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Introduction

Optimization problems arise naturally in many application fields. Whatever people do, at
some point they get a craving to organize things in a best possible way. This intention,
converted in a mathematical form, turns out to be an optimization problem of certain type.
Depending on the field of interest, it could be the optimal design problem, the optimal
control problem, the optimal location problem or even the optimal diet problem. However,
the next step, consisting in finding a solution to the mathematical model, is not so trivial.
At the first glance, everything looks very simple: Many commercial optimization packages
are easily available and any user can get a “solution” to his model just by clicking on an
icon at the screen of the personal computer. The question is, how much can we trust it?

One of the goals of this course is to show that, despite to their attraction, the proposed
“solutions” of general optimization problems very often can break down the expectations of
a naive user. The main fact, which should be known to any person dealing with optimization
models, is that, in general, the optimization problems are unsolvable. In our opinion, this
statement, which is usually missed in standard optimization courses, is very important for
understanding the entire optimization theory, its past and its future.!

In many practical applications the process of creating a model takes a lot of time and
efforts. Therefore, the researchers should have a clear understanding of the properties of the
model they are creating. At the stage of the modeling, many different tools can be used to
approximate the reality. And it is absolutely necessary to understand the consequences of
each possible choice. Very often we need to choose between a good model, which we cannot
solve,?, and a “bad” model, which can be solved for sure. What is better?

In fact, the computational practice provides us with a kind of answer on the above
question. The most widespread optimization models now are the linear programming models.
It is very unlikely that such models can describe very well our nonlinear world. Thus, the
only reason for their popularity can be that the modelists prefer to deal with solvable models.
Of course, very often the linear approximation is poor, but usually it is possible to interpret
the consequences of such choice and make the correction of the solution, when it will be
available. May be it is better than trying to solve a model without any guarantee to get an
answer.

Another goal of this course consists in discussing the numerical methods for solvable
nonlinear models, we mean the convexr programs. The development of convex optimization

ITherefore we start our course with a simple proof of this statement.
2More precisely, which we can try to solve



6 Introduction

theory in the last decade 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
in details their features, taking into account the historical aspect. More precisely, we will
try to understand the internal logic of the development for each field. At this moment the
main results of the development can be found only in special journals and monographs.
However, in our opinion, now this theory is completely ready to be explained to the final
users, industrial engineers, economists and students of different specializations. We hope that
this book will be interesting even for the experts in optimization theory since it contains
many results, which have been never published in English.

In this book we will try to convince the reader, that in order to apply the optimization
formulations successfully, it is necessary to be aware of some theory, which tells us what we
can and what we cannot do with optimization problems. The elements of this theory, clean
and simple, can be found almost in each lecture of the course. We will try to show that
optimization is an excellent example of a complete application theory, which is simple, easy
to learn and which can be very useful in practical applications.

In this course we discuss the most efficient modern optimization schemes and prove their
efficiency estimates. This course is self-contained; we prove all necessary results without
dragging in exotic facts from other fields. Nevertheless, the proofs and the reasoning should
not be a problem even for the second-year undergraduate students.?

The structure of the course is as follows. It consists of four relatively independent chap-
ters. Each chapter includes three sections, each of which approximately corresponds to a
two-hours lecture.

Chapter 1 is devoted to general optimization problems. In Section 1.1 we introduce
the terminology, the notions of the oracle and the black box, the complexity of the general
iterative schemes. We prove that the global optimization problems are unsolvable and dis-
cuss the main features of different fields of optimization theory. In Section 1.2 we discuss
two main local unconstrained minimization schemes: the gradient method and the Newton
method. We prove their local rate of convergence and discuss the possible troubles (diver-
gence, convergence to a saddle point). In Section 1.3 we compare the formal structure of
the gradient and the Newton method. This analysis leads to the idea of variable metric.
We describe quasi-Newton methods and the conjugate gradient schemes. We conclude this
section with the analysis of the sequential unconstrained minimization schemes.

In Chapter 2 we consider the smooth convex optimization methods. In Section 2.1 we
analyze the reason of our failures in the previous chapter and derive from that two good func-
tional classes, the smooth convex functions and the smooth strongly convex functions. We
prove the lower complexity bounds for corresponding unconstrained minimization problems.
We conclude this section with the analysis of the gradient scheme, which demonstrates that
this method is not optimal. The optimal schemes for smooth convex minimization problems
are discussed in Section 2.2. We start from the unconstrained minimization problem. After
that we introduce the convex sets and the notion of the gradient mapping for a minimization
problem over a simple convex set. We show that the gradient mapping can just replace gradi-

3This course was presented by the author to students in the form of transparencies. And the rule was to
place any proof at a single sheet. Thus, all of them are necessarily very short.



Introduction 7

ent in the optimal schemes. In Section 2.3 we discuss more complicated problems, which are
formed by several smooth convex functions, namely, the minimax problem and constrained
minimization problem. For both problems we introduce the notion of the gradient mapping
and present the optimal schemes.

In Chapter 3 we describe the nonsmooth convex optimization theory. Since we do not
assume that the reader has a background in convex analysis, we devote the whole Section
3.1 to a short exposition of this theory. The final goal of this section is to justify the rules for
computing the subgradients of convex function. And we are trying to reach this goal, starting
from the definition of nonsmooth convex function, in a fastest way. The only deviation from
the shortest path is Kuhn-Tucker theorem, which concludes the section. We start Section
3.2 from lower complexity bounds for nonsmooth optimization problems. After that we
present the general scheme for complexity analysis of the corresponding methods. We use
this scheme to prove the rate of convergence of the gradient method, the center-of-gravity
method and the ellipsoid method. We discuss also some other cutting plane schemes. Section
3.3 is devoted to the minimimization schemes, which use a piece-wise linear model of convex
function. We describe the Kelley method and show that its rate of convergence cam be very
low. After that we introduce the level method. We prove the efficiency estimates of this
method for unconstrained and constrained minimization problems.

Chapter 4 is devoted to convex minimization problems with explicit structure. In Sec-
tion 4.1 we discuss a certain contradiction in the black box concept, as applied to convex
optimization. We introduce the notion of mediator, a special reformulation of the initial
problem, for which we can point out a non-local oracle. We introduce the special class of
convex functions, the self-concordant functions, for which the second-order oracle is not local
and which can be easily minimized by the Newton method. We study the properties of these
function and prove the rate of convergence of the Newton method. In Section 4.2 we intro-
duce the self-concordant barriers, the subclass of self-concordant functions, which is suitable
for sequential unconstrained minimization schemes. We study the properties of such barriers
and prove the efficiency estimate of the path-following scheme. In Section 4.3 we consider
several examples of optimization problems, for which we can construct a self-concordant bar-
rier, and therefore they can be solved by a path-following scheme. We consider linear and
quadratic programming problem, semidefinite programming, problems with extremal ellip-
soids, separable programming, geometric programming and approximation in L,-norms. We
conclude this chapter and the whole course by the comparative analysis of an interior-point
scheme and a nonsmooth optimization method as applied to a concrete problem instance.
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Chapter 1

Nonlinear Programming

1.1 The World of Nonlinear Optimization

(General formulation of the problem; Important examples; Black box and iterative meth-
ods; Analytical and arithmetical complexity; Uniform grid method; Lower complexity bounds;
Lower bounds for global optimization; Rules of the game.)

1.1.1 General formulation of the problem

Let us start by fixing the mathematical form of our main problem and the standard termi-
nology. Let 2 be an n-dimensional real vector: z = (z(M, ... 2(™) € R" S be a subset of
R"™, and functions fo(x)... fm(x) are some real-valued function of x. In the entire book we
deal with some variants of the following minimization problem:

min fo(z),
st fi(z) &0, j=1...m, (1.1.1)

x €S,

where & could be <, > or =.
We call fo(z) the objective function, the vector function f(z) = (fi(x),..., fm(x)) is
called the functional constraint, the set S is called the basic feasible set, and the set

Q={re5| f(z) <0, j=1...m},

is called the feasible set of the problem (1.1.1).!
There is a natural classification of the types of minimization problems:

e (Constrained problems: () C R™.

IThat is just a convention to consider the minimization problems. Instead, we could consider a maxi-
mization problem with the objective function — fo(z).

9



10 CHAPTER 1. NONLINEAR PROGRAMMING

Unconstrained problems: () = R™.

Smooth problems: all f;(x) are differentiable.

Nonsmooth problems: there is a nondifferentiable component fi(z),

Linearly constrained problems: all functional constraints are linear:

n

fi(z) = Zagi)x(") +b; = (aj,z) +bj, j=1...m,
i=1

(here (-,-) stands for the inner product in R™), and S is a polyhedron.

If fo(x) is also linear then (1.1.1) is a linear programming problem. 1If fo(x) is quadratic
then (1.1.1) is a quadratic programming problem.

There is also a classification based on the properties of the feasible set.
e Problem (1.1.1) is called feasible if Q # 0.

e Problem (1.1.1) is called strictly feasible if 3z € int () such that f;(z) <0 (or > 0) for
all inequality constraints and f;(z) = 0 for all equality constraints.

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

e z* is called the optimal global solution to (1.1.1) if fo(z*) < fo(x) for all x € Q (global
minimum). Then fo(x*) is called the (global) optimal value of the problem.

e 2* is called a local solution to (1.1.1) if fo(z*) < fo(z) for all x € int @ C Q (local
minimum,).
Let us consider now several examples demonstrating the origin of the optimization prob-

lems.

Example 1.1.1 Let (M ... 2™ be our design variables. Then we can fix some functional
characteristics of our decision: fo(x),..., fim(z). These could be the price of the project,
the amount of resources required, the reliability of the system, and go on. We fix the most
important characteristics, fo(z), as our objective. For all others we impose some bounds:
a; < fi(z) <b;. Thus, we come up with the problem:

min fo(x),
st oa; < fi(x) <bj, j=1...m,

x €S,

where S stands for the structural constraints, like non-negativity or boundedness of some
variables, etc. O
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Example 1.1.2 Let our initial problem be as follows: Find x € R" such that

fi(x) = ay,
(1.1.2)

fm(Z) = ap,.

Then we can consider the problem:
min Y _(f;(x) — a;)?,
j=1

may be with some additional constraints on z. Note that 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

Example 1.1.3 Sometimes our decision variable z(!) ... z(™ must be integer. This can be
described by the constraint:

sin(zz®) =0, i=1...n.
Thus, we also treat the integer programmaing problem:

min fo(x),
st oa; < fi(x) <bj, j=1...m,
x €S,

sin(rz®@) =0, i=1...n.

Looking at these examples, a reader can understand the enthusiasm, which can be easily
recognized in the papers of 1950 — 1960 written by the pioneers of nonlinear programming.
Thus, our first impression should be as follows:

Nonlinear Optimization is very important and promising application theory. It
covers almost all needs of operations research and much more.

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

In general, optimization problems should be unsolvable.

Indeed, life is too complicated to believe in a universal tool for solving all problems at once.

However, conjectures are not so important in science; that is a question of personal taste
how much we can believe in them. The most important event in the optimization theory
in the middle of 70s was that this conjecture was proved in some strict sense. The proof is
so simple and remarkable, that we cannot avoid it in our course. But first of all, we should
introduce a special language, which is necessary to speak about such things.
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1.1.2 Performance of numerical methods

Let us imagine the following situation: We have a problem P, which we are going to solve.
We know that there are different numerical methods for doing so, and of course, we want
to find the scheme, which is the best for our P. However, it turns out that we are looking
for something, which does not exist. In fact, it does, but it is too silly. Just consider a
method for solving (1.1.1), which is doing nothing except reporting z* = 0. Of course, it
does not work on all problems except those with z* = 0. And for the latter problems its
“performance” is much better than that of all other schemes.

Thus, we cannot speak about the best method for a concrete problem P, but we can do
so for a class of problems F D P. Indeed, usually the numerical methods are developed to
solve many different problems with the similar characteristics. Therefore we can define the
performance of M on F as its performance on the worst problem from F.

Since we are going to speak about the performance of M on the whole class F, we should
assume that M does not have a complete information about a concrete problem P. It has
only the description of the problem class F. In order to recognize P (and solve it), the
method should be able to collect the specific information about P. To model this situation,
it is convenient to introduce the notion of oracle. An oracle O is just a unit, which answers
the successive questions of the method. The method M is trying to solve the problem P by
collecting and handling the data.

In general, each problem can be included in different problem classes. For each problem
we can also develop the different types of oracles. But if we fix F and O, then we fix a model
of our problem P. In this case, it is natural to define the performance of M on (F,O) as
its performance on the worst P, from F.?

Further, what is the performance of M on P? Let us start from the intuitive definition:

Performance of M on P is the total amount of computational effort, which is
required by method M to solve the problem P.

In this definition there are several things to be specified. First, what does it mean: to solve
the problem? In some fields it could mean to find the ezact solution. However, in many
areas of numerical analysis that is impossible (and optimization is definitely such a case).
Therefore, for us to solve the problem should mean:

To find an approximate solution to M with an accuracy € > 0.

For that we can apply an iterative process, which naturally describes any method M working
with the oracle.
General Iterative Scheme. (1.1.3)

Input: A starting point xy and an accuracy € > 0.
Initialization. Set kK = 0, I_; = (). Here k is the iteration counter and I}, is the information
set accumulated after k iterations.

2Note that this P, can be bad only for M .
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Main Loop.

1. Call the oracle O at xy.

2. Update the information set: I = I U(xg, O(xy)).

3. Apply the rules of method M to I and form the new test point zj 1.

4. Check the stopping criterion. If yes then form an output z. Otherwise set k := k + 1
and go to 1.
End of the Loop.

Now we can specify the term computational effort in our definition of the performance.
In the scheme (1.1.3) we can easily find two main sources. The first is in Step 1, where we
call the oracle, and the second is in Step 3, where we form the next test point. Thus, we can
introduce two measures of the complexity of the problem P for the method M:

1. Analytical complexity: The number of calls of the oracle, which is required to
solve the problem P with the accuracy e.

2. Arithmetical complezity: The total number of the arithmetic operations (in-
cluding the work of the oracle and the method), which is required to solve the
problem P with the accuracy e.

Thus, the only thing which is not clear now, is the meaning of the words with the accuracy
€ > 0. Clearly, this meaning is very important for our definitions of the complexity. However,
it is too specific to speak about that here. We will make this meaning exact when we consider
concrete problem classes.

Comparing the notions of analytical and arithmetical complexity, we can see that the
second one is more realistic. However, for a concrete method M, the arithmetical complexity
usually can be easily obtained from the analytical complexity. Therefore, in this course we
will speak mainly about some estimates of the analytical complexity of some problem classes.

There is one standard assumption on the oracle, which allows us to obtain most of the
results on the analytical complexity of optimization methods. This assumption is called the
black box concept and it looks as follows:

1. The only information available for the method is the answer of the oracle.
2. The oracle is local: A small variation of the problem far enough from the test
point x does not change the answer at x.

This concept is extremely popular in the numerical analysis. Of course, it looks like an
artificial wall between the method and the oracle created by ourselves. It seems natural to
allow the method to analyze the internal structure of the oracle. However, we will see that
for some problems with very complicated structure this analysis is almost useless. For more
simple problems it could help. That is the subject of the last chapter of the book.

To conclude this section, let us present the main types of the oracles used in optimization.
For all of them the input is a test point x € R™, but the output is different:

e Zero-order oracle: the value f(z).
e First-order oracle: the value f(z) and the gradient f'(z).

o Second-order oracle: the value f(z), the gradient f'(x) and the Hessian f”(z).
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1.1.3 Complexity bounds for global optimization

Let us try to apply the formal language, introduced in the previous section, to a concrete
problem. For that, let us consider the following problem:

min f(x). (1.1.4)

:L‘EBn

In our terminology, this is a constrained minimization problem without functional con-
straints. The basic feasible set of this problem is B,,, an n-dimensional box in R":

B,={xe€eR"| 0<z;<1,i1=1,...,n}.
In order to specify the problem class, let us make the following assumption:

The objective function f(x) is Lipschitz continuous on B,,:

Va,y € Bu: [ flz) = fy) [ Lz -yl
for some constant L (Lipschitz constant).
Here and in the sequel we use notation || - || for the Euclidean norm on R™:
|2 ll= (2, 2) = | > ()2
i=1

Let us consider a trivial method for solving (1.1.4), which is called the uniform grid
method. This method G(p) has one integer input parameter p and its scheme is as follows.

Scheme of the method G(p). (1.1.5)
1. Form (p+ 1)" points
<i1 19 Zn)
X(; Ji2,enin) — | T T I I
(i) =\ 7 p p
where
1 = 07 - D,
g = 07 <o Dy
1, =0,...,p.
2. Among all points z(_ find the point ¥ with the minimal value of the objective function.
3. Return the pair (z, f(z)) as the result. O

Thus, this method forms a uniform grid of the test points inside the box B,,, computes
the minimum value of the objective over this grid and returns this value as an approximate
solution to the problem (1.1.4). In our terminology, this is a zero-order iterative method
without any influence of the accumulated information on the sequence of test points. Let us
find its efficiency estimate.
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Theorem 1.1.1 Let f* be the global optimal value of problem (1.1.4). Then

A

f@) -1 <Ly

Proof:

Let * be the global minimum of our problem. Then there exists coordinates (i1, iz, ..., ,)
such that

T = ZT(iy ig,... in) <zt < T(iy+1ia4+1,.in+l) = Y
(here and in the sequel we write x < y for z,y € R" if and only if ; < y;,i=1,...,n). Note
that vy, —x; =1/p,i=1,...,n,and x} € [x;,u], i = 1,...,n, Denote & = (x 4+ y)/2.
Let us form a point Z as follows:

yi, itay >,
i =
x;, otherwise.
It is clear that | #; — x} |< 2=, i = 1,...,n. Therefore

2p?

~ * |12 = ~ *\ 2 n
_ — AT I
3=t = (@~ i) < 1

=1

Since 2 belongs to our grid, we conclude that

ﬂ@—f@ﬂgf@»—ﬂﬁ)gLnf—fnngj o

Note that now we still cannot say what is the complexity of this method on the problem
(1.1.4). The reason is that we did not define the quality of the approximate solution we are
looking for. Let us define our goal as follows:

Findz € B, : f(z) — f* <e. (1.1.6)
Then we immediately get the following result.

Corollary 1.1.1 The analytical complexity of the method G is as follows:

A0 = L)

(here |a] is the integer part of a).

Proof:
Indeed, let us take p = LLLJ + 1. Then p > L\f, and therefore, in view of Theorem 1.1.1,

we have: f(z)— f* <L i O
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This result is more informative, but we still have some questions. First, it may be that
our proof is too rough and the real performance of G(p) is much better. Second, we cannot be
sure that this is a reasonable method for solving (1.1.4). There may be there some methods
with much higher performance.

In order to answer these questions, we need to derive the lower complexity bounds for the
problem (1.1.4), (1.1.6). The main features of these bounds are as follows.

e They are based on the Black Box concept.

e They can be derived for a specific class of problems F equipped by a local oracle O
and the termination rule.

e These bounds are valid for all reasonable iterative schemes. Thus, they provide us with
a lower bound for the analytical complexity on the problem class.

e Very often such bounds are based on the idea of the resisting oracle.

For us only the notion of the resisting oracle is new. Therefore, let us discuss it in detail.

A resisting oracle tries to create a worst problem for each concrete 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 the description
of the problem class. Note that after termination of the method it is possible to reconstruct
the problem, which fits completely the final information set of the method. Moreover, if we
launch this method on this problem, it will reproduce the same sequence of the test points
since it will have the same answers from the oracle.

Let us show how it works for the problem (1.1.4). Consider the class of problems F
defined as follows:
Problem formulation: ;ggn f(x).

Functional class: f(z) is Lipschitz continuous on B,,.
Approximate solution: Find z € B, : f(z) — f* <e.

Theorem 1.1.2 The analytical complezity of F for the 0-order methods is at least ( } i [ )n.

Proof:
Assume that there exists a method, which needs no more than N < p”, where p = LQ%J
(> 1), calls of oracle to solve any problem of our class with accuracy ¢ > 0. Let us apply
this method to the following resisting oracle:

It reports that f(x) =0 at any test point.
Therefore this method can find only z € B,: f(Z) = 0. However, note that there exists
T € B,, such that )

t+-e€B,, e=(1,...,1)€R",
p

and there were no test points inside the box B={z |z <z < &+ %e}. Denote 7 = 7 +
and consider the function

1
2p6

f(z) =min{0,L || 2 — 7 ||oc —€},
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where || a [joo= max | a; |. Clearly, the function f(x) is Lipschitz continuous with the
<i<n

constant L (since || a [|s<| @ ||) and the optimal value of f(-) is —e. Moreover, f(z) differs
from zero only inside the box B’ = {z ||| + — T [|c< {}. Since 2p < L/e, we conclude that

1
B'CB= — 7 o< — 1.
- {z |l wH._%}

Thus, f(z) is equal to zero at all test points of our method. Since the accuracy of the
result 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 less than e. a

Now we can say much more about the performance of the uniform grid method. Let us
compare its efficiency estimate with the lower bound:

Gg: (L\/ﬁ>n, Lower bound: <2L)n

2¢ ¢

Thus, we conclude that G has optimal dependence of its complexity in € and L, but not in
n. Note that our conclusion depends on the functional class. If we consider the functions f:

Vo,y € Bu: | f(2) = f) IS L e =yl

then the same reasoning as before proves that the uniform grid method is optimal with the
n

efficiency estimate (é)

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

Example 1.1.4 Consider the problem class F defined by the following parameters:
L=2 n=10, =00l

Note that the size of the problem is very small and we ask only for 1% accuracy.

L

The lower complexity bound for this class is (2—e>n Let us compute what this means.

Lower bound: 10?Y calls of oracle,
Complexity of the oracle: n arithmetic operations (a.o.),
Total complexity: 10! a.o.,

Sun Station: 10% a.o. per second,

Total time: 10" seconds,

1 year: less than 3.2 - 107 sec.

We need: 32 000 000 years.

This estimate is so disappointing that we cannot believe that such problems may become
solvable even in the future. Let us just play with the parameters of the class.
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e If we change from n for n 4+ 1 then we have to multiply our estimate by 100. Thus, for
n = 11 our lower bound is valid for CRAY computer (10® a.o. per second).

e On the contrary, if we multiply € by two, we reduce the complexity by a factor of 1000.
For example, if € = 8% then we need only two weeks to solve our problem. O

We should note, that the lower complexity bounds for problems with smooth functions,
or for high-order methods are not much better than those of Theorem 1.1.2. This can be
proved using the same arguments and we leave the proof as an exercise for the reader. An
advanced reader can compare our results with the upper bounds for NP-hard problems, which
are considered as a classical example of very difficult problems in combinatorial optimization.
It is 2" a.0. only!

To conclude this section, let us compare our situation with that in some other fields of
numerical analysis. It is well-known, that the uniform grid approach is a standard tool for
many of them. For example, let we need to compute numerically the value of the integral of
a univariate function:

I—/lf(x)dx.

Then we have to form the discrete sum

i

1

If f(x) is Lipschitz continuous then this value can be used as an approximation to /:
N:L/E = |I—SN|§€.

Note that in our terminology it is exactly the uniform grid approach. Moreover, it is a
standard way for approximating the integrals. The reason why it works here lies in the
dimension of the problem. For integration the standard sizes are 1 — 3, and in optimization
sometimes we need to solve problems with several million variables.

1.1.4 Identity cards of the fields

After the pessimistic result of the previous section, first of all we should understand what
could be our goal in the theoretical analysis of the optimization problems. Of course, ev-
erything is clear for global optimization. But may be its goals are too ambitious? May be
in some practical problems we would be satisfied by much less than an “optimal” solution?
Or, may be there are some interesting problem classes, which are not so terrible as the class
of general continuous functions?

In fact, each of these question can be answered in a different way. And this way defines the
style of the research (or rules of the game) in the different fields of nonlinear programming.
If we try to classify them, we will easily see that they differ one from another in the following
aspects:
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e Description of the goals.
e Description of the problem classes.
e Description of the oracle.

These aspects define in a natural way the list of desired properties of the optimization
methods. To conclude this lecture, let us present the “identity cards” of the fields we will
consider in our course.

Name: Global optimization. (Section 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 the theoretical viewpoint, this game is too short. We always
lose it.

Problem sizes: Sometimes people pretend to solve problems with several thou-
sands of variables. No guarantee for success even for very small problems.
History: Starts from 1955. Several local peaks of interest (simulated annealing,
neural networks, genetic algorithms).

Name: Nonlinear optimization. (Sections 1.2, 1.3.)

Goals: Find a local minimum.

Functional class: Differentiable functions.

Oracle: 1 — 2 order black box.

Desired properties: Convergence to a local minimum. Fast convergence.
Features: Variability of approaches. Most widespread software. The goal is not
always acceptable and reachable.

Problem sizes: upto 1000 variables.

History: Starts from 1955. Peak period: 1965 — 1975. Theoretical activity now
is rather low.

Name: Convex optimization. (Chapters 2, 3.)

Goals: Find a global minimum.

Functional class: Convex sets and functions.

Oracle: 1st order black box.

Desired properties: Convergence to a global minimum. Rate of convergence
depends on the dimension.

Features: Very rich and interesting theory. Complete complexity theory. Effi-
cient practical methods. The problem class is sometimes restrictive.

Problem sizes: upto 1000 variables.

History: Starts from 1970. Peak period: 1975 — 1985. Theoretical activity now
is rather high.
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Name: Interior-point polynomial-time methods.(Chapter 4.)

Goals: Find a global minimum.

Functional class: Convex sets and functions with explicit structure.

Oracle: 2nd order oracle which is not a black box.

Desired properties: Fast convergence to a global minimum. Rate of conver-
gence depends on the structure of the problem.

Features: Very new and perspective theory. Avoid the black box concept. The
problem class is practically the same as in convex programming.

Problem sizes: Sometimes up to 10000 000 variables.

History: Starts from 1984. Peak period: 1990 — .... Very high theoretical
activity just now.

1.2 Local methods in unconstrained minimization

(Relazation and approzimation; Necessary optimality conditions; Sufficient optimality con-
ditions; Class of differentiable functions; Class of twice differentiable functions; Gradient
method; Rate of convergence; Newton method.)

1.2.1 Relaxation and approximation

We have already mentioned in the previous section that the main goal of the general nonlinear
programming is to find a local solution to a problem defined by differentiable functions.
In general, the global structure of these problems is not much simpler than that of the
problems defined by Lipschitz continuous functions. Therefore, even for such restricted
goals, it is necessary to follow some special principles, which guarantee the convergence of
the minimization process.

The majority of the nonlinear programming methods are based on the idea of relazation:

We call the sequence {ax}32,, a relaxation sequence if ax+1 < ay for all k > 0.

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

problem

min f(z), (1.2.1)

where f(x) is a smooth function. To solve this problem, we can try to generate a relaxation

sequence {f(zx)}72,:
f(l‘k+1) < f(&?k), k= 0,1,...

If we manage to do that, then we immediately have the following important consequences:
1. If f(z) is bounded below on R™, then the sequence {f(xx)}32, converges.
2. In any case we improve the initial value of the objective function.

However, it would be impossible to implement the idea of relaxation without a direct use
of another fundamental principle of numerical analysis, namely approzimation. In general,
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To approximate an object means to replace the initial complicated object by a
simplified one, close enough to the original.

In nonlinear optimization we usually apply local approximations based on the derivatives of
the nonlinear function. These are the first- and the second-order approximations (or, the
linear and quadratic approximations).

Let f(x) be differentiable at z. Then for y € R"™ we have:

fy) = f@)+ (f(@).y —2) +olly —z[]),

where o(r) is some function of » > 0 such that Iifg To(r) = 0 and 0(0) = 0. The linear

function f(z) + (f'(z),y — z) is called the linear approzimation of f at Z. Recall that the
vector f'(x) is called the gradient of function f at x. Considering the points y; = T + ee;,
where e; is the ith coordinate vector in R", we obtain the following coordinate form of the
gradient:

y e
al‘l 8mn

Let us look at some important properties of the gradient. Denote by L¢(«) the sublevel
set of f(x):

fia) — <8f(x) (9f(:v)> |

Li(a)={zeR"| f(z) <a}.
Consider the set of directions tangent to L;(a) at z, f(Z) =

_ ) Y — T
SHz)={se R"| s= lim L AEEE—
f( ) { | Y=k, f (Y )=a H Yy — T ||

Lemma 1.2.1 If s € S¢(z) then (f'(z),s) = 0.

Proof:
Since f(yr) = f(z), we have:

Flyw) = F(@) + (f(2), 06 — 2) + ol g — 2 ||) = f(2).
Therefore (f'(Z),yr — ) +o(|| yx —Z ||) = 0. Dividing this equation by || yx — Z || and taking

the limit in y, — Z, we obtain the result. O

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

As) = lim 2 [f( + as) — f(2)].

al0

Note that f(Z + as) — f(Z) = a(f'(Z),s) + o(a). Therefore A(s) = (f'(%),s). Using the
Cauchy-Shwartz inequality:

=zl -lyll< ey <[z vyl
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we obtain: A(s) = (f'(z),s) > — || f/(z) ||. Let us take s = —f'(z)/ || f'(z ||. Then
A(s) = = (@), @)/ 1 @) == 11F@)

Thus, the direction —f'(Z) (the antigradient) is the direction of the fastest local decrease of
f(z) at the point z.
The next statement is probably the most fundamental fact in optimization.

Theorem 1.2.1 (First-order optimality condition; Fermad.)
Let x* be a local minimum of the differentiable function f(x). Then f'(xz*) = 0.

Proof:

Since x* is a local minimum of f(x), then there exists r > 0 such that for all y € B, (z*,r)
we have: f(y) > f(x*), where By(z,7) ={y € R" | || y — « ||< r}. Since f is differentiable,
we conclude that

f) = f@) + (@), y —2") +o(lly — 2" [|) = f(a").
Thus, for all s, || s ||= 1, we have (f'(z*),s) = 0. However, this implies that
(f'(z7),s) =0, Vs, | s]=1,

(consider the directions s and —s). Finally, choosing s = ¢;, i = 1...n, where ¢; is the ith
coordinate vector in R", we obtain f’(z*) = 0. 0

Note that we have proved only a necessary condition of a local minimum. The points
satisfying this condition are called the stationary points of function f. In order to see that
such points are not always the local minima, it is enough to look at the univariate function
flx)=2x%at z=0.

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

f)=f@)+{f@),y—2)+3(f" @ —-2)y—2)+olly—z ).

The quadratic function f(z) + (f'(z),y — ) + 5(f"(z)(y — &),y — ) is called the quadratic
(or second-order) approximation of function f at z. Recall that the (n x n)-matrix f”(x)
has the following entries:

_ f(x)

(f//(x))i,j T 10T

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

(@) =1f"(@)]"

The Hessian can be seen as a derivative of the vector function f'(z):

') = F @)+ @)y —z)+olly—z ),
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where o(r) is some vector function of r > 0 such that li{(r]l% | o(r) ||= 0 and o(0) = 0.

Using the second—order approximation, we can write out the second—order optimality
conditions. In what follows notation A > 0, used for a symmetric matrix A, means that
A is positive semidefinite; A > 0 means that A is positive definite (see Appendix 1 for
corresponding definitions).

Theorem 1.2.2 (Second-order optimality condition.)
Let x* be a local minimum of a twice differentiable function f(x). Then

f/<l'*) 207 f//(x*) Z 0
Proof:
Since z* is a local minimum of function f(z), there exists r > 0 such that for all y € Bay(z*, )
fly) = f(z").

In view of Theorem 1.2.1, f'(xz*) = 0. Therefore, for any y from Bs(z*,r) we have:

fly) = f@) +{f"@)y — "),y —2") + ol y — 2™ ||*) = f(27).
Thus, (f"(z*)s,s) >0, for all s, || s [|= 1. 0

Again, the above theorem is a necessary (second—order) characteristics of a local mini-
mum. Let us prove a sufficient condition.

Theorem 1.2.3 Let function f(x) be twice differentiable on R"™ and let x* satisfy the fol-
lowing conditions:

f'(z*)=0, f"(a*)>0.
Then z* is a strict local minimum of f(x).
(Sometimes, instead of strict, we say the isolated local minimum.)
Proof:

Note that in a small neighborhood of the point z* the function f(x) can be represented as
follows:

fly) = f@) + 5" @)y — ")y —2") +o(l y — 2" %)
Since +o(r) — 0, there exists a value 7 such that for all r € [0, 7] we have

[ o(r) < JAu(f"a))

where A\ (f”(z*)) is the smallest eigenvalue of matrix f”(z*). Recall, that in view of our
assumption, this eigenvalue is positive. Therefore, for any y € B, (z*,7) we have:

fl) = f@)+ (" @) [y =2 |? +o(ll y — 2 |I*)

> fl@)+ (@) [y — 2 P> f@).
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1.2.2 Classes of differentiable functions

It is well-known that any continuous function can be approximated by a smooth function
with an arbitrary small accuracy. Therefore, assuming differentiability only, we cannot derive
any reasonable properties of the minimization processes. For that we have to impose some
additional assumptions on the magnitude of the derivatives of the functional components of
our problem. Traditionally, in optimization such assumptions are presented in the form of a
Lipschitz condition for a derivative of certain order.

Let Q be a subset of R". We denote by C¥?(Q) the class of functions with the following
properties:

e any f € Cﬁ’p (@) is k times continuously differentiable on Q.

e Its pth derivative is Lipschitz continuous on () with the constant L:

1P @) = fP ) IS Ltz —y |

for all z, y € Q.

Clearly, we always have p < k. If ¢ > k then C??(Q) C C¥*(Q). For example, C2*(Q) C
C}'(Q). Note also that these classes possess the following property:
If fr € CLY(Q), f2 € CL(Q) and o, § € R, then

afi+0Bfs € CEf(Q)

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

The most important class of the above type is C’i’l(Q), the class of functions with Lip-
schitz continuous gradient. In view of the definition, the inclusion f € C}'(R") means

that
| @)= IsLlz—yl| (1.2.2)

for all z, y € R". Let us give a sufficient condition for that inclusion.

Lemma 1.2.2 Function f(x) belongs to C2'(R™) if and only if

| f"(x) I< L, VxeR" (1.2.3)

Proof. Indeed, for any =,y € R" we have:

F) = F@)+ s rly = o)y - 2)dr
— @+ ([t oar) - o)

0
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Therefore, if condition (1.2.3) is satisfied then

|7 - F@) | = (f P+ 7y — x))df) (-2

0

1

/(o +ly = 2))dr

IN

Ay =

1
<[/l @trly—a)lldrlly—zl<Lily—=].

On the other hand, if f € C2'(R"), then for any s € R" and o > 0, we have:

H (/a f(x+ TS)dT) -5

Dividing this inequality by « and taking the limit as « | 0, we obtain (1.2.3).

=l f'(z+as) = flz) [<alls].

This simple result provides us with many representatives of the class C’i’l(R”).

Example 1.2.1 1. Linear function f(z) = a + (a,z) belongs to Cy"' (R") since

fx)=a, [f'(z)=0.

2. For the quadratic function f(z) = a + (a,z) + 3(Az, z) with A = A" we have:

f'(x)=a+ Az, [f"(z)=A.
Therefore f(z) € Cp'(R") with L=| A
3. Consider the function of one variable f(z) =1+ 22, € R'. We have:

T

fl(x):ma f”(x):(l—i—;)wgl

Therefore f(x) € C1''(R).

25

The next statement is important for the geometric interpretation of functions from the

class C1''(R™)

Lemma 1.2.3 Let f € C’i’l(R”). Then for any x, y from R™ we have:

| F0) ~ F@) — (F@)y =) 1< oy - |

(1.2.4)
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Proof:
For all z, y € R™ we have

Therefore

| f(y) = f(z) = (f'(2),y — 2) | =|Ofl<f(ff+7( x)) = ['(x),y — x)dr |

<[t rly =) - Py =) | dr

—_

<JIf@+rly—2)=f@) | -ly—aldr

0

1
SOITLHy—xIIQdT:%IIy—xll2-

O

Geometrically, this means the following. Consider a function f from C}'(R"). Let us fix
some zg € R and form two quadratic functions

pr(x) = flxo) + (f'(x0), 2 — o) + 5 || & — w0 [,
$o(x) = flwo) + (f'(z0), 2 —wo) — 5 [l & — o [|*-
Then, the graph of the function f is located between the graphs of ¢; and ¢s:
¢1(x) = f(x) 2 ¢2(x), Vo € R™

Let us prove the similar result for the class of twice differentiable functions. Our main
class of functions of that type will be C37(R™), the class of twice differentiable functions
with Lipschitz continuous Hessian. Recall that for f € C37(R") we have

(@) = ") IS M ||z —y | (1.2.5)

for all z, y € R™.

Lemma 1.2.4 Let f € C’%%R”). Then for any x, y from R"™ we have:

I (w) = f'(2) = @)y —2) [I< ]\24 Iy —= . (1.2.6)
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Proof:
Let us fix some z, y € R". Then

fy) =)+ f {4+ 7y — )y — z)dr

= f'(x) + f"(2)(y —x) + f(f”(w +7(y — ) — f'(@)(y — x)dr.
Therefore

') = f'(@) = f"(@)(y —2) | =]l f(f”(fHT( ) = (@) (y — x)dr |

<[t 7y = 2) = @)y~ ) | dr
<TGty =) = @) |y - | dr

—_

<[tM|ly—z|Pdr=Fly—z|*.

=]

Corollary 1.2.1 Let f € C32(R") and ||y — z ||=r. Then
f(x) — Mrl, < f"(y) < f"(z) + Mrl,,

where I,, is the unit matriz in R™.

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

Denote G = f"(y) — f"(x). Since f € Ci7(R"), we have || G [|< Mr. This means that the
eigenvalues of the symmetric matrix G, \;(G), satisfy the following inequality:

| N(G) | My, i=1,...,n.

Hence, —Mrl, < G = f"(y) — f"(z) < MrlI,. O
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1.2.3 Gradient method

Now we are completely prepared for the analysis of the unconstrained minimization methods.
Let us start from the simplest scheme. We already know that the antigradient is a direction
of the locally steepest descent of a differentiable function. Since we are going to find a local
minimum of such function, the following scheme is the first to be tried:

0). Choose g € R".
1). TIterate (1.2.7)
Tpy1 = 2 — i f'(2r), k=0,1,... .

This is a scheme of the gradient method. The gradient’s factor in this scheme, hy, is called
the step size. Of course, it is reasonable to choose the step size positive.

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

1. The sequence {hg}32, is chosen in advance, before the gradient method starts its job.
For example,
hi = h >0, (constant step)

&
he = Vil

2. Full relazation:
hy, = arg min flxe — hf'(xr)).

3. Goldstein-Armijo rule: Find xp1 = xx — hf'(zg) such that
alf'(zn), or — pe) < flan) — flTre), (1.2.8)
B{f (o), o — Tpy1) > flan) — f(Trra), (1.2.9)
where 0 < a < 3 < 1 are some fixed parameters.

Comparing these strategies, we see that the first strategy is the simplest one. Indeed, it
is often used, but only in convex optimization, where 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 an exact minimum of a function in finite time.

The third strategy is used in the majority of the practical algorithms. It has the following
geometric interpretation. Let us fix x € R"™. Consider the function of one variable

¢(h) = f(z = hf'(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) = fz) —ah || f'(2) II*,  ¢a2(h) = f(z) = BR | f(z) I
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Note that ¢(0) = ¢1(0) = ¢2(0) and ¢'(0) < ¢5(0) < ¢}(0) < 0. Therefore, the acceptable
values exist unless ¢(h) is not bounded below. There are several very fast one-dimensional
procedures for finding a point satisfying the conditions of this strategy, but their description
is not so important for us now.

Let us estimate now the performance of the gradient method. Consider the problem

min f(z),

with f € Cp'(R"). And let us assume that f(z) is bounded below on R".
Let us evaluate first the result of one step of the gradient method. Consider y = z—hf'(x).
Then, in view of (1.2.4), we have:

fly) <fl@)+{f'@)y—a)+5ly—a|?
(1.2.10)

= f(@) = h || f'(@) I +5L || f(@) 1= flo) = h(1 = 5L) || f'(2) || -

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

h
A(h) =—h (1 - L) — min.
2 h
Computing the derivative of this function, we conclude that the optimal step size must satisfy
the equation A’(h) = hL — 1 = 0. Thus, it could be only h* = %, and that is a minimum of
A(h) since A”(h) = L > 0.

Thus, our considerations prove that one step of the gradient method can decrease the
objective function as follows:

Fw) < F@)— o7 | £ 7.

Let us check what is going on with our step-size strategies.
Let xg11 = xp — hif'(xr). Then for the constant step strategy, hy = h, we have:

flar) = f(@rer) = (1= 5Lh) || f'(=i) 17

Therefore, if we choose h;, = 270‘ with a € (0, 1), then

a(l—a) || f(z) * -

e~

f(xr) = f(@ps) 2

Of course, the optimal choice is hy = %
For the full relaxation strategy we have

(o) = f(Tpg1) >



30 CHAPTER 1. NONLINEAR PROGRAMMING

since the maximal decrease cannot be less than that with h, = +
Finally, for Goldstein-Armijo rule in view of (1.2.9) we have:

flaee) = fleen) < B (@), 2e — Tpgr) = Bhae || /(i) 117
From (1.2.10) we obtain:

ﬂ%%ﬁ@mﬂZM(L—QHf()W-

Therefore hy > 2(1 — 3). Further, using (1.2.8) we have:

flae) = fleem) > o f/(2n), 2p — 2pp) = ahy || f' () |1

Combining this inequality with the previous one, we conclude that

Flew) = Flain) = Fall = 8) || £/ I

Thus, we have proved that in all cases we have

Fww) = Feer) = 7 @) P, (1211)

where w is some positive constant.
Now we are ready to estimate the performance of the gradient scheme. Let us sum the
inequalities (1.2.11) for £k =0,..., N. We obtain:

T Z | (i) IP< fl2o) — fzn) < flzo) — 7, (1.2.12)

where f* is the optimal value of the problem (1.2.1). As a simple conclusion of (1.2.12) we
have:
| f'(xr) |[— 0 as k — oo.

However, we can say something about the convergence rate. Indeed, denote

gy = min g,

0<k<N
where g =|| f'(zx) || Then, in view of (1.2.12), we come to the following inequality:

, 171 N
gNSﬁ ;L(f(zo)—f) .

The right hand side of this inequality describes the rate of convergence of the sequence {gy }
to zero. Note that we cannot say anything about the rate of convergence of the sequences
{f(zx)} or {ax}.

Recall, that in general nonlinear optimization our goal is rather moderate: We want
to find only a local minimum of our problem. Nevertheless, even this goal, in general, is
unreachable for the gradient method. Let us consider the following example.

(1.2.13)
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Example 1.2.2 Consider the function of two variables:

1 1

flo) = F,2®) = S0 + |
The gradient of this function is f’(z) = (z(M), (2(2)3 — )T Therefore there are only three
points which can be a local minimum of this function:

f{ - <0’0)7 :L; = (07 _1>7 :E; = (07 1)~

Computing the Hessian of this function,

/@) = ( 0 s 1 ) ’

we conclude that x5 and z3 are the isolated local minima®, but z7 is only a stationary point
64 62

of our function. Indeed, f(27) =0 and f(x] + €ez) = G — S < 0 for € small enough.

Now, let us consider the trajectory of the gradient method, which starts from xy = (1,0).
Note that the second coordinate of this point is zero. Therefore, the second coordinate of
f'(xp) is also zero. Consequently, the second coordinate of xy is 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 can converge to =7 only.

To conclude our example, note that this situation is typical for all first—order uncon-
strained minimization methods. Without additional very strict assumptions, it is impossible
for them to guarantee the global convergence of the minimizing sequence to a local minimum,

only to a stationary point. O

Note that the inequality (1.2.13) describes a notion, which is new for us, that is the rate
of convergence of a minimization process. How we can use this notion in the complexity
analysis? Usually, the rate of convergence can be used to derive upper complexity estimates
for the problem classes. These are the estimates, which can be exhibited by some numerical
methods. If there exists a method, which exhibits the lower complexity bounds, we call this
method optimal for the problem class.

Let us look at the following example.

Example 1.2.3 Consider the following problem class:

Problem class: 1. Unconstrained minimization.
2. feCp (R,
3. f(x) is bounded below.

Oracle: First order black box.

¢ - solution: F(@) < flwo), || (7)< e.

3In fact, in our example they are the global solutions.
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Note, that (1.2.13) can be used to obtain an upper bound for the number of steps (= calls of
the oracle), which is necessary to find a point with a small norm of the gradient. For that,
let us write out the following inequality:

1 1 1/2
<e.

gy < ﬁ JL(f(JEO) - f") >

Therefore, if N 41> L (f(x0) — f*), we necessarily have g} < e.

- weQ
Thus, we can use the value ﬁ(f(a:o) — f*) as an upper complexity estimate 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.
To conclude this example, note that lower complexity bounds for the class under consid-

eration are not known. O

Let us check, what can be said about the local convergence of the gradient method.
Consider the unconstrained minimization problem

min f(z)

under the following assumptions:
1. fe i/ (RY).
2. There exists a local minimum of function f at which the Hessian is positive definite.

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

I, < f"(z*) < LI,. (1.2.14)

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

Consider the process: xpy1 = xx — hy f'(z)). Note that f/(z*) = 0. Hence,

fae) = fl(@y) = f1(27) = /f”(l‘* + 7(zp — 2"))(@p — 27)dr = Gi(z) — 77),

1

where Gy = [ f"(x* + 7(x, — 2*))dr. Therefore
0

Lh+1 — Tt = T — ¥ — thk(ZL"k — ZE*) = ([ — thk)($k — $*)

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

n
ap € R",  apy1 = Apay,
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where Ay, are (n x n) matrices such that || Ag [|[< 1—¢ with ¢ € (0,1). Then we can estimate
the rate of convergence of the sequence {ax} to zero:

lap 1< (1 =q) [Tar 1< (1= @) [l ao |- 0.

Thus, in our case we need to estimate || I, — hyG ||. Denote r, =|| zp — 2* ||. In view
of Corollary 1.2.1, we have:

f"(x*) — 7 Mrpl, < f/(2" 4+ 7(xp — %)) < f7(2") + TMrid,.
Therefore, using our assumption (1.2.14), we obtain:
(I =5M)L, <Gy < (L+ 5 M)I,.
Hence, (1 — hy(L + M), < I, — G < (1 = hy(I = % M))1,, and we conclude that
| 1, — hiGy. || < max{ay(hy), b (hx)}, (1.2.15)
where ay(h) =1 — h(l — M) and b (h) = h(L + = M) — 1.

Note that a;(0) = 1 and by(0) = —1. Therefore, if r, <7 = 2L, then ax(h) is a strictly

decreasing function of h and we can ensure || I,, — hyGy ||< 1 for small enough hy. In this
case we will have ry 1 < rp.

As usual, many step-size strategies are possible. For example, we can choose h; =
us consider the “optimal” strategy consisting in minimizing the right hand side of (1

%. Let
2.15):
max{ag(h),bp(h)} — mhin.

Let us assume that 7y < 7. Then, if we form the sequence {z}} using this strategy, we can be
sure that 7,41 < r, < 7. Further, the optimal step size hj can be found from the equation:

ar(h) = bu(h) & 1—h(l— %’“M) = WL+ %’“M) ~1.

Hence
hy = —. (1.2.16)

Under this choice we obtain:

(L —1)ry N Mr?

< .
TR =TT L+1

Let us estimate the rate of convergence. Denote ¢ = 2L and a; =

T4 (< q). Then

M
T+ k

ap(1 — (ar, — q)? a
tinn < (1= q)ap + a2 = ax(1 + (ay — q)) = =@ =) o a

l—(ax—q) ~ 1+g—ap
Therefore —4— > 44 _ 1 or
41 ag
1
(U )(q—1).
A1 ak Qg
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Hence,

Lozt (Lo1)—asot (P By 1) — a0t (L -1),

Qe Qo L—i—l TQM To

Thus,
qro qro 1 \"
ap < < .
P e+ (L4 QF(F—ro) 7 — 10 <1+q>

This proves the following theorem.

Theorem 1.2.4 Let function f(x) satisfy our assumptions and let the starting point xo be
close enough to a local minimum:

o
ro =|| o — ||<7’:M.

Then the gradient method with the optimal step size (1.2.16) converges with the following

rate:
’I:TO l k
— ¥ |I< 1—-—1 .
I xH_F—m< L+J

This rate of convergence is called linear.

1.2.4 Newton method

Initially, the Newton method was proposed for finding a root of a function of one variable
o(t), t € R:
6(t) = 0.

For that, it uses the idea of linear approximation. Indeed, assume that we have some ¢ close
enough to t*. Note that

o(t 4+ At) = ¢(t) + ¢'(t) At + o | At ).
Therefore the equation ¢(t + At) = 0 can be approximated by the following linear equation:
o(t) + ¢'(t) At = 0.

We can expect that the solution of this equation, the displacement At, is a good approxi-
mation to the optimal displacement At* = t* — ¢t. Converting this idea in the algorithmic
form, we obtain the following process:

= Gy

This scheme can be naturally extended to the problem of finding solution to the system
of nonlinear equations:
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where x € R™ and F(z) : R* — R". For that we have to define the displacement Az as a
solution to the following linear system:

F(x)+ F'(x)Az =0
(it is called the Newton system). The corresponding iterative scheme looks as follows:
LTyl = T — [F/(.%k)]ilF(l‘k)

Finally, in view of Theorem 1.2.1, we can replace the unconstrained minimization problem
by the following nonlinear system

f(z) =0. (1.2.17)

(This replacement is not completely equivalent, but it works in nondegenerate situations.)
Further, for solving (1.2.17) we can apply the standard Newton method for the system of
nonlinear equations. In the optimization case, the Newton system looks as follows:

f(@) + f"(z)Az =0,
Hence, the Newton method for optimization problems appears in the following form:

Trpr = o — [f"(@0)] 7 (). (1.2.18)

Note that we can come to the process (1.2.18), using the idea of quadratic approximation.
Consider this approximation, computed at the point zy:

o(x) = flox) + (' (xn), v — xx) + 5 (" (1) (@ — 21), @ — 1)

Assume that f”(z;) > 0. Then we can choose x41 as a point of minimum of the quadratic
function ¢(x). This means that

¢ (hy1) = f'(x) + 1 (wr) (@1 — 1) = 0,

and we come again to the Newton process (1.2.18).

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

Example 1.2.4 Let us apply the Newton method for finding a root of the following function

of one variable: .

VI+e

o(t) =

Clearly, t* = 0. Note that
1

¢'(t) = Tt 2P
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Therefore the Newton process looks as follows:
D(tr) Ly

b1 = T — =1tk —
' (tr) J1+ 8

Thus, if | ¢y |< 1, then this method converges and the convergence is extremely fast. The
point to = 1 is an oscillation point of this method. If | ¢y |> 1, then the method diverges. O

14232 = 8.

In order to escape from the possible divergence, in practice we can apply a damped Newton
method:
Trir = ap — hel ' (2)] 7 (),
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 method. At the final stage it is reasonable to
chose h;, = 1.
Let us study the local convergence of the Newton method. Consider the problem

min f(z)

TER™

under the following assumptions:
1. fe Gy (RY).
2. There exists a local minimum of function f with positive definite Hessian:

f'(@*) > 1, 1>0. (1.2.19)

3. Our starting point g is close enough to z*.

Consider the process: w1 = zp — [f”(zx)] 7' f/(2x). Then, using the same reasoning as
for the gradient method, we obtain the following representation:

Tpp1 — " =xp— 1" — [f”(l'k)]_lf/(xk)

== = [P) S+ 7= ) o — 2

= [f"(xr)] " G — 27),

where Gy, = [[f"(zx) — f"(* + 7(x) — z*))]d7T. Denote ry =|| zx — 2* ||. Then
0

Gl =l Ofl[f”(wk) = [+ 7(xp — a7))ldr |

< b} 1" (k) = f(2" + (g — 27)) || dr

IN
O ==

M(1 = 7)rydr = =M.
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In view of Corollary 1.2.1, and (1.2.19), we have:
[ (xx) > f"(x*) — Mrid, > (1 — Mry)1,.

Therefore, if 7, < - then f” () is positive definite and || [f”(zx)] ™! [|< (I—Mry)~". Hence,
for r small enough (ry < 2), we have

Trt1 <

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

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

a0 —a* < 7= 2
To— T =
‘ 3M
Then || z — «* ||< 7 for all k and the Newton method converges quadratically:
M ||z —a* |

Comparing this result with the rate of convergence of the gradient method, we see that
the Newton method is much faster. Surprisingly enough, the region of quadratic convergence
of the Newton method is almost the same as the region of the linear convergence of the
gradient method. This means that the gradient method is worth to use 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 the Newton method.

In this section we have seen several examples of the convergence rate. Let us compare
these rates in terms of complexity. As we have seen in Example 1.2.3, 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, we can have r, < ﬁ In this case the complexity of this scheme

is ¢?/é2.
Sublinear rate is rather slow. In terms of complexity, each new right digit of the answer
takes the amount of computations comparable with the total amount of the previous

work. Note also, that the constant ¢ plays a significant role in the corresponding
complexity estimate.

2. Linear rate. This rate is given in terms of an exponential function of the iteration
counter. For example, it could be like that: r, < c¢(1—¢q)*. Note that the corresponding
complexity bound is %(ln c+Inl).

This rate is fast: Each new right digit of the answer takes a constant amount of
computations. Moreover, the dependence of the complexity estimate in constant c is
very weak.
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3. Quadratic rate. This rate has a form of the double exponential function of the iteration
counter. For example, it could be as follows: r;; < cr?. The corresponding complexity
estimate depends double-logarithmically on the desired accuracy: Inln %

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 (crg < 1).

1.3 First-order methods in nonlinear optimization

(Gradient Method and Newton Method: What is different? Idea of variable metric; Variable
metric methods; Conjugate gradient methods; Constrained minimization: Penalty functions
and penalty function methods; Barrier functions and barrier function methods.)

1.3.1 Gradient method and Newton method: What is different?

In the previous section we have considered two local methods for finding a strict local mini-
mum of the following unconstrained minimization problem:

min f(z),

where f € C7?(R™). These are the gradient method
Tpy1 = xp — by f'(x),  hi > 0.

and the Newton Method:
Tryr =k — [f" (@0)] 7 f (@)

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 method converges quadratically. What is
the reason for this difference?

If we look at the analytic 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 method we multiply the antigradient by some matrix, that is the inverse Hessian.
Let us try to derive these directions using some “universal” reasoning.

Let us fix some z € R™. Consider the following approximation of the function f(z):

_ _ _ 1 _
(@) = f(@) + (f@), 2 —2) + o [z =2 |,
where the parameter h is positive. The first-order optimality condition provides us with the

following equation for x}, the unconstrained minimum of the function ¢;(x):

(D) = F()+ 3ot = 1) =0,
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Thus, 7 = = — hf'(Z). That is exactly the iterate of the gradient method. Note, that if
h € (0, %], then the function ¢;(x) is the global upper approximation of f(z):

f(CE) S le(x)a \V/I € Rna

(see Lemma 1.2.3). This fact is responsible for the global convergence of the gradient method.
Further, consider the quadratic approximation of the function f(z):

1

¢2(2) = f(2) + {f'(2), 2 —2) + 3 {["(@) (2 — T),x — 7).

We have already seen, that the minimum of this function is
vy =7~ [f"(@)] f'(2),

and that is the iterate of the Newton method.

Thus, we can try to use some approximations of the function f(x), which are better than
¢1(z) and which are less expensive than ¢o(z).

Let G be a positive definite n x n-matrix. Denote

b6(z) = F&) + (£ (@), — 7) + 5(Cle — )7 ~ 7).
Computing its minimum from the equation
Sola) = /() + Gl — 1) =0,
we obtain
vh =1 — G Hf(z). (1.3.1)

The first-order methods which form a sequence
{Gr}: Gy — f'(2")

(or {Hy} : Hp = Gyt — [f"(z%)]™Y) are called the 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 reason explaining the step of the form (1.3.1) is so important for optimization, that
we provide it with one more interpretation.

We have already used the gradient and the Hessian of a nonlinear function f(z). However,
note that they are defined with respect to the standard Euclidean inner product on R™:

(r,y) =Y aWyD w oy e R, ||z |= (z,2)%
=1

Indeed, the definition of the gradient is as follows:

f(@+h) = f(x)+ (f'(x), h) + ol h[]).
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From that equation we derive its coordinate form

- (42 42)

Let us introduce now a new inner product. Consider a symmetric positive definite n x n-
matrix A. For z, y € R denote

(@y)a = (Az,y), |z a= (Az, )"

The function || = ||4 is a new metric on R"™ defined by the matrix A. Note that topologically
this new metric is equivalent to || - ||:

MA) 2 [z <l fla < Aa(A)2 ] 2],

where A;(A) and A, (A) are the smallest and the largest eigenvalues of the matrix A. However,
the gradient and the Hessian, computed with respect to this metric, have another form:

flx+h) = f@)+(f'(x),h) + 5(f"(@)h, h) +o(]| I ]])
= f(z) + (A1 f'(z), h)a + (A7 " (@)h By a + o(|| B ]l4)
= f(a) + (A7 f'(x), ha + 3 ([A7 " (@) + f"(2) A7 R, By a + o([| B ).
Hence, f)(z) = A7'f'(z) is the new gradient and f%(z) = 1[A7'f"(z) + f"(x)A7"] is the
new Hessian (with respect to the metric defined by A).
Thus, the direction used in the Newton method can be interpreted as the gradient com-

puted with respect to the metric defined by A = f”(z). Note that the Hessian of f(x) at z
computed with respect to A = f”(z) is the unit matrix.

Example 1.3.1 Consider the quadratic function
f(@) =a+ (a ) + 5(Az, ),

where A = AT > 0. Note that f'(z) = Az +a, f"(x) = A and f'(z*) = Az* +a = 0 for
2* = —A'a. Let us compute the Newton direction at some z € R™:

dy(z) = [f"(@)] ' f(z) = A (Az +a) =2+ A 'a.

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

fl@)=a+ (A" a,x)a+ 5 |z |,

fale) = AN (2) = dn(2),  fi(x) = AT f"(2) =1, O
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Let us write out the general scheme of the variable metric methods.
General scheme.
0. Choose xg € R". Set Hy = I,. Compute f(xq) and f’'(x).

1. kth iteration (k > 0).
a). Set py = Hy f'(xx).
b). Find zy1 = x — hipy (see Section 1.2.3 for the step-size rules).
c). Compute f(xgi1) and f/(xry41).
d). Update the matrix Hy : Hy — Hyy1. a

The variable metric schemes differ one from another only in the implementation of Step
1d), which updates the matrix Hy. For that, they use the new information, accumulated at
Step 1c), namely the gradient f’(xpi1). The idea of this update can be explained with a
quadratic function. Let

f(@) =a+(a,z) + 1Az, z), [f'(z) =Az+a.
Then, for any x, y € R™ we have f'(z) — f'(y) = A(x — y). This identity explains the origin
of the following quasi-Newton rule:
Choose Hyy1 such that  Hy1 (f'(xp41) — f(zx)) = g1 — T

Naturally, there are many ways to satisfy this relation. Let us present several examples of
the variable metric schemes, which are recognized as the most efficient ones.

Example 1.3.2 Denote AH, = Hyy1 — Hy, v = f'(xp1) — f'(x) and & = zp1 — .
Then all of the following rules satisfy the Quasi-Newton relation:
1. Rank-one correction scheme.

(0 — Hyyi) (0, — Hyyw) "
{0k — Hy i, W) .

2. Davidon-Fletcher-Powell scheme (DFP).

0kdr  Hywi Hy
(v, ) (Hive, v)
3. Broyden-Fletcher-Goldfarb-Shanno scheme (BFGS).
— HyndE + Sy Hy, Hievid Hy,
AH]C — - Mk 9

(Hy Ve Vi) (Hk e, k)

AHy =

AHy =

where ﬁk =1+ <’Yk, (5k>/<Hk'7k7 ’yk>.
Clearly, there are many other possibilities. From the computational point of view, BFGS
is considered as the most stable scheme. O
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Note that for quadratic functions the variable metric methods usually terminate in n iter-
ations. In the neighborhood of a strict minimum they have a superlinear rate of convergence:
for any xo € R" there exists a number N such that for all £ > N we have

| k1 — 2™ [|< const- || 2 — 2™ || - || @pn — 2" ||

(the proofs are very long and technical). As far as global convergence is concerned, these
methods are not better than the gradient method (at least, from the theoretical point of
view).

Note that in these methods it is necessary to store and update a symmetric n X n-
matrix. Thus, each iteration needs O(n?) auxiliary arithmetic operations. During a long
time this feature was considered as the main drawback of the variable metric methods.
That stimulated the interest in so called conjugate gradient schemes, which have much lower
complexity of each iteration (we will consider these schemes in the next section). However, in
view of the tremendous growth of the computer power, these arguments are not so important
NOW.

1.3.2 Conjugate gradients

The conjugate gradient methods were initially proposed for minimizing a quadratic function.
Therefore we will describe first their schemes for the problem

min f(z),

with f(z) = a+ (a,z) + 5 (Az,2) and A = AT > 0. We have already seen that the solution
of this problem is #* = —A~'a. Therefore, our quadratic objective function can be written
in the following form:

f(@) =a+(a,z) + 3(Az,z) = o — (Az*,2) + 5(Az, 2)

= o — 3(Az*, 2"y + 3 (A(z — o),z — 2¥).

Thus, f* = o — $(Az*,2*) and f'(z) = A(z — z*).

Suppose we are given by a starting point xy. Consider the linear subspaces
Ly = Lin{A(zo — 2%), ..., A¥(xo — 2)},

where A* is the kth power of the matrix A. The sequence of the conjugate gradient method
is defined as follows:

xp =argmin{f(z) | x € xo+ Ly}, k=1,2,.... (1.3.2)

This definition looks rather abstract. However, we will see that this method can be written
in much more “algorithmic” form. The above representation is convenient for the theoretical
analysis.
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Lemma 1.3.1 For any k > 1 we have L, = Lin {f'(x¢), ..., f'(xr_1)}.

Proof:
For k = 1 we have f'(xg) = A(xg — x*). Suppose that the statement of the lemma is true
for some k£ > 1. Note that

k
T = Tg + Z )\zAz(l’o — Z‘*)

i1
with some \; € R'. Therefore
k .
f/(ZL‘k) = A([EO — JZ*) + Z /\Z‘AZ—H(J}O — :L‘*) =y + )\kAk+1([E0 — l’*),
i=1

where y € L. Thus,
Lryr = Lin {Ly, A (2o — 2*)} = Lin {Ly, f'(x1)} = Lin {f'(zo), ..., ['(wx)}. O

The next result is important for understanding the behavior of the minimization sequence
of the method.

Lemma 1.3.2 For any k, i > 0, k # i we have {(f'(xy), f'(z;)) = 0.

Proof:
Let & > 7. Consider the function

6N = (A1, .. ) = f (xo +y Ajf/(le)) .

J=1

_ k
In view of Lemma 1.3.1, there exists A* such that x;, = xo+ > A} f'(z;-1). However, in view
i=1 8
of its definition, xy is the point of minimum of f(z) on L;. Therefore ¢'(A\*) = 0. It remains
to compute the components of the gradient:

Op(\*
0=208) _ (70, fay.
Corollary 1.3.1 The sequence generated by the conjugate gradient method is finite. O

(Since the number of the orthogonal directions cannot exceed n.)

Corollary 1.3.2 For any p € L we have (f'(zx),p) = 0. O

The last result we need explains the name of the method. Denote §; = z;;1 — x;. It is
clear that £ = Lin{do, ...,k 1}
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Lemma 1.3.3 For any k # i we have (Ady, ;) = 0.

(Such directions are called conjugate with respect to A.)
Proof:
Without loss of generality, we can assume that & > ¢. Then

(Ak, 0;) = (A(Tpg1 — Tk), Tig1 — T5) = <f/(~73k+1) - f/(ﬂfk),xiﬂ —x;) =0

since 5@ =Ti41 — T; € £i+1 - Ek O

Let us show, how we can write out the conjugate gradient method in more algorithmic

form. Since £ = Lin{do,...,dx_1}, we can represent xj; as follows:
k—1
Tt = op — I f'(2) + D Aj6;
=0

In view of our notation, that is

k—1

j=0
Let us compute the coefficients of this representation. Multiplying (1.3.3) by A and J;,
0 <i<k—1, and using Lemma 1.3.3 we obtain:

k—1

0 = <A5k751> = —hk<Af/(:L‘k),5z> + Z )\]<A5],5,>

J=0

= —hi(Af' (), 6:) + Ai(Adi, 6;)

= —hi(f'(xr), ['(xir1) = ['(2i)) + Xi{Adi, 6:).
Therefore, in view of Lemma 1.3.2, \; =0 for all : < k — 1. For i = k — 1 we have:

_ ha L) 1P hi || f' () |2
T AG 0kn) () = Flanen) s 0h)

Thus, xir1 = xr — hipr, where

| f' () || 01
(f'(zx) = f(Th-1), 1)

since 0;_1 = —hg_1pr_1 by the definition of {py}.

Note that we managed to write down the conjugate gradient scheme in terms of the
gradients of the objective function f(x). This provides us with possibility to apply formally
this scheme for minimizing a general nonlinear function. Of course, such extension destroys
all properties of the process, specific for the quadratic functions. However, we can hope that

Ak

H f/(-??k) H2 Pr—1
(f'(zr) = f(7p=1), Pr—1)

pr = f'(xr) — = f'(x) —
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asymptotically this method could be very fast in the neighborhood of a strict local minimum,
where the objective function is close to being quadratic.

Let us present the general scheme of the conjugate gradient method for minimizing some
nonlinear function f(z).

Conjugate gradient method
0. Choose zp € R". Compute f(zo) and f'(xq). Set py = f'(xo).

1. kth iteration (k > 0).
a). Find xp1 = xp + hipr (using an “exact” line search procedure).
b). Compute f(zy11) and f'(zp41)-
c¢). Compute the coefficient .
d). Set pry1 = f'(Trs1) — Brbr- O

In the above scheme we did not specify yet the coefficient (. In fact, there are many
different formulas for this coefficient. All of them give the same result for a quadratic
function, but in the general nonlinear case they generate different algorithmic schemes. Let
us present three of the most popular expressions.

_ £/ (g 1)1
L. G = (f(@pp1)—f"(zx):pr)

2. Fletcher-Rieves: (i, = —W-

3. Polak-Ribbiere: (3, = — [t fleea )= Tw)),

Recall that in the quadratic case the conjugate gradient method terminates in n iterations
(or less). Algorithmically, this means that p,41 = 0. In the nonlinear case that is not true,
but after n iteration this direction could loose any sense. Therefore, in all practical schemes
there is a restart strategy, which at some point sets 3, = 0 (usually after every n iterations).
This ensures the global convergence of the scheme (since we have a normal gradient step
just after the restart and all other iterations decrease the function value), and a local n-step
local quadratic convergence:

I g1 — 2" [|< const- [| 2o — 2 |7,

provided that zq is close enough to the strict minimum x*. Note, that this local convergence
is slower than that of the variable metric methods. However, the conjugate gradient schemes
have an advantage of the very cheap iteration. As far as the global convergence is concerned,
the conjugate gradients in general are not better than the gradient method.
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1.3.3 Constrained minimization

Let us briefly discuss the main ideas underlying the methods of general constrained mini-
mization. The problem we deal with is as follows:

fo(z) — min, ( |
1.34
fz(ﬂf) SO, 1= 1,...,TTL.

where f;(z) are smooth functions. For example, we can consider f;(z) from C"' (R™).

Since the components of the problem (1.3.4) are general nonlinear functions, we cannot
expect it would be easier to solve than the unconstrained minimization problem. Indeed,
even the troubles with stationary points, which we have in unconstrained minimization,
appear in (1.3.4) in much stronger form. Note that the stationary points of this problem
(what ever it is?) can be infeasible for the functional constraints and any minimization
scheme, attracted by such point, should admit that it fails to solve the problem.

Therefore, the following reasoning looks as a reasonable way to proceed:

1. We have several efficient methods for unconstrained minimization. (?)*
2. An unconstrained minimization problem is simpler than a constrained one. (?)°

3. Therefore, let us try to approximate the solution of the constrained problem (1.3.4) by
a sequence of solutions of some auxiliary unconstrained problems.

This ideology was implemented in the methods of Sequential Unconstrained Minimization.
There are two main groups of such method: the penalty function methods and the barrier
methods. Let us describe the basic ideas of this approach.

We start from penalty function methods.

Definition 1.3.1 A continuous function ®(x) is called a penalty function for a closed set
Q if

o O(z) =0 for any x € Q,

o O(x) >0 for any z ¢ Q.

(Sometimes the penalty function is called just penalty.)

The main property of the penalty functions is as follows: If ®(z) is a penalty function
for Q1 and ®o(x) is a penalty function for Qs then ®1(z) + Po(x) is a penalty function for
the intersection Q1) Q2.

Let us give several examples of penalty functions.

4In fact, that is not absolutely true. We will see, that in order to apply the unconstrained minimization
method to solving the constrained problems, we need to be sure that we are able to find at least a strict
local minimum. And we have already seen (Example 1.2.2), that this could be a problem.

5We are not going to discuss the correctness of this statement for the general nonlinear problems. We
just want to prevent the reader from extending it onto the other problem classes. In the next chapters of
the book we will have a possibility to see that this statement is not always true.
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Example 1.3.3 Denote (a);y = max{a,0}. Let Q = {x € R" | fi(x) <0, i =1,...,m}.
Then the following functions are penalties for the set Q:

1. Quadratic penalty: ®(z) = gjl(fz(x))i

2. Nonsmooth penalty: ®(z) = g:(fz(as))Jr
i=1

The reader can easily continue this list. O

The general scheme of the penalty function method is as follows
Penalty Function Method
0. Choose zy € R". Choose a sequence of penalty coefficients: 0 <t < tp11, tx — 00.

1. kth iteration (k > 0).

Find a point x5, = arg Helgll{fo(ib’) + 6, ®(x)} using zy, as a starting point. O

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

Ui(z) = fo(z) + 6, P(x), VUi = min Vy(x)

TzER™
(W5 is the global optimal value of Wi (z)). Let us make the following assumption.

Assumption 1.3.1 There exists t > 0 such that the set S = {x € R" | fo(z)+tP(x) < f*}
15 bounded.

Theorem 1.3.1 If the problem (1.3.4) satisfies Assumption 1.3.1 then
klim flze) = f7, klim O (zg) = 0.
Proof:
Note that ¥j < Wy (x*) = f*. Further, for any x € R" we have: Wy (x) > Uy (x). Therefore
Vi, > ¥y, Thus, there exists a limit klim Us = W* < f* If tp > ¢ then

Therefore, the sequence {z;} has limit points. For any such point z, we have ®(z.) = 0.
Therefore x, € (Q and

U = fo(z.) + @(z.) = fo(z.) = [ O

61f we assume that it is a strict local minimum, then the result is much weaker.
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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 kind of penalty
function should we use. What should be the rules for choosing the penalty coefficients?
What should be the accuracy for solving the auxiliary problems? The main feature of this
questions is that they cannot be answered in the framework of the general NLP theory.
Therefore, traditionally, they are considered to be answered by the computational practice.

Let us consider now the barrier methods.

Definition 1.3.2 A continuous function F(x) is called a barrier function for a closed set @
with nonempty interior if F(x) — oo when x approaches the boundary of the set Q.

(Sometimes a barrier function is called barrier for short.)

Similarly to the penalty functions, the barriers possess the following property: If Fi(x)
is a barrier for Q1 and Fy(z) is a barrier for Qy then Fy(x) + Fy(x) is a barrier for the
intersection Q1) Qs.

In order to apply the barrier approach, our problem must satisfy the Slater condition:

3z: fi(z) <0, i=1,...,m.
Let us look at some examples of the barriers.

Example 1.3.4 Let Q@ = {z € R" | fi(x) <0, i = 1,...,m}. Then all of the following
functions are barriers for Q:

1. Power-function barrier: F(x) = § (7f,1($))p, p>1

3. Exponential barrier: F(x) = in: exp (%)

The reader can continue this list. O

The scheme of the barrier method is as follows.
Barrier Function Method

0. Choose z( € int (). Choose a sequence of penalty coefficients: 0 <t < tpi1, tx — 00.

1. kth iteration (k > 0).

Find a point x4, = arg rréiqr)l{fo(x) + iF(x)} using x;, as a starting point. O
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Let us prove the convergence of this method assuming that x;. is a global minimum of
the auxiliary function. Denote

U (z) = folx) + tlkF(ac)7 Uy = rxrgg U (z),

(5 is the global optimal value of Wy(z)).
Assumption 1.3.2 The barrier F(x) is below bounded: F(x) > F* for all x € Q.
Theorem 1.3.2 Let the problem (1.5.4) satisfy Assumption 1.3.2. Then

o k=1

Proof:
Let z € int@. Then klirn Uy < klim [fo(jj) + iF(:E)} = fo(Z). Therefore klim Uy < fr
Further,

Uy, = glelg{fo(ﬂf) + th(w)} > ggg{fo(m) + i F } =+ o

Thus, klim Uy = f*. a

As with the penalty functions method, there are many questions to be answered. We
do not know how to find the starting point xq and how to choose the best barrier function.
We do not know the rules for updating the penalty coefficients and the acceptable accuracy
of the solutions to the auxiliary problems. Finally, we have no idea about the efficiency
estimates of this process. And the reason is not in the lack of the theory. Our problem
(1.3.4) is just too complicated. We will see that all of the above questions get the ezact
answers in the framework of convex programming.

We have finished our brief presentation of the general nonlinear optimization. It was really
very short and there are many interesting theoretical topics, which we did not mention. That
is because the main goal of this book is to describe the areas of optimization, in which we
can obtain some clear and complete results on the performance of the numerical methods.
Unfortunately, the 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 the convex
programming methods, take their origin in the general NLP. The gradient method and
the Newton method, the sequential unconstrained minimization and the barrier functions
were originally developed and used for these problems. But only the framework of convex
programming allows this ideas to find their real power. In the next chapters of this book we
will find many examples of the second birth of the old ideas.
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Chapter 2

Smooth Convex Programming

2.1 Minimization of Smooth Functions

(Smooth convex functions; Lower complezity bounds; Strongly convez functions; Lower com-
plexity bounds; Gradient method.)

2.1.1 Smooth convex functions

In this section we deal with the unconstrained minimization problem

min f(x), (2.1.1)
where the function f(x) is smooth enough. Recall that in the previous chapter we were trying
to solve this problem under very weak assumptions on function f. And we have seen that
in this general situation we cannot do too much: we cannot guarantee convergence even to
a local minimum, we cannot estimate the global performance of the minimization schemes,
etc. Let us try to introduce some reasonable assumptions on function f to make our problem
more tractable. To do that, let us try to fix the desired properties of a hypothetical class of
differentiable functions F we want to work with.

The main impression from the results of the previous chapter should be that one of
the reasons of our troubles is due to 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 function f (see inequality (1.2.13) and Example 1.2.2). Therefore
the first additional assumption to be introduced should be as follows.

Assumption 2.1.1 For any f € F 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 F is the possibility to verify
inclusion f € F in a simple way. Usually that is provided by the set of the basic elements of
the class and by the list of possible operations with the elements, which keep the result in
the class (such operations are called invariant). The excellent example of such class is the

51
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class of differentiable functions: In order to check either a function is differentiable or not,
we need just to glance on its analytical form.

We don’t want to restrict our class too much. Therefore, let us introduce only one
invariant operation for our hypothetical class.

Assumption 2.1.2 If f1, fo € F and o, 8 > 0 then af; + Bfs € F.

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

Finally, let us make the last assumption.

Assumption 2.1.3 Any linear function f(x) = a+ {(a,x) belongs to F.!

Note that the linear function f(x) perfectly fits Assumption 2.1.1 since f'(x) = 0 means that
this function is constant and any point in R" is its global minimum.

It turns out, that we have already assumed enough to specify our functional class. Indeed,
let f € F. Let us fix some 2y € R" and consider the function

o(y) = f(y) — (f'(x0),y)-

Then ¢ € F in view of Assumptions 2.1.2, 2.1.3. Note that

&' W) ly=zo=['(Y) ly=20 —f(x0) = 0.

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

#(y) = ¢(xo) = f(w0) — (f'(0), xo)-

Hence, f(y) = f(xo) + (f'(x0), x — o).
This class is very well-known in optimization. It is the class of differentiable convez
functions.

Definition 2.1.1 A continuously differentiable function f(x) is called convex on R™ (nota-
tion f € FY(R"™)) if for any x,y € R™ we have:

fly) = f(x) + (f'(2),y — x). (2.1.2)

If — f(x) is convez, we call f(x) concave. O

In what follows we will consider also the classes of convex functions }"IEZ(Q) with the same
meaning of the indices as for the classes C}'(Q).
Let us check our assumptions, which become now the properties of our problem class.

'Tt is not a description of the basic elements. We just say that we want to have the linear functions in
our class.
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Theorem 2.1.1 If f € FY(R") and f'(z*) = 0 then z* is the global minimum of f(z) on
R™.

Proof:
In view of the inequality (2.1.2), for any z € R™ we have

fl@) z f@") + (f(«"),x —a") = f(z"). 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, f» € FY(R") and o, 3 > 0 then f = af; + Bf, € F'(R").

Proof:
For any x,y € R" we have:

fiy) 2 filz) + (@) y —x), fo(y) 2 fale) + (foz),y — ).

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

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

Lemma 2.1.2 If f € F}(R™), b€ R™ and A : R® — R™ then
¢(x) = f(Az +b) € F'(R").

Proof:
Indeed, let z,y € R". Denote T = Az +b, j = Ay +b. Since ¢'(z) = AT f'(Az +b), we have:

o) =f@) = f(@)+(f(2),7—7) = ¢(x) + (f'(z), Aly — x))
= ¢(z) + (AT f'(2),y —2) = d(2) + (¢'(2),y —2). O

In order to simplify the verification of inclusion f € F'(R"), we provide this class with
several equivalent definitions.

Theorem 2.1.2 Function f € FY(R™) if and only if it is continuously differentiable and for
any T,y € R™ and a € [0, 1] we have: *

flaz+ (1 —a)y) <af(x)+ (1 —-a)f(y). (2.1.3)

2Note that the inequality (2.1.3) without the assumption on differentiability of f, serves as a definition
of general conver functions. We will study these functions in details in the next chapter.
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Proof:
Denote z, = ax + (1 — a)y. 1. Let f € F'(R"). then

f(@a) < fy) +{f'(xa) y — 7a) = fY) + a(f'(za),y — 2),

f(xe) < f(2) + (f'(xa), = wa) = f(2) = (1 = ) {f'(2a),y — 2).

Multiplying the first inequality by (1 — «), the second one by a and adding the results, we
get (2.1.3).
2. Let (2.1.3) be true for all z,y € R" and « € [0,1]. Let us choose some a € [0, 1).

Then
fly) = 5lf(@a) —af(@)] = f(2) + 25 [f(2a) — f(2)]

f@) + @+ 1 =)y —2) = f(2)].
1.2). O

Tending « to 1, we get (2

Theorem 2.1.3 Function f € FY(R™) if and only if it is continuously differentiable and for
any x,y € R™ we have:

(f'(@) = f'(y),z—y) = 0. (2.1.4)

Proof:
1. Let f be a convex continuously differentiable function. Then

f@) > fy) + (' W),z —y), [fly)>flx)+(f(z),y—2),

Adding these inequalities, we get (2.1.4).
2. Let (2.1.4) holds for all z,y € R". Denote z, = x + 7(y — x). Then

1

fly) =f@)+ [{f(x+7y—2)),y —z)dr

0

— F(@) + @)y = o)+ [{far) = Fla)y — a)dr

— Fla) +(F @)y = 3) + ] 2 = (o), a)dr

> o)+ {f'(z),y—x). O
Sometimes it is more convenient to work with the functions from the class F*(R") C
FYR").

Theorem 2.1.4 Function f € F2(R") if and only if it is twice continuously differentiable

and for any x € R™ we have:
f"(z) > 0. (2.1.5)
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Proof:
1. Let f € C*(R") be convex. Denote z, =+ 7s, 7 > 0. Then, in view of (2.1.4), we
have:

T

0< (7 er) — Fa)ar =) =~ (Fe) — Fla),s) = — (7" + As)s, s,

0

\]
\]
\‘

and we get (2.1.5) by tending 7 — 0.
2. Let (2.1.5) holds for all z € R™. Then

F) = F@) + @)y = 2) + ] T+ My = )y - ).y = 2)dxdr

> fle)+ (f'(z),y—x). O
Now we are ready to look at some examples of the differentiable convex functions.
Example 2.1.1 1. Linear function f(x) = a + (a,x) is convex.
2. Let a matrix A be symmetric and positive semidefinite. Then the quadratic function
F(@) = o+ (a,2) + 1Az, 2)
is convex (since f”(z) = A > 0).

3. The following functions of one variable belong to F!(R):

fl@) = e,
f@) = |z’ p>1,
fl@) = =5

f@) = x| =n(+ |z ).

We can check that using Theorem 2.1.4.
Therefore, the function arising in Geometric Programming,

m

fla) = extie,

i=1
is convex (see Lemma 2.1.2). Similarly, the function arising in L,,-approzimation problem,
f(l’) = Z | <ai7x> — b |p7
i=1

1S convex too. O
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Same as with general nonlinear functions, the differentiability of convex function is not too
strong property to guarantee some special topological properties of the objects. Therefore
we need to consider the problem classes with Lipshitz continuous derivative of a certain
order. The most important class of that type is Fp'(R"), the class of convex functions with
Lipshitz continuous gradient. Let us present several necessary and sufficient conditions for
that class.

Theorem 2.1.5 For inclusion f € fi’l(R”) all of the following conditions, holding for all
x,y € R", are equivalent:

0< o)~ f@) ~ Py -0 < 5 o~y (210
F0) 2 @)+ {F )y —a) + o @)~ ) I (2.17)
()~ F) =) = 7 | f@)— 1) P (218)

Proof:
Indeed, (2.1.6) follows from the definition of convex functions and Lemma 1.2.3. Further,
let us fix g € R™. Consider the function

oy) = f(y) — (f'(0), )-

Note that ¢ € F;''(R") and its optimal point is y* = xo. Therefore, in view of (2.1.6), we

have:
S") < 0y~ TOW) < 6(w) — 5 | W) I

And we get (2.1.7) since ¢'(y) = f'(y) — f'(z0).
We obtain (2.1.8) from (2.1.7) by adding two inequalities with  and y interchanged.
Finally, from (2.1.8) we conclude that f is convex and || f'(z) — f'(y) |[S L ||z —y|. O

2.1.2 Lower complexity bounds for F;'(R")

Thus, we have introduced the problem class we are going to deal with and described the
main properties of these functions. However, before to go forward with the optimization
methods, let us check our possibilities in minimizing smooth convex functions. To do that,
in this section we will obtain the lower complexity bounds for the problem class F;°' (R")
(and, consequently, for F;''(R™)).

Recall that our problem is

min f(z),
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and the description of the problem class is as as follows:

Problem class: feFH(Rm.
Oracle: First-order black box.

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

In order to simplify our considerations, let us introduce the following assumption on the
iterative processes.

Assumption 2.1.4 An iterative method M generates a sequence of test points {xy} such
that
z, € xo + Lin {f'(xq), ..., f'(xr_1)}, k>1.

This assumption is rather technical and it can be avoided by a more sophisticated reasoning.
However, note that the most of practical methods satisfy Assumption 2.1.4.

In order to prove the lower complexity bounds for our problem class, we are not going
to develop a resisting oracle as it was done in Section 1.1. Instead, we just point out the
“worst function in the world” (we mean, in F;>'(R™)), which is bad for all iterative schemes
satisfying Assumption 2.1.4.

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

L k—1 ' '
M@=4$W@V+Z@@—W”V+WWﬂ<W},kzhnm
i—1
Note that for all s € R™ we have:
L k—1 ) )
(e)s.5) = [ (607 4 60 = 04 (0 2 0,
i—1

and
()5 5) € JUOP + X202 + () + (9 < LI (O

Thus, 0 < f/(z) < LI,. Therefore fy(z) € F;"(R"), 1 < k < n.
Let us compute the minimum of function fy. It is easy to see that f(z) = %Ak with

2 —1 0
-1 2 -1 0
0 -1 2
k lines
Ak - )
-1 2 —1
0 0 —1 2

On—k i On—rn—k
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where 0y, is (k X p) zero matrix. Therefore the equation
fi(zx)=Ayzr —e; =0
has the following unique solution:

o 1R =Lk
jk’ -

0, k+l1<i<n.

Hence, the optimal value of function f; is

h
)
oy
8
z
|
00| t~
/|\
—_
+
-
N———

fr = i [%<Akfk7fk> - (el,y‘ck)} =3

Note also that

| etrir <$etin < [ etryiny

Denote RF" = {z € R" | 2% =0, k+1 < i < n}; that is a subspace of R", in which
only first k& components of the point can differ from zero. From the analytical form of the
functions {fi} it is easy to see that for all z € R*™ we have

(@) = fu(z), p=k, ... ,n.
Let us fix some p, 1 < p < n.

Lemma 2.1.3 Let xg = 0. Then for any sequence {x}y_y:

ry € L), = Lin {f;(ﬂfo)a cee f;i(xkfl)}a
we have L, C RF".

Proof:
Indeed, since zg = 0 we have f)(zy) = —%e; € R, Therefore £, = R*™.

Let £, € R*™ for some k < p. Since A, is three-diagonal, for any # € R*™ we have
f)(x) € RFFL Therefore Ly41 € RM'™ and we can complete the proof by induction. O
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Corollary 2.1.1 For any sequence {xy}h_, such that xo =0 and x), € L we have

folar) = f-

Proof:
Indeed, 7y € Ly C R*" and therefore f,(z1) = fi(zr) > fi. a

Now we are ready to prove the main result of this section.

Theorem 2.1.6 For any k, 1 < k < %(n — 1), and any zo € R" there exists a function
fe ff’l(R”) such that for any first order method M satisfying Assumption 2.1.4 we have

% 3L _ k2
Fla) — f* = Sz

lor =2 P2 55 [ 2o — 2* |2

where x* is the minimum of f(x) and f* = f(z*).

Proof:
It is clear that the methods of this type are invariant with respect to the simultaneous shift
of the starting point and the space of variables. Thus, the sequence of iterates, generated
by such method for function f(x) using a starting point xg, is just a shift of the sequence
generated for f(x) = f(x + ) using the origin as the starting point. Therefore, we can
assume that x¢g = 0.

Let us prove the first inequality. For that, let us fix £ and apply M to minimizing
f(@) = far1(x). Then 2 = Zopyy and f* = f3; ;. Using Corollary 2.1.1, we conclude that

f(ar) = forgr(zr) = fulze) > fr.

Hence, since xy = 0, we come to the following estimate:

L
fa)—f  F(ltmntlows) 3, 1

o —a* |2 = 52k +2) S8 Ak 1)

Let us prove the second inequality. Since x, € R*" and z, = 0, we have:

H * ||2 > 21§_1 (7(@') )2 2/%_1 1 i \2
i 2R =T 1 2k+2
" ) 21§1 ) 214;551 )
=k+1—- 14+ s 1
B, G AREDT

1 (k+1)(3k+2) 1 (2k+1)3 k3
Zk—'—l_m' 2 +4(k+1)2' 3

2_ _
= Soan = s 2 5 o — Tor [P
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O

We should mention that, using a more sophisticated analysis, it is possible to prove
the following ezact lower bound: f(zy) — f* > %
| zx — 2* ||*> B || mo — 2* ||?, where the constant 3 can be arbitrary close to one.

The above theorem is valid only under assumption that the number of steps of the
iterative scheme is not too large as compared with the dimension of the space (k < 1(n—1)).
The complexity bounds of that type are called uniform in the dimension. Clearly, they are
valid for very large problems, in which we cannot wait even for n iterates of the method.
However, even for the problems with a moderate dimension, these bounds also provide us
with some information. First, they describe the potential performance of numerical methods
on the initial stage of the minimization process. And second, they just warn us that without
a direct use of finite-dimensional arguments we cannot get better complexity estimate for
any numerical method.

To conclude this section, let us note that the obtained lower bound for the value of the
objective is rather optimistic. Indeed, after one hundred iteration we could decrease the
initial residual in 10* times. However, the result on the behavior of the minimizing sequence
is very discouraging. We have to accept that the convergence to the optimal point can
be arbitrary slow. Since that is a lower bound, this conclusion is inevitable for the class
fzo’l(R”). The only thing we can do, is to try to fix out the problem classes, in which the
situation is better. That is the goal of the next section.

. It is also possible to prove that

2.1.3 Strongly convex functions

Thus, we are looking for a restriction of the problem class

: 1 n
min f(z), feF(R"),
which can guarantee a reasonable rate of convergence to the minimum of function f(z).
Recall, that in Section 1.2 we have proved a linear rate of convergence of the gradient method
in a small neighborhood of a strict local minimum. Let us try to make this assumption global.
Namely, let us assume that there exist some constant g > 0 such that for any z with f'(z) = 0
we have

f@) > (@) +gplle—a |

for all z € R™.
Using the same reasoning as in Section 2.1.1, we obtain the class of strongly convex
functions.

Definition 2.1.2 A continuously differentiable function f(x) is called strongly convex on
R™ (notation f € S;(R")) if there exists a constant p > 0 such that for any x, y € R™ we
have:

f) > f@)+(f'(@)y—a)y+3ully—=z|?. (2.1.9)
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We will also consider the classes SSZL(Q) with the same meaning of the indices £, [ and L as

for the class C}(Q).
Let us fix some properties of strongly convex functions.

Theorem 2.1.7 If f € S} (R") and f'(z*) = 0 then

fla) = fl@) +gplla— 2" |
for all x € R".

Proof:
Since f'(z*) =0, in view of the definition for any x € R" we have

fl@) = f@) +(f'@") e —a") +gpu o —a" |P= f@) +qplle—a" 7. O

The following result demonstrates how we can add strongly convex functions.

Lemma 2.1.4 If fi € S} (R"), fo €S,,(R") and o, 3 > 0 then

f=afi+Bf € Sauipu,(R").

Proof:
For any x,y € R" we have:

fily) > fl@)+ (f@),y—z)+5m ly—= |

f(y) = folz)+ (f5(x),y —z) + S [y — = |I” .

It remains to multiply these equations by a and ( and add the results.

O

Note that the class S} (R") is equivalent to F'(R"™). Therefore adding a strongly convex
function with a convex function we get a strongly convex function with the same constant

L.
Let us give several equivalent definitions of the strongly convex functions.

Theorem 2.1.8 Function f € Sﬁ(R”) if and only if it is continuously differentiable and for

any z,y € R and a € [0, 1] we have:

flaz + (1 =a)y) < af(@) + (L= a)f(y) —all—a)T |z =y |*.

(2.1.10)

Theorem 2.1.9 Function f € Sﬁ(R”) if and only if it is continuously differentiable and for

any z,y € R™ we have:

(@)= fe—y=plz—yl*.

(2.1.11)



62 CHAPTER 2. SMOOTH CONVEX PROGRAMMING

Theorem 2.1.10 Function f € Sﬁ(R") if and only if it is twice continuously differentiable
and for any x € R™ we have:
f'(x) > pdy. (2.1.12)

The proofs of these theorems are very similar to those of Theorems 4.2 — 4.4 and we leave
them as an exercise for the reader.
Note we can give several examples of strongly convex functions.

Example 2.1.2 1. f(z) = 5 || « ||* belongs to Sf(R") since f"(z) = I,.
2. Let the symmetric matrix A satisfy the condition: ul, < A < LI,,. Then
f(x) = a+(a,z) + $(Az,z) € S5 (R") C S, 1(R")

since f"(z) = A.

Other examples can be obtained as a sum of convex and strongly convex functions. O

The class of our main interest is Sii(R”) This class is described by the following
inequalities:
(f'@)=f' e —y) >plz—yl? (2.1.13)

I @) =W I<Lilz—yl. (2.1.14)

The value Qf = L/p (> 1) is called the condition number of the function f.
It is important that the inequality (2.1.13) can be strengthen using the condition (2.1.14).

Theorem 2.1.11 If f € S}LZIL(R”) then for any x, y € R™ we have:

(@)= F)r—y) = 2 e —y P+ | F@) = F) )7 (2.1.15)

Proof:
Consider ¢(z) = f(z) — ip || « ||*. Note that ¢/(x) = f'(x) — pa. Therefore this function is
convex (see Theorem 2.1.3). Moreover, in view of (2.1.6)

dy) =fy)—sully IP< fl@)+(f@)y—a)+5Llz—y > —gully |’
= ¢(x) + (¢ (@), y —x) +3(L—p) [z —y |I*.
Therefore ¢ € F;"' (R") (see Theorem 2.1.5). Thus,
(@ () = (y),y — ) > £ || (@) — ¢ (y) |?

and that inequality can be rewritten as (2.1.15). O
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2.1.4 Lower complexity bounds for Sii(R")
Let us get the lower complexity bounds for the class SilL(R”) Consider the problem

min f(z).

The description of our problem class is as as follows:

Problem class: fe Si:lL, p > 0(R").
Oracle: First-order black box.

Approximate solution: 7€ R", f(z)— f*<e, || T—2"[]?’<e

Same as in the previous section, we consider the methods satisfying Assumption 2.1.4. We
are going to find the lower complexity bounds for our problem in terms of condition number.

Note that in the description of our problem class we don’t say anything about the di-
mension of our problem. Therefore formally, our problem class includes also the infinite-
dimensional problems.

We are going to give an example of some bad function defined in the infinite-dimensional
space. We could do that also for finite dimension, but the corresponding reasoning is more
complicated.

Consider R® = [,, the space of all sequences x = {2V}, with finite norm

[e.e]

I =3 "(2)* < co.

=1

Let us choose some parameters 1 > 0 and ()¢ > 1, which define the following function

fuaso) = ML O 4 300 = a0 =0 L o P

4
Denote
2 -1 0
-1 2 -1 0
A= 0 —1 2
0

Then f"(z) = WA + pl, where [ is the unit operator in R>. In the previous section
we have already seen that 0 < A < 4. Therefore

pl < f'(x) < (W@Qf — 1) + )1 = pQyI.

This means that f,q, € S

o, (1), Note the the condition number of function f, ¢, is

pQ
Qfua, = T Qr-
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Let us find the minimum of function f, .q,. The first order optimality condition

funag, (@) = <M(Qil_1)A+#[> v /i(QJ;_l)el 0

can be written as:

The coordinate form of this equation is as follows:
Qs+l (1 2)
291400 4 =1,
gkt 9@t o (k) 4 4=l — k=2 ...
Q-1

Let g be the smallest root of the equation

q —2 q+1=0,
Qr—1
that is ¢ = \/_”Zfi Then the sequence (2*)*®) = ¢*, k= 1,2, ..., satisfies our system. Thus,
!

we come to the following result.

Theorem 2.1.12 For any o € R> and any constants ;1 > 0, Qy > 1 there exists a function
f eS8 (R®) such that for any first order method M satisfying Assumption 2.1.4, we have

Qg
2k
Qr—1
lan—a P2 (Vo) oo |,

2k
f@) =1 =4 (YEs) o= |2

where x* is the minimum of function f and f* = f(x*).

Proof:
Indeed, we can assume that zo = 0. Let us choose f(x) = f,, .q,(). Then

0 [e%s} 2
| 2o — 2" [[P= Y [(=") ] = > ¢ = ——.
i=1 i=1 l—q

"

Since (2) is a three-diagonal operator and f), ,q,(0) = e1, we conclude that ), € RF.

lu‘Hu‘Qf
Therefore
2 — NP — 9 qz(kﬂ) 2k 2
|ze—2* P> Y (@)Y= Y ¢ = Tz =4 llwo—a™ |
i=k+1 i=k+1 q

The second estimate of the theorem follows from the first one and the definition of
strongly convex functions. a
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2.1.5 Gradient Method

As usual, the first method to be tried in the new situation is the gradient method. Let us
check how it works on the problem
min f(z)

with f € F;'(R"). Recall that the scheme of the gradient method is as follows.

0. Choose =y € R".

1. kth iteration (k > 0).
a). Compute f(zy) and f'(zy).

b). Find zy41 = xr — hif'(xy) (see Lecture 2 for the step-size rules). O

In this section we analyze this scheme in the simplest case, when hy = h > 0. It is
possible to show that for all other step-size rules the rate of convergence of the gradient
method remains the same.

Theorem 2.1.13 If f € F}'(R") and 0 < h < 2 then the gradient method generates the
sequence {xy} such that

o 2f(x0) — 1) || w0 — o |
) =1 S = 2 1 (o) — F) (2 — LYk

Proof:
Denote ry =|| xx — x* ||. Then

reyn =l zw— 2" = hf'(x) |I?

=i = 2h(f"(xe), p — %) + B2 || f(ae) |
<ri—h(Z = h) || f'(a) |
(we use (2.1.8) and f’(2*) = 0). Therefore rp < ry. In view of (2.1.6) we have:
flara) < flae) + (' (@0), 2o — o) + 5 || @pgr — 2 |2
= flap) —w || /(=) 1%,
where w = h(1 — £h). Denote Ay, = f(zx) — f*. Then

A < (f'(w), o — ) <o || f /(@) || -
Therefore Agyq < Ay — % AZ. Thus,
0

1 1 w  Ag 1 w
> > -

> — 4o 2k s — g
Apsr — A 15 Dpr — Ay 1
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Summarizing these inequalities, we get

1
Ao =By T

(k:+1)

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 following value: h* = 1. In this case we get the following efficiency

L
estimate of the gradient method:

2L(f (x0) = f*) || o — 2™ |2

F@) = I S S ey — o [P+ (Fwo) = R

(2.1.16)

Further, in view of (2.1.6) we have

L L
flwo) < J*+{f(@") 20 —2") + 5 | 20 — 2 I*= Frtg lwo—a .

Since the right hand side of inequality (2.1.16) is increasing in f(xq) — f*, we get the following
result.

Corollary 2.1.2 Ifh =1 and f € F}''(R") then

2L || wg — z* ||

flar) — f7 < b d

(2.1.17)

Let us estimate the performance of the gradient method on the class of strongly convex
functions.

Theorem 2.1.14 If f € S1 ] L(R") and 0 < h < iz 7 then the gradient method generates a
sequence {xy} such that

k
) 2l )
|2 —a Ws(r—uf¢>|mb—xn?

If h = MLL then

1\ k
-2 1< (355" 2o — o

« Qs—1\2k X
Floe) = 1 < 5 (&) ao— o |12

where Qf = L/ .
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Proof:
Denote ry =|| xx — 2* ||. Then

i =l e —a* = hf' () ||?

= 1} = 2h(f"(wx), 0 — ) + B2 || f' () |
<(1—=2eB) i+ h(h—22) | f () IP

(we use (2.1.15) and f'(z*) = 0). The last inequality in the theorem follows from the previous
one and (2.1.6). O

Recall that we have already seen the step-size rule h = % and the linear rate of
convergence of the gradient method in Section 1.2, Theorem 1.2.4. But that were only the
local results.

Comparing the rate of convergence of the gradient method with the lower complexity
bounds (Theorems 2.1.6, 2.1.12), we can see that the gradient method is far to be optimal
for the classes F;''(R") and S}Li(R”) We should also note that standard unconstrained
minimization methods (conjugate gradients, variable metric) have the similar efficiency es-
timates on these problem classes. The optimal methods for smooth convex and strongly
convex functions will be considered in the next lecture.

2.2 Optimal Methods

(Optimal Methods; Convez Sets; Constrained Minimization Problem; Gradient Mapping;
Minimization Methods over a simple set.)

2.2.1 Optimal Methods

In this section we consider the unconstrained minimization problem

min f(z),

with f being strongly convex: f &€ Sﬁi(R”). Formally, we include in this family of classes
the class of convex function with Lipshitz gradient allowing the value p = 0 (recall that
(So(RY) = FL ' (RY).
In the previous section we proved the following efficiency estimates for the gradient
method
FURY Sl - <

— k+4

2k
SuL(R"): fla) = < 5 (F2)7 lao—a* |2

L+p
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These estimates do not coincide with our lower complexity bounds (Theorems 2.1.6, 2.1.12).
Of course, in general that does not mean that the method is not optimal since it could be
that the lower bounds are too pessimistic. However, we will see that in our case the lower
bounds are exact. We prove that by constructing a method, which has them as its efficiency
estimates.

Recall that the gradient method forms a relaxation sequence: f(zg11) < f(zx). This fact
is crucial in the analysis of its convergence rate (Theorem 2.1.13). In Convex Optimization
the optimal methods never rely on relaxation. First, for some problem classes it is too
expensive for optimality. Second, the schemes and the efficiency estimates of the optimal
methods are derived from the global topological properties of convex functions. From that
point of view, the relaxation is too “microscopic” property to be useful.

In smooth convex optimizations the schemes and the efficiency estimates of optimal
methods are based on the notion of estimate sequence.

Definition 2.2.1 A pair of sequences {¢r(2)}72 and { A\ }io, Ak > 0 is called an estimate
sequence of function f(x) if \x — 0 and for any x € R™ and all k > 0 we have:

Or(r) < (1= M) f(2) + Aecdo(). (2.2.1)

At the first glance, this definition looks rather artificial. But we will see very soon how
it works. The next statement explains why we could need all of that.

Lemma 2.2.1 If for a sequence {xy} we have

f(zy) < ¢ = min @ (z) (22.2)

reR"
then f(xx) — f* < Algo(z) — f*] — 0.

Proof:
Indeed,

f(xr) < ¢f = min ¢p(z) < min[(1 — A\p) f(7) + Medo(2)] < (1 — Xe) f(27) + Aeo(z7).

zeER™ TeER™

O

Thus, for any sequence {xy}, satisfying (2.2.2) we can derive the rate of convergence of the
minimization process directly from the rate of convergence of the sequence {\}. Definitely,
that is a good news. However, at this moment we have two serious questions. First, we don’t
know how to form an estimate sequence. And second, we don’t know how we can ensure
(2.2.2). The first question is simpler, so let us answer it.

Lemma 2.2.2 Let us assume that:
1. fe S, (R).

2. ¢o(x) is an arbitrary function on R".
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3. {yk}i, is an arbitrary sequence in R".
4. {ag}ey: ar €(0,1), kX_jO g = 00.
5. )\0 == 1
Then the pair of sequences {pr(x)}720, {Mk}e2y defined by the following recursive rules:

A1 = (1 - Oék))\lw
(2.2.3)
Grer(r) = (1 — o)) + awlf(yr) + (' (ur) o —ye) + 5 | 2 — wr |17,

18 an estimate sequence.

Proof:
Indeed, ¢o(z) < (1 — No)f(x) + Aodo(z) = ¢o(z). Further, let (2.2.1) holds for some k > 0.
Th
T bl < (- e +onf(@)
= (1= —ap)h)f(@)+ (1 —ar)(dr(x) — (1 =) f(z))
< (= (1 =ap)e)f(@) + (1 — o) Aedo(z)
= (1= X)) f(2) + Aegrdo().
[t remains to note that condition 4) ensures \;, — 0. O

Thus, the above statement provides us with some rules for updating the estimate sequence
by a recursion. Now we have two control sequences, which could help us to ensure inequality
(2.2.2). Note that we are also free in the choice of initial function ¢q(z). Let us choose it as
a simple quadratic function. The we can obtain the exact description of the way ¢ varies.

Lemma 2.2.3 Let ¢o(z) = ¢+ 2 || x — v ||>. Then the process (2.2.3) forms
x
dr() = 0h+ 5 o= |, (2.2.4)
where the sequences {y}, {vr} and {¢;} are defined as follows:

Vir1 = (1 — ag)ye + owp,

Vg1 = ! (1 — ar)yevr + cwpyr — ar f' (i),

Ye+1

Gpr = (1 —ow)br +anf(ye) — | () |12

2Yk41

+ O (] g — o [ () on — o))

Ye+1
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Proof:
Note that ¢j(x) = vol,. Let us prove that ¢} (z) = I, for all k£ > 0. Indeed, if that is true
for some k, then

Gpia () = (1 — )y (@) + cwpedyy = (1 — )y + arp) In = Y1l

This prove the canonical form (2.2.4) of functions ¢ ().
Further,

braa(@) = (=) (d5+% |2 — ok [?)

+arlf(ye) + (' (k) —ue) + 5 1| 2 — i |17

Therefore the equation ¢}, (z) = 0, which is the first order optimality condition for function
¢r41(x), looks as follows:

(1 — ag)ve(r — vp) + arf'(ye) + carp(z — yx) = 0.

From that we get the equation for vy, which is the minimum of ¢y4q(z).
Finally, let us compute ¢j_ . In view of the recursion rule for the sequence {¢y(z)}, we
have:

* v «
Geor + 25 = v [P= dsa() = (1= ) (61 + 2 e = v 12) + o (- (2:25)

Note that in view of the relation for vg,q,

Ukl — Y = (1 — ap)ve(ve — yi) — arf' (yn))-

Vk+1

Therefore

1
29k+1

B vy — Y [|P= (1 — )’ | vk — e |7

=206 (1 — )V (' (ye), vk — yi) + i || f' (i) |I7)-

It remains to substitute this relation in (2.2.5) noting that the factor of the term || yx — vy ||?
in this expression is as follows:

Now the situation is much clear and we are close to get an algorithmic scheme. Indeed,
assume that we already have xy: ¢f > f(xx). Then, in view of the previous lemma,

Gror > (1= o) Flan) + anf(un) — i || F(wn) |I?

2Vk+1

+M<f/(yk)avk — Yg)-

Ve+1
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Since f(xx) > f(yx) + (f'(yx), xx — yr), we get the following estimate:

2
Qg

| F () 11 +(1 = ) (F (), 2

Vk — Yk) + Tk — Yk)-
241 Ye+1 ( ) >

¢Z+1 > f(?/k) -

Let us look at this inequality. We want to have ¢;,; > f(2r+1). Recall, that we can ensure
the inequality

F) = 5 ) F) 1P foen)

in many different ways. The simplest one is just the gradient step xx.1 = yr — hi f'(z1) with

hi = 1 (see (2.1.6)). Let us define ay, as follows:

L@i = (I —ap)ve +appt (= Yes1)-

2
Then 270;’1 - = i and we can replace the previous inequality by the following:

«
KTk (Vk — Yr) + Tk — Yi)-
Vik+1

Grr = f(@rgn) + (1T — ) (f (),

Now we can use our freedom in the choice of y;, namely, let us find it from the equation:

!
a (vr — yx) + 2k —yr, = 0.
Ve+1
That is
_ QkVkVk T+ Ve+1Tk
T+ Qrp
Thus, we come to the following

General scheme (2.2.6)

0. Choose z¢ € R"™ and 9 > 0. Set vy = xp.

1. kth iteration (k > 0).
a). Compute oy € (0,1) from the equation

LO{% = (1 — ak)'}/k: + ag .

Set Y1 = (1 — ar) Ve + appe.

b). Choose
YUk + Ve+1Tk

Vi + pph

Compute f(yx) and f'(yx).
¢). Find x,; such that

Flownn) < F) = 57 I /() P
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(see Lecture 2 for the step-size rules).

d). Set

Vky1 = (1 — ap)yvr + agpyr — on f'(yr)]- o

Vk+1

Note that in Step 1c) of the scheme we can choose any z,1 satisfying the following
inequality

Flen) < Flu) = 5 1 o) |?

with some w > 0. Then the constant % should replace L in the equation of Step 1a).

Theorem 2.2.1 The scheme (2.2.6) generates a sequence {x}72, such that
* * IVO * |12
P = 1 < [fao) = 5+ 2 o~ 2]

where Ao = 1 and A\, = 112 (1 — oy).

Proof:
Indeed, let us choose ¢o(x) = f(zo) + L ||  — v ||>. Then
f(zo0) = &5
and we get f(xr) < ¢ by construction of the scheme. It remains to use Lemma 2.2.1. O

Thus, in order to estimate the rate of convergence of this scheme, we need only to
understand how fast A\, goes to zero.

Lemma 2.2.4 [f in the scheme (2.2.6) we choose vy > u, then

k
Akﬁmin{(l—\/z> ’(2@:1—[;{:\/%)2}'

Proof:
Indeed, if v > p then

eyt = Lag = (1 — ag)y, + appe > p.

Since v9 > u, we conclude that it is true for all v,. Hence, aj > \/% and we have proved
the first statement of the lemma.
Further, let us prove that v, > v9Ax. Indeed, since vy = Y A\g, We can use induction:

Yer1 > (L — o)y > (1 — aw) Yo ke = Yokt1-

Therefore Lai = Yii1 > Yo kst
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Denote ay, = ﬁ Since {\;} decrease, we have:

VA= Akr1 A —Akt1

Ag+1 — Ak = =
* VARt VA1 (VA Akr1)
Ak —Akt1 _ )\k—(l—ak)/\k _ ay, > 1 /v
- 2)\k\//\k+1 2>\k\/>\k+1 2\/>\k+1 — 2V L
Thus, ar > 1+ g 2 and the lemma is proved. O

Let us present the exact statement on optimality of our scheme.

Theorem 2.2.2 Let us take in (2.2.6) vo = L. Then this scheme generates a sequence
{zr}32, such that

flaw) = £ < Lmin { (1= /)" g | Wl — 2

This means that it is optimal for the class S;lL(R”) with p > 0.

Proof:
We get the above inequality using f(zo) — f* < £ || 2o — z* ||* and Theorem 2.2.1 with
Lemma 2.2.4.

Further, from the lower complexity bounds for the class Sii(R"), 1> 0, we have:

\/7_1 2 Ak 2
f(z ) f =3 (\/—+1 R>§exp \/Qif—1R7

where Oy = L/p and R =|| xp — z* ||. Therefore, the worst case estimate for finding x;, such
that f(z) — f* < € cannot be better than

Jo. 1
k2Q4 [lnl—i-lng—l—ZlnR}.
€

7;

For our scheme we have:

f(zy) — f* < LR? (1 — “)k < LR?exp (—k> :

L Jar

Therefore we guarantee that
k<.,/Q; [mg +1nL+21nR} .

Thus, the main term in this estimate, /QsIn %, is proportional to the lower bound. The

same reasoning can be used for the class S&’}J(R”). O

Let us analyze a variant of the scheme (2.2.6), which uses the gradient step for finding
the point xjyq.
Constant Step Scheme, I (2.2.7)
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0. Choose zo € R™ and ~y > 0. Set vy = xp.
1. kth iteration (k > 0).
a). Compute oy € (0,1) from the equation Lai = (1 — ag)ve + apf.
Set Ye1 = (1 — ag) Ve + arpe.

R _ORVRVE + Ve1 Tk
T
Compute f(yx) and f'(yk).
c). Set
Tre1 =Yk — 1/ (Uk),
vert = 5 (1= aw)ywon + awpyr — awf' (i)

Let us demonstrate that this scheme can be rewritten in a simpler form.
Note that yj, = (Ve + Yi12k), Tret = Yo — 7. () and

Vi +Oc iz
1 !
Vpy1 = —[(1 — ar)vevk + arpyr — arf (yr)].
Ve+1
Therefore
vt = 5 {52 [ + )y — Y] + anpyr — anf (yi)}
_ 1 (I-a )“/ 1—oy ag_ g1
= i (e ey ey — e — S ()
=+ (e — w) — 5 p.f (k)
=Tk + - ($k+1 — Ty).
Hence,
Yktr1 = m(akﬂ’)’kﬂvkﬂ + VeroTri1)
= Tg41 + a“lzz:fz::;k“) = Tpi1 + Be(Thy1 — k).
where
G = 1 Yhe1 (1 — ay)
=

(Vo1 + Qpip)

Thus, we managed to get rid of {v;}. Let us do the same with ;. We have:

oL = (1 — o)y + B = Vet
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Therefore
B, = 1 Verri(l—ar) A 17k+1(1=ak)
k o (Yrrtagsin) — ok(yeprtag  L—(1—aki1)Vi+1)
_ _ epr(loog) _ op(l-ay)
ap(Yr+1tory1 L) gty

Note also that af,; = (1 — 1) + qayqq with ¢ = p/L, and ofL = (1 — ag)yo + pax.
The latter relation means that ~y can be seen as a function of ay.
Thus, we can completely eliminate the sequence {7;}. Let us write out the resulting
scheme.
Constant Step Scheme, II (2.2.8)

0. Choose xg € R" and ag € (0,1). Set yo = zo, ¢ = p/ L.
1. kth iteration (k > 0).

a). Compute f(yx) and f'(yx). Set Tpi1 = Yy — %f’(yk).
b). Compute a1 € (0,1) from the equation of,; = (1 — agy1)af + g1, and set

ap(l — ay)
o + gy

O =

o Ykl = T + Br(Trs1 — o).

The rate of convergence of the above scheme can be derived from Theorem 2.2.1 and
Lemma 2.2.4. Let us write out the corresponding statement in terms of ay.

Theorem 2.2.3 [fin (2.2.8) we take

oo > \/g (2.2.9)
then

fa0 = <min{ (1= ) Gt | [ =1+ = ],

where

ag(agL — )

Yo = 1— g

Note that we don’t need to prove it since we did not change the initial scheme; we changed
the notation. In this theorem the condition (2.2.9) is equivalent to vy > p.

The scheme (2.2.8) becomes remarkably simple if we choose ag = \/% (this corresponds

to 70 = ). Then
/ B, = VL - VL —\/n
VL + /i

for all £ > 0. Thus, we come to the following process:
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0. Choose yy = 29 € R".
1. Set

1 / \/E_ %
= _ — , et —|— _ — . \:‘
Tk+1 = Yk Lf (Yr)s  Yks1 = T N \/ﬁ(mk-i-l )
However, note that this process does not work for g = 0. The choice 79 = L (which results
in the corresponding value of ag) is much more safe.

2.2.2 Convex sets

Let us try to understand now how we can solve a constrained minimization problem. Let us
start from the simplest problem of this type, the problem without functional constraints:

min f(z),

where () is some subset of R". Of course, we should impose some assumptions on the set
(@ to make our problem tractable. For that let us answer the following question: What
should be a class of sets, which fits naturally the class of convex functions? If we look at the
following definition of convex function:

flaz+ (1 —a)y) <af(z)+ (1 -a)f(y), Vr,yeR", acl01],

we see that here we implicitly assume that we can check this inequality at any point of the
segment [x,y]:
[2,y] = {z =az+ (1 — )y, a €[0,1]}.

Thus, it would be natural to consider the sets, which contain all segment [z, y| provided that
the end points x and y belong to the set. Such sets are called convex.

Definition 2.2.2 A set Q) is called convex if for any x, y € Q and « € [0, 1] we have:
ar+ (1 —a)y € Q.

The point azx + (1 — a)y with « € [0,1] is called the convex combination of these two points.
In fact, we have already met some convex sets in our course.

Lemma 2.2.5 If f(x) is a convez function, then for any o € R its sublevel set
Ly(B) ={z e R"| f(x) < S}
18 either convexr or empty.

Proof:
Indeed, let x and y belong to L¢(5). Then f(z) < § and f(y) < 5. Therefore

flaz+ (1 —a)y) <af(er)+ 1 -a)f(y) <0
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Lemma 2.2.6 Let f(x) be a convex function. Then its epigraph
& ={(x,7) € R | f(z) <7}
1S a conver Set.

Proof:
Indeed, let z; = (z1,71) € £ and 22 = (29, 2) € ;. Then for any a € [0, 1] we have:

2o =az1+ (1 —a)z = (azx; + (1 — @)z, an + (1 — a)m),

flazy+ (1 —a)ze) <af(x)+ (1 —a)f(x) <am+(1—a)n.

Thus, z, € &f. O

Let us look at some properties of convex sets.
Theorem 2.2.4 Let Q1 C R" and Q2 C R™ be convez sets and A(x) be a linear operator:
A(x) =Ax+b: R" — R™.
Then all of the following sets are convex:
1. Intersection (m =n): Q1NQ2={r € R"| x € Q1, © € Q2}.
2. Sum (m=n): Q1 +Qr={z=x+y| z€Q1, y € Qa}.
3. Direct sum: Q1 X Q2 = {(z,y) € R"™™ | z € Q1, y € Q2}.
4. Conic hull: K(Q1) ={z € R"| z=pz, x € Q1,0 > 0}.
5. Convex hull

Conv (Q,Q2)={z€R"|z=ar+ (1 —a)y,r € Q1, y € Qa, a €[0,1]}.

6. Affine image: A(Q1) ={y € R™ | y=A(z), x € Q1}.
7. Inverse affine image: A~ (Qy) ={r € R"| y= A(z), y € Q1}.

Proof:
1. If x1 € Q1N Q2, 1 € Q1N Q2, then [x1, 5] C Q1 and [z, 23] C Q3. Therefore [z1, 2] C

Q1N Q.
2.tz =21+ 29, 11 € Q1, 2 € Q2 and 2 = Y1 + Y2, Y1 € Q1, Y2 € (2, then

azy + (1 = a)z = [azy + (1 — a)yi]i + [azs + (1 — a)ys)a,

where []; € Q1 and []2 € Q.
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3. If 2y = (21,22), 1 € Q1, 22 € Q2 and 25 = (Y1, Y2), Y1 € Q1, Y2 € @2, then
az; + (1 —a)z = ([axy + (1 — a)yi ], [axs + (1 — a@)ys)2),

where [-]; € Q1 and []; € Q.
4. If 2y = Sy, 1 € Q1, f1 > 0, and 2y = foxs, T2 € Q1, P2 > 0, then for any « € [0, 1]
we have:

az1 + (1 —a)z = afixy + (1 — a)foxe = y(aw, + (1 — @)xg),

where 7 = af; + (1 — «)fB, and & = a1 /v € [0, 1].
5. If 21 = Biry + (1 — Bi)wg, 1 € Q1, 22 € Q2, f1 € [0,1], and 25 = Boys + (1 — B2)y2,
y1 € Q1, Y2 € Qa, P € [0, 1], then for any a € [0, 1] we have:

az1+ (1 —a)z =a(Biz + (1= B)r) + (1 — a)(Boyr + (1 = Ba2)y2)
= a(Biz1 + (1= 1)) + (1 — @) (Baza + (1 — B2)y2),
where @ = afy + (1 — @)f; and () = af/a, B = ol — 1) /(1 — @).
6. If y1, yo € A(Q1) then y; = Az +b and yo = Axy+b for some 1, x5 € Q1. Therefore,
for y(a) = ay; + (1 — a)ya, 0 < a < 1, we have:

y(a) = a(Az; +0) + (1 — a)(Azy + b) = A(az; + (1 — a)xy) + b.

Thus, y(a) € A(Q1).
7. If 2y, 2o € A7H(Qy) then y; = Axy + b and yy = Azy + b for some y;, y2 € Q.
Therefore, for z(a) = ary + (1 — a)xe, 0 < a < 1, we have:

A(z(a)) = A(ax; + (1 — a)za) + b

=a(Azr; +b) + (1 —a)(Aza+b) = ayh + (1 — a)y2 € Q.

Let us give several examples of convex sets.

Example 2.2.1 1. Half-space: {x € R" | (a,z) < [} is convex since linear function is
convex.

2. Polytope: {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" | (Az,z) < r?} is convex since the
function (Ax,z) is convex. O
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Let us write out the optimality conditions for the problem

min f(z), feFY (R, (2.2.10)

where @) is a closed convex set. It is clear, that our old condition f’(x) = 0 does not work
here.

Example 2.2.2 Consider the following one-dimensional problem:

min z.
x>0

Here x € R, @ = {x > 0} and f(z) = z. Note that z* = 0 but f'(z*) =1 > 0. O

Theorem 2.2.5 Let f € F'(R") and Q be a closed convex set. The point x* is a solution
of (2.2.10) if and only if
(f'(x*), 2 —2*) >0 (2.2.11)

for all x € Q.

Proof:
Indeed, if (2.2.11) is true, then

fl@) 2 f(@) + (f(2"),x —a") = f(z7)

for all x € Q.
Let z* be a solution to (2.2.10). Assume that there exists some x € () such that

(f'(a*),x — 2*) < 0.
Consider the function ¢(a) = f(a* + a(z — %)), a € [0, 1]. Note that
¢(0) = f(z"), ¢'(0) = (f'(z"),x—2") <O.
Therefore, for small enough o we have:
f@* +alz —27)) = ¢(a) < $(0) = f(z7).

That is a contradiction. O

Theorem 2.2.6 Let f € S;(R") and @ be a closed convex set. Then the solution x* of the
problem (2.2.10) exists and unique.
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Proof:
Let 75 € Q. Consider the set Q = {x € Q| f(x) < f(20)}. Note that the problem (2.2.10)
is equivalent to the following:

min{ f(x) | = € Q}. (2.2.12)

However, () is bounded: for all z € QQ we have
f@o) = fx) = fl@o) + (f(x0), x — wo) + % & —xo [

Hence, ||z — o [|< 7 || f'(x0) |I
Thus, the solution z* of (2.2.12) (= (2.2.10)) exists. Let us prove that it is unique.
Indeed, if 7 is also a solution to (2.2.10), then

Fro= 1) 2 @)+ () =)+ g = |
> gl -t P

(we have used Theorem 2.2.5). Therefore 27 = x*. O

2.2.3 Gradient Mapping

Note that in the constrained minimization problem the gradient of the convex function should
be treated differently as compared with the unconstrained situation. In the previous section
we have already seen that its role in the optimality conditions is changing. Moreover, we
cannot use it anymore for the gradient step since the result could be infeasible, etc. If we
look at the main properties of the gradient we have used for f € F}''(R™), we can see that
two of them are of the most importance. The first is that the gradient step decreases the
function value by an amount comparable with the norm of the gradient:

L., Loy e
ZF(@) < f@) = o2 I P @) P

And the second is the following inequality:

G

!/ * ]‘ / 2
(fla) e —am) 2 7 || f2) I

It turns out, that for constrained minimization problems we can introduce an object,
which keeps the most important properties of the gradient.

Definition 2.2.3 Let us fix some v > 0. Denote

wo(7:7) = argmin [f(@) + (f'(@), e~ ) +3 | = =7 7]

90(7;7) =T — 2q(7;7))

We call gg(v,x) the gradient mapping of f on Q.
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Note that for ) = R™ we have

2(#7) =% — if’(f% 90(@7) = @),

Thus, the value 1 can be seen as the step size for the “gradient” step z — (T3 7).

81

5
Note also that the gradient mapping is well-defined in view of Theorem 2.2.6. Moreover,

it is defined for all z € R™, not necessarily from Q).
Let us fix out the main property of the gradient mapping.

Theorem 2.2.7 Let | € S}Li(Rn), ~v> L and T € R"*. Then for any v € QQ we have:

@) > f(ag(@s) + (gg(:).o = ) + 3= Il aalai7) I +5 2 = |1

Proof:
Denote z¢g = z¢(7, %), 90 = 9o(7,Z) and let

Ox) = f@) + (f(@),0—2) + 2 = =3 |
Then ¢'(z) = f'(Z) + v(x — &), and for any = € @ we have:
(f'(T) — g9g. 7 —2q) = (¢'(vq), x — xg) > 0.

Hence,
fl@)=5lz—2 | > f@ +(f(2),2—7)
= f(@) + {(f'(2), 20 — 2) + (f'(2), 2 — 2q)
> [(2) + (f'(7),2q — T) + (9, © — 2q)
= ¢(2q) — 3 Il 2@ — 7 |I” +{9q. 7 — 7q)
= ¢(zq) — 5 |l 90 |I> +{90, 2 — 2q)
= ¢(zq) + 55 |l 90 II” +{9q, 2 — 7)
and ¢(zq) = f(zq) since v > L.
Corollary 2.2.1 Let f € S;)[(R"), v > L and T € R". Then

f(zo(@:m) < £(@) - 217 I g0(@:7) I

SN o 1 _ v _
(90(%;7), T — x*) > > | 9o(z;7) |I? +5 e -z [

Proof:

(2.2.13)

(2.2.14)

(2.2.15)

Indeed, using (2.2.13) with © = Z, we get (2.2.14). Using (2.2.13) with x = x*, we get

(2.2.15) since f(zg(z;7)) > f(z*).

O
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2.2.4 Minimization methods for simple sets

Let us demonstrate how we can use the gradient mapping for solving the following problem:

min f(z),

where f € Slii(R") and @ is a closed convex set. We assume that the set @) is simple
enough, so the gradient mapping can be computed explicitly. This assumption is valid for
the positive orthant, n dimensional box, Euclidean ball and some other sets.

As usual, let us start from the gradient method:

ZTo € Qa
(2.2.16)
Tpp1 = o — hgo(ax; L), k=0,....

The efficiency analysis of this scheme is very similar to that of the unconstrained gradient
method. Let us give just an example of such reasoning.

Theorem 2.2.8 If we choose in (2.2.16) h = 1, then
k
o —a" IP< (1= 2) oo —a" |2

Proof:
Denote r, =|| z, — 2* ||, 9o = go(xk; L). Then, using inequality (2.2.15), we obtain:

rigr =l ok —2* = hgq =17 — 2h{gq, Tx — z*) + B* || gq II?

<@—hpyri+h(h—1)lgol?=(1-%)r2 O

Note that for the step size h = % we have

1
Tp41 = Tg — EQQ(IkS L)= 3‘3Q<xk; L).

Let us discuss now the schemes of the optimal methods. We give only the sketch of the
reasoning since it is very similar to that of Section 2.2.1.
First of all, we should define the estimate sequence. Assume that we have z¢ € (). Define

do(x) = f(zo) + B || v — z0 |%,
Opi(@) = (1 —aw)dul(x) + alf(zqye; L)) + 57 | 9oy L) |17

9ok L), v —ye) + 4 || o — ye [1P]-

Note that the form of the recursive rule for ¢ (x) is changing. The reason is that now we
have to use the inequality (2.2.13) instead of (2.1.9). However, this modification does not
change the analytical form of this rule and therefore we keep all the result of Section 2.2.1.
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Similarly, we can show that the estimate sequence {¢)k(x)} can be written as
* Tk
ou(a) = i+ 2z |
with the following recursive rules for vy, vy and ¢;:

Yetr = (1 — ap)ye + arp,

Vpr1 = ——[(1 — ap)Vevr + arpyr — argo(yr; L)),

Vk+1

2
Xk

Ghr = (1— aw)on+ onf(wa(ns 1) + (3 — 725 ) Il galuws 1) 7

sl (6 — o |12 (g0 (yis L), vk — i)

Ye+1

Further, assuming that ¢; > f(x)) and using the inequality
flaw) = flzgye L)) + (9o (yw; L),z — yi)

+57 1| 9o L) |12 +5 || @ — e [17],

we come to the following lower bound:

S 2 (1= an)f (@) + o (wolus D) + (35— 72 ) |l galusi L) IP

om0l (g (4 L) v — )

Vk+1

> flaglus L)+ (3 - 525 ) I sl L) P

+(1 = ar)(go(yr; L), S22 (vp — yk) + T — Yk)-

Y+

Thus, again we can choose
Terr = 2oy L),

Lo = (1 — ap)yk + oppt = Vg,

1
= QKU Tp).
Yk 'Yk"l‘akM( KYEVE + Ve4128)

Let us write out the corresponding variant of the scheme (2.2.8).

Constant Step Scheme, III (2.2.17)

0. Choose zo € @ and o € (0,1). Set yo = xg, ¢ = 1/ L.
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1. kth iteration (k > 0).
). Compute f(ys) and f'(ys). Set zy1 = mo(yi L),

b). Compute a1 € (0,1) from the equation af,; = (1 — agy1)af + g1 and set

Oék<1 — Ckk)

O =

, =z + T — Tg). |
o2 + ot Yrs1 = Trr1 + Be(Trr — o)

Clearly, this method has the rate of convergence described in Theorem 2.2.3. Note
that in this scheme only the points {z}} are feasible for (). The sequence {y;} is used for
computation of the gradient mapping and we cannot guarantee its feasibility.

2.3 Minimization Problem with Smooth Components

(MiniMax Problem: Gradient Mapping, Gradient Method, Optimal Methods; Problem with
functional constraints; Methods for Constrained Minimization.)

2.3.1 MiniMax Problem

Very often the objective function of a minimization problem is composed with several com-
ponents. For example, the reliability of a complex system usually is defined as a minimal
reliability of its units. In Game Theory, the equilibrium state can be obtained as the mini-
mum of a function defined as the maximal utility function of the players. Moreover, even the
constrained minimization problem with the functional constraints provides us with a certain
example of the interaction of several nonlinear functions.

The simplest problem of that type is called the minimaz problem. In this section we deal
with the smooth minimax problem:

min | f(z) = max fi(z)), (2.3.1)
where f; € Si:lL(R”), i=1,...,m and @ is a closed convex set. We call the function f(z)

the max-type function composed by the components f;(x). We write f € 8;2(}%") if all the
components of function f belong to that class.

Note that, in general, f(x) is not differentiable. However, provided that all f; are differen-
tiable functions, we can introduce an object, which behaves exactly as a linear approximation
of a smooth function.

Definition 2.3.1 Let f be a maz-type function:
f(z) = max  fi(x)

1<i<m

The function
f(@2) = max [fi(2) + (fi(z),z — 7)),

1<i<m

is called the linearization of f(x) at .
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Compare, for example, the following result with inequalities (2.1.9) and (2.1.6).

Lemma 2.3.1 For any x € R™ we have:

fa) = f@a)+ 5 o=z, (2:32)
fa) < f@Ea) + g o -7 |7 (2:33)
Proof:
Indeed,

filw) 2 @) + (@) e -8 + 5 v -z |

(see (2.1.9)). Taking the maximum of this inequality in 7, we get (2.3.2).
For (2.3.3) we use inequality

f(x) < H@) + (@) -8+ 27 |

(see (2.1.6)). O

Let us write out the optimality conditions for problem (2.3.1) (compare with Theorem
2.2.5).

Theorem 2.3.1 A point * € Q is a solution to (2.3.1) if and only if for any x € Q we
have:

fa®z) > f(a™;27) = f(2"). (2.3.4)
Proof:
Indeed, if (2.3.4) is true, then
flx) > f(z*2) > f(a*527) = f(z")

for all z € Q.
Let z* be a solution to (2.3.1). Assume that there exists x € @ such that f(z*;x) < f(z*).
Consider the functions

¢i(a) = filz" +a(x —2%)), a€l0,1].
Note that for all 7, 1 <7 < m, we have:

fila") + (fi(z"),w = 2") < f(a) = max fi(z").
Therefore either ¢;(0) = fi(z*) < f(2*), or
¢:(0) = f(z"), ¢;(0) = (fi(z"),z —2") <0.
Therefore, for small enough o we have:
fila™ + alz — 27)) = ¢i(a) < f(z")

for all 4, 1 < i <m. That is a contradiction. O
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Corollary 2.3.1 Let z* be a minimum of a maz-type function f(x) on the set Q. If f
belongs to S)(R"), then

forallxz € Q.
Proof:
Indeed, in view of (2.3.2) and Theorem 2.3.1, for any = € @) we have:

f@) 2 flaa)+ S lla—a" P2 flaa) + 5 o —a® |P= f@) + 5 o —a* |

Finally, let us prove the existence theorem.

Theorem 2.3.2 Let a maz-type function f(x) belong to S}L(R”), 1w >0, and Q be a closed
convex set. Then the solution x* of the problem (2.5.1) exists and unique.

Proof:
Let Z € Q. Consider the set Q = {x € Q| f(x) < f(%)}. Note that the problem (2.3.1) is
equivalent to the following:

min{f(z) | = € Q}. (2.3.5)
But Q is bounded: for any x € QQ we have:
@) 2 filw) = (@) + (fi@)e =) + 5 =7 |
Hence,
g lo—z|P<[| f'@) |- |z =2 || +f(2) = fi(Z).

Thus, the solution z* of (2.3.5) (and, consequently, (2.3.1)) exists.
If x7 is also a solution to (2.3.1), then

@) = f@}) = flata)) + 5 Lot —a® |72 @) + 5 | af =" |

(we have used (2.3.2)). Therefore 7 = z*. O

2.3.2 Gradient Mapping

In Section 2.2.3 we have introduced a notion of gradient mapping, replacing the gradient for
the constrained minimization problem without functional constraints. Since the linearization
of a max-type function behaves similarly to the linearization of a smooth function, we can
try to adapt the notion of the gradient mapping to our concrete situation.

Let us fix some v > 0 and & € R". Consider a max-type function f(x). Denote

(&) = f@a)+ 5 e -z |7

The following definition is an extension of Definition 2.2.3.
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Definition 2.3.2 Define

(@) = min [ (75 2),

z7(Z;y) = argmin f,(%;2),
9r(@:7) =@ — 2p(T57))-
We call g¢(z;7) the gradient mapping of the maz-type function f on Q.

Note that for m = 1 this definition is equivalent to Definition 2.2.3. Similarly, the
linearization point T does not necessarily belong to Q).
It is clear that the function f,(Z; x) is a max-type function composed with the components

F@)+ (f@) a8+ 5 |2 -2 |Pe AR, i=0,....m.

Therefore the gradient mapping is well-defined in view of Theorem 2.3.2.

Let us prove the main result of this section, which highlights the similarity between
the properties of the gradient mapping and the properties of the gradient (compare with
Theorem 2.2.7).

Theorem 2.3.3 Let f € Si:lL(R”). Then for all x € QQ we have:

_ /e _ _ 1 _
J(@2) 2 f1(@7) + or (@), = 2+ o fLgr(@) I (2.3.6)
Proof:
Denote x5 = x4(Z;7), g5 = g7(T;7). It is clear that f.(T;z) € S]:1(R") and it is a max-type

function. Therefore all results of the previous section can be applied also to f,.
Since z; = arg Hgg f+(Z; x), in view of Corollary 2.3.1 and Theorem 2.3.1 we have:

f@a) = fy(z2) = 3 le—z |
> f @)+ 3=z P =z -2 %)

> f*(x;) +

)

(T —x,20 — x5 —T)

= [(Z7) +

R

(T —xf,2(x—2)+ T —xy)

= [ (@9) +(gp 2 =) + 55 L gr 17

In what follows we often refer to the following corollary of the above theorem.
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Corollary 2.3.2 Let f € S;};(R") and v > L. Then:
1. For any x € Q and ¥ € R" we have:

F@) 2 flaslein) + lop(@n)a =)+ o llapt@ia) [P 45 o= [
2. If x € Q) then .
flap(@7) < f(7) - > I g5(z;7) 117,

3. For any x € R™ we have:

95(7;7), 2 = 27) 2 o 1] 95(%:7) I +35 St

Proof:

(2.3.7)

(2.3.8)

(2.3.9)

Assumption v > L implies that f*(z;7) > f(x¢(Z;7)). Therefore (2.3.7) follows from (2.3.6)

since

@) = f@a)+ 5 o=z |

for all z € R™ (see Lemma 2.3.1).

Using (2.3.7) with x = z, we get (2.3.8), and using (2.3.7) with x = 2*, we get (2.3.9)

since f(x;(757)) - f(*) = 0.

Finally, let us estimate the variation of f*(z;~) as a function of ~.

Lemma 2.3.2 For any v1, 72 > 0 and * € R" we have:

* (= * (= T2 N _
F(E) 2 P @) + 2 gy(@) 1P
Y172

Proof:
Denote x; = x¢(Z; %), ¢i = g£(Z;7), ¢ = 1,2. In view of (2.3.6), we have:

_ 7 _ */— _ 1 72 _
f@a)+ G e =z P2 @) o e =2+ lg P 45 o=z

for all z € Q. In particular, for x = x5 we obtain:
f(@y) = f@a)+ % |z -1
> fATm) gz —T) F o Lo P +% a2 — 7|

= [f@n)+ar 1o 12 =500 + 25 1 92 |

> f@E) o g 2 =5 [ |2

O

(2.3.10)
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2.3.3 Minimization methods for minimax problem

As usual, we start the presentation of numerical methods for problem (2.3.1) from the
“oradient” method with constant step

0. Choose xg € @), h > 0.

(2.3.11)
1. TIterate w11 = xp — hgp(xg; L), k> 0.
Theorem 2.3.4 If we choose h < %, then
| — ™ [P< (1= ph)* || 2o — 2* ||
Proof:
Denote 7, =|| xx — 2" ||, g = g¢(zx; L). Then, in view of (2.3.9) we have:
Thvr =l @k — 2% = hgg IIP= 13 — 2h{g, 2 —2") + h? || g |]?
<A —hwri+h(h=1) [ glP< Q- phyri.
O

Note that with h = % we have

1
Tpy1 = Tp — ng(xk; L) =x¢(xy; L).

For this step size the rate of convergence of the scheme (2.3.11) is as follows:
k
* M *
o —a" 1P< (1= 2) oo — o™ |2

Comparing this result with Theorem 2.2.8, we see that for the minimax problem the gradient
method has the same rate of convergence, as it has in the smooth case.

Let us check, what is the situation with the optimal methods. Recall, that in order
to develop the scheme of optimal methods, we need to introduce an estimate sequence with
some recursive updating rules. Formally, the minimax problem differs from the unconstrained
minimization problem only in the form of the lower approximation of the objective function.
In the unconstrained minimization case we used the inequality (2.1.9) for updating the
estimate sequence, and now we have to use inequality (2.3.7).

Let us introduce the estimate sequence for problem (2.3.1) as follows. Let us fix some
xo € @ and vy > 0. Consider the sequences {y;} C R" and {ax} C (0,1). Define

do(x) = flzo) +F | & — o [,

Orr1(z) = (1 — o) dw()

+orl | fapye L) + 57 1 ar(ues L) 11|+ (ar s L) w = ye) + 5 12— [17]-
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Comparing these relations with (2.2.3), we can see the difference only in the constant term
(it is in the frame); in (2.2.3) it was f(yx) on that place. This difference leads to the trivial
modification in the results of Lemma 2.2.3: All inclusions of f(yx) must be formally replaced
by the expression in the frame, and f’(y;) must be replaced by g¢(yx; L). Thus, we come to
the following lemma.

Lemma 2.3.3 For all k > 0 we have
* ,y
on(1) = 0 + 5 = —we |,
where the sequences {}, {vr} and {p;} are defined as follows: vy = o, ¢§ = f(x0) and

Vi1 = (1 — ap)ye + agp,

1
Ve+1

Vpy1 = (1 — ap) i + arpyr — cgy(yr: L)),

2
- I

Gror = (1= )b + o f(@r(yis L)) + 57 | 9rns L) 7)) + I g (yx; L)

29k+1

e (W] g — o |2 (g5 (s D), 0k — w))

Vk+1
O

Now we can proceed exactly as in Section 2.2. Assume that ¢; > f(zx). Then, using the
inequality (2.3.7) with = z;, and & = y;, namely,

1 7
Flan) 2 flp(yes L)) + 95 (e L) o = we) + 57 195 D) 17 45 1w = we 1)
we come to the following lower bound:

Grr1 = (L—ap)flzr) + anf(xp(ys; L))

ol ap(l-a
(38— 22 ) D grons L) 1 + 220220 (g 45 1), 0, — )

29k+1 Vr+1

> sl D)+ (3 — 555 ) ot L) I

+(1 = ar)(gr(yx; L), S5 (vk — yr) + Tk — Yi)-

? Vkt1

Thus, again we can choose

Tep1 = Tp(yn; L),

Lai = (1 — ag)ve + et = Vet

_ 1
Ye = %Jraku(&k%vk + Ver12k)-
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Let us write out the resulting scheme in the form of (2.2.8), with eliminated {v;} and

{w}

Constant Step Scheme for Minimax (2.3.12)
0. Choose zy € @ and o € (0,1). Set yo = x9, ¢ = p/ L.
1. kth iteration (k > 0).

a). Compute {fi(yx)} and {f/(yx)}. Set zp11 = z¢(yx; L).
b). Compute a1 € (0,1) from the equation

2 _ 2
ey = (1 = appr)ag + qovea,

and set
CYk(l — Oék)

B =

Y1 = Tpy1 + Be(Ths1 — T)-
Olz"—ak_;,_l’ + + ( + )

The convergence analysis of this scheme is completely identical to that of scheme (2.2.8).
Let us just fix the result.

Theorem 2.3.5 Let the max-type function f belong to S;i(R") If in (2.8.12) we take

g > /%, then
. w\* 4L
X min (1 — N’) ) )
L) 7 (2VL + ky)?

Flan) = 17 < o) = £+ B o = |

ao(apL—p)

where vy = —og

O
Note that the scheme (2.3.12) works for all g4 > 0. Let us write out the method for

solving (2.3.1) with strictly convex components.

Scheme for [ € Sii(R”) (2.3.13)

VI—i
VL+/i®

0. Choose zp € Q. Set yo = g, 8 =
1. kth iteration (k > 0). Compute {f;(yx)} and {f/(yx)}. Set

Trp41 = fﬂf(yk:; L), Y+l = T1 + ﬁ($k+1 - ffk)
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Theorem 2.3.6 For this scheme we have:

a1 <2 (1= ) () - ) (23.14)

Proof:
Scheme (2.3.13) corresponds to oy = \/% Then vy = p and we get (2.3.14) since f(xg) >
O

[+ 5 || o — x* ||* in view of Corollary 2.3.1.

To conclude this section, let us look at the auxiliary problem we need to solve to compute
the gradient mapping for minimax problem. Recall, that this problem is as follows:

min{ max [fi(ao) + (fi(w0). @ = a0)] + 3 || & — a0 ).

Introducing the additional variables ¢ € R™, we can rewrite this problem in the following
way:
min {40+ 3 | 2 — 2o |}

St Filwo) + (fllwo), o — mo) <0, i=1,...m, (2.3.15)

re@,te R",

Note that if @ is a polytope then the problem (2.3.15) is a Quadratic Programming Prob-
lem. This problem can be solved by some special finite methods (Simplex-type algorithms).
It can be also solved by Interior Point Methods. In the latter case, we can treat much more
complicated structure of the set Q.

2.3.4 Optimization with Functional Constraints

Let us demonstrate that the methods, described in the previous section, can be used for
solving the constrained minimization problem with smooth functional constraints. Recall,
that the analytical form of this problem is as follows:

min fo(x),
st. filx) <0,i=1,...,m, (2.3.16)
T € Q,
where the functions f; are convex and smooth and @) is a closed convex set. In this section
we assume that f; € Sﬁi(R”), i=0,...,m, with some p > 0.

The relation between the problem (2.3.16) and the minimax problems is established by
some special function of one variable. Consider the parametric max-type function

f(t;x) = max{fo(x) — t; fi(x),i =1...m}.
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Let us introduce the function
f7(t) = min f(t;2). (2.3.17)

Note that the components of the max-type functlon f(t;
fore, for any ¢ € R' the solution of the problem (2.3.17),
Theorem 2.3.2.

We will try to get close to the solution of (2.3.16) using a process based on the approzimate
values of the function f*(t). The approach we use sometimes is called Sequential Quadratic
Programming. It can be applied also to nonconvex problems.

In order to proceed, we need to establish some properties of function f*(t).

Lemma 2.3.4 Let t* be the optimal value of the problem (2.3.16). Then
fxt) < 0 forallt>t

are strongly convex in x. There-
*(t), exists and unique in view of

)

fX(t) > 0 forallt <t
Proof:
Let z* be the solution to (2.3.16). If ¢ > ¢* then
() < [t 2") = max{fo(z") — &; fi(2")} < max{t" —¢; fi(z")} < 0.
Suppose that ¢ < t* and f*(¢) < 0. Then there exists y € @ such that
foly) <t<t*, fily)<0,i=1,...,m.
Thus, t* cannot be the optimal value of (2.3.16). O

Thus, we see that the smallest root of the function f*(¢) corresponds to the optimal value
of the problem (2.3.16). Note also, that using the methods of the previous section, we can
compute an approximate value of function f*(¢). Hence, our goal is to form a process of
finding the root, based on that information. However, for that we need some more properties
of the function f*(t).

Lemma 2.3.5 For any A > 0 we have:
[t =A< frt+A) < f(0)

Proof:
Indeed,

[+ A) =min max {fo(r) —t = A; fi(x)}

ze@ 1<i<m

< min max {fo( ) —t; fi(x)} = fH(2),

rze@ 1<i<

f(t+A) =min max {fo(z) —1; fi(z) + A} - A

ze@ 1<i<m

> min max {fo( )=t filz)} — A= f(t) — A. O

zeQ 1<:i<
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Thus, we have proved that the function f*(t) decreases in ¢ and it is Lipshitz continuous
with the constant equal to one.

Lemma 2.3.6 For any t; <ty and A > 0 we have

*(t1) — f*(¢t
[ (th — A) > f*(t1) —i—Af ( 715) tf ( 2). (2.3.18)
2 — 11
Proof:
Denote tg =t — A, a = tﬁto = trﬁJrA € [0,1]. Then t; = (1 — a)to + ats and (2.3.18) can
be written as
) < (1 —a)f*(to) + af(ta). (2.3.19)

Let z, = (1 — a)x*(ty) + az*(t2). We have:

fr(t) < ma)fn{fo(xa) —t1; fi(za)}

1<i<

< max {(1 —a)(fo(e"(to)) — to) + alfo(x"(t2)) — t2); (1 — @) fi(a" (o)) + afi("(t2))}

T 1<i<m

< (1—a) max {fo(z"(to)) — to; fia"(t0))} + o max {fo(z"(t2)) — t2; filz"(t2))}

1<i<m

=1 —a)f*(to) + af(t2),
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 the problem (2.3.16).
Let us study now the properties of the gradient mapping for the parametric max-type

functions. To do that, let us introduce first the linearization of the parametric max-type
function f(¢; z):

f(t252) = max {fo(2) + (fo(2), x — 2) — t; fi(2) + (fi(2),z — 1)}
Now we can introduce the gradient mapping in a standard way. Let us fix v > 0. Denote

fHtz) = ftze)+ 3 |z—2|°

[ (tx;y) = min. f5(t; 7 0)
zp(t;737) = argmin (5 3;2)
pAS

gr(t;2;7y) = (T — xp(t;757)).
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We call g¢(t; ;) the constrained gradient mapping of the problem (2.3.16). As usual, the
linearization point Z is not necessarily feasible for the set Q).

Note that the function f,(¢; Z; x) is itself a max-type function composed with the com-
ponents

fo(@) +{fo(@),z—z) —t+ 3 [[e—2 |7

i@+ (fl@),z—z)—t+L|z—z|? i=1,...,m.

Moreover, f,(t;Z;2) € S)1(R™). Therefore, for any t € R' the constrained gradient mapping
is well-defined in view of Theorem 2.3.2..
Since f(t;x) € Sile(R”), we have:

fulty ) < f2) < fults T x)
for all x € R™. Therefore f*(t;z;p) < f*(t) < f*(t;z; L). Moreover, using Lemma 2.3.6, we

obtain the following result:
For anyx € R*, v >0, A >0 and t; <ty and we have

ity — Aszy) > f (7)) + (f (ty; T;7) — [ (ta; T3 7). (2.3.20)

to — 1

There are two values of v, which are of the most importance for us now. These are v = L
and v = p. Applying Lemma 2.3.2 to the max-type function f,(¢;Z;z) with v3 = L and
Yo = p, we obtain the following inequality:

L—p
2uL

frtzp) > (6 L) — | gs(t; ;L) |17 (2.3.21)

Since we are interested in finding the root of the function f*(¢), let us describe the
behavior of the roots of the function f*(¢;Z;~), which can be seen as an approximation of

/(@)

Denote
t*(z,t) = root ¢(f*(t; T; )

(notation root ;(-) means the root in ¢ of the function (-)).
Lemma 2.3.7 Let £ € R" and t < t* are such that
frtap) = (1 —r) "z L)

for some k € (0,1). Thent < t*(z,t) < t*. Moreover, for any t <t and x € R™ we have:
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Proof:
Since t < t*, we have:

1
1—+x

0< f*(t) < f (L) <

R GEATE

Thus, f*(¢;Z; ) > 0 and therefore t*(Z,t) > t since f*(¢;Z; 1) decreases in ¢.
Denote A =t — t. Then, in view of (2.3.20), we have:

fras L) > f1(t) > Gz p) = ffE3 )+ wapf (GTp)

> (1—k) (14 w2=) (BB L) > 20— 6) (BT L) /75

t*(z,t)—t t*(z,t)—t
O
2.3.5 Constrained minimization process
Now we are completely ready to analyze the following minimization process.
Constrained Minimization Scheme (2.3.22)

0. Choose zy € @ and ty < t*. Choose k € (0, %) and the accuracy € > 0.

1. kth iteration (k > 0).

a). Generate the sequence {xj ;} by the minimax method (2.3.13) as applied to the
max-type function f(¢x;x) with the starting point zy o = xj. If

S (e wngip) = (1= w) f*(te; 2 y; L)
then stop the internal process and set j(k) = 7,

J7(k) = arg min - f*(ty; o L),

Tppr = Tp(te Ty L)
Global Stop: Terminate the whole process if at some iteration of the internal scheme
we have f*(ty;zp ;L) <e.
b) Set tk+1 = t*<$k,j(k),tk)- O

This is the first time in our course we meet a two-level process. Clearly, its analysis is
rather complicated. First, we need to estimate the rate of convergence of the upper-level
process in (2.3.22) (it is called the master process). Second, we need to estimate the total
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complexity of the internal processes in Step la). Since we are interested in the analytical
complexity of this method, the arithmetical cost of computation of t*(x,t) and f*(¢;x,~)
is not important for us now. Anyway, they can be derived from the estimates for the total
number of calls of the oracle of the problem (2.3.16).

Let us describe first the convergence of the master process.

Lemma 2.3.8

k
to —t* 1
*(tr: L) < .
f(k)xk-f-l) )_ 1 & [2(1—K)]
Proof:

Denote 3 = 2(11_5) (< 1) and

(ks rjey; L)
Vi — e

Since tp41 = t*(@k k), tr), in view of Lemma 2.3.7 for & > 1 we have:

RS

(s o jey; L) < I (th—13 The1 je—1): L))
Vit Vb

Thus, 0, < Bd,_1 and we obtain

(s zjiy; L) = 0v/Tir — te < B%00/Tia — Uk
* t —t
= B* f*(to; 2o 30y L)y 55

Further, in view of Lemma 2.3.5, we have t; — to > f*(to; %o j(0); ). Therefore

2(1 —k)

[ (o) L) < B f*(to; Toj(0); L) 7]“(%“7%

t0;%0,5(0)3H)

k k
< %\/f*@O? 0,5(0); 1) (thy1 — tr) < 1%@ fx(to)(to — t*).
It remains to note that f*(¢y) <ty — t* (Lemma 2.3.5) and

[t rra; L) = (s Trgerys L) < (s Thirys L)

The above result provides us with some estimate for the number of the upper-level
iterations, which is necessary to find an e-solution of the problem (2.3.16). Indeed, let
[*(tr; xr,;; L) < e. Then for z, = x4(ty; 2y 4; L) we have:

[ty z.) = 1211.52%{%(56*) —t; filzo)} < [ty L) <



98 CHAPTER 2. SMOOTH CONVEX PROGRAMMING

Since t;, < t*, we conclude that

fﬂ(x*) < t*+67

(2.3.23)
fl<x*) < € 1=1 , M
In view of Lemma 2.3.8, we can get (2.3.23) at most in
1 to — t*
N(e) = In —> (2.3.24)

In2(1 — k)] (1 —~k)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 this estimate x is an absolute

constant (for example, k = ).

Let us analyze the complexity of the internal process. Let the sequence {zy ;} be gener-
ated by (2.3.13) with the starting point z; o = z. In view of Theorem 2.3.6, we have:

fteng) = £ <2(1— J2) (Flts o) — £ (1))

< 2e7(f(ths wr) — f*(8)) < 26777 f(trs 2),

where o = \/g

Denote by N the number of full iterations of the process (2.3.22) (N < N(¢)). Thus,
j(k) is defined for all k, 0 < k < N. Note that ¢, = t*(2p_1j(k—1), tk—1) > tr—1. Therefore

ftr o) < fte—i o) < (te—15 Tro1,j* (k—1), L)
Denote
Ap = f(to-1: Tho1j-1). L), k=1, A= f(to;xo).
Then, for all £ > 0 we have:
[t oe) — f5(te) < Ay

Lemma 2.3.9 For all k, 0 < k < N, the internal process works no longer as the following
condition is satisfied:

Sl ang) — f7(t) < Lu_ﬁu Stk 2 L) (2.3.25)

Proof:
Assume that (2.3.25) is satisfied. Then, in view of (2.3.8), we have:

1 .
Y7 | gr(tr; 2y L 1P< f(tis any) — ftis 2 (te; or g L)) < (b ) — 5 (t).
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Therefore, using (2.3.21), we obtain:
e > s L) — 5 1 gp(ti ang; L1
> f*(t; wng; L) — 22 (f (b wng) — f7(1))
> (1 —r)f*(tk; . ; L).

And that is the termination criterion of the internal process in Step la) in (2.3.22). a

The above result, combined with the estimate of the rate of convergence for the inter-
nal process, provide us with the total complexity estimate of the constrained minimization
scheme.

Lemma 2.3.10 For all k, 0 < k < N, we have:
k) < 1+\/—-1n7.
I H L AVES]

. 1. 2(L— A,
k)—1> —In 222k
i(k) o Kby

Proof:
Assume that

where o = \/% Recall that Ay = ogr}lgi?(k) f*(tr; xrj; L). Note that the stopping criterion

of the internal process did not work for j = j(k) — 1. Therefore, in view of Lemma 2.3.9, we
have: I I
te; Tp.i) — tr)) <2
B fltgsang) = () < 27
That is a contradiction to definition of A, ;. O

(e wry; L) < e TINAL < Ay

Corollary 2.3.3

N

; L 2(L—p) L A
290 < (V1) [Le i m 2]+ g

O

It remains to estimate the number of internal iterations in the last step of the master
process. Denote this number by j*.

| L 2(L — pu)A
W

K JLE

Lemma 2.3.11
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Proof:
The proof is very similar to that of Lemma 2.3.10. Suppose that

1> \/f-ln 2L = AN+
i K L€

Note that for j = j* — 1 we have:

L—p L—pu
t : N — (¢ <2
L (f( N+1,$N+1,J) f ( N+1>) = e

€< fftnssangy L) < e "I AN < e

That is a contradiction. O

Corollary 2.3.4

. ANy L 2(L — ) L Ay
J +I§)j(/€)§(N+2) [1%—\/;-111@1—1-\/;41&6.

Let us put all things 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 the internal iterations in the process (2.3.22):

[111[2(1_%)] In (tf__ge + 2} . {1 + \/% .1n 2(%{7;#)}

—|-\/% -In (i . gliaé}gl{fo(ilfo) — to; fz(xO)}) .

Note that the method (2.3.13), which implements the internal process, calls the oracle of
the problem (2.3.16) at each iteration only once. Therefore, we conclude that the estimate
(2.3.26) is the upper complexity bound for the problem class (2.3.16), for which the e-solution
is defined by the relations (2.3.23). Let us check, how far is the estimate from the lower
bounds.

The principal term in the estimate (2.3.26) is of the order

to —t* L L
In ey — - In—.
€ o

This value differs from the lower bound for the unconstrained minimization problem by
a factor of ln%. This means, that the the scheme (2.3.22) is suboptimal for constrained
optimization problems. We cannot say more since the specific lower complexity bounds for
constrained minimization are not known.

To conclude this section, let us answer two technical questions. First, in the scheme
(2.3.22) we assume that we know some estimate ¢, < t*. This assumption is not binding
since we can choose t; equal to the optimal value of the following minimization problem:

(2.3.26)

min [£(x0) + (£ (@0), x = z0) + 5 | & =0 |
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Clearly, this value is less or equal to t*.
Second, we assume that we are able to compute t*(z,t). Recall that ¢*(z,t) is the root
of the function

[tz p) = min Ju(t: T x),

where f,(t;7;x) is a max-type function composed with the components
@) + (@), z—2) + 5 |z —T |I* —,
[i@)+ (fl@@),e—z)+L|e—Z|* i=1,...,m.

In view of Lemma 2.3.4, it is the optimal value of the following minimization problem:
min [fo(Z) + (f3(2), 2 = 2) + § [l 2 — 7 ||?],

st. fil@) +(fl@),e—z)+4 ||z -2 |P<0,i=1,...,m,

)

r € Q.

This problem is not a Quadratic Programming Problem, since the constraints are not linear.
However, it can be solved in finite time by a simplex-type process, provided that the objective
function and the constraints have the same Hessian. This problem can be also solved by
Interior-Point Methods.
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Chapter 3

Nonsmooth Convex Programming

3.1 General Convex Functions

(Equivalent Definitions; Closed Functions; Continuity of Convex Functions; Separation The-
orems; Subgradients; Computation rules; Optimality Conditions.)

3.1.1 Motivation and Definitions

In this chapter we consider the methods for solving the general convexr minimization problem
min fo(x),
st filz) <0,i=1...m, (3.1.1)

r e C R,

where @ is a closed convex set and f;(x), i = 0...m, are general convez functions. The term
general means here that those functions can be nondifferentiable.

Clearly, such problem is more difficult than the smooth one. However, in many practical
situations we have to deal with problems, including several nonsmooth convex components.
One possible source of such components are max-type functions:

f(z) = max ¢;(x),
where ¢;(x) are convex and differentiable. In the previous section we have seen how we can
treat such function using the gradient mapping. However, if in this function the number
of smooth components p is very large, the computation of the gradient mapping becomes
too expensive. Then, it is reasonable to treat this max-type function as a general convex
function.

In many practical applications, some components of the problem (3.1.1) are given im-
plicitly, as a solution of an auxiliary problem. Such functions are called the functions with
implicit structure. Very often these functions appears to be nonsmooth.

103
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Let us start our considerations with the definition of general convex function. In the
sequel we often omit the term “general”.
Denote by
domf={zeR":| f(z) |< oo}

the domain of function f.

Definition 3.1.1 A function f(x) is called convex if its domain is conver and for all x,
y € dom f and « € [0,1] the following inequality holds:

flaz 4+ (1 —a)y) < af(x) + (1 —a)f(y).
We call f concave if —f is convex.

Comparing this definition with Definition 2.1.1 and Theorem 2.1.2, we see that in the
previous chapter we worked with differentiable functions, which are also the general convex
functions.

Note that now we are not ready at all to speak about any method for solving (3.1.1). In
the previous chapter, our main tool for treating a minimization problem was the gradient of
smooth function. For nonsmooth functions this object clearly does not exist and we have to
find something to replace it. However, to do that, we should study first the properties of the
general convex functions and justify the possibility to define a generalized gradient. That is
a long way, but we must pass it.

A straightforward consequence of Definition 3.1.1 is as follows.

Lemma 3.1.1 (Jensen inequality) For any z1,...,x,, € dom f and oy, ..., q, such that
ai=1, o>0,i=1,...,m, (3.1.2)
i=1

we have:

f (i_n: Oli%’) < iaif(xi)'

Proof:
Let us prove the statement by induction in m. Definition 3.1.1 justifies the inequality for
m = 2. Assume it is true for some m > 2. For the set of m + 1 points we have:

m+1 m

S o=+ (L—on)> B,
i=1 =1

Qi1
l—a1’

where [3; = Clearly,

m

S B=1, 5>0i=1,...,m

=1
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Therefore, using Definition 3.1.1 and our inductive assumption, we have:

f (igl aixz) =f (0611151 + (1 —ay) gjl 52‘561')

< auf(on) + (1= anf (£ i) < S aif (@),

m
The point = = Y «a;x; with the coefficients «a; satisfying (3.1.2) is called the convex
i=1
combination of points x;.

Let us point out two important consequences of Jensen inequality.

Corollary 3.1.1 Let x be a convexr combination of points xy,...,x,,. Then
(o) < . f(x)
Proof:

m
Indeed, in view of Jensen inequality and since o; > 0, > a; = 1, we have:
i=1

f(z (Za xz> <Zozzf x;) < max f(xz;). O

1<i<m

Corollary 3.1.2 Let
A=Conv{zy,...,zn}={z =) am;| a; >0, > o =1}
i=1 i=1

Then maxgen f(x) < max f(x;). O

Let us give two equivalent definitions of convex functions.

Theorem 3.1.1 A function f is convex if and only if for all x, y € dom f and 8 > 0 such
that y + B(y — =) € dom f, we have

fly+By—x)) = fly)+B(f(y) — f(z)). (3.1.3)

Proof:
1. Let f be convex. Denote @ = 1+6 and v =y + G(y — ). Then

1
1+ 06

y = (u+pz)=(1—a)u+ ax.
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Therefore

o) < (1= @) () + af(e) = 15/ (0) + 1o (o).

2. Let (3.1.3) holds. Let us fix 2,y € dom f and o € (0,1]. Denote J = =% and
u=ax+ (1 —a)y. Then
(u—(1=a)y) =u+pu—y).

1
r=—
«

Therefore
1l -«

F) > )+ B ) — f) = ~fw) — 2 f). O

Theorem 3.1.2 Function f is convex if and only if its epigraph

epi (f) ={(z,t) edom f x R| t = f(x)}

«

18 a convex set.

Proof:
1. Indeed, if (z1,t1) € epi(f) and (z2,t2) € epi(f), then for any o € [0, 1] we have:

at; + (1 —a)ty > af(x)) + (1 — ) f(z2) > flaz; + (1 — a)z,).

Thus, (az; + (1 — @)z, aty + (1 — a)ty) € epi(f).
2. Let epi (f) be convex. Note that for z1, 25 € dom f

(21, f(x1)) € epi (f), (w1, f(w2) € epi(f).
Therefore (axq + (1 — a)xe, af (z1) + (1 — @) f(22)) € epi(f). That is
flazy + (1 —a)rs) < af (1) + (1 — ) f(z2). D
We will need also the following property of the sublevel sets of convex functions.

Theorem 3.1.3 If function f is convex then all its sublevel sets

Ly(B) ={r edom f| f(x) <}

are either convex or empty.

Proof:
Indeed, if xy € L(8) and x5 € Lf(F), then for any « € [0, 1] we have:

flax;+ (1 —a)zs) < af(r)+ (1 —a)f(z2) <af+ (1 —a)f = 0. O

Later on, we will see that the behavior of a general convex function on the boundary
of its domain sometimes is out of any control. Therefore, let us introduce one convenient
notion, which will be very useful in our analysis.
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Definition 3.1.2 A convex function f is called closed if its epigraph is a closed set.
As an immediate consequence of the definition we have the following result.

Theorem 3.1.4 If convex function f is closed then all its sublevel sets are either empty or
closed.

Proof:
By its definition, (L¢(5),5) = epi(f){(z,t) | t = B}. Therefore, the epigraph L¢(5) is
closed as an intersection of two closed sets. O

Note that, if f is convex and continuous and its domain dom f is closed then f is a closed
function. However, we will see, that closed convex functions are not necessarily continuous.
Let us look at the examples of convex functions.

Example 3.1.1 1. Linear function is closed and convex.
2. f(z) =| x|, x € R, is closed and convex since its epigraph is
{(z,t) | t >z, t > —x},
the intersection of two closed convex sets (see Theorem 3.1.2).
3. All differentiable convex functions are closed convex functions with dom f = R™.

4. The function f(z) = %, x € R, is convex and closed. However, its domain dom f =
int R}r is open.

5. The function f(z) =|| ||, where || - || is any norm, is closed and convex:

flax; + (1 —a)xs) = ax; + (1 —a)zs ||

<awy | + | (1= a)a f|= o |2y | +(1 =) || 22 ]

for any x1, 29 € R" and « € [0, 1]. The most important norms in the numerical analysis
are so called the [,-norms:

L flp= 02 12 1Y, p>1.
i=1

Among those, there are three norms, which are commonly used:

e The Fuclidean norm: || x ||= [i ()12 p=2.

e The li-norm: || z ||1= i | 2@ |, p=1.
i=1

e The l.-norm (Chebyshev norm, uniform norm: || x ||sc= max | 20 |, p = .
<i<n
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Any norm defines a system of balls,
By(xo,r) ={z € R" | | x —xo |[< 7}, =0,

where 7 is the radius of the ball and xy € R" is its center. We call the ball By, (0, 1)
the unit ball of the norm || - ||. Clearly, these balls are convex sets (see Theorem 3.1.3).
For [,-balls of the radius r we use the following notation:

By(zo,7) ={x € R" | | # — 2o [,< r}.
In what follows we will use the following relation between the Euclidean and [;-balls:

Bl(Io,T) C BQ(I’(),T’) C Bl(l’o, T‘\/ﬁ)
That is true because of the following inequalities:

n

S0 < (312 |)2, ( Z|x>|) < 3 lavp.

=1

6. Upto now, all our examples did not exhibit any pathological behavior. However, let us
look at the following function of two variables:

0, if 22 +9% < 1,
flz,y) =
o(z,y), ifa®+y*=1,

where ¢(z,y) is an arbitrary nonnegative function defined on the unit sphere. The do-
main of this function is the unit Euclidean ball, which is closed and convex. Moreover,
it is easy to see that f is convex. However, it has no reasonable properties on the
boundary of its domain. Definitely, we want to exclude the functions of that type from
our considerations. That was the reason for introducing the notion of closed function.
It is clear that f(z,y) is not closed unless ¢(x,y) = 0.

O

3.1.2 Operations with convex functions

In the previous section we have considered several examples of convex functions. Let us
describe the set of invariant operations of the class of convex functions, which allows to
write out more complex objects.

Theorem 3.1.5 Let functions f1 and fs are closed and convexr and 3 > 0. Then all of the
following functions are closed and convex:

1). f(z) = pBfi(z) , dom f = dom f;.
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2). f(z) = fi(z) + fo(x), dom f = (dom f1) N(dom f5).
3). f(z) = max{fi(x), fo(7)}, dom f = (dom f1) N(dom f5).

Proof:
1. The first item is evident: f(az; + (1 — a)za) < B(afi(z1) + (1 — a) fi(z2)).
2. For all z1, 29 € (dom f;) N(dom f5) and « € [0, 1] we have:

filary + (1 — a)zs) + fo(axy + (1 — a)xs)
<afi(z) + (1= a)fi(z2) + afa(z1) + (1 — @) foz2)

= a(fi(z1) + f2(z1)) + (1 — a)(fi(z2) + fa(2)).

Thus, f(z) is convex. Let us prove that it is closed. Consider a sequence {(xy, tx)} C epi (f):
tr > filzr) + faxy), I}Lrgoxk =7z € dom f, ’}Lralotk =1.
Since f; and fy are closed, we have:
inf lim fi(zx) > fi(7), nf lim fo(ag) > fo(7).

Therefore
t= klim ty > inf klim fi(zg) + inf klim fo(zy) > f(2).

Thus, (Z,t) € epi f.!
3. The epigraph of function f(z) is as follows:

epi f = {(2,t) | t > fi(x) t > fo(x) x € (dom f1)[)(dom fo)} = epi fi [epi fo.

Thus, epi f is closed and convex as an intersection of two closed convex sets. It remains to
use Theorem 3.1.2. a

The following theorem demonstrates that the convexity is an affine-invariant property.

Theorem 3.1.6 Let function ¢(y), y € R™, be conver and closed. Consider the affine
operator

A(x)=Az+b: R"— R™.
Then f(z) = ¢(A(x) is convex and closed with the following domain:

dom f = {z € R"| A(z) € dom ¢}.

'Tt is important to understand, that the similar property for the convex sets is not valid. Consider the
following two-dimensional example: Q1 = {(z,y) : y >z, > 0}, Q2 = {(z,y) : vy =0, = < 0}. Both of
these sets are convex and closed. However, their sum Q1 + Q2 = {(z,y) : y > 0} is convex and open.
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Proof:
For z; and x5 from dom f denote y; = A(x1), y2 = A(y2). Then for a € [0, 1] we have:

flazy + (1 = a)zy) = d(A(az; + (1 — a)zs)) = d(ays + (1 — a)ya)

<ag(y) + (1 —a)p(y2) = af(z1) + (1 — a)f(za).

Thus, f(z) is convex. The closedness of its epigraph follows from the continuity of the affine
operator A(z). O

The next theorem is one of the main producers of convex functions with implicit structure.

Theorem 3.1.7 Let A be some set and

fz) =sup{o(y,z) | y € A}

Suppose that for any fivzed y € A the function ¢(y,x) is closed and convex in x. Then f(x)
1s closed and convex with the domain

dom f = {z € () dom¢(y,-) | Iv: ¢(y,z) <~ Vye A} (3.1.4)
yEA

Proof:
Indeed, If 2 belongs to the right-hand side of equation (3.1.4) then f(z) < oo and we conclude
that z € dom f. If = does not belong to this set, then there exists a sequence {y,} such that
&(yx, ) — o0o. Therefore z does not belong to dom f.

Finally, it is clear that (x,t) € epi f if and only if for all y € A we have:

r € dom ¢(y7 ')7 t=> d)(y?x)

This means that

epif = () epid(y, ).

yeEA
Therefore it is convex and closed since every epi ¢(y, -) is closed and convex. O

Now we are ready to look at some more sophisticated examples of convex functions.

Example 3.1.2 1. The function f(z) = max {z(®} is closed and convex.

i<i<n
2. Let A= (AW, ... A(M) and A be a set in R?". Consider the function
fla) =supd>_ Aifi(w),
AEA i=1

where f; are closed and convex. In view of Theorem 3.1.5, the epigraphs of the functions
on(x) =D Nifil@)
i=1

are convex and closed. Thus, f(z) is closed and convex in view of Theorem 3.1.7. Note
that we did not assume anything about the structure of the set A.



3.1.

GENERAL CONVEX FUNCTIONS 111

. Let @ be a convex set. Consider the function

Yq(r) =sup{(g, ) | g € Q}.

Function ¢¢(z) is called the support function of the set (). Note that ¢g(x) is closed
and convex in view of Theorem 3.1.7. This function is homogeneous of degree one:

Yo(tz) = tg(z), = €dom@, t>0.

. If the set @) is bounded then domg = R".

. Let @ be a set in R™. Consider the function ¥ (g,~) = sup ¢(y, g,7), where
yeQ

oy, 9,7) = (9,y) —% Iy

The function ¥(g,~) is closed and convex in (g, ) in view of Theorem 3.1.7. Let us
look at its properties.

If @ is bounded then dom = R""!. Consider the case Q = R". Let us describe the
domain of ¢. If ¥ < 0 then for any g # 0 we can take y, = ag. Clearly, along these
sequence ¢(Ya, g,7y) — 00 as @ — 0o. Thus, dom ¢ contains only points with > 0.

If v = 0, the only possible value for g is zero since otherwise the function ¢(y, g,0) is
unbounded.

Finally, if v > 0 then the point maximizing ¢(y, g,y) with respect to y is y*(g,7) = %g
and we get the following expression for :

_lglP

Thus,
0, ifg=0,v=0,
¥(g,7) =

2

2v
with the domain dom ¢ = (R™ x {7 > 0})U(0,0). Note that this is a convex set, which
is neither closed or open. Nevertheless, ¢ is a closed convex function. Note that this
function is not continuous at the origin:

. . ,
I;{gtﬁ(ﬁg,v) =5 1lgl*-

if v >0,
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3.1.3 Continuity and Differentiability of Convex Functions

In the previous sections we have seen that the behavior of convex functions at the points of
the boundary of its domain can be rather disappointing (see Examples 3.1.1(6), 3.1.2(5)).
Fortunately, this is the only bad news about convex functions. In this section we will see
that the structure of convex functions in the interior of its domain is very simple.

Lemma 3.1.2 Let function f be conver and xo € int(dom f). Then f is locally upper
bounded at xg.

Proof:
Let us choose some ¢ > 0 such that zq + €e; € int (dom f), i = 1...n, where e; are the
coordinate orths of R™. Denote A = Conv {zg+ee;, i =1...n}.

Let us show that A D By(zo,€), € = ==. Indeed, consider

n

n

Tr =g+ Zhiei, Z(hl)z <E

i=1 i=1

We can assume that h; > 0 (otherwise we can choose —e; instead of e; in the above repre-
sentation of the point x). Then

Therefore for h; = %hl we have:
B n B ﬁ no B ﬁ ﬁ no
$—$0+62hi6i—$0+*2hi66i— 1—— $0+*Zhi($0+€6i)€A.
i—1 € =1 € € =1
Thus, using Corollary 3.1.2, we obtain:

= < < ). O
M= max f (z) < max f(z) < max f(zo % ee;)

Remarkably enough, the above result implies the continuity of convex function in the
interior of its domain.

Theorem 3.1.8 Let [ be convex and xo € int (dom f). Then f is locally Lipshitz continuous
at xg.

Proof:
Let By(zo,€) € dom f and sup{f(z) | * € Bay(xo,e)} < M (M is finite in view of Lemma
3.1.2). Consider y € By(xg,€), y # . Denote

a=Ly—xl, z=z0+1(y— ).
It is clear that || z— o ||= + || y — 20 ||= €. Therefore @ <1 and y = az+ (1 —a)zo. Hence,

M—f<$0)

fly) <af(z) + (1 —a)f(zo) < flzo) + a(M — f(x0)) = f(z0) + 'y —zoll -
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Further, denote u = 930—{—%(:60—3/). Then || u—z¢ ||= € and y = zo+a(xo—u). Therefore,
in view of Theorem 3.1.1 we have:

M—f(xo)

fy) = fzo) + alf(zo) = fu)) = f(x0) — (M — f(20)) = f(x0) — ly—o |-

Thus, | f(y) — f (o) |< #=LE0 ||y — o ||. -

Let us demonstrates that the convex functions possess a kind of differentiability.

Definition 3.1.3 Let x € dom f. We call f differentiable in the direction p at the point x
if the following limit exists:

f(@5p) = lim ~[f(z + ap) — f(2)] (3.1.5)

al0

Theorem 3.1.9 A convex function f is differentiable in any direction at any point of the
interior of its domain.

Proof:
Let x € int (dom f). Consider the function

6(0) = L[fx +op) ~ f(@)], a>0
Let v € (0,1] and a € (0, ¢ is small enough to have = + ep € dom f. Then
£+ afp) = (1L~ B + o+ ap)) < (1= 5)1(x) + Bz + ap).
Therefore

af

Thus, ¢(«) decreases as o | 0. Hence, the limit in (3.1.5) exists. O

[f(z + ap) — f(z)] = ¢(a).

Q|+

p(af) = —[f(z + afp) — f(xo)] <

Let us prove that the directional derivative provides us with a global lower estimate of
the function values.

Lemma 3.1.3 Let f be a convex function and x € int (dom f). Then f'(x;p) is a convex
homogeneous (of degree one) function of p. For any y € dom f we have:

fy) = fz) + fllzy — 2). (3.1.6)
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Proof:
Let us prove first, that the directional derivative is homogeneous. Indeed, for p € R" and
7 > 0 we have:

(o p) =lim (o + rap) = F(a)) = 7lim (o + Bp) — Fla)] = 7 (zai )
Further, for any p;, p» € R™ and [ € [0, 1] we obtain:
s Bpr+ (1= B)p2) = lim @+ aBpr+ (1= P)p2)) — fla)]

< g%i{ﬁ[f(ff +apy) — f(z)] + (1 = B)[f(z + ap2) — f(2)]}

= Bf'(z;p1) + (1 = B) f'(z; p2).-

Thus, f’'(z;p) is convex in p. Finally, let « € (0,1], y € dom f and y, = = + a(y — x). Then
in view of Theorem 3.1.1, we have:

F&) = Flya+ (1= @)(ga = ) 2 flya) + ~(1 = )[F(y) — 7))

and we get (3.1.6) taking the limit in « | 0. O

3.1.4 Separation Theorems

Note, that up to now we were describing the properties of convex functions in terms of
function values. We did not introduce any directions which could be useful for constructing
the minimization schemes. In Convex Analysis such directions are defined by separation
theorems, which we present in this section.

Definition 3.1.4 Let () be a convex set. We say that the hyperplane
H(g,7) ={z € B" [ (g,2) =7}, g#0,

is supporting to Q if any x € Q satisfies inequality (g, x) < 7.
We say that the hyperplane H(g, ) separates a point xo from Q if

(g,7) <7 < (g, 0) (3.1.7)
for all x € Q. If the second inequality in (3.1.7) is strict, we call the separation strict.
The separation theorems are based on the properties of projection.
Definition 3.1.5 Let Q be a set and xo € R™. Denote
mo(ro) = argmin{|| z — zo ||: = € Q}.

We call mg(xo) the projection of the point xy onto the set Q.
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Theorem 3.1.10 If Q) is a closed convex set, then the point mo(xo) exists and unique.

Proof:
Indeed, mg(z9) = argmin{é(z) | = € Q}, where ¢(z) = 3 ||  — o ||* is a function from
81111 (R™). Therefore mg(xo) is unique and well-defined in view of Theorem 2.2.6. O

It is clear that mg(xg) = x¢ if and only if zy € @ and @ is closed.

Lemma 3.1.4 Let Q be a closed convex set and xy ¢ Q). Then for any x € QQ we have:
(mo(xo) — w0, v — mo(z0)) > 0. (3.1.8)

Proof:
Note that mg(xo) is the solution to the problem melél ¢(x) with ¢(z) = 5 || @ — zo [

Therefore, in view of Theorem 2.2.5 we have:

(¢'(mq(20)), v — mq(x0)) >0

for all z € @. It remains to note that ¢'(z) = = — xo. O

Finally, we need a kind of triangle inequality for the projection.
Lemma 3.1.5 For any x € Q we have || x — mo(xo) ||* + || mo(z0) — x0 ||1><|| 2 — 20 ||

Proof:
Indeed, in view of (3.1.8), we have:

lw = mq(xo) I = Il @ — @0 [I*= (w0 — mq(x0), 22 — mq(w0) — w0) < — || 20 — mo(wo) | . D

Now we can prove the separation theorems. We will need two theorems of that types.
First one describes our possibilities in strict separation.

Theorem 3.1.11 Let Q be a closed convex set and xo ¢ Q. Then there exists a hyperplane
H(g,~) strictly separating xo from Q. Namely, we can take

g =1x0—7q(x0) #0, 7= (T0— TQ(0), 7Q(T0))-

Proof:
Indeed, in view of (3.1.8), for any = € () we have:

(z0 — mq(w0), ) < (20 — ma(w0), T (20)) = (0 — Wq(20), 20)— || 0 — g (wo) I . O
Let us give an example of application of the above theorem.

Corollary 3.1.3 Let ()1 and Qo be two closed convex sets.

1. If for any g € dom g, we have Vg, (g) < 1¥g,(g) then Q1 C Q2.
2. Let domtpg, = dom)g, and for any g € dompg, we have g, (g) = Vg, (p). Then

Q1 = Qs.
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Proof:
1. Assume that there exists ¢ € 1, which does not belong to (). Then, in view of Theorem
3.1.11, there exists a direction g such that

(9, m0) > = (g, )
for all x € Q2. Hence, g € dom g, and ¥g,(g) > ¥g,(g). That is a contradiction.
2. In view of the first statement, ()1 C ()2 and Qo C ()1. Therefore, ()1 = Q. O
The next separation theorem deals with the boundary points of convex sets.

Theorem 3.1.12 Let Q be a closed convex set and xo € 0Q. Then there exists a hyperplane
H(g,7), supporting to Q) and passing through x.

(Such vector g is called supporting to Q at x.)
Proof:
Consider a sequence {y;} such that y, ¢ @ and y, — xo. Denote

Yk — 7TQ(?Jk:)
gk = )
| yx — 7o (yk) |l

Vi = {9k, TQ(Y))-

In view of Theorem 3.1.11, for all x € ) we have:

(k> ) < Y < {Ghs Uk (3.1.9)
However, || gx ||[= 1 and the sequence {7} is bounded:
| =19k T k) — o) + {9k, w0) <[ o wi) — o (| + 1| o [I<[] yx — w0 || + [ o |

in view of Lemma 3.1.5. Therefore, without loss of generality we can assume that there exist
g = klim gr and y* = klim Y- It remains to take the limit in (3.1.9). O

3.1.5 Subgradients

Now we are completely ready to introduce some replacement for the gradient of smooth
function.

Definition 3.1.6 Let f be a convex function. A vector g is called the subgradient of function
f at point vy € dom f if for any x € dom f we have:

f(x) > f(xo) + (9,2 — 20). (3.1.10)

The set of all subgradients of f at xy, Of(xg), is called the subdifferential of function f at
the point x.
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The necessity of the notion of subdifferential is clear from the following example.

Example 3.1.3 Consider the function f(z) =| z |, * € R'. Forally € R and g € [-1,1]
we have:

f)=lylzg-y=f0)+g-(y—0).
Therefore, the subgradient of f at x = 0 is not unique. In our example it is the whole
segment [—1,1]. O

The whole set of inequalities (3.1.10), x € dom f, can be seen as the constraints, defining
the set Of(xp). Therefore, by definition, the subdifferential is a closed convez set.
Note that the subdifferentiability of a function implies cinvexity.

Lemma 3.1.6 Let for any x € dom f we have Of(x) # (. Then f is conver.

Proof:
Indeed, let x, y € dom f, a € [0, 1]. Consider y, = x + a(y — x). Let g € 0f(yo). Then

F@W) = fWa) +{(9,¥ = Ya) = f(ya) + (1 — a)(g,y — 2),

f@) > fWa) +(9,2 = Ya) = f(Wa) — {9,y — ).

Adding these inequalities multiplied by « and (1 — «) respectively, we get

af(y) + (L —a)f(z) =2 flya). DO
On the other hand, we can prove a converse statement.

Theorem 3.1.13 Let f be a closed convex function and xy € int (dom f). Then Of(xq) is
a nonempty bounded set.

Proof:
Note that the point (f(zg), zo) belongs to the boundary of epi (f). Hence, in view of Theorem
3.1.12, the exists a hyperplane supporting to epi (f) at (f(zo), zo):

—at + (d,z) < —af(xg) + (d, zo)
for all (7,z) € epi(f). Note that we can take
Id|?+a® =1. (3.1.11)

Since for all 7 > f(xg) the point (7, z¢) belongs to epi (f), we conclude that o > 0.
Recall, that a convex function is locally upper bounded in the interior of its domain
(Lemma 3.1.2). This means that there exist some ¢ > 0 and M > 0 such that By(zg,¢€) C
dom f and
f(@) = f(wog) <M || 2 — 0 ||
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for all z € By(xg,€). Therefore, for any x from this ball we have:
(d,x — o) < a(f(x) — flzo) CaM [z —zo | .

Choosing z = xg + ed we get || d [|*’< Ma || d ||. Thus, in view of the normalizing condition
(3.1.11) we obtain:

1
o>

SN el
Hence, choosing g = d/a we get
f(z) = f(zo) + (9,2 — o)

for all x € dom f.
Finally, if g € 0f(x¢), g # 0, then choosing x = xo + €g/ || g || we obtain:

el gll=(g,x —mo) < f(z) — flzo) < M || 3 — 20 ||= Me.

Thus, 0f(x) is bounded. O

Let us show that the conditions of the above theorem cannot be relaxed.

Example 3.1.4 Consider the function f(z) = —y/z with the domain {z € R' | z > 0}.
This function is convex and closed, but the subdifferential does not exist at x = 0. O

Let us fix out an important relation between the subdifferential and the directional deriva-
tive of convex function.

Theorem 3.1.14 Let f be a closed convez function. For any xo € int (dom f) and p € R"
we have:

f'(zo;p) = max{(g,p) | g€ df(xo)}.

Proof:
Note that
f'(wo; p) = lim Z1f (w0 + ap) = f(wo)] = (g, p), (3.1.12)

where ¢ is an arbitrary vector from df(xg). Therefore, there subdifferential of function
f'(zo;p) at p = 0 exists and 0f(xg) C 0,f'(20;0). On the other hand, since f'(xo),p) is
convex in p, in view of Lemma 3.1.3, for any y € dom f we have:

f(y) = f(zo) + f(xo;y — w0) > f(20) + (9,4 — o),

where g € 0,f'(x0;0). Thus, 0, f'(0;0) C df(xo) and we conclude that 0f(x¢) = 0, f'(z0;0).
Consider g, € 0,f'(x¢;p). Then, in view of inequality (3.1.6), for all v € R* and 7 > 0
we have:

Tf(wo;v) = f(wo;7v) > f'(20;p) + (gp, TV — D).
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Considering 7 — oo we conclude that

f'(o;v) > (gp,v), (3.1.13)

and, considering 7 — 0, we obtain

f'(@o;p) — (gp,p) < 0. (3.1.14)

However, the inequality (3.1.13) implies that g, € 0,f(z0;0). Therefore, comparing (3.1.12)
and (3.1.14) we conclude that (g,,p) = f'(z0;p). O

To conclude this section, let us point out several properties of subgradients, which are of
main importance for optimization. Let us start from the optimality condition.

Theorem 3.1.15 We have f(z*) = min f(x). if and only if 0 € Of (z*).

z€dom f

Proof:
Indeed, if 0 € Of(z*) then f(z) > f(a*) + (0,2 — 2*) = f(a*) for all x € dom f. On the
other hand, if f(x) > f(2*) for all z € dom f then 0 € Jf(2*) in view of Definition 3.1.6. O

The next result forms the basis for the cutting plane schemes, which we will consider in
the next lecture.

Theorem 3.1.16 For any x¢ € dom f all vectors g € Of (xy) are supporting to the sublevel
set L(f(x0)): (9,20 —x >0 for any x € Ls(f(x)) ={x € dom f: f(z) < f(z0)}.

Proof:
Indeed, if f(z) < f(zo) and g € Of (zo) then f(zo) + (9,2 — x0) < f(x) < f(x0). O

Corollary 3.1.4 Let () C dom f be a closed convex set, xg € ) and

¥ =argmin{f(x) | z € Q}.

Then for any g € 0f(xo) we have: (g, xg — z*) > 0. O

3.1.6 Computing the subgradients

In the previous section we have introduced the subgradients, which we are going to use in
our minimization schemes. However, in order to apply these schemes in practice, we have to
be sure that we can compute these objects for concrete convex functions. In this section we
present the rules for computation the subgradients.
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Lemma 3.1.7 Let f be a closed convex function. Assume that it is differentiable on its
domain. Then Of(z) = {f'(x)} for any x € int (dom f).

Proof:
Let us fix some x € int (dom f). Then, in view of Theorem 3.1.14, for any direction p € R"
and any g € df(x) we have:

(f'(x),p) = f'(x;p) > (9, p)-

Changing the sign of p, we conclude that (f'(z),p) = (g,p) for all g from Of(x). Finally,
considering p = e, k=1...n, we get g = f'(x). O

Let us provide now all operations with convex functions, described in Section 3.1.2, with
the corresponding rules for updating the subgradients.

Lemma 3.1.8 Let function f(y) be closed and conver with dom f C R™. Consider the
affine operator
Alx)=Az+b: R"— R™.

Then the function ¢(x) = f(A(x)) is closed and convex with domain dom¢ = {z | A(x) €
dom f} and for any = € int (dom ¢) we have:

d(x) = ATOf(A(x)).

Proof:
In Theorem 3.1.6 we have already proved the first part of this lemma. Let us prove the
relation for the subdifferential.

Indeed, let yo = A(x). Then for all p € R™ we have:

¢ (20, p) = ['(yo; Ap) = max{(g, Ap) | g € 8f(yo)} = max{(g,p) | g € AT0f(yo)}.

Using Theorem 3.1.14 and Corollary 3.1.3, we get d¢(zo) = ATOf(A(xg)). O

Lemma 3.1.9 Let fi(z) and fo(x) are closed convex functions and oy, ag > 0. Then the
function

f(z) = arfi(z) + azfo(x)

1s closed and convexr and

Of(z) = andfi1(x) + a0 fa(x) (3.1.15)
for z € int (dom f) = int (dom f1) N int (dom f5).

Proof:



3.1. GENERAL CONVEX FUNCTIONS 121

In view of Theorem 3.1.5, we need to prove only the relation for the subdifferentials. Consider
xo € int (dom f1) (N int (dom f5). Then, for any p € R™ we have:

f'(@o;p) = anfi(zo;p) + aafy(wo; p)
= max{(g1,a1p) | g1 € 9fi(xo)} + max{(ga, aap) | g2 € dfa(x0)}
= max{{1g1 + az2g2,p) | g1 € 0f1(20), g2 € Of2(w0)}
= max{(g,p) | g € m0f1(z0) + a20f2(x0)}.

Using Theorem 3.1.14 and Corollary 3.1.3, we get (3.1.15). O

Lemma 3.1.10 Let the functions fi(z), i =1...m, are closed and convex. Then the func-

tion f(z) = nax fi(x) is also closed and convex. For any x € int (dom f) = ﬁ int (dom f;)
<i<m i=1

we have:

Of (z) = Conv {0f;(z) | i € I(x)}, (3.1.16)
where I(x) = {i: fi(x) = f(z)}.
Proof:

Again, in view of Theorem 3.1.5, we need to deal only with the subdifferentials. Consider
x € N int (dom f;). Assume that I(z) =1...k. Then for any p € R" we have:
i=1

f(x:p) = max filzip) = max max{(gi,p) | gi € Ofi(x)}.

Note that for any numbers a; ... a;, we have:

k
max a; = max{»_ \a; | {\} € Ay},

<i<
1<i<k Py

k
where Ay, = {\; >0, ¥ \; = 1}, the k-dimensional standard simplex. Therefore,
i=1

Flasp) = max {3 \max{{gi,p) | g € Ofi(x)}

{Ni}eA, Ti=1

= max{ (% \giop) | 9 € Oila), (N} € Al

k
= max{(g,p) | g = El Aigis gi € Ofi(x), {\i} € Ay}

= max{(g,p) | g € Conv{0f;(x),i € [(z)} }. O

The last rule we consider, does not have a “closed” form. However, it can be useful for
computing the elements of the subdifferential.
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Lemma 3.1.11 Let A be a set and f(z) = sup{o(y,z) | y € A}. Suppose that for any
fized y € A the function ¢(y,x) is closed and convex in x. Then f(x) is closed convex.
Moreover, for any x from

dom f ={x € R"| 3v:(y,z) <vVy € A}

we have

Of(x) 2 Conv{0¢,(y,x) |y € I(x)},
where I(x) = {y | ¢(y,x) = f(x)}.

Proof:
In view of Theorem 3.1.7, we have to prove only the inclusion. Indeed, for any x € dom f,
y € I(z) and g € 0¢,(y,z) we have:

f(ﬂf) 2 qb(y,x) Z ¢(yax0) + <g,33 - $0> = f(ﬂf()) + <gax - -T0>- U
Now we can look at the examples of subdifferentials.

Example 3.1.5

1. Let f(z) =| x|, x € R'. Then 9f(0) = [~1,1] since f(x) = max ¢g-z.

—1<g<1

2. Consider the function f(z) = fj | {a;,z) — b; |. Denote
i=1

I (x) = {i:{a;,z) —b; <0},
I.(x) = {i:{a;x)—0b; >0},
In(x) = {i:{a;,xz) —b =0}

Then 0f(z)= X a— X a+ X [~a,al

icli(@)  iel_(x)  i€lp(a)

3. Consider the function f(z) = max z®. Denote I(z) = {i : ¥ = f(x)}. Then

1<i<n

JOf(x) = Conv{e; | i € I(x)}. For = 0 we have:

Jf(0) = Conv{e; | 1 <i<n}.

4. For Euclidean norm f(x) =|| = || we have:

0f(0) = Bo(0,1) ={z e R" [ ||z [[< 1}, Of(x) ={z/ ||}, = #0.
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5. For the infinity norm f(x) =|| z ||co= max | 20 | we have:

0f(0) =Bi(0.1) = {z e B[ |20 [< 1},

Of(x) = Conv{[—e;e]| i€ I(x)}, x#0,
where I(z) = {i : | 29 |= f(2)}.
6. For l;-norm f(z) =| = |:= > | 20 | we have:
i=1
0f(0) = Bx(0,1) ={z € R™ | max | 20 |< 1},
of(x) = X e— ¥ e+ X [—esel, x#0,
i€l (z) el_(x) i€lo(x)
where I, (z) = {i | 2@ > 0}, I_(z) = {i | 2@ < 0} and Iy(z) = {i | 2 = 0}.

We leave the justification of these examples as an exercise for the reader. a

We conclude this lecture with one example of application of the developed technique for
deriving an optimality condition for constrained minimization problem.

Theorem 3.1.17 (Kuhn-Tucker). Let f; are differentiable convex functions, i = 0...m.
Suppose that there exists a point T such that f;(Z) <0 for alli=1...m.
A point x* is a solution to the problem

min{ fo(x) | fi(z) <0,i=1...m} (3.1.17)

if and only if there exist nonnegative numbers \;, such that

fol@™) + > Nifi(@") =0,

iel*
where I* = {i € [1,m] : fi(z*) = 0}.

Proof:
In view of Lemma 2.3.4, z* is a solution to (3.1.17) if and only if it is a global minimizer of
the function

o(z) = max{ fo(z) — f*; fi(x),i=1...m}.
In view of Theorem 3.1.15, this is the case if and only if 0 € d¢(z*). Further, in view of
Lemma 3.1.10, this is true if and only if there exist nonnegative \;, such that

Xofo(z*) + Z Nifi(x®) =0, Ao+ Z A= 1.

iel* el
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Thus, we need to prove only that Ay > 0. Indeed, if A\ = 0 then
Yo Nifi(@) > D0 Milfalat) + (fi(a"), & — 2*)] = 0.

1el* iel*

This is a contradiction. Therefore \g > 0 and we can take \; = \; / No, @ € I*. O

3.2 Nonsmooth Minimization Methods

(General Lower Complexity Bounds; Main Lemma; Localization Sets; Subgradient Method;
Constrained Minimization Scheme; Optimization in finite dimension; Lower Complexity
Bounds; Cutting Plane Scheme; Center of Gravity Method; Ellipsoid Method; Other Meth-
ods.)

3.2.1 General Lower Complexity Bounds

In the previous lecture we have considered the class of general convex functions. These func-
tions can be nonsmooth and therefore we can expect that the corresponding minimization
problem can be rather difficult. Same as for smooth problems, let us try to derive the lower
complexity bounds, which will help us to evaluate the performance of numerical methods we
will consider.
In this section we derive such bounds for the unconstrained minimization problem
min f(z). (3.2.1)

TERM™
where f is a convex function. Thus, our problem class is as follows:
Problem class: 1. Unconstrained minimization.

2. fis convex on R™ and Lipshitz continuous
on some bounded set.

Oracle: First-order black box:
at each point  we can compute
f(@), g(z) e df(z), (3.2.2)
where ¢(Z) is an arbitrary subgradient.
Approximate solution: Findz € R": f(z) — f* <e.
Methods: Generate a sequence {xy} :

Tk € To + Lin {g(x(])v s 79(1'7671)}-

Same as in Section 2.1.2, for deriving a lower complexity bound for our problem class,
we will study the behavior of the numerical methods on some function, which appears to be
very difficult to minimize.
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Let us fix some constants g > 0, v > 0. Consider the family of functions

_ G 4 M 2 _
fr(2) Y max = +2||ZUH, k=1...n.

Using the rules for computation of subdifferentials, described in the previous lecture, we can
write out the subdifferential of f; at x. That is

Ofe(z) = px +~Conv {e; | i € I(x)}, I(@)={j] 1<j<k, 2 = max 2@}.

1<i<k

Therefore for any z, y € By(0,p), p > 0, and any gx(y) € 9fx(y) we have

fey) = fu(w) < {gr),y —2) <[l gw() | - [y =2 [I< (up+7) [y =[] -

Thus, fr is Lipshitz continuous on the ball By(0, p) with the constant M = pp + .
Further, consider the point zj with the following coordinates:
-1 1<i<k
. pk? - =
(@) =
0, k+1<i<n.

It is easy to check that 0 € Jfy(z}) and therefore x} is the minimum of function fi(z) (see
Theorem 3.1.15). Note that

2 2

* gl * v H o gl

Ry, = = —— =——+4+ R =——.
o=l il VE i pk 27" 2k

Let us describe now the resisting oracle for the function fy(z). Since the analytical form
of this function is fixed, the resistance of the oracle can only consist of providing us with
the worst possible subgradient at each test point. The algorithmic scheme of this oracle is
as follows.

Input: r e R"
Main Loop: f:=—o0; *:=0;

for j:=1 to m do if 2V > f then {f:=2V; i*:=j};

f=af+5 1l g:i=ew+ pa;
Output: fr:=1f gr(z):=9g€R"

At the first glance, there is nothing bad in this scheme: Its main loop is just a standard
process for finding a maximal element of the vector x € R". However, the main feature of
this loop is that we always use a coordinate vector for computation of the subgradient. In
our case, this vector corresponds to ¢*, which is the minimal number among all indices in
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I(x). Let us check what happens with a minimizing sequence, generated with the aid of this
oracle.
Let us choose the staring point of our process xo = 0. Denote

R ={zeR"| 29 =0, p+1<i<n}

Since xy = 0, the answer of the oracle is fx(zo) = 0 and gx(zo) = e;. Therefore the next point
of the sequence, 1, necessarily belongs to R%". Assume now that the current test point of
the sequence, x;, belongs to RP", 1 < p < k. Then the oracle will return a subgradient

g = px; + ve4x,

where i* < p + 1. Therefore, the next test point z;,; belongs to RPTH",

This simple reasoning proves that for all i, 1 < i < k, we have z; € R*". Consequently,
for i: 1 <1 < k — 1, we cannot improve the starting value of the objective function:
@ _ o,

)

) >
Tulee) 27 poo @

Let us convert our observations in a lower complexity bound. For that, let us specify
some parameters of our problem class P(xg, R, M), where R > 0 and M > 0. In addition to
(3.2.2) we assume that

e the solution of the problem (3.2.1), z*, exists and || zp — z* ||< R.

e f is Lipshitz continuous on B(xg, R) with the constant M > 0.

Theorem 3.2.1 For any class P(xo, R, M) and any k, 0 < k < n—1, there exists a function

f € P(xo, R, M) such that
MR

(1+VE+1)

for any method, generating a sequence {xy}, satisfying the following condition:

flzy) = > 5

x € o+ Lin{g(zo), ..., g(xk_1)}

Proof:
Without loss of generality we can assume that xo = 0. Let us choose f(x) = fi41(z) with

_ VETIM _ M
i P T o
Then
* f* _ 72 _ MR
TR T 2u(k+1) T 2(14+VERF1)?

| w0 — 2" ||= Riy1 = Wﬁ =R,

and f(z) is Lipshitz continuous on Bsy(xg, R) with the constant uR + v = M. Note that
r, € RF". Hence, f(xy) — f* > —f*. O
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Note, that the lower complexity bound, presented in this theorem is uniform in the
dimension of the space of variables. Same as the lower bound of Theorem 2.1.6, it can
be applyed to the problems with very large dimension, or to the efficiency analysis of the
starting iterations of the minimization schemes (k <n — 1).

We will see that our lower estimate is exact: There are the minimization methods, which
have the rate of convergence, proportional to this 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 in Section 2.3 we have seen, that
some nonsmooth problems can be solved very efficiently, provided that we manage to handle
their structure.

3.2.2 Main lemma

At this moment we are interested in the following problem:

min{ f(z) | = € Q}, (3.2.3)

where @ is a closed convex set, and f is a function convex on R"™. We are going to study
some methods for solving this problem, which use the subgradients g(z) of the objective
function. As compared with the smooth problem, our goal now is much more complicated.
Indeed, even in the simplest situation, when () = R™, the subgradient seems to be a poor
replacement for the gradient of smooth function. For example, we cannot be sure now that
the direction —g(z) decreases the value of the objective function. We also cannot expect
that g(x) — 0 as = approaches the solution of our problem, etc.

Fortunately, there is one property of subgradients, which makes our goal reachable. We
have proved this property in Corollary 3.1.4: at any x € Q the following inequality holds:

(9(x),x —a*) = 0. (3.2.4)

This simple inequality leads to two consequences, which give the life to all nonsmooth min-
imization methods. Namely:

e The direction —g(z) decreases the distance between x and x*.
e Inequality (3.2.4) cuts R™ on two half-spaces. Only one of them contains x*.

In order to develop the nonsmooth minimization methods, we have to forget about re-
laxation and approximation. There is another concept, underlying all these schemes. That
is the concept of localization. However, to go forward with this concept, we have to develop
some special technique, which allows to estimate a quality of current point as an approximate
solution to the problem (3.2.3). That is the main goal of this section.

Let us fix some z € R". For x € R" with g(x) # 0 define

1 _

o) = o
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If g(z) = 0, then define vy(z;x) = 0. Clearly, vs(z,z) <|| z —Z ||

The values v;(Z,z) have some natural geometric interpretation. Let consider a point x
such that g(x) # 0 and (g(z),z—z) > 0. Let us look at the point y = z+vs(x)g(x)/ || g(z) |
Then

{9(x), 2 —y) = (g9(x), x =) — vy (z,2) || g(2) [[= 0
and || y — 7 ||= vs(Z, ). Thus, vs(Z,z) is the distance from the point Z to the hyperplane

{y: (9(z),z —y) = 0}.
Let us introduce a function, which measures the variation of function f with respect to
the point z. For ¢t > 0 define

wi(7;1) = max{f(z) = f(2) [ | -z |< t}.

If t <0, we set wy(z;t) = 0.
Clearly, the function wy possess the following properties:

o wi(Z;0) =0 for all ¢t <O0.

e w;(7;t) is a non-decreasing function of ¢, t € R'.

o f(z)— [(@) Swp(@;f| . — 2" |)).

It is important, that the last inequality can be strengthen.

Lemma 3.2.1 For any x € R™ we have:

f(x) = f(7) < wivp(7; 7). (3.2.9)
If f(z) is Lipshitz continuous on By(Z, R) with some constant M then

f@) = f(z) < M(vp(T;2))+. (3.2.6)
for all x € R"™ such that v¢(Z;z) < R.

Proof:
If (9(z),x—z) <0, Then f(z) > f(x)+(g9(x),z—=x) > f(x). This implies that vs(z;z) < 0.
Hence, ws(vs(Z;x)) = 0 and (3.2.5) holds.

Let (g(z),x — z) > 0. For

1

V=T )II( +vs(Z;2)g(x))

I 9(z
we have (g(z), y—z) = 0 and || y—=Z ||= vy(2; z). Therefore f(y) > f(z)+(9(z),y—z) = f(2),
and
f@) = f(2) < fy) = (@) Swp(ly =7 [) = wp(op(7; 7).
If f is Lipshitz continuous on Bs(Z, R) and 0 < vs(Z;x) < R, then y € By(z, R). Hence,
f@) = f(@) < fly) = f(@) <M ||y — T [|= Mug(z;2). O

Let us fix some z*, a solution to the problem (3.2.3). The values vs(z*;z) allows to
describe the quality of the localization sets.
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Definition 3.2.1 Let {z;}3°, be a sequence in Q). Define
Sp={re@| (g(z;),z; —x) >0,i=0...k}.
We call this set the localization set of problem (3.2.3) generated by the sequence {x;}2,.

Note that in view of inequality (3.2.4), for all £ > 0 we have z* € Sj.
Denote

v =vp(x"2;) (>0), vy = o%igk ;.

Thus,
vy = max{r | (g(x;),z; —x) > 0Vx € By(z*,7),i=0...k}.

Lemma 3.2.2 Let f} = ogli?k f(zi). Then fi — f* <ws(vf).

Proof:
Using Lemma 3.2.1, we have:
wy(vy) = Orélglkwf@i) > Of%lgk[f(fl?i) - fl=fmn-r. U

3.2.3 Subgradient Method

Now we are ready to analyze the behavior of some minimization schemes, as applied to the
problem

min{f(z) | = € Q}, (3.2.7)

where f is a function convex on R" and @) is a simple closed convex set. The term “simple”
means that with this set we can solve explicitly some simple minimization problems. In
accordance to the goal of this section, we have to be able to find a projection of any point
on () in a reasonable cheap way.

We assume that the problem (3.2.7) is equipped by a first-order oracle, which provides
us with the value of the objective function f(Z) and with some subgradient g(z) of f at any
test point .

As usual, we try first a kind of gradient method. Note, that for nonsmooth problems, the
norm of the subgradient, || g(z) || is not very informative. Therefore in the gradient scheme
we use the normalized directions ¢(z)/ || g(Z) ||.

0. Choose 2y € @ and a sequence {h;}72, such that hy > 0 and hy — 0.

1. kth iteration (k > 0).
Compute f(xy), g(zx) and set

Thp1 = 70 <xk - hkg(‘r’“)> . (3.2.8)

Let us estimate the rate of convergence of this scheme.
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Theorem 3.2.2 Let f be Lipshitz continuous on the ball By(x*, R) with the constant M and
| zo — 2* ||< R. Then

k
R*+ 3 b7
o= <M—=— (3.2.9)
22 h
i=0
Proof:
Denote r; =|| ; — 2* ||. Then, in view of Lemma 3.1.5, we have:
2 2
7, = ||lTo (:cl—hzg(xz)> —a" xi—hiﬂ —a*|| =71} — 2hwv; + b
o Ig(z:) | I g(x:) |

Summurazing these inequalities for i = 0...k we get:

k k k
r2 + ;}hf = 2.70hﬂ%+7“;%+1 > 20} ;)hi.

7=

Thus,
W+§%
U;: S ki:O
2> h;
i=0
It remains to use Lemma 3.2.2. O

Thus, the above theorem demonstrates that the rate of convergence of the subgradient
method (3.2.8) depends on the bahavior of the values

k
R*+ > h?
Ak:kil:o
25
=0

[e.°]

We can easily see that A, — 0 if the series Y h; diverges. However, let us try to choose hy
i=0

in an optimal way.

Let us assume that we have to perform a fixed number of steps N of the gradient method.

Then, minimizing Ay, as a function of {hy }1_,, we find that the optimal strategy is as follows:?
h R i —0...N (3.2.10)
i =-———, i=0...N. 2.
vN+1

In this case Ay = \/L—l and we obtain the the following rate of convergence:

N+
MR
*_ *<7.
P A

Comparing this result with the lower bound of Theorem 3.2.1, we conclude:

ZWe can see that Ay, is a convex function of {h;} from the Example 3.1.2(3).
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The subgradient method (3.2.8), (3.2.10) is optimal for the problem (3.2.7) uni-
formly in the dimension n.

If we don’t want to fix the number of iteration apriori, we can choose

T
hi=———\) i=0,....
Vitl

Then it is easy to see that Ay is proportional to

R*+rn(k+1)
2rvk+1 7

and we can classify the rate of convergence of this scheme as sub-optimal rate.

Thus, the simplest method we have tried for the problem 3.2.3) appears to be optimal.
In general, this indicates that the problems of our class are too complicated to be solved
efficiently. However, we should remember, that our conclusion is valid uniformly in the
dimension of the problem. We will see that the dimension factor, taken into account in a
proper way, results in much more efficient schemes.

3.2.4 Minimization with functional constraints

Let us denonstrate how the subgradient method can be applied to a constrained minimization
problem with functional constraints. Consider this problem in the following form:

min{f(z) | z €@, fij(z) <0,i=1...m}, (3.2.11)
where the functions f and f; are convex on R" and () is a simple bounded closed convex set:

l[z-yl<R, xyeq.

Let us introduce a composite constraint f(z) = (1r<na%x fj(x)> . Then our problem
Sjsm +
becomes as follows: B
min{f(z) | z € Q, f(x) <0}. (3.2.12)

Note that we can easily compute the subgradient g(z) of the function f, provided that we
can do so for functions f; (see Lemma 3.1.10).

Let us fix some z*, a solution to (3.2.11). Note that f(z*) = 0 and vf(z*;z) > 0 for all
x € R™. Therefore, in view of Lemma 3.2.1 we have:

flz) < wpa®;vp(a*; x)).

If f; are Lipshitz continuous on () with constant M then for any z from R" we have the
following estimate:

f(z) <M -vp(z*; ).
Let us write out a subgradient minimization scheme for the constrained minimization
problem (3.2.12). In this scheme we assume that we know an estimate R for the diameter
of the set ): diam @ < R.
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0. Choose zp € @ and the sequence {hg}2: hy = ,jof,-

1. kth iteration (k > 0).
a). Compute f(xx), g(wx), f(wr), glx) and set

gzx), if flax) <[l gla) | he, (A),

g(x), if flze) > glaw) || he, (B).

Pk

b). Set

Tpp1 = TQ (xk — hu, T g: ||> : (3.2.13)

Let estimate the rate of convergence of this scheme.

Theorem 3.2.3 Let f be Lipshitz continuous on By(x*, R) with constant My and

My = max {|| g |: g € 9fi(z), x € Bs(z", R)}.

1<j<m

Then for any k > 3 there exists a number i', 0 < i’ <k, such that

. e V3MR _ V3M,R

Proof:
Note that if the direction py is chosen in accordance to the rule (B), we have:

I (i) Il b < flax) < (glan), 7 — 7).

Therefore, in this case vy(z*;z) > hy.
Let k' = }%[ and [, = {i € [K'... k] : p; = g(x;)}. Denote

ri ==t ||, vi=vp@ta), U= vp(rTm).
Then for all 7, k' < i <k, we have:
if i€l then 77, <r?—2hw; + hi,
if @¢ I, then 77, <r?—2ho;+ hi.

Summarizing these inequalities for i € [k ... k], we get:

k
T]%’_’_Zh?ZT§+1+QthU1+2thﬂz

i=k' i€l igé[k
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Recall that for i ¢ I} we have v; > h; (Case (B)).
Assume that v; > h; for all ¢ € I;,. Then

1 R N 2%k + 3
1> =Y h= >/ =1 > In3.
Z Ll l§,¢+0.5—k/ TH05 241

That is a contradiction. Thus, I, # @ and there exists some ¢ € I such that vy < hy.
Clearly, for this number we have vy < hy, and, consequently, (vy)y < hy.
Thus, we conclude that f(z;) — f* < Mjhy (see Lemma 3.2.1) and, since i’ € I} we have
also the following:
f(@y) <[l g(zy) | by < Mahy.

: / k V3R
It remains to note that &’ > 31 and therefore hy < N O

Comparing the result of the theorem with the lower complexity bounds of Theorem
3.2.1, we see that the scheme (3.2.13) has the optimal rate of convergence. Recall, that
the lower complexity bounds were obtained for the unconstrained minimization problem.
Thus, iur result proves, that from the viewpoint of analytical complexity, the general convex
unconstrained minimization problems are not easier than the constrained ones.

3.2.5 Complexity Bounds in Finite Dimension

Let us look at the unconstrained minimization problem again, assuming that its dimension
is relatively small. This means that our computational resources allow us to perform the
number of iterations of a minimization method, proportional to the dimension of the space
of variables. What will be the lower complexity bounds in this case?

In this section we will obtain the finite-dimensional lower complexity bounds for a prob-
lems, which is closely related to the minimization problem. This is the feasibility problem:

Find 2* € Q, (3.2.14)

where () is a convex set. We assume that for this proble we have an oracle, which provides
us with the following information abou the test point z € R™:

e Either it repotrts that € Q).
e Or, it returns a vector g, separating = from Q:

(gt —x) >0 Vreq.

To estimate the complexity of this problem, we introduce the following assumption.

Assumption 3.2.1 There exists a point x* € @ such that By(x*,€) C Q for some € > 0.
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For example, if we know the optimal value f* of our problem (3.2.3), we can treat this
problem as a feasibility problem with

Q={(t,x) e R"" | t> f(z), t < f* +Eex € Q}.

The relation between the accuracy parameters € and € in (3.2.1) can be easily obtained,
assuming that the function f is Lipshitz continuous. We leave this reasoning as an exercise
for the reader.

Let us describe now the resisting oracle for the problem (3.2.14). It forms a sequence of
boxes {By}72,, defined by their lower and upper bounds.

For each box By, k > 0, it computes also its center ¢, = %(ak +by,). For boxes By, k > 1, the
oracle creates the individual separating vector g,. This is always co-linear to a coordinate
vector with a certain number.

In the scheme below we use also two counters:

e m is the number of generated boxes.

e 1 is the active coordinate number.
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Initialization: ag := —Re; by := Re; m :=0; i := 1.
Input: z € R".
If x ¢ By then Return a separator of x from Bj.
else 1.Find the maximal k € [0...m]: x € By.

2. If k < mthen Return g;

else  {Generate a new box}

If 2@ > ) then

b1 i= b + (D —bess it = i Gm = €5
else

Uil i= G + (c%) —a"e;; bps1 i =0bm;  Gm = —ei;
endif;
m:=m+ 1;
1: =1+ 1; If i >ntheni:=1;

Return g,,;
endif
endif

This algorithmic scheme implements a very simple strategy. Note, that next box B,,11
is always a half of the last box B,,. The box B,, is divided on two parts, by a hyperplane,
which passes through its center and which corresponds to the active coordinate number .
Depending on the part of the box B,, we have the test point x, we choose the sign of the
separator vector g,,.1 = Fe;. After the creating the new box B,, 1 the index ¢ is incearsed
by one. If this value exceeds n, we return again to the value ¢ = 1. Thus, the sequence of
boxes { By} possess two important properties:

[} VOln Bk+1 = %voln Bk
e For any k > 0 we have: by, — apn = %(bk — ag).

Note also that the number of the generated boxes does not exceed the number of calls of the
oracle.
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Lemma 3.2.3 For all k > 0 we have the inclusion:

E
n

R /1N\~
BQ(Ck,T’k) C By, with 1, = 5 <2> . (3215)
Proof:
Indeed, for all k € [0...n — 1] we have
By D> B, ={x| ¢, — 1Re <x < ¢, + jRe} D Bs(cy, s R).

Therefore, for such k we have By, D Bs(cy, 3R) and (3.2.15) holds. Further, let k = nl + p
with some p € [0...n — 1]. Since

b, — ap = (%)_l (bp — ap),

we conclude that
-1
Bi. D By (Ck, %R (%) ) .

—1
It remains to note that r, < %R (%) ) O

THe above lemma immedeately leads to the following complexity result.

Theorem 3.2.4 Consider the class of feasibility problems (3.2.14), which satisfy Assump-
tion 3.2.1 and with feasible sets Q) C By (0, R). The lower analytical complezity bound for
this class is nln 2—R€ calls of the oracle.

Proof:

Indeed, we have already seen thatthe number of generated boxes does not exceed the number
of calls of the oracle. Moreover, in view of Lemma 3.2.3, after k iterations the last box
contains the ball By (¢, , k). O

The lower complexity bound for the minimization problem (3.2.3) can be obtained in a
similar way. However, the corresponding reasoning is rather technical. Therefore we present
here only the conclusion.

Theorem 3.2.5 The lower bound for the analytical complexity of the problem class formed

by minimization problems (3.2.3) with @ C Bao(0,R) and f € Fui (Boo(0, R)), is nln ME

calls of the oracle. a
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3.2.6 Cutting Plane Schemes

Let us look now at the following constrained minimization problem:

min{f(z) | = € Q}, (3.2.16)

where f is a function convex on R"™ and () is a bounded closed convex set such that
intQ #0, diamQ =D < oc.

Let us assume now that () is not simple and that our problem is equipped by a separating
oracle. At any test point £ € R"™ this oracle returns a vector g which is:

e a subgradient of f at z, if z € Q,
e a separator of z from @, if x ¢ Q.

An important example of such problem is a constrained minimization problem with func-
tional constraints (3.2.11). We have seen that this problem can be rewritten as a problem
with single functional constraint (see (3.2.12)), defining the feasible set

Q={zreR"| f(z) <0}

In this case, for z ¢ @ the oracle have to provide us with any subradient g € 9f(z). Clearly,
g separates = from ) (see Theorem 3.1.16).

Let us present the main property of the localization sets in finite dimension.

Consider a sequence X = {z;}2, belonging to the set (). Recall, that the localization
sets, generated by this sequence, are defined as follows:

SO(X) - Q?
Ser1(X) = {z e S(X) | (g(x), 2 — x) = 0}.
Clearly, for any £ > 0 we have x* € S;. Denote

v =vp(z ;) (>0), vy = Oréliigk v;.

Theorem 3.2.6 For any k > 0 we have:

3=

. vol,, Sk(X)
< SR
”’“—D[ vol, Q ]

Proof:
Let us consider the coefficient o« = v;;/D (< 1). Since @ C By(z*, D) we have the following
inclusion:

(1—a)z" +aQ C (1 —a)z* + aBy(z*, D) = By(x™,vy).
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Since () is convex, we conclude that
(I-a)z"+aQ =[1-a)r*+aQ](Q C Bz(z",v3) [ Q C Sk(X).
Therefore vol,, Sp(X) > vol, [(1 — a)z* + aQ] = a™vol,, Q. O
Since the set () is rather complicated, usually the sets Si(X) cannot be treated explicitly.

Insted, we can update some simple upper approximations of these sets. The process of
generating such approximations can be described by the following cutting plane scheme.

General Cutting Plane Scheme (3.2.17)

0. Choose a bounded set Fy O Q.

1. kth iteration (k > 0).
a). Choose y; € Ej
b). If y,. € Q then compute f(yx), g(yx). If yx & Q then compute g(yx), which separates

yi from Q.
c). Set
g(yk)7 if Yr € Q>
9k =
glye), oy & Q.
d). Choose Ey11 2 {x € E | (gr,yr —x) > 0}. O

Let us estimate the peformance of the above process. Consider the sequence Y = {y; }22,,
involved in this scheme. Denote by X the subsequence of feasible points in the sequence Y':
X =Y NQ. 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 3.2.4 For any k > 0 we have: S C E.

Proof:
Indeed, if i(0) = 0 then Sy = @ C Ey. Let us assume that ;) C 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

Evii 2{x € Er| (gyr),yr — ) >0} 2 {x € Siger1) | (9(yr), ye — ) > 0} = Sty

since Sik+1) € @ and g(yx) separates y;, from Q.
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b). i(k +1) =i(k) + 1. In this case y, € Q. Then

Eppi 2{v € B | (9(ye),ye — ) >0} 2 {2 € Sy | (9(wr), yr — ) > 0} = Sigry41

since Yp = Tik)- O

The above results immedeately leads to the following important conclusion.
Corollary 3.2.1 1. For any k such that i(k) > 0 we have:

vol, Sy ()] _ ) [volu B "
vol,, Q - vol, Q |

2. If vol,, Ey < vol, Q then i(k) > 0.

3=

Proof:
We have already prove the first statement and the second one follows from the inclusion
Q = So = Sik) C Ej, which is valid for all k such that i(k) = 0. O

Thus, if we manage to ensure vol,, Fx, — 0, then we obtain a convergent scheme. More-
over, the rate of decrease of the volume automatically defines the rate of the convergence of
the method. Clearly, we should try to decrease vol,, F} as fast as possible.

Historically, the first nonsmooth minimization method, implementing the idea of cutting
planes, was the center of gravity method. It is based on the following geometrical fact.

Consider a bounded convex set S C R", int S # (). Define the center of gravity of this

set as follows: )

vl S xdx.
S

cg(S) =

The following result demonstrates that any cut passing through the center of gravity divides

the set on two proprtional pieces.

Lemma 3.2.5 Let g be a direction in R™. Define Sy ={x € S| (g,c9(S)—x) > 0}. Then
vol, S+ 1

<1-—-.
vol, S — e

(We accept this result without proof.) O

This observation naturally leads to the following minimization scheme.
0. Set Sy = Q.
1. kth iteration (k > 0).

a). Choose xp = cg(Sk) and compute f(zy), g(z).
b). Set Sy+1 ={z € Si| (9(x),zr —x) > 0}. O
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Let us present the result on the rate of convergence of this method. Denote f; =

[nin, f(z;).

Theorem 3.2.7 If f is Lipshitz continuous on the ball By(x*, D) with some constant M,
then for any k > 0 we have:

1\ =
f;;—f*gMD<1—> .
e
Proof:
The statement follows from Lemma 3.2.2, Theorem 3.2.6 and Lemma 3.2.5. O

Comparing this result with the lower complexity bound of Theorem 3.2.5, we see that
the certer-of-gravity is optimal in finite dimension. Its rate of convergence does not depend
on any individual characteristics of our problem like condition number, etc. However, we
should accept that this method is absolutely impractical, since the computation of the center
of gravity in multi-dimensional space is a more difficult problem than our initial one.

Let us look at another method, that uses the possibility of approximation of the local-
ization sets. This method is based on the following geometrical observation.

Let H be a positive definite symmetric n x n matrix. Consider the following ellipsoid:

E(H,7)={z € R"| (H \(x - 7),2 —7) < 1}.

Let us choose a direction g € R™ and consider a half of the above ellipsoid, cutted by this
direction:

E,={xe€ E(H,z)| (9,2 —z) > 0}.

It turns out that this set belongs to another ellipsoid, which volume is strictly less than the
volume of E(H, ).

Lemma 3.2.6 Denote

_ _ 1 Hg
Ty =7— :
' n+1 (Hg,g)'/*
n? 2 Hgg"H
H+: 2 - . .
n?—1 n+1 (Hg,g)

Then E. C E(H,,%y) and

n
2

vol, B(H,, %) < <1 - vol, E(H, 7).

b
(n+1)2
*Proof:

Denote G = H™ ' and G, = H'. Tt is clear that

n?—1 2 qg”
= <G+n—1'<H97g> '
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Without loss of generality we can assume that £ = 0 and (Hg,g) = 1. Suppose = € FE,.

Note that 7, = —#IH g. Therefore

_ n2— - T
lo—24 13, = 25 (o -2 2 +22 (9.0 — 24)2),
lz—2 I3 = llol3+:25(9.2) + e,
(9,2 —24)* = (9.2)° + 35(9,2) + gy

Putting all things together, we obtain:

N n?—1 2 2 1
o= =" (2 I+ lg. 0+ —{g,0) + ).

n—1 n—1 n?—1
Note that (g,2) <0 and || z ||¢< 1. Therefore
(9:2)* + (g,2) = (g, @) (1 + (g, ) < 0.
Hence, ,
lo—a < (o I+ ) <1

Thus, we have proved that £, C E(H,,Z,).
Let us estimate the volume of F(H,,Zy).

V|3

1
n

mEa — [ ()" 2] - [ (- )

w3

< [t (1= wtn)]” =[] = [1- ]

O

It turns out that the ellipsoid E(H,,z, ) is the ellipsoid of the minimal volume containing

the half of the initial ellipsoid E.

Our observations can be implemented in the following algorithmic scheme of the ellipsoid

method.
0. Choose yo € R™ and R > 0 such that By(yo, R) 2 Q. Set Hy = R*- I,,.

1. kth iteration (k > 0).

a). If yp € @ then compute f(yx) and g(yg). If yx ¢ @ then compute g(yx), which

separates y; from (). Set
9(e), iy € Q,

glyr), ifur ¢ Q.

9k =



142 CHAPTER 3. NONSMOOTH CONVEX PROGRAMMING

b). Set
— 0 1 . Hrge
Yk+1 — Yk n+1  (Hygr.gr)'/?’
w2 _ 2 HegrgiHi
Hi = 21 <Hk n+1  (Hpgr,gx) | °

This method is a particular case of the general scheme (3.2.17) with
E,={z e R"| (H'(x —xp), v — x1) < 1}

and y; being the center of this ellipsoid.
Let us present the efficiency estimate of the ellipsoid method. Denote Y = {y;}72, and
let X be a feasible subsequence of the sequence Y: X =Y N Q. Denote f; = Oglgkf(xj)
<i<

Theorem 3.2.8 Let f be Lipshitz continuous on the ball By(z*, R) with some constant M.
Then fori(k) > 0 we have:

1 > > [Voln By(zo, R)} "

v _
Jiogy =7 < MR (1 (n+1)2 vol, @

Proof:
The proof follows from Lemma 3.2.2, Corollary 3.2.1 and Lemma 3.2.6. O

Note that we need some additional assumptions to guarantee X # (). Assume that there
exists some p > 0 and = € @) such that

Bs(7,p) C Q. (3.2.18)

vol,, B, " <(1_ 1 : vol,, Bs(zg, R)
vol, @ | — (n+1)2 vol,, @

In view of Corollary 3.2.1, this implies that (k) > 0 for all

Then

3=

1 & _
< —e 200+1)? R,

p

R
k>2(n+1)*In—.
p
If i(k) > 0 then
Fiy — F* S SMR2 - ¢ T,
p

In order to ensure the assumption (3.2.18) for a constrained minimization problem with
functional constraints, it is enough to assume that all the constraints are Lipshitz continuous
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and there is a feasble point, at which all functional constraints are strictly negative (Slater
condition). We leave the details of the justification as an exercise for the reader.

Let us discuss now the complexity of the ellipsoid method. Note that each iteration of
this method is rather cheap; it takes only O(n?) arithmetic operations. On the other hand,
this method needs
M R?

pe
calls of oracle to generate an e-solution of problem (3.2.16), satisfying the assumption
(3.2.18). This efficiency estimate is not optimal (see T.3.2.5), but it has polynomial de-
pendedce on ln% and the polynomial dependedce on the logarithms of the class parameters
(M, R, p). For problem classes, in which the oracle has a polynomial complexity, such
algorithms are called (weakly) polynomial.

To conclude this section, we should mention that there are several methods, which work
with the localization sets in the form of a polytope:

2(n +1)%*In

Ey={x € R"| (a;,x) <b;, j=1...my}.
Among those, the most important methods are
o [nscribed Ellipsoid Method. The point y, in this scheme is chosen as follows:

yr = Center of the maximal ellipsoid Wy, : W), C Ej.

e Analytic Center Method. In this method the point y; is chosen as the minimum of the
analytic barrier

Fy(x) = _géln(bj — (aj,x)).

o Volumetric Center Method. This is also a barrier-type scheme. The point ¥, is chosen
as the minimum of the volumetrictic barrier

Vi(z) = Indet F{/(z),
where Fj(x) is the analytic barrier for the set Fj.

All these methods are polynomial with the complexity

1\?
n <1n ) ,
€
where p is either one or two. However, the complexity of each iteration in these methods
is much larger (n® — n? arithmetic operations). We will see that the test point g, can be

computed for these schemes by the Interior-Point Methods, which we will study in the next
chapter.
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3.3 Methods with Complete Data

(Model of Nonsmooth Function; Kelly Method; Idea of Level Method; Unconstrained Mini-
mization; Efficiency Estimates; Problems with functional constraints.)

3.3.1 Model of nonsmooth function

In the previous section we have studied several methods for solving the following problem:

géiél f(z), (3.3.1)

where f is a Lipshitz continuous convex function and @ is a closed convex set. We have
seen that the optimal method for problem (3.3.1) is the subgradient method. Note, that this
conclusion is valid for the whole class of Lipshitz continuous functions. However, when we
are going to minimize a concrete function from that class, we can hope that our function
is not so bad. Therefore, we could expect that the real performance of our minimization
method will be much better than the theoretical bound, derived from a worst-case analysis.
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. Let us support this declaration by an example.

Example 3.3.1 Consider a minimization problem with function of one variable:

flz)=lz|, — min.

Let us choose xg = 1 and consider the following process:

2
Tk = 7o if ;> 0,
Te+1 =

;Ek—i-\/%ﬁ, if z;, < 0.

Clearly, that is a subgradient method with the optimal step-size strategy (see (3.2.8)).
Note that if during the process sometimes we get a point x; very close to the optimal

point, the next step will push us away from the optimum on the distance \/ifﬁ and it will

take O(v/k) iterations to get back in the neighborhood of the point . O

It can be also shown that the ellipsoid method, presented in the previous section, inherits
the above drawback of the subgradient scheme. In practice it works more or less in accordance
to its theoretical bound even it is applied to the simplest functions like || = ||*.

In this section we will discuss the algorithmic schemes, which are more flexible, then the
subgradient and the ellipsoid method. This schemes are based on the notion of the model of
nonsmooth function.
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Definition 3.3.1 Let X = {x}i2, be a sequence in Q). Denote

fu(X; @) = max [f(2:) + (g(w:), @ — 2],

0<i<k

where g(x;) are some subgradients of f at x;.
The function f,(X;x) is called the model of the convex function f.

Note that fr(X;x) is a piece-wise linear function of z. In view of inequality (3.1.10) we
always have

f(x) > fu(X;2)

for all x € R™. However, at all test points x;, 0 <7 < k, we have
fla) = fu(Xsmi),  glw:) € 0fu(X; ).
The next model is always better than the previous one:
fraa(X;2) > fu(X; @)

for all z € R"™.

3.3.2 Kelly method

The model fk(X ; ) represents our complete information about function f, accumulated after
k calls of oracle. Therefore it seems natural to try to develop a minimization scheme, based
on this object. May be the most natural method of this type is as follows:

0). Choose x4 € Q.

) (3.3.2)
1). Find Tpr1 € Arg miclgl f(X;z), k>0.
xe

This scheme is called the Kelly method.

Intuitively, this scheme looks very attractive. Even the presence of a complicated aux-
iliary problem is not too disturbing, since it can be solved by LP-methods in finite time.
However, it turns out that this method cannot be recommended for practical applications.
And the main reason for that is its instability. Note that the solution of auxiliary problem in
(3.3.2) may be not unique. Moreover, the whole set Arg ];nelg f1(X;z) can be unstable with

respect to arbitrary small variation of the data {f(x;),g(z;)}. This feature results in unsta-
ble practical behavior of the method. Moreover, this feature can be used for constructing an
example of a problem, in which the Kelly method has hopeless lower complexity bounds.

Example 3.3.2 Consider the problem (3.3.1) with

flyz) = max{|y || =|*}, yeR' z€R"

Q = {z=@2): v+ =<1}
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Thus, the solution of this problem is z* = (y*,2*) = (0,0), and the optimal value f* = 0.
Denote Z; = Arg Hélél fr(Z; z), the optimal set of the model fi(Z;z2), and f; = fr(Z), the

optimal value of the model.

Let us choose 2y = (1,0). Then the initial model of the function f is fo(Z;z) = v.
Therefore, the first point, generated by the Kelly method is z; = (—1,0). Therefore, the
next model of the function f is as follows:

~

fi(Z;z) = max{y, —y} =| y | .
Clearly, ff = 0. Note that f,jH > f,;“ On the other hand,
fi<fiz) =0
Thus, for all consequent models with £ > 1 we will have f;: =0 and Z; = (0, X}), where
Xi = {x € Ba(0,1) | || i | +(2eiyw — 2:) < 0,0 =0, k}.

Let us estimate efficiency of the cuts for the set X;. Since x;4, can be an arbitrary point
from X}, at the first stage of the method we can choose z; with the unit norms: || z; ||= 1.
Then the set X}, will be defined as follows:

X; ={z € By(0,1) | (ws,z) < L1,i=0,... k}.

We can do that up to the moment when the sphere

52(0,1) ={z € R" | [| z [|= 1}
is not cutted. Note, that up to this moment we always have

f(zi) = f(0,2;) = 1.
Let us use the following geometrical fact.
Let d be a direction in R™, || d ||= 1. Consider the surface:
Sle) ={z e R*[ ||z [|=1, {d,z) = a},

o < [1- a7

where o € [0, 1]. Denote v(a) = vol,—1(S(«)). Then o

In our case the cuts are (z;, ) > 1. Therefore, we definitely cannot cut the sphere S5(0,1)

n—1
less then with [%} cuts. Note that during these iterations we still have f(z;) = 1.

Since at the first stage of the process the cuts are (z;,x) > %, forall k, 0 < k< N =
n—1
[%} , we have:
By (0, %) C X;.
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This means that after N iterations we can repeat our process with the ball Bs(0, %), etc.
Note that f(0,z) = § for all z from B,(0, 3).
Thus, we have proved the following lower estimate for the method (3.3.2):

flaw) — 1 2 (i)k{

In terms of complexity, this means that we cannot get an e-solution of our problem less than
in

In i 2 1"t
2In2 [/3
calls of the oracle. Compare this lower bound with the upper complexity bounds of other

methods:
Ellipsoid method:  n?In 2,

Optimal methods: nln %,

Gradient method: }2

3.3.3 Level Method

Let us demonstrate, how we can treat the models in a stable way. Denote

fi = min f(z;), fi= Iwneicglfk(XW)-

0<i<k

The first value is called the minimal value of the model, and the second one the record value
of the model. Clearly f; < f* < fp.
Let us choose some « € (0,1). Denote

k(@) = (1 - a)fi +aff.

Consider the sublevel set:

Li(a) ={z € Q| filr) < l(a)}.

Clearly, L () is a closed convex set.

Note that the set L(a) is of a certain interest for an optimization scheme. First, inside
this set clearly there is no test points of the current model. Second, this set is stable with
respect to a small variation of the data. Let us present a minimization scheme, which deals
directly with this sublevel set.

Level Method Scheme (3.3.3)
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0. Choose a point zg € @, an accuracy € > 0 and the level coefficient a € (0, 1).

1. kth iteration (k > 0).
a). Compute f,;* and fy.
b). Terminate if f; — f,z‘ <e

c). Set Tp1 = e, (a)(Tr)- O

Note that in this scheme there are two rather expensive operations. First, we need to
compute the optimal value of the current model f;. If @) is a polytope, then this value can
be obtained from the following LP-problem:

min t,
st f(x) +(g9(xi),x —2) <t,i=0...k,
T € Q.

Second, we need to compute the projection 7z, (o) (2x). If @ is a polytope, then this is an
QP-problem:
min || z — 2 ||,

st flx) +(g(x),x — ;) < lp(a), 1=0...k,

T € Q.

Both of the problems can be solved either by the standard simplex-type methods, or by
Interior-Point methods.

Let us look at some properties of the Level Method. Recall, that the optimal values of
the model decrease, and the records values increase:

fi<Fa <P <fa < fi
Denote Ay = [f,j, fi] and & = fi — f,’:, the gap of the model fk(X;:B). Then
Apr1 € Agy o 01 < 0p
The next result is crucial in the analysis of the Level Method.

Lemma 3.3.1 Assume that for some p > k we have 6, > (1—a)dy. Then for alli, k < i <p,

L) > f2
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Proof:
Note that for such i we have 9, > (1 — a)dr > (1 — a)d;. Therefore

@) =fi—1-a)f>fi—(1—a)=fi+6—(1—a)§; > fr. O
Let us show that the steps of the Level Method are large enough. Denote

My =max{| gl | g €df(z), = € Q}.

Lemma 3.3.2 For the sequence {zy} generated by the Level Method we have:

1—a)d
| Thy1 — 2 ||> (Mf)k

Proof:
Indeed,

flan) = (1=a)d > fi = (1= )b = () > filwrs)

> f(xr) +{g(zr), T — k) = fan) = My || 2ppr — 2 || . D
Finally, we need to show that the gap of the model is decreasing.

Lemma 3.3.3 Let Q) in the problem (3.3.1) be bounded: diam @ < D. If for some p > k
we have 0, > (1 — a)dy, then
M2D?

prl—k< I
(1— )22

Proof: R
Denote z, € Arg melél fr(X;x). In view of Lemma 3.3.1 we have

FiXsap) < (X5 23) = f < 1)

for all ¢, k < i < p. Therefore, in view of Lemma 3.1.5 and Lemma 3.3.2 we obtain the
following:

|z~ 12 <l |2 = | i — |2
1—a)262 (1—)262
<l s =y |7 =5 <l ws - P~
Summarizing the inequalities in ¢ = k, ..., p we get:

(1-0)252 .
(+1-0) 57 <oy -3 P< D7 D

Note that the value p + 1 — k is equal to the number of indices in the segment [k, p|.
Now we can prove the efficiency estimate of the Level Method.
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Theorem 3.3.1 Let diam @) = D. Then the scheme of the Level Method terminates no
more than after

MJ%D2
2a(l — a)?(2 — a)

iterations. At this moment we have fi — f* <e.

N =

Proof:
Assume that 6 > €, 0 < k < N. Let us divide the indices on the groups in the decreasing
order:
{N,...,0} = I(O)UI(Q)U...U[(m),
such that

1(j) = [pG) k)], p() 2 k@), j=0,...,m,
p0) =N, p(G+1)=kG)+1, k(m)=0,

Ok(g) < T2200) < Ok(j)+1 = Op(j1)-
Clearly, for 7 > 0 we have:

9p(5) 9p(0)
Op(j+1) = Tog = (1—2)7+1 > (1—;)J‘+1'

In view of L.3.3.2, n(j) = p(j) + 1 — k(j) is bounded:

. M2D? M2D? .
n(]) S (l—af)Qdﬁ(j) ~ E2(1{04)2 (1 — 04)2].
Therefore . wep m 2D
— ; f — ) ! _
N = ]EOTL(]) < 2(1—a)? j;o(l Oé) < 2a(l-a)2(2—a)"

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—a)*(2— .
a(l-a)’2-a) — Jnax,

Its solution is a* = 3 +1 7 Under this choice we have the following efficiency estimate of the

Level Method: N < ;%M?Dz. Comparing this result with Theorem 3.2.1 we see that the
Level Method is optimal uniformly in the dimension of the space. Note that the complexity
of this method in finite dimension is not known.

One of the advantages of this method is that the gap 0, = f; — f',j provides us with the
exact estimate of the current accuracy. Usually, this gap converges to zero much faster than
in the worst case situation. For the most practical problems the accuracy e = 107* — 107°
is obtained after 3 — 4n iterations.
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3.3.4 Constrained Minimization

Let us demonstrate, how we can use the models for solving the constrained minimization
problems. Consider the problem

st fi(x) <0, j=1,...,m, (3.3.4)

x € Q,

where () is a bounded closed convex set, and functions f(x), f;(z) are Lipshitz continuous

on Q.
Let us rewrite this problem as a problem with a single functional constraint. Denote

f(z) = max fj(x). Then we obtain the equivalent problem
<jsm

st. f(z) <0, (3.3.5)

r € Q),

Note that f(x) and f(x) are convex and Lipshitz 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 = {z}7°,. Denote

A

fe(Xs2) = Jnax [f(x5) + (g(z)), x — x5)] < f(z),

fr(Xs2) = max [f(x;) + (9(x;),x — 2;)] < f(2),

0<j<k

where g(z;) € 0f(x;) and g(z;) € Of(x;).

Same as in Section 2.3.4, our scheme is based on the parametric function
fltiz) = max{f(z) —t, f(a)},

[ (t) = min f(t;x).

Recall that f*(¢) is non-increasing in t. Moreover, let z* be a solution to (3.3.5) and t* =
f(z*). Then t* is the smallest root of function f*(¢).

Using the models for the objective function and the constraint, we can introduce a model
for the parametric function. Denote

fe(Xst, o) = max{fi(X;2) —t, fu(X;2)} < f(t;2)

frx;t) = gggfk(X;t,aﬁ) < f5(t).
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Again, f#(X;t) is non-increasing in ¢. It is clear that its smallest root ¢(X) does not exceed
t*.
We will need the following characterization of the root ¢} (X).

Lemma 3.3.4 R §
t(X) = min{f(X;2) [ fu(X;2) <0, z € Q}.

Proof:
Denote 2} the solution of the minimization problem in the right-hand side of the above
equation. And let t; = fi(X;Z}). Then

FH(X; ) < max{ f(X;25) — T3, fu(X;25)} < 0.

Thus, we alway have £ > t5(X).
Assume that ¢; > t;(X). Then there exists a point y such that

filX;y) = t(X) <0, filX;y) <0,
However, in this case £} = fr(X;27) < fu(X;y) < t5(X) < 5. That is a contradiction. O

In our analysis we will need also the function
fi(X5t) = min fu(X3t,2j),
the record value of our parametric model.
Lemma 3.3.5 Let ty <ty < t*. Assume that f{(X;t1) > 0. Then t:(X) > t; and
fi(Xito) 2 fi(Xsh) + w525 i (X5 1) (3.3.6)

Proof. Denote zj(t) € Argmin fi(X;t, ), to = t5(X), a = ﬁ € [0,1]. Then

t1 = (1 —a)ty + aty
and the inequality (3.3.6) is equivalent to the following:
fi(Xit) < (1= ) fi(X5to) + aff (X 1) (3.3.7)
(note that f;(X;ty) = 0). Let x4 = (1 — @)z} (to) + ax(ts). Then we have:
(X t) < max{fi(X;a) — 5 fo(Xs7a)}

< max{(1 — ) (fe(X; 7} (to)) — to) + a(fu(X; 2} (t2)) — ta);

(1= ) fu(X3 25 (to)) + afu(X; 2 (t2))}

IN

(1 — o) max{ fi(X; 24 (to)) — to; fu(X; 27(t0))}
+a max{fk(X; x}(ta)) — to; fr( X5 2h(t2))}

= (1—a)fi(X;to) + aff(X;ta),
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and we get (3.3.7). O

We need also the following statement (compare with Lemma 2.3.5).

Lemma 3.3.6 For any A > 0 we have:

f () <[t +4),

- A
fiXit) =A< fi(Xit+4)
Proof. Indeed, for f*(t) we have:

F(t+8) = min ax{f(2) — 6 f(z) + A} - A

= min [max{f(z) — ; f(x)} = A] = f*(1) = A.

The proof of the second inequality is similar. O

Now we are ready to present a constrained minimization scheme (compare with Section
2.3.5).
Contained Level Method (3.3.8)

0. Choose zp € Q, to < t* k € (0, %) and an accuracy € > 0.

1. kth iteration (k > 0).

a). Continue the generation of the sequence X = {z;}32, by the Level Method as
applied to the function f(tx;x). If the internal termination criterion

F(Xt) > (1= R) £ (X5 1)
holds, then stop the internal process and set j(k) = j.
Global Stop: Terminate the whole process if f;(X;;) <e.
b). Set ty1 =t (X). O

We are interested in the analytical complexity of this method. Therefore the complexity
of computation of the root ¢7(X) and optimal value of the model fj(X ;1) is not important
for us now. We need to estimate the rate of convergence of the master process and the
complexity of Step la).

Let us start from the master process.

Lemma 3.3.7 For all k > 0 we have:

— * k
fyik(k)(XStk) < t?_i [2(11—,4)} :
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Proof:
Denote

_ T Xite) _ 1
O = ,—tk+1*tk7 B = 201-r) (< 1)

Since tx+1 = 17, (X) and in view of Lemma 3.3.5, for all k > 1 we have:

1

_ * . 1 £ .
Ok—1 = mufj(k—l)<X7tk—l) 2 mfj(k)()(,tk—ﬁ

(Xit) > = o (Xty) = %

2 £x
= \/tk+1*tkfj(k) Vtrg1—ty 7 () [é]

Thus, o, < (Bop_1 and we obtain

t
k k+1 —
Fion (X5 th) = ory/ters — b < BP00\/ters — te = 55 f0)(X; o)\ = 150

Further, in view of Lemma 3.3.6, t; — tg > fjfk(o) (X;to). Therefore

* . k tp41—t
Fium(Xstk) < B f0) (X5 o) fffotéX%:O)

< o\ Fro (Xito) (b — 1) < £/ F7 (o) (o — t°).

It remains to note that f*(ty) <ty —t* (see Lemma 3.3.6). O

Now we are prepared for the complexity analysis of the scheme (3.3.8). Let f;(X;t;) <€
Then there exist j* such that

[l zy) = f7(X;te) <€

Therefore we have:
ftr; ) = max{f(z;) — tg; fla;)} < e
Since t;, < t*, we conclude that
flzp) <t +e,
(3.3.9)
flzj) <e

In view of Lemma 3.3.7, we can get (3.3.9) at most in

1 to — t*
MO = mpa—m A= m)e

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 & is an absolute constant (for example,
we can take k = 1).
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Let us estimate the complexity of the internal process. Denote

My =max{|| g ||| g €df(x)JOf(2), = € Q}.

We need to analyze two cases.
1. Full step. At this step the internal process is terminated by the rule

~

Fioy (X5 tk) > (1 — &) fi) (X5 tr)

The corresponding inequality for the gap is as follows:

~

f;(k) (X’ tk) - f;(k) (X7 tk) < ’ff;(k)(X; tk).
In view of Theorem 3.3.1, this happens at most after
MJ%D2
W2 (X 1)Pa(l — )2 — )

iterations of the internal process. Since at the full step f7;,(X;%x)) > €, we conclude that

2712
M3D

r2e2a(l — a)?(2 — «)

J(k) = j(k=1) <

for any full iteration of the master process.
2. Last step. The internal process of this step was terminated by Global Stop rule:

[7 (X5 te) <e

Since the normal stopping criterion did not work, we conclude that

~

FrA(Xit0) = Fry(X30) 2 wfi (Xsta) = e
Therefore, in view of Theorem 3.3.1, the number of iterations at the last step does not exceed
2 12
M;D

k2ea(l — a)?(2 — a)

Thus, we come to the following estimate of the total complexity of the constrained Level
Method: .
(N<€> + 1)n262a(lja)2(27a)

M3;D? 1 to—t*
= H262O£(1—f()é)2(2—0é) [1 + In[2(1—k)] In (lo—n)e]

M2D? 1 2017
~ Ca(l—a)2(2—a)kZIn[2(1—r)]

It can be shown that the reasonable choice for the parameters of this scheme is as follows:
.1
O=kK= 7.
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The principal term in the above complexity estimate is in order of 6% In @ 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 solve the problem of
finding the root ¢, (X). In view of Lemma 3.3.4, that is

min{ f,(X:2) | fu(X;2) <0, z € Q}.

This is equivalent to the following:

T € Q.

If @ is a polytope, that can be solved by finite LP-methods (simplex method). If @ is more
complicated, we need to use Interior-Point Methods.

To conclude this section, let us note that we can use a better model for the constraints.
Since

f(z) = max fi(z),

1<i<m
it is possible to deal with

fi(X;2) = max - max [fi(z;) + (g:(5), @ — 25)],
where ¢;(z;) € 0fi(x;). In practice, this complete model significantly increases the conver-
gence of the process. However, clearly each iteration becomes more expensive.

As far as practical behavior of this scheme is concerned, we should note that the process
usually is very fast. There are some technical problems, related to accumulation of too
many linear pieces in the models. However, all practical schemes we use some technique for
dropping the old elements of the model.



Chapter 4

Structural Programming

4.1 Self-Concordant Functions

(Do we really have a black box? What the Newton method actually does? Definition of
self-concordant functions; Main Properties; Minimizing the self-concordant function.)

4.1.1 Black box concept in Convex Programming

In this chapter we are going to discuss the main ideas, underlying the modern polynomial-
time interior-point methods in Nonlinear Programming. In order to start, let us look first
at the traditional formulation of a minimization problem.

Suppose we want to solve the problem:

min{fo(z) | fi(z) <0, j=1...m}.

We assume that all functional components of this problem are convex. Note that the Convex
Programming schemes for solving this problem are based on the concept of Black Box. This
means that we assume our problem to be equipped by an oracle, which provides us with
some information about the functional components of the problem at some test point x.
This oracle is local: If we change the shape of a component far enough from the test point,
the answer of the oracle is not changing. These answers is the only information available for
numerical method.*

However, if we look carefully at the above concept, we can see a certain contradiction.
Indeed, in order to apply the convex programming methods, we need to be sure that our
function is convex. However, we can check convexity only by analyzing the structure of the
function?: If our function is obtained from the basic convex functions by convez operations
(summation, maximum, etc.), we conclude that it is convex.

Thus, the functional components of the problem are not in a black box in the moment we
check their convexity and choose the minimization scheme. But we put them in a black box

"'We have discussed this concept and the corresponding methods in the previous chapters.
2The straightforward verification of convexity is much more difficult than the initial minimization problem.

157
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for numerical methods. That is the main conceptual contradiction of the standard Convex
Programming theory.

How we can avoid this contradiction? On the conceptual level that can be done using
the notion of mediator. For a minimization problem P, the mediator is a new minimization
problem M, which properly reflects the properties of the problem P, but which is easier
to solve than the initial problem. More specificly, we should be able to reconstruct an
approximate solution of the initial problem, using an approximate solution of the mediator.

Of course, the concept of mediator covers all possible reformulations of the initial problem,
starting from keeping its initial form upto the analytical solution of the problem?:

M=P— ... — M= (f"2").

In nonlinear analysis this notion is useful only if we manage to find for it a right place
between these extreme points.

Note that a nontrivial mediator should be an easy minimization problem. Therefore, its
creation consists in some analytical work, which can be seen as a part of the whole process
of solving the initial problem. Since we are speaking about the mediators for minimization
problems, it is convenient to keep the oracle model for the data support of the numerical
methods. However, for nontrivial mediators the oracle is not local anymore and that is
known to the minimization schemes we apply.

In fact, the right definition of a mediator can be found from the analysis of a concrete
numerical method (we call it the basic method). In this case, we apply the following scheme:

Choose a basic method.

Describe a set of problems, for which the basic method is very efficient.

Prove that the diversity of these problems is sufficient to be used as mediators for our
initial problem class.

Describe the class of problems, for which the mediator can be created in a computable
form.

There is only one necessary condition to get a theoretical advantage from this approach: The
real performance of the basic method should be poorly described by the standard theory.

The modern polynomial-time interior-point methods in Convex Programming are based
on the mediators suitable for the Newton method (see Section 1.2.4) as applied in the frame-
work of Sequential Unconstrained Minimization (see Section 1.3.3).

In the succeeding sections we will explain what are the drawbacks of the standard analysis
of the Newton method. We will derive the family of mediators based on very special convex
functions, the self-concordant functions and self-concordant barriers.

3For example, the Gauss elimination scheme for linear system can be seen as a sequence of equivalent
reformulations.
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4.1.2 What the Newton method actually does?

Let us look at the standard result on the local convergence of the Newton method (we have
proved it as Theorem 1.2.5). We are trying to find an unconstrained local minimum z* of
the twice differentiable function f(z). We assume that:

o f"(xz*) > 1, with some constant [ > 0,
o || f"(x)—=f"ly) IK M| z—vy]| forall z and y € R".

We assume also that the starting point of the Newton process x is close enough to x*:

21
- |l< T =—. 4.1.1
20— a® < 7= (111)
Then we can prove that the sequence
T = 26— @] (), k>0, (412)

is well-defined. Moreover, || z; — z* ||[< 7 for all & > 0 and the Newton method (4.1.2)
converges quadratically:

M || ap — 2 |

=Mz )’

*
— <

What is bad in this result? Note that the description of the region of quadratic conver-
gence (4.1.1) for this method is given in the standard metric

(w,y) =D 2yl

i=1

If we choose a new basis in R", then all objects in our description are changing: the metric,
the Hessians, the bounds [ and M. But let us look what happens with the Newton process.
Namely, let A be a nondegenerate (n x n)-matrix. Consider the function

o(y) = f(Ay).
The following result is very important for understanding the nature of the Newton method.
Lemma 4.1.1 Let {x}} be a sequence, generated by the Newton method for function f:
1 = g — [f"(2)] 7 (@), k>0,
Consider the sequence {yi}, generated by the Newton method for function ¢:
o1 = Yo — [0 ()] 7' (), k=0,

with yo = A xg. Then y, = A~ xy, for all k > 0.
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Proof:
Let y, = A~ tx, for some k& > 0. Then

Yrrr =Yk — (0" (k)] 7' (k) = yr — [AT f"(Ayi) AT AT f/(Ays)

= Ay — ATV )] () = Ay, D

Thus, the Newton method is affine invariant with respect to affine transformation of
variables. Therefore its real region of quadratic convergence does not depend on the metric.
It depends only on the local topological structure of function f(z).

Let us try to understand what was bad in our assumptions. The main assumption we
used is the Lipshitz continuity of the Hessians:

1) = ") IS M|le—yll, Vo,yeR"
Let us assume that f € C?(R™). Denote

(@) ] = lim L [f"( + o) — £7(2).

a—0

Note that the object in the right-hand side is an (n x n)-matrix. Then our assumption is
equivalent to the following: || f"”(z)[u] ||< M || w ||. This means that at any point x € R"
we have

| (@) v, v) |< M [ u ] [l

for all u and v € R™. Note that the value in the left-hand side of this inequality is invariant
with respect to affine transformation of variables. However, the right-hand side does not
possess this property. Therefore the most natural way to improve the situation is to find
an affine-invariant replacement for the standard norm || - ||. The main candidate for the
replacement is just evident: That is the norm defined by the Hessian f”(x), namely,

(| priy= (" (), )2,

This choice gives us the class of self-concordant functions.

4.1.3 Definition of self-concordant function

Let us consider a closed convez function f(z) € C3(dom f) with open domain. Let us fix a
point x € dom f and a direction © € R™. Consider the function

o(z;t) = flz + tu),
depending on the variable ¢t € dom ¢(z;-) C R'. Denote
Df(x)lu] = ¢/(x;t) = (f'(x), u),

D f(@)[u,u] = ¢"(x;t) = (f"(@)u,u) = v [[3),

D> f(@)[u,u,u) = ¢"(x;t) = (D*f(x)[u]u, u).
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Definition 4.1.1 We call a function f self-concordant if the inequality

3/2
| D° f (@) uyu] |< My | w130
holds for any x € dom f and u € R"™ with some constant My > 0.

Note that we cannot expect these functions to be very widespread. But we need them
only to construct the mediators. We will see very soon that they are easy to be minimized
by the Newton method.

Let us point out the equivalent definition of self-concordant functions.

Lemma 4.1.2 A functionf is self-concordant if and only if for any x € dom f and any uy,
Ug, uz € R™ we have

| D f (@) [un, vz, us] |< My || s [y - [z llpne) - I s [l - (4.1.3)

This statement is nothing but a general property of three-linear forms. Therefore we put its
proof in Appendix.

In what follows, we very often use Definition 4.1.1 to prove that some f is self-concordant.
To the contrary, Lemma 4.1.2 is useful for establishing the properties of self-concordant
functions.

Let us consider several examples.

Example 4.1.1 1. Linear function. Consider the function
f(z) =a+{(a,z), domf=R"

Then
fw)=a, f'(z)=0, f"(x)=0,
and we conclude that M; = 0.
2. Convex quadratic function. Consider the function
f(@)=a+ (a,z) + 1(Az,z), dom f=R",
where A = AT > (0. Then
fll@)=a+ Az, f'(x)=A, ["(x) =0,
and we conclude that M; = 0.
3. Logarithmic barrier for a ray. Consider a function of one variable
f(z)=—Inz, domf={reR"| x>0}
Then , . ) | ) 9
fay=—2 F@ = [@)=-
Therefore f(z) is self-concordant with My = 2.
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4. Logarithmic barrier for a quadratic region. Let A = AT > 0. Consider the concave
function

o(r) = a+ (a,z) — %(Am,x).
Define f(x) = —In¢(x), with dom f = {x € R" | ¢(x) > 0}. Then

DIl = 5t lla.w) — (Az,u)l,
D2f(@)luu) = gl l{a,u) — (Aw )P+ gl (Au, ),
DA (@)l wyul =~z e, ) — (A, u)l® — 5l(a,u) — (Az, w))(Au, )

Denote wy = Df(x)[u] and wy = @(Au, u). Then
D*f(z)[u,u] = wi+wy >0,
| D3 f(2)[u,u,u] | =|2w? + 3wiws |
The only nontrivial case is w; # 0. Denote a = wy/w?. Then

| D3 f(x)[u,u,u] | <2|w1 3 4+3 | wy | wo 2(1—1—%@)

(D2 f(@)u, u])?? = (wf +wp)?? (14 a)?? =
Thus, this function is self-concordant and My = 2.

5. It is easy to verify that none of the following functions of one variable is self-concordant:
. 1
f(z) = €", f(:v):ﬁ,x>0,p>0, flz)=|2P |, p>2. O

Let us look now at the simple properties of self-concordant functions.

Theorem 4.1.1 Let functions f; are self-concordant with constants M;, 1 = 1,2 and let a,
B > 0. Then the function f(z) = afi(x) + Bf2(x) is self-concordant with the constant

1 1
M, = —M,, —=M
f maX{\/a 1, \/B 2}
and dom f = dom f; (N dom f5.

Proof:
Note that f is a closed convex function in view of Theorem 3.1.5. Let us fix some = € dom f
and v € R". Then

%, i1

| D* filw) [, u,u] |< M; [ D* fi)[u, ul
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Denote w; = D?f;(x)[u,u] > 0. Then

| D*f(@)lw,u,u] | _ o] D*fulw)[u,uu) | +6 | Do) u,u,u] | _ aMywy” + BMowy”
[D2f@)u ]2 = aD i(@)[u,u] + 6D folw)fu, W2 7 [aws + fun]??

Note that the right-hand side of this inequality is not changing when we replace (wq,ws) by
(twy, tws) with ¢ > 0. Therefore we can assume that aw; + fwy = 1. Denote £ = aw;. Then
the right-hand side of the above inequality is as follows:
M 1 +3/2 M2
va VB

This function is convex in £. Therefore its maximum is either £ = 0 or £ =1 (see Corollary
3.1.1). O

(1-¢)°%% ¢elo,1]

Corollary 4.1.1 Let the function f be self-concordant with some constant My. If A= AT >
0 then the function
¢(x) = a+ (a,z) + 5(Az,2) + f(2)

is also self-concordant with the constant My = M.

Proof:
We have seen that any convex quadratic function is self-concordant with the constant equal
to zero. O

Corollary 4.1.2 Let the function f be self-concordant with some constant M; and o > 0.

Then the function ¢(x) = af (x) is also self-concordant with the constant My = ﬁMf. O

Let us prove now that self-concordance is an affine-invariant property.

Theorem 4.1.2 Let A(x) = Ax + b be a linear operator: A(x): R" — R™. Assume that
a function f(y) is self-concordant with the constant M. Then the function ¢(x) = f(A(z))
is also self-concordant and My = M.

Proof:
The function ¢(z) is closed and convex in view of Theorem 3.1.6. Let us fix some z €
dom¢ = {z : A(z) € dom f} and v € R". Denote y = A(z), v = Au. Then

Do(x)u] = (f'(A(x)), Au) = (f'(y), v),
D2¢(x)[u, u] = (f"(A(x))Au, Au) = (f"(y)v,v),

D3¢(z)[u,u,u] = D?f(A(x))[Au, Au, Au] = D3 f(y)[v, v, v].



164 CHAPTER 4. STRUCTURAL PROGRAMMING

Therefore
| D3gz5(ac)[u, u, u] |:| D3f(y)[v, v, U] |S Mf(f”<y)v7 U>3/2 = Mf<D2¢($)[U7 u])3/2'

O

The next statement demonstrates that some local properties of self-concordant function
are affected anyhow by the global properties of its domain.

Theorem 4.1.3 Let the function f be self-concordant. If dom f contains no straight line,
then the Hessian f"(x) is nondegenerate at any x € dom f.

Proof:
Assume that (f”(z)u,u) = 0 for some x € dom f and v € R", u # 0. Consider the points
Yo = + au € dom f and the function ¢(a)) = (f”(ya)u, u). Note that

U (@) = D fya) [u, u,u) < 2¢(a)*?, 4(0) = 0.

Since 1(a) > 0, we conclude that ¢'(0) = 0. Therefore this function is a part of solution of
the following system of differential equations:

¥(0) + €' () = 2¢()*?, &(a) =0, 1(0)=¢£(0)=0.

However, this system has a unique trivial solution. Therefore 1(c) = 0 for all feasible a.
Thus, we have shown that the function ¢(a) = f(y,) is linear:

A

60) = F(@) + (@), v = 2) + [ [(F"(ur)u wbdrdr = f(@) + a(f (@), u).

0

Assume that there exists & such that y; € d(dom f). Consider a sequence {ay} such that
ar T @. Then

2L = (yak7 ¢<ak)) —Z= (yo?: ¢(@))

Note that 2z € epi f, but zZ ¢ epi f since y5; ¢ dom f. That is a contradiction since function f
is closed. Considering direction —u, and assuming that this ray intersects the boundary, we
come to a contradiction again. Therefore we conclude that y, € dom f for all a. However,
that is a contradiction with the assumptions of the theorem. O

Finally, let us describe the behavior of self-concordant function near the boundary of its
domain.

Theorem 4.1.4 Let f be a self-concordant function. Then for any point T € d(dom f) and
any sequence
{zx} Cdom f: xp—7Z

we have f(zy) — +oo.



4.1. SELF-CONCORDANT FUNCTIONS 165

Proof:
Note that the sequence {f(x)} is bounded below:

f@r) > fwo) + (f'(0), 21 — w0)-

Assume that it is bounded from above. Then it has a limit point f. Of course, we can think
that this is a unique limit point of the sequence. Therefore

2k = (zk, f(21) — 2 = (7, ).

Note that z; € epi f, but z ¢ epi f since ¢ dom f. That is a contradiction since function
f is closed. a

Thus, we have proved that f(x) is a barrier function for cl (dom f) (see Section 1.3.3).

4.1.4 Main inequalities

In this section we will present the main properties of self-concordant functions, which are
important for minimization schemes. Let us fix some self-concordant function f(z). We
assume that its constant M; = 2 (otherwise we can scale it, see Corollary 4.1.2). We call
such functions standard self-concordant. We assume also that dom f contains no straight
line (this implies that all f”(z) are nondegenerate, see Theorem 4.1.3).

Denote:
fulle = (f"(@)u,u)'?,
follz = (f"(@)] v, 0)/2,
M) = ([f"@)] " f (@), f(a) .

Clearly, | (v,u) [<[[ v ||Z - || v ||z. We call || u ||, the local norm of the point u with respect

to z, and A\;(z) =|| f'(z) ||X the local norm of the gradient f'(x).*
Let us fix € dom f and u € R", u # 0. Consider the function of one variable

1
(f"(x + tu)u, u)l/?

with the domain dom¢ = {t € R' : x + tu € dom f}.
Lemma 4.1.3 For all feasible t we have | ¢'(t) |< 1.

o(t) =

Proof:
Indeed,
Jt) = — " (x + tu)[u, u, ul
2(f"(x + tu)u, u)3/?
Therefore | ¢/'(t) |[< 1 in view of Definition 4.1.1. O

4Sometimes the latter value is called the Newton decrement of function f at x.
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Corollary 4.1.3 The domain of function ¢(t) contains the interval (—¢(0), $(0)).

Proof:

Since f(x + tu) — oo as x + tu approaches the boundary of dom f (see Theorem 4.1.4), the
function (f”(z + tu)u,u) cannot be bounded. Therefore dom ¢ = {t | ¢(t) > 0}. It remains
to note that ¢(t) > ¢(0)— | t | in view of Lemma 4.1.3. O

Let us consider the following ellipsoid:
Woz;r) ={yeR"|[ly—zll.<r}
Wi(air) =d (Wzir)) ={y e R" ||y -z [l.<r}.
This ellipsoid is called the Dikin ellipsoid of function f at x.
Theorem 4.1.5 1. For any x € dom f we have W (x;1) C dom f.

2. For all x, y € dom f the following inequality holds:

|y —2 |,
x> L2l 4.1.4

3. If|ly—x|.<1 then
ly—= e

NI=Tls (4.1.5)
I-fly—z .

ly—=|,<

Proof:
1. In view of Corollary 4.1.3, dom f contains the set {y = z + tu | #* || u |[|2< 1} (since
#(0) =1/ || u||.). That is exactly WO(z;1).

2. Let us choose u = y — x. Then

1 1

o(1) = To—z1, ¢(0) = Ty==1L

and ¢(1) < ¢(0) 4+ 1 in view of Lemma 4.1.3. That is (4.1.4).
3. If | y — x ||l.< 1, then ¢(0) > 1, and in view of Lemma 4.1.3 ¢(1) > ¢(0) — 1. That is
(4.1.5). m

Theorem 4.1.6 Let x € dom f. Then for any y € W°(z; 1) we have:

1

A= ly =2 @) < ") < o =

_f"(x). (4.1.6)
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Proof:
Let us fix some u € R", u # 0. Consider the function

() = (f"(z+ty —x))u,u), te01].
Denote y; = x + t(y — ). Then, in view of Lemma 4.1.2 and (4.1.5), we have:
V(@) | =D flydly — 2w [S 2]y = [yl wllf,

= 2yl 0(t) < 2o il ) = el ),

Therefore
21—ty —x,) < (ne() < =2(n(l -t [y —= )"
Let us integrate this inequality in ¢ € [0, 1]. We get:

(- |ly—= )< j

That is exactly (4.1.6). O

Corollary 4.1.4 Let x € dom f and r =|| y — z ||,< 1. Then we can estimate the matriz
1
G = /f”(x +7(y — x))dr
0

as follows: (1 —r+ = )f”( ) <G < =" (w).

Proof:
Indeed, in view of Theorem 4.1.6 we have:

_ O}f”(x +r(y — 2))dr > f"(2)

Ot —r

(1 —7r)?dr = (1 —r+ 3% f"(x),

1

G @) [t = @), O

Let us look again at the most important facts we have proved.

e At any point x € dom f we can point out an ellipsoid

Wi 1) ={z € R"| (f"(2)(y — ),y —2)) <1},

belonging to dom f.
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e Inside the ellipsoid W (x;r) with r € [0,1) the function f is almost quadratic since

A= f"@) < ") < 7" @)

for all y € W (x;r). Choosing r small enough, we can make the quality of the quadratic
approximation acceptable for our goals.

These two facts form the basis almost for all consequent results. Note that in Convex
Optimization we have never seen such favorable properties of the functions we are going to
minimize.

We conclude this section by two results describing the variation of self-concordant func-
tion with respect to the linear approximation.

Theorem 4.1.7 For any z, y € dom f we have:

) — flory oy > M=ol
(f'(y) = f'(x),y >21+Ily—x||x’ (4.1.7)

f) = f@) + (f(@),y =) +wlly— = ), (4.1.8)
where w(t) =t —In(1 +t).
Proof:
Denote y, = + 7(y — z), 7 € [0,1], and r =| y — x [|,. Then, in view of (4.1.4) we have:

(W) = Fahy =) = [y =)y —2)dr = [ & |y~ [, dr

1

1 2 1 9 r
> lyr—=llZ — [ _r — [ tdt _ ] 0
2 | iy e @ = | T = [ = o)

Theorem 4.1.8 Let x € dom f and ||y — x ||.< 1. Then

/ ! ||y—a:||i,
(f'(y) = f(x),y — =) Sma

) < f@)+ (f(@)y— o)+l y — = [a), (4.1.10)
where w,(t) = —t — In(1 — ¢).

(4.1.9)
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Proof:

Denote y, =z +7(y —z), 7 € [0,1], and r =|| y — x ||z Since || y» — = ||< 1, in view of
(4.1.5) we have:

(W) = 'y =) = [y =)y —2)dr = [ & |y = [}, dr

1 2 r
< [ttindr = [ r2ar = T4 —w.(0). O

J 7(1=llyr—all.) =77

The above theorems are written in terms of two auxiliary functions w(t) =t — In(1 + ¢)
and w,(7) = —7 — In(1 — 7). Note that

W) =15>0, () = ﬁ >0,
u};(T) —1720 w;’(r) :ﬁ>0

Therefore, w(t) and w.(7) are convex functions. In what follows we often use different
relations between these functions. Let us fix them for future references.

Lemma 4.1.4 For anyt >0 and 7 € [0,1) we have:

W(wi(r)) =7, wi(W'(t) =1,

*

w(t) = max ¢ —w.(§)],  wa(7) = max[¢r — w(¢)]

0<é<1 £>0
w(t) + wi(r) > 7t

wi(1) = Twi (1) —w(wi(7)),  w(t) =t (t) = w.(W'(t)).

We leave the proof of this lemma as an exercise for a reader. For an advanced reader we
should note that the only reason for the above relations is that functions w(t) and w,(t) are
conjugate.

4.1.5 Minimizing the self-concordant function

Let us consider the following minimization problem:

min{f(z) | « € dom f}. (4.1.11)
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The next theorem provides us with a sufficient condition for existence of its solution. Recall
that we assume that f is a standard self-concordant function and dom f contains no straight
line.

Theorem 4.1.9 Let A\¢(z) < 1 for some x € dom f. Then the solution of problem (4.1.11),
T}, exists and unique.

Proof:
Indeed, in view of (4.1.8), for any y € dom f we have:

fy) = f) + (@), y —x) +wllly — 2 [|)
> f@)= @) 5Ty =2 lle +olly =2 )

= f(x) = A(@)- [y =2 [l +w(l y — = [2)-
Therefore for any y € L¢(f(z)) ={y € R" | f(y) < f(z)} we have:

1

@y = [la) < Ap(x) < 1.
Iy = . !

Hence, || y — 2 ||.< t, where ¢ is a unique positive root of the equation
(1= Afp(x))t =1In(1 +1).

Thus, L¢(f(r)) is bounded and therefore 2} exists. It is unique since in view of (4.1.8) for
all y € dom f we have

f@) > f@p) +wllly - ). O

Thus, we have proved that a local condition Af(z) < 1 provides us with a global infor-
mation on function f, the existence of the minimum z%}. Note that the result of Theorem
4.1.9 cannot be improved.

Example 4.1.2 Let us fix some € > 0. Consider the function of one variable
fe(x) =€ex —Inz, x>0.

This function is self-concordant in view of Example 4.1.1 and Corollary 4.1.1. Note that

1 1
/ _ .= "n_ -
fay=e-—, fl=—
Therefore As.(z) =| 1 — ex |. Thus, for € = 0 we have Ay, (z) = 1 for any x > 0. Note that
the function fy is not bounded below.
If € > 0, then 27} = % Note that we can recognize the existence of the minimizer at

point z = 1 even if € is arbitrary small. a
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Let us consider now the scheme of damped Newton method:

0. Choose z( € dom f.
(4.1.12)
1. Tterate .1 = o — m[f”(:vk)]_lf’(xk), k> 0.
Theorem 4.1.10 For any k > 0 we have:
flarr) < flaw) — wAp (@) (4.1.13)

Proof:
Denote A = Ag(z). Then || 441 — o ||lo= 1%\ = w'(A). Therefore, in view of (4.1.10), we
have:

flrr) < flae) + (), T — o) + Wil o — 21 [|2)

= o) = 25+ wdw(V)
= fxr) = A A) + wW'(N) = flax) —w(N)

(we have used Lemma 4.1.4). O

Thus, for all z € dom f with Af(z) > [ > 0 we can decrease the value of the f(x) at
least by the constant w(3) > 0, using one step of the damped Newton method. Note that
the result of Theorem 4.1.10 is global. It can be used to obtain a global efficiency estimate
of the process.

Let us describe now the local convergence of the standard scheme of the Newton method:

0. Choose z(y € dom f.
(4.1.14)

1. Tterate w1 = zp — [f"(zx)] 1 f (z), k > 0.
Note that we can measure the convergence of this process in different ways. We can estimate
the rate of convergence for the functional gap f(zy) — f(z3}), or for the local norm of the

gradient \y(xy) =|| f'(wx) [}, or for the local distance to the minimum || z — 2% ||», with
respect to zi. Let us prove that locally all these measures are equivalent.

Theorem 4.1.11 Let A\¢(z) < 1. Then
(@) < [@) = F(@}) < w0 (@), (4.1.15)
W (Ap(@) <l e = 2 [lo< wilAp(2), (4.1.16)

Proof:
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Denote r =|| x — 2} ||, and A = A\y(x). The left-hand side of inequality (4.1.15) follows from
Theorem 4.1.10. Further, in view of (4.1.8) we have:

f@y) 2 @)+ (f'(2), 27 —2) + w(r)
> flx) = r+w(r) > f(z) —wd(A).
Further, in view of (4.1.7) we have:

7,2

7 < (f’(:v),x—x}) < \r.

That is the right-hand side of inequality (4.1.16). If > 1 then the left-hand side of this
inequality is trivial. Suppose that r < 1. Then f'(z) = G(r — z}) with

1
G= / (@5 + (@ — a}))dr,
0

and

Ni(@) = ([f"(@)] ' Gla — 2}), Gz — 23)) <[ H ||*r*,

where H = [f"(2)]""2G[f"(2)]"/?. In view of Corollary 4.1.4, we have: G < = f"(x).
Therefore || H ||< = and we conclude that

2
r /

Nj(z) < A—re = (wi(r))?.

Thus, Af(z) < wl(r). Applying w'(-) to both sides, we get the rest part of (4.1.16). O
Let us estimate the local convergence of the Newton method (4.1.14) in terms of the local

norm of the gradient A¢(x).

Theorem 4.1.12 Let x € dom f and A\;(z) < 1. Then the point x, = z — [f"(z)] 7' f' ()
belongs to dom f and we have

Proof:
Denote p = x4 — x, A = Af(x). Then || p ||,= A < 1. Therefore z; € dom f (see Theorem
4.1.5). Note that in view of Theorem 4.1.6

Ap(zy) = (@) f (@), fl(a )2

< o 1 /@) o= 5 11 /(@) o
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Further,
flxy) = fl(2y) = f'(2) = f'(@) (x4 — 2) = Gp,

1
where G = [[f"(x + 7p) — f"(x)]dr. Therefore
0

I f' (@) 2= (" (@) Gp,Gp) <I H |- | p I3,
where H = [f"(z)]"Y2G[f"(x)]~"/2. In view of Corollary 4.1.4,

]' 1 >\ 1
(=A+ g)\2)f () <G < ﬁf (z).

Therefore || H ||< max {ﬁ, A — é)\Q} = -2+, and we conclude that

o) < — || Flay) [2<

1
(1—=X) (1 =M%

Note that the above theorem provides us with the following description of the region of
quadratic convergence:

Ap(z) < A,

where ) is the root of the equation —2 =1 (A = 3’—2\/5 > %) In this case we can guarantee

FESVE
that Ap(zy) < Ap(x)).
Thus, our results lead to the following strategy for solving the initial problem (4.1.11).

e First stage: A\;(wy) > 3, where 3 € (0, \). At these stage we apply the damped Newton
method. At each iteration of this method we have

f(@ri) < flzk) —w(B).

Thus, the number of steps of this stage is bounded: N < ﬁ[f(xo) — f(x})].

o Second stage: A\¢(xy) < (3. At this stage we apply the standard Newton method. This
process converges quadratically:

M) \* BAs(an)
)) =

11— )\f(l‘k (1 — 6)2 < )\f(l’k)

Mo <

4.2 Self-Concordant Barriers

(Motivation; Definition of Self-Concordant Barriers; Main Properties; Standard Minimiza-
tion Problem; Central Path; Path-Following Method; How to initialize the process? Problems
with functional constraints)
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4.2.1 Motivation

Recall that we are trying to derive a family of mediators for convex minimization problems.
In the previous section we have shown that the Newton method is very efficient in mini-
mization of standard self-concordant functions. We have seen that such function is always
a barrier for its domain. Let us check what can be said about Sequential Unconstrained
Minimization scheme, which uses such barriers.

In what follows we deal with minimization problems of special type. Denote Dom f =
cl (dom f).

Definition 4.2.1 We call a constrained minimization problem standard if it has the follow-
g form:
min{(c,z) | = € Q}, (4.2.1)

where Q) is a closed convex set. We assume also that we know a self-concordant function f

such that Dom f = Q.

Let us introduce a parametric penalty function

ft;x) = tle, x) + f(x)
with ¢ > 0. Note that f(¢;x) is self-concordant in = (see Corollary 4.1.1). Denote

¥ (t) = argxer(rilgr?lf f(t; ).
This trajectory is called the central path of the problem (4.2.1). Note that we can expect
x*(t) — a* as t — oo (see Section 1.3.3). Therefore we are going to follow the central path.
Recall that the standard Newton method, as applied to minimization of function f(¢;x)
has a local quadratic convergence (Theorem 4.1.12). Moreover, we have an explicit descrip-
tion of the region of quadratic convergence:

3-+5

A () < B < A= 5

Therefore we can study our possibilities assuming that we know exactly x = 2*(t) for some
t>0.
Thus, we are going to increase t:

However, we need to keep x in the region of quadratic convergence of the Newton method
for the function f(t+ A;-): )
Aparan (@) <5 <A

Note that the update t — ¢, does not change the Hessian of the barrier function:

'+ A x) = f"(t ).
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Therefore it is easy to estimate how large A we can use. Indeed, the first order optimality
condition provides us with the following central path equation:

te+ f/(x*(t)) = 0. (4.2.2)
Since tc+ f'(x) = 0, we obtain:

A
Asteras) (2) =l tee+ f1(2) o= Al e fla= — | f/(2) lla< 5.
Thus, if we want to increase t in a linear rate, we need to assume that the value

I (@) 2= (L7 @) f (), f'(2))

is uniformly bounded on dom f.
Thus, we come to the definition of self-concordant barrier.

4.2.2 Definition of self-concordant barriers

Definition 4.2.2 Let F(x) be a standard self-concordant function. We call it a v-self-
concordant barrier for the set Dom F', if

max [2(F'(z),u) — (F"(x)u,u)] <v (4.2.3)

uER™

for all x € dom F'. The value v is called the parameter of the barrier.

Note that we do not assume F”(z) to be non-degenerate. However, if this is the case,
then the inequality (4.2.3) is equivalent to the following:

([F" ()] F'(x), F'(x)) < w. (4.2.4)
We will use also the following consequence of the inequality (4.2.3):
(F'(x),u)” < v(F"(z)u,u) (4.2.5)

for all w € R™. (To see that for u with (F"(z)u,u) > 0, replace u in (4.2.3) by Au and find
the maximum of the left-hand side with respect to \.)

Let us check now which of the self-concordant functions presented in Example 4.1.1 are
self-concordant barriers.

Example 4.2.1 1. Linear function: f(z) = o + (a,z), dom f = R". Clearly, unless
a = 0, this function is not a self-concordant barrier since f”(z) = 0.

2. Convex quadratic function. Let A = AT > 0. Consider the function
f(@)=a+ (a,z) + 1(Az,z), dom f=R"
Then f'(z) = a + Az and f”(x) = A. Therefore
([f (@) f (@), f'(2)) = (A7 (Az — a), Az — a) = (Az,2) — 2{a,z) + (A" a, a).

Clearly, this value is unbounded from above on R™. Thus, a quadratic function is not
a self-concordant barrier.
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Logarithmic barrier for a ray. Consider the following function of one variable:
F(z)=—Inz, domF ={zx€ R'| x>0}
Then F'(z) = —1 and F"(z) = &% > 0. Therefore

(F'(@)?* 1 5
W—ﬁ-x =1.

Thus, F(x) is a v-self-concordant barrier for {x > 0} with v = 1.

Logarithmic barrier for a quadratic region. Let A = AT > 0. Consider the concave
quadratic function

o(r) = a+ {(a,z) — %(Ax,x).
Define F(x) = —In¢(x), dom f = {z € R" | ¢(x) > 0}. Then
(F'(z),u) = —gi5la u) — (Az,u)],
(F"(x)u,u) = %[(a,w — (Az, w))* + @(Au,u)

Denote wy = (F'(x),u) and w, = ﬁ(ﬁlu, u). Then
(F"(z)u,u) = wi + wy > w?.

Therefore 2(F'(x),u) — (F"(x)u,u) < 2w; —w? < 1. Thus, F(z) is a v-self-concordant
barrier with v = 1. O

Let us present some simple properties of self-concordant barriers.

Theorem 4.2.1 Let F(z) be a self-concordant barrier. Then the function (c,z) + F(x) is
self-concordant on dom F'.

Proof:
Since F'(z) is a self-concordant function, we just refer to Corollary 4.1.1 a

Note that this properties is very important for path-following schemes.

Theorem 4.2.2 Let F; are v;-self-concordant barriers, i = 1,2. Then the function

F(x) = Fy(z) + Fy(x)

is a self-concordant barrier for the convex set Dom F' = Dom F; N Dom Fy with the parameter
V=] + ls.
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Proof:
Note that F' is a standard self-concordant function in view of Theorem 4.1.1. Let us fix
z € dom F'. Then

max [2(F'(z)u,u) — (F"(x)u, u)]

uER™

= max [2(F](x)u, u) — (FY(x)u, u) + 2(F] (x)u, u) — (F]'(z)u, u)]

< e [20FY(@)u, ) — (FY (o), )] + max [2(F (o), w) — (FY (@), )] < vn + v,

O

Finally, let us show that the value of the parameter of the self-concordant barrier is
invariant with respect to affine transformation of variables.

Theorem 4.2.3 Let A(x) = Az+b be a linear operator: A(zx) : R — R™. Assume that the
function F(y) is a v-self-concordant barrier. Then ®(x) = F(A(x)) is a v-self-concordant
barrier for the set

Dom® = {z € R" | A(z) € Dom F'}.

Proof:
The function ®(z) is a standard self-concordant function in view of Theorem 4.1.2. Let us
fix x € dom®. Then y = A(x) € dom F. Note that for any v € R" we have:

(¥'(x), u) = (F'(y), Au), (D" (z)u,u) = (F"(y) Au, Au).

Therefore
max [2{¢'(x), u) — (D" (z)u,w)] = max [2(F'(y), Au) — (F"(y) Au, Au)]

< max [2F'(y),0) - (F'(y)o,0)] Sv. O

4.2.3 Main Inequalities

Let us show that the local characteristics of the self-concordant barrier (the gradient, the
Hessian) provide us with global information about the structure of the domain.

Theorem 4.2.4 Let F(x) be a v-self-concordant barrier. Then for any x € dom F and
y € Dom F' we have:
(F'(x),y —z) <. (4.2.6)

Proof:
Let x € dom F' and y € Dom F'. Consider the function

¢(t>=<F’(ZE+t(y—ZL‘)),y—£L‘>, te [0’1)‘
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If $(0) <0, then (4.2.6) is trivial. Suppose that ¢(0) > 0. Note that in view of (4.2.5) we
have:

¢'(t) = (F"(z+tly—2)(y—x)y—x)

> L(F' (@ +ty — ),y —)? = L*(1).

Therefore ¢(t) increases and it is positive for t € [0, 1

~—

. Moreover, for any ¢t € [0,1) we have

1 1 S
o) " 9(0) =

t.
¢
This implies that (F'(z),y —x) = ¢(0) < ¥ for all ¢ € [0, 1). O

R |~

~—

Theorem 4.2.5 Let F(x) be a v-self-concordant barrier. Then for any x € dom F and
y € Dom F' such that
(F'(x),y — 2) > 0 (4.2.7)

we have:
ly—a < v+2Vv. (4.2.8)

Proof:
Denote r =|| y — = ||.. Let r > \/v. Consider the point y, = = + a(y — x) with o = g <1
In view of our assumption (4.2.7) and inequality (4.1.7) we have:

W= (F'(ya),y —x) > (F'(ya) — F'(x),y — x)
= (F'(Ya) — F'(2),ya — )

lya—zl? _ _oly—al? _ rvv

> . = = .
= I+ {lya—=l|2 It+aly—zlle I+vv

Q=

On the other hand, in view of (4.2.6), we obtain: (1 — @)w = (F'(ya), ¥ — Ya) < v. Thus,

(1_\{?) 1:\/\;/D§”’

and that is exactly (4.2.8). O

We conclude this section by the analysis of one special point of a convex set.

Definition 4.2.3 Let F(x) be a v-self-concordant barrier for the set Dom F. The point

N .
T»=arg min F(x
F ga)EdOmF ( >’

is called the analytic center of the convex set Dom F', generated by the barrier F(x).
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Theorem 4.2.6 Assume that the analytic center of a v-self-concordant barrier F(x) ezists.
Then for any x € Dom F' we have:

| 2 — 2% [[on < v+ 210

On the other hand, for any x € R" such that || x — z}

x*Fg 1 we have x € Dom F'.

Proof:
The first statement follows from Theorem 4.2.5 since F'(z}) = 0. The second statement
follows from Theorem 4.1.5. O

Thus, the asphericity of the set Dom F' with respect to z}, computed in the metric
| [|z5., 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 or equal to n (John Theorem). However,
we managed to estimate the asphericity in terms of the parameter of the barrier. This value
does not depend directly on the dimension of the space.

Note also, that if Dom F' contains no straight line, the existence of 27 implies the bound-
edness of Dom F'. (Since then F”(z7},) is nondegenerate, see Theorem 4.1.3).

Corollary 4.2.1 Let Dom F' be bounded. Then for any x € dom F' and v € R" we have:
lolli< w+2vv) vl -

Proof:
Let us show that

lv 3= ([F"(@)] o, 0)? = max{(v,u) | (F"(z)u,u) < 1}.
Indeed, in view of Theorem 3.1.17, the solution of this problem u* satisfies the condition:
v=NF'"(z2)u*, (F"(x)u*,u*) =1.
Therefore (v, u*) = ([F"(x)]~'v,v)/2. Further, in view of Theorem 4.1.5 and Theorem 4.2.6,

we have:
B ={yeR"|||ly—2|,<1} CDomF

Clye R [y—apl.<v+2yr} = B.

Therefore, using again Theorem 4.2.6, we get the following;:

ol =max{{v,y —z) | y € B} <max{(v,y —x) | y € B.}

=, 2p —ax) + (v +2vv) vz -

Note that || v ||Z=|| —v ||%. Therefore we can assume that (v, z% — z) < 0. O
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4.2.4 Path-following Scheme

Now we are ready to describe the class of mediators we are going to use. Those are the
standard minimization problems:

min{(c,z) | = € Q}, (4.2.9)

where () = Dom F' is a bounded closed convex set with nonempty interior, and F' is a v-self-
concordant barrier.
Recall that we are going to solve (4.2.9) by following the central path:

x*(t) =arg min_ f(t;x), (4.2.10)

z€dom F'

where f(t;x) = t{c,x) + F(z) and t > 0. In view of the first-order optimality condition
(Theorem 1.2.1), any point of the central path satisfies the equation

te+ F'(z*(t)) = 0. (4.2.11)
Since the set () is bounded, the exists the analytic center of this set, x7}, exists and
z*(0) = x%. (4.2.12)

In order to follow the central path, we are going to update the points, satisfying the approz-
imate centering condition:

A () = (G 2) (= te + F'(2) [[7< 8, (4.2.13)

where the centering parameter 3 is small enough.
Let us show that this is a reasonable goal.

Theorem 4.2.7 For any t > 0 we have
(c,a"(t)) —c" < % (4.2.14)

where ¢* is the optimal value of (4.2.9). If a point x satisfies the centering condition (4.2.13),
then
(c,xy —c* <1 (1/ + %) : (4.2.15)

Proof:
Let z* be a solution to (4.2.9). In view of (4.2.11) and (4.2.6) we have:

(e, a*(t) —a%) = {(F'(a*(t)), 2" — 2" (1)) < }.
Further, let x satisfy (4.2.13). Denote A = Af¢.) (). Then
te,x —a*(t)) = (f'(t;x) = Flx),x—2*(t) < A+ V) |z —27() |
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in view of (4.2.4), Theorem 4.1.11 and (4.2.13). O

Let us analyze now one step of a path-following scheme. Namely, assume that x € dom F'.
Consider the following iterate:

ty =t+ ﬁ
(4.2.16)
vy =a— [F"(@)] e+ F(2)).
Theorem 4.2.8 Let © satisfy (4.2.13):
lte+ F'(z) [3< 5
with < \ = 3_2*/5. Then for ~y, such that
|7 [< H‘(% - B, (4.2.17)
we have again || tyc+ F'(zy) ||E< 5.
Proof:
Denote Ao =|| tc + F'(x) ||3< 8, A = tye+ F'(z) [[; and Ay =|| tyc+ F'(zy) [|;,. Then
A< Aot |y < B4 [ |
and in view of Theorem 4.1.12 we have:
2
Ay < (1 il&) = [w.(\)]2.
It remains to note that inequality (4.2.17) is equivalent to
(Bt 7 1) < B
(recall that o' (w.(7)) = 7, see Lemma 4.1.4). O

Let us prove now that the increase of ¢ in the scheme (4.2.16) is sufficiently large.

Lemma 4.2.1 Let x satisfy (4.2.13) then

lellis (54 Vo) (12.18)



182 CHAPTER 4. STRUCTURAL PROGRAMMING

Proof:
Indeed, in view of (4.2.13) and (4.2.4), we have

thhelz=lfta) - F2) < fEG2) 15+ 1| F2) 7S B+ Vv, D

Let us fix now the reasonable values of parameters in the scheme (4.2.16). In the rest
part of this section we always assume that

g1 4= —p=3 (4.2.19)

W 1+4/8

We have proved that it is possible to follow the central path, using the rule (4.2.16). Note
that we can either increase or decrease the current value of ¢. The lower estimate for the

rate of increasing t is
5
ty,>|1+—7—+] -1,
= ( R 36\/D>

and upper estimate for the rate of decreasing t is

5
tp<(l——o—]- -t
*-( 4+36\/§>

Thus, the general scheme for solving the problem (4.2.9) is as follows.
Main path-following scheme (4.2.20)

0. Set ty = 0. Choose an accuracy € > 0 and xy € dom F' such that
| F' (o) [I5,< 5.
1. kth iteration (k > 0). Set
ler1 =1t + m>
Terr = xp — [F" ()] (e + F ().

2. Stop the process if v + % < ety. O

Let us present the complexity result on the above scheme.

Theorem 4.2.9 The scheme (4.2.20) terminates no more than after N steps, where

Moreover, at the moment of termination we have (¢, zn) — c* < €.
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Proof:
Note that 79 =|| o — 25 ||, < % (see Theorem 4.1.11). Therefore, in view of Theorem
4.1.6 we have: ) 15
v * * - *
7:||C”IO§7HC$*§ ||Cx*'
tl 1— To F 1— Qﬂ F
k—1
Thus, t, > 1(1=20) (1 + ﬁﬁﬁ) for all £ > 1. a

A=Al
F

Let us discuss now the above complexity estimate. The main term in the complexity is

v el

7.2y/vIn ——L,

€

*

Note that the value v || ¢ |[7. estimates the variation of the linear function (¢, x) over the
set Dom F' (see Theorem 4.2.6). Thus, the ratio

€

vie ;*F
can be seen as a relative accuracy of the solution.

The process (4.2.20) has one serious drawback. Very often we cannot easily satisfy its
starting condition

I F' (o) 15, 5.

In such cases we need an additional process for finding an appropriate starting point. We
analyze the corresponding strategies in the next section.

4.2.5 Finding the analytic center

Thus, our goal now is to find an approximation to the analytic center of the set Dom F.
Hence, we should look at the following minimization problem:

min{F(z) | = € dom F'}, (4.2.21)

where F' is a v-self-concordant barrier. In view of the demand of the previous section, we are
interested in an approximate solution of this problem. Namely, we need to find £ € dom F'
such that

I F'(2) [13< 5,

where 3 € (0,1) is a parameter.

In order to reach our goal, we can apply two different minimization schemes. The first
one is just a straightforward implementation of the damped Newton method. The second
one is based on path-following approach.

Let us consider the first scheme.

0. Choose yy € dom F'.
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1. kth iteration (k > 0). Set

[E" (g~ ' ()

Yk+1 = Y — —. (4.2.22)
’ L+ () I3,
2. Stop the process if || F'(yx) [|;, < 3. O
Theorem 4.2.10 The process (4.2.22) terminates no more than after
S (F) — Fla)
— — F(x
w(8) Yo F
iterations.
Proof:
Indeed, in view of Theorem 4.1.10, we have:
Fypr) < Fyr) —w(Ar(yr) < Flye) — w(5).
Therefore F(yg) — kw(B) > F(yx) > F(z}). O

The implementation of the path-following approach is a little bit more complicated. Let
us choose some yy € dom F'. Define the auxiliary central path as follows:

y*(t) = arg dnin [—t(F'(0),y) + F(y)],

where t > 0. Note that this trajectory satisfies the equation
Fi(y"(t)) = tF" (yo). (4.2.23)
Therefore it connects two points, the starting point yo and the analytic center x7.:
v () =90, y(0) =3

Note that we can follow this trajectory by the process (4.2.16) with decreasing t.
Let us estimate first the rate of convergence of the auxiliary central path y*(¢) to the
analytic center.

Lemma 4.2.2 For any t > 0 we have:

I F'(y* (1))

S W+ 2V) || F'(x)

** 't.
F

T
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Proof:

This estimate follows from the equation (4.2.23) and Corollary 4.2.1.

Let us look now at the concrete scheme.
Auxiliary path-following process
0. Choose yy € Dom F'. Set ty = 1.

1. kth iteration (k > 0). Set

_ _ 94
berr =t~ [T

vert =Yk — [F" ()] 7 (G F' (o) + F ()

2. Stop the process if || F'(yx) |y, < N Set T =y, — [F"(yx)] " F" (yx)-

1++/8

Note that the above scheme follows the auxiliary central path y*(¢) as tx — 0.

the points {y} satisfying the approximate centering condition

Itk E" (o) + F' () lly.< 5.

The termination criterion of this process,

VB
Me =11 F () [l < T+ va
guarantees that || F'(Z) ||z< <1f’j\k)2 < [ (see Theorem 4.1.12).

Let us derive a complexity estimate for this process.

Theorem 4.2.11 The process (4.2.24) terminates at most after

LB+ VI [2(+ 29 || F'(ao) I

iterations.

Proof:
Recall that we have fixed the parameters:

_ __ VB _5
S T ey T

185

(4.2.24)

It updates

Note that ty = 1. Therefore, in view of Theorem 4.2.8 and Lemma 4.2.1, we have:

g v(k+1)
lpy1 < <1 — 5‘*‘\/;) ty < exp <_M
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Further, in view of Lemma 4.2.2, we obtain:
I E ) 15, =1 @F (o) + F'(yn)) — trF"(x0) 3,

* .
TR

< B+t || F'(zo) I, < B+ te(v +2v) || F'(20)

Thus, the process is terminated at most when the following inequality holds:

VB
1+

Now we can discuss the complexity of both schemes. The principal term in the complexity
of the auxiliary path-following scheme is

tr(v +2v) || F'(x0)

=~ O

<
"
Q?F—

7.2¢/v[lnv +1n || F'(z0)

o]
X
Tp

and for the auxiliary damped Newton method it is O(F (yo) — F'(z3)). We cannot compare
these estimates directly. However, a more sophisticated analysis demonstrates the advantages
of the path-following approach. Note also that its complexity estimates naturally fits the
complexity estimate of the main path-following process. Indeed, if we apply (4.2.20) with
(4.2.24), we get the following complexity estimate for the whole process:

7.2V [2Inv +1n || F'(x0)

1
e +In| el +1In—|.
F P €

To conclude this section, note that for some problems it is difficult even to point out a
starting point yo € dom F'. In such cases we should apply one more auxiliary minimization
process, which is similar to the process (4.2.24). We discuss this situation in the next section.

4.2.6 Problems with functional constraints

Let us consider the following minimization problem:
min fy(x),
st fi(x) <0, j=1...m, (4.2.25)

r € Q),

where () is a simple bounded closed convex set with nonempty interior and all functions f;,
7 =0...m, are convex. We assume that the problem satisfies the Slater condition: There
exists Z € int () such that f;(z) < Oforall j=1...m.

Let us assume that we know an upper bound 7 such that fy(z) < 7 for all z € Q). Then,
introducing two additional variables 7 and k, we can rewrite this problem in the standard
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form:
min T,

(4.2.26)

re@, 7<7T, k<O0.

Note that we can apply the interior-point methods to a problem only if we are able to
construct the self-concordant barrier for the feasible set. In the current situation this means
that we should be able to construct the following barriers:

o A self-concordant barrier F(z) for the set Q.
e A self-concordant barrier Fy(z,7) for the epigraph of the objective function fy(x).
e Self-concordant barriers F(z, k) for the epigraphs of the functional constraints f;(z).

Let us assume that we can do that. Then the resulting self-concordant barrier for the feasible
set of the problem (4.2.26) is as follows:

m

F(x,7, k) = Fo(x) + Folz,7) + 3 Fj(, k) — In(F — 7) — In(—r).
j=1
The parameter of this barrier is
V=vg+ur+ Y vi+2, (4.2.27)
j=1

where v(y are the parameters of the corresponding barriers.

Note that it could be still difficult to find a starting point from dom F. This domain is
an intersection of the set () with the epigraphs of the objective function and the constraints
and with two additional constraints 7 < 7 and x < 0. If we have a point zy € int (), then
we can choose large enough 75 and kg to guarantee

Jo(zo) <70 <7, fi(®o) < ko, j=1...m,

but then the constraint x < 0 could be violated.
In order to simplify our analysis, let us change the notation. From now on we consider
the problem
min (¢, z),

st. zeb, (4.2.28)

(d,z) <0,
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where z = (x,7,K), (¢,2) = 7, (d,z) = k and S is the feasible set of the problem (4.2.26)
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 zy € int S. Moreover, in view of our assumptions, the set

S(a)={z€ S| (d,z2) <a}

is bounded and it has nonempty interior for a large enough.
The process of solving the problem (4.2.28) consists of three stages.
1. Choose a starting point zy € int .S and an initial gap A > 0. Set a = (d, z9) + A. If
a < 0, then we can use the two-stage process described in Section 4.2.5. 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(a — (d, 2)).

Namely, we find a point Z satisfying the condition

Ao(2) = (F(3) 7 (F/(3) + =l )  F'() + =) V2 < 8.

In order to generate such point, we can use the auxiliary schemes discussed in Section 4.2.5.
2. The next stage consists in following the central path z(¢) defined by the equation

td+ F'(z(t)) =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 (4.2.16). This trajectory
leads us to the solution of the minimization problem

min{(d, z) | z € S(a)}.

Note that, in view of the Slater condition for problem (4.2.28), 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={z¢e€S(a)| {d,z) <0},

generated by the barrier )
F(2) = F(2) — In(—{d, 2)).

This point, z,, satisfies the following equation:

F'(z,) — <d7d2*>

Therefore z* is a point of the central path z(¢). The corresponding value of the penalty
parameter t, is as follows:
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This stage ends up with a point z, satisfying the condition
Apl(2) = (F"(2) 7 (F'(2) = i) B/ (2) = o) < .

3. Note that F”(z) > F" (z). Therefore, the point z, computed at the previous stage
satisfies inequality
Ar(2) = (F7(2) 7 (F(2) — o) () — )2 < 3
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 (4.2.20) to solve the problem

min{(c,z) | z € S}.

Clearly, this problem is equivalent to (4.2.28).

We omit the detailed complexity analysis of the above three-stage scheme. It could be
done similarly to the analysis of Section 4.2.5. The main term in the complexity of this
scheme is proportional to the product of v/7 (see (4.2.27)) with the sum of the logarithm of
the desired accuracy e and the logarithms of some structural characteristics of the problem
(size of the region, deepness of the Slater condition, etc.).

Thus, we have shown that we can apply the efficient interior point methods to all prob-
lems, for which we can point out some self-concordant barriers for the basic feasible set @
and for the epigraphs of the 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 a self-concordant barrier. That
is the value of its parameter: The smaller it is, the more efficient will be the correspond-
ing path-following scheme. In the next section we discuss our possibilities in applying the
developed theory to concrete problems.

4.3 Applications of Structural Programming

(Bounds on the parameter of a self-concordant barrier; Linear and Quadratic Programming,
Semidefinite Programming; Extremal Ellipsoids; Separable Problems; Geometric Program-
ming; Approzimation in L, norms; Choice of the Optimization Scheme.)

4.3.1 Bounds on the parameter of a self-concordant barrier

In the previous section we have discussed a path-following scheme for solving the following
problem:
min (c, x), (4.3.1)

TzEQ
where () is a closed convex set with nonempty interior, for which we know a v-self-concordant
barrier F'(z). Using such barrier, we can solve (4.3.1) in O (\/; -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.
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In this section we study the limits of the applicability of our approach. We will discuss the
lower and upper bounds for the parameters of the self-concordant barriers; we will discuss the
concrete problem instances, for which the mediator (4.3.1) can be created in a computable
form. Let us start from the lower bounds.

Lemma 4.3.1 Let f(t) be a v-self-concordant barrier for the interval (o, f) C R, a < 3 <

0o. Then L s
t
V> K= sup <f”( ) > 1.
te(a,p) (1)

Proof:
Note that v > k by definition. Let us assume that x < 1. Since f(t) is a barrier for (a, 3),
there exists a value @ € (o, 3) such that f'(t) > 0 for all t € [a, ).

Consider the function ¢(t) = 0;5232, t € [a,3). Then, since f'(t) > 0, f(t) is self-
concordant and ¢(t) < k < 1, we have:

o0 =270~ (L) 70 = 110 (2— e ff(t()?/) > 2(1 - VR)F().

Hence, for all ¢t € [a, ) we obtain: ¢(t) > ¢(a) + 2(1 — /k)(f(t) — f(@)). This is a
contradiction since f(t) is a barrier and ¢(t) is bounded from above. O

Corollary 4.3.1 Let F(x) be a v-self-concordant barrier for (Q C R™*. Then v > 1.

Proof:

Indeed, let x € int@Q. Since ( C R", there is a nonzero direction u € R" such that the
line {y = x + tu, t € R'} intersects the boundary of the set Q. Therefore, considering the
function f(t) = F(z + tu), and using Lemma 4.3.1, we get the result. O

Let us prove a simple lower bound for the parameters of self-concordant barriers for
unbounded sets.

Let @ be a closed convex set with nonempty interior. Consider € int (). Assume that
there is a set of recession directions {p1, ..., px}:

T+ap, €Q Va>D0.
Theorem 4.3.1 Let the positive coefficients {3;}¥_, satisfy the condition

k
If for some positive ay, ..., ap we have y = T — 3 a;p; € Q, then the parameter v of any

1=
self-concordant barrier for () satisfies the inequality:
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Proof:
Let F(x) be a v-self-concordant barrier for the set ). Since p; is a recession direction, we
have:

(F'(z), —pi) > (F"(@)pi; pi)"* = pi |z
(since otherwise the function f(t) = F'(z + tp) attains its minimum; see Theorem 4.1.9).

Note that T — ; p; ¢ Q. Therefore, in view of Theorem 4.1.5, the norm of the direction
p; is large enough: f; || p; [|z> 1. Hence, in view of Theorem 4.2.4, we obtain:

k
v > (F(z),§—1) = Zazp@ >Zozz | pi |lz> Zﬁ

Let us present now an existence theorem for the self-concordant barriers. Consider a
closed convex set @, int @ # (), and assume that @) contains no straight line. Let Z € int Q).
Define the polar set of ) with respect to Z:

Pz)={seR"| (s,x—2) <1, VzeQ}.

It can be proved that for any z € int @) the set P(x) is a bounded closed convex set with
nonempty interior. Denote V(x) = vol,, P(z).

Theorem 4.3.2 There exist absolute constants c¢; and cq, such that the function
U(x) =c - InV(z)

is a (cg - m)-self-concordant barrier for Q. O

The function U(z) is called the universal barrier for the set (). Note that the analytical
complexity of the problem (4.3.1), equipped by the universal barrier, is O (\/ﬁ -In %) Recall
that such efficiency estimate is impossible, if we use local black-box oracle (see Theorem
3.2.5).

The above result has mainly a theoretical interest. In general, the universal barrier
U(zx) cannot be computed easily. However, Theorem 4.3.2 demonstrates, that such barriers,
in principal, can be found for any convex set. Thus, the applicability of our approach is
restricted only by the abilities of constructing a computable self-concordant barrier, hopefully
with a small value of the parameter. This process, the creation of the mediator of the initial
problem, can be hardly described in a formal way. For each concrete problem there could be
many different mediators, and we should choose the best one, taking into account the value
of the parameter of the self-concordant barrier, the complexity of computing its gradient
and Hessian, and the complexity of the solution of the corresponding Newton system. In the
rest part of this section we will see, how that can be done for some standard formulations of
Convex Programming.
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4.3.2 Linear and Quadratic Programming

Let us start from Linear Programming problem:

min (¢, 7)

ot Ar—b (4.3.2)
2@ >0,i=1...n, (&z€R)

where A is an (m X n)-matrix, m < n. The inequalities in this problem define the positive
orthant in R™. This set can be equipped by the following self-concordant barrier:

F(z) = —Zlnx(i), v=n,
i=1

(see Example 4.2.1 and Theorem 4.2.2). This barrier is called the standard logarithmic
barrier for R .

In order to solve the problem (4.3.2), we have to use the restriction of the barrier F'(z)
onto the affine subspace {x : Az = b}. Since this restriction is an n-self-concordant
barrier (see Theorem 4.2.3), the complexity estimate for the problem (4.3.2) is O (\/ﬁ -In %)
iterations of a path-following scheme.

Let us prove that the standard logarithmic barrier is optimal for R} .

Lemma 4.3.2 The parameter v of any self-concordant barrier for R! satisfies the inequality
v>n.

Proof:

Let us choose
T =e=(1,...,1) €int R},

pi =e€, 1=1,...,n,

where e; is the ith coordinate ort of R™. Clearly, the conditions of Theorem 4.3.1 are satisfied

witha, =06, =1,1=1,...,n. Thereforel/zz%:n. O
i=1 "

Note that the above lower bound is valid only for the entire set R”. The lower bound
for the intersection {x € R" | Az = b} is better than n.
Let us look now at the Quadratic Programming problem:
min go(z) = ap + (ag, ) + %(Aoaz, x)

TER™

(4.3.3)
st qi(z) = a; + (a;,x) + %(Aix,:r;} <Bii=1...,m,
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where A; are some positive semidefinite (n x n)-matrices. Let us rewrite this problem in the

standard form:

min 7
T, T

s.t qO(‘r) < T,
(4.3.4)
QZ(J:) Sﬂw 1= 17"'am7

r€R" 7€ R.
The feasible set of this problem can be equipped by the following self-concordant barrier:

m

F(a,7) = —In(1 — qo(2)) = Y_ (B — @i(x)), v=m+1,
i=1

(see Example 4.2.1, and Theorem 4.2.2). Thus, the complexity estimate for the problem
(4.3.3) is O (x/m +1-In %) iterations of a path-following scheme. Note this estimate does
not depend on n.

In many applications the functional components of the problem include the nonsmooth
quadratic terms of the form || Az — b ||. Let us show that we can treat such terms using the
interior-point technique.

Lemma 4.3.3 The function F(x,t) = —In(t*— || x ||?) is a 2-self-concordant barrier for the
conver set Ky = {(x,t) € R"™ | t >| = ||}°.

Proof:
Let us fix a point z = (z,t) € int Ky and a nonzero direction v = (h,7) € R""!. Denote
w(a) = (t +at)?~ || z + ah ||>. We need to compare the derivatives of the function

¢(a) = F(z+au) = —Inw(a)
at a = 0. Denote ¢¢) = ¢1)(0), w") = w(0). Then
W =2tr — (2, h), W =27 | R ]?),

! /

2 " 1,11 !/ 3
/ w Z w w 7 ww w
== ¢’—(U) — 0 —3?—2(3)-

Note the inequality 2¢” > (¢')? is equivalent to (w')? > 2ww”. Thus, we need to prove that
for any (h,7) we have

(tr — (2, h)* = (= | = [P) (7= | R [)- (4.3.5)

Clearly, we can restrict ourselves by | 7 |>|| h || (otherwise the right-hand side of the above
inequality is nonpositive). Moreover, in order to minimize the left-hand side, we should chose

5Depending on the field, this set has different names: Lorentz cone, ice-cream cone, second-order cone.
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sign 7 = sign (x, h) (thus, let 7 > 0), and (z,h) =|| = || - || 2 ||. Substituting these values in
(4.3.5), we get a valid inequality.
Finally, since 0 < &2 < Land [1 — €]%2 > 1 — 3¢, we get the following:
| W' |- ] (@)? — Juww” |

(@)
’ <é/// ‘ 5
(¢")372 =2 ()2 — ww"]3/2 < 2.

O

Let us prove that the barrier described in the above statement is optimal for the second-
order cone.

Lemma 4.3.4 The parameter v of any self-concordant barrier for the set Ko satisfies the
mequality v > 2.

Proof:
Let us choose z = (0, 1) € int Ky and some h € R", || h ||= 1. Define

p1:<h7 1)7 b2 = (_h71)7 an :OQ:%, ﬁ1:62:*
Note that for all ¥ > 0 we have z + yp; = (£vh,1 +v) € Ky and
z = Bipi = (£3h, 3) € 9K,

2—061])1—042])2:(—%h‘i‘%h,l—%—%):OGKQ.

Therefore, the conditions of Theorem 4.3.1 are satisfied and v > % + % = 2. O

4.3.3 Semidefinite Programming

In Semidefinite Programming the decision variables are some matrices. Let X = {z()}/Z]"
be a symmetric n X n-matrix (notation: X € S™*™). The linear space S™*" can be prov1ded
by the following inner product: for any X,Y € S™*" we define

(X,V)p =303 2y | X |p= (X, X) 12
i=17=1

(Sometimes the value || X ||r is called the Frobenius norm of matrix X.) For two matrices
X and Y € ™" we have the following useful identities:

X,V -V =23 2 (0:7) ™ gy (k) (k) = ISDIDY 2 (0:3) (1K) (G:k)
i=17j=1 k=1 i=1j=1k=1
= 3 5y 32 aUyh = 53 i y (o) (XY)G0) (4.3.6)
k=1j=1 i=1 =1
= S (YXY)®9) = Trace (YXY) = (Y XY, I)r.

TT
)
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In the Semidefinite Programming Problems the nontrivial part of constraints is formed
by the cone of positive semidefinite n x n-matrices P, C S™*". Recall that X € P, if and
only if (Xu,u) > 0 for any v € R™. If (Xu,u) > 0 for all nonzero u, we call X positive
definite. Such matrices form the interior of the cone P,. Note that P, is a convex closed set.

The general formulation of the Semidefinite Programming Problem is as follows:

min (C, X)
X € Py,

where C' and A; belong to S™*™. In order to apply a path-following scheme to this problem,
we need a self-concordant barrier for the cone P,,.
Let a matrix X belong to int P,. Denote F'(X) = —Indet X. Clearly

P(X) = —n [ M(X),

where {\;(X)}", is the set of eigenvalues of matrix X.

Lemma 4.3.5 The function F(X) is convex and F'(X) = —X~'. For any direction A €
S™ we have:

(F"(X)A, A)p =|| XV2AX Y2 ||2= Trace [X V2AX /22,
D3F(2)[A, A, A] = —2(1,, [X~V2AX V2P = —2Trace [X~V2AX /2],

Proof:
Let us fix some A € S™*™ and X € int P, such that X + A € P,,. Then

F(X +A) = F(X) =—Indet(X +A) — Indet X = —Indet(I,, + X /2AX"1/?)
> —1In {%Trace (I, + X—1/2AX—1/2)}n
= —nln [1 + %([n’ X_I/QAX_1/2>F}

> —<[n,X_1/2AX_1/2>F = —<X_1,A>F.

Thus, — X! € OF(X). Therefore F' is convex (Lemma 3.1.6) and F’'(z) = —X ! (Lemma
3.1.7).
Further, consider the function ¢(a) = (F'(X + aA),A)p, a € [0,1]. Then

¢(a) = ¢(0) = (X' = (X +ad) L, A)p = (X +ad) T [(X +al) - X]X 1 A)p

= a{((X + aA)TAX L A)p.
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Thus, ¢'(0) = (F"(X)A, A)p = (X TAX 1 A)p.
The last expression can be proved in a similar way by differentiating the function ¢ («) =
(X 4+ aA)TAX + aA) L A)p. O

Theorem 4.3.3 The function F(X) is an n-self-concordant barrier for the cone P,.

Proof:
Let us fix X € int P, and A € S™". Denote Q = X V2AX"2and \; = \i(Q),i=1,...,n.
Then, in view of Lemma 4.3.5 we have:

P, A)e = YA (FU0A Q) = 3N, DUF(X)[AA,A] = —23 "\

=1 i=1

Using two standard inequalities (Xn: N)?<n > A? and | 5 A< [Xn: M2]3/2 | we obtain
=1 i=1 =1 i=1

(F'(X), A)F < n(F"(X)A,A)p, | DPP(X)[A, A, A< 2(F(X)A, A)”.

Let us prove that F'(X) = —Indet X is the optimal barrier for the cone P,.

Lemma 4.3.6 The parameter v of any self-concordant barrier for the cone P, satisfies the
mequality v > n.

Proof:
Let us choose X = I,, € int P, and the directions P; = e;el, i = 1,...,n, where ¢; is the ith
coordinate ort of R". Note that for any v > 0 we have I,, + vF; € int P,. Moreover,

I, — eieiT € 0P, I,— ZeieiT =0eP,.
i—1

Therefore, the conditions of Theorem 4.3.1 are satisfied with o; = 3; = 1,7 =1,...,n, and
n

we obtain v > Y~ & =n. O
=P

Same as in Linear Programming problem (4.3.2), in problem (4.3.7) we need to use the
restriction of F(X) onto the set {X : (A4;,X)r = b;, ¢ = 1...m}. This restriction is
an n-self-concordant barrier in view of Theorem 4.2.3. Thus, the complexity estimate of
the problem (4.3.7) is O (ﬁ In %) iterations of a path-following scheme. Note that this
estimate is very encouraging since the dimension of the problem (4.3.7) is in(n +1).

In many important applications we can use the barrier —Indet(-) for treating some
functions of eigenvalues. Let, for example, a matrix A(x) € S™" depend linearly on z.
Then the convex region

can be described by the self-concordant barrier F(z,t) = — Indet(tl,, — A(z)). The value of
the parameter of this barrier is equal to n.
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4.3.4 Extremal ellipsoids

In some applications we are interested in approximating some sets by ellipsoids. Let us
consider the most typical situations.

Circumscribed ellipsoid.

Given by a set of points ay, ..., a, € R", find an ellipsoid W, which contains all
pointa {a;} and which volume is as small as possible.

Let us pose this problem in a formal way. First of all note, that any bounded ellipsoid
W C R™ can be represented as follows:

W={zecR"|z=H " v+u), |u|<1},

where H € int P, and v € R". Then the inclusion a € W is equivalent to the inequality
| Ha — v ||< 1. Note also that

VOln BQ(O, 1)

1, W = vol, By(0,1)det H ! =
VO vol,, B2(0,1) de ot

Thus, our problem is as follows:

min T,
Hwv,t

s.t. —Indet H <,
(4.3.8)

| Ha; —v ||I<1,i=1,...,m,
HeP, ve R, 7€ R.

In order to solve this problem with the interior-point schemes, we need a self-concordant
barrier for the feasible set. At this moment we know such barriers for all components of this
problem except the first inequality.

Lemma 4.3.7 The function —Indet H—In(7+Indet H) is an (n+1)-self-concordant barrier
for the set {(H,7) € S"*" x R'| 7> —Indet H, H € P,}. O

Thus, we can use the following barrier:

F(H,v,7) = —Indet H —In(r +Indet H) — 5 In(1— || Ha; — v ||?),
=1

v= m-+n-+1.

The corresponding efficiency estimate is O (\/m +n+1-In %) iterations of a path-following
scheme.
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Inscribed ellipsoid with fixed center.

Let Q) be a convex polytope defined by a set of linear inequalities:
Q={xeR"| {(a;,z) <b;, i=1,...,m},

and let v € int Q. Find an ellipsoid W, centered at v, such that W C @Q and
which volume is as large as possible.

Let us fix some H € int P,,. We can represent the ellipsoid W as follows:
W={zeR"|{H ' (z—v),z—v) <1}.
We need the following simple result.

Lemma 4.3.8 Let (a,v) < b. The inequality (a,z) < b is valid for any x € W if and only
Zf <HCI,,CL> < (b - <CL,U>)2.

Proof:
In Corollary 4.2.1 we have shown that max{(a,u) | (H 'u,u) <1} = (Ha, a)'/?. Therefore

we need to ensure

Igle%da,@ = Ixne%c[(a,x —v) + (a,v)] = (a,v) + max{(a, u) | (H 'u,u) < 1}

= (a,v) + (Ha,a)'/* <b,

This proves our statement since (a,v) < b. O

Note that vol, W = vol, By(0,1)[det H~1]}/? = ‘%237[?](10/21)' Hence, our problem is as

follows
min T,
H, 1

s.t. —Indet H < 7,
(4.3.9)

(Ha;,a;) < (b — (a;,v))?, i=1,...,m,

HeP, 7R

In view of Lemma 4.3.7, we can use the following self-concordant barrier:

F(H,7)= —IndetH —In(7 +Indet H) — f: In[(b; — {(a;,v))? — (Hay, a;)],
=1

vyv= m-+n-++1.

The efficiency estimate of the corresponding path-following scheme is O (\/m +n+1-In %)
iterations.



4.3. APPLICATIONS OF STRUCTURAL PROGRAMMING 199

Inscribed ellipsoid with free center.

Let Q) be a convex polytope defined by a set of linear inequalities:
Q={xeR"| {(a;,z) <b;, i=1,...,m},

and let int Q # 0. Find an ellipsoid W C Q, which has the mazimal volume.

Let G € int P,,, v € int ). We can represent W as follows:
W={zecR"||G z—v)|[<1}={zcR"|(G*xz—v),z—v) <1}

In view of Lemma 4.3.8, the inequality (a,x) < b is valid for any z € W if and only if
| Ga ||?>= (G?a,a) < (b— (a,v))?. That gives a convex region for (G,v): || Ga ||< b— (a,v).
Note that vol, W = vol, By(0,1)det G~} = voln B2(0.1) - Therefore our problem can be

. det G
written as follows:

min T,
G,T

s.t. —IndetG <7,
(4.3.10)

| Ga; ||< by — {(a;,v), i=1,...,m,
GeP, veER", T€R.

In view of Lemmas 4.3.7 and 4.3.3, we can use the following self-concordant barrier:

F(G,v,7) = —IndetG —In(r +Indet G) — g In[(b; — {(a;,v))*— || Ga; ||?],
=1

(2

v= 2m-+n-+1.

The corresponding efficiency estimate is O (\/ 2m+n+1-1In %) iterations of a path-following
scheme.

4.3.5 Separable Programming

In the Separable Programming Problems all nonlinear terms are presented by univariate
functions. A general formulation of such problem looks as follows:

. mo
min go(z) = X ao;fo;({(a0, ) + bo;)
reR™ 7=1

(4.3.11)
s.t qz(x) = '221 Oéi’jfi’j(<ai’j, I> + bm’) S ﬂi, 1=1... m,
]:
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where o ; are some positive coefficients, a,; € R" and f; ;(t) are convex functions of one
variable. Let us rewrite this problem in the standard form:

min 7

z,t,T

S.t fi,j(<ai7j,x) + b@j) S ti,j; 1=0.. .m, ] =1.. .my,

Z al] i,j <7, 1= 0 , M, (4312)

=
<0 i=1,...,m,

r€R", 7€ R te RM,

where M = Z m;. Thus, in order to construct a self-concordant barrier for the feasible set
=0

of this problem we need the barriers for the epigraphs of the univariate convex functions
fi;- Let us point out such barriers for several important functions.

Logarithm and exponent.

The barrier Fi(z,t) = —Inz — In(Inz + ¢) is a 2-self-concordant barrier for the set
Qi={(x,t) ER?| >0,t>—Inx}

and the barrier Fy(z,t) = —Int — In(Int — x) is a 2-self-concordant barrier for the set

Qo= {(x,t) € R*| t > ¢"}.

Entropy function.

The barrier F3(z,t) = —Ilnz — In(t — xInx) is a 2-self-concordant barrier for the set
Qs ={(z,t) ER*| >0, t>zlnx}.

Increasing power functions.

The barrier Fy(z,t) = —2Int — In(t*? — 2?) is a 4-self-concordant barrier for the set
Qi={(z.t)eR*| t=>|z P}, p=>1,

and the barrier F5(x,t) = —Inx — In(t? — x) is a 2-self-concordant barrier for the set

Qs={(x,t) eER*| >0, >2}, 0<p<l
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Decreasing power functions.

The barrier Fg(z,t) = —Int — In(x — t~'/?) is a 2-self-concordant barrier for the set

1
Qﬁz{(x,t)eRﬂ x>0,t2xp}, p>1,

and the barrier F7(x,t) = —Inx — In(t — 27P) is a 2-self-concordant barrier for the set
1
Q7:{(x,t)€R2| x>0, th}, 0<p<l.
x

We omit the proofs of the above statements since they are rather technical. It can be
also shown that the barriers for all of these sets, except ()4, are optimal. Let us prove this
statement for the sets Qg, Q7.

Lemma 4.3.9 The parameter v of any self-concordant barrier for the set

1
_ 1 .2 2 (1) 2

p > 0, satisfies the inequality v > 2.

Proof:
Let us fix some v > 1 and choose T = (7,7) € int Q. Denote

pr=e¢€i, pPr=¢€y [i=0F=7 a=a=a=7vy-1
Then z + €e; € Q for any £ > 0 and
57—561:(0,’7)¢Q, j_ﬂ€2:(’7a0)¢Qa

T—aler+e)=(y—av—a)=(1,1) €Q.

Therefore, the conditions of Theorem 4.3.1 are satisfied and v > % + % = 27771. This proves

the statement since vy can be chosen arbitrary large. O

Let us conclude our discussion of Separable Programming by two examples.

Geometric Programming.

The initial formulation of such problems is as follows:

n

. my )
min go(z) = 3 g I1 (20))70.5

U no g )
stog(e) =% o, [ (@)% <1, i=1...m, (4.3.13)
=1 =1

9 >0, j=1,...,n,
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where «; ; are some positive coefficients. Note that the problem (4.3.13) is not convex.
(1) (n)
ijo 04

¥, Then (4.3.13) is transforming into a convex separable problem.

Let us introduce the vectors a; ; = (o ) € R™, and change the variables: 2() =

. mo
min > g exp({ao;,y))
yGRn ]:1

(4.3.14)

m;

st Y a;jexp({a;j,y) <1l,i=1...m.

7j=1

m 1/2
The complexity of solving (4.3.14) by a path-following scheme is O q mz} -In i)
1=0

Approximation in L, norms.

The simplest problem of that type is as follows:

n S | (a.x) — b P
min ; | (ai, z) |

(4.3.15)
st a<z<p,

where p > 1. Clearly, we can rewrite this problem in the equivalent standard form:

st | (a;,x) — b0 P<7O) =1, m,

(4.3.16)

r € R", 7€ R™L

The complexity of this problem is O (\/m -In %) iterations of a path-following scheme.

Thus, we have discussed the performance of the interior-point methods on several pure
problem formulations. However, it is important that we can apply these methods to the
mized problems. For example, in problems (4.3.7) or (4.3.15) we can treat also the quadratic
constraints. To do that, we need just to construct the corresponding self-concordant barriers.
Such barriers are known for all important examples we meet in practical applications.

4.3.6 Choice of the minimization scheme

We have seen that many Convex Optimization problems can be solved by interior-point
methods. However, we know that the same problems can be solved by another general



4.3. APPLICATIONS OF STRUCTURAL PROGRAMMING 203

technique, the Nonsmooth Optimization methods. In general, we cannot say what is better,
since the answer depends on the individual structure of a concrete problem. Let us consider
a simple example.

Assume that we are going to solve a problem of finding the best approximation in L,-

NOrms: .
min Y | {a;, z) — b@ |P

rER™ ;—1

(4.3.17)
st a<zxz <,

where p > 1. And let we have two numerical methods available:
e The ellipsoid method (Section 3.2.6).
e The interior-point path-following scheme.

What scheme we should use?” We can derive the answer from the complexity estimates of

the corresponding methods.
Let us estimate first the performance of the ellipsoid method on the problem (4.3.17).

Ellipsoid method
Number of iterations: O (n2 In %) )

Complexity of the oracle: O(mn) operations,

Complexity of the iteration: O(n?) operations.

Total complexity: O <n3(m +n)In %) operations.

The analysis of the path-following scheme is more complicated. First, we should form
the mediator and the corresponding self-concordant barrier:

st | (a;,x) — b0 P<7O =1 ... m,

(4.3.18)

Fr,7,8) = % (D, (ai,z) — b)) — 3 [In(z® — a®) + In(80) — ®)]
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where f(y,t) = —2Int — In(t¥? — y?).
We have seen that the parameter of the barrier F'(z,7,¢) is v = 4m+n-+1. Therefore, the
number of iterations of the path-following scheme can be estimated as O <\/ dm+n+1ln %)
At each iteration of the path-following scheme we need the gradient and the Hessian of

the barrier F'(z,7,§). Denote g1(y,t) = f,(y,t), g2(y,t) = f{(y,t). Then

m

Fl(x,71,&) = Z (7D {az, 2) — bD)a; — 7;1 [m(giam - /@(i)ix(i)] €is

=1

m 171 m -1
F-z{(i)(xﬂ_: 5) = 92(7(1)7 <ai>$> - b(i)) + {5 - Z T(Z):| ) Fﬁl(xaTa 6) - {5 N 7;:1 T(Z)} .

i=1

Further denotlng h11<y7 ) yy(y7 )7 hl?(y7 t) fy ( ) and h22(y7 ) tlé(ya t)7 we obtain:

| 1 1
7 T :
Fl (x,7,6) = Zhu (a;, 7) — bD)a;al + diag [(x(i) — a0y (a0 —x(i))2]’

m -2
Fllo) i (w,7,€) = hao (71 {as, ) — b) + (g—ZT@)) :
=1
-2

-2
Fle(e.m8) =0, Fly(w.7.6) = (f ZT) L Fl(a,7,€) = (é zﬁ>

Thus, the complexity of the oracle in the path-following scheme is O(mn?) arithmetic oper-
ations.

Let us estimate now the complexity of each iteration. The main source of the com-
putational efforts at the iteration is the solution of the Newton system. Denote v =

mo 0\ T2 .
(5—27(”) , 5= {a;,x) — bW i=1,... n, and
i=1

AO = dlag |:(.'L‘(Z)ja<l))2 _'_ (6(1)711(1))2]1:1 Al = dlag (h11<7—(i), 87:))&17

A, = diag (h12(7_(i)7 si))ity, D = diag (h22<7'(i)7 $i))ity-

Then, using the notation A = (ay,...,a,), e = (1,...,1) € R™, the Newton system can be
written in the following form:

[A(Ag + M) AT] Az + AN AT = Fl(,7,6),
M AT Az + [D + K1 |AT + ke AE = Fl(z,7,8),

ke, AT) + AL = Fi(x,7,§) +1,
where t is the penalty parameter. From the second equation we obtain

AT = [D + kL, (Fl(z,7,€) — ApAT Az — ke Af).
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Substituting A7 in the first equation, we can express
Az = [A(Ro+ Ay = A[D + KL AT FL (0, 7,€) = AN[D + kL] M (FL(z, 7,€) — ke )},

Using these relations we can find A¢ from the last equation.
Thus, the Newton system can be solved in O(n3 + mn?) operations. This implies that
the total complexity of the path-following scheme can be estimated as

1
O (ng(m +n)*%.In >
€
arithmetic operations. Comparing this estimate with that of the ellipsoid method, we con-
clude that the interior-point methods are more efficient if m is not too large, namely, if
m < O(n?).
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