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STRUCTURED PERTURBATIONS PART II:
COMPONENTWISE DISTANCES*

SIEGFRIED M. RUMP*

Abstract. In the second part of this paper we study condition numbers with respect to com-
ponentwise perturbations in the input data for linear systems and for matrix inversion, and the
distance to the nearest singular matrix. The structures under investigation are linear structures,
namely symmetric, persymmetric, skewsymmetric, symmetric Toeplitz, general Toeplitz, circulant,
Hankel, and persymmetric Hankel structures. We give various formulas and estimations for the con-
dition numbers. For all structures mentioned except circulant structures we give explicit examples
of linear systems A.x = b with parameterized matrix A, such that the unstructured componentwise
condition number is O(¢~1) and the structured componentwise condition number is O(1). This is
true for the important case of componentwise relative perturbations in the matrix and in the right-
hand side. We also prove corresponding estimations for circulant structures. Moreover, bounds for
the condition number of matrix inversion are given. Finally, we give for all structures mentioned
above explicit examples of parameterized (structured) matrices A. such that the (componentwise)
condition number of matrix inversion is O(¢~1), but the componentwise distance to the nearest sin-
gular matrix is O(1). This is true for componentwise relative perturbations. It shows that, unlike the
normwise case, there is no reciprocal proportionality between the componentwise condition number
and the distance to the nearest singular matrix.
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1. Motivation. In the first part of this paper we investigated structured per-
turbations with respect to normwise distances. There is some drawback to that. For
example, many matrices arising from some discretization are sparse. When using
a normwise distance, system zeros may be altered by a perturbation into nonzero
elements, which usually does not correspond to the underlying model.

System zeros can be modeled in the context of normwise distances such as, for
example, symmetric tridiagonal or tridiagonal Toeplitz matrices (see section 7 of Part
I of this paper). If components differ much in size, there is the problem that normwise
distances alter small components relatively more often than larger components.

To overcome this difficulty a common approach is to use componentwise dis-
tances. Consider a linear system Az = b. For some (structured) weight matrix F,
structured perturbations A + AA with |[AA| < ¢|E| are considered, where absolute
value and comparison are to be understood componentwise. This offers much free-
dom. For example, for E being the matrix of all 1’s, the inequality above is equivalent
to [|AA||;m < e, where [|A||, := max|A;;|, so that there is a finite ratio between this
(structured) componentwise condition number and the (structured) normwise con-
dition number (as considered in Part I). That means, in a way, the componentwise
approach includes the normwise.

But componentwise perturbations offer much more freedom. For example, for
Toeplitz perturbations one need not change the structure when dealing with banded
or triangular Toeplitz matrices; in fact, for the common case of componentwise relative
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perturbations such a structure is preserved per se. Also, the sensitivity with respect
to one, or a couple of, components fits easily into the concept. Therefore, there
has been quite some interest in componentwise perturbations in recent years; cf.
[13, 14, 2, 10, 20, 22].

However, this much freedom implies drastic consequences for the ratio between
the structured and the unstructured condition numbers. It has been mentioned as an
advantage in the application of componentwise perturbations that certain components
may be excluded from perturbations by setting the corresponding weights to zero. But
zero weights change the structure of the perturbations and they lower the degree of
freedom of perturbations.

One of the most common weights is E = |A|, corresponding to componentwise
relative perturbations in the matrix A. In this case, zero components of the ma-
trix shrink the space of admissible perturbations. Consider, for example, symmetric
Toeplitz perturbations. Then for a specific n x n symmetric Toeplitz matrix with two
nonzero components in the first row, normwise distances allow n degrees of freedom,
whereas for componentwise distances the specific matriz reduces the degrees of free-
dom to 2. On the other hand, if this is the given data and if the zeros in the matrix
are intrinsic to the model, then there is no more freedom for the perturbation of the
input data.

As a consequence there are examples where the structured condition number is
near 1, whereas the unstructured condition number can be arbitrarily large. Surpris-
ingly, this is even the case for symmetric linear systems and the case of componentwise
relative perturbations of the matrix and the right-hand side. This fact does not cre-
ate much hope that algorithms can be found at all that are stable with respect to
componentwise (relative) perturbations. We add more comments about that in the
last section.

2. Introduction and notation. Let nonsingular A € M,(R) and z,b € R",
x # 0, be given with Az = b. The componentwise condition number of this linear
system with respect to a weight matrix £ € M, (R) and a weight vector f € R"™ is
defined by

Azl

condg, f(A, x):=lim sup{”rr|| (A+ AA)(x + Az) = b+ Ab,AAe M, (R),
2.1) =0 Lellellee
Ab e R" |AA| <e|E|, |AY] < 5|f} .

Note that the weights E, f may have negative entries, but only |E|, | f] is used. Other
definitions assume nonnegative weights beforehand. Usually this does not cause prob-
lems. In the following, however, we will use skewsymmetric £ as well; therefore we
choose the definition as in (2.1).

We use the same symbol || - ||oo for the vector maximum norm and the matrix row
sum norm. Here and throughout the paper we use absolute value and comparison of
vectors and matrices always componentwise. For example, |[AA| < ¢|E)| is equivalent
to |AA;;| < e|E;;| for all 4, j. It is well known [16, Theorem 7.4] that

A |E A-1 -
(2:2) condp (A, z) = AL Ilﬁsl|+| 1] lloe.

This generalizes the Skeel condition number [24]

Al 1A -
03 cond (.2 — AT 1ALl e

[l oo
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where & = A depicts componentwise relative perturbations in A, and the omitted
f indicates that the right-hand side is unchanged. As usual we use || - || in case
of componentwise perturbations, whereas the spectral norm || - ||2 is used in case of
normwise perturbations (see Part I of this paper).

For specific right-hand sides the normwise and componentwise condition number
can be arbitrarily far apart. For instance, for the well-known example by Kahan [18]

2 -1 1 €
(2.4) A= -1 € ¢ and z=1] —1
1 € € 1

one computes for normwise and componentwise relative perturbations in the matrix
and the right-hand side

K\A\,|Am\(A; x) = 1.4e7t but COHd|AMAw‘(A,J?) = 2.5.

In case of linear systems with special matrices such as Toeplitz or band matrices,
algorithms are known that are faster than a general linear system solver. For such
a special solver only structured perturbations are possible, for example, Toeplitz or
band. Therefore one may ask whether the sensitivity of the solution changes when
restricting perturbations to structured perturbations.

Let MS™UCt(R) C M, (R) denote a set of matrices of a certain structure. In this
paper we will focus on linear structures, namely

(2.5) struct € {sym, persym, skewsym, symToep, Toep, circ, Hankel, persymHankel },

that is, symmetric, persymmetric, skewsymmetric, symmetric Toeplitz, general
Toeplitz, circulant, Hankel, and persymmetric Hankel matrices. We define, similarly
to (2.1), the structured componentwise condition number by

A
cond}y f (A, x):= lim sup {”x”m : (A+AA)(z+Ax) =b+Ab, AA€ MEWUCH(R),
E—

(2.6) 5||$Hoo
AbER™, |AA| < £|EJ,|Ab| < s|f|}.

We mention that for A € MS"UCt(R) and all structures under investigation AA €
MEWUCY(R) is equivalent to A + AA € MSUUC(R). Therefore it suffices to assume
AA € MSTUC(R) in (2.6).

For a specialized solver, for example, for symmetric Toeplitz A, only symmetric
Toeplitz perturbations of A are possible because only the first row of A is input to
the algorithm. A considerable factor between the structured condition number (2.6)
and the general, unstructured condition number (2.1) may shed light on the stability
of an algorithm.

Indeed, there may be huge factors between (2.1) and (2.6). Let, for example,

A= . € M,(R) and z=(1,-1,1,—1,...)7 e R™.
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Then for n = 200 we have
conda(A,z) =2.02-10%, cond¥™(A,2) = 1.02-10%, and condY™ °P(A, z) = 1.

In this example no perturbations in the right-hand side are allowed. This does not
conform with Wilkinson’s classical ansatz of error analysis, where he relates the com-
putational error to a perturbation in the input data. It may seem artificial to allow
variations of some input data, namely the input matrix A, and not of others such as
the right-hand side b. However, this depends on the point of view. The right-hand
side may be given exactly where perturbations do not make sense, for example, when
solving Az = e; for computing the first column of A~!, where e; denotes the first
column of the identity matrix. For this problem, and also in case the problem is solved
through Az = ey, the input of the problem is only A.

A numerical algorithm solves a nearby problem, and for the judgment of stability
of an algorithm disregarding perturbations in some input data seems inadequate.
However, in case of banded A, for example, the zeros outside the band are not input to
a band solver, and therefore perturbations in those should not be taken into account.
Among others, these are motivations for looking at componentwise perturbations.

However, we will see that things change significantly in the rugged world of com-
ponentwise perturbations compared to the smooth world of normwise perturbations.
We are especially interested in the estimation of cond®™™"“Ycond, a question also posed
in [13]. Even for handsome structures such as symmetric matrices there are examples
where cond 4 (A, x) is arbitrarily large compared to condi{lgl(A, x) ~ 1. Note that
this is true for the important case of componentwise relative perturbations in the
matrix and in the right-hand side.

We will give similar examples for all structures in (2.5) except circulant matrices.
In the latter case we give almost sharp estimations for condStrucycond. As we will see,
for circulant structures the ratio may only become small for ill-conditioned matrices.
The worst case is about cond®*™* ~ /cond.

The examples mentioned above are valid for a specific solution z and correspond-
ing right-hand side. The worst case structured condition number for componentwise
relative perturbations, the supremum over all z, however, will be shown to be not
far away from the corresponding unstructured condition number for all structures in
(2.5).

Moreover, bounds for the condition number of matrix inversion are given. Finally,
we give for all structures in (2.5) explicit examples of parameterized (structured) ma-
trices A. such that the condition number of matrix inversion is O(¢~!), but the
componentwise distance to the nearest singular matrix is O(1). This is again true for
the important case of componentwise relative perturbations. It shows that, unlike in
the normwise case, there is no reciprocal proportionality between the componentwise
condition number and distance to the nearest singular matrix. Recall that for norm-
wise perturbations the structured condition number is equal to the reciprocal of the
(structured) distance to the nearest singular matrix (Part I, Theorem 12.1).

We will use the following notation:

M, (R) set of real n x n matrices

MEWUCY(R)  set of structured real n x n matrices

I 1loo infinity or row sum norm

E some (weight) matrix, E € M, (R)

f some (weight) vector, f € R"

1,1, identity matrix (with n rows and columns)
e vector of all 1’s, e € R™



STRUCTURED PERTURBATIONS PART II 35

(1) matrix of all 1’s, (1) = ee’ € M, (R)
S signature matrix, i.e., |S| = I or S = diag(+£1,...,+1)
J, JIn permutation matrix mapping (1,...,n)7 into (n,...,1)7

Omin(A)  smallest singular value of A
Amin(A)  smallest eigenvalue of symmetric A
In this paper we treat explicitly the important (linear) structures in (2.5). How-
ever, we also derive formulas for general linear structures similar to those derived in
[13]. We mention that this includes structures in the right-hand side by treating an
augmented linear system of dimension n 4 1. Such structures appear, for example, in
the Yule-Walker problem [11, section 4.7.2].

3. Componentwise perturbations. Throughout this paper let nonsingular
A € M,(R) be given together with 0 # = € R™ and weights £ € M,(R), f € R".
Denote b := Ax.

The standard proof [16, Theorem 7.4] of (2.2) uses that (A+AA)(x+Ax) = b+Ab
and Ax = b imply

(3.1) Az = AN (—AAz + Ab) + O(?).
This is true independent of AA, structured or not. It follows that
|[A"TAAz + A71AD| &

[0

cond" " (A, z) = sup { : AA € MBUUCY(R), Ab € R™,
(3.2)

AA| < |E], 188 < |f|}.

This is again true for all structures including the unstructured case MSTUH(R) =
M, (R). For the estimation of |Az||~, in case of structured perturbations of AA we
use the ansatz as in [13] (see also Part I of this paper). All structures in (2.5) are linear
structures. That means for given “struct” every matrix AA in MSUUt(R) depends
linearly on some k parameters Ap € R¥. The number of parameters k depends on the
structure; see Table 6.1 in Part I of this paper. Denote the vector of stacked columns
of AA by vec(AA) € R™”. Then there is a bijective correspondence

3.3 vec(AA) = STt L Ay
(3.3) (

between vec(AA) and the parameters Ap by some matrix @St € M, 2 . (R). Note
that ®StUct ig fixed for every structure and given size n € N. Also note that @Struct
contains for all structures in (2.5) exactly one nonzero entry in each row.

In case of structured componentwise perturbations it seems natural to assume
E € MS'"U(R). This implies existence of pp € R* with vec(E) = ®StTuct . pp.
and because @5t contains exactly one nonzero entry per row we have the nice
equivalence

(3.4)

AA € MSPUYR) and |AA| < |E| < vec(AA) = &L Ap  and  |Ap| < |pgl.
That means the set of all |Ap| < |pg| maps one-to-one to the set of AA allowed in
(3.2). In that respect structured componentwise perturbations are easier to handle

than structured normwise perturbations. Finally, observe AAz = (z7 ® I)®StCtAp
for ® denoting the Kronecker product, and with the abbreviation

(3.5) pstruct . (m‘T ® I)q)struct
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we obtain the following formula for cond}y'}* (A, z), which was also observed in [13].

THEOREM 3.1. For nonsingular A € M,(R), 0 # x € R", E € MSWUYR) C
M, (R), and f € R™ such that vec(E) = ®"pp for pp € R¥ we have

_ AT pel + JAT 1] e

|2/ 0o

(3.6) cond%f}mt (A, x)

We note that Theorem 3.1 contains (2.2) for unstructured perturbations. In that
case it is just ® = I,,2 and ¥, = 27 ® I,,. Then vec(E) = pg implies |[A~ (27 ®
Dl lps| = [¢7 ® A7V |ps| = (]27| ® |[A- )|ps| = |A~1]|E|[a| using [17, Lemmas
4.2.10 and 4.3.1].

In Part I of this paper, we concluded in Corollary 6.6 of the corresponding Theo-
rem 6.5 that a lower bound on the ratio of the structured and unstructured normwise
condition number only depends on the solution vector z and not on the matrix A.
This is not possible in the componentwise case. In the normwise case the factor ||E||
cancelled, whereas in the componentwise case pp may consist of components large in
absolute value corresponding to columns of |[A~1W,| being small in absolute value.
This does indeed happen, as we will see in the explicit examples in the next sections.

For the structures in (2.5) the matrix ¥, is large but sparse. A mere count of
operations shows that A=W, requires not more than n® multiplications and additions
for all structures in (2.5). Moreover, frequently it is not the exact value but rather an
approximation of (3.6) that is sufficient. For that purpose efficient methods requiring
some O(n?) flops are available; see, for example, [12, 15].

To simplify and focus the discussion we observe that

Ae MP™[R) & JA € METV™(R) & AJ € METY™(R),
(3.7) A€ MYVIP(R) o JA € ppersymHankel py oo gy ¢ ppersymHankel gy
A€ MIP(R) & JA € MHanke(R) 5 AJ e prHankel(R),
By rewriting (3.1) into
Ar = (JA) N (—~JAAz+JAb)+0O(e?) and JAz = (AJ) H(—AAJ-Jz+Ab)+O(c?)
and observing |AA| < |E| & |JAA| < |JE| & |AAJ| < |EJ| and |Ab] < |f] &

|JAb| < |J f| we obtain the following.
THEOREM 3.2. For nonsingular A € M, (R) and 0 # x € R™ there holds

condgr;l(A, x) = cond(I}eErS}’;n(JA, x) = cond%?sfym(AJ, Jx),
symToe ersymHankel ersymHankel
condgf P(Az) = condI;E}f (JA z) = condI};J,fy (AJ, Jz),
condgo;fp(A, T) = condljg?tlfjfl(JA, r) = condgif}kel(AJ, Jx).
Therefore we will focus our discussion on symmetric, symmetric Toeplitz, and

Hankel matrices, and the results will, mutatis mutandis, be valid for persymmetric,
persymmetric Hankel, and general Toeplitz matrices, respectively.

4. Condition number for general x. For the case of unstructured compo-
nentwise relative perturbations £ = A and f = b it does not make much difference
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whether perturbations in the right-hand side are allowed or not. Indeed, (2.2) and
[b] = [Az| < |A] |z[ imply

(4.1) conda (A, z) < conda (4, x) < 2conda(4,x).

A similar estimation is valid for the condition number under normwise perturba-
tions (see Part I, equation (4.1)). Since the normwise condition number kg (A, ) =
|A= 2| E|l2 without perturbations in the right-hand side does not depend on z,
condition is an inherent property of the matrix—at least for unstructured normuwise
perturbations. This is no longer the case for componentwise perturbations. Consider

1 0 0 1 1
(4.2) A=1 0 1 1 and z=1[ 1 and y=1 0
0 1 1+¢ 1 0

Then (2.2) implies

condy(A,z) =471+ O(1) but conda(A,y) =1, and

(4.3) condap(A, ) =81 +O(1) but conday(4,y)=2.

So condition subject to componentwise perturbations is no longer an intrinsic matrix
property but depends on the solution x (and therefore on the right-hand side). Note
that the norms of rows and columns of A in (4.2) are of similar size.

There are similar examples for structured perturbations. For instance, the same
data (4.2) yield for symmetric perturbations

condi}’,gl(A,x) =6e"'4+0(1) and condiy’gl(A,y) =2,

and there are similar examples for the other structures in (2.5).

We may ask what is the worst case condition number for all z. We first observe
the following.

LEMMA 4.1. For nonsingular A € M, (R) and MS¥<YR) C M, (R) we have

(4.4) sup condsEtr}lCt(A,x) = sup condSEtr}lCt(A, x).
z#£0 ' |z|=e '

Proof. In view of (3.2) the supremum over all 0 # x € R™ in (4.4) can obviously
be replaced by the supremum over all ||z||oc = 1, the same as |z| < e with at least
one |z;| = 1. The assertion follows easily. |

For unstructured perturbations, formula (2.2) and Lemma 4.1 imply

(415)  supcondp,(4,2) = condr,s(4,6) = | |4~ Ble + 147111

and for no perturbations in the right-hand side

sup condg (A, x) = condg (A, e) = || |A™ | E| || oo-
z#0

For some structures the supremum for structured perturbations (4.4) is equal to the
worst case (4.5) for unstructured perturbations.

THEOREM 4.2. Let MSWUH(R) C M, (R) and nonsingular A € MS'UY(R), E €
MBS (R), and f € R™ be given. If, for every signature matriz S, B € MS™UC(RR)
implies SBS € MS'UY(R), then

(46) sup condi'F (A, z) = sup condp, (4, 2) = | |A7Y Bl e + A7 |£] [loo-
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Proof. Let i denote the row of |[A7Y||E|e + |A7!||f| for which the maximum
is achieved in the oo-norm, and denote by S the signature matrix with S,, =
sign(A~1);,. Then

(A7' - S|E|S - Se); = (|A7'||E] e);,

and the result follows by (3.2), choosing AA := S|E|S € M3 (R) with |AA| = |E)|
and the obvious choice of Ab. O

COROLLARY 4.3. For struct € {sym, persym, skewsym} and nonsingular A €
MBSTUC(R), E € MSTUCY(R), f € R™, it follows that

sup cond%f}mt (A, z) =supcondg (A, z) = condp, (A, e)
z#0 x#0
= AT Ele + A7 [f] o,
and therefore
sup condg ™ (4, 2) = | |AT!|E] [l
70

for no perturbations in the right-hand side.

Proof. For struct € {sym,skewsym} the result follows by Theorem 4.2, and for
persymmetric matrices by Theorem 3.2. ]

For other structures things change if the structure imposes too many restrictions
on the choice of the elements. If not, the following theorem gives at least two-sided
bounds for the worst case condition number for all z.

THEOREM 4.4. Let MSPUCY(R) C M, (R) be given such that for every individual
column there is no dependency between the elements; in other words, for every ¢ € R™
and every index i € {1,...,n} there evists B € MSWUY(R) with the ith column
B; of B equal to c. For such MSYUYR) and given nonsingular A € MSWUH(R),
E € MSWUeY(R), f € R™, it follows that

(4.7) nta < sup condSEtf}lCt(A, z) < a,
z#0
where
a:=condp ;(4,€) = SipCOHdE,f(A’ z) = [ |[ATH]Ele + [ATH [ f] [loo-
z#0
Estimation (4.7) is especially true for struct € {circ, Toep, Hankel}.
Proof. Denote by i € {1,...,n} an index with

“=, Sl‘upilcondE,f(Aal”) = 1A Ele+ A7 [flllo = (AT [Ele + [ATYIf])i-
There is j € {1,...,n} with (JA7Y|E|e); < n(|A7||E|);;. Choose AA € METUCH(R)
with [AA| < |E| such that AA,; = sign((A~')i,) - |[Eysl. Then (A7'AA); =
(|JA7Y|E])i;, and for suitable z with |z| = e and for suitable Ab we obtain
(A7 AAz + ATIAb)| > (|AT By + (A7 |fDi
> (JAT Bl + |ATH [ f])s = n 7l

Now the left inequality in (4.7) follows by (3.2), and the right inequality is obvi-
ous. ]
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The assumptions on MS'UCH(R) are also satisfied for struct € {sym,persym,
skewsym}, where we already obtained the sharp result in Corollary 4.3. However, the
assumptions are not satisfied for symmetric Toeplitz structures of dimension n > 3,
and therefore also are not for persymmetric Hankel structures. Indeed, we will give
general examples of symmetric Toeplitz matrices of dimension n = 3 and n > 5 such
that

(4.8) conda(A,e) ="'+ O(1) but supcond¥™TOP(A z) =1+ O(e).
z#0

Note that we use the weight matrix £ = A but do not allow perturbations in the
right-hand side. Of course, after introducing some small weight f for a perturbation
in the right-hand side formula, (4.8) is still valid in weaker form.

Let us explore this example for n = 3 in more detail. Consider (for small a € R)

01 « -1 « 1
(49) A= 1 0 1 such that A™'=(22)"'| a -a? «
a 1 0 1 a -1
General AA € M;ymToep(R) with |AA] < |A] is of the form
0 a ab
AA= a 0 a with Ja| <1, < 1.
ab a O

Then
1 a+b 0 a—b
AT'AA=-| alb—a) 2a ab—a) such that [|[A™'AAllw < 1+ O(a).
2
a—b 0 a+b

But

-
Q
I
_
-

|A‘1| [Al=| o« 1
1 ot

implies || A7} |A][loc = a~! + O(1)

—Q

such that (3.2) and (2.2) imply

(4.10) sup condif'mToep(A,x) <1+0(a) but conda(A,e)=a"t+0(1).
z#0

Note that cond(A4,z) ~ a~! is true for all z € R™ with |z2| not too small.

The situation as in (4.10) cannot happen if perturbations in the right-hand side
are allowed, at least not for the important case of relative perturbations £ = A, f = b.
In that case the worst case condition number is of the order of || [A™1| |A| ||oo, as shown
by the following theorem.

THEOREM 4.5. Let arbitrary MSWUYR) be given and nonsingular A€ MEWUCH(R).
Then for componentwise relative perturbations in the matrix and in the right-hand
side, i.e., for E=A and f = Ax, we have

nHHATH Al < Sl;lgconditﬁ?(/hx) < 2[|AT1A] [loo-
x
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Remark 4.6. Note that the weight f = Az for the right-hand side depends on
x. This problem does not occur in the normwise case because in that case the worst
case structured condition number (for all z) is equal to the unstructured condition
number for all weights E, f (see Part I, Theorem 4.1).

Proof. On the one hand, (3.2) implies

sup cond3 745 (A, @) > sup || [A7 Az [loo = 27" |[]AT![A]]|oo-
z#0 |z|=e

On the other hand, (3.2) and (2.2) yield

supcond"§" (A, z) < supconda, a,(A,z) = conda, c(4, €)

z#0 z#0
= [[[ATY|Ale + A7 [Ae| loo <2[[[A7']A][loo- O
We mention that

(4.11) AT 1A] oo = inf #oc(D1AD) = |47 A)),

where ¢ denotes the spectral radius and the infimum is taken over nonsingular diag-
onal D;. So this quantity is the infimum oo-norm condition number with respect to
unstructured and normwise perturbations in the matrix. The right equality in (4.11)
was proved by Bauer [3] for the case where |A| and |A~!| have positive entries. The
proof gives Dy and Dy explicitly by using the right Perron vector of |[A=1||A|. The
argument is also valid for general A, as shown by [23].

The question remains of whether at least some of the previous results for the
worst case structured condition number (for all z) can be shown for specific z, i.e.,
specific right-hand side. A worst case scenario in that respect would be if for the
natural weights £ = A and f = b, i.e., componentwise relative perturbations in the
matrix and the right-hand side, there exist A, b, and z with cond4 (A, z) arbitrarily
large, whereas condSAffglCt(A, z) = O(1). Indeed, we will show that for all structures
mentioned in (2.5) except circulants there are such general examples.

5. Symmetric, persymmetric, and skewsymmetric matrices. For the case
of no perturbations in the right-hand side it is fairly easy to find parameterized
A = A, and z such that conds(A,z) = O(e~1) and cond’™* (A, z) = O(1) for
struct € {sym, persym, skewsym}. We found it more difficult to find such examples
with perturbations in the right-hand side; in fact, we did not expect there to be any;
however, they do exist. We illustrate the first example in more detail. Consider

0 1 1 0 -1 1
1 0 1 -1 0 1
A=A = 1 1 0 1 1 and x = 0
0 -1 1 ¢ 1 1
-1 0 1 1 0 1
Then
1 -1+5 0 1 —-1-5
-1+5 -5 5 -1 1
-1
Al =gt 0 £ 0 0 £
1 -1 0 1 -1
-1-3 1 s -1 1+5
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Furthermore,
8+ 3¢ 0 1
8 + be 0 3
(5.1) |A‘1| |A||z| = et 2¢ and |A_1| |Az| = |A_1| 4 | =10
8+« € 1
8 + 5¢ 0 3

Note that |A~!||Az| is of size O(1) because the third column of A~!, which meets the
component 4 in |Az|, is of size O(¢). This is important because this term |A™!||Ax]|
occurs in both the unstructured condition number (2.2) and the structured condition
number (cf. Theorem 3.1). Now (2.2) implies

(5.2) conda 4. (A,2) =81+ O(1).

On the other hand, according to (3.5),

11 01100O0O0O0O0O0OO0OTGO0F®O
01 0001011O0O0O0O0TO0GO0
gy =001 0001 00O0T1T1O0°O0O0|,
0 0010O0O0OT1O0O0O0O0OT1T1O0
00001 O0O0O0OT1O0O0O0OTO0OT1]1

such that A71W5™ has large elements of size O(¢~!) in columns 1, 4, 6, 9, 13, and 15,
whereas all other columns are comprised of elements of magnitude O(1). However, the
parameter vector p4 such that vec(4) = @Y™ . p4 has zero elements in components
1, 4, 6,9, 10, 15, a value ¢ in component 13, and +1’s otherwise. Therefore

3
4
(AT pal = | 2 [ +0(e)
1
4
such that (5.1) and Theorem 3.1 imply
(5.3) Condi}ﬁz(A, x) =T+ Ofe).

The numbers in (5.2) and (5.3) do not change when replacing A by A @ B and pro-
longing x by k zeros, where B € My (R) denotes any symmetric matrix. Furthermore,
Theorem 3.2 implies that the same example applies for persymmetric structures. We
proved the following result.

THEOREM 5.1. For n > b5, there exist parameterized symmetric A == A, €
MY (R) and x € R™ such that

conda az(A,2) =81+ O(1) and cond}’y (A x) =T+ O(e).

For the persymmetric matriz JA € MY (R) similar assertions are true.
For the skewsymmetric matrix A = A, € M5<evsym (R) with

-1

and z =

(@)

|

(O]
oo MmO
e T

1
0
0
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one computes using (2.2) and Theorem 3.1
(5.4)  conda a.(A,z) =61 +0O(1) and condik’?;sym(A, z) =44 O(e).

Skewsymmetric nonsingular matrices are of even dimension. So replacing A by A® B

and prolonging = by 2k zeros, where B € M Zkewsy "™(R) denotes any skewsymmetric

matrix, does not change the numbers in (5.4). We have the following result.
THEOREM 5.2. For even n > 4, there exist parameterized skewsymmetric A :=

A € Mﬁkewsym(R) and x € R™ such that
conda a.(A,z) =61 +0O(1) and condiﬁ‘i’;sym(A, z) =4+ 0(¢).

This result shows a major difference between normwise and componentwise per-
turbations. In Part I, Theorem 5.3 we proved that for struct € {sym, persym, skewsym}
and for all x the structured normwise condition number is equal to the unstructured
normwise condition number. For componentwise perturbations and specific x the
condition numbers can be arbitrarily far apart, although Corollary 4.3 shows that in
the worst case they are identical. We had similar results for normwise perturbations
for the other structures in (2.5) (Part I, Theorems 8.4, 9.2, and 10.2). However, the
worst case was essentially x5t ~ g1/2; ie. a big ratio x/kS™°" was only possi-
ble for ill-conditioned matrices. For componentwise perturbations, condjﬂlgt ~1is
possible compared to arbitrarily large conds a,—always for the important case of
componentwise relative perturbations in the matrix and the right-hand side.

6. Toeplitz and Hankel matrices. Symmetric Toeplitz matrices depend only
on n parameters. That makes it less difficult to find examples in the spirit of the
previous section. Consider

A= A, := Toeplitz(0,0,1 +¢,—-1,1) and =z =(1,1,0,1,1)T
such that A is the symmetric Toeplitz matrix with first row [0,0,1 + &, —1,1]. Then
conda a(A,2) =47t +O(1) and cond%fgoep(A, x) =54 O(e).
In case of Toeplitz structures it is a little more subtle to find general n x n examples.
The structure does not permit us to use a simple direct sum as in the previous section.

We found the following examples. For even order greater than or equal to 6 consider

A = Toeplitz(0,0, 2, —1,1,2,1,e) € MBI °P(R) and
z=(1,0,2,—1,-1,2,0,1) € ROT2%

where z € R¥ denotes a vector of k > 0 zeros. Then (2.2) and Theorem 3.1 yield
conda a.(A,z) =4 +0O(1) and cond%r;‘l;roep(A, x) =64 O(e)
for all kK > 0. For odd order greater than or equal to 7 consider

A = Toeplitz(e, —¢,0,0,0,0,2,1,2) € M;ir;goep(R) and
(2,0,1,1,0,1,1,0,2) € R7+2k,

T
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where z € R¥ denotes again a vector of k zeros. Then

conda az (A, x) = 471+ 0(1) for n=7,
conda, 4z (A, z) = 4672+ 0(" ) for oddn>9 but
condi}iilgoep(A, x) = 5+0(e) for oddn>T1.

For persymmetric Hankel structures we use Theorem 3.2 and, summarizing, we have
the following result.

THEOREM 6.1. Forn > b, there exist parameterized symmetric Toeplitz matrices
A=A € MfLymToeP(R) and x € R™ such that

conda as(A,z) > 4c7H + O(1) and cond 51 °P (A, z) < 6+ O(e).

MpersymHankel (R)
n

For the persymmetric Hankel matriz JA € stmalar assertions are

true.
For Hankel structures consider

A = Hankel([0,e,~1+¢,—1,0],[0,1,1,0,0]) € MHankel(R) and
r = (1,1,0,1,1)T € R®,

where Hankel(c,r) denotes the Hankel matrix with first column ¢ and last row 7.
Then (2.2) and Theorem 3.1 give

(6.1)  conda a.(A,z) =81+ 0O(1) and condljif‘li(el(A, z) =8+ Ofe).
For general even n > 6 consider
A = Hankel([e,1,2,1,-1,2,0,0],[0,0,2,—1,1,2,1,0]) € MHankel(r),
r = (1,0,z,—1,-1,2,0,1)7 € R6+2F,
where z denotes a vector of k > 0 zeros. Then
conda a,(A,z) =81 +0O(1) and condljifffel(A,x) =7+ 0(¢g)
for all even n > 6. For general odd n > 7 define
A = Hankel([e, 2,0,—-1,-1,0,2],[2,0,1 —¢,1,0,0,2]) € Miankel(R) and
r = (1,1,2,0,21,1)T ¢ RO+2k,

where z denotes a vector of k > 1 zeros. Then (6.1) is valid as well. Using Theorem
3.2 for general Toeplitz structures we have the following result.

THEOREM 6.2. For n > 5, there exist parameterized Hankel matrices A :== A, €
MHankel(RY gnd € R™ such that

conda as(A,2) =81 +0O(1) and condgf’ﬂfel(A,m) <8+ 0O(e).

For the general Toeplitz matriz JA € MTOP(R) similar assertions are true.

In summary, for all of the structures struct € {sym, persym, skewsym, symToep,
Toep, Hankel, persymHankel} there are general n x n examples, n > 5, such that the
unstructured condition number is arbitrarily large, whereas the structured condition
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number is O(1). Note that this includes perturbations in the right-hand side. The
only exception of the structures in (2.5) to this statement are circulant structures, as
we will see in the next section.

For no perturbations in the right-hand side things are even worse. Consider

(6.2) A = A, = Toeplitz(e,v,1,v,0) for odd n >3 and
’ A = A, = Toeplitz(e,w,1,w,0,0) for even n > 6,
where v € R¥=1 and w € R¥=2 denote zero vectors for k := [n/2|. We will show

that for these matrices a linear system Ax = b is always well conditioned with respect
to componentwise symmetric Toeplitz perturbations, that is, for all . On the other
hand, the linear system is ill conditioned for generic x with respect to componentwise
general perturbations. We illustrate the proof for n = 5. Let z € R® with ||z]/e = 1
be given. According to (3.5) and (3.6) we calculate

et 01 0 —t
1 0 0 0 2 0
A7t = = 1 0 0O 1 +O(e) and
21 0 200 0
— 1 01 0 !
T X2 xs3 T4 Ts
To T1+ x3 Ty x5 0
\IjiymToep T3 Tot+xy x1+x5 O 0 R
Ty T3+ x5 To 1 O
Ts5 T4 Z3 T2 I
and from this
Tr1 — Ty X9 — X4 0 Ty — T2 X5 — X1
1 0 0 0 0 0
AT, = —et 0 0 0 0 0 +0(1).
2 0 o 0 0 0

Ts—21 T4—2x2 0 T9o—2x4 x1—125

By construction (3.3) we have vec(A) = ®¥Y™ToeP .\ with py = (£,0,1,0,0)”. The
only element of p4 of size 1 meets the zero column in A=W, so [A~ W, | [pa] = O(1),
and by (3.6)

condi}’mToep(A,x) =0O(1) forall0#zeR"

By (3.6) this remains true without the assumption ||z]|oc = 1. On the other hand,

1 0 et o1
01 0 00
A7 ]Al=]1 0 0 1 0 0 |+O(eps).
00 0 10
1 0 et o1

So (2.2) implies
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The computation above extends to all matrices in (6.2) and we have the following
result.
THEOREM 6.3. Lete > 0 and a matriz A :== A, according to (6.2) be given. Then
the following are true:
(i) For all 0 # x € R™ we have CondzymToep(A7 x) = 0O(1).
(ii) Let x €R™ be given and denote o:=|xp41| for odd n and o:=max(|zk|, |Tk+1])
for even n, where k = [n/2]. Then

conda(A,z) > e o

The example is possible because the symmetric Toeplitz structure imposes severe
restrictions on the possible perturbations so that the assumptions of Theorem 4.4 are
not satisfied.

7. Circulant matrices. Better estimations of the ratio conddr‘]cond of the
componentwise condition numbers are possible because circulant matrices commute
(because they are diagonalized by the Fourier matrix; cf. [7, 11]). This implies for
A, AA € ME™(R) that A~'AA = AA- A" and therefore

Az =—AA-A'z+ A TAb+ O(2).

This implies the following nice characterization. .
THEOREM 7.1. Let nonsingular A € MS™(R), z € R", E € M (R), f € R”
be given. Then

_ HEHA 2 + AT [l

condg ¢ (A, x) e
o0

To estimate the ratio cond*Jcond we first show that
(7.1) 1Al 2] floo = n~ [[Alloolz]l2 for A € M(R).
For A € MS™(R) we have 3", |A;;| = || Al for any j and ||A||; = || A, and therefore
Azl loo = n7t 3(1Al2])i = n7 3230 1Ayl oyl =n~t XJ: [A]l1];]

% i g
nHAlllzll = n7 I Allsoll2l2-

This implies
IA[JA 2| [l > n ' Alll|A7 2]l and
A7 |Az] [ n=H AT oo || Az |2

For x € R™ we have

23 = 2T AT Az < [T A7 2]l Azll2 = [[ A7 2|2 Az

\

using [|CTz|s = ||Cz||z for C € MS™(R); see Part I, Lemma 8.2. Putting things
together we obtain for relative perturbations £ = A and f = Ax

IHANA™ 2]+ [A7 [Az] oo /|2l
n~ ! max([|Afloo | A7 2], A7 oo | Azl2) /1|2l oo
n VAl [A oo [ A7 2 2 Azfla/ |20

- —— llzll2
" VAol A7 o

[Ed/p

cond§', (A, z)

Y

—~
=~
)

~

v

Y
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With this and (4.1) and (2.3) we also obtain a lower bound on the ratio condi\iff,x Jconda, Ay
by

X
=t TTA T AT T 212

GRS

o ot (AT Al 2]z
(7.3) - ]| oo [E1PS

cond$j"5, (4, z)

v

1 [EIE:
> n_l\/condA,Az(A7x)~

2 [2lo
> 27Y2p71 Jeconda a. (A, ).

We have the following result. ‘
THEOREM 7.2. Let a nonsingular circulant A € MS™(R) and 0 # x € R™ be
given. Then

H X
cond S, (A, 2) > nt AT A T - 1202

[l oo

> 27Y2p71 Jcondy 4. (A, ) - lll2 )
’ [[]| oo

We think that the factor n~! in both lower bounds of Theorem 7.2 can be replaced
by the factor n=/2. If this is true, it is easy to find examples verifying that the
overestimation in either case is bounded by a small constant factor.

The ratio cond}’y,/conda 4, can only become large for ill-conditioned linear
systems. The question remains of whether this changes if we forbid perturbations in
the right-hand side. This is indeed the case, and it is very simple to find examples.
Just take a vector r € R™ with uniformly distributed random first n — 1 components
in [-1,1] and set r, := —Z?:_ll r; + €. Then define A = [circ(r)]™! and = = e.
Obviously circ(r)e = ee, so A has an eigenvalue e ! to the eigenvector e; one can see
that most likely A > 0, so Theorem 7.1 implies cond4™“(4,e) = || |A| |47 e| || = 1.
On the other hand, (2.3) implies cond (A, e) = || |[A7Y |Ale]loo = || |[A7Y|A] ||oo, and
extensive numerical experience shows that it is likely that conda(A,z) ~ e~!. An
explicit example is a matrix A constructed as above with r; =--- =r,_1 = 1. Then

conda(A,e) = (2n —2)e '+ O(1) and cond9™(4,e) = 1

for n > 2. ‘
THEOREM 7.3. Given n > 2, there exists A € M"C(R) with

conda(A,e) > O(™Y) and cond$™(4,e) = 1.

The results show that with respect to normwise and componentwise perturbations
circulants behave similarly (Part I, Theorems 8.1, 8.4, and equation (8.1)). Besides
normality, a reason for that is that circulants commute.

8. Inversion of structured matrices. Similar to the structured component-
wise condition number for linear systems, the structured component-
wise condition number for matrix inversion is defined for A € M3 (R) and given
weight matrix E € MSTUC(R) by

I(A+AA4)"" — Ao
el A" oo ’

pSuCt(A) = lirrtl) sup {
E—
(8.1)

AA € MSUUY(E), |AA| < ¢|E| } :
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The unstructured condition number pz(A), that is, for MSTUH(R) = M, (R), satisfies
the following bounds:

-1 -1
(8:2) nla<ppd) <a for a1 |||1|4E|1|||A -

This follows by the well-known ansatz (see, for example, [16, proof of Theorem 6.4])
(8.3) (A+AA)T— A= —A7TAAA + O(|AA]?).

From this the right inequality in (8.2) is obvious. Denoting the ith row and jth
column of A~! by A :1 and A:jl, respectively, we have

(8.4)
(AflAAAfl)ij =(|A7Y|E) |A*1\)ij for AA::diag(sign(AZ}))|E| diag(sign(A:jl)),
which implies the left inequality of (8.2).

In case of normwise perturbations the condition numbers for matrix inversion and
for an arbitrary linear system with the same matrix (for no perturbations in the right-
hand side) are both equal to ||[A71E||2. In case of componentwise perturbations the
condition number depends on the solution (see (4.2) and (4.3)). We may ask whether
there is a relation between pg(A) and the supremum of condg (A4, x) over all x.

DEFINITION 8.1. Let nonsingular A € MSWUYR) and E € MSFUYR) be given.
Then

cond$iTUCt(A) = Si% cond$TUCY (A, x).
xr

In Corollary 4.3 we saw
(8.5) condp(A)=cond™(A)=||A7'|E||o for struct € {sym, persym, skewsym}.
Obviously (8.2) implies
ue(A) < condg(A).

However, this inequality may be arbitrarily weak. Consider

AT AT A [loo
A= oo

but conda(A,e) = | |[A~| A [loe = .

with

:3’

b

Il

b

™

Il
O = O
oM = O

1
€
1

Note that this is for componentwise relative perturbations, i.e., E = A. Denote
b:= Ae. Then (8.6) implies that the linear system Az = b is ill conditioned for small
€, but matrix inversion of A is well conditioned for every ¢ > 0. This might lead to
the apparent contradiction that solving the linear system by & = A~'b removes the
ill-conditionedness. This is of course not the case. In our example we have

Al =297 ¢ 0 ¢ |+0(1),
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so an O(1) change in A~! is a small perturbation. However, b = Ae = (1 +¢,2 +
g,1+¢)T, so an O(1) change in A~! causes an O(1) perturbation in z = A~1b = e,
which is of the order of 100% change.

The condition number pg(A) depends on diagonal scaling of A (and E). We may
ask for the optimal condition number with respect to two-sided diagonal scaling. For
this we obtain the following result.

THEOREM 8.2. Let nonsingular A € M, (R) and E € M, (R) be given. Denote

(87) :U“OEpt(A) = inf HD1ED2(D1AD2)7
D1,D2

where the infimum is taken over nonsingular diagonal matrices. Define

_ o (ATHIE[AT);
(8.8) r = min AT, )

where a/0 := oo for a > 0. Then
(8.9) n~lr < ,u%pt(A) <r.

Proof. Let i, j be indices realizing the minimum in the definition (8.8) of r and let
DW) .= diag(e,...,e,1,¢,...,¢) with the 1 at the vth position. Defining D;* := DU
and D; ' := DU we obtain by (8.2)

[DOIA|B[AMDY o
DO A-LDG) |
(A~IE[ A~ )i

= + fe =1+ fe
[ A=

N%pt(A) < pp,ED,(D1ADy) < |

for a constant 3 not depending on €. This proves the right inequality in (8.9). Denote
C:=|A7YIE[|A7| and let [|[A7 oo = >, A7 iy and ||C|lo = >, Cju. Then by
(8.2) and the definition (8.8) of r

Z Ojl/ Z Ciu r Z |A71|iy
mpp(4) 2 100~ "

> = > = > =r. O
[A oo DoAY — 1A e = oA e

We note that one may measure the componentwise relative perturbation of (A+AA)~!
versus A~! subject to componentwise perturbations of A. Then (cf. [4, 16])

A4+ AA) - AL,
pp(4) = 11rr(1)sup{|( i 62” is AA e M,(R), |AA4] §5|E|}
E— U
-1 1.
(AT EA )y
i |[A=13;

The structured componentwise condition number for the inverse can be bounded by
adapting the approach for linear systems. Let A,AA € MSUUY(R), vec(AA) =
@structy 4, and vec(E) = &Sty n Then |AA| < |E| is equivalent to [paa| < |ps|.
In view of (8.5) we note that (see [17, Lemma 4.3.1])

(8.10) VeC(A_lAAA_l) = (A_T ® A_l)vec(AA) — (A_T ® A_l)CDStrUCtpAA.

This implies the following.
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THEOREM 8.3. Let nonsingular A € MSPUYR) and E € MSTUYR) be given.
Let B € M, (R) with

(8.11) vec(B) = [(A™" @ A7H @St [pg|
and denote
o Ble
1A~ oo
Then
(8.12) n~la < Pt (A) < a.

Remark 8.4. The result includes (8.2) because, in the unstructured case, ® = I,,2
and vec(B) = | A~ @ A~ |pg| = (|A~T| @ | A~ lp]| = vec(|A~[|E| |A~1]) by [17,
Lemma 4.3.1].

Proof. Let dA € MS'™Y(R) such that ||[A"'dAA™!|| = sup{||[A"'AAA7! :
|AA| < |E|}, and denote vec(dA) = @5y, Then |pga| < |pg| implies
[vec(A71dAATY)| = [(AT @ A=1)@stuct .y, 4| < vec(B), and the right inequal-
ity in (8.12) follows by (8.10), (8.3), and the definition (8.1). On the other hand,
let the index k, 1 < k < n? be such that max,, |B,,| = (vec(B))y. Denote
C:= (AT @ A=1)®struct and set diagonal D € M, (R) with D, := sign(Cy, ). Fur-
thermore, define paa := D|pg| and let AA € MSTUYR) with vec(AA) = @SUUCty , 4.
Then

= (vec(ATTAAATY)) = (AT @ AN @™ Upaa)y = (IC] pel)r = (vec(B))k
and

. A AAA Y B [Bl
Mst uct A 2 Z 2 n .
B ) AT AT =" A

The question remains of whether, as for normwise perturbations, there is a relation be-
tween the reciprocal of the matrix condition number and the componentwise distance
to the nearest singular matrix. This question will be treated in the next section.

9. Distance to singularity. For normwise and unstructured perturbations the
condition number is equal to the reciprocal of the distance to the nearest singular
matrix. Moreover, we showed in Part I, Theorem 12.1 that this is also true for
structured (normwise) perturbations, that is,

BRI (A4) = hs(4)

which is true for all our structures (2.5) under investigation. In the limit, a matrix
has condition number oo iff it is singular, that is, the distance to singularity is 0.

The question arises of whether a similar result can be proved for componentwise
perturbations, unstructured or structured. The componentwise (structured) distance
to the nearest singular matrix is defined by

(9.1)  dY(A) ;= min{a : AA € MSPUYR), |AA| < o|E|, A+ AA singular}.

For normwise perturbations, the distance to singularity §$""“*(A) as well as the con-
dition number kg (A) depend on row and column diagonal scaling of the matrix. This
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is no longer true for componentwise perturbations. The unstructured distance to sin-
gularity dg(A) as well as the structured distance is independent of row and column
diagonal scaling (as long as, of course, the scaled matrix remains in the structure).
That is, for positive diagonal D1, Do,

dp,Ep, (D1AD3) = dg(A),
and for 147 E, DlADQ, DED, € MgtrUCt(R>,
APy Ep, (D1ED2) = dE™ (A).

This is simply because |[AA| < a|E| < |D1AAD;| < aDy|E|D; and det(A+ AA) =
0 < det(D1ADy + DiAAD;) = 0. Furthermore, A+ E = A(I + A~ 1E) is singular
iff —1 is an eigenvalue of A™'E so that definition (9.1) implies

(9.2)
AU (4) = |max{|)| : E € MSUUYR), |E| < |E|, A real eigenvalue of A™*E} B

Note that the maximum is taken only over real eigenvalues of A~*E. For unstructured
perturbations the linearity of the determinant in each matrix element implies that the
matrices E can be restricted to the boundary |E| = |E|, i.e., finitely many matrices:

9.3) dp(A4) = |max{|\|: E € M,(R), |E| = |E|, X real eigenvalue of A™'F -
(9.3)

This is not true for structured perturbations; that is, the maximum may only be
achieved for some |E| # |E|. An example for symmetric structures was given in [20].

With respect to the condition number things are even more involved. In the
normwise case, we have k5"t*(A) = |A7L||||E| (see Part I, Theorem 11.1) for all
structures in (2.5), and it is the same condition number for matrix inversion as for
linear systems when taking the supremum over all x. This is no longer true in the
componentwise case. Here the condition numbers for matrix inversion and a linear
system with the same matrix may be arbitrarily far apart (cf. the example in (8.6)).
So if there is a relation at all between distance to singularity and the reciprocal of a
condition number we first have to discuss which is the “right” condition number to
choose.

Let us first consider the condition number g (A) of the matrix inverse as defined
in the previous section. Consider

— 1 0 1
1 0 1 1

A=A = 01 0 1 and FE = A.
1 1 11

y (9.3) we calculate
1
da(A) = 151/2 +0(1).

On the other hand (8.2) yields

HATHAA e _ o

(9.4) pa(A) < e <
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Note that this is true for the most common case £ = A of componentwise relative
perturbations. The same example applies to structured perturbations. The pertur-
bation AA with |AA| = d4(A)|A| and det(A+ AA) = 0 is a symmetric matrix. That
means

m 1 m
aF™(4) = 162 +0(1) and ™ (A) < pa(4) < 8.

So the condition number of the matrix inverse does not seem appropriate for our
anticipated results.

To proceed let us first consider unstructured componentwise perturbations.
Then, by Corollary 4.3, the worst case condition number for all z is condg(A) =
sup,o condp (A, z) = condp(A,e) = || |[A7|E|[lo. We choose no perturbations in
the right-hand side because we are interested in the matriz property of distance to
singularity. By column diagonal scaling, || |[A™!||E|||s may become arbitrarily large.
Therefore we choose optimal diagonal scaling for which [3, 9, 23]

(9.5) Din]g condp, gp,(D1ADs) = o(|A7Y| |E|),

the infimum taken over nonsingular diagonal D,,, ¢ denoting the spectral radius. Note
that o(|A~![|E]) is also equal to the minimum normwise condition number kg o (A)
with respect to the oo-norm achievable by diagonal scaling. For this minimum con-
dition number we could indeed show an inverse proportionality to dg(A4) as by [21,
Proposition 5.1]

1 (34 2v2)n
AT E) = =W = ey

IA

(9.6)

The left inequality is an equality for large classes of matrices, e.g., M-matrices. More-
over, explicit n x n examples, n > 1, were given [21] with d4(A4) = no(JA7||A]) 71,
so there is not much room for improvement in (9.6).

The question remains of whether a similar result is possible in case of structured
componentwise perturbations. Unfortunately, for all structures in (2.5) the answer is
no. Following we give a sequence of examples showing that. The first example for the
symmetric case will be treated in more detail; the rest follow similarly. All examples
will be given for the important case of componentwise relative perturbations of the
matrix entries.

Let

A=A, = € My"™(R)

—_ oM
—_—_ 0 O
o O =
S M =

be given for € > 0. A general symmetric perturbation of A subject to componentwise
relative perturbations is

e(1+61) 0 1+ 69 1463
0 0 1+ 64 1+ 65

14682 1464 0 e(1+ 6)

1+63 14065 e(1+6) 0

N
I

€ MY™(R).
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Then d%™(A) is the smallest a such that |6,| < o and det A = 0. With Maple [25]
we calculate

det A = co + 22 with
Co = ((1 + 62)(1 + (55) — (1 + (53)(1 + (54))2,
o = 2(1461)(1+ 64)(1+ 65)(1 + b)-

In order to move det A into zero, the second summand c262 must be zero or negative.
This implies d%} ™ (A) > 1 and therefore, of course

a4 =1
because A = 0 for §, = —1. On the other hand,
cond4(A) = cond}™(A) = || [A7|A] ||eo = 467 + O(1).
Moreover, (9.5) implies

i%fcondgng(DAD) > o(|AT|A]) = 2.8+ O(1) and da(A) = o(|A7]A]) !

so that there are arbitrarily ill-conditioned, though optimally scaled, symmetric ma-
trices with d% ™ (A4) = 1. In other words, no relative perturbation less than 100%
may move A into the manifold of (symmetric) singular matrices. The example above
is extendable to higher dimensions by choosing A @ I. By Theorem 3.2 the example
extends also to persymmetric structures.

For the skewsymmetric case consider

0 0 -1 1-¢ 0 0
0 0 —€ 0 1+ 1
o 1 € 0 —1 0 0 skewsym
A=A=1 4. 0 1 0 0o o | M (R).
0 —-1—-¢ 0 0 0 —€
0 —1 0 0 € 0

Here and in the following examples we define A (as for the symmetric case) by mul-
tiplying the components of A by 1+ 6, with rowwise numbering of the 6,,. Then

det A = (1 — )2(1 + 82)(1 + 83)*(1 + 67)%,
implying
k
d5(A) = 1.
On the other hand,
conds(A) =672+ O(e™) and cond’ V™ (A) =22 4 O ),

whereas

inf cond’ XYM (D AD) > o(|A7Y||A]) = 62732 + O(e/?) and

da(4) = e(|A7H A~
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such that A is truly ill conditioned for arbitrary diagonal scaling with respect to
relative componentwise skewsymmetric perturbations. Now (8.5) and (9.5) imply for
struct € {sym, persym, skewsym }

inf condiHe (DAD) = inf condppp (DAD) = o(|A7Y|E)),
the infimum taken over positive diagonal D. So we have the following result.
THEOREM 9.1. Let struct € {sym, persym, skewsym}. Then for everye > 0 there
evists A= A, € MUY (R) with
i%f cond PN (DAD) > ¢! and  dTUCN(A) = 1.
For the symmetric Toeplitz case consider
(9.7) A = A, = Toeplitz(0, 1,1, —¢) € MY™ToP,

Then defining A as before yields

det A = ¢y +cie+coe?  with
co = (2+8 +62)%(82 —61)%
e = 2(1+8)(1+63)((1+61)* + (1+62)%), and
o = (1+6)*(1+63)°

For |6,] < 1, ¢o is nonnegative, whereas both ¢; and co are positive. Therefore
T
dFMOP(A) = 1.
On the other hand, for z = (1,—1,1,—-1)%,

conda(A) =271+ 0O(1) and

sup condZymToep(A) > condZymToep(A, z) =214+ 0(1)
z#0

such that A is truly ill conditioned subject to relative componentwise symmetric
Toeplitz perturbations. For Toeplitz structures, diagonal scaling is, in general, not
possible. For completeness we note

o(|AT]A]) = 2e712 + O(1) = [da(A)] 7.

The same example applies, according to Theorem 3.2, to persymmetric Hankel struc-
tures.
For the general Toeplitz case consider

A = A, = Toeplitz([0,1,—1,0],[0,1, -1, —¢]) € M;°P(R),

where Toeplitz(c, ) denotes the (general) Toeplitz matrix with first column ¢ and first
row r. Defining A as before yields

det A = co + c1e  with
co = ((1+(51)(1+64) — (1+61)(1+65))2 and
e = (L+63)(1+84)° + (1 +61)(1+83)(1+ &)
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For |6,| < 1 the determinant is positive, so
dReeP(A) = 1.
On the other hand,
conda(A,e) =47t +0(1) = cond}oep(A, e),

so A is truly ill conditioned subject to relative componentwise general Toeplitz per-
turbations. By Theorem 3.2 this also covers the Hankel case. For completeness we
note

o(|ATH[A]) = 2v2e72 + O(1) = [da(A)] 7.
Finally, define for the circulant case
A=A, =circe(l,¢,1,0) € MS™(R).
For A defined as before we get

det A = af with
Q = (2+51 +63)2 752(14*52)2 and
B = (61— 63)% +e2(1+ 62)%

For small ¢ both factors are nonzero for |6,| < 1, so
dST¢(A) = 1.
On the other hand, for z = (1,1,1,-1)T,

conda(A,z) = 2e71 + O(1) = cond9™(A,z) and
o(|ATY[A]) =271+ O(1) = [da(A)] .

Summarizing, we have the following result.
THEOREM 9.2. Let struct € {symToep, Toep, circ, Hankel, persymHankel}. Then
for every e > 0 there exists A := A. € MSWUYR) and v € R™ with |z| = e such that

cond$™ (A, z) > et and  dSTUY(A) = 1.

10. Conclusion. Summarizing, depending on the perturbation in use, we face
severe differences in the sensitivity of the solution of a linear system. An extreme
example is symmetric Toeplitz perturbations. In that case, Theorem 6.3 implies
that for the matrices defined in (6.2) the solution A='b is well conditioned subject
to structured componentwise perturbations in the matrix for all right-hand sides
b. However, for unstructured componentwise perturbations it is ill conditioned for
generic right-hand side b. This is true when perturbations are restricted to the matrix.

We saw similar examples with a perfectly well-conditioned linear system with re-
spect to componentwise structured perturbations in the matrix and the right-hand
side, but being arbitrarily ill conditioned with respect to componentwise general (un-
structured) perturbations. We presented such examples for all perturbations under
investigation except circulants, for which almost sharp estimations for the ratio be-
tween the structured and unstructured condition numbers were derived.
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So far it seems that componentwise perturbations may produce some quite un-
expected and unwanted effects. One reason, as mentioned in the first section, is that
zero weights produce certain substructures of the given structure. In particular, the
degrees of freedom may be significantly reduced. Then a problem may become well
conditioned because not much room is left to produce “bad” perturbations.

This may lead to the conclusion that it is rather unlikely we will find algorithms
for the problems and structures under investigation in this paper that are stable with
respect to componentwise perturbations. One might even conclude that this seems to
be an intrinsic property of componentwise perturbations.

Fortunately, this seems not to be the case. There are other structures for which
very fast and accurate algorithms have been developed for the solution of linear sys-
tems or matrix inversion and also for other problems such as LU-decomposition and
the computation of singular values. For example, those problems can be solved with
small componentwise relative backward error for Vandermonde-like or Cauchy matri-
ces [16, section 22], [5, 8, 6]. This is especially remarkable because Vandermonde and
Cauchy matrices are reputed for being persistently ill conditioned (with respect to
unstructured perturbations; see [3] in Part I).

This is of course a question of exploiting the data, or of developing the “right”
algorithms, but also is sometimes facilitated by choosing a clever set of input data.
Consider, for example, the problem of matrix inversion, LU-decomposition, or compu-
tation of singular values for weakly diagonally dominant M-matrices. Small perturba-
tions in the diagonal elements can cause arbitrarily large perturbations in the result.
However, another choice of input data changes the situation [19, 1]: The mentioned
problems are well conditioned with respect to the off-diagonal elements and the row
sums as input data.

The problem with stability with respect to componentwise (relative) perturba-
tions, structured or not, is that in the course of a computation one single subtraction
producing some cancellation may ruin the result in the componentwise backward
sense. The backward error of the result of the subtraction is small with respect to
uncorrelated perturbations of the operands. However, perturbations are correlated if
the operands are the result of previous computations. A typical example can be seen
when solving (2.4) with Gaussian elimination.

It seems more and more difficult to design structured solvers for linear systems
over the structures in (2.5) being stable with respect to structured componentwise
perturbations. Are there such algorithms?

A candidate might be circulant matrices because of their rich algebraic properties.
In fact, a normwise stable algorithm already exists [26]. Moreover, in contrast to the
other perturbations under investigation, the worst case unstructured componentwise
condition number in this case is at most about the square of the structured condition
number (for perturbations in the matrix and the right-hand side; see Theorem 7.2).

Finally, there does not seem to be much relation between the distance to singu-
larity and the reciprocal of a condition number in case of componentwise structured
perturbations. This is the case for the matrix inverse condition number pugp(A) as
well as for cond5™"“*(A), the supremum of condi™ (A4, z) for all z. But maybe an
appropriate structured componentwise condition number for that purpose is still to
be defined.
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