rearrangement, we obtain

AY =TIRT, AZ=o.

Therefore, Y and Z have the desired properties, and the condition number of AY is the
same as that of R, which in turn is the same as that of A itself. From (15.18) we see that any
solution of Ax = b can be expressed as

x=O0RTITb + Qyx,,

for some vector x,. The computation R~7T17 b can be carried out inexpensively, at the cost
of a single triangular substitution.

A simple computation shows that the particular solution Q; R~ T17h can also be
written as

x, = AT(AAT) b, (15.22)

and is therefore the minimum-norm solution of the constraints Ax = b, that s, the solution
of

min [|[Ax — b||,.

See Figure 15.4 for an illustration of this step.

Elimination via the orthogonal basis (15.21) isideal from the point of view of numerical
stability. The main cost associated with this reduction strategy is in the computation of the
QR factorization (15.20). Unfortunately, for problems in which A is large and sparse, a
sparse QR factorization can be much more costly to compute than the application of sparse
Gaussian elimination used in the simple elimination approach. Therefore, other elimination
strategies have been developed that seek a compromise between these two techniques; see
Exercise 6.

THE EFFECT OF INEQUALITY CONSTRAINTS

Elimination of variables is not always beneficial if inequality constraints are present
alongside the equalities. For instance, if problem (15.9), (15.10) had the additional constraint
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LIVE!
ATAA' ]l b =~

Figure 15.4 The minimum-norm step

x > 0, then after eliminating the variables x3 and x5, we would be left with the problem of
minimizing the function in (15.12) subject to the constraints

(x1, X2, X4, X5) > 0,
8x1 — 6x7 +9x4 + 4x5 < 6,
(3/4)x1 + (1/2)xz — (1/4)xs + (3/2)x5 < —1.

Hence, the cost of eliminating the equality constraints (15.10) is to make the inequalities
more complicated than the simple bounds x > 0. For many algorithms, this transformation
will not yield any benefit.

If, however, we added the general inequality constraint 3x; + 2x3 > 1 to the problem
(15.9), (15.10), the elimination (15.11) transforms the problem into one of minimizing the
function in (15.12) subject to the inequality constraint

— 13x; + 12x, — 18x4 — 8x5 > —11. (15.23)
In this case, the inequality constraint does not become much more complicated af-

ter elimination of the equality constraints, so it is probably worthwhile to perform the
elimination.

15.3 MEASURING PROGRESS: MERIT FUNCTIONS

Suppose that an algorithm for solving the nonlinear programming problem (15.1) generates
a step that gives a substantial reduction in the objective function but leads us farther away
from the feasible region than the current iterate. Should we accept this step?
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This question is not easy to answer. In constrained optimization we are confronted with
the often conflicting goals of reducing the objective function and satisfying the constraints,
and we must look for a measure that strikes the right balance between these two goals. Merit
functions are designed to quantify this balance and control the algorithm: A step p will be
accepted only if it leads to a sufficient reduction in the merit function ¢.

In unconstrained optimization, the objective function f is the natural choice for the
merit function. All the unconstrained optimization methods described in this book require
that f be decreased at each step (or at least after a certain number of iterations). In feasible
methods, in which the starting point and all subsequent iterates satisfy all the constraints in
the problem, the objective function is still an appropriate merit function. For example, when
all the constraints are linear, some active set methods (Chapters 16 and 18) use a phase-1
iteration to compute a feasible starting point and define each step of the algorithm so that
feasibility is retained at all subsequent iterates.

On the other hand, algorithms that allow iterates to violate at least some constraints
require some way to assess the quality of the steps and iterates. The most common way to
make this assessment is with a merit function.

A widely used merit function for the general nonlinear programming problem (15.1)
is the £; exact function defined by

1 1
$r(x; ) = fO)+ =Dl +— Y [a)], (15.24)
Kiiee Kt
where we use the notation [x]~ = max{0, —x}. The positive scalar w is the penalty parameter,

which determines the weight that we assign to constraint satisfaction relative to minimization
of the objective. This merit function is called exactbecause for a range of values of the penalty
parameter u, the solution to the nonlinear programming problem (15.1) is alocal minimizer
of ¢(x; ). Note that ¢(x; w) is not differentiable due to the presence of the absolute value
and (-]~ functions.

Another useful merit function is Fletcher’s augmented Lagrangian. For the case where
only equality constraints are present in (15.1), this merit function is defined to be

1
e(x; ) = f(x) = Ax) e(x) + ZZQW, (15.25)
ief
where > 0 is the penalty parameter, || - || denotes the ¢, norm, and
Ax) = [AX)AX) ARV f(x) (15.26)

are called the least-squares multiplier estimates. This merit function is differentiable, and
is also exact. To define this function for problems including inequality constraints we can
make use of slack variables.

433



434

CHAPTER 15. FUNDAMENTALS OF CONSTRAINED ALGORITHMS

We now give a more precise definition of exactness of a merit function. Since the pre-
vious discussion suggests that merit functions always make use of a scalar penalty parameter
@ > 0, we will write a general merit function as ¢(x; u), and assume that constraints are
penalized by decreasing (.

Definition 15.1 (Exact Merit Function).

The merit function ¢(x; ) is said to be exact if there is a positive scalar u* such that
forany u € (0, u*], any local solution of the nonlinear programming problem (15.1) is a local
minimizer of ¢(x; ).

One can show that the £; merit function ¢ (x; v) is exact for all © < u*, where
1 * . * .
— =max{|A]|, i € &;A], i € I},
T

and where the A} denote the Lagrange multipliers associated with an optimal solution x*.
Many algorithms based on the £; merit function contain heuristics for adjusting the penalty
parameter whenever the algorithm determines that the current value probably does not
satisfy u > p*. (This decision could be based on an approximation to ;* obtained from the
current Lagrange multiplier estimates.) Precise rules for setting and changing u are described
in Chapter 18.

Fletcher’s augmented Lagrangian merit function ¢; is also exact. Since the threshold
value p* is not as simple to write as in the case of the £; merit function—because it in-
volves bounds on certain derivatives—we discuss the choice of x in the context of specific
algorithms. See Section 18.5 for further discussion.

We now contrast some of the other properties of these two merit functions. The ¢,
merit function is inexpensive to evaluate, since function and constraint values are available
at every iteration of constrained optimization algorithms. One of its potential drawbacks
is that it may reject steps that make good progress toward the solution—a phenomenon
known as the Maratos effect, which is described in Chapter 18. Several strategies have been
devised that seem to successfully remove the damaging effects of the Maratos effect, but they
introduce a certain degree of complexity into the algorithms.

Fletcher’s augmented Lagrangian merit function ¢ is differentiable and does not suffer
from the Maratos effect. Its main drawback is the expense of evaluating it at trial points—if
a line search is needed to ensure that ¢ decreases at each step—since (15.26) requires the
solution of a linear system. To circumvent this problem we can replace A(x; + ap), after the
first trial value A(x; + p) has been evaluated, by the interpolant

A(xe) + oAk + p) — A(xi)),
and use this interpolant in the line search. Other potential drawbacks of Fletcher’s function

are that A is not uniquely defined by (15.26) when A loses rank, and that A can be excessively
large when A is nearly rank deficient.



15.3. MEASURING PROGRESS: MERIT FUNCTIONS

As noted above, ¢; has a simpler form than ¢, but is not differentiable. In fact, as we
now show, exact penalty functions that have the form of ¢; must be nondifferentiable.

For simplicity, we restrict our attention to the case where only equality constraints are
present, and assemble the constraint functions ¢;(x), i € &, into a vector ¢(x). Consider a
merit function of the form

$lxip) = f(x) + ﬁh(e(x)), (15.27)

where 4 : R — R is a function satisfying the properties #(y) > 0 for all y € R™ and
h(0) = 0. Suppose for contradiction that # is differentiable. Since 4 has a minimizer at zero,
we have from Theorem 2.2 that VA(0) = 0. Now, if x* is a local solution of the problem
(15.1), we have c¢(x*) = 0 and therefore Vi (c(x*)) = 0. Hence, since x* is a local minimizer
of ¥, we have that

0=V (x*)=Vfx*)+ ch(x*)Vh(c(x*)) =V f(x*).

However, it is not generally true that the gradient of f vanishes at the solution of a constrained
optimization problem, so our original assumption that % is differentiable must be incorrect,
and our claim is proved.

The £, merit function ¢ is a special case of (15.27) in which A(c) = ||c||;. Other exact
merit functions used in practice define 4(x) = ||x||; (not squared) and 2(x) = ||x] 0. To
obtain exact, differentiable merit functions, we must extend the form (15.27) by including
additional terms in the merit function. (The second term in (15.25) serves this purpose.)

We conclude by describing a merit function that is used in several popular programs
for nonlinear programming, but that is quite different in nature. Supposing once again, for
simplicity, that the problem contains only equality constraints, we define the augmented
Lagrangian in x and A as follows:

Lale ki) = FG0) = 2Tex) + incu)ni. (15.28)

If at the current point (xx, Ax) the algorithm generates a search direction (p,, p,) (that is,
a step both in the primal and dual variables), we assess the acceptability of the proposed
new iterate by substituting (x, A) = (xx + px, Ak + py) into (15.28) and comparing it with
LA, A ).

Unlike the merit functions ¢; and ¢ described above, £, depends on the dual vari-
ables as well as the primals. A solution (x*, A*) of the nonlinear programming problem is a
stationary point for L4 (x, A; ), butin general not a minimizer. Nevertheless, some sequen-
tial quadratic programming programs use £, successfully as a merit function by adaptively
modifying p and A.
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NOTES AND REFERENCES

General elimination techniques are described in Fletcher [83].

Merit functions have received much attention. Boggs and Tolle [23] survey much
of the work and provide numerous references. The ¢; function was first suggested as a
merit function for sequential quadratic programming methods by Han [132]. The merit
augmented Lagrangian function (15.25) was proposed by Fletcher [81], whereas the primal—
dual function (15.28) was proposed by Wright [250] and Schittkowski [222].

& EXERCISES
& 15.1 Do the following problems have solutions? Explain.

minx; +x; subjecttoxi+x;3=2,0<x<1,0<x,<1;
minx; +x; subjecttoxi +x3 <1, x; +x, =3;

minx;x; subjecttox; + x; = 2.

&  15.2 Show that if in Example 15.1 we eliminate x in terms of y, then the correct
solution of the problem is obtained by performing unconstrained minimization.

& 15.3 Explain why we can be sure that the matrix Z in (15.14) has linearly independent
columns, regardless of the choice of B and N.

& 15.4 Show that the basis matrices (15.14) are linearly independent.
&  15.5 Show that the particular solution Q; R~ T17 b can be written as (15.22).

&  15.6 In this exercise we compute basis matrices that attempt to be a compromise
between the orthonormal basis (15.21) and simple elimination (15.14). Let us assume that
the basis matrix is given by the first m columns of A, so that P = [ in (15.5), and define

v I S, -B~'N
B Oy A L 1 '

(a) Show that the columns of Y and Z are no longer of norm 1 and that the relations
AZ = 0and Y7 Z = 0 hold. Therefore, the columns of ¥ and Z form an independent set,
showing that this is a valid choice of the basis matrices. (b) Show that the particular solution
Y(AY)™!b defined by this choice of Y is, as in the orthogonal factorization approach, the
minimum-norm solution (15.22) of Ax = b. More specifically, show that

Y(AY) ' = AT(AAT)" L.
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It follows that the matrix Y (AY)~! is independent of the choice of basis matrix B in (15.5),
and its conditioning is determined by that of A alone. Note, however, that the matrix Z still
depends explicitly on B, so a careful choice of B is needed to ensure well conditioning in
this part of the computation.

&  15.7 Verify that by adding the inequality constraint 3x; + 2x3 > 1 to the problem

(15.9), (15.10), the elimination (15.11) transforms the problem into one of minimizing the
function (15.12) subject to the inequality constraint (15.23).
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Quadratic
Programming

An optimization problem with a quadratic objective function and linear constraints is called

a quadratic program. Problems of this type are important in their own right, and they also

arise as subproblems in methods for general constrained optimization, such as sequential

quadratic programming (Chapter 18) and augmented Lagrangian methods (Chapter 17).
The general quadratic program (QP) can be stated as

min g(x) = %xTGx +xTd (16.1a)
subject to aiTx = b;, i €€, (16.1b)
aiszb,-, ie’, (16.1¢)

where G is a symmetric n X n matrix, £ and Z are finite sets of indices, and d, x, and
{a;},i € £ UL, are vectors with n elements. Quadratic programs can always be solved (or
can be shown to be infeasible) in a finite number of iterations, but the effort required to find
a solution depends strongly on the characteristics of the objective function and the number
of inequality constraints. If the Hessian matrix G is positive semidefinite, we say that (16.1)
is a convex QP, and in this case the problem is sometimes not much more difficult to solve
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than a linear program. Nonconvex QPs, in which G is an indefinite matrix, can be more
challenging, since they can have several stationary points and local minima.

In this chapter we limit ourselves to studying algorithms that find the solution of a
convex quadratic program or a stationary point of a general (nonconvex) quadratic program.
We start by considering an interesting application of quadratic programming.

AN EXAMPLE: PORTFOLIO OPTIMIZATION

Every investor knows that there is a tradeoff between risk and return: To increase the
expected return on investment, an investor must be willing to tolerate greater risks. Portfolio
theory studies how to model this tradeoff given a collection of n possible investments with
returns r;, i = 1,2, ..., n. The returns r; are usually not known in advance, and are often
assumed to be random variables that follow a normal distribution. We can characterize these
variables by their expected value u; = E[r;] and their variance 0[2 = E[(r; — ui)?*]. The
variance measures the fluctuations of the variable r; about its mean, so that larger values of
o; indicate riskier investments.

An investor constructs a portfolio by putting a fraction x; of the available funds into
investment i, for i = 1,2, ..., n. Assuming that all available funds are invested and that
short-selling is not allowed, the constraints are  ;_, x; = 1 and x > 0. The return on the
portfolio is given by

R= Zx,-ri. (16.2)
i=1

To measure the desirability of the portfolio, we need to obtain measures of its expected return
variance. The expected return is simply

E(R)=E Zn:xir,- = ixiE[ri] =xTp.

i=1 i=1

The variance, too, can be calculated from elementary laws of statistics. It depends on the
covariances between each pair of investments, which are defined by

E[(ri — pi)(rj — uj)] .
pij = s , fori,j=1,2,...,n.

The correlation measures the tendency of the return on investments i and j to move in the
same direction. Two investments whose returns tend to rise and fall together have a positive
covariance; the nearer p;; is to 1, the more closely the two investments track each other.
Investments whose returns tend to move in opposite directions have negative covariance.



16.1. EQUALITY--CONSTRAINED QUADRATIC PROGRAMS

The variance of the total portfolio R is then given by

E[(R - E[R])] = szixjaiajpij =x"Gn,

i=1 j=1
where we have defined the n x n symmetric matrix G by
G,‘j = pPij0i0;.

It can be shown that G is positive semidefinite.

We are interested in portfolios for which the expected return x7 y is large while the
variance xT Gx is small. In the model proposed by Markowitz [157], we combine these two
aims into a single objective function with the aid of a “risk tolerance parameter” denoted by
k., and solve the following problem to find the “optimal” portfolio:

n
max prL —KxTGx, subject to in =1, x>0.

i=1

The parameter « lies in the range [0, 00), and its chosen value depends on the preferences of
the individual investor. Conservative investors would place more emphasis on minimizing
risk in their portfolio, so they would choose a large value of x to increase the weight of the
variance measure in the objective function. More daring investors are prepared to take on
more risk in the hope of a higher expected return, so their value of ¥ would be closer to zero.

The difficulty in applying this portfolio optimization technique to real-life investing lies
in defining the expected returns, variances, and covariances for the investments in question.
One possibility is to use historical data, defining the quantities u;, 0j, and p;; to be equal
to their historical values between the present day and, say, five years ago. It is not wise to
assume that future performance will mirror the past, of course. Moreover, historical data
will not be available for many interesting investments (such as start-up companies based on
new technology). Financial professionals often combine the historical data with their own
insights and expectations to produce values of ;, o7, and p;;.

16.1 EQUALITY--CONSTRAINED QUADRATIC PROGRAMS

We begin our discussion of algorithms for quadratic programming by considering the case
where only equality constraints are present. As we will see in this chapter, active set methods
for general quadratic programming solve an equality—constrained QP at each iteration.
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PROPERTIES OF EQUALITY-CONSTRAINED QPS

Let us denote the number of constraints by m, assume that m < n, and write the
quadratic program as

min g (x) df %xTGx +x'd (16.3a)

subjectto Ax = b, (16.3b)
where A is the m x n Jacobian of constraints defined by
A == [ai ] lTEg .

For the present, we assume that A has full row rank (rank m), and that the constraints
(16.3b) are consistent. (Toward the end of the chapter we discuss the case in which A is rank
deficient.)

The first-order necessary conditions for x* to be a solution of (16.3) state that there is
a vector A* such that the following system of equations is satisfied:

G -—AT x* —d
= . (16.4)
A 0 AT b
It is easy to derive these conditions as a consequence of the general result for first-order
optimality conditions, Theorem 12.1. As in Chapter 12, we call A* the vector of Lagrange
multipliers. The system (16.4) can be rewritten in a form that is useful for computation by

expressing x* as x* = x + p, where x is some estimate of the solution and p is the desired
step. By introducing this notation and rearranging the equations, we obtain

HEI IR

c=Ax — b, g=d+ Gux, p=x"—x. (16.6)

where

The matrix in (16.5) is called the Karush—-Kuhn—Tucker (KKT) matrix, and the fol-
lowing result gives conditions under which it is nonsingular. As in Chapter 15, we use Z to
denote the n x (n — m) matrix whose columns are a basis for the null space of A. That is, Z
has full rank and AZ = 0.
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Lemma 16.1.
Let A have full row rank, and assume that the reduced-Hessian matrix ZT G Z is positive

definite. Then the KKT matrix
G A"
K = (16.7)
A 0

is nonsingular, and there is a unique vector pair (x*, \*) satisfying (16.4).

PROCF.  Suppose there are vectors p and v such that

T
[j AO M”}:o. (16.8)
v

Since Ap = 0, we have from (16.8) that

O[HI GRS

Since p lies in the null space of A, it can be written as p = Zu for some vector u € R"™™.
Therefore, we have

0=p'Gp=ul72"GZu,

which by positive definiteness of ZT G Z implies thatu = 0. Therefore, p = 0, and by (16.8),
ATv = 0; and the full row rank of A implies that v = 0. We conclude that equation (16.8)
is satisfied only if p = 0 and v = 0, so the matrix is nonsingular, as claimed. O

(d ExampLE 16.1

Consider the quadratic programming problem

min g(x) = 3x12 + 2x1x, + x1x3 + 2.5x22 + 2x,x3 + 2x§ — 8x1 — 3x, — 3x3,

subjectto  x; +x3 =3, x+x3=0. (16.9)
We can write this problem in the form (16.3) by defining

-8

6 2 1
1 0 1 3
G = 2 5 2 |, d= -3 |, = , b= .
0 1 1 0
1 2 4 -3
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The solution x* and optimal Lagrange multiplier vector A* are given by

In this example, the matrix G is positive definite, and the null-space basis matrix can be
defined as

Z=(-1,-1,1". (16.10)

O

We have seen that when the conditions of Lemma 16.1 are satisfied, then there is a
unique vector pair (x*, 1*) that satisfies the first-order necessary conditions for (16.3). In
fact, the second-order sufficient conditions (see Theorem 12.6) are also satisfied at (x*, L*),
so x* is a strict local minimizer of (16.3). However, we can use a direct argument to show
that x* is actually a global solution of (16.3).

Theorem 16.2.

Suppose that the conditions of Lemma 16.1 are satisfied. Then the vector x* satisfying
(16.4) is the unique global solution of (16.3).
PrOOF.  Let x be any other feasible point (satisfying Ax = b), and as before, we use p to

denote the difference x* — x. Since Ax* = Ax = b, we have that Ap = 0. By substituting
into the objective function (16.3a), we obtain

g(x) =1x*=p)'Gxx*—p)+d" (x* - p)
=1p"Gp—p"Gx* —d" p+q(x"). (16.11)

From (16.4) we have that Gx* = —d + AT A*, so from Ap = 0 we have that
plGx* = pT(—d+ ATA*) = —pTd.
By substituting this relation into (16.11), we obtain
q(x) = 5p" Gp + q(x").
Since p lies in the null space of A, we can write p = Zu for some vector u € R"™", so that

qg(x) = %MTZTGZM + q(x™).
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By positive definiteness of Z” G Z, we conclude that ¢(x) > g(x*) except when u = 0, that
is, when x = x*. Therefore, x* is the unique global solution of (16.3). O

When the projected Hessian matrix Z7 G Z has zero or negative eigenvalues, the prob-
lem (16.3) does not have a bounded solution, except in a special case. To demonstrate this
claim, suppose that there is a vector pair (x*, 1*) that satisfies the KKT conditions (16.4).
Let u be some vector such that u” ZT GZu < 0, and set p = Zu. Then for any a > 0, we
have that

A(x* +ap) = b,
so that x* + ap is feasible, while

q(x* +ap) = q(x*) + ap’ (Gx* +d) + 2’ p" Gp
=q(x*) + 3a’p"Gp < q(x*),

where we have used the facts that Gx* + d = ATA* from (16.4) and pTATA* =
uTZT ATA* = 0. Therefore, from any x* satisfying the KKT conditions, we can find a
feasible direction p along which ¢ does not increase. In fact, we can always find a direction
of strict decrease for g unless ZT GZ has no negative eigenvalues. The only case in which
(16.3) has solutions is the one in which there exists some point x* for which (16.4) is satis-
fied, while ZT G Z is positive semidefinite. Even in this case, the solution is not a strict local
minimizer.

16.2 SOLVING THE KKT SYSTEM

In this section we discuss efficient methods for solving the KKT system (16.4) (or,
alternatively, (16.5)).

The first important observation is that if m > 1, the KKT matrix is always indefinite.
The following result characterizes the inertia of (16.7) under the assumptions of Lemma 16.1.
The inertia of a matrix is the scalar triple that indicates the number of its positive, negative,
and zero eigenvalues.

Lemma 16.3.

Suppose that A has full row rank and that the reduced Hessian Z G Z is positive definite.
Then the KKT matrix (16.7) has n positive eigenvalues, m negative eigenvalues, and no zero
eigenvalues.

This result follows from Theorem 16.6 given later in this chapter. Knowing that the
KKT system is indefinite, we now describe the main techniques developed for its solution.
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DIRECT SOLUTION OF THE KKT SYSTEM

One option for solving (16.5) is to perform a triangular factorization on the full KKT
matrix and then perform backward and forward substitution with the triangular factors.
We cannot use the Cholesky factorization algorithm because the KKT matrix is indefinite.
Instead, we could use Gaussian elimination with partial pivoting (or a sparse variant of this
algorithm) to obtain the L and U factors, but this approach has the disadvantage that it
ignores the symmetry of the system.

The most effective strategy in this case is to use a symmetric indefinite factorization. We
have described these types of factorizations in Chapter 6. For a general symmetric matrix
K, these factorizations have the form

PTKP=LBL", (16.12)

where P is a permutation matrix, L is unit lower triangular, and B is block-diagonal with
either 1 x 1 or 2 x 2 blocks. The symmetric permutations defined by the matrix P are
introduced for numerical stability of the computation and, in the case of large sparse K, to
maintain sparsity. The computational cost of symmetric indefinite factorization (16.12) is
typically about half the cost of sparse Gaussian elimination.

To solve (16.5) we first compute the factorization (16.12), substituting the KKT matrix
for K. We then perform the following sequence of operations to arrive at the solution:

solve Ly = PT |: 8
c

:| to obtain y;
solve By = y to obtain y;

solve LTy = § to obtain y;

4 _
set = Py.

Note that multiplications with the permutation matrices P and P can be performed by
rearranging vector components, and are therefore inexpensive. Solution of the system By =
y entails solving a number of small 1 x 1 and 2 x 2 systems, so the number of operations is a
small multiple of the vector length (m +n), again quite inexpensive. Triangular substitutions
with L and LT are more significant. Their precise cost depends on the amount of sparsity,
but is usually significantly less than the cost of performing the factorization (16.12).

This approach of factoring the full (n + m) x (n + m) KKT matrix (16.7) is quite
effective on some problems. Difficulties may arise when the heuristics for choosing the
permutation matrix P are not able to do a very good job of maintaining sparsity in the L
factor, so that L becomes much more dense than the original coefficient matrix.

An alternative to the direct factorization approach for the matrix in (16.5) is to apply
an iterative method. The conjugate gradient method is not recommended because it can be
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unstable on systems that are not positive definite. Therefore, we must consider techniques
for general linear systems, or for symmetric indefinite systems. Candidates include the QMR
and LSQR methods (see the Notes and References at the end of the chapter).

RANGE-SPACE METHOD

In the range-space method, we use the matrix G to perform block elimination on the
system (16.5). Assuming that G is positive definite, we multiply the first equation in (16.5)
by AG™! and then subtract the second equation to obtain a linear system in the vector A*
alone:

(AG'ATV* = (AG g — o). (16.13)

We solve this symmetric positive definite system for A*, and then recover p from the first
equation in (16.5) by solving

Gp = ATr" —g. (16.14)
This approach requires us to perform operations with G, as well as to compute the

factorization of the m x m matrix AG~'AT. It is therefore most useful when:

e G is well conditioned and easy to invert (for instance, when G is diagonal or block-
diagonal);

o G~ !isknown explicitly through a quasi-Newton updating formula; or

o the number of equality constraints m is small, so that the number of backsolves needed
to form the matrix AG~' A7 is not too large.

The range-space approach is, in effect, a special case of the symmetric elimination
approach of the previous section. It corresponds to the case in which the first n variables
in the system (16.5) are eliminated before we eliminate any of the last m variables. In other
words, it is obtained if we choose the matrix P in (16.12) as

P 0
P = ;
0 P,
where P) and P, are permutation matrices of dimension n x n and m x m, respectively.

We can actually use a similar approach to the range-space method to derive an explicit
inverse formula for the KKT matrix in (16.5). This formula is

G AT _1_ c E t615)
A 0 | ET F |’ '
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with

C=G"'"=G'AT(AG'ATY'AG !,
E =G 'AT(AG'AT),
F=—(AG'AT)" .

The solution of (16.5) can be obtained by multiplying its right-hand-side by this matrix. If
we take advantage of common expressions and group terms appropriately, we recover the
approach (16.13), (16.14).

NULL-SPACE METHOD

The null-space method, which we now describe, does not require nonsingularity of
G and is therefore of wider applicability than the range-space method. It assumes only that
the conditions of Lemma 16.1 hold, namely, that A has full row rank and that Z TGZ is
positive definite. It requires, however, knowledge of the null-space basis matrix Z. Like the
range-space method, it exploits the block structure in the KKT system to decouple (16.5)
into two smaller systems.

Suppose that we partition the vector p in (16.5) into two components, as follows:

p=Ypy+Zp, (16.16)

where Z is the n x (n — m) null-space matrix, Y is any n x m matrix such that [Y | Z] is
nonsingular, py is an m-vector, and p, is an (n — m)-vector (see Chapter 15). As illustrated
in Figure 15.3, Y py is a particular solution of Ax = b, and Zp, is a displacement along these
constraints.

By substituting p into the second equation of (16.5) and recalling that AZ = 0, we
obtain

(AY)py = —c. (16.17)
Since A has rank m and [Y | Z] is n x n nonsingular, the product A[Y | Z] = [AY | 0] has
rank m. Therefore, AY is a nonsingular m X m matrix, and py is well determined by the
equations (16.17). Meanwhile, we can substitute (16.16) into the first equation of (16.5) to
obtain
—GYp,—GZp,+ AT)* =g

and multiply by Z to obtain

(Z2'GZ)p, = —1Z"GYp, + Z"g]. (16.18)
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This system, which can be solved by means of the Cholesky factorization of the (n — m) x
(n — m) reduced-Hessian matrix Z” GZ, determines p,, and hence the total displacement
p = Ypy + Zp,. To obtain the Lagrange multiplier, we multiply the first equation of (16.5)
by YT to obtain the linear system

(AY) ' = YT (g + Gp), (16.19)

which can be solved for A*.

(d ExAMPLE 16.2

Consider the problem (16.9) given in the previous example. We can choose

2/3 —1/3
y=| -1/3 23
13 1/3

and Z is as in (16.10). For this particular choice of Y, we have AY = I.
Suppose we have x = (0, 0,0)7 in (16.5). Then

c=Ax —b=—b, g=d+Gx=d=(-8,-3,-3)".
Simple calculation shows that
p=030"  p=0
so that
p=x*—x=Yp,+2Zp,=(2,-1,17.
After recovering A* from (16.19), we conclude that

x*=2,-1, 17, 2 =3, =2)T. O

The null-space approach can be effective when the number of degrees of freedom
n — m is small. Its main drawback is the need for the null-space matrix Z, which as we have
seen in Chapter 15, can be expensive to compute in many large problems. The matrix Z is
not uniquely defined, and if it is poorly chosen, the reduced system (16.18) may become ill
conditioned. If we choose Z to have orthonormal columns, as is normally done in software
for small and medium-sized problems, then the conditioning of Z” G Z is at least as good as
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that of G itself. When A is large and sparse, however, this choice of Z is relatively expensive
to compute, so for practical reasons we are often forced to use one of the less reliable choices
of Z described in Chapter 15.

The reduced system (16.18) also can be solved by means of the conjugate gradient (CG)
method. If we adopt this approach, it is not necessary to form the reduced Hessian Z7 GZ
explicitly, since the CG method requires only that we compute matrix—vector products
involving this matrix. In fact, it is not even necessary to form Z explicitly, as long as we are
able to compute products of Z and Z” with arbitrary vectors. For some choices of Z and
for large problems, these products are much cheaper to compute than Z itself, as we have
seen in Chapter 15. A drawback of the conjugate gradient approach in the absence of an
explicit representation of Z is that standard preconditioning techniques, such as modified
Cholesky, cannot be used, and the development of effective preconditioners for this case is
still the subject of investigation.

It is difficult to give hard and fast rules about the relative effectiveness of null-space and
range-space methods, since factors such as fill-in during computation of Z vary significantly
even among problems of the same dimension. In general, we can recommend the range-
space method when G is positive definite and AG™! AT can be computed cheaply (because
G is easy to invert or because m is small relative to n). Otherwise, the null-space method is
often preferable, in particular when it is much more expensive to compute factors of G than
to compute the null-space matrix Z and the factors of Z' G Z.

A METHOD BASED ON CONJUGACY

The range-space and null-space methods described above are useful in a wide variety
of settings and applications. The following approach is of more limited use, but has proved
to be the basis for efficient methods for convex QP. It is applicable in the case where the
Hessian G is positive definite, and can be regarded as a null-space method that makes clever
use of conjugacy to provide a particularly simple formula for the step computation. (See
Chapter 5 for a definition of conjugacy.)

Thekeyideais to compute ann xn nonsingular matrix W with the following properties:

wiew =1, AW=[0 U |, (16.20)

where U is an m x m upper triangular matrix. The first equation in (16.20) states that the
columns of W are conjugate with respect to the Hessian G, whereas the second condition
implies that the first n — m columns of W lie in the null space of A.

The matrix W can be constructed explicitly by using the QR and Cholesky factor-
izations. (These factorizations are described in Section A.2.) By using a variant of the QR
factorization (see Exercise 6), we can find an orthogonal matrix Q and an m x m upper
triangular matrix U such that

AQ:[O 0].
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Since Q7 G Q is symmetric and positive definite, we can compute its Cholesky decomposition
QTGQ = LL".Bydefining W = QL~T, we find that (16.20) is satisfied with U = UL"T.
We can partition the columns of W to obtain the matrices Z and Y used in (16.16),
by writing
w=[2Z Y],

where Z is the first » — m columns and Y is the last m columns. By using this definition and
(16.20), we find that

z'Gz=1, Z'Gy=o0, Y'Gy=1, (16.21)
and
AY =U, AZ=0. (16.22)

These relations allow us to simplify the equations (16.17), (16.18), and (16.19) that are used
to solve for py, p,, and A*, respectively. We have

Upy = —c, (16.23a)
p,=—-272"g, (16.23b)
Uy =vTg+ p,, (16.23¢)

so these vectors can be recovered at the cost of two triangular substitutions involving U and
matrix—vector products involving Y7 and Z7. The vector p can then be recovered from
(16.16).

16.3 INEQUALITY-CONSTRAINED PROBLEMS

In the remainder of the chapter we discuss several classes of algorithms for solving QPs that
contain inequality constraints and possibly equality constraints. Classical active-set methods
can be applied both to convex and nonconvex problems, and they have been the most
widely used methods since the 1970s. Gradient—projection methods attempt to accelerate the
solution process by allowing rapid changes in the active set, and are most efficient when the
only constraints in the problem are bounds on the variables. Interior-point methods have
recently been shown to be effective for solving large convex quadratic programs.

We discuss these methods in the following sections. We mention also that quadratic
programs can also be solved by the augmented Lagrangian methods of Chapter 17, or by
means of an exact penalization method such as the S¢,; QP approach discussed in Chapter 18.
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OPTIMALITY CONDITIONS FOR INEQUALITY-CONSTRAINED PROBLEMS

We begin our discussion with a brief review of the optimality conditions for inequality-
constrained quadratic programming, and discuss some of the less obvious properties of the
solutions.

The conclusions of Theorem 12.1 can beapplied to (16.1) by noting that the Lagrangian
for this problem is

Lx,2)=1x"Gx+x"d— " Aila]x—b). (16.24)
ieZUE

In addition, we define the active set A(x*) at an optimal point x* as in (12.29) as the indices
of the constraints at which equality holds, that is,

Ax*)={i e EUT ra] x* = b;}. (16.25)

By simplifying the general conditions (12.30), we conclude that any solution x* of (16.1)
satisfies the following first-order conditions:

Gx*+d— Y a =0, (16.26a)
ieA(x*)

aiTx* =b;, foralli € A(x*), (16.26b)

aiTx* > b;, foralli € T\ A(x*), (16.26¢)

Al >0, foralli € Z N A(x*). (16.26d)

Atechnical point: In Theorem 12.1 we assumed that thelinear independence constraint
qualification (LICQ) was satisfied. As mentioned in Chapter 12, this theorem still holds if we
replace LICQ by other constraint qualifications, such as linearity of the constraints, which
is certainly satisfied for quadratic programming. Hence, in the optimality conditions for
quadratic programming given above we need not assume that the active constraints are
linearly dependent at the solution.

We omit a detailed discussion of the second-order conditions, which follow from the
theory of Section 12.4. Second-order sufficient conditions for x* to be a local minimizer are
satisfied if ZT G Z is positive definite, where Z is defined to be a null-space basis matrix for
the active constraint Jacobian matrix

T
(@i ]icacer) -

As we showed in Theorem 16.2, x* is actually a global solution for the equality-constrained
case when this condition holds. When G is not positive definite, the general problem (16.1)
may have more than one strict local minimizer at which the second-order necessary condi-
tions are satisfied. Such problems are referred to as being “nonconvex” or “indefinite,” and
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Figure 16.1 Nonconvex quadratic programs

they cause some complication for algorithms. Examples of indefinite quadratic programs are
illustrated in Figure 16.1. On the left we have plotted the contours of a problem in which G
has one positive and one negative eigenvalue. We have indicated by + or — that the function

tends toward plus or minus infinity in that direction. Note that x** is a local maximizer, x*
a local minimizer, and the center of the box is a stationary point. The picture on the right
in Figure 16.1, in which both eigenvalues of G are negative, shows a global maximizer at X
and local minimizers at x, and x,.

DEGENERACY

A second property that causes difficulties for some algorithms is degeneracy. Unfortu-
nately, this term has been given a variety of meanings, which can cause confusion. Essentially,
it refers to situations in which either

(a) the active constraint gradients a;, i € A(x*), are linearly dependent at the solution x*,

or

(b) the strict complementarity condition of Definition 12.2 fails to hold, that is, the optimal
Lagrange multiplier vector A* has A¥ = 0 for some active index i € A(x*). Such
constraints are weakly active according to Definition 12.3.

Two examples of degeneracy are shown in Figure 16.2. In the left-hand picture, there
is a single active constraint at the solution x*, which is also an unconstrained minimizer of
the objective function. In the notation of (16.26a), we have that Gx* + d = 0, so that the
lone Lagrange multiplier must be zero. In the right-hand picture, three constraints are active
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Figure 16.2 Degenerate solutions of quadratic programs.

at the solution. Since each of the three constraint gradients is a vector in R?, they must be
linearly dependent.
A more subtle case of degeneracy is illustrated by the problem

min xl2 + (xy + 1) s.t. x>0,

which has a solution at x* = 0. The unconstrained minimizer does not lie on one of the
constraints, nor are there more thann = 2 active constraints at the solution. But this problem
is degenerate because the Lagrange multiplier associated with the constraint x; > 0 is zero
at the solution.

Degeneracy can cause problems for algorithms for two main reasons. First, linear inde-
pendence of the active constraint gradients can cause numerical difficulties in computation
of the null-space matrix Z, and it causes the matrix AG ' AT that arises in the range-space
method to become singular. (Here, A denotes the matrix whose rows are the active con-
straints.) Second, when the problem contains weakly active constraints, it is difficult for the
algorithm to determine whether or not these constraints are active at the solution or not.
In the case of active-set methods and gradient projection methods described below, this
“indecisiveness” can cause the algorithm to zigzag, as the iterates move on and off the weakly
active constraints on successive iterations. Safeguards must be used in these algorithms to
prevent such behavior.
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16.4 ACTIVE-SET METHODS FOR CONVEX QP

We now describe active-set methods, which are generally the most effective methods for
small- to medium-scale problems. We start by discussing the convex case, in which the
matrix G in (16.1a) is positive semidefinite. Since the feasible region defined by (16.1b),
(16.1c¢) is a convex set, any local solution of the QP is a global minimizer. The case in which
G is an indefinite matrix raises complications in the algorithms; our discussion of this case
appears in the next section.

Recall our definition (16.25) above of the active set A(x) at the optimal point x*. We
will call it an optimal active set.

If A(x*) were known in advance, we could find the solution by applying one of the
techniques for equality-constrained QP of Section 16.2 to the problem

min g(x) = %xTGx +xTd subject to aiTx =b;, i € Ax").

Of course, we usually don’t have prior knowledge of A(x™*), and as we will now see, de-
termination of this set is the main challenge facing algorithms for inequality-constrained
QP.

We have already encountered an active-set approach for linear programming in Chap-
ter 13, namely the simplex method. An active-set method starts by making a guess of the
optimal active set, and if this guess turns out to be incorrect, it repeatedly uses gradient and
Lagrange multiplier information to drop one index from the current estimate of A(x*) and
add a new index. Active-set methods for QP differ from the simplex method in that the
iterates may not move from one vertex of the feasible region to another. Some iterates (and,
indeed, the solution of the problem) may lie at other points on the boundary or interior of
the feasible region.

Active-set methods for QP come in three varieties, known as primal, dual, and primal-
dual. We restrict our discussion to primal methods, which generate iterates that remain
feasible with respect to the primal problem (16.1) while steadily decreasing the primal
objective function g(-).

Primal active-set methods usually start by computing a feasible initial iterate x¢, and
then ensure that all subsequent iterates remain feasible. They find a step from one iterate to
the next by solving a quadratic subproblem in which a subset of the constraints in (16.1b),
(16.1c) is imposed as equalities. This subset is referred to as the working set and is denoted at
the kth iterate x; by W;. It consists of all the equality constraints i € £ (see 16.1b) together
with some—but not necessarily all—of the active inequality constraints. An important re-
quirement we impose on W is that the gradients a; of the constraints in the working set
be linearly independent, even when the full set of active constraints at that point has lin-
early dependent gradients. Later, we discuss how this condition can be enforced without
compromising convergence of the algorithm to a solution.
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Given an iterate x; and the working set W, we first check whether x; minimizes
the quadratic g in the subspace defined by the working set. If not, we compute a step p
by solving an equality-constrained QP subproblem in which the constraints corresponding
to the working set Wy are regarded as equalities and all other constraints are temporarily
disregarded. To express this subproblem in terms of the step p, we define

D =X = Xg, g = Gx; +d,
and by substituting for x into the objective function (16.1a), we find that

q(x)=qe+p)=1p"Gp+glp+ec,

where ¢ = %ka Gx; + d”x; is a constant term. Since we can drop ¢ from the objective
without changing the solution of the problem, we can write the QP subproblem to be solved
at the kth iteration as follows:

min 1p"Gp + g/ p (16.27a)
P

subject to al.Tp =0 foralli € W,. (16.27b)

We denote the solution of this subproblem by py. Note that for each i € W, the term a] x

does not change as we move along py, since we have al.T (xx + pi) = aiT x; = b;. It follows
that since the constraints in W, were satisfied at x;, they are also satisfied at x; + apy, for
any value of «. When G is positive definite, the solution of (16.27b) can be computed by any
of the techniques described in Section 16.2.

Suppose for the moment that the optimal p; from (16.27) is nonzero. We need to
decide how far to move along this direction. If x; + py is feasible with respect to all the
constraints, we set x; 1 = x; + pi. Otherwise, we set

Xk+1 = Xk + Qg P, (16.28)

where the step-length parameter o is chosen to be the largest value in the range [0, 1) for
which all constraints are satisfied. We can derive an explicit definition of o by considering
what happens to the constraints i ¢ W, since the constraints i € W} will certainly be
satisfied regardless of the choice of . If aiT pr > 0 for somei ¢ W, then for all o > 0 we
have al.T (X +agpr) = al.T X¢ > b;. Hence, this constraint will be satisfied for all nonnegative
choices of the step-length parameter. Whenever a! p; < 0 for some i ¢ W;, however, we
have that aiT (xx + g pr) = b; only if

T
b; —a; xy

o <
— T
a; Pk
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Since we want o, to be as large as possible in [0, 1] subject to retaining feasibility, we have
the following definition:

b —alx
ay & hin (1, min l—’k) . (16.29)

. T
i¢We,al pe<0 a; Dk

We call the constraintsi for which the minimum in (16.29) is achieved the blocking constraints.
(If o = 1 and no new constraints are active at x; + o py, then there are no blocking
constraints on this iteration.) Note that it is quite possible for a4 to be zero, since we could
have aiT pr < 0 for some constraint i that is active at x; but not a member of the current
working set W.

If o < 1, that is, the step along p; was blocked by some constraint not in W, a new
working set Wy is constructed by adding one of the blocking constraints to W.

We continue to iterate in this manner, adding constraints to the working set until we
reach a point X that minimizes the quadratic objective function over its current working set
W. It is easy to recognize such a point because the subproblem (16.27) has solution p = 0.
Since p = 0 satisfies the optimality conditions (16.5) for (16.27), we have that

> aihi =g =Gi+d, (16.30)
iEW

for some Lagrange multipliers Ai»i € W. It follows that £ and A satisfy the first KKT
condition (16.26a), if we define the multipliers corresponding to the inequality constraints
that are not in the working set to be zero. Because of the control imposed on the step-length,
X is also feasible with respect to all the constraints, so the second and third KKT conditions
(16.26b) and (16.26¢) are satisfied by x.

We now examine the signs of the multipliers corresponding to the inequality con-
straints in the working set, that is, the indices i € W N Z. If these multipliers are all
nonnegative, the fourth KKT condition (16.26d) is also satisfied, so we conclude that X is a
KKT point for the original problem (16.1). In fact, since G is positive semidefinite, we can
show that & is a local minimizer. When G is positive definite,  is a strict local minimizer.

If, on the other hand, one of the multipliers A i J € WnNI , 1s negative, the condition
(16.26d) is not satisfied, and the objective function g (-) may be decreased by dropping this
constraint, as shown in Section 12.2. We then remove an index j corresponding to one of
the negative multipliers from the working set and solve a new subproblem (16.27) for the
new step. We show in the following theorem that this strategy produces a direction p at the
next iteration that is feasible with respect to the dropped constraint. We continue to assume
that the vectors in the working set are linearly independent, and we defer a discussion of
how this can be achieved to the next section when the algorithm has been fully stated.
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Theorem 16.4.

Suppose that the point)? satisfies first-order conditions for the equality- constmined sub-
problem with working set W that is, equation (16.30) is satzsﬁed along witha! £ = b; for all
i € W. Suppose, too, that the constraint gradientsa;,i € W, are linearly zndependent and that
there is an index j € W such thatk < 0. Finally, let p be the solution obtained by dropping
the constraint j and solving the followmg subproblem:

min 1p"Gp + (G +d)" p, (16.31a)
V4

subject toa! p = 0, foralli € W with i #*j. (16.31b)

(This is the subproblem to be solved at the next iteration of the algorithm.) Then p is a feasible
direction for constraint j, that is, ajT p > 0. Moreover, if p satisfies second-order sufficient
conditions for (16.31), then we have thataij > 0, and p is a descent direction for q(-).

PrOOF.  Since p solves (16.31), we have from the results of Section 16.1 that there are
multipliers Xi, foralli € W with i # j, such that

Z ria; = Gp + (Gx +d). (16.32)
ieW,i#j

In addition, we have by second-order necessary conditions that if Z is a null-space basis
vector for the matrix

T
[al]iEW,i;ﬁj )

then ZT G Z is positive semidefinite. Clearly, p has the form p = Zp, for some vector p,,
so it follows that p” Gp > 0.

We have made the assumption that £ and W satisfy the relation (16.30). By subtracting
(16.30) from (16.32), we obtain

> (i —A)ai — Aja; = Gp. (16.33)
iEW, itj

By taking inner products of both sides with p and using the fact thata! p = 0 foralli € 4%
with i # j, we have that

- )A»jaij = p! Gp. (16.34)
Since pTGp > 0 and A j < 0 by assumption, it follows immediately that ajT p>0.

If the second-order sufficient conditions are satisfied, we have that Z7 GZ defined
above is positive definite. From (16.34) we can havea| p = Oonlyif p" Gp = p] Z" GZp, =
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0, which happens only if p, = 0 and p = 0. But if p = 0, then by substituting into (16.33)
and using linear independence of g; fori € W, we must have that A j = 0, which contradicts
our choice of j. We conclude that p” Gp > 0 in (16.34), and therefore aij > 0 whenever
p satisfies the second-order sufficient conditions for (16.31). O

While any index j for which )A\j < 0 usually will give directions along which the
algorithm can make progress, the most negative multiplier is often chosen in practice (and
in the algorithm specified below). This choice is motivated by the sensitivity analysis given
in Chapter 12, which shows that the rate of decrease in the objective function when one
constraint is removed is proportional to the magnitude of the Lagrange multiplier for that
constraint.

We conclude with a result that shows that whenever p; obtained from (16.27) is
nonzero and satisfies second-order sufficient optimality conditions for the current working
set, then it is a direction of strict descent for ¢(-).

Theorem 16.5.

Suppose that the solution py of (16.27) is nonzero and satisfies the second-order sufficient
conditions for optimality for that problem. Then the function q(-) is strictly decreasing along
the direction py.

PROOF.  Since py satisfies the second-order conditions, that is, Z7 GZ is positive definite
for the matrix Z whose columns are a basis of the null space of the constraints (16.27b), we
have by applying Theorem 16.2 to (16.27) that py is the unique global solution of (16.27).
Since p = 0 is also a feasible point for (16.27), its objective value in (16.27a) must be larger
than that of py, so we have

Lol Gpi+ gl pi < 0.
Since p] Gpy > 0 by convexity, this inequality implies that g/ px < 0. Therefore, we have
q(xi + oupr) = q(xi) + ag pe + 30’ pf Gpr < q(xp),
for all @ > 0 sufficiently small. O

A corollary of this result is that when G is positive definite—the strictly convex case—
the second-order sufficient conditions are satisfied for all feasible subproblems of the form
(16.27), so that we obtain a strict decrease in ¢(-) whenever p; # 0. This fact is significant
in a later section, when we discuss finite termination of the algorithm.
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SPECIFICATION OF THE ACTIVE-SET METHOD FOR CONVEX QP

Having given a complete description of the active-set algorithm for convex QP, it is
time for the following formal specification:

Algorithm 16.1 (Active-Set Method for Convex QP).
Compute a feasible starting point x;
Set W, to be a subset of the active constraints at x;
for k=0,1,2,...
Solve (16.27) to find py;

if Pk = 0
Compute Lagrange multipliers % that satisfy (16.30),
set W = Wi

if A >0foralli e W, NT;
STOP with solution x* = x;;

else
Set j = argminjew,nz ij;
X1 = X Wi < W\l

else (*pr#0%)

Compute o from (16.29);

Xg+1 < Xp + O P

if there are blocking constraints
Obtain W4 by adding one of the blocking

constraints to Wi 1;

else

Wis1 < Wis
end (for)

Various techniques can be used to determine an initial feasible point. One such is to
use the “Phase I” approach described in Chapter 13. Though no significant modifications
are needed to generalize this method from linear programming to quadratic programming,
we describe a variant here that allows the user to supply an initial estimate X of the vector
x. This estimate need not be feasible, but prior knowledge of the QP may be used to select
a value of x that is “not too infeasible,” which will reduce the work needed to perform the
Phase I step.

Given X, we define the following feasibility linear program:

min e’z
(x,2)
subject to a x + y;z; = by, i €&,
al-Tx +vizi =2 b; i€l

=0,
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wheree = (1,..., )7,y = —sign(aiT)E — b;) fori € £, while y; = 1fori € Z. A feasible
initial point for this problem is then

X =X, z[:|aiT)?—bi| (ied), zi:max(bi—a[Ti,O) (iel).

It is easy to verify that if ¥ is feasible for the original problem (16.1), then (X, 0) is optimal for
the feasibility subproblem. In general, if the original problem has feasible points, then the
optimal objective value in the subproblem is zero, and any solution of the subproblem yields
a feasible point for the original problem. The initial working set W, for Algorithm16.1 can
be found by taking a linearly independent subset of the active constraints at the x component
of the solution of the feasibility problem.

An alternative approach is the so-called “big M” method, which does away with the
“Phase I” and instead includes a measure of infeasibility in the objective that is guaranteed
to be zero at the solution. That is, we introduce a scalar artificial variable ¢ into (16.1) to
measure the constraint violation, and solve the problem

r(l‘lil)l %xTGx +xTd + Mz, (16.35a)

x,t

subjectto? > (a/x —b;), €€, (16.35b)
t> —(aiTx —by), ie€é, (16.35¢)
t>b—al'x, iel, (16.35d)
t>0, (16.35¢)

for some large positive value of M. It can be shown by applying the theory of exact penalty
functions (see Chapter 15) that whenever there exist feasible points for the original problem
(16.1), then for all M sufficiently large, the solution of (16.35) will have ¢ = 0, with an x
component that is a solution for (16.1).

Our strategy is to use some heuristic to choose a value of M and solve (16.35) by
the usual means. If the solution we obtain has a positive value of 7, we increase M and try
again. Note that a feasible point is easy to obtain for the subproblem (16.35): We set x = X
(where, as before, X is the user-supplied initial guess) and choose # large enough that all the
constraints in (16.35) are satisfied.

This approach is related to the S¢;QP method described in Chapter 18; the main
difference is that the “big M” method is based on the infinity norm rather than on the ¢,
norm. (See (12.7) in Chapter 12.)

AN EXAMPLE

In this section we use subscripts on the vector x to denote its components, while
superscripts denote the iteration index. For example, x* denotes the fourth iterate of x,
while x; denotes the first component.
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(4.1)

x2x3 (2,0) X
x0x1

Figure 16.3 Iterates of the active-set method.

(1 ExampPLE 16.3

We apply Algorithm 16.1 to the following simple 2-dimensional problem, which is
illustrated in Figure 16.3.

min g(x) = (x1 = 1)* + (x2 — 2.5)° (16.36a)

subjectto  x; —2x;+2 >0, (16.36b)
—Xx] —2x,+6 >0, (16.36¢)
—x1+2x,+2 >0, (16.36d)

x>0, (16.36¢)

x; > 0. (16.36f)

We label the constraints, in order, with the indices 1 through 5. For this problem it is
easy to determine a feasible initial point; suppose that we choose x° = (2, 0). Constraints 3
and 5 are active at this point, and we set Wy = {3, 5}. (Note that we could just as validly have
chosen W, = {5} or W, = {3} or even W = (J; each would lead the algorithm to perform
quite differently.)

Since x° lies on a vertex of the feasible region, it is obviously a minimizer of the objective
function g with respect to the working set W; that is, the solution of (16.27) with k = 0 is
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p = 0. We can then use (16.30) to find the multipliers 5»3 and )ALS associated with the active
constraints. Substitution of the data from our problem into (16.30) yields

el L
Az + As = )
2 1 -5
which has the solution (13, A5) = (—2, —1).

We now remove constraint 3 from the working set, since it has the most negative
multiplier, and set YW, = {5}. We begin iteration 1 by finding the solution of (16.27) for
k = 1, whichis p! = (-1, 0)7. The step-length formula (16.29) yields &; = 1, and the new
iterate is x> = (1, 0).

There are no blocking constraints, so that W, = W, = {5}, and we find at the start
of iteration 2 that the solution of (16.27) is again p?> = 0. From (16.30) we deduce that
the Lagrange multiplier for the lone working constraint is A5 = —5, so we drop 5 from the
working set to obtain W5 = {.

Iteration 3 starts by solving the unconstrained problem, to obtain the solution p* =
(0, 2.5). The formula (16.29) yields a step length of &3 = 0.6 and a new iterate x* = (1, 1.5).
There is a single blocking constraint—constraint 1—so we obtain W, = {1}. The solution
of (16.27) for k = 4 is then p* = (0.4, 0.2), and the new step length is 1. There are no
blocking constraints on this step, so the next working set is unchanged: WWs = {1}. The new
iterate is x> = (1.4, 1.7).

Finally, we solve (16.27) for k = 5 to obtain a solution p®> = 0. The formula (16.30)
yields a multiplier )A\l = 1.25, so we have found the solution. We set x* = (1.4, 1.7) and
terminate. r

FURTHER REMARKS ON THE ACTIVE-SET METHOD

We noted above that there is flexibility in the choice of the initial working set, and that
each initial choice leads to a different iteration sequence. When the initial active constraints
have independent gradients, as above, we can include them all in W. Alternatively, we can
select a subset. For instance, if in the example above we have chosen W, = {3}, the first
iterate would have yielded p® = (0.2, 0.1) and a new iterate of x! = (2.2, 0.1). If we had
chosen W, = {5}, we would have moved immediately to the new iterate x! = (1, 0), without
first performing the operation of dropping the index 3, as is done in the example. Finally,
if we had selected W, = @, we would obtain p! = (—1,2.5), a; = %, a new iterate of
xl = (4, %), and a new working set of W, = {1}. The solution x* would have been found
on the next iteration.

Even if the initial working set W) coincides with the initial active set, the sets W and
A(x*) may differ atlater iterations. For instance, when a particular step encounters more than
one blocking constraint, just one of them is added to the working set, so the identification
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between W, and A(x¥) is broken. Moreover, subsequent iterates differ in general according
to what choice is made.

We require that the constraint gradients in W, be linearly independent, and our strat-
egy for modifying the working set ensures that this same property holds for all subsequent
working sets JWi. When we encounter a blocking constraint on a particular step, a constraint
that is not in the working set is encountered during the line search, and its constraint normal
cannot be a linear combination of the normals ¢; in the current working set (see Exercise
15). Hence, linear independence is maintained after the blocking constraint is added to the
working set. On the other hand, deletion of an index from the working set certainly does
not introduce linear dependence.

The strategy of removing the constraint corresponding to the most negative Lagrange
multiplier often works well in practice, but has the disadvantage that it is susceptible to
the scaling of the constraints. (By multiplying constraint i by some factor 8 > 0 we do
not change the geometry of the optimization problem, but we introduce a scaling of 1/8
to the corresponding multiplier 1;.) Choice of the most negative multiplier is analogous to
Dantzig’s original pivot rule for the simplex method in linear programming (see Chapter 13),
and as we saw there, more sophisticated strategies that were more resistant to scaling often
gave better results. We will not discuss these advanced features here.

Finally, we note that the strategy of adding or deleting at most one constraint at each
iteration of the Algorithm 16.1 places a natural lower bound on the number of iterations
needed to reach optimality. Suppose, for instance, that we have a problem in which m
constraints are active at the solution x*, but that we start from a point x9 that is strictly
feasible with respect to all the inequality constraints. In this case, the algorithm will need
at least m iterations to move from x° to x*. Even more iterations would be required if the
algorithm adds some constraint j to the working set at some iteration, only to remove it at
a later step.

FINITE TERMINATION OF THE CONVEX QP ALGORITHM

It is not difficult to show that Algorithm 16.1 converges for strictly convex QPs under
certain assumptions, that is, it identifies the solution x™* in a finite number of iterations. This
claim is certainly true if we assume that the method always takes a nonzero step length o
whenever the direction p; computed from (16.27) is nonzero. Our argument proceeds as
follows:

o If the solution of (16.27) is py = 0, the current point x is the unique global mini-
mizer of ¢ (-) for the working set Wj; see Theorem 16.5. If it is not the solution of the
original problem (16.1) (that is, at least one of the Lagrange multipliers is negative),
Theorems 16.4 and 16.5 together show that the step pr1; computed after a constraint
is dropped will be a strict decrease direction for g(-). Therefore, because of our as-
sumption ¢ > 0, we have that the value of ¢ is lower than ¢ (x;) at all subsequent
iterations. It follows that the algorithm can never return to the working set W, since
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subsequent iterates have values of g that are lower than the global minimizer for this
working set.

e The algorithm encounters an iterate k for which p; = 0 solves (16.27) at least on
every nth iteration. To show this claim, note that whenever we have an iteration for
which py # 0, either we have oy = 1 (in which case we reach the minimizer of ¢ on
the current working set W, so that the next iteration will yield py+; = 0), or else a
constraint is added to the working set Wj. If the latter situation occurs repeatedly, then
after at most n iterations the working set will contain 7 indices, which correspond to
n linearly independent vectors. The solution of (16.27) will then be p; = 0, since only
the zero vector will satisfy the constraints (16.27b).

e Taken together, the two statements above indicate that the algorithm finds the global
minimum of g on its current working set periodically (at least once every n iterations)
and that having done so, it never visits this particular working set again. It follows that
since there are only a finite number of possible working sets, the algorithm cannot
iterate forever. Eventually, it encounters a minimizer for a current working set that
satisfies optimality conditions for (16.1), and it terminates with a solution.

The assumption that we can always take a nonzero step along a nonzero descent
direction py calculated from (16.27) guarantees that the algorithm does not undergo cycling.
This term refers to the situation in which a sequence of consecutive iterations results in no
movement in iterate x, while the working set W, undergoes deletions and additions of indices
and eventually repeats itself. That is, for some integers k and / > 1, we have that x* = x**/
and Wi = Wi4,. At some point in the cycle, a constraint is dropped (as in Theorem 16.4)
but a new constraint i ¢ W is encountered immediately without any movement along
the computed direction p. Procedures for handling degeneracy and cycling in quadratic
programming are similar to those for linear programming discussed in Chapter 13; we will
not discuss them here. Most QP implementations simply ignore the possibility of cycling.

UPDATING FACTORIZATIONS

We have seen that the step computation in the active-set method given in Al-
gorithm 16.1 requires the solution of the equality-constrained subproblem (16.27). As
mentioned at the beginning of this chapter, this computation amounts to solving the KKT
system (16.5). Since the working set can change by just one index at every iteration, the KKT
matrix differs in at most one row and one column from the previous iteration’s KKT matrix.
Indeed, G remains fixed, whereas the matrix A of constraint gradients corresponding to the
current working set may change through addition or deletion of a single row.

It follows from this observation that we can compute the matrix factors needed to solve
(16.27) at the current iteration by updating the factors computed at the previous iteration,
rather than recomputing them from scratch. These updating techniques are crucial to the
efficiency of active-set methods.

465



466

CHAPTER 16. QUADRATIC PROGRAMMING

We will limit our discussion to the case in which the step is computed by using the null-
space method (16.16)—(16.19). Suppose that A has m linearly independent rows, and assume
that the bases Y and Z are defined by means of a QR factorization of A (see Chapter 15 for
details). Thus

ATH:Q|:§:|=[Q1 Q2]|:R] (16.37)

0

(see (15.20)), where IT is a permutation matrix; R is square, upper triangular and nonsin-
gular; O = [ o O ] isn x n orthogonal; and @ and R both have m columns and Q,
has n — m columns. As noted in Chapter 15, we can choose Z to be simply the orthonormal
matrix Q,.

Suppose that one constraint is added to the working set at the next iteration, so that the
new constraint matrix is A7 = [A7”, a], where a is a column vector of length n such that AT
retains full column rank. As we now show, there is an economical way to update the Q and
R factors in (16.37) to obtain new factors (and hence a new null-space basis matrix Z, with
n —m — 1 columns) for the expanded matrix A. Note first that since Q; or+ 0,0t =1,

S oo ] B R| 0fa
A|:0 1:|_[AH|a]—Q|:O|Q2Ta . (16.38)

We can now define an orthogonal matrix Q that transforms the vector Q1 a to a vector in
which all elements except the first are zero. That is, we have

A 14
Q(Q%a)=[ . }

where y is a scalar. (Since Q is orthogonal, we have | QY a| = |y|.) From (16.38) we now
have
R QTa R Ta
o [ m o } o 0 [ I 0 ) I 2
= A ]/ = A )/
0 1 0| Q" o o
[} Aol o

This factorization has the form

b S

<

—

Il

Qi
1
S =
| I |



16.4. ACTIVE-SET METHODS FOR CONVEX QP 467

_ m o - I 0 . . R Qla
— — — T —
n—[o I]Q—Q[O QT}—[Ql 0:0 ],R_[O . }

We can therefore choose Z to be the last n —m — 1 columns of Q5 QT. If we know Z explicitly
and need an explicit representation of Z, we need to account for the cost of obtaining 0 and
the cost of forming the product Q, QT =Z QT. Because of the special structure of Q, this
cost is of order n(n — m), compared to the cost of computing (16.37) from scratch, which is
of order n?m. The updating strategy is much less expensive, especially when the null space
is small (thatis, n — m <« n).

An updating technique can also be designed for the case in which a row is removed
from A. This operation has the effect of deleting a column from R in (16.37), which disturbs
the upper triangular property of this matrix by introducing a number of nonzeros on the
diagonal immediately below the main diagonal of the matrix. Upper triangularity can be
restored by applying a sequence of plane rotations. These rotations introduce a number
of inexpensive transformations into Q, and the updated null-space matrix is obtained by
selecting the last n — m + 1 columns from this matrix after the transformations are complete.
The new null-space basis in this case will have the form

z=[z z], (16.39)

that is, the current matrix Z is augmented by a single column. The total cost of this oper-
ation varies with the location of the removed column in A, but is in all cases cheaper than
recomputing a QR factorization from scratch. For details of these procedures, see Gill et
al. [105, Section 5].

Let us now consider the reduced Hessian. Because of the special form of (16.27) we have
¢ = 01in (16.5), and the step py given in (16.17) is zero. Thus from (16.18), the null-space
component p, is the solution of

(z'Gz)p, =—-2ZTg. (16.40)
We can sometimes find ways of updating the factorization of the reduced Hessian ZT GZ

after Z has changed. Suppose that we have the Cholesky factorization of the current reduced
Hessian, written as

Z'Gz=LL",
and that at the next step Z changes as in (16.39), gaining a column after deletion of a

constraint. A series of plane rotations can then be used to transform the Cholesky factor L
into the new factor L for the new reduced Hessian Z' G Z.
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Avariety of other simplifications are possible. For example, as discussed in Section 16.6,
we can update the reduced gradient Z7 g at the same time as we update Z to Z.

16.5 ACTIVE-SET METHODS FOR INDEFINITE QP

We now consider the case in which the Hessian matrix G has some negative eigenvalues.
Algorithm 16.1, the active-set method for convex QP, can be adapted to this indefinite case
by modifying the computation of the search direction and step length in certain situations.

To explain the need for the modification, we consider the computation of a step by a
null-space method, that is, p = Zp,, where p, is given by (16.40). If the reduced Hessian
ZTGZ is positive definite, then this step p points to the minimizer of the subproblem
(16.27), and the logic of the iteration need not be changed. If Z7 G Z has negative eigenvalues,
however, p points only to a saddle point of (16.27) and is therefore not a suitable step. Instead,
we seek an alternative direction s, that is a direction of negative curvature for Z' GZ. We
then have that

qg(x +aZs,) > —o00 asa — o0. (16.41)

Additionally, we can choose the sign of s, so that Zs, is a non—ascent direction for ¢ at
the current point x, that is, Vg (x)7 Zs, < 0. By moving along the direction Zs,, we will
encounter a constraint that can then be added to the working set for the next iteration.
(If we don’t find such a constraint, the problem is unbounded.) If the reduced Hessian
for the new working set is not positive definite, we can repeat this process until enough
constraints have been added to make the reduced Hessian positive definite. A difficulty
with this general approach, however, is that if we allow the reduced Hessian to have several
negative eigenvalues, we need to compute its spectral factorization or symmetric indefinite
factorization in order to obtain appropriate negative curvature directions, but it is difficult
to make these methods efficient when the reduced Hessian changes from one working set to
the next.

Inertia controlling methods are a practical class of algorithms for indefinite QP that
never allow the reduced Hessian to have more than one negative eigenvalue. As in the convex
case, there is a preliminary phase in which a feasible starting point xq is found. We place
the additional demand on x, that it be either a vertex (in which case the reduced Hessian is
the null matrix) or a constrained stationary point at which the reduced Hessian is positive
definite. (We see below how these conditions can be met.) At each iteration, the algorithm
will either add or remove a constraint from the working set. If a constraint is added, the
reduced Hessian is of smaller dimension and must remain positive definite or be the null
matrix (see the exercises). Therefore, an indefinite reduced Hessian can arise only when one
of the constraints is removed from the working set, which happens only when the current
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point is a minimizer with respect to the current working set. In this case, we will choose the
new search direction to be a direction of negative curvature for the reduced Hessian.

There are various algorithms for indefinite QP that differ in the way that indefiniteness
is detected, in the computation of the negative curvature direction, and in the handling of
the working set. We now discuss an algorithm that makes use of pseudo-constraints (as
proposed by Fletcher [80]) and that computes directions of negative curvature by means of
the LDLT factorization (as proposed by Gill and Murray [107]).

Suppose that the current reduced Hessian Z7 GZ is positive definite and that it is
factored as Z'GZ = LDLT, where L is unit lower triangular and D is diagonal with
positive diagonal entries. We denote the number of elements in the current working set W
by t. After removing a constraint from the working set, the new null-space basis can be
chosen in the form Z, = [Z | z] (that is, one additional column), so that the new factors
have the form

L 0 D D 0
+ = lT 1 ’ + = 0 dn_l+1 s

for some vector / and element d,,_,1. If we discover that d,_,4; in D is negative, we know
that the reduced Hessian is indefinite on the manifold defined by the new working set. We can
then compute a direction s, of negative curvature for Z” G Z and a corresponding direction
s of negative curvature for G as follows:

T
Lis, = en141, s =Z;s,.
We can verify that these directions have the desired properties:

sTGs = sZTZJTrGZJrsZ
_ T T
=S, L+D+L+SZ
T
=€, Dyenrt1

=dpr41 < 0.

Before moving along this direction s, we will define the working set in a special way.
Suppose thati is the index of the constraint that is scheduled to be removed from the working
set—the index whose removal causes the reduced Hessian to become indefinite and leads
to the negative curvature direction s derived above. Rather then removing i explicitly from
the working set, as we do in Algorithm 16.1, we leave it in the working set as a pseudo-
constraint. By doing so, we ensure that the reduced Hessian for this working set remains
positive definite. We now move along the negative curvature direction s until we encounter
a constraint, and then continue to take steps in the usual manner, adding constraints until
the solution of an equality-constrained subproblem is found. If at this point we can safely
delete the pseudo-constraint i from the working set while retaining positive definiteness of
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the reduced Hessian, then we do so. If not, we retain it in the working set until a similar

opportunity arises on a later iteration.
We illustrate this strategy with a simple example.

ILLUSTRATION

Consider the following indefinite quadratic program in two variables:

1 0
%xT X,
0 -1

subject to x, > 0,

min

X1+ 2x, > 2,
10,
3.

—5x1 +4x; <

X1

IA

(16.42a)

(16.42b)
(16.42¢)
(16.42d)
(16.42¢)

We use superscripts to number the iterates of the algorithm, and use subscripts to
denote components of a vector. We choose the initial point x! = (2,0) and define the
working set as W = {1, 2}, where we have numbered the constraints in the order they
appear in (16.42); see Figure 16.4. Since x! is a vertex, it is the solution with respect to the

I
_oxt
/// !
- 7 I
-5x1+4x2—19, |
. I
.7 |®
.7 |
.7 |
Pad |
// |
- =31
/// X1_3|
I
\@ X3/// |
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-~ _ I
LT e I
© -7 x2 T~<_ |
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i _ Y‘\\\ |
2 @® X;+2%=2 2 R
I
I

Figure 16.4 Iterates of indefinite QP algorithm.
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initial working set V. We compute Lagrange multipliers by solving the system

0 1 M 2
1 2 Moo |
giving (X1, A2) = (—4, 2). We must therefore remove the first constraint from the working
set.
The working set is redefined as WW = {2}, and we can define the null-space basis as
Z =(2,—1)T".Since ZTGZ = 3, wehave that L = 1 and D = 3, which is positive. We solve
the equality-constrained subproblem for the current working set, and find that the solution
isx? = (—%, %)T, and A2 = —%.
Since this multiplier is negative, we must remove the second constraint from the
working set. We then have VW = ¢ and could define

[2 1}
zZ= ,
-1 2

where the second column has been chosen to be perpendicular to the first. To simplify the
computations, however, let us define Z = I, so that L = I and D = G. This D factor has
a negative element in the second diagonal element; see (16.42a). We have now encountered
the situation where an indefinite QP algorithm must differ from an algorithm for convex
QP.

By solving the system L”s, = e,_, = e, we find that 5, = (0, 1) and the direction
of negative curvature is given by s = Zs, = (0, 1)7. The direction s is indeed a descent
direction, because we have

T
N —-2/3 0
Vq(x)s_|:_4/3:| |:1:|<0.

(If this inequality were not true, we could simply change the sign of s.) Before moving along
this direction, we include the second constraint as a pseudo-constraint, so that the working
set is redefined as W = {2}.

We now compute the new iterate x* = x> + as = (—%, g), where o = % is the step
length to the newly encountered third constraint. We add this constraint to the working set,
which is now W = {2, 3}, and update the LD L factorization as we change the working set
from {2} to {2, 3}. Since the current iterate is a vertex, it is the solution with respect to the
current working set. We also find that both L and D are null matrices.

We will now try to remove the pseudo-constraint. We attempt to solve the equality-
constrained subproblem with respect to the working set {3}, but find that Z = [4, 5]7 and
ZT'GZ = —9,s0that L = 1and D = —9.In other words, removal of the pseudo-constraint
would yield a reduced Hessian with negative eigenvalues, so we must retain the second
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constraint as a pseudo-constraint for the time being. However, we can use the hypothetical
deletion to calculate a negative-curvature search direction, to move us away from the current
iterate. By solving L”s, = e, ; = e; we find that s, = 1, and so the desired direction is
s = Zs, = (4,5)T. It is easy to verify that s is a descent direction.

We now compute the new iterate x* = x> + as = (3, 25/4)7, and find that the step
length o = 11/12 leads us to the fourth constraint. By adding this constraint to the working
set, we obtain W = {2, 3, 4}. It is now possible to drop the pseudo-constraint 2, since by
doing so the working set would become {3, 4} and the reduced Hessian is the null matrix,
which has no negative eigenvalues. In other words, x* solves the subproblem with respect to
the working set {3, 4}.

Continuing with the iteration, we compute Lagrange multipliers at x* by solving the

following system:
3 5 -1 A3
—25/4 | | -4 0 |

We obtain (A3, A4) = (25/16, 77/16), and we conclude that x* is a local solution of the
quadratic program (16.42). (In fact, it is also a global solution).

One drawback of this approach is that by including more constraints in the working
set, we increase the possibility of degeneracy.

CHOICE OF STARTING POINT

We mentioned above that the initial point must be chosen so as to be a vertex, or at
least a point at which the reduced-Hessian matrix is positive definite. To ensure that this
property holds, we may need to introduce artificial constraints that are active at the initial
point and are linearly independent with respect to the other constraints in the working set.
For example, consider the quadratic program

min — X1X2
subjectto — 1 < x; <1,

—1§X2<1.

If the starting point is (0, 0)7, no constraints are active, and the reduced Hessian is indefinite
for the working set W° = ¢. By introducing the artificial constraints x, = 0and x; —x, = 0,
the initial point has the desired properties, so we can start the active-set procedure described
above. Once the minimizer for the current working set has been computed, the sign of each
artificial constraint normal is chosen so that its multiplier is nonpositive and the constraint
may be deleted. Temporary constraints are usually deleted first, if there is a choice.
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FAILURE OF THE ACTIVE-SET METHOD

When G is not positive definite, the inertia controlling algorithm just described is
not guaranteed to find a local minimizer of the quadratic program. In fact, there may
exist nonoptimal points at which any active-set method will find it difficult to proceed.
These points satisfy the first-order optimality conditions (i.e., they are stationary points),
and their reduced Hessian is positive definite, but at least one of the Lagrange multipliers
corresponding to the inequality constraints is zero. At such a point, it is not possible to
compute a direction that improves the objective function by deleting only one constraint at
a time. We may have to delete two or more constraints at once in order to make progress.

This phenomenon is illustrated by the problem

min —x;x, subjectto0<x; <1, 0<x, <1.

Suppose that the starting point is (0, 0) and that both active constraints are included in the
initial working set. It is easy to verify that this point is a stationary point, and it is certainly a
minimizer on the given working set by virtue of being a vertex. However, if we delete either
constraint from the working set, the new reduced Hessian is singular. No feasible direction
of negative curvature can therefore be computed by removing only one constraint, so the
active-set method will terminate at this point, which is not a local solution of the quadratic
program. We can decrease the objective by moving along the direction (1, 1), for instance.

Even though this type of failure is possible, it is not very common, and rounding
errors tend to move the algorithm away from such difficult points. Various devices have
been proposed to decrease the probability of failure, but none of them can guarantee that a
solution will be found in all cases. In the example above, we could move x; from zero to 1
while holding x; fixed at zero, and this would not affect the value of the objective g. Next we
could move x; from zero to 1 to obtain the optimal solution.

In general, the cause of this difficulty is that first-order optimality does not lead to
second-order optimality for active-set methods.

DETECTING INDEFINITENESS USING THE L BL” FACTORIZATION

We can also use the symmetric indefinite factorization algorithm (16.12) to determine
whether the reduced Hessian Z” BZ is positive definite. Since this factorization is useful
in other optimization methods, such as interior-point methods and sequential quadratic
programming methods, we present some of its fundamental properties.

Recall that the inertia of a symmetric matrix K is defined as the triplet formed by the
number of positive, negative, and zero eigenvalues of K. We write

inertia(K) = (ny,n_, ngp).
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Sylvester’s law of inertia states that if C is a nonsingular matrix, then inertia(CT KC) =
inertia(K ); see, for example, [115]. The following result follows from the repeated application
of Sylvester’s law.

Theorem 16.6.
Let K be defined by (16.7) and suppose that A has rank m. Then

inertia(K) = inertia(ZT GZ) + (m, m, 0).

This theorem implies that if ZT GZ is positive definite, then the inertia of the KKT
matrix is (n, m, 0), as stated in Lemma 16.3. Note that Theorem 16.6 also shows that K has
at least m positive eigenvalues, even if G is negative definite.

Let us suppose that we compute the symmetric indefinite factorization (16.12) of the
KKT matrix K. To simplify the discussion, we assume that the permutation matrix P is the
identity, and write

K =LBLT.

Sylvester’s theorem implies that B and K have the same inertia. Moreover, since the 2 x 2
blocks in B are normally constructed so as to have one positive and one negative eigenvalue,
we can compute the inertia of K by examining the blocks of B. In particular, the number
of positive eigenvalues of K equals the number of 2 x 2 blocks plus the number of positive
1 x 1 blocks.

The symmetric indefinite factorization can therefore be used in inertia controlling
methods for indefinite quadratic programming to control the logic of the algorithm.

16.6 THE GRADIENT--PROJECTION METHOD

In the classical active-set method described in the previous two sections, the active set and
working set change slowly, usually by a single index at each iteration. As a result, this method
may require many iterations to converge on large-scale problems. For instance, if the starting
point x° has no active constraints, while 200 constraints are active at the solution, then at
least 200 iterations of the active-set method will be required to reach the solution.

The gradient projection method is designed to make rapid changes to the active set.
It is most efficient when the constraints are simple in form—in particular, when there are
only bounds on the variables. Accordingly, we will restrict our attention to the following
bound-constrained problem:

min g(x) = %xTGx +xTd (16.43a)
subject tol < x < u, (16.43b)
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where G is symmetric and / and u are are vectors of upper and lower bounds on the compo-
nents of x. (As we see later, the dual of a convex quadratic program is a bound-constrained
problem; thus the gradient projection method is of wide applicability.) The feasible region
defined by (16.43b) is sometimes called a “box” because of its rectangular shape. Some
components of x may lack an upper or a lower bound; we handle these cases by setting the
appropriate components of / and u to —oo and +00, respectively. We do not make any pos-
itive definiteness assumptions on G, since the gradient projection approach can be applied
to both convex and nonconvex problems.

Each iteration of the gradient projection algorithm consists of two stages. In the first
stage, we search along the steepest descent direction from the current point x, that is, the
direction —g, where, as in (16.6), g = Gx + d. When a bound is encountered, the search
direction is “bent” so that it stays feasible. We search along this piecewise path and locate the
first local minimizer of ¢, which we denote by x¢ and refer to as the Cauchy point, by analogy
with our terminology of Chapter 4. The working set JV is now defined to be the set of bound
constraints that are active at the Cauchy point, i.e., W = A(x). In the second stage of each
gradient projection iteration, we “explore” the face of the feasible box on which the Cauchy
point lies by solving a subproblem in which the active components x; fori € A(x*) are fixed
at the values x¢. In this section we denote the iteration number by a superscript (i.e., x¥)
and use subscripts to denote the elements of a vector.

CAUCHY POINT COMPUTATION

We now derive an explicit expression for the piecewise linear path obtained by pro-
jecting the steepest descent direction onto the feasible box, and outline the search procedure
for identifying the first local minimum of g along this path.

We define the projection of an arbitrary point x onto the feasible region (16.43b) as
follows: The ith component is given by

l,' if X < l,',
Px,l,u;=4 x if xiellul, (16.44)

u, if x; > u;.

The piecewise linear path x(¢) starting at the reference point x° and obtained by projecting
the steepest descent direction at x° onto the feasible region (16.43b) is thus given by

x(t) = P(x" —1g,1,u), (16.45)
where g = Vg (x°); see Figure 16.5. We then compute the Cauchy point x¢, which is defined

as the first local minimizer of the univariate, piecewise quadratic ¢(x(¢)), for > 0. This
minimizer is obtained by examining each of the line segments that make up x(¢). To perform
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this search, we need to determine the values of 7 at which the kinks in x(z), or breakpoints,
occur. We first identify the values of ¢ for which each component reaches its bound along
the chosen direction —g. These values #; are given by the following explicit formulae:

(x?—u,-)/gi ifg; <Oandu; < +o0,
L= (x? —1;)/gi ifgi >0andl; > —o0, (16.46)
00 otherwise.

The components of x () for any ¢ are therefore

)CQ —1g;

L

o ift <1,
x;(t) =
' otherwise.

x? — 1,8

This has a simple geometrical interpretation: A component x; (¢) will move at the rate given

by the projection of the gradient along this direction, and will remain fixed once this variable
reaches one of its bounds.

To search for the first local minimizer along P (x%—tg, I, u), we eliminate the duplicate

values and zero values of ; from the set {1, f,, . . ., f,,}, and sort the remaining numbers into

an ordered sequence f, tp, 13, ... such that 0 < #; < 1, < f3 < ---. We now examine the
xtg A
’
’
’
’
7
’
’
7
’
7
s X(t3)

Figure 16.5 The piecewise linear path x (), for an example in R®.
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intervals [0, #;], [#1, 2], [f2, 3], . .. in turn. Suppose we have examined the intervals up to
[tj—2,tj—1] for some j, and determined that the local minimizer is at some value t > f;_;.
For the interval [¢;_,, ¢;] between the (j — 1)st and jth breakpoints, we have that

x(1) =x(tj_1)+Atpj71,
where
At =t —tj_, At e [0,t; —tj_1],

and

(16.47)

- —g iftj <,
0 otherwise.

By using this notation, we write the quadratic (16.43a) on the line segment [x(¢;_;), x(¢;)]
as

q(x()) = d" (x(t;-1) + Atp? ™) + Hx ;) + AtpI )T G (x(tj-1) + Atp/ ™),

where At € [0,1; —t;_1].
By expanding and grouping the coefficients of 1, Az, and (A?)?, we find that

q(x(1)) = fio + fi A+ 5 f] (AP, Are[0,4 — 1], (16.48)
where the coefficients f;_1, f7_;,and f}_, are defined by

fimi=d"x(tj-) + %x(tjfl)TGx(tjfl)v

fimo=d"p’ +x(t;-) Gp' T,

fi=pHT6p

By differentiating (16.48) with respect to At and equating to zero, we obtain At* =
— Jf_l/fjf’_l.IfAt* €[0,¢j—tj_1)and fjf/_l > 0, we conclude that there is a local minimizer
of g(x(t)) at

t=tj_1+ Ar*.

Otherwise, there is a minimizer at t = ¢;_; when f ]{—1 > 0. In all other cases we move on to
the next interval ¢}, #;1,] and continue the search. We need to calculate the new direction
p’ from (16.47), and we use this new value to calculate f;, f Jf, and f ]{/ . Since p/ differs from
p/~! typically in just one component, computational savings can sometimes be made by
updating these coefficients rather than computing them from scratch.
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SUBSPACE MINIMIZATION

After the Cauchy point x¢ has been computed, the components of x¢ that are at their
lower or upper bounds define the active set A(x¢). In the second stage of the gradient
projection iteration, we approximately solve the QP obtained by fixing these components at
the values x{. The subproblem is therefore

min g(x) = %xTGx +x'd (16.49a)
subject to x; = x}, i e Ax9), (16.49b)
i <x; <u, ié¢ A()Cc). (16.49¢)

Itis not necessary to solve this problem exactly. Nor is it desirable, since the subproblem
may be almostas difficultas the original problem (16.43). In fact, to obtain global convergence
all we require of the approximate solution x* of (16.49) is that g(x*) < ¢(x¢) and that x*
be feasible with respect to the constraints (16.49b), (16.49c¢). A strategy that is intermediate
between choosing x™ = x° as the approximate solution (on the one hand) and solving
(16.49) exactly (on the other hand) is to ignore the bound constraints (16.49¢) and apply an
iterative method to the problem (16.49a), (16.49b). The use of conjugate gradient iterations
in combination with the null-space approach for equality-constrained problems, as discussed
in Section 16.2, is one possibility. The natural starting point for this process would be x¢. We
could terminate the iterations as soon as a bound (16.49c¢) is encountered by the algorithm
or as soon as the conjugate gradient iteration generates a direction of negative curvature; see
Algorithm 4.3 in Section 4.1. Note that the null-space basis matrix Z for this problem has a
particularly simple form.

We conclude by summarizing the gradient projection algorithm for quadratic
programming and stating a convergence theorem.

Algorithm 16.2 (Gradient—Projection Method for QP).
Compute a feasible starting point x
for k=0,1,2,...
if x* satisfies the KKT conditions for (16.43)
STOP with solution x* = x*;
Set x = x¥ and find the Cauchy point x¢;
Find an approximate solution x* of (16.49) such that g(x) < g(x°)
and x 7 is feasible;

k1l oyt

x
end (for)

When applied to problems that satisfy strict complementarity (that is, problems for
which all Lagrange multipliers associated with an active bound at the optimizer x* are
nonzero), the active sets A(x“) generated by the gradient projection algorithm eventually
settle down. That is, constraint indices cannot repeatedly enter and leave the active set on



16.7. INTERIOR-POINT METHODS

successive iterations. When the problem is degenerate, the active set may not settle down,
but various devices have been proposed to prevent this undesirable behavior from taking
place.

Finally, we note that while gradient projection methods can be applied in principle to
problems with general linear constraints, significant computation is required to apply the
projection operator P. If the constraint set is defined as a] x > b;, i € Z, we must solve the
following convex quadratic program to compute the projection of a given point x onto the
feasible set:

min [|x — %||* subject to aiTx > b; foralli € Z.
The expense of solving this “ projection subproblem” may approach the cost of solving the

original quadratic program, so it is usually not economical to apply gradient projection to
this case.

16.7 INTERIOR-POINT METHODS

The primal-dual interior-point approach can be applied to convex quadratic programs
through a simple extension of the linear-programming algorithms described in Chapter 14.
The resulting algorithms are simple to describe, relatively easy to implement, and quite
efficient on certain types of problems. Extensions of interior-point methods to nonconvex
problems are currently under investigation and will not be discussed here.

For simplicity, we restrict our attention to convex quadratic programs with inequality
constraints, which we write as follows:

min g (x) df %xTGx +xTd (16.50a)
X
subjectto  Ax > b, (16.50b)

where G is symmetric and positive semidefinite, and where the m x n matrix A and right-
hand-side b are defined by

Az[ﬂi]iez» b:[bi]iEIs I={1v279m}

(Equality constraints can be accommodated with simple changes to the approaches described
below.) We can specialize the KKT conditions (12.30) to obtain the following set of necessary
conditions for (16.50): If x* is a solution of (16.50), there is a Lagrange multiplier vector A*
such that the following conditions are satisfied for (x, A) = (x*, 1*):

Gx—A"r+d =0,
Ax —b >0,
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(A)C—b)i)ni:o, i:1,2,...,m,
A =>0.

By introducing the slack vector y = Ax — b, we can rewrite these conditions as

Gx —ATA4+d =0, (16.51a)
Ax —y—b=0, (16.51b)
yixi =0, i=1,2,...,m, (16.51c¢)

(y,4) = 0. (16.51d)

It is easy to see the close correspondence between (16.51) and the KKT conditions
(14.3) for the linear programming problem (14.1). As in the case of linear programming, the
KKT conditions are not only necessary but also sufficient, because the objective function is
convex and the feasible region is convex. Hence, we can solve the convex quadratic program
(16.50) by finding solutions of the system (16.51).

Asin Chapter 14, we can rewrite (16.51) as a constrained system of nonlinear equations
and derive primal-dual interior-point algorithms by applying modifications of Newton’s
method to this system. Analogously to (14.4), we define

Gx—ATr+d
Flx,y,\) = Ax —y—b>b , (y,A) =0,
Y Ae

where
Y:diag(ylay27--~»ym)7 Azdiag()m)»z,---,)»m), 62(1,1,...,1)T.

Given a current iterate (x, y, A) that satisfies (y, A) > 0, we can define a duality measure p
by

>

1 & yT
= — A= —, 16.52
p=— vk =— (16.52)

similarly to (14.10).
The central path C is the set of points (x;, y;, A7) (r > 0) such that

F(xr’)’rv)\r): 0 , ()’rv)\r)>0

Te
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(cf. (14.9)). The generic step (Ax, Ay, AX) is a Newton-like step from the current point
(x, y, 1) toward the point (X4, You, Asy,) On the central path, where o € [0, 1] is a pa-
rameter chosen by the algorithm. As in (14.15), we find that this step satisfies the following
linear system:

G —-AT o A

X —rq
A 0 -1 As = —rp , (16.53)
0 Y A AX —ASe +opue

where
ra=Gx —ATA+d, rp =Ax —y —b.

As in Framework 14.1 of Chapter 14, we obtain the next iterate by setting
(T YT AT) = (6, v, A) +a(Ax, Ay, Ad),

where « is chosen to retain the inequality (y*, A*) > 0 and possibly to satisfy various other
conditions.

Mehrotra’s predictor—corrector algorithm can also be extended to convex quadratic
programming with the exception of one aspect: The step lengths in primal variables (x, y)
and dual variables A cannot be different, as they are in the linear programming case. The
reason is that the primal and dual variables are coupled through the matrix G, so different
step lengths can disturb feasibility of the equation (16.51a).

The major computational operation is the solution of the system (16.53) at each
iteration of the interior-point method. As in Chapter 14, this system may be restated in
more compact forms. The augmented system form is

G -—AT Ax —rg
B = - , (16.54)
A Ay As —rp+ (—=y4+ouh Le)

and a symmetric indefinite factorization scheme can be applied to the coefficient matrix.
The normal equations form is

(GH+AT(Y'A)A)Ax = —rg + AT(YIA)[—rp, — y +opuA"le],

which can be solved by means of a modified Cholesky algorithm. Note that the factorization
must be recomputed at each iteration, because the change in y and X leads to changes in the
nonzero components of A7 (Y 71 A)A.
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EXTENSIONS AND COMPARISON WITH ACTIVE-SET METHODS

It is possible to extend all the algorithms of Chapter 14 to the problem (16.50). To
obtain path-following methods, we define the strictly feasible set 7 by

Fo={x,y, M) |Gx—A"TA+d =0, Ax—y—b=0, (y,1) >0},
and the central path neighborhoods N, (y) and N(9) by

N2 () = {(x,y,s) € F°|||YSe — pe| <0u},
N_o) =1{(x,y,5) € F°lyisi =y, foralli =1,2,...,m},

where8 € [0, 1)and y € (0, 1] (cf. (14.16), (14.17)). As before, all iterates of path-following
algorithms are constrained to belong to one or other of these neighborhoods. Potential
reduction algorithms are obtained by redefining the Tanabe—Todd-Ye potential function ®,
as

®,(y,1) = plog yIa— Zlog Vi,

i=1

for some p > m (cf. (14.30)). As in Chapter 14, iterates of these methods are restricted to
JF?, steps are obtained by solving (16.53) with r, = 0 and r;, = 0, and the step length « is
chosen to force a substantial reduction in &, at each iteration.

The basic difference between interior-point and active-set methods for convex QP
is that active-set methods generally require a large number of steps in which each search
direction is relatively inexpensive to compute, while interior-point methods take a smaller
number of more expensive steps. As is the case in linear programming, however, the active-
set methods are more complicated to implement, particularly if the program tries to take
advantage of sparsity in G and A. In this situation, the factorization updating procedures at
each active set are quite difficult to implement efficiently, as the need to maintain sparsity
adds complications. By contrast, the nonzero structure of the matrix to be factored at each
interior-point iteration does not change (only the numerical values), so standard sparse
factorization software can be used to obtain the steps.

16.8 DUALITY

We conclude this chapter with a brief discussion of duality for convex quadratic program-
ming. Duality can be a useful tool in quadratic programming because in some classes of
problems we can take advantage of the special structure of the dual to solve the problem
more efficiently.
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If G is positive definite, the dual of

min %xTGx +x7d (16.55a)
subjectto Ax >b (16.55b)

is given by

maxx %xTGx +xTd —AT(Ax —b)

subjectto  Gx +d — AT\ =0,
A=>0. (16.56a)

By eliminating x from the second equation, we obtain the bound-constrained problem

max —3A"(AGTTADA+ 2T (b+ AG™'d) — 3d"G™d (16.57a)
subjectto X > 0. (16.57b)

This problem can be solved by means of the gradient projection method, which nor-
mally allows us to identify the active set more rapidly than with a classical active set methods.
Moreover, in some areas of application, such as entropy maximization, it is possible to show
that the bounds in (16.57b) are not active at the solution. In this case, the problem (16.57)
becomes an unconstrained quadratic optimization problem in A.

For large problems, the complicated form of the objective (16.57a) can be a drawback.
If a direct solver is used, then we need to explicitly form AG7'AT. An alternative is to factor
G and to apply the conjugate gradient method to AG~1AT.

NOTES AND REFERENCES

If G is not positive definite, the problem of determining whether a feasible point for
(16.1) is a global minimizer is an NP-hard problem; see Murty and Kabadi [176].

Markowitz formulated the portfolio optimization problem in 1952 [157]. See his
book [159] for further details.

For a discussion on the QMR method see Freund and Nachtigal [94]. The LSQR
approach is equivalent to applying the conjugate gradient to the normal equations for the
system (16.5); see Paige and Saunders [188].

We have assumed throughout this chapter that all equality-constrained quadratic
programs have linearly independent constraints, i.e., that A has rank m. If this is not the case,
redundant constraints can be removed from the problem. This can be done, for example,
by computing a QR factorization of AT, which normally (but not always) gives a good
indication of the rank of A and of the rows that can be removed. In the large-scale case,
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Gaussian elimination techniques are typically used, but this makes it more difficult to decide
which constraints should be removed.

The first inertia-controlling method for indefinite quadratic programming was pro-
posed by Fletcher [80]. See also Gill et al. [110] and Gould [120] for a discussion of methods
for general quadratic programming.

For further discussion on the gradient projection method see, for example, Conn,
Gould, and Toint [51] and Burke and Moré [32].

In some areas of application, the KKT matrix is not just sparse but also contains special
structure. For instance, the quadratic programs that arise in optimal control and model
predictive control have banded matrices G and A (see Wright [253]). This structure is more
easily exploited in the interior-point case, because the matrix in (16.54) can be reordered to
have block-banded structure, for which efficient algorithms are available. When active-set
methods are applied to this problem, however, the advantages of bandedness and sparsity
are lost after just a few updates of the basis.

Further details of interior-point methods for convex quadratic programming can be
found in Chapter 8 of Wright [255].

& EXERCISES
& 16.1 Solve the following quadratic program and illustrate it geometrically.

max f(x) =2x; 4+ 3x; + 4x12 + 2x1% —l—xzz,
subject to x; — x, > 0,
X1+ x; <4,

X1§3.

& 16.2 The problem of finding the shortest distance from a point x, to the hyperplane
{x|Ax = b} where A has full row rank can be formulated as the quadratic program

min %(x —x0)" (x = x0)
st. Ax =b.

Show that the optimal multiplier is
2= (AAT)7H(b — Axy),
and that the solution is

x*=x9— AT(AAT) "' (b — Axy).
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Show that in the special case where A is a row vector, the shortest distance from x; to the
solution set of Ax = b is

b — Axol
Al

&  16.3 Use Theorem 12.1 to verify that the first-order necessary conditions for (16.3)
are given by (16.4).

&  16.4 Use Theorem 12.6 to show that if the conditions of Lemma 16.1 hold, then the
second-order sufficient conditions for (16.3) are satisfied by the vector pair (x*, A*) that
satisfies (16.4).

& 16.5 Consider (16.3) and suppose that the projected Hessian matrix Z' GZ has a
negative eigenvalue; that is, u” ZT GZu < 0 for some vector u. Show that if there exists any
vector pair (x*, 1*) that satisfies (16.4), then the point x* is only a stationary point of (16.3)
and not a local minimizer. (Hint: Consider the function g(x* + «Zu) for a # 0, and use
an expansion like that in the proof of Theorem 16.2.)

&  16.6 By using the QR factorization and a permutation matrix, show that for a full-
rank m x n matrix A (withm < n) we can find an orthogonal matrix Q and an m x m upper
triangular matrix U suchthat AQ = [ 0o U ] (Hint: Start by applying the standard QR
factorization to AT.)

& 16.7 Verify that the first-order conditions for optimality of (16.1) are equivalent to
(16.26) when we make use ot the active set definition (16.25).

&  16.8 For each of the alternative choices of initial working set W, in the example
(16.36) (thatis, Wy = {3}, W, = {5}, and W, = @) work through the first two iterations of
Algorithm 16.1.

& 16.9 Program Algorithm 16.1 and use it to solve

minx% + 2)(22 — 2)(1 - 6XZ - le.Xz
subject to %xl + %xz <1,
—X1+2x, <2,

X1, X2 = 0.

Choose three initial starting points: one in the interior of the feasible region, one at a vertex,
and one on the boundary of the feasible region (not a vertex).

&  16.10 Consider the problem (16.3a)—(16.3b), and assume that A has full column
rank. Prove the following three statements: (a) The quadratic program has a strong local
minimizer at a point x* satisfying the Lagrange equations Gx* 4+ d = AA* if and only if
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ZT G Z is positive definite. (b) The quadratic program has an infinite number of solutions
if the first equations in (16.4) are compatible and if the reduced Hessian Z7 G Z is positive
semidefinite and singular. (c) There are no finite solutions if either Z” G Z is indefinite or if
the first equations in (16.4) are inconsistent.

&  16.11 Assume that A # 0. Show that the KKT matrix (16.7) is indefinite.

& 16.12 Consider the quadratic program

max = 6x, + 4x, — 13 — x} — x3,

subject to x; + x; < 3,

X1 20,)6'2 ZO

First solve it graphically and then use your program implementing the active-set method
given in Algorithm 16.1.

& 16.13 Prove that if the KKT matrix (16.7) is nonsingular, then A must have full rank.
& 16.14 Explain why it is that the size of the Lagrange multipliers is dependent on the

scaling of the objective function and constraints.

& 16.15 Using (16.27) and (16.29), explain briefly why the gradient of each blocking
constraint cannot be a linear combination of the constraint gradients in the current working
set Wj. More specifically, suppose that the initial working set W, in Algorithm 16.1 is chosen
so that the gradients of the constraints belonging to this working set are linearly independent.
Show that the step selection (16.29) guarantees that constraint gradients of all subsequent
working sets remain linearly independent.

&  16.16 Let W beann x n symmetric matrix and suppose that Z is of dimension n x ¢.
Suppose that ZT W Z is positive definite and that Z = [Z, z], i.e., that we have appended a
column to Z. Show that Z” W Z is positive definite.

&  16.17 Find a null-space basis matrix Z for the problem (16.49a), (16.49b).
& 16.18 Write down KKT conditions for the following convex quadratic program with

mixed equality and inequality constraints:

min g(x) = 1x" Gx +x"d,
st. Ax > b, Ax =b,

where G is symmetric and positive semidefinite. Use these conditions to derive an analogue
of the generic primal—dual step (16.53) for this problem.
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Penalty, Barrier,
and Augmented
Lagrangiar
Methods

An important class of methods for constrained optimization seeks the solution by replac-
ing the original constrained problem by a sequence of unconstrained subproblems. In this
chapter we describe three important algorithms in this class. The quadratic penalty method
replaces the constraints by penalty terms in the objective function, where each penalty term
is a multiple of the square of the constraint violation. Because of its simplicity and intu-
itive appeal, this approach is often used in computations, although it has some important
disadvantages. This method can be considered a precursor to the method of multipliers or
augmented Lagrangian method, in which explicit Lagrange multiplier estimates are used to
avoid the ill-conditioning that is inherent in the quadratic penalty function.

A somewhat different approach is used in the log-barrier method, in which logarithmic
terms prevent feasible iterates from moving too close to the boundary of the feasible region.
This method is interesting in its own right, and it also provides the foundation of primal and
primal-dual interior-point methods, which have proved to be important in linear program-
ming (see Chapter 14), convex quadratic programming (see Chapter 16), and semidefinite
programming, and may yet make their mark in general constrained optimization as well.

In Section 17.3 we describe exact penalty function approaches, in which a single
unconstrained problem (rather than a sequence) takes the place of the original constrained
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problem. Not surprisingly, the resulting function is often difficult to minimize. Section 17.5
describes sequential linearly constrained methods, an important class of practical methods
for large constrained optimization problems.

17.1 THE QUADRATIC PENALTY METHOD

MOTIVATION

One fundamental approach to constrained optimization is to replace the original
problem by a penalty function that consists of

e the original objective of the constrained optimization problem, plus

e one additional term for each constraint, which is positive when the current point x
violates that constraint and zero otherwise.

Most approaches define a sequence of such penalty functions, in which the penalty terms for
the constraint violations are multiplied by some positive coefficient. By making this coef-
ficient larger and larger, we penalize constraint violations more and more severely, thereby
forcing the minimizer of the penalty function closer and closer to the feasible region for the
constrained problem.

Such approaches are sometimes known as exterior penalty methods, because the penalty
term for each constraint is nonzero only when x is infeasible with respect to that constraint.
Often, the minimizers of the penalty functions are infeasible with respect to the original prob-
lem, and approach feasibility only in the limit as the penalty parameter grows increasingly
large.

The simplest penalty function of this type is the quadratic penalty function, in which the
penalty terms are the squares of the constraint violations. We devote most of our discussion
in this section to the equality-constrained problem

min f(x) subjecttoc;(x)=0,i €&, (17.1)

which is a special case of (12.1). The quadratic penalty function Q(x; w) for this formulation
is

0t 1)+ 3= Y i) (17.2)
ief

where i > 0 is the penalty parameter. By driving u to zero, we penalize the constraint
violations with increasing severity. It makes good intuitive sense to consider a sequence of
values {y} with p | 0as k — o0, and to seek the approximate minimizer x; of Q(x; )
for each k. Because the penalty terms in (17.2) are smooth (each term ¢? has at least as many
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Figure 17.2 Contours of Q(x; u) from (17.4) for u = 0.1, contour spacing 2.

derivatives as ¢; itself), we can use techniques from unconstrained optimization to search
for xx. The approximate minimizers xi, Xx_1, etc, can be used to identify a good starting
point for the minimization of Q(+; 1) at iteration k + 1. By choosing the sequence {1x}
and the starting points wisely, it may be possible to perform just a few steps of unconstrained
minimization for each value py.
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([ ExamPLE 17.1
Consider the problem (12.9) from Chapter 12, that is,
min x; + x; s.t. xf + x§ —-2=0, (17.3)

for which the solution is (—1, —1)7 and the quadratic penalty function is
1 2 2 2
Q(x;y,):xl—i—xz—l—m(x1 + x5 —2) . (17.4)

We plot the contours of this function in Figures 17.1 and 17.2. In Figure 17.1 we have
u = 1, and we observe a mimizer of Q near the point (—1.1, —1.1)7. (There is also a local
maximizer near x = (0.3, 0.3)7.) In Figure 17.2 we have u = 0.1, so points that do not lie
on the feasible circle defined by x} + x3 = 2 suffer a much greater penalty than in the first
figure—the “trough” of low values of Q is clearly evident. The minimizer in this figure is
much closer to the solution (—1, —1)7 of the problem (17.3). A local maximum lies near
(0,0)7, and Q goes rapidly to oo outside the circle x7 + x5 = 2. .

For the general constrained optimization problem (12.1), which contains inequality
constraints as well as equality constraints, we can define Q as

e 1 1 _
Q(x;u)dsz(x)JrZZC?(JC)JrﬂZ([Ci(x)] ). (17.5)

ie€ ieT

where [y]~ denotes max(—y, 0). In this case, Q may be less smooth than the objective and
constraint functions. For instance, if one of the inequality constraints is x; > 0, then the
function min(0, x;)? has a discontinuous second derivative (see the exercises), so that Q is
no longer twice continuously differentiable.

ALGORITHMIC FRAMEWORK

A general framework for algorithms based on the penalty function (17.2) can be
specified as follows.

Framework 17.1 (Quadratic Penalty).
Given o > 0, tolerance 7y > 0, starting point x{;
fork=0,1,2,...
Find an approximate minimizer x; of Q(-; 1), starting at x},
and terminating when ||V Q(x; wi)|l < ws
if final convergence test satisfied
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STOP with approximate solution xy;
Choose new penalty parameter py; € (0, py);
Choose new starting point x; U
end (for)

The parameter sequence {1, } can be chosen adaptively, based on the difficulty of min-
imizing the penalty function at each iteration. When minimization of Q(x; wx) proves to
be expensive for some k, we choose ;41 to be only modestly smaller than 1¢; for instance
i1 = 0.7pug. If we find the approximate minimizer of Q(x; ux) cheaply, we could try a
more ambitious reduction, for instance ptx4+; = 0.1x%. The convergence theory for Frame-
work 17.1 allows wide latitude in the choice of tolerances 7; it requires only that lim 7, = 0,
to ensure that the minimization is carried out more and more accurately.

When only equality constraints are present, Q(x; ux) is smooth, so the algorithms
for unconstrained minimization described in the first chapters of the book can be used
to identify the approximate solution x;. However, the minimization of Q(x; ux) becomes
more and more difficult to perform when p;, becomes small, unless we use special techniques
to calculate the search directions. For one thing, the Hessian V2 Q(x; 1x) becomes quite
ill conditioned near the minimizer. This property alone is enough to make unconstrained
minimization algorithms such as quasi-Newton and conjugate gradient perform poorly.
Newton’s method, on the other hand, is not sensitive to ill conditioning of the Hessian, but
it, too, may encounter difficulties for small p; for two other reasons. First, ill conditioning
of V2 Q(x; i) might be expected to cause problems when we come to solve the linear
equations to calculate the Newton step. We discuss this issue further at the end of the section,
where we show that these effects are not so severe and that a reformulation of the Newton
equationsis possible. Second, even when x is close to the minimizer of Q(-; ), the quadratic
Taylor series approximation to Q(x; wx) about x is a reasonable approximation of the true
function only in a small neighborhood of x. This property can be seen in Figure 17.2, where
the contours of Q near the minimizer have a banana shape, rather than the elliptical shape
that characterizes quadratic functions. Since Newton’s method is based on the quadratic
model, the steps that it generates may not make rapid progress toward the minimizer of
Q(x; py), unless we are quite close to the minimizer. This difficulty can be overcome partly
by judicious choice of the starting point x;_ .

Despite the intuitive appeal and simplicity of Framework 17.1, we point out that the
method of multipliers of Section 17.4 would generally be more effective, since it tends to
avoid the ill conditioning that causes problems in Framework 17.1.

CONVERGENCE OF THE QUADRATIC PENALTY FUNCTION

We describe some convergence properties of this approach in the following two
theorems.
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Theorem 17.1.

Suppose that each xy, is the exact global minimizer of Q(x; jtx) in Framework 17.1 above,
and that uy |, 0. Then every limit point x* of the sequence {xy} is a solution of the problem
(17.1).

PROOF. Let X be a global solution of (17.1), that is,
f(x) < f(x) forallx withc¢;(x) =0,i €.

Since x; minimizes Q(-; uy) for each k, we have that O (x;; ) < Q(X; ux), which leads to
the inequality

) + i Do) < f@) 45— (F) = (). (17.6)

1
ief 21k ieE
By rearranging this expression, we obtain

>R < 2l (@) — fl). (17.7)

=
Suppose that x* is a limit point of {x;}, so that there is an infinite subsequence K such that
iiemlC xp = x*.
By taking the limit as k — 00, k € K, on both sides of side of (17.7), we obtain

D) =limy ef(n) < lim2ul £ (%) — £(u)] =0,

ie€ e

where the last equality follows from p; | 0. Therefore, we have that ¢; (x*) = Oforalli € &,
so that x* is feasible. Moreover, by taking the limit as k — oo for k € K in (17.6), we have
by nonnegativity of s and of each ¢; (x)? that

S5 = 1060 Him 5 3 i) = S0,

Since x* is a feasible point whose objective value is no larger than that of the global minimizer
X, we conclude that x*, too, is a global minimizer, as claimed. O

Since this result requires us to find the global minimizer for each subproblem, its very
desirable property of convergence to the global solution of (17.1) may be difficult to realize in
practice. The next result concerns convergence properties of the sequence {x; } when we allow
inexact (but increasingly accurate) minimizations of Q(-; ux). In contrast to Theorem 17.1,
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it shows that the sequence is attracted to KKT points (that is, points satisfying first-order
necessary conditions; see (12.30)), rather than to a global minimizer. It also shows that the
quantities ¢;(xx)/ur may be used as estimates of the Lagrange multipliers A} in certain
circumstances. This observation is important for the analysis of Section 17.4.

Theorem 17.2.
If the tolerances ty, in Framework 17.1 above satisfy

lim Tk = 0
k—00

and the penalty parameters satisfy x| 0, then for all limit points x* of the sequence {x;}
at which the constraint gradients Vc;(x*) are linearly independent, we have that x* is a KKT
point for the problem (17.1). For such points, we have for the infinite subsequence C such that
limy i xx = x™* that

lim —c¢;(xg) /e = AF,  foralli € &, (17.8)
kel
where \* is multiplier vector that satisfies the KKT conditions (12.30).

PROOF. By differentiating Q(x; us) in (17.2), we obtain

ci(xe)

Ve Qs ) = V) + Y Vei(xk). (17.9)

ie€

By applying the termination criterion for Framework 17.1, we have that

V) + Y g () < . (17.10)
ie€
By rearranging this expression (and in particular using the inequality ||a| — ||b]| < [la+b])),
we obtain
Y i) Ve | < e lme + 1V £ (17.11)
ie€

When we take limits as k — oo for k € K, the bracketed term on the right-hand-side
approaches ||V f(x*)||, so because u; | 0, the right-hand-side approaches zero. From the
corresponding limit on the left-hand-side, we obtain

Zci(x*)Vc,-(x*) =0. (17.12)

ie€
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Since by assumption the constraint gradients V¢; (x*) are linearly independent, we have that
ci(x*) =0foralli € &, so x* is feasible.

Since x* is feasible, the second KKT condition (12.30b) is satisfied. We need to check
the first KKT condition (12.30a) as well, and to show that the limit (17.8) holds.

By using A(x) to denote the matrix of constraint gradients, that is,

A" = [Vei(0))ee » (17.13)
and A, to denote the vector —c(xy )/, we have as in (17.10) that

Ac) e = V) = Vi Qs 1), IV Qs )l < . (17.14)

For all k € K sufficiently large, the matrix A (x;) has full column rank, so that A (x;) A (x;)?
is nonsingular. By multiplying (17.14) by A(x;) and rearranging, we have that

he = [AGDA@DT] A [V £ (5) = Ve QLxis )]
Hence by taking the limit as k € K goes to 0o, we find that
. * * 711 * *
= = v .
lim Ay = 2 [AGHACHT] A"V F(x*)
By taking limits in (17.10), we conclude that
VIx*) — AT =0,

so that A* satisfies the first KKT condition (12.30a). We conclude from (12.30) that x* is a
KKT point, with unique Lagrange multiplier vector A*. O

When the constraint gradients are linearly dependent, we cannot deduce from (17.12)
that ¢;(x*) = 0, so the limit point may not be feasible. Even if it is feasible, and even if
the limiting multiplier value A* exists and the KKT conditions (12.30) hold, the necessary
conditions for x* to be a solution of the linear program are still not satisfied because these
conditions require linear independence of the constraint gradients (see Theorem 12.1).
When the limit x* is not feasible, we have from (17.12) that it is at least a stationary point for
the function ||c(x)||?. Newton-type algorithms can always be attracted to infeasible points of
this type. We see the same effect in Chapter 11, in our discussion of methods for nonlinear
equations that use the sum-of-squares merit function ||r(x)||%. Such methods cannot be
guaranteed to find a root, but only a stationary point or minimizer of the merit function. In
the case in which the nonlinear program (17.1) is infeasible, we will often observe convergence
of the quadratic-penalty method to stationary points or minimizers of ||c(x)|>.

We conclude this section by examining the nature of the ill conditioning (mentioned
above) in the Hessian V2_Q(x; 14x). An understanding of the properties of this matrix, and
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the similar Hessians that arise in the other methods of this chapter, is essential in choosing
effective algorithms for the minimization problem and for the linear algebra calculations at
each iteration.

The Hessian is given by the formula

V300 ) = VFx)+ > MVzci (x) + MLA(X)TA(x), (17.15)
ie€ k k

where we have used the definition (17.13) of A(x). When x is close to the minimizer of
O(+; ur) and the conditions of Theorem 17.2 are satisfied, we have from (17.8) that the first
two terms on the right-hand-side of (17.15) are approximately equal to the Hessian of the
Lagrangian function defined in (12.28). To be specific, we have

1
V2 0(x; ) & VEL(x, %) + —A(x)TA(x), (17.16)
Mk

when x is close to the minimizer of Q(-; ). We see from this expression that V2, Q (x; k)
is approximately equal to the sum of

e a matrix whose elements are independent of 11, (the Lagrangian term), and

e a matrix of rank |£| whose nonzero eigenvalues are of order 1/ (the summation
term in (17.16)).

The number of constraints |£] is usually fewer than . In this case, the summation term is
singular, and the overall matrix has some of its eigenvalues approaching a constant, while
others are of order 1/p. Since py is approaching zero, the increasing ill conditioning of
Q(x; i) is apparent.

One consequence of the ill conditioning is possible inaccuracy in the calculation of
the Newton step for Q(x; ), which is obtained by solving the following system:

V2,0(x; w)p = =V 0(x; ). (17.17)

Significant roundoff errors will appear in p regardless of the solution technique used, and
algorithms will break down as the matrix becomes numerically singular. The presence of
roundoff error may not disqualify p from being a good direction of progress for Newton’s
method, however. As in the Newton/log-barrier step equations (17.28), it could be that the
error is concentrated in a direction along which Q does not vary significantly, so that it has
little effect on the overall quality of the step.

In any case, we can use an alternative formulation of the equations (17.17) that avoids
the ill conditioning. By introducing a “dummy vector” ¢ and using the expression (17.15),
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we see that (17.17) is equivalent to the system

ief
¢

A(x) —pd

v2f<x>+ZC"lif)v2ci<x) AT [p]
0

[ ~V,0(x; 1) } (17.18)

in the sense that the same vector p solves both systems. As ;| 0, however, the coefficient
matrix in (17.18) approaches a well-conditioned limit when the second-order sufficient
conditions of Theorem 12.6 are satisfied at x*.

17.2 THE LOGARITHMIC BARRIER METHOD

PROPERTIES OF LOGARITHMIC BARRIER FUNCTIONS

We start by describing the concept of barrier functions in terms of inequality-
constrained optimization problems. Given the problem

min f(x) subjecttoc;(x)>0, i€Z, (17.19)
the strictly feasible region is defined by
FoU e R ei(x) > 0 foralli € T); (17.20)
we assume that F° is nonempty for purposes of this discussion. Barrier functions for this
problem have the properties that
o they are infinite everywhere except in F°;
e they are smooth inside F;

o their value approaches co as x approaches the boundary of F°.

The most important barrier function is the logarithmic barrier function, which for the
constraint set ¢;(x) > 0,7 € Z, has the form

— Z log c; (x), (17.21)

i€l

where log(-) denotes the natural logarithm. For the inequality-constrained optimization
problem (17.19), the combined objective/barrier function is given by

P(xip) = f(x) —p Y _ logei(x), (17.22)

i€l
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Figure 17.3 Plots of P(x; ) for u = 1.0,0.4, 0.1, 0.01.

where p is referred to here as the barrier parameter. From now on, we refer to P (x; ) itself
as the “logarithmic barrier function for the problem (17.19),” or simply the “log barrier
function” for short. As for the quadratic penalty function (17.2), we can show that the
minimizer of P(x; u), which we denote by x(u), approaches a solution of (17.19) as u |, 0,
under certain conditions; see Theorems 17.3 and 17.4.

(J EXAMPLE 17.2
Consider the following problem in a single variable x:
min x subjecttox >0,1—x >0,
for which we have
P(x;u) =x — plogx — plog(1 — x).

We graph this function for different values of p in Figure 17.3. Naturally, for small values of
W, the function P (x; p) is close to the objective f over most of the feasible set; it approaches

499



500

CHAPTER 17. PENALTY, BARRIER, AND LAGRANGIAN...

0o only in narrow “boundary layers.” (In Figure 17.3, the curve P(x; 0.01) is almost indis-
tinguishable from f(x) to the resolution of our plot, though this function also approaches
oo when x is very close to the endpoints 0 and 1.) Also, it is clear that as |, 0, the minimizer
x(w) of P(x; p) is approaching the solution x* = 0 of the constrained problem. O

Since the minimizer x(u) of P(x; u) lies in the strictly feasible set F° (where no
constraints are active), we can in principle search for it by using the unconstrained min-
imization algorithms described in the first part of this book. (These methods need to be
modified slightly to keep the iterates inside F°.) Unfortunately, the minimizer x(u) be-
comes more and more difficult to find as o | 0. The scaling of the function P (x; 1) becomes
poorer and poorer, and the quadratic Taylor series approximation (on which Newton-like
methods are based) does not adequately capture the behavior of the true function P (x; ),
except in a small neighborhood of x (1¢). These difficulties can be illustrated by the following
two-variable example.

(J ExampLE 17.3
Consider the problem
min (x; + 0.5)* + (x, — 0.5)> subjectto x; € [0, 1], x, € [0, 1], (17.23)
for which the log-barrier function is

P(x; ) = (x; +0.5)% + (x, — 0.5)? (17.24)
—u [logx1 +log(1 — x1) + log x; + log(1 — xz)] .

Contours of this function for the values u = 1, u = 0.1, and u = 0.01 are plotted in
Figure 17.4. From Figure 17.3 we see that except near the boundary of the feasible region,
the contours approach those of the parabolic objective function as u | 0. Note that the
contours that surround the minimizer in the first two plots are not too eccentric and not
too far from being elliptical, indicating that most unconstrained minimization algorithms
can be applied successfully to identify the minimizers x ().

For the value © = 0.01, however, the contours are more elongated and less elliptical
as the minimizer x(u) is pushed toward the “boundary layer” of the barrier function. (A
closeup is shown in Figure 17.5.) As in the case of the quadratic penalty function, the
elongated nature of the contours indicates poor scaling, which causes poor performance of
unconstrained optimization methods such as quasi-Newton, steepest descent and conjugate
gradient. Newton’s method is insensitive to the poor scaling, but the nonelliptical property—
the contours in Figure 17.5 are almost straight along the left edge while being circular along
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the right edge—indicates that the quadratic approximation on which Newton’s method is
based does not capture well the behavior of the true log-barrier function. Hence, Newton’s

Figure 17.4

Contours of P(x; i) from
(17.24) for (top to bottom)
w=10.1,0.01.
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method, too, may not show rapid convergence to x (i) except in a small neighborhood of
this point.
i m

For more insight into the problem of poor scaling, we examine the structure of the
gradient and Hessian of P(x; u). We have

ViP(x;u) =V fx) —;cfx)Vci(X), (17.25)
V2 P(x; ) = V2 f(x) — ; ﬁvzci(x) (17.26)
+ Z %Vci(x)Vci(x)T.

ieZ

When x is close to the minimizer x (i) and u is small, we see from Theorem 17.4 and (17.32)
that the optimal Lagrange multipliers A}, i € Z, can be estimated as follows:

A~ ufei(x), iel.

By substituting into (17.26), and using the definition (12.28) of the Lagrangian £(x, 1), we
find that

1
V2 P(x; ) ~ V2 L(x, M%) + Z —(A)Ve (x) Ve (x)T (17.27)
ieZ

Note the similarity of this expression to the Hessian of the quadratic penalty function (17.16).
A similar analysis of the eigenvalues applies to (17.27) asin that case. If# inequality constraints

0.6

0.5

Figure 17.5

Close-up of contours of
P(x; ) from (17.24) for
n=.01

04
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areactiveatx*,and if we assume that thelinear independence constraint qualification (LICQ)
is satisfied at the minimizer x (1), then ¢ of the eigenvalues of V2 P (x; 11) have size of order
1/, while the remaining n — ¢ are of order 1. Except in the special cases of t = 0 and t = n,
the matrix V2_P(x; ) becomes increasingly ill conditioned near the minimizer x (1), as p
approaches zero.

As in the case of the quadratic penalty function, the properties of the Hessian of
P(x; ) may lead to complications in solving the Newton step equations, which are

Vi P(xi)p = =ViP(x; p). (17.28)

It is possible to reformulate this system in a similar manner to the reformulation (17.18) of
the Newton equations for Q(x; px), though the presence of inequality constraints rather
than equalities makes the reformulation somewhat less obvious. In any case, elimination
techniques applied directly to (17.28) yield computed steps p that are good directions of
progress for the Newton method, despite the roundoff error caused by the ill conditioning.
We discuss this surprising observation further in the Notes and References at the end of the
chapter.

ALGORITHMS BASED ON THE LOG-BARRIER FUNCTION

Algorithms based on the log-barrier function aim to identify approximate minima of
P(x; w) for a decreasing sequence of values of u. The generic algorithm is very similar to
the quadratic penalty function framework, Framework 17.1, and can be written as follows.

Framework 17.2 (Los-Barrier).
Given g > 0, tolerance 7y > 0, starting point x;
fork=0,1,2,...
Find an approximate minimizer x; of P(-; t), starting at x;,
and terminating when ||V P (x; wi)ll < s
if final convergence test satisfied
STOP with approximate solution xy;
Choose new barrier parameter pyy; € (0, (y);
Choose new starting point x; U
end (for)

As we noted above, the ill conditioning of V2, P(x; u) for small 4 makes Newton’s
method the only really effective technique for finding the approximate minimizer x; at each
iteration of this framework. Even Newton’s method encounters difficulties (discussed above)
because of the inadequacy of the quadratic Taylor series approximation on which it is based,
but various techniques can be used to ensure that Newton’s method enters the domain of
convergence for P (x; () in just a few steps and thereafter converges rapidly to x (ug ). These
techniques include the following:
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e Enhancing Newton’s method with a technique to ensure global convergence, such as a
line search or trust-region mechanism. They must ensure that the iterates stay within
the domain of P(x; w), that is, the strictly feasible region F*, and they should also
take account of the characteristics of the log-barrier function.

e Agoodstarting pointx; for minimization of P(x; 1;) canbe obtained by extrapolating
along the path defined by the previous approximate minimizers xx_;, Xx—2, . . . . Alter-
natively, we can calculate the approximate tangent vector to the path {x(u) | © > 0}
at the point x;_; by performing total differentiation of V, P (x; ) with respect to p
to obtain

0
VfXP(x; wx +—V,P(x; u) =0.
o
By calculating the second term explicitly, we obtain

Vi Plx; )i —;ﬁvci(x) —0. (17.29)

By substituting x = x;_; and p = - into this expression, we obtain the approx-
imate tangent X, which we can then use to obtain a starting point x; for step k of
Framework 17.2 as follows:

X = Xp—1 + (Mg — pg—1)X. (17.30)

Various heuristics have been proposed for the choice of the new barrier parameter 4z
ateach iteration. One common ingredient is that we usually make an ambitious choice of 41
(tk+1 = 0.2y or pug41 = 0.1, say) if the minimization problem for P (x; x) was not too
difficult to solve and if a good starting point xj, ; can be proposed with some confidence.
Since software based on the Framework 17.2 has not made its way into the mainstream
(at least not yet), we cannot point to a definitive “best” set of heuristics; determination of
reliable, efficient heuristics is a question that requires extensive computational testing with
a representative set of nonlinear programming applications.

Despite the difficulties involved in implementinglog-barrier methods effectively, inter-
esthasrevived in recent years partly because of their connection to primal-dual interior-point
methods, which have been shown to perform extremely well for large linear programming
and convex quadratic programming problems. We explain this connection further below.
Remarkably, log-barrier methods remain an active area of research today, almost 45 years
after they were originally proposed by Frisch [95] and 30 years after the publication of an
authoritative study by Fiacco and McCormick [79].
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PROPERTIES OF THE LOG-BARRIER FUNCTION AND FRAMEWORK 17.2

We now describe some of the main properties of the log-barrier function P(x; )
defined in (17.22), together with a basic convergence result associated with Framework 17.2.

We start by stating a theorem about the convex programming problem. In this result,
we use the following notation:

M is the set of solutions of (17.19);
S is the optimal value of the objective function f.

Theorem 17.3.

Suppose that f and —c;, i € I, in (17.19) are all convex functions, and that the strictly
feasible region F° defined by (17.20) is nonempty. Let {j1i} be a decreasing sequence such that
Wi | 0, and assume that the solution set M is nonempty and bounded. Then the following
statements are true.

(i) Foranyp > 0, P(x; ) is convex in F° and attains a minimizer x (i) (not necessarily
unique) on F°. Any local minimizer x(u) is also a global minimizer of P(x; ).

(i) Any sequence of minimizers x(uy) has a convergent subsequence, and all possible limit
points of such sequences lie in M.

(i) f(x(ur)) = f*and P(x(uk); k) — f*, for any sequence of minimizers {x (uy)}.

For a proof of this result, see M. Wright [251, Theorem 5].

Note that it is possible to have convex programs for which the set M is empty (consider
min x subject to —x > 0) or for which M is unbounded (consider min,, ,) x; subject to
x1 > 0), in which cases the conclusions of the theorem do not apply in general.

For general inequality-constrained problems (17.19), the corresponding result is more
local in nature. Given a “well-behaved” local solution x* of the problem (that is, one that
satisfies the second-order sufficient conditions of Theorem 12.6 along with strict com-
plementarity and a constraint qualification), the log barrier function P (x; ) has a local
minimizer close to x* for all sufficiently small values of . (We state this result formally
below.) However, when the strictly feasible region F° is unbounded, the barrier function
P(x; u) may be unbounded below. It is also possible for a sequence of local minimizers of
P (x; i) to converge to a point that is not a solution of (17.19) as py | 0. For examples, see
the exercises.

There is an important relationship between the minimizer of P(x; u) and a point
(x, M) satistying the KKT conditions for the optimization problem (17.19), which are given
in (12.30). At a minimizer x(u), the gradient of P (x; u) with respect to x is zero, that is,

ViP(x(); ) =V f(x(pn) — Z Vei(x(n)) = 0. (17.31)

_H
~ ci(x(n)
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If we define a Lagrange multiplier estimate by

def 2

)\.Z(M) = m, i GI, (17.32)
we can write (17.31) as
V@) = Y ki(w)Veilx(u) = 0. (17.33)
i€l

This condition is identical to the first KKT condition V, L(x, 1) = 0 for the problem (17.19),
where the Lagrangian function L is given by

Lx,2) = fx) =Y kic;(x); (17.34)

i€l

(see (12.28) for the general definition of £). Let us check the other KKT conditions for the
inequality-constrained problem (17.19), which are as follows:

ci(x) >0, foralli € 7, (17.35a)
A >0, foralli € 7, (17.35b)
rici(x) =0, foralli € 7. (17.35c¢)

The nonnegativity conditions (17.35a) and (17.35b) are clearly satisfied by x = x(u),
A = A(w); in fact, the quantities ¢;(x(p)) and A; (@) are strictly positive for all i € Z. The
only KKT condition that fails to be satisfied is the complementarity condition (17.35¢). By
the definition (17.32), we have that

Ai(u)ei(x(w)) =, foralli € 7, (17.36)

where u is strictly positive.

From the observations above, we see that as u | 0, a minimizer x(u) of P(x; )
and its associated Lagrange multiplier estimates A(u) come closer and closer to satisfying
the KKT conditions of (17.19). In fact, if some additional assumptions are satisfied at the
solution x* of (17.19), we can show that (x(ux), A(u)) approaches the optimal primal-dual
solution (x*, A*) as u | 0.

Theorem 17.4.

Suppose that F° is nonempty and that x* is a local solution of (17.19) at which the
KKT conditions are satisfied for some A*. Suppose, too, that the linear independence constraint
qualification (LICQ) (Definition 12.1), the strict complementarity condition (Definition 12.2),
and that the second-order sufficient conditions (Theorem 12.6) hold at (x*, A*). Then the
following statements are true.
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(i) There is a unique continuously differentiable vector function x(u), defined for all suf-
ficiently small . by the statement that x (i) is a local minimizer of P(x; ) in some
neighborhood of x*, such thatlim,, o x () = x*.

(ii) For the function x () in (i), the Lagrange multiplier estimates A(u) defined by (17.32)
convergeto A* as |, 0.

(iii) The Hessian V2, P(x; p) is positive definite for all ju sufficiently small.

For a proof of this result, see Fiacco and McCormick [79, Theorem 12] or M. Wright [251,
Theorem 8].
The trajectory C,, defined by

Co E (x(1) | 1 > 0) (17.37)

is often referred to as the central path (or sometimes as the primal central path, to distinguish
it from the primal-dual central path Cpq defined below).

HANDLING EQUALITY CONSTRAINTS

We have assumed in the analysis so far that the problem has only inequality constraints
and that the strictly feasible region F° (17.20) is nonempty. We now discuss one way in which
the log-barrier technique can be applied to general nonlinear constrained problems of the
form (12.1), which we restate here as follows:

. . ci(x)=0, ie€g,
min f(x) subjectto (17.38)
x ci(x)=0, iel.

We cannot simply replace the equality constraint ¢;(x) = 0 by two inequalities—namely,
¢i(x) > 0 and —c¢;(x) > 0—to force it into the form (17.19), since then no point x can
simultaneously satisfy both inequalities strictly. In other words, F° will be empty.

One approach for dealing with equality constraints is to include quadratic penalty
terms for these constraints in the objective. If we assume for simplicity that the coeffi-
cient of the quadratic penalty term is 1/u, where p is the barrier parameter, then the
log-barrier/quadratic penalty function to be minimized for each value of u is

B ) S f0) — Y logar(x) + 5= 3 ). (17.39)
iel K iee

As expected, the properties of this function combine those of the log barrier function (17.22)
and the quadratic penalty function (17.2). Algorithms can be designed around a framework
similar to Frameworks 17.1 and 17.2; that is, successive reductions of the parameter u
alternate with approximate minimizations of the function B(-; i). The same issues arise:
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the need to drive u close to zero to obtain an accurate approximation of the true solution x*;
ill-conditioning of the Hessian fo B(x; i) when u is small; the need for careful selection of
a starting point for the minimization problem after  is reduced; and the need for specialized
line searches.

Minimization of B(-; ) still requires us to identify an initial point that is strictly
feasible with respect to the inequality constraints. This task becomes trivial if we introduce
slack variables s;,i € Z, into the formulation (17.38) and apply the method to the equivalent
problem

ci(x) =0, ief,
r(nir)lf(x) subject to ci(x)—s;=0, i€l (17.40)
X,s

s; >0, iel.

The function corresponding to (17.39) for this problem is

1 1
fx) _“Z logs; + EZ ciz(x) + ZZ(Q(X) —5).

ieZ e i€l

Any point (x, s) for which s > 0 (strict positivity) lies in the domain of this function.

RELATIONSHIP TO PRIMAL-DUAL METHODS

By modifying the log-barrier viewpoint slightly, we can derive a new class of algorithms
known as primal-dual interior-point methods, which has been the focus of much research
activity in the field of optimization since 1984. In primal-dual methods, the Lagrange mul-
tipliers are treated as independent variables in the computations, with equal status to the
primal variables x. As in the log-barrier approach, however, we still seek the primal-dual
pair (x(w), A(p)) that satisfies the approximate conditions (17.33), (17.35a), (17.35b), and
(17.36) for successively smaller values of .

We explain the basic features of primal-dual methods only for the inequality-
constrained formulation (17.19); the extension to handle equality constraints as well is
simple (see the exercises). Suppose we rewrite the system of approximate KKT conditions
for the problem (17.19) (namely, (17.33), (17.35a), (17.35b), and (17.36)), reformulating
slightly by introducing slack variables s;, 7 € Z, to obtain

Vf(x) =Y xiVeilx) =0, (17.41a)
i€l

c(x)—s =0, (17.41b)

Aisi =u, foralli e Z, (17.41¢)

(A,s) = 0. (17.41d)
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Note that we have gathered the components ¢;(x), i € Z, into a vector c¢(x); similarly for
A; and s;, i € Z. As noted above, the pair (x(u), A(u)) defined by (17.31) and (17.32)—
along with s(u) defined as c(x(u))—solve the system (17.41), which we can view as a
bound-constrained nonlinear system of equations. We define the primal-dual central path
Cpa as

Coa & {(x(), M), s(2)) | > O}

Note that the projection of C,q onto the space of primal variables x yields the primal central
path C, defined by (17.37).

The bound constraints (17.41d) play a vital role: Primal-dual points (x, A, s) that
satisfy the first three conditions in (17.41) but violate condition (17.41d) typically lie far from
solutions of (17.19). Hence, most primal-dual algorithms require the A and s components
of their iterates to be strictly positive, so that the inequality (17.41d) is satisfied by all iterates.
These methods aim to satisfy the other conditions (17.41a), (17.41b), and (17.41c¢) only in
the limit. Primal—dual steps are usually generated by applying a modified Newton method
for nonlinear equations to the system formed by the equality conditions (17.41a), (17.41b),
and (17.41c¢). In the log-barrier method, by contrast, we eliminate s and A directly from
the nonlinear system (17.41) (by using (17.41d) and (17.41b)) before applying Newton’s
method.

To show the form of the modified Newton step, we group the first three conditions in
(17.41) into a vector function F},, that is,

Vi x)—Ax)Ta
c(x) —s . (17.42)
ASe — e

Fu(x,h 5%

where A and S are the diagonal matrices whose diagonal elements are A;, i € Z, and s;,
i € T, respectively, e is the vector whose components are all 1, and A(x) is the matrix of
constraint gradients, that is,

A" = [Vei(0)lier
The modified Newton equations for F,,(x, A, s) usually have the form
Ax 0

DF,(x,x,s)| AA =—F,(x,x,5)+ 0 s

As Tas
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so by substitution from (17.42) we obtain

foﬁ(x,)») —A)T 0 Ax =V f(x) + AT
A(x) 0 -1 AL | = —c(x)+s , (17.43)
0 S A As —ASe+ e +ry

where r;; is a modification term that when chosen suitably is key to good theoretical and
practical performance of the method. (See Chapter 14 for a discussion of this term in the
context of linear programming.)

Note that the structure of the matrix in (17.43) is similar to the matrices in (14.11),
(14.20), and (16.53) from Chapters 14 and 16. In fact—if we allow for differences in notation
and in the problem formulation—we can see that these formulae are simply specializations
of the system (17.43) to the cases of linear and quadratic programming. Those chapters also
described the various other ingredients needed to build a complete algorithm around the
step formula (17.43). Such ingredients—a strategy for decreasing i to zero, a way to calculate
the step length « along the calculated step, a technique for choosing the modification term
7.5 to improve the quality of the step, requirements on the conditions that must be satisfied
by the iterates (x, A, s)—are needed also in the nonlinear case, but the nonlinearity gives rise
to other requirements for the algorithm as well. The choice of a merit function to govern step
selection for the problem of solving F,(x, A, s) = 0 is important. In recent work, authors
have proposed using the function B(x; ) (17.39) in this role, or exact penalty functions
that combine the barrier function and constraints. We discuss these issues a little further in
the Notes and References at the end of the chapter. We omit details, however, because this
topic is a subject of recent and ongoing research, and substantial further efforts in analysis
and computation will be needed before clear trends emerge.

We see from (17.41) that we can motivate primal-dual methods independently of
log-barrier methods by simply viewing the system (17.41) as a perturbation of the KKT
system for (17.19). Just as in other areas of optimization, we are able to motivate a particular
approach in a number of different ways, all of which shed a different light on the properties
of the method.

17.3 EXACT PENALTY FUNCTIONS

Neither the quadratic penalty function nor the log-barrier function is an exact penalty
function. By contrast, we gave examples of exact penalty functions in Section 15.3. These are
functions with the property that for certain choices of the parameter u, a single minimization
yields the exact solution of the nonlinear programming problem (see Definition 15.1). (In
Chapter 15 we used the term “merit function” instead of penalty function because we were
discussing their use as a measure of the quality of the step, but the terms “merit function”
and “penalty function” can be thought of as synonymous.)
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An interesting class of algorithms for solving general nonlinear programming prob-
lems is based on minimizing the ¢; exact penalty function (15.24), which we restate for
convenience here as follows:

1 1
$r(x; ) = fO)+ =Dl +— Y [e(x)]. (17.44)
K e H i€l
(Asbefore, we use the notation [x]~ = max{0, —x}.) For all sufficiently small, positive values

of 1, one minimization of this unconstrained function will yield the solution of the nonlinear
program. It is difficult to determine u a priori in most practical applications, however; rules
for adjusting this parameter during the course of the computation must be devised.

Minimization of ¢ (x; w) is made difficult by the fact that it is nonsmooth—the first
derivative is not defined at any x for which ¢;(x) = 0 for somei € £ UZ. General techniques
for nondifferentiable optimization, such as bundle methods [137], are not efficient. One
approach that has proved to be effective in practice is to solve a sequence of subproblems in
which the objective function f in (17.44) is replaced by a quadratic approximation whose
Hessian is the Hessian of the Lagrangian for the nonlinear programming problem, and in
which the constraint terms ¢; are replaced by linear approximations about the current iterate
xi. The resulting method turns out to be closely related to sequential quadratic programming
methods, and is one of the most powerful techniques for solving constrained optimization
problems. For more details, see our discussion in Section 18.5.

Some other algorithms are based on the minimization of exact differentiable merit
functions related to the augmented Lagrangian; see (15.25), for example. These algorithms
also require the solution of a sequence of subproblems, but it has not yet been established
whether they can be the basis for reliable and efficient software for nonlinear programming.

17.4 AUGMENTED LAGRANGIAN METHOD

We now discuss an algorithm known as the method of multipliers or the augmented Lagrangian
method. This algorithm is related to the quadratic penalty algorithm of Section 17.1, but
it reduces the possibility of ill conditioning of the subproblems that are generated in this
approach by introducing explicit Lagrange multiplier estimates at each step into the function
to be minimized. It also tends to yield less ill conditioned subproblems than does the log-
barrier approach, and it dispenses with the need for iterates to stay strictly feasible with respect
to the inequality constraints. It does not introduce nonsmoothness (as do methods based
on the ¢; penalty function (17.44), for instance), and implementations can be constructed
from standard software for unconstrained or bound-constrained optimization.

The method of multipliers is the basis for a practical implementation of high quality—
LANCELOT—which is sketched below.

In this section we use superscripts (usually k and k£ + 1) on the Lagrange multiplier
estimates to denote iteration index, and subscripts (usually /) to denote the component
indices of the vector A.
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MOTIVATION AND ALGORITHM FRAMEWORK

We first consider the equality-constrained problem (17.1). The quadratic penalty func-
tion Q(x; ) (17.2) penalizes constraint violations by squaring the infeasibilities and scaling
them by 1/(21). As we see from Theorem 17.2, however, the approximate minimizers x; of
Q(x; pug) do not quite satisfy the feasibility conditions ¢;(x) = 0,i € &£. Instead, they are
perturbed slightly (see (17.8)) to approximately satisfy

ci(xg) = —pert,  foralli € £. (17.45)

To be sure, this perturbation vanishes as 1t | 0, but one may ask whether we can alter the
function Q(x; px) to avoid this systematic perturbation—that is, to make the approximate
minimizers more nearly satisfy the equality constraints ¢;(x) = 0. By doing so, we may
avoid the need to decrease i to zero, and thereby avoid the ill conditioning and numerical
problems associated with Q(x; u) for small values of this penalty parameter.

The augmented Lagrangian function £4(x, X; ) achieves these goals by including an
explicit estimate of the Lagrange multipliers X, based on the formula (17.8), in the objective.
From the definition

Latr i ® £ = Yaln + 53 e, (17.46)

ief ie€

we see that the augmented Lagrangian differs from the (standard) Lagrangian (12.28) for
(17.1) by the presence of the squared terms, while it differs from the quadratic penalty
function (17.2) in the presence of the summation term involving the X. In this sense, it is
a combination of the Lagrangian and quadratic penalty functions. When we differentiate
with respect to x, we obtain

VeLalx, A ) = VI(x) = Y[k = ci(x)/u]Vei(x), (17.47)
ief

We now design an algorithm that fixes the barrier parameter u to some value p; > 0
at its kth iteration (as in Frameworks 17.1 and 17.2), fixes A at the current estimate A¥, and
performs minimization with respect to x. Using x; to denote the approximate minimizer of
L4(x, X; uy), we can use the logic in the proof of Theorem 17.2 to deduce that

MR =)/, foralli € €. (17.48)
By rearranging this expression, we have that
ci(xp) & —p(Af — AF),  foralli € &,

so we conclude that if A¥ is close to the optimal multiplier vector A*, the infeasibility in x;
will be much smaller than f, rather than being proportional to 1 as in (17.45).
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How can we update the multiplier estimates A¥ from iteration to iteration, so that they
approximate A* more and more accurately, based on current information? Equation (17.48)
immediately suggests the formula

M=k i)/, foralli € €. (17.49)

This discussion motivates the following algorithmic framework.

Framework 17.3 (Method of Multipliers—Equality Constraints).
Given o > 0, tolerance 7y > 0, starting points x; and A0
fork=0,1,2,...
Find an approximate minimizer x; of £4(-, A¥; ), starting at X7,
and terminating when ||V, £ (x, AF; )|l < s
if final convergence test satisfied
STOP with approximate solution x;;
Update Lagrange multipliers using (17.49) to obtain A¥*1;
Choose new penalty parameter p1 € (0, (i );

Set starting point for the next iteration to x;, , = xz;
end (for)

We show below that convergence of this method can be assured without decreasing
to a very small value. Il conditioning is therefore less of a problem than in Frameworks 17.1
and 17.2, so the choice of starting point x; 41 for each value of k in Framework 17.3 is less
critical. In Framework 17.3 we simply start the search at iteration k + 1 from the previous
approximate minimizer x;. Bertsekas [9, p. 347] suggests setting the tolerance t; to

T, = min(eg, yllc(x)ll),

where {€;} and {y,} are two sequences decreasing to 0. An alternative choice is used by the
code LANCELOT (see Algorithm 17.4).

(1 ExamPLE 17.4

Consider again problem (17.3), for which the augmented Lagrangian is
1
Lale, ;1) =x1 +x3 — A(xf +x§ —-2)+ 2—(xf +x22 —2)2. (17.50)
I

The primal solution is x* = (—1, —1)7, and the optimal Lagrange multiplier is »* = —0.5.

Suppose thatatiterate k we have ;; = 1 (asin Figure 17.1), while the current multiplier
estimate is A¥ = —0.4. Figure 17.6 plots the function £ (x, —0.4; 1). Note that the spacing
of the contours indicates that the conditioning of this problem is similar to that of the
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Figure 17.6 Contours of L4 (x, A; u) from (17.4) for A = —0.4 and u = 1, contour
spacing 0.5.

quadratic penalty function Q(x; 1) illustrated in Figure 17.1. However, the minimizing
value of x; &~ (—1.02, —1.02) is much closer to the solution x* = (—1, —1)7 than is the
minimizing value of Q(x; 1), which is approximately (—1.1, —1.1). This example shows
that the inclusion of the Lagrange multiplier term in the function £4(x, A; ) can result in
a substantial improvement over the quadratic penalty method, as a way to reformulate the
constrained optimization problem (17.1). O

EXTENSION TO INEQUALITY CONSTRAINTS

When the problem formulation contains general inequality constraints—as in the for-
mulation (17.38)—we can convert it to a problem with equality constraints and bound
constraints by introducing slack variables s; and replacing the inequalities ¢;(x) > 0,7 € Z,
by

ci(x)—s; =0, s >0, foraliel. (17.51)

This transformation gives rise to a problem containing equality constraints and bound con-
straints, and can be solved by the algorithm in LANCELOT, which treats bound constraints
explicitly (see (17.66)).

An alternative to handling the bounds directly in the subproblem is to eliminate the
slack variables s;, i € Z, directly from the minimization procedure in a manner that we
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now describe. Supposing for simplicity that there are no equality constraints (£ = ), the
introduction of slack variables transforms the problem to the following form:

min f(x) subjecttoc;(x)—s; =0, s >0, forallieZ.

By defining the augmented Lagrangian in terms of the constraints ¢;(x) —s; = 0 and
applying the bound constraints s; > 0 explicitly, we obtain the following subproblem to be
solved at iteration k of Framework 17.3:

1
min f(x) = Y Af(ei(x) = si) + 5— ) (ei(x) =)’ (17.52a)
o ieT 2tk ieT
subjecttos; > 0, foralli € Z. (17.52b)

Each s; occurs in just two terms of (17.52a), which is in fact a convex quadratic function with
respect to each of these slack variables. We can therefore perform an explicit minimization
in (17.52) with respect to each of the s; separately. The partial derivative of the subprob-
lem objective (17.52a) with respect to s; is (A¥); — (1/ux)(c;(x) — s;). The unconstrained
minimizer of (17.52a) with respect to s; occurs when this partial derivative equals zero, that
is,

s; = ci(x) — prk. (17.53)

If this unconstrained minimizer is smaller than the lower bound of 0, then since (17.52a) is
convex in s;, the optimal value of s; in (17.52) is 0. Summarizing, we find that the optimal
values of s; in (17.52) are

s; = max(c;(x) — ,ukf-‘, 0), foralli €. (17.54)

We can use this formula to substitute for s and obtain an equivalent form of the
subproblem (17.52) in x alone. By isolating the terms involving s;, we obtain that

— A ei(x) — 5;) + i(c,-(X) —5;)?
2u

1
—hjei(x) + —cl(x) ifci(x) — pAf <0,
- i 2p (17.55)
—E(Af‘)z otherwise.
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By defining the function (¢, o; u) of the scalar arguments 7, o, and u to have the form of
the right-hand-side in (17.55), that is,

r, .
<
def —(7t~|——2 t ift — uo <0,

Yt o5pm) = " (17.56)
—Zg? otherwise,
2
we obtain the following transformed subproblem:
min La(x, 2% ) EF 00+ 3 9, 2 ). (17.57)

i€l

This definition of £, represents a natural extension of the augmented Lagrangian to
the inequality-constrained case. With this extension, we can apply Framework 17.3 to the
case of inequality constraints as well, with one further modification: Once the approximate
solution x; is obtained, we use the following formula to update the Lagrange multipliers:

A = max(Af — ¢;(x¢)/px, 0),  foralli € Z. (17.58)

This formula follows from the fact that the derivative of L4 (x, A; ) in (17.57) with respect
to x should be close to zero at the approximate solution x;. By using (17.55), we obtain

Velalo Msp) = V) — > [A = i) /me] Vei(x) ~ 0.

i€T | e (x)<pnk

The update formula (17.58) follows by comparing this formula to the first KKT condition
(12.30a), which we can state as

VI = > MVext)=o.

i€l |ci(x*)=0

It makes intuitive sense to maintain nonnegativity of the components of A, since we know
from the KKT conditions (12.30d) that the optimal Lagrange multipliers for the inequality
constraints are nonnegative.

Each of the functions ¥ (¢; (x), A;; ) is continuously differentiable with respect to x,
but there is in general a discontinuity in the second derivative with respect to x wherever
ci(x) = pX; for some i € 7. However, when the strict complementarity condition holds
(Definition 12.2), the approximate minimizer x; of each subproblem (17.57) is usually not
close to the nonsmooth regions, so it does not usually interfere with the algorithm that solves
the subproblem. To verify this claim, we consider separately the cases in which constraint i
is active and inactive. When constraint i is active, then for a sufficiently advanced iterate k
we have ¢;(x;) ~ 0, while A¥ and 11 are both significantly larger than zero. When the ith
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constraint is inactive, we have ¢;(x;) > 0 while )Lf ~ 0. In both cases, we can expect the
point x; to comfortably avoid the region in which the discontinuity condition ¢; (x) = ul;
is satisfied.

PROPERTIES OF THE AUGMENTED LAGRANGIAN

We now prove two results that justify the use of the augmented Lagrangian function
and the method of multipliers. For simplicity, we confine our attention to the case of equality
constraints only, that is, the problem (17.1) for which the augmented Lagrangian is given
by (17.46).

The first result validates the approach of Framework 17.3 by showing that when we
have knowledge of the exact Lagrange multiplier vector A*, the solution x* of (17.1) is a strict
minimizer of L4 (x, A*; ) for all u sufficiently small. Although we do not know A* exactly
in practice, the result and its proof strongly suggest that we can obtain a good estimate of x*
by minimizing £4(x, A; i) even when p is not particularly close to zero, provided that A is
a reasonable estimate of A*. (We observed these properties already in Example 17.4.)

Theorem 17.5.

Let x* be a local solution of (17.1) at which the LICQ is satisfied (that is, the gradients
Vei(x*), i € &, are linearly independent vectors), and the second-order sufficient conditions
specified in Theorem 12.6 are satisfied for . = A*. Then there is a threshold value {1 such that
forallp € (0, o], x* is a strict local minimizer of L4(x, A*; ).

ProOF.  We prove the result by showing that x* satisfies the second-order sufficient
conditions to be a strict local minimizer of £L4(x, A*; u) (see Theorem 2.4); that is,

Vo La(x*, A% ) =0, V2 Lu(x*, A*; u) positive definite. (17.59)
By using the KKT conditions (12.30) and the formula (17.47), we have that

VeLa(x®, 2% ) = V) = DA = ei(x)/ul Vei (x7)
ie€
= V(M) =Y MV ") = VL0, W) =0,
ie€

verifying the first part of (17.59) (independently of w).

We now prove the second part of (17.59) by showing that u” V2 L, (x*, A*; w)u > 0
forall u € R" and all 1 > 0 sufficiently small. From (17.13), we have

AT = [Vc;'k]ieé',
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and note that by LICQ (Definition 12.1), A has full row rank. Note, too, that
1
VE La(x*, A% u) = V2 Lx*, 2%+ —AT A, (17.60)
"

By the fundamental theorem of algebra, we can partition any u € R” into components in
NullA and RangeA”, and write

u:w—i—ATv,

where w € NullA and v is a vector in RI¢!. By using (17.60) and the properties of w and v,
we have that

u' VI La(x* 2% wu = w' V2 L% A)w + 2w’ V2 L(x*, A% A v (17.61)
+ v AVE L(x*, M)A v + 0T A ((1/ ) ATA) ATv.
We seek bounds on the three terms on the right-hand-side of this expression.
Because of (12.63) and compactness of the unit sphere intersected with NullA, there
is a scalar a > 0 such that

w! Vo L(x*, A)w > al|lw|]?>, forallw € NullA,

giving us a lower bound on the first right-hand-side term in (17.61). For the second term,
define b & V2 L(x*, A*)AT|, so that

2wV L(x*, 2 AT > =2b [Jw| [|v],

giving a lower bound for the second term. For the third term, if we define ¢ &
|AVZ L(x*, A*)AT |, we obtain

v AVE L(x*, A ATv > —clv]|%.
Finally, if d is the smallest eigenvalue of AAT we have that
1 1 d?
o7 A (—ATA> ATv = —[AATY)2 = S o).
0 0 w
By substituting these lower bounds into (17.61), we obtain

u' V2 La(x*, 255 wu > allwl* = 26wl lw]l + (d*/p — ¢)[|v])?
=a[|wl — (b/a)|v]* + (d*/i — ¢ — b*Ja)||v]|*. (17.62)
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The first term on the right-hand-side of this expression is clearly nonnegative. Since d > 0
by the full rank of A, the second term is also nonnegative, provided that we choose & to be
any value such that

d? b*
——c——>0
I a

and choose . € (0, ft]. In fact, the right-hand-side of (17.62) is strictly positive unless v = 0
and w = 0, which implies that Vﬁx La(x*, A*; ) is positive definite, as required. Hence, we
have verified (17.59) and completed the proof. 0

The second result, given by Bertsekas [9, Proposition 4.2.3], describes the more realistic
situation of A # A*. It gives conditions under which there is a minimizer of £ (x, A; ) that
lies close to x* and gives error bounds on both x; and the updated multiplier estimate A¥*+!
obtained from solving the subproblem at iteration k.

Theorem 17.6.

Suppose that the assumptions of Theorem 17.5 are satisfied at x* and A*, and let i be
chosen as in that theorem. Then there exist positive scalars 8, €, and M such that the following
claims hold:

(@) Forall \* and . satisfying
1A =250 < 8/ ik < A2 (17.63)
the problem
mxin L0, A% ) subjectto ||x —x*|| <€
has a unique solution x;. Moreover, we have
e = x* ) < MpgllA* =27
(b) Forall Ak and ;. that satisfy (17.63), we have
I = 25 < My |2* =37,

where A1 is given by the formula (17.49).

(c) Forall \* and . that satisfy (17.63), the matrix V2 La(xx, Ak is positive definite and
the constraint gradients Vc;(xy), i € &, are linearly independent.
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PRACTICAL IMPLEMENTATION

We now outline a practical algorithm that forms the basis of the LANCELOT im-
plementation of Conn, Gould, and Toint [53]. This program transforms inequalities into
equalities by means of slack variables, as in (17.51), and solves problems of the form

. . ci(x)=0, i=12,...,m,
min f(x) subjectto (17.64)
xeR” [<x<u.

The slacks are considered to be part of the vector x, and / and u are vectors of lower and
upper bounds. (Some components of / may be set to —oo, signifying that there is no lower
bound on the components of x in question; similarly for #.) LANCELOT is also designed
to be efficient on special cases of (17.64); for example, bound-constrained problems (in
which m = 0) and unconstrained problems. It can also take advantage of partially separable
structure in the objective function and constraints (see Chapter 9).

The augmented Lagrangian function used in LANCELOT [53] incorporates only the
equality constraints from (17.64), that is,

m 1 m
Labekim) = F00 =Y hiei(x) + 223 el (17.65)
i=1 i=1

The bound constraints are enforced explicitly in the subproblem, which has the form

min L4(x, A; u) subjecttol <x <u. (17.66)
X

The multiplier estimates A and penalty parameter u are held fixed during each subproblem.
To find an approximate solution of (17.66), the algorithm forms a quadratic model of
L4(x, A; u) and applies the gradient projection method described in Section 16.6 to obtain
a new iterate. The Hessian of the quadratic model uses either exact second derivatives or
quasi-Newton estimates of the Hessian of £ 4. We refer the reader to [53] and the references
therein for details.

By specializing the KKT conditions (12.30) to the problem (17.66) (see the exercises),
we find that the first-order necessary condition for x to be a solution of (17.66) is that

Py VLa(x, A; n) =0, (17.67)

where Pj; g is the projection of the vector g € R" onto the rectangular box [/, u] defined
by
min(0, g;) ifx; =1,
(Puumg), = & ifx; € (li,u;),  foralli=1,2,...,n. (17.68)

max(0, g;) ifx; = u;.
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The framework for LANCELOT, stated below, allows the subproblems (17.66) to be solved
inexactly and includes procedures for updating the tolerance used for the approximate
solution of the subproblem and for updating the penalty parameter . We omit details
of the gradient-projection procedure for solving the subproblem.

Algorithm 17.4 (LANCELOT-Method of Multipliers).
Choose positive constants 7, 0, L < 1, T < 1, ¥ < 1, &y, Bu» 0tys Brs Uss Pre
satisfying o, < min(1, ), B, < min(1, B,);
Choose 1° € R™;
Set o = {1, ap = min(uo, ¥ ), wo = @(ao)*, no = 7(0g)*”;
fork=0,1,2,...
Find an approximate solution x; of the subproblem (17.66) such that

| Py VLA Gk, A5 )| < e,

where the projection operator Py, is defined as in (17.68).
if leCa) |l < me

(* test for convergence *)

if c(xo) |l < ms and || Py VLA, A5 )| < o,
STOP with approximate solution xy;

end (if)

(* update multipliers, tighten tolerances *)

M= 2K — e/ s

Mi4+1 = M5

Op+1 = Mk+15

N1 = Ukafll;

Wgy1 = wkdfil;

else
(* decrease penalty parameter, tighten tolerances *)
AL — )k,
Hi+1 = THks
Okl = Hk4175
Mk = i3
Wky1 = 5)015_7_1;

end (if)

end (for)

The main branch in the algorithm tests the norm of c(x;) against the tolerance 7.
If |[c(xx)|l > ni (the else branch), we decrease the penalty parameter p; to ensure that
the next subproblem will place more emphasis on decreasing the constraint violations. If
lle(xx)|l < ni (the then branch), we decide that the current value of 1 is doing a good job
of maintaining near-feasibility of the iterate x4, so we update the multipliers according to
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formula (17.49) without decreasing . In both cases, we decrease the tolerances wy and n;
to force the subsequent primal iterates x4, X¢12, . . . to be increasingly accurate solutions
of the subproblem.

17.5 SEQUENTIAL LINEARLY CONSTRAINED METHODS

The principal idea behind sequential linearly constrained (SLC), or reduced Lagrangian,
methods is to generate a step by minimizing the Lagrangian subject to linearizations of
the constraints. In contrast to the sequential quadratic programming methods described in
Chapter 18, which minimize a quadratic approximation of the Lagrangian subject to linear
constraints, the subproblem in SLC methods uses a nonlinear objective function.

Let us first consider the equality-constrained problem (17.1). The SLC subproblem in
this case takes the form

min Fy(x) subjectto Vg ()T (x — xx) + ¢i(xp) =0, foralli € &. (17.69)
X

There are several possible choices for Fy(x). Early SLC methods defined

Fo(x) = f(x) — Z,\faj‘(x), (17.70)

ie€

where A* is the current Lagrange multiplier estimate and ¢¥(x) is the difference between
¢;(x) and its linearization at xi, that is,

¢ (x) = ci(x) — ¢i(xe) — Vi ()T (x — ;). (17.71)

One can show that as x; converges to a solution x*, the Lagrange multiplier associated with
(17.69) converges to the optimal multiplier. Therefore, we take the multiplier estimate A* in
(17.70) to be the multiplier of the subproblem (17.69) at the previous iteration.

To obtain reliable convergence from remote starting points, the most popular SLC
method defines F to be the augmented Lagrangian function

Fi(x) = fx) = Y akef(x) +

ie€

! ~k( V12

— c:(x)]°, 17.72
Zu Zg[ HEY) (17.72)
where (4 is a positive penalty parameter. Note that this definition differs from (17.46) in that
the original constraints ¢; (x) have been replaced by Ef (x) from (17.71). The new definition
is reasonable, however, since all feasible points x must satisfy Eff(x) = 0 whenever x; is a
solution of the equality-constrained problem (17.1).

SLC methods are mainly used to solve large problems, and the model function (17.72)
isincorporated in the very successful implementation MINOS [175]. Since the step computa-
tion requires the minimization of the nonlinear subproblem (17.69), several iterations—and
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thus several function and constraint evaluations—are required to generate the new iterate.
Few “outer” iterations are required, however, in comparison with most other optimization
methods.

Newton or quasi-Newton iterations can be used to solve the linearly constrained
problem (17.69), and the sparse elimination techniques of Chapter 15 are used to exploit
sparsity in the constraint gradients.

For nonlinear optimization problems with inequality constraints (17.19), we can in-
troduce slacks where necessary and transform all inequalities into equalities together with
bound constraints. The subproblem is then given by (17.69) with the additional bounds

Il <x <u,

where x now contains the variables and slacks, and [ and u are suitable vectors of bounds. It
can be shown that in a neighborhood of a solution satisfying the second-order sufficiency
conditions, this subproblem will identify the optimal active set.

A drawback of SLC methods is that the subproblem must be solved quite accurately to
ensure that the Lagrange multiplier estimates are of good quality, so that a large number of
function evaluations may be required per outer iteration. Even though it is widely believed
that SQP methods are preferable to SLC methods, the now classical MINOS package im-
plementing an SLC method still ranks among the most effective implementations for large
nonlinear programming.

NOTES AND REFERENCES

The quadratic penalty function was first proposed by Courant [60]. Gould [118]
addresses the issue of stable determination of the Newton step for Q(x; ). His formula
(2.2) differs from our formula (17.17) in the right-hand-side, but both systems give rise to
the same p component. A reformulation of the log-barrier system (17.28) is also discussed
in [118], but it requires an estimate of the active set to be made. Gould [119] also discusses
the use of an extrapolation technique for finding a good starting point x; for each major
iterate of Framework 17.1. Analogous techniques for the log-barrier function are discussed
by Conn, Gould, and Toint [55] and Dussault [78].

For a discussion of the history of barrier function methods, see Nash [178]. The term
“interior-point,” which is widely used in connection with both log-barrier and primal-dual
methods that insist on strict satisfaction of the inequality constraints at each iteration, ap-
pears to originate in the book of Fiacco and McCormick [79]. As mentioned above, this book
has remained the standard reference in the area of log-barrier functions, and its importance
only increased after 1984 when interior-point methods for nonlinear programming became
a topic of intense research following the publication of Karmarkar’s paper [140]. Fiacco
and McCormick [79] also introduce the barrier/quadratic penalty function (17.39) and the
central path C,,.

Reformulation of the problem with a linear objective, which causes the Newton step
for P(-; px+1) taken from the previous approximate minimizer x; to eventually pass close
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to x(ig+1), is discussed by Wright and Jarre [258]. Analysis of the Newton/log-barrier
method, including the size of the region of convergence for the minimizer of P(-; 1) and of
the possibility of superlinear convergence, can be found in S. Wright [254].

Standard error analysis indicates that when the solution of the system (17.28) is com-
puted in a finite-precision environment, the ill conditioning in V2 P (x; u) leads to large
errors in the step p. Remedies based on exploiting the structure in V2, P(x; ) exposed by
(17.27) have been proposed, but more detailed analysis has shown that because of the special
structure of both the gradient and the Hessian of P(x; ), the errors in the computed step
p are less significant than a naive analysis would indicate, so that the computed p remains
a good search direction for the Newton algorithm until u becomes quite small. For details,
see M. Wright [252] and S. Wright [256]. (These papers actually deal with primal-dual
algorithms for the problem (17.19), but their major conclusions can be applied to the sys-
tem (17.28) as well.) Specialized line search techniques that are suitable for use with barrier
functions are described by Murray and Wright [174] and Fletcher and McCann [87].

Techniques based on the log-barrier/quadratic penalty function defined in (17.39)
have been investigated by Gould [119] and Dussault [78].

Primal-dual methods have been investigated in a number of recent papers. Forsgren
and Gill [91] use the function B(x; ) (17.39) as a merit function for steps generated by a
primal-dual approach for solving the system F,,(x, A, s) = 0. Gay, Overton, and Wright [99]
add a Lagrangian term ), _; ¢ Ai¢i(x) to B(x; u) to obtain their primary merit function.
Byrd, Hribar, and Nocedal [34] use a nondifferentiable £, merit function for the barrier
problem. When the problem (12.1) is a convex program, algorithms more closely related
to the linear programming primal—dual algorithms of Chapter 14 than the ones described
above may be appropriate. For example, Ralph and Wright [211] describe a method with
good global and local convergence properties.

The method of multipliers was proposed by Hestenes [134] and Powell [195], and the
definitive work in this area is the book of Bertsekas [8]. Chapters 1-3 of Bertsekas’s book con-
tains a thorough motivation of the method that outlines its connections to other approaches.
Other introductory discussions are given by Fletcher [83, Section 12.2], and Polak [193, Sec-
tion 2.8]. The extension to inequality constraints was described by Rockafellar [216] and
Powell [198].

SLC methods were proposed by Robinson [215] and Rosen and Kreuser [218]. The
MINOS implementation is due to Murtagh and Saunders [175]. Our discussion of SLC
methods is based on that of Gill et al. [112].

& EXERCISES

& 17.1 Forz € R, show that the function min(0, z)? has a discontinuous second deriva-
tive at z = 0. (It follows that quadratic penalty function (17.5) may not have continuous
second derivatives even when f and ¢;, i € £ UZ, in (12.1) are all twice continuously
differentiable.)
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& 17.2 Consider the scalar minimization problem:

1
min ——, subjecttox > 1.
x 14+ x2
Write down P (x; w) for this problem, and show that P(x; u) is unbounded below for any
positive value of p. (See Powell [197] and M. Wright [251].)

& 17.3 Consider the scalar minimization problem
minx  subjecttox? > 0,x +1 >0,

for which the solution is x* = —1. Write down P (x; u) for this problem and find its local
minimizers. Show that for any sequence {u,} such that p; | 0, there exists a corresponding
sequence of local minimizers x (u) that converges to 0.

& 17.4 By building on (17.26), find the third-derivative tensor for P(x; u). Use the
approximation A} & u/c;(x), i € Z, to identify the largest term in this expression, and
estimate its size. (The large size of this tensor is an indicator of the inadequacy of the Taylor
series quadratic approximation to P (x; u) discussed in the text.)

&  17.5 Suppose that the current point x; is the exact minimizer of P (x; ;). Write down
the formula for the Newton step for P(x; pr4+1) from the current point xi, using the fact
that V P (xx; () = 0 to eliminate the term V f(x;) from the right-hand-side. How does the
resulting step differ from the predictor step (17.29), (17.30) obtained by extrapolating along
the central path?

&  17.6 Modify the system of nonlinear equations (17.41) that is used as the basis of
primal—dual methods for the case in which equality constraints are also present (that is, the
problem has the form (17.38)).

& 17.7 Verify that the KKT conditions for the bound-constrained problem

min ¢(x) subjecttol <x <u
xeR”

are equivalent to the compactly stated condition
P[l,u]v¢(x) =0,

where the projection operator P, onto the rectangular box [/, u] is defined in (17.68).

&  17.8 Show that the function v (¢, o; ) defined in (17.56) has a discontinuity in its
second derivative with respect to  when t = po. Assuming that ¢; : R" — R is twice con-
tinuously differentiable, write down the second partial derivative matrix of ¥ (¢; (x), A;; i)
with respect to x for the two cases ¢; (x) < pA; and ¢; (x) > uA;.
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One of the most effective methods for nonlinearly constrained optimization generates steps
by solving quadratic subproblems. This sequential quadratic programming (SQP) approach
can be used both in line search and trust-region frameworks, and it is appropriate for small
or large problems. Unlike sequential linearly constrained methods (Chapter 17), which are
effective when most of the constraints are linear, SQP methods show their strength when
solving problems with significant nonlinearities.

Our development of SQP methods will be done in two stages. First we will present a
local algorithm that motivates the SQP approach and that allows us to introduce the step
computation and Hessian approximation techniques in a simple setting. We then consider
practical line search and trust-region methods that achieve convergence from remote starting
points.



528

CHAPTER 18. SEQUENTIAL QUADRATIC PROGRAMMING

18.1 LOCAL SQP METHOD

Let us begin by considering the equality-constrained problem

min f(x) (18.1a)
subjectto c¢(x) =0, (18.1b)

where f : R” — R and ¢ : R" — R” are smooth functions. Problems containing only
equality constraints are not very common in practice, but an understanding of (18.1) is
crucial in the design of SQP methods for problems with general constraints.

The essential idea of SQP is to model (18.1) at the current iterate x; by a quadratic
programming subproblem and to use the minimizer of this subproblem to define a new
iterate x; ;. The challenge is to design the quadratic subproblem so that it yields a good step
for the underlying constrained optimization problem and so that the overall SQP algorithm
has good convergence properties and good practical performance. Perhaps the simplest
derivation of SQP methods, which we now present, views them as an application of Newton’s
method to the KKT optimality conditions for (18.1).

From (12.28) we know that the Lagrangian function for this problem is £(x, A) =
f(x) — ATc(x). We use A(x) to denote the Jacobian matrix of the constraints, that is,

AX)T = [V (x), Vea(x), ..., Ve ()], (18.2)

where ¢;(x) is the ith component of the vector c(x). By specializing the first-order (KKT)
conditions (12.30) to the equality-constrained case, we obtain a system of n + m equations
in the n + m unknowns x and A:

c(x) =0. (18.3)

B T
F(x,/\):[ Vix)—Ax) A }

If A, has full rank, any solution (x*, 1*) of the equality-constrained problem (18.1) satisfies
(18.3). One approach that suggests itself is to solve the nonlinear equations (18.3) by using
Newton’s method, as described in Chapter 11.

The Jacobian of (18.3) is given by

_ T
|:W(x,k) A(x) } (154

A(x) 0
where W denotes the Hessian of the Lagrangian,

W(x, x) = V2 L(x, A). (18.5)
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The Newton step from the iterate (x, ;) is thus given by

X1 _ Xk i Pk ’ (18.6)
Akt Ak Da

where p; and p, solve the KKT system

|: Wi —A] :||: Dk :|:|: ~V fi + Al M ] (187)
Ay 0 D —Cr

This iteration, which is sometimes called the Newton—Lagrange method, is well-defined when
the KKT matrix is nonsingular. We saw in Chapter 16 that nonsingularity is a consequence
of the following conditions.

Assumption 18.1.
(a) The constraint Jacobian Ay has full row rank.

(b) The matrix Wy, is positive definite on the tangent space of the constraints, i.e.,d’ Wyd > 0
foralld # 0 such that Ayd = 0.

The first assumption is the linear independence constraint qualification discussed in
Chapter 12 (see Definition 12.1), which we assume throughout this chapter. The second
condition holds whenever (x, A) is close to the optimum (x*, A*) and the second-order
sufficient condition is satisfied at the solution (see Theorem 12.6). The Newton iteration
(18.6), (18.7) can be shown to be quadratically convergent under these assumptions and
constitutes an excellent algorithm for solving equality-constrained problems, provided that
the starting point is close enough to x*.

SQP FRAMEWORK

There is an alternative way to view the iteration (18.6), (18.7). Suppose that at the
iterate (xx, Ax) we define the quadratic program

rr}nin%pTWkp—l—kaTp (18.8a)

subjectto Axp +cr = 0. (18.8b)
If Assumptions 18.1 hold, this problem has a unique solution (py, 1) that satisfies

Wipk + V fi — Af i = 0, (18.9a)
Appr +cr =0. (18.9b)
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A key observation is that p; and p; can be identified with the solution of the Newton
equations (18.7). If we subtract AZAk from both sides of the first equation in (18.7), we

obtain
W, —A] -V
¢ k P N (18.10)
Ap 0 Ayl —Ck

Hence, by nonsingularity of the coefficient matrix, we have that p = py and Ay = .-

We refer to this interesting relationship as the equivalence between SQP and Newton’s
method: If Assumptions 18.1 hold at xi, then the new iterate (xz;, Ax+1) can be defined
either as the solution of the quadratic program (18.8) or as the iterate generated by Newton’s
method (18.6), (18.7) applied to the optimality conditions of the problem. These alternative
interpretations are quite useful: The Newton point of view facilitates the analysis, whereas
the SQP framework enables us to derive practical algorithms and to extend the technique to
the inequality-constrained case.

We now state the SQP method in its simplest form.

Algorithm 18.1 (Local SQP Algorithm).
Choose an initial pair (xg, Ag);
for k=0,1,2,...
Evaluate fi, V fi, Wi = W(xy, A), cr, and Ag;
Solve (18.8) to obtain p; and u;
X1 <= Xk + Pis Akl < Uis
if convergence test satisfied
STOP with approximate solution (X1, Akt1)s
end (for).

It is straightforward to establish a local convergence result for this algorithm, since we know
that it is equivalent to Newton’s method applied to the nonlinear system F(x,A) = 0.
More specifically, if Assumptions 18.1 hold at a solution (x*, A*) of (18.1), if f and ¢
are twice differentiable with Lipschitz continuous second derivatives, and if the initial point
(x0, Xo) issufficiently close to (x*, A*), then the iterates generated by Algorithm 18.1 converge
quadratically to (x*, 1*) (see Section 18.10).

We should note in passing that in the objective (18.8a) of the quadratic program
we could replace the linear term V fkT p by V. L(xi, M)T p, since the constraint (18.8b)
makes the two choices equivalent. In this case, (18.8a) is a quadratic approximation of the
Lagrangian function, and this leads to an alternative motivation of the SQP method. We
replace the nonlinear program (18.1) by the problem of minimizing the Lagrangian subject
to the equality constraints (18.1b). By making a quadratic approximation of the Lagrangian
and a linear approximation of the constraints we obtain (18.8).
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INEQUALITY CONSTRAINTS

The SQP framework can be extended easily to the general nonlinear programming
problem

min  f(x) (18.11a)
subjectto ¢;(x) =0, i€¢€, (18.11b)
ci(x)=>0, iel. (18.11¢)

To define the subproblem we now linearize both the inequality and equality constraints to
obtain

min %pTWkp—i—kaTp (18.12a)
subjectto Ve;(xe) p+ci(x) =0, i€€, (18.12b)
Veix) p+ci(xe) >0, iel. (18.12¢)

We can use one of the algorithms for quadratic programming described in Chapter 16 to
solve this problem.

Alocal SQP method for (18.11) follows from Algorithm 18.1 above, with one modifi-
cation: The step p; and the new multiplier estimate A4 are defined as the solution and the
corresponding Lagrange multiplier of (18.12). The following result shows that this approach
eventually identifies the optimal active set for the inequality-constrained problem (18.11).
Recall that strict complementarity is said to hold at a solution pair (x*, A*) if there is no
indexi € Z such that A} = ¢;(x*) = 0.

Theorem 18.1.

Suppose that x* is a solution point of (18.11). Assume that the Jacobian A, of the active
constraints at x* has full row rank, that dTW.d > 0 for alld # 0 such that A.d = 0, and
that strict complementarity holds. Then if (xy, M) is sufficiently close to (x*, 1*), there is a local
solution of the subproblem (18.12) whose active set Ay, is the same as the active set A(x*) of the
nonlinear program (18.11) at x*.

As the iterates of the SQP method approach a minimizer satisfying the conditions given in the
theorem, the active set will remain fixed. The subproblem (18.12) behaves like an equality-
constrained quadratic program, since we can eventually ignore the inequality constraints
that do not fall into the active set A(x*), while treating the active constraints as equality
constraints.

IQP VS. EQP

There are two ways of implementing the SQP method for solving the general nonlinear
programming problem (18.11). The first approach solves at every iteration the quadratic
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subprogram (18.12), taking the active set at the solution of this subproblem as a guess of
the optimal active set. This approach is referred to as the IQP (inequality-constrained QP)
approach, and has proved to be quite successful in practice. Its main drawback is the expense
of solving the general quadratic program (18.12), which can be high when the problem
is large. As the iterates of the SQP method converge to the solution, however, solving the
quadratic subproblem becomes very economical if we carry information from the previous
iteration to make a good guess of the optimal solution of the current subproblem. This
hot-start strategy is described later.

The second approach selects a subset of constraints at each iteration to be the so-
called working set, and solves only equality-constrained subproblems of the form (18.8),
where the constraints in the working sets are imposed as equalities and all other constraints
are ignored. The working set is updated at every iteration by rules based on the Lagrange
multiplier estimates, or by solving an auxiliary subproblem. This EQP approach has the
advantage that the equality-constrained quadratic subproblems are less expensive to solve
than (18.12) and require less sophisticated software.

An example of an EQP method is the gradient projection method described in Sec-
tion 16.6. In this method, the working set is determined by minimizing the quadratic model
along the path obtained by projecting the steepest descent direction onto the feasible region.
Another variant of the EQP method makes use of the method of successive linear program-
ming. This approach obtains a linear program by omitting the quadratic term p” W; p from
(18.12a), applying a trust-region constraint || p|| < A on the step p (see (18.45¢)), and
taking the active set of this subproblem to be the working set for the current iteration. It
then fixes the constraints in the working set and solves an equality-constrained quadratic
program (with the term p” W p reinserted) to obtain the step.

18.2 PREVIEW OF PRACTICAL SQP METHODS

To be practical, an SQP method must be able to converge from remote starting points and
on nonconvex problems. We now outline how the local SQP strategy can be adapted to meet
these goals.

We begin by drawing an analogy with unconstrained optimization. In its simplest
form, the Newton iteration for minimizing a function f takes a step to the minimum of the
quadratic model

mi(p) = fi + Vil p+ 30"V fip.
This framework is useful near the solution where the Hessian V2 f (x;) is normally positive

definite and the quadratic model has a well-defined minimizer. When x; is not close to the
solution, however, the model function m; may not be convex. Trust-region methods ensure
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that the new iterate is always well-defined and useful by restricting the candidate step py
to some neighborhood of the origin. Line search methods modify the Hessian in m;(p) to
make it positive definite (possibly replacing it by a quasi-Newton approximation By), to
ensure that py is a descent direction for the objective function f.

Similar strategies are used to globalize SQP methods. If W is positive definite on the
tangent space of the constraints, the quadratic subproblem (18.8) has a unique solution.
When W, does not have this property, line search methods either replace it by a positive
definite approximation By or modify W; directly during the process of matrix factorization.
A third possibility is to define W, as the Hessian of an augmented Lagrangian function having
certain convexity properties. In all these cases, the subproblem (18.8) will be well-defined.

Trust-region SQP methods add a constraint to the subproblem, limiting the step to
a region where the model (18.8) is considered to be reliable. Because they impose a trust-
region bound on the step, they are able to use Hessians W, that fail to satisfy the convexity
properties. Complications may arise, however, because the inclusion of the trust region may
cause the subproblem to become infeasible. At some iterations, it is necessary to relax the
constraints, which complicates the algorithm and increases its computational cost. Due to
these tradeoffs, neither one of the two SQP approaches—line search or trust region—can
be regarded as clearly superior to the other.

The technique used to solve the line search and trust-region subproblems has a great
impact in the efficiency and robustness of SQP methods, particularly for large problems. For
line search methods, the quadratic programming algorithms described in Chapter 16 can
be used, whereas trust-region methods require special techniques.

Another important question in the development of SQP methods is the choice of a
merit function that guides the algorithms toward the solution. In unconstrained optimiza-
tion the merit function is simply the objective f, and it is fixed throughout the course of the
minimization. SQP methods can use any of the merit functions discussed in Chapter 15, but
the parameters of these merit functions may need to be adjusted on some iterations to ensure
that the direction obtained from the subproblem is indeed a descent direction with respect
to this function. The rules for updating these parameters require careful consideration, since
they have a strong influence on the practical behavior of SQP methods.

In the remainder of this chapter we expand on these ideas to produce practical SQP
algorithms. We first discuss a variety of techniques for solving the quadratic subproblems
(18.8) and (18.12), and observe the effect that they have in the form of the SQP iteration. We
then consider various formulations of the quadratic model that ensure their adequacy in a
line search context, studying the case in which Wy is the exact Lagrangian Hessian and also the
case in which it is a quasi-Newton approximation. We present two important merit functions
and show that the SQP directions are descent directions for these functions. This discussion
will set the stage for our presentation of practical line search and trust-region SQP methods.

533



534

CHAPTER 18. SEQUENTIAL QUADRATIC PROGRAMMING

18.3 STEP COMPUTATION

EQUALITY CONSTRAINTS

We begin by considering the equality-constrained quadratic program (18.8). We have
assumed so far that the Hessian of this model is defined as the Hessian of the Lagrangian Wy =
V2 L(xiAg) (as in (18.5)). In later sections we will replace this matrix by a quasi-Newton
approximation By, but the discussion in this section is independent of this choice.

We have noted already that if Assumptions 18.1 hold, the solution of (18.8) is given
by the KKT system (18.10). In Chapter 16 we described a variety of techniques for solving
this system. We review these techniques here, pointing out some simplifications that can be
made when we know that the system is derived from an SQP subproblem, rather than from
a general QP.

Direct Solution of the KKT System.

The first alternative is to solve the full (n+m) x (n+m) KKT system (18.10) with a symmetric
indefinite factorization. In this approach, the KKT matrix is factored as LD L™, where D is
a block diagonal matrix with blocks of size 1 x 1 and 2 x 2 and L is unit lower triangular.
Two popular algorithms for computing this factorization are the methods of Bunch and
Kaufman [30] (for the dense case), and the method of Duff and Reid [75] (for the sparse
case). This approach is often called the augmented system approach. It provides us directly
with a step py in the primal variables, and a new Lagrange multiplier estimate Ay41.

The KKT system (18.10) can also be solved by iterative methods such as the QMR and
LSQR iterations; see the Notes and References in Chapter 16. Early termination of iteration is
a delicate matter, since the resulting search direction may not lead toward a minimizer. Due
to this difficulty, iterative methods for the full KKT system are not yet commonly employed
in practical implementations of the SQP method. The topics of termination conditions and
preconditioning of the KKT system are subjects of current research.

Dual or Range-Space Approach.

If W, is positive definite, we can decouple the KKT system (18.10) and solve the following
two systems in sequence to obtain Axy; and py:

(MW AD Mg = AWV i — e, (18.13a)
Wipk = =V fi + Al M. (18.13b)

This approach is particularly effective for quasi-Newton methods that explicitly maintain
positive definite approximations Hy to the matrix W, '. If we are using a direct method to
solve (18.13a), we simply form the product AW, ' AT each time W, ' is updated. If we are
using an iterative method such as conjugate gradient, the explicit availability of W, ' makes
it easy to calculate matrix—vector products involving this matrix.
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Null-Space Method.

The null-space approach is at the heart of many SQP methods. It requires knowledge of the
matrices Y; and Z; that span the range space of A7 and null space of Ay, respectively; see
Chapter 15. By writing

Pk = Yipy + Zipzs
we can substitute into (18.10) to obtain the following systems to be solved for for p, and p,:

(AxYr)py = —cx, (18.14a)
(Z{WiZy) p, = —Z WiYipy — Z(V fi. (18.14b)

The Lagrange multipliers A;;, which we refer to as QP multipliers for reasons that
become clear below, can be obtained by solving

(ArY) " hesr = Y (Y fi + Wepr). (18.15)

The only assumption we make on W is that the reduced Hessian Z] Wy Z, is positive definite.
See Chapter 16 for a more extensive discussion of the null-space method.

There are several variants of this approach in which we compute an approximation
of the pure KKT step py. The first variant is simply to delete the term involving p; from
the right-hand-side of (18.15), thereby decoupling the computations of p; and Agy;. This
simplification can be justified by observing that p; converges to zero as we approach the
solution, whereas V f; normally does not. Therefore, the new multipliers will be good esti-
mates of the QP multipliers near the solution. If we happen to choose Y, = A} (whichisa
valid choice for Y; when A; has full row rank; see Chapter 15), we obtain

M1 = (AADTTAV £ (18.16)

These are called the least-squares multipliersbecause they can also be derived by solving
the problem

min |V fe — A{A[;. (18.17)

Itis clear from this relation that the least-squares multipliers are useful even when the current
iterate is far from the solution, because they seek to satisfy the first-order optimality condition
in (18.3) as closely as possible. In practice, it is desirable to use the most current information
when computing least-squares multipliers. Therefore, in Algorithm 18.3 of Section 18.6 we
first compute the step py using (18.14), evaluate the gradients of the functions and constraints
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at the new point x; 1, and define A, by (18.16) but with the terms on the right-hand side
evaluated at xj;.

Conceptually, the use of least-squares multipliers transforms the SQP method from
an iteration in x and X to a purely primal iteration in the x variable alone.

A second set of variants, known as reduced-Hessian methods, go one step further and
remove the cross term Z] WY, py in (18.14b), thereby yielding the system

(ZIWiZ)p, = —ZI'V fi. (18.18)

This variant has the advantage that we need to store (or approximate) and factorize only the
matrix Z,(T Wi Z, not the cross-term matrix ZkT Wi Y. As we show later, dropping the cross
term is justified because the normal component p, usually converges to zero faster than the
tangential component p,, thereby making (18.18) a good approximation to (18.14b).

INEQUALITY CONSTRAINTS

The search direction in line search SQP methods for inequality-constrained optimiza-
tion is obtained by solving the subproblem (18.12). We can do this by means of the active-set
method for quadratic programming (Algorithm 16.1) described in Chapter 16. If Wy is
not convex, then we need to introduce the variations for indefinite quadratic programming
described in that chapter.

We can make significant savings in the solution of the quadratic subproblem by so-
called hot-start procedures. Specifically, we can use the solution p of the previous quadratic
subproblem as the starting point for the current subproblem. Two phase-I iterations that can
take advantage of a good starting point were described in Chapter 16. We can also initialize
the working set for each QP subproblem to be the final active set from the previous SQP
iteration. Additionally, it is sometimes possible—particularly when the problem contains
only linear constraints—to reuse or update certain matrix factorizations from the previous
iteration. Hot-start procedures are crucial to the efficiency of line search SQP methods.

A common difficulty in line search SQP methods is that the linearizations (18.12b),
(18.12c¢) of the nonlinear constraints may give rise to an infeasible subproblem. Consider,
for example, the case where n = 1 and where the constraints are x < 1 and x? > 0. When
we linearize these constraints at x; = 3, we obtain the inequalities

3+p <1 and 946p >0,

which are inconsistent.

To overcome this difficulty, we can define a relaxation of the SQP subproblem that is
guaranteed to be feasible. For example, the SNOPT program [108] for large-scale optimiza-
tion first attempts to solve (18.12a)—(18.12¢c), but if this quadratic program is found to be
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infeasible, it solves the auxiliary problem

min  f(x)+ yel (v+w) (18.19a)

subjectto ¢;(x) —v; +w; =0, €& (18.19b)

¢(x)—vi+w;, >0, ielZ, (18.19¢)

v>0, w>0. (18.19d)

Here y is a nonnegative penalty parameter, and e = (1, ..., 1). If the nonlinear problem

(18.11) has a feasible solution and y is sufficiently large, the solutions to (18.19) and (18.11)
are identical. If, on the other hand, there is no feasible solution to the nonlinear problem and
y is large enough, then the auxiliary problem (18.19) usually determines a “good” infeasible
point. The choice of y requires heuristics; SNOPT uses the valuey = 100||V f (x;)||, where x;
is the first iterate at which inconsistent linearized constraints were detected. If a subproblem
is found to be infeasible, then all subsequent iterates are computed by solving the subproblem
(18.19).

An alternative approach for solving the quadratic subproblem (18.12) is to use an
interior-point method; see Section 16.7. For general problems this approach is competitive
with active-set methods only on early iterations, when the active sets change substantially
from iteration to iteration and not much is to be gained from hot-start information. (Interior-
point methods cannot take advantage of prior information about the solution or active set
to the same extent as active-set methods.) On some problems with special structure (for
example, certain applications in control) interior-point methods are better able to exploit
the structure than active-set methods, and therefore become competitive.

The step computation in trust-region SQP methods adds a trust-region bound to the
subproblem, and also reformulates the constraints in (18.12a)—(18.12c) to ensure feasibility
of the subproblem. We defer detailed discussion to Section 18.8, but mention here that the
S€;QP method formulates a subproblem in which the linearized constraints are moved to
the objective of the quadratic program in the form of a penalty term. The method described
in Section 18.9 indirectly introduces a relaxation of the constraints by first computing a
normal step by means of (18.47).

18.4 THE HESSIAN OF THE QUADRATIC MODEL

Let us now consider the choice of the matrix Wy, in the quadratic model (18.8a). For simplicity,
we focus first on the equality-constrained optimization problem (18.1).

The equivalence between SQP and Newton’s method applied to the optimality condi-
tions (18.3) is based on the choice of W, as the Hessian of the Lagrangian, V2 _L(xt, A) (see
(18.5)). This choice leads to a quadratic rate of convergence under reasonable assumptions
and often also produces rapid progress when the iterates are distant from the solution. How-
ever, this matrix is made up of second derivatives of the objective function and constraints,
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which may not be easy to compute. Moreover, it may not always be positive definite on the
constraint null space. In this section we discuss various alternative choices for W.

FULL QUASI-NEWTON APPROXIMATIONS

The first idea that comes to mind is to maintain a quasi-Newton approximation By
to the full Lagrangian Hessian V'fxﬁ(xk, Ar). Since the BFGS formula has proved to be very
successful in the context of unconstrained optimization, we can try to employ it in this case
as well.

The update for By that results from the step from iterate k to iterate k 4+ 1 will make
use of the vectors s, and y;, which can be defined as follows:

Sk = X1 — Xks Vi = Ve L(Xpg1, A1) — Ve L, Aigr). (18.20)

We then compute the new approximation By using the BFGS formula (8.19). We can view
this as the application of quasi-Newton updating to the case where the objective function
is given by the Lagrangian £(x, A) (with A fixed). These definitions immediately reveal the
strengths and weaknesses of this approach.

If V2 L is positive definite in the region where the minimization takes place, the
quasi-Newton approximations { By} will reflect some of the curvature information of the
problem, and the iteration will converge robustly and rapidly, just as in the unconstrained
BFGS method. If, however, foﬁ contains negative eigenvalues, then the BFGS approach of
approximating it with a positive definite matrix may be ineffective. In fact, BEGS updating
requires that s, and yj satisfy the curvature condition s/ y; > 0, which may not hold when
s¢ and yy are defined by (18.20), even when the iterates are close to the solution.

To overcome this difficulty, we could skip the BFGS update if the condition

s{ vk = 05 Bysk (18.21)

is not satisfied, where 6 is a positive parameter (1072, say). This skipping strategy has been
used in some SQP implementations, and it has performed well on many problems. On other
problems, however, it yields poor performance or even failure, so it cannot be regarded as
adequate for general-purpose algorithms.

A more effective modification ensures that the update is always well-defined by
modifying the definition of yj.

Procedure 18.2 (Damped BFGS Updating for SQP).
Define s and y as in (18.20) and set

re = Ok yr + (1 — 6x) Bisi,

where the scalar 6y is defined as
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1 lfSkTyk > O.ZSZBkSk,
O = ; ; , L . (18.22)
(0.8s; Bisi)/(s; Bisk — s yi)  if s v < 0.2, Bysi.
Update By as follows:
Bisis! B rerl
By = By — Gl Nl Lk (18.23)

SkTBkSk Sle’k

The formula (18.23) is simply the standard BFGS update formula, with y; replaced by
ri. It guarantees that By is positive definite, since it is easy to show that when 6; # 1 we
have

skTrk = O.ZS,ZBksk > 0. (18.24)

To gain more insight into this strategy, note that when 6, = 0 we have By, = By, and that
Or = 1 gives the (possibly indefinite) matrix produced by the unmodified BFGS update. A
value 6; € (0, 1) thus produces a matrix that interpolates the current approximation By
and the one produced by the unmodified BFGS formula. The choice of 8; ensures that the
new approximation stays close enough to the current approximation B to ensure positive
definiteness.

Damped BFGS updating has been incorporated in various SQP programs and has
performed well on many problems. Nevertheless, numerical experiments show that it, too,
can behave poorly on difficult problems. It still fails to address the underlying problem that
the Lagrangian Hessian may not be positive definite. In this setting, SR1 updating (8.24) is
more appropriate, and is indeed a good choice for trust-region SQP methods. Line search
methods, however, cannot accept indefinite Hessian approximations and would therefore
need to modify the SR1 formula, which is not totally desirable.

The strategy described next takes a different approach. It modifies the Lagrangian
Hessian directly by adding terms to the Lagrangian function, the effect of which is to ensure
positive definiteness.

HESSIAN OF AUGMENTED LAGRANGIAN

Let us consider the augmented Lagrangian function defined by
1
Lalx, 2 1) = f(x) = aTe(x) + ZIIC()C)W, (18.25)

for some positive scalar ;. We have shown in Chapter 17 that at a minimizer (x*, A*)
satisfying the second-order sufficiency condition, the Hessian of this function, which is

V2Ly=V2Lx* A +u AT AGxY), (18.26)
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is positive definite for all « smaller than a certain threshold value ;1 *. Note that the last term
in (18.25) adds positive curvature to the Lagrangian on the space spanned by the columns
of A(x)T while leaving the curvature on the null space of A(x) unchanged. We could now
choose the matrix W, in the quadratic subproblem (18.8) to be V2 L4 (xx, At; i), or some
quasi-Newton approximation By to this matrix. For sufficiently small choices of u, this
Hessian will always be positive definite and can be used directly in line search SQP methods.

This strategy is not without its difficulties. The threshold value * depends on quan-
tities that are normally not known, such as bounds on the second derivatives of the problem
functions, so it can be difficult to choose an appropriate value for u. Choices of w that are
too small can result in the last term in (18.26) dominating the original Lagrangian Hessian,
sometimes leading to poor practical performance. If i is too large, the Hessian of the aug-
mented Lagrangian may not be positive definite and £4 could be nonconvex, so that the
curvature condition of y/ s may not be satisfied.

A variant of this approach is based on a vector y;* defined by

Voo = VoL (Xt Merrs @) — Vi La (G, Aiegrs &)

=Y+ M71A5+1Ck+17

where we have used the definition (18.20) to derive the second equality. One can show that
near the solution there is a maximum value of y that guarantees uniform positiveness of
(y)"s. One can then design an algorithm that selects x adaptively to satisfy a positiveness
criterion and replaces yy by y;* in the BFGS update formula. There is as yet insufficient nu-
merical experience to know whether this approach leads to robust and efficient SQP methods.

REDUCED-HESSIAN APPROXIMATIONS

The two approaches just mentioned compute or approximate a full n x n Hessian. An
alternative is to approximate only the reduced Hessian of the Lagrangian Z kT V2 L(xk, he) Zi
a matrix of smaller dimension that under the standard assumptions is positive definite in
a neighborhood of the solution. This approach is used in reduced-Hessian quasi-Newton
methods, which compute the search direction from the formulae (18.14), (18.16) and a
quasi-Newton variant of (18.18). We restate these systems as follows:

M = (ALAD) ALY S, (18.27a)
(ArY) py = —cu, (18.27b)
Mip, = —Z[V fi. (18.27¢)

We use M to distinguish the reduced-Hessian approximation from the full Hessian approx-
imation By. Note also that we have now defined the least-squares multipliers A4 so as to use
the most recent gradient information.
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We now discuss how the quasi-Newton approximations M}, to the reduced Hessian
Z[foﬁ(xk, M) Zy can be constructed. As before, let us define Wy = V2 L(xx, At), and
suppose that we have just taken a step o p, from (xg, Ag) to (xg41, Ae41)- By Taylor’s theorem,
we have

Witrou pie = [V L + o pics A1) — VL xp, Aer1)]
where pr = x;11 — xx = Zxp, + Yi py. By premultiplying by Z!', we have

Z{ W1 Ziew p, (18.28)
~ —ZI Wi Yo py + Z] [V L0 + aa pis Miern) — Vi £(Xk, Aggr)] -

The secant equation for M; is obtained by dropping the cross term Z] Wy Yxa py (using
the rationale mentioned in the previous section), which yields

My1sx = i, (18.29)

where s; and yj are defined by
Sk = 0 P, (18.30a)
Vi = Z] [Vo Lk + aa prs M) — Vi LGk, Aign)] - (18.30b)

We can therefore apply the BFGS formula (8.19) using these definitions for the correc-
tion vectors s; and y; to define the new approximation M;;. In Section 18.7 we discuss
procedures for ensuring that the curvature condition s/ y; > 0 holds.

One aspect of this description requires clarification. In the left-hand-side of (18.28) we
have ZkT W1 Zy rather than Z,(TJrl Wit1Zi+1. We could have used Zy4; in (18.28), avoiding
an inconsistency of indices, and by a longer argument show that y; can be defined by
(18.30b) with Z; replaced by Z;;,. But this more complex argument is not necessary, since
the convergence properties of the simpler algorithm we described above are just as strong.

There are several variations of (18.30b) that have similar properties. One such
formula is

Ve = ZLIV f (i) = Vf(xo)] (18.31)
A more satisfying approach, proposed by Coleman and Conn [45], is to use curvature

information gathered along the tangent space of the constraints, not along the full steps of
the algorithm. In this approach, yj is defined by

Yo = ZL Ve Lk + Zipz, M) — Vi £k, i) ], (18.32)
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which requires an additional evaluation of the gradient of the function and constraints at
the intermediate point x; + Z; p,. One can show (see the exercises) that this definition of y;
guarantees positiveness of y/ s ina neighborhood of a solution point, so that BFGS updating
can be safely applied once we are close enough to a solution. Since the cost of the additional
gradients at the intermediate point is significant, practical implementations apply (18.32)
only at some iterations and in the rest of the iterations use (18.30b).

More details on reduced-Hessian methods will be given in Section 18.7.

18.5 MERIT FUNCTIONS AND DESCENT

To ensure that the SQP method converges from remote starting points it is common to use
a merit function ¢ to control the size of the steps (in line search methods) or to determine
whether a step is acceptable and whether the trust-region radius needs to be modified (in
trust-region methods). It plays the role of the objective function in unconstrained optimiza-
tion, since we insist that each step provide a sufficient reduction in it. A variety of merit
functions have been used in conjunction with SQP methods. Here we focus on the non-
differentiable £; merit function and on Fletcher’s exact and differentiable function. These
two merit functions are representative of most of those used in practice. To simplify the
discussion, we focus our attention on the equality-constrained problem (18.1).

Although the merit function is needed to induce global convergence, we do not want
it to interfere with “good” steps—those that make progress toward a solution. In this section
we discuss the conditions on the problem and on the merit functions that ensure that the
functions show a decrease on a step generated by the SQP method.

Let us begin with the £, merit function (see (15.24)), which for the equality-constrained
problem (18.1) is defined as

6106 1) = Fx) + inc(x)ul, (18.33)

where p > 0 is called the penalty parameter. This function is not differentiable everywhere;
specifically, at points x for which one or more components of ¢(x) are zero, the gradient
is not defined. However, it always has a directional derivative (see (A.14) in the Appendix
for background on directional derivatives). The following result describes the directional
derivative along the direction p; generated by the SQP subproblem.

Lemma 18.2.
Let py and hy1, be generated by the SQP iteration (18.10). Then the directional derivative
of 1 in the direction py satisfies

D(¢p(xi; 1); pi) < —pi Wiepe — (0" = et lloo) Nkl (18.34)
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PROOF. By applying Taylor’s theorem (see (2.5)) to f and ¢;,i = 1, 2, ..., m, we obtain

¢1(xk +ap; ) — ¢1 (o ) = flx+ap) — fio + w leC +ap)lls — ™ ekl
<aVIp+ya®Ipl* + n e + «Aepll — 1 ekl

where the positive constant ¥ bounds the second-derivative terms in f and c. If p = py is
given by (18.10), we have that Ay px = —cx, so for ¢ < 1 we have that

¢1(x + aprs 1) — 1 (s 1) < o[V A pr— ekl ] + &y llpell

By arguing similarly, we also obtain the following lower bound:

¢1(x + aprs 1) — 1 (s 1) > o[V A pe— el ] = &2y llpell

Taking limits, we conclude that the directional derivative of ¢; in the direction py is given
by

D(¢(xi; 1); pi) = V£ pe — ekl

The fact that py satisfies the first equation in (18.10) implies that

D(¢1 (xx; w); pr) = —pi Wapi + pLAL b — 0 el

From the second equation in (18.10), we can replace the term p; A} A4, in this expression
by —c¢/ Ax11. By making this substitution in the expression above and invoking the inequality

T
—Ci A1 = NlellillAis1lloos

we obtain (18.34). O

It follows from (18.34) that p; will be a descent direction for ¢; if W, is positive
definite and p is sufficiently small. A more detailed analysis shows that this assumption on
Wj, can be relaxed, and that all that is necessary is that Wy be positive definite on the tangent
space of the constraints. A suitable value for the penalty parameter is obtained by choosing
a constant § > 0 and defining y at every iteration to be

wh = s llos + 8. (18.35)

We now consider Fletcher’s augmented Lagrangian merit function (15.25), which is
defined to be

SeCe: 1) & £ 00 — a0 elx) + inc(x)n% (18.36)
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where ;¢ > 0 is the penalty parameter, || - || denotes the £, norm, and
Ax) = [AX)AX) ARV f(x) (18.37)

are the least-squares multiplier estimates (18.17).
Fletcher’s merit function (15.25) is differentiable with gradient

V(s 1) =V fi — Al — ) e + ' Af e,

where A; is the m x n Jacobian of A(x) evaluated at x;. If p; satisfies the SQP equation
(18.10), we have

Vo (xis 1) pe = VA pe+ M e — el Mepe — 7 ler |l

Let us write py = Zyp, + A,{ Pyv> Where Z;. is a basis for the null-space of Ay, and where we
have defined Y; = A]. Recalling (18.27b), we have that

Al py = —ALTAAL ] e,

which, when combined with (18.37) evaluated at x = x;, implies that V fkTA,{ Dy = —)»,{ Ck-
We thus obtain

Ve (x 1) pe = VI Zip, + VAL pe+ M ek — ol Mepie — i ekl
=Vl Zip, — i Mepe — el

We note from (18.10) that Wy pr = Wi Zip, + WkA,{ Py = —V fi. By using this we obtain

Ve (xi; ) pr = —p (ZI Wi ZW)p, — pl AxWi Zip, (18.38)

T —1 2
— i AP — 1 lleklt.

Thus p; will be a descent direction for Fletcher’s merit function if the reduced Hessian of
the Lagrangian Z] W, Z, is positive definite and if i satisfies the condition

1 T 5T T Ty
—sp, L, Wi Zip, — p;, AW Zip, — ¢, A _
lfl - 2P, Ly Wklk Pz — Py zk kL Pz k Mk Pk 43 (18.39)
llexll
for some positive constant §. (If ||cx|| = 0, the descent property holds for any value of j.)

The factor % is somewhat arbitrary, and other values can be used; its objective is to ensure
that the directional derivative is at least as large as a fraction of —p! Z kT Wi Zi p,. We note
that the formula (18.39) for i is not as simple as the corresponding formula for the £; merit



18.6. A LINE SEARCH SQP METHOD

function, and its value will depend on the singular values of both A; and Z kT Wi Zi. However,
this choice of p is practical, and it allows us to establish global convergence results.

We summarize the results of this section, which couple the step-generation procedure
with the choice of merit function in SQP methods.

Theorem 18.3.

Suppose that x; is not a stationary point of the equality-constrained nonlinear problem
(18.1), and that the reduced Hessian Z ,(T Wi Zy. is positive definite. Then the search direction py
generated by the pure SQP iteration (18.10) is a descent direction for the £, merit function ¢,
if w is given by (18.35). It is a descent direction for Fletcher’s function ¢ if u satisfies (18.39).

In practice, as well as for the purposes of the analysis, it is desirable for the merit
function parameters {(i;} to eventually stay the same as the iterates converge to the solution.
To make this scenario more likely, we use an update rule that leaves the current value of
unchanged whenever its value seems to be adequate, and that decreases it by a significant
amount otherwise. Choose a constant § > 0 and define

k-1 if Wy =y 43,

(18.40)
(y +28)7"  otherwise,

Mk =

where we set y t0 || 141 |00 in the case of the £1 merit function, and to the term inside square
brackets in (18.39) for Fletcher’s function ¢x.

The rule (18.40) forces the penalty parameter to be monotonically decreasing, but this
is not always desirable in practice. In some cases, (; takes on a very small value in the early
iterations, and as a result the constraints are highly penalized during the rest of the run.
Therefore, some SQP implementations include heuristics that allow 14 to increase at certain
iterations, without interfering with the global convergence properties of the iteration.

The descent properties described above assume that the step is obtained by means of
the pure SQP iteration (18.10). This assumption holds in many line search algorithms, but
other variants of SQP such as reduced-Hessian methods and trust-region approaches may
compute the search direction differently. In all such cases, however, the descent properties
can be analyzed by some adaptation of the analysis above.

18.6 A LINE SEARCH SQP METHOD

From the discussion in the previous sections, we can see that there is a wide variety of line
search SQP methods that differ in the way the Hessian approximation is computed, in the
choice of the merit function, and in the step-computation procedure. We now incorporate
the ideas discussed so far into a practical quasi-Newton algorithm for solving the nonlinear
programming problem (18.11) with equality and inequality constraints.
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Algorithm 18.3 (SQP Algorithm for Nonlinear Programming).
Choose parameters n € (0, 0.5), T € (0, 1); Choose an initial pair (xo, Ag);
Choose an initial n x n symmetric positive definite Hessian

approximation By;
Evaluate fy, V f, co, Aogs
for k=0,1,2,...
if termination test is satisfied
STOP;
Compute py by solving (18.12)
Choose ;. such that py is a descent direction for ¢ at x;;
Setoy, = 1;
while ¢(xp + axpr; i) > ¢ (xx, ur) + nag D (xi; pr)
Reset oty < 1,0t for some 7, € (0, T);
end (while)
Set Xpq1 = X + Qg prs
Evaluate fiy1, V fis1s Corts Arys
Compute Agy; by solving

Mt = —[Act AL T Akl V frrns

Set

Sk =0k Py Yk = VL Xigr, Mig1) — Vi Lk, Akg1);

Obtain By by updating By using a quasi-Newton formula;
end (for)

A version of this algorithm that uses second-derivative approximation is easily ob-
tained by replacing By by the Hessian of the Lagrangian W;. As mentioned in Section 18.1,
precautions should be taken so that the constraints in (18.12) are consistent. We have left
freedom in the choice of the quasi-Newton approximation, and this algorithm requires only
that it be positive definite. Therefore, one option is to define By by means of the damped
BFGS update discussed in the previous section. We have also left the choice of the merit
function unspecified.

18.7 REDUCED-HESSIAN SQP METHODS

We now return to the case where it is advantageous to approximate only the reduced Hessian
of the Lagrangian (as opposed to the full Hessian, as in the algorithm given in the previous
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section). We have mentioned that methods that follow this approach are called reduced-
Hessian methods, and they have proved to be very effective in many areas of application,
such as optimal control.

Reduced-Hessian quasi-Newton methods are designed for solving problems in which
second derivatives are difficult to compute, and in which the number of degrees of freedom
in the problem, (n — m), is small. They update an (n — m) x (n — m) approximation M
of ZI' Wi Zy,, and are required to satisfy (18.29). The strength of these methods is that when
n —m is small, My is of high quality, and computation of the null-space component p, of the
step via (18.27¢) is inexpensive. Another advantage, compared to full-Hessian quasi-Newton
approximations, is that the reduced Hessian is much more likely to be positive definite, even
when the current iterate is some distance from the solution, so that the safeguarding mecha-
nism in the quasi-Newton update will be required less often in line search implementations.
In this section we discuss some of the salient properties of reduced-Hessian methods and
then present a practical implementation.

SOME PROPERTIES OF REDUCED-HESSIAN METHODS

Let us consider first the equality-constrained case and review the argument that leads
to the tangential step (18.18).

If we were to retain py and compute the step py by using a quasi-Newton approximation
to the Hessian Wj, we would note that the p, component is based on a Newton-like iteration
applied to the constraints c(x) = 0 (see (18.27b)), so that normally we can expect py
to converge to zero quadratically. By contrast, the tangential component p, converges only
superlinearly, since a quasi-Newton approximation to the Hessian is used in its computation.
Hence, it is common to observe in practice that

llpvll
Il Pl

0, (18.41)

abehavior that is commonly known as tangential convergence. We deduce that p, is ultimately
less significant, so we are justified in dropping it from the computation (that is, setting
py = 0). By doing so, we eliminate the need to maintain an approximation to Z; W; Yx. The
price we pay is that the total step py is no longer a solution of the KKT system (18.10), but
rather an approximation to it. As a result, the overall convergence rate drops from 1-step
superlinear to 2-step superlinear. This difference does not appear to be significant in practice.
In fact, as we discuss in Section 18.10, practical methods often achieve one-step superlinear
convergence in any case.

In the Coleman—Conn method based on (18.32), the step computation (18.27¢),
(18.27b) takes the form

Mp, = —Z[V fi, (18.42a)
ApYypy = —c(xk + Zipy)- (18.42b)
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Note that the constraints are evaluated at the intermediate iterate x; + Z; p,. One can show
that this variant achieves a one-step superlinear convergence rate and avoids the Maratos
effect described in Section 18.11.

UPDATE CRITERIA FOR REDUCED-HESSIAN UPDATING

Let us now consider the global behavior of reduced-Hessian methods and examine
the question of whether the curvature condition y/ s > 0 can be expected to hold near the
solution. Let us define the “averaged” Lagrangian Hessian W; over the step py to be

Wy = /01 V2 L(x; + Tpi, hig1)dT. (18.43)
Then for our first definition (18.30b) of y,, we have by Taylor’s theorem that
e = Wipr = Wi Zip, + Wi Yipy.
If we take sy to be the full step py, we thus obtain
Y sk = Pl Z{ WiZip, + p.Z{ WeYeps. (18.44)

Near the solution, the first term on the right-hand-side is positive under our assumption of
second-order sufficiency, but the last term is of uncertain sign. Since reduced-Hessian quasi-
Newton methods normally exhibit tangential convergence (18.41), py converges to zero faster
than does p,. Therefore, the first term on the right-hand-side of (18.44) will eventually dom-
inate the second term, resulting in a positive value for y/ s;. However, we cannot guarantee
this property, even arbitrarily close to a solution, so a safeguarding mechanism is needed to
ensure robustness.

To prevent a bad quasi-Newton update from taking place we could simply skip the
update ifa condition like (18.21) does not hold. Skipping the BEGS update is more justifiable
in the case of reduced-Hessian methods than for full-Hessian methods. For one thing, it
occurs less often; the discussion of the previous paragraph indicates that y/ sy is usually
significantly positive near the solution. In situations in which the update is skipped, the
second term in (18.44) outweighs the first term, suggesting that the step component py is
not small relative to p,. Since the normal component py is determined by first-derivative
information (see (18.27b)), which is known accurately, it generally makes good progress
toward the solution. The behavior of the step component p,, which depends on the reduced-
Hessian approximation, is therefore of less concern in this particular situation, so we can
afford to skip an update.

This discussion motivates the following skipping rule, which explicitly monitors the
magnitudes of the normal and tangential components of the step.
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Procedure 18.4 (Update-Skip).
Given a sequence of positive numbers y; with Y 7~ |y < 00;
if y/ s > 0and [ pyll < vl plls
Compute s; and y; from (18.30);
Update M with the BFGS formula to obtain M3
else
Set By11 = By;
end (if).

The choice of the sequence y; is somewhat arbitrary; values such as y; = 0.1k
have been used in practice.

In the Coleman—Conn method, y is given by (18.32). In this case, we modify the
definition of the averaged Lagrangian Hessian W, by replacing the term tp; inside the
integral (18.43) by tp,. We then obtain for y/ s; that

Vi sk = P, Z{ Wi Zips,

guaranteeing that y/ s, will be positive near the solution under our second-order sufficient
assumptions. Away from the solution, however, this term can be negative or very small.
Recall that in the unconstrained case, we used a line search strategy to ensure that y/ sy is
sufficiently large. A similar effect can be achieved in the constrained case by performing a
curved line search that roughly follows the constraints [101].

CHANGES OF BASES

All the discussion in this section has been framed in the context of an equality-
constrained problem because this simplifies the presentation and because the concepts
pertained to a single step of the algorithm. We now consider the effects of changes in
the working set, and this highlights one of the potential weaknesses of reduced-Hessian
quasi-Newton methods.

Since the working set (the set of indices that represents our best guess of the optimal
active set) changes from iteration & to iteration k + 1, so does the size of the reduced-Hessian
matrix. If one or more indices are added to the active set at a given iteration, the active
constraint gradients can be used to project the current reduced-Hessian approximation M;
onto a smaller approximation My at the new iterate. If, on the other hand, one or more
indices are deleted from the active set, the matrix Mj has larger dimension than M. It is
not obvious how the new rows and columns of Mj_,; can be initialized; some iterations may
be required before these new entries accumulate enough information to start contributing
to the quality of the steps py. Thus if constraints are added and deleted frequently, the
quasi-Newton approximations will not be of high quality. Fortunately, these difficulties will
disappear as the iterates converge to the solution, since the working set tends to settle down.
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Several procedures have been proposed to cope with this case where the Hessian
approximation increases in dimension, but none of them is completely satisfying. Therefore,
for simplicity, we will focus our specification of a practical reduced-Hessian method given
below on the equality-constrained problem (18.1) and refer the reader to [108] for a detailed
treatment of inequality constraints.

Even when the dimension of the working set does not change, there may be an abrupt
change in the null-space basis Z from one step to the next due to a different definition of
basic variables in (15.14). In addition, if the selection of the basic variables is unfortunate,
Z may be unnecessarily badly conditioned, which can introduce roundoff errors in the step
computation. All of these potential pitfalls need to be addressed in robust reduced-Hessian
methods, showing that their implementations can be quite sophisticated; see [108], [86],
(146].

A PRACTICAL REDUCED-HESSIAN METHOD

The discussion above shows that there is a great deal of complexity in a practical
reduced-Hessian method, especially if we intend it to solve large problems. Nevertheless, the
framework for this type of method, for the case of equality constraints, can be specified as
follows.

Algorithm 18.5 (Reduced-Hessian Method—Equality).
Choose parameters n € (0, 0.5), T € (0, 1);
Choose an initial pair (xg, Ag);
Choose an initial (n — m) x (n — m) symmetric positive definite
reduced-Hessian approximation My;
Evaluate fy, V fo, co, Aog;
Compute Y, and Z, that span the range space of A} and
null space of Ay, respectively;
for k=0,1,2,...
if termination test is satisfied
STOP;
Compute py and p, by solving

(AY)py = —ci, Mip, = —Z[V fi;

Set px = Yipy + Zipss

Choose u such that py is a descent direction for ¢ at x;;

Setay = 1;

while ¢ (x; + o pi; pi) > d(xk, i) + no D (xi; pre)
Reset oy, < 1,0, for some 7, € (0, T);

end (while)
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Set Xp41 = X + P

Evaluate fiy1, V fir1s Chrts Arys

Compute Yi1; and Z;, that span the range space of AZ_H and
null space of Ay41, respectively;

Compute Agy; by solving

A1 = _[YkTJrlAl{H]_lYkTJrlvka;
Set
Sk =P Yk = Zp [VaL(Xks1, A1) — Ve Lk, A1)

if update criterion is satisfied
obtain My by updating M} via formula (8.19);

else
My < My;
end (if)
end (for)

The matrix M; should be a quasi-Newton approximation of the reduced Hessian of
the Lagrangian, modified if necessary so that it is sufficiently positive definite.

18.8 TRUST-REGION SQP METHODS

Trust-region implementations of the SQP approach have several attractive properties.
Among them are the fact that they provide a means for treating the case where active
constraint gradients are linearly dependent, and that they can make direct use of second-
derivative information. Nevertheless, some of the algorithms described in this section have
only recently been proposed and have been fully developed only for the equality-constrained
case.

Therefore, we begin by focusing on the equality-constrained problem (18.1), for which
the quadratic subproblem is (18.8). By adding a trust-region constraint, we obtain the new
model

1
min EPT Wip + kaTp (18.45a)
P

subject to Ayp + cx = 0, (18.45b)
Ipll < A (18.45¢)
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Figure 18.1 Inconsistent constraints in trust-region model.

We assume for the moment that || - || denotes the £, norm, even though in practice it is
common to work with a scaled trust region of the form || Sp|| < Aj. The trust-region
radius A; will be updated depending on how the predicted reduction in the merit function
compares to the actual reduction. If there is good agreement, the trust-region radius is
unaltered or increased, whereas if the agreement is poor, the radius is decreased.

The inclusion of the ¢, trust-region constraint makes the subproblem (18.45) consid-
erably more difficult to solve than the quadratic program (18.8). Moreover, the new model
may not always have a solution because the constraints (18.45b), (18.45¢) can be inconsis-
tent, as illustrated in Figure 18.1. In this example, any step p that satisfies the linearized
constraints must lie outside the trust region.

To resolve the possible conflict between satisfying the linear constraints (18.45b) and
the trust-region constraint (18.45¢), it is not appropriate simply to increase A; until the set
of steps p satisfying the linear constraints (18.45b) intersects the trust region. This approach
would defeat the purpose of using the trust region in the first place as a way to define a
region within which we trust the model (18.45a), (18.45b) to accurately reflect the behavior
of the true objective and constraint functions in (18.1), and it would harm the convergence
properties of the algorithm. A more appropriate viewpoint is that there is no reason to try
to satisfy the equality constraints exactly at every step; rather, we should aim to improve
the feasibility of these constraints at each step and to satisfy them exactly only in the limit.
This point of view leads to three different techniques for reformulating the trust-region
subproblem, which we describe in turn.
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Figure 18.2 Relaxed constraints becoming consistent.

APPROACH I: SHIFTING THE CONSTRAINTS

In this approach we replace (18.45b) by the shifted constraint
Axp +0c =0, (18.46)

where 6 € (0, 1] is chosen small enough that the constraint set (18.45b), (18.45c¢) is feasible.
It is not difficult to find values of 6 that achieve this goal. In the example of Figure 18.1, we
see that 0 has the effect of shifting the line corresponding to the linearized constraints to a
parallel line that intersects the trust region; see Figure 18.2.

Though it is easy to find a value of 6; that makes the constraint set (18.45b), (18.45¢)
feasible, it is not a simple matter to make a choice of this parameter that ensures good
practical performance of the algorithm. The value of 6; strongly influences performance
because it controls whether the computed step p tends more to satisfy constraint feasibility
or to minimize the objective function. If we always choose 6; to be much smaller than its
maximum acceptable value (that is, if the shifted constraint line in Figure 18.2 almost passes
through the current iterate x;), then the step computed in the subproblem (18.45) will
tend to do little to improve the feasibility of the constraints c(x) = 0, focusing instead on
reduction of the objective function f.

The following implementation of the constraint-shifting approach overcomes this
difficulty by computing the step in two stages. In the first stage, we ignore the objective
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function altogether, and investigate instead just how close we can come to satisfying the
linearized constraints (18.45b) while staying well inside the trust region (18.45¢). To be
precise, we solve the following “normal subproblem”:

min || Axv + ¢l (18.47a)
v
subject to [[vl2 < ¢ A, (18.47b)

where ¢ is some parameter in the interval (0, 1); a typical value is ¢ = 0.8. We call the
solution vy of this subproblem the normal step. We now demand that the total step pj of the
trust-region method give as much reduction toward satisfying the constraints as the normal
step. This is achieved by replacing 6¢; by — Ay vy in (18.46), yielding the new subproblem

1
min EpTWkp +V£lp (18.48a)

P
subjectto Axp = Arwg, (18.48b)
Ipll2 < Ag. (18.48¢)

It is clear that the constraints (18.48b), (18.48¢) of this subproblem are consistent,
since the choice p = vy satisfies both of these constraints.

The new subproblem (18.48) differs from the trust-region subproblems for un-
constrained optimization described in Chapter 4 because of the presence of the equality
constraints (18.48b). However, as we show in the next section, where we outline a prac-
tical implementation of this approach, we can eliminate these constraints and obtain a
subproblem that can be solved by the trust-region techniques described in Chapter 4.

APPROACH II: TWO ELLIPTICAL CONSTRAINTS

Another modification of the approach is to reformulate the SQP subproblem as

1
min EpTWkp +Viflp (18.49a)
p
subjectto || Axp + ckll2 < m, (18.49b)
Pl < Ag. (18.49¢)

(Note that this problem reduces to (18.45) when m; = 0.) There are several ways to choose
the bound 7r;. The first is to demand that the step p; be at least as good toward satisfying
the constraints as a steepest descent step. We define

e = | Axp© + ckll2,
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where p© is the Cauchy point for the problem
min m(v) = |Agv + ¢ |5 subject to ||v]l; < Ax. (18.50)

(Recall from Chapter 4 that the Cauchy point is the minimizer of m along the steepest descent
direction —Vm(0) subject to the trust-region constraint.) It is clear that this choice of mx
makes the constraints (18.49b), (18.49¢) consistent, since p© satisfies both constraints. Since
this choice forces the step obtained by solving (18.50) to make at least as much progress
toward feasibility as the Cauchy point, one can show that the iteration has good global
convergence properties.

An alternative way to select 7 is to define it to be any number satisfying

min [|[Agp + il <m < min [ Arp + )
Ipll><by A 2 Iplla<ha A »

where b, and b, are two constants such that 0 < b, < b; < 1. For the standard choices of
by and b,, this is a more stringent condition that forces greater progress toward satisfying
feasibility, and it may provide better algorithm performance.

Regardless of the value of 7, subproblem (18.49) is more difficult to solve than a stan-
dard trust-region problem. Various techniques for finding exact or approximate solutions
have been proposed, and all are satisfactory for the case in which # is small or Ay and W
are dense. However, efficient algorithms for this subproblem are still not established for the
large-scale case. For this reason, we will not give further details on this method.

APPROACH III: S/, QP (SEQUENTIAL ¢, QUADRATIC PROGRAMMING)

The two approaches above were developed specifically with equality-constrained opti-
mization in mind, and itis not trivial to extend them to inequality-constrained problems. The
approach to be described here, however, handles inequality constraints in a straightforward
way, so we describe it in terms of the general problem (18.11).

The SQP quadratic programming subproblem is now given by (18.12). As before, we
face the difficulty that addition of a trust-region bound to this model may cause the constraint
set for this subproblem to become infeasible. To avoid this difficulty, the S¢,; QP approach
moves the linearized constraints (18.12b), (18.12¢) into the objective of the quadratic pro-
gram, in the form of an ¢, penalty term, leaving only the trust region as a constraint. This
strategy vields the following subproblem:

. 1 1
min V£ p+ —p"Wip +— " lei(x) + Vei(x) pl
P 2 Hk ief
1
+— > leilx) + Ve (x0) pl™ (18.51)
Mk et
subject to || plloc < Ay,
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where we use the notation [x]~ = max{0, —x}. The positive scalar j; is the penalty parame-
ter, which defines the weight that we assign to constraint satisfaction relative to minimization
of the objective.

The trust region uses the £, norm because it makes the subproblem easier to solve.
Indeed, by introducing slacks and artificial variables into (18.51), we can formulate this
problem as a quadratic program and solve it with standard algorithms for quadratic pro-
gramming. These algorithms can be modified to take advantage of the special structure
in (18.51), and they should make use of so-called hot-start information. This consists of
good initial guesses for the initial point and optimal active set for (18.51), reuse of matrix
factorizations, and so on.

We use the £; merit function ¢,

¢ ) = f() + =Dl )l + =Y lai(0)], (18.52)

1 1
Hiee K
to decide on the usefulness of the step generated by solving (18.51). In fact, the subproblem
(18.51) can be viewed as an approximation to (18.52) in which we set u = py, replace each
constraint function ¢; by its linearization, and replace the “smooth part” f by a quadratic
function whose curvature term includes information from both objective and constraint
functions. The S¢; QP algorithm accepts the approximate solution of (18.51) as a step if the
ratio of actual to predicted reduction in ¢, is not too small. Otherwise, it decreases the trust-
region radius Ay and re-solves the subproblem to obtain a new candidate step. Other details
of implementation follow those of trust-region methods for unconstrained optimization.

This approach has many attractive properties. Not only does the formulation (18.51)
overcome the possible inconsistency between the linearized constraints and the trust region,
it also allows relaxation of the regularity assumption on Ay. In the subproblem (18.51),
the matrix Wy can be defined as the exact Hessian of the Lagrangian or a quasi-Newton
approximation, and there is no requirement that it be positive definite. Most importantly,
when p; (equivalently, 1 in (18.52)) is chosen to be sufficiently large, local minimizers of the
merit function ¢; normally correspond to local solutions of (18.11), so that the algorithm
has good global convergence properties.

It has been conjectured, but not fully established, that the S¢;QP algorithm can be
very sensitive to the choice of penalty parameter uy. As noted above, it should be chosen
small enough to ensure that local minimizers of ¢ (with & = ) correspond to local
solutions of (18.11). There exist simple examples for which a value of 14 that is just above
the required threshold can produce an objective in (18.51) that is unbounded below, leading
to erratic behavior of the algorithm. On the other hand, as in any penalty function approach
(Chapter 17), very small values of u will cause the constraint violation terms to “swamp” the
objective function term, possibly leading to behavior similar to unmodified SQP (at best)
and to termination at a point that is feasible but not optimal (at worst).

There is another complication with this basic S¢; QP approach, which is known as the
Maratos effect. In this phenomenon, steps that make good progress toward the solution of
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(18.11) are rejected because they cause an increase in the merit function ¢; . Left unattended,
the Maratos effect can cause the algorithm to repeatedly reject good steps, and therefore to
become extremely slow on some problems. Fortunately, the Maratos effect can be overcome
by applying the techniques described in Section 18.11. For concreteness we now describe
how one of these techniques—the second-order correction—can be applied in this context.

We first solve (18.51) to obtain a step py. If this step gives rise to an increase in the
merit function ¢;, then this may be an indication that our linear approximations to the
constraints are not sufficiently accurate. To overcome this we could resolve (18.51) with the
linear terms ¢; (x;) + V¢, (xx )T p replaced by quadratic approximations,

¢i(xi) + Ve () p+ 3p" Vei(x) p. (18.53)

But this is not practical, even if the Hessians of the constraints are individually available,
because the subproblem becomes very hard to solve. Instead, we evaluate the constraint
values at the new point x; + pr and make use of the following approximations. Ignoring
third-order terms, we have

¢i(xx + pr) = ci(x) + Ve (x0) " pe + 2pf Ve (x)" pr. (18.54)

Even though we don’t know what the step p would be if we used the quadratic approximations
(18.53) in the subproblem, we will assume that

p'Viei(x) p=p[Vc:(x) py. (18.55)

Making this substitution in (18.53) and using (18.54) yields the second-order correction
subproblem

. 1 1 1 B
min V£ p+=p"Wip+— Y ldi + Vei ()" pl+ — Y _ldi + Vei(x)" p]
r 2 Hk ief Hik i€Z
subject to || plloc < Ag, (18.56)

where
di = ¢i(xp + pr) — VCi(Xk)TPk-

This problem has a similar form to (18.51) and can be solved with the same techniques.
Since the active set at the solution of (18.56) is often the same as, or similar to, that of
the original problem (18.51), hot-start techniques can be used to solve (18.56) with little
additional effort.

The second-order correction step requires evaluation of the constraints ¢; (x; + px)
fori € £ UZ, and therefore it is preferable not to apply it every time that the merit function
increases. Moreover, the crucial assumption (18.55) will normally not hold if the step is
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large, and we need to make sure that the trust region is asymptotically large enough not to
interfere with the correction step. As a result it is necessary to use sophisticated heuristics to
maximize the benefit of the second-order correction step; see Fletcher [83, Chapter 14].

18.9 A PRACTICAL TRUST-REGION SQP ALGORITHM

In the previous section we have described three practical frameworks for trust-region SQP
methods. We will now elaborate on Approach I, which is based on (18.47) and (18.48), and
give a detailed algorithm. There is a considerable amount of flexibility in the computation of
the normal step v and the total step p, particularly since exact solutions of the normal sub-
problem (18.47) or the main trust-region subproblem (18.48) are not needed; approximate
solutions often suffice.

The normal subproblem (18.47) can be approximately solved by the conjugate gradient
method (see Algorithm 4.3 in Chapter 4) or by means of the dogleg method. The latter cannot
be implemented exactly as in Chapter 4, because the Newton step is not uniquely defined:
Singularity of the Hessian in (18.47a) ensures that there are infinitely many “Newton steps”
that minimize the quadratic model. If we assume that A; has full rank and choose our
particular “Newton step” in the dogleg method to be the vector of minimum Euclidean
norm that satisfies Ayv + ¢; = 0, we have that

Pt = —AL[AA] ] e

As defined in Chapter 4, the Cauchy point is the minimizing point for the objective (18.47a)
along the direction —A] ¢, so it, too, lies in the range space of A/ . Since the dogleg step v
is a linear combination of these two directions, it, too, lies in the range space of AZ.

Let us now consider the solution of the main subproblem (18.48). An efficient tech-
nique, which is suitable for small or large problems, is to use a reduced-Hessian approach.
Since the normal step vy is in the range space of A}, we express the total step py as

Pr = Uy + Zyuy, forsome u € R"™™, (18.57)

where Zj is a basis for the null space of A] . That is, we fix the component of py in the range
space of A! to be exactly vy, the normal-step vector, and allow no other movement in this
direction. By substituting this form of p; into (18.48a), (18.48b), we obtain the following
tangential subproblem in the reduced variable u:

1
min me(u) = (V fo + Wevd)T Zu + Su" Z{ Wiz (18.58a)
u

subjectto || Zgully < /A7 — llvgll3. (18.58b)
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Figure 18.3 The step py = v + Ziuy of the trust-region method.

(Note that we have dropped all terms in the objective (18.58a) that are independent of u,
since they do not affect the solution.) The simple form (18.58b) of the trust-region constraint
is a consequence of the fact that the components vy and Zu; in (18.57) are orthogonal.
We cannot treat (18.58b) as a scaled trust-region constraint, since the matrix Zy is not even
square, in general. Nevertheless, we can write (18.58b) as

uTS,fu < Ai, with Slf = ZkTZk,

where Sy is positive definite, since Z; has linearly independent columns.

We call the solution Zu; of (18.58) the tangent step. It cannot be computed by the
dogleg method, unless we have an assurance that the reduced Hessian Z] W) Z; is positive
definite. But the conjugate gradient (CG) method, as given in Algorithm 4.3 of Chapter 4,
can always be applied to this subproblem. Effective ways of preconditioning the CG iteration
in this case are the subject of continuing investigation.

Figure 18.3 illustrates the normal and tangent steps for a simple problem with two
unknowns and one nonlinear equality constraint. The dashed elliptical lines represent level
curves of the objective f(x), with the minimum in the lower right part of the picture. The
equality constraint is represented as a solid line, and the broken circle is the trust-region
constraint. The tangent space of the constraints is shown as a dotted line through the point
X (Zy has just a single column in this example), and the normal step is perpendicular to
this space. This same manifold translated to the point x4 + v defines the possible set of



560

CHAPTER 18. SEQUENTIAL QUADRATIC PROGRAMMING

tangential steps, as shown by the lower dotted line. The final step py in this case reaches all
the way to the trust-region constraint.
A merit function that fits well with this approach is the nondifferentiable £, function

1
d(x,pn) = fx)+ ﬁllc(x)llz. (18.59)

(Note that the £; norm is not squared). The use of the £, norm is consistent here and in the
normal subproblem, but other merit functions can also be used. The actual reduction in this
function at the candidate step py is defined as

ared = ¢ (xx, i) — ¢(xx + pr, pi),

while the predicted reduction is
pred = m(0) — my(u) + u,:lvpred,

where my, is defined in (18.58a), and vpred is the reduction in the model (18.47a) obtained
by the normal step vy, and is given by

vpred = Jlc(x)ll — lle(xe) + Agvell.
We require that 14 be small enough that pred be positive and proportional to vpred, i.e.,
pred > ppu; 'vpred, (18.60)

where 0 < p < 1 (for example, p = 0.3). We can enforce this inequality by choosing the
penalty parameter py such that

-1y mi(0) — my(u)

¢ 2 T yvored (18.61)

We can now give a precise description of this trust-region SQP method for the equality-
constrained optimization problem (18.1).

Algorithm 18.6 (Trust-Region SQP).
Choose constants € > 0 and n, ¢, y € (0, 1);
Choose starting point x, initial trust region Ay > 0;
fork=0,1,2,...
Compute f, ¢k, V fr> Axs
Compute multiplier estimates Ak by (18.16);
if |V fi = Al dilloo < € and [|cilloo < €
STOP with approximate solution xy;
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Solve the normal subproblem (18.47) for vy;
Compute matrix Z; whose columns span the null space of Ay;
Compute or update Wy;
Solve (18.58) for uy;
Set pr = vk + Ziuy;
Compute p; = ared/pred;
ifpr >n

Set Xpq1 = Xi + pis

Choose Ay to satisfy Agpy > Ag;
else

Set X1 = X3

Choose Ay to satisfy A1 < v pells

end (for).

The constant ¢ that defines the smaller trust region for the normal problem (18.47) is
commonly chosen to be 0.8, but this value is not critical to the performance of the method.

Algorithm 18.6 can be extended to problems with inequality constraints in two differ-
ent ways. One is by using an active-set-type approach, and the other is in an interior-point
framework, where an adaptation of Algorithm 18.6 is used to solve barrier problems; see
the Notes and References. As in any null-space method, the drawback of defining the step
P in terms of two components v, and Zu is the need to compute the null-space basis Z.
Nevertheless, one can rearrange the CG iteration to bypass the computation of Z altogether
(see the exercises).

Unfortunately, the merit function (18.59) suffers from the Maratos effect, and it is
therefore appropriate to include in Algorithm 18.6 the watchdog technique or the second-
order correction term (18.67) described in Section 18.11. If we use the latter, it is not efficient
to apply this correction after every step that increases the merit function, as in the S¢; QP
method. A heuristic that has proved to be effective in practice is to apply the second-order
correction only if the normal step is significantly smaller than both the tangential step and
the trust-region radius.

18.10 RATE OF CONVERGENCE

We now derive conditions that guarantee the local convergence of SQP methods, as well
as conditions that ensure a superlinear rate of convergence. For simplicity, we limit our
discussion to Algorithm 18.1 given in Section 18.1 for equality-constrained optimization,
but we will consider both exact Hessian and quasi-Newton versions of it. The results presented
here can be applied to algorithms for inequality-constrained problems, once the active set has
settled (see Theorem 18.1), and they can also be invoked in studying global algorithms, since
in the vicinity of a solution that satisfies the assumptions below, the globalization strategies
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normally do not interfere with the good convergence behavior of the local algorithm. (An
exception to this comment is provided by the Maratos effect, which we discuss in the next
section.)

We begin by listing a set of assumptions on the problem and the quasi-Newton ap-
proximations By that will be useful in this section. Each of the results below makes use of
one or both of these conditions.

Assumption 18.2.
(a) At the solution point x* with optimal Lagrange multipliers 1, the constraint Jacobian A,
has full row rank, and the Hessian of the Lagrangian V2 L(x*, 1*) is positive definite on
the tangent space of the constraints.

(b) The sequences { By} and { B, 'Y are bounded, that is, there exists a constant B, such that
IBill < B> Bl < B, forallk.
We first consider a Newton SQP method that uses exact second derivatives.

Theorem 18.4.

Suppose that Assumption 18.2(a) holds and that f and c are twice differentiable, with
Lipschitz continuous second derivatives, in a neighborhood of (x*, A*). Then if xo and 1, are
sufficiently close to x* and A*, the pairs (xi, i) generated by Algorithm 18.1 with Wy, defined
as the Hessian of the Lagrangian converge quadratically to (x*, 1*).

The proof follows directly from Theorem 11.2.

We turn now to quasi-Newton variants of Algorithm 18.1, in which the augmented
Lagrangian Hessian Wy, = V2 _L(xy, A;) is replaced by a quasi-Newton approximation By.
We will make use of the projection matrix Py defined for each iterate k by

-1
Po=1-Al [AAT] A= 222]

where Z; has orthonormal columns. This matrix projects any vector in R” into the null
space of the constraint gradients.

The projected Hessian P, Wy plays a crucial role in the analysis. To motivate this, we
multiply the first equation of the KKT system (18.10) by Py, and use the fact that P A,{ =0
to obtain

PWipr = =PV fi.
This equation shows that the step is completely determined by the one-sided projection

of Wy and is independent of the rest of W;. It also suggests that a quasi-Newton method
will be locally convergent if Py By is a reasonable approximation of P, Wy, and that it will
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be superlinearly convergent if P, B, approximates P, W, accurately. To make the second
statement more precise, we present a result that quantifies the quality of this approximation
in a way that can be viewed as an extension of the Dennis and Moré characterization (3.5)
of superlinear convergence from the unconstrained case to the equality-constrained case.

Theorem 18.5 (Boggs, Tolle, and Wang [24]).

Suppose that Assumption 18.2(a) holds and that the iterates x; generated by Algo-
rithm 18.1 with quasi-Newton approximate Hessians By converge to x*. Then x; converges
superlinearly if and only if the Hessian approximation By, satisfies

I | Pi(Bi — W) (X1 — x50 ||
1m =

0. (18.62)
k=00 k1 — xill

Let us apply these results to the quasi-Newton updating schemes discussed earlier in
this chapter. We begin with the full BFGS approximation based on (18.20). To guarantee that
itis always well-defined we make the (strong) assumption that the Hessian of the Lagrangian
is positive definite at the solution.

Theorem 18.6.

Suppose that W, and By are symmetric and positive definite, and that Assump-
tions 18.2(a), (b) hold. If ||xo — x*|| and || By — W.| are sufficiently small, then the iterates
xi generated by Algorithm 18.1 with BFGS Hessian approximations By, defined by (18.20) and
(18.23) (withry = sy ) satisfy the limit (18.62). Therefore, the iterates x;. converge superlinearly
to x*.

For the damped BFGS updating strategy given in Procedure 18.2, a weaker result has
been obtained. If we assume that the iterates x; converge to a solution point x*, we can show
that the rate of convergence is R-superlinear (not the usual Q-superlinear; see Chapter 2).
Similar results can be obtained for the updating strategies based on the Hessian of the
augmented Lagrangian (18.25).

CONVERGENCE RATE OF REDUCED-HESSIAN METHODS

Reduced-Hessian SQP methods update an approximation M to Z] Wy Z;. From the
definition of P, we see that Zy M Z] can be considered as an approximation to the two-
sided projection Py Wy Py.. Therefore, since reduced-Hessian methods do not approximate
the one-sided projection P, Wy, we cannot expect (18.62) to hold. For these methods we can
derive a condition for superlinear convergence by writing (18.62) as

lim

k—o00

[Pk(Bk — W) Pe(Xpq1 — X) (18.63)

lxk+1 — xkll
Pu(By — W)(I — P) (X1 — m} e
k1 — xill )
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To use this limit, we define the n x n matrix B, = ZkMkaT . The following result shows
that it is necessary only for the first term in (18.63) to go to zero to obtain a weaker form of
superlinear convergence, namely, two-step superlinear convergence.

Theorem 18.7.

Suppose that Assumption 18.2(a) holds, and that the matrices By are bounded. Assume
also that the iterates x; generated by Algorithm 18.1 with approximate Hessians By converge to
x*, and that

. | Pe(Bi — W) Pi(Xiq1 — xi) |l
m =
k=00 lxkr1 — xkll

0. (18.64)

Then the sequence {x;} converges to x* two-step superlinearly, i.e.,

X2 — Xl
koo lxe — x|

We have mentioned earlier that reduced-Hessian methods often exhibit tangential
convergence, meaning that the normal component of the step is much smaller than the
tangential component; see (18.41). In other words, the ratio

(1 — Po) kg — xi) |
lxk+1 — Xkl

tends to zero. Then it follows from (18.63) and (18.64) that the rate of convergence is actually
one-step superlinear. This rate will occur even when the term Py (B — W,)(I — P;) is not
small, as is the case when we ignore this cross term (see (18.18)).

Let us consider a local reduced-Hessian method using BFGS updating. The iteration
is X1 = Xk + Yipy + Zi p,, where py and p, are given by (18.27). The reduced-Hessian
approximation My is updated by the BFGS formula using the correction vectors (18.30), and
the initial approximation M is symmetric and positive definite. If we make the assumption
that the null space bases Z; used to define the correction vectors (18.30) vary smoothly, i.e.,

1Zi = Zill = O(llxx — x™|)), (18.65)
then we can establish the following result that makes use of Theorem (18.7).

Theorem 18.8.

Suppose that Assumption 18.2(a) holds. Let x; be generated by the reduced-Hessian
method just described. If the sequence {x;} converges to x* R-linearly, then {M} and {M, h
are uniformly bounded and x;, converges two-step superlinearly.

It is necessary to make use of the smoothness assumption (18.65) on Z; for the
following reason. There are many null-space bases for the matrix of constraint gradients A
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(Chapter 15). If the choice of this null-space basis changes too much from one iterate to
the next, superlinear convergence will be impeded because the quasi-Newton update will
be based on correction vectors s; and y; that exhibit jumps. Indeed, in many cases, any
procedure for computing Z; as a function of Ay alone will have discontinuities, even for
full-rank A;. Before computing a basis Z; we need to take into consideration the choice
made during the previous iteration.

Two procedures have been proposed to cope with this difficulty. One is to obtain Z;
by computing a QR factorization of Ay (see (A.54)) in which the inherent arbitrary choices
in the factorization algorithm are made, near the solution, in the same way as in computing
Zi—1 from Ag_;. As a result, when the matrices A, are close to A, the same choice of sign
will be made at each step. Another procedure consists in applying the orthogonal factor of
the QR factorization of A;_; to Ay, and then computing the QR factorization of Q/{qu to
obtain Qy, and thus Z;. One can show that either of these two procedures satisfies (18.65).

18.11 THE MARATOS EFFECT

We noted in Section 18.9 that some merit functions can impede the rapid convergence
behavior of SQP methods by rejecting steps that make good progress toward a solution. This
undesirable phenomenon is often called the Maratos effect, because it was first observed by
Maratos [156]. It is illustrated by the following example, in which the SQP steps py give rise
to a quadratic convergence rate but cause an increase both in the objective function value
and the constraint norm. As a result, these steps will be rejected by many merit functions.

(J ExAmPLE 18.1 (POWELL [209])

Consider the problem
min f(x, x;) = 2(x12 +x§ — 1) —x;, subjectto xf +x§ —1=0.

It is easy to verify (see Figure 18.4) that the optimal solution is x* = (1, 0)7, that the
corresponding Lagrange multiplier is A* = 2, and that V2, £(x*, 1*) = I.

Let us consider an iterate x; of the form x; = (cos @, sin6)”, which is feasible for any
value of 6. We now generate a search direction p; by solving the subproblem (18.8) with
By = Vi L(x*, A*) = I. Since

Fla) 0 Y Fa) 4cosh — 1 A )T 2cosf
Xr) = —cos0, Xp) = , X = ,
k ¢ 4sin6 ¢ 2sin6
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contours of f

g ‘—_‘\‘\ x(l)

Figure 18.4 The Maratos effect: Example 18.1.

the quadratic subproblem (18.8) takes the form

1 1
min —cosf + (4cos — 1)p; + 4sinbp, + zpf + Ep%

subject to p, = — cotOp;.

By solving this subproblem, we obtain

sin® 0 (18.66)
Pr= —sinfcosh |~ '

which yields a new trial point

n cos@ + sin’ 6
X = .
kTP sinf(1 — cos @)

If sin 6 # 0, we have that

llxx + px — x*|l, = 2sin*(9/2), llxx —x*l> = 2| sin(0/2)],
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and therefore

lxe + pic —x*l2 1

o — x5 2

Hence, this step approaches the solution at a rate consistent with Q-quadratic convergence.
Note, however, that

f(xe + pr) =sin?0 — cos@ > —cosO = f(xz),

c(xg + pr) =sin® 0 > c(x;) =0,

so that both the objective function value and constraint violation increase over this step.
In Figure 18.4 we illustrate the case where & = 7/2 and the SQP method moves from

x© =(1,0) tox™M = (1, 1). We have chosen a large value of € for clarity, but note that we

have shown that the step will be rejected for any nonzero value of 6. O

This example shows that any merit function of the form
1
Wxs ) = flx) + ;h(C(X))

(where Ah(-) is a nonnegative function satisfying 2(0) = 0) will reject the step (18.66), so
that any algorithm based on a merit function of this type will suffer from the Maratos effect.
Examples of such merit functions include the smooth ¢, merit function f(x) + u ™" [lc(x) |3
and the nondifferentiable £; function f(x) + p™!|lc(x)]:.

If no measures are taken, the Maratos effect can dramatically slow down SQP methods.
Not only does it interfere with good steps away from the solution, but it can also prevent su-
perlinear convergence from taking place. Techniques for avoiding the Maratos effect include
the following.

e We can use a merit function that does not suffer from the Maratos effect. An example
is Fletcher’s augmented Lagrangian function (18.36), for which one can show that
steps generated by Algorithm 18.1 will be accepted in a neighborhood of a solution
point that satisfies the second-order sufficient conditions.

e We can use a second-order correction in which we add to p; a step p;, which is
computed at ¢(x; + py) and which provides sufficient decrease in the constraints. See,
for example, (18.56), which is the second-order correction subproblem for the S¢; QP
method.

e We may allow the merit function W to increase on certain iterations, that is, we can
use a nonmonotone strategy. An example is the watchdog technique discussed below.

We now discuss the last two approaches.
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SECOND-ORDER CORRECTION

By adding a correction term that provides further decrease in the constraints, the
SQP iteration overcomes the difficulties associated with the Maratos effect. We have already
described this second-order correction technique in Section 18.8 in connection with the
S$¢,QP algorithm, which is a trust-region algorithm based on the nondifferentiable £, merit
function. Here, we outline the way in which the same idea can be applied to a line search
algorithm, also based on the ¢; merit function.

Given an SQP step py, the second-order correction step wy is defined to be

wi = —A{ (AkAD) el + po). (18.67)

Note that wy has the property that is satisfies a linearization of the constraints c at the point
X; + pi, that is,

Agwy + c(x; + pr) = 0.

In fact, wy is the minimum-norm solution of this equation. The motivation is similar to
that used in (18.53) and (18.54), which gives the corresponding strategy for the trust-region
S€,QP algorithm. The effect of the correction step wy, which is normal to the constraints, is
to decrease the quantity ||c(x)|| to the order of ||x; — x*||*. By doing so, we guarantee that
the step from x; to x; + px + wy will decrease the merit function, at least near the solution.
The price we pay is an additional evaluation of the constraint function ¢ at x; + py.

Following is a detailed implementation of the second-order correction step in a line
search SQP method in which the Hessian approximation is updated by a quasi-Newton
formula. As before, we denote the directional derivative of the merit function ¢, in the
direction py by D(¢(xx; i); px). Itis understood that the penalty parameter u is held fixed
until a successful step is computed.

Algorithm 18.7 (SQP Algorithm with Second-Order Correction).
Choose parameters n € (0,0.5)and 7, i, with0 < 7y <7, < 15
Choose initial point x and approximate Hessian By;
for k=0,1,2,...

Evaluate fi, V fi, ¢k, Ag;
if termination test is satisfied
STOP;
Compute the SQP step py;
Set o) < 1, newpoint <« false;
while not newpoint
if 1 (xx + ke pi) < d1(xk) + nou Dy (xi; prc)
Set Xg11 < Xp + o pi;
Set newpoint <« true;
elseif o =1
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Compute wy from (18.67);
if ¢1 (xx + pr + wi) < 1 (xx) + nDy (x5 pr)
Set xp1 < Xk + pr + wis
Set newpoint < true;
end (if)
Choose new o in [Ty, Trot 3
else
Choose new «; in [T10, Tr0t J;
end (if)
end (while)
Update By using a quasi-Newton formula to obtain By, 1;
end (for)

One can show that after a finite number of iterations of Algorithm 18.7, the value
oy = 1 always produces a new iterate xy1, which can have the form either x¢; = xx + px
or Xx11 = Xx; + pr + wg. Therefore, the merit function does not interfere with the iteration,
and superlinear convergence is obtained, as for the local algorithm.

Note that the step wy can be defined more generally in terms of any matrix ¥; whose
columns are a basis for the subspace spanned by the columns of A;.

The second-order correction strategy is effective in practice. The additional cost of
performing the extra constraint function evaluation in (18.67) is outweighed by added
robustness and efficiency.

WATCHDOG (NONMONOTONE) STRATEGY

The inefficiencies caused by the Maratos effect can also be avoided by occasionally
accepting steps that increase the merit function. (Such steps are called “relaxed steps.”)
There is a limit to our liberality, however: If a sufficient reduction of the merit function has
not been obtained within a certain number of iterates of the relaxed step (f iterates, say),
then we return to the iterate before the relaxed step and perform a normal step, using a line
search or some other technique to force a reduction in the £; merit function.

Our hope is, of course, that the relaxed step is a good step in the sense of making
progress toward the solution, even though it increases the merit function. The step taken
immediately after the relaxed step serves a similar purpose to the second-order correction
step above; that is, it corrects the SQP step for its not taking sufficient account of curvature
information for the constraint functions in its formulation of the SQP subproblem.

We now describe a particular instance of this technique, which is often called the
watchdog strategy. We set f = 1, so that we allow the merit function to increase on just a
single step before insisting on a sufficient decrease of some type. As above, we focus our
discussion on a line search SQP algorithm that uses the £; merit function. We assume that
the penalty parameter p; is not changed until a successful cycle has been completed. For
simplicity we omit the details of the calculation of step length ¢ and the termination test.
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Algorithm 18.8 (Watchdog).
Choose constant n € (0, 0.5);
Choose initial point xq and approximate Hessian By;
Setk < 0,S < {0};

repeat

Evaluate fi, V fi, ¢k, Ags
if termination test satisfied

STOP with approximate solution xy;

Compute the SQP step py;

Set Xpq1 < Xk + pis

Update By using a quasi-Newton formula to obtain By ;
if 1 (xk41) < @1 (xi) + 0D (xi; pre)

else

k<—k+1;
S <« SU{k}

Compute the SQP step pii1;
Find oty such that
&1 (X42) < d1 (1) + notr1 Dy (Xiy1; prr1)s
Set Xg42 < Xkt1 + Okl Prt 15
Update By, using a quasi-Newton formula to obtain By;
if 1 (xpq1) < d(Oxx) or ¢y (xpy2) < 1 (k) + n Dy (x5 pr)
k<~ k+2
S « SU ks
elseif ¢1(x2) > ¢ (i)
Find o such that ¢ (xx43) < é1(xx) + nax Doy (xi; pr)s
Compute X;13 = X + o Pis
else
Compute the SQP step py2;
Find oy, such that
&1 (X43) < d1(X2) + N2 Dy (Xiy2; Prra)s
Set X453 <= X2 + Cht2 Prt2s
Update By, using a quasi-Newton formula to obtain By 3;
k < k+3;
S <~ SU k)
end (if)

end (if)

end (repeat)

A quasi-Newton update at x4 is always performed using information from the imme-
diately preceding step x4 — xi. The set S is not required by the algorithm and is introduced
only to identify the iterates for which a sufficient merit function reduction was obtained.

Note that at least one third of the iterates have their indices in S. By using this fact, one can
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show that the SQP method using the watchdog technique is locally convergent, that for all
sufficiently large k the step length is o = 1, and that the rate of convergence is superlinear.

In practice, it may be advantageous to allow increases in the merit function for more
than 1 iteration. Values of 7 such as 5 or 10 are typical. For simplicity, we have assumed that
the matrix is updated at each iterate along the direction moved to reach that iterate, even
though in practice it may be preferable not to do so at certain iterates that will be rejected.

As this discussion indicates, careful implementations of the watchdog technique have
a certain degree of complexity, but the added complexity is worthwhile because the approach
has shown good practical performance. A potential advantage of the watchdog technique
over the second-order correction strategy is that it may require fewer evaluations of the
constraints. Indeed, in the best case, most of the steps will be full SQP steps, and there
will rarely be a need to return to an earlier point. There is insufficient numerical experience,
however, to allow us to make broad claims about the relative merits of watchdog and second-
order correction strategies.

NOTES AND REFERENCES

SQP methods were first proposed in 1963 by Wilson [245] and were developed in the
1970s (Garcia-Palomares and Mangasarian [97], Han [131, 132], Powell [202, 205, 204]. See
Boggs and Tolle [23] for a literature survey. The successive linear programming approach
outlined at the end of Section 18.1 is described by Fletcher and Sainz de la Maza [89]. The
relation between SQP and augmented Lagrangian methods is explored by Tapia [234]

Another method that depends on x alone can be derived by applying Newton’s method
to the reduced form of the first-order KKT equations,

T
Flx) = [ Z(x)" 8(x) } —o. (18.68)
c(x)

This system of n nonlinear equations in n unknowns does not involve any Lagrange multiplier
estimates and is an excellent example of a primal method for nonlinear optimization. The
Jacobian of this system requires the computation of the derivative Z’(x), which is not directly
available. However, when we drop terms that involve Z’, we obtain a scheme that is related
to SQP methods (Goodman [117]).

A procedure for coping with inconsistent linearized constraints that is different from
the one presented in Section 18.3 is described by Powell [202].

Reduced-Hessian SQP methods were perhaps first proposed by Murray and Wright
and Coleman and Conn; see [23] for a literature survey. Since then, many papers have been
written on the subject, and the algorithms have proved to be useful in applications such as
chemical process control and trajectory optimization.

Some analysis shows that several—but not all—of the good properties of BEGS updat-
ing are preserved by damped BFGS updating. Numerical experiments exposing the weakness
of the approach are reported by Powell [208].
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Most SQP methods are normally infeasible methods, meaning that neither the initial
point nor any of the subsequent iterates need to be feasible. This can be advantageous when
the problem contains significantly nonlinear constraints, because it can be computationally
expensive to stay inside the feasible region. In some applications, however, the functions
that make up the problem are not always defined outside of the feasible region. To cope with
this phenomenon, feasible SQP methods have been developed; see, for example, Panier and
Tits [189].

Many SQP codes treat linear constraints differently from nonlinear constraints. There
is a first phase in which the iterates become feasible with respect to all linear constraints, and
all subsequent iterates remain feasible with respect to them. This is the case in NPSOL [111]
and SNOPT [108]. To deal with inconsistent or nearly dependent constraints, these codes
make use of a flexible mode in which the constraints of the problem are relaxed.

The interior-point method for nonlinear programming described by Byrd, Hribar,
and Nocedal [34] uses Algorithm 18.6 to solve the equality-constrained subproblems arising
in barrier methods.

Second-order correction strategies were proposed by Coleman and Conn [44], Fletcher
[82], Gabay [96], and Mayne and Polak [161]. The watchdog technique was proposed by
Chamberlain et al. [40].

Procedures for computing a smoothly varying sequence of null-space matrices Z; are
described by Coleman and Sorensen [50] and Gill et al. [109].

More realistic convergence results have been proved for reduced-Hessian quasi-
Newton methods; see Byrd and Nocedal [36].

& EXERCISES

&  18.1 Prove Theorem 18.4.

&  18.2 Write a program that implements Algorithm 18.1. Use it to solve the problem

min e**ss — %(xl3 + x5 + 1)
subject to x{ + x5 + x5 + x5 + x2 — 10 = 0,
XoX3 — 5.X'4)C5 = 0,
x;4+x,+1=0.
Use the starting point xo = (—1.71, 1.59, 1.82, —0.763, —0.763). The solution is x* =
(—1.8,1.7,1.9,-0.8, —0.8).
& 18.3 Show that the damped BFGS updating satisfies (18.24).

&  18.4 Suppose that x* is a solution of problem (18.1) where the second-order suffi-
ciency conditions hold. Show that y/ s, > 0 in a neighborhood of this point when y; and sy
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are defined by (18.30a), (18.32). What assumption do you need to make on the multiplier
estimates?

&  18.5 Prove (18.38).

& 18.6 Consider the constraint x + x3 = 1. Write the linearized constraints (18.8b) at
the following points: (0, 0), (0, 1), (0.1, 0.02), —(0.1, 0.02).

&  18.7 Write a program that implements the reduced-Hessian method (EQ) and use it
to solve the problem given in Exercise 3.

&  18.8 Show that the normal problem (18.47a)—(18.47b) always has a solution vy, lying
in the range space of A]. Hint: First show that if the trust-region constraint (18.47b) is
active, then vy lies in the range space of Al ; then show that if the trust region is inactive,
then the minimum-norm solution of (18.47a) lies in the range space of A/ .

& 18.9 Rewrite (18.51) as a quadratic program.

&  18.10 Let us consider the solution of the tangential problem (18.58a)—(18.58b) by
means of the conjugate gradient method. We perform the change of variables & = Z,u that
transforms (18.58b) into a spherical trust region. Applying CG to the transformed problem
is nothing but a preconditioned CG iteration with preconditioner [ZkT Z:]7L. Noting that
the solution u of this problem needs to be multiplied by Z; to obtain the tangent step Zuy,
we see that it is convenient to perform this multiplication by Z; directly in the CG iteration.
Show that by doing this the null-space basis Z; enters in the CG iteration only through
products of the form

Zi[zf 2]z w,
where w is a vector. Use this to show that this multiplication can be performed as
AT [AAT] Agw. (18.69)

(This procedure shows that the Algorithm 18.6 can be implemented without computing
Zy.) Finally, show that the computation (18.69) can also be performed by solving

I A
Ac 0 |’
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Background
Material

A.1 ELEMENTS OF ANALYSIS, GEOMETRY, TOPOLOGY

TOPOLOGY OF THE EUCLIDEAN SPACE R”

Let F be a subset of R”, and suppose that {x;} is a sequence of points belonging to F.
We say that a sequence {x;} converges to some point x, written limg_, o, Xy = x, if for any
€ > 0, there is an index K such that

lxy —x|| <e, foralk > K.

For example, the sequence {x; } defined by x;, = (1—27%, 1/k?)” convergesto (1, 0)”. Other
examples of convergent sequences are given in Chapter 2, where the rate of convergence is
also discussed.

We say that x € R" is an accumulation point or limit point for {x;} if there is some
infinite subsequence of indices kj, k,, k3, . .. such that

lim Xk, = X.
i—00



576

APPENDIX A. BACKGROUND MATERIAL

Another way to define a limit point is to say that for any € > 0 and all positive integers K,
we have

lxx —x|| <€, forsomek > K.

An example is given by the sequence

R A I

which has exactly two limit points: £ = (0, 0)” and £ = (1, 1)7. A sequence can even have
an infinite number of limit points. An example is the sequence x; = sin k, for which every
point in the interval [—1, 1] is a limit point.

If {#;} is a sequence of real numbers, we can define two other concepts: the lim inf and
lim sup. The lim inf is the smallest accumulation point, while the lim sup is the largest. That
is, we write 7 = lim sup,_, if the following two conditions hold:

(i) there is an infinite subsequence ki, k, . .. such that lim, .« #, = 7, and
(i) there is no other limit point ¢ such that ¢ > 7.

The sequence 1, %, 1, i, 1, é, ... hasaliminf of 0 and a lim sup of 1.

The set F is bounded if there is some real number M > 0 such that
x| <M, forallxeF.

A subset 7 C R" is open if for every x € F, we can find a positive number € > 0 such
that the ball of radius € around x is contained in F; that is,

{yeR"[lly—xll<e} C F.

The set F is closed if for all possible sequences of points {x;} in F, all limit points of {x;}
are elements of F. For instance, the set 7 = (0, 1) U (2, 10) is an open subset of R, while
F =1[0,1]U[2, 5] is a closed subset of R. The set 7 = (0, 1] is a subset of R that is neither
open nor closed.

The interior of a set F, denoted by intF, is the largest open set contained in F. The
closure of F, denoted by clF, is the smallest closed set containing . In other words, we have

x € cdF iflimg_ o x;x = x for some sequence {x;} of points in F.
If F =(-1,1]U[2, 4), then

dF =[-1,1]U[2,4], intF=(—1,1)U(2,4).
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Note that if F is open, then intF = F, while if F is closed, then cIF = F.

The set F is compact if every sequence {x*} of points in F has at least one limit point,
and all such limit points are in F. (This definition is equivalent to the more formal one
involving covers of F.) The following is a central result in topology:

F € R" is closed and bounded = F is compact.

Givenapointx € R",wecall N € R" a neighborhood of x if it is an open set containing
x. An especially useful neighborhood is the open ball of radius € around x, which is denoted
by B(x, €); that is,

B(x,€) ={yllly —xll <€}
A coneis a set F with the property that for all x € F we have
xeF = ax € F, foralla > 0. (A.2)
For instance, the set 7 C R* defined by
{(x1,x2) | x1 > 0, x > 0}

is a cone in R2.
Finally, we define the affine hull and relative interior of a set. Given F C R", the affine
hull is the smallest affine set containing F, that is,

aff 7 = {x | x is a linear combination of vectors in F7}. (A.3)

For instance, when F is the “ice-cream cone” defined as below by (A.26), we have aff F = R?,
while if F is the set of two isolated points F = {(1, 0, 0), (0, 2, 0)}, we have

afft F = {(x1, x2, 0) | for all x; and x,}.

The relative interior riF of the set S is its interior relative to aff F. If x € F, then
x € riF if there is an € > 0 such that

(x +eB)Nnaff F C F.
Referring again to the ice-cream cone (A.26), we have that

X3 > 2,/x12+x22}.

rHF = {x eR?
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For the set of two isolated points F = {(1, 0, 0), (0, 2, 0)}, we have riF = {. For the set F
defined by

FExeR|x €0,1], x, € [0, 1], x5 = 0},
we have that

aff F=R x R x {0}, riF={xeR’|x €(0,1), x; € (0,1), x3 =0}.

CONTINUITY AND LIMITS

Let f be a function that maps some domain D C R” to the space R”. For some point
xg € cID, we write

lim f() = fy (A4)

(spoken “the limit of f(x) as x approaches x is f”) if for all € > 0, there is a value § > 0
such that

lx —x0]l <6 and x e D = | f(x)— foll <e.

We say that f is continuous at xq if xo € D and the expression (A.4) holds with fy = f(x).
We say that f is continuous on its domain D if f is continuous for all x, € D.
An example is provided by the function

—x ifxe[-1,1],x #0,
flx)= (A.5)
5 for all other x € [—10, 10].

This function is defined on the domain [—10, 10] and is continuous at all points of the
domain except the points x = 0, x = 1, and x = —1. At x = 0, the expression (A.4) holds
with fy = 0, but the function is not continuous at this point because f; # f(0) = 5. At
x = —1, the limit (A.4) is not defined, because the function values in the neighborhood of
this point are close to both 5 and —1, depending on whether x is slightly smaller or slightly
larger than —1. Hence, the function is certainly not continuous at this point. The same
comments apply to the point x = 1.

In the special case of n = 1 (that is, the argument of f is a real scalar), we can also
define the one-sided limit. Given x € clD, We write

)lcif? F(x) = fo (A.6)
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(spoken “the limit of f(x) as x approaches xy from above is f;”) if for all € > 0, there is a
value § > 0 such that
Xo<x<x9+d8 and x €D = | f(x)— foll <e.

Similarly, we write
liTr)Ig Fx) = fo (A.7)

(spoken “the limit of f(x) as x approaches xy from below is f”) if for all € > 0, there is a
value § > 0 such that

xo—8d<x<xgand x €D = | f(x)— foll <e.
For the function defined in (A.5), we have that
1)5!}}”()6) =5, lxl?llf(X) =1.

The function f is said to be Lipschitz continuous if there is a constant M > 0 such that
for any two points xg, x; in D, we have

ILf(x1) = f(xo)ll < Mllxy — xoll- (A.8)

The function f is locally Lipschitz continuous at a point xo € intD if there is some neigh-
borhood N with xp € N' C D such that the property (A.8) holds for all xy and x; in
N.

DERIVATIVES

Let ¢ : R — R be a real-valued function of a real variable (sometimes known as a
univariate function). The first derivative ¢'(c) is defined by

d ef . -
2 _ ¢'(@) & Jim glate) - ¢l ¢(a)' (A9)
da e—0 €
The second derivative is obtained by substituting ¢ by ¢’ in this same formula; that is,
d2 . / A
O _ /(e & fim P2 (@) (A.10)
do? e—0 €

(We assume implicitly that ¢ is smooth enough that these limits exist.) Suppose now that «
in turn depends on another quantity 8 (we denote this dependence by writing o« = «(8)).

579



580

APPENDIX A. BACKGROUND MATERIAL

We can use the chain rule to calculate the derivative of ¢ with respect to 8:

d¢(a(p)) _d¢pda .
AL . A1l
dp da df ¢ ()’ (B) (A.11)
Consider now the function f : R” — R, which is a real-valued function of n
independent variables. We typically gather the variables into a vector x, which we can
write componentwise as x = (X1, X2, ..., X, ). The n-vector of first derivatives of f—the
gradient—is defined as

o
8x1

Vfx)= . (A.12)
af

0x,

(The notation “V” is used frequently in the optimization literature to denote the first deriva-
tive. In cases of ambiguity, a subscript such as “x” or “¢” isadded to V to indicate the variable
with respect to which the differentiation takes place.) Each partial derivative 3 f /9 x; measures

the sensitivity of the function to just one of the components of x; that is,

af /ox;

def 1o FXr, o Xim1, X €, X1y ooy Xn) — (X1 ey Xim1, Xiy Xid1s + -+ 5 Xn)
e—0 €

 fltee) — f(x)

€

where ¢; is the vector (0,0, ...,0,1,0, ..., 0), where the 1 appears in the ith position. The
matrix of second partial derivatives of f is known as the Hessian, and is defined as

3% f 0% f f ]
8_x12 0x10x; o 0x10x,
% f 0% f 9% f
sz(x) _ 0x,0x1 8_x22 o 0x,0X,
% f 0% f 3% f
L 90x,0x; 0x,0x%; o a_xg

We say that f is differentiable if all first partial derivatives of f exist, and continuously
differentiableif in addition these derivatives are continuous functions of x. Similarly, f is twice
differentiableif all second partial derivatives of f exist and twice continuously differentiable if
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they are also continuous. Note that when f is twice continuously differentiable, the Hessian
is a symmetric matrix, since

’f  9f

Bxiaxj o ijax,»

, foralli,j=1,2,...,n.

When the vector x in turn depends on another vector ¢ (that is, x = x(¢)), the chain
rule (A.11) for the univariate function can be extended as follows:

L)
VG =Y Lono. (A13)
i=1 !

DIRECTIONAL DERIVATIVES

If f is continuously differentiable and p € R", then the directional derivative of f in
the direction p is given by

D(f(x); p) ¥ lim for+ E’Z) ACH P (A.14)

To verify this formula, we define the function

¢(a) = f(x +ap) = f(y(a)), (A.15)
where y(a) = x + ap. Note that

. flx+ep)—flx) .
lim = lim
e—>0 € e—0

= ¢/(0).

¢(e) — 9(0)
€

By applying the chain rule (A.13) to f(y(«)), we obtain

.9
') =y %vm) (A.16)
i=1 !

— 3f (y(e))
=2 fa%pi = V(@) p=Vfx+ap)p.
i=1 !
We obtain (A.14) by setting & = 0 and comparing the last two expressions.

The directional derivative is sometimes defined even when the function f itselfis not
differentiable. For instance, if f(x) = ||x||;, we have from the definition (A.14) that

o lx Feplly — |lx ) "ol epil =Y X
D(”X”l;P):lln%) ” P||1 ” ”1 — lim Z,,1| i Pz| szl| z|.
e— €

e—>0 €
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If x; > 0, we have |x; + €p;| = |x;| 4 €p; for all € sufficiently small. If x; < 0, we have
|x; + €pi| = |xi| — €p;, while if x; = 0, we have |x; + €p;| = €| p;|. Therefore, we have
D(xll; p)= D —pi+ Y pit Y Ipil,
ilx; <0 ilx; >0 i|x;=0

so the directional derivative of this function exists for any x and p. Its first derivative does
not exist, however, whenever any of the components of x are zero.

(d ExAMPLE A.1

Let f : R* — R be defined by f(x1, x,) = x} + x1x,, where x; = sint#; + #; and
x, = (t; + £;)*. The chain rule (A.13) yields

V. f(x(1))
_ n % -
= ; PR (t)

costy 2(h + 1)
= (2x; +x2) +x
|: 2t, :| |: 2(t + 1) :|

cosh :| + (sin H+ tzz) |:

= (2(sint; + 1) + (1 + 1)*) |: 2(t + 1) :| .

21, 2(t1 + 1)

If, on the other hand, we substitute directly for x into the definition of f, we obtain
Fx(0) = (sinty + t22)2 + (sint; +27) (11 + 1)°.

The reader should verify that the gradient of this expression is identical to the one obtained
above by applying the chain rule. O

MEAN VALUE THEOREM

We now recall the mean value theorem for univariate functions. Given a continuously
differentiable function ¢ : R — R and two real numbers o and «; that satisfy o) > g, we
have that

(1) = plag) + @' (&) (1 — o) (A.17)
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for some & € (g, @1). An extension of this result to a multivariate function f : R” — Ris
that for any vector p we have

f+p)=fx)+Vfix+ap)p, (A.18)

for some o € (0, 1). (This result can be proved by defining ¢(«) = f(x + ap), o = 0, and
a1 = 1 and applying the chain rule, as above.)

(1 EXAMPLE A.2

Consider f : R* — R defined by f(x) = x; + 3x;x7, and let x = (0,0)” and
p = (1,2)T. Tt is easy to verify that f(x) = 0 and f(x + p) = 13. Since

30x1 + apr)? +3(x; + ap,)’ } B { 1502 }

\V4 =
fix+ap) |: 6(x1 + api)(x; + aps) 120

we have that V f(x + ap)” p = 39a?. Hence the relation (A.18) holds when we set & =
1/4/13, which lies in the open interval (0, 1), as claimed. O

An alternative expression to (A.18) can be stated for twice differentiable functions: We
have

Fx+p) = FE+ I p+ 59"V e+ ap) p, (A.19)

for some « € (0, 1). In fact, this expression is one form of Taylor’s theorem, Theorem 2.1 in
Chapter 2, to which we refer throughout the book.

IMPLICIT FUNCTION THEOREM

The implicit function theorem lies behind a number of important results in local
convergence theory of optimization algorithms and in the characterization of optimality
(see Chapter 12). We present a brief outline here based on the discussion in Lang [147,
p. 131].

Theorem A.1 (Implicit Function Theorem).
Leth : R" x R" — R" be a function such that

(i) h(z*,0) = 0 for somez* € R",

(ii) thefunctionh(-, -) is Lipschitz continuously differentiable in some neighborhood of (z*, 0),
and
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(iii) V,h(z,t) is nonsingular at the point (z,t) = (z*, 0).

Then the function z : R™ — R" defined implicitly by h(z(t),t) = 0 is well-defined and
Lipschitz continuous fort € R™ in some neighborhood of the origin.

This theorem is frequently applied to parametrized systems of linear equations, in
which z is obtained as the solution of

M(t)z = g(1),
where M (-) € R"*" has M (0) nonsingular, and g(-) € R". To apply the theorem, we define
h(z,t) = M(t)z — g(1).

If M(-) and g(-) are Lipschitz continuously differentiable in some neighborhood of 0, the
theorem implies that z(¢z) = M ()~ 'g(¢) is a Lipschitz continuous function of ¢ for all ¢ in
some neighborhood of 0.

GEOMETRY OF FEASIBLE SETS

In describing the theory of constrained optimization, we assume for the most part that
the set of feasible points is described by algebraic equations. That is, we aim to minimize a
function f over the set 2 defined by

Q={xeR"|cx)=0,i€&; ci(x)=>0,iel} (A.20)

where £ and 7 are the index sets of equality and inequality constraints, respectively (see also
(12.2)). In some situations, however, it is useful to abandon the algebraic description and
merely consider the set  on its own merits, as a general subset of 2. By doing this, we no
longer tie 2 down to any particular algebraic description. (Note that for any given set €2,
there may be infinitely many collections of constraint functions ¢;, i € £ UZ, such that the
identification (A.20) holds.)

There are advantages and disadvantages to taking the purely geometric viewpoint. By
not tying ourselves to a particular algebraic description, we avoid the theoretical compli-
cations caused by redundant, linearly dependent, or insufficiently smooth constraints. We
also avoid some practical problems such as poor scaling. On the other hand, most of the
development of theory, algorithms, and software for constrained optimization assumes that
an algebraic description of €2 is available. If we choose instead to work explicitly with €2,
we must reformulate the optimality conditions and algorithms in terms of this set, without
reference to its algebraic description. Many such tools are available, and they have been ap-
plied successfully in a number of applications, including optimal control. (See, for example,
Clarke [42], Dunn [77].) We describe a few of the relevant concepts here.
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Given a constrained optimization problem formulated as
min f(x) subjecttox € €, (A.21)

where  is a closed subset of R”, most of the theory revolves around tangent cones and
normal cones to the set 2 at various feasible points x € 2. A definition of a tangent vector
is given by Clarke [42, Theorem 2.4.5].

Definition A.1 (Tangent).

A vectorw € R" is tangent to Q atx € Q if for all vector sequences {x;} with x; — x
and x; € 2, and all positive scalar sequences t; |, 0, there is a sequence w; — w such that
X; + tiw; € Q foralli.

The tangent cone Tq(x) is the collection of all tangent vectors to €2 at x. The normal cone
Ngq(x) is simply the orthogonal complement to the tangent cone; that is,

Nq(x) = {v [vTw <0forallw € Tg(x)} . (A.22)

Note that the zero vector belongs to both T, and Ng,.

It is not difficult to verify that both Tq and Nq are indeed cones according to the
definition (A.2). To prove this for Tg, we take w € Tq(x) and show that cw € Tq(x) for
some given « > 0. Let the sequence {x;} and {t;} be given, as in Definition A.1, and define
the sequence {f;} by #; = t;/a. Since {f;} is also a valid sequence of scalars according to
Definition A.1, there is a sequence of vectors {w;} such that x; + f;w; € 2 and w; — w. By
defining w; = aw;, we have that x; + t;w; = x; + f;w; € . Hence we have identified a
sequence {w;} satisfying the conditions of Definition A.1 with the property that w; — aw,
so we conclude that cw € Tq(x), as required.

As an example, consider the set defined by a single equality constraint:

Q={xeR"|h(x) =0}, (A.23)
where 4 : R” — R is smooth, and let x be a particular point for which VAi(x) # 0. If
w € To(x) for some x € €2, we have from Definition A.1 that there is a sequence w; — w
such that x 4+ f;w; € Q for any sequence #; | 0. (We have made the legal choice x; = x in
the definition.) Therefore, we have

h(x + t;w;) foralli, h(x) =0.

By using this fact together with a Taylor series expansion and smoothness of &, we find that

0= tl [h(x + t;w;) — h(x)] = wiTVh(x) +o(t;)/t; > wT Vh(x).

1
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feasible set

Figure A.1
Feasible set defined by x; > x3,
Xy > x%.

An argument based on the implicit function theorem can be used to prove the converse,
which is that w” VA(x) = 0 = w € Tq(x). Hence we have

To(x) = {w |w! Vh(x) = 0} = Null (Vh(x)T) . (A.24)
It follows from the definition (A.22) that the normal cone is
Nqo(x) ={aVh(x)|a € R} = Range(Vh(x)). (A.25)
For the next example, consider a set 2 defined by two parabolic constraints:
Q={xeR|x; >} x,>x}}

(see Figure A.1). The tangent and normal cones at the most interesting point—the origin—
are given by

To(0,0) = {w € R* |w; > 0, w, > 0},

No(0,0) = {v e R*|v; <0, v, <0}.
To show that, for instance, the tangent vector (0, 1) fits into Definition A.1, suppose we
are given the feasible sequence x; = (1/i%,1/i) — (0, 0) and the positive scalar sequence
t; =1/i | 0. If we define w; = (%, 1), it is easy to check that x; + #;w; is feasible for each i
and that w; — (0, 1).
A three-dimensional example is given by the “ice-cream cone” defined by

Q= {x € R? | x5 > 2,/x2 +x§} (A.26)
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EaEN

Figure A.2 “Ice-cream cone” set.

(see Figure A.2). At the origin x = 0, the tangent cone coincides with the feasible set:
To(0) = Q. The normal cone is defined as

1 7
NQ(O):{U|U3§—E U%+U%}

To verify that vIw < 0forallv € Nq(0), w € To(0), we have

vVw =vw; +vnw, + v3w3

IA

viw; + vawy — —(v1 + )2 2)(w? + wi)?

=V (w4 vw,)? — \/(v% + v))(wi + w3
2

\/vlwl 2w2+2v1v2w1w2 \/v w1+v2w2+v2w1+v ws.

Since

vfw% + v%wf > 2010 Wa Wy,

the second term outweighs the first, so we have vTw <0,as required.

A final example is given by the two-dimensional subset

Q:{xe]R2|x220, x2§x13}, (A.27)
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Figure A.3 Feasible set defined by x, > 0, x, < xl3 , showing tangent and normal
cones.

illustrated in Figure A.3. The tangent cone at the origin is
To(0) = {(w1, 0) [wy = 0}, (A.28)
that is, all positive multiples of the vector (1, 0). The normal cone is
Ng(0) = {v|v; < 0}. (A.29)

Finally, we recall the definitions of affine hull aff 7 and relative interior riF from
earlier in the chapter. For the set Q2 defined by (A.27), we have that

riQ = {x|x, >0, x <xi},
riT(0) = {(w1, 0) |w; > 0},

riNg(0) = {(v1, v2) |v1 < O}
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ORDER NOTATION

In much of our analysis we are concerned with how the members of a sequence behave
eventually, that is, when we get far enough along in the sequence. For instance, we might ask
whether the elements of the sequence are bounded, or whether they are similar in size to the
elements of a corresponding sequence, or whether they are decreasing and, if so, how rapidly.
Order notation is useful shorthand to use when questions like these are being examined. It
saves us defining many constants that clutter up the argument and the analysis.

We will use three varieties of order notation: O(-), o(-), and (-). Given two
nonnegative infinite sequences of scalars {;} and {v;}, we write

M = O(v)
if there is a positive constant C such that

Ikl < Clvgl
for all k sufficiently large. We write

Mk = o(ve)

if the sequence of ratios {1y /v;} approaches zero, that is,

lim 2% — ¢

k— o0 Vi
Finally, we write

M = S2(vk)

if there are two constants Cy and C; with 0 < Cy < C; < 00 such that

Colvel = Il = Crfvil,
that is, the corresponding elements of both sequences stay in the same ballpark for all k. This
definition is equivalent to saying that n, = O (v) and v, = O ().

The same notation is often used in the context of quantities that depend continuously
on each other as well. For instance, if 7(+) is a function that maps R to R, we write

n(v) = 0(v)

if there is a constant C such that |n(v)| < C|v| for all v € R. (Typically, we are interested
only in values of v that are either very large or very close to zero; this should be clear from
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the context. Similarly, we use
n(v) = o(v) (A.30)

to indicate that the ratio n(v)/v approaches zero either as v — 0 or v — 0. (Again, the
precise meaning should be clear from the context.)
As a slight variant on the definitions above, we write

= 0(1)

to indicate that there is a constant C such that |n;| < C for all k, while
nk = o(1)

indicates thatlimy_, o, 7y = 0. We sometimes use vector and matrix quantities as arguments,
and in these cases the definitions above are intended to apply to the norms of these quantities.
For instance, if f : R" — R”", we write f(x) = O(||x||) if there is a constant C > 0 such
that || f(x)|| < C|lx|| for all x in the domain of f. Typically, as above, we are interested only
in some subdomain of f, usually a small neighborhood of 0. As before, the precise meaning
should be clear from the context.

ROOT-FINDING FOR SCALAR EQUATIONS

In Chapter 11 we discussed methods for finding solutions of nonlinear systems of
equations F(x) = 0, where F : R" — R”". Here we discuss briefly the case of scalar
equations (n = 1), for which the algorithm is easy to illustrate. Scalar root-finding is needed
in the trust-region algorithms of Chapter 4, for instance. Of course, the general theorems of
Chapter 11 can be applied to derive rigorous convergence results for this special case.

The basic step of Newton’s method (Algorithm Newton of Chapter 11) in the scalar
case is simply

pe=—Fx)/F' (xi),  Xipr < X+ pe (A.31)

(cf. (11.9)). Graphically, such a step involves taking the tangent to the graph of F at the
point x; and taking the next iterate to be the intersection of this tangent with the x axis
(see Figure A.4). Clearly, if the function F is nearly linear, the tangent will be quite a good
approximation to F itself, so the Newton iterate will be quite close to the true root of F.
The secant method for scalar equations can be viewed as the specialization of Broyden’s
method to the case of n = 1. The issues are simpler in this case, however, since the secant
equation (11.26) completely determines the value of the 1 x 1 approximate Hessian Bj.
That is, we do not need to apply extra conditions to ensure that By is fully determined. By
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tangent

F(%)

Figure A.4 One step of Newton’s method for a scalar equation.

combining (11.24) with (11.26), we find that the secant method for the case of n = 1 is
defined by

By = (F(xi) — Fxp—1))/(xx — xk-1), (A.32a)
pr = —F(x)/ B, Xkt1 = Xk + Pk (A.32b)

By illustrating this algorithm, we see the origin of the term “secant.” Bj approximates the
slope of the function at x; by taking the secant through the points (x;_;, F(x;—1) and
(xk, F(xy)), and xx4; is obtained by finding the intersection of this secant with the x axis.
The method is illustrated in Figure A.5.

A.2 ELEMENTS OF LINEAR ALGEBRA

VECTORS AND MATRICES

In this book we work exclusively with vectors and matrices whose components are
real numbers. Vectors are usually denoted by lowercase roman characters, and matrices by
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secant

i :
g Xe+1 %

Xe+2

Figure A.5 One step of the secant method for a scalar equation.

uppercase roman characters. The space of real vectors of length n is denoted by R”, while
the space of real m x n matrices is denoted by R"™*".

We say that a matrix A € R"*" is symmetricif A = AT. A symmetric matrix A is
positive definite if there is a positive constant & such that

xTAx > o|x|?, forall x € R". (A.33)

It is positive semidefinite if the relationship (A.33) holds with o = 0, that is, xTAx > 0 for
allx € R".

NORMS
For a vector x € R", we define the following norms:

n

def
Ixlh = Ixil, (A.34a)

i=1

u 12
Ixl, & (Zﬁ) = (x"x)'2, (A.34b)

i=1
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wlloo < max px;]. (A.340)

.....

The norm || - ||; is often called the Euclidean norm. All these norms measure the length of the
vector in some sense, and they are equivalent in the sense that each one is bounded above
and below by a multiple of the other. To be precise, we have

Ixlloo < Ixll2 < Vrllxlloos  l1xlloo < Xl < 72llX oo (A.35)

and so on. In general, a norm is any mapping || - || from R” to the nonnegative real numbers
that satisfies the following properties:

Ix+zll < llxll+llzll, forallx,z e R"; (A.36a)
x| =0=x=0; (A.36Db)
lax| = |a|||lx||, foralle € R andx € R". (A.36¢)

Equality holds in (A.36a) if and only if one of the vectors x and z is a nonnegative scalar
multiple of the other.

Another interesting property that holds for the Euclidean norm || - || = || - ||, is the
Holder inequality, which states that

[x"z] < el iz, (A.37)

with equality if and only if one of these vectors is a nonnegative multiple of the other. We
can prove this result as follows:

0 < llax + z|* = o?[|x]I* + 2ax"z + |IzI|*.

The right-hand-side is a convex function of «, and it satisfies the required nonnegativity
property only if there exist fewer than 2 distinct real roots, that is,

(2x"2)* < 4lx|PlzI1%,

proving (A.37). Equality occurs when the quadratic « has exactly one real root (that is,
[x7z] = |lx] llz]l) and when ax + z = 0 for some «, as claimed.

We can derive definitions for certain matrix norms from these vector norm defini-
tions. If we let || - || be generic notation for the three norms listed in (A.34), we define the
corresponding matrix norm as

def | Ax ||
IA] = sup .
o llxll

(A.38)
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The matrix norms defined in this way are said to be consistent with the vector norms (A.34).
Explicit formulae for these norms are as follows:

Al = Ajjl, A.39
IAll = max 3 1Ayl (A.39a)

yeeey

lAll2, = 21 (ATA)Y2,  where A;(-) denotes the largest eigenvalue,  (A.39b)

IAllo = max 3 |Aj]. (A.39¢)

yeees

The Frobenius norm || A|| ¢ of the matrix A is defined by

m n 1/2
1Al = (Z Za,?j) : (A.40)

i=1 j=1

This norm is useful for many purposes, but it is not consistent with any vector norm. Once
again, these various matrix norms are equivalent with each other in a sense similar to (A.35).
For the Euclidean norm || - || = || - ||, the following property holds:

IAB| < Al IB]], (A.41)

for all matrices A and B with consistent dimensions.
The condition number of a nonsingular matrix is defined as

Kk(A) = A AT, (A.42)

where any matrix norm can be used in the definition. We distinguish the different norms
by the use of a subscript: «1(+), k2(+), and ko (+), respectively. (Of course, different norm
definitions give different measures of condition number, in general.)

Norms also have a meaning for scalar, vector, and matrix-valued functions that are
defined on a particular domain. In these cases, we can define Hilbert spaces of functions for
which the inner product and norm are defined in terms of an integral over the domain. We
omit details, since all the development of this book takes place in the space R”, though many
of the algorithms can be extended to more general Hilbert spaces. However, we mention for
purposes of Newton analysis that the following inequality holds for functions of the type

that we consider in this book:
b b
‘ / F(y| < / IF@ldr,

where F is a scalar-, vector-, or matrix-valued function on the interval [a, b].
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SUBSPACES

Given the Euclidean space R”", the subset S C R" is a subspace of R" if the following
property holds: If x and y are any two elements of S, then

ax+ByeS, foralea,p eR.

For instance, S is a subspace of R? if it consists of (i) the whole space R”; (ii) any line passing
through the origin; (iii) the origin alone; or (iv) the empty set.
Given any set of vectorsa; € R",i = 1,2, ..., m, the set

S={weR'|agfw=0,i=12...,m} (A43)
is a subspace. However, the set
{weR"|afw=>0,i=12...,m} (A.44)

is not in general a subspace. For example, if we haven = 2,m = 1,and a; = (1, 0)7, this set
would consist of all vectors (w;, w,)T with w; > 0, but then given two vectors x = (1, 0)7
and y = (2, 3) in this set, it is easy to choose multiples @ and 8 such that ax + By has a
negative first component, and so lies outside the set.

Sets of the forms (A.43) and (A.44) arise in the discussion of second-order optimality
conditions for constrained optimization.

For any subspace S of the Euclidean space R", the set of vectors sy, 52, ..., Sy In S is
called a linearly independent set if there are no real numbers a1, ay, . . ., o, such that

o1$y + sy + -+ U,

unless we make the trivial choice @1 = o = -+ = @, = 0. Another way to define linear
independence is to say that none of the vectors sy, 52, ..., s, can be written as a linear
combination of the other vectors in this set. We say that this set of vectors is a spanning set
for S if any vector s € S can be written as

S =08 + 08y + - XS,

for some particular choice of the coefficients a1, az, . . ., .

If the vectors sy, $2, . .., 5, are both linearly independent and a spanning set for S,
we call them a basis. In this case, m (the number of elements in the basis) is referred to as
the dimension of S. Notationally, we write dim(S) to denote the dimension of S. Note that
there are many ways to choose a basis of S in general, but that all bases do, in fact, contain
the same number of vectors.
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If A is any real matrix, the null space is the subspace
Null(A) = {w | Aw = 0},
while the range space is
Range(A) = {w |w = Av for some vector v}.
The fundamental theorem of linear algebra states that
Null(A) @ Range(A”) = R”,
where 7 is the number of columns in A.

EIGENVALUES, EIGENVECTORS, AND THE SINGULAR-VALUE
DECOMPOSITION

A scalar value A is an eigenvalue of the n x n matrix A if there is a nonzero vector x
such that

The vector g is called an eigenvector of A. The matrix A is nonsingular if none of its eigen-
values are zero. The eigenvalues of symmetric matrices are all real numbers, while non
symmetric matrices may have imaginary eigenvalues. If the matrix is positive definite as well
as symmetric, its eigenvalues are all positive real numbers.

All matrices A € R™*" can be decomposed as a product of three matrices with special
properties, as follows:

A=USVT. (A.45)
Here, U and V are orthogonal matrices of dimension m x m and n X n, respectively, which
means that they satisfy the relations U7 U = UUT = Iand VTV = VVT = [. Thematrix §
is a diagonal matrix of dimension m x n, wih diagonal elementso;,i = 1,2, ..., min(m, n),
that satisfy

0y =022 Omin(m,n) > 0.

These diagonal values are called the singular values of A, and (A.45) is called the singular-
value decomposition.
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When A is symmetric, its n real eigenvalues Aj, A,, ..., A, and their associated
eigenvectors qi, ¢, - . . , gn can be used to write a spectral decomposition of A as follows:

n
A= Z Aiqi C],'T~
i=1
This decomposition can be restated in matrix form by defining
A:diag()"lv)\'Za“'a)"n)a Q:[q1|q2|~-~|qn]v
and writing
A= QAQT. (A.46)
In fact, when A is positive definite as well as symmetric, this decomposition is identical to the
singular-value decomposition (A.45), where we define U = V = Q and § = A. Note that
the singular values 0;,i = 1,2, ..., m, and the eigenvalues A;,i = 1, 2, ..., m, coincide in
this case.
In the case of the Euclidean norm (A.39b), we have for symmetric positive definite

matrices A that the singular values and eigenvalues of A coincide, and that

|All = 01(A) = largest eigenvalue of A,

|A™'| = 0,(A)~" = inverse of smallest eigenvalue of A.
Hence, we have for all x € R" that
on(A) x| = lIx[?/I1A7" < x" Ax < [|Allllx 1> = o1 (A)[Ix]I*.
For an orthogonal matrix Q, we have for the Euclidean norm that
I1QxIl = llxll,

and that all the singular values of this matrix are equal to 1.

DETERMINANT AND TRACE

The trace of an n x n matrix A is defined by

trace(A) = Z Aii. (A.47)
i=1
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If the eigenvalues of A are denoted by Ay, XAy, ..., A,, it can be shown that
n
trace(A) = Z Al (A.48)
i=1

that is, the trace of the matrix is the sum of its eigenvalues.
The determinant of an n x n matrix A is the product of its eigenvalues; that is,

detA =] (A49)
i=1

The determinant has several appealing (and revealing) properties. For instance,
det A = 0 if and only if A is singular;
det AB = (det A)(det B);
det A7! = 1/ det A.

Recall that any orthogonal matrix A has the property that 0 Q7 = QT Q = I, so that
Q~! = QT . It follows from the property of the determinant that det Q = det Q7 = 1.
The properties above are used in the analysis of Chapters 6 and 8.

MATRIX FACTORIZATIONS: CHOLESKY, LU, QR

Matrix factorizations are important both in the design of algorithms and in their
analysis. One such factorization is the singular-value decomposition defined above in (A.45).
Here we define the other important factorizations.

All the factorization algorithms described below make use of permutation matrices.
Suppose that we wish to exchange the first and fourth rows of a matrix A. We can perform
this operation by premultiplying A by a permutation matrix P, which is constructed by
interchanging the first and fourth rows of an identity matrix that contains the same number
of rows as A. Suppose, for example, that A is a 5 x 5 matrix. The appropriate choice of P
would be

S O O = O
S O = O O
S O O O
—_ o O O O

A similar technique is used to to find a permutation matrix P that exchanges columns of a
matrix.
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The LU factorization of a matrix A € R"*" is defined as
PA = LU, (A.50)

where

P isan n x n permutation matrix (that is, it is obtained by rearranging the rows of
the n x n identity matrix),

L is unit lower triangular (that is, lower triangular with diagonal elements equal to 1,
and

U is upper triangular.

This factorization can be used to solve a linear system of the form Ax = b efficiently by the
following three-step process:

form b = Pb by permuting the elements of b;
solve Lz = b by performing triangular forward-substitution, to obtain the vector z;

solve Ux = z by performing triangular back-substitution, to obtain the solution
vector x.

The factorization (A.50) can be found by using Gaussian elimination with row partial piv-
oting, an algorithm that requires approximately 2n° /3 floating-point operations when A is
dense. Standard software that implements this algorithm (notably, LAPACK [4]) is readily
available. The method can be stated as follows:

Algorithm A.1 (Gaussian Elimination with Row Partial Pivoting).
Given A € R™";
Set P < I, L < 0
fori =1,2,...,n

find theindex j € {i,i + 1,..., n} such that [A ;| = maX—; 11, | Al
ifA,‘j =0

stop; (* matrix A is singular *)
ifi #j

swap rows i and j of matrices A and L;
(* elimination step*)
Lii < 1;
fork=i+1,i+2,...,n
Ly < Ari/Aiis
forl=i+1,i+2,...,n
A < Ay — LA
end (for)
end (if)
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end (for)
U <« upper triangular part of A.

Variants of the basic algorithm allow for rearrangement of the columns as well as
the rows during the factorization, but these do not add to the practical stability properties
of the algorithm. Column pivoting may, however, improve the performance of Gaussian
elimination when the matrix A is sparse, by ensuring that the factors L and U are also
reasonably sparse.

Gaussian elimination can be applied also to the case in which A is not square. When
Aism x n,withm > n, the standard row pivoting algorithm produces a factorization of the
form (A.50), where L € R™*" is unit lower triangular and U € R"*" is upper triangular.
When m < n, we can find an LU factorization of AT rather than A, that is, we obtain

T _ Ly
PA" = U, (A.51)
L,

where L, ism x m (square) unit lower triangular, U is m x m upper triangular, and L, is a
general (n —m) x m matrix. If A has full row rank, we can use this factorization to calculate
its null space explicitly as the space spanned by the columns of the matrix

LyTLT
M= pT [ ! , : ] v-T. (A.52)

(It is easy to check that M has dimensions n x (n — m) and that AM = 0; we leave this an
exercise.)

When A € R™" is symmetric positive definite, it is possible to compute a simi-
lar but more specialized factorization at about half the cost—about n3/3 operations. This
factorization, known as the Cholesky factorization, produces a matrix L such that

A=LL". (A.53)
(If we require L to have positive diagonal elements, it is uniquely defined by this formula.)

The algorithm can be specified as follows.

Algorithm A.2 (Cholesky Factorization).
Given A € R™" symmetric positive definite;
fori=1,2,...,n;

Lij < VA
forj=i+1,i+2,...,n
Lji < Aji/Liis

fork=i+1,i+2,...,j
Ajk < Aji — LjiLii;
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end (for)
end (for)
end (for)

Note that this algorithm references only the lower triangular elements of A; in fact,
it is only necessary to store these elements in any case, since by symmetry they are simply
duplicated in the upper triangular positions.

Unlike the case of Gaussian elimination, the Cholesky algorithm can produce a valid
factorization of a symmetric positive definite matrix without swapping any rows or columns.
However, symmetric permutation (thatis, reordering the rows and columns in the same way)
can be used to improve the sparsity of the factor L. In this case, the algorithm produces a
permutation of the form

PTAP =LLT

for some permutation matrix P.

The Cholesky factorization can be used to compute solutions of the system Ax = b
by performing triangular forward- and back-substitutions with L and L7, respectively, as
in the case of L and U factors produced by Gaussian elimination.

Another useful factorization of rectangular matrices A € R™*" has the form

AP = OR, (A.54)

where
P isan n x n permutation matrix,
A ism x m orthogonal, and
R is m x n upper triangular.

In the case of a square matrix m = n, this factorization can be used to compute solutions of
linear systems of the form Ax = b via the following procedure:

seth = Q7 b;
solve Rz = b for z by performing back-substitution;
set x = P77 by rearranging the elements of x.

For a dense matrix A, the cost of computing the QR factorization is about 4m?n /3 operations.
In the case of a square matrix, this is about twice as many operations as required to compute
an LU factorization via Gaussian elimination. Unlike the case of Gaussian elimination, the
QR factorization procedure cannot be modified in general to ensure efficiency on sparse
matrices. That is, no matter how the column permutation matrix P is chosen, the factors Q
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and R will be dense in general. (This remains true even if we allow row pivoting as well as
column pivoting.)

Algorithms to perform QR factorization are almost as simple as algorithms for Gaus-
sian elimination and for Cholesky factorization. The most widely used algorithms work
by applying a sequence of special orthogonal matrices to A, known either as Householder
transformations or Givens rotations, depending on the algorithm. We omit the details, and
refer instead to Golub and Van Loan [115, Chapter 5] for a complete description.

In the case of a rectangular matrix A with m < n, we can use the QR factorization of
AT to find a matrix whose columns span the null space of A. To be specific, we write

A"TP=0QR=[ 01 O, |R,

where Q) consists of the first m columns of Q, and Q; contains the last n — m columns. It is
easy to show that columns of the matrix Q, span the null space of A. This procedure yields
a more satisfactory basis matrix for the null space than the Gaussian elimination procedure
(A.52), because the columns of Q, are orthogonal to each other and have unit length. It may
be more expensive to compute, however, particularly in the case in which A is sparse.

When A has full column rank, we can make an identification between the R factor in
(A.54) and the Cholesky factorization. By multiplying the formula (A.54) by its transpose,
we obtain

PTATAP = RTQTQR = RTR,

and by comparison with (A.53), we see that R” is simply the Cholesky factor of the symmetric
positive definite matrix P7 AT A P. Recalling that L is uniquely defined when we restrict its
diagonal elements to be positive, this observation implies that R is also uniquely defined
for a given choice of permutation matrix P, provided that we enforce positiveness of the
diagonals of R. Note, too, that since we can rearrange (A.54) to read AP R™! = Q, we can
conclude that Q is also uniquely defined under these conditions.

Note that by definition of the Euclidean norm and the property (A.41), and the fact
that the Euclidean norms of the matrices P and Q in (A.54) are both 1, we have that

IAI = IIQRPT| < IQIIRIIPTI = IR,

while

IRl = 1QTAP| < IQ" [ 1AL P]| = | Al.
We conclude from these two inequalities that || A|| = || R||. When A is square, we have by a
similar argument that |A~!|| = [|R™!||. Hence the Euclidean-norm condition number of

A can be estimated by substituting R for A in the expression (A.42). This observation is
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significant because various techniques are available for estimating the condition number of
triangular matrices R; see Golub and Van Loan [115, pp. 128-130] for a discussion.

SHERMAN-MORRISON-WOODBURY FORMULA
If the square nonsingular matrix A undergoes a rank-one update to become
A=A+ab",
where a, b € R”, then if A is nonsingular, we have

Al =471 AlabT A (A.55)
o 1+bTA g’ '

It is easy to verify this formula: Simply multiply the definitions of A and A~! together and
check that they produce the identity.

This formula can be extended to higher-rank updates. Let U and V be matrices in
R"*? for some p between 1 and n. If we define

A=A+UVT,

then

~

Al =A""— AU+ vTAT'U)T VT AT (A.56)
We can use this formula to solve linear systems of the form Ax = d. Since
x=A"d=A"d-ATUU+VTATU)'VT AT,
we see that x can be found by solving p + 1 linear systems with the matrix A (to obtain A~'d

and A~'U), inverting the p x p matrix I + VT A~'U, and performing some elementary
matrix algebra. Inversion of the p x p matrix I + VT A7'U is inexpensive when p < n.

INTERLACING EIGENVALUE THEOREM

The following result is proved in Golub and Van Loan [115, Theorem 8.1.8].

Theorem A.2 (Interlacing Eigenvalue Theorem).
Let A € R™" be a symmetric matrix with eigenvalues Ay, Ay, . .., A, satisfying

A=Ay == Ay,
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and let 7 € R" be a vector with ||z]|| = 1, and o € R be a scalar. Then if we denote the
eigenvalues of A + azz” by &, &, ..., &, (in decreasing order), we have for o > 0 that

E>2M=2E5E>2028>0 28 >,

with

n

Y& —r=q (A.57)

i=1
Ifa < 0, we have that
MZE === 02> >k > &y,

where the relationship (A.57) is again satisfied.

Informally stated, the eigenvalues of the modified matrix “interlace” the eigenvalues of the
original matrix, with nonnegative adjustments if the coefficient « is positive, and nonpos-
itive adjustments if « is negative. The total magnitude of the adjustments equals «, whose
magnitude is identical to the Euclidean norm [|azz” ||, of the modification.

ERROR ANALYSIS AND FLOATING-POINT ARITHMETIC

In most of this book our algorithms and analysis deal with real numbers. Modern
digital computers, however, cannot store or compute with general real numbers. Instead,
they work with a subset known as floating-point numbers. Any quantities that are stored on the
computer, whether they are read directly from a file or program or arise as the intermediate
result of a computation, must be approximated by a floating-point number. In general, then,
the numbers that are produced by practical computation differ from those that would be
produced if the arithmetic were exact. Of course, we try to perform our computations in
such a way that these differences are as tiny as possible.

Discussion of errors requires us to distinguish between absolute error and relative error.
If x is some exact quantity (scalar, vector, matrix) and X is its approximate value, the absolute
error is the norm of the difference, namely, ||x — X||. (In general, any of the norms (A.34a),
(A.34b), and (A.34c) can be used in this definition.) The relative error is the ratio of the
absolute error to the size of the exact quantity, that is,

llx — X1
llxll

When this ratio is significantly less than one, we can replace the denominator by the size of
the approximate quantity—that is, || X || —without affecting its value very much.
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Most computations associated with optimization algorithms are performed in double-
precision arithmetic. Double-precision numbers are stored in words of length 64 bits. Most
of these bits (say ) are devoted to storing the fractional part, while the remainder encode
the exponent e and other information, such as the sign of the number, or an indication of
whether it is zero or “undefined.” Typically, the fractional part has the form

did, ... dy,

whereeachd;,i = 1,2, ..., t,iseither zero or one. (In some systems d; is implicitly assumed
to be 1 and is not stored.) The value of the floating-point number is then

Xt:dizf" x 2¢.

i=1

The value 277 is known as unit roundoff and is denoted by u. Any real number whose
absolute value lies in the range [2%, 2] (where L and U are lower and upper bounds on
the value of the exponent e) can be approximated to within a relative accuracy of u by a
floating-point number, that is,

fi(x) =x(1+¢€), where |e| < u, (A.58)

where fl(-) denotes floating-point approximation. The value of u for double-precision com-
putations is typically about 10~"°. In other words, if the real number x and its floating-point
approximation are both written as base-10 numbers (the usual fashion), they agree to at
least 15 digits.

For further information on floating-point computations, see Golub and Van
Loan [115, Section 2.4] and Higham [136].

When an arithmetic operation is performed with one or two floating-point numbers,
the result must also be stored as a floating-point number. This process introduces a small
roundoff error, whose size can be quantified in terms of the size of the arguments. If x and y
are two floating-point numbers, we have that

[fl(x * y) — x * y| <ulx *yl, (A.59)

where * denotes any of the operations +, —, X, =.

Although the error in a single floating-point operation appears benign, more signifi-
cant errors may occur when the arguments x and y are floating-point approximations of two
real numbers, or when a sequence of computations are performed in succession. Suppose,
for instance, that x and y are large real numbers whose values are very similar. When we
store them in a computer, we approximate them with floating-point numbers fl(x) and fl(y)
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that satisfy
fllx) =x+e, fl(y)=y+e€, wherele| <ulx],|e] <uly|

If we take the difference of the two stored numbers, we obtain a final result fl(fl(x) — fl(y))
that satisfies

fl(fl(x) — fl(y)) = (A(x) — l(y))(1 + €xy),  where |e;)] < u.

By combining these expressions, we find that the difference between this result and the true
value x — y may be as large as

€x + €y + €4y,

which is bounded by u(|x| + |y| + [x — y|). Hence, since x and y are large and close
together, the relative error is approximately 2u|x|/|x — y|, which may be quite large, since
x| > [x = yl.

This phenomenon is known as cancellation. It can also be explained (less formally)
by noting that if both x and y are accurate to k digits, and if they agree in the first k
digits, then their difference will contain only about k — k significant digits—the first k digits
cancel each other out. This observation is the reason for the well-known adage of numerical
computing—that one should avoid taking the difference of two similar numbers if at all
possible.

CONDITIONING AND STABILITY

Conditioning and stability are two terms that are used frequently in connection with
numerical computations. Unfortunately, their meaning sometimes varies from author to
author, but the general definitions below are widely accepted, and we adhere to them in this
book.

Conditioning is a property of the numerical problem at hand (whether it is a linear
algebra problem, an optimization problem, a differential equations problem, or whatever).
A problem is said to be well conditioned if its solution is not affected greatly by small
perturbations to the data that define the problem. Otherwise, it is said to be ill conditioned.

A simple example is given by the following 2 x 2 system of linear equations:

)
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By computing the inverse of the coefficient matrix, we find that the solution is simply

X1 -1 2 3 1

x| |1 -1 2| ||
If we replace the first right-hand-side element by 3.00001, the solution becomes (x1, x;)7 =
(0.99999, 1.00001)7, which is only slightly different from its exact value (1, 1)7. We would
note similar insensitivity if we were to perturb the other elements of the right-hand-side or

elements of the coefficient matrix. We conclude that this problem is well conditioned. On
the other hand, the problem

1.00001 1 X1 2.00001
1 1 x| 2
is ill conditioned. Its exact solution is x = (1, 1)7, but if we change the first element of the
right-hand-side from 2.00001 to 2, the solution would change drastically to x = (0, 2)7.
For general square linear systems Ax = b where A € R"*", the condition number of

the matrix (defined in (A.42)) can be used to quantify the conditioning. Spec1ﬁcally, if we
perturb A to A and b to b and take  to be the solution of the perturbed system A% = b, it

can be shown that
X — A—A b—b
I || K (A) l [ n Il I
flx |l 1Al 1

(see, for instance, Golub and Van Loan [115, Section 2.7]). Hence, a large condition number
k(A) indicates that the problem Ax = b is ill conditioned, while a modest value indicates
well conditioning.

Note that the concept of conditioning has nothing to do with the particular algorithm
that is used to solve the problem, only with the numerical problem itself.

Stability, on the other hand, is a property of the algorithm. An algorithm is stable if it
is guaranteed to produce accurate answers to all well-conditioned problems in its class, even
when floating-point arithmetic is used.

As an example, consider again the linear equations Ax = b. We can show that Algo-
rithm A.1, in combination with triangular substitution, yields a computed solution X whose
relative error is approximately

lx —xII K(A)growth(A)

~ u, (A.60)
flx |l Al

where growth(A) is the size of the largest element that arises in A during execution of
Algorithm A.1. In the worst case, we can show that growth(A)/||A|| may be around 2",
which indicates that Algorithm A.1 is an unstable algorithm, since even for modest n (say,
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n = 200), the right-hand-side of (A.60) may be large even when « (A) is modest. In practice,
however, large growth factors are rarely observed, so we conclude that Algorithm A.1 is stable
for all practical purposes.

Gaussian elimination without pivoting, on the other hand, is definitely unstable. If we
omit the possible exchange of rows in Algorithm A.1, the algorithm will fail to produce a
factorization even of some well-conditioned matrices, such as

For systems Ax = b in which A is symmetric positive definite, the Cholesky factoriza-
tion in combination with triangular substitution constitutes a stable algorithm for producing
a solution x.
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INndex

Accumulation point, see Limit point
Active set, 331, 336, 345, 347, 353, 422
definition of, 327
Affine scaling
direction, 398, 400, 405, 409
method, 417
Alternating variables method, 53, 104
Angle test, 47
Applications
design optimization, 1
finance, 7, 342
portfolio optimization, 1
transportation, 4, 7
Armijo line search, 38, 139, 141
Augmented Lagrangian function, 424-425
as merit function, 437
definition, 514
exactness of, 519-521
example, 515

Augmented Lagrangian method, 424, 491,

495, 526

convergence, 521

framework for, 515, 518

inequality constraints, 516-518

LANCELOT code, 513, 515, 516,
521-523

motivation, 513-515

Automatic differentiation, 136, 140, 165

adjoint variables, 180, 181

and graph-coloring algorithms, 184,
188—-190

basis in elementary arithmetic, 176

checkpointing, 182

common expressions, 184

computational graph, 177-178, 180,
182, 183, 185, 187

computational requirements, 178-179,
182, 186, 188, 190

forward mode, 178-179, 285
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Automatic (cont.)
forward sweep, 177, 180, 182, 185-187,
190
foundations in elementary arithmetic,
166
Hessian calculation
forward mode, 185-187
interpolation formulae, 186-187
reverse mode, 187—188
intermediate variables, 177-180, 184,
190
Jacobian calculation, 183-185
forward mode, 184
reverse mode, 184—185
limitations of, 188—189
nonlinear least-squares and, 252
reverse mode, 179—-182
reverse sweep, 180-182, 190
seed vectors, 178, 179, 184, 185, 188
software, 166, 182, 189

Backtracking, 41

Barrier functions, 500

Barrier methods, 424

Barrier parameter, 424

Basic variables, 428

Basis, see Subspace, basis

Basis matrix, 428-430

BFGS method, 25, 31, 194-201
damping, 540
implementation, 200-201
properties, 199-200, 219
self-correction, 200
skipping, 201, 540, 550

Bound-constrained optimization, 96, 422,

476,513

Boundary layer, 502

Boundedness
of sets, 578

Broyden class, 207

Broyden’s method, 279, 280, 292, 311, 592
derivation of, 286-288
limited-memory variants, 290
rate of convergence, 288-289
statement of algorithm, 288

Calculus of variations, 9

Cancellation error, see Floating-point
arithmetic, cancellation
Cauchy point, 68-77, 99, 159, 160, 263,
477
calculation of, 69-70, 95-96
for nonlinear equations, 299-300
role in global convergence, 87—-89
Cauchy-Schwarz inequality, 98
Central path, 399-400, 402, 417, 509, 511
neighborhoods of, 402-404, 409, 412,
415, 484
Chain rule, 31, 166, 176, 178-180, 185,
243,582, 583
Choleksy factorization
modified, 155
Cholesky factorization, 82, 199, 201, 219,
256-257, 264, 296, 300, 602—-604,
610
incomplete, 158
modified, 141, 144-150, 162, 163
bounded modified factorization
property, 141
Gershgorin modification, 150
sparse, 408—409
stability of, 147, 610
Complementarity, 399
Complementarity condition, 78, 323, 328,
344, 508
strict, 328, 330, 348-350, 508, 518
Complexity of algorithms, 392, 395, 396,
410, 415417
Conditioning, see also Matrix, condition
number, 426, 429, 430, 432,

608-609
ill conditioned, 31, 495, 505, 510, 514,
608, 609
well conditioned, 608, 609
Cone, 579
Cone of feasible directions, see Tangent
cone

Conjugacy, 102
Conjugate direction method, 102
expanding subspace minimization, 106
termination of, 103
Conjugate gradient method, 75, 101-132,
135, 139, 154, 163, 270, 285
n-step quadratic convergence, 132



relation to limited memory, 227
VA14, 229
clustering, 115
condition number, 117
CONMIN, 124, 229
expanding subspace, 76, 112
Fletcher—Reeves, see Fletcher—Reeves
method
global convergence, 46
Hestenes—Stiefel, 122
Krylov subspace, 112
nonlinear, 26, 120-131
numerical performance, 124
optimal polynomial, 113
optimal process, 112
Polak—Ribiére, see Polak—Ribiere
method
practical version, 111
preconditioned, 118, 154
rate of convergence, 112
restarts, 122
superlinear convergence, 132
superquadratic, 132
termination, 114, 122
Constrained optimization, 6
linear, 422
nonlinear, 6, 184, 363, 421, 422, 491,
492, 494, 509
Constraint qualifications, 328, 336-339,
345, 351-353, 357
linear independence (LICQ), 328, 329,
336, 337, 339, 341, 343, 348, 351,
353, 355, 359, 360, 366, 454, 497,
498, 505, 508, 519
Mangasarian—Fromovitz (MFCQ), 353,
359
Constraints, 1, 2, 319, 421
bounds, 434, 511, 516, 522
equality, 315
hard and soft, 423
inequality, 315
Continuation methods for nonlinear
equations, 280, 312
convergence of, 308-310
formulation as initial-value ODE,
306-307
motivation, 304—305

INDEX

predictor—corrector method, 307-308
Zero path, 305-307, 309, 310, 312
divergence of, 309-310
tangent, 306-307, 309
turning point, 305, 308
Convergence, rate of, 28-30, 162
n-step quadratic, 132
linear, 28, 29, 137, 267
quadratic, 24, 29, 30, 32, 138, 142, 262
sublinear, 32
superlinear, 8, 24, 29, 30, 32, 71, 132,
138, 198, 200, 218, 220, 267, 269,
311, 409, 525
superquadratic convergence, 132
Convex programming, 6, 8, 347, 350-351,
422,507
Convexity, 8
of functions, 8, 17, 31, 135, 163, 256, 350
of sets, 8, 31, 350, 358
Coordinate descent method, 53, see
Alternating variables method
Coordinate relaxation step, 430

Data-fitting problems, 12-13, 254
Degeneracy, 328, 455
of linear program, 373
Dennis and Moré characterization, 50
Descent direction, 22, 31, 35
DFP method, 197
Differential equations
ordinary, 307
partial, 188, 310
Directional derivative, 178, 179, 583584
Discrete optimization, 4-5, 423
Dual variables, see also Lagrange
multipliers, 437
Duality, 357
in linear programming, 367-370

Eigenvalues, 79, 258, 349, 598, 605
negative, 74, 94
of symmetric matrix, 504, 599
Eigenvectors, 79, 258, 598
FElement function, 235
Elimination of Variables, 425
linear equality constraints, 427-434
nonlinear, 426427
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Elimination (cont.)
when inequality constraints are present,
434
Ellipsoid algorithm, 392, 395, 416
Error
absolute, 606
relative, 167, 257, 258, 606, 609
truncation, 188
Errors-in-variables models, 271

Feasible sequences, 332—-339, 343-345, 347
limiting directions of, 332-339,
341-342, 345-346, 351
Feasible set, 3, 315, 317, 350, 351, 491
geometric properties of, 351, 353-357,
359, 586—-590
primal, 365
primal—dual, 397, 398, 402, 409, 415
strictly, 500, 507, 509
Finite differencing, 136, 140, 165-176, 188,
274, 285
and graph-coloring algorithms, 172-176
central-difference formula, 165,
168-169, 173, 174, 189
forward-difference formula, 167, 168,
173,174, 189
gradient approximation, 166—-169
Hessian approximation, 173-176
Jacobian approximation, 169-173, 290
First-order feasible descent direction,
322-327
First-order optimality conditions, see
also Karush—Kuhn-Tucker (KKT)
conditions, 86, 282, 319-342, 351,
354, 358, 498
derivation of, 331-342
examples, 319-327, 329-330, 332-335
fundamental principle, 335
unconstrained optimization, 15-16, 437
Fixed-regressor model, 253
Fletcher—Reeves method, 101, 120-131
convergence of, 124
numerical performance, 124
Floating-point arithmetic, 188, 607-609
cancellation, 430, 607—608
double-precision, 607
roundoff error, 167, 189, 257, 499, 505,
525, 607

unit roundoff, 167, 189, 607
Floating-point numbers, 606
exponent, 607
fractional part, 607
Forcing sequence, see Newton’s method,
inexact, forcing sequence
Function
continuous, 580
continuously differentiable, 582
derivatives of, 581-585
differentiable, 582
Lipschitz continuous, 581, 586
Lipschitz continuously differentiable,
585, 586
locally Lipschitz continuous, 581
one-sided limit, 580
univariate, 581, 583
Fundamental theorem of algebra, 520, 598

Gauss—Newton method, 259-263, 267,
269, 272,274, 282
connection to linear least squares, 260
line search in, 259, 260
performance on large-residual
problems, 267
Gaussian elimination, 144, 429, 603, 604
sparse, 136, 429, 434
stability of, 610
with row partial pivoting, 601-602,
609-610
Global convergence, 87-94, 263, 280
Global minimizer, 13-14, 17, 422, 496, 507
Global optimization, 6, 8
Global solution, see also Global minimizer,
6, 78, 84-87, 316, 347, 350, 358
GMRES algorithm, 285
Goldstein condition, 41, 139, 141
Gradient, 582
generalized, 18
Gradient—projection method, 453,
476481, 486, 522
Group partial separability, see Partially
separable function, group partially
separable

Holder inequality, 595
Harwell subroutine library
VAl4, 123



Hessian, 15, 20, 24, 26, 582
average, 196, 197
Homotopy map, 304
Homotopy methods, see Continuation
methods for nonlinear equations

Implicit function theorem, 337, 338, 355,
585-586, 588

Inertia of a matrix, 151, 447, 475

Inexact Newton method, see Newton’s
method, inexact

Integer programming, 5

branch-and-bound algorithm, 5

Integral equations, 310

Interior-point methods, see Primal—dual
interior-point methods, 392

Interlacing eigenvalue theorem, 605-606

Invariant subspace, see Partially separable
optimization, invariant subspace

Jacobian, 252, 256, 260, 261, 274, 338, 398

Karmarkar’s algorithm, 392, 396, 416
Karush—Kuhn-Tucker (KKT) conditions,
342, 343, 345, 347, 348, 353, 357,
359, 360, 422, 475, 497, 498,
507-510, 512, 518, 519, 522, 527
for general constrained problem, 328
for linear programming, 366—367, 374,
375, 397, 399, 402, 410, 411
Krylov subspace, 108

Lagrange multipliers, 321, 322, 330-331,
339, 342, 345, 348, 349, 353, 359,
366-368, 419, 422,510

estimates of, 497, 504, 508, 509, 513,
514,521, 524

Lagrangian function, 86, 321, 323, 325,

342,343, 347, 508
for constrained optimization, 327
for linear program, 366, 367
Hessian of, 342-345, 347, 348, 366
projected Hessian of, 349

LANCELOT, see Augmented Lagrangian
method, LANCELOT code

Lanczos method, 74

LAPACK, 601

Least-squares problems, linear, 256-259

INDEX

applications of, 273
LSQR algorithm, 270
normal equations, 256-257, 264, 269,
275, 408
solution via QR factorization, 257
solution via SVD, 257-258
Least-squares problems, nonlinear, 13, 183
applications of, 251, 253-254
Dennis—Gay—Welsch algorithm,
267-269
Fletcher—Xu algorithm, 267
large-residual problems, 266—-269
large-scale problems, 269-270
Levenberg—Marquardt method, see
Levenberg—Marquardt method
scaling of, 266
software for, 268, 274
statistical justification of, 255
structure of objective, 252, 259
Least-squares problems, total, 271
Level set, 94, 263
Levenberg—Marquardt method, 262-266,
269, 272
as trust-region method, 262-264, 300
for nonlinear equations, 300
implementation via orthogonal
transformations, 264-266
inexact, 270
local convergence of, 266
performance on large-residual
problems, 267
lim inf, lim sup, 578
Limit point, 31, 89, 94, 98, 496, 497, 507,
577-578
Limited memory method, 25, 224-233,
247
compact representation, 230-232
for nonlinear equations, 247
L-BFGS, 224-233
L-BFGS algorithm, 226
memoryless BFGS method, 227
performance of, 227
relation to CG, 227
scaling, 226
SR1, 232
two-loop recursion, 225
Line search, see also Step length selection
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Line (cont.)
Armijo, 38
backtracking, 41
curvature condition, 38
for log-barrier function, 506, 510, 526
Goldstein, 41
inexact, 37
Newton’s method with, 22-24
Nonlinear conjugate gradient methods
with, 26
quasi-Newton methods with, 24-25
search directions, 21-26
strong Wolfe, 39
sufficient decrease, 37
Wolfe conditions, 37
Line search method, 19-20, 35-55, 65, 66,
69, 252
for nonlinear equations, 278, 293-298
global convergence of, 294-297
local convergence of, 298
poor performance of, 296
Linear complementarity problem, 410-411
Linear programming, 4, 6, 9, 301, 351, 421,
491, 512
artificial variables, 370, 386—389
basic feasible points, 370-374
dual problem, 367-370
feasible polytope, 364
vertices of, 372—-373
fundamental theorem of, 371-372
primal solution set, 364
slack/surplus variables, 365, 368, 370,
388, 411
splitting variables, 365, 368
standard form, 364-365, 411
Linearly dependent, 350, 586
Linearly independent, 353, 431, 497, 498,
519, 521
Lipschitz continuity, see also Function,
Lipschitz continuous, 281-284,
286, 294, 295, 298, 301, 302, 311
Local minimizer, 13, 15, 280, 527
isolated, 14, 31
strict, 13, 15, 16, 31, 519
weak, 13

Local solution, see also Local minimizer,
316-317, 330, 332, 335, 341, 343,
345, 350, 354, 358, 437
isolated, 317
strict, 317, 345, 347, 348
strong, 317
Log-barrier function, 417, 424, 525-527
definition, 500-501
difficulty of minimizing, 502, 510
examples, 501-504
ill conditioned Hessian of, 504-505
possible unboundedness, 507
properties, 507-509
Log-barrier method, 491, 505-506
convergence of, 508-509
extrapolation, 506
modification for equality constraints,
509-510
relationship to primal-dual
interior-point methods, 506,
510-512
LSQR method, 449, 485, 536
LU factorization, 601-602

Maratos effect, 436, 550, 558, 567573
example of, 567
remedies, 569
Matrix

condition number, 257, 596, 604, 609

determinant, 600

diagonal, 258, 408, 429

full-rank, 306, 308, 309, 498, 604

indefinite, 73, 74

lower triangular, 601, 602

nonsingular, 338, 350, 596, 605

null space, 306, 337, 348, 430, 431, 598,
602, 604

orthogonal, 257, 258, 350, 432, 598, 603

permutation, 257, 429, 601

positive definite, 16, 23, 30, 67, 74, 75,
349, 594

positive semidefinite, 16, 78, 349, 410,
411, 594

range space, 430, 598

rank-deficient, 259

rank-one, 25

rank-two, 25

singular, 350



symmetric, 25, 67, 408, 411, 594
symmetric indefinite, 409
symmetric positive definite, 602
trace, 599-600
upper triangular, 257, 350, 601-603
Matrix, sparse, 408, 409, 602, 603
Cholesky factorization, 409
Maximum likelihood estimate, 255
Merit function, see also Penalty function,
422,425,434-438
£, 301, 435-437, 544-547, 558
choice of parameter, 547
£,, 526
exact, 435-437
definition of, 435
nonsmoothness of, 436—437
smooth, 513
Fletcher’s augmented Lagrangian,
435-436, 544-547
choice of parameter, 547
for feasible methods, 434
for nonlinear equations, 279, 292-294,
296, 298, 299, 301, 304, 310-312,
498
for primal—dual interior-point methods,
512
for SQP, 544-547
Method of multipliers, see Augmented
Lagrangian methods
Minimum surface problem, 238, 244, 246
MINOS, see Sequential linearly
constrained methods, MINOS
Modeling, 1-2, 9, 12, 253-255

Negative curvature direction, 73, 75, 76,
139-143, 156, 157, 161-163, 470,
471, 480
Neighborhood, 13, 15, 31, 579
Network optimization, 365
Newton’s method, 26, 252, 259, 261, 267
for log-barrier function, 502, 505, 525,
526
for nonlinear equations, 278, 280-284,
288, 290, 292, 293, 295-298, 302,
304, 308, 311
cycling, 292
inexact, 284-286, 297
for quadratic penalty function, 495, 499

INDEX

global convergence, 45
Hessian-free, 140, 156
in one variable, 78, 81, 93, 592
inexact, 136—-138, 156, 162, 185
forcing sequence, 136-138, 140, 156,
162, 285
Lanczos, 157
large scale, 135-162
LANCELOT, 159
line search method, 139-142
MINPACK-2, 159
trust-region method, 154
modified, 141-142
adding a multiple of I, 144
eigenvalue modification, 143-144
Newton—CG, 136, 139-141, 156-159,
161-163,173
preconditioned, 157-159
rate of convergence, 29, 51, 137-138,
155, 159, 282-284, 288-289, 298
scale invariance, 27
Newton-Lagrange method, see Sequential
quadratic programming
Nondifferentiable optimization, 513
Nonlinear complementarity problems, 417
Nonlinear equations, 169, 183, 185, 423,
592
degenerate solution, 281, 283, 290, 292,
311
examples of, 278-279, 296, 310
merit function, see Merit function, for
nonlinear equations
multiple solutions, 279-280
primal—dual interior-point methods,
relation to, 398, 511
quasi-Newton methods, see Broyden’s
method
relationship to least squares, 278-279,
282, 298, 300-301, 311
relationship to optimization, 278
solution, 278
statement of problem, 277-278
Nonlinear least-squares, see Least-squares
problem, nonlinear
Nonlinear programming, see Constrained
optimization, nonlinear, 301
Nonmonotone algorithms, 19
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Nonnegative orthant, 97
Nonsmooth functions, 6, 18, 317, 318, 358
Norm

Euclidean, 26, 144, 257, 288, 311, 595,

596, 599, 604
Frobenius, 144, 196, 197, 596
matrix, 595-596
consistent with vector norms, 596

vector, 594-595
Normal cone, 354-357, 587-590
Normal distribution, 255
Normal step, 556
Null space, see Matrix, null space
Numerical analysis, 363

Objective function, 1, 2, 11, 315, 421
One-dimensional minimization, 19, 55
Optimal control, 586
Optimality conditions, see also First-order
optimality conditions, Second-
order optimality conditions, 2, 8,
315-316
for unconstrained local minimizer,
15-17
Order notation, 591-592
Orthogonal distance regression, 271-273
contrast with least squares, 271-272
structure of objective, 272-273
Orthogonal transformations, 257, 264-266
Givens, 264, 604
Householder, 264, 604
Outliers, 267

Partially separable function, 25, 183,
235-237,270

automatic detection, 183, 241
definition, 183, 241
group partially separable, 243
vs. sparsity, 242

Partially separable optimization, 235-247
BFGS, 246
compactifying matrix, 236
element variables, 236
internal variables, 237, 239
invariant subspace, 239, 240
Newton’s method, 244
quasi-Newton method, 237, 245
SR1, 246

Penalty function, see also Merit function,
492
exact, 424, 491, 512-513
£;,512-513
quadratic, 424, 492-494, 504, 505, 509,
525, 526
difficulty of minimizing, 495
Hessian of, 498—-499
relationship to augmented
Lagrangian, 513
Penalty methods, 424
exterior, 492
Penalty parameter, 435, 492, 514, 522-524
Pivoting, 257, 610
Polak—Ribiére method, 121
convergence of, 130
Polak—Ribiére method
numerical performance, 124
Portfolio optimization, 442—443, 485
Preconditioners, 118-120
banded, 119
incomplete Cholesky, 119
SSOR, 119
Primal—dual interior-point methods, 475,
491, 525, 527
centering parameter, 400, 401, 403-405,
409
complexity of, 396, 410, 415-416
contrasts with simplex method, 364, 396
convex quadratic programs, 410-411
corrector step, 404—406, 409
duality measure, 400
infeasible-interior-point algorithms,
401-404
linear algebra issues, 408—409
Mehrotra’s predictor—corrector
algorithm, 396, 404-408, 483
nonlinear programs, 411, 510-512, 526
path-following algorithms, 402—409,
484
long-step, 411-416
predictor—corrector (Mizuno-
Todd-Ye) algorithm,
409
short-step, 409
potential function, 410
Tanabe-Todd—Ye, 410, 484



potential-reduction algorithms,
409-410, 484
predictor step, 405-406, 409
quadratic programming, 481-484
relationship to Newton’s method, 397,
398, 402
software, 417
Probability density function, 255
Projected Hessian, 564
two-sided, 565

QMR method, 449, 485, 536
QR factorization, 257, 264, 297, 300, 307,
349, 432, 434, 603—605
cost of, 603
relationship to Cholesky factorization,
604
Quadratic penalty method, 491, 494495,
513
convergence of, 495-500
Quadratic programming, 422, 425,
441-486
active set methods, 457-476
big M method, 463
blocking constraint, 459
convex, 491
cycling, 467
duality, 484
indefinite, 470—-476
inertia controlling methods, 470-474
inertia controlling method, 486
initial working set, 465
interior-point method, 481-484
null-space method, 450452
optimal active set, 457
optimality conditions, 454
phase I, 462
pseudo-constraint, 471
range-space method, 449-450
termination, 466
updating factorizations, 467
working set, 457-467
Quasi-Newton approximate Hessian, 24,
25,71, 522,592
Quasi-Newton method, see also
Limited-memory method, 26, 252,
267, 495, 502
BFGS, see BEGS method, 267

INDEX

bounded deterioration, 219

Broyden class, see Broyden class

curvature condition, 195

DEP, see DFP method, 247, 269

for nonlinear equations, see Broyden’s
method

for partially separable functions, 25

global convergence, 45

large-scale, 223-247

limited memory, see Limited memory
method

rate of convergence, 29, 49

secant equation, 24, 25, 195, 197,
268-269, 287, 592

sparse, see Sparse quasi-Newton method

SR1, see SR1 method

symmetric-rank-one (SR1), 25

Range space, see Matrix, range space
Relative interior, 590
Residuals, 12, 251, 260, 266-269, 274
vector of, 18, 169, 252
Robustness, 7
Root, see Nonlinear equations, solution
Root-finding algorithm, 265
Rootfinding algorithm, see also Newton’s
method, in one variable, 264,
592-593
for trust-region subproblem, 7883
Rosenbrock function
extended, 248
Roundoff error, see Floating-point
arithmetic, roundoff error
Row echelon form, 429

S$¢,QP method, 301, 557-560
Saddle point, 30, 94
Scale invariance, 196, 199
Scaling, 27-28, 94-97, 331, 502, 504
example of poor scaling, 27
matrix, 95
scale invariance, 28
Schur complement, 152
Secant method, see also Quasi-Newton
method, 287, 592-593
Second-order correction, 558, 569-571
Second-order optimality conditions, 330,
342-350, 597
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Second-order (cont.)

necessary, 94, 343-349
sufficient, 345-349, 508, 519
unconstrained optimization, 16—17

Semidefinite programming, 411, 491
Sensitivity, 582, 609
Sensitivity analysis, 2, 166, 258, 330-331,

357, 369

Separable problem, 235
Sequential linearly constrained methods,

424, 425, 491, 523-526
MINOS, 524-526

Sequential quadratic programming, 425,

475, 513, 524, 529-573
augmented Lagrangian Hessian, 541
Coleman—Conn method, 543, 549, 551
derivation, 530-533
full quasi-Newton Hessian, 540
identification of optimal active set, 533
IQP vs. EQP, 534
KKT system, 282, 531
least-squares multipliers, 537
line search algorithm, 547
local algorithm, 532
QP multipliers, 537
rate of convergence, 563-567
reduced-Hessian approximation,

542-544
reduced-Hessian method, 538, 548—553

properties, 549
S¢,QP method, see S¢;QP method
shifting constraints, 555
step computation, 536-539
direct, 536
for inequalities, 538
iterative, 536
null-space, 537
range-space, 536
tangential convergence, 549
trust-region method, 553-563
two elliptical constraints, 556

Set

affine hull of, 579
closed, 578
closure of, 578
compact, 579
interior of, 578

open, 578
relative interior of, 579
Sherman—Morrison—-Woodbury formula,
197, 198, 202, 220, 290, 385, 605
Simplex method
as active-set method, 391-392
basic index set B, 370-375, 386
complexity of, 392
cycling, 389
avoidance of, 389-391
degenerate steps, 378
description of single iteration, 374-378
discovery of, 363
entering index, 375-376, 378, 383-386
finite termination of, 377-378
initialization, 386389
leaving index, 375, 376, 378
linear algebra issues, 378-383
Phase I/Phase II, 386389
pricing, 375, 383-384
multiple, 384
partial, 383
steepest-edge rule, 384-386
Singular values, 260, 598
Singular-value decomposition (SVD), 258,
274,275,311, 598
Slack variables, see also Linear
programming, slack/surplus
variables, 510, 516, 517, 521
Smooth functions, 11, 15, 317-319, 342
SNOPT, 538
Sparse quasi-Newton method, 233-235,
247
SR1 method, 202, 219
algorithm, 204
properties, 205
safeguarding, 203
skipping, 203, 218
Stability, 608610
Starting point, 19
Stationary point, 8, 16, 30, 296, 437, 498
Steepest descent direction, 21, 22, 68, 72,
145
Steepest descent method, 22, 26, 27, 35, 71,
94, 502
rate of convergence, 29, 47, 49
Step length, 19, 35



unit, 23, 31
Step length selection, see also Line search,
55-61
bracketing phase, 55
cubic interpolation, 57
for Wolfe conditions, 58
initial step length, 58
interpolation in, 56
selection phase, 55
Stochastic optimization, 7
Strict complementarity, see
Complementarity condition, strict
Subgradient, 18
Subspace, 349
basis, 430, 597
orthonormal, 433
dimension, 597
linearly independent set, 597
spanning set, 597
Successive linear programming, 534
Sufficient reduction, 69, 70, 89
Sum of absolute values, 254
Sum of squares, see Least-squares problem,
nonlinear
Symbolic differentiation, 166
Symmetric indefinite factorization, 448,
475, 476
Bunch-Kaufman, 153
Bunch—Parlett, 152
modified, 151-154, 162
sparse, 153
Symmetric rank-one update, see SR1
method

Tangent, 506
Tangent cone, 339, 354-357, 587-590
Tangential step, 560
Taylor series, 16, 23, 30, 31, 66, 67, 281,
320, 342, 344, 345, 495, 502, 505,
527,587
Taylor’s theorem, 16, 21, 22, 24, 90, 122,
137, 138, 165-169, 173, 174, 196,
281, 287, 302, 335, 337, 338, 344,
346, 354-356, 585
statement of, 15
Tensor methods, 280
computational results, 292
derivation, 290-292

INDEX

performance on degenerate problems,
292
Termination criterion, 93
Triangular substitution, 433, 601, 603, 609,
610
Truncated Newton method, see Newton’s
method, Newton-CG
Trust region
boundary, 68, 72, 73, 76, 77, 94
box-shaped, 20, 301
choice of size for, 65-66, 91
elliptical, 20, 66, 95, 96, 99
radius, 20, 26, 67—69, 71, 262, 302
spherical, 94, 262
Trust-region method, 19-20, 68, 81-82,
87, 89, 90, 92-94, 252, 262, 592
contrast with line search method, 20, 65
dogleg method, 68, 71-74, 77, 78, 87,
89, 93, 98, 154-155, 161, 299-301
double-dogleg method, 98
for log-barrier function, 506
for nonlinear equations, 278, 279, 293,
298-304, 311
global convergence of, 300-302
local convergence of, 302-304
global convergence, 69, 70, 74, 76, 77,
87-94, 155, 156
local convergence, 159162
Newton variant, 26-27, 67, 77, 94
software, 97
Steihaug’s approach, 68, 75-77, 87, 89,
93, 480
strategy for adjusting radius, 68
subproblem, 20, 26-27, 67, 70, 71, 74,
87, 93, 95-97, 262, 263
approximate solution of, 67, 69
exact solution of, 77-78
hard case, 82-84
nearly exact solution of, 68-69, 74,
78-87, 89, 97, 156, 162, 300-301
two-dimensional subspace
minimization, 68, 74, 78, 87, 89,
97, 99, 154—-155

Unconstrained optimization, 6, 11-30,
350, 358, 426, 432, 493, 495, 502,
513

Unit ball, 86, 520
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Unit roundoff, see Floating-point
arithmetic, unit roundoff

Variable metric method, see Quasi-Newton
method

Variable storage method, see Limited
memory method

Watchdog technique, 569-573

Weakly active, 331
Wolfe conditions, 37-41, 87, 131, 139, 141,
194, 195, 198-201, 204, 218, 226
260, 294, 295, 298
scale invariance of, 41
strong, 39, 40, 121, 122, 124-128, 195,
200, 220, 226

Zoutendijk condition, 43-46, 127, 142,
214, 295





