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Introduction

Simulations of real world phenomena often require the solution of large scale
numerical problems and, equally often, the main computational tasks are
connected with computational problems involving large scale matrices.

The dimensions of the problems which have to be faced in this context,
typically consisting in the solution of systems of equations, make direct meth-
ods less affordable and hence iterative methods become more competitive.

Iterative methods could suffer of an extremely low rate of convergence
and/or high computational cost per step. For these reasons the employ-
ment of ad hoc efficiency improvement techniques becomes necessary. The
problem of devising a suitable efficiency improvement strategy for a given it-
erative method can be considered one of the core tasks in numerical analysis.
Taking a deeper look, one can consider these strategies as the instruments
which have made the simulation of real world phenomena effective and have
permitted to develop most of nowadays technologies.

The preconditioning of Krylov solvers for linear systems by means of
suitable approximations of the original matrix ([91, 84, 3, 2]) can be consid-
ered as one in the paradigm of efficiency improvement techniques and has
inspired much of the literature in the last fifty years. For this reason, the
problem of accurately approximating — in some sense — a given matrix with
a lower complexity one has become ubiquitous in numerical linear algebra.

Usually, the matrices of linear systems arising from applications exhibit
some kind of structure — more or less evident — which must be exploited in
order to produce the desired approximations. The task of producing accu-
rate and low complexity approximations corresponding to a given structure
has been the topic of an intense investigation in recent years and it has pro-
duced a constellation of elegant and useful mathematical results.

A class of remarkable results in this context are those connecting Toeplitz
structure — naturally related with shift-invariant phenomena — with Circu-

lant structure: under standard hypotheses, the operation of projecting a
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Toeplitz matrix onto the algebra of Circulant matrices produces a low com-
plexity approximation which is an ideal preconditioner for Krylov methods.
The projected matrix is able to catch the spectral distribution of the origi-
nal matrix very accurately when the dimension of the Toeplitz matrix grows.

More in detail (see [22] for an exhaustive survey on the topic), consider
f in the Banach space of all 27 periodic continuous real-valued functions on
[—7, m] equipped with the || - || norm, i.e.,

+oo
. 1 Q .
_ § : ikx _ = —ikz
f(%') - tge™, 1= o /;W f(x)e daja

k=—o00

and consider the associated Toeplitz matrix
(T (f))ij = {ti—j} for 4,5 € {0,...,n—1}.
Define the algebra of Circulant matrices as
C:={Fd(z)F, z e C"},

where d(z) := diag(z;, ¢ = 1,...,n) and F is the Fourier matrix. The
Circulant algebra is a low complexity matriz algebra since the matrix vector
product Cx can be performed in O(nlog(n)) FLoating point OPerations
(FLOPs) for all C € C [84, 3, 22, 2. Define, finally, Cr, ) as the projection
of T,,(f) onto C:

Cr,(p) = argminxecllX = Tn(f)llr (1)

where || - |7 is the Frobenius norm. The following theorem holds:

Theorem 0.0.1. If f > 0, for all € > 0 there exist M, N € N such that, for

alln > N, at most M eigenvalues of the matrix C;l(f)Tn(f) — I have larger

1

absolute value than e, i.e., Cp, (f)Tn(f) have clustered spectra around 1.

n

In other words, under the hypothesis of Theorem 0.0.1, we can say that
the number of iterations needed to solve the positive definite linear sys-
tem T,,(f)x = b using the Conjugate Gradient method preconditioned with
Cr,(s), 1s bounded from a constant independent from n, the size of the prob-
lem.

Projections onto Circulant and other low complexity matrix algebras
have been deeply investigated and profitably used in the last two decades
not only as preconditioners for linear systems solvers but even in connection
with regularization theory for ill-conditioned linear systems [62, 36, 49, 35].



Observe that the operation of projecting a given matrix A € C™*™ onto a
given algebra £ of matrices simultaneously diagonalized by a fixed matrix U
unitary of low complexity, i.e., £ := sdU = {Ud(z)U*, z € C"}, is defined
in general. It is then natural to try to understand which are the properties
inherited by the projected matrix L4, how these relate with the choice of
the subspace £ — projections are well defined for arbitrary closed convex
subsets of a Hilbert space —, and in which applications the projected matrix
represents a satisfactory approximation of the original matrix.

More recently, projections onto low complexity matrix algebras have
been employed in connection with Quasi-Newton methods in solving the un-
constrained minimization problem for large scale smooth functions [40, 7].
The key observation, which justifies their use in this context, can be traced
in the remarkable fact that, in general, projecting a given Hermitian matrix
onto a generic sd U algebra, even if it does not provide an accurate approxi-
mation of its spectrum as in the Toeplitz—Circulant case, is able to produce,
in a precise sense, global spectral approximations. In most recent devel-
opments of the use of matrix projections in connection with minimization
algorithms [42, 27], it has been introduced the idea of adaptive low complex-
ity matrix algebras, i.e., low complexity spaces are constructed adaptively —
step by step — on the sequence of Hessian approximations produced by the
Quasi-Newton updating scheme in order to yield as more as possible accu-
rate approximations of these matrices and maintain a Quasi-Newton rate of
convergence.

The aim of this dissertation is to provide an up-to-date overview of tech-
niques and results connected with the general theory of projections onto
matrix algebras and of some applications where their use produces evident
computational benefits in gaining the efficiency of iterative methods. In
particular this dissertation collects and presents some new results obtained
by the author during his Ph.D. studies.

The Chapters 2,3,4 and 5 are extracted, sometimes verbatim, from the
following works:

e Chapter 2: Low complexity matrixz projections preserving actions on
vectors. Cipolla S., Di Fiore C., Zellini P. , submitted for publication,
2017.

e Chapter 3: Regularizing properties of a class of matrices including
the Optimal and the Superoptimal preconditioners. Cipolla S., Di Fiore
C., Zellini P., submitted for publication, 2017.

e Chapter 4: Fuler-Richardson method preconditioned by weakly stochas-
tic matriz algebras: a potential contribution to Pagerank computation.
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Cipolla S., Di Fiore C., Tudisco, F., Electronic Journal of Linear Al-
gebra, 2017(32): 254-272.

e Chapter 5: Updating Broyden Class-type descent directions by House-
holder adaptive transforms. Cipolla S., Di Fiore C., Zellini P., submit-
ted for publication, 2017.

More in detail the dissertation is structured as follows:

e Chapter 1: in the first part we review projection onto matrix spaces
from a general point of view and its properties. In the second part we
focus on sd U algebras and give a survey on some not so well known
results concerning the quality of the spectrum of the projected matrix
when regarded as a global approximant of the original one.

e Chapter 2: in this chapter we fully solve a problem originally intro-
duced in [27]. Given a symmetric positive definite matrix A € R™*"
and v € R", find a low complexity unitary matrix U such that defin-
ing £L = sdU, we have L4v = Av, where L, is the projection of A
onto £ in Frobenius norm. Actually, by using the Arnoldi procedure
for Block-Krylov subspaces, we solve the above problem in the more
general case where v is replaced by a matrix V' € R™*". The solution
matrix U turns out to be real and can be written as the product of 2r
Householder matrices.

e Chapter 3: in this chapter given a positive definite matrix A € R™»*"™,

we introduce a class of matrices related to A obtained by suitably
combining projections of its powers onto algebras of matrices simul-
taneously diagonalized by a unitary transform. After a detailed theo-
retical study of some spectral properties of the matrices of this class
— which suggest their use as regularizing preconditioners —, we prove
that such matrices can be cheaply computed when the matrix A has
Toeplitz structure. We provide numerical evidence of the goodness of
the proposed approach in regularizing procedures.

e Chapter 4: in this chapter we address the efficient solution of M-
matrix linear system Mx = y, where M = I — 7 A, being A a column
stochastic matrix and 7 a positive coeflicient smaller than one. The
Pagerank centrality index on graphs is a relevant example where this
problem appears. Previous investigations have shown that the Euler-
Richardson (ER) method can be considered in order to approach the
Pagerank computation problem by means of preconditioning strate-
gies. In this work we observe indeed that the classic power method
can be embedded into the ER scheme, by means of a suitable simple
preconditioner. Therefore, we propose a new preconditioner based on
fast Householder transformations and the concept of low complexity
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weakly stochastic algebras, which gives rise to an effective alterna-
tive to the power method for large-scale sparse problems. We give
detailed mathematical reasonings for this choice and discuss the con-
vergence properties. Numerical tests performed on real-world datasets
are presented, showing the advantages given by the use of the proposed
Householder-Richardson method.

Chapter 5: in this chapter we introduce and study a novel Quasi New-
ton minimization methods based on a Hessian approximation Broyden
Class-type updating scheme, where a suitable matrix By, is updated in-
stead of the current Hessian approximation B. We identify conditions
which imply the convergence of the algorithm and, if exact line search
is chosen, its quadratic termination. By a remarkable connection be-
tween the projection operation and Krylov spaces studied in Chapter
2, such conditions can be ensured using low complexity matrices By,
obtained projecting B} onto algebras of matrices diagonalized by prod-
ucts of a constant number of Householder matrices adaptively chosen
step by step. Extended experimental tests show that the introduction
of the adaptive criterion considerably improves the performance of the
minimization scheme when compared with a non-adaptive choice and
confirm that the method could be particularly suitable to solve large
scale problems.
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Table of Notations

e “:=” means “by definition”.

Cnxm R™ ™ are the set of n X n complex or real matrices.
e C" R™ are the set of length n complex or real vectors.

e [, is the n X n identity matrix.

o If A e C™" tr(A) and det(A) are the trace and the determinant of
A.

o If A\ BecC"™" (A B):= tr(A”B).

o If Ac C™" ||Allp:=+/tr(AH A) (Frobenius Norm).
e e is the vector of all ones.

e e; is the j-th vector of the canonical basis.

o If A € C"" we write A > 0 (A > 0) if A is Hermitian positive
semi-definite (positive definite).

o If A e C™" "™ we write A spd if A is real symmetric positive definite.
o If A e C"™ X(A) is the vector of the eigenvalues of A.

o )\;(A) is the j-th entry of A(A).

e \(A) is the generic eigenvalue of A.

e If A is Hermitian positive definite, if not otherwise stated, the eigen-
values are ordered non-increasingly, i.e., A\j(A4) > -+ > A\, (A).

o If z € C", d(z) is the diagonal matrix whose diagonal entries are the
elements of z.

o If A e C"™ d(A) is the vector of the diagonal elements of A.

o If A € C"" y(A) is the computational cost of the product A x vector.

13
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If L cCvn A e C""™ we write L4 for the projection of A onto £
in the Frobenius norm (if it is well defined).

If U € C™*™ unitary, we write sd U := {Ud(z)U" : z € C"}.
If A e C™" us(A) is the condition number in the 2-norm of A.
If A, B € C"*" we write A ~ B if they are similar.

If A e C™ ™ p(A) denotes the spectral radius of A.



Chapter 1

Matrix Projections: A
survey

The aim of this chapter is to survey important results concerning the prop-
erties that the projected matrices inherit from the original one.

1.1 Hilbert Spaces and Projections

In this section we recall some results concerning Hilbert spaces and projec-
tions. Even if in the following of this thesis we will use just spaces of finite
dimension — for which Pythagoras Theorem is fairly enough to speak about
projections —, we prefer to present here the theory in the greatest possible
generality in order to ease the work of the interested reader in generalizing
results contained in this section for spaces with infinitely many dimensions.
We borrow this section from [19] and refer there for the proofs of the results
stated in the following.

Theorem 1.1.1 (Hilbert’s Projection Theorem). Let H be a Hilbert space
with respect to a inner product ( , ) and K C H be a nonempty closed
convex set. Then for any x € H there is a unique element IC; € K, called
the orthogonal projection of x onto K, such that

— K| = inf ||z — 1.1
2 = Kall = inf flz =yl (1.1)
where || || is the norm induced by (, ). Moreover, K, is the unique solution
of the problem
ek
{y (1.2)

(x —y,z—y) <0 for all z € K.

Corollary 1.1.2. Let H be a Hilbert space and K C H a nonempty closed
conver set. Then

(2 =y, Ko = Ky) > [[Ke — Ky (1.3)

15
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Corollary 1.1.3. Let M be a nonempty closed subspace of a Hilbert space
H. Then, for every x € H, My is the unique solution of the problem

yeM (1.4)
(x —y,v) =0 for allv e M. '

Let us recall the following properties of Hilbert spaces:

e if M is a subspace of H, then cl(M) is a subspace of H, where the clo-
sure is in the topology induced by the scalar product;

e for any subset A C H let us set
At ={z e H st. (z,a) =0 for all a € A};
then, for any A, B C ‘H we have

1. At is a closed subspace of H and cl(A)- = AL;
2. ACB=Btc A
3. (AUB) = At N B

Proposition 1.1.4. Let M be a nonempty closed subspace of a Hilbert space
H. Then the following statements hold:

1. For every x € H there exists a unique pair (Mg, ML) € M x M=+
such that x = M, + Mz (Riesz Orthogonal Decomposition);

2. My :H = H is linear and || M| < ||z]| for all z € H.

3. M(.) O./\/l(.) = M(.), ker/\/l(.) = M(.), My = M.

1.2 Projections onto general spaces of matrices

We borrow this section from [44] and refer there for the proofs of the results
stated in the following. Given a square matrix A € C"*" and £ a linear
subspace of C"*™ of dimension m, we are interested in the elements of L
which best approximate A in some given norm. Consider the minimum
problem

min || X — Al (1.5)
XeL
where || || is a matrix norm in C"*". Let us remember that C"*" with the

inner product

(A, A) =" auay, = tr(AFA), A A e Ccvn

rit=1
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is a Hilbert space. This inner product induces the so-called Frobenius norm:

n n
HAH%? = Z QrtQrt = Z ‘art|2 = tr (AHA)
rit=1 rit=1

Note that each linear subspace L is a closed subspace of C"*™ with respect
to || - ||F. We can hence apply results of Section 1.1.

Theorem 1.2.1. If the norm in (1.5) is the Frobenius norm, there exists a
unique matriz L4 solving problem (1.5). The matrixz L, which is referred
to as the best least-squares (l.s. in short) fit to A from L, is equivalently
defined by the condition

(A—L4,X)=0, VX € L, (1.6)
i.e., L4 is the unique element of L such that A — L4 is orthogonal to L. If

L is spanned by the matrices Ji, k=1,...,m, then

m

Lg= Z[lecﬁ,fl]k']k (17)
k=1

where By is the m x m Hermitian positive definite matriz

n

[Belij = > [TilulJjlee = (Ji, Jj), i i =1,....m (1.8)

rit=1

and cg A is the m X 1 vector whose entries are

n

lccali =Y [ilyar = (Ji, A), i=1,...,m (1.9)
rit=1
(notice that Bz and ¢z a depend upon the choice of the Ji’s).
Proof. A direct proof for Theorem 1.2.1 is obtained by Corollary 1.1.3 and
using the identity:

m
1> zedi — Al = 2" Bez — 2Re(z"c a) + ||All%, z €C™. (1.10)
k=1

In details, the previous identity with A = 0 and the linear independence of
the J; imply that

zHBgz:HszJkH%>O, Vz €eC" z#0.
k=1
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Thus, B/ is positive definite and the matrix
m
La= Z[lecc,A]ka
k=1

is well defined. Moreover, by (1.10), we have, for an “increment” » ;" | zjJ,

1£a+Y " zedi—AllF = [|Ca—AlF+2" Brz > ||[La—Al}, Vz € C™, 2#£0.
k=1
OJ

By is usually known in literature as Gram matrix and its rank structure has
been investigated for fast algebras in [34].

We have, moreover, using Corollary 1.1.2 and Proposition 1.1.4, for every
subspace £ C C™"*™ and A, B C C™*", that

o tr (AT A) > tr (LHLA) even if in general LT ¢ L;
o tr((A—B)H(La—LE)) > tr((La— L)H(La— LE)) > 0.

Remark 1. If A is real and there exist real matrices Jy. spanning L, then
also L4 is real. In fact ReLs € L and

1£4 = Al = [|[Re L4 — AllF + || Tm L%

Im L4 # 0 would imply that Re L4 approximates A better than L4, which
is absurd. Observe, moreover, that A real = L real is true in the more
general setting where L C L being L a subspace of C"*™. The proof follows
by the uniqueness of the projection.

In the following, when we refer to minimum problem (1.5), we assume that
the norm is the Frobenius norm. The uniqueness result in Theorem 1.2.1
implies that possible symmetries of A are inherited by its best Ls. fit £4
under suitable assumptions on £, as is stated in the following lemma. The
symbol J is used to denote the reversion matrix [J];; = int1—j, 4,J =
1,...,n.

Lemma 1.2.2. The following implications hold:
1. Assume XT € L,V X € L (L is closed under transposition):
AT =4+ A= LT =4L4;

2. Assume JXTJ € L,V X € L (L is closed under transposition
through the secondary diagonal):
AT = £JAJ = LT = +JL,JT;

3. Assume X" € £,V X € L (L is closed under conjugate transposi-
tion):
Al =+ A= £l = L4

Proof. see [44] O
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1.3 Class V spaces and *-spaces

Definition 1. Define a space of class V, a space L of dimension n such
that there exists v. € C" satisfying v J = ef, k=1,...,n, for n linearly
independent matrices J, € L.

As the Ji’s span L, the conditions vI'J, = e, J, € L, imply Jj =
Jk, ¥V k, and the matrices Jj are uniquely determined. The matrix Ly (z) =
> p—q zkJy for which

vIL,(z) =2z" (1.11)

is referred to as the matrix of £ whose v-row is z’ . Notice that two matrices
of £ with the same v row are equal and that Ly (er) = Ji. If v is one of the
vectors of the canonical basis of C™, say ey, then L is called an h-space.

In more intuitive terms, in a space of class V, the generic matrix is deter-
mined by a linear combination of its rows, whereas only one row (the h row)
is sufficient to define the generic matrix of a h-space.

Theorem 1.3.1. If L = {Md(z)M~!, z € C"} for a non-singular matriz
M, then L € V. More specifically, for any fized vector v such that [MTV]j #*
0V j, the matriz Ly (z) is well defined and can be represented as:

Ly(z) = Md(MTz)d(MTv) M~ (1.12)
Moreover, L is a h-space iff [M]p; # 0, ¥ j.
Proof. The matrices
Jy = Md(MTep)d(M*~v)*M™Y, k=1,...,n
belong to L, satisfy the identities

vIig, =vIMd(MTe)d(MTv) 1Mt =

1.13
ef MdMTv)d(MTv) Mt =e, k=1,...,n, (1.13)

and span L. For the last assertion notice that, if £ is a h-space, then there
exists a z; such that ef = eZMd(zk.)M*l, k=1,...,n, and thus d(M7Te)
must be non-singular. O

It is interesting to observe that the concept of non derogatority can be
characterized in terms of space of class V. Let {p(X)} denote the space of
polynomials p(X) in X with complex coefficients. The following theorem
holds:

Theorem 1.3.2. X is non-derogatory iff {p(X)} € V.

Proof. see [44] O



20

Now a list of algebraic properties will be given in order to simplify the
analysis of the best least square fit £4 to A from a space L of class V. In
the following let us denote by Py the n X n matrices related to the Ji by
the identities e;fFPk = e{Ji (or equivalently [Pr);; = [Jilk;), 1 < 4,k < n.
Observe that the matrices P, can be written as

n
P, = Z ememe.
m=1
Lemma 1.3.3. Let L € V. Letv € C" and J, € L be such that
vl = ef, k=1...,n. Then:
1. ;X € L, X € C" = JiX:ZZ:l[X]ika‘

2. L is closed (under matriz multiplication) if and only if

n

Jidi = [Jjlinde, 1<i,j<n, (1.14)
k=1

being the last condition equivalent to J; P, = PpJ; 1 < i,k <n.
3. If L is closed, then Ly(Ly(2)1'2') = Ly(2')Ly(2), 2,2/ € C™

4. If I € L (Ly(v) =1) and L is closed, then X € L is non-singular
iff 3z € C" such that 27 X = v7T; in this case X~ = Ly(2).

5. If L is commutative, then el J; = e?Ji (or [Jjlik = [Jilji), 1 < 4,5 <
n, Ji=P,1<i<n,z'Ly(z)=2"Ly(2), 2,2 €¢C", I € L and
L is closed.

Proof. See [44] O

Definition 2. Call *-space a subspace L of C**"™ spanned by J;, i = 1,...,n,
linearly independent, subject to the following conditions:

IeLand JI'J; =) [Jelyde, 1<i,5<n. (1.15)
k=1

Lemma 1.3.4. Let L € V (vIJ, =el). Then L is a *-space if:
1. L is commutative, J,L»H € L, or/and

2. L is closed under matriz multiplication, JH = a; Jy,, |oi| = 1,
t:{1,....,n} = {1,...,n} is a permutation, and I € L.

Proof. See [44] O
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Remark 2. Observe that if L is a sdU algebra (see Section 1.4), point 1.
of Lemma 1.3.4 holds; instead if L is a group algebra (see [45]) point 2. of
the same lemma holds.

The following proposition states some important properties of a *-space.
In particular, a *-space is a space of class V.

Lemma 1.3.5. Let £ be a *-space. Then

L VTJk - ez’ 1 S k S n, where v = [Ulu"~7vn]T 1s such that I =
> heq VkJg, thus L € V.

2. L is closed under conjugate transposition (JH € L).
3. L is closed under matriz multiplication.
Proof. See [44] O

Lemma 1.3.6. Let £ be a *-space. Then By € L (B defined in Theorem
1.2.1), in fact

k=1 k=1 k=1

Moreover, if L4 is the best l.s. to A € C™"™ from L, then
La=Ly(Bi'cea)=Ly(cca)By =Bz Ly(ce.a). (1.17)
Proof. See [44] O

Lemma 1.3.7. Let L satisfy Definition 2. ThenVz € C",

2" Ly(cea)z=> [PF2]" AP 2], (1.18)
k=1

Proof. See [44] O

We can finally state the following theorem which gives precise informa-
tion about the spectrum of the projected matrix. In the following Theorem
1.3.8, for a real matrix X, X, will denote the matrix %(X + X7), i.e., the
symmetric part of X.

Theorem 1.3.8. Let L be a subspace of C"*" satisfying the conditions in
Definition 2. Let A € C"*™ and L4 be the best least squares fit to A from
L.

1. If A= A" then L4 = LT and min A(A) < A(L4) < maxA(A). As a

consequence L A is positive definite if A is positive definite.
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2. If A is real, then min A(As) < Re{A}(L4) < max A(As). Moreover, if
the Jy. in Definition 2 are real (in this case L4 is real), then (L4)s is
positive definite if As is positive definite.

Proof. Let M be a Hermitian matrix such that M? = Ezl and consider the
matrix MLy (cz a)M. As a consequence of 1.17, MLy (cz a)M is similar to
L4. Then A(L4) is an eigenvalue of MLy (cg a)M, ie. 3x € C" with
||x|| = 1 such that A\(L4) = x? MLy (cz ) Mx; thus by Lemma 1.3.7

ML) = ZkaAxk, X = PkHMX. (1.19)
k=1

Notice that the first identity in (1.16) implies

Zxk xp=1= Z[(Re x)" (Rex) + (Imxg) " (Im xy,)].
k=1

So inequalities in points 1. and 2. of Theorem 1.3.8 hold. Moreover, if
A= A" then by Lemma 1.2.2, L4 = Ef{.

Now assume that A and the Jj, are real and that z" A,z >0V z € R”, z #
0. Then the matrix M can be chosen real and, by Lemma 1.3.7, we have

2" MLy(cca)Mz =Y [PFMz|" A[Pf Mz), V z €R".
k=1

n

This identity implies that the matrix (£4)s is positive definite because, by
(1'17)7 (‘CA)S = M(MEV(CL,A)M)SMil- O

1.4 An insight of projection onto sd U algebras

1.4.1 Majorization and doubly stochastic matrices

We borrow this section from [4] and refer there for the proofs of the results
stated in the following. Let us start giving some definitions.

Definition 3. Let x, y € R". We say that'y “majorizes” x and we write
X <y if

1.1 2x22 2%, Y1 2 Y2 = 2 Yn;
2. Zle x; < Zle yi foralll <k <mn;
3. i1 T =D Vi
Definition 4. We will say that S € R™ "™ is “ doubly stochastic” if

1. S5 >0 foralli,j e {1,...,n};
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2. Se=e and e’'S = e’ beinge=(1,...,1)T.

Definition 5. T : R™ — R™ is a T-transform if there exists 0 < t < 1 and
g,k €{l,...,n} such that

Ty = (W1, Yj—1, 9+ (A=) Yks Ui 1s - - -, Yoo 1o (1= Y+ Yk, Ykt 1y - - - > Yn) -

Observe that T = tI + (1 — t)Qjk, being Qi the permutation matriz which
permutes the components j and k of a given vector. Observe, moreover, that
if T is a T-transform, then it is a doubly stochastic matriz.

Theorem 1.4.1. S € R™*" is doubly stochastic if and only if Sy <y for
ally € R™.

Proof. Let us suppose that S is doubly stochastic. Define x := Sy. Let
us suppose, moreover, y; > --- > y, and 1 > --- > x,, otherwise we
can consider P1y, Pox and PoSP, ! (being P, and P, permutation matrices
chosen such that Pjx and Py have non increasing components). Let us
define, for any fixed k, t; := Y. s;; € [0,1]. Observe that Doty =
> et Zle sij = k since S is doubly stochastic. We have

k k n n
dowi=D sy =)ty
i=1 j=1

i=1 j=1
and thus

k k n k n k n
D=y = tyi— Yy = tyi— Y vtk =) 1) =
j=1 j=1 j=1 j=1 j=1 j=1 j=1

k
D Wi —w)t—1) +th i — k) <0,
j=1 k+1

ie., Zle z; < Zle y; for all 1 < k < n. Moreover, being e’ x = e’ Sy we
have x < y.

For the reverse implication let us suppose Sy < y for all y € R™. Since
Se; < e; for all j = {1,...,n} we have s;;j > 0 for all i,j € {1,...,n}
and > ;si; = 1 for all j € {1,...,n}. Moreover, being Se < e we have
Yo, (Se)i=1and 0 < (Se); <1 for all i € {1,...,n}, i.e., Se=e. O

Lemma 1.4.2. If x <y, then x can be obtained from y by successive
applications of a finite number of T -transforms.

Proof. By induction on the dimension. We assume that x #y. If n = 2 we
have z1 < y1 and z1 + x2 = y1 + yo, thus y1 > x1 > x2 > yo. Therefore,
there exists t € [0, 1] s.t. 1 = ty1 + (1 —t)y2 and hence xo = (1 —t)y; + tya,
i.e., the thesis holds. Let us suppose that the thesis holds for n — 1. Since
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x <y we have z, > y, and hence y; > x1 > --- > x, > y,. Choose k such
that yr < 21 < yx_1 and write x1 = ty; + (1 — )y for some t € [0, 1]. Let us
define moreover 17 := tI+ (1 —t)Q1x, being Q1 the matrix which permutes
the components 1 and k of any given vector, and

X/ = (1'27 . 'axn)a yl = (927 <oy Yk—1, (1 - t)yl + tykvyk-‘rlv cee 7yn)
Since yp > -+ > yp—1 > Ty > - > T > T > -0 > Iy, for every
2 <m < k-1, it holds Z;nzz z; < E;n:z y;. For k < m < n we have instead

m m
Zyj Zya (1 —t)yr + tyr] + Z yj =
=2 j=k+1

m m

Zyj—an ZZ%‘—%:Z%,

Jj=1 Jj=1 j=2

being the last inequality an equality when m = n since x < y. We
proved x' < y’. By induction hypothesis there exists a finite number of
T-transformations T, ..., T, € R=Dx(=1) guch that x' = (T Tg)
Defining

10 --- 0

=

for every i = 2,...,r, we have
(T Ty = (T - - To) (21, )" = (21,x)" = x.
O

Corollary 1.4.3. If x <y, then there exists a doubly stochastic matrix S
such that x = Sy for some doubly stochastic matrix S.

Proof. By Lemma 1.4.2 observing that a finite product of T-transforms is
doubly stochastic. O

Lemma 1.4.4. If x <y, then x is in the convex hull of all vectors obtained
permuting the coordinates of y.

Proof. By Lemma 1.4.2 observing that the product of finite number of T-
transforms is a convex combination of permutation matrices. ]

As a consequence of the above results, we obtain Theorem 1.4.5 here
below:

Theorem 1.4.5. The following conditions are equivalent:
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1. x<y;
2. x is obtained from y by a finite number of T-transforms;

8. x is in the convex hull of all vectors obtained permuting the coordinates
of y;

4. x =8y for some doubly stochastic matriz S.

Theorem 1.4.6 (Schur’s Theorem). If B € C"*" is a Hermitian matriz,
then, defining b € R™ as the vector of diagonal elements of B ordered in non
increasing order, we have b < A(B).

Proof. By spectral theorem we have B = UD)\UH where U = (wij)ijeq1,...n}
is a unitary matrix. For every ¢ € {1,...,n} we have

by = eZTUd(A)UHeZ = Zuijmj)\j = Zpij)\j,
J=1 J=1
being P = (pij)ije{1,.n} ‘= U oU a doubly stochastic matrix, i.e., b = PA.

Thesis follows from Theorem 1.4.5. O

Theorem 1.4.7 (Cauchy Interlacing Property, [63]). If B € C"*" is a
Hermitian matriz partitioned as follows:

. BH C
B= [CH BQJ

where Byy € CK*k and Bgy € CO=R)X(n=k) " then we have

)\i—l—n—k(B) < )\1(311) < )\z(B) fOT’ alli € {1, .. ,k} (120)
Proof. Consider x1,...,%, € C" an orthonormal set of eigenvectors of B
and ¥y1,...,yx € CF an orthonormal set of eigenvectors of By;. For ev-

ery j € {1,...,k} define y; := [§;,0]T € C". Define, moreover, S\" =

span{yi,...,y:} and Sél) = span{x;,...,Xp}. Since dim(SY))—i-dim(Séi)) =
i+ (n — i+ 1) there exists a unitary vector y # 0 € SY) ﬂSéi) of the
form y = [y,0]7 where y € span{yi,...,y:}. Since for all unitary v €
spcm{yl, - ,yz} it holds )\z’(Bll) < \AfHBH\A’ < )\1(311) and
for all unitary v € span{x;,...,x,} it holds \,(B) < v Bv < \;(B), we
have
Ai(Bi1) < y"Buy =y’ By < \i(B). (1.21)

Analogously defining Sfi) = spand{yi,...,yr} and Séi) = span{X1,...,Xitn—k}
we have

Xi(B11) > 9" By = y" By > Aitn_i(B). (1.22)

O
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Theorem 1.4.8. Let us suppose x < y. Then for any convexr function
¢ :R™ = R™ it holds > 7", d(x;) < >0, d(vyi).

Proof. Since x < y, using Theorem 1.4.5 there exists a doubly stochastic
matrix S s.t. x = Sy. We have that

n

D o) <D0 sio(y) = by)-
=1

i=1 j=1 j=1

Observe that even the reverse implication holds. See [4] for more details. [

1.4.2 Projection onto sd U algebras

In this section we will summarize some results connected with the projection
of Hermitian matrices onto sd U spaces.
Define, for a given unitary matrix U € C™*" the associated sd U algebra as

L:=sdU := {Ud(z)U" s.t. z € C"}. (1.23)

As we observed in Remark 2, an sd U algebra is a x-space, hence results of
Section 1.3 can be applied. Before continuing, observe that one can obtain
points 1. and 2. in Theorem 1.3.8, in the more specific case when L is a
sd U algebra, using the identities ukHL'Auk = u,IjAuk, u; = Uey. These
identities follow from the equality

La=Ud([UPAU g, k=1,...,n)UH (1.24)

found as a simple consequence of the fact that ||- || is unitary invariant. In
particular the following theorem holds:

Theorem 1.4.9. Let £L =sd U and let B € C™**"™, Then

1. Lp = Ud(zg)U! where [zp]; = [U”BU];, i = 1,...,n; in particular
z,,r = d{U"x)UTy, where x, y € C".

2. If B € R then L € R™"™ provided that £ is spanned by real
matrices, or more generally, whenever the conjugate of the space L is
included in £, i.e £L C L (L is closed under conjugation).

3. If B = B then Lp = (Lp)" and min A(B) < A(Lp) < max A(B)
where A(X) is the spectrum of X. Therefore £p is Hermitian positive
definite whenever B is Hermitian positive definite.

4. tr(Lp) = tr(B);
5. if B is Hermitian, then A(Lp) < A(B);

6. ([103]) if B is Hermitian and ¢ is convex, then > " ; ¢(\i(Lp)) <
i1 (Ni(B));
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7. ([103]) if B is Hermitian and ¢ is convex monotonic non decreasing,
then Y% | o(M\i(LB)) < 8 o(Ni(B)) for all k € {1,...,n};

8. If B Hermitian positive definite, then det(B) < det(Lp) where the
equality holds iff U diagonalizes B.

9. ([84]) Define the K-condition number for B as K(B) = (tr (B)/n)"/(det(B)).
Then

K(LG'B) = K(X7'B).

min
XeL, X Hermitian positive definite

Proof. 1. Observe that since the Frobenius norm is unitary invariant we
have
in | X — B||p = min ||d(z) — U BU||p.
iy | I = min [|d(z) I

The second part follows from direct computation.

2. and 3. see Remark 1 and Theorem 1.3.8.

4. Using 1. and observing that A(Lp) is obtained arranging in a non
increasing order the set

{(UEBU); fori=1,...,n}.

5. Define the matrix B:=U"BU. From Theorem 1.4.6 we have b < A(B)
where b are the diagonal elements of B arranged in non increasing order.
Thesis follows using point 2., i.e., A(Lp) = b.

6. From Theorem 1.4.8 using point 3.

7. Define Uy as the matrix obtained by by the first & columns of U. Define
By, := UFBU,, e CF*k

and IE)E as the diagonal elements of B, arranged in non increasing order. We

have by < A(By) from Theorem 1.4.6, hence, using Theorem 1.4.8, it holds

k

k k
D d((br)i) <D (Ni(Br) <> d(Mi(B)),
=1 =1

i=1
where the last inequality follows from Theorem 1.4.7 and from the mono-
tonicity of ¢.
8. Use point 1. and the Hadamard’s inequality for the determinant of
UHBU:

det(B) = det(U¥ BU) < ﬁ(UHBU)”- = det(Lp). (1.25)
=1
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Assume that in the above equation (1.25) the equality holds and assume
by contradiction that (UH BU);s # 0 for a pair of indexes t,s € {1,...,n},
where t # 5. Assume, moreover, without loss of generality that (UH BU),, >
(UM BU)y;. Then there exists a Givens transformation @ s.t.

(UHBU);; for i # t, s
(UQ"BUQ)ii = § (UM BU ), + 6 (1.26)
(UHBU)tt — 5,

with

>0,

((UHBU )ss —

(UHBU)tt>2_ |(UHBU)SS — (UHBU)tt|
2

5:\/|(UHBU),55\2+ 5
obtained from the equation ((UQ)” BUQ) = 0. But then we have

n

=1

which is a contradiction.

> i (UM BU)i/ i )” | JHE

K(X7'B) = K(d(z)"\U"BU) = ( - R

Thanks to the inequality between the arithmetic and geometric means (which

n A\ N
says that for any non-negative real numbers {z;}? ; it holds <¥> >
[T, z; and equality holds iff 21 = --- = x,), we have

(Zy:l(UHBU)ﬁ/Zi )"ﬁ 2 > ﬁ(UHBU)ii

n : :
e (1.27)
B n (UMBU);
K(L lB > HZ—I( 2
@ KLy B) 2 == 1005
In (1.27) equality holds iff (U¥ BU)11/2z1 = - -+ = (U¥ BU),/ 2, condition

satisfied by z = ..., (UYBU);;,...]T. O



Chapter 2

Low complexity matrix
projections preserving
actions on vectors

2.1 Introduction

The projection onto algebras of matrices simultaneously diagonalized by
unitary transforms U

L:=sdU={Ud=zU" : z € C"},

has been used profitably in the last twenty or thirty years as a core instru-
ment in order to speed up, through preconditioning techniques, iterative
methods for linear systems Ax = b where A is a symmetric positive definite
matrix (spd for short) [44, 102, 37, 96], [66, Chap. 5]. The main idea con-
nected with these spaces could be traced in the key observation that very
often the matrices corresponding to linear systems arising from applications
exhibit some special structures and thus can be naturally approximated in
low complexity spaces £ of matrices of the form sdU. By a low complexity
space £ we mean a space such that for any A € L the cost of a matrix vector
product Ax for any x € R™ and the number of memory allocations sufficient
to store A are much less than n2. In particular £4, the projection of A onto
such £ = sd U, has revealed to produce approximations of the spectrum
of A good enough (see in particular [102, 101]) to speed up preconditioned
iterative solvers of Ax = b without increasing the time per step and the
space complexity.

Recently [40, 7, 43, 39|, projection onto low complexity matrix algebras
have been also used in order to reduce the computational cost of BFGS
method [82] for the unconstrained minimization of a function f : R™ — R.
In these low complexity BFGS-type methods, a sequence of spd matrices
{Bgk}ren satisfying the Secant-Equation (Bgsiy_1 = yx—1, where sp_1 =

29
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Xp — Xp—1, Yi—1 = V[f(xx) — Vf(xk—1)) is iteratively generated defin-
ing By as a rank-2 correction of Lp, , (instead of Bjy_;) and the line
search is performed along the corresponding sequence of descent directions
d, = —B, 'V f(x;). In earlier papers on this subject, the successful use
of matrix algebras sd U tool was mostly connected with the fact that the
approximations {Lp, }ren of the spd matrices { By }ren generated by BEGS-
type scheme, preserve some global information about the spectrum of By, (i.e.
trace and determinant, see Theorem 1.4.9). This fact permits to establish
global convergence results for a corresponding N on Secant class of low com-
plexity BFGS-type algorithms where the descent directions are of the form
dy = —Lﬁgin(xk). Notice that in such papers, the matrix algebra £ (and
hence the unitary matrix U) was fixed during all the execution of the al-
gorithm. More recently, in [41, 39] it has been pointed out, accordingly to
some experimental evidences, that in order to improve the efficiency in low
complexity BFGS-type methods, an adaptive choice of the matrix algebra £
can be exploited, i.e. at each step a matrix algebra £*) = sd U, (and hence
a unitary matrix Uy) can be produced in order to guarantee that the matrix
ngg retains as much as possible information from Bj. Moreover, in [27],
it has been observed that the possibility of changing the algebra L at each
step can be used in order to guarantee the global convergence of Secant low
complexity BFGS-type methods. This can be achieved by requiring, apart
the global approximation of the spectrum of By by Lp,, the coincidence
of Lp, and By, along the given direction s;. We are able to obtain such a
point-wise property only by changing the space £ at each step. To this aim
the following problem was introduced in [27] :

Problem 1. Given a spd matriz B € R™*"™ and a vector v € R", find a low

complexity unitary matriz L such that defining L = sd L, we have
Lpv = Bv. (2.1)

In this paper we obtain a general result (Theorem 2.3.1) which in particular
gives a full solution of Problem 1 and of its multi-direction generalization :

Problem 2. Given a symmetric matriz B € R™™ and V € R™" such
that VIV = I, find a low complexity unitary matriz L such that, defining
L = sdL, we have

LV = BV. (2.2)

Observe that the cost of the construction of the unitary low complexity
matrix L and of the projection Lp (where £ = sd L) in Problem 2, is justified
by the possibility to exploit Lp as a low complexity approximation of B.
This approximation should be able to capture in Lp two characteristics of
the operator B: its spectral information and its action along a fixed set of
directions defined by V. The proof of the main result in Section 2.3, which
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gives a solution of Problem 2, uses the fact that the Arnoldi method for
finding an orthonormal basis of a Krylov subspace permits to highlight the
essential informational content of the action of B on a fixed set of directions.
In this paper we show how this highlighting leads to the definition of a special
low complexity space £ = sd L such that the projection of B onto £ allows us
to gain the two required characteristics. A key instrument to construct the
unitary L is given by a remarkable new result concerning the Householder
matrices (see Section 2.2.1). More precisely L turns out to be the product
of a number of Householder matrices depending on the dimension of V.

Even if Problem 1 has been introduced in connection with an optimiza-
tion framework (see [27, 30] and Chapter 5), where the aim was to define
new efficient minimization procedures, we believe that the general results
presented in this chapter have their own theoretical interest and can have
applications in other fields of computational mathematics. For the sake of
completeness let us point out that a problem similar to Problem 2 has been
tackled in [106, 105, 79, 52] in relation to preconditioning problems, but
using different techniques.

2.2 Preliminaries: Block-Arnoldi

Given A € R™™ Vi € R™ such that V{'V; = I, consider the following
generalized Krylov space

ICm(Aa ‘/1) = Km(A7 ‘/181) + -+ Km(Aa Vler)

where K,,(A,v) = span{v, Av,..., A"~ 1v} denotes the usual Krylov space
of order m. Consider, moreover, the following Block-Arnoldi procedure :
Input: A € R™*™ 1V, € R™*"

1 forj=1,...,mdo

2 W; = AV},

3 fori=1,...,5 do

4 Hz'j = V;TW]' >

5 Wj = Wj — ViHij;

6 end

7 W; == Q;R; (Q; orthogonal , R; upper triangular) ;
8 Set Vj_;_l = Qj and Hj+1,j = Rj ;

9 end

Algorithm 1: Block-Arnoldi

The following Lemma 2.2 (see [92, 93, 61]) could be considered as a con-
densed summary of basic properties on the output of the Block-Arnoldi
method.

Lemma 2.2.1. Let us define

Um = [Vl, .. .,Vm],
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Hy = (Hij)1<ij<m, Hij:=0,i>j+1

constructed considering the output of Algorithm 1, and let E,, be the mr X r
matriz whose columns coincide with the last r columns of I,,,-. If none of the
upper triangular matrices {Hj+1,j}j:1,m,m_1 are singular, then the columns
of Up, form an orthonormal basis of Kp,(A,V1). Moreover, the following
relations hold:

AUy, = U Hyy 4 Vit Hin 1 m EL; (2.3)

H,, = UL AU,,. (2.4)

In particular, about the output of the Block-Arnoldi method, a natural block
generalization of a well known polynomial vector identity (see Lemma 3.1
in [90]), is stated in the following Lemma 2.3. Note that such block identity
(2.5) is related with the approximation of the action on V} of the exponential
of A [76].

Lemma 2.2.2. Let U, and H,, be defined as in Lemma 2.2.1. Then for
any polynomial p; of degree j < m — 1 the following equality holds:

1
BV = Uttt [ T ] 25
(m—1)r,r
Proof. Analogous of that of Lemma 3.1 in [90], defining the orthogonal pro-
jector onto K, (A, V1) as w1 = U UL O

Before concluding, as already pointed out in the Introduction, observe that
thanks to Lemma 2.2.2 the Block-Arnoldi procedure represents a computa-
tional strategy for compressing the action of the matrix A on V; in a small
number of parameters whenever r is small. These parameters, suitably re-
arranged, will lead to an ad-hoc low complexity space £ = sd L where the
projection L4 inherits the informational content related to the action A on
Vi (see Theorem 2.3.1).

2.2.1 Householder Matrices

Given a vector p # 0 € R™ define

2
H(p) := I, — —~ _pp’.
Ipll?

By extension, if p = 0, we will write H(p) to denote the identity matrix.

Remark 3. Consider two vectors v, z € R™. From direct computation one
vl

can check that defining p = v — 1—nz with z # 0, we have

(2]
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The following Lemma 2.2.3 is a generalization of an analogous in [41].

Lemma 2.2.3. Consider W = [wy|...|ws] € R"** and V = [v1]...|v4] €
R™S such that s < n, WIW = VTV. Then there exist hy,...,hy € R"
and an orthogonal matric U = H(hs)---H(hy) product of s Householder
matrices such that

Uw; =v; forallie{1,...,s}.
If s =n we have h, =0, i.e. H(h,) =1, or H(hy) = H(vn).

Proof. By induction on s.
For s = 1 use Remark 3. Assuming the thesis true for s — 1, let us prove it
for s. Set U; = H(q;)Q where @ is an orthogonal matrix and

q; = Qw; —v; forie {l,... s}

Since U;w; = v; for i € {1,..., s} for any choice of @, thesis will be proved
if there exists an orthogonal matrix @ such that q; =--- =qs =: q, i.e.
Qwy —w;) =vy—v; forie{2,...,s}.
In fact in this case Uy = --- = Ug would be the required matrix U. Thesis
follows from inductive hypothesis defining
Wy, = [Wl — W2| e ’Wl — Ws} € Rnx(sfl)’
Vi= [Vl — V2| ... |V1 — VS] € Rnx(s—l)

and observing that WlT Wy = VlTVl. Note that the vector q can be chosen
such that [|q||3 = 2.
For the second part of the thesis observe that if Q = H(h,_1)---H(hy) is
the orthogonal matrix such that Qw; = v; for ¢ = 1,--- ,n — 1 we have
Qw, = kv,, k= +£1 (V is an orthonormal basis of R” and @ orthogonal).
If k = —1 it is enough to consider U = H(v,,)Q.

O

Two important observations are in order here:

1. Lemma 2.2.3 can be used to produce an orthogonal matrix U =
H(hs) - - - H(hy) having among its columns s given orthonormal vectors
v; for i € {1,..., s} (just take w; = e,) and the proof of Lemma 2.2.3
represents a concrete computational procedure of cost O(s(s—1)n) (see
Lemma 2.2.5) for finding the vectors hy, ..., hs. In particular we have
a procedure (alternative to the classic one obtained through triangu-
lar decomposition by Householder reflections) of cost O(n?) for finding
the vectors hy, ..., h, such that

V=*H(hy) - -H(h),

where V' is any orthogonal fixed matrix.
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2. Matrix algebras of the form £ = sdU where U = H(hy)---H(h;)
is an orthogonal matrix and s << n, are low complexity matrix al-
gebras since the structure of U can be exploited in order to perform
the matrix-vector product Ud(z)U”v in O(sn) FLOPs (whenever the
vector z is given). See also Lemma 2.2.4 below.

Lemma 2.2.4. Consider an orthogonal matriz U of the form U = H(hs) - - - H(h1),
then for any vector v € R™ the matrix vector product Uv can be written as

S
Uv=v-— Z hiTqi_lhi, where
i—1
Z (2.6)
qo=v and q; :=q;—1 — h] q;_1h; =v — Z h]qu‘—lhj-
=1

Proof. Let us preliminarily observe that formula (2.6) for the g; can be easily
proved. The thesis holds for s = 1. Assuming the thesis true for s — 1, let
us prove it for s. Consider U = H(hy) - - - H(h;). From inductive hypothesis
we have

s—1
H(hg_1)---H(h))v=v— Z hiTqi_lhi
i=1

from which we obtain
s—1 s—1 s—1
H(hy)(v—> hl'qi1hi) =v—> hlq_1h; —hl(v—> hfq;_1h)h,.
i=1 i=1 i=1
The result follows observing that
s—1 s—2
v—> hiq, 1hi=v—->Y hlq 1h; —hl q. oh, 1 =q. 1.
i=1 i=1
O

Remark 4. Evidently once the coefficients hl'q;_1 fori € {1,...,s} are
known O(sn) multiplications are sufficient to compute the matrix vector
product Uv in (2.6). Observe, moreover, that the coefficients hiTqi_l fori e
{1,...,5} in (2.6) can be computed in O(s?) once the quantities

hlv foric {1,...,s}, and hl'h; fori#jec{l,...,s}
are known (this last observation will be useful in Proposition 2.5.2 ).

A non recursive version of Lemma 2.2.3, more implementation-oriented, is
stated in the following
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Lemma 2.2.5. Consider W = [wy]|...|ws] € R"*® and V = [vy|...|vs] €
R™¥$ such that s < n, WIW = VIV. Then there exist hy,...,hy € R?
and an orthogonal matriv U = H(hs)---H(hy) product of s Householder
matrices such that

Uw; =v; forallie{1,...,s}.
The vectors h; fori € {1,...,s} can be obtained by setting :

hy = (—1)* [H(hi1) - H(h) (Weoig1 — Wei) — (Veit1 — Vi),
h; := (v2/||hy||2)h;

(where we set wg = vo = 0). The computational cost is :

(2.7)

[s(s—1)n+s(2n+1)] mult. +[(s(s+2)—2)n+s(n—1)] add. +s sq. roots.

Observe that when w; = ey, fori = 1,...,s, it is possible to save (s —
1)n mult. and (3s — 2)n add..

2.3 Main Result

Theorem 2.3.1. Let A € R™" be a symmetric matriz. For every fixed
integers m and v with 1 < m < n, mr < n and for any V1 € R™" such
that Vi'Vy = I,., there eists an orthogonal matriz L € R™ ™ such that if
L= sdL and L4 is the best approzimation of A in L, then

pi(La)V1 = pi(AN1 (2.8)
for any polynomial p; of degree j < m — 1.

Proof. Consider the matrices U,, and H,, constructed from Algorithm 1
applied to I, (A, V1) (observe that the first r columns of U, form V7).
From Lemma 2.2.2 with j7 = 1 we have

AVI:UmHngUm[ Ir }
O(m—l)r,r

From (2.4), the last equality becomes
AV} = UnQQ UL AU QQTULY; (2.9)

for any orthogonal matrix @ € R™"*™" . In particular, being UL AU,, sym-
metric, in (2.9) we can choose @ as the orthogonal matrix which diagonalizes
UL AU, i.e.

I 0 0

AVi=UQ | | QTulw, (2.10)
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where x; = eiTQTUglAUeri for i =1,...,mr. Consider now the matrix
L =[UnQei1|...|[UnQemr|8mrsi1]---|8nl
where {grm+1,--.,8n} is an orthonormal basis for
<UnQei, ..., UnQemy >~ =< Upei,...,Unemr >, (2.11)

set L = sd L and consider L4 the best approximation of A in £. In order
to prove that L4 satisfies (2.8) it is sufficient to prove that

LVi=AV for0<j<m-—1. (2.12)
Of course, (2.12) is true for j = 0. The equality £4Vi = AV; follows

observing that using the first formula in Theorem 1.4.9 we have

n

LaVi = () (L"AL)iiLei(Le;)" )V

(2

o (2.13)
= (O 2i(UnQe)([UnQe:)")Vi = Ay
i
where in the second equality we take into account that gZTVl = 07 for

i€ {mr+1,...,n} (see (2.11) and (2.10)). Suppose now (2.12) true for
all j < m — 2 and let us prove it for j = m — 1. From inductive hypothesis
and Lemma 2.2.2 we have

LW = LALT 2V = LAA™ 2V, = LAU, H 2 [0 I } .
(m—=1)r,r

From direct computation, we have £4U,, = U, H,, and thus, using (2.11)
and the definition of (), we have

I
O(m— r,r

I,

EAUmH;?_z
O(m—l)r,r

} = UpnH [ ] =A™,
where the last equality follows using again Lemma 2.2.2. Hence (2.12) holds
also for j =m — 1. O

Thanks to Lemma 2.2.3, given A € R™ "™ symmetric and V3, € R"*",
ViI'Vi = I, one can realize concretely the procedure introduced in the proof
of Theorem 2.3.1 to obtain £ and L4 such that (2.8) holds.

Proposition 2.3.2. The matrix L4 of Theorem 2.3.1 can be constructed by
the following steps:

1. Apply the Block-Arnoldi procedure, Algorithm 1, to K, (A, V1) in order
to obtain the matrices Uy, and H,, = U,z;AUm of Lemma 2.2.1. This
step requires O(mrx(A) +m(m + 1)r’n+mQCy) arithmetic operations,
where Cy is the computational cost of a QR decomposition of n X r
matriz.
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2. Produce sufficiently accurate matrices Q) (orthogonal) and D (diago-
nal) such that QT H,,Q = D.

3. By using Lemma 2.2.3, compute hy, ..., hy, such that

Imr :|

Onfmr,mr

H(hmr) U %(hl) [ = UmQ7

and set L = H(hy,)---H(hy). This step requires O(mr(mr — 1)n)
arithmetic operations.

4. Set L = sdL and compute (LT AL); for i = mr +1,...,n (fori =
1,...,mr we have (LT AL);; = D;;), and observe that

La=Ld((L"AL)y)j,)L"

satisfies (2.8). This last step requires mry(A) + O(mrn) arithmetic
operations.

Proof. For the computational cost needed to perform point 3. consider the
first observation after Lemma 2.2.3 and Lemma 2.2.5.

Instead, concerning point 4., observe that using Lemma 2.2.4 and the sym-
metry of A we have :

mr mr
e]TLTALej = e]TAej -2 Z hiTqi_leJTAhi + Z hiTqi_lthql_lh;fFAhl

i=1 i=1
for all j € {1,...,n}. The computational cost estimation follows from Re-
mark 4 observing that hl'e; for i € {1,...,rm} and j € {1,...,n} do not
require FLOPs to be computed. O

The following Corollary states the cost of solving the original Problem 2 by
using the procedure indicated in Theorems 2.3.1 and Proposition 2.3.2 in
the cases r =1 and r = 2.

Corollary 2.3.3. Consider A € R™" and Vi3 € R™*". The computational
cost to produce an orthogonal matriz U and L4 such that LaVi = AVy,
where L = sdU is : O(n) 4+ 2x(A) when m =2, r =1 and O(n) + 4x(A)
when m =2, r = 2.

Remark 5. Observe that since U, UL € L we have that
|A = Lallr < A= UnUpg| r.

Before concluding this section let us stress once more that Problem 2
with 7 = 1 has been introduced in [27] in order to guarantee the conver-
gence of Secant low complexity BFGS-type minimization schemes originally
introduced in [40] (where it was proved the convergence of a Non Secant
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version). This result has been recently generalized to Broyden-Class-type
methods, see [30] and Chapter 5 for more details. Interestingly enough, the
above mentioned papers [40] and [27] suggest that the Secant Equation is
not a necessary ingredient for the convergence — and perhaps for the defini-
tion — of quasi-Newton methods, in striking contrast to [82, p.24] [33, p.54]
and [13, p.223] where the Secant Equation seems to be a necessary require-
ment of Quasi-Newton methods (and is even called quasi-Newton Equation).

2.4 Numerical Results

In the following Table 2.1 we present some numerical results confirming the
effectiveness of the construction presented in Proposition 2.3.2. In particular
we will focus our attention on the case m = 3, r = 1, using some matrices
from [31] and V; € R™ generated randomly.

Table 2.1: Numerical results for m =3, r =1

Name Dimension | pa(A) spd | [[A7Vi — L) Va2

plat362 | 362 2.178223¢ + 11 | yos j — ; ggi’g;z — 12
1138 bus | 1138 8.572646¢ + 06 | yes j = ;ﬁff?ﬁﬁ = ég
ex4 1601 2.386583¢ + 03 | no i — ; S:gjﬁz — ﬁ
can_1072 | 1072 1.214866¢ + 35 | no j = ;:?ggiz —

Observe that, as the experiment 1138_bus shows, further investigation
should be devoted in order to analyze the numerical stability issues con-
nected to the proposed construction, to better understand, for example,
why the accuracy deteriorates so consistently in this particular example.

2.5 Useful remarks and future works

In this section we present some useful applications and possible research
problems related with the result stated in Theorem 2.3.1. An application to
numerical optimization is described more in detail in the next Chapter 5.
1)[Generic V4] Observe that if V4 € R™" has maximum rank but V;/'V; #
I, in order to find the matrix algebra £ = sd U such that £f4V1 = AV for
0 <j <m—1, it is sufficient to consider the matrix algebra £ = sd U such
that £7,Q = A7Q for 0 < j <m — 1, being V1 = QR (QR decomposition).
2) [Projections which preserve eigenvectors] Consider V3 € R™ " such
that VIV = I, and AV = Vid(X\) where A € R". Consider now any
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orthogonal L having r columns coinciding with those of Vi, then, defining
L = sd L, it is easy to verify that we have

LaVi = Vid(N\) (2.14)

(such L can be constructed as the product of r Householder matrices).
Note that (2.14) represents a block generalization of an analogous formula
used in [26] in order to precondition Euler-Richardson method for solving
stochastic linear systems where the matrix algebra £ = sd U has been chosen
such that eT L4 = el A = eT (being A a column stochastic matrix).

3) [The generated ideal] Given B € R™"™ and V; € R™" such that
VI'Vi = I, adopting an algebraic-geometric point of view, if we try to
tackle directly Problem 2 (i.e. find £ = sdU such that LgV) = BV}), we
should seek a matrix U of the form

U=(I—-xxl)...(I-xx7),

S

satisfying the following system of nr + s polynomial equations :

Ud(UTBU)u)UTV, — BV; = 0

2
x| =2
el (2.15)

s |? = 2

If we denote now by I the ideal generated by such system and by Z,(I) the
corresponding affine algebraic set, from Theorem 2.3.1 with m = 2 we have
Za(I) # @ when s = 2r and hence, from Hilbert Nullstellenstaz-weak form
([78]), we can conclude I # (1) in C[x1,...,Xs|. Observe that if we consider,
instead of an orthogonal matrix a unitary matrix, (2.15) is not longer an
algebraic variety. Nevertheless, we suspect that an analogous result could
hold if the construction presented in Section 2.3 could be extended to the
complex case and if we suitably increase the number of unknowns in (2.15).

4) [Projections with fixed columns] Observe that if we form V; € R™*"
using a subset of the canonical basis in Theorem 2.3.1, then projections
will have the same columns of the original matrix. Of course, in order
to obtain a good approximation in Frobenius norm of the original matrix,
a straightforward choice of the columns to be preserved in the projection,
would be to choose those of maximum 2-norm. Nevertheless, we believe that,
in order to make choices which produce more accurate approximations, in
this context, ideas from the theory of pseudo-skeleton approximation and
maximal volume from [57, 58, 59], would be extremely useful.

5) [Eigenvalues approximation| In the particular case of A spd matrix,
the Kantorovich inequality [63] could represent a measure of the accuracy
of the extremal eigenvalues of the projection £, as approximations of the
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extremal eigenvalues of A. To fix ideas consider m = 2 in Theorem 2.3.1.
From the Kantorovich inequality we have that

()\1(./4) -+ )\n(A))2 > eZTVITA2V18i

forallie {1,...,r}
4)\1(A)/\n(A) — (evalTAvlei)z or all 2 { 7“}
Considering £ = sd L such that £V, = AV;, we have

() + M A)? _ (L) + MlL)? _ IV LAVier _ elV A%Vie

> > —

AN (A)\,(A) AM(LA)A(La)  — (el VILaAVIe)? (el VI AVie;)?
for all ¢ € {1,...,r} which, of course, is not guaranteed to hold for the
projection on a generic matrix algebra £ = sd U for the vectors in V; (the
first inequality follows using Theorem 1.4.9). A suitable choice of V; could
maximize the last ratio producing in this way a good approximation of the
extremal eigenvalues of A. Finally, observe that if one form Vj using the
eigenvectors corresponding to the maximal and minimal eigenvalues of A we
obtain, for all v € R™,

vl A%y < (M(A4) +

W(AN2 (M(LA) 4+ An(L£4))2
(vITAv) = 4X(A) ’

A
MA) AN (L) (La)




Chapter 3

Regularizing properties of a
class of matrices including
the optimal and the
superoptimal preconditioners

3.1 Introduction

Optimal circulant preconditioners have been introduced in [20] and studied
in [21, 102]. Superoptimal circulant preconditioners have been introduced
in [102] and studied [24, 36]. In this paper we introduce a class of matri-
ces which include the optimal and the superoptimal preconditioners. We
prove that the matrices in such a class share, in an enhanced form, some
good properties of the superoptimal matrix [36, 49, 35], particularly useful
when exploited as regularizing preconditioners [62]. We prove moreover, that
the proposed preconditioners can be computed cheaply when the coefficient
matrix of the linear system has Toeplitz structure. Finally, we exhibit ex-
perimental results confirming the goodness of the proposed preconditioners
when employed as regularizing preconditioners.

3.2 Main Results

In this section we introduce and study a class of matrices parametrized
by the natural numbers. Theorem 3.2.3 represents the main result in this
section and generalize an analogous result obtained in [25] involving the op-
timal and the superoptimal preconditioners. Let us introduce the following
theorem by Ostrowski (Theorem 4.5.9 [63]):

Proposition 3.2.1. Let A, S € C™" with A Hermitian and S non sin-
gular. Let the eigenvalues of A, SAS* and SS* be arranged in nondecreas-

41
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ing order. Let o1 > --- > o, > 0 be the singular values of S. For each
k=1,...,n, there is a positive real number 0 € [02, 03] such that

Ae(SAS*) = 9\ (A).

Lemma 3.2.2. For any Hermitian positive definite A € C™"*™ and unitary
U € C™™ we have :

dU*AYU) > d(U*A¥ 'U)?, ieN\{o}. (3.1)
Proof. By direct computation exploiting the equality

UA2U = U A2 ' UU A2 T U

O
Definition 6. For any £L = sd U and i € N define
=
Pyy(A) = L2 L e (3.2)

Observe that choosing i = 0 in equation (3.2) we obtain the optimal pre-
conditioner introduced in [20], choosing instead i = 1 we obtain the super-
optimal preconditoner introduced in [102]. We can consider for this reason
P;y(A) as a possible extension of the above mentioned preconditioners.

Remark 6. From Lemma 3.2.2 we have

AU A2 V)5 T > dU* AT U)72
or equivalently

Piy(A) = Py_1)(A) fori € N\{0}, (3.3)
and hence, for i € N it holds

max Me(Priy(A)) = max Ak(Pi—1y(A)),

) . (3.4)
min A (i) (4)) = min A (Fi-1)(A))-

Observe, moreover, that applying repeatedly Lemma 3.2.2 it follows that
dU*AYU) > - > dU*AU)*

and hence

d(U* AU Ld(U* A2 U)o > L. (3.5)
Remark 7. Observe that using Theorem 3.1 in [49], P;)(A) are the solu-

tions of the following optimization problem:

1

P (A) == arg )1?61% |AX — EAZAC:{F . (3.6)
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1
The choice of the matrices £ 42 ﬁAjfl in the optimization problem (3.6) is

justified by the following theorem:

Theorem 3.2.3. Given an Hermitian positive definite A € C™*™  for any
i € N\{0} we have that

(P (A) 71 4) < M((Py(A)14) k=1,.,n.  (37)
Proof.
(P (A) 1A = (Pay(A) " Paoy (A)(Pa—y(4) 1A
__ 1 __1_ __1_
~ AU A2 U 5T AU A2 U) 72 d(UF A2 U) e 2 d(UF AU U AU
~ DMD

where

i _ 1 i—1 1
D =dU*A*U) 2 d(U*A* U)z1
and

1

M = d(U* A2 7' U) 7T AU AU )R U AUA(U* AU) 2 d(U* A2 U) "7,

From (3.1) we have D;; € (0,1] and hence thesis follows from Theorem 3.2.1
where S = D and A = M, observing that

M =~ (P;_1y(A) A
O

Corollary 3.2.4. For every k = 1,...,n, there exist )\Zoi and )\ZOT such
that

iEgLAk«}%U@4»7;A)::A?w7 (3.8)
lim A (P (A1) A) = A (3.9)
1—r 00

Proof. Observe that using Theorem 1.4.9 we have
T AZYFT (A7) A2 (A2
AL ) € Mn(AT)27 T, M (A7) 27T ] = [Aa(A)7, A (A)7]

and hence
An(A)? Ni(A)?

A (A) 7 A(A)

Thesis follows from Bolzano-Weierstrass theorem observing that

AP (A)) €

). (3.10)

An(A)? A (A)?
Ai(A)?7 An(A)2]

M(Pay(A)THA) €
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and observing that, from Theorem 3.2.3, A\x((P;)(A)) ' A4) is a monotoni-
cally decreasing sequence for each £k =1,...,n.

For the second part, applying Theorem 3.2.3 to the inverse matrix A1,
we obtain

M((Piy (A1) TTATY < M((Papy(A™) MATY) k=1,...,n
and hence
)\k(P(z) (A_I)A) > )\k(P(z_l)(A_l)A) k=1,...,n. (3.11)

Observe that (3.11) is now a monotonic increasing sequence and thesis fol-
lows as in the previous case. O

Remark 8. Observe that using Proposition 3.2.1, Lemma 3.2.2 and analo-
gous techniques to those in Theorem 3.2.8 and Corollary 3.2.4, it is possible
to prove that also the sequences {\,(P;)(A)A)}ien are monotonic increasing
and convergent for every k = 1,...,n. Interestingly enough, using P;y(A)
and (P (A))~t it is possible to produce, in some cases, a better approxima-
tion of A~ To this extent observe that
min [|(aP (4) + (P (4)) ™) A ~ Il

has a mon trivial solution, namely a,b are obtained solving, under suitable
hypotheses, the following linear system

tr(A%(Py)(A))?) tr(A?) ] [a]

tr(A(F;)(A)))
tr(A?) tr(A%(Pay(A)~2)] |b -1

N Lr(A(Pm(A)) )]
(3.12)

The following Theorem 3.2.6 gives a more accurate bound of A(FP;)(A))
if compared to the bound contained in (3.10). First let us introduce the
following lemma :

Lemma 3.2.5. If A € C™*™ is an Hermitian positive definite matriz then,
defining M = maxy, Ay, we have

|Re{Ani} < M and |Im{Api}| < M for all h,k € {1,...,n}.
Proof. For h # k chose the vectors x; = e, —eg, Xo = e +e€i, X3 = 1€, — €,

x4 = 1€p+ey, and use the fact that x7 Ax; for [ = 1,2, 3, 4 are strictly positive
scalars. O

Theorem 3.2.6. For every i € N we have
U(P(Z) (A)) C [Bminv C(i)/Bmax]; (313&)

1

1
(P (A)) < min{pa( A%, (2 — DFT pp(A)T 7 pp(La)},  (3.13b)
being Bumin = ming (U AU )k, Pmax = maxy (U AU )gx and Cyy > 1 a suitable
constant.




45

Proof. For the first part, to ease the notation, define
B:=U"AU and X := d(B)72i_2(Bzi_l)d(B)fzi—Q'

i—1

It can be easily checked that P(QZ.) (A) = Ud(X(i)d(B)QFIX(i))U* and that

min max

Bl X2 < Xpd(B)* ™ X5y < Bhax X2 (3.14)
From (3.14) it follows that
_1_ i—1 _1_ _1_
Bunind (X)) 7T < d(X(yd(B)* X)) 7T < Pnaxd(X)) >

where d(X(i)d(B)Qile(i))?%l are the eigenvalues of P;)(A). To complete
the proof define M(;) := maxy(X(;))kx- We have that

1

1< (X2 " < (M2 +2M2(n—1))7 7 forall k€ 1,...,n, (3.15)

i
(3.5), the second inequality follows instead from Lemma 3.2.5. Define

where the first inequality follows observing that (X(Q))kk > (X))i and

Cly = (MZ)(2n—1))7 T, (3.16)

For the second part let us bound the constant M. Observe that if we
consider the spectral norm || - |2 we have for 7 € N that

_9i—1 i—1 _9i—1 i—1
My < p(X@) = p(d(B)™ B* ) < |ld(B)™ 2| B* " [|2 =
1

_1 _o9i—1 57T i—1 % )\1 A (3'17)
(M) 7T < |ld(B) 2|17 B F T = ﬂ(_),

and hence (A
1)) (g — 1) (3.18)

1<Cu <(

min

Observe finally that from (3.18) we have lim; o C(;) = 1. O

Before concluding this section, let us observe that an analogous bound
to (3.13a) was derived in [36] for the superoptimal preconditioner, and hence
Theorem 3.2.6 could be considered as an extension of Theorem 3.4 in [36].

Observe, moreover, that (3.13b) could be particularly relevant if the
matrix algebra £ = sdU is chosen such that ps(L£4) << p2(A) (see Ap-
pendix for a way to construct such £). In fact, once such £ is available,

1
the corresponding sequence of preconditioners F;) (A) = Ej? EZI must be,
by (3.13b), such that p2(Py;)(A)) ~ p2(La) when i € N is sufficiently large.
Thus it is possible to introduce and use preconditioners ;) (A) which satisfy
property (3.7) — a property which favors regularizing properties (see Section
3.4) —, without resulting in a significant deterioration of the condition num-
ber.
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Remark 9. It is possible to compute directly lim;_,o P(i)(A). To this end
(k)

let us define ug ;= Uey, for k=1,...,n and write ug = Z?Zl ;v where
Av; = \j(A)v;. We have
. soNL . = (k)\2 s\l
i ()t = (340 = X (4)
j=

and hence,

: Ai(4)? Ai(4)?

1 P (A) =Ud(b)U* where b = . 3.19

3.3 The Toeplitz Case

“When using superoptimal preconditioners in practice, one obviously should
be assured that there is a way to compute them sufficiently quickly ([102])”.

In this section we will prove that, when T is a Toeplitz matrix and
C = sd F where F is the Fourier matrix (i.e. C is the algebra of circulant
matrices), the preconditioners P; (1) can be computed cheaply for moderate
values of ¢ € N.

3.3.1 An insight into Toeplitz and Toeplitz-like structures

Let us start introducing some notations, definitions and results. What fol-
lows in this subsection is entirely borrowed from [71] and hence we refer
there for further details and proofs.

Definition 7. Define the displacement V z(A) of A € C™ ™ with respect to
Z € C"*" s

V4(A) = A— ZAZ",

and the rank of Vz(A) the displacement rank of A. Define, moreover,
Toeplitz-like matrices as those matrices with small displacement rank.

Definition 8. Forr > rank(Vz(A)) we call a pair of matrices (G, B) where
G, B € C"*" generator for A if

Vz(A) = A— ZAZ* = GB*.

If we consider
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then the matrix A can be reconstructed from generators as
n—1
A=T(G,B):=)Y Z°GB*(Z*)". (3.20)
k=0
If we denote by gj;, b; € C" respectively the columns of G, B for j =
1,...,7, we can rewrite (3.20) as

A=T(GB) =Y Lig)U (b)), (3:21)
k=1
where U(x) and L(x) are the triangular Topelitz matrices
xo 0 .. 0 1:0 xl .. xn—l
po=| O ue= | O
. T T 0 : T . T, . xl
‘/L‘nfl e xl :L'O 0 o oe . O xo

Observe, moreover, that if 7' € C"*" is the Toeplitz matrix Tj; = t;—; for

i,j € {0,...,n — 1} we have that rank(Vz(T)) = 2 and a set of minimal
generator is

o 1 1 0
t7 O 0 t_q
G= . ,B=1.
tn1 O 0 E—(n—l)

Lemma 3.3.1. Let T be a Toeplitz matriz. Then T® is a Toeplitz-like
matriz of displacement rank at most 2s for any integer s > 1. Letting
(G, B) denote the generators for T, a sequence of (non-minimal) generators

(G1,B1),...,(Gs, Bs) for T,...,T¢ is given by
Gi1=G, Gip1=[P5G P5'G ... G —Pger ... —Phei], (3.22)
Bi=B, Biy1=[B PgB ... PyB Phe; ... Pgey], (3.23)
fori=1,...,s—1, where Pg := (Z—1)T(Z—1)"! and Pg := (Z—-1)T*(Z—
=Y. Moreover
e; € range(G1) C ...range(Gs) and ey € range(By) C ...range(Bs).

Corollary 3.3.2. Let T € C™*™ be a Toeplitz matriz, then a set of genera-
tors for the monomial T, ..., T° can be computed with O(snlogy(n)) opera-
tions.

Proof. Applying (Z — I)~! to a vector amounts simply to computing the
vector of its cumulative sums and the application of Z — I to a vector can
be evaluated with n — 1 subtractions. The multiplication of Toeplitz matrix
by a vector can be performed in O(nlog(n)). O
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3.3.2 Projecting the powers of Toeplitz matrices onto the
Circulant Algebra

Let us start recalling Theorem 5.1 and Corollary 1 in [102]:

Theorem 3.3.3. Let M = LR € C"*", where

lo 0 0 rog 11 Tr—1
L= b . R= 9 "o (3.24)
. . .0 . . <. 1
ln—l ce l1 lo 0o - 0 To
Then, defining
sp(M) = Z mi; where 1,5,k € {0,...,n—1}, (3.25)
i—j=k modn
we have
S0 Tn—1 0
51 T'n—2 Tn—1
=P . + L . (3.26)
Sn—1 To (n—1)r
where
lnfl 2ln72 e (n — l)ll nlo
0 ln,1 (TL— 1)[1
P = : : . (3.27)
. . . 2ln_2
0 cee 0 L1

Remark 10. From direct computation sp(M) = tr(Q*M).

Corollary 3.3.4. If M = LR as in Theorem 3.3.3, then the values sy, for 0 <
kE <n—1, can be computed in O(nlogy(n)) operations.

Theorem 3.3.5. Given T € C™*" q Toeplitz matrix, then
argmingec||T® — Cllp (3.28)
can be computed in O(2snlogy(n)) operations.

Proof. 1t is well known that any matrix C' € C, can be written in the form

n—1
C=> c;Q (3.29)
k=0
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where
0 1 0
0
Q= , ,
1
1 0 O

and that Cps = Z}:& a;Q’ where a; = [B7c]j, Bi; = (Q%, Q%) and ¢; =
(Q?,T%) fori,j=1,...,n—1.
Observe, moreover, that from Lemma 3.3.1 we have

2s
T° =Y L(g)U(b)
i=1

being g7, bf for i = 1,...,2s, the columns of the generators (G, By) of T%.
Thesis follows from the linearity of the trace, Theorem 3.3.3 and Remark
10. O]

3.4 Experimental results and Conclusions

3.4.1 Experimental Results

In [36, 35, 49] it has been proved that when C = sd F' (F Fourier matrix) and
A is a Toeplitz matrix, under suitable hypotheses, the spectrum of P(l)(A)
stays bounded from below. In these papers, this particular feature of the
superoptimal preconditioner, has been profitably exploited in order to use
P1)(A) as a regularizing preconditioner for A since it provides an approx-
imation of the matrix which ignores some “bad” frequencies corresponding
to small eigenvalues. From Remark 6 and Theorem 3.2.3 it is easy to un-
derstand that the same good properties hold for the class of preconditioners
P(i)(A) presented in this chapter, allowing us to infer that such class of pre-
conditioners presents the same regularizing behaviour of the superoptimal
preconditioner.

In this section some preliminary numerical experiences are carried on.
Such experiments confirm that the preconditioners proposed in Section 3.2
could be suitably employed as regularizing preconditioners for the conjugate
gradient method (see [36, 62, 49, 35]).

We focus on the solution of the system Ax = g where A € R™" is
severely ill conditioned and g € R™ is contaminated by noise. With the
same choices made in [49], the matrix algebra chosen is C = sd F, the
dimension of the system A is set to n = 50 and the solution vector is the
sum of two different “impulses”: the j—th component of the solution vector
fis

4 .
fj =0.5 k;Q']_(fljj + 09) + ko,gg,(xj — 0.8), T; = -2+ m(] + 1),
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where the points z; are equally distributed in [—-2,2] and k. (t) denotes the
Gaussian distribution

The right hand side vector g is the sum of g = Af and the noise component
7, that is g = g + 1, where n comes from a normal distribution with zero
mean and deviation «al/g||. The matrix A is the symmetric real Toeplitz
matrix

(3.30)

A e - 2 koas(zy — ) if [r—s| < b, b<n,
s T 1 0, otherwise .

Table 3.1: Experimental Results

b=38, ua(A) =836 x10° | b =30, uz(A) =2.98 x 10'4

i | Rme | I = Xp o I/ |2 | K | IE — Xk /1]

1]3 0.339173 1[4 0.328979

2|11 0.323669 2|11 0.318053
a=10"3[3]16 | 0.330664 3116 |0.327823

4116 0.336834 4116 |0.334599

516 | 0.339157 5] 16 | 0.337059

1)1 0.427361 1)1 0.424058

2 0.408945 2 0.408333
a=10"2 37 0.405855 317 0.404537

4110 ]0.407286 4111 0.405856

5112 | 0.409811 512 ]0.409198

1)1 1.000000 1]1 1.000000

211 0.609964 21 0.607666
a=10"1[3]1 0.634762 311 0.634365

412 0.599344 412 0.598570

512 0.608385 52 0.608331

We remark that we have not addressed the important problem of deciding
when to stop the PCG method. We perform 50 iterations of the PCG for
every preconditioner and, in Table 3.1, we report the iteration k,, . such that
the corresponding Relative Restoration Error (RRE), i.e., ||f —xg,. . [|/IIf]],
is minimal. In Figure 3.1 we plot the input signal, the noisy signal and the
best reconstructed solution.

3.4.2 Conclusions

As Table 3.1 shows, a higher regularization level and better filtering capa-
bilities for the noise space are obtained in correspondence of higher values
of 7 for the preconditioner P;(A). We can hence infer that the class of
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the regularizing preconditioners proposed in this chapter could be suitably
employed even when critical conditions are registered, i.e., high noise level
or excessive ill-conditioning. In fact, even in these unfavorable conditions,
satisfactory reconstruction performances can be obtained, as it is clear in
Figure 3.1.

3.5 Appendix

Given A positive definite, for any £ = sdU we have that pa(L4) < pa(A).
In this Appendix we show that, performing no more than O(n?) FLOPs,
one can define a matrix algebra £ = sdU such that ps(L4) is as small
as desired, completing hence the observation started after Theorem 3.2.6.
Moreover, even if we are aware that in literature such kind of result already
exists, we prefer to repeat here the proof in order to keep explicit track of
the connections with matrix algebras framework. It can be easily proved
that, given

A:[Z Z} a,b,c € R, with a<b, andany z € (a,b),

there exist a, 5 € R such that o® + 8% =1 and

P I A R

b b
a<ay,<b,<b, az—a=0b-b,, and a,=z2(b,=2) if z € (a,a;— ] (z € [a;— 7b))
(note that ag+¢t = ap—¢, bart = bo—t, Cart = Co—t, Vt € (0,b—a)). Of course,
an analogous result can be stated if a > b.

Thus, if A = [“ ¢

c b
ilarity transformation, we can cluster the diagonal entries a and b of A
as much as we want, maintaining their order; or, equivalently, given any
z € (min{a, b}, max{a,b}), we can cluster the diagonal entries a and b of A
so to make equal to z the one of them nearer to z.

], a,b,c € R, a # b, then, by a Givens sim-

Let A be an arbitrary n X n symmetric matrix with real entries. Assume
that [A];; # [A]j; for some i # j (i.e. we suppose that the equalities [A]1; =
[A]ag = ... = [A]nn are not all verified).

Set Ag = A and, for k =0, 1,..., define the n x n matrix Agy; from the
n X n matrix A, as follows:
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tr (A)

(1) Choose i, j such that [Ax]; < == < [Agl;j.
(2) If % — [Ax)is < [Alj5 — w, then introduce the n x n Givens

matrix Gg41 such that

tr (A) tr (A)
(GL 1 ARGl = [Ak]ii+( —[Ak]ii) and [GL, 1 AxGri1lj; = [Ak]jj—< —[Ak]n),
otherwise, introduce the n x n Givens matrix Gy.1 such that
tr (A tr (A
(Gl 1 AkGrialjs = [Arlji— ([Ak]jj— - )) and (G4 AkGryalii = [Ak]ii+([Ak]jj_ . ))-
After k steps (note that k < n—1—d where d > 0 is the number of diagonal
entries of A equal to %), this procedure yields a matrix
tr (4 % . *
” tr (A)
G%"‘GgG{AG1G2“-G,~g: "
; ’ trtA)
tr (A4)

with diagonal entries all equal to — —*.

If Uy = G1G2--- Gy and Ly, = sd Uy, then the eigenvalues of (Li)a =
Urdiag([UF AU ss)U satisfy the following inequalities

min[U} AUx]ss < min[UL, | AUy 11]ss, max[UL, | AUy i1]ss < max[UL AUy]ss,
S S S S

lgy1 <l := maX[UgAUk]SS — miH[UgAUk]SSa

=0, (C)a= T

n

In particular, if A is positive definite, we have

p2((L£3)a) =1 < pa((Lrt1)a) < pa((Lr)a) < p2((Lo)a) < p2(4),

where Lo = sd 1.
Of course, if in step (1) we require that [Ag];; is the smallest among

the [Ag]ss smaller than trTEA)’ and [Ag];; is the greatest among the [Ay]ss
tr (A)
greater than , then

n
(i) the sequence [, decreases as fast as possible;

(ii) if A is positive definite, the sequences I, and p2((Ly)a) decrease as
fast as possible.
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Figure 3.1: b = 30. Left column : true and noisy signals for o = 1073,
a=10"?and a = 1071,
Right column : best reconstructed signals.
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Chapter 4

Euler-Richardson method
preconditioned by weakly
stochastic matrix algebras: a
potential contribution to
Pagerank computation

4.1 Introduction

Markov chains are used to model many different real world systems which
evolve in time. When the total number of states which the system may
occupy is finite, the chain is typically well represented by a column stochastic
matrix S. The state of equilibrium is described by the ergodic distribution
p, defined as the solution of the eigenproblem Sp = p. Under suitable
hypotheses on S, as for instance irreducibility, the solution p is unique and
entry-wise positive. The problem of computing such p is one of the crucial
issues in Markov processes analysis.

The power method is one of the simplest iterative schemes that converges
to the solution p (provided that the eigenvalues of S different from one have
absolute value smaller than one). The rate of convergence of such method is
well known to be proportional to the magnitude of the subdominant eigen-
value of S. Due to its simplicity and its well understood limit behavior,
this method is often used in practice, especially for large-scale unstructured
problems.

Examples of growing interest in recent literature are connected with the
analysis of complex networks, where, the pattern of the edges of the network
is used for localizing important nodes or group of nodes. Many important
models, based on matrices or functions of matrices and describing certain

55
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features of the network, are related with a random walk defined on the graph
and thus exploit extremal eigenvectors and eigenvalues of such matrices (see
fi. [50, 51, 81, 83, 86, 88]). A popular example to which we are particularly
interested in is the centrality index problem on graphs known as Pagerank
problem ([1] for instance). In that case the web surfer moves randomly on
the web graph W = (V, E) and the importance of each node in V' is given
by the ergodic distribution w = Gw of the random walk defined on W by
the Google engine web matrix G' (see Section 4.1.2 for more details). The
dimension of w in that case is the number of web pages that populate the
World Wide Web, thus w roughly has 10? entries. The power method can be
performed on G in a relatively cheap way by means of the transition matrix
of the graph, which is typically sparse. On the other hand, the original
formula by Brin and Page [11] defines the same Pagerank vector w as the
solution of a linear system whose coefficient matrix is a M-matrix and, as a
consequence, the ergodic Pagerank distribution w can be computed either
by solving the eigenproblem or by solving such linear system. Thus one can
use any linear system solver to approximate w, and several approaches have
been investigated and compared to the power method, e.g. [32, 53, 54, 99].
Although such methods sometimes have a convergence rate greater than the
one achieved by the power method, they are often more demanding in terms
of memory storage and number of operations per step.

The equivalence between the eigenproblem Sp = p and a linear system
problem holds in general for a large set of stochastic matrices, not only the
Google matrix. Indeed, it has been observed in [98] that, if S is a column
stochastic matrix having at least one full row, then 1 is a simple and dom-
inant eigenvalue of S, the ergodic distribution Sp = p is well defined and
p is also solution of a M-matrix linear system problem associated to S. In
this work we propose a class of simple iterative schemes, named precondi-
tioned Euler-Richardson, to solve such linear system. These methods can
be seen as a subset of the class of stationary iterative methods often intro-
duced in terms of a splitting of the coefficient matrix, [77, 104] e.g. Here we
observe that this kind of methods provides a natural generalization of the
power method and of the well known Jacobi iterative scheme, which corre-
spond to two particular choices of the preconditioner. Then we introduce
the concept of weakly stochastic matrix algebra in order to define a new fast
and efficient preconditioner, based on Householder unitary transformations.
We discuss the relation among the new preconditioned method, the original
power method and the Jacobi iterations by providing, in particular, an anal-
ysis of the convergence and a number of results on the spectral radius of the
respective iteration matrices. Finally we present several numerical tests on
synthetic datasets and matrices coming from real-world models. Although
the proposed Householder preconditioner does not preserve the nonnegativ-
ity of the entries of the original matrix and despite we cannot provide an
exhaustive convergence theorem when the coefficient matrix is not assumed
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symmetric, the analysis made in Section 4.5 and the experiments proposed in
Section 4.6 show that the Householder preconditioner reduces significantly
the number of iterations without significantly affecting the computational
cost nor the memory storage. Thus it stands as a preconditioned version of
the power method, well suited for large-scale stochastic M-matrix problems
with sparsity structure.

4.1.1 Notational Remarks

In this section we change slightly the notation as follows: for an integer
n, the linear space of square n x n real matrices is denoted by M,,. The
symbols O and I denote the zero and the identity matrices, respectively. A
matrix is called nonnegative (resp. positive), if its entries are nonnegative
(resp. positive) numbers, in symbols A > O (resp. A > O); for real matrices
A, B we write A > B if A — B > O; the cone of nonnegative matrices is
denoted by M., the one of nonnegative vectors by R;.
We use the reverse magnitude ordering

A (A)] = ()] = - = [Aa(A)].-

When a matrix A satisfies the equality A”e = e, we say that A is a weakly
(column) stochastic matrix. If both A and AT are weakly stochastic we
say that A is doubly weakly stochastic. Note that a nonnegative weakly
stochastic matrix is a stochastic matrix in the standard sense, that is a
matrix having the set of discrete probability distributions as an invariant.
Finally we will not denote anymore vectors by bold letters.

4.1.2 A generalization of the Pagerank linear system formu-
lation

We say that M € M,, is a (column) stochastic M-matrix if it can be decom-
posed as M =1 —7A, with A > O, ATe =e and 0 < 7 < 1. We let SK,
denote the set of such matrices, namely

SK,={I-7A | 7€(0,1), A>0, ATe=e}.
If S € M,, is any stochastic matrix having at least one full row we say that
S belongs to 3,
Yp={AcM,:A>0,ATe= e, max; min; a;; > 0} .

The following theorem is a collection of results proved in [89, 98]. It shows
that the two sets of matrices SK,, and 3, are strictly related.

Given S stochastic (nonnegative, weakly stochastic) define 7(S) € Ry
and yg € R} as
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and, for nonzero 7(S5), let Ag € M,, be
Ag =7(S)M(S —yseT).

Theorem 4.1.1.

e Let S be a stochastic matriz. The quantity 7(S) belongs to the interval
[0,1] and 7(S) > |A|, VA € A(S) \ {1}.

e Let S € X, and p be the ergodic distribution of S (i.e. p >0, p # 0,
Sp=p,pTe=1). Then7(S) € [0,1), ys # 0, (I —(S—yse"))p = ys.
If moreover 7(S) > 0 then I — (S —yse') = I — 7(S)Ag with 7(S) €
(0,1), Ag > 0 and Ag stochastic (by columns), that is, [ —(S—ysel) €
SK,,.

o Let M =1—71A € SK,,, y > 0 nonzero and let x be such that Mz =vy.
Define j=(1—-71)/(y"e)y and z = (1 —71)/(y"e)x. Then

S:=ge" +1AEN,, (4.1)
7(S) € [0,7] € [0,1), and & is the ergodic distribution of S (i.e T >
0,2#0,8t=%3"e=1).

If S € 3, then the theorem above shows that the eigenproblem Sp = p
can be solved by solving the linear system (I — 7(5)As)x = yg, and vice-
versa, if M € SK,,, then the solution of Mz = y is a multiple of the ergodic
distribution p = Sp (where S is obtained from M = I — 7 A through (4.1) ).

It is worth noting that this generalizes to any matrix S € ¥, a famous
property of the Google’s Pagerank index, where the particular structure of
the problem allows to recast the stationary distribution problem in terms of
a linear system problem [72]. Let us observe to conclude, that in general,
if an eigenvalue is known, then computing its eigenvector always reduces to
solving some consistent linear system; what is interesting in the connection
with the Pagerank, as the theorem above shows, is the possibility to find
such a system with a nonsingular matrix.

Let W = (V, E) be the direct graph where nodes correspond to web-pages
and edges to hyperlinks between pages. The Pagerank index vector p of W
is the solution of the equation

Gp=p (4.2)

where G = aT 7 + (1 — a)ve' is the Google engine web matrix, T is the row
stochastic transition matrix of W, v is a real positive personalization vector
such that v'e =1 and 0 < a < 1. Due to the huge dimension of G, several
algorithms essentially based on the power method have been proposed to
compute the stationary distribution of (4.2). However the original formula
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by Brin and Page [72] defines the Pagerank vector p as the solution of a
M-matrix linear system of the type

yI—-al)Tp=v veR. (4.3)

In fact, such system follows immediately from (4.2), by the particular form
of G, but can be also recovered by means of Theorem 4.1.1, as we show now:

Since max; min;(G);; > (1 — a)max;v; > 0 we deduce that G € X,
and p = (I — 7(G)Ag)'yg. For the sake of simplicity, suppose that each
column of 7" has at least one zero entry. Then 7(G) = 1-)_, min;(G);; = a,
ye = (1 —a)v and Ag = a (G —yge”) = TT. This shows, indeed, that
p is both the solution of the eigenvector problem (4.2) and of the Pagerank
linear system (4.3), with v = (1 — )%

4.1.3 The Euler-Richardson method

We assume from now on that any random walk considered is described by
a stochastic matrix S € %,. We discuss a method which computes the
solution of the eigenproblem p = Sp by solving the associated stochastic
M-matrix linear system. By virtue of Theorem 4.1.1 the two problems are
equivalent, so for the sake of clarity and generality we always assume that
a stochastic M-matrix M € SK,, and a nonnegative vector y > 0 are given,
and we are interested in the solution of the equation Mx = y.

The preconditioned Euler-Richardson method (briefly, PER method) for
the solution of Mx = y is the stationary iterative scheme based on the
splitting M = P — (P — M) and defined by the following sequence ([104]
e.g.)

Tpy1 = Py + (I — P 1M)xy, k=0,1,2,3,... (4.4)

where P is a suitable nonsingular preconditioner. The iteration matrix of
such method is evidently I — P~ M, thus we write

HP)=I-P'M

to denote such matrix, underlining the dependence upon the chosen precon-
ditioner P. Since the eigenvalues of any M € SK,, have positive real part,
the standard Euler-Richardson method (ER), obtained by setting P! = wI
e
gence is optimized by setting wy = argmin,er p(H (wl)). This is the sim-
plest iterative method and it may not be the best choice in terms of efficiency.
However, its simplicity allows its easy implementation for problems that are
unstructured and have huge dimension, as for instance the Pagerank prob-
lem. In particular, as for the power method, the ER scheme requires only
one real vector to store the data. Moreover, the analysis made throughout
this paper shows that (4.4) can be seen as a preconditioned power method.

inside (4.4), is convergent for all w € (0, min ) and its rate of conver-
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This opens the way to a number of further investigations and improvements,
as, for instance, the variety of techniques proposed to speed-up the power
method for Pagerank computation can be potentially applied to (4.4) (e.g.
extrapolation [9, 10, 12, 69] or structural adaptive mathods [60, 67, 68]).
More precisely, when M € SK,,, one can show that wy = 1 (see e.g. [99,
Thm. 4.2]). It is therefore easy to realize that, if M = I —7(S5)Ag is defined
as in Theorem 4.1.1, then the ER, with w = 1, and the power methods are
very close. In particular, we show in the sequel that there exists a simple
choice Py, for the preconditioner P in (4.4) that gives rise exactly to the
same convergent sequence as the one defined by the power method applied
to the original eigenproblem Sp = p. To this aim we initially devote Section
4.2 to define and investigate the concept of weakly stochastic matrix algebra,
then we show that the power method preconditioner P, is indeed defined
in terms of such algebras. In Section 3 we consider a new preconditioner
chosen in a suitable weakly stochastic and low complexity Householder al-
gebra, giving rise to a competitive method that can be implemented with
linear memory storage allocation (two real vectors) and with the same order
of operations per step of the power method. Besides its direct application
to the iterative scheme (4.4), the analysis made in Sections 4.2 and 4.4 pro-
vides a number of interesting relations among matrix algebras, stochastic
and nonnegative matrices, and in our opinion it is of self interest.

4.2 Low complexity matrix subspaces

Let us start recalling some facts in order to simplify the reading of the fol-
lowing sections.

Given Jy, ..., Jy € M, linearly independent, the subspace £ = span(Ji, ..., Jn)
is said to be of low complexity if for any L € L, the order of complexity
required to multiply L times a vector or to solve a linear system with L as
coefficient matrix, is much less then O(n?) (tipically O(nlogn), see examples
in Section 4.2.2). A preconditioner for (4.4) can thus be chosen inside £. A
popular choice for P € L is the so called optimal fit preconditioner obtained
by projecting the coefficient matrix over £. For any given matrix X € M,,,
we write Lx to denote its projection over £. Note that, by definition of
projection, one has that ||[Lx — X||r < ||Y — X||p, for any Y € L, being
| - || the Frobenius norm. A possible representation of Lx is as follows

Lx =3B e)ids (4.5)

where B is the Gram matrix b;; = (J;, J;) and c is the vector ¢; = (J;, X). Of
course the number of arithmetic operations required to identify such Lx in £
should be “not too large”, that is the linear system Bx = ¢ should be easily
solvable. It is shown in [34, 44] that, under suitable hypotheses on L, the
matrix B is in £ itself or belongs to other low complexity classes, and thus
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the projection Lx can be obtained with a small amount of computations
whenever L is of low complexity. Typical examples of such spaces are the
algebras of matrices simultaneously diagonalized by a unitary transform,
henceforth briefly called sdU spaces. Fixed any unitary matrix U € M,,
any such a space is denoted by sd U and is defined by

U=sdU = {UdXNU" | xeC"}.

Any U = sd U is an n-dimensional matrix algebra, thus a commutative set
of matrices closed under addition, multiplication and inversion. Moreover,
the following further representation for Uy holds for Y = sd U:

Uy =Ud(UXU)ui=1,...,n)U" (4.6)

where, for a matrix M, d(M) denotes the diagonal matrix with diagonal
entries mii, ..., Mun. As I € sdU, the linearity of the projection operator
implies that Uy = I — 7U4, for any M € SK,,. Therefore the problem of
defining a preconditioner for (4.4) reduces to the problem of identifying the
projection of the nonnegative and weakly stochastic matrix A, and solving
low complexity systems with I — 7U{4 as coeflficient matrix.

Note that in many cases, if U4 is a weakly stochastic matrix, then Uy is
invertible. Indeed if ||Al|2 < 1, and this is true at least for all A > O which
are stochastic and normal, then, using the Cauchy-Schwartz inequality, we
get

pUs) = max |u] Aug) < max |¢TAz| < max ||Az|2 = ||A]2 <1,
=1,...n lzll2=1 l[=ll2=1

where u; are the columns of U, defining U. Thus Uy; = I — 7U 4 is evidently

invertible.

Next Section 4.2.1 contains a theorem characterizing the sd U spaces U
such that A weakly stochastic implies U4 weakly stochastic as well. Then
in Section 4.4.1 we show that P, can be defined in terms of such spaces,
and finally we introduce a new sd U space where to select a different pre-
conditioner for (4.4).

4.2.1 Weakly stochastic matrix algebras

This subsection is devoted to characterize the sd U matrix algebras ¢/ which
preserve the weakly stochasticity of A, when projecting A on them. For a
vector u such that «’U has no zero entries, define the map L, : C* — U
that associates to a vector x the matrix L, (x) of U such that u”L,(z) = = 7.
As u U has no zero entries, it is not difficult to see that L, is a well defined
bijection, for any sdU matrix algebra Y = sdU. However, it is worth
pointing out that the class of spaces for which the operator L, is a well

defined bijection contains properly the set of sd U spaces (see [44]). A direct
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computation shows that the following representation of L, (z) € U = sdU
holds

Ly(z) = Ud(UTz)d(U ") *UH (4.7)

Definition 9. If there exists a column of U which has all constant entries
then we calld = sdU a weakly stochastic sd U matrix algebra.

The reason of such name is made evident by the following Theorem 4.2.1
which completely characterizes those sd U spaces U with the property that
the projection over U of a weakly stochastic matrix, is still weakly stochastic.

Theorem 4.2.1. LetU = sdU for some unitary U, and let u be any vector
such that w'U has no zero entries. The following statements are equivalent

1. There exists an index k s.t. the k" column of U has constant entries
2. eel clU
3. For any vector x € C", it holds Ly(z)e = Ly(z)"e = (z7e/u’e) e

4. For any matriz A € M, it holds Use =U]e = L(eT Ae)e

n

In particular if A or AT are weakly stochastic then Uy is doubly weakly
stochastic.

Proof. (1)==(2) Let D; be the diagonal rank one matrix whose only nonzero
entry is (D;);; = eTe. The rank one matrices R; = UD;U = (eTe)(Ue;)(Ue;)™
clearly all belong to U, and in particular R, = ee” € U. (2) = (3) Since
L, is a bijection and since ee” € U, we have L,(e) = ee’/e’u. Thus
formula (4.7) implies

e (&) Lutw) = (g72) e TLute) = (572 ) (i75) €T =T

that is L,(z)"e = (z"e/u"e)e, for any € C". Now using the hypothesis
ee’ € U and the fact that matrices in & commute, we have the equality
Lu(z)ee” — ee"L,(z) = O implying that L,(z)e = (z"e/e’u)e. (3) =
(4) Since U4 € U, there exists a vector z4 € C™ such that Uy = L, (z4). It
is enough to show that e"u/e’z4 = n/e’ Ae. Matching the representations
(4.7) and Uy = Ud(UH AU)UH we get 2] = uTUd(U? AU)U*. Thus since
Ufe = @ey, with |a|? = 1/n, it holds

zhe =auUe,(UY AU ) = uTe(UT AU ), = uTe (eT Ae/n) .
(4)==(1) The eigenvectors of any matrix L € Y = sd U are the columns of

U. The fact that e is an eigenvector of Uy for any A € M,,, implies that
there exists k such that Uey = ae, with |a|? = 1/n. O
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4.2.2 Examples

Low complexity matrix algebras have been studied extensively in relatively
recent years in the context of preconditioning, displacement and optimiza-
tion, see e.g. [23, 34, 38, 37, 44, 100, 101] and the references therein. Among
the best known matrix algebras developed in past literature, we recognize
several weakly stochastic matrix algebras. For the sake of completeness, we
briefly discuss some relevant examples in the following. Other examples can
be found among the Hartley-type algebras and the matrix algebras associ-
ated with trigonometric transforms, see [5, 6, 8] e.g. In particular, it is not
difficult to observe that the Hartley [5] and the 711 [8] algebras are weakly
stochastic.

Circulants

The discrete Fourier transform is realized through the action of the Fourier
matrix F,, = 1/y/n (6(27ri(ij)/n))zj_:10. It is easy to check that F), is unitary
and that F,e; = e/y/n, that is, the first column of F,, is constant. The
matrix algebra C = sd (F},) is usually referred to as the circulant algebra.

If ¥ is the modulo-n shift backward matrix

then {I, %, %5?% ..., X" 1} is a basis for C and this basis is made by nonneg-
ative and mutually orthogonal matrices. It follows that the computation of
the projection C4 only requires additive operations among the entries of A.

Haar

The discrete Haar transform is realized through the action of the Haar
matrix W,,, which can be described recursively in terms of two matrices
@n and D,. Let S = @1 = D; = 1, then for n = 2,4,8,...,2™ let
Sp=d(1/v2,1,...,1) and

Qn = [ eef Qn/2T ] D, = [ Dy, /25,2 0 ] '
Qn/2 —ee; 0 Dn/ZSn/Q

Thus the Haar matrix is given by

W, = Q,D, = [ ﬁeef Wiy25n)2 ]
TR W, 08 —Leel
n/2°n/2 N !

Other equivalent definitions of this matrix can be found in the literature
([55] e.g.) obtained by permuting rows and columns of W,. Using the
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proposed construction, it is not difficult to check that such W, is unitary,
that its first column is (1/4/n)e and that its multiplication times a generic
vector can be performed very cheaply. The generated algebra W = sd (W,,)
is called Haar matrix algebra.

Eta

Consider the matrix U defined as follows:
Uip = 1/y/n,

Uiy = /2 {cos (B=0U=07) 4 gin (@0G=DY L= p pa

(G if n is even
Vo

Uij=\/%{cos(W)+sm(W)}, i=12+2],...,n

for ¢ = 1,...,n. The matrix U is unitary and real, moreover Ue; = ﬁe.

Uz’,gﬂ =

As a consequence, setting n = sd U, we obtain a weakly stochastic sd U low
complexity matrix algebra (see [6, 44, 94, 95| for the fast sine-cosine trans-
forms used in the computations involving U). For the sake of completeness
let us recall the following representation [6]: n = Cs + JCs where Cs is the
algebra of symmetric circulant matrices and J is the reverse identity matrix,
(J)ij =1ifi+j=n+1,and (J);; = 0 otherwise. It follows that any matrix
A in n is symmetric and persymmetric and satisfies the cross-sum rule

ai—1j + @iy15 = a;j-1+aij41, 4J=1,...,n

with border conditions ap; = a1 nt1-i, ¢ = 1,...,n. See also [44, 34, 100]
and the references therein.

Hadamard

The Sylvester-Hadamard orthogonal matrix of order n = 2" is defined re-
cursively by the rule H,, = H; ® Hy,—1, where

11
men ]

and ® is the Kronecker product. As the first column of H; has all ones
entries, we immediately see that the first column of H,, has constant entries
as well. The associated unitary matrix is ﬁHm and the associated matrix
algebra Sd(ﬁHm) is therefore a weakly stochastic sdU algebra. The
Hadamard matrix has relevant applications both in statistics, where it is
used f.i. to uncover the dependencies in a multivariable data set, and in
error correcting codes theory. We refer to [107] for a detailed description of

applications and properties of the Hadamard matrix.
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4.3 Preserving the nonnegativity of the entries

As the original matrix A is both nonnegative and weakly stochastic, one
ideally would like to have £ 4 both nonnegative and weakly stochastic. The
following theorem characterizes the subspaces £ which preserve the nonneg-
ativity of a matrix A, when projecting A onto them.

Definition 10. We say that L is a nonnegative matrix space if Lo > O for
any A > O, i.e. if the projection A — L 4 preserves the cone of nonnegative
matrices.

Theorem 4.3.1. L is a nonnegative matriz space if and only if L has a
basis of orthonormal nonegative matrices.

Proof. 1t is straightforward to see that if £ has a basis of orthogonal non-
negative matrices, then L is a nonnegative space. Let m : M,, — L be
the projection operator. If £ is a nonnegative matrix space, we have that
m(M;") C M}, that is the projection leaves the cone of nonnegative matrices
invariant. For the sake of simplicity let us consider the vectorization opera-
tor which realizes the standard isomorphism between M,, and R"™. We have
vec(M;) = R, T = vec(r) € M, and A(I) = {0,1}. The multiplicity of
1 = p(II) is the dimension of £. If dim(£) = 1 then the proof is trivial. If
dim(L) = k > 1 then p(II) is not simple; thus, due to the Perron-Frobenius
theorem, II is reducible and there exists a permutation matrix Q) € }M:Q
such that
QUQ =1L & - &I &N

where each II; is irreducible and N is nilpotent. Therefore there exist k
positive vectors 1, ...,z such that II;z; = z;. Let T; be the embedding
of x; into ]R”Q, obtained by filling x; with zero entries, and set v; = Q ;.
Then Ily; = y; and yiTyj =0fori=1,...,k and any j # i. Finally note
that, if Y; € M,, is the matrix such that y; = vec(Y;), we have Y; > O,Y; € L
and (Y;,Y;) =y y; so that Y3,...,Y}, is a basis for £ made by orthogonal
nonnegative matrices. O

It is immediate to note that the algebra of diagonal matrices D = sd [ is
a nonnegative matrix space. If we define the preconditioner for PER as the
projection of M on D then we have P = Dj; = d(M ) and the method in (4.4)
coincides with the Jacobi iterative scheme. The convergence properties of
such method are well known (see for instance [77, 104]). We analyze them in
more details in Section 4.5, taking into account the structure of the matrices
M € SK,,. Despite its simple formulation and cheap implementation, the
diagonal preconditioner does not preserve the weakly stochasticity of the
original matrix. This has two drawbacks: on the one hand the use of P =
Dy in (4.4) has a less clear relation to the power method, since the power
method preconditioner Py, is weakly stochastic, as we will show in the next
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section; on the other hand, the numerical implementations in Section 4.6
show that the property of being weakly stochastic ensures faster convergence.

To our knowledge, if we exclude the multilevel generalizations, the only
low complexity matrix algebra satisfying the hypothesis of both Theorems
4.2.1 and 4.3.1 is the circulant algebra. The use of a circulant preconditioner
in this context has been analyzed in details in [99]. Although the analysis
in [99] shows a reduction of the number of iterations with respect the classic
power method, the use of the circulant algebra requires one Fourier trans-
form and two complex vectors to be stored per each step. In Section
4.4.3 we will introduce a new preconditioner based on a weakly stochastic
matrix algebra diagonalized by a suitable Householder transform. We pro-
pose a convergence analysis of PER with such novel preconditioner under
the assumption that A is symmetric. Although an exhaustive convergence
analysis for the more realistic case where A is generic is still missing, we
point out that the low memory storage and the linear order of operations
per step required by the new technique make it effectively applicable also
when the dimension of the problem is huge. This is further highlighted by
the numerical tests proposed in Section 4.6.

4.4 The choice of the preconditioner

In this section we show that the power method preconditioner P, for the
PER scheme is a matrix belonging to a class of weakly stochastic sd U
matrix algebras. Then we develop a new matrix algebra defined in terms of
Householder unitary transformations, leading to a new cheap preconditioner
for PER. In the subsequent sections we analyze the convergence of PER
method and we provide numerical evidences of the advantages obtained by
using the new Householder preconditioner.

4.4.1 The power method embedded into a PER iterative
scheme

Recall that the unpreconditioned Euler-Richadson method is obtained by
chosing P = 1. Given M = I —7A € SK,,, the power method preconditioner
Py, for the solution of Mz = y, instead, is the following rank-one correction

of the identity matrix
-

Pom=1- %ee .

We observe that P, belongs to any weakly stochastic sdU matrix
algebra. In other words such preconditioner belongs to the intersection
N{sdU | U has a constant column}. Indeed, let U be any unitary ma-
trix such that Ueg has constant entries, and consider the diagonal matrix
D=d(1,...,1,1—7,1,...,1), where 1 — 7 lies in the k-th diagonal position,
then Py, = UDUM. 1t is worth noting that this is somehow analogous to the
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property shown in point 2 of Theorem 4.2.1. Indeed observe that, as for the
projection Uys = I — 7L 4, the matrix Py, has the structure Py, =1 — 7F,
where E is the weakly stochastic matrix F = ee’ /n which indeed belongs
to any weakly stochastic sd U algebra. Note moreover that

-
-1 T ee
Ppm_l+< > (4.8)

1—171 n

In view of Theorem 4.1.1 we can show the connection between the PER
method applied to M € SK,, and the power method for the ergodic distri-
bution of a Markov chain described by S € ¥,,.

Theorem 4.4.1. Given S € %, let 7(5), Ags and yg be defined as before
Theorem 4.1.1. When the preconditioner is P = Py, the PER method for
the solution of Mx = (I — 7(S)As)x = ys coincides with the power method
applied to S.

Proof. Let {z)} be the sequence defined by the PER method (4.4). By
Theorem 4.1.1 and the formula above, it follows that yle = 1 — 7(S) and
Prae = (1—7(5))'e. As a consequence we observe that e’z = 1 implies

e’vp =e Prlys+e (I — PpiM)ay, =1.

Therefore we can assume that the entries of the initial zg sum up to 1, and
that e’z = 1 for all k£ > 0. We have

Thy1 = Poays + (I — Py M)y,

pm

.

M

st T e My — £ M T(S)
n 1—-7(9) n

=ys + 7(S)Asxy,

and, by Theorem 4.1.1, S = 7(S)Ag + yse ', therefore x; 1 = Sz, and the
proof is complete. O

Let [A(X)] > -+ > | A (X)]| be the eigenvalues of a matrix X. As S €
Yy, by Theorem 4.1.1, we have [A2(S)| < 1 and, by the well known behavior
of the power method, we have that xj converges to the solution of Mz = yg
as O(|A2(S)|¥). However, a different bound can be observed by using the
equivalence shown in Theorem 4.4.1 as indeed we will show in Section 4.5
that xj, converges to = as O(7(S)*|\2(Ag)|¥). Note that S € ¥, implies,
by Theorem 4.1.1, that 7(S) < 1 and Ag is stochastic too, thus |[A2(S)| <
1 and 7(5)|A2(Ag)| < 1. However in several cases (for instance if Ag is
primitive, i.e. A% > O for some integer power k > 0), one has [\2(Ag)| < 1,
thus 7(5)|A2(Ag)| < 7(S) whereas [A2(S)| < 7(5), thus suggesting that
7(5)|A2(As)| could provide a better bound on the convergence rate.
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4.4.2 The Householder weakly stochastic matrix algebra

Let U be any weakly stochastic sdU algebra. The power method is ob-
tained by applying PER and choosing P inside ¢ as the matrix with the
following eigenvalues: 1 — 7, with multiplicity one, and 1 with multiplicity
n — 1. To improve the performances of the power method, we define a new
preconditioner by replacing the eigenvalues 1 with the spectrum of the pro-
jection Ups of M onto U. Note that the eigenvalue 1 — 7 is an invariant,
that is 1 — 7 € A(Uyy) for any weakly stochastic sd U algebra U. In fact,
as ATe = e implies UJe = e, we have U], e = (I — TUs) e = (1 — 7)e.
Also note that Uys minimizes the distance || X — M||p among the ma-
trices X € U, being || X||r = /(X,X) the Frobenius norm. Therefore
|Une — M||p < ||Pom — M||p for any weakly stochastic sdU space U, and
the inequality is strict up to trivial cases. This motivates the choice P = Uy,
in place of the classic P = P, to improve the performances of the method.

The example spaces shown in Section 4.2.2 are defined in terms of fast
transformations U whose space and time complexities are O(nlogn). In
order to keep the complexity of the PER iterations as low as possible, we
define a weakly stochastic sd U algebra diagonalized by a Householder trans-
formation. As we prove in the next section this allows us to keep the time
and space complexity per step linear in n. It is worth mentioning that,
due to their linear computational complexity, matrix algebras diagonalized
by Householder unitary transforms have been already involved in a number
of applications. In particular they have been recently used to define com-
petitive iterative optimization algorithms, whose space and time per step
complexity is O(n), c.f. [27, 41]. Let us introduce a linear space H of the
form

H={H(w)d(z)H(w) | z€ C"}, H(w) = I — 2ww", |lw| =1

where H (w) is a Householder unitary matrix such that H(w)ey = (el?/\/n) e,
for some # € R. We shall observe that all the Householder matrices of
this kind are of the form H(w%), where wt and w™, are two suitable
vectors in R™. We firstly look at the k-th column of H(w), and we get
(I — 2wwf)e, = e — 2w(wHey) = (e'/\/n) e. Therefore

616’

NG

The k-th component of the above equality implies 2wpwy, = 1 — (ei9 / \/ﬁ),
so that wy # 0, 0 € {0,7}, and thus |wi|? = (1 &£ 1/4/n)/2. As a conse-
quence the k-th entry of w is given by either of the two following formulas,
corresponding to # = 0 and 6 = w, respectively:

(V- (VY
wk—<2\/ﬁ e’ or wp= NG e’ ¢eR.

2w, w = e — e. (4.9)
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Writing now the j-th component of (4.9) for j # k we obtain an analogous
formula also for the other entries of w:
el® elo seR
wW; = — , or wj;= ) € lx.
T i — 1 NG N

The previous relations can be written in compact form, showing that any

vector w such that H (w) defines a weakly stochastic algebra is either w = w;;

or w=wg, where

1

— _ b g— +_ o gt _ +_
w¢ € ﬁn (\/ﬁek"i_e)? w¢ € Bn (\/ﬁek 6)7 ﬁn ﬂ\‘l/ﬁ \/’TL:F 1 .

This finally shows an explicit formula for all the possible weakly stochastic
Householder algebras. Note indeed that the Householder matrices H (w;)

and H(w;) do not depend on ¢ € R therefore, setting w* = w(jf, we see

that H(w™) and H(w™) are the only two Householder matrices which define
a weakly stochastic sd U algebra. They are both real unitary matrices and
such that H(w*)e, = (£1/y/n)e.

4.4.3 The Householder PER method

We use the notation
X(B) = computational cost of the product B x vector .

It is not difficult to check that, when P = Uy and U = sd U, the overall
computational cost of the PER method for the solution of Mz =y, M =
I —7A€SK,,is

X(A) + x(U) + x(U™) + O(n) (4.10)

for each step, plus a preprocessing phase which is required essentially for the
computation of the eigenvalues A1,..., A, of Uy, and whose computational
complexity highly depends on the chosen U as, by (4.6), \; = (U7 AU);.

The Householder PER method (HPER in short) is obtained by project-
ing M over one of the two Householder sd U algebras introduced above. As
we can freely choose either w™ or w™, in what follows we set w = w™ and
assume for simplicity that the constant column of H(w) is the first one (i.e.
k =1 in the construction of Section 4.4.2). Then we let H = sd H(w). Let
us briefly analyze the computational cost of HPER.

Set H(w) = I — 2ww’, where w = B,(y/ne; — e) and B2 = %m
We immediately see that x(H(w)) = O(n). Therefore for this choice, even
if A is a sparse or a strongly structured matrix, the complexity per step of
HPER is dominated by x(A) as the estimate (4.10) becomes x(A4) + O(n)
when U = H(w). Note that this is the same complexity required by the
standard power method iterations.
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Note that a preprocessing phase is required for the computation of the
diagonal entries of H(w)AH (w) (that is the eigenvalues of H,), as well as
to compute Aw, ATw and H(w)y = y + 2B8,(n""/? — y;)w. Observe that

H(w)AH(w) = A = 2(Aww” + wwT A — 2y ww’) (4.11)

where

Yo = wT Aw = np? ((A) ! i(Ae)l + 1) . (4.12)

RV

Therefore, from (4.11), we obtain the equalities
A(H (w) AH ()5 = (A)i = 2w ((Aw); + (wTA); = 290,

i = 1,...,n, which, together with (4.12), show that x(A) operations are
sufficient to compute the diagonal entries of H(w)AH (w). We conclude
that the overall cost of the preprocessing phase is x(A) 4+ x(AT)+O(n). Let
us point out that even in the worst case, when A is a general, non structured
and dense matrix, by the particular form of w, O(n?) additive operations
and O(n) multiplicative operations are sufficient to compute Aw and w’A.

4.5 Convergence analysis

In this section we analyze the convergence of the preconditioned Euler-
Richardson method applied to the linear system Mx = y when M € SK,,
and the preconditioner P is the optimal fit of M onto a matrix algebra sd U.
First of all we state the following simple but somewhat general theorem. We
shortly outline a possible proof.

Theorem 4.5.1. Let M € SK,, and L be a subspace of M,, such that I € L
and A > Ly > O, then p(H(Lyr)) < 1. That is the PER scheme (4.4) with
P = Ly converges.

Proof. The linearity of the projection and the fact that I € £ imply that
Ly =1—7Ly. Since A > L4 > O, the Perron-Frobenius theorem implies
p(La) < p(A) = 1. Thus Ly is a M-matrix as well, and £ > O. Moreover
clearly Lpy — M = 7(A — L4) > O. We have as a consequence that both
H(Ly) and (I — H(Lp))™! are nonnegative matrices. Indeed H(Lys) =
Lyf(Ly—M)>O0and (I—-H(Ly)) b= MY Ly —M+M) =M (Ly—
M)+1> O. Let p = p(H(Lpr)) and let z > 0, z # 0 be such that H(Lys)z =
pz. We have that y = (I — H(L)y;)) 'z is nonzero and nonnegative, and
z=(1-p)(I—H(Ly)) 2= (1-p)y. But z is nonzero and nonnegative,
that is (1 —p) > 0. O
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It is worth noting that the theorem above is related with the concept of
regular splitting of M-matrices, see [104] e.g. In fact, under the hypothesis
of Theorem 4.5.1, letting N = L; — M, we observe that M = Ly — N is a
regular splitting of M, that is N > 0 and El\_j > 0.

Corollary 4.5.2. Let M =1 — 1A € SK,, and let {J1,...,Jn} be a set of
nonnegative mutually orthogonal matrices such that

1. #{nonzero entries of J} =1 for any k € {1,...,m}
2. Ie L =span{Jy,...,Jm}
Then Ly is invertible and the PER method with P = L is convergent.

Proof. To prove this corollary we simply show that the hypothesis of the pre-
vious theorem are all satisfied. First of all, since Ji, ..., J,, are orthogonal
and nonnegative, £ satisfies the hypothesis of Theorem 4.3.1 by construc-
tion, thus L4 > O.

Now, for any k € {1,...,m}, let (Ji)i, ;. be the unique nonzero element
of Ji. We can obviously assume (Jj);, ;, = 1 without loosing generalities.
Then, in the notation of (4.5), we have B = I, ¢ = a;, j, and Ly =
>k @iy ju Ji, implying that for any ¢ € {1,...,n} it holds

n n m n
S ULDG <O St i)l = D aigl < laiyl
j=1 =1 k=1 j=1

and hence

p(La) < ||Lalloc = mgxz [(La)i] < miaxz |aij| < [[Allc =1 = p(A).
=1 j=1

Therefore p(L4) < p(A). It follows that Lyy = I — 7L4 is invertible and
L3/ > O. Finally note that

aij 1j & {igr,- - imim}
A—LA);i = J
( A) J {0 otherwise

which implies A > £4. The thesis follows. O

The set {eje],ezed,...,enel} is a simple example of nonnegative ma-
trices satisfying the hypothesis of the corollary above. Their linear span is
the algebra of diagonal matrices D = sd I, the PER method applied with
P = Dj; coincides with the classic Jacobi method and it is well known to be
convergent (see [104] e.g.). Nonetheless the next Theorem 4.5.3 shows that
a more precise control on the rate of convergence can be achieved. Recall
that the classic unpreconditioned ER scheme is obtained for P = I and one
has p(H(I)) < 7.



72

Theorem 4.5.3. Let D = sdl be the algebra of diagonal matrices and
let M =1—7A € SK,,. Ife = argmax{)\ >0 | min; aj; > 1:7{;}, then
p(H(Dyp)) < 7. In particular p(H(Dyy)) < 1 for any M € SK,, and if
min; a; > (14 7)7! then p(H(Dyr)) < 72

Proof. By exploiting the entries of H = I — D;;M we have

T if i .

0 ifi=j

By Gershgorin localization theorem, the eigenvalues of H are contained in-
side the ball in C centered over the origin and with radius R = max; 3, ., (H ).

By using the identity Zj a;; = 1 and by observing that a; > %
if and only if 11__77%‘; < 7%, we get Y. (H)yy = 7-11__7“(;; < 71*2. thus

p(H) < R < 71+e O

Note that the preceding theorem shows that the larger are the diagonal
entries of A, the more likely p(H(Djy)) is small.

For the sake of completeness let us point out that other examples of set
of matrices satisfying the hypothesis of Corollary 4.5.2 have been considered
in literature. For example the authors of [36] define the set of matrix spaces
(and matrix algebras) {UAUH : A € M(E)}, where U is a unitary matrix,
E € {0,1}™™ is a non-degenerate mask matrix, M(E) = {Eo Ast. A€
M, } and o is the Hadamard entry-wise product. It is not difficult to observe
that any space £L = M(FE) indeed admits a basis of matrices {Ji,...,JJ,}
satisfying the hypothesis of the corollary. Of course, for such space L, the
matrix Lpsis Ly = E o M.

4.5.1 Projecting over a weakly stochastic algebra

The results presented in this section give a further and more detailed intu-
ition on why, when M € SK,,, a preconditioner for (4.4) based on weakly
stochastic matrix algebras behaves well. We assume for the remaining part
of this section that any stochastic matrix A, defining the given stochastic
M-matrix M = I — 1A € SK,, has a simple dominant eigenvalue p(A) = 1.

Let 4 = sdU be a weakly stochastic matrix algebra. For a matrix
M =1—-7A¢€ SK,, we have Uy = I — Uy = I — 7Ud(24)UH (which we
assume invertible) and

HUy) =1— (I —7Ud(z)UTY™HI - 7A),

where z4 is the vector whose entries are the eigenvalues of /4, ordered as
usual. Recall that the components of z4 are the diagonal entries of U7 AU.

We claim that, for any such algebra U, the spectrum of the iteration
matrix H (Uys) only depends on the eigenvalues A\;(A) and \;(Ua), for ¢ # 1.
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In other words when the preconditioner is chosen projecting M over a weakly
stochastic algebra, the leading eigenvalues Aj(A) = A\ (Ua) = 1 of A and its
projection, are not involved in the analysis of the convergence.

To this end let us observe that, since U is weakly stochastic, there exists
an index k € {1,...,n} such that Uej has constant elements, that is Uey, =
ae for some a € C such that naa = 1. Therefore the k-th entry of z4 is

(za)p = (U AUy, = ekTUHAUek —ae! AUe, = ae'Ue, = aan =1

Observe analogously that e/ U (I —7A)U = (1—7)e/, that is the k-th entry
of the k-th row of U MU is 1 — 7 and the remaining components are all
zeros. The same holds for UHU4y,U. Tt follows that the two matrices U7 MU
and UMUy,U have the same block structure, which we represent here when
k =1 for easy of notation:

i 1—7 o7 i 1—7 o7
UrMU = ( f I—TVHAV> , UrUnU = ( 0 I—Td(VHAV)> ’
(4.13)
where V is the partial isometry given by the last n—1 columns of U and f is a
suitable n—1 vector. Of course, also UH H(Uy ) U= I — (UHUU)~ L (U MU)
has the same structure.

Now consider the matrix Ay = A — ge’/\/n, where ¢ is any vector such
that ¢ > 0, g"e = \/n. Also, let A= XJX ! be the Jordan decomposition
of A. As p(A) = 1 is a simple eigenvalue of A, the k-th row of X! is
constant. That is e/ X~! = e'/\/n and Jei = (JTeg) = ex. Note moreover
that e,Z—X_lq = 1. Then

XA x =x1 (A — quX,1> X=J-X1¢e] = (1 O~T> - <1 0T>
F oo J g O
(4.14)
where J is the Jordan form of A besides the 1 x 1 block associated with
p(A), G is the n— 1 vector made by the entries of X ~!¢ besides the k-th one,
and the right most block representation has been shown for the case where
k = 1, for notational convenience.

We deduce that, for any ¢ > 0 with ¢’e = /n, we have A(A4s) =
AMX14X) = X(J) U {0} = {X(A)\ {1}} U {0}. Moreover note that this
shows that the eigenvalues of Ay and VH AV coincide, besides 0. In fact
U MU and X' M X are similar and thus, comparing (4.13) and (4.14), the
blocks I — 7VH AV and I — 7J have same eigenvalues. The same holds for
the eigenvalues of U4, and d(V AV). Therefore, for any weakly stochastic
algebra U, the spectrum of the iteration matrix H(Uy) of the PER method
(4.4), can be decomposed as

XHUy)) = AT — (I —mUa,) YT — 7A2))

which finally shows our claim.
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It is worth noting that the observations did so far apply to the choice
P = Pyn. Precisely, from (4.8) we get

H(Pym) =1— P, iM =1(A—ee’ /n)
and therefore, choosing ¢ = e/+/n,

AH(Py)) = A(7A — %eeT) = A(rX1AX — %X’leeTX) = A(TA).
By using Theorems 4.1.1 and 4.4.1, we deduce a new upper-bound on the
convergence rate of the power method applied to S € ¥,,. Namely we have
that the sequence Sz}, converges to the ergodic distribution of S with a rate
of convergence bounded by O(7(S)|A2(Ag)|), where 7(S) and Ag are defined
in terms of S as in Theorem 4.1.1.

As a matter of fact, when the preconditioner in ¢/ is not Py, but instead
is chosen in U as the matrix with smaller Euclidean distance from M, we
cannot provide a theoretical control on the eigenvalues of I—(I—7Ua,) *(I—
TAz). However both intuition and numerical tests shown in Section 4.6
suggest that the spectral radius of H(Uyy) is significantly smaller than the
one of H(Ppm).

For the sake of completeness, we observe that, when A is stochastic
nonnegative and symmetric, further results hold as stated in the follow-

ing Theorem 4.5.4, where the eigenvalues of W (symmetric) are ordered as
AM(W) > > A (W),

Theorem 4.5.4. Let M =1 — 1A € SK,, be such that A is symmetric and
p(A) is simple. Let U = sdU be a weakly stochastic matriz algebra. Then

A2(Ug) — A (A) A2(A) — N\ (Ua) }
1 —7X2(Uy) ’ 1—7A(Ua)

p(H(Uy)) < 7max {

Proof. To lighten the notation, we denote with Ms the matrix I — 7As,
where A, is the matrix such that A = ee”/n+ Ay. Note that the symmetry
of A implies that both M and U); are positive definite matrices. In fact,
M is clearly real symmetric and A(M) € Ry, whereas Uy, has the form
Uy = Ud(UTMU)UM. Therefore the eigenvalues of Uy, are inside the
convex hull of A(M), so they are real and positive, implying that Uy, is
positive definite. A known consequence of the Weyl’s inequalities states that,
for any two positive definite matrices X and Y, the following inequalities
hold (see for instance [4])

An(X) A (V) € A(XY) € A (XY) < AL (X)AL(Y).

Collecting such inequalities, the considerations we did shortly above the
statement of this theorem, and the fact that \;(Uy,") = X\i(Un) ™" for any
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ie{l,...,n}, we get

p(H (Unr)) = max{Al(u;wlMQ) 11— An(u@MQ)}

Ao (M) An (M)
max{ (UM) -1, 1— Az(UM)} (4.15)

An
— rmax { An A) )‘Z(A) - )‘n(uA)}
—T)\g UA) ’ 1—7)\n(uA)

and the thesis follows. O

In particular, under the same hypothesis of the theorem above, we have

2T
1—171

p(H(Unr)) <

)

and hence if 7 is small enough, precisely 7 < 1/3, then PER with P = Uy,
and A symmetric, converges for any choice of the weakly stochastic algebra

Uu.

4.6 Numerical comparisons

In this final section we present a number of numerical tests comparing the
behavior of three methods on several synthetic and real-world datasets. The
linear system solved is Mx = (I —7A)x = y where y is a random vector with
entries in [0,1], 7 = 0.9 and A is a stochastic matrix defined as follows. We
consider X, the adjacency matrix of the dataset, then we normalize it into
the associated transition matrix 7' = D~'X, being D the diagonal matrix
di; = eiT Xe. In order to force a lower bound on the diagonal entries, we
introduce a further parameter 0 < § < 1, and finally define the matrix A
as the convex combination A = SI + (1 — B)T'". The standard Pagerank
random walk is retrieved for = 0. The methods are defined by different
choices of the preconditioner P in (4.4):

HPER. The Euler-Richardson method preconditioned via the optimal
fit P = Hp, where H = sd H(w) is the Householder weakly stochas-
tic matrix algebra discussed in Section 4.4.3. This method consists of
a preprocessing phase in which the quantities B,, v,, Aw, H(w)y and
d(H(w)AH (w)) must be computed. The overall cost of this initial com-
putation is O(x(A) + x(AT)) + O(n). Then each step of the method is
performed by the recursive computations of x4+, = ’H]ij +(I— ’HJT/}M )Tk,
each step requires O(x(A)) + O(n) operations.

Jacobi. The Euler-Richardson method preconditioned with the diagonal
optimal fit matrix P = Dy; = I — 7d(A). The rate of convergence is given
here by Theorem 4.5.3. Note that D can be seen as the span of n orthogonal
nonnegative rank-one matrices, and thus, accordingly with Theorem 4.3.1,
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both D4 and D]T/[l maintain the nonnegativity of the entries. On the other
hand this choice for P does not ensure any stochasticity property of P~1,
in the general case. We recall that this method coincides with the standard
Jacobi iterations.

Power method. The Euler-Richardson method preconditioned with
the power method matrix By, defined as the following rank-one correction
of the identity Pom =1 — %eeT. As discussed in Section 4.4.1, this method
coincides with the power method applied to the stochastic eigenproblem
Sp = p, where S is obtained from A as discussed in Theorem 4.1.1.

It is worth mentioning that both the Jacobi and the power methods
can count on a convergence theorem with an explicit upper bound on the
convergence rate. The spectral radius of the iteration matrix for the Jacobi
method is upper-bounded by 7!17¢, where ¢ is defined as in Theorem 4.5.3
and increases with the magnitude of the diagonal entries of A. We have
introduced the parameter S to appreciate the acceleration gained by this
method when the a;; are close to 1.

Similarly the spectral radius of the iteration matrix for the power method
is upper-bounded by 7|A2(A)|. Note that this convergence rate is linear in 7,
but the method can be sensibly faster than the Jacobi one, when the second
eigenvalue of A is small. This property is essentially given by the use of a
weakly stochastic preconditioner.

Unfortunately we do not have an explicit convergence theorem for HPER
for non-symmetric problems. However note that the use of a weakly stochas-
tic preconditioner combines somehow the two previous convergence proper-
ties. In fact, on the one hand, as for the power method, the dominant
eigenvalue of A is deflated and does not influence the spectral radius of the
iteration matrix, on the other hand, as for the Jacobi scheme, the precon-
ditioner is related with the diagonal entries of the matrix UH AU, that is
similar to A. The tests that we present in the following show that HPER
goes faster than the Jacobi and power methods and, in particular, its con-
vergence rate increases with S (as the Jacobi iterations do) and increases
when the magnitude of the subdominant eigenvalue of A decreases (as for
the power method).

We point out that the choice 7 = 0.9 has been done accordingly with
typical network applications, as for instance the Google’s Pagerank central-
ity. It is worth pointing out that the smaller is 7, the simpler is the problem,
thus we do not consider small values of 7 in the following.

Tables 4.1, 4.2 show the results for a randomly generated binary matrix
X. The eigenvalues of X in this case cluster around the origin ([97, 99] e.g.).
As the value of 8 increases, the number of iterations shown is the median
over 10 tests. The HPER method significantly outperforms the other ones.
The subsequent Table 4.3 shows, instead, the behavior of the three methods
on a number of real world datasets. The test matrices considered are part



# iterations

Random matrix of order n = 107

I5; J HPER L Jacobi L power method

0.1 11 104 37
0.2 8 99 32
0.5 6 60 54
0.9 4 19 141
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Table 4.1: The table shows the number of iterations required by the three methods to
achieve a precision of 1077 on the residual ||[Mx — y||, when 8 ranges from 0.1 to 0.9. The
coefficient matrix here is defined in terms of a random binary matrix of order 107. The
number of iterations shown is the median over 10 tests.

# iterations

Random matrix of order n = 103, precision 1077

8 | HPER | Jacobi |

power method

0.1 6 157 9
0.2 6 141 12
0.5 6 91 24
0.9 5 25 89

Random matrix of order n = 103, precision 10710

8 | HPER | Jacobi |

power method

# iterations

0.1 9 216 13
0.2 8 194 17
0.5 8 126 33
0.9 7 34 122

# iterations

Random matrix of order n = 103, precision 10713

3 | HPER | Jacobi |

power method

0.1 11 276 16
0.2 11 247 21
0.5 10 160 43
0.9 9 43 155

Table 4.2: The table shows the number of iterations required by the three methods to
achieve a precision of 1077, 107'° 107! on the residual | Mz — y||, when 3 ranges from
0.1 to 0.9. The coeflicient matrix here is defined in terms of a random binary matrix of
order 103. The number of iterations shown is the median over 10 tests.

of the University of Florida sparse matrix collection [31].

The matrices

considered are both symmetric (undirected) and unsymmetric (directed).
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Network n 3 # iterations
HPER L Jacobi L power method

S Delaunay19 524 288 0.1 156 184 172
§ Delaunay21 2097152 | 0.2 178 206 221
”§ Italy OSM 6 686 493 | 0.2 201 214 241
S Europe OSM 50 912 018 | 0.2 159 167 186
- Indian web crawl | 1 382 908 | 0.2 187 209 235
<| Wikipedia 2006 | 3 148 440 | 0.1 159 177 175
§ Wikipedia 2007 | 3 566 907 | 0.1 157 178 173

LJournal 2008 5363 260 | 0.1 154 192 185

Table 4.3: The table shows the number of iterations required by the three methods to
achieve a precision of 10™7 on the residual ||Mz — yl||. Tests here have been made on real
world matrices of different sizes, and the value of 8 has been chosen between 0.1 and 0.2.
Tests for larger values of 8 (here omitted) show a significant acceleration of HPER over
the other two methods.



Chapter 5

Updating Broyden
Class-type descent directions
by Householder adaptive
transforms

5.1 Introduction

It is well known that the BFGS minimization method is competitive with
modified Newton-Raphson-type method, since each iteration of BFGS can
be performed with only O(n?) FLOPs and no Hessian evaluation is required.
In BFGS the search direction dg; is defined as —Bkjlgkﬂ where g1 =
V f(xg+1) and B4 is a rank-2 correction ®(By, si, yx) of the previous real
positive definite Hessian (spd) approximation By, defined in terms of the
two current difference vectors sy = X411 — X and yr = gx+1 — 8k, and such
that

Bk+1sk =Yk (51)

In order to minimize the computational complexity per iteration and the
memory required for implementation, it is proposed in [40, 43, 41, 42, 39|
to use a BFGS-type updating Hessian approximation formula of the form

Biy1 = ®(By, s1, Yi) (5.2)

where By, is a suitable approximation of Bjy. This scheme is named LQN
in the particular case the matrix By is chosen to be the projection Lp, of
the matrix By in a matrix algebra £. Two possible classes of LQN are con-
sidered, the Secant LQN, satisfying the secant equation (5.1), and the Non
Secant LQN where dg41 = —B];ilgk_l’_l with Bk-s—l not necessarily satisfy-
ing (5.1). The convergence property of NS LQN [40] and the experimental
observed gain of efficiency of the & LQN with respect to BFGS and to

79
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its limited memory version L-BFGS on some specific class of problems
[7, 17, 48], are due, essentially, to the simple fact that the projection Lp, of
the matrix By in the space £ approximate in a sufficiently accurate way —
under suitable hypotheses on the space £ —, the spectral information of the
matrix By (see [102]). In [39, 41] it is observed that an adaptive choice of
L, i.e, using different algebras £*) for each iteration k, could allow to pre-
serve more information from the original matrix By, and thus improve the
efficiency of LQN techniques. In [27] it is introduced a convergent LFQN
scheme and preliminary numerical experiences confirm the goodness of the
proposed approach when compared with LQN where L is fixed.

The main contribution of this work is twofold. On the one hand we ex-
tend the theoretical framework and the convergence theory developed in [27]
for S and NS BFGS-type techniques to the restricted Broyden Class-type
of quasi Newton methods (introduced here as a generalization of Broyden
Class [16]); in this extension it emerges that basic conditions for the conver-
gence are

tr By < tr By, det By, > det By, f e C?, convex.

In fact these conditions are sufficient to ensure the convergence of N'S and,
with a further condition (see (5.17)), allow to identify a class of convergent
S methods which has nonempty intersection with NS class. On the other
hand, considering a subset of this intersection characterized by the equality
Bksk = Bysy and showing that such equality can be imposed for Bk = Eg]z,
at a low cost (linear in n) and without any assumption on s, we introduce a
basic class of LF)QN methods (see Algorithm 4) which turn out to be a re-
finement of the class of L¥ QN considered in [27], where instead the weaker
condition akﬁ(k)sk = Bjsy was considered and it was not yet clear if such
condition could be always imposed (for any possible si). Moreover, devel-
oping a further adaptive criterion (see (5.57)) we produce a low complexity
convergent LHQN with quadratic termination property (see Algorithm 6).
We show that the used adaptive criteria can be satisfied by low complexity
algebras £(*) defined as the set sd Uy, of all the matrices simultaneously di-
agonalized by U = product of a constant number of Householder matrices,
depending only on the number of vectors on which we want that the action
of By, is preserved by L’g}g. This implies, in particular, that the memory re-
quired to implement Algorithm 6 (or other possible low complexity versions
of Algorithm 4) can be considerably smaller that the memory required to im-
plement the L — BFGS method, which is a limited memory modification of
BFGS — where only a limited number m of pairs s;, y;, 7 =k,...,k—m+1
is used to define Bj1 — suitable to solve large scale minimization problems
[82]. Note moreover that, in contrast with L — BFGS, in any Algorithm 4 at
each step it is stored, in an approximate way, the second order information
generated in all the previous steps of the algorithm.
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In detail an outline of the paper is as follows. In Section 5.2.1 we intro-
duce the Broyden Class-type methods based on the parametric Hessian ap-
proximation updating formula By = @(Bk, Sk, Yk, @) with ® as in [16], see
(5.3) (observe that the BFGS-type methods are recovered choosing ¢ = 0).
In Section 5.3 we study conditions on the matrices By, that guarantee the
convergence of the restricted Broyden Class-type methods (¢ € [0, 1)) in the
Secant and NMon Secant case (see Algorithm 2). Then, we focus our atten-
tion on BFGS-type schemes since a more transparent analysis is possible in
this case. In particular, in Section 5.4 we show that convergence conditions
on By, help BFGS-type to mimic the BFGS self correction properties. In
Section 5.5 we show that such convergence conditions can be imposed for
By, = Eg}g using low complexity algebras £*). This result is a consequence
of a remarkable connection between the projection operation, Krylov spaces
and Householder matrices (see also [28]). In Section 5.6 we analyze condi-
tions on Ek which guarantee the quadratic finite termination property for
BFGS-type schemes and we show that they can be satisfied for By, = Egz).
Finally in Section 5.7, using results from previous sections, we introduce a
convergent Secant £*)QN method — of linear complexity per step —, that
coincides with BF'GS on quadratic problems if exact line search is used,
i.e., it converges in a finite number of steps. In the same section, using
performance profiles [46] based on iterations and function evaluations, are
provided the results of numerical experiences on a large set of problems from
CUTEst [56]. These experiences indicate that the proposed Algorithm 6 can
outperform the previous LQN and LK*)QN algorithms studied in literature,
but that, in general, with respect to the probability of win, the L — BFGS
method can perform better. Nevertheless, we believe that the flexibility of
the adaptive L QN methods in conjunction with the encouraging results
obtained in this chapter and further studies, can certainly make £LKQN
methods a competitive alternative to L — BFGS.

5.2 Preliminaries

Let us notice, that in this chapter we will consider just real vectors and
matrices, so we will exchange the word ‘unitary’ with the word ‘orthogonal’
and the superscript ‘H’ (Hermitian) with the superscript ‘I” (transpose).

5.2.1 Broyden Class-type methods

Let us consider a function f : R™ — R where n > 2.

In this paper we will study the following class of minimization methods
obtained generalizing the Broyden Class methods considered in [16]:



82

Data: x¢ € Rn, g0 = Vf(Xo), By = BO Spd, do = —Balgo, k:O,
while g; # 0 do

=

2 Xpa1 = X + Apdy ; /* A verifies conditions (5.4),
(5.5) */
3 Sk = Xg+1 — Xk;
4 | gr1 = VI (Xkr1);
5 Yk = 8k+1 — Bk;
6 | Bry1=®(Br,sk, ¥k 0) ; i
, { Define By, spd, set dgy1 = —B,;_&lgkﬂ (NS);
Set dx11 = _Bk__ilgk+17 define Bi41 spd  (S) ;
Set k:=k+1;
9 end

Algorithm 2: Broyden Class-type

where By, is an approximation of By, and the updating formula is a general-
ization of the Broyden’s one, i.e.

~ ~ BkSkSTBk: kaT
O (B, sk, Yk, ¢) = Bi — k k

STBksk yTSk + qZSS%BkSkavg. (53)
k k

In (5.3) the vector vy is defined by

v = Yh o Bysi
Yi Sk sI Bysy

and ¢ is a non negative parameter so that @(Bk, Sk, Yk, @) is spd whenever
By is spd and ygsk > 0. We assume that the step-length parameter Ay is
chosen by an inexact line search satisfying the two Wolfe conditions

Flxi 4+ Medi) < f(x) + adrgl dy (5.4)

9(xx + Ardy)Tdy, > Bgi dy, (5.5)

where 0 < a < 1/2 and o < 8 < 1. Condition (5.5) implies y; sg > 0.
Let us observe that in Algorithm 2 the matrices generating the descent
search directions dy 1 satisfy the Secant Equation in the S case. Instead in
the NS case such property is not necessarily fulfilled, i.e.

Byy1sp =y
whereas, in general

By y18k # Y-

In the following three remarks we collect some useful properties we will
use in Section 5.3.
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Remark 11. Observe that

i ) 2 2 TR
0 (Bt) = 17 (B(Brosis i ) = () + 2 4 1Yl s Do
Yi Sk YiSk YiSk
(-9 ||Bk~Sk:H2 B 2¢Y£Bksk.
s{Bksk y{Sk
(5.6)

Since gbsgéksk > 0, the last term in (5.3) increases the eigenvalues, and
hence

B TB T B T
ESKSy, Dk + kak> :d€t(Bk) Y5 Sk

det(Bk 1) > det Bk - — =
* sI' Bysy, Yisk

S{Bksk

(for the last equality see [82]).

Remark 12. From (5.5) it follows that, using definitions in Algorithm 2,
Yisk = 8ip1Sk — gisk > —(1— B)gl sk (5.7)

from which we obtain

TR TR
Sk kak < Sk BkSkT M (5.8)
Yese — (1=PB)(—gpsk) 1-7
(szksk = sl (= \egr) in the NS case) and
s{Bksk SZBkSk _ )\k: (5 9)

yise — (1-B)(-gfsy) 1-8
(sk Bysg = s (—Akgk) in the S case).

Remark 13. Let us define fi to be the infimum of f. Using (5.4) we have
(in both NS and S methods)

N N
> si(—gr) =Y —Mdiex
k=0 k=0

N
< = S (k) — S xara)] 10
k=0
< é[f(xo) — £] < 0.

Then the sum converges for n — 400, from which we obtain

lim sf(—gg)=0.

sy (—8k)

Notice that for ¢ € [0, 1] we call the Broyden Class-type family “restricted”.
If By, = By, for all k, then for ¢ = 0 and ¢ = 1 one obtains, respectively, the
BFGS and the DFP method [82].
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5.2.2 Assumptions for the function f

In Section 5.3, in order to obtain a convergence result for the Broyden Class-
type, we will do the following;:

Assumption 1. The level set
D ={x € R" : f(x) < f(x0)}

is convez, the function f(x) is twice continuously differentiable, conver and
bounded below in D and the Hessian matriz is bounded in D, i.e.

IG(x)| < M. (5.11)

Remark 14. Observe that if Assumption 1 if fulfilled then the following
inequality (5.12) holds:

2
Iyell® oy (5.12)
SLpYk
k
where s, and yy. are the difference vectors produced by Algorithm 2. In fact,
if we define (see [16], [82]) the spd matrix

1
G = / G(xy + Tsg)dT,
0
then we have from standard analysis results,

vi = Gsy, (5.13)
_1
and hence if z;, = G?sy,

2 T2 T

s:G's 7z, Gz
||37’1k” kT ko_ kT < sup || G(xp + TS| < M. (5.14)
SLYk s;. Gsg Z}, Zj 7 €[0,1]

We recall that condition (5.12) on the Powell’s ratio is typically used to
prove the global convergence of BFGS method [87] and LQN methods [40].

5.3 Conditions for the convergence of the Secant
and Non Secant Broyden Class-type

The matrices which generate the descent directions in the S case exhibit
explicitly second order information (or, in other words, they satisfy the
secant equation). Moreover, in contrast with the limited memory versions
of Quasi-Newton methods, they store, in an approximate way, the second
order information generated in all the previous steps of the algorithm. In
this section we will prove that both § and NS versions of Algorithm 1 are
convergent if By, is suitably chosen.

The following result generalizes what proven in [27] for BFGS-type S meth-
ods using techniques and ideas from [16, 15] .
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Theorem 5.3.1. If the S version of Algorithm 2 with ¢ € [0,1) is applied
to a function that satisfies Assumption 1 and By is chosen such that

trBy, < trBy (5.15)
det By, > det By, (5.16)

Bysi| 2 Bysy|[?
|| Besk|| || Besk|| (5.17)

(S%Bksk)z o (S%Bksk)z
for all k, then
liminf ||gk|| =0 (5.18)
k—o0
for any starting point xg and any positive definite matriz By.

The main idea to prove Theorem 5.3.1 is to compare the third and fifth term
of (5.6). Let us define 9,

Iyell® sfBrsk i Bisk || Brsll?
i Sk Yk RS g R (5.19)
YiSk Y Sk Yi Sk S Bysy,
so that (5.6) becomes
2 2
5 Yk Bysi,
tr(Bupn) = tr (By) + D1 gy IBlE g o)
Y Sk Bksk
Remark 15. Let us estimate the first term in (5.19). We have
HYkHZ S%Bksk S%Bksk <M (S%B]fsk)Q
Yisk Yise |[Brskl® ~  yEsklBisil?
T 2 T( o ))2
<M (Sk Bksk) _ M(Sk( gk)) (521)

viselBesell?  yisell — gl
M(s; (—8k))
T @=-Bl—ell?
where first inequality follows using (5.12), the second using (5.17) and last
inequality follows using (5.7).

Remark 16. Let us estimate the second term in (5.19). We have

yi Bksk| ! Bysi HYkHSkBkSk
yise || Bisil? ~ ykSkHBkSkH

< A SkBkSk
Y2 skl Brskl

5.22

VST Bise V(T (—g) (522)
i skl Besk|| yiskl — gkl
M(s{ (—gr))

\/1— VI=Bl - el
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where the first inequality follows from Cauchy-Schwarz inequality, the second
from (5.17), the third from (5.12) and the fourth from (5.7).

We can now prove Theorem 5.3.1.

Proof. Arguing by contradiction, let us assume ||gx|| bounded away from
zero, i.e., there exists v > 0 such that

gkl >~ > 0. (5.23)
From Remark 13 we obtain
T(_
lim Lg’“; = 0. (5.24)
k—oo || — gkl

Now we show that (5.24) leads to a contradiction, thus (5.23) cannot hold.
From (5.19), using Remark 15, Remark 16 and (5.24) we obtain

lim 1y, = 0. (5.25)

k—o0

Using (5.25), since ¢ € [0,1), we have that there exist an index s and
constants [; > 0, [o > 0 such that

lo>(1—¢—pp) >1; >0 forall k>s. (5.26)

Then we can write (for j > s), using (5.20),

j j
1 ~
trBjy1 < trBo+ Yy yell> = | Beskll*(1— ¢ —vws), (5.27)
k=s k=s

R =
_ Yi Sk SgBkSk

and hence
trBjy1 <trBs+ M(j+1—5s)<ci(j+2—s)

where ¢; = max{tr Bs, M} (the trace grows at most linearly for all j > s).
Let us remember that, given n real positive numbers a;, it holds:

n n A"
Hai < <M> (5.28)
. n
i=1
from which we obtain:

2ic1 Vz‘(Bj+1>)n < <01(J'+2—5)>n '

n n

det Bjy1 = [[we(Bj11) < (
i=1
(5.29)
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Let us note, moreover, that from (5.27), since Bj;1 is positive definite, we
have:

7

1 - 1
> —==—|Bisel*(1 — ¢ — vep) < trB — trBJ+1+§:—Hka2
k=s

Sk Bksk s k:
< trB, +Z <ec(j+2—s)
(5.30)
and applying once more (5.28) we have:
J 1 ~ '
II 7z 1Bisell(1 = ¢ — o) < (2e0)+' 7. (5.31)
ks Sk Bksk

From (5.16) and from direct calculation of the determinant we have:

Ty, . sTy
det Bjj1 > —L="det B; > — ' det B;,
s; Bjs; S; B]sj
from which we obtain:
J T
det B;
[] oEXe < 20t (5.32)
irs Sk Bysy, det B,
From (5.7) we have
T
i+1— Sk Yk
(1-py+i—< Y
k=s — 8 Sk

and hence

I N
(1-5) B (1~ — )

k= Ssk (_gk)
= Mgl sfye
]__
,cnf O~ VR T M) ST (- Mago)
J
|| Brs|? Sfyxe (5.33)
= 1—¢—
kl;[f = VN9 T por 5T Byse

J B T
< [0 o oy Bl L

T
ke Sk Bksk Sk Bksk

o +2-5)\" 1
< (2¢)iH1—s cl(.]
> ( Cl) < n det Bs7
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1.e.
J 2 '
[[a-¢- )8 s (5.34)

T _—
k=s Sk; (_gk)
for a suitable constant co, which is a contradiction since we supposed
T
S —
lim £ 9% ( gk;
koo || — gkl

We have hence proved that (5.18) holds. O

=0.

Observe that (5.17) is in particular satisfied when By, is such that
Bksk = Bksk. (535)

In the next Sections 5.4 and 5.5 we will investigate some further consequences
of condition (5.35) and we will prove that it can be imposed by choosing
By, as the projection of By, on algebras of matrices diagonalized by a fixed
number of orthogonal Householder transforms.

The following result generalizes what proven in [40] for BFGS-type NS
methods.

Theorem 5.3.2. If the NS wersion of Algorithm 2 with ¢ € [0,1) is
applied to a function that satisfies Assumption 1 and By is chosen such that

trBy, < trB, (5.36)
det By, > det By, (5.37)
for all k, then
liminf ||gg|| =0 (5.38)
k—o0

for any starting point xg and any positive definite matriz By.

Proof. Proceed as in the proof of Theorem 5.3.1 noting that the hypothesis
(5.17) on By, is no longer necessary to obtain Remark 15 (see (5.21)), Remark
16 (see (5.22)) and (5.33), since in V'S methods Bysy, turns out to be equal
to —Apgk- O]

In Figure 5.1 we illustrate in a pictorial way the restricted Broyden Class-
type Secant and ANon Secant methods satisfying the conditions tr B, <
tr By, det By, > det B, and f € C?, which appear basic in proving conver-
gence results for both classes of methods. At the moment only a subset of
the pictured Secant methods are certainly convergent, those satisfying the
surplus condition (5.17). Let us observe that in [27] we investigated BFGS-
type methods where okBsk = Bgsy for some o > 0, and thus verifying
condition (5.17). In the following we will focus on Broyden Class-type meth-
ods such that Bysy, = Bysy, which form a subset of the intersection between
convergent S and NS, with the aim to define new efficient BF'GS-type
algorithms.
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Secant methods satisfying (5.17)

Non Secant=Secant methods satisfying (5.35)

Figure 5.1: Restricted Broyden Class-type methods satisfying the conditions
on trace, determinant.

5.4 Self correcting properties implied by conver-
gence conditions

In this section, assuming ¢ = 0 in Algorithm 2, we will study how (5.35)
reverberate on self correcting properties of the algorithm.

There are experimental evidences (in the case the matrix By, is chosen in
some fixed matrix algebra L), that the S version of Algorithm 2 perform
better if compared with the 'S one (see [7] and [17]). In this section we
will try to motivate theoretically this experimental observation by compar-
ing tr Bi+1 and det{Bj4+1} produced by classic BFGS and Algorithm 2
when ¢ = 0. Observe moreover, that in [27] some preliminary experimental
experiences have shown that even if condition (5.35) is imposed in an approx-
imate way (i.e Bysi & Bysi) performances of Algorithm 2 are competitive
with those of HQ N, which, in turn, has been proved to be competitive with
L-BFGS on some neural networks problem (see [40, 7]).

Finally let us stress the fact that, even if “the Quasi-Newton updating
is inherently an overwriting process rather than an averaging process” (see
[14]), the following analysis will show how algorithms proposed in this chap-
ter exhibit an interaction between averaging and overwriting phases more
similar to BFGS than to L-BFGS (remember that the curvature informa-
tion constructed by BEF'GS are good enough to endow the algorithm with a
superlinear rate of convergence, see [82]).

Performing one step of the “classic” BFG.S, one has

BiH® = @55 By, sk, y)
B 2 2 5.39
tr BPFGS — (1 By [ Besk|I” | llyrll (5.39)

T T
s; BkSk Y Sk
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T T
Vi Sk s;. (G'sg)

from which it is clear that BFGS (and all updates in the restricted Broyden
class) “have a strong self correcting property with respect to the determi-
nant” (see [16] and Remark 11 for (5.40)). In particular curvatures of the
model are inflated or deflated (and hence corrected) accordingly to the ratio

st (Gsy)

szksk ’
allowing the algorithm to compare the computed model with the true Hes-
sian. In fact, the above ratio is used to correct the spectrum of the operator

defining the descent direction at next step.
On the contrary, by performing one step of Algorithm 2 we obtain

Bi1 = ®(Bg, sg, yi)
= | Bisel?® | llyel?
tr B = tr Br— - +
ko Y ST s, ylsk (5.41)
s{(ésk)

S%Bksk

T
Yi Sk

det(B = det(B v
(Bj+1) ( k)szksk

= det(Bk)

from which it is clear that if Bysy is not suitably chosen, then the ratio
st (Gsy)
szksk ’
could not exhibit a reasonable behavior, making the algorithm not able to

self-correct bad estimated curvatures and hence loosing efficiency. In the
hypothesis (5.35), we have

Bit1 = ®(Bg, s, yi)

CBrsell* | llyel?
s{Bksk ygsk (5.42)

sg (Gsp)

s{Bksk

tr Bg41 = tr Bk

T
Yi Sk

det(B = det(B
e( k+1) e( k)SZBkSk

= det(Bk)

which is then a reasonable choice even under the self-correcting properties
point of view. Observe that if we choose By, = £ By~ the error we introduce
contributes to inappropriately inflate the curvatures of the model because
by Theorem 1.4.9, even if tr By = tr By, we have det(By) > det(By) (see
[74] and references therein for more information regarding the inappropriate
inflations problems affecting BFGS). Recall that by the same Theorem
1.4.9, det(By,) = det(By) iff U diagonalizes By. Thus, in order to reduce the
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inappropriate inflation of the curvatures of the model, U should be chosen,
in principle, besides of low complexity, as close as possible to a matrix which
diagonalizes By. So, the problem concerning the possibility to exploit By, in
order to improve such self correcting properties as much as possible remains
open.

5.5 How to ensure Secant convergence conditions
by low complexity matrices

In this section we will show that it is always possible to satisfy hypothesis
of Theorem 5.3.1 by a low complexity matrix Bj.. In particular, a matrix
B, satisfying (5.15), (5.16) and (5.35) will be explicitly constructed.

As noticed in Theorem 1.4.9, spectral conditions

tr (Bk) < tr (Byg),
det(By,) > det(By),
on the approximation are always fulfilled when we choose
By, = Lp, for some £ = sd U.
Nevertheless, the condition
Lp, sk = Bisk. (5.43)

is not satisfied for a generic matrix algebra £ and we have to face the fol-
lowing Problem 3, named Totally Non Linear Problem in [27]:

Problem 3. Given a spd matriz A € R™*™ and a vector s € R™, find a low
complexity orthogonal matriz U such that defining L = sdU it holds

Las = As. (5.44)

Observe that Problem 3 has been solved in [26] in the particular case
when s is an eigenvector of A with the aim to speed-up the Pagerank com-
putation by the preconditioned Fuler-Richardson method. The following
Lemma 5.5.1 completely characterizes solution of Problem 3 in this case.

Lemma 5.5.1. If s is such that As = ~s, for any unitary matriz L such
that s/||s|| is among its columns, defining L = sd L, it holds

Las = As.

In particular L can be chosen as an orthogonal Householder matrix.
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Proof. Consider an orthogonal L such that Le; = s/||s| for some fixed
k€ {1,...,n}. From 1. in Theorem 1.4.9 we have L4 = Ld(z4)L” being
z4a=[..,(LTAL)s,...]" and hence

TA
Las = (za)rs = S||7H2SS =ys = As. (5.45)
S
For the second part see Lemma 2.2.5 in Chapter 2. O

By the following Theorem 5.5.3 we solve Problem 3 in the general case
and at the same time we shed light on algorithmic details necessary for the
construction of the solution. We note that in Chapter 2 ([28]) it has been
proved a more general result where the projection L4 retains the action of
A on a set of vectors instead on a single one. Nevertheless, we repeat here
the proof in this particular case since it will be useful later in connection to
the optimization algorithms we will introduce and develop.

Let us begin recalling the well-known Arnoldi algorithm for finding an or-
thogonal basis of the Krylov subspace

Km(A,v) =< v,Av,..., A" v >

In what follows we will assume dim K,,, (A, v) = m.
Data: A, vi :=v/|v]|2;
1 while j <m do
2 Compute w := Av; ;
3 while ¢ < j do
4 Compute h; ; = (W, v;) ;
5 Compute w :=w — h; ;V; ;
6 end
7 Compute hji1j:= ||wl]2 and vj41 :=w/hji1; ;
8

end
Algorithm 3: Arnoldi Algorithm

The above algorithm produces an orthonormal basis V,,, = [vi,..., V] of
the Krylov subspace K,,(A,v) such that

Avm = VmHm + hm—&—l,mvm—&—le%a

where the matrix H,, denotes the m x m upper Hessenberg matrix con-
sisting of the coefficients h; ; computed by the algorithm. From the above
observations we get

V.IAV,, = Hp,. (5.46)

Moreover, the following lemma holds:
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Lemma 5.5.2 ([90]). Let A be any matriz and Vy,, Hy, the results of m steps
of the Arnoldi or Lanczos method applied to A. Then for any polynomial p;
of degree j < m — 1 the following equality holds:

pj(A)vl = Vmpj(Hm)el' (547)

Theorem 5.5.3. Let A € R™" be a symmetric matriz. For every fixed
integer m and 1 < m < n and for any s € R™ there exists an orthogonal
matriz L € R™™ such that if L = sd L and L4 is the best approximation of
A in L, then

pj(La)s =p;(A)s (5.48)

for any polynomial p; of degree j < m — 1. Moreover, the thesis is satisfied
also by any other orthogonal matrix having, among its columns, m particular
columns of L (see (5.51)).

Proof. Consider the matrices V,,, and H,, constructed from Arnoldi Algo-
rithm applied to Cp,(A,s) (observe that the first column of V,, is v; :=
s/||s|]). From Lemma 5.5.2 with j = 1 we have

Avy = Vi H, Vv,
From (5.46) we can write

Avi = V,QQ VT AV,,QQTV v, (5.49)

for any orthogonal matrix ). In particular, being V,.I' AV}, symmetric, we
can choose in (5.49) @ as the orthogonal matrix which diagonalizes V,I' AV,
ie.

zy 0 ... O
0 0| 41y
Avy = V,,Q QTVTv, (5.50)
0 0
0 0 xm,
where z; = eiTQTVT:,CAVeri fori=1,...,m. Consider now the matrix
L =[Vy,Qei1|...|VimQen|adm+i|-- - |dn] (5.51)
where {q+1,-..,dn} is an orthonormal basis for
<VmQer,...,VmQen >T=<Vyer, ..., Vimen >, (5.52)

set £ = sd L and consider £4 the best approximation of A in L.
In order to prove that £4 satisfies (5.48) it is sufficient to prove that

Lilvl = Alvyfor0<j<m-—1. (5.53)
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Of course, (5.53) is true for j = 0. The equality L4v; = Av; follows
observing that using the first formula in Theorem 1.4.9 we have

n

,CAV1 = (Z(LTAL)”LGZ (Lei)T)vl

o (5.54)
= (Z 2;(VinQe;) (VinQe:)) T )vi = Avy

where in the second equality we take into account that q;ffvl = 07 for
ie{m+1,...,n} (see (5.52)) and (5.51).

Suppose now (5.53) true for all indexes j € [1,k], K < m — 2, and let us
prove it for j = k4 1. From inductive hypothesis and Lemma 5.5.2 we have

Ly = LaLhvy = LaAPvy = LoV, HE ey

From direct computation using (5.52) and the definition of @, we have
LAV, = Vi Hyy, and thus

EAVmHﬁqJel = VmH,,lfj—lel = Ak+1V1,

where the last equality follows using again Lemma 5.5.2. Hence (5.53) holds
also for j € [1,k + 1].
O

Corollary 5.5.4. Solutions U of Problem 3 are obtained by using Theo-
rem 5.5.8 for m = 2, 5 = 1. Observe that just two of the columns of
such orthogonal matrices U are uniquely determined (they are suitable lin-
ear combinations of the vectors s and As), and hence one of such U can be
chosen as the product of two Householder matrices that can be determined
by performing two matriz-vector products involving A plus O(n) FLOPs.

Proof. See the proof of Theorem 5.5.3 and Lemma 2.2.5 in Chapter 2. [

5.5.1 Convergent L*)QN scheme

In order to impose (5.43) for each k, an adaptive choice of the space £ =
sd U is necessary. Any method obtained in this way will be called L*K)QN
extending the notation LN introduced in [40] to denote the BF'GS-type
methods with By = Lp, being L fixed. As a result of what discussed in
Section 5.3 and in the first part of this section we report here the following
Algorithm 4 which can be considered a refinement and an extension of the
scheme proposed in [27]:
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Data: x¢g € R”, By = I spd, toll, dy = —go, k = 0;

1 while g; # 0 do
2 Xkl = Xk + A\pdg ; /* A\p verifies (5.4), (5.5) */
3 Sk = Xk+1 — Xk
4 Yk = 8k+1 — 8k;
5 /* Definition of LK) := sdU; s.t. Eggsk = Bpsp: */
6 | if [|Bysy — %245ksk|| < toll then
7 ‘ apply Lemma 5.5.1;
8 else
9 ‘ apply Lemma 5.5.4;
10 end
11 | By = <I>(£§§,f,sk,yk,¢) ;
12 Compute dgy1 = —Bk_ilgkﬂ;
13 Set k:=k+1;
14 end

Algorithm 4: A convergent LK) QN

5.5.2 Computational Complexity

The computational complexity of Algorithm 4 is O(n) in space and time.
This follows observing that

D) _ phD) _ p(kr)

(k+1) T p(k) (k+1)
Bis1 ) £ T £ + EykTiy{ + (¢ s, ﬁBksk)Evkvg’
B k% TBy T
SZL(B!C;ZSIC k 2k
ie.,
k41
)‘(559,;:1)) = d(UkT+1Bk+1Uk+1)
[,(k)Sksgﬁ(k)
= d(UkT £(k)Uk+1 - Ulz 1MUk+1)+
+1~B, + sgﬁﬁ)sk (5.55)
T
YrY k
+d(Ul44 yTsl;i Uk + (6 sF LY s UL Vv Uk ),
k

Notice that the above equality is an extension of an eigenvalues updating
formula obtained in [40] where L%) = £ for all k. Since Uy, and Uy41 can be
chosen as the product of one or two Householder matrices (see Lemma 5.5.1,
Lemma 5.5.4), the right hand side of the above expression can be computed
in O(n) FLOPs using Proposition 3.2 in [28]. In particular, using Remark
2 in [28], the worst case computational cost per step can be estimated in
16n + O(1).
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5.6 The quadratic finite termination property

In literature it has been studied which Quasi-Newton methods terminate
in a finite number of steps when applied to quadratic functions (quadratic
finite termination), see [70, 80] and references therein. In this section, ex-
tending the analogous result obtained in [70] for L-BFGS, we will introduce
conditions on By (see (5.57)) which endow the S BFGS-type methods with
the quadratic finite termination property. Before continuing let us observe
that the notation of this section is not consistent with that of the previous
Section 5.5. We prefer to adopt this notation here in order to be consistent
with the existing literature.
Let us consider a spd matrix A and the problem

1
miRn f(x) where f(x):= §XTAX —x'b. (5.56)
xeR™

In order to solve Problem (5.56) consider the following Algorithm 5 (which
is the S version of Algorithm 2 where we use the exact line search and where
we set Hp = Bk_l, H, = Bk_l and ¢ = 0):
Data: x¢ € R", gy = Axg — b, Hy = Hy spd, dg = —Hygo, k=0;
while gi # 0 do
Xkp+1 = Xg + )\kdk ; /% Ak = argmin)\ f(Xk =+ Adk) */
Sk = Xg+1 — Xk;
8k+1 = AXj1 — b;
Y = 8k+1 — 8k;
pr = 1/sty ;
Define Hj, spd ;
Hi1 = (I — prskyt ) He(I = pryrst) + prsksi
Set dit1 = —Hp+18k+1;
10 Set k:=k+1;
11 end
Algorithm 5: BFGS-type for quadratic problems

Theorem 5.6.1. Let us consider Algorithm 5. If

© 0w N O oA W N

Hygir1 = BrHogry1 for some By # 0, (5.57)
then we have:
grs;j=0forallj=0,... k (5.58)
sfﬂAsj =0 forallj=0,...,k; (5.59)
span{so, . ..,sk+1} = span{Hogo, - - ., HoZr+1}; (5.60)

Proof. By induction. The case k = 0 can be easily verified. Let us suppose
the thesis true for K = 0,...,k — 1 and prove it for k = k. Let us prove
(5.58): g:;;FHSl% = 0 since we are using exact line search; if j < k we have

g;;T+1Sj =gisj+y.sj=g[sj+s As;j=0 (5.61)
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by induction hypothesis. To prove (5.59) observe that for j < k

T
k+1ASJ 18 1Y =
~ N8t (I = iy VH(I = pryist) + pisisi)ys = (5.62)

T 13 _ T R
- /\I%+1gfc+1chyj = _BI%)‘I%HgI%HHoyJ =0

where the third equality follows observing that gk+ 7 = 0 and that s? LY =

0 for j < k by induction hypothesis; the fourth equality follows by (5 57)
the last equality follows observing that, since gk S = 0 for all j =0,. k
and span{so,...,s;} = span{Hogo, ..., Hog;} by induction hypothesis, it
holds that

gl Hogj=0forall j=0,..., k. (5.63)

Now let us consider the case j = k. Since Syl = _>‘l%+1Hl%+1gl%+1’ by
direct computation using the expression of Hj 410 it can be verified that

As; = sk Vi =0 Let us prove now (5.60): we have

k—i—l
_ _ 7 T 13 _
St = Mot 18 = ~ N Hi8iy T A PpY ) HiBiaSi = (5.64)
— Bidi Hogi + N oy Higp . S; '
EE+1H208) 41 T A1 PiY Bl Si:
and hence
span{Hogo, . . . ,H[)gchrl} = span{sy, . . . 7s,;H}
since span{Hogo, ..., Hog;} = span{so,...,s;} and {so,... ,Sk+1} are lin-
early independent since they are A-conjugate. O

Corollary 5.6.2. If the spd matriz Hy, satisfy hypothesis of Theorem 5.6.1,
then Algorithm 5 generates the same iterates as the Conjugate Gradient
method preconditioned with Hy and hence it converges in at most n steps.

Proof. Analogous to the proof of Corollary 2.3 in [70], observing that under
hypothesis of Theorem 5.6.1 conditions (5.58), (5.59) and (5.60) hold for
Algorithm 5. O

Interestingly enough, using the above corollary it can be shown that the
iterates of Algorithm 5 coincide with those from BFGS and L-BFGS since
they all coincide with the Preconditioned Conjugate Gradient (see [80, 70]).

We can now prove that the convergence condition (5.35) and the quadratlc
termination condition (5.57) can be verified simultaneously if Hj = E*

provided that Hy in (5.57) is a multiple of the identity.
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Lemma 5.6.3. For any pair of vectors sy, ki1, and any spd matriz By,
there exists a low complezity orthogonal matriz L®) and hence a matriz
algebra L&) = sd L% such that

ﬁg]zsk = Bksk,

" (5.65)
L, 8k+1 = k8l+1 for some ay # 0.

Thus, it is well defined a LXQN wersion of Algorithm 5, with Hj, = [,E;i,
convergent in at most n steps, provided that Hy is a multiple of the identity.

Proof. For the sake of simplicity we use in the following the symbols L and
L in place of L*®) and £*). Case Bysj = YSk-

From Theorem 5.6.1 we have g%_HSk = 0. Any orthogonal matrix L which
has among its columns sy /||sk|| and gr+1/[/8k+1|| is such that, defining £ =
sd L, Lp, satisfies conditions in (5.65) (the columns of L are eigenvectors
of any matrix in £). One of such orthogonal matrix L can be constructed
as the product of two Householder matrices (see Lemma 2.2.5 and see [28]
for more details).

Case Bysy # 7Sk-

Any matrix L in (5.51) satisfies Lp, s = Bysy, if £ = sd L; it is then enough
to consider a matrix L in (5.51) where gj11/|/8k+1|| is chosen to be one of
the vectors q; (see the proof of Theorem 5.5.3 with m = 2 and s, By, in the
roles of s and A, respectively). Observe that this can be done since, from
Theorem 5.6.1, gi,;sp = 0 = g}, 18k (see (5.63)) and since the first two
columns of L are suitable linear combinations of s, and Bisy = —A\igk. A
matrix L with the required properties can be constructed as the product of
three Householder matrices (see Lemma 2.2.5 and see [28] for more details).

O

5.7 A convergent L/ QN method with quadratic
termination property

The L®QN scheme that we consider in this section, combines the results
obtained in Section 5.3 for the Secant scheme with ¢ = 0 and in Section 5.6
for quadratic termination, setting in both Bj, = Egz. In particular it com-
bines the convergence result stated in Theorem 5.3.1 for general non linear
problems with the quadratic termination result obtained in Theorem 5.6.1.
The main motivation for this choice can be traced in the key observation
that in this way the resulting method coincides, as already pointed out in
Section 5.6, with BF'GS and L-BFGS when applied on quadratic problems

using exact line search.
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5.7.1 The proposed method
Data: xg € R", By =1 spd, dg = —gg, k = 0;

1 while g; # 0 do

2 Xpr1 = Xg + A\pdy ; /* A\ verifies (54), (55) */
3 Sk = Xg+1 — Xk;

4 Yk = 8k+1 — 8Bk

5 if || Brsg — Sﬁgj;’“skH < toll then

6 ‘ Define gy, as the projection of g1 on < sy, >t

7 else

8 ‘ Define gy, as the projection of g1 on < si, Bysy >+

9 end

10 Define £*) := sd Uy, s.t. EgZSk = Bgs;, and

k) _
Eﬁgk’gm = A8t

11 Byt = Eg}i - ﬁg’;Skiﬁg’i + ykTykT;
sy, LBksk Vi Sk

12 Compute di+1 = —B,;ilng;

13 Set k:=k+1;

14 end

Algorithm 6: A convergent £(¥) QN method with quadratic termination
property verified if exact line search is used.

Remark 17. Observe that the existence of a matrix Eg;k) satisfying condi-

tions at line 10 of Algorithm 6 can be proved using techniques analogous to
those used in the proof of Lemma 5.6.3. In particular the required orthogo-
nal matrices Uy, can be constructed as the product of two or three orthogonal
Householder matrices depending if condition at line 5 of Algorithm 6 is sat-
isfied or not.

5.7.2 Computational Complexity

The computational complexity of Algorithm 6 is O(n) in space and time.
This follows using equation (5.55) with ¢ = 0. In fact we have

MLy = d(Uf 1 Bry1Up 1) =

Bri1
ﬁ(k)SkSTﬁ(k) T
k B k~B YrY
d(UIF;F-&-lE(Bk)Uk-H - Ul?—i—l I; (k) . Uk-‘rl + Ul?—i—l T b Uk-i-l)'
Si ch Sk Y. Sk

Since Uy and Uy can be chosen as the product of two or three Householder

matrices (see Lemma 5.6.3 and Remark 17), the right hand side of the above
expression can be computed in O(n) FLOPs using Proposition 3.2 in [28].
In particular, using Remark 2 in [28], the worst case computational cost per
step can be estimated in 36n + O(1).
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5.7.3 Numerical Results

We have used performance profiles (see [46]) in order to investigate the
numerical behavior of Algorithm 4 with ¢ = 0 (refinement of the method
introduced in [27]) when compared with Algorithm 6, and Algorithm 6 when
compared with DQN [17], HQN [7, 40] and L-BFGS with M = 30 [75].
The latter method, that has been implemented by the Poblano toolbox [47],
has a computational complexity per step analogous to Algorithm 6; however
it requires more memory space to be implemented. We have tested the
algorithms on a set of medium/large scale problems from CUTEst [56] (see
Table 5.1), using the line-search routine provided by Poblano, i.e., the Moré-
Thuente cubic interpolation line search (which implements the Strong-Wolfe
conditions) enforcing the reproducibility of our results. In order to make a
fair comparison we have used for all the algorithms the same stopping criteria
as those from Poblano. We have used the following parameters where the
names of the variables are the same as those from Poblano:

LineSearch_xtol=1e-15;
LineSearch_ftol=1e-4;
LineSearch_gtol=0.9;
LineSearch_stpmin=1le-15;
LineSearch_stpmax=1el5;
LineSearch_maxfev=20;

StopTol=1e-6;
MaxIters=10000;
MaxFuncEvals=50000;
RelFuncTol=1e-20;

LineSearch_ftol=« in (5.4) and LineSearch_gtol=p in (5.5).

Let us point out that, as in Poblano, the successful termination is achieved
when ||gx|l2/n < StopTol being n the dimension of the problem. In the
following Figures 5.2 and 5.3 the caption ‘L QN’ will indicate Algorithm
4 and ‘L®QN(q.t.)" (quadratic termination) will indicate Algorithm 6.

5.7.4 Conclusions

In this chapter we have proposed novel optimization schemes £®QN ob-
tained generalizing the updates in the restricted Broyden class by means of
projections of the Hessian approximations By on adaptive low complexity
matrix algebras, and, in particular, we have studied in detail a new BF'GS-
type method. Even if it is known that finite quadratic termination is not
relevant for general Quasi-Newton methods [70], the numerical results pre-
sented in Section 5.7.3 confirm that exploiting the adaptivity of the spaces
where to choose the approximations By, of By also in order to endow the
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Figure 5.2: Performance profiles for Algorithm 4 when compared with Al-
gorithm 6 on a set of 99 problems from CUTEst [56]. LineSearch_ftol=1e-4;
LineSearch_gtol=0.9;

BFGS-type method with this property, considerably improves the perfor-
mances of the basic L#QN scheme in Algorithm 4 (see Figure 5.2), which
is a convergent refinement of the methods considered in [27]. As numerical
results confirm, the introduction of such adaptive choice of the matrix al-
gebras £ permits to show, moreover, that existing fixed algebras LOQN
methods, HQN and DQN, can be overcome (see Figure 5.3). Concerning
the results obtained comparing our £ QN method with L-BFGS, even
if the comparison on this set of problems is unfavorable for the method we
propose with respect to the probability of win (see Figure 5.3), it is im-
portant to note that DQN and HQN have been proved to be competitive
with L-BFGS on some real world problems (see [7, 17, 48]). For the above
reasons further investigation urges in order to understand if the method we
propose could be a valid competitor of L-BFGS on those problems where
large values of the parameter M must be chosen in order to guarantee sat-
isfactory performances (see also [64]). However, let us point out that the
increasing performances of our L*) QN schemes on general problems with
respect to [40, 27] (see Figure 5.2 and 5.3) are encouraging because one
guesses that certainly exist and deserve investigation more valuable criteria
for the choice at each step of the algebra £*) where to project the matrix
By:; thus LEQN could really become competitive with L — BFGS.

It is clear that £L*)QN methods should be also compared with the class of
nonlinear conjugate gradient methods. Moreover, it would be important to
understand if the matrices generated by means of our Quasi Newton-type
updates could be useful as preconditioners for nonlinear conjugate gradient
methods as in [18]. Of course, further investigation should be devoted, in
future, in order to understand if the Broyden Class-version of Algorithm
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6 can produce better performances for ¢ € (0,1). Last but not least, it
could be interesting to understand if the results presented in this chapter
can be extended to the modified BFGS method for non-convex functions

as in [73].
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9] CURLY20
20] CURLY30
21] DECONVU
22] DIXMAANA
23] DIXMAANB
24] DIXMAANC
25] DIXMAAND
26] DIXMAANE
27] DIXMAANF
28] DIXMAANG
29] DIXMAANH
30] DIXMAANI
31] DIXMAANJ
32] DIXMAANK
33] DIXMAANL
34] DIXMAANM
35] DIXMAANN
36] DIXMAANO
37] DIXMAANP
38] DIXON3DQ
39] DQDRTIC
40] DQRTIC

41] EDENSCH
42] EIGENALS
43] EIGENBLS
44] EIGENCLS
45] ENGVALI
46] EXTROSNB
47] FLETCBV?
48] FLETCBV3
49] FLETBV3M

Table 5.1: Problem Set

Dim.
200
50
100
200
5000
57
1000
10000
10000
1000
10000
5000
10000
10000
10000
10000
5000
1000
1000
1000
63
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
3000
10000
5000
5000
2000
110
2550
2652
5000
1000
100
100
10000

N.Z.
20100
1275
4851
20100
9999
438
4990
39994
29997
500500
29997
17497
69979
69979
19999
19999
9999
10945
20790
30535
1111
8999
8999
8999
8999
8999
8999
8999
8999
8999
8999
8999
8999
8999
8999
8999
8999
19998
5000
5000
3999
6105
3252525
3517878
9999
1999
199
199
19999

Prob

50] FLETCHBV
51] FLETCHCR
52] FMINSRF2
53] FMINSURF
54| FREUROTH
55| GENHUMPS
56| GENROSE
57| HILBERTB
58] HYDC20LS
59| INDEFM
60] INTEQNELS
61] JIMACK

62] LIARWHD
MANCINO
MODBEALE
65| MOREBV
66] MSQRTALS
67] MSQRTBLS
68] NCB20

69] NCB20B

70l NONCVXU2
71] NONCVXUN
72| NONDIA

73] NONDQUAR
74] NONMSQRT

]
]
]
]
]
]
)
]
]
]
]
]
63]
]
]
]
]
]
)
]
)
]
}
75] OSCIPATH

]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
]
)
]
]
]
]
]
]
]

3
64

76] PENALTY1
77] PENALTY?2
78] POWELLSG
79] POWER

80] QUARTC
81] SBRYND
82] SCHMVETT
83] SCOSINE
84] SENSORS
85] SINQUAD
86] SPARSINE
87] SPARSQUR
88] SPMSRTLS
89] SROSENBR
90] SSBRYBND
1] TESTQUAD
2] TOINTGSS
3] TOINTPSP
94] TOINTQOR
5] TQUARTIC
96] TRIDIA

97] VARDIM
98] VAREIGVL
99] WOODS

9
9
9

9

10000
1000
15625
15625
5000
5000
500
50

99
10000
502
3549
10000
100
20000
1000
4900
4900
5010
5000
10000
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10000
10000
4900
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1000
100
10000
10000
10000
1000
10000
10000
1000
100
100
10000
10000
10000
5000
1000
10000
50

50
5000
5000
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5000
10000
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N.Z.
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20000
50005000
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15000
34979
1000
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165
9999
9999
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12502500
17500
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Figure 5.3: Performance profiles for Algorithm 6 when compared with DQN,
HQN and L-BFGS with M = 30 on a set of 99 problems from CUTEst
[56]. LineSearch_ftol=1e-4; LineSearch_gtol=0.9;



Chapter 6

Conclusions and Future
Works

In this thesis we have shown how suitable projections onto low complexity
matrix algebras can produce evident computational benefits in gaining the
efficiency of iterative methods when used in order to solve different problems.
Nevertheless, we strongly believe that further research should be carried on,
not only in order to better clarify some aspects of the techniques and the re-
sults contained in the previous chapters, but mainly in order to broaden their
field of applicability. In particular, in addition to the possible investigations
pointed out at the end of the previous chapters, a further possible line of re-
search can be identified in the introduction of ad-hoc low complexity matrix
algebras in order to preconditioning more general linear systems than those
introduced in Chapter 4. To this end, consider B € C"*" and denote by U,
the set of unitary matrices of dimension n. With the aim of defining precon-
ditioners with better clustering capabilities (see [101]) than those obtained
as simple projections onto matrix algebras, called optimal preconditioners,
in [102] the superoptimal preconditioner has been introduced, i.e., obtained
as

min II - X7 'B|p. (6.1)

Xe£ invertible

As pointed out in [23], if B is Hermitian, then the solution of the above
problem can be expressed as X = L B2£E;1- Even if the superoptimal pre-
conditioner provides a cluster of the eigenvalues of Hermitian positive defi-
nite Toeplitz matrices — as pointed out in [24] —, in general it holds that (see
[25]):

M((Lp2L5)IB) < M (L5'B) k=1,...,n. (6.2)

The inequality in (6.2) represents a non desirable behavior for the super-
optimal operator, when used as preconditioner, since it does not guarantee
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an improvement in the condition number of the preconditioned matrix with
respect to the optimal operator.

Different approaches can be devised in order to produce good preconditioners
using projections onto low complexity matrix algebras. For example, the fact
that point 9. in Theorem 1.4.9 holds for every space £ = sd U suggests that
to construct a suitable preconditioner for a given Hermitian positive definite
matrix B, one could consider the following problem:

: -1
UelU,, U lgvlvuéomplexityK(ﬁB B)’ (6'3)
where, of course, if the minimization is performed in U,, without any further
constraints, the minimum is realized by the unitary matrix which diago-
nalizes B and K(L'B) = 1. The same approach could be considered
substituting the K-condition number with the 2-norm condition number.
Finally, observe that using results in [101, 85], another possible approach
to define a meaningful preconditioner, could be to search for the solution of
the problem
min rank(Lp — B). (6.4)
UeU,, U low complexity
Of course, in all the above reasonings, one could investigate the use of low
complexity matrix spaces more general than sd U spaces or, using analogous
techniques to those introduced in [29], one can consider, instead of Lp,
suitable combination of projections of the powers of B.
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