? ﬂ L {' Equipe de Recherche DALI
Laboratoire LP2A, EA 3679

J>z7z¢,, Ordttectures of 107:‘:./, [ aforsmet e Université de Perpignan

Structured Condition Number and
Backward Error for Eigenvalue Problems

Stef Graillat 28 janvier 2005

Research Report N° RR2005-01

Université de Perpignan
52 avenue Paul Alduy, 66860 Perpignan cedex, France
Téléphone : +33(0)4.68.66.20.64
Teélécopieur : +33(0)4.68.66.22.87
Adresse électronique : dali@univ-perp.fr




Structured Condition Number and Backward Error for
Eigenvalue Problems

Stef Graillat
28 janvier 2005

Abstract

In this paper, we investigate condition number and backward error for
eigenvalue problems. Results on unstructured condition number for a simple
eigenvalue are recalled and then a definition of a structured condition number
is given for linear structures that are Toeplitz, circulant, Hankel, symmetric,
Hermitian and skew-Hermitian. For these structures (except for circulant), we
show that the unstructured condition number equals the structured condition
number. We generalize these results to eigenvalues of matrix polynomials. We
also study structured backward error for matrix polynomials.

Keywords: structured matrices, structured perturbations, matrix polynomials, condition number,
backward error, eigenvalue problems, polynomial eigenvalue problems

Résumé

Dans ce papier, nous étudions le conditionnement et l'erreur inverse d’un
probleme de valeurs propres. Nous rappelons quelques résultats sur le condi-
tionnement des valeurs propres simples. Nous définissons ensuite la notion
de conditionnement structuré pour les structures Toeplitz, circulante, Hankel,
symétrique, hermitienne et antihermitienne. Pour ces structures (excepté le cas
circulant), nous montrons que le conditionnement structuré est égal au condi-
tionnement non structuré. Nous généralisons ce résultats pour les problemes de
valeurs propres de matrices polynomiales. Enfin, nous étudions 'erreur inverse
structurée pour le probleme de valeurs propres de matrices polynomiales.

Mots-clés: matrices structurées, perturbations structurées, matrices polynomiales, nombre de
conditionneent, erreur inverse, valeurs propres
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1 Introduction and notation

Condition numbers play an important role in numerical linear algebra. They measure the sensitivity of
the solution of a problem to perturbations in the data. Indeed, in practice, data are typically corrupted
by errors. Three well known sources of approximation are considered in scientific computation [6]:

(1) errors due to discretization and truncation,
(2) errors due to roundoff, and

(3) errors due to uncertainty in the data.

Numerical methods for computing eigenvalues are mostly affected by rounding errors when working in
finite precision. If the matrix has a given structure, it seems to be natural to take into account this
structure. There are growing interests in algorithms for structured problems since few years (see, for
example, [1, 4, 5] and the references therein). Then it is natural to define structured perturbation
analysis, that is to say, to define new condition numbers with respect to structured perturbations.

Backward errors measure the stability of a numerical method. Using it with condition numbers,
we can derive an upper bound for the error in a computed solution thanks to the well-known “rule of
thumb”,

error < condition number X backward error.

~

This justifies the study of the backward error for the same problems as for condition numbers.
In this paper, we focus on the following linear structures,

struct € {Toep, circ, Hankel, sym, Herm, skewHerm}, (1.1)

corresponding to the set of Toeplitz, circulant, Hankel, symmetric, Hermitian and skew-Hermitian ma-
trices, see Table 1. One will find in Table 2 the number of independent parameters for the structures we
consider here.

Toeplitz matrices (ti,j);f;lo Hankel matrices (h”)?;:lo
to t-1 - tin ho hi - hpa
t to . E hl h2 - hn
: - .oty : I :
tn—1 U t1 tO hn—l hn e hQn—Q

Circulant matrices (v;)7Z,

Vo Un—1 U1
(%1 Vo
Un—1
Un—1 U1 Vo

Table 1: Toeplitz, Hankel and circulant matrices

Structure | general Toep  Hankel circ sym Herm skewHerm
k n? 2n—1 2n—1 n  (n®*+n)/2 (*+n)/2 (n?-—n)/2

Table 2: Number k of independent parameters

Throughout the paper, we denote by M,,(C) the set of complex n x n matrices and M2*1*(C) the set
of structured complex matrices, struct being defined in (1.1). We endow these spaces with the 2-norm
(also called the spectral norm) denoted by || - ||. The superscript 7 denotes the transpose and * denotes



the conjugate transpose. Throughout the paper, the matrix E is arbitrary and represents tolerances
against which the perturbations are measured.

Let us consider a matrix A € M, (C). Let X be a simple nonzero eigenvalue of A with corresponding
right eigenvector z and left eigenvector y so that Az = Az, and y*A = Ay*. We define the condition
number of \ by

kp(AN) = ;i_r%sup{ﬁ—)\)\" A+ AA)(z+ Az) = (A + AN (z + Ax),
AA € M,(C), |AA|l< 5||E||} (1.2)
It is well known [3, p.47] that 2l 4]
z||lly
kp(A,N) = Tyl

When the matrix A has a given structure, the entries are assumed to be defined according to this
structure. This means that only perturbations on the entries are possible. For example, for a Toeplitz
matrix, since only 2n — 1 coefficients define the matrix, we restrict only these 2n — 1 coeflicients to
be perturbed. This justifies the introduction of a structured condition number. Given a matrix A €
Mstuct(C), where struct belongs to (1.1), we define the structured condition number of X by

A
KUY (A N) = lin}) sup{% (A4 AA)(z + Ax) = (A + AN (z + Ax),

Ad € M), A4l < s|E|}.

For A € MS#uct(C), it is clear that we always have
RE(AN) < pp(AN).

We are interested in the structures for which 5" (A, \) = kg (4, \).

The rest of the paper is organized as follows. In Section 2, we recall useful results. In Section 3, we
prove that for Toeplitz, Hankel, symmetric, Hermitian and skew-Hermitian structures, the structured
condition number equals the unstructured one. In Section 4, we generalize the previous result to the case
of polynomial eigenvalue problems. In Section 5, we study the backward error for polynomial eigenvalue
problems and we show that the structured backward error equals the unstructured backward error for
Toeplitz, circulant, Hankel and symmetric structures.

2 Auxiliary results

In this section, we recall some known results. Rump proved the following result.

Lemma 2.1 (Rump [8, Lem. 10.1]). Let x € C™. Then there exists C, a complex Hankel matriz,
such that Cx =T and ||C|| = 1.

We will use the fact that
A€ M™P(C) & AJ € MPkel(C) & JA € MHankel(C),

where J is the permutation matrix mapping (1,...,n)7 into (n,...,1)7,
(0) 1
J =
1 (0)

For a complex number z we define

. zZ/lz|, z#0,
81gn(z):{0/|| ziO



For convenience, we define a function 6 by
O(y,z) :=sup{|y* Fz|: F € M,(C),||F| = 1}.

It is clear that O(y,z) < ||y||||z||. Defining F = %, we have

_ 1 N .l
= max ||yz*"z| = X 2%z =1,
Iyl 1=1=1 Iyl i1=1=1

I1E]]

and |y*Fz| = ||y||||z|| so that 6(y,z) = ||y||||x]|. We define the structured version of this function by
0> (y, @) = sup{|y* Fa| : F € M"™(C), | F|| = 1}.
The following theorem exhibits the variation of a simple eigenvalue when a matrix is perturbed.

Theorem 2.2 (Stewart and Sun [9, p.183]). Let A be a simple eigenvalue of a matriz A, with right
and left eigenvectors x and y, and let A = A+ AA be a perturbation of A. Then there is a unique
etgenvalue A such that

y*AAzx

A=A+
yrx

+O(|AA]).

Using Theorem 2.2 and the definition (1.2), it follows that (see [2])

AN = 0 .
KE( 5 ) |y* ||)\| (y7$)

Using the same argument, it is easy to show that

E
IiSEtruCt(A,)\) _ ” ”

— struct( )
ly*z||Al

3 Structured condition number for eigenvalue problems

In this section, we prove that for struct € {Toep, Hankel, sym, Herm, skewHerm}, the structured condition
number equals the unstructured one.

3.1 Hermitian structure

Let A € M!e™™(C) be an Hermitian matrix with a simple eigenvalue A (which is real). Let x be a
right eigenvector of A. As A is Hermitian, it follows that x is also a left eigenvector. Then we have
0(z,x) = ||z||*>. We want to show that 0579 (2, x) = ||z|* as well. It is clear that 0579t (z, x) < ||z|%.
Let us consider F' = % This matrix F is Hermitian and satisfies |F'|| = 1, |[2*Fx| = ||z||>. Then this

implies that 1™ (x, x) = O(x, x) and so that £H™ (A N) = k(A N).

3.2 Skew-Hermitian structure

Let A € MskewHerm () be a skew-Hermitian matrix with a simple eigenvalue A\ := iy with 4 € R .
Let = be a right eigenvector of A. As A is skew-Hermitian, it follows that x is also a left eigenvector.
Then we have 0(z,z) = ||z]|>. We want to show that 57t (z x) = ||z||* as well. It is clear that
gstruct(z x) < ||z||2. Let us consider F = % This matrix F is skew-Hermitian and satisfies ||F|| = 1,

|z* Fx| = ||z||?. Then this implies that #s<eWHerm (7 7} = §(z, z) and so that rixevHerm(4 \) = kg (A, N).

3.3 Symmetric structure

Let A € M¥™(C) be a complex symmetric matrix with a simple eigenvalue A. Let = be a right
eigenvector of A. Since A is symmetric, it follows that T is a left eigenvector of A. It follows that
we have 0(Z,x) = ||z||?. Let us show that %™ (%, 2) = ||=||?. It is clear that §%¥™(%,z) < ||x||?>. From
Lemma 2.1, there exists a Hankel (so symmetric) matrix F' such that Fz = T and || F|| = 1. Then we have
|z*Fz| = ||Z||? = ||z||?. Then, it follows that Y™ (Z,z) = (T, ) and so that k5" (4, \) = kg(A, \).



3.4 Hankel structure

Let A € MHankel(C) be an Hankel matrix with a simple eigenvalue A\. Let x be a right eigenvector
of A. Since A is symmetric (since Hankel), it follows that T is a left eigenvector of A. It follows that
we have 0(Z,z) = |lz|2. Let us show that #Hankel(F o) = ||2||2. It is clear that gHankel(F 2) < |22
From Lemma 2.1, there exists a Hankel matrix F such that Fx = T and ||F|| = 1. Then we have
|7* Fx| = ||Z||? = ||z||?>. Then, it follows that §fankel(F z) = §(%, x) and so that xHankel(A \) = kg (A, N).

3.5 Toeplitz structure

Let A € MT°°P(C) be a Toeplitz matrix with a simple eigenvalue \. Let = be a right eigenvector of A.
Since A is Toeplitz, then JA is Hankel and so symmetric. As Az = Az, it follows that JAx = AJz. Let
us denote z, := Jz. Then, it follows that z7.JA = \z,, that is to say 22 A = Azl It means that T, is
a left eigenvector of A.

It follows that we have §(Z5,z) = |z|>. Let us show that T°P(z;, ) = ||2||?. It is clear that
gTocP(z5, z) < ||z/|®. From Lemma 2.1, there exists a Hankel matrix F such that Fx =T and ||F|| = 1.
Let us define the Toeplitz matrix G := JF. We have |G|| = 1 and Gz = T,. Then we have |T,*Gz| =
[|#]|2. Then, it follows that §T°(z5, ) = O(Z5, =) and so that x> (A, \) = k(A \).

4 Structured condition number for polynomial eigenvalue prob-
lems

The polynomial eigenvalue problem is to find the solutions (z,\) € C™ x C of
PNz =0, (4.3)

where
PA) = A"Ap + X" Ay + -+ + Ay,

with Ay € M, (C), k =0:m. If x # 0 then A is called an eigenvalue and z the corresponding eigenvector.
We assume that P has only finite eigenvalues (and pseudoeigenvalues). Let us define

AP(N) = \"AA, + N"TLAA, 4+ AAy,

where AA € M, (C), k =0 : m. We suppose now that A is a nonzero simple eigenvalue with correspond-
ing right eigenvector = and left eigenvector y (that is to say P(A\)x = 0 and y*P()\) = 0). Throughout
the paper, the matrices Ej, k = 0 : m allow freedom in how perturbations are measured. The condition
number of A can be defined by

kp(P,2) = msup{% t(POA+AXN) +APA+ AN))(x + Az) =0,

li
e—0
AA, € My(C), ||AA| < el Bxl,k=0: m}.

It is well known [11, Thm. 5] that

aflyllll=|
kp(P\) = ——r——.
N T IEVETIY
where a = 3L [A[F(| Ex||-
This result is a consequence of the following theorem that is presented in the proof of [11, Thm. 5].

Theorem 4.1. Let A be a simple eigenvalue of P, with right and left eigenvectors x and y, and let
P(X) = P(A\) + AP(X) be a perturbation of P. Then there is a unique eigenvalue A such that

3 y*AP(\)z

=\t P )z +O(|APN)|?).



In fact, one can easily show with this theorem that
(Y, x)
/{/E P7 A = Y2 YTEY R
N P IOV

where
v(y, x) :==sup{|ly"AP(N)z| : AA, € M, (C), || k|| < |[|Ekll,k =0:m}.
It is shown in [11] that v(y, z) = o||y||||z]-
We assume now that the matrices AAy have a certain structure belonging to

struct € {Toep, Hankel, sym, Herm, skewHerm}. (4.4)

We also suppose that all the matrices Ay and AAyg, k = 0 : n, belong to M5"4<t(C) for a given structure
n (4.4). Let
POA) = A"A, + X" YA, 4+ Ao,

with Ay € ME"Y(C), k =0:m and
AP(N) = \"AA, + N"TLAA, -+ AAy,

where AA, € M3 *(C). One notices that P(\) and AP()\) belong to M%<t (C). The structured
condition number of A can be defined by

KR (PA) = lim sup{—'ﬁi\” D (P(A+AN) + AP(A+ AN)) (2 + Az) = 0,

li
e—0
AAy € METY(C),  ||AAg]| < e||Ekll,k=0: m}.

As for the unstructured case, it is easy to show that

struct
struct(p ) = V(Y5 T)
PN = e

where
Yy, z) == sup{|y*AP(N)z| : AAy, € MIMC), || Akll < |Ekll,k = 0:m}.
It is clear from the definition of v5'"™"“*(y, x) that s (y, x) < y(y, z).

4.1 Hermitian structure

Let A € MH2e™(C), k = 0 : m be some Hermitian matrices and A a real simple eigenvalue of P. Let x
be a right eigenvector of P()). As Ay, k = 0 : m are Hermitian and X is real, it follows that z is also a left
eigenvector. It is shown in [11, Thm. 5] that 1™ (2, z) = v(z, x) and so that £1™ (P, \) = kg (P, \).

4.2 Skew-Hermitian structure

Let Ay € MskewHerm(C) k= 0 : m be some skew-Hermitian matrices and A a real simple eigenvalue
of P. Let = be a right eigenvector of P(\). As P()\) is skew-Hermitian, it follows that z is also a left
eigenvector. Then we have vy(z,z) = a||z||2. We want to show that yskeVHerm (2 2) = of|2[|? as well. It
is clear that yskewHerm (4. 4y < o||z[|2. Let us consider F' = 2. This matrix F is skew-Hermitian and

[Eal
satisfies | F|| = 1, [v* Fx| = ||=||?. Let

AAy = —sign(\")||ER||F, k=0:m.

It follows that AAy € MskewHerm(C) and |2* AP(A\)z| = af|z||?. Then this implies that yskewHerm (3 7) =
v(z,z) and so that kxeVHerm (P XY = kg (P, \).



4.3 Symmetric structure

Let Ay, € MY™(C), k = 0 : m be some complex symmetric matrices and A\ a simple eigenvalue of P.
Let z be a right eigenvector of P(\). Since P()\) is symmetric, it follows that T is a left eigenvector of
P()). It follows that we have (7, z) = a||z||?. Let us show that vY™(Z,z) = a|/z||%. It is clear that
(T, ) < al|z]|?. From Lemma 2.1, there exists a Hankel (so symmetric) matrix F' such that Fo =7
and ||[F|| = 1. Then we have |7*Fz| = ||Z||* = ||z||?>. Let

AAy, = —sign(\®)| Ex|F, k=0:m.

It follows that AAy € M¥™(C) and [T*AP(M\)z| = af|z||? and so that [Z*AP(A\)z| = o||Z||||z||. Then, it
follows that y¥™(Z,z) = v(T,z) and so that k2" (P,\) = kg (P, \).

4.4 Hankel structure

Let Ay € M}127kel(C), k = 0 : m be some Hankel matrices and A a simple eigenvalue of P. Let x be a
right eigenvector of P(A). Since P(\) is symmetric (since Hankel), it follows that T is a left eigenvector
of P(\). It follows that we have (%, x) = a|/z||?. Let us show that y128ke(F 2) = a|z||2. It is clear
that yHankel(z ) < ofz||?. From Lemma 2.1, there exists a Hankel matrix F' such that Fz = Z and
|F|l = 1. Then we have |7*Fz| = ||Z||* = ||z||?. Let

AA, = —sign(\")||Eg|F, k=0:m.

It follows that AAy € MHankel(C) and [T*AP(\)z| = af|x||?. Then, it follows that yHankel(z 1) = v(7, )
and so that kHankel(A \) = kp(4, N).

4.5 Toeplitz structure

Let Ay € M?(C), k = 0 : m be some Toeplitz matrices and A a simple eigenvalue of P. Let = be a
right eigenvector of P(A). Since P(\) is Toeplitz, then JA is Hankel and so symmetric. As Az = Az, it
follows that JP(A)z = 0. Let us denote z, := Jz. Then, it follows that 7 JP(\) = 0, that is to say
zI'P()\) = 0. It means that T, is a left eigenvector of P(\).

It follows that we have v(Z5,x) = ||z||?>. Let us show that y™°P(Z;, ) = af|z|?. It is clear that
yTeer (77, ) < af|z||?. From Lemma 2.1, there exists a Hankel matrix F' such that F'z = 7 and || F|| = 1.
Let us define the Toeplitz matrix G := JF. We have |G|| = 1 and Gz = T,. Then we have |T,*Gx| =
lz||%. Let

AAy, = —sign(\®)| Ex|F, k=0:m.

It follows that |ZTo*AP(N)x| = allyl|/||z||. Then, it follows that yT°°P(Z;,z) = v(T5, ) and so that
K P (A, N) = k(A N).

5 Structured backward error for polynomial eigenvalue prob-
lems

The definition of the normwise backward error of an approximate eigenpair (x, \) of (4.3) is
n(xz,A) :==min{e : (P(A) + AP(A))x =0, ||[AAg| <e|Ekll, k=0:m}
We recall some results from Tisseur [11].

Theorem 5.1 (Tisseur [11, Thm 1]). The normwise backward error n(z,\) is given by

wa — !

o]

where r = P(A\)z and o = > o |A[*|| Ex |



When eigenvectors are not computed, a more appropriate measure of the backward error is

n(A) == gggn(% A).

Lemma 5.2 (Tisseur [11, Lem 3]). If X is not an eigenvalue of P then

1
~allP)THP

n(A)
where o = YL |\|F|| Ex]|-
The following lemma shows a relation between the backward error and the distance to singularity.
Lemma 5.3. If )\ is not an eigenvalue of P then
n(A) = min{e : det(P(X\) + AP(\)) =0, ||[AAg]| <e||Ek|, k=0:m}.
Proof. We have
nA) = g;iégn(w, A)
= g%mm{g (PN + APz =0, [|[AA| <el|Exll, k=0:m}
= min{e: det(P(\) + AP(\) =0, ||[AAx| <e|Ex|l, k=0:m}.
O

We consider now that the matrices AAj have a certain structure belonging to (1.1). We also suppose
that all the matrices Ay and AAyg, k = 0 : n, belong to M5t (C) with struct € {Toep, circ, Hankel, sym}.
Let

PA) = N"Ap + X" A 4o+ Ag,

with Ay € ME"Y(C), k =0:m and
AP(N) = A" AA, + XN"TLAA, 4+ AAy,
where A4y, € ME™*(C). One notices that P(\) and AP(\) belong to M:™1<t(C).

The definition of the structured normwise backward error of an approximate eigenpair (x, \) of (4.3)
is
7" (2, \) == min{e : (P(\) + AP(\))z =0, AA; € MZ"Y(C),
[AAL| < ellEkll, k=0:m}

As for the unstructured case, we define

struct ) = : struct ).
) = i @, A

The same proof as in Lemma 5.3 leads
n*"(\) = min{e : det(P(\) + AP()\)) =0, AA, € M (C),
[AAL[| < el Bell, & =0:m}.

Let us recall some results from Rump [8]. Given a nonsingular matrix A € M,,(C), we define the distance
to singularity by
d(A) = min{||AA| : A+ AA singular, AA € M, (C)}.

For a nonsingular matrix A € M:5"¢t(C), we define the structured distance to singularity by
U A) = min{||AA| : A+ AA singular, AA € M:""Y(C)}.

Rump has proved in [3, Thm 12.2] that the two distances d(A) and d*""*(A) are equal for struct €
{Toep, circ, Hankel}.



Theorem 5.4 (Rump [8, Thm 12.2]). Let nonsingular A € ME™*(A) be given for struct being
Toeplitz, circulant or Hankel. Then we have

A(A) = et (4) = A7

The same property occurs for the symmetric structure. Before stating the result, we will need the
two following lemmas.

Lemma 5.5 (Takagi’s factorization). If A is complex symmetric (AT = A), then there exist a unitary
matriz U and a real nonnegative diagonal matriz ¥ = diag(oy,...,0,) such that A= UXUT.

We refer to [7, Cor. 4.4.4] for a proof.
The next result can be found in Tisseur and Graillat [10]. For completeness, we recall the proof.

Theorem 5.6 (Tisseur and Graillat [10]). Let nonsingular A € M:""*(C) be given for struct being

symmetric. Then we have
d(A) = &> (A) = |ATH| T = omin(A).

Proof. Obviously, we have d*®"u*(A) > d(A) = ||A7||7! = omin(A), and then it remains to show that
(A+ AA)x = 0 for some z # 0 and AA symmetric with ||[AA| = omin(A). Let A = USUT be the
Takagi’s factorization of A where U is unitary and ¥ is diagonal with nonnegative entries (see Lemma
5.5). Let x be the column of U corresponding to the smallest entry in ¥. Then AT = opin(A)z. By
Lemma 2.1 there exists a symmetric matrix C' such that CT = z and ||C|| = 1. Let AA = —omin(A)C.
Then AA is symmetric, ||AA|| = omin(A) and

(A4 AA)ZT = opin(A)x — omin(A)z =0
so that A + AA is singular. O

Theorem 5.7. For struct € {Toep, circ, Hankel, sym}, we have

PP (A) = (A) = m

where o = 221:0 IAF|| Ep ||

Proof. From the definition of the structured backward error, it is easy to see that we always have
et (X)) > n(N\) = m. We just have to show that 75t7ut()\) < m. From Theorem 5.4,

there exists X € M3t (C) such that P(\) + X is nonsingular with || X|| = [[P(A\)7!||7!. Let AAy be
matrices defined by

1
AA, = —sign(\") || Ey| X, k=0:m,
a

where v = " |A[F|| Ex||. We have AP(\) = X and moreover || X|| = ||[P(A\)7![|~! = an(\). Then we
deduce that 7°7¢t(\) < n()) and so equality must hold. O

6 Conclusion

In this paper, we have shown that the structured condition number for a simple eigenvalue equals the
unstructured condition number for the following structures: Toeplitz, Hankel, symmetric, Hermitian
and skew-Hermitian. We have generalized these results for polynomial eigenvalue problems. Moreover,
we have shown for the polynomial eigenvalue problem that the structured backward error equals the
unstructured backward error for Toeplitz, Hankel, circulant and symmetric structures.

References

[1] Tibor Boros, Thomas Kailath, and Vadim Olshevsky. Pivoting and backward stability of fast algo-
rithms for solving Cauchy linear equations. Linear Algebra Appl., 343/344:63-99, 2002. Special issue
on structured and infinite systems of linear equations.



2]

3]

[9]

Ralph Byers and Daniel Kressner. On the condition of a complex eigenvalue under real perturbations.
BIT, 44(2):209-214, 2004.

Francgoise Chaitin-Chatelin and Valérie Frayssé. Lectures on finite precision computations. Software,
Environments, and Tools. Society for Industrial and Applied Mathematics (STAM), Philadelphia, PA,
1996.

James Demmel. Accurate singular value decompositions of structured matrices. SIAM J. Matriz
Anal. Appl., 21(2):562-580 (electronic), 1999.

Ming Gu. Stable and efficient algorithms for structured systems of linear equations. STAM J. Matriz
Anal. Appl., 19(2):279-306 (electronic), 1998.

Nicholas J. Higham. Accuracy and stability of numerical algorithms. Society for Industrial and
Applied Mathematics (STAM), Philadelphia, PA, second edition, 2002.

Roger A. Horn and Charles R. Johnson. Matriz analysis. Cambridge University Press, Cambridge,
1990.

Siegfried M. Rump. Structured perturbations. I. Normwise distances. SIAM J. Matriz Anal. Appl.,
25(1):1-30 (electronic), 2003.

G. W. Stewart and Ji Guang Sun. Matriz perturbation theory. Computer Science and Scientific
Computing. Academic Press Inc., Boston, MA, 1990.

[10] Francoise Tisseur and Stef Graillat. Structured condition numbers and backward errors in scalar

product spaces. Numerical analysis report, Manchester Centre for Computational Mathematics,
Manchester, England, 2004. In preparation.

[11] Frangoise Tisseur. Backward error and condition of polynomial eigenvalue problems. Linear Algebra

Appl., 309(1-3):339-361, 2000.

10



	Introduction and notation
	Auxiliary results
	Structured condition number for eigenvalue problems
	Hermitian structure
	Skew-Hermitian structure
	Symmetric structure
	Hankel structure
	Toeplitz structure

	Structured condition number for polynomial eigenvalue problems
	Hermitian structure
	Skew-Hermitian structure
	Symmetric structure
	Hankel structure
	Toeplitz structure

	Structured backward error for polynomial eigenvalue problems
	Conclusion

