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Abstract

Low-rank structured matrices have attracted much attention in the last decades, since they arise
in many applications and all share the fundamental property that can be represented by O(n)
parameters, where n X n is the size of the matrix. This property has allowed the development of
fast algorithms for solving numerically many problems involving low-rank structured matrices by
performing operations on the parameters describing the matrices, instead of directly on the matrix
entries. Among these problems the solution of linear systems of equations is probably the most
basic and relevant one. Therefore, it is important to measure, via structured computable condition
numbers, the relative sensitivity of the solutions of linear systems with low-rank structured coefficient
matrices with respect to relative perturbations of the parameters representing such matrices, since
this sensitivity determines the maximum accuracy attainable by fast algorithms and allows us to
decide which set of parameters is the most convenient from the point of view of accuracy. To develop
and analyze such condition numbers is the main goal of this paper. To this purpose, a general
expression is obtained for the condition number of the solution of a linear system of equations whose
coefficient matrix is any differentiable function of a vector of parameters with respect to perturbations
of such parameters. Since there are many different classes of low-rank structured matrices and many
different types of parameters describing them, it is not possible to cover all of them in a single work.
Therefore, the general expression of the condition number is particularized to the important case
of {1, 1}-quasiseparable matrices and to the quasiseparable and the Givens-vector representations,
in order to obtain explicit expressions of the corresponding two condition numbers that can be
estimated in O(n) operations. In addition, detailed theoretical and numerical comparisons of these
two condition numbers between themselves, and with respect to unstructured condition numbers are
provided, which show that there are situations in which the unstructured condition number is much
larger than the structured ones, but that the opposite never happens. The approach presented in this
manuscript can be generalized to other classes of low-rank structured matrices and parameterizations.
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1 Introduction

A low-rank structured matrix is, in plain words, a matrix such that large submatrices of it have ranks
much smaller than the size of the matrix. Banded matrices with small band-width are classical examples
of low-rank structured matrices, but many other examples corresponding to dense matrices and appearing
in many applications exist [9, [10l 16}, 17]. Most of the classes of n x n low-rank structured matrices share
the key property that they can be described by different sets of O(n) parameters, called representations
[16}, Ch. 2], which may be used in the development of fast algorithms, i.e., algorithms with a smaller
exponent in the dependence on n of the computational cost than classical matrix algorithms. Many fast
algorithms for low-rank structured matrices have been developed in the last years and they are often very
sophisticated. However, all of them are based on the same simple and fundamental idea: they operate
on the parameters describing the matrices instead of directly on the entries of the matrix. We refer the
reader to the recent monographs [9] [10, [16], 17] and the survey paper [3], as well as to the huge amount
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of references therein, for a detail account of algorithms, properties, and applications of many different
classes of low-rank structured matrices and their different parameterizations.

Despite the large number of references available on fast algorithms for computations with low-rank
structured matrices, there exist very few references on the corresponding a priori rounding error analyses
[T, 2, [, [T4), 18, [19]. Some reasons of this might be that such fast algorithms are frequently complicated
and that some of them are potentially unstable, although work well in practice most of the times.
This situation makes necessary the development of structured condition numbers with respect to the
parameters on which fast algorithms operate and of reliable methods to estimate a posteriori the backward
errors on such parameters from the residuals of the computed outputs of the algorithms, because in this
way the forward errors committed by fast algorithms for low-rank structured matrices may be reliably
and optimally estimated a posteriori as the product of the structured condition numbers times the
backward errors on the parameters. This is a challenging research plan that has been initiated recently
in [B], where for the first time in the literature some structured condition numbers (for eigenvalues in
that case) with respect to some parameterizations of a certain class of low-rank structured matrices
were introduced and analyzed. Among many other results, it was proved in [5] that simple eigenvalues
of {1, 1}-quasiseparable matrices [0l [16] may be much less sensitive to perturbations of the parameters
describing the matrices than to perturbations of the entries of the matrix. In this paper, we extend
the development of structured condition numbers with respect to perturbations of the parameters to
the fundamental case of the solutions of linear systems of equations with low-rank structured coefficient
matrices, and we will prove that, also in this case, the solutions may be much better conditioned with
respect to perturbations of the parameters than with respect to perturbations of the entries of the matrix,
but that the opposite can not happen. This work is influenced by the recent references |11, [5], which
deal with the sensitivity of eigenvalues of some low-rank structured matrices, but also by the classical
reference [I3], in which the use of differential calculus for developing condition numbers was introduced.

Since there are many classes of low-rank structured matrices and many possible parameterizations,
or representations, describing them, we focus in this paper on the particular, but very relevant, subclass
of low-rank structured matrices known as {1, 1}-quasiseparable matrices (see Definition in Section
and on two of their most important representations, the general quasiseparable representation, which is
non unique, and the essentially unique Givens-vector representation [0l [§, 15] [16]. One of the goals of
considering two different representations is to illustrate another application of condition numbers with
respect to different parameterizations for the solution of linear systems. Such application is to determine
which representation is better to use, from the point of view of accuracy, for developing a fast algorithm
for solving a linear system, since the most sensible choice is the one with smallest condition number.
In this work, we will prove that, as it happens in the case of the eigenvalues [5], the condition number
with respect to any quasiseparable representation is the same, and can not be too much larger than
the condition number with respect to the Givens-vector representation, which is always the smallest.
Moreover, we will show how these two condition numbers can be reliably estimated in O(n) flops.

We emphasize that, although the results in this paper are particularized for {1,1}-quasiseparable
matrices, the general framework established in Section [2] can be used to study structured condition
numbers of solutions of linear systems with respect to different representations for many other classes of
low-rank structured matrices.

The rest of the paper is organized as follows. Section [2] presents general results on condition numbers
for the solutions of linear systems whose coefficient matrices are differentiable functions of some param-
eters with respect to perturbations of such parameters. Section [3]| refreshes very briefly the definition of
quasiseparable matrices and some of their properties. Sections [d] 5] and [6] include the most important
results in this paper on the condition numbers for the solutions of linear systems of equations whose
coefficient matrices are {1, 1}-quasiseparable with respect to the quasiseparable and the Givens-vector
representations and on the comparison between them. Section [7] discusses how these condition numbers
can be estimated in O(n) flops. Numerical experiments are presented in Section [8 and conclusions and
lines of future research are established in Section

Notation. Following a common notation in Numerical Linear Algebra, we will use capital Roman
letters A, B,..., for matrices and lower case bold Roman letters «,y, ... for column vectors. We will
only consider real vectors and matrices. Given a real column vector y of size n, its transpose is denoted
by yT. The vector co-norm is used very often, so we recall its definition: ||y|| = maxi<;<n |y;|, where
y; denotes the i-th coordinate of the vector y. The reader is referred to [12] for additional information
on vector and matrix norms. Standard MATLAB notation for submatrices is used, i.e., given a matrix
A € R™*™ the expression A(i : j,k: 1), where 1 <i<j<mand 1<k <! <n, denotes the submatrix
of A consisting of rows i up to and including j of A and of columns &k up to and including [ of A.



2 Basics on condition numbers for linear systems

We start this section by presenting some well-known results about condition numbers for the solution of
a linear system of equations. Note first that any perturbation of a matrix A € R™*™ can be expressed as
asum A+ 0A, where 0A € R"*" is called the perturbation matrix.

Associated with a normwise backward error we have the condition number in Definition [12] Sec.
7.1], valid for any vector norm and the corresponding subordinate matrix norm.

Definition 2.1. Let Ax = b, where A € R™*"™ is nonsingular, and 0 # x € R™. Then, for E € R"*"
and f € R™, we define
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Observe that kg r(A, ) is a normwise relative condition number, i.e., it measures the relative sen-
sitivity of the solution x of the linear system Ax = b with respect to relative normwise perturbations
of the matrix and the right-hand side (note that, in this case, the perturbations are measured against
the tolerances F and f). This condition number has the expression presented in the following theorem
proved in [12] Sec. 7.1].

Theorem 2.2. Under the same hypotheses of Definition [2.1],
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e s(a.) = LI e,

Recall that the usual matrix condition number is given by x(A) := [|A[|||A7!|| and note that if we
take E = A and f = b, then we have k(4) < kg f(A,x) < 2k(A), and therefore they are numerically
equivalent. On the other hand, it is well-known that considering normwise perturbations of the matrix
A and the vector b may lead to pessimistic bounds on the forward errors, since there are matrices and
vectors for which we may have a small relative normwise perturbation that produces some large relative
perturbations over their small entries, and that may affect the zero pattern of the matrix or the vector
(see, for instance, the numerical example in |12, pp. 121-124]). Therefore, it makes sense to consider
componentwise perturbations and the corresponding componentwise condition number. We denote by
|A| the matrix whose entries are the absolute values of the entries of A (i.e., |A|;; := |A4;;|) and we adopt
a similar notation for vectors. In addition, inequalities |A| < |B| mean |A;;| < |B;;| for all ¢, j. Definition
and Theorem can both be found in [I2] Sec. 7.2], together with a brief discussion on how to
choose the tolerances F and f.

Definition 2.3. Let Ax = b, where A € R"*"™ is nonsingular, and 0 # x € R". Then, for0 < E € R"*"
and 0 < f € R", we define the relative componentwise condition number as
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condg f(A, x) == 71713(1) sup{ : (A+0A) (z + dx) = b+ b, |0A| < nE, |5b] < nf}-

Theorem 2.4. Under the same hypotheses of Definition [2.3,
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condg, ¢(A, x)

A proof of this theorem is provided in [I2], Sec. 7.2], but it can be seen as a consequence of the more
general Theorem [2.9] that we introduce below, and, so, we will present a proof of Theorem at the end
of this section.

From the expression in Theorem if we consider E = |A| and f = |b|, then it is straightforward
to prove that the condition number cond, 4| s/(A4, x) is invariant under row scaling. This useful property
is stated in the following proposition.

Proposition 2.5. Let Ax = b, where A € R"*" is nonsingular and 0 # x € R™, and let K € R™*" be
an invertible diagonal matriz. Then, for K Ax = Kb, we have

cond| 4|, b (A, ) = cond|g 4|, kb| (KA, T).



Since many interesting classes of matrices can be represented by sets of parameters different from their
entries (see Theorem for example), we generalize the definitions above to these representations and,
following the ideas in [5], we will focus on componentwise relative condition numbers for representations.

Definition 2.6. Let Ax = b, where A € R™*" is a nonsingular matriz whose entries are differentiable
functions of a vector of parameters 2 = (w1, wa, ..., wm)T € R™, this is denoted by A($2), and 0 # x €
R". Let 0 < f € R" and E = (e1,ea,...,em)T € R™ with nonnegative entries. Then, we define

0|
condg, ¢ (A(2),x) = %%SHP{EHZH (A4 692)) (x+dx) = b+ b, |62] < nE, |6b] < nf}.

The main goal of this section is to find an explicit expression for the componentwise relative condition
number with respect to a general representation introduced in Definition 2.6} For such a purpose we will
use differential calculus and we will need Lemma In Lemma e; denotes the ith vector of the
canonical basis of R™.

Lemma 2.7. Let Ax = b, where A € R™™™ is an invertible matriz whose entries are differentiable

functions of a vector of real parameters 2 = (w1, wa,...,wm)T, and 0 # x € R™. Then, the following
equalities hold:
oA~ 0A
= At At ke{l,2,...
(a‘) aCUk aOJk ’ fOT' 6{ y 4y 7m}7
aw -1 .
(b) =A""e;, forie{1,2,...,n},
0b;
ox 0A
—— =-A"'= ke{1,2,...,m}.
© 5o o, for ke {12 .m)
Proof. (a) Derivating in both sides of AA™! = I,,, we get
0A 0A~!
—A'+ A =0.
8&1;.3 + 8wk
(b) Tt follows trivially from derivating = A~'b.
(c) From derivating £ = A~1'b and using @, we obtain
ox  0A~1 0A 0A
—— =——b=-A"'"—ATb=-A" "=
Owy, Owy, Owy, Owy, v

O

Remark 2.8. In Lemma we have used that the entries of A~1 are also differentiable functions of
(Wi,...,wm). This follows from the facts that (1) each entry of A~! is a quotient of a cofactor of A
divided by det(A) and that (2) products, sums, and quotients of differentiable functions are differentiable
whenever the denominators are not zero.

In Theorem [2.9] we provide the desired explicit expression of the componentwise relative condition
number introduced in Definition 2.6l

Theorem 2.9. Let Ax = b, where A € R™™" s an invertible matriz whose entries are differentiable

functions of a vector of real parameters 2 = (wy,wa,...,wm)T and 0 # x € R". Let 0 < f € R" and
E = (e1,ea,...,em)T € R™ with nonnegative entries. Then,
m _, 0A
H|A1|f+zk_1 A 1@$ €L
condg, (A(2),x) = izl =

Proof. Since the entries of the matrix A are differentiable functions of the parameters in {2 and, from
x = A~'b, it is clear that = is a function of {2 and b, we can use differential calculus to obtain the
following result:
" dx " ox

0b; + —bwy + O(||(612, 6b)]?),

=2 o, Don
k=1

i=1



where [|(042,0b)| := max{[|6£2|oc, [|6b]|0 }. Using[(b)] and [(c)] from Lemma [2.7)in the previous equation,
we obtain:

n

bz = (A"'e;)db; + Z ( A~! w) dwi, + O(]|(692,5b)|12). (2.1)

i=1

From (2.1)), using standard properties of the co-norm and the inequalities |6b] < nf and [002| < nE,
we get

el < |34t i 32|47 gl Ol )
|A* —x|ek|| +O((592,5b) 7). (2.2)

Then, if 7 tends to zero, from (2.2)) and from Definition it is straightforward to get
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A1 —Aw
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condg, ¢ (A(£2),xz) <

) (2.3)

IIfBIIoo

On the other hand, if we consider the perturbations:
ob=nDF,

where D is a diagonal matrix such that D(j,7) = sign (A=1(l, 7)), for j = 1,2,...,n, and

5wk_n[sign <A laA )}ek, fork=1,...,m
(')wk 1

where [ is such that

0A 0A
’A_ A_laia: €L = (’A_ A_laiw ek) )
-1 I
we can obtain, from (2.1)) and from Definition the desired equality in ([2.3). O

As a consequence of Theorem [2.9| we can deduce the very well-known expression in Theorem [2.4] for
the condition number condg, ¢(A, ) by considering {2 as the entries of A. Therefore, we conclude this
section by providing its proof.

Proof. (of Theorem ) Note first that, in this case, we can rewrite the expression in Theorem as:

n

EFEDY

k=1
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condg, ¢(A, @) =

Then, since it is obvious that 0A/da;; = e;jel, we have:

n

T|Ejk = Z |A 1 |mk‘€gk—z Z|A ejk ‘.’Ek|
J,k=1 k=1 \j=1

n

_Z|A YE( k) || =A™ 1|ZE )|z = |AT E |,

and the proof follows trivially. O



3 Quasiseparable matrices

The class of quasiseparable matrices is a particular case of low-rank structured matrices and it was
introduced for the first time in [6]. Next, we refresh its definition

Definition 3.1. A matriz A € R™*™ is called an {nr,ny}-quasiseparable matrix, with n;, > 0 and
ny > 0, if the following two properties are satisfied:

o cvery submatriz of A entirely located in the strictly lower triangular part of A has rank at most ny,
and there is at least one of these submatrices which has rank equal to ny,, and

e cvery submatriz of A entirely located in the strictly upper triangular part of A has rank at most
ny, and there is at least one of these submatrices which has rank equal to ny .

This is obviously equivalent to max;rank A(i+1:n,1:7) =ng, and max;rank A(1:4,i+1:n)=ny.

A {1,1}-quasiseparable matrix is often referred to as a {1}-quasiseparable matrix or simply as a
quasiseparable matrix.

An important property of {nr,ny }-quasiseparable matrices is given by the relation existing among
them and their inverses. This is stated in the following theorem (see [16] p. 316]).

Theorem 3.2. The inverse of an invertible {np,ny }-quasiseparable matriz is again an {np,ny}-
quasiseparable matriz.

On the other hand, any matrix in the class of quasiseparable matrices can be represented by some set
of parameters different from the set of its entries (for a rigorous definition of a representation, see [16, p.
56]), and, therefore, the class of quasiseparable matrices is often defined in terms of such representations.
In [16, Ch. 2, Sec. 8.5], the reader can find an extensive description of different useful representations
for quasiseparable matrices and for some other low-rank structured matrices.

4 Condition number of the solution of {1, 1}-quasiseparable linear
systems in the quasiseparable representation

In this section we will deduce an explicit expression for the condition number of the solution of a linear
system of equations with a {1, 1}-quasiseparable matrix of coeflicients with respect to the quasiseparable
representation introduced in [6]. This representation will be briefly described in Section while in
Section (and also in Section @ we include our original results for the structured condition number
with respect to this representation. The techniques used in Section are based on the techniques used
in [5, Sec. 4.2] for structured eigenvalue condition numbers, and will be used again in further sections in
order to obtain analogous results for the other structured condition numbers introduced in this paper.

4.1 The quasiseparable representation for {1, 1}-quasiseparable matrices

The general quasiseparable representation was introduced in [6] for general {ny,, ny }-quasiseparable ma-
trices. This representation is presented in Theoremonly for the particular case of {1, 1}-quasiseparable
matrices, because they are the only ones studied in this paper.

Theorem 4.1. A matriz A € R"*™ is a {1, 1}-quasiseparable matriz if and only if it can be parameterized
in terms of the following set of Tn — 8 parameters, all of which are real numbers,

Qqs = ({pi}iza, {ai ?;21’{% ?;11»{di}?:17{9i ?;11»{bi ?;21,{/11-}?:2),

as follows,

dy g1he gibohs -+ giba...bp_1hy
P21 do g2hs -+ gabz...bp_1h,
P3a2q1 D3G2 d3 - g3bs...by_1h,
A= DP4G3a2q1 D4a3G2 Paqz -+ Gabs...bp_1hy |
|l Pnn—-1Gn—2...04291 Pnlp—1...03G¢2 Pnln-1-..-04443 - -* dn _




or, in a more compact notation,

dy
= d2 gzb;;h]
Piain(Jj '
dn

where aixj =ai_1Gi—2- - aj41, fori—1>j+1, bixj =bip1bigo---bj_q, fori+1<j—1, a]ﬁ_l’j =1, and

b

])H_l:lforj:l,...,n—l.

We call the vector of parameters {2gg in Theorema quasiseparable representation of the quasisep-
arable matrix A. Let us see the following 5 x 5 example for a more clear view of this representation.

Example 4.2. Let A be a {1,1}-quasiseparable matrix of size 5 x 5 and consider a quasiseparable
representation of A:

0qs = ({pi}iza {aitice, {ai}icy {di}ioy, {gidiny, {bi}ina, {hi}io0)-

Then,
dy gihz  gibohs  gibabshy  g1b2b3bihs
P2q1 dy  gohs  g2bshy  g2bsbshs
A= P3a2q1 D392 ds g3ha g3bshs
P4a3G2q1  P4aG3q2  Pag3 dy gahs
P5A40302¢1  P50403G2  P504q3 P54 ds

From Theoremwe see how any square {1, 1}-quasiseparable matrix of size n xn can be represented
with O(n) parameters instead of its n? entries. This fact is crucial for developing fast algorithms for
performing computations with these matrices. There exist several fast algorithms, with cost O(n) op-
erations, and working with different representations, for performing computations such as matrix-vector
multiplication, solution of linear systems, and matrix inversion for quasiseparable matrices [6, [7, 9} [0} [16],
and even for computing structured eigenvalue condition numbers [5, Secs. 4.3, 4.4].

On the other hand note that the quasiseparable representation is not unique as we can see in the
following 5 x 5 example.

Example 4.3. Let A be a 5 x 5 quasiseparable matrix with a quasiseparable representation f2gg as in
Example (4.2 and consider a real value a € R/{0,1}, then 2,¢ = ({ap;}j_s, {ai}i—a, {gi)a}i_y  {di}o,,
{gi}iq, {bi}i_s, {hi}3_,) is also a quasiseparable representation of A.

Taking into account that our goal is to obtain explicit expressions of structured condition numbers
for the solution of a linear system involving a quasiseparable matrix in the quasiseparable representation
by using differential calculus, the next lemma will become useful. The easy proof is omitted since it can
be found inside the proof of [5, Theorem 4.4].

Lemma 4.4. Let A € R be a {1,1}—quasiseparable matrizx and A = A, + Ap + Ay, with AL
strictly lower triangular, Ap diagonal, and Ay strictly upper triangular. Let {2gs be a quasiseparable

representation of A, where Qs = ({pi}f_g, {075 Aai}in) AdiY oy, {9} 15 {05 {hi}is). Then
the entries of A are differentiable functions of the parameters in {2gs and:

a) gzzeie?, fori=1,...,n.

b) pig—;:eiAL(i,:), fori=2 ..., n.

c)aig—i: A(i+1:7?,1:i—1) 8 , fori=2,...,n—1.
d) qig—i:AL(:,i)elT, fori=1,...,n—1.

A
e) gig—g_ =e;Ay(i,:), fori=1,...,n—1.

(3



0A [0 A(l:i—1,i+1:n) .
f) bz‘aT)i— 0 0 , fori=2,....n—1.
0A

a—hi :AU(I,i)e?, fori=2,...,n

g) hi

4.2 The condition number for {1, 1}-quasiseparable matrices in the quasisep-
arable representation: expression and properties

Since from Lemma [£.4] we have that the entries of a quasiseparable matrix A are differentiable functions
of the parameters in a quasiseparable representation of A, we can deduce relative-relative component-
wise condition numbers of the solution of linear systems with respect to these representations by using
Theorem This leads to Theorem

Theorem 4.5. Let Ax = b, where 0 # x € R", A € R"*™ is a nonsingular {1, 1}-quasiseparable matriz
with a quasiseparable representation 2gs, and such that A = Ap + Ap + Ay, with Ap strictly lower
triangular, Ap diagonal, and Ay strictly upper triangular. Let 0 < f € R" and 0 < Egs € R™ 8. Then

1

condpgs, f(A(L2gs), ) = [ AT f + A7 Qall] + [ATHIQp [ AL + AT AL[|Qy ]

[E1PS

+1A7Y|QqllAva| + |A7 Ay || Qx|

1 0 0 Ca;
2|4 [A(i—i—l:ml:i—l) o]m a
n—1

1|0 A(Q:j—-1,7+1:n) €b;
ey e

where:

QQS = ({pi}?:%{al}z 2 v{ql}z 1 7{d }z 1 {gl}z 1 7{b }z 2 7{h } )
Eqs = ({ep Yoo, {ea }iso s {eq Vit {ea i, {eg, it {ens Yido » {ens Fima),

e
Qq = diag(eq, , - --,eq,), Qp, = diag (1, em,...,%"> , Q, = diag (ql,...,q"lJ) ,
D2 Pn

q1 dn—1
Q —dlag< “769"71 ) Qh—dl&g( h2’“.7€hn>7
g’ In—1 ha hn

and each quotient whose denominator is zero must be understood as zero if the numerator is also zero
and, otherwise, the zero parameter in the denominator should be formally cancelled out with the same
parameter in the corresponding piece of A.

Proof. We will proceed by calculating the contribution of each subset of parameters to the expression

for condg,, ,(A(f29s), ) given in Theorem as follows.
Derivatives with respect to {d;}"_,. By usingfa)|in Lemma [£.4] we get:

n

Kd ::Z

i=1

Derivatives with respect to {p;}!_,. From [b)|in Lemma [£.4] we have:

A~ 1—3: €d; Z|A ee; :c|ed —Z|A (5,9)| |zil eq, = |A*1|\Qd|\m\.

n

Z AL —:B lep, —Z A~ pZaA epL Z‘A e, AL(i ’ i
1=2
:Z|A*1 2| [ = ST AT ]| 2 1ALGL )z = A 1Q ALzl -
1=2

i=2
. . . n—1 : .
Derivatives with respect to {a;};—, . From |c)|in Lemma {4.4| we have:

"Rl

n—1

Kq ::Z

=2

8A
8@Z

€a;

A71

0 0 -
(t+1:n,1:9=1) 0O

Z



Derivatives with respect to {g; ;’;11 From (d)|in Lemma we have:

n—1

ZAlfw R o Z!A asd)elal |2
j=1 j=1 J
Z 1AL |$J‘ ‘A_lAL’ 1Qql || -

Analogously, we can find the contribution to the condition number condg, 4 ¢(A(£2gs), ) of the deriva-

tives of A with respect to the parameters {g; }; {b o 2 , and {h;}_,, which describe the strictly upper
triangular part of A. The results are the followm
Derivatives with respect to {g;}7—'. By using [e)|in Lemma we obtain:

n—1

Kg :zz

i=1

1 0A
ALY
dg; *

leg:| =

A7 1Qyl [Ava] .

Derivatives with respect to {b; ?;21. By using [f)[in Lemma we obtain:

n—1 . .
1 :Z Al[o Al:i—1i+1:n) }m

, 0 0
=2

n—1

Rp = E
2

1=

€p.

i

b;

0A
-1
A 8biw

Derivatives with respect to {h;}7_,. By using|g)|in Lemma {4.4 we obtain:

n

=3

j=2

1 0A

At 7% }eh ’ = ’A 1AU‘ |Qh| |$|

This proof is completed by observing that according to Theorem [2.9] we have:

A~ 1‘f+md+mp+ma+mq+mq+mb+mh"

2|

COndEQSJ(A(.QQs), )

O

As it is easy to see from its explicit expression in Theorem condp,,r(A(f2gs), ) depends in
general on the quasiseparable representation f2gg of the matrix A. More specifically, that condition
number depends on the ratios between the parameters in the representation and the corresponding
tolerances in Egg. Next, we will restrict ourselves to the case Egs = |{2gs| in Theorem {4.6, which is
the most natural election for Fgg. In this situation we adopt for brevity in the rest of the paper, the
following notation:

COIldf(A(.QQS), :B) = COH(I].|_QQS|7‘/:(A(_QQ5)7 .’I)),
since the parameters 2gg are already shown in A(2gs).

Theorem 4.6. Let Ax = b, where 0 # x € R™ and A € R"™™ is a nonsingular {1, 1}-quasiseparable
matriz such that A = A, + Ap + Ay, with Ay, strictly lower triangular, Ap diagonal, and Ay strictly
upper triangular. Let 0 < f € R™. Then

1
condy(A(Qqs), x) = [ATH f + 1A Ap ||| + [AT [ Apz| + |AT AL ] + [A7 Y| Aya|

[

n—1

+]A Ayl + ) (AT
1=2

0 0
Ali+1:n1:i—1) 0 | %

1|0 AQ:j—-1,7+41:n) .

0 0
Proof. 1t follows directly from the expression in Theorem [L5] for condg,, #(A(f2gs),x) by observing
that, in this case, we are considering Fgs = |2gs| and, therefore, using the notation in Theorem the
following equalities hold: Qq = |Ap|, |Qp| = Q4] = 1Qq| = |Qr| = I, and |eq,/a;| = |es, /bi| = 1. O



Proposition proves that condf(A(f2¢9s), x) depends only on A, « and f, but not on the particular
choice of quasiseparable parameters.

Proposition 4.7. Let Ax = b, where 0 # « € R™ and A € R™*" is a nonsingular {1,1}-quasiseparable
matriz. Let 0 < f € R™. Then, for any two vectors f2os and Q&gs of quasiseparable parameters of A,

condg(A(2qs), ) = condg(A(2hg), ).

Proof. It is obvious from the fact that the expression in Theorem [£.6]does not depend on the parameters
of the representation {2gg but on the entries of the matrix A and the entries of the vectors « and f. O

Proposition states another important property of this relative componentwise condition number
that arises from the natural comparison with the unstructured relative entrywise condition number for
the solution of linear systems defined in Definition [2.3] and further developed in Theorem [2:4]

Proposition 4.8. Let Ax = b, where 0 # x € R™ and A € R"*™ is a nonsingular {1, 1}-quasiseparable
matriz, and let 2gs be a quasiseparable representation of A. Then, for 0 < f € R™, the following relation
holds,

cond (A(QQs), z) < ncond|A|7f(A, x).

Proof. From Theorem and using standard properties of absolute values and norms we obtain:

condy(A(f2gs),x) < ’A Y+ ’A 1‘ |Ap| x|+ ‘A 1’ |AL| ||

—||
+ \A‘ll Ap| |2 + [A7Y|Au| || + |A7Y] |Au| ||

n—1 n—1
+ z AT AL 2] + Z |A7Y Ay | ||

oo

Il H A7 S+ (A7 14l el

+n A7 |AL] 2| +n A7 |Au| ||

‘ o0

Saf ]| 1471+ 1471l

’ =ncond4),7(A, ).

O

According to this proposition, the structured condition number condf(A(f2gs), ) is smaller than
the unstructured condition number cond| 4| (A, x), except for a factor n. In addition, we will see in the
numerical experiments presented in Section [§] that it can be much smaller.

From Proposition we know that the unstructured componentwise condition number is invariant
under row scaling, which is a very convenient property (see [12 Secs. 7.2 and 7.3]). Therefore, it makes
sense to study the behavior of the structured condition number under row scaling for the natural choice
f = |b] as well. This is done in Proposition for which we will need Lemma Proposition m
proves that the structured componentwise condition number is also invariant under row scaling.

Lemma 4.9. Let K = diag(ki,ka, - ,kn) be an invertible diagonal matriz and A € R"*" be a
{1,1}- quasisepamble matriz with a quasiseparable representation 2qs = ({pi}iy, {ai}l, RT3 s
{diyry {o i (b {hi}s) | as in Theorem. Then, the matriz K A is also a {1, 1}-quasiseparable
matriz and “QQS = ({kipi}imo, {ai} 5 Aa S {kidi iy {kigad P50 b} 2y {haYins) is a quasisepara-
ble representation of KA.

Proof. It follows from Theorem and from (KA)(i,7) = ki A(1, ). O

Proposition 4.10. Let Az = b, where 0 # x € R™ and A € R"*"™ is a nonsingular {1, 1}-quasiseparable
matriz with a quasiseparable representation (2gs, such that A = Ap + Ap + Ay, with Ay strictly lower
triangular, Ap diagonal, and Ay strictly upper triangular. Let K € R™™™ be an invertible diagonal
matriz. Then

cond gy (K A)(£24s), x) = condp (A(L2gs), x),

where Q’QS is any quasiseparable representation of KA.

10



Proof. Since K is a diagonal matrix, all the following equalities are straightforward:
D) [EA)T K] = |ATH [ K] [b] = [A7H] 8],

2) [(KA)7Y [(KAp)| |=| = [A' |[K [ |K[|Ap] |=| = [A~[|Ap]| |,

3 YI(KAL)®| = [A~]|K 2| K| |ALe| = A=Y |ALa],

S

KA)~! KAL ||£L‘| ’A_lAL‘ |£B|,

[

) (A
) (K A)
) |(EA)
) |(4)
) (KA (K Av)a| = |47} | K| K] [Ava| = [A~Y] |Apa],
6) |(KA) "M (KAy)| 2] = |4~ Ay [a],

0 0], _ 40 0 0
(KA)(i+1:n,1:i—1) 0 |®~ Ali+1:n1:i—1) 0 |®

8) (KA>_1[0 (KA)(1:j—1,7+1:n) }w:A—l[O Al:j—1,7+1:n) ]w

7) (KA)™!

0 0 0 0

The result follows trivially from , KA=KA;, + KAp + KAy, Theorem and the fact that
condy(A(f2qs), z) does not depend on the particular quasiseparable parameterization used. O

5 Condition number of the solution of {1, 1}-quasiseparable linear
systems in the Givens-vector representation

Another important representation for quasiseparable matrices is the Givens-vector representation, which
was introduced for the first time in [15] and that will be described in Section along with its minor
variant called tangent-Givens-vector representation, which has been introduced in [3]. The original
contributions of this paper to the study of structured condition numbers for the solution of linear systems
with respect to this representation are presented in Sections and [6]

5.1 The Givens-vector representation for {1,1}-quasiseparable matrices

The Givens-vector representation for {1, 1}-quasiseparable matrices was introduced in [15] in order to
improve the numerical stability in numerical computations with respect to other representations, but
the first rigorous contributions that show that the Givens-vector representation is indeed “more stable”
than other representations, appear in [5] in the context of eigenvalue problems. In this paper, these
“stability contributions” are extended to the area of linear systems. Theorem (see [16] Sections 2.4
and 2.8 |) shows how the class of {1, 1}-quasiseparable matrices can be represented by using Givens-vector
parameters.

Theorem 5.1. A matriz A € R"*™ is a {1, 1}-quasiseparable matriz if and only if it can be parameterized
in terms of the following set of parameters,

e {c;, si};:;, where (c;,s;) is a pair of cosine-sine with ¢;> + s;2> =1 for every i € {2,3,--- ,n — 1},
o {v 31t {di} {e i all of them independent real parameters,
. {ri,ti}?’;Q , where (ri,ti) is a pair of cosine-sine with r;> +t;> =1 for every i € {2,3,--- ,n — 1},
as follows:
dl €e1ro €1t2T3 s €1t2 N tn_g’r‘n_l elt2 N tn—l
(X% dg €973 - €2t3 ‘e tn_grn_l €2t3 .e tn—l
C352V1 C3U2 d3 cee €3t4 e tn_g’l"n_l 63t4 e tn—l
A =
Cp—-1Sp—2...8201 Cp—_1Sp—2...83V2 Cp—1Sp—2...84V3 ~--- dn—l €n—1
|l Sn—1Sn—-2...82V1 Sp—-18pn—-2...83V2 Sp—-1Sp—2...84V3 - Un—1 dy, i
This representation is denoted by QQS , i.e. QQS = ({ci, 8100 v it {dad iy {e it (o a1 )
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Example 5.2. Let A € R>*5 be a {1, 1}-quasiseparable matrix, and let

({C“S }7, 27{01 i= 17{d }z 17{62 i= 1,{7’1‘7151-}?:2)

be a Givens-vector representation of A. Then,

dy eiry eiters eifalsrs eitolsts

CU1 dy  ears  ealsry  ealsly

A= C3S520U1 C3V2 d3 €374 €3t4
C48382U1 C483V2 C4U3 d4 €4
§48382U1 548302 S4U3 Vg d5

Note that if we consider the following relations between the parameters in Theorems @ and @
respectively, {pi,a;}i=y = {ci,s:}i5, {ayis) = {vilin)s {did, = {didi, {ohis! = {eiisy
{bi, R} = {ti,r )0, and p, = hy, = 1, then it is obv1ous that the Givens-vector representation is
a particular case of a quasiseparable representation for {1, 1}-quasiseparable matrices. This fact can be
better observed by comparing the expressions in Examples and Note also that the Givens-vector
representation can be made unique if ¢; and r; are taken to be nonnegative numbers (if ¢; = 0, take
s; =1 and if r; = 0, take t; = 1) [16}, p.76].

On the other hand, since the Givens-vector representation is a particular case of the quasiseparable
representation, one might think that it makes no sense to study structured condition numbers for this
representation, since we know from Proposition [I.7] that the condition number for a quasiseparable
matrix is independent of the particular choice of the quasiseparable representation {2gs when the natural
choice Egg = |f2gs| is made. However, the subtle point here is that the Givens-vector representation has
correlated parameters since the pairs {¢;, s;} are not independent parameters and the same happens for
{ri,t;}. In fact, independent componentwise perturbations of Q ¢ destroy in general the pairs cosine-
sine. Therefore if we only consider perturbations that preserve the pairs cosine-sine then a different
condition number is obtained. In Definiton introduced in [5], an additional parameterization by
using tangents is provided in order to make explicit the correlations between {¢;, s;} and {r;,;}.

Definition 5.3. For any Givens-vector representation

QQS - ({Ci?si}z 2 7{01}1 1 7{d }z 1’{61}1 1 ’{T“t} )

of a {1,1}-quasiseparable matriz A € R™*™, we define the Givens-vector representation via tangents as

Qv = ({l Ho »{Uz}z 1 »{d biers feibicy 7{“’1}1 21) , where

and 1; =

1 ll 1 U; .

C; m,sl m7 m,tz m, fori=2,...,n—1.

Observe, from the expressions in Definition [5.3] for the cosine-sine parameters {c;, s;} and {r;,t;} in
terms of the tangents [; and u;, respectively, that tiny relative perturbations of those tangents produce
tiny relative perturbations of those cosine-sine parameters. This suggests the convenience of using the
tangent-Givens-vector representation in practical numerical situations as was explained and motivated
in [3].

In order to use differential calculus to deduce an explicit expression of the structured condition number
of the solution of a linear system with respect to the tangent-Givens-vector representation, we will need
Lemma (see the simple proof inside the proof of [5, Theorem 5.4]).

Lemma 5.4. Let A € R"*"™ be a {1, 1}-quasiseparable matriz and let Qqv be the tangent-Givens-vector
representation of A, where Qqy = ({l2 ;L:_Ql, v; ;L:_ll,{di}?zl,{el g ;:21). Then the entries of A
are differentiable functions of the parameters in 2gy and

0 0
—s7A(i,1:i—1) 0|, fori=2,...,n—1,
AAGi+1:n,1:i—1) 0

9A
92—
o) g

0A [0 —t2A(1:i—1,i) r?A(l:i—1,i+1:n)

K3

b uige = o 0 0

yfori=2,...,n—1.

Remark 5.5. For the partial derivatives with respect to the parameters in {d;}7_, {v;}7=}, and {e; }}}
see )] [d)} [e)] in Lemma 4] (recall that those parameters can also be respectively seen as the parameters

{di}i_ ), {q: 7=, and {g;}"~' in a quasiseparable representation of A).

12



5.2 The condition number for {1,1}-quasiseparable matrices in the Givens-
vector representation

Theorem is the main result of Section [5| and it presents an explicit expression of the component-
wise condition number for the solution of a linear system of equations with a quasiseparable matrix of
coefficients with respect to the Givens-vector representation via tangents.

Theorem 5.6. Let Ax = b, where 0 # x € R™ and A € R™™™ is a nonsingular {1, 1}-quasiseparable
matriz with a tangent-Givens-vector representation gy, and such that A = Ap + Ap + Ay, with
Ayp strictly lower triangular, Ap diagonal, and Ay strictly upper triangular. Let 0 < f € R" and
0< Egy € R 5. Then

1 _ _ _
condggy, f(A(Lav), x) :W }A 1|f+ |A7Y|Qall| + AT AL Qul ||
n—1 0 0 e
+AT|QeApz| + > |AT —s2A(i,1:i—1) 0 lli
i=2 AAGi+1:n,1:i—1) 0 i
n—1
[0 —t3AQ:j—-1,5) r3A(L:j—1,5+1:n) €y,
—|—Z2 A { 0 0 0 T ” ,
J= 00

where
Qov = (L% {vhis Adid iy e} s {wiYisy)  as in Definition [5.3,
Egv = ({eli ?:_217 {e’Ui ;L:_lla {edi}?:b {687: ;Lz_lla {eui ?;21) s

v €vp . e €e,_
Qd:diag(edlv"'76dn)7Qv:diag <617"'7 171>3Q8:dlag (elv'“a 171)7
U1 €1 €n—1

Un—1

and each quotient whose denominator is zero must be understood as zero if the numerator is also zero
and, otherwise, the zero parameter in the denominator should be formally cancelled out with the same
parameter in the corresponding piece of A.

Proof. The proof is straightforward from Theorem [2.9] Lemmal5.4] Remark[5.5] and the proof of Theorem
Therefore, we omit the proof. O

For the most natural choice Eqy = |22¢v |, we adopt the shorter notation
COIldf(A(QG\/), :I:) = COIId|_QGV"f(A(QG\/), SC),
and get Theorem [5.7] as a corollary of Theorem

Theorem 5.7. Let Ax = b, where 0 # & € R™ and A € R™*" is a nonsingular {1,1}-quasiseparable
matriz with a tangent-Givens-vector representation ¢y, and such that A = Ay + Ap + Ay, with Ag
strictly lower triangular, Ap diagonal, and Ay strictly upper triangular. Let 0 < f € R™. Then

1 _ _ _ _
COde(A(QGv),SC):”w” AT f + A7 | Ap|l2| + |AT A ||l2| + |A7|Apa]
n—1 0 0
+> 1A —2A(i,1:i—1) 0 |z
i=2 AAG+1:n,1:i—1) 0
n—1 . . . .
n A_l{o —t?A(l:j—l,j) T?A(l:]—l,]+1:n):|w‘
= 0 0 0 .

Note, from the expressions in Theorem and that there exists an important difference between
the structured condition number in the Givens-vector representation and the structured condition number
in the quasiseparable representation for a given {1, 1}-quasiseparable matrix A, since condy(A(f2qv), )
depends not only on the entries of the matrix A but on the parameters {c¢;, s;} and {r;,t;} as well, while
condg(A(f2qs), x) only depends on the matrix entries. Furthermore, since the cosine-sine parameters in
the Givens-vector representation do not change trivially under diagonal scalings, we have that, for the
natural choice f = |b|, conds(A(2gy ), x) is not invariant under row scaling while cond ¢(A(f2gs), x) is
invariant under row scaling (recall Proposition .
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6 Comparison of conds(A(f2¢v), ) and conds(A(2gs), x)

In [5, Section 6] it was proved that the Givens-vector representation via tangents is a more stable
representation than the general quasiseparable representation for eigenvalue computations for {1,1}-
quasiseparable matrices, in the sense that the Givens-vector representation leads to smaller eigenvalue
condition numbers. This was a natural result to expect, as it is in the case of computing the solution of a
quasiseparable linear system of equations, since any Givens-vector representation is also a quasiseparable
representation and the perturbations considered in the condition numbers preserve the structure of the
tangent-Givens-vector parametrization. In Theorem the corresponding result is proved for linear
systems, that is, cond¢(A(f2¢v), ) can not be larger than condf(A(f29s), ).

Theorem 6.1. Let Ax = b, where 0 # x € R™ and A € R™™™ is a nonsingular {1, 1}-quasiseparable
matriz, and let gy be the vector of tangent-Givens-vector parameters of A. Then, for 0 < f € R", and
for any vector (2gs of quasiseparable parameters of A, the following inequality holds:

COndf(A(.ng), .’1)) < COIldf(A(_QQs), .’I))

Proof. Throughout the proof, we use the decomposition A = Ay, + Ap + Ay introduced in Theorems [.5]
and For the sums in the last two terms of the expression for condz(A(f2qv ), x) we have,

n—1 0 0
S = A1 —s2 A(i,1:i—1) 0 |
i=2 | FA(G+1:n,1:i—1) 0
n—1 [ 0 0 n—1 0 0
< S |AaTM ] AGi-1) 0 =)+ > (AT 0 0|
i=2 i 0 0 i=2 AGG+1:n,1:4—1) 0

3
—

_ |AT 0| |ALG, )] + i

1 0 0
A [ Ali+1in1:i—1) 0}””

i=2
n—1 0 0
—1 -1
< |A ||AL$|+§A [A(i—kl:n,l:i—l) O}w (6.1)
and, in an analogous way,
n—1
2 [0 —t2A0:5-1,5) r2AQ:j—-1,j+1:n)
— 1 J ? J K
5 = Y|4 [ 0 ; . "
Jj=2
= 0 A(l:j—1,j+1:n)
-1 -1 ] — 1 :
< |4 AU|\33\+Z A {o 0 }w’ (6.2)
j=2
From (6.1) and (6.2) the proof is straightforward by comparing the expressions in Theorem and
Theorem for cond(A(£2¢s), x) and condf(A(f2gv ), x), respectively. O

On the other hand, as we prove in Theorem [6.3] below, the Givens-vector representation via tangents
can only improve the relative condition number for the solution of a {1, 1}-quasiseparable linear system of
equations up to a factor of 3n with respect to the quasiseparable representation. Therefore, we conclude
that, when computing solutions of {1, 1}-quasiseparable linear systems of equations, these representations
can be considered numerically equivalent in terms of expected accuracy.

In order to prove Theorem [6.3] we follow the ideas in [5, Section 6] and develop a proof based on
Definition Recall that from the Givens-vector representation via tangents {2y of A we can obtain
the Givens-vector representation £2G¥ of A as in Definition and that 2§Y is also a quasiseparable
representation of A. Therefore, in order to use the componentwise relative condition numbers for rep-
resentations in Definition let us consider a quasiseparable perturbation 598}5{ of the parameters in
Qgg such that \5Qg¥| < 77|Qgg|, and the resulting quasiseparable matrix A = A(Qg‘s/ + (5!28;{) (note
that the perturbations 5(2&‘9/ do not respect in general the pairs cosine-sine of Qgg) We will refer to
7 as the level of the relative perturbation of the parameters in the representation Qgg Moreover, note

that A can also be represented by a vector
-1 -1 -1 -1
Qé;v = ({l; ?:2 ,{’U; Z‘L:l a{d; 71'1:17 {e; ?:1 ,{u; ?:2)
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of tangent-Givens-vector parameters and let us consider the perturbations ¢’ ¢y = 2, — £2gv. Then,
Lemma [6.2] proved inside the proof of Theorem 6.3 in [3], states a bound for the level ' of the respective
relative perturbation over the parameters in 2, produced by a relative perturbation of level 1 over the
quasiseparable parameters in Qgg

Lemma 6.2. Let A be a {1,1}-quasiseparable matriz with Givens-vector representation via tangents
Qcav. Then, using the notation in the previous paragraph, and for n sufficiently small, we have:

60265 < nlQG5| = 10'Qav| < (3(n —2)n + O(1*)|26v |-

Theorem 6.3. Let Ax = b, where 0 # & € R™ and A € R™*" is a nonsingular {1,1}-quasiseparable
matriz with tangent-Givens-vector representation (2gy. Let 0 < f € R™. Then, for any quasiseparable
representation {2gs of A:
condf (A(.QQS), :L’)
conds(A(2qv), x)

<3(n—2).

Proof. Note that from Definition [2.6] and from Lemma [6.2] we have

. [[0|
< .
condy(A(f2gs),x) < Tl]ur%) sup {775'3| (A(Q2qv +002¢v)) (z + dx) = b+ db,

62av| < (3(n —2)n+ O())|Lavl, |6b] < (3(n — 2)n + O(n?))f} .
By considering the change of variable 7’ = (3(n — 2)n + O(n?)), we obtain
{3(n — 2|0z

condy(A(f2gs),z) < lim sup
n’—0

1626y | < n'|Qcv], |0b] < n’f} =3(n — 2)condf(A(2qv), x).

O

7 Fast estimation of condition numbers: the effective condition
number

To compute condys(A(f2gs),x) and conds(A(2qy), x) fast, i.e., in O(n) flops, is not easy because of
the two sums that appear in the expressions in Theorems and respectively, which require to
compute a sum of n vectors, which cost O(n?) flops, in addition to other computations. Then, a natural
question now is to determine whether or not the contributions of these sums to the condition numbers
in which they arise are significant. This question is answered in Theorems and in which we
provide upper and lower bounds for conds(A(f2gs),x) and conds(A(f2gv ), x) respectively, in terms of
the effective condition number in Definition We will show in this way that such effective condition
number contains the essential terms in the expressions given in Theorems [1.6] and [5.7]

Definition 7.1. Let Ax = b, where 0 # x € R™ and A € R" "™ is a nonsingular {1, 1}-quasiseparable
matriz such that A = A, + Ap + Ay, with Ay, strictly lower triangular, Ap diagonal, and Ay strictly
upper triangular. Let 0 < f € R™. Then, for any quasiseparable representation 2gs of A, we define the
effective relative condition number condeff§(A(£2¢gs), x) for the solution of Ax =b as

) 1

condefty (A(qs), @) = | [A7"| £ + 47| Apl|z| + |4~ |4z]

+[AT AL |2] + A7 [ Ava| + |AT Ay |||

o0

Recall from Proposition that the condition number conds(A(f2qs),x) does not depend on the
choice of a quasiseparable representation f2gg, and note from Definition that the same holds for
condeff§ (A(f2¢s), z). Therefore, this effective condition number is always the same for any vector of
quasiseparable parameters representing the matrix.
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Theorem 7.2. Let Ax = b, where 0 # & € R™ and A € R™*" is a nonsingular {1,1}-quasiseparable
matriz. Let 0 < f € R". Then, for any quasiseparable representation {2gs of A, the following relations
hold:

condeffy (A(£20s), ) < condf(A(2gs), x) < (n — 1)condeffs (A(2qs), x).

Proof. Throughout the proof, we use the decomposition A = Aj, + Ap + Ay introduced in Theorems [.5]
and [5.6] Note first that the left hand side of the inequality is trivial from the respective expressions of
condeffz (A(£20s), ) and condf(A(f2gs), ). On the other hand, note that

—1 0 0 _ —1 0 O_
’A {A(iJrl:n,l:il) o]z_’A [AL(iJrl:n,l:il) 0]®
_ |41 0 0
_‘A [AL(i—Fl:n,l:i—l) AL(i—&—l:n,i:n)]w
[0 0 ]
+4 {O —AL(i—&—l:n,i:n)_w
. 0
<|Aa™| [AL(i+1:n,:) ]:c
110 0
+’A {0 AL(Z‘—i-l:n,i:n)} |
<|ATY|Apzm| + |AT AL ]
from where we obtain:
n—1 0 0
—1 ~1 ~1
;A [A(z’—f—l:n,l:i—l) 0]m§(n2)|A [|Arz|+ (n—2)|A AL || (7.1)
In an analogous way, it can be proved that
n—1
1:5-1,4 :
ZAl[g AL g A n)]a:'g(n2)|A1||AUa:|+(n2)|A1AU||az|. (7.2)

Jj=2

Finally, note that from the inequalities in (7.1]) and ([7.2)), it is straightforward that

conds(A(2gs), ) <(n = 1)|| [AT'] f + |A7Y|Ap||z| + |[A7[| AL ]

+[AT A=) + A7 [ Apa| + |AT Ay |||

/ll]lso
=(n-1) condeﬂ"f(A(-QQS)» x).
O

Theorem 7.3. Let Ax = b, where 0 # x € R™ and A € R"™™ is a nonsingular {1, 1}-quasiseparable
matriz with tangent-Givens-vector representation (2gyv. Let 0 < f € R™. Then, for any quasiseparable
representation 2gs of A, the following relations hold:

condeff; (A(£29s), )
3(n—2)

< conds(A(Rqv),x) < (n— 1)condefff(A(2gs), x).

Proof. Tt follows trivially from Theorems and O

Note that from Theorems [.2] and [7.3] we can conclude that the structured condition numbers
condy(A(f2qs), z) and condys(A(2gy ), x) can be both estimated, “up to a factor of order n”, by com-
puting the easier expression in Definition for the effective condition number. Next, we prove in
Proposition [7.4] that this effective condition number can be computed fast by using, for instance, some
previous results from [6] and [7].
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Proposition 7.4. Let Ax = b, where 0 # x € R" and A € R"*" is a nonsingular {1,1}-quasiseparable
matriz with a quasiseparable representation 25 which is assumed to be known. Let 0 < f € R™. Then,
the effective condition number condeff§(A(f2¢s), x) can be computed in O(n) operations, i.e., with linear
complezxity.

Proof. This assertion is a consequence of the results in [6] and [7]. Using [7, Algorithm 5.1] we can
obtain in O(n) flops the quasiseparable representation for the inverse of the {1, 1}-quasiseparable ma-
trix A which is also {1, 1}-quasiseparable (|6l Theorem 5.2]). In addition, in [6, Algorithm 4.4] it is
shown how to compute the matrix-vector product y = Rz for the general case when R is an {np,ny}-
quasiseparable matrix with a given quasiseparable representation, with linear complexity in the size
n of the vector. Therefore, we can use this algorithm (twice when necessary) for computing each of
the products |A7| f,|A7| (|Ap||=|),|A7Y| (|AL®|), and |A7!| (JAy|) (in practice, the contribution
of these terms to condeffs(A(2gs), ) is computed as |A7Y| (f + |Ap||z| + |[ALz| + |Ayz])). On the
other hand in [6] Theorem 4.1] it is proved that the product R; Rs of an {n1, m; }-quasiseparable matrix
Ry times an {ng, ms}-quasiseparable matrix Rs is, in general, an {n; + ng,m; + ms}-quasiseparable
matrix, and in [6], Algorithm 4.3] it is shown how to compute with linear complexity a quasiseparable
representation for this product given the representations of the factors. Therefore, since our matrix A is
a {1, 1}-quasiseparable matrix, we have that the products A~'A; and A~'Ay are both quasiseparable
matrices of orders {2,1} and {1,2}, respectively, at most, and we can compute via [6 Algorithm 4.3]
their quasiseparable representations. Then, once we have obtained such representations, we can use
again [6, Algoritm 4.4] for calculating the products [A~' Ay | |@| and |A~* Ay| |x| also with a linear cost.
Then, from Definition it is straightforward that condeff;(A(2gs),x) can be computed with linear
complexity. O

Finally, note that from Definition [7.I] and from the proof of Proposition it is straightforward to
prove that the effective condition number is invariant under row scaling for f = |b|, as cond | (A(£2gs), ).
This is stated without proof in Proposition [7.5}

Proposition 7.5. Let Ax = b, where 0 # © € R™ and A € R"*" is a {1, 1}-quasiseparable matriz, and
let K € R™ ™ be an invertible diagonal matriz. Then

condeff|y|(A(£2gs), ) = condeff| xp ((KA)(.QQQS), x),

where {2gs is any quasiseparable representation of A and Qégs is any quasiseparable representation of
KA.

8 Numerical experiments

This section is devoted to describe briefly some numerical experiments that have been performed in order
to complete our comparison between the structured effective condition number condeff|y(A(£2gs), x) in
Definition and the unstructured one cond| 4 p|(A, ) in Definition We have used MATLAB for
running several random numerical tests. First, the command randn from MATLAB has been used for
generating the random parameters in a quasiseparable representation for a {1, 1}-quasiseparable matrix
of size n X n, i.e., the following random vectors of parameters are generated:

peR" L aeR" 2 geR" " deR g eR" beR" 2 and h € R" . (8.1)

We also generate the random right-hand side vector b € R™ by using the command randn. Then, we con-
struct the matrix A described by the parameters in , obtain the vector of solutions x using the com-
mand A\b from MATLAB, and compute the structured effective condition number condeffj, (A(£2gs), )
and the unstructured condition number cond| 4|, p| (A, x) by using direct matrix-vector multiplication and
the inv command of MATLAB.

In general, when using just random parameters, we have obtained similar, often moderate, values for
the effective condition number and the unstructured condition number for the solution of linear systems,
i.e., condeffy|(A(£2gs), ) ~ cond| 4 p|(A, x). Therefore, following the experiments in [5, Section 7], we
have performed several tests using different kinds of scalings over the generated quasiseparable parameters
in order to obtain unbalanced quasiseparable matrices which may be very ill conditioned.

In particular, after generating the vectors of parameters in and the vector b, we have modified
p and h as follows

p=Fkixp and h=ky, '«h,
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where k; and ks are fixed natural numbers not greater than 103. This scaling, combined with the random-
ness of p and h and the rest of parameters, produces sometimes matrices with unbalanced lower left and
upper right corners (see the matrix at the end of this section for an example), for which the unstructured
condition number cond|4) (A4, x) can be much larger than the structured one condeff||(A(£2gs), ).
In fact, for n = 5, n = 10, n = 50, and n = 100, we have obtained vectors of parameters generating
particular matrices A and vectors b such that:

n | o e | condiy (A @) | condeffy(A(2os). @)
5 1.6139 - 10% 6.5318 - 10% 4.0471

10 | 1.9980 - 106 3.1788 - 107 15.8768 ;
50 | 1.4107-107 8.7762 - 10° 62.2104

100 | 1.6804 - 10° 6.0297 - 1010 35.8823

where & = A\b in each case.

From these numerical experiments we conclude that the structured effective condition number
condeffjy (A(£2qs), x) may be indeed much smaller than the unstructured one cond|4) »/(4, ), in other
words, that there exist linear systems of equations with {1,1}-quasiseparable matrices of coefficients
that have solutions which are very ill conditioned with respect to perturbations of the entries of the
matrix, but that are very well conditioned with respect to perturbations on the quasiseparable parameters
representing the matrix. The particular structure observed in the matrices that produced such huge
differences between the structured and the unstructured condition numbers is illustrated in the following
matrix and the respective vector b, which are the ones that produced the results in the table above for
n =9o:

—7.8876-10"2 —1.3485-10"2 —7.8066-10"% 2.7951-107%  5.1089-107°
3.0423-107'  —5.6399-10"'  1.6206-10"' —5.8026-10"2 —1.0606 103

A= | b5.5451-100 —2.5873-10"! 1.3525-10° —1.5088-10~% —2.7578-107° |,
~3.8047-105  1.8172-10%  —1.7047-10°  3.0944-10~% —6.7069 - 10~3
1.7714- 108  —8.2653-10°  7.7535-10>  8.3875-10"1  —2.0998 - 10°

b=[ -88528-1071 —1.3154-10"' —1.5711-10° -7.8284-10~" —1.0898-10° |".

Note that there is an obvious unbalance in the matrix entries, since the absolute values of the entries
near the lower left corner are large compared with the absolute values of the entries in the opposite upper
right corner of the matrix (compare the absolute values of the entries of the submatrix A(4 : 5,1 : 2)
versus those from A(1:2,4:5)).

9 Conclusions

A general expression for the condition number of the solution of a linear system of equations whose coef-
ficient matrix is a differentiable function of a vector of parameters with respect to relative componentwise
perturbations of such parameters has been presented. This expression involves the partial derivatives of
the matrix with respect to the parameters. This result is related to results presented recently in [5] for
eigenvalue condition numbers and both papers make use of differential calculus. This general expression
has been used to deduce formulas for the componentwise condition numbers of the solutions of linear
systems whose coefficient matrices are {1, 1}-quasiseparable of size n x n with respect to perturbations of
the parameters in any quasiseparable representation and in the tangent-Givens-vector representation of
the coefficient matrices. We have compared theoretically these two structured condition numbers and we
have proved that they differ at most by a factor 3n and, therefore, that they are numerically equivalent,
though the one with respect to the tangent-Givens-vector representation is always the smallest. More-
over, it has been shown that these structured condition numbers can be estimated in O(n) operations via
an effective condition number. We have also proved rigorously that these structured condition numbers
are always smaller, up to a factor n, than the componentwise unstructured condition number. In addi-
tion, the performed numerical experiments illustrate that the structured condition numbers can be much
smaller than the unstructured one in practice. This means that the structure of {1,1}-quasiseparable
matrices may play a key role in the accuracy of computed solutions of linear systems of equations, since
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these solutions can be much less sensitive to relative perturbations of the parameters representing the
matrices than to relative perturbations of the matrix entries. The techniques used in this paper can
be generalized to obtain structured condition numbers for the solution of linear systems involving other
classes of low-rank structured matrices and they can be extended to study the structured conditioning
of other problems involving low-rank structured matrices like, for instance, least squares problems.
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