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Abstract

In recent years, optimization on manifolds has drawn more attention since it can reduce the
dimension of optimization problems compared against solving the problems in their ambient
Euclidean space. Many traditional optimization methods such as the steepest decent method,
conjugate gradient method and Newton method have been extended to Riemannian manifolds
or smooth manifolds. In Euclidean space, there exist a special class of convex functions, self-
concordant functions introduced by Nesterov and Nemirovskii. They are used in interior point
methods, where they play an important role in solving certain constrained optimization problems.
Thus, to define self-concordant functions on manifolds will provide the guidance for developing

corresponding interior point methods. The aims of this thesis are to

o fully explore properties of the self-concordant function in Euclidean space and develop

gradient-based algorithms for optimization of such function;

e define the self-concordant function on Riemannian manifolds, explore its properties and

devise corresponding optimization algorithms;
e generalize a quasi-Newton method on smooth manifolds without the Riemannian structure.

Firstly, in Euclidean space, we present a damped gradient method and a damped conjugate gradi-
ent method for minimizing self-concordant functions. These two methods are ordinary gradient-
based methods but with step-size selection rules chosen to guarantee convergence. As a result,
we build up an interior point method based on our proposed damped conjugate gradient method.
This method is shown to have lower computational complexity than the Newton-based interior
point method.

Secondly, we define the concept of self-concordant functions on Riemannian manifolds and
develop the corresponding damped Newton and conjugate gradient methods to minimize such

functions on Riemannian manifolds. These methods are proved to guarantee the convergence.



Thirdly, we propose a numerical quasi-Newton method for the optimization on smooth mani-
folds. This method only requires the local parametrization of smooth manifolds without the need
of the Riemannian structure. This method is also shown to have super-linear convergence.

Numerical results show the effectiveness of our proposed algorithms.

Vi
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Chapter 1

Introduction

1.1 Overview

Optimization plays an important role in both research and applications. The essence of op-
timization problems is to search the minimum or maximum of cost functions. Methods to solve
optimization problems have been widely studied. For example, given a cost function f defined
on the whole R", one can use conventional methods such as the steepest descent method, con-
jugate gradient method or Newton method to minimize this function. However, in engineering,
many cost functions are subject to constraints. For example, see [53, 72]. Minimizing functions
subject to inequality constraints have resulted in new optimization methods. If a constraint is
linear or nonlinear convex, the interior point method is commonly used. Assuming that we have
an optimization problem defined on a linear or nonlinear convex constraint, the idea of the in-
terior point method is to transform the constrained optimization problem into a parameterized
unconstrained one using a barrier penalty function, commonly constructed by a self-concordant
function defined by Nesterov and Nemirovskii [58]. The barrier function remains relatively flat
in the interior of the constraint while tending to infinity when approaching the boundary. A new
cost function including the original cost function and the barrier function is constructed. Then
we can use plain methods to minimize the new cost function until we find the optimal value of
the original problem.

In recent years, optimization on smooth manifolds has drawn more attention since it can re-
duce the dimension of optimization problems compared to solving the original problem in their
ambient Euclidean space. Its applications appear in medicine [3], signal processing [53], ma-

chine learning [60], computer vision [50, 32], and robotics [35, 33]. Optimization approaches
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on smooth manifolds can be categorized into Riemannian approaches and non-Riemannian ap-

proaches.

1. Methods of solving minimization problems on Riemannian manifolds have been exten-
sively researched. For more details, see [70, 67, 18, 19, 71]. In fact, traditional optimiza-
tion methods such as the steepest gradient method, conjugate gradient method and Newton
method in Euclidean space can be applied to optimization on Riemannian manifolds with
slight changes. A typical intrinsic approach for minimization is based on the computation
of geodesics and covariant differentials, which may be resource expensive. However, there
are many meaningful cases where the computation can be very simple. An example is the
hyperboloid space, where the geodesic and parallel transformation can be computed via
hyperbolic functions and vector calculations. Another simple but non-trivial case is the
sphere, where the geodesic and parallel transformation can be computed via trigonometri-
cal functions and vector calculation. As a consequence, it is natural to ask: can we define
self-concordant functions on Riemannian manifolds and what is the related interior point
method? Clearly solving such a question will have practical importance and theoretical

completeness.

2. As mentioned above, the computational cost of computing geodesics is often relatively
high. For this and other reasons, Manton [53] developed a more general framework for
optimization on manifolds. This framework does not require a Riemannian structure to be
defined on the manifold and its greater generality allows more efficient algorithms to be

developed.

In the rest of this chapter, we first review the developments in the interior point methods,
self-concordant functions and the optimization on smooth manifolds. Then the motivation and

research aims are given. Finally, the outline of this thesis is presented.

1.2 Literature Review

1.2.1 Interior Point Method and Self-concordant Functions

The basic idea of interior-point methods is as follows. If f(x) is a convex cost function we

wish to minimize on a convex set @ of R, and if g(x) is a barrier function meaning that g(z)
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approaches infinity on the boundary of Q, then we solve the sequence of optimization problems
@y '=arg HITiH l—f(.'zr) + g(x) where p — 0 and py, > 0. As p, converges to zero, xj will
converge to thé ll;ninimal point of the original cost function f(z) constrained to (), under the
assumption that f(x) and g(z) are convex.

The history of the interior point method can be traced back to Khachiyan’s work [45] which
first introduced the polynomial-time interior point method in 1979. However, the start of the
interior-point revolution was Karmarkar’s claim in 1984 of a polynomial-time linear program-
ming method [43]. Then the equivalence between Karmarkar’s method and the classical loga-
rithmic barrier method was shown in 1986 [26].

The milestone work of Nesterov and Nemirovskii [58] presented a new special class of bar-
rier methods and developed polynomial-time complexity results for new convex optimization
problems. Their proposed self-concordant functions are critically important in powerful interior
point polynomial algorithms for convex programming in Euclidean space. The significance of
these functions lies in two aspects. Firstly, they provide many of logarithmic barrier functions
which are important in interior point methods for solving convex optimization problems. Sec-
ondly, the proposed damped Newton method for optimizing self-concordant functions avoids the
knowledge of some parameters (e.g., Lipschitz constants, etc.). This is useful for constrained
optimization problems. It is also worth noting that using self-concordant barrier functions guar-

antees the original problem to be solved in a polynomial time for a pre-defined precision.

1.2.2 Optimization On Smooth Manifolds

As stated before, traditional optimization techniques in Euclidean space can have their coun-
terparts on smooth manifolds, which have been studied. In this section, we first review the

classical Riemannian approaches and then the relatively recent non-Riemannian approaches.

Riemannian Approach

1. Steepest descent method on manifolds

The steepest descent method is the simplest method for the optimization on Riemannian
manifolds and it has good convergence properties but slow linear convergence rate. This
method was first introduced to manifolds by Luenberger [48, 49] and Gabay [25]. In the
early nineties, this method was carried out to problems in systems and control theory by
Brockett [13], Helmke and Moore [34], Smith [66] and Mahony [51].
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2. Newton method on manifolds

Compared against the steepest descent method, the Newton method has a faster (quadratic)
local convergence rate. In 1982, Gabay extended the Newton method to a Riemannian
sub-manifold of R by updating iterations along a geodesic. Other independent work has
been developed to extend the Newton method on Riemannian manifolds by Smith [67] and
Mahony [51, 52] restricting to the compact Lie group, and by Udriste [70] restricting to
convex optimization problems on Riemannian manifolds. Edelman, Arias and Smith [19]
also introduced a Newton method for the optimization on orthogonality constraints - the
Stiefel and Grassmann manifolds. There is also a recent paper by Dedieu, Priouret and
Malajovich [18] which studied the Newton method to find zero of a vector field on general

Riemannian manifolds.

3. Quasi-Newton method on manifolds

Even though the Newton’s method has faster quadratic convergence rate, it requires solving
a linear system per iteration which consists of the second order local information of the cost
function. Therefore, it increases the computational cost. In order to avoid this problem,
the quasi-Newton method in Euclidean space was presented by Davidon [17] in late 1950s.
This method uses only the first order information of the cost function to approximate the
Hessian inverse and has a super-linear local convergence rate. Since then, various quasi-
Newton methods have been introduced. However, among them, the most popular methods
are the Davidon-Fletcher-Powell (DFP) [22] method and the Broyden [15, 16] Fletcher
[21] Goldfarb [28] Shanno [65] (BFGS) method.

In the early eighties, Gabay [65] firstly generalized the BFGS method to a Riemannian
manifold. However, he did not give the complete proof of the convergence of his method.
Recently, Brace and Manton [12] developed an improved BFGS method on the Grassmann

manifold and achieved a lower computational complexity compared to Gabay’s method.

4. Conjugate gradient method on manifolds

While considering the large scale optimization problems with sparse Hessian matrices,
the quasi-Newton methods encounters difficulties. Due to avoiding computing the inverse
of the Hessian, the conjugate gradient method can be used for solving such problems.
This method was originally developed by Hestenes and Stiefel [38] in the 1950s to solve

large scale systems of linear equations. Then in the mid 1960s, Fletcher and Reeves [24]



§ 1.2. Literature Review 5

popularized this method to solve unconstrained optimization problems. In 1994, Smith
[67] extended this method to Riemannian manifolds and later Edelman, Arias and Smith

[19] applied his method specifically on the Stiefel and Grassmann manifolds.

Non-Riemannian Approach

The traditional methods for optimizing a cost function on a manifold all start by endowing
the manifold with a metric structure, thus making it into a Riemannian manifold. The reason for
doing so is that it allows Euclidean algorithms, such as steepest descent and Newton methods, to
be generalised reasonably straightforwardly; the gradient is replaced by the Riemannian gradient,
for example. However, as pointed out in [54], the introduction of a metric structure is extraneous
to the underlying optimisation problem and thus, in general, is detrimental. (A possible exception
is when the cost function is somehow related to the Riemannian geometry, such as if it is defined
in terms of the distance function on the Riemannian manifold.)

For an arbitrary smooth manifold, the only structure we know is that around any point, the
manifold looks like R™. This is explained as follows. Let M be a smooth n-dimensional mani-

fold. For every point p € M, there exists a smooth map
by sAREES M b0 = (1.1)

which is a local diffeomorphism around 0 € R". Such a 1), is called a local parametrization.

In [53], Manton gave a general framework for developing numerical algorithms for minimis-
ing a cost function defined on a manifold. The framework entailed choosing a particular local
parametrization about each point on the manifold. In the same paper, this framework was ap-
plied to the Stiefel and Grassmann manifolds, and as an example, the local parametrizations were
chosen, in a certain sense, to be projections from the tangent space to the manifold itself. Based
on this parametrization, the corresponding steepest descent and Newton methods were shown to

reduce the computational complexity compared with the traditional Riemannian methods.
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1.3 Motivation and Research Aims

1.3.1 Motivation

Since from the optimization point of view self-concordant functions enjoy good tractabil-
ity, it is tempting to extend its definition to manifolds and develop corresponding optimization
algorithms. In [57], Nesterov only provided a Newton-based algorithm for optimization of a self-
concordant function in Euclidean space. Although this algorithm has quadratic convergence, the
requirement of solving a linear system per iteration creates significant computational complexity
per iteration. To avoid this problem, some gradient-based methods such as gradient and conju-
gate gradient methods can be taken first before switching to Newton-based methods. Due to the
importance of gradient-based method, we are motivated to develop a damped gradient method
and a damped conjugate gradient method for optimization of self-concordant functions. Further-
more, it is expected that these two methods can be applied to the optimization of self-concordant
functions on Riemannian manifolds. Consequently, they can provide guidance to develop interior
point methods on Riemannian manifolds.

In addition, although the steepest and Newton methods have been developed as the non-
Riemannian approach, to our best knowledge, we are not aware of any published papers intro-
ducing the non-Riemannian based quasi-Newton methods on smooth manifolds. Since the quasi-
Newton method has prominent advantages, we are also motivated to develop a quasi-Newton

method on smooth manifolds.

1.3.2 Research Aims

The aims of this thesis are to

e fully explore properties of the self-concordant function in Euclidean space and develop

gradient-based algorithms for optimization of such function:

e define the self-concordant function on Riemannian manifolds, explore its properties and

devise corresponding optimization algorithms;

e generalize a quasi-Newton method on smooth manifolds without the Riemannian stucture.
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1.4 Outline of This Thesis

To achieve our research aims, besides this introduction chapter, this thesis consists of three

parts.

1.4.1 Self-concordant Functions in Euclidean Space

Part I includes three chapters and mainly focuses on the properties of self-concordant func-
tions in Euclidean space and algorithms for the optimization of such functions.

In Chapter 2, we review the definition of self-concordant functions in Euclidean space, in-
troduced by Nesterov and Nemirovskii in [58] and their properties. We also recall the damped
Newton algorithm from [58] for the optimization of self-concordant functions and its conver-
gence properties.

In Chapter 3, we propose a damped gradient method and a damped conjugate gradient method
for optimization of self-concordant functions. A damped Newton method introduced by Nes-
terov is an ordinary Newton method but with a step-size selection rule chosen to guarantee con-
vergence. Based on the gradient and conjugate gradient methods, our methods provide novel
step-size selection rules which are proved to ensure that algorithms converge to the global mini-
mum. The advantage of our methods over the damped Newton method is that the former have a
lower computational complexity. Then, we build up an interior point method based on our pro-
posed damped conjugate gradient method. Finally, our algorithms are applied to second order

cone programming and quadratically constrained quadratic optimization problems.

1.4.2 Self-concordant Functions On Riemannian Manifolds

Part II includes three chapters and mainly focuses on the properties of self-concordant func-
tions on Riemannian manifolds and algorithms for the optimization of such functions.

In chapter 4, the self-concordant functions are defined on Riemannian manifolds. Then gen-
eralizations of the properties of self-concordant functions on Riemannian manifolds are derived.
Based on properties, a damped Newton algorithm is proposed for optimization of self-concordant
functions, which guarantees that the solution falls in any given small neighborhood of the opti-
mal solution, with its existence and uniqueness also proved in this chapter, in a finite number of

steps. It also ensures quadratic convergence within a neighborhood of the minimal point.
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In Chapter 5, we present a damped conjugate gradient method for optimization of self-
concordant functions defined on smooth Riemannian manifolds. A damped conjugate gradient
method is an ordinary conjugate gradient method with an explicit step-size selection rule. It is
proved that this method guarantees to converge to the global minimum super-linearly. Com-
pared against the damped Newton method, the damped conjugate gradient method has a lower
computational complexity.

In Chapter 6, we introduce three examples in which the cost functions are self-concordant
on different Riemannian manifolds. We also applied our damped Newton method and conjugate
gradient method into minimizing these three cost functions. Simulation results show the nice

performance of our algorithms.

1.4.3 The Quasi-Newton Methods

Part I1I includes one chapter and mainly focuses developing a new quasi-Newton method on
smooth manifolds.

In Chapter 7, we propose a new quasi-Newton method on smooth manifolds based on the
local parametrization. This method is proved to converge to the minimum of the cost function. To
demonstrate its efficiency, we applied this quasi-Newton method into a cost function defined on

the Grassmann manifold. The simulation result shows our method has super-linear convergence.



Part 1

Self-concordant Functions in Euclidean

Space



Chapter 2

Introduction to Self-Concordant Functions

in Euclidean Space

2.1 Introduction

In this chapter, we review the self-concordant function in Euclidean space, which is proposed
by Nesterov and Nemirovskii in [58]. A damped Newton method was also presented in [58] for
optimization of such function. In this chapter, we briefly introduce the damped Newton method

and its convergence properties. For more details, refer to [58] and [57].

2.2 Definition and Properties

In this section, we recall some concepts and properties related to self-concordant functions

defined in Euclidean space.

Throughout this chapter, f will denote a real-valued function from a convex subset ) of R™.

We consider constrained optimization problems of the following form
111616121 el 0 c RS (2.1)
In general, it is hard to solve (2.1), even numerically. However, if f has certain nice proper-

ties, there exist powerful techniques to solve (2.1). In [57], Nesterov considered the case when f

is self-concordant, defined as follows.
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Definition 1. Let f : Q — R be a C3-smooth closed convex function defined on an open domain

() C R". Then f is self-concordant if there exists a constant My > 0 such that the inequality
|D?f(z)[u, u, u]| < Mi{D?*f(z)[u, ] }3/? (2.2)

holds for any x € Q) and direction u € R™.

Recall that f being C3-smooth means f is three-times continuously differentiable. A convex
function f : Q@ — R is called closed if its epigraph, defined as epi(f) = {(z,t) € @ x R|t >
f(z)}, is closed. The reason why f is required to be closed in Definition 1 is to ensure that f
behaves nicely on the boundary of its domain; see (2.8). Also, the second and third directional

derivatives D? and D? are defined as follows. Given z € () and u € R",

e a
B il o) lusulai— = {f(z+tu)}, (23)
= | =0
; d3
D3 f(z)[u, u,u] = pTE {f(z+tu)}. (2.4)
T | =0

We consider the special case of the optimization problem in (2.1) where f satisfies the fol-

lowing assumption.

Assumption 1. The function f in (2.1) is self-concordant, has a minimum in () and for all v € (@),
1" (x) is nonsingular. By scaling f if necessary, it is assumed without loss of generality that f
satisfies (2.2) with My = 2.

The need for assuming f has a minimum in Assumption | can be seen from the example
g(z) = —Inx defined on (0, +00) where g is self-concordant but g has no minimum. If f has a
minimum, then it is unique because f is strictly convex by Assumption 1. Note that by Theorem
4.1.3 in [57], f"(x) is nonsingular for all z € () if the domain () contains no straight line.

Functions satisfying Assumption 1 have interesting properties which facilitate our further

analysis. For details, see [57]. For a given = € (), we introduce a local norm on R"
Hallf = <f"(.'1:)u,,u)% e R 2.5)
and the Dikin ellipsoid of unit length

Woz) ={y € R”Hly — . <1} (2.6)
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Then the following properties hold.

1. For any point T € d(Q) and any sequence
{nFal o — 0 (2.7)
we have
flze).=— $00 (2.8)

where 0(Q) denotes the boundary of (). In other words, f is a barrier function going to

infinity on the boundary of ().

2. For any z € (), we have

Welz) € Q. (2.9)

3. Let z € Q. Then for any y € W°(z) we have

1

(1 X ||Z/ e IHI)ZfN(l) = f’/(y) E (1 5l “y R I”x)

S f"(x) (2.10)

where A < B means the matrix B — A is positive semidefinite. In other words, a self-
concordant function looks approximately quadratic in a small enough region around any

point in Q.

4. Letz € Qand r = ||y — z||, < 1. Then we can estimate the matrix
i
M= /f"(:c +7(y — x))dr (2.11)
0
by

e (2.12)
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5. For any z,y € Q we have
syl s fle) N fa) g o R ollly— x| (2.13)

where w(t) = t — In(1 + t). Note that if y # z, then w(|ly — z||.) is positive and (2.13)

gives a useful lower bound on f(y).

6. Letz € Q and ||y — z||. < 1. Then
) < F@) + (VF(@),y - 2) +w.(ly - 2ll2) (2.14)

where w,(t) = —t — In(1 — ¢). Similar to above, if y # z, then w.(||ly — z||..) is also

positive and (2.14) gives a useful upper bound on f(y).

Lemma 1. Let f : ) — R be a C*-smooth closed convex function defined on an open domain
() C R™. Then f is self-concordant if and only if there exists a constant My > 0 such that for all

x € @) and any directions wuy, us, uz € R"™, we have

3
| D3 f(z)[ur, ua, us]| < M; H i |-
i=1

Lemma 1 gives an alternative definition of a self-concordant function.

2.3 Damped Newton Algorithm

In this section, we review the damped Newton algorithm [57] for optimization of self-concordant
functions. This algorithm is a Newton-based method but with an explicit step-size rule.
To illustrate the algorithm, the Newton decrement \(x) is introduced, defined in terms of the

gradient and the Hessian as follows

1

Mo ) Y ) 2.15)
The Newton decrement A\(z) plays an important role in the optimization of self-concordant func-
tions based on the Newton method.

Nesterov constructed a damped Newton method as follows to minimize f in (2.1) when f

satisfies Assumption 1.
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Algorithm 1. (Damped Newton Algorithm) /57]
step 0: Select an initial point x € () and set k=0;
step k: Set

N

M) =4 P eV flas )

1l i =il 7
2 m[f (zk )= Ve

Tr41 = Tk
Increment k and repeat until convergence.

It is worth noting that Algorithm 1 guarantees in every step that z;; lies in the Dikin ellipsoid
around zy. In other words, the sequence {x;} given by Algorithm 1 lies in the domain Q).
The following proposition shows that the damped Newton method decreases the value of f(z)

significantly.

Proposition 2.3.1. [57] Let {x}.} be a sequence generated by Algorithm 1, where the cost func-

tion f : Q — Rin 2.1 satisfies Assumption 1. Then, Yk, we have

flzpan) = flae) — wiX(zg)) (2.16)

where w(t) =t — In(1 + t).
The following proposition illustrates that the local convergence of Algorithm 1 is quadratic.

Proposition 2.3.2. [57] Let {x},} be a sequence generated by Algorithm 1, where the cost Sfunc-
tion f : () — Rin (2.1) satisfies Assumption 1. Then Vk

M s 208 (00 (2.4



Chapter 3

Damped Gradient and Conjugate Gradient
Methods

3.1 Introduction

Background In [57], Nesterov developed a damped Newton method to compute the mini-
mum of a self-concordant function. The key feature of this method is that it provides an explicit
step-size choice based on the Newton method and the value of the function strictly decreases
in each iteration of this method. In addition, this method guarantees that the iteration sequence
remains in the domain of the cost function. It was proved that this method always converges
to the minimum of the self-concordant function. On the other hand, since the damped New-
ton method is Newton-based, it possesses certain inherent disadvantages of the Newton method.
One of them is the expensive computational cost involved in solving a linear system per iteration
which consists of the Hessian matrix of the cost function. Therefore, we are motivated to build
up gradient-based methods with explicit step-size rules for the optimization of self-concordant
functions.

Concerning finding an appropriate step-size, several rules have been developed for gradient-
based methods. For instance, the gradient-based step-size can be determined via various line
search methods for constrained optimization problems. However, the resulting disadvantage of
these methods is that they may increase the cost of additional iterations for a suitable step-size.
In [68], Sun and Zhang presented an explicit formula for step-size selection to find the minimum
of an unconstrained function based on the conjugate gradient direction. This method is shown

to ensure convergence to the local minimum. However, it does not generalize immediately to

15
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the constrained case since it can not guarantee that the iterations remain inside the constrained
domain.

Our work In this chapter, we present a damped gradient method and a damped conjugate
gradient method to minimize self-concordant functions on Euclidean space. Our methods are
shown to converge to the optimal solution of a self-concordant function if it exists. One of the
advantages of our methods is that they only consist of computing the gradient and Hessian matrix
of the cost function without solving a linear system in the Newton method. In every step, the
complexity of these two methods is O(n?) instead of O(n?) in the damped Newton method,
where n is the dimension of the variable.

Chapter outline The rest of this chapter is organized as follows. We review the traditional
gradient and conjugate gradient methods in Section 3.2. In Section 3.3, the damped gradient and
conjugate gradient methods are derived and it is shown that these two algorithms converge to the
minimum of the cost function provided the cost function is self-concordant. In the last section,
two examples are included to illustrate the convergence properties of these algorithms.

Notation: The symbol S™ denotes the set of n dimensional real symmetric matrices. An inner

product on S™ is:
(X, Y )y = trace XY ). 3.1)

It induces the Frobenius norm || X || = (X, X)i. The notation 0 < X means that X is positive
semidefinite. Forany X, Y € S",Y < X means that X —Y" is positive semidefinite. Throughout,
the Euclidean inner product on R" is used, namely (z,y) = 7. It induces the Euclidean norm
||| = (=, 2)=. The symbol &(Q) denotes the boundary of the set (). Throughout, f will denote
areal-valued function defined on a convex subset @ of R™. We consider constrained optimization

problems of the form

1}161(121]‘(1), i O0cR >R (3.2)
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3.2 Review of The Gradient and Conjugate Gradient Meth-

ods

In this section, we review descent methods such as the gradient method and the conjugate

gradient method for solving the unconstrained optimization problem

min f(z), f:R" — R. (3.3)

TERn

Motivation for introducing our novel damped methods in Section 4 for optimization of self-
concordant functions is also given.

Descent algorithms for solving (3.3), such as the gradient and conjugate gradient methods,
are of the following form. Initially, a point 2y € R™ is chosen at random. Then the sequence {x} }
is generated according to the rule x,,, = x;, + hy H;, where H is called the descent direction

and hy, the step-size. There are several step-size rules commonly used:

1. The sequence {h;}32, is chosen in advance [57]. Two examples are a constant step-size

oy = o= 0 @ o = \/[’? i = 0k

2. LLine search [57]): hy = 'arg 1111>i%)1f(:1'k + hHy).

3. Backtracking [72]: Start with unit step-size i, = 1, then reduce it by the multiplicative
factor (3 until the stopping condition f(zy, +hiHy) < f(xy)+ ahy(f'(zr), Hy) holds. The

parameter «v is typically chosen between 0.01 and 0.3, and /3 between 0.1 and 0.8.

Although these step-sizes can work well in practice, they each have their limitations. The
first rule cannot always guarantee that the descent algorithm converges to the solution of (3.3).
Indeed, the values f(xz;) need not even form a decreasing sequence. In general the second rule
is only acceptable in theory because the line search is often too hard to compute in practice. The
choice of v and /3 in the third rule is somewhat arbitrary.

Different algorithms use different rules for determining the descent direction Hj, as now
reviewed.

The gradient method chooses H), to be — f'(zy). Since it requires only first order information,
the gradient method is relatively cheap to implement. Often, a few steps of the gradient method

are taken before switching to a higher order method.
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Xk+1

Y

Hi41

5\ 7 (X4 1)

Figure 3.1: Conjugate gradient in Euclidean space

The conjugate gradient method is a popular method because it is easy to implement, has low
storage requirements, and provides superlinear convergence in the limit. The primary idea of the

conjugate gradient method is to use the conjugacy to find the search direction.

Algorithm 2. (Conjugate gradient algorithm)
step 0: Select an initial point x4, compute H, = —f'(xo), and set k = 0.
step k: If f'(z) = O then terminate. Otherwise, compute h;, with the exact line search
method.
Set Bl = Tt hip .
Set
LiEei
Yee+1 ::__%%75525%}¥£§’ (3.4)
Hepr = = f(@r41) + Y1 H. (3.5)
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Ifk+1modn =0, set Hyyy = — f'(x141). Increment k and repeat until convergence.

Figure 3.1 illustrates the conjugate gradient direction in Euclidean space. Whereas H.
in the gradient method depends only on f’(z; 1), in the conjugate gradient method, H,, , relies
also on the past history of H}, via a weighting factor v, ;. In (3.4), v, 1 is given by the conjugate
descent method in [23]; other choices are possible.

Consider applying a gradient or conjugate gradient method to the constrained optimization
problem (3.2). None of the three step-size rules presented earlier are directly suitable; the first
and third rules cannot ensure x;, remains in (), while the second rule is difficult to implement
in practice. This motivates the introduction of novel step-size rules which guarantee the conver-

gence of the algorithm to the minimum of the cost function.

3.3 The Damped Method

In this section, we derive explicit step-size rules for use in gradient and conjugate gradient
methods for solving (3.2) when f is self-concordant. These step-size rules guarantee convergence

to the global minimum.

3.3.1 The Damped Gradient Method

Let f in (3.2) satisfy Assumption 1. Suppose we have a point x;, in () at time k. Given an
appropriate step-size hy, the gradient method sets x4 = xx—hy f'(21). We propose choosing h;,
to maximize the bound in (2.14). Later, in Theorem 3.3.1, it is proved such a strategy guarantees
convergence to the minimum of f.

From (2.14), provided z;,; € W(xy) and hy > 0, we have

Flae) = fl@ren) 2 hall £ @)l1? + Rl f () ]
+ In(1 — hg|| fi(ze)llz)-  (B.6)

The right hand side is of the form v(h) where ¢)(h) = ah+In(1—ph) with a = || f'(zx)[|* +
| f'(z)]|z, and B = || f'(zx)]|z,- Since h is a descent step, it is required to be positive. Moreover,
if we are not at the minimum of f, then [ will be strictly positive. Therefore, v/ is defined on
the interval [0, 1//3). Note that if hy, € [0,1/), then 2.1 € W (xy) as required for (3.6) to be a

valid bound.
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Differentiating v)(h) yields

e g

daii s “
i g 3
i ———(1 — Bh)? < (0. (3.8)

showing that ¢(h) is concave on its domain [0, 1//3). It achieves its maximum at

oa—pf
= 31
h B 3.9

Eet @) — ”ﬁg;g“i Substituting o and /3 into (3.9), we obtain the rule

Ak
3
(1 + X f (k) (3.10)

hk =

1 )I|2
wihere A= Xze ) — IIHff’((IT))H“rk'

This motivates us to define the following damped gradient method.

Algorithm 3. (Damped Gradient Algorithm)
step 0: Select an initial point xq € () and set k = (.
step k: If f'(zx) = O then terminate. Otherwise, set

1S ()]
e

1 (@) ]2
}Lk = )\k

(1+/\k)||f/(wk>u.rk’
ey = ‘T = Bz

Increment k and repeat until convergence.
The convergence of Algorithm 3 is proved in Theorem 3.3.1 with the help of Lemma 2.

Lemma 2. Let {x.} be a sequence generated by Algorithm 3, where the cost Sunction f : ) — R

in (3.2) satisfies Assumption 1 in Chapter I. Then:

1. Vk, 2, € Q.
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2. If f'(mx) # 0, then f(zrs1) < f(zr) — w(hi) < far), where w(t) =t — In(1 + ¢).

3. Let x* € Q be the solution of (3.2). If x € Q satisfies x # x*, then \(x) > 0. Moreover,
lim A\(z) = 0.

Proof:

I

From the earlier derivation, it was already proved that
Tre1 € Wi(zy). (S8
Therefore, from (2.9) and the fact that 2y € @, it follows that 2, € Q).
Substituting Ay into (3.6), we obtain
flEpa) = flor) = wlde) (3.17)

where w(t) = t — In(1 + t). Since f’(zx) # 0 implies \; > 0 and, from (2.13), w(t) > 0
for ¢ > 0, the result follows.

. Recall that Assumption 1 implies z* is unique. Therefore f’(z) = 0 only and only if

x = x*. Suppose = € @) but z # z*. Since f"(z) is positive definite by Assumption 1 and
(2} #0we have A(z) > 0.

Let K = {z|||lz — z*|| < p} where p > 0 is sufficiently small such that K C Q. Let
Umin(f"(z)) denote the minimum eigenvalue of the Hessian matrix f”(z). Then 6 =
géi}\; Vmin(f"(z)) exists since K is compact and vy, (f”(x)) is continuous. Since f”(z) is
positive definite on () by Assumption 1, ¢ > 0. Moreover, for any z € K and any direction

u € R™, we have

uT f(z)u = ||ul|2 > 8||ul)>. (3-13)

Therefore, for z € K, we obtain
\ay = W@
|f"(z)]]

< %II.J"(J‘)H- (3.14)
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Therefore, at z*, we get

0< 11212 Al < hm 7||f z)||. (3.15)

Since f/(x)is continuous and f'(z*) =0 lim i) — 0.

Ap=—1

O

Theorem 3.3.1. Consider the constrained optimization problem in (3.2). If the cost function
f:Q — R in (3.2) satisfies Assumption 1 in Chapter 1, then Algorithm 3 converges to the

unique minimum of f.

Proof: Let K = {y‘f(y) < f(zg)} where x4 denotes the initial point. Let z* be the solution
of (3.2). Then for any y € K in view of (2.13), we have

f) z f(z) + w(lly — 2*||==)- (3.16)
It follows from (3.16) that
w(lly — =*|le=) < fly) — f(z*) < Flwo) — f(z*); (3.17)

Note that w(t) is s y — x*||;« < t where % is the unique

positive root of the following equation

it = flen] = iz ). (3.18)

Thus, K is closed bounded and hence compact.

From Lemma 2, we have

f(zrs1) < flz) — w(he). (3.19)

Summing up the inequalities (3.19) for k = 0... N, we obtain

N
P LT flz*), (3.20)
k=0
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where z* is the solution of (3.2). As a consequence of (3.20), we have
w(Ag) = 0as k — oo (3.21)
and therefore
A — 0as k — oo. B892)

Since f(xz)) decreases as k increases, x;, € K for all k. Assume that z, — z° as k — o0
where x“ is not the solution of (3.2). Then it follows from Lemma 2 that A\, — A(z°) > 0, which

is contradictory to (3.22). Therefore, the theorem follows. O

3.3.2 The Damped Conjugate Gradient Method

Let f in (3.2) satisfy Assumption | in Chapter 1 . We construct a damped conjugate gradient
method to solve (3.2).

Suppose we have a point x; at time £. Given an appropriate step-size hy and conjugate
gradient direction Hj defined in (3.5), the conjugate gradient method sets zp . = xx + Iy Hy.
Similar to the derivation of the damped gradient method, we propose choosing £, to maximize
the bound in (2.14). In Theorem 3.3.2, it is proved that such a strategy guarantees convergence
to the minimum of the cost function.

From (2.14), provided x;,, € W (zy), we have

flloe) — Flzeea) = —hi( F'(@n), Hi) + 1o Hi |
+ Il = ihp Hills, ). 1323

Initially we assume (f’(z), Hy) < 0. Later, in Lemma 3, it is proved that this assumption is
correct. Hence, Ay is required to be positive.

The right hand side of (3.23) is of the form ¢ (hy) where 1)(h) = ah + In(1 — Sh) with
a = —(f"(zx), He) + || Hllz, and § = || Hg||z-

As before, ¥(h) is defined on the interval [0, 1//3), and if hy. € [0,1/5), then z, € W (zy)
a—pf

afis

as required for (3.23) to be a valid bound. Recall that ¢(h) achieves its maximum at h =
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Let Ap = U%hi{“)l and A(z) = <f|/|(;|)|'f). Substituting v and /3 into h, we obtain the rule

Ak

h.k - : (324)
(1 + M) | Hilly
Therefore, the proposed damped conjugate gradient algorithm for (3.2) is as follows.
Algorithm 4. (Damped Conjugate Gradient Algorithm)
step 0: Select an initial point xo, compute Hy = — f'(xy), and set k = 0.
step k: If f'(xy) = O, then terminate. Otherwise, set
|(f"(xk), Hy)|
Ap = —————, (3:25)
[ H |l
Ak
hy = : 3.26
SIESNI AT g
Abjaitil = s 5 thk, (327)
I (@)l
A1 e e e 3.28
e S
Hipy = — f'(Tr41) + Yer1 He (3.29)

Increment k and repeat until convergence.

The convergence of Algorithm 4 is proved in Theorem 3.3.2 with the help of Lemma 3, 4 and
5.

Lemma 3. Let the cost function f : Q — R in (3.2) satisfy Assumption 1 in Chapter 1. Assume
zo € Q is such that f'(xo) # 0. Then Algorithm 4 generates an infinite sequence {x} (that is,
there are no divisions by zeros). Moreover, Vk, (f'(x}.), Hy) < 0 provided Flag =

Proof: This proof is by induction. When k = 0, H, = —f"(xg). Then we obtain

(f'(20), Ho) = —||f'(zo)||?> < 0 (3.30)

where the inequality follows from the fact that z, is not the solution of (3.2),
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Assume that (f'(xy.), Hy) < 0 for some k. It follows that z;., is well defined.

Ak ey (f'(zx), H) (3.31)
(L4 M) || Hi |z, (" (n)s Hie)l + (| Hiell o) || Hellzy,

h,]\- =

Moreover we have

(Flapa), By =0 (F'e), Hy) +
= oz Hy). (B82)

where pp = 1 + (o r’i“)ﬁ{/;fk

\/"-

Furthermore,

1
f/(fkﬂ) S f/(fk) = /f//(il”k Sewlae s oS — orldy
0
= LN 3.313))

1
where M, = /f"(xk + 7(xk41 — x))dT and M is positive definite because f”(z) is positive

0
definite.

In view of (2.12), we have
M < (14 M) f" (z). (3.34)

Substituting (3.33) into the second part of p,, we obtain

Eee - e By Bl VBT
(P Ho Flew), H) S

4 HT M, H,

(1" (zx)s Hi)| + || Hi || ) | He ||z,
i (1 4+ M) | HillZ,

(€ (zx)s Hi)l + | Hellz) | Hell,

14+ A\
_1 + A&
i S (3.36)
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where (3.31) was substituted for /1, to obtain the second equality.

Because My, is positive definite and (f'(zy.), Hi) < 0 by assumption, it follows from (3.35)

that
e e T :
(f'(zk), H)
Therefore, we obtain
U< g = e (3.38)
For the conjugate gradient method, since vy41 = % we have

MM

o
Ll TR el i
= @)l = I )P
EEIRERS R 24301 I.’L‘ 2pk<f,(xk)aHk>
= el (el S

= —(1+p)llf (ze)l? <O. (3.39)

<f/(ifk+1)sHk+1> 5 <f/(l‘k+1),_f/(-”5k+1)+

Consequently, this lemma follows. 0

Lemma 4. Let {x;.} be a sequence generated by Algorithm 4 where the cost function f : Q — R

in (3.2) satisfies Assumption 1 in Chapter 1. Then:
I. Yk o € 0.
2. If flilze) £ 0, then Xy, > 0.
3. If f'(zk) # 0, then f(mry1) < f(zx) — w(A) < f(zx), where w(t)=t—1In(1+t).
Proof:

1. From the earlier derivation, it was already proved that

rani) (S I/V(Lk) (3.40)

Therefore, from (2.9) and the fact that 2, € (), it follows that Zp 0
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2. Since f'(zy) # 0, it follows from Lemma 3 that (f’(zx), Hx) < 0. Then it implies that
Ak > 0 by the definition of A,

3. Substituting Ay, into (3.23), we obtain that

Jlay e i flas )i g i f (1) (3.41)

where w(t) =t — In(1 + ¢) > 0 since A > 0 by the above proof.
E]

Lemma 5. Ler {x} and { H,} be sequences generated by Algorithm 4 where the cost function
f:@Q — Rin(3.2) satisfies Assumption 1 in Section 2. If f'(xy) # 0, then for all k

Hy. |12 H||? )
||I 1\+1H - S “, kH - i) / - (342)
| (zes)|* — 17 )ll* I ()l
Proof: Note that from (3.39) and the inequality (3.38), we have
((f(l'kﬂ)v Hk+l>)2 = (1+ /)1c)2||f,(il'k+1)H4 = Hfl(~'17k+1)||‘1~ (3.43)

In view of (3.29), (3.28), (3.32) and (3.43), we obtain

|l = H—f’(mkH)mH_lui? 2
- Pl AL
L e LA oM ), )
= 2l + LIy
< 3 e+ U e (3.44)

It follows via dividing both sides of (3.44) by || f'(xj1)||* that

Bz < || H||? )
(e I b o 5 Sl | 6 T

(3.45)
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Theorem 3.3.2. Consider the constrained optimization problem in (3.2). If the cost function

f:Q — Rin(3.2) satisfies Assumption 1 in Section 2, then Algorithm 4 converges to the unique

minimum of f.

Proof: Let K = {y|f(y) < f(x0)} where z, denotes the initial point. Let 2" be the solution
of (3.2). Then for any y € K in view of (2.13), we have

f(y) = f(z*) + w(lly — =7[|e-)- (3.46)
It follows from (3.46) that
willys 20 la)is fly) = fla ) =iz ) i fila ) (3.47)

Note that w(t) is strictly increasing in ¢. Therefore, ||y — z*||,« < t where ¢ is the unique

positive root of the following equation
w(t) = f(zo) — f(z*). (3.48)

Thus, K is closed bounded and hence compact.

Let Va2 (f" (7)) denote the maximum eigenvalue of the Hessian matrix f”(x). Then =
max Vmaz (f" (1)) exists since K is compact and v,q,(f”(z)) is continuous. Because f”(z) is
positive definite on () by Assumption 1, # > 0. Moreover, for any + € K and any direction

u € R™, we have
ul [ (z)u = |Jul|2 < 6)jul|®. (3.49)

Hence by the definition of \;, we obtain

N i Co
| H ||z,

\/§||Hk” (3.50)

By (3.38) and (3.39), (3.50) becomes

o e

VT (3.51)
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From Lemma 4, we have
Flore) = flaze)—wDw) (352)

Summing up the inequalities (3.52) for k = 0... N, we obtain

N
> w() < fleo) =) < flag) — flz*), (3.53)

k=0

where z* is the solution of (3.2). As a consequence of (3.53), we have

D w(A) < +oo. (3.54)
k=0
Assume liminf, .o ||f'(zx)|| # 0. Then there exists @ > 0 such that || f'(zx)|| > « for
infinitely often indexes k. Therefore, it follows from Lemma 5
112 Se ‘
e et

Pl = T @)l o2 (3.55)

Summing up the above inequalities forz = 0, ..., k, we get

[ H]l” [Hol® | 3k
=

[l = TGl S
Leta = 3 and b= ”f”,l({;’(ll)jp = Hf,(;O)HQ. Then it follows from (3.56)
TSN 1
e, 1 =
Combining (3.51) and (3.57), we obtain
e \/MF_H (3.58)

wherele —

o
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Let {3} be a sequence such that 3 = \/I%Fb Then it is easy to show
Y o (3.59)
k=1

Consider the sequence {w(f)}. Since a, b, ¢ are constant, we have

w(Bk) I l1‘/~1n(1+15) 1

klglolc /,f P 12 e Sa
It follows from (3.59) and (3.60)
> w(Be) = +o0. (3.61)
k=1
Since w(t) is increasing with respect to ¢, by (3.58) and (3.61) we obtain
> w(he) = +oo (3.62)
=1
which is contradictory to (3.54). Therefore, we have
lim A‘inf e =0 (3.63)
Hence, the theorem follows. O
3.4 Interior Point Method
Givenc € R" and o; € R, i = 1,..., m, we consider the following convex programming
problem
min iy
TER?
80 Ll ) s e e (3.64)
where all functions f;, ¢ = 1,... m are convex. We also assume that this problem satisfies the
Slater condition: There exists z € R" such that filz) < Oferall ¢ —il i

To apply the interior point method to this problem, we are required to construct the self-
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concordant barrier for the domain. Let us assume that there exist standard self-concordant bar-
riers () for the inequality constraints f;(z) < ;. Then the resulting barrier function for this

problem is as follows
)= Z Fi(z). (3.65)

Recall the framework of the interior point method in Chapter 1. Given a sequence {/; } such

that 1, > 0 and lim,_.,, = 0, we minimize the new cost function f(; y;)

= %CT:I‘ + F(x) (3.66)
Lt
in sequence and use the solution of current minimization problem as the initial guess for the next
optimization. As i, goes to zero in the limit, we obtain the minimum of the original problem.

In fact, as stated in [10], it is not necessary to obtain the exact minimum of the cost function
f(z; ) for every given zi,. A common way used in practice is to perform one step or several
steps of Newton method and then go to the next .. For more details, see [10].

Recall that the Newton method requires expensive computational cost involved in computing
the inverse of the Hessian matrix of the cost function. Therefore, the gradient-based methods
are preferred for large scale problems due to avoid computing the inverse of the Hessian matrix.
Since ¢’z is linear and F'(x) is standard self-concordant, f(x; s,) is still standard self-concordant
for all p; > 0 by Corollary 4.1.1 in [S7]. Consequently, instead of the Newton method, the

damped conjugate gradient method can be used to minimize f(x; ;) as follows.

Algorithm 5. (Damped Conjugate Gradient Algorithm)
step 0: Select an initial point x satisfying the constraints in (3.64), compute Hy = — f'(xo; 1),
and set k = 0.

step k: If f'(xy; pe) = O, then terminate. Otherwise, set

[(f' (z; ), H)|
|| H ||z,

e (3.67)

Ak
ki 0 e PR TRR

Rl (3.68)
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Th41 = Tk + heH, (3.69)
I (Zeta; o) |2
Yk 7 ) (370)
LT
Hyo— —f (s ) 3 i s (@70

where || Hy ||, = \/H,;Ff”(;rk; ) Hy.
Increment k and repeat until convergence.

In practice, for the interior point method, we may need just a few damped conjugate gradient
iterations to reach the required accuracy. By the proof of Theorem 3.3.2, the sequence {\;}
generated by Algorithm 5 satisfies \, — 0 if 2 — z* where z* is the minimum of flz; ).
Therefore, we can set the stopping criterium based on the value of ;. That is if ;. is small
enough, we go then to next .

As a result, we give the proposed barrier interior point algorithm based on the truncated

damped conjugate gradient method as follows.

Algorithm 6. (Barrier Interior Point Algorithm)
Cycle 0: Set jip = 1 and the cycle counter t = 0. Select an initial point x satisfying the
inequality constraints in (3.64).

Eyeleit:

£’ (zospe) 11

step 0: Compute the gradient f'(xo; piy) and Ny = Tzl
') fo

k=0
step ko If f'(xp; ) = 0, then terminate. Otherwise, set

, set Hy = — f'(xo; ps) and

[ (o pae), Hi}|

e ,
| H |z,
h,k = /\k ;
(L + A) || He |,
Tl = Zp-HhiHp

where || Hi ||z, = (f"(xx; pue) Hy, Hy) and f"(wy; p1y) is the Hessian of f(xk; pt)-
Set

' (@hsn; )|
A (o ),
Hip1 = —f'(k; o) + Yiy1 Hy.

Ve =
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Increment k and repeat until \;, < €, where ¢, > 0 is a predefined tolerance.
Set vy = xy, and py 1 = Oy where 0 is a constant satisfying 0 < 0 < 1. Then increment t

and repeat until | < €, where €5 > 0 is also a predefined tolerance.

Remark 1. The damped conjugate gradient of the inner iteration in Algorithm 6 is stopped when
€1 is small enough. In practice, the choice of ¢, = 5 x 1072 is sufficient; that is proved by the

numerical simulations in the next chapter.

3.5 Numerical Examples

In this section, we apply our algorithms to self-concordant functions to show convergence of

the damped gradient and conjugate gradient methods.

3.5.1 Example One

Consider the following quadratically constrained quadratic optimization problem (QCQOP)

il
min qo(x) = ap + a,g.'z: + 7;I?FA();1‘, (B 2)
zeR™ 2
; 1
subject to:  ¢(z) = a; + alFJ + §;L‘TAL'.’II = =l m, (B72)
where A;, 1= 0,...,m are positive semidefinite (n % n)-matrices, z,a; € R" and a; € R

and the superscript 7" denotes the transpose.
By Equation (4.3.4) in [57], the QCQOP problem could be rewritten in the same form as
(3.64):

min T (3.74)

zeR™,T7€ER
subject to : golz) =7, B55)
gl =, B3.76)

We use the logarithmic barrier technique to transform the constrained problem into an un-

constrained one. The additional logarithmic barrier term for this problem is
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m

F(z,7) = —In(7 — go(a Zln (3.77)

Combining 7 and the barrier term, we get the new optimization problem

AR — /1—LT + F(z, 7). (3.78)

zeR?, 7R

It is shown in [57] that f(z,7; ) in (3.78) satisfies Assumption 1 in Chapter 1 for all x> 0.
For a given > 0, it is easy to compute the gradient f’(z,7;u) and the Hessian matrix

f"(x,7; ) as follows

+ m q.(x
G L= [ e i (3.79)
it
o) | ile q(, () moe ) RSy e
@, ;1) = [ = e = oo +Z G T Bwwr) e (3.80)
= (10( DE e

where'g/(z) = Az +a,and g () = A, fori =0,...,m

Given a sequence {1} such that g, > 0 for all ¢ and lim, .., 1; = 0, we minimize f(z; )
in sequence. As fi; goes to zero in the limit, we obtain the minimum of the original problem. In
this chapter, we follow the strategy in [72] to choose the sequence {;}.

The proposed damped gradient algorithm for QCQOP is as follows.

Algorithm 7. (Damped Gradient Algorithm for QCQOP)
Cycle 0: Set g = 1 and the cycle counter t = 0. Select an initial point z satisfying the
inequality constraints in (3.73).
Cycleit:
step 0: Compute the gradient f'(xo; p;) by (3.79), and set k = 0.
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step k: If f'(xg, 7; 1e) = O, then terminate. Otherwise, set

1f'(zx, 75 100 |12

e ,
1" (zk, 75 1) ||
Ak
hy = 7 )
(1 * /\k)”f (Ikv T;/tt)”l'k
G e U

where || f'(zi, 75 pe)llew = (f"(@r, 75 1) f'(2h, 75 p1e), f'(@h, 75 112)) and [ (@, 75 p1e) s
computed by (3.80).
Increment k and repeat until \;, < 0.05.
Set vy = xp and 1 = Oy where 0 is a constant satisfying 0 < 0 < 1. Then increment t

and repeat until |1 < e, where €5 > 0 is a predefined tolerance.
The proposed damped conjugate gradient method for QCQOP is as follows.

Algorithm 8. (Damped Conjugate Gradient Algorithm for QCQOP)
Cycle 0: Set ji9p = 1 and the cycle counter t = 0. Select an initial point x satisfying the
inequality constraints in (3.73).
@vecleits
step 0: Compute the gradient f'(xo,T; ) by (3.79), set Hy = — f'(xo, 7; pt), and set
i

step k- If f'(xy, T; ue) = O, then terminate. Otherwise, set

—<f/(«’17/\u T3 ,“'t)v Hk>

=
| Hllz,
h Ak
’k = )
(1 + )l He |,
Tppr = Tp + hypHy,

where || Hy ||z, = (f"(xx, 75 pe) Hi, Hy) and f"(xy, 7; 1) is computed by (3.80).
Set

i) I )l
o o e )
A T T

Hyy = —f/(ifkﬂ» i Hr) s Ve b,

Increment k and repeat until \;; < 0.05.
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Set 1y = x4 and i1 = Oy, where 0 is a constant satisfying 0 < 0 < 1. Then increment t

and repeat until i, < €5 where e; > 0is a predefined tolerance.

We performed these two algorithms for two cases: a good initial guess and a poor initial
guess. In addition, the performance of these two algorithms is compared against the traditional
line search method and damped Newton method [57]. In particular, we take m = 3, n = 400.

Figure 3.2 illustrates the results of implementing the inner loop using the traditional line
search and damped Newton methods with & = 1 and a good initial guess.

Figure 3.3 illustrates the results of implementing the inner loop using the damped gradient,
conjugate gradient and Newton methods with o = 1 and a good initial guess.

Figure 3.4 illustrates the results of implementing the inner loop using the damped gradient,
conjugate gradient and Newton methods with z = 1 and a bad initial guess.

Figure 3.5 illustrates the results of implementing the outer loop with y from 1 to 0.

Table 3.1 shows the simulation time and accuracy using the traditional line search and damped
Newton methods with ;2 = 1 and a good initial guess.

Table 3.2 shows the simulation time and accuracy using the damped gradient, conjugate
gradient and Newton methods with 1« = 1 and a good initial guess.

Table 3.3 shows the simulation time and accuracy using the damped gradient, conjugate
gradient and Newton methods with ;# = 1 and a bad initial guess.

These times were obtained using a 3.06 GHZ Pentium 4 machine, with 1Gb of memory,

running Windows XP Professional.

algorithm time(second) | accuracy
line search gradient method 695.8440 0.01
line search conjugate gradient method 86.9370 0.001
backtracking gradient method S 60 0.001
damped Newton method 1.4370 0.001

Table 3.1: Simulation time and accuracy with good initial guess

Simulation results show the convergence property of damped gradient and conjugate gradient
methods. It is easy to see from the above simulatin result that the damped gradient method has
linear convergence rate and the damped conjugate gradient method super-linear convergence
rate. Furthermore, because these two methods provide explicit step-size choice rules, they cost

less time than traditional line search and backtracking methods. In addition, due to avoiding
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Figure 3.2: Error vs. iteration number with good initial guess for QCQOP from the backtracking
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Figure 3.4: Error vs. iteration number with bad initial guess for QCQOP from the backtrack-
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algorithm time(second) | accuracy
damped gradient method 10.2820 0.001
damped conjugate gradient method 0.8590 0.001
damped Newton method 1.4370 0.001
backtracking gradient method 11.1560 0.01

Table 3.2: Simulation time and accuracy with good initial guess

algorithm time(second) | accuracy
damped gradient method 3.1560 0.001
damped conjugate gradient method 3.5470 0.001
damped Newton method 60.1560 0.001
backtracking gradient method 5.8750 0.01

Table 3.3: Simulation time and accuracy with bad initial guess

the computation the inverse of the Hessian matrix, the damped conjugate gradient method costs
less time than the damped Newton method. If we have a bad initial guess, the damped gradient

method performs better than other methods.

3.5.2 Example Two

Consider the following second-order cone programming (SOCP)

min glz) —c =z, (G311
zeR"
subject to : Az + ]| < Tz +dii=1,...,N, (3.82)

where x € R" is the optimization variable and the problem parameters are ¢,c; € R", A; €
R™*" b, € R™ and d; € R.
As before, we use the logarithmic barrier technique to transform the constrained problem into

an unconstrained one. The additional logarithmic barrier term [72] for this problem is

N
F(z) = =) In((cfz +d;)* — || Az + b]?). (3.83)

1=1
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Combining ¢(z) and the barrier term, we get the new optimization problem

iy (2 ) = ~a(z) + F(@). (384

zeR”

It is shown in [72] that f(z; i) in (3.84) satisfies Assumption 1 in Chapter 1 for all 1 > 0.

For a given p > 0, the gradient f'(;,u) and the Hessian matrix f”(z; 11) are as follows

s =
1 2((cFz + d;)c; — Al (Aiz + b))
o woiliy; i i 3.85
i D e VR e
vy s AT+ di)e — AT (A + b)) (] 2 + di)es — AT (Asz +B))T
ol == ,Z:;( ez & o) il Asmaiita |F)2
A I
3 2(cicl — AT A)) (3.86)

(cFx +d;)? — || Az + b||?

As before, we minimize f(x; j;) in sequence for a given sequence {1, } which satisfies y; > 0
and lim; ., = 0. As y; goes to zero in the limit, we obtain the minimum of the original problem.

The proposed damped gradient algorithm for SOCP is as follows.

Algorithm 9. (Damped Gradient Algorithm for SOCP)
Cycle 0: Set j19p = 1 and the cycle counter t = (. Select an initial point x satisfying the
inequality constraints in (3.82).
Cycle t:
step 0. Compute the gradient f'(xq; u;) by (3.85), and set k = 0.

step k: If f'(xy; py) = 0, then terminate. Otherwise, set

LS (ks )11

em s Gl )
Hf/(l‘kﬂlft)“rk
Ak
hk — )
(-2 il il
Trt1 = T — hf (@r; pe),

where || f'(xi; pe)llz, = (" (2 1) f (2 o), /(s 1)) and f"(a; pe) is computed by
(3.86).
Increment k and repeat until \;, < 0).05.
Set vo = x), and py 1 = Ou, where 0 is a constant satisfying 0 < 6 < 1. Then increment t

and repeat until j1 < e, where €5 > 0 is a predefined tolerance.
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The proposed damped conjugate gradient method for SOCP is as follows.

Algorithm 10. (Damped Conjugate Gradient Algorithm for SOCP)
Cycle 0: Set 11y = 1 and the cycle counter t = 0. Select an initial point x, satisfying the
inequality constraints in (3.82).
Cyclet
step 0: Compute the gradient f'(xo; ;) by (3.85), set Hy = — f'(xo; j1¢), and set k = 0.
step k: If f'(ay; pe) = 0, then terminate. Otherwise, set

[ ), He)l

Ak ;
| H |l
} Ak
iy, = :
(1 + )| Hi |l
Tyl = T + h,ka,

where ||Hgl|lz, = (f"(xx; pue) Hy, Hy) and f"(zy; pe) is computed by (3.86)..
Set

e ”f'(-’l?k+1§llt)||2
i ~<f,(~’17k§ﬂt)ka>7
oo = =l ) < Yera -

Increment k and repeat until \;, < 0.05.
Set vy = xy and p = Oy where 0 is a constant satisfying 0 < 0 < 1. Then increment t

and repeat until |1 < €5 where €5 > 0 is a predefined tolerance.

We carried out the damped gradient and conjugate gradient methods on a SOCP problem. In
addition, the performance of these two methods is compared with the damped Newton method.
In particular, we take m = 600, n = 600, N = 3.

Figure 3.6 illustrates the results of implementing the inner loop using the damped gradient,
conjugate gradient and Newton methods with jo = 1.

Figure 3.7 illustrates the result of implementing the outer loop with y from 1 to 0.

Table 3.4 shows the simulation time and accuracy using the damped gradient, conjugate
gradient and Newton methods with p = 1.

Simulation results show convergence of our algorithms. In comparison with the damped

Newton method, the damped conjugate method cost less time and has super-linear convergence

rate.
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algorithm time(second) | accuracy
damped gradient method 5.8750 /7l
damped conjugate gradient method 0.5470 =
damped Newton method %1520 10

Table 3.4: Simulation time and accuracy

3.6 Conclusion

In this chapter, we present a damped gradient method and a damped conjugate gradient

method for the numerical optimization of self-concordant functions. These two methods have

been shown to make the cost function strictly decrease in each step and also have the sequence

inside the domain of the cost function. Simulation results indicate that these two methods per-

form very well and converge to the minimums of self-concordant functions.
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Chapter 4

Self-concordant Functions on Riemannian
Manifolds

4.1 Introduction

Background Recall from Chapter 1 that self-concordant functions play an important role
in developing interior point algorithms for solving certain convex constrained optimization prob-
lems including linear programming. It is therefore natural to attempt to extend the definition of
self-concordance to functions on Riemannian manifolds, and then exploit this definition to derive
novel optimization algorithms on Riemannian manifolds. In fact, the self-concordant concept has
been extended to Riemannian manifolds in [71]. In that work, the author considered the convex

programming problem

min  fo(p)
s e ple g e e T (4.1)

where M is a complete n-dimensional Riemannian manifold and developed a logarithmic barrier
interior point method for solving it. Recall that in the Euclidean space, one approach for solving
(4.1) is the barrier interior point method which uses the barrier function to enforce the constraint;
this barrier function is chosen to be self-concordant. In order to extend this idea to Rieman-
nian manifolds, it is necessary to extend the concept of self-concordant functions to Riemannian
manifolds. To this end, the concept of a self-concordant function was defined on Riemannian

manifolds and some of its properties were studied in [71]. Moreover, a Newton method with a

45
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step-size choice rule was proposed to keep the iterates inside the constraint and guarantee the
convergence.

We note that self-concordance appears to have not been defined precisely in [71]. For in-
stance, the domain of a self-concordant function must be convex, but there are different types of
convexity on a manifold, which was not considered in [71]. Furthermore, it was stated on p.352
that a self-concordant function goes to oo on the boundary of its domain. However this does not
appear to be true in general; perhaps the requirement that a self-concordant function is closed
was accidentally omitted from the definition? There also appears to be a mistake on p.351; the
reference lemma B. 2 in [37] is not true on a general manifold and hence its argument cannot be
used. In addition, the properties of self-concordant functions were not extensively studied.

Our work In this chapter, we give a precise definition of a self-concordant function on a
Riemannian manifold and derive properties of self-concordant functions which will be used to
develop optimization algorithms; first a damped Newton method in this chapter, then a damped
conjugate gradient method in Chapter 5. Convergence proofs of the damped Newton method are
also given.

Chapter outline This chapter is organized as follows: Concepts of Riemannian manifolds
are listed in Section 4.2. Section 4.3 defines self-concordant functions on manifolds. This def-
inition is chosen to preserve as many nice properties of its original version in Euclidean space
as possible. To facilitate the derivation and analysis of the proposed damped Newton method in
Section 4.5, the Newton decrement is defined and analyzed in Section 4.4. It is shown that the
damped Newton method has similar convergence properties to the algorithm for self-concordant

functions in Euclidean space proposed in [57].

4.2 Concepts of Riemannian Manifolds

In this section, some fundamental concepts from differential geometry are introduced. How-
ever, we do not intend to present self-contained and complete exposure, and most of the proofs
are omitted. See [30] for more details.

Let an n-dimensional smooth manifold be denoted as M which is an embedded manifold
in RY. The differential structure of M is a set of local charts covering M. Each local chart
is a pair of a neighborhood and a smooth mapping from this neighborhood to an open set in
Euclidean space. The tangent space of M at a point p can be denoted as 7, M. It is the set of

linear mappings from all smooth functions passing through the point p to real numbers, satisfying
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Figure 4.1: The tangent and normal spaces

the derivative condition. For n-dimensional manifolds, the tangent space at every point is an n-
dimensional vector space with origin at this point of tangency. The normal space is the orthogonal
complement of the tangent space in the ambient space. Figure 4.1 shows the tangent space and
normal space at a point on a manifold.

A smooth manifold M is called Riemannian manifold if it is endowed with a metric structure.
In Euclidean space, a vector can be moved parallel to itself by just moving the base of the arrow.
For the manifold if a tangent vector is moved to another point on the manifold parallel to itself in
its ambient space, it is generally not a tangent vector to the new point. For example, see Figure
4.2. However, we can transport tangent vectors along paths on the manifold by infinitesimally
removing the component of the transported vector in the normal space. Figure 4.3 describes
the following idea. Assume that we want to move a tangent vector A along the curve ~(¢) on
the manifold. Then in every infinitesimal step, we first move A parallel to itself in the ambient
Euclidean space and then remove the normal component.

Let M denote a smooth n-dimensional geodesically complete Riemannian manifold. Recall
that C* smooth means derivatives of the order k exist and are continuous. For convenience, by
smooth, we mean C'°, that is, derivatives of all orders exist. Let 7),M denote the tangent space
at the point p € M. Since M is a Riemannian manifold, it comes with an inner product (-, -), on
T,M for each p € M. This induces the norm || - ||, given by || X ||, = (X, X),%; for. X € 170

There is a natural way (precisely, the Levi-Civita connection) of defining acceleration on a
Riemannian manifold which is consistent with the metric structure. A curve with zero accel-

eration at every point is called a geodesic. Since M is geodesically complete, given a point
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Figure 4.2: Move a tangent vector parallel to itself to another point on the manifold

Figure 4.3: Parallel transport (infinitesimal space)
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p € M and a tangent vector X € T, M, there exists a unique geodesic yx : R — M such that
7x(0) = p and 9x(0) = X. We therefore define an exponential map Exp, : T,M — M by
Exp,(X) = vx(1) for all X € T,M. Note that Exp,tX is the geodesic emanating from p in
the direction X'. Another consequence of M being geodesically complete is that any two points
on M can be joined by a geodesic of shortest length. The distance d(p, q) between two points
p,q € M is defined to be the length of this minimizing geodesic. Since the length of the curve
v : [0,1] — M, ~(t) = Exp,tX, is || X||,, it follows that if ¢ = Exp,X then d(p,q) < || X

where the inequality is possible if there exists a shorter geodesic connecting p and q.

2

If v : [0,1] — M is a smooth curve from p = v(0) to ¢ = ~(1), there is an associated linear
isomorphism 7,,, : T, M — T, M called parallel transport. One of its properties is that lengths of
vectors and angles between vectors are preserved, i.e. VX, Y € T, M, (1,,X, 7Y )q = (X, Y),.
For a point p € M and a tangent vector X € T,M, we use TpExp, (tX) 1O denote the parallel
transport from the point p to the point Exp, tX along the geodesic emanating from p in the
direction X.

Let N be an open subset of M. Consider the function f : N — R. Given p € N and

X € T, N, the first, second and third covariant derivatives of f are defined as follows:

l . :
Vi) = 2| {f(Exptx)}, (+.2)
=0
d?
Vif) = 5| {f(Exp,tX)}, (4.3)
dt* |,
: l:i
Vi) = 5| {F(Exptx)}. (4.4)
“ It=0

The gradient of f at p € N, denoted by grad, f, is defined as the unique tangent vector in
T,N such that Vx f(p) = (grad, f, X) forall X € T,N.
The Hessian of f at p € N is the unique symmetric bilinear form Hess,f defined by the

property
Hess FUH0 X Ji="N" flp), X e T, N: (4.5)

Note that (4.5) fully defines Hess, f since

Hless 0 =80 X )= Hess, 01X )= Hess,, f(V, V)
()

Hess, f(X,Y) = (4.6)
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fordd a= 10 .

4.3 Self-Concordant Functions

Referring to Definition 1 in chapter 1, extending the definition of self-concordance to Rie-
mannian manifolds requires carefully defining the convex set. Intuitively, the convex set on Rie-
mannian manifolds can be determined by the geodesics connecting two points. However, there
could be more than one geodesic connecting two points on Riemannian manifolds. For instance,
for any two different points on the sphere, there exist two geodesics joining them. Therefore,
there is no single best definition of convexity of selected subset [70]. The definition of convex-
ity used extensively in [70] is concerned with all geodesics of the whole Riemannian manifolds
connecting two points. On the other hand, this definition limits the definition of convex functions
since in most cases, the cost functions defined on Riemannian manifolds are locally convex. To
be more general, our definition goes as follows. We say a subset NV of M is convex if for any
p,q € N, out of all the geodesics connecting p and ¢, there is precisely one which is contained
in N. Note that this is a weaker condition than that used extensively in [70]. Then, a function
f: N C M — Ris said to be convex if N is a convex set and for any geodesic vy : [0,1] — N,

the function f o v : [0, 1] — R satisfies the usual definition of convexity, namely

gy ()= (Uian0) e R = [0 1] (4.7)

If f: N — RisC>®-smooth and N is convex, then f is convex if and only if V% f(p) > 0 for
alllp'e N and X* e ToN.
The epigraph epi( f) of f is defined by

epi(f) = {(p.t) € N x R|f(p) < t}. (48)

A function f is said to be closed convex if its epigraph epi( f) is both convex and a closed subset
of M x R. The convexity of epi(f) is explained as follows. Let (p,t), (¢,s) € epi(f) and
Exp,0X, be the geodesic connecting p and g where ¢ = Exp,X,, X, € T, and G =S 1].
Then epi(f) is said to be convex if for all € [0, 1],

I. Exp,0X, is the unique geodesic connecting p and ¢ such that Exp,0X, € N;

2. (Exp,0X,,t+0(s —t)) € epi(f).
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It is also easy to see from the above definition that epi( f) being convex implies f being convex

over V.

Consequently, our definition of self-concordance given below, differs from the Euclidean

definition in 1 in chapter 1.

Definition 2. Let M be a smooth n-dimensional geodesically complete Riemannian manifold.

Let f : N C M — R be a C3-smooth closed function. Then f is self-concordant if
1. N is an open convex subset of M,
2. fisconvex on N;

3. there exists a constant My > 0 such that the inequality

VX (f()| < MV f(p))*? (4.9)

holds for allp € N and X € T,N.

The reason why f is required to be closed in Definition 2 is to ensure that f behaves nicely

on the boundary of N; this is shown in the following proposition.

Proposition 4.3.1. Let f : N — R be self-concordant. Let O(N) denote the boundary of N.

Then for any p € O(N) and any sequence of points p;, € N converging to p we have f(p;) — 0.

Proof: The proof is a straightforward generalization of the proof of Theorem 4.1.4 in [57].
For k = 2, 3,..., define X, € T, N to be such that p; := Exp, X} and p, € N. Since f is

convex, in view of (4.7), we have
f(Exp,, tXk) < (1 —1¢)f(p1) +tf(pr) (4.10)

where 0 <t < 1.
It follows from (4.10) that if 0 < ¢ < 1 then

f(Expy, tXi) — f(p1)

= fip) 4.11)
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Ast — 0, from (4.11) we have

f(Exp,,tXy) — f(p1)

f(pr) + lim . — o) aniee e
= f(p1) + (grad,, f, Xi)
= B (4.12)

Therefore the sequence { f(py)} is bounded below by

flor) = f(p1) + (grad,, f, Xx) (4.13)

where we recall that X, € T, N is such that p := Exp, Xj.
Assume to the contrary that the sequence { f(py), k& > 1} is bounded from above. Then it
has a limit point f. By considering a subsequence if necessary, we can regard it as a unique limit

point of the sequence. Let z, = (py, f(px)). Then we have

2z = pr, o)) = 2=1B, 1) (4.14)

By definition, z; € epi(f). However, we have z ¢ epi(f) since p ¢ N. That is a contradic-

tion since f is closed. U
Proposition 4.3.2. Let f; : N C M — R be self-concordant with constants M ot =12and
let o, 3 > 0. Then the function f(z) = af\(x) + B fo(x) is self-concordant with the constant

1 1
My :max{—]\ffl,—]\[h}. (4.15)

wia

Proof: This proof is similar to the proof of Theorem 4.1.1 in [57]. Since f;, i = 1, 2 are
closed convex on N, f is closed convex on NN, which can be easily proved in view of the proof

of Theorem 3.1.5 in [57]. Moreover, for any fixed p € N and X € T,N, we have

IV ilp)| < My (V3 fip):, i=1, 2. (4.16)

Now, consider two cases.
Case One: aV% fi(p) + V% fa(p) = 0.
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Since f, and f, are both self-concordant, we have

Vi fulp) = 0, (4.17)
Vi f2(p) > 0. (4.18)

Therefore from the assumption, we obtain

¥ iy, (4.19)
Vi fa(p) = 0. (4.20)

By the definition of self-concordance, it follows from (4.19) and (4.20) that

Vi fip) =0, (4.21)
% Jolpy—4 (4.22)

Hence, it follows that
V3 f(p)| < Mp(V%f(p)? (4.23)

where M; = max {ﬁ]\{fﬁ \/LB]\JfQ}.
Case Two: aV% f1(p) + BV% fa(p) # 0.
Denote w; = V2 fi(p). Since w; > 0, ¢ = 1, 2 by the assumption, we have

Vi@ aViA®)+ 18V )
(Vf@): ~ [aViA®) + AV ()]
(y]\f[flwlg o /N\If,zwgg
[(le+ﬁw2]% :

(4.24)

Note that the last inequality is not changing when we replace (wy,ws) by (tws, two) with
t > 0. Consequently, we can assume that aw; + Bws = 1. Let £ = aw,;. Then the right hand
side of (4.24) becomes

]\[fz

W

(i 5. (4.25)

|

N

-
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Now, consider (4.25) as a function in § € [0, 1].

This function is convex in € [57]. As a result, its maximum is either § = 0 or £ = 1.

This completes the proof. U

If a function f is self-concordant with the constant My, then the function Mf_Qf is self-
concordant with the constant 1 as can be directly checked by a simple computation. As such, we
assume M = 2 for the rest of this chapter. Such functions are called standard self-concordant.

Consider a function defined on /N:
f:Nc M- R (4.26)

For the simplicity of the analysis in this chapter, we assume that f in (4.26) additionally

satisfies

Assumption 2.
Vxf(p) >0, Vpe N,X eT,N.

Then, the second order covariant differentials can be used to define a Dikin-type ellipsoid
W (p;r) C T,N —foranyp € N,and r > 0,

W(p;r) == {X, € LN | [V, f(D)]"* < r}. 4.27)

Mapping all the elements in IV (p; r) by the exponential map Exp,, yields a subset Q(p; ) of M

where

Qp;r) ={9€ M| ¢=Exp,X,, X, € W(p;r)}. (4.28)
A self-concordant function also has the following interesting property:
Proposition 4.3.3. Vp € N, Q(p;1) C N.

This property gives a safe bound for the line search along geodesics for optimization prob-
lems so that the search will always be in the admissible domain. We need the following lemma

to prove it.

Lemma 6. Let f : N — R in (4.26) be a standard self-concordant function satisfying Assump-
tion 2. For a point p € N and a non-zero tangent vector X € T,N, recall the definitions of
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Exp,tX and Tppx, (1x) in Section 4.2. Let U = {t € R|Exp,tX € N}. Define a function
¢ : U — R as follows

PO Ve el (BRI 2. (4.29)

TpExp

Then, the following results hold:

Lojodd) |< 1;
2. If $(0) > 0, then, (—¢(0), $(0)) C U.
Proof:

1. It can be calculated that

d Z
(b/(f) SF dt [vf—pExpp(t\,)Xf(Eprt)()]
O[VipExpp“X)Xf(Expth)]s/z
3
vaExpp(y_x)Xf(Eprt)()

A 2[prﬁxppux)xf(Expth)]3/2 )

The claim 1 follows directly from the definition of self-concordant function.

2. In view of Proposition 4.3.1, we have f(Exp,tX) goes to oo as Exp,tX approaches the

boundary of N. It implies that the function prExppM)Xf(Exppz‘,X) cannot be bounded.

Therefore, we have

@t} — o0 as ExptX - O(N). (4.30)

Since the function f satisfies Assumption 2, by (4.30), we obtain

U = {t|$(t) > 0}. 4.31)

By the claim 1, we have

o(t) = $(0) — |1, (4.32)
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Combining (4.31) and (4.32), it follows that

(—=¢(0),¢(0)) € U. (4.33)

In the following, two groups of properties will be given to reveal the relationship between
two different points on a geodesic. They are delicate characteristics of self-concordant functions.

In fact, they are the foundation for the polynomial complexity of self-concordant functions.

Proposition 4.3.4. Forany p € N and X, € T,N, such that for t € [0, 1] the geodesic Exp,tX,
is contained in N. Let ¢ = Exp,X,. If f : N — R in (4.26) is a self-concordant function, the

following results hold:

: : : V%, f (D))
2 1/2 P
[VT,,qpr(q)] 2 il i [V‘;{Pf(p)]l/g’ (434)
: , V%, f(p)
Vosadlal= Yl n)i= RSz (4.35)
f(@) = f(p) + Vx, f(p) + [V, £ ()]
—In(1+[V%, f(2)]'/?), (4.36)

where 7,, is the parallel transport from p to q along the geodesic Exp,t X,.

Proof. Let ¢(t) be the same function defined in Lemma 6, where one can see that ¢(1) < ¢(0) +
1. This is equivalent to (4.34) taking into account that ¢(0) = [V% f(p)]""/2 and ¢(1) =
[V2 + f(q)]~'/2. Furthermore,

Tpg Xp

Vo2 dg) — Vx f(p)

1
- /O Vf,,p,xppt,\»,,x,, f(Exp,tX,)dt,
HE
Suh 2 g
= | E e (B ) @37

which leads to (4.35) using the inequality (4.34).
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For the inequality (4.36), notice that:

Jg)l ) Vi, flp)

1
2 / (Vryerm e, % F(EXD,EX) — Vi, f(p))dt
0

t
5 V?xpf(l))
- / {1+ V2 (p)]7?)

i
1
— | Trty 0, S0y X5) = Vi, )
0

dt.

Letr = [V f(p)]'/?. The last integral becomes

1 tr?
dt =7 —In(1+7),
/0 T e e

which leads to the inequality (4.36) by replacing r with its original form.

|

Proposition 4.3.5. Foranyp € N and X, € W(p; 1), let q = Exp,X,,. If f : N — R in (4.26)

is a self-concordant function, then there holds:

V%, f(p)

(1 — [V, F@)]"?) V5, fp) < V2 _x fla) <

_ V%, f(p)
TRV e

£(a) < f(p) + Vi, £(p) — [9%, F )2 — In(1 = [V% F(p)]2),

where 7, is the parallel transport from p to q along the geodesic Exp,t X,,.

Proof. Let 1 (t) be a function defined in the following form:

2

ar
Wity = 7 (Exp,tXp)-

where ¢ € [0, 1].
Since X, € W(p; 1), we have Exp,tX, € N forall t € [0, 1].

ol e

(4.38)

(4.39)

(4.40)

(4.41)
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Taking the first order derivative of ¢, we obtain
d3
WO = [ E,)
198 %o (XD ()
< AVZ . F(Exp RNV e B

pExpp( PEXP (
2
— AV?

F(Exp,(tX,))) 79 (t)

TpExpp (tXp)

Ve x| (EXPR(EX5))) 79(2)

2
t
2 V%, /)
L1tV f(p)]?

(). (4.42)

Here the last part is obtained by applying ¢(1) > ¢(0) — 1 from Lemma 6.
Integrating both sides of the inequality (4.42) from 0 to 1, we have
(1) 1

< : 443
90) = U= VAt @I}y S

(1— [V fD)]2)? <

which is equivalent to the inequality (4.38).
Combining the inequality (4.38) and the formula (4.37), one obtains

; i Vix, f(p)
vaq)(pf((I) e e ./0 2 Pl [Vf),(( f(p)]l/'Z)‘Zdt

Vi, f(p)
T

which proves the inequality (4.39).

Combining this result and using the same technique as that used in the proof of the last
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property, there holds:

i) = Fo) . (o}

i / e (Expthp)dt Ve i)

v
= / { ,TpExppt\pof(Expthp)] — prf(p)} dt

/ vtxpf p)
o t(1—[Vix,f(p)]/?)

[v (p)f(p)]l/z N hl(l 7 [VZ ]))]1/2)'

O
H—|r—l

dt

Il

As such, the inequality (4.40) is obtained by a simple transformation of this inequality. o

Proposition 4.3.6. Let f : N — R in (4.26) be a self-concordant function. For any p € N, and
L i — V‘i’pf(p) < 1, there holds:

(1—7+- )V ,f(P)

3
1
/ Vszxp i pr(Exppz‘,Xp)df
0 DD

Vi, f(p)
< 1B

IA

(4.44)

Proof: In view of the right inequality of (4.38), we have

1
/ Y2 - x, f (Exp,t Xp)dt
0

TpExth,\ P

I

1
|
/0 ﬁvtTpExpthpxp f(EprtXp)dt

: /{3 Vi)
P ) N ()2

4 /1 V%, f(p) >
Jo (1—t,/V3 F(p))?

Vi, f(p)
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Similarly, in view of the left inequality of (4.38), we have

(1-r+ 3V /@)

-1
= / V- v,/ (Exp,tX,)dt. (4.46)
J 0

T,)Exp,,t.\'p <

4.4 Newton Decrement

Consider the following auxiliary quadratic cost defined on T\, M

Nyo(X) 1= 1(0) + Vx () + 5 V%S (p). @47)

Definition 3. Let f : N — R in (4.26) be a self-concordant function. The Newton decrement
Xn(f,p) is defined as the minimal solution to the auxiliary cost function given by (4.47). More
specifically,

Xn(f,p) = arg S0, Ny p(X). (4.48)

Similar to the case in Euclidean space, the Newton decrement can be characterized in many

ways. The following theorem summaries its properties.

Theorem 4.4.1. Let f : N — R in (4.26) be a self-concordant function, p, a given point in

N C M, and Xy, its Newton decrement defined at p. The following results hold:

Hess,(Xn, X) = —Vxf(p), VX € T,M, (4.49)
Vi f () = max{Vx f(p)|X € T,M,V%f(p) < 1}. (4.50)

Proof. Since p is a given point on the manifold M, the claimed results can be converted into

their local representation in Euclidean space. More specifically, consider the following quadratic

function:

l:L‘T

gla) = 5
whére AeRPxRUAT=Abe i cieb (4.51)

Az + bz + ¢,
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Let z* denote the optimal point. Then, the gradient of ¢ at z* must be a zero vector. i.e.,
y' (Az* +b)=0. VYye R™

This is the local representation of (4.49).
On the other hand,

ly'b| = |y'As" |=|yTAVZA 2" |

st

where the equality holds if and only if y = z*. As such,

-
t
max{y bly € R*,y Ay <1} = max{ i ly € R"}

Vy'Ay
— i

This is the local representation of (4.50). Therefore, the proof is complete. O

4.5 A Damped Newton Algorithm for Self-Concordant Func-

tions

Consider now the minimization problem of self-concordant functions on a smooth manifold.

First, let us establish the existence of the minimal point:

Theorem 4.5.1. Let f : N — R in (4.26) be a self-concordant function. Let \;(p) be defined as

follows:

Af(p) == max M forpe N. (4.52)
xXeT,M /Y2 f(p)

Then we have
L Xi(p) = 4/ Vi, f(®),

2. if \f(p) < 1forsomep € N, then there exists a unique point p; € N such that

f(p}) = min{f(p) | p € N}.
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Proof.

2.

1. In view of (4.50), if we fix p, since Vx f(p) is linear and V% f(p) bilinear on X for
any X € T,N, we have

Vi f(p) = max{Vxf(p)IX € T,M, Vi f(p) < 1}

— A M forpe N
XeT,M V,Q*(f(p)
— D (4.53)

Let po be a point such that A\¢(py) < 1. Forany ¢ € N such that f(q) < f(po), from (4.36)

we have
fl@) = fpo) = A(po)[V,,, f(po)]2
+HV%,  f@o) Y2 — (1 + [V f(po)]"/?).
Hence, : 7
@ by ) :
( 2[ x,,oqf(llo?)} ) Sne
V% (o]
Since o
lim —n( 28 ):0,
o0
there exists a constant ¢ > 0, such that
(Ve )]/ < c. (4.54)

Hence these X),,, contained in the compact set defined by inequality (4.54). Consider the
map from the any tangent vector X to its geodesic Exp(.X). This map is continuous by
the definition of geodesic. This indicates the image of compact set defined by inequality

(4.54) is also compact. Therefore, a minimal point exists.

On the other hand, let p* denote a minimal point. Then,

fla) 2 f(p)+ [V, f)]Y? —In(1 + ¥ i
> ) aci g (4.55)

The uniqueness is proved.
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0J
Consider optimization problems of the form
minf: NC M — R. (4.56)
TEN

In general, it is hard to solve (4.56) since the domain of f is an open subset of a Riemannian
manifold. However, if f has nice properties, there exist powerful techniques to solve (4.56). In
this section, we concentrate on the special case of the optimization problem (4.56) when f in

(4.56) satisfies the following assumption.

Assumption 3. The function f in (4.56) is self-concordant, has a minimum and V% f(p) >
0, Vp € N, X € T,N. By scaling f if necessary, it is assumed without loss of generality that f
satisfies (4.9) with My = 2.

Assumption 3 guarantees that f has a unique minimum on N. Let K = {p € N[f(p) <
f(po); po € N} and be compact. Then Assumption 3 implies that there exist &, # > 0 such that

9||X||127 =YV iy = o||X|2 Vpe K,X € T,N. (4.57)

Consider the following damped Newton method for solving (4.56) when f in (4.56) satisfies

Assumption 3.

Algorithm 11. (Damped Newton Algorithm)
step 0: Randomly generate an initial point py € N and compute grad, f. Set k = 0.
step k: If grad,, f = 0, then terminate. Otherwise, compute the Newton decrement X yy. by

(4.49). Then compute

Moo= Vi S(ox), (4.58)
1
U = . 4.59
b 1+ M\ ( )
s e— EXI)pkfk/\'N;\-, (460)

where Exp,,  tXy is the exponential map of the Newton decrement at py.;.

The following theorem establishes the convergence properties of the proposed damped New-

ton algorithm.
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Theorem 4.5.2. Let the minimal point of f(p) be denoted as p*, and p is any admissible point in

Qi)

1. The following inequality holds:
A
V% )V < L (?) 4.61)
where X, € T,N satisfying p* = Exp, Xp,».
2001 xilp) < 1 ithen

8 <UFIilpTis —Nelof= In(l = ONme (4.62)
3. For the proposed Damped Newton Method algorithm, there holds:

[0 floe)i= s lthe ) ) (4.63)

where w(t) =t — In(1 + t).

Broop 1 1k [Vﬁ(pp' f(p)]/? be denoted as r(p). In view of (4.35) and (4.39) we have:

=0 (4.64)
On the other hand, there holds
| Vel flD) < Alo)r(p),

by the definition of A¢(p). Therefore,

Ar(p) >

where 7 can be solved as follows:

which is (4.61).
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2. Based on (4.36) and the inequality (4.61) obtained above, one has:

o= ilp) = Vo Jilp)da(p) = n(l +7(p))
> r(p) — In(1 +r(p)) — As(p)r(p)- (4.65)

Let an auxiliary function g(z, y) be defined as:

g(z,y)=z—In(1+2z) —zy+y— In(l —y),
e = 0,11 > @ = 0

It can be easily checked that
gl 0) == —In{l +z).>0,

and
9(0,y) =y —In(1 —y) > 0.

If there is a point (g, yo) such that g(zo,yo) < 0, this function must have a minimal

interior point. The gradient will be zero at such a point. However, it can be calculated that

dg
—= z0,Y0) e — Yo = 0,
ot \( 0,%0) 1+ 2o Yo
dg 1
.; T = —Tq 1 = =)
()lj |( 0,%0) 0 s Yo

The solution to this system of equations satisfies
(1 —yo)(1 4+ z0) =1.
As such, at the minimal point there holds:
9(z0, o) = To — ToYo + Yo = To(1 — o) +yo > 0,

which is a contradiction. Therefore, the minimum, if it exists, is achieved at the boundary.
Eence:
Do 00 e 0,1 >y 20
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Applying this inequality to (4.65), we obtain the right side of the inequality (4.62).

3. Itis clear that py,1 € Q(px, 1) since

Vimxmf(])k) = [m]z/\f(m)Q <1
Applying (4.40), there holds
, 1 . 1 2 1/2
flper) = e & 1+/\f(])A)VXNkf<pl\) - 1+/\f(pk)[ i ()]
e

=t e Dploe) - IS e

by the definition of A;(px) and the results in Theorem 4.4.1. Therefore, the inequality
(4.63) is proved.
0

Notice that the two functions

A—In(1+X), VA€ (0,+00),

and

Lyl (il e o

are positive and monotonically increasing. The results proved in Theorem 4.5.2 have already
given a set of error bounds for the function f(p) and estimation of the variable point p based on

Af(p). More specifically, the inequality (4.63) implies the following results:

Corollary 4.5.1. For the Damped Newton algorithm, the \;(py) is bounded as follows:
As(pe) = In(L + Ap(pr)) < f(pi) — f(pY). (4.66)

Furthermore, for a given precision € > 0, the number of iterations, denoted as N, required such

that \;(py) < € is less than or equal to %

Theorem 4.5.3. Consider the optimization problem in (4.56). If the cost function f : N — Rin

(4.56) satisfies Assumption 3, then Algorithm 11 converges to the unique minimum of f.
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Proof: If Algorithm 11 terminates after a finite number of iterations, then there exists a finite

number k& such that
grad, f =0. (4.67)

Hence, Algorithm 11 converges to the unique minimum of f.
Otherwise, let K = {p € le(p) < f(po)} where po denotes the initial point. Let p* be the
solution of (4.56). Then for any p € K in view of (4.36), we have

f() = f(0") + (V. f(0)]7) (4.68)

where X,» € T,N such that p* = Exp(X,,-) with the distance d(p,p*) between p and p*

defined as
dip,p" )= |||l (4.69)

It follows from (4.68) that

N|=

w([V%,,. fP)]2) < f(0) — () < f(po) = (). (4.70)

Note that w(t) is strictly increasing in ¢. Therefore,

N=

V%, . f(p)]2 <t @.71)

where ¢ is the unique positive root of the following equation
w(t) = f(po) — f(p%). (@92
In view of (4.57), we have
[V, F@)]2 2 VOI| Xppe . (4.73)
Joining (4.69), (4.71) and (4.73), we obtain

d( (4.74)

t
a*g_'
B o
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Thus, K is closed bounded and hence compact.

In view of (4.63), we have
fors1) < flpr) — w(e)- (4.75)

Summing up the inequalities (4.75) for k = 0 ... N, we obtain

N
Y " w(M) < flpo) = flows1) < Flpo) = (), (4.76)

k=0

where p* is the solution of (4.56). As a consequence of (4.76), we have
w(A) — 0as k — oo, 4.77)

and therefore A\, — 0 as k — oo.
By (4.57) and (4.58), it follows from (4.77) that

Xne — 0as k — oo. 4.78)

Therefore, the theorem follows. O

4.6 Conclusion

This chapter reports our effort to generalize the definition and known results for self-concordant
functions in Euclidean space to manifolds. It lays a comparative solid foundation to facilitate the
construction of barrier functions for interior-point algorithms on manifolds.

For the proposed self-concordant function defined on a general class of smooth manifolds, a
number of desirable properties are obtained. These include the feasibility of a Dikin-type ellip-
soid and several inequalities that characterizes the similarity between self-concordant functions
and quadratic functions along the geodesics of the manifold in various inequalities. Under the
convexity condition on manifold defined by second order covariant differential, it is also shown
that the optimal solution is global.

A Newton decrement is defined for this specific class of functions. This concept is analyzed

in regards to the relationship between first order covariant derivatives along Newton direction and
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along general direction, and to the maximal ratio of the norm of first order covariant derivative
and that of second order derivative. The later facilitate the definition of the index A;(p). With
those theoretical preparation, the existence of global optimal solution is shown when A¢(p) < 1

holds for a point p.

A damped Newton algorithm is proposed to guarantee the convergence to the minimum of a
self-concordant function.



Chapter 5

Damped Conjugate Gradient Methods on

Riemannian Manifolds

5.1 Introduction

Background For the optimization of self-concordant functions in Euclidean space, Nes-
terov and Nemirovskii [58] developed a damped Newton method. Then, to reduce the compu-
tational cost, we present a damped gradient method and a conjugate gradient method. On the
other hand, the notion of a self-concordant function has deep roots in geometry. In Chapter
4, self-concordance has been defined on Riemannian manifolds and the corresponding damped
Newton method is proposed. As a result, they can provide guidance for the construction of ef-
ficient interior-point methods on smooth manifolds. However, the Newton-based method, on
Riemannian manifolds as well as in Euclidean space, has a main drawback as a numerical opti-
mization method. It is that in order to obtain the Newton descent direction, a linear system has to
be solved at each iteration, which increases the computational cost. Alternatively, the conjugate
gradient method can converge to the solution super-linearly without solving a linear system. In
[67], Smith generalized the conjugate gradient method on Riemannian manifolds, which uses the
exact geodesic (like a line in Euclidean space) search method to find the step-size. However, the
geodesic search is only accepted in theory since it is often hard to compute in practice. There-
fore, due to nice properties of self-concordant functions, we are motivated to develop a damped
conjugate gradient method with a novel step-size rule for the optimization of such functions on

Riemannian manifolds.

Our work  Our method provides an explicit step-size rule based on the conjugate gradient

70
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method. It is proved to converge to the optimal solution of a self-concordant function. The main
advantage of our method is that it only uses the first and second covariant derivatives of the cost
function without the need of computing a linear system. In each step, the complexity of our
method is O(n?) instead of O(n?) for the damped Newton method, where 7 is the dimension of
the Riemannian manifold.

Chapter outline The rest of this chapter is organized as follows. We will review the conju-
gate gradient method developed in [25] for optimization of cost functions on Riemannian mani-
folds in Section 4.3. Then in Section 5.3, the damped conjugate gradient method is proposed for
optimization of the self-concordant function on Riemannian manifolds and it is proved that this
method converges to the minimum of the self-concordant function. At last, we finish this chapter

with a conclusion in 5.4.

5.2 Conjugate Gradient Method On Riemannian manifolds

Let M denote a smooth n-dimensional geodesic complete Riemannian manifold with Rie-
mannian inner product (-, -), on the tangent space to p € M. We consider optimization problems

of the form

min f : M — R. (&.10)

xeEM

In this section, we review the traditional conjugate gradient method on Riemannian manifolds
proposed by Smith [67] to solve (5.1). One of the conjugate gradient algorithms to solve (5.1)

goes as follows.

Algorithm 12. (Conjugate Gradient Algorithm)
step O: Select an initial point py € N, compute Hy = Gy = —grad,,, f, and set k = 0.

Step k: Ifgr‘dd)pk = 0, fh(:'ll t(,’rnli”are. O[h(’) H)I.SE', ('()"l[)llf()
f}- — l- ’ E"I lH- 5 ;2
1{1 11}? ( X )I 2 A) ( )

such that Exp,, tHy. € N.
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Figure 5.1: Conjugate gradient direction on Riemannian Manifolds

Then set

per1 = Exp, 6 Hy, (5.9)

Gl = —gradpk“f, (5.4)
i (G

g Loty (5.3)
<Gk7Hk>Pk

Hiioi = Graa v Ve 1Tt Hes (5.6)

where Ty, ., is the parallel transport with respect to the geodesic from py 10 pry1. If k+1

mod n — 1 =0, set H. 1 = Gy. Increment k and repeat until convergence.

Figure 5.1 sketches the conjugate gradient algorithm on a curved space. We select the conju-

gate descent method to determine y;; other choice is possible:

<Gk+lv Gk+1>m~+1
(G, Hic)p,

il = (5.7

The above algorithm uses the geodesic search to find the optimal step-size. However, in
general, the geodesic search is only accepted in theory because it is often too hard to compute
in practice. Since self-concordant functions on Riemannian manifolds has nice properties, we

are motivated to introduce a novel step-size rule based on the conjugate gradient method for
optimization of such functions.
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5.3 Damped Conjugate Gradient Method

Let M denote a smooth n-dimensional geodesic complete Riemannian manifold with Rie-
mannian structure g. Throughout this chapter, f denotes a real-valued function defined on an
open convex subset NV of M. Recall that, a subset NV of M is convex if for any p,q € N, the

geodesic connecting p and ¢ is a subset of N. Consider optimization problems of the form
min, f: N C M — R. (5.8)
SN

In general, it is hard to solve (5.8) since the domain of f is an open subset of a Riemannian
manifold. However, if f has nice properties, there exist powerful techniques to solve (5.8). In
Chapter 4, the case when f is self-concordant on Riemannian manifolds is considered. In this
section, we focus on the special case of the optimization problem 5.8 when f in 5.8 satisfies the
Assumption 3.

In this section, a damped conjugate gradient method for optimization of (5.8) is presented
when f satisfies Assumption 3.

Suppose we are at a point p; at time k. Given an appropriate step-size ¢, and conjugate

gradient direction H), defined in (5.6), the conjugate gradient method sets py,, = Exp,, t, Hj.

Pk

From (4.40), provided p;,1 € W (pg; 1), we have

Blor) — foeey) = Vo m floe) + [ka_ka(pk)]l/z
+In(l — [VZ 4, fEe)]Y?). (5.9)

We propose choosing ¢, to maximize the right side hand in (5.9). Later in Theorem 5.3.1,
it is proved that such a strategy guarantees convergence to the minimum of the cost function.
Initially, we assume that V, f(px) < 0. Later, in Lemma 7, it is proved that this assumption is
correct. Hence, ¢, is required to be positive.

The right side of (5.9) is of the form () where ¢)(f) = at + In(1 — (Bt) with a =
~Vu, f(pr) + 1/ Vi, f(pr) and = V4, f(pr). Note that 3 will be strictly positive if we
are not at the minimum of f. Therefore, v is deﬁned on the interval [0,1/3). If t, € [0,1/3),
Pr1 € WO(py) as required for (5.9) to be a valid bound.
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Differentiating () yields

ey f sl g /[j

e = Q_l—,/)’t‘

, 3

‘7” : = Bl N e I 0’

showing that ¢(t) is concave on its domain [0, 1//3). It achieves its maximum at

a— 0
= ,/ d
(l’,/j
et Ny — :—M Substituting o and /3 into ¢, we obtain
Vi f(ex)
Ak

t = :
(1 + M)/ Vi f(pr)

Therefore, the proposed damped conjugate gradient algorithm for (5.8) is as follows.

Algorithm 13. (Damped Conjugate Gradient Algorithm)

step 0: Select an initial point py € N, compute Hy = Gy = —grad, f, and set k = 0.

step k: If grad,, f = O, then terminate. Otherwise, compute

S ~Vu, f(pe)

e e ————————— 5
Vi, f(or)

1‘,;1- = /\k 3
(14 M)/ VE, f(pr)

per1 = Exp, tHy,

Gk‘H o —gradpk“f,

" i <Gk+lv Gk+1>Pk+1

=il = )

<Gkv Hk>l)k

Hk+1 = Gk+1 T ’Yk+lTpk1;k+1Hk’

(5.10)

(5.11)

(5.12)

(5.13)

(5.14)

(513
(5.16)
(518

(5.18)
(519}

where T, p, ., is the parallel translation with respect to the geodesic from py to prir. If k + 1

mod n — 1 =0, set Hy1y = Giy1. Increment k and repeat until convergence.

The convergence of Algorithm 13 is demonstrated in Theorem 5.3.1 with the help of Lemma
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7, 8 and 9.

Lemma 7. Let the cost function f : N — R in (5.8) satisfy Assumption 3. Assume pq is such
that grad,, f # 0. Then either 1) Algorithm 13 terminates after a finite number iterations if
gradpkf = 0 at a certain k, or 2) Algorithm 13 generates an infinite sequence {py.} of points
(That is, there are no divisions by zeros) if zero gradient never encountered in the iteration and
moreover, Vk, Vy, f(px) = (grad, f, Hy),, <0.

Proof:

1. If Algorithm 13 terminates, it means that there exists a finite number & such that

grad, f =0 (5.20)

2. If Algorithm 13 generates an infinite sequence {p;} of points, it implies that for all &
grad,, f # 0. (521

The further proof is by induction. Since we reset the conjugate direction to the negative
gradient every n steps, without loss of generality, we only consider the first n steps. When

k=0, Hy = —grad, f. Then we get

Vi, f(po) = (grad, f, —grad, f)p, = —nga‘dmflﬁn < . &22)

Assume that Vi, f(px) = (gradfy,, Hi)p, < 0 forsome k < n — 1. It implies that py; is
well defined. Then we obtain
Ak
(1 + M)y / Vi, f(px)
‘“VHk f(])k)

= : 5.23)
(=Y fpe) + [ Vi, f (00))y/ V3, f (1)

e =
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Moreover, we have

Vrpk,,kHka(PkH)

kaf(pk) S vakpk+1ka(pk+1) T kaf(pk)
Vrpkpmka(PkH) ~ Vi, f(pr)

Vau, f(or) + IS Vi, f(pr)
e m.f Oy — Vg or)
PkPE 41 \V ;
(1 Vi, f(or) > i )
orV i, f(Pr) (5.24)

where 7, ,, ., is the parallel transport with respect to the geodesic from pj to pg4 and

pkpps1 Hif Pr+1) =V iy f ()

v
pr =1+

Furthermore,

Vitg Jo0)

Vi ow sl d W) — Vaa, flor)
1
Syl Vi f(Exp,, tt,Hy)dt (525

o tr T, Hy,
tl\ 0 k pkExppkaHk k

V?kaf(Pk)
tr(1 — try/VE f(pr))
th?ﬁf(Pk)
1=t V%{kf(l?k)
= ~Vu fipe) (5.26)

where the inequality is obtained from (4.44) and the last equality by substituting .

Since Vy, f(pr) < 0 by assumption and V roernen B L Ora1) — Vi, fpe) > 0 by (5258

we have

0>

Vo coiss Had \Dcii )= o (02 ) 5 —Vu, f(pr) il

As such, we obtain

Vi f(pr) = Vi flps)
(5.27)

g i (5.28)
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i i 3 s (GG ) lgrad, . fIIZ
For the conjugate gradient algorithm, since v, = (G'k-Hmk“l = ~V¢;21f<m-k)“ ;
have
Vi, S Des1)
- <gl"ddpk+1f, Hk+1>17k+1
e <gra‘dpk+1f’ _gradpm,l o Vi+1Tprpria Hk>])k+1
lgrad,,,,, fl2
e 2 Prt1 llpy
i —HgladelmeH A —Vll:f(ﬁl)k) - TPA-PI\-+1ka(pk+1)
= —llgrad,,,, fll,,, — pellrad,,,, fIl5,,.,
= —(1+ p,y\.)||p;radpk+l_)"H;Z)kH =0 (53:29)
Similarly, we can prove for all £,
V}[kf(])k) — <gl"d(1pkf, Hk>pk < (0) (5.30)
As a result, we complete the proof of Lemma 7.
U

Lemma 8. Let {p,} be an infinite sequence of points generated by Algorithm 13 where the cost

function f : N — R satisfies Assumption 3. Then:
ISk s N

2, M mwerel, == O dizn N = 0

Pk+1
3. Ifgrad,,  f #0, then f(pri1) < f(pr) +w(A) < f(px) where w(t) =t —In(1 +

Proof:

1. From the earlier derivation, it was already proved that
Prr1 € W(pk)

Therefore, from Proposition 4.3.3 and the fact that py € NV, it follows that p;, € N.

f).

(9.31)
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2. Since grad,, ., f # 0, it follows from Lemma 7 that Vy, f(px) < 0. Then, it implies that
Ar > 0 by the definition of A.

3. Substituting ¢ into (5.9), we obtain
f(ors1) < fpr) — w(Ae) (5:32)
where w(t) =t — In(1 + t) > 0 since A\x > 0 by 2.
O

Lemma 9. Let {p,} and {H}} be infinite sequences generated by Algorithm 13 where the cost
function f : N — R satisfies Assumption 3. If gradf,, # 0, then for all k

Bl I, 3
HgladelprHl Hgladp;\pr;\ ||gra‘dpkf||12)k

(5:38)

Proof: First we consider the iterations when &£ + 1 mod n # 0. Note that from (5.24) and
the inequality (5.28), we have

(M floeel) o L) foradd, . Bl 10
= ”gladpkﬂf”m“ (5:39)

V

Moreover, in view of (5.17), (5.19), (5.24) and (5.29), we have

[perasyi

Pk+1
= ” e gladpk+1f R ’7k+1TPkPk+1H’~”pkH

“ m+1f|lmn

5 llgradpk+1f|lpk+l (v kf( )) || PAPI\HH’\I|pk+1

|,g1adpk+1f||l7k+1
Va, f(pr) roamy 1 Hi S (Prt1)
2 2

”gl‘ k+1f k41 2
SN RS e L AT

25 2’0’”||gradpk+1f”m+1

||gr Pk+lf“17k+1
lgrad,, 13,

IN

3lgrad,,,, fllp,,, + | Hll2, (5.35)



§ 5.3. Damped Conjugate Gradient Method 79

Dividing both sides of (5.35) by [|grad,, , f||3 . we obtain

Pk+1
|l I Hil, -
i Y : . . (5.36)
ngadelprHl ”gla'dp,\,prk+1 Hgla‘dpkf“pk

Now, we consider the iterations when k£ + 1 mod n = 0. In these iterations, we reset the

conjugate direction to the negative gradient. Therefore, we have

HH"""IHIQ?H] 36 1
ngadpk+1f||gk+l nga‘dpkq 1‘f|lgk~¢1
Ll 3 o
lgrad,, fll5, ~ llerad,, ., F13,
As a consequence, this lemma follows. U

Theorem 5.3.1. Consider the optimization problem in (5.8). If the cost function f : N — R in

(5.8) satisfies Assumption 3, then Algorithm 13 converges to the unique minimum of f.

Proof: If Algorithm 13 terminates after a finite number of iterations, then there exists a finite

number k such that
grad,, f = 0. (5.38)

Hence, Algorithm 13 converges to the unique minimum of f.
Otherwise, let K = {p € N‘f(p) < f(po)} where py denotes the initial point. Let p* be the
solution of (5.8). Then for any p € K in view of (4.36), we have

[SIE

f(p) = f(*) + w([Vx_.f(®)]?) (5.39)

pp

where X,,- € T,N such that p* = Exp(X,,-) with the distance d(p, p*) between p and p*

defined as
d(p,p*) = (| Xpp+lp- (5.40)
It follows from (5.39) that

w([Vi . f@)]?) < f() — f(") < Flpo) — F(p"): (5.41)
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Note that w(t) is strictly increasing in ¢. Therefore,

<t (5.42)

=

V%, f ()]
where { is the unique positive root of the following equation
w(t) = f(po) — f(p")- (5.43)

In view of (4.57), we have

[Vpr*f(p)]% Z \/EH‘X’pp*HP' (544)

Joining (5.40), (5.42) and (5.44), we obtain

t
d(p,p*) < ﬁ (5.45)

Thus, K is closed bounded and hence compact.

By (4.57), (5.14) and (5.29), we obtain

— Vi, f(pr)

V%ka(l)k)
L (Ut pe)lrady, f12,
% val|Hellp,

lerad,, 711, o
\/a”Hkak :

=

From Lemma 8, we have
f(Pri1) < for) — wAe)- (5.47)

Summing up the inequalities (5.47) for k = 0... N, we obtain

N

wa) < f(po) — fpn11) < flpo) — f(p*)

(5.48)
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where p* is the solution of (5.8). As a consequence of (5.48), we have
> " wM) < +oo. (5.49)
k=0

Assume lim infy_. ||grad,, f|l,, # 0. Then there exists d > 0 such that ||grad,, fll,, > d

for all &£. Therefore, it follows from Lemma 9

1l IHil; 3

Pi Pi—1

“gra’dp,f”4, il ||gra‘dp,_1fH;1h—1 ”grﬂ‘dfpz—l ||21,1 .

Adding up the above inequalities for i = 0, ..., k, we get

Pk

nga(ll))\-f”[l)k i ’|gra(lp()-f|‘}l)o ([2

|| Hill; 1 Holly, 3k
-

| Holl3, 6 1
llgrad,, fll3, llgrad,, fII3,

. Then it follows from (5.51)

Leta:%andbz

nga(lpk.fn:ll)k > 1
B2 o e b

Pk

Combining (5.46) and (5.52), we obtain

(65
Vg

“ Vka+b

S i
where ¢ — T
o4

Let {3} be a sequence such that 3, = —==. Then it is easy to show

f:/j’z, = JFoOL
k=1

Consider the sequence {w(/3)}. Since a, b, ¢ are constant, we have

L G dnl ood)E e
o i

(5.50)

(5:51)

(5:32)

{5.59)

(5.54)

(©:95)
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It follows from (5.54) and (5.55)

Zw(/ik) = =00

(0.0]
k=

(e

Since w(t) is increasing with respect to ¢, by (5.53) and (5.56) we obtain

Y wMe) = +o0

(e.¢]
k=

[

which is contradictory to (5.49). Therefore, we have
lim Alﬁrfx} lgrad,, fllp, = 0.

Hence, the theorem follows.

5.4 Conclusion

(5.56)

(5.57)

(5.58)

In this chapter, we propose a damped conjugate gradient method for optimization of self-

concordant functions on Riemannian manifolds. Such method is an ordinary conjugate gradient

method but with a novel step-size selection rule which is proved to ensure that this algorithm

converges to the global minimum. The advantage of the damped conjugate gradient method

over the damped Newton method is that the former has a lower computational complexity. Both

methods are applied to examples in the next section and shown to converge to the minimum of a

self-concordant function.



Chapter 6

Application of Damped Methods on

Riemannian Manifolds

In this chapter, we apply the damped Newton method in Chapter 4 and the damped conjugate
gradient method in Chapter 5 to three examples.

In the first example, the cost function is defined on the hyperbola model and proved to be
self-concordant.

In the second example, the cost function is defined on the part of the sphere and proved to be
self-concordant. Hence, it can be thought of as a barrier function on the given domain.

In the third example, given some points py, ..., px on the Hyperboloid model /7, the prob-
lem is to find the point on /,, which minimizes the mean squared intrinsic distance to every point
of p1, ..., pr. This minimum is also known as the “Karcher mean”, first introduced in [42]
as the centre of mass on a Riemannian manifold. The methods to find the “Karcher mean” on
Riemannian manifolds have been well studied. For instance, see [55, 2]. However, the problems
in [55, 2] are defined on Riemannian manifolds with positive curvatures. Even though these
methods can still be used to find the “Karcher mean” on Riemannian manifolds with negative
curvatures, until now, we are not aware of the particular method based on the properties of nega-
tive curvatures. In [42], it is shown that the “Karcher mean” function defined on the Riemannian
manifolds with negative curvatures is convex. By this result, since the Hyperboloid model has
constant negative curvature, we proved that the “Karcher mean” function defined on this model is
self-concordant. Simulation results show our method converges to the “Karcher mean™ of given

points on the Hyperboloid model super-linearly.

83
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6.1 Example One

Consider the following optimization problem:

minimize - f (@) i — i Fao
subjectto:’  zy 25 > 0,2 =12, T =
where H is a hyperbola satisfying x,2o = 1. Let T, H be the tangent space of H at z, i. e,

T.H = {ahlh = (—z1,72)T,a € R}. Forany z = (z1,29)T € H, hy = a(—x1,73)T € T,H

and hy = B(—x1,72)T € T, H where o, § € R, the Riemannian metric is defined as
(h1, ho)z = af. (6.1)
Then, the geodesic on the hyperbola can be calculated as:

Bxp X — A% (6.2)

—at

, 0
Where A= (e t) and X = ah € T, H. Hence, covariant differentials can be calculated

F e
as follows:

Vxfle) = lil=si -t o
il = s
o e

It can be seen that V4 f () is positive definite. Then

= <1 (6.3)
As such, f(x) is a self-concordant function.
Now we can apply the proposed damped Newton algorithm.

Algorithm 14. (Damped Newton Algorithm)

step 0: randomly generate a feasible initial point z°.
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Step k X f(x) A(z)

0 (6.0000,0.1667) | 6.1667 2

1 (0.2525,3.9601) | 4.2126 | 2.3490
2 (2.9852,0.3350) | 3.3202 | 1.8064
3 (0.4208,2.3762) | 2.7971 | 1.4545
4 (1.9173.0:5216) | 2.4389"(¢1.1692
5) (0.6487,1.5417) | 2.1903 | 0.8938
6 (1.2471,0.8018) | 2.0490 | 0.6034
7 (0.9379,1.0662) | 2.0041 | 0.3111
8 (1.0057,0.9943) | 2.0000 | 0.0906
9 (1.0000,1.0000) | 2.0000 | 0.0081
10 (1.0000,1.0000) | 2.0000 | 0.0001
11 (1.0000,1.0000) | 2.0000 | 0.0000

Table 6.1: The simulation result for Example 1

step k: calculate the k-th step according to:

1
. k=1, k-1
= S e
Z 1 A (z51)
where
o 1 ak—1
e 14+ A(zk—1) ()
Akfl e
— 7 SRR
0 el (zk=1)
=iy k=1 =1y _. 9
Mo — \/(1,1 + 25 )
wEeiy s
k—1 E T | 2 el
N R e
G A

The simultaion result is shown in Table 2.

6.2 Example Two

Consider the following simple optimization problem:

min f(z) := —In(x;29)

subject to: w5 0o =iz z) €S
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where S! is unit circle. We define a Riemannian metric as the induced metric from the ambient
Euclidean space. Let z € S* and h € T, S" have unit length. Then the geodesic on the unit circle

is Exp,th = x cos(t) + hsin(t). Hence, the following covariant differentials can be calculated:

b h,l }212
vhf(‘l/) = I T
: R
Vif@) = g+ 2+2
Ty 5
A b <h ey
3 1 1 2 2
S = === TR = gp =
Vif(z) (:1:‘]‘ o T i i Lz)

It is obvious that V3 f(z) is positive definite.
Letz € S' and h € T, S" and ||h|| = 1. Notice that h = (—x2, 1) or h = (x4, —x;). Therefore,

(V'flf(yr))2 4(%+%+_§+111)
Tl L < 4. (6.4)

As such, f(x) is self-concordant function. Now the damped Newton algorithm proposed in this

paper becomes:

Algorithm 15. (Damped Newton Algorithm)
step 0: randomly generate a feasible initial point x,.

step k: calculate the k—th step according to:

ot o, e [ Xn|
T CcOs ar S11 A
Tt ) e
where
L i xl'té(rf 2] —xiTe + P )T
g5+ aied tai(l+ad) ol toms Pt oY)
and

X2 A
o= Y
\/ [ Xnllat ([ Xnllz3

The following figure is a simulation result with the initial point (0.4359,0.9000)7. It demon-

strates the quadratic convergence of the proposed algorithm. Now consider the following opti-
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L L L L L L L s
2 4 6 8 10 12 14 16 18
Iteration Number

Figure 6.1: The result of damped Newton method for the self-concordant function defined on the
circle

mization problem:

min f(z):= —lnz; —--- —lnz,,
\ R e =
subject to : ( n) (6.5)
Oip el e
where S™! is the unit sphere with 7z = 1. Here, we define a Riemannian metric as the

induced metric from the ambient Euclidean space, i.e. (y,z) = y’z where y, z € T,,S""!. Let
¢ € S™'and h = (hy, ha,. .., hy) € T,S% ! have unit length (if not, we can normalize it).
Then, the geodesic on the sphere is Exp,th = zcos(t) + hsin(t), and the parallel transport
along the geodesic T7h = h cos(t) — x sin(t). Therefore, the following covariant differentials can

be calculated:

hrl hq h’n
v T =S e e e e e A ey
h.f( ) x1 T Ty
: R B2 h?
v L O TSR e SR e SRR e (AR )
B b hs he
wf(x) (I? 7 o IS Ty s .'1.'”)

The following procedure is to prove that the function f is self-concordant defined on S,
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10g10d(x,x )
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il 2 3 4 5 6 7 8 9
Iteration number

Figure 6.2: The result of damped Newton method for the self-concordant function defined on
high-dimension sphere

It is obvious that for any h € 7,5, the second covariant differentials V7 f(z) are always

positive.

ILet Yi== i

1‘17

Then, we have

coag U =

hy

E

ba y = (0 o )5 ==((08 5% Lz & 1050 ol

Yo
Vi I(z))?
W+, .+ i+ )
i)

il L) o T e

(lad = Hebiv d (02 S

Uyisears o)
(e ek e )
4 (6.6)

s

Therefore, the function f is a self-concordant function defined on S™ ! with My = 2.

We apply damped Newton and damped conjugate gradient algorithms to this problem. In
particular, n = 10. Figure 6.3 illustrates the result of the damped Newton method on function f.

This result also demonstrates the quadratic convergence of the damped Newton algorithm.

Figure 6.3 illustrates the result of the damped conjugate gradient method on function f. This

result also shows the superlinear convergence of the damped conjugate gradient method.
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log10d(x,x)

A— Gradient Method
210k —*— Damped Conjugate Gradient Method

Iteration number

Figure 6.3: The result of damped conjugate gradient method for the self-concordant function
defined on high-dimension sphere

6.3 Example Three

In this subsection, we consider the problem of computing the center of mass of a set of given
points defined on the hyperboloid model. Before defining this problem, we first introduce the

geometric properties of the hyperboloid model. In R™*!, consider the following quadratic form

Q

n

Qz) = — Z ok B (6.7)
=
Let A = diag(—1,—1,...,—1,1). Then Q) can be represented in terms of A by
e
Q(z) = 2T Ax. (6.8)

Given this quadratic form, the upper fold /,, of the hyperboloid is determined by the formula
1. — e c REHBII— 1, 5y >0) (6.9)

The set I,, can be regarded as a differentiable hypersurface in R™*! since it is an open subset

of the pre-image of a regular value of a differentiable function. In particular, it inherits from
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R™*+1 a differentiable structure of dimension n. For any z € [I,,, the tangent space 1.1, is
L ={X cR s AX =0 (6.10)
For any = € I,,, we define a Riemannian metric on the tangent space of = by
Y. =X Ay e cgn (6.11)

Given a point = € [,, and a non-zero tangent vector X € 7)1, the geodesic emanating from

2 in the direction X is given by [6]

1
Exp,tX = zcosh(6t) + éXsinh(Ht) (6.12)

where § = / XT(—A)X.
The intrinsic distance between x € [, and y € I,, on this hyperboloid model is given by [73]

d(z,y) = arccosh(z” Ay). (6.13)

Recall that arccosh(t) = In(t + v/t? — 1) for ¢t > 1. Since d(z,y) > 0, we can expect that
xTAy > 1 holds for all z, y € I,,. Since we require this result elsewhere, we prove it from first

principles.

Proposition 6.3.1. For any two points x,y € I,,, there holds

i Ay > 1, (6.14)

Proof: Since x,y € I,,, we have
e e = A (6.15)
— -y = —y2 4t = 1. (6.16)

Letp=zx{+23+---+22andgq = Yi+y2+ - +y2. Since 2,1 > 0and ypqg > 0, it
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follows from (6.15) and (6.16) that

il i = 1+ p, (6.17)
Ynt1 = - (6.18)
Then, we obtain
fTAy = S DS o DR S 0 St i U
= eIl Sy T L
=/ It atpg = g
> 3L+ 2PGFpg - g
= 1+ VRl
= 1. (6.19)
O
Consider the following optimization problem
1 o .
algll}éllnf( )= EZd (p, pi) Zal((osh (p" Apy) (6.20)

p=il o=il

where p; € I,,, + = 1,...,m. The solution of (6.20) is called the Karcher mean [42] of the given
BOINLSz ey
By computation, we obtain the first, second and third covariant derivatives of the cost function

dup c I, i the direction H € 1,1, by

- XT Ap;
Yalip)o = 4 arccosh(p” Ap;) , ; (6.21)
; o I
D L) - (98 )
s ;[@TAB)?—l
B T A B AR
o arccosh(pTApi)p ol s flpl) 1]}, (6.22)
(AR - 1)}

Vo flp) =

0 XT Ap; g (XT Ap;)? }
Z[ pTAP)2 —1): ((pTAP)? —1)3

(3p” Ap; (p™ Ap? — 1)5 — arccosh(p” Ap;) (2p" Ap? + 1)) (6.23)
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where § = \/HT(—A)H and X = H/6.
By Theorem 2.1 in Page 111 in [71], since /,, is simply connected, complete with negative

sectional curvature, the function f(p) in (6.20) is strictly convex. Hence, this implies that for all

me land Hre T.1,
il (6.24)
For any p € I,,, the gradient grad,, f of f is given by
grad,f = (kT Ap)p — k (6.25)

where k = Y | arccos(e? Apip:
v (T (=A)p;)*-1

To prove that f in (6.20) is self-concordant, we need several auxiliary inequalities.
Proposition 6.3.2. For any x > 1, the following inequality holds.

1.

arccosh(z) < vVz? — 1 < zarccosh(x) (6.26)

where the equalities hold only at x = 1.

3zv/z? — 1 < arccosh(z)(22* + 1) (6.27)

where the equality holds only at © = 1.

(3zva? — 1 — arccosh(z)(22* + 1))? < 4(2? — 1)(zarccosh(z))? (6.28)

where the equality holds only at v = 1.

Proof:
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I. Let g(z) = v/a? — 1 — arccosh(z) where z > 1. Then it can be calculated that

1 1
e 2 —1 ]
® =1
— — (6.29)
Therefore, when z > 1, we obtain
glx)>8 (6.30)

Thus, g(x) is monotonically increasing with respect to z when = > 1. Since g is continuous

onz and g(1) = 0, we have
g(z) = g(1) = 0. (6.31)

Hence, it follows from (6.31) that
arccosh(z) < vz? — 1 (6.32)

where the equality holds only at z = 1.

Similarly, we can prove that
vx? — 1 < zarccosh(z) (6.33)

where the equality holds only at z = 1.

2. Let g(z) = 3zv/22 — 1 — arccosh(z)(222 + 1) where 2 > 1. Then it can be calculated

312 DA
! — S — - — 4xarccosh(z
g(@) vz —1 +r2-1 (@)

= 4(v/z? — 1 — zarccosh(z)). (6.34)

In view of (6.26), we obtain

glz) <0 (6.35)
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wherea s

Thus, g(z) is monotonically decreasing with respect to z when x > 1. Since g is continu-

ous on x and g(1) = 0, we have

ola =g —0 (6.36)
Hence, it follows from (6.41) that
3zv2? — 1 < arccosh(z)(22° + 1) (6.37)

where the equality holds only at z = 1.

3. Let g(z) = (3zv/22 — 1 —arccosh(z)(2z2+1))% — 4(z? — 1)(zarccosh(z))? where > 1.

Then it can be calculated

g (z) = 8(3zvz%—1— arccosh(z)(2z® + 1))vz2 — 1
+ arccosh(z)(2zrarccosh(z) — 4z%vz2 — 1). (6.38)

By (6.26), when z > 1, we obtain
2zarccosh(z) < 4x?v/x? — 1. (6.39)
In view of (6.27) and (6.39), since arccosh(z) > 0 when z > 1, we have

g'(z) < 0. (6.40)

where ©z > 1.

Thus, g(z) is monotonically decreasing with respect to = when z > 1. Since g is continu-

ous on z and g(1) = 0, we have

g9(z) < g(1) =0. (6.41)
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Hence, it follows from (6.41) that
(3zv/2? — 1 — arccosh(z)(22” + 1))® < 4(2® — 1)(zarccosh(z))? (6.42)

where the equality holds only at z = 1.

U
Without loss of generality, now we consider the following optimization problem
; i 1 T
min & dolek= 5(13 (2, Pl — iar(*cosh(p Apo)
Shl p € I, (6.43)

where py € I, is given. Similarly, we obtain the first, second and third covariant derivatives of

fo as follows.

- XT Ap,
Viufo(p) = 6arccosh(p” Apo) - ‘ : (6.44)
VT (A)pe)® — 1
XTAPO)2
2 e 62 (
vaO(p) |:(])TAPO)2 g
i i IA Qi X'TA 200
+ arccosh(p’ Apo)p Apol(p ,{)0) ( 3p0) 1]] ! (6.45)
(et ARy — 1)z
Viih(p) = 93{ XTApy __ (XTApo) J
: (PPAR) —1)3  ((@TAR) - 1)
(30" Apo((p" Apo)* — 1)2 — arccosh(p” Apo) (2(p" Apo)” + 1)),
(6.46)
where § = \/HT(—A)H and X = H/6.
Lemma 10. Given any p € I,,, and H € T,1,, the following result holds:
(/YTA])O)Q S (pTA])())2 —1 (647)

Wherel — ./ HT(- AVH X — H/0and X =0 if H = 0.

Proof: For simplicity, let B = p” Apy. If H = 0, since p” Ap, > 1 by Proposition 6.3.1, we
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have
B 1> 0 =X ). (6.48)

Otherwise, consider two cases here.

Case one: p = po. Then we have B = 1 and X7 Ap, = 0. Consequently, we obtain
BYE L > = X TApg 2. (6.49)

Case two: p # po. Then we have B > 1 and X7 Ap, # 0. Let v(t) denote the geodesic
emanating from p in the direction H. Then we have ¥(t) = Exp,tH = pcosh(6t) + Xsinh(6t)
where 0 = \/H"(—A)H and X = H/6. Consider the function f; in (6.43). In view of Equation
(1.2.2) of Theorem 1.2 in [42], we have

Vi folp) = |1 H|Z. (6.50)

Substituting (6.45) into (6.50), we obtain

v/ B? — 1 — Barccosh(B) Barccosh(B)

IR (XT Apg)? + ey =l (6.51)

It follows from (6.51) that
(6l dps e Dol (6.52)
This completes the proof of the lemma. U

With the help of Proposition 6.3.2 and Lemma 10, we can show that f; in (6.43) is self-

concordant.

Lemma 11. The function fy in (6.43) is a self-concordant function defined on the n-dimensional

hyperboloid model with the constant M, = %.

Proof: Given a point p = p, and a tangent vector H € T,1,, we have

Vafe) = |H|3 (6.53)
T (6.54)
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Then, it holds

V2 f (p)] < @ (V% (p))i. (6.55)

Otherwise, given a point p € I,, p # po and a nonzero tangent vector H € T,1I,, let
B = p" Apy and w = X7 Ap,. Then we have

2 2
O w? iy RRE] 2 L
(Vah®)? [(32_1)% (32—1)"2’} [33\/3 (2B* + 1)d1(,(‘Obh(B):|
(V%-]fO(p))B \/B'Z_I—Barccosh(B)“2+ Barccosh(B) :
(B2_1)3 . T
[3BvVB? — 1 — (2B? + 1)arccosh(B)]?[(B% — 1)w — w?]?

VB2 — 1[(VB? — 1 — Barccosh(B))w? + (B2 — 1) Barccosh(B)]3
[3BvB? — 1 — (2B? + 1)arccosh(B)]?
v B? — 1(Barccosh(B) — vVB? — 1)3

w?(B? — 1 — w?)?

= (6.56)
Barccosh(B) ‘
Barccosh(B)—+v/B2%2—-1 (82 i 1) i
Let t = w?. Then we have the range of ¢ by Lemma 10

0<t<B’-1 (6.57)

For simplicity, leta = B2 — 1 and b = Bm(fo";'lf(c;;‘;ll(igzil (B% — 1). By (6.26), we have
> @ =0 (6.58)

Now we consider the following auxiliary function
t(a —t)?

)= —= 6:59

where t satisfies (6.57).
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By computation, we obtain the first and second order derivatives of m

(a —t)[(2a — 3b)t + ab
1)
(a —t)(2a — 3b)(b—t) — ((2a — 3b)t + ab)(b — 4a + 3t)
(b—1t)° '

with =

7_r//(t) et
Setting 7'(t) = 0, it is easy to compute critical points ¢* of

b= ol
ab

G S

(6.60)

(6.61)

It is easy to see that these two critical points satisfy (6.57). Then substituting t* into (6.61), we

obtain
3a
1! =1
e
gty = sl
¢ (b 3b—2a)
By (6.58), we obtain
' (a) > 0,
S ohNah
i (3b— 20’) < (1],

Since 7(t) is continuous on ¢, it follows from (6.65) that 7 achieves its maximum at t =

By computation, we can get such maximum

ab 4 a’
o Yo ) Bty
TR R o

Combining (6.56) and (6.66), we obtain

(V3 fo(p))? v 4 [3ByB? —1 — (2B + 1)arccosh(B)J?

(Vo fol)? T 27 (B2 — 1)(Barccosh(B))2

(6.62)

(6.63)

(6.64)
(6.65)

ab

3b—2a°

(6.66)

(6.67)
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In view of (6.28), it follows from (6.67) that

(Vi fo(p))® < i_b

—_— 6.68
(V2 folp)P e

As a consequence, we conclude that f; is self-concordant with M, =/ % |

Lemma 12. The function f in (6.20) is a self-concordant function defined on the n-dimensional

hyperboloid model with the constant M; = %

Proof: In view of Proposition 4.3.2 and Lemma 11, it is easy to conclude that f in (6.20) is
self-concordant with the constant M; = \/g U

Since the function f in (6.20) is self-concordant, we are able to apply our damped Newton
and conjugate gradient algorithms to find the minimum of f on /,,. In particular, we take n = 19.
First, we consider building up the damped Newton algorithm for (6.20).

In view of (4.49), given a point p € [,, the Newton direction Xy of f at p is the unique

tangent vector determined by
Hegs, fl Xy, i) = (—gmdpf, H), for all tangent vectors H € T,1I,. (6.69)

By (4.6) and (6.22), we obtain

m

1 %
HeSSpf(zYN, H) = Z I:W‘\gAleT‘4p, +

=1

arccosh(p” Ap; )p” Ap;
T Ap)? 1

XL (—A)H -

ar(*cosh(PTAPi)PTAPI‘} (6.70)

(7 Aps)? — 1)

Then, combining (6.69) and (6.70), we get

- 1 arccosh(p” Ap;)p” Ap; - -
2 K(pTAp i T/(: )2p )11>§1 )<X;A’)"pz‘4m)_mg MN)
=1 e podpi ) 1)z
arccoslt ,TA,Z_TA .
<dlC(OS( 1’(11])4 5) )P : P >‘¥N & _gl.,d(lpf (671)
Wes ALy =

Thus, the solution of the linear system (6.71) is the Newton direction of f at p which can be
used for the damped Newton method. To solve this linear system, we adopt the linear conjugate

gradient method modified directly from Golub and Van Loan [29] as follows.
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Algorithm 16. (Linear Conjugate Gradient Algorithm)
step 0: Given a point p € I,,, compute Ry = ~gradpf, and set ' By— Roland k=10
step k: If k = n, then terminate. If k = 1, set

Bi—"Ry: (6.72)
Otherwise, compute
0 i {( . arc(x)sh(pTApi)pTApi) <PTA[)-[)TApp W p-pTAP>
e T S (e e e
(arccosh(pTAg?i)pTApi)Pk’ 6.73)
(pTAp) =1
<Rk—17 Rk—l>p
P (6.74)
T Ee
Wi — L Rpsn G By (6.75)
<Rk—17 Rk—1>p
G 6.76
: (P, Qr)p b
T b (6.77)
Rk = kal e aka. (678)
Increment k and repeat until k = n.
After n steps, Algorithm 16 generates a finite sequence {X;, ..., X,} and the Newton
direction of f at p is given by
X=X (6.79)

Now, we are able to construct the damped Newton method for solving (6.20).

Algorithm 17. step 0: Randomly generate an initial point py € I,, and compute grad, f. Set
= (0L

step k: If grad,, f = 0, then terminate. Otherwise, compute X N, using Algorithm 16. Then,
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compute
)‘k = vg(Npk f (pk)7 (680)
1
ty, = ——
k o (6.81)
X
Dry1 = picosh <\/XNPA_(~A)XN”_ t,\.) - Npy sinh <\/XN,,k(_A)XNpktk>v

\/XN,)A_ (=4) Xy,
(6.82)

where V%(Np f(pr) is from (6.22).

k
Increment k and repeat until convergence.

On the other hand, the damped conjugate gradient method for solving (6.20) is given as
follows.

Algorithm 18. (Conjugate Gradient Algorithm)
step 0: Select an initial point py € I,,, compute Hy = Gy = A(gradpof) by (6.86), and set
)

step k: If grad,, f = 0, then terminate. Otherwise, compute

.

Ae ; (6.83)
V?;kf(l)k)
Ak
tet — ! (6.84)
(1 + M)/ Vi, f(pr)
EH
Die = precosh | VHL(—A)Hity | + ————
Pk+41 Pk ( k( ) H, A) -
sinh (\/ Hk(—A)kak>, (685)
Gr = —grad, . f, (6.86)
<Gk‘+1’ Gk+1>l)k+1
: = ; (6.87)
Ve+1 <Gk, Hk‘>pk
Byl od—vilGr o s a0, He, (6.88)

where Tp,p, ., is the parallel transport with respect to the geodesic from py, to pyy1. If k + 1

mod n — 1 = 0, set Hyy1 = Giy1. Increment k and repeat until convergence.
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r—é— Damped Newton method
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Figure 6.4: The result of the the damped Newton method for the self-concordant function defined
on the Hyperboloid model

Figure 6.5 illustrates the result of the damped Newton method and conjugate gradient method
on function f in (6.20). Table 6.2 shows the simulation time and accuracy using the damped
conjugate gradient and Newton methods. From Figure 6.5, it can be see that the damped Newton
method converges to the minimum quadratically, but the damped conjugate gradient method gets
to the minimum super-linearly. Although the damped conjugate gradient method requires more

steps, due to avoid computing the linear system, it costs less time than the damped Newton

method, seen from Table 6.2.

algorithm time(second) | accuracy
damped conjugate gradient method 0.062 10>
damped Newton method 0.315 6=

Table 6.2: Simulation time and accuracy
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Figure 6.5: The result of the damped conjugate gradient method for the self-concordant function
defined on the Hyperboloid model
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Chapter 7

A Quasi-Newton Method On Smooth
Manifolds

7.1 Introduction

Background The quasi-Newton method is preferred by engineers since it has lower com-
putational cost than the Newton method and super-linear convergence rate. As we mentioned in
Chapter 1, Gabay has generalized the quasi-Newton method to Riemannian manifolds. However,
in recent years, the non-Riemannian methods on smooth manifolds have drawn more attentions
due to their prominent advantages. To our best knowledge, we are not aware of any publications
generalizing quasi-Newton methods on the non-Riemannian cases. Hence, we are motivated to
develop a non-Riemannian quasi-Newton method for the optimization on smooth manifolds.

Our work In this chapter, we present a numerical non-Riemannian quasi-Newton method
on smooth manifolds. This method is proved to converge to the local minimum of the cost func-
tion. The super-linear convergence rate was demonstrated by simulation results on the Grass-
mann manifold.

Chapter outline The rest of this chapter is organized as follows. We first give the prelim-
inaries associated with smooth manifolds in Section 7.2. Then a non-Riemannian quasi-Newton
method is presented for the optimization on smooth manifolds and it is proved to converge to the
minimum of the cost function in Section 7.3. In Section 7.4 simulation results show our method

has the super-linear convergence rate. This is followed by the conclusions in Section 7.5.

105
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7.2 Preliminaries

In this section, we briefly introduce notations and concepts of local parameterization for
smooth manifolds. For more details, see [46]. Let M be a smooth n—dimensional manifold.

Then for every point p € M there exists a smooth map
B CR* > U, C M, ¢p(0)=p (Rl

where U, is an open neighborhood of p and €2, an open subset of R™ around 0. Such a map
is called a local parameterization around p. We use the triple (¢, U,,€2,) to denote the local
parameterization around p. Let f : M — R be a real-valued smooth function defined on a
smooth manifold M. Given a point p € M and a local parameterization (1, U,, £2,,) around p,
then the composition of f and ), is called the local cost function and denoted by I oy ot

simplification, let g, : €, — R denote such local cost function satisfying

!/p(ir) = f(d’p(in))- (7.2)

7.3 Quasi-Newton Method On Smooth Manifolds

In this section, we develop a quasi-Newton method for the optimization of smooth functions
defined on smooth manifolds.
Before we give our method, we review the BFGS method [64] for the optimization in Eu-

clidean space. Consider the following optimization problem

min f:R* > R: z — f(z). (1.3)

zeR™

Let f’(x) denote the first derivative of f at z. Then the BFGS algorithm for solving (7.3)

goes as follows.

Algorithm 19. (BFGS Algorithm in Euclidean Space)

step 0: Select an initial point x¢ and set By = I,, where I,, denotes the n—dimensional

identity matrix and k = 0. Compute Hy = — By f'(z).

step k: If f'(zy,) = 0, then terminate. Otherwise, compute the step-size 4, as follows.

Meyr = 27 (74)
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where | is the smallest positive integer such that

FOwprHe) < flze) + ader Hi f(z0), (4.2)
o i) = el o), (7.6)
Where OE<cit<ico <l
Set
Qe — s, DN R (7))
Spl = (7.8)
UYp — fl(.’l'kH) —_fl(ilfk.), (79)
- =

YkYj Bysi(Bysi)
B = 5 (7.10)

o f (Yr, Si) (Brsk, Sk)
Hew = —Br  flleen) Gl

Increment k and repeat until convergence.

In Algorithm 19, Equation (7.5) and (7.6) form the Wolfe conditions [61] used to determine
the appropriate step-size in the line search. Equation (7.10) provides an approximation to the
Hessian of f over successive iterations using only its first order information. Moreover, Algo-
rithm 19 turns out to have super-linear convergence in [64].

Now, we consider to generalize the BEGS method for the optimization on smooth manifolds.
Let M be a smooth n—dimensional manifold. For p € M, let the triple (1, U,, £2,) be the local

parameterization around p. Consider the following optimization problem
minf: M —R: p— f(p). 7 iy
peEM
For any p € M and the local parameterization (1, U, €2,) around p, let g,(z) denote the
local cost function of f. Moreover, let g,(x) and g, () denote the first and second derivatives

of g,(z) with respect to x respectively. Then a quasi-Newton method is developed for solving
(7.12) as follows.

Algorithm 20. (Quasi-Newton Algorithm)
step 0: Select an initial point po € M and set By = I, where I,, denotes n—dimensional

identity matrix and k = 1. Compute Hy = —Bgl_q,’,o(()).
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step k: If g, (0) = 0, then terminate. Otherwise, compute the step-size Akt as follows.
Moo (7.13)

where L is the smallest positive integer such that A\, Hy, € §2,,

o Mkr1Hr) < g (0) + et s H g, (0), (7.14)
Hig\ (emlls) = eHig 40); (7.15)
where 0 < ¢; < c3 < 1.
Set
Thy1 = Arp1Hy, (7.16)
S =0 T (@117
Y = g (Tes1) — g, (0), (7.18)
0 T
YkYp By.si(Bsi)
e e % (7.19)
e £ lur, o) (BrSk, Sk)
Pe+1 — 'l/’pk(iEA~+1), (7'20)
Hpy = *B;ZLQ;,A.H(U)- (1:21)

Increment k and repeat until convergence.

In Algorithm 21, Equation (7.14) and (7.15) form the Wolfe conditions [61] used to deter-
mine the appropriate step-size in the line search. They facilitate the proof of the convergence of
Algorithm 21.

Now, we consider proving the convergence of Algorithm 21. Before we do that, we need the

following two assumptions.
Assumption 4. Consider the smooth function f in (7.12). There exist
1. at least one minimum of f;
2. apoint py € M which defines a sub-level set K = {p € M|f(p) < f(po)}s

3. local parameterization 1), for all p € K, defined in (7.1 )k
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such that for all p € K, x € Q,, and any u € R,
allul)® < uTgI')'k(:zr)u < B||lu|? (7.22)
where (3, > 0 are constants.

Assumption S. The local parameterizaion 1, used in Algorithm 21 does not involve the step

number k.

Assumption 4 implies that for each p € K, we can find a local parameterization such that
the local cost function determined by it is convex on its local Euclidean space. For example,
consider the convex function defined on Riemannian manifolds in [70]. Viewing the geodesics
as one kind of local parameterization, then according to the definition of convex functions on
Riemannian manifolds, we can find a neighborhood around the local minimum such that the
local cost functions are convex.

Assumption 5 rules out the case that the vanishing of the gradient of the local cost function
is an artifact due to the “shrinking* of the local parameterization of ), .

Equation (7.19) gives the formula which approximates the Hessian of the local cost function.
It is worth noting that Equation (7.19) has the same expression as the BFGS update formula
(7.10). Since the local cost function satisfies (7.22), according to Theorem 1.6.7 in [64], we
conclude that if By, is symmetric positive-definite, then By, given by (7.19), is also symmetric
positive-definite. Furthermore, since the initial matrix B, is identity, it is easy to see the matrix
in { By} generated by Algorithm (21) is always symmetric positive-definite. As a result, at each
step, Algorithm (21) yields a descent step. In addition, in view of Equation (28f) and (29) in

[64], the trace and determinant of By, are given by

llyw||? || Brsk||
t(By = (/5 4k — h (@ 28)
( Hl) ( k) <'.Uk73k> <Bk5kﬁ5k>
i o Ui (7.24)
<Bk'&;kﬂ'5.k>

To show the global convergence of Algorithm 21, we follow the frameworks in [8]. Initially,
motivated by (7.23) and (7.24), we obtain the following lemmas, which lead to the convergence

result.

Lemma 13. Let the cost function f : M — R in (7.12) satisfy Assumption 4. Then given
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po € K, applying Algorithm 21 to minimize f, we have
[yl

<p (7.25)
(Y, 3k>

where s;, and vy, are defined by (7.66) and (7.18) respectively.
Proof: Consider the local cost function g, defined on €2, . Since z;, € €2, , then we have

1
/g;,/k(tsk)dtsk = g}’)k(:EkH)—g;k(O)
Jo
= % (7.26)

Lol B s — fol g;)’k(ts,‘.)dt. Then it follows from (7.26) that
Biiiee— (1.27)

In addition, for any v # 0 € R", we have

1
VI Beyiv = UT/ gy, (tsg)dtv

0
1
< / Bllo||t
0
=" gu|}? (7.28)

where the inequality comes from (7.22).
Then it follows from (7.28) that

UTBk‘i_lfU
— < . (7.29)

[[o]|>
Since By, is symmetric and positive definite, let v = E’EH. Combining (7.27) and (7.29),

we obtain

”?/k”2

<?/k, 3k>

< 8. (7.30)



§ 7.3. Quasi-Newton Method On Smooth Manifolds 111

Lemma 14. Ler the cost function f : M — R in (7.12) satisfy Assumption 4. Then given

po € K, applying Algorithm 21 to minimize f, there exists a constant A > 0 such that
B s Al Gl o)

Proof: By (7.23), it is easy to see that

22
B (B (7.32)
<.Z/lv Si,>
Summing up the inequalities (7.32) for: = 0, 1, ..., k, we have
~ il
He B =t -
Dy tl( ()) i ; <:(/1'~Si>
< tr(Bo) + Bk
= Ak (7:38)
where A = tr(By) + 5.
This completes the proof of the lemma. U

Lemma 15. Let the cost function [ : M — R in (7.12) satisfy Assumption 4. Then given

po € K, applying Algorithm 21 to minimize f, there exists a constant L > 0 such that

(())H2<!/i~ Hi> -

k /
det(Bern) = B[ ll9p,

- (7.34)
0 L<(]pl(()>* Si>
Proof: Multiplying (7.24) from: =1, ..., k, we have
Ty s)
t(Byy1) = det(B e 3
det(By11) = det( O)H R (7:39)
It follow from (7.23) and (7.30) that
|| Bisil lyill*
B
2 (Bisi, $i) (Yi, 8i)
S (7.36)
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Then, by (7.36), we have

B+ tr(B;) — tr(Biy1) > M .37
& . el <Bisiw$i>
Summing up (7.37) fromi = 0,1, ..., k, we obtain
k 2
Yo Sl” < kB +trBo — tr(Biy1)
=0 B Por
< kB + tr(By). (7.38)
Let L = (8 + tr(By). Then it follows from (7.38) that
1 <> |Bisl?
= < JL, 7.39
li‘, —+ 1 ; <Bi81’, .S‘l'> i ( )
Recall that given £ positive numbers zy, ... 2, then the arithmetic mean is greater than the
geometric mean. That is
1k k k
(Z ;al) > Hal (7.40)
Therefore, by (7.39), we obtain
k .
. B;si||?
Lk+l > || 1“1 3 !
X E (8B5S, e
Multiplying (7.35) and (7.41), we have
1 Bisill (v, 52)
L detl B ) b ] L=t o 42
et(Bry1 _H (Biss 52 (7.42)
In view of (7.65), (7.66) and (7.21), we get
B;s; = _/\2‘+19;h(0)‘ (7.43)
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Thus, it follow from (7.44) that

113
Substituting (7.43) into (7.42), we obtain

L**' det(Brya) 2 8 Iy, (OIF <”“"’">. (7.44)

) H (9p;(0), 5:)

195, O)1*(yi, s:)
det(Bry1) > 8 - : (7.45)

H L{g},(0). )

O

As a result, this lemma follows.

The following theorem show that Algorithm 21 converges to the minimum of f in (7.12)

when it satisfies Assumption (4).

Theorem 7.3.1. Let the cost function f : M — R in (7.12) satisfy Assumption 4. Then given

po € K, applying Algorithm 21 to minimize f, it holds
. . /
Jim inf ||g,, (0)]| = 0.
Proof: By the definition,

Uk, k) = (gp(Trs1) — 95, (0), sx)

— kg (maa o) si)— g, (0), 55).

In view of (7.15), it follows from (7.47) that
{usse} = ez — 1){g;,. (0}, 5¢)-
By (7.14), we have

I3 (Tr 1) 9pul0) < (1<(]m(0) Sk)-

(7.46)

(7.47)

(7.48)

(7.49)
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Substituting (7.48) and (7.49)into (7.34), we obtain

det(BkH)

c1(1—c2)

where 6 = .

0IPA - )

: cllgy, (
Z ﬂHL pz

Qp;\ CEk-H) gpk(o))

=i D)()IH»I

g5, (011

Ipi (‘rk-i'l)

= Y, (0)

Using the original cost function f, by (7.50) and (7.40), we have

det(Bgy1) >

IV

k /
ol

0)]*

Hf:o(f(PiH)

— f(pi))

o oo, OIP

(5 >r <f<pi+1> — f(p)))E

(L (A+1 )

3

(o) = Fpryyet LA 1o

O)1I*

p(s i H 95, (0)1I*

e L . i e ’ . .
where S = o) —T) and p” is the local minimum.

Applying (7.40) again, by (7.51) we have

;
B(S(k + 1))k+! H g, O))* <

IN

IN

N\

det(Bj11)

(tr(By)

(%A(k+ 1))"
N(k+ 1)

where the second inequality comes from Lemma (14) and N = (%)"

Assume that (7.46) does not hold. That is there exists an € > 0 such that for all k&

llg,, (0)]1* > € > 0.

(7.50)

(71.51)

(7.52)

(7.53)
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As aresult of (7.53), in view of (7.52), we obtain
Bigell )b < Nk e (7.54)

which is impossible when & — oo due to an exponential growing faster than a polynomial.

Consequently, this theorem follows. g

7.4 Numerical Example

In this section, we apply our quasi-Newton algorithm to find the dominant eigenspace of a
real symmetric matrix.

[Eet e R™*" be a symmietric matrix, je. A — AT Tet = Mg = ooz, 20 = A
be the eigenvalues of A. Our aim is to find the subspace of R" spanned by the eigenvectors
corresponding to the p largest eigenvalues Ay, ..., \,. This subspace is called the dominant
eigenspace of A. To solve this problem, the natural way is to consider minimizing a cost function
defined on the Grassmann manifold.

Recall that the Grassmann manifold Gr(n, p) is defined as the set of all p—dimensional sub-
spaces of R™. Let St(n,p) denote the Stiefel manifold defined as all matrices X € R"*? sat-
isfying X7 X = I, where I, is the p—dimensional identity matrix. Let X € St(n,p) and | X |
denote the subspace spanned by the columns of X. Then we have | X | € Gr(n,p). The Grass-
mann manifold G'r(n, p) can be thought of as a quotient manifold of the Stiefel manifold. This
is explained as follows. Given two points X, Y € St(n,p), we say X and Y are equivalent,
denoted by X = Y if there exists a unitary matrix () such that Y = X (). It is easy to see that
X =Y ifand only if | X| = |Y|. Thus, there exists a one-to-one correspondence between
points on the Grassmann manifold G'r(n, p) and equivalence classes of St(n,p). Given a point

X € St(n, p), the tangent space T\ x|Gr(n,p) at | X | € Gr(n,p) is given by
95 Crinp)— BOREREZ X B BER-0P) €755)

where X | € R("~P)*P means the orthogonal complement of X and satisfies [X X ]T[X X,]=
I,, where I, is the n—dimensional identity matrix.
In [53], Manton proposed a general framework for optimizing cost functions defined on man-

ifolds. As an example of how to apply the framework, the same paper considered local param-
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eterizations on the Grassmann manifold based on projections. Let X € R"*? be a matrix with
the rank p. Then the projection operator 7 : R"*? — Gr(n,p) onto the Grassmann manifold

Gr(n,p) is defined by

20) = : ' X — : 7:36
() = | arg min X - Qe 7.56)

Then, given X € St(n,p) and X, - the orthogonal complement of X, in view of (7.55) and
(7.56), the local parameterization ¢ x| : R®™P>*F — Gr(n, p) around | X | € Gr(n, p) is given
by

Consider the following optimization problem:
min f : Gr(n,p) = R, [ X]| — —tr(XTAX) (7.58)

where X € St(n,p) and A = AT. The solution of (7.58) is the dominant eigenspace of A.
In view of (7.57), the local cost function g x| : R(=P*P _, R around | X | € Gr(n,p) is
determined by

By Proposition 22 in [53], an easy computation shows that

9x)(0) = —-XTAX, (7.60)
gl[XJ(B) = XA RB (7.61)

Let vec(X) denote the vector by stacking the columns of the matrix X into a vector . Then,

the proposed quasi-Newton method for (7.58) goes as follows.

Algorithm 21. (Quasi-Newton Algorithm)
step 0: Select an initial point X, € St(n,p) and set Gy = I(n—p)p where I(,_p), denotes
(n — p)p—dimensional identity matrix and k = 1. Compute Hy = —Galvec(g'txOJ (0)) and set

Hy = uvec(Hy) where uvec forms an n x p matrix in the reverse manner to the vec operator.
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step k: If -(]lL\'A 1(0) = 0, then terminate. Otherwise, compute the step-size A1 as follows.
! (7.62)

where l is the smallest positive integer such that

91x0 M1 H) < g1x) + el depatr(HE g(x, 1(0)), (7.63)
tl‘(HZ‘.(]/LXkJ(/\k+1Hk)) - Ciztl‘(HZWU/[,\'kJ(()))- (7.64)
WherelOf<te ey < 1}
Set

Bt = A1 H, (7.65)

Sk — " vec(Bp ), (7.66)

v = vee(glx, (Brs)) — vee(g]x, (0)), (7.67)

-

UL Gisi(Grse)

G = G (7.68)
2y G TR (P

XA-+1 = 7T(Bk+1)~ (7.69)

Hin = —Giti9ix,,,(0), (7.70)

/5 il uvec(I:IkH), (71

where 7 in (7.69) is defined in (7.56).

Increment k and repeat until convergence.

Figure 7.1 describes the result of applying our quasi-Newton method to solve (7.58). In
particular, we take n = 10, p = 6. This result demonstrates that the proposed quasi-Newton

method has super-linear convergence rate.

7.5 Conclusions

In this chapter, we have presented a novel non-Riemannian quasi-Newton algorithm for the
optimization on smooth manifolds. This algorithm is developed based on the local parameter-
ization and proved to converge to the local minimum of the cost function. Furthermore, this

algorithm is applied to minimize a cost function on the Grassmann manifold and the simulation
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Figure 7.1: The result of Quasi-Newton Method compared against the Newton method and steep-
est decent method

results show the super-linear convergence of our method.
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