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Abstract

In the recent years, we can see that the interest for new optimization meth-
ods keeps growing. The modern problems are usually ill-conditioned and
high-dimensional. As a consequence, it is hard to solve them by using only
the classical techniques. At the same time, the first-order or the gradient
methods very often suffer from slow convergence, reaching their theoretical
limitations.

One of the natural ideas for improving the performance of the numerical
algorithms is to use higher derivatives of the objective. The classical second-
order optimization scheme is called Newton’s method. It has very fast local
quadratic convergence, provided that the starting point is sufficiently close
to the optimum. However, contrary to first-order algorithms, the classical
Newton’s method with unit step size does not possess any global convergence
guarantees in the general case.

The main goal of this thesis is to develop and analyse second-order and
high-order optimization methods for solving composite convex optimiza-
tion problems, together with the different problem classes, for which we
can establish the global iteration complexity bounds. We are interested in
studying implementable algorithms with explicitly stated convergence rates,
aiming to have both theoretical and practical justification of the methods.
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Chapter 1
Introduction

The first study of optimization principles and algorithms was undertaken
long before the invention of the computer. Today, we can highlight the work
of Cauchy in 1847 on the gradient method [91]. It appears that steepest
descent and Armijo-type line search were already known at that time, while
the rigorous proofs of convergence were waiting for one hundred years to be
discovered.

From the middle of the twentieth century, Optimization was quickly rec-
ognized as one of the most important parts of Computational Mathemat-
ics and Computer Science. Numerical optimization methods formed the
foundations for the information revolution, that keeps changing our lives
nowadays. The first-order or the gradient methods were established as a
fundamental tool for solving nonlinear optimization problems. Extensive
research on their convergence started from the 1950s. Let us refer to the
paper of Polyak in 1963 on the gradient methods [129], where the proofs of
convergence were presented in a modern form, and the works of Shor [143],
who discovered the subgradient method in 1962.

Besides, it became clear very soon that general optimization problems
are mainly unsolvable. Indeed, the class of all optimization problems is so
large that an intention to develop a universal method seems too ambitious.
Convex Analysis, which had taken its modern shape in 1970 due to the book
of Rockafellar [132], gave rise to the field of Convex Optimization. Presum-
ably, convex optimization problems are among the only efficiently solvable
continuous problems in Optimization Theory. These ideas were reflected
in the classic monograph of Nemirovski and Yudin [106], written in 1979.
After this work, it became possible to speak of the complexity of solving



Chapter 1. Introduction

optimization problems from a particular problem class. There appeared
to exist unavoidable lower complexity bounds for different problem classes,
and the optimal methods that achieve the corresponding bounds. The Fast
Gradient Method, which is optimal for Smooth Convex Optimization, was
discovered by Nesterov in 1983 [107].

Over the past decades, progress in first-order optimization theory has
been immense. But despite many great achievements, it remains a major
bottleneck for the gradient methods that their rate of convergence is slow
due to the fundamental theoretical limitations, that are represented by the
lower complexity bounds.

Newton’s method is a classical numerical algorithm, which has a reputa-
tion for being powerful. The initial versions of the method were considered
by Newton in 1669 for solving polynomial equations, and in general form
by Raphson in 1690 [131]. Its convergence was studied in the works of Fine
and Bennett in 1916 [51, 11], and in the paper of Kantorovich in 1948 [79].
From the optimization perspective, Newton’s method is a second-order al-
gorithm that is based on the quadratic approximation of the target function.
Thus the rate is locally quadratic, which is much faster than the rate of the
gradient methods. However, when the starting point is far away from the
optimum, the convergence of Newton’s method can be arbitrarily slow, or
even absent.

In this thesis, our goal is to develop efficient second-order and high-order
optimization methods that have global iteration complexity guarantees. We
study several modifications of Newton’s method and analyse their conver-
gence rates. Some of the approaches were known from previous works but
received extended analysis and important new features. The other algo-
rithms are completely new. For all our methods, we prove the global rates
and compare them with the rates of the first-order methods. Numerical
experiments are included.

First-Order Optimization. Let us mention some of the most represen-
tative directions and works in the area.

In the beginning of this century, it was revealed that we can signifi-
cantly accelerate first-order methods by moving out of the black-box opti-
mization concept. Very often, we know additional information about the
objective, and it might help an algorithm to be more effective by using that
knowledge properly. In this vein, the framework of composite optimization,
which is able to treat simple nondifferentiable components, was developed
by Nesterov [114], and by Beck and Teboulle [9] with applications to image
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processing.

Another major source of information is the primal-dual structure of
the problem. The smoothing technique (Nesterov, 2005 [108], 2007 [110];
d’Aspremont, El Ghaoui, Jordan, Lanckriet, 2007 [32]; d’Aspremont, 2008
[31]; Devolder, Glineur, Nesterov, 2012 [35]; Kelner, Lee, Orecchia, Sidford,
2014 [81]) is a striking example of using such structure of a given nondif-
ferentiable function in the methods that were initially developed for differ-
entiable objectives. This technique has been widely adopted in many ap-
plications, including the principal component analysis (PCA), semidefinite
programming (SDP), optimal control, and discrete optimization problems.
One more example of utilizing the min-max structure of the problem is the
Mirror Prox algorithm, that was proposed by Nemirovski in 2004 [104]. A
particular instance of this algorithm known as the extragradient method
was developed by Korpelevich in 1976 [84].

There was growing interest in the interplay between Optimization and
Machine Learning in the 2010s (see the volume [146]). Stochastic meth-
ods with their complexity bounds were studied in the works of Nemirovski,
Juditsky, Lan, and Shapiro [105, 87]. The first-order methods with inez-
act oracle information, and the universal methods that can automatically
adapt to the smoothness properties of the objective were developed by De-
volder, Glineur, and Nesterov in [36, 115], and for the stochastic setting by
Dvurechensky and Gasnikov in [47]. Adaptive subgradient methods for on-
line learning and stochastic optimization were introduced by Duchi, Hazan,
and Singer in 2011 [46].

A large group of problems in Machine Learning and Statistics can be
modelled as a finite-sum minimization problem, where the target objective
is represented as a (huge) sum of losses evaluated at different objects from a
given dataset. A notable achievement was the development of the variance
reduction technique by Schmidt, Le Roux, and Bach in 2012 [141] for the
gradient methods solving such problems.

The modern huge-scale problems needed new ideas and new methods,
while some of the other developments were revisitings of the old techniques.
Thus the coordinate descent methods became very popular for solving the
problems with thousands and millions of variables, after the first complex-
ity guarantees were established by Nesterov in 2012 [113]. The accelerated
coordinate methods with nonuniform random samplings were proposed by
Lee and Sidford, 2013 [90], and with improved sampling distributions in
2016 by Allen-Zhu, Qu, Richtarik, and Yuan [3], and by Nesterov and Stich
[125]. The coordinate descent method with volume sampling, that has prov-
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ably better performance when increasing the batch size, was developed by
Rodomanov and Kropotov in 2020 [135].

The conditional gradient methods also received substantial attention dur-
ing the past decade, though the first algorithm of this type was proposed
back in 1956 by Frank and Wolfe [52]. It appeared that these methods are
very efficient for solving high-dimensional problems over the convex sets
with difficult structure (see the works of Jaggi, 2013 [73], Lacoste-Julien,
Jaggi, Schmidt, and Pletscher [86], Lan, 2013 [88], Harchaoui, Juditsky, and
Nemirovski, 2015 [69]).

One of the recent promising research directions is computer aided analy-
sis for the performance of first-order methods (Drori and Teboulle, 2014 [45];
Kim and Fessler, 2016 [82]; Taylor, Hendrickx, and Glineur, 2017 [149, 148]).
With the help of computers, there were developed the accelerated gradient
methods that match the lower complexity bounds with the best numerical
factors.

Second-Order Optimization. From the beginning of using Newton’s
method in computational practice, there have been many techniques devel-
oped to improve its convergence properties.

A popular approach, that is often called the damped Newton method, is
to perform a line search for the Newton direction. This idea was proposed
in 1948 by Kantorovich. A more modern reference is the book of Ortega and
Rheinboldt [128], originally published in 1970. For some classes of problems,
it is possible to establish the global convergence for the damped Newton
iterations. However, there are two serious issues with this approach. First,
the method might not work when the Hessian is a degenerate matrix (which
happens even to the convex problems). Second, the complexity guarantees
of the damped Newton method are usually much worse than that of the
basic gradient methods. Therefore, from the theoretical perspective, there
is no point in using the second-order information in this case, until entering
the region of quadratic convergence.

To deal with the degeneracy of the Hessian, one can use the Levenberg-
Marquardt algorithm, first published in 1944 [92] and then rediscovered in
1963 [97]. They suggested to regularize the Hessian with the identity matrix
multiplied by some positive coefficient. It can be viewed as a strategy
for combining the Newton algorithm with the gradient method. So the
regularization parameter should mix the best of the performances of these
two methods. At the same time, the Levenberg-Marquardt algorithm may
suffer from the slow worst-case convergence of the first-order schemes, while
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the choice of the regularization parameter is not easy.

The trust-region approach is a different and very popular technique of
globalizing the Newton iterations. The idea is to restrict the quadratic
model of the function onto a neighbourhood of the current point. The size
of this neighbourhood is a parameter that we need to choose. It should
balance the error of the model and the length of the method step. Trust-
region methods originated in the work of Goldfeld, Quandt, and Trotter
in 1966 [56]; afterwards, they were extensively developed by Conn, Gould,
and Toint (see their book [30], published in 2000). An example of slow
behaviour of Newton’s method and its trust-region modifications was con-
structed by Cartis, Gould, and Toint in 2013 [25]. It was demonstrated that
for unconstrained minimization of a smooth function with globally Lipschitz
continuous Hessian, the number of iterations of the Newton algorithm might
be as many as of the steepest descent.

A big step in a second-order optimization theory was made after the
paper [124] by Nesterov and Polyak in 2006, where cubic reqularization of
Newton’s method with its global complexity guarantees was justified. The
main idea of [124] is to use a global upper approximation model of the objec-
tive, which is the second-order Taylor’s polynomial augmented by a cubic
term. For different problem classes, it was shown that the Cubic New-
ton algorithm has global rates which are better than those of the gradient
methods.

Moreover, one can find elements of all three approaches (a line search,
the Levenberg-Marquardt, and the trust-region techniques) in the cubic
regularization scheme, but all these features are just consequences of the
core idea, which is to employ a global upper approximation. Probably
the first appearance of the cubic regularization of Newton’s method in the
scientific literature was the paper [64] by Griewank in 1981.

The following results provide a good perspective for the development
of the cubic regularization approach. Accelerated second-order schemes for
convex minimization were discovered in (Nesterov, 2008 [111]). Adaptive
cubic regularization methods were developed in (Cartis, Gould, and Toint,
2011 [21, 22]). The latter algorithms showed encouraging performance, em-
ploying both an adaptive estimation of the regularization parameter and effi-
cient approximations of the exact cubic step. Extending the idea of adaptive
search, universal schemes that can automatically adjust to a second-order
smoothness of a particular objective function were proposed in (Grapiglia
and Nesterov, 2017 [60, 61]). The methods based on probabilistic mod-
els with cubic regularization and line search were developed in (Cartis and
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Scheinberg, 2018 [28]) for solving large-scale unconstrained minimization
problems.

In the same vein, the Gauss-Newton algorithms with global complexity
guarantees for solving a system of nonlinear equations were proposed in
(Nesterov, 2007 [109)]).

The lower complexity bounds for the second- and high-order methods
were obtained by (Cartis, Gould, and Toint, 2010 [20]; Arjevani, Shamir,
and Shiff, 2019 [4]; Agarwal and Hazan, 2018 [1]). The accelerated proximal
method that was proposed in (Monteiro and Svaiter, 2013 [101]) turned
out to be nearly optimal for second-order convex optimization, matching
the corresponding lower bound up to logarithmic terms. Such additional
payment is required for some heavy auxiliary line search at each iteration.

There are two open theoretical questions related to the cubic regulariza-
tion technique, which we address in our thesis.

First, it is still not fully understood, what the global complexity bounds
of the regularized Newton schemes for the problems with strongly convex
and uniformly convex objectives are. For the first-order algorithms, strongly
convex functions with Lipschitz continuous gradient serve as an example
of nondegenerate problem class, that is the most favourable to the meth-
ods. Therefore, a comparison between the first-order and the second-order
schemes on these problems is of a high importance.

Second, a nice property of the classical Newton’s method is affine-
invariance. It makes the method independent of the coordinate system,
which can be chosen in the wrong way in applications. On the contrary, in
the Cubic Newton method we are obliged to fix the norm for the regular-
izer. As a consequence, the method is no longer affine-invariant and quite
sensitive to the choice of the coordinate system.

Affine-invariant characterization of Newton’s method is mainly related
to the framework of self-concordant functions, introduced for the study of
the interior-point methods by Nesterov and Nemirovski in 1994 [123]. From
the global perspective, this class provides us with an upper second-order ap-
proximation of the objective, which naturally leads to the damped Newton
iterations. Several new results are related to the analysis of the damped
Newton method for generalized self-concordant functions (Bach, 2010 [5];
Sun and Tran-Dinh, 2019 [147]), and the notion of Hessian stability (Karim-
ireddy, Stich, and Jaggi, 2018 [80]). However, for more refined problem
classes, we can often obtain much better complexity estimates by using the
cubic regularization technique (see Dvurechensky and Nesterov, 2018 [49]).

In this thesis, we propose a new family of second-order algorithms called



Contracting Newton methods that have both the affine-invariance property
and the fast global rate of the Cubic Newton method.

Tensor Methods. It seems to be a natural idea to increase the efficiency
of the methods by employing high-order oracles. The study of high-order
numerical methods for solving nonlinear equations is dated back to the work
of Chebyshev in 1838, where the scalar methods of order three and four
were proposed [29]. The methods of arbitrary order for solving nonlinear
equations were studied by Evtushenko and Tretyakov in 2014 [50].

The main obstacle to using this approach in Optimization consists in a
prohibiting complexity of the corresponding Taylor’s approximations formed
by the high-order multidimensional polynomials, which are difficult to store,
handle, and minimize. If we go just one step above the commonly used
quadratic approximation, we get a multidimensional polynomial of degree
three which is never convex. Consequently, its usefulness for optimization
methods was questionable.

However, recently in the work of Nesterov, 2019 [118], it was shown
that Taylor’s polynomials of convex functions have a very interesting struc-
ture. It appeared that their augmentation by a power of Euclidean norm
with a reasonably big coefficients gives us a global upper conver model of
the objective function, which keeps all advantages of the local high-order
approximation.

Hence, it became possible to speak about efficient implementation of the
tensor methods, while their rate of convergence in terms of the iterations is
dramatically fast. The global complexity bounds of the basic and acceler-
ated tensor methods were studied by (Baes, 2009 [6]; Nesterov, 2019 [118];
Gasnikov et al., 2019 [54]). Universal tensor methods, which can automat-
ically adapt to the Holder parameters of the objective, were developed by
Grapiglia and Nesterov in 2019 [63]. Optimal combinations of the tensor
methods for minimization problems with a sum of functions were studied by
Kamzolov, Gasnikov, and Dvurechensky in 2020 [77]. Adaptive high-order
methods for nonconvex optimization, together with sharp worst-case com-
plexity bounds were investigated by Cartis, Gould, and Toint in 2020 [27].

Application of high-order methods for optimization of a smooth approx-
imation of nonsmooth functions was considered by Bullins, 2020 [16].

In this thesis, our focus on the tensor methods is twofold. Firstly, it
is of theoretical interest and curiosity to study the methods in its general
form. We believe that understanding the core principles behind the methods
of different order may lead us to new developments in the second-order
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and even in the first-order optimization algorithms. Secondly and more
importantly, recently (Nesterov, 2020 [122]) we received a confirmation that
the third-order schemes can be efficiently implemented by employing only
the second-order information. Therefore, it is not possible to avoid the
tensor methods, when speaking on the second-order optimization.

Structure of the Thesis. The rest of this chapter is organized as fol-
lows. Section 1.1 contains an overview of our contributions. Then we intro-
duce the latest research direction on high-order methods in Smooth Convex
Optimization. We list some known algorithms of different order and the
corresponding convergence theory. During description of the methods, we
highlight issues with them which motivate our developments presented in
the follow-up parts. Preliminaries and our notation are in Section 1.3.1.
In Section 1.3.2, we review the Gradient Method. Sections 1.4 and 1.5 are
devoted to second- and high-order methods, respectively. In Section 1.6 we
discuss arithmetical complexity for the oracles of different order.

The main results of the thesis are presented within the following chap-
ters.

Chapter 2 is devoted to uniformly conver functions. In Section 2.1
we study the global performance of a regularized Newton method for the
uniformly convex problems, and in Section 2.2, the local convergence of
high-order Tensor Methods.

Chapter 3 presents our results related to a contraction of the smooth
part of the objective. In Section 3.1, we develop new affine-invariant high-
order algorithms for solving the composite convex minimization problems
with bounded domain. In Section 3.2, we study the performance of the
contracting second-order schemes. We propose new accelerated methods
based on the contraction technique in Section 3.3.

Chapter 4 is devoted to inexact and stochastic versions of the methods.
In Section 4.1, we study inexact high-order Tensor Methods. In Section 4.2,
we investigate inexact contracting second-order method, whose steps are
computed using a first-order gradient-based algorithm. We develop stochas-
tic variants of our contracting second-order schemes in Section 4.3.

Chapter 5 contains final discussion of our results and highlights some
possible directions for the future research.



1.1. Overview of the Contributions

1.1 Overview of the Contributions

Our thesis is based on new results published in six papers in the leading peer-
reviewed journals of Mathematical Optimization and Machine Learning.
These contributions can be summarized as follows.

Global performance of Cubic Newton for uniformly convex prob-
lems. We introduce the notion of second-order condition number for uni-
formly convex functions with Holder continuous Hessian of degree v € [0, 1],
and the corresponding degree of uniform convexity is ¢ = 2 + v. We show
that a regularized Newton scheme achieves the global linear rate of conver-
gence for these problem classes, and the condition number plays the role
of the main complexity factor. Then we establish this rate for the adaptive
Cubic Newton Method which does not depend on any parameters of the
problem class (automatically achieving the best complexity estimate). As
a by-product of our developments, we justify an intuitively plausible result
that the global iteration complexity of the Cubic Newton is always better
than that of the Gradient Method on the class of strongly convex functions
with uniformly bounded second derivative.
We present these results in Section 2.1 based on the paper:

e Nikita Doikov and Yurii Nesterov. Minimizing uniformly convex func-
tions by cubic reqularization of Newton method, Journal of Optimiza-
tion Theory and Applications, 2021 [42].

Local convergence of Tensor Methods. We study local convergence
of high-order Tensor Methods. We justify local superlinear convergence for
the methods of order p > 2, in the case when the composite objective is
uniformly convex of arbitrary degree ¢ from the interval 2 < ¢ < p + 1.
For strongly convex functions (¢ = 2), this gives the local rate of order p.
This convergence is established both in the function value and in the norm
of minimal subgradient. Then we discuss the global complexity bounds for
the Tensor Method in convex and uniformly convex cases. Lastly, we show
how local convergence of the methods can be globalized by using inexact
Proximal-Point iterations.
These results are presented in Section 2.2 based on the paper:

e Nikita Doikov and Yurii Nesterov. Local convergence of tensor meth-
ods, Mathematical Programming, 2021 [41].
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New affine-invariant second- and high-order methods. We develop
new affine-invariant algorithms for solving the composite convex minimiza-
tion problem with bounded domain. We present a general framework of
Contracting-Point Methods, which solve at each iteration an auxiliary sub-
problem restricting the smooth part of the objective function onto contrac-
tion of the initial domain. This framework provides us with a systematic
way for developing optimization methods of different order, endowed with
the global complexity bounds. We show that using an appropriate affine-
invariant smoothness condition, it is possible to implement one iteration
of the Contracting-Point Method by one step of the pure tensor method of
degree p > 1. The resulting global rate of convergence in functional residual
is then O(1/kP?), where k is the iteration counter. It is important that all
constants in our bounds are affine-invariant. For p = 1, our scheme recovers
the well-known Frank-Wolfe algorithm, providing it with a new interpreta-
tion by a general perspective of tensor methods. For p = 2, we obtain new
second-order scheme called Contracting Newton Method, which has global
convergence of the order O(1/k?). It can be seen as an implementation of
the trust-region idea.

Further, we study a performance of the contracting second-order schemes
under the assumption of Hoélder continuous Hessian of degree v € [0,1]
(w.r.t. arbitrary norm). First, we introduce a new global second-order
lower model of a smooth function. Then, we show that the Contracting
Newton Method at every iteration minimizes this lower approximation of the
smooth component of the objective augmented by the composite term. We
prove the global rate of the order O(1/k') in the general convex case. For
strongly convex functions, we establish O(1/k**2¥) for the universal scheme.
And if the parameters of the problem class are known, we can prove a
global linear rate. Finally, we present aggregated models which accumulate
second-order information into quadratic Estimating Functions. This leads
to another optimization process, called Aggregating Newton Method, with
the global convergence of the same order O(1/k'™) as for general convex
case. The latter method can be seen as a second-order counterpart of the
dual averaging gradient schemes [112, 116].

These results are presented in Sections 3.1, 3.2 and based on the papers:

e Nikita Doikov and Yurii Nesterov. Convexr optimization based on
global lower second-order models, Advances in Neural Information Pro-
cessing Systems (NeurIPS), 2020 [39].

e Nikita Doikov and Yurii Nesterov. Affine-invariant contracting-point
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methods for convex optimization, CORE Discussion Papers 2020/29
[37].

New contracting proximal algorithms. Utilizing contraction tech-
nique, we propose new accelerated methods for Smooth Convex Optimiza-
tion called Contracting Proximal Methods. At every step, we need to min-
imize a contracted version of the objective function augmented by a regu-
larization term in the form of Bregman divergence. This approach can be
interpreted as a combination of contracting-point and proximal-point ideas.
For our general scheme, we provide global convergence analysis admitting
inexactness in solving the auxiliary subproblem. In the case of using for
this purpose the basic Tensor Method of order p > 1, we demonstrate an
acceleration effect for both convex and uniformly convex composite objec-
tive function. The global convergence of the resulting scheme is O(1/kPT1)
in the general convex case. Thus, our construction explains acceleration for
methods of any order starting from one. The augmentation of the number
of calls of oracle due to computing the contracted proximal steps, is limited
by the logarithmic factor in the worst-case complexity bound.

We present these results in Section 3.3 based on the paper:

e Nikita Doikov and Yurii Nesterov. Contracting proximal methods for
smooth convexr optimization, STAM Journal on Optimization, 2020
[38].

Efficient inexact and stochastic second- and high-order methods
with global complexity guarantees. First, we study inexact high-order
Tensor Methods. At every step of such methods, we use the approximate
solution to the auxiliary problem, defined by the bound for the residual in
function value. We propose two dynamic strategies for choosing the inner
accuracy: the first one is decreasing as 1/kPT1, where p > 1 is the order of
the method and k is the iteration counter, and the second approach is using
for the inner accuracy the last progress in the target objective. We show
that inexact Tensor Methods with these strategies achieve the same global
convergence rate as in the error-free case. For the second approach, when
objective is strongly convex, we establish global linear rates as well, and
local superlinear rates when p > 2. We also consider acceleration of inexact
Tensor Methods, using our Contracting Proximal iteration with dynamic
condition of inexactness defined in terms of the residual in function value.
Lastly, we present computational results on a variety of machine learning
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Chapter 1. Introduction

problems for several methods and different accuracy policies.

Then we propose a two-level optimization scheme, which is the imple-
mentation of the inexact Contracting Newton Method, via computing its
steps by the first-order Conditional Gradient Method. For the resulting
algorithm, we establish the global complexity O(e~'/2) calls of the second-
order local oracle (computing the gradient and the Hessian of the smooth
part of the objective), and O(e~!) calls of the linear minimization oracle of
the composite part, where £ > 0 is the required accuracy in the functional
residual. Additionally, we address efficient implementation of our method
for optimization over the standard simplex. Numerical experiments with
our scheme confirm its good practical performance both in the number of
iterations, and in computational time.

Finally, we consider the problem of finite-sum minimization. We develop
stochastic extensions of our Contracting Newton Method. During the itera-
tions of the basic variant, we need to increase the batch size for randomized
estimates of gradients and Hessians up to the order O(k*) and O(k?) re-
spectively. Using the variance reduction technique [141] for the gradients,
we reduce the batch size up to the level O(k?) for both estimates. At the
same time, the global convergence rate of the resulting methods is of the
order O(1/k?), as for general convex functions with Lipschitz continuous
Hessian. We present computational results for solving empirical risk mini-
mization problem, comparing new second-order algorithms with stochastic
first-order methods.

These results are presented in Chapter 4. Section 4.1 is based on the

paper:

e Nikita Doikov and Yurii Nesterov. Inexact tensor methods with dy-
namic accuractes, International Conference on Machine Learning
(ICML), 2020 [40].

Sections 4.2 and 4.3 are based on the aforementioned papers [37, 39], re-
spectively.

12



1.2. Table of Algorithms

1.2 Table of Algorithms

In the following table, we list optimization algorithms that we analyse in

this thesis. The methods from Chapters 3 and 4 are all new.

Chapter 1
Gradient Method (1.3.10)
Newton’s Method (1.4.1)
Damped Newton (1.4.4)
Cubic Newton (1.4.9)
Tensor Method (1.5.1)
Computing Inexact Tensor Step for p = 3 (1.5.3)
Chapter 2
Regularized Newton (2.1.19)
Adaptive Cubic Newton (2.1.22)
Proximal-Point Method (2.2.26)
Chapter 3

Conceptual Contracting-Point Methods I, 1T
Contracting-Point Tensor Methods I, 1T
Contracting Newton I, II

(3.1.4), (3.1.10)
(3.1.22), (3.1.24)
(3.2.10), (3.2.23)

Aggregating Newton (3.2.30)
Contracting Proximal Method (3.3.22)
Contracting Proximal Tensor Method (3.3.58)

Chapter 4

Monotone Inexact Tensor Methods I, II

(4.1.4), (4.1.14)

Inexact Tensor Method with Averaging (4.1.31)
Inexact Accelerated Scheme (4.1.35)
Inexact Contracting Newton (4.2.2)
Stochastic Contracting Newton (4.3.2)
Stochastic Variance-Reduced Contracting Newton (4.3.14)

Now, let us present global rates of convergence in terms of the functional
residual for different first-order, second-order, and tensor methods on gen-
eral convex functions, which are several times differentiable. We use O(-)
to hide logarithmic terms that depend on the target accuracy. We denote
by k the iteration counter. Our results are marked as new.
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Chapter 1. Introduction

First-order methods

Affine-
Method Rate Assumption
invariant
Gradient Method [117] O™ Lipschitz grad. -
Frank-Wolfe Algorithm [52] O(k™h) Bounded dom. +
Fast Gradient Method [107] O(k_Q) Lipschitz grad. —
Second-order methods

Newton’s Method [117] — +
Prox. Point 4+ Newton’s (new) | O(k~!%) Lipschitz Hess. -
Cubic Newton [124] O(k™2) Lipschitz Hess. -
Contracting Newton (new) O(k™2) Bounded dom. +
Aggregating Newton (new) O(k™?) Bounded dom. +
Contracting Proximal Method ~/,1_3 . .

O(k L hitz Hess. -
+ Cubic Newton (new) (k™) tpschita Hess
Accel. Cubic Newton [111] O(k™%) Lipschitz Hess. -
Acc-el. Cubic Newton @(k‘3‘5) Lipschitz Hess. _
+ line search [101, 117]
Third-order Prox. Point @(k74) Lipschitz grad. _
+ second-order impl. [120] and third deriv.
Third-order PI“O.X. Point - Lipschitz grad.
+ second-order impl. O(k™>) and third deriv —
+ line search [121] '

Tensor methods of order p > 1

Prox. Point + Tensor (new) @(kprH) Lipschitz p-th deriv. —
Basic Tensor Method [118] O(k™?) | Lipschitz p-th deriv. -
Contracting-Point _

O(k~? Bounded dom.
Tensor Method (new) (k77) ounded dom +
Contracting Proximal Method A —(p+1) . . .

Ok~ Lipschitz p-th deriv. -

+ Tensor Method (new) ( )| Lipschitz p ey
Accel. Tensor [118] O(k~®+1)| Lipschitz p-th deriv. -
Accel. Tensor + line search [54] Ok~ = Lipschitz p-th deriv. —

We discuss elements from the tables in the further sections of the thesis.
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1.3. Smooth Convex Optimization

1.3 Smooth Convex Optimization

We start with a formal statement of our target optimization problem, and
specify the basic notation which is necessary for all statements in the thesis.
The definition of Lipschitz continuity is coupled with a number of examples
and some useful properties. Then, we briefly review the classical Gradient
Method as an introduction into the subject of Smooth Convex Optimiza-
tion. For an exhaustive study of the topic we refer to the classic books and
lecture notes [117, 10, 14, 127, 130]. The Gradient Method serves as an im-
portant baseline to our further developments in second-order and high-order
methods.

1.3.1 Preliminaries and Notation

We denote by E a finite-dimensional real vector space. Then, our main
problem of interest can be formulated in the composite form, as follows:

min{F(x) © fa)+ 1/1(93)}, (1.3.1)

x

where ¢ : E — R U {400} is a simple proper closed convex function, and
function f is convex and several times continuously differentiable at every
point x € domy = {z € E : ¢(z) < +o0}.

Example 1.3.1. When ¢(z) =0, (1.3.1) becomes the unconstrained min-
imization problem with a smooth convex objective:

min f(x).

z€E

Example 1.3.2. Let @ C E be a simple closed convex set, and ¥ be its
{0, +o0}-indicator:

wlz) = {O’ rew

400, otherwise.

Then, problem (1.3.1) is to minimize f over @:
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Chapter 1. Introduction

Example 1.3.3. Let E = R™ and

def &

P(x) =zl = ;Iz(”l-

Then, (1.3.1) is a problem with ¢; -regularization.

Thus, the framework of composite optimization [114] provides a unified
way to treat the constrained problems and the problems with explicit non-
differentiable components. The main requirement is that ¢ should have a
simple structure, which means that corresponding auxiliary subproblems are
efficiently solvable. We will see examples of subproblems when discussing
the methods. Typically, we substitute some model for f in (1.3.1), while
the composite component 1 remains unchanged.

Having fixed the primal vector space E, we denote by E* its dual space,
which is a space of linear functions on E. The value of linear function s € E*
on vector z € E is denoted by (s, x) o s(z). Of course, one can always
identify E and E* with R™, when some basis is fixed, but often it is useful
to separate these spaces, in order to avoid ambiguities.

For a smooth function f : dom f — R, where dom f C E is open, we
denote by V£ (z) its gradient and by V2 f(x) its Hessian, evaluated at point
z € dom f C E. Note that

Vi) € E*,  V2f(z)h € E*,

forall h € E. For p > 1, we denote by D? f(x)[h1, .. ., hy] the p-th directional
derivative of f along directions hq,...,h, € E. Note that D?f(z) is a p-
linear symmetric form on E. If h; = h for all 1 <4 < p, a shorter notation
DP f(z)[h]P is used. For its gradient in h, we use the following notation:

Drf(x)[prt = Ly, DPf(2)[h)P € E*,  heE.

In particular, D' f(z)[h]® = Vf(x), and D?f(z)[h]' = V2f(x)h.

For a convex but not necessary differentiable function v, we denote by
oY (xz) C E* its subdifferential at point z € dom v C E:

ob(x) X {geE : Vyedomd (¥(y) > b(z) + (g,y —a))}.
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1.3. Smooth Convex Optimization

We denote by =* a solution to problem (1.3.1), assuming that it exists:
z* € Argmin F(z), F* = F(z*).

Then, this point satisfies the following optimality condition (see, e.g. The-
orem 3.1.23 in [117]):

(Vf(x*),z —az*y+¢(x) > (z*), x € dom 1. (1.3.2)

In other words, the following inclusion holds:
-Vf@r) e opx).

From now on, let us fix some self-adjoint positive-definite linear operator
B :E — E* (notation B = B* » 0). We use it to endow the primal space
with the Euclidean norm:

|zl € (Be,z)Y2, zeE.

Then, the norm for the dual space is induced in the standard way,

Isl. = max{(s,h) : Rl <1} = (s B7'9)%  scE

In what follows, we work with the Euclidean norms, unless the contrary is
explicitly stated (we will consider general norms in Chapter 3).

For any linear operator A : E — E* its norm is defined as

def
— : < .
lAll = max{||An]l. : [|nl] <1}

Similarly, the norm of DP? f(z) for any p > 1 is induced by the Euclidean
norm for the primal space, as follows:

Ipr @) < max {DPf@)h, k) V(] < 1)

hi,...,hp,€E

= max{ID?f @) ¢ 0] < 1}

See Appendix 1 in [123] for the proof of the last equation, which is valid for
any multilinear symmetric form.

The norm can be used to characterize the smoothness of our objective.
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We say that for some p > 1, the p-th derivative of f is Lipschitz continuous
on a convex set () C dom f, if for all x,y € @, it holds

|1DPf(z) — DPf(y)l

< max{|Df (@) WP — DPF@)AP] 0 <1 (1:33)
< Lyllz—yl,

with some positive constant L,. For p = 1, we get the functions with
Lipschitz continuous gradient, and for p = 2, with Lipschitz continuous
Hessian.

Let @ be a convex set. For k times continuously differentiable on @ func-
tions, whose p-th derivative (p < k) is Lipschitz continuous, the standard
notation is

;e Q.

When p < k and @ is an open convex set, Lipschitz continuity is equivalent
to the boundness of the higher (p + 1)th derivative. This fact can be useful
for computing the corresponding Lipschitz constants.

Example 1.3.4. For the power of the Euclidean norm

f@) = sllz—mlP*,  p=1, a0 €k,

(1.3.3) holds for all z,y € E with L, = p! (see Theorem 7.1 in [136]).

Example 1.3.5. For given linear functions a; € E*, 1 < ¢ < m, consider
the following convex function (SoftMax):

flz) = log(ie““m)), z € E.

i=1

Let us use operator B = Z:nzl a;a} : E — E*, that is defined by the equation

Bh = aath = (ai, hya;, Vh € E.

oF
or

Il
-

7 =1

We assume that B >~ 0 (i.e. (Bh,h) > 0 for any h € E), otherwise we can
reduce dimensionality of the problem. Then, (1.3.3) holds for all z,y € E
with

Ly = 1, Ly = 2, Ly = 4.
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1.3. Smooth Convex Optimization

Proof. Denote k(x) = >0, e{®®). Let us fix arbitrary x,y € E and direc-
tion h € E. Then, straightforward computation gives:

(Vi@)h) = ey S, efoom) (a, h),
2

(V2f(@)h,h) = 5 S, el (ag, h)2 = (o Sy efo) (i, b))

= 2 ) ((ai, h) — (VF(),h)° > 0.

Hence, we get,

V2f(x = max (VZf(2)h,h) < max > v (a;, h)?
IV = max (V2 f(a)hh) < anax S (as )
= max ||h]? = L
Ipll<1
Thus we obtain L; = 1. For higher derivatives, we have the following
representations:
D@ = g 2 e (@ h) = (VF(@), )’
< (V2f(z)h,h) max (a; —aj,h) < 2|h|P,
1<i,j<m
and
m
DU @R = g 3 et (o h) = (VF (@), h)* = 3V (@)h, h)?
1=
< D’f(@)[h® max (a;i—a;h) < 4h]*,
1<i,j<m
which give Lo = 2 and Ls = 4. O

Example 1.3.6. Using E = R, and a; = 0,a3 = 1 in the previous example,
we obtain the logistic regression loss function:

f(z) = log(1+e*), x €R.
However, a more specific analysis provides us with the following estimates
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for its Lipschitz constants, which are tight:

Ly = g, L, = L Ly =

N
ool

Proof. Denote o(x) = f'(z) =
Direct calculations give:

1
1+e—%"

o'(z) = ofx)-(1-o(x)),

o’(x) = o'(x)-(1-20(x)),
o"(x) = ol(x)-(60(z)? —60(z)+1)

= 60'(2) (0(x) — 53— 515)  (0(2) — 3+ 55);
oW(z) = o"(x) (120(x)% — 120(z) + 1)

= 0"(2) (0(z) - 35— J5) (o(@) — 5+ )

Hence, considering the stationary points, we get
max f"(z) = maxo'(s) = a-(I-a)l,_, = 1,
max |[f"(z)] = max|o”(z)]

= max{|a~(1—a)-(1—2a)| : a:%iﬁ}
_ 1 1 1 1 I |
= [G+33) G-23) %] = &
and finally
(4) _ "
max | 19 ()| max 0" (z)]

= max{la-(1-a)- (60 —6a+1)| : a € {35+ J}}

= Ja-(1—a)- (602 —6a+1)

o=

QZE
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1.3. Smooth Convex Optimization

Taylor’s polynomial is a standard tool of Numerical Analysis. For a
smooth function f, integer number p > 1, and given « € dom f, denote

O(fzy) S f@)+ Y D)y — ali (13.4)

i=1

For f € CPP(Q), we can globally bound the residual between the function
and its polynomial approximation Q,(f,z;y) ~ f(y), as follows.

Lemma 1.3.7. For all x,y € Q, it holds

F@) = (fomy) < el (1.3.5)
IVF(y) =V (frmy)l < Eelepel (1.3.6)
IV2£(y) = V2Qu(foasy)l| < Lelozell (1.3.7)

Proof. Indeed, by Taylor’s theorem, we have

|f(y) — Qp(f, z39)]

1 1
= 1/ QDS DP (@ + 7(y — 2))y — alPdr — L D7 f(a)[y — 27|

= ) Qo DE (D7 f(x+ 7y — 2))ly — 2P — DP f(z)[y — alP)dr|

1.3.3
R N I

= (p—1)!

: 1 Lylly—a|"*?
Of(l — T)p TdT = p(pT

Applying the same reasoning to functions (Vf(-), k) and (V2f(-)h, h) with
direction h € E being fixed, we get (1.3.6) and (1.3.7). O

We say that a differentiable function f is strongly conver on a convex
set Q C dom f if it satisfies inequality

) > f@)+(Vi@),y—a)+ ezl vr e, (13.8)

for some constant > 0. For a strongly convex objective, the solution to
minimization problem (1.3.1) always exists and unique [117].
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Sometimes, we need to use the following technical bound. It can be
immediately seen from the geometrical meaning of integration.

Lemma 1.3.8. For every s > 1, the following inequality holds:

s—17

k
i< 2 VEk > 1. (1.3.9)
=1

Proof. The statement easily follows by observing that

k 1 k 1 +ood
J— €T — S
D = S
i=1 =2 1

1.3.2 The Gradient Method

A classical first-order optimization scheme is called the Gradient Method.
At each iteration, we substitute the linear approximation with a quadratic
regularizer for the smooth part of the composite objective. Then, we use
the minimum of the current model as the next point of the process:

rg € domu, k>0:
Thp1 = arg;nin{f(:ck) +(Vf(xr),y — zx) + M (1.3.10)
+ w@)}.

When ¢ (z) = 0, one iteration of this method can be rewritten in the
following canonical form:

Tyl = ;z:k—HikB*Vf(xk).

Therefore, operator B plays the role of a fixed preconditioner. For a par-
ticular problem instance, we can try to pick it in a way to improve the
smoothness characteristics of the objective (see Example 1.3.5).

In the general case, performing the composite gradient step for arbitrary
1 is related to computing the corresponding prox-operator [8].

Parameter Hy should be chosen so as to have a significant decrease in
the function value at every iteration. This can be achieved by ensuring the
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following upper bound:

Fae) < o) + (VS (ar),ope — o) + Zelmgmndl o (1.3.11)

which holds for the constant step size rule Hy = L; due to inequality (1.3.5).
If the Lipschitz constant is not known, a simple adaptive search for Hj
can be performed to ensure (1.3.11) (see [114]). Alternative strategies for
choosing Hj, include the Polyak’s stepsize rule [129, 130] (see also [70]), and
the adaptive rule from [99].

Let us assume that the gradient of the smooth part is Lipschitz contin-
uous (L; < +00). Then, the Gradient Method (1.3.10) needs

— Ly ||zo—z" 2
K = 0(%) (1.3.12)
iterations to find an e-solution in the functional residual: F(zg) — F* < e
[114]. For strongly convex functions, the rate of convergence is linear, and
the corresponding iteration complexity up to logarithmic factors depends
only on the condition number of the problem:

K = O(%log M) (1.3.13)

We recover these complexity estimates in Theorems 2.2.7 and 2.2.9 from
Chapter 2 as a particular case p = 1.

For the same problem classes, we can get an accelerated rate of conver-
gence by using the Fast Gradient Method [107, 114], achieving

O(y/Elz==l2 ) and O /Br tog Hen=E)

complexity estimates, correspondingly. These rates are known to be optimal
for the first-order black-box optimization [106, 102].

An additional advantage of using the adaptive search over parameter
Hj, within the gradient methods is that the algorithm becomes universal,
meaning that it can automatically adapt to different problem classes [115].
We discover this phenomenon in the context of regularized Newton methods
in Section 2.1 of Chapter 2.

See also [36, 34] for studies of the gradient methods with inexact or
stochastic first-order oracle information.
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1.4 Second-Order Methods in Optimization

Now we are going to review second-order numerical optimization schemes.
In such algorithms at each iteration we can exploit second-order local oracle
for the smooth part of the objective. The oracle returns the function value,
the gradient and the Hessian, computed at the given point. Having more
information about the objective, the second-order algorithms are expected
to be more powerful than the gradient methods.

1.4.1 Newton’s Method

In the classical Newton’s Method, we approximate the smooth part f of the
objective by its second-order Taylor’s polynomial evaluated at the current
point. The composite part 1 remains unchanged. The next point is defined
as a minimum of this model (we assume that a finite minimum exists).
Hence, iterations of Newton’s Method for solving problem (1.3.1) can be
represented as follows:

g € domy, k>0:
Th+1 € Argmin{f(xk) + (Vf(xr),y — zx) (1.4.1)
y

+ HVEf @)y — ax)y — ox) + () |-

When () = 0 and the Hessian is invertible, the step of the method can
be rewritten in a shorter form:

Tppr =k — (V2f(ar) 'V f(ap).

Comparing with the Gradient Method, each step of method (1.4.1) is obvi-
ously more expensive. However, we can hope that the second-order infor-
mation may significantly accelerate the rate of convergence.

The standard and well-known result about Newton’s Method is its local
quadratic convergence [78, 117]. Later on, it was generalized to the case
of composite optimization problems [89]. Local superlinear convergence
of the Incremental Newton method for finite-sum minimization problems
was established in [134]. See [137, 138] for a modern study of the local
superlinear convergence of the quasi-Newton methods.

Let us present a simple proof of the local quadratic rate for method (1.4.1).
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1.4. Second-Order Methods in Optimization

Theorem 1.4.1. Let f € C*2(domv)), so the Hessian V2 f(-) is Lipschitz
continuous on dom with constant 0 < Lo < 400.

Let z* be a solution to problem (1.3.1) with V2f(z*) = pB for some
positive f.

Let xy, belong to a neighbourhood of x*:

o o€ U © {xedomi/) : Hx—m*HS;T”Q}

Then, for one step of method (1.4.1), we have xxy1 € U and the rate of
convergence is quadratic:

ok — 2" < st loe — 211> (1.4.2)

Proof. Let us plug = xp41 into the stationary condition (1.3.2) for x*.
Thus we get

(Vf(x*),zpp1 — ) + Y(xpp1) > (). (1.4.3)
At the same time, the stationary condition for one Newton’s step is
(Vf(zr) + V2 () (@i — 2), 0 — 2p41) +(2) > P(@p),

for all x € dom+. Summing up this inequality for x = z* with (1.4.3), we
obtain

0 < (Vf(@)—Vf(ar) — V2f(@p)(@kt1 — Tk), Tpp1 — )
= (Vf(x*) = V() = V2 f(ap)(z* —ar), 2h1 — %)
— (V2 f (k) (Thg1 — %), Tpogr — )
<Y Bl Pl (92 ) 1~ 07), s — )

Hence, assuming the nontrivial case zp41 # =%, we get

Lyflzg—a™|? (V2 f (@) (g1 —2*) @ g1 —2*)
2 = lwkr1—a*]|

s (V@) @i —a") anp—z*) ~ Lo|lzg—z* || [|lzpts —a* |
= legs1—a*]]

> (= Loflzg —2*[]) - logpr — 27,
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which proves the required bound. O
Remark 1.4.2. Let us denote 3 i 26 and §, ﬂ||x;€ —z*.
Assume zp € int U. Then, §p < 1. Accordmg to (1.4.2), it holds

2

2 2 23 2k
o < 6k1 < 5,972 < 5,673 < ... < &

Therefore, we have ||z — 2*|| < € after
k> logylogy - —logy logs 5

iterations of Newton’s Method. O

We see that the method starts to double the number of the right digits
of the answer every step, when it enters the neighbourhood of x*. This is
a very fast convergence, and for all practical purposes a small number of
steps is enough to solve the problem. However, there is no evidence how
long it can take to enter U.

Example 1.4.3. Consider the following minimization problem:

2
I;lell%{f(x) = log(l+exp(x)) — £+ &5 }

Clearly, the objective is strongly convex with parameter p > 0, and its
second derivative is Lipschitz continuous with constant Ly = 5 f (Exam-
ple 1.3.6). The optimal point is z* = 0.

Hence, according to Theorem 1.4.1, the region of quadratic convergence
of Newton’s Method is U = {z € R : |z| < 4/3u}.

Let us fix u = 1072, and choose =g = 50, which is outside of the region.
Then, one Newton’s step produces the point

_ fzo) a(50)
1 = To— f”(z?)) = 50~ Sy =e oy o2
with o(50) = 1+6_50 21 (in the machine precision). So, z; = —50. Conse-
quently,
— f(x) m o(—=50)—1
Ty = 1 ey = 90— a0 Fi0-2

with o(—50) = 1+e50 20, and thus 2o = 50.
Therefore, Newton’s Method starts to oscillate between the points 50
and —50 (see Figure 1.1). O
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Objective Derivative
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Figure 1.1: Oscillation of the classical Newton’s Method.

1.4.2 Damped Newton Method

In order to globalize Newton’s iterations, we may incorporate into the
method an auxiliary sequence of positive coefficients {vx}x>0-

When v, < 1, the following algorithm is usually called the Damped
Newton Method:

rg € domu, k>0:

Thi1 € Argmin{ Flaw) + (VF(r),y — ) (1.4.4)
Y

+ o (V2 (@) (y — k), y — o) + 1/’(?/)}'

Without the composite term, the iterations are as follows (assuming the
Hessian is invertible):

Trpr =k — (V2 (xr) 'V (2r).

Therefore, for v, = 1 we obtain the standard Newton’s step. To ensure the
global rate, we need to pick up the coefficients in a smarter way. A natural
choice for ~y is to certify that the new function value f(zyy1) is upper
bounded by the minimum of the Damped Newton model:

f@re) < flow) + (VI (@), k1 — xk)
(1.4.5)

+ o (V2 (@) (@ht1 — Tk), g1 — Th).
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Then we would have the progress in the objective value at each step of the
method, and the following global convergence guarantee holds.

Theorem 1.4.4. Let for some positive parameters p and Ly,

uB =< V2f(x) =X LB, Vo € dom 1. (1.4.6)

Thus f is strongly convex, and we assume it belongs to C*1(dom1)). Let

inequality (1.4.5) be satisfied for some v, > 37—

Then, we have the global linear rate:
2
Flaw) = F < (1=§-(£)°) - (Flaw) = F7). (147)
Proof. Indeed, for arbitrary y € dom 1, we have

F(l‘k+1) f(karl) + 'Q[J(karl)

A
=

IN = I
(=]
)

(@) + (Vf(zr), Tps1 — o)
+ o (V2 f (@) (1 — 2n), 21 — o) + Y (Tht1)
< flee) +(Vf(zk),y — k)

+ S (V2 f () (Y — wr),y — o) + G (y)

IN

Lilly—=&]®
F(y) + =5,

where in the last inequality we used (1.4.6), the lower bound for ~, and
the convexity of f.

Now, let us take y = az* + (1 — a)ay, for a = 4%25 € (0,1). Therefore,
1
using the strong convexity of F', we obtain

Lia®|zg—z" |2
Fagy1) < aF*+(1—a)F(zy) + 22— 1

M

IN

aF* + (1 — a)F(x1,) + 25 a?(F(x) — F*).
Hence,
* QL? 2 *
Flaga) = F* < (1—a+253a?) - (F(ay) - F*).
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1.4. Second-Order Methods in Optimization

Substituting the above value of a completes the proof. O
It is clear that the constant choice v, = L% satisfies the conditions of

Theorem 1.4.4. In practice though, we may run a simple adaptive search to
fit the value of the coefficients (analogously to that one used in the gradient
methods). In any case, it is important to switch regularly between the pure
Newton’s step 7, = 1 to have the local superlinear guarantee as well.
According to the bound (1.4.7), we get F(xg) — F* < ¢ after

K = O((£)"10g Fee=r") (1.4.8)
iterations of method (1.4.4). The good news is that this is a global guarantee
and hence the Damped Newton Method converges to the optimum starting
from an arbitrary initial point.

However, estimate (1.4.8) is much worse than the corresponding one
(1.3.13) of the basic Gradient Method. This fact seems to be disappointing.
Indeed, we use additional second-order information about the objective in
algorithm (1.4.4), and the computations are more expensive. At the same
time, from the theoretical perspective, we are not gaining any clear advan-
tages until entering the region of quadratic convergence.

Another valuable observation is that the Newton’s Method is entirely
defined using only affine-invariant objects. Thus it does not depend on
the choice of coordinate system or particular norms. Theorem 1.4.1 and
Theorem 1.4.4 both use an artificial operator B (which we fix to define the
Euclidean norm).

The framework of self-concordant functions [123, 117] was developed
for the affine-invariant characterization of the Newton’s Method. However,
when the problem class is more specialized, the cubic regularization tech-
nique provides us with the better complexity guarantees [49].

1.4.3 Cubic Regularization

The Cubic Newton Method can be represented as follows:

ro € domw, k>0:
v = argmind flog) + (T (2),y — o) (1.4.9)
Y

+ 3V (@) (y = an)y — ap) + TR ]
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When 9(z) = 0, the cubic step satisfies the following nonlinear system of
equations:

Tyl = Xp— (V2f<$k) + %B)_IVJC(Q?]C),
(1.4.10)

k= @k — @

In this form, it is similar to the Levenberg-Marquardt regularization [92, 97
approach, which performs the Newton step xxr1 = v — G,:1Vf(xk) with
a modified Hessian matrix Gy, = V2 f(zy) + 1B = 0.

Another interpretation of equations (1.4.10) is related to the trust-region
idea [30]: at each step of the method, we restrict the quadratic model onto
a neighbourhood of the current point A(xg) = {z : ||z — zx|| < ek} for a
certain ¢, > 0.

To produce the solution of (1.4.10), let us consider the following auxiliary
function,
h(r) = ls(r)l =7, >0,

where
def

oy —1
s(r)y = (sz(a:k) + HT’”B) Vf(xk),
for some fixed k& > 0. Note that the value of r, from the method step (1.4.10)
solves the equation
h(r) = 0. (1.4.11)

Hence, it can be computed by using a univariate numerical method that
finds the root of (1.4.11). Recall that due to convexity, we always have
V2f(xy) = 0. The derivative of h(-) is equal to

W(r) = —giiss(Bs(r), (V2f(zx) + Z2B) " Bs(r)) =1 < 0,

and thus the function is monotonically decreasing. Moreover, by directly
computing the second derivative, we conclude that the function h(:) is con-
vex. Its graph is shown in Figure 1.2.

We can use the standard bisection method to solve (1.4.11). A more
efficient strategy is to apply the univariate Newton’s Method, one iteration
of which is

h(r
rto= -2 (1.4.12)

If we start the process from the region of positive values of h(r), then it
is possible to guarantee the linear rate of convergence with factor % for
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Figure 1.2: The root of the auxiliary univariate function that corresponds to
the Cubic Newton step.

method (1.4.12) as applied to (1.4.11) (see Appendix A.l in [117]). In
practice, the convergence of the univariate Newton’s Method can be even
faster.

It is reasonable to precompute the eigenvalue or the tridiagonal decom-
position of the Hessian in advance, then each step of the univariate method
takes only linear time in the problem dimension (which is for solving the cor-
responding linear systems). Hence, the arithmetical cost of computing the
Cubic Newton step is comparable to that one of the classical Newton’s. See
also [124, 58] for more detailed analysis of the cubic subproblem, and [30]
for techniques developed for trust-region methods.

Both factorized-based and matrix-free Lanczos approaches for the cubic
subproblem were considered in detail in [21] for the first time. The use
of the gradient methods for computing an inexact cubic step was studied
in [18, 120]. Randomized versions of the Cubic Newton suitable for solving
high-dimensional problems were proposed in [28, 44, 68].

If the Lipschitz constant Lo is known, we can set Hp = Lo. Alterna-
tively, one can use adaptive estimation of the regularization parameter (we
study the Adaptive Cubic Newton, algorithm (2.1.22) in Section 2.1 from
Chapter 2).

For the class of convex functions with Lipschitz continuous Hessian
(Ly < +00), the Cubic Newton Method (1.4.9) needs

K = o(\/LzTDS) (1.4.13)
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iterations to solve the problem up to e-precision in terms of the functional
residual F(xg) — F* < ¢ [124], where

def
Dy sup{lle—a| : P(x) < Flao) }.
x

The dependence on ¢ is much better than that in the global complexity
(1.3.12) of the Gradient Method. Estimate (1.4.13) follows from Theo-
rem 2.2.7 in Chapter 2 as a particular case p = 2.

1.5 Tensor Methods

Tensor methods is a natural generalization of the gradient and the second-
order methods to arbitrary order.

1.5.1 Basic Method

Let us present a basic variant of the regularized composite Tensor Method
of a fixed order p > 1, for convex objective.

g € domu, kE>0:
(1.5.1)

. ||Pt?
Tp41 € Argmin{Qp(f, T3 y) + % + 1/1(y)},
y

where (2, is the standard Taylor’s polynomial of order p, defined by (1.3.4).

For p = 1, this is the Gradient Method (1.3.10). When p = 2, this is the
Cubic Newton (1.4.9).

Unless f is a quadratic function (i.e. its third derivative D3 f is zero), the
third-order Taylor’s polynomial Qs(f,z;y) is always nonconvex in y. This
is easy to see by considering just a one-dimensional polynomial of degree 3;
it has a stationary point which is not the global minimum and thus the
polynomial is nonconvex (see Figure 1.3).

When the regularization parameter is big enough (Hy > L), it follows
from (1.3.5) that the model used in the Tensor Method is a global upper
approximation of the objective F(y). There is still no evidence that this
model is convex, though.

Making Hy, a little bigger, it is possible to prove the following important
result [118], which is crucial for implementability of method (1.5.1). We
include its proof for completeness of our presentation.
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== Third-order Taylor's polynomial

=15 =10 =5 0 5 10 15

Figure 1.3: Third-order Taylor’s approximation of a convex function.

Theorem 1.5.1. Let
H > pL,. (1.5.2)

Then for arbitrary x € dom f the function

Hlly—a|”**

9) = B(fizmy)+ (p+1)!

1S convex.

Proof. We may assume nontrivial case p > 3. Then, the gradient of g is
_g|p—1
Vo(y) = VO (fz;y) + By —a),

and the Hessian is

Vily) = VAQu(f,aiy) + e By LoD
where C' : E — E* is a symmetric linear operator, defined by the equation
(Chi,he) = (B(y—x),h1) - (B(y— ), ha), hi,he € E.

In particular, we have (Ch,h) = (B(y — x),h)? > 0, for all h € E. Hence,

Vily) = VA(fmy) + el p

(1.3.7) it -1
- V2f(y) + (Hlly - [ Lp\l(?:)_ll)\! )B

(1.5.2)
= Vifly) = 0,
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Chapter 1. Introduction

where the last inequality is due to convexity of f. Therefore, g is also
convex. O

Due to this theorem, the regularized model is convex for any p > 1 (see
Figure 1.4 for p = 3). Therefore, we can try to solve the subproblem by
using the tools of Linear Algebra and Convex Optimization. For p = 3,
efficient implementation of the Tensor Step was presented in [118]. We
discuss this result in the next section. It remains to be an open problem —
how to implement the Tensor Method when p > 4.

Another interesting open question is how tight bound (1.5.2) is for the
regularization parameter, which ensures convexity of the model.

T
|
|
1
1
1
\
\
\
\

\

= Third-order Taylor's polynomial
= = Regularized model

=15 -10 -5 0 5 10 15

Figure 1.4: Regularization of third-order Taylor’s polynomial.

Assuming the p-th derivative of the smooth part is Lipschitz continuous
(Lp < 400), algorithm (1.5.1) needs

K = ol

€

iterations to solve the problem up to e-accuracy: F(rg) — F* <e [6, 118].
We prove this complexity bound in Theorem 2.2.7 from Chapter 2. It is
clear that the dramatic improvement in the rate of convergence comes from
increasing difficulty in solving the subproblem.

Utilizing the notion of Estimating Sequences the rate of high-order Ten-
sor Methods can be accelerated, achieving the complexity [6, 118]:

o([=5]),
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1.5. Tensor Methods

It can be improved up to the level

o([=5]).

by using a special line-search in each iteration [101, 54]. The latter rate was
shown to be the optimal [4, 118], when f € CPP(E).

1.5.2 Implementation by Second-Order Oracle

For p = 3, an auxiliary problem in algorithm (1.5.1) at iteration k > 0 is as
follows:

min{ (V£ (@), ) + $(V2f (@b, ) + ED* f () [h]? + 2L,
where we assume for simplicity that the composite part is absent: ¥ (z) = 0,
and the regularization parameter is being fixed: Hy = 6L3. Note that this
is a bigger value than in the bound (1.5.2); it is needed for analysing the
inexact steps.

We present a procedure proposed in [122] for computing the next iterate
1 of the third-order Tensor Method by solving this auxiliary problem —
algorithm (1.5.3).

Every iteration of the procedure is basically the Gradient Step for the
auxiliary problem, but with a specific choice of proz-function (see [152, 7, 95]
for the notion of relative smoothness), formed by the second derivative of
the initial objective and augmented by the fourth power of the Euclidean
norm:

d(h) = 3(V2f(z)h,h) + 2 |n]*,

while d(h) = ||h||? is used in the standard variant (1.3.10) of the Gradient
Method. The arithmetical complexity of such iteration is comparable to
that one of the Cubic Newton, and the similar techniques can be used to
perform it (see the corresponding discussion in Section 1.4.3).

Additionally, in each step we approximate action of the third derivative
D3 f(z)[h)? by a finite difference of the gradients:

D@~ % [Vf(e+7h)+ V(@ —rh) - 29 f(2)],

for sufficiently small 7 > 0.

Thus we need an access only to the second-order local oracle for f. The
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Hessian is computed only once and the number of the gradient computations
is proportional to the total number of iterations of the process.

Computing Inexact Tensor Step of Order p = 3.

Initialization (input: xj). Choose § > 0. Set hy =0 € E,

Y=24 V3 T = ol R=2[ £V i)].]?

Iteration ¢ > 0.

1: Compute an approximate gradient:

g9i = Vi) + V2f(zp)hi (1.5.3)
+ 555 [V f(z 4+ Thi) + V f(zp — Thi) — 2V f(z)].

2: 16 [lgill. < IV F(a + ho)lls — 5, then

return xy1 =, + hy.
3: Set §; = gi — YV2f(xk)hi — vLs||hi|* Bh.
4: Compute the next iterate:

hivt = argmin{(3i, h) + (V2 f(wx)h, by + Ll
hi|R|I<R

Let us assume

f e CW(E)nCY(E), (1.5.4)

so f is 4-times continuously differentiable and both its first and third deriva-
tives are Lipschitz (L1 < 400 and L < +00). One can show that Ly <
V2L1 L3 (see Lemma 4 in [122]), so it holds:

CHUE)NCH3(E) C CY2E) C C22(E).

Then, for a particular value of the tolerance parameter,

5 £3/2
~ g
IV F @) 12 HIV2 f () 13/2/ L5
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1.6. Arithmetical Complexity of Oracles

where &4 is a lower bound for the norm of the gradients, algorithm (1.5.3)
needs O(log é) iterations to return xj1, which is a good approximation
of the third-order Tensor Step [122], that provides us with the global con-
vergence guarantees. Hence, we obtain formally the second-order schemes
with complexities

K:@(E’%) and KZ@(&:*i)

oracle calls to find a point zx s.t. f(xg) — f* < ¢, for the basic and for
the accelerated Tensor Methods respectively. Later on, the complexity of
optimization methods on the functional class (1.5.4) was improved up to

K= @(e_%)

second-order oracle calls [121, 76]. This is better than the known lower
bound Q(s_%) obtained for the second-order methods on f € C%2(E) [4].
Of course, such an acceleration is possible due to a finer specification (1.5.4)
of the problem class.

1.6 Arithmetical Complexity of Oracles

Let us discuss a relationship between analytical and arithmetical complex-
ities of optimization methods.

In this thesis, we are mainly interested in analytical complexity, origi-
nated in [102]. This is a total number of oracle calls for an optimization
method, that is required to solve arbitrary problem from a given problem
class. The first-order oracle returns the function value and the gradient
computed at the given point,

O1: z = (f(x),Vf(z)),

while the second-order oracle reveals additional information, which is the
Hessian of the objective,

Oy: w = (f(x),Vf(2),Vf())

Analogously, one can define the local oracle of degree p > 1 that returns all
the derivatives up to the fixed order,

Op: = — (f(z),...,DPf(x)).
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For the most iterative methods that we consider, the number of iterations
is always proportional to the number of oracle calls. Hence, we can usually
estimate arithmetical complexity as a product of the analytical complexity
and the cost of each iteration. The cost of one iteration consists of the
number of arithmetical operations required to implement the oracle call, and
some possible additional operations to solve an auxiliary problem. Thus,
we come to the following intuitive formula:

Arithmetical Complexity = Analytical Complexity
% (Oracle Call + Auxiliary Computations).

It is clear that for the oracles of different order, the cost of their call
may be quite different. At the same time, it strictly depends on the tar-
get objective and the way we represent it. Let us consider some typical
examples.

1. Separable Optimization. In applications related to Machine Learning
and Statistics [53, 146], very often we have the following structural
representation of the objective:

M
f(SU) - ﬁ ;(b“aux», z € R",

where a; € R",1 < ¢ < M are given data vectors, and ¢ : R — R is a
fixed convex loss function. In this case, we have

Vi) = ATs(x),

where A € RM*X" is the matrix whose rows are formed by vectors
ai,...,ay, and s(z) € RM is a vector,

[s(x)}(i) def ¢ ((a;,z)), 1<i<M.

Assume that ¢ and its derivatives are computable in O(1) operations.
Then the most difficult part is the computation of matrix-vector prod-
ucts Az and A7s(z), for the given x, which requires O(Mn) arithmeti-
cal operations in general.

For the Hessian matrix, we have
Vif(x) = Ald(x)A € R™",
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1.6. Arithmetical Complexity of Oracles

where d(x) € RM*M i5 a diagonal matrix,
[d)]"? < Ler(a,a), 1<i<M
Hence, the second-order oracle call already costs O(Mn?) arithmetical

operations, if using a trivial matrix multiplication algorithm.

For any p > 1 and for hy,...,h, € R", we have

DPJ@hseeity] = 32 09 o) T o)

The computation of the directional derivative of order p > 1 along
some fixed directions requires only O(pMn) arithmetical operations,
while it costs O(pMnP) operations and O(nP) amount of memory to
compute and keep the whole tensor, which is enormous for big n and
p. Thus it is important that we can implement third-order tensor
methods by using only second-order oracle calls (see Section 1.5.2).

. Log-Sum-FExp. Let us consider the function from Example 1.3.5:

m

f@)=1%<ZWWO, e R,

i=1

where a; € R™, 1 < i < m are given vectors. Denoting by A € R"™*"
the matrix whose rows are formed by vectors a1, ..., a,,, and using an
auxiliary vector 7(z) € R™,

~1
. m
a(@) e (B o) <ism,
j=1
we have the following expression for the gradient:
Vi) = Afn(a),
and for the Hessian:
Vif(z) = AT(diag(r(z)) —n(z)m(z)")A.

It costs O(mn) and O(mn?) arithmetical operations to call the first-
order and second-order oracles, respectively.

Note that in the case of data sparsity, these complexity estimates can
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40

be improved by working only with nonzero elements.

. Approzimations by finite differences. Finally, let us discuss a general

approach for computation of the Hessian, that is based on the Taylor
formula. We have already seen this technique in Section 1.5.2, where
the action of the third derivative was approximated by the gradients.

For a fixed point € E and arbitrary direction h € E, we know the
following approximation of the Hessian-vector product:

Vif(zx)h = %[Vf($+Th) - Vf(x)],

where 7 > 0 is a small parameter. Hence, we can approximate the
action of the Hessian to arbitrary vector by using only two gradient
computations.

Now, let us assume that E = R™ and eq,...,e, € R" is the standard
basis. Then we can build the matrix A, ; € R"*™ whose rows are the
approximations of V2f(z)e;, 1 <i < mn, ie.
i,j) def j .
Agf,’ﬁ) = %[Vf(.%‘—l—Tei)—Vf(!L‘)](J), 1<i,5<n.
After symmetrization, we get a symmetric approximation to the Hes-

sian matrix:

V(@) ~ $(Ag.+AT)).

Forming this matrix requires n+ 1 gradient computations. Therefore,
the second-order oracle can be implemented by n + 1 calls of the first-
order one. However, this approach works only if the target accuracy
for our problem is not very high, due to the limits of machine precision.

It is clear that we may also obtain approximations of the gradients
and the Hessians by using only the function values, which results in
zeroth-order or derivative-free methods.

Finite differencing is discussed in more details in [127]. Its applications
to the cubically regularized Newton method were considered in [24].



Chapter 2

Minimizing Uniformly
Convex Functions

Let us start with the definition of uniform convexity. Then we list some
basic properties related to this notion.

We say that function F' is uniformly convex of degree ¢ > 2 on a convex
set @) C dom F' if for some constant o > 0 it satisfies inequality

F(y) > F(2)+ (F'(z),y—a)+ el (2.0.1)

for all z,y € @ and for all subgradients F’(x) € 0F(z). Uniformly convex
functions of degree ¢ = 2 are known as strongly convex.

The following convenient condition is sufficient for function F' to be
uniformly convex on a convex set Q.

Lemma 2.0.1. If for all z,y € Q and for all F'(z) € OF (x), F'(y) € 0F (y)
it holds
(Fl(z) = F'(y),x —y) > olly—z|, (2.0.2)

then function F' is uniformly convex of degree q on set QQ with parameter o.

Proof. Indeed, for a particular selection of subgradients, we have by the
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Newton-Leibniz formula:

F(y) = F(z) = (F'(z),y — z)

(Fllx +1(y—x)) — F'(2),y — z)dr

Il
Ct— =

=

(202) g1 g ally—z||?
> bf(TT ly —z||%dr = et
O

The main source of uniformly convex functions for us consists in taking
a power of the Euclidean norm (see Example 2.1.4 in Section 2.1.1).

From now on, considering the composite optimization problem:

P minf @) = f@) o) ),

x

we set @@ := dom C dom f. The optimum z* always exists for F' being
uniformly convex and closed. From (2.0.1) it follows that the optimum is
unique, since 0 € OF (z*).

A useful consequence of the uniform convexity is the following upper
bound for the functional residual.

Lemma 2.0.2. For every x € dom and for all F'(x) € OF (z) it holds

Flo)-F* < 2477 |F@)|F . (2.03)

Proof. Let us minimize the left- and the right-hand sides of (2.0.1) with
respect to y independently:

(2.0.1)

* = i > i ' _ ally—=||*
F Jmin P(y) > min{F() + (F(a).y - ) + T}
= Flo) = ()T IF @),
and this is (2.0.3). O
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2.1. Second-Order Global Nondegeneracy

2.1 Second-Order Global Nondegeneracy

We have seen that for general convex functions with Lipschitz continuous
Hessian, the Cubic Newton has a better rate of convergence than that of the
Gradient Method for convex functions with Lipschitz continuous gradient
(see the dependence on ¢ in the complexity estimates (1.4.13) and (1.3.12),
respectively). At the same time, it is known that the first-order methods
achieve the fast linear rate, when the objective is strongly convex. The
corresponding complexity of the Gradient Method is (1.3.13).

Despite a number of nice properties, global complexity bounds of the
cubically regularized Newton Method for the cases of strongly convex and
uniformly convex objective are not still fully investigated, as well as the
notion of second-order non-degeneracy (see also the discussion in Section 5
in [111]). We are going to address this question in the current part of the
thesis.

In Section 2.1.1 we consider the class of twice-differentiable uniformly
convex functions with Hoélder continuous Hessian. We introduce the notion
of the condition number w, of a certain degree v € [0, 1] and present some
basic examples.

In Section 2.1.2 we describe a general regularized Newton scheme and
show the linear rate of convergence for this method on the class of uniformly
convex functions with a known degree v € [0, 1] of nondegeneracy. Then
we introduce the adaptive cubically regularized Newton method and collect
useful inequalities and properties, which are related to this algorithm.

In Section 2.1.3 we study global iteration complexity of the cubically
regularized Newton method on the classes of uniformly convex functions
with Holder continuous Hessian. We show that for nondegeneracy of any
degree v € [0, 1], which is formalized by the condition w, < 400, the algo-
rithm automatically achieves the linear rate of convergence with the value
w, being the main complexity factor.

Finally, in Section 2.1.4 we compare our complexity bounds with the
known bounds for other methods and discuss the results. In particular, we
justify an intuitively plausible (but quite a delayed) result that the global
complexity of the cubically regularized Newton method is always better
than that of the Gradient Method on the class of strongly convex functions
with uniformly bounded second derivative.
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2.1.1 Uniformly Convex Functions with Hoélder Con-
tinuous Hessian

Let us assume that the smooth part f(-) of the composite problem,

min{ F(z) = f(z)+ ()},
is uniformly convex. It is reasonable to define the best possible constant of
uniform convexity o in inequality (2.0.2) for a certain degree ¢. This leads
us to a system of constants:

= i (V@) =V f(y),xc—y)
R = A

zFy

(2.1.1)

We prefer to use inequality (2.0.2) for the definition of o, instead of (2.0.1),
because of its symmetry in 2 and y. Note that the value o, depends on the
domain of ¥. However, we omit this dependence in our notation since it is
always clear from the context.

It is easy to see that o, as a univariate function in ¢ is log-concave.
Thus, for all g3 > ¢1 > 2 we have:

92 —49 9—4q1

oqg = (O'ql)qz—‘H . (ng) az=ar q € g1, q2)- (2.1.2)

For a twice-differentiable function f, we say that it has Holder contin-
uous Hessian of degree v € [0,1] on a convex set @ C dom f, if for some
constant H > 0 , it holds:

IV2f(2) =V2f)l < Hlz—yl”, Vo,yeq. (2.1.3)

Two simple consequences of (2.1.3) are as follows:

IVf) = V@) = V2 )y - o)l < 2= (2.1.4)
F@) = fmy)l < Fed (2.1.5)

where Qo (f, z;y) is the quadratic model of f at the point z:

D(fizy) < fla) + (Vf(@)y—a)+ 2V @)y — ),y — ).

In order to characterize the level of smoothness of function f on the set
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Q@ := dom 1, let us define the system of Holder constants (see [60]):

def IV2f(2)=V2 @)l
H, = su . , v e|0,1].
w,yedg)mw lle=yll [ ] (216)
T#yY

We allow H,, to be equal to +oc for some v. Note that H, as a function in
v is log-convex. Thus, any 0 < 11 < vp < 1 such that H,, < +o0,i = 1,2,
provide us with the following upper bounds for the whole interval:

v —v v—vq

H, < (Ho)5 - (o)) 75, ve ol (2.1.7)

If for some specific v € [0,1] we have H, = 0, this implies that V?f(z) =
V2f(y) for all x,y € dom+. In this case restriction flaom ¢ 18 @ quadratic
function and we conclude that H, = 0 for all v € [0,1]. At the same time,
having two points z,y € dom with 0 < ||z — y|]| < 1, we get a simple
uniform lower bound for all constants H,:

H, > [V2f(@) = V2, velo1]
Let us give an example of a function, that has a Hoélder continuous
Hessian for all v € [0, 1].
Example 2.1.1. For a given a; € E*, 1 < i < m, consider the function:

m

flz) = log<Ze<ai’$>), z ek,

i=1

and fix the Euclidean norm ||z|| = (Bz,z)/2, with operator B := >_7" | a;a’.
Without loss of generality, we assume that B > 0. From Example 1.3.5, we
know that the corresponding Lipschitz constants are: L; = 1, and Ly = 2.
Hence,
Ho < 1, Hi < 2.

Therefore, by (2.1.7) we get, for any v € [0, 1]
H, < 2%
U

Let us imagine now that we want to describe the iteration complexity
of some method, which solves the composite optimization problem up to an
absolute accuracy € > 0 in the function value. We assume that the smooth

45



Chapter 2. Minimizing Uniformly Convex Functions

part f of the objective is uniformly convex and has a Hdolder continuous
Hessian. Which degrees g and v should be used in our analysis? Suppose
that, for the number of calls of the oracle, we are interested in obtaining a
polynomial-time bound of the form:

o ((7—[1,)0‘ (04)? - log M) . 840

Denote by [z] an intuitive physical dimension of variable z € E, and by [f]
the physical dimension of the value f(x). Then, we have [V f(x)] = [f]/[z]
and [V2f(z)] = [f]/[z]*. This gives us

a4+
M) = e o= (R (098] = i

While  and f(x) can be measured in arbitrary physical quantities, the
value "number of iterations" cannot have physical dimension. This leads to
the following relations:

a+p=0 and a(2+v)+ Bg=0.

Therefore, despite to the fact that our function can belong to several prob-
lem classes simultaneously, from the physical point of view only one option

is available:
Hence, for a twice-differentiable convex function f with

inf H, > 0,
velo,1]

we can define only one meaningful condition number of degree v € [0, 1]:

w, & (2.1.8)

024y

If for some particular v we have o9y, = 0 or H, = 400 then by our
.. def
definition: w, = +oo0.

It will be shown that the condition number w,, serves as a main factor in
the global iteration complexity bounds for the regularized Newton method
as applied to the composite problem. Let us prove that this number is
bounded from below.

Lemma 2.1.2. Let inf,¢[o,1) H, > 0 and therefore the condition number be
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2.1. Second-Order Global Nondegeneracy

well defined. Then,

-1
w2 <1+v +x,yelggmwllv"'f(y)sz(l’)l) o Wweldl (219
T#y

In the case when dom ) is unbounded: SUP,cqom 4 [|2]| = +00, we have
w, > 14+v,  Yre(01] (2.1.10)

Proof. Indeed, for any z,y € dom, x # y, we have:

(2.1.1) o)
oryy < WS
= (M@-VI@-V/@y=2)y=z) | (V/@)(y—z)y=c)
Ty=alF> Tv=al*"
LY L 19

1+v ly—=|*

Now, dividing both sides of this inequality by 024, (we assume it is positive,
the other case is trivial), we get inequality (2.1.9) from the definition of
H, (2.1.6). Inequality (2.1.10) can be obtained by taking the limit ||y| —
+00. 0

From inequalities (2.1.2) and (2.1.7) we can get the following upper
bound:

vo—v v—v

Wy S (wl/l) v2TrL (Wug) Y2 ) Yv S [V17 V2]a

where 0 < vy < vy < 1. However, it turns out that in unbounded case we
can have a meaningful condition number w, only for a single degree.

Lemma 2.1.3. Let dom®) be unbounded: sup,cqomy ||| = +00. Assume
that for a fized v € [0, 1] we have w, < +00. Then,

we =+oo  forall «a€]0,1]\ {v}.

Proof. Consider firstly the case: o > v. From the condition w, < +o0o0 we
conclude that H, < 4+00. Then, for any z,y € dom 1 we have:

‘2+a

oralpotl— < f(y) - f(2) = (Vf(2),y — )

(2.1.5) TR
< Ny - o), (y - ) + s
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Dividing both sides of this inequality by ||y —z|/*T< and letting ||z|| — +o0,
we get o941, = 0. Therefore, w, = +00. For the second case, a < v,
we cannot have w, < 400, since the previous reasoning results in w, =
~+00. O

Let us look now at an important example of a uniformly convex func-
tion with a Holder continuous Hessian. It is convenient to start with some
properties of powers of Euclidean norm.

Lemma 2.1.4. For fized real p > 1, consider the following function:
fol@) = ll=ll’, =z €E.
1. For p > 2, function f,(-) is uniformly convez of degree p:*
(Vh(@) = Vo —y) = 2F|z—ylP, VayeE (21.11)

2. If 1 < p <2, then function fy(-) has a v-Hélder continuous gradient with
v=p-—1:

IV fp(@) = V@l <27z —yll¥,  Va,y €E. (2.1.12)
Proof. Firstly, recall two useful inequalities, which are valid for all a,b > 0:

l[a® — b < |a—b|%, when 0<a<l1, (2.1.13)

|[a® = b > |a—0b|*, when a>1. (2.1.14)
Let us fix arbitrary z,y € E. The left hand side of inequality (2.1.11)
equals

(l="=2 Bz — [lyl" =By, x —y) = ||=|I” +llyll” — (Bz,y)(l= "~ + [ly["~>),

and we need to verify that it is bigger than 2277[||z|? + ||y||* — 2(Bz, y)] 7
The case x = 0 or y = 0 is trivial. Therefore, assume =z # 0 and y # 0.

s Bz,y)
Denoting 7 := 14l .= (Bzy
& ER Iyl

we have the following statement to prove:

ya
2

L4+ > rr(1+7P72) 4227 P[1+72 - 2r7]2, 7>0, [r|<1

Since the function in the right-hand side is convex in r, we need to check
only two marginal cases:

IFor the integer values of p, this inequality was proved in [111].
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2.1. Second-Order Global Nondegeneracy

l.r=1: 1+7P
(1—7)(1—7P7h

7(14 7P=2) 4 227P|1 — 7|P, which is equivalent to

2
> 227P|1 — 7|P. This is true by (2.1.14).

2.r=-1: 1477 > —7(1+7P72)4+227P(1+7)P, which is equivalent

to (1 +7P~1) > 227P(1 + 7)P~1. This is true in view of the convexity
of function 77~1! for > 0.

Thus we have proved (2.1.11). Let us prove the second statement. Consider

the function f,(s) = %HSHZ, s € E*, with ¢ = 555 > 2. In view of our first

statement, we have, for all s1, sy € E*

s s -2
(51— 52,V fg(s1) = Vfg(s2)) > (3)" lls1 —s2ll%. (2.1.15)
For arbitrary z1,22 € E, define s; = Vf,(z;) = Hﬁ%’ t = 1,2. Then
lsill« = ||2;]|P~, and consequently,
2-p ~
zip = |l@il|*PB s = |[sillf BT s = Vig(si).

Therefore, by substituting these vectors in (2.1.15), we get,
—2
(3)" IV fp(@1) = Vp(z)| < (V1) = Vfp(w2), 21 — 22).

Thus, [|[Vfp(z1) — Vfp(z2)|« < 2%”:101 - x2||q%1 It remains to note that
qfll =p—1=w. O
Example 2.1.5. For real ¢ > 2 and an arbitrary xy € E, consider the
following function:

f@) = Yo—mol? = foe—30), zEE.
Then o, = (%)qu. Moreover, if ¢ = 2 + v for some v € (0,1], then it
holds,
H, < (142,
and H, = oo, for all @ € [0,1] \ {v}. Therefore, in this case we have

w, < 2(1+v), and we = +oo for all a € [0,1] \ {v}.

Proof. Let us take an arbitrary x # 0 and set y := —z. Then,
(V@)= VI@y),y—2) = {|z]|"*Bz + ||«|*~* Bz, 2x) = 4][|.
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(2.1.1)
On the other hand, |ly — z||? = 29||z||9. Therefore, o, < 2279 and

(2.1.11) tells us that this inequality is satisfied as equality.
Let us prove now that H, < (1 + v)27" for ¢ = 2 + v with some
v € (0,1]. This is

IV2f(2) = V)l < QA+v)2" "z —yl”,  Vae,yeE.  (2.1.16)

The corresponding Hessians can be represented as follows:

V2f(z) = |z||"B+¥B22ZE  zcE\{0}, V2f(0)=0.

[E T

For the case x = y = 0, inequality (2.1.16) is trivial. Assume now that
x#0. If 0 € [z,y], then y = —fBz for some S > 0 and we have:

IV2f(2) = V2f(=Ba)ll < [1=p"[Q+v)]z]”
< (148" +v)2t =)
= ([1+v)2i 7z —yl",

which is (2.1.16). Let 0 ¢ [z,y]. For an arbitrary fixed direction h € E, we
get:

(V2 f(x) = V2f () )]

v v Bz,h)? By,h)?
= |2l = gl - 0l + v - (B — B |
Consider the points u = ”wﬁ% = Vfs(z) and v = ”yﬁ% = Vfs(y) with
s :=1-+wv. Then,

(Bz,h)? (u,h)?

[=2=~ llell

lyll>= ol

(By,h)? _ (v,h)?
|

)l = Null, and |ly[|” = [v]].,

Therefore,

(V2 f(x) — V2f(y))h, )|
= [(helle = ol - A + - (4222 — )|

flell o«

(2.1.17)

Let us estimate the right-hand side of (2.1.17) from above. Consider a
continuously differentiable univariate function:

u(7), 2
() = Ju(m) s - 117 +v- S u(r) = utr(v—u), 7€[0,1].
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2.1. Second-Order Global Nondegeneracy

Note that
’ _ (u(T),B~(v—u)) . 2 2v{u(t),h){(v—u,h)
o(r) = o L L S 71co P
_ v{u(n),h)*(u(r),B~ ! (v—u))
lu(r)I2
_ (u(1),B~(v—u)) . 2 V(u(-r),h)z) 2v{u(7),h){(v—u,h)
= - ()2 — o) + 2o,
>0
Denote v := % € [-1,1]. Then,

/()] < [lo—ull«- |A)*- (L =vy?+2v]y]) < (14v)-[lo—ull-||A]>
Thus, we have

[((V2f(@) = V2f(y)h, h)]

[6(1) = ¢(0)]
(2.1.18)
< (A+v) o —ull- IR)P

It remains to use the definition of u and v and apply inequality (2.1.12)
with p = s. Thus, we have proved, that for ¢ = 2 + v the Hessian of f
is Holder continuous of degree v. At the same time, taking y = 0, we get
IV2f(z) = V2f(y)| = |V2f(z)]]| = (1 + v)||z]|”. These values cannot be
uniformly bounded in z € E by any multiple of ||z||* with « # v. So, the
Hessian of f is not Holder continuous for any degree different from 24-v. O

Remark 2.1.6. Inequalities (2.1.11) and (2.1.12) have the following sym-
metric consequences:

p=2 = (V@)= Vil

v

227 ||z — |,

P<2 = Vi) = VAW < 2277z —ylP,

which are valid for all z,y € E.

2.1.2 Regularized Newton Method

First, let us consider the case when we know that for a specific v € [0, 1]
function f has a Hélder continuous Hessian: #H, < +oo. Then, from (2.1.5),
we have the global upper bound for the objective function, for all x,y €
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dom v):

def |2+
Fly) < Myn(my) = Q(foy) + Gnn + YW,

when the regularization parameter is large enough: H > H,. Thus, it is
natural to employ the minimum of a regularized quadratic model:

def . def .
T, m(z) = argmin M, g(z;y), My () = mymM,,yH(x;y),
Y

and define the following general iteration process [60]:

\xo € dome, xpy1 = Tom, (k) kzo\ (2.1.19)

where the value Hj, is chosen either to be a constant from the interval
(0,2H,] or by some adaptive procedure.

For the class of uniformly convex functions of degree ¢ = 2 + v, we can
justify the following global convergence result for this process.

Theorem 2.1.7. Assume that for some v € [0, 1] we have 0 < H, < 400
and 094, > 0. Let the coefficients {Hy}k>o0 in process (2.1.19) satisfy the
following conditions:

0 < Hy < BHyy  Flagp) < Mig (z), k>0,  (2.1.20)

with some constant B > 0. Then for the sequence {xy}r>0 generated by the
process we have

F(zp4r) — F*
e (2.1.21)
S (1 — %iillj -min{%, 1}1+V> (F(ka;) —F*) :
Thus, the rate of convergence is linear and for reaching the gap
Flzg)—F* < ¢

it is enough to perform

_ [24v wy (1B (241) (1 TH7 1o Fl@o)—F"
K - Irliy - max W’ 1} + logm%—l

iterations.
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2.1. Second-Order Global Nondegeneracy

Proof. Let us fix an arbitrary £ > 0 and consider the progress achieved at
one step of the method. For any y € dom v, we have

L0 Hyly—e |+
Flzeq) <0 Mjg (zr) < Q(f,20y) + TG T 9W)
(2.1.5) HotH,) ly—zk |2
< F(y) + = (1+u)y(yQ+uk)H
(2.1.20) 24v
(A+B)Hylly—zxll
< F(y) + (1+u)?{2+5) :

Now, define y = az* + (1 — a)zy, with « € [0,1]. Hence, we obtain

y 5 Ho e —a* |2+
F(zpyr) < Fla) — o(Fzg) — F*) +a?t (1+le+l‘/|)(;+u) =,

Then, taking into account uniform convexity (2.0.1), we get

Flzps) < F(mk)—(a 2+V%) (F(ax) — F*).

The minimum of the right-hand side is attained at

*

o = mln{ (-+v) 1}1%”

wo (2+0)(1+5)”
Plugging this value into the bound above, we get inequality (2.1.21). O
Unfortunately, in practice it is difficult to decide on an appropriate value
of v € [0,1] with H,, < +oo. Hence, it is interesting to develop universal
methods that are not based on some particular parameters. Recently, it
was shown [60], that one good choice for such universal scheme is the Cubic
Newton. This is actually the process (2.1.19) with the fixed parameter
v=1.
From now on, we omit the unnecessary index:

Mu(ziy) € Mip(wy) = Qof,z5y) + Hozell 4y (y),
Tu(z) ¥ Tiw(z) = argmin My g(z;y),
Yy
and
Mi(z) © M;pg(@) = Mu(e;Tu(z)).
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Chapter 2. Minimizing Uniformly Convex Functions

The adaptive scheme of our method with dynamic estimation of the
constant H is as follows.

Adaptive Cubic Regularization of Newton Method

Initialization. Choose ¢ € dom, Hy > 0.
Iteration £ > 0.

(2.1.22)
1: Find the minimal integer i, > 0 such that

F(Ty,on (k) < My g0, (w1)-
2: Perform the Cubic Step: x4, = T, o (x1).

3: Set Hgq1 := %H}c?’“.

We present now the main properties of the composite Cubic Newton
step  — Ty (x). We start by denoting

ra(@) € |Tu(z) - 2.

Since point T () is a minimum of the strictly convex function My (z;-), it
satisfies the following first-order optimality condition, for all y € dom %):

(Vf(@)+ V(@) (Tu(z) — @)

(2.1.23)
+ 2@ BTy (2) — ),y — Tu(@)) +¢(y) > $(Tu(x)).
In other words, the vector
V(Tu(x) L —Vi@) - V2f(2)(Tu(z) - x) — T4 B(Ty(x) - z)
belongs to the subdifferential of :
Y (Tu(z)) € 0%(Tr(x)). (2.1.24)
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We have discussed computation of the point T' = Ty (), satisfying condition
(2.1.24) in Section 1.4.9. Arithmetical complexity of such a procedure is
usually similar to that for the standard Newton step.

Plugging into (2.1.23) y := a2 € dom ¢, we get:

(Vf(@),z = Tu(x)) = (V*f(@)(Tu(z) —x),Tu(z) - x)
(2.1.25)
+ B 4 (T (x)) — ().
Thus, we obtain the following bound for the minimal value M} (z) of the
cubic model:

(2.1.25)

Mp(z) < f(2) = 5(V2f(@)(Tu(z) — 2), Tu(2) — @)

- @ (2.1.26)

—  Fl) - H(V2f(@)(Tu(z) - v), Tu() - )

Hry (z)
.
If for some value v € [0, 1] the Hessian is Holder continuous: H, < +oo,

then by (2.1.4) and (2.1.24) we get for the subgradient at new point,

F'(Tu(z)) < Vf(Tu(x) + ¢ (Tu(z)),

the following bound:

1E" (Ter ()]«

< |VI(Tu()) = Vi) = V(@) (Tu (@) — )]
(2.1.27)

(2.1.4) Hyrl+u(z) Hr2 (x) 14+ u Hrlf"(a:)
= T+ T = ey () (S + ).

One of the main strong points of the classical Newton’s method is its
local quadratic convergence for the class of strongly convex functions with
Lipschitz continuous Hessian: o2 > 0 and 0 < H; < 400 (see Section 1.4.1).
This property holds for the cubically regularized Newton as well [124, 111].
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Indeed, ensuring F(Ty(x)) < Mj;(x) as in algorithm (2.1.22), and having
H < pH; with some 5 > 0, we get:

. (2.0.3) (2.1.27) 24,2
F(Tg(z)) - F* < L |F(Tg@))? < 204 ()
2 2
< DIV () (T (@) - o), Tu(a) - o)?
(2.1.26)
< WO (p(y) - ).

205,
And the region of quadratic convergence is as follows:

* 203
Q = {x:F(x)—F SW}

After reaching it, the method starts to double the number of the right digits
of the answer at every step, and this cannot last for a long time. Therefore,
from now on we are mainly interested in the global complexity bounds of
algorithm (2.1.22), which work for an arbitrary starting point .

For noncomposite case, as it was shown in [60], if for some v € [0,1] we
have 0 < H, < 400 and the objective is just convez, then algorithm (2.1.22)
with small initial parameter H, generates a solution # with f(2) — f* <e

@((HVIE%*”) 1#)

iterations, where Dy = sup {||lz — 2*|| : f(z) < f(zo)}. Thus, the method
T

m

has a sublinear rate of convergence on the class of convex functions with
Holder continuous Hessian. It can automatically adapt to the actual level
of smoothness. In what follows we show that the same algorithm achieves
linear rate of convergence for the class of uniformly conver functions of
degree ¢ = 2 + v, namely for functions with bounded condition number:
inf, cpo,1)wy < +o0.

In the remaining part, we usually assume that the smooth part of our
objective is not purely quadratic. This is equivalent to the condition

inf H, > 0.
velo,1]

However, to conclude this section, let us briefly discuss the case

min H, = 0.
velo,1]
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2.1. Second-Order Global Nondegeneracy

If we knew in advance that f is a convex quadratic function, then no regu-
larization would be needed since a single step x +— Ty (z) with H = 0 would
solve the problem. However, if our function is given by a black-box oracle
and we do not know a priori that its smooth part is quadratic, then we
can still use algorithm (2.1.22). For this case we prove the following simple
result.

Proposition 2.1.8. Let A: E — E* be a self-adjoint positive semidefinite

linear operator and b € E*. Assume that f(z) = 3(Az,x) — (b,x), and the

minimum x* € Argmin, {F(x) &f f(x) 4+ ¥(z)} does exist. Then, in order

to get F(xg) — F* < e with arbitrary € > 0, it is enough to perform

K = [log, Helza=el® 4 4] (2.1.28)

iterations of algorithm (2.1.22). Therefore, the convergence of the method
s very fast in the quadratic case.

Proof. In our case, the quadratic model coincides with the smooth part
of the objective: Qa(f,z;y) = f(y), for all z,y € E. Therefore, at every
iteration k of algorithm (2.1.22) we have i, = 0 and Hj, = 27%*H,. Note
that zr41 = To-rpy, (2x) = argmin, { F(y) + 2%THOHZ/ — x|}, and

—k
Flrep) < Fly) + 252y —al®,  Vyedomy.  (2.1.29)
If it holds that ||zky1 — 2*|| < ||z — ™| for all & > 0, then by plugging
y = 2™ into (2.1.29), we get F(xgy1) —F* < 2_’“%”:60—96*”3, which results
in the estimate (2.1.28). In order to verify ||xg+1 —z*|| < ||xx —z*||, observe

that
1* = 12

2k — (@ — 2pt1) + (1 — 27)

ki1 = 2|2 + llzk — 2rsa |

+ 2(B(xk — Tk41), Thp1 — TF).

Then it is enough to show that (B(xg — zk41),2* —xp+1) < 0. Since xp41
satisfies the first-order optimality condition:

ef
27D Hy gy — apl|B(apsr —21) = Fla41) € OF (2141),
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we have

2k+1

ToTer—ar ' (@he1), 2" = 2pga) <0,

(B(xg — Tp41), 2" — Thy1)

where the last inequality follows from the convexity of the objective. O

2.1.3 Complexity of the Universal Scheme

In this section, we are going to justify the global linear rate of convergence
of algorithm (2.1.22) for the class of twice differentiable uniformly convex
functions with Holder continuous Hessian. Universality of this method is
ensured by the adaptive estimation of the parameter H over the whole
sequence of iterations. It is important to distinguish two cases: Hy41 < Hg
and Hk+1 2 Hk.

First, we need to estimate the progress in the objective function after
minimizing the cubic model. There are two different situations here:

either  Hrj ¥ (z) < ?711”,, or Hry"(z) > ﬁf;

Lemma 2.1.9. Let 0 < H, < 400 and ooy, > 0 for some v € [0,1]. Then
for an arbitrary x € domvy and H > 0, we have:

Fa) — My ()

- oy, () (+v) 1w
> mln[(F(x) — ). @15 ~m1n{(2(2+y)wy) 1Y (2.1.30)
3(1+v) 3(1+v) %
(F(Tu(@) = P - (32) 50 e 220 |
Proof. Let us consider two cases. 1) Hry; ¥(z) < ?7:; Then, for an arbi-

trary y € dom ), we have:
xTr)—x 3
My(x) = Qo(f i Tu(e)) + LEEO=2C 4y (1 (2))

Hry " () |ly—z|**”

D(f,z9) + o,y — +¥W)

IN

1. v 1—v 24v
Ho|ly—z|*T Hry V' (2)|ly—=l|
< Fly)+ (1<|Flll/)(2!*l/) + T

2H, ||ly—z|?T”
F(y) + 25ty

IA
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2.1. Second-Order Global Nondegeneracy

where the first inequality follows from the fact that

. Hri Y(z)||ly—z|?T"
Ty(x) = argmin{Q(f,z;y) + 2ot fy(y)}.
Y

Let us restrict y to the segment: y = az* + (1 — )z, with « € [0, 1]. Taking
into account the uniform convexity of the objective, we get:

* % v2H,||z—x* 2+v
Mi(e) < F@)—a(F(x)— F?) + a2+ Zlass Pt

2 p) () (0 - )

(14v)oaty

The minimum of the right-hand side is attained at

*

. 1+v %
« = mln{ﬁ,l}”r .

By plugging this value into the bound, we have:

* . v 1/(1+v) v *
Mjy(z) < F(w) —min{ (5555 1} G (F(x) - F),

and this is the first argument of the minimum in (2.1.30).

2) Hry; ¥ (x) > ﬂf; By (2.1.27) we have the bound:

IF (T (@), < Hr(z). (2.1.31)

Because V2f(x) = 0, we get the second argument of the minimum:

(2.1.26) (2.1.31)

. 3
@) CUPY e @a @)

Fa) = My (z) > 5 = sVH

3(1+v) 3
(2.0.3) 240\ 237 (024,) 20
3VH

3(1+v)

- (P(Tu(a)) - F*) 35
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Chapter 2. Minimizing Uniformly Convex Functions

Denote by 9, the following auxiliary value, for v € [0, 1]:

2 1-v
g, def PSR () LSRN e (2.1.32)
(02py) TFICF  ((141)(241)) T+

Then, the next lemma shows what happens when the parameter H is
increasing during the iterations.

Lemma 2.1.10. Assume that for a fized x € dom) the parameter H > 0
is such that:
F(Tu(z)) > Mf(x). (2.1.33)

If for some v € [0, 1], we have oa4, > 0, then it holds:

H(F(Tou(z)) — F*)7 < 9, (2.1.34)
Proof. Firstly, let us prove, that from (2.1.33) we have
1—v 6H,
Hry (=) < aeocmy (2.1.35)

Assuming by contradiction, H r}{”(m) > mg{w, we get
—a|?
Miy(x) = =l 4 0y (f,0: Ty () + (T ()

z)—z|?tY
> % + Qo (f, 2 Th (2)) + (T (x))

“L P,

which contradicts (2.1.33). Secondly, by its definition, M}, (z) is a con-
cave function of H. Therefore, its derivative -5 M}, (z) = &r3 () is non-
increasing. Hence, it holds:

(2.1.35) 1

rog(z) < rg(r) < (7(1+£g1y)[{)1*”. (2.1.36)
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2.1. Second-Order Global Nondegeneracy

Finally, by the smoothness and the uniform convexity, we obtain:
P
H (F(Tyn(x)) — F*)>+

.0.3) 1 =

1—v

v P e fe=
2 () ™) I (T ()

(2.1.27) I4v( 1 \1s g 14v H 1-v ==
< H (2+u(02+y) ) (TQH (z) - (1+Vu + Hrypy (»T)))

v ~\ 2tV 1+v 84+v)H, 1+v
(;+u (021,,) H ) (TQIJS (v) - (1(+y)()2+u))

(2136) /1 1\ k) T - ¥ i
< (2+V (0'2+,/) a ) ((1+V)(2+y)) 6(8 + V) v

= 9. O
We are now ready to prove the main result about the universal scheme.

Theorem 2.1.11. Assume that for a fized v € [0, 1] we have 0 < H, < +00
and oa4, > 0. Let parameter Hy in algorithm (2.1.22) be small enough:

Yy
Hy < (F(zo)—F*) 0=/ (2.1.37)

where ¥, is defined by (2.1.32). Let the sequence {zy}5_, generated by the
method satisfy condition:

F(Ty,9i(x1)) —F* > e >0, 0<j<ip 0<k<K-—1. (2.1.38)

Then, for every 0 < k < K — 1, we have

F(xpi,) — F*
. 24+0) ((140) (24v)) 1/ A+»)
< (1 - mln{(1+1(J)63/)2(.(21/2.)((8+1/))<)1—V)/(2+2V) : I )114% ) %}) (2.1.39)
- (F(xg) — F*).

Therefore, the rate of convergence is linear, and

1 3/2 o1/2 (1—v)/(2+42v) *
> 14w | 6¥/22Y2.(840) . log Elzo)—F"
K < max{(w,)™ 1= ) T ,1} - log .
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Moreover, we have the following bound for the total number of oracle calls
Ny during the first K iterations:

Nk < 2K +logy -+ — log, Ho. (2.1.40)

Proof. The proof is based on Lemmas 2.1.9 and 2.1.10, and monotonicity
of the sequence {F (xk)}k>0. Firstly, we need to show that every iteration
of the method is well-defined. Namely, we are going to verify that for a
fixed 0 < k < K — 1, there exists a finite integer ¢ > 0 such that either
F(Ty, 2 (k) < My o0 (ak) or F(Thy e (2k)) — F* <e.

Indeed, let us set

¢ = max {O, IOgQ "W—‘ } y
and
Then, if we have both F(Ty(zx)) > M} (xy), and F(Top(zx)) — F* > ¢,
we get by Lemma 2.1.10:

(2.1.34) 2

v Jy
(F(TZH(zk))—F*)(lf”)/(“”) < e(l—v)/(2+v)>

which contradicts (2.1.41). Therefore, if we are unable to find the value
0 < i < £ (see step 1 of the algorithm) in a finite number of steps, that
only means we have already solved the problem up to accuracy .

Now, let us show that for every 0 < k < K it holds:
Hy (F(zy) — F¥)™ < max{d,, Hy (F(xo) — F¥)7}.  (2.1.42)

This inequality is obviously valid for k = 0. Assume it is also valid for some
k > 0. Then, by definition of Hy41 (see step 3 of the algorithm), we have
Hy.1 = H32%~1. There are two cases. 1) i = 0. Then Hy,1 < Hy. By
monotonicity of {F (xk)}k>0 and by induction, we get:

1-v 1-v
Hy1 (F(zgs1) — F*)2 < Hy (F(xy) — F*) %

< max{d,, Ho (F(xo) — F*)7 1.

2) ix > 0. Then applying Lemma 2.1.10 with H := Hy2* "1 = Hp
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2.1. Second-Order Global Nondegeneracy

and z := x, we have:

1-v -y (2.1.34)
Hist (Flar) - F)S = H(F(Lu(@) - F)5 < 0,

Thus, (2.1.42) is true by induction. Choosing Hy small enough (2.1.37), we
have:

2H,, (F(zy) — F)7v < 29, 0<k<K. (2.1.43)

From Lemma 2.1.9 we know, that one of the two following estimates is true
(denote o := F(xg) — F™):
1. F({,Ek) —F(.’L‘k+1) > a~5k <~ §k+1 < (1 — a) . (Sk;, or

2. F(zp) = F(zg1) 2 B 01 & e < (14+8)710% < (1 -
min{g, 1}/2)d,

where
S R (e )H% 1}
- 24v 2(24v)w, ’ ’
and
def 304v) 3G
B lef (2+V)2(2+1/) L (o240)
T+v 3(20,)177

(2132) 9y 22 (+nEENTT 1Ty
- T+v * 63/2.(8+p)(1-»/CF2) (E) :
It remains to notice, that o > min{,1}/2. Thus we obtain (2.1.39).
Finally, let us estimate the total number of the oracle calls Nx during
the first K iterations. At each iteration the oracle is called i + 1 times,
and we have Hy,, = H,2"% 1. Therefore,

Ne o= St ) = TR (log B 1)
= 2K +logy Hx — logy Hy

(2.1.43),(2.1.38) 9
S 2K + 10g2 W — 10g2 HO. |:|

Note that condition (2.1.37) for the initial choice of Hy can be seen as
a definition of the moment, after which we can guarantee the linear rate
of convergence (2.1.39). In practice we can launch algorithm (2.1.22) with
arbitrary Hy > 0. There are two possible options: either the method halves
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Chapter 2. Minimizing Uniformly Convex Functions

Hj, at every step in the beginning, so Hj becomes small very quickly, or
this value is increased at least once, and the required bound is guaranteed
by Lemma 2.1.10. It can be easily proved, that this initial phase requires

Hoeu—u)/uw)]

no more than Ky = [logg oracle calls.

2.1.4 Discussion

Let us discuss the global complexity results, provided by Theorem 2.1.11
for the Cubic Regularization of the Newton Method with the adaptive ad-
justment of the regularization parameter.

For the class of twice continuously differentiable p-strongly convex func-
tions with Lipschitz continuous gradients, it is well known that the classical
Gradient Method needs

(9(%log W) (2.1.44)
iterations for computing an e-solution of the problem (e.g. [114]). As
it was shown in [23], this result is shared by a variant of Cubic Regu-
larization of the Newton Method. This is much better than the bound
O((%f log w), known for the Damped Newton Method (see Sec-
tion 1.4.2).

For the class of uniformly convex functions of degree ¢ = 2 + v charac-
terized by a Holder continuous Hessian of degree v € [0, 1] we have proved
the following parametric estimates:

€

(’)(max{ (wy) H%v 1} -log Flzo)=F" )7

def . . . .
where w, = “H is the condition number of degree v. However, in practice

024y

we may not know exactly an appropriate value of the parameter v. It is
important that our algorithm automatically adjusts to the best possible

complexity bound:

1 *
o inf (w,) 77, 1} - log L"),
max{ inf (w,) } -log #] (2.1.45)
Note that for the functional class: Vo € dom (uB < V2f(x) < L1B), we
have

IV2f(z) = V2l < Li—p,  Vao,y€domy.

Thus, Ho < L1 — p and wy < Ll;". So we can conclude that esti-
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2.1. Second-Order Global Nondegeneracy

mate (2.1.45) is better than (2.1.44). Moreover, addition to our objective an
arbitrary convex quadratic function does not change any of H,, v € [0,1].
Thus it can only improve the condition number w,,, while the ratio L/ may
become arbitrarily bad. It confirms an intuition, that a natural Newton-
type minimization scheme should not be affected by any quadratic parts of
the objective, and the notion of well-conditioned and ill-conditioned prob-
lems for second-order methods should be different from that of for first-order
ones.

In the recent paper [61], a linear rate of convergence was also proven for
the accelerated second-order scheme, with the complexity bound

O(max{(w,) 77,1} - log #2077 (2.1.46)

g

This is a better rate than (2.1.45). However, the method requires to know
the parameter v and the constant of uniform convexity. Thus, one theoreti-
cal question remains open: is it possible to construct universal second-order
scheme matching (2.1.46) in the uniformly convex case?

It would be also interesting to generalize our results onto the Tensor
Methods of arbitrary order. The situation with the methods of higher or-
der is more difficult. One of the big issues is that Taylor’s polynomial of
degree p > 3 is generally nonconvex. We need to regularize the polyno-
mial by the power of norm, with sufficiently big regularizing coefficient (see
Section 1.5.1). Thus, using any adaptive strategy for the regularization co-
efficient, one need to ensure that the subproblem remains tractable. In our
theoretical analysis, we also rely on the convexity of the model (in particu-
lar, in Lemma 2.1.9).

Note that one of the conditions to prove the universality of the method
is (2.1.38), which bounds from below the residuals for all test points of the
optimization process. This raises the question of termination criterion for
the method. A working strategy is to do as many iterations of the method
as our budget allows. An interesting open problem is to develop efficiently
computable accuracy certificates for the Cubic Newton.

By looking at the definitions of H, and o2.,, we can see that, for all
T,y € doml/),m 7é Y,

192 £ ()= £ () ! =yl
Hy = eal” 5 o 2 VF@-Vimaa)
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. 192 f(2) =2 £ () |- llz—y1?
_ -V @) oy
T Z N @-Viwe-—9)

q
¥
iy
<
|

(V2 f(2) =V f(¥) (z—y) z—y)
(Vi(@)=Vf(y),z—y) ’

Y

The last fraction does not depend on any particular ¥ and does not fix
any norms. So, for any twice-differentiable convex function, we can define
the following number:

o (V2 (@)~ V2 () (&—1) 2—)
“ B Sup Z)— T—1 .
z,y€dom (Vi@)=Vf(y)z—y)
zF#Y

If it is finite (w < +00), then it could serve as an indicator of the second-
order non-degeneracy, for which we have an upper bound: w, > w, v € [0, 1].

2.2 Local Convergence of Tensor Methods

One of the classical results about Newton’s Method is its local quadratic
convergence (see Section 1.4.1). For the Cubic Newton Method, its local
superlinear convergence was justified in [124].

This part of the thesis is aimed to study local convergence of high-
order methods, generalizing corresponding results from [124] in several ways.
We establish local superlinear convergence of the Tensor Method (1.5.1) of
degree p > 2, in the case when the composite objective is uniformly convex
of arbitrary degree ¢ from the interval 2 < ¢ < p + 1. For strongly convex
functions (¢ = 2), this gives the local convergence of order p.

We recall the definition of the Tensor step in Section 2.2.1. Then, we
declare some of its properties, which are required for our analysis.

In Section 2.2.2, we prove local superlinear convergence of the Tensor
Method in the function value and in the norm of minimal subgradient, under
the assumption of uniform convexity of the objective.

In Section 2.2.3, we discuss the global behavior of the method and justify
sublinear and linear global rates of convergence for convex and uniformly
convex cases respectively.

One application of our developments is provided in Section 2.2.4. We
show how local convergence can be applied for computing an inexact step in
proximal methods. A global sublinear rate of convergence for the resulting
scheme is also given.
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2.2. Local Convergence of Tensor Methods

2.2.1 Main Inequalities

For solving the composite minimization problem,

mln{F(x) = f(x)+z/}(m)},

x

let us define one step T' = Ty () of the reqularized composite Tensor Method
of degree p > 2

Ti(x) = argmin {Q,(£.o:9) + Glylly — o7 + o)} (2.2.)
Yy

Theorem 1.5.1 states that for

H > pL, (2.2.2)

the auxiliary optimization problem in (2.2.1) is convez. This condition is
crucial for the implementability of the Tensor Method and we always assume
it is to be satisfied.

Then, we can write down the first-order optimality condition for the
auxiliary subproblem in (2.2.1):

(VO (f,2;T) + ST = 2|7 B(T — 2),y = T)

(2.2.3)
+ ¥(y) = (D),
for all y € dom . In other words, for vector
def . H _ p—1 _
W(T) E - (VL) + H T - BT —2))  (2:24)
(2.2.3)
we have ¢'(T) € ~ 0¢(T). This fact explains our notation
F(T) ¥ VfT)+¢/(T) € OF(T). (2.2.5)

Let us present some properties of the point T'= Ty (x). First of all, we
need some bounds for the norm of vector F'(T'). Note that

|F'(T) + ST — z||P~' B(T — ) ||,
(2.2.6)

2. (1.3.6)
CZV VD) -V (LT, < LT - alp.
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Consequently,

L,+H
IF(Dl. < =227 — || (2.2.7)

Secondly, we use the following lemma.

Lemma 2.2.1. Let 8> 1 and H = $L,. Then

(F(T), 2 —T)
B . - (2.2.8)
> p! L / P (B-1) 2 . P .
> (o8s) - IF @) =
In particular, if 8 = p, then
1 pt1
(F@)e-1) = () - IF@LT . (229

Proof. Denote r = ||T — z||, h = }{ and [ = %. Then inequality (2.2.6)

can be written as follows:
|F'(T) + hrP ' B(T —2)||2 < 1Pr?P.
This means that
(FI(T),e~T) > gl /(D)2 + =0 (2.2.10)

Denote

2 2 _
a = 2h||F/( )”ia b - thl y T = rP 17 a = %

Then inequality (2.2.10) can be rewritten as follows:

T

(F(T),e=T) = 24br* > min{§+b7} = (1+a) (3 )TH pre

By taking into account that 1+« = 2 T and 95 = pT;l, and by using the
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2.2. Local Convergence of Tensor Methods

actual meaning of a, b, and «, we get

T A N o
F(T),z—-T) > 22 IFE@IL" (=)  (h=1) "
. P2 B B
, p+1 (h2—12)p2771’1
= [[F'(D)." - h : =T
(p+1) 27 (p—-1) 27
N
= ”F (T)”*p : 2 '(2 l)pT?l( +1)L.
pe— P P P
It remains to note that
p—1 p—1 p—1
(h27l2)W _ (H27L2) p L (5271)ﬁ | 1
DT o URIT gy = CDT (),

2.2.2 Local Convergence

We analyse now the local behavior of the Regularized Composite Tensor
Method (RCTM):

xro € dOHl’Q/J, Tl = TH(l‘k), k>0 (2211)

This is algorithm (1.5.1) with fixed regularization parameter. In order to
prove local superlinear convergence of this scheme, we need one more as-
sumption.

Assumption 2.2.2. For all z,y € dom and for all F'(z) € 0F (x), F'(y) €
OF (y), it holds:

(F'(z) — F'(y),x —y) > ogllz—yl9 (2.2.12)

for some g > 2 and o, > 0. Hence, we assume that the full objective in the
composite problem is uniformly convex of degree g (see Lemma 2.0.1).

Inequality (2.2.12) gives us the following local convergence rate for RCTM.

Theorem 2.2.3. Let o, > 0 for some q > 2. Then for the sequence {zk}r>0
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generated by method (2.2.11) with H := pL,,, we have

F(ap) — F*
(2.2.13)

< (q- 1)qp;ffl (é)% (LP"‘H)qf1 [F(wk) — F*]q%l

Proof. Indeed, for any k > 0 we have

F(l‘k) — F* Z F(l‘k) —F($k+1)

(2.0.1) .
2 (F'(@k41), 00 — Tog1) + ok — o [|?

(228) @27) . ) 1
> Gl —aenallt > % (L2 I F @)l

g—1

(2.0.3) \ 4 qaq—il P

> % () | S ) - )
And this is exactly inequality (2.2.13). O

Corollary 2.2.4. Ifp > q — 1, then method (2.2.11) has local superlinear
rate of convergence.
Proof. Indeed, in this case q%l > 1. O
For example, if ¢ = 2 (strongly convex function) and p = 2 (Cubic
Regularization of the Newton Method), then the rate of convergence is
quadratic. If ¢ = 2, and p = 3, then the local rate of convergence is cubic,
etc.
Let us study now the local convergence of the method (2.2.11) in terms
of the norm of gradient. For any = € dom ¢ denote

n(x) ,hin IV f(x)+ gl (2.2.14)

If Oy (z) = &, we set n(x) = +oo.

Theorem 2.2.5. Let o, > 0 for some q > 2. Then for the sequence {zy}r>0
generated by method (2.2.11) with H := pL,,, we have

nek) < IF @)l < 22 [ (2.2.15)

p! 07(1
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Proof. Indeed, in view of inequality (2.2.12), we have
(Vf(zr) + gk, T — Thet1)

> (F'(Tgt1), T — Thp1) + 0gllor — Tppa]]?

(2.2.8)

2.
> ogllze — el
where g, is an arbitrary vector from 9y (xy). Therefore, we conclude that

n(xr) > ogller — zpga |71

It remains to use inequality (2.2.7). O

As we can see, the condition for superlinear convergence of the method
(2.2.11) in terms of the norm of the gradient is the same as in Corollary
2.2.4: we need to have ﬁ > 1, that is p > ¢ — 1. Moreover, the local rate
of convergence has the same order as that for the residual of the function
value.

According to Theorem 2.2.3, the region of superlinear convergence of
RCTM in terms of the function value is as follows:

oPt1

Q = {x: Flz)— F* < ;(M(L,Lq>0)-+} (2.2.16)

Alternatively, by Theorem 2.2.5, in terms of the norm of minimal subgradi-
ent (2.2.14), the region of superlinear convergence looks as follows:

G = {x: n(z) < (gg.(LﬁH)ql)”}’“}, (2.2.17)

Note that these sets can be very different. Indeed, set Q is a closed and
convex neighborhood of the point z*. At the same time, the structure of the

set G can be very complex since in general the function 7(z) is discontinuous.
Let us look at simple example where ¢(z) = Indg(x), the indicator function
of a closed convex set Q.

Example 2.2.6. Consider the following optimization problem:

min {£(2) : flal? = () + @*)? < 1], (2.2.18)
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with
flx) = Flle—z|*+ 25z - 2|,

for some fixed 02,03 > 0 and Z = (0, —2) € R%.

—

N\

2

0
XD
Figure 2.1: Level sets for constrained optimization problem (2.2.18).

‘We have
V() =r(x)- (=1, 2? +2),

where r : R2 - R is
r(x) = o9 + 203]|z — Z||.

Note that f is uniformly convex of degree ¢ = 2 with constant o5, and for
g = 3 with constant o3 (see Lemma 4.2.3 in [117]). Moreover, we have for
any v € [0,1]:

(Vi) =V z—y) = ooflz—yl*+osllz—yl’

; 1— 2+
> min{g +oat' | o -yl

> oy Vol |la —y*t.

Hence, the function is uniformly convex of any degree ¢ € [2,3] (note that
it also follows from inequality (2.1.2), which was justified by a more general
reasoning). At the same time, the Hessian of f is Lipschitz continuous with
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constant Ly = 403 (see Lemma 4.2.4 in [117]).

Clearly, in this problem z* = (0,—1), and it can be written in the
composite form with

Wlz) = {+oo, if ]| > 1,

0, otherwise.

Note that for € domy = {x : ||z|| < 1}, we have

0, iffal <1,

dile) = { (s y = 0, if e = 1.

Therefore, if ||z|| < 1, then n(z) = |V f(z)| > o2. If ||z|| = 1, then

(2.2.14)

n(z) min{ [(r(2) +7)2V]* + [(r(@) + )2 + 20(@)] |

2

= gnzlgl{(T(f) + 7)2 + 4r(z)(r(z) + ’y)x@) + 47”2({E)}
_ 4r2(x)(1 — ($(2))2)7 if 22 < _%,
{ r? (z)(5 + 433(2)), otherwise.

Thus, in any neighbourhood of z*, n(z) vanishes only along the boundary
of the feasible set. O

So, a natural question that arises is how Tensor Method (2.2.11) could
come to the region G. The answer follows from the inequalities derived in
Section 2.2.1. Indeed,

(2.2.
1F (@rs)lle < 22 o — 2P,

and
F(zy) = F(rre1) =2 (F'(@k41), Tk — Thg)

-

(2.2.9) p+1

>" (i) I @)

Thus, at some moment the norm || F’(x )|/« will be small enough to enter G.

73



Chapter 2. Minimizing Uniformly Convex Functions

2.2.3 Global Complexity Bounds

Let us briefly discuss the global complexity bounds of method (2.2.11),
namely the number of iterations required for coming from an arbitrary initial
point g € dom ) to the region Q.

First, note that for every step T'= Ty (x) of the method with parameter
H > pL,, we have

F(T) < QfasT) + |7 — a1+ (T)

221 . ) H +1
= min{Q,(fam) + Gy - ol 4+ 0() |
(1.3.5) ) H+L, .
< min{F) + gl - 27}
Therefore,
« H+L, .
F(T(x)) - F* < Gaghillz =Pt Vo € domy, (2.2.19)

with z* & argmin, F(y), which exists by our assumption. Denote by Dy
the maximal radius of the initial level set of the objective, which we assume
to be finite:

Do ¥ sup {||x—x*|| F(x)SF(xO)} < +oo.
redom 1)

Then, by monotonicity of method (2.2.11) and by convexity we conclude
that

A (Plar)—F*) < P @) min—2) < [F/ (). (22:20)

DO DO
In the general convex case for the Tensor Method, we can prove the
global sublinear rate of convergence of the order O(1/kP) [118]. For com-
pleteness of presentation, let us prove an extension of this result onto the

composite case. Note that the theorems from this section are valid for p = 1
(the Gradient Method) as well.

Theorem 2.2.7. For method (2.2.11) with H := pL, we have

P p+1
S i Y Y (2.2.21)
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Proof. Indeed, in view of (2.2.9) and (2.2.20), we have, for every k > 0, that

Flag) = Flees) = (F'(@r41), T — Tetr)

(2.2.9) . 1 ) Pt
> (o) IF @)l

(2.2.20) ol
= (<p+1)LpD§“)

Denoting §, = F(ay) — F* and C = (W) , we obtain the follow-
r=0

p+1

: (F(a:kH) - F) "

=

ing recurrence:

6k —Okp1 = C80, k>0, (2.2.22)
(2.2.19)
or for up, = CP§, < 1, as follows:
P+l
Hk = Pkt+1 2 s k> 0.

Then, Lemma 1.1 from [60] provides us with the following guarantee:
1/p
me < (Y < (), k22

Therefore,

_ . 2 P (p+1)(2p)? L,DET?
& < (C(kgl)) = £ P! Pl (k,f)pa k> 2.

O

For a given degree ¢ > 2 of uniform convexity with o, > 0, and for
RCTM of order p > q — 1, let us denote by @, 4 the following condition

number: L
def  p+1 (q—l)q_ LyDpt!

“Ypg T q aq

Then, we come to the following conclusion.

Corollary 2.2.8. In order to attain the region Q it is enough to perform

qq 7PT‘1'1 ﬁ
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Chapter 2. Minimizing Uniformly Convex Functions

iterations of the method.

Proof. Plugging (2.2.16) into (2.2.21).

We can improve this estimate, knowing that the objective is globally
uniformly convex (2.2.12). Then the linear rate of convergence arises at the
first state, till the entering in the region Q.

O

Theorem 2.2.9. Let o, > 0 with g < p+1. Then for method (2.2.11) with

H :=pL,, we have

F(zy) —F* < exp (_HS/) - (F(z0) — F*), E>1. (2.2.24)

Therefore, for a given € > 0 to achieve F(xg) — F* < ¢, it is enough to set

K

-1/p

F(Zo)—F*
Wp,q

[(1 + ) - log ==

Proof. Indeed, for every k > 0

F(zg) — F(g41)
>

(2.2.9)

(2.2.20),(2.0.3)
>

Denoting 0 = F(xy) —

-1/
L/Jp.q

6 >
e L4y l]

(F'(Tr41), T — Thy1)

1 p+1

A (@)1

=

p—g+1

F*, we obtain

-6k: < exp (—m) '5k7 k > 1.
P,q

|+

NE e )l " [ (@)l

(2.2.25)

q
P
*

—
10
/~
)
| =2
—
N—
/'1?
—~
8
e
Jr
—
N
\
—

O

We see that, for RCTM with p > 2 minimizing the uniformly convex

objective of degree ¢ < p+ 1, the condition number w;/y

1/p

is the main factor

in the global complexity estimates (2.2.23) and (2.2.25). Since in general
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2.2. Local Convergence of Tensor Methods

this number may be arbitrarily big, complexity estimate @(@;(f) in (2.2.25)
is much better than the estimate O(@;{’;l)/(p(p_qﬂ))) in (2.2.23) because
of relation % > 1.

These global bounds can be improved, by using the universal (see the
previous Section 2.1) and the accelerated [111, 61, 63, 54, 145] high-order
schemes.

High-order tensor methods for minimizing the gradient norm have been
developed in [13, 48]. These methods achieve near-optimal global conver-
gence rates, and can be used for coming into the region G (2.2.17). Note
that for the composite minimization problems, some modification of these
methods is required, which ensures minimization of the subgradient norm.

Finally, let us mention recent results [122, 76], where it was shown that
it is possible to implement the third-order schemes by using only second-
order oracle information (see also Section 1.5.2). Hence, it is interesting to
investigate the local behaviour of the high-order methods under approximate
condition on the derivatives, which we keep as an open question for the
further research.

2.2.4 Application to Proximal Methods

Let us discuss now a general approach, which uses the local convergence of
the methods for justifying the global performance of proximal iterations.

The Proximal-Point algorithm [133] is one of the classical iterative meth-
ods in theoretical optimization. This method, as applied to minimizing a
convex function F' : dom F' — R, consists of solving at each iteration the
following subproblem:

Tpy1 = argmin{akHF(x) + %Hx - ka?}’ k>0, (2.2.26)

where {ax}r>1 is a sequence of positive coefficients, related to the iteration
counter.

Of course, in general, we can hope only to use an inexact solution to
the subproblem (2.2.26). The questions of practical implementations and
possible generalizations of the proximal method, are still in the area of
intensive research (see, for example [65, 144, 142, 140]).

One simple observation on the subproblem (2.2.26) is that it is 1-strongly
convex. Therefore, if we were be able to pick an initial point from the region
of superlinear convergence (2.2.16) or (2.2.17), we could minimize it very
quickly by RCTM of degree p > 2 up to arbitrary accuracy. In this section,
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Chapter 2. Minimizing Uniformly Convex Functions

we are going to investigate this approach. For the resulting scheme, we will
prove the global rate of convergence of order O(1/ k%)
Denote by @y the regularized objective from (2.2.26):

def

Bror(2) 2 apniPle)+ §lla — ol

= apprf(x) + 5l — 2?4 ana(2).

We fix a sequences of accuracies {Jx }r>1 and relax the assumption on exact
minimization in (2.2.26). Now, at every step we need to find a point zx41
and corresponding subgradient vector g1 € 0Pky1(xgy1) with bounded
norm:

lgr+1lls < Oksr. (2.2.27)

Denote

def

F' (k1) o Gre1 = B(zpir — 2x)) € OF (1)

The following global convergence result holds for the general proximal
algorithm with inexact minimization criterion (2.2.27).

Theorem 2.2.10. Assume that there exist a minimum z* € dom of the
problem. Then, for any k > 1, we have

k k
2 ai(F (@) = F) + 3 ;a?IIF’(wi)\IE + gllee — 2|

) (2.2.28)

def 1 % k
< Re(0) = g\ llwo—atl+ X4
=1

Proof. First, let us prove that for all £ > 0 and for every x € domv, we
have

k
Yoo —alP + Y aiFf(e) > fac—zf>+Cila),  (22:29)
=1
where
def k a? / 2 52
Crla) & % (asF (o) + FIF @2 + oo e — i) = 5)

This is obviously true for £ = 0. Let it hold for some k£ > 0. Consider the
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2.2. Local Convergence of Tensor Methods

step number k + 1 of the inexact proximal method.

By condition (2.2.27), we have

lakt1 F (wps1) + B(zper —zp) 2 < 07
Equivalently,

(ars1 F' (Tpq1), T — Trg1)
(2.2.30)
2 62
> B F (zps) |2 + Slorer — zel? — 252

Therefore, by using the inductive assumption and strong convexity of @1 (-),
we conclude

k+1 k
Yo — 2|2+ Y. aiF() = bllao—al? + Y aiF(2) + apr F(a)
i=1 =1

(2.2.29)
> Ppiq(z) + Cr(x)

> Pppr(@rp1) + (Gri1s = Tpr) + 3l — 2)? + Ck(x)
= ap1F(@p1) + 2l@eer — zell? + (Grs1, Tk — Thg)
+ (grr1, 2 — zp) + gllzesr — 2zl + Cr(2)
= appr F(erg) + (ar F'(2pg1), o — org1) — 3l an — z)?
+ (g1, — xp) + gllzesr — 2l + Cr(x)
(2.2.30) s

2 2
> g1 F(wpg1) + B2 F ()12 — 252
+ gk, 2z — zk) + 3lzesr — 2] + Cr(x)

= glleers — 2] + Crya ().

Thus, inequality (2.2.29) is valid for all & > 0.
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Chapter 2. Minimizing Uniformly Convex Functions

Now, by plugging x = z* into (2.2.29), we have

k k
> a(Fla) = F)+ 5 3 a2l (@) + dla — |

K2

k k
< gllwo —2*|IP + 3 Z: 67 + Z: (gi, i1 — x*)
= (2.2.31)

k k
< %||z0—;17*||2+%25i2+ > 0i|lwi—1 — x|
i=1 i=1

= Q.

In order to finish the proof, it is enough to show that oy < Ry (9).
Indeed,

g1 = agp+ 500 4 Ok llak — o

(2.2.31) -
< o + §5k‘+1 + 5k+1 V 20ék

= (\/oTk—F %5164.1)2

Therefore,

IN

Vak \/ak—1+%5k << Vo

-

k
2 "

k
= % (H.%‘Q —x*|| + 2:1(51> = Rk((S) ([l

Now, we are ready to use the result on the local superlinear convergence
of RCTM in the norm of subgradient (Theorem 2.2.5), in order to minimize
@ 1(+) at every step of inexact proximal method.

Note that

0Pri1(x) = ar10F(z) + Bz — ),

and it is natural to start minimization process from the previous point g,
for which 0®y11(zk) = ag+10F (x1). Let us also notice, that the Lipschitz
constant of the p-th derivative (p > 2) of the smooth part of ®j41 is ag+1Ly.

80



2.2. Local Convergence of Tensor Methods

By using our previous notation, one step of RCTM can be written as
follows:

def . , H 1
Th(®Ppi1,2) = argglel]}zl{akHQp(f,%y) + Grolly — 2l1PF

+ ars1(y) + Hlly — 7,

where H = ajy1pLy. Then, a sufficient condition for z = z;, to be in the
region of superlinear convergence (2.2.17) is
a1
anl Pl < (amtis)”
or, equivalently
p—1

p—1 1
1 P p! P
apr1 < (HF’(zk)H*) ((p+1)Lp) ’

To be sure that xy is strictly inside the region, we can pick:

p—1 1

_ 1 T ! P 2.2.32
Ak+1 = (2\|F/(fﬂk)\|*) ((P-V-pl)Lp) ( 32)

Note, that this rule requires fixing an initial subgradient F’(x¢) € OF (x¢),
in order to choose a;.

Finally, we apply the following steps:

20 = Tk, 2t1 = Tu(Pry1,2t), t>0 (2.2.33)

We can estimate the required number of these iterations as follows.

Lemma 2.2.11. At every iteration k > 0 of the inexact proximal method,
in order to achieve || @7 (2¢)|[« < Opy1, it is enough to perform

th = [loglﬁ log, log, (wmﬂ (2.2.34)

Okt

steps of RCTM (2.2.33), where
def * u Pl F (z0)ll. g
Dy(d) = maxqzo—= ||+;5i7(W)
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Chapter 2. Minimizing Uniformly Convex Functions

Proof. According to (2.2.15), one step of RCTM (2.2.33) provides us with
the following guarantee in terms of the subgradients of our objective ®51():

a +1)L
@)y (2ol < L EEDER @ (2 0) 1, (2.2.35)

where we used in (2.2.15) the values ¢ = 2, 04 = 1, ag41L, for the Lip-
schitz constant of the p-th derivative of the smooth part of ®;.;, and
H = ajy1pLy,.
1
Denote 8 = (M) T (2.282) (w) . Then, from

p! 2:pl-[[ 7 ()]
(2.2.35) we have

Sl

Bl Pgp1(22) [« (Bl P (ze-1)11)"

IA

< (Bl (20)].)"

IN

= (Bara | F(ap)l])P

(2.2.36)
L1 ()L, )7 4
S e S B TN
(2.2.32) pt
=7 ()
Therefore, for
1
t Z logplogQ (m)
(2.2.37)

s

— 1 1 (20N F (@)«
— logyp ' 10g2 10g2 <5k+1 ( (p+1)Lyp )

)

it holds [|®}_ 1 (2¢)[l« < 0xq1. To finish the proof, let us estimate || ()]«
from above. We have

9™ (%)7 Ry,(5)

(2.2.28) 2(p—1) . 2k
> 2 ()T Y a2 P () (2.2.38)
=1

2(1—p)

(2.2.32) K .
= ;HF’(:@,l)H* [ () [I3-
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2.2. Local Convergence of Tensor Methods

Thus, for every 1 < i < k it holds
(2.2.38)
IE ()|l < [|[F'(zic0)|?- D, (2.2.39)

with D = R1/2(5) (M> 25 ,;and p= P22 L Therefore,

(2.2.39) k 2 k—1
IF' @l < I (@o)[l¢" - Drerst e
’ / pF—1 1=
= 1P @)l (1P @)~ - D)
, 1—p*
= [1F (o)l - (4HF’Z;)H*>
< F (@o)ll - max{ ppriaoy s 1}
= (g a4 326) [Pl .
Substitution of this bound into (2.2.37) gives (2.2.34). O

Let us prove now the rate of convergence for the outer iterations. This
is a direct consequence of Theorem 2.2.10 and the choice (2.2.32) of the
coefficients {ay }x>1.

Lemma 2.2.12. Let for a given & > 0,
F(zy)—F* > ¢, 1<k<K. (2.2.40)

Then for every 1 < k < K, we have

* k . ptl p—
Fla) - - < Ly (llzo— k”gi:l 5:) (p+1)2p! 2Vk(6), (2.2.41)
2

P k p—1
_def Yo aim; £ [ IF (@o)ll-(lwo—= 1+ &)\ *
where Ty = 7%?1 , and Vi (g) o ( 2 OE 2 )
a;
i=1

Proof. By using the inequality between the arithmetic and geometric means,
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we obtain

) k
Re(6) = 5y af|F'(zi)l
i=1

2 k &
k | p—1 a?
= §(<p+1>Lp) (H 21> (2.2.42)
i=1 af+1
2 2 sk ﬁ
_ k p! p—1 aq (p—1)k H )
= s \ iDL, Yy g
k&% ! ﬁ (p21;)k k ﬁ
p— p! - ai - .
= 8 ((;v+1)Lp) (Gk+l> <Z§al) :
Therefore,
k (2.2.28)
_ Ri(5
Fa)-F < =Y aF@)-Fr) < 50
> ai = > ai
i=1 i=1
P
(2.2.42) Rk(é)pTl (p+ 1)Ly (api1 \ F 8;7771
= kPTH p! a1l
N k p+1
Lm0 8) T pryer? (IF @)l )
KT p! [EEDIP ’

where the first inequality holds by convexity. At the same time, we have

@l = et o Reoor

llzk—z*]] = llzp—a*|]
(2.2.40) (2.2.28)
> — > _
= T T = eeer by b
p—1
! T k .
Thus, (M) < Vi(e) and we obtain (2.2.41). O

p—1

Remark 2.2.13. Note that (2) * = exp(2*Inl). Therefore after k =

84



2.2. Local Convergence of Tensor Methods

O (In 1) iterations, the factor Vi (e) is bounded by an absolute constant.

Since the local convergence of RCTM is very fast (2.2.34), we can choose
the inner accuracies {d;};>1 small enough, to have the right hand side
of (2.2.41) being of the order @(l/kpzj) Let us present a precise statement.

Theorem 2.2.14. Let 0 = 5= for fived absolute constants ¢ > 0 and s > 1.
Let for a given € > 0, we have

F(zy)—F* > &  1<k<K.

Then, for every k such that In W <k <K, we get
p+1 P—2 o —
F(.i'k) _ F* S L;% (p+1)2 p!e p(p 1)7 (2243)
where
R Y g — | + 2

s—1"
The total number of oracle calls Ny during the first k iterations is bounded
as follows:

N < k'(l"‘@lnglngQDkS),

C

where .
def WE (o)l \ P
D ma{r (k)"

Proof. First, observe that

k (1.3.9)

(]
> d; < -
i=1

Thus, we obtain (2.2.43) directly from the bound (2.2.41) and by the fact
that

p—1

Vi(e) = (M) G :exp(%logw>
< eXp(p—l),
WhenkZ]nw.
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Then,

(2.2.34) k

Ny, < ; [@ log, log, %—‘ < k+ 10g12p ;logz log, 21:;1

k
S Rty 3. log; log, DK — ) (1 + o log, log, m)

O

Note that we were able to justify the global performance of the scheme
by using only the local convergence results for the inner method. It is
interesting to compare our approach with the recent results on the path-
following second-order methods [49].

We can drop the logarithmic components in the complexity bounds by
using the hybrid proximal methods (see [100] and [98]), where at each itera-
tion only one step of RCTM is performed. The resulting rate of convergence
there is O(1 /k‘pTH), without any extra logarithmic factors. However, this
rate is worse than the rate O(1/k?) provided by the Theorem 2.2.7 for the
primal iterations of RCTM (2.2.11).
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Chapter 3

Contraction Technique in
Convex Optimization

For a differentiable function f, we can consider its contraction, which is the
function

v o= fly+(1=9)a),

where Z is a fixed point (usually the current iterate of a method), and
v € (0,1) is a contraction parameter.

Let us denote the new function by g(z) := f(yz + (1 — v)Z). Then, its
derivatives are as follows:

Dg(z) = ~Df(yz+(1-7)z),
D?g(x) = ~*D*f(yz+(1—7)z),
DFg(z) = A*DFf(yz+ (1—~)z).

The smoothness characteristics of the objective (i.e. the Lipschitz constants)
are defined by using the derivatives. Hence, we can hope that the smooth-
ness properties of g(-) can be better than those of the initial function. The
result of employing the contracted objective should be combined with the
progress made by an optimization algorithm up to the current iterate x.

In this chapter, we investigate this idea by developing new contracting
algorithms for Smooth Convex Optimization. It appears that the contrac-
tion technique is somewhat complementary to the proximal approach.
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Chapter 3. Contraction Technique in Convex Optimization

Figure 3.1: Contractions of a convex quadratic function.

3.1 Affine-Invariant Contracting-Point
Methods

In the last years, we have seen an increasing interest in new frameworks
for derivation and justification different methods for Convex Optimization,
provided with a worst-case complexity analysis (see, for example, [7, 95,
28, 116, 118, 54, 77, 122, 120]). It turns out that the accelerated proximal
tensor methods [6, 118] can be naturally explained through the framework
of high-order proximal-point schemes [120] requiring a solution to nontrivial
auxiliary problem at every iteration.

This possibility serves as a departure point for the results presented
in this part of the thesis. Indeed, the main drawback of proximal tensor
methods consists in the necessity of using a fixed Euclidean structure for
measuring distances between points. However, the multi-dimensional Taylor
polynomials are defined by directional derivatives, which are affine-invariant
objects. Can we construct a family of tensor methods, which do not depend
on the choice of the coordinate system in the space of variables? Our results
give a positive answer on this question.

Our framework extends the initial results presented in [116], where it
was shown that the classical Frank-Wolfe algorithm can be generalized onto
the case of the composite objective function [114] by using a contraction of
the feasible set towards the current test point. This operation was also used
in [116] for justifying a second-order method with contraction, which looks
similar to the classical trust-region schemes [30], but with asymmetric trust
region.

We significantly improve the convergence rates for the second-order
methods, and extend the contraction technique onto the whole family of
tensor methods. However, in the vein of [120], we start first from analyz-

88



3.1. Affine-Invariant Contracting-Point Methods

ing a conceptual scheme solving at each iteration an auxiliary optimization
problem formulated in terms of the initial objective function.

In Section 3.1.1, we present a general framework of Contracting-Point
methods. We provide two conceptual variants of our scheme for different
conditions of inexactness for the solution to the subproblem: using a point
with small residual in the function value, and another one using a stronger
condition which involves the gradients. For both schemes we establish global
bounds for the functional residual of the initial problem. These bounds lead
to global convergence guarantees under a suitable choice of the parameters.
For the scheme with the second condition of inexactness, we also provide a
computable accuracy certificate. It can be used to estimate the functional
residual directly within the method.

Section 3.1.2 contains smoothness conditions, which are useful to analyse
affine-invariant high-order schemes. We present some basic inequalities and
examples, related to the new definitions.

In Section 3.1.3, we show how to implement one iteration of our methods
by computing an (inexact) affine-invariant tensor step. For the methods of
degree p > 1, we establish global convergence in the functional residual
of the order O(1/kP), where k is the iteration counter. For p = 1, this
recovers well-known result about global convergence of the classical Frank-
Wolfe algorithm [52, 116]. For p = 2, we obtain the new algorithm called
Contracting-Point Newton Method. Our analysis also works in the case,
when the corresponding subproblem is solved inexactly.

In Section 3.1.4, we discuss our results and highlight some open questions
for the future research.
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Chapter 3. Contraction Technique in Convex Optimization

3.1.1 Conceptual Contracting-Point Methods

We are interested in solving the composite convex minimization problem,
with an additional assumption that the feasible set is bounded. Hence,

P min {F@) = f@)+v@)},
z€dom 1

where ¢ : E — R U {400} is a simple proper closed convex function with

bounded domain, and function f(x) is convex and p (> 1) times continuously

differentiable at every point x € dom C dom f.

In this section, we propose a conceptual optimization scheme for solving
this problem. At each step of our method, we choose a contracting coeffi-
cient v, € (0, 1] restricting the nontrivial part of our objective f(-) onto a
contracted domain. At the same time, the domain for the composite part
remains unchanged.

Namely, at point z; € dom ), define

Sk (y) def ,yk¢(ggk+$k(y—xk)), y=ar+y(v—1x), v€&domi.

Note that S (y) = yx¢(v). Consider the following ezact iteration:

Vi € Argmin{f(y)+ Si(y):

v

y=(1— )Tk + v, v E dom¢}7 (3.1.1)

Tiyor = (L= v)zk + 7054

Of course, when v, = 1, exact step from (3.1.1) solves the initial problem.
However, we are going to look at the ineract minimizer. In this case, the
choice of {vx}r>0 should take into account the efficiency of solving the
auxiliary subproblem.

Denote by Fy(-) the objective in the auxiliary problem (3.1.1), that is

Fy(y) = fy)+Sky), v = (1 —y)zr +yv, v € domap.

We are going to use the point Zy+1 = (1—7% )@k +YxVk+1 With Ug1 € dom
having a small residual in the function value:

Fie(Zegr) = Fr(ziy) < Ok, (3.1.2)

with some fixed d;4+1 > 0.
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3.1. Affine-Invariant Contracting-Point Methods

Figure 3.2: Iteration of the conceptual Contracting-Point method for differ-
ent values of contracting coefficient 7%, minimizing f(-) over segment domvy =
[—30, 30].

Lemma 3.1.1. For all k > 0 and v € dom), we have

F(@pt) < (1=v)F (@) + 7l (v) + 01 (3.1.3)
Proof. Indeed, for any v € dom ), we have

(3.1.2)
Fr(Tre1) < Fr(@fgy) + 0k

(3.1.1)
< A=)k +vev) + Se((1 = ve) 2k + Yev) + Skt1

< (=) f(or) + e f(v) + b (v) + Sgra-

Therefore,
F(Zrt1) = Fi(Trgr) + ¥(@rs1) — 10 (Or41)

< (=) f(@r) + % F(v) + 0kr1 + 0(@ry1) — P (Vkt1)

IN

(1 = y) F(zg) + . F'(v) + Op41.
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Let us write down our method in algorithmic form.

Conceptual Contracting-Point Method, I

Initialization. Choose xy € dom ).
Iteration k& > 0.

(3.1.4)
1: Choose v, € (0,1].

2: For some 041 > 0, find Zp41 satisfying (3.1.2).

3: If F(Zg11) < F(xg), then set a1 = Tpaq-
Else choose zp 11 = .

In Step 3 of this method, we add a simple test for ensuring monotonicity
in the function value. This step is optional.

It is more convenient to describe the rate of convergence of this scheme
with respect to another sequence of parameters. Let us introduce an ar-
bitrary sequence of positive numbers {ax}r>1 and denote Ay def Zle a;.
Then, we can define the contracting coefficients as follows

def
e ZZ& (3.1.5)

Theorem 3.1.2. For all points of sequence {xy}r>0, generated by algo-
rithm (3.1.4), we have the following relation:

AkF(xk) S AkF*+Bk, with Bk déf Zf:l Az(gz (316)

Proof. Indeed, for k = 0, we have Ay = 0, By, = 0. Hence, (3.1.6) is valid.
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Assume it is valid for some k > 0. Then

Step 3 ~
Ak+1F(l‘k+1) < Ak+1F($k+1)

< A ((1 — ) F(zg) + ™ + 5/€+1>
3.1.5
( = ) AkF(xk) + a1 F* + Ak+15k+1
(3.1.6)
<

A1 F* + Bry1. O
From bound (3.1.6), we can see, that
Flag) = F* < LSV A, k>1 (3.1.7)

Hence, the actual rate of convergence of method (3.1.4) depends on the
growth of coefficients { Ay }x>1 relatively to the level of inaccuracies {0y }x>1-
Potentially, this rate can be arbitrarily high. Since we did not assume any-
thing yet about our objective function, this means that we just retransmitted
the complexity of solving the initial problem onto a lower level, the level of
computing the point 1, satisfying the condition (3.1.2). We are going to
discuss different possibilities for that in Sections 3.1.3 and 4.2.

Now, let us endow method (3.1.4) with a computable accuracy certificate.
For this purpose, for a sequence of given test points {Zy}r>1 C dom), we
introduce the following Estimating Function (see [117]):

def

10 éal[f(a_?,)nL(Vf(f,),vf1>+1/1(v)]

By convexity of f(-), we have ApF(v) > ¢y (v) for all v € dom. Hence,
for all £ > 1, we can get the following bound for the functional residual:

* def *
F({L‘k)—F S fk é F(;vk)—Aikgpw
(3.1.8)
o deb o in wr(v)
Yk vEdom RAEJ-

The complexity of computing the value of ¢; usually does not exceed the
complexity of computing the next iterate of our method since it requires just
one call of the linear minimization oracle. Let us show that an appropriate
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rate of decrease of the estimates ¢ can be guaranteed by sufficiently accurate
steps of the method (3.1.1).

For that, we need a stronger condition on point Zy1, that is, for arbi-
trary v € dom ¢

(V(@k41),0 — V1) +(v)

v

Y (V1) = -0kt
(3.1.9)
Trer = (1= )Tk + YUkt1,
with some 0;41 > 0. Note that, for dx11 = 0, condition (3.1.9) ensures the
exactness of the corresponding step of method (3.1.1).

Let us consider now the following algorithm.

Conceptual Contracting-Point Method, II

Initialization. Choose zy € dom ).

Iteration k& > 0.
(3.1.10)
1: Choose ~; € (0,1].

2: For some dj1 > 0, find Zy4; satisfying (3.1.9).

3: If F(Zr41) < F(xg), then set 241 = Tpt1.
Else choose zy11 = .

This scheme differs from the previous method (3.1.4) only in the char-
acteristic condition (3.1.9) for the next test point.

Theorem 3.1.3. For all points of the sequence {xy}i>0, generated by al-
gorithm (3.1.10), we have

(pz Z AkF(Ik) — Bk, k Z 0. (3111)
Proof. For k = 0, relation (3.1.11) is valid since both sides are zeros. Assume
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that (3.1.11) holds for some k > 0. Then, for any v € dom ¢, we have

er1(v) = k() + appr [f(@rp1) + (VF(@rp1),v = Trgr) + 0(v)]
(3.1.11)
> ApF(zy) — By
+ a1 [f(@hs1) + (V(Trr1),0 = Trgr) + ¢ (v)]
(*)
> At [F@rr) + (VF (@), SR )]
+ Ap(2r) + arg19(v) — By
= A (@) + e [(V(Erp1), v = Opg1) +0(0)]
+ Ag(xr) — By
(3.1.9)

> Appif(@egr) + ap 10 (V1) + App(ar) — By

(%)
> Ap41F(ZTpy1) — By

Step 3
> Ap1F(xr41) — Brga-

Here, the inequalities () and (x#) are justified by convexity of f(-) and ¥(+),
correspondingly. Thus, (3.1.11) is proved for all & > 0. O

Combining now (3.1.8) with (3.1.11), we obtain
Flag) = F* < 4 < =0 Adi, k>1 (3.1.12)

We see that the right hand side in (3.1.12) is the same, as that one in (3.1.7).
However, this convergence is stronger, since it provides a bound for the
accuracy certificate £j,.
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3.1.2 Affine-Invariant High-Order Smoothness
Condition

We are going to describe the efficiency of solving the auxiliary problem
n (3.1.1). For that we use affine-invariant characteristics of variation of
function f(-) over the compact convex sets. For a convex set ), positive
integer p > 1, and v € [0, 1], define
, def
AZVS) E s gty | @t t(o 7)) — f()

z,vEQ,
t€(0,1]

(3.1.13)

‘ o+

- & 5D @)y —af].

Note that for p = 1 and v = 1 this characteristic was considered in [73] for
the analysis of the classical Frank-Wolfe algorithm.

It is clear that for any 0 < 17 < vy < 1, we have

A < AGTI().

In many situations, it is more convenient to use an upper bound for
Ag’l)( f), which is a full variation of the (p+ 1)th derivative over the given

set Q:

def
V(p+1)(f) < suI:éQ DPFLHf(y)[v — x]pﬂ‘. (3.1.14)
x,y,v

Indeed, by Taylor formula, we have

o[£+ 0= 2) = @) = ¥ 5D f (@) — o

= 1 jl’(l — 1)PDPH f(z 4 Ti(v — 2))[v — 2P dr.
0
Hence,
Agln = G0 (3.1.15)

Sometimes, in order to exploit a primal-dual structure of the problem,
we need to work with the dual objects (gradients), as in method (3.1.10).
In this case, we need to characterize the variation of the gradient V f(-) over
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the set @:
v def
Fég )(f) = sup tp+u gt (VI (@ + (v - 2)) = Vf(2)
miié’(qffl(]g
(3.1.16)
P ,
- Loy D@l —al e - y>"
Since

_\w

e +tto =) - @) = 3 5D @ a1

= 1[£<Vf(x + 7t(v — ), t(v — x))dr — :i:l %D’f(x)[v - x}l}

(Vi + 7t ) = 3 G

i=1

Dif(z)[v — 2]~ v — z)dr,

I
Ot— =

we conclude that
APV < ST (). (3.1.17)

At the same time, by Taylor formula, we get

2[VIG o - 2) - V@) - ¥ LD @) - )i
(3.1.18)

= (p_ll)! fl(l — )P IDPHL f (2 + 7t (v — 7)) [v — z|PdT.
0

Therefore, again we have an upper bound in terms of the variation of the
(p + 1)th derivative, that is

(1) (3.118) o
Ly’ (f) < pl Sup (DPFf(2)[v — ]P0 —y)
P20 EQ (3.1.19)
< (z:rl V(p+1)(f)

See Proposition A.1 in Appendix for the proof of the last inequality. Hence,
the value of V(p +1)( f) is the biggest one. However, in many cases it is more
convenient.
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Example 3.1.4. Let ||-|| be an arbitrary norm defined on the primal vector
space E, and let Q C E be a compact convex set with diameter

def
9 = @|‘,|‘(Q) = max |z —yll < +oo.
z,yeQ
Let W be an open set containing it: Q C W C E. Assume that function

f is (p + 1)-times continuously differentiable on W, and its p-th derivative
is Lipschitz continuous on W (w.r.t. || - ||) with constant L,:

1D f(x) = DP f(y)]]

def p o il <
oo 1D F@)lhn, byl = D f ), Byl ViR < 1)}
< Llly—al,  Veyew.

Then, we have
V) < Lot

Consequently,
(3.1.15)
(p,1) 1 (p+1) 1
A < e ) < grmbe?2™t
and
(3.1.19) »
ngl)(f) < 2(&-:'1) Vp+1)(f) < ((I;H @erl O

Example 3.1.5. Assume in the previous example that the p-th derivative
of f is Holder continuous of degree v € [0, 1] on @ with some constant H, ,:

[DPf() = DPf(yll < Hpullz—yll”,  Ve,yeQ.

Then, we have

TE(f) < ol Hen 2"
and hence
A(p’y) (3.1<17) ir(p,y)(f) < é,}[ gty -
Q = ptv- Q = DLty "trv :

In some situations we can obtain much better estimates.
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Example 3.1.6. Let A = 0, and f(z) = 1(Az,z) with

zes, ¥ {zeR?: > 2 =1}
i=1

For measuring distances in the standard simplex, we choose £1-norm:

[l = > [p9], heR™
i=1
In this case, 7 = 2. (Sn) = 2, and Ly = [max AG). On the other hand,
2
V() =  max {Ale; —ej),ei — ¢j)

< max [2(Ae;,e;) +2(Aej,e;)] = 4L,
1<i,j<n

where e denotes the kth coordinate vector in R™. Thus, Vs(i) < L1922

However, for some matrices, the value Véi) (f) can be much smaller than
L1 2?. Indeed, let A = aa” for some a € R”. Then L; = max (a¥)2, and

1<i<n

2

@) = (0) — min a®
Ve () = |max e — min o
which can be much smaller than 4L. O
Example 3.1.7. Let given vectors aq, ..., a,, span the whole R™. Consider
the objective
flx) = log(z e<“k*m>), T €Sy
k=1

Then, it holds (see Example 1.3.5 for the first inequality):

(V2f(x)h,h) <  max (ay — aj, h)>

1<k, l<m
< max |lap — ar||2 ||R]]? h € R™.
< amax o - al% R,
: @ _ 77
Therefore, in ¢;-norm we have L; = max max |a,’ —a; | . At the
1<k,I<m 1<i<n
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same time,

VO(f) = sup max (V2f(x)(ei — e;).ei — e)

" res, 1<i,j<n

< o [0 - o) - @ -o)]

2

The last expression is the maximal difference between variations of the co-
ordinates. It can be much smaller than L; 22 = 4L;.
Moreover, we have (see Example 2.1.1):

3 3 . 3 n
DS@BP] < max [(a-a k)P, heR

Hence, we obtain

VO < mas s [ o) - (o) —of?)|. O

3
n 1<k l<m 1<i,i<n ‘

3.1.3 Contracting-Point Tensor Methods

In this section, we show how to implement Contracting-Point Methods, by
using affine-invariant tensor steps. At each iteration of (3.1.1), we approx-
imate f(-) by its Taylor’s polynomial of degree p > 1 around the current
point x:

def PN ;
fy) =~ O(fioy) = flaw) + 22 3D (ae)ly — 2"

i=1

Thus, we need to solve the following auxiliary problem:

mﬁn{Mk(y) 0 (fraiy) + Sk(y) :
(3.1.20)

y=(1—yk)zr + v, vE domw}.

Note that this global minimum M} is well defined since dom %) is bounded.
Let us take
Tpr1 = (1= )Tk + V6Uk+1,

where 041 is an inexact solution to (3.1.20) in the following sense:
My(Zp1) — My < &y (3.1.21)
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Then, this point serves as a good candidate for the inexact step of our
method.

Theorem 3.1.8. Let {11 < c*y,’f”, for some arbitrary constants ¢ > 0 and

v € [0,1]. Then
Fi(Tren) = <0 Ok,

for 011 = (c+ 2A((1%rlr/1)¢ ™.

Proof. Indeed, for y = xy, + v (v — xx) with arbitrary v € dom 1, we have

Fe(y) = fy)+S)
> Qfansy) + Sely) — ALY (F)AEH
> Qp(fy 2k Thg1) + Sk(Ths1) — (c+ ASZ’&(f))vZ*”

> f(@) + Si(@rer) — (e 4+ 2807 (F)t

= Fp(@rp41) — Opt1- O

Thus, we come to the following minimization scheme.

Contracting-Point Tensor Method, I

Initialization. Choose zy € dom v, ¢ > 0.

Iteration k > 0.
(3.1.22)
1: Choose 7 € (0,1].

2: For some ;41 < c*yﬁ“, find Zy41 satisfying (3.1.21).

3: If F(:i.k;Jrl) S F(l‘k), then set Th+1 = i‘k+1.
Else choose zp+1 = .

101



Chapter 3. Contraction Technique in Convex Optimization

Note that we do not fix any particular v in our scheme, because we want
to have a universal method that does not depend on the degree of Holder
continuity.

For p =1 and #(-) being an indicator function of a compact convex set,
this is the well-known Frank-Wolfe algorithm [52]. Inexact version of the
Frank-Wolfe algorithm was analysed in [73].

Straightforward consequence of our observations is the following

Theorem 3.1.9. Let v, = kf_ﬁ_l, Then, for all iterations {xr}r>1 gener-

ated by method (3.1.22), we have

Flap) - F* < S (o g oa) ) == vy e [0, 1],

— 2—v

Proof. Let us choose Ay, = k-(k+1)-...-(k+p). Then, a1 = Apy1— A =
(P+1)Ak41 d
kpr1 o an
Ar+1 . _ptl
Aptr — ktptle

Combining (3.1.7) with Theorem 3.1.8, we have

Te =

(c+2a80 (5)) & artv

F(rg) - F* < mu N e, k> L
i=1 i
Since
LS att (+DP* A (prDPH ko 1—v
O D Grprty = 4 2 (i +p)
i=1 "% i=1 i=1
k+1
(p+ 1P 1-v (p+ )" (k+p+1)*7"
S Ay f (T +p) dr =) Ax
< SEDPT (k4p+1)®TV 6(p+1)PT
- 2—v kP—1.(k+p+1)2 — 2—v pTv—1>
we get the required inequality. O

Hence, in order to find an e-solution to the problem: F(zg) — F* < ¢,
it is enough to do

K = inf
ve(0,1]

v 1
6(p+1)PTY (C+2A<(1Z}n)¢(f)) prv—1
2—v : 5

iterations of the method. And an appropriate choice of parameter ¢ is the

value Ag’;’;)w( f) for some v € [0,1]. In practice, it seems reasonable to use
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a small constant for the value of c.

It is important that the required level of accuracy &1 for solving the
subproblem is not static: it is changing with iterations. Indeed, from the
practical perspective, there is no need to use high accuracy during the first
iterations, but it is natural to improve our precision while approaching the
optimum. Inexact proximal-type tensor methods with dynamic inner accu-
racies are studied in Section 4.1 of Chapter 4.

Let us note that the objective My (y) from (3.1.20) is generally nonconvex
for p > 3, and it may be nontrivial to look for its global minimum. Because
of that, we propose an alternative condition for the next point. It requires
just to find an inexact stationary point of Q,(f, zx;y). That is a point Ty41,
satisfying, for all v € dom v

(VO (f, 213 Tpo41), 0 = Ops1) + (V) = (Or41) = 5-Ek1,
(3.1.23)

Tre1 = (1= )T + YVkt1,
for some tolerance value 41 > 0.
Theorem 3.1.10. Let point Ty satisfy condition (3.1.23) with

+v
gk‘-‘r 1 S 075 5

for some constants ¢ > 0 and v € [0,1]. Then it satisfies inexact condi-
tion (3.1.9) of the Conceptual Contracting-Point Method with

Skt = (c+TEIL (R,
Proof. Indeed, for any v € dom 1, we have
(Vf(Zrs1),v = Ukg1) + 9 (v)
= (VQ(f, 2k; Thot1), v — Vg1) + P (v)

+ (Vf(@rs1) = Q(f, 3 Trgr), v — Vpyr)

(3.1.23) B - _ _

> Y(Tps1) — LT (VF(@rs1) — (T8 Tpgr) v — Tptr)
(3.1.16) _ (p) ptv—1 - 1

> P(O1) = (e + Tiom o ()0 = P(Okt1) = 50041 O
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Now, changing inexactness condition (3.1.21) in method (3.1.22) by con-
dition (3.1.23), we come to the following algorithm.

Contracting-Point Tensor Method, II

Initialization. Choose zy € dom v, ¢ > 0.

Iteration k > 0.

3.1.24
1: Choose v € (0,1]. ( )
2: For some &g y1 < c'y,’:H, find Zy11 satisfying (3.1.23).
3: If F(fEkJrl) S F(l‘k>, then set Th+1 = .f'kJrl.
Else choose z;+1 = .
Its convergence analysis is straightforward.
Theorem 3.1.11. Let A;, < k. (k+1)-...-(k+p), and consequently

Vi = kf_‘;il, Then, for all iterations {xx}r>1 of method (3.1.24), we have

F(zp)—F* < 4, < S(p+1)PT (C+F§Z)m¢(f)) (=),

— — 2—v

for any v € [0,1].

Proof. Combining inequality (3.1.12) with the statement of Theorem 3.1.10,
we have

(p) k v

AP, () &t

Flap) - F* < 4 < vV T
i=1 i

k>1.

It remains to use the same reasoning, as in the proof of Theorem 3.1.9. [

To finish this section, let us discuss the affine invariance of our new
methods. In the exact form, iterations of the Contracting-Point Tensor

104



3.1. Affine-Invariant Contracting-Point Methods

Method can be rewritten as follows, for £ > 0:
Tkr1 € Argmin{ﬂp(f, i x) + (T + %(:E - 961@))}» (3.1.25)

when applied to the composite objective F(x) = f(z) + ¥ (z).

Let A:E — E be a nondegenerate linear operator. Let b € E be a fixed
vector. Consider the new functions

fly) = fAy+b), Oy = P(Ay+b), yeEL.

Note that, for any h € E,

DPF(y)[h)P = DPf(Ay+ b)[ARJP. (3.1.26)

We can prove the following simple statement.

Proposition 3.1.12. Let sequence {zy } x>0 be generated by method (3.1.25).
Consider the corresponding {yx x>0 defined by

yr = AN —b), k> 0.

Then the latter sequence satisfies the iterations of the Contracting-Point
Tensor Method applied to the new objective F(y) := f(y) + ¥ (y). Thus

Y1 € Argmin{ﬂp(f, ykiy) + (e + =y — yk))}~ (3.1.27)
Yy

Proof. Let us fix arbitrary y € E. Set x = Ay + b. Then,
- - P . .
O(fousy) = Flu)+ 2 5D flun)ly — wl’

i=1

CEY f A+ b) + i a D' (Aye + D) [A(y — ye)]
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For the composite term, we have

Dlye + 5=y =) = (Al + 5-(y —yx)) +b)

= Yz + %(m — T)).

Hence,
O (f yks Yrr) + b (yn + = (Yk+1 — yk))
= Q(f, 2k 0041) + W (@k + 5 (@41 — 21))
(3.1.25)
< Q(f o) F (e + 5-(x — )
= Qfusy) +ndlue + o= (y — ur),
which justifies (3.1.27). O

We see that the sequence generated by the method is invariant with
respect to affine transformations of variables.

3.1.4 Discussion

We have presented a new general framework of Contracting-Point methods,
which can be used for developing affine-invariant optimization algorithms
of different order. For the methods of order p > 1, we prove the following
global convergence rate:

F(zp)—F* < O(1/kP), k=>1.

This is the same rate, as that of the basic high-order Proximal-Point scheme
[120]. However, the methods from this section are free from using the norms
or any other characteristic parameters of the problem. This nice property
makes Contracting-Point methods favourable for solving optimization prob-
lems over the sets with a non-Euclidean geometry (e.g. over the simplex or
over a general convex polytope).

At the same time, it is known that in Euclidean case, the prox-type
methods can be accelerated, achieving O(1/kPT!) global rate of conver-
gence [6, 118, 120]. Using additional one-dimensional search at each iter-

3p+1

ation, this rate can be improved up to O(1/k~z ) (see [54, 120]). The
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latter rate is shown to be optimal [4, 117]. To the best of our knowledge,
the lower bounds for high-order methods in general non-Euclidean case re-
main unknown. However, the worst-case oracle complexity of the classical
Frank-Wolfe algorithm (the case p = 1 in our framework) is proven to be
near-optimal for smooth minimization over || - ||o-balls [67].

Another open question is a possibility of efficient implementation of our
methods for the case p > 3. In absence of an explicit regularizer (contrary
to the prox-type methods), the subproblem in (3.1.20) can be nonconvex.
Hence, it seems hard to find its global minimizer. We hope that for some
problem classes, it is still feasible to satisfy the inexact stationarity condi-
tion (3.1.23) by a reasonable amount of computations. We keep this question
for further investigation.

3.2 Global Lower Second-Order Models

We have seen in Section 3.1.3 that one iteration of the Contracting-Point
method can be implemented by using the p-th order Taylor’s approximation
of the smooth part of the objective. For p = 2, this results in a new second-
order optimization scheme, called Contracting Newton Method.

This algorithm possesses the global convergence guarantee; it needs
O(e7/2) second-order oracle calls to solve the composite problem with
bounded domain up to e-accuracy in the functional residual (Theorem 3.1.9).
This is the same rate as that of the Cubic Newton in a general convex case.

There are several differences between these two algorithms though. The
Cubic Newton Method uses a global upper approximation model, which
is the second-order Taylor’s polynomial augmented by a cubic term. The
regularizer is the third power of the Euclidean norm, and thus the method is
no longer affine-invariant. However, the Cubic Newton has the global linear
rate in the uniformly convex case (Section 2.1), and the local superlinear
convergence (Section 2.2).

At the same time, the Contracting Newton Method is affine-invariant.
It does not depend on a particular norm and the corresponding Lipschitz
constants. In this part of the thesis, we deeply investigate the properties of
the contracting second-order schemes.

First, we develop a new global second-order lower model of the objective
function, introduced in Section 3.2.1.

Then, we provide the Contracting Newton Method with a new interpre-
tation, incorporating this model into optimization schemes (Section 3.2.2).
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For convex functions with a Holder continuous Hessian of degree v € [0, 1]
(w.r.t. an arbitrary norm) we re-establish a global convergence rate for
our algorithm of the order O(1/k'*"). When the composite component is
strongly convex, we show O(1/k?T2¥) global rate for a universal scheme,
and global linear rate if the parameters of the problem class are known. We
also provide different trust-region interpretations for our method.

In Section 3.2.3, we present aggregated second-order models, accumu-
lating information into quadratic Estimating Function. Based on this, we
develop an alternative optimization process, called Aggregating Newton
Method. For this algorithm, we establish the global convergence of the
same order O(1/k'*") as for the Contracting Newton Method in the gen-
eral convex case.

Section 3.2.4 contains numerical experiments. In Section 3.2.5, we dis-
cuss our results.

Recall that our goal is to solve the composite convex minimization prob-

lem:
in {F(z) = 3
Lain {F(@) = J(@) + ()
Let us fix an arbitrary (possibly non-Euclidean) norm || - || on E. We denote

by 2 the corresponding diameter of dom :

def

Z sup ||z —yl|. (3.2.1)

z,y€dom Y

In this section, our main assumption on the problem is that dom4) is
bounded:
2 < +oo.

The most important example of ¢ is {0, +oo}-indicator of a simple com-
pact convex set @ = domt. In particular, for a ball in || - ||,-norm with
p>1on E:=R", this is

1
= (S @ p) <2
0, el = (XTI leOP) T < %, (3.2.2)

+o00, else.

¥(x)

From the machine learning perspective, 2 is usually considered as a regu-
larization parameter in this setting.

Having fixed the norm || - || for the primal space, the dual norm can be
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defined in the standard way,

def

= : < *.
51l max{(s,h) : [a] <1}, s€E

The dual norm is necessary for measuring the size of the gradients. For
a linear operator A : E — E*, we use the corresponding induced operator
norm, defined as

def
— : < .
1Al = max{||AR]l. : [l <1}

3.2.1 Second-Order Lower Model of Objective
Function

To characterize the complexity of our problem, assume that the Hessian of
f is Holder continuous of degree v € [0, 1] on dom ), i.e., that

IV2f(z) = V2f() < Holz-—y|", Va,ycdomy.  (3.2.3)

The actual parameters of this problem class may be unknown. However,
we assume that for some v € [0, 1] inequality (3.2.3) is satisfied with corre-
sponding constant 0 < H, < 4oco. The direct consequence of (3.2.3) is the
following global bounds for Taylor’s approximation, for all x,y € dom )

IVF(y) = V(@) = V2 f(a)(y —2)l|, < Ml (3.24)

[f(y) = fla) = (Vf(z),y —2) = 5(V*f(2)(y — @),y — )|

(3.2.5)
Hylly—z|**”
— 14+v)(2+v) -
Recall, that in addition to (3.2.3), we assume that f is convez:
fly) =z f@)+(Vf@),y—x),  w,yedomy. (3.2.6)

Employing both smoothness and convexity, we are able to enhance this
global lower bound, as follows.
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Lemma 3.2.1. For all z,y € dom and t € [0, 1], it holds

fly) > fl@)+(Vf(x),y—a)+ 3V f(a)(y —2),y —z)
(3.2.7)

£, ly—al
(14+v)(2+v)

Proof. Let us prove the following bound, for all z,y € dom and ¢ € [0, 1]

(Vfly) = Viz),y — =)
(3.2.8)
1+v 24v
> (V2 f(a)(y — ).y — o) - Tl
For t = 1 it follows from (3.2.4). Therefore, we may assume that ¢t < 1. Let
us take z; def + t(y — ). Then, by convexity of f, we have
(Viw)hy—a) = 15(Vf).y—2)

> 5(Vf(z)y—z) = (Vf(z)y—a).
Now, by Holder continuity of the Hessian we get
<Vf(Zt), Yy — .'17>

G2y (VF(@),y— )+ (V2f(2) (2 — 2),y — ) — Pelz=al Pyl

— 14+v

= (Vf(2).y—a) + t(V2f(x)(y — 2),y — x) - el

Thus we prove (3.2.8). Then, the claim of the lemma can be obtained by
simple integration:

fly) = f() = (Vf(x),y — )

<Vf(ZT) - Vf(l'),y - £E>d’7’

Il
Ot

1 . — |2tV
> [t (VA f(@)(y — @),y —x) - el gy
0

14+v |2t
= UV)y—a)y—z) - el O
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Note that the right-hand side of (3.2.7) is concave in t € [0, 1], and for
t = 0 we obtain the standard first-order lower bound. The maximization
of (3.2.7) over t gives

fy) > fl@)+(Vf(@),y— )+ Z(V2f(2)(y—2),y—a), (3.2.9)

with
1

_ def v . 240) (V2 f(z)(y—=),y—z) | ¥
Te,y = 155 mln{la 2+ )éyyﬁ;_)gﬁ‘wrz Y >} , T 7é Yy, ve (Oa 1]

Thus, (3.2.9) is always tighter than (3.2.6), employing additional global
second-order information. The relationship between them is shown in Fig-
ure 3.3. Hence, it seems natural to incorporate the second-order lower
bounds into optimization schemes.

—-— Second-order
------- First-order

-3 -2 -1 0 1 2 3 4

Figure 3.3: Global lower bounds for the logistic regression loss, f(z) = log(1 +
exp(x)).
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Figure 3.4: The graph of g(h) = (V2f(0)h,h) - min{l, %)h’rh)},h € R?,

where f(z) = log (exp(m(l)) + eXp(a:(2))), whose Hessian is Lipschitz continuous
with constant Lo = 2 in the standard Euclidean norm (Example 1.3.5).

3.2.2 Contracting-Point Newton Methods

Let us introduce an optimization scheme which is based on global second-
order lower bounds.

Note that the right hand side of (3.2.9) is nonconvex in y (see Fig-
ure 3.4). Hence, it can hardly be used directly in a computational algorithm.
To tackle this issue, we use a sequence of contracting coefficients {~yx}x>0.
Each coefficient 7y, € (0, 1] can be seen as an appropriate substitute of 7, ,
in (3.2.9). Then we minimize the corresponding global lower bound aug-
mented by the composite component (). The next point is taken as a
convex combination of the minimizer and the current point.

It appears that the iterations of such scheme coincide with the steps
of the Contracting-Point Tensor Method (Section 3.1.3) for the particular
instance p = 2.

Let us present the method in the algorithmic form. For simplicity, we
consider the case when the method uses the ezact solution to the subprob-
lem.
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3.2. Global Lower Second-Order Models

Contracting-Point Newton Method, I

Initialization. Choose ¢ € dom .

Iteration k& > 0.

1: Pick up 5 € (0, 1]. (3.2.10)
2: Compute
Vkt1 € Argmin{(Vf(ack)7y — k)
y

(VR — w0y - o) + o))

3: Set 241 = xk + V& (V41 — Tk)-

There is a clear connection of this method with Frank-Wolfe algorithm
(the case p = 1 of the Contracting-Point Tensor Method). Indeed, instead
of the standard first-order approximation (3.2.6), we use the lower global
quadratic model. Thus, as compared with the gradient methods, every
iteration of algorithm (3.2.10) is more expensive. However, this is a standard
situation with the second-order schemes (see the below discussion on the
iteration complexity). At the same time, our method is affine-invariant,
since it does not depend on the norms.

It is clear that we obtain iterations of the classical Newton’s method
when v, = 1. Its local quadratic convergence for composite optimization
problems was established in Theorem 1.4.1. However, for the global conver-
gence, we need to adjust the contracting coefficients accordingly. To state
the global convergence result, let us define the following linear Estimating
Functions:

du(@) = i ai[f(@) + (V@) — zi) + ()],
(3.2.11)

op % mingy(a),
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for the sequence of test points {zj : x; € dom¢}r>1 and positive scaling
coefficients {ay }r>1. We relate them with contracting coefficients, as follows

e U me g de s (32.12)

Ak41?

We denote by p > 0 the constant of strong convexity of ¥(-). We allow
@ = 0 in the following auxiliary lemma, in order to cover both the general
convex and the strongly convex cases. Thus, it holds

y) = v@)+ @ @),y —2) + 5y — =), (3.2.13)

for all z,y € dom+ and for all ¥'(x) € OY(z).

Lemma 3.2.2. For the sequences {xy}r>1 and {vg}i>1, produced by algo-
rithm (3.2.10), we have

ApF(zg) < or(x) + Bi(z), x € dom 1, (3.2.14)

with

def Hoalt |lz—vi||- ||z 1 —vi || T
ON [ ey

(3.2.15)

_opag|lz—vi]® Maz‘Ai—lHﬂii—lfvz‘H?
P) ; :
Proof. Let us prove (3.2.14) by induction.

It obviously holds for k£ = 0, since Ay := 0, ¢o(z) = 0, and By(z) =0
by definition.

Assume that it holds for the current & > 0, and consider the next iterate.
Stationary condition for the method step is

(Vf(xe) + V2 f (i) (@r1 — 2), & — vpgr) + P(x)
(3.2.16)

> P(og1) + §llz — v |7,

for all x € dom .
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Then, we have

Orr1(r) = appr [f(@rrn) + (V(@rg1), ¢ — zep) +9(2)] + dr(2)

(3-22‘14) ak1 [f(@es1) + (Vf(@rt1), 2 — Tpg1) + 0(@)] + ApF(zr))

— Bk(l‘)

A
IV x

A1 [f(@rsan) + (Vf (@), ZLEEEE —2p0)] + ans1d (@)
+ App(xy) — Bi(x)

Apirf @) + s (VF(@1s1), @ = V1) + 1)

+ Apt(ak) — Br(x)

= Apaflo)

+ ap1 [(Vf(ag) + V2 f(ar) (Th1 — 1), @ — vkgr) + ()]

+ a1 (Vi (@ry1) = VI(zr) = V(@) (@rg1 — T1), € — Vgy1)

+ App(xr) — Bi(2),

where (x) refers to convexity of f. Hence,

(3.2.16),(3.2.4)

Gy (T > Apg1f(@r41) + apgr [U(0k41) + §llz — vpsa]?]
Hoag Y |lo—vir |- logr —an || T
= (1++yl)A}cig+l + Ay (zk) — Br(z)

(%) papsllz—vepal® | pagsi Ak 2
> App F(@es) + 555 + 550 loe — v |

_ H”aiiq lz—vrgr |l lvppr—zrl T

(H_D)A}C:zl/ + Ap(m) — Bk(x)

= Ap1F(@e41) — Brta (@),
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where (x%) stands for strong convexity of . Thus we have (3.2.14) estab-

lished for all k£ > 0. O
Theorem 3.2.3. Let Ay := k2, and consequently, v, = 1 — (,{LH)‘3 =
(’)(%) Then for the sequence {xy}r>1 generated by algorithm (3.2.10), we
have
def * G v
Flag) - F* < 6, € Fl) -9 < o(%57). (3.2.17)

Proof. First, by convexity of f we have, for all x € dom

Therefore, for the solution * of our problem: F* = F(z*), it holds

Fla) —F* < Flap) - 25 < 4 T Fay) — 4,

and this is the first part of (3.2.17).
At the same time, by Lemma 3.2.2, and using boundness of the domain,

we have
(3.2.14) y
RS i > i F(xzx) — B }
O $Erglgr%¢{¢k(x)} = xe%lgfrllw{ #E(z) — Bi(z)
o gty ko 2+v
> ApF(ar) — ™7, ZW

1=1

Therefore, for the choice Ay := k3, we finally obtain

ko 2+v 3 . 3\24v
H, DT a; _ 12T (i3—(i—1)3)
b < (1+v) Ay, Zl AT T Ak Z S0FY)
1=
k
HV@2+V 32+v22+v) 32+VHV92+V 1y
< o Z BT = (T+v)k3 >

= O(%#").

O

For the case v = 1 (convex functions with Lipschitz continuous Hes-

sian), estimate (3.2.17) gives the convergence rate of the order O(7). This

rate was proven in Theorem 3.1.9 for the general Contracting-Point Tensor
Method with p = 2.
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In accordance to (3.2.17), in order to obtain e-accuracy in functional
residual, F(zg) — F* < ¢, it is enough to perform

. gt 1/(14v)
K = O(Ué%fl](%) ) (3.2.18)

iterations of algorithm (3.2.10). In [60], there were proposed first universal
second-order methods (which do not depend on parameters v and H, of the
problem class), having complexity guarantees of the same order (3.2.18).
These methods are based on the Cubic regularization and an adaptive
search for estimating the regularization parameter at every iteration (see
Section 2.1).

It is important that algorithm (3.2.10) is both universal and affine-
invariant. Additionally, convergence result (3.2.17) provides us with a se-
quence {¢}r>1 of computable accuracy certificates, which can be used as a
stopping criterion of the method.

Now, let us assume that the composite component is strongly convex

with parameter ¢ > 0. In this situation, we are able to improve convergence
estimate (3.2.17), as follows.
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Theorem 3.2.4. Let Aj, := k°, and consequently, v = 1 — (L)5 =

k+1
O(%) Then for the sequence {xy}r>1 generated by algorithm (3.2.10), we
have
7,14 2+

Fla) - F* < 6 < o(%28. %200, (3.2.19)
Moreover, if the second-order condition number
1

5, |z [T 3.2.20

We = |:(1+V),u:| ( )

is known, then, defining Ay == (1 + &, )k, k> 1, Ay := 0, and y =
1

550 k>1, v :=1, we obtain the global linear rate of convergence

— g2+v
Flzg) = F* < 4 < exp(—1-) - 52— (3.2.21)

Proof. Starting from the same reasoning, as in the proof of Theorem 3.2.3,
we get

F(CE}C)—F* S f}c déf F(wk)—%

Let us denote by uj the minimum of the Estimating Function ¢. Thus,

pruy) CEM 1 )

B® def @ Hoa; T Jug—vs |-l —vs 'Y pflug—vi ||
k i (1+v)A[TY 2

_ paiAia|lzio—vill®

i

IN

(3.2.22)

Huai+l/”$i—l_vi“1+ut . th}

a; maX{ (1+V)A;+”

>0

_ paiAia s —1—vs]|?
2A;

i

1 2
ai (Hoa; 7 lmici—vi "N T pai A llzim1—vill?
(A+v)AlTY :
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Therefore, for the choice Ay, := k®, we have

/ < sz:ﬂ Hua?r"l\xifl—v,:l\l*” 2 < H2 P2+ zk:a?(l+u)+1
ko= A = 2 (1+)ATF” = Zu(TF0) Ak e AP0

22 20+ i (P —(i—1)%)2(+)+1 52014041912 2(14v) Zk: 2-20
2}/,(1—‘1-1/)2](:5 ~ 310(1+v) — 2“(1_;'_”)2]{:5 4
1= =

v 24v
= O(Hr M)

Thus we have justified (3.2.19). To obtain the linear rate (3.2.21), we set
A = (I+a, bk, k>1,

v

and Ag :=0. So, a; = Ay and

a; = A;— A1 = a};lAZ‘_l, 7> 2.
Therefore, for the values {B,(j) le, we have
1) H, 22 H, 2*H
By < it = Avti
and
B(l) (3.2<'22) H3@2u”zi_1_vi”2a§+2v _ ltaiAi71Hﬂ?i71*UiH2
k 2#(1+U)2A?+2V 2A;

2
= paiAiallwioa—vill® ([ H, 2" at 1
24 A+ ] ATV A4

< paiAi_glzioi—vill® (| H,2" 2 a; 2(H_V)—l
— 2A; (1+l/),u. A

= 0, 2<i<k,

1
a; ——1 (3'2_'20) At+v)p | v
- Ho, DV :
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Finally, we obtain

L H, D 1 L H, D

1 pM) A
gk‘ S TkBk S 147’1C 1+v - (1+@;1)k—1 1+v

k—1 ) CH, D

< eXp(_1+a},, 1+v

Remark 3.2.5. Note that for the strongly convex function with bounded
domain, we have, for every ¢ > 2:

/ / (3.2.13) 2 plly—=z|?
Wy -V (@)y-—2) = ply—2®> = {¥%5=
(3.2.1) i
> el = olly -2,
with o, := 5= . Therefore, such a function is also uniformly convex for

arbitrary ¢ > 2, and definition (3.2.20) of the condition number is consistent
with (2.1.8). Namely, it holds:

According to estimate (3.2.21), in order to get e-accuracy in function
value, it is enough to perform

K = O((1+&,)-log Fzo=r")

g

iterations of the method. Hence, condition number @, plays the role of
the main complexity factor. This rate corresponds to that one of Cubically
Regularized Newton Method (Theorem 2.1.11).

At the same time, there exists a second variant of Contracting-Point
Newton Method, where the next point is defined by minimization of the full
second-order model for the smooth component augmented by the composite
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term over the contracted domain (this explains the names of our methods).

Contracting-Point Newton Method, IT

Initialization. Choose xy € dom ).
Iteration k& > 0.

1: Pick up v € (0,1].

(3.2.23)
2: Denote
- aet (), y€wdomep+ (1 — )k,
Skly) =
400, else.
3: Compute

Tpy1 € Afgmin{<vf($k),y—$k>
Yy

+ 3(V2f (@) (y — o),y — o) + Sk(y)}.

Note that algorithm (3.2.10) admits similar representation as well. *
Both methods produce the same sequences of points when ¢ (-) is {0, +00}-
indicator of a convex set. Otherwise, they are different.

Using the same contraction technique, it was shown in [116] that the clas-
sical Frank-Wolfe algorithm can be extended onto the case of the composite
optimization problems. Additionally, the second-order Contracting Trust-
Region method was proposed, which has the same form as algorithm (3.2.23).
However, its convergence rate was established only at the level O(%) Here,
we improve its rate as follows.

Theorem 3.2.6. Let Ay, := k3 and v, == 1 — (,%H)g = O(%). Then for

the sequence {xy}r>1 generated by algorithm (3.2.23), we have

F(zy) - F* < 4 < o(HZ™). (3.2.24)

ndeed, it is enough to take Sk (y) := Yt (zg + %(y — xk))-
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Proof. The proof is very similar to that one for algorithm (3.2.10). First,
the stationary condition for one iteration of algorithm (3.2.23) is

(V) + V2 f(an) (@1 — 2x), @ = vker) + 59 (e + (1= yx)zx)

Z A%kw(kaFl)a
(3.2.25)
for all z € dom and k > 0 (compare with (3.2.16)), where

Vk+1 = X+ .%k(kaLl —x) € domq.
Then, it is enough to justify by induction the following bound

or(x) > ApF(z)— By, x € dom 1, (3.2.26)

k 2+

with By, def H”ﬁiﬂ Yoic1 Zi””' Finally, by convexity of f, we get

Flay) - F* < 6 = Flay) - 4

(3.2<.26) . HL a?‘Fu
S L S
1=

= o(®Z),

where the last equation holds from the choice Ay := k3 (see the end of the
proof of Theorem 3.2.3). O

This result is identical to Theorem 3.2.10. However, the first algorithm
can be accelerated on the class of strongly convex functions (see Theo-
rem 3.2.4). Thus, it seems that the first method is more preferable.

Finally, let us consider an example, when the composite component ()
is an £,,-ball, as in (3.2.2). Then, iterations of the method can be represented
as

w1 € ap o+ Argmin{ (VF(ar), B + 5(V2f (@r)hs b)
h
(3.2.27)
e+ Lal, < 2}

In this form, it looks as a variant of Trust-Region scheme. To solve the
subproblem in (3.2.27), we can use Interior Point Methods (e.g. Chapter 5
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in [117]). See also [30], for techniques, developed for Trust-Region schemes.
Usually, complexity of this step can be estimated as O(n3) arithmetic op-
erations, which comes from the cost of computing a suitable factorization
for the Hessian matrix. Alternatively, Hessian-free gradient methods can be
applied, for computing an inexact step (see [19, 17]).

In Section 4.2 of Chapter 4, we present implementation and the total
complexity analysis for the inexact iterations of the method (3.2.10), when
each step is computed by the first-order Conditional Gradient Method. In
Section 4.3 we study stochastic variants of the Contracting-Point Newton.

3.2.3 Aggregated Second-Order Models

In this section, we propose more advanced second-order models, based on
the global lower bound (3.2.7).

Using the same notation as before, consider a sequence of test points
{zk : 1, € dome}r>0 and sequences of coefficients {a }i>1, {Vk}x>0, sat-
isfying the relations (3.2.12).

Then, we can introduce the following Quadratic Estimating Functions
(compare with definition (3.2.11)):

Q@) S a1l + (VF )0 - )

+ BV @) (@ — ), @ — i) + ()]

By (3.2.7), we have the main property of Estimating Functions being satis-
fied. Namely, for all z € dom %)

(3.2.7

2.7) k=1 aip1y) TV Hy |lo—a 2T
ARF(z) > Qr(z) =220 = %(1+1/)(!j~ug; ”

2o , 3.2.28
> Qk(x) (1+yj(2+y) Z =0 a1+1711+ ( )

Therefore, if we would be able to guarantee for our test points the relation
Q¢ minQu(e) > ApF(m) - %, (3.2.29)
then we could immediately obtain the global convergence in function value.
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Fortunately, relation (3.2.29) can be achieved by simple iterations.

Aggregating Newton Method

Initialization. Choose zy € dom 1.
Iteration k& > 0.

1: Pick up ax4+1 > 0.

2: Set Agy1 = Ap + a1 and v, = Z’“Tfl. (3.2.30)

3: Update Estimating Function
Qrtr = Qn(@) + apr [f(zk) + (VF(wr),  — k)
+ B (V2 f () (@ — 2n), 2 — zx) + ¥(2)].

4: Compute v11 € Argmin Qpy1(x).

5: Set xpy1 = Tk + Ve (Vg1 — Tp)-

Clearly, the most complicated part of this process is Step 4, which is com-
putation of the minimum of Estimating Function. However, the complexity

of this step remains the same, as that one for the Contracting-Point Newton
Method.

We obtain the following convergence result.

Theorem 3.2.7. For the sequence {zy}r>1 generated by algorithm (3.2.30),
relation (3.2.29) is satisfied. Consequently, for the choice Ay = k®, we
obtain

, (3228 o o (3229
F(xk)—F < F(xk)—fk—i—ik <

(V]

|
=
\

kN
ES

(3.2.31)

< O(HV@%'”).

124



3.2. Global Lower Second-Order Models

Proof. Let us establish the relation (3.2.29) by induction. It obviously holds
for K = 0. Assume that it is proven for the current iterate k& > 0, and
consider the next step:

Qr+1(vet1)

Qi (Vks1) + arsr [ (@r) + (Vf (2k), Vi1 — k)

+ BV f (@) (kg1 — 1), kg1 — 1) + U(Vk41)]

(3.2.29)
> ApF (1) — S + g [f(z0) + (VF(2k), vis1 — Tk)

+ BV (@) (Vk1 — Tk), Vkes1 — T) + 1 (Vk41)]
= Aw(ar) — G+ A [f (@) + YV f(2n), vp1 — @)
+ BV (ar) (Ups1 — 21)s Vst — 28)] + @19 (0p41)
= App(xr) — L+ Appa [f(@n) + (VF (@), T — Tn)

+ 1V f(ar) (@ht1 — k), Thtr — T)] + Q19 (Vk41).

Hence,
Q41 (vk41)
U2 Aon) — D+ Apa [F (o) — Bellznonlt
+ ag+19(Vk41)
> Appaf(zrs) - % + Apprtp(Tpg) — G
= A Flopg) — %
Thus, we have (3.2.29) justified for all k > 0. O

Now, for the accuracy certificate we have new expression £, := F(x}) —

% + QCT’“. The value of @}, is available within the method directly. However,
k k -

in order to compute £ in practice, some estimate for C}, which depends on
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the Holder constant H, and on the diameter & of the domain, is required.
Note, that for the given choice of coefficients Ay, := k?, we have a = O(k?)
and 7, = O(3). Therefore, new information enters into the model with

increasing weights, which seems natural.

3.2.4 Experiments

Let us discuss our computational results for the problem of training logistic
regression model, regularized by ¢3-ball constraints. In this problem, the
smooth part of the objective is

M
f(l‘) = ﬁz.fz(x)’

with f;(z) := log(1+ exp({(a;, x))). The composite part is the indicator of a
Euclidean ball,

(i))2 /2 Z
= n z < Z
oy o [0 = (meer)” < 2

400, else.

Diameter 2 plays the role of regularization parameter, while vectors {a; :
a; € R"}M are determined by the dataset?.

We compare the performance of the Contracting Newton Method (algo-
rithm 3.2.10) and the Aggregating Newton Method (algorithm 3.2.30) with
first-order optimization schemes: Frank-Wolfe algorithm [52], the classical
Gradient Method, and the Fast Gradient Method [114]. For the latter two
we use a line search at each iteration, to estimate the Lipschitz constant.
In all methods, we ensure monotonicity in the function value. The results
are shown in Figures 3.5 — 3.8.

We see that for bigger 2, it becomes harder to solve the optimization
problem. Second-order methods demonstrate good performance both in
terms of the iterations, and the total computational time. 3

According to these graphs, our second-order algorithms can be more ef-
ficient when solving ill-conditioned problems, producing the better solution
within a given computational time.

%https://www.csie.ntu.edu.tw/~cjlin/libsvmtools/datasets/

3CPU time was evaluated on a machine with Intel Core i5 CPU, 1.6GHz; 8 GB
RAM. All methods have been implemented in C+4. Operation system: macOS 10.15.
Compiler: Clang 12.0.0. The source code can be found at https://github.com/doikov/
contracting-newton/
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Figure 3.5: Logistic regression, w8a (M = 49749, n = 300).
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Figure 3.6: Logistic regression, a9a (M = 32561, n = 123).
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Figure 3.7: Logistic regression, connect-4 (M = 67557, n = 126).
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Figure 3.8: Logistic regression, mnist (M = 60000,n = 780).
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Comparing the Contracting Newton and the Aggregating Newton meth-
ods, we conclude that both algorithms show reasonably good performance
in practice. The latter one works a bit slower. However, the aggregation of
the Hessians helps to improve numerical stability. In Figure 3.9, we demon-
strate the influence of the parameter of inner accuracy (EPS), which is the
bound for the dual problem that we use in our subsolver, on the convergence
of the algorithms. We see much more robust behaviour for the Aggregating
Newton Method, while the first algorithm can potentially stop, or even start
to diverge, if the parameter is chosen in a wrong way.

To compute one step of our second-order methods for this task, we need
to solve subproblem (3.2.27) for p = 2. This is minimization of quadratic
function over the standard Euclidean ball. First, we compute tridiagonal
decomposition of the Hessian (it requires O(n?) arithmetical operations).
Then, we solve the dual to our subproblem (which is maximization of one-
dimensional concave function) by classical Newton iterations (the cost of
each iteration is O(n)). For more details, see Chapter 7 in [30].
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Figure 3.9: Influence of the parameter of inner accuracy.
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3.2.5 Discussion

Let us discuss complexity estimates which we established in this part of the
thesis. For the basic versions of the Contracting Newton Method, we have
the global convergence in the functional residual of the form

F(zy) - F* < Oz,
Note that the complexity parameter H, depends only on the wvariation of
the Hessian (in arbitrary norm). It can be much smaller than the maximal
eigenvalue of the Hessian, which typically appears in the rates of first-order
methods. It is important that our algorithms are free from using the norms
or any other particular parameters of the problem class.

At the same time, the arithmetic complexity of one step of our methods
for simple sets can be estimated as the sum of the cost of computing the
Hessian, and O(n?) additional operations necessary to compute a suitable
factorization of the matrix. For example, the cost of computing the gradient
of Logistic Regression is O(Mn), and the Hessian is O(Mn?), where M is
the dataset size. Hence, it is preferable to use our algorithms with exact
steps in the situation when M is much bigger than n.

When M is very big and it is expensive to compute the full gradient and
Hessian at each iteration, we can use stochastic versions of our methods.
We present them in Section 4.3.
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3.3. Contracting Proximal Methods

3.3 Contracting Proximal Methods

Let us present an acceleration of our Contracting-Point methods by employ-
ing the proximal idea. It appears that having a suitable prox-function for
our problem, we can achieve an accelerated rate of convergence. However,
the methods are no longer affine-invariant.

Iterations of the basic Proximal-Point algorithm for minimizing a convex
function f : dom f — R are as follows:

Thy1 = argmin{akﬂf(as) + %ka - 33H2}7 k>0, (3.3.1)

where || - || is the Euclidean norm, and {ax}r>0 is a sequence of positive
coefficients.

The regularized objective in (3.3.1) is strongly convex. Therefore, we
can hope that computing an (inexact) proximal step is usually simpler than
solving the initial problem. In Section 2.2.4, we have already discussed
the possibility of using the fast local convergence of high-order methods for
solving the proximal subproblem.

When f € CHY(E) (differentiable functions with Lipschitz continuous
gradient), we can set all values of the coefficients aj, equal to a positive con-
stant. It gives a global sublinear rate of convergence of the iterations (3.3.1)
in functional residual of the order O(1/k). This is also the rate of the Gra-
dient Method.

For the same class of functions, we can get a faster rate of convergence
of the order O(1/k?) using the Fast Gradient Method [107]. It is the best
possible rate achievable for the first-order black-box optimization [106]. An
accelerated variant of the Proximal-Point algorithm with the optimal rate
of convergence was proposed in [66] (see also [140, 93, 94, 72] for extensions
and some applications).

In this part of the thesis, we present a new family of proximal-type algo-
rithms for smooth convex optimization called Contracting Prozimal Meth-
ods, which includes an accelerated algorithm from [66] as a particular case.
It provides a systematic way for constructing faster proximal accelerated
methods for high-order optimization. Thus, for the class of convex func-
tions, whose p-th derivative is Lipschitz continuous (p > 1), our new meth-
ods achieve the O(1/kPT1)-rate of convergence for the outer proximal iter-
ations, while the inner subproblems can be efficiently solved up to desired
accuracy by the basic Tensor Method.
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The main difference between Contracting Proximal Methods and the
classical approach (3.3.1) consists in employing the contracted objective
function and using the Bregman divergence (notation SBg(x;y)) instead of
the usual Euclidean norm. The exact form of our method for minimizing a
convex function f:dom f — R is very simple:

. Az
Vpa1 = argmln{Aka(W) + Bd(vk;x)},
xT
(3.3.2)
mep = St g

Thus, we use a sequence of auxiliary points {vg }x>0, and the scaling coefli-

. def k
cients Ay = Y, a;.

Let us illustrate the basic idea behind this construction by the simplest
Euclidean setting, when B4(z;y) = 3|lz — y[|?>. We are going to ensure at
each iteration k > 0 the following condition, for all € dom f:

Sllwo — @2 + Aef(z) > Llow — @||® + A f(z). (3.3.3)

A direct consequence of (3.3.3) is the global convergence bound

ro—1* 2
flaw) —f < %« (3.3.4)
We can propagate inequality (3.3.3) to the next iteration by a trivial obser-
vation:
slzo —a? + A f(x) = gllwo —2)* + A f(2) + arta f(2)

> gllok =l + Apf(zx) + a1 f(2)

Y

A
Bllow = o] 4 A f (St

= hk+1(l‘),

where the last inequality is due to convexity of the objective. Note that
the first step of Contracting Proximal Method (3.3.2) is defined exactly as

follows:

Vg1 = argminfyyq(2). (3.3.5)
€k
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Hence, by strong convexity of hgy1(-), we finally justify that

his1(z) > hipa(vesr) + 5 llokgr —

Y

Apsrf(Tre1) + 3o — 22

Thus, for the Euclidean setting, iteration (3.3.2) immediately results in
the convergence guarantee (3.3.4). However, we are still free in the choice of
coefficients {ay }x>1. The only reason for bounding their growth consists in
keeping the complexity of the optimization problem (3.3.5) at the acceptable
level. For f € CH1(E), the recommended choice of ayy; corresponds to
the quadratic equation [107]:

ajy = L%(akﬂ + Ag). (3.3.6)

It is easy to see, that this choice results in the optimal O(1/k?)-rate of
convergence for the method. On the other hand, it makes the condition
number of the problem (3.3.5) equal to an absolute constant. Let us assume
for simplicity, that f is two times continuously differentiable. Then, in view
of the presence of the regularization term, V2hy1(z) = B. On the other
hand,

(3.3.6)

2
Vzhk+1(x) _ B+ak+1v2f(ak+1r+z4kmk) <7 9B,

Agq Agt1

Hence, we are able to solve the problem (3.3.5) very efficiently by a usual
gradient method (see the details in Section 3.3.3).

It is remarkable that exactly the same reasoning justifies the accelerated
versions of all high-order Tensor Methods (p > 2). The only difference
consists in the degree of the proximal term, which must be compatible with
the order of optimization scheme used for solving the problem (3.3.5).

Our first-order Contracting Proximal Method for Euclidean setting (de-
scribed above) produces the same sequence of points as the accelerated
Proximal-Point algorithm from [66]. However, now we can employ also the
Bregman divergence, which sometimes is more suitable for the geometry of
our problem and ensures faster convergence.

In what follows, we recall the notion of Bregman divergence and state
some of its properties in Section 3.3.1.

4Hence, these bounds should take into account the efficiency of the auxiliary mini-
mization scheme used for solving the problem (3.3.5).

133



Chapter 3. Contraction Technique in Convex Optimization

In Section 3.3.2, we introduce a general Contracting Proximal Method
(formulated as algorithm (3.3.22)). We present its convergence analysis
for a problem in composite form and arbitrary Bregman divergence. We
study both convex and strongly convex cases under inexactness in proximal
steps. Theorem 3.3.4 specifies how the parameters of the algorithm and
inner accuracy affect the convergence rate.

In Section 3.3.3, we discuss implementation of one iteration of our method,
under assumption that p-th derivative (p > 1) of the smooth part of the
objective is Lipschitz continuous. We present fully-defined optimization
scheme (algorithm (3.3.58)), with incorporated steps of the Tensor Meth-
ods of a certain degree. Resulting algorithm achieves the accelerated rate of
convergence, with an additional logarithmic factor for the number of total
oracle calls. Final complexity estimate for this scheme is given by Theo-
rem 3.3.11 and Theorem 3.3.12.

Section 3.3.4 contains numerical experiments. Section 3.3.5 has some
final remarks.

3.3.1 Bregman Divergence

We use some arbitrary (possibly non-Euclidean) norm || - || on space E and
define the dual norm || - ||« on E* in the standard way,

def *
Isll« = sup{(s,h):|[n]| <1},  seE~
heE

Let us fix arbitrary differentiable strictly convex function d : dom ) — R,
which we call prozx function. Then, we denote by SB4(x;y) the corresponding
Bregman divergence [15], centered at x:

def
falr;y) = d(y) —d(z) —(Vd(z),y — ).
Recall that function d is called uniformly convex of degree p + 1 (with
respect to the norm | - ||) with constant o,4+1(d) > 0, if it holds for all
z,y € domd:

Ba(wsy) > 2y — g+t (3.3.7)

The main example, which naturally appears in the Tensor Methods and
which we use in Section 3.3.3, is the following prox function.

Example 3.3.1.
dz) = Fle =zl
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3.3. Contracting Proximal Methods

for some p > 1. For the Fuclidean norm this prox function is uniformly
convez of degree p + 1 with constant 2177 (see Lemma 2.1.4), so it holds:

Ba(z;y) > ZHllz—ylPt?,  xyel. (3.3.8)
O

For more examples of available prox functions see [7, 95].

The definition of Bregman divergence can be extended to the case of a
nondifferentiable function v by specifying a particular subgradient ¢’(z) €

o (x):

def

Bu(z, ¢'(x);y) = ¥(y) — (@) - W(2),y — ).

However, we will use simpler notation Sy (z;y) if no ambiguity arise.
We say that function « is strongly convex with respect to d (see [95]) with
constant o4(¢) > 0, if it holds for all z,y € dom ¢ and for all ¢’ (x) € d(x)

By(z, ' (z);y) > oa()Bal;y). (3.3.9)

Inequality (3.3.9) always holds with o4(¢) = 0 just by convexity. An inter-
esting illustration of this concept is given by a regularized Taylor polynomial
of degree 3 for a convex function.

Example 3.3.2. Let f : dom f — R be convex, with Lipschitz continuous
third derivative (Lg < 400).

Consider the following regularization of its Taylor approximation, for
some 7 > 1:

9y) = Qu(f,z5y) + Tks |y — 2|

Then, for the Euclidean norm, the function g¢(-) is strongly convex with
respect to the following prox function (see Lemma 4 in [118]):

d(h) = L(1—1)D2f(x)[h]2 + “ChLe | p )t
O

Let us summarize some basic properties of Bregman divergence, which
follow directly from its definition. For any pair f;, fo of convex functions
and all z,y € dom (f, + f2) we have

6a1f1+a2f2(x;y) = alﬂfl (ZE,y) +a26f2(1‘;y)5 ay, a2 > 0. (3310)
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For any linear function ¢(z) = a + (g, ) we have

Belz;y) = 0. (3.3.11)

Therefore, from (3.3.10) and (3.3.11) we conclude, that

Brlzsy) = Balw;y), (3.3.12)

when f(y) = Ba(z;y) for some fixed z. Now, consider the following simple
but general construction, which we use in a core of our analysis. Let h be
a regularized composite objective:

h(y) = gy)+ay(y) + phazy),  a,p>0,

where g and i are arbitrary closed convex functions, and 1 is strongly
convex with respect to d for some constant o4(1) > 0. Then, for every
x,y € dom h and every h'(z) € Oh(z), we have that

Pn(;y) = hy) = h(x) = (W'(2),y — z)

(8.3.10),(3.3.12) By(3y) + aBy(x:y) + pBalz;y) (3.3.13)

> (a0a(¥) + p)Balx; y).
In particular, for the exact minimum 7" = argmin h(y), we have
y€k
h(y) = WT)+ (aoa(¥) + p)Ba(Tsy). (3.3.14)

3.3.2 Contracting Proximal Methods

In our general scheme for solving the composite optimization problem,

min{F(m) = f(z)+ 1/J(CU)}7

x

we are going to maintain the following inequality, for every x € dom and
k>0:

woBa(zo; ) + ApF(z) > prBa(vk;x) + ApF (k) + Cr(x),  (3.3.15)
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3.3. Contracting Proximal Methods

where {zx}r>0 and {vg}r>0 are sequences of points from dom, {Ax}r>o0
is a sequence of increasing numbers:

def
agr1 = Agp1—Ax > 0, Ao = 0,
and {ux}r>0 is a sequences of nondecreasing proximal coefficients:

Hk+1 2 Pk, o > 0.

We would prefer functions Cj(z) be as big as possible. Thus, if it happens
to be Ck(z*) > 0 for all k& > 1, then from (3.3.15) we have a convergence
guarantee:

Flzy) - F* < #ofaltor) o p>q
and the rate of convergence is determined by the growth of coefficients Ay
towards infinity. However, in general Ci(x) may have arbitrary sign.

Let us discus a simple possibility for propagating relation (3.3.15) to the
next iteration.

poBa(zo; x) + Ap1 F(x)

= pofa(wo;w) + ApF(z) + ap1 F(z)

(3.3.15)
> nBa(vwx) + ARF(z1) 4 ap F(z) + Cr(w) (3.3.16)

A
> pwBalvr;w) + Ak+lﬂ%)

+ ap1¢(x) + Apto(zr) + Cr(x),

where the last inequality is due to convexity of f. Let us consider a con-
tracted objective with regularizer from the last step:

i (z) < Apr f (22560 gy () + pBalvrs 2). (3.3.17)

Ak

This function is strongly convex with respect to d(-) with parameter

def
oa(hks1) > prs1r = rr10q(V) + p. (3.3.18)
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If we are able to compute the exact minimum

T = argmin hk.ﬂ,.l(ﬂ?), (3319)
z€E

then by (3.3.14) we see that
hit1 (@) + Apth(2k)
2 hit(T) + prs1Ba(Ts ) + Arp (k)

= App f(S AT gy (T + g Balon; T)

Akt

+ w1 Ba(T;z) + At (zr)

> Mg PSSR (0 T) + s Ba(T3 ),

And it is natural to set vy =T and

def  apq1VkL1+ARTE
Dipr  Drtectis (3.3.20)

Thus we would obtain guarantee (3.3.15) for the next step, with

Crpi(z) = Cp(x)+ pnfa(vi; vis1) = Zle Hifa(vi; vig1) > 0.

Now, instead of computing the exact minimum (3.3.19), let us relax
Uk+1 € dom to be a point with a small norm of subgradient:

IIs]l« < Og41, for some s € Ohpy1(vey1). (3.3.21)

Note that condition (3.3.21) can be easily verified algorithmically since in
composite setting we are able to compute points with small subgradient of
Piit.
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Thus, we come to the following general scheme.

Contracting Proximal Method

Initialization.
Choose xg € dom ), pg > 0. Set vy = xg, Ag = 0.

Iteration k& > 0.

1: Choose ag41 > 0. Set Agp1 = Ak + ag41.

2: Denote contracted objective with regularizer: (3.3.22)

hrsr(x) = Ak+1f(%) + ak+19(x) + prBavr; ).

3: Choose accuracy dp4+1 > 0.
4: Find vg41 € dom ) s.t. Is € Ohgr1(vi+1) = ||s]l« < Opt1-

AR 41Vk+1+ARTh

5: Set xp41 = y v

6: Set p+1 = pk + ar+104(¥) = po + Apt104(¥) -

At this moment, we need one additional assumption. It relates the dual
norm || - ||« (used at Step 4) with the Bregman divergence S4(v; ).

Assumption 3.3.3. For some p > 1, prox-function d(-) is uniformly convex
of degree p+1 with respect to the primal norm ||-|| with parameter op41(d) >
0 (see inequality (3.3.7)).

Let us write down the convergence guarantees of the method.

Theorem 3.3.4 (Convergence of Contracting Proximal Method). Let As-
sumption (3.3.3) hold. Then for algorithm (3.3.22) at all iterations k > 0
we have:

k
Ap (F(ar) = F*) + peBa(vi; ) + 32 piBa(vi-1;vi)
=t (3.3.23)

S Rk(pv 5)3
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where

> k el

Ri(p.s) = ((Moﬁd(ﬂﬁo;ﬂ?*))p+1 +< e )# Z%) "

op+1(d)

Proof. First, let us ensure by induction in k£ > 0 that the following inequality
holds:

Ay (F(zg) — F(x)) + pnBavw; ) + zk:l/lzﬂd(viu v;)
B (3.3.24)

k
< poBa(wo;x) + Y (85,05 — x), z € dom,
i=1

where s; € Oh;(v;). Tt is obviously true for k = 0. Suppose that it holds
for some k > 0 and consider the case k 4+ 1. Note that (3.3.24) is exactly
(3.3.15) with

k
Ce@) = X [mibaviosiv) + (sisw = 03]

i=1

Therefore, we have

pobBa(zo;z) + Apr1 F(x)

(3.3.16)
> hit1(x) + Aptp(ar) + Cr(x)

(3.3.13)
> hig1(Vkg1) + (Skg1, © — V1) + i1 Ba(Vky1; @)

+ App(zr) + Cr(x)

A1 f(@pg1) + arp1¥(Vr41) + pog18a (Vg1 @)

+ App(zr) + Cry1(x)

Y

A1 F(@r1) + prr18a(vis1;2) + Crga ().

This is (3.3.24) for the next step.
Now, plugging © = z* into (3.3.24) and taking into account nonnegativ-
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ity of all terms in the left-hand side, we get
k
piBa(ves ™) < poBa(rosx®) + 3 (si, v — a*).
i=1

Now, we need to estimate the right-hand side from above. Using uniform
convexity (3.3.7), we conclude that for every k >0

Prop+1(d) o — x*Hp-i—l

1
k
< poBa(zos ™) + ; Isill« - lve — x| (3.3.25)
(3.3.21) k
< poBa(mosx*) + X Gillvi —a*| = o
i=1

In order to finish the proof, it is enough to bound from above the value oy,
for which we have the following recurrence:

3.3.25) 1

( [
_ 41\
= ap kSl =t S et a ()T el

1
Dividing both sides by /"' and using monotonicity of this sequence, we
get

P o ke 5 pt1 o < Py 5 pt1 o
Yk - a;/(p+1)+ b\ wop1(d) S O T Ok pkopt1(d) )

Finally, from the last inequality we obtain

D 1k o
peT +1 )P 5
ap < (0‘0+1 + (a,il(d)) ;:1 u;/(”l)) J
which is the right-hand side of (3.3.23). O

We see that accuracies 0 for subgradients of the subproblems appears
1

in Ri(p,d) in an additive form, weighted by the coefficients plzﬁ. They
should be chosen in a way making the right-hand side of (3.3.23) small
enough. Let us consider the simplest case, when all §; are the same.

Corollary 3.3.5. Let 0, = 0 > 0 for all k > 1. Assume that the coefficients
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Ay grow sublinearly:

Ay > ckPTl k> 1, (3.3.26)
with some constant ¢ > 0. Then for every
1
E o> (Hoﬂd(cﬂzo;w*)) P 2% and
(3.3.27)
ce 7T op+1(d) P%
6 < ( )2 (#0 p-:ll )
we have
Ri(p,0) < eAy. (3.3.28)

Consequently, by (3.3.23) we have F(x) — F* <e.

Proof. Indeed,

- £ 3.3.26 . £ 3.3.27 _p_
HoBda(xosz™) | PHL ( < ) poBda(zosz™) | PHL kP ( < ) epFl
Ak - (& - 2 ?
and
T FEoy
_p+l P __pt1 P
<ﬂp+1(d)) k 5 (uoﬂp+1(d)) ko
o D vicrsy < e —
AP =1 Hi APTE

1

p+1 L
(3'3<'26) (u00p+1(d)) 8

P
cp+1 kp+1

<

= D =
cp+l 2

Summing up these two inequalities we obtain (3.3.28).

1
p+1 Pl
(uo”p+1(d>) 8 (3-3<-27) PR

O

Corollary 3.3.6. Let 6, =6 > 0 for all k > 1. Let the coefficients Ay grow

linearly:

A > Avexp(w(k—1)), k>1, (3.3.29)

with some constant 0 < w < 1 and initial Ay > 0. Then for every

o> 14 Llog (telurertowiy/e) (3.3.30)
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and b e
5 < %ﬁ(%@) (3.3.31)
we have
Ri(p,d) < eAyg. (3.3.32)

Consequently, by (3.3.23) we have F(x) — F* <e.

Proof. Indeed,

_p_
(Hoﬁd(xo;x*))# (3.3<'29) poBa(zosz™) o (3.3<.31) ePiT .
Ak A exp(w(kfl)) - 2

Now, note that the following inequality holds for all z > 0:

exp(z) > 1+uz. (3.3.33)
Therefore,
A:* (3-3>-29) Af+1 exp( Erw(k—1))
k = =
(3.3.34)
(3.3.33) APTT (1+ cw(k— 1)) +1
P
> % > p+1A
And we obtain
7T T
p P
(U;:rll(d) ) zk: 5; < ( ) ";::1 (d) ) ks
Af% PR = A,f%

(3.3.34) (uogﬁl(d)) (p+1)6

D
3 3<.31) e
= 2

O

Estimates (3.3.27) and (3.3.31) show that the bound for the inner ac-
curacy 0 has a reasonable dependency on &, which is the absolute accuracy
required for the initial problem. Thus, in both cases, on step 4 of the algo-
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rithm we need to find a point vgy; with subgradient s € Ohgy1(vgy1):
» pt1
Isl. < 0(s77) & Jsl.” < O().

This is a reachable goal, especially for methods minimizing hy41(-) with a
linear rate of convergence.

In practice, it may be reasonable not to use very small inner accuracy
on a first stage, but to decrease it over the iterations. Then, the following
simple choice of {dj }r>0 can work.

Corollary 3.3.7. Let us define 0, = 5= with fized absolute constants ¢ > 0

and s > 1. Then,

(1.3.9)
<

k
d;
i=1

Therefore, we have

R < (o) + (i) o) T

3.3.3 Applications of Tensor Methods

Let us incorporate steps of the basic Tensor Method (1.5.1) into algo-
rithm (3.3.22) for solving the corresponding inner subproblem (3.3.19).
From now on, we restrict our attention to the Euclidean norm: |[jz| =
(Bx,z)'/?, z € E.

Assumption 3.3.8. For fixed p > 1, f € CPP(dom ). So the p-th deriva-
tive of the smooth component of the objective is Lipschitz continuous with
some constant 0 < Ly (f) < +oo.

For this setup, we use the following simple prox function:
d(z) = p—ile — mo[PTL. (3.3.35)

Thus, the choice of prox function (3.3.35) is strictly related to the preferable
degree p > 1 of smoothness of function f.

We recall that the Taylor approximation Q,(f, z;y) of function f around
the point x € dom f is defined as

def p

Q(fy) = fl@)+ X 5D f(@)ly — 2l
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We have the following bounds (Lemma 1.3.7): for all z,y € dom v,

1) = Q(fmiy) < 2By — x|, (3.3.36)

IVF(y) =V Q(fyzsy)]l. < 22|y — o). (3.3.37)
p

Let us look at our regularized objective hy11(-) which need to be mini-
mized at every step k > O:

hiy1(z)

~ A f (‘WJFAW) b oap (@) + peBalonz). (3:338)

def

= ¢r+1(x)

Ap1

def
= gr+1(x)

This is a sum of two convex functions: smooth component g1, and possi-
bly nonsmooth but simple component ¢y1, which is strongly convex with
respect to d.

Let us drop unnecessary indices and consider the subproblem in a general
form:

min{h(m) = g(z) + ¢($)}, (3.3.39)

x
with ¢ having bounded Lipschitz constant for some p > 1: 0 < L,(g) <
+o00. Since we assume the objective to be strongly convex with respect to
d from (3.3.35) with parameter o4(h) > 0, for every z,y € domh and all
K (x) € Oh(z) we have:

h(y) — h(z) = ('(x),y —x) = oa(h)Ba(z;y)

(B38) , (gi-s (3.3.40)
Y mmry, e,
Bound (3.3.36) motivates us to define the following point:
T (h; ) &f argmin{QP(g,x;y)
! (3.3.41)

+ Gy — 2P+ o)
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Chapter 3. Contraction Technique in Convex Optimization

and consider the following iteration process:

ziv1 = Tar(h;ze), t>0 (3.3.42)

Let us mention some properties of point T' = Ty (h; x). Its characteristic
condition is as follows,

F(T) V(g 2:T) = Y||T — 2P~ B(T —2) € 94(T).

CTe(T) + ¢(T) € OWT). In
order to work with this object, we need to use Lemma 2.2.1. In terms of
our current objective (3.3.39), we have, setting M = pL,(g):

This inclusion justifies notation h'(T) =

pt1

W(Ta-T) 2 (b)) WD (33.43)

Next, by (2.2.19)we have the following description of the global behaviour
of the method, for all z,y € dom h:

WTu() < h(y) + EE0 |y — e, (3.3.44)

when M = pL,(g). Now, we are ready to prove a convergence result on the
iteration process (3.3.42), for the norm of the subgradients.

Theorem 3.3.9. Let M = pL,(g). Then, for everyt > 0 and y € domh
we have

el s log(h 2k
Gl < e (—omin {1, ] )

. (M)’ (3.3.45)

p!
(h) = b+ 22y — 27+

Proof. Let us consider the point z;41 = Tas(2:). By (3.3.44), we have

h(zip1) < h(y) + 222y — 2P+, (3.3.46)

for any y € domh. Denote zj, def argmin, h(y), and consider y = z; +
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3.3. Contracting Proximal Methods

a(z} — z) for @ € [0,1]. Then we have
h(ZtJ’_l) — h*
< h(z) = bt = ah(z) = b7+ ot B g = P g g

(3.3.40)

< (1-atartt L) (=) - 7).

The minimum of the right-hand side is attained at

* . plog(h)2t P %
o = min {17 [ AL, () } }
Plugging it into (3.3.47) gives

h(zei1) — h* < (1 s m) - (h(ze) — h¥)
(3.3.48)
< exp (—at gty ) - (A=) — ).
Therefore, for every t > 0 we have

(3.3.48)
h(zt41) = h* < exp ( —ta* m) < (h(z1) — h*)

(3.3.46)
< exp(—tar 2y ) - (h(y) — b+ Ly — o),

for every y € dom h. It remains to use (3.3.43) and finish the proof:

h(ze41) —h* = h(z41) — Mz42)

> (W' (ze42)s 241 — Ze42)
(3.3.43) ' o pt1
> (etnm) WGl O

Thus, we can see that applying the Tensor Method (3.3.42) of degree p >
1 on Step 4 of the general Contracting Proximal Method (algorithm (3.3.22)),
we obtain fast linear convergence for the norms of subgradients. Hence, we
can estimate the total number of inner steps ¢y at iteration k > 0 as follows.
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Chapter 3. Contraction Technique in Convex Optimization

Corollary 3.3.10. Let us minimize function hyy1(-) by iterations:
z41 = T (b1 z), €20,
using M := pL,(gr+1) and 2o := vi. Then we have

Pfrr (e )Ml < Onga,

for
t, > 2+ max {1, L } 24l og (“65“) : (3.3.49)
k+1
where
1 1
lra1 def ((p+1)1§(9k+1)> v et def (uk+1217p) v (3.3.50)
and
def
Dypyn = Ap(F(ar) — F*) + prBavw; %)
¢ p s
() atvrs) (3:3.51)
(3.3.23) 1 (i p
< Ri(p,9d)- 1+%(m) :

Proof. By definition, for all € dom ), we have

his1(x) + Aptp(wk)

= A [T 4 (@) + B ) + At ()

Ak41

> Ak+1F(%W)+ﬂkﬂd(Uk;l‘) > App P

Therefore,
—hii — Ap(ar) < —Apa BT (3.3.52)
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3.3. Contracting Proximal Methods

Then for y = z* def argmin, F'(y) we obtain
» Ly (gn
his1(y) — hjyq + %Hy — zo|PT!
P (27) = iy + 22 o — o[

= Ak+1f(%:4w“) + ap 19 () — hyq + prBavr; o)

T+ Lelggr gy

S akp BT+ ApF(ae) — by — Arb(@e) + pBa(vis #7)
+ Bl jlgr gyt
(3.3<.52) 4 . . Lo(orin) | n il
= k(F(xk)_F )+/ffkﬂd(vkrvx )+T||$ —Uk”
(3.3.8)
< Dyy1.

It remains to use this bound together with (3.3.45) and the following esti-
(3.3.18)
mation of strong convexity parameter: og(hr4+1) > g1 O

By representation (3.3.38), we have a simple relations between Lipschitz
constants of the derivatives for function gy11(-) and f(-):

aP L

Lygs)) = S2L(f), p>L. (3.3.53)

k+1

Therefore, we can control the condition number of our objective. Indeed,
by (3.3.49), the main complexity factor in minimization process for hyy1(+)
is the ratio

1 1
ler (p+1)Lp(gri1) \ 7 (3:3.53),(3.3.18) (p+1)2° " ra? 1L, (f) \ 7
Bk+1 P21 =P g - Pl A} ) (ot Aki10a(¥))

We are able to keep this ratio small by applying an appropriate growth
strategy for coefficients Ay.
Let us consider two cases: c4(1) = 0 and o4()) > 0.

1. 04(¢p) = 0. Let us choose ¢ = Wﬁj}’“w and a = c(p + 1)kP.
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Chapter 3. Contraction Technique in Convex Optimization

Then we have

Ap

k k
clp+1) > > e(p+1) [aPde = kPt
=1 0

and we get

p+1
a 1 _ !
TS )T = e (3.3.54)
Thus we obtain
o _ (aiii ,2?*1(p+1>Lp(f>)% B350 (3.3.55)
Pt AZ+1 p!po - ’

2. 04(¢p) > 0. For k = 0 we pick a; = ¢(p + 1) as in the previous case.
Now consider k& > 1. Denote

o O minf (=) 3 (33.50)
and choose ax41 from the equation
j‘]:cifl - akiﬁrAk =w & ap1 = w(l—w)tA4,.
Therefore
[ (aiii .Lp(f)(p+1)2”’l)%
e = \ard ploa(y)

(3.3.57)

< 1

1
Ly(N)(p1)20~ 1\ 71
“"( S Hoal®) )

Thus, in both cases, at every upper-level step we need to perform a

logarithmic number of iterations of the inner method, multiplied by a small
constant.
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3.3. Contracting Proximal Methods

We are ready to specify the whole optimization procedure.

Contracting Proximal Tensor Method

Initialization.
Choose xg € dom ), pg > 0, 6 > 0. Set vg = xg, Ag = 0.

Fix d(z) = -2

= pﬁ|\$—$0||p+1~

_ Pl —mi oa(1)p! 7T 1
Set Cc = WM, w = InlIl{(W) p+1 , 5}

Iteration k& > 0.

1: If £ = 0 or w = 0, then choose ax11 = c(p+ 1)(k + 1)P.
Else choose ap 1 = w(l — w) 1 Ay.

2: Set Ak+1 = Ap + Ap41-

(3.3.58)
3: Denote contracted objective with regularizer:
gry1(x) = Ak+1f(%)7
r+1(®) = ap19() + prBa(vi; ),
hppi(z) = ges1(@) + Pt ().

4: Solve inner subproblem by Tensor Method.
p+1
Qi1

4-a: Initialization. Set 2o = vg,tx = 0, M = pLy(f)4»
k+1
4-b: Compute z¢, +1 = Tar(hit1, 2t ). Set ty =ty + 1.

4-c: If [|h) 1 (21, )|« < 0, then set v 1 = 2, and go to 5.
Else go to 4-b.

Ak+1Vk+1+ARTE

5: Set xp41 = A

6: Set firr1 = pk + arpr104(Y) = po + Ary10a().

Let us present global complexity bounds for this method in convex and
strongly convex cases.
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Chapter 3. Contraction Technique in Convex Optimization

Theorem 3.3.11 (Convex Case). Let for a given € > 0, we choose:

(S = ( p!s )ﬁ o
Lp(f) 27 (p+1)pHte

Then, in order to achieve F(xy) — F* < e it is enough to perform

ep!

K = \\1 + 2% <2p71(P+1)p+2Lp(f) 5d(10;$*)>"}r1J (3359)

iterations of algorithm (3.3.58). The total number of oracle calls Ni def

Zszl tr s bounded as
+1 1
Ng < K- <3+%105};(4(1—1—%{))(}9—&-1);@{1)))' (3.3.60)

Proof. Estimate (3.3.59) follows from (3.3.27), by substituting the value

!

c= W’M. Now, let us prove (3.3.60). By (3.3.49), we have
tk < 3 + max {1, 72';:11 } Lt log<L’“;1p%€+1 )
(33.55)&(3.3.51) 54 p+1 log(%/p(HM +1)Rk(p,6) ) )
< e

In order to finish the proof, we need to bound the value under the logarithm.
By the choice of ai, we have an upper bound for Ag:

Ar = clp+1) Ek:lip < clp+1) kflxpdx — c(k+ 1Pt (3.3.61)
i= 0
Therefore, for every 0 < k < K:
1&;&5) = ((uoﬁd(zoé;z*))ﬁ n ((p+2)02p—1)ﬁk>%1
< ((Hoﬁd(xo,x DT ((pwf,) 1)TK)PTT1
= ( Lp(f)ﬁd(mo,z )) e Qp(f;(rlﬂl N ((z)+1)2p*1),,%K)%
o' P Ho
pt1 )
( (p+1 T(Kp+K)> U< oa(e)igr. O
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3.3. Contracting Proximal Methods

Now, let us discuss the overall dependence of § and K on p, given by
the claim of Theorem 3.3.11. For simplicity, we fix LPT(f), Ba(zo; x*), and
1o- Thus, we observe the functions

p 1
1) P+ 1 [ 9p—1(p11)P+2\ 74T
ip) = B, K(p) = 1420 (7@; ) ) . (3.3.62)
One can see that log, 6(p) < —p. Therefore, increasing the order of the
method by one, it requires at least to double the precision of solving the
subproblem. At the same time, we have (using Stirling’s formula):

; _ : (p+2)log(p+1)—logp!\ _
lim K(p) = 1+2exp(p£rfoo (o ) = 1+ 2exp(l).
Hence, the value of K(p) is bounded from above by an absolute constant.
The graphs of the dependence (3.3.62) are shown in Figure 3.10. Note that
in practice, we are interested rather in small values of p.

0 20 40 60 80 100 0 20 40 60 80 100

p p

Figure 3.10: The dependence of 6 and K on p, while L”T(f) and SBq(xo;x™) are
fixed.

Theorem 3.3.12 (Strongly Convex Case). Let o4(¢)) > 0 and condition

number w be defined as in (3.3.56). Let for a given e > 0, the inner accuracy
0 be fixed as follows:

! # w
6 = (Li(i”)) 2P(p+1)((l;i}:)2+1)/(p+1)' (33.63)

Then, in order to achieve F(xi) — F* < ¢, it is enough to perform
K = [2+21[] (3.3.64)
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Chapter 3. Contraction Technique in Convex Optimization

iterations of algorithm (3.3.58), where

P ok D p+%
L def log(max{(ﬁﬂ 7Lp(f)6d(wwp?(ep+l) 2 })

The total number of oracle calls Nk is bounded as follows:

Ngk < K- <3+(1+(e_€1)p) (1+2) +log(
(3.3.65)

i pt2 2
doa(P)pt ) » 1\ (1) P 2eipdd
masc{1, (GEsEey ) ") (1 ) - 2 ))

pp

Proof. At every iteration k > 1, we have Ap41 = (1 —w) 1A > Ay exp(w).
At the same time, we know that

w < < <1 (3.3.66)

1
2
where e = exp(1). Since for all « € [0, 1] it holds

1-<la > exp(—a),

e

, (3:3.66)

taking = w5y < 1 we obtain Ay < Ay exp(w

have, for all k£ > 0:

e
e—1

) . Therefore we

Alexp(kw) < Apyr < Alexp(k:w ) (3.3.67)

e
e—1

Now, estimate (3.3.64) follows directly from (3.3.67) and (3.3.30) by using

the value A; = WM'

(3.3.57)
By the choice of axi1, we have f’;—“ < 1, and we need only to

- <
estimate the value under the logarithm in (3.3.49). For every 0 < k < K,
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3.3. Contracting Proximal Methods

we have:

Lit1Dii (3'3'572(3'3'51) l_‘«k+1Rk(P76)(1+Tlo)
pEL = pFL
s P §

(o + 7a(¥) A1) 727 (1 + L)

Mo
b e
(noBa(wosz™)) PFHI (p+1)2P~ "\ pH1
(1 s (o))
1.1
< (o + 0a() Age41) 725 (14 1)
ooy o iy O\ 5
<(N05d(w05593 NPFL L ((P+1)2 )” K) .
Ho
Let us estimate different terms in this expression separately.
1. By definition of w, we have
wrtt < eilfoa)d (3.3.68)
- Ho
Therefore,
(3.3.68),(3.3.67) v
po + oq(V)Ax 1 < Ud(¢)A1<(ZJ;i)1 Jrexp(Kwefl))
(3.3.64)
< 204(1) Ay exp(Kwﬁ).

2. Substituting the value for 4, we obtain

(oBa(wose™ ) THT  (3.3.63) (Lp<f>ad(zo;z*>)ﬁ2P(p+1><(P+1>2+1>/<P“>
; 3

ple 1
pwul™

(3.3.64) 202024 p+1)/(p+1)
1)%2 P P P

< (p+1) . eXp(Kw%).

ponl T »

3. Finally, using that exp(z) > « for all > 0, we have
p+1 p
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Therefore,

1
ol < exp(Kwpty) - (20a)an) - (14 )

5§
exp(Kw#) 2 2p24p+t1 p+2 p—1 pT“
: W(QH' D227 % 1 + (p+ 1)”12”1)
8]
p+1 1
e ) P (eaA) P
< exp(Kw((e_l)erl)) (pw) ( o )
2(p+1) 2 4
() ey
1
_ e dog(p)p! \ P
= exp(Kw((el)p—i—l)) .max{l,((p+f)Lf('f)> }
pt2 2
1) i) 2iees
) = ’
and we obtain (3.3.65). O

According to Theorem 3.3.11 and Theorem 3.3.12, the rate of conver-
gence for the outer iterations of algorithm (3.3.58) is of the same order,
than that one of accelerated Tensor Method from [118]. However, at each
step it uses logarithmic number of steps of the basic method. It seems to be
a reasonable price for the level of generality. Indeed, we are free to choose
an arbitrary method as the basic one. The only requirement to it is the
possibility of solving the inner subproblem (3.3.39) efficiently.

Note, that an additional feature of our methods is that the sequences of
points {zx}x>0 and {vg >0 form triangles (see the rule (3.3.20)). A first-
order accelerated method with this nice property was discovered in [55].

3.3.4 Experiments

Quadratic function. Let us compare numerical performance of the first-
order Contracting Proximal Method and the classical Proximal-Point algo-
rithm (3.3.1) for unconstrained minimization of a convex quadratic function:

flx) = %(Aas,x)—(b,x), r € R"”,
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3.3. Contracting Proximal Methods

with A = A* = 0. We also run the Gradient Method and the Accelerated
Gradient Method for this problem. A typical behaviour of the algorithms
is shown on Figure 3.11. The Contracting Proximal Method has the same
iteration rate as that of the Accelerated Gradient Method, but requires more
gradient evaluations (matrix-vector products) per iteration.

To compute every step of the proximal algorithms, we use the Gradient
Method with line search. We try different strategies for choosing inner
accuracies dy, and end up with a simple rule d;, = 1/k?, which provides
a good balance in performance of outer proximal iterations and the inner
method (usually, it requires to do about 4 inner steps per iteration).

We generate a random rotation from the uniform distribution, but the
set of eigenvalues of the matrix was fixed according to the sigmoid function,
for some given o > 0

N o= - ., 1<i<n
1+cxp(ﬁ(n+172i))
Therefore it holds: Ay = 1/(1 + exp(a)) and A, = 1/(1 + exp(—«)), so
parameter « is related to the condition number of the problem.

In Table 3.1 we demonstrate the number of iterations and the total
number of matrix-vector products, which are required for the methods to
solve the problem up to e = 10~7 accuracy in functional residual.

#— Gradient Method #— Gradient Method
10t — = Proximal Method 10t — = Proximal Method
—e— Accelerated Gradient Method —e— Accelerated Gradient Method
= Contracting Proximal Method

= Contracting Proximal Method
109 |

1073 ~,
I
e ey

functional residual
functional residual
-
3

1077 1077

0 10000 20000 30000 40000 50000 0 10000 20000 30000 40000 50000
iterations matrix-vector products

Figure 3.11: Convergence of first-order methods on quadratic function.
We see that the Contracting Proximal Method is always better than the
usual Proximal algorithm. It requires about the same number of iteration

as the Accelerated Gradient Methods, but it needs to spend more oracle
calls per iteration, which confirms the theory.
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Gradient Proximal Accelel:ated Contra}cting

Method Method Gradient Proximal

Method Method

n q iter mat-vec iter mat-vec iter mat-vec iter mat-vec

500 [ 1072 | 339 339 361 1044 115 229 74 137
1074 | 12158 12158 12842 36731 350 699 393 1104
1076 | 96072 96072 99269 | 313795 854 1707 1081 3780
1000 [ 1072 | 338 338 359 1035 110 219 73 135
1074 | 11884 11884 11912 56996 360 719 361 1014
107 | 77675 77675 80758 | 239508 755 1509 1117 3957
Table 3.1: Minimization of quadratic function, ¢ = Amin(A4)/Amax(A).

Log-Sum-Exp. In the next example we compare performance of second-

order methods for unconstrained minimization of the following objective

m
wlog < exp (W)) , z € R",
7 1

1=

flx) =
where y1 > 0 is a parameter, while coefficients of the vectors {a;}7*, and b are
randomly generated, and we set m = 6n. We get the more ill-conditioned
problem for smaller values of parameter p.

We compare the Cubic Newton Method (1.4.9) and its accelerated vari-
ant from [111] with Contracting Prozimal Cubic Newton (algorithm (3.3.58)
for p = 2), when minimizing the objective up to e = 1078 accuracy in func-
tional residual. In these algorithms we use the following Euclidean norm for
the primal space: |z|| = (Bx,z)/?, with matrix B = Y7 a;af, and fix

regularization parameter being equal 1. The results are shown in Table 3.2.
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Cubic Newton Cﬁl(;"i::lle\;‘::vetin Clc;tl:zl)::l::llg
Cubic Newton
n “w iter oracle iter oracle iter oracle
50 1 389 389 177 353 112 491
0.1 482 482 202 403 141 587
0.05 886 886 343 685 236 1129
100 1 834 834 308 615 189 849
0.1 1210 1210 377 753 232 1021
0.05 2598 2598 641 1281 397 1740

Table 3.2: Comparison of second-order methods on Log-sum-exp.
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We see that the Contracting Proximal Method outperforms the direct
methods in the number of iterations, but usually requires additional oracle
calls for solving the subproblem.

3.3.5 Discussion

We have proposed a general acceleration scheme, based on the Proximal
iterations. There are two distinguishing features of our methods: employing
the contraction of the smooth component of the objective (this provides the
acceleration), and flexibility of proz-function (its choice should take into
account both the geometry of the problem and the order of the smoothness).

One of the recent important applications of the accelerated Proximal-
Point methods in machine learning is the universal framework Catalyst,
applicable to the first-order methods [93, 94]. This is a powerful approach
for accelerating many specific optimization methods in a common way. We
believe that our results can help in advancing in this direction, resulting in
the faster high-order methods for many practical applications.

In Section 4.1.3 of Chapter 4, we will study inexact Contracting Proxi-
mal Methods based on the small residual in the function value. This condi-
tion can be preferable in situations when minimization of the (sub)gradient
norm is difficult or even impossible to manage, such as stochastic and fully
composite [43] optimization problems.
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Chapter 4

Inexact and Stochastic
Algorithms

With the growth of computing power, high-order optimization methods are
becoming more and more popular in machine learning, due to their abil-
ity in tackling ill-conditioning and improving the rate of convergence. We
have already seen several modifications of Newton’s method equipped with
global complexity guarantees, which are better than those of the first-order
gradient methods.

The main weakness, though, is that every step of the high-order methods
is much more expensive. It requires to solve an auxiliary subproblem, which
involves a minimization of a sum of a nontrivial smooth function (at least,
quadratic function as in Newton’s method) with a regularizer, and possibly
with some additional nondifferentiable components.

At the same time, it is clear that often we do not need exact solutions
to the subproblems, especially in the beginning of the optimization process.
In this chapter, we study relaxed versions of the high-order methods. Our
aim is to ensure the fast convergence of the initial algorithms under some
suitable and practically implementable conditions of inexactness for the
method’s step and for the oracle information.
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4.1 Inexact Tensor Methods with Dynamic
Inner Accuracies

Now we have a family of the basic Tensor Methods (1.5.1) (starting from
the methods of order one), for each iteration of which we may need to call
some auxiliary subsolver. We suggest to describe the approximate solution
to the subproblem in terms of the residual in the function value. We propose
two strategies for the inner accuracies, which are dynamic (changing with
iterations). Indeed, there is no need to have a very precise solution to
the subproblem at the first iterations, but we reasonably ask for a higher
precision closer to the end of the optimization process.

Global convergence of the first-order methods with inexact proximal-
gradient steps was studied in [142]. The authors considered the errors in the
residual in function value of the subproblem, and require them to decrease
with iterations at an appropriate rate. This setting is the most similar to
our approach.

In [21, 22], adaptive second-order methods with cubic regularization and
inexact steps were proposed. High-order inexact tensor methods were con-
sidered in [13, 74, 63, 62, 26, 96]. In all of these works, the authors describe
approximate solution of the subproblem in terms of the corresponding first-
order optimality condition (using the gradients). This can be difficult to
achieve by the current optimization schemes, since more often we have a
better (or the only) guarantees for the decrease of the residual in function
value. The latter one is used as a measure of inaccuracy in the recent
work [119] on the inexact Basic Tensor Methods. However, only the con-
stant choice of the accuracy level is considered there.

We propose new dynamic strategies for choosing the inner accuracy for
the general Tensor Methods, and several inexact algorithms based on it,
with proven complexity guarantees, summarized next. We denote by & the
required precision for the residual in function value of the auxiliary problem.

e The rule §; := 1/kP*!, where p > 1 is the order of the method, and k
is the iteration counter.

Using this strategy, we propose two optimization schemes: Mono-
tone Inexact Tensor Method I (algorithm (4.1.4)) and Inexact Ten-
sor Method with Averaging (algorithm (4.1.31)). Both of them have
the global complexity estimates O(1 /5%) iterations for minimizing
the convex function up to € -accuracy (see Theorem 4.1.3 and Theo-
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rem 4.1.9). The latter method seems to be the first primal high-order
scheme (aggregating the points from the primal space only), having
the explicit distance between the starting point and the solution, in
the complexity bound.

The rule 0y := ¢ (F(xp—2) — F(xx—1)), where F(x;) are the values of
the target objective during the iterations, and ¢ > 0 is a constant.

We incorporate this strategy into our Monotone Inexact Tensor Method
IT (algorithm (4.1.14)). For this scheme, for minimizing convex func-
tions up to e-accuracy by the methods of order p > 1, we prove
the global complexity proportional to O(1 /5%) (Theorem 4.1.5). The
global rate becomes linear, if the objective is uniformly convex (The-
orem 4.1.6).

Assuming that 6 = ¢ (F(xgp_2) — F(xk_l))pTH, for the methods
of order p > 2 as applied to minimization of strongly convex objec-
tive, we also establish the local superlinear rate of convergence (see
Theorem 4.1.7).

Using the technique of Contracting Proximal iterations discovered in
the previous chapter, we propose inexact Accelerated Scheme (algo-
rithm (4.1.35)), in which at each iteration k, we solve the correspond-
ing subproblem with the precision (i := 1/kP*2 in the residual of the
function value, by inexact Tensor Methods of order p > 1. The result-
ing complexity bound is O(1/ 5ﬁ) inexact tensor steps for minimizing
the convex function up to € accuracy (Theorem 4.1.10).

Numerical results with empirical study of the methods for different
accuracy policies are provided.

In Section 4.1.1 we introduce an approximate minimum of the high-order
model of the objective. We study monotone inexact methods, for which
we guarantee the decrease of the objective function at every iteration. In
Section 4.1.2 we study the methods with averaging. In Section 4.1.3 we
present our accelerated scheme. Section 4.1.4 contains numerical results.

4.1.1 Monotone Inexact Methods

As before, we are interested in solving the convex optimization problem in
the composite form:

min{ F(z) = f(z)+v()}.

x
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For a fixed p > 1, we assume f € CPP(dom). Let us denote by My (x;y)
the following regularized model of our objective, with H being the regular-
ization constant:

def _z|lPt?
Mp(z;y) = Qp(f,25y) + Tzl 4 p(y). (4.1.1)

This model is used in the basic Tensor Method (1.5.1). For H > pL,,
function My (x;-) is always conver (Theorem 1.5.2), and thus its minimum
is well defined.

Let us assume that at every step of our method, we minimize the
model (4.1.1) inexactly by an auxiliary subroutine up to some given ac-
curacy 0 > 0. We use the following definition of inexact §-step.

Definition 4.1.1. Denote by Ty s(x) a point T = Ty 5(z) € dom ), satis-

fying
My (2;T) — min Mg (z;y) < 4. (4.1.2)

The main property of this point is given by the next lemma.

Lemma 4.1.2. Let H = oL, for some a > p. Then, for every y € domy

_ P+l
F(Tus(z)) < F(y)+ el 4 (4.1.3)

Proof. Indeed, denoting T' = Ty 5(z), we have

(1.3.5) (4.1.2)
F(T) <  MyxT) < My(z;y)+4,

(1.3.5)
<

o —z||Pt+!
Fy) + ezl o

Now, if we plug y = x (a current iterate) into (4.1.3), we obtain
F(Tus(x)) < F(x)+4.

So in the case § = 0 (exact tensor step), we would have nonincreasing
sequence {F(zg) k>0 of test points of the method. However, this is not the
case for § > 0 (inexact tensor step). Therefore we propose the following
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minimization scheme with correction.

Monotone Inexact Tensor Method, 1

Initialization. Choose zg € dom . Fix H = pL,.
Iteration k > 0. (4.1.4)
1: Pick up dx41 > 0.

2: Compute inexact tensor step Typ41 = Ths,,, (Tk)-

3: If F(Tk41) < F(xy), then set 241 = Tht1.
Else choose zj41 = .

If at some step k > 0 of this algorithm we get xy+1 = x, then we need to
decrease inner accuracy for the next step. From the practical point of view,
an efficient implementation of this algorithm should include a possibility of
improving accuracy of the previously computed point.

Denote by Dy the radius of the initial level set of the objective:

Do sup{lle—a*| : P(x) < Flao) }. (4.1.5)
x

For algorithm (4.1.4), we can prove the following convergence result,
which uses a simple strategy for choosing 6x1.

Theorem 4.1.3. Let Dy < +oo. Let the sequence of inner accuracies
{6k }r>1 be chosen according to the rule

5 = o (4.1.6)

with some ¢ > 0. Then for the sequence {zy}r>1 produced by algorithm
(4.1.4), we have

p+1 p+1
Fay) - Pr < @D P! 4 5 (4.1.7)

Proof. Indeed, by Lemma 4.1.2, for every y € dom ¥ and k > 0 we have

P
F(zpy) < F(Tpp) < F(y) + 2elenl 46,000 (418)

p!
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Let us introduce an arbitrary sequence of positive increasing coeflicients
{Ak}k>0, Ay 0. Denote At def Apy1 — Ag. Then, plugging y =

M into (4.1.8), we obtain

Ay
Ak41 1ox Ay iil Lyllz,—a" ||+
D
Fop) < Ak+1F + Ak+lF( k) + A{ﬂ p! + Ot

or, equivalently

aPt?! _ x| pHL
A1 (F(aar) — F*) < Ag(F(ay) — F*) + Set Lol

k+1 p:
+ Ag+10k+1-
Summing up these inequalities, we get, for every k > 1

k k Pt
Ap(Flzy) — F*) < 2A@+%?%jﬁwrﬁwﬁl
i= = K
(4.1.9)

< 2A5+% Z‘M,

i=1

where the last inequality holds due to monotonicity of the method. Finally,
let us fix Ay = kP*L. Then, for some ¢ € [k — 1; k],

ap = KT —(k-1P = (p+1)P < (p+1)kP.
Therefore,
k ot k (p1)PF1p(+D) 41
> S X mme — = )P, (4.1.10)
i=1 i=1
and
k ki pt1
Z Azél = Z (?P"’l = ck. (4.1.11)
i=1 i=1
Plugging these bounds into (4.1.9) completes the proof. O

We see that the global convergence rate of the inexact Tensor Method
remains on the same level, as of the exact one. Namely, in order to achieve
F(zg) — F* < ¢, we need to perform K = O(l/s%) iterations of the algo-
rithm. According to these bounds, at the last iteration K, the rule (4.1.6) re-

1
quires to solve the subproblem up to the absolute accuracy §x = (’)(05%).
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This is intriguing, since for bigger p (order of the method) we need less ac-
curate solutions. Note that this estimate for dx coincides with the constant
choice of inner accuracy in [119]. However, the dynamic strategy (4.1.6)
provides a significant decrease of the computational time on the first itera-
tions of the method, which is also confirmed by our numerical results (see
Section 4.1.4).

Now, looking at algorithm (4.1.4), one may think that we are forgetting
the points Tj11 such that F(Tgy1) > F(xy), and thus we are loosing some
computations. However, this is not true: even if point Tj,; has not been
taken as xk11, we shall use it internally as a starting point for computing
the next Tj42. To support this concept, we introduce the inexact d-step
with an additional condition of monotonicity. Specifically,

Definition 4.1.4. Denote by Sy s(z) a point S = Sy s(z) € dom ), satis-
fying the following two conditions:

MH(x;S)—myinMH(:z:;y) < 4, (4.1.12)
F(S) < F(x). (4.1.13)

It is clear, that point S from Definition 4.1.4 satisfies Definition 4.1.1 as
well (while the opposite is not always the case). Therefore, we can also use
Lemma 4.1.2 for the monotone inexact tensor step.

Using this definition, we simplify algorithm (4.1.4) and present the fol-
lowing scheme.

Monotone Inexact Tensor Method, 11

Initialization. Choose zg € dom . Fix H = pL,,.
Iteration k& > 0.
1: Pick up 641 > 0.

(4.1.14)

2: Compute inexact monotone tensor step
Tr4+1 = SH75k+1(xk3)'

When our method is strictly monotone, we guarantee that F(zp41) <
F(zy) for all £ > 0, and we propose to use the following adaptive strategy
to define the inner accuracies.
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Theorem 4.1.5. Let Dy < +oo. Let sequence of inner accuracies {x }r>1
be chosen in accordance to the rule

bpr1 = ¢ (Fzp—1) — Flag)), k>1 (4.1.15)

for some fixred 0 < ¢ < W and 01 > 0. Then for the sequence
{zk}x>1 produced by algorithm (4.1.14), we have

p+1
Flay) —Fr < el oy B (4.1.16)

where vy and B are the constants:

def (p+2)Pt! def §)+c2PT2(F(z0)—F*)
Y - W7 5 11 C((p+2)(2/(p?i>l) 1) (4117)

Proof. First, by the same reasoning as in Theorem 4.1.3, we obtain the
following bound, for every k& > 1:

(4.1.18)

. . . . . def
where {Ay}r>0 is a sequence of increasing coefficients, with A9 = 0, and

ay def Ay — Ag—_1. Substituting into (4.1.18) the expression for §;, we get

Ak(F(.”L'k) —F*) < A6 +CiAi(F(l‘i,2) —F(Qiifl))

=2

(4.1.19)
L,Drt E grt!
+ = ; 17477, k>1,
or, rearranging the terms, it holds for every k > 2:
(c+ 1)A(F(zr) — F*)
< Ap(F(ag) = F*) + cAp(Flag—1) — F*)
(4.1.19) L, DP“ p+1 k=2
< Z qr e 2 (Aige = Ai)(F (i) — F7)
i=1 (4.1.20)

+ A151 —+ CAQ( (LC()) — F*)

- “””z o +c2az+z< (2:) — F*)
+A151+CA2( (xO)_F*)a
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and for £ = 1 we have

(4.1.19) p+1  p+1
AF@)—F7) < g+ et

).

(4.1.21)

p+1

= A1(51+LD

Now, let us pick Ay = kPT2. Then,

ap = kP2 —(k—1)P*2 < (p+2)kPTH
and
k aPt! +1 k i(P+1)2 k . 417.2
Yo < (p+2)P s = 42T Y0 < (p+2)PtiER
=1 o i=1 i=1

Therefore, (4.1.20) leads to

(c+ 1)kPT2(F(zy) — F¥)

p+1 k=2
< (p+2)p+1§!2LpDO Te(p+2) 3 (i + 2P (F(z;) — FY) (4.1.22)
i=1

+ 01 + 2PT2(F(z0) — F), k> 2.

And the statement to be proved is

p+1
Flay) - F* < e+ k>1, (4.1.23)

where 3 and v are from (4.1.17). Note that from our assumptions c is small

enough: ¢ < 4 Hence, the constants are correctly defined.

1

Let us prove (4.1.23) by induction. It holds for £k = 1 by (4.1.21).
Assuming that it holds for all 1 < k < K — 2, we have

(4.1.22),(4.1.23)

Flog) e L e, o

(c+1) p! KP

+2) L,DE*! §14+c2PF2(F(z0)— F*
+ it Z ik 2 (D p) ey o)

((p+2)”“ ye(p+2) Z (i+2) P“) _LyDgt!
c+1 (c-l—l)K2 p! KP

c(p+2 §14+c2P T2 (F(20)—F*
+ (Bc(il)) Z zP+2+ 1 C(+1( o) ))'Kz}#z'
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Using in the last expression the following two simple bounds:

K—2 K—2
(i42)PH 1 iPHt +1 p2
PR S T o
i=1 i=1
K—2 (1.3.9)
DIy £
P = pF1°

we obtain

* (p+2)P frc(p+2)3P+t  L,DEH!
F({L‘K) - F < o+1 Y [?p

Be(p+2)® | 61+t (F(ao)—F)) 1
+ ((c+1)(p+1) + c+1 : )KIJ+27

Therefore, to finish the proof, its enough to verify two equations:

Be(p+2)2 51+4+c2P T2 (F(xo)—F*) _ (p42)P ! frye(p+2)3PT?
DD T . = f, and & .
which hold by definition (4.1.17). O

The rule (4.1.15) is surprisingly simple and natural: while the method is
approaching the optimum, it becomes more and more difficult to optimize
the function. Consequently, the progress in the function value at every
step is decreasing. Therefore, we need to solve the auxiliary problem more
accurately, and this is exactly what we are doing in accordance to this rule.

It is also notable, that the rule (4.1.15) is undversal, in a sense that it
remains the same (up to a constant factor) for the methods of any order,
starting from p = 1.

This strategy also works for the nondegenerate case. Let us assume that

our objective is uniformly convex of degree p + 1 with constant op;1 (see
Chapter 2). Thus, for all 2,y € domt) and F'(z) € OF(x) it holds

Fly) - F@) + (Fl@),y—a) > 22y — oo, (4.1.24)

For p = 1 this definition corresponds to the standard class of strongly convez
functions.

Denote by w,, the condition number of degree p:

Gy % max{ @l 4y (4.1.25)

plopta

The next theorem shows, that @y, serves as the main factor in the complexity
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of solving the uniformly convex problems by inexact Tensor Methods.

Theorem 4.1.6. Let 0,41 > 0. Let sequence of inner accuracies {0k }r>1
be chosen in accordance to the rule

6 = ¢ (Fzp—2) — F(zp-1)), k=2 (4.1.26)

for some fixzed 0 < ¢ < #@p_l/l) and 61 > 0. Then for the sequence
{zx}r>1 produced by algorithm (4.1.14), we have the following linear rate
of convergence:

Flape) = F* < (1= 250, P+ o) (Flagor) — FF). (4.1.27)

Proof. Let us substitute z := z3, and y := Az* + (1 — X\)z, into (4.1.3),

where A = @;Up € (0,1]. This gives

APt |p+1

Lpllzk—z]
p!

F(zre1) < AF*4+ (1= MNF(xx) + + k11

< AP (1= N F(ay) + 20D (pgy ey 4oy,

op+1D!
where we used uniform convexity. Therefore, for every k > 1:

) /P

;§+1 J(F(x) — F*) + 0p1a

Flap)—F* < (1—w, P+
= (1= 2w, /7Y (F(ar) — F*) + c(F(wx-1) — F(ax)

< (- 2@ VP 4 ) (Fag) — F7),

the last inequality uses monotonicity of the method: F(zy) < F(xk—1) and
the bound: F* < F(xy). O

Let us pick ¢ = 5 )ofzp_l/p. Then, according to (4.1.27), in order solve

p
p+1
the problem up to e-accuracy: F(zg) — F* < e, we need to perform

K = 0 (@;/1’ log M) (4.1.28)
iterations of the algorithm.

Finally, we study the local behaviour of the method for strongly convex
objective.
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Theorem 4.1.7. Let o2 > 0. Let sequence of inner accuracies {dx}r>1 be
chosen in accordance to the rule

p+1

5k = C- (F({Ekfg) - F(!L‘kfl)) 2 y k >2 (4.1.29)

with some fized ¢ > 0 and §; > 0. Then for p > 2 the sequence {xy}r>1
produced by algorithm (4.1.14) has the local superlinear rate of convergence:

pt1

F(zps) — F* < (ﬁ(l)%+c)(F(xk_1)—F*) 2 (4.1.30)

Proof. Let us plug y = z* into (4.1.3). Thus, we obtain, for every k > 1:

x| pt1
F(zpy1) < F*JrMJﬂskH

21 "
< P B(2) (Flaw) = F)5 4 6
pt1 p+1 p41
= P4 B (2)F (Fa) - P e(Fane) - Flon)
L,/ o\2H pt1
< P (B(2)T +o)(Fim) - )5

where monotonicity of the method: F(zy) < F(xr—1) and the bound: F* <
F(xy) are used in the last inequality. O

Let us assume for simplicity, that the constant ¢ is chosen to be small

) Ly (2 \(p+1)/2

enough: ¢ < ﬁ(g) .
superlinear convergence as

Then, we are able to describe the region of

0= e domy P~ P < (F(£)") 77 .

After reaching it, the method becomes very fast: we need to perform no
more than O(loglog %) additional iterations to solve the problem.

Note, that estimate (4.1.30) of the local convergence is slightly weaker
than the corresponding one for ezact Tensor Methods (see Section 2.2). For
example, for p = 2 (Cubic regularization of Newton Method) we obtain the
convergence of order %, not the quadratic, which affects only a constant fac-
tor in the complexity estimate. The region Q of the superlinear convergence
is remaining the same.
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4.1.2 Inexact Methods with Averaging

Methods from the previous section were developed by forcing the monotonic-
ity of the sequence of function values {F'(zx)}r>0 into the scheme. As a
byproduct, we get the radius of the initial level set Dy (see definition (4.1.5))
in the right-hand side of our complexity estimates (4.1.7) and (4.1.16). Note,
that Dy may be significantly bigger than the distance ||zg — 2*|| from the
initial point to the solution.

Example 4.1.8. Consider the following function, for z € R™:

f@) = ROP 4 Y [0 - 206D,
=2

where z(9) indicates ith coordinate of . Clearly, the minimum of f is at
the origin: z* = (0,...,0)T. Let us take two points: x¢g = (1,...,1)T and
a1, such that 2\” = 20 — 1. Tt holds, f(z¢) = f(21) = n, so they belong to
the same level set. However, we have (for the standard Euclidean norm):
|lzo — 2*|| = /n, while Dy > ||z — z*|| > 2"~ L. O

Here we present an alternative approach, Tensor Methods with Averag-
ing. In this scheme, we perform a step not from the previous point zj, but
from a point yg, which is a convex combination of the previous point and
the starting point:

ye = Mxp+ (1= M)z,

where A\, = (L)pJrl

Y . The whole optimization scheme remains very simple.

Inexact Tensor Method with Averaging

Initialization. Choose zg € dom . Fix H = pL,,.

Iteration & > 0. (4.1.31)
1
1: Set A\ = (ﬁ)er s Yk = ATk + (1 - )\k)wo.

2: Pick up dp41 > 0.

3: Compute inexact tensor step zy41 := Th 5., (Yk)-

For this method, we are able to prove a similar convergence result as that
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of algorithm (4.1.4). However, now we have the explicit distance ||zo — *||
in the right hand side of our bound for the convergence rate (compare with
Theorem 4.1.3).

Theorem 4.1.9. Let sequence of inner accuracies {0y }r>1 be chosen ac-
cording the rule

8 = 5T (4.1.32)

for some ¢ > 0. Then for the sequence {xy}r>1 produced by algorithm (4.1.31),
we have

pt1 Pt
F(l‘k) _ F* S (p+1)P I;,I;ljlcio z™||? + k:% (4133)

Proof. The proof is similar to that one of Theorem 4.1.3. By Lemma 4.1.2,
for every y € dom ), we have

(4.1.3) -
Flzpi) < Fly)+ % +0ky1,  k=0.

Let us substitute y = Apzr + (1 — A\g)a*, with A defined in the algorithm:

+1
>\k = (kL_H)p .

Thus we obtain

*||p+1

F(Jﬂk+1) < (1 — )\k)F* + /\kF(l’k) + (1 — )\k)erlW% + 5k+1,

or, equivalently

. ©y 1 %1 Lyleo—a*|[P+!
A1 (F(zpg1) — F*) < Ap(F(zg) — F7) + g =2

k41 p:

+ Apt10k41,

where Ay = kP! and ap = Ap — Ax_1 (so it holds: Ny = Ap/Ari1
and 1 — Ay = agy1/Aks+1). Telescoping these inequalities and using the
bounds (4.1.10) and (4.1.11) complete the proof. O

Thus, algorithm (4.1.31) seems to be the first Primal Tensor method
(aggregating only the points from the primal space E), which admits the
explicit initial distance in the global convergence estimate (4.1.33). Ta-
ble 4.1 contains a short overview of the inexact Tensor methods from this
section.
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Local
Algorithm The rule for 8 Grl;):)eal superlinear
rate
L, pPt1
Tens:or Method 0 o ( P kl(“) ) Yes
(algorithm (1.5.1))
Monotone Inexact L. pp+l
Tensor Method, I 1/1CZD+1 O( L kg ) No
(algorithm (4.1.4))
Monotone Inexact o ( Lp D(I)HLI ) Yes,
Tensor Method, II (F(xp—1) — F(zr))™ kP ’ 1
(algorithm (4.1.14)) a=1 o=
Inexact
§ _z*|pt1
T(?nsor Metl%od 1/k’p+1 o ( Lypllzg k; I|P ) No
with Averaging
(algorithm (4.1.31))

Table 4.1: Comparison of the inexact basic Tensor methods.

4.1.3 Acceleration

After the Fast Gradient Method had been discovered in [107], there were
made huge efforts to develop accelerated second-order [111, 101, 61] and
high-order [6, 118, 54, 63, 145] optimization algorithms. Most of these
schemes use the notion of Estimating Sequences (see [117]), that is based on
accumulating the gradients. In our inexact methods we guarantee only the
progress for the objective function. Thus, we study an alternative approach
to accelerate our inexact tensor methods, using the technique of Contracting
Proximal iterations developed in Section 3.3.

In the accelerated scheme, two sequences of points are used: the main
sequence {xy}r>0, for which we are able to guarantee the convergence in
function residuals, and auxiliary sequence {vg }r>0 of prox-centers, starting
from the same initial point: vy = x¢. Also, we use the sequence {A}i>o of

scaling coefficients. Denote ay def Ap —Ap_1,k> 1.

Then, at every iteration, we apply Monotone Inexact Tensor Method,
1T (algorithm (4.1.14)) to minimize the following contracted objective with
regularization:

hipr(z) 0 A (ST gy ()

Akt1

+ Ba(vk; ).
Here f;(vg;x) e d(z) — d(vg) — (Vd(vg),z — vg) is Bregman divergence
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centered at vy, for the following choice of prox-function:

d(z) =

shlle = ol

which is uniformly convex of degree p+1 (Lemma 2.1.4). Therefore, inexact
Tensor Method achieves fast linear rate of convergence (Theorem 4.1.6). By
an appropriate choice of scaling coefficients { Ay }r>1, we are able to make
the condition number of the subproblem being an absolute constant. This
means that only O(1) steps of algorithm (4.1.14) are needed to find an
approximate minimizer of hy41(+):

hk+1(vk+1) — h;;H S <k+1- (4134)

Note that inexact condition (4.1.34) differs from the that one from Sec-
tion 3.3, where a bound for the (sub)gradient norm was used. The bound
for the residual in function value is easier to ensure by our methods. The
price that we pay is a more difficult analysis. Also, it can be not easy to
choose a stopping condition for the inner method.

Accelerated Scheme

Initialization. Choose zg € dom). Set vg = zg, Ag = 0.
Iteration k& > 0.

1t Set Ay = GE77
2: Pick up (x+1 > 0.

3: Find vg41 such that (4.1.34) holds.

(4.1.35)

Ap41VE+1 T ARTE

4: Set 41 = A

Therefore, for accelerating inexact Tensor Methods, we propose a multi-
level approach. On the upper level, we run algorithm (4.1.35). At each
iteration of this method, we call algorithm (4.1.14) to find vgy.

Theorem 4.1.10. Let sequence {Cx }r>1 be chosen according to the rule

G = e (4.1.36)
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with some ¢ > 0. Then for the iterations {xy}r>1 produced by algorithm
(4.1.35), it holds:

F(zp) — F* < O(L(”%W) (4.1.37)

For every k > 0, in order to find vi41 by algorithm (4.1.14) (for minimizing
hit1(+), starting from vy ), it is enough to perform no more than

0 (log (bt 1) (zo—a" " +c) ) (4.1.38)
inexact monotone tensor steps.

Proof. The proof is similar to that one of Theorem 3.3.4, where convergence
rate of the Contracting Proximal Method is established. Additional techni-
cal difficulties, which are arising here, are caused by using inexact solution
of the subproblem, equipped with the stopping condition (4.1.34).

We denote the optimal point of hgy1(-) by 2zg41 def argmin, hi+1(y).
Since the next prox-center vy is defined as an approximate minimizer, we
have

hry1 (V1) = Pey1(ze41) <0 Crtre (4.1.39)

Function hg11(-) is strongly convex with respect to d(-), thus we have

(4.1.39)

CGer1 = hepa(veyr) = hera(zr1) > Bazrgn; vesr)
(4.1.40)
> ey vk — 2 P
Therefore,
(4.1.40) def p—1 T
k1 — zorall S Gepr =20 (p+ )T (4.1.41)

Let us prove by induction the following inequality, for every k& > 0 and
all z € dom:

Balzo;x) + AgF(z) > Palvg;x) + ApF(zy) + Cr(z), (4.1.42)
def & def o0 o 1
where Cr(z) = — (Tle — | + Q), and 7, = p2P2|z; — mo|P1E +
i=1
2r—2¢P,

It obviously holds for £k = 0. Assume that it holds for the current iterate,
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and consider the next step k + 1:
Ba(xo;x) + Ap1 F (2)

= Ba(zo; ) + ApF(x) + ap1F ()
(4.1.42)

> Ba(owsw) + AcF(wx) + ags1 F(2) + Ci(a) (4.1.43)

> Balvk; ) +%+1f(%)
+ ap19(z) + A (zr) + Cr(z)
= hiy1(x) + App(zr) + Cr(z),

where the last inequality holds by convexity of f.
Using the strong convexity of hgy1(-) with respect to d(-), we obtain

hig1(x) > Pis1(zrs1) + Ba(zrr1; )

> M1 (Vet1) + Ba(2et15 ) — Cogr

= hes1(Veg1) + Ba(vit1;2) + Ba(zkt1; Vit1) (4.1.44)

+(Vd(ve11) — Vd(2k41), T — Vk11) — Cht1

Y

his1(Vet1) + Ba(Vet1; @) — Cogr
| Vd(oks1) — V() - 12— v

Now, computing the second derivative of d(x) = ﬁ |z — x0||PFL, we get

V2d(z) = (p—1)||z —20||P3B(z — z0)(z — 20)*B
(4.1.45)
+llz —2o|P7'B = pllw— xo|P'B.
Note that for every a,b > 0 and integer p > 1 it holds that
(a+b)p~t < 2p=2gp=1 4 op=2pp—1 (4.1.46)

For p = 1 this is trivial. For p > 2 it holds by convexity of the one-
dimensional function y(x) = 2=, z > 0.
Therefore,
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IVd(vk11) = Vd(zr11)]]+

1
= | [ V2d(zr1 + T(vks1 = 2511))dT (Ve — 2i41) |«
0

(4.1.41) 1
< Errr [IIV2d(zrp1 + T(vkg1 — 2ig1))[ldT
0 (4.1.47)
(4.1.45) 1 1
< P41 f |2k+1 — @0 + T(Vkt1 — 2641 [P dT
(4.1.46),(4.1.41) . -
< Pl f( 2|l zpar — mo[Pt + 2P 2rP P ) dr
_ _ _ def
= P22 zkgr — ol e + 272, T T

Combining the obtained bounds together, we conclude

(4.1.43)
Ba(ro:o) + A F(z) 5 hiesa (1) + Awth(a) + Cula)

(4.1.44),(4.1.47)
> Per1(Vrg1) + Ba(ver1; ) — Thga |z — vega||

= Cer1 + Artp(z) + Ci ()
= hiet1 (V1) + Ba(ves1;2) + Aptp(ar) + Cppa ()
= A1 f(@r+1) + app19(Vpg) + Ba(vr; ve1)
+ Ba(vk+157) + Akt (zk) + Crp1 ()
> Ap1F(@r41) + Ba(vr+1;2) + Crar ().
Thus, (4.1.42) is proven. Let us plug « := &* into (4.1.42). We obtain

(4.1.42)
Ba(vr; o*) + Ap(F(xr) — F*) < Ba(we;27) — Cp(x¥)

= Ba(zo;z”) + Z G+ Z 7i||lv; — x*|| (4.1.48)
(1.3.9) .
< Balxosx*) + 0(5112) + Z 7i|lvi — x*|| def g,
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and to finish the proof, we need to estimate aj from above. By uniform

convexity of d(-), we have
(4.1.48)
2P 1%p+1 ”Uk - $*||p+1 < Bd(vk;x < (6778 (4149)

At the same time,
(4.1.49) bt
ag—1 + Tk |lve — =¥ < ap—1+ 277 (p+ )P+1Tka,§“.

(07—
aa , and by using mono-

By dividing both sides of the last inequality by a;

tonicity of {ax}r>0, we get
0‘15“ < O‘k 1+ 2ieT (p+1)7
Therefore,
p+1
(4.1.50)

k
ar < ( P+1+2P+1(p+ ) Z )
To finish, it remains to bound the sum of 7;, which is
k
wo|[PTHE 4 2P737)

k
2= (2 Iz —
i=1

Ep

i=1
+ 552)

o

(4.1.46) ) ) )
< X AEPla - aT PTG+ pllwe — PTG
i=1

(4.1.41) -
= par? Z lzi — z*[[P1E;
(4.1.51)

+ p(p+1)FT 25T 4P 2|y — 2 [PL Y (7
=1

_P_

p—)p P k
R RS VL DY
i=1

(1.3.9) k
< pATP Y |l 2t PEG + A,
i=1

where
<p+1>fi12?%4p-2||xo—x*||p 17 (p +2)

St ortr _(p+2)
B+ )P e

+ 2;0—22 (pp

180



4.1. Inexact Tensor Methods with Dynamic Inner Accuracies

and we need to bound ||z; — z*|| from above.

By substituting = := z* into (4.1.43), we have

Ba(zo;z*) + Appr F*

(4.1.43)
hk+1($*) + Akd)(:ﬂk) + C’k(x*)
(4.1.52)
> hega(zrgr) + Ba(zerr; o) + Ay (k) + Cr(x™)
> AkHF(W) + Ba(zk4152%) + Cr(z™).
Hence,
st ket — P < Ba(zrras o)
(4.1.52)
< Ba(zo;z*) — Cr(z*) <  ay (4.1.53)
(4.1.50),(4.1.51) k b1
< (Ao +As Y |lzg —a*|IPg) 7,
i=1
with
P p—1 P—
Ay X afT 42 (p+ 1)FTAL, and Ay X 25 (p 4 1)FTpar2,

k
For the monotone sequence 7y C AL+ A S |lzi — *||P7E;, it holds
i=1

V41 = Ve + Asllzrr1 — 2P s

(4.1.53) (p—1)2 p=1 pT?l
< T A2 (p+ )P Ty g

ot

1 p—1

'S

(=12 -
< T + As2 G2 P+ 1)p Ty, 7 Erya

p=1
By dividing both sides by v, 7, , and by using monotonicity again, we obtain

1

- E (p=1)2 p—1
Wor S A+ A2 (p 1)iF g, (4.1.54)
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Telescoping which, gives

[

_1_ (4.1.53) 1 (4.1.54) 1 (p—1)2 b k
< S W AT ()T 3G
i=1

Cﬁ (4155)

-

1 _
— A+ AR (p 1)

=1

(1.3.9) 1 (»—Dp P _1_
< A; 4 ASQ pF1 (p_|_ 1) p+1 o+l (p—|— 2)

Note that
N ) BNl (CE N )
where we used Young’s inequality for products, and
Az < O(O‘é}% + Al) < O(on —x*[P +c#),

while
Az < O(1).

Hence, from (4.1.55) we conclude that

ar < O(H:cofx*HpHJrc). (4.1.56)
Finally,
(4.1.48) (4.1.56) el
Floy) - F* < @ < otz
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Lastly, let us prove bound (4.1.38) for the number of tensor steps, needed
to find vgy1. We minimize hg41(-), starting from the previous prox-point
v. We denote the first component of hr41(+), by:

def ozt ARTe
gri1(z) = Ak+1f(W):

which is a contracted version of the smooth part of our objective F(z).
Direct computation gives the following relation between Lipschitz constants
for the derivatives of gx41 and f:

p+1

apy k+1 :D+17kp+1 p+1
Lygrsn) = L) = gt
(4.1.57)
1) (k pyp+1
< ((pzrki(l);r(ilrl)) — (p+1)p+1'

Therefore, condition number &, (4.1.25) for hyii is bounded by an ab-
solute constant, and we need to estimate only the value under the loga-
rithm in (4.1.28). Due to Lemma 4.1.2, one monotone inexact tensor step
M := My s(vg) for function hyy1(-) with constant H := pL,(gx+1) gives,
for all y € dom ¢):

(4.1.3),(4.1.57) ,
g1 (M) < hi+1(y) + (p“)”lﬂf’_”’“”pﬂ +5.  (41.58)
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If substitute y := #* (minimizer of F') into (4.1.58), then we obtain

b1 (M) — by 4y

(4.1.58) PHL| ¥ || P
< b1 (2*) = hjyq + ol Hp!k = 45
(4.1.43)
< A1 F* = App(z) + Balzo; o) — Cr (™) — hi 4
e e
(4.1.48),(4.1.49) p420p—1
< A1 F* — App(n) — iy + (1 + %)Oxk +4
= A1 F* —myin{hk+1(y) + App(ar) }
p+29p—1
+ (14 7@“)1)! 2 ag +6
< Ak+1F* —Inyil’l{Ak_HF(%W) +6d(vk§y)}
p+20p—1
+(1+ 7@“); 2 ok +6
P ap41Y+ArTk
< Ak+1F myln{AkJrlF< Ag41 )}
+ (1 %)ak +46
p+29p—1
- (1+ @2 Yay + 6
(4.1.55)

O(|lwg — z*[[PT + c +6).

So, if we set § := ¢ and perform just one step of the monotone inexact tensor
method for hj41(-), the remaining amount of steps Ny needed to find v 1,
such that (4.1.34) holds, is bounded as:

M EY oo hultin o ofjoginerrsa) o

Ch+1

Therefore, the total number of the inexact tensor steps for finding an e-
solution of the problem is bounded by O(1/ aﬁ). One theoretical question
remains open: is it possible to construct in the framework of inexact tensor
steps, the optimal methods with the complexity (’)(1 /Eﬁ) having no hid-
den logarithmic factors. This would match the existing lower bound [4, 118].
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4.1.4 Experiments

We now show computational results with empirical study of different accu-
racy policies. We consider inexact methods of order p = 2 (Cubic regulariza-
tion of Newton method), and to solve the corresponding subproblem we use
the flexible version of the Fast Gradient Method with restarts from [119]. To
estimate the residual in function value of the subproblem, we use a simple
stopping criterion, given by uniform convexity of the model g(y) = Qg (x;y):

g(y) —ming(y) < L (3) P IV g2 (4.1.59)

An alternative approach would be to bound the functional residual by the
duality gap'.

We compare the adaptive rule for inner accuracies (4.1.15) with dynamic
strategies in the form & = 1/k%, for different « (left graphs), and with the
constant choices (right).

Logistic Regression. First, let us consider the problem of training #o-
regularized logistic regression model for classification task with two classes,
on several real datasets®: mushrooms (m = 8124,n = 112), w8a (m =
49749, n = 300), and a8a (m = 22696, n = 123)3.

We use the standard Euclidean norm for this problem, and simple line
search at every iteration, to fit the regularization parameter H. The results
are shown in Figure 4.1.

Log-Sum-Exp. In the next set of experiments, we consider unconstrained
minimization of the following objective:

fulz) = ulog<;eXp(<“"’ff‘l”)>, r e R,

where p > 0 is a smoothing parameter. To generate the data, we sample
coefficients {a;}™, and b randomly from the uniform distribution on [—1, 1].
Then, we shift the parameters in a way to have the solution z* in the

INote that the left hand side in (4.1.59) can be bounded from below by the distance
from y to the optimum of the model, using uniform convexity. Therefore, we have a
computable bound for the distance to the solution of the subproblem.

2https://wuw.csie.ntu.edu.tw/~cjlin/libsvmtools/datasets/

3m is the number of training examples and n is the dimension of the problem (the
number of features).
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Figure 4.1: Comparison of different accuracy policies for the inexact Cubic
Newton, training logistic regression.

origin. Namely, using {a;}7~, we form a preliminary function fu(x), and
set a; := a; — VfM(O). Thus we essentially obtain V f,,(0) = 0.

We set m = 6n, and n = 100. In the method, we use the following
Euclidean norm for the primal space: ||z|| = (Bz,z)'/2, with the matrix
B = " a;al’, and fix regularization parameter H being equal 1. The
results are shown in Figure 4.2.

We see that the adaptive rule demonstrates reasonably good perfor-
mance (in terms of the total computational time?) in all the scenarios.

4CPU time was evaluated on a machine with Intel Core i5 CPU, 1.6GHz; 8 GB RAM.
All methods have been implemented in Python 3.7.1. Operation system: macOS 10.15.
The source code can be found at https://github.com/doikov/dynamic-accuracies/
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Figure 4.2: Comparison of different accuracy policies for the inexact Cubic
Newton, minimizing Log-sum-exp function.

Exact Stopping Criterion. In the following set of experiments with Cu-
bic Newton method, we compute the exact minimizer of the model (4.1.1),
at every iteration. Then, we use this value to ensure the required precision
in function value of the subproblem for the inexact step (in the previous
settings we used the upper bound (4.1.59) for this purpose). The results
for Log-Sum-Exp function are shown in Figures 4.3 — 4.6. The results for
Logistic regression are shown in Figures 4.7 — 4.11.

We compare the iteration rate and the corresponding number of Hessian-
vector products used, for the constant choice of inner accuracy (top left
graphs), dynamic strategies in the form 0, = 1/k (top right), and adaptive
strategies 0 = (F'(zr—1) — F(z1))® (center graphs). We use the names
"adaptive", "adaptive 1.5" and "adaptive 2" for « = 1, & = 3/2, and a = 2,
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respectively.
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Log-reg, splice: constant strategies Log-reg, splice: dynamic strategies
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Figure 4.11: Exact stopping criterion, logistic regression, splice.

We see that the constant choice of inner accuracy reasonably depends on
the desired precision for solving the initial problem. At the same time, the
dynamic strategies are adjusting with the iterations. The best performance
is achieved by the use of the adaptive policies. It is also important that in
some cases we need to use "adaptive 1.5" or "adaptive 2" strategy, to have
the local superlinear convergence. This confirms our theory.

Averaging and Acceleration. In this experiment, we consider uncon-
strained minimization of the following objective (z( indicates ith coordi-
nate of x)

f@) = [aWP+ 3 a0 —g=Dp, zeRn, (4.1.60)
=2

by different inexact Newton methods. Note, that the structure of (4.1.60) is
similar to that one of the worst function for the second-order methods (see
Chapter 4.3.1 in [117]). It is also similar to the function from Example 4.1.8.

We compare iteration rates of the following algorithms: Cubic New-
ton (CN) with dynamic rule §; = 1/k3, Cubic Newton with adaptive
rule (4.1.15), the method with Averaging (algorithm (4.1.31)) with ¢ =
1/k3, and the accelerated method with Contracting proximal iterations (al-
gorithm (4.1.35)). For the latter one we use {, = 1/k and 0 = 1/k, as
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the rules for choosing the accuracy of inexact (outer) proximal steps, and
inexact (inner) Newton steps, respectively.®

For the first three algorithms, we also compare the constant choice for
the regularization parameter: H = 1 (on the top graphs), and a simple line
search® for choosing H at every iteration (bottom). The results are shown
in Figure 4.12.
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Figure 4.12: Methods with averaging and acceleration.

We see that all the methods have a sublinear rate of convergence, until
the iteration counter is smaller than the dimension of the problem. The use
of the line search significantly helps for improving the rate. Thus, it seems
to be an important open question (which we keep for the further research)
— to equip the contracting proximal scheme (algorithm (4.1.35)) with a
variant of line search as well.

5In our experiments, there is no need of high precision for the inexact contracting
proximal steps. A faster decrease of d; did not improve the rate of convergence.

6Namely, we multiply H by the factor of two, until condition F(Ty s(z*)) <
My (xk;TH,(g(rk)) is satisfied. At the next iteration, we start the line search from the
previous estimate of H, divided by two. See also algorithm (2.1.22) in Chapter 2.
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4.2 Inexact Contracting Newton Method

The Contracting Newton Method (3.2.10) was developed for solving the
composite convex minimization problem,

. F _ }
Lain {F(@) = f(2)+u()
with bounded domain of 1. Therefore, we assume that dom 1 is a compact
convex set. At each iteration of the method, we need to find a solution to
the following auxiliary subproblem:

min{ (Vf(zi).y = o) + F(V2F @)y — 2.y = 2) + () .
where v, € (0,1] is a contraction parameter and xj, is the current iterate.
This is minimization of the quadratic function over the composite part, and
it can be nontrivial to solve for a general ).

The subproblem with linear objective is usually called the linear mini-
mization oracle for v, that is for a certain s € E*:

myin{(s,y) +(y)}. (4.2.1)

Clearly, this is much easier to solve than the previous one. In this section,
we investigate the idea of performing inexact Contracting Newton steps by
using only the operations of type (4.2.1).

Let us recall the affine-invariant smoothness characteristics of the objec-
tive, introduced in Section 3.1.2.

def
NSRRI sup |+ tv = 2) - (@)
xr,vedomy,
tE(D,l]

— t(Vf(z),0—a) - 5(V2f(z)(v - z),0 — x)

(3.1.15) 3 def
< WL T sup LDy -2,
z,y,v€Edom ¢
and »
2
V() = sup (DA f(y)lv - 2)?).
z,y,vEdom Y

In Section 4.2.1 we present an implementation of the Contracting New-
ton, when at each step we solve the subproblem inexactly by a variant of
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first-order Conditional Gradient Method. In Section 4.2.2 we address effec-
tive implementation of our algorithm for the standard Simplex. Section 4.2.3
contains numerical experiments.

4.2.1 Two-Level Scheme

The entire algorithm looks as follows.

Inexact Contracting-Point Newton Method

Initialization. Choose xy € dom, ¢ > 0.
Iteration k > 0.

1: Choose v € (0,1].

2: Denote the subproblem objective:

gk(U) = <Vf(ivk),’0 - l’k> + %c<v2f('fk)(v — Ik),U — xk>

3: Initialize inner method ¢t = 0, zp = 2y, ¢o(w) = 0. (4.2.2)

4-a: Set oy = H_%

4-b: Set ¢y11(w) = ay [Qk(zt) +(Vgk(2t), w — z) + w(w)]
+ (1= a)dr(w).

4-c: Compute wyy1 € Argmin ¢y (w).
4-d: Set Zt4+1 = QW41 + (1 - Olt)Zt.

4-e: If g (2e41) + ¥(2641) — Gry1(wis1) > ¢z, then
Set t =t + 1 and go to 4-a, else go to 5.

5: Set Tpt1 = Wezi41 + (1 — )2k

6: If F(Zp11) < F(xg), then set xp11 = Tpq1-
Else choose zj41 = z.
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We provide an analysis of the total number of oracle calls for f (step 2)
and the total number of linear minimization oracle calls for the composite
component ¢ (step 4-c), required to solve the initial problem up to the given
accuracy level.

Theorem 4.2.1. Let vy, = 125

“5- Then, for iterations {xy}x>1 generated by
method (4.2.2), we have

Flag) = F* < 27 (c+2A80) () k2. (4.2.3)

Therefore, for any € > 0, it is enough to perform

@1

K = ’V 27(0+2Ad0m¢(f)) -‘ (424)
g

iterations of the method, in order to get F(zg) — F* < e. And the total

number Ng of linear minimization oracle calls during these iterations is

bounded as

(2,1)

(2)
Ne o 2o (14 D0} (1) TERSELON - a5)

C g

Proof. Let us fix arbitrary iteration £ > 0 of our method and consider the
following objective:

mi(v) = gr(v) +¢(v)

= (Vf(zr),v—ap) + B(V2f(2r) (0 — 21),v — zx) + P (0).

We need to find a point vx11 such that
mi (k1) —m; < i (4.2.6)

Note that if we set Tp41 = ViUk+1 + (1 — vk )xg, then from (4.2.6) we
have bound (3.1.21) satisfied with &1 = ¢y;. Thus we get one step of
algorithm (3.1.22) for p = 2, and Theorem 3.1.9 gives the required rate
of convergence (4.2.3). We are about to show that steps 4-a — 4-e of our
algorithm aim to find such a point vg1.

Let us introduce the auxiliary sequences Ay def t-(t+1) and azyq def

A¢pq — Ag for t > 0. Then, oy = Zill, and we have the following represen-
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tation of the Estimating Functions, for every t > 0

Gror() = 2o 3w oz + (Var(a)w - 2) + b(w)]

At
By convexity of gi(-), we have
mp(w) > g (w), w € dom .

Therefore, we obtain the following upper bound for the residual (4.2.6), for
any v € dom
mi(v) —mp < my(v) — ¢y, (4.2.7)

where ¢, = miny, ¢s11(w) = drq1(wig1).

Now, let us show by induction, that

Ay > Ami(z) — By, >0, (4.2.8)
@) 5
for By := M Z::O :l—fl It obviously holds for ¢ = 0. Assume that

it holds for some ¢ > 0. Then,

App1dir = Ao (weg)

= Api(wipr) + aryr[gr(ze) + (Vgr(2), wirn — 2i) + Y (wegn)]

(4.2.8)
> Amg(ze) + agr [gk(zt) + (Vgr(2t), wep1 — 2¢) + ¢(wt+1)] - By

= A [gk(Zt) + (Vi (2t), W1 — 2¢) + cwh(wegr)
+ (1= an(z)] - By
> A [gk(zt) + it (Vgr(2t), wip1 — 2¢) + ¢(Zt+1)} — By.

Note that

gr(ze41) gr (2t + i (wep1 — 21))
= gr(ze) + a(Vgr(2e), wes1 — 2t)

+ Ott;’k <V2f(xk)(’wt+1 — Zt), Witp1 — Zt>~
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Therefore, we obtain

* azi %Vﬁiw(f)
At+1¢t+1 > Appimi(zir1) — B — Al 2

and this is (4.2.8) for the next step. Therefore, we have (4.2.8) established
forallt > 0.

Combining (4.2.7) with (4.2.8), we get the following guarantee for the

inner steps 4-a — 4-e:

* < * < 'kafii)mw(f) ¢ “?+1
mp(zep1) —my, < mp(ze41) — dfp < 3Acrs Z:O At
i=

27k fo,zn »(f)
— t+1

Therefore, all iterations of our method are well-defined. We exit from the

inner loop on step 4-e after

(2) (2)
t > wcm*ka(f)_l = w_l’ (4'2'9)

and the point vg41 = 241 satisfies (4.2.6).

Hence, we obtain (4.2.3) and (4.2.4). The total number of linear mini-
mization oracle calls can be estimated as follows

(4.2.9) K-1 @ @
N o< p (14 X eelD) o (14 DD (i )
k=0

< K2<1+w)
@) A
< 2.(1+M).(1+w>. -

According to the result of Theorem 4.2.1, in order to solve the initial
problem up to € > 0 accuracy, we need to perform 0(%) total computations
of step 4-¢ of the method (estimate (4.2.5)). This is the same amount
of linear minimization oracle calls, as required in the classical Frank-Wolfe
algorithm (the case p = 1 of the Contracting-Point Tensor Method (3.1.22)).
However, this estimate can be over-pessimistic for our two-level scheme.
Indeed, it comes as the product of the worst-case complexity bounds for
the outer and the inner optimization processes. It seems to be very rare to
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meet with the worst-case instance at the both levels simultaneously. Thus,
the practical performance of our method can be much better.

At the same time, the total number of gradient and Hessian computa-
tions is only (’)(61%) (estimate (4.2.4)). This can lead to a significant accel-
eration over first-order Frank-Wolfe algorithm, when the gradient computa-
tion is a bottleneck (see our experimental comparison in the next section).

The only parameter which remains to choose in method (4.2.2), is the
tolerance constant ¢ > 0. Note that the right hand side of (4.2.5) is convex
in ¢. Hence, its approximate minimization provides us with the following
choice

¢ = 2V2, () AZ ().

In practical applications, we may not know some of these constants. How-
ever, in many cases they are small. Therefore, an appropriate choice of c is
a small constant.

Note that the only use of the Hessian in our method is step 4-b, that
computes a Hessian-vector product. This operation can be implemented by
using the first-order oracle (see Section 1.6), and thus method (4.2.2) can
be viewed as a first-order scheme. A proper implementation of the method
must take into account the structure of the problem, such as sparsity of the
Hessian and geometry of the domain.

4.2.2 Minimization over the Simplex

Let us discuss efficient implementation of our method, when the composite
part is {0, +oo}-indicator of the standard simplex:

def LA
domy = S, & {eery: ya® =1}, (4.2.10)
1=1

This is an example of the set with finite number of atoms, which are the
standard coordinate vectors in this case:

S, = Conv{ey,...,en}.

See [73] for more examples of atomic sets in the context of the Frank-Wolfe
algorithm. The maximization of a convex function over such sets can be
implemented very efficiently, since the maximum is always at the corner
(one of the atoms).

At iteration k& > 0 of method (4.2.2), we need to minimize over S,, the
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quadratic function
gr(v) = (Vf(xr),v—ar) + F(V2f(ae) (v — 21),v — k),
whose gradient is

Vor(v) = Vf(xr) + V2 f(2r) (v — 2x).

Assume that we keep the vector Vgi(z;) € R™ for the current point z;, ¢t > 0
of the inner process, as well as its aggregation

hy def Vi (ze) + (1 — o) hy_1, ho1 = 0eR™

Then, at step 4-c we need to compute a vector

Wi € Argmin(hy,w) = Conv{ej :jeArgminth)}.
weSn 1<j<n

It is enough to find an index j of a minimal element of h; and to set w11 :=
e;. The new gradient is equal to

Step 4-d
Vor(zee1) =0 Var(amwi + (1 — ar)z)

= ai(VI@) + wVE @) (e — ) ) + (1 - ar) Vau(ze),
and the function value can be expressed using the gradient as follows

gr(zie1) = 5(Vf(zk) + Vgr(zii1), 201 — Tr).

The product VQf(xk)ej is just j-th column of the matrix. Hence, prepar-
ing in advance the following objects: V f(zx) € R*, V2 f(z)) € R™*"™ and
the Hessian-vector product V2 f(zy)zr € R™, we are able to perform itera-
tion of the inner loop (steps 4-a — 4-e) very efficiently in O(n) arithmetical
operations.
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4.2.3 Experiments

Let us consider the problem of minimizing the log-sum-exp function (Soft-
Max)

fulz) = ulog(Z exp(W)), zeR",
=1

over the standard simplex S,, (4.2.10). Coeflicients {a;}/; and b are gen-
erated randomly from the uniform distribution on [—1, 1]. We compare the
performance of the Inexact Contracting-Point Newton Method (4.2.2) with
that one of the classical Frank-Wolfe algorithm, for different values of the
parameters.

The results are shown in Figures 4.13 — 4.15.

For fair comparison, we use the Frank-Wolfe algorithm with a predefined
sequence of step sizes. It is known that the use of a line search can improve
the empirical rate of convergence. It seems to be an important task to equip
the Contracting Newton with efficient line search procedure, which we keep
for further investigation.

We see that the new method works significantly better in terms of the
outer iterations (oracle calls). This confirms our theory.

At the same time, for many values of the parameters, it shows better
performance in terms of the total computational time as well”.

7CPU time was evaluated on a machine with Intel Core i5 CPU, 1.6GHz; 8 GB RAM.
The methods have been implemented in Python 3.7.1. Operation system: macOS 10.15.
The source code can be found at https://github.com/doikov/logsumexp-simplex/
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4.3 Stochastic Contracting Newton Method

Now, let us study the case when the smooth part f of the objective is
represented as a sum of M convex two times continuously-differentiable
components,

M
flz) = ﬁ;fl(x) (4.3.1)

This setting appears in many Machine Learning applications, such as empir-
ical risk minimization. Often, the number M is very big. Thus, it becomes
expensive to evaluate the whole gradient or the Hessian at every iteration
(see the discussion on arithmetical complexity of oracles in Section 1.6).
Hence, stochastic or incremental methods are the methods of choice in this
situation. See [12] for a survey of the first-order incremental methods. The
Newton-type Incremental Method with superlinear local convergence was
proposed in [134]. Local linear rates of stochastic Newton methods were
studied in [85]. Global convergence of sub-sampled Newton schemes, based
on the Damped iterations, and on the Cubic regularization, was established
in [139, 83, 150, 153, 154].

In this section, we develop stochastic variants of the Contracting Newton
Method (3.2.10) suitable for solving the finite-sum minimization problems,
when M is big.

Let us assume for simplicity that E = R™ and the norm || - || is the
standard Euclidean:

3

el = (z®)2.

i=1

We denote by Z the diameter of the compact convex set dom :

9 = max [z —yl| < +oo.
z,yedom )

Let us denote by Ly the Lipschitz constant for our objective:

[f(@) = fl < Lollz—yll,  2,yecdomy,

and by L and Lo the Lipschitz constants on dom for the gradient and
for the Hessian, respectively (see definition (1.3.3)). Note that all these
constants are well-defined since, by our assumption, the domain is bounded.
For a random element &, we denote its expectation by E[¢].

In Section 4.3.1, we study a basic stochastic version of the Contract-
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ing Newton. In Section 4.3.2, we incorporate the variance-reduction for
the stochastic gradients into our scheme, Section 4.3.3 contains numerical
experiments.

4.3.1 Basic Stochastic Scheme

The basic idea of stochastic algorithms is to substitute the true gradients
and Hessians by some random unbiased estimators gi, and Hy, respectively,
with E[gi] = Vf(zx) and E[Hy| = V2 f(x).

Let us consider the following general iterations, for solving the composite
optimization problem:

Tpy1 € Argmin{(Qk,y — x) + 5 (Hi(y — 2x),y — 1)
Y (4.3.2)

e+ Sy k20

where 7, € (0,1] is a parameter. This is algorithm (3.2.10) with substituted
vector g and matrix Hj instead of the true gradient and the Hessian.

First, we need to study the convergence of this process, assuming that
gr and Hy are arbitrary. As before, we use a sequence of positive numbers
{ak}r>1, and set

def Af41 A k
Ve = A ko= i
i=1

Lemma 4.3.1. For iterations (4.3.2), we have for all k > 1

F(zy) - F* < Bk, (4.3.3)
with
def 1,93 R a?—u R
B, = == Z:o 2z, T 9 Z:o ai+1[|Vf(zi) — gill
o i a? 2
=
Proof. Let us prove by induction the following inequality
ApF(x) > ApF(xy) — By, x € dom . (4.3.4)

It obviously holds for £ = 0, and for k > 1 it is equivalent to (4.3.3).
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Assume that (4.3.4) holds for some k > 0, and consider the next step:

A1 F(x) = ap1 F(z) + ApF(2)

(4.3.4)
> akp1 F(2) + ApF(zr) — By
(*) a x xr
> Appf(SREEE) oy g(n) + Ag(ay) — By (435)
© ap41x T
> A [f(@rg) + (VF(@rg), %ﬁkk — Tpt1)]

+ ap+19(z) + Ay (k) — Br,
where (x) stands for convexity of f. Now, let us denote the point

def
Vg1 = $k+$k(xk+1ka) € dom4.

Then, the stationary condition for the method step (4.3.2) can be written
as

(9r + Hy(Trq1 — 21), ¢ — vpg1) +9(2) > P(vkg1), (4.3.6)

for all x € dom. Therefore,

A1 (Vf (@), SR 1) 4 ¢ (2)
= ar1 (VI (@k41), @ = vpg1) + 0 (2)]
g1 [(g + H (241 — o), @ — Opi1) + 9(2)
T (Vf(@r) = gr, @ — ves1)

+ (V2 f(zk) — Hi)(Tht1 — k), T — Vgg1)

+ (Vf(xry1) = VI(ar) = V2 f(ar) (@1 — 21), @ = vppa)
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By Lipschitz continuity of the Hessian, it holds

IV f(zr1) = V(@) = V2 (zr) (@rer — z) |

(4.3.7)
< LZHIM—;*M\P _ L2'Y)3||”k2+1_13k|‘2.
Hence,
A (VS (@ien), S22 — ) + @ (a)
(4.3.6),(4.3.7)
> aps1 [P(rsr) = IV f(@r) = gell - 1z — vpsa |
— WlIV2f(xr) = Hi|l - oesr — zpl| - |2 = v |

(4.3.8)

_ LﬂﬁHvk+1—lk|\2‘\lw—vk+1H]

> apr1¥ (k1) — a1 2|V (@r) — grll«

B ay 22|V f () —Hi | B ay L2
Akt Ai_H

Thus, combining all together, and using convexity of ¢, we obtain

(4.3.5),(4.3.8)
Api1F(z) > Apy1 f(@rg1) + app 1Y (ver1) + Agh(ar) — By

a2, D%\ V2 f(xk)—Hgll a? Lo 2®
— a1 2|V f (k) = gl = —71 — HAli:
> Apt1F(2p11) — Bt
So, we have (4.3.4) justified for all k& > 0. O

Now, let us consider the simplest estimation strategy. At iteration k,
we sample uniformly and independently two subsets of indices Sy, S,f[ C
{1,..., M}. Their sizes are mj, e |S¢| and mf! e |SH |, which are possibly
different. Then, in algorithm (4.3.2), we can use the following random
estimators:

o = ap S VA@), o= o Vi) (430

g
ke
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Let us present for this process a result on its global convergence.

Theorem 4.3.2. Let v, :=1— (%ﬂ)g = O(%) Set
mi = 1/, mil = 1/~% (4.3.10)

Then, for the iterations {xy}r>1 of algorithm (4.3.2), based on estimators
(4.3.9), it holds

E[F(zy)] — F*

IN

O(L2@3 + L1 9 (Ltlog(n) +Lo@)_ (4.3.11)

Proof. Let us fix iteration £ > 0. For one uniform random sample i €
{1,..., M}, we have

E[|Vf(zr) = Vilz)I?] = E[Vfil@o)llP] - IVl < L3
Therefore, for the random batch of size mj, we obtain

E[||IVf(zr) — gill]

< VE[IVf@) - gl

= o Bl Tiesy (VI @) = V.0 P] (13.12)
= o Siesy BV @) = V@)

< Lo

g
my

More advanced reasoning for matrices (Matrix Bernstein Inequality; see
Chapter 6 in [151]) gives

E[||V?f(xx) — Hl]

IN

L, ( 2log%2n) + 210g(}2{n))

3my;

L1(34/21og(2n)+2log(2n))
VT (4.3.13)

L1 (6+71og(2n)) ]

6\/mkH

IN

IN
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Chapter 4. Inexact and Stochastic Algorithms

So, using these estimates together, we have, for every k > 1
(4.3.3)

3 k= k—1
< A= z FAD L an B[V () - o]

=

+ D2 S B9 (e - 1))

(4.3.12),(4.3.13) 1 L.D? i + D kz—:l -
S 7( 2 i+1 + o Qg .
A : v/

i=0 =0 i

4 LD (6+710g(2n)) aliy )

i= 0A7+1V H

4.3.10 og(2n i
(4.3.10) i(mDJrLDjLM)Z%,

i=0 i

Thus, for the choice Ay, := k3, we get

E[F(zy)] - F* < (9(L2D3+L1D2(ijlog(n))+L°D). O

Therefore, in order to solve our problem with e-accuracy in expectation,
E[F(zk)] — F* < &, we need to perform K = O(3) iterations of the
method. In this case, the total number of gradient and Hessian samples
are (’)( 5 /2) and (9( 3 /2) respectively. It is interesting that we need higher
accuracy for estimating the gradients, which results in a bigger batch size.

4.3.2 Stochastic Variance-Reduced Scheme

To improve this result, we incorporate a simple variance reduction strat-
egy for the gradients. This is a popular technique in stochastic convex
optimization (see [141, 75, 33, 71, 2, 126, 57] and references therein). At
some iterations, we recompute the full gradient. However, during the whole
optimization process this happens logarithmic number of times in total.

Let us denote by 7(k) the maximal power of two which is less than or
equal to k:

m(k) % ollekl k>0, x(0) ¥ 0.
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4.3. Stochastic Contracting Newton Method

The entire scheme looks as follows.

Stochastic Variance-Reduced Contracting Newton

Initialization. Choose zg € dom 1.
Iteration k& > 0.

1: Set anchor point zx = T (1)
2: Sample random batch Sy, C {1,..., M} of size my.

3: Compute variance-reduced stochastic gradient (4.3.14)

UL m% Yies, (VSilwr) = Vilze) + Vf(21)).-

4. Compute stochastic Hessian

H, = mik D iesi V2 fi(x).
5: Pick up v, € (0,1].
6: Perform the main step

Tpr1 € Argmiﬂ{@my — k) + 5 (He(y — i),y — x)

Y

+ (e + - (y — xk))}-

Note that this is just algorithm (4.3.2) with a specific choice of the
random estimators g and Hy. The following result holds.

Theorem 4.3.3. Let v, =1 — (kiﬂ)s = O(}). Set batch size
m = 1/ (4.3.15)
Then, for all iterations {xy}r>1 of algorithm (4.3.14), we have

E[F(ay)] — F*
(4.3.16)

<

) ( Ly D? 4+ L1 22 (1+log(n)) + L1/ 2D (F (x0)— F*) )
%2 :
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Chapter 4. Inexact and Stochastic Algorithms

Proof. Let us consider the following stochastic estimate

g Vfilan) = Viilar) + V),

for a uniform random sample ¢ € {1,..., M}, and a current iterate k > 0.
We denote by x* the solution of our problem: F* = F(z*), stationary
condition for which is

(Vf(x*),z —az*)+(x) > (), z € dom . (4.3.17)

Then, it holds

E[|Vf(xr) — gi]?]

E[||(Vf(zk) — Vf(z*))
+ (Vfi(z) = Vfi(z*) = Vf(z) + VF(z*))

+ (Vfi(a*) = Vfilz)|]

IN

BE(|IVf(xr) — Vf(z*)|]
+ BE[|(Vfi(z) = Vfi(z*)) = (Vf(z) = Vf(2")]?]

+ BE[|Vfi(ax) — Vi(z*)]?]

IN

3(BIVS(ar) = VI )] + B[V i) = Vi) 2]

+ B[|[Vfia) = Vi@,

where we used the following simple bounds:

A

la+b+c? 3]l + 3[|b]* + 3¢l

E[ls-E[E]IIP] < E[I€)?],

which are valid for any a,b,c € R™ and arbitrary random vector £ € R"™.

Now, by Lipschitz continuity of the gradients, we have (see Theorem 2.1.5
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4.3. Stochastic Contracting Newton Method

in [117]):
IVf(an) =V < 2Li(f(z) = f(2) = (Vf(z"), 2 — 27))

(4.3.17)
< 2L (F(xy) - F*).

The same holds for the random sample 4, for arbitrary fixed x € dom v
E;[|V fix) = V fi(z*)|?]
< 2L Ei[fi(2) - fila®) = (Vfi(a"), @ — 2)]
= 2Li(f() — f(=") = (Vf(@@"),z - a))

(4.3.17)
< 2L1(F(x) — F*).

Thus, we obtain

E[|Vf(zr) - gil?]

(4.3.18)
< 12LE[F(xx) — F*| + 6L, E[F(z) — F*].
Consequently, for the random batch
def -
g = mﬁ > ies, i
we have (compare with (4.3.12))
E[|Vf(zx) — gxll]
< e Sies, BIIVF @) - gil1?]

(4.3.19)

e V& (2B[F(ax) - F*] + B[F(2) - F*))

mg

< JERB[F@) - Y]+ /2 B[F(2) - F1].

mg

So, using the variance reduction for the gradients, and the basic estimate
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for the Hessians, we have, for every k > 1

E[F(z})] — F*

— L+1
ZZ:O A’+1

(4.3.3),(4.3.<19),(4.3.13) . (L Lo
~ Ak

= it1 N N
*ng)iﬁ( 2E[F(w;) - F*] + \JE[F(z)) - F*] )

L, 9% (6+7log (2n)) L+1
+ Z A

i+1/mi
(4.3.15) 3 2 k=1 3
= 1 [3L2@ +1.19 (6+710g(2n))} S @ity
Ag 6 = A7,

—l—@\/GTZA”l( 2E([F(z:) - F*] + \/E[F(2) F}))

Now, let us set A;1 := (i +1)3, and thus a;41 := (i +1)3 — % < 3(i + 1)?,
so we have

E[F(xk)] —F* < a+,8(\/§+1k)§F(x0)_F*)

: (4.3.20)
%;(H-l \/QE (z) — F*+\/E (21) F*]))

where

o d§f 27. |:3L2@3+L1@Z(6+710g(2n))]’ 3 déf ggm

We are going to prove by induction, for every k > 1

E[F(zp)] - F* < &, (4.3.21)
with
¢ ¥ (4+/a+3B(F(xo) — F) + 168%)°
< 7482 420+ 66(F(xo) — F) (4.3.22)

= O(LsZ® + L1 22(1 +log(n)) + Ly* D(F (o) — F*)).
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4.3. Stochastic Contracting Newton Method

Hence, if (4.3.21) is true, then we essentially obtain the claim of the theorem.
For k =1, (4.3.21) follows directly from (4.3.20). Assume that (4.3.21) holds
for all 1 <14 <k, and consider iteration k + 1:

E[F(zy41)] — F*

(4.3.20),(4.3.21)

. k
< ot SWIH(F(o)=F") | B 2((i+1)(\/3?+ 7?([)))
(*) N o) F* e
S et I (CRICES)
_ a+(x/§+1)B(F(wo)—2F*)+(2\/§+4)B\/E
k
< a+38(F(z0)—F")+88ve (4322)
= %2 - %2>

where in (*) we have used two simple bounds: i < 27 (i), and i + 1 < 24,
valid for all 7 > 1. O

It is thanks to the variance reduction that we can use the same batch
size for both estimators now. To solve the problem with e-accuracy in
expectation, we need K = O(ﬁ) iterations of the method. And the total
number of gradient and Hessian samples during these iterations is 0(83%)
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Chapter 4. Inexact and Stochastic Algorithms

4.3.3 Experiments

Let us demonstrate computational results for the problem of training Logis-
tic Regression model, regularized by f5-ball constraints. Thus, the smooth
part of the objective has the finite-sum representation

M
flz) = ﬁ;ﬁ(fﬂ)’

each component is f;(x) := log(1 + exp({a;,z))). The composite part is the
indicator of a Euclidean ball,

" ) 1/2
0, o= (Ti, l20P) " < 4,

400, else.

()

Diameter 2 is a regularization parameter. Vectors {a; : a; € R"}M, are
determined by the dataset®.

We compare the basic stochastic version of our method, using estima-
tors (4.3.9) — SNewton, the method with the variance reduction (algo-
rithm (4.3.14)) — SVRNewton, and first-order algorithms (with constant
step-size, tuned for each problem): SGD and SVRG [75].

The results are shown in Figures 4.16 — 4.19.

We see that using the variance reduction strategy significantly improves
the convergence for both first-order and second-order stochastic optimiza-
tion methods. Second-order schemes usually outperform first-order meth-
ods, in terms of the number of iterations, and the number of epochs. Despite
the fact that the Newton step is more expensive, in many situations we see
superiority of the second-order schemes in terms of the total computational
time. ©

We can conclude that the second-order methods are preferable for solv-
ing ill-conditioned problems of small and medium dimension. A significant
advantage of our stochastic second-order schemes is that they are free from
any unknown parameters, while having both theoretical guarantees of fast
global convergence and good empirical performance.

8https://www.csie.ntu.edu.tw/~cjlin/libsvmtools/datasets/

9CPU time was evaluated on a machine with Intel Core i5 CPU, 1.6GHz; 8 GB
RAM. All methods have been implemented in C+4. Operation system: macOS 10.15.
Compiler: Clang 12.0.0. The source code can be found at https://github.com/doikov/
contracting-newton/
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Figure 4.16: Logistic regression, covtype (M = 581012,n = 54).
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Figure 4.17: Logistic regression, mnist (M = 60000,n = 780).

217



Chapter 4. Inexact and Stochastic Algorithms

Figure 4.18: Logistic regression, YearPredictionMSD (M = 463715,n = 90).

218

YearPredictionMSD, D = 20

YearPredictionMSD, D = 100

SVRG

Func. residual
=
<

— - SNewton
=== SVRNewton

Func. residual

107 N
1076
4 50 100 150 200 50 100 150 200
Epochs Epochs
100 YearPredictionMSD, D = 200 YearPredictionMSD, D = 500

Func. residual

Func. residual

0 50 100 150
Epochs

HIGGS2m, D = 20

200

50 100 150 200
Epochs

HIGGS2m, D = 100
10t
.ees SGD
0
10 —— SVRG
10-! — - SNewton
© = SVRNewton ©
> >
T 1072 he)
@ @
10 £
8] g
< <
2 107 z
10°°
1076
0 10 20 30 40 50 10 20 30 40 50
Epochs Epochs

HIGGS2m, D = 200

HIGGS2m, D = 500

Func. residual

Func. residual

o 10 20 30 40
Epochs

50

10 20 30 40 50
Epochs

Figure 4.19: Logistic regression, HIGGS2m (M = 2 - 10%,n = 28).



Chapter 5

Conclusions

5.1 Summary

In this thesis, we presented several new results on the theory of second-order
and tensor methods, solving convex minimization problems.

Firstly, we studied the global and local performance of the prox-type
algorithms that are based on the explicit regularization of Taylor’s polyno-
mial by a power of the Euclidean norm. We demonstrated that the problem
classes with uniformly convex objectives are among the most favourable to
the methods. They serve as an example of nondegenerate problems, and it
is possible to introduce the high-order condition number, which is the main
factor in the global complexity of these algorithms.

For the cubic regularization of Newton’s method with adaptive estima-
tion of the parameter, we established the fast global linear rate of conver-
gence for uniformly convex functions with Holder continuous Hessian. The
method automatically achieves the best complexity estimate among these
problem classes, without knowledge of any constants. As a consequence of
this result, we proved that the global rate of the Cubic Newton is always
better than that of the gradient method on the class of strongly convex
functions with bounded second derivative.

For the high-order tensor methods, we established the rate of superlinear
local convergence which is faster than that of the classical Newton’s method.
Moreover, we demonstrated that increasing the order of the method, we may
extend the degree of uniform convexity for the objective. This justifies a
reasonable belief that the methods of higher order have to be more powerful.
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Chapter 5. Conclusions

Secondly, we investigated the possibility of using the contraction of the
objective as a natural implicit regularizer, for solving the convex problems
with bounded domain. It appears that the contraction principle is used
in the core of the conditional gradient methods (Frank-Wolfe algorithm).
We showed that this idea can be successfully employed for constructing the
second- and high-order algorithms as well.

Thus, we developed a new family of affine-invariant tensor methods
equipped with the global complexity guarantees. We proved that the meth-
ods of higher order possess a faster rate of convergence, while all the con-
stants in the complexity bounds do not depend on any particular norm or
any choice of the coordinate system.

As particular cases, we obtained affine-invariant characterization of the
first-order conditional gradient method, and developed new affine-invariant
second-order algorithm called Contracting Newton method. The latter one
has the same fast global rate as the cubically regularized Newton’s method
for convex functions with Lipschitz continuous Hessian.

Then, we demonstrated that the contracting-point and proximal-point
regularization ideas are complementary to each other. Combining them
together, it is possible to construct accelerated algorithms.

Finally, we addressed the questions of efficient implementation of the
second- and high-order methods. We suggested to describe approximate
solution of the subproblem in terms of the residual in function value, and
proposed different strategies for choosing the inner accuracy, which are dy-
namic (changing with iterations). We proved that the inexact methods with
these strategies achieve the same global convergence rate as in the error-free
case.

For the Contracting Newton method, we developed the basic stochastic
version, and the version with the variance reduction, which are suitable for
solving modern huge-scale problems. We were able to reach the fast global
rate of the full method, when the batch size for stochastic estimation of the
gradient and the Hessian is gradually increasing with iterations.

Numerical experiments demonstrated that the new methods are com-
petitive with the contemporary first-order algorithms in terms of the total
computational time.
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5.2 Directions for Further Research

Let us indicate some possible directions for the future research on the theory
of second-order and high-order optimization methods.

Moving beyond the Lipschitz continuity. Most of the methods that
we analysed in our work were built under the assumption of the bound-
ness of certain derivatives. Note that in many cases, such a condition on
the target objective naturally prescribes the method we use. At the same
time, it is clear that there are several possible options here. For exam-
ple, for second-order methods, we can assume that the Hessian is Holder
continuous (with respect to some fixed global norm). Or, we can bound
the maximum of the variation of third derivative over the given compact
convex set (see Section 3.1.2). Alternatively, one can use some local norm
induced by the Hessian of the objective (which leads to the definition of
self-concordant functions [123]). For the first-order methods, we also have
a recently developed notion of relative smoothness [152, 7, 95]. It seems to
be an interesting theoretical questions, whether we can unify some of these
assumptions on the derivatives and move beyond them.

Lower complexity bounds and optimal methods. We presented a
general framework of Contracting-Point methods, which provides a system-
atic way of constructing high-order algorithms. In the implementation of
our conceptual scheme, it is enough to use just one step of the Taylor ap-
proximation. This gives the global convergence with the same rate as that
of the basic high-order Proximal-Point methods [120]. It is known that the
latter ones can be accelerated, when using the Euclidean norm. Addition-
ally, it has been revealed that one step of the third-order Proximal-Point
scheme might be implemented by using only the second-order oracle for the
initial objective. This makes the whole picture more complicated, since we
do not have any more one-to-one correspondence between the order of the
method and the order of the derivative which is assumed to be Lipschitz
continuous. Filling the gaps in this picture, especially related to the optimal
methods, is an important direction for research.

Consequences for the theory of quasi-Newton methods. The cur-
rent theory of quasi-Newton methods is mainly dedicated to their local
behaviour [138]. Certainly, it would be very interesting to see any combi-
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nations of the globally convergent second-order schemes with some efficient
strategies for the Hessian approximation.

Implementation of high-order tensor methods. First of all, it would
be interesting to understand if we can implement third-order Contracting-
Point Tensor Method with a reasonable amount of computations at each
step. Note that absence of the explicit regularizer, as in the prox-type
methods, makes the subproblem nonconvex and more difficult to solve.

Then, it remains to be an open problem — how to implement the Tensor
Method when p > 4, by possibly taking into account the structure of convex
polynomials.

Moreover, it is well known that using adaptive estimation of the Lipschitz
constants helps to improve practical performance of the methods. We see it
as additional challenge to provide high-order Tensor Methods with efficient
line search strategies which would ensure convexity of the model.

Finally, the most efficient implementation of high-order methods must
take into account modern computing architectures, which include multi-core
and distributed parallel systems. We believe that some of the breakthroughs
in the development of second- and high-order optimization methods can be
achieved by investigating this direction.
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Appendix

A  Maximization of Multilinear Forms

Let us state some simple auxiliary facts about maximization of multilinear
symmetric forms. For a fixed p > 1, let us consider (p+ 1)-linear symmetric
form A. For a set of vectors hi,...,hpt1 € E, we have

Alhy,... hyi1] € R

For two vectors u,v € E and integers i¢,7 > 0 such that i +j7 = p+ 1, we
use the following shorter notation:

def

Alu)[v) Alu, ... u,v, ..., 0]

—— ———

7 times 7 times
Let us fix arbitrary compact convex set S C E. We are interested to bound
the variation of A over two vectors from S, by that over the only one vector:

sup [A[Pl]] < Cpsup AR, (A1)
u,WES hes
for some constant C,. Note, that if S is a ball in the Euclidean norm,
then C, = 1, and the values of both supremums are equal (see Appendix 1
in [123], and Section 2.3 in [103]). In what follows, our aim is to estimate
the value of C, for arbitrary S. Namely, we establish the following bound.

Proposition A.1. For any compact convex set S, (A.1) holds with

p+1 p+1 P
¢ - T o e (a2)

Proof. For a pair of integers n,k > 0, let us denote by (Z) the binomial
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coefficients, given by the formula

n def n(n—1)---(n—k+1)
(k) = ! J

and by {Z} we denote the Stirling numbers of the second kind. By definition,

{Z} is equal to the number of ways to partition a set of n objects into k

nonempty subsets. The following important identity holds (see, for example,
[59]):

k n
- Ry 1 (A.3)

Note also, that {Z} =1, and {Z} =0, for k > n.

Now, let us fix arbitrary vectors u,v € S, and consider the set of their
convex combinations h; = a;u+(1—a;)v € S for some o; € (0,1),1 <i < p.
The binomial theorem yields the system of equations, for 1 <i <p

—

p+

AR = (el eI AR (M)

<.

For the choice a; = we have 1 — o; = and

i 1
i1’ i1

j i .
ol(l -t = P
Therefore, introducing a vector x € RP,

@ = (”‘]‘Tl)A[u]j [v]PH1=d, 1<j<p,

from (A.4) we obtain the linear system with matrix
BUD) = il 1< j<p, (A.5)
and the right hand side vector
D = (i+ D)PF(A[RPH — (1 — ay)PHL AP
— T AP, 1<i<p.
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The matrix given by (A.5) looks as follows

11 1 ... 1
9 922 93 . o
B — 3 32 338 ... 3
p p* p* ... PP

This structure is similar to that one of the Vandermonde matrix. By the
Gaussian elimination process we can build a sequence of matrices

B = By — By — ... = B,

such that B, is upper triangular, and the corresponding sequence of the
right hand side vectors

cC = (€ = C2 = ... = Cp,
having the same solution = as the initial system:
Bix = ¢y, 1<t<p.

Then, the last component of the solution can be easily found:

o(P)

(p+ DAuPv] = @ = (A7)

D
Bg()p,p) ’
from which we may obtain the required bound for the left hand side of (A.1).
Thus, we are interested to investigate the elements of B, and c,.

Let us prove by induction, that for every 1 <t < p, it holds

{7} ifi <t
i

{7} (A-8)

B(i’j) _
! iy Gm1  Otherwise.
r=t

For t = 1, (A.8) follows from (A.3), and this is the base of the induction. At
step t of the Gaussian elimination, we have the matrix B;. First, we freeze
its t-th row for all the following matrices:

B = BYD = BY) = ... = B{" = a{i}, 1<j<p.
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Then, we subtract this row from all the rows located below, scaled by an
appropriate factor, for t < i < p:

i.j ij B{Y j .
Bt(Jr]l) = Bt( 9) - BED Bt(t J)’ 1 S J S p.
(tt) _ 4 (i,8) _ 4! .
Note, that B, =tl and B, = Ik Therefore, we obtain
i) _ g {4 il o o A :
By = Z!T; G—nl — G=0! — Z!Tzzti_l I l<j<p,

and this is (A.8) for the next step. Hence (A.8) is established by induction
forall 1 <t <np.

Similarly, we have the update rules for the right hand sides:

N

and for t < i < p:

i iy BYY i
= T = 4 ()

Therefore, we have a recurrence:
cz(f) = c(li) - 2::1 (i)cg), 1<i<p. (A.9)

From (A.9) we obtain an explicit expression for ¢, using only the initial
values:

&= (), 1<i<p. (A.10)

Indeed, (A.10) follows directly from (A.9) for ¢ = 1. Assume by induction
that (A.10) holds for all 1 < ¢ < n, for some n. Then, for the next index,
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we have

Cl(7n+1) (4.9) C(1n+1) S (n+1)c(7“)

r P
r=1

T S I () ()l
r=1j5=

= B ()

r=J

a1 n n Ciim .
= A" (e,
J:

where the last equation follows from simple observations:

DI () =Y

r=j r=j

j (n+1)!r!
rl (n+1—r)! 5! (r—j)!

|
—

|
~
N~—
i

— (") (1)

= ("7) X D)

(~1)m (1),

Hence (A.10) is established by induction for all 1 < ¢ < p.

Let us denote by V the supremum from the right hand side of (A.1):

y ¢ sup |A[R]PT1|.
hes

Then, in view of (A.6), we have
] = D] < ()t e Y, 1<i<p (ALY
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and, consequently

(AT),(A8) M| (A.10) D . i
Al TGO ] S5 )l
j=
(A.11) +1, ptl P )
((p+ )P 4pP T+ 1Y - —
£ g ferg) - o
Since u,v € S are arbitrary vectors, we have (A.2) established. O

Let us consider the most important cases, when p =1 and p = 2.

Corollary A.2. For any symmetric bilinear form A :E xE — R and any
compact convex set S C E, it holds

sup |Afu,v]] < 3supl|Afh,h]|. (A.12)
u,vES hes

Corollary A.3. For any symmetric trilinear form A:EXE xE — R and
any compact convexr set S C E, it holds

sup |Afu,u,v]| < 6supl|Afh,h,h]l. (A.13)
u,vES hes

It appears that the bound in (A.12) is tight.

Example A.4. Consider the following symmetric bilinear form on two-
dimensional space E = R?:

Alu,v] = uMo® — 24293 u,v € R?,
and let
S = {zeR?:2W =122 €e[-1,1]}.
Then,
sup |Afu,v]] = sup |1 —2a8| = 3.
u,vES a,Be[—1,1]
However,
sup |A[h,h]| = sup |1—-2a] = L O
heS a€l0,1]

If it happens that our bilinear form is positive semidefinite (e.g. it is
determined by the Hessian of a convex function), the constant in (A.12) can
be improved to be 1, so the both supremums are equal.
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Proposition A.5. Let symmetric bilinear form A:E x E — R be positive
semidefinite:
Alh,h] > 0, h € E.

Then, for any set S C E, it holds

sup |Alu,v]|] = supA[h,h].
u,0ES hes

Proof. Indeed, by the Eigenvalue Decomposition, for some r > 0, there
exists a set of linear forms aq, ..., a, € E* and positive numbers Aq,..., A, >
0 such that

-

A[U,U] = )‘i<ai7u><aiav>7 u,v € S.

i=1

Therefore, using Cauchy-Bunyakovsky-Schwarz inequality, we get

r N2 4a»v21/2
Aol < (X e w?) (S Adda 0)?)
= (A[u,u])l/g(A[v,v])1/2
< sup Alh, h]. O
hes
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