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Preface

Solving a mathematical model, by means of computational techniques in general or
more specifically by means of numerical analysis, is ultimately reduced to solving
problems in linear algebra. In fact, very often models are linear by their nature,
while sometimes they are nonlinear but their solution is achieved by means of
linearization. This to some extent explains why numerical linear algebra and matrix
analysis have undergone such extensive development in recent decades.

In this process, one typically encounters problems like solving linear systems, or
solving standard or generalized eigenvalue problems, as well as matrix polynomial
equations or polynomial eigenvalue problems where the size of the matrices
involved in the model is extremely large or in some cases even infinite. For such
problems standard (general-purpose) algorithms cannot work due to their extreme
complexity; therefore, one has to exploit the specific properties which originate from
the peculiar features of the model. In the language of linear algebra, these properties
are translated in terms of structures that the matrices involved in the model share;
often, structured matrices reveal themselves in a clear form and appear to show
all their properties immediately. Sometimes, however, structures are hidden and
difficult to discover, and their properties seem hardly exploitable. Their analysis
and exploitation is not just a challenge but also a mandatory step which is necessary
to design highly effective ad hoc algorithms for the solution of large-scale problems
from applications. In fact, general-purpose algorithms, say Gaussian elimination
for solving linear systems, cannot be used to solve problems of large size while a
smart exploitation of the available structures enables one to design effective solution
algorithms even for problems of a huge size.

The importance of matrix structures has grown over the years. Analyzing
structures from the theoretical point of view, turning them into effective solution
algorithms, constructing software which implements the algorithms, and verifying
its effectiveness by direct computation is one of the most exciting challenges that
covers abstract theory, design and analysis of algorithms, software implementation,
and applications.

This volume presents a selected number of peer-reviewed papers concerning
structured matrix analysis and its applications. The topics discussed concern theory,
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algorithms, and applications in which structured matrices are involved. The subjects
range from abstract topics such as the theory of generalized locally (block) Toeplitz
matrices and the analysis of matrix subspaces and quadratic kernels to more
numerical issues such as error analysis of algorithms for tensor manipulation and
analysis of the derivative of matrix geometric means. Moreover, other structured
oriented topics are developed, e.g., analysis of companion pencil and block Fiedler
companion matrices, together with analysis of the tridiagonal symmetric eigenvalue
problem, computation of bivariate matrix functions, and solution of the saddle
point problem. Among the applications are analysis of the stability of gyroscopic
systems, numerical solution of 2D hard scattering problems of damped waves,
fractional reaction-diffusion equations, and the problem of multi-frame super-
resolution reconstruction from video clips.

All the papers correspond to talks presented at the INdAAM meeting Structured
Matrices in Numerical Linear Algebra: Analysis, Algorithms and Applications held
in Cortona, Italy, on September 4-8, 2017.

This workshop aimed to continue in both form and spirit the series of conferences
on Structured Matrices and their applications held in Cortona, Italy, every 4 years
between 1996 and 2008 and continued in Leuven, Belgium, in September 2012 and
in Kalamata, Greece, in September 2014.

The book will be of interest to graduate students in mathematics and researchers
in numerical linear algebra and scientific computing, as well as engineers and
applied mathematicians.

Pisa, Italy Dario Andrea Bini
Genoa, Italy Fabio Di Benedetto
Moscow, Russia Eugene Tyrtyshnikov
Heverlee, Belgium Marc Van Barel

October 2018
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Check for
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Giovanni Barbarino

Abstract The theory of spectral symbols links sequences of matrices with mea-
surable functions expressing their asymptotic eigenvalue distributions. Usually, a
sequence admits several spectral symbols, and it is not clear if a canonical one
exists. Here we present a way to connect the sequences with the space of probability
measure, so that each sequence admits a uniquely determined measure. The methods
used are similar to those employed in the theory of generalized locally Toeplitz
(GLT) sequences: a goal of this present contribution is in fact that of explaining
how the two concepts are connected.

Keywords Probability measures - Generalized locally Toeplitz sequences -
Complete pseudo-metrics - Ergodic formula

1 Introduction

A matrix sequence is an ordered collection of complex valued matrices with
increasing size, and is usually denoted as {A,},, where A, € C"*". We will refer
to the space of matrix sequences with the notation

& ={{Ap), : A, € TP

It is often observed in practice that matrix sequences, {A,},, generated by
discretization methods applied to linear differential equations possess a spectral
symbol, that is a measurable function describing the asymptotic distribution of the

G. Barbarino (<)
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eigenvalues of A,. We recall that a spectral symbol associated with a sequence
{A,}, is a measurable function k : D C R" — C satisfying

R 1
lim n;F(Ai(An))z I(D)/DF(k(x))dx

n—0oQo

for every continuous function F : C — C with compact support, where D is
a measurable set with finite Lebesgue measure /(D) > 0 and X;(A,) are the
eigenvalues of A,. In this case we write

{Antn ~ k(x).

We can also consider the singular values of the matrices instead of the eigenvalues.
In the same setting, if

R 1
nlggon ;F(Ui(An)) = 1D /DF(Ik(x)I)dx

for every continuous function F : R — C with compact support, where o;(A,) are
the singular values of A,, then {A,}, possesses a singular value symbol, and we
write

{Autn ~o k(x).

The space of matrix sequences is a complete pseudometric space when endowed
with a pseudometric inducing the approximating classes of sequences (acs) con-
vergence, that we will redefine in the next section. One fundamental property of
this metric is that it identifies sequences that differ by a sequence admitting zero as
singular value symbol (called zero-distributed sequences). In particular, it has been
shown that such sequences share the same singular value symbol, but the distance
between two sequences with the same singular value symbol is not usually zero.

The main observation of this note is that for any measurable function k(x), the
operator

P(F) = / F(k(x))dx ¢:C(C)—C
D

is linear and continuous and can be represented by a unique probability measure p.
We call u a spectral measure, and we associate it with any sequence {A,}, that has
k(x) as spectral symbol. It turns out that if a sequence admits a spectral measure,
then it is uniquely determined, differently from the spectral symbols. The space of
probability spectral measures is moreover a complete metric space with the Lévy—
Prokhorov distance 7, and it corresponds to a pseudometric d’ on matrices called
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modified optimal matching distance. The main result is that d’ identifies sequences
admitting the same spectral symbol, differently from the acs distance.

Theorem 1 If {A,}n ~» f(x), then
{Bu}n ~i f(x) <= d'({An}n, {Bu}n) = 0.

A different approach to the uniqueness problem for the spectral symbol is embod-
ied in the theory of GLT sequences. For specific sequences, called generalized
locally Toeplitz (GLT) sequences, we can choose one of their symbols, and denote
it as GLT symbol of the sequence

{An}n ~cLT k(x,0).

In the case of diagonal matrix sequences, the choice of one symbol can be seen
as a particular sorting of their eigenvalues, as expressed in the following theorem,
proved in the last section, and which represents a generalization of the results in [3].

Theorem 2 Given a diagonal sequence {D,},, and one of its spectral symbols k :
[0,1] — C, then

{PaDy P} ~Gr1 k(x) ® 1

for some P, permutation matrices.

The paper is organized in the following way: In Sect. 2 we recall basic definitions
such as the acs convergence, the optimal matching distance d, and the theory of
GLT sequences. Moreover, we define the modified optimal matching distance d’
since it is a slight variation of d, and we discuss how it is connected to dg¢s. In
Sect. 3 we introduce the spectral measures and we study their relationships with the
spectral symbols. In particular, we notice how the vague convergence and the Lévy—
Prokhorov distance  on the probability measures lead to a reformulation of the
definition of spectral symbol/measure. In Sect. 4, we prove that the pseudometrics
7 and d’ are actually equivalent, and we explain how this fact leads to the proofs of
the above reported theorems.

2 Prerequisites

2.1 Complete Pseudometrics

The space of matrix sequences that admit a spectral symbol on a fixed domain D
has been shown to be closed with respect to a notion of convergence called the
approximating classes of sequences (acs) convergence. This notion and this result
are due to Serra-Capizzano [11], but were actually inspired by Tilli’s pioneering
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paper on LT sequences [12]. Given a sequence of matrix sequences { By i }n.m, it is
said to be acs convergent to {A,}, if there exists a sequence {N, n}n,m of “small
norm” matrices and a sequence {Rj j}n,m of “small rank” matrices such that for
every m there exists n,, with

Ay = Bn,m + Nn,m + Rn,ms ”Nn,m” < w(m), rk(Rn,m) < nc(m)
for every n > n,,, and

w(m) indaN 0, c(m) 270,

In this case, we will use the notation { By, i }n.m a9 {An}n.

This notion of convergence has been shown to be metrizable on the whole space
&. Given a matrix A € C"*" we can define the function

p(A) = min {i_l+ai(A)},
i= +1 n

,,,,,

where 01(A) > 02(A) > --- > o0,(A) are the singular values of A, and by
convention 0;,41(A) = 0. The function p(A) is subadditive, so we can introduce
the pseudometric d,.s; on the space of matrix sequences

dacs ({An}ns {Bn}n) = lim sup p(An - Bn)-

n—oo

It has been proved [6, 8] that this distance induces the acs convergence already
introduced. In other words,

acs

dacs ({Ankns (Bumdnm) 2o 0 <= {Bumbnm —> {An)n-

One fundamental property of this metric is that it identifies sequences whose
difference admits zero as singular value symbol (called zero-distributed sequence).
In particular, it has been shown that such sequences share the same singular value
symbol, in case one of them admits singular value symbol.

Lemma 1 Let {A,},, {Buln € &. We have
{Ay — Buln ~0 0 <= ducs {An}n, {Butn) = 0.

In this case, if k : D C R" — C where D is a measurable set with finite Lebesgue
measure [(D) > 0, then

{Antn ~o k(x) <= {Bu}n ~o k(x).
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In [2], it has been first proved that the pseudometric d,.s on the space of matrix
sequences is complete. In Theorem 2.2 of [4], we find sufficient conditions for a
pseudometric on & to be complete. Here we need a different result, but the proof is
almost identical.

Lemma 2 Let dy, be pseudometrics on the space of matrices C**"* bounded by the
same constant L > 0 for every n. Then the function

d({An}n, {Bn}n) := limsupd, (A,, By)

n—oo

is a complete pseudometric on the space of matrix sequences.

2.2 Optimal Matching Distance

Let v, w € C" be vectors with components
UZ[U15U27-'-5U71]7 wz[wlaw27-'-awn]-
We recall the pseudometric on C" called optimal matching distance defined in

Bhatia’s book [5].

Definition 1 Given v, w € C”, the pseudometric of the optimal matching distance
is defined as

d(v, w) := min max |v; — we()l,
oeS,i=l1,...n

where S, is the symmetric group of permutation of n objects.

Given A € C"" let A(A) € C" be the vector of the eigenvalues. We can extend
the distance d to matrices in the following way.

Definition 2 Given A, B € C"*", we define
d(A, B) :=d(A(A), A(B)).

Notice that the order of the eigenvalues in A(A) and A(B) does not affect the
quantity d(A, B). It is easy to see that d is still a pseudometric on C"*". This is
still not enough for our purposes, since we want a distance that sees two matrices
differing for few eigenvalues as very similar. For this reason, we modify the previous
metric, and we introduce a new function d’ called modified optimal matching
distance.
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Definition 3 Given v, w € C", the modified optimal matching distance is
defined as

. . i—1
d'(v,w) := min min { +v— wall.i} ,
oeS,i=1,...,n+1 n

where
v — we| = [lv1 —we)ls lv2 = we@)l, - -+, [V — Wo@m)l]

and [v — wg|l.l is the i-th greatest element in |[v — wy|, with the convention

v — w0|i+1 = 0.
Given A, B € C"*", we define

d'(A, B) :=d'(A(A), A(B))
and if {A,}n, {Bn}n € &, we can also define

d'({An}n, {Bn}n) = limsupd'(Ay, By).

n—oo

Notice that d'(v, w) < 1 for every v, w € C", so d’'(A, B) < 1 for every pair
of matrices of the same size, and d'({A, }, {Bu}n) < 1 for every pair of sequences
{An}n, {Bn}n € &. We referred to d’ as a distance, but we need to prove it.

Lemma 3 The function d’ is a complete pseudometric on &.

Proof Let us prove that d’ is a pseudometric on C". First, it is easy to see that
d’(v, w) is always a finite nonnegative real number, and it is symmetric since

| — 1
d'(v,w) =min  min 1{ln +|v—wa|,-l}

oeS,i=l,..., n+

. . i—1
=min min +w— vy |l-i =d(w,v).
oeS, i=l1,...,.n+1 n

Moreover, given any T € S, we have

, . : i—1 1
d'(v,w) =min min + v — wel;
n

oeS,i=l1,...,n+1

 — 1
=min min {l +|vr—wm|i¢}:d/(vr,w),
n

oeS,i=l,..., n+l1
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so we can permute the elements of the vectors as we like. Let v, w, z € C" and let
us sort their elements in such a way that

i=1,...,n

i1
d'(v,w) = minﬂ{l ] +|v,-—w,-|},

. i—1
dw,z2) = mmﬂ{ . +Iw—z|,~i},

i=1,...,n

meaning that the permutation realizing the minimum in both cases is the identity,
and that |v; — w;| > |v; — w;| wheneveri < j. Moreover, let s, r, g be the greatest
indices that satisfy

, s—1 , r—1

d,w) = , + vy — wsl, d(w,z) = " +lwg — 24l
Let I, J be two sets of indices defined as

I={12,....,s =1}, J={j:lw;—zj| > |wg — z4l}.

Notice that #/ = s — 1 and #J = r — 1. Let us consider two cases.

e Suppose I UJ = {1,...,n}. We obtain that
#l +#J =r+s—-2>n

and hence

, K r—1 , ,
d(,z) <1< + <d@,w)+dw,z).
n n

e Suppose I UJ # {1,...,n}. Let k be the index not belonging to / U J that
maximizes |v; — z;|. If we consider the identity permutation, we deduce that

, , i—1 !
d(,z2) < min 4, +lv—zl/ .
i ]

but the number of indices such that |v; — z;| is greater than |v;y — zx| is at most
#I1 U J <r + s — 2, and consequently

r+s—-2
d'(v,z) < o el

The index k does not belong to / or to J, so

[ve — wi| < |vs — wsl, lwr — zk| < |lwg — z4l.
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From the latter we infer that

r4+s-—2
d'(v,2) < + vk — 2kl
s—1 r—
< + vk — wi| + " + lwi — zxl
s—1 r—1
< + vy — wg| + " +lwg — z4]

=d' (v, w)+dw,2).

This shows that d’ is a pseudometric on C" and consequently it is a pseudometric
even on C"*", Thanks to Lemma 2, we can conclude that d’ is a complete
pseudometric on &. ]

In the general case, the two pseudometrics have no common features, but, when
dealing with diagonal matrices, we can prove the following lemma.

Lemma 4 Given {Dy},, {D)}, € & sequences of diagonal matrices, there exists a
sequence { Py}, of permutation matrices such that

d'({D}}n. {Du}n) = dacs (D)}, {PaDu P, ).

Proof Let v and v be the vectors of the ordered diagonal entries of D, and D),
so that

vl = [Dylii, v =D, ;.

1

Let 7, € S, be the permutations satisfying

oSy i=1l,..n+1 i

1
d'(D,, D,) = min  min {’n +|v’"—vg|¢}

. i—1
= min + " =l |l.i .
i=1,...,n+1 n "

Let also P, be the permutation matrices associated with t,,. We know that

’ T . i—1 / T
p(D, — P,D,PT)= min +0;(D, — P,D, PI')
i=1,...,n+1 n

. i—1
= min + " =l |l.l
i=l,...,n+1 n n
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As a consequence

dacs({D}}n, {Py Dy PL'},) = limsup p(D}, — P, Dy P)

n—o0

= limsupd'(D),, Dy) = d'({D},}n, {Dn}n)-

n—oo

2.3 GLT Matrix Sequences

A matrix sequence {A,}, may have several different singular value symbols, even on
the same domain. For specific sequences, called generalized locally Toeplitz (GLT)
sequences, we can choose one of their symbols, and denote it as GLT symbol of the
sequence

{Antn ~6LT k(x,0).
where the chosen symbols have all the same domain D = [0, 1] x [—m, 7]. If we

denote with .#p the set of measurable functions on D, and with ¢ the set of GLT
sequences, then the choice of the symbol can be seen as a map

Sig—>.///[).

Both & and .#p are C algebras and pseudometric spaces with the distances ds
and d,,, inducing respectively the acs convergence and the convergence in measure.
In [9] and in [2] several properties of the map S are proved.

Theorem 3

1. S is a homomorphism of C algebras. Given {Ap}y, {Bn}n € ¥, and ¢ € C, we
have that

S({An + Bnln) = S{An}n) + S{Buln),
S{AnBn}n) = S{Antn) - SUBn}n),
S{cAntn) = cSUAR).

2. The kernel of S are exactly the zero-distributed sequences.
3. S preserves the distances. Given {Ap}n, {Bu}n € 4 we have

dacs ({Antns {Bn}n) = dn(S({An}n), S{Bn}n)).

4. § is onto. All measurable functions are GLT symbols.
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5. GLT symbols are singular value symbols:
{Ankn € 9 = {An}n ~o SU{An}n)

6. The graph of S is closed in ¢ x Mp. If {Bum}nm are sequences in & that
converge acs to {Ay},, and their symbols converge in measure to k(x, 9), then
S{Antn) = k(x,0).

The diagonal sampling sequences are denoted as { D, (a)},, wherea : [0, 1] — C
is a measurable function, and

a(l)

It is easy to verify that when @ : [0,1] — C is an almost everywhere (a.e.)
continuous function, we have {D,(a)}, ~s, a(x). Furthermore, if a(x) is
continuous, we know that these sequences have as GLT symbol

{Dyp(a)}n ~cLr a(x) ® 1,

wherea ® 1 : [0, 1] x [—m, ] — C is a function constant in the second variable.
This is not true for every a(x) measurable, so we resort to the following result.

Lemma 5 Given any a : [0,1] — C measurable function, and a,, € C([0, 1])
continuous functions that converge in measure to a(x), there exists an increasing
and unbounded map m(n) such that

{Dn(am(n))}n ~gLr a(x) ® 1 {Dn(am(n))}n ~; a(x)

Proof Easy corollary of Lemma 3.4 and Theorem 3.1 in [3]. O

3 Spectral Measures

3.1 Radon Measures

Let {A,}, € & be a sequence with a spectral symbol k(x) with domain D. By
definition, we have

- 1
nlggon ;G(A;(An))= (D) /DG(k(x))dx.
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Let ¢ : C.(C) — C be the functional defined as

1
¢ (G) = ) /DG(k(x))dx.

The latter is a continuous and linear map, and if we restrict it to real valued
compacted supported functions, it is also a positive operator, since

G(x)>0 VxeC = ¢(G) = 1(;3) / G(k(x))dx > 0.
D

Let us now recall Riesz theorem [1].

Theorem 4 (Riesz) Let ¢ : C.(X) — R be a positive linear and continuous
Sfunction, where X is a Hausdorff and locally compact space. There exists a uniquely
determined Radon positive measure |1 such that

¢>(F)=/ Fdu  YF e C.(X).
X

If G € C.(C) is a complex valued map, we can always decompose it into G =
G1 +iG2 where G| and G, are real valued and supported on a compact. Since ¢ is
linear, we get

¢(G)=¢(G1)+i¢(G2)=[CG1dM+i/CG2dH:/CGdH

so ¢ induces a unique measure . We can thus define a spectral measure.

Definition 4 Given {A,}, € &, we say that it has a spectral measure p if

1 n
lim ZG(Ai(An))z / Gdu
n—oon P C

forevery G € C.(C).

Let G, € C.(C) be a sequence of nonnegative real valued maps such that
[Gmlloo < 1and

Gpx)=1 Vx| <m.

We find that

N
/ Gpdp = lim ZGm()»i(An)) <1
C n—oon —
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and hence

w(@©) = lim pu(x:|x| <m}) < limsup/ Gndu < 1.
m—0o0 (C

m— 00

This proves that all the measures we consider are finite. Since all the finite measures
over the Borelian set are Radon, we will now simply say “measure” instead
of “Radon measure.” We showed that any measurable function induces a finite
measure, but we can actually prove that it induces a probability measure, and also
that any probability measure is induced by a function.

Lemma 6 Let D C R” be a measurable set with finite nonzero measure. Then, for
any k € M p there exists a probability measure p such that

1
(D) /DG(k(X))dXZ/(CGd'LL VG e C.(C).

Let J be the real interval [0, 1]. Then for every probability measure [ there exists a
measurable function k € A such that

1
/ G(k(x))dx = / Gdu VG e C.(C).
0 C

Proof Given k € .#p, we already showed that Riesz theorem identifies a unique
finite measure w such that

1
G(k(x))dx = / Gd VG e C.(C).
I(D) /D e ‘
Let us consider M > 0 and denote

1L x[ =M,

K () = :O x| > M.

Moreover, let us fix ¢ > 0, so that for every M > 0 we can find Gy € C.(C) such
that

xmMx) < Gpy(x) < xpm+e(x) Vx e C.

We infer

1 1
[CXM—adMS/(CGM—EdMZ I(D)/DGM—E(/C(X))dXS l(D)/DXM(k(x))dx’

1 1
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so that

1
/(CXM—sdﬂf l(D)/DXM(k(X))dXS[CXMﬂdM-

When we let ¢ go to zero, we obtain that the integrals coincide on the indicator
functions of closed intervals

1
/CXMd/L= l(D)/DXM(k(x))dx-

The symbol k(x) is a measurable function, so it is sparsely unbounded, meaning
that

Jim I k()] > M) = Jim /D Xixlomr k() dx = 0.

With the latter, we can conclude that p is a probability measure

n(C) = hm /X|x|<MdM lim l(D)/ Xix1<m (k(x))dx = 1.

Given any probability measure u, we know that the space (C, u) is a standard
probability space, meaning that it is isomorphic to a space X = I Ul E, where [ is
areal finite interval with the Lebesgue measure, and E = { x1, x2, ...} is a discrete
numerable set with an atomic measure v. In particular, the isomorphism ¢ : C — X
satisfies

nwW) =1®v(p)) YU e #(C).
and if the atomic measure is v = Y ;°F ¢;3y,, then
—+00
l=p@=l®vX) =1+ c.
i=1

If wecall § = v(X) = 1 ci,then we cantake I =[S, 1]. Let g : [0, 1] — X
be a map defined as

k—1 k
X i <x<)Y . ¢,
g(x) = : k Zl_l = Zl—l i

x x>8.
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This has the same distribution as / @ v, since for every measurable map G : X — C
we obtain

+oo

1 1
f Gd(ldv) = ZciG(x,') +/ G(x)dx = / G(g(x))dx.
X S 0

i=1

Letnow k := ¢~ ' o0 g : [0, 1] — C be a measurable function, and G € C.(C). We
conclude that

1 1
/ Gdu = / Gogp ldl@v) = f G~ (gx))dx = f G (k(x))dx.
C X 0 0

O

A corollary of the latter result is that any sequence with a spectral symbol admits
a probability spectral measure, and also the opposite holds. Moreover, if we call P
the set of probability measures on C, then we can also prove that any measure . € P
is a spectral measure.

Corollary 1 All measures in P are spectral measures.

Proof Let J be the real interval [0, 1]. Given any k € ., then there exists a
sequence of continuous functions k,, € .#; converging to k in measure. Using
Lemma 5, we find that & is a spectral symbol, so every function in ./ is a spectral
symbol.

Given now a measure . € [P, Lemma 6 shows that it is induced by a measurable
function in .#}, so p is also a spectral symbol. This implies that every measure in
P is a spectral measure. O

3.2 Vague Convergence

We notice that every matrix A, can be associated with an atomic probability
measure (4, With support on its eigenvalues

1 n
= S .
MAIZ n iz_; )“I(AVL)

Let us return again to the definition of spectral measure and notice that it can be
rewritten as

n—oo

lim Gdpua, =/ Gdu VG € C.(C).
C C

This is actually the definition of vague convergence for measures.
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The space PP endowed with the vague convergence is a complete metric space,
using the Lévy—Prokhorov metric [10]

w(u,v) =1inf{e > 0] u(A) < v(A®) +¢, v(A) < w(A®) +¢ VA € B(C))
where
A :={xeC|dist(x,A) <e}={x+y|lxeA, |yl <e}.
Since every matrix is associated with an atomic probability measure, we can extend

the definition of 7 to matrices and sequences.

Definition 5 Let A, B € C"*" and let 4, ;tp be the probability atomic measures
associated with their spectra, defined as

l l
= 8. s = 8. .
ma-= ; 1i(A) mp = ; 2 (B)

The Lévy—Prokhorov metric on C"*" is defined as

7(A, B) :=m(ia, 4B)-

The Lévy—Prokhorov metric on & is defined as

T({Antns {Bu}n) :=limsupm(pa,, 1s,)-

n—o0

Again, we need to prove that the latter is actually a pseudometric.

Lemma 7 The Lévy—Prokhorov metric is a pseudometric on C"™*" and a complete
pseudometric on &.

Proof The Lévy—Prokhorov metric is an actual metric on the space of probability
measures, so all the properties can be transferred to the space of matrices C"*",
except for the identity of matrices with zero distance, since two different matrices
may have the same eigenvalues. Thus it is a pseudometric on C"*", and by
Lemma 2, it is a complete pseudometric on &. O

Since every matrix is associated with an atomic probability measure, we can also
use the same notation for mixed elements, like

(A, v) :=m(ua,v).



16 G. Barbarino

The considered notation is useful since the definition of spectral measure is given
by

lim 1ZG()\,-(A,,)) =/ Gdiu VG € C.(C)
i=1 C

n—>00 pn 4

and, when p € P, it can be rewritten as

n——+00

{Antn ~a = 7w (Ay, 1) 0.

The distance m on & is consistent with the distance between their spectral
probability measures, as shown in the following result.
Lemma 8 If {A,}, ~» wand {By}, ~» v, with {Ay}n, {Bu}n € & and u,v € P,
then

7 ({Anha. (Buda) = (e v) = lim (A, By).
Proof Using the triangular property, we infer

7(,v) < m(w, An) + 7 (Ap, By) + 7(Bn, v),

T[(I’Lﬂ U) Z —T[(,LL, An) + 7T(Ana Bn) - T[(Bna ])).

Thus we obtain

w(u,v) < liminfw(u, Ap) + 7w (Ay, By) + 7 (By, v) = liminfr (A,, By),
n—00 n—00

w(w,v) > limsup —m(u, Ay) + 7 (A, By) — (B, v) = limsupm(A,, By).

n—o00 n—o00

By exploiting the latter relationships we conclude that
T ({An}n, {Bn}n) =lim sup(Ay, By)
n—o0
=n(u,v) <

liminfr(A,, By) < t({Au}n, {Baln).

n— 00
O

It is noteworthy to stress the importance of the probability condition on the
measures. In fact, it is possible to find a sequence that admits a spectral measure
but does not admit a spectral symbol, when the spectral measure is not a probability
measure. Moreover, the Lévy—Prokhorov metric is defined only on probability
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measures and if i, € P vaguely converge to a measure not in [P, then the sequence
Wy is not even a Cauchy sequence for 7.

4 Main Results

4.1 Connection Between Measures

First of all, we prove that 7 and d’ are equivalent pseudometrics on &

Lemma9 If{A,},, {By}n € &, then
({Ankns {Bndn) < d'({Ankn, {Bu}n) < 20 ({An}n, {Baln)-
Proof Let us first prove that for any A, B € C**", we have
(A, B) <d'(A, B) <2n(A, B).
Let A(A) and A(B) be ordered so that
i <j = |%i(A) —1i(B)] = |2;(A) —4;(B)|

and

= =" ) - )l
In particular, we deduce that
1Ai(A) —2i(B) =s  Vizk
and consequently, for any subset U € C, we obtain the inequality
#Hri(A) e U, i >k} <#{x1;(B) e U’, i > k).
Denote with ;14 and up the atomic probability measures associated with A, B. Let
U € #(C) be any Borelian set and denote the cardinality of the intersection with a

n-uple v as

Quw) :=#{i :v; e U}.
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Formally, Qy (v) is the number of elements of v inside v, counted with multiplicity.
We know that

A(A
ua@) = Q04D
_ Quthi() i = k) | Quliai(A) :i < k)
_ ; ;
Quiki(B) i 2 k) | k1
< ’ )
J Qo ABY

n

We symmetrically obtain also the following relation:

pne(U) < pa(U*) +s.
As a consequence
(A, B) =inf{e > 0| pa(U) < up(U*) +e&, up(U) < pa(U*) +& VU € #(C)}
= 7(A, B) <s =d'(A, B).

Denote now r = (A, B) and let T be any sub-uple of A(A). If we see T as a
set, then it is a finite subset of C, so it is a Borelian set. Given any ¢ > 0 we know
that

01(A(A)) < Qrr+ (A(B)) Ly
n n

na(T) = wp(T™ ) +r+e= +e

so we deduce that

0r(A(A) _ Q1 (A(B))

" " +r = 0r1(A(A)) < Or(A(B)) +rn.

By using the fact that the map Q is integer valued, we conclude that

Q01(A(A)) < Q7 (A(B)) + Lrn].

The quantity Q7 (A(A)) is actually the cardinality of 7" seen as a sub-uple of A(A),
so for every subset T' of k eigenvalues in A, even repeated, there are at least k — [rn |
eigenvalues of B that have distance less than r from one of the elements of 7'.

Let us now build a bipartite graph, where the left set of nodes L contains the
elements of A(A), the right set of nodes R contains the elements of A(B), and |rn|
additional nodes. Every additional node is connected to all the elements of L, and
an element of A(A) is connected to an element of A(B) if and only if their distance
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is less than r. If we denote E the set of edges of the graph and N the set of its nodes,
then we can define the neighborhood of a subset of nodes P € N as

N(P)=#HueN:Jve P, (v,u) € E}.
By using the previous derivations, we know that forany 7 € L = A(A) it holds
N(T) = #T — |rn] + |rn] = #T.
Thanks to Hall’s marriage theorem that can be found, for example, in [7], there
exists a matching for L, meaning that there exists an injective map « : L — R such
that
(u,a(u)) e E YuelL.
Now let us consider the set

P:={uel:a()e A(B)}.

we know that #P > n — |rn], and we can enumerate the eigenvalues in A(A) = L
and A(B) so that

Ai(A) e P, Ai(B) =a(ri(A)) Vi <n-—|rn].

Since u and «(u) are connected for all u € L, we deduce that A; (A) and A; (B) are
connected for at least n — |rn | indices. By construction,

|Ai(B) = Ai(A)] <r  Vi<n-—|rn]

SO

d'(A,B) = min min {i;1—|—|A(A)—A(B)a|,-l}

oeS,i=l,...,n+1

IA
2.
=]
T
e e,

+1A(A) = A(B)|;

Lrn]
<

n

+r <2r =2n(A, B).

This proves that for any A, B € fC"*" we have

7(A, B) <d'(A, B) <2m(A, B).
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Given now {Ap},, {By}n € &, we conclude

7w ({An}n, {Bn}n) = limsup(A,, By) < limsup d/(Anv B,) = d/({An}nv {Bu}n),

n—o0 n— oo

d/({An}nv {Bu}n) = lim Supd/(Anv By,) < limsup2m(A,, By) = 27 ({An}n, {Buln).

n—00 n—00
O

The two distances d’ and 7 are equivalent, so they induce the same topology on
the space & and they respect a property of closeness given by the following lemma.

Lemma 10 Let {A, m}n ~1 m, where {Apm}n €
& and puy, € P for every m. If we consider the

statements below {Apm) d A
nmin ~ """ 7 nin
Lot (im, 1) 22550, |
2' {An}n N)\ /1/7 )\' :)\'
m—0o0
3. d'{Anmtn, (Antn) —— 0, |
Vv
where {A,}, € & and u € P, then any two of them Mm --- T > W

are true if and only if all of them are true.

Proof 1.3. = 2.) We know that
7 (An, ) < w(Ay, An,m)+7T(An,ms M) + 7 (s (1) VYn,m.
Given ¢ > 0, we can find M such that

(s 1) 22250 = (s ) <€ Vm > M,

d'{Anmdn AA) 2250 = d'(Apmdns {Andn) <& VYm > M.
Using Lemma 9, we obtain

lim Supn(An,mv Ap) = n({An,m}nv {Anln) < d/({An,m}ns {Anln).

n—oo

We can then fix m > M and find N > 0 such that
N(An,ms Ay) <2, N(An,ms Hm) < € Vn> N.
‘We obtain that

w(Ap, ) <2e+4+e+¢e=4¢ Vn >N,
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and hence we conclude that
T(An 1) =250 = {Auly ~ 1
2.3. = 1.) Thanks to Lemma 8, we know that
{Anmln ~n tm, {Ankn ~ 0 = w(m, 1) = T({Anmtn, {Antn)
and, using Lemma 9, we conclude that
7 (tms 1) = T{Anmbn {Antn) < d' {Anmln, {An}n) = 0.
1.2. = 3.) Thanks to Lemma 8, we know that

{An,m}n ~a Mms {Aptn ~an = ﬂ({An,m}nv {Antn) = w(bm, 1)

and, using Lemma 9, we conclude that

d' (Anmns (Andn) < 20 ({Anmns {Ankn) = 27 (U, 1) 2= 0.

4.2 Proofs of Theorems

We can finally prove that d’ identifies two sequences if and only if they have the
same spectral symbol.

Theorem 1 If{A,}, ~» f(x), then
{Buln ~a f(x) = d/({An}nv {By}n) =0.

Proof Let u be the probability measure associated with f(x). Let also {A, »}, and
m be constant sequences defined as

We know by hypothesis that

m—00

{An,m}n ~r Mms 7 (m, p) —— 0,

therefore, owing to Lemma 10, we obtain the equivalence

m— 00

{Bp}y ~ = d/({An,m}nv {B,},) —— 0,
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which can be rewritten as

{Buln ~a f(x) = d/({An}nv {Bu}n) =0.
O

The other theorem shows that the GLT symbol represents in fact an ordering of
the sequence eigenvalues. Given a sequence {A,}, € & with a spectral symbol k(x),
we can consider the diagonal matrices D,, € C"*" containing the eigenvalues of A,,.
We get again that {D,}, ~; k(x), so we can focus only on diagonal sequences. A
permutation of the eigenvalues is thus formalized as the similarity P, Dy, PnT with P,
permutation matrices. In [3], we showed that a function k(x) ® 1 is a GLT symbol for
a diagonal sequence { D, }, if and only if the piecewise linear functions interpolating
the ordered entries of D, on [0, 1] converge in measure to k(x). Thanks to the
existence of the natural order on R, we deduced that for any real diagonal sequence
{Dy}n, with a real spectral symbol k(x), there exists a sequence of permutations
{P,}, such that

{PaD,PI}y ~GLT k(x) ® 1.

We could not extend the result on the complex plane, due to the lack of a natural
ordering. Using the spectral measure theory we developed, we can now bypass the
problem, since spectral symbols with the same distribution are now identified into a
uniquely determined probability measure.

Theorem 2 Given a measurable function k : [0, 1] — C, and a diagonal sequence
{Dn}n with spectral symbol k(x), there exists a sequence {P,}, of permutation
matrices such that

{PaDyPI'} ~Gr7 k() ® 1.

Proof The space of continuous functions is dense in the space of measurable
functions with the convergence in measure. Thus, there exist k,,(x) € C[O, 1] that
converge in measure to k(x). Using Lemma 5, we can find a diagonal sequence
{D,}, with

{D)}n ~6LT k(x) ® 1, {D;}n ~1 k(x).

Theorem 1 leads to d’({Dy}n, {D}},) = 0 and owing to Lemma 4, there exist
permutation matrices { P, };, such that

dacs <{Dy/1}nv {PnDnPnT}n) =0.
Using the fact that the GLT space is closed for the pseudometric d, s, and that the

distance of the GLT symbols is equal to the distance of the sequences for Theorem 3,
we conclude that {P, D, P}, ~cLr k(x) ® 1. o
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S Future Works

The theory of spectral measures is still a work in progress, with open questions and
many possible extensions.

For example, we have seen that the space of probability measures corresponds to
the space of sequences which admit a spectral symbol, but the sequences admitting
a general spectral measure (not necessarily a probability measure) are larger. The
difference between 1 and the mass of a spectral measure can be interpreted as the
rate of eigenvalues not converging to finite values, and consequentially we can admit
spectral symbols f : [0, 1] — C*, where C* = C U {00} is the Riemann sphere
or the Alexandroff compactification of C. The insight on the sequences of matrices
is that they may have a fraction of the asymptotic spectrum that diverges to co in
modulus, so a spectral symbol with values on C* may also catch this new behavior.
The introduction of these new functions probably leads to a variation of Corollary 1,
where a sequence admits a spectral measure if and only if it admits a spectral symbol
with values on C*. The downside of this extension is that the distance 7 does not
induce the vague convergence on the space of finite measures, so we need to find a
new metric that mimics the characteristics of the Levy—Prokhorov metric.

All this document is focused on spectral symbols/measures, but the same analysis
can be performed using the singular values instead of the eigenvalues, leading to a
theory focused into singular value symbols/measures, that will probably have some
deep bounds with the GLT symbols. They are similar since both the GLT symbol
and the singular value symbol of a sequence are unique, but at the same time they
are also very different since the space of measures lacks a group structure, and two
sequences with different GLT symbols may have the same singular value symbol.

Eventually, it seems that spectral measures arise naturally even in algebraic
geometry (see, for example, [13]) so further connections can be also developed in
different areas of mathematics.
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Block Locally Toeplitz Sequences: ®)
Construction and Properties e

Carlo Garoni, Stefano Serra-Capizzano, and Debora Sesana

Abstract The theory of block locally Toeplitz (LT) sequences—along with its
generalization known as the theory of block generalized locally Toeplitz (GLT)
sequences—is a powerful apparatus for computing the spectral distribution of
matrices arising from the discretization of differential problems. In this paper
we develop the theory of block LT sequences, whereas the theory of block GLT
sequences is the subject of the complementary paper (Chap. 3 of this book).

Keywords Singular values and eigenvalues - Block locally Toeplitz sequences -
Block Toeplitz matrices - Discretization of differential equations

1 Introduction

A Toeplitz matrix is a matrix whose entries are constant along each northwest—
southeast diagonal. A block Toeplitz matrix is a Toeplitz matrix whose entries
are blocks, i.e., square matrices of a fixed size s. Any matrix-valued function
f i [=m,n] = C°*° whose components f;; belong to L'([—m, m]) generates a
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sequence of block Toeplitz matrices {7, (f)}, via its Fourier coefficients

L[ - s
fi=, f©)e*do e C, ke,
T J 7

where the integrals are computed componentwise. Specifically, we have
To(f) = Lfimjlij_y € T,

i.e., the entries of 75 (f) along the kth northwest—southeast diagonal identified by
the equation i — j = k are equal to the kth Fourier coefficient f;. For example, if

£6) = [2 —2cosf —isin9i|

—isiné 1

then we have

0 = b 1: 1 9 71 = 1 b
01 -5 0 , 0
Jx =0for |k| > 1,and

Jo f=1
fi fo f—1
: = tridiag |:
j=l,...n

fi fo f-1
fi fo

A ‘block locally Toeplitz matrix’ or ‘locally block Toeplitz matrix’ is a matrix
possessing a local block Toeplitz structure. For instance, denoting by X o Y the
componentwise (Hadamard) product of the matrices X and Y, a block locally
Toeplitz version of (1) is

[a(x1) o fo a(x)o fq T
a(x2)o fi a(x2)o fo a(xz)o f

Ap =
a(xp—1)o fi alxp—1)o fo alxp—1)o f—1
L a(xy) o fi a(xy) o fo
_ tidiag —1tl11(x/') —5a12(x/') 2a11(x;)) 0 :all(xj) éalz(x/') ’
j=lion | —oa21(x;) 0 0 an(xj) a2(x)) 0

2
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where x; = nil forj=1,...,nanda : [0,1] — C2*2 is continuous on [0, 1],
in the sense that its components a;; are continuous on [0, 1] for all i, j = 1,2.
Looking at a relatively small submatrix of A, (according to a ‘local’ perspective),
one easily recognizes an approximate block Toeplitz structure weighted through the
function a(x). For instance, the principal submatrix of A, corresponding to the first
two block rows and columns, i.e.,

a(x1)o fo a(xy)o f_1
a(x2)o fi a(x2)o fo

is approximately equal to

a(xp) o fo a(xi)o fi
a(xp)o fi a(xi)o fo

} = Tr(a(x1) o f),

because x2 ~ x1 and a is continuous. Similarly, if BL Jnl is a submatrix of A,, of size
/1], obtained as the intersection of | ,/n] consecutive block rows and columns of
Ay, then BLJnJ ~ TLJnJ (a(x;) o f), where a(x;) is any of the evaluations of a(x)
appearing in B| /,|. The latter assertion remains true if /1] is replaced by any
other integer k, such that k;, = o(n). In conclusion, if we explore ‘locally’ the
matrix Ay, using an ideal microscope and considering a large value of n, then we
realize that the ‘local’ structure of A,, is approximately the block Toeplitz structure
generated by a(x;) o f(6) for some x;.

Sequences of block locally Toeplitz (LT) matrices (or block LT sequences for
shortness) along with their generalizations (the so-called block generalized locally
Toeplitz (GLT) sequences) naturally arise in the discretization of systems of differ-
ential equations (DEs) and also in the higher-order finite element approximation
of scalar DEs. For example, up to a proper scaling and a possible permutation
transformation, the block LT matrix A, in (2) is the matrix resulting from the
classical central second-order finite difference discretization of the following system
of DEs:

—an()uf(x) +apuy(x) = fikx),  x € (0,1,
ari(uy(x) + an(uzr(x) = fr(x),  x€(0,1),
u1(0) = u1(l) =0,
12(0) = un(1) = 0.

The theory of block LT sequences—and especially its generalization, the theory
of block GLT sequences—is a powerful apparatus for computing the asymptotic
spectral distribution of such sequences as the matrix size goes to infinity. For
instance, these theories allow one to show that the asymptotic spectral distribution
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of the sequence {A,}, is described by the matrix-valued function
ajr(x)(2—2cosf) —iajp(x)sinf

0) =
a(@)e f6) [ —iay(x)sin® a2 (x)

in the sense of Definition 2.1 below (this result will be proved in the forthcoming
paper [11], which is entirely devoted to applications of the theory of block GLT
sequences).

The present paper develops the theory of block LT sequences, which is funda-
mental to the theory of block GLT sequences. The latter will be developed in the
complementary paper [12], whereas for applications we refer the reader to [11]. The
paper is organized as follows. In Sect.2 we collect all the necessary preliminaries.
Section 3 focuses on the fundamental notion of approximating classes of sequences.
In Sect. 4 we develop the theory of block LT sequences. Section 5 is devoted to final
remarks, including a discussion on the analogies and differences between the theory
of (scalar) LT sequences [7, Chapter 7] and the theory of block LT sequences.

2 Mathematical Background

2.1 Notation and Terminology

* Oy, and I, denote, respectively, the m x m zero matrix and the m x m identity
matrix. Sometimes, when the size m can be inferred from the context, O and [
are used instead of O, and I,,,.

e 1,, denotes the m x m matrix whose entries are all equal to 1.

 The eigenvalues and the singular values of X € C"*" are denoted by A ;(X), j =
I,...,m,and 0;(X), j = 1, ..., m, respectively. The maximum and minimum
singular values of X are also denoted by omax (X) and omin(X), respectively. The
spectrum of X is denoted by A(X).

* Given X € C" and 1 < p < o0, || X, denotes the Schatten p-norm of X,
which is defined as the p-norm of the vector (o1(X), ..., 0, (X)); see [3]. The
Schatten 1-norm is also called the trace-norm. The Schatten co-norm || X||oc =
omax (X) 1is the classical 2-norm (or spectral norm) and will also be denoted by
X1

e N(X) is the real part of the (square) matrix X, i.e., R(X) = X+2X* , where X* is
the conjugate transpose of X.

e C/(C) (resp., C:(R)) is the space of complex-valued continuous functions
defined on C (resp., R) and with bounded support.

e xE is the characteristic (indicator) function of the set E.

* ux denotes the Lebesgue measure in R, Throughout this paper, unless otherwise
stated, all the terminology from measure theory (such as ‘measurable set’,
‘measurable function’, ‘a.e.’, etc.) is always referred to the Lebesgue measure.
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e LetD C R letr > 1land 1 < p < oo. A matrix-valued function f : D —
C™" is said to be measurable (resp., continuous, bounded, in L” (D), in C*°(D),
etc.) if its components fog : D — C, o, p = 1,...,r, are measurable (resp.,
continuous, bounded, in L” (D), in C*°(D), etc.). The space of functions f :
D — C"" belonging to L? (D) will be denoted by L” (D, r) in order to stress
the dependence on r.

o Let f, f : D € RF — C"*" be measurable. We say that f,, converges to f
in measure (resp., a.e., in L? (D), etc.) if (fin)ap converges to fyg in measure
(resp., a.e.,in LP (D), etc.)forallee, B =1,...,7.

e A functiona : [0, 1] — C"*" is said to be Riemann-integrable if its components
agg : 0,11 = C, a, B =1, ..., r, are Riemann-integrable. We point out that
a complex-valued function g is Riemann-integrable when its real and imaginary
parts N(g) and J(g) are Riemann-integrable in the classical sense. We also recall
that any Riemann-integrable function is bounded by definition.

* We use a notation borrowed from probability theory to indicate sets. For example,
if f.g: D SR — C™, then {omax(f) > 0} = {Xx € D : omax(f (X)) > O},
willl f — gll = €} is the measure of the set {x € D : || f(xX) — g(X)|| > €}, etc.

* A function of the form f(6) = Z??d fie? with f_g, ..., fa € C™ is said
to be a (matrix-valued) trigonometric polynomial. If f_; # O, or f; # O, the
number d is referred to as the degree of f.

* A matrix-sequence is any sequence of the form {A,},, where A, € C**" and
s is a fixed positive integer. The role of s will become clear later on. A matrix-
sequence {A,}, is said to be Hermitian if each A, is Hermitian.

2.2 Preliminaries on Matrix Analysis
2.2.1 Matrix Norms

Let X € C™" Since | X|| = | X|loo = Omax(X) and rank(X) is the number of
nonzero singular values of X, we have

m
omax(X) = 1X[| < [ X[ = ) _0i(X) < rank(X)[|X[| < m|X]. X eC™".

i=1

3

Another important trace-norm inequality is the following [7, p. 33]:

m
X1 = Z Ixijl, X eCmm. (4)
ij=1
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If 1 < p,q < oo are conjugate exponents, i.e., 1/p + 1/g = 1, then the following
Holder-type inequality holds for the Schatten norms [3]:

IXYIl < IXNplYllg, X, Y € C™™. 5)

2.2.2 Direct Sums and Hadamard Products

If X € C"1*m2 gpnd Y € CH %2 the direct sum of X and Y is the (m +£;1) x (ma+
£>) matrix defined by

X@Y:diag(X,Y):I:X O}.

oY

We recall some properties of direct sums.

e The relation (X1 @ Y1)(X2 @ Y») = (X1X>2) & (Y1Y2) holds whenever X, X,
can be multiplied and Y7, Y> can be multiplied.

o IfX e O™ and Y e C**¢, the eigenvalues and singular values of X @ Y are
givenby {A;(X) : i=1,....m}U{A;¥): j=1,....£}and {0;(X) : i =
L....m}U{o;(Y): j=1,..., £}, respectively.

In particular, for all X € C™*™2 and Y e Ct1*%2,
X @Yl =max(IIX], [IY]D),

1
XY, =(XI5+1v15)"", 1<p<oo. ©)

If X,Y e C"™*¢, the Hadamard (or entrywise) product of X and Y is the m x ¢
matrix defined by (X o Y);j = x;jy;; fori =1,...,mand j =1,...,£. Werecall
the following property of Hadamard products [3, p. 23]:

IXoYI <IXINYI, X, YeC"™ (N

2.3 Preliminaries on Measure and Integration Theory
2.3.1 Measurability

The following lemma can be derived from the results in [3, Section VI.1]. It will be
used essentially everywhere in this paper, either explicitly or implicitly.

Lemma2.l Let f : D € R¥ — C"* be measurable and let g : C" —
C be continuous and symmetric in its r arguments, i.e, ghi,..., ;) =
gpys -+ Ap)) for all permutations p of {1,...,r}. Then, the function
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X > g (f(X), ..., A (f (X)) is well-defined (independently of the labeling
of the eigenvalues of f (X)) and measurable. As a consequence:

e the function X > g(o1(f (X)), ..., 0-(f(X))) is measurable;

e the functions x +— Y ;| F(Li(f(x) and x +— > i_; F(o;(f(x))) are
measurable for all continuous F : C — C;

* the function X — || f (X)||p is measurable for all p € [1, oo].

2.3.2 LP-Norms of Matrix-Valued Functions

Let D be any measurable subset of some Rk, letr > 1,andlet 1 < p < oo. For any
measurable function f : D — C"*" we define

Panl/p
I fllr = :(ID If ®)pdx) 77, if 1 < p < oo, .

ess supyepl f (®)lloo, if p = 0.
Note that this definition is well-posed by Lemma 2.1. In the case where r = 1, it

reduces to the classical definition of L?-norms for scalar functions. As highlighted
in [6, p. 164], there exist constants A, B, > 0 such that, forall f € L?(D,r),

.

ApllFIL, < D7 Wfapllfs < Boll£1IL if 1 < p < oo,
o,f=1

Aol fllx = max | fopllis < Booll flliw,  if p = oc.

This means that L” (D, r), which we defined in Sect. 2.1 as the set of functions f :
D — C"" such that each component f,g belongs to L¥ (D), can also be defined as
the set of measurable functions f : D — C"*” such that || f||L» < 00. Moreover, if
we identify two functions f, g € L? (D, r) whenever f(x) = g(x) for almost every
x € D,thenthemap f +— || f| Lr isanormon L? (D, r) which induceson L? (D, r)
the componentwise L? convergence; thatis, f;,, — f in L? (D, r) according to the
norm || - [|lzr if and only if (fi)ag = fopin LP(D) foralla, f =1,...,r.

2.3.3 Convergence in Measure

The convergence in measure plays a central role in the theory of block LT sequences,
as well as in the theory of block GLT sequences [12]. Two useful lemmas about this
convergence are reported below.

Lemma 2.2 Let f,, gm, -2 : D C RF — C"" be measurable functions.

e If fu — f in measure and g,, — g in measure, then af,, + Bgm — af + Bg in
measure for all a, B € C.
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o If fm — f in measure, g, — g in measure, and ur (D) < oo, then fy, o gm —
f o g in measure and f,gn — fg in measure.

Proof See, e.g., [7, Lemma 2.3]. m]

Lemma 2.3 Let g, g : D — C™" be measurable functions defined on a set
D C R¥ with 0 < (D) < oo. If gm — g in measure, then Z;-:l F(\j(gm(x)))
converges to 23:1 F(hj(g(x))) in Ll(D)for all F € C.(C).

Proof For each fixed x € D, consider the optimal matching distance between the
spectra of g, (x) and g(x), namely

d(A(gm(x)), A(g(X))) = mpin [max 12j(gm (X)) — Ap(j)(8(X))]

where the minimum is taken over all permutations p of {1,...,r}; see also [3,
Section VI.1]. For every € > 0 we have the inclusion

{d(Agm), A©) > €} C (4llgmll + gD ™" ligm — gll"/" > €} = Epc,

because

d(A(gm), A@) < 4llgmll + gD V" llgm — gl

see [3, Theorem VIII.1.5]. The set E,,  is measurable by Lemma 2.1, and for each
xe D\ E,  we have d(A(gn (X)), A(g(x))) < €, hence

Y Fj(gn(®)) — Y F(j(@x))| < ror(e), VF e Ce(O),

j=1 j=1

where wr(€) = sup{|F(u) — F(v)| : u,v € C, |u— v| < €} is the modulus of
continuity of F. Thus, for every F € C.(C), every m and every € > 0,

-J,

L!

D FOG(em())) = Y Fj(g(x))|dx

j=1 j=1

D FGy(egm) — Y Frj(2)

j=1 j=1
> FGGm))) = Y F(j(g(x)
j=1

/;?m,e j:1
)
D\Ep

< 2r||Flloo itk (Em,e) + i (D)rop(€). 9)

dx

dx

D O FOGm)) = Y F(j(g(x)
j=1

j=1
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We show that
Iim pi(Ene) = limwr(e) = 0.
m—o0 e—>0

Once this is done, passing first to the limsup,,_, o, and then to the lim¢_,¢ in (9),
we obtain that Z;‘:l F(xj(gm)) — Z;:l F(xj(g)) in LY(D), and the thesis is
proved. The limit relation lim¢_,o wFr (¢) = 0 follows immediately from the Heine—
Cantor theorem, so we only have to prove that lim,;, , s ik (Epn.e) = 0. By (3) and

(4),
Eme={4Ugmll + gD llgm — gI"/" = €}
< 1{4ligm — gl +201gID" " llgm — gll"’" > €}

r 1-1/r r 1/r
< {4<Z |<gm—g>aﬁ|+2||g||> (Z |<gm—g>a,3|> ze},

o, p=1 o, p=1

and the limit relation lim;,— oo ik (Em.e) = 0O follows from the hypothesis that
gm — g in measure. O

2.4 Singular Value and Eigenvalue Distribution
of a Matrix-Sequence

We introduce in this section the fundamental definitions of singular value and
spectral distribution for a given matrix-sequence. Recall from Sect. 2.1 that a matrix-
sequence is a sequence of the form {A,},, where A, € C*"*" and s is a fixed
positive integer.

Definition 2.1 (Singular Value and Eigenvalue Distribution of a Matrix-
Sequence) Let {A,}, be a matrix-sequence and let f : D C R — C"™*" be
a measurable matrix-valued function defined on a set D with 0 < ux(D) < oo.

* We say that {A, }, has a (asymptotic) singular value distribution described by f,
and we write {A,}, ~5 f,if

n—-oo sn r

ol L [ Y Flei(f(0))
lim /Z::lF(GJ(An))— Mk(D)/L) dx, VF € C.(R).

(10)
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e We say that {A,}, has a (asymptotic) eigenvalue (or spectral) distribution
described by f, and we write {A,}, ~x f,if

im 'S RO = /Z,-zl Fa(f @)
Jj=1 D r

VF € C.(O).
Jim (D) X, € C.(C)

Y

Note that Definition 2.1 is well-posed by Lemma 2.1, which ensures that the
functions X +— Y., F(oi(f(x))) and x — > ;_; F(%;(f(x))) are measurable.
Whenever we write a relation such as {A,}, ~¢ f or {A,}, ~ f,itis understood
that f is as in Definition 2.1; that is, f is a measurable function taking values in
C"*" for some r > 1 and defined on a subset D of some R¥ with 0 < ux (D) < oo.
We refer the reader to [9, Remark 1] or to the appendix of [13] for the informal
meaning behind the distribution relations (10) and (11).

2.5 Zero-Distributed Sequences

A matrix-sequence {Z, }, is said to be zero-distributed if {Z,,},, ~ 0. Itis clear that,
forany r > 1, {Z,}, ~ 0Ois equivalent to {Z,}, ~¢ O,. Theorems 2.1 and 2.2
provide a characterization of zero-distributed sequences together with a sufficient
condition for detecting such sequences [7, Theorems 3.2 and 3.3].

Theorem 2.1 Let {Z,}, be a matrix-sequence. The following are equivalent.

1. {Zy}y ~5 0.
2. Forall n we have Z, = R,, + N,, where lim (rank(R,)/n) = lim ||N,]| = 0.
n—o0 n—o0

Theorem 2.2 Let {Z,}, be a matrix-sequence and suppose there exists p € [1, 00)
such that lim (||Zn||ﬁ/n) = 0. Then {Z,}, ~o 0.
n—oo

2.6 Sparsely Unbounded Matrix-Sequences

The notion of sparsely unbounded matrix-sequences plays an important role within
the framework of the theory of block LT and GLT sequences.

Definition 2.2 (Sparsely Unbounded Matrix-Sequence) A matrix-sequence
{An}, is said to be sparsely unbounded (s.u.) if for every M > O there exists ny,
such that, forn > nyy,

#{ie{l,...,sn}: 0i(A,) > M} < (M)
" < )

where limp; 0o r(M) = 0.



Block LT Sequences 35

The following proposition provides equivalent characterizations of s.u. matrix-
sequences [7, Proposition 5.3]. This will allow us to show in Proposition 2.2 that
the product of two s.u. matrix-sequences is s.u., and in Proposition 2.3 that any
matrix-sequence enjoying an asymptotic singular value distribution is s.u.

Proposition 2.1 Let {A,}, be a matrix-sequence. The following are equivalent.
1. {A,}, is s.u.

. . #iefl,...,ns}: 0i(A,) > M}
2. limpy— o0 limsup,,_, o, =0

n
3. Forevery M > O there exists nyy such that, forn > nyy,
A, = AAn,M + An,M, I'ank(AAn,M) <r(M)n, ”An,M” <M,

where limp; oo r(M) = 0.
Proposition 2.2 If {A,},, {A)}, are s.u. then {A,A}}, is s.u.

Proof By Proposition 2.1, for every M > 0 there exists nys such that, for n > nyy,

Ap=Apy + Apy, tank(A, ) <r(Mn, |Anuml < M,

Ay = ALy + ALy, tank(A, ) <r(Mn, A, Il < M,
where limp; . ¥ (M) = 0. Thus, for every M > 0 and every n > ny; we have
AnA;, = AAn,MA;, + An,MAA;l’M + An,MA;l’M = én,M + Bn,M,

where the matrices é,,,M = A,,,MA;, ~|—A~,,,MA:1 » and E,,,M = A,,,MA; y are such
that rank(B,, p) < 2r(M)n and ||1§'n,M|| < M?. We conclude that {A, AL}, s s.u.
because condition 3 in Proposition 2.1 is satisfied. |
Proposition 2.3 If {A,}, ~o f then {A,}, is s.u.

Proof Let D C R¥ be the domain of the matrix-valued function f : D — C'*".
Fix M > 0 and take F); € C.(R) such that F; = 1 over [0, M/2], F)y = O over
[M,00)and 0 < Fy <1 over R. Note that Fjp; < x[o,m] over [0, 0o). Then,

#ie{l,...,sn}:0;(Ap) > M}
sn

_#{ie{l,...,sn}:oi(An)SM} _

sn

1 sn
=1 - ;x[o,m(mmn»

IA

T e 1 [ Y Fu(@i(f(x)
1—m§FM(a,<An)> = l_uk(m/,) . dx
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and
lim sup T € oo sn} 1 0i(An) > MY Z, Fu i (f0) |
ey sn = mD) ,

Since ! 3°7_; Fy (o7 (f(x))) — 1 pointwise and |} Y°0_, Far(0;(f(x)))| < 1, the
dominated convergence theorem yields

-
. :
. / Yl P o
M—oo Jp r
and so
#i e{l,...,sn}:0i(A;) > M}
lim limsup = 0.
M—00 n—oo sn
This means that condition 2 in Proposition 2.1 is satisfied, i.e., { A}, is s.u. m]

2.7 Block Toeplitz Matrices

A matrix of the form

Ay A_q -+ -~ A1)
Ay
[A,-_j]l’-fj:1 = : e o, (12)
L AL
L Apq v oee A Ay |
with blocks Ay € C**f fork = —(n—1), ..., n—1,is called a block Toeplitz matrix.

If s = 1, it is simply referred to as a Toeplitz matrix. We have seen in Sect. | that
a function f € L'([—n, 7], s) gives rise via its Fourier coefficients to a sequence
of block Toeplitz matrices {7T;,(f)},. We call {T,,(f)}, the block Toeplitz sequence
associated with f, which in turn is called the generating function of {7;,(f)},.

For each fixed s, n € N, the map 7, (-) : Li([—=7, ], s) = C%51 ig linear, i.e.,

Tu(af +B8) = aTy (/) + BTu(g), @.B€C, fgel'(-mxls). (13)

Moreover, it is clear from the definition that 7,(l;) = I5,. For every f €
L! ([—m, 1, s), let f* be its conjugate transpose. It is not difficult to show that

Tu()* =T (f%, fel'(-nnls), s,neN (14)
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In particular, if f is Hermitian, i.e., (@) is Hermitian for all 6 € [—m, ], then the
block Toeplitz matrices 7, (f) are Hermitian.

Theorem 2.3 is a fundamental result concerning block Toeplitz matrices. It
provides the singular value distribution of block Toeplitz sequences generated
by a matrix-valued function f € Ll([—n, ], s) and the spectral distribution
of block Toeplitz sequences generated by a Hermitian matrix-valued function
f € Ll([—n, 7], s). For the eigenvalues it goes back to Szegd [14], and for the
singular values it was established by Avram [1] and Parter [15]. They assumed
that f € L®°([—m,],s) and s = 1; see [4, Section 5] and [5, Section 10.14]
for more on the subject in the case of L™ generating functions. The extension to
f € L'([—m, ], s) with s = 1 was performed by Tyrtyshnikov and Zamarashkin
[23-25], and the final generalization to f € Ll([—n, ], s) with s > 1 is due to
Tilli [21]. We also refer the reader to [10] for a proof of Theorem 2.3 based on the
notion of approximating classes of sequences (see Sect. 3); the proof in [10] is made
only in the case of eigenvalues for s = 1, but the argument is general and can be
extended to singular values and matrix-valued generating functions.

Theorem 2.3 If f € L'([—m, 71, s) then {T,(f)}n ~o f. If moreover f is
Hermitian then {T,(f)}n ~x f.

Important inequalities involving Toeplitz matrices and Schatten p-norms origi-
nally appeared in [20, Corollary 4.2]. They have been generalized to block Toeplitz
matrices in [17, Corollary 3.5]. We report them in the next theorem for future use.

Theorem 2.4 Let f € LP([—m,m],s) and n € N. Then, using the natural
convention 1/00 = 0, the inequality |T,(f)llp, < n'/P|| fllLr holds for all p €
(1, o0].

The next theorem is the last result we shall need about block Toeplitz matrices.

Theorem 2.5 Let f; € L*°([—m, ],s) fori =1,...,q. Then,

i T T = 111, )],

n—o00 n

=0. (15)

Proof For g = 2 the result is proved in [6, Proposition 2]. In the general case we
proceed by induction. Fix p > 3 and suppose that the result holds forg = p — 1. If
q = p, using (5) and Theorem 2.4 we obtain

p p
[0 -T (]"[ ﬁ)
i=1 i=1

1
n
1

1 14 p—2
= HTn(ﬁ) - <]_[ T,,(f,-))Tn(f,,_lfp)

i=1
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p—2 14
+(]‘[ Tn(f») Tofper fy) — Ty (]‘[ ﬁ-)
i=1 i=1 1

IA

1| 2=
i (]‘[ Tn<ﬁ>)<Tn<fp1>Tn<fp) — Tu(fp-11p))
i=1

1

1 p—2 p
+ (1‘[ Tn(ﬁ-))Tn(fplfp) ~ T, (]‘! ﬁ-)
1= 1= 1

IA

1A
. (]"[ ||ﬁ||Loo) T2 fo-DTu(fp) = Tu(fo1 fo) |,
i=1

L= p=2
+ (E Tn(ﬁ)>Tn(fp_1fp)—T,,<<l_[ fi)(fp—lfp)) |

i=1

Now, the first term in the right-hand side tends to zero as n — oo by [6,
Proposition 2], and the second term tends to zero as n — oo by the induction
hypothesis. O

3 Approximating Classes of Sequences

The notion of approximating classes of sequences (a.c.s.), which is fundamental to
the theory of block LT and GLT sequences, is due to the second author [16]. It should
be said, however, that the underlying idea was already present in the pioneering
papers by Tilli [22] and Tyrtyshnikov [23].

3.1 The a.c.s. Notion

The formal definition of a.c.s. is given below.

Definition 3.1 (Approximating Class of Sequences) Let {A,}, a matrix-
sequence. An approximating class of sequences (a.c.s.) for {A,}, is a sequence
of matrix-sequences {{By n}n}m Wwith the following property: for every m there
exists n,, such that, forn > n,,,

A, = Bn,m + Rn,m + Nn,m, I'ank(Rn,m) < c(m)n, ”Nn,m” < w(m), (16)

where n,,, c(m), w(m) depend only on m and lim c(m) = lim w(m) =0.
m—00 m—0o0
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Roughly speaking, {{ By m}n}m is an a.c.s. for {A,}, if, for all sufficiently large
m, the sequence {B, ,}, approximates (asymptotically) the sequence {A,}, in the
sense that A, is eventually equal to B, ;, plus a small-rank matrix (with respect to
the matrix size sn) plus a small-norm matrix. As proved in [7, Section 5.2], the a.c.s.
notion is a notion of convergence in the space of matrix-sequences

& ={{An}n © {An}n is a matrix-sequence}.

More precisely, there exists a pseudometric dy ¢ s. in & such that {{ By m}n}m is an
a.c.s. for {A,}, if and only if dy c 5. ({ Bu.m}n> {An}n) = 0asm — oo. It was shown
in [2] that d, . is complete, i.e., any Cauchy sequence {{Bn m}n}m in (&, dacs.)
converges to some limit sequence {A,},. Moreover, for every {A, },,, { By}, € & we
have

dacs.({Anln: {Bu}n) =0 <= {An — Bu}n ~0 0. 7)

Based on the above topological interpretation, we will use the convergence notation

{(Bumln =23 {Ap}n to indicate that {{ By }n}m is an a.c.s. for {An}n.

3.2 The a.c.s. Tools for Computing Singular Value
and Eigenvalue Distributions

The importance of the a.c.s. notion resides in Theorems 3.1 and 3.2, which are easily
derived from the results in [7, Section 5.3], as shown below.

Theorem 3.1 Let {An}n, {Bn.m}n be matrix-sequences and let f, f,, : D — C'™*"
be measurable functions defined on a set D C RF with 0 < (D) < oo. Assume
that:

1. {Bn,m}n ~g fm for every m;
a.c.s.

2. {Bn,m}n — {Anln;

3. fm — f in measure.

Then {A,}y ~o f.

Proof Let F € C.(R). For every n, m we have

r

- T F(o;
'S P - / Y Floj(foo)
sn j=1 wr(D) Jp

1 sn 1 sn
<|, D F@jam = > F(o;(Bum)
j=1 j=1
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1, 1 Y s F(oj(fm(%)))
+.. ;F(oj(Bn,m)) - uk(D)/D . dx

N 1 /2;21 F(Uj(fm(x)))dx_ 1 /2321 F(Gj(f(x)))dx.
wi(D) Jp wr(D) Jp

r r

(18)

The second term in the right-hand side tends to 0 as n — oo by hypothesis, while
the third one tends to 0 as m — oo by Lemmas 2.2 and 2.3 (take into account

that 3 F(0;(fn (X)) = 2121 GO (fu(X) fin(x)*)) where G(z) = F(V/z])
belongs to C,.(C)). For the first term we have

m—>00 n—o00

) ) 1 sn 1 sn
lim_limsup | Zl F(oj(An) = Zl F(6j(Bum))| = 0;
J= J=

see [7, Lemma 5.3]. Therefore, passing first to the limsup,_, ., and then to the
lim;,—, oo in (18), we get the thesis. m]

Theorem 3.2 Let {Ap}y, {Bn.m}n be Hermitian matrix-sequences and let f, fn :
D — C'™ " be measurable functions defined on a set D C R* with 0 < p(D) <
00. Assume that:

1. {Bu.m}n ~x fm forevery m;
a.c.s.

2. {Bn,m}n — {Anln;

3. fm — f in measure.

Then {Ap}y ~a f.

Proof Let F € C.(R). For all n, m we have

sn r F )\’ -
: Y F(j(An) — ! / = FO)
sn j=1 wr(D) Jp

.
1 sn 1 sn

<|, 2 FGjA = > F G (Bam)
j=1 j=1

1Y 1 X FO ()
FAj(Bum)) — d
+sn; (3 (Bum)) mD)/D x

r

N 1 / > F(?»j(fm(X)))dX_ 1 / Yia F()»j(f(x)))dX .
wi(D) Jp mk(D) Jp

r r

19)
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The second term in the right-hand side tends to 0 as n — oo by hypothesis, while
the third one tends to 0 as m — oo by Lemma 2.3. For the first term in the right-hand
side we have

m—-o0 n 500

) ) 1 sn 1 sn
lim_limsup | X;F(Aj(An)) - X}F(Aj(gn,m)) =0,
J= J=

see [7, Lemma 5.5]. Therefore, passing first to the limsup,_, ., and then to the
lim,,  in (19), we get the thesis. |

3.3 Thea.c.s. Algebra

Theorem 3.3 collects important algebraic properties possessed by the a.c.s.

a.c.s. a.c.s.

Theorem 3.3 Let {Byu}n —> {Au}n and {B, ,}n» —> {A}}n. The following
properties hold.

o (B =3 {Af
a.c.s.

s {aBum + BB, ytn —> {aAn + BA,n foralla, g € C.

a.c.s.

o If{An}n, {A} )0 are s.u. then {By By, 30 — {AnAj ).

a.c.S.

o If{Cp}n is s.u. then {By nCn}n —> {AnCnln.

Proof For the proofs of statements 1 to 3, see [7, Section 5.4]. We prove statement 4.
Since { By m}n e {Ap},, for every m there exists n,, such that, forn > n,,,

A, = Bn,m + Rn,m + Nn,ms rank(Rn,m) < c(m)n, ”Nn,m” < w(m),

where limy,— oo c(m) = lim,,;,—, oo w(m) = 0. Since {C, }, is s.u., by Proposition 2.1
for every M > O there exists n(M) such that, forn > n(M),

Co=Cum+Coy, r1ank(Con) <r(M)n, |Coml <M,

where limp/_, oo ¥ (M) = 0. Setting M, = a)(m)_l/z, for every m and every n >
max(n;,, n(M,,)) we have

Ancn = Bn,mcn + Rr/z,m + N,/,,m,
where R{Lm = RymCy + Nn,mén,Mm and N,’Lm = Nn,mén,Mm satisfy
rank(R), ) < (c(m) +r(Mp)n, NIl < o(m)'/2.

a.c.s.

This shows that {B,, ,,Cp}n —> {AnChln- m|



42 C. Garoni et al.

Remark 3.1 As a consequence of Theorem 3.3 and Proposition 2.2, if {Aff’j )}n is

an s.u. matrix-sequence and {B,El;’n];)}n iy {A;i’j)}n fori = 1,...,pand j =
p qi (i.j)y acs. p gi ()]
L. githen { 707 TT5L, B}, — { X0 TT7L An'”’},

3.4 A Criterion to Identify a.c.s.

A useful criterion to show that a sequence of matrix-sequences {{By, u}n}m is
an a.c.s. for another matrix-sequence {A,}, is reported in the next theorem [7,
Corollary 5.3].

Theorem 3.4 Let {An}n be a matrix-sequence, let {{Bn m}n}m be a sequence of
matrix-sequences, and let 1 < p < 00. Suppose that for every m there exists ny
such that, for n > ny,,

”An - Bn,m”ﬁ 5 E(mvn)na

where 1imy, o0 limsup, ., €(m, n) = 0. Then {Bpm}n —> {An}n.

4 Block Locally Toeplitz Sequences

The theory of (scalar) LT sequences dates back to Tilli’s pioneering paper [22]. It
was then carried forward in [18, 19], and it was finally developed in a systematic
way in [7, Chapter 7] and [8, Chapter 4]. In this section we develop the theory of
block LT sequences, which has been suggested in [19, Section 3.3] but so far has
never been addressed in a systematic way. We recall that the theory of block LT
sequences is a necessary intermediate step toward a rigorous mathematical theory
of block GLT sequences [12].

4.1 The Block LT Operator

Similarly to the case of (scalar) LT sequences, the theory of block LT sequences
begins with the definition of block locally Toeplitz operator.

Definition 4.1 (Block Locally Toeplitz Operator) Let m,n,s € N, let a
[0,1] — C***, and let f € L'([—m,x],s). The block locally Toeplitz (LT)
operator is defined as the following ns x ns matrix:

- k
LTnm(a, = @ T\_n/mj (a(m) o f) S?) Os(nmodm)-
k=1
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It is understood that LT,*(a, f) = Oy, when n < m and that the term Oy, modm)
is not present when 7 is a multiple of m.

In this section we investigate the properties of the block LT operator. We first
note that Definition 4.1 reduces to the definition of the (scalar) LT operator [7,
Definition 7.1] if s = 1. Moreover, for every m,n,s € N, every a,b : [0,1] —
C**S, every f, g € Ll([—n, ], s), and every «, B € C, we have

LT (a, N*= LTnm(a*, ), (20)
LT, (ea + Bb, f) = aLT) (a, f) + BLT," (b, ). 21
LT (a,af + Bg) = LT (a, f) + BLT," (a, g). (22)

Proposition 4.1 Leta :[0,1] > C°*, f € Ll([—n, ], s), andn,m € N. Then,

.....

m

Proof From Theorem 2.4 and (3), (6), (7), (8), we obtain
LT @, )l =)

2 Tin/m) (0(2) o f)
=Sl LG ero <) [

w

L!

a(:l)of(e)Hde

k=1 k=1
- n = k n 4
s;sLmJ/_n H 1740 <3 s a(m)H ][ e

<ns max H ( )H ANt

which completes the proof. O

Remark 4.1 Let a : [0,1] — C**° be bounded and take any sequence {f}; C
L'([—m, 7], s) such that f, — fin L'([—m, ], s) as h — oc. Then, by (22) and
Proposition 4.1, for every n, m € N we have

ILT,"(a, f) = LT, (a, f)li = ILT," (a. f = f)lli

<ns sup [la@IIf — fallpr
xe[0,1]

By Theorem 3.4, this implies that {LT" (a, fi)}n —> {LT"(a, )}, for each m €
N.
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Proposition4.2 Ler a®?) : [0,1] — C* be bounded and let {7
€ L®([—m,m],s) fori =1,...,pand j =1,...,q;. Then, for everyn,m € N,

P 4

Z l_[ LTnm(a(i’j), f(i,j))

i=1 j=1

.k .
- @ T\_n/mj (Z n( (l’j)(m) o f“’”)) S?) Os(nmodm) = E(l_n/mj)n,
i=1 j=1 1
(23)
where

€(ln/m]) =

T2 Tunny (@G0 70) = Ty (T @ GG 0 7EM) |

1 & Z =
mzz ln/m]

and lim,_, « €(|n/m]) = 0. In particular, for every m € N we have

dycs. ({ Z l_[ LTm(a(’ J) f(l j))}

i=1 j=1

{ @ TL"/’"J (Z l_[ (a(i’j)(’]:l) © f(i’j)>> @ Os(nmodm)} ) =0.
i=1 1 n
" (24)

Proof By the properties of direct sums and the linearity of the map 7,,(-), we obtain

P 4
Z 1_[ LTnm(a(i’j), f(i,j))

i=1 j=1

_ @TL"/MJ<ZH< @, ])(k>of(i,j)>> @ Osnmodm)

i=1 j=1 1

qi

m p
@ Z l—[ Tin/m) (a(i’j)<rl;) o f(i’j)> ® Os(nmodm)

k=1 i=1 j=

qi

m p
@ Z Tinjm) (H(a(i’j)(:;) o f(i’j))> @ Os(nmodm)

k=1 i=1 j=1 1
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m p
W (kY pd
@ [Trm (w0 (3) )
qi
ok .
= Tin/m) (n(a(l’j)(m> © f(l’/)>> @ Os(nmodm)
1

j=1
m P qdi
522 l—[TLn/mJ<a( D( )Of(lj)>
k=1i=1 | j=1
(6 ( kY i
e[l
()
Jj=1 1

m_p
S(n/m)ZZL/mJ l_[TLn/mJ<(/)( ) f(”))

k=1 i=1

Ty, (ﬁ <a<i,j>(:1> o f(i,j)))

j=1

This proves (23). Since €(|n/m]) — 0 as n — oo by Theorem 2.5 (recall that
a®D(ky o fED e L®(—m, ],s)), Eq.(24) follows immediately from (23),
Theorem 2.2, and (17). O

Theorem 4.1 Suppose that a>)) : [0,1] — C*** is Riemann-integrable and
f(’*/) € L®([—m,w),s) fori = 1,...,pand j = 1,...,q;. Then, for every
m e N,

m i

p
@ Tin/m) (Z n( (i’j)<nk/l) o f(i’j)>> @ Os(nmodm)

P 4
~o Y[ (@00 r40@), (25)

i=1 j=1
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where

m

an? () = X () X[i1 1)@ (26)

m ’m

Proof By the properties of direct sums, the singular values of the matrix

@TLn/mJ (ZH( ¢ D( ) re D)) @ Os(nmodm)

i=1 j=1

are given by

a¢<TLn/mJ<iﬁ<(’/)( )of(i’j))>>, 4=1,..‘,SU;J, k=1,...,m,

i=1j=1

plus further s(nmodm) singular values which are equal to 0. Therefore, by
Theorem 2.3, since Y/, H?:l(a(l’])(,];) o f&Dy e L®([—m, ], s), for any
F € C.(R) we have

i 32 (o (@ (ST (2) 7)) & O

r=1 i=1j=1
‘&LJ P 4

a8 S (o)

i=1j=1

F("@(Xp:ﬁ( ("o p ”(9))))
I pm s P 4 o N
B 2; /0 /_ﬂ i;FC’f(;g (afé’”(x) Of(”/)(e))>>d9dx. @7

This concludes the proof. O

Theorem 4.2 Suppose that a>)) : [0,1] — C*** is Riemann-integrable and
f(’*/) € L®([—m,7),s) fori = 1,...,pand j = 1,...,q;. Then, for every
m e N,

<@TLn/mJ (Zl—[( ¢ ”( )o st ’))) @ 0s<nmodm>>

i=1 j=1 n

V2l
~ 9{(2 I1 (a,(,;"”(x) ° f(’?ﬁ(e)))). (28)

i=1 j=1

where a( D s defined in (26).
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Proof The proof follows the same pattern as the proof of Theorem 4.1. The
eigenvalues of the matrix

.k i
(a(z,/)( )of(”/)>> ey Os(nmodm)>
(i, ) k @.J)
a'v (m) Of ’ ® 0s(nm0dm)’

are given by

)%(T\_n/mj(%(i ]q_[< (’/)( ) “/)(9)»)), L}:l""’SUZJ’ k=1,...,m,

i=1j=1

plus further s(n modm) eigenvalues which are equal to 0. Therefore, by Theo-
rem 2.3, since R(Y_F_, ]‘[jf.;l(a(lsﬁ(,’;) o f&DY)) € L®([—m, 7], 5), following the
same derivation as in (27) we obtain, for any F' € C.(C),

s e @ren (E I C)-)
T / /7; 1 Z (“ <%(équjl (a0 f(i’j)(G)))))dde.

This concludes the proof. O

Proposition 4.3 Let a : [0,1] — C**5 be Riemann-integrable and let f €
Ll([—n, 1], s). Then, for everym € N,

(LT (a, I ~o am(x) o f(0),

where

m

am(x) = Za<:1>)([k1 k)('x)'

k=1 m ’m

Proof Fix m € N and take any sequence { f,}5 C L°°([—mn, ], s) such that f}, —
f ae.and in L'([—m, ], s). We have:

a.c.s.

o {LT(a, fu)}n — {LT(a, f)}, by Remark 4.1;
o {LT"™(a, fa)ln ~o am(x) o fu(0) by Theorem4.1;
e am(x)o fr@) — an(x) o f(0) a.e. (and hence also in measure).

We conclude that {LT,"(a, f)}x ~o am(x) o f(6) by Theorem 3.1. |
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4.2 Definition of Block LT Sequences

The notion of block LT sequences is formalized in the next definition.

Definition 4.2 (Block Locally Toeplitz Sequence) Let {A,}, be a matrix-
sequence, leta : [0, 1] — C*** be Riemann-integrable, and let f € Li([—m, 7], s).
We say that {A, }, is a block locally Toeplitz (LT) sequence with symbol a(x)o f(0),

and we write {A,}, ~rr a(x) o f(0),it {LT)"(a, f)}n % {Anta.

In what follows, whenever we write a relation such as {A,}, ~rL1 a(x) o f(0),
it is understood that ¢ and f are as in Definition 4.2, i.e., a : [0, 1] — C* ig
Riemann-integrable and f € L'([—m, ], s). Note that Definition 4.2 reduces to
the definition of (scalar) LT sequences [7, Definition 7.2] if s = 1. LT sequences are
then special cases of block LT sequences.

Remark 4.2 The results in [19, Section 3.3] could have led to believe that block LT
sequences should be defined in reference to the classical matrix product a(x) f'(6)
instead of the Hadamard product a(x) o f(6). However, the experience coming
from the applications has rejected such a solution as the matrices arising from the
discretization of systems of DEs usually invoke the Hadamard product rather than
the classical matrix product; see also Sect. 1. In this sense, Definition 4.2 may be
seen as a correction to [19, Section 3.3].

Remark 4.3 1If {A,}, ~11 a(x) o f(0) then {A}}, ~r1 a(x)* o f(0)* = (a(x) o
F@)* and {@Ap}y ~1Tr €a(x) o f(0) = a(x) o af (0) for all « € C. This follows
immediately from Definition 4.2, the properties of the block LT operator (see (20)—
(22)), and Theorem 3.3.

4.3 Zero-Distributed Sequences, Sequences of Block Diagonal
Sampling Matrices, and Sequences of Block Toeplitz
Matrices

In this section now provide three fundamental examples of block LT sequences:
zero-distributed sequences, sequences of block diagonal sampling matrices, and
sequences of block Toeplitz matrices.

4.3.1 Zero-Distributed Sequences

We show that any zero-distributed sequence is a block LT sequence with symbol
Os.
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Theorem 4.3 Let {Z,}, be a matrix-sequence. The following are equivalent.

1. {Zy}y ~5 0.
a.c.s.

2. {Osn}n — {Zn}n
3. {Zu}n ~rr Oy

Proof (1 = 2) By Theorem 2.1, Z, = R, + N, with lim,_, o (rank(R,)/n) =

lim,— o |Ny]| = 0. Hence, the convergence {Og,}, s {Z,}, follows immedi-
ately from Definition 3.1 (take Ry, ,, = Ry, Npm = Nn, c(m) and w(m) any two

positive functions of m that converge to 0 as m — oo, and n,, any integer such that
rank(Ry,)/n < c(m) and || N, || < w(m) forn > ny,).

(2 = 1) Since {O;z,}n 3 {Z,}, and, moreover, {Os,}, ~5 0, the relation
{Z,}n ~& 0 follows from Theorem 3.1.

(2 <= 3) This equivalence follows from Definition 4.2 and the observation that
LT)"(Oy, Og) = Oy, and Og 0 Oy = O. O

4.3.2 Sequences of Block Diagonal Sampling Matrices

Forn € Nand a : [0, 1] — C***, we define the block diagonal sampling matrix
D, (a) as the following diagonal matrix of size sn x sn:

Dr@) = e of,) =D, )

i=1

We are going to see in Theorem 4.4 that {D, (a)}, ~rT a(x) o 1; whenever a is
Riemann-integrable. To prove Theorem 4.4 we shall need the following lemmas; cf.
[7, Lemmas 5.6 and 7.1].

Lemma 4.1 Let C be an £ x £ matrix and suppose that
ICIIp < et

where p € [1,00), € >0, and £’ < {. Then we can write C in the form

1 1
C=R+N, rank(R) <ert'f/, |N| <ert.

Lemma 4.2 For every m € N let {x(m, k)}r be a sequence of numbers such that
x(m, k) — x(m) as k — 0o and x(m) — 0 as m — 00. Then, there exists a
sequence {m(k)}x € N such that m(k) — oo and x(m(k), k) — 0.

Theorem 4.4 Suppose that a : [0,1] — C*% is Riemann-integrable, then
{Dn(a@)}n ~Lr a(x) o 1.
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Proof The proof consists of two steps. We first show that the thesis holds if a is
continuous. Then, by using an approximation argument, we show that it holds even
in the case where a is only supposed to be Riemann-integrable.

Step 1. We prove that if a = [0101,3];‘{’/5:l : [0, 1] — C**¥ is continuous and @y, is
the modulus of continuity of aug then, for every m € N,

Dy (a) = LTnm(a’ 1) + Rn,m + Nn,m,
m) 29)

s 1
rank(Rn,m) <sm, ||Nn,m|| = deaﬁ(m + n
o, B

Since wq,,(8) — 0as § — O for all «, B, the convergence {LT"(a, 15)}n s

{D,(a)}, (and hence the relation {D;,(a)}, ~rr a(x) o 1;) follows immediately
from Definition 3.1 (take n,, = m?, c(m) = s/m, w(m) = Z;’ﬂzl Dapp 2/m)).
The matrix LT,"(a, 15) is the sn x sn block diagonal matrix given by

m
k
LTnm(a, 1) = @ T\n/m) (a(m) o 13) @ Os(nmodm)

m [n/m]
Z@ @ a( ) @ Os(nmodm)-
k=1 \ j=1I

Fori =1,...,m|n/m],letk = k(i) be the index in {1, ..., m} such that
k—Dln/m]+1<i<k|n/m].
In other words, k is the index such that the ith diagonal block of L7,)"(a, 1) is

given by (LT, (a, 1;));; = a(k/m). Using (3)-(4) and taking into account that
the ith diagonal block of D, (a) is given by (Dy(a));; = a(i/n), for every i =

1,...,m|n/m] we obtain
o(5)=(,)]

s
1 m
S Z waaﬁ(m + )7

n
o, =1

(LT} (@, 15))ii — (Du(@))ii|| =

= 3 fen() ()

o,f=1
where the last inequality follows from the fact that

_k_k=Dln/m] g k_Ge=D@/m=1 _1 k=1 _1

“m n m n m n m n

‘ ki

m n
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Define the following sn x sn block diagonal matrices:

m|n/m]

~ i
Dn,m(a)z @ a(ﬂ) S?) Os(nmodm),

i=1

n .
A l
Dn,m(a) = Osm\_n/mj @ @ a(n)

i=m|n/m|+1

Then,
Dy (a) — LTm(a 1) = n m(a) + Dn m(a) — LTr{n(a’ 1) = Rn,m + Nn,ma
where R, = Dy m(a) and Ny, = Dy p(a) — LT (a, 1) satisfy

rank(Ry, ) < s(nmodm) < sm,
i 1 m
INnll = max LT @, 10 = (Dataill < 3 i +).

n
o, B=1

=1,...,

This completes the proof of (29).

Step 2. Let a : [0,1] — C°* be any Riemann-integrable function. Take any

sequence of continuous functions a,, : [0,1] — C*** such that a¢,, — a in
a.c.s

L'([0,1],5). By Step 1, {Du(@m)}n ~Lr am o 1;. Hence, {LT(am, 1)}y =
{Dy(am)}n, i.e., for every m, h there is n,, j such that, forn > n,, p,

Dy, (an) = LTnh(am, 1) + Rn,m,h + Nn,m,h,
rank(Ry m.n) < c(m, Mn,  ||Npmnll < w(m, h),

where limy_ oo c(m, h) = limp_ oo w(m,h) = 0. Moreover, {D,(am)}n et
{D,(a)},. Indeed, by (4),
1Da(@) — Duan)li = 3 "@ ~an())) Z @—an(?)
j=1 =1 1
Z (a — QM)aﬂ(i)‘ =€(m,n)n, (30)

o p=

where

e(m,n):iz Z

j=lea,p=1

(a — am)aﬁ<i)‘ .
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By the Riemann-integrability of Zgl p=11(@ — am)ap|, which is a consequence of

the Riemann-integrability of @ — a,,, and by the fact that a,, — a in L! ([0, 11, 5),
the quantity € (m, n) satisfies

1 N
lim lim e(m,n) = lim/ Z |(a — am)ap(x)| dx
0

m—00 n—>00 m— 00
o, B=1

N
im0 @~ amdaplir = 0.
o,f=1

By Theorem 3.4, this implies that {Dy (am)}n —> {Dy(a)},. Thus, for every m
there exists n,, such that, forn > n,,,

D, (a) = Dy(an) + Rn,m + Nn,ma

rank(Rp,m) < c(m)n,  [|Npmll = w(m),

where limy, o c(m) = lim,,_ o w(m) = 0. It follows that, for every m, h and
every n > max (M, M. h),

Dy(a) = LT,}(a. 1;) + [LT; (@, 1,) — LT, (a. 15)]
+ (Rn,m + Rn,m,h) + (Nn,m + Nn,m,h)a
rank(Rn,m + Rn,m,h) < (c(m) +c(m, h))n,

”Nn,m + Nn,m,h” <w(m)+w(m,h),

h
n
LT @m, 1) = LT (@, 1)l <, Y < e(m, hyn,

“h

;)= on(3)

where the last inequality is proved as in (30). Let {m(h)}, be a sequence such that
m(h) — oo and

j=1 !

Jim e(m(h). h) = lim c(m(h).h) = lim w(m(h).h) =0.

Note that such a sequence exists by Lemma 4.2 (apply the lemma with x(m, h) =
e(m, h)+c(m, h)+w(m, h)). Then, for every h and every n > max(n,,(n), m(h),h)>

Dy(a) = LT} (a, 1) + [LT) (amny. 1s) — LT} (a, 1)]
+ R,y + Ry, n) + (Npmny + Numny,h)»

rank(Ry, m(ny + Rumny,n) < (c(m(h)) + c(m(h), h))n,
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I Nnmny + Namy,nll < o@m(h)) + w@m(h), h),

LT, (@mny. 1s) — LT, (a, 15) [y < e(m(h), h)n.

The application of Lemma 4.1 allows one to decompose LT (@mny, 1s) —
LTh(a 1,) as the sum of a small-rank term Rn n, with rank bounded by
Je(@m(h), h) n, plus a small-norm term Nn 1, with norm bounded by /e (m(h), h).

a.c.s.

This shows that {LTnh(a, 19)}n — {Dy(a)}n, hence {Dy(a)}, ~1Ta(x)ol;. 0O

4.3.3 Sequences of Block Toeplitz Matrices

Theorem 4.5 Suppose that f € L'([—n, 7], s), then {Tw(f)}n ~11r L5 0 £(O).

Proof The proof consists of two steps. We first show that the thesis holds if f
is a matrix-valued trigonometric polynomial. Then, by using an approximation
argument, we prove the theorem under the sole assumption that f € L!([—7, 7], 5).

Step 1. We show that if f is a matrix-valued trigonometric polynomial of degree d
then

Tn(f) = LTnm(ls, f) + Rn,m, rank(Rn,m) <s2d+ 1)m. (31

Once this is done, the convergence {LT,)" (15, )}, s {T.(f)}n (and hence the

relation {T (I ~1r 15 o f(0)) follows immediately from Definition 3.1 (take
nm =m?, c(m) = sd +1)/m, w(m) = 0). N

Since f has degree d, we can write f(0) = Z‘;:fd cjel ¢ Moreover, we have

m m
LTnm(ISa f) = @ T\_n/mj (ls o f) @ OS(nmodm) = @ TLn/mJ (f) S?) Os(nmodm)-
k=1 k=1

A direct comparison between the matrix 7,,(f) and the matrix L7," (15, f) shows
that if n/m > 2d + 1 then the number of nonzero rows of the difference 7, (f) —
LT (1, f) is at most s(2dm — d + (nmodm)). Hence, it n/m > 2d + 1,

To(f) = LT (s, f) + Rym.  1ank(Rpm) < s(2dm — d + (nmodm)) < s(2d + 1)m.

This completes the proof of (31) for n/m > 2d + 1, but it is clear that (31) holds
even if n/m < 2d + 1, because in this case s(2d + 1)m is greater than the matrix
size sn.

Step 2. Let f € L'([—m, x],s). Since the set of trigonometric polynomials is
dense in Ll([—n, ]) (see, e.g., [7, Lemma 2.2]), there is a sequence of matrix-
valued trigonometric polynomials f;, : [—m, 7] — C**° such that f,, — f in
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a.c.s.

LY([—7, 7], 5). By Step 1, {T,,(fu)}n ~11 150 fu(0). Hence, (LTI (s, fiu)}n —
{T,,(fm)}n, 1.e., for every m, h there is n,, j such that, forn > n,, 5,

Tn(fm) = LTnh(lsv fm) + Rn,m,h + Nn,m,hv

rank(Ry m.n) < c(m,Mn,  ||Npmnll < w(m, h),
where limy,—, o0 c(m, h) = limy_, o w(m, h) = 0. Moreover, by Theorem 2.4,

1T () = Tu(fad) It = ITu(f — fu)llt = nllf = fullpr

a.c.s.

and so {T,,(fm)}n —> {Tn(f)}n by Theorem 3.4. Thus, for every m there exists n,,
such that, for n > n,,,

Tn(f) = Tn(fm) + Rn,m + Nn,mv

rank(Ry m) < c(m)n,  [Nopmll < w(m),

where limy, oo c(m) = limy_ oo w(m) = 0. It follows that, for every m, h and
every n > max(nu,, Ny p),

To(f) = LT, (Ls, )+ [LT,' (A5, fu) = LT,' (s, )]
+ (Run + Run) + (Non + Nu ),

rank(Ru,m + Rumn) < (c(m) + c(m, h))n,

INnm + Nomll < @(m) + w(m, ),

ILT! Ay, fu) — LT A, A1 = ILT Qs fu — Ol <l fn — Fllir,

where the last inequality follows from (6) and Theorem 2.4. Let {m(h)}, be a
sequence such that m(h) — oo and

Jim_c(n(h). h) = lim w(m(h).h) =0.

Note that such a sequence exists by Lemma 4.2 (apply the lemma with x(m, h) =
c¢(m, h) + w(m, h)). Then, for every h and every n > max (R (h), Bm(h),h)»

To(f) = LT} (L, ) + [LT} (s, fun) = LT, (s, )]
+ (Ru,m(h) + Rumny,n) + (N m(ny + Nom(ny,h),

rank(Ry m(ny + Rumny,n) < (c(m(h)) + c(m(h), h))n,

I Nnmny + Npmny.nll < @(m(h)) + w(m(h), h),

ILT! (s, fumy) — LTI A5, Pt < 1l funy — Flipr-
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The application of Lemma 4.1 allows one to decompose LTnh(ls, Sy —
LTnh(ls, f) as the sum of a small-rank term Ién,h, with rank bounded by
VI fmy = fligin, plus a small-norm term Nyu.n, with norm bounded by
SNy = Fllpr. This shows that {LT'(1s, N}y =3 {Tu(f)}, hence
{TW()}n ~rr L5 0 f(O). O

4.4 Singular Value and Spectral Distribution of a Sum
of Products of Block LT Sequences

The main results of this section are Theorems 4.6 and 4.7. In order to prove them,
we shall need the following lemma, which is a special case of Theorem 4.6.

Lemma 4.3 If {A,}, ~LT a(x) o f(0) then {A,}, ~6 a(x) o f(0) and {An}n is
S.U.

Proof We have:

a.c.S.

 {LT)(a, f)}n — {An}x by definition of block LT sequences
* {LT)"(a, Nl ~o am(x) o f(0) with ap(x) = Zk:la(m)x[k—l’k)(x) by

Proposition 4.3;
* ap(x)o f(@) — a(x)o f(0) a.e. (and hence also in measure) by [7, Lemma 2.9],
because a(x) is Riemann-integrable.

We conclude that {A,}, ~¢ a(x) o f(8) by Theorem 3.1, and so {A,}, is s.u. by
Proposition 2.3. O

Theorem 4.6 If {AY7}, ~ir a®D(x) o fED@) fori = 1,...,pand j =
1,...,qj then

P 4qi o P 4 o o
{Z 1—[ Af;,])} ~y Z 1_[ (a(”/)(x) ° f(l’/)(Q))-
i=1 j=1 n i=1 j=1
Proof Let

qi

ZHASJ), nm = @TLn/mJ (Z l_[( @ ”( ) Of(l’]))) 5] OS(nmodm),
)= Y11 (@™ 0 fEP@),  Knx,0) = 1T (@i w0 £40®)),

i=1 j=1 i=1 j=1
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where

3

. ok
an(i’])(X) = Za(l’/)<m))([k71 k
k=1 m >m

)(x).

Since {LT™ (a9, f@)y, 225 (A0}, by definition of block LT sequences,
Lemma 4.3 and Remark 3.1 imply that {37, [T, LT," @7, &)}, =3
{A,}». Thus, we have:

a.c.s.

* {Aum}n — {An}n by Proposition 4.2;

* {Aumln ~o km(x,0) by Theorem 4.1;

* km(x,0) = k(x,0) ae. (and hence also in measure) by [7, Lemma 2.9], because
each a/)(x) is Riemann-integrable.

We conclude that {A,}, ~+ k(x,0) by Theorem 3.1. |

Theorem 4.7 If {AY7}, ~ir a®D(x) o fED@) fori = 1,...,p and j =
1,...,qj then

P 4 P 4
{9{(2 I1 Afj’”)} ~ ER(Z I1 (a(i’j)(x) ° f“*”(@))).

i=1 j=1 i=1 j=1

Proof The proof is essentially the same as the proof of Theorem 4.6.
Define the matrices A,, A, and the functions «(x,0), k,(x,0) as in
the proof of Theorem 4.6. Since {LTM(a®), fG-Dy}, 255 (AN, by
definition of block LT sequences, Lemma 4.3 and Remark 3.1 imply that

00 TS, LT @), 6D}, 255 (A ). Hence, {901, 192, LT (@7,

£y, X5 M, 3’;1 A,(j’/))},, by Theorem 3.3. Thus, we have:

o (RAwmln =3 {%(An)}a by Proposition 4.2 and Theorem 3.3;

o (N(Anm)ln ~r Rkm(x, 0)) by Theorem 4.2;

e NR(km(x,0)) = R(x(x,0)) a.e. (and hence also in measure) by [7, Lemma 2.9],
because each a*/) (x) is Riemann-integrable.

We conclude that {1 (A;)}, ~1 R(x(x, 0)) by Theorem 3.2. |

5 Concluding Remarks

In this paper we have developed the theory of block LT sequences, which, as
the reader may have noted, is conceptually very similar to the theory of LT
sequences [7, Chapter 7]. The similarity can be inferred not only from the numerous
citations to [7] disseminated in the paper but also from the analogies between the
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proofs presented herein and the proofs of analogous results presented in [7] (e.g.,
Proposition 2.3 vs. [7, Proposition 5.4], Theorems 3.1 and 3.2 vs. [7, Corollaries 5.1
and 5.2], Theorems 4.3, 4.4, 4.5 vs. [7, Theorems 7.3, 7.4, 7.5]). It is clear,
however, that the block case has involved several technicalities that are not present
in the scalar case (e.g., Lemma 2.3 vs. [7, Lemma 2.5], Proposition 4.1 vs. [7,
Eq. (7.13)]). Nevertheless, technicalities were not the main difficulty. The main
difficulty was to understand the ‘right’ generalization to the block case of the
definitions of LT operator and LT sequences. In particular, the necessity of replacing
the classical product a(x) f(6) with the Hadamard product a(x) o f(6) became
clear only after considering specific application examples (see Remark 4.2 and
Sect. 1). Once the right generalization was found, aside from technicalities, the
theory of block LT sequences has been worked out (almost) painlessly by adapting
the results/arguments already known within the framework of the theory of LT
sequences.

We conclude by recommending that the reader go through the complementary
paper [12] so as to gain a complete picture of the theory of block GLT sequences.
The related applications can be found in [11].
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Abstract The theory of generalized locally Toeplitz (GLT) sequences is a powerful
apparatus for computing the asymptotic singular value and eigenvalue distribution
of matrices A, arising from virtually any kind of numerical discretization of
differential equations (DEs). Indeed, when the discretization parameter n tends to
infinity, these matrices A, give rise to a sequence {A,},, which often turns out to be
a GLT sequence or one of its ‘relatives’,i.e., a block GLT sequence or a reduced GLT
sequence. In particular, block GLT sequences are encountered in the discretization
of systems of DEs as well as in the higher-order finite element or discontinuous
Galerkin approximation of scalar DEs. Despite the applicative interest, a solid
theory of block GLT sequences is still missing. The purpose of the present paper
is to develop this theory in a systematic way.
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1 Introduction

The theory of generalized locally Toeplitz (GLT) sequences stems from Tilli’s work
on locally Toeplitz (LT) sequences [42] and from the spectral theory of Toeplitz
matrices [2, 10-13, 32, 33, 41, 43, 44, 46]. It was then carried forward by the first
two authors in [24, 25, 39, 40], and it has been recently extended by Barbarino in [3].
This theory is a powerful apparatus for computing/analyzing the asymptotic spectral
distribution of matrices arising from the numerical discretization of continuous
problems, such as integral equations (IEs) and, especially, differential equations
(DEs). The experience reveals that essentially any kind of numerical methods for the
discretization of DEs gives rise to structured matrices A, whose asymptotic spectral
distribution, as the fineness parameter n goes to infinity, can be computed/analyzed
through the theory of GLT sequences. We refer the reader to [24, Section 10.5],
[25, Section 7.3], and [14, 39, 40] for applications of the theory of GLT sequences
in the context of finite difference discretizations of DEs; to [24, Section 10.6], [25,
Section 7.4], and [4, 14, 40] for the finite element case; to [6] for the finite volume
case; to [24, Section 10.7], [25, Sections 7.5-7.7], and [17, 23, 27, 28, 35] for the
case of isogeometric analysis discretizations, both in the collocation and Galerkin
frameworks; and to [19] for a further recent application to fractional differential
equations. We also refer the reader to [24, Section 10.4] and [1, 37] for a look at the
GLT approach to deal with sequences of matrices coming from IE discretizations.

We have to say, however, that, despite the aforementioned progresses, the theory
of GLT sequences is still incomplete. In particular, the so-called ‘block’ GLT
sequences have only been introduced in [40, Section 3.3], without any claim to
completeness or correctness. Papers pointing toward or referring to block GLT
sequences are many (see, e.g., [5, 16, 18, 20, 22]), but none of them enters into
the details of the theory. Yet, the topic is worthy of high consideration. Indeed,
matrices with a block Toeplitz structure naturally arise in many areas of science
such as Markov chains [8], subdivision algorithms [34], Riccati equations [9], in
the study of the zeros of orthogonal polynomials with periodic coefficients [45],
in the reconstruction of signals with missing data [15], and, above all, in the
discretization of systems of constant-coefficient DEs [40, Section 3.3]. Recently,
it has been discovered that matrices of this kind also arise in the discretization
of scalar constant-coefficient DEs by higher-order finite element methods [26]
or discontinuous Galerkin methods [5, 21]. More generally, they are encountered
whenever we are in the presence of a finite element discretization in which the
Galerkin approximation space consists of piecewise polynomial functions of degree
p and smoothness C* with p—k > 1;see [31]. In the case of nonconstant-coefficient
DEs, block Toeplitz structures leave the place to locally block Toeplitz structures,
that is, the progenitors of block GLT sequences. It is then clear that the computation
of the asymptotic spectral distribution of DE discretization matrices with a block
structure requires a solid theory of block GLT sequences, which is currently not
available.
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In this paper, based on the results about block LT sequences obtained in [30],
we develop a systematic theory of block GLT sequences, in line with the theory
of (scalar) GLT sequences already formalized in [24, 25]. A forthcoming paper [29]
will take care of illustrating several applications of the theory developed herein. The
paper is organized as follows. In Sect.2 we collect all the necessary preliminaries.
Section 3 focuses on the fundamental notion of approximating classes of sequences.
In Sect.4 we summarize the theory of block LT sequences developed in [30], and
in Sect.5 we address the theory of block GLT sequences. In Sect.6 we provide a
summary of the theory. Section 7 is devoted to final remarks about future lines of
research and the connections between the theory of GLT sequences [24, Chapter 8]
and the theory of block GLT sequences.

2 Mathematical Background

2.1 Notation and Terminology

* Oy, and I, denote, respectively, the m x m zero matrix and the m x m identity
matrix.

e 1,, denotes the m x m matrix whose entries are all equal to 1.

 The eigenvalues and the singular values of X € C"*" are denoted by A ;(X), j =
I,...,m,and 0;(X), j = 1, ..., m, respectively. The maximum and minimum
singular values of X are also denoted by omax (X) and omin(X), respectively.

+ If X € C"™*", we denote by X' the Moore—Penrose pseudoinverse of X.

* Given X € C" and 1 < p < o0, || X||, denotes the Schatten p-norm of X,
which is defined as the p-norm of the vector (o1(X), ..., 0,,(X)); see [7]. The
Schatten 1-norm is also called the trace-norm. The Schatten co-norm || X||oc =
omax (X) 1is the classical 2-norm (or spectral norm) and will also be denoted by
X1

e N(X) is the real part of the (square) matrix X, i.e., R(X) = X'EX* , where X* is
the conjugate transpose of X.

« If X, Y e C"*¢, the Hadamard (or entrywise) product of X and Y is the m x £
matrix defined by (X o Y);; = x;jy;jfori =1,...,mand j =1,..., ¢

e C/(C) (resp., C.(R)) is the space of complex-valued continuous functions
defined on C (resp., R) and with bounded support.

e xE is the characteristic (indicator) function of the set E.

* ux denotes the Lebesgue measure in R, Throughout this paper, unless otherwise
stated, all the terminology from measure theory (such as ‘measurable set’,
‘measurable function’, ‘a.e.’, etc.) is always referred to the Lebesgue measure.

e Let D CRF letr > 1land1 < p < oo. A matrix-valued function f : D —
C"*" is said to be measurable (resp., continuous, bounded, in L” (D), in C*°(D),
etc.) if its components fog : D — C, @, 8 = 1, ..., r, are measurable (resp.,
continuous, bounded, in L”(D), in C*°(D), etc.). The space of functions f :
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D — C"*" belonging to L? (D) will be denoted by L” (D, r) in order to stress
the dependence on r.

o Let f, f : D € RF — C"*" be measurable. We say that f,, converges to f
in measure (resp., a.e., in L”(D), etc.) if (fin)ap converges to fug in measure
(resp., a.e.,in L (D), etc.) foralle, 8 =1,...,r.

e A functiona : [0, 1] — C"* is said to be Riemann-integrable if its components
agp 1 10,11 - C, a, 8 = 1,..., r, are Riemann-integrable. We point out that
a complex-valued function g is Riemann-integrable when its real and imaginary
parts 9i(g) and J(g) are Riemann-integrable in the classical sense. We also recall
that any Riemann-integrable function is bounded by definition.

* We use a notation borrowed from probability theory to indicate sets. For example,
if fig: D S RE — C, then {omax(f) > 0} = {x € D : omax(f (X)) > 0},
willlf — gll = €} is the measure of the set {x € D : || f(X) — g(X)|| > €}, etc.

e A matrix-sequence is any sequence of the form {A,},, where A,, € C*"*5" and
s is a fixed positive integer. The role of s will become clear later on. A matrix-
sequence {A,}, is said to be Hermitian if each A, is Hermitian.

2.2 Preliminaries on Measure and Integration Theory
2.2.1 Measurability

The following lemma can be derived from the results in [7, Section VI.1]. It will be
used essentially everywhere in this paper, either explicitly or implicitly.

Lemma2.l Let f : D € R — C"™" be measurable and let g : C' —
C be continuous and symmetric in its r arguments, i.e., gAi,..., ) =
g1y, - -s Apy) for all permutations p of {1,...,r}. Then, the function
X > g (f(X),..., A (f(X)) is well-defined (independently of the labeling
of the eigenvalues of f (X)) and measurable. As a consequence:

e the function X — g(o1(f (X)), ..., 0, (f(X))) is measurable;

e the functions x +— Y :_| F(Li(f(x)) and x — > i F(o;(f(x))) are
measurable for all continuous F : C — C;

* the function X — || f(X)||p is measurable for all p € [1, oo].

2.2.2 Convergence in Measure

In this section we collect some key properties of the convergence in measure, which
plays a central role in the theory of block GLT sequences. We first recall that the
convergence in measure is induced by a pseudometric. More precisely, let r > 1

and D C R¥ with 0 < (D) < 00, and set

IMM(D,r) ={k: D — C™ : kis measurable}.
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Then, there exists a pseudometric dpyeasure 0N M(D, r) such that k,, — « in measure
if and only if dmeasure (km, k) — 0 as m — oo. For example, we can take

d lkeij (x) — & (%)]
measure (K, = dx, s s F);
Ameasre €. £) ,.,]ZZI/D L+l ) — g,00) 05 €O

see, e.g., [36, p. 102]. Further properties of the convergence in measure that we shall
need later on are collected in the next lemmas [30, Lemmas 2.2 and 2.3].

Lemma 2.2 Let f,, gm, -2 : D C Rk — C"" pe measurable functions.

e If fu — f inmeasure and g,, — g in measure, then afy, + Bgn — af + pg in
measure for all «, B € C.

e If fm — f in measure, g, — g in measure, and (D) < oo, then fy o gm —
f o g in measure and fi,gm — fg in measure.

Lemma 2.3 Let g, g : D — C"™" be measurable functions defined on a set
D C R¥ with 0 < ux(D) < oo. If g — g in measure, then Z;:l F(Lj(gm(x))
converges to Z;:l F(hj(g(x))) in LI(D) forall F € C.(C).

2.2.3 Technical Lemma

We conclude this section on measure and integration theory by stating and proving
a technical lemma that we shall need in Sect. 5.

Lemma 2.4 Let f : D — C"*" be a measurable function defined on a set D C R¥
with 0 < g (D) < 00, and assume that
1 o Floj(f(x)))
f 2= Flojlf dx = F(0), YF € C.(R).
pi(D) Jp

r

Then f = O, a.e.

Proof Suppose by contradiction that pui{f # O} = pk{0max(f) > 0} > 0. Then,
there exists € > 0 such that ui{omax(f) > €} > 0. Take a real function F € C.(R)
such that F(0) = 1 = maxy,cg F(y) and F(y) = 0 for |y| > €. Then,

1 /Z§=1F(o,~(f(x)))
dx
ui(D) Jp

r

r

F(oj(f(x))dx + /{ Z F(oj(f(x)))dx
1 Om

o]
k(D) | i (f)<e § w(Hze) 12
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1
=< |:/ rdx —i—/ (r — l)dxi|
er(D) {omax (f) <€} {omax (f)>€}

_ rig{omax(f) < €} + (r — Du{omax (f) > €} <1=F()
r k(D) ’

which is a contradiction to the assumption. O

2.3 Singular Value and Eigenvalue Distribution of a
Matrix-Sequence

We introduce in this section the fundamental definitions of singular value and
spectral distribution for a given matrix-sequence. Recall from Sect. 2.1 that a matrix-
sequence is a sequence of the form {A,},, where A, € C*"*" and s is a fixed
positive integer.

Definition 2.1 (Singular Value and Eigenvalue Distribution of a Matrix-
Sequence) Let {A,}, be a matrix-sequence and let f : D C R — C"™*" be
a measurable matrix-valued function defined on a set D with 0 < ux(D) < oo.

e We say that {A,}, has a (asymptotic) singular value distribution described by f,
and we write {A,}, ~5 f,if

1

im S R = /D Xl Pt
j=1

, VFeC.(R).
(D) ¥ € C(®

n—-o0o Snu
(1)

* We say that {A,}, has a (asymptotic) eigenvalue (or spectral) distribution
described by f, and we write {A,}, ~» f,if

n— 00 r

. 1 sn ] _ 1 Z;:l F()w(f(x)))
lim sn jzz:lF()\-](An)) - /,Lk(D) L dX, VF e C(((C)

@

Note that Definition 2.1 is well-posed by Lemma 2.1, which ensures that the
functions x > Y i_; F(0;(f(x))) and x — > ;_; F(%;(f(x))) are measurable.
Whenever we write a relation such as {A,}, ~¢ f or {A,}, ~ f, it is understood
that f is as in Definition 2.1; that is, f is a measurable function taking values in
C"*" for some r > 1 and defined on a subset D of some R¥ with 0 < ux (D) < oo.
We refer the reader to [26, Remark 1] or to the appendix of [31] for the informal
meaning behind the spectral distribution (2); a completely analogous meaning can
be given also for the singular value distribution (1).
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2.4 Zero-Distributed Sequences

A matrix-sequence {Z,}, is said to be zero-distributed if {Z,,},, ~4 0. Itis clear that,
forany r > 1, {Z,}, ~¢ Ois equivalent to {Z,}, ~ O,. Theorem 2.1 provides a
characterization of zero-distributed sequences [24, Theorem 3.2].

Theorem 2.1 Let {Z,}, be a matrix-sequence. The following are equivalent.

1. {Zu}n ~5 0.
2. Foralln we have Z, = R,, + N,, where lim (rank(R,)/n) = lim ||N,| = 0.
n—00 n—oo

2.5 Sparsely Unbounded and Sparsely Vanishing
Matrix-Sequences

The notions of sparsely unbounded and sparsely vanishing matrix-sequences play
an important role within the framework of the theory of block GLT sequences.

Definition 2.2 (Sparsely Unbounded Matrix-Sequence) A matrix-sequence
{An}, is said to be sparsely unbounded (s.u.) if for every M > O there exists ny,
such that, forn > nyy,

#{ie{l,...,sn}: 0i(A,) > M} <

n

(M),

where limp;—, 0o r(M) = 0.

As highlighted in the next propositions, the product of two s.u. matrix-sequences
is s.u. and any matrix-sequence enjoying an asymptotic singular value distribution
is s.u. For the related proofs, see [30, Propositions 2.2 and 2.3].

Proposition 2.1 If {An},, {A)}n are s.u. then {A, A}y is s.u.
Proposition 2.2 If {A,}, ~s f then {A,}, is s.u.

Strictly related to the notion of sparsely unbounded matrix-sequences is the
notion of sparsely vanishing matrix-sequences.

Definition 2.3 (Sparsely Vanishing Matrix-Sequence) A matrix-sequence {A,},
is said to be sparsely vanishing (s.v.) if for every M > 0 there exists ny such that,
forn > nyy,

#{ie{l,...,sn}: 0i(Ay) < 1/ M} <

n

(M),

where limp;—, 0o r(M) = 0.
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Remark 2.1 1f {A,}, is s.v. then {AZ}n is s.u. This follows from the fact that the
singular values of AT are 1/01(A), ..., 1/0-(A),0,...,0, where o1(A), ..., or(A)
are the nonzero singular values of A (r = rank(A)).

Remark 2.2 'We know from [24, Remark 8.6] that {A,}, is s.v. if and only if

Jim Timsup #i e (1. s oi(An) < 1/M) _ 3

M—00 p—soo n

Proposition 2.3 is the analog of Proposition 2.2 for s.v. matrix-sequences.
Proposition 2.3 If{A,}, ~o f then {A,}, is s.v. if and only if f is invertible a.e.

Proof Let D C R¥ be the domain of the matrix-valued function f : D — C'™*".
Fix M > 0 and take Fys, Gy € C.(R) such that

Fy = 1over [0,1/2M)], Gy = lover [0, 1/M],
Fy =0over [1/M, 00), Gy =0over [2/M, 00),
0< Fy <1loverR, 0< Gy <1loverR.
Note that, once we have defined Fy;, we may simply take Gy = Fuyy2. By

construction we have Fyy < x10,1/m) < G over [0, 00), hence

1 sn 1 sn
i 21: Fp(oi(Ay)) < o ZI: x10,1/m) (07 (Ay))
= =

_HMie () oA < UMY _
- sn

Z Gu(0i(An))

Passing to the limit as n — 0o, we obtain

1 / Yo FM(cr,-(f(X)))dX < lim sup #liefl,...,sn}: 0;(A,) < 1/M}
i (D) -

r n—00 sn

Z, 1 Gu(o; (f(X)))
Mk(D) r

Since both Y7 1FM(a,(f(x))) and 'y 1GM(a,(f(x))) converge to

» i1 X (H=0X) ae. and |37 Fa (o i—1Gu (o (f)] <1,
by the dominated convergence theorem we get

lim
M—o0 Jp

/ it Fu(oi(f ) o _ 4 >ie 1Gu(oi(fX))
r

M%oo r

_ / Zi:l Xioi(H=01(®) |
D r
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Thus,

lim limsup

M—00 n—oo sn r

#i (L. oo} oi(An) < 1/M) _ 1 / Yie Xioi(H=0/®) |
k(D) Jp ’

which is equal to O if and only if f is invertible a.e. By Remark 2.2, this means that
{An}, is s.v. if and only if f is invertible a.e. |

2.6 Block Toeplitz Matrices

A matrix of the form

Ao A_q-we- A (1
A :
[Ai o= ¢ e cmen, )
AL
_An—l ...... Al AO i

with blocks Ay € C** fork = —(n — 1),...,n — 1, is called a block Toeplitz
matrix. If s = 1, it is simply referred to as a Toeplitz matrix. Given a function f :
[, 7] — C*** belonging to Ll([—n, 1], s), its Fourier coefficients are denoted
by

1 T

fi = o f@)e *dp e C*, ke, (5)

where the integrals are computed componentwise. The nth block Toeplitz matrix
associated with f is defined as

Tu(f) = Lfimjlf € TP,

We call {T,,(f)}, the block Toeplitz sequence associated with f, which in turn is
called the generating function of {7,,(f)},. Note that T,,(I;) = Isp.

3 Approximating Classes of Sequences

The notion of approximating classes of sequences (a.c.s.), which is fundamental to
the theory of block GLT sequences, is attributed to the second author [38], though
the underlying idea was already present in the pioneering papers by Tilli [42] and
Tyrtyshnikov [43]. Here is the formal definition.
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Definition 3.1 (Approximating Class of Sequences) Let {A,}, a matrix-
sequence. An approximating class of sequences (a.c.s.) for {A,}, is a sequence
of matrix-sequences {{By m}n}m With the following property: for every m there
exists n,, such that, forn > n,,,

A, = Bn,m + Rn,m + Nn,ms rank(Rn,m) < c(m)n, ”Nn,m” < w(m), (6)

where n,,, c(m), w(m) depend only on m and lim c(m) = lim w(m) =0.

m—oQ0 m— 00

As explained in [30, Section 3.1], there exists a complete pseudometric d, ¢ 5. in
the space of matrix-sequences

& = {{An}n : {An}n is a matrix-sequence}
such that
dacs.({Antn, {Bnln) =0 < {Ay—Bu}n ~6 0 )

and {{B,m}n}m 18 an a.c.s. for {A,}, if and only if dacs. ({Bu.m}n, {An}n) — O as

m — oo. We will therefore use the convergence notation {By , }» 2es {A,}n to

indicate that {{ B, yu}n}m is an a.c.s. for {A,},.

In the remainder of this section we summarize the properties of a.c.s. that we
shall need later on. Properties ACS 1— ACS 3 are Theorems 3.1-3.3 from [30]. The
only property which has not been proved in previous works is ACS 4, which will be
proved below.

ACS 1. If there exist matrix-sequences {B, m}n ~o fm such that {B, ,}x e

{An}, and f;, — f in measure, then {A,}, ~o f.

ACS 2. Suppose each A, is Hermitian. If there exist Hermitian matrix-sequences
{Bn.m}n ~xr fm such that {By }n el {A,}n and f,, — f in measure,

then {An}n ~a f.
a.c.s.

ACS3. If (Bymln —3 {An)n and {B], , }n = (A}, then

© {Bfln =3 {Afhn,

* {aBum + BB} 0 =3 @Ay + BAL), forall e, § € C,

© (BB utn =3 {An A}, provided that {A,},, {A]}, are s.u.,
a.c.s.

* {BymCn}n — {A,Cy}, provided that {C,}, is s.u.
ACS4. Suppose {A;, — Bum}n ~o gm forsome g, : D — C™*" . If g, — O, in

measure then {Bym}n —> {Anln.

Proof of the last property Let Cpy = A, — By . For any £ € N, choose Fy €
C.(R) such that Fy = 1 over [0, 1/(2¢)], F¢ = O over [1/£,00),and 0 < Fy < 1
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over R. Note that Fy < x[0,1/¢) over [0, c0). For every m, £, we have

#lie(l....sn): 0i(Com) > 1/€) _ | #li € (l.....sn) 1 6i(Cm) < 1/0)
sSn - sSn

sn

1 1 sn
=1- sn ;X[O,l/é](ai (Cum)) <1— o ;Fg(m(cﬂ,m)) "2 c(m, 0),

®)

where

" Fu(oi(gm
om0y =1— | / et Fe0j(gn®))

For every fixed £ we have c(m,f) — 0 as m — oo, by Lemmas 2.2 and 2.3
(take into account that Z;‘=1 Fi(oj(gm(x)) = Z;‘=1 Ge(hj(gm(x)gm(x)*)) where
Ge(z) = F¢(y/)z]) belongs to C.(C)). Hence, there exists a sequence {£,,}, of
natural numbers such that £, — oo and c(m, £,,) — 0. By (8), for each m we have

. #ie{l,...,sn}: 0;(Cum) > 1/n}
lim sup =<

n—o00 sn

c(m, £y). ©)]

Let Choom = UpmEn.m V,;'"m be a singular value decomposition of C, ,,. Let ZA‘,,,m
be the matrix obtained from X, ,, by setting to 0 all the singular values that are less
than or equal to 1/¢,,, and let i‘n,m =Yum— f)nm be the matrix obtained from
X,.m by setting to 0 all the singular values that exceed 1/¢,,. Then we can write
Cun = Rum + Num, where Rym = Unm Znn Vi and Num = Unom Znn Vi -
By definition, || Ny || < 1/£,,. Moreover, (9) yields lim sup,,_, . (rank(R;, ) /n) <
c(m, £), implying the existence of a n, such that, for n > n,,, rank(R, ) <

(c(m, £y) + 1/m)n. This shows that {Cpm}n —5 {Ogsnlns i€ (Bumln —>
{Antn. O

4 Block Locally Toeplitz Sequences

In this section we summarize the theory of block LT sequences, which has been
developed in [30]. Needless to say, this theory is the basis of the theory of block
GLT sequences. A block LT sequence {A,}, is a special matrix-sequence equipped
with a function of the form a(x) o f(0), where a : [0,1] — C*** is Riemann-
integrable and f € LY([—m, 7], 5). The function a(x) o f(0) is referred to as the
symbol of {A,},. In what follows, we write {A,}, ~rLT a(x) o f(6) to indicate
that {A,}, is a block LT sequence with symbol a(x) o f(6); it is understood that
a : [0,1] — C*** is Riemann-integrable and f € L'([—n, 7], s). Forn € N and
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a : [0,1] — C***, we define the block diagonal sampling matrix D, (a) as the
following block diagonal matrix of size sn x sn:

Dy(a) = diag a <l)
i— n

i=1,...,n

LT 1. If (A", ~ir @D () o fED@) fori = 1,...,pand j = 1,...,q
then:
« (XTI AN ~o S0 T a9 ) 0 £00 (0);
o« O T, AN~ TP T @ (x) o 69 (6)).

LT 2. We have:

* ATu()}n ~1r Is0 f(O)if f € LY ([—7, 7], 5);
* {Dp(a)}y ~LT a(x) o 15 ifa: [0, 1] — C*** is Riemann-integrable;
* {Zy}n ~rr Oy ifand only if {Z,},, ~5 O.

LT 3. If {Ay}n ~1T a(x) o f(6) then:

o {An}n ~Lra(x)* o f(0)* = (a(x) o f(0))%;
o {xA,}y ~rraa(x)o f(0) =a(x)oaf(0) foralla € C.

5 Block Generalized Locally Toeplitz Sequences

In this section we develop the theory of block GLT sequences, by correcting and
extending the results in [40, Section 3.3].

5.1 Equivalent Definitions of Block GLT Sequences

Block GLT sequences can be defined in several different ways. We begin with what
we may call the ‘classical definition’ (though, actually, a definition of this kind has
never been formulated before).

Definition 5.1 (Block Generalized Locally Toeplitz Sequence) Let {A,}, be a
matrix-sequence and let « : [0, 1] x [—m, ] — C**¢ be measurable. We say that
{A,}, is a block generalized locally Toeplitz (GLT) sequence with symbol «, and
we write {A,}, ~GLT X, if the following condition is met.
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For every m € N there exists a finite number of block LT sequences
(At~ ap @) o fu©0), i = 1o Nowy =1, Mo,
such that:

. vaz'”l ]_[ﬁllz'”l’i @5 (x)y o £89(0)) = K (x, H) in measure;
My, i,Jj .C.S.
¢ { Zlszl Hj:l AI(’ll,I{B }n g {An}n
In the case s = 1, it can be shown that Definition 5.1 is equivalent to the definition
of (scalar) GLT sequences given in [24, Chapter 8]. Whenever we write a relation

such as {A,}, ~qgLT K, it is understood that x : [0, 1] x [—m, 7] — C*F is
measurable, as in Definition 5.1.

Remark 5.1 1t is clear that any sum of products of block LT sequences is a block
GLT sequence. More precisely, if{A,(,l’])},, ~LT a(i*j)(x)of(i’/)(é) fori=1,...,p
and j =1,...,q; then

P g o P g o o
{Z I1 A;"”} ~cr Y [ J@®Px) 0 f496)).

i=1 j=1 i=1 j=1

Remark 5.2 Let {A,}, ~crr k and {B,}, ~crr &. Then, {A}}, ~cLr «* and
{a A, + BBn}n ~cLr ak + BE for all o, B € C. This follows immediately from
Definition 5.1, LT 3 and ACS 3.

In the remainder of this section, we present an alternative definition of block GLT
sequences, which is illuminating for many purposes. Let

& = {{An}n : {An}n is a matrix-sequence},
M= {«:[0,1] x [-7, 7] = C*** : Kk is measurable},

EXxM={({Anln, k) {An}n € &, k € M}.

We make the following observations.

e & is a *-algebra with respect to the natural pointwise operations (namely,
{An)y = (A3 e, a{An)n + B{Butn = {0 An + BBuln, {Antn{Bnln = {AuBuln),
and it is also a pseudometric space with respect to the pseudometric dycs.
inducing the a.c.s. convergence.

* 9 is a *-algebra with respect to the natural pointwise operations, and it is also
a pseudometric space with respect one of the equivalent pseudometrics dmeasure
inducing the convergence in measure.

& x M is a *-algebra with respect to the natural pointwise operations (namely,
{Aptn, 0)* = ({A:}ns k*), a({Aptn, k) + BUBuYn, &) = ({aAy + BBuln, ok +
BE), {Antn, K){Buln, &) = ({AnBu}n, k€)), and it is also a pseudometric space
with respect to the product pseudometric

(da.c.s.Xdmeasure) ({An}n, ), {Bn}n, &) = dacs. {Antn, {Butn) +dmeasure (&, §).
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Let A be the *-subalgebra of & x 9t generated by the ‘block LT pairs’
L={({An}n,a(x)o f(0)) € & x M : {Ap}n ~r1 a(x) o f(6)}.

Using LT 3, it is not difficult to see that

p

P dgi 9qi
A= { (Z [T477 > Tl@™ w0 f“*f)(e))) :

i=1 j=1 i=1 j=1
Poqls gy €N, {AY), ~ra® D (x) 0 O (0) forall i, j}.

We can now reformulate Definition 5.1 as follows.

Definition 5.2 (Block Generalized Locally Toeplitz Sequence) Let {A,}, be a
matrix-sequence and let « : [0, 1] x [—m, ] — C**¢ be measurable. We say that
{A,}, is a block generalized locally Toeplitz (GLT) sequence with symbol «, and
we write {A,}n ~GLr K, if the pair ({A,}, k) belongs to the topological closure of
Ain (& X M, dycs. X dmeasure)- In other words, the set of ‘block GLT pairs’

G ={({An}n, k) € & x M: {An}n ~arr K}

is defined as the topological closure of A in (& x M, dacs. X dmeasure)-

In the light of this algebraic-topological definition of block GLT sequences, the
following theorem is obvious.

Theorem 5.1 Let {A,}, be a matrix-sequence and let k : [0, 1] X [—m, m] — C*¢
be a measurable matrix-valued function. Suppose that:

1. {Bn,m}n ~GLT KmeV every m;
a.c.s.

2. {Bnm}n — {Ap}n;
3. km — K in measure.

Then {Au}n ~aLr .

5.2 Singular Value and Spectral Distribution of Block GLT
Sequences

In this section we prove the main singular value and eigenvalue distribution results
for block GLT sequences.

Theorem 5.2 If {A,}, ~cLr Kk then {Ay}n ~6 k.
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Proof By definition, for every m € N there exist block LT sequences {A,(f,’,{;)},, ~LT
al ey o £ /)(9),1': 1,....Nm, j=1,..., My, such that:
Zl 2 ]_[ m (l ])(x) f(l ])(9)) — k(x, 6) in measure;
D SN b it A“”} 22 (Ankn-
Moreover, by LT 1,
o XM T AR, ~o X T @ () o £ 0)).
We conclude that {A,}, ~+ k by ACS 1. O

Remark 5.3 Any block GLT sequence {A}, is s.u. This follows from Theorem 5.2
and Proposition 2.2.

Using Theorem 5.2 we now show that the symbol of a block GLT sequence
is essentially unique and that the symbol of a block GLT sequence formed by
Hermitian matrices is Hermitian a.e.

Proposition 5.1 If {A,}, ~cLr k and {A,}, ~cLT & thenk =& a.e.

Proof By Remark 5.2 we have {Os,}, = {An — An}ln ~crT & — &. Hence, by
Theorem 5.2, we also have {Os,}, ~» k — &, i€,

Ty Floj(k(x,0) —&(x, 0
F(0)=2;f fo 2jer FO 600 =50 | VF e C.(R).

N

We conclude that k — & = Oy a.e. by Lemma 2.4. O

Proposition 5.2 If {A,}, ~cLT k and the A, are Hermitian then k is Hermitian
a.e.

Proof Since the matrices A, are Hermitian, by Remark 5.2 we have {A,}, ~cLr ¥
and {A,}, ~cLr *. Thus, by Proposition 5.1, k = «* a.e. O

Theorem 5.3 If{A,}, ~cLT k and the A, are Hermitian then {A,}, ~ k.

P ”OOf By definition, for every m € N there exist block LT sequences {A,(f”,{;)},, ~LT
j)(x) f(l /)(9), i=1,...,Nn,j=1,..., My, such that:
Zz 1 1_[/ 1 "(am o J) f(l /)(9)) — Kk (x, 0) in measure;
X "“A“”}nacs (Aubn.

Thus:

R T AlLDY, 53 (1A} by ACS 3;

o (RN T A, ~2 RSN T @ @) o £/ (0))) by LT 1

* ER(Z 1_[] 1 ( w0 o fn(zi’j)(Q))) — NR(k(x,H)) in measure.
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We conclude that {N(A,)}, ~» N(k) by ACS2. Since the matrices A, are
Hermitian, we have (A,) = A, and (k) = « a.e. by Proposition 5.2. Hence,
the spectral distribution {R(A,)}, ~1 N(k) yields {A,}, ~a k. |

5.3 The GLT Algebra

The next theorems are of fundamental importance. In particular, the first one shows
that the set of block GLT pairs G is a *-subalgebra of & x 91.

Theorem 5.4 Let {A,}, ~gLT k¥ and {By,}, ~qgLt1 &. Then:

1. {A}}n ~GLr k%5

2. {aA, + BB}y ~cLr ak + BE forall o, B € C;

3. {AyBu}n ~crr K&

Proof The first two statements have already been settled before (see Remark 5.2).
We prove the third one. By definition, there exist ({An.m}n, km)> {Bnm}n, Em) € A

such that ({An,m}ns km) — ({An}n, k) and ({Bn,m}nv &n) = ({Buln, &) inthe space
(& x M, dacs. X dmeasure), 1.€.:

a.c.s. a.c.s.
* {Anmln — {Antn and {By m}n —> {Bnln;
* Kk, — k in measure and &, — & in measure.

Considering that every block GLT sequence is s.u. (see Remark 5.3), from ACS 3
and Lemma 2.2 we obtain:

a.c.s.

° {An,mBn,m}n — {Aan}n’
* km&n — k& in measure.

Since {An.mBn.m}n, km&m) € A, by definition we have {A, B}, ~cGLT K&. O

Lemma 5.1 Ler« : [0, 1] x [—m, 7] — C*** be any measurable function. Then,
there exists a sequence of block GLT pairs ({An,m}m, km) such that K, — K« in
measure.

Proof By [24, Lemma 2.8], there exists a sequence of measurable functions «, :
[0, 1] x [—m, w] — C5*S such that «,, is of the form

Ny
K (X, 0) = Z ajm)e’,  aj, e C®(0,1]), Ny €N,
j=7Nm

and k,, — « a.e. (and hence also in measure). Take

N

Apm = Z Dn(aj,m)Tn(Iseije)
Jj=—Nm

and note that {A, u}n ~GLT km by LT 2 and Remark 5.1. a
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Theorem 5.5 If {A,}, ~cLT k and k is invertible a.e. then {AZ}n ~art kL

1

Proof Take any sequence of block GLT pairs ({ By m}n, &) such that &, — k" in
measure. Note that such a sequence exists by Lemma 5.1. We show that
(Bumln = {Af}. (10)

Once this is done, the thesis follows from Theorem 5.1. By Theorem 5.4 we have
{Bn,m Ap — Iptn ~GLr Emk — I, which implieS that {Bn,m Ap — Lty ~o Emk — I
by Theorem 5.2. Moreover, &,k — Iy — O in measure by Lemma 2.2 and so, by
ACS 4,

a.c.s.

{Bn,mAn}n —> {Luln.

Since « is invertible a.e. by hypothesis, {A,}, is s.v. by Theorem 5.2 and Proposi-
tion 2.3. It follows that AZ is s.u. (see Remark 2.1) and hence, by ACS 3,

{BumAnAl}n 253 {Al},. (11)
Now we observe that, by definition of AZ,
ApAl = Iy + Sy, rank(S,) =#{i € {1,...,sn} : 0;(A,) = 0}.

Considering that {A,}, is s.v., we have

k(S
m ran(n)=0

n—00 n
Thus, from (11) we obtain
{Bum + Znmdn == (A}, (12)
where Z, , = By Sy 18 such that, for every m, lim,_, o (rank(Z, ,,)/n) = 0. It
follows that {Z, ,}, is zero-distributed for every m by Theorem 2.1, and so (12)
and (7) immediately imply (10). |

6 Summary of the Theory

A block GLT sequence is a special matrix-sequence {A,}, equipped with a
measurable function « : [0, 1] x [—mw, 7] — C***, the so-called symbol. The
notation {A,}, ~cgLr K is used to indicate that {A,}, is a block GLT sequence
with symbol «. The symbol of a block GLT sequence is unique in the sense that
if {A,}, ~crr « and {A,}, ~gLr & then x = & a.e. in [0, 1] x [—m, «r]. The
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main properties of block GLT sequences proved in this paper are summarized in the
following list.

GLT 1. If {A,}, ~cLT K then {A,}, ~s k. If moreover the matrices A, are
Hermitian then {A,}, ~ k.
GLT 2. We have:

* ATW(N)In ~arr k(x,0) = f(0) if f € L' ([—7, 7], 9);

e {Dy(@)}, ~cLr kK(x,0) = a(x) ifa : [0,1] — C*** is Riemann-
integrable;

* {Zy}n ~crr k(x,0) = Oy ifand only if {Z,,}, ~ O.

GLT3. If {A,}, ~cLT ¥ and {B,},, ~qLr & then:

* {A}y ~cLr &7

* {a¢Ay + BBnln ~crr ak + € foralla, B € C;
* {AyBupln ~orr k§;

» {A}}n ~cLr k! provided that « is invertible a.e.

GLT4. We have {A,}, ~crLT « if and only if there exist block GLT sequences
{Bn.m}n ~GLT km such that {B, ,}n s {A,}n and k,;, — « in measure.

7 Final Remarks

By comparing the way in which the theory of block GLT sequences has been
developed in this paper with the way in which the theory of GLT sequences has
been developed in [24, Chapter 8], one immediately realizes that the two ways are
different (though, of course, the set of block GLT sequences defined herein coincides
in the scalar case s = 1 with the set of GLT sequences defined in [24]). The
reason of this difference resides in the fact that we here adopted a more appropriate
definition than [24, Definition 8.1]. Even though the two definitions turn out to be
equivalent in the scalar case s = 1, the one employed herein should be considered
as the ‘right’ definition; in particular, it allows us to simplify the proofs of several
important theorems (compare, e.g., Theorems 5.1 and 5.4 with [24, Theorems 8.4
and 8.8]). A future edition of [24] should take into account this issue by correcting
the definition of GLT sequences; once this is done, any formal difference between
the theories of GLT and block GLT sequences will be removed and the latter will
be obtained from the former through a straightforward adaptation process, with the
only difference that the latter will involve more technicalities (just as the theory of
block LT sequences involves more technicalities than the theory of LT sequences;
see the discussion in Section 5 of [30]).

We conclude this work by just mentioning some future lines of research. First
of all, as pointed out in the introduction, a forthcoming paper [29] will illustrate
several applications of the theory of block GLT sequences developed herein. After
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that paper, it will be necessary to develop the multivariate version of the theory of
block GLT sequences and also the theory of reduced GLT sequences, as explained
in [24, Chapter 11].
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On Matrix Subspaces with Trivial )
Quadratic Kernels Gt

Alexey Tretyakov, Eugene Tyrtyshnikov, and Alexey Ustimenko

Abstract Some subspaces of real matrices of the same order may contain nonsin-
gular matrices, some may not. We prove that if the maximal rank matrix in the given
subspace with trivial quadratic kernel is symmetric, then it must be nonsingular. It
immediately follows that any subspace of symmetric matrices with trivial quadratic
kernel contains a nonsingular matrix. We present some particular cases when this
holds true without the assumption about symmetry. Whether this remains valid in
the general case of real nonsymmetric matrices we still do not know.

Keywords Matrix subspaces - Quadratic kernels

1 Introduction and Preliminaries

The topic of this paper has been naturally initiated by some problems arising when
one considers a system of nonlinear equations with a singular Jacoby matrix and
tries to modify a system in order to make this matrix nonsingular and then be
able to apply the Newton method [1, 3]. In particular circumstances, the success of
this enterprise is guaranteed when a certain linear subspace of symmetric matrices
contains a nonsingular matrix [3].
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Consider an arbitrary field F and n x n matrices with the entries from F.
Quadratic kernel of a matrix A € V, = F"*" is defined as a set of all vectors
x € " with the property

x Ax =0.
We denote this set by ker? (A) and remark that
ker?(A) D ker(A).

It might happen that the kernel is trivial (i.e. consists of a single zero vector) while
the quadratic kernel is not. For instance, consider a diagonal matrix

A [1 0 } .
0-1
Now, let V be a subspace in V,,. Then its quadratic kernel ker? V is defined as
the intersection of quadratic kernels for all matrices in V. Similarly, the subspace
kernel ker V is the intersection of all the matrix kernels. We are interested to know if
a subspace contains a nonsingular matrix and to which extent this property is related

to the triviality of the quadratic kernel of this subspace. Note that the kernel triviality
kerV = 0 does not mean that V' includes a nonsingular matrix, e.g. consider )V as a

linear span of
10 01
A_|:10:| and B_[Ol:|.

However, we propose and investigate the following
Conjecture Tf ker> V = 0 then V contains a nonsingular matrix.

Let P be a nonsingular matrix of order n. Then a set
PTVP :={(PTAP : AV}

is as well a subspace that will be called a congruent (in more detail, P-congruent)
subspace to V. Now take any k from 1 to n. For a matrix A € V,,, denote by Ay €
F**k the leading submatrix located in the left upper corner of A. Denote by Vi €
Vi = F**K the collection of all leading submatrices matrices Ay for all matrices
A e V. The following are some simple but useful observations we base on in what
follows.

Statement 1 Ifker> V = 0, then ker’> PTVP = 0 for any P-congruent subspace.
Statement 2 Ifker’> V = 0, then ker> V; = 0 for any k.
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The congruence transformation allows us to simplify the structure of matrices
in a subspace, at least for some of them. Assume that A € V is singular but has a
nonsingular leading submatrix A,_1:

A= [A"Tl ”} (1)

v o

Then the last row of A is a linear combination of the first rows, and setting

I,1 O
PT=|: -1 } @)
—vlA 1
we obtain
- Ap_tu— Ay 1A v
PAP:[O 0 nl] 3)

From this equation we straightforwardly deduce the following.

Statement 3 Let matrices A and P be defined by formulas (1) and (2), and assume
that A is symmetric. Then

pTap=|4-10]
0 0

The next observation is crucial in the constructions proposed in [3].

Statement 4 Let ker’ V = 0 and k be any integer from 1 to n. Then there exists a
matrix A = [a;;] € V with the entry ag = 1.

Proof On the contrary, assume that agr = 0 for any matrix A € V. Let ¢, signify
the kth column of the identity matrix. Then

ef Aey =0

for any A € V, which contradicts the quadratic kernel triviality. O

Statement 5 Assume that a subspace V of n x n matrices has trivial quadratic
kernel and contains a singular matrix with nonsingular leading submatrix of order
n — 1. Then there is a congruent subspace that contains matrices A and B of the

following form:
Ap B g
A= , B= , 4
ool 2=[o1] @
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where
rank A >n—2. (®)]

Proof Assume that A € V is singular and its leading submatrix A, _ is nonsingular,
and, instead of V), consider a P-congruent subspace, where P is of the form (2).
Allowing for (3), among those congruent matrices one is of the form

A= [A’(l)_l gi| (note that A, = A,_1),

and, by Statement 4, there is another one, say B, of the form

B = [B”;l x]
y 1

With a nonsingular matrix

we obtain

QT3Q=[

B, —xylx—y
0 1 '

By the same congruence, A is transformed into

i (A =pyTp
cio-[;77)

Thus, the existence of two matrices with required structure is established, the
corresponding leading submatrices being

and

O

The next theorem was proposed and proved in [3]. However, we give it here a bit
different proof explicitly using all considered above preliminaries.
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Theorem 1 ([3]) If a matrix subspace has trivial quadratic kernel and consists
only of symmetric matrices, then it contains a nonsingular matrix.

Proof We prove the claim by induction in the matrix order n. The case n = 1 is
trivial. If n > 2, then, by Statement 2, the subspace of all leading submatrices of
order n — 1 has nontrivial quadratic kernel and, by the induction assumption, in
the given subspace there is a matrix with nonsingular leading submatrix of order
n — 1. If this matrix is itself nonsingular, then the claim is already proved. If not,
we construct a congruent subspace containing matrices A and B of the form (4),
according to Statement 5. Now, consider linear combinations

tA+B = [tAaLB ’prq]

By the symmetry and Statement 3, p = 0 and hence the block A is nonsingular.
Thus, a function

det(tl,_, + BA™Y)

f(1) = det(tA + B) = det(tA + B) = .
det(A)

is a polynomial of degree n and therefore for at most n values of ¢ the linear
combinations as above can be singular. O

The symmetric case is important for applications in nonlinear analysis and
optimization [1, 3].

2 Maximal Rank Consequences

Further on we assume that the field [F is infinite, although most results are valid as
well for finite but sufficiently large fields.

Consider now a subspace V C V,, that is allowed to include nonsingular matrices,
and let A be a matrix of maximal rank among all matrices belonging to V. We are
going to prove the following result.

Theorem 2 Suppose that A € V is a maximal rank matrix in the subspace V. If A
is symmetric, then

ker A C ker® V. (6)

In order to prove this theorem we will have recourse to some properties of matrix
pencils. Besides A, take an arbitrary matrix B € V and consider matrices A + AB
as the ones over the field of rational functions of A with coefficients from the field
F. Thus,

A=A+ ArB € (F(1)"".
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We may consider the rank and defect of A over the field F(1). Denote them by
Rank (A) := rankp)A,
Def(A) := defp(;).A = n — Rank A.
Lemma 1 If A is of maximal rank in'V, then
Rank (A + AB) = rank A 7

forany B € V.

Proof Since A is of maximal rank, for any ¢ € F we have the inequality
rank (A +tB) <rank A.

A minor of A = A + AB is a polynomial in A. If it is nonzero, then for some ¢ the
corresponding minor of A + ¢B is a nonzero element of the field I, provided that
the number of elements in IF exceeds the degree of this polynomial. This is the very
place where we demand of the field to be sufficiently large. Consequently,

Rank (A + AB) < rne]lbgcrank (A+1tB) <rankA.
te

Moreover, if a minor in A = A+ AB is zero, then the corresponding minor in A+¢B
is zero for any ¢ € ¥, and hence, for an arbitrary field concerning this particular fact,

rank A < rne]lbgcrank (A+tB) <Rank (A + AB).
te

All in all, we come up with the equality

Rank (A + AB) = mzﬁ‘g(rank (A+tB) =rank A.
te

O

Now consider the polynomial ring K = F[)A] and the set K" of all vectors with n
elements all belonging to K. Clearly, K" is a finitely generated free module over K
(also called K-module). Denote by M the set of all vectors X (A) € K" satisfying
the equation

(A+AB)X(A) = 0.

As is readily seen, M is a submodule in K", and since K is the ring of principal
ideals, M is a finitely generated free module as well.
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Lemma 2 A basis of M consists of m = n — r vectors, where r = rank A. Written
in a polynomial form

di d,
X1 =) _xar, L, Xm(x)zzmjx,-m)v’, (8)
=0 =0
where
Xij € Fn,
this basis can be chosen in such a way that the free-term vectors xoi, ..., Xom

comprise a basis of the kernel of A.

Proof From the theory of A-matrices and recalling constructions related with the
Smith form it emanates, that the matrix A 4+ A B is diagonalized by some unimodular
A-matrices U, V € K™ (for example, see [4]):
UA+AB)V =D() = [D,(A) 0 i| ,
0 Omxm

where D,(A) € K" is a diagonal A-matrix with nonzero polynomials on the
diagonal. Obviously,

Rank (A + AB) = Rank D(A) = r,
and the equation
(A+A1B)X(A) =0
is equivalent to
DMWY =0, X)) =VYQ).

Thus, the basis with m vectors for M is directly constructed from the basis with m
vectors for the kernel of D().

Now, let us assume that the basis (8) is selected to provide the minimal possible
value for the sum d = dj + ... + dj,. Such a basis obviously exists and is called a
minimal basis [2]. If the free-term vectors are linearly dependent, then at least one
of them, say xo, is clearly expressed through the others. Upon the substraction from
Xk (A) the corresponding linear combination of vectors X;(A) for [ # k, we arrive
at a new system that remains a basis. All components of the kth vector of this new
basis can be devided by A. When this is done, we get a vector from K" which can
replace the previous one in the basis of the module M. In the result we obtain a new
basis in which the sum of degrees is less than d. O
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Other useful properties of minimal bases are established in [2]. In particular, it
was proved therein that the senior vector coefficients are linearly independent. In
addition to this, we have proved above the linear independence of the free term
vector coefficients.

Proof of Theorem 2 Let xo € ker A. Then, in line with Lemma 2, xg is a linear
combination of the vectors xo1, . . ., X0, and therefore there exists a vector

XA =x0+x1A+ ...+ xA°
such that
(A4+AB)X(A) = Axo+ (Ax; + Bxo)A+... = 0.
Hence, Ax; 4+ Bxo = 0 and, consequently,
x(—)rAxl + xJon =0.
If A is symmetric, then
x(—l)—Axl = (Axo)Txl =0,
from which it directly stems that
xJon =0

for any B € V. Therefore, xq € ker? V. O

Remark 1 In fact, without any reference to the symmetry of the maximal rank
matrix A, we proved the inclusion

kerANkerA' C ker? V.

Remark 2 Theorem 1 can be obtained as a direct corollary of Theorem 2.

3 Particular Cases Without Symmetry

Here we collect our attempts to remove the symmetry assumption from Theorem 1.

Theorem 3 Let V C V, be an arbitrary subspace with trivial quadratic kernel.
Then V contains a nonsingular matrix.
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Proof On the contrary, suppose that all matrices in V) are singular. In accordance
with Statements 4 and 5, there is a congruent subspace to ) in which we can find
matrices of the following structure:

If a # 0 or b # 0, a nonsingular matrix appears easily as a linear combination of
A and B. Assume that a = b = 0. Then p # 0, and we readily conclude that the
subspace contains two linearly independent matrices

01 00
U |:O 0i| an \% [0 1:|

If dimV = 2, then V is the span of these two matrices, and in this case
1 2
el = 0 € kerV C ker” V,

which contradicts the triviality of quadratic kernel. Consequently, } must contain a
nonzero matrix of the form
c0
C= .
do

fx,y) :=det(C+xU +yV) =cy —dx

In this case the determinant

is a nonzero polynomial of x and y, and hence, for some values of x and y we have

£, y) #0. 0

Theorem 4 LetV C V, be a subspace with trivial quadratic kernel and dimV = 2.
Then V contains a nonsingular matrix.

Proof We will prove the claim by induction in n. First of all, let us acknowledge
that the case n = 2 is covered by Theorem 3. Now take any n > 3.

Note that the dimension is the same for all congruent subspaces. Since the
matrices A and B of the form (4) are linearly independent, they form a basis in the
corresponding congruent subspace. Thus, the subspace of all linear combinations
oA + BB possesses trivial quadratic kernel, and hence, the same holds true for
the linear combinations oA + B B. By the induction assumption, among the latter
combinations we can pick up a nonsingular matrix. Let & and 8 be such that

det(wA + BB) # 0.
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Thus, the corresponding linear combination of A and B is an upper triangular matrix
of the form
WA+ BB — [aA—(i)—,BBap-;,BQ]

If B =0, then Aisa nonsingular block, and thence tA + Bisa nonsingular matrix
for all ¢ save for at most n values, and the same is valid for tA + B. If 8 # 0, then

det(wA + BB) = B det(aA + BB) # 0.
O
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Dario Fasino and Eugene E. Tyrtyshnikov

Abstract The tensor train (TT) decomposition is a representation technique
for arbitrary tensors, which allows efficient storage and computations. For a d-
dimensional tensor with d > 2, that decomposition consists of two ordinary
matrices and d — 2 third-order tensors. In this paper we prove that the TT
decomposition of an arbitrary tensor can be computed (or approximated, for
data compression purposes) by means of a backward stable algorithm based on
computations with Householder matrices. Moreover, multilinear forms with tensors
represented in TT format can be computed efficiently with a small backward error.

Keywords TT-format - Backward stability - Tensor compression - Multilinear
algebra

1 Introduction

The tensor train decomposition is a representation technique which allows compact
storage and efficient computations with arbitrary tensors. The origins of this
representation can be traced back to a brief paper by Oseledets and Tyrtyshnikov
dating 2009 [9], while its popularization is mainly due to the subsequent papers
[7, 10]. Nowadays, the tensor train decomposition is a computationally powerful
tool that offers viable and convenient alternatives to classical (e.g., Tucker, CP)
tensor representations [2, 5], in particular for the approximation of solutions of high
dimensional problems. As shown in, e.g., [1, 6, 8], certain computations with large-
scale structured matrices and vectors can be conveniently recast in terms of tensor
train representations.
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Basically, a tensor train (TT) decomposition of a d-dimensional tensor A with
sizen] x ny X - - - x ng is a sequence Gy, ..., Gy of tensors of order 2 or 3; the size
of G; is ri—1 x n; x r; with rg = rg = 1 (that is, G| and Gy are ordinary matrices)
and

Il rd—1
Al iz, .. ig) =Y -+ Y Gili, j)Ga(j1, ia, jo) -+ GaCa—1,ia). (1)

Ji=1 Ja—1=1

We will denote by TT(Gy, ..., Gy) the tensor identified by the right hand side
of (1). Conditioning and numerical properties of the representation map TT :
(Gi,...,Gy) — A are examined in [1].

In this paper, we present a backward error analysis of two algorithms, originally
devised in [10], which perform computations with tensors in TT-format. The first
algorithm produces an exact or approximate TT decomposition Gy, ..., Gy of
an arbitrary d-dimensional tensor A given in functional form, depending on a
tolerance parameter €. If ¢ = 0 then the output of the algorithm is an exact TT
decomposition, that is, A = TT(Gy,...,Gy). If ¢ > 0 then TT(Gy, ..., Gy)
is an O'(e)-approximation of A which can realize significant savings in memory
space. The computational core of the algorithm is a suitable (approximate) matrix
factorization that, in the original paper, relies on SVD computations. We prove that
analogous performances and backward stability can be obtained by means of QR
factorizations based on Householder transformations.

The second algorithm computes the contraction (i.e., multilinear form) of a given

d-dimensional tensor A and vectors v(l), e, v(d),
ni ng
.. . 1 d
O{ZZ"'ZA(”’lz’“"ld)vi(l)”'vi(d)’ 2)

ii=1 ig=1

where A is known in TT format. By means of known error bounds for inner products
in floating point arithmetic [4], we prove backward stability of the proposed
algorithm under very general hypotheses on the evaluation order of the summations.
More precisely, if A = TT(Gy,...,Gy) and no underflows or overflows are
encountered then the output computed by the algorithm in floating point arithmetic
is the exact contraction of A = TT(G; + AGy, ..., Gz + AGy) and vV, ..., v@
where |AG;| < (n; + ri—1)u|G;| + ﬁ(uz) and u is the machine precision.

After setting up some basic notations and concepts, in Sect. 3 we present the
algorithm for computing the TT-representation of a tensor and analyze its numerical
stability. Next, we discuss in Sect.4 the computation in computer arithmetic of
the multilinear form (2) with a tensor in TT-format. A final appendix contains a
complementary result.
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2 Notations and Preliminaries

We refer to [2, Ch. 12] and [5] for notations and fundamental concepts on tensors
and basic multilinear operations. Vectors and matrices are denoted by lower-case
and upper-case italic letters, respectively, and higher order tensors by upper-case
sans-serif letters: x, X, and X. A tensor X of order d is a multiway array of size
np X ny X --- x ng, where ny is the size of the kth dimension or mode. A vector is a
first-order tensor, and a matrix is a second-order tensor. The (i1, i2, . . ., ig)th entry
of X € RM1>"2XXd i denoted by X, i,,....i; OF, alternatively, X(i1, iz, ..., ig) to
avoid long, multiple subscripts. Lower case greek letters denote real numbers.

Throughout this paper, the prototypical tensor is a d-dimensional array A with
dimensions n; X ny X --- X ng. In particular, the scalar d is used exclusively for
the order of A, and the scalars ny, na, ..., ng are reserved for A’s dimensions. The
size of A is the number of entries, N(A) = niny---ng. The vectorization of A
is the vector vec(A) € RN whose ith entry is the ith entry of A according to
the lexicographic ordering of the indices. The Matlab-style function reshape is
defined in terms of the vectorization operator as follows. Let my, ma, ..., my be
integers such that N(A) = mymy - - - my. Then,

B = reshape(A, [m|,my, ..., mg])

is the tensor B € R™1>M2>XMk guch that vec(A) = vec(B). In particular, for
k=1,...,d -1,

Ar = reshape(A, []_[le ni, ]_[flzkH ni|)

is the k-th unfolding matrix of A.

The k-mode product of a tensor A € R by a matrix M € R™**™_ denoted
by A xx M,isan (n] X -+ X Bg_] X m X Ngy1 X - -+ X ng)-tensor of which the
entries are given by

ng
(Axx M), yia) = AGL ikt ikt oo i) Mg
j=1

The latter definition extends trivially to the case where M is a vector, by treating it
as any x 1 matrix. The k-mode product satisfies the property

(AX,'B)X]‘CZ(AX]‘C)X,'B, (3)
so that notations like A x; B x; C can be used without ambiguity.

If A is a vector, a matrix or a tensor, we denote by |A| the componentwise
absolute value of A. Inequalities between tensors hold componentwise. Finally, the
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Frobenius inner product of two matrices A, B € R"*" is (A, B) = trace(AT B) =
vec(A)Tvec(B), and the associated matrix norm is ||A||[g = |[vec(A)|>. The latter
is extended in an obvious way to arbitrary tensors.

2.1 The Tensor Train Format for Multidimensional Arrays

A tensor train decomposition of A € R™>*" jg a sequence Gy, ..., Gy of
tensors, called carriages (or cores [7, 8]), such that the size of G; is ri—; X n; x r;
with ro = rg = 1 (that is, G| and Gy can be understood as ordinary matrices) and
fulfilling the identity (1), that is, A = TT(Gy, ..., Gg).

Example 1 Let Abe a 10 x20 x 30 x 40 tensor with TT-ranks 5, 6, 7. The TT-format
of A is made of four carriages, whose dimensions are as follows:

G;: 1x10x5
Gy: 5x20x6
Gz: 6x30x7
Gy: Tx40x1.

An alternative viewpoint on the decomposition (1) is
A1, iz, ... i) = GY(i1Gy(i2) - - - Gy(ia),

where now G;((ik) is an ry_1 x ry matrix depending on the integer parameter i.
The numbers rq, ..., rg—1 are called TT-ranks of A. As shown in, e.g., [7, 10], r¢
is bounded from below by rank(Aj). Moreover, a TT decomposition with r;, =
rank(Ay) always exists and can be computed by the algorithm shown in [10], which
is recalled in the next section. It is often the case that an exact or approximate TT-
format of a given tensor yields considerable savings in terms of memory space with
respect to other representation techniques.

Remark 1 Tt is sometimes convenient to assume that G; and G, are not three-
dimensional but two-dimensional with sizes n1 x r; and rg—1 X ng, respectively.
For that reason, in what follows we will use indifferently the notations G and G
to denote the first carriage.

3 Full-to-TT Compression

In this section we address backward stability properties of the compression algo-
rithm from [10], which is recalled hereafter as Algorithm 3.1. This algorithm
produces an exact or approximate TT decomposition Gy, ..., Gy of a given tensor
A with d > 2, depending on a tolerance ¢. If ¢ = 0 then the output of the algorithm
is an exact TT decomposition, that is A = TT(Gy, ..., Gy) with ry = rank(Ag)
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for k = 1,...,d — 1, see [10, Thm. 2.1]. If ¢ > 0 then ry < rank(Ag)
and TT(Gy, ..., Gy) is an &'(¢)-approximation of A which can realize significant
savings in memory space with respect to the exact TT-decomposition.

As a basic compression device we suppose to have at our disposal a generic,
black-box algorithm having the interface

[M,N,r] = compress(A,e¢) 4)

which, for any matrix A € R™*" and tolerance ¢ > 0 returns an integer r and two
matrices M € R"*" and N € R"*" such that

rank(M) = rank(N) =r, IMN — Allr < ¢l AllE - &)

In particular, if ¢ = 0 then A = MN is a rank decomposition of A. In [10] this
algorithm is realized by means of a truncated SVD of A. In that case, one has

JA—MN|g= min [A—X]|F, r= min rank(X).
rank(X) <r lA-Xlr=ellAllr
Consequently, if ¢ > 0 then TT-ranks rq,...,rys—1 computed by the resulting

procedure are in some sense optimal. However, other rank-revealing factorizations
can be usefully adopted for the purpose of computing the TT-format of (an
approximation of) the given tensor.

Observe that Algorithm 3.1 is based on a finite iteration. Each iteration is entirely
based on matrix computations. In particular, if the argument A is a matrix then the
output consists of the two matrices computed by compress. In the pseudocode
here below, the intermediate matrices Bj, ..., By_1 are introduced to improve
readability; in a more implementation-oriented description, these variables can share
the same name and memory space.

Algorithm 3.1 Full-to-TT compression, iterative version

Input: tensor A of size ny X ny X --- x ng and local accuracy bound &

Output: tensor carriages Gy, ..., Gy

1: function [Gy, ..., Gy;] = FULL_TO_TT(A, ¢)
2:  n:=N(A)

3: ng:=n/n

4: A := reshape(A, [n1, ng])

5: [Gy, Bi,r1] := compress(Aj, €)

6: fork=2...d—1do

7. ng :=ng/ng

8: By_1 := reshape(By_1, [rk—1nk, nr))
9: [Gk, Bk, r¢] := compress(Bi_1, &)
10: Gy := reshape(Gg, [rk—1, 1k, x])
11: end for
12: Gd = Bd71

13: end function
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Example 2 Suppose that Algorithm 3.1 is applied to the fourth order tensor A in
Example 1. Then Algorithm 3.1 performs three for-loops; the dimensions of the
matrices By and B; before and after being reshaped in step 8 are as follows:

By : 5 x24000and 100 x 1200
By : 6 x 1200 and 180 x 40

At the third iteration the matrix Bz is 7 x 40 and is renamed Gy without being
reshaped.

Algorithm 3.2 is a recursive version of Algorithm 3.1, namely, the two algorithms
compute the same function, but Algorithm 3.2 calls itself internally. Termination
is ensured by the fact that the order of the tensor argument diminishes by one at
each recursive call. In fact, if d = 2 then the sought decomposition is obtained
immediately by one call to compress, as in the iterative version. When d > 2,
the matrix B; computed in step 4 together with the carriage G is the first unfolding
matrix of the (d — 1)-dimensional tensor B, whose TT decomposition is computed
by the recursive call in step 9. In that step the carriage G is obtained as a matrix of
dimension (r1n2) x rp. In the subsequent steps that matrix is reshaped into a tensor
of dimension ry X n2 X ry and the computation is complete.

Remark 2 Apart of reshaping, the matrix By computed in Algorithm 3.1 coincides
with the matrix B; computed in the (k — 1)-th recursive call of Algorithm 3.2.

In the subsequent analysis we assume that, in exact arithmetic, the function
compress satisfies the following property: For any input matrix A, the output
matrices M and N fulfil the identities

MM =1, MT(A—MN) = 0. (6)

Algorithm 3.2 Full-to-TT compression, recursive version

Input: tensor A of size ny X ny X --- x ng and local accuracy bound &

Output: tensor carriages Gy, ..., Gy
1: function [Gy, ..., Gy] = FULL_TO_TT(A, ¢)

2: n:=NA
3: A := reshape(A, [n,n/n1])
4: [Gy, Bi,r1] := compress(Aj, €)
5.  Ifd =2 then
6.

7

8

G2 = Bl
else
: B := reshape(By, [r1n2, n3, ..., n4) > the order of Bisd — 1
9: [Ga,...,Gy4] := Full to TT(B,¢) > recursive call
10: ry = N(Gp)/(r1n2)
11: G, := reshape(Gy, [r1, n2, 2]) > Gy is tensorized
12: end if

13: end function
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Equations (5) and (6) can be met if compress is obtained from a truncated SVD
as in [10] or from a (truncated) QR factorization. Indeed, the equations in (6) are
fulfilled if and only if the matrix A admits a factorization

A=(MM) <]]VV,>

where the matrix Q = (M M’) has orthonormal columns and N has full rank, in
which case we have [|[A — MN| = [[M'N’|| = |[N'|| and |N| = [MTA|| < |A|
in any unitarily invariant norm. The sufficiency of that condition is obvious. To
prove necessity, consider the residual matrix R = A — M N and let R = M'N’ be
a factorization where the columns of M’ are an orthonormal basis for the column
space of R and N’ has full rank. Since MT M'N’ = O the columns of M’ must
belong to the kernel of M7, hence the matrix Q = (M M’) has orthonormal
columns.

The following theorem is a reworking of Theorem 2.2 from [10] to emphasize
the role of the hypotheses placed on compress. A shorter proof is included for
later reference.

Theorem 1 Suppose that the function compress in (4) fulfills the conditions (5)
and (6). Let T = TT(Gy, ..., Gy) where the tensor carriages Gy, ..., Gy are
computed from Algorithm 3.2 in exact arithmetic. Then |A—T|g < e/d — 1 |A|l.

Proof We proceed by induction on d. When d = 2 the claim follows immediately
from (5). For d > 2, consider the matrices G| and Bj computed in step 4. By
construction, the first unfolding matrix of T admits the factorization 7 = G Uj,
for some | x (ny - --ng) matrix Uy. Since GlT(Al — G1By) = O and GlTGl =1
by hypothesis, we have

IA—=T|% =lA1 — G1B + G B) — G1U\ ||}
= |A1 — G1BilI} + IG1(B1 — U +2(GT (A1 — G1B)), By — Uy)
= |A; — G\Bi1llF + | B1 — Uil .

Consider the (d — 1)-dimensional tensor
U = reshape(Uy, [rin2, n3, ..., nql) ,
whose first unfolding matrix is Ug. Then,
IA =TIE < e*IAIE + 1B - Ul ,

where B is obtained in step 8 of Algorithm 3.2. By construction U =
TT(Gy, ..., Gy), that is, U is the tensor whose exact TT-decomposition is given
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by the tensor carriages obtained from Algorithm 3.2 with input B. By inductive
hypothesis we have

1By — Uil = IB—UJ% < (d — 2)&*|IBJ13 .
Moreover,
IBllr = 1B1llr = IGT Atllr < 1A1lIF = IIAllE

and the claim follows. O

Remark 3 1t is not difficult to prove that the hypothesis M’ M = I in (6) can be
replaced by |M||2||M ™| = 1, where M is the Moore—Penrose inverse of M,
without affecting the claim of Theorem 1. In the proof, one has simply to replace
1G1(B1 — U)lr = [IB1 — Uillg by |G1(B1 — UD|r < |G1ll2llB1 — Ulllr and
IBillr = IGT A1llg < || A1l by |Billr = IGT A1l < I1GT 211 A lle-

This fact allows to introduce scaling factors in the computed carriages, e.g., in
order to balance their norms, with no changes in the error estimate.

3.1 Backward Stability Analysis

The forthcoming Theorem 2 provides a backward stability estimate for Algo-
rithm 3.2 which, in the exact arithmetic case, reduces to the error estimate given
in Theorem 1 and, in the floating point arithmetic case, outlines the effects of the
tolerance &, the loss of orthogonality of the matrix M in (4) and the numerical
stability of the function compress on the backward error of the computed TT
decomposition.

Actually, the following analysis is mainly aimed to deal with two issues arising
in the practical usage of Algorithm 3.2:

1. We compute an “exact” (¢ = 0) TT decomposition in computer arithmetics and
we desire a bound on the backward error of the computed result.

2. We want to compute a “low rank” approximation (¢ > 0) of the given tensor but
the function compress does not meet the conditions (6) as it happens if, e.g., it
is based not on (pivoted) QR but on a different rank-revealing factorization where
the spectral conditioning of M is greater than 1, see e.g., [2, §5.4.5]. In that case,
we would like to quantify to what extent the approximation bound in Theorem 1
is degraded.

These two issues can be tackled together by assuming that the function compress
fulfills the following hypotheses in place of (6): For any A € R™*" there exists an
exact decomposition A + AA = QR with

é:(MM/)ERmxm, k\:(N)GRmxn, (7
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such that || M'N’||p < ¢||A||lr where ¢ is the user-specified tolerance; and there exist
two functions 1 = n1(m, n, r) and np = n(m, r) such that

IAAlE < mllAlle,  1Q — Ol < m (8)

for some orthogonal matrix Q € R™*™,

If computations are performed in the usual IEEE standard computer arithmetic
with machine precision u, the existence of two functions n; and 7, being '(u),
fulfilling (8) and having a moderate growth in m, n, r can be inferred from known
facts concerning the error analysis of Householder QR factorization [2, Ch. 5], [3,
§19.3]. For example, if the matrix @ in (7) is computed by means of r < min{m, n}
Householder transformations then [3, pp. 359-361] brings in the estimates

n(m,n,r)y = 0@mru), ma(m, r) = 6(mr3u).

These estimates are deemed as rather conservative, and practical experience sug-
gests e.g., that 1 is a linear polynomial in m and r, see [3, p. 368]. In any case, all
quantities 11 and 7, occurring in what follows are assumed to be “sufficiently small”
so that quadratic and higher order terms can be neglected. We stress that conditions
(7) and (8) reduce to (6) when 1 = 12 = 0.

Lemma 1 In the preceding notations and hypotheses, neglecting higher order
terms in g, 01, and 1N we have

I |A =MN|f < (e +n)llAllr
2. IMT(A = MN)llr < mllAlr
3 INNF = (L4010 4+ n2) [ Alle.

Proof Firstly, we have
|A—MN|F=I|lA+AA—-AA—MN|g = |M'N'— AA|r < (¢ + n) Al ,

and the first part follows.

Let O, Q € R™ ™ be the matrices appearing in (7) and (8). Let Q = (Q1 Q2)
and AQ = Q — Q = (A1 Ay) be partitioned consistently with Q as in (7). Then,
41202 < n2 and

1M M ll2 = 11(Q1 + AT (02 + A2) 2
< 147 Q2ll2 + 107 Azll2 + | A 422

< 1A1ll2 + 14202 + 1AT Azll2 < 122 +1m2) -
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Neglecting quadratic terms we get |MT M|y < 2n2, [N |r < el|A|lF and
1M (A= MN)|lr = [M" (M'N' = AA) |
< IM"M'|2|N'llr + IM 2l AAllF < 2noe + nD) I Allg -

This proves the second inequality in the claim.

Since @ = Q0+ AQ and ||AQ]|]2 < m, standard perturbation theory yields
that the smallest singular value of Q is not smaller than 1 — 1, see e.g., [2,
Corollary 2.4.4]. Hence ||§_1 l2 < 1/(1 —n2) = 1+ ;. Finally,

INIF < IRIlF = 10" (A + AA) I
<107 MhlA 4+ AAllr S (1 + 1) + M)Ak,

and the proof is complete. O

Theorem2 Let T = TT(Gy,...,Gy) where the carriages Gy, ...,Gy are
computed under the aforementioned hypotheses. Let n1 and ny denote the largest
values of the like named coefficients occurring in all recursive calls of Algorithm 3.2
on the specific input A. Moreover, let ¢ = ¢ + n1. Neglecting higher order terms in
& 1, and na,

IA=Tle < A+ +2n)972(d = 2)m +vd — 18)||Allg .

Proof We proceed by induction, as in the the proof of Theorem 1. The d = 2 case
is an immediate consequence of Lemma 1(1):

IA—Tlr=[A1 — GiBilr < (¢ + nD)IlA1llr = E||Allg.

For d > 2, the inductive argument begins similarly to the proof of Theorem 1.
Indeed, by hypotheses and Lemma 1 we have ||G1]2 < 1 + 12 and

IA—TI% = ||A; — G1B1 + G1B) — G Ui ||}
= |A1 — G1Bill} + IG1(B1 — UD I +2(GT (A1 — G1By), By — Uy)
< EAIZ+ (1 +1)%1B1 — UrllZ + 201 |Allel Bi — Utk -

The last inequality follows by Cauchy—Schwartz inequality and Lemma 1(2).

LetA=Asjand T=Ty. Fork =2,...,d — 1, let A;, T} be the k-dimensional
tensors defined as follows: A; and Ty are the argument and the result of the (d —k)-th
recursive call of the algorithm,1

(Ga—k+1,-..,Gg) =Full_to TT(As,¢), T =TT(Ga—k41, - -, Ga) .

1With a little abuse of notation, in the ensuing equation we identify Gg_i| with its first unfolding
matrix.
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For example, in the proof of Theorem 1 A;_1 is denoted by B and T;_; by U. With
these notations, the preceding inequality yields

1A+ — Trrt IE < 821 A1 IE + (U122 1A — TellE 4201 1Ak 1 IEI A — Telle -

Let o = 1 + n; + n2. From Lemma 1(3) we have ||Axllr < o||Ak+1]lp. For k =
1,...,d —1letex = ||Aks+1 — Te+1ll/I1Ak+1]lF- Neglecting product terms in 1y, 12
and other small quantities we arrive at the recurrence

et <82+ 0%(1 +m)e}_| +2moer—1

< (e +n1)* + &
where @ = 1 + n; + 27 and e; < €. From Lemma 5 in Appendix we obtain
ex < akil((k — D+ vk &),

and the claim follows by setting k = d — 1. O

It is worth noting that in the exact case (that is, when n; = 2 = 0) the inequality
in the previous claim reduces to that of Theorem 1.

4 Computing Multilinear Forms

The computation of the multilinear form (or contraction)

2) d)

a=Ax; v x0v? x50 xg 0"
where v € R occurs e.g., in the computation of multidimensional integrals on
cartesian product grids [10]. If A = TT(Gy, ..., Gg) then the preceding expression
can be rewritten as

a= Y Y Gl )Gl iz, 2 Galar i) v

id
yeees d J1seesJd—1

Assumingn; = ...=ng =nandr; =... =rg_1 = r, the right hand side can be
computed in @ (dnr?) floating point operations using Algorithm 3 from [10], which
is described hereafter as Algorithm 4.1.

After completion of the k-th cycle of the for-loop, W is an ny X ry matrix and ¢ is
an r-vector. In particular, when k = d step 4 is a matrix-vector multiplication
as rg = 1, so W becomes a vector and step 5 is an inner product of two ng4-
vectors. Note that the computation of W = Gy x ¢ followed by 1 = W7 p®
yields a particular algorithm to compute G x 1 x5 v® which can be implemented
using nyry inner products with ri_j-vectors followed by r; inner products with
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Algorithm 4.1 Fast TT contraction algorithm

Input: tensor train A = TT(Gy, ..., Gg), vectors vV, ... v@
Output: o = A x| v x5 -+ xg v@
1: function « = TT_CONTRACTION(G, ..., Gz, vV, ..., v@)
= G1 X1 v(l)
fork=2...ddo
W .= Gk X1t
t:=wTy®
end for
o =t.
end function

ng-vectors. Owing to the identity (3), an alternative algorithm for computing the
same expression (with almost the same number of floating point operations) is
W = Gy x2 v followed by 7 := W'r.

In what follows, [F denotes a set of (computer) floating point numbers endowed
by the usual IEEE standard arithmetics, and u denotes the corresponding unit
roundoff. Moreover, we use the notation fl(-) with an argument that is an expression
to denote the computed value of that expression. The next two lemmas are borrowed
from [4].

Lemma 2 Given x,y € F", any order of evaluation of the inner product xy
produces an approximation o such that |o — xT y| < nu|x|" |y|, if no underflows or
overflows are encountered.

Lemma 3 Given A € F"*" and x € F", let’y = fl(Ax) be the approximation
to Ax obtained by computing m inner products of n-vectors, each of them being
performed in an arbitrary evaluation order. If no underflow or overflow occurs,
then there exists a matrix A € R™" such that

7= Ax, Zij = (1 + ;) A;j, leijl < nu .

On the basis of these two lemmas it is not hard to obtain the result hereafter.

Theorem 3 Given G € F>"*" x e F¢ andy € F™, let7 = flfl(G x1 x) X2 y) €
F" be the finite precision approximation to z = G x| x X, y obtained after mn + n
inner products, each of them being performed in an arbitrary evaluation order. If no
underflow or overflow occurs then there exists a tensor AG € R sych that

Z=(G+ AG) x| x X2y, AG| < (£ +m)u|G|+ OW?) .

Proof Introduce the auxiliary matrix M = G x; x and let ¥ = fl(G x| x) be its
finite precision counterpart. In exact arithmetic,

14
Mj, = ZG,’jkx,' .
i=1
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Owing to Lemma 2, for every j, k there exists € jx such that

¢
M; —Mjk=8/kZ|G;jkxz'|, lejk] < lu .

i=1

Letting n;;x = sign(Gjjrx;)e jx we obtain
Mk =" Gijexi + €k |Gijxil
i
=Y (1 +nij1)Gijx; -
i
Obviously |7;jx| < €u. By Lemma 3, fork =1, ..., n we have

=0y =Y A+ )My,
J
= >3 A+ + i) Gijrxiy;
J i

for some constants 7 with [nx| < mu. In conclusion, Z = (G + AG) x| x X2y
where

AGijk = & jxGijk &k = 1(1 4+ 01+ nije) — 1] < (€ + m)u + emu*

and the proof is complete. O

Note that the previous theorem applies also when ¢ = 1 or n = 1, where
G reduces to a matrix. Recalling the conventional notation o = 1, we obtain
immediately the following consequence.

Corollary 1 Let @ be the result of Algorithm 4.1 computed in machine arithmetics
from input A = TT(Gy, ..., Gy). Then, there exist tensors AGy, ..., AGq such
that

&:ﬂ X1 D X2 v? ... X d v(d), KzTT(G1 + AGy,...,Gs + AGy) ,

and |AG;| < (n; +ri—1)ulG;| + Ou?).

The previous result allows us to interpret the rounding errors in the computation
of a as due to perturbations in the carriages Gy, ..., G4, not in A. The forthcoming
Theorem 4 provides a backward error bound in terms of a perturbation in A. To
that goal, we need the following lemma whose proof derives from an elementary
inductive argument and will not be shown.
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Lemmad Let &y, ...& be numbers such that s = Zle |&i| < 1. Then,

k
[Ja+e)=1+0. joI=
i=1
In particular, if s < % then |0] < 2s.
Theorem 4 Let & be the result of Algorithm 4.1 computed in machine arithmetic
from input A = TT(Gy, ..., Gy), and let s = Z;lzl(n,' +ri—pu Ifs < % then

a=Ax; v x0® .y 0@

where |ﬂ — Al <2sTT(G1l, ..., |Ga]) + OW?).

Proof In what follows, we interpret Gi(i, j) and Gg(, j) as Gi(l,i, j) and
Ga(i, j, 1), respectively. Let &; = (n; + ri—1)u fori = 1,...,d. By Corollary 1,
there exist constants Ei(fk) such that @ is the exact contraction of the tensor TT(G; +
AGy, ..., Gy + AGy) and vectors vV, ..., v@ where

AGe(i, j. k) = Geli, j0ES), 16 < ec+ OW?) .
Assuming jo = jg = 1, for every multi-index i = (i1, i2, ..., ig) we have

d
A = > Gl DGt b2 j2) + Galia—s i) [ JA + €5 1,50

Je—1ieje
Jlseees Jd—1 =1
= Y G, jNGaGit, iz, j2) -+ GaCja—1, ia) (1 + 6x)
J1seees Jd—1
with x = (i1,...,iq4, j1,..-, Jja—1) and |6;] < 2s by Lemma 4. By triangle

inequality,

AG) — AG)| < Z 1G1i1, jOG2( 1, 2, j2)| -+ - 1Ga (Ja—1, 1a)116x]

JlsewsJd—1

and the claim follows. O

Appendix

Hereafter, we prove a technical lemma which yields an upper bound for the growth
of a sequence occurring within the proof of Theorem 2.
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Lemma 5 Let {e;} be a sequence of nonnegative numbers such that ey < y and for
k>2

e < (aex1+ B+’
for some nonnegative constants o, 8, y witha > 1. Then for all k > 1

ex < (k= DB+ Vky) .

1—k 1-k

Proof Define the auxiliary notations & = a! ¥ey, fr = o' %8 and 7 = o'y,

Note that Bk < Band y; <y fork > 1. Then,
e/%_aZ 2k 2 < (a2 kek 1+(X1 k’3)2+a2 2k)/2
= @1+ B+ 72
Firstly we prove that for all k > 1
~ k ~ ko~
e =) i Pr +\/Zj:1 77

Indeed, the claim is trivially verified when k = 1. By an inductive argument, for
k > 2 we have

&< (o b+ i) + 92
Z(Z];:z/éj) +Zj 17/, +2(X ] - B)) \/Z
= (Zl;:z,éj +\/ZI;=1 77/2) .
Going back to the sequence {e;} we have for all k > 1

( j= 2ﬁ1+\/21 17//)
ok = DB+ Vky)

er = ok 1,

| /\

IA

and we are done. O
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The Derivative of the Matrix Geometric m)
Mean with an Application e
to the Nonnegative Decomposition

of Tensor Grids

Bruno Iannazzo, Ben Jeuris, and Filippo Pompili

Abstract We provide an expression for the derivative of the weighted matrix
geometric mean, with respect to both the matrix arguments and the weights, that
can be easily translated to an algorithm for its computation. As an application,
we consider the problem of the approximate decomposition of a tensor grid M,
a matrix whose entries are positive definite matrices. For different geometries on
the set of positive definite matrices, we derive an approximate decomposition such
that any column of M is a barycentric combination of the columns of a smaller
tensor grid. This extends the Euclidean case, already considered in the literature,
to the geometry in which the barycenter is the matrix geometric mean and the log-
Euclidean geometry.

Keywords Matrix geometric mean - Karcher mean - Tensor grid - Positive
definite matrix - Nonnegative factorization

1 Introduction

The geometric mean of positive definite matrices, the so-called Karcher mean, is the
minimizer, over the set of positive definite matrices of a fixed size, of the function

P
FX) =) 8 (X, Ao), (1)

o=1
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where Ay, ..., A, € C*** are given positive definite matrices, and § is a distance
on the set of positive definite matrices that we will define later.

The matrix geometric mean can be related to a Riemannian geometry in the set
of positive definite matrices of size u that we will denote by &,,. Besides the wide
mathematical interest in this geometry (see [2, Ch. 6]), there are also a large number
of applications where it is used. In particular, it has been used for averaging tensors
[1, 18], for describing the variability of shapes [9], and also in regularization of
matrix data [19], appearance tracking [7, 23], and brain—computer interface [8], to
cite just some.

A useful generalization of the matrix geometric mean is the weighted matrix
geometric mean [16], or weighted Karcher mean, that is the minimizer of

p
2
D wedA (X, Ag), )
o=1
where wy, ..., w, are nonnegative weights, of which some must be nonzero, and

§ is the same distance as before. With no loss of generality, we may assume that
w1 +---+wp = 1, so that the weighted matrix geometric mean defines a barycentric
combinationof Ay, ..., A, withrespect to the Riemannian structure of &7,,. We use
the notation K (w1, ..., wp; A1,..., Ap) for the weighted matrix geometric mean.

In this chapter, we consider the derivative of the weighted matrix geometric mean
with respect to both the matrix arguments and the weights. While there is no explicit
expression for the mean K, we are able to find an expression for its derivative that
is explicit in terms of K.

The matrix K can be computed by an optimization algorithm or a fixed-point
iteration [5, 13, 14, 21]. Once K has been approximated, the derivative can be
evaluated directly by means of a numerical algorithm based on the aforementioned
expression.

As an application, we consider a generalization of the nonnegative matrix
factorization [17] to tensor grids that can be seen as matrices whose entries are
positive definite matrices (the physical tensors).

We propose an approach to compute the factorization based on the geometry on
&, mentioned above. This requires the derivative of the matrix geometric mean for
its numerical computation.

The chapter is structured as follows: in Sect.2 we provide some basic material
on the Riemannian geometry of &7, that gives rise to the matrix geometric mean;
in Sect.3 we provide an algorithm for computing the weighted matrix geometric
mean and its derivative, whose explicit expression is obtained; in Sect. 4 we propose
different models for the factorization of tensor grids, with a simple minimization
algorithm to obtain it; in Sect.5 we perform some preliminary numerical experi-
ments proving that the new models have potential in solving factorization problems;
in the final section we draw some conclusions.
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2 The Geometry of &7, and the Matrix Geometric Mean

The geometry of &, is very easy, since the positive definite matrices of size u are
an open subset of H,, the set of Hermitian matrices of size u. This endows &,
with a natural structure of differentiable manifold, where the tangent space at any
point A € &, is isomorphic to H,. In view of this isomorphism, we will identify
tangent vectors with Hermitian matrices.

The vector space H, is an Euclidean space, with the usual scalar product

(X,Y) = trace(XY),

whose associated norm is the Euclidean (Frobenius) norm, || X || r := (trace(X 2)) 172
Nevertheless, the Riemannian structure on &, that will allow us to define the
distance 6 of (1) and (2), is obtained when one considers the scalar product

(X, V)P = race(A"'xA7'Y),  X,Y eH,, 3)

on the tangent space to &, at the matrix A.

This Riemannian structure has been described, for instance, in [15, Ch. XII], [3,
20], and yields the Riemannian distance § of (1) on &, whose explicit expression
is known to be

8(X,Y) = |[log(X~ 2y Xx~V2)|| . 4)

The inverse square root and the logarithm in (4) should be understood as
primary matrix functions. When a matrix X is diagonalizable, say K ' XK =
diag(Aq, ..., Ay,), the primary matrix function f (X) is defined as K diag(f (A1), ...,
FOu)K ~1. this requires that f is well defined on the spectrum of X. The definition
of primary matrix function can be extended to non-diagonalizable matrices, making
further assumptions on the regularity of f on the spectrum of X (for a detailed
description, see [10]). An important property of matrix functions is that they
commute with similarities: if f(X) is well defined and M is invertible, then
Ff(M~1XM) is well defined and we have f(M~'XM) = M~ f(X)M. We will
use, moreover, the fact that log(M Iy =_— log(M) when M has no nonpositive real
eigenvalues.

A primary matrix function f : 2 — CH**, with £2 open subset of C*** is
Fréchet differentiable at X € £2, if there exists a linear function Df (X) : C*** —
CH># such that, for any matrix norm

J(X+H)= f(X)+ Df(X)[H]+ o(|HID,

as H € C*** tends to 0.
For the practical use of derivatives of primary matrix functions, it is useful to
consider the vec operator that stacks the columns of a matrix into a long vector and
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define a Kronecker matrix K y(X) such that vec(Df(X)[H]) = K7(X) vec(H).
The basis of C**#, that is mapped through the vec operator to the standard basis
of (C“z, is said to be the vec basis and Ky(X) is the matrix representing the
derivative in this basis. With abuse of notation we will write Df(X) also for
K¢ (X). A useful equality involving the vec operator and the Kronecker product
is vec(AXB) = (BT ® A) vec(X) [11, Sec. 4.3].

The Fréchet derivative commutes with similarities: if Df(X)[H] is the
Fréchet derivative of f at X in the direction H and M is invertible, then
Df(M~'XM)M~'HM] = M~'Df(X)[H]M. This fact can be seen using the
commutativity of primary matrix functions with similarities, and observing that if
fX + H)— f(X) — Df(X)[H] = o(| H|)), then

FM'XM+M"HM) — fF(M™'XM) — M~'Df (X)[HIM = o(|M~'HM]|).
In the vec basis, we can write
DfM~'xM)y=MT @ M HYDf X)(M~T @ M), 5)

where M~ T .= (M~ )T,

We conclude this section, giving a lemma on the derivative of the Euclidean and
Riemannian distance with respect to one of its arguments, which will be useful in the
following. (The first equality is straightforward, for a proof of the second equality,
see [2, Thm. 6.3.3].)

Lemma 1 Let A € H, and let d : H,, — H, be such that dy(X) = ||[A — X||F.
Forany H € H,, we have

Dd3(X)[H] = 2 trace((X — A)H).

Let A € &P, andlet §4 : P, — P, be such that §4(X) = §(A, X), with § as
in (4). For any H € H,,, we have

D83 (X)[H] = 2 trace(X ' log(XA™) H).

3 Computing the Weighted Matrix Geometric Mean
and Its Derivative

We propose a method for computing the derivative of the weighted matrix geometric
mean with respect to both the matrix arguments and the weights.

This method requires the weighted matrix geometric mean: in Sect. 3.1 we adapt
the Richardson algorithm [5] from the standard matrix geometric mean to the
weighted one; while in Sect.3.2 we derive explicit expressions (in terms of the
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matrix geometric mean itself) for the derivative of the weighted matrix geometric
mean that can be evaluated by a numerical algorithm.

3.1 Computing the Weighted Matrix Geometric Mean

The weighted matrix geometric mean of p positive definite matrices Ay, ..., A, €
Z,,, with nonnegative weights wi, ..., w p» of which some must be nonzero, is the
unique minimizer of the function

p
f(wls"'va;Als"'vAp):Zw082(X1AU)7 (6)

o=1

anditis denotedby K = K(wy, ..., wp; A1, ..., Ap).
Using Lemma 1 one gets that the Euclidean gradient of f and its Riemannian
gradient with respect to the inner product (3) are

P P
VIX) =2 we X 'log(x4;h), VP F(X) =2 w,Xlog(4;'X),
o=1 o=1

(N

respectively (see [6, Sec. 4.3] for the unweighted case).
For computing the weighted matrix geometric mean, we consider the Riemannian
gradient descent iteration

p
Xer1 = Xy exp(@g Z Wy log(XZ_lAg)), Xo € Z,. (8)

o=1

Using the same idea as the one of the Richardson algorithms [5], we look for the
steplength 6, that gives optimal local convergence, when X, is seen as an approxi-
mation of the matrix geometric mean. This yields 6, = 2/ ZU | Wo (@)H log C(Z)
) s the ratio between the largest and the smallest eigenvalues of the matrix
-1/2
AsX, '
As an 1n1t1a1 value, a possibility is to use the weighted arithmetic mean or a
weighted generalization of the cheap mean [4].

where ¢y
1 /2
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3.2 The Derivative of the Matrix Geometric Mean

Even if an explicit expression for the weighted matrix geometric mean is not known,
we are able to find an explicit expression for its derivative with respect to the matrix
arguments and the weights, in terms of the matrix geometric mean itself.

We start from Eq.(7) and set the Euclidean gradient to zero. After some
simplifications, this yields an equation that defines the weighted matrix geometric
mean of the matrices Ay, ..., A, with weights wy, ..., w), namely

p
> we log(XA;") =0, ©)

o=1

whose unique positive definite solution is the weighted matrix geometric mean K :=
K(wi,...,wp; A1, ..., Ap).
We thus know that the function

14
P(A1, ..., Ap) = Zwa og(K (w1, ..., wp; A, ..., Ap)ASY),

o=1

as a function from 3”[5 to &, is such that ¢ = 0.
From the derivatives of ¢ we will get the derivatives of K as a function of the
matrix arguments. Let us set

A¢lHyl = DK (w1, ..., wp; At, ..., ApIO0,...,0, H;, 0,...,0],

where the Hermitian matrix Hy is put in position 1 < £ < p. By the chain rule and
since the derivative of the function X ! in the direction H is —X "' H X1, we have

0= Dg(A1,...,ApI0,...,0, He,0,...,0]

p
=Y woDlog(KA;NALHA," = KA HeA; 8051,
o=1

where 8¢, is the Kronecker delta function.

In the vec basis we can write (with abuse of notation we denote with
Dlog(K A;l) also the u? x p? Kronecker matrix representing the derivative in
the vec basis)

P
> we Dlog(KA;NA;T @ I) vec(A[Hel) = weDlog(K A, )(A;" ® KA;") vec(Hy)

o=1
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and then the matrix representing the derivative of the matrix geometric mean, with
respect to its £-th argument, with £ =1, ..., p, is

)4
Aa=(>z U eKkATY).  Z,=wDlog KA YAT @), (=1
Z_ (o2 [( ® Y4 )! [_we Og( Y4 )( YA ® )1 - 7""[7'
o=1

(10)

The matrix Z; is not necessarily Hermitian. We will obtain another expression of
the derivative, involving Hermitian matrices only, and this will make the derivative
easier to be computed.

We consider the full rank factorization K = R*R (for instance, the Cholesky
factorization), with R € C"*" and the Schur factorizations

RA'R* =UDU;,  €=1,....p, (11)
from which it follows that, for £ =1, ..., p,
KA;'=RUDWUR™, AT =R 'UDURT. (12)

Notice that Dy is a diagonal matrix with real positive diagonal entries.
Using (12) and the properties of the derivative of matrix functions (compare (5)),
we obtain for Z, in (10),

Zy = weDlog(R* Uy DyUF R™)(A;T @ 1)
= we(R™' Uy ® R*U)DIog(D)(ULR @ UFR™) (R UDWURT @ 1)
-1 _ _
= w(R™' ® R*)(U; ® U Dlog(D)(Dy ® DU} @ UYR™T @ R™).

In order to get an expression for A, where the matrix to be inverted is Hermitian,
we define the new matrix

Se := we(RT®@R*)(U¢@Uy)Dlog(De)(Dy @ DN(U, QURTOR™),  (13)

and it is easily seen that

p -1
Ay = (Z sg) SiI @ KA. (14)
o=1
We claim that S, is positive definite for any ¢ = 1, ..., p, and this can be proved

by showing that D log(D¢)(D¢ ® I) is (diagonal and) positive definite. We need the
following statement attributed to Daleckii and Krein (see [10, Thm. 3.11]).
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Lemma 2 Let f be analytic on the open set 2 C C. Let A = diag(dy, ..., d,) be
a diagonal matrix with d; € 2 for all i. Then, for any H = (h;;);, j=1
we have

,,,,,

(Df(MDIHDij = [fldi.d;lhij, ij=1,...,p1,

where f[d;,d;1 = (f(d;) — f(dj))/(d; —d}) ifd; # dj and fld;,d;] = f'(d;) if
di =d;.

Let F be the matrix such that (F);; = fld;,d;], fori, j = 1,..., u. The matrix
that represents Df (A) in the vec basis is diag(vec(F)).

Lemma 2 shows that D log(Dy) is diagonal and that its diagonal elements are of
the type

logA; —logA; 1
Ai — Aj ’ Al

where A;, A; are eigenvalues of Dy. Since the eigenvalues of Dy are positive, also the

diagonal elements of D log(Dy) are positive. This shows that Sy is positive definite.
From (12), we get that UfR*K A, ' = DyUR™, and

To:i=Si(I ® KA,

= we(RT ® R*)(U¢ ® Up) Dlog(De)(De ® De)(U, @ Ui)(R™T @ R™),

that is a positive definite matrix, and we obtain a minor variation of (14), namely

P

ac=( Sa)_ln, (15)

o=1

where the matrix K A;l (not necessarily Hermitian) does not appear.

The evaluation of the previous formulae (14) or (15) is very expensive, since the
matrices, S1, ..., S, have size ,u2 and we do not see a way to compute A, with
O (113) ops, without constructing and inverting (or, more appropriately, solving a
multiple right-hand side linear system with coefficient matrix) Sy + - - - + Sp.

For p = 2 there is a much simpler formula for the derivative (see the extended
preprint of [12] available at http://arxiv.org/abs/1201.0101).

We also need the derivative of the weighted matrix geometric mean with respect
to the weights. As in the derivation with respect to the matrix variables we consider
the function

14
Y(wi, ..., wp) = Z we 1og(K (w1, ..., wp; A1, ..., Ap)ATY),

o=1


http://arxiv.org/abs/1201.0101
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that is zero for each w € R? such that w #0Oand w; > 0,for j =1, ..., p.
Let us set

Iy[fel = DK(wy, ..., wp; A, ..., Ap)[0,...,0, f¢,0,...,0],
where fy is put in position £. By the chain rule we have

0=Dy(wi....,wp[0,....0, f,0,....0]

P
= filog(KA;") + > " we Dlog(K A DI filA; 1.

o=1

In the vec basis we can write

p
> weDlog(KA; ) (A;T & I) vec(IV[ fi])

o=1

= — vec(fy log(K A; ")) = vec(log(A¢K ™)) fr.

so that the matrix representing the derivative of the matrix geometric mean, with
respect to its £-th weight, is

4 _

ri=()"%) vecllog(ack ™)),

o=1

with Z, defined in (10).
A more symmetric form is obtained by introducing, as before, the Hermitian
matrix Sy = (RT R ® I)Z, that yields

p _ P _
Iy = (Z Sg) : vec(log(A¢cK HK) = (Z Sg) : vec(K log(K ~'Ayp)),
o=1 o=l

(16)

where we have used that K is Hermitian and the definition of primary matrix func-
tion. Notice that Z§:1 I'yws = 0, because K satisfies ) wo log(A, K~HK =0,
and this is expected since the weighted matrix geometric mean is invariant under
positive scaling of the weights.

In summary, let Aj,...,A, be positive definite matrices of size wu,
and wi, ..., w, nonnegative numbers whose sum is not zero. Let K =
K(wy,...,wp; A1,..., Ap) be the weighted matrix geometric mean of

Aj, ..., Ap, then the derivative of the matrix geometric mean with respect to
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the ¢-th matrix variable, in the vec basis, has the following expression:
P -1
ac=(D"8) seue KA, (17)
o=1

where
Se = we(RT ® R*)(U¢ ® Up) D1og(Dy)(Dy @ D(U, @ U)(R™T ® R™*),

with K = R*R (full rank factorization) and RAZ1 R* = U¢DeUJ (Schur
factorization).

If the weights are positive, then the derivative of the matrix geometric mean with
respect to the £-th weight variable, if the vec basis is used on the arrival space, has
the following expression:

P _
= (Z sg) 'vee(K log(K~" Ay). (18)
o=1

4 Factorization of Tensor Grids

Let M € R™*" be a nonnegative matrix, namely a matrix with nonnegative
entries. In its classic formulation, nonnegative matrix factorization (NMF) consists
in finding two nonnegative matrices U € R"** and V e R¥*", such that the product
UV best approximates the given matrix M with respect to a certain matrix norm.

In the applications, one is mostly interested in cases where k is much smaller than
n, since this yields an approximation of the columns of M as linear combinations of
the fewer columns of U, through V. This factorization has been extensively used in
machine learning and data analysis (see [22] and the references therein).

A more general problem is obtained when one considers instead of an m x n
matrix, a grid of points where a positive definite matrix is attached to each point,
namely a set of positive definite matrices M;; of size u, withi = 1,...,m and
j = 1,...,n. Such an object arises when one considers a planar distribution of
tensor quantities, for this reason we call it tensor grid.

From a tensor grid one can easily construct an m x n block matrix M € RA™>#"
whose blocks are M;;, but this matrix may have negative entries, so that NMF cannot
be applied to M. Xie et al. [24] have proposed to “factorize” M using a set of
positive definite matrices U;y € R*** withi = 1,...,mand ¢ = 1,...,k and a
nonnegative matrix V = (vg;) € R¥*" such that the function

m n k
EW. V)= > IMij =Y Usevijll7 (19)
=1

i=1j=1
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achieves the minimum. Each block column of the matrix M is thus approximated by
a nonnegative linear combination of the columns of the matrix U (the n x k block
matrix whose blocks are Ujy).

This first model implicitly assumes the Euclidean geometry on the set of positive
definite matrices, but the latter set can be provided with a different geometry, such
as the one described in Sect. 2. In the following, we propose two new models based
on these geometries.

Since we are dealing with objects in the set &7/"*" that are (mn)-tuples of
positive definite matrices, we consider also the product Riemannian manifold
structure on 3”;’“(", where the tangent space can be identified with ]I-]Ifjxn, the set of
(mn)-tuples of Hermitian matrices, the scalar product at M € Wﬁ”" is

(X, 7)o ZZ (Xij, Y,,)“” X, Y e HI", (20)
i=1 j=1

and the distance is A*(M, N) := Y11, Y 8% (Mij, Nij).
Now we can give a second model for the decomposition of a tensor grid that is
to find the minimum of the cost function

1 m n
AU, V)= DO 8 (M, Ky, ..o Uit - Ui)), 1)
i=1 j=1

where, as before, U;y € R‘*H is positive definite and V = (vyj) € Rkxn g
nonnegative with no zero columns.

In some sense we are trying to get U and V such that the approximation M;; ~
Kij,...,vj; Uit, ..., Ui) holds.

This nonlinear decomposition, that we call matrix geometric mean decomposi-
tion, is much more complicated than its Euclidean counterpart and so it is much
more computationally demanding.

For this reason, in some cases, we replace the weighted matrix geometric mean
with the weighted log-Euclidean mean, defined as

P
Lwi, ..., wp; A1, ..., Ap) 1= exp(nglogM),

=1

that is known to be an approximation of the weighted matrix geometric mean, but
cheaper to be computed. The log-Euclidean mean, as the matrix geometric mean, is
based on the structure of the set of positive matrices, but it is computed by a direct
evaluation of a single expression instead of an iterative process. From this, we obtain
a third model as the minimizer of the cost function

1 m n k
LW,V = D lilog Mij = " vyjlog Uil (22)

i=1 j=1 =1
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Computing the log-Euclidean decomposition is less expensive than the matrix
geometric mean decomposition, while the Riemannian structure of &7, is well
approximated.

In the next section we will derive an alternating gradient descent algorithm for
the functions (21) and (22).

Remark 1 Let Ay, ..., Ay € &,. While the functions wj A1 + - - - + wi Ag and the
function exp(wi log(A1)+- - -+wy log(Ag)), for wy, ..., wi > 0 describe an object
depending on k parameters; the function K (wq, ..., wg; Ai, ..., Ax) describes an
object depending on k — 1 parameters, since the weighted matrix geometric mean is
invariant under positive scaling of the parameters. For k = 2, for instance, w1 A1 +
wy Ao describes a surface, while K (wq, wp; A, Ap) is a curve.

A possible remedy to this issue is to introduce, in the matrix geometric mean
model, the values vg; > 0, for j =1, ..., m, and define the function

1 m n
AW V)=, 3 Y 83 (Mij. v K@i, v Ui Uik)- (23)
i=1 j=1

The new scaling constants reestablish the right number of parameters, marginally
affecting the computation.

4.1 A Simple Algorithm for the Matrix Geometric Mean
Decomposition

A customary optimization algorithm in NMF is the alternating minimization. In
our case we use the alternating minimization of the functions Z(U, V) of (21) or
Z(U, V) of (22) with respect to the variables U and V, respectively. We describe
the algorithm for #; the one for .Z is the same.

Algorithm 1 Start with Uy, Vj and repeat the cycle:

1. use a gradient descent method, with a backtracking strategy to ensure cost
function reduction, on %(Uq, Vy) to get Uyt

2. use a gradient descent, with a backtracking strategy to ensure cost function
reduction, on Z(Uy41, Vy) to get V41 (project onto the positive orthant, if some
of the elements of V1 are negative);

forg = 0,1,2,..., until the gradients are smaller than a fixed tolerance or a
maximum number of iterations has been reached.

In order to use a gradient descent algorithm, it is necessary to derive the gradients
of both functions and design an algorithm to compute them. The rest of the section
is devoted to the gradients computation.
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4.1.1 The Gradients of Z((U, V)

We consider the derivatives of the cost function Z(U, V) of (21) as a function of
the sole variables U and V, respectively. We first compute the derivative of the cost
function with respect to U in the direction £ = (Ey) € H;’}Xk , from which the
Riemannian gradient is easily obtained. By linearity, it is sufficient to consider the
functions ¢;; (U) := 8*(Mjj, K (vi, ..., vj; Ui, ..., Uix)) separately, for each i
and j.

Lemma 3 The Fréchet derivative of the function ¢;j(U) in the direction E = (Eg,;)
is

k
Dyij(U)E] =2 vec(K; " log(Kij Ml.;l))*Ag/) vec(Eir),
=1
where K;j = K(vij,...,v5; Uit, ..., Ui) and Agj) is the matrix representing

the derivative of the weighted matrix geometric mean in the vec basis, obtained as
A of (17) with

Ay = Uy, Wy 1= vyj, K :=K;;.

Proof Forafixed V and for W € 93”‘, we can define the two functions §;; (X) :=
SMI-]- (X) and 0;; (W) := K(v1j, ..., vj; Wit, ..., Wi) for which ¢;; (U) = (53] o
0ij)(U). The derivative of o;; at U, in the direction E, is

k k
Doj;()IE] =Y Doyj(U)[Esi] = Y Doy (D[Eie] = Y vee ™ (ALY vee(E;p)).
s,t (=1 =1

then, by the chain rule and using Lemma 1, we get

Dg;j(U)IE] = D&} (K;j)[ Doij (U)E]]

k
=2 trace(K;; ' log(K; M;;") vee 1 (AP vec(Ei)))
=1
k .
=2 Z vec(Ki;1 log(K;; M;l))*Ag]) vec(Ejyp),
=1

where the latter equality follows from trace(AB) = vec(A)* vec(B), when A is
Hermitian (notice that the matrix K 171 log(K;j Ml.;l) is Hermitian).
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Let V() denote the Riemannian gradient of the function ; Y, ; ¢ij(U), with
respect to the geometry defined in (20). By definition,

<V(U) E(R) ( Z¢IJ>(U)

forany E € ]HIM’”X/‘ , which, in view of Lemma 3, can be rewritten as

m k
_ Uy, —
(VO B =3 tracev;,' v U, Eio)
i=14=1
m k U m k U
=3 vee 'V UL veeEip) = 3 vee (VWi T @ U vee(Eip)
i=1¢=1 i=1¢(=1

ZZVCC(K log(K,]M_l)) A(l/)vec(E,()

m n k

i

from which we finally get

vee(Vi ) = Y (UL @ Uie) (AL vee(K ; log(KijM;; ), (24)
j=1

fori=1,...,mand? =1,... k.

On the other hand, we should compute the derivative of the function Z (U, V)
of (21) with respect to V in the direction F = (f5;) € R¥*" from which the
Riemannian gradient is easily obtained. By linearity, it is sufficient to consider the
functions ¥;; (V) := 82(M,-j, Kij,...,uwj; Ui, ..., Uik)) separately, for each i
and j.

Lemma 4 The Fréchet derivative of the function ;;(V), in the direction F =

(fsr), is

k
DYi;(V)IF1 =2 vee(K; log(KijM;; )" I fu),
(=1
where K;j = K(vij,...,v; Ui, ..., Uix) and Fz(ij) is the (column) vector

representing the derivative of the weighted matrix geometric mean with respect to
the weights obtained as I'y of (18) with

Ag := Uiy, we = vy, K :=Kjj.

Proof The proof is similar to the one of Lemma 3.
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Let V(") be the Riemannian gradient of the function } Y, ; ¥ (V). By defini-
tion

@ Ry = (5 Y0 ) L)

iJ
forany F € R¥*2 which, in view of Lemma 4, can be rewritten as

n k V(V)féj m n

ZZ t :ZZZVCC(K 1log(K,/M_l)) F(l/)fj’

J=1 =1 UIZJ i1

from which we finally get

7 <V>—Z% vee(K ;" log(Kij M;;")* r\”, (25)
i=1

fore =1,...,kand j=1,...,n

4.1.2 The Gradients of Z(U, V)

We consider the derivatives of the cost function .Z (U, V) of (22) as a function of
the sole variables U and V/, respectively. As before, we compute first the derivative
of . with respect to U in the direction £ = (E;) € H;’ij , from which we get the
Riemannian gradient. By linearity, it is sufficient to consider the functions ¢;; (U) =
I lezl vgj log Uiy — log M;; ||%, separately.

Lemma 5 The Fréchet derivative of the function ¢;j (U) in the direction E = (Ey;)
is

k k

Dy;j(U)[E] = ZZUQ vec qu/ logU;y — log M,/) Kiog(Uig) vec(Eje),
o=1 g=1

where Kiog(Uj¢) is the ,u2 X ,u2 Kronecker matrix of the derivative of the matrix
logarithm.
Proof For a fixed V, we define d;j(X) = diogm;(X) and 7;(U) =

Sk vejlog(Uie) for which ¢;;(U) = (dl.zj o 7;;)(U). The derivative of 7;; at
U, in the direction E, is

Dt (U)[E] = Z Dt (U)[Es] = Z D (U)[Eie] = Z vej vec™" (Kiog (Uie) vec(Eir)),

=1 =1
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then, by Lemma 1 and the chain rule, we get

Dgij(U)[E] = Dd;; (7i;(U)[D7ij (U)E]]

k k

=2 Z trace((z vyjlog Uiy — log M,'j)vej vec ™! (Klog(U,-g) vec(E,-@))
(=1 gq=1
k k
=2 Z vyj vec(z vyjlog Uiy — log M,-j)*Klog(U,-g) vec(E;yr).
(=1 g=1

Let V() be the Riemannian gradient of the function % > %ij(U), then
(VO E)R = ( Z <p,,>(U)

forany E € ]HI:’}X", which, by Lemma 3, can be rewritten as

NgE

k m k
Ztrace(U V(U)U E;p ZZ vee(U;, VZ(ZU)Ulzl) vec(Ej¢)
i=1 ¢=1

i=1 {=1

k
> vee(V )y (WU @ Uy vee(Eie)

I
NE

i=1¢=1
m n k k
= Z Z Vj vec(Z vgjlog Uiy —log M;;)* Kiog(Uie) vec(Eiy),
i=1 j=14¢=1 q=1
that yields
n k
VeC(Vi(eU)) = Z Uzj(U£ ® Uie)(Klog(UiZ))* VeC(Z vgjlogUiq — log M;j),
j=1 q=1

(26)

fori=1,....mandf=1,..., k.

We should compute also the derivative of .Z (U, V) of (22) with respect to V in
the direction F = (fy;) € Rff”, from which we obtain the Riemannian gradient.
By linearity, we consider the functions ¥;; (V) := || Z"z:l vejlog Ui — log M;; ||%
separately, for each i and ;.
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Lemma 6 The Fréchet derivative of the function v;; (V) in the direction F =

is
k k

Dy (V)[F] = ZZtrace (Z vgjlog Uiy —log M;;) log U,g)fg/
o=1 g=1

Proof The proof is similar to the one of Lemma 5.

Let V(") denote the Riemannian gradient of } ", ; v (V). We have
" Ry =D va,,)(V)

forany F € Rk> which, by Lemma 4, is

feu g
j=1t=1 UQ i=1 j=1t=1
from which we finally get
m k
ViV = "0, trace(() vgj log Uig — log Mij) log Use).

i=1 q=1

for£=1,...,kandj=1,...,n

S Numerical Experiments
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(fs1)

Z Z Z trace (Z vgj log Uiy — log M;j) log U,e)fz],

27)

In order to compare the performance of all presented models, we examine the
speed and accuracy of the algorithms in some numerical tests. The first test will
handle a basic example in which the columns of the grid M are exactly one of two
possible grid vectors. In the second experiment, a new dataset is constructed based
on the natural flow of the Riemannian geometry of positive matrices, and in a final
experiment, we perform the decomposition of data without any predefined structure

and observe the difference in computational time of the algorithms.

In the following, we will refer to the minimizer of (19) as the Euclidean model,
to the minimizer of (21) as the matrix geometric mean model, and to the minimizer

of (22) as the log-Euclidean model.
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The accuracy of the reconstruction is measured by

err — (E:Ljuﬂhj‘_ Uﬂz)lﬂ
> 1M1 ’

where (1VI,~ 7)i,j 1s the reconstructed tensor grid, while (M;;);, ; is the original one.

5.1 Basic Dataset

In this first experiment, we use a dataset M as shown in Fig. 1 and discussed in Xie
et al. [24]. Looking at the representation of the data, it is clear that each column
in the grid is exactly one of two possibilities, hence we use a decomposition with
k = 2, indicating two columns in the grid U.

The experiment is conducted by applying noise to the grid in Fig.1 and
performing the decomposition. However, because the columns in the dataset do not
combine the given columns in grid U, but rather select one of both, the chosen model
(Euclidean, matrix geometric, or log-Euclidean), in this case, does not influence the
resulting accuracy of the approximation significantly.

5.2 Geometrically Varying Dataset

As before, we consider a dataset in which the original, underlying grid U consists
of two columns. This time, however, the dataset M is not constructed by choosing

Fig. 1 The dataset presented
in Xie et al. [24]. The 3 x 3
matrix at each gridpoint is
represented by an ellipsoid
using its eigendecomposition.
The color is given by the
direction of the principal
eigenvector. The picture has
been obtained using the
program TenVis by R. Parcus
(https://github.com/quiuquio/
TenVis)

4
]
Yy

060600606006 0606060606O0O0O
060060606 0060606006000O
06006060606 060606060600O00O0
,' " " 'l 'J ‘.l 'l " 'l ‘l .J .J ..I ‘.l' '.I' .J

000000006000GBODBOGBODCGY
00000000C0CBODOBOO0GDYS
(AN NEENENENNENNENENNN)
80000000 06000GOOKD
00 0osesssssshi)h
00 0ossssssshihi)h
00 0osessssss il
t000osssssss i)
00 0osessssss|h il
" f‘ " ‘l L T T L L L " ‘.,\ "\ .j
(EEEET T Y T X X T NN NI
00 ossssssshiihih



https://github.com/quiuquio/TenVis
https://github.com/quiuquio/TenVis

The Derivative of the Matrix Geometric Mean and the Factorization of Tensor Grids 125

S5

y

¥y Yy ¥ X ¥ X X ]
290000000000

TR

-
cssssssseoee%

XX Y ]

000000000069
*500
2% ’J'I‘...

.

) 00000

e
e0
e
e |
\
I
|
!

00006
1000

_-_..“.
PP

Il 'l 'lg'..

]
[ !
Y

[

J

——aeeoaeoee99

(a) (b) (©)

Fig. 2 Accuracy test using data varying according to the Riemannian structure. The 3 x 3 matrix
at each gridpoint is represented by an ellipsoid using its eigendecomposition. (a) The original,
geometrically varying data. (b) The resulting approximation using the Euclidean model. (¢) The
resulting approximation using the matrix geometric model. (d) The resulting approximation using
the log-Euclidean model

the columns of U separately, but by combining them using the weighted matrix
geometric mean with variable weights. This results in a grid M in which the rows
are formed by positive matrices varying according to the geometry of &7,,. Some
noise is applied to the matrices in M to prevent the matrix geometric model from
being trivial and the resulting dataset is shown in Fig. 2a.

The error in the reconstruction for the Euclidean model is 0.21, while for
the matrix geometric and log-Euclidean models is 0.054 and 0.044, respectively.
The results for the Euclidean, matrix geometric, and log-Euclidean models are
shown in Fig.2b-d, respectively. The pictures confirm the numerical accuracy
of the reconstruction. As expected, the matrix geometric model gives a good
approximation of the original dataset, since the data were created based on the
underlying geometry of this model. The close connection between the log-Euclidean
mean and this geometry causes the log-Euclidean model to give very similar results.

On the other hand, the Euclidean model suffers from the connection between
the variation of the data and the geometry of the set &7, especially when the data
approach the boundary of &,,. A closer look at the iterations in the computation of
the Euclidean model reveals that the model attempts to obtain some matrices in the
grid U which are no longer positive, violating the assumptions of the nonnegative
matrix factorization. Removing this condition on the matrices in U results in a
Euclidean model with similar accuracy to the matrix geometric mean and log-
Euclidean models, but with less significance since some of the matrices in U would
not be positive definite.
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Fig. 3 Computational time for the three decomposition when applied to a 15 x 15 grid M
containing random positive matrices. The experiment is repeated 20 times for each decomposition
rank k, with the line connecting the mean computational time

5.3 Speed Test

Finally, we compare the computational time of the different decompositions by
repeatedly creating a 15 x 15 grid M consisting of random positive (3 x 3) matrices.
The results of the experiments are displayed in Fig. 3.

As expected, the matrix geometric and log-Euclidean decompositions require
more computational time when compared to the Euclidean model. This is mainly
caused by the evaluation of the more involved distance measure and non-trivial
matrix functions, and more importantly, by the evaluation of their derivatives. At
each iteration step, the current approximation for the grid M also needs to be
computed, requiring the evaluation of mn matrix geometric/log-Euclidean means
(e.g., 225 in this experiment).

The difference between the matrix geometric and log-Euclidean decompositions
becomes clear when examining the evolution of the computational time going from
decomposition rank k = 2 to k = 3. While the matrix geometric mean has an
explicit expression for two matrices, it is computed in an iterative process for three
or more matrices. This difference greatly influences the amount of work required
to evaluate the mean and to compute its derivatives (see also Sect.3.2). The log-
Euclidean mean on the other hand is given by an explicit expression for any number
of matrices.
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6 Conclusions

We have obtained an expression for the derivative of the weighted matrix geometric
mean that can be easily evaluated by a numerical algorithm. As a possible
application, we have presented new models for the decomposition of tensor grids
based on the non-Euclidean geometry defining the matrix geometric mean.

From some preliminary tests these new models seem to be promising. A future
step could be to test these models on real data and to find faster algorithms for
computing the decomposition.
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Abstract When Fiedler published his “A note on Companion matrices” in 2003 on
Linear Algebra and its Applications, he could not have foreseen the significance
of this elegant factorization of a companion matrix into essentially two-by-two
Gaussian transformations, which we will name (scalar) elementary Fiedler factors.
Since then, researchers extended these results and studied the various result-
ing linearizations, the stability of Fiedler companion matrices, factorizations of
block companion matrices, Fiedler pencils, and even looked at extensions to non-
monomial bases. In this chapter, we introduce a new way to factor block Fiedler
companion matrices into the product of scalar elementary Fiedler factors. We use
this theory to prove that, e.g. a block (Fiedler) companion matrix can always
be written as the product of several scalar (Fiedler) companion matrices. We
demonstrate that this factorization in terms of elementary Fiedler factors can be used
to construct new linearizations. Some linearizations have notable properties, such
as low bandwidth, or allow for factoring the coefficient matrices into unitary-plus-
low-rank matrices. Moreover, we will provide bounds on the low-rank parts of the
resulting unitary-plus-low-rank decomposition. To present these results in an easy-
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1 Introduction

It is well known that, given a monic polynomial p(z) = z¢ +ag_1z¢" '+ - - - + ao,
we can build a (column) companion matrix" that has the roots of p(z) as eigenvalues
and whose entries are just 1, 0, and the coefficients of p(z):

r,=| 1 —ax |, (1)

I —ag—1

We remark that constructing a companion matrix is operation-free: no arithmetic
operations are needed to get I', from p. The pencil zI — I', is an example of a
linearization for p(z). A formal definition of a linearization is the following.

Definition 1 Let p(z) be a k x k degree d matrix polynomial. Then, the pencil A —
ZB is a linearization of p(z) if there exist two unimodular matrices E(z) and F(z)
(i.e. matrix polynomials with non-zero constant determinant) such that Iy_1) ®
p(z) = E(x)(A —zB)F(2).

In the above setting, when B = I, we say that A is a companion matrix.” In the rest

of the paper, we will never deal with the matrices E(z) and F(z) directly. For us,

it is sufficient to know that the column companion matrix identifies a linearization,

and that any matrix similar to it still leads to a linearization (see, for instance, [25]).
The fact that a linearization is operation-free can be formalized as follows:

Definition 2 A companion matrix C of a polynomial p(z) = ag+ajz+---+2z%is
called operation-free if each of the elements in C is either 0, 1, or one of the scalars
aj (possibly with a minus sign). Similarly, for a block companion matrix linearizing
a matrix polynomial, we say that it is operation-free if its entries are either 0, 1, or
one entry in the coefficients of the matrix polynomial (possibly with a minus sign).

In 2003, Fiedler showed that I, in (1) can be factored as the product of d
(scalar) elementary Fiedler factors which are equal to the identity matrix with the
only exception of a 1 x 1 or 2 x 2 diagonal block [27]. This factorization has a
remarkable consequence: the product of these factors in any order provides still a
linearization for p(z), since its characteristic polynomial remains p(z). Companion

IWe typically abbreviate column companion matrix and omit the word column, unless we want to
empbhasize it.

20ften, the term companion matrix indicates a matrix obtained from the coefficients of the
polynomial without performing arithmetic operations. Here, we have not added this constraint into
the definition but—as we will discuss later—all the matrices obtained in our framework satisfy it.
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matrices resulting from permuting the elementary Fiedler factors are named Fiedler
companion matrices.

This theory has then been extended to matrix polynomials, by operating block-
wise, and to more general constructions than just permutations of the original
factors, which led to Fiedler pencils with repetitions [16, 36], generalized Fiedler
pencils [2, 18] and generalized Fiedler pencils with repetitions [20]. These ideas
sparked the interest of the numerical linear algebra community: several researchers
have tried to find novel linearizations in this class with good numerical properties
[26, 28], or which preserve particular structures [17, 23, 26, 33].

The construction of Fiedler companion matrices is connected with permutations
of {0,...,d — 1}. In this framework, the development of explicit constructions
for palindromic, even—odd, and block-symmetric linearizations in the Fiedler
class is investigated in [17, 20, 23, 26]. At the same time, several authors have
investigated vector spaces of linearizations with particular structures [29, 30], and
linearizations with good numerical properties [11, 21, 35]. Recently, a new graph-
based classification of Fiedler pencils has been recently introduced by Poloni and
Del Corso [31], and has been used to count the number of Fiedler pencils inside
several classes, as well as to describe common results in a simpler way.

The aim of this paper is to extend the theory proposed in [31] by introducing
manipulations that operate inside the blocks and factor them, but at the same time
remain operation-free, which is a key property of Fiedler-like pencils.

We show that these tools can be used to construct new factorizations of
block Fiedler companion matrices. In particular, we prove that (under reasonable
assumptions on the constant coefficient) any block Fiedler companion matrix of a
monic k X k matrix polynomial can be factored into k Fiedler companion matrices
of scalar polynomials. This approach extends a similar factorization for column
companion matrices by Aurentz, Mach, Robol, Vandebril, and Watkins [7]. The
graph-based representation makes it easy to visualize the unitary-plus-low-rank
structure of (block) Fiedler companion matrices; it also provides upper bounds on
the rank in the low-rank correction of the unitary-plus-low-rank matrix.

Aurentz et al. [7] developed a fast method to compute eigenvalues of matrix
polynomials by factoring the column block companion matrix into scalar companion
matrices and then solving a product eigenvalue problem exploiting the unitary-
plus-rank-1 structure of the factors. As we will show in Theorem 8, some block
Fiedler companion matrices can be similarly factored as a product of row and
column companion matrices (appropriately padded with identities). This makes the
algorithm in [7] applicable to devise a fast solver; in fact, this idea is exploited in
[6] to describe an algorithm for computing the eigenvalues of unitary-plus-rank-k
matrices. As an alternative, after a preliminary reduction of the matrix to Hessenberg
form we can employ the algorithm proposed in [10] for generic unitary-plus-rank-k
matrices.

As a final application, to illustrate the power of the new representation, we show
by an example that these techniques can easily produce novel companion matrices
such as thin band or factorizations in which symmetry of the original problem is
reflected.
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Throughout the chapter, we adopt the following notation: ,, denotes the identity
matrix of size n x n; its subscript is dropped whenever its size is clear from the
context; e; denotes the j-th vector of the canonical basis of C"; and Z denotes the
downshift matrix, having ones on the first subdiagonal and zeros elsewhere.

2 Fiedler Graphs and (Block) Fiedler Companion Matrices

As mentioned in the introduction, Fiedler [27] showed that the column companion
matrix I, in (1) can be factored as I, = FyFy--- Fy—1, where the F;, named
elementary Fiedler factors, are matrices which are equal to the identity except for a
diagonal block of size at most 2 x 2. More precisely:

Fo = Fo(ao) = (—ao) & 141, Fi=Fi@)=15_1& |:

We omit the parameters in parentheses if they are clear from context.

The key result due to Fiedler [27] is that any permutation of the factors in the
above factorization C = Fy (o) - - - F5(a—1), where o is a permutation of {0, ..., d —
1}, is still a companion matrix for p(z). We call linearizations obtained in this way
Fiedler linearizations (and the associated matrices Fiedler companion matrices).
Throughout the chapter, we use the letter I" (with various subscripts) to denote a
column (or, occasionally, row) companion matrix, possibly padded with identities,
ie. In, @ I'y ® I,, and the letter C to denote Fiedler companion matrices. We will
heavily rely on the flow-graph representation established by Poloni and Del Corso
[31], so we introduce it immediately.

The elementary flow graph associated to each elementary Fiedler factor is the
graph shown in Fig. 1.

To construct the Fiedler graph associated to a product of Fiedler elementary
factors P = Fj (a1)--- F; (ax), each of size d x d, we first draw d horizontal
lines labelled with the integers 1, ..., d (with 1 at the top); this label is called the
height of a line. Then, we stack horizontally (in the same order in which they appear
in P) the graphs corresponding to the elementary factors. These must be properly
aligned vertically so that F;; touches the lines at heights i; and ij+ 1 (ori; + 1 only

Fo(a) =

Fig. 1 Elementary flow graphs corresponding to F;(a) (for i > 0) and to Fy(a)
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Fig. 2 Flow graph for —ap
P = Fy(ap) Fi(ar)

if i; = 0). Straight horizontal edges are drawn in grey to distinguish them from the
edges of the flow graph.

A Fiedler graph is a representation of multiplying a row vector v, having compo-
nents v;, with P. This vector—matrix multiplication can be seen as a composition of
additions and multiplications by scalars, and the flow graph depicts these operations,
as follows. We imagine that for each i the entry v; of a row vector v enters the graph
from the left along the edge at height i and moves towards right. A scalar traveling
from left to right through an edge with a box carrying the label a is multiplied
by a before it proceeds; an element following a straight edge (with no box) is left
unchanged; a scalar arriving at a node with two outgoing edges is duplicated; and
finally when two edges meet the corresponding values are added. If one carries on
this process, the result at the right end of the graph are the entries of v P, with the
jth entry appearing at height j.

Example 1 Consider the simple case in whichd = 2, and P = Fy(ap) F1(a1). The
flow graph associated to P is shown in Fig. 2.

The element v; enters from the left at the first row, hits —ag resulting in a
multiplication —vjap, and then moves down to the second row. The element v;
enters at the second row and is duplicated. Its first clone moves to the top row, and
its second clone gets multiplied with —a; and then also ends up in the second row.
Since both —vjap and —vya; end up in the bottom row, we add them together. As a
result, we obtain [v2, —v2a; — viap] at the right end of the graph, which is exactly
[vi, v2]P.

The power of this framework lies in the fact that representing a matrix by a
Fiedler graph enables us to easily draw conclusions on the structure of the matrix
and its associated elementary Fiedler factors. For instance, to determine the content
of the (i, j)-th entry of a product of Fiedler factors it is sufficient to inspect the paths
on the graph that start from the left at height i and end on the right at height ;.

Consider for instance the column companion matrix (1) of degree d = 4. The
associated Fiedler graph is depicted in Fig. 3. Indeed, entering the graph from the
left on row i > 1 yields two elements: one on column i — 1 (the edge pointing one
row up), and the other is —a;_1, which follows a descending path until the very last
column. This implies that

el-TFp = [0,'_2 104-; —a,-_l] , i >1,
which is exactly the i-th row of I',. The case i = 1 produces the row vector

ef Iy = [0a-1 —ao]
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Fig. 3 Fiedler graph
associated to a column
companion matrix of a degree
4 monic polynomial

Fig. 4 Fiedler graph
associated to the matrix
F=FyFIF3F,

Some Fiedler companion matrices are simpler, some are more complex. For
instance, we have already considered Fy--- Fy—1, which is the usual column
companion matrix. The transpose of this matrix is Fy_1 - - - Fp (all the Fiedler factors
are symmetric), which is a Fiedler companion matrix with all the coefficients on the
last row:

rf=F; - F= - 3)
1

—ag —dajp ... —daqd-—1
We refer to (3) as a row companion matrix.>
The flow graphs help us to visualize the structure of the factorization in
elementary Fiedler factors. For example, the Fiedler companion matrix with o =
(0,1, 3,2) is associated with the graph in Fig.4. Note that the order of the
elementary flow graphs coincides with the order of the elementary Fiedler factors.
Since F; and F; commute whenever |i — j| > 1, different permutations o may
correspond to the same matrix. For example, in Fig.4, F1 and F3 commute, so
FoF1F3F, = FoF3F1 F,. In terms of graphs, we can “compress” a Fiedler graph
by drawing the elements F; and F; one on top of the other whenever |i — j| > 1,

3This is a variation on the usual construction of a row companion matrix having the elements a; in
its first row.
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Fig. 5 A more compact %
representation of the graph in
Fig. 4

or swap them; these are operations that do not alter the topological structure of the
graph nor the height of each edge.

For example, we can draw the graph in Fig.4 in a compact way as in Fig.5.
Moreover, we can immediately read off the following equivalences FoF3F1 F> =
FoF1 F3 F, = F3FyFy F>, since the factor F3 is free to slide to the left of the diagram.

If we allow for repositioning factors in this way, two Fiedler companion matrices
coincide if and only if their graphs do (see [31] for a detailed analysis of this
characterization).

Remark 1 There are a number of different “standard forms” [31, 36], i.e. canonical
ways to order the factors in a Fiedler product or draw the corresponding graph. In
this chapter, we do not follow any of them in particular. Rather, when drawing the
graph associated to a Fiedler companion matrix C, we try to draw them so that the
elements form a connected twisted line. (In practice, this can be obtained by drawing
first the elementary factor F,;_ at the bottom of the graph, and then F;_5, Fy_3, ...
each immediately at the left or right of the last drawn element.) This choice gives
a better visual interpretation of some of our results; See for instance the discussion
after Theorem 6.

We now generalize this construction to monic matrix polynomials. Given a
degree-d matrix polynomial with k x k coefficients

P(x) =1z + Ag 1297+ 4 Ag e CP¥ 2],
we can factor its column companion matrix as:

00---0 —Ap
I O
Iy

o O
I
s
I
N
)
S

Irp
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Fig. 6 Graph representing the active part of the block elementary Fiedler factor .%; (A), fori > 0
and of %#y(A)

where all .%; are block elementary Fiedler factors, that is

0 I
Fo = Fo(Ag) = (=A0) @ lkw-1), Fi = Fi(A) = Li—1k @ L A } @S La—i—1)k»
—Aj
foralli = 0,...,d — 1. Again, each permutation of these factors gives a (block)

Fiedler companion matrix. We can construct graphs associated to their products
in the same way; the entities we operate on are now matrices instead of scalar
entries. For instance, for A € C*¥*k_the active part of a block elementary Fiedler
factor, which is the diagonal block differing from the identity, can be represented
as in Fig. 6. All the results of this section concerning the reordering of the block
elementary Fiedler factors remain valid also in the block case. In particular,
block Fiedler flow graphs represent the multiplication of a “block row vector”
[Vi, Va, ..., Vy] € Ckxkd by a product of block Fiedler matrices.

This construction can be thought of as the “blocked” version of the one we had
in the scalar case: we treat the blocks as atomic elements, which we cannot inspect
nor separate. However, it does not have to be that way, and in the next section we
will explore the idea of splitting these blocks into smaller pieces.

In particular, we will show in Sect. 3.1 how each of the block elementary Fiedler
factors can be decomposed as a product of (scalar) elementary Fiedler factors. So,
we have a coarse (block) level factorization and graph, and a fine (entry) level
factorization and corresponding graph.

3 Factoring Elementary Block Fiedler Factors

We discuss the block Fiedler factors .%; fori > 0 and i = 0 in different subsections
because they require different treatments.

3.1 Block Factors 7, fori > 0

To ease readability and avoid additional notation we will use, in this section, .7 (A)
to denote the active part (the one different from the identity) of an arbitrary block
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Fiedler factor .%; (A), for i > 0. In particular, we have

F(A) = |:OkI]>:k _I’;J € X2k, 4)

Consider the graph of a single Fiedler factor .% (A) given in the left of Fig.6.
This graph represents the multiplication of .% (A) by a block row vector [V}, V2], so
the two horizontal levels in the graph correspond to the blocks 1 : k and k + 1 : 2k
(in Fortran/Matlab notation).

We show that it can be converted into a more fine-grained graph in which each
line represents a single index in {1, 2, ..., 2k}. We call this construction a scalar-
level graph (as opposed to the block-level graph appearing in Fig. 6).

We first show the result of this construction using flow graphs, to get a feeling of
what we are trying to build.

Example 2 Letk = 3,and A = (a;;), with 1 <, j < 3.Inthis case, the elementary
block factor .% (A) in Fig. 6 has size 6 x 6. A scalar-level graph associated to .7 (A)
is depicted in Fig. 7.

Theorem 1 Let #(A) € C**2f pe a block elementary Fiedler factor as defined
by Eq. (4). Then, .Z(A) can be factored into k* scalar elementary Fiedler factors
associated to the elements of the matrix A = (a;;), as follows

F(A) = Iil—1 -+ I,
I'j = Fij(a1j)Fjp1(az)) - Fiyp—1(a),  j=12,....k

Proof From a linear algebra viewpoint, the proof can be obtained simply multi-
plying the various factors together. Alternatively, one can construct the 2k x 2k

Fig. 7 Scalar-level graph
associated to % (A) where A
is a 3 x 3 matrix with entries
ai Jj

y =
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analogue of Fig.7, and follow the edges of the graph to check the value of each
matrix element. m|

Remark 2 Each I'j is a (scalar) column companion matrix padded with identities,
i.e. it has the form I, @ I, ;@ Iy—j, where I, i is a particular column companion
matrix of size k 4 1. Indeed

I;_
Jj—1 T 1
I'y= Z~|—a/~ek_H , aj = e |’
I J

where Z is the downshift matrix, with ones on the first subdiagonal and zero
elsewhere. In the following, we call column (resp., row) companion matrices also
matrices with this form, ignoring the additional leading and trailing identities.

We could have proved that .% (A) is the product of k column companion matrices
also by inspecting the associated scalar-level graph. Indeed, for simplicity let us
restrict ourselves to the running example in Fig. 7 of size 6 x 6. We replot the graph in
Fig.7 inserting gaps between some elements. Hence, the graph is the concatenation
of three sequences of factors that can be arranged in a descending diagonal line each.
These correspond precisely to I3, I», I'1; indeed, any descending line of diagonal
factors forms a column companion matrix (padded with identities) (Fig. 8).

Fig. 8 Replot of the graph in Fig. 7 with gaps between descending diagonal lines. This reveals the
factorization into companion matrices
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Example 3 Written explicitly, the factors that compose the 6 x 6 matrix .% (A) of
our running example are

F(A)

[000 1 0
000 0 1
000 0 O

| 001 —a3; —az —a3z |

0
0

1 |01
100 —aj1 —aiz —as TlI-A
010 —ap; —axy —ass

10000 0
01000 0
00000 1
00100 —a3
00010 —axs
| 00001 —as33 |

1771000 0 0
0000 1 0
0100 —apn0
0010 —ax»0
0001 —a3x 0
10000 0 1|

}z

131517
[000 1 00]]
100—-a;; 00
010—a; 00
001 —a3; 00
000 0 10
000 0 01|

Remark 3 We can also factor .% (A) into row companion matrices. If we group
the elements in Fig.7 following ascending diagonals, we obtain an analogous
factorization, shown in Fig. 9, into row companion matrices, each containing entries
from one row of A. This new decomposition can be identified from the graph in

Fig. 9. This result is immediately obtained by applying Theorem 1 to . (A)”.

Remark 4 Poloni and Del Corso [31], only consider elementary blocks of the
form .%; = %;(A;), where A; is a coefficient of the matrix polynomial P(z) =
179 + Ag_1z97 1+ ...+ zA| + Ag. Here, we allow for a more general case, where

Fig. 9 Replot of the graph in Fig. 7 adding gaps between ascending diagonal lines
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two elementary blocks F;(a) and F;(b) with the same index i can have different
parameters a # b.

3.2 The Block Fiedler Factor %

In this section, we provide a factorization for the block .% into the product of scalar
companion matrices. Note that the active part of the elementary Fiedler factor % is
confined to the first k rows instead of 2k rows like the factors .%; fori > 0.

Since our goal is to build linearizations of matrix polynomials, we can perform
a preliminary transformation that does not alter the spectrum. If there exist two
invertible matrices E, G, such that EP(A)G = Q()), then the matrix polynomials
P()) and Q(X) are said to be strictly equivalent [25]. When this happens, their
spectra (both finite and infinite) coincide. If the matrices £ and G are also unitary,
then the condition number of their eigenvalues also matches,* hence we need not
worry about instabilities resulting from using this factorization.

In particular, we can choose an orthogonal (resp., unitary) matrix E and let
G =ETn (resp., G = E H 7 ), where IT is the counter-identity matrix, so that
the monic matrix polynomial P(A) is transformed into a monic polynomial Q (1)
with Ao lower anti-triangular (i.e. (Ag);,; = 0 wheneveri + j < k). These unitary
matrices can be obtained by computing the Schur form of Ag = Q7 Q7 and then
setting E = QT . For these reasons, we may assume that A is lower anti-triangular.

Theorem 2 Let A € C*** be a lower anti-triangular matrix. Then, Fo(A) can be

factored as the product of k(k2+ Y scalar elementary Fiedler factors as follows

Fo(A) = Ik Ty—1--- 1,
I'y = Fo(ak—j+1,)) Filak—j+2,5) - - - Fj—1(ak,j).

Moreover, each I'; is a scalar column companion matrix (padded with identities).

The proof is analogous to the one of Theorem 1. Again, we can consider the flow
graph associated with %.

Example 4 Consider again k = 3. Then, the flow graph associated with % is

“4Here, by condition number we mean the non-homogeneous absolute or relative condition number
defined in [34] (see also [1] where several definitions are compared). It is easy to verify that
substituting the change of basis in the formula for the non-homogeneous condition number in
[34] does not change the result.
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Separating the elementary factors into three descending diagonals, we get the
decompositions into three column companion matrices.

The explicit matrices are

0 0 -—as

Fo = 0 —ax —ax; | = 131210

| —as1 —az —az3

(00 —as 0 —ax» 0 —a31 00

=110 —ay 1 —a3 0 0 10
LO1 —a33 0 0 1 0 01

We can adapt this decomposition to work with lower triangular matrices, but the
result is more complicated.

Theorem 3 Let A € CK*k be a lower triangular matrix. Then, Fo(A) can be
factored as the product of k? scalar elementary Fiedler factors as follows

Fo(A) =11 - T, Q)
I'y = Folaj j)Fi(ajt1,j) -+ - Fr—j(ak,j) Fr—j+1(0) Fi—j4+2(0) - - - Fr—1(0).

Moreover, each I'; is a scalar column companion matrix (padded with identities).

Again, we can prove this factorization either algebraically or by following the edges
along the associated Fiedler graph, which is shown in Fig. 10.

The additional blocks with zeros are in fact permutations necessary for position-
ing each element correctly. Even though this factorization is still operation-free,
meaning that there are no arithmetic operations involving the a;;, we see that
this is only because the trailing elementary Fiedler factors have 0. Indeed, if one
replaces the zeros appearing in Fig. 10 with different quantities, the resulting product
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Fig. 10 Fiedler graph associated to .%y(A) where A is a lower triangular 3 x 3 matrix

requires arithmetic operations. This is an instance of a more general result, linked
to operation-free linearizations, as in Definition 2.

Theorem 4 ([31, 36]) Consider the product & = MM, - -- My, where for each
k=1,2,...,¢ the factor My is an elementary Fiedler factor F; (a,). Then, P is
operation-free for each choice of the scalars (or matrices) aj, if and only if between
every pair of factors M, M;,, with the same index iy = iy = i there is a factor
with index i + 1. In terms of diagrams, this means that between every two factors at
height i there must appear a factor at height i + 1.

Again, this theorem holds for the block version as well. While all the other
products of Fiedler factors that we consider in this paper are operation-free a priori
because of this theorem, the one in (5) does not satisfy this criterion. It is only
operation-free because of the zeros.

Remark 5 Tt is impossible to find an operation-free factorization of .%y(A) for an
unstructured A. Indeed, if there existed a factorization Fo(A) = MM - - M2,
where each M; is a scalar elementary Fiedler factor, then by writing .%o(A4)~! =
M]:zl e szle1 one could solve any linear system Ax = b in O (k?) flops, which
is known to be impossible [32].

4 Factoring Block Companion Matrices

In this section, we use the previous results to show that any block Fiedler companion
matrix can be factored as ¥ = C;C3---C, where each C j is a scalar Fiedler
companion. This generalizes the results for block column companion matrices from
Aurentz et al. [7].

These factorizations have a nice property: they are low-rank perturbations of
unitary matrices. This allows the design of fast algorithms for computing the
eigenvalues of €, by working on the factored form [7].

This novel factorization allows to build even more linearizations. When all
factors C; are invertible, all the cyclic permutations of the factors provide again
linearizations for the same matrix polynomial, since they are all similar.
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For column block companion matrices, we have the following (see also Aurentz,
etal. [7]).

Theorem 5 Let P(z) € C[z]¥* be a monic matrix polynomial of degree d
with lower anti-triangular constant term Ag. Then, the associated block column

companion matrix can be factored as a product of k scalar companion matrices of
size dk x dk.

A formal proof will follow as a special case of Theorem 6. Here, we only point
out that this factorization is again easy to detect using the graph representation.

Example 5 Letd = k = 3 and P(z) = 17> 4+ Ayz> + A1z + Ao, with A lower
anti-triangular. Then, using the scalar-level factorizations of each Fiedler block, the
column companion matrix of P(z) links to the flow graph in Fig. 11.

It is easy to decompose this graph as the product of the three factors drawn in
the figure in different colours. Moreover, each of these three factors is a column

Fig. 11 Graph of the block column companion matrix associated to the monic matrix polynomial
P (z). The constant coefficient A is lower anti-triangular. To simplify the notation, we used a[(;) to

denote the entries of the matrices A;
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companion matrix> constructed from a polynomial whose coefficients are a column
of [Al AT AIT.

This construction can be generalized to a generic block Fiedler companion. To
prove the theorem formally, we need some additional definitions [22, 31] and a
lemma which is a variation of [19, Proposition 2.12].

Definition 3 Let P = F;, F;, - - - F;, be a product of £ Fiedler elementary factors.
Foreachi =0, ...,d—1,the layer Z;.;+1(P) is the sequence formed by the factors
of the form F;(a) and Fj11(b), for any values of a, b, taken in the order in which
they appear in P.

Definition 4 Let C = F5(0)Fy(1) - - - Fo(a—1) be a Fiedler companion matrix, where
o is a permutation of {0, 1, ...,d — 1}. We say that C has

e A consecutionati,0 <i <d—2,if £.i+1(C) = (F;, Fi+1);
e Aninversionati,0 <i <d—2,if £.;+1(C) = (Fi+1, F}).

For instance, the Fiedler companion matrix whose associated graph is depicted
in Fig.4 has two consecutions at 0 and 1, and an inversion at 2. Note that in the
flow graph a consecution corresponds to the subgraph of F; being to the left of the
subgraph of F;, 1, and vice versa for an inversion. The definition extends readily to
the block case.

The layers of a factorization in elementary Fiedler factors uniquely define the
resulting product as stated in the next lemma.

Lemma 1 Let F and G be two products of (scalar or block) elementary Fiedler
factors of size d x d. If £;.i41(F) = Z:i+1(G) foralli = 0,...,d — 2, then
the two products can be reordered one into the other by only swapping commuting
factors, and hence F = G (as matrices).

Proof See [19, Proposition 2.12]. O

Theorem 6 Let € = F5 () - -+ Fo—1) be a block Fiedler companion matrix of
the monic matrix polynomial P(z) = 1294 Ag_1z% "4+ Ajz+ A € (C[z]ka,
with the matrix Ag lower anti-triangular. Then, € = C1Cy - - - Cy, where each of
the matrices C; is a scalar Fiedler companion matrix.

Proof 1In the following, we use the notation al.(j’:) to denote the (7, j) entry of Ag.

Foralli = 0,1,...,d —2and j = 1,2,...,k, we use j’ as a shorthand for
k — j + 1; let the matrix M; ; be defined as

M j = Fy (a;f;/)FkiH(aﬁu/) e Fki+j’—1(a](ct)j~/)

i+1 i+1 i+1
Fuavj(@y 3 Fuigjrei(ay D) -+ Fee1@ 00 (6)

3Similarly, one could factor it into dk row companion matrices linked to polynomials of degree 3.
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if % has a (block) consecution at i, or:

(iH)

(i+1)
JJ'= )

M; ;= Frivk—1(a il

i+1
1)Fki+k72(a§.f;r,_)2) - Fuiyj(a
Flitj—1 (Cl;l’/)c)Fki+j—2(a;l’])Fl) o (a;.”;,) 7

if ¢ has a (block) inversion at i.

When i = d — 1, we can take either of (6) or (7) as M; ;, omitting all
terms containing entries of a(?). (Hence, in particular, one can find two different
factorizations for €.)

We will prove that € = C{C3 - - - Cy, where

Cj=Ms0),iMsy,j - Ms@—1),j)- (8
Each of the C; contains exactly one factor of the form Fy, F1, ..., Fyk—j, hence it
is a scalar Fiedler companion matrix, linked to a polynomial whose coefficients are
elements out of the original block coefficients.

To show that ¥ = C1Cp---Ck, we rely on Lemma 1. Note that ¥ =
Fo0)Fo(l) - Fs@—1) can be seen as a product of scalar elementary Fiedler
factors of size kd x kd using the factorizations in Theorems 1 and 2. Relying
on Lemma 1, we simply have to verify that its layers coincide with those of

CiCy---Cr.Indeed,let 0 <i < d,and 1 < £ < k; if € has a block consecution at
i, then

Lritt—1:ki+0(C) = Lrivo—1:xi+e(Fi Fit1) =

(Fki+z—1(aéf,)<), Fki+z(aﬁ],k)v Fki+z—1(0221,k_1), Fki+z(a222,k_1)v s Fki+l—l(a/(<l;)()7

Fire@t V). Fiiro1@{ {0, Faye@y ). Faveo1(as (). .. Fuirea | ”))

= Zkivo—tki+e(Mi xMip1 1 MioMiyy 2+ - MikMi1 k) = Zhive—1:ki+0(C1Co - - Ci).
Similarly, if € has an inversion in i, then:

Lrite—1ki+0(C) = Lrito—1ki+e(Fi1 Fi) =

(Fki+l(a§f2—1))v Frite—1 (aﬁ_l)l) Fite (aﬁr_l)l) Fki+l—1(ag2—_1)2)7 s Fki+z(a2ffrl)),

Fki+£—l(aéi/)(), Fki+l(ag,)_1,k), Fki+£—l(aé?_1,k_1)a Fki+£(a2?_2,k_1)a ce Fki+£71(a1(({)z))

= Lhito—1kiveMip1 1 Mi 1 Mip12M; 2+ Mip1 kM k) = Zhive—1:i+¢(C1Ca - - - Ci).
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This tedious algebraic proof hides a simple structure that is revealed by the
associated graphs: the scalar elementary Fiedler factors appearing in the graph of
% can be split into k twisted lines that run diagonally, parallel one to the other.
Moreover, it is interesting to remark that all resulting Fiedler companion matrices
have the same structure, with consecutions and inversions in the same positions.
This is illustrated clearly in the next example.

Example 6 Consider the block Fiedler companion matrix of the matrix polynomial
P(z) = 122 + A2z2 + A1z + Ao, with d = k = 3, defined as € = .%».%y.%,. Its
block-level graph is

and has a consecution at block level 0 and an inversion at block level 1. Its scalar-
level diagram is presented in Fig. 12. The elements belonging to the three factors
C1, Ca, C3 are drawn in three different colours. Formally, we have

Mo = o@D Fi @) R@Y), M) = Fs@3) @) Faly),
Moys = Fo@)Fi(@ ) F(ay)),  Mip = Fs(@))Fa(@ly)F3(aly),

Mos = @) Fi@)R@l)), Mz = Fs@))Fa@))F3l))
and finally, using (7) we have
2 2 2 2
My = Fs(@)), Mys= Fi(a)Fs@l)), Mas = Fsad)Fr(al)Fs(al?).

In accordance with (8), we get C1 = M» 1My 1M1,1,Ca = MaaMy2M 2, and
C3 = M 3Mp3M 3.

Note that the factorization is not unique since we can additionally incorporate
the terms F7 (a23))Fg (a(z)) in Cy, thereby defining the matrix M> ; as in (6) rather
than (7). In that case also M> > and M5 3 should be defined in accordance with (6).

The corresponding matrices are

0Ap O
=100 I | =CCC3,
1 A A
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Fig. 12 The scalar-level diagram associated to Example 6. Each diagonal segment in a box
represents a term M; ;. We use the notation ai(;‘) to denote the entry in position (i, j) of Ay

with:

C = 1 ,

1

(@Y 2) 2) (2
I —a)y —a)y —a); —ap;

1
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—ay)
1 —al)
1 —al)
1
C = 1 ,
1
1
1 —ay) —a3) —ay) —a3) a3y
- 1_
aj)
(-
1 —a)
1
C3 = 1
1
1
1
1 —a)) —ay) —ay) —afy —ai)) —af |

5 Unitary-Plus-Low-Rank Structure

Unitary- (or orthogonal) plus-low-rank matrices appear frequently in fast algorithms
for polynomial root-finding [3-5, 7-9, 12-15]. To the best of our knowledge,
these techniques have been applied to row and column companion matrices (either
block or scalar ones), but never to general Fiedler linearizations, even though
recent advances [10] point towards novel algorithms for eigenvalue computations
of unitary-plus-low-rank matrices.

In this section, we show that (block) Fiedler companion matrices are unitary-
plus-low-rank, and that an upper bound on the rank of the correction is easily
determined from their structure. This result is not new, as it is already present in a
very similar form in [24, Section 6]; however, we report an alternative proof making
use of the Fiedler graphs.

Lemma 2 Let Ay be unitary plus rank t1, and Az be unitary plus rank t2. Then,
A1 Aj is unitary plus rank (at most) t| + tp.

Proof 1Tt is sufficient to write A; = Q; + u,-vl.T, with Q; unitary and u;, v; € C"*%,
fori = 1, 2. Then

A1Az = (Q1 +u1v])Ar = Q1 Az +urv] Ay = Q102 + Qupvl +uiv] Ax. O
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We introduce the concept of segment decomposition of a Fiedler companion
matrix, which groups together elementary Fiedler factors with consecutive indices.

Definition 5 Let C = Fy(0) F5(1) - - - Fo(a—1) be a scalar Fiedler companion matrix.
We say that C has ¢ segments (or, equivalently, that its graph has 7 segments) if 7 is
the minimal positive integer such that C = Iy - - - I, for a certain set of indices i
satisfying

Iy = Fsiy) - Folijn—-1)» O=i1<ia < <ipy1=d,

and such that the integers o (ij),...,o0(ij+1 — 1) are consecutive (either in
increasing or decreasing order).

Note that each [7; is either a column or row companion matrix possibly
padded with identities. Segments are easily identified in the Fiedler graph, as they
correspond to sequences of diagonally aligned elementary graphs. For instance,
Fig. 13 depicts, on the left, the graph of the Fiedler companion matrix of C =
FoF1 Fs Fo > Fg F7 F3. Swapping commuting blocks we can rearrange the elemen-
tary Fiedler factors as follows C = (Fo F1 F2) (F5F4 F3) (Fe F7) identifying the three
column and row companion matrices and hence the three segments. Similarly, the
graph on the right has two segments.

Remark 6 The paper [22] defines a sequence of integers called the consecution-
inversion structure sequence (CISS) of a Fiedler companion. The number of
segments can be deduced from the CISS: namely, it is the length of CISS (excluding

=,

—ag

—a7

Fig. 13 Two graphs associated to scalar Fiedler companion matrices. The example on the left is
composed of three segments, while the one on the right of only two
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a leading or trailing zero if there is one) minus the number of distinct pairs of
consecutive 1’s appearing in it.

Theorem 7 Let C be a scalar Fiedler companion matrix with t segments. Then, C
is unitary plus rank (at most) t.

Proof If C has t segments, then by definition C = I'1I%--- I}, where each I}
is either a column or a row companion matrix (possibly padded with identities).
In fact, if I'; = oij) " Fg(ijﬂ_l) and the integers o (i;),...,0(ij4+1 — 1) are
consecutive in increasing order, we obtain a column companion matrix; if instead
they are consecutive in decreasing order, we obtain a row companion matrix. Each
row or column companion matrix is unitary plus rank 1 (since it is sufficient to
alter the last row or column to turn it into the unitary cyclic shift matrix Z + e1e; ).
Hence, C is the product of ¢ unitary-plus-rank-1 matrices, which is unitary plus rank
(at most) by Lemma 2. |

The above result can be used to prove another interesting fact.

Theorem 8 Let € be a block Fiedler companion matrix with a block-level graph
composed of t segments. Then, € is unitary plus rank (at most) kt.

Proof The result follows by generalizing the proof of Theorem 7 to block Fiedler
companion matrices, noticing that each block Fiedler companion matrix is unitary
plus rank k. O

Remark 7 Given a Fiedler companion matrix 4" with ¢ segments and its factor-
ization ¥ = CCj---Cy obtained through Theorem 6, each C j has the same
number of segments, but it may happen that this number is larger than . An
example is given by the block version of the pencil on the right of Fig. 13, i.e.
C = F5F6F7.F0FF2F3F%4. Indeed, each of its scalar Fiedler companion
factors C; has three segments rather than two.

Remark 8 Theorem 8 shows that we can apply to € structured methods for fast
eigenvalues computation, provided that the number of segments in the graph
associated with the Fiedler companion matrix is limited.

In addition, it gives an explicit factorization of % into unitary-plus-rank-1
matrices, therefore providing all the tools required to develop a fast method similar
to the one presented in [7] for column block companion matrices.

6 A Thin-Banded Linearization

Another interesting use of scalar-level factorizations of block Fiedler companion
matrices is to construct new companion matrices by rearranging factors. We present
an example using the flow graphs.
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Fig. 14 The flow graph of the column companion matrix in Example 7

Example 7 We consider the matrix polynomial P(z) = I8+ A3+ A2+ Az +
Ap, with d = 4, k = 3. Assume for simplicity that A is already anti-triangular. The
graph associated to its column companion matrix I” is shown in Fig. 14.

We can factor this matrix as the product of three factors I" = RST, which we
have drawn in different colours in Fig. 14. Note that R and 7 commute, and that S, T
are invertible, being products of non-singular Fiedler factors. Hence, RST is similar
to TRS = RTS, which is in turn similar to 7SR. This proves that € = T RS is
also a companion matrix for P(z). The graph of ¢ is depicted in Fig. 15.

Note that % is not a Fiedler companion matrix, as it cannot be obtained by
permuting block-level factors; “breaking the blocks” is required to construct it. This
construction can be generalized to arbitrary d and k, and it has a couple of nice
features.

e % is a banded matrix. Since we have drawn its diagram inside six columns in
Fig. 15, there is no path from the left to the right of the diagram that moves up
or down more than five times; this means that %;, j = 0 whenever |j —i| > 6.
Generalizing this construction to arbitrary k and d, one gets 6; ; = 0 whenever
|j —i] > 2k. Finding low-bandwidth linearizations and companion matrices
has attracted quite some interest in the past: for instance, [2, 27] present a



152 G. M. Del Corso et al.

Fig. 15 The graph of ¢ in
Example 7

(block) pentadiagonal companion matrix (which can also be expressed as a
block tridiagonal linearizing pencil). The new companion matrix ¢ has the same
bandwidth as this classical example.

e Whenever the coefficients of P(z) are symmetric matrices, we can factor ¢
into the product of two symmetric matrices ¥ = %1%, it is sufficient to
take %) as the product of all factors appearing in the first five columns of
Fig. 15, and %> as the product of all factors appearing in the sixth and last one,
ie. % = Fi(a\\)F3(aS)) Fsa$y) Fr(alY) Fo(a$)) Fii(asy). This means that
we can construct a symmetric pencil €] — %2_11 which is a linearization of
P(z). (Note that ‘52_1 is operation-free.) Finding symmetric linearizations for
symmetric matrix polynomials is another problem that has attracted research
interest in the past [19, 31].
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Remark 9 We remark that it is not clear that thin-banded linearizations provide
practical advantages in numerical computation. Commonly used eigenvalue algo-
rithms (namely, QZ and QR) cannot exploit this structure, unless the matrix at hand
is also symmetric (or the pencil is symmetric/positive definite).

7 Conclusions

We have presented an extension of the graph-based approach by Poloni and Del
Corso [31] that allows to produce scalar-level factorizations of block Fiedler
companion matrices.

We have shown that this framework can be used for several purposes, such
as identifying new factorizations of products of Fiedler matrices, revealing their
structures (such as the unitary-plus-rank-¢ structure), and combining them to build
new linearizations.

Once the reader is familiar with reading the Fiedler graphs, there are many more
factorizations that could be devised. Every time a diagonal line of factors appears
in a graph, it can be transformed into a factorization that involves row or column
companion matrices.

The presented approach allows a more general and particularly easy manipulation
of these linearizations. It might lead to the development of efficient algorithms for
the computation of eigenvalues of matrix polynomials using the product form with
the unitary-plus-rank-1 structure.
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A Class of Quasi-Sparse Companion )
Pencils Shethie

Fernando De Teran and Carla Hernando

Abstract In this paper, we introduce a general class of quasi-sparse potential
companion pencils for arbitrary square matrix polynomials over an arbitrary field,
which extends the class introduced in [B. Eastman, I.-J. Kim, B. L. Shader, K.N.
Vander Meulen, Companion matrix patterns. Linear Algebra Appl. 436 (2014) 255-
272] for monic scalar polynomials. We provide a canonical form, up to permutation,
for companion pencils in this class. We also relate these companion pencils with
other relevant families of companion linearizations known so far. Finally, we
determine the number of different sparse companion pencils in the class, up to
permutation.

Keywords Companion matrix - Companion pencil - Linearization - Sparsity -
Scalar polynomial - Matrix polynomial - arbitrary field - Permutation

1 Introduction

The standard way to compute the eigenvalues and eigenvectors of a matrix
polynomial

k
Q)= AA;, A eF™  i=01...k  A#0, (1
=0

(with F being an arbitrary field) is by means of a linearization, which is a matrix
pencil (that is, a matrix polynomial of degree 1) whose eigenvalues (together with
their multiplicities) coincide with the ones of the polynomial (1). Any matrix
polynomial has infinitely many linearizations, but in order for them to be useful in
practice, it is important to know in advance that they are linearizations. One way to
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create such linearizations is by means of symbolic constructions consisting of block-
partitioned pencils whose blocks contain the coefficients of (1). Companion pencils
are particular cases of these constructions (see Definition 2.2). They present several
advantages, besides being linearizations for any matrix polynomial. Among the
most relevant ones are: (a) they are strong linearizations (that is, they also preserve
the infinite eigenvalue of the polynomial, and its multiplicities), and (b) they present
a template involving no arithmetic operations at all. The only information needed to
build companion pencils is the selection and placement of the blocks.

Several families of companion pencils have been introduced in the literature,
including the Fiedler-like families [1, 4, 8, 10, 23] and the block-Kronecker
linearizations [15]. They contain, as particular cases, the classical Frobenius lin-
earizations, and extend the notion of companion matrix, which has been extensively
used to compute roots of scalar polynomials (like in the MATLAB command
roots). In the recent years, some effort has been devoted to introduce new families
of companion pencils which preserve some of the structures of matrix polynomials
usually encountered in applications [3, 5, 6, 9], or to companion pencils in other
polynomial bases than the monomial basis [20-22]. Some recent works have also
analyzed particular features or applications of Fiedler-like pencils [2, 12—14]. In
particular, it is proved in [7] that the families of Fiedler and generalized Fiedler
pencils are particular cases of block-Kronecker linearizations. As for companion
matrices of scalar polynomials, we refer to [18] and [19] for a more general
notion than the one considered in this paper, and to [16] for some pentadiagonal
constructions.

Companion matrices are valid only for monic scalar polynomials. They have
been studied in several recent papers [17-19] from a theoretical point of view,
providing canonical expressions up to permutation. Some interest has also been
paid to sparse companion matrices, namely those with the smallest number of
nonzero entries, motivated by the simplicity of the constructions. However, from the
numerical point of view, it may be desirable to work with non-monic polynomials.
This is one of the motivations to introduce the more general notion of companion
pencils.

In this paper, we are mainly interested in sparse companion pencils. Our main
goal is to extend the results in [17] to such kind of constructions. In particular,
we first introduce a general class of pencils (denoted by %, ) associated with
symbolic matrix polynomials as in (1). As with all families of companion pencils
mentioned above, the pencils in %, ; contain k — 1 identity blocks, plus another
k — 1 blocks equal to Al, together with some other nonzero blocks involving
the coefficients of the polynomial. However, its generality relies on the fact that
these blocks can be located anywhere in the pencil. This aims to introduce a class
of potential linearizations that keeps all the essential structural properties of the
previous families of linearizations (namely, the identity blocks), and having a small
number of nonzero entries (or blocks). We refer to them as quasi-sparse because
of this small number of nonzero entries. Some pencils in %, « can be either not
companion (that is, linearizations) or not sparse, and our interest focuses on those
which are companion (firstly) and those which are companion and sparse (secondly).
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Our goal is to provide a canonical expression, up to permutation, for companion
pencils in this family, resembling the one provided in [17] for companion matrices,
and to determine, up to permutation as well, how many different sparse companion
pencils are in this family. To achieve this goal, we introduce a new class of pencils,
denoted by 2%, (plus an intermediate class 2, k), which comprises, up to
permutation, all companion pencils in %, k, and we count the number of different
sparse pencils in 26, k.

The paper is organized as follows. In Sect.2 we present the basic notions
(including the families %, .k, Znk, and 26, k), together with some structural
properties. Section 3 is devoted to prove that any companion pencil in %,k is
permutationally equivalent to a pencil in 2, i, and that companion pencils in 2, i
must belong to 2%, . We also prove that all pencils in 2%, x are companion
pencils. In Sect. 4 we get the number of different sparse (companion) pencils in
Q6 k.

2 Preliminaries

Throughout this paper, we use calligraphic letters with two subindices, like 27, &,
to denote a class of nk x nk block-partitioned matrix pencils, which are viewed as
block k£ x k matrices with blocks of size n x n.

In order to define the notion of companion pencil for matrix polynomials, we first
recall the following notions. For more information about them we refer to [11].

In what follows, the reversal of Q(1) in (1) is the polynomial revQ(A) :=
Z?:O MA j» obtained by reversing the order of the coefficients of Q(1).

Definition 2.1 A matrix pencil L(A) = AX + Y with X, Y € [Frkxnk s a lineariza-
tion of an n x n matrix polynomial Q(A) of degree k if there exist two unimodular
nk x nk matrix polynomials U (1) and V (1) such that

UGYLA)V () = |:I(k61)n Q(()A)} |

(that is, L(A) is unimodularly equivalent to diag({(x—1),, Q()). The linearization is
called a strong linearization if revL(X) is also a linearization of revQ(}).

Definition 2.2 A companion pencil for general n x n matrix polynomials
Z;"{:O A A; of degree k is an nk x nk matrix pencil L(A) = AX 4 Y such that
if X and Y are viewed as block k x k matrices with blocks of size n x n, then:

(i) each nonzero block of X and Y is either I, or A; (up to constants), for some
i=0,...,k,and
(i1) L(X) is a strong linearization for every n x n matrix polynomial of degree k.

Note, in particular, that if L(X) is a companion pencil for Q (1), then det(L (X)) =
adet(Q(A)) (for some o # 0). When n = 1, Q(A) is just a scalar polynomial. In



160 E. De Teran and C. Hernando

this case, we will use lowercase letters and this determinant condition reduces to
k

det(L(M) =a g(A) =« Zkia;, with0 # « € F.
i=0

2.1 New Classes of Block-Partitioned Pencils

The most general family of “potential” companion pencils in this work, %, , is
introduced in Definition 2.3. This family contains all the sparse companion pencils
introduced so far in the literature (in the monomial basis). In particular both Fiedler
and generalized Fiedler pencils [4, 8, 10], as well as the sparse block-Kronecker
pencils introduced in [15, Def 5.1]. The motivation for introducing this family is
precisely to create a general family containing all these companion pencils, and also
to extend the family of companion matrices introduced in [17].

Definition 2.3 We denote by %,  the set of block-partitioned matrix pencils with
block entries in F[Ay, . .., Ax] and whose only nonzero blocks are of the form:

* k — 1 blocks equal to —1, together with £k — 1 blocks of the form A7, and

e at most k nonzero blocks, denoted by By(}), ..., Br—1(A), such that each
coefficient A;, fori = 0, ..., k, appears only in one Bj, for j =0, ...,k — 1.
These blocks are of the form

Bj(A) = B) + AB], )

for j =0,...,k— 1, with B;()) being either 0, A;, AA;11 or A; + AA;41, for
some0 <i <k-—1.

The generality of the family %, i relies on the fact that nothing is said about
the location of the nonzero blocks in Definition 2.3. Because of this generality, not
all pencils in %, ; are companion pencils, as we are going to see. The following
subclass of %,  will comprise, up to permutation, all companion pencils of %,
(see Theorem 3.1).

Definition 2.4 2, ; is the class of block-partitioned pencils in %, x where:

* the blocks equal to —1 are in all super-diagonal positions (i.e., the block entries
@, i+ 1,fori=1,....,k—1),

 the blocks equal to A7, together with a nonzero block By, forsome0 <d < k—1,
are on the main diagonal, and

* the remaining nonzero blocks B}, for j # d, are below the main diagonal.

However, it is not difficult to see that not every matrix pencil in 2, j is a companion
pencil [17, p. 261-262], since these pencils do not necessarily satisfy condition (ii)
of Definition 2.2. The following result provides some necessary conditions in order
for a pencil in 2, x to be companion.
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Theorem 2.5 Let L(X) € 2,k be a companion pencil. Then,

(i) If B}, for 1 < j <k — 2, is located in the ith subdiagonal, for 1 <i <k — 2,
then Bj is either 0, Ag—ij—1, AMk—;, or Ak—i—1 + LA
(ii) If Bj is located in the (k — 1)th subdiagonal, then Bj is either Ag or Ag+M1A1.
(iii) If Bj is located on the main diagonal, then B is either LAy or AMAy + Ag_1.

In order to prove Theorem 2.5 we use the following result.

Lemma 2.6 Let L(A) = [l;;] € 2. For any nonzero Iy with s —t > 0, the
determinant of L(A) contains a nonzero summand of the form:

L l—te—lsels1,541 - Dk 3)

Proof Spanning either across the row or the column containing /s, for some s —f >
0, we obtain that the only term in det(L (X)) containing ly; is I;;Cy;, where Cy; is the
cofactor of the block entry ;. This cofactor is of the form:

_lll_l 0 .

Csr = (=1)°*" det * 0 , “)

1S+l,s+l -1 0

T
L Ik

*

that is, Cyy = 11+ L—1—1ls1541 Ik + at. Recall that below the main
diagonal of L () there can be nonzero entries. Since L(X) € 2 x, the first summand
in Cy; has degree k — (s — t) — 1. It suffices to prove that Est has, at most, degree
k—(s—1)—2.

First, the matrix in (4) is partitioned in six big nonzero blocks. Note that each
summand in Cy; contains a term below the main diagonal multiplied by its cofactor,
in particular, this term can be in one of the (1, 1), (2, 1), (2,2), (3, 1), (3,2), or
(3, 3) blocks. If it is in any of the blocks (2, 1), (2, 2), or (3, 2), its cofactor is
0. However, if it is in the remaining blocks (1, 1), (3, 1), or (3, 3), its cofactor is
obtained by removing two terms on the main diagonal, which are of degree 1 in A,
and the cofactor is multiplied by the term on the subdiagonal, which is, at most, of
degree 1 in A. Then, at is, at most, of degree k — (s — 1) —2in A.

Finally, by Definition 2.3, /;; contains some coefficient a,, which does not appear
in any other entry, so (3) cannot cancel out with any other term in det(L(1)). |
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Proof (Theorem 2.5) We focus on the case n = 1. Let L(A) € 2. If a;, for
0 <i <k, isinl (in the rth subdiagonal, with » := s — t), then the exponent of A
which appears multiplied by a; in det(L (%)) is, by (3), equal to k —r — 1 +deg(/s;)
(note that I11, ..., l—1,r—1, ls+1,54+1, - - -, lxx all have degree 1). Then, i = k —r —
1+deg(ls), sor = k—i—1-+deg(l,), but deg(ly,) is either 0 or 1, and a; must be
either in the (k — i — 1)th subdiagonal (without 1) or in the (k — i)th subdiagonal
(multiplied by 1). In particular, when i = 0, the only possibility is deg(l;;) = 0
and r = k — 1 (otherwise, if deg(l;;) = 1, we would have r = k, which is not
possible, since there are no k subdiagonals), and similarly when i = k, the only
possibility is deg(l;;) = 1 and » = 0. This means that ag can only be in the (k —
1)th subdiagonal (without A) and ax can only be in the Oth subdiagonal (multiplied
by A).

As a consequence, if b; = b? + )\bjl. is in the ith subdiagonal, then b? can be
either O or a;_;_1, and b}. can be either O or aj_;. |

Now, we introduce the following class of block-partitioned pencils, where part (i) is
motivated by Theorem 2.5.

Definition 2.7 2%, ; is the class of block-partitioned pencils in 2, ; satisfying
the following conditions:

(1) The coefficient A; is either in the (k — i — 1)th subdiagonal or in the (k — i)th
subdiagonal. In the first case it appears without A, and in the second one it
appears multiplied by A.

(ii) (Rectangle condition). All possible nonzero blocks B, for j =0,1,...,k—1,
lie on the rectangular block-partitioned submatrix whose upper right corner is
the position containing Ay, which is on the main diagonal (denoted as Bx_1),
and whose lower left corner is the position containing Ag (denoted by By),
namely the (k, 1) position.

The following example illustrates the difference between Definitions 2.4 and 2.7.

Example 2.8 Let Q(}) = Z?:o A A; be an n x n matrix polynomial of degree 4.
Let us consider the following block-partitioned matrix pencils L1 (%) and Ly ().

M -1 00 Mo 1 00
_| oaysia, -1 o0 | ayrrasnay -1 0
Ll()»)—|:o 7 4ul:|a”d LZ()»)—I: 200 x11:|-

Ag Aq Ay A1 Ag+21A1 O 0 Al

In L1 ()), the coefficient A, is not inside the rectangular block-partitioned submatrix
indicated with a box. In L, (), instead, all nonzero blocks below the main diagonal
are in this rectangle. Then, L1 (1) € 2, 4\2% .4, and L2(X) € DEp, 4.

Figure 1 illustrates the relationship between the classes %, k, Zn .k, and 26, .
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P k: quasi-sparse

2, «: lower Hessenberg

( 2% nx: companion pencils in 2,, ; )

Fig. 1 An illustrative diagram clarifying the relations among the three classes of matrix pencils
introduced in Sect. 2.1

3 Companion Pencils in 2, ;

Our first result shows that any companion pencil in %, r can be taken to the form
2,k by block permutations of rows and columns.

Theorem 3.1 Any companion pencil in %, i is block permutationally equivalent to
a pencil in 2y, k.

Proof We can focus on the case n = 1 for simplicity. All developments are also true
for arbitrary n.

Let S(A) € Z  be a companion pencil for the scalar polynomial g(A) =
Zf:o Ala;, which has k — 1 entries equal to —1, together with k — 1 entries equal
to A and, at most, k nonzero entries that we order as by, . . ., by—1. The polynomials
bj,for j =0,...,k— 1, are equal to either 0, a;, Aa; 11, or a; + Aa;41, for some
0 <i <k — 1, as in Definition 2.3. Suppose, br_1 is the entry containing a; and bg
is the one containing ag. Then, bx_1 and by must be of the form
Aay, or ap, or

br—1(A) = { o + Ay

dby(A) =
ai—1 + Aag, and bo(4) {

Since S(A) is a companion pencil, det(S(X)) = @« g(A) = o ZLO AMaj, with 0 #*
o € [ (note that, since the leading term of det(S(1)) comes from the product of
the k — 1 entries equal to A, together with by_1, it must be « = =£1). This identity
is satisfied for all values of the coefficients a;. Then, we can shrink to zero some
coefficients a; or give them some specific values and the identity, for these particular
values, must be true as well.

In the first place, we shrink to zero all the coefficients a; of g(A) which are not
in b1, that is, we assume that all entries b; are zero except by—1. In this case,
det(S(A)) = a(A*1by_1). This implies that all entries equal to X, together with
br—_1, are in different rows and columns of S(A).

Similarly, by shrinking to zero all the coefficients a; of ¢ (1) which are not in by,
we conclude that all entries equal to —1, together with by, are in different rows and
columns of S(1).
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Now, we can find two permutation matrices P, P> such that

>

k ok ok ok ok ok

€ ok kK ok %
~ * ok Ak ok %k
SA) ;= PSPy = | # % b1 % x *
* k ok A ox ok

* ok ok k.
* ok ok ko k%

*
> %

To be precise, P; is built up as follows: S(A) has, in each row, only one element
equal to either A or by_1. Then, we can define P, as the matrix that takes this
element, which is in the position (i, j;), to the position (i, i), foreachi =1, ..., k.

Similarly, we can proceed with columns instead of rows to define Pj. Then,
we only need one of P; or P, depending on whether we perform row or column
permutations. Therefore, up to permutational equivalence, we get the pencil §(A),
with the same entries as S(1), but with the k£ — 1 entries equal to A, together with
bi—1, on the main diagonal.

There are, at most, 2(k — 1) nonzero entries (k) in g(k), which are the k — 1
entries equal to —1 together with the polynomials b;, for j = 0, ...,k — 2. Note
that bx_1 can be in any position on the main diagonal, and that the k — 1 entries
equal to —1, together with by, are also in different rows and columns. We are going
to show that there is a permutation matrix Py such that

A—=1 % x % % x

* E I T Y
* % b—l *l * %
~ ~ ~ ~ o1 ok %
SG)=PSoypl =" "
* ok ok * A *

*
*
*
*
*
|
-

Note that the entries equal to A and b;_; remain on the main diagonal in _’5’\()\).

It suffices to prove that the k entries (—1’s and bg) form a k-cycle. For this,
let us shrink to zero all coefficients a; of g(A) other than ag and ag, set ay = 1,
and denote by S 1(A) the pencil obtalned from S (A) after this replacement. Then
det(S 1(1)) = AF+ag. Moreover, S 1(X) does not contaln any other terms with degree
1 in A than the ones on the main diagonal, so S (A) = Al — A, with A being a
companion matrix for the polynomial A¥ + aq.

As a consequence of Lemma 2.1 in [17], we conclude that the —1 entries,
together with the one containing ag, must be in a cycle of length k.

Therefore, up to permutational similarity, we arrive at §(A), having the same
entries as §(A), but the k£ — 1 entries equal to —1 being on the super-diagonal and
the entry bg being in the position (k, 1).

Finally, let us assume, by contradiction, that §(A) has, at least, one entry b;, for
some 1 <t < k — 2, above the super-diagonal, that is, in the position (i;, j;), with
i <jir— 1L
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Let us shrink to zero all the coefficients a; of g (1) which are not in b; and denote
by §1 (1) the pencil obtained after this replacement. Note that either b;(A) = a,,
b;(A) = Aay41, or by(A) = ar + ray41, for some 1 < r < k — 2. We suppose that
b;(A) = a, + ra,4 (the proof is analogous for the other two cases). In this case,
since S (1) is a companion pencil, it must be det(51 (M) = Ma, + M Fla, .y, where

— A —1 -

1) :=500,...,0,ar,ar41,0,...,0; 1) =

L -

This matrix is upper triangular and its determinant is the product of the entries on
the main diagonal, that is, det(S1) = 0 # A a, +2"*t1g, 1, which is a contradiction.
Therefore, all nonzero entries in S(A) are on or below the super-diagonal. ]

Next we prove that any companion pencil in 2,  belongs to 2%, «.
Theorem 3.2 Let L(X) € 2, be a companion pencil. Then, L(A) € 26 k.

Proof As in the proof of Theorem 3.1, we can focus on the case n = 1. Then,
let L(A) € 2. By Theorem 2.5, we know that if the polynomial b;, for j =
1,...,k — 2, is in the ith subdiagonal of L(A), fori = 1,...,k — 2, then b; is
either 0, ay—_;_1, Aag—;, or ax—;j—1 + Aay—;. Therefore, it satisfies condition (i) in
Definition 2.7. It remains to prove that L () satisfies condition (ii) in Definition 2.7.

By contradiction, let us assume that there is an entry b, for some 1 <t < k — 2,
outside the rectangle. Then it is located in the position (i, j;), with either j; <
iy < ipori; > j > ip, where l;; ;j,(A) = bx—1(X). Let us shrink to zero all the
coefficients a; of the polynomial g (1) which are not in b; or by_; and let us denote
by L1(A) the pencil obtained after doing this. Then, L1 (%) is of the form

- a1 - - A1 .
by e L
Ll()\-) = 0--- 0 br_q or 0--- 0 by_y -. ,
' 0 o 0
Ocen-n. 0 ;Ll Ocevvnn 0 b 7)»1

depending on whether j, < i; < ig ori; > j; > ip. In both cases, the entries not
explicitly indicated in the matrix are zero. Let us first assume that j, < i; < ip.
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By Lemma 2.6, the determinant of L1 (1) will contain a nonzero term of the form:

Ly Li—tmt Ly Lt it - -l = A0 2y
~ —_ A A —_ -
s by A's and br_y
Therefore, det(L1(X)) contains a term involving the product b;by_1, which involves
in turn a product of coefficients a; of ¢(A), and this is in contradiction with the fact
that L(X) is a companion pencil.
It remains to analyze the case where ig < j; < i;. The determinant of L;(}) for
this case contains a nonzero term of the form:

k=i —j)—2
e Lot -l jelisnion - e = A0 2p,by
~

- - -_— -

g

Ms and by by As
As above, this is a contradiction with the fact that L(}) is a companion pencil. H
Theorem 3.2 tells us that a matrix pencil in 2, x must belong to 2%, x in order

to be a companion pencil. The following result shows that, moreover, all pencils in
Q€ k are companion.

Theorem 3.3 Any pencil in 2%, x is a companion pencil.

Proof Let L(A) € 2%,k be an nk x nk matrix pencil. If Bx_1 is in the entry
(p+1,p+1),forsome 0 < p <k — 1, then we can write L(A) as the following
block-partitioned matrix pencil:

r M =1 .

M m, ]p"

p+11 p+Lp Mp+1,p+1 —]

L) = L _ ,
. ’ ’ Mp+2,p+l A ]
- - : - (g + Dn

M1 - : . -l

Mgy My - My p+1 - “ﬂ _

(p+Dn an

with p + ¢ + 1 = k. Note that My = Bo, Mpy1,p+1 = Bi—1, and the remaining
blocks My, fors = p+1,...,kandt = 1,..., p + 1, are either 0 or B}, for
Jj=1,...,k—2. Note that, by Theorem 2.5, if B, for j =1, ...,k — 2,is in the
rth subdiagonal of L(A), forr = 1, ...,k — 2, then it is either O, Agx_,_1, AAk—r,
or Ap—r—1+ MAg_r.

Now, we consider the following two block permutations Prow and Peol:

*  Pyow permutes the rows of L (). Note that L(A) is partitioned in two big blocks
of block-partitioned matrices by rows; the first block-partitioned matrix includes
rows from 1 to p and the second one includes rows from p 4 1 to k. We define
Prow as the matrix taking: s — k—s + 1, fors =1,..., p,and s > s — p, for
s=p+1,..., k.
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e P, permutes only the first p 4+ 1 columns of the matrix L(A). We define P as
the matrix taking: t - p+2 —¢,fort=1,...,p+ 1.

It is straightforward to see that:

B Mp+l,p+l Mp+l,p Mp+l,l -1 ]
Mpiopt1 - M l
L) 1= ProwL (M) Peot = L ey o | Jaron s
W Mepy1 0 M My M
—I Al
.o pn
L 1 - 4
- L P
(p+Dn

In particular, the (block) diagonals in the (2, 1) big block of L(A) become the
(block) anti-diagonals of the (1, 1) big block in Z(A). Now, let us consider a general
pencil like in the right-hand side of (5). In particular, the blocks Mj; are matrix
pencils. It is shown in [15, Thm. 5.4] that if the sum of the trailing coefficients of all
M, blocks in the (k — i — 1)th anti-diagonal plus the sum of the leading coefficients
of all My, blocks in the (k — i)th anti-diagonal equals A;, foralli = 0, 1, ...k,
then L (A) is a strong linearization of Q(X). By condition (i) in Definition 2.7, this
condition on the leading and trailing coefficients of the Mj; blocks is satisfied for the
particular L (A) coming from L (A) as in (5). Therefore, L () is a strong linearization
of Q(A). Since L(X) is permutationally equivalent to L (), L(A) is also a strong
linearization of Q(A). Then, L(X) satisfies condition (ii) in Definition 2.2 and, by
definition, L (A) satisfies condition (i) as well, so it is a companion pencil. |

The proof of Theorem 3.3 shows that the family of block-Kronecker pencils
introduced in [15, Def.5.1] comprise, up to block permutation, all companion
pencils in %, ; (in other words, it contains, up to block permutation, all pencils

in Q%n,kl

4 Number of Different Sparse Companion Pencils in %,

We say that companion pencils in %, x are quasi-sparse companion pencils, since
they have a small number of nonzero block entries. However, not all companion
pencils in %, x have the same number of nonzero block entries. We first give a
lower bound on the number of nonzero block entries of a companion pencil in %, .
In the following, | r] and [r] denote, respectively, the floor and the ceiling of r € R.
Note that, if 7 is an integer, then r = |r] = [7].

Lemma 4.1 Any companion pencil in %y x has, at least, 2k — 1 + LgJ nonzero
block entries.

Proof By Theorems 3.1 and 3.2, any companion pencil in %, \ is permutationally
equivalent to a pencil in 2%, k, so we focus on pencils in 2%, . Recall
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(Theorem 2.5) that the blocks Bj, for j = 0, ...,k — 1, are equal to either 0, A;,
AAjt1,0r Aj+AA 41, forsome 0 < i < k—1. Note that the entries equal to —/ and
AT add up to 2(k — 1) nonzero block entries. Regarding the k+ 1 coefficients A; (i =
0, ..., k), they can be grouped in the pencils B; = B? + AB} G=0,....k—1).
If k is odd, then szrl = [szrl] is the smallest number of nonzero blocks B, which

are of the form Ap; + XAz, fori =0,1, ..., kgl . However, if k is even, different
groupings are possible, but in all cases the smallest number of nonzero blocks B; is

LszrlJ +1= ’V"erl-l. Adding up, we get 2(k — 1) + ’Vk;rl-‘ =2k — 1+ 4 ] nonzero
block entries. O

Lemma 4.1 motivates the following definition.

Definition 4.2 A sparse pencil in %, i is a pencil with exactly 2k — 1+ LIEJ nonzero
block entries.

Since any companion pencil in %, ; is permutationally equivalent to a pencil
in 2% .k, to count the number of sparse companion pencils in %, i, up to per-
mutation, we can just count the number of non-permutationally equivalent pencils
in 26, k. First, Theorem 4.3 guarantees that no two of them are permutationally
equivalent.

Theorem 4.3 Two different matrix pencils in 2% y i are not block permutationally
equivalent.

Proof Let L1(X), L2(A) € 2 k. If L1(X) is block permutationally equivalent to
L> () there exists two block-partitioned permutation matrices P, P’ with

PLi(M)P' = Ly(}). 6)

Let us shrink to zero all coefficients A;, fori = 0,...,k — 1, and let A, = I.
Looking only at the leading terms in (6), we get P - I - P’ = I, so P = (P")~L.
Then, L1(A) and L, (X) are block permutationally similar.

It suffices to prove that two different matrix pencils in 2%, are not block
permutationally similar. Lq(A) is block permutationally similar to L,(}) if there
exists a block-partitioned permutation matrix P such that

PLi(O)PE =LV (7

(where ()% stands for block transposition). We prove that the only permutation
matrix P satisfying (7) is the identity matrix, which implies L1(%) = Ly(A). For
this, we can focus on the case n = 1.

Again, by shrinking to zero all entries a;, for i = 0, ..., k, and equating the
trailing coefficients in (7) we get PN = N P, with
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It is straightforward to check that the only permutation matrix P with PN = NP
isP=1. |

The following lemmas will help us to get the number of sparse pencils in 2%, k.

Lemma 4.4 [f L(L) € 2%, then L(X) cannot have two consecutive null
subdiagonals.

Proof Just recall, by condition (i) in Definition 2.7, that Ay is either in the (j —
D)th subdiagonal or in the jth subdiagonal (as AAx—;), for j =1,...,k —2. |

Lemma 4.5 [f L(A) € 2%, is sparse, then it cannot have two nonzero block
entries in the same subdiagonal.

Proof If L(A) € 2% is sparse and it has two nonzero block entries in the jth
subdiagonal, for some 1 < j < k — 2, these must be A;_;_1 and AA;_; (by
Definitions 2.3 and 2.7). Then, by joining Ax_;_1 +AAk_; in the same entry (either
the one containing A;_;_1 or the one containing AA,_ ;) we arrive at a new pencil
in 2%, x having less nonzero block entries than L(A), which is a contradiction with
the fact that L(}) is sparse. |

The following result gives us the exact number of zero subdiagonals (including
the main diagonal as the Oth subdiagonal) of any sparse pencil in 2, k.

Lemma 4.6 Let L(L) € 26 .k be sparse. Then L()\) has exactly k — 1 — Lg] null
subdiagonals.

Proof If L(A) € 2%, is sparse, it has L];J nonzero entries below the diagonal,
by Lemma 4.1. By Lemma 4.5, no two nonzero entries of L(}) are in the same
subdiagonal, so L(A) has Lg] nonzero subdiagonals and, as a consequence, k — 1 —

L’éj null subdiagonals. |

As a consequence of the previous results, we can explicitly identify which are
the only null subdiagonals of any sparse pencil in 2%, . This is the first step in
determining the number of sparse pencils in 2%, . We start with the case k odd.

Lemma 4.7 Let L(L) € 2%k be a sparse pencil with k odd. Then the only
nonzero jth subdiagonals of L()\) are the ones with indices j =0,2,4, ...,k — 1.

Proof By Lemma 4.6, L()) has exactly kgl null subdiagonals and, consequently,
k'gl nonzero subdiagonals. Since the main diagonal and the (k — 1)st subdiagonal
(the entry (k, 1)) are nonzero, among the remaining k — 2 subdiagonals there are
k 51 null ones, together with another k53 nonzero ones. Since, by Lemma 4.4, there
cannot be two consecutive null subdiagonals in L(}), the first and the (k — 2)nd

subdiagonal must be zero, and the zero/nonzero subdiagonals must alternate. O

For k even, the situation is more involved. As there are k + 1 coefficients A;,
fori = 0,...,k, there must be 15 nonzero blocks of the form Ag—;_1 + AAx—;,
together with another nonzero block of the form By = AAy—; or By = Ag—j—1, for
0 < j < k — 1. In particular, the pattern of zero/nonzero subdiagonals in 2%, i
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depends on the position of this monomial B,. This is stated in Lemma 4.8, which
also establishes some restrictions about By.

Lemma 4.8 Let L(X) € 2% .k be a sparse pencil with k even. Then the monomial
By, located in the jth subdiagonal (for 0 < j < k — 1), and the indices of the
nonzero rth subdiagonals of L(\) are the following:

(a) If jiseven: By = AAy_j,andr =0,2,4,...,j,j+1,j+3,...,

7k_1;
(b) If jisodd: By = Ay_j_1,andr =0,2,4, ..., j—1,j,j+2,..., k—1.

k=3
k=3

3

Proof By Lemma 4.6, L(A) has exactly ’5 — 1 zero subdiagonals and, consequently,
’; + 1 nonzero subdiagonals. Recall that the main diagonal and the (k — 1)th
subdiagonal (the entry (k, 1)) are nonzero. As mentioned above, there is only one
nonzero block of the form By = AAj;_; or A;_;_1, which is located in the jth
subdiagonal, for some 0 < j < k — 1. The remaining nonzero blocks are of the form
Ap_s—1+ MAi_g, for s # j. As a consequence, there are four possible situations:

Casel: By = AAj_jisinthe jthsubdiagonal, for0 < j <k — 1, with j even.
Case2: By = AAj_jisinthe jth subdiagonal, for0 < j <k — 1, with j odd.
Case3: By = Aj;_j1isinthe jth subdiagonal,for0 < j < k — 1, with j even.
Case4: By = A;_j1isinthe jth subdiagonal, for0 < j < k — 1, with j odd.

By Lemma 4.5, By is the only nonzero block entry in the jth subdiagonal. Moreover,

(see Theorem 2.5), the block entries in the ith subdiagonal, fori = 0,...,k — 1,
with i #£ j, are either: () AAk—;, (i1) Ag—i—1, (iil) Ax—ij—1 + AAk—;, or (iv) O.
Case 2: In this case, the j coefficients Ag, Ag—1, ..., Ag—j11 are located in the

subdiagonals from Oth to (j — 1)th. Since j is odd, at least another coefficient must
be unpaired, so the pencil is not sparse.
Case 3: Now there are j + 1 coefficients Ay, Ax—1,..., Ax—; among the
subdiagonals from Oth to (j — 1)th. Since j is even, the pencil is, again, not sparse.
This proves the first part of the statement. The second part follows from
Theorem 2.5, together with Lemma 4.4 and Lemma 4.6. In particular, conditions (i)—
(iv) above determine the pattern of zero/nonzero subdiagonals, taking into account
Lemma 4.4. This is summarized in Table 1.
]

Remark 4.9 Note that if L1(A) and L2 (1) are two sparse pencils in 2%, x of even
degree k such that L1 (A1) has a monomial in the jth subdiagonal (with j even) of the

Table 1 Possible forms of the block entries in the subdiagonals for Cases 1 and 4

Forms of the Subdiagonal

block entries  (th Ist --- (j — Dth jth (G+Dth -+ (k—2)th (k— Dth

Case 1 Ag—1+ArA, 0 -+ 0 AMp—j Ag—j2+ --- 0 Ag+AA
AAp—j-1

Case 4 Ap—1+2Ar 0 -+ Apj+ Ap—j—1 O - 0 Ag + AA

AAf—jt1
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Table 2 All possible patterns

e Pattern Nonzero blocks
for sparse pencils in 2%, 4 .
’ j=0,1
(% 10 0 | j=0 ji=1
e *x —10 AA4 € % Az +rAg €%

0 o * I Ay +AAzce Ajce
LA O e %k | Aj+AA;=A Ag+rA;=A

=23

(% 10 0 | j=2 j=3

0 % —10 Az +AAg € Az +AAs €K
e 0 K —I| (Arce Al +AAr € e

LA e 0 % | Ag+2rA;=A Ag=A4A

form By = AA,_; and L(A) has a monomial in the (j + 1)th subdiagonal of the
form By = Ay—j,for j =0,2,...,k — 2, then L1(1) and L>(1) have the same
nonzero subdiagonals. This is straightforward to see looking at the indices of the
nonzero subdiagonals in Lemma 4.8, just replacing, for the case j odd, j by j + 1.

Example 4.10 In this example we show all possible patterns for sparse pencils in
Q€ 4 (that is, for quartic n x n matrix polynomials). Following Lemma 4.8, the
zero/nonzero pattern of the subdiagonals depends on the subdiagonal containing the
monomial By. Let this subdiagonal be the jth one, for j = 0, 1, 2, 3. Then:

(a) For j =0, 1, the monomial is By = AA4 (for j = 0) or By = A, (for j = 1),
and the nonzero subdiagonals are the ones with indices 0, 1, and 3 in both cases.

(b) For j = 2, 3, the monomial is By = AA, (for j = 2) or By = Ap (for j = 3).
The nonzero subdiagonals are the ones with indices 0, 2, and 3 in both cases.

The patterns are shown in Table 2.

Since we know which are exactly the zero and nonzero subdiagonals in 26, x,
for k odd and even, we can determine the number of different sparse pencils in
2% k. We use, for a given k € N | {0}, the double factorial of k, defined by the
recurrence relation: k!! := (k — 2)!! - k,if k > 2, and k!! :=1ifk < 1.

Theorem 4.11 The number of different sparse pencils in 26y x, for k odd, is:

L4 » .
2 2:((2]'—1)!!)2 ((2.]'—1){‘244+(2j)[k24q> +<<k;3)!!) (k;1>, if L;J is even, and

Jj=1

HéJ/QJ k=4j k=4 k—1 2 k
2 (2j = DIH? ((2]‘—1){ 2 1+(2j){ 2 W) +3(< 5 )!!) ,if LZJ is odd.

=1

®)
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Proof Letk be an odd integerandlet] < j < LIEJ . We consider the rectangle R; of
an nk x nk matrix pencil in 2%, x, whose vertices are (j, 1), (j, j), (k, 1), (k, j).

1 J k
I_AI—[ T
*
* * Al
j S *
Al
*
*
T R
* *
k_ * o0k AL ]

There are szrl nonzero blocks among the asterisks *. By Lemma 4.7, they are of the

form Ax—;—1 + *Ak—;, located in the ith subdiagonal, fori = 0,2,...,k — 1. We
look for the number of different ways to place themin R;.

This is summarized in Table 3, where we indicate the number of possible
positions of each nonzero block in R;. We need to take into account the parity
of j.

Table 3 Number of positions where each nonzero block entry can be in R}

Coefficient Can be placed in . ..
My + Ar—1 1 position (Oth subdiagonal)

Mg+ Ar_3 3 positions (2nd subdiagonal)

Mg—(j-2) + Ag—(j-1), or | j— 1 positions ((j — 2)th subdiagonal) if j even, or

AAp_(j=3) + Ak—(j-2) Jj —2 positions ((j — 3)th subdiagonal) if j odd

Mi—j + Ax—(j+1), or j positions (jth subdiagonal) if jeven, or

Ap_j—1) + Ak j positions ((j — 1)th subdiagonal) if jodd

M1+ Aj, or Jj positions ((k — j — 1)th subdiagonal) if j even, or

A+ Aj Jj positions ((k — j)th subdiagonal) if jodd

AMj_ 1+ Aj_o, or j — 1 positions ((k — j + 1)th subdiagonal) if j even, or

AMj 2+ Aj 3 Jj — 2 positions ((k — j +2)th subdiagonal) if j odd
LAz 4+ Ay 3 positions ((k — 3)th subdiagonal)

LA+ A 1 position ((k — 1)th subdiagonal)
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Then, the number of possible sparse pencils in 2%, , for k odd, with all
entries in R; is determined by counting all possible locations for the coefficients in
Table 3.

In particular, if n,”, denotes the number of possible sparse pencils in 2%, x with
all entries in the rectangle R;, then:

)

) o o ) {»k—zj—‘ ) P«—Zj'l
12.32.52...G=D2- (D 2 =@ =DW2H 2 1, if jiseven, and
)
nnk_
—2j+2 k=2j+2

12~32-52---(j—2)2~(j)w : ]I((j—Z)”)z(j){ : ] if jisodd.
€))

Now we consider all possible rectangles R, for1 < j < L];J . We only need to look
atj=1,... L |.andalsoat j = k+1 , since for j = k42r3, ..., k, the patterns are
symmetric (with respect to the anti- dlagonal) to the first LIEJ patterns. In the case

j= k“ , we can obtain the number of possible sparse pencils in 2%, x with all its
entrles in the rectangle R k1 justreplacing j by *7 k1 in (9), and this number is equal
to:
((k 1)”>2 if ¥tV is even, and
(szrl) 2 ’ 2 ’
M | = (10)

((;?3)”)2 <k+1) if ¥V is odd.

Adding up, the total number of sparse pencils in 2%, i is:

L . (k+l)
2 Z (r(lzli Dy (2/)) +77n,k2 , if LIEJ is even, and
j=1
(11)
[[s)e] I ()
2 md Ve S P+l L if (4] is odd,
j=1 =1

Using (9) and (10), and grouping summands appropriately in (11), we get (8). W
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Theorem 4.12 The number of different sparse pencils in 26y, k, for k even, is:

4]

i ;(Qj —DIN?Bk —4j +4) <(2j — 1)/(742'7.+2 + (2j)k742j+2> L if \\I;J is even, and
2 UJ 2 k—4j+2 k—4j+2
S| o@i—nwrk—4j+a (@i-n T +en ) [+

=1

2
+ i <(2k+2) ((’;)vv) ) if V;J is odd.

(12)
We will use the following lemma in the proof of Theorem 4.12.
Lemma 4.13 Let j be an integer. The following identities hold:
j—4
NG Qi+ D -2
(a) (J, ) Z( + ) =/ , if j = 4 is an even number.
(G —1nn = Qi 3
-3
G-DI&GQi+D! jG-1 .. .
b = , if j = 3 is an odd number.
) (j—2)!!; Qi ; Yz
Proof We divide the proof into two cases, depending on the parity of j.
(a) If j is an even number:
j—4
G-I Q@i+DN _2:4:6-(j=2)  4:6:--(j=2) G-9G-2 ,j-2_
(j—l)!!; @) T 3.5.7--(—D ' 5:7-(GG=D T G=3G-D -1
_ i (2~4~6~~(j—4)+3‘4‘6m(j—4)+3‘5‘6m(j—4)+w+
(G —Dl
. . . . Jj—2 . .
35 (=90 =H+35 (=90 -3)= T (546G -4H+3:5:6 (-4
(G —Dl
3.5 (=)= 435 G -G -D) = T (5.7.6.-(—4
TS G35 (=G =3) = T (576 =9
+ot
35 =S435 =5G=D) =t 2 (57 -n) =70
(- DU 3
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(b) If j is an odd number:

-3

G=DUGR @i+ DI _ 246 (j—1)  4:6(—1) G=3G-1  j-1_

(j—bng @) T 357 =2 57 (=D (=HG-2) -2

j-1 . . .

=(j_z)”(2~4~6~~(j—3)+3‘4‘6m(j—3)+3‘5‘6m(1—3)+w+

35'4'335'4'2—j_1546'3356'3

S GG =D EI S GG =D)= T (546 =D 43560 (=)

3.5 (=BG =D +3-5 (=BG -2)= L (5.7.6.. (=3

R R A ) R R R

3.5 (-G - D435 -G -2) == T (507 -2j) =Y
(-2 3

|

Proof (Theorem 4.12) Let k be an even integer and let 1| < j < 15 We
consider the rectangle R; with vertices (j, 1), (j, j), (k, 1), (k, j), as in the proof
of Theorem 4.11. First, we locate the nonzero block entry with only one coefficient,
By, and, according to Lemma 4.8, the remaining nonzero subdiagonals are uniquely
determined.

We assume that By = LA,—_;, which is in the ith subdiagonal, for i being an even
number (case (a) in Lemma 4.8). For the other case (By = Ax—;—1), the nonzero
subdiagonals are exactly the same, by Remark 4.9.

As in Theorem 4.11, we have to take into account the parity of the integer j and
the position of the monomial By. The procedure consists of counting, for each By,
and for each i even, the number of possible locations of each nonzero block entry
inside R;. Itis also important to note that, in R},

i + 1 positions, if 0 <i < j —2,
the ith subdiagonal has { j positions, ifj—1<i<k-—j, and (13)
k — i positions, ifk — j+1 <i <k —1.

First, let us assume j even. Then, depending on i (i even), we obtain:

e If i < j — 4: The nonzero subdiagonals, by Lemma 4.8, have indices
0,2,4,...,i,i+1,...,j=3,j—1,...,k—j—1,k—j+1,...,k—3,k—1,
s0, using (13), the number of possible locations for the nonzero blocks inside R;
is:

(135 G+ DG+2) G =2I G = D3 1]

N e
- [(i+1)!!(J(i)”) :|[jk 3 2][(j—n!!].

e If j —2 < i < k — j: The nonzero subdiagonals have indices 0,2, ..., j —
2,7,y ii+ 1, k—j—1,k—j+1,...,k—3,k— 1, so the number of
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possible locations for the nonzero blocks inside R; is:

k—2j+2
[1~3~~~(j—1)][]"“]"J'-“j][(j—1)~~~3~1]=[(j—1)“][1’ 2 }[(j—l)”].

e Ifi > k—j+2: The nonzero subdiagonals have indices 0, 2, ..., j—2, j, ..., k—
Jok—j+2,...,0,i+1,...,k—3,k—1, so, using (13), the number of possible
locations for the nonzero block entries inside R; is:

(130G = DI G =2 k= Dk —i =13 1] =

. k=2j+2 . (=2
=[(]—1)!!][J ? ][(k—l—l)!!(k_i_z)”]

Finally, if we denote by E n}(lj ,)C the number of possible sparse pencils in 2%, k
with all entries in the rectangle R;, for j even, then, adding up all the above

quantities, we get:

j—4 k—j

. 2 i — 2\ —2j 2 k=2j+2
I Y P P
i=0 v =172
k£2 :
. k242 _ (-2
+._§+2 ((,—1)!!)(, 3 )((k—2z—l)!!(k_2i_2)”>>.

2

Note that the first and third summands in the last sum add up to the same number
(just replace i by kgz — i in the sum of the third term). Moreover, the second

summand does not depend on the index i. Then, E nij ,)C is equal to:

j—4
; k242N ) 2. (2i + D! ) 242\ k—2j +4
A )((;—1)!!)((;—%!!)% oo AU R S
i
o 5 (k24 G =2 & Qi+ DYl ,
=((j =DM (j 2 )[4-(],_1)”; @i +k—2/+4:|(byLemma 4.13 (a))

== (5ET) [4. j;Z +k—2j +4} == (577) <3k_§j+4>.

Repeating this procedure for j odd, if we denote by O nflj ,){ the number of all possible
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sparse pencils in 2%, x with all entries in the rectangle R;, for j odd, then:

j=3 k—j—1
2 . 2
() . (G—Dnn k=2j+2 . k=2j+4
o} 2(;((%4—1)!! iy )(] 2 )((1_2)”)+.;1((1_2)”)( 2 )+
z T , G-l
+.,§-+1 -2 (7 )((k—zz—1)!!(/{_21,_2)”)).

As above, we can simplify On,(lj ,)( as:

Jj-3
2. (2i + D!

()_ L k=2j+2 . . 9 k_2j+2_
ond) =4 (i 47 (G —2m (G - RED DR -

w20 -2 (53) T

j-3

-2j42 — DI G @i+ DI

=(( — 23 (jk thl ) [4. 8_23” ) ( l(;ir)”) +j(k—2j+2)} (by Lemma 4.13 (b))
N 1

o (1) [+ 1 T w2 ]

=G -2 (jk’%”zﬂ) (3"_?"‘2) (M2 ( )<3k §J+2>.

In summary,

k=2j+2\ (3k —2j+4 3k—2j+2
End) = (G- nw? (' )( : ) on) = G2 (5 )( 5 )
(14)

Now, we consider all possible rectangles R, for 1 < j < g We just look at j =
1,..., 15, since for j = 15 +1, ..., k, the patterns are symmetric (with respect to the
anti-diagonal) to the first ones. Adding up, the number of sparse pencils in 2€, x
is:

k

4
2 Z(Onfi,{_l) +En(2/)) , if g is even, and
j=1

4] 4]

2 ZOnQ’ 1)JrZEn(z” Jif Xis odd.

15)

Using (14) and grouping summands appropriately in (15), we arrive at (12). ]
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Remark 4.14 Note that the number of sparse companion pencils in 2%, for k
even becomes much larger than the one for k odd as k increases. This is due
to the fact that the nonzero subdiagonals in the case k odd are determined (they
are the ones with indices 0,2, ...,k — 1), but the case k even allows for more
flexibility, depending on which is the nonzero subdiagonal containing the block B,
(see Lemma 4.8).

5 Conclusions

In this work, we have first introduced a family of companion pencils for n x n matrix
polynomials of degree k over an arbitrary field, %, r, which extends the one in
[17] for companion matrices of monic scalar polynomials. This family contains all
companion pencils in most of the families of companion linearizations introduced
so far in the literature, expressed in the monomial basis, and having a small number
of nonzero entries. In particular, %, i contains both Fiedler and generalized Fiedler
pencils, as well as all sparse pencils in the block-Kronecker linearizations presented
in [15]. We have provided a “canonical” expression for companion pencils in %), x,
up to block permutation. This expression, which leads to the class 2, , is block
upper Hessenberg and resembles the one provided in [17] for companion matrices of
monic scalar polynomials, We have provided a characterization for a pencil in 2,
to be a companion pencil (namely, they are those in the class denoted by 2%, « ).
Finally, we have obtained the number of different sparse companion pencils in %, &,
up to block permutation. We want to emphasize that there could be other sparse
companion pencils for n x n matrix polynomials of degree k not included in %, k.
Therefore, describing all sparse companion pencils for n x n matrix polynomials of
degree k is still an open field of research.
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Abstract The computation of the eigenvalue decomposition of symmetric matrices
is one of the most investigated problems in numerical linear algebra. For a matrix of
moderate size, the customary procedure is to reduce it to a symmetric tridiagonal
one by means of an orthogonal similarity transformation and then compute the
eigendecomposition of the tridiagonal matrix.

Recently, Malyshev and Dhillon have proposed an algorithm for deflating the
tridiagonal matrix, once an eigenvalue has been computed. Starting from the
aforementioned algorithm, in this manuscript we develop a procedure for computing
an eigenvector of a symmetric tridiagonal matrix, once its associate eigenvalue is
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1 Introduction

Computing the eigenvalue decomposition of symmetric matrices is one of the
most investigated problems in numerical linear algebra [6, 11]. For a matrix of
moderate size, having reduced the symmetric matrix into a symmetric tridiagonal
one by means of a similarity orthogonal transformation, the problem reduces to the
computation of the eigendecomposition of a tridiagonal matrix.

There are different methods to compute the eigenvalues of symmetric tridiagonal
matrices, such as the bisection method [14], the QR method [14] and divide &
conquer methods [2, 7]. For computing the eigenvectors one can use inverse
iteration [14], the Q R method [14] and the multiple relatively robust representations
algorithm [5, 13, 15]. The latter algorithm is based on the twisted factorization of the
involved tridiagonal matrix to determine the position where the sought eigenvector
has a large entry [5, 15, 16].

Once an eigenvalue is computed, a deflation algorithm was proposed in [4] in
order to remove it from the tridiagonal matrix and reduce the dimension of the
problem by one. Such an algorithm can also be used to compute the eigenvector
associated to the computed eigenvalue and it is based on the twisted factorization
used in [5, 15].

In this manuscript we consider a modified version of the aforementioned
algorithm to compute an eigenvector of a symmetric tridiagonal matrix, supposing
the corresponding eigenvalue is known.

Without loss of generality, we consider only the real case. The complex
Hermitian one can be handled in the same way.

We illustrate the behavior of the proposed method with some numerical exam-
ples. The manuscript is organized as follows. In Sect.2 the notation used in the
manuscript is given. In Sect. 3 the main features of the Q R method are described.
The proposed algorithm is described in Sect. 4, followed by the section of numerical
examples and by the conclusions.

2 Notations and Definitions

Matrices are denoted with upper case letters and their entries with lower case letters,
i.e., the element (i, j) of the matrix 7 is denoted by #; ;.

The submatrix of the matrix B made by the rows i,i + 1,i +2,...,i + k, with
1<i<n—-kO0O<k<n-—iandcolumns j,j+1,j+2,...,j+ 1, with
1 <j=<n-1,0=<1<n-—j isdenoted by By, j:j+s. If the matrix T is
symmetric, the submatrix made by the rows and columnsi,i + 1,7 +2,...,i + k,
withl <i <n —k,0 <k <n—1i,is simply denoted by T;.; 1.

The identity matrix of order n is denoted by I,, or by [ if there is no ambiguity.

The matrix T — « I, with k € R, is denoted by T ().

The principal diagonal of a matrix B € R™*" is denoted by diag(B).
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The machine precision is denoted by .
The ith vector of the canonical basis of R” is denoted by efn), or simply by e;, if
there is no ambiguity.

Definition 1 Given B € R™* m > n, let B = UX VT be its singular value
decomposition, with U € R™ ™ 'V e R"*" orthogonal and ¥ € R™*" diagonal,
with diag(X) = [o1. 02, - 0n ], ando; > 0741, i =1,...,n— 1.

The columns of B are said ¢-linear dependent if 0, < ¢||B||>.

The columns of B are said strongly linear independent if o, > ¢||B||2 > 0.

3 Implicit Q R Method

Let T € R™*" be the symmetric tridiagonal matrix

11,2
it
T = | 211022 ,
tnfl,n
tn,nfl tn,n
witht; jy1 =tiq15, i=1,...,n—1.
Let us suppose that T is irreducible, i.e., #;;+1 # 0,7 = 1,...,n — 1 and let

T = XAXT be its eigenvalue decomposition, with X € R"*" orthogonal, and
A € R™" diagonal, with diag(A) = [Aq, ..., 17, Since T is irreducible, then
AiFErj,withi#£j, i,j=1,...,n.

The Implicit QR (IQR) method is the standard method for computing the
eigenvalue decomposition of matrices of moderate size [6]. In particular, MATLAB
uses the LAPACK routine DSYEV, based on the O R method, to compute eigenvalues
and eigenvectors of a real symmetric matrix [1].

Given a symmetric irreducible tridiagonal matrix 7 € R™*", and ¥ € R, one
sweep of IQR with shift « consists of computing the similarity transformation

A

T — énflelfQ cee élf(l)é{ cee Gg_zég_l,

where TM) = T and G;, i = 1,...,n — 1, are Givens rotations
Ii 4
. & s
Gl': lAAl B l=1, .,I’l—l
—5i &
Iy

with El.z + §12 = 1. Without loss of generality, we assume that ¢; > 0. Hence the
matrix Q in (1) is uniquely defined.
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In particular, Gl is the Givens rotation acting on the first two rows of f"(l), whose
coefficients ¢; and §; are such that

asl| il -«] _Ta
—sa]| il 0]

with & = || [fﬁ — K, félf] ll2. The structure of the matrix 7? = élf"(l)élT
differs from the one of a tridiagonal matrix for an entry different from 0 in position
(3, 1) (and, symmetrically, in position (1, 3)), called “buige”.

Each of the other Givens rotations G; are applied to move the bulge one position
downward along the second subdiagonal/superdiagonal and eventually remove it
[11], i.e, the matrix

N

70 =G 1Gig---GTVGET ... GT 6T |,

llAas the bulgf: iI} po§ition (i—1,i+1) (and, symmetrically, in position (i +1, i — 1)),
T+t = G,-T(’)Gl.T has the bulge in position (i,7 + 2) (and, symmetrically, in
position (i + 2, 7)), and so on. The matrix

0=Gy-1Gp2---Gy (1)

is orthogonal Hessenberg.

In the sequel, we call the sweep of the IQR method described above a “forward”
IQR (FIQR) sweep because it starts from the top-left corner of f’l and ends in the
bottom-right one.

The IQR method can also be implemented in a “backward” fashion, i.e., starting
from the bottom-right corner of 7' and ending in the top-left corner [9]. We will refer
to one sweep of this procedure as a backward IQR (BIQR) sweep.

Let T = T. In a BIQR sweep with shift «, a sequence of Givens rotations

In—i-1
5 i Si
—Si Ci
liy

with El.z + 512 = 1, is determined in the following way.
The coefficients & and §; of G are computed such that

- e C1 §1 -
[ it 22 =106

—51 €1

with @, = || [tﬂ) t#,)l — K:I 2. The matrix T?® = G{f’(l)él has a bulge in

n,n—1°
position (n, n — 2) (and, symmetrically, in position (n — 2, n)).
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The Givens rotations G;, i = 2,...,n — 1, are sequentially applied to T® to
move the bulge upward along the second subdiagonal and eventually remove it in
the matrix 7™ = GT GZ 2 GTT(l)Gl - GpnGp_i.

Let Q = G1 . Gn,an,l . Without loss of generality, we assume ¢; > 0, which
makes the matrix Q uniquely defined.

Let A be an eigenvalue of T with corresponding eigenvector x. In infinite
precision arithmetic, if A is chosen as shift « in the FIQR sweep, A shows up in
position (n,n) of T, Moreover, t(n)1 = t;g"i ; = 0,and x = Q(:, n). In
particular, since

0
_A A A A A A .. n—2 1 n_l,\_
¢1 —5162 $18283 . "¢ [T 578 -1 TS &
~ A A A A A .. —1ar A n—2 ~ A~ n—1
S1 C1Cy  —C182C3 . =1"1e 0 ]_[l.:2 s —1"el [T/5, S
51 c162 ,
_én73§n726n71 énf3:5:r172§nfl
§n—2 én—Zén—l _én—2§n—1
L §n—1 én—l .
then
B n+1 =1 4.
-1 l'[,-—l Si
na
—1"¢; n1—2 f’
1A n—1
1" 5 S
x=0(C,n) = : . (2
é\nf3§r172§nfl
_én72§n71
L Cn—1 ]

Analogously, in infinite precision arithmetic, if A is chosen as shift x in the BIQR

sweep, A shows up in position (1, 1) of 7. Moreover, tf 2) = ténl) =0,and x =
o1, )7,
- . -
_5n—2§n—1
En—3§n—2§n—l
X = 3)

LGy | s
ns n—1 ~
—1 Cll ]_[1_21 Si
n+ n S
L -1 nt—l .
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Therefore, for a given eigenvalue A, it is suggested in [11] to apply one sweep
of either forward or backward IQR with shift A to compute the corresponding
eigenvector with O (n) floating point operations [11].

Unfortunately, forward instability can occur in floating point arithmetic in one
forward/backward IQR sweep with shift A and the last column of Q (the first row of
Q) may be far from the sought eigenvector [12].

In particular, forward instability occurs at step j of one sweep of FIQR if and
only if the shift « is very close to one of the eigenvalues of T(J ) 15 and the last
entry of the corresponding eigenvector is tiny [12]. As a consequence the entries

(/J) , and tj(//) 41 are “sufficiently” small' [12]. By (2), the last component of the
eigenvector is given by ¢;. Hence, forward instability happens if « is very close to
one of the eigenvalues of fl; j.1:j and &; ~ O(g). This means that the first j columns
of f’l; j,1:j are g-linear dependent.

The same phenomenon can occur in a BIQR sweep.

To examine in which step of a IQR sweep forward instability can occur, let us
consider the following Corollary [8, p.149].

Corollary 1 Let A € R™" be a symmetric matrix and let B be a submatrix
obtained by deleting r rows from A. Then

0k (A) = or(B) = 044, (A), k=1,...,n

where op(A) =0, if £ > n.
Let us suppose that 6,1 (T' (1)) > & > 0,(T (1)) = 0 and 0;_1(T1j:(A)) >

0j(T1:j.(A)) ~ O(e), fora j € {2,...,n}. By Corollary 1, all the submatrices
T1:j4¢,:.(A) are e-singular, £ =1, ..., n — j, and

Ot (Trjre: (V) =2 0jre(Trjte1:j+¢(X), £=1,....,n— ],

i.e., the submatrices T1:j4¢,1:j+¢(A) are e-singular as well.
On the other hand,

Uj—l(Tn—j+1:n,:()\)) > op—1(T (L)) > e,
Uj—l(Tn—j+1:n,:()\)) = O—j(Tn—j+1:n,n—j+1:n ) = gj (Tn—j+l:n,:()\))-

This means that forward instability is not encountered in the first n — j — 1 steps of
FIQR and in the first j steps of BIQR.

In the following example it is shown how the sequences {¢ /} i1 ! and {c /} _1,
computed in floating point arithmetic, differ from those computed in 1nﬁn1te
precision arithmetic.

'If one of the indices 7, j in #; ; is either O or n, we set #; ; = 0.
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Example 1 LetT € R™", n = 100, be a symmetric irreducible tridiagonal matrix
with its entries generated by the MATLAB function randn.”

Let T = XM A x(MDT pe the eigenvalue decomposition of 7' computed by

using the MATLAB function eig, with AM) — diag(AEM))\gM), R AEM)), with
)L(M)>)\1(T1)z_l ,n—1.

We report the behaviour of one sweep of F/B IQR with shift )‘(19 ), although a
similar behavior can be observed if we choose almost any )\l(M), i=1,...,n,asa
shift.

Let (1, X) be the eigenpair computed by a few steps of inverse iteration with

initial guess (Agg/[), XM (:19)). In this way, X is computed with higher accuracy

with respect to XM (., 19))

Let {51'} and {ci }1—1 be the sequence of the cosines of the Givens matrices
{é i }?:_ and {G }1—1 , determined in order to transform X to e,, and e, respectively,
ie.,

Infifl
v Ci S v v v
G, = L , suchthat G,_1G,—2---G1X=¢e,,
Si Ci
L Ii—1 |
o _
A i Si = = =
G, = o , suchthat Gi---G,_2G,_1X=e].
—5i Ci
L Infifl _
Without loss of generality, we assume ¢; > Oand¢; >0,i =1,...,n— 1.

n—1

Since X is computed with high accuracy, the sequences {¢; }1—1 and {citizy s

computed with high accuracy, too [10].
In infinite precision arithmetic, the sequences {c,} _1 and {¢; }"_1 should be

are

the same, while in ﬂoatmg point arithmetic the sequence {¢;} l.:ll can depart from
the sequence {c,}l_1 due to the forward instability [10]. The same holds for the

sequences {¢;}7—] and {01}7_11

The sequences (&), (&)/2!5 U5, ;1 + 157 2] (2] and (812,
with 6; = min(svd(T ;. (A(M)))) and 6; = min(svd(Tj.y i:n (Agg )))), denoted
respectively by “x”, “47, “0”, “0” and “V”, are displayed in Fig. 1 on a logarithmic
scale.

We can observe that the first and the third sequence have a similar behaviour. The
same can be said for the second and the fifth sequence. Moreover, the two sequences
of cosines {¢;}/~ izl ! and {¢; }1—1 are similar until forward instability occurs, i.e., until

¢; and |t(')1 it |t(’) || are both greater than O (Je).

2The matrix T can be downloaded at users.ba.cnr.it/iac/irmanm21/TRID_SYM.


users.ba.cnr.it/iac/irmanm21/TRID_SYM

188 N. Mastronardi et al.

105 T T T T T T T T T
onnNouunoonnoooonoonw.n“no“og X0, ok *
O %O *
()() ¥ . %*
Y ke K,
% LK TR
105 [ & o o tex §
o M ok
o Rk
£
Y Yy,
St
<><> o Y
10-10 |- ¢ oyt —
o ¥
o +
1018 0 00 OSX0Re 0]
0% 60 o
o
ti
+4H
1020 1 1 1 1 1 1 1 1 1
0 10 20 30 40 50 60 70 80 90 100

Fig. 1 Sequences (&)=, (&)=, {Ifl(')1 1 +|Al(’l)+1|}f' — ()71, and {6;)'Z], denoted respec-

”» <«

tively by “asterisk”, “plus”, “circle”, “diamond” and “triangledown”, related to T(A(M) ), with T

the matrix of Example 1 and A(M) the 19th ordered eigenvalue computed by eig of MATLAB

()

The sequences {c,}l_l, {Cl}z—l , {It,(,l),_l IS o ol [ ,_1|},_1,{Uz},—1 , and

{6:Y'=]), with &; = min(svd(T., 1 .{3))), 6; = min(svd(T.i,1::(A5))), denoted
respectlvely by “x7, “+7, “o”, “o” and “V?”, are displayed in Fig. 2 in logarithmic
scale.

Also in this case, the first and the third sequence have a similar behaviour and the
same can be said for the second and the fifth sequence. Moreover, the two sequences

of cosmes {¢;Y~ el ! and {ci }:l_ll are similar until forward instability occurs, i.e., until

¢; and |t i ol + |t(l)l a_i_1 | are both greater than 0 (e).

Summarizing, forward instability occurs if the smallest singular value o of
T1:j,1:7 (1) is close to the machine precision ¢, for a certain j € {1,...,n}. Asa
consequence, the elements of the last column of Q of index greater than j begin to

depart from the elements of the eigenvector X. Moreover, t(J ) R /(]Jr)l = 0(Je),
(J

) is the (i, k) entry of the matrix obtained after having applied j Givens
rotatlons in the forward IQR sweep with shift X to Ty, (X)) [12]. The same holds to
one sweep of BIQR, i.e., the first row of the upper Hessenberg matrix Q is accurately

where 1
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Fig. 2 Sequences (G /=), (@)=l 7",y yal + 107, V) @il and (G0
denoted respectively by “asterisk”, “plus”, “circle”, “diamond” and “triangledown”, related to

T (lgl)), with T the matrix of Example 1 and )\(11;4) the 19th ordered eigenvalue computed by eig

of MATLAB

computed as far as the smallest singular value of T;.,(A) is large enough, for a
certain j € {1,...,n}.

Hence, the main issue is to determine the index j.

In the next section we consider the problem of determining the index j such that
the computed eigenvector will be obtained by Q(l . j,n) and o1, j+1:mT,
L.e., gluing together the first j entries of 0 and the last n — Jj entries of the first row

of Q.

4 Computation of the Eigenvector

In this section we describe a technique to determine the index j used for construct-
ing the sought eigenvector by fetching the first j entries of the last column of 0 and
the last n — j entries of the first row of Q.

If o,—1(T (X)) > 0, (T (1)) and forward instability occurs at step j of one sweep
of FIQR with shift A, the sequence {¢;}?_, begins to depart from the sequence
{¢;}?_, around the index j. Analogously, the sequence {¢;}_, begins to depart from
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the sequence {¢;}7_, around the index n — j. Therefore, the sought index j can be
computed in the following way.

The sequence {¢; }?:11 generated by one FIQR sweep, is computed until ¢; < rol}
(/) | + |t(/)

The sequence {¢; V=

t—l ’
=) =(J)
¢j < toly and |z‘~ 1]|~|—|z‘] +1| < tol.

Hence, the sought index j is computed as the index j such that

and |t +1| < tolz, with tol; and rol; fixed tolerancesand 1 < j <n—1.

generated by one BIQR sweep, is thus computed until

é]+] é+cla la‘]_e[jaj]al#ja

i.e., the index j is chosen so that the columns of T 1.5 and T: j., are strongly linear
independent.

The last column of Q in (2) depends on all the Givens coefficients ¢; and §;, | =
1,...,n — 1, while the first row of Q in (3) depends on all the Givens coefficients
¢iands;, i=1,...,n—1.

Therefore, at the first sight one can say that both the last column of Q and the
first row of Q must be computed in order to construct the sought eigenvector even
though the “splitting” index j is already determined.

In the sequel we show that the sought approximation of the eigenvector can be

computed relying only on the knowledge of ¢; and §;, i = 1,..., j — 1, and ¢; and
si, i =1,...,n— j + 1. In fact, once the index j is determined, we observe that
the “good” part of the vector (2) can be written as
_qn+l 1‘[" 11 Q
i—
—1"¢y 1_[ 721 f,
-1 152 ]_[l 3 Si
?A(l:j — — y(u);((u)’

itla n—1 A
1% 1_[,-:,_1&'
A n—1 ~
—1JCj,11_L-:j S;
_1j—1a. n—1 Al
| VTG TS S

while the “good” part of the vector (2) can be written as

_qn—j—1x <
1 Cn—j l_[z =n— ]+1
jC" —j-1 1_[1 n ]

n—j+1x .
=1 ni=n7j71 Si
in—j:n = =y
n—1x 11713
1" 125 5
~ n—1 ~
—1"¢1 175, S
_qn+l 1—[;1;11 5

B)g)
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~1 =~ -1 S
where y @ = ]_[?zjﬂ §i, y® = H?=n7j+1 Sis

LA P 1",
—1"¢ ]_[{:2 5 _lnijén—j—lgn—.j
—1"1¢, l_[{=3 Si _lnijJrlE"*j*2 l_[:l:_r{—j—l 5i
Q) _ : Cx0 = :
— Ve Ty S 1" [T 5
—ljéj_lfj —1"51 1_[7:_2/ S
i _1/’—15/, | i _1n+1 1—[7;1] Ei i

Hence, we first normalize both vectors in this way,

< () A0

Xjoo o Xoanjn

L@ s Xjtlin = <® )
j 1

X1:j =

i.e., we divide the first vector by its last component and the second one by its first
one in order to have 1 as the j-th entry of the first vector and as the first entry of the
second one, and finally we normalize X such that ||X|, = 1.

The corresponding MATLAB code to compute the eigenvector associated to a
given eigenvalue of a symmetric tridiagonal matrix is freely available and can be
downloaded at users.ba.cnr.it/iac/irmanm21/TRID_SYM.

5 Deflation

Once the eigenvector X has been computed, we can apply to it a sequence of n —

1 Givens rotations G; in order to transform it either to :I:e(ln) or to :I:e,(f'), where

:tef"), i =1,...,n, is the ith vector of the canonical basis of R".
The same Givens rotations G; are applied to the matrix 7 obtaining

T =Gy 1Gya---GiTGT -..GT ,GT . 4)
If the eigenvector X is computed in an accurate way and satisfies particular
properties, it has been shown in [9, 10] that T in (4) is still tridiagonal with the entry
(2, 1) equal to zero if the Givens rotations are applied in a backward fashion or the
entry (n,n — 1) is equal to zero if the Givens rotations are applied in a forward
manner. In the first case the last row and column can be dropped and the other

eigenvalues to be computed are the eigenvalues of Tl;n_l. In the other case, the first
row and column are removed and the other eigenvalues are the eigenvalues of 73.,.
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6 Numerical Examples

All the numerical experiments of this section are performed in MATLAB Ver.
2014b, with machine precision & ~ 2.22 x 107!, We have compared the results
obtained computing the eigenvector matrix with the following techniques: eig of
MATLAB, MR? and the proposed method, denoted by MTV.? For the second and the
third method, the eigenvalues are computed by the bisection method [14].

For all the experiments, the tolerances tol; and roly were chosen equal to n./¢,
with n the order of the matrix.

Example 2 In this example we consider symmetric tridiagonal matrices 7, €
R"™ " p = 128,256,512, 1024 whose elements are generated by the MATLAB
function randn.

The latter matrices can be downloaded at users.ba.cnr.it/iac/irmanm?21/TRID$_
$SYM.

In Table 1 the orthogonality of the computed eigenvectors with the considered
three methods are displayed. In column 5, the average lengths of the computed
intervals in which to search the index j are reported.

In Table 2 the accuracy of the residuals of the computed eigenvectors with the
considered three methods are displayed.

We can conclude that the eigenvectors obtained with the proposed procedure are
computed in an accurate way.

Example 3 In this example 7, € R"™", n = 128,256,512,1024 are the
Jacobi matrices associated to the Chebyshev polynomials of first kind [3], whose

eigenvalues are
i .
cos , i=1...,n.
n+1

In Table 3 the orthogonality of the computed eigenvectors with the considered
three methods are displayed. We do not report the average lengths of the computed
intervals in which to search the index j in this case, since there is no premature
deflation for such matrices.

In Table 4 the accuracy of the residuals of the computed eigenvectors with the
considered three methods are displayed.

We can conclude that the eigenvectors obtained with the proposed procedure are
computed in an accurate way.

3We have used a MATLAB implementation of the MR? algorithm written by Petschow [13].
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Table 1 Accuracy of the orthogonality of the computed eigenvectors computed by eig of
MATLAB (second column), by MR> (third column) and by the proposed method (fourth
column)

max; uXTxl-n;ej-’” ll2

n eig MR3 MTV Zl"l:‘(fl_f“)
128 1.14 x 107! 2.01 x 10! 7.05 x 10! 26
256 5.72 x 1072 1.00 x 10! 3.52 x 10! 24
512 2.86 x 1072 5.02 x 10° 1.97 x 10! 24

1024 1.43 x 1072 3.40 x 10° 3.83 x 10! 24

Average lengths of the computed intervals in which the index j is sought (fifth column)

Table 2 Accuracy of the residuals of the eigenvectors computed by eig of MATLAB (second
column), by MR? (third column) and by the proposed method (fourth column)

max; ”Tjiﬁ‘ﬁ;liéi ll2

n eig MR3 MTV
128 4.96 x 1072 5.33 x 10° 1.87 x 10!
256 1.73 x 1072 1.00 x 10! 3.52 x 10!
512 1.06 x 1072 5.02 x 10° 1.76 x 10!

1024 6.72 x 1073 5.94 x 107! 5.96 x 10°

Table 3 Accuracy of the orthogonality of the computed eigenvectors computed by eig of
MATLAB (second column), by MR> (third column) and by the proposed method (fourth
column)

max; |\XTxirL—5e§”) ll2

n eig MR3 MTV
128 2.36 x 107! 2.901 x 10° 2.16 x 10?
256 1.18 x 107! 2.69 x 10° 6.35 x 102
512 5.92 x 1072 7.26 x 10! 1.03 x 10!

1024 1.43 x 1072 2.99 x 10° 3.83 x 10!

Table 4 Accuracy of the residuals of the eigenvectors computed by eig of MATLAB (second
column), by MR? (third column) and by the proposed method (fourth column)

max; ”Tjisﬂ;liéi I2

n eig MR? MTV
128 1.67 x 107! 2.05 x 10° 1.52 x 102
256 8.37 x 1072 1.45 x 10! 1.08 x 10!
512 4.18 x 1072 7.26 x 10° 1.05 x 10?

1024 6.72 x 1073 9.48 x 107! 5.21 x 10°
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7 Conclusions

Recently, Malyshev and Dhillon have proposed an algorithm for deflating the
tridiagonal matrix, once an eigenvalue has been computed. Starting from the above
mentioned algorithm, a method for computing the eigenvectors of a symmetric
tridiagonal matrix 7 has been proposed. It requires the computation of an index
J which determines the premature deflation in the implicit QR method. The index
Jj is computed considering the two sequences of cosines generated by a sweep of
forward and backward QR method with shift the computed eigenvalue. The sought
eigenvector is obtained form the first j Givens coefficients generated by the forward
implicit QR method and from the last n — j Givens coefficients generated by the
backward implicit QR method.

The overall complexity for computing an eigenvector depends linearly on the
size of the matrix.

The numerical tests show the reliability of the proposed technique.
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A Krylov Subspace Method )
for the Approximation of Bivariate Shethie
Matrix Functions

Daniel Kressner

Abstract Bivariate matrix functions provide a unified framework for various tasks
in numerical linear algebra, including the solution of linear matrix equations and the
application of the Fréchet derivative. In this work, we propose a novel tensorized
Krylov subspace method for approximating such bivariate matrix functions and
analyze its convergence. While this method is already known for some instances,
our analysis appears to result in new convergence estimates and insights for all but
one instance, Sylvester matrix equations.

Keywords Matrix function - Krylov subspace method - Bivariate polynomial -
Fréchet derivative - Sylvester equation

1 Introduction

Given a univariate function f(z) defined in the neighborhood of the spectrum
A(A) of a matrix A € C"", the numerical computation of the matrix function
f(A) € C™" has been studied intensively during the last decades; see [10, 15, 18]
for surveys. The extension of the notion of matrix functions to bivariate or, more
generally, multivariate functions f has a long history as well, notably in the context
of holomorphic functional calculus and operator theory; see [23, Sec. 3] for a
detailed discussion and references. In the numerical analysis literature, however,
bivariate matrix functions have been discussed mostly for special cases only.

Given two matrices A € C"*™ and B € C"*" and a bivariate function f(x, y)
defined in a neighborhood of A(A) x A(B), the bivariate matrix function f{A, B}
is a linear operator on C"*". We will recall the formal definition of f{A, B} in
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Sect. 2 below. Linear matrix equations and Fréchet derivatives constitute the most
widely known instances of bivariate matrix functions:

1. For f(x,y) = 1/(x + y) the matrix X = f{A, B}(C) is the solution of the
Sylvester matrix equation

AX + XBT =, C e ¢, (1)

where BT denotes the complex transpose of B and C is often of low rank. When
B equals A (denoting the complex conjugate of A) and C is Hermitian, (1) is
called Lyapunov matrix equation. Such matrix equations play an important role
in control, e.g., for computing the Gramians in balanced truncation model reduc-
tion of linear time-invariant control systems. They also arise from structured
discretizations of partial differential equations. See [5, 35] for references.

2. There are several variants of (1) that fit the framework of bivariate matrix
functions. The solution of the Stein equation AXBY — X = C is given by
X = f{A, B}(C) with f(x,y) = 1/(1 — xy). More generally, for f(x,y) =
1/p(x,y), with a bivariate polynomial p(x,y) = Z;"{:O Zf:o pijxiy/, the
matrix X = f{A, B}(C) is the solution of the matrix equation

k¢
YD pAX BT =c,

i=0 j=0

which has been considered, e.g., in [9, 27].

Time-limited and frequency-limited balanced truncation model reduction [6,
12] give rise to matrix equations that involve matrix exponentials and logarithms.
For example, the reachability Gramian corresponding to a time interval 0 < #; <
t, < oo satisfies an equation of the form

AX + XA* = —exp(t; A)C exp(ts A*) + exp(t. A)C exp(t. A™), (2)

where A* = AT denotes the Hermitian transpose and, once a_gain, C is often of
low rank. The solution of (2) can be expressed as X = f{A, A}(C) with

_ oxplie(x +y)) — exp(is(x +y))

fx,y) ity

3

In the analogous situation for frequency-limited balanced truncation, the corre-
sponding function takes the form

z+iwy
Z 41w

g +g)

S, y) = x4y

. g = Re(; m(

)) 0<w <w <00,

“)

where Re denotes the real part of a complex number.
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3. Given a (univariate) matrix function f(A) and the finite difference quotient

F@O=1 for x
[1] X = X, = x=y ’ y’
fGey) = flx, yl !f,(x)’ for x = .

Q)
the matrix X = fI1{A, AT}(C) is the Fréchet derivative of f at A in direction
C; see [23, Thm. 5.1].

In this work, we consider the numerical approximation of f{A, B}(C) for large
matrices A and B. As the size of the involved matrices grows, it becomes necessary
to impose additional structure before attempting this task. We assume that matrix-
vector multiplications with A and B are feasible because, for example, A and B
are sparse. Moreover, C is assumed to have low rank. The latter is a common
assumption in numerical solvers for large-scale matrix equations (1), but we also
refer to [14, 16, 25, 30] for works that consider other types of data-sparsity for C.

Given a rank-one matrix C = cd” , the method proposed in this paper makes use
of the two Krylov subspaces generated by the matrices A, B with starting vectors
¢, d. An approximation to f{A, B}(C) is then selected from the tensor product
of these two subspaces. Our method already exists for several of the instances
mentioned above. For f(x,y) = 1/(x + y), it corresponds to a widely known
Krylov subspace method for Lyapunov and Sylvester equations [20, 32]. For the
functions (3) and (4), our method corresponds to the Krylov subspace methods
presented in [26] and [6], respectively. For the Fréchet derivative, the algorithm
presented in this paper has been proposed independently in [21]. For Lyapunov and
Sylvester equations, the convergence of these methods has been analyzed in detail;
see, e.g., [2, 36]. For all other instances, the general theory presented in this work
appear to result in previously unknown convergence estimates.

We note in passing that the algorithm proposed in this paper shares similarities
with a recently proposed Krylov subspace method for performing low-rank updates
of matrix functions [4].

2 Preliminaries

We first recall the definition of bivariate matrix functions and their basic properties
from [23]. Let [T ¢ denote the set of all bivariate polynomials of degree at most
(k, £), that is, for p € [T ¢ we have that p(x, y) has degree at most k in x and
degree at most £ in y. Every such polynomial takes the form

k¢
=YY pyx'y/,  pjeC.

i=0 j=0
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The bivariate matrix function corresponding to p and evaluated at A € C"™*™,
B € C"*" is defined as
kL
p{A, B} :C™" > C™", plA,BYC) =Y > piyAICBTY .  (6)
i=0 j=0

This definition extends via Hermite interpolation to general functions f that are
sufficiently often differentiable at the eigenvalues of A and B; see [23, Def. 2.3] for
details. A more compact and direct definition is possible when f is analytic.

Assumption 1 There exist domains 24, 2p C C containing the eigenvalues of A
and B, respectively, such that fy(x) := f(x,y) is analytic in §2 4 for every y € §2p
and f(y) := f(x,y) is analytic in §2p for every x € $24.

By Hartog’s theorem [22], Assumption 1 implies that f is analytic in £24 x £2p.
Moreover, we have

f{A, BYC) = — ! yg fa, el —A eyl - BN tdydx, (D
47'[2 Iy JIp

where I'y C £24 and I'p C §2p are closed contours enclosing the eigenvalues of A
and B, respectively.

Diagonalizing one of the two matrices A, B relates bivariate matrix functions to
(univariate) matrix functions of the other matrix. A similar result has already been
presented in [23, Sec. 6]; we include its proof for the sake of completeness.

Lemma 1 Suppose that Assumption 1 holds and that there is an invertible matrix
Q such that Q~'BQ = diag(i1, - .., Un). Then

FUA, BYC) = [ £, (A)E1 fuy (A -+ fu, (A)én] Q7
withCQ™T =:C = [&) --- & and fu := f(x, .
Proof Setting Ap = diag(uq, ..., i4n), we obtain from (7) that

1 -
S1A,BYC) = -, zf (xI—A)*lc[f FeOT = Ap)7~ dy|oT dx
T Jry I'p

1 -
= i (I — A)~'C - diag(fyu, (x), ..., fu, () Q7 dx
71 I

1
= ygr [ £, )T — A)71E) - fu, ) (xT — A)7'E,] 07 dx,
A

T2

which concludes the proof, using the contour integral representation of f,,(A). O

For the case f(x,y) = 1/(x +y), the result of Lemma 1 is related to algorithms for
Sylvester equation with large m but relatively small n; see [34].
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If both A, B are diagonalizable, that is, additionally to the assumption of
Lemma 1 there exists an invertible matrix P such that P~1AP = diag(A1, ..., Am)
then the result of the lemma implies

FOua, 1) - fQa, n)
f{A,B}(C)=P : : oCc| o7, cC:=pr'coT,
S Qun, 1) -+ s in)

where o denotes the elementwise (or Hadamard) product.

3 Algorithm

For the sake of simplifying the presentation, we assume that C has rank 1 and can
thus be written as C = cd? for nonzero vectors ¢, d € C". We comment on the
extension to (small) ranks larger than 1 below.

Our method proceeds by constructing orthonormal bases for the Krylov sub-
spaces

Hi(A, b) = span{c, Ac, ..., AF e}, Hy(B,d) =span{d, Bd, ..., B"'d},

When £ < m and ¢ < n, these subspaces are generically of dimension k and
£, which will be assumed in the following. The Arnoldi method [38] applied to
i (A, b), #;(B, d) not only produces orthonormal bases Uy € C™*k v, e C"*¢
but also yields Arnoldi decompositions

AUy = UrGi + gs1 kUk+1€] (8
BVy = VeHy + host gvetrel 9

where G, = U ,:‘ AUy and Hy = VZ*B Vi, are upper Hessenberg matrices, ex and ey
denote the kth and £th unit vectors of suitable length, gx+1 « and k¢4 ¢ are complex
scalars. If k < m and £ < n then [Uy, ux+1] and [V, u¢+1] form orthonormal bases
of #+1(A, b) and #;41(B, d), respectively.

We search for an approximationto f{A, B}(C) in £ (A, b) x (B, d). Every
such approximation takes the form Uy Xy ¢ VZT with some matrix Xy ¢ € Ck*£. For
reasons that become clear in Sect. 4 below, a suitable (but possibly not the only)
choice for this matrix is obtained by evaluating the compressed function:

Xio = flUFAUL, VEBVIHUECV ) = f{Gr, Hel@d"h),

with ¢ = Ufc,d = V}d.
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Algorithm 1 Arnoldi method for approximating f{A, B}(C) with C = cd T

1:

2:

3:
4:

Perform k steps of the Arnoldi method to compute an orthonormal basis Uy of J#; (A, ¢) and
Gy =UjAU;, ¢ = Ujc.

Perform ¢ steps of the Arnoldi method to compute an orthonormal basis Vy of .#;(B, d) and
Hy=V}BVy,d=Vid.

Compute bivariate matrix function Xy ¢ = f{Gx, H[}(&J Ty.

Return Uy Xy V]

The described procedure is summarized in Algorithm 1. We conclude this section

with several remarks:

1.

For the compressed function in Line 3, one requires that f is defined on A(Gy) x
A(Hy). Considering the numerical ranges

V(A ={w'Aw: weC", |lwly =1}, #B)={w"Bw: weC", |wl, =1},

the following assumption guarantees that this requirement is met; it is also needed
in the convergence analysis of Sect. 4.

Assumption 2 Assumption 1 is satisfied with domains $§24, 2p satisfying
W(A) C 24 and W (B) C §25.

Because of A(Gy) C #(Gy) C #(A) and A(Hy) C # (Hy) C #(B),
Assumption 2 implies that f{Gy, H,} is well defined.

General-purpose approaches to evaluating the small and dense bivariate
matrix function f{Gyg, Hy}(@dT) in Line 3 are discussed in [23, Sec. 6].
However, let us stress that it is generally advisable to use an approach that is
tailored to the function f at hand. For example, for f(x,y) = 1/(x 4 y) this
amounts to solving a small linear matrix equation, for which the Bartels-Stewart
algorithm [1] should be used. For the finite difference quotient (5), a suitable
method is discussed in Sect. 5 below.

. As in the case of univariate functions, there is no reliable stopping criterion for

general f that would allow to choose k, £ such that Algorithm 1 is guaranteed
to return an approximation with a prescribed accuracy. In the spirit of existing
heuristic criteria, we propose to use the approximation

I F{A, BYcd") = U Xkt Vi 1 F ~ N UkenXienern Vi — U Xkt Vi |l F = exen

for some small integer &, say h = 2. As already explained in, e.g., [4, Sec. 2.3],
the quantity e ¢ 5 is inexpensive to check because

Xre O
ek.e.h = H Uk+n (Xk+h,e+h - [ S’Z 0:|) Vi 0 0

Xk.e 0:|

= 'Xk+h,£+h - |: .
F F
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If ek ¢.n is smaller than a user-specified tolerance, the output of Algorithm 1
is accepted. Otherwise, k and £ are increased, the orthonormal bases Uy, V; are
extended and Step 3 is repeated. It may be desirable to increase k and £ separately.
For example, one could increase k if

X
'Xk+h,£ - [ SZ}

and increase £ otherwise.

Again, we emphasize that better stopping criteria may exist for specific
choices of f. This is particularly true for linear matrix equations; see [31] and
the references therein.

3. Algorithm 1 extends to matrices C of rank » > 1 by replacing the Arnoldi method
in Steps 1 and 2 by a block Arnoldi method, by a global Arnoldi method, or by
splitting C into r rank-1 terms; see [11] for a comparison of these approaches in
a related setting.

> || X.een — [Xue 0]||F
F

4 Exactness Properties and Convergence Analysis

In this section, we analyze the convergence of Algorithm 1 following a strategy
commonly used for matrix functions; see, in particular, [4]. First, we establish that
Algorithm 1 is exact (that is, it returns f{A, B}(cd”)) for polynomials of bounded
degree. This then allows us to relate its error for general functions to a bivariate
polynomial approximation problem on the numerical ranges.

Lemma 2 Algorithm 1 is exact if f € Ig_1, ¢—1).

Proof The following well-known exactness property of the Arnoldi method (see,
e.g., [33]) follows by induction from (8)—(9):

Ale = Up(Gy)'Ufe, i=0,....k—1,  Bld=V,(H) Vid, j=0,....¢~1

By writing f (x, y) = Y+, Zf;%) pijx'y/ and using (6), this gives

k—1¢—1 k—1¢—1
FIABYedD) =Y AleBia) = Uk< 33 GLuged” Vg(HZT)/)VZT
i=0 j=0 i=0 j=0

= Uk - f{Gk, H(Ufcd™ Vi) - V],

which corresponds to what is returned by Algorithm 1. O
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To treat general functions, we will need to estimate the norm of f{A, B} induced
by the Frobenius norm on C™*":

IF{A, B}l := max {|| f{A, BYO)|F: C € C™", |IC|F =1},

For a (univariate) matrix function f(A), the seminal result by Crouzeix and
Palencia [8] states that || f(A)[l2 < (1 + V2) max, ey (4) | f(x)|. Theorem 1.1
in [13] appears to be the only result in the literature that aims at establishing
norm bounds for general bivariate functions. This result provides an upper bound
in terms of Henrici’s departure from normality for A and B [17] as well as the
maximal absolute value of f and its derivatives on convex hulls of A(A), A(B).
The following lemma provides an upper bound in terms of the maximal absolute
value of f on the numerical ranges, which is better suited for our purposes.

Lemma 3 Suppose that Assumption 2 holds and let E4, Ep be compact connected
sets such that W (A) C Ex C 24 and # (B) C Ep C £2p. Let len(0E4) denote
the length of the boundary curve 04 of E4, let da(-) denote the distance between
a subset of C and W (A), and define analogous quantities for B. Then

If{A, B} = M - ceml Xy LfCx, v)1,

where

(a) M =1 ifboth A and B are normal;
(b) M =1+ V2 if A or B are normal;

(c) M = 1+‘/2 min {1;:8%:; , ljggg%gi } otherwise, under the additional assumption

thatdA(BIEA) > 0o0rdg(dEp) >0

Proof (a) and (b) Assume that B is normal. The result of Lemma 1, with Q chosen
unitary, implies

LF(A, BYONF = Y 11fu; (AE I <D 1 fiu; (DIZ1IE 13

j=1 j=1

2 2 2
=M Zmaxlfu,(X)l el < M o |f e, P IICE

with M = 1if A is also normal and M = 1 + /2 otherwise [8]. The proof is
analogous when B is normal and A is not.
(c) Starting from the representation (7), we obtain

1 —1 T\—1
FIA, BY(C) = — y{ [$ rener-ata]eer -5 ay
4r? Jog, LJog,

1

=, HACHI — BT dy
1 9Eg
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and, in turn,
1 _
I£1ABIONF <, max | £y (DICl - ﬁE |1 —B57",dy

Combined with ||(yI — BT)7!|» < 1/dg(y), this shows ||f{A,B}|| <
145;1/2 lde;l((g%g;. Analogously, one establishes the same inequality with B replaced

by A. O

Remark 1 The result of Lemma 3 can be strengthened in the special case that
f(x,y) = g(x + y) for a univariate function g. This class of functions covers the
matrix equations discussed in the introduction and also features prominently in [7].
Using that W(I@A+BQ®I) = W(A)+ W(B) (see, e.g., the proof of [37, Corollary
3.2]), we obtain

(A B}l =g ®@A+B®D|2< 1+ V2lglwieatssn

= (1 +V2)llglwaywer =1 ++/2) |f(x, ).

max
xeW(A),yeW(B)

It remains an open and interesting problem to study whether a similar bound holds
for a general bivariate function f.

Theorem 1 Let E4, Ep, and M be defined as in Lemma 3 and suppose that the

assumptions of the lemma hold. Then the output of Algorithm 1 satisfies the error
bound

||f{A,B}(CdT)—Uka,ngTIIF52M|IC|I2IIdII2' inf max _ |f(x,y)—px, y)|.
pelly—1 -1 xeEa,yeEp

Proof Let p € IT_1¢—1. By Lemma 2, we have
p{A, BY(cd") = Uy - p{Gy, H}(Ed") - V], &=Ufe, d=Vjc.
Hence,

LA, BY(cd) — U Xk V]

f1A. B)(ed") = plA. BY(ed") = Up(f{Gr. He) (") = p{Gr. He)(&d") ) V!

e{A, BY(cd") — Uk - e{Gy, Hp}(ed") - V[ (10)
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with e = f — p. Applying Lemma 3 and using that the numerical ranges of G4 and
Hj are contained in A and B, respectively, we have

max{lle{A, B}|F, le{Gk, He}llp} = M - max_ le(x, y)|

XEEA,_YEEB
Inserted into (10), this gives

I F{A, BY(cd") — UxXi o VI |F < 2M|icl2lldll2 - max_ |e(x, y)l,
x€l4,yeEp

Because p was chosen arbitrary, the result of the theorem follows. O

Combining Lemma 3 with existing results on polynomial multivariate approxi-
mation yields concrete convergence estimates. For example, let us consider the case
of Hermitian matrices A and B. By a suitable reparametrization, we may assume
without loss of generality that # (A) = #(B) = [—1, 1]. By Assumption 2,
there is p > 1 such that f is analytic on E, x E,, with the Bernstein ellipse
Ey={zeC:lz=1|+z+1]Zp+ p~1'}. Then for any 5 € (1, p) it holds that

inf max |f(x,y) — px, I =0F "), k— o0, (11)
PEi—1 k-1 x,ye[—1,1]

see, e.g., [40]. Hence, Algorithm 1 converges linearly as £ = k — oo with a rate
arbitrarily close to p.

For f(x,y) = 1/(a¢ + x + y), a specification of (11) can be found in [24,
Lemma A.1], resulting in a convergence bound for Sylvester equation that matches
the asymptotics of [36]. This is also an example for a function of the form f (x, y) =
g(x + y). By choosing an approximating polynomial of the same form and using
Remark 1, the convergence estimate of Theorem 1 simplifies for any such function

f to
I F{A, BY(cd") — U Xy e V] || F

<2(1++2)|clalld]l2 - min max 2) — p(2)l, 12
( Yicll2lld]2 penk,lzewm)wm)'g() Pl (12)

where ITj_ is the set of all (univariate) polynomials of degree at most k — 1.

We now use (12) to analyze the Krylov subspace method for the time-limited
Gramian (2) for a symmetric negative definite matrix A with eigenvalues contained
in the interval [—f8, —a], 0 < o < B < 00, and a rank-one matrix C = cel.
By combining (3) and (12), convergence estimates can be obtained by studying
the polynomial approximation of g(z) = z_l(exp(tez) — exp(#sz)) on the interval
[—B, —«a]. For t, = oo, g always has a singularity at z = 0. In turn, the asymptotic
linear convergence rate p predicted by polynomial approximation is independent
of £y > 0. In other words, for ., = oo the convergence behavior for time-limited
Gramians (f, > 0) and Lyapunov equations (¢, = 0) are expected to be similar. for
t, < oo, the situation is dramatically different: g is an entire function, yielding
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—t,=0,t, =
s ty=1,t. =00
10»2 ——ty;=10,t, = 0

10715 T it

10710 ! I I I 1020 l ! L .
0 20 40 60 80 100 0 20 40 60 80 100

Fig. 1 Convergence of Algorithm 1 applied to the time-limited Gramians from Example 1 for
different choices of #, 7,

superlinear convergence. For ¢, = 0, g(z) = z’l(exp(tez) — 1) = tep(t.2)
and Lemma 5 in the appendix can be applied to obtain quantitative convergence
estimates.

Example 1 To illustrate the convergence of Algorithm 1 for approximating time-
limited Gramians, we consider a 500 x 500 diagonal matrix A with eigenvalues
uniformly distributed in [—100, —0.1] and a random vector ¢ of norm 1. Figure 1
reports the error || X — X l2 (vs. k) of the approximation Xy returned by Algorithm 1
with £ = k. The left plot displays the effect of varying #; while keeping 7, = oo
fixed. While there is a pronounced difference initially, probably due to the different
norms of X, the convergence eventually settles at the same curve. The right plot
displays the effect of choosing ?, finite, clearly exhibiting superlinear convergence
fort, = 1.

5 Application to Fréchet Derivatives

Given a univariate function f analytic in a neighborhood of the eigenvalues of A,
the Fréchet derivative of f at A is a linear map Df{A}: C**" — C™*" uniquely
defined by the property f(A + E) = f(A) + Df{A}(E) + ﬁ(||E||%). In [23, Thm
5.1]it was shown that Df {A} = fI11{A, AT} for the function f!! defined in (5). In
turn, this enables us to use Algorithm 1 for approximating the application of Df {A}
to rank-one or, more generally, to low-rank matrices. This may be, for example, of
interest when approximating gradients in the solution of optimization problems that
involve matrix functions; see [39] for an example.

When applying Algorithm 1 to fI!I{A, AT} with £ = k, the reduced problem
f [“{Gk, Hy} does, in general, not satisfy Hy = GkT and can therefore not be related
to a Fréchet derivative of f (unless A is Hermitian and d is a scalar multiple of ¢).
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The following lemma shows that a well-known formula for the Fréchet derivative
(see, e.g., [29, Thm. 2.1]) carries over to this situation.

Lemma 4 Let f be analytic on a domain §2 containing the eigenvalues of A €
C™" and B € C"*". Then

([A CD _ [f(A) FilA, BT}<C>}
f 0B|) | 0O f(B) '

Proof The assumption of the lemma implies that Assumption 1 is satisfied for
FUNA, BT} with domains £24, 2p satisfying 2, UQp C £2.Let ' C 2
be a closed contour enclosing §24 and §2p. Combining the contour integral
representation (7) with

1
M, y) = yg r@ dz, Vx € 24,y € 28,
2ri Jr (z=x)(z—y)
gives
1 f@ _ _
U4 BTHC) — el el
A, BTy(C) = 8n3i7§rA7§rB[ﬁ(z—x)(z—y)dz}(“ A-'cyI - B Mdydx

1 x1 —A)! I —B)~!
_8n3i£~f(1)[ . . dx}C[ > . dy}dz

b ?f f@@l — A 'CciI-B) " dz.
271 Jr
On the other hand, we have
-1
AC 1 zI—A —-C
= d
f([OBD 2ni7§f@[ 0 zI—B} ¢

_ [f(A) omi $r f@ @I = A)7'Cl - B)™! dz}
0 f(B) ’

which completes the proof. O

When applying Algorithm 1 to fI!l, we can now use Lemma 4 to address the
reduced problem with a standard method for evaluating small and dense matrix
functions. This yields Algorithm 2.

The following convergence result is a consequence of Theorem 1; the particular
structure of f[!1 allows us to reduce the bivariate to a univariate polynomial
approximation problem.



A Krylov Subspace Method for the Approximation of Bivariate Matrix Functions 209

Algorithm 2 Arnoldi method for approximating Df {A}(cd Ty
1: Perform k steps of the Arnoldi method to compute an orthonormal basis Uy of (A, ¢) and
Gy =UjAU;, ¢ = Ujc.
2: Perform k steps of the Arnoldi method to compute an orthonormal basis Vi of (AT, d) and
Hy = ViATVi,d = V}'d.
3: Compute F = f ([Gk ed’

0 HkT:D andset X = F(1 : k,k+1:2k).
4: Return UkaVkT.

Corollary 1 Let f be analytic on a domain §24 containing # (A) and let E4 be a
compact convex set such that W (A) C Ex C 24. Then the output of Algorithm 2
satisfies the error bound

IDf{A}(cd") — U Xk Vi IlF < 2Mlcll2lld]l2 min max | f'(x) — p(x)],
pelli—1 xeEy

where M = 1 if A is normal and M = 1"2'7‘[/2 1;:((3%:; otherwise.

Proof The conditions of the corollary imply that the conditions of Theorem 1 are
satisfied for fI11{A, AT}, which in turn yields

||f“]{A,AT}<ch)—kakvanF52M||c||z||d||z~p Jnf - max LM, y) = plx, )l

€MMg—1,k—1 x,yEEA

For arbitrary ¢ € ITy, we let p(x, y) := ¢ (x,y) € [i_1 41 and sete := f — q.
By the mean value theorem and convexity of E4, for every x,y € E4 withx # y
there is & € E4 such that

e(x) —e(y)

eE) = = M, y) = plx, y).

Hence,

(1] _ s I i
Jmax A1 y) = 5 ] < max [€/6)] = max 1f'©€) = q' @)l

Setting p = ¢’ € ITy_; completes the proof. O

Corollary 1 indicates that the convergence of Algorithm 2 is similar to the con-
vergence of the standard Arnoldi method for approximating f'(A)c and f'(AT)d.
Moreover, Corollary 1 allows us to directly apply existing polynomial approxima-
tion results derived for studying the convergence of the latter method, such as the
ones from [3, 19].

Example 2 'We consider the matrix A and the vector ¢ from Example 1 and measure
the error |Df{A}(ccT) — Fill» of the approximation Fx = UxXU] returned
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Arnoldi for (—A)~1/2b/2
— — - Algorithm 2

L L L L -10 L L L L
0 10 20 30 40 50 10 0 20 40 60 80 100

Fig. 2 Convergence of Algorithm 2 for approximating Df {A}(ccT) and convergence of Arnoldi
method for approximating f'(A)c for f(z) = exp(z) (left plot) and f(z) = +/—z (right plot)

by Algorithm 2. This is compared with the error || f'(A)c — Uk f'(Gr)¢|2 of
the standard Arnoldi approximation for f’(A)c. Figure 2 demonstrates that both
algorithms exhibit the same qualitative convergence behavior.

6 Outlook

This work offers numerous opportunities for future work. Most notably, it remains
an open problem whether the result of Lemma 3 can be established with a constant
independent of A, B. All experiments reported in this paper are of academic nature,
their purpose is to illustrate convergence properties. Although the algorithms are, in
principle, designed to tackle large-scale matrices, the detailed implementation in a
large-scale setting has not been discussed and will be reported elsewhere.

Appendix: Polynomial Approximation of the ¢ Function

The ¢ function, which plays an important role in exponential integrators, is given
by ¢(z) = (exp(z) — 1)/z. As ¢ is an entire function, we expect polynomial
approximations to converge superlinearly. The following lemma derives such an
error bound when considering approximations on an interval [—4p, 0].

Lemma 5 Let p > 0 and ey = minpepg,_, MaxXze[—4p,01 |9 (2) — p(2)|. Then

)02 k2
ec <40' 5 exp (—5p> for /4p <k < 2p, (13)
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8 ep k
- k> 2p. 14
8“—%—5p<k+m) fork = 2p (14

Proof We use x — (2x — 2)p to map [—1, 1] to [—4p, 0], yielding the equivalent
polynomial optimization problem

& = min  max |¢(x) — p(x)],
peﬂkqxe[fl,l]l(p p |

with ¢(x) 1= ¢((2x — 2)p). By [28, Theorem 2.2], we have for any r > 1 that

.ok
& =2u@r)

where

5. <o (0 07) 2) = o (o072
fw|=r wl=r

= ‘(p(<r+r_1—2)p)‘ < exp((r+r*1 _2)/7).

(r~|—r—1—2),o

The expression exp((r+7 ' —2)p)r ¥ is minimized by setting r := 2’; +\/4]i2 + 1.

Note that r—! = \/41752 +1-— 2"/) and (r +r~ ' —2)p = k2 + 4p2 — 2p.

We first discuss the case /4p < k < 2p, which in particular implies p > 1. The
inequality

+1-_ | <- (15)
P

is shown for k = ./4p by direct calculation. By differentiating, it is shown
that the difference between both sides of (15) is monotonically decreasing for
k € [+/4p, 2p] and hence the inequality holds for all such k. Using also

k2 k
\/k2+4p2—2p2 ; 1—r' >
5p 4p

’
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we obtain from (15) that

k2 k
ot epie e —p ew(Kog (S +1-1))
(@, r) 4 = : -1
1—r Vi +4p2 —2p I=r

2 2
< 20p exp | — k ,
-k 5p

which completes the proof of (13).
Similarly, the inequality (14) follows from combining

kZ+4p2 -2 k2
VK2 +4p pHog\/

k
% +1-— < log(ep) — log(k + 2p)

4p2 20
with

3.5
k2 +4p2=2p) 1 —r"YH > k=" p,
(\/ T4t =200 —r )= k= p

which hold for k > 2p. m|

Compared to the corresponding bounds for the exponential [19, Theorem 2],
the bounds of Lemma 5 are lower for larger k, primarily because they benefit
from the additional factor &'(1/k) due to the slower growth of the ¢ function.

Additionally, the factor (k il; p)k in (14) seems to be better than the corresponding

factor exp(— ,o)(e]f )k [19, Eqn. (14)]. This improvement can probably be carried
over to the exponential. Figure 3 illustrates the differences between the bounds.

10° T 10°
100
0
10 1
\ .|
10° 1
10-10 L
-10
10 10-15 L
1071® L L L L L L 10720 L L L L
5 10 15 20 25 30 35 40 100 200 300 400 500

Fig. 3 Bounds of Lemma 5 for the polynomial approximation of the ¢ function (in blue) and
bounds of [19, Theorem 2] for the polynomial approximation of the exponential function (in red).
Left plot: p = 10. Right plot: p = 1000
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class of large, sparse linear systems with double saddle point structure. In particular,
we propose a class of Uzawa-like methods including a generalized (block) Gauss-
Seidel (GGS) scheme and a generalized (block) successive overrelaxation (GSOR)
method. Both schemes rely on a relaxation parameter, and we establish convergence
intervals for these parameters. Additionally, we investigate the performance of
these methods in combination with an augmented Lagrangian approach. Numerical
experiments are reported for test problems from two different applications, a mixed-
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1 Introduction

Consider the following linear system of equations:

A BT cT X by
du=|B 0 0 y|l=1|by| =0, (1)
C 0 -D z b3

where A € R"*" is symmetric positive definite (SPD), B € R™*" has full row rank,
C € RP*" and the matrix D € R”*? is symmetric positive semidefinite (SPS). In
this paper we focus primarily on two cases: D is either SPD, or the zero matrix.
When D is zero, C € RP*" is assumed to have full row rank. Throughout the paper
we assume thatn > m + p.

Linear systems of this type arise, e.g., from finite element models of liquid
crystals (case D # 0) and from mixed finite element approximation of potential
fluid flow problems (case D = 0); see [1, 10, 13] and the references therein for
detailed descriptions of these problems.

The following two propositions give necessary and sufficient conditions for the
invertibility of the coefficient matrix <7 in (1).

Proposition 1 ([1, Proposition 2.3]) Let A be SPD and assume that B and C
have full row rank. Consider the linear system (1) with D = 0. Then range(BT) N
range(CT) = {0} is a necessary and sufficient condition for the coefficient matrix
4 to be invertible.

Proposition 2 ([1, Proposition 2.1]) Assume that A and D are respectively SPD
and SPS matrices. Then matrix <f is invertible if and only if B has full row rank.

As is well known, stationary iterative schemes for solving .«/x = b are uniquely
associated with a given splitting &/ = .# — .4 where .# is nonsingular. More
precisely, an iterative scheme produces a sequence of approximate solutions as
follows:

Uip1 = YGur + 4", k=0,1,2,..., )

where 4 = .#/~' ¥ and uy is given. It is well-known that (2) is convergent for any
initial guess if and only if p(¥¢) < 1, see [14].

In practice, stationary methods may fail to converge or converge too slowly.
For this reason they are usually combined with acceleration techniques, such
as Chebyshev or Krylov subspace methods [14]. These acceleration schemes,
while very successful, have some limitations. For instance, the use of Chebyshev
acceleration may require spectral information that is not always available, while
Krylov acceleration necessitates the computation of an orthonormal basis for the
Krylov subspace. For methods like GMRES the latter operation is known to have
an adverse impact on the parallel efficiency, especially on emerging multicore and
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hybrid architectures [7, 17]. On future-generation exascale architectures, resilience
is also expected to be an issue with these methods [4, 15]. This realization has
spurred renewed interest in classical fixed point iterations of the form (2), which do
not require any orthogonalization steps. Alternative acceleration techniques, such
as Monte Carlo and Anderson-type acceleration, are currently being investigated by
researchers [4, 9, 11, 12, 16]. Acceleration is only needed, of course, if the basic
stationary scheme (2) converges slowly. There are, however, situations where fast
convergence of (2) can be obtained, for example through the use of suitable relax-
ation parameters and, in the case of saddle point problems, augmented Lagrangian
techniques. In this paper we show that it is possible to have fast convergence of
stationary methods for linear systems of the form (2), without the need for Krylov
acceleration.

The remainder of this paper is organized as follows. Before ending this section,
we present some notations that are used throughout the paper. In Sect. 2 we investi-
gate a class of Uzawa-like methods, which can also be interpreted as generalized
(block) Gauss—Seidel method. In this section, we also consider the use of an
augmented Lagrangian technique to improve the performance of the iteration. In
Sect. 3 we propose the GSOR method to solve (1) in the case that its (3, 3)-block is
SPD. The convergence properties of the GSOR method are also studied. Ilustrative
examples are reported in Sect. 4 for test problems appearing in groundwater flow
and liquid crystal modeling. Finally, we briefly state our conclusions in Sect. 5.

Notations For a given arbitrary square matrix W, its spectrum is denoted by o (W).
If all eigenvalues of W are real, we use Apin(W) and Apax(W) to denote the
minimum and maximum eigenvalues of W, respectively. Moreover, the notation
p (W) stands for the spectral radius of W. If W is symmetric positive (semi)definite
we write W > 0 (W = 0). Furthermore for two given matrices Wi and W,, by
W1 > Wy (Wy = W,) we mean Wi — Wp > 0 (W) — W, = 0). For given vectors
x, y and z of dimensions n, m and p, (x; y; z) will denote a column vector of
dimension n + m + p.

2 Uzawa-Like Iterative Schemes

Uzawa’s method (see, e.g., [3]) has long been a popular technique for solving
saddle point problems. In this section, we investigate possible extensions of Uzawa’s
method to the double saddle point problem (1). Since this involves a (lower) block
triangular splitting of the coefficient matrix, these schemes can also be regarded as
a generalization of the classical (block) Gauss—Seidel scheme. To this end, first we
split o7 as follows:

A = Mgos — Nas» 3)
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where
A 0 O 0 -BT —¢cT
Megs = B_(iQO and A = O_éQ 0 )
cC 0 M 0 0 N

in which the parameter « > 0 and the matrix Q > 0 are givenand D = N — M
where M is a negative definite matrix.

2.1 Double Saddle Point Problems with Zero (3,3)-Block

Here we assume that the matrix D in 2/ is zero. Substituting M = N into the
splitting (3), we consider the following iterative method for solving (1),

w1 = Yootk + A\ b,  k=0,1,2..., 4)

GGS

in which the arbitrary initial guess u is given and

i 0 —A"'BT —A-lcT
Goos=|01—-aQ7'S, —aQ7'BA~ICT |, 6)
oM~'CA™'BT 1+ M!S,

where S, = BA™!'BT and S, = cA~!CT.

We recall next the following theorem and lemma, which we need to prove the
convergence of iterative method (4) under appropriate conditions. The lemma is an
immediate consequence of Weyl’s Theorem, see [8, Theorem 4.3.1].

Theorem 1 ([8, Theorem 7.7.3]) Let A and B be two n X n real symmetric
matrices such that A is positive definite and B is positive semidefinite. Then A = B
ifand only if p(A~'B) < 1, and A > B ifand only if p(A~'B) < 1.

Lemma 1 Let A and B be two Hermitian matrices. Then,
)\max(A + B) S )\max(A) + A’maX(B)s
Amin(A + B) > )\min(A) + )\min(B)-

Theorem 2 Let A = 0, Q > 0and M < 0. Assume that the matrices B and C have
full row rank and that range(BT) N range(CT) = {0}. If =M = CA~'CT and

1
0<o= )&max(QilsB)’ (6)

the iterative scheme (4) converges to the solution of (1).
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Proof Let A € 6(5!7665) and (x; y; z) be a corresponding eigenvector which is
equivalent to say that

— BTy —CTz = 7Ax, @)
1 1

— Oy = ABx — Qy), (8
o o

Mz =A(Cx + M2). ©)]

First we observe that A # 1. Otherwise, From (8) and (9), we respectively conclude
that Bx = 0 and Cx = 0 which together with (7) and the positive definiteness
of A imply that x = 0. Now using the assumption range(B”) N range(C’) =
{0}, we can deduce that y and z are both zero vectors. Consequently, it must
be (x;y;z) = (0;0;0), which contradicts our assumption that (x; y; z) is an
eigenvector. Assuming A # 1, from (8) and (9), we have

» 07 'B d S Yarte
= o X an = X.
YT a1 T

We observe that x cannot be zero. Substituting y and z from the above relation
into (7), it can be found that A is either zero or it satisfies the following relation:

l—A=ap—q, (10)
where

. x*BTQ 'Bx . x*cTm'cx
p= and g = .
x*Ax x*Ax

By the assumptions it must be p > 0 and g < 0, therefore 1 — A > 0. In view of the
fact that A # 1, we conclude that A < 1. We observe that

. x*BTQ~1Bx
p < max
x5£0 x*Ax

= Jmax (A7 BT Q7' B) = max (071 Sp),
and

. —x*cTM-1Cx
—q < max

_ —1 T ps—1 _ -1
120 *Ax = Amax(—A7 C" M~ C) = Amax(—M ™" S¢).

The assumption —M = C A~LCT ensures that —1 < q. Hence, we conclude that

I—A<air max(QilSB) + L.
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Since aA max(QflSB) < 1, we have 1 — A < 2 which implies that —1 < A. To
complete the proof, we only need to show that A # —1. Let A = —1, from (10), we
have

av* A" BTQ7'BA™ v v A2 CTMICA 2y

3

v¥u v¥u
1 . . .
where v = A2x. The above relation is equivalent to

V(I —aA2BTQ"'BA 2)u A A2 CT M=\ CA 2 )
v¥u v¥v

=0.
In view of (6) and —M = CA~'CT, the following two matrices
Ll or _1 o 1

I —aA"2B" Q"' BA™2 and [+ A 2C" M "CA 2,
are both symmetric positive semidefinite. Consequently, we deduce that

T =1 4= N Y T

0A"2B" Q7" BA T 2v=v and —AT2C°"M 'CA 22v=n.
The preceding two relations imply that
«BTQ'BA 2v = —CTM~'CA 20,

Since range(B”) Nrange(CT) = {0}, the above equality implies that BA v =0
and CA=2v = 0, which is equivalent to say that Bx = 0 and Cx = 0. Notice
that Bx = 0 and Cx = 0 implies that (x; y; z) = 0, which is a contradiction. This
completes the proof.

2.2 Double Saddle Point Problems with SPD (3,3)-Block

Here we assume that D > 0 and A = CT D~!C. The latter assumption warrants
some discussion. In the case of linear systems of the form (1) arising from liquid
crystal modeling, we have been able to verify numerically that the condition holds
true for problems of small or moderate size, and numerical tests suggest that it may
hold for larger problems as well. In some cases, it may be possible to enforce the
condition by a suitable modification of the (1, 1) block A (augmented Lagrangian
technique). We first consider the case where the assumption is satisfied, then in the
next subsection we briefly discuss the augmented Lagrangian approach.
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Substituting M = —D into (3) results in the splitting

A = %GGS - '/VGGS’

with
A 0 0
Mes = B_(iQ 0 )
cC 0 -D

where the parameter « > 0 and Q > 0 are given. The corresponding GGS iterative
scheme is given by

k1 = Gogsttk + M0 b, k=0,1,2,..., (11)

GGS

where ¢, = ///(;GIS%GS and ug is given.
In the following, we obtain a sufficient condition for the convergence of the GGS

iterative scheme. To this end, we first recall the following useful lemma.

Lemma 2 ([18, Section 6.2]) Consider the quadratic equation x2—bx+c=0,
where b and c¢ are real numbers. Both roots of the equation are less than one in
modulus if and only if |c| < 1 and |b] < 1 +c.

Theorem 3 Let A > 0 and D > 0 and let B be a full row rank matrix. Suppose
that A = CTD=1C. If

2_2A'max(%)
12
O a(AT1BTQ1B) (2

where 9 = A='CTD™IC, then p(9,,,) < 1.

Proof Note that A = 0 is an eigenvalue of ¢,., with the possible eigenvector
(x; 0; z) where x is an arbitrary nonzero vector and z can be either a zero vector
or, if CT does not have full column rank, a nonzero vector in ker(CT).

Now let A # 0 be an arbitrary eigenvalue of ¥, = 4 Glle/GG - Therefore,
there exists a nonzero vector (x; y; z) such that

— BTy — Tz = 2Ax, (13)
1 1

- Oy = ABx — Qy), (14)
o o

0= A(Cx — Dz). (15)

Evidently x # 0, otherwise in view of the positive definiteness of D and the
fact that B has full row rank we would have that y and z are both zero vectors,
contradicting the assumption that (x; y; z) is an eigenvector.
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From (14) we derive
-1 .
y=AQ 'Bux, (16)
The vector z can be computed from (15) by
z=D"'Cx.
Premultiplying (13) by A;I and then substituting z from the above relation, we have

MDD G=Dpr =D
o

o o

D~ !Cx.
In view of (16), the above equation can be rewritten as follows:

AL — 1 A—1
( )sz—)\BTQlex—( )
o o

c'p~lcx.

Multiplying the above equation by ax* on the left side, we obtain the following
quadratic equation:

M4+ (—1+ap+qr—qg=0, (17)
where
*BT —1B *CTD—IC
_ ¥ B OBy and ¢ = * * (18)
x*Ax x*Ax

It is not difficult to verify that

x*BT O~ 'Bx
p < max

= Amax(A7'BTO7!B),
x;é() x*Ax max( Q )

and

x*CTD~1Cx
q = Egéa(;( FAx = A max(9).

Notice that the assumption A > CT D~'C implies that p(¢) < 1. Invoking the
above inequality, p(¢) < 1 implies g < 1. Also, g < 1 together with (12) ensures
that| — 1 + ap 4+ ¢q| < 1 — q. The result now follows from Lemma 2.

We end this section by the following remark on the parameter « in the GGS
method.
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Remark 1 Under the assumptions of Theorem 3, the roots of the quadratic equa-
tion (17) are given by

(1 —ap—q) [ (~1+ap+9)7+4g
2 b
where p and g are in the forms (18), respectively. Therefore, the eigenvalues of
Goos = Mg, Glle/GG ¢ are all real. Assume that « is chosen such that

~1+ @A max(A™' BT Q7'B) + A max(¥) = 0,
which is equivalent to say that

e ®
) max(AilBTQilB) .

Note that for the choice Q = BA~'BT then A max(A~'BTQ~'B) = 1. Our
numerical tests show that in this case & = 1 —A max () is a very good approximation
of the optimum value of «. In particular, for the test problems arising from the
liquid crystal model the value of & remains roughly constant as the dimension of the
problem increases.

2.3 Augmenting the (1,1)-Block of Double Saddle Point
Problems

The result in the previous subsection relies on the assumption that A >~ CT D~ C.
Although this condition appears to be satisfied in some cases of practical interest,
it is rather restrictive and one cannot expect it to always hold. In some cases, it
may be possible to enforce the condition by applying the iterative scheme (11) to an
equivalent linear system of equations, rather than directly to the original system (1).
Indeed, the double saddle point system (1) is equivalent to the following linear
system of equations:

ABT cT[x by +rBT by
du=|B 0 0 y | = by =b, (19)
C 0 -D z b3

where A = A+rBT B fora given r > 0. Note that if we wish to apply the proposed
iterative scheme (11) for solving (19), we may be able to choose r large enough so
that the assumption A > CTD™C holds, since A = A forall r > 0.
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Table 1 Numerical results with iterative method (4), potential fluid flow problem (¢ = 1 and
e=10"7)

r=0 r=20 r =200

Size Iter Iter CPU Iterpc, Err Iter CPU Iterpc, Err

2125 F 6 0.0148 102  0.3183e—07 4 0.0103 68 0.3462e—06
17,000 8 0.1218 240  0.2985e—07 6 0.0912 180 0.6884e—08
57,375 8 0.6007 342  0.1608e—05 6 0.4548 257 0.6967e—07
136,000 T 10 2.6079 555 0.1443e—05 6 1.6174 335 0.5211e—06
265,625 12 8.1918 805 0.2172e—05 6 4.1609 413 0.2498e—05
459,000 16 24.084 1248 0.7639e—06 8 12.602 648 0.1809e—06

For example, consider the case A = I, B =C = ¢ = [1,0],and D = [é].

Then CTD~1C = [(2) 8i| and the condition A = CT D~LC fails to hold. However,
T 1 + r 0 .. T T ~—1

A4+rB' B = and thus the condition A +rB* B = C* D~ C holds for

allr > 1.

Augmentation can be beneficial also for the case D = 0, where it leads to faster
convergence of the GGS iterative scheme. However, generally speaking, there may
be a price to pay for this faster convergence: solving linear systems with A is often
more expensive than solving systems with A. In particular, augmentation often leads
to loss of sparsity in A. Note, however, that this need not always be the case. Using
the well-known Sherman—Morrison formula, we obtain BA~'B” = § p — 1S, (I +
rS,)~'S,. In the case of the potential fluid flow problem studied in [10], it turns
out that S, is diagonal. In view of the preceding relation, we conclude that S p =
BA~!'BT isalsoa diagonal matrix. Hence, in this case there is virtually no increase
in costs associated with the augmented Lagrangian approach. Moreover, with the
choice 0 = S - it can be shown (and is numerically observed) that the convergence
rate of the iterative scheme (4) for solving (19), asymptotically, becomes faster for
increasing values of r; see the results in Table 1.

As already mentioned, for the double saddle point problems arising from liquid
crystal problem, the condition A > CTD~!C seems to be satisfied. However,
our numerical experiments show that augmentation can be beneficial here as well.
Indeed, increasing the value of r and applying iterative method (11) to the equivalent
system (19) provides better results than those obtained from applying the method
to (1), both in terms of number of iterations and total solution time; see Table 4 for
further details.

We emphasize again that augmenting the (1, 1)-block does not always lead to
any excessive fill-in problems. For the sake of illustration, in Fig. 1 we compare
the sparsity patterns of the (1, 1)-blocks of the coefficient matrix in (1) and (19)
corresponding to potential fluid flow and liquid crystal problems, respectively. It is
clear that the loss of sparsity is very modest for the first problem. For the second
problem, it may seem at first sight that augmentation destroys the sparsity of the
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0 0
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1000 1000
0 500 1000 0 500 1000
nz = 3250 nz = 6250

0 0
1000 1000 \
2000 2000
3000 3000 \

0 1000 2000 3000 0 1000 2000 3000
nz = 9201 nz = 15339

Fig. 1 Sparsity pattern of A (left) versus sparsity pattern of A + rB” B (right). Top: potential
fluid flow problem (n = 1250 corresponds to problem size 2125) Bottom: liquid crystal problem
(n = 3069 corresponds to problem size 5115)

0 0
500 500
1000 1000
1500 1500
2000 2000
2500 2500
3000 3000
0 1000 2000 3000 0 1000 2000 3000
nz = 6135 nz = 12270

Fig. 2 Sparsity patterns. Left: factor of A obtained by Cholesky factorization; Right: factor of
A +rBT B obtained by Cholesky factorization with SYMAMD reordering (n = 3069 corresponds
to problem size 5115, liquid crystal problem)

(1, 1) block. However, it turns out that using an appropriate reordering (symmetric
AMD) leads to a very sparse Cholesky factor with a modest increase in fill-in, see
Fig.2.
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3 A Generalization of the Block SOR Method

In this section, we further develop the idea of the well-known SOR iterative method
to construct an iterative scheme for solving (1) in the case that D > 0. To this end,
first, we need to consider the following splitting

o = ///GSOR - ‘/VGSOR’ (20
with
A BT 0 (1-—w)A (1-w)BT —wCT
///GSOR = ,,IJ B 0 0 and '/‘{?S()R = al) (I1-w)B 0 0 ’
oC 0 =D 0 0 —(1—w)D

where w # 0 is given. Therefore, using the splitting (20), we derive the GSOR
method as follows:

w1 = Gpgopttk + AL b, k=0,1,2,..., 21)

GSOR ™’

where 9., = ///;slng/Vcsox and the initial guess ug is given.
A possible procedure for the computation of ux11 = (Xk+1; Yk+1; Zk+1) from

up = (x; yk; zk) is detailed in Algorithm 1.

Algorithm 1: Computing (k + 1)-th approximation in the GSOR method

1 Compute the vectors r| and r; as follows:

2 ri=0—-w)Axp+ (1 — )BT yp — oCT 23 + wby;

3 r = (1 — w)Bxy + wby;

4 Solve the following two systems to find yi and x4 1, respectively,
5 (BAT'BT)yp1 = BA7'r — 13

6 Axpyr =r1 — BT ypps

7 Compute 3 = @Cxfy1 + (1 — w) Dz — wbs;

8 Solve Dzj41 = r3 to find zg41.

Next, we establish a theorem about the eigenvalues of ¢, .. The theorem plays
a key role in deriving a sufficient condition for the convergence of the GSOR
method.

Theorem 4 Assume that A > 0, D > 0 and B has full row rank. Also suppose that
A€ 0(Y,or) Where G, denotes the iteration matrix of the GSOR method. Then
either A = 1 — w or A # 1 — w and there exists a positive constant | such that the
following relation holds:

A+ow—1)?=—w’ru. (22)
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Proof Let & € 0(9Y;,,z), hence there exists a nonzero vector v = (x; y; z) such
that A opV = Al ;5,5 V> OF equivalently,

(1-—w)Ax+ (1 —w)BTy —wCTz = A(Ax + BT y) (23)
(1 — w)Bx = ABx 24)
— (1 —w)Dz = AM(wCx — D2). (25)

Evidently A = 1 — w is an eigenvalue of ¢, ,, with a corresponding eigenvector of
the form (0; y; 0) where y # 0. In the rest of proof, we assume that A # 1 — w.
From (25), we have

Aw

= D' Cx. 26
T te—1 * (26)

Invoking the earlier assumption that A # 1 — w and in view of (24), we get
Bx = 0. Notice that x = 0 with A # 1 — w implies that (x; y; z) = (0; 0; 0), in
contradiction with the fact that (x; y; z) is an eigenvector. Consequently, x # O.
Premultiplying (23) by x* and then substituting z from (26) into it, we obtain
(A + o — 1)? = —w?Au where

x*CTD~1Cx
w= . :
x*Ax
which completes the proof.

The above theorem can be used to establish that if the parameter w lies in a certain
interval, then the GSOR method for solving (1) is convergent.

Theorem 5 Assume that A > 0, D > 0, B has full row rank and 4 =

A~ICTD™IC. Ifw € (0, 2 ), then the GSOR method converges to the exact
14+4/0(%)

solution of (1) for any initial guess.

Proof Let A € 0(9Y;5,z), We need to show that [A| < 1. Note that from the
assumption, it is obvious that w € (0, 2) which implies |1 — w| < 1. This ensures
that if . = 1 — w, we immediately obtain the result.

In the remaining part of the proof, we assume that A # 1 — w. By Theorem 4,
there exists & > 0 such that (22) holds. Simplifying (22), we derive

A2+ (@420 —2)h+ (0 — 1) =0.
Notice that by Lemma 2, one may conclude that |1| < 1 if,

lo—1] <1, (27)
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and,
|’ + 2w —2] < 14 (0 — 12 (28)

As observed earlier, the inequality (27) is equivalent to the fact that w € (0, 2). Note
that (28) holds as soon as wzu < (w — 2)%. From the assumption it is easy to check
that w?p (%) < (w — 2)*. Now the fact that . < p(%) implies the desired result.

We end this section with the following remark.

Remark 2 Numerical tests show thatif A = CTD~!C and D > 0, then

_ 2
w =

14+ /14 p(9)

is a good approximation for the experimentally obtained optimum parameter of the
GSOR method to solve (1). We recall here that numerical observations indicate that
the condition A > CT D~!C holds for (1) arising from the liquid crystal problem.
As pointed out in Remark 1, the value of p (%) remains roughly constant for all sizes
of (1) when solving the liquid crystal problem.

4 Numerical Experiments

In this section we present the results of numerical tests on two sets of problems of
the type (1) arising in the finite element modeling of potential fluid flow problems
(with D = 0) and liquid crystals (with D # 0).

All of the reported numerical results were performed on a 64-bit 2.45 GHz
core i7 processor and 8.00 GB RAM using MATLAB version 8.3.0532. In all of
the experiments, we have used right-hand sides corresponding to random solution
vectors, performing ten runs and then averaging the CPU-times. At each iteration
of the proposed iterative methods, we need to solve at least two SPD linear systems
as subtasks. These are either solved by Cholesky factorization (when feasible) or
by the preconditioned conjugate gradient (PCG) method using a strict tolerance;
loose tolerances can be employed in the case of inexact variants (see [6]). The
iteration counts reported in the tables (under “Iter”) are also averages (rounded to the
nearest integer). Under “Iter ., ”, we report the total number of inner PCG iterations
performed. In all of the following numerical tests, the initial guess is taken to be
the zero vector and the iterations are stopped once ||.«/u; — b|lz < €||b|2 where
uy is the obtained k-th approximate solution to the exact solution of (1) and € is
given. Furthermore, under “Err” we report the relative error |jux — u™|2/||u*]l2,
averaged over the ten runs. Here uy is the approximate solution obtained with the
above described stopping criterion and u* is the exact solution of (1).
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Unless otherwise specified, the preconditioner in the PCG method is a drop
tolerance-based incomplete Cholesky factorization [2] computed using the MAT-
LAB function “ichol (.,opts)", where

- opts.type = ’ict’,
- opts.droptol = le-2.

Example 1 Here we consider linear systems of equations of the form
BT cT[x b

y|=|b |- (29)
Z

A
B
C b3

0 0
0 0
arising from a low-order Raviart-Thomas mixed-hybrid finite element approxima-
tion [5] of Darcy’s law and continuity equation describing the three-dimensional
potential fluid flow problem in porous media. For this problem we have that the
conditions of Proposition 1 are satisfied, hence .2/ is nonsingular. Details on the
dimensions of the sub-blocks A, B, and C and further information can be found
in [10, Table 1]. For this test problem, the SPD matrix A is block diagonal with
small (5 x 5) dense blocks, and linear systems associated with it can be solved very
cheaply by means of Cholesky factorization. Furthermore, it turns out that the Schur
complement S = BA~! BT is a scalar multiple of the m x m identity matrix. First
weset Q = BAT'BT and M = —CA~'CT, then we used iterative method (4) to
solve (29). Notice that Theorem 2 shows that the iterative method (4) converges with
the specified choices of Q and M. However, the method converges too slowly (after
1000 iterations the stopping criterion is not yet satisfied), denoted by { in Table 1
for the case that » = 0 in (19) with zero (3, 3)-block. Then we applied iterative
method (4) with Q = B(A +rBTB)"'BT and M = —C(A + rBTB)~'CT for
solving the equivalent (augmented Lagrangian) linear system of the form (19) with
D = 0. We observed that the best results for the GGS method to solve (29) are
obtained when o = 1, and this is the value used in the numerical tests reported
in Tables 1 and 2. To illustrate the sensitivity of the method for different values of
o, we also reported the performance of the method for problem size 2125 for two
different values of « and three different values of » > 0 in Table 3. From the reported
results, it can be seen that increasing the value of r speeds up the convergence of
iterative method (4). As pointed out in Sect. 2.3, the matrix B(A + rBT B)"!BT is
also a scalar multiple of the m x m identity matrix. We comment that M is sparse
and inexpensive to form and the linear systems corresponding to it were solved with
PCG with the inner-tolerance 10~1.

Example 2 In this example we consider linear systems of equations arising from
liquid crystal directors modeling, see [13]. These are double saddle point systems
of the form (1) where Aisn x n, Bism x n, Cis p x n and D is p x p with
n = 3k and m = p = k. Here k is an integer taking up seven values, ranging from
1023 to 61,535. All the nonzero blocks in .27 are sparse and structured. A detailed
description of the submatrices A, B, C and D is given in [13]. Here we mention that
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Table 3 Numerical results with iterative method (4), potential fluid flow problem (problem size
2125and € = 1077)

a=0.28 a=12
r Iter CPU Iterpcg Err Iter CPU Iterpcg Err
20 11 0.0266 187 0.1135e—06 11 0.0264 187 0.1164e—06
200 11 0.0260 187 0.3631e—07 11 0.0277 187 0.3623e—07
500 11 0.0269 187 0.3977e—07 11 0.0265 187 0.2922e—07

A is SPD, B has full row rank, C is rank deficient, and D is tridiagonal and SPD.
By Proposition 2, </ is nonsingular.

In applying iterative method (11), we set Q@ = BA“!'BT and « ~ 0.825
is determined using the discussions in Remark 1. For implementing iterative
method (11) and the GSOR method, we need to solve linear systems with the
coefficient matrices A and D. As already mentioned D is tridiagonal, therefore the
solution of linear systems involving D is not an issue. Linear systems with A are also
easy to solve, since it turns out that the Cholesky factorization of A (with the original
ordering) does not incur any fill-in. Hence, we compute the Cholesky factorization
A = LLT at the outset, and then perform back and forward substitutions each time
the action of A~! on a vector is required.

For applying the GSOR method, we further need to solve a saddle point problem
of size (n + m) x (n + m) of the form

A BT wi r
= . 30
5% 0] ] o
The solution of (30) can be obtained in two steps as follows:

« Step L. Solve (BA™'BT)wy = BA™'ri — s, to find wy.
o StepIL Setw; = A~'(r; — BT w»).

As observed, for applying both iterative method (11) and the GSOR method, we
further need to solve the linear systems with the coefficient matrix BA~' BT . To this
end, the PCG method in conjunction with the approximate inverse preconditioner
BABT ~ (BA~'BT)~! is used; see [1], where it is shown that this preconditioner
results in very fast convergence independent of problem size. The inner tolerances
for the PCG method are set to 10~ and 107 in applying iterative method (11) and
the GSOR method, respectively. Furthermore, we applied the iterative scheme (11)
for solving the equivalent linear system of equations (19) in the same manner used
for solving (1). The obtained results show that the convergence rate of the GGS
method (11) with the augmented Lagrangian approach (» > 0) is mesh-independent
and can be improved by increasing the value of r. We comment that for r # 0,
we compute a sparse Cholesky factorization of A + rBT B with the symmetric
approximate minimum degree (SYMAMD) reordering and using Remark 1, for
r = 2 and r = 2000 in the GSS method, we obtain o ~ 0.9808 and o ~ 0.9834,
respectively. The numerical results for the GGS method for different values of r are
reported in Table 4. In order to show the effect of the value of « on the speed of
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Table 5 Numerical results with the iterative method (11), potential liquid crystal problem size
2555 (¢ = 10719)

a=0.38 a=1
r Iter CPU Iterpc,  Err Iter CPU Iterpc,  Err
0 21 0.0132 50 0.4384e—07 25 0.0144 52 0.5167e—07
2 12 0.0066 12 0.6738e—08 6 0.0039 6 0.1847e—07
2000 11 0.0060 11 0.2407e—07 5 0.0027 5 0.4628e—07

convergence of the GGS method, for the problem size 2555, we present the results
of using two other values of « in Table 5.

As seen from the reported results, applying the GGS method for solving (19)
with r > 0 gives better results than » = 0. Our experimental observations show that
r = 2 leads to better results than 0 < r < 2. The improvement of the convergence of
the GSOR method for solving (19) is not significant with the augmented Lagrangian
approach, so we do not report it here. For choosing a suitable value for w, we
used Remark 2, which yields an approximation of the optimal value of w in terms
of the spectral radius of ¢, and obtained @ ~ 0.9597 for the coarsest grid. As
mentioned in Remark 2, the same value was used also for the finer grids. To clarify
the performance of the GSOR method in terms of different values of w, we reported
the corresponding results for the GSOR method in Table 6 with respect to three
different values of w including w = 0.9597.

We conclude this section with some comments on how the performance of these
methods compares with that of other possible solution approaches. For the potential
fluid flow problem, it is possible to explicitly form the reduced (Schur complement)
systems and to use standard PCG methods for their solution; see [10]. In [1],
block diagonal and block triangular preconditioners based on Schur complement
approximations were used to solve the potential fluid flow problem in conjunction
with Krylov methods like MINRES and (F)GMRES. These approaches turn out
to be very efficient, and are faster than the methods studied here for the potential
fluid flow problem. This is ultimately due to the fact that for this problem the
Schur complement matrices remain sparse and it is not difficult to find effective
preconditioners for them. For the case of the liquid crystal problems, however, the
situation is reversed. Here the Schur complement matrices are completely full and it
is not easy to find effective preconditioners for them. Looking at the results reported
in [1], Tables 4 and 5 (note that the computer used to obtain those timings is the
same one that was used for this paper), we find that the stationary iterative schemes
proposed in the present paper can be considerably faster than the more standard
Krylov-based methods with approximate Schur complement preconditioners.
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5 Conclusions

In this paper we have introduced and analyzed some Uzawa-type and block SOR-
type stationary iterative schemes for solving large sparse linear systems in double
saddle point form. These methods, possibly in combination with an augmented
Lagrangian formulation, are able to achieve fast convergence when applied to linear
systems arising in certain applications and therefore can be a valid alternative to
Krylov subspace methods, especially on emerging hybrid and multicore architec-
tures.
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Generalized Block Tuned Preconditioners = m)
for SPD Eigensolvers St

Luca Bergamaschi and Angeles Martinez

Abstract Given an n x n symmetric positive definite (SPD) matrix A and an
SPD preconditioner P, we propose a new class of generalized block tuned (GBT)
preconditioners. These are defined as a p-rank correction of P with the property

that arbitrary (positive) parameters y1, .. ., ¥ are eigenvalues of the preconditioned
matrix. We propose to employ these GBT preconditioners to accelerate the iterative
solution of linear systems like (A — 6I)s = r in the framework of iterative

eigensolvers. We give theoretical evidence that a suitable, and effective, choice
of the scalars y; is able to shift p eigenvalues of P(A — 61) very close to one.
Numerical experiments on various matrices of very large size show that the proposed
preconditioner is able to yield an almost constant number of iterations, for different
eigenpairs, irrespective of the relative separation between consecutive eigenvalues.
We also give numerical evidence that the GBT preconditioner is always far superior
to the spectral preconditioner (Numer. Linear Algebra Appl. 24(3):1-14,2017), on
matrices with highly clustered eigenvalues.

Keywords Eigenvalues - SPD matrix - Newton method - Tuned preconditioner -
Incomplete Cholesky preconditioner

1 Introduction

Let A be a symmetric positive definite (SPD), large and sparse n x n matrix.
We denote as A1 < Ay < ...Ayn... < A, its positive eigenvalues and
v1,V2,..., Uy, ...V, the corresponding eigenvectors. The computation of the
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m < n leftmost eigenpairs of such a matrix is a common task in many scientific
applications. Typical examples are offered by the vibrational analysis of mechanical
structures [1], and the electronic structure calculations [2]. Computation of a few
eigenpairs is also crucial in the approximation of the generalized inverse of the
graph Laplacian [3, 4]. We also mention that approximate knowledge of the leftmost
eigenpairs can be conveniently employed in the efficient solution of ill-conditioned
linear systems [5].

Recently in [6], an efficiently preconditioned Newton method (DACG-Newton)
has been developed which has proven to display comparable performances against
the well-known Jacobi—Davidson (JD) method [7] and outperforms the implicitly
restarted Lanczos (IRL) method with optimal tuned preconditioning [8] if a
moderate number of eigenpairs are being sought.

The common feature to all these methods, when approaching the eigenpair
(A}, vj), is the need to solve a linear system like:

(A—0iD)s=r ey

where 0; ~ 1;, as needed in the shift-invert IRL method and also, implicitly in the
DACG method, see [9], or to solve the projection of (1) in a subspace orthogonal to
the previous iterate u; and the previously computed eigenvectors, like:

JPs = —(A—6;Duy;  where 2)
I =ua-00"YA-6;DIT-00"), Q=[vi...v; 1 m] @

(Newton and JD methods).

The idea of updating a given preconditioner with a low-rank matrix has been
studied in a number of papers such as [10, 11]. In this chapter, we propose and
develop a new preconditioning strategy for accelerating the solution of such linear
system within the PCG method when accurately computing the eigenpair (A;, v;)
once a number of subsequent eigenpairs (XS, vg),s = j+1,...,j+p=m
are known to a (possibly) very rough accuracy. After collecting the approximate
eigenpairs in a matrix V; and choosing a suitable SPD diagonal matrix I" =
diag(yj+1, ..., ¥Ym), the generalized block tuned (GBT) preconditioner is defined
as:

P = P + low rank matrix(V;, I')

satisfying PA V; = V;I'. We also develop a symmetric variant of such precondi-
tioners and prove that there is an optimal choice of scalars y;, depending only on
the approximate eigenvalues A, which cluster close to one m — j eigenvalues of
P(A —6;I), or of PgJ”, with Py = (I — QQT)P(I — QQT). Note that this
GBT preconditioner can be viewed as an improvement of the spectral preconditioner
proposed in [12], and particularly so in case of matrices with very close eigenvalues.
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We experimentally test the proposed preconditioners in accelerating either the
DACG method [13] or the Newton method (or simplified Jacobi—Davidson) after
computing the inaccurate eigenpairs by the DACG method. In both cases, we obtain
fast convergence when computing a small to moderate number of the leftmost
eigenpairs of large SPD matrices. The action of the generalized tuned preconditioner
is to weaken the dependence of the number of iterations in solving systems (1) or (2)
on the relative separation of the eigenvalue being sought and the next higher one.
Numerical results onto a number of medium- to large-size SPD matrices arising
from Finite Element discretization of PDEs modelling groundwater flow in porous
media, geomechanical processes in reservoirs, financial, and thermal processes,
show the significant improvement provided by the GBT on all the test problems.

The outline of the chapter is as follows: In Sect. 2, we define the generalized
tuned preconditioner and we theoretically prove the clustering of a number of eigen-
values of both P (A —6;I) and Py Jk(] ) In Sect. 3, we give some implementation
details. Section 4 provides numerical results of the proposed preconditioners onto a
number of realistic and large-size test problems, while in Sect. 5 we give the main
conclusions.

2 The Generalized Tuned Preconditioner

In [14], the tuned preconditioner is proposed in the framework of the iterative
solution of the inner system within the inverse iteration (and the Rayleigh quotient
iteration).

Definition 1 Given a preconditioner P and a vector x, a tuned preconditioner for
matrix A is a matrix P obtained by adding a rank-1 correction to P and satisfying

PAx =x. “

An example of a tuned preconditioner can be found in [14]:

~ uu'
P=P-— , where u=PAx —x
u' Ax

This definition can be easily extended to multiple vectors:

Definition 2 Given a preconditioner P and an n x p matrix V with full column
rank, a block tuned preconditioner for matrix A is a matrix P obtained by adding a
rank- p correction to P and satisfying

PAV = V. (5)
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The following example of block tuned preconditioner is taken from [8]:
~ T -1 -
P:P—Z(Z AV) ZT.,  where Z=PAV —V. (6)

A block tuned preconditioner has the pleasant property that the p columns of matrix
V are eigenvectors of the preconditioned matrix corresponding to eigenvalues equal
to one. Tuned preconditioners have been used in [12] to accelerate the inner linear
systems in the framework of the inexact Newton method (or simplified JD) when
seeking the eigenpair (v;, A;). In this case, the system to be solved has the form,
with §; ~ A;:

(A—-6;)x =b, @)
and it has been proved that the tuned preconditioner has the effect to cluster the

eigenvalues of the preconditioned matrix P (A —0;1I), when the columns of V are
orthonormal approximate eigenvectors of A:

Vi =[41 ... o] ®)
satisfying

AV = AgVg + res;, ress|| < tAs, s=j+1,...,m. 9)
In addition, we assume that Xs = f);rAf)S > Mg (and this is always true for

eigensolvers that minimize the Rayleigh Quotient) and also that the same accuracy
7 is fulfilled for the relative eigenvalue error, namely

As — As < TAg,

which is again a reasonable hypothesis since for SPD matrices there holds: Ay =
B ABy = s + O3, — w517,
We recall the following result stated in [12, Lemma 3.1]:

Lemma 1 Let matrix V; be as in (8), 1/5] a block tuned preconditioner satisfying
condition (5). In the hypothesis (Q)keach column of Vi, i.e., 05, s = j+1,...,m,
is an approximate eigenvector of Pj(A — ;1) corresponding to the approximate

eigenvalue 1 — )\/ ~ 11— Aj . In particular, the following relation holds:
S S

Pj(A—0;D)ps = <1 - Aj) vy + &y, with — lles]l < Taj 1l Pjll.

N

When solving a linear system by an iterative Krylov subspace method, it is clear
that the tuning property is in some sense optimal as it provides a clustering of a
number of eigenvalues of the preconditioned matrix at 1. However, Lemma 1 points
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out this is not the case for eigenvalue computation. The effect of applying a tuned
preconditioner to A —6; I is to set a number of eigenvalues of P(A-0 ;1) to a value
that is close to one under the conditions that the eigenvalues are well separated, i.e.,
Aj

Aj+1

In order to define a more effective preconditioner for systems like (7), we allow
the preconditioned matrix P A to have eigenvalues different from one corresponding
to the columns of matrix V. We thus define a generalized block tuned (GBT)
preconditioner:

<« 1, which is not always the case on realistic problems.

Definition 3 Given a preconditioner P, an n x p matrix V with full column
rank, and a diagonal matrix I" = die/l\g(yl, ..., ¥p), a generalized block tuned
preconditioner for matrix A is a matrix P obtained by adding a rank-p correction to
P and satisfying

PAV = VT. (10)

As an example of a generalized block tuned preconditioner, we propose the
generalization of (6) as:

P=P—-7ZIO'Z", where Z=PAV —VI, and I =Z'AV. (1D
Note that the above preconditioner is not in general symmetric as small matrix I7 is
not and hence its use would prevent convergence either of the DACG eigensolver or
the inner PCG iteration within the Newton method. However, this drawback can be

circumvented when V = V; represents the matrix of the (approximate) eigenvectors
and A; = diag(XjH, )~\j+2, R )2,,,). In such case, we can approximate I7 as:

M=V APAV; —I'V{AV; ~ VI APAV; —T'A; =11, (12)
so restoring symmetry. This modified preconditioner:
Pi=pP-z0'z" =
= P —(PAV; — V;I') (VJ.TAPAV/- - Ajf)il (PAV; —V;I)T (13)
does not satisfy exactly the tuning property since
PiAv; = PAV; =z~ (1 + 1A, = TV AV;)

=V, = ZIT7'T'(Aj = V] AV)) = V;I" + €. (14)
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Writing (14) column-wise yields: f’jAf)s = ys¥s + &, having denoted with & the
s-th column of £. Finally, in view of (9) we have

& =—ZI7'T (Gses — V] ATy) = ZIT ' TV res,

with e the s—th vector of the canonical basis, ||| < thse, anda = |ZIT7'T].
The approximate generalized block tuned preconditioner therefore satisfies

PiATs =yt + &, &I <thsa, s=j+1,....m. (15)

The following theorem states that it is possible to have p eigenvalues of the
preconditioned matrix }3/ (A — 6;1) very close to one depending on how the
columns of matrix V approximate the eigenvectors of A. We assume to know A js
an approximation of the wanted eigenvalue A ;. We also define the reciprocal of the
relative separation between pairs of eigenvalues as:

() As , .
= , s = 1,...,m; 16
Ns Ay — )\j J+ ( )
D)) Aj+1
;= max = N = . 17
S/ Szj-‘rl 775 77/+1 )\‘]+1 _ )\‘] ( )

Theorem 1 Let matrix V; be as in (8), f’] an approximate GBT preconditioner
satisfying condition (15), with ys = Xs/(is — Xj), s = j4+1,...,m, then each
column of V;, i.e., v5,s = j + 1,...,m, is an approximate eigenvector of 13]- (A —
0;1) corresponding to the approximate eigenvalue:

In particular, the following relation holds:
PiA—0;Dbs = ¥y + &5, with  lesll <t (koo + 2111711

Proof Since f’] is a generalized block tuned preconditioner, it satisfies (15).
Moreover from (9), we have

- Av .
o= _ ' —g, with |g| <7,  hence
S

>

l

Pi(A—0;)bs = P;Av; — 0, P,y

. ~ (A
'AIJS—QJ'P/' N —g
s

l
~.

Il
~
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0\ ~ . ~
= 1—)\ PjAv; +0;P;g

N

0; 5 -
= (1 - A’) (5D + &) +0;Pig
S

As—0; Ay ( ej> -
= e E+0iPig
hs s —hj a)

= sV + &
0; = .
where we have set ey = | 1 — N & + 0 Pjg. Noting that
N

lesll < TAsa + T 41l Pl

concludes the proof.

The eigenvalues u; are expected to be very close to one, depending on the initial
tolerance 7. The bounds on the distance of s from one are stated in the Corollary 1,
which assumes as additional hypotheses that: (1) 6; is closer to A ; than A j and (2)
T < (2§j)_1. This last assumption implies that 5\/ is closer to A than to A;11. In
fact:
Xj —AjSTAj < LA _)Lj)»j < At =4
2 Ajt1 2

’

and is also needed for the convergence of the simplified JD, see [15].

Corollary 1 Let6; € (Aj, Xj) andt < (2.§j)_1, then the following bounds hold:
_ 0 _ o _
1 t(ZnS 1>§/LS§1+2‘C(€] D, s=j+1,....m

Proof First, the lower bound:

s — 6
1_IILS§1_~A ~]

As — Aj

As(l+7)—2;  As(1+7)— 2 As —Aj
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Hence, s > 1 — t(217£j) — 1). Regarding the upper bound:

As — 6 rj—0
s A A B
As — Aj As — Aj
TAj TAj 21’)\/'
<1+4+. . <1+ . <1+ =1+27(¢; - D).
As —Aj Aj+l = Aj Aj+1 = A

Remark 1 From Corollary 1, it is clear that @y can be made arbitrarily close to
one by appropriately reducing the tolerance 7. As an example, if §; = 102, and
7 = 1073, then all s are expected to be in (0.8, 1.2).

The following theorem states a result, analogous to that of Theorem 1, which
characterizes the eigenvalues of Pg Jk(] ), that is the preconditioned system matrix
in the Newton phase. The proof of this theorem is not given here, for being quite
similar to that of Lemma 3.1 and Theorem 3.1 of [12].

Theorem 2 Let matrix V; = [f)j_H e f)m] , ﬁ/ a generalized block tuned precon-
ditioner, and Pg = (I — QQ")P;(I — QQ"), then (b5, pt5),s = j+ 1,...,m, is
an approximate eigenpair of PgJ, k(] ) satisfying

PQJ/{(j)f)s = sVs + err, llerr|| <t C, (18)

and C =C(a, 1, ||ﬁ/ I, Aj, Aj+1) is increasing with respect to t.

3 Algorithmic Issues

Efficient implementation of our generalized tuned preconditioner takes into account
the following issues:

1. Limited memory implementation. We fix the maximum number of columns of
matrix V;, parameter /jax.

2. Conversely, for assessing an eigenpair whose index j is close to m, the size of
matrix V; is too small, and too few eigenvalues are shifted from around zero to
near to 1 and the preconditioner looses efficiency. To avoid this, we propose to
compute an additional number (win) of approximated eigenpairs by the DACG
procedure.

With these variants, in the computation of the j-th eigenpair we will use V; =
[Dj41... ),y ] With jeng = min{m + win, Imax + j} to get the final expression for
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our GBT preconditioner:

P=LL")!
Pi=P—ZIO'Z", with Z=PAV,-V;I' (19)
Py =(I-Q0"P;(1-00")

being L = IC(A) an incomplete triangular Cholesky factor of A, with
parameters LFIL, maximum fill-in of a row in L, and ;¢ the threshold for
dropping small elements in the factorization. The construction (C) of P and
its application (A) as P r are sketched below. MVP = matrix—vector products
m; = Jend — J» Zi = ZO( J+ 1, jena) and n, =TTo(j +1: jena, J +1: jend)-

Phase When What Relevant cost

C Onceand e Zyg= PAVy m MVP and m applications of P
for all o [ly = ZOTA Vo m? /2 dot products.

C Forevery eeZ=Z;—-V;I" m j daxpys
eigenpair e I —T'A;

A Ateach eh=27"r m j dot products
iteration eg=1II\h 1 system solve of size m ;

ew=Pr—-=72g 1 application of P, m; daxpys

3.1 Repeated Application of the GBT Preconditioner

In principle, every eigenvalue solver may take advantage of the GBT preconditioner
to update a given approximate inverse of A. In this chapter, we embed this
preconditioner in the DACG-Newton method [12, Algorithm 2] also allowing
to run twice the DACG solver: in the first run, a very rough approximation of

~(0) ~(0) =(0)

the leftmost m + win eigenpairs: v, ¥, ..., v, ... is provided, satisfying

||Av5.0) q(v(o))v(O)H < rlq(v( )) with 71 > 7. All these approximate eigen-
vectors are used to form the GBT preconditioner to accelerate a second DACG
run (up to tolerance t) which provides v, v2, ..., v,. These new approxima-
tions serve as starting points for the subsequent Newton scheme, while the set

{v1, 02, ..., Uy, v,(q?jrl, 3@ } is used for the projected GBT preconditioner

: > Um+ win
updating.
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4 Numerical Results

In this section, we provide numerical results where both the DACG and the DACG-
Newton algorithms are tried for different values of the parameters for the GBT
preconditioners.

We tested the proposed algorithm in the computation of the 20 smallest eigen-
pairs of a number of small to large matrices arising from various realistic applica-
tions. The CPU times (in seconds) refer to running a Fortran 90 code on a 2x Intel
Xeon CPU E5645 at 2.40 GHz (six core) and with 4-GB RAM for each core.

The iteration is stopped whenever the following exit test on the relative eigenresidual
is satisfied:

lAu — g @ull _ .
qu) -

3

with & = 1078, The parameters for the inner PCG solver within the DACG-Newton
method were set to: Tpeg = 1072, ITMAX pcg = 20.

The list of the selected problems together with their size n, and nonzero number nz
is reported in Table 1. Some of the matrices are publicly available in the SuiteSparse
Matrix Collection (SMC) at https://sparse.tamu.edu/. We also computed the fill-in
o of the initial preconditioner defined as the ratio between the nonzeros of L and
the nonzeros of the lower triangular part of A.

4.1 Matrices with Clustered Small Eigenvalues

We analyze in detail the behavior of the proposed preconditioner in eigensolving
two matrices having very clustered small eigenvalues, which represents the most
challenging situation.

Matrix FINANS12
For this test case, the 20 smallest eigenvalues are much clustered, thus suggesting
that the spectral preconditioner could not accelerate the iterative eigensolvers. We

Table 1 Main characteristics of the matrices used in the tests

Initial preconditioner

Matrix Source SMC n nz LFIL T;¢c O

MONTE-CARLO Stochastic PDE NO 77120 384320 20 1073 2.30
FINAN512 Financial problem YES 74752 596992 10 107! 1.40
THERMOMEC  Thermal problem YES 102158 711558 20 1073 0.94

MAT268515 Flow in porous media NO 268515 3926823 20 1073 2.67
EMILIA-923 Elasticity problem YES 923136 41005206 20 1073 1.86


https://sparse.tamu.edu/
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Table 2 Eigenvalues A; and inverse of the relative separation &;, for matrix FINANS12

oA §j ioA &j JooAj §j JooAj §j
1 0.94746 3.8E+2 6 1.03176 8.7E+2 11 1.05180 1.6E+2 16 1.07829 5.6E+4
2 095024 1.6E+1 7 1.03288 1.5E+2 12 1.05779 7.1E+1 17 1.07831 1.3E+3
3 1.01279 1.6E+2 8 1.03943 2.8E+2 13 1.07086 2.5E+2 18 1.07905 4.6E+2
4 1.01895 9.7E+1 9 1.04282 4.5E+3 14 1.07460 4.9E+2 19 1.08108 7.2E+2
5 1.02902 3.5E+2 10 1.04303 1.1E+2 15 1.07652 5.2E+2 20 1.08235 1.5E+2

250 . | . . .
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Fig. 1 Number of iterations for the second DACG run with various preconditioners. In red is the
(scaled) logarithm of the indicator &;

show in Table 2 the 20 smallest eigenvalues together with the reciprocal of the
relative separation between consecutive eigenvalues, &;, see (17).

We run first the DACG method with a tolerance T = 4 x 10~ and then again DACG
up to & = 1078, In Fig. 1, we compare the number of iterations per eigenvalue index
of the second DACG step, using the fixed Cholesky preconditioner, the spectral
preconditioner as in [12] and the proposed GBT preconditioner. In the same figure,
we also display the (scaled) log&;.

The iteration curves corresponding to the fixed and spectral preconditioners
show a clear dependence on logé&;. Moreover, the blue curve is almost constant
so confirming the weakened dependence on the relative eigenvalue separation. We
finally notice the great reduction of the iteration number obtained with the GBT
preconditioner, irrespective of the eigenvalue index.
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Fig. 2 Convergence profile of DACG using three different preconditioners (fixed, spectral, and
GBT) in evaluating eigenpair # 16

We plot in Fig. 2 the convergence profile of the three preconditioners (fixed,
spectral GBT) in evaluating eigenpair (A16, v16) Which corresponds to the smallest
relative separation, see Table 2. There is a constant portion of the three graphs which
correspond to the first DACG run. Then, the steep convergence profile of the GBT
preconditioner reveals the fastest convergence.

A similar acceleration is provided by the GBT preconditioner to the Newton
phase, once approximate eigenvectors are evaluated by the DACG method. They
will be used both as starting points for the Newton method and to form the GBT
preconditioner. In Table 3, we report the results of both DACG and Newton-DACG
methods with different preconditioners. The proposed GBT preconditioner is shown
to accelerate both methods in terms of iteration number and CPU time, the combined
DACG-Newton method being the most efficient method.

Matrix THERMOMEC

In this case also, the smallest eigenvalues are much clustered as accounted for by
Table 4.

The results of the runs, summarized in Table 5, show that the GBT preconditioner
is the most efficient one. To obtain convergence with the spectral preconditioner
within the DACG-Newton method, it was necessary to enlarge the dimension of
matrix V; ( win = 10) with however larger number of iterations in comparison with
the GBT preconditioner. In Fig. 3, we plot the number of iterations taken by the
Newton phase with the spectral and GBT preconditioners. In this case, we set the
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Table 3 Timings and iterations for the DACG and DACG-Newton methods for the computation
of m = 20 eigenpairs of matrix FINAN512

DACG

Prec. Win lpax 71 T
Fixed 0 0 0.01 103
Spectral 5 10 0.01 103
Spectral 5 10 0.03 3x1
GBT 5 10 0.01 103
GBT 5 10 0.03 3x1
Fixed 0 0 10-8
Spectral 5 10 4 x 1073 1078
Spectral 5 10 1073 10-38
GBT 5 10 4x1073 1078
GBT 5 10 1073 10-3

4No convergence

Its.

1134
1212
03 953
1053
073 833
3217
2285
2541
1789
2100

CPU
10.72
12.21
9.64
10.72
8.58
29.97
23.34
25.82
18.36
21.77

Newton

Iterations
OUT Inner

339
76
a

48
86

15372
1429
a

528
634

CPU
153.13
16.12
a

6.45
7.75

Total

MVP
16845
2717
a
1629
1525
3217
2285
2541
1789
2100

CPU
164.19
28.52
a
17.33
16.57
29.97
23.34
25.82
18.36
21.77

Table 4 Eigenvalues A; (all scaled by a factor 103) and inverse of the relative separation & ., for
matrix THERMOMEC

Aj

0.4540
0.4688
0.4691
0.4802
0.4854

WV AW N =~

£

3.27E+1
1.57E+3
4.40E+1
9.54E+1
1.29E+2

Aj

0.4892
0.4922
0.4967
0.5027
10 0.5060

—.

O o0 3 O

§j

1.65E+2
1.10E+2
8.49E+1
1.54E+2
1.93E+2

J oA

&

11 0.5087

12 0.5119

13 0.5120
14 0.5158
15 0.5162

1.62E+2

4.12E+3

1.36E+2
1.37E+3
1.35E+2

JooAj

16 0.5201
17 0.5224
18 0.5353

&

19 0.5376

20 0.5423

2.30E+2
4.24E+1
2.28E+2
1.18E+2
2.23E+2

Table 5 Timings and iterations for the DACG and DACG-Newton methods for the computation
of m = 20 eigenpairs of matrix THERMOMEC

Prec.
Fixed
Spectral
Spectral
GBT
GBT
Fixed
Spectral
Spectral
GBT
GBT

DACG

Win  lhax  T1 T
0 0 1073 10

10 10 001 107*

10 10 001 1073
5 10 001 1073
5 10 003 1073
0 0 10-8
5 10 001 1078
5 10 003 1078
5 10 001 1078
5 10 003 1078

Its.
1510
1533
1335

956

777
2876
2122
2167
1580
1516

CPU

15.86
16.81
14.89
13.17
11.16
35.28
28.88
29.87
21.87
21.77

Newton
Iterations
OUT Inner
153 2628
51 838
137 2187
45 591
44 607

CPU
34.12
12.67
32.19
9.16
9.42

Total

MVP
4291
2422
3659
1592
1428
2876
2122
2167
1580
1516

CPU

52.97
33.58
51.48
22.50
20.74
35.28
28.88
29.87
21.87
21.77
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Fig. 3 Number of iterations for the Newton phase with fixed, spectral, and GBT preconditioners.
In red is the (scaled) logarithm of the indicator &;

Table 6 Comparisons between GBT-DACG (Newton) and Jacobi—Davidson

FINANS512 THERMOMEC

Preconditioner Method MVP CPU Preconditioner Method MVP CPU
GBT DACG 1789 18.36 GBT DACG 1580 21.87
GBT DACG-Newton 1525 16.57 GBT DACG-Newton 1428 20.74
Fixed D 2077 23.54 Fixed D 1947 29.38

second DACG tolerance T = 5x 10~*. Larger tolerances prevented fast convergence
of the spectral preconditioner. The almost constant GBT curve confirms the property
of this preconditioner which makes the number of iterations nearly independent of
the relative separation between eigenvalues.

We conclude this section by reporting (Table 6) the comparisons between the above
methods and the Jacobi—-Davidson method [7] with fixed Cholesky preconditioner
and with minimum and maximum dimension of the search subspace set to 15
and 25, respectively, which revealed the most successful combination. Moreover,
within the JD eigensolver, the PCG method for the inner linear systems has been
efficiently implemented following [15]. Both DACG and DACG-Newton, with
GBT preconditioners, prove faster than JD with fixed preconditioner.
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Table 7 Timings and iterations for the DACG and DACG-Newton methods for the computation
of m = 20 eigenpairs of matrix EMILIA-923

DACG Newton Total
Iterations
Prec. Win  Imax 71 T Its. CPU OUT Inner CPU MVP CPU
MONTE- Fixed 0 0 0.02 1073 1565 13.98 135 2403 14.03 4103 36.61
CARLO Spectral 5 20 02 1073 1120 11.05 38 500 598 1658 17.11
GBT 5 10 02 1073 1063 10.75 48 521 6.39 1623 17.29
Fixed 0 0 1078 3278 29.18 - - - 3278 29.18
Spectral 5 10 0.1 1078 1738 17.00 - - - 1738 17.00
GBT 5 10 0.1 1078 1669 16.58 — - - 1669 16.58
MAT268515  Fixed 0 0 0.02 0.2 655 35.08 98 1337 73.746 2090 110.36
Spectral 5 10 0.2  0.02 619 3332 55 588 38.39 1262 73.16
GBT 5 10 0.2 0.02 588 33.04 60 592 39.24 1240 72.28
Fixed 0 0 1078 2285 108.54 - - - 2285 108.54
Spectral 5 10 0.1 1078 1387 7230 - - - 1387 72.30
GBT 5 10 0.1 1078 1357 72.65 - - - 1357 72.65
EMILIA-923  Fixed 0 0 1073 1761 515.56 182 3345 1044.46 5288 1570.94
Spectral 5 10 02 1073 1436 43830 47 641 23339 2124 694.58
GBT 5 10 02 1073 1345 409.69 55 566 214.38 1966  636.57
Fixed 0 0 1078 3990 1176.64 - - - 3990 1176.64
Spectral 5 10 02 1078 2162 698.33 - - - 2162 698.33
GBT 5 10 02 1078 1921 628.12 — - - 1921  628.12

4.2 Summary of Results on the Remaining Matrices

We now report in Table 7 the results in eigensolving the other test matrices. The
results show that either the spectral or the GBT preconditioners provide an important
acceleration as compared with a fixed Cholesky preconditioner.

In all cases, the GBT preconditioner requires the smallest number of iterations to
converge, as compared to the fixed and the spectral preconditioners. In particular, for
the largest matrix EMILIA-923, the (GBT) DACG method reveals the most efficient
one, halving the number of iterations required by the (Fixed) DACG variant.

5 Conclusions

A new generalized block tuned preconditioner ﬁj has been proposed and analyzed
in order to accelerate the iterative (PCG) solution of the shifted linear systems
like (A — 0;)u = r, being 6; an approximation of the sought eigenvalue. The
action of the proposed preconditioner is theoretically proved to shift a number
of the eigenvalues of }3/ (A — 0;1I) very close to one, by taking advantage of a
rough approximation of subsequent eigenvectors. Numerical results onto matrices
of large size arising from different models confirm the theoretical findings. Inserted
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in the DACG, or in the Newton-DACG, methods, the GBT preconditioner provides
a noteworthy acceleration of these iterative eigensolvers.
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Stability of Gyroscopic Systems )
with Respect to Perturbations s

Nicola Guglielmi and Manuela Manetta

Abstract A linear gyroscopic system is of the form:
Mi+ Gx 4+ Kx =0,

where the mass matrix M is a symmetric positive definite real matrix, the gyroscopic
matrix G is real and skew symmetric, and the stiffness matrix K is real and
symmetric. The system is stable if and only if the quadratic eigenvalue problem
det(A>M + G + K) = 0 has all eigenvalues on the imaginary axis.

In this chapter, we are interested in evaluating robustness of a given stable
gyroscopic system with respect to perturbations. In order to do this, we present an
ODE-based methodology which aims to compute the closest unstable gyroscopic
system with respect to the Frobenius distance.

A few examples illustrate the effectiveness of the methodology.

Keywords Stability of gyroscopic systems - Robust stability - Structured matrix
nearness problems - Matrix ODEs

1 Introduction

Gyroscopic systems play an important role in a wide variety of engineering and
physics applications, and vary from the design of urban structures (buildings,
highways, and bridges), to aircraft industry, and to the motion of fluids in flexible
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In its most general form, a gyroscopic system is modeled by means of a linear
differential system on a finite-dimensional space, as follows:

Mi (1) + (G + D)x(t) + (K + N)x(1) = 0. (D

Here, x(¢) corresponds to the generalized coordinates of the system, M = M7
represents the mass matrix, G = —G” and K = KT are related to gyroscopic and
potential forces, D = DT and N = —NT are related to dissipative (damping)
and nonconservative positional (circulatory) forces, respectively. Therefore, the
gyroscopic system (1) is not conservative when D and N are nonzero matrices.

The stability of the system is determined by its associated quadratic eigenvalue
problem:

MX*>+ (G +D)A+ (K+N)=0. )

In particular, the system is said to be strongly stable if all eigenvalues of (2) lie
in the open left half plane, weakly stable if all eigenvalues of (2) lie in the closed
left half plane, that is, there is at least one pure imaginary eigenvalue and all such
eigenvalues are semi-simple. It is unstable otherwise.

Although nonconservative systems are of great interest, especially in the context
of nonlinear mechanics (see [8] for reference), this work is confined to conservative
systems. Thus, the equation of motion is given by:

M3 (1) + Gx(1) + Kx(t) = 0. 3)

In particular, the spectrum of (2) is characterized by Hamiltonian symmetry. We
note indeed that for any eigenvalue A with a corresponding pair of left and right
eigenvectors (y, x), that is:

MM +AG+K)x=0, yO2M+1G+K)=0 (x,y#0),

also A, —A, —AX are eigenvalues with corresponding pairs of left and right eigenvec-
tors (v, x), (x, y), (x, y), respectively.

Let us define the matrix pencil Q(A) = M A2 4+ G + K such that the associated
quadratic eigenvalue problem reads

QW)x =[MM +Gr+ K]x =0. (4)

In the absence of gyroscopic forces, it is well known that the system MX () +
Kx(t) = 0 is stable for K positive definite and unstable otherwise. When G is
nonzero, then the system is weakly stable (see [11]) if the stiffness matrix K is
positive definite, and may be unstable if K < 0 and K is singular. In the latter
case, indeed, the 0 eigenvalue can be either semi-simple (thus the system is stable)
or defective (unstable). Indeed, as numbers in the complex plane, the eigenvalues
are symmetrically placed with respect to both the real and imaginary axes. This
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property has two important consequences. On one hand, the eigenvalues can only
move on the axis they belong to unless coalesce occurs; on the other hand, stability
of system (3) only holds if all eigenvalues are purely imaginary.

Basically, for a conservative gyroscopic system, strong stability is impossible,
since the presence of an eigenvalue on the left half plane would imply the existence
of its corresponding symmetric one in the right half plane. The only possibility for
the system to be stable is to be marginally stable (a particular case of weak stability),
which requires that all eigenvalues lie on the imaginary axis, and the only way to
lead the system to instability is a strong interaction (coalescence of two or more
eigenvalues, necessary for them to leave the imaginary axis). The stiffness matrix
K, for which no information about its signature is provided, plays a fundamental
role in the stability of the system, and many stability results are available in the
literature, based on the mutual relationship of G and K, as reported in [6, 7, 10] and
references therein, and summarized in [12]. Given a marginally stable system of the
form (3), the aim of this work is to find a measure of robustness of the system, that
is the maximal perturbation that retains stability.

The paper is organized as follows. In Sect. 2, we phrase the problem in terms of
structured distance to instability and present the methodology we adopt. In Sect. 3,
we illustrate the system of ODEs for computing the minimal distance between pairs
of eigenvalues. In Sect. 4, we derive a variational formula to compute the distance
to instability. In Sect. 5, we present the method, and in Sect. 6, some experiments.

2 Distance to Instability

Distance to instability is the measure of the smallest additive perturbation which
leads the system to be unstable. To estimate the robustness of (3), we will use the
Frobenius norm. In order to preserve the Hamiltonian symmetry of the system, we
will allow specific classes of perturbations. Indeed, gyroscopic forces and potential
energy will be subject to additive skew-symmetric and symmetric perturbations,
respectively. In [9], such a measure of robustness is called strong stability, which
seems to be misleading according to the definitions in Sect. 1. Nevertheless, the
author’s aim was to find a neighboring system, that is an arbitrarily close system
which retains stability and symmetry properties. Interesting results on stability
are presented, allowing sufficiently small perturbations. However, our goal is to
characterize these perturbations, and give a measure of “how small” they need to
be to avoid instability. The distance to instability is related to the e-pseudospectrum
of the system.

In particular, we assume that M is fixed and we allow specific additive perturba-
tionson G and K.
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Therefore, let us define the structured e-pseudospectrum of [G, K] as follows:

0:((G,K) ={»€C : »ea(G+ AG, K + AK]) with ||[[AG, AK]||F < e,

for some skew-symmetric AG, and symmetric AK }

We will call ¢* the sought measure, meaning that for every ¢ < &* the system
remains marginally stable. Moreover, as mentioned in Sect. 1, the only way to lead
the system to instability is a strong interaction, which means that at least two &*-
pseudoeigenvalues coalesce. Exploiting this property, we will compute the distance
to instability in two phases: an outer iteration will change the measure ¢ of the
perturbation, and an inner iteration will allow the e-pseudoeigenvalues to move on
the imaginary axis, according to the fixed &, until determining the candidates for
coalescence. The following remark suggests to limit our interest to systems in which
the stiffness matrix is not positive definite.

Remark 1 When K is positive definite, the distance to instability of the system
coincides with the distance to singularity of the matrix K, which is trivially equal
to the absolute value of the smallest eigenvalue of K, because of the Hamiltonian
symmetry.

2.1 Methodology

We make use of a two-level methodology.

First, we fix as ¢ the Frobenius norm of the admitted perturbation [AG, AK].
Then, given a pair of (close) eigenvalues A1, Ap on the imaginary axis, we look for
the perturbations associated to a minimum of the distance |*1 — X2 | on the imaginary
axis. This is obtained by integrating a suitable gradient system for the functional
[A1 — Az|, preserving the norm of the perturbation [AG, AK].

The external method controls the perturbation level ¢ to the aim of finding the
minimal value ¢* for which A; and A, coalesce. The method is based on a fast
Newton-like iteration.

Two-level iterations of a similar type have previously been used in [4, 5] for other
matrix-nearness problems.

To formulate the internal optimization problem, we introduce the functional, for
e>0:

fe(AG, AK) = |M(AG, AK) — 12(AG, AK) 5)

where A1 2(AG, AK) are the closest eigenvalues on the imaginary axis of the
quadratic eigenvalue problem det(M A% + (G + AG)A + (K + AK)) = 0.
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Thus, we can recast the problem of computing the distance to instability as
follows:

(1) For fixed &, compute

[AG(e), AK (e)] — Je(AG, AK) = f(e) (6)

min
AG,AK:||[AG,AK]|| p=¢

with
AG + AGT and AK + AKT =0. (7
(2) Compute
e — minfe : f(e) = 0}. ®)

that means computing a pair (AGy, AK,) of norm &* such that A;(¢*) is
a double eigenvalue of the quadratic eigenvalue problem det(MA? + (G +
AGL+ (K + AKy)) =0.

2.2 Algorithm

In order to perform the internal minimization at (6), we locally minimize the
functional f;(AG, AK) over all [AG, AK] of at most unit Frobenius norm, by
integrating a steepest-descent differential equation (identifying the gradient system
to the functional (5)) until a stationary point. The key instrument to deal with
eigenvalue optimization is a classical variational result concerning the derivative
of a simple eigenvalue of a quadratic eigenvalue problem.

In order to perform the minimization at (8), instead, denoting the minimum value
of fe(AG, AK) by f(g), we determine then the smallest perturbation £* > 0 such
that f(e*) = 0, by making use of a quadratically convergent iteration.

Remark 2 Given a fixed ¢, we compute all the possible distances between the eigen-
values, in order to identify the eigenpair which coalesces first (global optimum).

The whole method is summarized later by Algorithm 2.

3 The Gradient System of ODEs

In this section, the goal is to design a system of differential equations that, for a
given ¢, will find the closest pair of e-pseudoeigenvalues on the imaginary axis.
Indeed, this turns out to be a gradient system for the considered functional, which
allows to obtain a useful monotonicity property along its analytic solutions.
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To this intent, let us define the two-parameter operator:
O(t,A) = MA2 + G(D)A + K (7). 9)

Let A = A(7), and let A satisfy the quadratic eigenvalue problem (4).
Assuming that A is a simple eigenvalue, then by Theorem 3.2 in [1]:

0
*

05
Yo 92 X0 #

where x( and yg are the right and left eigenvectors of Q at A, respectively.
Under this assumption, therefore, by the variational result (5.3) in [1], the
derivative of A with respect to t is well defined and given by:

da 3 3
P <y6‘ ano) / (yS ano) (10)

Next, let us consider the matrix-valued functions G.(t) = G + ¢AG(¢) and
K. (t) = K + ¢ AK(t), where the augmented matrix [AG, AK] satisfies (7), and

I[AG(t), AK@)]||lF =1 forallt e R. an
The corresponding quadratic eigenvalue problem is Q. (¢, A)x = 0, where:
Q:(t,)) = MA* 4+ [G +eAGIA + [K + ¢ AK].

Moreover, let A1(f) = i01(¢) and A(r) = i62(¢), with 01(zr) > 61(t) be two
purely imaginary eigenvalues of Q. (¢, A)x = 0, corresponding to the eigenvalue
of minimal distance of Q. (¢, A)x = 0.

Let Ay = i6; and A, = i0, with 6,0, € R.

Conventionally assume 61 > 6,.

Fori =1, 2, let y; such that

yi =y [2i6;:M + (G + £AG)]x; > 0 (12)

be real and positive. This is naturally possible by suitably scaling the eigenvectors.
Then, applying (10) gives

. [yF (014G + AK)x; ¥} (624G + AK) xy
01 — 0y =ie _
71 %)

[% 6 . i i .
= e<— 1y1x’f + zyzxik, AG>+8<— yixf+  yxj, AK>. (13)
Y1 V2 Y1 V2
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where—for a pair of matrices A, B—we denote the Frobenius inner product:
(A, B) = trace(A*B).

The derivative of [AG(¢), AK (t)] must be chosen in the direction that gives the
maximum possible decrease of the distance between the two closest eigenvalues,
along the manifold of unitary Frobenius norm matrices [AG, AK]. Notice that
constraint (11) is equivalent to

([AG, AK], [AG, A'K]> —0.

We have the following optimization result, which allows us to determine the
constrained gradient of f,(AG, AK).

Theorem 3 Let [AG, AK] € R™?" a real matrix of unit norm satisfying con-
ditions (7)-(11), x; and y; right and left eigenvectors relative to the eigenvalues
Ai = 16;, fori = 1,2, of Q. (t, M)x = 0. Moreover, let y;, withi = 1, 2, be two real
and positive numbers and consider the optimization problem:

. 0 . O > < A
min{— yix; + x5, Zg)+{— yix;+ yaxy, Zg (14)
2e9<m P72 R S
with
2 = {121 = 1.(14G. AK1. 2) =0, Zg € Msiev. Zx € Msym .
where Msiew is the manifold of skew-symmetric matrices and Msym the manifold
of symmetric matrices.
The solution Z* = [Z(;, Z} ] of (14) is given by:
nZ*=plzg Zx) = [fo —n AG, fx —n AK] (15)

where u > 0 is a suitable scaling factor, and

1 =[G, AK]. 6. /x1)
0 *k 0 *
fo = Skew <‘h I:yiyl)ﬁ - yi yszD (16)

~ 1 * 1 *
fk =Sym |3 Y2X3 —  YiXj
V2 4

where Skew(B) denotes the skew-symmetric part of B and Sym(B) denotes the
symmetric part of B.
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Proof Preliminarily, we observe that for a real matrix:

B+BT B-BT
= 5 + ) = Sym(B) + Skew(B)
the orthogonal projection (with respect to the Frobenius inner product) onto the
manifolds Mgy, of symmetric matrices and Mskew of skew-symmetric matrices
are, respectively, Sym(B) and Skew(B). In fact:

(Sym(B), Z) =0 forall Z € Mskew
and
(Skew(B), Z) =0 forall Z € Mgym.

Looking at (14), we set the free gradients:
01 62 i i
¢ =—_yixi+ “yx; and ¢k =—_yixj+ _ yux.
Y1 V2 Y1 V2

The proof is obtained by considering the orthogonal projection (with respect to
the Frobenius inner product) of the matrices (which can be considered as vectors)
— ¢g and — ¢k onto the real manifold Mgkew of skew-symmetric matrices
and onto the real manifold Msyy of symmetric matrices, and further projecting
the obtained rectangular matrix onto the tangent space to the manifold of real
rectangular matrices with unit norm.

3.1 The System of ODEs

Following Theorem 3, we consider the following system of ODEs, where we omit
the dependence of ¢:

d
AG = —nAG
dt fe —n

d
AK = —nAK
dr Sk —n

a7

with n, fg, and fx asin (16).

This is a gradient system, which implies that the functional f.(AG(¢), AK(t))
decreases monotonically along solutions of (17), until a stationary point is reached,
which is generically associated to a local minimum of the functional.



Stability of Gyroscopic Systems with Respect to Perturbations 261
4 The Computation of the Distance to Instability

As mentioned in Sect. 1, the only way to break the Hamiltonian symmetry is a strong
interaction, that is two (or more) eigenvalues coalesce. This property allows us to
reformulate the problem of distance to instability in terms of distance to defectivity
(see [3]). In particular, since the matrices G and K must preserve their structure,
we will consider a structured distance to defectivity. Because of the coalescence,
we do not expect the distance between the eigenvalues to be a smooth function with
respect to ¢ when f; = 0.

As an illustrative example, consider the gyroscopic system described by the

equation:
10].. 0 3]. 11
|:O 1i|)c(t)~|—|:_3 Oi|x(t)— [1 2i|x(z‘)=0. (18)

The minimal distance among the eigenvalue of this system is achieved by the
conjugate pair closest to the origin, that is, |6;| = |#2|, and coalescence occurs
at the origin, as shown in Fig. 1 (left).

Let us substitute the stiffness matrix in (18) with —/, that is:

10].. 0 37. 10 B
[o Jx(t)Jr [_3 0i|x(l)— [0 1:|x(t) =0. (19)

Although |61 | = |6] still holds, strong interaction does not occur at the origin. Here,
two pairs coalesce at the same time, as shown in Fig. 1 (right).

3 3 3 3
* * "
2 2 2 2
*
1 1 1 1
* *
0 0 * 0 0
. *
1 -1 1 1
*
2 2 -2 2
* * N
-3 -3 -3 -3
-1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1 -1 -0.5 0 0.5 1

Fig. 1 Eigenvalues of system (18) on the left, before and at the moment of strong interaction at
the origin. Eigenvalues of system (19) on the right: two strong interactions occur at the same time
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4.1 Variational Formula for the e-Pseudoeigenvalues
with Respect to €

We consider here the minimizers AG(¢) and AK (¢) computed as stationary points
of the system of ODEs (17) for a given ¢, and the associated eigenvalues A;(¢) =
i0; (¢) of the quadratic eigenvalue problem with ¢ < &* (which implies 61 () #
62(¢)). We assume that all the abovementioned quantities are smooth functions with
respect to &, which we expect to hold generically.

Formula (10) is useful to compute the derivative of the e-pseudoeigenvalues with
respect to . We need the derivative of the operator Q w.r.t. ¢, which appears to be
given by:

8Q /! /!
9 = AGA + AK +e(AG'A + AK")
€
Here, the notation A’ = ‘2‘2 is adopted. Assuming that A = Ao is a simple

eigenvalue, and x( and yg are the right and left eigenvectors of Q at A respectively,
then

O YH(AGA+ AK +e(AG'A + AK))xo
de YoM+ G +eAG)xg

Claim y;(AG'A + AK')xo = 0.

The norm conservation |[[AG, AK]||F = 1, which is equivalent to ||AG||%p +
||AK]||% = 1, implies that (AG, AG’) = 0 = (AK, AK’). Also:

R(ygroAG x0) = R(ygi6o AG'x0) = (AG", R(yo x3)) = (AG', nAG) =0,
and
J(ygroAK x0) = (g AK'x0) = (AK', I(yox)) = (AK', 1AK) = 0.

Therefore:

I YE(AGH + AK)xg

3¢ YE@MA+ G +eAG)xg
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and

1 1
0] —6) = ” [ezm(y; AG xp) +3(y5 AK xz)] ~ [elsﬁ(y’f AG x1) + 30| AK xl)]
(20)

The previous expression provides f’(¢). Hence, for ¢ < &* we can exploit its
knowledge. Since generically coalescence gives rise to a defective pair on the
imaginary axis, we have that the derivative of f(¢) is singular at &*.

Our goal is that of approximating &* by solving f(¢) = & with § > 0O a
sufficiently small number. For ¢ close to ¢*, ¢ < ¢* we have generically (see [3])

f(e) = yver —e +O((e* — e)*?)
fl(e) = +O((s* - 8)1/2)’ (21)

. 14
2/e* —¢

which corresponds to the coalescence of two eigenvalues. For an iterative process,
given g, we use formula (20) to compute f'(¢) and estimate y and &* by
solving (21) with respect to y and &*. We denote the solution as y; and &, that
is:

— / * _ f(gk)
Ve =V2FEOI Dl ef = e+ 2 Ep| (22)

and then compute
el = ef — 8%/ V2. (23)

An algorithm based on previous formula is Algorithm 2, which does not add any
additional cost to the algorithm since the computation of f’(g) is very cheap.

Unfortunately, since the function f(¢) is not smooth at &*, and vanishes
identically for ¢ > ¢*, the fast algorithm has to be complemented by a slower
bisection technique to provide a reliable method to approximate &*.

S The Complete Algorithm

The whole Algorithm 2 follows:
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Algorithm 2: Algorithm for computing &*

Data: tol > 0, § > 0, and &y, &1, &, (such that f(g9) > f(e1) > tol, and f(g,) < tol).
Result: ¢ (approximation of &*).
begin

1 Set Reject = False and k = 1.
2 while |g; — &, | > tol do
3 if Reject = False. then
Store &, and f(gx) into the memory.
4 Solve the system (17) and compute [AG (¢), AK (¢)] and
f (&) = fe(AG(e), AK (¢)).
5 Compute &k by the formula (23).
6 if £, > ¢, then
Set &1 = (64 + €)/2.
else
Set Ex+1 = (eu +&1)/2.
7 Compute f(£x+1) by integrating (17) with initial datum [AG (ex), AK ()] (the
minimizer associated to &g).
8 if | f (Ex+1)| < tol then
Set Reject = True.
Set &, = &k+1-
else
Set Reject = False.
9 Set Ek+1 = g‘k+].
10 Setk =k + 1.

11 Seter = g.

6 Numerical Experiments

We consider here some illustrative examples with M = I, from [2, 10, 13]. In
the following, ¢, is chosen as the distance between the largest and the smallest
eigenvalues, whereas g = 0 and ¢ is obtained by (23).

6.1 Example 1

0 -2 4 1321
LletG=| 2 0 2|andK =272
—4 2 0 124

Also in this example, the stiffness matrix is positive definite, and the distance to
singularity is €* = 3 which coincides with the distance to instability.
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Fig. 2 A zoom-in, before, during, and after strong interaction for system (24)

6.2 Example 2

Let us consider the equation of motion Mx(¢) + Gx(t) + Kx(¢t) = 0, with:

8 =2 1 0 0 —-16 -8 —12 4 =32 0
M= -210 4 4 G- 16 0 —40 —12 K= 36 1 =3
1 4 10 —-1.2 8 40 0 16 21 5 =2
0 4 —-12 8 12 12 —-16 0 0 -3-24

(24)

Here, the two closest eigenvalues of the system are the complex conjugate 6; =
—0, = 2.1213e — 02 and coalescence occurs at the origin, with ¢* = 4.6605¢ —
01. Figure 2 illustrates these results. On the left, a zoom-in of the eigenvalues of
system (24) near the origin is provided. In the center, coalescence occurs for the
perturbed system Mi (1) 4+ (G + e*AG)x(t) + (K + e*AK)x(t) = 0. On the right,
the two eigenvalues become real after the strong interaction, namely, for ¢ > &*,
and the positive one leads the system to instability.
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6.3 Example 3

This problem arises in the vibration analysis of a wiresaw. Let n be the dimension
of the matrices. Let

M=1,/2, K =diag .;,(j*7°(1-v"/2)

and G = (gjx) where g = j?iiz vif j + k is odd, and O otherwise.
The parameter v is a real nonnegative number representing the speed of the wire.
For v € (0, 1), the stiffness matrix is positive definite. Here, we present two cases
in which v > 1, and K is negative definite.

First, consider n = 4 and v = 1.1. Then, the system is marginally stable, and the
distance to instability is given by £* = 4.6739¢ —02. The eigenvalues i0; = i3.4653
and i0, = i2.5859 coalesce, as well as their respective conjugates.

Acknowledgements N. Guglielmi thanks the Italian M.I1.U.R. and the INdAM GNCS for financial
support and also the Center of Excellence DEWS.
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Energetic BEM for the Numerical m)
Solution of 2D Hard Scattering Problems | i
of Damped Waves by Open Arcs

Alessandra Aimi, Mauro Diligenti, and Chiara Guardasoni

Abstract The energetic boundary element method (BEM) is a discretization
technique for the numerical solution of wave propagation problems, introduced and
applied in the last decade to scalar wave propagation inside bounded domains or
outside bounded obstacles, in 1D, 2D, and 3D space dimension.

The differential initial-boundary value problem at hand is converted into a space—
time boundary integral equations (BIEs), then written in a weak form through
considerations on energy and discretized by a Galerkin approach.

The paper will focus on the extension of 2D wave problems of hard scattering
by open arcs to the more involved case of damped waves propagation, taking into
account both viscous and material damping.

Details will be given on the algebraic reformulation of Energetic BEM, i.e.,
on the so-called time-marching procedure that gives rise to a linear system whose
matrix has a Toeplitz lower triangular block structure.

Numerical results confirm accuracy and stability of the proposed technique,
already proved for the numerical treatment of undamped wave propagation prob-
lems in several space dimensions and for the 1D damped case.

Keywords Damped waves - Energetic boundary element method - FFT

1 Introduction

A variety of engineering and physical applications, such as the propagation or the
scattering of acoustic or electromagnetic waves, leads to the problem of solving
linear hyperbolic partial differential equations (PDEs) in two- or three-dimensional
space. These problems are normally considered in an unbounded homogeneous

All the authors are members of the INAJAM-GNCS Research Group.

A. Aimi (<) - M. Diligenti - C. Guardasoni
Dept. of Mathematical, Physical and Computer Sciences, University of Parma, Parma, Italy
e-mail: alessandra.aimi @unipr.it; mauro.diligenti @unipr.it; chiara.guardasoni @unipr.it

© Springer Nature Switzerland AG 2019 267
D. A. Bini et al. (eds.), Structured Matrices in Numerical Linear Algebra,
Springer INAAM Series 30, https://doi.org/10.1007/978-3-030-04088-8_14


http://crossmark.crossref.org/dialog/?doi=10.1007/978-3-030-04088-8_14&domain=pdf
mailto:alessandra.aimi@unipr.it
mailto:mauro.diligenti@unipr.it
mailto:chiara.guardasoni@unipr.it
https://doi.org/10.1007/978-3-030-04088-8_14

268 A. Aimi et al.

domain, and a method to tackle them is to reformulate the PDE as a boundary
integral equation (BIE) on the usually bounded boundary of the domain, which
can then be numerically solved using the boundary element method (BEM) [9, 17].
In some applications, the physically relevant data are given not by the solution in
the interior of the domain but rather by the boundary values of the solution or its
derivatives. These data can be obtained directly from the solution of BIEs, whereas
it is well known that boundary values obtained from finite element method (FEM)
solutions are in general not so accurate.

In the context of wave propagation, while the elastic forces tend to maintain
the oscillatory motion, the transient effect dies out because of energy dissipations.
The process of energy dissipation is generally referred to as damping. The analysis
of damping phenomena that occur, for example, in mechanics, in fluid dynamics,
and in semiconductors, is of particular interest [18, 20]: the dissipation is generated
by the interaction between the waves and the propagation medium and it can be
also closely related to the dispersion, as in the interactions between water streams
and surface waves or in ferromagnetic materials. On the other side, in mechanical
systems, in general, damping has the effect of reducing the amplitude of vibrations
and, therefore, it is desirable to have some amount of damping in order to faster
achieve stability. Hence, damping is whether an unavoidable presence in physical
reality or a desired characteristic in industrial design.

The use of advanced numerical techniques to solve the related PDEs,
such as FEMs and finite difference methods (FDMs), is well established
and it is standard in this framework, while in the context of BEMs the
analysis of dissipation through damped wave equation rewritten as a BIE is
a relatively new topic, because it has been scarcely investigated until now.
For the numerical solution of this kind of problems, one needs consistent
approximations and accurate simulations even on large time intervals. Furthermore,
as wave propagation phenomena are often observed in semi-infinite media (domain)
where Sommerfeld radiation condition holds, a suitable numerical method has to
ensure that this condition is not violated. For example, FEMs need the application of
special techniques to fulfill this condition that, on the contrary, is implicitly fulfilled
by BEM; hence a suitable coupling of both these techniques, when applicable, gives
undoubted advantages.

In principle, both frequency-domain [13] and time-domain [7, 8] BEM can be
used for hyperbolic initial-boundary value problems. Space—time BEM has the
advantage that it directly yields the unknown time-dependent quantities. In this last
approach, the construction of the BIEs, via representation formula in terms of single-
and double-layer potentials, uses the fundamental solution of the hyperbolic partial
differential equation and jump relations [15]. The mathematical background of time-
dependent boundary integral equations is summarized by M. Costabel in [14].

For the numerical solution of the damped wave equation in 1D unbounded media,
we have already considered in [5] the extension of the so-called space—time ener-
getic BEM, introduced for the undamped wave equation in several space dimensions
[1, 3, 4]. Energetic BEM comes from the discretization of a weak formulation based
on energy arguments, directly expressed in the space—time domain, thus avoiding
the use of the Laplace transform and of its inversion suggested in [15].
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The analysis carried out for 1D damped wave propagation problems allowed to
fully understand the approximation technique for what concerns marching on time,
avoiding space integration with BEM singular kernels and it was considered as a
touchstone for the extension to higher space dimensions, which is done here for
the 2D case, taking into account hard scattering problems in unbounded domains,
being soft scattering already treated in [6]. The chapter is structured as follows:
at first, we present the differential model problem on an unbounded 2D domain
and its energetic boundary weak formulation, and then we illustrate the consequent
BEM discretization, highlighting numerical aspects of its algebraic reformulation.
Significant numerical benchmarks are introduced and discussed, showing, from
a numerical point of view, stability and accuracy of the obtained approximate
solutions.

2 Model Problem and Its Weak Boundary Integral
Formulation

We will consider the 2D Neumann problem for the damped wave equation in a
bounded time interval [0, T], exterior to an obstacle given by an open arc I" C R:

1 oD P 5
[Au— Lt — o g — 2u](x,t)=0, xeRA\T, 1€ (0,T] (1)
C C C
u(x,0) = u;(x,0) =0, xeR*\ T, )
9
gx )= (x 1) =G0, xel, 1], 3

where c is the propagation velocity of a perturbation inside the domain, D and P are
the viscous and material damping coefficients, respectively; n stands for the normal
unit vector to I”, and the datum g represents the opposite of the normal derivative of
the incident wave along I, i.e., g = — aa”nI . In the acoustic framework, the exterior
Neumann problem defines the scattering of a plane wave at a hard obstacle [21].

Remark 1 When D = P = 0, the given PDE collapses to the classical wave
equation and the considered model problem can be also conceived, as stated in
[10], as the scattering problem by a crack I" in an unbounded elastic isotropic
medium R? \ I". Let '~ and I't denote the lower and upper faces of the crack,
respectively, and n the normal unit vector to I” oriented from 1"~ to I' ™. As usual,
the total displacement field can be represented as the sum of the incident field (the
wave propagating without the crack) and the scattered field. In a 3D elastic isotropic
medium, there are three plane waves propagating in a fixed direction: the primary
wave P, the shear horizontal wave SH, and the vertical wave SV. The 2D antiplane
problem corresponds to an incident SH wave, when all quantities are independent of
the third component z (in particular, the crack has to be invariant with respect to z).
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The scattered wave satisfies the Neumann problem (1)—(3) for the wave operator,
where u stands for the third component of the displacement field.

Since we want to discretize the above problem using BEM, we have to rewrite
it in a boundary integral form. This can be done using classical arguments and the
knowledge of the fundamental solution of the 2D damped wave operator. Hence, we
start writing the double-layer representation of the solution of (1)—(3):

3G
u(x, t) =// 5 (r,t—1)(y, t)dtdyy, xeRX\ I, 1e(0,T], @&
rJo ony

where r := x —y, the unknown density ¢ = [u] represents the time history of the
jump of u along I", and

b COS(J”; sz/czﬂ—uxnz) )
€ Hlct —|x|lI, P =D
4 N

G(x, 1) = (%)
b, osh (JDEZ*P\/CM—HXHZ)
Ve —|x|2

is the forward fundamental solution of the 2D damped wave operator, with H[-] the
Heaviside distribution and | - || the Euclidean vector norm. Definition (5) switches
from cos(-) to cosh(-) depending on the reciprocal magnitude of P and D?: when
P > D? we are in the so-called underdamping configuration, when P < D’ we
are in overdamping configuration, while the separation state P = D?, referred to
the vanishing of both cos(-) and cosh(-) arguments, is called critical damping. Note
that in the limit for D, P tending to 0, G(x, ¢) tends to the fundamental solution of
the 2D undamped wave operator, that is:

e Hlct —|x|], P <D?

Gox.t) = © Hlcr — x|

. 6
2 /e — ||x||2 ©

Defining the auxiliary kernel:

VI Pt sin (VIP Je — xR ) Hiet ~ I, P = D2

G(x,t) =

_VD=P Dt o (JDCZ‘P\/&ﬂ — IXI2) Hiet — IxIll, P < D?
(7)
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the representation formula (4) can be rewritten explicitly as:

I .
u(x, 1) = /F/O r rny {G(I‘,t—r) [wr(y, T) J;Dw(y, T) n C(tw_(y;)tlr] N

@y, 1)

G(r’t_r)c(t —17)+r

}drdyy, xeR\T, t€(0,T], r:==|r|. (8)

Now, it is clear that if we want to recover the solution of the differential problem
at any point outside the obstacle and at any time instant, we have to proceed with a
post-processing phase provided that we know the density function ¢(x, ¢). To this
aim, applying a directional (normal) derivative w.r.t. X in (4), performing a limiting
process for x tending to I”, and using the assigned Neumann boundary condition (3)
we obtain the hypersingular space—time BIE:

toa2G
f/ (r,t =Dy, 1)drdyy = q(x,1), xel, tel0,T], (9
rJo 8nX8ny

in the unknown ¢ (X, t), which can be written with the compact notation:

Problem (10) has been set in weak form. The so-called energetic weak formu-
lation of (10) is defined similarly as in [3] and it can be deduced observing that,
multiplying the PDE (1) by u,, integrating over [0, T] x (R> \ I'), and using
integration by parts in space, one obtains that the energy & (u, T') of the solution
u at the final time of analysis 7', defined by:

1 , 1, P, 4D (T,
[V DIP+ Lt D+ Lulx T+, [ udxnde]dy,
2 Jryr c c c Jo

(11)
can be rewritten as:
T du T
Eu.T) = / / lardr (e, t) O %, di dyy = / / 0%, 1) Dp(x, 1) dt dy.
rJo ony rJo
(12)

Hence, projecting (10) by means of test functions v, derived w.r.t. time and
belonging to the same functional space where we will search for the unknown
density ¢, we can write the energetic weak problem:
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find ¢ € H'([0, T1; Hy'*(I")) such that

T T
// (@w)(x,t)wt(x,t)dtdyx=// qx, Y (x, t)dt dyx
rJo rJo

vy e HU(0, T]; H)* (). (13)

Remark 2 The theoretical analysis of the quadratic form coming from the left-hand
side of (13) was carried out for P = D = 0 in [3] where, under suitable hypothesis,
coercivity was proved with some technicalities. This property allowed us to deduce
stability and convergence of the related Galerkin approximate solution, which in
this paper, for the case of nontrivial damping coefficients, will be verified from a
numerical point of view.

3 Energetic BEM Discretization

We consider on the obstacle I', a boundary mesh constituted by M, straight
elements {ey, - -- , ep,,), with length(e;) < Ax,e; Nej = P if i # j and such
that Uf‘iﬁ* e; coincides with I', closure of I', if the obstacle is (piece-wise) linear,
or is a suitable approximation of I", otherwise. The functional background compels
one to choose space shape functions belonging to HO1 (I'"); hence, we use standard
piece-wise linear polynomial boundary element functions w;(x), j =1,---, Nax,
with Nay := Ma, — 1, suitably defined in relation to the introduced mesh over the
obstacle and vanishing at the endpoints of I".

For time discretization, we consider a uniform decomposition of the time interval
[0, T] with time step At = T/Na;, Nar € N+, generated by the Na, + 1
instants: tx = kAt, k = 0,---, Nas, and we choose piece-wise linear time
shape functions. Note that, for this particular choice, our shape functions, denoted
by vk (), k =0,---, Na; — 1, will be defined as:

vk (t) = Rt — tx] = 2R[t — tr1] + R[r — tx42], (14)

where R(t — 1) = t;" H[t — t] is the ramp function. Hence, the approximate

solution of the problem at hand will be expressed as:

Nar—1 Nax

px N~ Y Za;k) w; (x) v (7). (15)

k=0 j=1

The Galerkin BEM discretization coming from energetic weak formulation (13)
produces the linear system:

Aa=b, (16)
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of order Nay - Nas, where matrix A has a block lower triangular Toeplitz structure.
Each block has dimension N4 .. If we indicate with A® the block obtained when

th —ty =€ At, £ =0,..., Nas — 1, the linear system can be written as:
A0 0 0 0 a©® »©®
AD A0 o . o) b
2 1 0 2 _ »@
AQ AD  AO .0 o = (17)
B : :
AWNa—D AWNa=2) .. A 40 aMNar—1) p(Nai—1)

where: ¢® = (cx;.[)) and p©© = (b;z)) ,L=0,...,Na—1,j=1,..., Nay.
The solution of (17) is obtained with a block forward substitution, i.e., at every
time instant #;, we solve a reduced linear system of the type:

A(O)(x(f) — b(f) _ (A(l)(x(f—l) 4ea A(Z)(x(o)). (18)

Procedure (18) is a marching-on-time (MoT) technique, where the only matrix to
be inverted once and for all is the symmetric, even if dense, non-singular A
diagonal block, while all the other blocks are used to update at every time step
the right-hand side. Owing to this procedure, we can construct and store only the
blocks A(O), v, AV —1 with a considerable reduction of computational cost and
memory requirement. Let us finally note that for 2D problems blocks dimensions
are typically low, as well as the condition number of block A®). On the other
side, the only drawback is the necessity of calculating, as discretization matrix
elements, double integrals, involving hypersingular kernels in the space variables, as
it happens for Galerkin BEM applied in the context of Neumann elliptic problems.
Efficient quadrature schemes, used in this work, for numerical evaluation of these
types of integrals are based on those described in [2], to which the interested reader
is referred.

4 An FFT-Based Algorithm for MoT Computation

A reduction in computational cost, evaluating the block—vector products in the right-
hand side of (18), can be obtained using an FFT-based algorithm as suggested in [16]
and described here in detail. The interested reader is also referred to [12].

Definition Let v = [vg ... Vvpu_1], W = [wo ... wy_1], m > 1, two vectors
with the same length. We define their discrete circular convolution as a vector of
components:

m—1

(V% Wg =Y Vmodimtg—pmWp,  q=0,....m—1. (19)
p=0
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Note that we can equalize the discrete circular convolution to a matrix—vector
product with a circulant matrix associated to the first vector of the convolution:

VO Vmm—1 Vm—2 *-- V1 w0
Vi VO Vm—1-'"V2 Wi
Vik W= Vo Vi Vo - V3 W2 . (20)
Vin—1 Vm—2 Vm—-3 =+ V0 Wm—1

For the discrete circular convolution (19), the following result holds (see [19]):
viw =7 U(FW)FW)), (21)

where % is the discrete Fourier transform (DFT). This allows to faster evaluate the
convolution of two vectors with an FFT algorithm.

At every time step, for £ = 1, ---, No; — 1, we have to evaluate in (18) the £-th
component of the vector resulting from the product:

AD 0 0 a®
A® AD 0 ol
A® A A0 a? (22)

ANa=D AWa=2) 0 4@ 4O J\ vy—2)

The algorithm proceeds as follows.

At first, we compute ¥, then we compute o) having evaluated, in the right-
hand side of (18), ADg® —. b Afterwards, we can proceed observing that for
the evaluation of the next two unknown vectors «® and «®, we need to prepare
the following terms at the right-hand side of (18):

ADg©® 1 AD gD

A®GO® L A 1 A0y (23)

Having at disposal «® and o1, we can compute
A0 4G AN /4©

@ A A (g ©
(:(3)>;= (A(3) A(2)><Z(1)>= A® A 4B |[o0 (24)

EITCIOYAN 25
q==2,

‘ . NT
where, here and in the following, b'/) := (bgj ). -b%i) , and intending that, in

the product with the circulant matrix in the right-hand side, we will consider only
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the second and the third block—vectors (¢ = 2, 3) and that 0 is a vector of zeros of
dimension N ax.

The FFT, as suggested in (21), is point-wise performed to faster evaluate (24):
fori =1,..., Nax, we get

AP AD AN (ol

AR b B | [T, (@ 46 © M
SEROIROR | K _ 3
(bm) =>_ | |47 4l Al ||« —Z[[Aij A Aij]*["‘j @ 0}]4:2,3

j=1 A(3) A(Z) A(l) 0 23]' 1

S o (o ) D)
(25)

and, with a suitable reordering, we recover (b(z) b(3))T; after having obtained a®,
we can complete the computation in (23) in order to finally get a(®.

Then, we can proceed observing that for the evaluation of the next four unknown
vectors ™| a® | a©® and «”, we need to prepare the following terms at the right-
hand side of (18):

ADGO L AG (D 1 A2 1 A1)y()
ADGO® L ADG(D) 1 AGG@) 4 A3 4 A(Dg®

AOGO 1 AG (D 1 ADGD 1 4GB 4 A@g@ 4 A(Dg®)

ADGO® L AO (D 1 A2 4 AWG3) 4 ABG® 1 4Dy 1 4D ©)

(26)
Having at disposal &, o, «® and «®, we can fastly compute

i O
b® ‘AD AB) AD ADYN (O AD AD A
b® AG AW AB AD ] D A@ AD A NE)
b©® | TA© A® A® AG [|e@ [T ... L 0
b AD A0 AG) AD |\ 3 A(7) A A 0

L 0 dg=4,..7

7
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using the FFT: fori = 1... Nay, we get

4 M 4D L@
b o (A Alg. ...A? :
bfs) Ax A 2) A 1) A 3) a('3)

i oo O

@] = D 4©) M
bi Az/ Aij Az/ 0
— 0 —q=4,...,7
NAX
D 4D O 3
Z [[A” AN * 10?0 0 OO]L=4 ’’’’’
j=1
. NG NG
— g1z T
- [J (FqAY . APDF (@ .. .o 000]))]
j=1

A. Aimi et al.

(28)

and, with a suitable reordering, we recover (b ...b) T, so that we can complete
the computation in (26) using partial results of previous steps, in order to get, step

by step, a®, a®, ¢©®, and .
This strategy can be generalized in the following algorithm AFFT:
Let N a; be a power of 2 and let v be such that 2Vl = N . Then:

e compute a©®,
e forv=1,...,v+ 1compute:

i) the matrix—vector product:

2" KW A A0\ @@
p@ D) AQTIHD 4G AQ) oD
i)(z“—l) AQ'=D -AQHH) A(zH) 0.[(21)—1
i a©®  \ ]
AD L AB) A
AD L A® 4B K
... ... D
AQ=2) 4 gD ©
AQ=D L A@ 4D R
- 0 dg=2v-1.,

—-1)
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that is, fori = 1, ..., Ny, the FFT of the discrete convolutions:

_ O _
vt M AB® 4@ J
o PR -
v—1 °
th 0 Na | |AG A A L2
= el j =
— v_ v_ 0
2;(2"—1) A A A vt
. @'-1 @) 4 E
' A A Ay
- 0 Hg=2-1 201
Nax
_ ) 2'-1 (0) @=t-n _
_Z [Aij Aij ]* o 9-\,9 =
j=1 2] gt vy
Nax
v_ v—1_
| ([0 a2 ] ([ 0 0. 0))
j=1 -

PR g=2v-1,..2v—1

with final reordering of elements,
ii) the unknown vectors @9, for ¢ = 271, ..., 2V — 1, successively, using
partial FFT results from the previous steps.

Remark 3 Algorithm AFFT can be visualized as shown in Fig.1, where the
dimension of the square blocks:

I:A(Q*P):I ,
q=2v*l,...,2v,1; p=0,...,2v7171

involved in the FFT computation is reported, for v = 3. Note that triangles in the
same figure can represent the numerical solution of the linear system in (18), to be
done at each time step 7, for £ =0, --- , Na, — 1.

Fig. 1 Scheme of repartition

of block-FFT computation in 20

the algorithm AFFT, for

v=3 2!
22

2:1
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2500 10* z
—MoT
2000 Mot - M0T2W|th FFT .
== MoT with FFT —O--O(NM)
'S 1500 @ 102 ~m-OMN, log,(N, )
2 2
(0] (0]
£ 1000 £
500 10°
0 ‘
5 10 9 10 1 12 13 14 15
Iog2 (NA t) Iogz(NA t)

Fig. 2 Comparison between computational times of MoT and AFFT-based MoT, for different
values of v and for Na, = 10 on the left, with a zoom and theoretical slopes on the right

The above algorithm, which exploits at every iteration FFT results from the
previous steps, applied to a simpler lower triangular matrix of order 2"*!, has a
computational cost of order O (2"*!log(2"*1!)), but for our problem everything is
complicated by the fact that A7) is not a scalar quantity but a matrix of order
Nayx, hence we have to apply the FFT Nix times. Summarizing, in our case the
number of arithmetical operations can be kept at the order O(Ni Narlog(Nar))
instead of O(Nix Nit), and the computational time saving is appreciable in case
of large number of time steps, as shown in Fig.2, where a comparison between
computational times, on a standard laptop, of MoT and AFFT-based MoT, for
different values of v and for Na, = 10, is plotted. Note that the leading term of the
computational cost of the proposed FFT-based MoT algorithm is coincident with the
one findable for the Algorithm 4 in [11], related to a block Toeplitz matrix—vector
product.

Alternatively, one can proceed with the inversion of the whole block lower tri-
angular Toeplitz matrix A in (16), following specific Algorithm 5 proposed in [11],
where computational cost is proved to be of order O (Nzx Nas —i—Nix Narlog(Nay)).

Remark 4 In general, there are FFT algorithms that keep their efficiency for any
integer dimensions; however, for example, the Cooley—Tukey FFT algorithm [19] is
optimized for vector dimensions equal to powers of 2, reason why we have chosen
in the above description Na; = v+l

5 Numerical Results

In the following, we present some numerical results obtained by the energetic BEM
applied to the analysis of 2D damped waves hard scattering.
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We consider the model problem (1)—(3) fixing I = {x= (x,0)|x € [0, 1]},
c=1,[0, T] = [0, 5], and Neumann boundary datum, taken from [3], coming from
an incident plane linear wave u’ (x, t) propagating in direction k = (cos#, sin @),
that is:

G(x,1) = — i f—k-x)| - with f() =051 Hr] . (29)

d

In this case, the Neumann datum (29) tends to the constant value gg = 0.5 sin6,
independent of time, when ¢ tends to infinity, so we expect that the approximate
transient solution ¢ (X, ) of BIE (9) on I" will tend to the BIE solution related to a
simpler elliptic PDE.

When P =0, D > 0, we can discard in (1) the terms dependent on time and on
P; we can therefore consider the following stationary BVP for the Laplace equation:

Auco(x) =0, xeR>\ T
Goo(X) = gg, xe (30)
U (x) = O(IxlI; ), Xl — oo,

and the related BIE, whose analytical solution is explicitly known, it reads ¢ (x) =
sinf 4/x(1 — x) and it is shown in Fig.3. Let’s remark that this static solution
remains the same for every value of D.

For an incident angle of 7 /3 and for discretization parameters fixed as Ax =
0.05 and Ar = 0.05, in Fig.4 we show the approximate solution obtained by
energetic BEM, at the final time instant of analysis T = 5, for P = 0 and
different values of the viscous damping parameter D = 0, 0.25, 1, 4 (overdamping
configuration). The higher the value of D, the higher the gap between transient
and steady-state solutions, meaning that when we are in the presence of growing

Fig. 3 BIE static solution on Laplace BIE solution
T related to the Laplace 0.5 ‘ w w
BVP (30)

0.4

03r

0.2r

0.1F

0 I
0 0.2 0.4 0.6 0.8 1



280 A. Aimi et al.
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Fig. 4 ¢(x,T) on I', for P = 0 and different values of D

viscosity, we would need more time to see the overlapping between the two
corresponding plots.

When P > 0, we can discard in (1) the terms dependent on time; hence, for any
value of D > 0, we can consider the following stationary BVP for the Helmholtz
equation:

Ao (X) + Kuoo(x) =0, x e R\ T

goo(X) = gg, xe I’ 31)
uso(®) = O(Ixl; ), lIx| — oo,
with k%> = — P. The corresponding BIE solution ¢ (X) assumes the same regularity

of the steady-state solution related to the Laplace BVP and, of course, it changes for
different values of material damping coefficient P. Again, for an incident angle of
7 /3 and for discretization parameters fixed as Ax = 0.05 and Ar = 0.05, in Fig. 5
we show the approximate solution obtained by energetic BEM, at the final time
instant of analysis 7 = 5, for D = 0 and different values of the material damping
parameter P = 0.25, 1, 4 (underdamping configuration). The higher the value of
P, the smaller the maximum value of the transient and steady-state solutions. The
accordance between the corresponding plots is perfectly visible.
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T=0, P=0.25, D=0 Helmholtz BIE solution
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Fig. 5 ¢(x,T) on I', for D = 0 and different values of P (left), together with the corresponding
Helmholtz BIE static solution (right)

In Table 1, the condition number ,ug(A(O)) of linear system (17) matrix diagonal
block, related to the previous simulations, is shown: the variation w.r.t. damping
parameters is almost negligible, and we can note that the discrete problem to be
solved at each time step is very well conditioned.
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Table 1 Condition number P=0 w(A®)y D=0 12 (A©)

u2(A) with A® € RIPX12 D=0 24161 P=0 24161
for different values of - . - .

damping parameters D =025 24180 P =025 2416l
D=1 24238 P=1  24l6l
D=4 24455 P=4 24162

6 Conclusions

In this chapter, we have considered the so-called energetic BEM for the numerical
solution of 2D damped wave propagation exterior problems equipped with Neu-
mann boundary condition. The method was already considered for the numerical
solution of the undamped wave equation in several space dimensions, revealing
its accuracy and stability, also coupled with FEM. The presented numerical results
confirm that these properties are maintained in the presence of dissipation terms in
the model problem, as already highlighted in 1D simulations [5] and for 2D exterior
problems equipped by Dirichlet boundary conditions [6].
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for Semilinear Space-Time Fractional e
Reaction-Diffusion Equations
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Abstract The numerical solution of fractional partial differential equations poses
significant computational challenges in regard to efficiency as a result of the nonlo-
cality of the fractional differential operators. In this work we consider the numerical
solution of nonlinear space—time fractional reaction—diffusion equations integrated
in time by fractional linear multistep formulas. The Newton step needed to advance
in (fractional) time requires the solution of sequences of large and dense linear
systems because of the fractional operators in space. A preconditioning updating
strategy devised recently is adapted and the spectrum of the underlying operators
is briefly analyzed. Because of the quasilinearity of the problem, each Jacobian
matrix of the Newton equations can be written as the sum of a multilevel Toeplitz
plus a diagonal matrix and produced exactly in the code. Numerical tests with a
population dynamics problem show that the proposed approach is fast and reliable
with respect to standard direct, unpreconditioned, multilevel circulant/Toeplitz and
ILU preconditioned iterative solvers.
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1 Introduction and Rationale

Recently there has been a great deal of interest in the scientific community concern-
ing theoretical aspects of the fractional calculus and its applications to modelling
anomalous diffusion. Fractional derivatives are becoming widely used and accepted
in models of diffusion-type processes where the underlying particle motion deviates
from Brownian motion. Here we concentrate on semilinear space—time fractional
reaction—diffusion equations, i.e., fractional reaction—diffusion partial differential
equations where the nonlinearity of f is only in the reaction term such as

Uy L a1, fe0.2)
are ~ T T gy T gpypp T AT o (1)
u(x,y,0) =up(x,y)), (x,y) € £2,
ux,y, 1) =0, (x,y) €938, t >0,
0*u . . ..
where 950 is the Caputo fractional derivative of order «
3%u 1 toum(g)
e d N - 1, ’
o = Fn—a) Jy (t —pyett-m@e @€ m—1.m)
with I"(z) the Euler Gamma function, and
3ﬁu(x, ) 1 +00 » +00 )
Y= / ol / u(n. y)esrdn | dg )
d|x|? 27 J —o0

is the Riesz fractional derivative in space relative to the space variable x. A similar
expression is obtained for y.

To advance the solution in (fractional) time, we use fractional linear multistep
formulas proposed in [19].

The solution of the Newton equations at each step, needed to advance the
candidate approximate solution in (fractional) time, requires solving sequences of
large and dense linear systems because of the fractional operators in space. Because
of the quasilinearity of the problem, each Jacobian matrix of the Newton equations
can be written as the sum of a multilevel Toeplitz T plus a diagonal matrix D and
here is easily computed exactly. The above-mentioned explicit Toeplitz structure is
essentially used for the analysis of the spectrum of the eigenvalues of the Jacobian
matrices. Note that there exist no fast direct solvers for solving Toeplitz (multilevel
or not) plus diagonal (T + D)x = b because the displacement rank of the matrix
T + D can take any value between 0 and n. Hence, fast Toeplitz solvers that are
based on small displacement rank of matrices cannot be applied. Given a vector
v and a Toeplitz matrix 7', the product (T" + D)v can be computed in O (nlogn)
operations. In fact, T v can be obtained by FFTs by first embedding 7 into a
2n-by-2n circulant matrix; see Strang [27]. Thus Krylov iterative methods such as
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the conjugate gradient or BiCGstab can be employed for these linear systems. The
convergence rate of the conjugate gradient method depends on the spectrum of the
matrix T 4 D, see Golub and van Loan [15]. However, in general, the spectrum of
T, and hence of T + D, is not clustered, and hence the underlying Krylov method
converges slowly without preconditioning. For a short review on preconditioners for
Toeplitz plus diagonal matrices, see, e.g., [22] and the references therein.

In this paper we propose using the conjugate gradient and BiCGstab to solve the
sequence of the Newton equations with a preconditioner updating strategy for the
multilevel Toeplitz plus diagonal Jacobian matrices generated by the discretization
of (1) based on incomplete factorizations using inversion and sparsification of
incomplete LU factorizations with threshold. Some important computational aspects
of the latter have been recently analyzed in [11].

Here we also add comparisons with standard direct, unpreconditioned, fixed
multilevel Toeplitz-like and ILU preconditioned iterative solvers. In particular, for
experiments performed with multilevel BCCB circulant (BCCB stands for block
circulant with circulant blocks; see [21] for more details on multilevel Toeplitz and
circulant matrices) and multilevel Toeplitz approximations, our unstructured but
localized updates appear faster and more reliable than the structured ones for the
linear systems of the Newton equation for problem (1), including the approximate
inverse of a multilevel circulant plus diagonal as a preconditioner for 7 + D
proposed in [22].

Among the other papers concerning numerical integration of nonlinear fractional
partial differential equations, we mention [12, 20, 26], but they do not consider
preconditioner updates and are focused on integer partial derivatives in time only.
In [12], a semilinear fractional partial differential equation from optimal control is
considered with an approximate inverse preconditioner but with no updates because
it is not necessary there.

2 Fractional Linear Multistep Formulas or FLMMs

An elegant and effective strategy for obtaining fractional linear multistep methods
from linear multistep methods for ordinary differential equations was proposed
in [19]. The key aspect of these schemes is the approximation of the Riemann—
Liouville integral in the definition of the Caputo derivatives. This means establishing
a convolution quadrature formula

IFu(t,) = h* an_ju(tj) + h® Z wy, ju(t;), 3

j=0 j=0

on the uniform grid {#,}, = {n h}, for h > 0, where the weights w, and w,_; do not
depend on &, moreover, the parameter s < n, i.e., the number of starting weights,
is selected to take into account the singular behavior of integrated quantities in the
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origin, see [13] . As discussed in [18, 29], the weights {w,}, for the ordinary case
with ¢ = 1, i.e., the case of a derivative of order one in time, can be computed as
the coefficients of the formal power series:

+00 .
00 = Yo", o) =00,

where o (¢) and p(¢) are the characteristic polynomials of the linear multistep
method. In [19], the extension for the fractional differential equations is obtained
through the use of the new generating function wy, (¢):

_+OO . B o(l/;) o
@)= ont"s  wa@={ ) )

Methods of this kind are called fractional linear multistep methods (FLMMs), and
when applied to fractional problems such as

0%u(x, )
asa = f(x,t,u), x,1) € Q= £ x (0, T],
+Boundary Conditions, (x,1) e ¥ =082 x (0, T], o)

+m Initial Conditions {u(k) (x)}k g-meN, m—1<a=<m,

where among the arguments of the (nonlinear) function f there can be fractional
partial differential equations, we get

m—1
k
u<">=Zk' g>+hazwn,f(x t,,u(f))—i-h"‘an if&tud). (6)
k=0 j=0 Jj=0

Theorem 1 ([19]) Let (p, o) denote the characteristic polynomials of an implicit
linear multistep method which is stable and consistent of order p. Assume that
the zeros of o(¢) have absolute values less than 1. If wy(¢), given by (4),
denotes the generating power series, then the corresponding convolution quadrature
formula (3) is convergent of order p.

Now, let us assume that p is the order of convergence of the method. The starting
weights w, ; which are needed to deal with the singular behavior of the solution
at the left end point of the time-integration interval are selected as in [13] by
imposing (3) exact for the function " and v € &/, 1 U{p —1} = {v € R :
v=i+jo,i,je{0,1,2,...}, v < p—1}U{p — 1}. Since we focus on methods
of order p = 2, then we need to solve a system of s + 1 linear equations at each step
n, where s is the cardinality of @7, i.e., s = [é 1, given by

) n
'wv+1)
LV Y V4o
E Wp,j] = E_Own—jj +F(v+1+a)n , v e U{l}
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As discussed in [13, 14], in this case we have a mildly ill-conditioned Vandermonde
system of reasonably small size (see [14, Section 6.2]), whose solution can be faced
analytically. For more general cases and higher orders p, we refer to the analysis
in [13]. The initialization step for (6) requires the knowledge of the first s + 1
approximations u®, ..., u® of the solution. Usually problems (5) come with only
the value of u'®, thus the remaining s values u'", ..., u®® need to be evaluated
in other ways. By using the same method, one needs to solve the nonlinear system
of size sN, where N is the size of the discretized system of nonlinear fractional
differential equations (or FDEs for short):

rm—1 k -
5
kO
0 k=0 o N
u m=1 .k . (w1 + w1,0) f (X, 19, u'”) fx 11, uD)
v 2 o (@2 + w2,0) f (. 10, u®) fx 12,u?)
=i | : ey . NG
u m=1 :k (@ +ws.0) f (%, 70, u®) [ 15, u")
Z ls (o
k1O
L k=0 i
where
wol wi il wipl ..owy gl
w1l wol wo 1l waal ... wal
B = ) o n . .
ws—1I ws—2I ... wol we 1l weal ... owg sl

If M is the number of time steps, i.e., h = T /M, then the computational tasks we
need to face for applying these methods to (5) are

1. M solutions of the Vandermonde linear systems of size s + 1 for the computation
of the starting weights {w,,_ ;};

2. one solution of the nonlinear system (7) computing the initial approximations
u(l), R u(s);

3. M solutions of the nonlinear system given by the quadrature rule (6) for
advancing the solution in time; and

4. computing the lag term in the quadrature rule (6), i.e., the term

n—1
an—jf(X, tj,ut)
Jj=0
accounting for the “memory” of the time fractional partial derivative.

The computation of the initial weights, i.e., the solution of the Vandermonde linear
systems, does not present any particular challenge in our setting since its dimension
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is usually reasonably small (p = 2 and o € (0, 2)). In general, the underlying
computational cost depends linearly on the cardinality of the set <7,_; and thus
on both the order p of the method and the order « of the fractional derivative, we
refer to [13] for the treatment of these cases. On the other hand, the computation
of the lag term can become increasingly expensive if the number of time steps M
becomes large: this represents a critical bottleneck for all these methods. Using the
implementation in [14] we perform this task by the O (M log(M)?) FFT algorithm
in [16], thus reaching a reasonable cost. In Sect. 3, we focus on the solution of the
sequence of nonlinear systems needed to advance in time (6).

3 Preconditioning the Linear Systems of the Newton
Iterations

At each time step we need to solve the nonlinear system (6) that can be restated into
the form:

u® = 2" + W f (x, 1, u™),

where both 2™ and wg do not depend on u. This task is equivalent to find a zero
of the function

Fu) = z™ +h%wf (X, t,,u) —u=0
and can be faced by means of the usual Newton iteration in the following form:

T R
n — n n
dk :—JF (uk )F(uk ) |
= (I — haa)()]f(X, tn, u](cn))) F(u/(cn))’
ll(()n) — u(nfl)’

®)

until the stopping criteria on either the norm of ||d,({") 2 or | F (u,(cn)) |2 are satisfied.

To shorten the notation, sometimes we write Jg for Jg (u,((")).

The nonlinear system (7) for the initialization phase can be solved similarly. In
the cases of interest « is usually either in (0, 1) orin (1, 2), thus the solution of (7) is
not computationally expensive and can be faced efficiently with a Newton—Krylov
method with a frozen (i.e., computed once and then used for all systems in the
underlying sequence of the Newton linear equations) ILUT preconditioner. See,
e.g., [25] for details on ILUT preconditioners. Therefore, we do not discuss this
issue anymore.
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In order to update the Newton steps (8), we need to solve a sequence of linear
systems with matrices given by

Jr@) = I — h¥woJ £ (X, 1y, "),

where, other than h%wy, the only term that can change is a diagonal matrix inside
the Jacobian J¢ and thus JF can be written as

Jr@) = I — h%w0J (X, 1y, u") = A + D(X, tn, u\"), )

where A is a constant nonsingular matrix whose spectrum of eigenvalues is in the
right half complex plane, in particular, in the case of Equation (1), matrix A contains
the discretization of the linear part, i.e., the discrete representation of the fractional
operator

RL: RL:
alxlf T alyls’

while D is the diagonal matrix accounting for the Jacobian of the function g(-).
In the following, we denote with J, (1) the Jacobian matrix of the function g(u)
in (1).

Theorem 2 Let J,(u) have eigenvalues with nonpositive real part. Then, the
Jacobian matrix Jr(-) in (8) has all eigenvalues in the right half plane and thus
it is nonsingular.

Proof Follows from (9) and by the definition of f in (1) by recalling that # and wg
are positive values.

Corollary 1 Let J¢(u) be symmetric and nonnegative definite. Then, the Jacobian
matrix Jr (+) in (8) is positive definite and thus it is nonsingular.

Proof Follows from (9) by recalling that 4 and wy are positive values.

In particular, the test problems in Sect.4, based on the Riesz fractional deriva-
tives (2), generate real symmetric and negative definite matrices Jy and therefore
a nonsingular Jacobian matrix by Corollary 1, i.e., we easily find that the problems
in Sect. 4 generate real, symmetric, and positive definite Jacobian matrices (and a
nonsymmetric one but only in the setup phase (7)).

Remark 1 Under the assumptions in [10, Section 3.5.1], based mostly on the results
in [17], in particular that the underlying matrices and their inverses are bounded in
£2(K) for K = Z or N, we can prove that there is a decay of the entries along the
main diagonal for all the Jacobian matrices generated by the discretization of the
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Fig. 1 Decay pattern of the reference Jacobian Jru©@) and of its inverse J r l(u(o)) for the
problem described in Sect. 4

semilinear fractional partial differential equation (1) and, more interesting, for their
inverses, i.e., we can write something like this:

Ir € (0,1), suchthat (|J;'()Di; < COAI—IN

The claim is confirmed by numerical experiments, see Fig. 1. Unfortunately, without
some restrictive assumptions, the parameter C that is dependent on £ can be large
and increases by decreasing &, while A € (0, 1) can be very near one in general.

The topic in Remark 1 is actually under investigation for some classes of nonlinear
problems and will be considered in a future work.

These properties suggest that a sparse approximate inverse preconditioners in
factored form can be appropriate for approximating the (dense) Jacobian matrix Jr.

By some numerical experiments, we can immediately observe that, in order to
solve the linear systems of the underlying Newton steps by an iterative method
faster than a direct solver, we need preconditioning. In order to build efficiently a
sequence of preconditioners for (9), we start by considering approximate inverse
preconditioners in factored form. The latter have been proved to be fast and reliable
and well suited for various parallel computing paradigms; see, e.g., [3] and [11] for
some recent notes on the implementation and computational cost analysis.

Let us write a sparse approximation of the inverse of A in factored form

A '~ zDp 'wT,

where the matrices Z and W are lower triangular. If A is real, symmetric, and
definite, then W = Z.
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Among reliable algorithms for computing an approximate factorization of the
inverse of the underlying matrices, we mention:

e the AINV techniques, see, e.g., [3—-0, 11], based on a biconjugate Gram—
Schmidt process (conjugate with respect to the bilinear form associated with the
underlying matrix). Sparsity in the inverse factors is obtained by carrying out
biconjugation process incompletely;

* the inversion-and-sparsification technique considered in [10, 11, 28], or INVT
for short, based on computing and inverting an incomplete LU decomposition (or
ILUT for short, where the final T stands for ILU with threshold) with a process
of sparsification during the inversion process for the factors of the ILU.

We recall that there exist stabilized algorithms for computing approximate
inverses for nonsymmetric matrices that are less prone to breakdowns than others;
see [3, 6]. Indeed, we stress that in general incomplete factorizations (ILUs; see [25])
are not guaranteed to be nonsingular also for positive definite matrices. This issue
holds also for efficient inverse ILU techniques, i.e., approximations of the inverse
matrix generated by sparsification and inversion of an ILU algorithm; see [11, 28].
However, for our tests, both the above-mentioned approaches are efficient and
reliable.

To avoid recomputing a new preconditioner from scratch for each value of
the parameters and for each value of the approximate solution in (9), we adapt
the approximate inverse preconditioners updating framework devised for sparse
matrices in [2, 7, 9, 10] even if here the matrices are dense. The property that
permits us to produce and use effective sparse approximations for dense matrices
(the inverses of the Jacobians Jr) is the decay of the entries of the underlying
matrices observed in Remark 1.

The overall strategy is the following: once an approximate inverse factorization
Jo for Jp(u©) is generated as

' =zp'wT,
then by writing each Jr (u(k)), fork > 1, as

Jr@®) = 7p@®) — Jr@®) + Jr@©®)
=Jr@) +4;, A2 Tp®) — Jr©),

we build the updated preconditioner for Jz (u®) at step k, denoted J to shorten the
notation, by using the one produced for J(;1 as

Pl =z +E)'WI 2 J7Y B2 W AZ), (10)
where g is a sparsification function, e.g., a function that extracts some banded

approximation of its matrix argument. Note that g can also be chosen to produce
a structured approximation of its arguments. A convergence analysis can be found
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in [10, Section 3.6.1] where there is also a strategy to approximate the matrix value
g(WT A, Z) without computing the matrix—matrix product W7 A;Z. When A is
symmetric, all reasonings above repeat with W = Z.

Techniques with more than one reference matrix have been devised in [8, 10] by
means of matrix interpolation.

4 Numerical Experiments

The preliminary experiments presented here are performed on a laptop running

Linux with 8 Gb memory and CPU Intel® Core " i7-4710HQ CPU with clock
2.50 GHz, while the GPU is a NVIDIA GeForce GTX 860M. The scalar code is
written and executed in MATLAB R2016b, while for the GPU we use C++ with
Cuda compilation tools, release 7.5, V7.5.17 and the CUSP library v0.5.1 [1]. The
code for FLMM from [14] is used as outer framework for the updating strategy.

4.1 A Time-Fractional Biological Population Model

We consider the following space—time fractional partial differential equation [24]:

0“u _ 9Pu n 9Pu
e d|x|P " BlylP
u(x,y,0) =up(x,y)), (x,y) € £2,

u(xsyst):()v (X,y)ea.Q,t>O,

+g), (x,y) e 2,t>0,
(11)

wherea € (0,1),8 € (1,2);8(u) =h u‘}(l —r u)b represents the balance between
birth and death in the population # on the domain £2.

We semidiscretize in space equation (11) in the domain £2 = [a, b] X [c, d] on
the grid

. . b—a d —c NV
(xi,yj))=(a+Axi,c+ Ay j) : Ax = , Ay =

N, Ny Sz

with the usual notation u; ; = u(x;, y;), g,; = g(u; ;) and using the fractional
centered derivatives discretization for the Riesz derivative [23] from equation (2),
we find:

XAi‘a

D cuulx —kAx,y) + 0(AxD),

=t (12)
_ (=DEr(B+1)
TrBR2—k+1D)ICBR2+k+1)

Fux,y)y 1
IxiB T AxP
k

Sk
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and similarly for 8%u(x,y)/d|y|?. To apply the Newton method, we need to
compute the Jacobian of the function

xj—a yj—¢
Ax Ay

. 1 1
(f(w);; = AP Z gku(x—kAx,y,/)+Ayﬁ Z Sku(xi, y —kAy) | + gi,j»

_ b=x; d—y;
k=— Ax k=— A)VJ

fori =0,...,Nyand j =0,..., Ny, thatis given by
Jr) = AxPTO @1+ Ay P10 TP + J, (), (13)

where the entries of the Toeplitz matrices 7" and T® come from the coefficients
of the discretization in (12), and J, is the Jacobian of the function g(u) satisfying
Theorem 2 as well.

Lemmal If Ax = Ay = A and B € (1, 2), then the sequence of matrices {TV) ®
I+1QT®) N, is a two-level Toeplitz matrix sequence with generating function

15(01,62) = N ((em‘ — TP 4 (it e—iez)ﬂ) .

Proof Matrices TV = T® are symmetric negative definite Toeplitz matrices
whose coefficients are defined by (12). Moreover, {¢x}x € 2!, since

1|r 1
‘ B+ )‘fork—>+ooandﬁe(l,2),

ISkl ~ | piep

i.e., we have convergence by comparing asymptotically with an absolutely
summable series. Finally, tg(01,6>) generates the matrix sequence by direct
inspection of the coefficients ¢; that are the Fourier coefficients of the function
R((e — e~11)B).

Proposition 1 If Ax = Ay = Aand B € (1,2), then the matrix A in (9) is given by
hO(
A=1— Aﬂwo(T(l) @I+1®T?),

and it is symmetric and positive definite.

Proof The proof is straightforward by using Lemma 1 and recalling that all
coefficients 1, A, wy are positive.

For the source term g(u), we selecta = —1, b= 1, h =3, and r = 0.25, while
the initial data is given by

2

x2 y
uop(x,y) =+/hr +hr- +y+5,

4 4
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with the same choice of & and r, the fractional order of derivative in space is 8 =
1.5, and the domain is £2 = [—1, 1]2.

In Table 1 we report the total number of matrix—vector products (Av), the number
of nonlinear iterations (N'T) (equal to the total number of linear system solved
here), the average number of matrix—vector products for each linear system (Av?'&"),
and the timings in seconds. The iterative methods considered are BiCGstab for the
initialization steps of (7) because the related linear systems are nonsymmetric, and
the conjugate gradient (or CG for short) for solving the Newton linear systems (8)
that are symmetric and positive definite for our problems. The updated INVT
preconditioners used with CG to solve linear systems in (8) are built by using only a
diagonal correction from a reference preconditioner with tolerances t; = le — 3 for
the ILUT phase and tz = le — 1 for the inversion phase, respectively. We compare
the performances of the underlying approach with the built-in Matlab’s direct solver
“\,” with the nonpreconditioned BiCGstab/CG and BiCGstab/CG preconditioned
by recomputing an ILUT incomplete factorization for all systems from scratch with
threshold (drop tolerance) t;, = le—2. It is intended that when the underlying linear
systems are symmetric, then the symmetric versions of the incomplete factorizations
are used even if we write ILU/ILUT, etc., and that the drop tolerances used are those
that give among the best possible performances. Moreover, we report also tests with
a block circulant with circulant blocks preconditioner with Strang’s approximation
(see, e.g., [21] for details on this approach) recomputed for each linear system
because keeping the preconditioner fixed delays sensibly the convergence to the
prescribed accuracy. A T is reported when the method fails to achieve convergence.

The three fractional quadrature formulas generated by the following second
order methods are tested: fractional trapezoidal rule, Newton—Gregory, and BDF2
formulas. We do not show the results with the frozen ILUT/ILUT(/) preconditioners
(the ILUT computed once and then reused for all experiments, also with [ level of
fill-in dropping; see, e.g., [25]) because they give unreliable results due to an erratic
convergence behavior for some tests.

From the reported experiments and from others performed and not shown, we
can draw some final comments:

e The iterations using preconditioners computed by our updating strategy are
always faster (and much less memory consuming) than the built-in Matlab’s
solver, unpreconditioned and ILU/ILUT- and BCCB-preconditioned iterations.

*  We can observe a clustering effect around the unity for the eigenvalues produced
by our updated preconditioners such as the sample in Fig. 2.

» The Matlab direct solver cannot be used for large problems because it gives out
of memory error quite soon.

* The updated preconditioners based on INVT (inversion and sparsification) are
reliable and slightly faster than those based on AINV [4-6, 11]. On the other
hand, we observed experimentally that the latter are optimal with respect to the
discretization, i.e., the number of the underlying preconditioned iterations does
not increase refining the mesh. Moreover, AINV can give better performances
when used in a GPU environment, see [11].
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Fig. 2 Comparisons of the spectra for the seed Jacobian, its preconditioned version (a) and of
the Jacobian for a matrix of the sequence (13) with the updated preconditioner (b). The seed
preconditioner is computed with a drop tolerance T = le — 3 for the problem with N = 40,
M = 400, and ¢ = 0.4 using the trapezoidal method. To update the underlying preconditioners,
the function g in (10) extracts only the main diagonal of its matrix argument
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Using a multilevel circulant preconditioner gives timings worse than ours and
sometimes much worse if the preconditioner is recomputed for each system.
Adapting the updating circulant plus diagonal preconditioners discussed in [22],
even if it is very interesting and fast, is not beneficial here because of two main
reasons: The function generating the Jacobian matrix Jr is bivariate and the
multilevel circulant preconditioner is not optimal for the differential part of the
problem. The interpolation used in the approach in [22] works very well for
univariate functions and it is essentially linear while the problems considered
here are not.
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A Nuclear-Norm Model for Multi-Frame )
Super-Resolution Reconstruction s
from Video Clips

Rui Zhao and Raymond HF Chan

Abstract We propose a variational approach to obtain super-resolution images
from multiple low-resolution frames extracted from video clips. First the displace-
ment between the low-resolution frames and the reference frame is computed by an
optical flow algorithm. Then a low-rank model is used to construct the reference
frame in high resolution by incorporating the information of the low-resolution
frames. The model has two terms: a 2-norm data fidelity term and a nuclear-norm
regularization term. Alternating direction method of multipliers is used to solve the
model. Comparison of our methods with other models on synthetic and real video
clips shows that our resulting images are more accurate with less artifacts. It also
provides much finer and discernable details.

Keywords Image processing - Super-resolution - Low-rank approximation

1 Introduction

Super-resolution (SR) image reconstruction from multiple low-resolution (LR)
frames has many applications, such as in remote sensing, surveillance, and medical
imaging. After the pioneering work of Tsai and Huang [28], SR image reconstruc-
tion has become more and more popular in image processing community, see,
for example, [3, 8, 10, 12, 19, 25-27]. SR image reconstruction problems can be
classified into two categories: single-frame super-resolution (SFSR) problems and
multi-frame super-resolution (MFSR) problems. In this paper, we mainly focus on
the multi-frame case, especially the MFSR problems from low-resolution video
sequences. Below, we first review some existing work related to MFSR problems.
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Bose and Boo [3] considered the case where the multiple LR image frames
were shifted with affine transformations. They modeled the original high-resolution
(HR) image as a stationary Markov—Gaussian random field. Then they made use
of the maximum a posteriori scheme to solve their model. However, the affine
transformation assumption may not be satisfied in practice, for example, when there
are complex motions or illumination changes. Another approach for SR image
reconstruction is the one known as patch-based or learning-based. Bishop et al.
[2] used a set of learned image patches which capture the information between
the middle and high spatial frequency bands. They assumed a priori distribution
over such patches and made use of the previous enhanced frame to provide part of
the training set. The disadvantage of this patch-based method is that it is usually
time consuming and sensitive to the off-line training set. Liu and Sun [18] applied
Bayesian approach to estimate simultaneously the underlying motion, the blurring
kernel, the noise level, and the HR image. Within each iteration, they estimated the
motion, the blurring kernel, and the HR image alternatively by maximizing a pos-
teriori, respectively. Based on this work, Ma et al. [20] tackled motion blur in their
paper. An expectation-maximization (EM) framework is applied to the Bayesian
approach to guide the estimation of motion blur. These methods used optical flow
to model the motion between different frames. However, they are sensitive to the
accuracy of flow estimation. The results may fail when the noise is heavy.

In [6], Chan et al. applied wavelet analysis to HR image reconstruction. They
decomposed the image from previous iteration into wavelet frequency domain and
applied wavelet thresholding to denoise the resulting images. Based on this model,
Chan et al. [7] later developed an iterative MFSR approach by using tight-frame
wavelet filters. However, because of the number of framelets involved in analyzing
the LR images, the algorithm can be extremely time consuming.

Optimization models are one of the most important image processing models.
Following the classical ROF model [24], Farsiu et al. [11] proposed a total
variation-/; model where they used the /; norm for the super-resolution data fidelity
term. However, it is known that TV regularization enforces a piecewise solution.
Therefore, their method will produce some artifacts. Li et al. [16] used /; norm of the
geometric tight-framelet coefficients as the regularizer and adaptively mimicking /;
and /> norms as the data fidelity term. They also assumed affine motions between
different frames. The results are therefore not good when complex motions or
illumination changes are involved.

Chen and Qi [9] recently proposed a single-frame HR image reconstruction
method via low rank regularization. Jin et al. [14] designed a patch-based low rank
matrix completion algorithm from the sparse representation of LR images. The
main idea of these two papers is based on the assumption that each LR image is
downsampled from a blurred and shifted HR image. However, these works assumed
that the original HR image, when considered as a matrix, has a low rank property,
which is not convincing in general.

In this paper, we show that the low rank property can in fact be constructed
under MFSR framework. The idea is to consider each LR image as a downsampled
instance of a different blurred and shifted HR image. Then when all these different
HR images are properly aligned, they should give a low rank matrix; therefore, we
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can use a low-rank prior to obtain a better solution. Many existing works assume
that the shift between two consecutive LR frames is small, see, e.g., [1, 11, 22, 30,
31]. In this paper, we allow illumination changes and more complex motions other
than affine transformation. They are handled by an optical flow model proposed in
[13]. Once the motions are determined, we reconstruct the high-resolution image by
minimizing a functional which consists of two terms: the 2-norm data fidelity term
to suppress Gaussian noise and a nuclear-norm regularizer to enforce the low-rank
prior. Tests on seven synthetic and real video clips show that our resulting images
are more accurate with less artifacts. It can also provide much finer and discernable
details.

The rest of the paper is organized as follows: Section 2 gives a brief review
of a classical model on modeling LR images from HR images. Our model will be
based on this model. Section 3 provides the details of our low-rank model, including
image registration by optical flow and the solution of our optimization problem by
alternating direction method. Section 4 gives experimental results on the test videos.
Conclusions are given in Sect. 5.

To simplify our discussion, we now give the notation that we will be using in the
rest of the paper. For any integer m € Z, I, is the m x m identity matrix. For any
integer [ € 7 and positive integer n € Z™, there exists a unique 0 < T < n such that
T=1 mod n. Let N, (I) denote the n x n matrix

Na(l) = [2’"07} . (1)
l

For a vector f € R", N, (I)f is the vector with entries of f cyclic-shifted by /.
Define the downsampling matrix D; and the upsampling matrix DiT as

Diin)y=1,®e and D] (n) =1, ®e;, i =0, 1, 2)

where ey = [1, O]T, e; = [0, l]T, and ® is the Kronecker product. For 0 < e < 1,
define T}, (¢) to be the n x n circulant matrix
l—e € --- 0
0 l—e€'.
Le=| . ¢ : 3)
: .. €
€ - 0 1—€
This matrix performs the effect of linear interpolation shifted by e.
For a matrix X, xn, the nuclear norm | - ||« of X,uxn is given by

.
X mn I =D loil,

i=1

where o;,i = 1,2, .-, r are singular values of X, xn.
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2 Low-Resolution Model with Shifts

Consider a LR sensor array recording a video of an object. Then it gives multiple LR
images of the object. Unless the object or the sensor array is completely motionless
during the recording, the LR images will contain multiple information of the object
at different shifted locations (either because of the motion of the object or of the
sensor array itself). Our problem is to improve the resolution of one of the LR
images (called the reference image) by incorporating information from the other
LR images.

Let the sensor array consist of m x n sensing elements, where the width and the
height of each sensing element are L, and L, respectively. Then, the sensor array
will produce an m x n discrete image with mn pixels, where each of these LR pixels
is of size L x L. Let r be the upsampling factor, i.e., we would like to construct an
image of resolution rm x rn of the same scene. Then the size of the HR pixels will
be Ly/r x Ly/r. Figure 1a shows an example. The big rectangles with solid edges
are the LR pixels and the small rectangles with dashed edges are the HR pixels.

Let {g; € R™*", 1 < i < p} be the sequence of LR images produced by the
sensor array at different time points, where p is the number of frames. For simplicity
we let go be the reference LR image which can be chosen to be any one of the
LR images g;. The displacement of g; from the reference image g¢ is denoted by
(ef L, eiy Ly), see the solid rectangle in Fig. 1a labeled as g;. For ease of notation,
we will represent the 2D images g;, 0 < i < p, by vectors g; € R™" obtained by
stacking the columns of g;. We use f € R" *mn 1o denote the HR reconstruction of 80
that we are seeking.

We model the relationship between f and gy by averaging, see [3, 8]. Figure 1b
illustrates that the intensity value of the LR pixel is the weighted average of the

HR pixel (Dashed Rectangle) LR pixel (Solid Rectangle) HR pixel (Dashed Rectangle) LR pixel (Solid Rectangle)
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Fig. 1 LR images with displacements. (a) Displacements between LR images. (b) The averaging
process
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intensity values of the HR pixels overlapping with it. The weight is precisely the
area of overlapping. Thus, the process from f to each of the LR images g; can be
modeled by [8]

g =DKAf+mn;, i=12--,p, S

where D = Do(n)®@Do(m) € Rmnxr2mn i the downsampling matrix defined by (2);
K e REmnxrimn g he average operator mentioned above; A; € R’ Zmnxrmn i
the warping matrix which measures the displacement between g; and go; and n; is
the additive unknown noise. In this paper, we assume for simplicity that the noise
is Gaussian. Other noise models can be handled by choosing suitable data fidelity
terms.

The warping matrix A;, 1 < i < p, is to align the LR pixels in g; at exactly
the middle of the corresponding HR pixels in f, exactly like the gy is w.r.t fy in
Fig. 1b. Once this alignment is done, the average operator K, which is just a blurring
operator, can be written out easily. In fact, the 2D kernel (i.e., the point spread
function) of K is given by vv!, where v = [1/2,1,...,1, 1/2]T with (r — 1) ones
in the middle, see [3]. The A; are more difficult to obtain. In the most ideal case
where the motions are only translation of less than one HR pixel length and width,
A; can be modeled by A; = T,(€¢') ® Ty (el.y), where T, (€' )and Ty, (elfv) are the
circulant matrices given by (3) with (ef Ly, elfv L) being the horizontal and vertical
displacements of g;, see Fig. 1a and [8]. In reality, the changes between different LR
frames are much more complicated. It can involve illumination changes and other
complex non-planar motions. We will discuss the formation of A; in more detail in
Sects. 3.1 and 3.3.

3 Nuclear-Norm Model

Given (4), a way to obtain f is to apply least-squares. However, because D is
singular, the problem is ill-posed. Regularization is necessary to make use of some
priori information to choose the correct solution. A typical regularizer for solving
this problem is total variation (TV) [24]. The TV model is well known for edge
preserving and can give a reasonable solution for MFSR problems. However, it
assumes that the HR image is piecewise constant. This will produce some artifacts.

Instead we will develop a low-rank model for the problem. The main motivation
is as follows: We consider each LR image g; as a downsampled version of an HR
image f;. If all these HR images f; are properly aligned with the HR image f, then
they all should be the same exactly (as they are representing the same scene f). W;
is the alignment matrix that aligns f; with f. For example, if p = 2, and

a
fi=|b). =],
c d
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010 100
W1_<001)’W2_<010)’

then we can let

thence
Wit = <b> = Whi5.
c

In general, [Wif, Wafs, ..., Wpf,] should be a low-rank matrix (ideally a rank 1
matrix). Thus, the rank of the matrix can be used as a prior.

In Sect. 3.1, we introduce our low-rank model in the case where the LR images
are perturbed only by translations. Then in Sect. 3.2, we explain how to solve the
model by the alternating direction method. In Sect. 3.3, we discuss how to modify
the model when there are more complex motions or changes between the LR frames.

3.1 Decomposition of the Warping Matrices

In order to introduce our model without too cumbersome notations, we assume
first here that the displacements of the LR images from the reference frame are
translations only. Let s L, and sl.y L be the horizontal and vertical displacements of
gi from go. (How to obtain s and s; will be discussed in Sect. 3.3.) Since the width
and height of one HR pixel are L, /r and L, /7, respectively, the displacements are
equivalent to rs7 HR pixel length and rsl.y HR pixel width. We decompose rs; and
rs; into the integral parts and fractional parts:

rst =18+ €, rsi =1 +¢, Q)

where lfandll.y are the integers and 0 < €', ¢ < 1. Then the warping matrix can
be decomposed as

A; = C;B;, (6)

where B; = N, (I') ® Ny, (ll.y) is given by (1) and C; = T,,(€]) ® Ty, (eiy) is given
by (3) [6]. Thus, by letting f; = B;f, 1 <i < p, (4) can be rewritten as

g =DKCfi+mn;,i=12,---,p. @)

As mentioned in the motivation above, all these f;, which are equal to B;f, are
integral shift from f. Hence, if they are aligned correctly by an alignment matrix W;,
the overlapping entries should be the same. Figure 2 is the 1D illustration of this
idea. W} is the matrix that aligns f; with f (in the x-direction) and the dark squares
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Fig. 2 1D signals with integer displacements

are the overlapping pixels and they should all be the same as the corresponding
pixels in f.

Mathematically, W; is constructed as follows: Given the decomposition of rs7
and rs; in (5), let I = max;{0, )}, [ = max;{0,/;} and [* = max;{0, —[]},
I = max;{0, —'}. Then

Wi=W'® Wl-y , (8)
where
Opx g
X
Wl‘ = Irn—li—lf ,
i Opx 1
O
y
Wi - Irm—li—l{
0 , ,
L 2+

Note that W; nullifies the entries outside the overlapping part (i.e., outside the dark
squares in Fig. 2).

Ideally, the matrix [Wif;, Waf, - - -, W, £, ] should be a rank-one matrix as every
column should be a replicate of f in the overlapping region. In practice, it can be of
low rank due to various reasons such as errors in measurements and noise in the
given video. Since nuclear norm is the convexification of low-rank prior, see [5],
this leads to our convex model

. (R
(i ol Wik, Wabs, o Wyl +, 3 llgi = DKCifi 3, ©)
1 £y _
i=1
where || - ||« is the matrix nuclear norm and « is the regularization parameter. We

call our model (9) the nuclear-norm model. We remark that here we use the 2-norm
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data fidelity term because we assume the noise is Gaussian. It can be changed to
another norm according to the noise type.

3.2 Algorithm for Solving the Nuclear-Norm Model

We use alternating direction method of multipliers (ADMM) [4] to solve the
nuclear-norm model. We replace {W; f,~}f:1 in the model by variables {hi},p:y Let
H=T[h;,hy,--- h,] F = (f1, £, -, fp], and WF = [Wif, Wpfp, -+, Wpfp].
The augmented Lagrange of model (9) is

1 P
Lop(H, F, A) =a|H|«+ > llg — DKCifi|3
2 i=1

p
1
+ ;mi, hi — Wifi) + ) IH — WF|%,
where A = [Ay, A3, ---, Ap] is the matrix of Lagrange multipliers, || - || # is the

Frobenius norm, and p is an algorithm parameter.

To solve the nuclear-norm model, it is equivalent to minimize .%,,, and we
use ADMM [4] to minimize it. The idea of the scheme is to minimize H and F
alternatively by fixing the other, i.e., given the initial value F°, A°, let H**! =
argming Ly, (H, F¥, A%) and F*! = argming Z,,(H*!, F, A¥), where k is
the iteration number. These two problems are convex problems. The singular value
threshold (SVT) gives the solution of the H-subproblem. The F-subproblem is
reduced to solving p linear systems. For a matrix X, the SVT of X is defined to be

SVT,(X) =Ux}vT,

where X = UX VT is the singular value decomposition (SVD) of X and El‘f =
max{X — p, 0}. We summarize the algorithm in Algorithm 1. It is well-known that
the algorithm is convergentif p > 0 [4].

In Algorithm 1, the SVT operator involves the SVD of a matrix W F¥ — Ak,
Its number of column is p, the number of LR frames, which is relatively small.
Therefore, the SVT step is not time consuming. For the second subproblem, we
need to solve p linear systems. The coefficient matrices contain some structures
which help accelerating the calculation. The matrices D’ D and Wl.T W; are diagonal
matrices, while K and C; can be diagonalized by either FFT or DCT depending on
the boundary conditions we choose, see [23]. In our tests, we always use periodic
boundary conditions.

In Algorithm 1, within each iteration, we should apply once singular value
decomposition to an 72mn x p matrix. The complexity of SVD is O (r’mnp?).
Then, we should solve p linear systems with r2mn equations. By using FFT, the
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Algorithm 1f < ({gi, Wi, Ci}, K, &, p, A%, FO)
for k=1,2,3,--- do
HM = SVT,, (W FF — p Ab);
fori =1topdo
M; = (DKC)" DKCi + | WI'W;;
i = (v~ ((DKCi)Tgi + Wl Af + /I;WiTth);
end for
Ak+1 — Ak 4 l(Hk-H _ WFk+l).
0 ;
end for
Output: f as the average of the columns of F¥.

complexity for this step is O (pr2mn log(r>mn)). Usually, log(r>mn) is larger than
p. Thence, the overall complexity for Algorithm 1 is O (pr>mnlog(r’>mn), where
m X n is the size of LR images; r is the upsampling factor; and p is the number of
frames.

3.3 Image Registration and Parameter Selection

In Algorithm 1, we assume that there are only translations between different LR
frames. However, there can be other complex motions and/or illumination changes
in practice. We handle these by using the local all-pass (LAP) optical flow algorithm
proposed in [13]. Given a set of all-pass filters {¢ j}yzo and ¢ := ¢o + 27;11 cjoj,

the optical flow .Z; of g; is obtained by solving the following problem:

min
{c1,en

| Y 1@ gk, ) — (@ % go)(k, DI,

U ker

where * is the convolution operator, R is a window centered at (x,y), and
¢_(k,1) = ¢(—k,—1). In our experiments, we followed the settings in the paper
[13],andlet N = 6, R = 16 and

K242
ok, 1) =e 2°, @ik, 1) =keo(k, D),
$a(k, 1) = lgo(k, 1), d3(k, 1) = (k> + 1> = 20)o(k, D),
palk, 1) = klgo(k, D), ¢s(k, 1) = (k> = )go(k, ),
where 0 = Rj{z and ¢ is supported in [—R, R] x [—R, R]. The coefficients c,
can be obtained by solving a linear system. The optical flow .#; at (x, y) is then
given by

2 ke ) 23 Lok,
///i(x,w:( 2kl D) 235 19k, ))’

Yuadk D) T X kD
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which can be used to transform g; back to the grid of go. In order to increase the
speed by avoiding interpolation, here we consider only the integer part of the flow.
Hence, we get the restored LR images

gi(-xvy):gi(['%i](xsy))s i:1721"'7p7 V(xsy)egv (10)

where [.#;] is the integer part of the flow .#; and £2 is the image domain.

The optical flow method can handle complex motions and illumination changes
and will restore the positions of pixels in g; w.r.t go. To enhance the accuracy of
the image registration, we further estimate if there are any translations that are
unaccounted for after the optical flow. In particular, we assume that g; may be
displaced from gg by a simple translation

ﬁ(x,y)=[ﬂ—[zfy] (11)

To estimate the displacement vector [s7, s; 17, we use the Levenberg-Marquardt
algorithm proposed in [15, 21], which is a well-known method for nonlinear least-
squares problems. It aims to minimize the squared error

EGg)= Y. [&(T@.y)— g P (12)

(x,y)ef2

The detailed implementation of this algorithm can be found in [8, Algorithm 3].
After obtaining [sl?‘, siy ], then by (6) and (8), we can construct the matrices C; and
W; for our nuclear-norm model (9).

Before giving out the whole algorithm, there remains the problem about param-
eters selection. There are two parameters to be determined: «, the regularization
parameter, and p, the algorithm (ADMM) parameter. We need to tune these two
parameters in practice such that the two subproblems can be solved effectively and
accurately. Theoretically, p will not affect the minimizer of the model but only the
convergence of the algorithm [4]. However, in order to get an effective algorithm,
it should not be set very small. For o, we use the following empirical formula to
approximate it in each iteration [16],

L~ 12X - DGR 13
”WlfI;a szka ) Wpf];)”* ’

where ff is the estimation of f; in the kth iteration. The formula may not give the
best « but can largely narrow its scope. We then use trial and error to get the best
parameter. We give out the full algorithm for our model below.
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4 Numerical Experiments

In this section, we illustrate the effectiveness of our algorithm by comparing it with
3 different variational methods on 7 synthetic videos and real videos. Chan et al.
[6] applied wavelet analysis to MFSR problem and then developed an iterative
approach by using tight-frame wavelet filters [8]. We refer their model as tight-
frame (TF) model. Li et al. [16] proposed the sparse directional regularization
(SDR) model where they used /1 norm of the geometric tight-framelet coefficients
as the regularizer and the adaptively mimicking /; and /> norms as the data fidelity
term. Ma et al. [20] introduced an expectation-maximization (EM) framework to
the Bayesian approach of Liu and Sun [18]. They also tackled motion blur in their
paper. We refer it as the MAP model. We will compare our Algorithm 2 (the nuclear-
norm model) with these three methods. The sizes of the videos we used are listed
in Table 1. The CPU timing of all methods is also listed. It shows that our method
is the fastest, with two exceptions (i.e., the “disk” video when » = 2 and the “text”
video when r = 2). For other instances, our model is the best. We marked the
fastest results with bold letters. These data show that, when dealing with small-size
images, the SDR model is the fastest. When the size of the images gets larger, our
nuclear-norm model is the fastest.

There is one parameter for the TF model—a thresholding parameter n which
controls the registration quality of the restored LR images g; (see (10)). If the PSNR
value between g; and the reference image go is smaller than #, it will discard g; in
the reconstruction. We apply trial and error method to choose the best 1. For the
SDR method, we use the default setting in the paper [16]. Hence, the parameters
are selected automatically by the algorithm. The TF model, the SDR model, and the
nuclear-norm model are applied to g;, i.e., we use the same optical flow algorithm
[13] for these three models. For the MAP model, it utilized an optical flow algorithm
from Liu [17]. Following the paper, the optical flow parameter « is very small. We
also apply trial and error method to tune it.

All the videos used in the tests and the results are available at http://www.math.
cuhk.edu.hk/~rchan/paper/super-resolution/experiments.html.

Algorithm 2 f < ({g;}, i0, K, A?, FO, «, p)

for i =0,1,2,---p do
Compute g; (x, y) from (10);
Compute s;° and 9; in (11) by using the Levenberg—Marquardt algorithm in [8, Algorithm 3]
Compute the warping matrices C; and W;, according to (6) and (8);

end for

Apply Algorithm 1 to compute the HR images f < ({g;, W;, C;}, K, «, p, A0, FO);

Output f.
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Table 1 Size of each data set and CPU time for all models

Size of data Factor CPU time (in seconds)

Height Width Frame r TF MAP SDR Nuclear
Boat 240 240 17 2 1251 198 336 138
Boat 120 120 17 4 7642 196 282 94.4
Bridge 240 240 17 2 3256 202 348 142
Bridge 120 120 17 4 9703 189 278 92.3
Disk 57 49 19 2 568 6.4 28 7.9
Disk 57 49 19 4 5913 214 53 13.6
Text 57 49 21 2 497 6.2 30 85
Text 57 49 21 4 4517 22.1 56 14.5
Alpaca 96 128 21 2 816 26.1 78 24
Alpaca 96 128 21 4 6178 172 250 90.6
Books 288 352 21 2 3943 1511 818 689

4.1 Synthetic Videos

We start from a given HR image f*, see, e.g., the boat image in Fig. 3f. We translate
and rotate f* with known parameters and also change their illuminations by different
scales. Then we downsample these frames with the given factorr = 2 orr = 4 to
getour LR frames {g; ?:1" We take p = 17, and Gaussian noise of ratio 5% is added
to each LR frame.

After we reconstruct the HR image f by a method, we compare it with the true
solution f* using two popular error measurements. The first one is peak signal-to-
noise ratio (PSNR) and the second one is structural similarity (SSIM) [29]. For two
signals x = (x1, x2, - - - ,x,,)T andy = (y1, y2, -, yn)T, they are defined by

d2
PSNR(x, y) = 10log, <||X _ y||2/n> ’

SSIM(x, y) = Cuxpy +c1) 2oy + 2) ’
(13 + 13 + (o} + 0l +c2)
where d is the dynamic range of X,y; pyandu, are the mean values of x and
y; oxandoy are the variances of x and y; oy, is the covariance of x and y;
and ¢;,i = 1,2, are the constants related to d, which are typically set to be
c1 = (0.01d)%andc> = (0.03d)2. Because of the motions, we do not have enough
information to reconstruct f near the boundary; hence, this part of f will not be
accurate. Thus, we restrict the comparison within the overlapping area of all LR
images.

Table 2 gives the PSNR values and SSIM values of the reconstructed HR images
f from the boat and the bridge videos. The results show that our model gives much
more accurate f for both upsampling factor r = 2 and 4, see the boldfaced values.
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(d)

Fig. 3 Comparison of different algorithms on “boat” image with upsampling factor r = 2. (a) The
reference LR image. (b) Result of the TF model [8]. (¢) Result of the MAP model [20]. (d) Result
of the SDR model [16]. () Result of our nuclear-norm model (¢ = 35.2924 and p = 3.379 x 10*).
(f) True HR image

Table 2 PSNR and SSIM values for the “boat” and “bridge” videos

Upsampling factor r =2 Upsampling factor r = 4
TF MAP SDR  Nuclear TF MAP SDR  Nuclear
Boat PSNR 187 253 282 298 20.7 23.6 270 271
SSIM 069 070 080 0.82 0.69  0.67 072  0.76
Bridge PSNR  20.7 236 270 269 20.1 22.4 246 249

SSIM 0.69 0.67 0.72 0.80 0.53 0.57 0.65 0.70

The improvement is significant when comparing to the other three models, e.g., at
least 1.6 dB in PSNR for the boat video when = 2. All the PSNR values and SSIM
values of our method for boat video are higher than that of other models. All the
PSNR values and SSIM values of our method for bridge video are higher than that
of other models except the PSNR value when r = 2, see the fifth column of the last
row. It is comparable with the SDR method. However, the SSIM value is higher. This
means the reconstructed structure is better for our method. The major cost of this
algorithm is to solve the f; subproblems in Algorithm 1. Since the resulting images
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(d) (e)

Fig. 4 Zoomed-in comparison of different algorithms on “boat” image for r = 2. (a) The zoom-in
part in the HR image. (b) Result of the TF model [8]. (¢) Result of the MAP model [20]. (d) Result
of the SDR model [16]. (e) Result of our nuclear-norm model (o« = 35.2924 and p = 3.379 x 10%).
(f) Zoomed-in original HR image

are with larger sizes, the sizes of coefficients of all subproblems in Algorithm 1 are
larger. Thence, when r = 4, the cost is larger than that when r = 2.

To compare the images visually, we give the results and their zoom-ins for the
boat video in Figs. 3, 4, 5. The results for the bridge video are similar and therefore
omitted. Figure 3 shows the boat reconstructions for r = 2. We notice that the
TF model loses many fine details, e.g., the ropes of the mast. The MAP model
produces some distortion on the edges and is sensitive to the noise; and the SDR
model contains some artifacts along the edges. One can see the difference more
clearly from the zoom-in images in Fig.4. We also give the zoom-in results for
r = 4 in Fig. 5. We can see that the nuclear-norm model produces more details and
less artifacts than the other three models.
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(d)

(e

Fig. 5 Zoom-in comparison of different algorithms on “boat” image for r = 4. (a) The reference
LR image. (b) Result of the TF model [8]. (c) Result of the MAP model [20]. (d) Result of the
SDR model [16]. () Result of our nuclear-norm model (o« = 32.0659 and p = 3.5841 x 10%). ()
Zoomed-in original HR image

4.2 Real Videos

In the following, experiments on real videos are carried out. Three videos “text,”
“disk,” and “alpaca” are downloaded from the website https://users.soe.ucsc.edu/~
milanfar/software/sr-datasets.html.

The basic information of these videos are listed in Table 1. We see that they
are very low-resolution videos. Figure 6 shows the reference LR images for these
videos. It is difficult to discern most of the letters from the reference images.

The first test video is the “text video.” The results are shown in Fig. 7. We see
that the TF model produces blurry reconstructions. The images by the MAP model
have obvious distortions. We also see that for the SDR model, some of the letters are
coalesced, e.g., the word “film.” The results of the nuclear-norm model are better.
One can easily tell each word and there are no obvious artifacts for the letters.

The second video is the “disk video,” which contains 26 gray-scale images with
the last 7 ones being zoom-in images. Therefore, we only use the first 19 frames
in our experiment. The results are shown in Fig. 8. The TF model again produces
blurry reconstructions. The MAP results are better but still blurry. The SDR results
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Fig. 6 The reference LR images of (a) “text,” (b) “disk,” and (c) “alpaca”

Fig. 7 Comparison of different algorithms on “text video.” Top row with upsampling factor r = 2
and second row with r = 4. (a) Result of the TF model [8]. (b) Result of the MAP model [20].
(c¢) Result of the SDR model [16]. (d) Result of our nuclear-norm model (¢ = 8.368 and p =
3.6236 x 100 for r = 2; « = 8.6391 and p =4.5618 x 10° for r = 4)

have some artifacts, especially in the word “DIFFERENCE.” Our results are the best
ones with each letter being well reconstructed, especially when r = 2.

The third video is the “alpaca video,” and the results are shown in Fig. 9. When
r = 2, the word “service” is not clear from the TF model, the MAP model, and the
SDR model. When r = 4, the resulting images from all models are improved and the
phrase “university food service” is clear. However, we can see that our nuclear-norm
model still gives the best reconstruction.
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Fig. 8 Comparison of different algorithms on “disk video.” Top row with upsampling factor r = 2
and second row with r = 4. (a) Result of the TF model [8]. (b) Result of the MAP model [20].
(¢) Result of the SDR model [16]. (d) Result of our nuclear-norm model (¢ = 6.6802 and p =
1.0701 x 10° for r = 2; & = 11.6185 and p = 8.6404 x 10° for r = 4)

Fig. 9 Comparison of different algorithms on “alpaca video.” Top row with upsampling factor
r = 2 and second row with r = 4. (a) Result of the TF model [8]. (b) Result of the MAP model
[20]. (e) Result of the SDR model [16]. (d) Result of our nuclear-norm model (¢ = 35.3704 and
p =2.7892 x 10* for r = 2; o = 45.6486 and p =2.9798 x 10° for r = 4)
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(d) (e)

Fig. 10 Zoom-in comparison of different algorithms on “books video” with r = 2. Leftmost
figure: the LR reference frame with zoom-in areas marked. (a) Zoomed-in LR image. (b) Result of
the TF model [8]. (¢) Result of the MAP model [20]. (d) Result of the SDR model [16]. (e) Result
of our nuclear-norm model (¢ = 15.3958 and p = 5.6858 x 10° for r = 2)

Fig. 11 Another zoom-in comparison on “books video” with » = 2. (a) Zoomed-in LR image. (b)
Result of the TF model [8]. (¢) Result of the MAP model [20]. (d) Result of the SDR model [16].
(e) Result of our nuclear-norm model (¢ = 15.3958 and p = 5.6858 x 10° for r = 2)

The last video is a color video which is used in the tests in [7, 8]. It contains 257
color frames. We take the 100th frame to be the reference frame, see the leftmost
figure in Fig. 10. Frames 90-110 in the video are used as LR images to enhance the
reference image. We transform the RGB images into the Ycber color space and then
apply the algorithms to each color channel. Then we transform the resulting HR
images back to the RGB color space. Figures 10 and 11 show the zoom-in patches
of the resulting images by different models. In Fig. 10, the patch shows a number
“98” on the spine of a book. We see that the TF model gives a reasonable result
when compared with MAP and SDR. However, our nuclear-norm model gives the
clearest “98” with very clean background. Figure 11 shows the spines of two other
books: “Fourier Transforms” and “Digital Image Processing.” Again, we see that
our nuclear-norm model gives the best reconstruction of the words with much less
noisy artifacts.
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5 Conclusion

In this paper, we proposed an effective algorithm to reconstruct a high-resolution
image using multiple low-resolution images from video clips. The LR images
are first registered to the reference frame by using an optical flow. Then a low-
rank model is used to reconstruct the high-resolution image by making use of
the overlapping information between different LR images. Our model can handle
complex motions and illumination changes. Tests on synthetic and real videos show
that our model can reconstruct an HR image with much more details and less
artifacts.
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