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Preface

The idea of writing this book came from the editors of Springer, who suggested that
the author should think about a renewal of the book

Introductory Lectures on Convex Optimization: Basic Course,
which was published by Kluwer in 2003 [39]. In fact, the main part of this book
was written in the period 1997-1998, so its material is at least twenty years old. For
such a lively field as Convex Optimization, this is indeed a long time.

However, having started to work with the text, the author realized very quickly
that this modest goal was simply unreachable. The main idea of [39] was to
present a short one-semester course (12 lectures) on Convex Optimization, which
reflected the main algorithmic achievements in the field at the time. Therefore,
some important notions and ideas, especially related to all kinds of Duality Theory,
were eliminated from the contents without any remorse. In some sense, [39] still
remains the minimal course representing the basic concepts of algorithmic Convex
Optimization. Any enlargements to this text would require difficult explanations
as to why the selected material is more important than the many other interesting
candidates which have been left on the shelf.

Thus, the author came to a hard decision to write a new book, which includes
all of the material of [39], along with the most important advances in the field
during the last two decades. From the chronological point of view, this book
covers the period up to the year 2012." Therefore, the newer results on random
coordinate descent methods and universal methods, complexity results on zero-
order algorithms and methods for solving huge-scale problems are still missing.
However, in our opinion, these very interesting topics have not yet matured enough
for a monographic presentation, especially in the form of lectures.

From the methodological point of view, the main novelty of this book consists
in the wide presence of duality. Now the reader can see the story from both sides,

Twell, just for consistency, we added the results from several last-minute publications, which are
important for the topics discussed in the book.
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viii Preface

primal and dual. As compared to [39], the size of the book is doubled, which looks
to be a reasonable price to pay for a comprehensive presentation. Clearly, this book
is too big now to be taught during one-semester. However, it fits well a two-semester
term. Alternatively, different parts of it can be used in diverse educational programs
on modern optimization. We discuss possible variants at the end of the Introduction.

In this book we include three topics, which are new to the monographic
literature.

* The smoothing technique. This approach has completely changed our under-
standing of complexity of nonsmooth optimization problems, which arise in
the vast majority of applications. It is based on the algorithmic possibility
of approximating a non-differentiable convex function by a smooth one, and
minimizing the new objective by Fast Gradient Methods. As compared with
standard subgradient methods, the complexity of each iteration of the new
schemes does not change. However, the estimate for the number of iterations
of these schemes becomes proportional to the square root of this number for
the standard methods. Since in practice, these numbers are usually of the order
of many thousands, or even millions, the gain in computational time becomes
spectacular.

* Global complexity bounds for second-order methods. Second-order methods,
and their most famous representative, the Newton’s Method, are among the oldest
schemes in Numerical Analysis. However, their global complexity analysis has
only recently been carried out, after the discovery of the Cubic Regularization
of Newton’s Method. For this new variant of classical scheme, we can write
down the global complexity bounds for different problem classes. Consequently,
we can now compare global efficiency of different second-order methods and
develop accelerated schemes. A completely new feature of these methods is the
accumulation of some model of the objective function during the minimization
process. At the same time, we can derive for them lower complexity bounds and
develop optimal second-order methods. Similar modifications can be made for
methods solving systems of nonlinear equations.

e Optimization in relative scale. The standard way of defining an approximate
solution of an optimization problem consists in introducing absolute accuracy.
However, in many engineering applications, it is natural to measure the quality
of solution in a relative scale (percent). To adjust minimization methods toward
this goal, we introduce a special model of objective function and apply efficient
preprocessing algorithms for computing an appropriate metric, compatible with
the topology of the objective. As a result, we get very efficient optimization
methods with a weak dependence of their complexity bounds in the size of input
data.

We hope that this book will be useful for a wide audience, including students
with mathematical, economical, and engineering specializations, practitioners of
different fields, and researchers in Optimization Theory, Operations Research, and
Computer Science. The main lesson of the development of our field in the last few
decades is that efficient optimization methods can be developed only by intelligently
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Preface ix

employing the structure of particular instances of problems. In order to do this, it is
always useful to look at successful examples. We believe that this book will provide
the interested reader with a great deal of information of this type.

Louvain-la-Neuve, Belgium Yurii Nesterov
January 2018
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Introduction

Optimization problems arise naturally in many different fields. Very often, at some
point we get a craving to arrange things in the best possible way. This intention,
converted into a mathematical formulation, becomes an optimization problem of
a certain type. Depending on the field of interest, it could be an optimal design
problem, an optimal control problem, an optimal location problem, an optimal
diet problem, etc. However, the next step, consisting in finding a solution to the
mathematical model, is far from being trivial. At first glance, everything looks very
simple: many commercial optimization packages are easily available and any user
can get a “solution” to the model just by clicking at an icon on the desktop of a
personal computer. However, the question is, what do we actually get? How much
can we trust the answer?

One of the goals of this course is to show that, despite their easy availability, the
proposed “solutions” of general optimization problems very often cannot satisfy the
expectations of a naive user. In our opinion, the main fact, which should be known
to any person dealing with optimization models, is that in general, optimization
problems are unsolvable. This statement, which is usually missing in standard
optimization courses, is very important for understanding optimization theory and
the logic of its development in the past and in the future.

In many practical applications, the process of creating a model can take a lot
of time and effort. Therefore, the researchers should have a clear understanding
of the properties of the model they are constructing. At the stage of modelling,
many different ideas can be applied to represent a real-life situation, and it is
absolutely necessary to understand the computational consequences of each step
in this process. Very often, we have to choose between a “perfect” model, which we
cannot solve,? and a “sketchy” model, which can be solved for sure. What is better?

In fact, computational practice provides us with an answer. Up to now, the most
widespread optimization models have been the models of Linear Optimization. It is
very unlikely that such models can describe our nonlinear world very well. Hence,

2More precisely, which we can only try to solve.
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the main reason for their popularity is that practitioners prefer to deal with solvable
models. Of course, very often the linear approximations are poor. However, usually
it is possible to predict the consequences of such a choice and make a correction in
interpretation of the obtained solution. This is much better than trying to solve an
overcomplicated model without any guarantee of success.

Another goal of this course consists in discussing numerical methods for solvable
nonlinear models, namely the problems of Convex Optimization. The development
of Convex Optimization in the last decades has been very rapid and exciting. Now
it consists of several competing branches, each of which has some strong and
some weak points. We will discuss their features in detail, taking into account
the historical aspect. More precisely, we will try to understand the internal logic
of the development of each branch of the field. Up to now, the main results of
these developments could only be found in specialized journals. However, in our
opinion, many of these theoretical achievements are ready to be understood by
the final users: computer scientists, industrial engineers, economists, and students
of different specializations. We hope that this book will be interesting even for
experts in optimization theory since it contains many results which have never been
published in a monograph.

In this book, we will try to convince the reader that, in order to work with
optimization formulations successfully, it is necessary to be aware of some theory,
which explains what we can and what we cannot do with optimization problems.
The elements of this simple theory can be found in almost every chapter of the
first part of the book, dealing with the standard black-box model of the objective
function. We will see that Black-Box Convex Optimization is an excellent example
of a comprehensive application theory, which is simple, easy to learn and which
can be very useful in practical applications. On the other hand, in the second part
of the book, we will see how much we can gain from a proper use of a problem’s
structure. This enormous increase of our abilities does not discard the results of the
first part. On the contrary, most of the achievements in Structural Optimization are
firmly supported by the fundamental methods of Black-Box Convex Optimization.

In this book, we discuss the most efficient modern optimization schemes and
establish for them global efficiency bounds. Our presentation is self-contained; we
prove all necessary results. Nevertheless, the proofs and reasonings should not be a
problem, even for a second-year undergraduate student.

The structure of the book is as follows. It consists of seven relatively independent
chapters. Each chapter includes three or four sections. Most of them correspond
approximately to a two-hour lecture. Thus, the contents of the book can be directly
used for a standard two-semester course on Convex Optimization. Of course,
different subsets of the chapters can be useful for a smaller course.

The whole contents is divided into two parts. Part I, which includes Chaps. 1-4,
contains all the material related to the Black-Box model of optimization problem. In
this framework, additional information on the given problem can be obtained only
by request, which corresponds to a particular set of values of the decision variables.
Typically, the result of this request is either the value of the objective function, or
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this value and the gradient, etc. This framework is the most advanced part of Convex
Optimization Theory.

Chapter 1 is devoted to general optimization problems. In Sect. 1.1, we intro-
duce the terminology, the notions of oracle, black box, functional model of
an optimization problem and the complexity of general iterative schemes. We
prove that global optimization problems are “unsolvable” and discuss the main
features of different fields of optimization theory. In Sect. 1.2, we discuss two main
local unconstrained minimization schemes: the gradient method and the Newton’s
method. We establish their local rates of convergence and discuss the possible
difficulties (divergence, convergence to a saddle point). In Sect. 1.3, we compare
the formal structures of the gradient and the Newton’s method. This analysis leads
to the idea of a variable metric. We describe quasi-Newton methods and conjugate
gradient schemes. We conclude this section with an analysis of different methods
for constrained minimization: Lagrangian relaxation with a certificate for global
optimality, the penalty function method, and the barrier approach.

In Chap.2, we consider methods of smooth convex optimization. In Sect.2.1,
we analyze the main reason for difficulties encountered in the previous chapter.
From this analysis, we derive two good functional classes, the classes of smooth
convex and smooth strongly convex functions. For corresponding unconstrained
minimization problems, we establish the lower complexity bounds. We conclude
this section with an analysis of a gradient scheme, which demonstrates that this
method is not optimal. The optimal schemes for smooth convex minimization
problems, so-called Fast Gradient Methods, are discussed in Sect.2.2. We start
by presenting a special technique for convergence analysis, based on estimating
sequences. Initially, it is introduced for problems of Unconstrained Minimization.
After that, we introduce convex sets and define a notion of gradient mapping
for a problem with simple set constraints. We show that the gradient mapping
can formally replace a gradient step in the optimization schemes. In Sect.2.3,
we discuss more complicated problems, which involve several smooth convex
functions, namely, the minimax problem and the constrained minimization problem.
For both problems we use a notion of gradient mapping and present the optimal
schemes.

Chapter 3 is devoted to the theory of nonsmooth convex optimization. Since we do
not assume that the reader has a background in Convex Analysis, the chapter begins
with Sect.3.1, which contains a compact presentation of all the necessary facts.
The final goal of this section is to justify the rules for computing the subgradients
of a convex function. At the same time, we also discuss optimality conditions,
Fenchel duality and Lagrange multipliers. At the end of the section, we prove
several minimax theorems and explain the basic notions justifying the primal-dual
optimization schemes. This is the biggest section in the book and it can serve as a
basis for a mini-course on Convex Analysis.

The next Sect.3.2 starts from the lower complexity bounds for nonsmooth
optimization problems. After that, we present a general scheme for the complexity
analysis of the corresponding methods. We use this scheme in order to establish a
convergence rate for the simplest subgradient method and for its switching variant,
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XVi Introduction

treating the problems with functional constraints. For the latter scheme, we justify
the possibility of approximating optimal Lagrange multipliers. In the remaining part
of the section, we consider the two most important finite-dimensional methods: the
center-of-gravity method and the ellipsoid method. At the end, we briefly discuss
some other cutting plane schemes. Section 3.3 is devoted to the minimization
schemes, which employ a piece-wise linear model of a convex function. We describe
Kelley’s method and show that it can be extremely slow. After that, we introduce
the so-called Level Method. We justify its efficiency estimates for unconstrained
minimization problems and for problems with functional constraints.

Part I is concluded by Chap. 4, devoted to a global complexity analysis of second-
order methods. In Sect. 4.1, we introduce cubic regularization of the Newton method
and study its properties. We show that the auxiliary optimization problem in this
scheme can be efficiently solved even if the Hessian of the objective function is not
positive semidefinite. We study global and local convergence of the Cubic Newton
Method in convex and non-convex cases. In Sect. 4.2, we show that this method can
be accelerated using the estimating sequences technique.

In Sect. 4.3, we derive lower complexity bounds for second-order methods and
present a conceptual optimal scheme. At each iteration of this method, it is necessary
to perform a potentially expensive search procedure. Therefore, we conclude that the
problem of constructing an efficient optimal second-order scheme remains open.

In the last Sect. 4.4, we consider a modification of the standard Gauss-Newton
method for solving systems of nonlinear equations. This modification is also based
on an overestimating principle as applied to the norm of the residual of the system.
Both global and local convergence results are justified.

In Part II, we include results related to Structural Optimization. In this frame-
work, we have direct access to the elements of optimization problems. We can work
with the input data at the preliminary stage, and modify it, if necessary, to make
the problem simpler. We show that such a freedom can significantly increase our
computational abilities. Very often, we are able to get optimization methods which
go far beyond the limits prescribed by the lower complexity bounds of Black-Box
Optimization Theory.

In the first chapter of this part, Chap.5, we present theoretical foundations
for polynomial-time interior-point methods. In Sect.5.1, we discuss a certain
contradiction in the Black Box concept as applied to a convex optimization model.
We introduce a barrier model of an optimization problem, which is based on the
notion of a self-concordant function. For such functions, the second-order oracle is
not local. Moreover, they can easily be minimized by the standard Newton’s method.
We study the properties of these functions and their dual counterparts.

In the next Sect. 5.2, we study the complexity of minimization of self-concordant
functions by different variants of Newton’s method. The efficiency of direct
minimization is compared with that of a path-following scheme, and it is proved
that the latter method is much better.

In Sect. 5.3, we introduce self-concordant barriers, a subclass of standard self-
concordant functions, which is suitable for sequential unconstrained minimization
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schemes. We study the properties of such barriers and prove the efficiency estimate
of the path-following scheme.

In Sect. 5.4, we consider several examples of optimization problems, for which
we can construct a self-concordant barrier. Consequently, these problems can
be solved by a polynomial-time path-following scheme. We consider linear and
quadratic optimization problems, problems of semidefinite optimization, separable
optimization and geometrical optimization, problems with extremal ellipsoids, and
problems of approximation in £,-norms. A special subsection is devoted to a
general technique for constructing self-concordant barriers for particular convex
sets, which is provided with several application examples. We conclude Chap. 5
with a comparative analysis of performance of an interior-point scheme with a
nonsmooth optimization method as applied to a particular problem class.

In Chap. 6, we present different approaches based on the direct use of a primal-
dual model of the objective function. First of all, we study a possibility of
approximating nonsmooth functions by smooth functions. In the previous chapters,
it was shown that in the Black-Box framework smooth optimization problems are
much easier than nonsmooth problems. However, any non-differentiable function
can be approximated with arbitrary accuracy by a differentiable function. We pay for
the better quality of approximation by a higher curvature of the smooth function. In
Sect. 6.1, we show how to balance the accuracy of approximation and its curvature
in an optimal way. As a result, we develop a technique for creating computable
smoothed versions of non-differentiable functions and minimizing them by Fast
Gradient Methods described in Chap.2. The number of iterations of the resulting
methods is proportional to the square root of the number of iterations of the standard
subgradient scheme. At the same time, the complexity of each iteration does not
change. In Sect. 6.2, we show that this technique can also be used in a symmetric
primal-dual form. In the next Sect. 6.3, we give an example of application of the
smoothing technique to the problems of Semidefinite Programming.

This chapter concludes with Sect. 6.4, where we analyze methods based on
minimization of a local model of the objective function. Our optimization problem
has a composite objective function equipped with a linear optimization oracle.
For this problem, we justify global complexity bounds for two versions of the
Conditional Gradient method (the Frank—Wolfe algorithm). It is shown that these
methods can compute approximations of the primal-dual problem. At the end of
this section, we analyze a new version of the Trust-Region second-order method,
for which we obtain the worst-case global complexity guarantee.

In the last Chap.7, we collect optimization methods which are able to solve
problems with a certain relative accuracy. Indeed, in many applications, it is difficult
to relate the number of iterations of an optimization scheme with a desired accuracy
of the solution since the corresponding inequality contains unknown parameters
(Lipschitz constants, distance to the optimum). However, in many cases the required
level of relative accuracy is quite understandable. For developing methods which
compute solutions with relative accuracy, we need to employ internal structure of
the problem. In this chapter, we start from problems of minimizing homogeneous
objective functions over a convex set separated from the origin (Sect.7.1). The
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availability of a subdifferential of this function at zero provides us with a good
metric, which can be used in optimization schemes and in the smoothing technique.
If this subdifferential is polyhedral, then the metric can be computed by a cheap
preliminary rounding process (Sect. 7.2).

In the next Sect. 7.3, we present a barrier subgradient method, which computes
an approximate maximum of a positive convex function with a certain relative
accuracy. We show how to apply this method for solving problems of fractional
covering, maximal concurrent flow, semidefinite relaxation, online optimization,
portfolio management, and others.

We conclude this chapter with Sect.7.4.1, where we study the possibility of
finding good relative approximations to a special class of convex functions, which
we call strictly positive. For these functions, it is possible to introduce a new notion
of mixed accuracy (absolute/relative) and develop a quasi-Newton scheme for its
efficient approximation. We derive global complexity bounds for this method and
show that they are monotone in the dimension of the problem. This means that
small dimensions always help.

The book concludes with Bibliographical Comments and an Appendix, where we
analyze efficiency of some methods for solving auxiliary optimization problems.

Let us conclude this Introduction by describing some possible combinations
of chapters suitable for a course. The most classical one-semester course can be
composed by Chaps. 1, 2, 3, and 5. It corresponds more or less to the contents
of monograph [39]. The only difference is that in the present book Sect.3.1 is
much bigger and it will be reasonable to restrict the student’s attention only to the
necessary parts. Chapter 3 can be replaced by Chap. 4, which will yield a course
devoted only to differentiable optimization.

All three chapters of Part II are completely independent. At the same time,
they can be unified in an advanced one-semester course on Modern Convex
Optimization.
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Chapter 1 )
Nonlinear Optimization Shethie

In this chapter, we introduce the main notations and concepts used in Continuous
Optimization. The first theoretical results are related to Complexity Analysis of
the problems of Global Optimization. For these problems, we start with a very

pessimistic lower performance guarantee. It implies that for any method there
1

exists an optimization problem in R" which needs at least O (e"

) computations

of the function values in order to approximate its global solution up to accuracy
€. Therefore, in the next section we pass to local optimization, and consider two
main methods, the Gradient Method and the Newton Method. For both of them,
we establish some local rates of convergence. In the last section, we present some
standard methods in General Nonlinear Optimization: the conjugate gradient meth-
ods, quasi-Newton methods, theory of Lagrangian relaxation, barrier methods and
penalty function methods. For some of them, we prove global convergence results.

1.1 The World of Nonlinear Optimization

(General formulation of the problem; Important examples; Black box and iterative methods;
Analytical and arithmetical complexity; The Uniform Grid Method; Lower complexity
bounds; Lower bounds for global optimization; Identity cards of the fields.)

1.1.1 General Formulation of the Problem

Let us start by fixing the mathematical form of our main problem and the standard
terminology. Let x be an n-dimensional real vector:

x = (x(l), ...,x("))T e R,

© Springer Nature Switzerland AG 2018 3
Y. Nesterov, Lectures on Convex Optimization, Springer Optimization
and Its Applications 137, https://doi.org/10.1007/978-3-319-91578-4_1
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4 1 Nonlinear Optimization

and fo(-), ..., fm(-) be some real-valued functions defined on a set Q € R”. In this
book, we consider different variants of the following general minimization problem:

min fp(x),
st fj(x) &0, j=1...m, (1.1.1)

x € Q,

where the sign & can be <, >, or =.
We call fj(-) the objective function of our problem, the vector function

FO) = (A, oy fu)T

is called the vector of functional constraints, the set Q is called the basic feasible
set, and the set

F={xeQ]| filx) <0, j=1...m}

is called the (entire) feasible set of problem (1.1.1). It is just a convention to consider
minimization problems. Instead, we could consider maximization problems with the
objective function — fo(-).

There exists a natural classification of the fypes of minimization problems.

 Constrained problems: F C R".

* Unconstrained problems: F = R".!

* Smooth problems: all f;(-) are differentiable.

* Nonsmooth problems: there are several nondifferentiable components fi ().
e Linearly constrained problems: the functional constraints are affine:

n
fio) = Zaj.’)x(“ +bj=(aj,x)+bj, j=1...m,
i=1

(here (-, -) stands for the inner (or scalar) product in R": (a, x) = a” x), and Q is
a polyhedron. If fo(-) is also affine, then (1.1.1) is a linear optimization problem.
If fo(-) is quadratic, then (1.1.1) is a quadratic optimization problem. If all the
functions fo(-), -, fm () are quadratic, then this is a quadratically constrained
quadratic problem.

There is also a classification based on properties of the feasible set.

ISometimes, problems with a “simple” basic feasible set Q and no functional constraints are also
treated as “unconstrained” problems. In this case, we need to know how to solve some auxiliary
optimization problems over the set Q in a closed form.
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1.1 The World of Nonlinear Optimization 5

e Problem (1.1.1) is called feasible if F # .

e Problem (1.1.1) is called strictly feasible if there exists an x € Q such that
fi(x) < 0 (or > 0) for all inequality constraints and f;(x) = 0 for all equality
constraints. (Slater condition.)

Finally, we distinguish different types of solutions to (1.1.1):

* A point x* € % is called the optimal global solution to (1.1.1)if fo(x™) < fo(x)
forall x € .Z (global minimum). In this case, fo(x*) is called the (global) optimal
value of the problem. .

e Apointx* € .Z is called a local solution to (1.1.1) if there exists a set F C F
such that x* € int# and fo(x*) < fo(x) for all x € F (local minimum). If
fo(x™) < fo(x) forall x € .% \ {x*}, then x™ is called strict (or isolated) local
minimum.

Let us consider now several examples representing the main sources of optimiza-
tion problems.

Example 1.1.1 Let x, ..., x™ be our design variables. Then we can fix some
functional characteristics of our decision vector x: fo(x), ..., fm(x). For example,
we can consider a price of the project, amount of required resources, reliability of
the system, etc. We fix the most important characteristic, fo(x), as our objective.
For all others, we impose some bounds: a; < f;(x) < b;. Thus, we come to the
problem

ESB So(x),

st.aj < fj(x) <b;, j=1...m,

where Q stands for the structural constraints like nonnegativity, boundedness of
some variables, etc. O

Example 1.1.2 Let our initial problem be as follows:
Find x € R" such that f;j(x) =aj, j=1...m, (1.1.2)

wherea; € R, j =1, ..., m. Then we can consider the problem
m
. 2
min ; —aj)”,
min ;(f, () —a))

perhaps even with some additional constraints on x. If the optimal value of the latter
problem is zero, we conclude that our initial problem (1.1.2) has a solution.

Note that in Nonlinear Analysis the problem (1.1.2) is almost universal. It covers
ordinary differential equations, partial differential equations, problems arising in
Game Theory, and many others. O
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6 1 Nonlinear Optimization

Example 1.1.3 Sometimes our decision variables x(I, ..., x( must be integer.
This can be described by the following constraint:

sin(rxP) =0, i=1...n.
Thus, we can also treat integer optimization problems:
min Xx),
min Jo(x)
st.a; < fi(x) <bj, j=1...m,
sin(zx®) =0, i=1...n. O

Looking at these examples, we can easily understand the optimism of the
pioneers of Nonlinear Optimization, which can be easily seen in the papers of the
1950s and 1960s. Our first impression should be, of course, as follows:

Nonlinear Optimization is a very important and promising applica-
tion theory. It covers almost ALL needs of Operations Research and
Numerical Analysis.

However, by looking at the same list of examples, especially at Examples 1.1.2
and 1.1.3, a more experienced (or suspicious) reader could come to the following
conjecture.

In general, optimization problems should be UNSOLVABLE (?)

Indeed, from our real-life experience, it is difficult to believe in the existence of a
universal tool which is able to solve all problems in the world.

However, suspicions are not the legal instruments of science. It is a question of
personal taste how much we can trust them. Therefore, it was definitely one of the
most important events in Optimization Theory when, in the middle of 1970s, this
conjecture was proved in a strict mathematical sense. This proof is so important and
simple that we cannot avoid it in our course. But first of all, we should introduce a
special language which is required for speaking about such things.
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1.1 The World of Nonlinear Optimization 7
1.1.2  Performance of Numerical Methods

Let us imagine the following situation. We are going to solve a problem P, and we
know that there exist many different numerical methods for doing so. Of course,
we want to find a scheme which is the best for our P. However, it appears that
we are looking for something which does not exist. In fact, maybe it does, but it is
definitely not recommended to ask the winner for help. Indeed, consider a method
for solving problem (1.1.1), which does nothing except report that x* = 0. Of
course, this method does not work properly for any problems except those which
have the optimal solution exactly at the origin, in which case the “performance” of
this method is unbeatable.

Hence, we cannot speak about the best method for a particular problem P, but
we can do so for a class of problems & 5 P. Indeed, numerical methods are usually
developed to solve many different problems with similar characteristics. Thus, the
performance of a method .# on the whole class & can be a natural measure of its
efficiency.

Since we are going to speak about the performance of .# on a class &, we
should assume that the method .# does not have complete information about a
particular problem P.

The known (to a numerical scheme) “part” of problem P is called
the model of the problem.

We denote the model by X'. Usually the model consists of the formulation of the
problem, description of classes of functional components, etc.

In order to recognize the problem P (and solve it), the method should be able
to collect specific information about P. It is convenient to describe the process of
collecting this data via the notion of an oracle. An oracle € is just a unit which
answers the successive questions of the methods. The method . is trying to solve
the problem P by collecting and handling the answers.

In general, each problem can be described by different models. Moreover, for
each problem we can develop different types of oracles. But let us fix X' and &. In
this case, it is natural to define the performance of .# on (X, ©) as its performance
on the worst Py, from (X, 0). Note that this Py, can be bad only for ..

Further, what is the performance of .# on P ? Let us start from an intuitive
definition.

The performance of .# on P is the total amount of computational
effort required by method .# to solve the problem P.

yurii.nesterov@uclouvain.be



8 1 Nonlinear Optimization

In this definition, there are two additional notions to be specified. First of all, what
does “to solve the problem” mean? In some situations it could mean finding an exact
solution. However, in many areas of Numerical Analysis this is impossible (and in
Optimization this is definitely the case). Therefore, we accept a relaxed goal.

Solving the problem means finding an approximate solution to &
with some accuracy € > 0.

Again, the meaning of the expession “with some accuracy € > 0” is very important
for our definitions. However, it is too early to speak about this now. We just introduce
the notation .7; for a stopping criterion. Its meaning will always be clear for
particular problem classes. Now we have a formal description of the problem class:

P =X, 0,%).

In order to solve a problem P from &2, we apply to it an iterative process, which
is a natural form of any method which works with an oracle.

General Iterative Scheme

Input: Starting point xp and accuracy € > 0.
Initialization. Set k = 0, .#_; = . Here k is the iteration
counter and % is the accumulated informational set.

Main loop:
. Call oracle & at point xi.
. Update the informational set: .% = %1 J(xk, O(xx)).
3. Apply the rules of method .# to .#; and generate a new point
Xk+1-
4. Check criterion 7. If yes then form an output x. Otherwise set
k ==k + 1 and go to Step 1.

DN

(1.1.3)
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1.1 The World of Nonlinear Optimization 9

Now we can specify the meaning of computational effort in our definition of
performance. In the scheme (1.1.3), we can see two potentially expensive steps. The
first one is Step 1, where we call the oracle. The second one is Step 3, where we form
the new test point. Thus, we can introduce two measures of complexity of problem
P for method .

Analytical complexity: The number of calls of the oracle which is
necessary to solve problem P up to accuracy €.

Arithmetical complexity: The total number of arithmetic operations
(including the work of oracle and work of method), which is
necessary for solving problem P up to accuracy €.

Comparing the notions of analytical and arithmetical complexity, we can see that the
second one is more realistic. However usually, for a particular method ./ as applied
to problem P, arithmetical complexity can be easily obtained from the analytical
complexity and complexity of the oracle. Therefore, in Part I of this course we
speak mainly about bounds on the analytical complexity for some problem classes.
Arithmetical complexity will be treated in Part II, where we consider methods of
Structural Optimization.

There is one standard assumption on the oracle which allows us to obtain
the majority of results on analytical complexity for optimization schemes. This
assumption, called the Local Black Box Concept, is as follows.

Local Black Box

1. The only information available for the numerical scheme is the
answer of the oracle.

2. The oracle is local: A small variation of the problem far enough
from the test point x, which is compatible with the description of
the problem class, does not change the answer at x.

This concept is very useful in the complexity analysis. Of course, its first part looks
like an artificial wall between the method and the oracle. It seems natural to give
methods full access to the internal structure of the problem. However, we will see
that for problems with a complicated or implicit structure this access is almost
useless. For more simple problems it could help. We will see this in the second
part of this book.
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10 1 Nonlinear Optimization

To conclude the section, let us mention that the standard formulation (1.1.1)
is called a functional model of optimization problems. Usually, for such models
the standard assumptions are related to the level of smoothness of functional
components. According to the degree of smoothness we can apply different types of
oracle:

e Zero-order oracle: returns the function value f(x).
 First-order oracle: returns the function value f(x) and the gradient V f'(x).
e Second-order oracle: returns f(x), V f(x), and the Hessian V? f (x).

1.1.3 Complexity Bounds for Global Optimization

Let us try to apply the formal language of the previous section to a particular
problem class. Consider the following problem:

min £ (x). (1.1.4)

x€eB,

In our terminology, this is a constrained minimization problem with no functional
constraints. The basic feasible set of this problem is B,, an n-dimensional box in
R™:

By={xeR'| 0<x? <1, i=1...n}.

Let us measure distances in R” by the £,,-norm:

Ixll(0) = max |x@].
1<i<n

Assume that, with respect to this norm,

the objective function f(-) : R" — R is Lipschitz continuous on
B,:
| fG)=fOD =L x =yl VX, y€ By,

with some constant L (Lipschitz constant).

(1.1.5)

Let us consider a very simple method for solving (1.1.4), which is called the
Uniform Grid Method. This method ¢ (p) has one integer input parameter p > 1.

yurii.nesterov@uclouvain.be



1.1 The World of Nonlinear Optimization 11

Method ¥ (p)
1. Form p" points
_ [ 2i1-1 2ip—1 2i, -1\
th - 2[) k] 2[) LRI ] 2[) ’
where @ = (i1,...,i) € {1,..., p}".

2. Among all points x,, find the point x with the minimal value of
the objective function.

3. The pair (x, f(x)) is the output of the method.

(1.1.6)

Thus, this method forms a uniform grid of the test points inside the box By,
computes the best value of the objective over this grid, and returns this value as
an approximate solution to problem (1.1.4). In our terminology, this is a zero-order
iterative method without any influence from the accumulated information on the
sequence of test points. Let us find its efficiency estimate.

Theorem 1.1.1 Let f* be a global optimal value of problem (1.1.4). Then
- L
f(x) - f* =< 2p°
Proof For a multi-index o = (iy, ..., i), define

Xe={xeR": |x _xa”(oo) =< 211,

1.

Clearly, | X4 = By.

Let x, be a global solution of our problem. Then there exists a multi-index o*
such that x* € Xq+. Note that ||x* — xg*[|(00) < 211). Therefore,

_ . o (15,
fO) = fG&F) < flxgr) = f(x™) < . o

2p
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12 1 Nonlinear Optimization

Let us conclude with the definition of our problem class. We fix our goal as
follows:

Findi e B,: f(X)— f* <e. (1.1.7)

Then we immediately get the following result.

Corollary 1.1.1 The analytical complexity of problem class (1.1.4), (1.1.5), (1.1.7)
for method ¢ is at most

@ =(1x]+1)",

(here and in the sequel, |a] is the integer part of a € R).

Proof Take p = U;J + 1. Then p > 21‘6, and, in view of Theorem 1.1.1, we have
f&x)—f*< 2’;) < €. Note that we need to call the oracle at p" points. O

Thus, 27 () justifies an upper complexity bound for our problem class.

This result is quite informative. However, we still have some questions. Firstly,
it may happen that our proof is too rough and the real performance of method ¢ (p)
is much better. Secondly, we still cannot be sure that ¢(p) is a reasonable method
for solving (1.1.4). There could exist other schemes with much higher performance.

In order to answer these questions, we need to derive lower complexity bounds
for the problem class (1.1.4), (1.1.5), (1.1.7). The main features of such bounds are
as follows.

* They are based on the Black Box Concept.

* These bounds are valid for all reasonable iterative schemes. Thus, they provide
us with a lower estimate for the analytical complexity of the problem class.

* Very often such bounds employ the idea of a resisting oracle.

For us, only the concept of a resisting oracle is new. Therefore, let us present it
in more detail.

A resisting oracle tries to create the worst possible problem for each particular
method. It starts from an “empty” function and it tries to answer each call of
the method in the worst possible way. However, the answers must be compatible
with the previous answers and with description of the problem class. Then, after
termination of the method it is possible to reconstruct a problem which perfectly
fits the final informational set accumulated by the algorithm. Moreover, if we run
the method on this newborn problem, it will reproduce the same sequence of test
points since it will have the same sequence of answers from the oracle.

Let us show how this works for problem (1.1.4). Consider the class of problems
P~ defined as follows.

yurii.nesterov@uclouvain.be



1.1 The World of Nonlinear Optimization 13

Model : min f(x), where f(-)is

x€B,
{so-Lipschitz continuous on By,.

Oracle : Zero-order Local Black Box.
Approximate solution : Findx € B, : f(x) — f* <e.

Theorem 1.1.2 Fore < %L, the analytical complexity of problem class P is at
L |
least Lz EJ calls of the oracle.

Proof Let p = LzLe J (= 1). Assume that there exists a method which needs N <
p" calls of oracle to solve any problem from . Let us apply this method to the
following resisting strategy:

Return f(x) = O at any test point x.

Therefore this method can find only x € B, with f(x) = 0.

However, since N < p", there exists a multi-index & such that there were no
test points in the box X4 (see the notation of Theorem 1.1.1). Define x, = x4, and
consider the function

f(x) = min{0, L||lx — xll(00) — €}

Clearly, this function is £~o-Lipschitz continuous with constant L, and its global
optimal value is —e. Moreover, f(-) differs from zero only inside the box X;. Thus,
£ () is equal to zero at all test points of our method.

Since the accuracy of the output of our method is €, we come to the following
conclusion:

If the number of calls of the oracle is less than p",then the accuracy of the result cannot be
better than €.

Thus, the desired statement is proved. O

Now we can say much more about the performance of the Uniform Grid Method.
Let us compare its efficiency estimate with the lower bound:

L " L "
<G - +1 & Lower bound: .
e 2e
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14 1 Nonlinear Optimization

Ife < 0(§), then the lower and upper bounds coincide up to an absolute constant
multiplicative factor. This means that, for such level of accuracy, ¥4 (-) is optimal for
the problem class Po.

At the same time, Theorem 1.1.2 supports our initial claim that the general
optimization problems are unsolvable. Let us look at the following illustrative
example.

Example 1.1.4 Consider the problem class &, defined by the following parame-
ters:

L=2, n=10, €=0.01.

Note that the size of these problems is very small and we ask only for a moderate
1% accuracy.

The lower complexity bound for this class is LZLEJn calls of the oracle. Let us
compute this value for our example.

Lower bound : 1029 calls of the oracle

Oracle complexity : at least n arithmetic operations (a.o.)
Total complexity : 10?! a.o.

Processor performance :  10° a.o. per second

Total time : 101

One year : less than 3.2 - 107

We need : 31,250,000 years

This estimate is so disappointing that we cannot maintain any hope that such
problems may become solvable in the future. Let us just play with the parameters of
the problem class.

» If we change n to n + 1, then the estimate is multiplied by one hundred. Thus,
for n = 11 our lower bound is valid for a much more powerful computer.

* On the contrary, if we multiply € by two, we reduce the complexity by a factor
of a thousand. For example, if ¢ = 8%, then we need only two weeks.? O

2We keep this calculation unchanged from the first version of this book [39]. In this example,
the processor performance corresponds to a Sun Station, which was the most powerful personal
computer at the beginning of the 1990s. Now, after twenty five years of intensive progress in the
abilities of hardware, modern personal computers have reached a speed level of 108 a.o. per second.
Thus indeed, our time estimate remains valid for n = 11.
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1.1 The World of Nonlinear Optimization 15

We should note that the lower complexity bounds for problems with smooth
functions, or for high-order methods, are not much better than the bound of
Theorem 1.1.2. This can be proved using the same arguments and we leave the
proof as an exercise for the reader. Comparison of the above results with the upper
bounds for NP-hard problems, which are considered as classical examples of very
difficult problems in Combinatorial Optimization, is also quite disappointing. To
find the exact solution, the hardest combinatorial problems need only 2" a.o. !

To conclude this section, let us compare our observations with some other fields
of Numerical Analysis. It is well known that the uniform grid approach is a standard
tool in many domains. For example, if we need to compute numerically the value of
the integral of a univariate function

1
«5”=/f(X)dx,
0

the standard way to proceed is to form a discrete sum
1 v ;
Sv=pn2 f&i), xi=py, i=1...N.
i=1

If f(-) is Lipschitz continuous, then this value is a good approximation to .#:
N=L/le = | —SyvI|<e

Note that in our terminology this is exactly a uniform grid approach. Moreover,
this is a standard way for approximating integrals. The reason why it works here is
related to the dimension of the problem. For integration, the standard dimensions
are very small (up to three). However, in Optimization, sometimes we need to solve
problems with several million variables.

1.1.4 Identity Cards of the Fields

After the pessimistic results of the previous section, we should try to find a
reasonable target in the theoretical analysis of optimization schemes. It seems that
everything is clear with general Global Optimization. However, maybe the goals
of this field are too ambitious? In some practical problems could we be satisfied
by much less “optimal” solutions? Or, are there some interesting problem classes
which are not as dangerous as the class of general continuous functions?

In fact, each of these questions can be answered in different ways, each of which
define the style of research (or rules of the game) in different fields of Nonlinear
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16 1 Nonlinear Optimization

Optimization. If we try to classify these fields, we can easily see that they differ one
from another in the following aspects:

* Goals of the methods.
* C(Classes of functional components.
» Description of the oracle.

These aspects naturally define the list of desired properties of the optimization
methods. Let us present the “identity cards” of the fields which we are going to
consider in this book.

1. General Global Optimization (Sect. 1.1)

* Goals: Find a global minimum.

* Functional class: Continuous functions.

* Oracle: 0-1-2 order Black Box.

* Desired properties: Convergence to a global minimum.

» Features: From theoretical point of view, this game is too short.

* Problem sizes: Sometimes, we can solve problems with many
variables. No guarantee of success even for small problems.

» History Starts from 1955. Several local peaks of interest related
to new heuristic ideas (simulated annealing, genetic algorithms).

2. General Nonlinear Optimization (Sects. 1.2, 1.3)

* Goals: Find a local minimum.

* Functional class: Differentiable functions.

* Oracle: First- and second-order Black Box.

* Desired properties: Fast convergence to a local minimum.

* Features: Variability of approaches. Most widespread software.
The goals are not always acceptable and reachable.

» Problem sizes: Up to several thousand variables.

* History: Starts from 1955. Peak period: 1965 — 1985. Theoretical
activity now is rather low.
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3. Black Box Convex Optimization (Chaps. 2, 3, and 4)

* Goals: Find a global minimum.

* Functional class: Convex sets and functions.

* Oracle: First- and second-order Black Box.

* Desired properties: Convergence to a global minimum. The rate
of convergence may depend on dimension.

* Features: Very interesting and rich complexity theory. Efficient
practical methods. The problem class is sometimes restrictive.

* Problem sizes: Several thousand variables for the second-order
methods, and several million for the first-order schemes.

* History: Starts from 1970. Peak period: 1975-1985. Theoretical
activity now is high due to the interest to Structural Optimization
and global complexity analysis of second-order methods (2006).

4. Structural Optimization (Part II)

* Goals: Find a global minimum.

* Functional class: Simple convex sets and functions with explicit
minimax structure.

* Oracle: Second-order Black Box for special barrier functions
(Chap.5), and modified first-order Black Box (Chaps. 6, 7).

* Desired properties: Fast convergence to a global minimum. The
rate of convergence depends on the structure of the problem.

» Features: Very new and perspective theory rejecting the Black
Box Concept. The problem class is practically the same as in
Convex Optimization.

* Problem sizes: Sometimes up to several million variables.

» History: Starts from 1984. Peak period: 1990-2000 for Interior-
Point Methods. The first accelerated first-order method for
problems with explicit structure was developed in 2005. Very
high theoretical activity right now.

1.2 Local Methods in Unconstrained Minimization

(Relaxation and approximation; Necessary optimality conditions; Sufficient optimality
conditions; The class of differentiable functions; The class of twice differentiable functions;
The Gradient Method; Rate of convergence; Newton’s Method.)
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18 1 Nonlinear Optimization
1.2.1 Relaxation and Approximation

The simplest goal in general Nonlinear Optimization consists in finding a local
minimum of a differentiable function. However, even to reach such a restricted goal,
it is necessary to follow some special principles which guarantee convergence of the
minimization process.

The majority of methods in general Nonlinear Optimization are based on the idea
of relaxation.

A sequence of real numbers {ay}72 , is called a relaxation sequence
if

ar+1 <ar Yk =>0.

In this section we consider several methods for solving the following unconstrained
minimization problem:

min £ (x), (1.2.1)

xeR”

where f(-) is a smooth function. In order to do so, these methods generate a
relaxation sequence of function values { f (x)}72

fxre1) < fxp), k=0,1,...

This rule has the following important advantages.

1. If £(-) is bounded below on R”, then the sequence { f (xx)}72,, converges.
2. In any case, we improve the initial value of the objective function.

However, it is impossible to implement the idea of relaxation without employing
another fundamental element of Numerical Analysis, approximation. In general,

To approximate means to replace an initial complex object by a
simpler one which is close to the original in terms of its properties.

In Nonlinear Optimization, we usually apply local approximations based on deriva-
tives of nonlinear functions. These are the first- and second-order approximations
(or, the linear and quadratic approximations).

Let the function f(-) be differentiable at x € R". Then, for any y € R" we have

FOM=F@+ (Vi) y—x)+olly—xID.
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1.2 Local Methods in Unconstrained Minimization 19

where o(-) : [0, c0) — R is a function of » > 0 satisfying the conditions

|
lrlil(} Lo(r)=0, 0(0)=0.

In the remaining part of this chapter, unless stated otherwise, we use the notation
|| - || for the standard Euclidean norm in R”":

n 1/2
x|l = [Z (x(”)z} = T2 = (x,x),

‘=1

where (-, -) is the standard inner product in the corresponding coordinate space.
Note that for any x € R”, y € R™, and matrix A € R"*" we have

(Ax,y) = (x, ATy). (1.2.2)

The linear function f(x) + (V f(x),y — x) is called the linear approximation
of f at x. Recall that the vector V f(x) is called the gradient of function f at x.
Considering the points y; = x + €¢;, where ¢; is the ith coordinate vector in R”,

and taking the limit as € — 0, we obtain the following coordinate representation of
the gradient:

e =\ T
= a 0
Vi@ = (Y008 (1.23)

Let us mention two important properties of the gradient. Denote by .Zs(«) the
(sub)level set of f(-):

Lr@) ={x eR"| f(x) =a}.

Consider the set of directions that are tangent to £y (f (X)) at X:

Paol 1Y

SF@E) = {s eR"| s= lim % . forsome {y;} —  with f(3x) = f(¥) Vk}.

Lemma 1.2.1 Ifs € Sy(x), then (V f(x),s) = 0.
Proof Since f(yr) = f(x), we have

JO) = f@) + V@), e — %) + ol yk =X ) = f(X).

Therefore (V f(x), yx —X)+o(|| yx —x ||) = 0. Dividing this equation by || yx —x ||
and taking the limit as y; — X, we obtain the result. O
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20 1 Nonlinear Optimization

Let s be a direction in R”, || s ||= 1. Consider the local decrease of the function
f(-) along direction s:

Als) = lim JLfE+as) — FOO].
Note that f(x + as) — f(x) = «(Vf(X), s) + o(x). Therefore

A(s) = (Vf(X), ).

Using the Cauchy—Schwarz inequality,

—xd -y =y <lxl-1yl
we obtain A(s) = (V£ (%),5) > — || V/ (&) |. Let us take
s==VfX)/ IV I .
Then

AE) = (V). V@) I V&) ==V I

Thus, the direction —V f (x) (the antigradient) is the direction of the fastest local
decrease of the function f(-) at point x.

The next statement is probably the most fundamental fact in Optimization
Theory.

Theorem 1.2.1 (First-Order Optimality Condition) Let x* be a local minimum
of a differentiable function f(-). Then

V£ (x*) = 0. (1.2.4)

Proof Since x* is a local minimum of f(-), there exists an r > 0 such that for all
y € R", |ly —x*|| < r,wehave f(y) > f(x*). Since f is differentiable, this
implies that

FO) = fEH)+HVFED, y—xF) +olly —x" ) = f(x™).

Thus, for all s € R”, we have (V f(x*),s) > 0. By taking s = —V f(x*), we get
—IVf*)|* = 0. Hence, V f(x*) = 0. O

In what follows the notation B > 0, where B is a symmetric (n X n)-matrix,
means that B is positive semidefinite:

(Bx,x) >0 VxeR"
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1.2 Local Methods in Unconstrained Minimization 21

The notation B > 0 means that B is positive definite (in this case, the inequality
above must be strict for all x # 0).

Corollary 1.2.1 Let x* be a local minimum of a differentiable function f (-) subject
to the linear equality constraints

xeZ={xeR" Ax = b} # 0,

where A is an m X n-matrix with full row rank, and b € R™, m < n. Then there
exists a vector of multipliers \* € R™ such that

VFx*) = ATax (1.2.5)

Proof Let us assume that V f(x*) # 0. Consider the following optimization
problem:

* __ : _ 1 #y _ AT H2
g* = min {g() = JIVF() — ATAP}. (1.26)
Assume that g* > 0. Note that
g = IV EH)I? = (Vf(x*), ATA) + ) (B, A),

where B = AAT > Amin(B) I, and Amin(B) > 0 denotes the smallest eigenvalue
of matrix B. Hence, the level sets of this function are bounded, and therefore the
problem (1.2.6) has a solution A* satisfying the first-order optimality condition:

02V ve(*) = BA* — AV F(x*).

Thus, A* = B~1AV f(x*). Let s* = (I, — AT B~1A)V f(x*). Note that As* = 0.
Then,

(VF"),s*) = [VFaH|? — (BTTAVF(x*), AVf(x*)) = 2g* > 0.

Therefore, the optimal value of the function g can be reduced along the ray {x* —

as* : a > 0}. This contradiction proves that g* = 0. O

Note that we have proved only a necessary condition for a local minimum. The
points satisfying this condition are called the stationary points of the function f. In
order to see that such points are not always local minima, it is enough to look at the
function f(x) = x3, x € R, at the point x = 0.

Now let us introduce second-order approximation. Let the function f(-) be twice
differentiable at x. Then

1
O =fE)+ V), y—x)+ 2(sz(ﬁ?)(y —X.y—X) +o(ly—x .
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22 1 Nonlinear Optimization

The quadratic function

1
JEHVF®E), y — %) + 2(sz()?)(y —X),y—X)

is called the quadratic (or second-order) approximation of the function f at x.
Recall that V2 f(x)is an (n x n)-matrix with the following entries:

NN 2 f(x ..
(V2D = 20 i j =1, n.

It is called the Hessian of function f at x. Note that the Hessian is a symmetric
matrix:

Vo =[vr®] .
The Hessian can be regarded as a derivative of the vector function V f(-):
VI =V @+ V@G- +o(ly—x)eR", (1.2.7)
where o(+) : [0, c0) — R” is a continuous vector function satisfying the condition

BNV |
lim | o) | = 0.

Using the second-order approximation, we can write down the second-order
optimality conditions.

Theorem 1.2.2 (Second-Order Optimality Condition) Ler x* be a local mini-
mum of a twice differentiable function f(-). Then

Vix* =0, VZfx*) =0.

Proof Since x* is a local minimum of the function f(-), there exists an r > 0 such
that for all y, ||y — x*|| < r, we have

f) = f(x").
In view of Theorem 1.2.1, V f(x*) = 0. Therefore, for any such y,
FO) = fE) (V2 — x5,y —x%) +o(l y —x* [P = f(x).

Thus, (V2 f(x*)s,s) > 0, foralls, | s |=1. O

Again, the above theorem is a necessary (second-order) characteristic of a local
minimum. Let us prove now a sufficient condition.
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1.2 Local Methods in Unconstrained Minimization 23

Theorem 1.2.3 Let a function f(-) be twice differentiable on R" and let x* € R"
satisfy the following conditions:

Vix* =0, VZfx* =0.

Then x* is a strict local minimum of f (-).

Proof Note that in a small neighborhood of a point x* the function f(-) can be
represented as

1
fO) = fGxH+ 2<V2J‘(X*)(y —x*),y = x*) +o(l y —x* ).

2
Since ”(rrz) — Oasr | 0, there exists a value 7 > 0 such that for all r € [0, 7] we

have

| 0(r2) 1< 7, min(V2 f (x%)).

In view of our assumption, this eigenvalue is positive. Therefore, for any y € R",
0 <| y —x*| <r, we have

FO) = FE) 4+ min(VELE) |y = x* 12 +o(ll y — x* 12)

> fO) 4 Amin(VELED) [y —x* 12> f(x®). O

1.2.2 Classes of Differentiable Functions

It is well known that any continuous function can be approximated by a smooth
function with arbitrarily small accuracy. Therefore, assuming only differentiability
of the objective function, we cannot ensure any reasonable properties of minimiza-
tion processes. For that, we need to impose some additional assumptions on the
magnitude of some derivatives. Traditionally, in Optimization such assumptions are
presented in the form of a Lipschitz condition for a derivative of certain degree.

Let Q be a subset of R”. We denote by C i’p (Q) the class of functions with the
following properties:

e any f € Ci’p (Q) is k times continuously differentiable on Q.
e Its pth derivative is Lipschitz continuous on Q with constant L:

IVPf(x) = VP fDI < Lilx =yl

for all x, y € Q. In this book, we usually work with p = 1 and p = 2.
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24 1 Nonlinear Optimization

Clearly, we always have p < k. If ¢ > k, then CZ’p(Q) - Cﬁ’p(Q). For example,
Ci’l(Q) - Ci’l(Q). Note also that these classes possess the following property:
If fi e C(Q). f2 € €LY (Q) andar, az € R, then for

Ly=|oa; | Li+ a2 | L2

we have a1 f1 + a2 fr € Ci’%p(Q).

We use the notation f € C*¥(Q) for function f which is k times continuously
differentiable on Q.

One of the most important classes of differentiable functions is Ci’l(Rn), the
class of functions with Lipschitz continuous gradient. By definition the inclusion

fe Ci’l(R”) means that

V@) =V II=Llx—yl (1.2.8)

for all x, y € R". Let us give a sufficient condition for this inclusion.

Lemma 1.2.2 A function f(-) belongs to the class C;' (R") < C;''(R") if and
only if for all x € R" we have

| VZf(x) lI< L. (1.2.9)

Proof Indeed, for any x, y € R" we have

1
VIO =V + [VAfx+1(y—x))(y—x)dt
0
1
= V) + (f Vif(x+t(y— x))dr) (y = x).
0

Therefore, if condition (1.2.9) is satisfied, then

1
IVFO) = V&) (szf(erf(y—X))df)-(y—X)

0

IA

Ay =x

1
[V2f(x+t(y —x))dr
0

IA

1
SIV x4ty —x)llde|y—x|
0

sLfy—-x]I.
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1.2 Local Methods in Unconstrained Minimization 25

On the other hand, if f € Ci’ ! (R™), then for any s € R"” and o > 0, we have

Dividing this inequality by « and taking « | 0, we obtain (1.2.9). O

=[Vfx+as)=Vfx) < alls].

(}l V2 f(x + rs)dr) -8

0

Note that the condition (1.2.9) can be written in the form of a matrix inequality:
—LI, < V?f(x) < LI,, VxeR" (1.2.10)

Lemma 1.2.2 provides us with many examples of functions with Lipschitz
continuous gradient.

Example 1.2.1

1. The linear function f(x) = & + {a, x) € Cy’' (R") since
Vfx)=a, V>f(x)=0.
2. For a quadratic function f(x) = o + {(a, x) + é(Ax, x) with A = AT, we have
Vfx)=a+ Ax, V>f(x)=A.

Therefore f(-) € C;"'(R") with L =|| A |.
3. Consider the function of one variable f(x) = V1+x2, x € R. We have

Vi) = \/1X+x2’ VIf() = (e < L

Therefore, f(-) € C;"'(R). O

The next statement is important for the geometric interpretation of functions in
cpl®Y.

Lemma 1.2.3 Let f € C}"l (R™). Then, for any x, y from R", we have

| fO) = ) = (Vf@),y—x) =5 1y—x 2. (1.2.11)

Proof Forall x, y € R", we have

1
fO) = fO)+ [(Vf(x+T(y—x),y—x)dt
0

1
=[O+ V), y—x)+ [(Vfx+T(y = x) = Vfx),y—x)dr.
0
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26 1 Nonlinear Optimization

Therefore,

| fO) = fx) = (Vf(x),y —x) |

1
| [(Vfx+T(y—x) = Vfx),y—x)dr |
0
1
<[V +T(y —x) = Vfx),y —x) |dt
0

=

Vi +t@y=x) =Vf@) [ -lly—-xldec

o,

<[tLlly-x|*dt=51y—-x|>. O

o

Geometrically, we have the following picture. Consider a function f € C é ! ®R").
Let us fix a point xg € R", and define two quadratic functions

P1(x) = f(x0) + (Vf(x0), x —x0) — 5 | x — xo |12,
$2(x) = f(x0) + (V.f (x0), x —x0) + 5 [ x —xo |
Then the graph of the function f lies between the graphs of ¢; and ¢;:
$1(x) < f(x) < o(x), Vx eR™

Let us prove similar results for the class of twice differentiable functions. The
main class of functions of this type is C12V}2(]R"), the class of twice differentiable

functions with Lipschitz continuous Hessian. Recall that for f € Cjzvf (R™), we
have

IVf@)=V2fO) < Mllx—yl, V¥x,yeR" (12.12)
Lemma 1.2.4 Let f € Co>(R"). Then for all x, y € R" we have
IV = V@) =V —x <Y Iy—x|? (1.2.13)
1FG) = F) = (V@) y —x) = JV2F@)(y —x),y = x)]

(1.2.14)
<Miy—x|*.
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Proof Let us fix some x, y € R". Then

1
Vi) =V @) + [V 4+t — )y —x)dt
0

1
=V @) + V) —x)+ [(VPf(x+ 1@y —x) — V2 f(x)(y — x)d.
0

Therefore,

V) = V@) =V =) |

1
= [(VPf(x+1(y —x) = V2F)(y —x)dT ||
0

| (V2f(x+t(y—x) = V) —x) |l dt

=

o, -

| V2F(x+1(y —x) = V2F@) Il - |y —x |l dt

=<

o—,

1
<ftM|y—x|*dt = Y y—x|?.
0
Inequality (1.2.14) can be proved in a similar way. O
Corollary 1.2.2 Let f € C3*(R") and x,y € R" with | y — x ||=r. Then
V2f(x) = Mrl, < V2 f(y) 2 V2 f(x) + Mrl,.

(Recall that for matrices A and B we write A > Bif A— B > 0.)

Proof Let G = V2 f(y)— V2 f(x). Since f € C3;*(R"), we have || G ||< Mr. This
means that the eigenvalues of the symmetric matrix G, A; (G), satisfy the following
inequality:

[ A (G) | <Mr, i=1...n

Hence, —Mrl, < G = V*f(y) — V>f(x) < Mrl,. O
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28 1 Nonlinear Optimization
1.2.3 The Gradient Method

Now we are ready to sudy the rate of convergence of unconstrained minimization
schemes. Let us start with the simplest method. As we have already seen, the
antigradient is the direction of locally steepest descent of a differentiable function.
Since we are going to find a local minimum, the following strategy is the first to be
tried.

Gradient Method

(1.2.15)

Choose xp € R".
Iterate x;+1 =xx — iV f(xk),k=0,1,....

We will refer to this scheme as the Gradient Method. The scalar factors for the
gradients, i, are called the step sizes. Of course, they must be positive.

There are many variants of this method, which differ one from another by the
step-size strategy. Let us consider the most important examples.

1. The sequence {h¢};2, is chosen in advance. For example,
hx = h > 0, (constant step)

_ ok
e = Vk+1®

2. Full relaxation:
hy = arg 1,}1211(} Sk = hV f(xp).
3. The Armijo rule: Find x¢4+1 = x¢ — hV f(x;) with & > O such that
a(V f(xi), Xk = Xp1) = ) = f (k1) (1.2.16)

BV f(xi), xk — xig1) = f (xn) — f (a1, (1.2.17)

where 0 < « < 8 < 1 are some fixed parameters.

Comparing these strategies, we see that the first strategy is the simplest one. It is
often used in the context of Convex Optimization. In this framework, the behavior
of functions is much more predictable than in the general nonlinear case.

The second strategy is completely theoretical. It is never used in practice since
even in one-dimensional case we cannot find the exact minimum in finite time.
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The third strategy is used in the majority of practical algorithms. It has the
following geometric interpretation. Let us fix x € R" assuming that V f(x) # 0.
Consider the following function of one variable:

¢(h) = f(x —hVf(x))., h=0.

Then the step-size values acceptable for this strategy belong to the part of the graph
of ¢ which is located between two linear functions:

$1(h) = f(x)—ah | V) IP, ¢a(h) = f(x) = Bh | V() II” .
Note that ¢(0) = ¢1(0) = ¢2(0) and ¢'(0) < ¢5(0) < ¢{(0) < 0. Therefore, the
acceptable values exist unless ¢ (-) is not bounded below. There are several very fast
one-dimensional procedures for finding a point satisfying the Armijo conditions.

However, their detailed description is not important for us now.
Let us estimate the performance of the Gradient Method. Consider the problem

min f(x). (1.2.18)

with [ € Ci’l(R"), and assume that f(-) is bounded below on R”.
Let us evaluate the result of one gradient step. Consider y = x — AV f(x). Then,
in view of (1.2.11), we have

fO)S fFEO+ (V@ y—x)+51y—x?
= fO) =RV IP+5 L V@) |2 (1.2.19)

= f)—h(1=1L) | V() 2.

Thus, in order to get the best upper bound for the possible decrease of the objective
function, we have to solve the following one-dimensional problem:

Ay =-h(1-"L) - mhin.

Computing the derivative of this function, we conclude that the optimal step size
must satisfy the equation A’(h) = hL — 1 = 0. Thus, h* = i, which is a minimum
of A(h) since A”(h) =L > 0.

Thus, our considerations prove that one step of the Gradient Method decreases
the value of the objective function at least as follows:

FOYSfE) =0 1V 12,

Let us check what is going on with the other step-size strategies.
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Let xx4+1 = xx — hr'V f(x). Then for the constant step strategy, iy = h, we have
1
S ) = f k1) = h(1 — 2Lh) IV £ G 112

Therefore, if we choose h; = 22‘ with o € (0, 1), then

FO) = fQreD) = 7ol —a) | Vf(xp) |12

Of course, the optimal choice is iy = i

For the full relaxation strategy we have
Fe) = fesn) = 5p |V F @) |17

since the maximal decrease is not worse than the decrease attained by sy = 11‘ .

Finally, for the Armijo rule, in view of (1.2.17), we have
f@) = fOrrn) < BV ) xi — xxp1) = Bha | V) |1
From (1.2.19), we obtain
o) = f o) = i (1T="5 L) 19 0 1P
Therefore, hy > 124(1 — B). Further, using (1.2.16), we have

Fx) = 1) = a(VF (), Xk — Xp1) = oy | V) |17

Combining this inequality with the previous one, we conclude that

o) = fOrs) = fal =) | V() |7

Thus, we have proved that in all cases we have

FGR) = fas) = 9NV F ) |1, (1.2.20)

where o is some positive constant.
Now we are ready to estimate the performance of Gradient Method. Summing
up the inequalities (1.2.20) for k = 0... N, we obtain

N
‘L”];O IV £ o) I1P< f(x0) = fen+1) < f(x0) = f*, (1.2.21)
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where f* is a lower bounds for the values of objective function in the prob-
lem (1.2.1). As a simple consequence of the bound (1.2.21), we have

I Vi) |[— 0 as k — oo.

However, we can also say something about the rate of convergence. Indeed, define
" .
= min Vi | .
gy = min, IV f )l

Then, in view of (1.2.21), we come to the following inequality:

1/2
&= i [Lrceo -] (1222)
The right-hand side of this inequality describes the rate of convergence of the
sequence {gx} to zero. Note that we cannot say anything about the rate of
convergence of the sequences { f (xx)} and {xx}.

Recall that in general Nonlinear Optimization, our current goal is quite modest:
we only want to approach a local minimum of the optimization problem (1.2.18).
Nevertheless, in general, even this goal is unreachable for the Gradient Method. Let
us consider the following example.

Example 1.2.2 Consider the following function of two variables:
f@ =0, x®) = JaM)? + jx@)* = Jx )2,

The gradient of this function is V f(x) = (x D, (x@)3 — x@)T Therefore, there
are only three points which can pretend to be a local minimum of this function:

-xik = (07 0)7 x; = (Oa _1)7 x;: = (Oa 1)

Computing the Hessian of this function,

s (1 0
\Y% f(x)— (03()6(2))2—1)’

we conclude that x3 and x73 are isolated local minima,> but x{ is only a stationary
. 4 2
point of our function. Indeed, f(x{) = 0 and f(x{ +€e2) = § — ¢ < Ofore
small enough.
Let us consider now the trajectory of the Gradient Method which starts at xg =
(1, 0). Note that the second coordinate of this point is zero. Therefore, the second

coordinate of V f(xg) is also zero. Consequently, the second coordinate of xj is

3In fact, in our example they are global solutions.
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32 1 Nonlinear Optimization

zero, etc. Thus, the entire sequence of points generated by the Gradient Method will
have the second coordinate equal to zero. This means that this sequence converges
to xj.

To conclude our example, note that this situation is typical for all first-order
unconstrained minimization methods. Without additional rather restrictive assump-
tions, it is impossible to guarantee their global convergence to a local minimum.
Only a stationary point can be approached by these schemes. 0O

Note that inequality (1.2.22) provides us with an example of a new notion,
that is, the rate of convergence of a minimization process. How can we use this
information in the complexity analysis? The rate of convergence delivers an upper
complexity bound for the corresponding problem class. Such a bound is always
justified by some numerical method. A method for which the upper complexity
bound is proportional to the lower complexity bound of the problem class is said to
be optimal. Recall that in Sect. 1.1.3 we have already seen an optimal method for
the problem class Po.

Let us now present a formal description of our result. Consider the following
problem class ¥%.

Model : 1. Unconstrained minimization.
2. fec) R,
3. f(-) is bounded below by the value f*.

(1.2.23)
Oracle : First-order Black Box.

g-solution : fx) = fxo), V) I<e.

Note that inequality (1.2.22) can be used in order to obtain an upper bound for the
number of steps (= calls of the oracle), which is necessary to find a point where the
norm of the gradient is small. For that, let us write down the following inequality:

12
= i ML =] < e (1:2.24)
Therefore, if N + 1 > w€2 (f (xp) — f*), then we necessarily have g?ﬁ, <e.

Thus, we can use the value w€2 (f(x0) — f™*) as an upper complexity bound for
our problem class. Comparing this estimate with the result of Theorem 1.1.2, we can
see that it is much better. At least it does not depend on n. The lower complexity
bound for the class %, is unknown.
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Let us see, what can be said about the local convergence of the Gradient Method.
Consider the unconstrained minimization problem

Féﬁz? Jx)

under the following assumptions.

1. feCy’®RM.

2. There exists a local minimum x* € R” of function f at which the Hessian is
positive definite.

3. We know some bounds 0 < u < L < oo for the Hessian at x*:

wl, < V2 f(x*) < LI,. (1.2.25)

4. Our starting point xg is close enough to x*.

Consider the process: xx+1 = xx — hxV f (xx). Note that V f (x*) = 0. Hence,
1
Vi) = V) — Vi) = [V2F*+ 1y —x*)) g —x*)dr
0
= Gg(xx — x%),
1
where Gy = [ V2 f(x* 4 t(xx — x*))d. Therefore,
0

X1 — X =xp — xF — i Gr(xg — x*) = (In — he Gr) (xg — x™).

There is a standard technique for analyzing processes of this type, which is based
on contraction mappings. Let the sequence {ay} be defined as follows:

ap € R",  apy1 = Agay,

where Ay are (n x n)-matrices such that || A ||< 1—g¢ forallk > O withg € (0, 1).
Then we can estimate the rate of convergence of the sequence {ay} to zero:

lari l<U—g) llaxll < A=) Jag | — oO.

In our case, we need to estimate || I,, — hp Gy ||. Let re =|| xx — x™ ||. In view of
Corollary 1.2.2, we have

V2 f(x*) — tMred, < V2O + 10 — x) < V2O + tMrgd,.
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Therefore, using assumption (1.2.25), we obtain
(mw—="%M1I, <G = (L+5M),.

Hence, (1 —hi(L+ "5 M) I, < Iy —hi Gy < (1—=hi(u—"5 M))I,, and we conclude
that

I In — hiGr ||< max{ag (hi), bi(hi)}, (1.2.26)

where ax(h) =1 —h(n — rz"M) and by (h) = h(L + erM) —1.
Note that a; (0) = 1 and bg(0) = —1. Therefore, if 0 < ry <7 = if;, then ag (-)
is a strictly decreasing function and we can ensure

| I, — hiGi lI< 1

for hy small enough. In this case, we will have rip41 < 7.

As usual, many step-size strategies are available. For example, we can choose
hy = é Let us consider the “optimal” strategy consisting in minimizing the right-
hand side of (1.2.26):

max{ay(h), by(h)} — mhin .

Assume that ry < 7. Then, if we form the sequence {x;} using the optimal strategy,
we can be sure that ry4+1 < ry < 7. Further, the optimal step size h,t can be found
from the equation

ar(h) =bi(h) & 1—h(u— " M)=h(L+"3M)— L.
Hence
nE= 2 . (1.2.27)

(Surprisingly enough, the optimal step size does not depend on M.) Under this
choice, we obtain

2
(L—prk Mri
Tl S U Ve

Let us estimate the rate of convergence of the process. Let ¢ = sz_‘u and a; =

Lffﬂrk (< ¢). Then

a(l—(a—9)*) _  a

ar+1 < (1 — q)ax + a/% =ar(1+ (axr —q)) = l—(ag—q) = l4+q—ar"
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Therefore | > 79 _ 1 or
Ak+1 ag

(1+q) —
o1z 0 g =g (1),

Ak+1

Hence,
k — k(21w  Ltn
qk_1>(1_|_q) <qo_1) (1_|_q)( 'roM_l)

=(1+q)"(fo—1).

Thus,

k
< qro < 470 1
W= ot (g (—ro) = F=ro (1""1 ’
This proves the following theorem.

Theorem 1.2.4 Let the function f(-) satisfy our assumptions and let the starting
point xg be close enough to a strict local minimum x*:
= 2
ro=llxo—x* <7 =%

Then the Gradient Method with step size (1.2.27) converges as follows:

_ k
2
lxe—x= = 70 (1= 24,)

This type of rate of convergence is called linear.

1.2.4 Newton’s Method

Newton’s Method is widely known as a technique for finding a root of a univariate
function. Let ¢ (-) : R — R. Consider the equation

¢ (t*) = 0.

Newton’s rule can be obtained by linear approximation. Assume that we know some
t € R which is close enough to t*. Note that

¢t + Ar) = ¢(t) + ¢' (1) At + o(| At ).
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Therefore, the solution of the equation ¢ (r + Ar) = 0 can be approximated by the
solution of the following linear equation:

o) +¢' (1) At = 0.

Under some conditions, we can expect the displacement Af to be a good approx-
imation to the optimal displacement At* = ¢* — ¢. Converting this idea into an
algorithm, we get the process

k1 =t — 5,’,((',’;))

This scheme can be naturally extended to the problem of finding a solution to a
system of nonlinear equations,

F(x)=0,

where x € R" and F(-) : R” — R”.In this case, we need to define the displacement
Ax as a solution to the following system of linear equations:

Fx)+ F'(x)Ax =0
(called the Newton system). If the Jacobian F’(x) is nondegenerate, we can compute

the displacement Ax = —[F’ (x)]"'F(x). The corresponding iterative scheme is as
follows:

X1 = Xk — [F ()] F ().

Finally, in view of Theorem 1.2.1, we can replace the unconstrained minimiza-
tion problem (1.2.1) by the problem of finding a root of the nonlinear system

Vfx)=0. (1.2.28)
(This replacement is not completely equivalent, but it works in nondegenerate
situations.) Further, to solve (1.2.28) we can apply the standard Newton Method
for the system of nonlinear equations. In this case, the Newton system is as follows:

Vf(x)+ V2f(x)Ax =0.

Hence, the Newton’s Method for optimization problems can be written in the
following form:

Xkt = xx — [V2F )17V f (). (1.2.29)
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Note that we can obtain the process (1.2.29) using the idea of quadratic
approximation. Consider this approximation, computed with respect to the point
Xk

1
¢x) = fOa) +(V f (), x —xx) + Z(sz(Xk)(x = Xk), X — Xk).

Assume that V2 f(xx) > 0. Then we can choose xx+1 as the minimizer of the
quadratic function ¢ (-). This means that

Vo (xis1) = Vo) + V) (ka1 — xx) =0,

and we come again to Newton’s process (1.2.29).

We will see that the convergence of the Newton’s Method in a neighborhood of a
strict local minimum is very fast. However, this method has two serious drawbacks.
Firstly, it can break down if V2 f (x;) is degenerate. Secondly, Newton’s process can
diverge. Let us look at the following example.

Example 1.2.3 Letus apply the Newton’s Method for finding a root of the following
univariate function:

n= ," .
PO= e
Clearly, r* = 0. Note that
/ _ 1
¢(1) = (1422732
Therefore Newton’s process is as follows:

— _ o) _ _ 73 . 293/2 _ _ .3
tk+1 =TIk &) 7% \/1_’_[](2 [1 + tk] = tk'

Thus, if | #p |< 1, then this method converges and the convergence is extremely fast.
The points £1 are oscillation points of this scheme. If | #y |> 1, then the method
diverges. O

In order to avoid a possible divergence, in practice we can apply the damped
Newton’s method:

Xkt = Xk — he[V2 )17V f (o),

where h; > 0 is a step size parameter. At the initial stage of the method we can
use the same step size strategies as for the gradient scheme. At the final stage,
it is reasonable to choose Ay = 1. Another possibility for ensuring the global
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convergence of this scheme consists in using Cubic Regularization. This approach
will be studied in detail in Chap. 4.

Let us derive the local rate of convergence of the Newton’s Method. Consider the
problem

min f(x)

xeR"

under the following assumptions:

1. feCy’®RM.
2. There exists a local minimum of the function f with positive definite Hessian:

V2 f(x*) = ul,, p>0. (1.2.30)

3. Our starting point xg is close enough to x*.

Consider the process xx+1 = x; — [V2f(xk)]’1Vf(xk). Then, using the same
reasoning as for the Gradient Method, we obtain the following representation:

Xpal — X = xp —x* — [V2F ()] 7'V f ()
1
=xp —x* = [V2F(x)1™ [ V2F(* + T — %) (xx — x)dT
0

[V2f )]~ Gr(x — x%),

1
where Gy = [[V2f(xk) — V2 f(x* + 1(xx — x¥))]d7.
0
Let rie =|| xx — x* ||. Then

1
| Gi Il = II [TV?f(xk) — V2 F(x* + T — x*)]d7 |
0

< [ V2f(x) = V2f(x* + T — x%) | dt

o, -

=<

o

M1 —O)rdt =S M.

In view of Corollary 1.2.2, and relation (1.2.30), we have

V2f () = V2F(x*) = Mrily = (0 — Mri) 1.
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Therefore, if r; < A’fl , then V2 f (xx) is positive definite and

V2@l ™ < (w— Mro) ™"
Hence, for ry small enough (r; < 3211%1)’ we have

2
Pyl < Mre (= ).
= ou-mry (=S

The rate of convergence of this type is called quadratic.
Thus, we have proved the following theorem.

Theorem 1.2.5 Let the function f(-) satisfy our assumptions. Suppose that the
initial starting point xq is close enough to x*:

Then || xx — x* ||< F for all k and the Newton’s Method converges quadratically:

M||xg—x*||?

—x¥||l<
Xkt = X 1= 50 pag ey -

Comparing this result with the local rate of convergence of the Gradient Method,
we see that the Newton’s Method is much faster. Surprisingly enough, the region
of quadratic convergence of the Newton’s Method is almost the same as the
region of linear convergence of the Gradient Method. This justifies the standard
recommendation to use the Gradient Method only at the initial stage of the
minimization process in order to get close to a local minimum. The final job should
be performed by Newton’s scheme. However, we will come back to a detailed
comparison of the performance of these two methods in Chap. 4.

In this section, we have seen several examples of convergence rate. Let us find a
correspondence between these rates and the complexity bounds. As we have already
seen (for example, in the case of the problem class ¥, (1.2.23)), the upper bound
for the analytical complexity of a problem class is an inverse function of the rate of
convergence.

1. Sublinear rate. This rate is described in terms of a power function of the iteration
counter. For example, suppose that for some method we can prove the rate of
convergence ry < jk. In this case, the upper complexity bound justified by this

scheme for the corresponding problem class is (2)2

The sublinear rate is rather slow. In terms of complexity, each new right digit
of the answer takes a number of iterations comparable with the total amount of
the previous work. Note also, that the constant ¢ plays a significant role in the
corresponding complexity bound.
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2. Linear rate. This rate is given in terms of an exponential function of the iteration
counter. For example,

n<cd—qf<ce* 0<gqg<l.

Note that the corresponding complexity bound is ; (Inc+1n i ).
This rate is fast: Each new right digit of the answer takes a constant number of
iterations. Moreover, the dependence of the complexity estimate on the constant
c is very weak.
3. Quadratic rate. This rate has a double exponential dependence in the iteration
counter. For example,

Tkl < cr,g.

The corresponding complexity estimate depends on the double logarithm of the
desired accuracy: InIn i

This rate is extremely fast: Each iteration doubles the number of right digits
in the answer. The constant ¢ is important only for the starting moment of the
quadratic convergence (cry < 1). For example, after the moment cry < é, we

can guarantee a fast convergence rate i1 < érk, which does not depend on ¢ at
all.

1.3 First-Order Methods in Nonlinear Optimization

(The Gradient Method and Newton’s Method: What is different? The idea of a variable
metric; Variable metric methods; Conjugate gradient methods; Constrained minimization;
Lagrangian relaxation; A sufficient condition for zero duality gap; Penalty functions and
penalty function methods; Barrier functions and barrier function methods.)

1.3.1 The Gradient Method and Newton’s Method: What Is
Different?

In the previous section, we considered two local methods for finding a local
minimum of the simplest minimization problem

min - f(x),

xeR®
with f € C3;*(R"). Namely, the Gradient Method

Xkl = Xk — eV f(xk),  hi > 0.
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1.3 First-Order Methods in Nonlinear Optimization 41
and the Newton’s Method:

X1 = Xk — [VEF ]V ().

Recall that the local rate of convergence of these methods is different. We have
seen that the Gradient Method has a linear rate and the Newton’s method converges
quadratically. What is the reason for this difference?

If we look at the analytical form of these methods, we can see at least the
following formal difference: In the Gradient Method, the search direction is the
antigradient, while in the Newton’s method we multiply the antigradient by some
matrix, the inverse Hessian. Let us try to derive these directions using some
“universal” reasoning.

Let us fix a point x € R". Consider the following approximation of the function

£O):
$100) = fE) + (VFE)x —3) + 5 | x =% |2,

where the parameter % is positive. The first-order optimality condition provides us
with the following equation for x{, the unconstrained minimum of this function:

Vo (x}) = VF(E) + ) (xf — %) =0.

Thus, x = X — hV f(x). This is exactly the iterate of the Gradient Method. Note
thatif 4 € (0O, é], then the function ¢ (-) is a global upper approximation of f(-):

f(x) = ¢1(x), VxeR",
(see Lemma 1.2.3). This fact is responsible for the global convergence of the

Gradient Method.
Further, consider a quadratic approximation of the function f(-):

$2(x) = f(@) + (VF(E), x — %) + S (VA (D) (x — %), x — X).
We have already seen that the minimum of this function is
X =3 [V@IV I,
and this is exactly the iterate of the Newton’s Method.
Thus, we can try to use some quadratic approximations of the function f(.),

which are better than ¢ (-) and which are less expensive than ¢, (-).
Let G be a symmetric positive definite n x n-matrix. Define

1
¢6(x) = f(X) +(Vf(X),x —X)+ 2(G(x —X),x —X).
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Computing the minimizer of ¢ (-) from the equation
Voo () = VI(E) + Glxg — F) =0,
we obtain
xg =% - GV (). (1.3.1)
The first-order methods, which form a sequence of matrices
(Gi}: Gk — V()

(or {Hy} : Hy = G;l — [V2f(x*)]™Y), are called variable metric methods.
(Sometimes the name quasi-Newton methods is used.) In these methods, only the
gradients are involved in the process of generating the sequences {Gy} or { Hy}.
The updating rule (1.3.1) is very common in Optimization. Let us provide it with
one more interpretation.
Note that the gradient and Hessian of a nonlinear function f(-) are defined with
respect to the standard Euclidean inner product on R":

n
oy =xTy =3 x0yD 2y e R = o) 2

i=1
Indeed, the definition of the gradient is as follows:
fGx+h)=f)+H(Vfx),h) +ol hl).

From this equation, we derive its coordinate representation:

. . T
_ (0w e
Vi = (U5 T

Let us now introduce a new inner product. Consider a symmetric positive definite
(n x n)-matrix A. For x, y € R" define

(o, )4 = (Ax,y), Il x la= (Ax, x)'/%

The function || - || 4 is treated as a new norm on R". Note that topologically this new
norm is equivalent to the old one:

Anin (A x| < x4 < Amax (A2 [ x|,
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where Amin(A) and Apax(A) are the smallest and the largest eigenvalues of the
matrix A. However, the gradient and the Hessian, computed with respect to the new
inner product, are different:

f4h) = @)+ (V@) k) + 5 (V2 f )R, h) + o k1)

= f) + (ATIVF@), ) + S (ATIV2 FOR ) a + o(]l 1 || a).

Hence, V f4(x) = A~V f(x) is the new gradient and V2 f4(x) = A~1V? f(x) is
the new Hessian.

Thus, the direction used in the Newton’s method can be seen as a gradient

direction computed with respect to the inner product defined by A = V2 f(x) > 0.
Note that the Hessian of f(-) at x computed with respect to A = V2 f(x) is I,.

Example 1.3.1 Consider the quadratic function
Fe) =@+ (ax) + ) (Ax, ),
where A = AT > 0. Note that V f (x) = Ax +a, V> f(x) = A and
Vix®)=Ax"+a=0
for x* = —A~!a. Let us compute the Newton’s direction at some x € R”:
dv@) = [V I 'Vix) =A(Ax+a) =x + A" a.

Therefore for any x € R” we have x —dy (x) = —A~'a = x*. Thus, for a quadratic
function, Newton’s method converges in one step. Note also that

f) =a+ (A a,x)a+ ) I x |3,
Viax) = ATV F(x) =dy(x),
V2 fa(x) = ATIV2 F(x) = I,. O

Let us look at the general scheme of the variable metric methods.
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Variable metric method

0. Choose xp € R”". Set Hy = I,,. Compute f(xg) and V f(xp).

1. kth iteration (k > 0).
(a) Set px = HiV f(xk).

(b) Find xi11 = x¢ — hy pi
(see Section 1.2.3 for step size rules).

(c) Compute f(xg+1) and V f (xg1).

(d) Update the matrix Hy to Hy41.

The variable metric schemes differ from one to another only in the implementa-
tion of Step 1(d), which updates the matrix Hj. For that, they use new information,
accumulated at Step 1(c), namely the gradient V f (xx1). This update is justified by
the following property of quadratic functions. Let

1
fx)=a+{a,x)+ 2(Ax,x), Vfix)=Ax+a.
Then, for any x, y € R" we have Vf(x) — Vf(y) = A(x — y). This identity
explains the origin of the so-called quasi-Newton rule.

Quasi-Newton rule

Choose Hi11 = H[, | > 0 such that

Hi 1 (V f (k1) = V f(xr)) = Xpr1 — Xk

Actually, there are many ways to satisfy this relation. Below, we present several
examples of schemes which are usually recommended as the most efficient.
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Define

AHy = Hipy — He, v =V e — VIO, 8 = Xka1 — xx.

Then the quasi-Newton relation is satisfied by the following updating rules.

(8 —Hiyi) (Sk—Hivo) T

(8k—Hk vk Vi) ’
sl _ Hine v Hi
gfl,sm (Hkvie, vie)

1. Rank-one correction scheme: AH, =

2. Davidon—Fletcher—Powell scheme (DFP): AHy =
3. Broyden—Fletcher—Goldfarb—Shanno scheme (BFG

sl Hyyied T +8evf Hy

AHe =By = sy

where B = 1 4+ (Hiyk, ve)/{Vk, 8k).

Clearly, there are many other possibilities. From the computational point of view,
BFGS is considered to be the most stable scheme.

Note that for quadratic functions, the variable metric methods usually terminate
in at most n iterations. In a neighborhood of a strict local minimum x* they
demonstrate a superlinear rate of convergence: for any xo € R” close enough to
x* there exists a number N such that for all kK > N we have

I xkp1 —x* || < const- || xp —x* || - || xg—n — x™ ||

(the proofs are very long and technical). As far as the worst-case global convergence
is concerned, these methods are not better than the Gradient Method.

In the variable metric schemes it is necessary to store and update a symmetric
(n x n)-matrix. Thus, each iteration needs O (n?) auxiliary arithmetic operations.
This feature is considered as one of the main drawbacks of the variable metric
methods. It stimulated the interest in conjugate gradient schemes which have a
much lower complexity of each iteration. We discuss these schemes in Sect. 1.3.2.

1.3.2 Conjugate Gradients

Conjugate gradient methods were initially proposed for minimizing quadratic
functions. Consider the problem

min f(x) (1.3.2)

xeR”
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with f(x) = o + (a,x) + ;(Ax,x) and A = AT > 0. We have already seen that
the solution of this problem is x* = —A~!a. Therefore, our objective function can
be written in the following form:

f&) =a+(a,x)+ 5{Ax,x) = a— (Ax*,x) + ,(Ax,x)
= o — J{Ax*, x*) + J(A(x — x%), x — x¥).

Thus, f* =« — é(Ax*, x*yand V f(x) = A(x — x™).
Suppose we are given a starting point xo € R". Consider the linear Krylov
subspaces

% =Lin{A(xog — x), ..., AK(xo — x™)}, k>1,

where A* is the kth power of matrix A. A sequence of points {x;} is generated by
the Conjugate Gradient Method in accordance with the following rule.

x = argmin{f(x) | x € xo + %}, k> 1. (1.3.3)

This definition looks quite artificial. However, later we will see that this method can
be written in a pure “algorithmic” form. We need representation (1.3.3) only for
theoretical analysis.

Lemma 1.3.1 Foranyk > 1 we have £, = Lin{V f(xg), ..., Vf(xk—1)}

Proof For k = 1, the statement is true since V f (xg) = A(xp — x*). Suppose that it
is valid for some k > 1. Consider a point

k
Xp = x0 + Zk(i)Ai(xo —x" exo+ %
i=1
with some A € R¥. Then
k
V) = Ao —x%) + Y ADAH (oo —x*) =y + 20 A (g — x%),
i=1
for a certain y from .%%. Thus,

i1 = Lin{% J A" (xo — x*)} = Lin{Z U V f (x0)}

= Lin{V f(x0), ..., V.L(xp)}. O

The next result helps us to understand the behavior of the sequence {xx}.
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Lemma 1.3.2 Foranyk,i > 0, k # i we have (V f(x), V f(x;)) = 0.

Proof Letk > i. Consider the function

k
) = f (xo + > )»(j)Vf(le)> , AeRK

j=1

k .
In view of Lemma 1.3.1, for some A, € R¥ we have x; = xo + > )\Sf)Vf(xj_l).
j=1
However, by definition, x; is the minimum point of f(-) on xg + -%,. Therefore
V¢ (Ly) = 0. It remains to compute the components of the gradient:

0="008 = (Vf(), VFxj-1), j=1.....k. O

This lemma has two evident consequences.

Corollary 1.3.1 The sequence generated by the Conjugate Gradient Method for
problem (1.3.2) is finite.

Proof Indeed, the number of nonzero orthogonal directions in R” cannot exceed .
O

Corollary 1.3.2 Forany p € %, k > 1, we have (V f(xx), p) =0. O

The last auxiliary result explains the name of the method. Let §; = x; 41 — x;. It
is clear that % = Lin{8¢, ..., 8r_1}.

Lemma 1.3.3 Foranyk,i >0, k #£ i, we have (Adx, §;) = 0.
(Such directions are called conjugate with respect to A.)

Proof Without loss of generality, we can assume that k > i. Then
(Ad, 8i) = (A(xk41 — xk), 8i) = (V f(xrg1) — Vf(xe), i) =0

since §; = xj41 —x; € £j41 € % C Zy1. O

Let us show how we can write down the Conjugate Gradient Method in a more

algorithmic form. Since %} = Lin{p, . .., 8x—1}, we can represent x4 as follows:
k=1
Xk+1 = Xk — hiV f (xp) + Z )»(”8/'.
j=0
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In our notation, this is

k=1
Sk =—h Vo) + X 285 (1.3.4)
j=0

Let us compute the coefficients in this representation. Multiplying (1.3.4) by A and
8i,0 <i <k — 1, and using Lemma 1.3.3, we obtain

-1
0= (A8, 8i) = —m(AV f(xp), &) + Y AV (A3}, &)
j=0

—hi{AV f(xp), 8i) + AD(AS;, ;)

—hi(V f(xp), AS;) + A D (AS;, ;)

= —hi(Vf (), Vf (xig1) = V. (x)) + 1D (A8;,8).
Hence, in view of Lemma 1.3.2, A; = 0fori <k — 1. Fori =k — 1, we have

k=1 — eIV f () |12 — RV f () |12
(Adk—1,6k—1) (V) =V f (xg=1),8k—1)

Thus, xx4+1 = xk — h pk, where

2 2
Ph=VI00 = @ py Sl = VIO = s 9o
since 6x—1 = —hk—1 pk—1 by definition of the directions {py}.

Note that we managed to write down the Conjugate Gradient Method in terms of
the gradients of the objective function f(-). This provides us with the possibility
of formally applying this scheme to minimize a general nonlinear function. Of
course, such an extension destroys all properties of the process which are specific
for quadratic functions. However, in a neighborhood of a strict local minimum,
the objective function is close to quadratic. Therefore, asymptotically this method
should be fast.

Let us present a general scheme of the Conjugate Gradient Method for minimiz-
ing a general nonlinear function.

yurii.nesterov@uclouvain.be



1.3 First-Order Methods in Nonlinear Optimization 49

Conjugate Gradient Method

0. Let xg € R". Compute f(xp), V f(x0). Set po = V f(x0p).

1. kth iteration (k > 0).
(a) Find x41 = xx — hg pr(by “exact” line search).
(b) Compute f(xx+1) and V f (xg11).

(c) Compute the coefficient fy.

(d) Define piy1 =V f (xk1) — Be Pk

In this scheme, we have not yet specified the coefficient 8. In fact, there exist many
different formulas for this coefficient. All of them give the same results on quadratic
functions. However, in the general nonlinear case, they generate different sequences.
Let us present the three most popular expressions.

. ca IV f (i) 112
1. Dai=Yuan: B = (g ¢, )~V f (), pp)
piavaee g IVFGDI?
2. Fletcher—Rieves: By = VGOl
3. Polak—Ribbiere: ,Bk — _ (Vf Gk, V f k1) =V f (X)) .

IV f Gl

Recall that in the quadratic case, the Conjugate Gradient Method terminates
in n iterations (or less). Algorithmically, this means that p, = 0. In the general
nonlinear case, this is not true. However, after n iterations, this direction loses its
interpretation. Therefore, in all practical schemes, there exists a restarting strategy,
which at some moment sets By = O (usually after every n iterations). This ensures
the global convergence of the process (since we have the usual gradient step just
after the restart, and all other iterations decrease the value of the objective function).
In a neighborhood of a strict minimum, the conjugate gradient schemes demonstrate
a local n-step quadratic convergence:

I 2w — ™ < const- || xo — x™ |2

Note that this local convergence is slower than that of the variable metric methods.
However, the conjugate gradient methods have the advantage of cheap iteration. As
far as the global convergence is concerned, these schemes, in general, are not better
than the simplest Gradient Method.
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1.3.3 Constrained Minimization

Let us discuss now the main ideas underlying the methods of optimization with
functional constraints. The problem we consider here is as follows:

fo(x) — min,
xeQ
(1.3.5)
fix) <0, j=1...m,

where Q is a simple closed set in R”, and the functional components
fo(), ..., fin(-) are continuous functions. Since these components are general
nonlinear functions, we cannot expect this problem to be easier than an
unconstrained minimization problem. Indeed, even the standard difficulties with
stationary points, which we have in Unconstrained Minimization, appear in (1.3.5)
in a much stronger form. Note that a stationary point of this problem (whatever its
definition is) can be infeasible for the system of functional constraints. Hence, any
minimization scheme attracted by such a point fails even to find a feasible solution
of (1.3.5).
Therefore, the following reasoning looks quite convincing.

. We have efficient methods for unconstrained minimization.*
. Unconstrained minimization is simpler than constrained minimization.
3. Therefore, let us try to approximate a solution of problem (1.3.5) by a sequence
of solutions to some auxiliary unconstrained minimization problems.

5

N —

This philosophy is implemented by the schemes of Sequential Unconstrained
Minimization. There are three main groups of such methods.

» Lagrangian relaxation methods.
* Penalty function methods.
* Barrier methods.

Let us describe the main ideas of these approaches.

1.3.3.1 Lagrangian Relaxation

This approach is based on the following fundamental Minimax Principle.

4In fact, this is not absolutely true. We will see that, in order to apply the unconstrained
minimization methods to solve constrained problems, we need to be able to find a global minimum
of some auxiliary problem, and we have already seen (Example 1.2.2) that this could be difficult.
SWe are not going to discuss the correctness of this statement for general nonlinear problems. We
just prevent the reader from extending it to other problem classes. In the following chapters, we
will see that this statement is valid only up to a certain point.
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Theorem 1.3.1 Let the function F(x, ™) be defined for x € Q1 C R" and 1 €
02 C R™, where both Q1 and Q7 are nonempty. Then,

sup inf F(x,X) < inf sup F(x,A). (1.3.6)

reQ, X€Q1 xeQ1 reQ>

Proof Indeed, for arbitrary x € Q1 and A € O3, we have

F(x,2) < sup F(x,§).
30))

Since this inequality is valid for all x € Q1, we conclude that

inf F(x,A) < inf sup F(x,§).

xeQq XEQISEQQ

It remains to note that this inequality is valid forall A € Q>. O

Let us apply this principle to problem (1.3.5). Note that

f‘*

inf {fo(x): fij(x) <0, j=1,...,m}
xeQ

inf sup {.2(x,A) def So(x) + (A, f(x)>} ,

xeQ reR?

where f(x) = (fi(x),.... fu DT, R =L e R™" : A >0, j=1,...,m}
is a positive orthant, and £ (x, A) is the Lagrange function, or Lagrangian, of
problem (1.3.5). Let

YA = inf L(x, 1),
xeQ

domyr = {A e R : ¢r(A) > —o0}, (1.3.7)
X*(A) = Arg ing.Z(x, A),

where X*(A) is the set of global solutions of the corresponding minimization
problem. Note that at some A € R™ the value of function ¥ can be —oco. For us, it is
important to have domy (| R’} # #. For simplicity, we assume that, for all A from
this set, X*(1) # @.

Thus, we come to the following Lagrange dual problem:

S def sup{i/f()») : A € domyr ﬂRﬁ} (1%6) f* (1.3.8)
A
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Note that the objective function of the dual problem is very special. Indeed, for any
two vectors A, Ay from domyr, and any x; € X*(11), x2 € X*(12) we have

V02) = folw) + L8700 = o)+ 3 4 fyte)

J= J= (1.3.9)

= Y1) + (f(x1), A2 — A1)

This means that the function v is concave, and (1.3.8) is a convex optimization
problem. Such problems can be efficiently solved by numerical schemes (see
Chap. 3), provided that for any A € domy we are able to compute the vector
f(x(X)), where x (1) is one of the global solutions of problem (1.3.7).

Note that the dual problem (1.3.8) is not completely equivalent to the primal
problem (1.3.5). Very often, we can observe the situation f, < f* (the so-called
nonzero duality gap). This is the reason why the problem (1.3.8) is often called the
Lagrangian relaxation of problem (1.3.5).

Conditions for a zero duality gap, fx = f*, are usually quite restrictive and
require convexity of all elements of problem (1.3.5). We will see many instances of
such problems in Part IT of this book. Here, we give a sufficient condition, which is
sometimes useful.

Theorem 1.3.2 (Certificate of Global Optimality) Let A.. be an optimal solution
to problem (1.3.8). Assume that for some positive € we have

AXOF) L L eRM: A — Al <€) C domy.

Let the vector x(A) € X*(A), A # Ay, be uniquely defined and the following limit
exist

x*= lim x().
A—>Ax,

reAd ()

If x* € X*(Ay), then it is an optimal global solution to problem (1.3.5).
Proof Let g(A) = f(x(M\). Let I* = {j : 1> > 0}. Choosing j € I* and € > 0
ensuring A, + €e; € domy [ R, we get

(1.3.9)
V() =< Yk teej) +(glhs +eej), —€ej) < P(hi) + (g(hs +€ej), —€ej),

(1.3.9)
YOs) = Y —€ej) + (g(hs —€ej), €ej) = Y(he) + (8(hs — €¢)), €ej),

Thus, we have

(ks +€€j),ej) <0 = (g(hs — €ej), €j).
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Taking the limit in both inequalities as € — 0, we obtain f;(x*) = 0.
Similarly, if j & I*, we can take € small enough to have A, + €e; € domy.
Then,

(1.3.9)
V) S YO +ee)) + (g0 + ce)), —ee))
< Y(As) + (g(As +€ej), —€ej).
Hence, (g(A« + €¢;), ej) < 0. Taking in this inequality the limit as € — 0, we get

fix*) <0.
Thus, the point x* is feasible for the problem (1.3.5), and

Wrian =0, j=1,...m (1.3.10)
Therefore, we obtain

3.10)

mo (1.3.8)
fo®) TEY o)+ 2S00 = ) TS
j=

m}

Remark 1.3.1 The equality constraints in problem (1.3.5) can be treated in a similar
way. The only difference is that in the dual problem (1.3.8), the corresponding
Lagrange multipliers do not have sign restrictions. At the same time, the statement
of Theorem 1.3.2 remains valid.

Let us show how this condition works in some simple situations.

Example 1.3.2 Let us choose in the problem (1.3.5) Q = R?, and
fox)y=lllx—al? i) =xD =1 x®)?,
where e» = (1, l)T. Then, we can form the Lagrangian
L) = Yx =@l + [+ O = 1a®)?],

and define ¥ (L) = infzf(x, A). It is clear that domyr = (—o0, 1), and for any
xeR

feasible A, the point x(A) can be found from the following equations:
xD) =141 =0,

P —1-xx®@0) =0.
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Thus, xP(1) = 1 — A, and xP ) = 1lx' Substituting this point into the
Lagrangian, we obtain

— 1,2 1 1
V) =24 = A" =5 t2-

1/3
The maximum of ¢ is attained at A, = 1 — (;) . Since the trajectory x (1)

is uniquely defined and continuous on the domain domy, by Theorem 1.3.2 we
conclude that the point x (L) = (2’1/ 321/ 3) is the global optimal solution of our
problem. O

We consider another example of application of Theorem 1.3.2 in Sect. 4.1.4.

1.3.3.2 Penalty Functions

Definition 1.3.1 A continuous function @(-) is called a penalty function for a
closed set # C R" if

e &(x) =0foranyx € .Z,
e @(x) > Oforanyx ¢ Z.

Sometimes, a penalty function is called just a penalty for the set .%. The main
property of penalty functions is as follows.

If @1(-) is a penalty for .#; and ®;,(-) is a penalty for .7, then
@1 (-) + P2(-) is a penalty for the intersection .7 (] .%,.

Let us give several examples of such functions.

Example 1.3.3 Define (a)+ = max{a, 0}, a € R. Let fi1(-), ..., fim(-) be continu-
ous functions, and

F=xeR"| fi(x) <0, j=1...m}.

Then, the following functions are penalties for .7

m
1. Quadratic penalty: & (x) = > (f;(x))%.

=

! m
2. Nonsmooth penalty: @ (x) = ) (fj(x))4.

j=l1

The reader can easily continue the list. O

Let us present the general scheme of the Penalty Function Method as applied to
problem (1.3.5).
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Penalty Function Method

0. Choose xp € Q. Choose a sequence of penalty coefficients:
0 <t < tyy1 and tp — o0.
1. kth iteration (k > 0).
Find x;41 = arg mirQl{fo(x) + 1@ (x)} using x; as starting point.
xe

It is easy to prove the convergence of this scheme assuming that x4 is a global
minimum of the auxiliary function.® Define

U (x) = fox) +n@(x), ¥ = iIéHQl Y (x) = Wi (Xk41).
(¥} is the global optimal value of W (-)). Let x* be a global solution to (1.3.5).
Theorem 1.3.3 Let there exist a value t > 0 such that the set
={xeR"| folx)+1P(x) < fo(x™)}
is bounded. Then
lim foy(xp) = fo(x™), lim @ (xx) = 0.
k—o00 k—o00

Proof Note that ¥ < ¥ (x*) = fo(x*). At the same time, for any x € Q we have
Yi1(x) > Wi (x). Therefore ¥ +1 > ¥/¥. Thus, there exists a limit

lim ¥ =¥ < fo(x¥).
k—o00
If tx > t then

folxrs1) + 1P (xkg1) < folxrs1) + P (xx1) = ¥ < folx™)

Therefore, x; € S for k large enough. Hence, the sequence {x;} has limit points.
Since hm tr = 400, for any such point x, we have @ (x,) = 0. Thus, x, € .% and

fo(x*) < fo(X*) Consequently, fo(xs) = fo(x*). O

Note that this result is very general, but not too informative. There are still
many questions which should be answered. For example, we do not know what

O1f we assume that it is a strict local minimum, then the results are much weaker.
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kind of penalty functions we should use. What should be the rules for choosing
the penalty coefficients? What should be the accuracy for solving the auxiliary
problems? In fact, all these questions are difficult to address in the framework of
general Nonlinear Optimization. Traditionally, they are redirected to computational
practice.

1.3.3.3 Barrier Functions

Let us look at Barrier Methods.

Definition 1.3.2 Let .7 be a closed set in R” with nonempty interior. A continuous
function F(-) is called a barrier function for F if F(x) — oo as x approaches the
boundary of this set.

Sometimes a barrier function is called a barrier for short. Similarly to penalty
functions, the barriers possess the following property.

If Fi(-) is a barrier for .%#| and F>(-) is a barrier for .%», then
Fi1(:) + F»(-) is a barrier for the intersection % () .%2 provided
that its interior is nonexpty.

In order to apply the barrier approach, problem (1.3.5) must satisfy the Slater
condition:

IxeR": fi(x)<0, j=1...m. (1.3.11)

Let us look at some examples of barrier functions.

Example 1.3.4 Let fi(-), ..., fm(-) be continuous functions and .% = {x € R" |
fij(x) <0, j =1...m}. Then all the functions below are barriers for .%:

m
1. Power-function barrier: F(x) = ng (_fjl(x))p, p=>1
m
2. Logarithmic barrier: F(x) = — Y In(—f;(x)).
=1
m]
3. Exponential barrier: F(x) = Y exp (_f]l_(x)).
j=1 ’

The reader can easily extend this list. O

Let %) = Q[ )int.Z and let F be a barrier for .. The general scheme of the
Barrier Method is as follows.
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Barrier Function Method

0. Choose xg € % and a sequence of penalty coefficients:
0<t < Tet1 and 1, — oo.
1. kth iteration (k > 0).

Find x4 = arg min {fo(x) + t}( F(x)] using xi as the starting
x€F

point.

Let us prove the convergence of this method assuming that x;4 is a global
minimum of the auxiliary function. Define

W) = fox) + L F(x), ¥ = min ¥ (x),
%o

(¥} is the global optimal value of ¥ (-)) and let f* be the optimal value of the
problem (1.3.5).

Theorem 1.3.4 Let the barrier F(-) be bounded below on . Then
lim ¥ = f*.
k— 00

Proof Let F(x) > F* for all x € %. For arbitrary x € .%, we have

lim sup ¥ <
k—00

(@ + L F®] = @,

lim
k— 00

Therefore lim sup lI/k* < f*. On the other hand,

k— o0
W = min ifo(x) + ] F(x)} > inf {fo(x) + ! F*} =+ P
xa% k XE,?() k k
Thus, klim Yr=f* 0O
— 00

As with Penalty Function Methods, many questions need to be answered. We
do not know how to find the starting point x¢ and how to choose the best barrier
function. We do not know theoretically justified rules for updating the penalty
coefficients and the acceptable accuracy of the solution for the auxiliary problems.
Finally, we have no ideas about the efficiency estimates of this process. And the
reason is not in the lack of theory. Our problem (1.3.5) is still too complicated. We
will see that all the questions above get precise answers in the framework of Convex
Optimization (see Chap. 5).
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We have finished our brief presentation of general Nonlinear Optimization. It
was very short indeed, and there are many interesting theoretical topics that we
did not mention. The reason is that the main goal of this book is to describe the
areas of Optimization where we can obtain clear and comprehensive results on the
performance of numerical methods. Unfortunately, general Nonlinear Optimization
is just too complicated to fit the goal. However, it was impossible to skip this
field since a lot of basic ideas underlying Convex Optimization have their ori-
gin in the general theory of Nonlinear Optimization. The Gradient Method and
Newton’s Method, Sequential Unconstrained Minimization and Barrier Functions
were originally developed and used for general optimization problems. But only the
framework of Convex Optimization allows these ideas to get their real power. In the
following chapters of this book, we will see many examples of the second birth of
these old ideas.
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Chapter 2 )
Smooth Convex Optimization s

In this chapter, we study the complexity of solving optimization problems formed
by differentiable convex components. We start by establishing the main properties
of such functions and deriving the lower complexity bounds, which are valid for
all natural optimization methods. After that, we prove the worst-case performance
guarantees for the Gradient Method. Since these bounds are quite far from the
lower complexity bounds, we develop a special technique, based on the notion
of estimating sequences, which allows us to justify the Fast Gradient Methods.
These methods appear to be optimal for smooth convex problems. We also obtain
performance guarantees for these methods targeting on generating points with small
norm of the gradient. In order to treat problems with set constraints, we introduce the
notion of a Gradient Mapping. This allows an automatic extension of methods for
unconstrained minimization to the constrained case. In the last section, we consider
methods for solving smooth optimization problems, defined by several functional
components.

2.1 Minimization of Smooth Functions

(Smooth convex functions; Lower complexity bounds for .7, L°° ‘I(R"); Strongly convex
functions; Lower complexity bounds for 5’:0 L’l (R™); The Gradient Method.)

2.1.1 Smooth Convex Functions

In this section, we consider the unconstrained minimization problem

min £ (x), (2.1.1)

xeR”
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where the objective function f(-) is smooth enough. Recall that in the previous
chapter we were trying to solve this problem under very weak assumptions on the
function f. We have seen that in this general situation we cannot do too much: It is
impossible to guarantee convergence even to a local minimum and it is impossible to
get acceptable bounds on the global performance of minimization schemes, etc. Let
us try to introduce some reasonable assumptions on the function f in order to make
our problem more tractable. For that, let us try to specify the desired properties of a
hypothetical class of differentiable functions .# we want to work with.

From the results of the previous chapter, we could come to the conclusion that the
main reason for our troubles is the weakness of the first-order optimality condition
(Theorem 1.2.1). Indeed, we have seen that, in general, the Gradient Method
converges only to a stationary point of the function f (see inequality (1.2.22) and
Example 1.2.2). Therefore, the first additional property we definitely need is as
follows.

Assumption 2.1.1 Forany f € .7, the first-order optimality condition is sufficient
for a point to be a global solution to (2.1.1).

Further, the main feature of any tractable functional class .% is the possibility to
verify the inclusion f € .% in a simple way. Usually, this is ensured by a set of basic
elements of the class, endowed with a list of possible operations with elements of .7,
which keep the result in the class (such operations are called invariant). An excellent
example of such a construction is the class of differentiable functions. In order to
check whether a function is differentiable or not, we just need to look at its analytical
representation.

We do not want to restrict our class too much. Therefore, let us introduce only
one invariant operation for the hypothetical class .%.

Assumption 2.1.2 If f1, f» € & anda, B > 0, then af) + Bf2 € F.

The reason for the restriction on the sign of coefficients in this assumption is evident:
We would like to see x2 in our class, but the function —x?2 is not suitable for our
goals.

Finally, let us add to .% some basic elements.

Assumption 2.1.3 Any linear function £(x) = o + (a, x) belongs to 7.

Note that the linear function £(-) perfectly fits Assumption 2.1.1. Indeed, V£(x) = 0
implies that this function is constant, and any point in R” is its global minimum.

It turns out that we have already introduced enough assumptions to specify our
functional class. Consider f € .%. Let us fix some xo € R" and consider the
function

o) = f(y) —(Vf(x0), ).

IThis is not a description of the whole set of basic elements. We just say that we want to have all
linear functions in our class.
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Then ¢ € .% in view of Assumptions 2.1.2 and 2.1.3. Note that

Vo(y) ly=xo=V f(x0) =V f(x0) =0.

Therefore, in view of Assumption 2.1.1, x¢ is the global minimum of function ¢,
and for any y € R” we have

o (y) = ¢(x0) = f(x0) — (V f(x0), X0).

Hence, f(y) = f(x0) + (V f(x0), y — x0).

This inequality is very well known in Optimization Theory. It defines the class
of differentiable convex functions. Such functions may have a restricted domain.
However, this domain must always be convex.

Definition 2.1.1 A set Q C R” is called convex if for any x, y € Q and o from
[0, 1] we have

ax+ (1 —a)y € Q.
Thus, a convex set contains the whole segment [x, y] provided that the end points x
and y belong to the set.

Definition 2.1.2 A continuously differentiable function f(-) is called convex on a
convex set Q (notation f € F (Q)) if for any x, y € Q we have

FO) = f)+(Vfx),y—x). (2.1.2)

If — f(-) is convex, we call f(-) concave.
In what follows we also consider the classes of convex functions 3‘\51 (Q) where

the indices have the same meaning as for the classes Clli’l(Q).
Let us check our assumptions, which now become the properties of the functional
class.

Theorem 2.1.1 If f € Z'(R") and V f (x*) = O then x* is the global minimum of
f() onR™.

Proof In view of inequality (2.1.2), for any x € R” we have
J&) = fO)+H(VfET), x —x™) = f(x*). O

Thus, we get what we want in Assumption 2.1.1. Let us check Assumption 2.1.2.

Lemma 2.1.1 If fi and f> belong to F'(Q) and «, B > 0, then the function f =
afi + Bf> also belongs to F1(Q).
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Proof For any x,y € Q, we have
Si() = fite) +(Vfilx), y —x),

£O) = Hx)+(VAHK),y —x).

It remains to multiply the first equation by «, the second one by 8, and add the
results. O

Thus, for differentiable functions our hypothetical class coincides with the class
of convex functions. Let us present their main properties.

The next statement significantly increases our possibilities in constructing the
convex functions.

Lemma 2.1.2 If f € Z'(Q), b € R" and A : R* — R™ then
dpx)= f(Ax+b) e F1(Q), O={xecR": Ax+bec Q).
Proof Indeed, let x, y € Q. Define ¥ = Ax + b, § = Ay + b. Since
Vo (x) = ATV f(Ax + b),
we have
¢ =fO) = fE+(Vf),y—X)
=¢(x) + (Vf(X), Ay — x))
=¢(x)+ (ATVF(E),y —x)

=¢(x)+ (Vo). y —x). O

In order to make the verification of the inclusion f € .Z!(Q) easier, let us
provide several equivalent definitions of this class.

Theorem 2.1.2 A continuously differentiable function [ belongs to the class
FY(Q) ifand only if for any x, y € Q and a € [0, 1] we have®

flax+ A -a)y) =af(x)+ 1 -a)f(y). (2.1.3)

2Note that inequality (2.1.3) without the assumption of differentiability of f serves as a definition
of general convex functions. We will study these functions in detail in Chap. 3.
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Proof Define x, = ax + (1 —a)y. Let f € ﬂl(Q). Then
Fxa) = f) = (Vf(xa),y —xa) = f(y) =V f(xa), y — x),

fxe) = fO) = (Vf(xa), x = xa) = f(x) + (1 —a)(V[(xa), y — x).
Multiplying the first inequality by (1 — «), the second one by «, and adding the
results, we get (2.1.3).

Let (2.1.3)be true forall x, y € Q and o € [0, 1]. Let us choose some « € [0, 1).
Then

fo) = L IfGa) —efMl= f) + ' [f () — F(0)]

=f)+ L fax+A - —x) = fOl

Letting « tend to 1, we get (2.1.2). O

Theorem 2.1.3 A continuously differentiable function f belongs to the class
FY(Q) ifand only if for any x, y € Q we have

(VFx) =Vf(y),x—y)=0. (2.1.4)

Proof Let f be a convex continuously differentiable function. Then

JRO = fO+H VO, x =y, fO) =)+ (Vfx),y—x).

Adding these inequalities, we get (2.1.4).
Let (2.1.4) hold for all x, y € Q. Define x; = x + 7(y — x) € Q. Then

1
fO) =)+ [(Vfx+1(y—x),y —x)dt
0

1

= )+ (VF),y —x)+ [(Vflxe) = VI(x),y —x)dt

0
1

=f)+(Vfx),y—x)+[ i(Vf(xr) =V f(x), x; —x)dt
0

> f(xX)+(Vfx),y—x). O

Sometimes it is more convenient to work with functions from a smaller class
F2(Q) c F1Q).
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Theorem 2.1.4 Let Q be an open set. A twice continuously differentiable function
f belongs to the class F*(Q) if and only if for any x € Q we have

V2 f(x) = 0. (2.1.5)

Proof Let a function f from C?(Q) be convex and s € R". Letx; = x + s € Q
for T > 0 small enough. Then, in view of (2.1.4), we have

0= L{Vf(r) = V). xe —x) = HVf(xr) = Vf(x).5)
=! f(v2f(x + A8)s, s)dA,
0

and we get (2.1.5) by letting t tend to zero.
Let (2.1.5) hold for all x € Q. Then for y € Q we have

1z
FO) = Ff@+(VF@),y—x)+ [ [(V2f(x+ Ay =)y —x), y — x)dArdT
00

= f)+ (V) y —x). o

Let us look at some examples of differentiable convex functions on R”.
Example 2.1.1

1. Every linear function f(x) = « + (a, x) is convex.
2. Let matrix A be symmetric and positive semidefinite. Then the quadratic function

f@x) =a+(a,x)+ ;(Ax,x)

is convex (since sz(x) =A>0).
3. The following functions of one variable belong to .% ! (R):

fx)=e",

fx)y=1lx1r, p>1,
X2

f(x): 1—|x|°

J&)=1x|—=In(I+[x|).
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We can check this using Theorem 2.1.4. Therefore, functions arising in Geomet-
ric Optimization (see Sect. 5.4.8), like

fx) = f: eaiJF(ai,x)’
i=1

are convex (see Lemma 2.1.2). Similarly, functions arising in £,-norm approxi-
mation problems, like

Foo) = i | (ai x) — bi |7,

are convex too.
n

n . .
4. Consider the function f(x) = In (Z ex(”), x € R". Define x(x) = Y .
i=1 i=1
For an arbitrary # € R", we have

n . .
(VF(x),h) = x(lx) 3 R0,
i=1

2
n . n .
2 1 O (7 ()2 1 @4 (i)
(V2O h) = 0 3t (hO) — 2 (iz i )

=1
=1 ((D(x)— ! d(x)dT(x))h h)
x(x) x(x) ’ ’

where D(x) is a diagonal matrix with diagonal entries e* (1), i=1,...,n,and
the vector d(x) € R" has the same entries. Since »(x) = (d(x), e,), it is easy
to see that D(x) > %(1x)d(x)dT(x). Thus, by Theorem 2.1.4 the function f is
convexon R?. 0O

Note that for general convex functions, differentiability itself cannot ensure any
favorable growth properties. Therefore, we need to consider the problem classes
with some bounds on the derivatives. The most important functions of that type are
convex functions whose gradient is Lipschitz continuous in the standard Euclidean
norm. However, for future use in this book, let us explicitly state the necessary
and sufficient conditions for Lipschitz continuity of the gradient with respect to an
arbitrary norm || - || in R". In this case, the size of linear functions on R” (e.g. the
gradients) must be measured in the dual norm

ligll« = max{(g, x) : [x] < 1}.
xeR”
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This definition is necessary and sufficient for the justification of the Cauchy-
Schwarz inequality:

(g, x) = ligls - lxll, x,geR™ (2.1.6)

Thus, for functions with Lipschitz continuous gradient with respect to the norm || - ||
we introduce a new notation: f € ﬁz’l(Q, I - II) means that Q € domf and

IVF) =V« = Lllx —yl, Vx,ye€ Q. (2.1.7)

If in this notation the norm is missing, then we are working with the standard
Euclidean norm (e.g. % Ll’l (R™)). Let us prove that this norm is self-dual.

Lemma 2.1.3 For any x and s in R" we have

; " 172
max {(s,x) ()2 < 1} = [Z(S(i))z} .
i=1

xeRN i=1

Proof Let | - || be the standard Euclidean norm. By simple coordinate maximization,
it is easy to check that

n
max {2 s — 2y — max 2 (), @) _ (i)y2 — 2.
xeR"{ (s, x) — [lxf|7} max {.: [25@x (x)?] lIsll

i=1

On the other hand,

2 20,112 (s.x)2
max{2(s, x) — ||x = max {2t(s,x)—1°|x = max
max (25, ) — I = _max_{2e(s,0) = ) = max (0

_ 2
= max (s, x)~.
lxll<1
[m}

Thus, the standard Euclidean norm can be used both for measuring sizes of points
and gradients. Before we proceed, let us prove a simple property of general norms.

Lemma 2.1.4 Forallx,y € R" and o € [0, 1] we have
allxI>+ A —a)yl* = a —a)(llx]| + [IyID* > a( —a)|x — y*
(2.1.8)

Proof Using the inequality a> + b> > 2ab witha = «|x| and b = (1 — )| y|,
we get the first inequality. The second one follows from the triangle inequality for
norms. O
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Theorem 2.1.5 All conditions below, holding for all x, y € R" and « from [0, 1],

are equivalent 1o the inclusion f € F}"'(R", || - |)):
< fO)—f@O=(Vf@,y—x) < S lx=yI% (2.1.9)
FO)V+ (V) y=x)+ 5, IV =V I2< £, (2.1.10)
LIV = VIO 2 < (V) =V, x—y), (2.1.11)
0 < (VA0 =Vf),x—y) < Llx—yl? (2.1.12)

af(x)+ A —-a)f(y) = flax + 1 —a)y)
(2.1.13)

+ NV @) = V) 112,

0 < af()+ (1 —a)f(y) — flax + (1 —a)y)
(2.1.14)
<al—-a)5lx—yl?.

Moreover; if f € F,"'(Q), then inequalities (2.1.9), (2.1.12), and (2.1.14) are valid
forallx,y e Q.

Proof Indeed, the first inequality in (2.1.9) follows from the definition of convex
functions. To prove the second one, note that

1

[(Vfx+1(y—x))

0
—Vfx),y—x)dt

FO) = f&x) = (Vfx),y—x)

(216) 2.1.7)
fLrny —x|?dr = Sly —x|%

Further, let us fix xg € R”. Consider the function ¢ (y) = f(y) — (Vf(x0), y).
Note that ¢ € .F I}’l(R", |l - |I) and its optimal point is y* = xo. Therefore, in view
of (2.1.9), we have

60" = ming() = min {$() + (V). x —y) + Llx - yl?)
xeRn - xeRn ’ 2

2.16)

min {¢ () = FIVOll + 572} = 60D = 3} I Vo) I

and we get (2.1.10) since Vo (y) = V f(y) — V f(x0).
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We obtain (2.1.11) from inequality (2.1.10) by adding two copies of it with x
and y interchanged. Applying the Cauchy—Schwarz inequality to (2.1.11), we get

Vi) =V D Ik=LIlIx—yl
In the same way, we can obtain (2.1.12) from (2.1.9). In order to get (2.1.9)
from (2.1.12), we apply integration:

1
FO) = f@) = (Vf),y—x) = [(Vfx+T(y—x) = Vfx),y—x)dt
0

< 3Lly —x|*.

Let us now prove two last inequalities. Define x, = ax + (I — «)y. Then,
using (2.1.10), we get

FO) = ) + (V) 1= ) (x = ) + 5 | V) = Vf(xa) I3,

FO) = fx) +(Vf(xa), a(y =) + 5 I V() = Vfxa) II3

Adding these inequalities multiplied by o and (1 — «) respectively, and using
inequality (2.1.8), we get (2.1.13). It is easy to check that we get (2.1.10)
from (2.1.13) by letting « — 1.

Similarly, from (2.1.9) we get

) < ) + (Vi) 1 —)(x =)+ 5 | (1 —a)(x = y) |12,

FO) < f) + (Vi) a(y —0) + 5 aly —x) |7

Adding these inequalities multiplied by o and (1 — «) respectively, we
obtain (2.1.14), and we get back to (2.1.9)aso¢ — 1. O

Finally, let us characterize the class . % z’l @R - 1D.

Theorem 2.1.6 A twice continuously differentiable function f belongs to the class
ﬁz’l(Rn, Il - ) if and only if for any x, h € R" we have

0 < (V2f(x)h,h) < L|h|>. (2.1.15)

Proof The first condition characterizes the convexity of the function f(-) and it was
proved in Theorem 2.1.4. The second inequality is a limiting case of (2.1.12). O

Note that for the class 3‘\2’1(]1%"), condition (2.1.15) can be written in the form
of a matrix inequality:

0<V2f(x) < LI,, xeR". (2.1.16)
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2.1.2 Lower Complexity Bounds for 7 zo ’I(R")

Let us check our potential ability to minimize smooth convex functions. In this
section, we obtain the lower complexity bounds for optimization problems with
objective functions from .% L°° o1 (R™) (and, consequently, .%, 1} ! (R™)).

Recall that our problem class is as follows.

Model: min f(x), feF>RY.
xeR”
Oracle: First-order local Black Box.

Approximate solution: 1 € R", f(X) — f* <e.

In order to make our considerations simpler, let us introduce the following assump-
tion on iterative processes.

Assumption 2.1.4 An iterative method .# generates a sequence of test points {xi}
such that

xi € xo + Lin{V f(x0), ..., Vf(xr-1)}, k=>1.

This assumption is not absolutely necessary and it can be avoided using more
sophisticated reasoning. However, it holds for the majority of practical methods.

We can prove the lower complexity bounds for our problem class without
developing a resisting oracle. Instead, we just point out the “worst function in the
world” belonging to the class % L°° ’1(R"). This function appears to be difficult for
all iterative schemes satisfying Assumption 2.1.4.

Let us fix some constant L > 0. Consider the following family of quadratic
functions

i=1

fr(x) = 2 {é |:(x(1))2 4 Z (x® — xG+Dy2 4 (x(k)){| _ x(l)}
for k = 1...n. Note that for all 1 € R", we have

k—1
(V2 fi(x)h, h) = § [(h‘”ﬂ + 2 (hD — D)+ (h“%z} =0,
i=1
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and

(V2 fr(x)h, h)

IA

k=1
i [(h“))2 + 2 2D + (D) + (h(“)z]
i=1

IA

n .
LY (h9)2,
i=1
Thus, 0 < V2 fi (x) < LI,. Therefore, fi(-) € Z>'(R"), 1 <k < n.
Let us compute the minimal value of the function f;. Note that V2 fi (x) = LA
with

2—-1 0
-1 2-1 0
0-1 2
k
lines Ok’"*k
Ap = ,
-1 2-1
0
0-1 2
On—k,k On—k,n—k

where O, is a (k x p) zero matrix. Therefore, the equation
Vix)=Axx —ep =0
has the following unique solution:

1 1...k,

B
. k+1° 7
20 _ "

O =

0, k+1<i<n.

Hence, the optimal value of the function fj is

fi= M Akd w0 — e 50 | = —klen g0 = §(=1+,1,).
(2.1.17)

Note also that

2 = KD@kHD o G D? (2.1.18)

-

I
-
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Therefore,

2

-

150 = (%)
k= k

i=1 i

(1-3)
1 k+1

k k
_ 2 1 2 (2.1.19)
=k ke i;l * (k+1)2 i;l

2 k(k+1) 1 *k+13 _ 1
Sk—4hi 2 T qye 3 =sk+D.

Let R = (x e R" | x® =0, k+1 < i < n}. This is the subspace of
R" in which only the first X components of the point can differ from zero. From the
analytical form of the functions { fi }, it is easy to see that for all x € R%” we have

frX) = fix), p=k, ..., n

Letus fix some p, 1 < p <n.

Lemma 2.1.5 Let xo = 0. Then for any sequence {xk},fzo satisfying the condition

X € % E Lin{V £, (x0), . ... V1)),

we have %, C Rk,

Proof Since xo = 0, we have V f,, (x0) = — 5 ey € R Thus &} = R

Let % C R%” for some k < p. Since the matrix A p 1s tri-diagonal, for any
x € Rk we have Vipx) € R¥*+1.7 Therefore %41 € R¥TL7 and we can
complete the proof by induction. O

Corollary 2.1.1 For any sequence {xk},fzo with xo = 0 and x; € %, we have

fp(xk) = fk*-

Proof Indeed, x; € % € R*" and therefore fpGa) = filx) = fF. O
Now we are ready to prove the main result of this section.

Theorem 2.1.7 For any k, 1 < k < %(n — 1), and any xo € R" there exists

a function f € ygo ’I(R") such that for any first-order method M satisfying
Assumption 2.1.4 we have

e o BLIro—x"J?
f(xk) f = Rk+D?

1%

1
I xx —x* 1>= g | x0 — x

where x* is the minimum of the function f and f* = f(x™).
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Proof 1t is clear that the methods of this type are invariant with respect to a
simultaneous shift of all objects in the space of variables. Thus, the sequence of
iterates, which is generated by such a method for the function f (-) starting from x,
is just a shift of the sequence generated for f(x) = f(x + xo) starting from the
origin. Therefore, we can assume that xo = 0.

Let us prove the first inequality. For that, let us fix k£ and apply .# to minimize
fx) = fa+1(x). Then x* = Xox41 and f* = f3, . Using Corollary 2.1.1, we
conclude that

F@r) = foar1() = frlx) = fi

Hence, since xp = 0, in view of (2.1.17) and (2.1.19) we get the following estimate:

L 1 1
pao-pe o S(bHmal) s
llxo—x*|I> = 1Q2k+2) T8 Adk+1)?

Let us prove the second inequality. Since x; € R¥" and xo = 0, we have

52" |2 > 2k2+:1 =0 2 2k2+:1 L 2
k = 2k+1) = 2k+42
1=

i=k+1
=k+1-,1, Zkf:l i+ 4(k-1i-1)2 2%1 2.
i=k+1 i=k+1
In view of (2.1.18), we have
2k+1
,-EH i2 =} [k + 1)k +2)(4k + 3) — k(k + D(2k + D]

= ¢ (k+ D2k + 1)(Tk +6).
Therefore, using (2.1.19) we finally obtain

2 I Gk (k+1) | Qk+1)(Tk+6)
Pk —x* == k+1— - 2 + 4G

_ Qk+D)(Tk+6) _ k _ 2k*4+T7k+6
= 24(k+1) 2 = 24(k+1)

2k%+7k+6

b 2 1 2
16(k+1)2 | xo — Xok+1 17> 3 Il xo —x™ || .
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The above theorem is valid only under the assumption that the number of steps
of the iterative scheme is not too large as compared with the dimension of the space
of variables (k < %(n — 1)). Complexity bounds of this type are called uniform
in the dimension. Clearly, they are valid for very large problems, in which we
cannot even wait for n iterates of the method. However, even for problems with
a moderate dimension, these bounds also provide us with some information. Firstly,
they describe the potential performance of numerical methods at the initial stage of
the minimization process. Secondly, they warn us that without a direct use of finite-
dimensional arguments we cannot justify a better complexity of the corresponding
numerical scheme.

To conclude this section, let us note that the obtained lower bound for the value
of the objective function is rather optimistic. Indeed, after one hundred iterations
we could decrease the initial residual by 10* times. However, the result on the
behavior of the minimizing sequence is quite disappointing. The convergence to the
optimal point can be arbitrarily slow. Since this is a lower bound, this conclusion is
inevitable for our problem class. The only thing we can do is to try to find problem
classes in which the situation could be better. This is the goal of the next section.

2.1.3 Strongly Convex Functions

Let us look at a possible restriction of the functional class % LI’I(R”, Il -1, for
which we can guarantee a reasonable rate of convergence to a unique solution of
the minimization problem

min f(x), feZ'®"|-|.

xeR”

Recall that in Sect.1.2.3 we have proved that in a small neighborhood of a
nondegenerate local minimum the Gradient Method (1.2.15) converges linearly. Let
us try to globalize this non-degeneracy assumption. Namely, let us assume that there
exists some constant u > 0 such that for any x with V f(x) = 0 and any x € R"
we have

1
f@) = f@+ ullx -3 1.

Recall that the norm in this definition can be general.
Using the same reasoning as in the beginning of Sect.2.1.1, we obtain the class
of strongly convex functions.
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Definition 2.1.3 A continuously differentiable function f(-) is called strongly
convex on R" (notation f € yli(Q, Il - D) if there exists a constant i > 0 such
that for any x, y € Q we have

1
fO z f@O V@ y—x)+ ully —x [ (2.1.20)

The constant p is called the convexity parameter of function f.

We will also consider the classes Ylf’lL(Q, Il - ) where the indices k, [ and L

have the same meaning as for the class Ci’l(Q).
Let us mention the most important properties of strongly convex functions.

Theorem 2.1.8 If f € .7} (R") and V f (x*) = 0, then

f) = f) 4+ omllx —x* |2 (2.1.21)

forall x € R™.
Proof Since V f(x*) = 0, for any x € R", we have

(2.1.20) * * * 1 * 12
S&x) = fOEHD) VT, x =xF) + ol x —x* |

= [+ aulx—x*|>.
O

Let us describe the result of addition of two strongly convex functions.

Lemma 2.16 If fi € 7}, (Q1. 1), f2 € 7},(Qa. || - ) and @, B = 0, then

f=afi+Bh e pn@( )02 1)

Proof Forany x,y € Q1) Q2, we have
i) = fitkx) +(Vfilx),y —x) + %Ml Iy —x |2

L) = LE+ (VA y—x)+m |y —x |

It remains to add these equations multiplied by o and S respectively. O

Note that the class 5”01 (O, |l - I coincides with .Z1(Q, || - |). Therefore, addition
of a convex function and a strongly convex function gives a strongly convex function
with the same value of convexity parameter.

Let us give several equivalent definitions of strongly convex functions.
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Theorem 2.1.9 Let f be continuously differentiable. Both conditions below, hold-
ing forall x, y € Q and a € [0, 1], are equivalent to inclusion f € yJ(Q, 1D

(V) =V D, x =y =pnlx—yIP, (2.1.22)

af(x) +(I—-a)f(y) = flax + 1 —a)y)
(2.1.23)

ta(l—a)h [ x—yI?.

The proof of this theorem is very similar to the proof of Theorem 2.1.5 and we leave
it as an exercise for the reader.
The next statement is sometimes useful.

Theorem 2.1.10 If f € 5”,} @R, || - ID, then for any x and y from R" we have

FO) S FO+H V@, y =)+ 3, V@) = VG 112, (2.124)
(VE@) = VD). x—y) = LIVI@) = V) I3, (2.125)
ullx =yl < IV ) = VG . (2.126)

Proof Let us fix some x € R”. Consider the function

PO = fO) = (V) y) € @R |- ]).

Since V¢ (x) = 0, for any y € R”, we have
] (2.120) 1 )
¢(x)=minp(v) = minf[d(y) +(Vo(y),v—y)+ ,ullv—1yl]
veR” veR”

_ 1 2
= o) —,, VeI,
and this is exactly (2.1.24). Adding two copies of (2.1.24) with x and y inter-
changed, we get (2.1.25). Finally, (2.1.26) follows from (2.1.25) and (2.1.22). O
Let us present a second-order characterization of the class 17; .-

Theorem 2.1.11 Let a continuous function f be twice continuously differentiable
in intQ. It belongs to the class Yi(Q, I - ) if and only if for all x € intQ and
h € R" we have

(V2 f@)h, h) = |k, (2.1.27)

Proof We get (2.1.27) from (2.1.22) by setting y = x + ah € Q with o small
enough and lettingo — 0. O
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In the case of the standard Euclidean norm, condition (2.1.27) can be written in
the form of a matrix inequality:

V2f(x) = ul,, x e€intQ. (2.1.28)

Now we can look at some examples of strongly convex functions.
Example 2.1.2

1. Let a symmetric matrix A satisfy the conditions ul, < A < LI,. Then, since
sz(x) = A, we have

1
F@ =a+la.x) + (Ax.x) e S RN C 7 RY.

Adding this function to a convex function, we get other examples of strongly
convex functions.
2. Let 0 = A} &ef {x e R}, : (e, x) < 1}, where e, € R" is a vector of all ones.

Consider the entropy function:

n . .
n(x) = §x(’>lnx('), x € Af. (2.1.29)
1=

. . 1 ()2
For direction 7 € R”", we have (V2p(x)h, h) = > (i;m) . We need to find
i=1
the minimum of this expression in x € intA. Since it is decreasing in x,
we conclude that the inequality constraint is active and we need to compute
& (py2 . .

min Y (f;(i)) . In view of Corollary 1.2.1, this minimum x, can be found from

(enx)=1;=1

the system of equations

0 _
e =

where A* is the optimal dual multiplier. It can be found from the equation

SN0) TR
1=Yx" = Al/22|h<’>|.

i=1 * =1

2

n i n .

Thus, (V2o by > Y @07 = (Z |h(’)|> , and by Theorem 2.1.11 we
i=1 M i=1

conclude that the entropy function is strongly convex on A;{, in the £1-norm with

convexity parameter one. [
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One of the most important functional classes is Y;:IIA(R") (recall that the
corresponding norm is standard Euclidean). This class is described by the following
inequalities:

(Vi) =V, x—y=plx—yl? (2.1.30)
V@) =V W I=Llx=yl. (2.1.31)

The value Oy = L/u > 1is called the condition number of the function f.
It is important that inequality (2.1.30) can be strengthened by the additional
information obtained from (2.1.31).

Theorem 2.1.12 If f € Yl}é (R™), then for any x, y € R" we have
<Vf&)—Vf@xx—ynzﬁQux—yu2+;LHVfwy—Vﬂwéiém

Proof Define ¢(x) = f(x) — %M||x||2. Then V¢ (x) = Vf(x) — ux. Hence,
by inequalities (2.1.30) and (2.1.12), ¢ € aﬁZLlfM(R"). If w = L, then (2.1.32) is
proved. If © < L, then by (2.1.11) we have

(Vo) = Vo), y —x) = 1 IVe(x) = VoI,

and this is exactly (2.1.32). O

2.1.4 Lower Complexity Bounds for Y’foil R™)

Let us obtain the lower complexity bounds for unconstrained minimization of

functions from the class YMOO L’l ®RY C Y;}d (R™). Consider the following problem

class.

Model: min f(x), fe.SNRY, p>0,n>1.
xeR” g
Oracle: First-order local Black Box.

Approximate solution: % : f(¥) — f* <e€, | X —x* |’<e.
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As in the previous section, we consider methods satisfying Assumption 2.1.4. We
are going to find the lower complexity bounds for our problems in terms of the
condition number Q 5 = ,lL,L . Note that in the description of our problem class, we do
not fix the dimension of the space of variables. Therefore, formally this class also
includes an infinite-dimensional problem.

We are going to give an example of a bad function defined in an infinite-
dimensional space. It is also possible to do this in finite dimensions, but the
corresponding reasoning is more complicated.

Consider R*® = ¢5, the space of all sequences x = {x(i)};?il with finite standard
Euclidean norm

| x |2 = OXO: ()c("))2 < 00.
i=1

Let us choose two parameters, © > 0 and Q¢ > 1, which define the following
function

G0y =" {(xm)z + 3 (D — x4y 2x<1>} + A,
i=1

Let L = uQy and

2-1 00
1 2-10
A=1 0.1 2~
0 0 .-

Then szu,Qf (x) = “(QA{_UA + wl, where [ is the unit operator in R*°. As in
Sect.2.1.2, we can see that 0 < A < 4]. Therefore,

ul X V3fuo,(0) = (W@ —D+mwl = pQsI = LI
This means that f, o, € 5’:0 il (R*). Note that the condition number of the
function f, 0, is Q.

Let us find the minimum of the function fj o,. The first-order optimality
condition

-1 -1
Vo, 0) = (“(Qg A+ ,u) x—"MCr e =0
can be written as

(A+ Q;_ll)x =ey.
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The coordinate form of this equation is as follows:

(2.1.33)

xHD —2 B ® 4 x (D =0, k=2, ...
Let g be the smallest root of the equation

2 Qs+l _
q —2Qf_lq~|—1—0,

. -1 .
thatis g = vy . Then the sequence (x*)(") = q", k=1,2,..., satisfies the
VOl

system (2.1.33). Thus, we come to the following result.
Theorem 2.1.13 For any xo € R* and any constants p > 0, Q5 > 1, there

exists a function f € 5”:0 L’l (R®®) such that for any first-order method .# satisfying
Assumption 2.1.4, we have

2k
| xx — x* |12 > (jg/{ﬁ) | xo — x* ||2, (2.1.34)
2k
fo) = fx*) =4 (jg;ﬁ) Il xo — x* ||2, (2.1.35)

where x* is the unique unconstrained minimum of function f.

Proof Indeed, we can assume that xo = 0. Let us choose f(x) = fu,Qf (x). Then

5 o N2 S 2 2
lxo—x* I = XI6HDP = Y g* = 7.
i=1 i=1
Since szu,Qf (x) is a tri-diagonal operator and V fi, ¢,(0) = —LZ“el, we
conclude that x; € R*-%°_ Therefore
00 . S : 2(k+1)
lxe—x* 22 3 [@HOP = 3 g% =9, = q*llxo—x*|?.

i=k+1 i=k+1

The second bound of this theorem follows from (2.1.34) and Theorem 2.1.8. O
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2.1.5 The Gradient Method

Let us describe the performance of the Gradient Method as applied to the problem

min f(x) (2.1.36)
xeR”

with f € F 2’1 (R™). Recall that the scheme of the Gradient Method is as follows.

Gradient Method

0. Choose xo € R".
1. kthiteration (k > 0).

(a) Compute f(xx) and V f(xx).
(b) Find x¢4+1 = xr — hi'V f (xx) (see Sect. 1.2.3 for step-
size rules).

(2.1.37)

In this section, we analyze the simplest variant of the gradient scheme with iy =
h > 0. It is possible to show that for all other reasonable step-size rules the rate of
convergence of this method is similar. Denote by x* an arbitrary optimal point of
our problem, and let f* = f(x*).

Theorem 2.1.14 Let f € F,"' (R") and 0 < h < 2. Then the Gradient Method
generates a sequence of points {xy}, with function values satisfying the inequality

FG0 = £ % o S o iy K20
Proof Letry =|| xx — x™* ||. Then
rto =l xk—x* —hV f(x) |?
=g = 20{V f(xi), X = x*) + 12 ||V f () |17
<rE—h(G = Vo |?
(weuse (2.1.11) and V f(x*) = 0). Therefore, ry < rg. In view of (2.1.9), we have

FGrrD) < FGr) + (VLG Xt — k) + 5 1 xer — xc 112

= fo) —o | V@) %
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where w = h(l — éh). Define Ay = f(xx) — f*. Then

(2.1.2)
Ay < (Vf), xk—x) <ro I VL) |l -

Therefore, A1 < Ap — r“gA,% Thus,
0

1 1 %) Ak
Appt = A 12 A T Ak 2

Summing up these inequalities, we get
1
Akt1 z Ao 2(k +D.

O
In order to choose the optimal step size, we need to maximize the function

¢(h) = h(2 — Lh) with respect to h. The first-order optimality condition ¢’ (h) =

2 — 2Lh = 0 provides us with the value 1* = i In this case, we get the following

rate of convergence for the Gradient Method:

2L(f (x0) =~ f*)lxo—x*|*
FO0) =7 = o pgx i croo - (2.1.38)

Further, in view of (2.1.9) we have

o) < f*H (VA x0—x") + 5 xo—x* 2= f*+ 5 [ xo—x* 2.

Since the right-hand side of inequality (2.1.38) is increasing in f(xo) — f*, we
obtain the following result.

Corollary 2.1.2 Ifh = ! and f € Z"'(R"), then

Flr) — f* < 2o, (2.1.39)

Let us estimate the performance of the Gradient Method on the class of strongly
convex functions.

Theorem 2.1.15 If f € .7,"} (R") and 0 < h <
generates a sequence {xi} such that

+ L then the Gradient Method

k
2hpL
hxe == 1P< (1=22F) o — 2% I
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2
Ifh = WL then

A

k
xk Qor—1 oy
lxe—x 1= (§050) Ixo—x*Il,

IA

2k
L(Qr-1 2
() o -2t I,

fox) — f*

where Qr = L/ .

Proof Letry =|| xx — x™* ||. Then
i = X = x* —hVFOo) 112 = 1 = 20V £ (), xx — x*) + b2 || V£ (o) 112
< (1= 24 n(n= 2 ) IV FG0 1P

(we use (2.1.32) and V f(x*) = 0). The last inequality of the theorem follows from
the previous one and (2.1.9). O

Note that the highest rate of convergence is achieved for 1 = Mi ;.- In this case,
lxx — x*||2 < (E7# * llxo — x*||? (2.1.40)
k = \L+u 0 : o

We have already seen the step-size rule & = 2 and the linear rate of convergence

of the Gradient Method in Sect. 1.2.3, Theorem 1.2.4. However, this was only a local
result.

Comparing the rate of convergence of the Gradient Method with the lower
complexity bounds (Theorems 2.1.7 and 2.1.13), we can see that it is far from
being optimal for the classes %, Ll ! (R™) and Yﬂlé (R™). We should also note that on
these problem classes the standard unconstrained minimization methods (Conjugate
Gradients, Variable Metric) are not better. The optimal methods for minimizing
smooth convex and strongly convex functions need the accumulation of some global
information on the objective function. We will describe such schemes in the next
section.

2.2 Optimal Methods

(Estimating sequences and Fast Gradient Methods; Decreasing the norm of the gradient;
Convex sets; Constrained minimization problems; The gradient mapping; Minimization
methods over simple sets.)
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2.2 Optimal Methods 83
2.2.1 Estimating Sequences

Let us consider the following unconstrained minimization problem:

min £ (x), (2.2.1)

xeR”

where f is strongly convex: f € yﬁi(R"), u > 0. Since yolﬁ’Ll R" = ﬁz’l(R"),
this family of classes also contains the class of convex functions with Lipschitz
continuous gradient. We assume that there exists a solution x* of problem (2.2.1)
and define f* = f(x*).

In Sect. 2.1, we proved the following convergence rates for the Gradient Method:

*12

Fr @Y foa) = < R
yLl R™) - * o L (L—p 2k % 112
Wl ®D o) = < 5 (D) xo—x* P

These estimates differ from our lower complexity bounds (Theorem 2.1.7 and
Theorem 2.1.13) by an order of magnitude. Of course, generally speaking, this does
not mean that the Gradient Method is not optimal (it may be that the lower bounds
are too optimistic). However, we will see that in our case the lower bounds are
exact up to a constant factor. We prove this by constructing a method with rate of
convergence proportional to these bounds.

Recall that the Gradient Method forms a relaxation sequence:

S < fx).

This fact is crucial for the justification of its convergence rate (Theorem 2.1.14).
However, in Convex Optimization relaxation is not so important. Firstly, for some
problem classes, this property is quite expensive. Secondly, the schemes and
efficiency estimates of optimal methods are derived from some global topological
properties of convex functions (see Theorem 2.1.5). From this point of view, the
relaxation property is too microscopic to be useful.

The schemes and efficiency bounds of optimal methods are based on the notion
of estimating sequences.

Definition 2.2.1 A pair of sequences {¢y(x)}2 and {Ac}p2,, Ak > 0, are called
the estimating sequences of the function f(-) if

M — 0,
and for any x € R" and all kK > 0 we have

$r(x) = (1 = Ap) f(x) + Ao (x). (22.2)
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The next statement explains why these objects are useful.

Lemma 2.2.1 [f for some sequence of points {x;} we have
Fo) < ¢f < min g (x), (2.2.3)
xeR"
then f(xk) — f* < helgo(x*) — f*] — 0.
Proof Indeed,

f) = ¢ = min g(x) @22 min[(1 = 20 f () + o))

= (=2 f (7)) + Argo(x™).
O

Thus, for any sequence {xi}, satisfying (2.2.3), we can derive its rate of
convergence directly from the convergence rate of the sequence {A}. However, at
this moment we have two serious questions. Firstly, we do not know how to form the
estimating sequences. Secondly, we do not know how to satisfy inequalities (2.2.3).
The first question is simpler.

Lemma 2.2.2 Assume that:

1. a function f(-) belongs to the class Yulé (R™),

2. ¢o(-) is an arbitrary convex function on R",

3. k)2, is an arbitrary sequence of points in R",
o

4. the coefficients {ay}}2 , satisfy conditions oy € (0, 1) and > g = o0,

k=0

5. we choose Ay = 1.

Then the pair of sequences {¢r(-)}72, and {\i}72,, defined recursively by the
relations

Al = (I — ap) A,

Gr1(x) = (1 — ) (x) + e [ £ ) + (VL) x — yi) + 5 1 x =y I17]
(2.2.4)

are estimating sequences.
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Proof Indeed, ¢o(x) < (1 — Xo) f(x) + Lodo(x) = ¢o(x). Further, let (2.2.2) hold
for some k > 0. Then

(2.1.20),(2.2.4)
<

Pr+1(x) (I — ap)r(x) + ag f(x)

(1= =a)ri) f(x) + A — o) (@ (x) — (1 = Ap) f(x))

IA

(I = —a)ri) f(x) + (1 — ) rrdo(x)

(2.2.4)
< (1 = A1) f(X) + Apg190(x).

It remains to note that condition 4) ensures Ay — 0. O

Thus, the above statement provides us with some rules for updating the estimat-
ing sequences. Now we have two control sequences which can help us to maintain
recursively the relation (2.2.3). At this moment, we are also free in our choice of
initial function ¢o(x). Let us choose it as a simple quadratic function. Then, we can
obtain a closed form recurrence for values ¢;.

Lemma 2.2.3 Let ¢po(x) = ¢ + Jg’ || x —vo ||%. Then the process (2.2.4) preserves
the canonical form of functions {¢y (x)}:

de(x) = ¢+ 75 I x —we 1%, (22.5)

where the sequences {yi}, {vi} and {¢}} are defined as follows:
Y+l = (I — i) v + kL,

Vil = yklﬂ [(1 — ap)yevr + arpye — eV fF ()],

2
e
2¥k+1

of = (1 —a)f +onf () — IV £ 112

+ I (B g — o (12 (V) vk = ) -

Proof Note that V2¢o(x) = yol,. Let us show that V2¢k(x) = w1, forall k > 0.
Indeed, if it is true for some k, then

Vi1 (x) = (1 — ) V2 (x) + aapuly = (1 — o) vk + ) In = viy1 .
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This justifies the canonical form (2.2.5) of the functions ¢ (-). Further,
224
1) P2 (1 =) (B + % Nx— e )

+ ol f O+ (VO x —w) + 45 1 x =y 121

Therefore the equation Vi1 (x) = 0, which is the first-order optimality condition
for the function ¢x1(-), is as follows:

(I —ap)ye(x —vp) + oV f (Vi) + agpe(x — yi) = 0.

From this equation, we get a closed form expression for the point vi1, the minimum
of the function ¢x41(-).

Finally, let us compute ¢; ;. In view of the recurrence (2.2.4) for the sequence
{¢r()}, we have

(2.2.5)
i+ 5 vk — v 1PET rrin)
(2.2.6)

= =) (o} + 5 1l vk — vk II?) 4+ o f (w)-

By the recursive relation for vi41, we have

Vk+1 — Yk = yklﬂ (A —a)ye(e — yu) —aV f ()]

Therefore,
2 1 2.2 2
T vkt = i 1P = 5, [0 = a)?vE ok = e |l

=20 (1 — o) iV £ i), vk — yi) + a2 | VL) 121

It remains to substitute this relation into (2.2.6), taking into account that the
multiplicative factor for the term || yx — vk |? in the resulting expression is as
follows:

1—
—a — o) A=)’y =1 -a’ (1 - y:fl)yk)

— (1 _ Ve | Okl
=1 — o) 2 e |
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The situation now is more transparent, and we are close to getting an algorithmic
scheme. Indeed, assume that we already have xy:

&5 = fx).
Then, in view of Lemma 2.2.3,

2
X
2Vk+1

br = (=) f ) + ax f () — IV f ) 12

+ 0 (g £ (ye), v — i)

Vik+1

(2.1.2)
Since f(xx) > fir) +(Vf(yr), xk — yk), we get the following estimate:
* o 2
$rr = SO0 — o IVLO0 |

+(1 = a)(Vf )y BT (o — yi) + xk — yi)-

Yk+1

Let us look at this inequality. We want to have ¢} 41 = S (xk41). Recall that we can
ensure the inequality

FOO = 5 VOO 1P = f i)
in many different ways. The simplest one is just to take the gradient step
Xkt = Yk — hieV f ()

with h; = 11‘ (see (2.1.9)). Let us define o as a positive root of the quadratic
equation

Log = (1 — o)y + okt (= vit1)-

2
Then 2;{1 L= 21L , and we can replace the previous inequality by the following one:

Bir = f ) + (4 =) (Vo) 57 (o — i) + xi = i)

Let us now use our freedom in the choice of yy. It can be found from the equation:

Uk Vi _ _ —
ver (Uk = Vi) + Xk vk =0.
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This is yx = V’;Z’;Z’:‘J 1%k "and we come to the following methods, which are often

addressed as Fast Gradient Methods

General Scheme of Optimal Method

0. Choose the point xg € R”, some yy > 0, and set vy = xp.
1. kth iteration (k > 0).

(a) Compute o; € (0, 1) from the equation

Log = (1 — o) vk + k.
2.2.7
Set yry1 = (1 — ag) vk + ax .
(b) Choose yi Vet [k vkvk + Yi+1xk]. Compute

S (k) and V f (k).
(c) Find x4 such that

FOrg) < FOR) = 3 VL0 12

(see Sect. 1.2.3 for the step-size rules).
(d) Setvgyr = [(1 — ar) kv + ok peyr — iV f (i)l

1
Vk+1

Note that in Step 1(c) of this scheme we can choose an arbitrary x4 satisfying
the inequality f(xx+1) < f(y) — 5 | Vf () | with some @ > 0. Then the

constant {}) replaces L in the equation of Step 1(a).

Theorem 2.2.1 Scheme (2.2.7) generates a sequence of points {xy}7- , such that
fO) = f* <M [fxo) = f*+ 5 1l xo —x* |I7],

where Ly = 1 and A, = Hl.k;()l(l — ;).

Proof Indeed, let us choose ¢o(x) = f(x0) + 1/20 | x —vo ||>. Then f(xq) = %
and we get f(xx) < ¢; by the rules of the scheme. It remains to use Lemma 2.2.1.
O

Thus, in order to estimate the rate of convergence rate of method (2.2.7), we need
to understand how quickly the sequence {A;} approaches zero. Define
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Lemma 2.2.4 [f in the method (2.2.7) we choose yo € (u,3L + wl, then for all
k > 0 we have

4
Ak < — [exp("“ }/23 exp( kg1 }/2)}2 = (yo—,lj)%k+1)2‘ (22.9)

For yo = 11, we have Ay = (1 — \/qf)k, k> 0.
Proof Let us start from the case yp > w. In accordance with Step 1(a) in (2.2.7),

Virl = =0 —o)(yk — ) = ... = 1o — ). (2.2.10)

Since oy =1 — )‘izl , from the quadratic equation of Step 1(a), we have

1/2
Ml _ [ 112 Q2100 [ Yo—H
1- M _[L] = LT Ak :
1/2
11 _ 1 VO W
Therefore, el T = )‘Ii/fl [)\Hl + ] . Thus,

1[qf+you]l/2<1+1 1Yy o2 (11
)‘chfl At =\, 12 12 )\]1(/2 = a2\ e )\;/2

k+1 k+1 k+1 k+1

1/
(yo—Lu)Ak] , we get the following relation:

Defining & = [
1 g 82 172 22.11
§k+1_§k22[6]f§k+1+1] . ( 2. )
Now, for § = é\/q f» We are going to prove by induction that

g > 415 [e(k+1)8 _ ef(k+1)8] , k>0. (2.2.12)

For k = 0, in view of the upper bound on yy, we have

12 - -
fo = [VOL—M] = 311/2 > y[eP—eP] = [ -]

since the right-hand side of the above inequality is increasing in §, and § < ;

Thus, for k = 0, inequality (2.2.12) is Valid Let us assume that it is valid for
some k > 0. Consider the function /(1) = )y [¢"*D% — ¢=(+D%] Tts derivative

1/, ® = [ (t+1)8 + e_(’+1)5]
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is increasing in ¢. Thus, in view of Theorem 2.1.3 the function ¥ (-) is convex.
In view of our assumption,

(2.2.11) 1/2 def
v <& < g —begd, +117 E yEa.

Note that y '(§) = 1 — é[qfszqfil]”z > 0. Suppose that & < ¥ (¢ + 1). Then
k+1

5 12
Y@ <Y+ -} [452 : ( &y [0 — 23] 1}
— w(t +1)— 411 [e(t+2)5 4 e*(t+2)5:|

2.1.2)
=y@+D+yY'c+De—-0+1) < v@.

Thus, we get a contradiction with our second assumption, which proves the lower
bound (2.2.12).

For the case y9p = u, we have yx = p for all k > 0 (see (2.2.10)). By the
quadratic equation of Step 1(a) in method (2.2.7), this means that oy = /g7, k > 0.
O

Let us present an exact statement on the optimality of (2.2.7).

Theorem 2.2.2 Let us take in (2.2.7) yo = 3L + . Then this scheme generates a
sequence {xy}72 , such that

2(4+q ) pllxo—x*|1? 2(4+q5)L|xo—x*|?
fx) = f* < 2 = 2 . 2.2.13
3[6Xp<k§'q}/2)—exp(—k§1q}/z)] 3(k+1) ( )

This means that method (2.2.7) is optimal for solving the unconstrained minimiza-
tion problem (2.2.1) with [ € Yulé (R™) and u > 0, when the accuracy € > 0 is
small enough:

€ < Hlxo — x*|%. (2.2.14)

If u = O, then this method is optimal for

€ < 35 llxo — x*|%. (2.2.15)

(2.1.9)
Proof Indeed, since f(xg) — f* < 12‘ || xo — x* ||?, by Theorem 2.2.1 we have

o) = 5 < H(L + yo)llxo — x*|%.
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Therefore, by Lemma 2.2.4, we obtain the following bounds:

2 (LA4y0) xo—x* |2 2L(L+yo)llxo—x*|?
[ — [ < =< _ 2
(Go—i)- [exp<k+l }/2) exp< k+l }/2)] (Yo—w) (k+1)

The upper bounds in the above relations are decreasing in yy. Hence, choosing it as
the maximal allowed value, we get inequality (2.2.13).

Let u > 0. From the lower complexity bounds for the class (see Theorem 2.1.13),
we have

2k
fow) = f* =" (ﬁ;:) R? > "exp <_JS];—1) R2,

where R =|| xo — x* ||. Therefore, the worst case lower bound for finding x
satisfying f (xx) — f* < € cannot be better than

k> \/Q4f—1 In ”2122 (2.2.16)

calls of the oracle (in view of assumption (2.2.14), the right-hand side of this
inequality is positive). For our scheme, we have

-1
1%) 172
Fon) — f* 10,;1%2 [ (k+Dg /" _ 1} )

Therefore, we guarantee that for k > \/ QOrln (1 + 10“R ) our problem will be
solved. Since

IO;LRZ @214 /LRY | 10uR2\ . uR? 23
n (14 %) T (4 4 1) = i

the upper bound for the number of iterations (= calls of the oracle) in method (2.2.7)
is as follows:

VO (nF +m%). 2.217)

Clearly, this bound is proportional to the lower bound (2.2.16). Therefore, the
method (2.2.7) is optimal.

The same reasoning can be used for the class 5”& Ll (R™). As above, we need
to impose the upper bound (2.2.15) for accuracy in order to have a positive lower
bound for the number of calls of the oracle (see Theorem 2.1.7). 0O

Remark 2.2.1 Note that the scheme and the complexity analysis of method (2.2.7) is
continuous in the convexity parameter n. Therefore, its version for convex functions
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with Lipschitz continuous gradient has the following rate of convergence:

(2.2.13) 2
foay — f* 7= Sl (2.2.18)

Let us analyze a variant of scheme (2.2.7), which uses a constant gradient step
for finding the point x4 1.

Constant Step Scheme I

0. Choose the point xg € R”, some yy > 0, and set vy = xp.
1. kth iteration (k > 0).

(a) Compute ox € (0, 1) from the equation

L(x,% = —op)yr + L. (2.2.19)

Set yxy1 = (1 — o) yx + g

(b) Choose y; = Vet [k vkvk + Yk+1xk]. Compute
S (k) and V f (k).

(©) Setxpy1 = yk — in(yk) and

Vil = yklﬂ [(1 — ap)yrvr + axpyr —ax V()]

Let us show that this scheme can be rewritten in a simpler form. Note that
_ 1
Ve =y @ VEVE + V12K,

Xerl = vk — | VLR,

Vil = yklﬂ [(1 — o) yrvk + axpye — oV f (i) ]

Therefore,

Vi1 = yklﬂ {“;f‘k) [k + axr) yk — Vi1 Xkl + o peye — Olka(yk)}

_ 1 (I—ak) vk I 73 g
= e w VK +Myk} w Xk 0 V)

= xr + alk Ok — xx) — aleVf()’k) = xr+ alk (Xk+1 — Xk)-
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Hence,

_ 1
Ve = oy k1 Vi1 V1 Vie2Xk+1)

Q1 Vi1 (Vk1—Xk+1)

Vet = Xkt Bkt — xk),

= Xk+1 +

_ k1 V1 (I—an) .
where B; = Vo1t Thus, we managed to eliminate the sequence {vy}. Let

us do the same with the coefficients {yx}. We have

(x,%L = (1 — )Yk + Hox = Vit1-

Therefore
B = 1 Vi1 (=) Q1 Vi1 (1—atg)
ok (Vk+1+0k+114) Olk()/k+1+otl%+1L*(lfakJrl)ykJrl)
—  nr(—a) — ak(l-ap)
otk (Vi+1+akt1L) al oy

Note also that oz,%H =(1- ak+1)a,% +qgragy1, and

afL = (1 — a0)yo + pao.

The latter relation means that yy can be seen as a function of «g. Thus, we can
completely eliminate the sequence {yx}. Let us write down the corresponding
method.

Constant Step Scheme 11

0. Choose the point xg € R”, some «p € (0, 1), and set yp =
X0.
1. kthiteration (k > 0).

(a) Compute f(yx) and V f(yr). Setxi 11 = ye—; V.f ().
(b) Compute a1 € (0, 1) from the equation

(2.2.20)

Ot;%+1 = (1 — o)} + G rQt1-

17
Set B = 4~ and yp iy = xpp1 + Br(Xrr1 — Xp).
aftagy
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The rate of convergence of this method can be derived from Theorem 2.2.1 and
Lemma 2.2.4. Let us write down the corresponding statement in terms of ¢.

Theorem 2.2.3 If in the method (2.2.20) we choose o in accordance with the
conditions

Jar < < | fj;‘ﬁqf, 2.2.21)
then
. 4] f o)=Y llxo—x*17]
T =17 = (}’O—M)'[exp(kzlq}/z)—exp(—k}rlq}/z)]z
< ummiean LFG0) = £+ [ o —x* |17].
where yy = QO(fﬂz;“).

We do not need to prove this theorem since the initial scheme has not changed.
We change only the notation. In Theorem 2.2.3, condition (2.2.21) is equivalent to
the condition u < Y9 < 3L + w of Lemma 2.2.4.

Scheme (2.2.20) becomes very simple if we choose ap = /g ¢ (this corresponds
to y9 = w). Then

Bk = v

k= ./q9f, I+ /a

for all k£ > 0. Thus, we come to the following process.
Constant Step scheme 111

0. Choose yg = xg € R”".
1. kth iteration (k > 0). (2.2.22)

Xer1 = vk — | VL),

1-\/q
Vi1 = X1 + 1+jqu, (Xk+1 = Xk).

In accordance with Theorem 2.2.1 and Lemma 2.2.4, it has the following rate of
convergence:

f) — f* (2'_29) EElxg — x*)2e™ Va7, k> 0. (2.2.23)
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However, this method does not work for ;« = 0. The choice of a bigger value of the
parameter yo (which corresponds to another value of o) is much safer.
Finally, let us prove the following statement.

Theorem 2.2.4 Let method (2.2.7) be applied to the function f € F Ll’l(R") (this
means that i = 0). Then for any k > 0 we have

L 1172 2224
-2 <14 1 2] "o (22.24)

lxx — x* 1] 2.2.25
k=Xl =1+ LI ro. (2.2.25)

k—1
def .
where ry = lx* — xoll. Moreover, for the vector gx = 1?3% > A‘-xil V f (yk), whose
i=0 "

k—1
coefficients satisfy the equation Z%) )\‘;‘L = l;}f"‘, k > 1, we have
1=
AkYO 1 172
lerll = {23, 1+[1+ yoL] ro. (2.2.26)

Choosing yo = 3L, we get the following rate:

(2.2.9)
P R AN S ) (2.2.27)

Proof As we have seen, method (2.2.7) recursively updates a sequence of estimating
functions, which can be represented as follows:

Pr(x) = Le(x) + 1 (f (o) + jw0llx = xol®), k=0,
where £ () are linear functions updated by the rules £o(x) = 0,

Liy1(x) = (1 —ap)le(x) + ol f (i) + (VFOr), x — yd], k=0.
(2.2.28)

Let Vi, = Vi (x), x € R™.
Note that function ¢y is strongly convex with convexity parameter Ax)p. There-
fore, for all x € R" we have

1) —wl? < o+l 2 G
FG) + 5 apvollx —well” < ¢ + 5 Mpollx —wll® < ()

(222) | 5
< S+ M(f(x0) + 5 p0llx —xoll7 — f(x)).
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Taking in this inequality x = x*, we get

1 * 2 * 1 * 2 @19 1 2
Dol = vl < A(f(xo) — O + Lyolle™ —xoll) = Dar(L + yo)rd,

and this is the bound (2.2.24).

Let us prove by induction that the bound (2.2.25) holds for all k > 0. Since
X0 = vy, it holds for k = 0. Assume it holds for some k£ > 0. Then, in view of Step
(b) in (2.2.19), we have ||yx — x*|| < [1 + ylo L1'2ry. Tt remains to note that the
gradient step decreases the distance to the optimal point (see, for example, the proof
of Theorem 2.1.14).

Let us look now at the evolution of the vectors si def Vﬁk Note that so = 0
and

(22.28)

Viq1 (I — o) Ve +arV f (yk)

= *k“ Vi +a Vi), k=>0.

Thus, s = Z AO" V f(yi), k > 0. On the other hand, for ; = Afil we have

- 224) _ 1 1
LT =k T A Ait

k—1
Thus, > 7 = ' —1,and g = llk;kk =, /\k Vi (x), x € R". Note that

: A
i=0
— — I ¥
Ve =0 )»kyovgk Y0 o 8K
Hence,
/2 (2224)
1 1- —Ak * 1—)nk
> — > _
(1 0 L] T = o = ek =Xt = Lt el = o,

and we get inequality (2.2.26). O

Theorem 2.2.4 can be used to generate points with small gradient of the quadratic
function f(x) = %(Ax, x) — (b, x) with A > 0. For that, we just compute the point

=X, Z ol vie k=1 (2.2.29)

Another example of employing the rule (2.2.29) is given in Sect. 2.2.3.
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2.2 Optimal Methods 97

2.2.2 Decreasing the Norm of the Gradient

Sometimes, in solving the optimization problem (2.2.1) with f € # li’lL(R"), we
are interested in finding a point with small norm of the gradient:

VSOl <e. (2.2.30)

(We will give an important example of this situation in Example 2.2.4 in Sect. 2.2.3.)
What are the lower and upper complexity bounds for this goal? Since

(2.12)
fE = = AWVl llx —x*|,

the corresponding lower complexity bounds must be of the same order as for finding
a point with small residual in function value: f(x) — f* < €. Let us see which
methods can be used to find points with small gradients.

First of all, let us look at the abilities of Gradient Method (2.1.37) with iy = i .
Denote Ry = ||xo — x™*||. Let us fix the total number of iterations 7' > 3. After the
first k iterations, 0 < k < T, we have

(2.1.39) »1 g2
f(xk)_f* =< k+40'

) (2.1.9)
If i > k then f(xj) — f(xix1) = o, IVf@)|> Define grr =
kminT IV f(xi)]l. Then
<i<

T T
(T —k+Dgi 7 < 2 IVf@I? < 2L _;{(f(xz') = f(xiv1)
LR}

=2L(f () — fxr41)) < 2L(f(xp) — f7) < 4k+4 .

4L2R? o . .
Thus, g(%’T Skt (T—Ok e We can choose k by maximizing the quadratic function

q(k) = (k +4)(T —k + 1) for integer k. Note that
« def * 1 *

= k > s = .

q nggq( )= q(T*+,), T arglglgﬁq(r)

Since T* = Tf, we get g™ > q(ng) = }‘(T + 4)(T + 6).
Thus, we have proved the following theorem.
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Theorem 2.2.5 Let f € "' (R") and choose in method (2.1.37) hx = | . Then
for the total number of steps in this method T > 3 we have

4LRy
80, T =< [(T4+4)(T+6)]/2" (2231)

Thus, the Gradient Method ensures the goal (2.2.30) in O(i) iterations. Let us
see what happens with a monotone version of the Optimal Method (2.2.19) in the
case u = 0.

Monotone Constant Step Scheme I,

0. Choose the point xg € R”. Set Ag = 1 and vy = xp.
1. kth iteration (k > 0).

(a) Compute o € (0, 1) from equationoz,% = 3(1—oag) . (2.2.32)
(b) Set yx = ajvr + (1 — ag)x and A1 = (1 — o) Ag.

(c) Compute V f(yx) and set Xx4+1 = Yk — in(yk).

(d) Define vey1 = vk — ¢, V. f (3.

(e) Set Jx = argmin {f(y): y € {xx, ft1}}.

(f) Compute V £ (5;) and set xi1 = 5k — ; VF ().

This scheme corresponds to the method (2.2.7) with 9 = 3L and u = 0. Hence,
yx = 3LAg. Note that it ensures a monotone decrease of the objective function:

2.32), (2.2.32)f

(2.2.
fo = fG0 = fOr) + L VLGOI (2.2.33)

As before, we divide the total number of iterations 7 > 3 into two parts. After
the first k iterations, 0 < k < T, we have

2.2.18) gL g2

. @233) o
If i > k, then f(x;)) — f(xiv1)) = L, IVSOQ)I°. Define grr =
min ||V f(3;)l. Then
k<i<T

T T
(T —k+ gt r < ;k IVFGOI* < 2L ;k (f (i) = f(xit1))

_ " 16L2R?
= 2L(f () = far41) < 2LOF@O) = f9) = 500
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16L%R?
Thus, g5, < ATkt
qk) = (k + 1) (T — k + 1) for integer k. Note that k*, the optimal solution of

the problem ¢* def Il?azxq(k), belongs to the interval [t* — %, T + é], where
€

We can choose k by maximizing the cubic function

¥ = arg max ¢(t). Moreover, since the function ¢(-) is concave in this interval,
TER+

we have

g* = min{g(z* — 1)), q(r* + 1)}

— m1n !L](T*)—l—l ”(‘L’*)( )2 CIW(T*)83}

—q(r*)+ 1 ”(‘L'*)

Note that ¢’(z) = (r + 1)2T + 1 — 37) and q”(r) = 2T — 2 — 6k. Therefore,
v =20 g"(t*) = —2T — 4, and q(r*) = ,, (T + 2)*. Hence,

q* = (T +2)° = (T +2) -
Thus, we have proved the following theorem.

Theorem 2.2.6 If f € ﬁLl’l(R"), then method (2.2.32) ensures the following rate
of decrease for the norm of the gradient:

4L Ry T > 1.

80.1 = [3(T+2)3- 5 (T+2)—g11/2° (2.2.34)

Thus, the Optimal Method (2.2.32) ensures the goal (2.2.30) in 0(621/3) itera-
tions. Let us show that we can be even faster if we apply a regularization technique.
Let us fix a regularization parameter § > 0 and consider the following function:

f5(x) = f£(x) + 38llx — xol%.

In view of conditions (2.1.12) and (2.1.22), f5 € %1’]}” (R™). Denote by xj its
unique optimal point, which satisfies the equation

V() +8(xf — x0) = 0. (2.2.35)

Note that

(2.
() + S8lxy — x*|? Y he = o+ 18]1x — x0)2.
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Since f(x*) < f(x§), we conclude that

Iy = xoll? + llag = x*[1* < flvo — 2% (2.2.36)
Thus, by choosing an appropriate §, we can make the gradient V f (x§) small:

(2.2.36)

35)
Sllxy —xoll =< SRo.

1

IvraHl

Therefore, it is possible to find a point with small norm of the gradient by
minimizing the function fs. Let us estimate the complexity of this process.

Let us use for our goal the scheme (2.2.22) with parameters L +§ and gy = 5ji I
Then after T iterations of this method, we have

(1.2.8)
IVFGDl = IVFGOI+IVfGr) = VDI = 8Ro+ Lilxr — xj|

2.1.21) 1/2
= R0+ L[ 3(fster) = 5G]

2.2.23 1/2
( z )SRo—l-LI:L—gZSR(%e_T\/qf:I / .

Thus, choosing § from condition §Ry = %e, we get ql_ =1+ ZLERO. Therefore,
the number of steps T in our scheme is bounded by the solution of the following
inequality:

1/2
LRo [nga] < ;eT\/qf/z.

Thisis T > 2 1 L —1)(1 11/2Th h d the followi
1S 1S Z g n (qf— )( —|—qf) . Thus, we have prove e following

theorem

Theorem 2.2.7 Let f € ELI’I(R") and § = 2;0. Then the number of steps T
which is necessary for method (2.2.22) to generate a point xt with |V f(x7)|| < €
by minimizing the function fs is bounded as follows:

T < 3\/ 1 4 2LRo (1 + 2L€R0) . (2.2.37)

Thus, up to a logarithmic factor, the complexity estimate of the regularization
scheme is optimal. To the best of our knowledge, it is not known yet if this factor
can be dropped.
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2.2.3 Convex Sets

The next step in generalizing the unconstrained minimization problem (2.1.36) is a
constrained minimization problem with no functional constraints:

xmeirQl fx),

where Q is a convex set of R". We have already introduced these sets in Defini-
tion 2.1.1, as natural domains of convex functions. Now we will need them as simple
constraints.

Let us look at two important examples of convex sets.

Lemma 2.2.5 If f(-) is a convex function on R", then for any B € R its level set
ZrB)={xeR"| f(x) =P}

is either convex or empty.

Proof Indeed, let x and y belong to .Z¢(8). Then f(x) < B and f(y) < B.
Therefore,

(2.1.3)
fax+(—ay) £ afm+1-af() < B,

which means ax + (1 —a)y € Z¢ (). O

Lemma 2.2.6 Let f(-) be a convex function on R”". Then its epigraph
Er={.0) eR™ | f(x) <7}

is a convex set.

Proof Indeed, let z; = (x1, 1) € &7 and 22 = (x2,72) € &f. Then for any o €
[0, 1] we have

o =az1+ (1 —a)z2 = (ax1 + (1 —a)xz, a1 + (1 —@)12),

(2.1.3)
flax+A0-wx) < afGxp)+A—-a)f(x2) <ar+ (1 -a)0.

Thus, zy € &¢. O

Let us consider now the most important operations with convex sets.
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Theorem 2.2.8 Let Q1 C R" and Q2 C R™ be closed convex sets, and <7 () be a
linear operator:

d(x)=Ax+b: R" — R™.

. The intersection of two sets (m =n), Q1 (102 ={x e R" | x € Q1, x € 02},

is convex and closed.

The sum of two sets (m =n), Q1+ Qr={z=x+y| x € Q1, y € Q2}, is
convex. It is closed provided that one of the sets is bounded.

The direct product of two sets, Q1 x Q2 = {(x,y) e R*™ | x € Q1, y € 03}
is convex and closed.

The conic hull of a set, #(Q1) = {z € R"| z=8x, x € 01,8 >0}, is
convex. It is closed if the set Q1 is bounded and does not contain the origin.

The convex hull of two sets,

Conv(Qy, Qo) ={zeR" [ z=ax+ (1 —a)y, x € Q, y€ 0s, a €[0, 1]},

is convex. It is closed if both sets are bounded.

The affine image of a set, o7(Q1) ={y e R | y = o/ (x), x € Q1}, is convex
and closed.

The inverse affine image: /' (Q2) = {x € R" | o/(x) € Q) is convex. It is
closed if Q2 is bounded.

Proof

1.

2.

If x; € Q1) Q2 and x; € Q1() Q2, then [x1,x3] C Q; and [x}, x2] C Q.
Therefore, [x1, x2] C Q1) Q2. Closedness of intersection is evident.

Ifz1 = x1 + y1 withx; € Q1, y1 € Q2,and z2 = x2 + y2 with xp € Qj,
y2 € O», then

azi + (1 —a)zo = [ax; + (1 —a@)x2]i + [ayr + (1 — @) y2]o,

where [-]1 € Q1 and [-]; € Q5. Let us assume now that the set Q; is bounded.
Consider a convergent sequence zx = xx + yr — 2z with {xx} C Q; and
{yk} C Q2. Since Q7 is bounded, we can assume that the whole sequence {yi}
converges (otherwise, select a converging subsequence). Then, the sequence {xj}
also converges. This implies the inclusion z € Q1 + Q5.

Iz = (x1, 1), x1 € Q1,1 € Q2 and 22 = (x2, y2), X2 € O1, 2 € O, then

az1 + (1 — a)za = ([ax; + (1 — @)xz2]y, [ayr + (1 — @)yz2]2),
where [-]1 € Q1 and [-]; € Q2. Further, if a sequence {zx = (xk, yx)} C Q1% 02

converges to z = (x, y), this means that x; — x € Q1 and yy — y € Q».
Hence, the point Z belongs to Q1 x Q».
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4, If z1 = B1x1 withx; € Q1 and 81 > 0,and zo = Brxr withxy € Q1 and 8> > 0,
then for any « € [0, 1] we have

azi + (1 —a)zz = afix) + (1 —a)Boxz = y(ax; + (1 — a)x2),

where y = aff; + (1 — @)B2, and @ = af1/y € [0, 1]. Thus, the set Z (Q1) is
convex.

Consider a convergent sequence {z;y = Brxx — z} with {xx} C Q1. If Q7 is
bounded, then the sequence {x;} is bounded. If 0 ¢ Q1, then the sequence {Sx}
is also bounded. Therefore, without loss of generality, we can assume that both
sequences {B¢} and {x;} are convergent. Hence, 7 € JZ (Q1) and we conclude
that this cone is closed.

5. If i1 = ,lel + (1 — ,31))’1 with X1 € Ql, y1 € Qz, and ,31 (S [0, 1], and
72 = Boxa + (1 — Bo)y2 with xo € Q1, y2 € O2, and By € [0, 1], then for any
a € [0, 1] we have

azi + (1 —a)zz = a(Brx1 + 1 = By + (1 —a)(Box2 + (1 — B2)y2)
= a(Bix1 + (1 — B)x2) + (1 — &) (Bay1 + (1 — B2)y2),

where ¢ = aff; + (1 —«)B2 and B1 = af1/a, b2 =a(l — B1)/(1 — ).

Let us assume that both sets are bounded. Considering now a convergent
sequence {zx = frxk + (1 — Byx — z} with {f} C [0, 1], {xx} C Q1, and
{yk} C Q», without loss of generality, we can assume that all these sequences
are convergent. This implies that z € Conv{Q1, O2}.

6. If y1, 2 € JZ{(Ql) then y; = Axj + b and yp = Axp + b for some x1, x2 € Q1.
Therefore, for y(o) = ay; + (1 —a)y2, 0 <o < 1, we have

y() =a(Ax1 +b) + (1 —a)(Axa +b) = A(ax; + (1 —a)x2) + b.

Thus, y(a) € 2/(Q1). This set is closed in view of the continuity of linear
operators.

7. If x1, x2 € &/~ 1(Q7) then Ax|+b = y; and Axo+b = y, for some y1, y» € 0.
Therefore, for x (o) = ax; + (1 — a)x2, 0 < o < 1, we have

A (x(a)) = Alaxt + (1 —a)x2) +b
=a(Ax1 +b)+ (1 —a)(Axa +b) =ay; + (1 —a)y2 € Q>.
Let Q> be bounded. Consider a convergent sequence {x; — X} C & “1(0).
Then, without loss of generality, we can assume that the sequence {y; =

@/ (xx)} C Q3 is convergent to a point y € Q. Since y = A(x), we conclude
that ¥ € o7 ~1(Q>). Thus, the inverse image of a bounded set is closed. |

yurii.nesterov@uclouvain.be



104 2 Smooth Convex Optimization

Let us give examples justifying the additional assumptions of Theorem 2.2.8,
which were introduced to ensure closedness of the results of some operations with
convex sets.

Example 2.2.1 In all examples below, we work with an unbounded convex set

(D

Q:{xeRi:x(z)Z 1}.

o Sum of two sets. Consider the set Ri’z def {xeR?: x>0, x® =0}. Then
0-RYP?={xeR?: x® > 0)

is an open set. At the same time, Q + Rﬂr’z = Q is closed.
s Conic hull. Let 0, = (0, 0)7 € R?. The set

H(Q)={xeR*: xD >0, x@ >0} J{0}
is not closed. Also, for Q1 = {x eR?: |Ix —e] < 1}, we have
A Q) ={xeR?: xV >0} J{0a),

which is not closed.
e Convex hull. Note that Conv{0;, Q} = JZ (Q), and the latter set is not closed.
» Inverse affine image. Note that

{xeR: Jdt > 0suchthat (r,x) e Q} = {x e R: x > 0},

and this set is open. O
Using the statements above, we can justify the convexity of some important sets.
Example 2.2.2

1. Half-space. The set {x € R" | (a,x) < B} is convex since linear function is
convex.

2. Polytope. The set {x € R" | (a;,x) < b;, i = 1...m} is convex as an
intersection of convex sets.

3. Ellipsoid. Let A = AT > 0. Then the set {x € R" | (Ax,x) < r?} is convex
since the function (Ax, x) is convex. 0O

Let us consider now a smooth optimization problem with the set constraint:

min f(x0), fe FZHO, 111D, (2.2.38)
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where Q is a closed convex set. We assume that the optimal set of this problem X*
is not empty. Our current goal consists in describing the optimality conditions for
problem (2.2.38). It is clear that the old condition

Vi) =0

does not work here.

Example 2.2.3 Consider the following univariate minimization problem:

min x.
x>0

Here Q = {x e R: x > 0},and f(x) = x.Note that x* = 0,but Vf(x*) = 1 > 0.
O

Theorem 2.2.9 Let f € .F'(Q) and the set Q be closed and convex. A point x* is
a solution of problem (2.2.38) if and only if

(Vfx™),x —x*) =0 (2.2.39)
forall x € Q.
Proof Indeed, if (2.2.39) is true, then
(2.1.2) (2.2.39)
fx) = fOEHHVEH),x—x*) = f(x¥)

forallx € Q.
Let x* be a solution to (2.2.38). Assume that there exists some x € Q such that

(Vf(x*), x —x*) < 0.
Consider the function ¢ (@) = f(x* 4+ a(x — x*)), « € [0, 1]. Note that
$(0) = f(x*), ¢'(0)=(Vf(x"),x —x") <0,
Therefore, for o small enough we have
FETHalx —x%) =¢(@) < $(0) = f(x).

This is a contradiction. O

The next statement is often addressed as the growth property of strongly convex
functions.
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Corollary 2.2.1 If f € YI}(Q, Il - 1), then for any x € Q, we have

F) = f&*) + 5 e — x| (2.2.40)
Proof Indeed,

(2.1.20)
FO) TZ ) H (VL) x —xF) + h lx — x¥|)?

(2.2.39) 5
> f(x*)+‘2‘||x—x*|| . O

Corollary 2.2.2 Let f € Ci’l(R", Il - ). Then, for any two points x{, x5 € X*, we
have

VEGD = VD, (VDX = (V@) x3). (2:241)
(2.2.39) (2.2.39) )
Proof Indeed, (V f (x]), x5 —x]) > Oand(Vf(x}),x{ —x3) > 0.Adding
these two inequalities, we have

QL 5
0= (V) =V fx3).xf —x3) = [IVSG) = VDI

For x* € X*, let g* = V f(x*). Then,

(2.2.39) (2.2.41)
0 = (VfGD.x3—xf) =7 (g5 a5 —xf)
2. (2.2.39)
CEV e - =0 o

Let us now prove the existence theorem.

Theorem 2.2.10 Let f € yJ(Q, I - |D with u > 0 and the set Q be closed and
convex. Then there exists a unique solution x* of problem (2.2.38).

Proof Let xg € Q. Consider the set O = {x € Q | f(x) < f(xo)}. Note that the
problem (2.2.38) is equivalent to the following

min{ f(x) | x € Q}. (2.2.42)
However, the set Q is bounded: for all x € Q, we have
(2.1.20) ” )
fxo) = f(x) = f(xo) +(V[f(x0),x —x0)+ 5 [l x—x0 .

Hence, || x —xo 1< /| V£ (x0) [«
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Thus, the solution x* of problem (2.2.42) (= (2.2.38)) exists. Let us prove that it
is unique. Indeed, if x} is also an optimal solution to (2.2.38), then

(2.2.40)
= fahH = b —xt )R,

Therefore x{ = x*. O

Example 2.2.4 Let f € ﬁ&(Q, I-1I ). Consider the following primal minimization
problem:

f*= miB{f(x) 1 Ax = b}, (2.2.43)

where A € R™*" and b € R™. In some applications the set Q and function f are
very simple, and the complexity of this problem is related to the nontrivial intersec-
tion of the linear constraints with the set Q. In these cases, it is recommended to
solve problem (2.2.43) by dualizing the linear constraints.

Let us introduce dual multipliers for equality constraints, and define the
Lagrangian

Lx,u)= f(x)+ u,b— Ax), xeQ, ueR"

Now we can define the dual function ¢ (1) = mig Z(x,u). By Theorem 2.2.10, this
Xe
function is well defined for all u € R™. Let x(u) = arg migi” (x,u) € Q and let
Xe€

g(w) = b — Ax(u). Note that for arbitrary | and up € R™ we have
Gur) = f(x1) + (w1, b — Ax1)) < f(x(u2))+ (u1, b — Ax(uz))

= ¢(u2) + (u1 —uz, g(u2)).
Let us introduce in R the norm || - ||4. Define

1.6)

@.1.
Al p,a = I}lal}{(Ax,u) Sxllp < Llullg <13 = mL?X{IIATullp* D lullg = 1}

Then, for any uy, u» € R"” we have

(2.2.39)
(Vf(xu2), x(ur) —x2)) > (ATuz, x(uy) — x(u2)). (2.2.44)
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Therefore,

¢) = fx@i)+ (w1, b— Ax(ur))

(2.1.20) | )
> fe2) + (Vf(xu2), x(u1) — x@2)) + Hpllx(ur) — x @2l

+(ut, b — Ax(ur))

(2.2.44) | 5
> fOx@2) + (uz, Alx (1) — x(u2))) +  pllx(ur) — xu2)lly,

+(uy, b — Ax(uy))

¢ w2) + (g(u2), uy —uz) — (uy — uz, A(x(ur) — x(u2)))

+Faullxy) — x@)l?

v

¢ (2) + (g(ua), ur — ua) — 5 (IAT (w1 — u2)|[3)?.

2.1.9
Since ¢ is concave, g(u) = V¢ (u) and —¢ ( € ) yz’l(Rm, | - llg) with L =

1 2
1A% 4-
Iz P
Now we can solve the Lagrangian dual problem

min {—¢ (u)} (2.2.45)
ueR™

by any method for minimizing smooth convex functions. Assuming that the solution
of this problem u* exists, we have

0=Vow*) = b— Ax(u®).
Thus, x (u*) is feasible for problem (2.2.43). On the other hand,

o U360 - def

VAR IS max pu) = fO@)+ @, Vou®)) = fx@®).
Hence, f* = f, and x(u*) is the optimal solution of problem (2.2.43).

Now, assume that # € R™ is an approximate solution to the dual prob-
lem (2.2.45). Then it is clear that the norm of the gradient of the objective function
at this point is very important. Indeed, it bounds the residual » — A(x(iz)). On the
other hand,

Jx@) = f*=¢@ — @, Vo) —¢w®) =< llulla-IVo)ly.
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Thus, the size of the gradient of the dual function bounds at the same time the level
of infeasibility and the level of optimality.

We have already discussed in Sect. 2.2.2 how to compute a point with small norm
of the gradient. However, for problem (2.2.45) the situation is even simpler. Indeed,
Theorem 2.2.4 shows that the average gradient at points {y,} decreases as O ( klz).
For problem (2.2.45), this means that the residual of the linear system Ax = b at
some average point of the sequence {x(vy)} C Q (with points {vi} corresponding
to {yx} in method (2.2.7)) decreases as O ( klz ). So, these average points can be taken
as approximate solutions to the primal problem (2.2.43). O

To conclude this section, let us analyze the properties of Euclidean projection
onto the convex set. Up to the end of this section the notation || - || is used for the
standard Euclidean norm.

Definition 2.2.2 Let Q be a closed set and xo € R". Define
7o(xp) = argmin || x —xo || . (2.2.46)
xeQ

We call g (xo) the Euclidean projection of the point x onto the set Q.

Let f(x) = % | x ||?. Since V2f(x) = I, this function belongs to the class
FERY).

Theorem 2.2.11 If Q is a convex set, then there exists a unique projection 1 g (xo).
Proof Indeed, mg(xo) = arg ;213 f(x), where f € 5”11”11 (R™). Therefore g (xo) is
unique and well defined in view of Theorem 2.2.10. O

Since Q is closed, g (xo) = xo if and only if xg € Q.

Lemma 2.2.7 Let Q be a closed convex set and xo ¢ Q. Then for any x € Q, we
have

(o (x0) — x0, x —mwo(x0)) = 0. (2.2.47)

Proof Note that g (xg) is a solution of the minimization problem mirQl f(x) with
Xe

fx) = % | x — xo [|?. Therefore, in view of Theorem 2.2.9 we have

(Vf(mo(x0), x —mg(xo)) =0

for all x € Q. It remains to note that V f(x) = x — xo. 0O

Corollary 2.2.3 For any two points x1 and x» € R", we have

o (x1) — mo(x2)|l < llx1 — x2]|. (2.2.48)

yurii.nesterov@uclouvain.be



110 2 Smooth Convex Optimization
Proof Indeed, in view of inequality (2.2.47), we have
(mo(x1) — x1, mo(x2) — o (x1) = 0,

(mo(x2) — x2, mp(x1) — o (x2) > 0.

Adding these two inequalities, we get
I (x1) = mo()II* = (mo(x1) —mo(x2), x1 — x2)

< llmwox1) —mwo(x2)| - llx1 — x2|l.
]

Let us also mention a triangle inequality for projection (compare with (2.2.36)).

Lemma 2.2.8 For any two point x € Q and y € R", we have

I x—mo 1>+ moM —y > <lx—y|>. (2.2.49)

Proof Indeed, in view of (2.2.47), we have
[x—moM I>=lx—yII>= (y —7o(),2x — o (y) — ¥)

< —lly—mm I
O

There exists a useful characterization of optimal solutions to problem (2.2.38) in
terms of Euclidean projection.

Theorem 2.2.12 Let x* be an optimal solution to problem (2.2.38). Then, for any
y > 0 we have

o (x* — ;Vf(x*)) = x*. (2.2.50)

Proof Consider the minimization problem miIQ1 ; lx—x*+ ; V £ (x*)||%. Its objective
X€E
function is strongly convex. Hence, in view of Theorem 2.2.10, its solution x, exists
and is unique. Moreover, in view of Theorem 2.2.9, it is completely characterized
by the following inequality:
(xXe — x* + ;Vf(x*),x —x) >0, VxeO.

Hence, x, = x*. O
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Finally, let us mention some properties of the distance function to a convex set:
po) €l jx —mo)|?, xeR". (2.2.51)
Lemma 2.2.9 A function pg is convex and differentiable on R" with gradient
Vpo(x) =x —mp(x), xeR", (2.2.52)

which is Lipschitz continuous in the standard Euclidean norm with constant one.

Proof Let us fix two arbitrary points x; and x; in R"”. Let m; = nmgp(x1) € Q,
my = mo(x2) € Q, g1 = x1 — 7y, and g = x2 — mp. In view of the Euclidean
identity

Mig2l? = Jllgil® + (g1, g2 — 1) + 4 llg2 — g1l (2.2.53)
we have
po(x2) = pox) + (x1 —mwo(x1), x2 — x1)
+Hmo(x1) —x1, wo(x2) — o (x1))
(2.2.47)
> po(x1) + (g1, x2 — x1).
On the other hand,

(2.2.53)
po(x2) — po(x1) =" (g1, 82— &1) + 4llg2 — g1ll?

= (gr.x2—x1)+ (g m —m—g)+lgl* + gl

(2.2.46) | o 5
< (g1, x2 —x1) + (g1, 1 — x2) + , lIg1l1” + 5 llx2 — 71|

= (g1.x2—x1) + ll —xall.
Thus, for arbitrary points x; and xo € R” we have proved the following relations:
(g1,x2 —x1) < po(x2) = po(x1) =< (g1.x2 —x1) + 5[z — 1]

Hence the function pg is differentiable at any point x € R" and Vpp(x) = x —
7o (x). Moreover, in view of condition (2.1.9), f € ﬁll’l(R"). |
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2.2.4 The Gradient Mapping

As compared with the unconstrained problem, in the constrained minimization
problem (2.2.38), the gradient of the objective function should be treated differently.
In the previous section, we have already seen that its role in optimality conditions
is changing. Moreover, we can no longer use it for the gradient step since the result
may be infeasible. If we look at the main properties of the gradient, which are
useful for functions from the class .%# Ll ! (R™), we can see that two of them are of the
highest importance. The first is that the step along the direction of the anti-gradient
decreases the function value by an amount comparable with the squared norm of the
gradient:

fx= V@) < f) =5 I1VF@) 2.

The second is the inequality

(Vi) x—x* > [ Vf)I?.

It turns out that for Constrained Minimization we can introduce an object which
inherits both these important properties.

Definition 2.2.3 Let us fix some y > 0. Define

xQ(¥: y) = argmin [fE)+ (V@ x =5+ [ x—x 7],
(2.2.54)
gox;y) =y —xo(x; ).

We call xg(x, y) the gradient mapping, and g (X, y) the reduced gradient of the
function f on Q.

Note that the objective function of the optimization problem in this definition can
be written as

FE+ T =+ VIO =, IVF@I (2.2.55)

Thus, xg(X; y) is a projection of point x — JI/V f(x) onto the feasible set. For Q =
R", we have

xo(X;y) =X — ;Vf(f), go(x:y) =V f(X).

The value )1/ can be seen as a natural step size for the “gradient” step

F o xp@y) PEYx - leoliy. (2.2.56)
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Note that the gradient mapping is well defined in view of Theorem 2.2.10.
Moreover, it is defined for all x € R", not necessarily from Q.
Let us write down the main property of the gradient mapping.

Theorem 2.2.13 Let f € Y;:I{(Q), y > L, and x € R". Then for any x € Q, we
have

) = flro@y) + (go(F5y), x = X) + 5, | go@ y) IP 45 [ x =% |1*.
(2.2.57)
Proof Letxg = xo(y, X), g0 = go (v, %), and
PO) = fE@ (V@ x =D+ 1 Ilx—x |2
Then V¢ (x) = Vf(X) + y(x — X), and for any x € Q we have

_ (2.2.39)
(Vf(x) —g0.x —x0) = (Vo(xg).x —xg) = 0

Hence,

(2.1.20)
f(x)—’; [x =% > f@&+(VfE),x—x)

JE) +(VFR), xg = %) + (Vf(X),x = x0)

v

FX)+(Vf(X),xg —X) + (80, x —x0)

P(xp) — b Il xo — X |I> +{gg, x —xp)

$(x) — 5, l g0 I* +(80, x —x0)

$(x0) + 5, Il g0 I* +(go. x — %),

(2.1.9) _
and ¢(xg) > f(xg)sincey > L. O
Corollary 2.2.4 Let f € yl}i(g), y > L, andx € Q. Then

flro@y) < fE) =5, Igo@E v I% (2.2.58)

(80T ), T —x%) = 5 Il g0 y) I7 +5 11 ¥ —x* |I?
(2.2.59)

+ 5 Ixo (F; ) — x*|I%.
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Proof Indeed, using (2.2.57) with x = x, we get (2.2.58). Using (2.2.57) with x =
x*, we get (2.2.59) since

_ (2.2.40) B
fo@Ey) = fa)+5lxeE y) —x*?. O

2.2.5 Minimization over Simple Sets

Let us show that we can use the gradient mapping to solve the following problem:
min fx),

where f € yﬁ:i(Q) and Q is a closed convex set. We assume that the set Q
is simple enough, so the gradient mapping can be computed by a closed form
expression. This assumption is valid for some simple sets like positive orthants,
n dimensional boxes, simplexes, Euclidean balls, and some others.

Let us start with the Gradient Method.

Gradient Method for Simple Set

0. Choose a starting point xo € Q and a parameter y > 0. (2.2.60)
1. kth iteration (k > 0).

Xkl = Xk — ; 8o (xks v) -

Note that in this scheme

2.2.56
vt CEY xoGusy) = 7o (xk — ;Vf(xk)>. (2.2.61)

The efficiency analysis of this scheme is very similar to the analysis of its
unconstrained version.

Theorem 2.2.14 Let f € .7, (R"). Ifin (2.2.60) y = “}*, then

k
lxe—x" = (1=4) Ixo—x*1l.
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Proof Letry =|| xy —x* ||. Then, in view of Theorem 2.2.12, we have

2y B Imo G — V£ () - mo @ — IV )P

(2.2. 48)

lbee = x* = J(VF ) = Vf I

= VSO0 = V) =2 + LIV ) = V@)
(2.1.32)
= (=2 ) (a2 ) IV e = VAP

(2.1.26) 5 , ) A2
< (1_y'u+L+“< y-lHL))rk:(l—y) 2. o

Thus, for the minimal value of the scaling parameter y = 2 , method (2.2.60)
has the same rate of convergence as for the unconstrained scheme (2.1.37):

k
I xp —x* || < (f;ﬁ) I x0—x* . (2.2.62)
Consider now the optimal schemes. We give only a sketch of their justification
since it is very similar to the analysis of Sect.2.2.1.
First of all, we define the estimating sequences. Assume that xo € Q. Define

Po(x) = f(x0) + 5 I x — x0 |I%,
D1 (x) = (1 — )i (¥) + arl f (xo i L)) + 5y I g0 G L) 112

+gok: L), x —y) + 5 lx =y [P, k=0.

Note that the recursive rule for updating the estimating functions ¢y (-) has changed.
The reason is that now we have to use inequality (2.2.57) instead of (2.1.20).
However, this modification does not change the functional terms in the recursion,
only the constant terms are affected. Therefore, it is possible to keep all complexity
results of Sect. 2.2.1.

It is easy to see that the estimating sequence {¢y (x-)} can be represented in the
canonical form

dr(x) = ¢f + % Il x — v |12,
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with the following recursive rules for yy, vx and ¢}

Vil = (I — o) vie + agpu,

vkt =, (1 = @) yave + akeye — akgo (i L1,

i1 = (=)@ +arf(xois L) + (;‘ 2},:“) I go(; L) 11

1—
A+ (B ]y — w1 (g0 (s L), vk — W) -

Further, assuming that ¢; > f(xx) and using the inequality
(22.57)
f) = fleoOw L) + (8o ki L), Xk — yi)
+ap, 11800 L) I2 +5 1l = ye 171,

we come to the following lower bound:

i = (1= i) fO) + e f (ro (s L) + <2L zy;.) | 2o L) |12

+Ulk(1—0lk)yk(

ven (80O L), ve — yk)

2
> [ L) + (;L ZW) I go(ye: L) 117

+( = ) (go i L), S (v — yio) + xe — i)
Thus, again we can choose
Xir1 = x0 (ks L),

Lo = (1 — o) vk + kit = Vit 1,

Yk = ykﬂw (kY Vk + Vi+1Xk)-
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Let us write down the corresponding variant of scheme (2.2.20).
Constant Step Scheme II for Simple Set

2(+4qy)

0. Choose x¢g € R" and ag € [«/qf, 3t2144g

XQ-
1. kth iteration (k > 0).

]. Set yo =

(2.2.63)
(a) Compute f(yx) and V f(yi). Set xg11 = xg (yi; L).
(b) Compute ox+1 € (0, 1) from the equation

a,%H = (1 — 1) + qfOo+1-

1_
Set B = 6"~ and yi i1 = x4+ Be(Xip1 — Xp)-
o0ty

The rate of convergence of this method is given by Theorem 2.2.3. Note that
only the points {x;} are feasible for Q. The sequence {y,} is used for computing the
gradient mapping and it may be infeasible.

2.3 The Minimization Problem with Smooth Components

(Minimax problems: Gradient Mapping, Gradient Method, Optimal Methods; Problem with
functional constraints; Methods for Constrained Minimization.)

2.3.1 The Minimax Problem

Very often, the objective function in optimization problems is composed of several
functional components. For example, the reliability of a complex system is usually
defined as the minimal reliability of its parts. A constrained minimization problem
with functional constraints also provides us with an example of the interaction of
several nonlinear functions, etc.

The simplest problem of this type is called the (discrete) minimax problem. In
this section, we consider the following smooth minimax problem:

mig |:f(x) = 1rn_ax f,-(x)i| , (2.3.1)
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where f; € yﬁi(Rn, l-1D,i = 1...m,and Q is a closed convex set. We call
the function f a max-type function composed of components f;(x). We write f €
Yl}}‘ R™, || - | if all components of the function f belong to this class.

Note that in general, f is not differentiable. However, provided that all f; are
differentiable functions, we can introduce an object, which behaves exactly as a
linear approximation of the differentiable function.

Definition 2.3.1 Let f be a max-type function:
f(x) = max f;(x).
1<i<m
The function
f@Ex) = max [f;(X) + (Vfi(¥), x — )],
1<i<m

is called the linearization of f at the point x.
Compare the following result with inequalities (2.1.20) and (2.1.9).

Lemma 2.3.1 For any two points x and x in R", we have

fQ) = fE)+5 x—% |2 (2.3.2)
f@ < fEO+51x—5%. (2.3.3)
Proof Indeed, foralli =1, ..., m, we have

(2.1.20) B B B B
fi) = i+ (VAE, x =X+ lx—X 7.

Taking the maximum of these inequalities in i, we get (2.3.2).
To prove (2.3.3), we use inequalities

219 ) I oy
fix) = i)+ {(ViG),x—x)+5 lx—x1|° i=1...,m. O

Let us write down the optimality conditions for problem (2.3.1) (compare with
Theorem 2.2.9).

Theorem 2.3.1 The point x* € Q is an optimal solution to problem (2.3.1) if and
only if for any x € Q we have

fG&x*x) = f&x 5 x™ = f(&x™). (2.3.4)
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Proof Indeed, if condition (2.3.4) holds, then

(23.2)
) = fxMx) = fOfxt) = f(x¥)
forallx € Q.

Let x* be an optimal solution to (2.3.1). Assume that there exists an x € Q such
that f(x*; x) < f(x™). Consider the functions

i) = fix* +a(x —x%), i=1...m.
Note that for all i, 1 < i < m, we have
i)+ (VG x—x") < f(x*) = jmax. fi(x™).
Therefore, either ¢; (0) = f; (x*) < f(x*), or
$i(0) = f(x*), ¢{(0) = (Vfi(x"),x —x*) <0.
Thus, for & small enough, we have
fitx™ +alx —x7) = ¢i(a) < f(x7)

forall i, 1 <i < m. This is a contradiction. 0O

Corollary 2.3.1 Let x* be a minimum of the max-type function f(-) on the set Q.
If f belongs to yl} @R™, || - D, then

F@) = FO*) 45 x—x* |2

forall x € Q.
Proof Indeed, in view of (2.3.2) and Theorem 2.3.1, for any x € Q, we have

fO) = fa 0+ 5 lx—x 2= fOfx)+5 | x—x*|?
= faH+45 lx—x*|>. O

Finally, let us prove an existence theorem.

Theorem 2.3.2 Let the max-type function f belong to the class 5’;} @R™, || - |D with
uw > 0, and Q be a closed convex set. Then there exists a unique optimal solution
x* to problem (2.3.1).
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Proof Let x € Q. Consider the set 0={xeQ] f(x) < f(x)}. Note that the
problem (2.3.1) is equivalent to the following problem:

min{ f(x) | x € Q}. (2.3.5)

However, the set Q is bounded: for any x € 0 we have

_ (2.1.20) _ _ _ _
f@ = fir) = fi@HVHEx =D+ 5 x=% 1% i=1...,m
Consequently,
Hllx =X PN VA@ - lx =X 1+ = fi(R), i=1,....,m.

Thus, the solution x* of (2.3.5) (and of (2.3.1)) exists.
If xi“ is another solution to (2.3.1), then

(2.3.2) (2.3.4)
= fGH = fasaD L Ixf—x* P = fa+ 8 xf—xt 2.

Therefore, x{ = x*. O

2.3.2 Gradient Mapping

In Sect. 2.2.4, we introduced the reduced gradient, which replaces the usual gradient
for a constrained minimization problem over a simple set. Since linearization of a
max-type function behaves similarly to the linearization of a smooth function, we
can adapt this notion to our particular situation. Up to the end of this chapter, we
will be working with the standard Euclidean norm.

Let us fix some y > 0 and point x € R". For a max-type function f, define

fGEx)=fE0+5 x—x|%.

The following definition is an extension of Definition 2.2.3.

Definition 2.3.2 Define

J* (@& y) = min f, (x; x),
xeQ
xf(¥;y) = argmin fy (x; x),
xeQ

g, y) =y —xr(x;y)).
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2.3 The Minimization Problem with Smooth Components 121
We call x7(x; y) the Gradient Mapping and g r(x; y) the Reduced Gradient of a
max-type function f on Q.

For m = 1, this definition is equivalent to Definition 2.2.3. Note that the point of
linearization x does not necessarily belong to Q. At the same time, now the point
x r(x; y) cannot be interpreted as a projection (2.2.55).

Itis clear that f), (x; -) is a max-type function composed by the components

i+ (Vi@ x =X+, [ x—X e L) RY), i=1...m.

Therefore, the gradient mapping is well defined (see Theorem 2.3.2).

Let us now prove the main result of this section, which highlights the similarity
between the properties of the Gradient Mapping and the properties of the reduced
gradient (compare with Theorem 2.2.13).

Theorem 2.3.3 Forallx € Q,y > L, and x € R", we have

@) 2 @)+ (gr @y x =5 + 5, I gr@Ey) 117 (2.3.6)
Proof Letxs = xf(X;y), gr = g7 (X; y). Itis clear that f, (¥; -) € .-} (R") and
it is a max-type function. Therefore, all results of the previous section can also be

applied to the function f,.
Since x y = arg miIQ1 fy (x; x), in view of Corollary 2.3.1 and Theorem 2.3.1, we
xe

have
f@Ex) = frEx) =5 x—x|?
> fEGxp)+hAlx—xp P = llx =% )
> f*Ey)+ 5 (X —xp,2x —xp — X)
=[G py)+ g()? —xf,2(x —x)+XxX —xp)
= @&+ g =N+, legrlIP. O
In what follows, we often use the following corollary to Theorem 2.3.3.
Corollary 2.3.2 Let f € .7’} (R") and y > L. Then:
1. Forany x € Q and x € R", we have
F) = flxpGsy)+(gr(xsy), x —x) + 21), I gr@;v) IP 45 lx—x 7.
(2.3.7)
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2. If x € Q, then
FOop@E ) < R =4, lgr@y) IP. (23.8)
3. Forany x € R", we have
(gr (T )& —x") = 5 [l gr@Ey) 17 +5 I1x* =% |7 (2.3.9)

Proof Assumption y > L implies that f*(x; y) > f(xs(x; y)). Therefore, (2.3.7)
follows from (2.3.6) since

f) = fE)+ 5 Ix—% |
for all x € R” (see Lemma 2.3.1).

Using (2.3.7) with x = X, we get (2.3.8), and using (2.3.7) with x = x*, we
get (2.3.9)since f(xr(x;y)) — f(x*)>0. O

Finally, let us estimate the variation of the optimal value f*(x; y) as a function
of y.

Lemma 2.3.2 For any y1, y2 > 0, and x € R", we have

@y z fFE+ 2 grEy) 7

Proof Letx; = x¢(X; ¥), & = gf(X; vi),i = 1,2. In view of (2.3.6), we have
fEO+ G lx =X 7> f*GE ) + (g1, x — )
(2.3.10)
+o, let 1P +% x— %17
for all x € Q. In particular, for x = x, we obtain
ffE)=fEx)+ 5 [ xn-—x|?
> f*E v+ g —D) 4, Ta P45 Ixn—x |

= [*@E )+ o, e 1P =) (g1 82) + 5, 82 I

= fFE YD+ gy g 17—, g 17 o
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2.3.3 Minimization Methods for the Minimax Problem

As usual, we start the presentation of numerical methods for problem (2.3.1) with a
variant of the Gradient Method with constant step.

Gradient Method for Minimax Problem
0. Choose xop € Q and i > 0. (2.3.11)
1. kth iteration (k > 0).
Xkl =Xk — hgr(x; L).
Theorem 2.3.4 Let f € ., (R"). If in method (2.3.11) we choose h < |, then it
forms a feasible sequence of points such that
e —x* |17 < (1= wh)* | xo —x* |2, k=0.

Proof Letry =| xx —x* || and gk = g (xx; L). Then, in view of (2.3.9), we have

regr =l xe—x* —hgi 1> = r —2h(gr, xi —x*) + h* || g |I?

<—hwr+n(h= 1) g l? < (1 =hwrf.

Leta =hL < 1.Thenxpy; = (1 —a)xp +axp(xy, L) € Q. O

With the maximal step size h = i, we have

st =X — | & (ki L) = xp (s L).
For this step size, the rate of convergence of method (2.3.11) is as follows:
k
e = 2= (1= )" Il xo —x* |17 .

As compared with Theorem 2.2.14, the Gradient Method for the minimax problem
has a rate of convergence with a similar dependence on the condition number.

Let us check what we can say about the optimal methods. In order to develop an
optimal scheme, we need to introduce estimating sequences with some recursive
updating rules. Formally, the minimax problem differs from the unconstrained
minimization problem only by the analytical form of the lower approximation
of the objective function. In the case of unconstrained minimization, we use
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inequality (2.1.20) for updating the estimating sequence. Now we just replace it
by the lower bound (2.3.7).

Let us introduce the estimating sequences for problem (2.3.1). We fix some point
xo € Q and coefficient yp > 0. Consider the sequences {y;} C R” and {ax} C
(0, 1). Define

$o(0) = fxo) + 1 1l x — xo %
Bt (1) = (1 — P + ol fOrpOr: L) + 55 Il g7 0w L) 11

HerOm L)x —y) + 45 I x =y 11
Comparing these relations with (2.2.4), we can see the difference only in the
constant term (shown in the frame). In (2.2.4), we used f(yx) in this position.
This difference leads to a trivial modification of the results of Lemma 2.2.3: All
appearances of f (yx) must be formally replaced by the expression in the frame, and

V f(yr) must be replaced by the reduced gradient g r(yx; L). Thus, we come to the
following lemma.

Lemma 2.3.3 Forall k > 0 we have
Ge() = of + 5 Il x — e 1%,
where the sequences {yi}, {vi} and {¢;} are defined as vo = xo, ¢5 = f(x0), and
Ye+1 = (I —ap) vk + akpe,

Vg1 = yklﬂ [ — ) yrve + axpmyr — kg r (i L],

0{2
Grar = (=g + o (frp Qs L) + o) 1 8rGrs D) 1P+ 58 1l gp (i L) 12

1—
ke (1) g — w2 g Ok D), vk — ) -

]

Now we can proceed exactly as in Sect.2.2. Assume that ¢} > f(x).
Inequality (2.3.7) with x = x4 and X = y; becomes as follows:

FOo) = f ks L) + (87 ks L), xk — yi) + 5y I gpOws L) 112

+45 1k — e 117
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Hence,
2
O, = (L—ap) f ) + ok f ey (s L)) + (;‘z —~ 2;";;1) Il g L) 112

oI o 0 (i L), v — i)

YVi+1
> oo )+ (5 =% Vlgroi L) |2
= F ks 2L 7 2y SOk

+(1 — ) (g (ks L), 7 (v — yi) + xx — yi)-

Vik+1

Thus, again we can choose
Xk+1 = x5 (yk; L),
Lo = (1 — o) vk + kit = Vit 1,

_ 1
Ve =y @R VEVE + Vit 1XK)-

Let us write down the resulting scheme in the form of (2.2.20), with eliminated
sequences {v} and {yx}.

Constant Step Scheme II for Minimax Problem

2(3+
0. Choose xp € R" and ag € I:\/C]f, 3+\(/21qﬁqf}. Set yg =

X0.
1. kth iteration (k > 0).
(a) Compute {fi (ye)};iL, and {V fi (v YL,

Set xg11 = x5 (yx; L).
(b) Compute ox+1 € (0, 1) from the equation

(2.3.12)

a,%H = (1 — o100} + g rotpsr-

1_
Set B = 6"~ and yy i1 = x4+ Be(Xip1 — xp)-
oty

The convergence analysis of this scheme is completely identical to the analysis
used for scheme (2.2.20). Let us just give the final result.
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Theorem 2.3.5 Let the max-type function f belong to Y;:II‘(R"). If in the
method (2.3.12) we take a € [Jqf, 26+ap) :|, then

3+4/214+4q;
- % Y0 * 12
Al o)=Y o~

ool 7577)eo(514)]

fw) = f*

= (},O_Ij)l(lk_'_l)Z [f(x()) - f* + }g) ” X0 — x* ”2] s

ag(aoL—p) O

where yy = 1—ao

Note that the scheme (2.3.12) works for all & > 0. Let us write down the method
for solving problem (2.3.1) with strictly convex components.

Optimal Method for Minimax Problem with f € Yﬂlé (R™)

1—
0. Choose %9 € Q. Set yo = x0, 8 = |, Yo/ (2.3.13)

1. kth iteration (k > 0).
Compute { f; (yx)} and {V fi (yx)}. Set xg41 = x ¢ (y; L) and

Vi+1 = X1 + B (k41 — Xk).

Theorem 2.3.6 For scheme (2.3.13) we have
k
f) — f* 52(1 —\/g) (f(x0) — f%). (2.3.14)

Proof Scheme (2.3.13) is a variant of (2.3.12) with op = \/ﬁ Under this choice,
yo = p and we get (2.3.14) from Theorem 2.3.5 since, in view of Corollary 2.3.1,
hlxo —x* P< f(xo) = f* O

To conclude this section, let us look at the auxiliary problem, which we need to
solve for computing the Gradient Mapping of the minimax problem. Recall that this
problem is as follows:

min { max [ f;(xo) + (V fi(x0), x = x0)l + % || x = xo ||2} :

xeQ | 1<i<
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2.3 The Minimization Problem with Smooth Components 127

Introducing an additional variable t € R, we can rewrite this problem in the
following form:

: 2
rg;tn{wg I x —xo II?}
s.t fi(xo) + (Vfi(xo),x —x0) <t, i=1...m, (2.3.15)

xeQ, telR,

If Q is a polytope, then the problem (2.3.15) is a quadratic optimization problem.
Such a problem can be solved by some special finite methods (simplex-type
algorithms). It can also be solved by Interior Point Methods (see Chap. 5). In the
latter case, we can treat much more complicated structures of the basic feasible

set Q.

2.3.4 Optimization with Functional Constraints

Let us show that the methods of the previous section can be used to solve a
constrained minimization problem with smooth functional constraints. Recall, that
the analytical form of such a problem is as follows:

min fo(x),
xeQ
(2.3.16)
st. filx) <0,i=1...m,

where the functions f; are convex and smooth and Q is a simple closed convex set.
In this section, we assume that f; € yﬁi (R™),i =0...m, with some u > 0.

The relation between problem (2.3.16) and minimax problems is established by
some special function of one variable. Consider the parametric max-type function

f@t; x) =max{fo(x) —t; fix),i=1...m}, teR, xeQ.
Let us introduce the auxiliary function
*(t) = mi 1 x).
5@ min AGEY (2.3.17)

Note that the components of the max-type function f(¢; -) are strongly convex in x.
Therefore, for any r € R, the solution of problem (2.3.17), x*(¢), exists and is
unique in view of Theorem 2.3.2.
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We will try to approach the solution of problem (2.3.16) by a process based on
approximate values of the function f*(¢). This approach can be seen as a variant of
Sequential Quadratic Optimization. It can also be applied to nonconvex problems.

Let us establish some properties of function f*(-). Clearly, this is a continuous
function.

Lemma 2.3.4 Let t* be the optimal value of problem (2.3.16). Then
f*(@t) <0forallt > t*,
f*(@t) > O0forallt < t*.
Proof Let x* be the solution to problem (2.3.16). If ¢ > ¢*, then
[r@) < f:x") =max{fox™) — 1 fi(xM)} = max{r* —1; fi(x)} = 0.
Suppose that t < t* and f*(¢) < 0. Then there exists a y € Q such that

fo) <t <t*, fi())<0,i=1...m.

Hence, t* cannot be the optimal value of problem (2.3.16). O

Thus, the smallest root of the function f*(-) corresponds to the optimal value of
problem (2.3.16). Note also that, using the methods of the previous section, we can
only compute an approximation to the value f*(¢). Hence, our goal now is to form
a process for finding this root, based on this inexact information. To do so, we need
to establish some properties of the function f*(-).

Lemma 2.3.5 Forany A > 0, we have
ff—A<frfe+24) < fro.
Proof Indeed,

fre+4) = Xmeig 1gll_aggn{fo(X) —t—A; fi(x)}
<min max {fo(x) —¢; fi(x)} = f*(),
xeQ 1<i<m
fra+4)= xmeirQl max {fox) =15 filx) + A} — A

> min max {fo(x) —1; i)} — A = f*@0) - A. ©

xeQ 1<i<m
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In other words the function f*(-) is decreasing and Lipschitz continuous with
constant one.

Lemma 2.3.6 Foranyt) <ty and A > 0, we have

At — A) > )+ AT (2.3.18)

h—1

Proof Letty =1t — A, o = tét = HAM € [0,1]. Then t; = (1 — a)to + aty,
and inequality (2.3.18) can be written as follows

fH(n) = (1 —a) f*(to) + af*(12). (2.3.19)

Let xo = (I —a)x™*(2p) + ax™(f). Then
ffn) =< max {fo(xa) =115 fi(xa)}

2.13
"2 max (1 - @ (ol t0) — 10) + ol (1) — 12);

(I — ) fi(x*(10)) + afi (x*(12))}

IA

(I—-a) 112%"{1‘0@*00)) — 103 fi(x*(10))}

+a 1121521{f0(x*(t2)) — 1 fi(x*(12))}

(1 —a) f*(to) + af* (1),

and we get (2.3.18). O

Note that Lemmas 2.3.5 and 2.3.6 are valid for any parametric max-type
functions, not necessarily formed by the functional components of problem (2.3.16).

Let us now study the properties of Gradient Mapping for the parametric max-type
function. Define a linearization of parametric max-type function f(¢; -):

S xx) = max {fo(x¥) + (VfolX), x —X) = £ fi(¥) + (Vfi(¥), x = X)}.
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Now we can introduce a Gradient Mapping in the usual way. Let us fix some y > 0.
Define

frtxx)=fEE0+ 5 [x—x |2
SR x5 y) = min f (15 X5 x),
xeQ
xp(t; %5 y) = argmin fy (75 X; x),
xeQ

grt; x;y) =y —xp(t; %, 7).
We call x¢(¢; x; y) the Constrained Gradient Mapping, and gr(t; x, y) the Con-
strained Reduced Gradient of problem (2.3.16). As usual, the point of linearization
X is not necessarily feasible for Q.

Note that the function f, (¢; X; -) itself is a max-type function composed of the
components

Jo®) +(Vfo@),x —x) —t+ 5 | x—x |2,

@+ V@ x -8+, lx—x |2 i=1...m.
Moreover, f,(t;x;-) € 5”;; (R™). Therefore, in view of Theorem 2.3.2, the
Constrained Gradient Mapping is well defined for any ¢ € R.

Since f(t; ) € Y;i(R”), we have
~ (2.3.2) (2.3.3) _
fut:x;x) < ft;x) < fo@xx)
for all x € R". Therefore
[Hex ) < fF@) < @ xs L.

Moreover, using Lemma 2.3.6, we obtain the following result.
Foranyx e R",y >0, A > 0andt; <t and we have

[fn = Aixy) = fras Ty + 2, (e Ey) = [ y).
(2.3.20)
There are two values, y = L and y = u, which are important for us. Applying
Lemma 2.3.2 to the max-type function f, (¢; x; x) with y; = L and y» = u, we get

the following inequality:

FrEEw = il =50 g i L) | (2.3.21)
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Since we are interested in finding a root of the function f*(-), let us look first
at the roots of the function f*(-; X; y), which can be seen as an approximation to

fr0).
Define
1*(X, 1) = root; (f*(t; X; b))

(the notation root; (-) corresponds to the root in ¢ of the function (-)).

Lemma 2.3.7 Letx € R" and t < t* be such that
fr@ x; ) = (1—x) f*(t; X L)

for some x € (0,1). Thent < t*(x,1) < t*. Moreover, foranyt < t and x € R"
we have

FAx D) 2 200 =0 f 5 L W
Proof Since t < t*, we have
0< f*@) < f*@ x5 L) < | fAE 5 .
Thus, f*(f; X; u) > 0 and, since f*(-; x; ) is decreasing, we get
t*(x, 1) > 1.
Let A =t — t. Then, in view of inequality (2.3.20), we have
GRS AN A O A G = A G R S A GE )

= (=0 (14 %) FE B L)

=21 =0 f G B D

In the last inequality, we use the relation 1 + 7 > 24/7,7 > 0. O

2.3.5 The Method for Constrained Minimization

Now we are ready to analyze the following process.
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Constrained Minimization Scheme

0. Choose xg € Q, x € (0, ;), to < t*, and accuracy € > 0.
1. kth iteration (k > 0).

(a) Generate the sequence {x, ;} by method (2.3.13) as
applied to f (#; -) with starting point x o = x¢. If

f s xu s m) = (1 =) f* (s xx ji L),
(2.3.22)

then stop the internal process and set j (k) = j,

i*(k) = arg min (ks xk s L),
J* (k) g()gjgj(k) S xk,js L)

Xk+1 = X (t; Xk, j*ys L)-

Global Stop: f*(#; xx,j; L) < € at some iteration of
the internal scheme.

(b) Set ty1 = t*(xk,j (k) t)-

This is the first time in this book we have met a two-level process. Clearly, its
analysis is more complicated. Firstly, we need to estimate the rate of convergence of
the upper-level process in (2.3.22) (called the Master Process). Secondly, we need
to estimate the total complexity of the internal processes in Step 1(a). Since we
are interested in the analytical complexity of this method, the arithmetical cost of
computation of the root *(x, t) and optimal value f*(¢; x, y) is not important for
us now.

Let us describe the convergence of the Master Process.

Lemma 2.3.8
Yo S L) < t*—to 1 k
S* s xk1; L) < 1—x | 2(1—=x) | -
Proof Let B = 2(1{){) (< 1) and

5 = f* (s xk, jaos L)
V=t

Since ty41 = t* (Xk, j(k)» tk), in view of Lemma 2.3.7, for k > 1 we have

A

f*xe, s L) SH =15 x6-1,jk—1):L))
2(1 — x)° "’ - .
( ) V1=t — Ve—tk—1
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Thus, 8; < Bk—1 and we obtain
FHs X, o3 L) = Sen/tirr — e <= BF80/te — 1k
= B* f*(t0; x0,j(0); L)\/tk;',;ot"-
Further, in view of Lemma 2.3.5, we have 11 — 19 > f™*(to; xo, j@©; 1). Hence,

FH(t Xk, jaos L) < BEfF*(to; x0,j(0); L)\/f* fhet1 Ik

(0 X0, j(0)5 1)

k
1'3_,{ VF(0: xo, 0 ) Tkt — )

A

k
< P VR0 = t0).
It remains to note that f*(zp) < t* — 1o (see Lemma 2.3.5), and
F* xi1; L) = s xe o L) < (s Xk, jgos L)- O

The above result provides us with an estimate for the number of upper-level
iterations, which we need for finding an e-solution to problem (2.3.16). Indeed,
let f*(ty; Xk,j; L) < €. Then for x, = x r(t; xk j; L), we have

ft: xe) = max {fo(xs) — s fi(xe)} < [tk xx,j5 L) < €.
1<i<m

Since #; < t*, we conclude that

folxs) <t* +e,

(2.3.23)
filxy) <€, i=1...m.
In view of Lemma 2.3.8, we can get (2.3.23) at most in
N@© = ity 10 1 (2.3.24)

= m2d—-01 "M (1—x)e

full iterations of the master process (the last iteration of the process, in general, is
not full since it is terminated by the Global Stop rule). Note that in estimate (2.3.24),
x is an absolute constant (for example, x = i).
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Let us analyze the complexity of the internal process. Assume that the sequence
{xk,j} is generated by (2.3.13) starting from the point x;0 = xi. In view of
Theorem 2.3.6, we have

Flxe ) — @) <2(1 = Jar) (f s x) — £* @)
<27 (f(tks xk) — frW)) < 27 fte; xi),

where o & /4y Recall that Oy = qlf = fL

Let N be the number of full iterations of process (2.3.22) (N < N(¢)). Thus, j (k)
is well defined for all k, 0 < k < N. Note that tx = *(xX¢—1,jk—1)> tk—1) > lk—1.
Therefore

fts xi) < ft—1: x6) < f*(t—15 Xe—1, j*—1), L).
Define
A = fF(tk=1; Xk—1,j#k—1), L), k=1, Ag= f(t0; x0).
Then, for all £k > 0 we have
S s xe) — W) < Ax.

Lemma 2.3.9 Forall k, 0 < k < N, the internal process no longer works if the
following condition is satisfied.:

[t x,j) — fH () < Q;f_l - f* (s Xk, s L). (2.3.25)
Proof Assume that (2.3.25) is satisfied. Then, in view of (2.3.8), we have
o &t Xk s LNP < f (s xue ) — f (s x5t xa,j5 L))
< f (s Xk ) — f* (@)

Therefore, using (2.3.21), we obtain

L_
[ xesw = s s L) = 50 1 gr (s xegs LI

> [k xk s L) —(Qp — D) - (f (ks xk,j) — 5 t0)

(2.3.25) i}
> (1 =) f* (s xx,j5 L),

which is the termination criterion of Step 1(a) in (2.3.22). O
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The above result, combined with the estimate of the rate of convergence for the
internal process, provide us with the total complexity estimate for the constrained
minimization scheme.

Lemma 2.3.10 Forallk, 0 <k < N, we have

j) <1+ /Qy-In>C-Da,

2 Ag41

Proof Assume that

. 2 -1
jk)—1> L 2@r-Da (2.3.26)

# Akt

here = . Recall that A = min *(tr; i» L). Note that the
w o Jar k+1 ijflj(k)f (t; xk,js L)

stopping criterion of the internal process was not satisfied for j = j(k) — 1.
Therefore, in view of Lemma 2.3.9, we have

1 1. (2326)
Frcx D) < 7 e xy — fra)) < 29 e i UL A

This is a contradiction with the definition of Ax41. O

Corollary 2.3.3
N 2L—p) Ao
PICE N+ D140, G|+ Jor 2 - o

It remains to estimate the number of internal iterations in the last step of the
Master Process. Denote this number by j*.

Lemma 2.3.11

j* < 1+\/Qf '11’1 2(Qf*1)AN+1‘

e

Proof The proof is very similar to the proof of Lemma 2.3.10. Suppose that
; 20,-1A
o1 \/Qf .In (Qr M) N+

Note that for j = j* — 1 we have

CrN (ftnsns xvr ) — F*ne))

€ < f*Un+1:xn41,j3 L) <
Q-1 —0-j
<27, e ANyl < €.

This is a contradiction. 0O
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136 2 Smooth Convex Optimization

Corollary 2.3.4
v, O 2051 Ao
Y0 =N+ 140 V] + 0, m .

k=0

Let us put everything together. Substituting the estimate (2.3.24) for the number
of full iterations N into the estimate of Corollary 2.3.4, we come to the following
bound for the total number of internal iterations of process (2.3.22):

! - 20—
[1n[2(1—x)] In P70 + 2] - [1 +/0y ™%/ ]
(2.3.27)
. L, s
+/0Qs - 1In (E 11;1iafxm{fo(xo) to; fi (Xo)}) .

Note that method (2.3.13), which is used in the internal process, calls the oracle of
problem (2.3.16) only once at each iteration. Therefore, the estimate (2.3.27) is an
upper bound for the analytical complexity of problem (2.3.16) which e-solution is
defined by relations (2.3.23).

Let us check how far this estimate is from the lower bound. The principal term
in the estimate (2.3.27) is of the order

. /Oy -InQy.

This value differs from the lower bound for an unconstrained minimization problem
by a factor of In L This means that the scheme (2.3.22) is at least suboptimal for
constrained optimization problems.

To conclude this section, let us address two technical questions. Firstly, in
scheme (2.3.22) it is assumed that we know some estimate 7y < ¢*. This assumption
is not binding since it is possible to choose 7y as the optimal value of the
minimization problem

Xmeig [f (x0) + (V.f (x0), x — x0) + 5 | x — xo [I*].

Clearly, this value is less than or equal to ¢*.
Secondly, we assume that we are able to compute t*(x, t). Recall that *(x, t) is
a root of the function

fr % p) = xmeirQl fult; %5 %),
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2.3 The Minimization Problem with Smooth Components 137
where f,,(¢; X; x) is a max-type function composed of the components
@+ (Vo@D x =D + 5 x =3 |° —1,

@+ V@, x =)+ 45 lx—x |2 i=1...m.

In view of Lemma 2.3.4, it is the optimal value of the following minimization
problem:

;Iéi(rgl [fo(F) + (Vfo@), x = %) + 4 | x — X |1,

st i)+ (V@ x =B+ [ x—F[?<0,i=1...m.

This problem is not a pure problem of Quadratic Optimization since the constraints
are not linear. However, it still can be solved in finite time by a simplex-type
procedure, since the objective function and the constraints have the same Hessian.
This problem can also be solved by Interior-Point Methods (see Chap. 5).
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Chapter 3 )
Nonsmooth Convex Optimization Shethie

In this chapter, we consider the most general convex optimization problems, which
are formed by non-differentiable convex functions. We start by studying the main
properties of these functions and the definition of subgradients, which are the main
directions used in the corresponding optimization schemes. We also prove the neces-
sary facts from Convex Analysis, including different variants of Minimax Theorems.
After that, we establish the lower complexity bounds and prove the convergence
rate of the Subgradient Method for constrained and unconstrained optimization
problems. This method appears to be optimal uniformly in the dimension of the
space of variables. In the next section, we consider other optimization methods,
which can work in spaces of moderate dimension (the Method of Centers of Gravity,
the Ellipsoid Algorithm). The chapter concludes with a presentation of methods
based on a complete piece-wise linear model of the objective function (Kelley’s
method, the Level Method).

3.1 General Convex Functions

(Equivalent definitions; Closed functions; The discrete minimax theorem; Continuity
of convex functions; Separation theorems; Subgradients; Computation rules; Optimality
conditions; the Karush-Kuhn-Tucker Theorem; The exact penalty function; Minimax
theorems; Basic elements of primal-dual methods.)
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140 3 Nonsmooth Convex Optimization
3.1.1 Motivation and Definitions

In this chapter, we consider methods for solving the most general convex minimiza-
tion problem

min fo(x),
xeQ
(3.1.1)
st. filx) <0, i=1...m,

where Q C R" is a closed convex set and f;(-), i = 0...m, are general convex
functions. The term general means that these functions can be nondifferentiable.
Clearly, such a problem is more difficult than a problem with differentiable
components.

Note that nonsmooth minimization problems arise frequently in different appli-
cations. Quite often, some components of a model are composed of max-type
functions:

f(x)= max f;(x),
1<]<p

where f;(-) are convex and differentiable. In Sect.2.3, we have seen that such a
function can be minimized by methods based on Gradient Mapping. However, if
the number of smooth components p is very big, the computation of the Gradient
Mapping becomes too expensive. Then, it is reasonable to treat this max-type
function as a general convex function. Another source of nondifferentiable functions
is the situation when some components of the problem (3.1.1) are given implicitly,
as solutions of some auxiliary problems. Such functions are called the functions
with implicit structure. Very often, these functions are nondifferentiable.

Let us start our considerations with the definition of a general convex function.
In the sequel, the term “general” is often omitted.

Denote by

dom f={x eR":| f(x) |< o0}

the domain of function f. We always assume that dom f # (.

Definition 3.1.1 A function f(-) is called convex if its domain is convex and for all
x,y € dom f and o € [0, 1] the following inequality holds:

flax +(1—a)y) < af () + (1 - a) f(). (3.1.2)

If this inequality is strict, the function is called strictly convex. We call f concave if
— f is convex.
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3.1 General Convex Functions 141

At this point, we are not yet ready to speak about any methods for solving
problem (3.1.1). In Chap. 2, our optimization schemes were based on gradients of
smooth functions. For nonsmooth functions, such objects do not exist and we have
to find something to replace them. However, in order to do that, we should first
study the properties of general convex functions and justify a possible definition of
a computable generalized gradient. This route is quite long, but we have to follow it
up to the end.

A straightforward consequence of Definition 3.1.1 is the following.

Lemma 3.1.1 (Jensen’s Inequality) For any xi,...,x, € dom f and positive
coefficients oy, . . .,y such that
m
Yoo =1, (3.1.3)
i=1
we have
m m
f (Z aiXi) < > aif(xi). (3.1.4)
i=1 i=1

Proof Let us prove this statement by induction over m. Definition 3.1.1 justifies
inequality (3.1.4) for m = 2. Assume it is true for some m > 2. For a set of m + 1
points we have

m—+1 m
> oaixi = arx1+ (1 —oar1) Y Bixi,
i=1 i=1

where B; = fﬁfx‘l,

i=1,...,m. Clearly,

m
Bi=1, Bi>0i=1...m.

Therefore, using Definition 3.1.1 and our inductive assumption, we have

m+1 m
f(z aixi) = f(a1x1+(1 —al)ZﬁiXi>
i=1

i=1
m m+1
sarf)+d—a)f (Zﬁixi) < Y eif(x). O
i=1 i=1
m
A point x = ) o;x; with positive coefficients «; satisfying the normalizing

i=1
condition (3.1.3) is called a convex combination of points {x;};" .
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142 3 Nonsmooth Convex Optimization

Let us mention two important consequences of Jensen’s inequality.

Corollary 3.1.1 Let x be a convex combination of points x1, . . ., Xm. Then
f(x) = max f(x;).
1<i<m

Proof Indeed, by Jensen’s inequality and condition (3.1.3), we have

fx) = f(i aiXi) < iaif(xz') < max S (xi). |
i=1 =i=m

i=1

Corollary 3.1.2 Let

m m
A:COHV{xl,...,xm}E{x:Z(xixi|C(,'ZO, Zai:l}-
i=1 i=1

Then max f(x) = max f(x;). O
xeA 1<i<n

There exist two other equivalent definitions of convex functions.

Theorem 3.1.1 A function f is convex if and only if forall x, y € dom f and 8 > 0
such that'y + B(y — x) € dom f, we have

fO+BH—x) = fO)+B(f(y)— fX). (3.1.5)
Proof Let f be convex. Define « = |/, and u = y + B(y — x). Then
Y=g+ px) = (1 —wu+ax.
Therefore,

fO) U= f@+af() = L f@+ 5, fe.

Assume now that (3.1.5) holds. Let us fix x, y € dom f and @ € (0, 1]. Define
B = 1;"‘ and u = ax + (1 — «)y. Then

x= w—-0-a)y) = u+pu-y.

Therefore, f(x) = f() +B(f @) = fF() = 4 f@) =2 f(). O
Theorem 3.1.2 A function f is convex if and only if its epigraph

epi (f) ={(x,1) edom f xR | 1> f(x)}

is a convex set.
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3.1 General Convex Functions 143

Proof Indeed, if (x1, #1) € epi(f) and (x2, t2) € epi (f), then forany « € [0, 1] we
have

atp + (1 —a)a = af (x1) + (1 — ) f(x2) = flaxi + (1 —@)x2).

Thus, (ax; + (1 — a)x2, at; + (1 — a)r2) € epi (f).
Let epi (f) be convex. Note that for x1, xo € dom f, the corresponding points of
the graph of the function belong to the epigraph:

(x1, f(x) €epi(f), (x1, f(x2)) €epi(f).

Therefore (ax1 + (1 — @)x2, af (x1) + (1 — @) f(x2)) € epi (f). This means that

flaxi + A —a)xz) <af(x) + 0 —a)f(x2). |

We also need the following property of the level sets of convex functions.

Theorem 3.1.3 [f a function f is convex, then all level sets

Zr(B)={x edom f| f(x) =B}, BeR,

are either convex or empty.

Proof Indeed, if x; € Zf(B) and xp € £ (B), then for any o € [0, 1] we have
flaxi+ (A —a)x) <af(x)+ (1 —a)f(x2) <ef+ (1 —a)f=p. O

In Example 3.1.1(6) we will see that behavior of a general convex function on
the boundary of its domain is sometimes out of any control. Therefore, we need to
introduce one convenient notion, which will be very useful in our analysis.

Definition 3.1.2 A function f is called closed and convex on a convex set Q C
dom f if its constrained epigraph

epio(f) ={(x,n € O xR: 1= f(x)}

is a closed convex set. If O = dom f, we call f a closed convex function.

Note that in this definition the set Q is not necessarily closed. Let us prove the
following natural statement.

Lemma 3.1.2 Let a function f be closed and convex on Q. Then for any closed
convex set Q1 € Q, this function is closed and convex on Q1.

Proof Indeed, the set {(x,7) : x € Q1} is closed. Hence, the statement follows
from Item 1 of Theorem 2.2.8. O
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144 3 Nonsmooth Convex Optimization

Let us mention the most important topological properties of closed convex

functions.

Theorem 3.1.4 Let a function f be closed and convex.

1.

w

For any sequence {x;} C dom f convergent to a point x € dom f we have
liminf f(xx) > f(X). (3.1.6)
k— 00

(This means that f is lower semi-continuous.)

. For any sequence {x;} C dom f convergent to some point x ¢ dom f we have

Jim £ (o) = +o0. (3.1.7)

. All level sets of the function f are either empty or closed and convex.
. Let f be closed and convex on a set Q and its constrained level sets be bounded.

Then problem
min fx)

is solvable.

. Let f be closed and convex on Q. If the optimal set X* = Arg miIQl fx) is
xe

nonempty and bounded, then all level sets of the function f on Q are either
empty or bounded.

Proof

1.

Note that the sequence {(xk, f(xx))} belongs to the closed set epi (f). If it has
a subsequence convergent to (X, f) e epi(f), then x € dom f and f > f@.
This is the inequality (3.1.6).
If there is no convergent subsequence in { f(xx)}, we need to consider two
cases. Assume that l}cm inf f(xx) = —oo. Since x € dom f, the sequence
— 00

{(xk, f(x) — 1)} belongs to epi (f) for k large enough, but it converges to the
point (x, f(x) — 1) & epi(f). This contradicts our assumption. Thus, the only
possibility is klim f(xx) = +o0. Hence, (3.1.6) is also satisfied.

—00

. Let x & dom f. If the sequence { f (xx)} contains a bounded subsequence, then

the corresponding points (xi, ) with t big enough belong to the epigraph.
However, their limit is not in this set. This contradiction proves (3.1.7).

. By its definition, (Z¢(B), B) = epi (f) [ ){(x,1) | t = B}. Therefore, the level

set Z¢(pB) is closed and convex as an intersection of two closed convex sets.
de

. Consider a sequence {x;} C Q such that klim fxx) = f def ing f(x). Since
— 00 Xe

the level sets of the function f on Q are bounded, we can assume that it is a
convergent sequence: klim X = x*. Assume that f, = —oo. Consider the points
—>00
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vk = (1 —ag)xo + akxr € Q, k > 0, with slowly decreasing coefficients o | O.
Note that we can always ensure

Fo0 CZ F o)+ an(f () — fx) — —oo,

and this contradicts the closedness of the set epi o (f).

Thus, fx > —oo, and we can assume that the whole sequence {(xx, f(xx))}
converges to a certain point (x*, fi) from epi o (f). However, by definition of
this set, x* € Q and f(x™) < fi.

5. Assume that some set .7 () with g > f* = Xmelg f(x) is unbounded. Let

us fix a point x* € X* and choose R > max ||y — x*||. Consider a sequence
yeXx*

{xk} C ZLr(B) with pi def lxx — x*|| — oo. Without loss of generality, we can
assume that all o > R. Define yy = x™ + plk R(xr — x*). Clearly, yx € Q and
lvk — x*|| = R. However,

3.1.2) 1
FOO S frH LRGP~ ) = k> oo

Since the sequence {yx}«>0 is compact and the level set . (B) is closed (see
Item 3), we can assume that the limit klim Vi def y € Zr(B) exists. However,
— 00

by (3.1.6) we have f(y) = f*, and this contradicts the choice of R. O

Note that, if f is convex and continuous and its domain dom f is closed, then f
is a closed function. However, in general, a closed convex function is not necessarily
continuous.

Let us look at some examples of closed convex functions.

Example 3.1.1
1. A linear function is closed and convex.
2. f(x) =] x |,x € R, is closed and convex since its epigraph is

{e,) | t=x, 1> —x},

which is the intersection of two closed convex sets (see Theorem 3.1.2).
3. All continuous and convex functions on R” belong to the class of general closed
convex functions.

4. The function f(x) = )16, x > 0, is convex and closed. However, its domain
dom f = intR; is open.
5. The function f(x) =|| x ||, where || - || is any norm, is closed and convex:

flaxi+ 0 —-ox) =llaxi+ A —a)x2 | < Jlox; |+ | 1 —oa)x2 ||

=o x| +0—a) [l x2 |
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146 3 Nonsmooth Convex Optimization

for any x1,x; € R” and a € [0, 1]. The most popular norms in Numerical
Analysis are so-called £ ,-norms:

n 1/p
I x llp= [Z | x® |f’} . p=L
i=1

Among them, there are three norms, which are commonly used:

n .
* Euclidean norm || x ||2)= [Z(x(’))2]1/2, p = 2. Since it is used very often,
i=

usually we drop the subscript if no ambiguity arises.
n

« Li-norm | x |y= Y [ x|, p=1

1=
*  {so-norm (Chebyshev norm, uniform norm, infinity norm)

— @)
X = max |Xx .
” ”(oo) I<i<n | |

Any norm defines a system of balls,
Bjj(xo,r) ={x eR" [ |x—xo |<r}, r=0,

where r is the radius of the ball and xg € R” is its center. We call the ball
B (0, 1) the unit ball of the norm || - ||. Clearly, these balls are convex sets (see
Theorem 3.1.3). For £ ,-balls of radius r we also use the notation

Bp(xo,r) ={x e R" [ | x — xo l[(n=r}.
For ¢1-balls, we often use the following representation:

Bi(xo,r) ={x e R": |lx —xollqy £r} = Conv{xoxre, i=1,...,n},
(3.1.8)

where ¢; are coordinate vectors in R”.
6. Up to now, none of our examples have demonstrated any pathological behavior.
However, let us look at the following function of two variables:

0, ifx2+y*<l,
flx,y) =
P(x,y), if x>+ y? =1,

where ¢ (x, y) is an arbitrary nonnegative function defined on the boundary of
a unit circle. The domain of this function is the unit Euclidean disk, which is
closed and convex. Moreover, it is easy to see that f is convex. However, it has
no reasonable properties at the boundary of its domain. Definitely, we want to
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exclude such functions from our considerations. This was the main reason for
introducing the notion of the closed function. It is clear that f (-, -) is not closed
unless ¢ (x, y) = 0.

Another possibility would be to consider a smaller class of continuous convex
functions. However, we will see that for closedness of a convex function there
exist very natural sufficient conditions, and this is not the case for continuity. O

3.1.2 Operations with Convex Functions

In the previous section, we have seen several examples of convex functions. Let us
describe a set of invariant operations which allow us to create more complicated
objects.

Theorem 3.1.5 Let functions fi and f> be closed and convex on convex sets Q1
and Q», and B > 0. Then all functions below are closed and convex on the
corresponding sets Q:

L f(x)=BA(x), Q=01
2. f0) =A@+ ), Q=010
3. f) =max{fi(x), L)}, Q=01 Q2

Proof

1. The first item is evident:
flaxi + (1 —a)x2) < Blefi(x) + (1 — ) fi(x2)), x1,x2 € Q1.
2. Forall x;,x, € 0 = 01 () Q2 and @ € [0, 1] we have
Silaxy + (1 —a)x2) + frlax) + (1 —a)x2)
<afi(x) + 1 —a)fi(x2) +afa(x)) + (1 —a) f2(x2)

=a(filx) + fo(x1) + A = a)(fi(x2) + f2(x2)).

Thus, f is convex on the set Q. Let us prove that it is also closed on Q. Consider
a convergent sequence {(xg, #)} C epig(f):

lim x; = x, lim # =f.
k— 00 k— 00

te > filxe) + f2(xk), x € 0,

IRecall that without additional assumptions, we cannot guarantee closedness of the sum of
two closed convex sets (see Item 2 in Theorem 2.2.8 and Example 2.2.1). For that, we need
boundedness of one of them. However, the epighraphs are never bounded.
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148 3 Nonsmooth Convex Optimization

Since the functions f] and f; are closed on Q1 and Q> respectively, we have
o (3.1.6) _ _ o (3.1.6) _ _

l}cmlnffl () = fikx), xe€0y, l}cmlnffz(xk) > falx), xe€ Q.
—00 —>0

Therefore, X € Q1 () Q2, and

t = lim f > liminf fi(xg) +lim inf fr(xx) > f(X).
k—o00 k—00 k— 00

Thus, (¥, 1) € epig(f).
3. The constrained epigraph of the function f can be represented as follows:

epip(f) ={x,0) | t = filx), t = fo(x), x € Q1) 02}

= epi g, (/1) (Nepi g, (f2)-

Thus, epi g (f) is closed and convex as an intersection of two closed convex sets.
O

Let us prove that convexity is an affine-invariant property.

Theorem 3.1.6 Let a function ¢ be closed and convex on a bounded set S C R™.
Consider a linear operator

o (x)=Ax+b: R'—>R™,

Then the function f(x) = ¢ (< (x)) is closed and convex on the inverse image of
the set S defined as follows:

OQ={xeR"| #(x)eS)}.

Proof For x1 and x, in Q, define y; = o/ (x1), y2» = &/ (x2). Then for o € [0, 1] we
have

flaxi + (1 —a)x2) = ¢(F (ax) + (1 —a)x2)) = ¢layi + (1 —a)y2)

=ap(yD)+ 1A —a)p(y2) = af(x) + 1A —a)f(x2).

Thus, the function f is convex. The closedness of its constrained epigraph follows
from the continuity of the linear operator &/ (-). O

The next two theorems are the main providers of closed convex functions with
implicit structure.
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Theorem 3.1.7 Let Q be a convex set, and let the function ¢ be convex with
dom¢ D Q. Then the function

fx) =infig(x, y) : (x,y) € O} (3.1.9)

is convex on Q = {x : Jysuch that (x,y) € Q}.

Proof Let us take arbitrary points x1, x € Q Consider two sequences {y1 x} and
{y2,} such that {(x1, y1.0)} C @, {(x2, y2.4)} C Q, and

kl_i)ngo¢(X1,y1,k) = f(x1), kl_i)ngo¢(X2,y2,k) = f(x2).

Since ¢ is jointly convex in (x, y), for any o € [0, 1] we have

3.1.9)
flaxi + (1 —ax) < dlax + (1 — s ayix + (1 — a)yai)

< adp(x1,y1.6) + (1 —a)p(x2, y2,6)-

Taking the limit of the right-hand side of this inequality, we get the convexity
condition (3.1.2) for the function f. O

Conditions for closedness of the function (3.1.9) will be presented later in Theo-
rem 3.1.25 and Theorem 3.1.28.

Theorem 3.1.8 Let A be an arbitrary set and

fx) =sup{p(x,y) | y e A}
y

Suppose that for any y € A functions ¢ (-, y) are closed and convex on some set Q.
Then f(-) is a closed convex function on the set

0= !x €0 sup ¢p(x,y) < 4+00¢. (3.1.10)
yeA

Proof Indeed, if x € Q, then f(x) < +oo and we conclude that 0 < dom f.
Further, it is clear that (x, t) € epi g(f) if and only if for all y € A we have

xe€eQ, t=o¢k,y).
This means that

epio(f) = ) epio(@(-, ).

yeA
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Thus, epig(f) is closed and convex since each set epi g (¢ (-, y)) is closed and
convex. O

Theorem 3.1.9 Let a function y (-) be convex and ¢ be a univariate convex function
which is non-decreasing on the set

Imy = {t = ¥(x), x € domy}.
Then the function f(x) = ¢(¥(x)), x € dom v, is convex.
Proof Indeed, for any points x and y from dom f, and & € [0, 1], we have
flax + 1A —ay)) =W (ax + (1 —a)y))
ey + A —-a)y(y)
= ap(¥(x) + (I =)o (y))
=af()+ (A -a)f(y). O

Now we are ready to look at more sophisticated examples of convex functions.
Example 3.1.2
1. The function f(x) = 1max {xD} is closed and convex. Another example of a
<i<n

closed convex function is

¢x(s) = sup [(s,x) —p(x)],

xedom¢

where ¢ is an arbitrary function on R". The function ¢, is called the Fenchel
dual of ¢.
2. Leta = (D, ..., A™) and let A be a set in R%. Consider the function

Fx) = sup { > A@fi(x)} ,

reA li=1

where all f; are closed and convex. In view of Theorem 3.1.5, the epigraphs of
the functions

1) = lewfi(x)

are convex and closed. Thus, f(-) is closed and convex in view of Theorem 3.1.8.
Note that we have not assumed anything about the structure of the set A.
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3. Let Q be an arbitrary set. Consider the function

o (x) = sup{(g, x) | ¢ € O}.

The function &g (-) is called the support function of the set Q. Note that £ (-)
is closed and convex in view of Theorem 3.1.8. This function is positively
homogeneous of degree one:

éo(tx) =1tép(x), x e€domQ, v >0.

If the set Q is bounded then dom &y = R”".

The support function is a very useful tool in Convex Analysis with many
interesting properties. We will present them later in the appropriate places. Here
we mention only one of them.

Lemma 3.1.3 For two sets Q1 and Q3 define Q = Conv{Q1, Q2}. Then

§o(x) = max{€p, (x), §0,(x)}, x e R".

Proof Indeed, since the sets Q1 and Q5 are subsets of Q, for any x € R" we
have

o (x) = max{&g, (x), §g, (x)}.

On the other hand,

§o(x) = sup {{ag1 + (1 —a)ga,x): g1 €01, g2 € 02, x€[0,1]}
«,81,82

< S}lop“{aEQI(X)Jr(l —a)ép,(x)} = max{§g,(x),§0,(x)}. O

4. Another important example of a convex homogeneous function related to a
convex set is the Minkowski function. Let O be a bounded closed convex set,
and O € int Q. Then we can define

Yox) = m>ig{t : x etQ).

Denote the unique solution of this problem by 7 (x). Then Tz‘x) € 00. It is easy
to see that ¢ is a positively homogeneous convex function with dom 9 = R".
Indeed, for arbitrary x1, xo € R" \ {0} and @ € [0, 1], we have

Xl Xz
axj+(1—a)xa _ ozr(xl)r(xl)+(1—oz)r(x2)r(

x7)
at(x)+(1-a)t(x2) at(x)+(1-a)7(x2) € Q.

Therefore, Yo (ax) + (1 —a)x2) < at(x) + (1 — o)1 (x2).
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5. Let QO be a set in R”. Consider the function ¥/ (g, y) = sup ¢(y, g, ¥), where
yeQ

d(rv.g.y) =&y —11yI*.

The function ¥ (g, y) is closed and convex in (g, y) in view of Theorem 3.1.8.
Let us look at its properties.

If Q is bounded, then domy = R"*!. Let us describe the domain of ¥ for
the case Q = R". If y < 0, then for any g # 0 we can set y, = «ag. Clearly,
along this line, ¢ (yq, g, ¥) — 00 as @ — o0. Thus, dom v contains only points
with y > 0.

If y = 0, the only possible value for g is zero since otherwise the function
¢ (y, g, 0) is unbounded. Finally, if y > 0, then the point maximizing ¢ (y, g, v)
with respect to y is y*(g, y) = ;g, and we get the following expression for :

2
Vg y)="5"
Thus,

0, ifg=0,y=0,
Y(g,y) =

gl

2y ,ify >0,

with domain dom vy = (R" x {y > 0}) [ J(0, 0). This is a convex set which is
neither closed nor open. Nevertheless, ¥ is a closed convex function. At the
same time, this function is discontinuous at the origin:

v(Jre. ) =5 llgl% vy #0.

Considering the closed convex set Q = {(g,y) : ¥ > |lgll*}, we can see that
Y is a closed convex function on Q (see Lemma 3.1.2), with bounded values.
However, it is still discontinuous at the origin.

6. Similar constructions can be obtained by homogenization. Let f be convex on
R”". Consider the function

fao=1f(7).
This function is well defined for all x € R"” and t > 0. Note that f is a positively
homogeneous function. Therefore, it is natural to define its value at the origin as

follows:

£(0,0) = 0.
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Let us prove that this function is convex. Consider z; = (71,x1) and zo =
(12, x2) with 71, 72 > 0. Then, for any o € [0, 1] we have:

f((XZl +(I-—a)zn)=(n+(—-a)n)f (ax1+(17a)x2)

at+(l-a)m

X X
oT] r; +(1—a)1 é

=+ (1 —-—a)n)f ( atj+(l—a)m )

IA

anf () +-wnf(2)

=afz)+ (1 —a)f)

However, in general, f (+) is not closed. In order to ensure closedness, it is enough
to assume that

lim ! f(zx) =400 V¥x e R" (3.1.11)
T—>00

Note that the function v in Item 5 can be obtained from f(x) = ; llx |2, which
satisfies condition (3.1.11). O

As we have seen in Example 3.1.2(5), a closed convex function can be discontin-
uous at some points of its domain. However, there exists one very exceptional case
when this cannot happen.

Lemma 3.1.4 Any univariate closed convex function is continuous on its domain.

Proof Let f be closed and convex and x € dom f € R. We have proved in Item 1
of Theorem 3.1.4 that f is lower-semicontinuous at x. On the other hand, if x; =
(1 — ag)x + oy, for certain y € dom f and o € [0, 1], then

(.12) _ 3
fOr) = (A=) fX)+ o f (D).

Thus, if x; — X, then ox — 0 and limsup f(xx) < f(x). Hence, f is also upper-
k—o00
semicontinuous at x. Consequently, it is continuous at x. 0O

Thus, it is not surprising that a restriction of the discontinuous function ¥ in
Item 5 of Example 3.1.2 onto the ray {(yg,y),y > 0} is a continuous convex
function.

As for any other exception, the statement of Lemma 3.1.4 is sometimes very
useful.
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Theorem 3.1.10 Let functions f1 and f> be closed and convex on Q and their
constrained level sets be bounded. Then there exists some A* € [0, 1] such that

min (£ () = max{fi(x), £@)}) = min (1 £1() + (1 = 1% 200}
xeQ xeQ
(3.1.12)

Proof Define ¢p(X) = mirQl{Afl (x) + (1 —A) f2(x)}. In view of Theorem 3.1.8, this
Xe

function is closed and convex, and by Lemma 3.1.4 it is continuous for A € [0, 1].
Thus, its maximal value ¢* is well defined and

PF =\ = fél[g,xud)()\) < fr= gggf(x)-

Our goal is to show that ¢* = f*.
For each A € [0, 1], we fix an arbitrary point

x(A) € ArgmeiIQl{)»fl(X) + 1 =21) f200)}.
Define g(A) = f1(x(A)) — f2(x(X)). Note that for arbitrary A1, A2 € [0, 1] we have

d(A1) <A fi(x(A2) + (1 — A1) fa(x(A2)) = ¢(A2) + g(A2) (A — A2).
(3.1.13)

Adding two variants of this inequality with A and A, interchanged, we get

(g(A2) —g(A1))(A1 —A2) =0, A, A2 €[0,1].

Thus, g(-) is a non-increasing function on [0, 1].
Define f* = migf,-(x),i = 1,2.If A* = 1, then taking in (3.1.13) A; = 1 and
Xe€

A2 = A € (1, 0], we get g(1) > 0. Therefore, in view of Lemma 3.1.4 we have

9" = lim (Mi(x() + (1 = 1) o (1)

2 im{Af () + A =2 1 = f*

Thus, ¢* = f* and in this case equality (3.1.12) is proved. By a symmetric
reasoning, we can justify this equality for A* = 0.
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Consider now the case A* € (0, 1). Assume first that there exists a sequence
{ k=0 C [0, 1] such that

A= A%, g(h) — O, (3.1.14)
as k — oo. Then, in view of Lemma 3.1.4,

¢ = kliIT;o{Akfl xA) + A =) 2(x ()} = klilgo{fz(X(Ak)) + Ak g (i)}

= klgTolo H ).

Similarly, we can prove that ¢* = klim f1(x(Ag)). Since max{-, -} is a continuous
— 00

function, we conclude that
¢* = lim f(x(Ap) > f*,
k—o00
which proves (3.1.12) under assumption (3.1.14).

Finally, let us assume that there is no sequence satisfying conditions (3.1.14).
Consider two sequences:

{oghi=0 s ak t A% {Brhi=o: Bk 1 A%

Since the condition (3.1.14) is not satisfied and the function g is monotone, there
exist two positive values a and b such that

lim g(ax) =a, lim g(Br) = —b.
k— o0 k— o0

b

atb Then, in view of Lemma 3.1.4, we have

Lety =

¢* = lim (yé @) + (1= )9 (B0)
= lim [y[fa0@0) +arg@l + (1 = LAEED) + Prg(Bol]
= lim {yfax(@0) + (1 = ) 2 (B0

> h/?lsup So(yx(a) + (1 = y)x(Br)).
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Similarly,

97 = lim {y[fiCce) - (1 - agay)]
(1= PLAEBED) — (1 = fogBo]
= lim {7Ai(c@0) + 1 =) fix (B}

> limsup f1(yx(ex) + (1 — y)x(Br))-

k— 00

Choosing subsequences convergent in the function values, we can see that
¢ = Jim f(yx(en) + (1= y)x(Bo) = [ o

Corollary 3.1.3 Let functions f;, i = 1,...,m, be closed and convex on Q and
their constrained level sets be bounded. Then there exists some ,y € A, such that
m

max f,-(x)) - miB { 3 )\Sj)fi(x)} . (3.1.15)
<i<m xX€e 1

1

i=

min (F(x) def

xeQ

Proof In view of the cumbersome notation, we do only the first two steps in our
proof by induction. Let Fi(x) = kmax fi(x). Then
<i<m

F(x) = max{f1(x), F2(x)},  Fi(x) = max{fx(x), Fry1 (O}, k=2,....m—1.

Therefore, by Theorem 3.1.10 there exists a )»il) € [0, 1] such that

F* S min F(x) = min {100 = 20100+ (1 =2 R
xeQ xeQ

= min max {Ai”fl @+ 1 =2 ), 20 )+ a - AS))F3(x)} .

Again, by Theorem 3.1.10, there exists a £&* € [0, 1] such that F* = rnirQl Yo (x),
xe

where
Ya(x) = 5 fio) + (1 =2 frx)
+(1—eHY A1) + (1 =2 Fx0))

=2V A@ + 0 =2 D) hE) + A =90 =) ).
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Defining )\iz) =&*(1 — )Lil)), observe that

Yo (x) = 2 100 + 22 Hoo) + 1 =2 AP B,

And we can continue. O

Note that the functions f;,i = 1, ..., m, in Corollary 3.1.3 may be discontinu-
ous.

3.1.3 Continuity and Differentiability

In the previous sections, we have seen that a behavior of convex function on the
boundary of its domain can be unpredictable (see Examples 3.1.1(6) and 3.1.2(5)).
Fortunately, this is the only bad thing which can happen. In this section, we will
see that the local structure of a convex function in the interior of its domain is very
simple.

Theorem 3.1.11 Let f be convex and x¢ € int (dom f). Then f is locally bounded
and locally Lipschitz continuous at x.

Proof Let us first prove that f is locally bounded. Let us choose some € > 0 such
that xo £ €¢; € int(dom f),i = 1, ..., n. Define

(

A =Convi{xgtee, i=1...n} LY Bi(xo, €).

Clearly, A € dom f and, in view of Corollary 3.1.2, we have
max fx) = Jmax fxo tee) & m. (3.1.16)
Consider now a point y € By (xg, €), ¥ # xo. Let
a="lly—xoll. z=x0+ L0 —xo0.
Itis clear that || z — xo [|(1)= é Il ¥y — xo ll(1y= €. Therefore, @ < 1 and
y=az+ (1 —a)xp.
Hence,
(3.1.16)
fO =af@+A—-a)f(xo) = flxo)+aM — f(x0)

o
= fxo) + My —x lly -
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Further, let u = xo + é(xo —y). Then || u —xo [l(1)= € and y = xo + (x0 — u).
Therefore, in view of Theorem 3.1.1, we have

3.1.16
FO) = fxo) +a(fo) — @) E Fro) — alM — f(xo))
= fxo) =M1y —xo Ny -

Thus, | f() — f(xo) 1< ™79 |y —xo [l1). O

Let us show that all convex functions possess a property which is very close to
differentiability.

Definition 3.1.3 Letx € dom f. We call f differentiable at the point x in direction
p # 0 if the following limit exists:

fl(x;p) = g% Jfa+ap) — fOL. (3.1.17)

The value f'(x; p) is called the directional derivative of f at x.

Theorem 3.1.12 A convex function f is differentiable in any direction at any
interior point of its domain.

Proof Let x € int (dom f). Consider the function

¢ = Lf(x+ap)— F), a>0.

Let B € (0, 1], and the value o € (0, €] be small enough to have x + ep € dom f.
Then,

fa+app) = f(1=Bx+ B +ap) < (1= B)f(x) + Bf (x +ap).
Therefore,

$@B) = ylf(x+aBp) — f(x)] < J[fx+ap) = fW] = $(@).
Thus, ¢ («) decreases as « | 0. Let us choose y > 0 small enough to have the point

x — yp inside the domain. Then, x + ap = x + ;‘j(x — (x — yp)). Therefore, in
view of inequality (3.1.5), we have

$@ = J1f0) = flx—yp)l.

Hence, the limit in the right-hand side of (3.1.17) exists. O

Let us prove that the directional derivative provides us with a global lower
support of the initial convex function.
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Lemma 3.1.5 Let the function f be convex and x € int (dom f). Then f'(x;-) is a
convex function which is positively homogeneous of degree one. For any y € dom f,
we have

FO) = fx)+ fl(x;y —x). (3.1.18)

Proof Let us prove that the directional derivative is homogeneous. Indeed, for any
p € R" and T > 0, we have

fl(x;Tp) = lim S+ Tap) = F(01

= tlim 5 [f (r + Bp) = /(0] = of ' (x0: p).
Further, for any p;, p» € R" and 8 € [0, 1], we obtain

f'G Bpr+ (1= B)p2) = }jﬁ% SfGa 4 aBpr+ A = Bp2) — ()]
< gi%;{ﬁ[f(x +ap1) — f(x)]

+(1 = BLf(x +ap2) — f(OI

= Bf (x; p1) + (1 = B) f/(x; p2).

Thus, f'(x; p) is convex in p. Finally, let « € (0, 1], y € dom f, and y, = x +
a«(y — x). Then in view of Theorem 3.1.1, we have

fO)=fOat+ A =0)a—x) = fOu)+ L0 =) f ) — fFE],

and we get (3.1.18) taking the limitas« |, 0. O

3.1.4 Separation Theorems

Up to now, we have looked at the properties of convex functions in terms of
function values. We have not yet introduce any directions, which could be used
by minimization schemes. In Convex Analysis, such directions are defined by
separation theorems, which are presented in this section.

Definition 3.1.4 Let Q be a convex set. We say that the hyperplane

H(g.y)={xeR"|(g,x)=y}, g#0,
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is supporting to Q if any x € Q satisfies inequality (g, x) < y. The hyperplane
F(g,v) 2 O separates a point xg from Q if

(g, x) <y < (g xo0) (3.1.19)
forall x € Q. If one of the inequalities in (3.1.19) is strict, the we call the separation
strong. O

In a similar way, we define separability of convex sets. Two sets Q1 and Q; are
called separable if there exist g € R”, g # 0, and y € R such that

(8.x) =y ={g.y) VxeQ1 ye O (3.1.20)

The separation is strict if one of the inequalities in (3.1.20) is strict. We call the
separation strong if

su LX) < < inf (g, y).
xeg}(z;) Y yeQz(g y) (3.1.21)

All separation theorems in R” can be derived from the properties of Euclidean
projection. Let us first describe the possibilities for strong separation.

Theorem 3.1.13 Ler Q1 and Q> be closed convex sets in R" such that Q1 () Q2 =
(. These sets are strongly separable provided that one of them is bounded.

Proof Suppose that Q1 is bounded. Consider the following minimization problem:

p* = min pg,(x).
x€Q

Note that the optimal value of this problem is positive and its optimal set X* is not
empty. Moreover, for all x* € X*, we have

(2.2.41) (2.2.41)
Vpg,(x*) "="g" (g*.x*) T="y"
Therefore, for all x; € Q1 we have
(2.2.41) (2.2.39)
(g%, x1) —y* 7= "(Vpo(x*),x1 —x*) >

On the other hand, for all x, € Q, we have

. L 2241 . L (2247 . 2
(g5 x2)—y" = (F—mo,(x),x2—x") = —x"—mg, (x|

= —(p")". =
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Remark 3.1.1 The assumption of boundedness of one of the sets in Theorem 3.1.13
cannot be omitted. To see why, consider the separation problem for sets Q and R}F’z
in Example 2.2.1. O

Corollary 3.1.4 Let Q be a closed convex set and x & Q. Then x is strongly
separable from Q. O

Let us give an example of application of this important fact.

Corollary 3.1.5 Let Q1 and Q2 be two closed convex sets.

1. If&Ql(g) =< éQz(g)forallg € dOIIlIﬁQZ, then Ql - Q2~
2. Let domé&gp, = domé&g,, and for any g € domé&g, we have g, (g) = &9, (p).

Then Q1 = Q.
Proof

1. Assume that there exists an xg € Q1 which does not belong to Q5. Then, in view
of Corollary 3.1.5, there exists a direction g such that

(g, x0) >y = (g, x)

for all x € (. Hence, g € domé&p, and &p,(g) > &p,(g). This is a
contradiction.

2. In view of the first statement, Q1 € Q and Q> € Q1. Therefore, Q1 = Q>.
[m}

The next separation theorem deals with boundary points of convex sets.

Theorem 3.1.14 Let Q be a closed convex set. If the point xo belongs to the
boundary of Q, then there exists a supporting to Q hyperplane (g, y) which
contains x.

(Such a vector g is called supporting to Q at the point xg.)

Proof Consider a sequence {y} such that yy ¢ Q and yy — xo. Let

— (Vi)
8k = H;];*Zg(;ﬁ)u’ Yk = <gk7 7TQ()’k)>

In view of Corollary 3.1.5, for all x € O we have

(8ks X) < vk < (k> Yk)- (3.1.22)
However, || g ||= 1 and, in view of Lemma 2.2.8, the sequence {yy} is bounded:
[ Vi | =1 (gk>» o (Yk) — x0) + (8k> X0) | < [l T@ (V&) — xo || + |l xo |l

Slye=xoll+1lxoll-
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Therefore, without loss of generality, we can assume that there exist g* = lim g
k—o00

and y* = klim vk. It remains to take the limit in inequalities (3.1.22). O
—00

3.1.5 Subgradients

Now we are ready to introduce a generalization of the notion of the gradient.

Definition 3.1.5 A vector g is called a subgradient of the function f at the point
xo € dom f if for any y € dom f we have

) = fxo) + (g, y —x0). (3.1.23)

The set of all subgradients of f at xg, df (xo), is called the subdifferential of the
function f at the point xg.

If inequality (3.1.23) is valid only for points y € Q, we use notation g € dg f (xo).
The latter set is called constrained subdifferential. Clearly, 9f (xo) € d¢ f (xo) for
any convex set 0 C dom f.

For concave functions, we define super-gradients and super-differentials by
changing the sign in inequality (3.1.23). Note that df (x¢) can be nonempty even
for nonconvex f.

A simple consequence of Definition 3.1.5 is as follows:

(81 — &, x1 —x2) >0 Vxi,x2 edom f, g1 € 3f(x1), g2 € 3f (x2).
(3.1.24)

The necessity of introducing the notion of subdifferential is clear from the
following example.

Example 3.1.3 Consider the function f(x) = (x)+ %= max{x,0}, x € R. For all

y € Rand g € [0, 1], we have

f() =max{y,0} > g-y = f(0O)+g-(y—0.

Therefore subgradient of f at x = 0 is not uniquely defined. In our example, this is
an arbitrary value from the interval [0, 1]. O

The whole set of conditions (3.1.23) parameterized by y € Q can be seen as a
set of linear inequality constraints for g, defining the set d¢ f (xo). Therefore, by
definition, any subdifferential is a closed convex set.

Let us prove that subdifferentiability of function f at all points of some convex
set implies convexity and closedness of the function.
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Lemma 3.1.6 Let Q be a convex set. Assume that, for any x € Q C dom f, the
constrained subdifferential 3¢ f (x) is nonempty. Then f is a closed convex function

on Q.
Proof Forany x € Q, define f(x) = sup{f(y) + (¢(»),x —¥) : y € Q} > f(x),
y

where g(y) is an arbitrary subgradient from d¢p f(y). By Theorem 3.1.8, f is a

(3.1.23) .
closed convex function, and f(x) > f(x)forallx € Q. O

On the other hand, we can prove a relaxed converse statement.

Theorem 3.1.15 Let the function f be convex. If xo € int (dom f), then df (x¢) is
a nonempty bounded set.

Proof Since the point ( f(xp), xo) belongs to the boundary of epi (f), in view of
Theorem 3.1.14, there exists a hyperplane supporting to epi (f) at (f (xo), xo):

—at +{d, x) < —af(xo) + (d, xo) (3.1.25)

for all (7, x) € epi(f). Let us normalize the coefficients of hyperplane in order to
satisfy the condition

I d|?+a® =1, (3.1.26)
where the norm is standard Euclidean. Since the point (7, xo) belongs to epi (f) for
all T > f(xp), we conclude that o > 0.

In view of Theorem 3.1.11 a convex function is locally Lipschitz continuous in

the interior of its domain. This means that there exist some € > 0 and M > 0 such
that B> (x0, €) € dom f and

f@x) = flxo) =M |l x —xo |

for all x € By(xg, e).2 Therefore, in view of (3.1.25), for any x from this ball
(d,x —x0) a(f(x) = f(x0)) <aM || x —xo | .

Choosing x = xo + ed, we get || d I?< Ma || d |. Thus, in view of normalizing
condition (3.1.26), we get o > [1 + M2]’1/2. Hence, choosing g = d /o, we obtain

(3.1.25)
f&x) = f(xo)+ (g, x — xo0)

forall x € dom f.

2In the proof of Theorem 3.1.11, we worked with the ¢;-norm. However, the result remains valid
for any norm in R", since in finite dimensions all norms are topologically equivalent.
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Finally, if g € f (x¢), g # 0, then choosing x = xo 4+ €g/ || g || we obtain

ellgll=(gx—x) = f(x)—=fxo) = M| x—xoll = Me.

Thus, df (xp) is bounded. O

The next example shows that the statement of Theorem 3.1.15 cannot be
strengthened.

Example 3.1.4 Consider function f(x) = —./x with domain R.. This function is
convex and closed, but the subdifferential does not existatx = 0. 0O

Sub-differentiability at x € dom f is an important characteristic of the local
structure of the function f around this point. Let us prove the following fact.

Theorem 3.1.16 For the function f, define its Fenchel dual

Js«(s) = sup [{s,y) — f(M] (3.1.27)
yedom f

and the dual of the Fenchel dual:

Sex(x) = sup [{s,x) — fu(s)].

sedom fi

Then f(x) > fw(x) for all x € dom f. Moreover, if 3f (x) # O for some x €
dom f, then of (x) C dom f, and f(x) = fix(X).

Proof Indeed, for any x € dom f we have

fu®) = sup [s.x)— @1 TE” sup inf [(s.x) — (s, 9) + O]

sedom fi sedom f, y€dom f

(1.3.6)
< inf sup [{s,x —y)+ f()] < fx).

yedom f sedom f£,

Let us choose now an arbitrary g € df (x). Then for any y € dom f we have

() — ) L g y) = f) = (gey —x) = (g x) — f(x).

Thus, g € dom f. Therefore,

Jfee(x) = sup inf [(s,x) — (s, y) + S ()]
sedomf*yEdomf

> ot [(g.x) = (&) + ()] O r. o

yedom
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3.1 General Convex Functions 165

Let us prove an important relation between subdifferential and directional
derivatives of a convex function.

Theorem 3.1.17 Let the function f be convex, and x( € int (dom f). Then

02 f'(x0: 0) = 9f (x0),

where the subdifferential 92 corresponds to the second argument of the function
f (xo; ). Moreover, for any p € R", we have

f'(x0; p) = max{(g, p) | g € df(x0)}. (3.1.28)

Proof Note that
f(xo0: p) = y%;[f(XO +ap) — f(xo)] = (g, p), (3.1.29)

where g is an arbitrary vector from df (xp). Therefore, the subdifferential of the
function f’(xp; -) at p = 0 is not empty and df (xg) 32 f"(xo; 0). On the other
hand, since f’(xo; p) is convex in p, in view of Lemma 3.1.5, for any y € dom f
we have

fO) = fxo) + f'(x0; y —x0) = f(xo)+ (g, y — x0),

where g € 95 f/(x0; 0). Thus, 83 f/(x0; 0) € 8f (xg) and we see that these two sets
coincide.

Consider g € 3> f'(x0; p). Then, in view of inequality (3.1.18), for all v € R"
and T > 0 we have

tf'(x0; v) = f'(x0; Tv) = f'(x05 p) + (g, TV — p).
Considering T — 0o we get
f'(xo3 v) = (g, v), (3.1.30)

and, considering T — 0, we obtain

f'(x0s p) — (. p) <0. (3.1.31)

However, inequality (3.1.30) implies that g € 92 f’(xo; 0). Therefore, compar-
ing (3.1.29) and (3.1.31), we conclude that (g, p) = f'(xo; p). O

Let us mention some properties of subgradients, which are of central importance
for Convex Optimization. The next result forms the basis for the cutting plane
optimization schemes.
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Theorem 3.1.18 For any xo € dom f, all vectors g € df (xo) are supporting to the
level set L5 (f (x0)):

(g.x0 —x) =0 Vx € Zs(f(x0) = {x edomf: f(x)= f(xo0)}

Proof Indeed, if f(x) < f(xp) and g € df (x0), then
f(x0) + (g, x —x0) = f(x) = f(x0). O
Corollary 3.1.6 Let Q C dom f be a closed convex set, xg € Q, and

x* € Argmin f(x).
xeQ

Then for any g € 3f (xo), we have (g, xo —x*) > 0. O
In some situations, the following objects are very useful.

Definition 3.1.6 Let the set X C dom f be closed and convex. The set

FX)= (N af(x) (3.1.32)

xeX

is called the epigraph facet of the set X.
This definition is motivated by the following statement.

Theorem 3.1.19 Let the set X be closed and convex, and 57(X ) # 0. Then

S —a)xo +axy) = (I —a) f(xo) +af (x1), ¥xo,x1 € X, o € [0, 1].
(3.1.33)

Moreover; for any g € 57(X) and all xg, x1 from X, we have
fx1) = f(xo) + (g, x1 — xo0). (3.1.34)

Proof Indeed, let g € 3f(X) € 0f (xo) () df (x1). Then,

(3.1.23) (3.1.23)
fxo) +{g,x1 —x0) = f(x1) = fxo)+ (g x1—x0).

Thus, (3.1.34) is proved. Consequently, for x, = (1 — a)xp + ax; with ¢ € [0, 1],
we have

(3.1.2) (3.1.23)
(I—-a)f(xo) +af(x1)) = f(xa) = f(xo)+ (g Xa — x0)

13

= fxo) + el x1 —x0) “EY (1 = a) f(x0) + af (x1).

Thus, we have proved equality (3.1.33). O
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Let us show how the epigraph facets arise in optimality conditions for Uncon-
strained Optimization.

Theorem 3.1.20 Let X* = Arg I(Ijlin ; f(x). Then a closed convex set X is a
xedaom

subset of X* if and only if
0 € af (X.).
Proof Indeed, if 0 € gf(X*), then for any x* € X, and all x € dom f we have

F) = f(x)+(0,x —x*) = fx").

Thus, x* € X*.
On the other hand, if f(x) > f(x*) for all x € dom f and x* € X, then by
Definition 3.1.5,0 € (] af(x*). O
x*eXx
In what follows, for a set-valued mapping .#’(-) and arbitrary set X € R”, we
. = def
use the notation . (X)

xeX

3.1.6 Computing Subgradients

In the previous section, we introduced subgradients, the objects which we are going
to use in minimization methods. However, in order to apply such methods for
solving real-life problems, we need to be sure that subgradients are computable.
In this section, we present the corresponding computational rules. Note that for
the majority of minimization methods, it is enough to be able to compute a single
subgradient from the set 9f (x).

Let us first establish some relations between gradients and subgradients.

Lemma 3.1.7 Let a function f be convex. Assume that it is differentiable at a point
x € int(dom f). Then of (x) = {Vf(x)}.

Proof Indeed, for any direction p € R" , we have
f'(x; p) =(Vf), p).

It remains to use Theorem 3.1.17 and Item 2 of Corollary 3.1.5. O

Lemma 3.1.8 Let a function ¥ (-) be convex and ¢ be a univariate convex function,
which is non-decreasing on the set

Imy = {r = ¢¥(x), x € domy}.
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Then the function f(-) = ¢ (¥ () is convex and for any x from int (dom /) we have

af (x) = Conv {AdY(x), A € dp(Y(x))}.

Proof Indeed the function f is convex in view of Theorem 3.1.9. Let us fix an
arbitrary x € int (dom ) and any direction /. Then, by the chain rule for directional
derivatives, we have

flxsip) =@ W) ¥ (x; p) = mfx{M/f’(x; p): A€ dp(r(x)))
= n;lé;XKg, p): g €XY(x), A €dp(¥(x))}.

It remains to use Theorem 3.1.17 and Item 2 of Corollary 3.1.5. O

Consider now a mixed situation when the function f(x,y) depends on two
variables x € R" and y € R™.

Lemma 3.1.9 Let a function f be convex, and
z=(x,y) €int(dom f) € R" x R™,

Assume that f is differentiable in the first variable, and the corresponding partial
gradient V1 f (-, -) € R" is continuous at 7 along any direction in R"*™. Then

3f (@) = (Vif(x,y), 02 f(X,y)).

where 3y f (x, y) C R™ is the partial subdifferential of f with respect to the second
variable, when the first variable is fixed.

Proof Let us fix an arbitrary direction 4 = (hy, hy) € R" x R™. Then for o > 0
small enough, we have

WG +ahe, 5 +ahy) = F(5.5) = LFG +ahe. 5 +ahy) = &5 +ahy))
(G5 +ahy) — [ 5).
Since f is convex, we have
(2.1.2)
a(VifE, ¥+ ahy), hy) < f&+ahe,y+ahy) — f(X, 5 +ahy)

(2.12) B B
< a(Vif(x +ahy,y+ahy), hy).
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Hence, in view of the directional continuity of V; f, we have

'@ = (Vi(f(x,9), he) + [, 0, hy))

L9 (& 5). ) +max({g.hy) : g € Df (E. ).

It remains to use Corollary 3.1.5. O

Finally, let us present a converse statement, which derives differentiability from
a kind of continuous subdifferentiability.

Lemma 3.1.10 Ler f be convex and xo € int(dom f). Assume that there exists a
vector function g(x) € df (x) which is continuous at xo. Then f is differentiable at

xo and V f (xo) = g(xo).
Proof Indeed, for any direction # € R" and small enough positive «, we have
(3.123) (3.1.23)
(8(x0), h) = [f(xo+ah)— f(xo)] = (gxo+ah), h).

Thus, taking the limit as @ | 0, we get f'(xo; h) = (g(xo), h) for all h € R".
Hence, g(x0) = Vf(x0). O

Let us provide all operations for convex functions, described in Sect. 3.1.2, with
corresponding chain rules for updating subgradients.

Lemma 3.1.11 Let the function f be closed and convex on the bounded set S C
dom f C R™. Consider a linear operator

A (x)=Ax+b: R'— R".
Then ¢ (x) = f (A (x)) is a closed convex function on the set
Q={x| #(x) €S}
For any x € Q with nonempty df (< (x)) we have
0 (x) = ATOf (o (x)).
Proof We have already proved the first part of this lemma in Theorem 3.1.6. Let us

prove the relation for the subdifferential. Let yo = .27 (x¢). Then for all p € R", we
have

@' (xo0, p) = f'(yo; Ap) = max{(g, Ap) | g € 3f (yo)}

=max{(g, p) | g € ATdf (o)}

Using Theorem 3.1.17 and Corollary 3.1.5, we get 9¢ (xg) = ATBf(;z{(xo)). |
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Lemma 3.1.12 Let functions fi and f> be closed and convex, and a1, ap > 0. Then
the function f(x) = o1 f1(x) + a2 f2(x) is also closed and convex and

of (x) = a19f1(x) + a2df2(x) (3.1.35)

Sfor any x from int (dom f) = int (dom fi) [ int (dom f2).

Proof In view of Theorem 3.1.5, we need to prove only the relation for the subdif-
ferentials. Consider xo € int (dom f) () int (dom f>). In view of Theorem 3.1.15,
at this point both subdifferentials are bounded. For any p € R”, we have

f'(x0; p) = a1 f{(x0; p) + a2 f3(x0; p)
= max{(g1, a1p) | g1 € df1(x0)}
+ max{(g2, @2p) | g2 € 3f2(x0)}
= max{{a181 + 282, p) | g1 € 3f1(x0), g2 € df2(x0)}

= max{{(g, p) | g € a19f1(x0) + 202 (x0)}.

Hence, using Theorem 3.1.17 and Corollary 3.1.5, we get (3.1.35). O

Lemma 3.1.13 Let functions fi, i = 1...m, be closed and convex. Then the

function f(x) = 1max fi(x) is closed and convex. For any x € int(dom f) =
<i<m

m

() int(dom f;), we have
i=1

af (x) = Conv {df; (x) | i € I(x)}, (3.1.36)

where I (x) = {i : fi(x) = f(x)}.
Proof Again, in view of Theorem 3.1.5, we need to justify only the rules for

m
subdifferentials. Consider x € () int(dom f;). In view of Theorem 3.1.15, at this
i=1
point, subdifferentials of all functions f; are bounded.
For the sake of notation, assume that / (x) = {1, ..., k}. Then for any p € R”,
we have

f'(x; p) = 1maxk fi/(x; p) = 1rnaxk max{({g;, p) | g € dfi(x)}.

<i< <i<
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Note that for any set of values ay, . . ., ay we have

k
max a; = max{ZAiai | {\i} € Ak},

I<i<k =

k
where Ay = {A; > 0, Y A; = 1}is the standard k-dimensional simplex. Therefore,
i=1

k
e p) = {x‘f}i’ék{; A max{(g;, p) | g € 3f; (x)}}

k
= max{() kg, p) | & € 3fi(x), {Ai} € Ak}

i=1

k
=max{(g, p) | g = ) _ higi. & € 0fi(x), {Ai} € Ar)
i=1

= max{(g, p) | g € Conv{df;(x),i € I(x)} }. |

The last rule can be useful for computing some elements from subdifferentials.

Lemma 3.1.14 Let A be an arbitrary set, and f(x) = sup{¢p(x,y) | y € A}
Suppose that for any y € A the function ¢(-,y) is closed and convex on some
convex set Q. Then f is closed convex on the set

Q: xe Q] sup ¢p(x,y) < —i—oo}.

yeA
Moreover, for any x € Q we have
dpf(x) 2 Conv{dg.x¢p(x,y) | y € [(x)},

where [ (x) ={y € A| ¢(x,y) = f(x)}.

Proof In view of Theorem 3.1.8, we have to prove only the inclusion. Indeed, for
any x € O, yo € 1(x0), and go € dg x¢ (x0, yo0), we have

f(x) = o(x,y0) = ¢(xo0, yo) + (g0, x —x0) = f(x0)+ (g0, x — X0). a

Now we can look at some examples of subdifferentials.
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Example 3.1.5

1. Let f(x) = (x)4, x € R. Then df(0) = [0, 1] since f(x) = mlgx“ gx.
gelo,

2. Consider the function f(x) = Y | {(a;, x) |. Define
i=1

I_(x)=1{i: {(ai, x) <0},
Ly (x) = {i : {a;i, x) > 0},
lo(x) = {i: {a;, x) =0}

Then df(x) = Y. ai— Y ai+ Y [-ai,al

ieli(x) iel_(x) iely(x)
3. Consider the function f(x) = max x@ Define I(x) = {i : x® = fx)}.
<i<n

Then
df (x) = Conv{e; | i € I(x)}.

For x = 0, we have 0f(0) = Conv{e; | 1 <i <n} = A,.
4. For the Euclidean norm f(x) =| x ||, we have

0f(0) = B2(0, 1) ={x e R" | | x [|= 1},
af(x) ={x/ I x I}, x#0.

n .
5. For the £1-norm, f(x) =|| x 1= > | x@ |, we have

i=1

9f(0) = Boo (0, 1) = {x e R" | max |x® |<1},
1<i<n

fx)= > e— Y e+ Y [—ei el x#0,

iely(x) iel_(x) iely(x)
where I (x) = {i | x> 0}, I_(x) = {i | x) < 0} and Ip(x) = {i | xV) =
0}.

6. In the case of the Minkowski function, we need to introduce a polar of the set Q:

Py ={geR": (g.x) <1Vx e Q}. (3.1.37)
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Then

9vo(0) = P, 0dYpo(x) = Arg max (g, x).
gEW"Q

We leave the justification of these examples as an exercise for the reader. O
Finally, let us describe subgradients of homogeneous functions.
Definition 3.1.7 A function f is called (positively) homogeneous of degree p > 0
if dom f is a cone and

f(zx) =P f(x) Vx edomf, ¥t > 0. (3.1.38)

Note that all functions in Example 3.1.5 are homogeneous of degree one.

Theorem 3.1.21 (Euler’s Homogeneous Function Theorem) Let the function f
be convex and subdifferentiable on its domain. If it is homogeneous of degree p > 1,
then

(g, x) =pf(x) Vxedomf, Vg €adf(x). (3.1.39)
Proof Indeed, let x € dom f and g € df (x). Then for any t > 0 we have

(3‘1_‘38) (3.1.23

-1.23)
Pfx) "= f(rx) = f(x)+ (T —1g, x).
For t > 1, this implies that Tf:ll f(x) = (g, x). Therefore, taking the limitas t | 1,
we get pf(x) > (g, x).
For T < 1, the above inequality implies 11_;17 f(x) < (g, x). Hence, taking the
limitast 1 1, we get pf(x) <({(g,x). O

In Convex Analysis, the most important homogeneous functions have degree of
homogeneity one. For such functions,

(.13

(g, x) ? f(x) Vx edom f, Vg € af (x). (3.1.40)

From now on, let us assume that dom f = R". Then, for all x € R" we have

F@) = f0,x SV max((g.x) : g €37 (O)). (3.1.41)

The simplest example of the homogeneous function is a linear function f(x) =
(a, x). A more important case is a general norm. For f(x) = ||x||, we have

llxll = m;lX{<g,X) Clgll = 1},

yurii.nesterov@uclouvain.be
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where ||g]l. = max{(g, x) : ||x|| < 1} is the dual norm. Thus,
X

lxlt] _ =1g € R llgl =1} (3.1.42)

Lemma 3.1.15 Let a function f be convex and homogeneous of degree one with
dom f = R". Then for all x € R", we have

af(x) ={g € 3f(0): (g.x) = f(x)} (3.1.43)

Proof Denote the right-hand side of equality (3.1.43) by G(x). If g € df(x), then
for any y € R™ we have

(3.1.23) 1
FO) O E D+ gy —x TEY (o).

3.1.40
Thus, g € df(0). Consequently, g ( € : G(x). On the other hand, if g € G(x),

then for any y € R” we have

(3.1.23)
f = &y = f&)+{gy—x).

Therefore, g € 0f(x). O

Thus, in view of equality (3.1.41), 3f (x) is a facet of 31 (0).
Let us give an example of application for the machinery developed so far.

Theorem 3.1.22 Let Q1 and Q> be bounded closed convex sets with intersection
0 = Q1 () Qa, which has nonempty interior. Then

§o(x) = min {0, (x +y) +E0,(=0)}. xeR" (3.1.44)

Proof Let us first prove that the optimization problem in (3.1.44) is solvable. If
g € Q1) Q2, then for any y € R" we have

b)) & £o,(x +3) +E0y(=y) = (g x + )+ (8. —y) = (g.x).

Thus the objective function in (3.1.44) is bounded below and for its infimum ¢} we
have ¢} > £ (x). Consider a sequence {yx} such that ¢, (yx) — ¢7. If this sequence

. . . . def
is bounded, then the infimum is attained. If not, then we can have #; = vkl — oo.
Let jx = , yk. Then

lim ¢, (5x) = lim [0, () x + 1) + 0, (=J0)] = lim ! ¢(w) = 0.
k— o0 k— 00 k— 00
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Since the sequence {yi} is bounded, we can assume that it is convergent to a point
y with || y]| = 1 and ¢, (y) = 0. In this case, we have

(81.7) =860,()) = =0, (=) = (82,¥), Vg1 € Q1, Vg2 € Qo.

Hence, (g, y) =0 forall g € O, and we get a contradiction with the assumptions.
Denote by y* the solution of the optimization problem in (3.1.44). In view of
Theorem 3.1.20, we have

(3.1.35)

0 € 0¢x(y") 30, (x +y*) + 05-0,(¥).

In view of Lemma 3.1.15 this means that there exists a vector g such that
g€ Q1 (gx+y") =& (x+y),
—8 € _Q27 <_gs y*> :‘i:*Qz(y*)

Thus, ¢3 = &g, (x + y*) + &0, (—y*) = &g, (x + y*) + &—0,(¥*) = (g, x). Since
g € 0, we conclude that ¢} < &p(x). O

Finally, let us describe subgradients of superpositions of convex functions and
differentiable convex functions.

Lemma 3.1.16 Consider ¥(g) = ma{)f()», g), where A C R} is a bounded convex
re

set. Let the vector function F (x) = (f1(x), ..., fm(x)), x € R", have differentiable
convex components. Then the superposition f(x) = ¥ (F(x)) is convex and

f (x) = {f AOVFA(x): re Argr}flea/)‘(()n, F(x))} ) (3.1.45)
i=1

Proof Indeed the function v/ (-) is monotone: if g1 < g in the component-wise
sense, then ¥ (g1) < ¥ (g2). Therefore, for any x, y from R"” and « € [0, 1] we have

flax+ (0 -a)y) =y @Fx)+ (A -a)F(y) < af(x)+ A —-a)f().

Relation (3.1.45) follows from the representation of directional derivatives.
Define F'(x) = (Vfi(x),..., Vfn(x)) € R*"™ Then for any direction i € R"
we have

flash) = Y/ (F@); (F'(0))'h)

LB ax((h, (F'0)Th) : » e Argmax(h, F())). D
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Lemma 3.1.17 Let F be a differentiable convex and monotone function on R™ and
suppose the functions f; are convex on a convex open set Q. Then the function

¢(x) = F(fi(x), ..., fm(x))

is convex on Q and

Ip(x) = ZIViF(f(X)) <9fi(x), x€Q, (3.1.46)
where f(x) = (f1(x),..., fm(x))T e R™.
Proof Indeed, for x, y € Q and @ € [0, 1] we have

Plax + (1 —a)y) < Flaf(x)+ (1 -a)f(y) <apx)+ 1 —-a)p(y).
Further, for any direction p € R",

12

¢'(xi p) = fl Vi F(FQ) fl(x: p) O fl Vi F(f (X)&f ) (D)

It remains to use Corollary 3.1.5. O

Corollary 3.1.7 Ifall fi,i =1, ..., m, are convex, then the function

¢(x)=1In (i ef%(x)) (3.1.47)

i=1
is also convex.

Proof Indeed, we have seen in Example 2.1.1(4) that the function

F(s) =In <i es(”>
i=1

is convex and monotone on R”. 0O

3.1.7 Optimality Conditions

Let us apply the developed technique to derive different optimality conditions.
We start with a simple minimization problem, where the objective function has a
composite form:

min {f(x) & o)+ lI/(x)} , (3.1.48)
xeQ
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where Q is a closed convex set, f € C!(Q) is a continuously differentiable convex
function and ¥ is a closed convex function defined on the set Q.

Theorem 3.1.23 A point x* is a solution to problem (3.1.48) if and only if for every
x € Q we have

(V™) x —x*) + W (x) > ¥ (x*). (3.1.49)

Proof Indeed, if condition (3.1.49) is satisfied, then

2.12)
f) = fx)+¥W) é FEHD)+H(VFET),x —x%) +¥(x)

(3.1.49) -
> fH+PET) = fxY).

Assume now that x* is an optimal solution of the minimization problem (3.1.48).
Suppose that there exists an x € Q such that

(V™) x —x*)y + ¥ (x) < ¥(x*).

Note that li?&é[f(ax + (1 —a)x*) — f(x™)] = (Vf(x*), x — x*). Thus, for a

positive @ small enough we have
flax + (1 —o)x®) < fOx") +a[¥ ") - ¥ )]

= fO* +aWx) —¥@)] - ¥

(3.12) -
< fOM) —Wlax + (1 —a)x™).

Hence, f(ax + (1 — a)x*) < f(x*) and we get a contradiction. O

In view of Definition 3.1.5, condition (3.1.49) is equivalent to the inclusion
=V x*) e dp¥ (x*).

Let us now look at optimization problems with general objective functions.
Consider the problem

min f(x), (3.1.50)
xeQ

where O C R”" is a closed convex set and f is a closed convex function, dom f D
Q. For apoint x € Q, define the normal cone:

N (%) = {g € R"| (g, x —X) >0, Vx € O} (3.1.51)
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Since inclusion g € A4 (x) implies tg € .4 (x) for any t > 0, this is indeed a cone.
It is closed and convex as an intersection of closed convex sets, the half-spaces

{g: (g, x—Xx)>0}, xe0.

Clearly, 4" (x) = {0,} for all X € int Q. Thus, this cone is nontrivial only at the
boundary points x € 9Q.
For x € Q, define the tangent cone

T(x)={peR" (g, p)=0,Vge N} (3.1.52)

Thus, this is a standard dual cone to .4 (X). Again, this cone is closed and convex
as the intersection of the system of half-spaces. Clearly, for x € int Q we have
T (x) =R"

The name of the cone .7 (-) is justified by the following property.

Lemma 3.1.18 Lerx € Q. Then Q — x C Z(x). Moreover,
T(x) =cl (A (Q—X)). (3.1.53)
Thus, 7 (x) is the closure of the conic hull of the set Q — X.
Proof Indeed, in view of the definition of normal cone (3.1.51), we have
(g.x—X) =0, VxeQ, geN({).

(3.1.52)
Therefore, Q —x C 7 (x). Since .7 (x) is a closed cone, this means that

def

H = (K (X)) S TR).

Let us assume that there exists a point p € 7 (x) such that p ¢ Va Then, by
Corollary 3.1.4, there exists a direction g which strongly separates p from ¢

(8. p) <y = (g alx—x)), VxeQ, a=0.

Letting « — 400 in this inequality, we get (g, x — x) > 0 for all x € Q. Thus,

direction g belongs to the cone .4 (x). On the other hand, taking @ = 0, we get
(3.1.52)
y < 0. Thus, (g, p) < 0. This means that p ¢ 7 (x). Hence, we get a

contradiction. O
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Remark 3.1.2 For the specialcase Q = {x € R" : Ax = b}, where A is an (m xn)-
matrix, standard arguments from Linear Algebra prove the following representation:

N (@) ={geR": g=ATy, yeR"},
(3.1.54)
T(x)={heR": Ah =0},

which is valid for all x € Q.

The next statement gives us an optimality condition for a linearized version of
problem (3.1.50).

Lemma 3.1.19 Let x* be an optimal solution to problem (3.1.50). Then
f'&x*p) =0 VpeT(*). (3.1.55)

Proof Assume that there exists a point p € .7 (x*) such that f/(x*, p) < 0. In view
of Lemma 3.1.18, there exist two sequences {ox} C Ry and {xx} C Q such that

p = lim ap(xp — x™*).
k—o00
Since the function f’(x*; -) is continuous, in view of Lemma 3.1.5, we have
0> f/(x*; p) = lim apf'(x*; x; —x*)
k—o00
= 1 li Ck * —x%) — * > 0.
am lim [f (e + Bl —x™) — f(x] =

Thus, we come to a contradiction. 0O

Now we can justify an optimality condition for problem (3.1.50). Define

X* = Argmin f(x).
xeQ

Theorem 3.1.24 A point x* from Q belongs to X* if and only if there exists a
g* € 3f (x™) such that

(g, x —x*) >0 VxeQ. (3.1.56)

In this case, g* € 5]\‘(X*) N JT/\(X*) (see Definition 3.1.6).
Proof Indeed, from the condition (3.1.56) and definition of af (x*), we have

(3.1.23) (3.1.56)
fx) = fEx®H+gx—x* > f@&*) VxeO.

Thus, x* € X*.
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Let us prove the converse statement. Let x* € X* be an optimal solution of
problem (3.1.50). Assume that there is no g € df(x*) such that

(g, x —x*) >0 VxeQ.

In view of definition (3.1.51), this means that 3f (x*) (] 4 (x*) = @. Consider the
following auxiliary optimization problem:

min {9(s1.82) = Jligr — g2l : g1 € A ("), g2 € A ()]

where the norm is standard Euclidean. Since the set 3f (x*) is bounded, there exists

its optimal solution (g}, g5) and the optimal value p* &ef @ (g7, &>) is positive. Let
us write down optimality conditions for this auxiliary problem. By Theorem 2.2.9,
we obtain

(Vg 00(g7,85). 81— &) = (8] — 85,8 — &) = 0 Vg € 9f(x),
(3.1.57)

(Ve (87, 85).82—8) =(8 —&-82—8) = 0 Vg e A (x").
(3.1.58)

Taking in (3.1.58) g = O and g = g} as @ — 400, we get
(g5 — &1, 85) <0 < (g5 —¢g]. &)

Thus, for p* def 8> — &} we have (g3, p*) = 0. Therefore,

" (3.1.58) *
(&2, p") = 0 Vgre N,

3.1.52
which means p* ( € ) Z (x*). On the other hand, for all g; € 3f(x*) we have

* G.1.57) * * * * * *
(g1, p*) = (g, p") = (¢ — &, p") = —2p".
This means that f'(x*; p*) G-L2® —2p* < 0. Thus, we get a contradiction with

Lemma 3.1.19 and prove the existence of a vector g* € df (x*) such that
(g, x —x*)>0 VxeQ.
Note that for any other point x| € X* we have

3.1.23)

@a.
f&) =fG)) = fOEH) 5] —x%) = f(x).
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Hence, (g%, x{ — x*) = 0 and we conclude that g* € 3f (x]). Consequently, g* €
0f (X,). For the same reason, g* belongs both to 4" (x*) and .4"(x{). O

Remark 3.1.3 For x* € int Q, condition (3.1.56) is equivalent to the inclusion of
Theorem 3.1.20.

Remark 3.1.4 1In the special case Q = {x € R" : Ax = b}, where A is an (m X n)-
matrix, in view of representation (3.1.54), the statement of Theorem 3.1.24 can be
specified in the following way:

A point x* belongs to X* if and only if there exists a

3.1.59
g* € df (x*) such that g* = AT y* for some y* € R”. ( )

(Compare with the statement of Corollary 1.2.1.)

Theorem 3.1.24 is one of the most powerful tools of Convex Analysis. Let us
demonstrate this with several important examples.

First of all, consider the differentiation rules for a partial minimum of a convex
function (3.1.9).

Theorem 3.1.25 Let ¢ be a closed convex function, and Q1 C R" and Q, C R"
be two closed convex sets such that Q1 x Q> C dom ¢. Define

f(x) = inf ¢(x,y).
ye0?
Then f is convex on Q1. Moreover, if Y (x) def Arg miQn ¢(x,y) # 0, then
yEU?2

90, f(x) 2 {gr € R":3gy suchthat (gx, gy) € [ 9¢(x,y),
yeY(x)

and (gy,y —yx) 20 Vye€ 02, Vy, € Y(x)}.
(3.1.60)

Proof The convexity of the function f was already proved in Theorem 3.1.7. Let us
fix apointx € Q1 with Y (x) # . In view of Theorem 3.1.24, the right-hand side of
inclusion (3.1.60) is not empty. Consider an arbitrary element (g, gy) from this set.
Letx; € Q1 and € > 0. Choosing a point y; € Q> such that ¢ (x1, y1) < f(x1)+¢,
we get

f)+e=dx1,y1) = o(x, yx) + (gx, X1 — Xx) + (gy, Y1 — Yx)

Z ¢(X, )’x) + <gx,X1 _'x> = f(-x) + <gX’x1 _-x>'

Since we can choose € arbitrarily small, inclusion g, € dg, f(x) is proved. O
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Corollary 3.1.8 IfY (x) # @ for all x € dom f, then f is a closed convex function
on Q1.

Proof By inclusion (3.1.60), 9f (x) # . Therefore, we can apply Lemma 3.1.6.
0O

Note that separability of the constraints x € Q and y € Q> is essential for the
validity of the rule (3.1.60). Simple examples show that in the general situation of
Theorem 3.1.7, the set df (x) can be dependent also on the partial subgradients of
function ¢ in y. Such a general case can be treated by Theorem 3.1.28.

Let us look now at optimality conditions for smooth minimization problem with
functional constraints:

min{ fo(o)l /i) < 0,8 =1,....m}, (3.1.61)

where Q is a closed convex set.

Theorem 3.1.26 (Karush—-Kuhn-Tucker) Let functions f;, i = 0...m, be
convex and differentiable with int (dom f;) D Q . Suppose that there exists a point
X € Q such that

fitx) <0, i=1,...,m. (Slater condition for inequalities) (3.1.62)

A point x* is an optimal solution of problem (3.1.61) if and only if there exist

nonnegative values 1%, i = 1...m, satisfying the following conditions:

(Vfo(x™*) + % )\;"Vf,-(x*),x —x*>0, VxeO,
i=l (3.1.63)

AMfix*)=0, i=1,...,m.

Proof In view of Lemma 2.3.4, x* is an optimal solution to problem (3.1.61) if and
only if it is a global minimizer of the function

¢ (x) = max{fo(x) — f*; fi(x),i=1...m}

over the set Q. In view of Theorem 3.1.24, this is the case if and only if there exists
ag* € d¢(x*) such that

(g*,x —x*) >0 VxeQ.
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Further, in view of Lemma 3.1.13, inclusion g* € 9f(x*) is equivalent to the
existence of nonnegative weights A;,i =0, ..., m, such that

MV fo(xr*) + X LV fi(x*) = g*,

iel*

o+ Y A=1,

iel*
where [* ={i € {l,...,m}: fi(x*) =0} .
Thus, we need to prove only that A9 > 0. Indeed, if Ao = 0, then

Y NfiD) = X ML)+ Vi), X —x*)] = 0.

iel* iel*

This contradicts the Slater condition. Therefore A > 0 and we can take )\;" = A / 0
foralli € I* and Af =Ofori ¢ I*. O

Theorem 3.1.26 is very useful for solving simple optimization problems.

Lemma 3.1.20 Let A > 0. Then

max{{c, x) : (Ax,x) <1} = (c, A7'o)!/2. (3.1.64)

Proof Note that all conditions of Theorem 3.1.26 are satisfied and the solution x*
of the above problem is attained at the boundary of the feasible set. Therefore, in
accordance with Theorem 3.1.26, we have to solve the following equations:

c=A"Ax*, (Ax*,x*)=1.

Thus, A* = {c, A’lc)l/2 and x* = Al*A’lc. ]

The values A?‘ >0,i =1,...,m, are called optimal dual (Lagrange) multipliers
for problem (3.1.61). We can get some upper bounds for these values from the depth
of the Slater condition (3.1.62).

Lemma 3.1.21 Any point X, feasible for problem (3.1.61), generates the following
upper bound on the magnitude of optimal dual multipliers:

Fo®) — fo®) = é(—ﬁ(i))xz‘. (3.1.65)
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Proof Indeed,

fol®) + il W f(E)

1.2) m
> o) +H(Vfox™), x —x*) + Zl)»f[fi(x*) +(Vfi(x*),x —x*)]

= o+ _'_"le;*ﬁ(m Y folr®) + §A7Vﬁ(x*), - x%)

@3.1. 63)

So(x®). o

The statement of Lemma 3.1.21 can be used to construct an exact penalty
function for problem (3.1.61). Let the point x € Q satisfy Slater condition (3.1.62).
Assume that we know some upper bound D for the gap fo(x)— fo(x™*). For example,
it can be found by the following optimization problem:

D= maé(Vfo()E), % — x).

Consider the set A = {A e RT : Z( fiG)A; < D}. In view of

Lemma 3.1.21, we have A* € A. Define the followmg nonsmooth penalty function:

¥ (g) = max(h,g) = D(max 8" ) . geR™, (3.1.66)
+

1<i<m —fi (%)

where (a)+ = max{0, a}.
Consider the following minimization problem:

mm{ b (x) fo(x)+l1/(f(x))] (3.1.67)

where f(x) = (f1(x), ..., fm(x)). Let us compute its subdifferential at the point
x*, the solution of problem (3.1.61).

Note that Ikna/)x(()», f(x*)) = 0. In accordance with the rules of Lemma 3.1.16, we
€

can form the set

Ap={hed: O, f(x*)) =0} = {AeA: x=0,i¢Il*x)
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where I(x*) = {i : fi(x*) = 0}. Since A* € A, in view of Lemma 3.1.16 we
have

g =VHaxH+ X AMVfilx*) €dpx™).
il (x*)
Hence, by Theorem 3.1.26 and Theorem 3.1.24, x* € Arg migd)(x). Thus, the
xe

optimal values of problems (3.1.67) and (3.1.61) coincide.
Let X be an arbitrary optimal solution to problem (3.1.67). Then, by Theo-
rem 3.1.24 and Lemma 3.1.16, there exists a vector . € Arg I{la/)f()\., f (X)) such
(S

that
(Vo) + XAV @ x—) =0, Vxe Q.
i=1

Let us assume that ¥ (f (%)) > O; Then the inequality constraint in the definition of
the set A is active and we have (A, — f(x)) = D. However,

D> foX) = fo}) = (VAok),T—%) = Y A(Vfi(R), £ — %)

T

> (&, f(R) — f(X) = ¥(f@&@)+D.

This contradiction proves that ¥ (f(x)) = 0. Therefore, this point is feasible for
problem (3.1.61) and it attains the optimal value of the objective function.

In some situations, the optimization methods based on the exact penalty may
look more attractive than the two-level procedure described in Sect. 2.3.5. However,
note that for these methods it is necessary to know the point x satisfying the Slater
condition (3.1.62). If this condition is not “deep” enough, the resulting penalty
function can have bad bounds on the derivatives. This slows down the minimization
schemes.

The Slater condition in the form (3.1.62) cannot work for equality constraints.
Let us show how it can be modified in order to justify the Karush—-Kuhn-Tucker
condition for a minimization problem of the following form:

min{f(x) : Ax = b}, (3.1.68)

where Q is a closed convex set and the matrix A € R”*" has full row rank.

Theorem 3.1.27 Let a function [ be convex on Q C int(dom f) and its level sets
on Q be bounded. Suppose that there exist a point x and € > 0 such that

Ax =b, B(x,e) € Q. (Slater condition for equalities) (3.1.69)
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A point x* € Q is an optimal solution for problem (3.1.68) if and only if Ax* = b
and there exist y* € R™ and g* € df (x*) such that

(g" —ATy* x —x*) >0 Vxe Q. (3.1.70)

The magnitude of the vector y* can be estimated as follows:

ATy < ! ( max  f(x) —)Igéigf(x)). (3.1.71)

xeB(x,€)

Proof Indeed, if condition (3.1.70) is satisfied, then for any x € Q with Ax = b we
have

(3.1.23) (3.1.70)
fO)—f&* = (g5x—x") = (HLAx—x") =0.

To prove the converse statement, consider the function
¢(x) = f(x)+ K|b— Ax|,

where the norm is standard Euclidean and K > 0 is a constant, which will be
specified later. In view of our assumptions, ¢ attains its minimum on Q at some
point x,. Therefore, by Theorem 3.1.24, there exists a vector g;; € d¢ (x4) such that

(g;‘),x —x4) >0, VxeO. (3.1.72)

In view of Lemma 3.1.12, Lemma 3.1.11 and representation (3.1.42), there exist
g* € 3f (xy) and y € R™ with || ¥|| < 1 such that

g5 =8 —KA"S.

Moreover, in view of Lemma 3.1.15, (y, b — Ax,) = ||b — Ax]|.
3.1.70
On the other hand, for any § € B(0, €), we have x; def X+ ( S ) Q. Therefore,

(3.1.72) o - _
(g%, xs —xx) > K(A"y,x+8—x*) = K(y,A6 +b — Ax,)
(3.1.73)

= K|b— Axi| + K(AT,5).

In view of Theorem 3.1.11, M = max{f(x) : x € B(x, €)} < +o00. Then
X

(3.1.23)
(8% xs —xi) = flxs) — flxe) = M— [,
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where f, = miIQ1 f(x). Therefore, maximizing the right-hand side of inequal-
xe

ity (3.1.73)in § € B(0, €), we get
M — fi = Ke|AT5 = Keul 31,
where u = )Lrln/ii(AAT) > 0. Defining y* = Ky, we get from the first inequality
the bound (3.1.71). On the other hand, choosing K > GL (M — f4), from the second
inequality we necessarily get || y|| < 1. By Lemma 3.1.15, this implies that Ax, = b.
Consequently, x, is an optimal solution for problem (3.1.68).
As we can see now, for K big enough, any solution x* of problem (3.1.68) is a

global minimum of the function ¢. Repeating the above reasoning, we can justify
the condition (3.1.70). O

In view of its simplicity, Theorem 3.1.27 has many interesting applications.
Here we present only one of them, related to the rules for differentiating a partial
minimization of a convex function. The new statement significantly extends a
particular case of Theorem 3.1.25.

Theorem 3.1.28 Let a function f be convex and Q be a closed convex set belonging
to int (dom f). Assume that the level sets of f are bounded on Q.
Let a matrix A € R™ " with n > m have a full row rank. Consider the function

¢(u) = min{f(x) : Ax = u}.
xeQ

Then ¢ is convex and for any u € R™ such that {x € int(Q) : Ax = u} # 0, we
have

{y*: Ix* € Q, Ax* =u, and g* € f (x™)
(3.1.74)
such that (g* — ATy* x —x*) > 0Vx € Q) C 3¢ (u).
Proof Let Q(u) ={x € Q: Ax = u}. Thendom¢ = {u € R" : Q(u) # #}. In
view of the conditions of the theorem, for any u € dom ¢ there exists at least one
point x (#) in the set Arg glgl? ) f(x).Letuy, up € dome¢ and o € [0, 1]. Then
X u

xo & ax@) + (1 —a)x() € Qaur + (1 — wu).

Therefore,

Slaur + (1 —au) < flxa) £ af @) + (1 — ) f (x(ua)

=a¢(u) + (1 —a)p(u2).
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Further, in view of Theorem 3.1.27, the set in the left-hand side of inclu-
sion (3.1.74) is nonempty. Let the triple (x*, y*, g*) be an element of this set for
some u = uj € dom¢. Then for another u, € dom ¢ we have

(3.1.23) (3.1.74)
dur) = f(xu2)) > fx)+ (g% x@2) —x*) > (ATy* x(u2) — x¥)

=¢(ur) + (y*, uz —uy).

(3.1.23)
Therefore, y* € d¢(u;). O
Thus, the rules for differentiating the function ¢ at a point u are very simple. We
need to solve the corresponding minimization problem and extract from the solver
the optimal Lagrange multipliers for equality constraints. This vector is an element
of the subdifferential d¢ (u).

3.1.8 Minimax Theorems

Consider a function ¥ (-, -) defined on the direct product of two convex sets, P € R"
and S € R™. We assume that the functions ¥ (-, u) are closed and convex on P C
domY (-, u) for all u € S. Similarly, all functions ¥ (x, -) are closed and concave
on S € domVY (x, ) forall x € P. The main goal of this section is the justification
of the sufficient conditions for the equality

inf sup ¥(x,u) = sup in£ W(x,u). (3.1.75)

xeP yes uesS X€

Note that in general, we can guarantee only that the right-hand side of this relation
does not exceed its left-hand side (see (1.3.6)).

Define f(x) = sup ¥(x,u) > ¢p(u) = in}fn ¥ (x,u). We will see that in many
Xe

. . uesS
situations

;réig fx) = max o (u).

Let us start from a simple observation.

Lemma 3.1.22 Assume that for any u € S, the level sets of the function ¥ (-, u) are
bounded on P, and the function ¢ attains its maximum on S at some point u*. Then
forany u € S we have

i‘éi? max{¥ (x, u), ¥ (x,u*)} = ¢u*). (3.1.76)

yurii.nesterov@uclouvain.be



3.1 General Convex Functions 189

Proof Let us choose an arbitrary u € S. For x € P, consider the function
Su(x) = max{¥(x,u), ¥(x,u*)} > max{p), p(u*)} = ¢u"). (3.1.77)
In view of Theorem 3.1.10, there exists a A* € [0, 1] such that

min f, (x) = min {)\*q/(x, W) + (1 — A% (x, u*)}
xepP xeP
<min¥(x, \*u + (1 — A*)u™)
xeP

= ¢\ u + (1 — A)ub).

Hence, ¢(u) < min f, (1) < ¢ + (1 = ) < $). 0

Now we can prove the first variant of the Minimax Theorem.
Theorem 3.1.29 Let each of the functions ¥ (-, u) attain a unique minimum on P,
and let the function ¢ attain its maximum on S. Then

;neig fx) = Izlgé(cl)(u). (3.1.78)

Proof Since the point x (1) = arg mi})l W (x, u) is uniquely defined, the level sets
xXe

of all functions ¥ (-, u), u € S are bounded (see Theorem 3.1.4(5)). Thus, by
Lemma 3.1.22, relation (3.1.76) is valid for all u € S.

Since ¢ (u*) = ¥ (x(u™*), u*), the minimum of problem (3.1.76) can be achieved
only at the point x (#*). But then for any u € S we have

(3.1.76)
x*),u) < ¥aw),u*) < ¥x,u*), xeP.

Thus, f(x@*)) < ¢*), and we get (3.1.78) by (1.3.6). O

Relaxation of the uniqueness condition for the minimizers of the functions
W(-,u),u €S, gives us a variant of von Neuman’s Theorem.>

Theorem 3.1.30 Assume that both sets P and S are bounded. Then

;neig fx) = Izlgé(cl)(u). (3.1.79)

3 As compared with the standard version of this theorem, we replace the continuity assumptions by
assumptions on closedness of the epigraphs.
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Proof Let us fix some € > 0. For the standard Euclidean norm || - ||, consider the
function

Y (x,u) =W(x,u)+ %6||x||2, xeP, ues.

Since for each u € S the function W, (-, u) is strongly convex, it attains a unique
minimum on P. Therefore the function ¢ (1) = m1n Y, (x, u) is well defined, and in

view of Theorem 3.1.8, it is concave and closed on S Therefore, by Theorem 3.1.29,
there exist points u} € S and x} = arg mlg W, (x, u}), such that
xe
WG(x:au)swE(xjau:) S We(.x,l/l:), xEP, MGS'

The first inequality is ¥ (x}, u) < ¥ (x}, u}) forall u € S. Thus,

FOH =supW(xf,u) < W(x) ul).

ues

On the other hand, for all x € P we have
W(xful) < We(xf ul) < W(x,ul)+ YeD?,

where D > sup ||x||. Hence,
xeP

fGE) < pw?) + jeD?, € >0.
In view of the boundedness of the sets P and S, letting € — 0 in this inequality, we

get the relation (3.1.79) (see Item 4 of Theorem 3.1.4). O

Finally, let us show that sometimes it is possible to derive the no-gap prop-
erty (3.1.78) from the local optimality conditions.

Theorem 3.1.31 Let a function f attain its minimum on P at the point x*. Suppose
that for some g, € dp f (x*), yielding the first-order optimality condition

" (3.1.56)
(g*a-x_x> Z Oa xEP,

there exists a representation

koo
g« = > Ag;, (3.1.80)
i=1

for certain k > 1, . € Ay, and some g; belonging to the sets dp W (x*, u;), where

up € Ix*), i =1,...,k,and I(x*) ={u €S : vx*,u) = f(x*)}. Then the
relation (3.1.78) is satisfied.
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k
Proof Indeed, let it = Y u;. Then, for any x € P, we have
i=1

k
3.1.80 .
L0 %y 1 3 a0 (g, x — x¥)

i=1

FG*) = fOT) 4 (g, x —x7)

(3.1.23) LI koo
< FEN+H AW u) et u)] = Y ADW(x, )
i=1 i=1

< W(x,u).
Thus, f(x*) < ¢ (i), and by (1.3.6) we see that ¢ (1) = ma;ccp(u). O
ue
Note that the right-hand side of representation (3.1.80) belongs to dp f(x™*)
(see Lemma 3.1.14). Therefore, a sufficient condition for the existence of this

representation is

op f(x*) = Conv {dp ¥ (x*,u) : uel(x™)}. (3.1.81)

3.1.9 Basic Elements of Primal-Dual Methods

Very often, the possibility of applying primal-dual optimization methods comes out
from direct access to the internal structure of the objective function. Consider the
problem

fr= gleigf(xx (3.1.82)

where the function f is closed and convex on P. Suppose that the objective function
f has a max-representation:

fx) = I;leagi v(x,u), (3.1.83)

where the function ¥ satisfies all our assumptions made in the beginning of
Sect. 3.1.8. From this representation, we derive the dual problem®*

o* = maxo @), ¢ & minw(x,u). (3.1.84)
ues xepP

“4In Chap. 6 we call it the adjoint problem due to the fact that very often representation (3.1.83) is
not unique.

yurii.nesterov@uclouvain.be



192 3 Nonsmooth Convex Optimization

From the mathematical point of view, the pair of primal-dual problems (3.1.82)
and (3.1.84) looks completely symmetric. However, this is not true for numerical
methods. Indeed, our initial intention was to solve problem (3.1.82). Hence, it is
implicitly assumed that the maximization problem in definition (3.1.83) is relatively
easy. It should be possible to solve it either in a closed form, or by a simple
numerical procedure (which defines the complexity of the oracle). At the same time,
the complexity of computing the value of the objective function in problem (3.1.84)
can be very high. It can easily reach the complexity of our initial problem (3.1.82).
Therefore, it seems that the dual problem has a good chance of being much more
difficult than the initial primal problem (3.1.82).

Fortunately this is not the case provided that we have an access to the internal
structure of the oracle (3.1.83). Indeed, in order to compute the value f(x) the oracle
needs to compute a point

u(x) € Argmax ¥ (x, u).
ues

Let us assume that this point is used to compute the subgradient g(x) (or, when f is
smooth, the gradient) of the objective function (see Lemma 3.1.14):

g(x) € Ipx ¥ (x, u(x)).

Thus, we assume that the oracle returns three objects: f(x), g(x), and u(x) € S.
Let us show how this information can be used in numerical methods.

In Smooth Optimization, we often use the functional model of the objective
function. Assume that some method accumulated the information from the oracle
at points { yk},ivzo C P. Then, for some scaling coefficients

ar>0, k=0,....,N, Y o =1,

we can construct a linear model of the objective function:

N (3.1.23)

In(x) = p Oak[f(yk) + O, x—y)l = fx), xeP.

In some methods (see, for example, (2.2.3), (2.2.4)), for points of minimizing
sequence {xi}r>0, it is possible to ensure the following relation:

fxn) < ;Iéi})l In(x) +rN, (3.1.85)
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where ry — 0as N — oo. In fact, this relation can be used not only for justifying
the quality of point x, but also for estimating the primal-dual gap with respect to
the dual solution

N
iy = Y ogu(yr) € S. (3.1.86)
k=0

Lemma 3.1.23 Let the point xy satisfy (3.1.85). Then

0=<(fGn) =+ @ —¢n) = fn) —@lin) = ry.

Proof Indeed, g(yx) € ap x¥ (¥k, u(yx)). Therefore,

N
min £y (x) = min Y o [¥ Yk, u()) + (g(k), X — yi)]
xeP xXeP g
(3.1.23 = N . N .
< min Y ¥ (x,u(y) < min¥(x,iy) = ¢(in).
xXeP o xeP

It remains to use inequality (3.1.85). O

Since we have ensured ry — 0, for our problem we have managed to prove
the no-gap property algorithmically. Note that our way of generating the good dual
solution (3.1.86) does not require a single computation of the dual function.

In Nonsmooth Optimization, we use another certificate of optimality based on
the gap function. It is defined by a sequence of test points {yk},i\’:o and scaling
coefficients as follows:

N
Sn(x) = k;)ak(g(yk), Yk — X).

N

Define fy = 3 ax f ().
k=0

Lemma 3.1.24 Assume that ma;)g Sn(x) <ry — 0. Then
xe

0 < (fv— f* + (" —¢in) < fv—olin) < ry — 0.
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194 3 Nonsmooth Convex Optimization

Proof Indeed

N
max Sy(x) = max ) ax(g(y), yk — x)
XeP xXeP —o
(123 N
> min Y ax[¥ (v, u(yk)) — ¥ (x, u(y)]
xeP k=0
(3.1.4) . ) ) R R
> fN-— min Y(x,iun) = fN—o@n). o
X

Again, for nonsmooth problems, computation of the good dual solution i does
not require significant computational resources.

3.2 Methods of Nonsmooth Minimization

(General lower complexity bounds; Main lemma; Localization sets; The subgradient
method; Minimization with functional constraints; Approximation of optimal Lagrange
multipliers; Strongly convex functions; Optimization in finite dimensions and lower
complexity bounds; Cutting plane schemes; The center of gravity method; The ellipsoid
method and others.)

3.2.1 General Lower Complexity Bounds

In Sect. 3.1, we introduced a class of general convex functions. These functions can
be nonsmooth and therefore the corresponding minimization problem can be quite
difficult. As for smooth problems, let us try to derive lower complexity bounds,
which will help us to evaluate the performance of numerical methods.

In this section, we derive such bounds for the following unconstrained minimiza-
tion problem

min £ (x), (3.2.1)

xeR”

where f is a convex function. Denote by x* € R” one of its optimal solutions. Thus,
our problem class is as follows.
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Model: 1. Unconstrained minimization.
2. f is convex on R" and Lipschitz
continuous on a bounded set.

Oracle: First-order Black Box:
at each point X, we can compute

f®), g&) eadf@),
g(x) is an arbitrary subgradient. (3.2.2)

Approximate Findx e R": f(x) — f* <e.
solution:

Methods: Generate a sequence {xi} :
x; € xo + Lin{g(xo), ..., g(xk—1)}.

As in Sect. 2.1.2, to derive lower complexity bounds for our problem class, we
will study the behavior of numerical methods on some function, which appears to
be very difficult for all schemes.

Let us fix some parameters 1 > 0 and y > 0. Consider the family of functions

fix)=vy max D+ B x )2 k=1...n, (3.2.3)

where the norm is standard Euclidean. Using the rules of subdifferential calculus,
described in Sect.3.1.6, we can write down a closed-form expression for the
subdifferential of fj at x. This is

8fi(x) = ux +y Conv e; | i € I(x)},

Ix)=1{j| 1<j<k x¥ = max x®}.

I<i<k

Let x,j‘ be the global minimum of the function f. Then, for any x, y € Ba(x*, p),
p >0, and g (y) € dfk(y), we have

Jey) — fix) < (g, y—x) <lgMI-Ily—xI

(3.2.4)
< (wlxfll+mo+y) ly—x1l.
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196 3 Nonsmooth Convex Optimization
Thus, fi is Lipschitz continuous on B (x;, p) with Lipschitz constant

M = pllxgll + po + y.

Further, by Theorem 3.1.20, it is easy to check that the optimal point x; has the
following coordinates:

_r ]
kalflska

0,k+1<i<n.

Now we have all the important characteristics of our problem:

def 2 :
RS xill= Y fi= SR =
(3.2.5)

M = plxfll+up+y = /w+7/%1-

Let us describe now a resisting oracle for the function fi (-). Since the analytical
form of this function is fixed, the resistance of this oracle consists in providing us

with the worst possible subgradient at each test point. The algorithmic scheme of
this oracle is as follows.

Input: x e R™.

MainLoop: f:= —o0; i*:=0;

for j:=1 tok do

) . 3.2.6
if x()> f then{ f:=x); i*:=j} G20

f=vf+ ’2‘ | x 1% g:=yeir + ux;
Olltpllt: fk(x) = f, gk(x) =g € R,

At first glance, there is nothing special in this procedure. Its main loop is just a
standard process for finding the maximal coordinate of a vector from R¥. However,
the main feature of this loop is that we always form the subgradient of the
nonsmooth part of the objective proportional to a coordinate vector. Moreover, the
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active coordinate i * always corresponds to the first maximal component of vector x.
Let us see what happens with a minimizing sequence based on such an oracle.
Let us choose the starting point xo = 0. Define

RP"={xeR"| xD =0, p+1<i<n).

Since x¢p = 0, the answer of the oracle is f(xo) = 0 and g (xp) = e1. Therefore,
the next point of the sequence, x|, necessarily belongs to R'". Assume now that the
current test point of the sequence, x;, belongs to R””", 1 < p < k. Then the oracle
returns a subgradient

8 = UXi +yeix,

where i* < p + 1. Therefore, the next test point x; 4 belongs to Rp+Ln,

This simple reasoning proves that for all i, 1 < i < k, we have x; € R"".
Consequently, fori: 1 < i < k — 1, we cannot improve the starting value of the
objective function:

Jr(xi) = y max xi(j) =0.
1<j<k

Let us convert this observation into a lower complexity bound. Let us fix some
parameters of our problem class &(xg, R, M), thatis, R > 0 and M > 0. In
addition to (3.2.2) we assume the following.

e The point xg is close enough to the solution of prob-
lem (3.2.1):
lxo — x*|| < R. (3.2.7)

e The function f is Lipschitz continuous on B(x*, R) with
constant M > 0.

Theorem 3.2.1 For any class & (xo, R, M) and any k, 0 < k < n — 1, there exists
a function f € Z(xg, R, M) such that

flw)— f*> MR

2(2++/k+1)

for any optimization scheme, which generates a sequence {xi} satisfying the
condition

Xk € xo + Lin{g(x0), ..., g(xk-1)}.
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Proof Without loss of generality, we can assume that xop = 0. Let us choose f(x) =
Jfk+1(x) with the following values of parameters:

= VM M
LA WOV AL Q+Vk+DR’
Then
proo e 029 _ 9 g
k1 T 2utk+1) T 2024Vk+1)’
ok — G25 v _
[ xo—x* | = Rer1 = ikl

Moreover, f is Lipschitz continuous on B, (x*, R) with constant R + y v \k/Ij—Tl =

M. Note that x; € RE". Hence, f(xx) — f*> —f*. O

The lower complexity bound presented in Theorem 3.2.1 does not depend on the
dimension of the space of variables. As for the lower bound of Theorem 2.1.7, it
can be applied to problems with very large dimension, or to the efficiency analysis
of starting iterations of a minimization scheme (k <n — 1).

We will see that our lower estimate is exact: There exist minimization methods
which have a rate of convergence proportional to this lower bound. Comparing this
bound with the lower bound for smooth minimization problems, we can see that
now the possible convergence rate is much slower. However, we should remember
that we are working with one of the most general classes of convex problems.

3.2.2 Estimating Quality of Approximate Solutions

We are now interested in the following optimization problem:
min f(x), (3.2.8)
xeQ

where Q is a closed convex set, and the function f is convex on R". We are going
to study numerical methods for solving (3.2.8), which employ subgradients g(x) of
the objective function, computed at x € Q. As compared with the smooth problem,
our goal is more challenging. Indeed, even in the simplest situation, when Q =
R”", the subgradient seems to be a poor replacement for the gradient of a smooth
function. For example, we cannot be sure that the value of the objective function is
decreasing in the direction —g(x). We cannot expect that g(x) — 0 as x approaches
the solution of our problem, etc.
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Fortunately, there is one property of subgradients which makes our goals
reachable. We have justified this property in Corollary 3.1.6:

Atany x € Q, the following inequality holds:
(3.2.9)
(g(x),x —x*) = 0.

This simple inequality leads to two important consequences, which form the basis
for the majority of nonsmooth minimization methods. Namely:

¢ The distance between x and x* decreases along the direction —g(x).
e Inequality (3.2.9) cuts R"” in two half-spaces, and it is known which of them
contains the optimal point x*.

Nonsmooth minimization methods cannot employ the idea of relaxation or
approximation. There is another concept underlying all these schemes. This is
the concept of localization. However, to go forward with this concept, we have
to develop a special technique which allows us to estimate the quality of an
approximate solution to problem (3.2.8). This is the main goal of this section.

Let us fix some x € R". For x € R" with g(x) # 0 define

vr(x,x) = \|g(1x)|\ (g(x), x —x). (3.2.10)
If g(x) = 0, then define v ¢ (x; x) = 0. Clearly, by the Cauchy-Schwarz inequality,
v, x) < flx—=x|.

The values v (x, x) have a natural geometric interpretation. Consider a point x
such that g(x) # 0 and (g(x), x — x) > 0. Let us look at the point

N 169
y=X+vp0 ) el
Then

(80, x = 5) = (800 x = 0) —vy(E,0) | g0 | V= 0,

and || y—x ||= vy (x, x). Thus, v (X, x) is a distance from point x to the hyperplane
{y: (g&x), x —y) =0}

Let us introduce a function which measures the growth of the function f around
the point x. For ¢ > 0, define

wf (1) =max{f(x) — f(X) [l x — ¥ =1}

Ift <0,wesetwys(x;1) =0.
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Clearly function w ¢ possesses the following properties.

* wyr(x;t) =0forallz <0.
* wy(x; 1) is a nondecreasing function of t € R.

c SO - fR) =wrllx—x .

It is important that under a convexity assumption the last inequality can be
significantly strengthened.

Lemma 3.2.1 For any x € R" we have
J@) = f(X) =wp(x;vp(x; x)). (3.2.11)
If f(-) is Lipschitz continuous on Bx(x, R) with constant M, then
J&) = fx) = My (¥ x))+ (3.2.12)

forall x e R" withvy(x; x) < R.
Proof If (g(x),x — x) < 0, then f(x) > f(x) + (g(x),x —x) > f(x). Since

vy (F; x) is negative, we have w7 (¥; v (¥; x)) = 0 and (3.2.11) holds.
Let (g(x), x — &) = 0. For
§ =% 4 v 050
we have (g(x), 7 —x) =0 and || § — % ||= v/ (¥; x). Therefore,
SO = f)+(glx),y—x) = fx),
and
JO—fX) = fO)—fX) 2 o1y —x ) = wpx; vpx; x)).

If f is Lipschitz continuous on By (X, R) and 0 < v¢(X; x) < R,theny € B>(x, R).
Hence,

J@O=fR) =fO)=f&x) = M[|y—-x|= Mvs(x;x). O

Let us fix some optimal solution x* of problem (3.2.8). The values vy (x*; x)
allow us to estimate the quality of so-called localization sets.

Definition 3.2.1 Let {x;}7°, be a sequence in Q. Define
Sk ={xe Q| (gxi),xi —x)>0,i=0...k}

We call S the localization set of problem (3.2.8) generated by the sequence {x;}72,.
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In view of inequality (3.2.9), for all k > 0, we have x* € S.
Let

vi=vr(x*x) (=2 0), v = Om,in v;.

Thus,
v = max{r: (g(x;),x; —x)>0,i=0...k, Vx € Bo(x™, r)}.

This is the radius of the maximal ball centered at x*, which is contained in the
localization set Sk.

Lemma 3.2.2 Let f = Omjnk f(xi). Then
=I=

&= fF S or(x®;vp).
Proof Using Lemma 3.2.1, we have

(v ¥ — mi (¥ ). ; ) — FX] — Fx o £k
wr(x avk)—oléll_lélkwf(x Jvi) > Oléll_lgk[f(xl) 1= r-r O

3.2.3 The Subgradient Method

Now we are ready to analyze the behavior of some minimization methods. Consider
the problem

min f (x), (3.2.13)

where the function f is convex on R", and Q is a simple closed convex set. The term
“simple” means that we can solve explicitly some simple minimization problems
over Q. In this section, we need to find in a reasonably cheap way the Euclidean
projection of any point onto the set Q.

We assume that problem (3.2.13) is equipped with a first-order oracle, which at
any test point x provides us with the value of the objective function f(x) and one
of its subgradients g(x).

As usual, we first try a version of the Gradient Method. Note that for nonsmooth
problems the norm of the subgradient, || g(x) ||, is not very informative. Therefore,

in the subgradient scheme we use a normalized direction Ié g;” .
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Subgradient Method for Simple Sets

0. Choose xo € Q and a sequence {/1;}72
o
he >0, hy—>0, > hgp=o0.
k=0

1. kthiteration (k > 0).
Compute  f(xx), g(xx) and set  Xxp4p =

_ g(xk)
To (xk hic g )

Let us estimate the rate of convergence of this scheme.

(3.2.14)

Theorem 3.2.2 Let a function f be Lipschitz continuous on By(x*, R) with

constant M, where R > ||xo — x*||. Then

k
R2+Y h?
fe-rrsm
23k
i=0
Proof Letr; =|| x; — x* ||. Then, in view of Lemma 2.2.8, we have

2

2
_ . 8 ) ok
Fig1 = H”Q (x’ hi ng(mu) X H

2
. . 8(xi) 2 . 2
< ‘x, h; oGl x*H =ri —2hjv; +h;.

Summing up these inequalities fori = 0. ..k, we get

k k k
rg + 2%)/1,2 > 2;)hivi + i = 2vf ;}hi.
1= 1= =l

Thus,
k
R+ h?
i=0

*

Ve =

23 by
i=0

Since v < wvo < [lxo — x*|| < R, we canuse Lemma 3.2.2. 0O

yurii.nesterov@uclouvain.be

(3.2.15)



3.2 Methods of Nonsmooth Minimization 203

Thus, by Theorem 3.2.2, the rate of convergence of the Subgradient
Method (3.2.14) depends on the values

R>+ f h?
Ay = ;=0 .
23 by
i=0
o
We can easily see that Ay — 0 if the series Y h; diverges. However, let us try to
i=0

choose &y in an optimal way.

Let us assume that we have to perform a fixed number of steps, say N > 1, of
the Subgradient Method. Then, minimizing Ay as a function of {hk}llc\’:o, we can see
that the optimal strategy is as follows’:

h; = w§+1’ i=0...N. (3.2.16)

In this case, Ay = and we obtain the following rate of convergence:

R
VN+1
MR
IN=1"= Jvar (3.2.17)
Another possibility for defining the step sizes in the Subgradient Method (3.2.14)

consists in using the final accuracy € > 0 as a parameter of the algorithm. Indeed,
let us find N from the equation

R S T MR (3.2.18)

Then, in accordance with (3.2.16), we have
hi =y, i>0. (3.2.19)
In view of the upper bound (3.2.15), in this case we have
fr—fr< MR 1e (3.2.20)
Thus, we get an e-solution of the problem (3.2.1) as far as

N > MR (3.2.21)

- 62

SFrom Example 3.1.2(5), we can see that A is a symmetric convex function of {/;}. Therefore, its
minimum is achieved at the point having same values for all variables.
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The main advantage of the step size rule (3.2.19) consists in its independence of the
parameters R and N, which usually are not known in advance. Parameter M is an
upper bound on the norm of subgradients of the objective function, which are easily
observable during the minimization process.

Comparing inequality (3.2.17) with the lower bound of Theorem 3.2.1, we come
to the following conclusion.

Subgradient Method (3.2.14), (3.2.16) is optimal for the prob-
lem (3.2.13) uniformly in the number of variables n.

If we are not going to fix the number of iterations in advance, we can choose

T :
h’_Ji+1’ i=0,....

Then it is easy to see that Ay is proportional to

R2+4r2 In(k+1)
4rk+1

and we can classify this rate of convergence as sub-optimal.

Thus, the simplest method for solving problem (3.2.8) appears to be optimal.
Usually, this indicates that the problems from our class cannot be solved very
efficiently. However, we should remember that our conclusion is valid uniformly
in the dimension of the problem. We will see later that a moderate dimension of
the problem, taken into account in a proper way, helps in developing much faster
schemes.

3.2.4 Minimization with Functional Constraints

Let us show how we can use the Subgradient Method to solve minimization
problems with functional constraints. Consider the problem

min(f() : fi(0) 0, j=1,....m), (3.2.22)

with closed and convex functions f and f}, and a simple closed convex set Q.
Let us form an aggregate constraint f(x) = max f;(x). Then our problem can
I<j=m

be written in the following way:

Imgf@):f@)§0} (3.2.23)
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Note that we can easily compute a subgradient g (x) of the function £, provided that
we can do so for the functions f; (see Lemma 3.1.13).

Let us fix some x*, an optimal solution to problem (3.2.22). Let ¢ > 0 be the
desired accuracy of the approximate solution of problem (3.2.22). Consider the
following method.

Subgradient Method with Functional Constraints

0. Choose a starting point xg € Q.
1. kth iteration (k > 0).
(a) Compute f_(xk) with g(xx) € 9f (xx), and f(xk) with

g(xk) € 3 f (xi)- (3.2.24)
(b) If f(xx) <e,then set

Xiyl =g (xk - Hg(;k)nzg(xk)) . (Case A)

Else, set x¢+1 = 7o (Xk - g&ik))uzg(xk)) . (Case B)

For method (3.2.24), denote by .#4 (N) the set of iterations of type A, and by . (N)
the set of iterations of type B, which occurred during the first N steps of this scheme.
Clearly,

fxx) <€, Yk e Z4(N). (3.2.25)
Theorem 3.2.3 Let functions f and f;, j = 1,...,m, be Lipschitz continuous

on the ball By(x*,|lxo — x*|) with constant M. If the number of steps N in
method (3.2.24) is big enough,

N = M lxo — x*|2, (3.2.26)
then #A(N) # 0 and
fi € min(f () : ke Fa(N)) < f) +e. (3.227)

Proof Define ry = ||x; — x™||. Let us assume that N satisfies (3.2.26), but

fox) — f*>e€, Yk e I4(N). (3.2.28)
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If k € Z4(N), then

(2.2.49) . 2 9 2¢ % e
w1 = ka B ug(xk)wg(x")H = TE T gl 8GR X =X e
(3.1.23) 2 (3.2.28) 2
< 2 _ 2¢ _ % € < 2 _ €
= T e OO I b S T T e
In Case B, we have
(2.2.49) = 2 = = 2
2 fow s _ 2 2w 45 " FE)
Tevr = ka - ug(xk)nzg(x")H = Tk g O Xk = X g
(3.1.23) z 2 (3.2.28) )
& 2 f(w) = 2 €
= T w0 = TR T jgeore
Thus, in both cases, ry+1 < r¢ < |lxo — x*||. Hence,
lgxll < M, ke 4(N), lgx)ll < M, ke Ig(N).
2
Therefore, r,g 1 = r,f — ;ﬂ forany k = 0, ..., N. Summing up these inequalities,

we get the inequality
2
0<riy <rg— N+,

which contradicts our assumption (3.2.26). O

Comparing the bound (3.2.26) with the result of Theorem 3.2.1, we see that
the scheme (3.2.24) has an optimal worst-case performance guarantee. Recall, that
the same lower complexity bound was obtained for an unconstrained minimization
problem. Thus, we can see that, from the viewpoint of analytical complexity, Convex
Unconstrained Minimization is not easier than Constrained Minimization.

3.2.5 Approximating the Optimal Lagrange Multipliers

Let us show now that a simple subgradient switching strategy can be used for
approximating the optimal Lagrange multipliers of problem (3.2.22) (see Theo-
rem 3.1.26).

For € > 0, denote by

Fle)={xeQ: fix)<e, j=1,...,m}
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the extended feasible set of problem (3.2.22). Defining the Lagrangian

L, N = fx)+ % AV, xeQ, aA=00 Ay eRm,
j=1

we can introduce the Lagrangian dual problem

4 def
¢* = sup (1), (3.2.29)
reRY

def . (1.3.6)
where ¢ (1) = mlg.Z(x, A). Clearly, f* > ¢*.
xXe

In order to approach an optimal solution of problems (3.2.22), (3.2.29), we apply
the following switching strategy. It has only one input parameter, the step size h > 0.
In what follows, we use the notation | - || for the standard Euclidean norm, g(-)
denotes the subgradient of the objective function, and g;(-) denotes the subgradient
of the corresponding constraints.

Subgradient Method for Lagrange Multipliers

0. Choose a starting point xg € Q.

1. kth iteration (k > 0).
(a) Define F = {j : fj(xx) > hllg; (i)}
(b) If 9% = @, then compute xi11 = 7o (xk — Hh;&k))” )
(c) If S # 0, then choose arbitrary jx € % and define

_ fjk(xk)
e = lgj, 12

(3.2.30)

. Compute xi+1 = 7o (xk — higjy, (xk)).

After r > 0 iterations, define @ (t) = {k € {0, ...,t} : F = (0} and let
ity ={kef0,....t}: r=j}, 1=<j<m.

Let N(t) = |2(z)|. It is possible that N(r) = 0. However, if N(¢) > 0, then we
can define the approximate dual multipliers as follows:

) 1 .
oo=h Y Lo = >oohgy, j=1,...,m.
. gl ' % e 0 (3.2.31)

LetS, = > ”g()l(k)u If /y(t) = 0, then we define S; = 0. Thus, oy = hS;.
ke (1)
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For proving convergence of the switching strategy (3.2.30), we are going to find
an upper bound for the gap

=4 5 SO g0,
St ke gl

assuming that N(¢) > 0. Here and in the sequel A; denotes ()\51), ey )\5’”)).

Theorem 3.2.4 Let the set Q be bounded: ||x — xoll < R for all x € Q. If the
number of iterations t of method (3.2.30) is big enough,

0> K (3.2.32)

then N(t) > 0. Moreover, in this case

max f;(xx) < Mh, ke .a(1),
I<j<m

(3.2.33)
8 < Mh,
where M = max max |g;(xp)|l.
0<k=<t0<j<m
Proof Note that
3.2.31 L
o - & G2 max ‘fg&kﬁ‘ —of) =3 X hifix)
X€Q | kesh(r) j=1ked;(t)

et
Zmax{ R Y hkfjk(x)}

X€Q | kedh(r) ket.co(1)

< max AL Y hal{g ) xk — x) = fr (0]
YEQ | ke (1) k(1)

(3.2.34)

Let us estimate from above the right-hand side of this inequality. For arbitrary
x € Q, letrg(x) = ||x — xx||. Assume that k € @%(t). Then

(2.2.48)

2 hg (xs)
T () < ka—x 8

2
T gl ‘

(3.2.35)

= r]?(x) - Hg%fk)ﬂ (g(xk), xk — x) + h%.
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If k & o(t), then

) (2.2.48) 5
Fep1 ) = llxk —x — heg i (xi) |

= r2(x) = 2hi (g, (xi), xk — x) + h2llgj (o) 1%

Hence,
2 2 Ay
2hk[<g]k ()Ck), Xk — x) - f]k ()Ck)] =< rk ()C) - rk+1(-x) - Hgfk o lI?
<) — g () — k2
Summing up these inequalities and inequalities (3.2.35)fork =0, . . ., ¢, and taking

into account that r,41(x) > 0, we get

(3.2.34)
<

018 Jra(x) 4+ SN2 — ) (t — N(1)h?

(3.2.36)
= () — yth> + N(Oh? < JR? — Jth> + N()h?.

Assume now that ¢ satisfies the condition (3.2.32). In this case we cannot have
N() = O since then o; = 0 and inequality (3.2.36) is violated. Thus, the first
inequality in (3.2.33) follows from the conditions of Step (b) in method (3.2.30).

(3.2.31)
Finally,o; > 1{2 N (t). Therefore, if N(t) > 0 and the iteration counter ¢ satisfies

(3.2.36)
inequality (3.2.32), then 8, < MO < Mh. o

3.2.6 Strongly Convex Functions

In Sect. 2.1.3, we introduced the notion of strong convexity for differentiable convex
functions. We have seen that this additional assumption significantly accelerates
optimization methods. Let us study the effect of this assumption on the class of non-
differentiable convex functions. For the sake of simplicity, we work in this section
with standard Euclidean norm.

Definition 3.2.2 A function f is called strongly convex on a convex set Q if there
exists a constant & > 0 such that for all x, y € Q and @ € [0, 1] we have

flax+ 1 —a)y) <af()+ (1 —a)f(y) — 3pa(l —a)lx — |
(3.2.37)
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210 3 Nonsmooth Convex Optimization

For such functions, we use the notation f € YS (Q). If in this inequality u = 0, we
get definition (3.1.2) of the usual convex function.

Note that for smooth convex functions we proved this inequality as one of the
equivalent definitions (2.1.23).
Let us present the most important properties of strongly convex functions.

Lemma 3.2.3 Let f € Y,(L)(Q). Then for any x € int Q and' y € W, we have

FO) = FO)+ £y —x)+ dullx =yl (3.2.38)

Proof Indeed,
(3.2.37)
f» 2 L[ = 0x ) — (-0 f @ + Jpa( — @)k = yIP]

= fO+ Mfa+aly —x) = fFOI+ 0l —o)lly — x|

Taking in this inequality the limit as « | 0, we get inequality (3.2.38). The limit
exists in view of Theorem 3.1.12. O

Corollary 3.2.1 Let f € YS(Q). For any g € df (x), we have

FO) = fO)+ gy —x)+ yully —x]*. (3.2.39)
Proof Indeed, in view of Theorem 3.1.17, for any g € df (x) we have
ffoiy—x)= (g y—x). O

Corollary 3.2.2 If in problem (3.2.13) the objective function belongs to the class
5”,? (Q), then its level sets are bounded. Hence, its optimal solution exists. O

Corollary 3.2.3 Let x* € intdom f be an optimal solution of problem (3.2.13)
with f € Yl? Then for all x € Q, we have

fO) = f*+ dulx —x*|% (3.2.40)

Hence, the solution of this problem is unique.

Proof Indeed, in view of Theorem 3.1.24, there exists a g* € df (x*) such that
(g, y —x*) = 0.

Thus, (3.2.40) follows from (3.2.39). 0O
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Let us describe the results of some operations with strongly convex functions.
1. Addition. If f) € 5”81 (Q)and f, € Ygz(Q), then for any o1, ap > 0 we have
arfi+arfr € yé)lerazm(Q)-
(The proof follows directly from definition (3.2.37).) In particular, if we add a
convex function and a strongly convex function with parameter u, then we get a

strongly convex function with the same value of parameter.
2. Maximum. If fi € .0 (Q) and f> € .77, (Q), then

fx) = max{fi(x), L(x)} € L)(Q)
with u = min{u1, p2}. Indeed, for any x1, x» € Q and o € [0, 1], we have
Sflaxy + (1 —a@)xz) < max{efi(x1) + (1 —a) f1(x2)

el —a)llxr — x2l%, afa(x1) + (1 — @) f2(x2)

poa(l —a)llxy — x2)|%)

N S

1
safG)+ A=) fx) - pa(l —a)lx - x|,

3. Subtraction.If f € .#(Q), then the function f@) = f(x)— Lullx|? is convex.
This fact follows from definition (3.2.37) and the Euclidean identity

Miex + (1 —a)yl? = Jalxl?> + J(1—a)llyl? = Ja(d —a)|x — yl?,
(3.2.41)

which is valid for all x, y € R* and @ € [0, 1].

Note also that any differentiable strongly convex function in the sense of (2.1.20)
belongs to the class yB(Q) (see Theorem 2.1.9).

Let us now derive the lower complexity bounds for problem (3.2.13) with a
strongly convex objective function. For that, we are going to use the function fi(-)
defined by (3.2.3). We add to assumptions (3.2.2) on the problem class the following
specification (compare with (3.2.7)).

* The function f is Lipschitz continuous on By (x*, ||xo — x*||)
with constant M > 0. (3.2.42)
© feSBalx*, lxo — x*[]) with p > 0.
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In what follows, we denote the class of problems satisfying assumptions (3.2.2),
(3.2.42) by Hs(x0, £, M).

Theorem 3.2.5 For any class P (xg, i, M) and any k, 0 < k < n — 1, there exists
a function f € Pg(xo, i, M) such that

_ f% M?
ACTO Rl iy A (3.2.43)
for any optimization scheme generating a sequence {xr}, which satisfies the
condition

Xx € xo + Lin{g(x0), ..., g(xx—1)}.

Proof 1In this proof, we use functions (3.2.3) with the resisting oracle (3.2.6).
Without loss of generality, we can take xo = 0. Let us choose f(x) = fit1(x)
with parameter

_ MJk+1
v = (3.2.44)

In view of identity (3.2.41) function f; belongs to the class YS (R™). At the same
time,

(B25 (244 M

Re & o — x7l
e = 1120 = A k1 T pakD

In view of (3.2.4), the Lipschitz constant of the function f; on the ball B> (x,’(‘, Ry)
is bounded by

(3.244)  oym MVk+1  _
2Rty = e T = M-
Thus, optimization problem (3.2.13) with f = fi+1 belongs to the problem class
P (x0, 4, M). At the same time, in view of the condition of the theorem,

(25 2 M2

* * j—
JG) = f* = _fk-i-l T 2uk+l) T 2pu@k+D)2C
It appears that for our problem class the simplest subgradient method is
suboptimal.

Theorem 3.2.6 Assume that the objective function f in problem (3.2.13) satisfies
assumptions (3.2.42). Let € > 0 be the desired accuracy in the optimal value of this
problem. Consider a sequence of points {xy} C Q generated by the following rule:

bl = Tg (xk - f;éST\)z) . k>0, (3.2.45)
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where g(xx) € 3f (xx). Then, if the number of steps N of this scheme is big enough,

M2 Milxo—x*|
N > Mg Mol (3.2.46)

def .
we have [y = og}cgle(xk) < f*+e

2e Assume that N satisfies the lower

Proof Letry = |lxx — x*| and hy = llg (el

bound (3.2.46) and

fOx)—f*>¢€ k=0,...,N (3.2.47)
Then
(2.2.49) 5
o = = g Goll? = 7 = 2hidg ) xi = x*) + | Ee
(3.2.39) 5 e . | 5 12
=TT e [f(xk) - 2‘”k] RTE

(3.2.47) » )
= (1 - ug(mnz)rk'

Thus, all x; € B(x*, ro) and therefore ||g(xx)|| < M. This implies that

(3.2.47)
€ <

N/2
famy = f* =My = M(1=25)""r = Mexp [N b ro.

This contradicts the lower bound (3.2.46). O

In view of our assumptions,

1 * 2(3‘2‘40) * *
Hillxo —x*[1 < fxo) — fF < Mlxo — x|

Therefore, ||xo — x*|| < 22’1 . Thus, the lower bound on the number of itera-
tions (3.2.46) can be rewritten in terms of the class parameters in the following
way:

N = M 27 (3.2.48)
Comparing it with the lower complexity bound (3.2.43), we can see that the
Subgradient Method (3.2.45) is suboptimal. Its main advantage is independence on
the exact values of the class parameters 1 and M.

Note that the step sizes of method (3.2.45) are twice as big as those of
method (3.2.24). If we divide the step sizes in (3.2.45) by two, then, for strongly
convex functions, this method will be twice as slow. At the same time, this new
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version will be identical to (3.2.24) with m = 0, which is able to minimize Lipschitz
continuous functions with simple set constraints (see Theorem 3.2.3).

3.2.7 Complexity Bounds in Finite Dimension

Let us look at the problems of Unconstrained Minimization again, assuming that
their dimension is relatively small. This means that our computational resources
allow us to perform a number of iterations of minimization schemes proportional to
the dimension of the space of variables. What will be the lower complexity bounds
in this case?

In this section, we obtain a finite-dimensional lower complexity bound for a
problem which is closely related to minimization problems. This is the feasibility
problem:

Find x* € §, (3.2.49)

where S is a closed convex set. We assume that this problem is endowed with a
separation oracle, which answers our request at a point x € R” in the following
way.

» Either it reports that x € S.
* Or, it returns a vector g, separating x from S:

(2,5 —x)>0 VxesS.

In order to measure the complexity of this problem, we introduce the following
assumption.

Assumption 3.2.1 There exists a point x* € S such that for some € > 0 the ball
By(x*, €) belongsto S .

For example, if we know an optimal value f* for problem (3.2.8), we can treat
this problem as a feasibility problem with

S={t.x) eR"™ | 1= f(). 1 < f*+E x e Q)
The relation between accuracy parameters € and € in (3.2.2) can be easily obtained,

using the assumption that f is Lipschitz continuous. We leave the corresponding
reasoning as an exercise for the reader.
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Let us describe now a resisting oracle for problem (3.2.49). Taking into account
the requests of the numerical method, this oracle forms a sequence of boxes { By },‘3‘;0,
Bi41 C By, defined by their lower and upper bounds:

By ={x e R" | ax <x < by}
For each box By, k > 0, denote by ¢x = é(ak + by) its center. For each box By,
k > 1, the oracle creates an individual separating vector gx. Up to the choice of

sign, this is always a coordinate vector.
In the scheme below, we use two dynamic counters:

e m is the number of generated boxes.
* i is the active coordinate.

Denote by e, € R” the vector of all ones. The oracle starts from the following
settings:

ap ‘= —Rén, b() = Rén, m .= 0, i:=1.

Its input is an arbitrary test point x € R".

Resisting oracle for feasibility problem

If x ¢ Bj then return a separator of x from B else

1. Find the maximal k € [0, ...,m]: x € By.
2. If k < m then return g else {Create a new box}:

If x® > c,(,’;) then a,,+1 := ap,

b1 = bm + (cﬁ,’;) — b,(,’;))e,', 8m = €.
else a,+1 := am + (c,(,? — a,,(i))e,-,

bmt1 :=bm, gm = —e;.

m:=m+1; i:=i+1; Ifi >ntheni:=1.

Return g;,.
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This oracle implements a very simple strategy. Note that the next box By, is
always half of the last box B,,. The last generated box B,, is divided into two equal
parts by a hyperplane, defined by the coordinate vector e;, which passes through ¢,
the center of B,,. Depending on the part of the box B, containing the point x, we
choose the sign of the separation vector: g,,4+1 = %e;. The new box By, is always
the half of the box B, which does not contain the test point x.

After creating a new box By, 1, the index i is increased by 1. If its value exceeds
n, we set again i = 1. Thus, the sequence of boxes { By} possesses two important
properties:

e vol, Biky1 = évoln By.
e For any k > 0 we have byt — dg4n = %(bk —ag).

Note also that the number of generated boxes does not exceed the number of calls
of the oracle.

Lemma 3.2.4 For all k > 0 we have the inclusion
k
Ba(ckn) C Beo with =15 (1)". (3.2.50)
Proof Indeed, for all k € [0, ...,n — 1] we have

1 1 1
BrODB,={x| ¢, — 2Rén <x<c,+ 2Rén} D Ba(cy, 2R).

Therefore, for such k we have By O Bj(ck, éR) and (3.2.50) holds. Further, let
k =nl 4+ p forsome p € [0,...,n — 1]. Since

N
by — ar = (2) (bp —ap),

By DO B 1R Ly
k 2\ 581, .

i
It remains to note that r; < éR (;) . o

we conclude that

Lemma 3.2.4 immediately leads to the following complexity result.

Theorem 3.2.7 Consider a class of feasibility problems (3.2.49), which satisfy
Assumption 3.2.1, and for which the feasible sets S are subsets of Boo(0, R). The
lower analytical complexity bound for this class is

R
nln26

calls of the separation oracle.
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Proof Indeed, we have seen that the number of generated boxes does not exceed the
number of calls of the oracle. Moreover, in view of Lemma 3.2.4, after k iterations
the last box contains the ball B (¢, rx). O

The lower complexity bound for minimization problem (3.2.8) can be obtained
in a similar way. However, the corresponding reasoning is more complicated.
Therefore we present here only the final result.

Theorem 3.2.8 A lower bound for the analytical complexity of the problem
class formed by minimization problem (3.2.8) with Q < Bx(0,R) and
fe Q&O(BOO(O, R)), isnln lgER calls of the oracle. 0O

3.2.8 Cutting Plane Schemes

Let us look now at the following minimization problem with set constraint:
min{ f(x) | x € O}, (3.2.51)

where the function f is convex on R”, and Q is a bounded closed convex set such
that

intQ #¢¥, diamQ = D < 0.
We assume that Q is not simple and that our problem is equipped with a separation

oracle. At any test point x € R”, this oracle returns a vector g(x), which is either:

* asubgradientof f atx,ifx € Q,
* aseparator of x from Q,if x ¢ Q.

An important example of such a problem is a constrained minimization problem
with functional constraints (3.2.22). We have seen that this problem can be rewritten
as a problem with a single functional constraint (see (3.2.23)) defining the feasible
set

Q={xeR"| f(x)=0}.
In this case, for x ¢ Q the oracle has to provide us with any subgradient g € 9 f (x).
Clearly, g separates x from Q (see Theorem 3.1.18).
Let us present the main property of finite-dimensional localization sets.

Consider a sequence X = {x;}72, belonging to the set Q. Recall that the
localization sets generated by this sequence are defined as follows:

So(X) = 0,

Ser1(X) = {x € Si(X) | (g(xk), xx — x) = 0}.
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Clearly, for any k > 0 we have x* € Si. Define

* * .
vi=vr(x"x) (=0), v = min v;.
i f( z) (_ ) k 0<i<k i

Denote by vol,, S the n-dimensional volume of the set § C R”.
Theorem 3.2.9 For any k > 0 we have

1
D [voln Sk(X)] n

%
Vg vol, O

IA

Proof Leta = vj{/D (< 1).Since Q C B(x*, D) we have the following inclusion:
(I -a)x*+aQ S (1 —a)x*+aB(x*, D) = By(x*, v).
Since Q is convex, we conclude that

(I—ax*+aQ=[1-a)x*+aQ]1Q S B(x*, )10 C Si(X).

Therefore vol,, Sx(X) > vol, [(1 —a)x* + @ Q] = a"vol, Q. O

Quite often, the set Q is very complicated and it is difficult to work directly with
the sets S (X). Instead, we can update some simple upper approximations of these
sets. The process of generating such approximations is described by the following
cutting plane scheme.

General cutting plane scheme

0. Choose a bounded set Ey 2 Q.
1. kth iteration (k > 0).

(a) Choose y; € Ex

(b) If yx € Q then compute f(yx), g(yr)- If yx ¢ O, then
compute g(yx), which separates y; from Q.

(c) Set

(3.2.52)

g, if yx € O,

8k
g, if yr ¢ Q.

(d) Choose Ex11 2 (x € Ex | (gk, vk — x) = 0}.
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Let us estimate the performance of this process. Consider the sequence ¥ =
{k}72» involved in this scheme. Denote by X a subsequence of feasible points in
the sequence Y: X = Y () Q. Let us introduce the counter

i(k) = number of points y;, 0 < j <k, suchthat y; € Q.

Thus, if i (k) > 0, then X # (.
Lemma 3.2.5 For any k > 0, we have S;) € Ey.

Proof Indeed, if i (0) = 0, then Sy = Q C Ejy. Let us assume that S;) € Ej for
some k > 0. Then, at the next iteration there are two possibilities.

(a) i(k+ 1) =i(k). This happens if and only if y; ¢ Q. Then
Erp1 2{x € Ex | (§(yx), yk —x) = 0}

D2 {xeSia+n | (€), vk —x) =20} = Sies1)

since S;(x+1) € Q and g(yx) separates y; from Q.
() i(k+ 1) =i(k) + 1. In this case yr € Q. Then

Err1 2 {x € Ex | (g0k), yk — x) = 0}

D2{xeSiam!| (&), yk—x) =0} = Sip+1

since yx = Xj). O
The above results immediately lead to the following important conclusion.
Corollary 3.2.4
1. For any k such that i (k) > 0, we have
1

1
voly ik (X) |n vol, E |»
v;k(k)(X) = D[ vol, O ] = D I:vol,1 Qk] .

2. Ifvol, Ex < vol, Q, theni(k) > 0.

Proof We have already proved the first statement. The second one follows from the
inclusion Q = So = S;x) € Ej, which is valid for all k£ such thati(k) =0. O

Thus, if we manage to ensure vol, Ex — 0, then we obtain a convergent
scheme. Moreover, the rate of decrease of the volume automatically defines the
rate of convergence of the corresponding method. Clearly, we should try to decrease
vol,, Ej as quickly as possible.
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Historically, the first nonsmooth minimization method, implementing the idea
of cutting planes, was the Center of Gravity Method. It is based on the following
geometric idea.

Consider a bounded convex set S C R", int S # . Define the center of gravity
of this set as

cg(S) = vollnS fxdx.
S

It appears that any cutting plane passing through the center of gravity divides the set
into two almost proportional pieces.

Lemma 3.2.6 Let g be a direction in R"*. Define
Sp={reS| (g cg(S) —x) =0}

Then

VOln S+ 1
vol, § =I-,

(We accept this result without proof.) 0O
This observation naturally leads to the following minimization scheme.

Method of Centers of Gravity

0. Set So = Q.
1. kth iteration (k > 0).

(a) Choose x; = cg(Sx) and compute f (xi), g(xk).
(b) Set Sk41 = {x € Sk | (g(xk), xk —x) = 0}.

Let us estimate the rate of convergence of this method. Define

fi = min f(x)).

0=j=<k

Theorem 3.2.10 If f is Lipschitz continuous on By (x*, D) with constant M, then
for any k > 0 we have

k

fk*—f*fMD(l—i)".
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Proof The statement follows from Lemma 3.2.2, Theorem 3.2.9 and Lemma
3.2.6. O

Comparing this result with the lower complexity bound of Theorem 3.2.8, we
see that the method of centers of gravity is optimal in finite dimensions. Its rate of
convergence does not depend on any individual characteristics of our problem like
the condition number, etc. However, we should accept that this method is absolutely
impractical, since the computation of the center of gravity in a high-dimensional
space is a more difficult problem than the problem of Convex Optimization.

Let us look at another method, which uses the possibility of approximating the
localization sets. This method is based on the following geometrical observation.

Let H be a positive definite symmetric #n x n matrix. Consider the ellipsoid

EH,¥)={x eR"| (H'(x —%),x —%) < 1}.

Let us choose a direction g € R”, and consider a half of the above ellipsoid, defined
by the corresponding hyperplane:

Ei={xeEMH,X)| (gx—x)=0}L

It turns out that this set belongs to another ellipsoid, whose volume is strictly smaller
than the volume of E(H, X).

Lemma 3.2.7 Define

Ty=x- 1 . M
t n+l " (Hgg)'/?

2 T
. n _ 2 Hgg' H
Hy= 5 (H w1l (Hg.g) )

Then E, C E(Hy, x4+) and

vol, E(H,, %4) < (1 )2 vol, E(H, %).

1
(n+1)?
Proof LetG = H ' and G4 = H_;l. It is clear that

_ n?—1 2 gg”
Gi="0 (G Tl <Hg,g>)'
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Without loss of generality we can assume that x = 0 and (Hg, g) = 1. Suppose

x € E4. Note that x4 = —n}rl Hg. Therefore,
_ 21 _ 2 _
o= 12, ="t (=% 13 +,2 (85 — £4%)
S 2 2 2 1
” X — X4 ”G = ” X ”G +n+1 <g7-x> + (n+1)2°

(g x —F)2 = (g, 0%+ 2 (&) + )1

Putting all the terms together, we obtain

— 2_
b= =0 (112 4,20 0%+, e + ).

n2
Note that (g, x) < 0and | x ||g< 1. Therefore
(8, x)? + (g.x) = (g, x)(1 + (g, x)) <0.

Hence,

-2 21 2 1
hx— e 13, =m0t (N 13 +,2 ) = 1

Thus, we have proved that E,. C E(H4, X4).
Let us estimate the volume of E(Hy, x4).

_ 1/2
vol, E(Hy,%y)  [detH ]"? 2 \'n—11"
vol, E(H,%) | detH T l\n2—-1) n+1

__ n? 1 2 Vll '§< n? 1 2 2
T n?2-1 n+1 —|n2-1 n(n+1)

_nz(n2+n—2):|; [ 1 }3
Ln(n — D(n+1)? (n+1)2

It turns out that the ellipsoid E(Hy, x4) is the ellipsoid of minimal volume
containing half of the initial ellipsoid E .

Our observations can be implemented in the following algorithmic scheme of the
famous Ellipsoid Method.
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Ellipsoid Method

0. Choose yg € R" and R > 0 such that B2(yp, R) 2 Q. Set
Ho= R?-1,.
1. kth iteration (k > 0).

&), if yr € O, (3.2.53)
8k =
g, it yk ¢ 0,

— vy, — L Hy g
YRl = Yk ™ nt1 " (Hygy 00012

2 Hygigl Hi
_on _ 2 Mk8k8i Mk
Her = 5 (Hk n+l - (Hrgr.gk) ) '

This method can be seen as a particular implementation of the general cutting
plane scheme (3.2.52) by choosing

Ex={x e R"| (H'(x —yo).x —y) < 1)
with yi being the center of the ellipsoid.

Let us present an efficiency estimate for the Ellipsoid Method. Let Y = {yx}72,,
and let X be a feasible subsequence of sequence Y:

X:YﬂQ.
Define f* = mi ).
efine f; o‘;”_lkf(xf)

Theorem 3.2.11 Let the function f be Lipschitz continuous on By(x*, R) with
some constant M. Then for i(k) > 0, we have

k 1
1 \2 1, Ba(xo,R) |
i?k)_f*fMR(l_(nH)Z) '[VO volzng) ] )
Proof The proof follows from Lemma 3.2.2, Corollary 3.2.4 and Lemma 3.2.7. O

We need additional assumptions to guarantee X # (. Assume that there exists
some p > 0 and x € Q such that

By(x, p) € Q. (3.2.54)
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Then

k

1 k 1
vol, Ex | < _ 1 2 | vol, Ba(xq,R) |7 < 1 72(n+l)2
[ vol, O ] =! (n+1)2 vol, O = p€ R.

In view of Corollary 3.2.4, this implies that i (k) > 0 for all
k>2n+1)>%h ’;.

If i (k) > 0O, then
_ k
i?k) _f* < })MR2~g 2(n+1)2.

In order to ensure that (3.2.54) holds for a constrained minimization problem
with functional constraints, it is enough to assume that all constraints are Lipschitz
continuous and there is a feasible point at which all functional constraints are
strictly negative (the Slater condition). We leave the details of the corresponding
justification as an exercise for the reader.

Let us discuss now the total complexity of the Ellipsoid Method (3.2.53). Each
iteration of this scheme is relatively cheap: it takes O (n?) arithmetic operations. On
the other hand, in order to generate an e-solution of problem (3.2.51), satisfying
assumption (3.2.54), this method needs

2(n + 1)*In MF°
calls of the oracle. This efficiency estimate is not optimal (see Theorem 3.2.8), but it
has linear dependence on In i , and polynomial dependence on the dimension and the
logarithms of the class parameters M, R and p. For problem classes, whose oracle
also has a polynomial complexity, such algorithms are called (weakly) polynomial.
To conclude this section, note that there are several methods which work with
localization sets in the form of the polytope:

Ex={xeR"| (aj,x) <bj, j=1...m}.

Let us mention the most important methods of this type:

* Inscribed Ellipsoid Method. The point yy in this scheme is chosen as follows:
yr = Center of the maximal ellipsoid Wy : Wy C E.

* Analytic Center Method. In this method, the point yj is chosen as the minimum
of the analytic barrier

mg
Fi(x) = =) In(bj — (a;, x)).
j=1
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* Volumetric Center Method. This is also a barrier-type scheme. The point yy is
chosen as the minimum of the volumetric barrier

Vi(x) = Indet V2 Fy(x),

where Fj(-) is the analytic barrier for the set Ey.

All these methods are polynomial with complexity bound

1\?
n <1n E) ,
where p is either 1 or 2. However, the complexity of each iteration in these methods

is much larger (n® — n* arithmetic operations). In Chap. 5, we will see that the test
points yy for these schemes can be efficiently computed by Interior-Point Methods.

3.3 Methods with Complete Data

(Nonsmooth models of objective function; Kelley’s method; The Level Method; Uncon-
strained minimization; Efficiency estimates; Problems with functional constraints.)

3.3.1 Nonsmooth Models of the Objective Function

In the previous section, we looked at several methods for solving the following
problem:

min f(x), (3.3.1)
xeQ

where f is a Lipschitz continuous convex function and Q is a closed convex
set. We have seen that the optimal method for problem (3.3.1) is the Subgradient
Method (3.2.14), (3.2.16). Note that this conclusion is valid for the whole class of
Lipschitz continuous functions. However, if we are going to minimize a particular
function from this class, we can expect that it will not be as bad as in the worst case.
We usually can hope that the actual performance of the minimization methods can
be much better than the worst-case theoretical bound. Unfortunately, as far as the
Subgradient Method is concerned, these expectations are too optimistic. The scheme
of the Subgradient Method is very strict and in general it cannot converge faster
than in theory. It can also be shown that the Ellipsoid Method (3.2.53) inherits this
drawback of subgradient schemes. In practice it works more or less in accordance
with its theoretical bound even when it is applied to a very simple function like
I 112
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In this section, we will discuss algorithmic schemes which are more flexible than
the Subgradient Method and Ellipsoid Method. These schemes are based on the
notion of a nonsmooth model of a convex objective function.

Definition 3.3.1 Let X = {x;};2, be a sequence of points in Q. Define

fie(X; x) = max [f(x) + (g(xi), x — x;)],

0<i<k

where g(x;) are some subgradients of f at x;. The function fk(X ;) is called a
nonsmooth model of the convex function f.

Note that f; (X; -) is a piece-wise linear function. In view of inequality (3.1.23),
we always have

f@) = filX;0)
for all x € R". However, at all test points x;, 0 < i < k, we have
f@i) = feXsx),  g(x) € 3 filX: xi).
Moreover, the next model is always better than the previous one:
St (X x) = fi(X;x)

for all x € R".

3.3.2 Kelley’s Method

The model fk (X; -) represents complete information on the function f accumulated
after k calls of the oracle. Therefore, it seems natural to develop a minimization
scheme, based on this object. Perhaps, the most natural method of this type is as
follows.

Kelley’s Method

0. Choose xp € Q. (332
1. kth iteration (k > 0). .
Find x;4+1 € Arg mig Je(X; x).
xe
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Intuitively, this scheme looks very attractive. Even the presence of a complicated
auxiliary problem is not too disturbing, since for polyhedral Q it can be solved by
linear optimization methods in finite time. However, it turns out that this method
cannot be recommended for practical applications. The main reason for this is its
instability. Note that the solution of the auxiliary problem in method (3.3.2) may be
not unique. Moreover, the whole set Arg nélg fk (X; x) can be unstable with respect

X

to an arbitrary small variation of data { f (x;), g(x;)}. This feature results in unstable
practical behavior of the scheme. At the same time, it can be used to construct an
example of a problem for which method (3.3.2) has a very disappointing lower
complexity bound.

Example 3.3.1 Consider the problem (3.3.1) with

fO,0 =max{ly | I x?, yeR, xeR",

Q={z=(x: Y+ IlxP< 1),

where the norm is standard Euclidean. Thus, the solution of this problem iAs ¥ =
(y*, x*) = (0, 0), and the optimal value f* = 0. Denote by Z} = Argmiél fx(Z; 2)
Z€E

the optimal set of model fk(Z ; z) and let fk* = fk(Z,f) be the optimal value of the
model.

Let us choose zg = (1, 0). Then the initial model of the function f is fo(Z ;2) =
y. Therefore, the first point, generated by Kelley’s method, is z; = (—1, 0). Hence,
the next model of the function f is as follows:

F1(Z: ) = max{y, =y} =| y | .
Clearly, fl* = 0. Note that ﬁ{*ﬂ > fk* On the other hand,
i< reh=o.

Thus, for all consequent models with £ > 1, we will have f,: = 0and Z,’f = (0, X;:),
where

X;=1{x€eB0,1): ] x; ||2 +2xi,x —x;) <0, i=0...k}.
Let us estimate the efficiency of the cuts for the set X;. Since x;y can be an

arbitrary point from X7, at the first stage of the method we can choose x; with the
unit norms: || x; ||= 1. Then the set X} is defined as follows:

1
Xf=lxeBO. D {xi.x) < .i=0. k).
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We can do this if
$:0. 1) ={x R | |« |=1}{1) X{ #0.
As far as this is possible, we can have
fzi) = f0,x) =1

Let us estimate the possible length of this stage using the following fact.

Let d be a direction in R”, || d ||= 1. Consider a surface

1

Sa@)={x eR"|[[x =1, (d,x) =2}, ac [, 11

n—1

Then v(er) = vol,—1 (S(a)) < v(0) [1 —a?] 2.

At the first stage, each step cuts from the sphere S, (0, 1) one of the segments

n—1
Sal( %), at most. Therefore, we can continue the process for all k < [j?’] . During

these iterations we still have f(z;) = 1.
Since at the first stage of the process the cuts are (x;, x) < é, forall k,0 <k <

N = [\ZTFI, we have

1
B0, ) C X}

This means that after N iterations we can repeat our process with the ball B; (0, %),

etc. Note that £(0, x) = } for all x from B,(0, }).
Thus, we prove the following lower bound for the Kelley’s method (3.3.2):

reo—re= ()1

This means that we cannot get an e-solution of our problem in fewer than

n—1
12 1
21n2 [m] In_
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calls of the oracle. It remains to compare this lower bound with the upper complexity
bounds of other methods:

Ellipsoid method: O (n*In !)
Optimal methods: O (n In i)

Gradient method: O (612>

3.3.3 The Level Method

Let us show that it is possible to work with a nonsmooth model of the objective
function in a stable way. Define

f* — min f(X; x), * = min ).
i =min fXi 0. f = min fG)

The first of these values is called the minimalA value of the model, and the second
one is the record value of the model. Clearly f < f* < f.
Let us choose some « € (0, 1). Define

@) = (1 —a) ff +aff.
Consider the level set
L) ={x € Q| fi(X;x) < le(a)}.

Clearly, %, («) is a closed convex set.

Note that the set %% («) is certainly interesting for optimization schemes. Firstly,
inside this set there is clearly no test point of the current model. Secondly, this set is
stable with respect to a small perturbation of the data. Let us present a minimization
method which deals directly with this level set.
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Level Method

0. Choose a point x9 € Q, accuracy € > 0, and level
coefficienta € (0, 1). (3.3.3)
1. kth iteration (k > 0).

(a) Compute fk* and f'.
(b) If £ — f;* <, then STOP.
(c) Setxyy1 = ﬁfk(a)(xk)-

In this scheme, there are two potentially expensive operations. We need to
compute an optimal value f;* of the current model. If Q is a polytope, then this
value can be obtained from the following linear programming problem:

min ¢,
sit. f(x;)+(glxi),x —x;) <t,i=0...k,
x € Q.

We also need to compute the Euclidean projection 7.4 (o) (x¢). If Q is a polytope,
then this is a quadratic programming problem:

min || x —x |2,
st f(x) + (g(xi), x —x;) < br(), i =0...k,

x € Q.

Both problems are solvable either by a standard simplex-type method, or by Interior-
Point Methods (see Chap. 5).

Let us look at some properties of the Level Method. Recall that the optimal values
of the model increase, and the record values decrease:

K<fRus<rr<fa=<rn.

Let Ay = [fk*, filand & = fif — f,j We call & the gap of the model fk(X; X).
Then

Ary1 € Ak, Skg1 < k.

The next result is crucial for the analysis of the Level Method.
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Lemma 3.3.1 Assume that for some p > k the gap is still big enough:
8p = (1 —a)dg.
Then foralli, k <i < p, we have {;(a) > f;
Proof Note that for all such i, we have §, > (1 — a)d; > (1 — a)d;. Therefore,
t@) = fFf— -8 = fi—(1—ws = fi+8,— (- = f. O
Let us show that the steps of Level Method are large enough. Define
My =max{l| g |l | g €df(x), x € Q}.

Lemma 3.3.2 For the sequence of points {xi} generated by the Level Method, we
have

lkn = ) = 0%
Proof Indeed,
FOm) = (=08 = ff = (1 - )8 = b(@)

> fe@orr1) > f o) + (g0), Xet1 — Xk)

> fx) = Mg || xkr1 —xic |l
o

Finally, we need to show that the gap of the model is decreasing.

Lemma 3.3.3 Let the set Q in problem (3.3.1) be bounded: diam Q < D. If for
some p > k we have §,, > (1 — a)dy, then

2 N2
p+l—k< "7

= (1-a)263"

Proof Let x; € Arg mig fp (X; x). In view of Lemma 3.3.1, we have
xe

fiXsxy) < fr(Xix}) = fr < ti(@)
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forall i, k <i < p. Therefore, in view of Lemma 2.2.8 and Lemma 3.3.2, we get

(1-a)?s?

e =y 12 < hxi = x5 12 = N xin —xi 117 < | — x5 |12 Iy

252
)  (1-0)%
Slhxi—xp ==, "
f
Summing up these inequalitiesini = k... p, we get

1—-a)%s52
(p+1-0"0" <lm—xp2< D% o
f

Note that the number of indices in the segment [k, p] is equal to p + 1 — k. Now
we can prove the efficiency estimate of the Level Method.

Theorem 3.3.1 Let diam Q = D. Then Level Method terminates after

M%D2
N = Lza(l—a)z(z—a)J +1

iterations at most. The termination criterion of the method guarantees f;' — f* < €.

Proof Assume that §; > €,0 < k < N. Let us represent the whole set of indices in
decreasing order as a union of m 4 1 groups,

INop=10 o1,
such that
1()=1p(). k(D] p() =k(), j=0...m,

pO =N, p(+D=k(j)-1, k(m)=0,

1 _
Sk(j) = 1-a0p()) < Sk(j)+1 = Sp(j+1)-
Clearly, for j > 0 we have

) Sp(i) 3p) €
Sp(j+n = l—a = (1—a)i+1 z (1—a)i+1"

In view of Lemma 3.3.3, n(j) = p(j) + 1 — k(j) is bounded:

M2 D? M2 D? .
: f ! 2j

< < —
n(J) = O 52(1—04)2(1 ).
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Therefore,

m . M2D2 m i M2D2
N = _ZO”(J) < i-ap Zo(l — 0¥ = o a0
= j=

Let us discuss the above efficiency estimate. Note that we can obtain the optimal
value of the level parameter o from the following maximization problem:

1-ao)?0-(1-a)’) — max .
a€l0,1]

Its solution is o* = ) ! , X 0.2929. Under this choice, we have the following

efficiency bound of the Level Method:

Zp2,

N§:2Mf

Comparing this result with Theorem 3.2.1, we see that Level Method is optimal
uniformly in the dimension of the space of variables. Note that the analytical
complexity bound of this method in finite dimensions is not known.

One of the advantages of this method is that the gap &y = f — fk* provides
us with an exact estimate of the current accuracy. Usually, this gap converges to
zero much faster than in the worst case situation. For the majority of real-life
optimization problems, the accuracy € = 10™* — 107 is obtained by the method
after 3n to 4n iterations.

3.3.4 Constrained Minimization

Let us show how to use piece-wise linear models to solve constrained minimization
problems. Consider the problem

min  f(x),
xeQ
(3.3.4)
st. fj(x) <0, j=1...m,

where Q is a bounded closed convex set, and functions f(-), f;(-) are Lipschitz
continuous on Q.
Let us rewrite this problem as a problem with a single functional constraint.
Define f(x) = lr<n.a<x fj(x). Then we obtain the equivalent problem
<j<m

;213 fx),
(3.3.5)
s.t. f(x) <0.
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Note that the functions f(-) and f (+) are convex and Lipschitz continuous. In this
section, we will try to solve (3.3.5) using the models for both of them.

Let us define the corresponding models. Consider a sequence X = {xx};2,,.
Define

fu:x) = max, [f ()4 (gej).x =xp)] = f (o),
Fix) = max, [F(p) 4+ (3. x =xp)] = f0o),

where g(x;) € 3f (x;) and g(x;) € 3 f(x}).
As in Sect. 2.3.4, our scheme is based on the parametric function

fe5x) = max{f(x) —1, f(x)},
f*(@) = min f(z; x).
xeQ
Recall that f*(t) is nonincreasing in ¢. Let x* be a solution to (3.3.5). Let t* =
f(x™). Then t* is the smallest root of thte function f*(¢).

Using the models for the objective function and the constraint, we can introduce
a model for the parametric function. Define

Ju(X: 1, x) = max{ /i (X; x) — 1, fi(X; x)} < f(t; %),

fr X0 = min i (X5 1,2) = (1),

Again, f,: (X; t) is nonincreasing in ¢. It is clear that its smallest root t,f (X) does not
exceed r*.
We will need the following characterization of the root t,f (X).

Lemma 3.3.4

7(X) = meiIQl{fk(XQ X) | filX;x) <0}

Proof Denote by X; the solution of the minimization problem in the above equation
and let f,j‘ = fi(X; X)) be its optimal value. Then

FEOXG ) < max{ fiu(X; £F) — i fi(X; 5} < 0.

Thus, we always have t}f > 11(X).
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Assume that f,j‘ > 1,/ (X). Then there exists a point y such that

fX:y) —15(X) <0, filX;y) <0.

However, in this case f,f = fk(X;)?Z‘) < fk(X; y) = H(X) < f,j‘. This is a
contradiction. O

In our analysis, we will also need the function
OV — mi . )

the record value of our parametric model.

Lemma 3.3.5 Let 1y < 11 < t*. Assume that fk*(X; t1) > 0. Then t;/(X) > t; and
feXit0) = feXom) + (0, fr(Xan). (33.6)
Proof Let x(t) € Argmin fi(X;t,x), 12 = t{(X), a0 = g:ig € [0, 1]. Then
t1 =1 —-a)o+an
and inequality (3.3.6) is equivalent to the following:
frXsm) = (=0 ff(X; 10) + o ff (X 1) (3.3.7)
(note that fk*(X; 1) = 0). Let x4 = (1 — a)x; (to) + ax; (t2). Then we have
fr (X1 < max{ fo(X: xa) — 13 fi(X: xa))
< max{(1 — &) (fi (X; x}(10)) — 10) + (o (X; 5 (12)) — 12);
(1 = @) fi(X; x7 (0)) + e fi (X; xf (12))
< (1 — o) max{ fi(X; x{ (10)) — 10 fic(X; x{ (10)))
o max{ fi(X: xj (12)) — 123 fi(X: %7 (22))

= (1 — ) fF(X; 10) + a f5(X; 1),

and we get (3.3.7). O

We also need the following statement (compare with Lemma 2.3.5).
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Lemma 3.3.6 Forany A > 0, we have
[r@) =A< ff+ 4,
fEXiD) — A< fEXst+ A).
Proof Indeed, for f*(t) we have

fHe+4) = 1323 [max{f(x) —t; f(x) + A} — Al

> mig [max{f(x) — t; f(x)} — Al = f*(t) — A.
XE

The proof of the second inequality is similar. O

Now we are ready to present a constrained minimization scheme (compare with
the constrained minimization scheme of Sect. 2.3.5).

Constrained Level Method

0. Choose xg € Q, 1o < t*, % € (0, ;), and accuracy € > 0.
1. kthiteration (k > 0).

(a) Keep generating the sequence X = {x /}7.;0 by the
Level Method as applied to the function f(#; x). If (3.3.8)
the internal termination criterion

FrXsn) = (=) fF(X; i)

holds, then stop the internal process and set j (k) = j.
Global stop: fj*(X; i) < e.
(b) Settyy1 = t;.‘(k)(X).

We are interested in the analytical complexity of this method. Therefore, the
complexity of the computation of the root t}k (X) and of the value f]* (X t) is not
important for us now. We need to estimate the rate of convergence of the master
process and the complexity of Step 1(a).

Let us start from the master process.

Lemma 3.3.7 Forallk > 0, we have

k
. to—t* 1
Fiu X ) < 97, [2(1—;0] :
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Proof Define

_ f:;(k)(X;tk) . 1
Ok = V1=t ‘B — 2(1—»x) (< 1)

Since tx4+1 = t;.‘(k) (X), in view of Lemma 3.3.5, for all k > 1, we have
1 . 1 7 .
k-1 = fpmr Faeny G =) = 2 o (X )

£ . 2(1-2x) . —
f;(k)(X, k) = * f;(k)(X, k) = Ogc .

> 2
= V1~ k1=t

Thus, o < Bor—1 and we obtain

[l X 1) = 0k/tiee1 — e < Brooy/tis — 1k
— gk . Ti+1 =Tk
= B o) (X 10) /B0

Further, in view of Lemma 3.3.6, 1 — t¢p > f;‘(())(X ; 19). Therefore,

* . k £ . Te1— 1k o Fx . _
o (X1 < B0 (X: 10) / s = Do e —w

< P V) — ).

It remains to note that f*(¢y) <ty — t* (see Lemma 3.3.6). O

Let the Global Stop condition in (3.3.8) be satisfied: f j* (X; tr) < €. Then there
exists a j* such that

[ xje) = fi(Xin) < e
Therefore, we have
o xj) = max{ f (xj«) — 1 f(x;)} < e.
Since #; < t*, we conclude that
Fxj) 1% +e,

(3.3.9)
flxj) <e
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In view of Lemma 3.3.7, we can get (3.3.9) at most in

to—t*

In

_ 1
N(€) = 11—

full iterations of the master process. (The last iteration of the process is terminated
by the Global Stop rule.) Note that in the above expression, x is an absolute constant
(for example, we can take x = i).

Let us estimate the complexity of the internal process. Define

Mp=max{|| g || g€dfx)| Jofw). xe 0.

We need to analyze two cases.
1. Full step. At this step, the internal process is terminated by the rule

A

fj*(k)(X§ ) > (1 - Jf)ff(k)(x§ 1).

The corresponding inequality for the gap is as follows:

A,

fj*(k) (X 1) — f}k(k)(X§ ) < }ff;(k)(X; Ir).
In view of Theorem 3.3.1, this happens at most after

M;D?
(S (X)) e (1—e)? (2~ax)

iterations of the internal process. Since at the full step f ;‘(k) (X; 1) = €, we
conclude that

M2 D?
. . ¥
J (k) —J (k - 1) = xzeza(l_a)z(z_a)

for any full iteration of the master process.
2. Last step. The internal process of this step was terminated by the Global Stop
rule:

fi(Xit) < e

Since the normal stopping criterion did not work, we conclude that

A

Fi X)) — i (X0 = xff (Xs ) = xe.

Therefore, in view of Theorem 3.3.1, the number of iterations at the last step does
not exceed

M3 D?
w2e2a(1—a)22—a) "
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Thus, we come to the following estimate of fotal complexity of the Constrained
Level Method:

M3 D?
(N + D o201 Zg120-a)
M2 D? *
_ f 1 to—t
= 2a(1-a)2(2—a) [1 11— I (1—}()5]

_ M3DIn 20001
T a(l-a)2Q—a)x2In[2(1—x)]"

1
244/2°
The principal term in the above complexity bound is of the order 0(512 In
2(“):*) ). Thus, the Constrained Level Method is suboptimal (see Theorem 3.2.1).
In this method, at each iteration of the master process we need to find the root
t;.‘(k) (X). In view of Lemma 3.3.4, this is equivalent to the following problem:

A reasonable choice for the parameters of this scheme is @ = x =

min{ f(X; x) | fu(X:x) <0}
xeQ
In other words, we need to solve the problem

min ,
xeQ

st f(xj) 4+ (g(xj), x —xj) <t, j=0...k,
Fe)+(8(x),x—x;) <0, j=0...k.

If Q is a polytope, this problem can be solved by finite linear programming methods
(simplex method). If Q is more complicated, we can use Interior-Point Schemes
(Chap.5).

To conclude this section, let us note that we can use a better model for the
functional constraints. Since

fOx) = max fi(x),

it is possible to work with

feX; ) = max - max [£i0r)) + {gi(x)), x = x))],

Jj<k l<i<m
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240 3 Nonsmooth Convex Optimization

where g;(x;) € 0fi(x;). In practice, this complete model significantly accelerates
the convergence of the process. However, clearly each iteration becomes much more
expensive.

As far as the practical behavior of this scheme is concerned, we note that
usually the process is very fast. There are some technical problems related to
the accumulation of many linear pieces in the model. However, in all practical
implementations of the Level Method there exist some strategies for dropping the
old inactive elements of the model.
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Chapter 4 )
Second-Order Methods Creck o

In this chapter, we study Black-Box second-order methods. In the first two sections,
these methods are based on cubic regularization of the second-order model of the
objective function. With an appropriate proximal coefficient, this model becomes
a global upper approximation of the objective function. At the same time, the
global minimum of this approximation is computable in polynomial time even if
the Hessian of the objective is not positive semidefinite. We study global and local
convergence of the Cubic Newton Method in convex and non-convex cases. In the
next section, we derive the lower complexity bounds and show that this method
can be accelerated using the estimating sequences technique. In the last section,
we consider a modification of the standard Gauss—Newton method for solving
systems of nonlinear equations. This modification is also based on an overestimating
principle as applied to the norm of the residual of the system. Both global and local
convergence results are justified.

4.1 Cubic Regularization of Newton’s Method

(Cubic regularization of quadratic approximation; General convergence results; Global rate
of convergence for different problem classes; Implementation issues; Complexity results for
strongly convex functions.)

4.1.1 Cubic Regularization of Quadratic Approximation

In this section, we consider the simplest unconstrained minimization problem

min f(x)

xeR"
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242 4 Second-Order Methods

with a twice continuously differentiable objective function. The standard second-
order scheme for this problem, Newton’s method, is as follows:

X1 = Xk — [VEF ]V £ (). 4.1.1)

We have already looked at this method in Sect. 1.2.

Despite its very natural motivation, this scheme has several hidden drawbacks.
First of all, it may happen that at the current test point the Hessian is degenerate; in
this case the method is not well-defined. Secondly, it may happen that this scheme
diverges or converges to a saddle point or even to a point of local maximum. In order
to overcome these difficulties, there are three standard recipes.

s Levenberg—Marquardt regularization. If V? f (x;) is indefinite, let us regularize
it with a unit matrix. Namely, use the matrix Gy = V2 f(xx) + y I, > 0 in order
to perform the step:

X1 = Xk — G 'V ().

This strategy is sometimes considered as a way of mixing Newton’s method with
the gradient method.

e Line search. Since we are interested in minimization, it is reasonable to introduce
in method (4.1.1) a certain step size iy > O:

X1 = Xk — e[V F )1V f ().

(This is a damped Newton method. Compare with the scheme (5.1.28).) This can
help in generating a monotone sequence of function values: f(xx+1) < f(xk).

o Trust-region methods. In accordance with this approach, at point a x; we have
to define a neighborhood, where the second-order approximation of the objective
function is reliable. This is a certain trust region A(x). For example, we can take

Alxp) = {x : [lx — xkll < €}

with some € > 0. Then the next point x;; can be chosen as a solution to the
following auxiliary problem:

1
min [Wf(xk), x — xg) + 2<v2f(xk)(x —Xp), X — m} .

xeA(xg)

Note that for A(xx) = R”, this is exactly the standard Newton step.

Unfortunately, none of these approaches seems to be useful in addressing the
global behavior of second-order schemes. In this section, we present a modification
of Newton’s method, which is constructed in a similar way as the Gradient Mapping
(see Sect.2.2.4).
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4.1 Cubic Regularization of Newton’s Method 243

Let # < R" be an open convex set. Consider a function f which is twice
differentiable on .%. Let x9 € F be a starting point of our iterative scheme. We
assume that the set .7 is large enough: It contains at least the level set

ZL(f(xo) ={x eR": f(x) = f(x0).}

Moreover, in this section we always assume the following.

Assumption 4.1.1 The Hessian of the function f is Lipschitz continuous on % :
IV f ) = V2 f Wl < Lix =yl ¥x.y € Z, (4.1.2)

with some constant L > Q. In this section, the norm is always standard Euclidean.
For the reader’s convenience, let us recall the following variant of Lemma 1.2.4.

Lemma 4.1.1 For any x and y from ¥ we have

) (1.2.13) 1 )
IVF) = VX)) =V f)y—xl =< 2L||y—x|| , (4.1.3)
) (219 3
[fO) — ) —(Vfx),y—x) = (VI f)y—x)y—x)| = gl z4x1||4-)

Let M be a positive parameter. Define a modified Newton step by minimizing a
cubic regularization of the quadratic approximation of the function f:

min [(V£(0).y =) + VA @0 =2,y =)+ Ly =] @)

Denote by Tjs(x) and arbitrary point from the set of global minima of this
minimization problem. We postpone the discussion of computational complexity
of finding this point up to Sect.4.1.4.1.

Note that point T)(x) satisfies the following first-order optimality condition:

1.2.4
(1.2, )O.

(4.1.6)

V) + V2 (Tu () = x) + 5 1T () — xI- (T (x) — x)

Letry(x) = ||x — Ty (x)||. Multiplying (4.1.6) by Ty (x) — x, we get the equation

(V@) Ty (x) = x) + (V2 F )Ty (x) — x), T (x) — x) + ¥ r3 (x) = 0.
4.1.7)

In our analysis of the process (4.1.16), we need the following fact.

yurii.nesterov@uclouvain.be



244 4 Second-Order Methods

Lemma 4.1.2 For any x € %, we have
V2f(x)+ Y ru), = 0. (4.1.8)

This statement will be justified later in Sect.4.1.4.1. Let us now present the main
properties of the vector function Ty (-).

Lemma 4.1.3 For any x € Z(f (x0), we have the following relation:
(VF(x), x —Ty(x)) > 0. (4.1.9)

IfM > %L and x € int .F, then Ty (x) € L(f(x)) C Z.
Proof Indeed, multiplying (4.1.8) by x — Ty (x) twice, we get
(V2 F )Ty (0) = x), T (1) = x) + Yy (x) = 0.
Therefore, (4.1.9) follows from (4.1.7).
Further, let M > %L. Assume that Ty (x) € #. Then ry(x) > 0. Consider the

following points:

y() =x+a(Ty(x) —x), «oe€l0,1]
Since y(0) € %, the value

a: y(@) € dcl (%)

is well defined. In accordance with our assumption, @ < 1 and y(«) € # for all
a € [0, a). Therefore, using (4.1.4), relation (4.1.7), and inequality (4.1.9), we get

FO@) < f)+ (V) y(@ —x)
+ UYL (@) — 1), y(@) —x) + “Erd, (o)
= )+ (Vf(®), y(@) —x)
+ U2 (@) — 1) y(@) —x) + CM (0 — o
= £+ (@ = UYL, Ty () —x) = CGD M3 (0 — a5

< f) = OO M3 () — a6,
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4.1 Cubic Regularization of Newton’s Method 245

where § = (% — L)r3 (x) > 0. Thus, f(y(@) < f(x). Therefore y(&) €
ZL(f(x)) C Z. This is a contradiction. Hence, Ty (x) € %. Using the same
arguments, we prove that f(Ty(x)) < f(x). O

Lemma 4.1.4 If Ty (x) € .7, then
IV Tl = 5 (L + My o), (4.1.10)
Proof From Eq. (4.1.6), we get
IV £+ V2T — 0l = ) Mry (o).
On the other hand, in view of (4.1.3), we have
IV (T () = V() = V£ T @) — 0 = ) Ly o).

Combining these two relations, we obtain inequality (4.1.10). O

Define

Fur ) =min [ £0) + (VA @),y = x)+ LV L0 =0,y =0+ Hly =]

Lemma 4.1.5 For any x € %, we have

fue) = min [£) + £y = xIP] @.1.11)
f) = fu) = ¥ (0. 4.1.12)

Moreover, if M > L, then Ty (x) € .F and

F(Tu(x) < fu(x). (4.1.13)

Proof Indeed, using the lower bound in (4.1.4), for any y € .# we have
Q@+ y =)+ (VP f ) =x).y = x) < fO) + glly = xIP,

and inequality in (4.1.11) follows from the definition of fM (x).
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Further, in view of the definition of the point Tjs(x), relation (4.1.7), and
inequality (4.1.9), we have

fx) = fux) = (Vf(x),x — Ty (x))
— V2 F )Ty (x) = x), Ty (x) —x) — Y73, (x)

= V). x = Ty()) + 1 ry ) = 1 ra ().

Finally, if M > L, then Ty (x) € % in view of Lemma 4.1.3. Therefore, we get
inequality (4.1.13) from the upper bound in (4.1.4). O

4.1.2 General Convergence Results

In this section, our main problem of interest is as follows:

min £ (x), (4.1.14)

xeR”

where the objective function f(-) satisfies Assumption 4.1.1. Recall that the
necessary conditions for a point x* to be a local minimum of problem (4.1.14) are
as follows (see Theorem 1.2.2):

Vi =0, V2f(x*) >0. (4.1.15)

Therefore, for arbitrary x € %, we can introduce the following measure of local
optimality:

@) =max |/, 2 IV =5, 24 (T2 £ 00}

where M is a positive parameter, and Apin(-) is the minimal eigenvalue of the
corresponding matrix. It is clear that for any x from .% the measure ups(x) is
non-negative and it vanishes only at the points satisfying conditions (4.1.15). The
analytical form of this measure can be justified by the following result.

Lemma 4.1.6 For any x € % we have wy(Ty(x)) < ry(x).

Proof The proof follows immediately from inequality (4.1.10) and relation (4.1.8)
since

V2f(Ty(x) = V2 f(x) = Lry ()] = =M + Lyry(x)I. O
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4.1 Cubic Regularization of Newton’s Method 247

Let Lo € (0, L] be a positive parameter. Consider the following regularized
Newton method.

Cubic Regularization of Newton’s Method

Initialization: Choose xg € R”.

(4.1.16)
Iteration &, (k > 0):

1. Find My € [Lo, 2L] such that f(Ta;, (x)) < far, (x0)-

2. Set xg41 = Ty (xi).

Since fM (x) < f(x), this process is monotone:

S < fx).

If the constant L is known, in Step 1 of this scheme we can take My = L. In the
opposite case, it is possible to apply a simple search procedure; we will discuss its
complexity later in Sect. 4.1.4.2.

Let us start from the following simple observation.

Theorem 4.1.1 Let the sequence {x;} be generated by method (4.1.16). Assume that
the objective function f () is bounded below:

fx)=f* VvxeZ.

o
Then > r;’,l, (xj) < i%) (f(x0) — f*). Hence, lim up(x;) = 0 and for any k > 1

i=0 ' i—00
we have

SN 1/3
i o8 (3 e0-f
min 1z () < § ( Qo ) : 4.1.17)

Proof In view of inequality (4.1.12), we have

k=1 k—1 k—1
o) = f* = B () = fliv) = O’Y’érwm >0 > rag, (x0).
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It remains to use the statement of Lemma 4.1.6 and the upper bound on My, at Step 1
in (4.1.16):

g (60) = g (i) = 3pn (i) O
Note that inequality (4.1.17) implies that

min |V f(x)| < OGk™?7).
I<i<k

We have seen that for a gradient scheme, the right-hand side in this inequality can
be of the order O (k~!/2) (see inequality (1.2.24)).

Theorem 4.1.1 helps us to get convergence results in many different situations.
We mention only one of them.

Theorem 4.1.2 Let the sequence {x;} be generated by method (4.1.16). Let us
assume that for some i > 0 the set £ (f (x;)) is bounded. Then there exists a limit

lim f(x;) = f*.

The set X* of limit points of this sequence is non-empty. Moreover, this is a
connected set such that for any x* € X* we have

fGH=f* V=0, V> fx*) >0.

Proof The proof of this theorem can be derived from Theorem 4.1.1 in a standard
way. O

Let us describe now the behavior of the process (4.1.16) in a neighborhood of a
non-degenerate stationary point, which is not a point of local minimum.

Lemma 4.1.7 Let X € % be a non-degenerate saddle point or a point of local
maximum of the function f(-):

V@ =0, Jmin(V?f(©) <0.
Then there exist constants €, § > 0 such that whenever the point x; appears to be in

the set Q = {x : ||lx —x|| <€, f(x) > f(x)} (for instance, if x; = X), then the next
point x; 1 leaves the set Q:

fxig1) = f(x) —4.
Proof Let us choose a direction d, ||d|| = 1, with negative curvature:

(V2 f(@)d,d) = —20 <O0.
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And let 7 > 0 be small enough: x+7d € .%. Define ¢ = mln{zL, } and$ = ¢ €2
Then, in view of inequality (4.1.11), upper bound on M;, and inequality (4.1.4), for
|T] < T we get the following estimate

fGiv) < fG+td) + 51I% +d — x|
< f(X)—ot?+ 16‘|t|3 + é [62 +2t{d, x — x;) + 12]3/2.
Since we are free in the choice of the sign of t, we can guarantee that
FOis) < f@ —o?+ L+ S [+, o<z
Let us choose |t| = € < 7. Then
fGis) < f@ =0+ FeP < f@) —ot? + 7 - 5 1P = f(B) — got*.

Since the process (4.1.16) is monotone with respect to the objective function, it will
never returnto Q. 0O

Consider now the behavior of the regularized Newton scheme (4.1.16) in a
neighborhood of a non-degenerate local minimum. It appears that in such a situation,
condition Lo > O is no longer necessary. Let us analyze a relaxed version
of (4.1.16):

X1 = Tpg (xp), k>0 (4.1.18)

where My € (0, 2L]. Define

_ LIVFG
b = 220 (V2 f ()

Theorem 4.1.3 Let V2 f(xo) > 0 and 8y < }1 Let the points {xi} be generated by
method (4.1.18). Then:

1. For all k > 0 the values i are well defined and converge quadratically to zero:
s <3 (% ) <382 <28, k>0 (4.1.19)
k1 =2 \1—8 ) = 3% = 3% =Y o

2. Minimal eigenvalues of all Hessians V? f (xy) satisfy the following bounds:

e Dnin(V2 £ (0)) < Amin (V2 f (x1)) < €/ *hmin (V2 £ (x0)). (4.1.20)
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3. The whole sequence {x;} converges quadratically to a point x*, which is a non-
degenerate local minimum of the function f. In particular, for any k > 1 we have

2k
IV £ Gl < 22, (V2F(x0) %) (2) . 4.1.21)

Proof Assume that V2 £ (x;) > 0 for some k > 0. Then the corresponding & is well
defined. Assume that §; < i. From Eq. (4.1.6), we have

ra, () = 11 Tag (k) — x| _||(V2f(xk)+er(xk) LTIV F G

el 1,
= dmin(V2F(x0) L)\mm(V S (k). (4.1.22)

2
Note also that V2 f(xk+1) V2 f (xx) — rum, (xk) L I,. Therefore,
Amin(V2 £ (k1)) = Amin(V2f (x0)) — rag (k) L

= hanin(V2f (x)) = EIRLSL (4.123)

= (1 = 8) kmin (V2 f (xk)).

Thus, V2 f(xx41) is also positive definite. Moreover, using inequality (4.1.10) and
the upper bound for My, we obtain

LIV f G L2}, () L2V £ ()12
2 . = 2 : = 4 :
2 (V2 Cae)) = 22 (V2f(usn) = 204 (V2 f(x) (1-80)°

2
_3( & 852
= 2(175k) = 3%

Thus, §g+1 < }1 and we prove (4.1.19) by induction. We also get §x4+1 < %(Sk, and,

Sk+1 =

since 8y < }‘, we come to the following bound:
Y5 < 1502 <1-2. (4.1.24)
[ 3

Further,

e (V2 £ ) 129 22 -
In ey = 2 In(l=8) = = Z 15 Z T imsy 20 =~
P
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(4.1.2)
In order to get an upper bound, note that sz(xk_H) < sz(xk) +ry (xk)L 1.
Hence,

5 s 4.1.22) s
Amin (V7 f (k1)) = Amin (V7 (60) + g ()L = (14 81) Amin (V7 f (xk)).

Therefore

Jmin(V2 £ (1)) _ o Ve ss 3
I a2y = LI +8) =< 26 < 5.

It remains to prove Item 3 of the theorem. In view of inequalities (4.1.22)
and (4.1.20), we have

it () < L dmin(V2F o)k <€) Amin (V2 (0))8.

Thus, in view of the bound (4.1.24), {x;} is a Cauchy sequence, which has a unique
limit point x*. Since the eigenvalues of V2 f (x) are continuous functions of x, from
the first inequality in (4.1.20) we conclude that 2 f&x*®) = 0.

Further, by inequality (4.1.19), we get the bound

5 16 2
Sk+1 < (1—80)2 =< 9 Sk'
Defining gk = 1965](’ we get §k+1 < 3,% Thus, for any k£ > 1, we have
5= 95 < 95 _ o (1)
k= 16% = 16% < 16 \2

Using the upper bound in (4.1.20), we get the last upper bound (4.1.21). O

4.1.3 Global Efficiency Bounds on Specific Problem Classes

In the previous section, we have already seen that the modified Newton scheme
can be supported by a global efficiency estimate (4.1.17) on a general class of non-
convex problems. The main goal of this section is to show that by specifying some
additional properties of non-convex functions, it is possible to get for this method
much better performance guarantees. A nice feature of method (4.1.16) consists in
its ability to automatically adjust its rate of convergence to the specific problem
classes.
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4.1.3.1 Star-Convex Functions

Let us start from a definition.

Definition 4.1.1 We call the function f star-convex if its set of global minimums
X* is not empty and for any x* € X* and any x € R” we have

flax*+ (1 —a)x) <af()+ 1 —-a)f(x) Vxe.F, Vael0,1].
(4.1.25)

A particular example of a star-convex function is a usual convex function. However,
in general star-convex function need not to be convex, even in the scalar case. For
instance, f(x) = |x|(1 — e 1), x e R, is star-convex, but not convex. Star-convex
functions arise quite often in optimization problems related to sum of squares. For
example the function f(x,y) = x?y? 4+ x> 4+ y? with (x, y) € R? belongs to this
class.

Theorem 4.1.4 Assume that the objective function in the problem (4.1.14) is star-
convex, and the set % is bounded: diam % = D < oo. Let the sequence {x;} be
generated by method (4.1.16).

L If f(x0) — f* > LD, then f(x1) — f* < JLD>.
2. If fxo) — f* < ;LD3, then the rate of convergence of process (4.1.16) is as
follows:

3
Foo = f = (0 k=20 (4.1.26)

Proof Indeed, in view of inequality (4.1.11) the upper bound on the parameters M,
and definition (4.1.25), for any k > 0 we have:

fere) = f6*) = min [ £() = f&5) + Sy = xel?
y=ax*+ (1 —a)xg, a €[0,1]]

< min [f ) — f(x%)

ael0,1
—a(f () — fF&) + Sadfx* — xl® ]

< min [fOo) — f*) —a(f@x) — &) + 5P D ].

ael0,1]

The minimum of the objective function in the last minimization problem in o > 0
is achieved for

2(f (xp)— f (x*
ak:\/ (S,
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If ax > 1, then the actual optimal value corresponds to @ = 1. In this case,

f@rg) — f(x*) < JLD3.
Since the process (4.1.16) is monotone, this can happen only at the first iteration of

the method.
Assume that o < 1. Then

2 3/2 1
Fowen = £ < fo = £ = [3r@o = faen] ™ L

: : 2= f(x*) e s 2 2 2.3 2
Or, using the notation o = \/ AL D3 , this is O S — 30 < o
Therefore,
2 2 2 2
| N G e X% > %%+ 1
k1 O k41 akyr(@ktart) = 203 = 3

Thus, ! > ! 4+ % >1+% and (4.1.26) follows. O

ok — ap

Let us now introduce the notion of a generalized non-degenerate global minimum.
Definition 4.1.2 We say that the optimal set X* of function f(-) is globally non-
degenerate if there exists a constant i > 0 such that for any x € . we have

f) = f* =15 p?x, X¥), (4.1.27)
where f* is the global minimal value of the function f(-), and p(x, X™*) is the
Euclidean distance from x to X*.

Of course, this property holds for strongly convex functions (see (3.2.43); in this
case X* is a singleton). However, it can also hold for some non-convex functions.
As an example, we can look at the function

f@) =xI* =D X*={x:|x| =1} CR"

Note also that if the set X* has a connected non-trivial component, then the Hessians
of the objective function at these points are necessarily degenerate. However, as we
will see, in this situation the modified Newton scheme still ensures a super-linear
rate of convergence. Define

- 1 3
W= 5 (lZL) :
Theorem 4.1.5 Let a function f be star-convex. Assume that it also has a globally

non-degenerate optimal set. Then the performance of the scheme (4.1.16) on this
problem is as follows.
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L If f(x0)— f(x*) > 35), then at the first phase of the process we get the following
rate of convergence:

4
fO) — f(x¥) < [(f(xo) — fl/— ’g\/gaﬂ/‘*} : (4.1.28)

This phase is terminated as soon as f(xy,) — f(x*) < ga_) for some ko > 0.
2. For k > ko the sequence converges superlinearly:

) = F9) < (G — fm T T, (4.1.29)
Proof Denote by x; the projection of the point x; onto the optimal set X*. In
view of inequality (4 1.11) the upper bound on the parameters My and defini-

tions (4.1.25), (4.1.27), for any k > 0 we have:

s — f(x7) < amln [f ) = f&™) —a(f ) = f(x)

L
+2aﬂuz—xmﬁ}

< min [f () — F™) = a(f () — f(x™))

€[0,1]
L 2 3/2
+2£( Uuw—f&ﬁﬂ ].
n

Defining Ay = (f (xx) — f(x™)) /@, we get the inequality

1
A1 < min [Ak —adi+ o A3/2:| (4.1.30)

Note that the first-order optimality condition for & > 0 in this problem is
o = \/ Afl 2
Therefore, if Ay > 9, we get

3/ 344
A= ac-(3)7 A

Defining u; = ZAk, we get a simpler relation:

2 3/4
Ukl = Uk — 3uk/ ;
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which is applicable if u;y > 1. Since the right-hand side of this inequality is
increasing for uy > 116, let us prove by induction that

4
1/4
ukf[uo/ —Ig)] .

Indeed, inequality

4 4 3
1/4 _ k+1 1/4 _ &k 2( /4 k
[”o 6 ] Z [”0 - 6:| E [”0 - 6]

is clearly equivalent to

3 4 4 3
2 /4 _ k 1/4 & /4 _ k+1|7 _ 1 /4 &k
3[”0 _6]2[”0 _6]_[”0 _6]—6””0 _6]

2 2 3
PR - - T T

which is obviously true.
Finally, if ux < 1, then the optimal value for « in (4.1.30) is equal to one, and we
get (4.1.29). O

4.1.3.2 Gradient-Dominated Functions

Let us now look at another interesting class of nonconvex functions.
Definition 4.1.3 A function f(-) is called gradient dominated of degree p € [1, 2]
if it attains a global minimum at some point x* and for any x € .# we have

f) = f&) <t IVFIP, (4.1.31)

where 7 is a positive constant. The parameter p is called the degree of domination.

We do not assume here that the global minimum of function f is unique. Let us
give several examples of gradient dominated functions.

Example 4.1.1 (Convex Functions) Let f be convex on R". Assume it achieves its
minimum at point x*. Then, for any x € R” with ||[x — x*|| < R, we have

(2.1.2)
fx)=f&x*) < (Vfx),x —x*) < [[Vf®)I]-R.

Thus, the function f is a gradient dominated function of degree one on the set
F={x: |lx—x*| <R}withty =R. O
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Example 4.1.2 (Strongly Convex Functions) Let f be differentiable and strongly
convex on R”. This means that there exists a constant ;& > 0 such that

(2.1.20)
FO) TE @ (V@) y —x)+ oully — x|, (4.1.32)
for all x, y € R”. Then, minimizing both sides of this inequality in y, we obtain,
fO) = f&) < IVFOI? VxR

Thus, f is a gradient dominated function of degree two on the set # = R" with
1

Tf = 2w O

Example 4.1.3 (Sum of Squares) Consider a system of non-linear equations:

gx) =0, (4.1.33)

where g(x) = (g1(x), ..., gn(x))T : R" — R™ is a differentiable vector function.
We assume that m < n and that there exists a solution x* to (4.1.33). Let us assume
in addition that the Jacobian

JT ) = (Va1(x), ..., Vgm(x))

is uniformly non-degenerate on a certain convex set .% containing x*. This means
that the value

o = inf huin (J(x)JT(x)>

is positive. Consider the function
1 m
Fe) =, &),
i=1

Clearly, f(x*) = 0. Note that V f(x) = JT (x)g(x). Therefore,
IVF@I? = (J)IT () gx), g(x)) > ollg)? = 20(f(x) — f(x*)).

Thus, f is a gradient dominated function on .# of degree two with 7y = 217. Note
that, for m < n, the set of solutions to (4.1.33) is not a singleton and therefore the
Hessians of the function f are necessarily degenerate at the solutions. O

In order to study the complexity of minimization of the gradient dominated
functions, we need one auxiliary result.
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Lemma 4.1.8 Ar each step of method (4.1.16) we can guarantee the following
decrease of the objective function:

_ Lo |V f (gD 1372
o) = foaeD) = 7 0, k=0, (4.1.34)

Proof In view of inequalities (4.1.12) and (4.1.10) we get

3/2 3/2
My 3 My 21V f Gl _ MV f G Dl
FOR) = O = Y o = N (PTGl ) = M0

It remains to note that the right-hand side of this inequality is increasing in Mj <
2L. Thus, we can replace My by its lower bound Lg. O

Let us start from the analysis of gradient dominated functions of degree one. The
following theorem shows that the process can be partitioned into two phases. The
first phase (with large values of the objective function) is very short, while at the
second phase we can guarantee the rate of convergence of the order O (1/k?).

Theorem 4.1.6 Let us use method (4.1.16) for minimizing a gradient dominated
function f of degree p = 1.

1. If the initial value of the objective function is large enough:

~ def
fa) = fozd = S (Lt Lo,

then the process converges to the region £ (@) superlinearly:

(Lo - rah) < (3) m(A0eo - ro). (4.1.35)

2. If f(x0) — f(x*) < y2& for some y > 1, then we have the following estimate
for the rate of convergence:

)
(r(esz)r)

Proof Using inequalities (4.1.34) and (4.1.31) with p = 1, we get

fon) = fx™) <d- k>0. (4.1.36)

Lo (feip)=f )2 12 3/2
FOw) = f i) 2 750 8 e = @7 ) — SV

Defining 8; = (f (xx) — f(x*))/®, we obtain

Sk — Sl = 8,0 (4.1.37)
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1/2

Hence, Ind; > Indx4+1 + In(1 + 8k+1

this is inequality (4.1.35).
Let us now prove inequality (4.1.36). Using inequality (4.1.37), we have

k
) = 3In6csr. Thus, Indy < (2) Indo, and

3/2 1/2
1 ! . 1 _ 1 _ \/8k+1+8k+17\/8k+1 _ \/1+8k+171
Sk41 Vo = i+ 32 T 32 T 3/2
+ \/3k+l+5k+1 «/5k+1\/5k+1+5k+1 \/3k+1+5k+1

_ 1 _ 1
\/1+«/5k+1'<1+\/1+\/5k+1) T/t 1 4/ T4+/Ses1

> Gt
24581 T 243480

Thus, \/18/( >
The reader should not be confused by the superlinear rate of convergence established
by (4.1.35). It is valid only for the first stage of the process and describes a
convergence to the set .Z (). For example, the first stage of the process discussed
in Theorem 4.1.4 is even shorter: it takes just one iteration.

Let us now look at the gradient dominated functions of degree two. Here we can
also see two phases of the process.

1 k .
y T 243y’ and this is (4.1.36). O

Theorem 4.1.7 Let us apply method (4.1.16) for minimizing a gradient dominated
Sfunction f of degree p = 2.

1. If the initial value of the objective function is large enough:

ey e L
FOO)=FOD 20 = 54y g (4.1.38)
then at its first phase the process converges as follows:
F) = f&®) < (f (o) = f(™) - e, (4.1.39)

_ o/
Where 0 = Guja(p o) fen i/
which (4.1.38) does not hold.

2. For k > ko, the rate of convergence is super-linear:

This phase ends at the first iteration ko for

w\4/3
O = fx) @ (V010D " (4.1.40)
Proof Using inequalities (4.1.34) and (4.1.31) with p = 2, we get

. — F(x*))3/4 ~
FO) = f o) = B T = SV i) = £
3

yurii.nesterov@uclouvain.be



4.1 Cubic Regularization of Newton’s Method 259

Defining 8 = (f (xx) — f(x™))/®, we obtain

8k = Skt + 840 (4.1.41)
Hence,
5 ~1/4 —1/4_
S B A B A

and we get (4.1.39). Finally, from (4.1.41) we have 841 < &>, which is
(4.1.40). O

Comparing the statement of Theorem 4.1.7 with other theorems of this section, we
can see a significant difference. This is the first time when the initial residual f (xg)—
f(x*) enters the complexity estimate of the first phase of the process in a polynomial
way. In all other cases, the dependence on this value is much weaker. However, we
will observe a similar situation in Sect. 5.2, when we will address the complexity of
minimizing self-concordant functions.

Note that it is possible to embed the gradient dominated functions of degree two
into the class of gradient dominated functions of degree one. However, it is easy to
check that this only makes the efficiency estimates established by Theorem 4.1.7
worse.

4.1.3.3 Nonlinear Transformations of Convex Functions

Let u(x) : R" — R”" be a non-degenerate vector function. Denote by v(u) its
inverse:

v(w): R" - R, vukx)) =x.
Consider the following function:

fx) = ¢u(x)),

where ¢ (u) is a convex function with bounded level sets. Denote by x* = v(u*) its
minimum. Let us fix some xo € R". Define

o = max{[v'@)| : ¢w) < f(xo)},

D= mlle{Hu —u*|| : du) < f(xo)}

The following result is straightforward.
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Lemma 4.1.9 Forany x,y € Z(f(x0)) we have

Ix =yl < ollu(x) —uI. (4.1.42)
Proof Indeed, for x,y € Z(f(x0)), we have ¢ (u(x)) < f(xp) and ¢p(u(y)) <
f(xp). Consider the trajectory x(¢) = v(tu(y) + (1 — t)u(x)), ¢t € [0, 1]. Then

1 1
y—x=[x'()dt = (f v (tu(y) + (1 — t)u(X))dt> S (y) —u(x)),
0 0

and (4.1.42) follows. O
The following result is very similar to Theorem 4.1.4.

Theorem 4.1.8 Assume that the Hessian of the function f is Lipschitz continuous
on a convex set F O L(f(xp)) with constant L and let the sequence {x;} be
generated by method (4.1.16).

1. If f(xo) = f* = 5L(@D)’, then f(x1) — f* < ,L(6 D).
2. If f(xg) — f* < ;L(a D)3, then the rate of convergence of the process (4.1.16)
is as follows:

3
fe) = FN = 000, k=0, (4.1.43)

Proof Indeed, in view of inequality (4.1.11), the upper bound on the parameters My,
and definition (4.1.25), for any k > 0 we have:

f @) = f&) = minl f() = fG5) + Sy — xell®

y =v(au* + (1 — )u(xy)), @ € [0, 1]].

By definition of the points y in the above minimization problem and (4.1.42), we
have

FO) = f&™) = ¢lau™ + (1 —auxk)) — ™) = (I —a)(f(xp) — f(x™),
Iy = xill < aollulxp) —u*|| < aoD.

This means that the reasoning of Theorem 4.1.4 goes through replacing D
byoD. 0O

3
Let us prove a statement on strongly convex ¢. Define @ = le ( 2’:2) .
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Theorem 4.1.9 Let the function ¢ be strongly convex with convexity parameter
w > 0. Then, under assumptions of Theorem 4.1.8, the performance of the
scheme (4.1.16) is as follows.

L If f(x0)— f(x*) > 35), then in the first phase of the process we get the following
rate of convergence:

4
f@r) — fx*) < [(f(XO) — fll/4 - ’g\/ 3@1/4} . (4.1.44)

This phase is terminated as soon as f(xy,) — f(x*) < gav)for some ko > 0.
2. For k > ko, the sequence converges superlinearly:

Fan) = &) < (F0) — famy/ 70576, (4.145)

Proof Indeed, in view of inequality (4.1.11), the upper bound on the parameters My,
and definition (4.1.25), for any k > 0 we have:

f @) = f&) = minl f() = fG5) + Sy — xell®

y =v(au* + (1 — )u(xy)), @ € [0, 1]].

By definition of the points y in the above minimization problem and (4.1.42), we
have

FO) = f&™) = ¢lau™ + (1 —auxk) — @) = (I —a)(f(xp) — f(x™),

(2.1.21)

Iy =2l < aoluca) — 'l < a0 [2(F0) — FG).

This means that the reasoning of Theorem 4.1.5 goes through replacing L by
3
c°L. O

Note that the functions described in this section are often used as test functions for
non-convex optimization algorithms. The simplest way of defining a nondegenerate
transformation u(-) : R” — R” is as follows:

uMx) = xD,

uD@) = x@ 4 1 (x D),

(4.1.46)
u® ) = x4+ gD, x?),

u®(x) =xM + g, (xV, .. xCD),
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where @1, - - - , ¢p,—1 are arbitrary differentiable functions. It is clear that the Jaco-
bian u’(x) is an upper-triangular matrix with unit diagonal. Thus, this transformation
is non-degenerate.

4.1.4 Implementation Issues
4.1.4.1 Minimizing the Cubic Regularization

In order to compute the mapping T/ (x), we need to solve an auxiliary minimization
problem (4.1.5), namely,

min [v(h) L (g hy + LHR, ) + 1‘64||h||3]. (4.1.47)
If the Hessian H is indefinite, this problem is nonconvex. It can have many strict
isolated minima, while we need to find a global one. Nevertheless, as we will
show in this section, this problem is equivalent to a convex univariate optimization
problem.

Note that the objective function of the optimization problem (4.1.47) can be
represented in the following way:

v(h) = min {ﬁ(h, o) % (gohy + L(HR By + M2 )2 < r}.
T

Thus, the point Ty (x) can be found from the following problem

: = . def 1202 1
smin_ (507 £ < i - e < o).

Since this is already a constrained minimization problem, we can form for
it a Lagrangian dual problem (see Sect.1.3.3). Indeed, define the Lagrangian
ZL(h,7,2) = 0(h, 1) + Ay |IhII> — J7] with o € R" and 7,1 € R. Then the
dual function is

— ; 1 M, _3/2 1 2 1
yoy = nt {(eoh) + S (HR B+ TP AR - b

The optimal value of t can be found from the equation ]Z[ ||/ ?sign(r) = %)\.
Therefore, T()) = 41’;1'% ‘, and we have

YD = inf {(g.h)+ 3(H + 21 h) — 2o 2P}

dom ¥ = {A €R: inf g,(h) (g h) + L((H + L)k, )] > —oo} .
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Let us describe the structure of dom . Without loss of generality, we can
assume that H is a diagonal matrix with values {H;}]_, on the diagonal. Let

Hpyin = min H;.
1<i<n

If A > —Hpin, then A € dom ¢. If A < —Hpip, then A ¢ dom . Thus, only
the status of the point A = — Hp;, can be different. Define

G?= Y (g% I* = {i: H; = Huin}.
iel*
There are three possibilities.

1. G? > 0. Then dom Y ={k € R: A > —Hpjp}. For any A in this domain we
have

_ 1 G 1 (g")? 2 1413
V) == g T2 2 s~ e A (4.1.48)
igl*
At the same time, the optimal vector for the function g, (-) has the form

h(\) = —(H + A1) 'g.

This vector and value t()A) are uniquely defined and continuous on dom .
Hence, in view of Theorem 1.3.2, we have

in v(h) = ).
min v(h) Aedonr?ixm&w ) (4.1.49)

2. G? = 0. Then dom Y ={r € R: A > —Hpjn}. In this case, for any A >
— Hpin, the optimal vector is uniquely defined as follows:

' PIO T
Oy = | Hwe TEET (4.1.50)
0, otherwise,

This vector is continuous on dom 1. Therefore, if

e &ef arg  max Y(A) > —Hmin,
redom ¢ (R4

then the conditions of Theorem 1.3.2 are satisfied. Hence, in this case rela-
tion (4.1.49) is also valid.

3. The only remaining case is G> = 0 and A* = — Hpj,. This is possible only if
Hpin < 0 and the gradient is small enough (e.g. g = 0). In this situation, the
rule (4.1.50) does not work and we need to form the solution of problem (4.1.47)
using an eigenvector of matrix H, which corresponds to the eigenvalue Hpiy.
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Let us choose an arbitrary k£ € I'* and a small parameter § > 0. Define a new
function

vs(h) = v(h) + 8h0.

This function satisfies the condition of Item 1. Therefore, in view of (4.1.49) we
have

max vs(h) = max L),
heRn s(h) redom s (R4 Vs (h)

g2
Ys(A) = 2 Hmer)\ Z )

3
2 A7
o T 3m

Since dom 5 = (—Hmjn, +00), the optimal point of the dual problem A} can
be found from the following equation:

5 €02 _ 42
(Hmin+1)? +i§* (Hi+0)2 — M2%° (4.1.51)
Thus, the optimal vector for the primal problem is
hs(8) = —(H + A3 1,) 7' (g + Sep).

All components hfki) (8) withi # k are continuous in § (recall that H is a diagonal
matrix). For i = k, we have

1/2
k) _ s (4.1.51) 403)? (gD)2
h* (8) = _Hmin+}‘zf - - |: M2 Z (Hi+)t§)2 .

igl*

Thus, there exists a limit 4, = 5111% h4(8), defined as follows:
—

i i @)
b= ¥ 00 +hPe B = =€ g,
idr*
1/2 4.1.52
p® — _ | *Hain (82 (132
* = T 2 . - )2 .
M (27 (Hi=Huin)

It is easy to see that A, is a global optimum for problem (4.1.47). Indeed, for
any i € R" we have

vs(h) > vs(he(8)) > v(h(8)) — 8|h% (8)].

Taking in these inequalities the limit as § — 0, we get v(h) > v(hy). O

yurii.nesterov@uclouvain.be



4.1 Cubic Regularization of Newton’s Method 265

Note that in both Items 1 and 2, the optimal solution of the dual problem A*
satisfies the first-order optimality condition

(124)

rFy — 1 G 1 (") 2 2
W ()"*) = T2 (HpintA®)2 2 Z (Hi+2$)2 — M2 ()"*) 0,

igl*

and the optimal global solution of primal problem (4.1.47)is hy = —(H+A*1,) "' g.
In other words, A* satisfies the equation

ICH +2*L) "' gl = 2a* (4.1.53)

Thus, ry(x) = ||hsl = 121/1)‘*’ and we conclude that H + M”‘g(x) I, > 0 (this

is (4.1.8)). Note that in the case described in Item 3, we have ||| = >l Thus,
we also have

H+ Y91 — H 4 |Hyill, = 0.

Using the new variable r, we can rewrite equation (4.1.53) in the following form
r=|(H+ f‘gf 1)_1 R (4.1.54)

with r > A2/1 (—Amin(H))+. A technique for solving such equations is very well
developed for the needs of Trust Region Methods. As compared with (4.1.54), the
equations for Trust Region Schemes have a constant left-hand side. But of course, all
possible difficulties with (4.1.54) are due to the non-linear convex right-hand side.
In any case, before running a procedure for solving this equation, it is reasonable to
transform the matrix H into a tri-diagonal form using the Lanczos algorithm. In the
general case, it takes O (n*) operations.

In order to illustrate possible difficulties arising in the dual problem, let us look
at the following example.

Example 4.1.4 Letn = 2 and
g=(-107, H =0, H=-1, M=1

Thus, our primal problem is as follows:

3
& :‘”’” = H =30+ [ )+ e’ } |

heR2
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Following (4.1.6), we have to solve the system of two non-linear equations:

1 (O) + (@) =1,

0O + () =4,
Thus, we have three candidate solutions:
ni= 2,07, hy=1V37, h=1,-V3)7.

By direct substitution, we can see that

Y = =2 > —T =y} = yod).

Thus, both /3 and A% are our global solutions.
Let us look at the dual problem. Since G2 = 0, we have the following objective:

(4.1.48) 24,3
oy CEY - -2

We need to maximize this function subject to the constraint A > (—Hpin)+ = 1.
Since ¥/(1) < 0, we conclude that A* = 1. Thus, using representation (4.1.52), we
get

1/2
— -1 2 1 _ T
W= —er- gy +ea|4H o] =avyT o

min ~ (—Hpy,

To the best of our knowledge, a technique for finding the global minimum
of problem (4.1.47) in the degenerate situation of Item 3 without computing an
eigenvalue decomposition of the matrix H is not known yet. Of course, we can
always say that this degeneracy disappears with probability one after an arbitrary
small random perturbation of the vector g.

4.1.4.2 Line Search Strategies

Let us discuss the computational cost of Step 1 in method (4.1.16), which consists
in finding My € [Lo, 2L] satisfying the equation:

F(Tr, (x0) < fua (xk)-
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Note that for My > L this inequality holds. Consider now the following backtrack-
ing strategy.

Find the first ig > 0 such that f Ty, (X)) < foig p, (6)-
(4.1.55)
Define x 11 := Thi, My (xx) and My41 = 20k M.

If we apply this procedure at each iteration of process (4.1.16), which starts from
My € [Lo, 2L], then we have the following advantages:

o M, <2L.
* The total amount of additional computations of mappings T, (-) during N
iterations of process (4.1.16) is equal to

LA y My My L
> ik =) logy "yt = log, "yt < l+logy ;.

(Indeed, if iy = 0, then we compute only one mapping T, (-) at this iteration.)
The right-hand side of the above bound does not depend on N, the number of
iterations of the main process.

However, it may happen that rule (4.1.55) is too conservative. Indeed, we can
only increase our estimates for the constant L and never let them go down. This
may force the method to take only short steps. A more optimistic strategy is as
follows:

Find the first ix > 0 such that f (T, py (X6)) < faix pg, (X8)-
(4.1.56)
Define xj+1 := Thit yy, (xk) and M1 := max {Lo. 2% My}

Then the total amount of additional computations of mappings Ty, (-) after N
iterations of the process (4.1.16) can be bounded as follows

ul ul 2M, M
>ix = Y logy it = N+ 1+log, "t < N+2~|—10g2LI‘0.
k=0 k=0

Thus, after N iterations of this process, we never compute more than
2L
2N +3 +logy 7,

mappings T (-). This is a reasonable price to pay for the possibility of moving by
long steps.
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4.1.5 Global Complexity Bounds

Let us compare the complexity results presented in this section with some known
facts on global efficiency bounds of other minimization schemes.

Assume that the function f is strongly convex on R” with convexity parameter
u > 0 (see (4.1.32)). In this case, there exists its unique global minimum x*, and
condition (4.1.27) holds for all x € R" (see Theorem 2.1.8). Assume also that the
Hessian of this function is Lipschitz continuous:

IV2f () = V2f)Il < Llix —yll,  Vx,y €R™

For such functions, let us obtain the complexity bounds of method (4.1.16) using
the results of Theorems 4.1.4 and 4.1.5.
Indeed, let us fix some xo € R". Denote by D the radius of its level set:

D= mfx{llx —x*l: f(x) < f(xo)}

From the condition (4.1.27), we get

1/2
D=2 -]

We will see that it is natural to measure the quality of the starting point xo by the
following characteristic:

_ LD
x = x(xg) = W

Let us introduce three switching values

W

4 - 3 3
182 = 9@, w1 = 2MD2, wy = 2LD3.

w) =

In view of Theorem 4.1.4, we can reach the level f(xg) — f(x*) < éLD3 in one
iteration. Therefore, without loss of generality we assume that

fe) = f&x") < .
Suppose we are interested in a very high accuracy of the solution. Note that the case

» < 1is very easy since the first iteration of method (4.1.16) comes very close to
the region of super-linear convergence (see Item 2 of Theorem 4.1.5).
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Consider the case x > 1. Then wg < w; < wy. Let us estimate the duration of
the following phases:

Phase 1: w; < f(x;) < w3,
Phase 2: wp < f(x;) < oy,

Phase 3: € < f(x;) < wp.
In view of Theorem 4.1.4, the duration k; of the first phase is bounded as follows:

3LD3
<
O 04 b2

Thus, k; < 3./x. Further, in view of Item 1 of Theorem 4.1.5, we can bound the
duration k; of the second phase:

1/4
0

oo/t < (f 1) — a4 =R

1/4
< (uDH =2y,

This gives the following bound: ky < 33/421/2 /5 < 3.25./x.
Finally, let §; = 4w0 (f (xx) — f(x™)). In view of inequality (4.1.29) we have:

et <87 kzk=k+k+1.

At the same time f(xp) — f (x*) < wp. Thus, O < }‘, and the bound on the duration

k3 of the last phase can be found from the following inequality:
(g) In4 < In .

This is k3 < 10g3 10g4 9 , . Putting all the bounds together, we obtain that the total
number of steps N in (4.1. 16) is bounded as follows:

3
N <6.25 \/ LD 4 log, <log4 ! Y log, ﬁﬁz) . (4.1.57)

It is interesting that in estimate (4.1.57) the parameters of our problem interact
with accuracy in an additive way. Recall that usually such an interaction is
multiplicative. Let us estimate, for example, the complexity of our problem for
the Fast Gradient Method (2.2.20) for strongly convex functions with Lipschitz
continuous gradient. Denote by L the largest eigenvalue of the matrix V2 f(x*).
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Then we can guarantee that
pl < V2f(@) = (L+LD) Vx, |lx—x*| < D.

Thus, the complexity bound for the optimal gradient method is of the order of

L+LD 1. (L+LD)D?
(0] <\/ " In p )
iterations. For the Gradient Method (2.1.37) it is even worse:

7 7 2
0 (L-i-MLD In (L+LDID ) .

Thus, we conclude that the global complexity bounds of the Cubic Newton
Method (4.1.16) are considerably better than the estimates of the gradient schemes.
At the same time, we should recall, of course, the difference in computational cost
of each iteration.

Note that similar bounds can be obtained for other classes of non-convex
problems. For example, for nonlinear transformations of convex functions (see
Sect.4.1.3.3), the complexity bound is as follows:

2 3
N <625 /7LD +1logy (log, | +1logy %) (4.1.58)

To conclude, note that in scheme (4.1.16) it is possible to find elements of
the Levenberg—Marquardt approach (see relation (4.1.8)), or a trust-region idea
(see the discussion in Sect.4.1.4.1), or a line-search technique (see the rule of
Step 1 in (4.1.16)). However, all these facts are consequences of the main idea of
the scheme, consisting in computation of the next test point of the process as a
global minimizer of cubic regularization of the second-order approximation, which
globally overestimates the values of the objective function.

4.2 Accelerated Cubic Newton

(Primal and dual spaces; Uniformly convex functions; Regularization of Newton iteration;
An Accelerated scheme Global non-degeneracy for second-order schemes; Minimizing
strongly convex functions; False accelerations.)

4.2.1 Real Vector Spaces

Starting from this section, we often work with more abstract real vector spaces.
In the previous part of the book, we were dealing mainly with the simplest space
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R". However, very often we need to highlight the fundamental difference between
the vectors of decision variables and the vectors of gradients. The simplest way of
doing this is to just keep them in different spaces. For us, the space for variables will
always be the primal space, and the space for gradients will be the dual space.

Let E be a finite-dimensional real vector space, and E* be its dual space,
comprised of linear functions on E. Denote by (s, x)g the value of s € E* at a
point x € E (sometimes it is called the scalar product of s and x). If there is no
ambiguity of notation, the subscript of the scalar product is usually omitted. Since
we always work in finite dimensions, we have (E*)* = E.

Consider, for example, a differentiable function f with dom f = . Then, by
definition of the gradient, we have

fx+h) = f&x)+(Vfx), h) +o(lrl), x,hel.

Thus, the gradient defines a linear function of x, and therefore V f(x) € E*. It
is important to remember that the coordinate form of the gradient (1.2.3) makes
sense only if E = E* = R". In order to convert E to R”, we need to fix a basis of
this space. This operation can be done in many different ways, which significantly
change the topology of functions and their characteristics. Therefore, it is often
convenient to avoid this operation in explaining the principles of optimization
schemes.

Further, for two spaces E; and E%, we can consider a linear operator A : E; —
[E3. For this operator, we can define the adjoint operator A* as follows:

(Ax, y)g, = (A*y, x)g,, Vx ek, yels.
Clearly, A* maps E; to E}. In the case when E; = R", and E; = R the operator A
can be represented by an (;m x n)-matrix. Then the matrix for A* is just its transpose:
A* = AT,
In order to have a full picture, let us describe a standard procedure for converting

E and E* into R". Let n = dim E. Let us choose a basis B = (by, ..., b,) in E. We
can treat it as a linear operator B : R” — [ defined by the following rule:

n .
x=Bx = Y bix® x=GEWw, ... T er
Using this basis, we can define a linear operator B* : E* — R” as follows:
s=GW,. .., sMT = B*s e R", s e E*,
which is equivalent to the following rules:

5O =(s,b;), i=1,...,n.
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Then, using the operator (B*)~! : R” — E*, we can define the dual basis in E*.
Indeed, s = (B*)~'5 € E* for§ € R”. Therefore, the corresponding basis vectors
in E* are as follows:

(B et ... (B ),

where ¢; are the unit coordinate vectors in R, i = 1...., n. Note that

(B7I5,bi)g = (B*)7'5, Bej)g = (B*(B*)7'5, ¢;)rn
4.2.1)
=50 i=1,....n

Hence, we get the following representation for the scalar product of two vectors
s € E*andx € E:

(s,x)g = ((BH7'5, Bi)g = ii‘“((B*)*lf,b»
i=1

@2.1) i;(i)g(i) = 5T% = (5, %)gn.
i=1

Further, the operator B : E — E* is called self-adjoint if
(Bx,y) = (By,x), Vx,yelk.

For E = R”" a self-adjoint operator is represented by a symmetric matrix. The
most important examples of self-adjoint operators are given by Hessians. Indeed,
by definition (see (1.2.7)), we have

Vix—+h) =Vfx)+Vifx)h+o(lh|) € B, xecE, hek.

Thus, V2 f(x) is a linear operator from E to E*. This interpretation confirms the
validity of the Newton direction:

[VZf ()] 'V f(x) € E.
It is well known that for twice continuously differentiable functions the matrix
representation of the Hessian is symmetric. This means that any Hessian is a self-
adjoint operator.
Finally, a self-adjoint operator B : E — E* is positive semidefinite if

(Bx,x) >0, Vxek,

notation B > 0. If the above inequality is strict for all x # 0, we call the operator
positive definite (notation B > 0). Positive definite operators are invertible.
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Now we can define all necessary objects. Let us fix a positive definite self-adjoint
operator B : E — E*. Define the primal norm for the space E:

k| = (Bh,h)'/?, h eE. 4.2.2)
Our above discussion suggests that the most natural candidates for such an operator
B are nondegenerate Hessians of convex functions. We will discuss this possibility

in detail in Chap. 5.
The dual norm for E* can be defined in the standard way:

sl = max{(s,x) < Jlxll < 1) GLOY o BIgyl2 5 e RX (4.2.3)
xe

An immediate consequence of this definition is the Cauchy—Schwarz inequality
(4.2.3)
(.0) < lslls - lIxll, x €E, s € B~ 4.24)
Finally, for a linear operator A : E — E* we have

Al = Ah|ls.
Al nax, AR (4.2.5)

If the operator A is self-adjoint, the same norm can be defined as
A|l = max [{(Ah, h)|.
Al max, I )| (4.2.6)

Any s € [E* generates a rank-one self-adjoint operator ss* : E — E* acting as
follows

ssT-x = (s,x)-s, xelk.

def g S .
We extend the operator A(s) = m onto the origin in a continuous way: A(0) = 0.

Sl

In this section, we mainly consider functions with Lipschitz-continuous Hessian:

IV2f(x) = V2fW)II < Liallx —yll, x,y€E, (4.2.7)

where L3 &ef L3(f). Consequently, for all x and y from E we have

(1.2.13)
IVFO) =V @) = V2 -0l = SLsly — x| (4.2.8)

Moreover, for the quadratic model

e 1
e Y FE) + (V@) y—x)+ V2@ —x).y = x)
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274 4 Second-Order Methods
we can bound the residual:

(1.2.14)
f ) — Lyl < By —xIP, x,yeE 4.2.9)

4.2.2 Uniformly Convex Functions

In this section, we will often use the cubic power function
d3(x) = yllx = xolP®.  Vd3(x) = [lx — xoll - B(x —x0), x €E.

This is the simplest example of the uniformly convex function. In order to understand
their properties, we need to develop some theory.

Let the function d(-) be differentiable on a closed convex set Q. We call it
uniformly convex on Q of degree p > 2 if there exists a constant 6, = o,(d) > 0
such that!

d(y) = d(x) + (Vd(x),y = x) + ,0plly = x|”, Vx,y e Q. (4.2.10)

The constant o, is called the parameter of uniform convexity of this function. By
adding such a function to an arbitrary convex function, we get a uniformly convex
function of the same degree and with the same value of parameter. Recall that degree
p = 2 corresponds to strongly convex functions (see (2.1.20)). In our old notation,
the parameter u of strong convexity for the function f corresponds to o2 (f).

Note that any uniformly convex function grows faster than any linear function.
Therefore, its level sets are always bounded. This implies that any minimization
problem with uniformly convex objective is always solvable provided that its
feasible set is nonempty. Moreover, its solution is always unique.

Adding two copies of inequality (4.2.10) with x and y interchanged, we get

(Vd(x) = Vd(y), x —y) = IZ,GPHX —yII?, Vx,ye Q. (4.2.11)

It appears that this condition is sufficient for uniform convexity (however, for p > 2
the convexity parameter is changing).

Lemma 4.2.1 Assume that for some p > 2, 0 > 0, and all x, y € Q the following
inequality holds:

(Vd(x) = Vd(y),x —y) zollx =y, x,ye€Q. (4.2.12)

Then the function d is uniformly convex on Q with degree p and parameter o.

!t could be a good exercise for the reader to prove that there are no uniformly convex functions
with degree p € (0, 2).
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Proof Indeed,

d(y) —d(x) = (Vd(x),y —x) = [(d(x +7(y —x)) = Vd(x),y — x)dt

St~

i(d(x +1(y —x) = Vdx), 7(y — x))dt

Il
St~

1
42.12) . 1
= /or" ly —xlPdr = oly—xIP. o
P

0

Lemma 4.2.2 Let d be uniformly convex on Q of degree p > 2. Then forall x,y €
QO we have

p

1
d(y) = d() = (Vd), y=x) = 7,1 (1) IVdG) = vaol
(4.2.13)

Proof Assume that d attains its global minimum on E at some point x* € Q. Then

d(x™)

ind (4.2>.1()) inla vd 1 »
min > = %[ () +({Vd(x),y —=x) + ,oplly — x| ]

v

min [d(x) + (Vd(x). y = x) + Joplly =7

P

1
dey =", (L) vaene

p

“23)

Let us fix x € Q and consider the convex function ¢ (y) = d(y) — (Vd(x), y). Itis
uniformly convex of degree p and parameter o,. Moreover, it attains its minimum
at y = x € Q. Hence, applying the above inequality to ¢ (y), we get (4.2.13). O

Let us give an important example of a uniformly convex function. By fixing an
arbitrary xo € K, we define the function dj(x) = [17 lx — xol|?, where the norm is
Euclidean (see (4.2.2)). Then

Vdy(x) = |lx —xol”~2- B(x —x¢), x €E.
Lemma 4.2.3 For any x and y from E we have
1)/ 2
(Vdp () = Vdp(0.x =) = (1) Ik =17, (4.2.14)

-2
dp() = dp(y) = (V). x =) = L (3)" I = w7, (4.2.15)
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Proof Without loss of generality, let us assume that xo = 0. Then
(Vdp(x) = Vdp(y), x = y) = (|lx]|P~> - Bx = ly|"~% - By, x — y)

= [lxI” + IylIl? = (Bx, ) P7% + [y 1772).

To prove (4.2.14), we need to show that the right-hand side of the latter equality is
greater than or equal to

1\"? 1" p/2
(2) ||x—y||f’:(2) [1x12 + 1917 = 2(Bx, y) |

Without loss of generality we can assume that x # 0 and y # 0. Then, defining

il _ (Bry)
TS e %= gy € L1

we obtain the statement to be proved:

1\"2
1+17 > m(1+fp—2)+<2> [14+71*=2a7]?? >0, |af<1.
(4.2.16)

Since the right-hand side of this inequality is convex in «, in view of Corollary 3.1.2,
we need to justify two marginal inequalities:

-2 1\?2
a=1: 1477 >1(+1? )+(2) I—zP,
4.2.17)

-2 1\? 2
a=—1: 1417 > —¢(l+7P )+(2) (1 +1)P
forall > 0.

The second inequality in (4.2.17) can be derived from the lower bound for the
ratio

el (4P 72) 14!
a+or = o 720

Indeed, its minimum is attained at T = 1, and this proves the second line in (4.2.17).
To prove the first line, note that it is valid for r = 1. If t > 0 and 7 # 1, then we
need to estimate from below the ratio

I4rP—t(14+1P7%) _ (I-0)A—tP7Y) _ 144 grP?
[1—z|P - [1—z|P ) gl
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Since the absolute value of any coefficient of the polynomial (1 — 7)?~2 does
not exceed 2772, the first line in inequality (4.2.17) is also justified. This
proves (4.2.14), and, to prove (4.2.15), we can now use Lemma 4.2.1. O

The main property of uniformly convex functions is the following growth condition.

Theorem 4.2.1 Let d be uniformly convex on Q of degree p > 2 with positive
constant 0. Let x* = arg miIQld(x). Then for all x € Q we have
Xe

d(x) = d(x*) + jopllx —x*|17. (4.2.18)

Proof Indeed, in view of the first-order optimality condition (2.2.39), we have
(Vd(x*),x —x*) >0, xe€0Q.
Therefore, (4.2.18) follows from (4.2.10). O

Thus, by (4.2.14) and Lemma 4.2.1 we conclude that 03(d3) = ; On the other hand
we can prove the following important fact.

Lemma 4.2.4 Forany x,y € E we have
IV2ds(x) = V2ds(DIl < 2 [|lx = yII. (4.2.19)

Proof For any x € E, we have V2di(x) = |x||B + H}c\l Bxx*B. Clearly, for all
x € E we have

4.2.4)
IV2ds ()|l < 2]x]. (4.2.20)

Let us fix two points x, y € [ and an arbitrary direction & € E. Define x () =
x4+ t(y —x) and

¢(@) = (V2ds(x(@Dh, h) = IIx@I - IR + oy (Bx(@), 02, T €0, 1].

Assume first that O & [x, y]. Then ¢ () is continuously differentiable on [0, 1] and

Bx(t),y— 2(Bx(1),h Bx(1),h)?
o' = PN WP 2 (Bhy = x) - <H))Cc((?)\|3) (Bx(1),y —x)

2
(Bx(1),y—x) _ 2 (Bx(1),h) 2(Bx(v),h) _
(@] (”h” o )T kol By =x).

—
>0by (4.2.4)

~

_ (Bx(1),h) _
Leta = ENIATES [—1,1]. Then

o' (O] < lly — x|l - |77 - (A —a? +2la]) < 2y —x]| - |4l
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Hence,
(V2d3(y) — V2d3(x)Dh, B)| = |§p(1) — O)] < 2y — x|l - |I2]I,

and we get (4.2.19) from (4.2.6).
The remaining case 0 € [x, y] is trivial since then ||x — y|| = ||x|| + ||y]| and we
can apply (4.2.20). O

In the sequel, we often use Lipschitz constants for different derivatives. For p >
2, denote by L,(f) the Lipschitz constant for the (p — 1)-st derivative of the
function f:

IVPDf) = VP DO < Lp(Hllx =yl x,y edom f. (42.21)

In this notation, L, (f) is the Lipschitz constant for the gradient of the function f.
At the same time, by Lemma 4.2.4, we conclude that L3 (d3) = 2.

We often establish the complexity of different problem classes in terms of
condition numbers of variable degree:

def
v(HE R pz2 (4.2.22)

It is clear, for example, that for d(x) = é||x — x0||2 we have y»(d2) = 1. On the
other hand, we have seen that y3(d3) = }‘.

4.2.3 Cubic Regularization of Newton Iteration

Consider the following minimization problem:

min f(x), (4.2.23)
xelk

where E is a finite-dimension real vector space, and f is a twice differentiable
convex function with Lipschitz-continuous Hessian. As was shown in Sect. 4.1, the
global rate of convergence of the Cubic Newton Method (CNM) on this problem
class is of the order O( klz), where k is the iteration counter (see Theorem 4.1.4).
However, note that CNM is a local one-step second-order method. From the
complexity theory of smooth Convex Optimization, it is known that the rate of
convergence of the local one-step first-order method (this is just the Gradient
Method, see Theorem 2.1.14) can be improved from 0(,1) to O( klz) by applying
a multi-step strategy (see, for example, Theorem 2.2.3). In this section we show
that a similar trick also works with CNM. As a result, we get a new method, which
converges on the specified problem class as O ( kl3 ).
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Let us recall the most important properties of cubic regularization of Newton’s
method, taking into account the convexity of the objective function.
As suggested in Sect. 4.1, we introduce the following mapping:

def . [a def
T o) < Argmin fuu(x 0 & o)+ Yy = 217). (4.2.24)
Note that T = Ty (x) is a unique solution of the following equation
V) + V(T —x) + ;M N T —x||- B(T —x) =0. (4.2.25)

Define rps(x) = ||x — Tps(x)]|. Then,

M
VA CEZD IV AT) = V) = V2T = x) — S )BT =),

428 Ly + M
<7 ;L ra(x). (4.2.26)
Further, multiplying (4.2.25) by T — x, we obtain
1
(VIx),x=T) = (V2 fx)T —x), T —x) + 2Mr§4(x). (4.2.27)
Let us assume that M > L3. Then, in view of (4.2.9), we have
f@) = f(T) = fx) = fu(x: T)
1 2 M 3
=(Vf(x),x=T) - 2(V fONT —x), T —x) — 6 riy (%)

1 2 M 3
= (V@I =0, T —x)+ " 7y (). (4.2.28)

In particular, since f is convex,

(4.2.28) (4.2.26) 3/2
fo -0 = M = Ag(LSiM”vf(T)”*) i (4.2.29)

Sometimes we need to interpret this step from a global perspective:

(M=L3)
FI) U= min[H )+ ly — ]

(4.2.30)

“429)
= min[ o)+ M Iy -]

Finally, let us prove the following result.
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Lemma 4.2.5 I[f M > 2L3, then
(VI =Ty = [, 2 IV DI (42.31)
Proof Let T = Ty (x) andr = rps(x). Then
i = (51 —xi2)” 2 v - v - v - o2

(4.2.25)
=7 VAT + yM - B(T —x)|2

= IVSDIE+Mr(Vf(T), T —x)+ ;M.
Hence,
(VIT),x=T) = y IVFDIE+ 4, (M? = L. (4.2.32)

In view of the conditions of the lemma, we can estimate the derivative in r of the
right-hand side of inequality (4.2.32):

2 2, (4226)
_erz ”vf(T)”i + 32,1 (M? — L%) > _erz ||Vf(T)||£ + <L3-2i-M) n s

1
Thus, its minimum is attained at the boundary point r = [ L3-2i- ulIVf (T)||*]

of the feasible ray (4.2.26). Substituting this value into (4.2.32), we obtain
4.2.31). O

To conclude this section, let us estimate the rate of convergence of CNM as applied
to our main problem (4.2.23). We assume that there exists a solution of this problem
x*, and the Lipschitz constant L3 for the Hessian of objective function is known.
Thus, we just iterate

Xep1 = Toa(xx), k=0,1,.... (4.2.33)

Theorem 4.2.2 Assume that the level sets of problem (4.2.23) are bounded:
lx —x* <D Vx: f(x) = f(xo). (4.2.34)
If the sequence {xi};2 | is generated by method (4.2.33), then
3
FOw) = @) < G k=L (4.2.35)

Proof In view of (4.2.28), f(xx11) < f(xx) for all k > 0. Thus, ||x; — x*|| < D,
k > 0. Further, in view of (4.2.30), we have

f) < fa*+ 5D (4.2.36)
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Consider now an arbitrary k > 1. Let xx(t) = x* + (1 — 7)(xx — x*). In view of
inequality (4.2.30), for any t € [0, 1] we have

Fes) < FOoa@) + 38 g — 1P < fl) —t(fx) — F) + 135307

The minimum of the right-hand side of this inequality in 7 is attained for

_ [ fao—fG) fap—fx) (42.36)
T‘\/ L3D3 5\/ 1303 < L

Thus, for any k£ > 1, we have

) — F(x*))3/2
fOs) < fla(m) =3 U %(D R (4.2.37)

Let 8 = f(xx) — f(x*). Then

o1 Sk —Ok+1 (4‘2>‘37) 2 . Sk
INLTESENL VOt (VokHSe) T 3 /L3D3 V1 (VWik+/Sk1)

1
> .
34/L3D?
Thus, for any k > 1, we have

(4.2.36)
1o 1 k-1 = 1 ( 3 k71) > k4
Vo T V8 + 3\/L3D3 - \/L3D3 \/ s - 3\/L3D3

4.2.4 An Accelerated Scheme

In order to accelerate method (4.2.33), we apply a variant of the estimating
sequences technique, which we presented in Sect.2.2.1 as a tool for accelerating
the usual Gradient Method. In our situation, this idea can be applied to CNM in the
following way.

To solve the problem (4.2.23), we recursively update the following sequences.

* The sequence of estimating functions
Y = &) + Gl —xol?, k=12,..., (4.2.38)
where ¢4 (x) are linear functions in x € [, and C is a positive parameter.

* The minimizing sequence {x}72 ;.
* The sequence of scaling parameters {A}72 ;:

Aot & Artar, k=1,2,....
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For these objects, we are going to maintain the following relations:

e@g DA f(xp) < lﬁ]? = I)PGIIE i (x),
, k>1. (4.2.39)

RE () < Af(0) + 5 Ix = xol?, Vx € E
Let us ensure that relations (4.2.39) hold for k = 1. We choose
xi = Trs(x0), i(x) = f(x1), x€E, A = 1. (4.2.40)

Then 1//?‘ = f(x1), so %11 holds. On the other hand, in view of definition (4.2.38),
we get

Yi(x) = fe)+ Sllx = xol

(4230)
= min [ £0) + 28 1y = xoll*] + §llx = xoll,
y

and %12 follows.
Assume now that relations (4.2.39) hold for some & > 1. Let

v = argmin ¥ (x).
xeE

Let us choose some a; > 0 and M > 2L3. Define?

ak =, % v = —ax+ave, v = Ty,

(4.2.41)
Yir1(x) = Y (x) + arlf (k1) + (V f (xXkt1), X — xpep )]

In view of L%’,%, for any x € E we have

Y1 (¥) < Aef () + 25 = xoll® + aklf (arn) + (Vf (1), X — xeg)]

(2.1.2)
<7 (Ar +a) ) + 2 x = xol?,

and this is %’,% r Let us show now that, for the appropriate choices of ax, C and M,
relation ,%’,i 4 is also valid.

2This is the main difference with the technique presented in Sect.2.2.1: we update the estimating
function by a linearization computed at the new point xjy1.
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Indeed, in view of L%’,l and Lemma 4.2.3 with p = 3, for any x € E, we have

Yie(x) = L) + Sd3(x) = Y+ S bl — wel?

(4.2.42)
> Acf)+§ - gl — vl
Therefore,
Vi, = Iglel]lEl (Y () + arlf k1) + (V f (kt1)5 X — xp41) 1}
4242
> min {Arf 00 + Gl — e
+arlf (Xk+1) + (VS (Xk+1)5 X — X101}
212 |
> min {(Ax 4+ a) f (Xkg1) + AV f(Xk1), Xk — Xpg1)
ar(V f (prn), x — Xew1) + 5 llx — velP1}
(4.2.41)

mei]g {Aki1 f Gkg1) +(V f(xrg1), A1k — akvi — AkXgg1)
X

+a(V f (1), ¥ = xe1) + o Ix = vel’1)
= mel]g {Akr1 f (k1) + A1 AV f k1), Ve — Xkt1)
X
+ap(V f (o), x = o) + Gllx = vl 1)
Further, if we choose M > 2L3, then by (4.2.31) we have
2 3/2
(VF o), v — kst 2 /120 IV F G 127
Hence, our choice of parameters must ensure the following inequality:
3/2
Ay L2 19 F e DI 4 @V £ ), x = ) + Gl = ol 2 0,

for all x € E. Minimizing this expression in x € [, we come to the following
condition:

2 4 3/2
Ay 2 = b al (4.2.43)

yurii.nesterov@uclouvain.be



284 4 Second-Order Methods

For k > 1, let us choose

Ap = k(k+1g(k+2)’

ar = Apsr — Ap = (k+1)(k46r2)(k+3) _ k(k+1())(k+2) (4.2.44)
_ (kD (k+2)
= A .
Since
-3/2 _ BP0+ k+2)(k+3) _ 212 (k+3) 2
G AL =T GG GBSkl 2 3

inequality (4.2.43) leads to the following condition on the parameters:

1

L3+M z

2
c-
Hence, we can choose
M = 2L3, C = 2(L3+ M) = 6Ls. (4.2.45)

In this case 2L3 + C = 8Lj3.
Now we are ready to put all the pieces together.

Accelerated Cubic Regularization of Newton’s Method

Initialization: Choose xg € E. Set M = 2L3 and C = 6L3.

Compute x1 = Ty, (xo) and define ¥ (x) = f(x1) + § Ilx — xol*.

Iteration k,(k > 1):

: k 3
1. Compute vy = arg Ixnelﬂrzl Yk (x) and choose y; = Xk 3 vk

2. Compute xi+1 = Ty (yr) and update

Y1 () = Y (x) + EEDED £ o) 4+ (V F i), x — xeg1)]-

(4.2.46)

The above discussion proves the following theorem.
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Theorem 4.2.3 If the sequence {xi};2 is generated by method (4.2.46) as applied
to problem (4.2.23), then for any k > 1 we have:

_ %3
fla) = ) < Sl (4.2.47)

where x* is an optimal solution to the problem.
Proof Indeed, we have shown that

%72 * %7% * 2L3+C %113
Arf(xi) <= Y = Af (X)) + 777 llxo — x*|1°.

Thus, (4.2.47) follows from (4.2.44) and (4.2.45). O

Note that the point vy can be found in (4.2.46) by a closed-form expression.
Consider

s = Ve (x).
Since the function ¢4 (x) is linear, this vector does not depend on x. Therefore,

_ ] 2 p
we=x0= /iy, B

4.2.5 Global Non-degeneracy for Second-Order Schemes

Traditionally, in Numerical Analysis the term non-degenerate is applied to certain
classes of efficiently solvable problems. For unconstrained optimization, non-
degeneracy of the objective function is usually characterized by a uniform lower
bound t(f) on the angle between the gradient at point x and the direction pointing
towards the optimal solution:

def  (Vf(x),x—x%)
() = gl = T() > 0, x ek (4.2.48)

This condition has a nice geometric interpretation. Moreover, there exists a large
class of smooth convex functions possessing this property. This is the class of
strongly convex functions with Lipschitz-continuous gradient.

Lemmad.2.6 ©(f) > Y20 > Jm(f).

Proof Indeed, in view of inequality (2.1.32), we have
(VF(x), x —x*) > UziLz IV Fe? + azerLLzz I — x*|2
z Zafisz AV L@ - llx = x*,

and this proves the required inequality. O
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286 4 Second-Order Methods

Note that the efficiency bounds of the first-order schemes for the class of smooth
strongly convex functions can be completely characterized in terms of the condition
number y». Indeed, on one hand, the lower complexity bound for finding an e-
solution for problems from this problem class is proven to be

0 ( Ao ln “Zfz) (4.2.49)
calls of the oracle, where the constant D bounds the distance between the initial
point and the optimal solution (see Theorem 2.1.13). On the other hand, the
simple numerical scheme (2.2.20) exhibits the required rate of convergence (see
Theorem 2.2.3).

What can be said about the complexity of the above problem class for the second-
order schemes? Surprisingly enough, in this situation it is difficult to find any
favorable consequences of the condition (4.2.48). We will discuss the complexity
bounds for this problem class in detail later in Sect. 4.2.6. Now let us present a new
non-degeneracy condition, which replaces (4.2.48) for the second-order methods.

Assume that y3(f) = 22% > 0. In this case,

(4.2.13)
FO = F6N =T 0 IV @R, (4.2.50)

Therefore, for method (4.2.33) we have

(4.2.29)
Fao = Foasn = ) IV Frenll?

4.2.51)

(4.2.50)

> V() - (f Grgr) — F(x).
Hence, for any k > 1 we have
(4.2.51) Cep)— £
fow = fan =0 S
(1+2vmn) 125

“4.2.

4230) —VBUGD
( g )e 24/r3(f) . 133 llx0 _x*”3‘

Thus, the complexity of minimizing a function with positive condition number
y3(f) by method (4.2.33) is of the order of

1 L3D3?
0( PP ) (4.2.53)

calls of the oracle. The structure of this estimate is similar to that of (4.2.49). Hence,
it is natural to say that such functions possess global second-order non-degeneracy.
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Let us demonstrate that the accelerated variant of Newton’s method (4.2.46) can
be used to improve the complexity estimate (4.2.53). Denote by .27 (xo) the point xx
generated by method (4.2.46) with starting point xo. Consider the following process.

2ue \173
1. Define m = (V3(f)) , and set yp = xp.

(4.2.54)
2. For k > 0, iterate yg+1 = < (Vi)
The performance of this scheme can be derived from the following lemma.
Lemma 4.2.7 For any k > 0 we have
Iyeer —x* 13 < Ll — x*I1P,
(4.2.55)

Fr) = £ < Yrow) — Fa).

. 2ae \1/3
Proof Indeed, since m > (m?)) , we have

1 Y3 (42.10) .
A0l = XTI = fOr) = FGT)

@247 8Lslye — "

< _ %3
mm 4+ Dm +2) = 3¢k

(4.2.10)

2.
=

1
AR f&™). O

Thus,

(4.2.30) (4.2.30)
FT ) — F& < Bl —x*12 < Bllyo—x*3 - ek,

and we conclude that an e-solution to our problem can be found by (4.2.54) in
1 L3 _ k3
o (m(f)lm 1“[ ¢ oo — x| ]) (4.2.56)

iterations. Lower complexity bounds for this problem class have not yet been
developed. So, we cannot say how far these results are from the best possible ones.
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4.2.6 Minimizing Strongly Convex Functions

Let us look now at the complexity of problem (4.2.23) with
o(f) > 0, L3(f) < oc. (4.2.57)

The main advantage of such functions consists in quadratic convergence of New-
ton’s method (4.2.33) in a certain neighborhood of the optimal solution. Indeed, for
T = Ty,(x) we have

) 1

SVFONT =), T =x) = 7

5 TE )

(4.2.28
f&)—f(T) =
13) oy

4226) oy (4.2.12
IVFDlx =

w1 71/2
= ory =, Row@ =]

(4.2.58)

Hence,

(4.2.58)
1) = £ TR 0 - fO2 = R @ - fah @259

Therefore, the region of quadratic convergence of method (4.2.33) can be defined as

2 = {x eE: f(x)— f(x*) < 2JL;§} (4.2.60)

Alternatively, the region of quadratic convergence can be described in terms of
the norm of the gradient. Indeed,

P @) < MVEFTT = x), T —x)
) = f(T) < VL@ - res(x).

(4.2.28)
=

Thus,

Vil z 3 e “ET g [Livson]
* Z 9 L3 sl 2 | Ls *

Consequently,
IVS (Dl = 2NV IR, 4.2.61)

and the region of quadratic convergence can be defined as

2, = {x eE: [VF@)lx < 4"223}. (4.2.62)
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Thus, the global complexity of problem (4.2.23), (4.2.57) is mainly related to the
number of iterations required to come from xg to the region 2 (or, to 2,). For
method (4.2.33), this value can be estimated from above by

o (/). (4.2.63)

where D is defined by (4.2.34) (see Sect. 4.1). Let us show that, using the accelerated
scheme (4.2.46), it is possible to improve this complexity bound.
Assume that we know an upper bound for the distance to the solution:

Ilxo —x*I < R (< D).
Consider the following process.

64L3(f)R'| 173

1. Set yo = T, (xp), and define mo = ’V o2 (F)

2

2. While |V f (T, (vl = 47, d0 {3kt = Gy (30, miit = o1y mil-
(4.2.64)

Theorem 4.2.4 The process (4.2.64) terminates at most after

. 3
1 8 L3(f)R
Lo ( SR ) (4.2.65)
stages. The total number of Newton steps in all stages does not exceed 4my.

k
Proof Let Ry = R - (é) . Itis clear that

1/3
mez 4 (08T K=o (4.2.66)

For k > 0, let us prove by induction that
lye —x*|| < R«. (4.2.67)
Assume that for some k > 0 this statement is valid (it is true for k = 0). Then,

(2.1.21) (4.2.47) 8L3R3
Plyeer =217 fOre) = F@N) S

(4.2.66)
8 2 _ 1 p2 _ 1 __p2
612 R = goaRi = ,00Ri .
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290 4 Second-Order Methods

Thus, (4.2.67) is valid for all K > 0. On the other hand,

424D gp iy P 426D a2
* 3l —x*|| 8L3|lyr—x* 1" R
FORD =) = b S mmet D me+2)
(4.2.66) (2.1.21)

< ol — xS L) — £

Hence

(4.2.58)
2(223 IVFT,; Dl < fOr) — fT;(0) < fOe) — f(x™)

(4.2.30)

= (3 von-ran “E (1) e

and (4.2.65) follows from (4.2.62). Finally, the total number of Newton steps does
not exceed

o0 o0 1 m

_ _ 0
Y mg = mo Y. ok/3 T o3y < 4my. O
k=0 k=0

4.2.7 False Acceleration

Note that the properties of the class of smooth strongly convex functions (4.2.57)
leave some space for erroneous conclusions related to the rate of convergence of the
optimization methods at the first stage of the process, aiming to enter the region of
quadratic convergence. Let us demonstrate this with a particular example.

Consider a modified version .#" of method (4.2.46). The only modification is
introduced in Step 2. Now it is as follows:

2’. Compute y; = Ty (yx) and update
Vi1 (0) = Y @) + CTED £ G + (VG x = i)
Choose X : f(Xx) = min{f (xx), f(Jk)}. Set xk41 = T (Xk).

(4.2.68)

Note that for ./’ the statement of Theorem 4.2.3 is valid. Moreover, the process now
becomes monotone, and, using the same reasoning as in (4.2.58) with M = 2L3,
we obtain

32
%

FO) = Fan) = FE) — Fean = V37 L) — FOOIV2,
(4.2.69)
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Further, let us fix the number of steps N. Define k= §N . Then, in view
of (4.2.47), we can guarantee that

3
fOp — f(x® < (3) 8LI;3R3 =33 Ll»*v{f}. (4.2.70)
On the other hand

Fap—f&" = fOp — fGng)

4.2.71
G269y V203" #1172 ( :
= 3N- 50 fGve) = O
Combining (4.2.70) and (4.2.71) we obtain
10 74, p6
Flwen = f5) =7 A N (4272)

As compared with the rate of convergence (4.2.47), the proposed modification
looks amazingly efficient. However, that is just an illusion. Indeed, in view
of (4.2.60), in order to enter the region of quadratic convergence of Newton’s
method, we need to make the right-hand-side of inequality (4.2.72) smaller than

3
lop

2. For that we need
2L}

0 ([L;QRFM) (4.2.73)

iterations of .#’. This is much worse than the complexity estimate (4.2.63) of the
basic scheme (4.2.33) even without acceleration (4.2.46).

Another clarification comes from an estimate for the number of steps, which is
necessary for .’ to halve the distance to the minimum. From (4.2.72) we see that

172
it needs O <[L;2R] ) iterations, which is worse than the corresponding estimate

for the method (4.2.46).

4.2.8 Decreasing the Norm of the Gradient

Let us check now our ability to generate points with small norm of the gradient
using second-order methods (compare with Sect. 2.2.2). We first look at the simplest
method (4.2.33).

Denote by T the total number of iterations of this scheme. For the sake of
simplicity, let us assume that 7 = 3m + 2 for some integer m > 0. Let us divide all
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292 4 Second-Order Methods

iterations of the method into two parts. For the first part of length 2m we have

(4.2.35) 91.D3
S xom) — f* = 4(m3+2)2a

where L3 = L3(f). For the second part of length m + 2, we have

mil G229 10 w32

S eam) = fxr) = Z (f 2m+i) — [ (2mtk+1)) = 312 (87)7'7,
k=0 3

.
where g7 = 1151}(12T IV f(xi)]l«. Thus,
2/3
. 2713 D3 _ 3¥LDd
81 = (4(m+2)3 T BT 442 (4.2.74)

Let us look now at the monotone version of the accelerated Cubic Newton
Method (4.2.46), (4.2.68). Let Ry = |lxo — x*||. Let T = 4m for some integer
m > 1. Then, for the first 3m iterations of this method we have

(4.2.47) SL3R
FGam) = % = 5Gme)Gme)-

For the second part of length m, we have

m—1 “229 32
fam) — flxr) = kzo(f(X3m+k) — famasn) =z (e
= 3

Thus,

2/3
N 8LY?R3 2BL3R2
8t = <m2(3m+1)(3m+2) < 783 (4.2.75)

Finally, let us check what can be achieved with the regularization technique. As

in Sect.2.2.2, we fix a regularization parameter § > 0 and introduce the following
function:

f5(x) = f£(x) + 38llx — xoll®.

Let D = maﬁi{ux —xoll : f(x) < f(x0)}. Since fs(x) > f(x) forall x € E,

inequality f5(x) < f(xo) implies [|x — xo| < D.
In view of Lemmas 4.2.3 and 4.2.4, we have

o3(fs) = 38, L3(fs) = L3+28.

Thus, y3(fs) = 2L38+46 :
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. 2L 1/3 .
Let x§ = arg ml]g fs(x) and let m = (24e (4 + 53 )) . In view of Lem-
xXe

ma 4.2.7, restarting strategy (4.2.54) ensures the following rate of convergence:

Fsir) — 6D < Npsn) — G,

(4.1.11)
where yo = T (x0). Thus, fs(yi) — fs(x}) < L La(f)D>.

Define yi = Tr,(f;) (k). Then f5(v;) < f5(vk) < f(x0). Hence, |ly;" — xoll <
D and we have

IVFODI« < IVEGDI+8D?

(4.2.29) 2/3
=7 320 - (b — )] + o

< 62}/3L3D2\/1 + [ +8D%

2
Let us choose now § = 252. Define » = L3ED . Then, to ensure ||Vf(y,:r)||>|< <e,
we need to perform

k > %ln (2«/}{2~|—z)

iterations of the restarting strategy (4.2.54). Each cycle of this strategy needs
[2(12¢(1 4 %))/ iterations of the Accelerated Cubic Newton Method (4.2.46).
Thus, we get a bound which is asymptotically better than the simple
estimate (4.2.75). However, it seems that for all practical values of the accuracy, the
method (4.2.46), (4.2.68) has better performance guarantees.

4.2.9 Complexity of Non-degenerate Problems

1. From the complexity results presented in the previous sections, we can derive a
class of problems which are easy for the second-order schemes:

o2(f) > 0, o3(f) > 0, L3(f) < oo. (4.2.76)
For such functions, the second-order methods exhibit a global linear rate of conver-

gence and a local quadratic convergence. In accordance with (4.2.56) and (4.2.60),
we need

1/3
o ([45] m[Eh i —x1]) @27
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294 4 Second-Order Methods

iterations of (4.2.46) to enter the region of quadratic convergence.
Note that the class (4.2.76) is non-trivial. It contains, for example, all functions

o.p(x) = ady(x) + Bd3(x), o, B >0,

with parameters

1
02Eup) =, 03Eup) = B L3(up) =28

Moreover, any convex function with Lipschitz-continuous Hessian can be regular-
ized by adding an auxiliary function &, g.
2. For one important class of convex problems, namely, for problems with

o2(f) > 0, La(f) < oo, L3(f) < oo, (4.2.78)

we have actually failed to clarify the situation. The standard theory of optimal firsz-
order methods (see Sect. 2.2) can bound the number of iterations which are required
to enter the region of quadratic convergence (4.2.60), as follows:

Y12 [ Laonzion
La(f) 2(NILAC a2
0 ([azm] 1“[ 30 llxo —x*[7]) - (4.2.79)

Note that in this estimate the role of the second-order scheme is quite weak: it is
used only to establish the bounds of the termination stage. Of course, as is shown in
Sect.4.2.6, we could also use it at the first stage. However, in this case the size of
the optimal solution x* enters polynomially the estimate for the number of iterations.
Thus, the following question is still open:

Can we get any advantage from the second-order schemes being used at the initial stage of
minimization process as applied to a function from the problem class (4.2.78)?

We will come back to the complexity of problem class (4.2.78) again in Sect. 5.2,
when we will discuss our possibilities in minimizing self-concordant functions.

4.3 Optimal Second-Order Methods

4.3.1 Lower Complexity Bounds

Let us derive lower complexity bounds for the second-order methods as applied to
the problem

f* = min f(x), (4.3.1)

xeR”
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where the Hessian of the objective function is Lipschitz continuous. We assume that
this problem is solvable and x* is its optimal solution.

For the sake of simplicity, as we did in Sect. 2.1.2 (see Assumption 2.1.4), let us
first fix the natural rules for generating the test points. It can be easily checked that
the second-order methods usually compute the next test point as follows:

X1 = Xk — hilowDy + (1 — ) V2 f ()17 V f (k)

where iy > 0 is a step-size parameter, and the coefficient ox € [0, 1] depends
on a particular optimization scheme. In the case oy = 1, we get the usual Gradient
Method. The case ax = 0 corresponds to the standard Newton direction. Finally, the
Cubic Regularization strategy (4.2.24) and the majority of Trust Region Methods
compute these values from some equation (see, for example, (4.2.25)). Therefore,
the following assumption looks quite reasonable.

Assumption 4.3.1 All iterative second-order schemes generate a sequence of test
points {x}k=0 such that

Xk+1 € x0 + Lin {9y (x0), ..., 9r(xi)}, k=0, (4.3.2)

where 95 (x) = cl (Conv {[al, + (1 —a)V? f()]7'V f(x), « € [0, D}).

Note that the set ¥ (x) also contains V f (x). Therefore, the rules for computing
the point vx in the accelerated method (4.2.46) also satisfy condition (4.3.2).
For 2 < k < n, consider the following parametric family of functions:

k—1 . X n ,
i) =3 32 1@ —x VP 4 3 x@pP L —x M x e R (4.3.3)
i=1 i=k

This is a uniformly convex function, and its unique minimum can be found from the
following system of equations:

D — x @)D _ @) = 1,
(O — xG=D)[x _ =D 4 (x@ _ x+Dy|x () _ x(+D| =0, 2<i<k—1,
(x® — x&=Dyx 0 _ k=D 4 &) &) = 0,
xDx®D) =0, k+1<i<n.
Clearly, the only solution of this system is given by vector x, with coordinates

= k—i+ Dy, i=1,...,n, (4.3.4)
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where (7)4+ = max{t, 0}. For our methods, we always take xo = 0. Therefore, we
have the following characteristics of our problem (4.3.1) with f = f:

= —%k,
L . 4.3.5)
R} = ||x0_x*||%2) = Yi? < (k+31) )
i=1

It remains to estimate the Lipschitz constant of the Hessian of the function f; with
respect to the standard Euclidean norm.

Let us look first at the Hessian of the following function

n .
p3u) =5 3 uDp,  ueR".
i=1

n . .

For a direction & € R", we have (VZp3(u)h, h) = 2 > [u@] (hD)2. Therefore, for
i=1

u,v € R" we get

[((V2p3() = V230D, )] = 2| 3 (u®] = o @ (a2
i=1

< 2llu = vllo) 141l -
Note that function fi(-) can be represented as follows:

fi(x) = p3(Brx) —xD, By = A 0 e R,
0 In—i

where the upper bi-diagonal matrix A; € R¥*¥ has the following structure:

1-1 0...

0O 1-1...
Ag

0
0
0
1
1

Therefore, for any point x, displacement d, and direction / in R"” we have
(V2 fi(x +d) = V2 fi(x)h, h)| = [((V2p3(Bi(x + d)) — V2 p3(Bix)) Beh, Bih)|

< 2|| Bd || (o0) | Bih -
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Note that for any & € R” we have

IBidllooy < max {|dD] +|dHD]} < max /2[(dD)2 4 (d(+D)2]
1<i<n—1 1<i<n-—1
<2'2)dl2),

k(h@)z < 4RI,

=1 ,
||Bkh||%2) — Z (h(’) _ h(t+1))2 +
i=1 i

n

Thus, we conclude that
IV2 fe(x +d) — V2 fr )] < 8v/2]ld | 2).

and we can take the Lipschitz constant for the Hessian of this function L = 27/2.

In order to understand the behavior of numerical schemes satisfying condi-
tion (4.3.2), as applied to minimization of some function f; with ¢ big enough, we
need to introduce the following subspaces (compare with Sect. 2.1.2):

Rkm = (x eR": xD =0fori >k}, 1<k<n-—1I,

Sk ={H eR™": H=HT, H") =0ifi # jand (i > kor j > k)}.

Let us write down the first and the second derivatives of the function f; along
direction & € R" (see (4.3.3):

-1
(Vfi(x), h) = tZ lx @ — x D@ — x Dy (D) — pl+D))y
i=1

3 O OpO — pO),

i=t
t—1 . . . . n . .
(V2 f,0h, k) =2 |x@ — xUHED (@D — p+Dy2 4 2 3 | x D) (p0)2,

i=1 i=t

(4.3.6)

From this structure, we derive the following important conclusions.

Lemmad4.3.1 Ifx € RV and i < k, then V f;(x) € RV and V2 f,(x) €
SH_L". O

Corollary 4.3.1 Let x; € R, i = 0, ..., k, and suppose the point x4 satisfies
condition (4.3.2) with f(-) = f,(-), where k + 1 <t < n. Then xj41 € R¥T1L7,

Proof Indeed, in view of Lemma 4.3.1, we have

Vfi(x;) € Ritbn c Rt w2 6(x) e Sithn c sktln i =0, ... k.
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Therefore,
[l + (1 — @) V2 fi(x)] 7'V fi (x;) € Rk

foralla € [0,1)andi =0,...,k. O

Our last observation is as follows.

Lemma 4.3.2 Forany p > 0 and x € R*", we have Jitpx) = fr(x). O
Now we can prove the lower complexity bound for the second-order methods.

Theorem 4.3.1 Let the Hessian of the objective function f in problem (4.3.1)
be Lipschitz continuous with constant Ly. Assume that the rules of a second-
order method M satisfy condition (4.3.2), and for any starting point xo with
lxo — x*|l2) < po we can guarantee that

. Lps
Jmin f0a) = f64) = ¢ (4.3.7)

where k is the number of generated test points. Then for k = 3m + 2 with integer
m,0<m <} — 1, we have

C.u(k) < 36(k+1)33. (4.3.8)
Proof Letk = 3m + 2 for some integer m > 0. Define t = 4m + 3. Then

k+1=3m+1), 141 = 4m+1).

Let us apply method .# for minimizing the function f;(-) starting from the point
(43.2)

xo = 0. Note that V f;(xg) = —e] € R and V2ﬁ(xo) = 0. Therefore, x| €
432

RY" and by induction, using Corollary 4.3.1, we get xi ( € ) Rk 0 < k < 1.

Hence, by Lemma 4.3.2, we have

2 (4.3.5) . (4.3.7) pr,%
3+ D) USTA - = min fi) — fF =0

439 p ((z+1>3)3/2

S b\ 3
Thus,
25/2(; 4 1)9/2 25/231/2 /4 9/2 223/2
Culk) < = k+1 - k4 1)35
a0 = (m + 1)31/2 k+1 (3( + )> 34 k+1)

<36(k+1)°°. O
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As we can see, the lower bound (4.3.8) is a little bit better than the rate of
convergence (4.2.47) of the Accelerated Cubic Regularization (4.2.46). In the next
section, we will discuss the possibility of reaching this lower bound.

4.3.2 A Conceptual Optimal Scheme

As in Sect. 4.2.3, let us fix a self-adjoint positive definite operator B : E — E* and
define primal and dual Euclidean norms

Ixll = (Bx, )72, liglls = (g, B'g)'/?, x€E, geE*
Consider the problem of unconstrained optimization

min f(x), (4.3.9)

where the Hessian of the function f satisfies the Lipschitz condition
IV2f() = V2f DI < Myllx =yl ¥x,y €E. (4.3.10)

Our main iteration will be the Cubic Newton Step

Ty(x) = argl%lilrEl{ (VFx), T —x)+ %(sz(x)(T —x), T —x)
(4.3.11)
+¥07 - 51},

Let ryr(x) = ||[Ty(x) — x||. Then the point T = Ty (x) is characterized by the
following first-order optimality condition:

V) + V2T —x) + LMry(x) B(T —x) = 0. (4.3.12)

Lemma 4.3.3 For any x € E we have

V(T T, - U 2 M- MG
(VF(Ty(x)), x — Ty (x)) = Mray () IV f (TNl + ny 7 (x).
(4.3.13)
Moreover, if M > ;Mffor some o € (0, 1], then
VIT)x—Tue) = IV @+ M)
(fMx,x—MX>_MrM(x)||fMX|I*+ 4 iy (X).
(4.3.14)

yurii.nesterov@uclouvain.be



300 4 Second-Order Methods

Proof Let T = Typ(x). Then

M2r4 (x) (4

YUV AT = V) = V2F)T — x)|12

G219 (T + LMy (1) BT — 02

= VA2 4+ Mryx)(VFT), T —x)+ m? rM<x>.
This is (4.3.13). Inequality (4.3.14) follows from (4.3.13) since My < oM. O

Let us consider now the following conceptual version of the Optimal Cubic Newton
Method.

Optimal Cubic Newton Method (Conceptual Version)

Initialization. Choose xg € E, o € (0, 1). Define yo(x) = ;Hx — xol|%.
Set Ag=0and M = | M.
kth iteration (k > 0).
(a) Compute v; = arg miIrEl Yy (x).
X€E

_ 2(Ax+tak+1)
Mpy :

(b) Choose px > 0 and find ax4+1 > 0 from equation a,% =
(c) Set Agt1 = A + ak41, Tk = f,":l sy = (1 — )xg + Tk

(d) Compute xx+1 = Ty (yx) and define

Vi1 (X) = Y (x) + akr1 Lf (k1) + (VS (k1) x — xpeg1) ]
(4.3.15)
Step (b) of method (4.3.15) is not completely specified since the definition of the

parameter o is missing. This is the reason why we call this method conceptual. Let
us present some guidelines for its choice.

Lemma 4.3.4 Assume that parameters py in method (4.3.15) satisfy condition

rmu(Yk) < Pk- (4.3.16)
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Then for any k > 0 we have

Acfo)+ B <yp & min v (x), 4.3.17)

2 k—1
where By, = ! 40 MY Ai+1"2,1(yi)-
i=0

Proof Let us prove (4.3.17) by induction. For ¢+ = 0 it is trivial. Assume that
inequality (4.3.17) is valid for some k > 0. Then for any x € E we have

Vi () = Y+ = well? 4 @ L Gon) 4+ (Vo (k) x — xeg)]

43.17) . )
> Arf (i) + B+ 5 llx — el

Fai1lf k1) + (V1) X — Xp11)]

v

A1 f (1) + B+ 5 llx — we?
HV 1), AxCox — xp1) + are1 (X — Xpg1))
= Acp1fGren) + Be + g llx — vel)?
HVf (k1) k1 (X — v) + App1 Ok — Xk41))-
Therefore,
Vi = Ak f (g + Br — baZ IV f () |12

+ A+ 1V [ (Xkt1)s Yk — Xk+1)

*3.14) Ajt1 2
> Aprrf () + Be = 3 IV G D N5

2
Pt (a0 IV PO 2 4 57 Mgy o)

(4.3.16)

2
q > Apgt fOrg) + Be+ 7 M Agary, (o).

In order to ensure a fast growth of the coefficients Ay, we need to introduce more
conditions for the parameters py.
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Lemma 4.3.5 Let us choose y > 1. Assume that parameters py in method (4.3.15)
satisfy condition

rmk) < pk = yrm (o). (4.3.18)

Then for any k > 1 we have

Ag

v

1(1)3/2 V102 (2k+1)3'5. (4.3.19)

4 \r Mlxo—x*| 3

Proof First of all, let us relate the rate of growth of coefficients Ay to the values
rym (Vr). Note that

A]i/2 . Ali/z _ Gkl _ 1 2Ak41 o \/ 1
1 = 12, 02 = a2, 2V M = 2Mor
+ AL AL A HAL Pk Pk
Thus,
2 2
1 k-1 I @318 [kl 4320
Av=oy |l 2 > omy | 2 200 ) (4.3.20)
i=0 Pi i=0 "M Vi

(4.3.17)
On the other hand, we have Ay f(xx) + Bx < Axf(™) + éllxo — x*)
Therefore,

k=1
2
By = "M Y Aipiry,(vi) < 3lixo — x*|%.
i=0

k=1

Let us estimate from below the value ) | /21( ) subject to the above constraint.
i=0"m i

Defining & = r]{,l/z(y,-) and D = (1732)M llxo — x*||%, we come to the following

minimization problem:

k—1 k—1
£* = min{ ) 51 D Y AinE <Dt
EeRk | =0 ™ i=0

Introducing a Lagrange multiplier A for the inequality constraint, we get the
following optimality conditions:

L =AAinE), i=0,... kL

g2~
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1/7
Thus, & = 1 . Since the constraint is active,
AAit

=l 6/7 1/7
b= .ZOA"“ ()»AtH) = on Z A
1=

7/6

k—1

Therefore, £* = > MA YT = 1/6 (Z Allfl) . Coming back to our initial
i=0 j

notation, we get

7/6
R 1/6 (k=1

! (1—o)M 1/7
2 STaen) = (2\|XO*X*H2) (;)Ai+1> .

i=0 i=

In view of inequality (4.3.20), we come to the following relation:

| e B (R "
—o
Ak Z 4, (2M2HXO*X*H2) <l.Z:1 4 ) k=2l (4321)

Denote the coefficient in the right-hand side of inequality (4.3.21) by 6 and let Cy =
2/3

k
<Z A}ﬁ) . Then (4.3.21) can be rewritten as

32 372 p1y712
Ciir = G7 2 017CL.

This means that C; > 6!/7 and
12 12 12y 112 (012 | o112
91/7Ck41 = (Ckil - Ck/ )(CkJ/rl(Ckil / )+ Ci)

12 _ el el )2 4 o 172 (12 | 2
(Ceir — WCL (GG + )+ 3G (G + )

IA

12
=3¢, (Cr1 — Co).

Thus, Cx > 6'/7(1 + 3 (k — 1)), k > 1. Finally, we obtain

4.3.21) 2%+ 1\ 2% +1\7?
A > e(ci/2)7/3 > 9(01/7 ;_ ) — 03/2( + )

3
3/2
(1 1-02 "\ 2k 1\
2y \2M2|xg — x*|2 3
L1V V1-02 (2k4+1)7
“a\y) Mlxo—x \ 3

Now we are ready to justify the rate of convergence of method (4.3.15).
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Theorem 4.3.2 Let us choose o € (0, 1) and y > 1. Suppose that the parameters
Pk in method (4.3.15) satisfy condition (4.3.18). If method (4.3.15) is applied with
M = Gle, then for any k > 1 we have

2732 My llxo—x*|?

35
3
R S (580) 4.3.22)
Proof Indeed, in view of inequality (4.3.17), we have
FOm) = F&¥) < ), llxo — x*I12.

It remains to use the lower bound (4.3.19). 0O

The best value of ¢ in the right-hand side of inequality (4.3.22) is 0 = \}2. In this
case,

3.5
FoR) = f6) =4y PMpxo =5 P (b3) L k=l (4323

4.3.3 Complexity of the Search Procedure

In the previous section, we presented a conceptual second-order scheme (4.3.15),
which reaches the best possible rate of convergence (4.3.8). In contrast to the
Accelerated Cubic Newton Method (4.2.46), its estimating sequence {i} starts
from the squared Euclidean norm. Another difference consists in presenting the
coefficient p in the equation defining the scaling coefficient a;; (see Step b)). In
order to make this method function in accordance to its rate of convergence (4.3.22),
we need to ensure that

Pk~ ry (V). (4.3.24)

Note that the right-hand side of this equality is a continuous function of p. In this
method, if px = 0, then ax41 = 400 and y;r = v. In this case, the left-hand side of
inequality (4.3.24) is smaller than its right-hand side. If py — oo, then ay41 — 0
and yy — xi. Thus, there is always a root of equation (4.3.24).

However, the problem is that any search procedure in p; is very expensive.
It needs to call the oracle many times. At present it is difficult to point out any
favorable property of function y; = yi(pox) which could help.

At the same time, from the practical point of view, the gain from this acceleration
of the rate of convergence is very small. Indeed, method (4.2.46) ensures 0(511/3)
complexity of finding an e-solution of problem (4.3.9). The number of iterations of
method (4.3.15) is of the order 0(521/7 ). Thus, the gain in the number of iterations of

1
the “optimal” method is bounded by a factor proportional to (i) *' . For the values
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of € used in practical applications, namely the range 10~*...107'2, this is just

an absolute constant (since (1012) 2 < 4). Therefore, this factor, decreasing the
total number of iterations, cannot compensate a significant increase in the analytical
computational complexity of each iteration. That is the main reason why we drop
the cumbersome analysis of the complexity of the corresponding search procedure
in this book.

To conclude, from the practical point of view, method (4.2.46) is now the fastest
second-order scheme. At the same time, the problem of finding the optimal second-
order method with cheap iteration remains an open and challenging question in
Optimization Theory.

4.4 The Modified Gauss—Newton Method

(Quadratic regularization; The modified Gauss—Newton process; Global rate of conver-
gence; Comparative analysis; Implementation issues.)

4.4.1 Quadratic Regularization of the Gauss—Newton Iterate

The problem of solving a system of nonlinear equations is one of the most
fundamental problems in Numerical Analysis. The standard approach consists in
replacing the initial problem

Findx eE: fi(x)=0, i=1,...,m, (4.4.1)

by a minimization problem
min | £(0) & $(A1@). . fuD)]. (44.2)

where function ¢ (u) is non-negative and vanishes only at the origin. The most
recommended choice for this merit function ¢ (u) is the standard squared Euclidean
norm:

B = luly = 3 (@), (4.43)

where squaring the norm has the advantage of keeping the objective function
in (4.4.2) smooth enough. Of course, the new problem (4.4.2), (4.4.3) can be solved
by the standard second-order minimization schemes. However, it is possible to
reduce the order of the required derivatives by applying the so-called Gauss—Newton
approach. In this case, the search direction is defined as a solution of the following
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auxiliary problem:
Igleilgw (1) +(Vf1(x), h)s oo fn(0) +(V (), B)) + x +h € D)},

where D(x) is a properly chosen neighborhood of the point x. Under some non-
degeneracy assumptions, for this strategy it is possible to establish local quadratic
convergence.

Despite its elegance, the above approach deserves some criticism. Indeed, the
transformation of problem (4.4.1) into problem (4.4.2) is done in a quite straight-
forward way. For example, if the initial system of equations is linear, then such a
transformation squares the condition number of the problem. Besides increasing
numerical instability, for large problems this leads to squaring the number of
iterations, which is necessary to get an e-solution of the original problem.

In this section, we consider another approach. At first glance, it looks very
similar to the standard one: We replace our initial problem by a minimization
problem (4.4.2). However, our merit function is non-smooth.

Before we start, let us recall some notation. For a linear operator A : E; — [E,,
its adjoint operator A* : E5 — 7 is defined as follows:

(s, Ax) = (A%s,x), Vx eE, s € E3.

For measuring distances in E; and [E;, we introduce the norms || - ||g, and || - [|g,.
In the dual spaces, the norms are defined in the standard way. For example,

Isllgr = max{(s,x) : [x|g, <1}, s €K
xE]El

If no ambiguity occurs, we drop subindexes of the norms since they are always
defined by the spaces containing the arguments. For example, ||s| = ”s”ET for
s e ET.

For A : E; — E,, we define the minimal singular value as follows:

omin(A) = min{llAx| - Jlx| =1} = [lAx] = omin(A)lx]| Vx € Ey.
1

For invertible A, we have omin(A) = 1/||A~"||. Note that for two linear operators
Aj and Ao,

Oomin(A142) = omin(A1) - Omin(A2).

If omin(A) > 0, then we say that the operator A possesses primal non-degeneracy.
If omin (A*) > 0, then we say that A possesses dual non-degeneracy.
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Finally, for a non-linear function F(:) : E; — E; we denote by F’(x) its
Jacobian, which is a linear operator from [E; to E:

F'(x)h = oli_)mooll[F(x +ah) — F(x)]€Ey, hek,.

In the special case f(-) : E; — E; = R, we have f'(x)h = (V f(x), h) for all
h e El.

Consider a smooth non-linear function F(-) : E; — Ej. Our main problem of
interest is to find an approximate solution to the following system of equations:

F(x)=0, xek. (4.4.4)

In order to measure the quality of such a solution, we introduce a (sharp) merit
function ¢ (1), u € E,, which satisfies the following conditions:

» It is convex, non-negative and vanishes only at the origin. (Hence, its level sets
are bounded.)
It is Lipschitz-continuous with unit Lipschitz constant:

lpu) —p@)| < llu—vll, Vu,veEs. (4.4.5)
e It has a sharp minimum at the origin:
¢ W) = yplull, Vu € K, (4.4.6)

for a certain yy € (0, 1].

For example, we can take ¢ (1) = |lu||lg,. Then yy = 1.
We can use this merit function to transform the problem (4.4.4) into the following
unconstrained minimization problem:

def

;Igéll{ fO=¢F@)} = f* (4.4.7)

Clearly, the solution x* to the system (4.4.4) exists if and only if the optimal value
f* of the problem (4.4.7) is equal to zero. The iterative scheme proposed below
can be seen as a minimization method for problem (4.4.7), which employs a special
structure of the objective function. Function f can even be non-smooth. However,
we will see that it is possible to decrease its value at any point x € [E; excluding the
stationary points of the problem (4.4.7).

Let us fix some x € ;. Consider the following local model of our objective
function:

Y y)=¢ (Fx)+ F(x)(y —x), yek.

yurii.nesterov@uclouvain.be



308 4 Second-Order Methods

Note that i (x; y) is convex in y. Therefore it looks natural to choose the next
approximation of the solution to problem (4.4.7) from the set

Arg min ¥ (x; y).
yeE;

Such schemes are very well studied in the literature. For example, if choosing ¢ as
in (4.4.3), we get the classical Gauss—Newton method. However, in what follows we
see that a simple regularization of this approach leads to another scheme, for which
we can speak about global efficiency of the process.

Let us introduce the following smoothness assumption. Denote by .% a closed
convex set in [£; with non-empty interior.

Assumption 4.4.1 The function F(-) is differentiable on the set ¥ and its deriva-
tive is Lipschitz-continuous:

IF'(x) = F'()Il < Lllx —yll, Vx,yeZ, (4.4.8)

with some L > 0.

A straightforward consequence of this assumption is as follows:
IF() = Fx) = F')(y =0l < 5Ly = x>, x.ye 7. (4.4.9)

We skip its proof since it is very similar to the proof of inequality (1.2.13). In the
remaining part of this section, we always assume that Assumption 4.4.1 is satisfied.

Lemma 4.4.1 For any x and y from %, we have
1F ) — Y@ pl < SLIly — x> (4.4.10)
Proof Letd(x,y) = F(y) — F(x) — F'(x)(y — x) € E,. By inequality (4.4.9),
ld(x. y)ll < ;Lux — I
Since both x and y belong to .%, we have
IFO) =¥ s 0 = 1o (F () = ¢(F(x) + F'(x)(y —x))|

(4.4.5) 5
< ld&,nl = JLly—xl". B

1
2
Inequality (4.4.10) provides us with an upper approximation of function f:

fO) ¥y + LIy — x|, Vx,ye Z.
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Let us use it for constructing a minimization scheme. Let M be a positive parameter.
For the problem (4.4.7), define a modified Gauss—Newton iterate from a point x €
Z as follows:

Vir(x) € Arg min |y (s v) + LMy — %] (44.11)
yeE;

where “Arg” indicates that Vjs(x) is chosen from the set of global minima of the
corresponding minimization problem.? Note that the auxiliary optimization problem
in (4.4.11) is convex in y. We postpone a discussion on the complexity of finding
the point Vs (x) until Sect. 4.4.4.
Let us prove several auxiliary results. Define

rm(x) = [V (x) — x|,

fu@) =¥ V() + ; Mri (x),

Sm(x) = f(x) — fu(x).

For a fixed x, the value fjs(x) is a concave function in M since it can be represented
as a minimum of functions linear in M (see Theorem 3.1.8):

— mi . 1 — 12
Fune) = min [y x; ) + My = xI].

Consequently, the value %rj%,[ (x), which is equal to the derivative of fy;(x) in M
(see Lemma 3.1.14), is a decreasing function of M.

Lemma 4.4.2 For any x € E1 we have
1L 2
Sy (x) > 2MrM(x). (4.4.12)

Proof Let us fix an arbitrary x € E;. Let Yo (y) = 1M||y —x||? and

Y1(y) = ¢¥(x; y) + voly).

In view of Theorem 3.1.24, there exists g1 € 9, (x; Vi (x)) and g2 € dvo(Vm(x))
such that

(g1 +82,y—Vux) =0 VyekE. (4.4.13)

3Since we do not assume that the norm ||x ||, x € Ey, is strongly convex, this problem may have a
non-trivial convex set of global solutions.
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At the same time, in view of identity (3.1.39), we have (g2, Vi (x) —x) = Mri%,[ (x).
Hence,

(3.1.23)
f) = Yix) = ¥, Vu®x) + (g1, x — Vu(x))

(4.4.13)
> Ylx, Vi (x)) + (g2, Vi (x) — x)

= Y@, V@) +Mri(x) = fux)+ LMri(x).
This is exactly inequality (4.4.12). O

Let us compare 8,7 (x) with another natural measure of local decrease of the model
Y (x; ). For r > 0 define

Ar(x) = f(x) — )m%Eri{lﬂ(x; »ily—xl=rh

e
Lemma 4.4.3 Forany x € Ey andr > 0 we have
o) = M2 x (L a). (4.4.14)

where

=3 t>1,
x(t) =
y12 telo,1].

The right-hand side of the bound (4.4.14) is a decreasing function of M.
Proof Letus choose A, € Arg}lln%él{w(x; x4+ h): ||h]| <r}. Then
€y

fu(0) < minf{g(F(0) +TF (0hy) + ,M7*r? 2 T € [0, 1)
= min{¢((1 — ) F(x) + 7(F(x) + F'(x)hy)) + yMt%% : T €0, 1])
< min{(1 = DG(F () + 1o (F(x) + F'()hy)) + Mt T e[0,1])

= min{f(x) — A, (x) + yMt*?: T €[0,1]}.
T
Thus,

Sp(x) > max {tA(x) — | M%) = M2 x (Ml 2Ar(x)) .
7€[0,1] r

Note that the right-hand side of this inequality is decreasing in M. 0O
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Define

Lr)y={yek: f(y) <r}.

Lemma 4.4.4 Let £ (f(x)) Cint F and M > L. Then Vy(x) € Z(f (x)).
Proof Let Vi (x) € £ (f(x)). Consider the points

y@)=x4+aoa - (Vykx)—x), «el0,1].

Since y(0) = x € int .%, we can define the value @ € (0, 1) such that y(@) lies at
the boundary of the set .%. Note that

F@) = f(x) = fulx),
and ry7(x) > 0. By our assumption, @ € (0, 1). Define
d=F(y@)—F@)—aF (x)(Vu(x) —x) € Ea.
In view of inequality (4.4.9), ||d]| < 12‘ a*r3; (x). Therefore,
f&) 2 fO@) = ¢(Fx) +aF' (x)(y(1) —x) +d)
S PUF () +aF () (Vi (x) —x)) + |||l
< (=@ f@) +ap((F(x) + F'(@) (Vi (x) — x)) + , M&Zri; (x)
<1 -a)f@) +afu) — yMa(l —ayry ).

Thus, f(x) < fu(x) — %M(l — &)r,@ (x), which is a contradiction to (4.4.12). O

Lemma 4.4.5 Let both x and Vy;(x) belong to F. Then
. 1
Jfm(x) < min [f(y) + (L+M)lly — XIIZ} . (4.4.15)
yeF 2

Proof For y € Z let d(x,y) = F(y) — F(x) — F/(x)(y — x) € E;. By
inequality (4.4.9),

1
ld e, Il = ) Lilx = yI2.
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Hence, since both x and Vj;(x) belong to .%, we have

[ 1
fu(x) = min [¢(F(x) + F'(x)(y —x)+  Mly — Xllz}
yeF [ 2

1
= min | $(F(y) = d(x, y) + My - xuz}

T 1

< min f(y>+2(L+M>||y—x||2] o

Corollary 4.4.1 Let x* be a solution to problem (4.4.7) and £ ( f (x)) € %#. Then
1

fmx) < f*+ o (L + M)lx — X2 (4.4.16)

Proof 1t is enough to substitute y = x™* in the right-hand side of (4.4.15). O

4.4.2 The Modified Gauss—Newton Process

Now we can analyze the convergence of the following process. Let us fix Lo €
0, L].

Modified Gauss—Newton method
Initialization: Choose xg € R".

Iteration &, (k > 0) : 4.4.17)
1. Find My € [Lg, 2L] such that

SV x1) < e (k).

2. Set xp41 = Vi (xk).

Since fyr(x) < f(x), this process is monotone:

SOkt < f (). (4.4.18)
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If the constant L is known, then in Item 1 of this scheme we can use M; = L. In the
opposite case, it is possible to apply a simple search procedure (see, for example,
Sect.4.1.4). Let us now present the convergence results.

Let xo € int .% be a starting point for the above minimization process. We need
to assume the following.

Assumption 4.4.2 The set % is big enough: L (f (x0)) C Z.

In what follows, we always suppose that Assumption 4.4.2 is satisfied. In view
of (4.4.18,) this assumption implies that £ (f (xx)) € % for any k > 0.

Theorem 4.4.1 Foranyk > 0andr > 0 we have

flxw) — f*

v

o0 o0
1 1
2Lo ) ra, () = 3 Lo X;(rgL(xi),

1= 1=,

(4.4.19)
FCw) = f* 27 X Mix (@) 2 2102 > x (2h2ar@).

=

Proof Indeed, in view of the rules of Step 1 in (4.4.17),
Iy (xi) = f(xiv1), M; > Lo, 1y (xi) > rap(xi).

Thus, inequality (4.4.12) justifies the first inequality in (4.4.19). In order to prove
the second one, we apply (4.4.14) and use the bound M; < 2L imposed by
(4.4.17). O

Corollary 4.4.2 Let the sequence {xi};2, be generated by the scheme (4.4.17).
Then

Lim |lxg —xgp1ll =0,  lim A, (x) =0,
k—o00 k—o00

and therefore the set of limit points X* of this sequence is connected. For any X from
X*, we have A, (x) =0. O

Let us justify now the local convergence of the scheme (4.4.17).

Theorem 4.4.2 Let the point x* € L (f (xg)) with F(x*) = 0 be a non-degenerate
solution to problem (4.4.4):

0 = omin(F'(x*)) > 0.
Let yy be defined by (4.4.6). If xi € £ (f (x0)) and

2 9V

”)Ck —X*” =< L 345ys°
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314 4 Second-Order Methods
then xi+1 € Z(f (x0)) and

3(14yg) L llxg—x*|I?
e = X1 < 5 G0 ey = 12— X1 (4.4.20)

Proof Since f(x*) = 0, in view of inequality (4.4.16) and inequality (4.4.9), we
have

Wl — X1 = far () = Yo X)) = vl F () + F/ () (i — x|
= Vol F'(x") (g1 — %) + (F () — F(x*) = F/(x*)(xx — x*))
+ (F'(xi) = F'(x*) (xe1 — x|
> Yol F' (%) (a1 — x| = 5 ok — x*12

—Lllxx = x*| - llxg1 — xll]

3L
> s [ = Ll =) - I = 5% = F o —x*2]. o

4.4.3 Global Rate of Convergence

In order to get global complexity results for method (4.4.17), we need to introduce
an additional non-degeneracy assumption.

Assumption 4.4.3 The operator F'(x) : E; — E, possesses a uniform dual non-
degeneracy:

omin(F'(x)") =0 >0 Vx € Z(f(x0)).

Note that this assumption implies dimE, < dim[E;. The role of Assump-
tion 4.4.3 in our analysis can be seen from the following standard result.

Lemma 4.4.6 Let the linear operator A : Ey — Ej possess dual non-degeneracy:
Omin(A™) > 0.
Then for any b € E, there exists a point x(b) € Ey such that

Ax(b)=b, x| = , ..
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Proof Consider the following optimization problem:

min{f(x) = [lx|| : Ax = b}.

Since the level sets of its objective function are bounded, its solution x* exists. In
view of the statement (3.1.59), there exists a y* € [E3 such that g* = A*y* €
df (x*). Using inequality (3.1.42) and Lemma 3.1.15, we conclude that || g*|| < 1.
Thus,

L= A" Y* I = omin(A)Iy*l. (4.4.21)

On the other hand,

(3.1.40)
lx* =" (g%, x*) = (Ax*, y*) = (b,y*) < o]l - Iy*Il.

It remains to apply inequality (4.4.21). O

An important consequence of Lemma 4.4.6 is as follows.

Lemma 4.4.7 Let the operator F'(x) possess dual non-degeneracy: omin(F'(x)*)
> 0. Then for any M > 0 we have

() < T (4.422)
Proof Indeed, in view of Lemma 4.4.6 there exists an 2* such that

F(x) + F'(x)h* = 0

* I1F @
and [|A*]| <, " pi(yyr)- Therefore

M2 ) < e vir) + 2,00 = min | v x +1) + bR
o M) = VA TM 2 M hek, : 2
2
262 (F'(x)")

Now we can justify the global rate of convergence of scheme (4.4.17).
Theorem 4.4.3 Let Assumptions 4.4.1, 4.4.2 and 4.4.3 be satisfied.

1) Suppose that the sequence {x}32, is generated by method (4.4.17). If f (xx) >
2 Z )/4%, then

F@rn) < FO0) = L vg- (4.4.23)
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Otherwise,
[y < gzLyg A0 < 5 f (). (4.4.24)

2) Suppose that the sequence {xi}}2, is generated by method (4.4.17) with My =
L.If f(xx) > ”L y¢, then

F@rn) < fe) = 573 (4.4.25)

Otherwise,
fOureD) <, % FTACOE > f ). (4.4.26)

Proof Let us prove the first part of the theorem. Since the operator F’(x;) is non-
degenerate, in view of Lemma 4.4.6 there exists a solution 4} to the system of linear
equations F(xx) + F’(xx)h = 0 with a bounded norm:

1Al < JIF GOl < ), f (o).

Therefore, in view of the step-size rules in the scheme (4.4.17) and the upper bound
on the values M, we have

f ) < min [@(F (o) + F'(xoh) + L Myl
/’LE]E]

< min [$(F () + 1 F' (ol + Llithi]’]

. L 2,2
< tgll(%,nl] |:¢((1 —t)F(xy)) + azyjt f (xk)i|
< tg[%ﬂ] [(1 =0 f (k) + nyétzfz(xk)} .

Thus, if f(xx) < gL yq%, then the minimum in the latter univariate problem is

attained at ¢ = 1 and we get inequalities (4.4.24). In the opposite case, the minimum
2,2

o
is attained at t = ,, p J(/x and we get estimate (4.4.23).
The second part of the theorem can be proved in a similar way. 0O

Using Theorem 4.4.3, we can establish some properties of problem (4.4.7).
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Theorem 4.4.4 Let Assumptions 4.4.1, 4.4.2 and 4.4.3 be satisfied. Then there
exists a solution x* to problem (4.4.7) such that f (x*) = 0 and

lx* = xoll < ZIIF (x0)ll. (4.4.27)

Proof Let us choose ¢ (#) = ||ul|. Then y, = 1. Let us now apply method (4.4.17)
with My = L to the corresponding problem (4.4.7) with f(x) = || F(x)]|.

2 .
Assume first that f(xg) > "L . In accordance with the second statement of

Theorem 4.4.3, as far as f(xx) > "Lz we have

Fe) = fousn) = g, - (4.4.28)
Denote by N the length of the first stage of the process:
Fon) =% = flani).
Summing up inequalities (4.4.28) fork =0, ..., N, we get
N +1<25(f(x0) = fen+1)). (4.4.29)
On the other hand, in view of inequality (4.4.12) we have
G = fGrrD) = 5l — xaq I (4.4.30)

Summing up these inequalities for k =0, ..., N, we get
L& 2 L ¥ ’
F(x0) — fxn41) = 5 kZ:O Ik — Xk l” = iy <k¥0 llxx — Xk+1||>
> 2(NL+1) llxo — xn4111°.
Now, using estimate (4.4.29), we obtain
2N+ 172 _,
o —xntll < [P0 (£ o) = Fova)] T = 2(£Go) = o).
(4.4.31)

Further, in view of Theorem 4.4.3, at the second stage of the process we can
guarantee that

flua) < 5 2 < S fGw), k=N+1. (4.4.32)

— 20
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Thus, f(xNtk+1) < (;)kf(xNH) for k > 0. Hence, in view of inequality (4.4.22)
we have

11
lxntxt2 — xnphstll < 2 GQ)F flang1), k= 0.

Thus, the sequence {x};2,, converges to a point x* with F(x*) = 0 and

Ix* = xn41ll < 2 fGeng1).

Taking into account this inequality and (4.4.31), we get (4.4.27).

If f(xp) < ”Lz, then we can apply the latter reasoning from the very beginning:

3 k1 — xxll < ;kgof(xk) < ! fxo) kgog)k =2f(x9). 0O

k=0

Applying exactly the same arguments as in the proof of Theorem 4.4.4, it is possible
to justify the following statement.

Theorem 4.4.5 Let Assumptions 4.4.1, 4.4.2 and 4.4.3 be satisfied. Suppose the
sequence {xi};2, is generated by method (4.4.17) as applied to problem (4.4.7).
Then this sequence converges to a single point x* with F(x*) = 0. O

Let us conclude this section with the following remark. We have seen that
Assumptions 4.4.1, 4.4.2 and 4.4.3 guarantee the existence of a solution to
problem (4.4.4). Define

D = min{llx = xoll : x € Z(f(x0)), F(x)=0}.

In view of Corollary 4.4.1 and the bounds on My in method (4.4.17), we can always
guarantee that

f(x1) <3LD% (4.4.33)
Thus, in view of Theorem 4.4.3, the number of iterations N of method (4.4.17)

which is necessary for reaching the region of quadratic convergence can be bounded
as follows:

2
N<1+ G‘;igf()q) <146 (GLZ) . (4.4.34)

We will refer to this bound as an upper complexity estimate of the class of problems

described by Assumptions 4.4.1, 4.4.2 and 4.4.3. This bound is justified by the
modified Gauss—Newton method (4.4.17).
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4.4.4 Discussion
4.4.4.1 A Comparative Analysis of Scheme (4.4.17)

Let us compare the efficiency of method (4.4.17) with the Cubic Newton Method
for unconstrained minimization (see Sect.4.1). Note that the fields of applications
of both methods intersect. Indeed, any problem of solving a system of non-linear
equations can be transformed into a problem of unconstrained minimization using
some merit function. On the other hand, any unconstrained minimization problem
can be reduced to a system of non-linear equations, which corresponds to the first-
order optimality conditions (1.2.4).
Consider the following unconstrained minimization problem:

min ¢(x), (4.4.35)

xE]El

where ¢(-) is a twice differentiable strongly convex function whose Hessian is
Lipschitz continuous. In this subsection, we assume that all norms are Euclidean.
Suppose that there exist positive o and L such that the conditions

(V2p(x)h, h) > o||h|?,
(4.4.36)
IV20(x + h) — V2p(x)|| < L|Al,

are satisfied for any x and & from E;. Let D = |lxg — x*||. Then in Sect.4.1.5,
we have shown that the complexity of problem (4.4.35) for the Cubic Newton
Method (4.1.16) depends on the characteristic

(we use the notation of this section). If { < 1, then problem (4.4.35) is easy. In
the opposite case, the number of iterations of the modified Newton scheme which is
necessary to come to the region of quadratic convergence is essentially bounded by

N = 6.25\/t, (4.4.37)

(see (4.1.57)).
Note that problem (4.4.35) can be posed in the form (4.4.4):

Findx : F(x) & Vo) = 0. (4.4.38)

In this case, F/(x) = VZ2p(x). Therefore, in view of conditions (4.4.36), our
problem (4.4.38) satisfies Assumptions 4.4.1,4.4.2 and 4.4.3. Let us choose f(x) =
| F(x)]]. Then, in view of (4.4.34), the number of iterations of the modified Gauss—
Newton scheme (4.4.17) required to come to the region of quadratic convergence is
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bounded by
Ny =1+6¢2. (4.4.39)

Clearly, the estimate (4.4.37) is much better than (4.4.39). However, this
observation just confirms a standard rule that the specialized procedures are usually
more efficient than a general purpose scheme. However, at this moment we cannot
come to a definitive answer since the lower complexity bounds for the problem class
described by Assumptions 4.4.1,4.4.2 and 4.4.3 are not known. So, there is a chance
that the complexity (4.4.39) can be improved by other methods.

In fact, as compared with the Cubic Newton Method (4.1.16), the scheme (4.4.17)
has one important advantage. The auxiliary problem for computing the new test
point at each iteration of method (4.1.16) is solvable in polynomial time only if this
method is based on the Euclidean norm. On the contrary, in the modified Gauss—
Newton scheme we are absolutely free in the choice of norms in the spaces £ and
E,. As we will see in Sect. 4.4.4.2, any choice results in a convex auxiliary problem.
Therefore, it is possible to choose the norms in a reasonable way, which makes the
ratio é as small as possible.

4.4.4.2 TImplementation Issues

Let us study the complexity of auxiliary problem (4.4.11). For simplicity, let us
assume that we choose f(x) = ||F(x)||. So, our problem is as follows:

1
Find fy(x) = }Ilnﬁ%l [||F(x) + F'(x)h| + 2M||h||2i| . (4.4.40)
Sl
Note that sometimes this problem looks easier in its dual form:

1
. F F/ h Mk 2
min |:|| (x) + F (x)h| + 5 Al :|

1
= min max [(s, F(x)+ F'(x)h) + M||h||2:|
hek) seE} 2
lIsli<1

1
— max min [(s, F(x) + F'(x)h) + M||h||2:|
seEy hek, 2
ls=1

1
=ma§|:(S, Fa) = ) I G sIZ: lisl < 1]

seks
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Since this problem is convex, it can be solved by the efficient optimization schemes
of Convex Optimization.

Let us show that for Euclidean norms, problem (4.4.40) can be solved by the
standard Linear Algebra technique.

Lemma 4.4.8 Let us introduce in £y and IE, the Euclidean norms:
Ixll = (Bix, x)'/?, x € E1, lull = (Bau,u)'’?, u € Ey,

where By = Bf > 0, and B, = B} > 0. Then the solution of the problem (4.4.40)
can be found by the following univariate convex optimization problem:

fue) =min [z + HIF@I? = ([0F' @) B F () + T MB11 g g) .
- (4.4.41)

where g = F'(x)*ByF (x). If T is an optimal solution to this problem, then the
solution to (4.4.40) is given by

h* = —[F'(0)*BoF'(x) + T*M By |~ F'(x)* By F (x). (4.4.42)

Proof Indeed

fu@) = minmin [ Lo+ LIFC + F @RI+ Y 1812
1=

= min min [;z + L IF Q)+ F'on)> + IIhIIZ]

>0 hek,

— min min [;z + L IFIP + LBy F(x), F/(x0)h)

>0 hek,
1 / / M
2 (B F' Ok, F'oh) + 4 (Bih, b .

The minimum of the internal minimization problem is achieved at
-1
W) == [P0 B F ) + MBI| LF /(0" BaF ()

= —[F'()*BoF'(x) + TMB1] "' F/(x)* B2 F ().
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With the notation g = F’(x)*ByF(x), the objective function of the optimization
problem in 7 is as follows:

-1
Yo+ L IF@IR = ([P0 BF ) + MB1 | g.8)

—1
= 3T+, IF@I? = ([t F'(0)* B F'(x) + 1M B1] ™ g, g).

In view of Theorem 3.1.7, this function is convexin r. 0O

Note that the univariate optimization problem in (4.4.41) can be solved efficiently
by one-dimensional search procedures (see, for example, Sect. A.1).

yurii.nesterov@uclouvain.be



Part 11
Structural Optimization

yurii.nesterov@uclouvain.be



Chapter 5 )
Polynomial-Time Interior-Point Methods e

In this section, we present the problem classes and complexity bounds of polyno-
mial-time interior-point methods. These methods are based on the notion of a
self-concordant function. It appears that such a function can be easily minimized
by the Newton’s Method. On the other hand, an important subclass of these
functions, the self-concordant barriers, can be used in the framework of path-
following schemes. Moreover, it can be proved that we can follow the corresponding
central path with polynomial-time complexity. The size of the steps in the penalty
coefficient of the central path depends on the corresponding barrier parameter. It
appears that for any convex set there exists a self-concordant barrier with parameter
proportional to the dimension of the space of variables. On the other hand, for
any convex set with explicit structure, such a barrier with a reasonable value of
parameter can be constructed by simple combination rules. We present applications
of this technique to Linear and Quadratic Optimization, Linear Matrix Inequalities
and other optimization problems.

5.1 Self-concordant Functions

(Do we really have a Black Box? What does the Newton method actually do? Definition
of self-concordant functions; Main properties; The Implicit Function Theorem; Minimizing
self-concordant functions; Relations with the standard second-order methods.)

5.1.1 The Black Box Concept in Convex Optimization

In this chapter, we are going to present the main ideas underlying the modern
polynomial-time interior-point methods in Nonlinear Optimization. In order to start,
let us look first at the traditional formulation of a minimization problem.

© Springer Nature Switzerland AG 2018 325
Y. Nesterov, Lectures on Convex Optimization, Springer Optimization
and Its Applications 137, https://doi.org/10.1007/978-3-319-91578-4_5
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Suppose we want to solve a minimization problem in the following form:
min{fo(x) : fj(x) <0, j=1...m}.
xeR"

We assume that the functional components of this problem are convex. Note that
all standard convex optimization schemes for solving this problem are based on the
Black-Box concept. This means that we assume our problem to be equipped with an
oracle, which provides us with some information on the functional components of
the problem at some test point x. This oracle is local: If we change the shape of the
component far enough from the test point, the answer of the oracle does not change.
These answers comprise the only information available for numerical methods.'

However, looking carefully at the above situation, we can discover a certain
contradiction. Indeed, in order to apply the convex optimization methods, we need
to be sure that our functional components are convex. However, we can check
convexity only by analyzing the structure of these functions®: If our function
is obtained from the basic convex functions by convex operations (summation,
maximum, etc.), we conclude that it is convex.

Thus, the functional components of the problem are not in the Black Box at
the moment we are checking their convexity and choose the minimization scheme.
However, we lock them in the Black Box for numerical methods. This is the main
conceptual contradiction of the standard Convex Optimization theory.>

The above observation gives us hope that the structure of the problem could
be used to improve performance of convex minimization schemes. Unfortunately,
structure is a very fuzzy notion, which is quite difficult to formalize. One possible
way to describe the structure is to fix the analytical type of functional components.
For example, we can consider the problems with linear functions f;(-) only. This
works, but note that this approach is very fragile: If we introduce in our problem
just a single functional component of different type, we get another problem class
and all the theory must be redone from scratch.

Alternatively, it is clear that having the structure at hand, we can play with the
analytical form of the problem. We can rewrite the problem in many equivalent
forms using nontrivial transformations of variables or constraints, introducing
additional variables, etc. However, this would serve no purpose without realizing
the final goal of such transformations. So, let us try to find such a goal.

At this moment, it is better to look at classical examples. In many situations,
the sequential reformulations of the initial problem can be seen as a part of the
numerical method. We start from a complicated problem &2 and, step by step,
simplify its structure up to the moment we get a trivial problem (or, a problem

1We have already discussed this concept and the corresponding methods in Part I of the book.
2 A numerical verification of convexity is a hopeless computational task.

3Nevertheless, the conclusions of the theory concerning the oracle-based minimization schemes
remain valid, of course, for the methods which are designed in accordance with the Black-Box
principles.
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which we know how to solve):
P — ... — (f*x".

Let us look at the standard approach for solving the system of linear equations,
namely,

We can proceed as follows:

1. Check that matrix A is symmetric and positive definite. Sometimes this is clear
from its origin.
2. Compute the Cholesky factorization of the matrix:

A=LLT,

where L is a lower-triangular matrix. Form two auxiliary systems

3. Solve the auxiliary systems.

This process can be seen as a sequence of equivalent transformations of the initial
problem.

Imagine for a moment that we do not know how to solve the systems of
linear equation. In order to discover the above technology, we should perform the
following steps:

1. Find a class of problems which can be solved very efficiently (linear systems
with triangular matrices in our example).

2. Describe the transformation rules for converting our initial problem into the
desired form.

3. Describe the class of problems for which these transformation rules are applica-
ble.

We are ready to explain how it works in Convex Optimization. First of all,
we need to find a basic numerical scheme and problem formulation at which
this scheme is very efficient. We will see that for our goals the most appropriate
candidate is the Newton’s method (see Sect.1.2.4 and Chap.4) as applied in the
framework of Sequential Unconstrained Minimization (see Sect. 1.3.3).

In the next section, we will analyze some drawbacks of the standard theory on
the Newton’s method. From this analysis, we derive a family of very special convex
functions, so-called self-concordant functions and self-concordant barriers, which
can be efficiently minimized by the Newton’s method. We use these objects in the
description of a transformed version of the initial problem. In the sequel, we refer
to this description as a barrier model of our problem. This model will replace
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the standard functional model of the optimization problem used in the previous
chapters.

5.1.2 What Does the Newton’s Method Actually Do?

Let us look at the standard result on the local convergence of Newton’s method (we
have proved it as Theorem 1.2.5). We need to find an unconstrained local minimum
x* of the twice differentiable function f(-):

min f(x). (5.1.1)

For the moment, all the norms we use are standard Euclidean. Assume that:

o sz(x*) > w1, with some constant u > 0,
* I V2f) = VEf() ISM | x—y| forallx andy € R".

Assume also that the starting point of the Newton process xg is close enough to

x*:

o —x* || <7 = 4. (5.1.2)
Then we can prove (see Theorem 1.2.5) that the sequence
xext =2 = [V F @IV @), k=0, (5.13)

is well defined. Moreover, || xx — x* ||< r for all k > 0 and the Newton’s
method (5.1.3) converges quadratically:

Mlxg—x*|2

—x*| <
S S R v

What is wrong with this result? Note that the description of the region of

quadratic convergence (5.1.2) for this method is given in terms of the standard
inner product

(x,y) = i xDy@ - xy e R
i=1

If we choose a new basis in R”, then all objects in our description change: the
metric, the Hessians, the bounds u and M. However, let us see what happens in this
situation with the Newton process. Namely, let B be a nondegenerate (n X n)-matrix.
Consider the function

¢(y) = f(By), yeR"
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The following result is very important for understanding the nature of the Newton’s
method.

Lemma 5.1.1 Let the sequence {x;} be generated by the Newton’s method as
applied to the function f:

Xt = X = [V2f @IV f (), k=0,
Consider the sequence {yy}, generated by the Newton’s method for the function ¢:
Vit = e = [V 0] Vo (). k=0,
with yo = B~ !xq. Then Vi = B’lxkfor allk > 0.
Proof Let yy = B~!x; for some k > 0. Then
Vit = i = (V26 )™ Vo () = yi — [BT V2 f(By) BI™' BTV £ (By)

=B 'xy — BTV F )7 'V F () = B~ g, O

Thus, the Newton’s method is affine invariant with respect to affine transforma-
tions of variables. Therefore, its actual region of quadratic convergence does not
depend on a particular choice of the basis. It depends only on the local topological
structure of the function f(-).

Let us try to understand what was wrong in our assumptions. The main
assumption is related to the Lipschitz continuity of the Hessians:

IV f) =V Il <MIllx—=yl, Vx,yeR"
Let us assume that f € C3(R"). Define

" (0)[ul = O}grlo;[vzf(x +au) — V2 f(x)] = D3 f(x)[h].

The object in the right-hand side of this equality (and, consequently, in its left-hand
side) is an (n x n)-matrix. Thus, our assumption is equivalent to the condition

IOl <M ull.
This means that at any point x € R”, we have
(f"ludv,v) = D> fOl,v. vl <M Jul-llv|* Yu,veR"
Note that the value in the left-hand side of this inequality is invariant with respect

to affine transformations of variables (since this is just a third directional derivative
along direction u and twice along direction v). However, its right-hand side does
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depend on the choice of coordinates. Therefore, the most natural way to improve
our situation consists in finding an affine-invariant replacement for the standard
Euclidean norm || - ||. The most natural candidate for such a replacement is quite
evident: This is the norm defined by the Hessian V2 f (x) itself, namely,

Il 32y = (V2 )u,u) = D2f(x)lh. h].

This choice results in the definition of a self-concordant function.

5.1.3 Definition of Self-concordant Functions

Since we are going to work with affine-invariant objects, it is natural to get rid of
coordinate representations and denote by E a real vector space for our variables, and
by E* the dual space (see Sect.4.2.1).

Let us consider a closed convex function f(-) € C 3(dom f) with open domain.
By fixing a point x € dom f and direction u € [E, we define a function

¢(x; 1) = flx +1u),

dependent on the variable € dom ¢ (x; -) € R. Define
Df (0)[u] = ¢'(x;0) = (V f(x), u),
D*f()[u,u] = ¢"(x10) = (V2 f ()u,u) =] u 5 ;-

D3 f()[u, u, u] = ¢ (x; 0) = (D f(x)[ulu, u).

Definition 5.1.1 A function f is called self-concordant if there exists a constant
My > 0 such that the inequality

1D f o) lw, w, ull < 2M 5 | w13, (5.1.4)

fx)
holds for all x € dom f and u € E. If My = 1, the function is called standard
self-concordant.

Note that we are going to use these functions to construct a barrier model of
our problem. Our main hope is that they can be easily minimized by the Newton’s
method.

Let us point out an equivalent definition of self-concordant functions.
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Lemma 5.1.2 A function f is self-concordant if and only if for any x € dom f and
any triple of directions u1, us, uz € E we have

3
| D3f(x)[u1, us, u3] |§ 2Mf 1_[ ” uji ”sz(x) . (515)
i=1

We accept this statement without proof since it needs some special facts from the
theory of tri-linear symmetric forms. For the same reason, we accept without proof
the following corollary.

Corollary 5.1.1 A function f is self-concordant if and only if for any x € dom f
and any direction u € R" we have

D3 f(x)lu] < 2Mslullg2 () V2 f (x). (5.1.6)
In what follows, we often use Definition 5.1.1 in order to prove that some f
is self-concordant. In contrast, Lemma 5.1.2 is useful for establishing different

properties of self-concordant functions.
Let us consider several examples.

Example 5.1.1

1. Linear function. Consider the function
f(x)=a+{(a,x), domf =E.
Then
Vi@ =a, V) =0, Vf@)=0,

and we conclude that My = 0.
2. Convex quadratic function. Consider the function

f(x)=a~|—(a,x)~|—;(Ax,x), dom f =E,
where A = A* > 0. Then
Vix)=a+Ax, V2f(x)=A, Vf(x)=0,

and we conclude that My = 0.
3. Logarithmic barrier for a ray. Consider a univariate function

f(x)=—Inx, domf={xeR| x> 0}.
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Then
fo==1 ffo=5 fo=-73
Therefore, f(-) is self-concordant with My = 1.

4. Logarithmic barrier for an ellipsoid. Let A = A* > 0. Consider the concave
function

ox)=a+{a,x)— ;(Ax,x).
Define f(x) = —In¢(x), withdom f = {x € E: ¢(x) > 0}. Then
Df0)lul = = 4, la, u) = (Ax, w)],
D* f)lu,ul = o la,u) = (Ax, )P + 4 (Au,u),

D3 f () [u, u, ul = [(a,u) — (Ax,u)]?

2
$3(x)
— g L@, ) = (Ax, 1) [{Au, u).
Let w; = Df (x)[u] and wp = ¢(1X) (Au, u). Then
D?f(0)[u,ul = &? +wp > 0,
| D3 fO) [, u,ul | = | 20} + 3w | .

The only nontrivial case is w1 # 0. Let § = wp/ a)%. Then

DY f@uaul] 2o +3orjer _ 20436 _
DOl = @end? T (492 S

where the last inequality follows from the convexity of the function (1 + £)3/2
for & > —1. Thus, the function f is self-concordantand My = 1.

5. It is easy to verify that none of the following univariate functions is self-
concordant:

f@=e, f=/} x>0p>0fx)=x|", p>2.

However the function fp x) = %xz + pi »— ; with p > 0 is self-concordant for
x > 0. Let us prove this. Indeed,

1 1 2
fey=x— L. flm =1+ 50 =10 ey = ~¢The,
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If x > 1, then
1 2
1fy ol = PEED < (p 1) ) < (p DL

If x € (0, 1], then

3,2
D(p+2
|f;/(x)| _ (P+x1))(+1§+ ) (p+D(p+2 (xp+2)

FN 32
r+0p+2(75)

IA

Thus, we can take My, = max il + 5. 5 5+~2H } = 14 4. Note that the function

fp is well defined as p — 0. Indeed,
lim f,(x) = Jx2 4 1lim ! [eP™r —1] = 142 Iy
p—0 b 2 p—0P 2 '

6. Let f € sz(R"). Assume that it is strongly convex on R"” with convexity
parameter 02 (f). Then, for any x € R" and direction u € R" we have

3 (2.1.28) 2o,
DY = Lalully < La (ol lulBa ) ooty V2F OO,

Thus, in view of Corollary 5.1.1, we can take M = 3L/2

2

Let us now look at the main properties of self-concordant functions.

Theorem 5.1.1 Let functions f; be self-concordant with constants M;, i = 1,2,
and let o, B > 0. Then the function f(x) = af1(x) + Bf2(x) is self-concordant
with constant

My=max{ i, |

and dom f = dom fi (| dom f>.

Proof In view of Theorem 3.1.5, f is a closed convex function. Let us fix some
x € dom f and u € [E. Then

| D3 f; (0w, w, u] | < 2M; [D? i), ul]?, i =1,2.
Let w; = D? f; (x)[u, u] > 0. Then

D3 f @)l @lD? fi(Olwuull+81D° fr(oluuul] e} +pMawy”
[D2f@uulP? = [aD? fi(@)[wul+BD2 o) wullP? = [awi+Bwr P2 5.17)
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The right-hand side of this inequality does not change when we replace (w1, w2) by
(twy, twy) with t > 0. Therefore, we can assume that

awl + Bwy = 1.
Let & = aw;. Then the right-hand side of inequality (5.1.7) becomes equal to
My £3/2 | Mo 1 _ £\3/2
This function is convex in &. Therefore it attains its maximum at the end points of

the interval (see Corollary 3.1.1). O

Corollary 5.1.2 Let a function f be self-concordant with some constant My. If
A = A* > 0, then the function

¢p(x) =a+(a,x)+ ;(Ax,x) + f(x)

is also self-concordant with constant My = M.

Proof We have seen that any convex quadratic function is self-concordant with zero
constant. O

Corollary 5.1.3 Let a function f be self-concordant with some constant My and
o > 0. Then the function ¢ (x) = af (x) is also self-concordant with constant

My = JlaMf. a]

Let us now prove that self-concordance is an affine-invariant property.

Theorem 5.1.2 Let o/ (x) = Ax + b: E — | be a linear operator. Assume that a
Sunction f(-) is self-concordant with constant M y. Then the function

P(x) = f(A(x))

is also self-concordant and My = M y.
Proof The function ¢ (-) is closed and convex in view of Theorem 3.1.6. Let us fix
some x € dom¢ = {x : &/(x) € dom f} and u € E. Define y = &7 (x), v = Au.
Then
D¢ (x)[ul = (V[ (< (x)), Au) = (V f(y), v),
D¢ (x)[u, ul = (V2 f (' (x))Au, Au) = (V2 f(y)v, v),

D3¢ (xX)[u, u, u) = D3 f (/' (x))[Au, Au, Au] = D> f(y)[v, v, v].
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Therefore,

| D3¢ () [u, u,ul | =| D* F())[v, v, v] |< 2M (V2 f(y)v, v)>/?
= 2M ¢ (D*¢ (x)[u, ul)*>. O

Finally, let us describe the behavior of a self-concordant function near the
boundary of its domain.

Theorem 5.1.3 Let f be a self-concordant function. Then for any x € d(dom f)
and any sequence

{xk} CTdom f 1 xp — X

we have f(xx) — —+o00.

Proof Since f is a closed convex function with open domain, this statement follows
from Item 2 of Theorem 3.1.4. O

Thus, f is a barrier function for cl (dom f) (see Sect.1.3.3). Finally, let us
establish the self-concordance of a logarithmic barrier for the level set of self-
concordant function.

Theorem 5.1.4 Let a function f be self-concordant with constant M y and f(x) >
f* forall x € dom f. For arbitrary B > f*, consider the function

¢(x) = —In(g — f(x)).

Then

1. ¢ is well defined on dom¢p = {x e dom f : f(x) < B}.
2. Forany x € dom¢ and h € E we have

(V2P (x)h, h) = (Vo (x), h)2. (5.1.8)

3. ¢ is self-concordant with constant My = \/1 + M} B - .

Proof Letus fix x € dom¢ and i € E. Consider the function ¥ (t) = ¢(x + th).
Define w = 8 — f(x). Then

Y0 = LV, B, Y O0) = (VIO R+ LV, k),
Y (0) = L D3 fOh, b, ]+ % (V2R )Y f(x), h) + 5 (Vf(x), h)>.

Thus, ¥ (0) > (¥'(0))?, and this is inequality (5.1.8).
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Further, we need to bound "’ (0) from above by " (0)3/2. Since f is self-
concordant, we have

@ U= M2 Foh, Y2 4 3 (VR Y £(), B)

+ (V). by,

The right-hand side of this inequality is homogeneous in & of degree three.
Therefore, let us find an upper bound for it assuming that /" (0) = 1. Defining

1 2 172 1
r= (L r@nm) L e =L@,
we come to the following maximization problem:

max {26273 + 37126 4287 2+ &2 =1},
7,£eR

where & = M2w. Note that the optimal values of 7 and £ in this problem are non-
negative. Therefore, in view of the equality constraint, we can rewrite the objective
function as follows.

201273 43126 + 283 = 20207 + 1% 4 26(2 +ED) = 20207 + (12 4+ 2)¢

=20'273 + 2 +2)V1 — 2.

The first-order optimality condition for this univariate function can be written as
follows:

_ anl/2.2 2 (2 T _ @122 0 37
0=060"212+2t/1—1 (t +2)\/1—r2 = 6w/t Sl
Thus, the optimal value 7, satisfies equation 2&'/2 = firf Hence, 7, = \/ li‘i’&).

Substituting this value into the objective function, we come to the following bound:

. \3/2 R NP X
~1/2 4o 2+120 _ 24 12w+16w= __ 1+20 < A
20 (1+4a)) (402 = (raap2 = Zapaain = Wi+a.

It remains to note that @ < MJ%(,B —f*. o
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5.1.4 Main Inequalities

Let f be a self-concordant function. Define
17 1l = (V2 f (), h)!'/2.

We call || & ||x the (primal) local norm of direction & with respect to x. Let us fix a
point x € dom f and a direction & € IE such that (V2 f(x)h, h) > 0. Consider the
univariate function

_ 1
P() = (V2 f (x+thyh, )12

In view of the continuity of the second derivative of the function f, 0 € int (dom ¢).
Lemma 5.1.3 For all feasible t, we have | ¢'(t) |< M.
Proof Indeed,

repy . D3 f(e+th)[h,h,h]
(1) = 2(V2 f(x+tu)h,h)3/2"

Therefore | ¢'(t) |< M in view of Definition 5.1.1. O
Corollary 5.1.4 The domain of function ¢ (-) contains the interval

L= (= 41,00, 1, 6(0).

Proof Indeed, in view of Lemma 5.1.3, the values (V2 f (x+th)h, h) are positive at
any subinterval of I, and ¢ (t) > ¢(0) — My | t |. Moreover, since f(x +th) — 00
as the points x +¢h approach the boundary of dom f (see Theorem 5.1.3), the cannot
intersect the boundary ast € I,. O

Let us consider the following ellipsoids:
WoGsr) ={y eE[lly—xllk<r),
Wsr) =cd(Woxsr)={yeE || y—x|.<r}

This set is called the Dikin ellipsoid of the function f at x.

Theorem 5.1.5 1. For any x € dom f, we have W°(x; A,}f) Cdomf.
2. Forallx, y € dom f, the following inequality holds:

Iy =xlly = ads g (5.1.9)
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B Iflly—x|x< lf, then

Iy =xlly < aint. (5.1.10)

Proof 1. Let us choose in E a Euclidean norm || - || and small € > 0. Consider the
function fe(x) = f(x) + §e||x||2. In view of Corollary 5.1.2, it is self-concordant
with constant M ¢. Moreover, for any 4 € E we have (V2 f.(x)h, h) > 0. Therefore,
in view of Corollary 5.1.4, dom f. = dom f contains the set

{y =x+th | 20 +elhl?) < ,V}%_}

(since ¢ (0) = 1/(V? f.(x)h, h)'/?). Since € can be arbitrarily small, this means that
dom f contains Wo(x; zv},-)'
2. Let us choose i = y — x. Assume for a moment that |||/, > 0. Then

g =y 0=

1
ly—xllx>

and ¢ (1) < ¢(0) + My in view of Lemma 5.1.3. This is inequality (5.1.9).
Iy —x |x< 1\/}/-’ then ¢(0) > My, and in view of Lemma 5.1.3 ¢ (1) >
¢(0) — M. This is inequality (5.1.10).
In the case when |||y = 0, both items can be justified by the trick used in the
proofof Item 1. O

The next statement demonstrates that some local properties of self-concordant
functions reflect somehow the global properties of its domain.

Theorem 5.1.6 Let a function f be self-concordant and dom f contains no straight
lines. Then the Hessian V? f (x) is nondegenerate at all points x € dom f.

Proof Assume that (V2 f(X)h, h) = 0 for some ¥ € dom f and direction & € E,
h # 0. Then, all points of the line {x = x 4+ th, t € R} belong to the ellipsoid
wo (x; Allf ). However, in view of Item 1 of Theorem 5.1.5, this ellipsoid belongs to

dom f. This contradicts the conditions of the theorem. 0O

Theorem 5.1.7 Let x € dom f. Then for any y € WO(x; A,}f) we have

(1= Mpr)? V2 f(x) < V2 f(y) < (171&1/7)2 V2 f(x), (5.1.11)

wherer =| y — x ||x.

Proof Let us fix an arbitrary direction & € E, h # 0. Consider the function

V() = (V2 f(x +1(y —x)h, h), te]l0,1].
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Define y; = x +t(y — x) and » = ||y — x||x. Then, in view of Lemma 5.1.2 and
inequality (5.1.10), we have

|9/ (@) | =1 D3 fly —x,hh1 | < 2Mp |y —x Iy, |l 1 |3,

_ 2My 2My llyr—xI
- t “ Ve — X ”y; W(t) =< t 1*M}\|ytjx\|x . I/f([)

_ 2Mygr

- lfthrw(t)'
If ||y — x|lx = 0, then ¥ (¢) = ¥(0), ¢ € [0, 1], and therefore
=My =¥ <y ¥ (0). (5.1.12)

If r > 0, then 2(In(1—tMyr)) < (Iny (1)) < —2(In(1 —tMyr)) forallz € [0, 1].
Integrating these inequalities in ¢ € [0, 1], we get again (5.1.12), which is equivalent
to (5.1.11) since h was chosen arbitrarily. O

Corollary 5.1.5 Letx e dom f andr =|| y — x ||x< zv}f' Then we can bound the
operator

1

G = f V2 f(x + t(y — x))dt

0

as follows:
(1 — M+ §M}r2) VZF() 2 G =y, VA0,

Proof Indeed, in view of Theorem 5.1.7 we have
! 1
G=[Vf(x+t(y—x)dt = V>f(x)- [(1 —tMr)dt
0 0

= (1 = Myr + yM7rH)V2 £ (x),

1
d G < V@) e = e, V@ 0
Remark 5.1.1 The statement of Corollary 5.1.5 remains valid for r = ||y — x||y.

Let us now recall the most important facts we have already proved.
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e Atany pointx € dom f we can define an ellipsoid
WO (x5 4 ) = {x €I (VA0 =0,y =) < 4 } ,

belonging to dom f.
* Inside the ellipsoid W (x; r) with r € [0, A/}f) the function f is almost quadratic:

(1= M)V < V() =y o V()

for all y € W(x;r). Choosing r small enough, we can make the quality of
quadratic approximation acceptable for our goals.

These two facts form the basis for all consequent results.
Let us now prove several inequalities related to the divergence of the value of a
self-concordant function with respect to its linear approximation.

Theorem 5.1.8 For any x, y € dom f, we have

(VIO =V ),y —x) = 1+,“|4yf]§@xnx’ (5.1.13)
fO) = fO)+(Vf),y —x) + A/}%CU(MJ' Iy =x o). (5.1.14)

where w(t) =t — In(1 + 1).

Proof Lety, =x+1(y—x), 7 € [0, 1],andr =|| y—x ||x. Then, in view of (5.1.9)
we have

1

(VA = Vi), y —x) = [(V2 )y — %),y — x)dt
0

1
1
= [ & e =, de

2 Mf r 2

> r _ T 1 — r
= (1+err)2dt M { a2 dt = 1

o
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Further, using (5.1.13), we obtain

1
fO) = fQ) = (Vf),y —x) = [(Vf(y) = Vf(x),y—x)dt
0

—_

_ 1 llye—xII2 r?
_{T(Vf(yl’)_vf(x)v yr—x>dT > IT(I‘FMJ‘”))I*XH ) f 1+1:Mfr
1 Y d 1
= rat - — w(Mysr). O
my ) T g @

Theorem 5.1.9 Let x € dom fand ||y — x |1 < Il/}f' Then
—x|?
(VFG) = V@, y=2) = il (5.1.15)
fO) = fO)+ (V@) y—x) + A;%CU*(MJ' Iy =x o). (5.1.16)

where wy(t) = —t — In(1 — 1).
1

Proof Lety, =x+1(y—x),7 € [0, 1],andr =|| y —x ||x. Since || y; —x ||< My
in view of (5.1.10) we have
1
(VI = V@), y=x) = [(Vf) —x),y —x)dt
0
b
={,2 I ye —x I3, dr
1 Mygr | )
_ r _ r
fofu rM;r)Z = M Of -2 = g
Further, using (5.1.15), we obtain
1
fO) = f) = (Vfx),y—x) = [(Vf(y:) = Vfx),y—x)dt
0
; lye—xI2 2
of (VI (ye) = V(). ye = x)dT < fr(lfonyfixn >d’—f1 4T
1 Mir d 1
_ rdt _
= M?‘ { 1o = M%a)*(Mfr). O
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Theorem 5.1.10 Inequalities (5.1.9), (5.1.10), (5.1.13), (5.1.14), (5.1.15)
and (5.1.16) are necessary and sufficient characteristics of self-concordant
functions.

Proof We have already justified two sequences of implications:
Definition 5.1.1 = (5.1.9) = (5.1.13) = (5.1.14),

Definition 5.1.1 = (5.1.10) = (5.1.15) = (5.1.16).

Let us prove the implication (5.1.14) = Definition 5.1.1. Let x € dom f and x —
au € dom f fora € [0, €). Consider the function

V(o) = f(x —au), ael0,e).

Let r = |ull, = [¥"(0)]'/2. Assuming that (5.1.14) holds for all x and y from
dom f, we have

w@Mysr) — ;(xzrz.

Y@ =y (0) — 'O — Ly O = |}

2
f
Therefore

§0"' O =tim L [y@) — 0 ¥/ O — 9" 0]

> lim ;3 [Aiiw(aMfr) - §a2r2:| = lim ,~ [A,}fa/(othr) - ar]

al0 al0 3e?
= lim ’2[ or —ar] = —ler3.
O(J,O 3a 1+0[Mfr 3 J
Therefore, D? f (x)[u, u,u]l = —¢"(0) < 2M[¥"(0)]*/? and this is Defini-

tion 5.1.1. Implication (5.1.16) = Definition 5.1.1 can be proved in a similar
way. O

Sometimes Theorem 5.1.10 is convenient for establishing self-concordance of
certain functions. Let us demonstrate this with an Implicit Function Theorem.

Let us assume that E = [E; x [E,. Thus, we have a corresponding partition of
variable z = (x, y) € E. Let @ be a self-concordant function with dom@ C [E.
Consider the following implicit function:

Sx) =myin{<1>(x,y): (x,y) € dom @}, (5.1.17)
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In order to simplify the situation, let us assume that for any x such that the set
Ox)={y: (x,y) € dom @} is nonempty, it does not contain a straight line. Then
simple conditions, like boundedness of @ from below, guarantee existence of the
unique solution y(x) of the optimization problem in (5.1.17) (see Sect.5.1.5).

Anyway, let us assume existence of point y(x). Then it is characterized by the
first-order optimality condition:

Vy®(x, y(x)) =0. (5.1.18)
Moreover, by Theorem 3.1.25 and Lemma 3.1.10, we have
VIix) =VeD(x, yx)). (5.1.19)

Let us compute the Hessian of the function f. Differentiating equation (5.1.18)
along direction i € [Eq, we get

V23, P (x, y(x)h + V3, & (x, y(x))y' (x)h = 0.
Therefore, by differentiating equality (5.1.19) along direction /, we obtain
V2f(0)h = V5@ (x, y()h + VZ,@(x, y(x)y' (x)h

= V5@ (x, y(x)h = V3, @ (x, y())[V5, @ (x, y(x )] ' V5, ®(x, y(x))h.
(5.1.20)

Theorem 5.1.11 Let @ be a self-concordant function. Then the function f defined
by (5.1.17) is also self-concordant with constant M.

Proof Let us fix x € dom f. Define 7 = (X, y(x)) and let x € dom f. Then with
z = (x,y), we have

= 1 )] ,
fx) yéan?x) (x,y)

(5.1.14) . _ _ _ _ _ _
> mln){fp(x, y@) + (Ve (x, y(x)), z — 2) + A,%_U)(Mf”Z - Z”z)}

yeQ(x

(5.1.19 , - - - 1 . -
= VfE),x — My —Zllz ) -
JO) +(Vf@x), x —X)g + M;‘“< s min Iz Z”z)
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It remains to compute the minimum in the last line. Let ~ = x — x. Then

min
X

- 2 _ 2 -
i )IIZ =zl = (Vi @(@h, h)g,

+ min {2<V§y¢(2)(y — ). h)E, + (V5,20 — ).y — &mz]

= (Vi ®@h, hg, + min {2<V§y¢<z>8, ), + (V5, @ (2)3, smz]
2
= (VR2@h h)g, — [V}, 2@V}, @(@Dh, V], @ @)h)E,
(5.1.20)

(V2 f(@)h, h).

It remains to apply Theorem 5.1.10. O

Let us prove two more inequalities. From now on, we assume that dom f contains
no straight lines. In this case, in view of Theorem 5.1.6, all Hessians V2 f (x) with
x € dom f are nondegenerate. Denote by

g lIX = (g, [V2f ()] 1g)/2, g eE",

the dual local norm. Clearly, | (g, h) |<Il g II¥ - || & |lx-
Theorem 5.1.12 For any x and y from dom f we have

FO) = f)+(Vfx),y—x)+ Ml%w(MfHVf(y) = VSOI- (5.1.21)
If in addition |V f(y) — Vf(x)||; < 1f, then
fO) = f)+H(Vfx),y—x)+ A/}i_w*(Mf”Vf()’) =Vi®OIP.  (5.1.22)

Proof Let us fix arbitrary points x and y from dom f. Consider the function

¢() = f(2) = (Vf(x),z), zedomf.

Note that this function is self-concordant and V¢ (x) = 0. Therefore, using
inequality (5.1.16), we get
Fx)=(Vf(x),x) = ¢(x) = min ¢(z)
zedom f

< nlzin{¢(y>+ (VoO) 2 =3 + yporMyllz = yly) : 12 =yly < le}
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i {«p(y) = i, VOIS + N}%w*(r) = $(y) — Ml% oM IV

fO) = (V) y) — A;;_W(anvf()’) - V@I,

and this is inequality (5.1.21). In order to prove inequality (5.1.22), we use a similar
reasoning based on inequality (5.1.14). O

All theorems above are written in terms of two auxiliary univariate functions,
o) =t—In(l1+1), wi(t) = —7—In(1 —1).
Note that

o't)=,,, 20, o=

b = , > 0,

1
(1+1)

a);(‘c) = 1if

v

1
07 Cl):k/(f) = (1_.[)2 > 0

Therefore, w(-) and w.(-) are convex functions. In what follows, we often use
different relations between these objects. Let us provide them with a formal
justification.

Lemma 5.1.4 Foranyt > Oandt € [0, 1), we have
o' (@ () = 1, () =1,

o) = max [§ —w.E)]. o) = I;lfg[éf—w(é)],

<<
w(t) + we(t) > 7,
wx(1) = T (1) — (@ (1), o) =t {t) — o' 1)).

We leave the proof of this lemma as an exercise for the reader. Note that the main
reason for the above relations is that functions w(¢) and wy (t) are Fenchel conjugate
(see definition (3.1.27)).

Functions w(-) and w4 (-) will often be used for estimating the rate of growth
of self-concordant functions. Sometimes, it is more convenient to replace them by
appropriate lower and upper bounds.

Lemma 5.1.5 Foranyt > 0 we have

2y = 0 tay S e® <] 5.1.23
A+ = o(142) = = 2400 (5.1.23)
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and fort € [0, 1),

2 2
), S k(1) < 2({4). (5.1.24)
Proof Letyr1(t) = 2(1’22 ) Note that 11 (0) = w(0) = 0. At the same time,
+3t
_ 2 _ 3+1) t
=1 - " = I < L =0
1 1+3: 3(1+§t)2 3(1+§t)2 L
Similarly, for ¥ (t) = 2 4 We have
2 4+ 2 _
Va0 =3~ ol = o 2 1k = @O

For the second inequality, let ¥3(¢) = 2’_2t and Y4 (1) = 2(1’2_0. Then

_ 21‘ 2 412 t
’»”3@) (2 t)2 - (2_1)2 11—z

2 212 t
Vi =L 0l = ot 20k

Since lt—z = () and w4(0) = ¥3(0) = yY4(0) = 0, we get (5.1.24) by
integration. O

5.1.5 Self-Concordance and Fenchel Duality

Let us start with some preliminary results. Consider the following minimization
problem:

min{f(x) | x € dom f}, (5.1.25)
where we assume that f is self-concordant and all Hessians V2 f(x), x € dom f,
are positive definite. In view of Theorem 5.1.6, this can be derived from the fact that

dom f contains no straight lines. Or, we can assume that f is strongly convex.
Define

Ap(x) = (Vf(x), [V IV Fo)) /2

We call Ar(x) =|| V f(x) ||} the local norm of the gradient V)4

4Sometimes A 7 (x) is called the Newton decrement of the function f at x.
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The next theorem provides us with a sufficient condition for existence of solution
of problem (5.1.25).

Theorem 5.1.13 Let A s (x) < A}f for some x € dom f. Then there exists a unique
solution x}‘- of problem (5.1.25) and

f) = &) < ;%aa(ﬂffxf<x». (5.1.26)

Proof Indeed, in view of (5.1.14), for any y € dom f we have

JFOM =z fO)+(Vfx),y—x)+ Ml%w(Mf Iy —2x1)
> f) =) Iy —x Ilx +Ml%w(Mf Iy —xlx)

= 7@+ (41, =2 @) Iy =l = 1+ Myl = xlo).

Thus, the level set £ (f(x)) is bounded and therefore x}i exists. It is unique since
in view of (5.1.14), for all y € dom f we have

f@)zf@ﬁ+w%w0hny—X}mp.

Finally, taking in (5.1.22) x = x* and y = x, we get inequality (5.1.26). O

Thus, we have proved that a local condition A (x) < 1\/}/- provides us with some

global information on the function f, namely, the existence of the minimum x}i.
Note that the result of Theorem 5.1.13 cannot be strengthened.

Example 5.1.2 Let us fix some € > (. Consider a function of one variable
fe(x) =ex —Inx, x>0.

This function is self-concordant in view of Example 5.1.1 and Corollary 5.1.2. Note
that

Vi@ =e-1 V=1
Therefore A7, (x) =| 1 — €x |. Thus, for € = 0 we have A ;(x) = 1 for any x > 0.
Note that the function fo is not bounded below.

If € > 0, then x* = . However, we can guarantee the existence of this point by
collecting information at the point x = 1 even if € is arbitrary small. O
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Theorem 5.1.13 has several important consequences. One of them is called the
Theorem on Recession Direction. Note that for its validity, we do not need the
assumption that all Hessians of the function f are positive definite.

Theorem 5.1.14 Let h € E be a recession direction of the self-concordant function
f: forany x € dom f we have

(Vf(x),h) <0,
and there exists a t = t(x) such that x — th € ddom f. Then
(V2fQ)h, Y2 < Myp(=V f(x),h), x €domf. (5.1.27)
Proof Let us fix an arbitrary x € dom f. Consider a univariate function ¢ () =
f(x + th). This function is self-concordant and 0 € dom ¢. As dom ¢ contains no
straight line, by Theorem 5.1.6, ¢ () > 0 for all 7 € dom ¢. Therefore, we must

have

230 = (VI.m? o1

(V2 F o) = M3

since otherwise, by Theorem 5.1.13, the minimum of ¢ (-) exists. Thus,
(Vf(x),h)? = A;% (V2f(x)h, h),
and we get (5.1.27) taking into account the sign of the first derivative. O

Let us consider now the scheme of the Damped Newton’s method.

Damped Newton’s method

0. Choose x¢ € dom f.
L lterate x1 = Xk = 1y 50 [V2F G0) IV F (), k20,

(5.1.28)
Theorem 5.1.15 For any k > 0, we have

fOus1) < flw) = Mgw(MfA £ (x0).- (5.1.29)
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Proof Let A = Ay(xy). Then || xp 1 — Xk ||y = 1+1?/1fx = A/}f o' (M ¢1). Therefore,
in view of (5.1.16) and Lemma 5.1.4, we have

S i) = () AV S 0 5tet = 00) o 0x (M I 2t = 3 )
= f(-xk) - 1_’_)]\;/”)& + IWIJZ, Cl)*(a)/(Mf)\.))
= fx0) = 5, @ (My3) + Ml%w*(w’(MfA))

= flw) - Ml%w(MfA). O

Thus, for all x € dom f with A ¢(x) > B > 0, one step of the damped Newton’s
Method decreases the value of the function f(-) at least by a constant 11/}2 w(M¢p) >
0. Note that the result of Theorem 5.1.15 is global. In Sect.5.2 it will be used to
obtaine a global efficiency bound of the process. However, now we employ it to

prove an existence theorem. Recall that we assume that dom f contains no straight
line.

Theorem 5.1.16 Let a self-concordant function f be bounded below. Then it
attains its minimum at a single point.

Proof Indeed, assume that f(x) > f* for all x € dom f. Let us start the
process (5.1.28) from some xg € dom f. If the number of steps of this method
exceeds MJZC (f(x0) — f*)/w(1), then in view of (5.1.29) we must get a point xj

with A r(xx) < A,}f. However, by Theorem 5.1.13 this implies the existence of a
point x*f‘-. It is unique since all Hessians of the function f are nondegenerate. 0O
Now we can introduce the Fenchel dual of a self-concordant function f

(sometimes called a conjugate function, or dual function of f). For s € E*, the
value of this function is defined as follows:

f«(s) = sup [{s,x) — f(x)]. (5.1.30)

xedom f

Clearly, dom f,, = {s € E*: f(x) — (s, x) is bounded below on dom f}.

Lemma 5.1.6 The function fi is a closed convex function with nonempty open
domain. Moreover, dom f,, = {V f(x) : x € dom f}.

Proof Indeed, for any x € dom f, we have V f(x) € dom f;. On the other hand, if
s € dom f, then f(x) — (s, x) is below bounded. Hence, by Theorem 5.1.16 and
the first-order optimality condition, there exists an x € dom f such thats = V f(x).
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Further, the epigraph of the function f is an intersection of half-spaces
{s,7) e E*xR: 7> (s,x) — f(x)}, x €dom f,
which are closed and convex. Therefore, the epigraph of f, is also closed and

convex.
Suppose for s1 and s, from dom f;. we have

J) = (s1,x) = ff, f(x) —(s2,x) = [
forall x € dom f. Then, for any « € [0, 1]
J @) = (ast + (I —a)s2, x) = a(f(x) = (s1,x)) + (L — o) (f(x) — (52, X))
>aff+(—-a)fy, xecdomf.
Thus, as; + (1 — «)sp € dom f.
Finally, let s € dom f.. Denote by x(s) € dom f the unique solution of the
equation

s = Vf(x(s)).

Let § € E* be small enough: [|5]|% ) < A/}f . Consider the function

fo(x) = f(x) — (s + 6, x).
Then V f5(x(s)) = V f (x(5)) =5 — 8 = —8. Therefore, 2.5, (x()) = 8135, < y, -

Thus, in view of Theorem 5.1.13 the function f; attains its minimum. Consequently,
s + & € dom f,, and we conclude that s is an interior point of dom f,. O

Example 5.1.3 Note that in general, the structure of the set {V f(x) : x € dom f}
can be quite complicated. Consider the function

f@ =1 (x@)*, domf={xeR2: x> 01Jf0}, f(0)=0.
In Example 3.1.2(5) we have seen that this is a closed convex function. However,
o\2 @
Vix) = (- (im) ,2;”) L x#0, VF(0) =0.

Thus, {Vf(x): x edom f} ={g e R?: g =—1(c@)?}. O

Let us now look at the derivatives of the function f. Since f is self-concordant,
for any s € dom f;, the supremum in (5.1.30) is attained (see Theorem 5.1.16).
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Define

x(s) = argxéggéf[(s, x) = f(0)]

Thus,
Vf(x(s)) =s. (5.1.31)

In view of Lemma 3.1.14, we have x(s) € dfi(s). On the other hand, for s and s
from dom f, we have

(s =x (213, (.L13) v v
HMpx(D)=x (6D lee)  — (Vf(x(s1)) = Vf(x(s2)), x(s1) — x(s52))

O (5 — 50, x(s1) — x(52)

< st = sl G = x(52) lxsy)-
Thus, x (s) is a continuous function of s and by Lemma 3.1.10 we conclude that
V fi(s) = x(s). (5.1.32)
Let us differentiate identities (5.1.31) and (5.1.32) along direction & € E*:
VZfx(s)x'(s)h =h, V2fi.(s)h = x'(s)h.
Thus,
V2 fuls) = [V2f(x(s)]7!, s € dom fi. (5.1.33)
In other words, if s = V f(x), then
V2 fi(s) = [V2f ()], x edom f. (5.1.34)

Let us compute the third derivative of the dual function f along direction h € E*
using the representation (5.1.33).

DY fu)lh] = lim , (IV2f (s +am)] ™! = [V2f (DI )
= lim LIVEF NI (VA (x () = V2f (x (s + ah))) [V f (x(s + ah))] 7!

= —[V2f(x(HITID3 f(x ()X ()HAIVEf (x(s)] 7L

yurii.nesterov@uclouvain.be



352 5 Polynomial-Time Interior-Point Methods

Thus, we have proved the following representation:

D3 fi(9)[h] = V2 £ () D3 f(x(5)) [- V2 fu ()] V2 fi(s), (5.1.35)

which is valid for all s € dom f, and 4 € E*. Now we can prove our main statement.
Theorem 5.1.17 The function f is self-concordant with My, = M.

Proof Indeed, in view of Lemma 5.1.6, f is a closed convex function with open
domain. Further, for any s € dom f, and h € E* we have

(5.1.33) def
IV2 £y T= (0, V2 () E 12

Therefore, in view of (5.1.35),

5.1.3

D o)1 = 2M V2 £u() V2 () V2 Lals) B 2b 92 1),

It remains to use Corollary 5.1.1. O
As an example of application of Theorem 5.1.17, let us prove the following result.

Lemma 5.1.7 Letx,y € dom f andd = |Vf(x) = V)i < A,}f. Then

(1 = Msd)*V2 f(x) < V2f(y) < (1_A;fd)2 V2 £ (x). (5.1.36)

Proof Letu = V f(x)and v = V f(y). In view of Lemma 5.1.6, both points belong
to dom f;. Note that

d? = (IVf(x) =V DID? = (u—v, V2 fulw)(u —v)).
Since f; is self-concordant with constant M s, by Theorem 5.1.7 we have
(1= Mpd)?V2ful) 2 V2L 0) 2y g V().

In view of (5.1.33), this is exactly (5.1.36). O

Remark 5.1.2 Some results on self-concordant functions have a more natural dual
interpretation. Let us look at the statement of Theorem 5.1.13. Since the function f
is self-concordant, for any s € dom f the ellipsoid

W) = {s eE*: (s —5, V2B (s —5)) < N}% }
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belongs to dom f;. Note that for s = V f (x), in view of (5.1.33), condition A 7 (x) <

1 - .
M, 18 equivalent to

(5, V2 £ (5)5) < Ml%.

This guarantees that 0 € W(5) . Consequently, 0 € dom f; and consequently the
function f is below bounded. O

5.2 Minimizing Self-concordant Functions

(Local convergence of different variants of Newton’s Method; Path-following method;
Minimization of strongly convex functions.)

5.2.1 Local Convergence of Newton’s Methods

In this section, we are going to study the complexity of solving the problem (5.1.25)
by different optimization strategies. Let us look first at different variants of Newton’s
Method.

Variants of Newton’s Method

0. Choose xo € dom f.
1. For k > 0, iterate

Xt =Xk — 1 e [VEFORT7!V £ (), (5.2.1)

where & is chosen in one of the following ways:
(A) & = 0 (this is the Standard Newton’s Method),
(B) &k = M ¢ Ay (this is the Damped Newton’s Method (5.1.28)),

M232
O& =, léf];k (this is the Intermediate Newton’s Method),

where A = A r(xk).

We call method (5.2.1)¢ intermediate since for big A it is close to variant B,
and for small values of Ay it is very close to variant A. However, note that its
step size is always bigger than the step size of variant B, which was obtained
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by minimizing an upper bound for the self-concordant function (see the proof of
Theorem 5.1.15). Nevertheless, method (5.2.1)¢ ensures a monotone decrease of
the value of objective function in problem (5.1.25).

Lemma 5.2.1 Let points {xi}i>0 be generated by method (5.2.1)c. Then, for any
k > 0 we have

22 M3
FOR) = PO 2 o1y ipmzagy + 204m 06 200 (52.2)

Proof Indeed, in view of inequality (5.1.16), we have

Mgh
Flagn) < Fou) — J% Ml%w*(lgf)

_ AZ(1+M ) 1| Mpa(+Mphg) X 242
= SO0 ez T | T iempaeri; T (1 + Myt Mf)"‘) '

Defining 7y = M Ak, we have

e (l+7)? 2\ _ w(l+m)?
1+rk+1k2 In (1 Tt Tk) - 1+rk+1k2 Tk + w(Tk) In (1 + 1+Tk)

5123 2 2 2

2
= b T 2(1+3%) - <1 " ”Tk) - 2(1+ %) —&+ T, o).

It remains to note that

72 . l%-k _7 [ | _ 7
2(1+§rk) 2 2 \142g ~ 4n 2(1410) 3+270) ?

5.1.23 2

and % + (&) e 4+ ater = e O

Let us describe now the local convergence of different variants of the Newton’s
Method. Note that we can measure the convergence of these schemes in four
different ways. We can estimate the rate of convergence for the functional gap
fxx) — f(x*) or for the local norm of the gradlent Ar(xp) =l Vf(xe) ”xk’
for the local dzstance to the minimum || x; — x* 7 ||, . Finally, we can look at the
distance to the minimum in a fixed metric

re(o) =l — x5 lLer,

defined by the minimum itself. Let us prove that locally all these measures are
equivalent.

yurii.nesterov@uclouvain.be



5.2 Minimizing Self-concordant Functions 355

Theorem 5.2.1 Let ).z (x) < le. Then

o(Mprp(x) < MF(f(X) = f(x}) < 0x(Mphs(x)), (5.2.3)
o (Mprp(x)) < My llx — x5 llx < @ (Mfhg(x), (5.2.4)
O(Mpre(x)) < M3(f(x) = f(x}) < ou(Myri(x)), (5.2.5)

where the last inequality is valid for ru(x) < ,} .

Proof Letr =| x — x;‘c lx and A = Ay(x). Inequalities (5.2.3) follow from
Theorem 5.1.12. Further, in view of (5.1.13), we have

<(Vf(x),x —x%) < Ar.

1+Mfr — f

. . . . . M
Applying the function ) (-) to both sides of inequality I+ Aflrr < Mgk, we get

the right-hand side of inequality (5.2.4). If r > 1\/} , then the left-hand side of this

inequality is trivial. Suppose that r < 1\/}/-‘ ThenVf(x)=G(x —x f) with
1
G = OfVZf(x}i +t(x —xp)dr > 0,

and Az (x) = (GIV2f()]'G(x — x*) X — xf) Let us introduce in [E a canonical
basis. Then all self-adjoint operators from E to E* can be represented by symmetric
matrices (we do not change the existing notation). Define

H=V2f(x), S = H'2GH'GH™'? = (H"'2GH 2> & p2, .

Then |H'/2(x — xPll2 = llx = x}llx = r, where | - ||z is the standard Euclidean
norm, and

Ar(x) = (HY2SHY2(x—x*), x—x"2 < | P a IH(x—x*)la = P Il 7.
In view of Corollary 5.1.5 (see Remark 5.1.1), we have

1
G = 1-Mgr H.

Therefore, | P ||2< and we conclude that

1
1-Myr

Mehp(x) < = a);(Mfr).

1-Mgr
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Applying the function «’(-) to both sides of this inequality, we get the remaining
part of (5.2.4). Finally, inequalities (5.2.5) follow from (5.1.14) and (5.1.16). O

We are going to estimate the local rate of convergence of different variants of the
Newton’s method (5.2.1) in terms of A £ (-), the local norm of the gradient.

Theorem 5.2.2 Let x € dom f and A = Ay (x).

1 Ifx < A,}f and the point x is generated by variant A of method (5.2.1), then

x4+ € dom f and

M 2
Ap(xp) < (H(ZW, (5.2.6)

2. If point x4 is generated by variant B of method (5.2.1), then x4 € dom f and
hp(ry) < Mpa2 (1 + H‘/tlf)‘) . (5.2.7)

3 IfMph+ M})\z + M;-)\.3 < 1 and point x4 is generated by method (5.2.1)c, then

x4+ € dom f and

s
Ap(xy) < Mya? <1 +Mpr+ 1+fof+M;x2) < Mg (1+2Myh).
(5.2.8)

Proof Leth =x; —x,A=Ar(x),andr = ||h]y. Thenr = 1i . Note that for all
variants of method (5.2.1), we have M yA < 1+ &. Therefore, in all cases, M sr < 1
and x4 € dom f (see Theorem 5.1.5). Hence, in view of Theorem 5.1.7 we have

b () = (VI VS @IV @) < IV F@) T

Further, by (5.2.1)

1
Vfxy) = Vf(x)+/V2f(x+th)hdr = Gh,
0

1
where G = f[sz(x +th)—(~1 ~|—§)V2f(x)]dr. As in the proof of Theorem 5.2.1,
0

let us pass to matrices. Define
H=V2f(x), S=H'2GH'GH /> ¥ p2,
where P = H-'2GH~Y2. Then ||H'/2h||5 = ||h|lx = r, and

| V) IIF = (Gh, H'G)'? = (H'Y2SH'?h, m)!/? < | P o v
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In view of Corollary 5.1.5,
(—S — Myr+ §M}r2) H=G = (1 _myr —( +é))
Therefore, || P ||2< max { IMM , — & Mygr —G—S}
For the variant A, £ = 0. Thus, r = X and we get || P> < 1f4Aj:1jﬂ , - Therefore,

N M 22
)‘-f(-x-i-) = 1-M 2 ||P”2 =< (1711{1/.)‘)2‘

For the variant B, § = M ¢A. Therefore, r = 1+1)‘L/If)\’ and we get | Pll2 < MsA +
Mga

1+M 2 Consequently,

M) < gy WP < Mp? (14 ).

242
P A(1+Mf))
Finally, for variant C, & = I+ M ) Then, r =, Mo M? 2 and we have
Myr M. o My? O OMEAA4M? M7A2
1-Mgr —Myr _%- = 1=Myr _%- - 1+MfA+M%A2 B I+Myga
_ MPEQMpAR2MPIEMGAY) EQM A 2M7AR M) <t
A+MA+MPA+MeD) 1M p24M732 =

in view of the condition of this item. Hence
hpGe) = h Pl <0y by (Mr 4 6)

A(L+Mp2)

M A(1+M ¢ M33?
= vz (1 "’MJ)L‘FMZ)\Z)( i )

1+Mf,\+M}x2 + 1+fo

_ 12 (I+Myg2)
= My <1+MfA+M2A2 +Mf)‘>

— 2 Myh
= Ms2 <1+Mf)‘+1+M A+M§A2) C

Among all variants of the rate of convergence, described in Theorem 5.2.2, the
estimate (5.2.8) looks more attractive. It provides us with the following description
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of the region of quadratic convergence for method (5.2.1)¢:

def

2,4 ’x edom f: Ap(x) < (5.2.9)

1
2My | "

In this case, we can guarantee that As(xy) < Ar(x), and then the quadratic
convergence starts (see (5.2.8)). Thus, our results lead to the following strategy for
solving the initial problem (5.1.25).

* First stage: Ly(xy) > 213,1/_. At this stage we apply the Damped Newton’s
Method (5.1.28). At each iteration of this method, we have

fOusn) < fOw) = Ml%w(;).
Thus, the number of steps of this stage is bounded as follows:
N < M3[f(x0) = F(PI/@(3). (5.2.10)

* Second stage: Ay(xy) < 21&,/_. At this stage, we apply method (5.2.1)c. This
process converges quadratically:

Aoy Qo) < MpaZ i) (14 2M g p (x)) < hp ().
Since the quadratic convergence is very fast, the main efforts in the above strategy

are spent at the first stage. The estimate (5.2.10) shows that the length of this stage
is O(Ar(x0)), where

Apxo) E M3 (xo) = FL (52.11)

Is it possible to reach the region of quadratic convergence in a faster way? In order to
answer this question, let us consider an alternative way to solve the problem (5.1.25),
based on a path-following scheme. In Sect. 5.3 we will see how we can use this idea
for solving a constrained minimization problem.

5.2.2 Path-Following Scheme
Assume that we have yp € dom f. Let us define an auxiliary central path
def

yo =arg min (v )= f0) = (V00 ] rel0 1 (5212
yedom f

This minimization problem corresponds to computation of the value of the dual
function — fi.(s) with s =tV f(yp) (see (5.1.30)). Note that V f(yp) € dom f; and
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the origin in the dual space also belongs to dom f since the problem (5.1.25) is
solvable. Therefore, in view of Lemma 5.1.6,

tVf(y) €domfy, 0=<t<1,

and trajectory (5.2.12) is well defined.
We are going to follow the auxiliary central path with parameter ¢ changing from
one to zero by updating points satisfying the approximate centering condition

IO EAVFG) =1V L0l = 4 (5.2.13)

where the centering parameter B is small enough. Note that the function v (¢; -) is
self-concordant with constant My and domain dom f (see Corollary 5.1.2).
Consider the following iterate:

— 14
=1 MavrGol;

(t,y4) = Py(t,y) = (5.2.14)

V2ol NV Gy v
vy =y — VSO (11(%_)) £V f (o)

M2A2
where & = 1+£/1fx and A = Ay .. (y) (this is one iteration of method (5.2.1)¢). For
future use, we allow the parameter y in (5.2.14) to be both positive or negative.

Lemma 5.2.2 Let the pair (1, y) satisfy (5.2.13) with B = t2(1 + 7 + 1+rr+r2 ),

where T < % Then the pair (t+, y+) satisfies the same condition for y small enough,
namely

lyl <7 — 12 (l—i-r—i- (5.2.15)

1+r+12)

Proof Let & = |V f(y) =tV foll§ < Aff 1= [Vfy) - I+Vf(yo)ll*, and

5)
b = IVSG) =~ 1,V FOOIE, - Then ay < 2+ 0 < 0 By T2

Hence,

(5.2.8)

o < Afj<1+r+ ):’3. o
- 1+r+r My

Let us derive from this fact a complexity bound of the path-following scheme as
applied to problem (5.1.25).

yurii.nesterov@uclouvain.be



360 5 Polynomial-Time Interior-Point Methods

Theorem 5.2.3 Consider the following process:

to=1, yo edom f, (tiy1, yk+1) = Py e, Y1), k=0, (5.2.16)

wherey = y(t) =1 — B, B = B(1) = 72 (1 + 7+ 1+TT_H2), and t < 0.23. Then

de
e LAV =6 fOOI < 4 k=0, (5.2.17)

Assume that X (yx) > 21t11f forallk =0,..., N. Then

2
v = exp{ =75 (5.2.18)

(z=38)(1+p)

where x(t) = 21 prpd)

Proof Since Ly = 0 < 1\5/-’ by Lemma 5.2.2 we prove that inequality (5.2.17) is
valid for all k > 0. Let c = —V f(yp). Note that

(5.2.14) _
Ve= Vet = g [V F 0] 1<rkc+Vf<yk>—MfTi|:k), (5.2.19)

M?2)2
where & = | 1fwkak' Therefore,

def I y o riMpy G210
ek = ||)’k _yk+l||yk = 1+& + Mp(+&) — Mp(1+&) < . (5.2.20)
Further,
(5.2.14) v y ¥
= — = — < —
liet1 e = mpjers, = <1 My, | = REXPY T wpaens, [ -
N
Thus, ty < exp {— Afl’f SN}, where Sy = ) tk ||cl||; . Let us estimate this value from
k=0 Yk
below.
g2 (5217

Since s = K700 + 20V S 0. [V2F Q0T ™€) + 1 (lell3)?. we have

—(V ), [V2F 17 e) = 41 [k?,-(yk) + 2 (llellz)* — ,f,f} (5.2.21)
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Therefore,

0)

5.1.1
FO) = fOre) = (VFOR)s Yk — Yir1) — Ml% ws(Mgry)

CEY L V00, IV 01! (tkc + V00 = s, >> = s (M)

li]%sk (S [V2f 1" (ke + YV f (30)))

L VG0 IV ]! (Mf—lz,lf;fk >> - o)

(5217 ag—nelielly, i

= & My ||C||£;(1+$k) (Vo0 IVEF G0 e) - A;?" @ Hmo
(5:221) 22—t el Ak Y 2 ; 2B
= 1+&, ot 2M prellely, (1+8) A Om) + 4 (lelly,)” = MG

- Mlz ws(M i)
¥

(5220) 1 _opa
Y frk *
= 2Mf(1+§k)tk”c”yk =+ Pk,

_ Y 2 B> 1
where o = o7 o1l 1460 |:)‘f(y") - M%:| ~ w2 @0

. .
Our next goal is to show that py > 0. Note that tk||c||;k < Ar(w) + Mﬂf.

Since A ¢ (yx) > we have

1
2My >

4 _ B _ 1 ya=2 _ 1
Pk = M (14&) I:)‘f(yk) Mf] M%U)*(t) = 4M%(1+§k) M%U)*(T)

G210y Tya-281+8)
= [N o]

f
Note that y = O(7), B = O(7?), and w4 (t) = O(z?). Therefore, for t small
enough we have py > 0. By numerical evaluation, it is easy to check that this can
be achieved by taking T < 0.23.

Further,

y=2Mpae OZID (o —28)14p)

(z=3B)(1+p) def
2148 = 20++62) *#(T).

2014+84+8%
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Again, it is easy to check that x(r) > 0 for T € (0, 0.23]. Thus, we have proved
that f (yx) — f (k1) = ”(T)tkllcllyk Therefore,

N
(1) #(1) A*(N)
Sy EEO Mp(FOO—f k) = Mp(fG0)—FGne)’

N+1
where A*(N) = mm+ { > A(l) : Z A0 = 1} =(N+12% o
reRYH | i=1

Let us estimate now the number of iterations, which are necessary for
method (5.2.16) to enter the region of quadratic convergence 2. Define

D = max {le —Vlyo 2 f) = fo), f() = fO0)}

x,yedom

Theorem 5.2.4 Let the sequence {yi}k>0 be generated by method (5.2.16). Then
forall

172
Ay (x0) M Do~ (Af(x0))
N > I:yx(r) 1n< w(1=PI=29), ):| (5.2.22)

and we have yy € 2.
Proof Indeed,

(5.2.12)

FO@) = f* = (V@) yu) — x%) 1V f (yo), y(tx) — x)

< tikrf(yo)D.

(5.1.29)
Note that o (MsArs(y0)) < M7(f(yo) — f*) = Af(yo). Thus,

Mzw(MfAf(y(tk))) " Fow) - £t < w, @ (Ar(0)D.

I* (5.2.12)

Since ||V f(y) = V f (y(1)] IVFi) —aV oo, < Aff,we have

(5.2.17)
k) = wlVEOOI + 4 = (VA O@), [VAF 0l V(o'
+11,

(5.1.36)
< LphrO@) +
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5.2 Minimizing Self-concordant Functions 363

Thus, inclusion yx € 2y is ensured by the inequality A r(y(%)) < (1_/32)11/1(1,-_2/3 ),

Consequently, we need to ensure the inequality

]lf[kfa)*l(Af(X()))D < w((l—ﬂ)gl_zﬂ))‘

1
M

NN

It remains to use the estimate (5.2.18). O

As we can see from the estimate (5.2.22), up to a logarithmic factor, the

number of iterations of the path-following scheme is proportional to A}/ 2(yo).
This is much better than the guarantee (5.2.10) obtained for the Damped Newton’s
Method (5.1.28). However, as we will see in Sect. 5.2.3, for some special subclasses
of self-concordant functions the performance estimate (5.2.22) can be significantly
improved.

From the practical point of view, reasonable values of parameters for path-

12
following scheme (5.2.16) correspond to T = 0.15. In this case, [V(T)lxm] <
16.1.

Remark 5.2.1 The dual interpretation of the central path (5.2.12) is quite straight-
forward: it is just a straight line. We follow the primal image of the dual central
path

s(t) =tV f(yo) €domfy, 0=<1<1,

by generating points sy = V f(yx) in a small neighborhood of this trajectory:

’ (5:213) g
(sk = s(tx), V= fulsi) (sk — s())) =< e O

5.2.3 Minimizing Strongly Convex Functions

Let B = B* > 0 map E to E*. Define the Euclidean metric
x> = (Bx,x)!/?, x €E.
In this section, we consider the following minimization problem

min £ (x), (5.2.23)

xelk

where f is a strongly convex function:

fO) = f@+(Vf@),y—x)+ 00Ny —xII?, x,y€E, (5.2.24)
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where o2(f) > 0. We also assume that the function f belongs to C3 (E) and its
Hessian is Lipschitz continuous:

IV2f(x) = V2FO)Il < L3(Ollx —yll.  x,y €E. (5.2.25)

As we have seen in Example 5.1.1 (6), this function is self-concordant on E with
the constant

L3(f)

f= 20325 (5.2.26)

Thus, problem (5.2.23) can be solved by methods (5.1.28) and (5.2.16). The
corresponding complexity bounds can be given in terms of the complexity measure

Aptro) = 550 (F o) = £,
As we have seen, the first method needs O (A f(xo)) iterations. The complexity

bound for the second scheme is of the order O(A 172 (x0)), where 0() denotes
the hidden logarithmic factors. Let us show that for our particular subclass of self-
concordant functions these bounds can be significantly improved.

We will do this by the second-order methods based on cubic regularization of
the Newton’s Method (see Sect.4.2). In view of (4.2.60), the region of quadratic
convergence of the Cubic Newton’s Method (4.2.33) in terms of function value is
defined as

o . % Uz(f)_ 1
Q.f‘{XEE'f(x) I =onp = SM?}'

Let us check how many iterations we need to enter this region by different schemes
based on the cubic Newton step.
Assume our method has the following rate of convergence:

Flg) — f* < P

where ¢ is an absolute constant, p > 0, and D = maﬁi{nx —x*|: f(x) < fOL
X€E

Since f is strongly convex, for all x with f(x) < f(xp) we have

LoDl —x* 12 CEY foy - £+ < fo) - 17
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Therefore,

. L\ 3/2
fao = = B (L2 (Fao - 1)
(5.2.27)
(5.2.26) 25/2cMy

w | (f(xo) — 532
1/p }
Thus, we need O ([M}(f(xo) - f*)3/2] ) =0 (A;-” (xo)> iterations to enter

the region of quadratic convergence Q . For the Cubic Newton’s method (4.2.33)
we have p = 2. Thus, it ensures complexity O (Ai/ 4 (x0)). For the accelerated Cubic

Newton’s method (4.2.46) we have p = 3. Thus, it needs O (A!/?(xp)) iterations
(which is slightly better than (5.2.22)). However, note that for these methods there
exists a powerful acceleration tool based on a restarting procedure.

Let us define k, as the first integer for which the right-hand side of inequal-

ity (5.2.27) is smaller than ;(f(xo) —

252eM,

o T(f o) = £932 < J(f(xo) — 7).

1
Clearly k, = O ([Mf(f(xo) - f*)l/z]l/p> =0 (A}p (xo)). This value can be

used in the following multi-stage scheme.

Multi-stage Acceleration Scheme

Set yo = xo (5.2.28)
At the kth stage (k > 1) the method starts from the point y;_j.

After fy = { 2(kfli1>)/(2p>—| steps it generates the output y.
The method stops when y; € Q.

Theorem 5.2.5 The total number of stages T in the optimizations strategy (5.2.28)
satisfies the inequality

T <4+ log, As(xp). (5.2.29)

The total number of lower-level iterations N in this scheme does not exceed

1/2p)
4 4 10g2 Af (x0) + 212/(21?)p_1 kp‘

yurii.nesterov@uclouvain.be
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Proof Let us prove by induction that f(yx) — f* < (;)k(f(yo) — f*).Fork =0
this is true. Assume that this is also true for some k > 0. Note that tlf+1 > (%)k/zkﬁ.
Therefore,

fOrpn—f* _ 2eMy PNV kp (f i) — )12
foo-f* = o (fOR) = f9) = 27 (f (o)— )12

| |:2k(f(yk)*f*):|1/2 -
2| fao-f

SR

T-1
Thus, the total number of stages satisfies inequality (%) (f(xp) — f*) > g A1/12 .
2

Finally,
T T-1 k 00 k
1?2 1?2
N=Y4 = T+kpz<2) ’ T+kpz<2) 2
k=1 k=0 k=0

A en .
1—
(2)

Applying Theorem 5.2.5 to different second-order methods based on Cubic
Regularization, we get the following complexity bounds.

¢ Cubic Newton’s Method (4.2.33). For this method p = 2. Therefore, the
complexity bound of this scheme, used in the framework of multi-stage
method (5.2.28), is of the order

0 (A}/“(xo)) .

In fact, this method does not need a restarting strategy. Thus, Theorem 5.2.5
provides the Cubic Newton method with a better way of estimating its rate of
convergence.

¢ Accelerated Newton’s Method (4.2.46). For this method p = 3. Hence, the
complexity bound of the corresponding multi-stage scheme (5.2.28) becomes

0 (AYS(x0)).

¢ Optimal second-order method (see Sect.4.3.2). For this method p = 3.5.
Therefore, the corresponding complexity bound is

0 (A7 (x0)).

However, note that this method includes an expensive line-search procedure.
Consequently, its practical efficiency should be worse that the efficiency of the
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5.3 Self-concordant Barriers 367

method from the previous item. Note that the theoretical gap in the complexity

estimates of these methods is negligibly small, of the order of O (A}-/ 42(xo)).

For all reasonable values of the complexity measure A 7 (xo), feasible for modern
computers, it should be much smaller than the logarithmic factors coming from
the line search.

5.3 Self-concordant Barriers

(Motivation; Definition of self-concordant barriers; Barriers related to self-concordant
functions; The implicit barrier theorem; Main properties; Standard minimization problems;
The central path; The path-following method; How to initialize the process? Problems with
functional constraints.)

5.3.1 Motivation

In the previous section, we have seen that the Newton’s Method is very efficient
in minimizing self-concordant functions. Such a function is always a barrier for
its domain. Let us check what can be proved about the Sequential Unconstrained
Minimization approach (Sect. 1.3.3) based on these barriers. From now on, we are
always working with standard self-concordant functions, which means that

My;=1. (5.3.1)

In what follows, we deal with constrained minimization problems of a special
type. Let Dom f = cl (dom f).
Definition 5.3.1 A constrained minimization problem is called standard if it has
the following form:
min{{(c, x) | x € Q}, (5.3.2)
where Q is a closed convex set. It is also assumed that we know a standard self-
concordant function f such that Dom f = Q.

Note that the assumption My = 1 is not binding since otherwise we can multiply
f by an appropriate constant (see Corollary 5.1.3).
Let us introduce a parametric family of penalty functions

J@x) =tlc,x) + f(x)
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with # > 0. Note that f(¢; x) is self-concordant in x (see Corollary 5.1.2). Define

x*(t) _arg mln f@; x).

This trajectory is called the central path of problem (5.3.2). We can expect that
x*(t) — x* ast — oo (see Sect. 1.3.3). Therefore, it should be a good idea to keep
our test points close to this trajectory.

Recall that the Newton’s Methods, as applied to the minimization of the function
f(; ), have local quadratic convergence (Theorem 5.2.2). Our subsequent analysis
is based on the Intermediate Newton Method (5.2.1)c, which has the following
region of quadratic convergence:

Aragx) < B <3

Let us study our possibilities to move forward in ¢, assuming that we know exactly
x = x*(¢) for some ¢ > 0.
Thus, we are going to increase ¢:

t+=t+A, A > 0.

However, we need to keep x in the region of quadratic convergence of Newton’s
Method for the function f(t 4+ A; -):

hfran@) S B < ).
Note that the update + — 74 does not change the Hessian of the barrier function:
V2f(t+ A;x) = V2 f(t; x).

Therefore, it is easy to estimate how big the step A can be. Indeed, the first-order
optimality condition (1.2.4) provides us with the following central path equation:

tc + Vf(x*@) =0. (5.3.3)
Since tc + V f(x) = 0, we obtain
Aaran@) =1 te+ V@ P27 Alle = 21 VF0) 15 < 8.
Hence, if we want to increase ¢ at some linear rate, we need to assume that the value
@) = (VF@ 1D = (V@) [V IV )
is uniformly bounded on dom f. Without this assumption, we can have only a

sublinear rate of convergence of the process (see Sect. 5.2.2).
Thus, we come to a definition of a self-concordant barrier.
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5.3 Self-concordant Barriers 369
5.3.2 Definition of a Self-concordant Barrier

Definition 5.3.2 Let F(-) be a standard self-concordant function. We call it a v-
self-concordant barrier for the set Dom F, if

sup [2(VF(x), u) — (V2F(x)u, u)] < v (5.3.4)
uek

for all x € dom F. The value v is called the parameter of the barrier.

Note that we do not assume V2F (x) to be nondegenerate. However, if this is the
case, then inequality (5.3.4) is equivalent to the following:

(VF(x), [V?F(x)]'VF(x)) < v. (5.3.5)

We will also use another equivalent form of inequality (5.3.4):
(VF(x),u)> < v(VZF(x)u,u) VucE. (5.3.6)
(To see this for u with (VZF(x)u,u) > 0, replace u in (5.3.4) by tu and find the

maximum of the left-hand side in 7.) Note that the condition (5.3.6) can be rewritten
in matrix notation:

V2F(x) = ! VFx)VF()T. (5.3.7)

Lemma 5.3.1 Let F be a v-self-concordant barrier. Then for any p > v the
Sunction £,(x) = exp {—;F(x)} is concave on dom F. On the other hand, if

function &, (-) is concave on dom F, then F is a self-concordant barrier.

Proof Indeed, for any x € dom F and & € E, we have
(VEp (), h) = — | (VF(x), h)Ep (x),
(V2Ep()h, h) = |, (VF (@), h)*Ep(x) = | (V2F ()R, h)Ep(x).

It remains to use definition (5.3.6). O

Note that condition (5.3.5) has interesting dual interpretation. In view of
relation (5.1.34), definition (5.3.5) is equivalent to the following condition:

(s, V2F.(s)s) <v, s € domF,. (5.3.8)
In other words, at any feasible s, the distance to the origin is proportional to the size

of the unit Dikin ellipsoid, which describes an ellipsoidal neighborhood in dom f
with similar Hessians.
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Let us now check which self-concordant functions presented in Example 5.1.1
are also self-concordant barriers.

Example 5.3.1

1. Linear function: f(x) = a + (a, x), dom f = E. Clearly, for a # 0 this function
is not a self-concordant barrier since V2F (x) = 0.
2. Convex quadratic function. Let A = AT > 0. Consider the function

f&x)=a+{(a,x)+ ;(Ax,x), dom f = R".

Then V f(x) = a + Ax and V2 f(x) = A. Therefore,
(V2 FOI'VF@), V@) = (A7 (Ax +a), Ax + a)
= (Ax,x) +2(a,x) + (A" 'a,a).
Clearly, this value is unbounded from above on R”. Thus, a quadratic function is
not a self-concordant barrier.
3. Logarithmic barrier for a ray. Consider the following function of one variable:
F(x)=—Inx, domF={xeR| x> 0}.

Then VF(x) = —)1{ and V2F (x) = xlz > 0. Therefore

(VFo)? _ 1,2 _
VR S X =L

Thus, F(-) is a v-self-concordant barrier for the set {x > 0} with v = 1.

4. Logarithmic barrier for a second-order region. Let A = AT > 0. Consider the
concave quadratic function

d(x)=a+ (a,x)— ;(Ax,x).
Define F(x) = —In¢(x),dom f = {x € R" | ¢(x) > 0}. Then
(VF(),u) = =, [{a, u) = (Ax, u)],

(V2F(x)u, u) = a,u) — (Ax, u)]* + ¢(1x) (Au, u).

1
¢2(X)[<

Let w; = (VF(x),u) and wr = ¢(1x) (Au, u). Then

(VZF(x)u, u) = a)% + wy > a)%.
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Therefore 2(V F (x), u) — (VZF(x)u, u) < 2w —w% < 1. Thus, F(-) is a v-self-
concordant barrier withv = 1. O

Let us now check the results of some simple operations with self-concordant
barriers.

Theorem 5.3.1 Let F(-) be a self-concordant barrier. Then the function {(c, x) +
F(x) is a standard self-concordant function on dom F.

Proof Since F(-) is a self-concordant function, we just apply Corollary 5.1.2. O
Note that this property is important for path-following schemes.

Theorem 5.3.2 Let F; be v;-self-concordant barriers, i = 1, 2. Then the function
F(x) = Fi(x) + F2(x)

is a self-concordant barrier for a convex set Dom F = Dom F| (| Dom F» with the
parameter v = v| + V).

Proof In view of Theorem 5.1.1, F is a standard self-concordant function. Let us
fix x € dom F. Then

max [2(VF(x), u) — (VZF(x)u, u)]

ueR”

= max [2(VF)(x), u) = (V2R (xX)u, u) + 2(VF(x), u) — (V2 Fa(x)u, u)]
uelR”?

= max [2(VF(x), u) — (V2Fy (x)u, u)] + max [2(VF(x), u) — (V2F(x)u, u)]
ueR” ueR”

< v+ . O

It is easy to see that the value of the parameter of a self-concordant barrier is
invariant with respect to an affine transformation of variables.
Theorem 5.3.3 Let o/ (x) = Ax + b be a linear operator, o7 : E — E;|. Assume
that function F is a v-self-concordant barrier with Dom F C E1. Then the function

D (x) = F((x))

is a v-self-concordant barrier for the set Dom® = {x € E: o/(x) € Dom F}.

Proof The function @(-) is a standard self-concordant function in view of Theo-
rem 5.1.2. Let us fix x € dom®. Then y = &/ (x) € dom F. Note that for any
u € E we have

(VO (x),u) = (VF(y), Au), (V2O (xX)u,u) = (V>F(y)Au, Au).
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Therefore

max [2(VP(x), u) — (VEP(x)u,u)] = max [2(VF(y), Au) — (V2F(y)Au, Au)]

< max [2(VF(y), w) — (VZF(y)w, w)] < v. o

wE]El

To conclude this section, let us show how to construct self-concordant barriers for
the level sets of self-concordant functions and for the epigraphs of self-concordant
barriers.

Theorem 5.3.4 Let the function f be self-concordant with constant My > Q.
Suppose that the set

ZB)={xedomf: f(x)=p}
has nonempty interior and f (x) > f* for all x € dom f. Then the function
F(x) = —vin(g — f(x))

withany v > 14 MJZC (B— f*) is a v-self-concordant barrier for the level set £ (B).

Proof Let ¢(x) = —In(B — f(x)). In view of Theorem 5.1.4 and Corollary 5.1.3,
the function F (x) = v¢(x) is a standard self-concordant function on dom f. On the
other hand, for any & € E we have

(VF(x), h)? = v3(Vg(x), h)? ©L® v2(V2p(x)h, h) = v(V*F(x)h,h).

Thus, by definition (5.3.6), F is a v-self-concordant barrier for £ (g). O

Theorem 5.3.5 Let [ be a v-self-concordant barrier. Then the function
F(x,1) = f(x) —In(z — f(x))
is a (v + 1)-self-concordant barrier for the epigraph
Er ={(x,t)edom f xR: t> f(x)}.
Proof Let us fix a direction 4 € E and é € R. Consider the function

¢(t) =F(x+tht+716) = f(x+7th)—In(t +715 — f(x + Th).
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Leto=1— f(x)and® =1+ ! Then
¢'(0) = (VF(x), h) + L((Vf(x), h) =),
¢"(0) = (V2f (), h) + LUV @), h) = 8)* + L(V2f(0)h, )
=&V f@h.h)+ LUVFE). h) — )72

1/2

Define § = [&(V2f(x)h, )] and A = | ((V f(x), h) — 5). Note that

(5.3.6)
$O) = VORI 40 = £ Y+

It remains to note that the maximum of the right-hand side of this inequality subject
to the constraint 52 +22 =1is equal to [:} + 1]1/2 < &/v + 1. Thus, in view of
definition (5.3.6), the parameter of the barrier F' can be chosen as v + 1.

Let us estimate now the third derivative of the function ¢ at zero, assuming that
its second derivative is less or equal to one. Note that

¢"(0) = D f(x)[h h hl+ %V f(x),h) —8)

+ 35UV L) h) = 8)(V2 f(0)h, ) + L D3 f () h, k]

O 2(V2 Foyh, )2 + Z(Vf(x). h) —8)

+ UV f(x), h) = 8)(V2f(x)h, h)
= \/1+ws3+2x3+1+ws2x 2183 + 223 +3(1 — p2)E,

where y? = 1 + . We need to maximize the right-hand side of the above inequality
subject to constraints 52 +22<1and y € [0, 1]:

x* = mfvg{27/53 +2°3 +3(1—y?E2r: 2422 <1, 0<y <1}
VA,

Let us maximize this objective in y. From the first-order optimality condition for y,
26% — 6y£71 =0,

we have y, = min ’1, 5 } Assume that & > 3A. Then y, = 1 and we need to

maximize 2£3 4 213 with constraints £ + A2 = 1 and £ > 3A. Introducing new
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variables é =£%and A = A2, we come to the problem

max {2632 4 233/2: E4 ) <1, £ > 94).
£,54>0

Its objective is convex. Hence, by inspecting the extreme points of its feasible set we
find the optimal solution é* =1, A* = 0. Thus, the maximal value of this problem
is two.
Assume now that £ < 3X. Then y, = 3"’1 and we get the following objective:
4
258 +27 43 (1 5, ) €% = § +207 + 367

Note that the maximum of this expression is attained at the boundary of the unit
circle: & 2 + A2 = 1. Thus, we need to show that

A9 L1233 4301 -2 < 2,

with constraint 3A > V1 — 22, In other words, we need to prove that

PO E (=22 432Gr -2 —61 <0, L <asl

_ 2 2 3 _ 1
Note that p(A) = (1 —1)>(3 — 2(1 + 1)) < Oforall)\ = \/2 —1=,, Jand
1

«/ 10~ 246"
Thus, »* < 2, which means that F is a standard self-concordant function. O

this constant is smaller than our lower bound for A:

Corollary 5.3.1 If f is a standard self-concordant function, then F is also a
standard self-concordant function with Dom F = &.

Finally, let us prove the Implicit Barrier Theorem. Let @ be a v-self-concordant
barrier for dom @ C [E. We partition the space as follows: E = E; x [E,. Define

F(x) = myin{dj(x, y): (x,y) € dom®}. (5.3.9)

We assume that for any x € dom F C [E; the solution y(x) of this optimization
problem exists and is unique. Then, as we have seen in the proof of Theorem 5.1.11,

Vy®(x,yx)) =0, Vi®(x,ykx) = VF(x).

Theorem 5.3.6 The function F defined by (5.3.9) is a v-self-concordant barrier.
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Proof In view of Theorem 5.1.11 the function F is standard self-concordant. Let us
fix x € dom F. Then for any direction z = (4, §) € E; x E, we have

(VE@),h)g, = (Va®(x,y(x), b, = (VO(x, y(x)), 2)g

(5.3.6) 5
< V@ (x,y(x))z, 2)E-

As was shown in the proof of Theorem 5.1.11,

%mv%(x, y()z, 2)E = (VZF(x)h, h)E, .
€k,

Thus, F satisfies definition (5.3.6) of a v-self-concordant barrier. O

5.3.3 Main Inequalities

Let us show that the local characteristics of a self-concordant barrier (gradient and
Hessian) provide us with global information about the structure of its domain.

Theorem 5.3.7 I. Let F be a v-self-concordant barrier. For any x and y from
dom F, we have

(VF(x),y —x) < v. (5.3.10)
Moreover, if (VF(x),y —x) > 0, then

—x)2
(VF() = VF@),y —x) = VT (5.3.11)

2. A standard self-concordant function F is a v-self-concordant barrier if and only

if
F(y)> F(x) —vin (1 — ll)(VF(x), y— x)) Vx,y € domF. (5.3.12)
Proof 1. Let us fix two points x, y € dom F. Consider the univariate function
o) =(VF(x+1t(y—x)),y—x), tel0,1]

If ¢ (0) < 0, then (5.3.10) is trivial. If ¢ (0) = 0, then (5.3.11) is valid in view of
convexity of f. Suppose that ¢ (0) > 0. In view of inequality (5.3.6), we have

¢'(6) = (VPF(x +1(y —))(y —x), y — x)

v

WVFx 41y —x),y—x)? = 1¢*@0).
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Therefore, ¢ (¢) increases and is positive for ¢ € [0, 1]. Moreover, for any ¢ € [0, 1]
we have

(5 3.6)
1 1 ¢’ (f) 1
o T o) T f post vl
This implies that (VF(x),y — x) = ¢(0) < ‘t’ for all + € [0, 1]. Thus, (5.3.10) is
proved. At the same time,

v (0) _ 1907
¢ —dO) = VI — o) = [0, 1el0,1].

Choosing t = 1, we get inequality (5.3.11).
2. Let ¥(x) = e‘iF()‘). In view of Lemma 5.3.1, this function is concave. It
remains to note that inequality (5.3.12) is equivalent to the condition

V() =¥ x) + (VYx),y —x)

up to a logarithmic transformation of both sides. O

Corollary 5.3.2 Let F be a v-self-concordant barrier and h € E be a recession
direction of dom F: x + th € dom F for any x € dom F and © > 0. Then,

(VZF (x)h, h)Y/? < (=VF(x), h). (5.3.13)

Proof Inview of inequality (5.3.10), (VF (x), h) < 0.If dom F does not contain the
line {x + th, t € R}, then inequality (5.3.13) follows from (5.1.27). If it contains
the line, then (VF(x), h) = O for all x € dom F. This means that F is constant
along this line and both sides of inequality (5.3.13) vanish. O

Corollary 5.3.3 Let x,y € dom F. Then for any a € [0, 1) we have
Fx+a(y —x)) < F(x) —vin(l — o). (5.3.14)
Proof Lety(t) =x +t(y —x) and ¢(¢t) = F(y(¢)). Then

, 1 (53100
¢ =(VF@®),y —x) = [_(VFO@®),y —y@) = ..

Integrating this inequality in ¢ € [0, ), we get inequality (5.3.14). O

Theorem 5.3.8 Let F be a v-self-concordant barrier. Then for any x € dom F and
y € Dom F such that

(VF(x),y —x) =20, (5.3.15)
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we have

y—xlx< v+2Jv. (5.3.16)
Proof Let r =|| y — x | and suppose r > /v (otherwise (5.3.16) is trivial).
Consider the point y, = x + a(y — x) with o = *{V < 1. In view of our

assumption (5.3.15) and inequality (5.1.13) we have
®=(VF(Ya),y —x) Z (VF(ya) = VF(x),y — x)
= o (VF(yo) = VF(x), yo — x)

U, ye=xlf  _ ely=xli  _ oy
@ " I+lya—xx L]y —xllx EWV

v

On the other hand, in view of (5.3.10), we obtain
(I-—a)o = (VF(Ya),y — Ya) = V.
Thus,

(1 - ?) 12/\;1; =V,

and this is exactly (5.3.16). O

We conclude this section by studying the properties of one special point of a
convex set.

Definition 5.3.3 Let F' be a v-self-concordant barrier for the set Dom F'. The point

" .
Xp = arg min_F(x

F gx»sdomF x)
is called the analytic center of the convex set Dom F, generated by the barrier F.
Theorem 5.3.9 Assume that the analytic center of a v-self-concordant barrier F
exists. Then for any x € Dom F we have

| x—xh Ly < v+2V0.

On the other hand, for any x € R" such that || x — x} ”x; < 1, we have x € Dom F.

Proof The first statement follows from Theorem 5.3.8 since VF (x}k,) = 0. The
second statement follows from Theorem 5.1.5. O

Thus, the asphericity of the set Dom F with respect to x}., computed in the metric
-l xhs does not exceed v + 24/v. It is well known that for any convex set in R”"
there exists a metric in which the asphericity of this set is less than or equal to n
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(John’s Theorem). However, we managed to estimate the asphericity in terms of the
parameter of the self-concordant barrier. This value does not depend directly on the
dimension of the space of variables.

Recall also that if Dom F contains no straight lines the existence of x}
implies the boundedness of Dom F (since then V>F (x}) is nondegenerate, see
Theorem 5.1.6).

Corollary 5.3.4 Let Dom F be bounded. Then for any x € dom F and v € R" we
have

lvlly< 4+2Vv) v I -
In other words, for any x € dom F we have

V2F(x) > <u+zl¢u)2 V2F (x%). (5.3.17)
Proof By Lemma 3.1.20, we get the following representation:

lollf = @ IV2F@I )Y = max{(v,u) | (V2Fu,u) < 1).
On the other hand, in view of Theorems 5.1.5 and 5.3.9, we have
B={yeR"||ly—xlx=1} € DomF
C{yeR" [ y—x}lly<v+24v) = B,
Therefore, using again Theorem 5.3.9, we get the following relations:
vlly=max{(v,y —x)| y€ B} < max{{v,y —x)| y € By}

= (v, xh —x)+ V42V | v s -

Note that || v [|[¥=|| —v [|;. Therefore, we can always ensure (v, x; —x) <0. O

5.3.4 The Path-Following Scheme

Now we are ready to describe a barrier model of the minimization problem. This is
a standard minimization problem

min{(c, x) | x € Q} (5.3.18)

where Q is a bounded closed convex set with nonempty interior, which is a closure
of the domain of some v-self-concordant barrier F.
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We are going to solve (5.3.18) by tracing the central path:

x*(@) = argxelgiloirrrllF f(t; x), (5.3.19)

where f(t; x) = t{(c,x) + F(x) and ¢t > 0. In view of the first-order optimality
condition (1.2.4), any point of the central path satisfies the equation

tc+ VF(x*(@) =0. (5.3.20)
Since the set Q is bounded and F is a closed convex function, the analytic center of
this set x . exists and it is uniquely defined (see Item 4 of Theorems 3.1.4 and 5.1.6).
Moreover, it is a starting point for the central path:

x*(0) = x%. (5.3.21)

In order to follow the central path, we are going to update the points satisfying an
approximate centering condition:

Apay@) =1 fiEx0) Ik =lte+VF@) [ < B, (5.3.22)

where the centering parameter § is small enough.
Let us show that this is a reasonable goal.

Theorem 5.3.10 Foranyt > 0, we have
(c,x*()) —c* <7, (5.3.23)

where c¢* is the optimal value of problem (5.3.18). If a point x satisfies the
approximate centering condition (5.3.22), then

(¢, x)—c* < ! (v n (ﬂﬂﬁ”)ﬂ). (5.3.24)
Proof Let x* be a solution to (5.3.18). In view of (5.3.20) and (5.3.10), we have
(. x* (1) —x*) = HVF(* (1), x* —x*(1)) < V.

Further, let x satisfy (5.3.22). Let A = Af(;.)(x). Then, in view of (5.3.5),
Theorem 5.2.1, and (5.3.22), we have
tie,x —x*(0) = (f'(t;x) = VF(x),x —x* (1)) < A+ Vv) [l x —x*@) |«

B+ V)P
-2~ 1-8 °

O
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Let us analyze now one step of a path-following scheme. It differs from the
updating rule (5.2.14) only by the origin of the objective vector.
Assume that x € dom F. Consider the following iterate:

e =14 )
Xy =X — leg [V2F(x)]"Ytpc + VF(x)), (5.3.25)

where & = |}, and i = [t + VF (I}

From Lemma 5.2.2 we know that if 8 = B(t) = 2(1 + 7 + 1+T’+12) with

Tt € [0, é] and x satisfies approximate centering condition (5.3.22), then for y, such
that

lyl<t—7*0+7+ (5.3.26)

T
1+r+r2)’

we have again || ty¢c + VF(x) ||j+§ B.
Let us prove now that the increase of ¢ in the scheme (5.3.25) is sufficiently large.

Lemma 5.3.2 Let x satisfy (5.3.22). Then
e llE < 1B+ V). (5.3.27)
Proof Indeed, in view of (5.3.22) and (5.3.5), we have
tlhely=Ifx)=VF@) I3 < f/EGx) Iy + 1 VEG) I}
<B+. O

Let us now fix some reasonable values of parameters in method (5.3.25). In the
remaining part of this chapter we always assume that

t=029, B = B(r) ~ 0.126,
(5.3.28)
y=1-8>0x) ~ 0164 = yp ! <61l

We have proved that it is possible to follow the central path, using the rule (5.3.25).
Note that we can either increase or decrease the current value of . The lower
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estimate for the rate of increasing t is

14
t+2(1+ﬂ+JV)t7

and the upper estimate for the rate of decreasing t is

_ 7 .
t+§(1 ﬂer) t.

Thus, the general scheme for solving the problem (5.3.18) is as follows.

Main path-following scheme

0. Set o = 0. Choose an accuracy € > 0 and xo € dom F such that
| VF(xo) I3, < B-
1. kth iteration (k > 0). Set

tk-l—l = tk + ”C)l/‘;‘k 9
Xt = Xk — 1Ly [VPF )1 (e + VF (),

where & = and Ax = ||[tgr1¢ + VF (x¢) ||:k

2
)"k
1+A;°

2. Stop the process if #; > ; (v + (ﬂt/;)ﬂ) .

(5.3.29)

Let us derive a complexity bound for the above scheme.

Theorem 5.3.11 Method (5.3.29) terminates after N steps at most, where

vl
N<O0 <\/1)1n e"‘”).

Moreover, at the moment of termination we have (c, xn) — c* < e.
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Proof Note thatrg = || xg — xjé o < 153/3 (see Theorem 5.2.1). Therefore, in view
of Theorem 5.1.7 we have

1—
n=lels el < Ty el

xS 1— r0| = -2

y(1-2p) 1
Thus, e = (500 (14 ,7,) foralk=1. o

Let us discuss now the above complexity bound. The main term there is

vliell®,

6.11 /v In

Note that the value v || ¢ ||j* estimates from above the variation of the linear
F

function (c, x) over the set Dom F (see Theorem 5.3.9). Thus, the ratio can

€
VHCH};
be seen as the relative accuracy of the solution.

The process (5.3.29) has one drawback. Sometimes it is difficult to satisfy its
starting condition

I VE(xo) I

X()—

In this case, we need an additional process for computing an appropriate starting
point. We analyze the corresponding strategies in the next section.

5.3.5 Finding the Analytic Center

Thus, our current goal is to find an approximation to the analytic center of the set
Dom F'. Let us look at the following minimization problem:

min{F(x) | x € dom F}, (5.3.30)

where F is a v-self-concordant barrier. In view of the needs of the previous section,
we accept an approximate solution x € dom F to this problem, which satisfies the
inequality

| VF@) I < B,
for certain 8 € (0, 1).
As we have already discussed in Sect. 5.2, we can apply two different minimiza-

tion strategies. The first one is a straightforward implementation of the Intermediate
Newton’s Method and the second one is based on a path-following approach.
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Consider the first scheme.

Intermediate Newton’s Method for finding the analytic center

0. Choose yp € dom F.
1. kthiteration (k > 0). Set

(5.3.31)

VZF(y)l"'VF
Vil = Yk — [ (ykl)J]rSk (yk)’

AZ
where & = 1+kxk and Ax =[| VF(yo) I}, -

2. Stop the process if || VF (yk) ||;k < B.

As we have seen already, this method needs O (F (yo) — F (x;';)) iterations to enter
to the region of quadratic convergence.

To implement the path-following approach, we need to choose some yp € dom F
and define the auxiliary central path:

yi(t) =arg min _[~t(VF(y0),y) + F(»],
yedom F

where ¢ > 0. Since this trajectory satisfies the equation
VF(y*(1) = tVF(), (5.3.32)
it connects two points, the starting point yg and the analytic center xJ;:
yi) =yo, y*(0) = xj.
As was shown in Lemma 5.2.2, we can follow this trajectory by the process (5.3.25)
with decreasing t.

Let us estimate the rate of convergence of the auxiliary central path y*(¢) to the
analytic center in terms of the barrier parameter.

Lemma 5.3.3 Foranyt > 0, we have
I VEG*O) e < 0 +24v) | VFGO) 11} -1
F

Proof This estimate follows from (5.3.32) and Corollary 5.3.4. O
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Let us look now at the corresponding algorithmic scheme.
Auxiliary Path-Following Scheme

0. Choose yp € dom F. Setrg = 1.
1. kth iteration (k > 0). Set

— _ 4
Tkt = T = v F G, »
Yert = ¥k = 1 e [VEF GO (=11 VE (o) + VF (),

)\2
where & = |

5, and A = [t 1 VF (yo) = VEo I, -

2. Stop the process if || VF(yx) |}, < . Set & = 1%&(1:8;)
and ¥ =y — 1/ [V2FO1 ™' VF ().

(5.3.33)

Note that the above scheme follows the auxiliary central path y*(¢) as ty — 0. It
updates the points {y,} satisfying the approximate centering condition

I =t VF(yo) + VF(yo II5, < B
The termination criterion of this process,
o= VEOR I, < 7.

guarantees that | VF(X) ||¥< B(t) (see Theorem 5.2.2). Let us derive a complexity
bound for this process.

Theorem 5.3.12 The process (5.3.33) terminates no later than after

LB In[ L +240) | VEGo) I ]

iterations.

Proof Recall that our parameters are fixed by (5.3.28). Note that ) = 1. Therefore,
in view of Lemmas 5.2.2 and 5.3.2, we have

oy oyt
b1 = (1 ﬂ+¢v)t" = eXp( ﬂ+¢v)t°'
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Further, in view of Lemma 5.3.3, we obtain
I VEG 115, = Il (= VF(x0) + VF(y) + % VF(yo) I,
< B+t VEGO) I}, = B+ 1 +2/v) | VF(y0) s -
Thus, the process is terminated at most when the following inequality holds:
k(W +2V) | VEQo) I}, <7 = B(0) = v o

The principal term in the complexity bound of the auxiliary path-following
scheme is

6.11/v[Inv +1n || VF (y0) III;]

and for the auxiliary Intermediate Newton’s method it is O (F (yg) — F (x;k,)). These
estimates cannot be compared directly. However, as we have proved in Sect. 5.2.2
by another reasoning the path-following approach is much more efficient. Note also
that its complexity estimate naturally fits the complexity of the main path-following
process. Indeed, if we apply (5.3.29) with (5.3.33), we get the following complexity
bound for the whole process:

6.11. /v [21nv +1n | VEGo) 1%, +In lle I +1n;].

To conclude this section, note that for some problems it is difficult even to
point out a starting point yp € dom F'. In such cases, we should apply one more
auxiliary minimization process, which is similar to the process (5.3.33). We discuss
this situation in the next section.

5.3.6 Problems with Functional Constraints

Let us consider the following minimization problem:
)rcréirQl{fo(x): fix) =0, j=1...m}, (5.3.34)

where Q is a simple bounded closed convex set with nonempty interior and all
functions f;, j = 0...m, are convex. We assume that the problem satisfies the
Slater condition: There exists an x € int Q such that f;(x) < Oforall j =1...m.

yurii.nesterov@uclouvain.be



386 5 Polynomial-Time Interior-Point Methods

Let us assume that we know an upper bound & such that fy(x) < & forall x € Q.
Then, introducing two additional variables £ and x, we can rewrite this problem in
the standard form:

ssrgik;a {51 fo) <&, fix)<x, j=1...m}. (5.3.35)

Note that we can apply interior-point methods to this problem only if we are able to
construct a self-concordant barrier for the feasible set. In the current situation, this
means that we should be able to construct the following barriers:

* A self-concordant barrier Fg (x) for the set Q.
* A self-concordant barrier Fy(x, &) for the epigraph of the objective function
Jo(x).

 Self-concordant barriers F;(x, x) for the epigraphs of functional constraints
1 ().

Let us assume that we can do that. Then the resulting self-concordant barrier for the
feasible set of problem (5.3.35) is as follows:

F(x, &, %) = Fo(x) + Fo(x, §) + il Fj(x, %) = In(E — &) — In(—).
=

The parameter of this barrier is

m

D=vo+w+ Y v +2, (5.3.36)

j=1
where v(.) are the parameters of the corresponding barriers.

Note that it could still be difficult to find a starting point from dom F. This
domain is an intersection of the set Q with epigraphs of the objective function and
constraints, and with two additional linear constraints £ < § and » < 0. If we have
a point xp € int Q, then we can choose &y and x( large enough to guarantee

folxo) < & < &, fi(xo) < %0, j=1...m.
Then, only constraint x < 0 will be violated.

In order to simplify our analysis, let us change the notation. From now on, we
consider the problem

1;161?{(0, z): (d,z) <0}, (5.3.37)

where z = (x,&,x%), (c,z) = &, (d,z) = » and S is the feasible set of
problem (5.3.35) without the constraint x < 0. Note that we know a self-concordant
barrier F(z) for the set S, and we can easily find a point zg € int S. Moreover, in
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view of our assumptions, the set
S@) = {ze S| d,z) <a}

is bounded and, for « large enough, it has nonempty interior.

The process of solving problem (5.3.37) consists of three stages.

1. Choose a starting point zp € intS and some initial gap A > 0. Set o =
(d, z0)+ A. If ¢ < 0, then we can use the two-stage process described in Sect. 5.3.5.
Otherwise, we do the following. First, we find an approximate analytic center of the
set S(a), generated by the barrier

F(z) = F(z) — In(e — (d, 2)).

Namely, we find a point  satisfying the condition
M@ = (VF@+ o VEOI (VFO + , 4 )P < .

In order to generate such a point, we can use the auxiliary schemes discussed in
Sect.5.3.5.

2. The next stage consists in following the central path z(¢) defined by the
equation

td+VF@z@) =0, t>0.

Note that the previous stage provides us with a reasonable approximation to the
analytic center z(0). Therefore, we can follow this path, using the process (5.3.25).
This trajectory leads us to the solution of the minimization problem

min{(d, z) | z € S(x)}.
In view of the Slater condition for problem (5.3.37), the optimal value of this
problem is strictly negative.
The goal of this stage consists in finding an approximation to the analytic center
of the set

S={ze S| (d,z) <0}

generated by the barrier F(z) = F(z) — In(—(d, z)). This point, z,, satisfies the
equation

VF(z) — %, =0

yurii.nesterov@uclouvain.be



388 5 Polynomial-Time Interior-Point Methods

Therefore, z, is a point of the central path z(#). The corresponding value of the
penalty parameter #, is

_ 1
e =—l42) > 0.

This stage terminates with a point z satisfying the condition
1@ = (VE@ = ([ IVPEFOIT (VE@ - ()12 < b.

3. Note that V2F (z) = V2F(z). Therefore, the point z, computed at the previous
stage, satisfies the inequality

1@ = (VE@ - o IVF@I (VE@ - )2 < .

This means that we have a good approximation of the analytic center of the set S,
and we can apply the main path-following scheme (5.3.29) to solve the problem

min{(c, z) : z € S}.

Clearly, this problem is equivalent to (5.3.37).

We omit the detailed complexity analysis of the above three-stage scheme. It can
be done similarly to the analysis of Sect.5.3.5. The main term in the complexity
of this scheme is proportional to the product of VD (see (5.3.36)) and the sum
of the logarithm of the desired accuracy € with logarithms of some structural
characteristics of the problem (size of the region, depth of Slater condition, etc.).

Thus, we have shown that the interior point methods can be applied to all
problems, for which we can point out some self-concordant barriers for the basic
feasible set O and for the epigraphs of functional constraints. Our main goal
now is to describe the classes of convex problems for which such barriers can be
constructed in a computable form. Note that we have an exact characteristic of the
quality of self-concordant barrier. This is the value of its parameter. The smaller it
is, the more efficient will be the corresponding path-following scheme. In the next
section, we discuss our possibilities in applying the developed theory to particular
convex problems.

5.4 Applications to Problems with Explicit Structure

(Bounds on parameters of self-concordant barriers; Linear and quadratic optimization;
Semidefinite optimization; Extremal ellipsoids; Constructing self-concordant barriers for
particular sets; Separable problems; Geometric optimization; Approximation in £,-norms;
Choice of optimization scheme.)
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5.4.1 Lower Bounds for the Parameter of a Self-concordant
Barrier

In the previous section, we discussed a path-following scheme for solving the
following problem:

min (c, x), (5.4.1)

xeQ

where Q is a closed convex set with nonempty interior, for which we know a v-self-
concordant barrier F(-). Using such a barrier, we can solve (5.4.1) in O (\/v -In :)
iterations of a path-following scheme. Recall that the most difficult part of each
iteration is the solution of a system of linear equations.

In this section, we study the limits of applicability of this approach. We discuss
the lower and upper bounds for the parameters of self-concordant barriers. We also
discuss some classes of convex problems for which the model (5.4.1) can be created
in a computable form.

Let us start from the lower bounds on the barrier parameters.

Lemma 5.4.1 Let f be a v-self-concordant barrier for the interval (o, B) C R,

o < B < 0o, where we admit the value « = —o0. Then
de 70Ny 2
V> =Lf sup (f},fz?; > 1.
te(e, B)

Proof Note that v > x by definition. Let us assume that »x < 1. Since f is a convex
barrier function for («, 8), there exists a value & € («, 8) such that f/(¢) > 0 for
allt € [a, B).

Consider the function ¢ (¢) = (J;/(t);z, t € [@, B). Then, since f'(t) > 0, f(-) is

'//(t
standard self-concordant, and ¢ () < x < 1, we have

/ 2
o0 =270~ (59) o
— _ S "o _ ’
- f (t) (2 «/f”(t) [f”(t)]S/z) Z 2(1 \/}f)f (t)
Hence, for all ¢ € [a&, B) we obtain ¢ (t) > ¢(a) + 2(1 — /x)(f(t) — f(@)). This
is a contradiction since f is a barrier function and ¢ is bounded from above. O

Corollary 5.4.1 Let F be a v-self-concordant barrier for Q C E. Thenv > 1.

Proof Indeed, let x € int Q. Since Q C E, there exists a nonzero direction u € E
such that the line {y = x + tu, t € R} intersects the boundary of the set Q.
Therefore, considering function f(¢#) = F(x + tu), and using Lemma 5.4.1, we get
the result. O
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Let us prove a simple lower bound for parameters of self-concordant barriers for
unbounded sets.

Let Q be a closed convex set with nonempty interior. Consider x € int Q.
Assume that there exists a nontrivial set of recession directions {p1, ..., px} of the

set Q:
X+apieQ Ya=>0, i=1,... k.
Theorem 5.4.1 Let the positive coefficients {,8,'}5‘:1 satisfy the condition

X—Bipi¢imtQ, i=1,... k.

k
If for some positive a1, ..., we have y =X — Y_ «;ipi € Q, then the parameter
i=1
v of any self-concordant barrier for the set Q satisfies the inequality:

k
> i
v_i; A

Proof Let F be a v-self-concordant barrier for the set Q. Since p; is a recession
direction, by Theorem 5.1.14 we have

(VF(X), —pi) = (VPF&@) pi, pi)* = |l pi lls -

Note that x — 8; p;i ¢ Q. Therefore, in view of Theorem 5.1.5, the norm of direction
pi is large enough: B; || pi |lz> 1. Hence, in view of Theorem 5.3.7, we obtain

k
v= (VF(F),5—% = (VF@E),— ) aipi)
i=1
k

k
o
> il pills = Zﬂ, o
i=1 !

i=1

5.4.2 Upper Bound: Universal Barrier and Polar Set

Let us present now an existence theorem for self-concordant barriers. Consider a
closed convex set O, intQ # {J, and assume that Q contains no straight lines.
Define a polar set of Q with respect to some point x € int Q as follows:

PGE)={seR"| (s,x —%) <1, Vx € Q).
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It can be proved that for any x € int Q the set P(x) is a bounded closed convex set
with nonempty interior. It always contains the origin.
Define V (x) = vol,, P(x).

Theorem 5.4.2 There exist absolute constants c1 and c3, such that the function
Ux)=c-InV(x)

is a (c2 - n)-self-concordant barrier for Q. 0O

We drop the proof of this statement since it is very technical. O

The function U (-) is called the Universal Barrier for the set Q. Note that
the analytical complexity of problem (5.4.1), equipped with a universal barrier, is
o (Jn -In 2) calls of oracle. Recall that such efficiency estimate is impossible for
the methods based on a local Black-Box oracle (see Theorem 3.2.8).

The statement of Theorem 5.4.2 is mainly of theoretical interest. Indeed, in
general, the value U(x) cannot easily be computed. However, Theorem 5.4.2
demonstrates that self-concordant barriers, in principle, can be found for any convex
set. Thus, the applicability of this approach is restricted only by our ability to
construct a computable self-concordant barrier, hopefully with a small value of
the parameter. The process of creating the barrier model of the initial problem
can hardly be described in a formal way. For each particular problem, there could
be many different barrier models, and we should choose the best one, taking into
account the value of the parameter of the self-concordant barrier, the complexity of
the computation of its gradient and Hessian, and the complexity of the solution of
the corresponding Newton system.

In the remaining part of this section we will see how this can be done for some
standard problem classes of Convex Optimization.

5.4.3 Linear and Quadratic Optimization

Let us start from a problem of Linear Optimization:

i ,X): Ax = b},
XIIElﬁ{IEHC x): Ax = b} (5.4.2)

+

where A is an (m x n)-matrix, m < n. The basic feasible set in this problem
is represented by the positive orthant, the set of all vectors with nonnegative
coefficients in R". It can be equipped with the following self-concordant barrier:

n .
Fx)=—>Ix® v=n, (5.4.3)
i=1
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(see Example 5.3.1 and Theorem 5.3.2). This barrier is called the standard
logarithmic barrier for R’} .

In order to solve problem (5.4.2), we have to use a restriction of the barrier
F onto the affine subspace {x : Ax = b}. Since this restriction is an n-self-
concordant barrier (see Theorem 5.3.3), the complexity bound for problem (5.4.2)
is O (/n - In") iterations of a path-following scheme.

Let us prove that the standard logarithmic barrier is optimal for R’} .

Lemma 5.4.2 The parameter v of any self-concordant barrier for R} satisfies
inequality v > n.

Proof Letus choose

F=ér=(,...., DT eintR?,

where e; is the ith coordinate vector of R". In this case the conditions of
Theorem 5.4.1 are satisfied with ; = §; = 1,1 = 1...n. Therefore,

n
vzzggzn. O
i=1

Note that the above lower bound is valid only for the whole set R} . The lower
bound for the intersection {x € R, | Ax = b} can be smaller.

Self-concordant barriers for cones usually have one important property, which is
called logarithmic homogeneity (e.g. (5.4.3)).

Definition 5.4.1 A function F € C*(E) with Dom F = K, where K is a closed
convex cone, is called logarithmically homogeneous if there exists a constant v > 1
such that

F(tx) = F(x)—vint, VxeintK, t >0. 5.4.4)
This simple property has surprisingly many interesting consequences, one of

which makes the computation of the barrier parameter completely trivial.

Lemma 5.4.3 Let F be a logarithmically homogeneous self-concordant barrier for
a convex cone K which contains no straight lines. Then for any x € int K andt > 0
we have

VF(tx) = !VF(x), V?F(1x) = lesz(x), (5.4.5)
(VF(x),x) = —v, V2F(x)x = —VF(x), (5.4.6)
(VZF(x)x,x) =v, (VF®@),[V2FX)] 'VF(x)) = v. (5.4.7)
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Proof Differentiating identity (5.4.4) in x, we get the first identity in (5.4.5).
Differentiating the latter identity in x again, we get the second relation in (5.4.5).
Differentiating identity (5.4.4) in t and taking T = 1, we get the first identity
in (5.4.6). Differentiating it in x, we obtain the second identity in this line.
Finally, substituting the last expression in (5.4.6) into the first one, we get the first
identity in (5.4.7). Since K contains no straight lines V2 F(x) is non-degenerate.
Therefore, x = —[V2F(x)]" !V F(x), and we get the last expression in (5.4.7). O

Thus, for logarithmically homogeneous barriers, the degree of homogeneity is
always equal to the barrier parameter (see the second identity in (5.4.7)).
Let us look now at the quadratically constrained quadratic optimization problem:

min  go(x) = @0 + (a0, x) + 3 (Ao, x),
X
(5.4.8)
gi(x) = a; + {ai, x) + y(Aix,x) < Bi, i = 1...m},
where A; are some positive semidefinite (n x n)-matrices. Let us rewrite this

problem in the standard form:

min R{r gox) <7, qgi(x)<Bi,i=1...m}. (5.4.9)

xeR? te

The feasible set of this problem can be equipped with the following self-concordant
barrier:

F(x,7) = —In(t —qo(x)) — f:lln(ﬁi —qi(x)), v=m+1,

(see Example 5.3.1, and Theorem 5.3.2). Thus, the complexity bound for prob-
lem (5.4.8) is O (\/ m-+1-In ’?) iterations of a path-following scheme. Note that
this estimate does not depend on n.

In some applications, the functional components of the problem include a
nonsmooth quadratic term of the form || Ax — b ||, where the norm is standard
Euclidean. Let us show that we can treat such terms using an interior-point
technique.

Lemma 5.4.4 The function
F(x,t) = —In(t*— || x |
5

is a 2-self-concordant barrier for the convex cone

Ky ={(x,t) e R"™ | 1> x |I}.

5Depending on the field, this set has different names: Lorentz cone, ice-cream cone, second-order
cone.
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Proof Let us fix a point z = (x, #) € int K> and a nonzero direction u = (h, 7) €
R Let &£() = (r + a1)?— || x + ah ||2. We need to compare the derivatives of
the function

¢() = F(z+oau) = —Iné(x)
ata = 0. Let O = ¢(0), ) = £0(0). Then

§ =20t —(x.h), & =2—|h|P), & =0,
d)/—_g, ¢//_ (51)2_ S” ¢///_3S’E” _2(5/)3
- & —\¢ & g &) -

Note that inequality 2¢” > (¢')? is equivalent to (§')> > 2&&”. Thus, we need to
prove that for any (, t) we have

(17— (x, 1) = (= [ x D= [ [P
After opening the brackets and cancellation, we come to the inequality
Pl + 2R + (e, h)? = 2ee{x, h) = (xR

Minimizing the left-hand side in 7, we get inequality

h 2
2RI+ (x, )2 — 207 > )22,

llx 112
(3
1AIPE = 1P = G h)? (02— 1),
which is valid since ¢ > || x]||.
Finally, since 0 < (%;)2 < é and [1 — 5]3/2 >1-— %é, we get the following:

87| _ A ETIE 38" _ 0
@32 T T IEN s = 2.
Let us prove that the barrier described in the above statement is optimal for the
second-order cone.

Lemma 5.4.5 The parameter v of any self-concordant barrier for the set K>
satisfies the inequality v > 2.

Proof Letus choose 7 = (0, 1) € int K> and some & € R", || & ||= 1. Define

1 1

:h’l’ :_h,l, = = _, = = .
P1()P2()a10¢22ﬁ1ﬁ22
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Note that for all y > 0 we have z + yp; = (£yh,1 +y) € K7 and
Z—Bipi = (£yh, ) €intKy,
= _ 1 1 11y _
Z—aipr—apr = (—,h+,h1—,—,) = 0€Ks.
Therefore, the conditions of Theorem 5.4.1 are satisfied and

o] —
v2ﬂ1+ﬂ2_2‘ =

5.4.4 Semidefinite Optimization

In Semidefinite Optimization, the decision variables are matrices. Let
—_— '5 j n
X = {x€ J)}i’j:1

be a symmetric n x n-matrix (notation: X € S"). The real vector space S” can be
provided with the following inner product: for any X, Y € S" define

(X,Y)p

||M=

< ) v 12
Z XEDYED ) X = (X, X)

Sometimes the value || X ||r is called the Frobenius norm of the matrix X. For
symmetric matrices X and Y, we have the following identity:

XY Vip=3 Y xG) 3 yibyGh = 3 3 3 xG)ylyGh
i=1j=1 k=1 i=1j=1k=1
n n . n . .
=Y Y ykd)y xUGhy@h — Z Z y®D(xy)U-h
k=1 j=1 i=1 =1j=1

n
=Y (YXY)®0 = Trace (YXY) = (YXY, I,)F.
k=1
(5.4.10)

In Semidefinite Optimization, a nontrivial part of the constraints is formed by
the cone of positive semidefinite n x n-matrices Sﬁ C S§". Recall that X € §'} if
and only if (Xu, u) > 0 for any u € R". If (Xu, u) > 0 for all nonzero u, we call
X positive definite. Such matrices form the interior of cone S’} . Note that §'} is a
closed convex set.
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The general formulation of the Semidefinite Optimization problem is as follows:

min{(C, X)FZ (A,',X)FZbi, i:l...m}, (5.4.11)

XeSt|

where C and all A; belong to S”. In order to apply a path-following scheme to this
problem, we need a self-concordant barrier for the cone S .
Let the matrix X belong to intS'} . Define F'(X) = —Indet X. Clearly

FX) == 3 In(X),
i=1

where {1; (X)}?_, is the set of eigenvalues of matrix X.

Lemma 5.4.6 Function F is convex and VF(X) = —X~'. Moreover, for any
direction A € S*, we have

(VZF(X)A, Ayp = | X7 12A4X712 )2 = (X71AX™!, A)p
= Trace ([X~'2AX712P),
D3F(x)[A, A, Al = =2(1,, [X"12AX 1213 g
= —2Trace ([X~1/2AX~1/27%).
Proof Letus fix some A € §" and X € intS’} such that X + A € §}. Then
F(X+A) — F(X)=—Indet(X + A) —Indet X

—Indet(l, + X~12AXx71/2)

n
> _In [}lTrace I, + X‘l/zAX_l/z)]
= —nin[1+ L, X12AX 12 ]
> — (L, X 12AX7 1% p = —(X71, A)p.

Thus, —Xle 0 F (X). Therefore, F is convex (Lemma 3.1.6)and VF (x) = —x!
(Lemma 3.1.7).
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Further, consider the function ¢ (@) = (VF(X +aA), A)r, @ € [0, 1]. Then
$@) —p(0) = (X' — (X +as)™!, A)F
= (X +a) (X +ad) - XIX~', A)F
=a((X +aA)'AXT, A)p.

Thus, ¢'(0) = (VZF(X)A, A)p = (X 1AX™!, A)p.
The last expression can be proved in a similar way by differentiating the function
V) = (X +aAd)TAX +aA) !, A)p. O

Theorem 5.4.3 The function F is an n-self-concordant barrier for S .

Proof Letus fix X € intS’} and A € §". Define Q = X12AX71/2 and A; =
Ai(Q),i = 1...n.Then, in view of Lemma 5.4.6, we have

n
(VF(X), AYr = ) A,
i=1
n
(VPF(X)A, A)F = 3 A,
i=1
n
D3F(X)[A, A, Al = -2 2.
i=1
Using the two standard inequalities
n 2 n n n 3/2
(En) =nxa £ = (£9)
i=1 i=1 i=1 i=1

we obtain
(VF(X), A)% <n(V?F(X)A, A)F,

| DPFX)A, A4, A1 <2V F(X)A, 432 o

Let us prove that F'(X) = — Indet X is the optimal barrier for §'} .

Lemma 5.4.7 The parameter v of any self-concordant barrier for the cone S|
satisfies the inequality v > n.

Proof Let us choose X = I, € intS" and directions P; = e,-el.T, i =1...n,

where e; is the ith coordinate vector of R”. Note that for any y > 0 we have
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I, +y P; € intS' . Moreover,
n
I, — eieiT ZintS, I, — > eiel.T =0ef.
i=1

Therefore conditions of Theorem 5.4.1 are satisfied witho; = 8; = 1,i = 1...n,

n
and we obtainv > Y ‘;{ =n. O
. 1

i=1

As in Linear Optimization problem (5.4.2), in problem (5.4.11) we need to use
the restriction of F onto the affine subspace

L ={X: (A, X)p=b;, i =1...m}.

This restriction is an n-self-concordant barrier in view of Theorem 5.3.3. Thus,
the complexity bound of the problem (5.4.11) is O (\/n -In Z) iterations of a path-
following scheme. Note that this estimate is very encouraging since the dimension
of the problem (5.4.11) is %n(n + 1).

Let us estimate the arithmetical cost of each iteration of a path-following
scheme (5.3.29) as applied to the problem (5.4.11). Note that we work with a
restriction of the barrier F to the set .Z. In view of Lemma 5.4.6, each Newton
step consists in solving the following problem:

min{(U, A)p + (X TAXTL A)pz (A, A)p =0, i =1...m},

where X > 0 belongs to .Z and U is a combination of the cost matrix C and
the gradient V F'(X). In accordance with the statement (3.1.59), the solution of this
problem can be found from the following system of linear equations:

m
-1 -1 j
U+x'ax—' =3 204,
=1 (5.4.12)

(Ai, A)p =0, i=1...m.
From the first equation in (5.4.12) we get
m
A=X|-U+) 24;|X. (5.4.13)
j=1

Substituting this expression into the second equation in (5.4.12), we get the linear
system

m
Zk(j)(Ai,XAjX)F =(A;, XUX)p, i=1...m, (5.4.14)
j=1
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which can be written in matrix form as SA = d with
SED = (A1, XAjX)p, dYV)=(U,XA;X)r, i,j=1...n.

Thus, a straightforward strategy of solving system (5.4.12) consists in the following
steps.

* Compute the matrices XA; X, j =1...m. Cost: O (mn>) operations.
 Compute the elements of S and d. Cost: O (m>n?) operations.

+ Compute A = S~!d. Cost: O (m>) operations.

e Compute A by (5.4.13). Cost: O (mn?) operations.

Taking into account that m < "("2+ b

Newton step does not exceed

we conclude that the complexity of one

O (n*(m + n)m) arithmetic operations. (5.4.15)

However, if the matrices A; possess a certain structure, then this estimate can be
significantly improved. For example, if all A ; are of rank 1:

e .l . n T
Aj—a]aj, aj eR", j=1...m,

then the computation of the Newton step can be done in
O ((m + n)?) arithmetic operations. (5.4.16)

We leave the justification of this claim as an exercise for the reader.

To conclude this section, note that in many important applications we can use the
barrier — Indet(-) to treat some functions of eigenvalues. Consider, for example, a
matrix o7 (x) € S" which depends linearly on x. Then the convex region

{Ge.2) | max Ai( (X)) < 1}

<i<n
can be described by a self-concordant barrier
F(x,t) = —Indet(t], — &7 (x)).

The value of the parameter of this barrier is equal to 7.
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5.4.5 Extremal Ellipsoids

In some applications, we are interested in approximating different sets by ellipsoids.
Let us consider the most important examples.

5.4.5.1 Circumscribed Ellipsoid

Given a set of points ay, ..., a, € R", find an ellipsoid W with the
minimal volume which contains all points {a;}.

Let us pose this problem in a formal way. First of all, note that any bounded
ellipsoid W C R" can be represented as

W={xeR' |x=H 'w+u), |ul<1)

where H € int Sﬁ, v € R", and the norm is standard Euclidean. Then the inclusion
a € W is equivalent to the inequality || Ha — v ||< 1. Note also that

vol, W = vol, B>(0, 1) - det H~! = Yo B20-1),

Thus, our problem is as follows:

;Ieléil {r: —IndetH <7, | Ha;—v |<1,i=1...m}. (5.4.17)

veR" TeR

In order to solve this problem by an interior-point scheme, we need to find a self-
concordant barrier for the feasible set. In view of Theorems 5.4.3 and 5.3.5, we
know self-concordant barriers for all components. Indeed, we can use the following
barrier:

In(1— || Ha; — v ||?),
1

F(H,v,7) = —IndetH — In(t + Indet H) —

m
1=

v=m-+n-+1.

The corresponding complexity bound is O (\/ m+n+1-In ’”j" ) iterations of a
path-following scheme.
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5.4.5.2 Inscribed Ellipsoid with Fixed Center

Let O be a convex polytope defined by a set of linear inequalities:
Q={xelR"| (a,x) <b;, i=1...m},

and let v € int Q. Find an ellipsoid W C Q with the biggest volume
which is centered at v.

Let us fix some H € intS'| . We can represent the ellipsoid W as
W={xeR'|(H'(x—-v),x—v) <1}

We need the following simple result.

Lemma 5.4.8 Let (a,v) < b. The inequality (a, x) < b is valid for all x € W if
and only if

(Ha,a) < (b~ (a, v))*.
Proof In view of Lemma 3.1.20, we have

max{{(a,u) | (H 'u,u) <1} = (Ha,a)'/?.

Therefore, we need to ensure

gleav);(a, x) = ggg;[(ct, x —v) + (a, v)]

= (a.v) + max{{a, u) | (H 'u,u) <1}

= (a,v) + (Ha,a)'/? <b.

This proves our statement since (@, v) < b. 0O

Note that vol,, W = vol, B>(0, 1)[det H 11/2. Hence, our problem is as follows:

min {t: —IndetH <1, (Ha;,a;) < (bj — {a;,v))%, i =1...m)}.
HeS’LreR

(5.4.18)
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In view of Theorems 5.4.3 and 5.3.5, we can use the following self-concordant
barrier:

m
F(H,7) = —Indet H — In(z + Indet H) — >_ In[(b; — {a;, v))2 — (Haj, a;)],
i=1

with barrier parameter v = m + n + 1. The complexity bound of the corresponding
path-following scheme is

0(\/m~|—n—|—1-lnm:”)

iterations.

5.4.5.3 Inscribed Ellipsoid with Free Center

Let QO be a convex polytope defined by a set of linear inequalities:

O={xeR"| {gj,x) <b;, i =1...m},

and let int Q # @. Find an ellipsoid W with the biggest volume which
is contained in Q.

Let G € intS'} and v € int Q. We can represent W as follows:
W=@xeR'||Gx—v) <1}
={xeR" | (G2(x —v),x —v) <1}.
In view of Lemma 5.4.8, inequality (a, x) < b is valid for any x € W if and only if
| Ga | = (G?a,a) < (b~ (a,v)*.
This gives us a convex feasible set for parameters (G, v):
| Gall< b—(a,v).

Note that vol, W = vol, B>(0, 1) det G. Therefore, our problem can be written as
follows:

gslsl’? {r: —IndetG <=, || Ga; |£b; — (aj,v), i=1...m}. (5.4.19)

veR", teR
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In view of Theorems 5.4.3, 5.3.5 and Lemma 5.4.4, we can use the following
self-concordant barrier:

m
F(G,v,7) = —IndetG — In(z + IndetG) — 3_ In[(b; — (a;, v))*>— || Ga; |1*]
i=1

with barrier parameter v = 2m + n + 1. The corresponding efficiency estimate is
O(V2m+n+1-In" ) iterations of a path-following scheme.

5.4.6 Constructing Self-concordant Barriers for Convex Sets

In this section we develop a general framework for constructing self-concordant
barriers for convex cones. First of all, let us define the objects we are working with.
They are related to three different real vector spaces, E1, Ep, and E3.

Consider a function £(-) : E; — [E, defined on a closed convex set Q1 C E;.
Assume that £ is three times continuously differentiable and concave with respect
to a closed convex cone K C E»:

—D*(x)[h,h] € K Vx eintQ, h € E,. (5.4.20)

It is convenient to write this inclusion as DZS x)[h, h] <k 0.

Definition 5.4.2 Let F(-) be a v-self-concordant barrier for Q; and 8 > 1. We say
that a function & is B-compatible with F if for all x € int Q1 and & € [E; we have

D3&(x)[h, h, h] <k =3B - D*€(x)[h, h]- (V*F(x)h, h)/2. (5.4.21)

Alternating the sign of direction 4 in (5.4.21), we get the following equivalent
condition:

—D3EX)[h, h,h] <k =3B - D*E(x)[h, h]- (VZF(x)h, h)'/2. (5.4.22)
Note that the set of B-compatible functions is a convex cone: if functions &;
and &, are f-compatible with barrier F, then the sum o1& + o282, with arbitrary

a1, 0 > 0,1s also B-compatible with F.
Let us construct a self-concordant barrier for a composition of the set

A ={x,y) e Q1 xEy: &x) =g y}

and a convex set O, C E> x E3. Thatis

Q:{(X,Z)E Ql XE3: 5)’1 S(X) K Y, ()’»Z)G Q2}

The necessity of such a structure is clear from the following example.
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404 5 Polynomial-Time Interior-Point Methods
Example 5.4.1 Letus fix some « € (0, 1). Consider the following power cone

Ko = {60, 2@, 0 e L xR: ) ¢! = [z}
For our representation, we need the following objects:

Ei=R% 01=R}, Fx)=-Inx®-mx®, v=2,

E;=R, &x) =" )" K =R CE,

E; =R, 0r={(,2) €K xEs: y=>|zl}. o

In our construction, we also need a u-self-concordant barrier @ (y, z) for the set

Q»>. We assume that all directions from the cone Ky def K x {0} C E; x E3 are

recession directions of the set Q>. Consequently, for any s € K and (y, z) € int 0>
we have

(Vy@(y.2),s) = (VO(y.2). (5.0)) < 0. (5.4.23)

Consider the barrier

W(x,z) = P(EMX), 2) + BPF(x).

Let us fix a point (x, z) € int2 and choose an arbitrary direction d = (h,v) €
E| x E3. Define

£ =DE)[h], & =D*WIh.h], & =D hhl, 1=Ev).
Let ¥ (x, z) = @(£(x), z). Consider the following directional derivatives:

A€ Dy (x,0)ld] = (Vy®(E(x),2), &) + (V. P(E(x), 2), v) = (VP (E(x), 2), ).

: 5.4.20
Note that [ = [(x). Therefore I’ &f DI(x)[d] = (¢”,0) ( € ) — K. Thus, we can

continue:

2, ¥ D2y(x, ld. d] = (V2OE®X), L)+ (VOE®X), 2). 1)
(5.4.24)

= (VZOE). DL 1) + (Vy@(E(). 2. £") € o1 +0n
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Since —!’ is a recession direction of Q», by (5.3.13) we have op > 0. Finally,

Ay & D3y (x, 2)[d. d. d]

= D@ (EX), DI, 1,11+ 3(V2P(EX), ), 1) + (Vy @ (E(x), 2), §).
(5.4.25)

Again, since —!’ is a recession direction of Q»,

(V2O (E(), 11y < (VEPEWX), LD (V2P (EX), I, 1)1/?

CLY V20, DL D - (—VDER). ), 1) = 0, 0.

Further, let o3 = (V2F (x)h, h). Since & is B-compatible with F (see (5.4.22)), we
have

(5.4.23)
(—V, @ (E®X),2), —E") < 3B(—V,B(E(x),2), —E") 03> = 3B-02-0)"

Thus, substituting these inequalities into (5.4.25) and using (5.1.4), we obtain

Az < 2013/2+3011/202+3/3-02-031/2.

Consider now Dy, k = 1...3, the directional derivatives of the function ¥. Note
that

Dy = A+ Bo3 = o1+ + BPoz > o1 + oo+ plos. (5.4.26)
Therefore,
Dy = Ayt BDF@ A T As +28%;"°
< 2013/2 + 3011/20'2 +38-02 -0'31/2 + 2,830'33/2
= (011/2 + ,3031/2)(201 - 2,3011/2031/2 +28%03 + 302)
CLY 612 4+ pol 6D — (0} + o) < 203,

Thus, we come to the following statement.
Theorem 5.4.4 Let the function£(-) : E1 — E satisfy the following conditions.

* It is concave with respect to a convex cone K C Ej.
* Itis B-compatible with self-concordant barrier F (-) for a set Q € dom&.
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Assume in addition that @ (-, -) is a p-self-concordant barrier for a closed convex
set Q2 C Ey x E3, and the cone K x {0} C Ey x E3 contains only the recession
directions of the set Q2. Then the function

W(x,z) = PEX),2) + BF(x) (5.4.27)
is a self-concordant barrier for the set {(x,z) € OQxEz: 3y, E&(x) >k y, (y,2) €

Q»} with barrier parameter b = 11 + B3v.

Proof We need to justify only the value of the barrier parameter . Indeed,

D = (VOE®), 2, 1) + BAVF), h) < -0+ B /i 0y

(5.4.26)
< maxo{Jv : 011/2 + 8- \/,uo;/z co1+Blos < Dy}

01,032
A 1/2
= x/v . D2 .

It remains to use definition (5.3.6). O

Note that in construction (5.4.27) the function £ must be compatible only with
the barrier F. The function @ can be an arbitrary self-concordant barrier for the set

0>.

5.4.7 Examples of Self-concordant Barriers

Despite its complicated formulation, Theorem 5.4.4 is very convenient for con-
structing a good self-concordant barrier for convex cones. Let us confirm this claim
with several examples.

1. The power cone and epigraph of the p-norm. Let us fix some @ € (0, 1). To
the description of the representation of the power cone

Ko= {0 x®@ e R x R: ) ) 2 pa},

given in Example 5.4.1, we need to add only a definition of the barrier function for
the set Q». In view of Lemma 5.4.4, we can take

P(y.2) = —In(y* = 2%,
with barrier parameter © = 2. Thus, all conditions of Theorem 5.4.4 are clearly
satisfied except S-compatibility.

Let us prove that the function £(x) = (x()* . (x®)1=¢ is B-comptible with
barrier F(x) = —Inx™ —Inx®. Let us choose a direction & € R? and x € int R%r.
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Define
Let us compute the directional derivatives:
el = [+ A ] 60 = lasi+ (1 - w2l £(),
D26(x)[h, h] = —[ad] + (1 — a)85] - &(x) + [ad) + (1 — a)82] - DE(x)[A]
= —a(l —a) (81 — 82)% - £(x),
D3&(0)[h, h, h] = 2a(l — a)(81 — 82) - (87 — 83) - £(x)
—a(l — @) (81 — 82)* - DE(x)[h]
=&x)-a(l —a)(6; — 82)2 - [281 + 282 — a1 — (1 — )82]
= —D*)[h, h] - [2 — )81 + (1 + a)d2].

Since 2 — )81 + (1 + )8 < [2— )2+ (1 +@)?]/261/2 < 361/2, we conclude
that £ is 1-compatible with F'. Therefore, in view of Theorem 5.4.4, function

Wp(x,7) = —In ((x(”)z‘x (@20 _ zz) —nx®D —mx® (5428

is a 4-self-concordant barrier for cone K, .
A similar structure can be used to construct a self-concordant barrier for the cone

K ={00 5,2 e R xRy D) @)1 = 2}

In this case, we can choose @(y, z) = In(y — z) with parameter ; = 1. Thus, by
Theorem 5.4.4, we get the following 3-self-concordant barrier:

Ui, 2)=—In(xM)* . @)= —z) —Inx® — Inx®@. (5.4.29)

Let us show that this barrier has the best possible value of parameter.
Lemma 5.4.9 Any v-self-concordant barrier for the cone K has v > 3.

Proof Note that the cone K has three recession directions:

pl =(17010)T1 p2 = (0,1,0)T, p3 = (0107_1)T'
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Let us choose a parameter t > 0 and define x = (1, 1, —r)T. Note that
X —p1 ¢intKj, X—pr & intK(j, x—(+1)p3 € BKJ.

On the other hand, x — p; — p» —tp3 =0 € KOJ[ Thus, to apply Theorem 5.4.1,
we can choose

ar=ay =1, az =171, pfr=pp =1 B =1+1

3
o T . . .
Hence, v > Zl ﬁ; =2+ Iz It remains to compute the limitas t — +o0o0. O
1=

Note that the barrier ¥p (x, z) can be used to construct 4n-self-concordant barrier
for the epigraph of an £ ,-norm in R":

Hp={(t.0) eERxR": 7> |zl(p}, 1=p=o0,

n . 1/p
where [|z]l(p) = [Z IZ(’)|Pi| . Let us assume that & & 119 € (0, 1). Then, it
i=1

is easy to prove that the point (, z) belongs to %), if and only if there exists an
x € R’} satisfying the conditions

(x(i))a Lplme > Iz(i)l, i=1,...,n,
) (5.4.30)
Z x@& — 1.
i=1

Thus, a self-concordant barrier for the cone %, can be implemented by restricting
the (4n)-self-concordant barrier

Yu(t,x,2) = — Z

n
i=1

[In (2. 2070 — @@)2) 4 Inx@D +In7]  (5.4.31)

n .
onto the hyperplane 3~ x® = r.
i=1
2. The conic hull of the epigraph of the entropy function. We need to describe
the conic hull of the following set:

!(x(l), 7). 72> x(l)lnx(l), x> O}.
Introducing a projective variable x(®) > 0, we obtain the cone

2= ’(x(l),x(z), :z>xW [Inx® —nx@ 7], xD x@ > 0] . (5.432)
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Let us represent it in the format of Theorem 5.4.4:

Ei=R? ©Q;=R}, F@=-Inx®M-mnx®, v=2,

E, =R, &x)=—xD.[Inx® -nxP ]  K=Ry,

E3=R, Q={(p,29): y+z=0}, @(y,5)=-In(y+2z), pu=1

Let us show that & is 1-compatible with F. We use the notation of the previous
example.

DE(x)[h] = 81 - £(x) —x V- [8; — 82].
D*£(x)[h, h] = =87 - £(x) + 81 - DEX)[A] — BV - [8) — 8] + x D - [87 — 83]
=xW . [=281(81 — &) + 67 —83] = —xV . (§; — 8%

DY§()[h, hy k]l = —hD - (81 = 82)* +2x D - (81 — 82) - (6] — &)

xD (81 —82)% - [—81 +2(81 + 82)]

—D*6(x)[h, h] - [81 + 252].

Since 81 + 28, < V5012 < 301/2, we conclude that & is 1-compatible with F.
Therefore, in view of Theorem 5.4.4 the function

Wg(x,2) = —In (z —xM.1n x(”) —Inx® —Inx® (5.4.33)

*@

is a 3-self-concordant barrier for the cone 2. It is interesting that the same barrier
can also describe the epigraph of logarithmic and exponent functions. Indeed,

2Nx :xV =1 ={(x@,2): 2> -Inx?P} = (@, 2): xP > 7).
Let us show that we can use the 3-self-concordant barrier

Ye(X,y,1) = —ln(tlnz —x) —Iny—Inrt,
(5.4.34)
(x,y,7) €int& def {y >t T > O} c R3,
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in more complicated situations. Consider the conic hull of the epigraph of the
following function:

n .
fu(x) def 1n (Z ex(l)) , x eR"

i=1

(5.4.35)
0 {(r,1,0) eR" xRxR: 1 >7f, (¥), v>0}.

Clearly (x, t, 7) € Q if and only if
fo(le—ran) <,

where e, € R" is the vector of all ones. Therefore, we can model Q as a projection
of the following cone:

0= !(x,y,t, DeR'xR*xRxR:y® > e -0/t =1, a,

n .
Yy = t}~
i=1

This cone admits a 3n-self-concordant barrier, obtained as a restriction of the
function

Ur(x,y,t, 1) =— [ln (t—l—rlnym —xD— rlnr) +1ny® —l—lnr],

n
i=1
(5.4.36)
n .
onto the hyperplane ) y® = .
i=1
n .
3. The geometric mean. Let x € R} anda € A, &ef {y eR: : 21 y@ = 1}.
1=

Without loss of generality, we can consider a with positive components. Define

def

o) = x0 & 10y
i=1

Let us write down the directional derivatives of this function along some & € R”".
Define

sy =" i=1, 0,

T
s = (8", .8y

n .
F(x)=—Y Inx®,
i=1
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Clearly, |1l = (F”(x)h, h)'/2 = ||5, (h)|l, where the norm is standard Euclidean.
Note that

D(n&(x))[h] = é;.<(1,C)DS(3C)[h] = (a, 8x(h)).

Thus, D&E(x)[h] = &(x) - {(a, éx(h)). Denoting by x]F € R* a component-wise
power of a vector x € R", we obtain:

D?E(x)[h, h] = &(x) - (a, 8:(h))? — E(x) - (a, [8:(W)]?)

= —£(0) - {a. [8:(h) — (@.8:(M) - &) & —£(x) - 5.

Further, defining £ = £(x) and § = §,(h), we obtain:
D3g(x)[h, h, h] = £(a.8)* 4 2&(a. 8)(a, —[8]*) — & (a. 8)(a. [81%) — &(a, —2[8]°)

= £ ((a,8)° = 3(a, 8)(a, [61*) + 2(a, [6]%)) .
Define
S3 = (@, [8 — (a,8)e.’) = (a,[8) —3(a, 8)[8]* + 3(a, 8)*6 — (a, 8)°¢y)
= (a, [61%) — 3(a, 8)(a, [81%) + 2(a, 8)°.
Then, in this new notation we have

D3(0lh, b, h] = §((a.6)° = 3(a, ) (a. [61)

+2[85 + 3(a, 8) a, [67) - 2(a, 8))] )

=& (283 +3(a. 8)(a, [6]%) — 3(a. 8)’) = E(2S3 + 3(a, 8)5)).

Therefore,

D3&(x)[h, h,h] < €S> (3(a, 8) +2 max (6@ — (a, 5)])

<i=n

<ES ((a, 8) + 2lmax |5(i>|)

=i=n

< =3D%&(x)[h, h]- (F"(x)8, §)1/2.
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Thus, we have proved that £ is 1-compatible with F. This means that the function
U(x,t) =—Inx)—1+ Fx), x>0eR" (5.4.37)

is an (n + 1)-self-concordant barrier for the hypograph of the function §. Moreover,
since the set of S-compatible functions is a convex cone, any sum

§(x) = i o x (5.4.38)
k=1

with ¢y > 0, and gy € A,, k = 1,...,m, is 1-compatible with F. Hence, for
such functions formula (5.4.37) is also applicable and the parameter of this barrier
remains equal to n + 1.

Note that the functions in the form (5.4.38) sometimes arise in optimization
problems related to polynomials. Indeed, assume we need to solve the problem

m
myﬁlX{p(y) =Yy y >0, Iyl < 1},
k=1

n _ 1/d
where all b, belongtod - Ay, and ||yl gy = [Z (y(’))di| . Then for new variables
i=1

y(i) = [x(i)]l/d, i = 1,...,n, our problem becomes convex with a concave
objective £(-) given by (5.4.38).

4. The hypograph of the exponent of the self-concordant barrier. Let F(-)
be v-self-concordant barrier for the set Dom F. Let us fix p > v and consider the
function &, (x) = exp {— [17 F(x) ] As we have proved in Lemma 5.3.1, this function

is concave on dom F. Consider the following set:
Ay ={(x,1) edomF xR : §,(x) >1}.

Let us construct a self-concordant barrier for this set.

In our framework, Q1 = Dom F, Q> = {(y,?) € R2 . y >t}, K = R4, and
®(y,t) = —In(y — t) with u = 1. Let us prove that &, (x) is concave with respect
to K, and it is S-compatible with F.

Let us fix x € dom F and an arbitrary direction 4 € [E. Then

& ¥ De,(x)[h] = — (VE(), h)Ep (x),
%.// déf D2F(x)[h, hl = [)12 (VF(x), h)zép(x) — ;(VZF(X)]’l, h)é;-p(x)s
£ déf D3F(x)[h, h,h] = —1713 (VF(x), h)3§p(x)

+;2(VF(x), ) - (V2F(x)h, h)&p(x) — ;D3F(x)[h, h, hEp(x).
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As we have already seen, in view of (5.3.6), we have & < 0. This means that it is
concave with respect to K.
Let£ = &,(x), D1 = (VF(x), h), Dy = (V2F(x)h, h)!/?,and T = ing. Then

%.// — 52 D% —7 <0,
m O, e 3 36 0 € 3 1 E 2
g < %D+ XD} - 5D} = 2tDy+ LDy (30 - §0})

= 2Dy + Dy (20 - ") C2% 2epy VD) (21— £").

(5.3.6)
Note that £” + 1 = §D? <S¢
prl p

2Dy = jr.Thus, v < 7 (—§"), and therefore
< pa(at e ) = r( ) 8

This means that for p > (1 + 4/ )2 the function &p(x) is 1-compatible with F and
by Theorem 5.4.4 we get a (v + 1)-self-concordant barrier

Wy(x.1) = —In (exp {—;F(x)] - t) + F(x) (5.4.39)

for the set J7),.
5. The matrix epigraph of the inverse matrix. Consider the following set

In order to construct a barrier for this set, consider the mapping £(X) = —X L.
It is defined on the set of positive definite matrices, for which we know a v-self-
concordant barrier F(X) = —IndetX with the barrier parameter v = n (see

Theorem 5.4.3). Let us show that & is 1-compatible with F.
Indeed, let us fix an arbitrary direction H € S". By the same reasoning as in
Lemma 5.4.6, we can prove that

DEX)[H] = X 'HX !,
D*¢(X)[H,H] = —2X '"HX'HX™! € -5,

D3&(X)[H,H,Hl=6X'"HX 'HX 'HX!.
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LetA=X""2HX Y2andp = 1rn.ax [1; (A)|. Then, in view of Lemma 5.4.6,
<i<n

(VZF(X)H,H) = |A|3 = _nZlk,-z(A) > pl

On the other hand,
D3&(X)[H,H,H] = 6X~12A3Xx71/2 < 6px~1/242x~1/2
< 6(V2F(X)H, H)'2X~1/2A2x~1/2
= 3(V2F(X)H, H)'/?D*F(X)[H, H].

Thus, condition (5.4.21) is satisfied with B = 1. Hence, by Theorem 5.4.4 the
function

F(X,Y) = —Indet(Y — X~ 1) —Indet X (5.4.40)

is a v-self-concordant barrier for .%, with v = 2n.
Lemma 5.4.10 Any self-concordant barrier for the set .%, has parameter v > 2n.

Proof Let us choose y > 1 and consider matrices X =Y = yI,. Clearly the point
(X, Y) belongs to int .%,. Note that for positive definite matrices, relation Y > X -1
holdsif and onlyif X > Y —! Therefore, all directions

pi = (eie] L0), qi = 0,¢ie]), i=1,...,n,
are recession directions of the set .%,. It is easy to check that for § = y — ; we get

(X,Y)—Bpi €3S, (X, Y)—PBqi €39, i=1,...,n.

— n _ n

On the other hand, forar = y—1,wehave Y —a )" ¢jel =1, = (X—a Y ejel )71
i=1 i=1

Therefore, in the conditions of Theorem 5.4.1 we can get all @; = « and all §; = B.

217 Since y can be arbitrarily big, we come to the

. o«
Thus, we obtain v > Znﬂ = 14y

boundv > 2n. 0O

5.4.8 Separable Optimization

In problems of Separable Optimization all nonlinear terms in functional components
are represented by univariate functions. A general formulation of such a problem is
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as follows:

mo
min { go(r) = 3_ a0, fo.j (a0 5. ) + bo,)),
xeR” j=l1
(5.4.41)

mi
gi(x) =Y o fi,j(aij, x)+bij) < Bi, i = 1m}
=1

where o; ; are some positive coefficients, a; ; € R" and f; ;(-) are convex functions
of one variable. Let us rewrite this problem in the standard form:

mi
min 70 : Z(X,”jt,”jf‘q,izo...m, T <Bi,i=1...m,
xeRr teRm+1 tcRM j=1

fijUaij, x)+bij)<tij, j=1...mj, i=0...m, ]
(5.4.42)

m
where M = ) m;. Thus, in order to construct a self-concordant barrier for the
i=0
feasible set of this problem, we need barriers for epigraphs of univariate convex
functions f; ;. Let us point out such barriers for several important examples.

5.4.8.1 Logarithm and Exponent

By fixing the first coordinate in the barrier (5.4.33), we obtain the barrier function
Fi(x,t) = —Inx — In(Inx + ¢), which is a 3-self-concordant barrier for the set

Q1 ={(x,H) eR?*| x>0, t > —Inx}.

Similarly, we obtain the function F(x,t) = —Int — In(Int — x) as a 3-self-
concordant barrier for the set

0r={(x,n eR?| t >e).

5.4.8.2 Entropy Function

By fixing the second coordinate in the barrier (5.4.33), we obtain the barrier function
F3(x,t) = —Inx — In(t — x Inx), which is a 3-self-concordant barrier for the set

O3 ={(x,) eR?*| x>0, t > xInx}.
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5.4.8.3 Increasing Power Functions

Let p > 1 and define o = [17 By fixing the second variable in barrier (5.4.28),

x@ =1, we get function F4(x,t) = —Int — In(#%/? — x?), which is a 4-self-
concordant barrier for the set

Qs={(x,n)eR* | t>|x|P}, p>1.

If p < 1, then a similar operation with the barrier (5.4.29) gives us the function
F5(x,t) = —1Int — In(¢” — x), which is a 3-self-concordant barrier for the set

Os={x,HDeR*| t>0,">x}, 0<p<l.

5.4.8.4 Decreasing Power Functions

Let p > 0. Define o = pf—l' Then by fixing z = 1 in the barrier (5.4.29), we get

the function Fs(x, ) = —Inx —Inz — In(x*¢' =% — 1), which is a 3-self-concordant
barrier for the set

Q6:{(x,t)eR2| x >0, tle,,}.

Let us conclude our discussion with two examples.

5.4.8.5 Geometric Optimization

The initial formulation of such problems is as follows:

. (x(j))aéf}’
i=1

mo
min { qo(x) = ) a0,
R j=1 j=

YeRy 4

(5.4.43)

n

mi . .
gi(x) =Y ai; [TxU)%5 <1, =1...m},
j=1 1

Jj=

where Rﬁ . is the interior of the positive orthant, and «; ; are some positive
coefficients. Note that the problem (5.4.43) is not convex.

Let us introduce vectors a; j = (crl.(i.), . al.(’/l.)) € R", and change variables:

1 @) .
x® =" i=1,...,n.
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5.4 Applications to Problems with Explicit Structure 417

Then problem (5.4.43) can be written in a convex form.

mo mi
min ao,jexp({ao,j, ¥) : Y aijexp({aij,y) <1, i=1...m
yeR" | j=1 j=1

(5.4.44)

m

Let M = }_ m;. The complexity of solving (5.4.44) by a path-following scheme is
i=0

O (M'? . 1n M) iterations.

5.4.8.6 Approximation in an £,-Norm

The simplest problem of this type is as follows:
m .
min {Z | (ai, x) —bD |P: ¢ <x < ,8}, (5.4.45)
xeR" ;2]

where p > 1 and o, B € R". Clearly, we can rewrite this problem in an equivalent
standard form:

min [r“)) N anx) =D P<t® =1 .m,
xeR" reRm+!

(5.4.46)

m
il <10 @ <x < ,B}.
i=1

m+n
€

The complexity bound of this problem is O (\/ m+n-In
following scheme.

We have discussed the performance of Interior-Point Methods for several pure
optimization problems. However, it is important that we can apply these methods
to mixed problems. For example, in problems (5.4.11) or (5.4.45) we can also treat
the quadratic constraints. To do this, we need to construct a corresponding self-
concordant barrier. Such barriers are known for all important functional components
arising in practical applications.

) iterations of a path-

5.4.9 Choice of Minimization Scheme

We have seen that the majority of convex optimization problems can be solved
by Interior-Point Methods. However, the same problems can also be solved by
methods of Nonsmooth Optimization. In general, we cannot say which approach is
better, since the answer depends on the individual structure of a particular problem.
However, the complexity estimates for optimization schemes are often helpful in
making the choice. Let us consider a simple example.
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418 5 Polynomial-Time Interior-Point Methods

Assume we are going to solve a problem of finding the best approximation in an
£ p-norm:

m .
min { | (ai, x) —bD |P: o < x < ,3} , (5.4.47)
1

xeRn i=
where p > 1. We have two available numerical methods:

* The Ellipsoid Method (Sect. 3.2.8).
¢ The Interior-Point Path-Following Scheme.

Which of them should we use? The answer can be derived from the complexity
analysis of the corresponding schemes.

Firstly, let us estimate the performance of the Ellipsoid Method as applied to
problem (5.4.47).

Complexity of the Ellipsoid Method

Number of iterations: (0] <n2 In ;) ,

Complexity of the oracle: O (mn) operations,

Complexity of the iteration: O (n?) operations.

Total complexity : o <n3 (m+n)ln :) operations.

The analysis of the Path-Following Method is more involved. First of all, we
should form a barrier model of the problem:

min i§:|(ai,x)—b(i)|1’§t(i), i=1...m,
xeR", TeR™ R
m .
Y <g, asxfﬁ},
i=1
(5.4.48)

m

Frr.8) =3 f(aix) — b®, @) —Int — 3" 1)
i=1

i=1
Y [ 1 : .
_ Z[ln(x(l) —a®y + ln(ﬂ(’) NONE
i=1

where f(y,1) = —Int — In(t*/? — y?).
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5.4 Applications to Problems with Explicit Structure 419

We have seen that the parameter of barrier F(x,7,&) isv = 4m +n + 1.
Therefore, the Path-Following Scheme needs O (v/4m +n + 1 -1n ") iterations
at most.

At each iteration of this method, we need to compute the gradient and the Hessian
of barrier F(x, 7, &). Define

gl(y’t) ZVyf(yvt)v gZ()’J)th/(y,t)
Then

m . . n
VeF(x,7.8) =Y gi({ai, x) = b, t)a; — Y I:x(i)la(i) - ,B(i)lx(i)] e
i=1 1

i=

—1
. . m .
F‘L{(i) (-xa T, S) = 82(<ai, -x> - b(l)a T(l)) + |:§ - Z T(/):| 9

j=1

m . 71
Fé(x,f,g):_[§_2f(1)} .
1=
Further, defining
hii(y.0) = V5 F(y. 1), hia(y.t) = V3, F(y.0), hn(y.t) = F(y.1),

we obtain

m . .
VI F(x, 1.8 =3 hu(ai,x)—bD, tD)aga]
i=1

- 1 1
+diag [(xm,a(i))z + (ﬂ(n,x(z‘))z]’

V2, F(x,7,8) = hin((ai, x) — bD, t)a;,

Tty

-2
Flly o 1,8) = ha((ai, x) — b@, 7D) 4 (5 - ,m) :

i=1
/ mn 1 -2 . .
F‘;(i)"[(j)(‘x7 T, é) = (E - X:IT(I)> s L ;é Js
i=

-2
m .
VieF(x,7,8) =0, Flo (. 1.6) = - (g — Zl,(z)) ,
1=

m . -2
Fl (x,7,6) = (g - r(’)) :

i=1
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420 5 Polynomial-Time Interior-Point Methods

Thus, the complexity of the second-order oracle in the Path-Following Scheme is
O (mn?) arithmetic operations.

Let us estimate now the complexity of each iteration. The main source of
computations at each iteration is the solution of the Newton system. Let

m . 72 .
%:(E—Zﬂ”) , s = (ai,x)—bD i=1...n,

i=1

and
. 1 1 " . ()y\m
Ao = diag [(x(i)—a(i))2 + (,sm_x(f))z]i:l Ay = diag (h11(si, T)]L
Az = diag (hia(si, TN, D = diag (haa(si, TN,
Then, using the notation A = (ai,...,am), em = (1,...,1) € R™, the Newton

system can be written in the following form:
[A(Ag + ADAT]Ax + A2 AT = V F(x, 7, §),
A AT Ax + [D + %1, )AT + e, AE = Fl(x, 1, £), (5.4.49)
wlem, AT) + x A& = Fs’(x, 7,§) + 1,
where ¢ is the penalty parameter. From the second equation in (5.4.49), we obtain
AT = [D + xly] N (Fl(x, 7, &) — AAT Ax — xée, AE).
Substituting At into the first equation in (5.4.49), we have
Ax = [A(Ag+ Ay — AJ[D + x 1, 17 HATI YV F(x, 7, &)
—AAD + 2Ly ] 7 (FL(x, T, 8) — xém AE)).
Using these relations, we can find A§ from the last equation in (5.4.49).

Thus, the Newton system (5.4.49) can be solved in O (n3 —l—mn2) operations. This
implies that the total complexity of the Path-Following Scheme can be estimated as
O (n*(m +n)>? - In"*")
arithmetic operations. Comparing this estimate with the bound for the Ellipsoid Me-

thod, we conclude that the Interior-Point Method is more efficient if m is not too big,
namely, if m < O (nz).
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5.4 Applications to Problems with Explicit Structure 421

Of course, this analysis is valid only if the methods behave in accordance with
their worst-case complexity bounds. For the Ellipsoid Method this is indeed true.
However, Interior-Point Path-Following Schemes can be accelerated by long-step
strategies. The explanation of these abilities requires the introduction of a primal-
dual setting of the optimization problems, posed in a conic form. Because of the
volume constraints, we have decided not to touch on this deep theory in the present
book.
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Chapter 6 )
The Primal-Dual Model of an Objective Shethie
Function

In the previous chapters, we have proved that in the Black-Box framework the
non-smooth optimization problems are much more difficult than the smooth ones.
However, very often we know the explicit structure of the functional components. In
this chapter we show how this knowledge can be used to accelerate the minimization
methods and to extract a useful information about the dual counterpart of the prob-
lem. The main acceleration idea is based on the approximation of a nondifferentiable
function by a differentiable one. We develop a technique for creating computable
smoothed versions of non-differentiable functions and minimize them by Fast
Gradient Methods. The number of iterations of the resulting methods is proportional
to the square root of the number of iterations of the standard subgradient scheme.
At the same time, the complexity of each iteration does not change. This technique
can be used either in the primal form, or in the symmetric primal-dual form. We
include in this chapter an example of application of this approach to the problem of
Semidefinite Optimization. The chapter is concluded by analysis of performance of
the Conditional Gradient method, which is based only on solving at each iteration
an auxiliary problem of minimization of a linear function. We show that this method
can also reconstruct the primal-dual solution of the problem. A similar idea is used
in the second-order Trust Region Method with contraction, the first method of this
type with provable global worst-case performance guarantees.

6.1 Smoothing for an Explicit Model of an Objective
Function

(The minimax model of non-differentiable objective functions; The Fast Gradient Method
for arbitrary norms and composite objective function; Application examples: minimax
strategies for matrix games, the continuous location problem, variational inequalities with
linear operator, minimization of piece-wise linear functions; Implementation issues.)

© Springer Nature Switzerland AG 2018 423
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424 6 The Primal-Dual Model of an Objective Function
6.1.1 Smooth Approximations of Non-differentiable Functions

As we have seen in Chap. 3, subgradient methods solve the problem of Nonsmooth
Convex Optimization in

0(:2) 6.1.1)

calls of the oracle, where € is the desired absolute accuracy of finding the
approximate solution in the function value. Moreover, we have already seen that the
efficiency bound of the simplest Subgradient Method cannot be improved uniformly
in the dimension of the space of variables (see Sect. 3.2). Of course, this statement
is valid only for a Black-Box model of the objective function. However, the proof is
constructive: it can be shown that the simplest problems like

min 1y max x@ +Gx|I’r, 1<k=<n,
xeRn 1<i<k

where the norm is standard Euclidean, are difficult for all numerical schemes.
The extremal simplicity of these functions possibly explains a common pessimistic
belief that the actual worst-case complexity bound for finding an e-approximation
of the minimal value of a piece-wise linear function by gradient schemes is indeed
given by (6.1.1).

In fact, this is not absolutely true. In practice, we almost never meet a pure
Black-Box model. We always know something about the structure of the underlying
objects (we have already discussed this in Sect.5.1.1), and the proper use of this
structure can and does help in constructing more efficient schemes.

In this section, we discuss one such possibility based on constructing a smooth
approximation of a nonsmooth function. Let us look at the following situation.
Consider a function f which is convex on E. Assume that f satisfies the following
growth condition:

J@) = fO) +Lijxll, VxeR", (6.1.2)

where the Euclidean norm ||x|| = (Bx, x)!/? is defined by a self-adjoint positive

definite linear operator B : E — [E*. Define the Fenchel conjugate of the function
f as follows:

fe(s) = supl(s, x) — f(x)], s e€E*. (6.1.3)

xel

Clearly, this function is closed and convex in view of Theorem 3.1.8. Its domain is
not empty since by Theorem 3.1.20

dom f, D 3f(x), Vx ek
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6.1 Smoothing for an Explicit Model of an Objective Function 425

At the same time, dom f; is bounded:

(6.1.2)
Isl < L Vsedom fs. (6.1.4)

Note that forall x € E and g € df(x), we have

F&x)+ fi(g) = (g, x). (6.1.5)
Hence, for any s € dom f; this implies that

6.15)

6.1.3)
fe(s) = (s, x) = f(x) = fu(g®) +{s—g, x).

In other words, if g € df (x), then x € df.(g).
Let us prove the following relation (compare with general Theorem 3.1.16).

Lemma 6.1.1 Forall x € R", we have

f(x) = max [(s,x)— fiu(s)].

sedom fi

(6.1.3)
Proof Indeed, for any s € dom f;, we have (s, x) — fix(s) < f(x), and, in view
of (6.1.5), equality is achieved for s € 9f(x). O

Let us now look at the following smooth approximation of function f:

futy = max (s, 6) = ) = Ludlsh?], (6.1.6)

sedom f

where > 0 is a smoothing parameter and the dual norm is defined as ||s|* =
(s, B~15)1/2 In view of Lemma 6.1.1, we have

Fo0 = fuw) 2 feo - lul? vxeE, (6.17)

On the other hand, it appears that the function f;, has a Lipschitz continuous
gradient.

Lemma 6.1.2 The function f, is differentiable on E, and for any points x1 and
xp € E we have

IV fu(x)) =V fu () II* < ,ILIIM —x2|. (6.1.8)

Proof Consider two points x; and x; from E. Let sl?", i = 1,2 be the optimal
solutions of the corresponding optimization problems in (6.1.6). They are uniquely
defined since the objective function in definition (6.1.6) is strongly concave.
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426 6 The Primal-Dual Model of an Objective Function

Note that by Theorem 3.1.14, s;" € 9fu(x;), i = 1,2. On the other hand, by the
first-order optimality condition of Theorem 3.1.20, there exist vectors X; € dfx (sl.* )
such that
xj —X —puB7lsf) <0, Vsedomf,, i=1,2.

(s — s,

Taking in this inequality s = s3_; and adding two copies of it with i = 1, 2, we get

G kH)2 o ok o oz _ = (3’1<’24) * ok _
udlsy — s3I < (s — 85, x1 — X1 — (2 —X2)) =< (s] —s5,x1 —x2)

< st —s3 1" - llxr — x2ll.
Thus, [Isf —s3II* < llL||x1 — x2]l. Now, applying Lemma 3.1.10, we get V f,, (x;) =

shi=1,2. 0O

Of course the smooth approximation (6.1.6) of the function f is not very practical
since its internal minimization problem includes a potentially complicated function
f«. However, it already gives us some hints. Indeed, if we choose u ~ ¢, then the

Lipschitz constant L, for the gradient of f,, will be O(i ). Therefore, Fast Gradient
Methods (e.g. (2.2.20)) can find an e-approximation of function f (this is f},) in

0 <\/LE“> R O(i) calls of an oracle.

It remains to find a systematic and computationally inexpensive way of approx-
imating the initial non-smooth objective function by a function with a Lipschitz
continuous gradient. This can be done by exploiting a special max-representation of
the objective function, which we introduce in Sect. 6.1.2.

For our goals, it is convenient to use the following notation. We often work with
two finite-dimensional real vector spaces E; and E;. In these spaces, we use the
corresponding scalar products and general norms

(. x)g;,  xllg, lslg, xek, sekE, i=1.2,

which are not necessarily Euclidean. A norm of a linear operator A : E; — [ is
defined in the standard way:

1Al 2 = max{{Ax, u)g, : llxlle, = 1, llulls, = 1}.

Clearly,

1AT2 = [A%2,1 = max{l|Axllg, : lIxlg, = 1}

= max{[|A%ullg, : lulg, = 1).
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6.1 Smoothing for an Explicit Model of an Objective Function 427

Hence, for any x € E; and u € E; we have

IAxIE, < 1Az - Ixle,, 1A g, < 1Al - lullg,. (6.1.9)

6.1.2 The Minimax Model of an Objective Function

In this section, our main problem of interest is as follows:
Find f* = min{f(x): x € O01}, (6.1.10)
X

where Q1 is a bounded closed convex set in a finite-dimensional real vector space
E1, and f(-) is a continuous convex function on Q1. We do not assume f to be
differentiable.

Quite often, the structure of the objective function in (6.1.10) is given explicitly.
Let us assume that this structure can be described by the following model:

A A~

f@) = f(x) + max{{Ax, u)g, —pu) : u € Oa}, (6.1.11)

where the function f (+) is continuous and convex on Qp, Q> is a bounded closed
convex set in a finite-dimensional real vector space E», ¢AS(~) is a continuous
convex function on @3, and the linear operator A maps Ep to E;‘ In this case,
problem (6.1.10) can be written in an adjoint form. Indeed,

5 = min max{f(x) + (Ax, u)g, — ()}

xeQrueQr

(1.3.6) ~ ~
> max min{f(x) + (Ax, u)g, — ¢(u)}.

ueQr x€Qq

Thus, the adjoint problem can be stated as follows:

fx = max ¢ (u),
ueQs
(6.1.12)
du) = —Pu) + min {(Ax, w)g, + foo)

However, the complexity of this problem is not completely identical to that
of (6.1.10). Indeed, in the primal problem (6.1.10), we implicitly assume that the
function ¢(-) and set O, are so simple that the solution of the optimization problem
in (6.1.11) can be found in a closed form. This assumption may be not valid for the
objects defining the function ¢ (-).
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428 6 The Primal-Dual Model of an Objective Function

Note that usually, for a convex function f, representation (6.1.11) is not uniquely
defined. If we decide to use, for example, the Fenchel dual of f,

$u) = fu(u) = max{(u, x)g, — f(@): x €y}, Qr=Er=

then we can take f (x) = 0, and A is equal to I, the identity operator. However,
in this case the function <z§(-) may be too complicated for our goals. Intuitively, it is
clear that the bigger the dimension of the space [, is, the simpler is the structure of
the adjoint object defined by the function <z§(-) and the set Q5. Let us demonstrate
this with an example.

Example 6.1.1 Consider f(x) = max l{a;, x)g, — b)|. Let us choose A = I,
=j=m
E, = E’l‘ =R", and

é(u) = fi(u) = m)?x{(u,x)]g — max [{aj, x)E, _b(J)|}

1<]<

= max min { (u, x)g, — > sV [a;, x)g, —bPV]: Y sV <1
X  seRm j=l1 j=l1

m .
= min !(b,s}Ez: As=u, Y s < 1}_

seR™M j:l

It is clear that the structure of such a function can be very complicated.
Let us look at another possibility. Note that

fx) = mn|wp>l—bw|

m . m .
— max { Z u(/)[(a/ X)E, _b(/) Z (/)| < 1}.

ueR™ j=1 j=1

A m .
In this case By = R™, ¢(u) = (b, u)g, and Q» = fu e R™ : Y |ul)| < 1}.
Jj=l1
Finally, we can also represent f(x) as follows:

fx) = max { % (u(lj) (/)) [a;, x)g, —bP]: Z (u(/) +u(/)) }
1 j=1

u=(uy ,uz)ERim

In this case E, = R>™, <;3(u) is a linear function and Q> is a simplex. In Sect. 6.1.4.4
we will see that this representation is the easiest one. 0O
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Let us show that the knowledge of structure (6.1.11) can help in solving both
problems (6.1.10) and (6.1.12). We are going to use this structure to construct a
smooth approximation of the objective function in (6.1.10).

Consider a differentiable prox-function d»(-) of the set Q». This means that d> (-)
is strongly convex on Q; with convexity parameter one. Denote by

uy = argn}lin{dz(u) u € Qr}

its prox-center. Without loss of generality, we assume that d>(ug) = 0. Thus, for
any u € Q2 we have

(2.2.40) 1
daw) = llu = uollE,- (6.1.13)

Let u be a positive smoothing parameter. Consider the following function:
fu(x) = max{(Ax, u)e, — $) — pd2(w) : u € Q2. (6.1.14)

Denote by u,, (x) the optimal solution of the above problem. Since the function d3(-)
is strongly convex, this solution is unique.

Theorem 6.1.1 The function f, is well defined and continuously differentiable at
any x € E1. Moreover, this function is convex and its gradient

Vfu(x) = A%uy,(x) (6.1.15)
is Lipschitz continuous with constant
L, = ,lIAl3,.
Proof Indeed the function f,(-) is convex as a maximum of functions which are
linear in x, and A*u,(x) € 0f,(x) (see Lemma 3.1.14). Let us prove now the
existence and Lipschitz continuity of its gradient.

Consider two points x; and x, from E;. From the first-order optimality condi-
tions (3.1.56), we have

(Axi — gi — uVdo(uyp(x;)), uy (x3-;) — uy(xi))E, <0
for some g; € qu(u n(xi)), 1 =1, 2. Adding these inequalities, we get

, (21.22)
pllu () —up ), = w(Vda(up(x1)) — Vda (up(x2)), up(x1) — up(x2))g,

< (A(xp —x2) — (81 — 82), up(x1) — up(x2))E,
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430 6 The Primal-Dual Model of an Objective Function

(3.1.24)
< (AQxp —x2), uu(xy) —up (x2))E,

= A2 e = x2llE - e (ep) — up(x2)llE, -

Thus, in view of (6.1.9), we have

A

1A% er) = A% o), < IAT12 - Nl (en) = wp(2) I,

IA

1
JMAIT - v = 22w, -

It remains to use Lemma 3.1.10. O
Let Dy = max dy(u) and fp(x) = max{(Ax, u)Ez—cj;(u)}. Then, for any x € E
ueQs ueQs

we have

0 =20 10 2 foe) - ubs. 6.1.16)

Thus, for u > 0 the function f}, can be seen as a uniform p-approximation of the
objective function fy with Lipschitz constant for the gradient of the order O ( }L).

6.1.3 The Fast Gradient Method for Composite Minimization

Let f(-) be a convex differentiable function defined on a closed convex set Q C E.
Assume that the gradient of this function is Lipschitz continuous:

IVf) = VfDIF < Llx—yll. Vx,yeQ.

Denote by d(-) a differentiable prox-function of the set Q. Assume that d(-) is
strongly convex on Q with convexity parameter one. Let xo be the d-center of Q:

X0 = arg;réig d(x).

Without loss of generality, assume that d(xo) = 0. Thus, for any x € O we have

(2.2.40)
dx) = Jllx —xol*. (6.1.17)

In this section, we present a fast gradient method for solving the following
composite optimization problem:

ngn{f(x) © )W) x e Q], (6.1.18)
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where ¥ () is an arbitrary simple closed convex function defined on Q. Our main
assumption is that the auxiliary minimization problem of the form

mig{(s, x)+adx)+ p¥(x)}, o, >0,
xe

is easily solvable. For simplicity, we assume that the constant L > 0 is known.
Method of Similar Triangles

0. Choose xo € Q. Set vg = xo and ¢o(x) = Ld (x).

1. kth iteration (k > 0).

(a) Define yr = X, x0 + .2, vk

(b) Set gy 1(x) = px(x) + T LF 0) + (V£ (i), x — yi) + ¥ (0)].

(c) Compute vg4+1 = min ¢r4+1(x).
xeQ

k 2
(d) Define xx4+1 = 2 Xk o Ukt

(6.1.19)

In this scheme, we generate two sequences of feasible points {x;}72, and {yx}2,
and a sequence of estimating functions {¢x (x)}72 . At each iteration of this method,
all “events” happen in the two-dimensional plane defined by the triangle

{xk, vk, vkg1}-

Note that this triangle is similar to the resulting triangle {xk, yx, xx+1}, defining the
new point of the sequence {xi}7°,, for which we are able to establish the rate of
convergence.

Theorem 6.1.2 Let the sequences {x;}72, {yk}ioo and {vi}72,, be generated by
method (6.1.19). Then, for any k > 0 and x € Q we have

KEED £ o) + Bloe — x)12

k—1
< ¢e(x) = Ld(x) + ¥ B0 + (VG x — yi)l + K6V w ().
i=0
(6.1.20)
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432 6 The Primal-Dual Model of an Objective Function

Therefore, for any k > 1, we get

F F 4Ld(x*
fOx) — f(x™) + k(/%i]) ok — X*Hz = k(kixl))’

where x* is an optimal solution to problem (6.1.18).

Proof Fork > 0, let

k
k k(k+1 afy1
a=% A =Ya =" o= P
i=0

Then the rules of method (6.1.19) can be written as follows:
e = (I —w)xk + vk, xk41 = (1 — 7o)Xk + ThVk1-

Let us prove that

mﬂmsﬁggym=mkaza

6.1.21)

(6.1.22)

(6.1.23)

Since Ag = 0, this inequality is valid for k = 0. Assume that it is true for some
k > 0. Since all functions ¢y are strongly convex with convexity parameter L, we

have

Bier = k1) +akp1Lf k) + (V£ (k)5 V1 — V) + W (Ukt1)]

(2.2.40)
L
> of + Sllvksr — vl

+air1Lf ) + (VFOr), vkt — yi) + ¥ (V1) ]

(6.1.23) L 5
> Aplf ) + W ()] + 5 llvkr — vill

+air1Lf ) + (Vi) vkt — yi) + ¥ (V1) ]

2.1.2

( )
> A1 fO) (V) Ak(ek — yi) + a1 (U1 — yr))

+ 5 vkt — vkl 4 ArW () + g1 ¥ (V1)
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6.1 Smoothing for an Explicit Model of an Objective Function 433

By the rules of the method, Ax(xx — y&) + @g+1(Vk+1 — Yi) €122 Ak+1(Vk+1 — Vk)

and Ar¥ (xi) + ak 1 (Vi+1) > Ag+1¥ (xr+1). Therefore,

i = At SO F a1 (V) vierr — vk) + 5 v — vl
+Ak+1¥ (Xk+1)

2)
At LF O + (T 00, Xk = i) + b i = well?
+
+¥ (xk41)] -

(6.1.2

A k+1) (k+2 4 @19
a}%k:: _ )4( ). (41)? > 1, we get ¢Z+1 > Ag+1 f(xk+1). By strong

convexity of the function ¢y, we have

Since

(2.2.40) (6.1.23) -
o) = pf Ll —wl? = A+ Slx — wll?

and this is inequality (6.1.20). Finally, inequality (6.1.21) follows from (6.1.20) in
view of the convexity of the function f. 0O

Remark 6.1.1 Note that method (6.1.19) generates bounded sequences of points.
Indeed, by the rules of this method we have

Xk, Yk € Conv{vg, ..., v}, k>0.
On the other hand, from inequality (6.1.21), it follows that
ok — x*12 < 2d(x*). (6.1.24)
In the Euclidean case, d(x) = % lx — xolI2, and we get

log — x*[| < llxo —x*II, k=>0. (6.1.25)

6.1.4 Application Examples

Let us put the results of the previous sections together. Assume that the function
f (-) in (6.1.11) is differentiable and its gradient is Lipschitz-continuous with some
constant M > (. Then the smoothing technique as applied to problem (6.1.10)
provides us with the following objective function:

fu) = f) + fulx) — min: x € Q). (6.1.26)
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434 6 The Primal-Dual Model of an Objective Function

In view of Theorem 6.1.1, the gradient of this function is Lipschitz continuous with
the constant

Ly=M+ | lAI},.

Let us choose some prox-function dj(-) for the set Q1 with convexity parameter
equal to one. Recall that the set Q1 is assumed to be bounded:

max d;(x) < Dj.
xeQ

Theorem 6.1.3 Let us apply method (6.1.19) to problem (6.1.26) with the following
value of the smoothness parameter:

_ _ 204z /Dy
w=pWN) = yvin \/Dz‘

Then after N iterations we can generate approximate solutions to problems (6.1.10)
and (6.1.12), namely,

N-1 ,
F=xnve Qi 4= Y 2 uni € 0o, (6.1.27)
i=0
which satisfy the following inequality:
N N 44
0= f® —g@ = iy - VDiD2+ g (6.1.28)

Thus, the complexity of finding an e-solution to problems (6.1.10), (6.1.12) by the
smoothing technique does not exceed

4IAl VDD - |+ 2,/ (6.1.29)

iterations of method (6.1.19).
Proof Let us fix an arbitrary ;& > 0. In view of Theorem 6.1.2, after N iterations of

method (2.2.63) we can deliver a point X = xy such that

N—-1

oA 4L, D . i = F

Fu® =y + min X G LuO0 + (Vb x = vide ]
1 i=0

(6.1.30)
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Note that

fu(y) = max{(Ay. u)s, — $u) — pdr(u) : u € Qa)

~

= (Ay, upy (V)E, — ¢ (y)) — nda(uu(y)),

(Vi) e, = (A" up(y), y)E;-

Therefore, fori =0, ..., N — 1 we have

Fu ) = (Vi) yide, = —h(uu () — pda(u,(30)). (6.1.31)

Thus, in view of (6.1.15) and (6.1.31) we obtain
N—1 _ _
> G+ DIfui) + (Vi) x — yi)g,]
i=0

(2.12) N=1 ~
< ;)(i + DL i) = (Vfu(i), yide, 1+ ;N(N + D(f(x) + (A%, x)g,)

N-1 . X
= - ;}(i + D () + NN + D(f (x) + (A*iL, x)E,)

< NN+ DI=g@) + f(x) + (Ax. @), ].

Hence, using (6.1.30), (6.1.12) and (6.1.16), we get the following bound:

ALl s Ju®) = @) = f(R) — $(@) — uD.

This is

A o 4|A)% ,D
0= (&) =@ = uD2+ ,yNon) + Niveh): (6.1.32)

Minimizing the right-hand side of this inequality in @, we get inequality
(6.1.28). O

Note that the efficiency estimate (6.1.29) is much better than the standard bound
o (512)‘ In accordance with the above theorem, for M = 0 the optimal dependence
of the parameters u, L, and N in € is as follows:

4112 ,

VNN +1) = 4|Al1o/DiD2- [, = 45, Ly =Dy 7.
(6.1.33)
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436 6 The Primal-Dual Model of an Objective Function

Remark 6.1.2 Inequality (6.1.28) shows that the pair of adjoint problems (6.1.10)
and (6.1.12) has no duality gap:

f* = f« (6.1.34)

Let us now look at some examples.

6.1.4.1 Minimax Strategies for Matrix Games

Denote by A, the standard simplex in R":
n .
Ay = {xeR’jr: Zx(’)zl}.
i=1

Let A : R" - R™, E; = R"?, and E; = R™. Consider the following saddle point
problem:

min max {(Ax, u)g, + (¢, x)g, + (b, )5, }. (6.1.35)

XEA, ueA,

From the viewpoint of players, this problem can be seen as a pair of non-smooth
minimization problems:

min f(x), f(x) = (¢, x)g, + max [{aj, x)E, + b\,
o (6.1.36)
max ¢(u), ¢) = (b, u)g, + min [{a, u)g, + D],

1<i<n

where a; are the rows and a; are the columns of matrix A. In order to solve this
pair of problems using the smoothing approach, we need to find a reasonable prox-
function for the simplex. Let us compare two possibilities.

1. Euclidean Distance Let us choose

n . 1/2 L . 1
e = [£602] T aw =1 E00 -
i=1 i=1
m 1/2 "
lulle, = [Z (uU))Z} L da(x) =5 > @ — )2
Jj=1 j=1

ThenD;=1-! <1,Dy=1-! <1land

1/2
lAl2 = max{lAx]5: lxlle, =1} = Aa(A” ).
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Thus, in our case the estimate (6.1.28) for the result (6.1.27) can be specified as
follows:

~ ~ 1/2 4T
0= f(}) - @) < Hmutd V. (6.1.37)

2. Entropy Distance Let us choose

n . n . .
Ixlg, = X x@], dix) =Inn+ Y x@Inx®,
i=1 i=1

m . m . .
lullg, = > (D], o) =lnm + Y uP Inull).
j=1 j=1

Functions d; and d; are called the entropy functions.

Lemma 6.1.3 The above prox-functions are strongly convex in an £1-norm with
convexity parameter one and D1 = Inn, Dy = Inm.

Proof Note that the function d; is twice continuously differentiable in the interior
of simplex 4,, and

n i
(V2 (ooh by = 3 W
i=1

@

Thus, in view of Theorem 2.1.11 strong convexity of d; is a consequence of the
following variant of Cauchy—Schwarz inequality,

n . 2 n . n (h(i))z
<X:1 |h(l)|> S <X:1X(l)) . (2:1 X(i) ) '
1= 1= 1=

which is valid for all positive vectors x € R". Since d(-) is a convex symmetric
function of the arguments, its minimum is attained at the center of the simplex, the
point xg = ,I,én- Clearly, d;(xp) = 0. On the other hand, its maximum is attained at
one of the vertices of the simplex (see Corollary 3.1.2).

The reasoning for d»(-) is similar. O

Note also that now we get the following norm of the operator A:

IAll1,2 = max{ max |{a;,x)|: lIx|lg, <1} =max|A"7]|
X 1<j<m i,j

(see Corollary 3.1.2). Thus, if we apply the entropy distance, the estimate (6.1.28)
can be written as follows:

0= f()) =@ = Pl -max|ACD) (6.138)
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438 6 The Primal-Dual Model of an Objective Function

Note that typically the estimate (6.1.38) is much better than its Euclidean vari-
ant (6.1.37).

Let us write down explicitly the smooth approximation for the objective function
in the first problem of (6.1.36) using the entropy distance. By definition,

_ m . . m . .
fu(x) = (c, x)g, + max { > u(f)[(aj,x) +boD—p > uDinu — plnm} .
UEA, j=1 j=1

Let us apply the following result.

Lemma 6.1.4 The solution of the problem

Find ¢+ (s) = max { 3 uPDs — 1 3" 4D InuD (6.1.39)
ueAy, j=1 j=1
is given by the vector u,(s) € A, with the following entries

. 3(.7')/1 .
o= 2 =, (6.1.40)

m .
Therefore, ¢.(s) = p1n (Z es(’)/u).

i=1
Proof Note that the gradient of the objective function in problem (6.1.39) goes to
infinity as the argument approaches the boundary of the domain. Therefore, the first

order necessary and sufficient optimality conditions for this problem are as follows
(see (3.1.59)):

s —p(+mnuDy =2, j=1,...,m,

m .
3 u) =1.
j=1

m
Clearly, they are satisfied by (6.1.40) with A = x In (Z esﬂ)/“> —u O
=1

Using the result of Lemma 6.1.4, we conclude that in our case the prob-
lem (6.1.26) is as follows:

_ m .
miAn fux) = (c, x)g, + pln <nl1 Z e[(aj,x)er(J)l/V-)} .
X€A,

j=1

Note that the complexity of the oracle for this problem is basically the same as that
of the initial problem (6.1.36).
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6.1.4.2 The Continuous Location Problem

Consider the following location problem. There are p cities with population m ;,
which are located at points ¢; € R", j =1, ..., p. We want to construct a service
center at some position x € R" = [E;, which minimizes the total social distance
f(x) to the center. On the other hand, this center must be constructed not too far
from the origin.

Mathematically, the above problem can be posed as follows

p
Find f* = min £(0) = 3 mjllx —¢jllg, ¢ lls, <71 (6.1.41)
j=1

In accordance to its interpretation, it is natural to choose

S L
||x||E1=L§1(x<’>)2} , o dix) = ,lxlE,

Then Dy = )72

Further, the structure of the adjoint space [E; is quite clear:

By=ED’, Qr=lu=G...up b lujli =1 j=1....p}.

Let us choose
1/2
P * \2 ! 1 2
lullg, = Zlmj(””j”El) o da(u) =, lullg,.
j:

P
Then D, = éP with P = )" m . Note that the value P may be interpreted as the
Jj=l1
total size of the population.
It remains to compute the norm of the operator A:

X, u

)4 )4
) 2
[All2 =max{ > mjuj, x)g, : > mj(lujli ) =1, lx|g, =1
j=1 j=1

P
2 — — 1/2
mjrj: Y omjr; =1 = PV
j=1 j=1

I
=
=
IR

(see Lemma 3.1.20).
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Putting the computed values into the estimate (6.1.28), we get the following rate
of convergence:

fO == v (6.1.42)

Note that the value f x) = 11, f (x) corresponds to the average individual expenses
generated by the location x. Therefore,

f&-fr< 7

VN(N+1)

It is interesting that the right-hand side of this inequality is independent of any
dimension. At the same time, it is clear that the reasonable accuracy for the
approximate solution of our problem should not be too high. Given the low
complexity of each iteration in the scheme (6.1.19), the total efficiency of the
proposed technique looks quite promising.

To conclude with the location problem, let us write down explicitly a smooth
approximation of the objective function.

)4
Ju(x) =mjlx{. 1mj<uj,x —Cj)E, — pda(u) : u € Qz}
j:

p
= max { > my (g x = e, — Sudluglig,?) + gy, <1,
j=1
j=1,...,p}
p
= 2 mjyullx —cjllg,).
j=1

where the function ¥, (t), T > 0, is defined as follows:

. 0<t<up,

1
uy’) = (6.1.43)

T) = ma —
Y (1) yelo’xu{yr )

This is the so-called the Huber loss function.

6.1.4.3 Variational Inequalities with a Linear Operator
Consider a linear operator B(w) = Bw + ¢: E — E*, which is monotone:

(Bh,h) >0 VheE.
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Let O be a bounded closed convex set in E. Then we can pose the following
variational inequality problem:

Findw* e Q: (Bw*),w—w*)>0 Ywe Q. (6.1.44)

Note that we can always rewrite problem (6.1.44) as an optimization problem.
Indeed, define

Y (w) = max{(B(v),w —v) : v e Q}.
v
In view of Theorem 3.1.8, ¥ (w) is a convex function. Let us show that the problem
min{y(w) : w e Q} (6.1.45)
w

is equivalent to (6.1.44).

Lemma 6.1.5 A point w* is a solution to (6.1.45) if and only if it solves variational
inequality (6.1.44). Moreover, for such w* we have ¥ (w*) = 0.

Proof Indeed, at any w € Q the function v is non-negative. If w* is a solution
to (6.1.44), then for any v € Q we have

(B(v), v —w") = (B(w"), v —w") = 0.

Hence, ¥ (w*) = 0 and w* € Arg mig ¥(w).
we

Now, consider some w* € Q with ¢(w*) = 0. Then for any v € Q we have
(B(v),v —w*) = 0.

Suppose there exists some v; € Q such that (B(w*), vy — w*) < 0. Consider the
points

Ve = W +a(v; —w*), ael0,1].
Then
0 < (B(va), va — w*) = a(B(vg), v1 — w*¥)
= a(B(w*), v] — w*) + a®(B - (v] — w*), v; — w*).

Hence, for o small enough we get a contradiction. O

There are two possibilities for representing the problem (6.1.44), (6.1.45) in the
form (6.1.10), (6.1.11).
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1. Primal Form Wetake E1 = E, = E, Q1 = 07 = 0, d1(x) = dy(x) = d(x),
A = B, and

f) = (b, x5, éw) = (b, ug, + (Bu,u)g, .

Note that the quadratic function é(u) is convex. To compute the value and the
gradient of the function f, (x), we need to solve the following problem:

max{(Bx, u)g, — nd(u) — (b, u)g, — (Bu, u)g, }. (6.1.46)

ueQ

Since in our case M = 0, from Theorem 6.1.3 we get the following estimate for the
complexity of problem (6.1.44):

4D1lIBlh.2 (6.1.47)

€

However, because of the presence of a non-trivial quadratic function in (6.1.46),
the oracle for the function f can be quite expensive. We can avoid that in the dual
variant of this problem.

2. Dual Form Consider the dual variant of problem (6.1.45):

min max{B(v), w — v) = max min{B(v), w — v) = —minmax{(B(v), v — w).
wereQ<() ) UeQwEQ(() ) UEQw€Q<() )

Thus, we cantake E; = E>, = E, Q1 = Q2 = Q,d1(x) = da(x) =d(x), A = B,
and

fO0) = (b, X5, + (Bx, Xy, $w) = (b, ),
Now the computation of the function value f, (x) becomes much simpler:

Fu(0) = max{((Bx, )z, — ud(w) — (b, )z, : u € Q).

Note that we pay quite a moderate cost for this. Indeed, now M becomes equal to
I|B]l1,2- Hence, the complexity estimate (6.1.47) increases up to the following level:

4D1[1Bl12 \/Dlanl.z
€ + € :

In the important particular case of skew-symmetry of the operator B, thatis B +
B* =0, the primal and dual variant have a similar complexity.
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6.1.4.4 Piece-Wise Linear Optimization

1. Maximum of Absolute Values Consider the following problem:

min {f(x) max |{(aj,x)g 1—b</>|}. (6.1.48)

xeQ 1<j<m

For simplicity, let us choose

1/2
|x||E1=|:Z(x(l))i| . dix) = ]

Denote by A the matrix with rows a;, j = 1,..., m. Itis convenient to choose

2m . 2m . .
Ey =R, ulg, = Y u], dow) = n@m)+ Y uPInu.
=1 j=1

Then

~

f() = max{(Ax. u)g, — (b.u)g, : u € Agm}.
A A A b
where A = ( A) and b = ( b>' Thus, D, = In(2m), and

r=max{|xllg, : x € Q1}.

It remains to compute the norm of the operator A:

1Al = maX{(Ax we, : Ixllg, =1, llullg, =1}
= max{ max |{a;, x slx =1} = max |a;l|*.
ax{ max [{aj, 0, Dxlls, = 1) = max o

Putting all the computed values into the estimate (6.1.29), we see that the
problem (6.1.48) can be solved in

2v2 7 max |la;lv/In@2m) - |
I<j<m

iterations of scheme (6.1.19). The standard subgradient schemes in this situation can

count only on an
2
O| |7 max |la;|%-!
[ 15jimll it e

upper bound for the number of iterations.
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Finally, the smooth version of the objective function in (6.1.48) is as follows:
- 1 m 1 .
Futy=pin () 3 (Llag,x) +607)
Jj=1

with £(7) = ;[ef + e~ T]. We leave the justification of this expression as an exercise
for the reader.

2. Sum of Absolute Values Consider now the problem

min {f(x) Z laj, x)E, —b(f)|}. (6.1.49)
=1

X€E

The simplest representation of the function f(-) is as follows. Denote by A the
matrix with the rows a;. Let us choose

Eo=R", Qy={ueckR": uP| <1, j=1,...,m},
o2 1y 2
da(u) = S llullg, = 5 X llajli, - @Y
j=1
Then the smooth version of the objective function is as follows:
Ju() = max{(Ax — b, u)g, — pdo(u) : u € Qo}

), —bV|

m
[{aj.x
= |lajl% - ,
=1 I, Wu< lajl, )

where the function v, () is defined by (6.1.43). Note that

m .
||A||1,2=%x{ZuWa,-,xml: Ixlle, < 1. llulle, < 1}
) j:1

m
x{znajuE '] : Zua,nIE u<f>)2<1}
j=1

m 1/2
=DV? = [Z ||a]||E1:| )

j=1
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On the other hand, D, = ! D. Therefore from Theorem 6.1.3 we get the following
complexity bound:

m
2-V2D1 - Y llajlig,
j=1

iterations of method (6.1.19).

6.1.5 Implementation Issues
6.1.5.1 Computational Complexity

Let us discuss the computational complexity of the method (6.1.19) as applied to
the function f},(-). The main computations are performed at Steps (b) and (c) of the
algorithm.

Step (b). Call of Oracle At this step we need to compute the solution of the
following maximization problem:

max {(Ayi )z, — du) — pda(u) : u € Qa}.

Note that from the origin of this problem we know that this computation for © = 0
can be done in a closed form. Thus, we can expect that with a properly chosen prox-
function, computation of the smoothed version is not too difficult. In Sect. 6.1.4 we
have seen three examples which confirm this belief.

Step (c). Computation of v;; This computation consists in solving the following
problem:

min {d) (x) + (s, x)g, }
xeQ

for some fixed s € E7. If the set O and the prox-function d; (-) are simple enough,
this computation can be done in a closed form (see Sect. 6.1.4). For some sets we
need to solve an auxiliary equation with one variable.

6.1.5.2 Computational Stability

Our approach is based on the smoothing of non-differentiable functions. In accor-
dance with (6.1.33), the value of the smoothness parameter ;& must be of the order
of €. This may cause some numerical troubles in computing the function fﬂ (x) and
its gradient. Among examples of Sect. 6.1.4, only a smooth variant of the objective
function in Sect. 6.1.4.2 does not involve dangerous operations; all others need a
careful implementation.
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In both Sects. 6.1.4.1 and 6.1.4.4 we need a stable technique for computing the
values and derivatives of the function

m .
n@) = pln (Z e“m/“> (6.1.50)
j=1
with very small values of parameter p. This can be done in the following way. Let
iU = max u(j), v =y —u, j=1,...,m.
I<j<m

Then
n(u) = u + n(v).

Note that all components of the vector v are non-negative and one of them is zero.
Therefore, the value n(v) can be computed quite accurately. The same technique
can be used to compute the gradient since Vn(u) = Vn(v).

6.2 An Excessive Gap Technique for Non-smooth Convex
Minimization

(Primal-dual problem structure; An excessive gap condition; Gradient mapping; Conver-
gence analysis; Minimizing strongly convex functions.)

6.2.1 Primal-Dual Problem Structure

In this section, we give some extensions of the results presented in Sect. 6.1, where
it was shown that some structured non-smooth optimization problems can be solved
in O(i) iterations of a gradient-type scheme with € being the desired accuracy of
the solution. This complexity is much better than the theoretical lower complexity
bound 0(512) for Black-Box methods (see Sect. 3.2). This improvement, of course,
is possible because of certain relaxations of the standard Black Box assumption.
Instead, it was assumed that our problem has an explicit and quite simple minimax
structure. However, the approach discussed in Sect. 6.1 has a certain drawback.
Namely, the number of steps of the optimization scheme must be fixed in advance.
It is chosen in accordance with the worst case complexity analysis and desired
accuracy. Let us try to be more flexible.
Consider the same optimization problems as before:

Find f* = min f(x), (6.2.1)
xeQ
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where Q1 is a bounded closed convex set in a finite-dimensional real vector
space E, and f is a continuous convex function on Q1. We do not assume f to
be differentiable. Let the structure of the objective function be described by the
following model:

f) = fx)+ max [(Ax, u)g, — Pw)}, (6.2.2)

where the function f is continuous and convex on Qp, Q> is a closed convex
bounded set in a finite-dimensional real vector space Eo, dA>(-) is a continuous
convex function on @, and the linear operator A maps E; to E; In this case,
problem (6.2.1) can be written in an adjoint form:

Jx = max ¢(u),

ueQr

(6.2.3)

P ) = —Ppu) + min {(Ax, u)g, + Fool,

which has zero duality gap (see (6.1.34)).

We assume that this representation is completely similar to (6.2.1) in the
following sense. All methods described in this section are implementable only if
the optimization problems involved in the definitions of functions f and ¢ can be
solved in a closed form. So, we assume that the structure of all objects in f d) 01
and Q> is simple enough. We also assume that functions f and ¢ have Lipschitz
continuous gradients with Lipschitz constants L ( f ) and Lz(dA)) respectively.

Let us show that the knowledge of structure (6.2.2) can help in solving prob-
lems (6.2.1) and (6.2.3). Consider a prox-function d>(-) of the set Q>. This means
that d; is continuous and strongly convex on (> with a strong convexity parameter
equal to one. Denote by

ug = arg ;gian d(u)

the prox-center of the function dp. Without loss of generality we assume that
dy(up) = 0. Thus, in view of (4.2.18), for any u € Q2 we have

1
da(u) =, lu = uol. (6.2.4)
Let 7 be a positive smoothing parameter. Consider the following function:
fun0) = f(x)+ max {(Ax, u)g, - bw) — pady(u)}. (6.2.5)
2

Denote by u,, (x) the optimal solution of this problem. Since the function d; is
strongly convex, this solution is unique. In accordance with Danskin’s theorem, the
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448 6 The Primal-Dual Model of an Objective Function

gradient of f,, is well defined as
V fin (X) = VF(x) + A%, (x). (6.2.6)
Moreover, this gradient is Lipschitz-continuous with constant
Li(fu) = Li(H + 1, IAl17 (6.2.7)
(see Theorem 6.1.1).
Similarly, let us consider a prox-function d (-) of the set Q1, which has convexity

parameter equal to one, and the prox-center xo with d (x¢o) = 0. By (4.2.18), for any
x € Q1 we have

1
di(x) =, Ix = xoll}. (6.2.8)
Let 11 be a positive smoothing parameter. Consider
%mw=—am+£3wummfaﬂm+ummw. (6.2.9)

Since the second term in the above definition is a minimum of linear functions,
@u, (u) is concave. Denote by x,, (#) the unique optimal solution of the above
problem. In accordance with Theorem 6.1.1, the gradient

Vo, (u) = —V(f)(u) + Axy, (1) (6.2.10)

is Lipschitz-continuous with constant

Ly(@u) = La(@) + ! 114113 5. (6.2.11)

6.2.2 An Excessive Gap Condition

In view of Theorem 1.3.1, for any x € Q1 and u € Q> we have

pu) < f(x), (6.2.12)

and our assumptions guarantee no duality gap for problems (6.2.1) and (6.2.3).
However, f,,(x) < f(x) and ¢(u) < ¢, (u). This opens a possibility to satisfy
the following excessive gap condition:

fio(30) < oy, () (6.2.13)
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6.2 An Excessive Gap Technique for Non-smooth Convex Minimization 449

for certain x € Q1 andu € Q7. Letus show that condition (6.2.13) provides us with
an upper bound on the quality of the primal-dual pair (x, «).

Lemma 6.2.1 Letx € Q1 andu € Q3 satisfy (6.2.13). Then

0 < max{f(x) — f*, f*—¢@)}
(6.2.14)

< f(x) —¢@) < piD1+ paDy,
where D1 = max di(x), and D> = max da(u).
xeQq ueQ;

Proof Indeed, for any x € Q1, u € O, we have

) _(62.13) . )
fGE) — 2Dy < fi, X)) < ¢u, @) < ¢() + u1Dr.

It remains to apply inequality (6.2.12). O

Our goal is to justify a process for recursively updating the pair (x, it), which
maintains inequality (6.2.13) as i1 and o go to zero. Before we start our analysis,
let us prove a useful inequality.

Lemma 6.2.2 For any x and X from Q1 we have:
Fua®) + (Y fuy B), x = ), < F0) + (Ax, w0, D)E, — lup, (B).  (6.2.15)
Proof Let us take arbitrary x and X from Q1. Let it = u,, (¥). Then

(6.2.5),(6.2.6)

Jua () +(V fli, (5), x = Y)E, f®) + (A, i)g, — (@) — pada(@d)

+H(VF(E) 4+ A%, x — %)E,

N
IA=

FO) + (Ax, g, — @@). O

Let us justify the possibility of satisfying the excessive gap condition (6.2.13) at
some starting primal-dual pair.

Lemma 6.2.3 Let us choose an arbitrary py > 0 and set

X = afggiQn{(Vfuz(XO)),x —x0)E, + L1(fu,)d1(x)},
' (6.2.16)

U= uy,(xo).

Then the excessive gap condition is satisfied for any w1 > L1(fy,).
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450 6 The Primal-Dual Model of an Objective Function
Proof Indeed, in view of (1.2.11) we have

fin®) = fuy (o) + (V fup (x0), ¥ — x0)E, + 3 L1(fu) 1% — xol1?

(6.2.4) ) | _
< Sua(xo) + (VS (x0), X — x0)E, + 5 L1(fuy)d1(X)

©219 ¢ (xo) + min ((V £ (x0). x = o), + Li(fi )i ()

6215 [ 4 .
=7 min {70+ (Ax 10, 0D, — Bl (0) + L )i o)

(6.2.9) i i,
=" 0L (fu) W) = @y, (). 0

Thus, condition (6.2.13) can be satisfied for some primal-dual pair. Let us show
how we can update the points x and u in order to keep it valid for smaller values of
n1 and po. In view of the symmetry of the situation, at the first step of the process
we can try to decrease only w1, keeping o unchanged. After that, at the second
step, we update wo and keep 1 constant, and so on. The main advantage of such a
switching strategy is that we need to find a justification only for the first step. The
proof for the second one will be symmetric.

Theorem 6.2.1 Let points x € Q) and u € Q2 satisfy the excessive gap

condition (6.2.13) for some positive 1 and w>. Let us fix T € (0, 1) and choose
+ _

ui =1,

X =0 —-0)x+txy W),
iy = (1 — i+ tuy, (%), (6.2.17)

o= (1= DX + 12,4 (@4).

Then the pair (x4, ) satisfies condition (6.2.13) with smoothing parameters ,u;“
and o provided that T satisfies the following relation:

2

T M1
e = it (6.2.18)
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Proof Letit = uy,(X), x1 = xu, (1), and X4 = Xyt (). Since & is convex, in view

of the operation in (6.2.17), we have <13(LZ+) <{- r)é(ﬁ) + té(ﬁ). Therefore,
$ur @) = (1= DmdiE) + (AT, (1= )i+ Tid)s, + f(74) = dliy)

(1 — D)lp1di(F4) + (Af4, i)g, + f(E4) — @)

v

+T[f () + (AR4, B)E, — d()]

(6.2.15) T 5
> (I =0Ol¢u, @) + p1llxy — x1ll{la

FT [ fur 8 +(V fu, (D), X4 — D), I
Note that in view of condition (6.2.13) and the first line in (6.2.17) we have
G (@) = [y (X) = fup () +(V fiu, (X), ¥ — X)g,
= fua(®) + TV i, (8), X — x1)E;, -

Therefore, we can estimate the expression in the first brackets as follows:

[ 1o = fio(®) + TV [ (), % = x1)m, + jll%e — xillf.
In view of the first line in (6.2.15), for second brackets we have

[ 1p = fluo () +(V [, (D), T —x1 + (1 = T)(x1 — X)), -

. (6.2.17)
X =

Thus, taking into account that x — (X4 — x1), we finish the proof as

follows:

Gt 1) = [ @) + TV fry (@), T —x1)z, + 5 (1= D[4 = xallf

A AN = A 1— - A
= fu® + (Vi) 5 — f)g, + 2 15 - 213

(6.2.18) . o | .,
> fuz(x)+(vfuz(x)sx+_x>E1 + 2Ll(f;/.2)”x+_x”1

(1.2.11) B
> fu(X4). O
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452 6 The Primal-Dual Model of an Objective Function
6.2.3 Convergence Analysis

In Sect.6.2.2, we have seen that the smoothness parameters w; and @y can
be decreased by a switching strategy. Thus, in order to transform the result of
Theorem 6.2.1 into an algorithmic scheme, we need to point out a strategy for
updating these parameters, which is compatible with the growth condition (6.2.18).
In this section, we do this for an important case L ( f )= Lz(qg) =0.

It is convenient to represent the smoothness parameters as follows:

wo= Al /B2 =i Al - (6.2.19)
Then the estimate (6.2.14) for the duality gap becomes symmetric:
f(X) = ¢@) < (i +212) - I|All2 - +/D1Da. (6.2.20)

Since by (6.2.7), Li(fu,) = ulz ||A||%2, condition (6.2.18) becomes problem
independent:

2 1
D S ipn 1A, = AAa. (6.2.21)

Let us write down the corresponding switching algorithmic scheme in an explicit
form. It is convenient to have a permanent iteration counter. In this case, at
even iterations we apply the primal update (6.2.17), and at odd iterations the
corresponding dual update is used. Since at even iterations A, does not change and
at odd iterations A1 does not change it is convenient to put their new values in the
same sequence {a )2 ;. Let us fix the following relations between the sequences:

k= 21 :Agp=0ar1, A2k = o,
(6.2.22)
k=214+1: =0k, Aok =04_1.

Then the corresponding parameters 7 (see the rule (6.2.1)) define the reduction rate
of the sequence {ay}7> .

Lemma 6.2.4 Forallk > 0 we have ax4+1 = (1 — tp)ok—1.

Proof Indeed, in accordance with (6.2.22), if k = 2, then
p+1 = A1 = (I —m)ri e = (1 — )og—1.

Andifk =21+ 1,then a1 = A2 k1 = (1 — Aok = (1 — p)ok—1. O
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Corollary 6.2.1 In terms of the sequence {ox)pe_,, condition (6.2.21) is as
follows:

(1 — ak—1)? < Olk+101ka]%_1, k> 0. (6.2.23)
Proof Inview of (6.2.22), we always have Aj yA2x = agag—1. Since tp = 1 — z’;i ,
we get (6.2.23). O
Clearly, condition (6.2.23) is satisfied by
o =2, k= -l (6.2.24)
Then
w=1-gt = 2 k=0 (6.2.25)

Now we are ready to write down an algorithmic scheme. Let us do this for the
rule (6.2.17). In this scheme, we use the sequences {u1}pe_; and {p2x}7e s
generated in accordance with rules (6.2.19), (6.2.22) and (6.2.24).

1. Initialization: Choose x¢ and ug in accodance with
(6.2.16) taking ;1 = 1,0 and u2 = u2.0.

2. Iterations (k > 0):

(@) Set 4 = , 3 5. (6.2.26)
(b) If k is even, then generate (Xx41, ig+1) from (X, ity) using
(6.2.17).

(c) If k is odd, then generate (Xx41, Uk+1) from (X, itx) using
the symmetric dual variant of (6.2.17).

Theorem 6.2.2 Let the sequences {Xy}io, and {ux}p, be generated by
method (6.2.26). Then each pair of points (X, uy) satisfy the excessive gap
condition. Therefore,

- _ 41A
fG@0 — @) < A2 D1 D,. (6.2.27)
Proof In accordance with our choice of parameters,

H1,042,0 =)»1,0A2,0~||A||%,2 = 2u20L1(fua0) > m2.0L1(fpung)-

Hence, in view of Lemma 6.2.3 the pair (X, it¢) satisfies the excessive gap condi-
tion. We have already checked that the sequence {7x ]2 defined by (6.2.25) satisfies
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454 6 The Primal-Dual Model of an Objective Function

the conditions of Theorem 6.2.1. Therefore, excessive gap conditions will be valid
for the sequences generated by (6.2.26). It remains to use inequality (6.2.20). O

6.2.4 Minimizing Strongly Convex Functions

Consider now the model (6.2.2), which satisfies the following assumption.

Assumption 6.2.1 In representation (6.2.2) the function f is strongly convex with
convexity parameter & > 0.

Let us prove the following variant of Danskin’s theorem.

Lemma 6.2.5 Under Assumption 6.2.1 the function ¢ defined by (6.2.3) is concave
and differentiable. Moreover; its gradient

Vo (u) = —Vu) + Axo(u), (6.2.28)
where xo(u) is defined by (6.2.9), is Lipschitz-continuous with constant
La(@) = LA, + La(d). (6.2.29)

Proof Let o) = rniQn {{Ax, u)g, + f(x)}. This function is concave as a minimum
xel

of linear functions. Since f is strongly convex, the solution of the latter minimiza-
tion problem is unique. Therefore, @(-) is differentiable and Vg (u) = Axo(u).

Consider two points u; and u. From the first-order optimality conditions
for (6.2.3) we have

(A*uy + V f (xo(u1)), xo(u2) — xo(u1))g, > 0,
(A*uy + V f (xo(u2)), xo(u1) — x0(u2))g, > O.

Adding these inequalities and using the strong convexity of f (-), we continue as
follows:

(Axo(u2) — Axo(u1), u1 — u2)w,

> (Vf(xo1) — V fxoa)), xo(u1) — xo(u2))E,

(2.122) :

5 (6.1.9) 5 ~ ~ N 2
= sl — xR, =5 (196w - Vewl,)

Thus, |V (u1) — Vo), < SIIANR, - llur — uzllg,, and (6.2.29) follows. O

— O
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Lemma 6.2.6 For any u and i from Q3, we have:
$(@) + (VP(@), u — i)g, = —¢u) + (Axo(@)., u)g, + f(xo@).  (6.2:30)
Proof Let us take arbitrary u and & from Q. Define x = xo(iz). Then
¢@) + Vo), u — i),
= —¢@) + (A%, @)5, + [(®) + (~Ve(@) + A%, u — i),

212 . . ~a
= —¢@) + (Ax, u)E, + f(X). o

In this section, we derive an optimization scheme from the following variant of
excessive gap condition:

fu () < @) (6.2.31)

for some x € Q1 and u in Q>.

This condition can be seen as a variant of condition (6.2.13) with u; = 0.
However, we prefer not to use the results of the previous sections since our
assumptions will be slightly different. For example, we no longer need the set Q; to
be bounded.

Lemma 6.2.7 Let points x from Q1 and u from Q> satisfy condition (6.2.31). Then
0<f(x) —¢W) < p2Ds. (6.2.32)

Proof Indeed, for any x € Q1, we have f,,(x) > f(x) — pu2D;. O

Define the adjoint gradient mapping as follows:

1
V(u) = arg max {(V¢(u), v u)E, — 5 La(@)lv - ulléz} . (6.2.33)

Lemma 6.2.8 The excessive gap condition (6.2.31) is valid for py = La(¢) and

x = xo(up), u = V(uop). (6.2.34)
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Proof Indeed, in view of Lemma 6.2.5 and (1.2.11), we get the following relations:

1
®(V(ug)) > @ (uo) + (Vo (up), V(ug) — uolg, — 2L2(¢)||V(M0) — ugll3

2. 1
OZ ax {¢(uo> + (Vo (o), u — ug)g, —  Lo(@)llu — uon%}
ueQn 2

029229 {—dA)(uo) + (Axg (1), uo)E, + f (xo(uo))

ueQr

o 1
+{Axo(ug) — Vo(ug), u — ug)g, — 2.uzllu - uoll%}

mas { () + fo(u0)) + (Axowo), W, — wada(w)|

ues

2% Sz (xo(up))- u]

Theorem 6.2.3 Let points x € Q1 and u € Q> satisfy the excessive gap
condition (6.2.31) for some positive u>. Let us fix T € (0, 1) and choose ,u;“ =
(I =1ua,

A

u ={0—-1u+tuu,(x),
Xy = (1 —1)x +txo@), (6.2.35)
iy = V).

Then the pair (x4, u4.) satisfies condition (6.2.31) with smoothness parameter ,u;“,
provided that T satisfies the following growth relation:

2

T M2
R (6.2.36)
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Proof Let X = xo(i) and up = u,,(x). In view of the second rule in (6.2.35),
and (6.2.5), we have:

fug@) = f@+ max [AW = DF + o). w), —

—(I = D)pada(u)}

(3.1.2)

< max{(l—r)[f(x>+<Ax u)e — ) — uada() |

t[f &) + (A%, u), ¢(u)]}

4.2.18)
< max ’(1 —1) [fm(x) Juallu — M2||2]

+lp @) + (Vo (@), u — i)g, 1},
where we used (6.2.30) in the last line. Since ¢ is concave, by (6.2.31) we obtain
Jua (X) < p@) < ¢@@)+ (Vo) u — i),

Line 1 in (6.2.35) G (@) + T(V (i), it — u2)E,.

Hence, we can finish the proof as follows:
fp G = max (@@ + T (Vo @), u — uz, — (1 = Dpallu — w23
2 ueQs

(6.2.36) R ) - 5
= max {6 + (Vo @), u — ua)s, — 47 La(@) lu w3}

Defining now v = & + t(u — u)) with u € Q,, we continue:

—_——

@ = [#@ + (V@) v =g, — dLa@)lv - @

(Qiscomven) = max {9(@) + (Vo). v~ i)g, — 3 La@) v~ i3]

6.233) — A 1 - A2
< ¢@) + (Vo) i+ — i)g, — 5 Lo() iy — ill3

(1211
< ¢luy). o
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Now we can justify the following minimization scheme.

1. Initialization:
Set 2,0 = 2L2(¢), X0 = x0(uo) and ug = V (uo).

2. For k > (O iterate:

- 2 i = 7 X
Set i = J3 and ux = (1 — T)ug + Thitp, , (Xk)- (6.2.37)

Update uox+1 = (1 — T)i2.ks
X1 = (1 — m)xx + wexo(iix),

U1 = V(ig).

Theorem 6.2.4 Let problem (6.2.1) satisfy Assumption 6.2.1. Then the pairs
(X, ur) generated by scheme (6.2.37) satisfy the following inequality:

FGO =0 < G305, (6.2.38)

where Ly (@) is given by (6.2.29).

Proof Indeed, in view of Theorem 6.2.3 and Lemma 6.2.8 we need only to
justify that the sequences {u2 )7, and {Ti )2, satisfy relation (6.2.36). This is
straightforward because of the following relation:

_ 4L
M2k = D+

whichis valid forallk > 0. 0O

Let us conclude this section with an example. Consider the problem
I 5 )
fx) = _lxlg, + max [fj+(gj,x—xj)g,] — min: xeE;. (6.2.39)
2 1 1<j<m
Let E; = R" and choose
n .
Ixf = X () x ek
i=1

Then this problem can be solved by the method (6.2.37).
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Indeed, we can represent the objective function in (6.2.39) in the form (6.2.2)
using the following objects:

m .
Er=R", Q) = Ap={ueckR?: Y u) =1},
j=1

~

J(x)

~

MxlF @) = (b.u)g,, b = (g xjg, — fi. j=1.....m,

AT

(gls 7gm)

Thus, 6 = 1 and Lz(cfﬁ) = 0. Let us choose for [E, the following norm:
m .
lulle, = X lu').
j=l1

Then we can use the entropy distance function,

m

dyw) =Inm+ > uPInuP, ug=(L..... 0,

j=1
for which the convexity parameter is one and D> = Inm. Note that in this case

Al = max |lg;l}.
I1<j<m

Thus, method (6.2.37) as applied to problem (6.2.39) converges with the following
rate:

_ - 2
G —dm) < o iy - max (llg;llT)"

I<j<m

Let us study the complexity of method (6.2.37) for our example. At each
iteration, we need to compute the following objects.

1. Computation of u,, (x). This is the solution of the following problem:

max ! % M(J)S(J)()E) — Mzdz(u) cue QZ}

u le

with s(j)(i) = fj +(gj.x —x;), j =1,...,m. As we have seen several times,
this solution can be found in a closed form:

)= sSO®/ma | 5 5O /o - i
U, (x) =e . 12:16 , j=1,...,m.
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2. Computation of x((xt). In our case, this is a solution to the problem
. N 1 2
n&m (Ax, u)g, + 2||)c||IEI xeE; ;.

Hence, the answer is very simple: xo(ii) = —AT .
3. Computation of V (7). In our case,

¢ (i) = min { S uDLf + (g0 x — x), ] + ;uxuél}

xeE; j:l

2
= —(b.wys, — } (14Tl

Thus, V(i) = —b — AAT{. Now we can compute V (i) by (6.2.33). It can
be easily shown that the complexity of finding V (i) is of the order O (im Inm),
which comes from the necessity to sort the components of a vector in R™.

Thus, we have seen that all computations at each iteration of method (6.2.37) as
applied to problem (6.2.39) are very cheap. The most expensive part of the iteration
is the multiplication of matrix A by a vector. In a straightforward implementation,
we need three such multiplications per iteration. However, a simple modification of
the order of operations can reduce this amount to two.

6.3 The Smoothing Technique in Semidefinite Optimization

(Smooth symmetric functions of eigenvalues; Minimizing the maximal eigenvalue of a
symmetric matrix.)

6.3.1 Smooth Symmetric Functions of Eigenvalues

In Sects. 6.1 and 6.2, we have shown that a proper use of the structure of nonsmooth
convex optimization problems leads to very efficient gradient schemes, whose
performance is significantly better than the lower complexity bounds derived from
the Black Box assumptions. However, this observation leads to implementable
algorithms only if we are able to form a computable smooth approximation of the
objective function of our problem. In this case, applying to this approximation an
optimal method (6.1.19) for minimizing smooth convex functions, we can easily
obtain a good solution to our initial problem.

Our previous results are related mainly to piece-wise linear functions. In this
section, we extend them to the problems of Semidefinite Optimization (SO).
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For that, we introduce computable smooth approximation for one of the most
important nonsmooth functions of symmetric matrices, its maximal eigenvalue. Our
approximation is based on entropy smoothing.

In what follows, we denote by M,, the space of real n x n-matrices, and by
Sp € M, the space of symmetric matrices. A particular matrix is always denoted
by a capital letter. In the spaces R" and M, we use the standard inner products

n . .
(r,y) =2 x@yD x y e R,
i=1

n . . . .
(X, V)p =Y XGDy@Gh Xy eM,.
ij=1

For X € S,;, we denote by L(X) € R” the vector of its eigenvalues. We assume that
the eigenvalues are ordered in a decreasing order:

AVX) =APX) == A"(X), XeS,.

Thus, Amax(X) = A1 (X). The notation D(1) € S, is used for a diagonal matrix
with vector A € R” on the main diagonal. Note that any X € S, admits an
eigenvalue decomposition

X =UX)DAX)HUX)"
with U(X)U (X)T = I,, where I, € S, is the identity matrix.
Let us mention some notations with different meanings for vectors and matrices.
For a vector A € R”, we denote by |A| € R” the vector with entries |\, i =

1, ..., n. The notation Ak e R” is used for the vector with components (A(i))k,
i=1,...,n. However, for X € S, we define

1X| € Ux) DL NU )T =0,

and the notation X* is used for the standard matrix power. Since the power k > 0
does not change the ordering of nonnegative components, for any X > 0 we have

(X)) = a(X5). 6.3.1)

Further, in R", we use a standard notation for £,-norms:

n . 1/p
Ixlipy = [Z |X(’)|”} , xeR",
i=1
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where p > 1, and [x|(00) = 1111_a<x |x@]. The corresponding norms in S, are
<i<n

introduced by
X1l (p) = 12Xl (py = IMIXDIlpy. X € Sn. (6.3.2)

For k > 1, consider the following function:

(X)) = (X5 L)p = SO0, X €S,
i=1

Let us derive an upper bound for its second derivative. Note that this bound is
nontrivial only for k > 2.
The derivatives of this function along a direction H € S, are defined as follows:

(Vm(X), H)p = k(X*~', H)p,

k=2 (6.3.3)
(V2m(X)H, H)p =k Y (XPHX*>"P H)p.
p=0
We need the following result.
Lemma 6.3.1 Forany p,q > 0, and X, H from S, we have
(XPHXY + X1HXP, H)r < 2(|X|P*9, H*)p
(6.3.4)

2 (WHI(X)), A2(|H|)).
Proof Indeed, let A = A(X), D = D(A), U = U(X) and H =UTHU. Then
(XPHX? + X1HXP, H)r = (UDPUTHUDIUT + UDIUTHUDPUT ,H)p

= (DPHDY + DIHDP, H)F

= i (A /))2( AP ya (A(z))q(k(/))p)
i,j=1

<.

(H(’ N2 (|)L(t)|p|)t(/)|q + |)L(t)|q|)\(/)|17)

A
TM=

i

Note that for arbitrary non-negative values a and b we always have

0 < (a” — bY@ — b?) = (a” + b)) — (a”b? + a¥bP).
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Thus, we can continue as follows:

n A e . . .
(XPHXY + X9HXP, H)yp < Y. (H®))? (|)L(l)|p+t1 4 |)L(J)|P+ll)
i,j=1

n ~ . . . A ~
=2 Y (HODP RO+ = 2D(A)P*H, H)F
i,j=1
= 2(DPHI(A), H?)p = 2(X|PH9, H?)p.
Hence, we get the first inequality in (6.3.4). Further, by von Neumann’s inequality

©63.)

(IXI1PH9, H?)p < (M(IX|1PH), A(H?)) (APH(IX]), A2 (1H D),

and this proves the remaining part of (6.3.4). O
Corollary 6.3.1 Forany k > 2, we have
(VI (X)H, H)F < k(k — D(A*2(1 X)), A2(|H|)). (6.3.5)
Proof For k = 2, the bound is trivial. For kK > 3, in representation (6.3.3) we can
k=2

unify the terms in the expression Y (X? HX*~2P H)p in symmetric pairs
p=0

(XPHX*27P 4 X*2"PHXP H)p.

Applying inequality (6.3.4) to each pair, we get the estimate (6.3.5). O

Let f(-) be a function of a real variable, defined by a power series
(0.¢]
f@ =ao+ Y art*
k=1

with a; > 0 for k > 2. We assume that its domain dom f = {t : |7| < R} is
nonempty. For X € S,;, consider the following symmetric function of eigenvalues:

FOO) =) f09(X)).

i=1
Clearly,dom F = {X € S, : A(X) < R, A"(X) > —R}.
Theorem 6.3.1 Forany X € dom F and H € S, we have
n

(V2ZFOOH, H) < Y V2D (X)) AD(H )2

i=1
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464 6 The Primal-Dual Model of an Objective Function
Proof Indeed,

FX)=n-a0+ 3 3 a0k
i=1k=1

=n f i OOXNE = n-ag+ f axm(X).
k=1 i=1 k=1
Thus, in view of inequality (6.3.5),
(VZEOOH, H)p = 3 ax (Vi (X)H, H) r

k=2

< ¥ k(k — Dag (A =2(1X1), A2(1HI))
k=2

= i > k(k — Dax DX D)2 D (1 H|))?
i=1k=2
Z 2FADUX)AD(H))2. a]

i=1

Let us consider now two important examples of symmetric functions of eigen-

values.
1. Squared £,-Matrix Norm. For an integer p > 1, consider the following

function:

Fp(X) = 120N, = 3(X°7. 1)7, X €. (63.6)

Thus, Fp(X) = ;(nzp(X))l/P. Therefore, in view of (6.3.5), forany X, H € S,, we
have

(VE,(X), H)p = o), (e, (X0) 7~ (V2 (X), H)
(V2E, COH, Hyp = 3, (1= 1) - Grap (002 (Vo (X0, HY

) (rap(X0) P~ (V2 (X)H, H) (6.3.7)

< @p — D(map(X)) 2~ (32P2(1X]), 22 HI).
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Let us apply Holder’s inequality (x, y) < [Ixllg)llyll) with B = p[il’ y = ﬂél =
p, and

@ =00xp2 O =aOHD)? i=1..n

Then,

p—1

1
(x.y) < [__Zl(k“)(le))Z”} ! -[__21<M">(|H|)>2"}”

(6.3.2) p-1
=7 mp(X) - DG,

and we can continue:
(V2Fp(X)H, H)F < 2p = DIAHE)IG,) = @p = DIHIG,,)- (6.3.8)

2. Entropy Smoothing of Maximal Eigenvalue. Consider the function

n .
EX)=nY "™ ¥ npx), Xes,. (6.3.9)
i=1

Note that

(VE(X). H)F = ply, (VF(X). H)F,

(VZEQOH, H)F = — 13 (VFQO, H)} + 1y (VP F(XOH, H)F

IA

rix (VAF(OH, H)p.

Let us assume first that X > 0. The function F(X) is formed by the auxiliary
function f(7) = e, which satisfies the assumptions of Theorem 6.3.1. Therefore,

n . -1 5 . .
(VZE(X)H, H)F < [zek“)m} Y OO (H)? < |HIZ,.
i=1 i=1

(6.3.10)

It remains to note that E(X + t1,) = E(X) + 7. Hence, the Hessian V2E(X +
t1,) does not depend on t, and we conclude that the estimate (6.3.10) is valid for
arbitrary X € S,.
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466 6 The Primal-Dual Model of an Objective Function

6.3.2 Minimizing the Maximal Eigenvalue of the Symmetric
Matrix

Consider the following problem:
Find ¢ = min(@(y) = Anax(C + A, (6.3.11)
where Q is a closed convex set in R” and A(-) is a linear operator from R™ to S,;:

m .
Ay) =Y. yDA; €S, yeR™
i=1

Note that the objective function in (6.3.11) is nonsmooth. Therefore, this problem
can be solved either by interior-point methods (see Chap. 5), or by general methods
of nonsmooth convex optimization (see Chap. 3). However, due to the very special
structure of the objective function, for problem (6.3.11) it is better to develop a
special scheme.

We are going to solve problem (6.3.11) by a smoothing technique discussed
in Sect.6.1. This means that we replace the function Amax(X) by its smooth
approximation fj(X) = pE( :L X), defined by (6.3.9) with tolerance parameter
u > 0. Note that

fu(X) =mn[iek(“<xvﬂ} > hmax(X),

i=1

(6.3.12)
Ju(X) < Amax(X) + pn1nn.
At the same time,
V(X)) = [Z el”)(X)/M}l : Z Oy (X yu (X)T (6.3.13)
i=1 i=1
where u;(X), i = 1,...,n, are corresponding unit eigenvectors of the symmetric

matrix X. Thus, at each test point X, the gradient V f, (X) takes into account all

eigenvalues of the matrix X. However, since the factors X1 decrease very
rapidly, it actually depends only on few largest eigenvalues. Their selection is made
automatically by expression (6.3.13). The ranking of importance of the eigenvalues
is done in a logarithmic scale controlled by the tolerance parameter j.

Let us analyze now the efficiency of the smoothing technique as applied to
problem (6.3.11). Our goal is to find an e-solution x € Q to problem (6.3.11):

¢y —¢* < e (6.3.14)
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For that, we will try to find a ée-solution to the smooth problem

Find ¢, = minigu() < fu(C+ A, (6.3.15)

with
wo=ple) = ,Hf - (6.3.16)
Clearly, if ¢, (y) — d)Z < %e, then in view of (6.3.12) we have
$(G) —¢* < du(3) — ¢ +ulnn <e.
Let us analyze now the complexity of finding a %e-solution to problem (6.3.15) by
the optimal method (6.1.19).
Let us fix some norm ||/]| for & € R™. Consider a prox-function d(-) of the set

Q with prox-center xg € Q. We assume this function to be strongly convex on Q
with convexity parameter one. Define

Al = A(h : Al = 1)
1Al = max{[[A(M)lloc) = lIA]l =1}

Note that this norm is quite small. Indeed,

AW 0oy = AVAAM) < (A(), A(h) >, h e R™

Therefore, for example, ||A|| < ||AllG def ”r}rllnaxl(A(h), A(h)>}v/2.

Let us estimate the second derivative of the function ¢, (-). For any y and / from
R™, in view of inequality (6.3.10) we have

(V@ (y), h) = (Vfu(C + A, h) = (VE(}(C+AM)), A)F,

(Vg (nh. h) = L(V2E(C + A)AG). A(h))

IA

WIAMIE, < LIAIR - A2

Thus, by Theorem 6.1.1 the function ¢,, has Lipschitz continuous gradient with the
constant

ol A2 — 2nng 42
L= IIAlI7=""lIAl".
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468 6 The Primal-Dual Model of an Objective Function

Now taking into account the estimate (6.1.21), we conclude that the method (6.1.19),
as applied to problem (6.3.15), has the following rate of convergence:

81nn||A|2d(y};)
V) = bl = cprnya2)

where yl’i € Q is the solution to (6.3.15). Hence, it is able to generate a ée-solution
to this problem (which is an e-solution to problem (6.3.11)) at most after

Al \/d(y;j) Inn (6.3.17)

iterations.

6.4 Minimizing the Local Model of an Objective Function

(A linear optimization oracle; The method of conditional gradients; Conditional gradients
with contraction; Computation of primal-dual solution; Strong convexity of the composite
term; The second-order trust-region method with contraction.)

6.4.1 A Linear Optimization Oracle

In this section we consider numerical methods for solving the following composite
minimization problem:

min {70 € £ + v}, (6.4.1)

where ¥ is a simple closed convex function with bounded domain Q C E, and f
is a convex function, which is differentiable on Q. Denote by x* one of the optimal

solutions of (6.4.1), and D def diam(Q). As usual, our assumption on the simplicity
of the function ¥ means that some auxiliary optimization problems related to ¥
are easily solvable. The complexity of these problems will be always discussed for
corresponding optimization schemes.

The most important examples of the function ¥ are as follows.

e ¥ is an indicator function of a closed convex set Q:

def 0, x€Q,
O (o) — Ind def 6.4.2
(x) nd o (x) { +00, otherwise. ( :

* U is a self-concordant barrier for a closed convex set Q (see Sect. 5.3).

* Y is a nonsmooth convex function with simple structure. In this case, we need
to include in ¥ an indicator function for a bounded domain. For example, it
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6.4 Minimizing the Local Model of an Objective Function 469

could be

lxllcy, if lxllay < R,
+00, otherwise.

W(x) = {

We assume that the function f is represented by a Black-Box oracle. If it is a
first-order oracle, we assume its gradients satisfy the following Holder condition:

IVf) =Vl = Gullx = ylI”, x,y€Q. (6.4.3)

The constant G, is formally defined for any v € (0, 1]. For some values of v it can
be +o00. Note that for any x and y in Q we have

fO) S @+ V@ y—x)+ Ty — x| (6.4.4)

If this is a second-order oracle, we assume that its Hessians satisfy the Holder
condition

IV2f(x) = V2f)Il < Hollx — Y, x,y€ Q. (6.4.5)

In this case, for any x and y in Q we have

FO) < )+ VL0 y =)+ JV2F)(y —x),y —x) + Bl
(6.4.6)

Our assumption on the simplicity of the function ¥ means exactly the following.

Assumption 6.4.1 For any s € E*, the auxiliary problem

min {(s, x) + ¥ (x)} (6.4.7)
xeQ

is easily solvable. Denote by vy (s) € Q one of its optimal solutions.

Thus, for our methods we assume that we can use a linear optimization oracle,
related to the set Q. Indeed, in the case (6.4.2), this assumption implies that we are
able to solve the problem

n&in{(s,x) :x € 0}.

For some sets (e.g. convex hulls of finite number of points), this oracle has lower
complexity than the standard auxiliary problem consisting in minimizing a prox-
function plus a linear term (see, for example, Sect. 6.1.3).

In view of Theorem 3.1.23 the point vy (s) is characterized by the following
variational principle:

(s, x —vg () +¥(x) > Y(ww(s), xeQ. (6.4.8)

By Definition 3.1.5, this means that —s € 0¥ (vy (s)).
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470 6 The Primal-Dual Model of an Objective Function

In the sequel, we often need to estimate the partial sums of different series. For
that, it is convenient to use the following lemma, the proof of which we leave as an
exercise for the reader.

Lemma 6.4.1 Let the function £(t), t € R, be decreasing and convex. Then, for
any two integers a and b, such that [a — é, b+ 1] C domé&, we have

b+1 b+1/2
f E(ydr < Zé(k)< [ &) dr. (6.4.9)
k=a a-1/2

For example, for any t > 0 and p > —t, we have

2t4p | (5439 2t+p+1 | 2t+p+1
kz_t ktp+l 2 tf cp1dT = ln(r—i—p—i—l)t

(6.4.10)

2t4+2p+2
In %2042 = 2.

On the other hand, if # > 1, then

url | (5439) 21+3/2
<
k22 = 2)2
- (k+2) 1y

2143/2

1 1 1
T = — = —_
d 2,1 1+3/2 7 2t4+7/2

4148 < 12
(2t43)(4t+7) — 11(2t43)°

6.4.11)

6.4.2 The Method of Conditional Gradients with Composite
Objective

In order to solve problem (6.4.1), we apply the following method.

Conditional Gradients with Composite Objective

1. Choose an arbitrary point xg € Q. (6.4.12)
2. For ¢t > (O iterate: (a) Compute v; = vy (V f(x;)).

(b) Choose t; € (0, 1] and set x;+1 = (1 — t7)x; + Trvr.
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It is clear that this method can solve only problems where the function f has
continuous gradient.

Example 6.4.1 Let ¥ (x) = Indg(x) with Q = {x € R?: (x)2 + x@®)2 < 1}.
Define

f(x) = max{x(D, x@},

;;, :/;)T Let us choose in (6.4.12) xg # Xx.

For the function f, we can apply an oracle which returns at any x € Q
a subgradient Vf(x) e {(1,0)7, (0, 1)T}. Then, for any feasible x, the point
vy (V f(x)) is equal either to y; = (—1,0)7, or to y» = (0, —1)7. Therefore, all
points of the sequence {x;};>0, generated by method (6.4.12), belong to the triangle
Conv{xg, y1, ¥2}, which does not contain the optimal point x,. O

Then clearly x,, = (

In order to justify the rate of convergence of method (6.4.12) for functions
with Holder continuous gradients, we apply a variant of the estimating sequences
technique (see Sects.2.2.1 and 6.1.3). For that, it is convenient to introduce
in (6.4.12) new control variables. Consider a sequence of nonnegative weights
{a:}i>0. Define

t

At = Z Ay, T = .Zl:;l] , [ 0. (6413)
k=0

From now on, we assume that the parameter t; in method (6.4.12) is chosen in
accordance with the rule (6.4.13). Define

Vo = max {(V f (x0), x0 — x) + ¥ (x0) — ¥ (1)},

A (6.4.14)
By = aoVo + (k; e ) G,D'*", t>0.
It is clear that
Vo = max | £ (o) — F00 4 G e — xoll 4+ ¥ (o) — v ()
(6.4.15)
< FOo) = Foed + G2 L Ay + G2

Theorem 6.4.1 Let the sequence {x;};>0 be generated by method (6.4.12). Then,
foranyv € (0, 1]with G, < +o00, any step t > 0, and any x € Q we have

t

Ar(fx) + ¥ () < 3 alf () +(V f(xp), x —xi) + W (x)] + By
(6.4.16)
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Proof Indeed, in view of definition (6.4.14), for + = 0 inequality (6.4.16) is
satisfied. Assume that it is valid for some ¢t > 0. Then

1+1

Yoaklf) H(VFxi), x —xi) + ¥ ()] + By

k=0

(6.4.16
> ) Ar(f(xr) + W (xp) + are1lf 1) + (VS (x41), X — Xp41) + P ()]

> A1 fOg1) AW () H(V f(xg1), ar1(6 — xeq1) + A — Xp41))

+ar ¥ (x)

O AL FGran) + AW (x50) + art [¥ () + (V F Grg)s x — 1)

(6.4.12
27 At (FGroet) + ¥ (ra) + it [9/(6) — ¥ () + (Y F (e 1), % — )],

It remains to note that

W) = W)+ (VG x — ) 2 (Vf (gt — VF (o) x — )

6.4.3
( > ) —‘1,'thle+”.

Thus, to ensure that (6.4.16) is valid for the next iteration, it is enough to choose

1
a4

+v
Bv,tJrl = Bv,t + A\TI GUD1+U- a
t+1
Corollary 6.4.1 Foranyt > 0 with A; > 0, and any v € (0, 1], we have

FO) = &) < 4 Bur. (6.4.17)

Let us discuss now the possible variants for choosing the weights {a;};>0.

1. Constant weights. Let us choose a; = 1,t > 0. Then A; = t + 1, and for
v € (0, 1) we have

t
Bv,t = V() + (Z (1_,:]()1)) GvD1+V
k=1

(6.4.9)

t+1/2
< Vo+G, D' (14

1/2

(6.4.15) 1—v v
< A(xo)+GvD1+”[1iv+(§) 1iv<(1+§r) —1)]
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Thus, for v € (0, 1), we have Al, B,; < O(t™"). For the most important case

1 2\ 2
v =1, we have lim | _ <<1 + 3t) — 1) = In(1 + 31). Therefore,

v—>1

Fon = fea = b (e + G [ +ma+30]). 6418

S 6.4.13
In this situation, in method (6.4.12) we take t; ©L9 le

-
2. Linear weights. Let us choose a; = t,¢ > 0. Then A; = t(t;rl),and forv € (0, 1)
with t > 1 we have

2 v l+v !
Bv,t = (k_l k%({(+k)1)) Gle—i-v < <k¥1 2”k1_”> GVD1+V

t+1/2

M 2—v 2—v
172 - 22—“ |:<t + %) N (é) :|G”D1+U'

Thus, for v € (0, 1), we again have X[ B,; < O(t™"). For the case v = 1, we
get the following bound:

(6.4.9) v
< GUD1+U 22—1;7"271)

fa) = f) < ,$,GiD?% t>1. (6.4.19)

As we can see, this rate of convergence is better than (6.4.18). In this case, in

method (6.4.12) we take 7; €& ,iz,

this scheme.

3. Aggressive weights. Let us choose, for example, a; = 1>, t > 0. Then A, =
10+DEHD Note that for k > 0 we have & H)kfé;{ Ly = k;v- Therefore, for

v € (0, 1) with# > 1 we obtain

which is a standard recommendation for

3—v

! v 2(04v) ! _
Bv,t = (Z k“(lif)"(2k+l)"> GVDLH) < <Z 3Vk2 v) GVD1+U
k=1 k=1
(6.4.9) ) 14172 ; 3—v 3—v
e [(H;) (1) }va.

For v € (0, 1), we get again Alr B,; < O(™").Forv =1, we obtain

fa) = fx) <,5,G1D% 11, (6.4.20)

which is slightly worse than (6.4.19). The rule for choosing the coefficients 1,

PP 6.4.13 .
in this situation is t; 0419 « fgé}iﬁ) It can be easily checked that a further

increase of the rate of growth of coefficients a, makes the rate of convergence of
method (6.4.12) even worse.
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Note that the above rules for choosing the coefficients {t;};>0 in method (6.4.12)
do not depend on the smoothness parameter v € (0, 1]. In this sense,
method (6.4.12) is a universal method for solving the problem (6.4.1). Moreover,
this method is affine invariant. Its behavior does not depend on the choice of norm
in [E. Hence, its rate of convergence can be established with respect to the best norm
describing the geometry of the feasible set.

6.4.3 Conditional Gradients with Contraction

In this section, we will use some special dual functions. Let Q C E be a bounded
closed convex set. For a closed convex function F(-) with dom F D int Q, we define
its restricted dual function, (with respect to a central point x € Q), as follows:

F o) = max{(s. ¥ —x) + F() - F(x)). s € E*. (6.4.21)

Clearly, this function is well defined for all s € E*. Moreover, it is convex and
nonnegative on E*.
We need to introduce in construction (6.4.21) an additional scaling parameter
€ [0, 1], which controls the size of the feasible set. For s € E*, we call the
function
Fliol) = max{< Y=y +FX)-Fy:y=U0-0x+1x} (6422
the scaled restricted dual of the function F.
Lemma 6.4.2 Foranys € E* and t € [0, 1], we have

FEo(s) = Fie o(s) = TFE (). (6.4.23)

Proof Since for any x € Q, the point y = (1 — 7)x + tx belongs to Q, the first
inequality is trivial. On the other hand,

er(s)_rnax{(s TX—x)+FXx)—F@Q): y=0—-1)x+1tx}
Zmaéi{(s,f(i—X)H-F()?)—(l—f)F(i)—fF(X)}
X€

= TF} 5(s). O

Let us consider a variant of method (6.4.12), which takes into account the com-
posite form of the objective function in problem (6.4.1). For ¥ (x) = Indg (x), these
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two methods coincide. Otherwise, they generate different minimization sequences.

Conditional Gradient Method with Contraction

1. Choose an arbitrary point xg € Q.

2. For ¢ > 0 iterate: Choose a coefficient 7; € (0, 1] and compute

Xi+1 = mg)géi(rzl{<vf(xt), WHYQ) :y=0—1)x +1x}.

(6.4.24)
This method can be seen as a Trust-Region Scheme with a linear model of the
objective function. The trust region in method (6.4.24) is formed by a contraction of
the initial feasible set. In Sect. 6.4.6, we will consider a more traditional trust-region
method with quadratic model of the objective.

In view of Theorem 3.1.23 the point x;41 in method (6.4.24) is characterized by
the following variational principle:

Xep1 = (I =1)x + 7000, v € O,
U1 —t)xs +1x) + (Vf(x), x —xp) (6.4.25)

> Y1) HA(VFOx), X010 — %), x€0.

Let us choose somehow the sequence of nonnegative weights {a;};>0, and define
in (6.4.24) the coefficients 7, in accordance to (6.4.13). Define now the estimating
functional sequence {¢;(x)};>0 as follows:

do(x) = ao f(x),

Grr1(x) = r(x) +arp1[f ) +(VFx), x —x) +¥W(x)], t>0.
(6.4.26)

Clearly, for all > 0 we have

¢ (x) <A f(x), xe€OQ. (6.4.27)
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Define

I+v

1
Cur = agA(xo) + 1, <Z " ) G,D'*, 1>0. (6.4.28)

Let us introduce

~
)

1

"wr (V).
(6.4.29)

() & max{(V /(). x =)+ () =¥ () ©

For problem (6.4.1), this value measures the level of satisfaction of the first-order
optimality conditions at a point x € Q. For any x € O, we have

8(x) = f(x) — f(xs) = 0. (6.4.30)

We call §(x) the fotal variation of the linear model of the composite objective
function in problem (6.4.1) over the feasible set. It justifies the first-order optimality
conditions in our problem. Note that this value can be computed by a procedure for
solving the auxiliary problem (6.4.7).

Theorem 6.4.2 Let the sequence {x;};>0 be generated by method (6.4.24). Then,
foranyv € (0, 1] and any step t > 0, we have

Arf(x) < pr(x)+Coyy x€Q. (6.4.31)

Moreover, for any t > 0 we have

r = 1+v
Fa) = Fln) = udx) — 42 " o, (6.4.32)

Proof Let us prove inequality (6.4.31). For 7 = 0, we have C, o = aol f (xo) —
f(xx)]. Thus, in this case (6.4.31) follows from (6.4.27).

Assume now that (6.4.31) is valid for some ¢ > 0. In view of definition (6.4.13),
optimality condition (6.4.25) can written in the following form:

A {V (), x —x) = A1 [¥ (1) — (A — t)x + 1x)

+ (V&) X1 — x4)]
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6.4 Minimizing the Local Model of an Objective Function 477
for all x € Q. Therefore,
Gr+1(x) + Cy = ¢ (x) +Cy

Farp1lf () +(Vf(x0), x —xi) + ¥ (x)]

(6.4.25),(6.4.31)
> Al f () + ¥ ()] + a1 Lf (x0) + P (x)]

FA 1 (xr+1) — (1 — t)x + T4 x)
HVf(xe), Xp01 — X41)]

> At [f ) H(Vx), X1 — X)) + W (X41)]

(6.4.4) —
=0 A [ = L Gl =]

) (6.4.13)
It remains to note that ||x; 41 — x|l = wllxr — v < Z’:l D. Thus, we can take

I+v
— 1 94 pl+v
Cu,t-l—l = Cu,t + 14+v Ar;;+1 Gu .

In order to prove inequality (6.4.32), let us introduce the values
S0 € max((V(0,x =)+ ¥ @ - V) y= (- Dx )

6.4.22
oz )‘I’f,x,Q(Vf(X)), T €0, 1].

Clearly,

=8, (x) = ;Iéig{(Vf(x,), Y=x)+¥(Q)—¥(x):y=(0—1)x + 11x}

(Vfx), xi41 — X)) + W (Xp01) — W (xr)

(6.4.4) _ _ G
> f@) = FG) = 2 I — x|

Since ||x;4+1 — x;|| < 7; D, we conclude that

(6.4.23)

F F G,D'tV _1 G,D't _1
F@) = flg) =8, = C0 0™ = nen -0 T o
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478 6 The Primal-Dual Model of an Objective Function

In view of (6.4.27), inequality (6.4.31) results in the following rate of conver-
gence:

FOa) = fe) < 4 Cops 120, (6.4.33)

For the linearly growing weights a; = ¢, A; = t(t; 1), t > 0, we have already seen
that

c..— ' B < 2 H_lz_”_lz_”GDHu
v = 1L, Pve = qqy0-n 2 2 v .

In the case v = 1, this results in the following rate of convergence:

f) = fxo) < ,7,G1D?, 1= 1. (6.4.34)
Let us justify for this case the rate of convergence of the sequence {§(x;)};>1. We
have t; ©L19 Z’;‘l =, +2 On the other hand, for any 7 > ¢,
2 (6.4
2D " Fe = F
(6.4.35)
6432 T ) 5
=7 ¥ [wot0 = 161D |+ Ferin) = Fx).
k=t

Let 8}‘ = min §(x;). Then, choosing T = 2¢ + 1, we get
0<t<T

, (64.10) . (643) 2
2In2-85 < Zm 8% 2G\D ,+1+Z(k+2)2

k=t

64.11)
o[ 1 2 ] o[ 2 12
= 2GiD [z+1 + 11(2t+3):| = 2GiD [T+1 + 11(T+2)]

68 GD?
= 11 T4

Thus, in the case v = 1, for odd T', we get the following bound:

34 G1D?
5? = 112’ T1+1 : (6.4.36)
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6.4 Minimizing the Local Model of an Objective Function 479
6.4.4 Computing the Primal-Dual Solution

Note that both methods (6.4.12) and (6.4.24) admit computable accuracy certifi-
cates. For the first method, define

t

b=, H}}H{Z arlf (o) + (Vf (), x —xx) + P (0)] 1 x € Q}.

k=0
This value can be computed by the standard operation (6.4.7). Clearly,

f(xt) - fT(-x*) < f(xt) — Et (6‘216) Al[ Bv,t- (6437)

For the second method, let us choose @y = 0. Then the estimating functions are
linear:

t
di(x) = D arlfxx—1) +(V f(xr—1), x — xp—1) + ¥ (2)].
k=1

Therefore, defining i = Al, min{¢;(x) : x € Q}, we also have
X

Fo - fen = fan -6 27l r=1 (64.38)

Accuracy certificates (6.4.37) and (6.4.38) justify that both methods (6.4.12)
and (6.4.24) are able to recover some information on the optimal dual solution.
However, in order to implement this ability, we need to open the Black Box and
introduce an explicit model of the function f(-).

Let us assume that the function f is representable in the following form:

J () = max{(Ax, u) — g() : u € Qa}, (6.4.39)

where A : E — E’f, Qg is a closed convex set in a finite-dimensional linear space
[, and the function g(-) is p-uniformly convex on Qg:

(Vg(u1) = Vgua), uy —uz) > oglluy —uzll?, wui,uz € Qq, (6.4.40)

where the convexity degree p > 2. Denote by u(x) € Qg4 the unique optimal
solution to optimization problem in (6.4.39).

Lemma 6.4.3 The function f has Holder continuous gradient V f (x) = A*u(x)

Vv
with parameter v = pl—l and constant G,, = (01 ) AT,
8
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480 6 The Primal-Dual Model of an Objective Function

Proof Letuy = u(x1), uz = u(x2), gy = Vg(u1), and g5 = Vg(uz). Then, in view
of the optimality condition (2.2.39), we have

(Ax; — g ua —up) <0, (Axy — gy, u1 —uz) < 0.

Adding these two inequalities, we get

(6.4.40)
(A(x1 —x2),u1 —uz) > (g — gh,u1 —u2) = ogllug —uz|”.

Thus,

IVFGxD) =V e)l* = 1A —u)* = Al - luy — w2l

1
= 41 (4 1AG —x2)]) "

1

pl 1 p—1
<l (L —xl)”" . o
Let us write down an adjoint problem to (6.4.1).

min{f(x) : x € 0) (6159 ngn{W(x) + max{(Ax, u) — g(u) : u € Qd}}

> max !—g(u) + min{(A*u, x) + 'Jf(x)}} .
uEQd X

Thus, defining @ () = min{(A*u, x) + ¥(x)}, we get the following adjoint
X
problem:

max {g) = —g(w) + o)} . (6.4.41)
ueQyq

In this problem, the objective function is nonsmooth and uniformly strongly concave
of degree p. Clearly, we have

f(x)—gu)=>0, xeQ, ueQq4. (6.4.42)

Let us show that both methods (6.4.12) and (6.4.24) are able to approximate the
optimal solution to the problem (6.4.41).
Note that for any x € Q we have

(6.4.39)

JE) + (V). x —X) (AX, u(x)) — g(x)) + (A*u(x), x — x)

= (Ax,u(x)) — gu(x)).
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6.4 Minimizing the Local Model of an Objective Function 481

t
Therefore, defining for the first method (6.4.12) u, = Al, > axu(xy), we obtain
k=0

t
£; = min {lI/(x) + /i > ar[(Ax, u(xp)) — g(u(xk))]}
x€Q " k=0

t
= D) — ;4 Y argx)) < &up).
k=0

Thus, we get
(6.4.42) _ _ (6.4.37)
0 < fo)—gw) < fe)—& < L\ Buy 120 (6.4.43)

t
For the second method (6.4.24), we choose ag = 0 and take u, = jt 3 agu(xg—1).
k=1

In this case, by a similar reasoning, we get

(6.4.42) _ _ ~ (6.4.38)
0 < FOo)—gw) < fon—& < 4 Cup t=1 (6.4.44)

6.4.5 Strong Convexity of the Composite Term

In this section, we assume that the function ¥ in problem (6.4.1) is strongly convex
(see Sect.3.2.6). In view of (3.2.37), this means that there exists a positive constant
oy such that

W(tx+(1—1)y) < @)+ (1 -G — jout(l —1)|x — y|?
(6.4.45)

forall x,y € Q and t € [0, 1]. Let us show that in this case CG-methods converge
much faster. We demonstrate this for method (6.4.12).
In view of the strong convexity of ¥, the variational principle (6.4.8) character-
izing the point v; in method (6.4.12) can be strengthened:
W(x) + (V). x —v) = W)+ s0ullx — % xeQ. (6.4.46)

Let V be defined as in (6.4.14). Define

~ t a}iﬂv G2 D%
Bui=aoVo+ | X o ) 36, » 120 (6.4.47)
k=1 “k
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482 6 The Primal-Dual Model of an Objective Function

Theorem 6.4.3 Let the sequence {x;};>0 be generated by method (6.4.12), and
assume the function ¥ is strongly convex. Then, for any v € (0, 1], any step t > 0,
and any x € Q we have

t

A (f () + W (xp)) < kz ar[f (x) + (V. f (), x — xi) + ()] + By
=0
(6.4.48)

Proof The beginning of the proof of this statement is very similar to that of
Theorem 6.4.1. Assuming that (6.4.48) is valid for some ¢ > 0, we get the following
inequality:

t+1

> aklf () + (Vf(xx), x — xx) + ¥ ()] + By,
k=0

> Apt (fr41) + 1) + a1 [W () — W (vr) + (VS (xr41), x —vp)].
Further,
Y(x) =¥ () +(Vf(xeg1), x —vp)

(6.4.46) | )
> (Vo) = V@), x —v) + 00 lx — vl

“2Y IV ) - VG2
- 20y t+1 t) %
©43 | rav, 2
= T 209 (AtirH GUDU) ’

Thus, to ensure that (6.4.48) is valid for the next iteration, it is enough to choose

A A 1 ai o
Byiy1 = Bui+ o5, v GLD. O
+1

It can be easily checked that in our situation, the linear weights strategy a; = ¢ is

not the best one. Let us choose ¢; = 12,7 > 0. Then A; = ’(’+1)6(2’+1), and we get
t t
N N 62V 2(1+2v) G2 D% 2 2(1—v) G%DZV
By, = <k¥1 k2v(k+1)2V(2k+1)2v> 2oy = |3 k; k 20w

©49 gip» 3w £33
— 20y 3—2v

Yz g (t+ 1y3-2 _ (] 3= Gip>
T 2 2 209
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6.4 Minimizing the Local Model of an Objective Function 483

Thus, for v € (0, 1), we get , Bv, < O(17%"). For v = 1, we obtain

= GZDZ
FO) = F&) < (it ooy - (6.4.49)

which is much better than (6.4.19). This gives us an example of acceleration of the
Conditional Gradient Method by a strong convexity assumption.

6.4.6 Minimizing the Second-Order Model

Let us assume now that in problem (6.4.1) the function f is twice continuously
differentiable. Then we can apply to this problem the following method.

Composite Trust-Region Method with Contraction

1. Choose an arbitrary point xg € Q.

2. For ¢ > O iterate: Define the coefficient t; € (0, 1] and choose

See1 € Argmin { (VG y = x1) + 3 (V2 =50,y = x)

fUG): ye(l—t)x +1x, x€Q }

(6.4.50)

Note that this scheme is well defined even if the Hessian of the function f is
positive semidefinite. Of course, in general, the computational cost of each iteration
of this scheme can be big. However, in one important case, when ¥ (-) is an indicator
function of a Euclidean ball, the complexity of each iteration of this scheme is
dominated by the complexity of matrix inversion. Thus, method (6.4.50) can be
easily applied to problems of the form

min{f(x) : lx = xoll = r}, (6.4.51)

where the norm || - || is Euclidean.
Let H, < +o00 for some v € (0, 1]. In this section we assume that

(V2f(x)h,h) < L||h|>, xe€Q, heE. (6.4.52)
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484 6 The Primal-Dual Model of an Objective Function

Let us choose a sequence of nonnegative weights {a;};>0, and define in (6.4.50)
the coefficients {t;};>¢ in accordance with (6.4.13). Define the estimating functional
sequence {¢;(x)};>0 by recurrent relations (6.4.26), where the sequence {x;};>0 is
generated by method (6.4.50). Finally, define

N t 24 2t r 2
Cor = apA(xo) + (2 Aky) Ay + (; z‘jgfk> LD?. (6.4.53)

In our convergence results, we also estimate the second-order optimality measure
for problem (6.4.1) at the current test points. Let us introduce

def
(x) = max((V.f (). x = y) = WV F@(y —x),y —x) + ¥ (@) — ¥ ().
(6.4.54)
For any x € O we have 8(x) > 0. We call 6(x) the toral variation of the quadratic

model of the composite objective function in problem (6.4.1) over the feasible set.
Defining

Fe() = p(V2 )y —x),y —x) + ¥ (),

we get (x) = (Fx)* (V) (sce definition (6.4.21)

Theorem 6.4.4 Let the sequence {x;};>0 be generated by method (6.4.50). Then,
forany v € [0, 1] and any step t > 0 we have

AfGn) < () + Cory x € Q. (6.4.55)
Moreover, for any t > 0 we have
- - 2+v
FO) = FOe) = w00) — (0L 7 (6.4.56)
Proof Let us prove inequality (6.4.55). For t = 0, C,.0 = aol f(x0) — f(x:)].
Therefore, this inequality is valid.
In view of Theorem 3.1.23 the point x;4; is characterized by the following
variational principle:
X1 =0 —1)x + 70, v €Q,

W)+ (V) + V2 F ) et = X0,y = Xet1) = W (xet1),

Vy=0—-1)x:+17x, x¢€Q.
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6.4 Minimizing the Local Model of an Objective Function 485
Therefore, in view of definition (6.4.13), for any x € Q we have
a1 (VG x —xi) > A t{V () + V2 £ ) (g1 — Xe), Xp 1 — 1)
+at+1(V2f(xt)(x,+1 — Xt), Xt — X)

FA 1 [P ) — V(A = )xr + 1 x)]

(6.4.52) .
= A (VI + ) VEF ) (et — X)), X1 — Xe)

2
_ _ _ 4 2
FA 1 [W (1) — (= t)xs + 11 x)] 24,4, LD

Hence,

A f ) + a1l f ) + (V) x —x;) + W (x)]

> AW )+ A L ) + (VF () + 3V F () (gt — X0, X1 — X0)]

2
a1 W () + A1 [P (rs1) — Y (1= )% + 5x)] — 0 LD?

2A141
(6.4.6) H,||x 124y 2
1=l 41 2
> At+1[f(-xt+1) + W(xt-‘rl)] - At+1 v(l_;_:)(z_'r_u) - 214;:;1 LD
2+v 2
r _ At . HI)D2+U _ Es] 2
> At+1f(xt+l) Arlilv (14v) (2+v) 24,41 LD-.

Thus, if (6.4.55) is valid for some ¢ > 0, then

Gri1(0) + Cos = Acf () +arp £ () + (V). x — x0) + ¥ (x)]

24v 2
r _ At HI)D2+U _ Es| 2
Z A1 f (1) AlTy T )24 241 LD

2+ 2
ar+lv . Hy DXV + i1 LD2
ArHlv (I4+v)(2+v) 2A141 '

In order to justify inequality (6.4.56), let+ us introduce the values

Therefore, we can take Cy, ;41 = Cy s +

o(r) & Qag{(Vf(xt),x,—w—;<v2f(xt>(y—x,),y—xt>
FW () — W) y=(—1)x +1x)

(6422) (Fxf)jx,,Q(vf(x’))’ T €0, 1].
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486 6 The Primal-Dual Model of an Objective Function

Clearly,

—0r(w) = min{{V f (x1). y —x) = WUV FOD (= x), y — 1)

P ) W) iy =1 —w)x + 1x)
= (VL) X1 — X0) = 5 (V2 F ) (ot — X0), X1 — X)

+ (xr41) — ¥ (xr)

(6.4.6) — - H
> [y — fOa) — (1+U)(1)2+v) lxr41 — xt||2+v-

Since ||x;4+1 — x¢|| < 7; D, we conclude that

- - DM gy (6423 HD 2
f(xt) - f(xtJrl) Z et(tt) (14 (2+4) Ty i Z Ttg(xt) - (1+U)(2+U)Tt +v. o

Thus, inequality (6.4.55) ensures the following rate of convergence of method
(6.4.50)

o) = fe) < 4 G (6.4.57)

A particular expression of the right-hand side of this inequality for different values
of v € [0, 1] can be obtained in exactly the same way as it was done in Sect. 6.4.2.

Here, we restrict ourselves only to the case when v = 1 and a; = t2,t > 0. Then
At — t(t+1)6(2t+1) and

! 3

t
%o 36k0 -
1;1 a ,;1 K2(k+1)2Qk+1)2 = 18t,

- a : 3 3 3
Looa, = Losgenakeny S 2 L k=414,

Thus, we get

- - 3
Jou) = flx) = (lergll)q(lzlr)H) + 2?2L£21)' (6.4.58)

Note that the rate of convergence (6.4.58) is worse than the convergence rate of
cubic regularization of the Newton method (see Sect. 4.2.3). However, to the best of
our knowledge, inequality (6.4.58) gives us the first global rate of convergence of
an optimization scheme belonging to the family of trust-region methods. In view
of inequality (6.4.55), the optimal solution of the dual problem (6.4.41) can be
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6.4 Minimizing the Local Model of an Objective Function 487

approximated by method (6.4.50) with ap = O in the same way as it was suggested
in Sect. 6.4.4 for Conditional Gradient Methods.

Let us now estimate the rate of decrease of the values 6(x;), t > 0, in the case

6.4.13
when v = 1. Note that 7, %" an = (tfz(;(g}i”

coefficients satisfy the following inequalities:

It is easy to see that these

Sisn < ,5 120 (6.4.59)

Therefore, choosing the total number of steps 7 = 2¢ 4 2, we have

T (6.4.59) 2142 | (6410
Su = 3Zk+3 >  3In2,

k=t k=t
i (6459) 2142 27 (6‘4<‘11) oz 2t+5/2
— = (k+5/2)3  — 2(k+5/22 ;-1 /2 (6.4.60)

27 11 _ 27 4 1
2 [e+2?2 T @45 T 2 [(T+2)?2  (T+3)?

2IBT+8)(T+4)  _ 31
2T+2)2(T+3)2 — 2(T+D(T+2)"

Now we can use the same trick as at the end of Sect. 6.4.2. Define

0% = min 6(x;).
T = min (xr)

Then
3 ) (645) roo_ _
omn kP fe = @0 2 X () = Fae)
(6.4.56)
> 0; Z — P’ Z
k=t =

T ATHI)(TH2) "

Thus, for even T', we get the following bound:

3 [ 4H, D3 3H, D? LD?
07 < In2 [T(Tfl) + 4(T+1)(T+2) + 2(T— 1)]

(6.4.61)

3 [SHID T LD? ]
In2 | 7(rT-1) T 2T—=1)
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Chapter 7 )
Optimization in Relative Scale s

In many applications, it is difficult to relate the number of iterations in an
optimization scheme with the desired accuracy of the solution since the corre-
sponding inequality contains unknown parameters (Lipschitz constant, distance to
the optimum). However, in many cases the required level of relative accuracy is
quite understandable. To develop methods which compute solutions with relative
accuracy, we need to employ internal structure of the problem. In this chapter,
we start from problems of minimizing homogeneous objective functions over a
convex set separated from the origin. The availability of the subdifferential of this
function at zero provides us with a good metric, which can be used in optimization
schemes and in the smoothing technique. If this subdifferential is polyhedral, then
the metric can be computed by a cheap preliminary rounding process. We also
present a barrier subgradient method, which computes an approximate maximum
of a positive convex function with certain relative accuracy. We show how to apply
this method to solve problems of fractional covering, maximal concurrent flow,
semidefinite relaxation, online optimization, portfolio management, and others.
Finally, we consider a class of strictly positive functions, for which a kind of quasi-
Newton method is developed.

7.1 Homogeneous Models of an Objective Function

(The conic unconstrained minimization problem; The subgradient approximation scheme;
Structural optimization; Application examples: Linear Programming, Minimization of the
spectral radius; The truss topology design problem.)
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490 7 Optimization in Relative Scale
7.1.1 The Conic Unconstrained Minimization Problem

Quite often, in the theoretical justification of convex optimization methods it is
assumed that problems have bounded feasible sets. Besides its technical conve-
nience, this assumption allows us to introduce a reasonable scale for measuring the
absolute accuracy of an approximate solution. In the cases when the initial problem
does not possess this property, some algorithms require an artificial bounding of
the domain (the “big M” approach). This approach is, perhaps, acceptable for
polynomial-time methods, where the “big M” enters the complexity estimates only
inside a logarithm term (see Chap.5). However, it is clear that for gradient-type
methods, such a strategy cannot work.

In fact, this is almost a philosophical question: Do the problems with unbounded
feasible sets really arise in practice? And if so, how they should be treated? Actually,
there is at least one, very important class of such problems, namely, the problems
obtained by Lagrangian relaxations of inequality constraints (see Sects. 1.3.3 and
3.1.7). If there were some reasonable bounds on the dual variables for these
constraints, then it would be natural to incorporate them into the primal problem.
Then, instead of constraints in the primal problem, we could have an additional
term in the objective function.

Another difficulty is related to the way of bounding unbounded feasible sets.
It is not always possible to find a reasonable localization set a priori, without
collecting additional information on the topology of the problem by some auxiliary
computations.

In this chapter, we suggest an alternative way of treating the convex minimization
problems. Namely, we are going to compute their approximate solutions in relative
scale. We will see that this idea works at least for a special class of conic
unconstrained minimization problems.! These are the problems of minimizing a
positively homogeneous convex function over a convex set, which is separated from
the origin. In order to compute an approximate solution to this problem with a
certain relative accuracy, we need to know a John ellipsoid for the subdifferential
of the objective function evaluated at the origin. We will see that in many cases
all necessary information about the objective function can be easily obtained by
analyzing its structure.

In what follows, we say that the value f(x) approximates the optimal value f* >
0 with relative accuracy § if

ff2f@ = d+9 "
In this chapter, it is convenient to use the following notation for the balls in E
with respectto || - ||

Bij(r)={x ek: x| <r}

1By this term we mean problems with no functional constraints.
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7.1 Homogeneous Models of an Objective Function 491

The notation 7 g . (x) is used for the projection of a point x onto the set Q with
respect to the norm || - ||. For the sake of notation, if no ambiguity arises, the
indication of the norm is omitted.

Finally, in the case E = R", I,, denotes the unit matrix in R”, e¢; denotes the ith
coordinate vector, and e;, stands for the vector of all ones. For an n x n matrix X we
denote by A1(X), ..., A, (X) its spectrum of eigenvalues numbered in decreasing
order.

The most general form of the optimization problem considered in this section is
as follows:

Find f*= xnellin fx), (7.1.1)

where f is a convex positively homogeneous function of degree one (see the end of
Sect.3.1.6), and Q1 C E is a closed convex set, which does not contain the origin.
In many applications, the role of O is played by an affine subspace

L ={xekE: Cx =b},

where b € E1, b # 0,and C : E — E;. Without loss of generality, we can assume
that C is non-degenerate.
Our main assumption on problem (7.1.1) is that

dom f=E, 0 eintdf(0). (7.1.2)

In other words, we assume that f is a support function of a convex compact set
containing the origin in its interior. Then f* > 0, and the problem of finding
an approximate solution to (7.1.1) with a certain relative accuracy becomes well
posed. In what follows, we call the setting (7.1.1), (7.1.2) the conic unconstrained
minimization problem.

Note that any unconstrained minimization problem

rynEiIrE1¢(y),

with convex objective ¢ (-), can be rewritten in the form (7.1.1) by simple homoge-
nization:

x=W,1)eExRy, fx)=rt¢(y/1), Cx=1, b=1
(see Example 3.1.2(6)). However, in general, we cannot guarantee that such a

function satisfies assumption (7.1.2).
Let us look at the following examples.
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Example 7.1.1 Let our initial problem consist in finding approximately an uncon-
strained minimum of the function

boo(y) = max |(a;,y) +c?P|, yeR"L
1<i<m

ai

Let us introduce x = <y),and€z,~ = ( (i)),i =1,...,m.Let
T c

AT =(a1...,4m)., Foolv) = max [@],
1<i<m

p=1, C=(0,...,0,1), b=1.
(n— B:imes

Then for positive T we can define

F(x) =100 (y/7) = Foo(Ax), Q1 = Z.

Thus, this description of f(-) can be extended onto the whole space.
In a similar way, for the function

m .
H (=Y lai,y) +c?|, yeRL,
i=1

we can get a representation (7.1.1), which satisfies (7.1.2). In this case, we use
f(x) = F1(Ax) with
m .
Fi(v) = Y v,

i=1

However, for the function
¢(y) = max {{a;,y)+c?P}, yeR"™,
1<i<m

the above lifting cannot guarantee (7.1.2). O

Let us fix some norm || - || in E, and define the dual norm in the standard way:
* = max (s, x), e E*.
llgll wwﬁ b 8 (7.1.3)

Then we can rewrite our main assumption (7.1.2) in a quantitative form. Let yp < y;
be some positive values satisfying the following asphericity condition:

By x(yo) € f(0) C By« (y1). (7.1.4)
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Thus, by (7.1.2) we just assume that such values are well defined. Note that these

values depend on the choice of the norm || - ||. In the sequel, this choice will always
be evident from the context.
Denote by
_ "
o= < 1,

the asphericity coefficient of the function f. As we will see later, this parameter is
crucial for complexity bounds of finding approximate solutions to problem (7.1.1)
with a certain relative accuracy.

Note that in many situations it is reasonable to choose || - || as an ellipsoidal norm.
In view of John’s theorem, for a good variant of this norm we can guarantee that

1
o>, (7.1.5)
where n = dim E. Moreover, if 9f (0) is symmetric:
fx) = f(—x) Vx ek,
then the lower bound for ellipsoidal norms is even better:
1
az g, (7.1.6)
(We will prove both variants of John’s Theorem in Sect. 7.2.) Of course, it may be
difficult to find a norm which is good for a particular objective function f. However,
in this case we can try to employ our knowledge of its structure.

For example, it may happen that we know a self-concordant barrier ¥ (-) for the
convex set df (0) (see Sect.5.3), and Vi/(0) = 0. Then we can use

lol* = (v, Vg ©@u)' 2, llxll = (V21 x,x) 72
In this case, it is possible to choose
w=1 yi=v+2,
where v is the parameter of the barrier ¥/ (-) (see Theorem 5.3.9).

For some important problems the subdifferential 0/ (0) is a polyhedral set. Then
the following result may be useful.
Lemma 7.1.1 Let f(x) = 1max (ai, x), x € R". Assume that the matrix

=i=m

Az(ala-'-aam)
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m
has full row rank and y_ a; = 0 (thus, m > n). Then the norm

i=1
1/2
x|l = [Z ai, x }

is well defined . We can choose y1 = 1 and yy = \/m(infl)'

Proof Note that the matrix G = Z a;a! is non-degenerate. Then
i=1

lol* = (v, G 1v)1/2
(see Lemma 3.1.20), and therefore for any i = 1, ..., m we have

(lail)? = (@, G™'ai) = max(2(a. x) - (Gx. x))

m
= max{ (ai, x) = > {ak, x }

xeR"

< max{2{a;, x) — (a;, x)*} =
xeRn

Since 9f (0) = Conv {a;, i = 1,...,m}, we can take y; = 1.

m
On the other hand, for any x € R” we have ) (a;, x) = 0. Therefore,
i=1

m

(Gx,x) = Y {aj, x)?

i=1

< max {2:(5“(’))2 Zs(’) =0, sO < f(x), .,m}.

seR™ ;=1 i=l1

In view of Corollary 3.1.2, the extremum in the above maximization problem is
attained, for example, at

= f(x) - (em —mey).

This means that (Gx, x) < m(m — 1) f2(x). Hence, f(x) > \/m”(ﬂ‘_l). In view of

representation (3.1.41), this justifies the choice yp = O

1
Jm@m—1)"
The possibility of employing another structural representation of problem (7.1.1)
is discussed in Sect. 7.1.3.
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Let us conclude this section with a statement which supports our ability to solve
problem (7.1.1) with a certain relative accuracy.

Denote by xp the projection of the origin onto the set O with respect to the
norm || - ||2:

lxoll = min llx1l.
Theorem 7.1.1
1. For any x € R", we have
vo-llxll < fx) < yi-lxll. (7.1.7)

Therefore the function f is Lipschitz continuous on E in the norm || - || with
Lipschitz constant y. Moreover,

af(xg) <yo-lxoll < f* < f(xo) < v1- lIxoll. (7.1.8)

2. For any optimal solution x* to (7.1.1), we have

o —x*l < 2 f* < fxo). (7.1.9)
If the norm || - || is Euclidean, then this inequality can be strengthened as follows:
llxo —x*|l < ) f* < fxo). (7.1.10)
Proof For any x € E, we have
3.1.4
fy O 51 x{(v,x) 1 v e df (0} = max{(v,x): ve B} = rllxl,
(3.1.41)
) =" max{{v, x) 1 v € If () = max{(v,x): ve By} = nllxl.

Therefore, for any x and & € [E, we have

Jx+h < f)+ f(h) = f(x)+yilhl.

Moreover,

f*=min f(x) > mm yollx Il = yollxoll.
xeQi €01

2Recall that this can be any general norm.
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Hence, in view of (7.1.7) we have
f* = wlixoll = af(xo),

f* < f(x0) < yillxoll.

In order to prove the second statement, note that in view of the first item of the
theorem we have

2
lxo = x*I < llxoll + ™Il = - /™

For the Euclidean norm |x|| = (Gx,x)!/? with G > 0, this bound can be

(2.2.39)
strengthened. Indeed, in this case (Gxg, x* — x9) > 0. Therefore,

2 2 2 2 2
X0 — x*[I7 = llxolI” — 2(Gxo, x™) + x™[I7 < Ix™[I" — lIxoll

< Ix*)12. O

7.1.2 The Subgradient Approximation Scheme

Let us discuss now different possibilities for finding an approximate solution to
problem (7.1.1). For the sake of simplicity, we assume that the norm || - || is
Euclidean.

The first of our schemes is based on the standard Subgradient Method for
minimizing non-smooth convex functions. Denote by g(x) an arbitrary subgradient
of the function f at point x. Consider the simplest variant of the Subgradient Method
as applied to problem (7.1.1).

Subgradient Method G y (R)

for k :=0to N do: Compute f(xx) and g(xx).
(7.1.11)

. _ R g
Xk4+1 = TTQ, (xk VN+1 Hg(Xk)H*)'

Output: x = argmin{f(x): x =xp,...,XN}.
X
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In what follows, the output of this process x € E is denoted by G (R). In view of
Theorem 3.2.2, the rate of convergence of this method is as follows:

FGN@R) = f* < i o PR (7.1.12)

Thus, in order to be efficient, the Subgradient Method needs a good estimate for the
distance between the starting point xo and the solution x*:

R ~ |lxo — x™||.

In our case, this estimate could be obtained from the first inequality in (7.1.10).
However, since the value f* is not known in advance, we will use the second part
of this inequality:

def

pE ) fxo) = llxo— x|l (7.1.13)

The performance of the corresponding scheme is given by the following statement.

Theorem 7.1.2 For a fixed § from (0, 1), let us choose
N = La}azJ . (7.1.14)

Then f(Gn(p)) < (148) - f*

Proof In view of inequality (7.1.12), the choice (7.1.14) and inequali-
ties (7.1.10), (7.1.8), we have

llxo — x*)1* + 52

. < a*y1p = adf(xo)
2p

F(GN(P)) — f* < a®sy

<8 f* O

Note that we pay a high price for the poor estimate of the initial distance. If
we were be able to use the first part of inequality (7.1.10), then the corresponding
complexity bound could be much better. Let us show that a better bound for the
distance to the optimal solution can be derived from the trivial observation that
f* < f(x) for any point x from Q.

Denote by § € (0, 1) the desired relative accuracy. Let

1\'}_ e 1 12
—_ az'(+5> )
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where e is the base of the exponent. Consider the following restarting strategy. Set
Xo = xg, and for ¢t > 1 iterate

% =Gy (yl()f(frq)) ;
(7.1.15)
if f(%) > Jle f(%;_1) then T := rand Stop.

Theorem 7.1.3 The number of points generated by the process (7.1.15) is bounded:
T <1+2ln]. (7.1.16)

The last generated point satisfies the inequality f(x7) < (1 + 8) f*. The total
number of lower-level gradient steps in the process (7.1.15) does not exceed

;z-<l+§)2-(1+21n;>. (7.1.17)

Proof By simple induction, it is easy to prove that at the beginning of stage ¢
in (7.1.15) the following inequality holds:

L\l )
(W) fxo) = f(xi—1), =1
Thus, in view of inequality (7.1.8), at the last stage T of the process we have
1 -1 ~ *
(L) fGo = fGron = f* = afGo).

This leads to inequality (7.1.16).
In view of (7.1.10), we have ||xg — x*|| < 10 f* < 10 f(X7_1). Therefore, at the
last stage of the process, using (7.1.12) and the termination rule in (7.1.15), we get

JE=fr= p Gy = G

IA

115 : f()eT) o

7.1.3 Direct Use of the Problem Structure

In Sect.7.1.2 we have shown that the outer and inner ellipsoidal approximations
of the set df(0) are the key ingredients of minimization schemes for computing
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an approximate solution to problem (7.1.1) in relative scale. However, in order to
find an ellipsoidal norm, which is good for our problem, we need to employ its
structure somehow. In this section, we introduce a model of problem (7.1.1) which
is suitable both for the explicit indication of such a norm and for applying the
smoothing technique described in Sect. 6.1. We will see that the efficiency of the
latter approach significantly dominates that of the Subgradient Method.

Since the objective function f in problem (7.1.1) is positive homogeneous, the
simplest possible structure of such an object could be as follows. Let us assume that
the objective function f is a composition of two objects, a linear operator A(x) and
a simple nonlinear convex homogeneous function F. In other words, assume that
f(x) = F(A(x)). Let us introduce this object in a formal way. In this section we
switch to the notation of Sect. 6.1, choosing E; = R” and E; = R™.

Let Q> be a closed bounded convex set in R™ containing the origin in its interior.
Define a convex homogeneous function F as follows:

F(v) = max (v, u)gm. (7.1.18)
ueQs

Further, let A be an m x n-matrix which has a full column rank (thus, m > n).
Define the objective function

f(x) = F(Ax), xeR". (7.1.19)

Clearly, f is a convex function with degree of homogeneity one. Our problem of
interest is still (7.1.1), which we repeat for convenience here:

Find f* = miQn f(x). (7.1.20)
xe

Since dF(0) = Q,, we have 3f(0) = AT Q> (see Lemma 3.1.11). Thus,
problem (7.1.20) satisfies the main assumption (7.1.2).
Let || - ||[rm denote the standard Euclidean norm in R":

m 2 1/2
||u||Rm=[z(u<l>)} . ueRrm

i=1

Let us introduce the following characteristics of the function F:

v(F) = I}lféi{r D Bjjem (r) S 9F(0)},
Vi(F) = I}Lig{r D Bjjgm (r) 2 F(0)},

a(F) =100 > 1.
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For the sets from Example 7.1.1, these values are as follows:

wF) =, nF) =1 aF)=m.

(7.1.21)
W(Foo) = 1, y1(Foo) = /m, a(Foo) = /m.
Let us define now the following Euclidean norm in the primal space:
lxler = IAxllf. xR (7.1.22)

Since A is non-degenerate, this norm is well defined. Defining G = AT A > 0, we
get the following representations:

m 1/2
Ixllge = (Gx, x)!/* = [ <a,»,x>2} ,
i=1 (7.1.23)
Igllk. = (g, G 1g)!/2,
where a;,i = 1, ..., m, denote the columns of the matrix A7

Lemma 7.1.2 For norm || - ||re, condition (7.1.4) holds with

vo=y(F), vyvi=nF).

Yo(F)

Thus, we can take @ = a(F) = M)

Proof Since 3f (0) = AT 0>, we have the following representation for the support
function of this set:

E(x) & max (s, x)pr = max(ATu, x)gn = max(Ax, u)gn.
seaf(0) ueQ» ueQo

Thus,

E(x) < max (Ax,u)gm = yi(F)|[Axllgn = yi(F)lx|rn,
llull2<y1(F)

§() = max (Ax,u)pn = Yo(F)Ax|gn = vo(F)lx|gs.
i llzm <yo(F)

Hence, in view of Corollary 3.1.5, 9f(0) C BH-HT()’l(F)), and 9f(0) 2
By (yo(F)). O

Note that for many simple sets Q», parameters y;(F) and yo(F) are easily
available (see, for example, (7.1.21)). Therefore, metric (7.1.23) can be used to
find an approximate solution to the corresponding problems by the Subgradient
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Method (7.1.15). However, the main advantage of representation (7.1.19) is related
to the possibility of employing the smoothing technique of Sect. 6.1. Let us show
how this can be done.

Problem (7.1.20) differs from problem (6.1.10) only in one aspect: it can have an
unbounded primal feasible set. Thus, a straightforward application of the efficient
smoothing technique to (7.1.20) is impossible. However, we can introduce an
artificial bound on the size of the optimal solution using the information provided
by inequality (7.1.10). Define

01(p) ={x € Q1: llx —xollrr < p}.

In view of (7.1.10), we have x* € Q1(p) for p =
lem (7.1.20) is equivalent to the following:

" (IF) f (x0). Thus, prob-

Find f* = min{f(x): x € 01(p)}

= min  max (Ax, u)gm
x€Q1(p) ueQ: ( ) (7.1.24)

(6.1.34)
= max{¢ps(u) : u € Qr},
ueRm

where ¢, (1) = Iglr(l )(Ax, u)rn. Thus, we have managed to represent our problem
x€01(p

in the form required by Sect. 6.1.

Let us introduce the objects necessary for applying the smoothing technique. In
the primal space, we choose the prox-function dj (x) = ; lx — x0 ||H2Q,, . This function
has convexity parameter equal to one. Its maximum on the feasible set Q1(5) does
not exceed D = ;,62.

Similarly, for the dual feasible set, we choose dx(u) = ; lu ||]%w. Then its
convexity parameter is one, and the maximum of this function on the dual feasible
set Q7 is smaller than D, = éylz(F ). It remains to note that

IAl2 = max{{Ax, e lxllee < 1 fuflze < 1)
= max{[|Axllg. : [x[re < 1) (7.1.25)
(7.1.22)
=" max{[lxflge : flxflre < 1} = 1.

For the reader’s convenience we present here the algorithm (6.1.19) adopted
for our needs. This method is applied to a smooth approximation of the objective
function f:

fulx) = man{(Ax, wrm — udr(w)}, x eR". (7.1.26)
ues
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In view of Theorem 6.1.1, this function has Lipschitz continuous gradient

Vi) = ATu,(x),

where 1, (x) is a unique solution to the optimization problem in (7.1.26). In view of
equality (7.1.25), the Lipschitz constant for the gradient is equal to }L

Method Sy (R)

2R

Y1 (F)-yN (1) 20 V0 = Xo.

Set 1 =

fork :=0to N — 1do
Yk = kizxk + kiz”kf
uyu (yx) = arg max {(Ayg, u)yrm — 4 lul%n}.
ueQn

k.
Vkrl = argxeanilr(lR) { 21M lx — xol%a + (Ax, b ’nguu(yi))ﬂw} ,

=

k 2
Xkt = phpXk T 1o Vkr1-

QOutput: x := xy.
(7.1.27)
In what follows, we denote the output x € R” of this process by Sy (R). It is easy to

check that all conditions of Theorem 6.1.3 are satisfied. Thus, if ||xg — x*||rr < R,
then the output of this process satisfies inequality

FN@R) = fr < 00 (7.1.28)

This observation has an important corollary.

Theorem 7.1.4 For§ € (0, 1), let

N = Lﬂé)aJ- (7.1.29)

Then £ (Sn (b £G0))) = (1 +8) 1%,
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] (7.1.10) (7129,
Proof Since ||xg—x*||gn < J/O(F)f(xo),andN—}—l > from (7.1.28)

aZ(F) 8’
and (7.1.8) we have

JONR) — f* =8 -a(F)f(xo) =5 f* o

Note that the complexity bound (7.1.29) of the scheme (7.1.27) is lower even than
the bound of the Subgradient Method (7.1.15) with a recursively updated estimate
for the distance to the optimum. Let us show that a similar updating strategy can
also accelerate scheme (7.1.27).

Let § € (0, 1) be the desired relative accuracy. Let

y 2e 1
8= (1+3)]:
Consider the following restarting strategy. Set X9 = xo. For ¢ > 1 iterate

X = S]\"] (YO(lp)f(ft—l)> ; 7130

if f(x;) > ;f(i,,l) then T := 7 and Stop.

Theorem 7.1.5 The number of points T generated by scheme (7.1.30) is bounded
as follows:
1
T <1+1In w(F)" (7.1.31)

The last generated point satisfies inequality f(X7) < (1 + 8) f*. The total number
of lower-level steps in the process (7.1.30) does not exceed

2e 1 1
i (143) - (14m ) (7.132)

Proof By simple induction it is easy to prove that at the beginning of stage ¢ the
following inequality holds:

1\ ~! .
(1) ro0 = G, 1=

Thus, in view of Item 1 of Theorem 7.1.1, at the last stage T of the process we have

1 r=1 N *
(D) reo0z fGro = £7 = e foo),

This leads to inequality (7.1.31).
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Note that ||xg — x™|| < yo(lF)f* < yo(lF)f()?T,l). Therefore, at the last stage
of the process in view of inequality (7.1.28) and the termination rule in (7.1.30) we
have

P Y0 NS T 2 poe

FG&r) = f* < N+l vo(F) SGr-1) =< a(F)-(N+1) FQxr)
< 8 ?

= 145 f(xT)- d

7.1.4 Application Examples

In this section, we discuss the complexity of implementation of the schemes
presented in Sect.7.1.3 as applied to different structural classes of optimization
problems.

7.1.4.1 Linear Programming

Let A be an m x (n — 1)-matrix, m > n, which has a full column rank. For a given
vector ¢ € R™, consider the following optimization problem:

Find f* = max {(C,u): ATu=0, u? <1, i= 1m} (7.1.33)

ueRm
This problem is non-trivial only if the column rank of matrix A = (A, c)is equal to

n, which we assume to be true.
Problem (7.1.33) can be rewritten in the adjoint form. Define

1) = max {teon) + 0 ATy s WO 1= 1) = 3 @)+l
=1

max
ueR™ i
where a; are the columns of the matrix AT . Then
f*= min ¢1(y).
yER"fI
In Example 7.1.1 we have already seen that the latter minimization problem can be
m .
represented in the form (7.1.19)=(7.1.20) with x = (y7, 7)7, and F; (v) = Y_ [v?|.
i=1
Thus,

O ={uelkR": W <1,i=1,...,m).
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w2
Choosing [u|l2) = [Z(u(’))z} , we get
i=1

W(F) =1, 7i(Fo) = m, a(Fo)= ).

Therefore, in view of Theorem 7.1.5, in order to estimate f* with relative accuracy
8 € (0, 1) we need at most

2e-m2- (14 Jinm) - (14})

iterations of the scheme Sy (R).

For this method, we need to compute and invert the matrix G = ATA If A is
dense, this takes O (n%m) operations. Further, each iteration of the scheme Sy (R)
requires O (nm) operations:

* Multiplication of matrix A by yi takes O (mn) operations.

* Since the set Q> and the norm ||u||g» have separable structure, computation of
u; (xx) needs O (m) operations.

+ Computation of vy, | needs one multiplication of A7 by a vector, and finding the
projection onto a set with representation

Q1(R)={xeR": Cx =1, [Ix|r <R}

in the Euclidean metric | - ||g». Since C € R'*”, such a projection can be found
by a closed-form expression.

Thus, the total amount of computations in the scheme is of the order of

0 (n2m + 1 oam!s 1nm) (7.1.34)

operations. The first ingredient of this estimate is dominant when § > ‘/nm Inm.

Note that for problem (7.1.33) we can apply a standard short-step path-following
scheme (5.3.25). Each iteration of this scheme needs O (n2m) operations. Therefore
its worst-case efficiency estimate is as follows:

O (n’m'SIn"}). (7.1.35)

Another possibility is to solve this problem by the ellipsoid method (3.2.53). In this
case, the total complexity of its solution is

O (n*miIn'}). (7.1.36)
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Comparing the bounds (7.1.34), (7.1.35), and (7.1.36), we conclude that the
scheme (7.1.30) is the best when § is not too small, say

5 > O(IIZmax’l,*{lm]).

7.1.4.2 Minimization of the Spectral Radius

Denote by S” the space of symmetric n x n-matrices. For X € §", we can define its
spectral radius:

p(X) = [max 12 (X)].

<i<n

Note that this function is convex on S”. For a vector of decision variables x € R?,
let us introduce a linear operator A(x):

P ,
Ax) = xDA; e S
i=1

Now we can define the following objective function in problem (7.1.20):
F(x) = p(Ax)). (7.1.37)

Assume also that the constraints in problem (7.1.20), (7.1.37) are linear and very
simple. For example, it could be x(V = 1.

In order to treat the problem (7.1.20), (7.1.37) we need to represent the upper-
level function p(X) in a special form (7.1.18). Let

Q2={X€S"i ilki(X)lsl}.

i=1
Let us endow the space S" with the standard Frobenius norm:

1/2 def & () v j) "
IXIlF =(X,X)/", (X,Y)p = > X®Dy®") X yeS".
i j=1

Lemma 7.1.3 Let Q> be a closed convex set such that

By, (jn) C 0> C By, (1). (7.1.38)

Moreover, p(X) = max (X, U).
UeQ»
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Proof For any X € §", we have:

p(X)=min{r: tl, = X, tl, > —X}
reR

=min max [t+ (X —tl,,Y1)F — (X +11,, Y2)F]
TeR Y1,Y2>0

= max (X, Y1 —Yo)r: (I, Y1+ Y2)F =1}.
Y1,Y2>0

LetU =Y, —Yand V =Y + Y». Then

p(X) = max{(X,U)r, U € Q},
UeSn

where Q ={U : 3V = xU, (I,, Vir = 1}. It is clear that the set Q is closed,
convex and bounded. Let us prove that O = Q>.
Indeed, we can always represent U by its orthogonal basis of eigenvectors:

U=BABT, BBT =1,

where A is a diagonal matrix. Assume that U € Q5. Define a diagonal matrix A
with the following diagonal entries:

A . P n PR
ACD = | ACD | /[ [AVD)), i=1,...,n.
j=1

Then V = BAB” > U and (I,, V) = 1. Thus Q; € Q.
Conversely, if U € Q, then there exists a V € S” such that BTVB = +A.
Therefore

(Vbi,bi)r > |AUD| i=1,...,n,

where b; are the columns of the matrix B. Hence,

1= (I,,V)r =(BBT,V)p =(I,, BTVB)p =

-

(Vb;, bi)F Z 1A (U)].

Thus, Q C Q> and we conclude that Q = 0».
It remains to prove inclusion (7.1.38). Indeed, if ||U||F < ,»thatis Z AZ(U) <

1 , then
n

n n 1/2
> 1)) < /n- [Z A?(U)} < 1.
i=1 i=1
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2
n n n
Conversely, if > |A;(U)| <1, then ) Al.z(U) < |:Z |)\,-(U)|i| <1. O
i=1

i=1 i=1
Thus, in view of inclusion (7.1.38) we have

we) = . ney=1 ap= .

Hence, in view of Theorem 7.1.5, the total number of iterations of the method Sy (R)
does not exceed

2e./n <l+ élnn) . (1—}-;).

In order to apply this approach, we need to compute and invert the matrix G. In our
situation, G is the matrix of the following quadratic form:

(Gx,x) = (A(x), A(X))F.

Thus, G@) = (Ai,Aj)p, i,j = 1,..., p. If the matrices A; are dense, the
computation of this matrix takes O (p?n?) arithmetic operations and the inversion
takes O(p>) operations. Since we assume p < "("2+ D the total cost of the
preliminary computation is of the order of O (p”n?) operations.

Further, the most expensive operations at each step of the method Sy (R) are as

follows.

* Computation of the value of the bilinear form (A(x), U) r and its gradients takes
O (pn®) operations.

* Finding a projection of point X onto the set Q> with respect to the standard
Frobenius norm. The most expensive part of this operation consists in solving an
eigenvalue problem for the matrix X. This can be done in O (n®) operations.

* The total amount of operations in the space R” does not exceed O (p?).

Thus, the complexity of each iteration of Sy (R) is of the order of on%(n + D))
operations. Hence, in total, the method (7.1.30) requires

o (nzpz + 1 n25(p 4 n)In n) (7.1.39)

arithmetic operations.

Let us compare this estimate with the worst-case complexity of a short-step path-
following scheme as applied to the problem (7.1.20)—(7.1.37). For this method, the
most expensive computations at each iteration are the computations of the elements
of the Hessian of the barrier function. In accordance with Lemma 5.4.6, these are
the values

(X' XY AN, i j=1,...,p.
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Such a computation needs O (pn®(p + n)) operations. Thus, the total complexity of
the interior-point method is of the order of

0 (pnz‘s(p +n)ln Z)

operations. Comparing this estimate with (7.1.39) we see that the gradient method
is better if the required relative accuracy is not too small:

520(},).

7.1.4.3 The Truss Topology Design Problem
In this problem, we have a set of points
X; €R2, i=1,...,n+p,

connected by a set of arcs (ix, jk), k = 1, ..., m. We always assume that ji > iy.
Each arc has a nonnegative weight X, and the sum of all weights is equal to one.
The nodes x,,41, ..., Xy p are fixed. To all other nodes we can apply external forces

fieR2: i=1,....n, F¥G, ... )T eR™

The goal is to find an optimal design vector

m .
t GO T e A = {teRﬂ: 3 @ =1}

i=1

which minimizes the total stiffness 1 (¢) of the system.
To define the stiffness, we can always assume that iy < n, k = 1,...,m,
allowing no arcs between fixed nodes. For each arc &, define vectors

dp= O e R k=1,...,m,
”xik Xk I
where || - || is the standard Euclidean norm in R?. Now we can define the constraint
vector ay = (ak.1,---, ak,,,)T S RZ", which is composed by the following two-
dimensional vectors:
di, if g = iy,
ax,g = —dr,ifqg = jrand jy <n, g=1,...,n.

0, otherwise.
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m
Let B(t) = Y, t(k)akakT . Then the truss topology design problem can be written
k=1
as follows

Find y* = ntlf{([B(t)rlf, f): terint Ap). (7.1.40)

This problem is well defined if and only if the matrix G def B(e,;;) is positive
definite.
Let us show how this problem can be rewritten in the form (7.1.19)—(7.1.20).

inf  ([BOI7'f, f)

terint A,

,l//.*

= inf  max[2(f,x) — (B(t)x, x)]

terint A, xeR2n

m

= max inf |:2(f,x)—

t®ay., x)?
xeR2n terint Ay

k=1

= max |2(f, x) — max (ag, x)>
xeR2n I<k<m

= max
rxeR2n 121kaé‘m<“k’x>

(in the last step we perform a maximization of the objective function along direction
x by multiplying it by a positive factor).
Thus, we can consider the problem

Find f* = min {f(x) déf max |{ag, x)| : (f,x) =1}, (7.1.41)
xeR2n 1<k<m

which is exactly in the desired form (7.1.19)—(7.1.20). Let A be an m x (2n)-matrix
with the rows akT . Then, using the notation of Example 7.1.1 the objective function
of this problem can be written as

J(x) = Foo(Ax).

In view of (7.1.21) we have a(Fy) = 1m. Therefore, in order to find an
approximate solution to (7.1.41) with relative accuracy &, the method (7.1.30) needs
at most

2e/m (1 ¥ ;mm) : (1 n ;) (7.1.42)
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iterations of the scheme Sy (R). The most expensive operations of each iteration of
the latter scheme are as follows.

e Computation of the value and the gradients of the bilinear form (Ax, u) needs
O (m) operations (recall that A is sparse).

* Euclidean projection on Q> C R needs O (m Inm) operations.

* All steps in the primal space need O (n?) operations.

Note that the preliminary computation of the matrix G needs O(m + n?)
operations, but its inversion costs 0(n3). Since m < "("ZJF 1), we come to the
following upper bound for the total computational effort of the method (7.1.30):

O(n3+ s ~(n2+mlnm)~Jmlnm> (7.1.43)

arithmetic operations. For a dense truss with m = O (n?) this estimates becomes

o (’5 In? n)

arithmetic operations.

7.2 Rounding of Convex Sets

(Computing rounding ellipsoids; John’s Theorem; Rounding by diagonal ellipsoids; Min-
imizing the maximal absolute value of linear functions; Bilinear matrix games with
non-negative coefficients; Minimizing the spectral radius of symmetric matrices.)

7.2.1 Computing Rounding Ellipsoids

Among modern methods for solving problems of Linear Programming (LP-prob-
lems, for short), the Interior-Point Methods (IPM) are considered to be the most
efficient. However, these methods are based on an expensive machinery. For an LP-
problem with n variables and m inequality constraints, (m > n), in order to get an
approximate solution with absolute accuracy e, these methods need to perform

O(y/mIn™)

iterations of Newton’s Method (see Sect. 5.4). Recall that for problems with dense
data, each iteration can take up to O (n>m) operations.

Clearly these bounds leave considerable room for competition with gradient-type
methods, for which each iteration is much cheaper. However, the main drawback
of the latter schemes is their relatively slow convergence. In general, the gradient
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schemes need O (fg) iterations in order to find an e-solution to the problem (see

Sect. 3.2). In this estimate, a strong dependence on € is coupled with the presence of
a constant Cop, which depends on the norm of the matrix of constraints, the size of
the solution, etc, and which can be uncontrollably large. Consequently, the classical
gradient-type schemes can compete with IPM only on very large problems.
However, in Chap. 6 we have shown that it is possible to use the special structure

. . . . C
of LP-problems in order to get gradient-type schemes which converge in O ( e‘)

iterations. Moreover, it was shown that, for some LP-problems, the constant C;
can be found explicitly and that it is reasonably small. In Sect.7.1 this result was
extended to cover minimization schemes for finding an approximate solution with
a certain relative accuracy. Namely, it was shown that for some classes of LP-
problems it is possible to compute an approximate solution of relative accuracy §

with O( ‘/5’") iterations of a gradient-type scheme. Recall that for many applications
the concept of relative accuracy is very attractive since it adapts automatically to
any size of the solution. So, there is no necessity to fight against big and unknown
constants. For many problems in Economics and Engineering, the level of relative
accuracy of the order 1.5-0.05% is completely acceptable.

The approach of Sect.7.1 is applicable to special conic unconstrained min-
imization problems. They consist in minimization of a non-negative positively
homogeneous convex function f, dom f = R", on a closed convex set separated
from zero. In order to compute a solution to this problem with some relative
accuracy, we need to know a rounding ellipsoid for the subdifferential of f at the
origin. It was shown that for some LP-problems it is possible to use the structure of
the objective function in order to compute such an ellipsoid with radius O (\/ m)

It is well known that, for any centrally symmetric set in R", there exists a
«/n-rounding ellipsoid. Moreover, a good approximation to such an ellipsoid can
be easily computed. It appears that this ellipsoid provides us with a good norm,
allowing us to solve the corresponding minimization problem up to a certain relative
accuracy. In this section, we analyze two non-trivial classes of LP-problems and
show that for both classes the approximate solutions with relative accuracy 6 can be

computed in O (‘/"énm In n) iterations of a gradient-type method.

At the same time, the preliminary computation of the rounding ellipsoids in
both situations is reasonably cheap: it takes O (n>m Inm) operations at most. Up
to a logarithmic factor, this estimate coincides with the complexity of finding a
projection onto a linear subspace in R™ defined by n linear equations. However, we
will see that the consequent optimization process is even cheaper.

Let us recall some notation. In this section, it is convenient to identify E and E*
with R". A symmetric n x n-matrix G > 0 defines a norm on R":

Ixllg = (Gx,x)/?2, x eR".
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The dual norm is defined in the usual way:

IsllE = sup{(s, x) : |xllg <1} = (s, G 's)!/%, s eR™
X

For a closed convex bounded set C C R”", £&c(x) denotes its support function:

Ec(x) = max(s, x), x eR".
seC

Thus 9&c(0) = C.

Finally, D(a) denotes a diagonal n x n-matrix with vectora € R”" at the diagonal.
In this setting, e; € R" denotes the kth coordinate vector, and e, € R" denotes the
vector of all ones. Thus, I, = D(e,). As before, the notation R’jr is used for the
positive orthant and A, = {x € R : (e,, x) = 1} denotes the standard simplex
in R".

In this section, we analyze efficient algorithms for constructing rounding ellip-
soids for different types of convex sets. An ellipsoid W, (v, G) C R” is usually
represented in the following form:

W0, G)=1{seR": |ls—vlg=(s—v,G ' s —v))'/> <7},
where G > 0 is a symmetric n x n-matrix. If v = 0, we often use the notation
W, (G). An ellipsoid Wi (v, G) is called a B-rounding for a convex set C C R”,
B =>1,if
Wi(v, G) € C € Wg(v, G).

We call 8 the radius of ellipsoidal rounding.

7.2.1.1 Convex Sets with Central Symmetry

Let G > 0. For an arbitrary g € R", consider the set Ci,(G) =
Conv {W1(G), £g}. For @ € [0, 1] define

G)=(1—-a)G +agg’.
Lemma 7.2.1 Forany o € [0, 1), the following inclusion holds:
Wi(G(a)) C C+g(G). (7.2.1)

def . .. .
If the value o = rll(||g||’(‘;)2 — 1 is positive, then the function

def
Via) < In gg;ggg; = In(l+a(m(1+0)— 1))+ @ —1)In(1l —a),
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attains its maximum at o = Moreover,

o
n(l4+o)—1°

V@) =In(l+o)+(»n— 1) (;(—lﬁgl)t‘?

(7.2.2)

o2

>In(l+0)— 7, = (11)010)-

Proof For any x € R", we have
Ew, (G(a)(X) = (G(a)x, )/ = [(1 —a)(Gx, x) +alg, x)?]'/?
< max{(Gx, x)!/2, |(g, x)|}

= max{&w, (G)(x), §conv (g} (X)} = Ecu (G)(X).

Hence, in view of Corollary 3.1.5, inclusion (7.2.1) is proved.
Furthermore,

V() = Indet(G~V2G ()G ~1/?)
= Indet ((1 — o), + «G~/2ggT G1/2)
=In(1-a+a(lgli)?) + @ —Din( —a)
=In(l+amd+0o)—1)+ ®m—1DInl — a).

Hence, in view of Theorem 2.1.1, the global optimality condition for the function
V(-) is as follows:

n—1 n(14+o0)—1
l1—a = l4+a(r(l+o)—1)"

The only solution of this equationis a* = a +‘;)71 . Note that

V@) = In(l+0)+ @ —1)n 0 )0

= In(l4+o0)—(—1)In (1 + (nfl;‘(1+0))

> (+0)— 3, = % — o)

(5.1.23) o2
z (I+0)(2+0) "
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In this section, we are interested in solving the following problem. Let C be a
convex centrally symmetric body, i.e. int C # @, and x € C <& —x € C. For
a given y > 1, we need to find an ellipsoidal rounding for C of radius y /n. An
initial approximation to the solution of our problem is given by a matrix Gy > 0
such that W1 (Gg) € C, and C € Wg(Gy) for a certain R > 1.

Let us look at a particular variant of such a problem.

Example 7.2.1 Consider a set of vectors a; € R",i = 1,..., m, which span the
whole space R”. Let the set C be defined as follows:

C =Conv {#£a;, i =1,...,m}. (7.2.3)
m

We choose Gg = n11 > aiaiT. Note that for any x € R”, we have &c(x) =
i=1

max |{(a;j, x)|. Therefore,
1<i<m

Ew,(Go)(X) = |:,,11 i(

1/2
ai,x>2} < &c(x),
i=1

m 1/2
EW (G () = m'/? [,}1 ;<ai,x>2} > £c(x).

Thus, in view of Corollary 3.1.5, W1 (Go) € C C WJm(Go). m]

Let us analyze the following algorithmic scheme.

For k > O iterate:
def
1. Compute gk € C : llgellgy, =re = max{lgllg, : g € C).

2.If r;. < yn'/? then Stop else (7.2.4)

2
rg—n

n(r2=1)’ Gi+1 = (1 — )G + axgrgy -

o =

end.

The complexity bound for this scheme is given by the following statement.
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Theorem 7.2.1 Let R > 1 and W{(Gog) € C C Wg(Gy). Then scheme (7.2.4)
terminates after

}/2

2n 7y

In R (7.2.5)

iterations at most.

Proof Note that the coefficient «y in Step 2 of (7.2.4) is chosen in accordance with

Lemma 7.2.1. Since the method runs as long as oy def rllr,g —1> y2 — 1, in view of

inequality (7.2.2), at each step k > 0 we have

Indet Gi+1 > Indet Gy +21Iny — szgl. (7.2.6)
Note that
21 2_1y2 (5.1.23) 2_ 12 2_1)2
2lny — yyz — (Vyz) —w@?-1 3 (yyz) _ (yl+)/2)

_ -1? 1, 1\2
- )/2(1+)/2) Z yz()/ 1) .

At the same time, for any k > 0 we get
det(G)'/2 - vol, (Wi (1)) = vol, (W1(Gy)) < vol, (C) < vol, (Wg(Go))
= R" - det(Go)'/2 - vol,, (W1 (I,)).

Hence, Indet Gy — Indet Gy < 2n1n R, and we get bound (7.2.5) by summing up
inequalities (7.2.6). O

Let us estimate the total arithmetical complexity of the scheme (7.2.4) as applied

to a particular symmetric convex set (7.2.3). In this situation, it is reasonable to

. . . def
recursively update the inverse matrices Hy =G X ! and the set of values

v = (a;, Hyai), i=1,...,m,
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which we treat as a vector vy € R™. A modified variant of the scheme (7.2.4) is as
follows.

~1

m

A. Compute Hy = [ ,111 > aial.T :| and the vector vy € R™,
i=1

B. For k > O iterate:

1. Find iy : v,ﬁi") = 1max v,ii). Set ry = [V)]1/2,
<i<m

2.Ifrp < yn1/2 then Stop else
(7.2.7)

2.1.Set o, = rllrlg —1,a = rzgkl,xk = Hai,.
2

2.2. Update Hyy; := 1—1ak [Hk ok ~xkka] .

T 140y
2.3. Update v,ﬁ’ll = 1—1ak [v,i’) — e -(ai,xk)z],
i=1,...,m.
end.

Let us estimate the arithmetical complexity of this scheme. For simplicity, we
assume that the matrix A = (ay, ..., an) is dense. We write down only the leading
polynomial terms in the complexity of the corresponding computations, where we
count only multiplications.

2 . . 3 .
* Phase A takes "] operations to compute the matrix Gy, plus ', operations to

. 2 .
compute its inverse, and ") operations to compute the vector v.
+ Step 2.1 takes n? operations.

e Step 2.2 takes ”22 operations.
* Step 2.3 takes mn operations.

Using now the estimate (7.2.5) with R = \/m (see Example 7.2.1), we conclude
that for y > 1 and the centrally symmetric set (7.2.3), the scheme (7.2.7) can find a
y i/n-rounding in

n? o2
¢ (n+6m) + 12" (2m 4+ 3n)Inm
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arithmetic operations. Note that for a sparse matrix A the complexity of Phase A
and Step 2.3 will be much lower.

Remark 7.2.1 Note that the process (7.2.4) with eliminated stopping criterion can
be used to prove a symmetric version of John’s theorem.
Indeed, all matrices generated by this process have the following form:

@) mo X G _
Gk_ZA aial, ameRM V=1
i=1 i=1

Therefore, I, = Z )L(I)G 1/2 TG;I/z. Taking the trace of both sides of this
i=1
equality, we get

n=3% 2" (a I5)? < 2.
i=1

On the other hand, we have seen that

(7 (5.1. 23) 5
IndetGyy1 > lndetGk + In(1 + oy) — 1+Uk > z(rk — \/n)

Therefore, by the same reasoning as in the proof of Theorem 7.2.1, after N iterations
of the scheme we get

2
(1 _ J") <2nInR.

Tk

»
It

12
Defining r* = min rg, we have ¥/ > 1 — ( 2 n R) . Thus, r¥, — /n as
87N 0<k<N k o~ N+1 N v

N — oo0. Since the sequence of matrices {Gy} is compact, we conclude that there
exists a limiting matrix G, with rounding coefficient 8 = /n.

Thus, we have proved a symmetric version of John’s Theorem for the set €
defined by (7.2.3). Since the quality of our rounding does not depend on the number
of points m, we can use the fact that any general symmetric convex set can be
approximated by a convex combination of finite number of points with arbitrary
accuracy. Thus, our statement is also valid for general sets.

Note that the process (7.2.4) always constructs a matrix with rounding coefficient

= /n. Of course, there exist symmetric sets with much better rounding. It will be
interesting to develop an efficient procedure which can adjust to the exact rounding
coefficient for a particular convex set. O
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7.2.1.2 General Convex Sets

For an arbitrary g from R", consider the set C,(G) = Conv {W(G), g}. In view of
Lemma 3.1.3 support function of this set is as follows:

éc,(6)(x) = max{llxllg, (g, x)}, x eR"

Define r = ||g||f;» and

2
Gl =(1-a)G + (‘;‘ + (’;1) . (‘;‘)2> -ggT, ael0,1].
Lemma 7.2.2 Forall o € [0, 1), the ellipsoid
Ey ={seR": s — "5 - agllfq, < 1)

belongs to the set C4(G). If r > n, then the function

def d _
Ve Em s = 2m(1+a-73") + - Dind - )
attains its maximum at o* = nil -l Moreover,

V(@) =2In/ 1+ —Dn 00D

(7.2.8)
(5.1.23) 252

>2 [ln(l +o)— 11,] 2 (140)Q2+0)’

r—n
n+1-

Proof In view of Corollary 3.1.5, we need to prove that for all x € E

where o =

2 1/2
SE(X(X) = - "2—}’1 . (g’x> =+ |:(1 — (x)||x||%; + (‘;‘ + (r;l) . ((;z)z) (g’x>2:|

< &c, 6 (x) = max{llx|ig, (g, x)}.

If |x]lc < (g, x), then

1

Ep, () <o gy +Il—a- " (g, x) = (g.x).

Otherwise, we have —r||x||c < (g, x) < |x|lg. Note that the value £¢, (x) depends

on (g, x) in a convex way. Therefore, in view of Corollary 3.1.2, its maximum is
achieved at the end points of the feasible interval for (g, x). For the end point
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(g,x) = |lx|lg, we have already proved that £, (x) = |x||g. Consider now the
case (g, x) = —r||x|lg. Then,

) 1/2
62,00 = —a- 3" IxllG + [(1 — @l + (‘;‘ +("3') (‘;‘)2) r2||x||%;}

= |lxllc-
Thus, we have proved that E, € Cg(G) for any « € [0, 1). Further,

V() = Indet(G~V?G(a)G1/?)
2
= Indet ((1 —a)l, + (‘;‘ + (rgl) : (‘;‘)2> G1/2gg*G1/2)

=ln<1—(x+<‘;‘ +<r21)2.(‘:)2) .r2)+(n—1)ln(1—a)

= 21n<1 ta- f;l) +(—Dn(l —a).

Hence, in view of Theorem 2.1.1, the optimality condition for the concave function
V(-) is as follows:

n—1 __ r—1
I—a ™ 1.7t
Thus, the maximum is attained at «* = nil - +_|- Defining o = |}, we get
V(e*) = 21In (1 Ta*. ’;1) +(n—1)In(l —a*)
—2In(1+0) — (n— Dn (1 + o ety
> 2In(1 +0) = 201 = 2[1n(1 to)— 110]- 0

In this section, we are interested in solving the following problem. Let C C R"
be a convex set with nonempty interior. For a given y > 1, we need to find a yn-
rounding for C. An initial approximation to the solution of this problem is given
by a point vg and a matrix Go > 0 such that Wi (vg, Go) € O € Wg(vy, Go) for
certain R > 1. We assume that n > 2.
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Let us analyze the following algorithmic scheme.

For k > O iterate:

def
1. Compute g € C : ||gk — vk||>'c‘;k =r; = meaéi lg — vk||>'c‘;k.
g

2. If ri < yn then Stop else

2 2

- - 7.2.
ak:nil‘iﬁ—?’ ﬁk:il]/:_i_(rkzl) (il]/:) s ( 9)
Vi1 = ve 4 o5 (g — w),

2rk
Giy1 = (1 — ap) G + Br - (g — vi) (g — i) T

end.

The complexity bound for this scheme is given by the following statement.

Theorem 7.2.2 Let Wi(vy, Gg) € C < Wg(vo, Go) for some R > 1. Then
scheme (7.2.9) terminates after

“’;(Zyyi(f;y) .nlnR (7.2.10)

iterations at most.

Proof Note that the coefficient oy, vector vx41 and matrix G4 in Step 2 of (7.2.9)
are chosen in accordance with Lemma 7.2.2. Since the method runs as long as

def ,, —
o S = Ny —1 = 3y -0,

in view of inequality (7.2.8), at each step k > 0 we have

2
203,

4(y—1)?
otoy = IndetGe+ (050 L (121D

IndetGry1 > Indet Gy + (14
Note that for any £ > 0, we have
det(Gy)!'/? - vol, (Wi (1,,)) = vol, (Wi(Gk)) < vol, (C) < vol, (Wr(Go))

= R" - det(G¢)'/? - vol,, (W1 (I,)).
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Hence, Indet Gy — Indet Gy < 2nIn R, and we get bound (7.2.10) by summing up
the inequalities (7.2.11). O

Note that in the case C = Conv {a;, i = 1,...,m}, scheme (7.2.9) can be
implemented efficiently in the same style as (7.2.7). We leave the derivation of this
modification and its complexity analysis as an exercise for the reader. The starting
rounding ellipsoid for such a set C can be chosen as follows.

Lemma 7.2.3 Assume that the set C = Conv {a;, i = 1,...,m} has nonempty
interior. Define

m m
A 1 1 ~ ~
a=,Ya, G= Y (@—ala-—ar,
i= i=i

where R = /m(m — 1). Then Wi(a, G) C C C Wg(a, G).

Proof For any x € R" and r > 0, we have

m 1/2
Ew,a.c)(x) = (@, x) +rixllc = (@ x)+ [Z(ai - &,X)ﬂ .
i=1

Thus, we have &y, ;.6)(x) > 1m'ax {(a;,x) = &c(x). Hence, Wg(a,G) D C.
<i<m

Further, let
T = max {a;, x) — {a,x) > 0.
1<i<m

m
Note that )" 7; = 0 and t; < T for all i. Therefore,
i=1

A

. m 172
Ew,(a,6)(x) — (@, x) < g max |:Z ti2i| Y =0, <7, i=1,....,m
i=1 i

Ti

RVmon—1) = max (a;, x) - (@,x)

= &c(x) — (a, x).

Thus, in view of Corollary 3.1.5, Wi(a,G) C C. O

Remark 7.2.2 In the same way as it was done in Remark 7.2.1, we can use
algorithm (7.2.9) to prove John’s Theorem for general convex sets. We leave this
reasoning as an exercise for the reader. O
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7.2.1.3 Sign-Invariant Convex Sets

We call aset C C R” sign-invariant if, for any point g from C, an arbitrary change
of signs of its entries leaves the point inside C. In other words, for any ¢ € C (R},
we have

B(g)={seR": —g<s<g}CC.

Examples of such sets are given by unit balls of £,-norms or by Euclidean norms
generated by diagonal matrices.

Clearly, any sign-invariant set is centrally symmetric. Thus, in view of
Lemma 7.2.1, for such a set there exists a /n-ellipsoidal rounding (this is John’s
Theorem). We will see that an important additional feature of sign-invariant sets is
that the matrix of the corresponding quadratic form can be diagonal.

Let D > 0 be a diagonal matrix. Let us choose an arbitrary vector g € R’.
Define

C = Conv {Wi(D), B(g)},
G(@) = (1 —a)D + aD?(g).

Clearly C is a sign-invariant set. Consider the function

n
V(o) =In oo = —_len(l—i-a(t,- —1), aecl0,1),
1=
where 7;, = (gD(i(gz, i = 1,...,n. Note that V(-) is a standard self-concordant

function (see Sect. 5.1). For our analysis it is important that

n
Vi) =n—Y 5 =n—(lgl})’, and
i=1
(7.2.12)

V"(0) = i(r,- — 12

i=1

Lemma 7.2.4 For any o € [0, 1], W1 (G(«)) € C. Assuming that (||g||*D)2 > n,
define the step

4 def (lgl)?—n
T QAiglE-n)-Algl)?

Then, o* € (0, ,11], and for any y € (1, jn ||g||*D] we have

V(@*) < In (1 + szgl) - szgl <0 (7.2.13)
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Proof For any a € [0, 1]and x € R”", we get

[Ew Gy = (1 = a)(Dx, x) +a 3 (gWx®)?

i=1
) ) 2
g(l) . |x(’)|>

< [max{&wl(D)(x),EB(g)(x)}]z = [Ec(0)]%.

< (I —a){Dx,x) —i—a(

n

1

n
Further,let S = > 7; = (||g||*D)2. By assumption, S > n. Therefore,
i=1

V// (O)

IA

max{i(n — D%
T li=1

n
=25, i >0, i:l...n}

i=1

S—-D24+n—-1 < §2.

Since V() is a standard self-concordant function, by inequality (5.1.16) we have:

V() < V(0) +a- V' (0) + e (V')
(7.2.14)
< —a-(S—n)+wa-S),

where w,(t) = —t — In(1 — 7). By Theorem 2.1.1, the minimum of the right-hand
side of this inequality is attained at the solution of the equation

I s, S?
S—n= 1S

Thus, oy, = Ségf n < i By Lemma 5.1.4, the decrease of the right-hand side

in (7.2.14) is equal to

o(1-%) =0l -y,

where w(t) =t —In(1 +1¢). O

Corollary 7.2.1 For any sign-symmetric set C C R" with nonempty interior, there
exists a diagonal matrix D > 0 such that

Wi(D)c Cc W, (D).
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Proof For R big enough, the set {D > 0 : Wj(D) € C < Wgr(D)} is
nonempty, closed, and bounded. Therefore, the existence of /n-rounding follows
from inequality (7.2.13). O

For us, Corollary 7.2.1 is important because of the following consequence.

Lemma 7.2.5 Let all vectorsa; € R",i = 1, ..., m, have nonnegative coefficients.
Assume that there exists a diagonal matrix D > 0 such that

Wi(D) € Conv {B(a;), i=1,...,m} C Wan(D)

for certain y > 1. Then the function f(x) = max (a;, x) satisfies the inequalities
1<i<m

Ixllp < f(x) <yv/n-lxlp VxeRY. (7.2.15)
~ n 3 .
Proof Consider the function: f(x) = 1m.ax > al.(/ )|x(/)|. In view of
si=m j—|

Lemma 3.1.13, its subdifferential can be expressed as follows:

3f(0) = Conv {B(a;), i =1,...,m).
Thus, for any x € R" we have

lellp = max{(s, x) : s € Wi(D)} < max{(s,x) : s €/ (O) = fx)
< max{(s,x) : s € W, 1, (D)} = y/n- Ixllp.
It remains to note that f (x)= f(x)forallx e R’}. O
Corollary 7.2.2 Leta; e R', i =1, ..., m. Consider the set
F={xelR: (a,x)<bi,i=1,...,m}

withb; > 0,1 =1, ..., m. Then there exists a diagonal matrix D > 0 such that

Wi (D) ﬂM C.FC W, (D) ﬂRﬁ. (7.2.16)

Proof Consider f(x) = 1m'ax bl, (ai, x). In view of Corollary 7.2.1 the assumptions
<i<m !

of Lemma 7.2.5 are satisfied with y = 1.Since # = {x e R} : f(x) < 1}, the
inclusions (7.2.16) follow from inequalities (7.2.15). O

In this section, we are interested in finding a diagonal ellipsoidal rounding for
the following sign-symmetric set:

C =Conv {B(a), i =1,...,m)}, (7.2.17)
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where a; € Ri \ {0},i =1, ..., m. Our main assumption on the data is as follows:

o
=

s

A de
a= ! a; > 0.
m

i=1

Let D = D2(4).
Lemma 7.2.6 Wi (D) C C C W,, (D).

Proof Since a € C, we have W (D) C B(4) € C. On the other hand,

n i 2 N
CEB(m&)C{xeR": Z(nj‘;?») Sn} = W,u(D. o

i=1

For the sign-symmetric set C C R" defined by (7.2.17), consider the following
algorithmic scheme which finds a diagonal rounding of radius y /n with

L 112
y>[1+\/n] .

A

Set Dy = D.
For k > O iterate:
1. Compute iy : |l |[%, = ri = Tk
. Compute iy : ||a,k||Dk =ry = 11;215);1 la; ”Dk‘
2. If ry < y+/n then Stop else (7.2.18)

2
2
i r;—n
ﬁk = lk' - 1 ) Qf 1= , )
gl Dij) ﬂkJr(r,gfn)ﬂ]l/z

Diy1 = (1 — o) Dg + ax D*(az,)-

end.

Note that this scheme applies the rules described in Lemma 7.2.4 using the
notation B for V”(0). Therefore, exactly as in Theorems 7.2.1 and 7.2.2, we can
prove the following statement.
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1/2
Theorem 7.2.3 Fory > [1 + \}n] , the scheme (7.2.18) terminates at most after

-1
[szgl —In (1 + szgl)] n(nn + 21nm)

iterations.

Note that the number of operations during each iteration of the scheme (7.2.18)
is proportional to the number of nonzero elements in the matrix A = (ay, ..., an).

7.2.2 Minimizing the Maximal Absolute Value of Linear
Functions

Consider the following problem of Linear Programming:

min  max [{(@;,y) — ¢il. (7.2.19)

yeRn=1 1<i<m

T
rewrite this problem in a conic form (see Sect.7.1):

Defininga; = @/, —c)’,i = 1,...,m, x = (y) € R*and d = e,, we can

Find f* = min {f(x) def max [{a;,x)|: (d.x) = 1}. (7.2.20)

In Sect. 7.1, in order to construct an ellipsoidal rounding for df(0), we used the
composite structure of the function f(-). However, the radius of this rounding was
quite large, of the order O (4/m). Now, by method (7.2.4) we can efficiently pre-
compute a rounding ellipsoid for this set which radius is proportional to O (4/n).
Let us show that this leads to a much more efficient minimization scheme.

Let us fix some y > 1. Assume that using the process (7.2.4) we managed to
construct an ellipsoidal rounding for the centrally symmetric set df(0) of radius

y/n:
Wi(G) € 3af(0) = Conv {%a;, i=1,...,m} C Wy\/n(G).
The immediate consequences are as follows:

Ixlle = f(x) =supi{s,x): s € If(0)} = yv/n-lxllG, (7.2.21)

laills, < y/n, i=1,....m. (7.2.22)
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Let us now fix a smoothing parameter u > 0. Consider the following approxi-
mation of the function f(-):

m
fu(x) =punln (Z [e(ai,x)/u + e—(a,-,x)/u]) )
i=1

Clearly f, () is convex and continuously differentiable infinitely many times on R".
Moreover,

f@X) < fu(x) < f(x) + puIn@@m), Vx € R", (7.2.23)

Finally, note that for any point x and any direction 4 from R" we have

Wmuxm=§pﬁu»mhm

)\fp(x) - w,ll(x) (el e=@n)/my =1 m,

m
wu(x) = X:l (e(“f*)‘)/“ + e—(a,-,x)/u) )
1=

Therefore, the expression for the Hessian is as follows:

2
m m .
(szﬂ(x)h,h) — :L Z (di,h))z (e(ai,x)/u +e—(ai,x)/u> _ :L (Z )\/(Jf)(x) . <ai,h>> .

tlwﬂ(x

i=1

In view of (7.2.22), we have

2
2
(WAQMMS;Qg;mm>wwésywwﬁ

In view of Theorem 2.1.6, this implies that the gradient of the function f,(-) is
yin.

Lipschitz continuous in the metric || - || with Lipschitz constant L, = P

IVfux) = VWG < Lullx =yl ¥x,y € E.
Our approach is very similar to that of Sect. 7.1. Consider the problem

n&in{q&(x); x € 0}, (7.2.24)
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where Q is a closed convex set and the differentiable convex function ¢ () has a
gradient which is Lipschitz continuous in the Euclidean norm || - || with constant L.
Let us write down here the optimal method (2.2.63) for solving the problem (7.2.24).

Method S(¢, L, O, G, xo, N)

Setvyg = xo. Fork=0,...,N —1do
_ ok 2
1. Set yx = k2 Xk o Uk

2. Compute Ve (yi). (7.2.25)

k.
3. o1 = argmin [<Z IV (i), v — x0) + Sllv — XOII%;} .

=

4. x4 = kizxk + ki2vk+1.
Return: S(¢, L, O, G,x0, N) = xn.

In accordance with Theorem 6.1.2, the output of this scheme xy satisfies the
following inequality

V)
pan) — ) < i (7.2.26)

where x; is an optimal solution to problem (7.2.24).

As in Sect. 7.1, we are going to use the scheme (7.2.25) in order to compute an
approximate solution to (7.2.20) with a certain relative accuracy § > 0. Define

Q(r)=1{xeR": {d,x) =1, |xllc =r},

G ld

X0 = 1614y’

N= Lzey¢2n In(2m) (1 + ;)J .
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Consider the following method.
Set xp = xg.

For ¢ > 1 iterate:

G- .
Mt = opi4symem’ Ln

t ’

— 7n, (7.2.27)
T

'xAl‘ = S (fﬂ[f L/Lrs Q(f(-x,\l‘fl))s Gs X0, N) s
If f(x) > if()?t,l) then 7 := r and Stop.

Theorem 7.2.4 The number of points generated by method (7.2.27) is bounded as
follows:

T < 1+In(y/n). (7.2.28)

The last point of the process satisfies inequality f(X7) < (1 + 8) f*. The total
number of lower-level steps in the process (7.2.27) does not exceed

2ye(l + In(y/n))v/2n In2m) (1 n ;) : (7.2.29)

Proof Let x* be an optimal solution to the problem (7.2.20). Note that all points X,
generated by (7.2.27) are feasible for (7.2.20). Therefore, in view of (7.2.21)

fGE) = f* = lIx"le.
Thus, x* € Q(f (&)) forany r > 0. Let
= fu ) = min{ £, (1) x € Q(f i),
Since x* € Q(f (%)), in view of (7.2.23) we have
5= fu &%) < 4 e In@2m).
By the first part of (7.2.23), f (%) < f,, (). Note that

lxo —x/llc < lIxfll¢ < f&i—1), =1,
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In view of (7.2.26), we have at the last iteration 7T':

TG = f* = fur Gr) — f7 + pr In@2m)

204 2 s20a
< 2Lpg f2(X7-1) + ur In@m) = 2y nf~(xr,1) + pur In(2m)

(1\7+1)2 ur (N+1)2
frGro) 82 _
= dpre? In@2m)(148)2 + pur In2m) = 2ur In(2m).

Further, in view of the choice of 1, and the stopping criterion in (7.2.27), we have

I
2urn@m) =[5 < G

Thus f(X7) < (14 68)f*.
It remains to prove the estimate (7.2.28) for the number of steps in the upper-level

of the process. Indeed, by a simple induction it is easy to prove that at the beginning
of stage ¢ the following inequality holds:

1\ ~! .
(1) ro0 = G, 1=

Note that x is the projection of the origin on the hyperplane (d, x) = 1. Therefore,
in view of inequalities (7.2.21), we have

[*=1lx*le = llxollc = yf/nf(XO)-
Thus, at the final step of the scheme we have
! A * 1
() reozfGrnz izl foo.

This leads to the bound (7.2.28). O

Recall that the preliminary stage of method (7.2.27), that is, the computation
of y.+/n-rounding for 8f (0) with relative accuracy y > 1, can be performed by
procedure (7.2.4) in

" (n + 6m) + (yﬁ)znz(zm +3n)Inm = 02 +m)Inm)

arithmetic operations. Since each step of method (7.2.25) takes O (mn) operations,
the complexity of the preliminary stage is dominant if § is not too small, say § > \}n .
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7.2.3 Bilinear Matrix Games with Non-negative Coefficients

Let A = (ay, ..., an) be an n x m-matrix with nonnegative coefficients. Consider
the problem
. % . def
Find f* = min {f(x) = max (a,-,x)}. (7.2.30)
xXeA, 1<i<m

Note that this format can be used for different standard problem settings. Consider,
for example, the linear packing problem

Find y* = max {(c,y) : (a;,y) <b¥, i=1,...,m},
yeR%

where all entries of vectors a; are non-negative,b > 0 € R, and ¢ > 0 € R". Then

* _ . 1 _ (c,y)
Y* = max j{c,y): max ; (a;,y) < 1} = max
yeRY { 1=i=m b0 yeRL T b<i> fai.y)

—1
= L%‘é% {1‘21",” S (@i ) (e y) = 1”
n i<

-1
—1
= | mImn max c)a;, X .
|:x€A,, 1<i<m b(t)( ( ) 1> >i|

As usual, we can approximate the objective function f(-) in (7.2.30) by the
following smooth function:

Jux) =pln <§: e(“iJ)/u) )

i=1
In this case, the following relations hold:
f) < fux) < fx)+p-Inm, VxeR" (7.2.31)

Define

N n

f(x) = max Z ax ).
1<i<m

Note that the subdifferential of the homogeneous function f () at the origin is as
follows:

af (0) = Conv {B(a;), i =1,...,m}.
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In Sect.7.2.1.3, we have seen that it is possible to compute a diagonal matrix D > 0
such that

Wi(D) S f(0) S W, (D),

(this corresponds to the choice y = 2 in scheme (7.2.18)). In view of Lemma 7.2.5,
using this matrix we can define a Euclidean norm || - || p such that

Ixllp < f(x) < 2¢/n-lxlp, Vx eRY. (7.2.32)

Moreover, in this norm the sizes of all a; are bounded by 2./n.
Now, using the same reasoning as in Sect. 7.2.2, we can show that for any x and
h from R"

(V2 fu ()b, ) < 30 - [1R G,

Hence, the gradient of this function is Lipschitz continuous with respect to the norm
I - |p with constant 4n This implies that the function f,(-) can be minimized by
the efficient method (6.1.19).

Let us fix some relative accuracy § > 0. Define

O(r)={xeA,: llxllp =r},

D7 le,
(en.D71ey)’

N =[4ev2ntnm (14 1) ].

X0 =

Consider the following method.
Set xp = xg.

For ¢ > 1 iterate:

. 8fGE-D . . 4n. (7.2.33)
Me 2= 26(1+8)11nm’ Ly |

r e’
'xAl‘ = S(fﬂ[f L/Lrs Q(f(-x,\l‘fl))s Ds X0, N) N

If f(x) > if()?t,l) then 7 := r and Stop.

Justification of this scheme is very similar to that of (7.2.27).
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Theorem 7.2.5 The number of points generated by method (7.2.27) is bounded as
follows:

T <1+ In2vn). (7.2.34)

The last point of the process satisfies the inequality f(x1) < (1 + 8) f*. The total
number of lower-level steps in the process (7.2.27) does not exceed

de(1+ InQ/n)v/2n Inm (1 n ;) : (7.2.35)

Proof Let x* be an optimal solution to the problem (7.2.30). Note that all points x;
generated by (7.2.33) are feasible. Therefore, in view of (7.2.32),

f@) = f* = Ixp.
Thus, x* € Q(f(x;)) for any r > 0. Define
[ = S &) = min{fy, (x): x € Q(f (&1}
Since x* € Q(f(X;)), in view of (7.2.31), we have
5= S &) = 4 nm.
By the first part of (7.2.31) f(%/) < f, (X;). Note that
lxo —xfllp < Ixfllp < f(&-1)
for all # > 1. Thus, in view of (7.2.26), at the last iteration T', we have:

2L, F2(R7—
ur~f (XZ 1) urinm
(N+1)

F2Gro1) 82
turlnm =, (s

Q) = f* < furGr) — ff+purlnm <

2.a
— 8nf er,lg + ur Inm

wr (N+1)
=2urInm.

Further, in view of the choice of ;7 and the stopping criterion, we have

_ 8f@Gr-1) 8f(%r)
2prinm =%, 0150 = M550

Thus, f(X7) < (14 8) f*.
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It remains to prove the estimate (7.2.34) for the number of steps of the upper-
level process. Indeed, by simple induction it is easy to prove that at the beginning of
stage ¢ the following inequality holds:

t—1 R
(1) feo = fGn. =1

Note that xg is the projection of the origin at the hyperplane (e, x) = 1. Therefore,
in view of inequalities (7.2.32), we have

1
£z Il 2 Iwollp = ), fGo),

Thus, at the last step of the scheme we have

1\t 2 * 1
() fxo) = f@r-0) = f* =, fxo).

This leads to the bound (7.2.34). O

Thus, we have seen that the scheme (7.2.33) needs O (‘/” g“’" Inn ) iterations

of the gradient scheme (7.2.25). Since the matrix D is diagonal, each iteration of
this scheme is very cheap. Its complexity is proportional to the number of nonzero
elements in the matrix A. Note also that in Step 3 of scheme (7.2.25) it is necessary
to compute projections onto the set Q(r), which is an intersection of the simplex
and a diagonal ellipsoid. However, since D is a diagonal matrix, this can be done in
O (nInn) operations by relaxing the only equality constraint and arranging a one-
dimensional search in the corresponding Lagrange multiplier.

7.2.4 Minimizing the Spectral Radius of Symmetric Matrices
For a matrix X € S,,, define its spectral radius:
p(X) = max O] = max(AD(X), 2" (X))
= mrin{r ol = £X}.

In view of Theorem 3.1.7, p(X) is a convex function on S,. In this section, we
consider the following optimization problem:

Find ¢, = i}éig{cﬁ(y) EFIVYONE (7.2.36)
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where O C R™ is a closed convex set separated from the origin, and A(-) is a linear
operator from R™ to S,:

m .
A) =Y yDA; € Sy, yeR™

i=1

We assume that matrices {A;}
S, with elements

m
i=

| are linearly independent. Hence, the matrix G €

GOD = (A, Aj)yg. 0 j=1.....m,

is positive definite. Denote by r the maximal rank of A(y):

m
r = max rank A(y) < min {n, > rankA,-} .
yeR™ i=1

We are going to solve (7.2.36) using a variant of the smoothing technique, which
is applicable for solving structural convex optimization problems in relative scale.
Note that in view of our assumptions ¢™* is strictly positive.

First of all, we approximate a non-smooth objective function in (7.2.36) by a
smooth one. For that, we use F),(X) defined by (6.3.6). Note that

1
Fp(X) = Jx? 17 = 1p2(X),

(7.2.37)
Fp(X) < ) p*(X) - (rank X)!/P.
Consider the problem
Find /7 = min (/,() € F,(40) ¢ v € ) (7.2.38)
From (7.2.37), we can see that
Yo2 < fr <yl rlr (7.2.39)

Our goalis to find a point y € Q which solves (7.2.36) with relative accuracy § > 0:

¢(y) = (1+8)¢x.

Let us choose an integer p which satisfies the following inequality

p® L Iy < p<2p@). (7.2.40)
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Assume that y € Q solves (7.2.38) with relative accuracy §. Then, in view
of (7.2.37) and (7.2.39), we have

BG) b =1 [ fy = 1148

Sezuis) NI+ S < 1438,

Thus, we need to estimate the efficiency of method (6.1.19) as applied to the
problem (7.2.38). Let us introduce the following norm

Ikl = (Gh,h)'/?,  h e R™.

Assuming that p(§) > 1 and using the estimate (6.3.8) and notation of Sect. 6.3.1,
for any y and i from R™ we get

(V2 f,(Wh, h) = (V2F,(A()A(h), A(h))m
< Q2p—-DIABIIG, = Cp—DIAMIE,
= Q2p— D{AM), A(h))y = 2p— 1)(Gh, h)

2
= @2p = DIlnlg-

Thus, in view of Theorem 2.1.6 function f,(y) has Lipschitz continuous gradient
on R with respect to the norm || - ||g with Lipschitz constant

L=2p—1<4p($). (7.2.41)
On the other hand, for any X € S,, with rank X < r, and p > 1 we have
HIXIG) < IXNE, < 1X1%,,)-
Hence, 21r Il y||2G < fp(y) forany y € R™. In particular,

S IVEIE < £, (7.2.42)

where y;ﬁ is an optimal solution to (7.2.38).
Let xo = arg mig lyllGg. Since the norm | - || is Euclidean, and Q is convex, in
ye

view of inequality (2.2.49), we have

lyy —xollg < Iyplg — Ixollg < Iyl
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538 7 Optimization in Relative Scale

Combining this inequality with estimate (7.2.42), we get
Myp—xollg < Myplg < rfy. (7.2.43)

In order to apply method (2.2.63) to problem (7.2.38), let us choose the following
prox-function:

d(x) = }lx — xol%- (7.2.44)

Note that the convexity parameter of this function is equal to one. Hence, in view of
bounds (7.2.41), (7.2.42), and (6.1.21), method (6.1.19) launched from the starting
point xo converges as follows:

fola) = £ < 1GLET f (7.2.45)

Hence, in order to solve problem (7.2.38) with relative accuracy é (and, therefore,
solve (7.2.36) with the same relative accuracy), method (6.1.19) needs at most

s/ +8rinr (7.2.46)

iterations. Note that this bound does not depend on the data size of the particular
problem instance.

At each iteration of method (6.1.19) as applied to the problem (7.2.38) with d(-)
defined by (7.2.44), it is necessary to compute a projection of a point onto the set Q
with respect to the Euclidean metric || - ||g. This operation is easy in the following
cases.

e The set Q is an affine subspace in R™. Then the projection can be computed by
inverting the matrix G. An important example of such a problem is as follows:

m .
min {,o ( y(’)A,-) : oy = 1} .
)76Rm i=1

* The matrix G and the set Q are both simple. For example, if (A;, A;) = 0 for
i # j,then G is a diagonal matrix. In this case, a projection onto a box, for
example, is easy to compute. Such a situation occurs when the matrix A(y) is
parameterized directly by its entries.

Finally, note that the computation of the value and the gradient of the function
fp(-) can be done without eigenvalue decomposition of the matrix A(y). Indeed, let
p = 2k satisfy condition (7.2.40). Consider the following of sequence of matrices:

Xo=A(), Yo = I,

(7.2.47)
Xi=X7 |, Yi=YaXi,i=1,... .k
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7.3 Barrier Subgradient Method 539

By induction, it is easy to see that X; = A”(y) and ¥y = AP~!(y). Hence, in
accordance with (6.3.3), (6.3.6), and the definition of the function f,(-) in (7.2.38),
we have:

) = X, L3P,

i 2fp(y .
VMO = 70 e Ay, =1, m

Note that the complexity of computing the matrix A(y) is of the order of O (n’m)
arithmetic operations. The auxiliary computation (7.2.47) takes

Om’np) =0 (n31n 1‘3’)

operations. After that the vector V f,(y) can be computed in O (n*m) arithmetic
operations. Clearly, the complexity of the first and the last computation is much
lower if the matrices A; are sparse.

Note also that the computation (7.2.47) can be performed more efficiently if the
matrix A(y) is represented in the form

Ay)=vuru’, vul =1,

where T is a tri-diagonal matrix. Computation of this representation needs O (n3)
arithmetic operations.

7.3 Barrier Subgradient Method

(Smoothing by a self-concordant barrier; The barrier subgradient scheme; Relative accuracy
and maximization of positive concave functions; Applications: The fractional covering
problem, the maximal concurrent flow problem, the minimax problem with nonnegative
components, Semidefinite relaxation of the Boolean quadratic problem; Online Optimiza-
tion as an alternative to Stochastic Programming.)

7.3.1 Smoothing by a Self-Concordant Barrier

In Nonlinear Optimization the performance of numerical methods strongly depends
on our ability execute some auxiliary operations related to the convex sets involved
in the problem’s formulation. Usually, the optimization methods assume the feasi-
bility of one of the following actions:

L: Maximization of a linear function {c, x) over a convex set Q.
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540 7 Optimization in Relative Scale

S: Maximization of the function {(c, x) — d(x) in x € Q, where d is a strongly
convex prox-function of the set Q.

B: Computation of the value and first two derivatives of some self-concordant
barrier at the interior points of the convex set Q.

Note that in Structural Optimization we can always consider the optimization
problem posed in a primal-dual setting. The most important example of such a
representation is a bilinear saddle point formulation:

min max {(Ax, w) + (c, x) + (b, w)}, (7.3.1)

xeQ)p weQy

where O, and Qg are closed convex sets in corresponding spaces and A is a
linear operator. Since the structure of the primal and dual sets may be of different
complexity, we have six possible combinations of the above mentioned auxiliary
operations. Let us present the known results on their complexity.

* LpQLaq. The complexity of this combination is still not clear.
* Sp ® Sa. This case is treated by the smoothing technique (see Chap. 6). An e-
solution of the problem (7.3.1) can be obtained in

o (!4l 1010212

gradient steps, where D1 and D, are the sizes of the primal and dual sets, and the
norm || A|| is defined by the norms of the primal and dual spaces.

* By X Bg. In this situation, Interior-Point Methods provide an e-solution of the
problem (7.3.1) in

O(y/v-In!)

Newton steps, where v is the parameter of a self-concordant barrier for a primal-
dual feasible set O, x Qg (see Chap.5).

* Sp @ Lq. This case is similar to the standard Black-Box Nonsmooth Minimiza-
tion. Primal-dual subgradient methods provide an e-solution to (7.3.1) in

o( L1417 D D)

gradient steps (see Sect. 3.2).

* Bp ® Sa. The complexity of this combination is not known yet.

* Bp ® Lq. The last variant is studied in this section. From the viewpoint of Black-
Box Optimization, it corresponds to the problem of minimizing nonsmooth
convex function over a feasible set endowed with a self-concordant barrier.
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Let us recall our notation. For a linear operator A : E — H*, we denote by
A* : H — E* the adjoint operator:

(Ax,y)m = (A*y,x)g, x€E, yeH.

If there is no ambiguity, the subscripts of scalar products are omitted. For a concave
function f, we denote by V f(x) one of its subgradients at x:

fO) < fx)+(Vf(x),y—x), y,xecdom f.

For a function of two vector variables ¥ (u, x), the notation VoW (u, x) is used to
denote its subgradient with respect to the second argument.

Let 0 C E be a closed convex set containing no straight lines. We assume
that Q is endowed with a v-self-concordant barrier F' (see Sect.5.3). In view of
Theorem 5.1.6, its Hessian is non-degenerate at all points of the domain.

Consider another closed convex set P C E. We are mainly interested in the set

P = P[0

which we assume to be bounded. Denote by x its constrained analytic center:

xo = argmin F(x) € Py = P(int @ € P. (7.3.2)

xePy

Thus, F(x) > F(xp) for all x € P. Since Q contains no straight lines, x¢ is well
defined (see Theorem 5.1.6).

For the set P, we introduce the following smooth approximation of its support
function:

Up(s) = max{(s. u — xo) — BLF(u) — F(xo)l}, s € E*, (7.3.3)

ueP
where 8 > 0 is a smoothing parameter. Denote by u;} (s) the unique solution of the
maximization problem (7.3.3). Then, in view of relation (5.3.17) and Theorem 6.1.1,
we have
VUg(s) = up(s) —xo, se€E" (7.3.4)
For any x € int Q, consider the following local norms:
Ihlle = (V2F(0)h, )2, h €E,

Isl* = (s, [V2F(x)]"1s)1/2, s € E*.

Then, we can guarantee the following level of smoothness of the function Ug(-).
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Lemma 7.3.1 Let 8 > 0, s € E* and x = ug(s). Then for any g € E* with
gl < B we have

Up(s +g) < Ug(s) + (g, VUg(s)) + ﬂw*(é lgll%)s (7.3.5)
(5.1.24) 2
where wy(t) = —7 —In(l — 1) < 2(12{) fort €[0,1).

Proof In view of definition (7.3.3) and Theorem 2.2.9, for any y € Py we have
(s —BVF(x),y—x) < 0. (7.3.6)
Moreover, since F' is a standard self-concordant function, at any point y € int Q
F(y) z F(x) +(VF(x),y = x) + o(ly — x[lx), (7.3.7)
where w(t) =t — In(1 + #) (see inequality (5.1.14)). Hence,
Up(s + 8) — Up(s) — (g, VUp())

739 iga})xo{(s + 8,y —x0) — BIF(y) — F(x0)] — (s + &, x — x0)

+BLF (x) — F(x0)]}

= ma}%{(s + 8. y—x) = BLF() — F)I}

ye
(7.3.6)
< ig%xoﬂg, y—x)+BUVF&x),y —x)— F(y) + F(x)]}
(7.3.7)
< max{(g,y —x) — Bo(lly —x[x)} =< sup{tlgl}; — Bw(r) }.
yePy >0

If ||gll% < B, then the supremum in the right-hand side is equal to Bw.( é llgll¥) (see
Lemma5.1.4). O

Consider now an affine function £(x), x € P. For 8 > 0 define
* def
(B = )I}é%x{K(X)—ﬂ[F(X)—F(XO)]} > L(x0) = Lo (7.3.8)
0

Then £*(0) = max £(x) = ¢,
xeP
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Lemma 7.3.2 Forany B > 0 we have

(B) < £* < £*(B)+ v (1 + [ln ‘f*ﬂfOL) , (7.3.9)
where [a]+ = max{a, 0}. Moreover,

e — o < [Ver(B) — to + VBV] . (7.3.10)

Proof The first part of inequality (7.3.9) follows from definitions (7.3.2) and (7.3.8).
Let us prove the second part. Consider an arbitrary y* € Arg ma;)( £(x). Define
Xe

y(@) =xo+a(y" —xo), «€l0,1].
In view of inequality (5.3.14), we have
FOy(w)) < F(xo) —vIn(l —a), «o€l0,1).
Since £(-) is linear, this relation implies that

(B) = arer}gxl){f(y(a)) — BIF(y(a)) — F(x0)]}
’ (7.3.11)
> (1 —a)y+al*+Bvin(l —a), «ce€l0,1).

The maximum in « of the latter expression is attained at «* = [1 — z*ﬂ— Vzo] . Thus,
+

if Zﬁﬁ_fo < 1 (thatis a* = 0), then £* < £y + Bv, and (7.3.9) follows from (7.3.8).
If @* > 0, then we get (7.3.9) by direct substitution.
On the other hand, from (7.3.11) we have

e—to= L[e@—t+pm(1+,9,)] = le@ - o+ 2

Minimizing the latter expression in o, we get (7.3.10). O

Corollary 7.3.1 Forany 8 > 0 we have

¢ < 0*(B) + Bv [1 +21In (1 " \/”g)v—“)] . (1.3.12)
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7.3.2 The Barrier Subgradient Scheme

In this section, we consider convex optimization problems in the following form:
Find f, &ef mjlx{f(x) 1 x € P}, (7.3.13)

where f is a concave function and P satisfies the structural assumptions specified
at the beginning of Sect. 7.3.1. In the sequel, we assume f to be subdifferentiable
on Py and the set P to be simple. The latter means that the auxiliary optimization
problem (7.3.3) can be easily solved.

Consider now the generic scheme of the Barrier Subgradient Method (BSM).

Initialization: Set s = 0 € E*.

Iteration (k > 0): (7.3.14)
1. Choose B¢ > 0 and compute x; = ”,*sk (sr).

2. Choose Ax > 0 and set sg1 = sk + AV f(xk).

Recall that u/*g(s) denotes the unique solution of the optimization problem (7.3.3).
Thus, BSM is an affine-invariant scheme.

In order to analyze the performance of method (7.3.14), consider the following
gap functions:

K
L(y) = ;)M(Vf(xi)» y = Xi),

def
07 = max £ , k=>0.
k yel)’( k() =

Theorem 7.3.1 Assume that the parameters of scheme (7.3.14) satisfy the condition

MUVl < B < Br1, k=0. (7.3.15)

k k
Let S = > Aj, and Ay = Y Biws (2’ ||Vf(x,-)||j_). Then, for any k > 0 we have
i=0 i=0 ' '

¢ < At ey [1e2m (14 /8 435 v ieol, )] @316

1V Br+1

yurii.nesterov@uclouvain.be



7.3 Barrier Subgradient Method 545

Proof Note that for any k > 0 we have

7.3.15)
=

(
Ugyi (Sk+1) Ug, (sk+1)

(7.3.5) N " "
=7 Up(s0) + M9 f G, (50 = o) + o (JIV S GI,)

Since Ug, (0) = 0, we conclude that

(Skt1, Xkr1 — X0) — Bt [F (k1) — F(xo)] = Upgeyy (k1)

u k (7.3.17)
< L (V00,5 = x0) + X fro (VLGOI )

In view of the first-order optimality condition for (7.3.3), for all y € Py we have

(Sk+1, Y — Xk+1) < Bk+1{VF (Xk41), ¥ — Xie+1)- (7.3.18)
k
Note that sg+1 = > A; V f(x;). Therefore, for any y € Py we obtain
i=0

k (7.3.17)
S (VG y =) Z (skats Y — xe) + Bt [F (st) — Fxo)] + Ak
i=0

(7.3.18)
< Brr1[F 1) + (VF (1), ¥y — Xkr1) — F(x0)]

+Ag
< Bi+1[F(y) — F(x0)] + Ak.

Hence, K,: (Br+1) < Ag. On the other hand, since f is concave, we obtain

k

k
lk(x0) = D Ai(Vf(xi), xo —xi) = > Ai{V f(x0), x0 — x;)
i=0 i=0

k
= —[IVfxo)ll3, - 2 Aillxo — xillx-
i=0

In view of definition (7.3.2), we have (VF(x¢), x; — xo) > 0. Hence, by Theorem
539, llxi — xollyy, < v+ 24/v < 3v (recall that v > 1 by Lemma 5.4.1).
Thus, we conclude that € (xg) > —3vS¢||V f (x0) ||j0. Using our observations and
inequality (7.3.12), we obtain (7.3.16). O
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Let us estimate now the rate of convergence of method (7.3.14) as applied to a
specific problem class.

Definition 7.3.1 We say that f € By (P) if [Vf(x)|} < M forany x € P,.

For a function f € Zu(P), we suggest the following values of parameters
in (7.3.14):

m=1.k=0,  fo=pu. ﬂk=M-<1+\/’;>,kzl. (7.3.19)

Theorem 7.3.2 Let problem (7.3.13) with f € By(P) be solved by
method (7.3.14) with parameters given by (7.3.19). Then for any k > 0 we have

gt=2m- ([ + ) (1+m 2+ 3k + ). (7.3.20)

Proof Define 1, = Al/[ﬂk > 1. In view of the choice of parameters (7.3.19) and
assumptions of the theorem, we have Sy = k + 1, and

k k k -2
A=Y o (JIVIGIE) = MY mo (1) = IMX
i=0 ’ i=0 ‘ i=0 W

k

k
:;Migriil = szM[1+_Z¢11} < \/VM[%—F«/k].

(7.3.21)
(The last inequality can be easily justified by induction.) Furthermore,

IV f xo)II%, H"jgﬂ < Vvk+1),

ﬁk+1

1
Ac o 2tk |
Ber1v — Jv+vk+1l —

Thus, substituting the above estimates in inequality (7.3.16), we obtain

<M [k+1< +\/k) v+‘/k‘jr(lf+1)(1~|—21n(1~|—\/1~|—3\/v(k~|—1)))]

=2 ((fidy + ) - (14 (24 3k + D).

In the last inequality we use the bound Y A ( + \/k) \/kil + kil . O
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With parameters chosen by (7.3.19), the scheme of method (7.3.14) can be
written in the following form:

k
— 1 , , Vv
Xk+1 = argﬂa}% {k+l i;)(vf(xt)a x—xi)—M vk+1) [F(x) — F(x())]} .
(7.3.22)

Since f is a concave function,

k
= g max X2 R (9 £,y = i)
1 k 1 k
Z 5 gleagi;)ki[f(y) —fD] = fi— g, Eo)wf(xi)

Thus, the estimate (7.3.20) justifies the following rate of convergence for primal
variables:

k
fo= X hren s2m- (S +,0) - (14 (24 3vik + 1)),
i=0
(7.3.23)
Note that the value £} is computable. Hence, it can be used for terminating the
process.
Let us show now that method (7.3.22) can also generate approximate solutions to

the dual problem. For that, we need to employ the internal structure of our problem.
Let us assume that it can be represented in a saddle-point form:

S(&x) =min ¥(x,w) — max, (7.3.24)
wesS

xeP

where S C [E; is a closed convex set, and the function ¥ (x, w) is convex in w € S
and concave and subdifferentiable in x € P. Then, the dual problem is defined as

Find f, = min n(w),
wes

(7.3.25)
n(w) = max ¥ (y, w).
yeP

Since P is bounded, the above problem is well defined. Without loss of generality,
it is always possible to choose

Vik) = Vi (x, wx)) (7.3.26)

with some w(x) € Arg migl ¥ (x,w) € S. Let us assume that w(x) is computable
we

forany x € P.
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- 1 k = 1 k
Lemma 7.3.3 Define wy = S XE)Aiw(xi), and X = 5 z;))\,-x,-. Then
1= 1=

n(x) — fGR) < ¢ - (7.3.27)
Proof Since ¥ is concave in the first argument, for any y € P we have
(Vfxi), y —xi) = (V¥ (xi, w(xi)), y — xi)
=V (y, wx)) — Wi, wx)) =¥ (y, wx;)) — f(xi).

Hence,

k k
1 p* 1 1
= > Ai{V f(xi), ) > > Al (y, ] i
Sk Tk TSk I)Irleal)’(l-zo i(Vixi), y —xi) = Sk I)Ifleal)’(izo ¥y, wxi) — fxi)]

k k
2 max ¥ (y, ) - 5 igxif(xi) = () — g, onl-f(xi)

> n(wg) — f(xp). i

Thus, the scheme (7.3.22) can generate approximate primal-dual solutions:

ni) = @) 2M - (2 + ) - (141 (24 3vute+ ).

(7.3.28)
7.3.3 Maximizing Positive Concave Functions
Consider now a convex optimization problem
Find . &f max{y(x) : x € P}, (7.3.29)
X

where the set P = P () QO satisfies the assumptions introduced for problem (7.3.13).
However, now we assume that the function v is concave and positive on int Q:

Y(x) > 0, Vxeint Q0. (7.3.30)

Lemma 7.3.4 Let  be concave and positive on int Q. Then for any x € int Q we
have

VYOI < ¥(x). (7.3.31)
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Proof Let us choose an arbitrary x € int Q and r € [0, 1). Define
Y =5 = oy V@I VY @),
In view of Item 1 of Theorem 5.1.5, y € int Q. Therefore,

0=y () =¥ +(VY@),y —x) =¥ @) —rlIVy @)l
Since r is an arbitrary value from [0, 1), we get (7.3.31). O
This result has an important corollary. Let us apply to the objective function of

problem (7.3.29) a logarithmic transformation:

£ €y ). (7.3.32)

Lemma 7.3.5 Let v be concave and positive in the sense of (7.3.30). Then f €
P1(Q), and it is concave on Q.

Proof Indeed, it is well known that the logarithm of a concave function is a
concave function too. It remains to note that V f(x) = w(lx)VI//‘(x) and apply
inequality (7.3.31). O

Thus, in order to solve problem (7.3.29), we can apply method (7.3.14) to
problem (7.3.13) with the objective function defined by (7.3.32). The resulting
optimization scheme is as follows:

k
X1 = arg ma {kil l_goﬁf(ifg),x —xi) = VI () - F(Xo)]} :
(7.3.33)

For scheme (7.3.33), we can guarantee a certain rate of convergence in relative scale.

Theorem 7.3.3 Let the sequence {x;};°,, be generated by method (7.3.33) for
problem (7.3.29). Then for any k > 0 we have

k kil
|:l_[ Iﬂ(xz')}
=0
> Y -exp{—Z (\/k;1 + kil) (1 +1n <2+ 3 o+ 1)))] (7.3.34)

= [1-2 (i + ) (T (24 3vek + 1))
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Proof Indeed, we just apply method (7.3.22) to the function f defined by (7.3.32).
Since f € $1(Q) € %,(P), by (7.3.20) we conclude that

fom b B re <22 (i 4 ) (14 (24 2 ).

k k+1
Hence, [n 1/f(x,-)i| > Y, - e % > Yy - (1 — &¢). This is exactly (7.3.34). O
i=0

Let us show how we can treat a problem dual to (7.3.29). For simplicity, assume
that
Y(x) = min¥(u, x), (7.3.35)
ues?

where £2 C [Eq is a closed convex set. In this case, condition (7.3.30) can be written
as

Yo(u,x) >0, uef, xelP. (7.3.36)
Note that
maxIny(x) = max min min [t¥(u,x) —Int — 1]
xeP xeP 1>0 uef2

= max min [tw()(lv,x)—lnt—l]
xeP verf, T
>0

(1%6) min ’n(w) =n(v, 1) def —l—Int +ty* (iv)] ,

VETS2,
>0

where ¥*(u) = max ¥y (u, x).
xeP

Denote by u(x) a solution of the minimization problem (7.3.35). Then w(x) is
clearly defined as follows

w(E) = O, 1), V) = TR, T = L

In accordance with Lemma 7.3.3, we can form wy = (vg, Tx) with

u(x;) =

k k
= _ 1 _ 1 1
Uk = k1 ,;) v KT ke EO Y
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Let & = 1, i%)xi, and ify = ¥ = .f();j(g;i))/ [fo Wlxi)} € £2. Then, by (7.3.27)
i= = =
we get
g 6= (@0 — Iy (&) = —1—Ing+ay* (L) —Iny (@
= —1—InT + T¥* (ig) —InyGr) > In ‘/{[&ik)).
Hence,
Y (F) = Y* (i) - exp [—Slk z;] . (1.3.37)

Note that ¥* (i) > .

7.3.4 Applications

In this section, we are going to consider examples of applications of
method (7.3.33). It will be more convenient to use a slight modification of the
usual notion of relative accuracy. We say that some value ¢ is a §-approximation of
the optimal value ¢, > 0 in relative scale if
$pe=P=¢u-e’ §>0.

In the complexity estimates, the short notation O(-) is used to indicate that some
logarithmic factors are omitted. Since the rate of convergence (7.3.34) does not
depend on the problem’s data, our method is a so-called fully polynomial-time
approximation scheme.

7.3.4.1 The Fractional Covering Problem

Consider the following fractional covering problem:
. def . T m
Find ¢, = min{(b,y): A"y >c, y > 0eR"}, (7.3.38)
y

where A = (aj, ..., ay,) is an (m x n)-matrix with non-negative coefficients, and
vectors b € R™ and ¢ € R" have positive coefficients. Define

Y = min g (@i, ).
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Note that ¢ is concave and positively homogeneous of degree one. Therefore,

R m
d)*—m;n{w(y).yZOeR}

-1
— Y(y) . m
_[m)zle’(b’y).yEOeR ]i|

-1
= [m)fglx{w(y) by)=1,y=0¢ Rm}} .

Thus, problem (7.3.38) can be written in the form (7.3.29) with 0 = R,

m .
F(y) = =Y InyY, v=m,

Jj=1

and P = {y : (b,y) = 1}. Hence, in accordance with the estimate (7.3.34) a §-

approximation of ¢, = ! in relative scale can be found in 6(;"2) iterations of

method (7.3.33). Each iteration of the scheme needs O (mn) operations to compute
¥ (y) and its subgradient, and essentially O (m Inm) operation to solve the auxiliary
maximization problem in (7.3.33) (see Sect. A.2). Of course, this computational
strategy is reasonable if m << n. Otherwise, it is better to solve the dual form
of problem (7.3.38) by the smoothing technique (see Chap. 6).

7.3.4.2 The Maximal Concurrent Flow Problem
Consider a network consisting of set of nodes .4, |.4"| = n, and set of directed arcs

o = {a=(0,J), i,jeN}), || =m.

We assume that all arcs have bounded capacities. Formally, this means that the arc
flow vector f € R} must satisfy the capacity constraint:

f=r
Let us introduce the set of origin-destination pairs
09 = {G,j), i,je N}
Each pair (i, j) € 0% generates for nodes i and j a directed flow f; ; € R’} of
level d;, ;. Formally, this means that the vectors f; ; must satisfy the system of linear

equations

Bfij = dijlei—ej), (i,j)e09,
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where B is the balance matrix of the network and e(.) is the corresponding coordinate
vectors in R".
The maximal concurrent flow problem can be posed as follows:

Find 2, & max (1 Bfij = h-dij(ei —e)).
M fi

fij =0, G, )ec2, Y fij<F}

(i,))e0C2

(7.3.39)

Dualizing the flow capacity constraints by a vector of Lagrange multipliers r € R,
we get the following dual problem:

v, &l = max{y (1) : (f.ry=1,1>0eRm),
(7.3.40)
v = Y dij-SP ),

(i,))e0OD

where the function S P; ; (¢) is the shortest path distance between nodes i and j with
respect to a non-negative arc travel time vector ¢ € R™.

Clearly the function v in (7.3.40) satisfies all assumptions introduced for prob-
lem (7.3.29). Therefore (7.3.40) can be treated by method (7.3.33). In accordance
with the estimate (7.3.34), a §-approximation of ., in relative scale can be found
in O( g’;) iterations. Each iteration of the scheme needs a computation of the
shortest-path distances for all origin-destination pairs. The complexity of solving
the auxiliary maximization problem in (7.3.33) is essentially O (m Inm) operations
(see Sect. A.2). Note that we are also able to reconstruct the dual solutions (origin-
destination flows) using the technique described at the end of Sect. 7.3.3.

7.3.4.3 The Minimax Problem with Nonnegative Components

Consider the following minimax problem:

Find v, & min max £ (x), (7.3.41)

xesS 1<i<m

where S is a closed convex set and all functions f;(-) are convex and non-negative
on S. We assume that the function

Y(y) =min Yy fi(x)
xes i=1

is well defined for any y > 0 € R™. Moreover, let us assume that the values of this
function and its subgradients are easily computable.
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Then we can rewrite problem (7.3.41) in the dual form

VY. = myax{w(y): @m.y)=1,y=0eR"}, (7.3.42)

where ¢, € R™ is the vector of all ones.
Note that (7.3.42) satisfies all assumption of problem (7.3.29). Therefore, in
accordance with the estimate (7.3.34), a §-approximation of 1, in relative scale can

be found by method (7.3.33) in 0 (g’;) iterations. Each iteration of the scheme

results in a minimization of a weighted sum of functions f; and the barrier
function F'.

7.3.4.4 Semidefinite Relaxation of the Boolean Quadratic Problem

Consider the following maximization problem:
; def . (D — P
Find f, = max{(Ax,x): x"V ==%1,i=1,...,n}, (7.3.43)
X

where A is a symmetric positive definite (n x n)-matrix. It is well known that this
problem is NP-hard. However, it appears that its optimal value can be approximated
in polynomial time with a certain dimension-independent relative accuracy. Namely,
define

Ve = myin{<én,y>: D(y) = A}, (7.3.44)

where D(y) is a diagonal (n x n)-matrix with vector y on the diagonal. Then it can
be proved that

2Yn < fu £ Y

Usually the problem (7.3.44) is treated by Interior-Point Methods. However, note
that quite often it is useless to compute an approximation to i, with a high relative
accuracy. Therefore it seems reasonable to solve it by a cheap gradient scheme.

Let us justify another representation for ,.

Lemma 7.3.6 Let A = LT L. Then

n 2
v, =m;x{1/f(X) déf[DXqi,q,-Wz} S (I X)p=1, X>0}, (7345
i=1

where q; are the columns of matrix L, I, is the identity matrix, and the scalar
product in the space of symmetric matrices is defined in a natural way.
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Proof Indeed, since A > 0, we have

T mum{i u},.) AT > D(u)}

i=

=

u Y>0

= min max {
1

Lo Y, D) — A1>M}

I
—

-

I
-

= max min {

max (o + 700 u®) 1, A—1>M} .
> u

ul
i

n . .
Thus, , = max {2 Y [r@0]? — (v, A1) M}. Maximizing the objective func-
= i=l1

tion in this problem along a fixed direction ¥ > 0, we obtain

2
¥, = max ! i [Y("”’)]l/2 .
Y>0 (YsAil)M =

Choosing in this problem new variables X = L~TYL™! we obtain representa-
tion (7.3.45). O

Note that the function i in (7.3.45) is concave. Moreover, it is differentiable and
positive at any X > 0. In our case, Q is the cone of positive-semidefinite matrices
with

F(X) = —IndetX, v=n.

Hence, (5.8) satisfies the conditions of the problem (7.3.29). Consequently, v, can
be approximated by (7.3.33) in 0 ( 5”2) iterations, where ¢ is the desired relative

accuracy. In our case, each iteration of the scheme (7.3.33) requires a representation
of an (n x n)-matrix in the form UTUT, where U is an orthogonal matrix, and
the matrix 7T is tri-diagonal. After that, we can apply the efficient search procedure
described at the end of Sect. A.2.

7.3.5 Online Optimization as an Alternative to Stochastic
Programming

7.3.5.1 A Decision-Making Process in an Uncertain Environment

Consider a repeatable decision-making process with uncertain income. Assume we
have N + 1 periods of time, each of which corresponds to a full production cycle.
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In the beginning of the kth period, we choose a production strategy
xkEP, k=0,...,N,

where the structure of P satisfies the assumptions of Sect.7.3.1. The results of
different economic activities in this period are given by a production function

Yr(x) >0, xeP.

The value ¥ (x) is equal to the rate of growth of the capital invested at the beginning
of period k in accordance with production strategy x € P. The function vy (-)
becomes known only at the end of the period k. So, it can be used for choosing
the production strategies of the next periods.

Assume for a moment that we know in advance all production functions

Yk(x), k=0,...,N.

However, for certain reasons, we are obliged to apply in all these periods the same
strategy x € P. In this case, of course, it is reasonable to use

« def N
xy = argmax [] ¥ (x).
xeP p_—o

Then, the average efficiency of this static strategy is given by

N N+1
Uy = []_[ Iﬂk(X*)i| .
k=0

However, usually the future is unknown. Instead, often we have the freedom to
choose for each period k a specific production strategy xx € P. Let us look at its
possible efficiency.

Suppose we know a v-self-concordant barrier F(-) for the set Q. Then, we could
apply the following variant of method (7.3.33):

k
_ 1 Vi) oy vk _
Xk+1 = argr;lea;)( { k+1 l;)( vi(xi) X —X;) (kD) [F(x) F(x())]} .

(7.3.46)

In this case, after N + 1 periods, the average rate of growth is given by

1

N N+1
wy & []_[ I/fk(xk)i| :
k=0
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Theorem 7.3.4 Forany N > 0 we have ¥y > ¥y, - e N with

sv=2(/wi+ ) (140 (24 3y + 1)) = 0

as N — oc.

Proof The proof is very similar to the proofs of Theorems 7.3.1 and 7.3.2. Define

N k k
fi@ =g, fO0) =}, 2 S, so= Y Vi) = 3 e,

Note that method (7.3.46) can be seen as an application of scheme (7.3.14), (7.3.19)
to a changing objective function.
For any k > 0, we have

Ugep1 Gir1) < Up (Sk+1)

(7.3.5) . 1
<7 Up ) + (Y feen), wh (50 = o) + o ( 4 IV fex 7, )

(7.3.31) . |
= Ups0) + (Vo). (50 = o) + Bron () -

Since Ug, (0) = 0, we conclude that

(SN+1, XN+1 — X0) — BN+1[F (xn+1) — F(x0)]
N N |
= UpyaiGwe) = LAV, x5 —x0) + 2 froo ()

=

(7.3.47)

N
T TV it xi — o) + v [ VN

i=0
In view of the first-order optimality condition for (7.3.3), for all y € Py we have
(SN+1, Y = xN+1) = BN 1{(VF(n41), Y — XN+1)- (7.3.48)

Therefore, using the concavity of all functions f;, for any y € P we get

N
v E I Vi), y - xi)
i=0
(7.3.47)

1
< (SN+41, Y — XN41) + But1[F(xens1) — F(xo)] + /v [2 + \/N}
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(7.3.48)
< BN+lFGn+1) H(VF@N+1), Yy — xn+1) — F(x0)]

+/v [; + JN}

1
< BNH[F(y) — F(xp)]1+ /v [2 +~/N:|.

Hence, €5, (Bn+1) < /v [% + \/N] On the other hand, applying the same
arguments as in the end of the proof of Theorem 7.3.1, we obtain

N N
ey (x0) = _XE)(Vfi(Xi),Xo —Xj) = ;)<Vﬁ(x0)’x0 - Xi)
> —=3v-(N+1).

Thus, €% (Bn11) — £ (x0) < /v (; + JN) +3v- (N + 1). Since fyig = 1 +
\/le,by (7.3.12) we have:

% J 1
NS N <2+\/N)

1
v V(N+1) «/v<2+x/N)+3v‘(N+1)
FUEIAED | 4 21 1+\/ A

< BN+ T2 (14 V143 + 1 )]

<én

(see the arguments used at the end of the proof of Theorem 7.3.2). On the other
hand,

N

N
w1 & = wh gleag{ZWﬁ(xi),y—m} > Wb gleag{igo[ﬁ(y)—ﬁ(xi)]}

i=

=Inyy —InWy. O

Let us now look at several applications of this theorem.
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7.3.5.2 Portfolio Management

Let x € A, be the structure of our portfolio. Denote by c,Ei) >0,i=1,...,n,
the growth coefficient for the price of stock i during day k£ > 0. Then the optimal
portfolio with constant sharing is defined as

N N 1/(N+1)
xy =argmax [[(cx,x), vy = |:]_[ (ck,x]*v)i| .
x€P k=0 k=0

For the set QO = R'}, we can apply the standard n-self-concordant barrier

n .
F(x)=—Y Inx®,
i=1

Then, we can use the following variant of method (7.3.46):

Xkp1 = argmax | ! i fer i) _ okl [F(x) — F(xo0)] k=0
ol =AMy 2 NG T ) o t=T

(7.3.49)

In this case, after N + 1 periods, the average rate of growth of our portfolio is given
by

1

N N+1
vy & [n <ck,xk>} .

k=0

In view of Theorem 7.3.4, we have ¥y > v} - e~ 9. Note that each step of
the algorithm (7.3.49) is implementable in O(nlnn) arithmetic operations (see
Sect. A.2).

7.3.5.3 Processes with Full Production Cycles

Assume that in our economy there are n elastic production processes. At the
beginning of the kth period, we know the cost a,g) > 0 of producing one unit of
producti,i =1, ..., n. This cost is derived from the prices of raw materials, labor,
equipment, etc. However, the price b,Ei) > 0 of the unit of product i becomes known
only at the end of period k, when we sell it. It may depend on competition in the

market, uncertain preferences of the consumers, etc. Denoting by x® the fraction
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of the capital invested in the process i, we come to the following model:

(@)

SN0
Yr(x) = Z al;[_) -x\,

i=1 “k

def (7.3.50)
x=xWD, ..., xHT e = RY,

P=A,.

Then we can apply method (7.3.46) with

n .
F(x)=-Y1Inx® v=n.

i=1

In this situation, the complexity of solving the auxiliary maximization problem
in (7.3.46) is again O (n Inn) arithmetic operations (see Sect. A.2).

7.3.5.4 Discussion

Theorem 7.3.4, being applied in an uncertain environment, delivers an absolute
and risk-free guarantee for a certain level of efficiency of online optimization
strategy (7.3.46). To obtain such a result, we do not need to introduce the
standard machinery related to random events, risk measures, stochastic or robust
optimization. Note that in Theorem 7.3.4 we compare the efficiency of a dynamic
adjustment strategy with a static one. Hence, our arguments may not be too
convincing. However, let us look at the standard one-stage stochastic programming
problem

Xy = argma};}g Sl f(x, O], (7.3.51)

where &;[-] denotes the expectation with respect to a random vector ¢. The optimal
strategy x, must be static by its origin (otherwise, maximization of expectation does
not make sense). At the same time, the quality of the model f(x, &), constructed
by an analysis of the past, can hardly be comparable with the quality of the static
model based on exact knowledge of future. Thus, by transitivity, we can hope that
our online adjustment strategy gives much better results than the standard Stochastic
Programming approach. Of course, it can be applied only in the situations when the
dynamic adjustments of the decision variables are implementable.

The main drawback of online optimization strategy (7.3.46) is its low rate of
convergence. Therefore, it is efficient only for the processes where the average gain
is big as compared to the number of iterations and the parameter of the barrier
function. Interesting applications of this technique can be found most probably in
long-run production planning and management than in stock market activity.
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7.4 Optimization with Mixed Accuracy

(Strictly positive functions; The Quasi-Newton Method; Approximate solutions; Mixed
accuracy.)

7.4.1 Strictly Positive Functions

In the previous chapters, we considered different approaches for finding approx-
imate solutions of optimization problems with absolute and relative accuracy. In
all cases, the type of desired accuracy was very important for the definition of
the problem class, and consequently for the development of the corresponding
numerical schemes. In this section, we proceed in a converse way. Firstly, we
define a class of functions with favorable properties. Only after that will we try
to understand what kind of theory can be developed for corresponding optimization
problems.

Consider a closed convex function f with dom f € R". Let Q C dom f be a
closed convex set. We assume that df (x) # ¢ forall x € Q.

Definition 7.4.1 A convex function f is called strictly positive on Q if for any x, y
from Q and g € df (x) we have

FO)+ fx)+(g,y—x)=0. (74.1)
Since f is convex, this inequality can be written in a more appealing form:

O =1fx)+ g y—x), x,yeQ, gedf(x). (714.2)

Clearly, strong positivity is an affine-invariant property.

Lemma 7.4.1 Let f be strictly positive on Q, € R" and let A € R™™ and
b € R". Then the function ¢ (y) = f(Ay + b) is strictly positive on the set

Oy ={yeR": Ay+be Q.}.
Proof Indeed, in view of Lemma 3.1.11, for x = Ay + b we have
gy = Algr €3¢(y), Vg €3f(x).
For two arbitrary points y1, y» € Qy letx; = Ay; +b,i = 1,2. Then

d(y2) + (1) + (gy y2 — y1) = f(x2) + f(x1) + (AT g, yi — y2)

7.4.1)
= f(x2) + f(x1) 4+ (ge,x1—x2) > 0. O
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Let us give some important examples of strictly positive functions and mention
their main properties.

1. Any positive constant is a strictly positive function.
2. Let us look at convex homogeneous functions of degree one.

Lemma 7.4.2 Let f(x) = maéi(s, x), where the set S is bounded, closed and
xe
centrally symmetric. Then the function f is strictly positive.

(3.1. 4())

Proof For any x € R" and g, € 9f(x), we have f(x) (gx,x)and —g, € S.

Therefore,

(3.1.23) 3.1.4
fo» = (—gx,y> = —f(X) (gx»y — X). O

3. Thus, the simplest nontrivial examples of strictly positive functions are norms.
Let us look now at operations preserving strong positivity.

Lemma 7.4.3 The class of strictly positive functions is a convex cone: if fi and
f2 are strictly positive on Q, and a1, 0 > 0, then f(x) = o1 f1(x) + a2 fo(x) is
strictly positive on Q.

Proof Indeed, the characteristic inequality (7.4.1) is convexin f. O

Lemma 7.4.4 Let the functions f1(-) and f2(-) be strictly positive on Q. Then the
Sfunction f(x) = max{fi(x), f2(x)} is also strictly positive.

Proof Let us fix an arbitrary x € Q. Assume that f;(x) > f2(x). Then, fory € O
and g1 € df1(x) we have

M= A0) =2 —fA) =€,y —x) = —fx) = (Vfx),y —x).

The case f1(x) < fa(x) and fi(x) = f>(x) can be justified in a similar way (see
Lemma 3.1.13). O

Thus, the functions below are strictly positive on R":
m
fik) = X NAix = bill,  fa(x) = max [|Aix —bill,
i=1 1<i<m

where A; e R™*" andb; e R™,i=1...n

At the same time, the class of strictly positive functions contains functions with
quite a general shape of epigraph. Let us fix a norm || - || for measuring distances in
R”", and define the corresponding dual norm || - ||, in the standard way (7.1.3).
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Theorem 7.4.1 Let the function ¢ be convex on Q and all its subgradients be
uniformly bounded:

lgxlls <L, xe€Q, gr€df(x). (7.4.3)

Then the function f(x) = max{¢(x), L||x||} is strictly positive on Q.

Proof Letus fix an arbitrary x € Q. Assume first, that ¢ (x) < L||x||. Let us choose
s € R" with ||s||x = 1, such that (s, x) = ||x||. Note that any g, € df (x) coincides
with one of the vectors Ls (see Lemma 3.1.15). Hence, for any y € E we have

FO) + f(x) +(gx,y —x) = LIyl + Llix| + (Ls, y —x) = LIyl + L{s, y) = 0.

Further, if ¢(x) > L||x]||, then 3f (x) = d¢(x) and therefore for any g, € df(x)
we have

O+ &) +{ge.y—x) = Lyl +Llx|l+ (ge,y — x)

(7.43)
> Liyl+Lilx| = Llly — x|l = 0.

Finally, for the case ¢(x) = L||x|| we can apply a convex combination of the above
inequalities. O

Using this result, we can endow a general minimization problem

Find ¢* = min ¢ (x) (7.4.4)

with a strictly positive objective function. Denote by x* € Q its optimal solution.

Corollary 7.4.1 Let the function ¢ satisfy condition (7.4.3). Then for any xo € Q
the function

f(x) = max{¢(x) — ¢ (x0) + 2LR, L|lx — xoll}

is strictly positive on Q. Moreover, for all x with ||x — xo|| < R we have

f&x) =¢(x) —¢(xo) +2LR. (7.4.5)

If |lxo — x*|| < R, then problem (7.4.4) is equivalent to the problem
f* = min f(x),
xeQ
with optimal value satisfying the following bounds:

LR < f* < 2LR. (7.4.6)
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Proof Indeed, f is strictly positive on Q in view of Theorem 7.4.1. If ||x —xo|| < R,
then

(7.4.3)
¢(x) —¢(x0) +2LR = 2LR— L|x —xoll = Lllx — xoll,

and we obtain representation (7.4.5). Further, f* < f(xo) = 2LR. Finally,

(7.4.3)
f(x) > max{2LR — L|x — xoll, Lllx — xoll} > LR. O

7.4.2 The Quasi-Newton Method

Consider the following minimization problem:

min f(x), (7.4.7)
xeQ

where Q is a closed convex set in R”, and the function f is strictly positive on Q.
Denote by x™* the optimal solution of this problem. It will be convenient to work
with another objective function:

feo) =172,

(7.4.8)
R Lm3.1.8 A
g0 = fx)-gx) € T af(x), glx) e df(x).

Since the function f is nonnegative, problem (7.4.7) can be rewritten in the
equivalent form

min f(x). (7.4.9)
xeQ

The most unusual feature of the function f is the existence of nonlinear lower
support functions.

Lemma 7.4.5 Let the function f be strictly positive on Q. Then for any x and
y € Q we have

FO) = fO)+ @0,y —x) + g,y —x)% (7.4.10)
Proof Indeed,

Fo) 7291 126y T2V 1) + (g0, y — 0P

U89 Fo+ (@0 y —x) + Mg,y =02 O
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We will use inequality (7.4.10) in the framework of estimating sequences (see
Sects.2.2.1,4.2.4, and 6.1.3). Let us fix a symmetric n x n-matrix Go > 0, and a
starting point xo € Q. Define the primal and dual norms:

Ixllgo = (Gox, )%, llgllE, = (8.Go'@)' /% x, g eR™

We assume that ||xo — x*||g, < R. Define the initial function for the estimating
sequence as follows:

— Ly — 2
Vo) =, llx —xollg,-

Let us fix an accuracy parameter § € (0, 1). Assuming that g(xx) # 0, k > 0,
define

k—1
_ 5. 1 — .
=18 (gl 2 Ak ;O“w k= 0. (7.4.11)

Thus, Ag = 0. For k > 0, consider the following process:

Xj = arg )rcréi(rzl Vi (x),
Pt (@) = 00 +ax - [ £ + (@00, x = x0) + 3 g, x —x0)?]
(7.4.12)
Clearly, in view of inequality (7.4.10), we have
Yr(x) < A f(x) +Yo(x), x € Q. (7.4.13)

On the other hand, v (-) is a quadratic function with Hessian Gy > 0 updated
by the following rule

(74.11) s . gtwg” () >
= Gt 5 (g, ) k=0

(7.4.14)

Gir1 = Gr +ar - gxr)g” (xp)

Therefore, by the Sherman—Morrison—Woodbury rule, we have

G e Gy

-1 _ A1
Gk“‘l =Gy J (IIg(xk)ll’gk)2
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Thus, we conclude that

L2180, )7 Y a2 e - gl
= - f - (1=8) - (lgCnllf)> (7.4.15)
Vs a fo.

Lemma 7.4.6 For any k > 0 we have

yr & mmwk(x) > (1-29) Za,f(x, . (7.4.16)

Proof Let us prove inequality (7.4.16) by induction. For £ = 0 it is true. Let us
assume that it is true for some k > 0. Since Y (-) is a quadratic function, it is
strongly convex in the norm || - ||, with convexity parameter one. Thus, for any
x € Q the first-order optimality condition implies

Y00 = Y+ WG x —x) + e —xll, = g bl —

Therefore,

Vi 2w bmin e =l +adfon + @0, x —x)

+ (g0, x — x)?1)

7414 A
( >1/fk+akf<xk>+mm{2ux 5l + a0, x — x|

> Y+ af ) — afllgeolg,

(7.4.15)

Y+ (1= 8) - ar f (). O
We can now estimate the rate of convergence of method (7.4.12). Define
' ~ L kel
x,’(‘:argn}m{f(x): X = X0,..., Xk}, o=y, > aixi.

i=0

Theorem 7.4.2 Let us assume that a strictly positive function f has uniformly
bounded subgradients:

lglg, =L, x€Q. (7.4.17)
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Then, for any k > 0 we have

L2R?

[esrsn 1] (7.4.18)

(1=8fuh) < fou™) + )
n

This estimate is also valid for the value f()?kﬂ).
Proof In view of inequalities (7.4.13) and (7.4.16),

(1=8)f () = F&) + b ko = x*11Z,-

Let us estimate the rate of growth of the coefficients Ax. Let Gk = Gal/szG(;l/z,

k > 0. Since det Gy 7419 115 det G, we have
= 1
det Gy = (1—)k* k> 0. (7.4.19)
It remains to note that
k—1 k—1
(7.4.11) (7.4.17) (7.4.11) -
A =" Y a = L Yallgtalg)? = L [Trace G —n ]
i=0 i=0
(7.4.19) 1 sk
> L’g[(l_sw—l] > an[e m—1]. ]

7.4.3 Interpretation of Approximate Solutions

Note that the quality of point x; as an approximate solution to problem (7.4.9) is
characterized by inequality (7.4.18) in a nonstandard way. Let us introduce a new
definition.

Definition 7.4.2 We say that a point x € ( is an approximate solution to
problem (7.4.9) with mixed (e, §)-accuracy if

1-8f@ < f*) +e

In this definition, € > 0 serves as an absolute accuracy, and § € (0, 1) represents
the relative accuracy of the point x. Thus, in view of (7.4.18), the mixed (e, §)-
accuracy can be reached by the Quasi-Newton Method (7.4.12) in

Nu(e, 8) & 7 1n (1 + LZRZ) (7.4.20)

2ne

iterations.
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Thus, it is not difficult to reach a high absolute accuracy. A high level of relative
accuracy is much more expensive. Nevertheless, despite to the non-smoothness of
the objective function in (7.4.9), the number of iterations of method (7.4.12) is
proportional to ; This is, of course, a consequence of the finite dimension of the
space of variables. Note that we have the following uniform upper bound for our
estimate of the number of iterations:

Ny(€,8) < Noo(e, 8) & LR (7.4.21)
It is easy to see that the bound N, (¢, §) is a monotonically increasing function of
dimension n.
Let us discuss now the ability of method (7.4.12) to generate approximate
solutions in the standard accuracy scales.

7.4.3.1 Relative Accuracy

Consider our initial problem (7.4.7). Assume that our goal is to generate an
approximate solution x € Q to this problem with relative accuracy § € (0, ;):

@ =A+8f" (7.4.22)

After k iterations of method (7.4.12), we have

(7.4.8) N R
A=) = O = A=8)(f&x) = f(x)
(7.4.23)

(7.4.18) A 12R2
< Sf(xM+ 2n[edktD/n_1]"

In order to have the point ¥ = x satisfying inequality (7.4.22), we need to ensure
that the right-hand side of the latter inequality does not exceed §(1 —§)(f *)2. Thus,
for § € (0, %) we need

k=R, & " (1 + nmfiﬁif*)z) (7.4.24)
iterations. Note that the main factor § in this complexity bound does not depend on
the data of the problem. Thus, for problem (7.4.7), we get a fully polynomial-time
approximation scheme. Its dependence on 7 is the same as that of optimal methods
for nonsmooth convex minimization in finite dimensions. However, each iteration of
method (7.4.12) is very simple, of the same order as in the Ellipsoid Method. Note
that for problem (7.4.7) the Ellipsoid Method has complexity bound O (n” In 5Lf1$)
iterations (see, Sect. 3.2.8). Thus, for a moderate relative accuracy, method (7.4.12)
is faster. It is important that the right-hand side of inequality (7.4.24) is uniformly
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7.4 Optimization with Mixed Accuracy 569

bounded as n — o0:

def 2R2
Ri(8) < Roo(®) = o 555 puye-

7.4.3.2 Absolute Accuracy

Consider now the general minimization problem (7.4.4), which we want to solve
with absolute accuracy € > O:

P(x) <p*+e€ x€0. (7.4.25)

We assume that ¢ satisfies condition (7.4.3) and the constants L and R are known.
Moreover, for the sake of simplicity, we assume that

Ix —xoll <R VxeQ. (7.4.26)

Defining now a new strictly positive objective function f(-) by equation (7.4.5), we
get

fx)=¢(x)—d(x0) +2LR Vx e Q. (7.4.27)

Let us choose some 6 € (0, 1) and apply method (7.4.12) to the corresponding
problem (7.4.7) (by solving (7.4.9), of course). After k iterations of this scheme, we
have

(7.4.27) (7.4.23) Sf* 12R2
¢(-x]>: - ¢* = f(-x;:) - f* < 2(1-6) + 2n[eé(k#»l)/n_l],(l_a)f*

720 o[ 5 1
= [1—5 + 2n[e5(k+l>/n_1].(1—5)] :

Thus, to obtain accuracy € > 0, we can find § = §(¢) from the equation

§ _ € _ €
125 =aur = %€ = ok

Then, we need at most
def

LR
k=Tie) = ¢ In (1 + nea—a(e)))
(7.4.28)

2ne

— n(1+2L€R)_1n(1_|_6+2LR)
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570 7 Optimization in Relative Scale
iterations of method (7.4.12). Note that

2
Ta(e) < Too(e) = 5 (1+25F)".
Thus, in finite dimensions the worst-case complexity bound of the Quasi-Newton

Method (7.4.12) is always better than the bound of the standard subgradient scheme
(see Sect. 3.2.3).
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Appendix A
Solving Some Auxiliary Optimization
Problems

A.1 Newton’s Method for Univariate Minimization

Let us show that Newton’s Method is very efficient in finding the maximal root of
increasing convex univariate functions. Consider a univariate function f such that

f(ry) =0, f(r) > 0, fort > 1, (A.1.1)

and it is convex for T > t,. Let us choose 79 > 7. Consider the following Newton
process:

ey =1 — T, (A.1.2)

where gr € df (tx). Thus, we do not assume f to be differentiable for T > 7.

Theorem A.1.1 Method (A.1.2) is well defined. For any k > 0 we have

f@a)gre1 < 4 f @)k (A.1.3)

k
Thus, f(xx) < (%) 80(T0 — T).

Proof Let fi = f(w). Let us assume that f; > 0 for all K > 0. Since f is convex
fort > 74,0 = f(14) > fi + gk(t4« — 7¢). Thus,

gk(tk — ) = fi > 0. (A.1.4)

This means that g > 0 and 1441 € [T, k). In particular, we conclude that
T — Te < TO — Ty (A.1.5)
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Further, for any & > 0 we have:

1.2)

(A1
S = firt + g1tk — wr) = Sy + fkg:“.

Thus, 1 > f"le + g’;' > 2\/,1"1«?;?;1 , and this is (A.1.3). Finally, since f is convex
for T > 1., we have

ALd) [ po I3 ) AlA ”
g = TO‘L;’* z 2 rokféﬂ =z 2N e m—
(A.13) ok fi O

— TO—Tx

Thus, we have seen that method (A.1.2) has linear rate of convergence, which does
not depend on the particular properties of the function f. Let us show that in a
non-degenerate situation this method has local quadratic convergence.

Theorem A.1.2 Let a convex function f be twice differentiable. Assume that it
satisfies the conditions (A.1.1) and its second derivative increases for T > t,. Then
for any k > 0 we have

F) <, 00, - 2@, (A.1.6)

If the root T, is non-degenerate:
Sf'(zs) > 0, (A.1.7)
1" () 2
then f(rk'f-l) 5 2(f/(1’*))2 : f (Tk)

Proof In view of conditions of the theorem, f”(7) < f”(t) forall T € [Tg+1, Tk].
Therefore,

f@e) < f@)+ @) (e — ) + 5 f7 (@) (Tt — w)?

(A12) 1

” )
= 2@ g

To prove the last statement, it remains to note that f”(tx) < f” (7o) and f'(7x) >

f/(f*)- a
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A.2 Barrier Projection onto a Simplex 573
A.2 Barrier Projection onto a Simplex

In the case K = IR’} , we can take

n .
F(x) = =Y nx®, v=n.
i=1

Consider P = {x e R} : (e, x) = 1}. Then, at each iteration of method (7.3.14)
we need to solve the following problem:

n . n .
o & mflx{(s,x)—i— z:llnx(’): _le“) = 1}. (A2.1)
1= 1=

Let us show that its complexity does not depend on the size of particular data (that
is, the coefficients of the vector s € R").
Consider the following Lagrangian:

n . n .
L, A) = (s, x)+ Y Inx® 5. [1 - Zx(”] xeR" xeR.
i=1 i=1

The dual function

def

o) = max{f(x,k) : ix(i) = 1} = 2LxM), 1)
X i=1

is defined by the vector x (1) : xO0) = x—lc(ﬂ ,i=1,...,n. Thus,

dM) = —n+Ar— fln(x—s@),
i=l (A.2.2)
nain{q&()\) © A > max s(i)} )

P«

1<i<n

Note that ¢(-) is a standard self-concordant function. Therefore we can apply
to its minimization the intermediate Newton’s Method (5.2.1), Item C), which
converges quadratically starting from any A from the region

2(s) = {A: 4@ W) < 9" (W)}

(see Theorem 5.2.2). Let us show that the complexity of finding a starting point from

this set does not depend on the initial data.
n

Consider the function Yy (1) = —¢'(1) = Y )L_IY(,.) — 1. Clearly, the prob-
=

1=
lem (A.2.2) is equivalent to finding the largest root A, of the equation

YY) = 0. (A.2.3)
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574 A Solving Some Auxiliary Optimization Problems

Let .o = 1 + max s©. Then Y (Ao) > 0 and therefore Lo < A.. Consider the

1<i<n
following process:

hert =M= YO k=0, (A2.4)

This is a standard Newton’s method for solving the Eq. (A.2.3), which can be also
interpreted as a Newton’s method for the minimization problem (A.2.2).

k
Lemma A.2.1 Foranyk > 0 we have (¢' (Ax))? <n’ - (116) @" (Ap).

Proof Note that function ¥ is decreasing and strictly convex. Therefore, for any
k > 0 we have

Mo< Myl <Xde, YO <0, v > 0.

Since Y(h) = YOkp1) + ¥ Gas) Gk — A1) = Y 0kp) + V00 wow),
we obtain!

YOxs) | ¥ Og) Y MDY (A1)
L= Yoo T voan = 2\/ YOOV Ok)

Thus, for any k > 0 we get

k
900 - 18001 = (1) ¢"C0) - 19/ Gl (A25)

Further, in view of the choice of Ay we have

n

|#' (o)l = ¥ (ho) = Zﬂo—l“’“ 1 <n-1,

=

n

1
@" (M) = i; (g_shy = T

n
Finally, since 0 < ¥ (Ak) = Y /\k—lv@ — 1, we conclude that
i=1 )

n

7 _ 1 1
¢ ()"k) = ,'; Oup—s)2 > ne

IWe use the same arguments as in the proof of Theorem A.1.1, but for a decreasing univariate
function.
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Using these bounds in (A.2.5), we obtain
L o oun? < (LY @ooreon? ~ 1\ 1 4
¢”()\k) (¢ ( k)) = 16 (¢”(Ak))3 = 16 n.

Comparing the statement of Lemma A.2.1 with the definition of 2(s), we
conclude that the process (A.2.4) arrives at the region of quadratic convergence at
most after

H 2 + 7log, n)] (A.2.6)

iterations. Each such iteration takes O (n) arithmetic operations.
A similar technique can be used for finding the barrier projection in the cone of
positive-semidefinite matrices:

m)?x{(S, X) +IndetX : ([, X) = 1}.

The most straightforward strategy consists in finding an eigenvalue decomposition
of the matrix S and solving the problem (A.2.1) with s being the spectrum of the
matrix. In a more efficient strategy, we transform S into tri-diagonal form by an
orthogonal transformation, compute its maximal eigenvalue and apply the Newton’s
method to the corresponding dual function.
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In the past few decades, numerical methods for Convex Optimization have become
widely studied in the monographic literature. The reader interested in engineering
applications can benefit from the introductory exposition by Polyak [55], excel-
lent course by Boyd and Vandenberghe [6], and lecture notes by Ben-Tal and
Nemirovski [5]. Mathematical aspects are described in detail in the older lectures
by A. Nemirovski (see [33] for the Internet version) and in the original versions
of the theory for Interior-Point Methods by Renegar [57], Roos et al. [59], and Ye
[63]. Recent theoretical highlights can be found in the monographs by Beck [3]
and Bubeck [7]. In our book, we have tried to be more balanced, combining the
comprehensive mathematical theory with many examples of practical applications,
sometimes supported by numerical experiments.

Chapter 1: Nonlinear Optimization

Section 1.1 The complexity theory for black-box optimization schemes was devel-
oped in [34], where the reader can find different examples of resisting oracles and
lower complexity bounds similar to that of Theorem 1.1.2.

Sections 1.2 and 1.3 There exist several classical monographs [11, 12, 30, 53]
treating different aspects of Nonlinear Optimization. For understanding Sequential
Unconstrained Minimization, the best source is still [14]. Some facts in Sect. 1.3,
related to conditions for zero duality gap, are probably new.
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Chapter 2: Smooth Convex Optimization

Section 2.1 The original lower complexity bounds for smooth convex and strongly
convex functions can be found in [34]. The proof used in this section was first
published in [39].

Section 2.2 Gradient mapping was introduced in [34]. The first optimal method for
smooth and strongly convex functions was proposed in [35]. The constrained variant
of this scheme is taken from [37]. However, the framework of estimating sequences
was suggested for the first time in [39]. A discussion of different approaches for
generating points with small norm of the gradient can be found in [48].

Section 2.3 Optimal methods for discrete minimax problems were developed in
[37]. The approach of Sect.2.3.5 was first described in [39].

Chapter 3: Nonsmooth Convex Optimization

Section 3.1 A comprehensive treatment of different topics of Convex Analysis can
be found in [24]. However, the classical monograph [58] is still very useful.

Section 3.2 Lower complexity bounds for nonsmooth minimization problems can
be found in [34]. The framework of Sect. 3.2.2 was suggested in [36]. For detailed
bibliographical comments on the early history of Nonsmooth Minimization see [55,
56].

Section 3.3 The example of a difficult function for Kelley’s method is taken from
[34]. The presentation of the Level Method in this section is close to [28].

Chapter 4: Second-Order Methods

Section 4.1 Starting from the seminal papers of Bennet [4] and Kantorovich [26],
Newton’s Method became an important tool for numerous applied problems. In
the last 50 years, the number of different suggestions for improving the scheme is
extremely large (see, for example, [11, 12, 15, 21, 29, 31]). The reader can consult
an exhaustive bibliography in [11].

Most probably, the natural idea of using cubic regularization to improve the
stability of the Newton scheme was first analyzed in [22]. However, the author
was very sceptical about the complexity of solving the auxiliary minimization
problem in the case of nonconvex quadratic approximation (and indeed, it can
have an exponential number of local minima). As a result, this paper was never
published. Twenty five years later, in an independent paper [52] this idea was
checked again, and it was shown that this problem is solvable by standard techniques
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of Linear Algebra. The authors also developed global worst-case complexity
bounds for different problem classes. This paper forms the basis of Sect.4.1. The
interested reader can also consult the complementary approach [8, 9], where cubic
regularization is coupled with a line search along the gradient direction. However,
note that this feature, though improving somewhat the numerical stability, forces
the algorithm to stop at saddle points. A historical exposition of the development in
this field with recent results, including lower complexity bounds for gradient norm
minimization, can be found in [10].

Section 4.2 This section is based on the paper [45].

Section 4.3 This section is based on very recent and partially unpublished results.
The first lower complexity bounds for second-order methods were obtained in [2].
At the same time, one of the second-order schemes in [32] achieves the rate of

convergence 0 ( k7l/2)’ which is optimal. However, each iteration of this method

needs an expensive search procedure based on additional calls of oracle. So, its
practical efficiency is questionable.

In our presentation, we use a simpler derivation of the lower complexity bounds
and a simpler conceptual version of the “optimal” second-order scheme, based on
iteration of the Cubic Newton Method.

Section 4.4 Methods for solving systems of nonlinear equations have attracted a lot
of attention (see [11, 12, 53, 54]). However, we have not been able to find any global
worst-case efficiency estimates for them in the literature. Our presentation follows
the paper [43].

Chapter 5: Polynomial-Time Interior-Point Methods

This chapter contains an adaptation of the main concepts from [51]. We added
several useful inequalities and a slightly simplified presentation of the path-follow-
ing scheme. We refer the reader to [5] for numerous applications of interior-point
methods, and to [57, 59, 62] and [63] for a detailed treatment of different theoretical
aspects.

Section 5.1 In this section, we introduce the definition of a self-concordant function
and study its properties. As compared with Section 4.1 in [39], we add Fenchel
duality and the Implicit Function Theorem. The main novelty is an explicit treatment
of the constant of self-concordance. However, most of the material can be found in
[51].

Section 5.2 In this new section, we analyze different methods for minimizing self-
concordant functions. We propose a new step-size rule for the Newton scheme
(intermediate step), which gives better constants for the path-following approach.
Complexity estimates for a path-following scheme, as applied to a self-concordant
function, were obtained only recently [13].
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Section 5.3 In this section we study the properties of a self-concordant barrier and
give the complexity analysis for the path-following method. This is an adaptation of
Section 4.2 in [39].

Section 5.4 In this section, we give examples of self-concordant barriers and related
applications. This is an extension of Section 4.3 in [39] by the results of [49].

Chapter 6: The Primal-Dual Model of an Objective Function

This is the first attempt at presenting in the monographic literature the fast primal-
dual gradient methods based on an explicit minimax model of the objective function.
In the first three sections we present different aspects of the smoothing technique,
following the papers [40, 41], and [42]. It seems that the Fast Gradient Method in
the form of the Method of Similar Triangles (6.1.19) was published for the first time
only recently (see [20]).

The last Sect. 6.4 is devoted to the new analysis of the old Conditional Gradient
Method (or, the Frank—Wolfe algorithm [16, 18, 19, 23, 25]). Our presentation
follows the paper [50], which is close in spirit to [17].

Chapter 7: Optimization in Relative Scale

The presentation in this new chapter is based on the papers [44, 46], and [47].
Some examples of application were analyzed in [5], however, from the viewpoint of
the applicability of Interior-Point Methods. Algorithms for computing the rounding
ellipsoids are studied in [1, 27, 61], and in the recent book [60]. Constant quality
of semidefinite relaxation for Boolean quadratic maximization with general matrix
was proved in [38]. The material of Sect. 7.4 is new.
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